J. Phys. Chem. R005,109, 7815-7821 7815

Theoretical Study of the Interaction of Molecular Oxygen with Copper Clusters
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A new method based on frontier orbital theory has been used to investigate the binding site of molecular
oxygen to neutral and anion copper clusters. It has been shown that one can make useful predictions of the
binding sites based on the knowledge of the donor local reactivity of the cluster using the condensed Fukui
function, f;. In this way, it was found that GuCus, and Cy~ have the highest reactivity toward molecular
oxygen.

Introduction of the noble-metal clusters on their chemical react#ity” has

The very unique electronic and structural properties of metal heen extensively siudied. For example, Lee and Fridond
yuniq prop that the Cy~ clusters with evem (odd valence electron) are

clusters have made them a research subject of great importanc?e(,ictive toward oxygen, while those with oddre less reactive

in different areas such as catalysis, nanomaterials, composite, . unreactive; a similar tendency was observed for gold anion

materials, etc. This has promoted active research on the structur€, o< o1 the other hand Riley and co-workeabserved
?hnedo:gta_\gglvlt%_?]Ismoe]cta!zvgl_%sters from the experimefntaind that neutral copper clusters reacted withkt that the clusters
'cal pol VIEW. . with closed shells were particularly unreactive. Whetten &t al.
The properties of small metal clusters are different from those ¢, 4 that neutral Awclusters with an odd number of electrons

of the atoms and may show both similarities and differences to (oddn) bind O, more strongly than those with an even number
their bulk counterpart. For clusters with a small number of of electrons (evem)

atoms, their physical and chemical properties may be quite The above-described research has been carried out to

Zizsigverte%}[?f a:?)dletlr?[ine grorﬁgg\r;a;:;oélﬁgteei[ow}Jgggedsir::ar;g understand the dependence of cluster reactivity with its size and
further gur knO\F/)vIegge from both theoreticalyand experimeriltal charge_ state, but very little has been d(_)ne on th? prediction of
points of view particu’lary about the evolution of the cluster the active site of clusters. One of such investigations was done
; ’ . . . -~~~ by Gordon et al? who proposed a set of simple rules, based
properties as a function of cluster size. Some information is on frontier orbital theory, to predict the binding site of propene

szﬁti\?i\t/ai?tt):zngi%gﬁ?mé?e% CTE t;‘%ﬁ%t;%?lzzg\?g; tsr;rsuﬁ;uor\?vl andto Au clusters and to estimate the strength of the bond prepene
Y : ’ Au. They© also showed that those rules apply to almost all

edge raises as many questions as answers and much is yet tﬂeutral, positive, and negative silver clusters in their interaction

beTIﬁarnled. . f . | ol . with propene. The a priori knowledge of the reactivity tendency
e electronic structure of transition-metal clusters is par- ... save a substantial amount of computational time.

ticularly complicated because their atoms include both localized The goal of the present work is (a) to study the chemical

Electrons. The clecirontc configuration of the noble metals Cu, "S3CHIY of neutral and negatively charged copper clusters
. 9 ' toward molecular oxygen, (b) to determine the sizeactivity

Ag, and Au is characterized by a closed d shell and a single s . . ;
. . 10 Na relationship, and (c) to provide a method that can be used to
valence electron (Cu:Ar(3t(4sy, Ag:Kr(4dy'Y(Ssy, Au:Xe make useful predictions related to the active site. It will be

0 X . 9
(5d)Y19(6s)). In view of this characteristic, clusters of those noble shown that the use of a recently developed variant of the

glf;?il-smgigl 2i(upsetg:§d Afl(;oexlglrbltte zfﬂ;?écssé?]{ﬁé:f?ng:alss”?g\?e condensed Fukui function allows us to predict the site of the
) »arg cluster where the molecular oxygen will be bonded.

isolated electronic bands, which reflect that the number of low-
lying electronic states is small. This behavior is different for
other transition-metal clusters, such as Ni, which has many low-
lying electronic state&! In this section, we review briefly some of the more important
The electronic structure and size of the clusters play a points of the Fukui function, which makes it relevant to the
determining role in their chemical reactivity. For this reason, investigation of the chemical reactivity in this work. For more
in the last few decades, the influence of size and charge statedetailed discussions the reader is referred to available re-

Theoretical Background
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of Hartree-Fock theory. However, they have found a deeper TABLE 1: Comparison of Bond Lengths (in A), Frequencies
theoretical framework in the context of density functional (Cm™*), and Dissociation Energies (in eV) between the

4 - ; Calculated and the Experimental Data (in parentheses) of
theory* thanks to the Parr and Yagfgdefinition of the Fukui the Ground State of Clp (neutral and anionic) Clusters

function as
structures  bond lengths frequencies Do
f(f) = ou (1) Cuw, 2.257(2.29 263.2(265.09 2.1(2.08%
Oov(T)|n Cuw™ 2.38(2.35) 196.3(210+ 15  1.7(1.64+ 0.15F

. . . . . aFrom ref 3.2 From ref 40.¢ From ref 41.
whereu is the electronic chemical potential angr) is the

external potential. The functional derivative must be taken at a
constant number of electroms It has been showhthat, in a
first approximation, the Fukui function is equal to the square
of the respective frontier orbital, the HOMO when the derivative
is taken from the leftf~, and the LUMO when the derivative

is taken from the rightf*. Moreover, in the KohaSham
scheme, one can define the KehBham Fukui function &8

basis set was augmented with s, p, and d diffuse functions. For
oxygen atoms the basis set was augmented with s and p diffuse
functions. One test of the validity of the chosen geometry of
the system is the prediction of the vertical detachment energy
(VDE). Hence we calculated for each of the anion clusters the
VDE in a single run by using the electron propagator calculation
of the outer valence Green’s function approximation (OV&Fj,
All calculations were performed using the Gaussian-98 pro-
(2 grams®® without any symmetry constraints. The condensed
N Fukui function was evaluated using a modified version of the
program Top-Mod®

=y — [ ou
=150

where y(F) is the effective KohaSham potential. The
importance of this new definition is that this derivative is exactly Results and Discussions
equal to the respective frontier orbital. Hence, in the kehn
Sham scheme A. Bare Copper Clusters. The electronic structure of
transition-metal clusters is very complicated, and a reliable study
) = |¢>°‘(T)|2 3) from the first principles is computationally rather demanding.

) . . ) Currently, the density functional theory techniques, combined
where¢ is the frontier orbital ¢ = HOMO or LUMO), isan  \ith relativistic effective core potentials, seem to be the most
exact equation, and the so defined Fukui function is a positive practicable tool to deal with these metal clusters. To calibrate

definite function which normalizes to unity:?22 Therefore, the reliability of this approach, we calculated spectroscopic
in this work, the last equation has been used to calculate theparameters of Guand its anion using the BLYP functional.
Fukui function. Table 1 shows that the calculated results are in good agreement

From a practical point of view, it is easier to work with the  yith experimental values3”-3¥The most stable structures located
condensed version of the Fukui function, and there are variousby BLYP for neutral, anion, and cation copper clusters are
forms to do it. However, the condensed Fukui function based gigplayed in Figure 1. Vibrational frequency analysis shows that
on some population analy$isntroduces two problems. Oneis 4 structures are stable on potential energy surfaces. The ground-
that the values can be negatf/é? which complicates the  giate geometry of the neutral C(n = 1—6) is planar, similar
interpretation, and the other is that the results are highly 4 the corresponding alkali and Au clusters. Also the charged
dependent on the basis $&t. _ _ small Cu clusters have planar ground-state geometries with the
. One way to avp|d the use Qf any populathn anal_ySIS method exception of the cation pentamer and the anion hexamer, which
is to do a numerical integration of the Fukui function over an e trigonal bipyramidal and square bypiramidal, respectively.
a priori defined region of the spa€a. Hence, the whole space o cy, clusters, cation, neutral, and anion, we found that the
is divided into various region§(2}, and the condensed Fukui  mqst stable structures are three-dimensional structures and the

function in region k will be geometry is independent of the cluster charge. Jahn Teller
o s distortions, which reduce the energy of the system, are
fy = fgk fi (T) dT (4) responsible for the geometric changes inGICus*, and Cy~

with respect to the neutral ones. The calculated geometric

In a previous work it has been shown that a partition of the parameters (see Figure 1), electronic state, and symmetry are
space according to the topological analysis of the Fukui function in agreement with both experimental and theoretical stuiés.
itself yields good results. It has been shown that the Fukui In general, the bond lengths of the neutral clusters are shorter
function presents basins associated to one atom and, in soméhan the corresponding bond in the cation and anion cluster.
cases, basins associated to a bond. The last characteristic is not Analysis of the variation of the binding energies with the
present in almost all other methodologies to condense the Fukuisize of the neutral clusters is presented in Table 2. The binding
function21.22Note also that, in general, the Fukui function yields energiesDo) have been calculated B® = (E(Cu,) — nE(Cu)).
only information about the intramolecular site selectivity. It does The results, in eV, are compared in Table 2 with the experi-
contain information about the intramolecular reactivity or about mental values. Experimental data of the binding energies of the
the bond forming process. For the first point, the softness shouldneutral cluster were derived from the dissociation energy data
be used and for the second one, the HOMO. Recently, anof anionic clusters from the threshold collision induced dis-
interesting extension using the concept of a reactive orbital hassociation experiments (TCID¥. The inset shows that our
been proposett. calculated binding energies are in good agreement with the

In this work, the calculations were carried out at the density experimental data. On the other hand, note atincreases
functional theory (DFT/BLYP) level. For copper, the effective rapidly with the size of the clusters.
core potential of the Los Alamos National Laboratory (LANL) The results obtained for the vertical (cation and anion have
se?together with the doublé-type basis set (LANL2DZ) were  the neutral geometry) ionization potentials (IP) and electron
used. To improve the performance of the pseudopotential the affinity (EA) as well as the adiabatic (optimal geometries for
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Figure 1. Optimized ground-state geometries of cationic, neutral, and anionic copper clusters. Indicated distances in angstroms.

TABLE 2: Binding Energy (Do) in eV of Cu,™ (n = 1-7)
Clusters in Their Calculated Ground States and
Experimental Data

Do Cu Ch Cw Cu Cu Cu Cu,
calculated 214 323 558 75 10.08 12.11
experimental 204 319 591 7.76 1032 12.98

neutral, cation, and anion) IP and EA are shown in Figure 2.
The difference between the vertical and adiabatic IP and EA is

greater in the cases were a structural change is involved. The

data shows that the evolution of the electronic properties of the
clusters follows evenodd alternations. This behavior is in
agreement with the experimental and theoretical stutids.
The ever-odd alternation in IP and EA has been explained

based on the electronic cluster structures. In the case of cluster

with an even number of atoms, all electrons are paired, giving
a closed shell electronic structure and spin pairing, with the
highest energy gap as can be seen presented in Figure 2c. |

contrast, all odd-numbered clusters have a very small band gap’

Figures 2c and 3b show the behavior of the energy gap for
the neutral and anionic clusters obtained using the frontier orbital
energies, gap- (Ey — EL) while E4 andE, are the energies of
the HOMO and the LUMO, respectively. The energy gap can
be seen as a charge transfer. Therefore, we expect the cluster
with evenn to present maximum values of energy gap, and
these systems are not able to transfer an electron to other
systems. On the other hand, we observed the same patterns as
in IP and EA vs cluster size and eveadd alternations due to
the same reason discussed above.

B. Interaction of Copper Clusters with Molecular Oxygen.

It has been proposed in the literattfréhat oxygen binding to
a copper cluster involves electron donation from the HOMO of

éhe cluster to the LUMO of oxygen molecule. For this reason,

to predict the localization of the binding site in the clusters we
have evaluated the local donor reactivity of the neutral and anion

igopper clusters using the condensed Fukui functigp,in

egions associated with the basins of the frontier orbital. These

with the HOMO occupied by a single electron. Therefore, itis '€Sults are shown in the Figures 4 and 5. The numbers in the
much more difficult to ionize the even-numbered clusters than figures are thég, values. In each cluster, the regions of higher
the odd ones but much easier to attach an electron to the oddvalues off; are assigned as active regions for the reaction with

clusters than the even ones.
Similar tendency is observed for the VDE for Cun = 1,

oxygen, and the region of lower values of theare assigned
as inactive regions. For example, for the neutral,Gtioms 1

2, 3,4, 5, and 7) clusters, presented in Figure 3a which are inand 4 infg represented in Figure 4 are active regions and 2

good agreement with experimental valdes.

and 3 are inactive regions.



7818 J. Phys. Chem. A, Vol. 109, No. 34, 2005 Florez et al.

—3.0 a5
L a —&— Yertical
W —B— Adiabatic a |
m &0 —+— Experimental
g >
.E W 15 -
o 7.0 H
E »= 17 —&— [calculated)
N 6.0 —4— [experimental)
'E 0.5 -
2
5.0 L1} t + t + t + t
3.0 2
—&— YWertical
i~ iabati -
'y 2.5 1 —B— Adiabatic t
: —#— Experimental = 1.5 A
220 Q
= E
= 3
el
= 1.5 . -
& 1.0 E
g :
8o : 0.5 -
w ]
@
0.0 + + + + + + t
a5 o 1 2 3 4 5 & T 8
— c Cluster Size, n
Zag Figure 3. (a) Calculated vertical detachment energies (VDE) of Cu
- ) clusters and (b) gap (HOMELUMO).
E 15 TABLE 3: Calculated Energies for Interaction of O, with
-.I - Cup (n = 1-7) Clusters
E 10 structures  Ey(02) (eV) Ro-o(A) w(cm®)  ground state
& = | 2 0.57 1.439 905.0 3A,
E, 3a 2.39 1.435 913.0 A,
& 05 3b 1.72 1.383 1028.0 27"
E - 3c 1.93 1.428 971.4 A,
4da 1.0 1.362 1073.2 SA"
0.0 N ] N N 4b 0.46 1.337 1131.0 37
5b 1.23 1.365 1069.7 2A
Cluster Size. n 6 0.47 1.335 1111.3 A,
Figure 2. (a) Calculated ionization potential (IP) of Calusters, (b) 7 1.38 1.381 1024.0 A

electron affinity (EA), and (c) gap (HOMOLUMO).
value. The only possible exception is the interaction pfv@h

To evaluate the accuracy of the method, we used a largeCw ™, because in this case there is a drastic change in the
number of initial positions of the oxygen molecule and geometry of the cluster which goes from a rhombus planar
determined their minima. We report here those corresponding geometry to a tetrahedron.
to the lowest energy. We calculated the binding energies of the Tables 3 and 4 show the following trend: Clusters with an
oxygen molecule to Guand Cy~ and the length of the ©0 odd number of electrons adsorly @ore strongly than those
bond and determined the spin state having the lowest energy.with an even number of electrons. The-O bond is longer
The results for neutral copper clusters are shown in Table 3 when the molecule is bound to a cluster having an odd number
and Figure 6, and the results for the anion copper cluster areof electrons than when it is bound to a cluster with an even
shown in Table 4 and Figure 7. The binding energies of number of electrons. For neutral clusters, the binding energy to
molecular oxygen to the copper clusters were determined from oxygen, Ey(O,), is predicted to exhibit strong oedven
Ep = E(Cw,) + E(O,) — E(Cu,0y), the oxygen molecule inthe  oscillations, with the value dE,(O,) being 1.6-1.8 eV higher
triplet state. The binding energies of the oxygen molecules to for odd-numbered clusters. The stronger binding in the odd-
the negatively charged copper clusters were determined in thenumbered cluster is accompanied by activation of th€ddbond
same way. length to about 1.4 A; also the-@D bond elongation leads to

It is encouraging to see that the condensed Fukui function is a drastic lowering of the ©0 frequency, involving charge
able to predict the site where the oxygen molecule prefers to transfer to the emptys2 orbitals. For anion clusters, we found
bind. The most favorable oxygen cluster interaction always that the aforementioned evendd relationship of the ©
occurs at the site where the Fukui function present the highestadsorption is much less pronounced than that for the neutral
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Figure 4. Donor Fukui functionf,; of the neutral clusters.

Figure 5. Donor Fukui functionfg; of the anion clusters.

copper cluster (see Figure 8.). Not only even-numbered but alsorequires interaction of an Or* orbital with the HOMO of the
odd-numbered Cu anions exhibit significantly high reactivities cluster. In the case of oduclusters, the HOMO has an unpaired
toward Q adsorption.Our results show a very good agreement electron. Pairing this electron with the unpaired electron in an
with the experimental datBFor example, oxygen does not bind O, z* orbital in the bonding combination of the two orbitals

to the cluster Cgr, because it has a high band gap value (Figure results in an attractive interaction. For evanclusters, the
3c), which is similar to the behavior found for the Awxygen HOMO is doubly occupied, and the interaction with @" is
interaction?® The even/odd tendency for the reaction of the much less attractive because the additional electron must be
neutral copper cluster with molecular oxygen may be understood placed in the antibonding orbital of the complex. As a result,
in terms of the frontier orbitals of the clusters and molecular the even clusters either are completely unreactive or else require
oxygen. The degenerata2antibonding orbitals of oxygen each  a costly electron promotion in the cluster before reaction can
have an unpaired electron. Oxidative addition to the cluster occur. It is known that the reactions of neutral copper clusters
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Figure 6. Optimized structures of G@,, (n = 1—7). The bond lengths g
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.
TABLE 4: Calculated Energies for Interaction of O, with =
Cu,~ (n = 1-7) Clusters 2 1.
structures E»(O2) (eV) Ro-o(A) o (cm?)  ground state 11]
2 1.6 1.594 635.2 A 0.5
3 —2.23 1.398 986.1 SA”
4a 1.88 1.556 679.2 °A o
4b 1.82 1.443 930.9 A ; ) ; ) ’ ) :
4c 1.29 1.536 790.8 A, ¢ 1 2 3 4 5 6 T &
5a 2.40 1.584 657.1 1A” Cluster Size, n
5b 1.70 1.398 994.03 A . —
6 1.78 1.369 991.4 27" Figure 8. Binding energy of an oxygen molecule to copper clusters
7 1.34 1.393 993.9 3A neutral and anions.

with odd n occur by dissociative chemisorption promoted by interaction is attractive for oda clusters with an unpaired
electron transfer from the metal cluster to the A& orbital, electron in the HOMO but is unfavorable for evemumbered
which weakens the ©0 bond. The electron transfer is ~Clusters.
promoted by low cluster ionization potentials for neutral clusters. It has been shown that the recently proposed condensation
It can be concluded from binding energies presented in Tablesof the Fukui function is able to predict the site where the oxygen
3 and 4 that in the case of several different stable binding molecule prefers to bind. The most favorable oxygen cluster
configurations for @ on Cuy, and Cy~ the condensed Fukui interaction always occurs at the site where the Fukui function
function, f-, suggests the better binding site. presents the highest value.
In general, the oxygen adsorption changes substantially the
structure of the cluster. This geometry change may be under- Acknowledgment. The authors acknowledge the financial
stood qualitatively as evidence that the @olecule acts as a  support received from the University of Antioquia under the
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dramatic even/odd alternations in reactivity were observed.
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