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We present a study on the structural and electronic properties of {feduBter by using density functional

theory within the generalized gradient approximation for the exchange and correlation. The structures, relative
stabilities, and vibrational frequencies of various isomers are calculated and compared with the well-studied

Auy cluster. The ground state of the;Rtuster favors a three-dimensional geomettwo-dimensional local
minima are not locatedwhereas for its neighbor, gold heptamer, a two-dimensional geometry is favored.

The most stable isomer of Ais found to be an edge-capped rhombus structure and an edge-capped tetrahedron

structure is found to be the most stable three-dimensional local minimum. The ground state etcthstét

is found to be a coupled tetragonal pyramid structure with the quintet state in contrast to a pentagonal bipyramid
structure obtained by semiempirical molecular dynamics calculation. The natural orbital analysis shows that

the overall charge transfer is from 6s to 5d orbitals in thecRister, whereas in Auwcluster it is from 5d to

6s. The molecular orbital picture shows that the bonding orbitals are due to the hybridization between 5d and

6s molecular orbitals in Pftcluster, and the nonbonding and antibonding orbitals lie close to the highest
occupied molecular orbital. This may be compared with the éactronic structure, where the nonbonding
and antibonding orbitals mainly consists of 5d6s hybridized molecular orbitals.

I. Introduction strong hybridization of the atomic 5d and 6s orbitals, whereas

. . . . small copper and silver clusters prefer a three-dimensional (3D
The intense studies on noble metal clusters and nanopatrticles bp P (3D)

. ; . - o structure?> As gold’s neighbor, platinum also has a strong
are motivated by their potential applications as building blocks o .

. i . ; relativistic effect, for example, for bond length contractiéhs.
for functional nanostructured materials, electronic devices, and

) . : : .’
nanocatalyst$The structure and bonding characteristics of small The. different (flectronlc.conflggratmn of gold (36s)) and

o . . platinum (5d6s") would differentiate the small cluster structure
metal clusters are quite interesting, as they also provide a

tractable platform to comprehend the reactivity of small of these two elements. Higher spin polarization than triplet is

molecules on the metal surface and chemisorption. certainly _possmle _for _the 9T°”r_‘d state of platinum clus?ers_.
. . Systematic theoretical investigations with DFT have been carried
Many experimental and theoretical works so far have been

i P([n — 1—419 2
focused on small gold clustets® and much less is known about out on small p""}g'“”m clusters L4 and 2°5 9. In
. . . the former work!® P, was found to have a triplet ground state
the geometrical structures and energetics of small platinum

clusters. Experimental studies on small pure Pt clusters areW't.h Ca tetrahedron_ geometry. !n the latter wéfonly _IOW'
pin polarizations (singlet and triplet) have been considered for

scarce. To the best of our knowledge, there are only some studie% B . -
) oS .~ Pt, and the authors noted this limitation. Semiempirical MD
on Pt by resonant two-photon ionization spectroscopy, vibra imulations were performed on Rilusters withn = 2—21 15

tional spectroscopy, and dispersed fluorescence spectroscopyS . X - .
negative ion photodetachment spectroscopic studies cemBt and four isomers were located for;Riith pentagonal bipyramid

Pt;; and collision-induced dissociation (CID) studies on Pt (PBP) as the gl(_)bal minimum. However, spin polari_zation was
(n g 2—5)9-14On the theoretical side, there are two molecular not considered in those calculations. Non-self-consistent Harris

dynamics (MD) simulations using different models and model functional .based calcglations were pewrfor.med for pIatjnum
potentialst>16 and there are also a few ab initio or density clusters with cluster size up to six atoffisvithout any spin
functional theory (DFT) studies onRn = 2—6, 13, 55)L7-23 polarization. No detailed theoretical studies have been carried

Au was described as the “gold maximum® of relativistic out for platinum clusters with a size larger than six atoms.

effects?? The preference for a two-dimensional (2D) structure ~ In this work, we present the DFT studies of structural and

of small gold clusters was ascribed to relativistic effects causing electronic properties of the Ptluster to locate its possible
minima and its ground state. Comparisons with the well-studied

* Corresponding author. Phone: 86-10-62558682. Fax: 86-10-62559373. AUz heptamer cluster are also made wherever possible. In recent

E-Ta”:' gemaofa@iccas.ac.cn. years, there have been several DFT studies on the structure of
. gE:xg;se'%é’;fermihofggg‘nbc'g-s neutral Ay cluster. In one paper of Zhao et &lthree isomers
s Kansai Advanced Research Center. PBP, capped “octahedron” (COh), and hexagon (HEXgre
I'University of Texas at Austin. studied, and the PBP was found to be the most stable. Both
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DFT Study of the RtCluster

TABLE 1: Comparison of the Calculated (with Gaussian
Basis) and Experimentaf Bond Lengths, Vibrational
Frequencies, and Bond Energy of Btand Au,
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TABLE 2: Relative Stability of Neutral Gold Heptamer
Isomers Predicted by Using BPW with LANL2DZ
Relativistic Pseudopotentials with Gaussian Basis Set and by

Using Semirelativistic Ultrasoft Pseudopotentials with

bond length vibrational frequency  bond energy i ;
A) (cm™) (in eV) Plane-Wave Expansion
plane- plane-
calcd expt calcd expt calcd  expt wave wave
Au, 2551 2473 167.1 190.9 2.04 2.31 AE AE AE AE
Pt 2.386 2.333 222.9 2225 3.29 3.14 isomers Gaussidn (eV) (eV) isomers Gaussian(eV) (eV)
aFor Pp, see refs 9-11: for A, see refs 57. ECR MM 0000 0.000 COh TS  0.652 0529
ECS TS 0.090 0.114 ECP TS 0.690 0.600
Hakkinen et af2and Zhao et ai® also proposed a planar HEX ECT MIM  0.267 0.351 W MIM  0.705 0.632
structure. In the latest joint experimental and theoretical studies HEX ~ MIM ~0.360 0.230 ~ CP SP 0.740 0.585
of Hakkinen et al8 four isomers, edge-capped rhombus (ECR), PEP '\,\/'A'I'\,\/'A %“;82% %?1% cTP SP 0.833 0.710

edge-capped “square” (ECS), edge-capped pyramid (ECP), and
W-like structure (W), were considered, and the ECR was found
to be the most stable isomer. We studied all of these structures_I_ABLE 3 Relative Stability of Isomers of Neutral Platinum
and con5|dered other p_ossble isomers. Vibrational frequen.cy Heptameir Predicted by Using BPW with LANL2DZ
calculations of all the optimized structures have also been carriedre|aivistic Pseudopotentials with Gaussian Basis Set and by

out to verify the nature of these stationary points (local minimum Using Semirelativistic Ultrasoft Pseudopotentials with
with no negative eigenvalue, transition state with one and only Plane-Wave Expansion

aMIN, minimum; TS, transition state; SP, higher order saddle point.

one negative eigenvalue, and high-order saddle point with more ) AE plane-wave
than one negative eigenvalue for Hessian). isomers Gaussiah (eV) AE (eV)
. CTP quintet MIM 0.000 0.000
Il. Computational Method septet MIM 0.007 0.053
DFT methods as implemented in Gaussiad®9&ve been ngrlztt 'KI/III'\,(I,I %13%%1 %130131
used for the calculations of structures and harmonic frequencies singlet MIM 0.403 0.205
of neutral gold and platinum clusters. We used the generalized ECTB triplet MIM 0.162 0.213
gradient approximation (GGA) of BeckKeand Perde#/-28 for quintet TS 0.314
exchange and correlation functional (BPW) and employed the singlet MIM 0.536 0.267
relativistic 19-electron Los Alamos National Laboratory FCTB tq.”'met MIM 0.300 0.399
. . . . riplet MIM 0.308 0.408
(LANL2DZ) effective core pseudopotentidfswith the basis singlet MIM 0.518 0.461
sets (3s3p2d). The relativistic effect was found to be important  EcT triplet TS 0.322
to the modeling of gold cluste8,and the relativistic effect is quintet SP 0.417
also very strong in P¥ This method was applied to the COh quintet MIM 0.356 0.391
theoretical studies of small platinum and gold hydrides and septet TS 0.379
- 233031 . - triplet MIM 0.390 0.488
oxides?3:30:31 For comparison, the calculations were also TCcT triplet MIM 0.543 0.074
performed for the optimizations of these clusters with a plane- singlet TS 0.882 0.864
wave expansion methétemploying scalar relativistic ultrasoft PBP quintet TS 0.756 0.749
pseudopotentiatd and the spin-polarized version of the general- septet TS 0.781 0.427
ized gradient approximation (GGA) for exchange and correla- ".'p'el’t SP 0'%16 0'9‘(157
tion.3* Natural bond orbital (NBG} analysis was carried out ECR ?'rinpgfeett gg i'oii 0.866
on the most stable isomers of;Rind Au. quintet sp 1.262
W triplet SP 2.044
Ill. Results and Discussions quintet SP 2.333
o . ) singlet SP 2.486
A. Pty and Au,. We begin with a discussion of neutral,Pt ECP triplet ) 2132
and Auw clusters. Table 1 shows the comparisons of the quintet SP 2.172
calculated (with the Gaussian basis) and experimental bond singlet SP 3.408
lengths, vibrational frequencies, and bond energy of Ptand Au ~ ECS triplet TS 2.288
dimers. We observe that the calculated results are in good giunmlt:tt ?g 22'86255
agreement with experiment. The present method is better than ey singlet sp 2516

the performance of PW91 exchange correlation with a double-
g-plus-polarization set in platinum cluster modefiign the
vibrational frequency and bond energy predicitons. The good
agreement with experiment validates BPW GGA with LANL2DZ ~ B. Auz. There are 11 structures for Adocated with the

in gold and platinum clusters modeling. The ground state of LANL2DZ pseudopotential Gaussian calculations. The elec-
Pt is triplet, and the gap between the highest occupied moleculartronic configuration of Au is (core)38s!. The closed shell
orbital (3 spin) and the lowest unoccupied molecular orbital structure in the 5d shell makes it difficult for the Au cluster to
(B spin) (HOMO-LUMO) is 0.3 eV. The triplet-singlet split have a stable electronic state with high spin polariz&ficFhe

of Pt is 1.46 eV. The electronic configuration of Pt in ground- ground state for Auis doublet planar ECR, and the relative
state Piis (core)589%s-9%6p-01 with two unpaired electrons  energies of Awisomers to the ground state are listed in Table
in dy, and g orbitals ¢is the bond axis), respectively, according 2. The ECR is 0.90 eV (725 cm) more stable than the second

to the NBO analysis. The ground state of gold dimer is singlet most stable stationary point ECS. ECS is a transition state
and the electronic configuration of Au in Aus (core)- according to DFT frequency calculations. In the anionic state,
650509602 The singlet-triplet split of the Ay is 2.02 eV. we found that ECS is the ground state and ECR is the second

aMIN, minimum; TS, transition state; SP, higher order saddle point.
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Figure 1. Structures of neutral gold heptamer clusters.

most stable structure in our calculation; this is in agreement cmt above the quintet CTP PfThis energy difference is below
with the previous theoretical resdit Totally, six minima were the Pt heptamer vibrational temperatéf&he quintet CTP Pt
located for Ay, as shown in Figure 1. Among the six minima, could easily be excited to the septet CTR BHue to the
edge-capped tetrahedron (ECT), tri-capped tetrahedron (TCT),relativistic effect and spirorbital coupling®® Triplet is the
and PBP are 3D structures and ECR, ECS, and W are planarsecond excited state, and itis 0.102 eV above the quintet. Within
Our plane-wave calculations confirm the relative stability of the accuracy of the DFT prediction, the quintet and septet CTP
Auy isomers predicted by the LANL2DZ pseudopotential. From Pt; are energetically degenerate. The three electronic states
the relative energies of the Ausomers, one notes that Au  (quintet, septet, and triplet) of CTP are also the lowest electronic
prefers a planar structure for its ground state. Anionic; Au states among all the conformations of Btudied. Among all
cluster, Ay~, also prefers a planar ground stéte. the structures studied, quintet CTP is the global minimum for
C. Pt;. We searched the ground state of Rom singlet Pt;. The singlet of CTP is the highest electronic state among
(S=0) to nonet = 4). The ground state of Pis found to be the five states studied for CTP /Pand nonet is the second
a quintet state with four unpaired electrons with coupled highest one. The structures of the CTR Rt all the five
tetragonal pyramid (CTP) geometry predicted by both the electronic state are minima.
effective LANL2DZ relativistic core pseudopotentials and the  Three stationary points with edge-capped trigonal bipyramid
semirelativistic ultrasoft pseudopotentials. All the relative ener- (ECTB) shape were located, one in triplet, one in quintet, and
gies of the isomers to the ground state of TP, quintet) are the other one in singlet. The energy of the triplet ECTB is only
listed in Table 3 and the isomer geometries are shown in Figure higher than the energy of the CTP quintet, septet, and triplet.
2. We start our discussion on the structures from the BPW with Within the face-capped trigonal bipyramid (FCTB) shape, only
LANL2DZ relativistic core pseudopotentials calculations. The quintet, triplet, and singlet states are minima. The septet state
CTP structure of Rtis similar to a complex of Dewar benzene of FCTB converged to distorted CTP (minimum) structure, and
with an oxygen atom lying aboi&.The platinum atom (G in its energy is 0.172 eV (0.150 eV in plane-wave calculations)
Figure 2) above the Dewar benzene shapednPETP Pt has higher than that of the ground-state,.FRt; has no minimum
shorter bond distances to the four boat-end platinum atoms (A, for the ECT structure. The triplet and quintet of COh structures
B, D, and F) than the bond distances to the two bottom platinum are also minima. For the TCT structure, the triplet Bta
atoms (C and E). Among the five electronic states of CTP Pt minimum. Septet TCT converges to a distorted CTP (minimum)
considered, the septet is the first excited state and it is only 57 structure. Quintet TCT also converges to a distorted CTP
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Figure 2. Structures of neutral platinum heptamer clusters

minimum, being 0.224 eV (0.040 eV in plane-wave calculations) that has incomplete d shell electrons, are particularly useful in
higher than the ground state. There is no minimum located for catalysis. The reactivity of the metal clusters, which stems from
PBP, ECR, W, ECP, ECS, and HEX. All the stationary points the electronic structure of the metal clusters, depends on the
located with these geometries (PBP, ECR, W, ECP, ECS, andnumber of atoms and the arrangement of the atoms in the
HEX) are found to have much higher energies than the CTP clusters. For metal clusters, there exists a size-induced metal
ground state. The singlet state of ECT, COh, and ECR isomersinsulator transition (SIMITY? The energy level spacing of metal
do not converge in our DFT calculations. The energies of quintet clusters gets discrete as the cluster size gets small, thus resulting
and septet CTP are so close that these two electronic states aren a large band gap (HOMOGLUMO gap for small clusters).
nearly degenerate. No planar minimum has been located forThe electronic configuration gives the detailed electronic
Pt;. The FCTB and ECTB structures of/Pdo not present  structure for a system and sheds light on the reactivity of the
themselves in Auclusters. system. The DOS of a cluster gives an overall picture for the
For Pt clusters, only the local minima and PBP structures cluster electronic structure. It provides the detailed structure for
were considered for the plane-wave calculations. Essentially, the subshell electrons in a cluster (analogue of a band structure
plane-wave calculations give similar order of relative stability for the corresponding bulk system). The band structures close
for Pt clusters as that predicted by the LANL2DZ pseudo- to the HOMO and LUMO (the Fermi energy level for the bulk
potential calculations. A notable exception is that plane-wave systems) have particular influence on the chemical reactivity
calculations predicted triplet TCT, the third most stable structure, of metal cluster.
while the third most stable structure in LANL2DZ pseudo- 1. Auy. Only the ground state of AWECR) was analyzed
potential calculations is the triplet CTP, and it is the fourth most for its electronic structure. The discreteness of the DOS is
stable in plane-wave calculations. This may be due to the evident from Figure 3. The intense peaks of DOS of the ECR
semirelativistic ultrasoft pseudopotentf&lsised in our plane-  Auy distribute from—9.0 to —6.0 eV; essentially three bands
wave based calculations for the structural optimizations, and lie close to one another within this energy range. The bonding
such a small energy difference is beyond the predicting of the ECR Ay is clearly reflected from its occupied molecular
capability of present DFT method%32s0 no conclusive remark  orbitals (as shown in Figure 3). Tlebonds formed by the 5d
about the relative stability predicted by present DFT methods atomic orbitals contribute to the bonding in the ECR;ATihe
for these isomers could be reached. molecular obtials close to the HOMO are non- or antibonding
D. Electronic Configurations, NBO Analysis, and Density orbitals and they are mainly 5d6s hybridized. Due to the
of States (DOS)Metal clusters, especially of a transition metal electronic configuration of the Au atom (88s'), the bonding
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TABLE 4: Electronic Configurations of the Lowest Stationary Point of the Pt; Cluster and the Ground State of Au?

atom ECR Ay doublet CTP Ptquintet CTP Ptseptet
A 5d(9.89)6s(1.14)6p(0.01) 5d(9.08)6s(0.94)6p(0.03)6d(0.01) 5d(9.11)6s(0.97)6p(0.02)6d(0.01)
B 5d(9.87)6s(0.98)6p(0.05)6d(0.01)7p(0.01)  5d(9.08)6s(0.94)6p(0.03)6d(0.01) 5d(9.09)6s(0.93)6p(0.03)6d(0.01)
C 5d(9.86)6s(0.98)6p(0.07)6d(0.01) 5d(9.06)6s(0.84)6p(0.04)7p(0.01) 5d(9.04)6s(0.89)6p(0.03)7p(0.01)
D 5d(9.89)6s(1.18)6p(0.01) 5d(9.08)6s(0.94)6p(0.03)6d(0.01) 5d(9.11)6s(0.97)6p(0.02)6d(0.01)
E 5d(9.88)65(1.05)6p(0.03) 5d(9.06)6s(0.84)6p(0.04)7p(0.01) 5d(8.96)6s(0.86)6p(0.05)7p(0.01)
F 5d(9.91)6s(1.05)6p(0.03)6d(0.01)7p(0.01)  5d(9.08)6s(0.95)6p(0.03)6d(0.01) 5d(9.09)6s(0.93)6p(0.03)6d(0.01)
G 5d(9.91)6s(1.15)6p(0.01) 5d(9.14)6s(0.69)6p(0.06)6d(0.01)7p(0.01)  5d(9.07)6s(0.71)6p(0.07)6d(0.01)7p(0.01)
atom CTP Rttriplet ECTB Pt triplet FCTB Pt quintet
A 5d(9.08)6s(0.95)6p(0.02)6d(0.01) 5d(9.10)6s(0.62)6p(0.04)6d(0.01) 5d(9.17)6s(0.70)6p(0.05)6d(0.01)7p(0.01)
B 5d(9.06)6s(0.96)6p(0.03)6d(0.01) 5d(9.01)6s(1.06)6p(0.03)6d(0.01) 5d(9.18)6s(0.75)6p(0.03)6d(0.01)
C 5d(9.06)6s(0.81)6p(0.04)7p(0.01) 5d(8.98)6s(1.15)6p(0.01)6d(0.01) 5d(9.16)6s(0.74)6p(0.05)6d(0.01)7p(0.01)
D 5d(9.09)6s(0.92)6p(0.03)6d(0.01) 5d(8.98)6s(1.15)6p(0.01)6d(0.01) 5d(9.19)6s(0.72)6p(0.05)6d(0.01)7p(0.01)
E 5d(9.09)6s(0.82)6p(0.03)7p(0.01) 5d(8.97)6s(0.94)6p(0.05)6d(0.01)7p(0.01)  5d(9.19)6s(0.75)6p(0.03)6d(0.01)
F 5d(9.06)6s(0.99)6p(0.03)6d(0.01) 5d(9.03)6s(0.85)6p(0.04)6d(0.01)7p(0.01)  5d(9.13)6s(0.95)6p(0.03)6d(0.01)
G 5d(9.13)6s(0.69)6p(0.06)6d(0.01)7p(0.01)  5d(9.03)6s(0.85)6p(0.04)6d(0.01)7p(0.01)  5d(9.14)6s(0.92)6p(0.03)6d(0.01)

a@The core electrons are not shown. The labels of atoms in each structure are shown in Figures 1 and 2.

and F in the quintet CTP Rtatoms C and E have the highest
net spin density and negative charges. These two atoms also

1

- . have the longest distances to G, the afféx.
§ 0.6 The second most stable structure, the septet CTPhRs
% 0.4 _ slightly different electronic structure from that of the quintet
2 CTP Pt (Figure 4b). The intra-atomic charge transfer (from 6s
§ e to 5d, 6p, 6d, and 7p) is less in the septet than in the quintet
£ 0 CTP Pt according to the natural electronic configuration
= ik | analysis. The interatomic charge transfer is stronger in the septet
% : CTP Pt, as manifested by the natural electronic configurations
B 04 7 of atoms and the natural partial charge analysis. The apex (atom
§ 06 i G) has the largest deviation for its electronic configuration from
that in P, which is the same case for the quintet CTR. Rt
0.8 i the quintet CTP Pt both atoms C and E have large charge
i By : s " " i transfer to A, B, D, and F. In the septet CTP,Rttom E has
-10 -8 5 -4 -2 0 2 4 ] much stronger charge transfer to A, B, D, and F than that from

Figure 3. Theo andg spin density of states of the doublet ECR/Au the atom C.to A, B, D, and F; this is revealed by ur?balanced
The net spin charges and the natural atomic orbital partial charges (in natural partial charges on Fhe.se two atoms (E, 0'_122,’ C_’ 0'(,)38)'
parentheses) are also shown. The unbalanced charge distribution (and net spin distribution)
is also reflected between atoms A and B, and D and F, thus
contribution from 5d in Ay is limited. This limited bonding ~ esulting in a distorted geometry of the septet CTP*®targe
contribution from 5d in Auis also manifested by the electronic ~charge transfer occurs from atoms E and G to atoms A and D
configuration of the ECR Aw(as listed in Table 4), in which  in the septet CTP Rtin the septet CTP Rtatom E has the
partial intra- and interatomic charges transfer occur from 5d to largest net spin density and atom G has the smallest one.
6s. The 5d subshells are almost fully occupied. The different  The electronic configurations for all the five lowest stationary
spin densities and the natural partial charges of Au atoms in points of Pt cluster are displayed in Table 4. The triplet CTP
the ECR Ay (in Figure 3) indicate their different chemical Pt has very similar electronic configurations to that of the
reactivity. quintet CTP PRt (Figure 4c). It also has similar geometry to
2. Pt Referring to atomic labels in Figure 2 for the;Pt that of the quintet CTP Rt It is interesting, however, that
ground-state structure, quintet CTR,Rhe electronic config-  the triplet CTP Pthas different pattern of charge and net spin
uration shows that the apex (labeled G) has large intra-atomic distribution from that of the quintet CTP-PThe atom pairs in
charge transfer from 6s to 5d and 6p (even to 6d and 7s). Thethe triplet CTP Pt(A and B, C and E, D and F) have uneven
middle Pt pair atoms (C and E) in quintet CTP Rave intra- charge and net spin density on the two atoms of each atom pair.
atomic charge transfer from 6s to 5d, 6p, and 7p. All the three Atoms A and G in the triplet CTP Phave even nef spin
atoms have interatomic charge transfer to the other four Pt atomsdensity. The NBO analysis clearly indicates the excited-state
(A, B, D, and F). The charge transfer could also be seen from nature of the triplet CTP Rt
the natural partial charge analysis, as shown in Figure 4a. Atoms The triplet ECTB Pt is the forth most stable conformation.
C, E, and G have positive charges, while A, B, D, and F have It is 0.06 eV above the triplet CTP PfThe geometry of the
negative charges. The intra-atomic charges transfer from 6s totriplet ECTB Pt hasCs symmetry. Large interatomic [from A,
5d and 6p take place on all seven atoms in the quintet CTP Pt F and G (6s) to B, C, and D (5d)] and intra-atomic (A, from 6s
The Pt dimer (B) has opposite intra-atomic charge transfer to 5d) charge transfer occurs in the triplet ECTB fRigure
(from 5d to 6s). The four unpaired electrons mainly distribute 5a). Interatomic charge transfer occurs between the three apexes
on atoms A, B, C, D, E, and F, the atom G has very little net of the triangle (BCD) and the remaining four Pt atoms, and
spin density. According to the electronic configuration and these charge transfers are from the latter four atoms to BCD.
natural partial charge analysis, the quintet CTPHis nearly The interatomic charge transfer is manifested by the natural
symmetric Cp,) structure. Among the atoms A, B, C, D, E, partial charge analysis. Even larger intra- and interatomic charge



DFT Study of the RtCluster J. Phys. Chem. A, Vol. 108, No. 17, 2003811

a 04 a os
s D = oal
2 P
E 0.2 E i
= s
E 01 E
£ g 0
z O 2
2 % 0.2
,g;, 04 =
L] (o]
Q ] 0.4
S 02
0.6
0.3
-10 -
0.4
b 06 b
05 = OBF
2 o4 g o2
2 B
0.3 5 .
E T 0.1
g o2 R L RS
: s :
< it “% 0.1
o 0.3
o o2
O 04 L 1 1 1 L 1 L
0.3 110 -8 B -4 2 0 2 4 6
el
Figure 5. (a) Thea andp spin density of states of the triplet ECTB
Pt; cluster. The net spin charges and the natural atomic orbital partial
c charges (in parentheses) are also shown. (b)arbadg spin density
of states of the quintet FCTB Rtluster. The net spin charges and the
natural atomic orbital partial charges (in parentheses) are also shown.
=
2 Figures 4 and 5 depict the spin and the? spin DOS of the
2 first five most stable conformations of £2Molecular orbitals
= ol . / ) corresponding to the intense peaks of ¢hgpin are also drawn
E s {\ L g I in these figures. Th@ spin molecular orbitals are similar to
L J.u'h Uu J__g J\ Iy ‘%uwuo UJ f U’\ J\ i 1 the o spin molecular orbitals. For the CTP quintet, e overall
O B L'v’;m‘)\w},,.._ﬁrﬂ%@ .......... i L\M_ shape of thex spin DOS is similar to that g8 spin DOS, except
£ TR - TETOW g B that thea spin DOS shifts to a low-energy region. According
& O1p -~ i Ty ; ‘"',u":i FEE S . to the molecular orbital analysis, the HOMO and the orbital
8 o2l b U™ “pumo [y _ immediately below the HOMO (from-4.0 to—6.0 eV) mainly
= i @ | A i consist of 5d and 6s atomic orbitals. The occupied orbitals below
i il b ' —6.0 eV consist of contributions from 5d atomic orbitals. The

0.4 ' L ' ! ' ! ' HOMO and the molecular orbitals closely below the HOMO
WO B8 B B & 9 8 (from —4.0 to—7.0 eV) mainly are antibonding or nonbonding
Figure 4. (a) Thea andf spin density of states of quintet CTP,Pt  orbitals. The molecular orbitals below7.0 eV are bonding
cluster. The net spin charges and the natural atomic orbital partial grpjtals. Theo spin molecular orbitals have the HOMO and
charges (in parentheses) are also shown. (b)ar'aad/ spin density the LUMO with a small HOMG-LUMO gap (0.21 eV). From

of states of septet CTP Rtluster. The net spin charges and the natural . .
atomic orbital partial charges (in parentheses) are also shown. (c) The 4.0 eV to the Fermi energy level, the DOS of the CTP quintet

a and spin density of states of triplet CTP Riluster. The net spin Pt are sparse and discrete. Within this energy rangeQq eV
charges and the natural atomic orbital partial charges (in parentheses)o the Fermi energy level), the molecular orbitals are mainly

are also shown. contributed from 6s and 6p (and a small amount of 5d) atomic
orbitals. The higher energy virtual molecular orbitals consist

transfer (compared to those in the triplet ECTB)RIccurs in of contribution from 6s and 6p atomic orbitals, thus resulting

the FCTB quintet Bt as revealed by its electronic configuration. in sp hybridization for the molecular orbitals with energy from

The natural partial charges of the FCTB quintetd®e displayed the Fermi energy to 2.0 eV [the partial density of state (PDOS)

in Figure 5b and the partial charges manifest large intra- and for the investigated systems are provided in the Supporting

interatomic charge transfer. The net spin charge distributions Information]. We also did PDOS analysis with plane-wave

on the ECFTB triplet Btand the FCTB quintet Pare relatively calculations and got similar results (figures not shown).

even. Overall, the charge transfer is from 6s to 5d, 6p, and 7p The geometric change from the quintet CTR tBtthe septet

in all the Pt conformations investigated above. CTP Pt renders the change of DOS and electronic structure in
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the septet CTP Rtthough the energy of the septet CTR Bt
very close to that of the quintet CTP;PThe change is reflected

in the DOS shape and the molecular orbital shape, as depicte
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in the septet CTP PDOS (about 0.3 eV). The septet CTR Pt
has ano. spin HOMO and g spin LUMO with a HOMO-
LUMO gap of 0.12 eV; this HOMGLUMO gap is smaller
than that of quintet CTP RtThe molecular orbitals of the septet

CTP Pt have similar components as those of the quintet CTP

Pt; i.e., 5d (and 6s) atomic orbitals contribute to the bonding
orbitals and nonbonding occupied orbitals abexi®.0 eV, and
the virtual orbitals have contributions from 6s and 6p atomic
orbitals.

The triplet CTP Pt has similar DOS shape and molecular
orbital shape as those of the quintet CTR. Athe (3 spin)
HOMO—(a spin) LUMO gap (0.07 eV) of triplet CTP Pis
smaller than that of both the quintet and the septet CTP Pt

The DOS shape of the triplet ECTB-/R$ different from that
of the CTP P4, while the DOS shape of the quintet FCTB, Pt
is similar to that of the CTP PtThis shape difference of the
DOS of the triplet ECTB Btfrom the other DOSs is reflected

by its geometry, and the geometry difference renders a different

electronic structure. Except for the atom A in the triplet ECTB
Pt;, the other six Pt atoms are nearly in one plane.

IV. Conclusions

In conclusion, we have studied the structural, energetic, an

(3) (a) H&kinen, H.; Landman, UPhys. Re. B 200Q 62, R2287. (b)
Hakkinen, H.; Moseler, M.; Landman, ®Phys. Re. Lett.2002 89, 033401.

(4) (a)Wang, J.; Wang, G.; Zhao, Bhys. Re. B 2002 66, 035418.
(b) Zhao, J.; Yang, J.; Hou, J. ®hys. Re. B 2003 67, 085404.

(5) Simard, B.; Hackett, P. Al. Mol. Spectrosc199Q 142 310.

(6) Morse, M. D.Chem. Re. 1986 86, 1049.

(7) James, A. M.; Kowalczyk, P.; Simard, B.; Pinegar, J. C.; Morse,
M. D. J. Mol. Spectroscl1994 168 248.

(8) Ha&kkinen, H.; Yoon, B.; Landman, U.; Li, X.; Zhai, H. J.; Wang,
L. S.J. Phys. Chem. R003 107, 6168.

(9) Airola, M. B.; Morse, M. D.J. Chem. Phys2002 116, 1313.

(10) Fabbi, J. C.; Langenberg, J. D.; Costello, Q. D.; Morse, M. D.;
Karlsson, L.J. Chem. Phys2001, 115, 7543.

(11) Taylor, S.; Lemire, G. W.; Hamrick, Y. M.; Fu, Z.; Morse, M. D.
J. Chem. Phys1988 89, 5517.

(12) Jansson, K.; Scullman, R. Mol. Spectrosc1976 61, 299.

(13) Gupta, S. K.; Nappi, B. M.; Gingerich, K. Anorg. Chem1981,
20, 966.

(14) (a)Ho, J.; Polak, M. L.; Ervin, K. M.; Lineberger, W. @. Chem.
Phys.1993 99, 8542.(b) Ervin, K. M.; Ho, J.; Lineberger, W. G. Chem.
Phys.1988 89, 4514. (c) Grushow, A.; Ervin, K. MJ. Chem. Physl997,
106, 9580.

(15) Sebetci, A.; Gueng Z. B. Surf. Sci.2003 525 66.

(16) Rodeja, J. G.; Rey, C.; Galleo, L. J.; Alonso, J.Fhys. Re. B
1994 49, 8495.

(17) (a) Balasubramanian, K. Chem. Phys1987 84, 6573. (b) Dai,
D.; Balasubramanian, KI. Chem. Phys1995 103 648. (c) Majumdar,
D.; Dai, D.; Balasubramanian, KI. Chem. Phys200Q 113 7919. (d)
Majumdar, D.; Dai, D.; Balasubramanian, &. Chem. Phys200Q 113
7928.

(18) Yang, S. H.; Drabold, D. A.; Adams, J. B.; Ordejon, P.; Glassford,

dK. J. Phys.: Condens. Matter997, 9, L39.

(19) (a) Fortunelli, A.J. Mol. Struct. (THEOCHEM}1999 493 233.

electronic properties of the platinum and gold heptamers by The predicted vibrational frequency fort 231 cnr, and the bond energy
using density functional calculations employing relativistic of Pt is 3.70 eV in this work. (b) Apra, E.; Fortunelli, Al. Mol. Struct.

effective core pseudopotentials with Gaussian basis and plane-(THEOCHEM)ZOOQ 902, 251.

wave pseudopotential. We found that the &uster favors 3D

(20) Varga, S.; Fricke, B.; Nakamatsu, H.; Mukoyama, T.; Anton, J.;
Geschke, D.; Heitmann, A.; Engel, E.; Bag T. J. Chem. Phys200Q

geometries, and a 2D local minimum is not located. The most 112, 3499.
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