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Density functional theoretic studies are performed for the high-spin copper cltis@tgs (n = 2—14), which

are devoid of electron pairs shared between atoms, hemgmir clusters(J. Phys. Cheml988 92, 1352;

Isr. J. Chem.1993 33, 455;J. Am. Chem. S0d.999 121, 3165). Despite the lack of electron pairing, it is
found that the bond dissociation energy per atom (BDE significant and converges (to within 1 kcal
mol~1), around a cluster siz€Cuy, to a value of BDEA = 19 kcal mol®. This is a very large bonding
energy, much larger than has previously been obtained for no-pair clusters of lithiumnBDE2 kcal

mol~1, or sodium clusters, BDB/= 3 kcal mol!. This bonding, so-called ferromagnetic bonding (FM-
bonding) is analyzed using a valence bond (VB) modelRhys. Chem. 2002 106, 4961;Phys. Chem.
Chem. Phys2003 5, 158). As such, FM-bonding in no-pair clusters is described as an ionic fluctuation, of
the triplet pair, that spreads over all the close neighbors of a given atom in the clusters. Thus, if we refer to
each triplet pair and its ionic fluctuations as a local FM-bond, we can regard the electronic structure of a
given "M, cluster asa resonance hybrid of all the local FM-bonds between close neighftres model

shows how a weak interaction in the diatomic triplet molecule can become a remarkably strong binding force
that binds together mono-valent atoms without even a single electron pair. This is achieved because the
growing number of VB structures exerts a cumulative effect of stabilization that is maximized when the
cluster has a compact structure with an optimal coordination nhumber for the atoms.

1. Introduction SCHEME 1: (a) Orbital Mixing of the Pure 2s Atomic
Orbitals in 3Li,, Where the Symmetry Labels of 2 and
20* Are Indicated in Parentheses, and (b) the
Equivalence between the @' 2¢6** and 2s(1}2s(2}
Configuration Representations, Where 1 and 2 in
Parentheses Are Atom Numbers

No-pair ferromagnetic bonding is the type of bonding that
involves no electron pair bonds and occurs, for instance, in high-
spin alkali metal clusters:® To appreciate the term “no-pair
bonding”, consider in Scheme 1a, the, ldase where the 2s
atomic orbitals of the two lithium atoms form a set of bonding
(20, i.e.,04) and antibonding @, i.e., o) orbitals. In the singlet ~ @ 26*(,) (b)  20'(20") =2s(1)" 25(2)"
ground state, the two electrons will occupy the bonding orbital
to form a dimer having an electron pair with singlet spin. By
contrast, in the triple$=*, state where one electron resides in ~ 2s(1)
the bonding orbital and one in the antibonding orbital, the
resulting dimer would be devoid of electron pairing (the bond 20(cg)
order is formally zero). Indeed, theR2o** triplet configuration, . o ]
in Scheme 1a, is the purely covalent triplet 2&28j2) the triplet3=t, state of Lp is actually bou_nd‘, albeit weakly, -
configuration, in Scheme 1b, where each Li contains a single and the same is true fc_)r the other no-pair alkali dimers, which
electron localized in the respective 2s orbital, and which is form weakly bonded triplet=*, states’*° .
repulsive and should cause the dimer to dissociate. However, AS was shown by means of high level calculations and
valence bond (VB) theor§ithe bonding arises due to the mixing
T Part of the “Chava Lifshitz Memorial Issue”. in of higher lying structures into the ground-state wave function;
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high-spin ionic and excited covalent structures increases steeplyjncluded an effective core potential (ECP) on Cu, such as
and so does the binding energy of the cluster, which grows andLANL2DZ with a relativistic ECP7 and the 1997 Stuttgart

converges to 12 kcal mol per atom, without even a single
electron paiP. Henceforth, we refer to this type of bonding,
which occurs in maximume-spin clusters without electron pairs
(no-pair clusterd), by the term ferromagnetic bonding (FM-
bonding). An alternative representation of FM-bonding was
described by McAdon and Goddatdising interstitial orbitals.
The two representations are ultimately equivafeht.

These no-pair clusters are not merely theoretical curiosities

relativistic small core ECP with extended valence basis set (with
(8s7p6d)/[6s5p3d] contractior®We also examined a few all-
electron basis sets: Pople’s 6-31G*, the Ahlrichs basis sets
(pVDZ, TVZ and VTZ)? DGauss DZVP2 polarized DFT
orbitals basis set, Wachter§ basis sef? and the augmented
double€ atomic natural orbital (ANO) basis set of Roos et
al3132The ECP/LANL2DZ, ECP/Stuttgart and ANO basis sets
were found to give the most consistent results with different

for the purpose of demonstrating unusual bonding features; somemethods, and were therefore used throughout wherever possible.
of the.m have actually be_en made ar_1d probed by experimental | the case of the dimer, tH€w, no-pair state was the first

techniques. Thus, laser-induced emission spectroscopy on thycited state. In most cases, the no-pair state turned out to be
triplet lithium, sodium, potassium, rubidium and cesium dimers among the lowest excited states. However, since there is no

i + /—9 . . .
showed a weakly bound potential for tRE", state’"* In the guarantee that the no-pair states will be the lowest excited state,

case of sodium clusters, there exists spectroscopic evidence fog,, 4 given cluster, we routinely verified that in the state of

the no-pair trimer speciedq’), Lis, “Nag, and *K3.12716 As

such, these no-pair clusters are real entities, which enrich the

scope of chemical bonding, and are therefore of wide general
interest to chemists. An additional interest in this kind of clusters
is their relationship to BoseEinstein condensates (BECS) in
which the quantum states of all atoms are identical, and to
Fermi-“gases” of fermionic isotopes of alkali metals, (e.g., K
with atomic mass 40) in magnetic fiel&s!” Finally, the interest
in magnetic clusters is intrinsically high for their potential
applications in nanochemistry.

The present paper constitutes part of our ongoing program
to map the territory of these no-pair clusters in the periodic table.
In previous studies we compared the FM-bonding in the no-
pair clusters of sodium to those of lithiuhT.he sodium clusters,
"INa, (n = 2—12) were found to be much less strongly bound
than the lithium cluster&ILi,. Therefore, instead of continuing
down the periodic table to potassium, we decided to search for
strong FM-bonding among late transition metal analogues of
the alkali atoms, namely, the column containing copper, silver
and gold, which possess a closed-shell d-block and a singly
occupied s-orbital®=2° Thus, electronically these systems are
mono-valent analogues of the alkali metals and may therefore
be prone to generate bound no-pair clusters with maximum spin.
In fact, the3Cu, dimer was spectroscopically probed in &,
state by Bondybe¥ who determined a bond-dissociation energy
(BDE) of 1000-1500 cnt! with an average bond length of
2.48+ 0.03 A. Since this bond energy is significantly stronger
than the one in the correspondifigi, dimer, we decided to

choice the singly occupied orbital were onbytypes. The
orbitals were examined in two ways: (a) Initially, using
canonical Koha-Sham (KS) orbitals, we made sure that no
radial orbitals (perpendicular to the surface of the cluster) were
singly occupied. (b) Subsequently, the singly occupied orbitals
were localized, and the resulting orbitals were ascertained to
be confined to a single atom and dominated by the 4s-type AO
of Cu (see Supporting Information (SI) for the orbital$Giy).

In such a configuration, th&™Cu, species corresponds to the
fundamental g s;1...s%, ..., §t (i = 1—n, is the atomic index)
no-pair electronic configuration mixed with soraeype AOs.

In addition, for every cluster the state was verified for stability
of the DFT wave function, using the stability option in
GAUSSIAN, as well as by means of TDDFT calculations that
served to ascertain the lowest energy solution.

For each cluster size we tested different structures with
different state symmetry, but our report here is restricted to the
most stable clusters. More technical details are given in the
Supporting Information (SI) to this paper. All calculations
discussed here are the result of a full geometry optimization
followed by tests for minima.

In the following sections, the term BDE stands for bond
dissociation energy and BDiEfor bond dissociation energy
per atom. Basis set superposition errors (BSSE) on the BDE
and BDEh values were tested using the counterpoise method
(using the keyword Counterpoise n [n is the number of Cu
atoms in the cluster] in Gaussian-G3).

focus on the study*!Cu, no-pair clusters, with an attempt to Thus, each unique atom was calculated in the presence of
find the structures and the maximum dissociation energy per {he total basis set of the entire cluster, the energies were summed
atom, and then to model the bonding by a suitable VB model, y and the sum gave the total energy of the dissociated atoms,
as done before for the*Li, no-pair clusters: corrected by BSSE. The energy difference of the dissociated
atoms and the energy of the cluster gave, in turn, the BSSE
2. Methods corrected BDE. Since the clusters were of high symmetry (or

The calculations presented here were performed with the with srr_lall de\{iation thereof), _cal_culation of a single atom in
Gaussian-98 and Gaussian-03 program packages, using dhe entire basis set, and multlplylng the result by the number
combination of different methods and basis $éM/e tested a ~ Of atoms gave a very close estimate of the BSSE corrected
few density functional methods, UB3LY#®24UB3P862325and energy of the dissociated atoms as well.

UB3PW912326 and the ab initio UCCSD(T) method for the In the end of this procedure, we found the expected results:
copper dimer in the ground state and in the triget, state; the large ANO basis set was found to exhibit negligible BSSE,
these methods were benchmarked against available experimentaihereas, the smaller LANL2DZ basis set exhibited significant
BDE data for these states. Since the use of UCCSD(T) proved BSSE. The ECP/Stuttgart basis set was found to have very small
to be too time-consuming even for the dimer, we used DFT for BSSE corrections comparable with the all electron ANO basis
all the higher clusters. The hybrid functionals gave good results, set. As discussed in the Results section, the BSSEs on the
and UB3P86 was preferred as the choice method, for the sakeUB3P86/LANL2DZ BDEh values were virtually constant for

of consistency with previous work® cluster sizesn = 5—14. Furthermore, the BSSE corrected

A few basis sets were tested to find the most suitable ones UB3P86/ANO and UB3P86/ECP/Stuttgart-based BDElues
coupled with the different methods. Some of these basis setswere very close to the uncorrected UB3P86/LANL2DZ values.
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TABLE 1: Comparative Calculations of Bond Dissociation
Energy (BDE), Interatomic Distance ) and Frequency @)
for 1Cu, Using Different Methods and Basis Sefs

LANL2DZ Ahlrichs p-VDZ  Wachters-f
BDE r o BDE r o BDE r
UB3LYP  2.02 2.259 256.0 2.17 2.231 266.2 1.89 2.264

UB3P86 2.07 2241 267.6 2.19 2212 276.3 1.95 2.240
UB3PW91 1.93 2.253 260.5 2.04 2.223 270.6 1.82 2.252
UCCSD(T) 1.66 2.342 206.4 1.77 2.288 246.3 1.81 2.281

2 The experimental data are BDE 2.01 eV,r = 2.2197 A andw
= 266.43 cm (ref 19)." BDE in eV, r in A, andw in cm %,

TABLE 2: Comparative Calculations of Bond Dissociation
Energy (BDE), Interactomic Distance ¢) and Stretching
Frequency (@) of 3Cu, Using Different Methods and Basis
Set¢

BDE (eV)© rd  om?

UB3P86/6-311G* 0.643 (0.311) 2.531
UCCSD(T)/6-311G* 0.000001 9.918

Ahlrichs Basis Sets
UCCSD(T)/PVDZ 0.12¢0.13) 2.641
UB3P86/PVDZ 0.47 (0.16) 2.454 166.6
UCCSD(T)/TVZ 0.000 03 7.913
UB3P86/TVZ —0.05 2.835 31.0
UCCSD(T)/IVTZ 0.000 03 7.884
UB3P86/VTZ 0.037 2.606 108.6
UCCSD(T)/DzVvP2 0.127 (0.05) 3.052 50.10
UB3P86/DZVP2 0.199 (0.10) 2.733 98.7

Stuttgart/ECP-1997
UCCSD(T)/ECP-1997  0.065(-0.01)  2.969

UB3P86/ECP-1997 0.132 (0.121) 2.607 104.6
ANO Basis Sét
UB3P86 0.132 (0.120) 2.629
UB3LYP 0.050 2.703
UCCSD(T) 0.019 3.097
LANL2DZ Basis Set
UCCSD(T) 0.090 {0.06) 3.039 50.1
UB3P86 0.238 (0.074) 2.614 105.6
Experiment
0.15 2.48 125

2The experimental data is from ref 21ln parentheses BDE with
BSSE correction® BDE(Li5) = 0.78 and 0.74 kcal mot using BOVB/
cc-pVDZ and BOVB/cc-pVTZ® BDE(PNay) = 0.46 and 0.40 kcal
mol~! using B3P86/cc-pVDZ and B3P86/cc-pVPZ¢ Polarized DFT

orbitals basis set$.Stuttgart relativistic small core ECP basis set (1997).

fRoos’ augmented doublgatomic natural orbital basis.
3. Results

3.1. Bonding and Structure in No-Pair Clusters,""'Cu.
The BDEs, bond lengths, and vibrational frequencies otthe
and3Cu, species were initially studied using different compu-
tational levels (UB3LYP, UB3P86, UB3PW91, and UCCSD-
(T)) with various basis sets (LANL2DZ, ECP/Stuttgart, Ahlrichs-
pVvDZ, and Wachtersf, ANO, etc.), and the results were
compared with experimental dat®2! The data are collected in
Table 1 for the ground statéCu,, and in Table 2 for théCu,
state.

Inspection of Table 1 shows that, as noted by otfhéhgre

de Visser et al.
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Figure 1. Plots of the BDHEn data vsn for "1Cu, (n = 2—14) using
uncorrected UB3P86/LANL2DZ data; and BSSE corrected UB3P86/
LANL2DZ, UB3P86/Stuttgart/ECP-1997, and UB3P86/ANO data.

The no-pair dimer?Cu,, was more extensively studied and
the results are collected in Table 2; results in parentheses are
after BSSE correction. Here in addition to geometry optimiza-
tion, and BDE determination, we performed also a full scan of
the potential energy surface to ascertain that there is a single
minimum deeper than the dissociation limit. Unfortunately,
UCCSD(T) calculations considerably underestimated the BDE
and give very long bond lengths in comparison with experiment.
No attempt was made to further benchmark the UCCSD(T)
method, since the UCCSD(T)/ANO geometry optimization
calculation of théCu, species was already extremely demanding
and took 39 days of CPU time on a Pentium 3.2 GHz computer!

Generally, most of the calculations using the Ahlrichs basis
sets gave unsatisfactory results with DFT or UCCSD(T)
methods. By contrast, the hybrid DFT methods with the ANO,
LANL2DZ, and StuttgartECP-1997 basis sets led to reasonable
results for BDE but overestimated the equilibrium distance. As
expected, the BSSE with ANO is very sma#l§.001 kcal/mol);
it is also small for StuttgartECP-1997, but substantial with
LANL2DZ. For the calculations of no-pair lithium clustets,
the UB3P86 method was found to be the most suitable. We
therefore decided to select UB3P86 also forthkCu, clusters,
for consistency with our previous work.

On the basis of the performance of the various basis sets, the
choice levels for BDE calculations of no-pair clusters would
have been UB3P86/ANO and/or StuttgartECP-1997. However,
UB3P86/ANO calculations turned out to be too demanding
beyondn = 6 (e.g., a counterpoise calculation on the cluster
with n = 6 required 26 days of CPU time on a Pentium 3.2
GHz computer), and therefore, the ANO data is limitechte
2—6. Thus, the entire study was conducted with UB3P86/
LANL2DZ and UB3P86/StuttgartECP-1997 for allvalues,
while the results of UB3P86/ANO up ta = 6 served as
benchmark values (“true” data) for the lower levels.

Different structures of the no-pair clustef$!Cu, for n =
2—14, were tested, and the optimized structures are collected
in the SI document. Table 3 collects all the BDE/alues for
the most stable clusters with the LANL2DZ, StuttgartECP-1997,

too, the UCCSD(T) method underestimates the bond dissociationand ANO basis sets, while Figure 1 shows four plots of the

energy and vibrational frequency of the copper dimers by 10

BDE/n values as a function of the cluster size using the BSSE

20%. Since the ground state is not in the focus of this study, corrected ANO, StuttgartECP-1997 and LANL2DZ data, as well

we did not run extensive UCCSD(T) tests for fia, species,

as the uncorrected LANL2DZ data. First, it is apparent #iat

to ascertain it performance with larger basis sets. The DFT the plots exhibit the same patterf®econd, starting with = 4

methods, in Table 1, gave reasonable agreement with theonward, the corrected and uncorrected LANL2DZ plots are
experimental data. Of the three tested basis sets, in Table 1, thevirtually parallel to one another, differing by almost a constant
Wachters-f basis set gave the poorest agreement with experi- quantity. Finally, the ANO results wherever present, are close

ment.

to the uncorrected LANL2DZ data; in particular for= 6, the
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TABLE 3: Bond Dissociation Energy Per Atom (BDEM)
Values for ""1Cu, Clusters Calculated by UB3P86 Method
with LANL2DZ, Stuttgart/ECP-1997, and ANO Basis Sets

J. Phys. Chem. A, Vol. 110, No. 27, 2008613

the tendency of the clusters for highly symmetric structures with
large coordination numbers, and finally, the origins of such
strong bonding in the absence of electron-pair bonds. The

LANL2DZ ~ LANL2DZ  Stuttgart ANO analysis will be based on the model presented in previous work

| _hBDEg‘ c _BhDBE/“ c _BhDBE/” c _BhDBE/” c on the alkali-metal clustefs

SUSter without BSSE  with BSSE _ with BSSE _ with BSS 4.1. Atomic Orbital Contributions to Bonding. Some
éi 625-;8 é-g? %-gg i-?g preliminary and necessary insight can be gained by looking at
5CU, 11.82 790 1353 972 the atomic orbital (AO) composition of the KohiSham orbitals
6CUs 10.85 6.44 11.88 9.08 (KSOs) of the®= ", states in the no-pair dimersM, (M = Li,

Cus 13.30 8.40 13.54 12.29 Na, and Cu), in Figure 4. The bonding and antibonding,
8Cwy 15.72 10.51 15.66 and on¢f, combinations of the s-type valence AOs form the
i%tﬂb ig-gg 1(2)-‘712 i?gi’ zeroth-order orbitals. These orbitals can then mix with other
1CU, 19.00 1318 1814 valen_ce AOs, which possess the correct symmetry. Th_e extent
201y, 18.55 12.43 17.57 to which the latter orbitals mix into the zeroth-order orbitals is
BCuy, 18.90 12.66 17.93 noted in Figure 4 by the weights of the corresponding orbitals.
5Cua 19.35 12.99 18.54 In the cases ofLi, and3Na, in Figure 4a, the orbitals that

) ] can participate in mixing are the corresponding&ud 3p AOs,
difference is 1 kcal/mol (Table 3). Furthermore, the respectively. As shown recenthsince the 2s2p energy gap

StuttgartECP-1997 data are as good as the ANO data and almosis smaller than the 3s3p energy gap, the result is that the,

identical to the uncorrected LANDL2DZ data (Table 3).
Therefore, the uncorrected LANL2DZ values are close to the
“true” BDE/n values (ANO and StuttgartECP-1997 data); in
contrast, the BSSE corrected LANL2DZ values are too low.
The geometries of the most stable no-pair clusters are
presented in Figure 2 that exhibits two main trends. First, the
clusters (| = 2—12) have high point group symmetries D§,
(*CUp), Dan (*Cug), Ty (°Cu), Ca, (°Cus), Co, ("Cus), Dsp (BCuy),
C2, (°Cug), Can (*°Cu), Dag (*'Clug), and C; (*2Cuhy; Cuyy).

dimer has a larger 2p contribution to tleeand ¢* orbitals,
compared with the 3p contribution in ti&la, dimer; this is
apparent by comparing the contributions of tipAOs to the
singly occupied orbitals of the Li and Na dimers in Figure 4a.
In the case ofCu,, in Figure 4b, in addition to the 4jprbital,
there is substantial mixing of the filled 3drbital. This latter
mixing forms a 3-electron bonding interactfdthat is generally
stabilizing. These AO mixing patterns in the dimer are the key
to the trends and dependence of BDE on the atomic identity in

Generally, the most stable geometry for a given maximum-spin Figure 4. As the cluster grows, the weight of these higher
cluster is a compact structure with an optimal coordination angular momentum, AOs, in bonding increases, but the relative
number for each copper atom. Similar geometries and high trends remain as in Figure 4 and carry over to the larger clusters.
symmetry and coordination numbers were obtained"féki, Thus, in the case 6fLi,, there will be significant participation
and""!Na, high-spin clusters. The second major trend is the of 2p AOs in the FM-bonding of the cluster, while irilNa,
variation of the total binding energy, expressed as the total bondthe 3p contribution will be much less significant, and finally,
dissociation energy (BDEjalues in boldfacg of the clusters. in ™1Cu, there will be substantial 4p and 3d contributions to
Itis seen that the binding energy starts relatively small and then ponding.

climbs steeplyn a manner that looks like nonaddi@ behaior, 4.2. A Valence Bond (VB) Model for FM-Bonding in
which we have seen before for thig'Li, and™Na, high-spin "+1Cu, Clusters. The M, Dimers. Figure 5a depicts the
clusters. As shall be demonstrated this apparent nonadditiveprincipal VB structures that were computed by means of ab

beh_avior can be understood PS"‘Q aVvB quel 9f k_:Jonding. initio VB theory using Hiberty’s BOVB metho#éf, and show#
Figure 3 shows the evolution of bond dissociation energy i, contribute to the FM-bonding in the no-pair dimdti.. The

per atom, BDE4, as a.function Qf the cluster size, for the fundamental structure, in which the electrons occupy28®Os
"1Cu, clusters alongside th&™Li, and " Na, clusters from of the two metal atoms, is denoted &b, As was demon-

previous worlé:® A few trends are projected from Figure 3. !:irst, stratec® this structure by itself is always repulsive, and the
the BDEh curves of the three clusters are quite similar; they on4ing arises by mixing of a higher-lying covalent structure
are nonlinear in the cluster size and exhibit a few bumps and ,.ih electrons in 2pAOs of the two atoms3®,4cov), and
dips in the same cluster§|z§>s, and cluster types, and therBDE/ primarily of the ionic structures®[ion), which arise by
quantity converges (to within less than 1 kcal miplaround & yansferring an electron from the 2s orbitals of one Li to the
cluster size of 1614 atoms. Second, there are quantitative 2p, orbital of the other or vice versa. In the case ofMNa
differences; thé™Na, clusters are only weakly bound with a we can use the same diagram as for=MLi just replacing 2'3

maximum BDEA = 3.5 kcal m_o‘rl, the™iLin clusters arel: much  gng 2p by 3s and 3p. However, as discussed in the preceding
more strongly bound, reaching BDEGF 12 kecal mot™, but section, in the case of M Cu, both 4p and 3d AOs participate

1 -
the”+ Cu, clusters converge (to W'th'? 1 k<_:a| ”_Té) at a_mu_ch in bonding, and therefore the number of VB structures is larger
higher BDEN value of 19 kcal mol®. This higher binding than in the alkali no-pair dimers. As shown in Figure 5a, now,

energy for the high-spin copper clusters was foreseen beforéy,q e are two excited covalent and four ionic structures, which
by Bondybey, based on his comparison of the corresponding . .olve excitations from 4s to 4p and from 3d to 4s.

i 1

data for the dimers. The VB calculations ofLi, demonstratetthat the three
excited structures, in Figure 5a, are quite high lying, and their
mixing into the fundamental structure follows second-order

Clearly, the no-pair clusters exhibit a few interesting features, perturbation theory. The corresponding VB mixing diagram for
which have to be elucidated by an appropriate model. We needM = Li is shown in Figure 5b. The BDE of the FM-bond is
to understand the similar qualitative behavior of all the cluster seen to be a balance of the two terms; one is the repulsion
types, the nonlinear rise of the BDE and BDHKurves as a energy,0Ep due to the triplet electrons in the 2s AOs, in the
function of cluster size, the convergence of the BDidantity, fundamental structure, the second is the stabilization energy due

4, Discussion
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Figure 2. Structures of the most stable no-pditiCu, (n = 2—14) clusters with symmetry, state assignment, and BDEs (UB3P86/LANL2DZ)
relative to isolated atoms in kcal mdl(values in boldface with BSSE correction).

25 high level calculations such as CCSD(T) and CASPThe
VB calculations of3Na were done and show as expected a
19.4 smaller BDE® Unfortunately, VB calculations fofCu, cannot
be done at the desired accuracy to derive relialite, and
™Cu, AEnix quantities for this bond®
Nevertheless, the VB model can be applied even in the
absences of accurate calculations. As we mentioned already,
the VB mixing follows perturbation theod/and therefore, in
principle, one only has to count the number of excited VB
structures and consider their energy gaps relative to the
fundamental structure, to reason qualitatively and semiquanti-
tatively about the patterns of FM-bonding. Thus, the case of M
33 = Na can simply be discussed using the diagram fo=Ni in
o= Figure 5b, but now the ionic armzcovalent structures, which
2 3 45 6 78 9 10 112 14 involve 3p AO occupancy, are higher lying compared with the
Cluster size (n) fundamental structure, and hence the mixing will be smaller
Figure 3. BDE/n trends for high-spin copper, lithium and sodium than in the case for M= Li. However, the case of M= Cu in
clusters. All calculations performed with Gaussian 98/_Gaussian 03_using Figure 5c is different, since now there are additional excited
the UB3P86/LANL2DZ method. The trends for lithium and sodium structures, involving the 3¢~ 4s excitations. As such, the total
were taken from refs 5 and 6. L S
mixing term for M= Cu is likely to be greater than that for M

20 1 19.0 18.9

15 4

10 1

BDE/n (kcal mol™)

to mixing, AEmi, of the ionic andzzcovalent structures into = Li. Furthermore, since the repulsion tertitep, due to the
the fundamental one. From the VB calculatidrike values are  triplet 4s—4s electrons if®s of 3Cu,, is not expected to be
OErep = 1.504 kcal mot! and AEmix = —2.19 kcal mot?, too different than the corresponding term far», the resulting

leading a BDE value of 0.69 kcal md} in good accord with BDE of the no-pair bond ifCuw, will be significantly larger
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(a) M=Li,Na Mo M —> 2 (b) M=Cu .
S 4p
c*np(o‘D‘) /— Ogp
O 4s
O (C@eO)
*
o ns(.o)
N Ogs
o
Ons (@@) G*adzz
o O3dz2
Li: 2p contribution (o, 6*) = 0.07 4p contribution (o, c*) = 0.10
Na: 3p contribution (o, 0*) = 0.03 U 3d contribution (o, 6*) = 0.25

Figure 4. Mixing of np and/or 6—1)d valence atomic orbitals (AOs) into the zeroth-order orbitals,and ons*, made from the bonding and
antibonding combinations of theshOs. Theo ando* are the final orbitals: (a) fofLi, and3Na, and (b) for’Cw,. In each case, the contribution
of these valence AOs to the final orbitals is shown underneath the diagram.

@ M—M—z
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2s(3s) 4— +
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4p,

4s

4
3d -H-

44 |

D 3(DZZ(COV) 3q>sz(i0n) 3®ZQ‘Zz(cov) Stbsyzz(ion)
(b) © 30,
E _3(I)ZZ ) H E
g 3(1) Z(|on) E
— 3D -

3o
Ss
\ 8Erep
E (2L e T :
.......................... E (2Cu
, .

BDE = '5grep - AEnmix; AEnix= z"idﬁ‘mix,i

Figure 5. (a) Valence bond (VB) structures which contribute to ferromagnetic bonds in the no-pair diMgig ™), for M = Li and M = Cu;
in the latter case we show only one of the two equivalent ionic structure3bfgfion) and3®sz(ion). (b & c) The corresponding VB mixing
diagrams: (b) for M= Li and (c) for M = Cu. The expression for BDE is given in terms of the repulsion and mixing quantities.

than that foriLi,. This is indeed born out by the calculations 6. The fundamental configuration is still the one with exclusive

and the experimental data regarding these no-pair difmé#3. ns occupancy, namely tHe1dgy..s)-..s@ Structure (in paren-
Another unique feature ofCuw, is the 3-electron bonding theses is the atomic index). This structure will mix with the
interactiorf* endowed by the mixing of the excited structures, multitude of excited VB structures;"1®.i), i = 1—N, and
which involve excitation from the 3d orbitals. will give rise to the FM-bonded no-pairiM, cluster, with a
The "M, Clusters. In a cluster of sizen, each atom will BDE that scales with the number of excited configurations.

exchange electrons with the others atoms and give rise to many A simple model that was found useful fétLi, clusters’>
VB structures; however, the VB mixing diagram remains in considers only those structures that arise from electron exchange
principle the same as for the dimer and is schematized in Figure (transfer, excitation) between close neighbor atoms, and neglects
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Using the simplifying assumptidf that the various excited
structures contribute identical mixing ternd&mix, eq 1 for the
copper clusters becomes eq 2:

e O, (N)
“ M\ oM
“ ’

. 2
M= =e Mj=== M
"

1]

"

M
C; = coordination number

Dex() > N

BDE = —0.5C,,0E¢p —
m— D (1)
[0-5(Nao2 + 9)Ctot + Nac;laEmix’ Ctot = ij (2)
J

N = Nion + Nooy = Nog + 0.5(N?5 +9) Cit

Cror =2.C; where 0Eep is the close neighbor repulsive interaction, the
: variableNy, is the number of singly occupied and virtual AOs
(per atom) that participate in the electron exchange, wWbie

is the total coordination number summed over all atojh(
the clusters.

nEMy ol By comparison, the expression for the Li or Na clusters is

T given in eq 3, and the difference with eq 2 is due to the filled
BDE

"), .80)....S(n)

d-orbitals that contributed to the structure count in eq 2 and are
absent in eq 3.

n+1‘VFM (n+1Mn)

BDE = —0.5Cy,0E,, — [0-5(Na02 — 1)Cpt + NoJOELix (3)

From our past experience with lithium and sodium no-pair
clusters, ther-type interactions do not contribute significantly
to FM-bonding? Therefore, in a given cluster with a 3-dimen-

Figure 6. VB mixing diagram for a general no-pair clust&trM,, of
a mono-valent atom, M, with a coordination numi@r The diagram

shows the mixing of excited structurégl®q(i), i = 1—N, into the - ° ]
fundamental structuré1dg,..«-<. The number of excited structures ~ Sional shape, we used only the surface AOs, while the radial
with close neighbors electron exchange,fdCu,, is given in the box; AOs were omitted fronNgo Thus, for"*Li, clusters we have
Nao is the number of 4s and 4p AOs that participate, per atom, in the Ny, = 3, corresponding to the 2s AO and two out of the three
electron exchange (for 3d participation, see discussion later). 2p AOs. However, for Cu, thBly, is not known to begin with,

configurations with multiple excitations, retaining only singly anﬂ_ Wld” .hat\r/]e g)l é)e deterrt'nlned by a best-fit procedure as
ionic ones and excited covalent structures. In such a case, '[heouEIne t'm g d%cumeg : dt timate the total BDE of
number of excited VB structures depends on the coordination guations 2 and s can beé used lo estimate the tota 0

the cluster. The corresponding bond energies per atom, BDE/

number of an atomC;, in the cluster andN,o, the number of ; . o
valence 4s and 4p AOs that participate in electronic exchan e,n’ can .be obtained by simply dividing b.y the number of the
P P P 9 atoms in the cluster. One can further derive the value of BDE/

and on the excitations from the filled 3d shell into th . . .
dée whenn — oo, assuming that in eqs 2 and 3, all coordination

orbitals (see part B in the SI document). Moreover, since the b identical and Lt hereC = G/
mixing between the fundamental and its excited VB structures tnhuun; Ieegsdiirge tloen ical and equal to somavhereC = Co/n,

depends only on the close neighbor interacti®h®this means
that we can utilize the mixing energies extracted from the no- _ 2
pair dimer and apply these quantities to the larger clusters. BDE/N = _O'5C5Erep — 0.5, + 9)COE,

The BDE expression, based on the mixing diagram and for "'Cu, (4a)
perturbation theory, is given in eq 1.

. —
mix? n ©,

n—oo

BDE/n = — 0.5COE,,, — 0.5, — 1)COE

mix?
BDE = —-AE,, IZ((SEmix]i) Q) for "“Lin (4b)
Here, the first term is the repulsive interaction energy of all the Thus, assuming that in an infinite cluster the uniform coordina-
pairwise close neighbor triplet pairs, within the fundamental tion number isC = 5, we can estimate the convergence of the
structure " 1dg1y..5g)..-sr), While the second term is the sum of BDE/n quantity for a cluster of infinite size. Equations-2

all mixing terms due to the excited structures, indeXe#p ey show that, because of the rapid increase in the mixing energy
(). In part B of the SI document, we give detailed equations of terms, due to the interaction possibilities per atom, the FM-
the excited VB structure count using two different models binding energy of the no-pair cluster will behave in a nonad-
(model | and model Il), which differ on how one takes into ditive manner with the growth in the number of atoms in the
account the doubly occupied orbitals (3d in case"dfCu,); cluster.

here we follow with the main guidelines. The excited structures  Figure 7 shows the reproduced data calcufateith eq 3,

that we count maintain the total spin quantum number (maxi- using the VB values 0DE.p (1.504 kcal mot?) and dEmix

mum spin) of the fundamental structure, and involve three types, (0Emix = 1/3AEmix = —0.73 kcal mot?) for the 3Li, no-pair
which follow the examples in Figure 4a: (i) the firstis covalent dimer, whereN,, = 3 (recall that the value d¥,, neglects the
structures, in which two electrons reside in two of tieAOs 2p orbital that are radial to the surface of the cluster due to
of the atom and all other electrons reside in tiseorbitals, (ii) weak sr-type interaction®). The so estimated data is plotted
the second is singly ionic structures that arise from a single alongside the data computed by means of the UB3P86 func-
electron transfer from thies AO of one atom to ap AO of the tional. The fit of the model curve to the UB3P86 computed

other, and (iii) in the case dffCu, we allow also single one is seen to be reasonably good. It reproduces the initial fast
electron excitations from a filled 3d AO to a 4s AO, etc. In the rise of the BDE®, the convergence of this quantity for cluster
approach used in the following discussion (model Il), we count size ofn = 10—12, and the tendency of the cluster to assume
only the transfers gf-electrons from 3d to 4s. In this manner, compact structures with optimal coordination number. Further-
the 3d orbitals act as polarization functions for the 4s orbitals. more, the converged BD&/ffor n-infinite based on eq 4b is
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Figure 7. Plots of BDEh for "Li, no-pair clusters vs the cluster
size,n. One curve is calculated with the model VB equation (eq 3),
the other with the UB3P86 functional. The plot is reproduced from ref
6 with permission of the ACS.

10.8 kcal mot?, while the converged B3P86 value is ap-
proximately 12 kcal moll. The model explains another
important trend, the propensity of the no-pair clusters to form
symmetric structures. This tendency is controlled by the
repulsive term in eq 3, 0G0 Eep Mathematically, this term
is minimized when all the distances for a given atom in the

cluster are equal to one another. This would therefore act as a

driving force to symmetrize the clusters, as much as possible,
to reduce the repulsive energy. At the same time, the mixing
term, which is a collection of individual terms, would be
maximized for symmetric structures (per a given total bon
length).

Let us now apply the same model to the no-pair clusters of
Copper. In this case, we lack VB values for the terdS;e,
anddoEmix, which are needed for calculating the BDE and BIDE/
from eq 2 in a direct manner. However, we can still apply the
equation by finding the best-fit parameters. The fit was obtained
by assuming that the repulsive terdep for "1Cu, is the
same as in the correspondifittLi, clusters, and then finding
the least-squares fit fa¥Eqix using various reasonable values
for Nag the approach is detailed in the SI document (part B).
Many fits were tried (Tables S.I and S.1I in the SI document)
and led to results of rather similar quality. There is a trade off
between the number of VB structures and the value of the fitted

d
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the most reasonable fit, for whidi,, = 3, the same as in the
Lin cluster, and in addition all the occupied 3d orbitals are
allowed to transfer single electrons to the 4s orbitals. For this
fit we obtain adEnx value of—0.49 kcal/mol, and convergence
of the BDEh values to 18-19 kcal mof ™.

The fit between the estimated and UB3P86 computed data,
while not perfect, is still reasonable since it reproduces the global
behavior of the BDHI quantity, in terms of its rise and
convergence (within 1 kcal mol). It is seen that the LANL2DZ
and Stuttgart/ECP-1997 give similar fits. Furthermore, using
eq 4a, we can derive the converged bond dissociation energy
per atom as, BDE (n — ») = 18.3 kcal mof?, compared
with the UB3P86 computed datum of 4£29.3 kcal mot?.
Finally, Figure 9 shows a linear regression plot of the estimated
vs the UB3P86/LANL2DZ computed BD&UHata. The correla-
tion coefficient of 0.976 is fairly good considering the crudeness
of the model. The same quality of correlation and fit were
obtained using the BSSE corrected BDEAlues (Tables S.1b
and S.lIb), which as we showed (Table 3, Figure 1) exhibit the
same trends as the “true” values, but are lower.

Thus, Figures 8 and 9 show that the VB model captures the
essence of FM-bonding in no-pair clusters. The model shows
that a weak interaction in the dimer can become a remarkably
strong binding force that binds together mono-valent atoms
without even a single electron pair. This is achieved because
the steeply growing number of VB structures exerts a cumulative
effect of stabilization that is maximized when the cluster is
compact with an optimal coordination number of the atoms.
Thus,the nonadditie behaior of the binding energy is scaled
by the number of VB structuregailable for mixing with the
fundamental repulsi structure,""1®gqy..sg)---sq)-

The best way to conceptualize no-pair bonding is as an ionic
fluctuation of the triplet pairs that spread over all the close
neighbors of a given atom in the clusters. Thus, if we consider
each diatomic triplet pair and its ionic (covalent) fluctuations
as a local FM-bond, we can regard the electronic structure of a
given™t1M,, cluster asa resonance hybrid of all the local FM-
bonds between close neighbdrsthe case of Li, the local FM-
bond involves only two electrons Ny, = 3 orbitals, while in
the Cu clusters, there is an additional and a strong component
of 3-electron bonding due to the participation of the filled 3d-
orbitals in the ionic fluctuation. This VB model bears relation-
ship to the GBV model of McAdon and Goddamho discussed
no-pair bonding of Lj rings in terms of resonance hybrids with

OEmix parameter; the larger the number of structures, the smallerinterstitial orbitals. It would be interesting to see other repre-

the value ofdEnix, and vice versa. Here, in Figure 8, we show
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Figure 8. Plots of BDEh for "1Cu, no-pair clusters vs the cluster size,The curve with the triangular data points, is calculated with the model
VB equation (eq 2) foNao, = 3, 0Emix = —0.49 kcal mot?, anddE., = 1.504 kcal mat?. The other curve, with the square data points, corresponds
to the UB3P86 calculated values. Key: (a) LANL2DZ data; (b) Stuttgart/ECP-1997 data.
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Figure 9. Linear regression plot of the BD&/data for ""Cu,

calculated with eq 2 against the data calculated with the UB3P86/

LANL2DZ functional.

function (ELF¥® calculations or other electron density-based
methods (e.g., atoms in molecules, AIR)°

5. Conclusions and Summary

We studied in this paper high-spin copper clustet€u, (n
= 2—14), which are devoid of electron pairs, and found the
bond dissociation energy per atom to converge at arourd 10
14 atoms in the cluster with a BDiEA~~ 18—19 kcal mof™.
This is much larger than obtained for lithium clusters (12 kcal
mol™1) or sodium clusters (3 kcal nof).
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effect of the interaction possibilities of an atom in a cluster, a
weak interaction in the dimer becomes a strong robust interaction

in a cluster of size 1814. Thus, a weak local FM-bond in the

dimer creates strongly bound no-pair clusters, with a bond

energy of 19 kcamol™! per atom, and with high magneticity.
Chemistry will have to reckon with no-pair FM-bonding as a
building block in the philosophical construct we call “chemical
bonding”.
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