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Theoretical Study of Alkali Cation —Benzene Complexes: Potential Energy Surfaces and
Binding Energies with Improved Results for Rubidium and Cesium
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High level ab initio quantum chemical calculations have been carried out on the binding of alkali metal to
benzene with special attention to heavier metals for which the agreement between the most recent theoretical
investigations and the experimental bond dissociation energies (BDES) is not very good. We performed BSSE-
corrected geometry optimizations employing the MP2 level of theory with large basis sets and a modified
Stuttgart RSC 1997 basis set for rubidium and cesium and carried out single point energy calculations at the
MP4 level, obtaining, also for the latter metals, BDE values in good agreement with the experimental results.
Furthermore, in view of the development of empirical correction terms to force fields to describe-cation
interactions, we evaluated the potential energy surface along the benzene symmetry axis and discussed the
role of the BSSE correction on the accuracy of our results.

Introduction studies have shown that the binding of lithidf#133 so-
, , , o dium 2832734 potassiunt>23rubidium 3 and cesiur?? ions with

The interactions between cations and aromatic rings, generallypenzene is indeed strong and allowed to determine the corre-
referred to as cationr interactions, have been the focus of - gponding bond dissociation energies (BDES). Prior theoretical
many investigations in the past decade due to their importancesydies of alkali metal ion interactions with benzene were
in complex biological systemis1* Such catior-x interactions performed at the RHF and MP2 levels using basis sets of
are believed to play a key role in protein structural organiza- goyple¢ quality and faced several difficulties to reproduce
tion,*~*%in the functioning of ionic channels in membrariés; accurately the experimental BDES37 Recent ab initio calcula-
and in molecular recognition proces3es® Indeed, the three-  tions have shown that good agreement with the available
dimensional structures of biological macromolecules are deter- experimental data for lithium, sodium, and potassium is achieved
mined by a delicate balance of weak noncovalent interactions,omy if the level of theory is extensive enough to include

such as hydrogen bonds, salt bridges, hydrophobic interactions,adequatew correlated methods, MP2 or higher, large basis sets

cation—z interactions’** charge-dipole interactiorts;'® and up to the complete basis set (CBS) limit, and the basis set
a—amx stacking®?C interactions. In particular, due to the full superposition error (BSSEY40 However, the agreement
positive charge on the cation, the strength of catiennterac-  petween the theoretical and experimental BDEs is not as good

tions is much greater than other noncovalent interactions and g that for rubidium and cesiuf.For rubidium, an accurate
they are now bglieyed to be crucial determinants in protein gpg could be recently calculated but only through lengthy
structural organizatiop® 1 calculations employing the complete basis set limit and a highly
Moreover, the binding of alkali metal cations, and in particular correlated CCSD(T) methdd, while this computationally
Na* and K, to the exposed faces of aromatic amino acids such expensive approach still led to a 20% error on the BDE of
as phenylalanine, tyrosine, and tryptophan lying along the inner cesium?®
surfaces of ionic channels is thought to play a key role in the  computationally expensive ab initio quantum mechanical
selective transport of these metal cations through the ion cajculations are limited to small molecules (up to a few hundred
channef"?2Sodium and potassium alkali metal ions are among  atoms, depending on the available computer resources), and the
the most abundant and important metals in biological sys- theoretical investigation of large biological systems, such as
tems2324and their interactions with-systems are also important proteins or enzymes, can only be performed with a molecular
in several biological recognition processes such as the bindingmechanics based approach. Since current force fields fail to
of acetylcholine to the active site of the enzyme acetylcholine zccount adequately for catienr interactions when modeling
_esteras’éand the_ stereoselective cyclization of squz?llen_e epoxide the geometry of proteins or enzymes and the binding of ligands
in the enzymatically catalyzed process of steroid biosynthe- (o their biological target, several approaches have been recently

sis? developed to modify these force fields by including empirical

Cation—x interactions between a positively charged metal correction terms to describe catien interactions, that are
cation and an aromatic ligand with a delocalizeglectron determined by a multiple linear regression analysis fit to
cloud were first recognized and studied in the gas pRz3e. experimental data or ab initio calculatiofs"-41

Extensive experimental and theoretical investigations have been Unfortunate|y’ the experimenta| information is limited to
subsequently performed with the objective of characterizing BDEs and all of the high level theoretical calculations up to
these interactiond? Several earlier gas-phase experimental date are restricted to the most stable geometries and the
corresponding binding energies, while the development of a
* To whom correspondence should be addressed. E-mail: nre@unich.it. corrected force field would greatly gain from the availability
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of large sections of the potential energy surface. For these performed on the MP2-optimized geometry with the latter basis
reasons, we undertook a theoretical investigation to characterizeset for the Li and Na systems and with the 6-33G(3df,2p)
more quantitatively the binding of alkali metal to benzene with basis set for K—benzene.

special attention to the heavier metals and to evaluate the Concerning the heavier metal cation (Rand Cg) com-
potential energy surface along the benzene symmetry axis.plexes, the same type of computations was performed: MP2
Rather than investigate the CBS limit, we aimed at analyzing and MP4 with a smaller and a larger basis set. In this case,
the performance of increasingly larger basis sets and higher ordereffective core potentials (ECPs) and valence basis sets were
correlation treatment to determine the optimal ones in terms of employed for the description of the metal. In conjunction with
accuracy and computational load in view of their use in the the 6-31H#G* set for the description of C and H atoms, we

calculation of potential energy surfaces. have used the Haywadt® ECPs and valence basis sets,
consisting of a (5s5p)/[3s2p] contraction, with the addition, as
Computational Details suggested by Glendening et #.of a single polarization d

function with exponents of 0.64 and 0.19 for Rb and Cs,

All of the calculations were performed using Gaussiarf3  respectively. Geometry optimizations at the MP2 level and single
to obtain geometrical structures, vibrational frequencies, binding point energy calculations at the MP4 level were both performed
energies and enthalpies, and potential energy scans for theusing this basis set, which, for the sake of simplicity, will be
alkali—benzene complexes, using different levels of theory and denoted as 6-3HG*.
a collection of basis sets. In each case, the basis set superposition The investigation of the performance of more complete basis
error was evaluated following the Boy8ernardi counterpoise  sets was carried out by means of the Stuttgart relativistic small
(CP) correction methdd and BSSE-corrected geometry opti- core (RSC) 1997 ECP basis %etfn order to have sets
mizations were carried out employing the CP-corrected potential comparable to those employed for the MP2/6-8Gk3df,2p)
energy surface (PES) approdtmplemented in Gaussian 03. and MP2/aug-cc-pVTZ types of calculations for the lighter

For M*—benzene, where M= Li, Na, or K, the 6-313%G* cations. Indeed, for rubidium and cesium, the Stuttagart RSC
basis set was first employed. Since there has been somel997 basis set consists of a (7s6p)/[5s4p] contraction. To this
debaté840 over the importance of the inclusion of the € 1) set, two polarization functions, d and f, were added, with

core electrons in energy calculations for alkali metal cation €xponents of 0.39 and 0.55, respectively, for Rb and 0.29 and
complexes, we have performed both frozen core (FC) (excluding 0.44 for Cs. These values were obtained by energy optimizing

C and Li 1s and Na 1s, 2s, and 2p electrons, as the standard ifnetal catior-water complexes at the RHF level using the
Gaussian 03) and full MP2 calculations (including all of the 6-311+G* basis set for the description of water and the Stuttgart

above listed core electrons) for bothLand Na complexes. ~ RSC 1997 ECP for the metal and adding the two polarization
To elucidate more in detail how neglect of the metal core functions in subsequent steps. This set was used in combination
electrons affects the energetics of the complexes, a calculationVith either the 6-31+G(3df,2p) set or the above-described aug-
on Li*—benzene was also performed with the inclusion of the CC-PVTZ set for carbon and hydrogen. Furthermore, to inves-
1s electrons of Li only (i.e., excluding C 1s electronsh ¢ tigate the effect of increasing the basis set on the sole metal,
1) electrons are automatically considered in Gaussian 03 for W€ used this modified Stutigart ECP basis set on the metal
potassium. together with a smaller 6-3#1G* set on the benzene atoms.
The effects arising from the increase of either the electron ;I'Shdefsg t))a:j; ng v<|/l_lrtz)e Zgéerifitfég a:\l/(leghrgsnp?gnvoeilr)l/t, g-rilrlies
correlation treatment or the basis set size were investigated 1<P), aug-cc-p ’ : gle g

S . . . were also obtained on the corresponding MP2-optimized
through two distinct sets of calculations. Since a previous #ork P g P

2 . X eometries.
has indicated that MP4 and CCSD(T) calculations on-Li 9 A . .
benzene with medium to large basis( s)ets give the same BDE The determination of zero point energies (ZPEs) and thermal

within 0.1 kcal/mol, a more extensive treatment of electron ‘corrections was performed through frequency calculations at
. * 2 - . - the MP2/6-31G* level for the whole metal series (including core
correlation was taken into account by carrying out single point

. electrons for Li and Na) using a scale factor of 0.96%6.
energy calculations at the MP4 level. We therefore performed In addition to the structure and energetics of the optimized
MP4/6-31H-G* calculations for Li", Na, and K" (including 9 p

core electrons for lithium and sodium) on the geometry complexes, we also analyzed the performance of the same

optimized at the corresponding MP2 level. Larger basis sets variety of methods and sets (including BSSE corrections) to

. . . investigate potential energy curves for the whole series. The
were considered at the MP2 level (again employing a full | dh btained b ing th il
treatment for L and Na). We have gradually increased the results reported here were obtained by scanning the potentia

R C . energy surface, placing the metal along the benzBge
number of polarization functions by using the 6-313(2d,- symmetry axis at a variable distanég,from the ring center
2p) and 6-31+G(3df,2p) sets. As the quality and number of y y ' g '
functions used to describe the heavy atoms, and the metal in . .
. ) X Results and Discussion

particular, seems to be an important requirement for the accurate
determination of binding energi€%#°for lithium and sodium, Table 1 reports binding energies and enthalpies, together with
we have further increased the description of the metal and of the metat-benzene ring centroid distanc@y+—-,,, and basis
the carbon atom using the augmented correlation-consistentset superposition error, calculated at the employed levels of
triple-¢ basis set (aug-cc-pVTZ), while employing a 6-31G* theory for the optimized M—benzene complexes, with M
basis set for the hydrogen atom, whose description is lessLi, Na, and K, while Figures 1, 2, and 3, respectively, represent
important. To support the use of the smaller basis set for the corresponding potential energy scans. Analogously, Table
hydrogen, we have compared a few BDEs calculated using this2 and Figures 4 and 5 illustrate the same data for rubidium and
basis set to those where hydrogens were also described by theesium complexes.
aug-cc-pVTZ basis, finding an agreement within 0.1 kcal/mol.  Optimized Complexes.As already noted in many preceding
The mixed basis set will be hereafter globally indicated as aug- works33:3840al| of the employed levels of theory show a correct
cc-pVTZ. MP4 single point energy calculations were also qualitative trend both for thdRy+—p, distance value, which
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TABLE 1: Binding Energies and Enthalpies for M*t—Benzene Complexes (M= Li, Na, K)?2

M method basis Ruwt-p; BSSE AECPb AHg AHogs ref

Li MP2(FC) 6-31H-G* 1.90 406 —36.0 —34.0 this work
MP2(Window) 6-311#-G* 1.88 434 —36.7 —34.7 this work
MP2(Full) 6-31HG* 1.88 453 —36.7 —34.7 —35.5 this work
MPA4(Full)//MP2(Full)  6-31%#G* 1.88 4.51 —36.7 —34.6 —35.4 this work
MP2(Full) 6-311G(2d,2p) 1.88 228 -36.4 —34.4 —35.2 this work
MP2(Full) 6-311G(3df,2p)  1.88 314 -—36.8 —34.8 —35.6 this work
MP2(Full) aug-cc-pVTZ 1.87 446 —375 —-35.5 —36.3 this work
MP4(Full)//MP2(Full)  aug-cc-pVTZ 1.87 470 —37.6 —35.6 —36.4 this work
MP2(FC) CBS 1.88 —36.6+0.2 —34.7 Feller et at®
CCSD(THCV CBS —38.0+£0.2 -36.1 —36.8 Feller et af®
CID(Expt.) —38.5+£3.2 —39.3 Amicangelo et af
ICR(Expt.) —36.39 -37.9 Woodin et af?

Na MP2(FC) 6-31+G* 2.49 280 —22.0 —20.7 this work
MP2(Full) 6-31H-G* 2.47 342 226 -21.3 —-21.7 this work
MPA4(Full)//MP2(Full)  6-31#G* 2.47 343 -226 -21.3 -21.7 this work
MP2(Full) 6-31+G(2d,2p) 2.44 215 -228 -21.6 —22.0 this work
MP2(Full) 6-31H-G(3df,2p) 241 355 -—238 —-225 —22.9 this work
MP2(Full) aug-cc-pVTZ 2.45 6.30 —22.8 —-21.6 —22.0 this work
MPA4(Full)//MP2(Full)  aug-cc-pVTZ 2.45 6.70 —22.9 —-21.7 —22.1 this work
MP2 CBS 2.39 —25.1+03 -241 Fellef®
CCSD(THCV CBS —254+03 -—-244 —24.7 Fellef®
CID(Expt.) —-228+1.4 —23.2 Amicangelo et &t
CID(Expt.) —222+14 226 Amicangelo et &
CID(Expt.) —21.14+1.0 Armentrout et af?
HPMS(Expt.) —28.0+15 Guoetaf®

K MP2 6-31H-G* 2.89 222 1738 -17.1 -17.3 this work
MP4/IMP2 6-31%G* 2.89 224 —17.2 —-16.4 —16.6 this work
MP2 6-311-G(2d,2p) 2.86 0.83 -—17.9 -17.1 -17.3 this work
MP2 6-31H-G(3df,2p) 2.83 1.11 -18.9 —-18.1 —18.3 this work
MP4//IMP2 6-31%G(3df,2p)  2.83 1.15 -18.1 —-17.4 -17.6 this work
MP2 CBS 2.79 —-20.8+04 —20.2 Feller et af®
CCSD(THCV CBS —20.6+0.4 —20.0 —20.1 Feller et at®
CID(Expt.) —-175+09 -17.6 Amicangelo et a8
Expt. -18.2+1.4 Sunner et &

aEnergy and enthalpy values are in kilocalories per mole, and distances are in angtamsterpoise-corrected bond dissociation energy.
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Figure 1. BSSE-corrected potential energy curves for-tbenzene,
calculated at different levels of theory. The'Libenzene interaction
energy is reported as a function Bf the distance between the metal
ion and the ring center along tti&, symmetry axis.

R (A)

Figure 2. BSSE-corrected potential energy curves forNaenzene,
calculated at different levels of theory. The Nébenzene interaction
energy is reported as a function Bf the distance between the metal
ion and the ring center along tti&, symmetry axis.

increases as the metal atomic mass increases, and for the bindingre practically indistinguishable from those obtained when all
energies and enthalpies, which decrease. However, from acore electrons are included, thus showing that the largest part
quantitative point of view, there are large differences depending of this effect derives from the explicit treatment of the metal
on the level of theory. core electrons.

In the case of L and Na& complexes, it can be noted that The effect of an increase of the electron correlation treatment
the inclusion of the heavy atom core electrons strengthens thewith the application of the MP4 method in the calculation of
binding energies of about 0-®.7 kcal/mol. We have analyzed the binding energy is extremely small for both"H and Na —
more in detail the origin of this effect in ti-benzene, by benzene. On the other hand, an increase of the basis set size
calculating at the same level of theory the binding energy with and quality strengthens the binding energy, especially when basis
the inclusion of 1s core electrons just for'LiMP2(Window)/ sets privileging the description of heavy atoms (MP2/6-8G1
6-311+G*). The values of binding energies obtained in this way (3df,2p) and MP2/aug-cc-pVTZ) are employed.
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Figure 3. BSSE-corrected potential energy curves fortenzene,
calculated at different levels of theory. The'Kbenzene interaction
energy is reported as a function Bf the distance between the metal
ion and the ring center along tti&s, symmetry axis.

Table 1 also reports a comparison with recent experimenta
data and high level ab initio studies. As far as thé-tbenzene

complex is concerned, there is an improvement of the agreemen

with the experimental results with the quality of the basis set.
In particular, the use of a correlation-consistent basis set (aug

cc-pVTZ) leads to the best performance. The value obtained

with this basis setAHy = —35.3 kcal/mol, as a matter of fact,

is quite close to the ion cyclotron resonance (ICR) experimental

result of Woodin et at? (—36.3 kcal/mol), differing more from
the collision induced dissociation (CID) of Amicangelo and
Armentrou#® (—38.5+ 3.2 kcal/mol), although still within the
experimental uncertainty. The comparison with the ab initio
values obtained by Feller et &P.who have estimated the MP2
and CCSD(T) complete basis set limit, is particularly interesting.
In the case of Li—benzene, the MP2 CBS value was obtained

Coletti and Re

which have been, however, recently recognized to be overes-
timated3® Once again, the MP4(Full)/aug-cc-pVTZ enthalpy
value does not differ significantly from the corresponding MP2-
(Full) one.

In the case of K—benzene,n = 3 core electrons were
automatically included in the MP2 computations. Again, the
effect of increasing the basis set size leads to more strongly
bound complexes; however, in contrast with the-tiand Na —
benzene systems, here the use of a higher correlation method
(MP4 instead of MP2) gives significant differences: 0.6 kcal/
mol when the 6-311G* basis set is employed and 0.8 kcal/
mol with 6-31H-G(3df,2p). This correction for the latter set
leads to aAHp value in better agreement with the experimen-
tal one3? As in Na"—benzene, the MP2 and CCSD(T) CBS
data of Feller et al® which were obtained by an ad hoc
constructed aug-cc-pVTZ basis set, give BDE values about 2
kcal/mol larger.

Complexes involving heavy metal cations (Rb and Cs) need
a special discussion. Indeed, the majority of theoretical studies
on these systerds38 largely underestimate binding energies,
| with the exception of ref 40 for Rb-benzene, where the
CCSD(T) CBS limit was obtained using double- and triple-
Ibasis sets taken from the literature and an ad hoc developed
quadrupleé basis set in conjunction with the Haywadt
relativistic effective core potential. The same scheme, however,
gave for CsS—benzene a value for the binding enthalpy 3 kcal/
mol smaller than the experimental one (Table 2).

As described in the preceding section, we first employed
Hay—Wadt ECPs and valence basis sets for the metal, obtaining
the same kind of poor performance of the available ab initio
studies. Because of the emerging importance of an accurate
description of these metal ions, we have then made use of the
small core RSC Stuttgart 97 ECPs and basis sets. Such basis
sets are able to describe core-valence correlation effectsrof M
and were fountf to give good results in the description of both

using a frozen core approach, and probably also for this reasonfond lengths and binding energies when heavy metal cations

their calculatedAH, value, although free of the well-known
BSSE overcorrection problem (see below), is about 1 kcal/mol
smaller than our MP2(Full)/aug-cc-pVTZ value. The latter value
is close to the CCSD(T) CBS limit result (within 0.5 kcal/mol),

are involved. Binding enthalpies obtained with this basis set
enriched with d and f polarization functions (Table 2) show an
increase of 34 kcal/mol, leading to an agreement with the

experimental value of about 6-®.3 kcal/mol when used in

where core-valence corrections were also included in the conjunction with either 6-31tG(3df,2p) and aug-cc-pVTZ

calculation. As for the 6-3HtG* basis set, the MP4(Full)/aug-
cc-pVTZ enthalpy value is very close to the corresponding MP2-
(Full) one, providing only a small increase.1 kcal/mol) in

basis sets for the description of the benzene atoms. Test
calculations with the same RSC Stuttgart 97 ECP basis set used
in conjunction with the smaller 6-3#1G* basis set on the

the BDE value, thus confirming the reduced effect of an increase benzene atoms (indicated as mixed in Table 2) lead to an

of the correlation treatment for the lighterfLand Na ions.

The Na —benzene results are very similar to those obtained
for Li*. There is a significant improvement in the binding energy

when core electrons are explicitly considered and a gradua

increase of the BDE by about3 kcal/mol, thus showing the
higher importance of the accurate description of the metal atom.
Energies calculated at the MP4/aug-cc-pVTZ level are smaller
|than the corresponding MP2 ones, by 0.3 kcal/mol forRb

strengthening as the basis set size increases. However, in thi@€nzene and by 0.7 kcal/mol for Csbenzene. The difference

case, the value obtained with the 6-34G(3df,2p) basis set is
about 1 kcal/mol larger than that obtained with the aug-cc-pVT
basis set, contrary to what was found for"LiParticularly
striking is the value of the BSSE correction for MP2(Full)/aug-
cc-pVTZ, amounting to 6.10 kcal/mak2.5 kcal/mol larger than
that for MP2(Full)/6-31%#G(3df,2p), which could partly account
for the discrepancy between the two values. WNidy values
calculated with these two basis sets are both quite close to th
CID experimental data of Amicangelo et®3£4The 6-314G-
(3df,2p) and aug-cc-pVTZ results approach more closely,
respectively, the CID experimental value of ref 34 and those of
refs 32 and 33 within 0.5 kcal/mol. Both MP2 and CSSD(T)
CBS limits*® lead to much larger BDE values close to previous
high pressure mass spectrometry (HPMS) experimental8ata,

Z

between the MP4 values and the experimental ones is, in any
case, within 0.5 kcal/mol.

Potential Energy Curves.The examination of the potential
energy curves, Figures-b, can shed some more light on the
analysis of bonding in these systems and on the performance
of different levels of theory, besides confirming some of the
features that already emerged when investigating optimized

ecomplexes.

As expected from the electrostatic nature of the interaction
between a metal cation with the benzernelectrons, the long
range attraction contribution is quite large, leading, for example,
to an interaction energy of at least 5 kcal/mol at a metal cation
benzene distance of about 5 A. The depth and extent of the
potential energy well obviously depend on the atomic mass of
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TABLE 2: Binding Energies and Enthalpies for M+t—Benzene Complexes (M= Rb, Cs}

M method basis Ru*—pz BSSE AECPD AHg AHogg ref
Rb MP2 6-31%G* 3.21 1.69 —13.9 —13.3 -13.4 this work
MP4//MP2 6-311%+G* 3.21 1.71 —-13.4 —-12.8 —12.9 this work
MP2 mixed 3.09 1.24 —15.9 —15.3 —15.4 this work
MP2 6-31H-G(3df,2p) 3.02 1.01 —16.7 —16.1 —16.2 this work
MP2 aug-cc-pVTZ 3.03 1.36 —16.8 —-16.2 -16.3 this work
MP4/IMP2 aug-cc-pvVTZ 3.03 146 —16.5 —15.9 —-16.0 this work
MP2 CBS —15.84+0.2 —15.0 Feller et at®
CCSD(TH-CV CBS —-17.1+0.2 —16.3 —16.4 Feller et at®
CID(Expt.) —-16.4+ 0.9 -16.5 Amicangelo et a®
Cs MP2 6-31#G* 3.51 1.67 —12.1 —11.6 —-11.6 this work
MP4//IMP2 6-31#G* 3.51 1.69 —11.6 —-11.1 —-11.2 this work
MP2 mixed 3.25 1.50 —15.3 —14.8 -14.9 this work
MP2 6-31H-G(3df,2p) 3.19 153 -16.2 -15.7 -15.8 this work
MP2 aug-cc-pvVTZ 3.18 2.08 -16.3 —15.8 —15.9 this work
MP4//IMP2 aug-cc-pVTZ 3.18 224 —156 —-15.1 —-15.2 this work
MP2 CBS —14.14+0.2 —-13.4 Feller et at®
CCSD(TH-CV CBS —-13.1+0.2 —-12.4 -12.5 Feller et at?
CID(Expt.) —-155+1.1 —-155 Amicangelo et &P

aEnergy and enthalpy values are in kilocalories per mole, and distances are in ang%Comsterpoise-corrected bond dissociation energy.
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Figure 4. BSSE-corrected potential energy curves forRbenzene,

calculated at different levels of theory. The Rtbenzene interaction

energy is reported as a function Bf the distance between the metal

ion and the ring center along tH®s, symmetry axis.
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Figure 5. BSSE-corrected potential energy curves fot €senzene,
calculated at different levels of theory. The'Csenzene interaction
energy is reported as a function Bf the distance between the metal
ion and the ring center along tti&, symmetry axis.

range and increase as tRalistance decreases, suggesting that
the long range attractive component of the interaction energy
is well described at all levels of theory. On the other hand, large
differences arise at small valuesRfthat is, in the description

of the repulsive component of the interaction, leading to rather
relevant discrepancies in the calculated minimum positions, in
the well size, as well as in the overall shape of the curve. In the
case of K'—benzene, for instance, while the difference between
the MP2/6-31%G* and MP2/6-31%G(3df,2p) values amounts

to less than 0.2 kcal/mol &= 4 A, it becomes about 2 kcal/mol
atR= 3 A, rising up to nearly 5 kcal/mol & = 2.4 A.

In Figures 1-3, for Li*, Na", and K" complexes, as noted
for the corresponding optimized systems, there is a gradual
lowering of the potential energy curves, together with a widening
of the well, as the size of the basis set increases, in particular
when considering sets belonging to the same family. However,
as already mentioned, the behavior of the larger basis sets,
6-311+G(3df,2p) and aug-cc-pVTZ, which have nearly a com-
parable size, for Li—benzene and Na-benzene is quite
different. In the first case, the largest lowering is found when
using the aug-cc-pVTZ set, while for Nabenzene the latter
set gives results which are very similar to 6-313(2d,2p), that
is, higher in energy with respect to the 6-31G&(3df,2p) basis
set.

As in the optimized complexes, the potential energy curve
at the MP4(Full)/6-31+G* level of theory is extremely close
to the corresponding MP2(Full) one for bothland N& . This
is not the case for K—benzene where the MP4 curve is sensibly
higher at short range and slightly lower at long range than the
corresponding MP2 one.

Once again, results change more drastically for heavy metal
cations described by core potentials as for Rhd Cg (Figures
4 and 5). Here, the choice of the basis set has a strong impact
on the whole shape of the potential energy well: the use of the
modified Stuttgart RSC 1997 ECPs basis set, instead of the
Hay—Wadt basis set, in conjunction with a small 6-31G*,
larger 6-31%#G(3df,2p), or aug-cc-pVTZ basis set for the
description of the benzene atoms, leads to much more strongly
bound systems (larger BDEs and small+—p;) for both
Rb" and Cd. Indeed, as shown in Table 2, BDEs are increased

the cation and on its ability to penetrate the electron cloud of by 2—3 or 3—4 kcal/mol, respectively, for the smaller and larger

benzene, being thus deeper and wider for smaller cations.

benzene basis sets, while equilibrium idmenzene distances

About the performance of the basis sets and methods, for allare reduced by about 0:2.3 A. More in detail, the repul-
of the investigated cases, the differences are quite small at longsive part of the potential obtained with the Stuttgart RSC 1997
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TABLE 3: Effects of the Use of BSSE-Uncorrected and 7 T T T T T T T
-Corrected PES on the Geometry and Bond Dissociation c —e MP2(EC)/6-3114G* .
Energies of M"—Benzene Complexées ~ 6 +—+ MP2(Window)/6-3114G* |
BSSE-uncorrected ~ BSSE-corrected g =—a MP2(Full)/6-311+G* i
PES PES =5 +— MP4(Full)/6-311+G* =
= s v A—a MP2(Full)/6-311+G(2d,2p) | -
M method Rut-bz AE  AE®" Ru+p, AE AE Z4 v—v MP2(Full)/6-311+G(3df,2p) | —
Li MP2/6-311+G* 1.84 —41.3 -36.6 1.88 —41.2 —36.7 % *—x MP2(Full)/aug-cc-pVTZ
MP2/aug-cc-pVTZ 1.81 —42.1 —37.4 1.87 —42.0 -375 £3
Na MP2/6-313G* 2.46 —26.2 —22.4 2.47 —26.0 —22.6 S
MP2/aug-cc-pVTZ 2.34 —29.5 —22.5 245 —29.1 —22.8 m 2
K MP2/6-31H-G* 2.82 —20.1-17.7 2.89 —20.0 -17.8 7
MP2/6-311G(3df,2p) 2.80 —20.0 —18.9 2.83 —20.0 —18.9 i
Rb MP2/6-31%G* 3.16 —15.6 —13.8 3.21 —15.6 —13.9
MP2/aug-cc-pVTZ 2.89 —18.2 —16.1 3.03 —18.2 —16.8 0 _ =
Cs MP2/6-31%G* 341 -139-12.0 351 —13.8-12.1 2 3 R@A) 4 5
MP2/aug-cc-pVTZ 3.11 —185 -16.2 3.18 —18.4 —16.3 7 | . | . : . |
aEnergy values are in kilocalories per mole, and distances are in r =—a MP2/6-311+G* 7
angstroms. 61— *— MP4/6-311+G* —
. . . . w—v MP2/6-311+G(3df,2p) 4
basis set is correspondingly larger than that obtained when 5 *—% MP2/aug-cc-pVTZ _

using the Hay-Wadt one, leading to much wider and deeper
wells.

Again, it can be noted that employing 6-3tG(3df,2p) or
aug-cc-pVTZ basis sets for benzene gives very similar energy
values along the whole curve and not only for the optimized
systems.

BSSE correction (Kcal/mol)

BSSE Corrections. The question of BSSE corrections has 1 (b)
been affecting the determination of geometries and binding .
energies for weakly bonded systems for a long time. Because 0 3 "‘ R(IA) S 6

the description of the atoms of one fragment in the complex is
improved by the basis functions of the other one with respect
to the isolated monomers, uncorrected approaches lead to al
overestimate of the interaction energies and to too close
interaction distances. Corrections to this error are generally slow convergence with the basis set size require a certain care
evaluated by the counterpoise technique proposed by Boys andvhen considering CP-corrected energy values. In this context,
Bernardi#® however, this approach was sometimes reported to an analysis on the CP correction behavior along the potential
lead to overcorrected values of enef§ytp the extent that in energy curves for the various basis sets could be of interest.
some cases uncorrected results seemed to be preferable. RecentIn Figure 6, we have reported counterpoise BSSE corrections
studie§’ >3 have pointed out that this apparent better perfor- to the potential energy curves for fli-benzene and Cs-
mance is actually often due to a fortuitous cancellation of error benzene. As expected, the BSSE decreases as the metat-cation
between BSSE and basis set incompleteness error. Furthermordyenzene distance increases: At long ranBe>( 4 A), the
since BSSE corrections to the whole potential energy surface correction amounts to 1 kcal/mol at most. At short range, there
have important consequences on the minima position and onis a sharp enhancement of the BSSE, which, at comparable
its topology?* BSSE corrections calculated on the uncorrected distances, is larger for Csthan for Li*, due to the highen
potential energy surface minima should be avoided: they are basis functions employed for Cs. However, for valuesRof
in fact too large and lead to too weak interaction energies. Suchcorresponding to the complex equilibrium distance, BSSE
effects are displayed in Table 3, where we reported metal corrections are smaller for €s-benzene than for fi-benzene.
benzene distances, CP-corrected and -uncorrected bond disThere is in fact a gradual lowering of the BSSE correction of
sociation energies obtained by performing geometry optimiza- the optimized complexes going from lighter to heavier metals
tion on both BSSE-corrected and -uncorrected potential energy(see Tables 1 and 2), mostly due to the increase in the
surfaces. This comparison has been carried out at the MP2 levelequilibrium distanceAH values for R and C§ complexes
of theory with both the smallest and the largest basis sets forwill thus be less affected by possible overcorrection problems
all the alkali metal ior-benzene series. M-benzene equilib- connected to the CP approach, while values for and Na
rium distances are systematically larger on the BSSE-correctedcomplexes should be taken more carefully. In this sense, the
surface, even if the extent of the lengthening does not follow a larger discrepancies between the calculated values and the
regular pattern, being linked to both the strength of the experimental ones for the latter systems could be partly
interaction and the value of the BSSE corrections which are explained by the correspondingly large, and probably overes-
strongly dependent on the specific basis set (see below). Thetimated, BSSE values{4—5 kcal/mol).
lengthening of the metalbenzene distance ranges from 0.01  As far as the correlation level of the employed method is
to 0.11 A, thus potentially affecting the determination of concerned (MP2 or MP4), no significant variation can be noted
properties connected to the minimum geometry. The effect on for the BSSE corrections along the whole potential energy curve.
bond dissociation energies is, in general, less marked (aboutThe extent of the correction is on the other hand linked to the
0.1-0.2 kcal/mol), although, in some cases (e.g.,"Rb different basis sets. For the 6-311G family, as already ntted,
benzene), it leads to a discrepancy (0.7 kcal/mol) larger than although the general trend is a reduction of the BSSE corrections
the accuracy of the method. as the number of basis functions increases, an irregular behavior
Nonetheless, the strong dependence of the BSSE correctionss shown, with minimum values reached when the 6-BG1
on the theoretical model and on the basis set type and their(2d,2p) set is used. In particular, the addition of diffuse functions

Figure 6. BSSE corrections, calculated at different levels of theory,
as a function of the distancR, for Lit—benzene (panel a) and Cs
henzene (panel b).
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