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Coinage and alkali metal mixed clusters,;M&~ (M = Cu, Au) have been investigated experimentally using
photoelectron spectroscopy and computationally at correlated ab initio levels. The relatéd, @GigaLi

AgsNa-, and AulLi~ clusters as well as the neutral £, and CuNa&, clusters have also been studied
computationally. The calculations show that the two lowest isomers of the negatively charged clusters include
a pyramidalC,, structure and a plan#2,, species. For i~ and CuNa-, the C,, structure is calculated at
correlated ab initio level to be 30.9 and 16.9 kJ/mol below the pl@gaisomer, whereas the planar isomers

of AuyLi— and AuNa  are found to be 29.7 and 49.4 kJ/mol below the pyramidal ones. FgriAgnd
Ag4Na-, the pyramidal isomers are the lowest ones. Comparison of the calculated and measured photoelectron
spectra of CyNa~ and AuNa~ shows that the pyramidal GNa~ cluster of C,, symmetry and the planar
AugNa~ of Cp, symmetry are detected experimentally. Calculations of the magnetically induced current density
in CwLi~ and CulLi, using the Gauge-Including Magnetically Induced Current (GIMIC) method show that
strong ring currents are sustained mainly by the highest-occupied molecular orbital primarily derived from
the Cu 4. The GIMIC calculations thus show that the £uring is o-aromatic and that the orbitals do not

play any significant role for the electron delocalization effects. The present study does not support the notion
that the square-planar ¢u is the first example ofl-orbital aromatic molecules.

I. Introduction explicit values for the ring-current strengths, as well as the
Photoelectron spectroscopy (PES) and ab initio calculations diatropi_c (aromatic) and paratropic (antiaromatic) contributions
have recently been used to study a series of ring-shaped metal® the ring current? The ring-current study of the Aklusters
clusters consisting of planar four-membered molecular rings, /S0 Provided accurate information about the shape of the
which are shown to be stabilized by cyclic electron delocaliza- Magnetically induced ring currents and the aromaticity properties
tion or aromaticity 8 The aromatic nature of these ring-shaped ©f the controversial case of A& 17 can now be considered
metal clusters has been subsequently studied and confirifed.  Understood? it is z-antiaromatic and-aromatic as originally
The generally accepted notion is that ring-shaped metal clustersSuggested.
with (4n + 2)x electrons such as & and Hg® can be Wannere et al® recently studied computationally four-
aromatic and that they sustain ring currents when exposed tomembered ring species of coinage metals, such as bipyramidal
external magnetic fields, similar to ordinary aromatic molecules. CusLiz, AgsLiz, and Auli» clusters oDy symmetry and used
Explicit calculations of the magnetically induced current densi- NICS calculations to assess their aromaticity. In these cases,
ties have shown that for 4, both o andx orbitals sustain Wannere et al® found that the largest diamagnetic (aromatic)
diatropic (aromatic) ring currents, whereas fog%Alspecies the  contribution to the NICS value originates from thg molecular
current iso diatropic (aromatic) and the current is paratropic  orbital (MO), which is built mainly from the glatomic orbitals
(antiaromatic). This notion is also supported by earlier calcula- (AOs). However, the paramagnetic (antiaromatic) contribution

tions of nucleus independent chemical shifts (NIESJhus, from the highest occupied, orbitals, also formed mainly by
new concepts of multiple aromaticity for metal clusters, such the 4 AOs, cancels thayq contribution. Thus, the diamagnetic
aso andsr aromaticity, andr aromaticity andr antiaromaticity, NICS value of—14.5 ppm seems to originate from the MOs

have been introduced. A recent study of the magnetically with mainly 3d character. They considered therefore these
induced currents of A¥~ and Al*~ using the Gauge-Including  coinage-alkali metal clusters as the first examplelafrbital
Magnetically Induced Current (GIMIC) meth¥d yielded aromatic molecule¥
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Alkali-Metal Coinage-Metal Clusters

bimetallic Cy.Li, (m, n < 4) clusters as well as the DFT studies
by Tsipis et ak%21 who proposed a new class of molecules
consisting of planar cyclic copper hydrides, {El.

In the present work, we report the generation ofar and
AugNa~ clusters in the gas phase and their characterization
experimentally using photoelectron spectroscopy and compu-
tationally at correlated ab initio levels. The singly chargedliM
(M = Cu, Ag, Au) and AgNa~ species as well as the neutral
Cuwli, and CuNa, clusters have also been considered in the
theoretical study. Photoelectron spectra ofar and AuNa~
have been simulated by equation-of-motion coupled-cluster
calculations of the low-lying electron detachment transitions and
compared with the experimental data to identify the clusters
observed in the PES experiment. The electron delocalization
and aromaticity properties were studied by performing explicit
calculations of the magnetically induced current densities using
the newly developed GIMIC methdf.Numerical integration
of the magnetically induced current densities provided informa-
tion about the ring-current strengths and the shape of the ring
current. The GIMIC calculations clearly demonstrated that the
square-planar coinage metal 4V clusters arec-aromatic
systems primarily due to theorbital bonding.

Il. Experimental and Computational Methods

A. Experimental Methods. The experiments were carried
out using a magnetic-bottle PES spectrometer, details of whic
have been described elsewh&é? Coinage-metal/sodium alloy
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Figure 1. Comparison of calculated and measured photoelectron
spectra of CgNa~. The measured spectra taken at (a) 532 nm (2.331
eV) and (b) 266 nm (4.661 eV) are shown in red. The calculated
spectrum for theC,, isomer is shown in blue and the spectrum of the
planar G, isomer in green.

calculations on the G&~ species, ten of the Cu electrons and
two of the Na electrons were uncorrelated, whereas for the Ag

clusters were produced by laser vaporization of compressed disknd Au clusters all considered electrons were correlated. Single-

targets made from M (M= Cu, Au) and Na. The laser-produced
plasma was mixed with a helium carrier gas pulse at 10 atm
backing pressure. A cold cluster beam was produced by
supersonic expansion of the cluster/carrier gas mixture throug
a 2 mm diam nozzle and collimategt B 6 mmdiam skimmer.

point MP2 calculations using the Karlsruhe quadrupiezlence
basis sets augmented with double sets of polarization functions

a(QZVPP) were employed to check the basis-set convergence
pof the isomer energy differences.

The photoelectron spectra were calculated at the coupled-

The anions were extracted from the beam perpendicularly and€luster singles and doubles (CCSD) level using the equation-

separated by a time-of-flight mass spectrometer. Thalav

(M = Cu, Au) cluster anions of interest were selected and
decelerated before crossing with a detachment laser beam i
the interaction zone of the magnetic-bottle PES analyzer.
Photoelectrons were collected at nearly 100% efficiency by the
magnetic-bottle and analyzed in a 3.5-m long electron flight
tube. The spectra were calibrated with the known spectra of
Cu™ and Au. The apparatus has an electron enerdi/E)
resolution of~2.5%, i.e., about 25 meV for photoelectrons of
1 eV kinetic energy.

B. Computational Methods. The molecular structures were
optimized at the second-order MglePlesset perturbation level
(MP2) using the TURBOMOLE program packatfeThe
stationary points obtained in the structure optimizations were
checked by calculating the vibrational frequencies numerically
using finite differences. For Li, Na, Cu, and Ag, the Karlsruhe
standard triples valence basis sets augmented with double
polarization functions (TZVPP) were used. For gold, we
employed the Karlsruhe Au basis set consistingsdp3d basis
functiong® augmented with Ras suggested by Pyyklet al2®
The &5p3d basis set has been optimized for the neutral gold
trimer?® and has proven to be cost efficient yielding accurate
energies for gold species. Furche et®bund that the addition
of a p function with an exponent of about 0.8 is necessary for
an accurate description of gold clustéf$or Ag and Au, the
effective core potentials (ECP) from the Stuttgart grupere

n

of-motion ionization-potential (EOMIP) formalistAThe coupled-
cluster calculations were performed with the Austin-Mainz
version of the ACES Il program packagfeThe same basis sets
as used in the structure optimizations were employed in the
EOM calculations of the vertical detachment energies.

The nuclear magnetic shieldings and magnetically induced
current densities for Gui~ and CulLi, were calculated at the
CCSD level using ACES 3% The magnetically induced
current densities were deduced from the one-particle density
matrix, the magnetically perturbed density matrixes obtained
in the shielding calculations, and basis-set information using
the Gauge-Including Magnetically Induced Current (GIMIC)
approach® The GIMIC method has been described in detail in
ref 16.

[ll. Experimental Results

The measured photoelectron spectra ofNar taken at two
laser wavelengths, 532 nm (2.331 eV) and 266 nm (4.661 eV)
are shown with the red curves in Figure 1. The photoelectron
spectra of AuNa~ recorded at three laser wavelengths are
analogously shown in Figure 2. The 266 nm spectrum of
CwNa~ displayed two weak bands (X,Xat lower binding
energies and two strong bands (A, B) at higher energies. The
X' band at 1.8 eV almost completely disappeared in the 532
nm spectrum and was most likely due to a mass contamination.
The X band represents the transition from the ground state of

employed. The small-core ECP replaces 60 of the core electronsCwNa™ to that of CuNa, yielding adiabatic (ADE) and vertical

and thus 19 electrons per gold atom were considered in the(VDE) detachment energies of 0.83 and 1.13 eV, respectively.
calculations. For Ag, also 19 electrons were considered thus The broad peak of the X band suggests a significant geometry
replacing 28 core electrons with the ECP. In the correlation change between the ground states ofNaar and CuNa. The
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X TABLE 1: The Observed Vertical Electron Detachment
( Energies (VDE in eV) from the Photoelectron Spectra of
a) CusNa™ in Figure 1 and AugNa~ in Figure 2. the Uncertainty
Is + 0.05 eV
species X A B C
CwNa- 1.13 3.26 3.84
AugNa~ 2.98 4.12 4.79 4.98

2 The adiabatic detachment energies for the X band or the electron
affinities for the corresponding neutral {Na and AuNa are measured
o as 0.83+ 0.04 and 2.82+ 0.04 eV, respectively.
(b)
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Figure 2. Comparison of calculated and measured photoelectron Figure 3. The molecular structure of (a) Glliz (Dan), (b) CuiLiz (Cz.),
spectra of AyNa . The measured spectra taken at (a) 355 nm (3.496 (¢) CulLi~ (Cs), and (d) AuNa“ (Cz,) optimized at the MP2 level
eV), (b) 266 nm (4.661 eV), and (c) 193 nm (6.4244 eV) are shown in using TZVPP (Cu, Li, Na) andsbd3d2f (Au) basis sets. The pictures

red. The calculated spectrum for the, @omer is shown in blue and  have been made using gOpenMbt!
the spectrum of the planar,QOsomer in green.

of Cy, symmetry (Figure 3b). The Cu atoms in L, seems

A band in Figure 1b corresponding to a VDE of 3.26 eV and to prefer to form a square with equidistant-©Qu bonds as
the B band (VDE: 3.84 eV) represent detachment transitions Previously reported?
to two excited states of GNa. Other weak features are also At the MP2/TZVPP level, the singly charged {Lir- cluster
present on the h|gher b|nd|ng energy side of the 266 nm of Cy,in Figure 3c is found to be 11.7 kJ/mol below the planar
spectrum, giving the congested appearance in this spectral rangeCz, isomer. The corresponding AMa™ isomer ofCy, symmetry
The weak features are also most likely due to the contaminantis shown in Figure 3d. However, the energy difference is small
associated with band'X and by changing the counterion fromfLio Na the pyramidal

The experimental photoelectron spectra ofilar in Figure Ca, and the plana€;, structures become almost degenerate with
2 show no resemblance to those ofy8a". AusNa~ seems to  the planar structure 3.3 kJ/mol below tBg, one. The planar
have much higher electron binding energies. Its ground stateiSOmer is stabilized further by inclusion of higher-order electron
transition defined by band X yielded ADE and VDE of 2.82 correlation effects. In single-point CCSD/TZVPP and CCSD-
and 2.98 eV, respectively. Three excited state transitions (A, (T)/TZVPP calculations using the MP2/TZVPP structures, the
B, C) were clearly resolved at VDEs of 4.12, 4.79, and 4.98 Planar isomer of CiLi~ is 16.4 and 3.1 kJ/mol below the
eV, respectively. Higher binding energy features in the 193 nm Pyramidal one. For CNa™, the planar isomer is 3.4, 31.0, and
spectrum were observed but not well resolved. ThaN&a 17.1 kJ/mol below the pyramidal structure calculated at the MP2,
spectra appear to have less contamination problems. The wealcCSD, and CCSD(T) levels. Zero-point energy corrections and
and broad features at lower binding energies (1.2 to 2.6 eV) in €ntropy contributions do not change the order of the isomers
Figure 2a could be due to contamination or due to the presenceSince they reduce the energy difference between the planar and
of other low-lying isomers, but the 266 and 193 nm spectra PYyramidalisomers by only a few kJ/mol. However, at the MP2/
shown in Figures 2b and 2c were quite clean. QZVPP level the pyramidal Gui~ and CuNa" clusters are

The observed ADEs and VDEs are summarized in Table 1. 457 and 30.2 kJ/mol below the planar isomers yielding
To elucidate the structure and bonding of the two coinage alkali €Xtrapolated CCSD(T)/QZVPP isomer energies of 30.9 and 16.9
mixed clusters, the experimental data will be compared to XJ/mol for CuLi™ and CuNa’, respectively. Thus, we conclude
calculated ionization potentials in Section 4.2. that for the singly charged GLi~ and CuNa~ clusters, the
pyramidal isomers of4, symmetry are the energetically lowest
ones.

The lowest isomer of CiNa, is the bipyramidal cluster of

A. Molecular Structures. The energetically lowest structure  Dgn Symmetry. At the MP2/TZVPP level it is found to be only
obtained in the MP2/TZVPP optimization of g, is a 15.4 kJ/mol below the planar structure Gf, symmetry. As
bipyramidal cluster ofDs, symmetry (Figure 3a). At this for CwNa-, the use of the QZVPP basis set favors the
computational level, it lies 77.0 kJ/mol below the planar one bipyramidal isomer, whereas high-order electron correlation

IV. Theoretical Results and Discussions
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TABLE 2: The Relative Isomer Energies (in kJ/mol) of the
Planar (Cz,) M,A~ (M = Cu, Ag, and Au; A = Li and Na)

Isomers Calculated at the MP2, CCSD, and CCSD(T) Levels
Using the TZVPP (Li, Na, Cu, and Ag) and %&5p3d2f (Au)

TABLE 3: The M —M and M —A Bond Distances (in pm) of
the M;,A~ and M4A; Species (M= Cu, Ag, and Au; A = Li
and Na) Optimized at the MP2 Level Using the TZVPP (Li,
Na, Cu, Ag) and 7%&5p3d2f (Au) Basis Sets

Basis Sets species level symmetry MM2 M—MP M—Ac¢ M—Ad
species MP2 CCSD CCSD(T) CCSD¥T) Culi- MP2/TZVPP G, 2420 5403
Culi~ 11.7 —16.4 -3.1 30.9 CwNa MP2/TZVPPE C,, 242.0 275.0
CwNa~ —-35 —31.0 —-17.1 16.9 CwlLi~ MP2/TZVPP C,, 243.6 235.8 2485 2445
AgaLi~ 12.4 —-11.3 —35 - CwNa~ MP2/TZVPP C,, 2442 236.0 280.0 284.8
ﬁgﬂ‘? I o8 - Agli- MP2/TZVPP C,, 270.6 253.6
AuNa- _179 631 _19.4 _ Ag:Na~ MP2/TZVPP  C,, 270.1 288.9
AgsLi— MP2/TZVPP C,, 269.6 260.6 260.8 261.7
2The molecular structures were optimized at the MP2 level using AgsNa~ MP2/TZVPP Cy, 270.3 260.3 292.2 300.0
_the same basis sets. Negative isomer energies indicate that the p|a”afAu4Li* MP2/7s5p3d2f Ca, 264.3 2491
isomer is the lowest oné.Extrapolated CCSD(T)/QZVPP value. AuNa~ MP2/7s5p3d2f Ca, 263.6 2823
L . . Augli— MP2/75p3d2f Ca, 261.1 251.4 2575 2557
contributions decrease the energy of the planar isomer relative au,Na- MP2/7s5p3d2f C,, 260.9 251.1 2945 284.4
to the bipyramidal one. At the extrapolated CCSD(T)/QZVPP Culi, MP2/TZVPP Du 246.1 242.8
level, the bipyramidal Cli, and CuNa clusters are foundto  CiNa, MP2/TZVPP Dy 2438 2808
be 99.8 and 54.5 kJ/mol below the planar ones. Cuwli, MP2/TZVPP GC,f 237.4 2378 250.1 251.8
The relative isomer energies of the &g clusters are very CwNa, MP2/TZVPP C,f 237.7 239.3 282.1 290.0

similar to those of the corre_spondlng Cu species. At the MP2/ 2 kg the planar clusters &, symmetry, the distance between the
TZVPP level, pyramidal Ag-i~ is 12.4 kJ/mol below the planar  inner and outer M atomé.The distance between the two inner M atoms
one, whereas at the CCSD/TZVPP and CCSD(T)/TZVPP levels, of the planar clusters.For the planar clusters aE,, symmetry, the

the planar isomer is 11.3 and 3.5 kJ/mol below@gstructure. distance between the A atom and the outer M atom of the planar
For the AgNa~ cluster, the MP2/TZVPP, CCSD/TZVPP, and clustersd The distance between the A atom and the inner M atom of
CCSD(T)/TZVPP isomer energy differences are 3.0, 28.0, and the planar clusters.The corresponding distances obtained at the CCSD/

18.8 kJ/mol with the bl - bel th idal TZVPP level are 251.7 and 280.4 phThe distance between the inner
) mot wi € planar isomer below the pyramidal ON€. &, a1om and the Li atom at the cusp is 255.0 prmhe distance

The use of QZVPP quality basis sets would most likely switch petween the inner Cu atom and the Na atom at the cusp is 282.0 pm.
the order yielding the lowest energy for the pyramidal isomers

as for the corresponding Cu clusters. ] ) ]
The AwLi~ and AwNa clusters were optimized at the MP2 f-E)éEé:LuELAifL Tgﬁ l\\l/Z[tlcaari dDELa&gT?QIEJ‘IZ{SEEZ t%DeEEI(gI\iYP)
: : : 4 ’ 4 ’ 4
level using the $Bp3d2f basis set for Au and the TZ\/_PP basis ~csp'Level as Compared to Experimental Data
sets for Li and Na. At the MP2 level, the planar Au-, isomer

of Cp, symmetry is only 0.6 kd/mol above the pyramidal one, Sk~ CwNa- AusNa“

whereas CCSD and CCSD(T) calculations yielded the lowest calcd calcd calcd

energy for planar isomer. The isomer energy differences (c,,) (Ca) (C2) exp Ca) (Ca)  exp
obtained at the CE:SD and CCSD(T) Igvel§ are 41.3 and 29.77 515 1229 1137 113 2501 2662 298
kJ/mol. For AuNa-, the planar isomer is significantly below 3.193 3250 2586 326 3769 3.980 412
the pyramidal structure at all computational levels. The isomer 3.636 3.864 3.840 3.84 4295  4.751 4.79
energy differences for AdNa~ obtained at the MP2, CCSD, 4.062 3.876 3.871 4.923 4758  4.98
and CCSD(T) levels are 17.9, 63.1, and 49.4 kJ/mol. The lowest 3.985 5365  5.120

isomers of both AgLi — and AuNa~ clusters are the planar ones. 4.213 55'75324':'_’ 5551535

The energy differences between the planar and pyramidal
isomers are so large that the use of larger basis sets would hardly *®The molecular structures optimized at the MP2 level were used.
change the order of them. The cluster symmetry is also indicated

The relative isomer energies obtained at MP2, CCSD, and calculations to determine cluster structures. We were not able
CCSD(T) levels are given in Table 2, and the bond distances to measure the photoelectron spectra oflCu because of its
obtained in the structure optimizations in Table 3. The optimized complicated isotope pattern. Our measured photoelectron spectra
cluster structures of Gliz (Dan), CuLiz (Cy,), CwLi™ (Cy,), of CwNa~ (the red curves in Figure 1) are in good agreement
and AuNa~ (Cy,) are shown in Figures 3a. with the simulated spectrum for the pyramidal structure (the

B. Comparison Between Experimental and Calculated blue curve) but disagree with the simulated spectrum for the
Photoelectron Spectra.The simulated photoelectron spectra planar structure (the green curve). In particular, the second
of the pyramidal and planar QNa~ clusters shown as the blue  detachment channel for the planar structure with a calculated
and green curves in Figure 1 were calculated at the EOMIP VDE at 2.586 eV has no corresponding peak in the experimental
CCSD level. The obtained VDEs for the pyramidal,) CuLi~ spectrum. The comparison between the calculated and measured
and CuNa clusters as well as the planay) CwNa~ cluster photoelectron spectra suggests that the experimental spectra are
are given in Table 4. The calculated photoelectron spectra aredue to the CyNa~ cluster of C4, sSymmetry, consisting of a
rather independent of whether'Lor Na* is used as counterion,  planar four-membered G#r ring. The planar CiNa~ isomer
whereas the spectra for the planar and pyramidalNau of Cy, symmetry can be ruled out to be the main contributor to
isomers differ significantly. The calculated spectra of the the experimental spectra since its second VDE deviates by 0.66
pyramidal CyLi~— and CuNa™ are very similar, except for the eV from the experimental value (Table 4) and the estimated
fourth detachment channel (Table 4). However, the peak patternsuncertainty of the VDE calculated at the EOMIP CCSD/TZVPP
of the calculated spectra of the planar and pyramidaNau level is significantly smalle®
clusters are completely different. This structural sensitivity of  The calculated photoelectron spectra of the pla@ay) (@nd
photoelectron spectra provides the basis for using PES andpyramidal Cs,) isomers of AyNa~ at the EOMIP CCSD level
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The shape of the ring current
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Figure 4. The HOMO (a) and HOMO-1 (b) molecular orbitals of £u
Li, calculated at the Hartred-ock self-consistent field (HF SCF/ -1
TZVPP) level using the MP2/TZVPP molecular structure. The orbitals 0 2 4 6 8 10
are spectated along the &xis. The orbital energies (in eV) are given Radius (bohr)
within parentheses. The pictures have been made using gOpenMol [43,-

Figure 5. The shape of the ring current (in nA/T/bohr) for Lir
calculated at the CCSD/TZVPP level using the MP2/TZVPP molecular

- . S - structure is compared to the ring current profile of thg?Ating [14].
are shown in Figure 2, and the obtained ionization potentials The vertical bar denotes the size of the,€uring. The size of the

are compared with the experimental VDEs in Table 4. Clearly, a| .2 ring is 0.2 bohr greater.

the calculated spectral pattern of the planar isomer (the green

curve in Figure 2) agrees well with the experimental spectra TABLE 5: The Integrated Ring-Current Susceptibilities (in
(the red curves), although the calculated VDEs are somewhat“A/T?D‘;‘%rZSglg'-L_' C|“4'-'.2' a”t? Cufﬂf C&Icut!atjed at the
smaller than the observed ones (Table 4). On the other hand,CCS evel Using the GIMIC Metho

44).

the pattern of the calculated photoelectron spectra for the Algli®  Cuwli=  Culi  CuHs
pyramidal AuNa~ cluster (the blue curve in Figure 2) differs diamagnetic current 32.4 19.4 23.2 2.1
significantly from that of the experimental spectrum. These paramagnetic current 0.0 -04 —0.4 —2.7
observations are consistent with the energetics of the two total current 324 19.0 228 —06
AusNa- isomers and confirm that the planar Ala isomer is f&g}r:ﬁ]‘g'gﬂrfr?n'? LP gifl (15; 5 1%50 o6
indeed the global minimum.

C. The Nature of the Aromaticity of the Square-Planar aFrom ref 14.> The estimated net current circling the*Léations.

Cu4?~ Unit. Wannere et al® calculated nucleus independent
chemical shifts (NICS) for bipyramidal Gli,, Agsli,, and occupied molecular orbital (HOMO) belonging to the
AugLi,. On the basis of the NICS contributions from different irreducible representation is ring-shaped and has a significant
orbitals, they concluded that the aromatic properties of these amplitude outside the G2 ring. The orbital pictures suggest
clusters possess distinct differences from other square ringthat the HOMO is sustaining the current and therefore respon-
systems such as Ali,. According to their NICS calculations,  sible for the aromaticity properties of the £u ring.
the coinage four-membered rings are stabilizeddbgrbital The first-order magnetically induced current density for
aromaticity i.e., the cyclic electron delocalization is duedto  CwlLi~ was calculated at the CCSD/TZVPP level using the
electrons rather thamp electrons as in ordinary aromatic GIMIC method!® In Figure 5, the shape of the magnetically
molecules, because they found that the diamagnetic NICS valueinduced ring current passing on the open side of thgLCu
of —14.5 ppm at the center of the cluster seems to originate ring is compared to the corresponding curve foglAt. The
from MOs with significant 8 character. The self-canceling current profiles of the two species are strikingly similar. The
orbital contributions in the NICS treatment is probably an artifact main difference between the ¢€u and Al2~ currents is that
due to an unphysical orbital decompositi§A comparison of for Cw?~ the current in the interior of the molecular ring is
the nuclear magnetic shielding constants for the Cu atoms, weak and dominantly paramagnetic, whereas fof Ahe ring
o(Cu), calculated at ab initio and DFT levels of theory also current is diatropic both inside and outside the ring. B
indicates that generalized gradient (GGA) DFT methods should orbital (HOMO-1) of CuLi~ which has large amplitudes inside
not be used to assess the aromaticity properties of thé"Cu the ring does apparently not sustain any strong ring current.
species. Calculations of the nuclear magnetic shielding constantsThe large ring current appearing outside the?Cuing suggests
(0) for Culi, at the DFT level using Becke's three-parameter that the g, orbital (HOMO) is mainly responsible for the
hybrid functional (B3LYPJ"38 yield o(Cu) values which are  transport of the electrons.
600 ppm (67%) larger than the shielding constants obtained at The integrated ring-current strengths passing a radial cross
the BP86 GGA levet?#! The o(Cu) values calculated at the section are given in Table 5. The ring-current susceptibilities
HF/TZVPP, MP2/TZVPP, and CCSD/TZVPP levels are 1838, of 12.6 and 10.0 nA/T for Cili — and CuLi,, respectively, are
1675, and 1690 ppm, respectively, as compared to the B3LYP/about as large as in benzel¥¢2The ring-current susceptibility
TZVPP and BP86/TZVPP values of 1473 and 881 ppm. The of the Cu?™ ring is thus 2-3 times weaker than for the &I
smallo(Cu) value obtained in the BP86 GGA DFT calculation species.
indicates that GGA DFT calculations are not recommended for  The explicit orbital contributions to the magnetically induced
studies of the magnetic shieldings of the;€clusters, whereas  currents cannot be obtained using the GIMIC method, because
the Hartree-Fock-based ab initio correlation methods (MP2 and orbital currents are dependent on the choice of the gauge $rigin
CCSD) seem to yield consistent nuclear magnetic shieldings.and the unphysical current contributions from mixing of
The orbital plot in Figure 4 shows that tlag, orbital has a occupied orbitals cannot be eliminated in the GIMIC scheme.
large amplitude at the center of the LLiy cluster. The presence  The contribution from valencgorbitals was therefore estimated
of a significant amount of electron charge at the cluster center by removing them from the basis set. In the current calculations
shields the external magnetic field in the NICS point. Thus, without valences orbitals, the ring-current susceptibility obtained
the diamagnetic shielding contribution from thg orbital in at the MP2 level is 4.0 nA/T as compared to the MP2/TZVPP
the NICS point is due to the presence of its electrons and notvalue of 12.2 nA/T; the Ci~ ring sustains a weak ring current
due to ring currents sustained by it. However, the highest when the valencs basis functions are absent.
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Figure 6. The current profile (in nA/T/bohr) as a function of the

vertical distance from the G&r ring in CuLi, calculated at the CCSD/
TZVPP level using the MP2/TZVPP structure.
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The GIMIC calculation of the vertical current profile in Figure
6 shows that the current in Gl is not only sustained in the
ring plane, but also between the ring and th& tounterions.
The sharp peak at 3.5 bohr is due to thé tations. The GIMIC
calculations of the current density of g~ show that Cy?~
can be considered to kearomatic. In contrast to Wannere et
al.*we find no need to invoke the-orbitals in order to explain
the aromaticity of planar four-membered £urings. In the
case of AyNa, the calculations show that the planar isomer
of Cyp, symmetry is the energetically lowest one. This is also in

agreement with experiment, since the measured photoelectron

spectra indicates that the planar /A& is also observed
experimentally.

The magnetically induced current density was also calculated
for CwHa, which is a planar molecule consisting of a square-
shaped Curing with the hydrogens bridging around it at the
edges. As seen in Table 5, the,Cimg in CwH,4 does not sustain
any strong magnetically induced ring current. The weak diatropic
current circles inside and outside the ,Qing, whereas the
region in the vicinity of the H atoms and outside them are
dominated by the paratropic ring current. The net ring-current
susceptibility for CyH,4 is only —0.6 nA/T.

V. Conclusions

Two coinage and alkali metal mixed clusters (Na- and
AuyNa") produced with laser vaporization have been character-
ized experimentally using photoelectron spectroscopy and
computationally at correlated ab initio levels. The comparison

of measured and calculated photoelectron spectra shows that

the observed CiNa~ cluster is a pyramidal species wity,
symmetry, whereas the observed,Na- cluster is planar with
Cy, symmetry.

Ab initio electron correlation calculations also predict the
pyramidal CyNa~ and the planar AiNa~ isomers to be the
energetically lowest ones. At the CCSD(T1$8p3d2f level, the
planar AuNa~ isomer lies 49.4 kJ/mol below the pyramidal
one, whereas at extrapolated CCSD(T)/QZVPP level, the
pyramidal CyNa~ cluster lies 16.9 kJ/mol below the planar
one. Ab initio calculations on AdLi— and AgiNa~ show that
the energetics of the Ag clusters are similar to those of the
Cuw?™ species. The pyramidal Agi— and AgNa~ clusters are
thus most likely the global minima.

Calculations of the magnetically induced current density in
pyramidal CuLi~ (C4,) and bipyramidal CsLi, (D4n) clusters
using the Gauge-Including Magnetically Induced Current (GIMIC)
method show that the strong ring current is sustained mainly
by the highest-occupied molecular orbital dominated by €u 4
character. The C& ring is o aromatic mainly from the
bonding interactions and thkorbitals do not sustain any strong
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ring current. The aromatic character of £u can thus be
explained in terms off aromaticity. We found no evidence of
any significant current density being sustained bydfwebitals.
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