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We present optimized geometries and binding energies for alkali-metal cation complexes with benzene. Results
are obtained for Lfi through Cs at the RHF/6-311G* and MP2/6-33G* levels of theory with K, Rb",

and C¢ represented by relativistic ECPs and associated valence basis sets. RHF/6-311G* frequencies are
used to verify the optimized geometries are minima and used to calculate binding enthalpies. The effects of
basis-set superposition error (BSSE) are estimated at both the RHF and MP2 levels. We obtain BSSE-corrected

MP2/6-31H-G* binding enthalpies (in kcal/mol) of 35.0 (L), 21.0 (Na), 16.0 (K"), 13.3 (Rb), and 11.6
(Cs"). The distances (A) between the center of the benzene ring and the cation are 1'868.426 (N&),
2.894 (K'), 3.165 (RbB), and 3.414 (CH. Additional single-point CCSD(T)/6-311G*//MP2/6-31HG*
and CCSD(T)/6-311G(2d,2p)//IMP2/6-311G* calculations indicate that the MP2/6-3tG* results are

well converged with regard the extent of electron correlation, whereas small changes in binding energy are
still observed when larger basis sets are used. Additional calculations using local and nonlocal density functional

theory are included for comparison.

Introduction binding to benzene have been limited; the levels of theory used
) ] ) have not been extensive enough to quantify the basis set and
An important breakthrough in the understanding of molecular ¢orrejation requirements needed to obtain accurate values of
recognition was the realization of the significance of catian  he gas-phase binding geometries and energies. In addition, prior
interactionst? Experimental evidence of such interactions gi,dies have not included cesium, and thus a complete set of
between the alkali cations and arenes was reported some yeargsgyits for the entire series of alkali metals has not been reported.
ago3~® However, it is only recently that the importance of these | this paper we present a comprehensive ab initio molecular
interactions has been widely appreciated particularly orbital and density functional theory (DFT) study of cation
noteworthy aspect of catienr interactions is that their strength bonding between the alkali-metal cations and benzene. The
is several times greater than other interactions commonly geometries and binding energies are obtained at the RHF/6-
involved in molecular recognition, such as hydrogen bonding 311G* and MP2/6-314G* levels of theory. Data from ad-
and dispersive (van der Waals) attractions, due to the full gitional DFT calculations done at the SVWN/TZ94p and BP86/
positive charge on the cation. Thus,systems offer binding  T794p levels are included for comparison. Frequency calculations
sites that are strong enough to compete with the more tradition- gre ysed to determine zero-point and vibration energies and,
ally viewed coordinating groups, such as amines, alcohols, andthys, the binding enthalpies and entropies. The effects of the
ethers. Although catioAs interactions are often associated with |ncomp|ete basis set (bas|s_set Superpos|t|0n error (BSSE)) is
biological systems, they also have been observed in thejnyestigated at both the RHF and MP2 levels. The importance
coordination chemistry of the alkali catiofs. of higher order correlation and more flexible basis sets is also
Our interest in cationzr binding stems from our efforts to  presented. We find that the use of higher levels of theory leads
design ligands that selectively bind radioactive elements, e.g.,to quantitatively different results than those obtained in previous
137Cs, and thus remove them from waste streams. In particular, studies.
our research is focused on the development and application of  prior Molecular Orbital Calculations. One of the earliest
molecular mechanics force field methods in the rational design theoretical studies of alkali metabenzene interactions reported
of new separation agenitst? One family of compounds that  RHF/STO-3G calculations of Na-benzene complexésThat
show great promise as separation agents are the calixarenesstudy examined several possible geometries of the-Néanzene
which are able to bind cations inside a CaVity formed from Comp|exl Conc|uding that th€6y conformation in which the
aromatic ringg:1314Key to our ability to rationally design new  Na* interacts with the center of the-electron cloud was the
ligands is a thorough understanding of the interactions of the most stable. They also presented an electrostatic calculation
cations with therr electrons present in these systems. Force- showing why N4 lies on the 6-fold axis of benzene. Kumpf
field parametrization requires the energetics and structures ofand Dougherty report the interaction energies of benzene
the complexes that form between aromatic systems and thecomplexed with Li through RY at the RHF (restricted
alkali-metal cations. Hartree-Fock) level with the 6-31G** basis set on C and H
As a first step toward modeling the catien interactions in and STO-3G on the cations. The interaction of Math benzene
calixarenes, we chose to study the binding of the alkali-metal was recalculated by Mecozzi, West, and Dougherty at the RHF/
cations to benzene. Prior theoretical studies of alkali-metal 6-31G** and MP2/6-31G**//[RHF/6-31G** levels of theory.

10.1021/jp9837380 CCC: $18.00 © 1999 American Chemical Society
Published on Web 02/20/1999



Binding between Metal Cations and Benzene J. Phys. Chem. A, Vol. 103, No. 10, 1998395

and Na. The valence basis sets and associated ECPs described
above were used for K, Rb, and Cs. We term this level of theory
MP2/6-31H#G*. The frozen-core calculations excluded the
electrons in the C 1s, and Na 1s, 2s, and 2p shells from the
correlation treatment. Glendening and co-work&fsund that
failure to include ther{ — 1) electron shell of the metal can
give poor geometries and binding energies for catioater
complexes. We did not find this to be a significant problem in
Figure 1. MP2/6-311G* optimized geometry of the ti-benzene the calculation of cationbenzene interactions, as an optimiza-
complex. Selected distances in A. tion of the Na—benzene complex including all electrons gave
a geometry and binding energy similar to a frozen-core
In that study the authors concluded the BSSE was small, ascalculation (see below). Counterpoise corrections were also
were zero-point and thermal corrections to the binding energies. obtained at the MP2/6-3#iG* level of theory. There is some
MP2/6-31G* geometries and binding energies for,INa", and evidence that counterpoise corrections overestimate the BSSE,
K™ binding to benzene have also been reported by Caldwell leading to underestimation of binding energies. This issue is
and Kollmanté These authors were particularly interested in explored in detail for the Li—benzene complex (see below).
modeling catior-7 interactions with a classical force field and Predictions of the binding enthalpies were calculated as noted
indicated that nonadditive (polarization) effects were needed above from the BSSE-corrected MP2/6-313* binding ener-
in order to reproduce the quantum mechanical (and experimen-gies and the scaled RHF/6-311G* thermodynamic data.
tal) data. This observation is consistent with the results of Sunner To test the effect that a more complete basis set and a more
et al. who showed the importance of the quadrupole moment extensive treatment of electron correlation would have on the
of benzene in calculating the electrostatic interaction corréctly. results, the binding energy was also calculated at the
CCSD(T)/6-31%G*, CCSD(T)/6-311#G(2d,2p), and MP2/
Theoretical Details aug-cc-pVT2223 |evels for the LI complex, using the MP2/
6-3114-G* geometrieg* We report the MP2, MP3, MP4, and
CCSD energies obtained from the CCSD(T) calculations as well.
We used Gaussian94 for all the calculatiéhs.

Density functional theory has been shown to be a useful
method for obtaining energetic and structural information about
a variety of chemical systend&-3° Nonlocal DFT has been
shown to reliably reproduce the energetics of the group 1B
dication complexes with water clustétsis compared to MP2
results®? The DFT calculations were done as follows. Geom-
etries were optimized and frequencies calcul&atithe local
(Slater exchange and VoskVilk —Nusair correlatiod? SVWN)
and nonlocal (Becke exchari§e®” and Perdew correlatioff,
BP86) levels for the separated atomic ions and benzene and
for the complexes (no symmetry was used). We initially used
a polarized tripleZ basis set (TZ94g§ on all atoms except Cs,
which was represented by a pseudopotential. These calculations

The geometries of benzene and the alkali meta&nzene
complexes were initially optimized at the restricted Hartree
Fock (RHF) level. The 6-311G* basis set was used for H, C,
Li, and Na. The valence basis sets and effective core potentials
(ECPs) of Hay and Wadt were used for K, Rb, and*Cghe
Hay—Wadt valence basis sets are a (5s5p)/[3s2p] contraction
to which we added the energy-optimized polarizatiaf) (
functions suggested by Glendening and co-workérghe
exponents of these functions are 0.48 for K, 0.24 for Rb, and
0.19 for Cs. The HayWadt formalism treats then(— 1) shell
of core electrons explicitly while representing the rest of the
core by the ECP. Relativistic (masselocity and Darwin)
corrections are included in the Rb and Cs ECPs. For simplicity,
we term this level of theory RHF/6-311G*. We assuni2gl
symmetry for benzene ar@es, symmetry for the cationbenzene
complexes (Figure 1). The raw binding energhE{) was . 3 s
determined from the difference between.the total energy of the mireogzg?zri:tﬁ)dn!v Tsitr? g ?r:cégrsgn _?Sgiliés‘éagl;rpsrlestlngrl?g Cs
pomplexes r?md the sum of the total energies of the cor reSpond'ng‘{ﬁeudopotential gave binding distances that were much too short.
isolated cations and benzene. Estimates of the basis-set supek;

" . S X e thus reoptimized these complexes using the -Hakadt
position error in the binding energy were obtamgd atthe RHF/ ECPs and basis sets (described above) on Rb and Cs. We report
6-311G* level of theory using the counterpoise correction

only these results. The Rb and Cs optimizations were done with
method!® Y P

. Gaussian94.

Frequency calculations were done at the RHF/6-311G* level
to verify that the geometries were minima on the potential-
energy surface and to obtain the zero-poixE£pg) and thermal
energy correctionsAEmherma) Needed for the calculation of Geometries.The predicted M—C, MT—centroid, and €C
enthalpies. The RHF/6-311G* frequencies were scéléy distances are reported in Tables4 (RHF, MP2, SVWN, and
0.893 to approximately account for the effects of correlation BP86). As expected, the M-C and M'—centroid distances
and anharmonicity. Binding enthalpies were then calculated asexhibit a steady increase as the size of the cation increases. At
follows: AH = AEe + AEzpg + AEtherma + A(PV), where the RHF/6-311G* level, the M—centroid distance in the ti
A(PV) = nRT= —0.593 kcal/mol at 298.15 K artEe includes complex is 1.892 A, expanding to 3.605 A in thetGomplex.
the BSSE correction. The translational energy of the cation is The Mt—centroid distances become shorter when the effects
3/,RT. The enthalpies were calculated at temperatures thatof electron correlation are included. This difference becomes
correspond to the conditions under which experimental data, greater as the cation size increases. At the MP2/6-&llevel,
with which we compare, were obtained. Entropies were also the Lit—centroid distance is 0.027 A shorter than the RHF value
obtained using the RHF/6-311G* frequency calculations. whereas the Cs-centroid distance is 0.191 A shorter.

Starting from the RHF/6-311G* geometries and force con-  The M™—centroid distance at the SVWN/TZ94p level range
stants, we then reoptimized benzene and the complexes usingrom 1.805 A for Li* to 3.308 A for C$. The Mf—centroid
second-order Mgller Plesset perturbation theory (MPJThe distances are longer at the BP86/TZ94p level, ranging from
MP2 optimizations used the 6-3+G* basis set on H, C, Li, 1.879 A for Lit to 3.498 A for Cs. The BP86/TZ94p values

Results and Discussion
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TABLE 1: RHF/6-311G* Optimized C —C Bond Distances (&), G-H Out-of-Plane Angle (deg), Mt—C and M*—Centroid
Distances (A), M Partial Charges (le|), Energies and Enthalpies (kcal/mol), and Entropies (cal/mol K) for the BenzeneCation

Complexes
cation C*Cb C—H (OOP) MF—C M+*Centr0id q(M +) AEBSSE AEe AEZPE AHO AS AHT AHExp
Li* 1.394 0.43 2.350 1.892 0.634 1.06 —38.7 168 —-370 -—-2516 —-37.7 —-37.9
Na* 1.392 1.73 2.840 2.475 0.839 1.12 —-235 0.85 —227 —2235 -—-227 -28.00
K+ 1.390 1.88 3.299 2.992 0.975 0.34 —14.8 0.62 —-142 -2056 —-141 -18%F
Rb* 1.389 1.89 3.568 3.286 0.976 0.30 —12.2 053 —-11.6 -—20.04 -11.6
Cs' 1.388 1.87 3.820 3.605 0.980 0.26 —-10.1 0.48 —9.6 —19.40 —9.6

aFrequency data were scaled by 0.893. Enthalpies and entropies calculated at 298 RB*(land Cg), 500 (K*), and 610 K (N4&). Experimental
binding enthalpies are included for comparisbRHF/6-311G* C-C bond length in benzene is 1.386 #Reference 467 Reference 48 Reference
6.

TABLE 2: MP2/6-311+G* Optimized C—C Bond Distances (A), G-H Out-of-Plane Angle (deg), M*—C and M*—Centroid
Distances (A), Mt Partial Charges (l€]), and Energies and Enthalpies (kcal/mol) for the BenzeneCation Complexe$

cation C-Cb C—H (OOP) M —C M*—centroid qM™) AEgsse AEe AHg AHt AHgyf
Lit 1.408 0.52 2.337 1.865 0.496 417 —36.0 —34.3 —35.0 -37.9
Na* 1.406 1.87 2.804 2.426 0.806 3.04 -—-219 —21.0 —21.0 —28.0
Na’ (Full) 1.405 1.76 2.777 2.396 0.797 3.74 225 —21.6 —21.6 —28.0
K+ 1.404 2.52 3.217 2.894 0.979 1.79 -16.7 -16.1 —16.0 —18.3
Rb* 1.404 2.51 3.462 3.165 0.976 1.98 -13.9 —-13.3 —-13.3
Cs" 1.403 2.41 3.691 3.414 0.974 211 -—-121 —-11.6 —-11.6

a Enthalpies calculated at 298.15 (I.Rb", and Cg), 500 (K"), and 610 K (Na) from the RHF frequency data. Experimental binding enthalpies
are included for comparison. All values are obtained from frozen-core calculations, with additional data reported for an all-electron (full) MP2
calculation of the Na complex.”? MP2/6-31HG* C—C bond length in benzene is 1.400 $See footnotes in Table 1.

TABLE 3: SVWN Optimized C —C Bond Distances (A), G-H Out-of-Plane Angle (deg), Mi—C and M*—Centroid Distances
(A), M+ Partial Charges (l€]), and Energies and Enthalpies (kcal/mol) for the BenzeneCation Complexe$

cation c-Cc° C—H (OOP) M"—C M*—centroid g(M™) AE.e AEzpe AHo AS AHy AHeyx®
Lit 1.402 0.6 2.286 1.805 0.869 —40.1 1.95 —38.1 —29.25 —39.0 —-37.9
Na* 1.40P 1.5 2.693 2.301 1.077 —27.4 0.93 —26.4 —26.29 —26.8 —28.0
K+ 1.398 1.9 3.102 2.769 1.043 —19.1 0.75 —18.3 —24.94 —18.5 —18.3
Rb* 1.392 2.2 3.349 3.046 0.979 -16.3 0.59 —15.7 —22.06 —15.9
Cs" 1.39¢ 2.2 3.588 3.308 0.987 -—-141 0.54 —13.6 —21.22 —13.6

aEnthalpies calculated at 298.15 {L.iRb", and Cg), 500 (K"), and 610 K (N&) from the SVWN frequency data.

1.388 A.

Experimental binding
enthalpies are included for comparis8i€—C bond length in benzene is 1.394 #See footnotes in Table ¥.C—C bond length in benzene is

TABLE 4: BP86 Optimized C—C Bond Distances (A), CG-H Out-of-Plane Angle (deg), M'—C and M*—Centroid Distances (A),
M™ Partial Charges (/e|), and Energies and Enthalpies (kcal/mol) for the BenzeneCation Complexes

cation c-C C—H (OOP) Mr—C M*—centroid q(M") AEe AEzpe AHo AS AHt AHgy®
Li* 1.41% 0.3 2.352 1.879 0.898 —34.5 1.56 —-33.0 —27.92 —33.6 —37.9
Na’ 1.413 1.0 2.803 2.421 1.040 -—-21.6 0.81 —20.8 —24.83 —-21.0 —28.0
K+ 1.41P 2.1 3.290 2.972 1.010 -—-135 0.54 —-13.0 —21.61 —-13.0 —18.3
Rb* 1.409 2.1 3.520 3.228 0.970 -115 0.55 —-11.0 —20.44 —-11.0
Cs" 1.404 2.2 3.770 3.498 0.976 -95 0.52 —-9.0 —19.85 —-9.0

a Enthalpies calculated at 298.15 {I.Rb", and C8), 500 (K"), and 610 K (N&) from the BP86 frequency data. Experimental binding enthalpies
are included for compariso.C—C bond length in benzene is 1.407 #See footnotes in Table . C—C bond length in benzene is 1.401 A.

are similar to the MP2 values, differing by 0.014 A fortLi
—0.005 A for Na', +0.078 A for K*, +0.063 A for Rb, and
+0.084 A for Cs.

Previous predictions of the M-centroid distances come from

basis set on H and C and STO-3G on the alkali metal.

Dougherty’s M—centroid distances of 1.96 (L), 2.41 (N&),

2.88 (Kh), and 2.96 A (RB) can be compared to our RHF/6-
311G* values of 1.89, 2.48, 2.99, and 3.29 A for the same atoms
Although both levels of theory give the same trend, differences

as large 0.3 A are apparent.

Predictions of the M—centroid distances also were reporte

at the MP2/6-31G* level by Kollmatf The Mt—centroid
distances of 1.90 (), 2.42 (N&), and 2.85 A (K) compare
to our MP2/6-311G* values of 1.87, 2.43, and 2.89 A for the the metal complexes show a lengthening similar to that obtained
same atoms. In this case, the agreement between the MPat the RHF/6-311G* level. The BP86/TZ94p calculations show
calculations with two different basis sets is quite close, the a similar G-C bond lengthening with Li complex lengthening
by 0.008 A, decreasing to 0.003 A for €sPrevious studies

largest difference being 0.05 A.

As previously observed, complexation of an alkali cation to

benzene results in longer-<C bond length$. For isolated
benzene at the RHF/6-311G* level, we obtain aC bond
distance of 1.386 A. When the cations bind to benzene, thé C
the RHF calculations by Dougherty, which used the 6-31G* pong length is slightly increased, consistent with donation of

electron density from the ring to the cation. The most notable
effect is seen in the ticomplex, in which the €C bond length

is increased by 0.008 A. The lengthening of the@bond is
"less pronounced as the size of the cation increases; #@ C
bond lengthening is 0.006 A in the Naomplex but only 0.002

d Ain the Cs complex. At the MP2/6-31£G* level, correlation
lengthens the €C bond distance in benzene to 1.400 A, 0.015
A longer than predicted at RHF/6-311G*. The-C bonds in
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have not reported €C bond lengths, so we can make no TABLE 5. AE. for Li *—Benzene at the CCSD(T)/6-311G*
and CCSD(T)/6-311-G(2d,2p) Level$

comparisons.

In all cases, the presence of the cation results in the hydrogens basis set
bending out of the plane of the benzene carbons, away from 6-311+G* 6-3114+G(2d,2pY
the cation. The out-of-plane (OOP) angles from the RHF-6- .
311G* optimizations ragge fro(m 0’.4)0r L?* to 1.9 for Rb*. correlation A ABesse A
The OOP angles generally increase as we move down the mgg :28'5138 ‘3‘-31 :g;-gg
periodic table, but as shown in Table 1, the trend is not exact. MP4(d) 4024 399 _3728
Similarly, the OOP angles range from 0for Li* to 2.5 for MP4(dq) —40.20 3.66 —37.60
Rb* at the MP2/6-31+G* level and 0.8 for Li* to 2.2 for MP4(sdq) —40.04 3.56 —37.56
Cs" at the BP86/TZ94p level. The fact that the OOP angles  CCSD —39.88 3.55 —37.45
increase with increasing Mcentroid distance and decreasing ~ CC¢SD(T) —39.95 4.01 —37.11

change in the benzene<C distances is somewhat surprising. @ AEgsse calculated at the CCSD(T)/6-33G* and MP2/6-

A possible explanation for this behavior is that the smaller 311+G(2d,2p) levels only. All energies in kcal/mélAEssseat MP2/

cations are effectively screened by the negative charge of the6-311+G(2d,2p)= 1.62 kcal/mol.

ﬁ-electron cloud and, thus,_do_not interact strongly With. Fhe TABLE 6: Low-Lying Vibrational Frequencies (cm ~1) of
ydrogens. As the M—centrqld distance increases, the positive \1+_genzene Complexes Calculated at the RHF/6-311G*,

charge may be less effectively screened by #helectrons, SVNW/TZ94p, and BP86/TZ94p Levels

leading to an increasingly repulsive interaction with the

. e mode a mode
hydrogens, forcing the hydrogens further out of plane. i
e . . . cation RHF SVWN BP86 RHF SVWN BP86
Binding Energies.Energetic data are also presented in Tables —
1—4. We first consider binding energies corrected for BSSE H++ igg 313%2 2398 fgé gi'(?) fgz
(AEg). The RHF/6-311G* binding energies are strongly de- a 91 08 58 125 151 94
pendent on the size of the cation, ranging fre8.7 kcal/mol Rb" 80 94 73 90 110 86
for Li*™ to —10.1 kcal/mol for C$. The inclusion of correlation Cs' 74 88 70 75 93 72

(MP2/6-31H-G*) increases the predicted values M., with
the difference between the RHF and MP2 binding energies corrections can be as large as 15% of the raw binding energies
increasing with cation size. Thus, whereas the MP2/6+331 at the MP2/6-31%2G* level of theory. We have not included
AE for Li* is —36.0 kcal/mol, only 2.7 kcal/mol less than the  BSSE corrections at the DFT results because such corrections
RHF/6-311G* value AE, for Cs' is —12.1 kcal/mol, binding are usually smaller at this level of thed.
about 2 kcal/mol weaker than the RHF calculations indicate. The AEzpe and AEtherma Values are comparable tEgsse
The SVWN/TZ94p values foAE. are similar to the MP2  These contributions to the enthalpy are largest for the Li
values. In contrast, the BP86/TZ94p calculations give the complex (a total of 1.01 kcal/mol), decreasing to 0.49 kcal/mol
weakest binding of all the levels of theory. If we compare with  for the Cs complex. Considering BSSE, zero-point, and thermal
the BSSE-corrected MP2 binding energies, the BP86/TZ94p corrections, we predict binding enthalpies that range fresid.7
calculations predict binding that is weaker by as much as 3.2 (Li+) to —9.6 kcal/mol (C%) at the RHF level. At the MP2
kcal/mol. level, the predicted values &fH range from—35.0 for the Li"
Previous calculations have not reported binding energies complex to—11.6 kcal/mol for the Cscomplex. Note that the
corrected for BSSE nor ZPE and thermal effects, thus we can differences between the RHF and MP2 values\éf are not
only compare the raw energy values. At the RHF/6-31G*/STO- constant across the series of cations. Thus, while the MP2/6-

3G level, Dougherty obtained binding energies-&9.5 (Li"),
—24.4 (N&), —19.2 (K*), and —15.8 kcal/mol (Rb).2 Our
RHF/6-311G* calculations for the same cations predict raw
binding energies 0f39.8,—24.6,—15.1, and-12.4 kcal/mol.
Whereas the theoretical values are very similar forand Na,
our larger basis-set calculations with ECPs predict significantly
weaker binding for K and Rb". Dougherty later obtained a
binding energy of —27.1 kcal/mol for the N&—benzene
complex at the RHF level using the 6-31G* basis set on all
atoms!®

The MP2/6-31G* calculations from Kollman predi&tEe
values of—43.8 (Li"), —29.5 (N&), and—15.0 kcal/mol (K").16
Our MP2/6-31%#G* calculations for the same cations give raw
energies 0f-40.2,—24.9, and-18.5 kcal/mol. Our values differ
from Kollman’s by as much as 4 kcal/mol.

311+G* AH for Li" is less than that obtained at the RHF/6-
311G* level, the reverse is true for Cs

At the BP86/TZ94p level, the binding enthalpies range from
—33.6 for Lit to —9.0 kcal/mol for C3$. The BP86/TZ94p
binding enthalpies are in fair agreement with the MP2 values;
the largest discrepancy of 3.0 kcal/mol occurs with. Khe
SVWN/TZ94p enthalpies are the largest of all the calculated
values, with the value for Na being 5.2 kcal/mol greater than
the MP2 prediction.

Frequencies and Estimated Binding EntropiesThe Mt—
benzene complexes exhibit three low-frequency modes corre-
sponding to the motion of the cation: a degenerate bend parallel
to the benzene plane and a stretch away from the benzene plane.
The RHF/6-311G* and DFT frequencies of these modes are
given in Table 6. The symmetric stretch of the cation from the

As expected, the BSSE corrections are less at the RHF levelbenzene plane is generally higher than the degenerate mode,
than for the MP2 calculations, despite the increase in the basis-although the values converge to a similar value with increasing
set size. As expected\Egsse is larger for the L and Na atomic number. This is consistent with the lengthening of the
complexes, in which the K-C distance is shorter, and the ECP M*—centroid distance, suggesting that the interaction of the
is not used to represent the core electrons of the cation. Thebenzene with the cation is less directed for the heavier cations.
BSSE corrections at the RHF/6-311G* level range from 0.26  Predicted values for the entropy of the cations, benzene, and
to 1.12 kcal/mol, as much as 5% of the value of the corre- the M"—benzene complexes were obtained at the RHF/6-311G*,
sponding binding energies. The MREgsse values are more SVWN/TZ94p, and BP86/TZ94p levels of theory. The entropies
significant, varying from 4.17 to 1.79 kcal/mol. Thus, BSSE were needed in order to make an accurate comparison of our
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calculated enthalpies with experimental values. The calculatedLi*™—benzene complex, the determination af@ value allows
entropies for benzene (64.46 (RHF), 64.56 (SVWN), and 64.49 AH to be estimated from a calculated entropy. Woodin and

cal/mol K (BP86) at 298.15 K) are in excellent agreement with
the experimental value (64.36 cal/mof4K The agreement is

Beauchamp report AGgg value of —29.7 kcal/mol for Lif—
benzene formatioff This value was obtained by ion cyclotron

not unexpected considering that the entropy of benzene isresonance spectrometric measurements of equilibria for reactions
dominated by the translational and rotational contributions. The involving the transfer of Li from one base to another. The

entropies of the complexes are somewhat approximate, becausghermodynamic ladder is anchored by a value-&7.3 kcal/

we have used harmonic frequencies in the calculatioA®f

mol for LiT—H,0. There is some uncertainty associated with

whereas the low-frequency modes involving the cations are thjs value because it is based on an extrapolation of AQ(H
likely to be very anharmonic. The calculated change in entropy AG,q,values ton = 1. Recent data allow us to check the Hi

associated with cation binding is given in Table 1 (RHF) and
Tables 3 and 4 (SVWN and BP86). At the RHF/6-311G* level,
we obtain the following entropy changes:.i-25.16 at 298.15

K; Na™, —22.35 at 610 K; K, —20.56 at 500 K; Rb, —20.04

at 298.15 K; and Cs —19.40 at 298.15 K.

Additional Calculations To Test Basis-Set and Correlation
ConvergenceAs stated earlier, there is an indication that failure
to correlate the and 2 electrons in Na can lead to poor
geometries and binding energies for'Nawvater clusterd To

H-O value prior to estimating AH,gg value for Lit—benzene.

Feller and co-workers have computed thermodynamic values
for the formation of Li—H,0O at the MP4/complete basis-set
extrapolation levet! They obtainAH29s = —34.0 kcal/mol,
AS9g = —22.63 cal/mol-K, andAG,eg = —27.3 kcal/mol,
confirming the Li"—H,O reference point.

We obtain values foASygg of —25.16 (RHF) and—27.92
cal/mol K (BP86), which compare to the estimate-€27.52

explore the accuracy of the standard frozen-core approximation¢@l/mol K used by Woodin and Beauchamp. Combining the
used in Gaussian94, we also did the required optimizations andeXxperimentalAGzes value of —29.7 kcal/mol with our RHF

calculations of the BSSE for the Nabenzene complex using
the 6-311%#G* basis set and including all electrons in the MP2

ASyggvalue of—25.16 cal/mol-K allows us to estimateAdd,og
of —37.2 kcal/mol for the formation of the ti-benzene species.

treatment. The results, given in Table 2, show that in this case Use of the BP8GAS yields a AH,9g 0f —38.0 kcal/mol. For
the frozen-core approximation does not lead to large errors. Thecomparison, Woodin and Beauchamp report a value\fdsos

difference in the &C bond length is 0.0015 A. The differences
in the Mt—C and Mr—centroid distances are both0.03 A.
Although the value oAE is more than 1 kcal/mol larger than

of —37.9 kcal/mol. At the MP2/6-3HG* level, we obtain a
AHggg of —35.0 kcal/mol. Our best calculated value ®ifl,9g
for Li*—benzene is—34.5 kcal/mol at the 6-31G(2d,2p)/

the frozen-core calculation predicts, this effect is countered by CCSD(t) level, using the reported BSSE correction of 1.62 kcal/

an increase iMM\Egssg Thus, the predicted value afH is only

0.6 kcal/mol greater than the value obtained from the frozen-

mol. There is little difference between either of the these
enthalpies. Both enthalpies are several kcal/mol below either

core calculation, about a 3% difference. These results aregf the estimatedAH,es values derived from Woodin and
consistent with the DFT calculations where all electrons are Beauchamp’'sGyes. The values in best agreement with the

correlated. However, it is possible that core correlation is more experimental measurements are the RHF and SVWN results,

important for the heavier cation§.We leave this area for future
investigation.

which are probably the least reliable levels of theory, thus the
disagreement between the experimental and theoretical binding

We also tested the effect of higher order correlation correc- enthalpy for Li* was explored at an even higher level of theory.

tions on the binding energies. Thus, we did CCSD(T)/6-3&1
single-point calculations of the ti-benzene system using the
MP2/6-311G* geometries. The results, shown in Table 5,
indicate little change in the value d&fEe as the correlation

treatment becomes more complete. Particularly noteworthy is
the difference between the MP2 and CCSD(T) values, which

amounts to only 0.22 kcal/mol. The values/Egsseare very
similar for the different correlation treatments, ranging from
3.55 (CCSD(T)) to 4.17 kcal/mol (MP2).

As noted earlier, counterpoise corrections may overestimate
the BSSE. In particular, it has been found that calculations of
binding energies at the MP2/aug-cc-pVTZ level give values
closer to the complete basis-set limit if BSSE corrections are
ignored?” Using the MP2/6-31+G* geometries, the binding
energy calculated at the MP2 level, with the aug-cc-pVTZ basis
set on C and Li and cc-pVTZ on H, is37.1 kcal/mol. This
leads to aAH of —36.1 kcal/mol, closer to the experimental
value of —37.9 kcal/mol.

To ensure that the basis set was adequate for the CCSD(T)

calculation and to test the basis-set dependence of the MP2

results, we also obtained CCSD(T)/6-31G(2d,2p) single point
energies at the MP2/6-331G* geometries. As before, there is

In addition, we can obtain a better estimate of the effects of
core correlation, which might be underrepresented with the
6-311+G* basis set. We thus calculated the binding energy

no indication that a correlation treatment above MP2 is needed@gdain using Dunning’s cc-pVTZ basis set with core-valence
to describe these systems accurately; the MP2 and cCcSD(T)functions added for C and Li. Single-point energies were

predictions ofAE. differ by only 0.05 kcal/mol. For the more
expensive 6-311G(2d,2p) calculations, we only estimated the

obtained with both the frozen-core approximation and with all
electrons included in the correlation treatment. The difference

BSSE at the MP2 level, assuming, as was demonstrated within binding energy between these two sets of calculatieis39

the 6-311G* basis set, thahEgssedoes not vary greatly with
the extent of electron correlation. The predicted valueABf
are all~3 kcal/mol less with the larger basis set, but there is
also a decreasetNEgsse (1.62 kcal/mol at MP2/6-31HG(2d,-
2p) versus 4.17 kcal/mol at MP2/6-316G*). Thus, the BSSE
corrected values oAEe are about 0.5 kcal/mol lower when the
larger basis set is used.

Comparison with Experimental Data. Although there has
been no direct measurement A for the formation of the

kcal/mol, can be taken as an estimate of core correlation effects.
Including this correction in the MP2/aug-cc-pVTZ calculation
of the enthalpy givedAH = —37.5 kcal/mol, in near agreement
with experiment. The cost of these calculations was quite large,
prohibiting us from using the cc-pVTZ basis set with both
diffuse and core-valence functions and from doing optimiza-
tions with the larger basis sets. We were also unable to do
similar calculations for the rest of the alkali metals, due to
computational cost and lack of similar basis sets for the heavier
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cations. However, it is possible that such costly calculations more expensive MP2 calculations. We generally predict binding
may be needed in order to obtain close agreement with enthalpies that are significantly lower than the experimental
experiment. values. Considering the extensive test of theoretical methods
Castleman and co-workers reportAdd value of —28.0 + we have presented, we feel that further experimental work may
1.5 kcal/mol and a\Svalue of—31.0+ 3.0 cal/mol-K for the be needed to definitively establish absolute alkali metal
formation of Na —benzend? These values were obtained from benzene binding energies. Our results prove that the interactions
van't Hoff plots of equilibrium constants determined by high- between the alkali-metal ions and benzene are indeed strong
pressure mass spectrometric measurements over a temperatu@nough to compete with other coordinating donor groups such
range of 576-650 K. Therefore, we have corrected our as amines, ethers, and alcohols. An important implication of
calculated thermodynamic values to the average temperaturethis result is that the arene constituents present in calixarenes
(610 K) over this range for comparison with these data. At 610 and other multidentate ligands may play a larger role in the
K, we obtain aAH of —21.0 kcal/mol at the MP2/6-3#1G* coordination of cationic hosts than previously recognized. We
level and aAS of —22.35 cal/mol-K from the RHF/6-311G*  intend to investigate this facet of cation recognition with force-
frequencies. Our results suggest that the experimental value forfield techniques. The geometries and interaction energies we
ASis too high by 6-9 eu. The inclusion of anharmonicity in  obtained for the cationbenzene complexes are now being used

our calculations would further lowekS, not raise it. for force-field parametrization.
Kebarle and co-workers report/&H value of —18.3 kcal/ ) )
mol and aAS value of —22.4 cal/mol-K for the formation of Acknowledgment. This work was supported by the Envi-
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