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The ground-state geometries of the complexes #i,Gand GH, with H*, Li*, and Nd ions have been
optimized at the B3LYP and MP2(full) levels of theory using several basis sets. The difference in the direction
of tilting of the terminal H atoms noticed in,8s* and GHs™ seems to be an artifact of the methods of
calculation and basis sets. The dissociation energies (DEs) of the complexes have been calculated using B3LYP,
MP2(full) and CCSD(T¥full methods. When ZPE (zero-point energy) and BSSE (basis set superposition
error) corrections are included the DEs at the CCSB{u) level of theory are obtained for a number of

basis sets in very good agreement with the experimental values, wherever available. The nature of bonding
of the complexes has been deduced on the basis of charge transfer, bond indices, localized MOs, and topological
properties of electron density. Both bond indices and LMOs indicate the presence of three-center bonding in
all the complexes. In the protonated species the bonding is found to be predominantly covalent; in the Li
and Na complexes also the covalent interaction plays a fairly important role.

1. Introduction interactions operative in biological systems. The MP2 method
The interaction between a cation and a dipolar molecule is a 3?%5;‘; 6(’)?;&;13?%%23?5 fiitét(i);trssn ﬁ;\%ne::z?a\n"tgeoenr?
particular type of acigtbase interaction, where the cation acts emolo e%. these studies. A complete b, . etge i at)é of the
as an acid and the dipolar molecule as a base. When both th ir::giny enltrk]\al ises So?a‘kiii-metal Féatiemzifesne c?)rlnm lexes
reactants are closed-shell species, the electrostatic interactio(r:?‘:’as begen ma dg”at the CCSD(T) (coupled cluster calc?ulation

Is the main source of stability of the resulting complex. Such with single, double, and perturbative trIinIe excitations) level of
complexes are generally characterizéay high interaction theory using the hierarchy aug-cc-pVxZD, T. and Q) basis

energies. Nonpolar-systems can also serve as a strong base sets. Topological analysfsof electron density has also been
in many catior-molecule interactions. A typical example is - 10poiog ySIS 5 y
performed for several catienr complexes:

benzene. It was showrP to form complexes with L, Na", , .
and K ions having stability comparable to that of the complexes Apgtyleng and'ethyllene are the Slmplﬁslllgands that can

of these cations with traditional ligands like water, alcohols, Participate in catiors interactions. The pertinent complexes
amines, etc. Subsequently, intermolecular complexes of a variety2’® amenable to more extensive and accurate theoretical
of zr-systems (both polar and nonpolar) and cations have beenc@lculations than is possible for larger aromaticomplexes.
characterized experimentaflyl® These are referred to as Despite this advantage, only a few scattered calculations have

: co = . 6.20-2 -
cation—z complexes. The catiorr interaction is recognized SO far been reportéd®2=¢ on the Li" and Na complexes of
as a strong noncovalent binding force that plays a dominant C2Hz and GHa. The primary aim of the present study is to treat

role in a wide variety of fields ranging from material design to these complexes on equal footing and determine their electronic
molecular biology. structure and binding energy using accurate density functional

Although the binding energies of a host of cation and ab initio post-HF methods.
complexes have been measured experimertatwe do not The proton is not considered in catiom interactions,
have sufficient quantitative information about their electronic presumably because the proteminteraction is very strong and
structure. Consequenﬂy, a |arge number of theoretical cannot be described as a noncovalent force. However, there
studie41118 have been published in this field. In most of these should be some similarity between the nature of bonding of
studies, benzene was used as theystem because it is the H' and Li"/Na" complexes of €H and GH4—they should all
simplest of aromatic molecules that could mimic the binding exhibit three-center (3c) bonding. This aspect of the cation

properties of complex-ligands that participate in the catienr interaction, which has not been addressed before, has prompted
us to include GHz™ and GHs™ in the list of complexes. These
* Corresponding author. E-mail: sannigrahi@yahoo.com. protonated species have been studied exhaustvélat various
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levels of theory. It was shovifthat the terminal H atoms in ~ TABLE 1: Optimized Geometries (Bond Length (R) in A
C,Hst and GHs* are tilted slightly from the CC bond, but in ~ and Tilt Angle (TA) 2 in Degrees) of GH; and C;HM™ (M =
opposite directions. No such tilting was, however, prediéted H: Li: and Na)

in CoH4Na". Different basis sets and methods of calculation methods and basis sets
were employed in these studi®£8 This anomaly and the lack B3LYP MP2(full)
of sufficient experimental data have prompted us to undertake At BLr C+r D A+ Br Ot D

an extensive study of the effect of basis sets on the geometry. o
i = ‘M = i 2H>
and energetics of the YM(Y = CoHa, GoHy M =H, Li, N&) o000 1199 1196 1196 1.105 1215 1208 1.208 1.204
complexes. We have also compared their nature of bonding RCH) 1063 1.061 1.062 1.061 1.065 1.064 1.060 1.058
(with emphasis on 3c bonding) and the topological properties CoHt
2113

of their electron density. RCC) 1.221 1217 1218 1.217 1234 1226 1.225 1.221
, R(CH) 1.079 1.077 1.078 1.077 1.080 1.074 1.076 1.074
2. Method of Calculation R(XHp)° 1.138 1.134 1.134 1.134 1.124 1.116 1.117 1.114
. : . TA 0.50 0.35 0.47 0.47 —0.31 —0.32 —0.54 —0.70
The geometries of the monomers and their complexes with CHLI
2oL

PR X e .
ae’n;'ty’ fﬁﬂgtiyril 'ct)r?:oV&?éingt;m'ezgfjp;;’gge?e'::ﬁﬂl‘éil R(CC) 1.205 1.201 1.202 1.201 1.221 1.214 1.213 1.208
. . . . R(CH) 1.071 1.069 1.069 1.069 1.073 1.066 1.068 1.066

exchange functional with nonlocal correlation functional of gix e 2217 2.212 2.211 2.212 2221 2.217 2.181 2.191
Lee, Yang and Pa#®) and MP2(full) methods. The following  TA 472 481 464 4.65 454 445 434 444
basis sets were employed in these calculations: 6-311G**, C,HoNat
6-31+G**, 6-311++G**, 6-311G(2d,2p), 6-313G(2d,2p), R(CC) 1.204 1.200 1.201 1.200 1.220 1.213 1.212 1.208
6-311++G(2d,2p), 6-311G(3df,3pd), 6-3HG(3df,3pd), R(CH) 1.069 1.067 1.067 1.067 1.071 1.065 1.066 1.064
6-311++G(3df,3pd) and a basis set that consists of R(XNa)® 2.624 2.610 2.612 2.606 2.632 2.631 2.608 2.604
6-311G(3df,3pd) basis for Li and Na, and cc-pVQZ basis for C TA 492 495 475 475 481 456 464 468
and H. These basis sets are denoted by A, A++, B, B+, aTilt angle is the angle between CC and terminal CH bonds. A
B++, C, C+, C++, and D, respectively. The dissociation negative;ig_n of TA indicates that the terminal H atoms are tilted toward
energies were calculated at the same levels of theory and alsd!véhglblidgéggfaéog‘)p 'g:dzDsfolnl:iS:b? ;Fa;ggl(lgr gzl(]'lé%d?; o)
at the CCSD(T%:fuII//MPZ(fuII) level. These were then €O for Li and Na ar’ldpcc:pVQZ basis for C and HHy, is the bridging’Hp
rected fo_r_ ZPE (zero-point energy) and BSSE _(ba5|s et atom, and X is the midpoint of the CC bond.
superposition error). For the latter, the counterpoise method

(CP¥¢ was used and the deformation of geometry of the TABLE 2: Optimized Geometries (Bond Length (R) in A,
monomers upon complexation, was taken into account. Bond Angle (JHCC) and Tilt Angle (TA) #in Degrees) of

The nature of bonding of the complexes was studied on the CoHs and CHM™ (M = H, Li, and Na)

basis of charge-transfer calculated using NPA (natural popula- methods and basis sets
tion analysisy’ and two-center (2c¢) and three-center (3c) bond B3LYP MP2(full)

indices calculated using a nonlinear versio! of Mulliken A+ B+ Cr D Ar Br O D
population analysis (MPA). The B3LYP/6-311G** wave func- oh

i i i 1 24
gont;/vaz_used '”éh‘isg Ca'CLt’r']at'ob”S'.To ‘f:otr)‘f'”g t.hz.preseEKAeOOfR(CC) 1329 1.325 1.325 1.324 1.337 1.332 1.329 1.325
¢ bonding predicted on the basis of bond Indices, LMY gcy) 1085 1.082 1.082 1.082 1.085 1.079 1.079 1.077
(localized molecular orbital) calculations were performed using gHcCce 1.73 171 1.73 1.75 1.39 133 134 134
the Boys’ method? The Gaussian 98 progrdfwas used to CoHe"

calculate the electronic structure, energetics, and NPA chargesgcc)  1.381 1.377 1.377 1.376 1.385 1.378 1.376 1.372
Additional subroutines were written for the computation of bond R(CH) 1.087 1.085 1.085 1.085 1.087 1.081 1.082 1.080
indices. The topological analysis of the electron density obtained R(XHp)¢ 1.128 1.125 1.125 1.124 1.113 1.108 1.109 1.104
from HF/A and B3LYP/A (A= 6-311G**) wave functions, cc 076 073 076 078 044 039 038 044

was performed using the MORPHY 98 progré&m. TA 053 043 0.440 Ho'ff 029 0.15-0.01 005
2 4Ll

R(CC) 1.341 1.337 1.337 1.336 1.348 1.342 1.339 1.336
R(CH) 1.087 1.085 1.085 1.085 1.088 1.081 1.082 1.080

While studying the effect of basis sets on various calculated R(XLi) 2.268 2.264 2.263 2.264 2.271 2.271 2229 2235
qualities, it was observed that the inclusion of diffuse functions JHCC® 159 158 160 1.63 128 122 118 124
in the hydrogen basis did not have any noticeable effect on the 254 236 282 232 229 219 201 238
geometries and dissociation energies. It was further noticed thatR(CC) 1339 1335 1 3%"'4’1\'%;4 1346 1340 1337 1334
basis sets A, B+, and Cr predict these quantities in most o &% 17587 1085 1,084 1.084 1.087 1.081 1081 1.079
cases in better agreement with experiment than basis sets A, Bg XNa) 2.658 2.644 2.643 2.641 2.672 2.666 2.631 2.634
and C, respectively. In what follows we have, therefore, gpHcc 161 158 1.60 163 146 124 120 1.27

3. Results and Discussion

presented and discussed results for basis sets B\, C+, TA 254 236 229 230 246 219 199 252
and D only. For the sake of simplicity the B3LYP method has a See footnot@ to Table 1.° See footnotd to Table 1.€ The actual
often been referred to as DFT. value of IHCC is (120+ x)° wherex is the entry in this table! See

A. Geometries. The optimized geometries of,8, and its footnotec to Table 1.
complexes are given in Table 1, and those fgHE£and the
corresponding complexes are given in Table 2. As can be seengenerally decrease from+A to B+, then remain virtually
from these tables, both methods (DFT and MP2) predict a constant and again decrease frort @ D. The shortest bond
similar type of variation in bond lengths with respect to the lengths are predicted by basis set D since it does not contain
size and composition of the basis sets. Comparing the resultsany diffuse functions. Of all structural parameters, the XM (M
for different basis sets, we note that the CC and CH bond lengths= H, Li, and Na) distance, where X is the midpoint of the CC
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bond, is found to be most sensitive to the basis sets (the MP21.331 A,R(CH) = 1.080 A, anddHCC = 121.5) with equal

values ofR(XLi) and R(XNa) decrease by about 0.03 A from
B+ to C+). No general trend is, however, observed in the
variation of tilt angle (TA) and bond angl€lHCC; see Table
2), except for the fact that the former generally varies over a
wider range than the latter.

accuracy. The geometries predicted for the protonated species
by earlier calculatior’§33 were in good agreement with the
present ones when they were carried out at comparable levels
of theory. However, with the exception of the work of
Lammertsma and Ohwa#fano explicit mention was made in

Let us now compare the geometries predic‘[ed by B3LYP and those calculations about the difference in the nature of the tilt
MP2 methods. As can be seen from Tables 1 and 2, the MP2angles (as predicted by the MP2 method) i and GHs".

method predicts longer CC bonds and smaller tilt angles in all

For the Li" and Na complexes of £, and GH,, earlier

cases. The former trend is observed also in the CH bonds andcalculation82%-24 were performed at lower levels of theory than

in the XM (M = Li and Na) distances. The differences between
the highest and the lowest valuesR§CC) obtained for different
basis sets are virtually constantq.004 A in DFT and~0.012

A 'in MP2). These differences are slightly smallerQ.002 A

in DFT and~0.007 A in MP2) in the case of CH bonds. The
corresponding values for the XM distances vary from 0.004/
0.009 to 0.018/0.044 A in the DFT/MP2 methods. The differ-

employed here. Moreover, values for all the structural param-
eters, especially the tilt angle, were not reported. For example,
the geometries (given in A in the ordé(CH)/R(CC)R(XM))
predicted by Goldfuss et &t for C,HoLi™, C;HoNa', and
CoHyLi™ using the B3LYP method and-A basis for carbon
and hydrogen and 6-31G* basis for Li and Na, are as follows:
—/1.205/1.254;-/1.204/2.633, and 1.087/1.341/2.403. The XM

ences between the highest and the lowest values of TA are mosglistance in the Li complexes is highly exaggerated even with

pronounced in the case of basis sets (0.59/0.63") and D

(0.66°/0.8C). These results clearly demonstrate that the geom-

respect to the highest values obtained by us. The most extensive
calculation on these complexes is the one reportedphNa™

etries predicted by the B3LYP method are less sensitive to basisby Felleri® At the highest level of theory (MP2(FC)/aug-cc-
sets than those obtained by the MP2 method. The mostPVQZ) he obtainedR(CH) = 1.082 A, R(CC) = 1.339 A,
prominent difference between the two sets of geometries occursRXNa) = 2.641 A, and(JHCH = 117.3 A. Our MP2/&-

in C;Hst where the DFT and MP2 methods predict the tilting

values are in best agreement with the results of Feller. Also in

of the terminal H atoms in opposite directions. For basis sets good agreement are the B3LYP/D values.

C+ and D the MP2 values of the tilt angle in.lds*t are
practically zero. In contrast, the DFT TA values are substantially

B. Dissociation EnergiesThe dissociation energies (DE) of
the complexes have been calculated at B3LYP, MP2(full), and

high for all four basis sets. These observations indicate that theCCSD(T)=full (henceforth referred to as CCSD(T)) levels of
tilt angle in the protonated species is highly sensitive to basis theory. The same basis sets that were employed to optimize

sets and methods of calculations. It will not be out of place
here to mention that the largest tilt angle predicted for the alkali-
metal catior-benzene complex&® is 2.5 (for the K™ com-
plex), while a tilt angle as high as5° is predicted in the present
calculations for GHoNar.

The most important structural changes occurring in the
mr-ligands upon complex formation are elongation of the CC
and CH bonds and tilting of the terminal H atoms either away
from (downward tilting) or toward (upward tilting) the bridging

geometries, have been used to calculate DEs. The raw DE values
are corrected for ZPE (zero-point energy) and BSSE (basis set
superposition error). For the calculation of ZPEs, the MP2
frequencies have been scaled down by 5%. The same ZPEs are
used also in the CCSD(T) calculations. The DFT ZPEs are used
as such since they are smaller than their MP2 counterparts.

The Dy values thus obtained are given in Table 3. As can be
seen, the BSSE correctionAHgssp to the DFTDg values are
negligible in all cases. It has been well documefitatiat

atom. The upward tilting has been predicted by the MP2 method compared to DFT, the post-HF methods retrieve a significantly

only in G;Hst. The strong mixing of A (o) and A (;7) MOs in
the complex has been cit€das one of the reasons for the

higher amount oAEgssg The present calculations lend further
support to this trend. For a given basis set very close values

upward tilting. The difference between the energies of these are predicted foAEgsseby MP2 and coupled cluster methods.

MOs in the complexes of both,8; and GH4 increases in the
order H™ < Li* < Na'. Thus, they cannot mix in fiand N&

In the protonated species the three sets of BSSE-corré&gted
values vary in the order, DFF CCSD(T)> MP2. For the Lt

complexes as strongly as in the corresponding protonatedand N& complexes this order is DF¥ MP2~~ CCSD(T). A
species. Such a mixing does not occur in the single-determinantsimilar trend in the CCSD(T) and MPBy values of the

B3LYP wave function, which always predicts a downward
tilting. The repulsion between the positively charged bridging
atom and the terminal H atoms is mainly responsible for the
downward tilting. Such tilting occurs also in alkali-metal
cation—benzene complexes. The XM (or equivalently CM)

complexes of benzene with alkali-metal cations was noted by
Nicholas et ak** No well-defined pattern is discernible in the
variation of dissociation energies (unless otherwise stated, we
shall use the BSSE-correctdd values for discussion and
comparison) of the protonated species with respect to basis sets.

distance is a new structural parameter, which increases roughlyThe DFTDg values of the LT and Na complexes also do not

in the same order as the tilt angles.

follow any definite trend. However, the CCSD(T) and MP2

Before we close this subsection, let us discuss the accuracydissociation energies of these complexes vary in a systematic
of the predicted geometries. The experimental geometry is manner (At < B+ < C+ < D). Overall, fairly convergent

availablé3 only for G;H, (R(CC)= 1.203 A andR(CH) = 1.060

A) and GH, (R(CC)=1.339 A,R(CH) = 1.086 A, andJHCC

= 121.2). The MP2/Ct geometry of GH, and the MP2/A-
geometry for GH, are in very good agreement with experiment.
However, in both cases a better overall agreement with

(within ~1.0 kcal/mol) values of dissociation energies are
predicted for the Lt and Na& complexes by the various methods
and basis sets employed here.

ExperimentalD, (—AHg) values are available only for the
protonated specie®§(C,Hs") = 151.9 andD(C,Hs™) = 161.2

experiment is achieved by the DFT geometries since they arekcal/molf?® and GH4Na"™ (Do = 10.34 1.0 kcal/mol)? For the
less sensitive to basis sets. Even the CCSD(T)/cc-pVQZ methodprotonated species the CCSD(T) dissociation energies corre-

is not capabl¥ of reproducing the geometry of both,ld;
(R(CC) = 1.204 andR(CH) = 1.061 A) and GH4 (R(CC) =

sponding to all but basis set4Bare obtained in excellent
agreement with the experimental estimates. However, the DFT
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TABLE 3: Calculated Dissociation Energies Do, kcal/mol)? of the Complexes of GH, and C,H4 with H™, Li*, and Na" lons
methods of calculation

B3LYP//IB3LYP MP2(full)//MP2(full) CCSD(T¥full//MP2(full)
basis sets C2H3+ C2H2Li + C2H2Na+ C2H3+ C2H2Li + CgHgNaJr CQH:;+ C2H2LiJr CszNa*
A+ 152.7 20.6 13.4 151.0 20.2 12.8 153.8 20.3 12.8
152.6 20.5 13.2 148.6 18.4 11.3 151.4 18.5 11.3
B+ 153.5 21.4 14.8 149.6 19.8 12.8 152.2 20.0 13.0
153.4 21.3 14.7 147.8 18.9 12.1 150.5 18.3 12.2
C+ 153.6 21.4 14.0 151.1 21.2 14.1 153.7 21.5 14.3
153.5 21.2 13.9 149.3 19.1 12.5 152.0 19.4 12.7
D 154.3 21.5 14.2 150.9 20.6 13.6 153.5 20.9 14.8
154.3 21.4 14.1 149.4 19.5 12.8 152.1 19.8 14.0
methods of calculation
B3LYP//B3LYP MP2(full)//MP2(full) CCSD(T3=full//MP2(full)
basis sets CHy CoHJLi* C,HiNa* CoHy CoHLi* C,HiNa" CoHy CoHaLi+* C,HiNa"
A+ 162.2 20.5 13.6 161.6 20.3 12.8 162.7 19.9 12.7
162.1 20.4 13.4 159.5 18.8 11.6 160.6 18.4 11.4
B+ 162.3 21.1 14.9 159.9 20.0 13.2 160.9 19.8 13.0
162.2 21.0 14.8 158.3 19.2 125 159.3 19.0 12.3
C+ 162.6 21.1 14.2 161.5 22.0 15.1 162.9 221 15.1
162.5 21.0 14.0 159.4 19.3 12.9 160.7 19.3 12.8
D 162.6 21.0 14.1 161.2 20.7 14.0 162.4 20.8 13.9
162.6 20.9 14.0 159.5 19.5 13.1 160.7 19.6¢ 13.¢

aThe second set of entries against each basis set correspond to BSSE-corrected values. The differences between these and the first set of values
are BSSE corrections\gssg). P See footnoteb to Table 1.6 MP2(full) BSSE correction has been used.

Do values are generally overestimated, and show good cor- TABLE 4: +Charge Transfer (Ag, in au)? from C,H, and
respondence with experiment only for basis sét An contrast, ~ C2Ha to M™ (M = H, Li, and Na) and Bond Indices (s and
: . I agc)? in CoHM* and CoH M T Complexes
the corresponding MP2 values are always underestimated. The

dissociation energy of £,Na* is overestimated by DFT for ~ complex Adc  Agw  Ag®  lec  Alec” Aler’ lew  leme

all basis sets and by MP2 and CCSD(T) methods for all but c,Hs* 0.194 0.108 0.604 2.138 0.646 0.045 0.460 0.283
basis set A-. For this basis, the post-HF methods predigbf CHoLi™ —0.040 0.052 0.024 2.548 0.236 0.020 0.198 0.174
C,HsNa' in good agreement with experiment. It may be noted CzHaNa®™ —0.030 0.040 0.020 2.631 0.153 0.015 0.124 0.115

i CoHs" 0.154 0.083 0.642 1.309 0.674 0.040 0.473 0.278
that even at the highest level of theory (CCSDTCV/CBS/ CoHLLI® —0.083 0039 0.030 1716 0267 0.024 0213 0.161

aug-cc-pVxZ (x= T, Q, and 5)) employed by Feller th2, CH:Nat —0.045 0.029 0.026 1.789 0.194 0.014 0.142 0.116
value (13.6+ 0.2 kcal/mol) is overestimated by30% with

respect to the experimental value. The value predicted by a Calculated using natural population analysis and B3LYP/6-311G**

. o . . wave function.” Calculated using nonlinear Mulliken-type population
basis set B- is in very good agreement with the Gaussian-2 analysis and B3LYP/6-311G** wave functiohTotal charge transfer.

value reported by Felléf 4 Alag = Ipa(CsHa/CoHa) — Ias(complex).
We now compare the BSSE-correct®j values of the

complexes of @H, and GHjy for different cations. Of the two  stable than gH,Nat. For the Li* complexes the DFT and
protonated species,,Bs" is predicted to be more stable than CCSD(T) methods do not predict any particular order of
CoHst by about 10 kcal/mol. This is consistent with the stability. A closer scrutiny of the results of Table 3 indicates
structural changes (see Tables 1 and 2) in the monomels (C  that the difference in the stability of tiand Na complexes as
and GH,4) occurring upon complexation. Because of higher predicted by various methods and basis sets does not generally
polarizability of GHy, its bonds are elongated to a greater extent exceed 0.5 kcal/mol (the CCSD(Dp values for basis setsB
than those in gH,. For a givenz-system théDg values increase  (Lit complexes) and D (Nacomplexes) provide exceptions).
in the order, Na < Li* < H™. Elongation of the monomer  Since the error bar of the present calculated values is certainly
bonds also takes place in the above order. As we shall show ingreater than 0.5 kcal/mol, we did not get a unique order of
the following subsection, the amount of charge transfer, the bond stability of these complexes for all the methods and basis sets.
index of the CM (M= H, Li, and Na) bond, and the change in The results of earlier calculations are less conclusive in this
the bond index of CC and CH bonds occurring upon complex regard. The MP2/6-31G* calculatiof¥spredict aDo value of
formation generally vary in the same manner as do Bhe 24.3 kcal/mol for GH4Li*, which is significantly higher than
values. almost all the values obtained in this study. According to
While it is straightforward to discriminate the strength of the MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* calculations of
interaction between £, or C;Hy and HF, LiT, and N& ions Hoyau et aP* the AH9g values of GH,Na"™ and GH4Na" are
on the basis of dissociation energies, we do not get an —12.3 and—12.7 kcal/mol, respectively. The MP2/6-31G*
unequivocal answer for the relative stability offGM™ and calculations of Del Bene et &l.predicted a higheD, value
C,HsM* when M = Li and Na. The structural changes, the for C;H,Li™ (23.6 kcal/mol) than for @H,Li* (23.2 kcal/mol).
amount of charge transfer, and the bond indices (Table 4) C. Nature of Bonding. To understand the nature of the
indicate that for a given cation,,8;M™ should be somewhat interaction between £i, and GH, and H", Li™, and Na ions,
more stable than £,M*. This conclusion is supported only  we variedR(XM) from 0.1 to 5.0 A (4.0 A for M= H) in a
by the MP2Dq values for all four basis sets. The dissociation step of 0.1 A and fully optimized the geometry of the complexes
energies obtained by DFT and CCSD(T) methods using basisat each value oR(XM). The B3LYP/6-311G** method was
sets A+, B+, and CF predict GHsNa" to be slightly more employed in these calculations. The potential energy surface
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thus generated shows that the approach of the cation to the . H+
ligand along the XM coordinate does not involve any energy . ‘g* ©
barrier. Over the entire potential surface we calculated the () . s
Mulliken atomic charg® of the bridging atomdy) and bond CoH o O4—O—g—0—=0 eOe
indices (cm andlcyc) of the 2c and 3c bonds involving the (b) °O. (a) CoHy+ (b)
bridging atom. AtR(XM) = 4.0 A the values ofjy, lom, and e e
Icme are 0.469, 0.388, and 0.283 inkx™ and 0.388, 0.420, Li+ Lie() Na+(_) Na+()
and 0.288 in @Hs*, respectively. The corresponding values O :
(separated by a slash) inidLi*, CHoNat, CoH4LI™, and 4 :
C,HsNa' are 0.983/0.017/0.016, 0.982/0.017/0.016, 0.975/0.024/ * «Ge | . )
0.022, and 0.975/0.024/0.021, respectively. These values areoﬁg—'_O%O (®) | oeO+C-e0 @Oe
rather close to the corresponding values in the mononugrs ( CoH,Lit+ i) CoHoNa+  (b)
= 1.0, lem = lecmc = 0). The situation is, however, quite L
different in the protonated species where the valuep0fcm, He
and Icuc at R(XM) = 4.0 are far from the above monomer o
values and indicate that still there is strong bonding between oo 4
H* and the z-systems. There is another very important M
difference between the complexes of Hnd those of LT and (8 CyHy ¢

(b) @ CoHs+

Na’. In C;Hz* and GHs™ Icywc varies within a very small range
(from 0.27 to 0.29) over the entire potential surface while for -
M = Li and Na this quantity is smaller and approaches zero as Li+ Q Nat O

R(XM) approaches-5.0 A. This indicates that the 3¢ bonding

in the protonated species is exceptionally strong.

The amount of charge transfeAd) from the ligand to the L4
cation and the changes in bond indic&$Ag) occurring upon WO—g— % °
complex formation, are given in Table 4. Since Mulliken O—4—0©
population analysis exaggerate® charge-transfer, we have _ (@)
calculated this quantity using NPA (natural population analy- (a) CoH4Li+ CoHgNa+t
sis)3” The Aq values of Table 4 indicate that in,8s" and Figure 1. Charge centroids (solid circles) of the valence LMOs of

C.Hs* electron transfer to the bridging atom takes place from C:H,CHaand their complexes withH Li*, and N& ions. The frontal
both C and H. In the Lfi and Na complexes, a fraction of the view is shown in (a), and the view through the CC bond is shown in
charge on the terminal H is transferred to C and the remaining (0).
portion to the bridging atom. At the equilibrium geometry of
the complexes the amount of positive charge carried by the
bridging atoms (in the order HLi*/Na") is 0.396/0.976/0.982
and 0.358/0.970/0.973 in,&8,M™* and GH4M™, respectively.
For the terminal hydrogen atoms the corresponding figures are
0.330/0.274/0.262 and 0.358/0.219/0.210, respectively. For a
given z-ligand Aq varies in the order H> Lit > Na" and of Li* and Na complexes of benzene.
Alcg, Alcw, lew, andleyc vary in the order H > Li* > Na™. 14 jang further support to the presence of 3¢ bonding, we
The decreasg in the CC and CH bond indices is conS|s_tent W'thtransformed the B3LYP/6-311G** CMOs (canonical MOS) to
the lengthening of these bonds upon complex formation (Se‘?aset of LMOs (localized MOs) using Boys’ meth#StFollowing
Tables 1 and 2). The amount of charge transfer and changes in ;¢ and Jug® we used the positions of charge centroids rather
the CC and CH bond indices indicate that for a given cation {4, populations of the LMOs to identify the bonds (both 2¢
the complex of GH4 should be slightly more stable than that 54 3¢). They observed that the charge centroid of the LMO
of CoH.. As we have observed in the previous subsection, this ¢4 rresponding to a 3c bond is located at the surface of the
is indeed the case with most of the calculalzgdvalues. The  yiangle formed by the constituent atoms of the bond. The charge
|agc value of a 3¢ single bond (a 3c bond can be also of multiple cantroids of the valence LMOs in B8, CH. and their
type*’) can have a maximum valgfé-*%<of 0.296 (as in H). complexes are shown in Figure 1 ((a) for frontal view and (b)
The 3c bond in @Hs" and GHs" appears to be as strong as  for viewing through the CC bond). It can be seen that the
that in H*. It may be noted that the unit positive charge in - centroids of the LMOs describing 3¢ bonds are located at the
CeHs" is almost equally distributed among the three H atoms. grface of a triangle in each case. IsHg* the centroid of the
The 3c bond indices in the tiand Na complexes are about  cHC hond is located almost at the midpoint of the triangle (the
one-half of the corresponding values in the protonated species.centroids of HHH bond in k and CCC bond in €Hs* ions
These values are, however, still substantially high, and on the gre |ocated exactly at the midpoint of the corresponding
basis of the empirical criterion (a genuine 3c bond (ABC) that trianglé). In C,Hs* the centroid is displaced slightly toward
can be detected by LMO calculations hagc = 0.1%924%),  tha pridging hydrogen. The centroids of the CMC bonds+M
they_ are sufficiently indicative of the presence of 3c bonding, |j and Na) are located near the CC bond (they are, however,
albeit weak. slightly further away from the centroid of the C€ bond in

The present analysis made on the basis of charge transfeithe monomers) implying thereby that these bonds are mainly
and bond indices suggests that bonding i§ and GHs* is composed of the C@ bond with sufficient contribution from
predominantly covalent. In the tiand Na complexes also  the bridging atom.
the covalent interaction plays a fairly important role. Quantum A great deal of information about the nature of bonding in a
mechanical energy component analiissing the Morokuma molecule can also be obtained from the topological andfysis

decomposition scherfitfinds that for GH4Li T the electrostatic
energy is only~60% of the total energy. According to Tsuzuki
et al.l® induction (polarization and charge transfer) and
electrostatic interactions are the major sources of stability of
alkali-metal catior-ot complexes; the contribution of the former
outweighs that of the latter by a significant margin in the case
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TABLE 5: Topological Properties (au) of the Electron
Densities$ at Bond Critical Points (CP) of C,H, and C,H,M+
(M = H, Li, and Na) Complexes

system bond CP p V2o M A2 A3 €
CoH; CC (3,—-1) 0.407 —1.202 —0.660 —0.660 0.118 0.0
0.411 —1.232 —0.669 —0.669 0.107 0.0
CH (3,—-1) 0.291 —1.064 —0.813 —0.813 0.561 0.0
0.288 —1.045 —0.801 —0.801 0.559 0.0
CoHz™ CC (3,-1) 0.417 —1.375 —0.809 —0.612 0.046 0.321
0.403 —1.239 —0.773 —0.622 0.160 0.244
CH® (3,-1) 0.209 —0.350 —0.421 —0.269 0.340 0.568
0.205 —0.278 —0.424 —-0.237 0.383 0.787
CH (3,—1) 0.293 —1.242 —0.909 —0.893 0.562 0.018
0.286 —1.117 —0.877 —0.860 0.619 0.020
CHyLite CC  (3,—-1) 0.422 —1.349 —0.695 —0.858 0.004 0.056
0.411 —1.248 —0.699 —0.669 0.121 0.046
CLi  (3,—1) 0.019 0.091 —0.024 —0.019 0.135 0.215
0.020 0.092 —0.025 —0.020 0.137 0.273
CH (3,—-1) 0.295 —1.171 —0.850 —0.850 0.528 0.0
0.284 —1.044 —0.814 —0.814 0.583 0.0
CH;Nat CC  (3,—1) 0.416 —0.773 —0.654 —0.609 0.489 0.075
0.411 —1.246 —0.628 —0.596 0.038 0.054
CNa (3,—-1) 0.013 0.057 —0.011 —0.008 0.076 0.318
0.014 0.062 —0.012 —0.008 0.085 0.465
CH (3,-1) 0.301 —1.329 —0.859 —0.858 0.388 0.001
0.285 —1.044 —0.808 —0.806 0.446 0.001

a Calculated from HF/6-311G** (upper entries against each CP) and
B3LYP/6-311G** (lower entries) wave function®Hj is the bridging
hydrogen atom¢ Poincare-Hopf relationship is not satisfied for the
B3LYP density.

TABLE 6: Topological Properties (au) of the Electron
Densitie$ at Bond Critical Points (CP) of C,H4 and Co;HM ™
(M = H, Li, and Na) Complexes

system  bond CP ) V2p A1 A2 A3 €
CoHy CC (3,—-1) 0.360 —1.198 —0.803 —0.566 0.171 0.418
0.345 —1.033 —0.747 —0.559 0.273 0.338
CH (3,-1) 0.291 —1.083 —0.760 —0.740 0.427 0.013
0.280 —0.957 —0.740 —0.730 0.513 0.013
CoHs* P CC (3,-1) 0.327 —1.043 —0.696 —0.568 0.220 0.226
0.315 —0.887 —0.652 —0.546 0.311 0.196
CH, (3,—1) 0.191 —0.293 —0.410 —0.166 0.283 1.462
0.181 —0.219 —0.386 —0.135 0.302 1.863
CH (3,-1) 0.301 —1.192 —0.877 —0.855 0.535 0.020
0.288 —1.049 —0.832 —0.816 0.600 0.020
CoH4Lite CC  (3,—-1) 0.353 —1.168 —0.778 —0.573 0.183 0.358
0.338 —1.002 —0.724 —0.561 0.283 0.291
CLi (3,—1) 0.018 0.069 —0.022 —0.016 0.107 0.397
0.019 0.071 —0.024 —0.016 0.111 0.458
CH (3,—-1) 0.293 —1.098 —0.786 —0.777 0.465 0.011
0.281 —0.971 —0.760 —0.753 0.542 0.010
CHsNatd CC (3,-1) 0.355 —1.175 —0.784 —0.573 0.181 0.367
0.339 —1.007 —0.727 —0.562 0.282 0.294
CNa (3,—-1) 0.012 0.046 —0.011 —0.007 0.064 0.505
0.014 0.052 —0.012 —0.008 0.072 0.649
CH (3,—-1) 0.292 —1.093 —0.779 —0.770 0.456 0.012
0.281 —0.969 —0.756 —0.745 0.537 0.010

a Calculated from HF/6-311G** (upper entries against each CP) and
B3LYP/6-311G** (lower entries) wave function&Hy, is the bridging
hydrogen atom¢ Poincare-Hopf relationship is not satisfied for the
B3LYP density.9 The HF density predicts a (3;3) CP (nonnuclear
attractor) at the midpoint of the CC bond with= 0.419,V?% =
—1.317,4; = —0.635,1, = —0.598, andl; = —0.085.

of its electron density. The topological properties of HF/6-
311G** and B3LYP/6-311G** densities at the respective bond
critical points are given in Table 5 for,8, and its complexes;
the corresponding quantities forldy and its complexes are
listed in Table 6. The PoincaréHopf relationship is satisfied
in all but two cases (B3LYP density of,B,Li* and GH4Li ™).

It has been pointed out by Cubero ettathat the number of
critical points and their quality is not quite sensitive to electron
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Figure 2. Hardness profiles of (a) £,M* and (b) GHM™*.

correlation. We have also observed that the MP2/6-311G**
critical point data of Lammertsma and Ohwétfar C,Hs* and
C,Hs™ are comparable to the present values. All the bond critical
points (BCP) are of (3;-1) type and are characterized by
negative values of the Laplacian of the electron density for CC,
CH, and CH bonds. This is indicative of covalent interaction.
In contrast, the Laplacian of the density at the BCPs of CM (M
= Liand Na) bonds is positive. This is a characteristic of closed-
shell interactions and indicates a depletion of electron density
from the interatomic surface to the interacting nuclei. The
relatively large value oflz (compared tol; and A,) in these
cases denotes a sort of structural instability. The HF density
predicts a (3,—3) CP at the midpoint of the CC bond in
C,HsNat. Similar observation was made in a number of 3c
bonded systems by Lammertsma and Ohwé&dée dissocia-
tion energies of the complexes vary almost linearly vaithnd

V2p (absolute values) at the CP of the CM bonds. The cylindrical
symmetry € = 0) of the CH bonds is more or less maintained
in all the complexes.

The topological analysis of the electron density, although it
is capable of accounting for the essential features of bonding
in the present complexes, is not free from inadequacies. For
example, the weakening of the CC bonds upon complexation
is reflected from the correspondingvalues in the complexes
of CyH,, but not in those of gHy, where they remain virtually
constant at the corresponding monomer value. ghalue at
the BCP of CH indicates that gHs"™ should be more stable
than GHs*, which is not true. It may be noted in this context
that the CH (b denotes bridging) BCP in the'td.GsHg complex
is associateld with a much smaller value g (~0.07) and a
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positive value ofV2p (4+0.08), which implies rather unstable
structure. This does not conform to the very high valse-(
122 kcal/mol) of the interaction energy in this complex. As
shown in the same wor,it is difficult to accommodate in the

J. Phys. Chem. A, Vol. 105, No. 32, 2004743
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in Figure 2 ((a) for GH,M™ and (b) for GHsM™). These profiles
shown in (a) and (b) are quite similar; all of them exhibit a
maximum. Only in GHz* and GHyLi ™ are the positions of the

maxima obtained in good agreement with the calculated

315 and references therein.

(16) Feller, D.Chem. Phys. Let200Q 322, 543.

(17) Feller, D.; Dixon, D, A.; Nicholas, J. Bl. Phys. Chem. 200Q
104, 11414.

(18) Tsuzuki, S.; Yoshida, M.; Uchimaru, T.; Mikami, M. Phys. Chem.

equilibrium XM distances. This observation may be a qualitative A 2001, 105 769.

manifestation of the principle of maximum hardné3s.
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carried out to determine the electronic structure and stability of Phys. Chem1983 87, 73.

the complexes of §H, and GH4 with H, Li*, and N& ions

demonstrate that the direction of tilting of the terminal H atoms

(22) Rodriguez-Monge, L.; Larsson, S. I. Chem. Phys1996 105,

(2é) Goldfuss, B.; Schleyer, P.v. R.; HampelJFAm. Chem. So&996

in the protonated species is highly sensitive to the levels of 118 12183;1997 119 1072. _
theory and basis sets. Of the several basis sets employed in this_ (24) Hoyu, S.; Norrman, K.; McMahon, T. B.; Ohanessiau,JGAmM.

study, the 6-311+G**(A +) appears to be the most balanced

Chem. Soc1999 121, 8864.
(25) Liang, C.; Hamilton, T. P.; Schefer, H. F., l0l. Chem. Physl99Q

one. Basis set D, although it is the largest one considered heregy, 3653.
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(26) Ochterski J. W.; Petersson, G. A.; Wiberg, K. B.Am. Chem.

of any diffuse functions on the heavy atoms. The CCSD(T) So¢.1995 117, 11299.

calculations predict the dissociation energies eHg and

C,Hs*t in excellent agreement with experiment; a good agree-

ment is obtained also in the case ofHzNa'. Barring a few
exceptions provided mainly by the DFT and CCSDDg)values
for the Lit complexes, gH4sM™ (M = Li, Na) is predicted to
be slightly more stable than,d,M*. The nature of bonding

of the complexes can be fairly quantitatively understood on the
basis of charge transfer, bond indices, LMOs, and topological

properties of electron density.
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