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Ab initio studies of molecular structures and properties of theAki complexes were carried out. The
investigation of the LiAr dimer with the MP2(FULL)/6-311G-(3df) method provides satisfactory agreement

with the available experimental data. This conclusion is extrapolated for largar{n > 1) clusters which

are studied within this level of theory. The reported complexes are stable and deserve the future experimental
efforts. The obtained results indicate that the consecutive complexes represent the most symmetrical structures
possible with the closing shell for thetArs cation. The dissociation energies as well as interaction energy
components follow systematic paths of changes. The reveled clusters are different front #rgiptddecessors
characterized by two solvation shells of 7 ligands total and are also different frovrNealusters for which

the single shell may accommodate eight argons. TheA&rinteractions do not influence geometries of

small complexes but are noticeable in larger structures due to repulsive forces caused by the lack of space
around the central cation.

I. Introduction studied. The nature of bonding is discussed based on the

i . . ) electronic population analysis and interaction energy compo-
The Li"Ar complex has been extensively studied experimen- nents The results were compared with the data available for

tally including beam scatteringf ion mobility >#and vacuum ¢ ar and NatAr, complexes in order to elucidate similarities
ultraviolet (VUV) emission spectroscopyexperimental mobil- and differences within the Group | moieties.

ity and diffusion coefficient data lead to the potential energy
curves. The theoretically determined potential curves, needed||. Theoretical Methods

to verify experimental findings, were also extensively studigdl. . o

The measured values of dissociation energies vary from 6.4 to The geometrle%of comple_xes ha\_/e heen th|m|zed at the
7.3 kcal/mol. Such a range of experimental values indicates MEZ(FULL) 'e."e'- For the dissociation energies, the single
difficulties in providing accurate data for the noble gas point calctl,gatlpns were .p.en.‘ormed at the CCSD(T’FULL)
complexes. The further cluster growth by the attachment of approackf: using _the_equmbnum geometry ob_talned _from the
argon atoms to the charged metallic center is also possible_MP2(FULL) optimization. The largest known in the literature

; . o ]
Although not for the LT, other clusters of Group+ inert gas basis sets applied for the 1Ar complex® are not feasible

for extended clusters. A series of 6-BG(d), 6-311G(d),
complexes were observed. The A complex was detected .
spectroscopically in the argon matfixThe potassium based 6-311+G(df), 6-311+G(2df), and 6-313G(3df) basis sets

clusters of different rare gases were detected by the time-of- were analyzed for the LAr dimer. The 6-313G(3df) _basis_ .
flight (TOF) spectrometry? The theoretical studies for Hr, was founpl to be reasonably saturated, although the dissociation
and N&Ar, are also availabl&-16 The complexation of Ar ~ €nergy difference between 6-311@df) and 6-313G(3df)
atoms to L yeilding alkali ion-inert gas complexes may play still amounts to O_.32 kcal/mol (calcqlated at the CCSD(T) level).
an important role in the chemistry of the earth’s mesosphere The corres_pondlng bond change is 0.018 A. Al electrons are
and in the chemistry of plasma. Theoretically, availability of correlatgd in both methods applied as a core-valence error leads
reliable LitAr, cluster parameters is useful in the development to the qlscrepancy of 0.44 kcal/mo! and 0.026 Adgandre,

of potential parameters for molecular dynamics simulations. The r_espe_ctlvely. The advanced correlation treatm_ent (CCSD(T)) has
comparison of structures and other properties reveals the striking:lttleI / |m|c|>act gg MP_2 calcuéllatgd Ivalt#es,h maln{;ge - Ofos;]
differences between Hand Na& originating complexes. The calimol and Are = 0.00 - In Turther studies of the

studies of LiAr, clusters may answer the question of the source complexgtion _the 6-31G(3df) basis set is utilized in 'Fhe
of such differences. conjunction with the post Hartred=ock methods, thus taking

. . . re of the radial and angular correlation parts of the Li and Ar
In the present work, we investigate thetBir, (n = 1-6) care of the radial and angular correlation parts of the Li and

structures at the MP2 level using the extended basis set. Theatoms. Although, the BSSE correction has significant impact

thermodvnamics of complexes and vibrational properties are on interaction energies, its structural influence on studied
y P prop complexes was found insignificant. The theoretically determined

. equilibrium distance (3.775 A) and the bond dissociation energy
*C.I(?rr.esf’ond'“g author phone: (601)979-7824; fax: (601)979-7823; (99.19 cnr?) in the Ar, dimer are in an excellent agreement
e‘Tﬁgc,iigiygng‘ S'hlf\férsity_ with experimental dafdof 3.761 A and 99.2 crti, respectively.
*Wroclaw University of Technology. The harmonic vibrational frequencies, calculated at MP2 level,
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TABLE 1: Successive Dissociation Energies (kcal/mol)
without (De) and with ZPE (Do) Corrections along with o °
BSSE Corrections Deesseyand Dogsse), Successive

Dissociation Enthalpy AH at 298.15 K, kcal/mol), and Q
Successive Dissociation EntropyAS at 298.15 K, cal/mol-K)

at the MP2(FULL)//MP2(FULL)/6-311 +G(3df) and ° 2384 o o
CCSD(T,FULL)//MP2(FULL)/6-311 +G(3df) Levels : 2.383

MP2
complex  DdDo (De@ssefDoesse) AH  AS  CCSD(T)De o

ArLi*(C.,)  6.88/6.50 (6.07/5.60) 7.10 20.92 7.01 a) (Do) b) (Dsp)
ArLi* (Duy)  6.74/6.45 (5.58/5.29) 6.38 11.57 6.88
Arsli* (Ds)  6.46/5.99 (5.15/4.68) 6.38 24.42 6.54
Arlit(T)  6.12/5.71(4.62/4.21) 5.78 23.95 6.11
ArsLi* (Cs)  3.68/3.54 (2.09/1.95) 3.44 20.09 3.40
AreLi* (On)  4.87/4.62(3.05/2.80) 4.58 29.14

TABLE 2: Vibrational Frequencies (cm~1) and IR
Intensities (KM/mol) of the Complexes Calculated at the
MP2(FULL)/6-311+G(3df) Level

complex frequencies _

ArLi* (Cay) 267 (0g, 151) ¢) (Ty) d) (Cy)

AroLi™ (D) 8 (, 74), 102 @, 0), 351 @y, 202)

ArsLi™ (Dap) 22 (E, 3), 38 (A2, 56), 101 (AL 0), Figure 1. The molecular structures of (a) tAry; (b) LitArs; (c)
308 (E, 135) Li*Arg; and (d) LitArs complexes. Bond distance in angstroms.

ArLit (To) 24 (E, 0), 36 (T, 4), 101 (A, 0), 275 (T, 104)

ArsLi™ (Ca,) 7(B2,0), 37 (E, 0), 55 (AL, 3), 67 (BL, 0), correctior?®2” Such a scheme can be extended to molecular

976(;3335’02)’22? A(E 223)2’)' 228 (E, 127) systems more cor_nplex than dim_ers. The total interaction energy

AreLi* (On) 38 (Tay, 0), 56 (Tog, 0), 69 (E, 0), 70 (Tuw, 2), of a system consisting afsubunits can be expressed as a sum

96 (Aug, 0), 212 (T, 116) of the 2,3,..nn body interaction energie8-3° The total energy

of interacting species can be defined as

have been used for the characterization of stationary points
and zero-point energy (ZPE) corrections. All the stationary Epge = z Ey + ZAEXY + AE; 3)
points have been identified as local minima. The choice of
6-311+G(3df) is consistent with the former calculatidts®
for H*Ar, and NaAr, and should allow for systematic
comparison of properties within Group 1 metals. The level of
calculations, when applied for larger complexes, constitutes the
present “State of the Art” approaéh.

The intermolecular interactions were studied using the hybrid

variational-perturbational interaction energy decomposition 2 ;
. . . "' to anyn-body systen¥? such an approach can be applied also
3-25
scheme: In this approach the SCF interaction energy is i, e fyrther decomposition of exchange, delocalization, and

partitioned into the first-order electrostaé§®, Heitler-Lon- correlation components into 2,3-body contributiong3

X=AB,C X<Y

where the first term on the right-hand side denotes the energy
of free monomers, the second term represents the two-body term,
and the third term denotes the three-body term. Taking into
account additivity of electrostatic interactions and applicability
of the Lowdin formulz for Heitler-London interaction energy

don exchangeyy, and the higher order delocalizatiakEqg, Calculations for equilibrium geometries and vibrational
energy term. frequencies have been performed using Gaussian 98 suite of
codes’* The natural charges and natural valence electronic

AET = ¢ 0904 - AET (1) configuration were calculated using the NBO program included

in the Gaussian packad&The interaction energy decomposition
The AE}, component accounts for the induction and ex- scheme was implementdn the Gamess prograff.
change-induction effects associated with the relaxation of the
electronic densities of monomers upon interaction, whereas thelll. Structures and Energetics of Li*Ar, Complexes

Heitler-London termse;® andegy) represent the electrostatic 1. Li*Ar. The calculated bond distance (2.376 A) agrees well
interactions and exchange repulsion between the subsystemsyith the available experimental values of 2.281 A. The
which electron density distributions are unperturbed by the gjissociation energyDy) of 6.31 kcal/mol (Table 1) is reasonably
interaction with the partner. The electron correlation effects are ¢|gse to the value of 6.63 kcal/mol claimed by authors to be
taken into acczou_nt by means of the Matiétlesset perturbation (.39 within the error margifThe dissociation energy is much
theory. Thee{;) interaction energy term, which includes the ~smaller from that of HAr (94.6 kcal/mol}* but is comparable
dispersion contribution and correlation corrections to the Har- to the value characterizing the Nar dimer (4.08 kcal/mol)5
tree-Fock components, is calculated in the supermolecular Consequently the stretching frequency mode of the Ari
approach as a difference between the appropriate second-ordeinteraction of 267 cm! (Table 2) is much lower compared to

MPPT energy corrections. that of the H'Ar bond of 2768 cm™.
2. LitAr,. The coordination of the second Ar to'Lieads to
R A il = 2 the linear Doy complex (Figure 1a) with the LAr bond

characteristics almost identical to that found for théAri dimer.
All interaction energy terms are calculated consistently in the The linear geometry indicates that the bond stabilization by
dimer centered basis set, and therefore they are free from thecovalent forces is higher than 0.3 kcal/mdhe possible
basis set superposition error (BSSE) due to the full counterpoiseenergetical gain due to the AAr attraction?: The Na'Ar; is



6572 J. Phys. Chem. A, Vol. 108, No. 31, 2004 Szymczak et al.

TABLE 3: Mulliken Charges, Natural Charges, and Natural
Valence Electron (NVE) Configuration Calculated Using the

Ar Density of MP2(FULL)/6-311+G(3df) Level
Mulliken natural NVE
charge charge Li Ar

complex Li Ar Li Ar 2s 2p 3s 3p 3d

ArLi* (C.,) 0.853 0.147 0.98 0.02 0.01 0.01 1.98 5.87 0.09
ArLit (D.n) 0.742 0.129 0.96 0.02 0.03 0.01 1.98 5.86 0.09
ArsLit (Ds) 0.676 0.108 0.91 0.03 0.07 0.02 1.98 5.86 0.09
ArgLit (Tq) 0.620 0.095 0.86 0.04 0.11 0.03 1.98 5.86 0.09
ArsLit (Cy) 0.635 0.075 0.85 0.03 0.12 0.03 1.98 5.86 0.09

0.063 0.03
; 2.550 ArgLi* (On) 0.688 0.052 0.82 0.03 0.15 0.03 1.98 5.86 0.09

aThe short bond, Figure 1d.

increase of LTAr bonds balances the AAr exchange repulsion
Ar forces. The structure clearly represents the closing of the shell.
None of the additional Ar may approachtuwithin the bonding
distance without prohibitatively short distances to other ligands.
(Oh) The closing of the shell is also visible as a slight increase of
Figure 2. The geometry of LArs cluster. Bond distance in angstroms. ~ the dissociation energy and as an increase of the negative value
of the incremental entropy. The geometry of s is also
very similar to Li*Ar, with little change of bonding parameters ~ "épresented by the tetragonal bipyramid although the size of
due to the NaAt + Ar reaction. The proton bound dimer also Na" ions leading to longer NaAr bonds allows for larger

possesses thB., symmetry; however, its bonding character- clusters and the closing of the shell is not yet observed fer
istics differs significantly from HAr with lower but still 6. The HArg cluster allows for more ligands in its second shell.

significant dissociation energy of 16.4 kcal/mol. The symmetrical stretching vibration again decreases slightly.
3. LitArs. The Li*Ars complex possesses the symmetrical It indicates similarities of presented cluster to its predecessors.

Dg;, structure (Figure 1b) with the bond distance almost the same

as one in the smaller clusters. The bond dissociation energy islv' Nature of Bonding

only slightly lower from Li*Ar,. The Ar—Ar distance of 4.128 The electronic charges calculated from Mulliken population
A is longer from 3.761 A observed in the Adimer2! indi- analysis illustrate the systematically decreasing electron transfer
cating that the structure is controlled by the LiAr bonding. from the single Ar ligand to the central cation (Table 3). The
The LitArz structure is different from HArz in which the decreasing charge on the central cation as a number of ligands

Ar—H—Ar axis is preserved, and the third atom occupies the grows is also indicated by natural bond analysis, although the
perpendicular plan& This plane constituting new shell will  similarity between both approaches is only qualitative. The
not accept any further ligand reacting with the-A#—Ar* core. important conclusion arises from the natural valence orbital
The Na Ars is also different from LiArs with the Cs, structure occupation indicating the involvement in bonding is mostly s
significantly distorted to theC,, skeleton. The symmetrical type electrons of lithium. The lack of directional orbitals
stretching vibration of LTArz is almost unchanged compared involved in the bonding may be the reason to the formation of
to the LitAr, complex. very symmetrical structures.

4. LitAr, The LitAr, cation again assumes the most The interaction energy components provide a more precise
symmetricat-tetrahedral structure (Figure 1c). The'Ar bond picture regarding the nature of bonding in studied complexes.
is slightly longer compared to bonds in smaller clusters. The The interaction energies corresponding to the reactioAts-1
Ar—Ar distances are now comparable to the-#r bond in + Ar = Li*Ar, of the growth of cluster are presented in Table
the dimer. The LiAr, complex is again different from both 4. The increased interactions due to the crowding of ligands
H*Ar, and Na Ar, continuing patterns of complexes containing are Visible for the largesn(= 5,6) complexes in electrostatic

three argons. The bond dissociation energy dissociation energy(e;”) and exchangee[;) terms. The values of energy compo-
is slightly lower compared to that in tArs. nents vary systematically. The absolute values for the electro-

5. Li*Ars. The Cs, pyramid constitutes the lowest isomer of ~ static €5%), exchanged(-), and correlationd{z)) interactions
Li*Ars (Figure 1d). The isomer of trigonal bipyramid is also increase, while the delocalization termE}’) decreases as the
stable; however, it is higher in energy. Due to the crowding of cluster grows. The increase of the electronic density on the Li
argon atoms the bond lengths increase by 0.1 A (in longer) andcation leads to the increase of interaction energy components.
0.05 A (in shorter) Li-Ar bonds. The bond increase balances The delocalization energyAEg';), representing interactions
the Ar—Ar distance shortening due to the lack of space around due to the polarization of Ar ligand in the presence of the cation
Li*. The structural changes significantly influence the disso- electric field, is large for small clusters and decreases with an
ciation energy which decreases as much as 40%. The strucdincrease of cluster size as an effect of the lower charge on metal.
ture of the Li"Ars complex is similar to N&Ars. The HfArs The interactions in the largest considered comples@li are
cation continues its pattern with filling the second shell, while  dominated by the correlation energgﬁ(,). The comparison of
Na*Ars also possesses th@y, structure. The weakening of total interaction energy in the complex 4Ar, ;—Ar and
bonds is also visible as the slight decrease of the symmetricdissociation energy of reaction tAr,-; + Ar = Li*Ar,
stretching vibrational mode. indicates the importance of the geometry relaxation in the cluster

6. LiTArg. The LitArg cluster again possesses the most formation process. The three-body interactions were studied for
symmetrical structure possibt€®, symmetry (Figure 2). The  the complex Li—Ar,—1—Ar. Such a selection of interacting
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TABLE 4: Components of the Interaction Energy of Consecutively Attached Argon Atoms to the Remaining Part of the

Complex¢
interaction energy
components Lfi—Ar Li *Ar—Ar LitAr,—Ar Li tArs—Ar Li "Ar,—Ar Li TArs—Ar
f(el|0) 0.083 0.076 —0.010 —0.193 —0.855 -1.027
et 3.010 2.883 3.112 3.505 4.650 5.020
AES‘; —9.017 —8.341 —7.554 —6.729 —5.368 —4.840
AEHF —5.924 —5.382 —4.452 —-3.417 —-1.572 —0.847
eﬁ; —0.152 -0.324 —0.868 —1.540 —2.401 —3.000
AEMP? —6.076 —5.706 —5.320 —4,957 -3.973 —3.848

a All values are in kcal/mol.

TABLE 5: Three-Body Interaction Energy Components for

the Lit—Ar,_1—Ar Systemg

interaction energy

components LiAr, LitArz  LitArgy LitArs LitAre
efjo) 0.168 0.252 0.516 0.594 1.045
f:xLz 5.807 8.876 11.278 10.671 10.869
Ggl{s —0.011 0.024 0.097 0.471 0.549
AE';;,z —17.903 —26.139 —32.863 —34.221 —37.166
N 0.590  1.349 2013 2241  2.499
5&%,2 —0.517 —1.246 —2.180 —3.413 —4.364
fﬁé,s —0.007 —-0.074 —-0.133 —-0.136 —0.152
AEMP2 —11.873 —16.958 —21.272 —23.793 —26.720
AEQ"PZ —12.446 —18.257 —23.249 —26.369 —29.616
AEY™? 0.573 1.299 1978 2576  2.895

a All values are in kcal/mol.

fully filled shell. The structures of LfiAr, are different from
H*Ar, complexes, which are formed as two distinguished shells
(2 + 5) leading to shell closing for 7 argon atoms. The"Wg,
complexes are rich in isomers which belong to different patterns
of growth. The large ionic radius of Naallows for formation
of larger clusters, and the closing of the shell is observed in the
Na"Arg moiety. The studied clusters, although representing
different patterns of growth, do not excides available structural
possibilities. Molecular structures of anionic clustersAp, are
additionally complicated due to the Jahfeller effects’®

The consecutive electronic density transfers from ligands to
Li* lower systematically the charge on the lithium cation, and
the systematic variation of interaction energy components is
observed. The largest contribution to the interaction energy is
due to the delocalization energL’), although its impor-
tance decreases with the growth of the complex. The increasing

correlation energyse 2%,) stabilizes larger clusters. The contri-

fragments allows for the estimation of the importance of bution of total three-body interactions is repulsive and is
cooperative forces due to the attachment of the consecutive ArdomJEated by the three-body delocalization energy component
atom. The three-body interactions constitute about 10% of the (AEge3)-

total interaction energy (Table 5). The main contribution to total

interactions arises from the repulsive delocalization energy ~Acknowledgment. This work was supported by NSF
component 4Ej,5). Three-body exchanged,) and correla-

tion ({5 5) forces are negligible.

V. Conclusions

The investigation of the LiAr, structure with the MP2-

(FULL)/6-311G+(3df) method provides satisfactory results well

EPSCOR Grant No. 99-01-0072-08, CREST Grant No.
HRD-01-25484, Wroclaw University of Technology Grant, and
the AHPCRC under the agreement number DAAH04-95-2-
00003/contract number DAAH04-95-C-0008, the contents of
which does not necessarily reflect the position or the policy of
the government, and no official endorsement should be inferred.
The Mississippi Center for Supercomputing Research and

representing available experimental data. This finding is ex- Wroclaw Supercomputing and Networking Center are acknowl-
trapolated for larger LfiAr, clusters f > 1). The reported
complexes are stable at the applied level of theory and deserve
the future experimental efforts. The clusters of Ai,, possess

the most symmetrical structures possible for particular number

of Ar ligands (Figures 1 and 2). In smaller clustems< 2—4)

the Ar—Ar distances are significantly longer from the bond in
Ar, dimer indicating the little importance of the interligand

interactions in the formation of structures. For"Ais and
Li*Arg clusters the Li-Ar bond distances increase due to the H. w.; McDaniel, E. W.J. Chem. Physl978 68, 2775.

shortening of liganetligand contacts. The bond dissociation
energies fon = 1—4 decrease very slowly (Table 1). For this

species the formation of a new-+tAr bond does not change

the bond characteristics compared to already existing bonds,

edged for a generous allotment of computer time.
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