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Combined theoretical and experimental studies of the hexagold phosphine-stabilized complex
[Aug(PPhy)gl[BF4]» (1) and of related systems are reported. The goal of these studies is to gain a
better understanding of how interacts with the TiQ(110) substrate to yield finely dispersed
supported Au particles that are effective for practical catalytic reactions. The experimental efforts
involved the measurement of the visible-ultravidléy/) absorption spectra dfand AUPPh)Cl in
solution. The theoretical efforts involved the determination of the electronic structure of molecular
models of1 based on density functional theofipFT), Hartree—Fock(HF), and configuration
interaction(Cl) methods. The Cl wave functions and energies were obtained for a range of excited
states and were used to simulate the absorption spectraﬁcainftlJALﬁ+ clusters. The theoretical CI
absorption spectra for Aucan be correlated with the visible-UV absorption spectra while the
theoretical spectra for Al cannot be correlated with the experiments. This suggests, even though
the [ Aug(PPhy)g] unit of 1 carries a+2 charge, that the Auportion is essentially neutral. More
direct evidence for this distribution of the ionized charge has been obtained from HF and DFT
calculations of the double ionization energies of model$. df is found that the energy required to
remove two electrons from a bare Aaluster is much larger than that from an @Acluster with
phosphine ligands present; this is again consistent withttBeharge inl being delocalized onto

the triphenylphosphine ligands. It is possible that this delocalization of positive charge is
responsible for facilitating the adhesion of the gold cluster as finely dispersed particles onto the
metal oxide support. €001 American Institute of Physic§DOI: 10.1063/1.1373431

I. INTRODUCTION charge, thereby assisting the dispersion of the gold clusters.

The adsorbed clusters were found to be stable at ambient
There has been interest in the use of finely disperse@ressureg~1 atm) for as long as 72 h. Constant current

noble metal particles supported on reducible metal—oxideopographic STM images obtained in this experiment

surfaces for applications in heterogeneous catalysis. In pashowed finely distributed entities dfon the TiQ(110) sur-

ticular, highly dispersed, nanosized Au particles supportedace. The STM line profiles showed heights-ef nm, cor-

on TiG, have been shown to be especially active in industritesponding to the expected dimensions of the molecule.

ally important reactions such as low-temperature COHowever, the reasons underlying the adhesion mechanism

oxidation'~* and the partial oxidation of propylene to propy- leading to the fine dispersion df i.e., the driving force for

lene oxide>® Enhanced dispersion of the Au particles in- surface attachment, are poorly understood. Hence in this fol-

creases their activity for these oxidation reactions. lwasaw#wup study, the electronic structure of the hexagold cluster

and co-worker§® have recently reported the use of the is investigated to gain insight into the nature of its bonding to

phosphine-stabilized Au complexes @Ph)(NO;) and the metal oxide substrate. In particular, the localization of the

Aug(PPh)g(NO3)5 to prepare highly dispersed Au particles charge within the cationic complex is considered.

on high surface area TiGupports for catalytic applications.

Phosphine ligands, when attached to Au clusters of variou

sizes(e.g., Au,Au,,Aug,Aug,Auss, etc), have been shown M. EXPERIMENT

to stabilize the clusters, inhibiting them from aggregatihg, Absorption spectra were carried out fpAug(PPh)g]

and hence assisting dispersion. [BF4], and AUPPR)CI using a Hewlett-Packard model HP

A novel approach has been used recently to deposit 8452 ultraviolet (UV)-visible spectrophotometer. The ab-

hexagold phosphine-stabilized comple&ug(PPh)gl[BF,],  sorption spectra were obtained for solutions of the com-

(1) onto a TiQ(110 single crystal in order to make it ame- pounds in freshly distilled reagent grade £&Hp. The syn-

nable for surface probes, which included scanning tunnelingheses were carried out by following procedures published

microscopy (STM), high resolution electron energy loss elsewhere fof Aug(PPh)s][ BF,],*! and AUPPh)CI.

spectroscopy, and x-ray photoelectron spectros¢dpising

solution de[Z.)OSItIOI’],'It wa's.possmle to deposit the gglq COMy ~OMPUTATIONAL DETAILS

pound as single-unit entities on the substrate, avoiding ag-

glomeration. This was achieved by pretreating the,{1D0) Density functional theoryDFT),'* Hartree-Fock HF),*®

crystal with acetone solvent to induce a negative surfacand configuration interactioiCI)*® theoretical electronic
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structure methods were used for calculations of the electronimetries, single excitation Cl wave functidfisvere deter-
structure of molecular models df The models considered mined for a large number of states in each symmetry. The
were a bare Agicluster and an Ai{PH;)g cluster where the configurations included hatl—1 electrons in the ground
PPh ligands of 1 are represented by RBHnolecules. Two state occupied orbitals and 1 electron in a ground state vir-
program systems were used for these calculations; these aigal orbital provided that the total symmetry of the configu-
the GAUSSIAN 98"/ commercial quantum chemistry program ration was one of the dipole allowed symmetries. For the
package and thecLips (Core Level lonization Potential excitations, it is important to recall that the HF virtual orbit-
System!® set of research programs. With both program sys-als are not variationally optimized to describe excitations;
tems, very similar treatments of the Au atom were madethey are more nearly appropriate for the description of an-
using a pseudopotential described as an effective core poteipnic states where an electron is added tq.AUOne of the
tial (ECP), to represent the 60,s2s22p®...4d%%f'4 core features of the singles Cl is that it corrects this problem by
electrons. The parameters for the Au ECP are given by Hawllowing, for any given excited state, a mixture of excitations
and Wadt'® the ECP explicitly includes 19 electrons, from to be made from the same occupied orbital into several dif-
the atomic 5°5p®5d'%s! shells and, hence, it is described ferent virtual orbitals. This effective mixing of the virtual
as a 19-electron ECP. The E€mncorporates two relativis- orbitals is close to that which would be obtained by using
tic effects, mass velocity and Darwin, for the core electronsmproved virtual orbital$®2¢In the singles CI wave function
and, thus, represents the dominant relativistic contributionfor a particular excited state, excitations from several differ-
to the behavior of the 19 outer electrons. The set%fHp, ent occupied orbitals into the same virtual orbital are also
and 3 elementary Gaussian type orbit@TO) basis func- mixed. In a similar way, as discussed above, this mixing is
tions given by Hay and Watftwas used with the calcula- equivalent to finding an optimum occupied orbital from
tions performed on both theaussiaN ggandcLips program  which the excitation occurs. These two features effectively
systems. However, the general, unsegmented contractions tise the singles Cl to determine optimum, or near optimum
form the contracted GTO, CGTO, basis set for Au wereorbitals for a one-electron description of an excitation. In
somewhat different. With theAussIiAaN 98 calculations, the addition, the singles CI wave functions also include many
contraction was to (83p,2d) CGTOs and the basis set is body effects that are due to electron correlation. It is possible
double-zeta in the valence region of the Adi5%s, and @  to distinguish the orbital optimization from the electron cor-
shells. With thecLiPs calculations, a somewhat more flexible relation effects by examining the natural orbifal’ (NO)
contraction to (3,4p,3d) CGTOs was used. The different occupation numbers for each excited state. A measure of the
contractions are not expected to lead to major differences imclusion of true electron correlation effects is the departure
the quality of thecLiPs and Gaussian calculations. of the NO occupation numbers from values of 2, 1, or 0. The
With caussiaN 98 DFT and HF calculations were per- departures from these integral NO occupation numbers for
formed for the Ay and Ay(PH;)s models, treating each as the excited states have shown that true electron correlation
neutral and+2 charged systems. The geometries chosen foeffects are present to a modest degree in the singles Cl wave
these molecular models are based on the known crystdlinctions. A particularly important origin for these correla-
structuré® of 1. In particular, the geometry of the six Au tion effects is the mixing of configurations that have excita-
atoms is that of two tetrahedra with a shared ed¥g, sym-  tions from closed shell ground state occupied orbitals to vir-
metry). For Aus(PH)s, the positions of the Au and P atoms tual orbitals involving different pairs of symmetries. Liet
are exactly as in the crystal structure. The H atoms that reandj denote indices of occupied orbitals ancénd 8 denote
place the phenyl groups were placed with @ axis of the  indices of virtual orbitals. Then, for example for an excited
PH; group along the Au—P bond, with P=HL..25A and state of'B,, symmetry, the pair of excitationi;— by,
N HPH=109.5°2%" For the bare Ay model, the Au posi- and jb;,— Ba, involve a different pair of symmetries. The
tions were kept the same; the Pkyands were simply omit- mixing of these excitations is an essential electron correla-
ted. In all cases, the calculations were for the closed shetion effect that must be included to give a proper description
ground states. For the DFT calculations, the Becke threef the energies and wave functions of the excited states. For
parametét hybrid exchange functional and the Lee—Yang—wave functions WithlAg symmetry, the singles CI would
Parr correlation function& were used. The ECP and basis simply give the HF wave function for the closed shell ground
set for Au were described above; for the all electron treatstate; hence, these CI calculations were not performed and
ments of the P and H atoms, Huzinaga/Dunning basis sets ¢fie HF wave function was used for the ground state. In order
double-zeta quali§ were used. to reduce the size of the CI calculation, the numbers of the
With cLips, HF and CI calculations were performed for occupied and virtual orbitals used in the Cl was reduced
the bare Ay and A" models. An idealize®,, symmetry, from the full spaces of these orbitals. In each symmetry, a
taken from Evans and Mingd$,with all nearest neighbor few of the lowest lying occupied orbitals and a few of the
Au—Au distances set to 2.70 A, was used. As with thehighest lying virtual orbitals were excluded from the CI cal-
GAUSSIAN 98 calculations, HF wave functions were deter- culation. This exclusion is not expected to change the results
mined for the closed shell ground state, which i’s&@state. in any significant way from that which would be obtained
In addition, excited state Cl wave functions and energiesvith the use of the fully occupied and virtual spaces.
were obtained for states that can be excited by absorption of Dipole transition matrix element$1Es) were computed
light. The electric dipole allowed transitions are to states thabetween the ground state HF wave function and the excited
have'B;,, 'B,,, and'Bg,, symmetrie€® For these sym- state Cl wave functions; these matrix elements were used to
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: T T T T T tures near 2.3, 2.7, 3.3, 4.0, 4.3, and above 4.5 eV. The

ix - profile of the absorption spectrum is independent of concen-
\  7-n* transitions tration, suggesting that the hexanuclear cluster uritigithe

- 1 major absorbing species with no further aggregation in

dichloromethangsolutions with concentration near satura-
i metal-centered tion gave essentially the same absorption profile shown in
i transitions J Fig. 1). In order to gain insight into the assignment of the

absorption peaks, an absorption spectrum of g@solu-
. tion of Au(PPh)CI is also included for comparison. This
: solution exhibits well-resolved absorption peaks between 4.6
i l and 5.0 eV, characteristic ef—=* transitions for the triph-

" enylphosphine ligané® These peaks are not expected to be
.: affected by the clustering of the gold—triphenylphosphine ad-
5 _ duct. Indeed, the same features are observed in the spectrum
i of 1. We therefore assign the absorption peaks with energies
L L L 1 L >4.5 eV in the spectrum of to intraligand7—=* transi-
tions. Clustering of Au atoms leads to a reduction in the
Energy, eV HOMO-LUMO gap relative to monomer units. This is evi-
dent even to the naked eye, hs deeply coloreddark red
while Au(PPh)Cl is colorlesd typical of mononuclear com-
plexes of Aul) and Au0) with phosphine ligands There-
fore, the low energy features of the absorption spectruth of

generate a theoretical electronic excitation spectrum for th@re due to metal-centered transitions of the, Aluster. Con-
Aug cluster. The MEs were taken for the dipole lengthSequently, in the models used to calculate the absorption
operator®r or x, y, andz With the choice made for the axes SPectrum ofl, it is reasonable to use “bare” Auclusters
of the coordinate system used for the aluster, only the ~Without ligands.
operatorx has nonzero MEs for excitations from tF'nAg to
!B,, states, the operatgrhas nonzero MEs forA to 'Bs,,
and the operatar has nonzero ME fotA to 'B,,,. For each
of the excited state symmetries, MEs were computed for ex-  The theoretical transition energies and relative absorp-
cited states with energies up te4.2 eV above the first ex- tion intensities, see Eq2), were calculated with the HF
cited state in that symmetry. Overall, MEs for excitations upwave functions for thérAg ground state and Cl wave func-
to ~8 eV above the ground state were considered. For comtions for the excited states of the Aand A§™ cluster. First,
parison with the experimental UV-visible spectrum df we describe the results for the neutraljAduster. The exci-
where the exciting radiation is not polarized and where thaation energiesin eV) and the relative absorption intensities
excited molecules are not oriented in space, it is appropriat@in parenthesgdo the first excited state for the allowés,,
to average the transition probabilities over they, andz  (or x), B3, (ory), andB,, (or 2) symmetries, respectively,
directions. We will describe the results for different polariza-are: 2.24(55.0, 3.87(151.5, and 1.89(8.0). Of these tran-
tions of the transition ME as a way to distinguish, at leastsitions, the’A;—'B3, is the most intense. Figure 2 shows
partly, the different excited states of AuThe dipole length  spectral intensities from each of the three electric—dipole al-
matrix element between the ground stéstate 3 and an  lowed transitions for the neutral Awenter. The individual
excited statdstatej) is given by the vectofl y;: Cl spectral transitions were combined in order to obtain a
Ty =(W|r| W), 1) composite spec+trum of the bare gkulgster[Fig. 3(a)].' For .
the charged Afi" cluster, the theoretical CI electronic exci-
where, as noted above, only one componenT gfis non-  tation energies and absorption intensities are very different

Adsorbance, arb. units

FIG. 1. UV-visible absorption spectra df (solid line) and AUPPh)CI
(dashed lingin CH,CI, solutions at ambient temperature.

B. Calculated spectra

zero for any given excited stajeln terms of thg MET1j,  from those for the neutral Aucluster. The excitation ener-
the intensity of absorbed radiatidg; is given by gies(in eV) and the relative absorption intensitiés paren-
Iljoc(AEj)3|le|2, 2) theses to the first excited'B,,, 'Bs,, and!B,, states, re-

i o spectively, are: 4.0733.9), 4.73(15.89, and 4.39 eM141.8.
where AE;=E;—E, is the calculated excitation energy 10 These lowest excited states are at considerably higher ener-
the jth excited state. Below, we present the theoretical abgies than those for the neutral Aaluster and the transition
sorption spectra in the form of histograms or bar charts.  jntensities have a very different pattern. The strongest ab-

sorption peaks appear at energies of 5.3, 6.8, and 7.3 eV for
IV. RESULTS AND DISCUSSION excitations from théA ground state to thé&B,,, *Bs,, and
1B,, excited states, respectively. The contributions of the
three manifolds of symmetry allowed transitions were com-
Figure 1 shows the absorption spectrum of a 8.3bined to obtain the composite theoretical optical spectrum of
X 10~° M solution of1 in CH,Cl,. The spectrum shows con- Au2” given in Fig. 3b).
tinuous absorption at energie®2 eV, with pronounced fea- While comparing the calculated spectra in Fig. 3 with

A. Experimental spectra
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FIG. 2. ClI calculated spectra of éulntensities are shown for théa) Aq

1 1 1 i
—"Bay, (D) Ag—"Bg,, and(c) A;—"B,, transitions. The arrows denote 5 3 composite CI spectra fofa) bare AQ cluster;(b) bare A¢" clus-
the first root intensities obtained from diagonalization of the Hamﬂtomanter

matrices.

. — L ported by the charge distributions of the high-lying occupied
the absorption spectrum dfin Fig. 1, it is important to noté 4y oy-lying virtual unoccupied orbitals of the phosphine-
that inhomogeneous broadening due to solvent '”teraCt'Onéontaining model clustdiAug(PHs)¢]2*. The contour plots
as well as instrumental limitations lead to the low resolution ¢ ha DET Kohn—Sham HOMO and LUMO for this mo-
of the absorption peaks, compared with the sharp lines ohgc,jar model given in Fig. 4 show that the electron density
tained from the calculation using the Cl methog. The theoyt these orbitals is to a large degree localized on the Au
retical Cl absorption spectrum for the neutral AUSter  ioms, This is a strong indication that the lowest energy elec-

shows reasonable agreement with the experimental absorfypic excitation, from HOMO to LUMO, is a metal centered
tion spectrum(Fig. 1). The aforementioned features in the y,nsition. We have also examined the coefficients in the

experimental absorption spectruimetween 2.0 and 4.5 8V o1acylar orbital(MO) expansions in terms of the basis
are clearly evident in the calculated spectrum f_o_'gm'th functions for both the HF and DFT frontier orbitals. For the
qualitatively similar energies and relative intensities. Metal-yoMmo and LUMO, the large MO coefficients are for basis
centered transitions at the high-energy regiom.5 eV) are  f,nctions centered on the Au atoms while, in general, the
also predicted by the CI calculations for %uHo.wevefr, basis functions centered on the P and H atoms have small
these transitions are masked by the intease 7* intrali-  \ 0 coefficients. This is also true for several other frontier
gand transitions as well as the solvent cutoff in the absorpg pitals so that still other low-lying excitations in
tion spectrum. In contrast to @uthe calculated spectrum for [ Aug(PHs)6]2* should be dominated by metal-centered tran-
the cationic Alﬁ+ cluster is vastly different from the experi- gitions as well.
mental absorption spectrum d&f The calculated spectrum
for the A" cluster shows absorptions only at energie$
eV with the strongest peaks at5 eV, thus not accounting
for the strong absorptions at much lower energies in the ex- Based on the results described above, we suggest that the
perimental spectrum df. charge removed from the hexagold phosphine complek in
The assignment of the low-energy features in the absorpo form the dictation is taken dominantly from the RBPh
tion spectrum ofl to metal-centered transitions is also sup-ligands. In other words, the-2 charge inl is delocalized

C. lonization energies
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higher than the corresponding ionization energy for the
ligand-containing clusters A(PHs)¢. The HF and DFT
methods give rise to higher ionization energy for the bare
Aug cluster by 8.3 and 9.8 eV, respectively, i.e., more than
twice the energy required for the ionization of ABHs)e.
The large IP? for the bare Ay cluster can be understood in
terms of the limiting cases of a single Au atom and bulk Au
metal. For an Au ator’ the first IP is 9.2 eV and the second
IP is 20.5 eV giving IP2=29.7 eV. For Au metal, the work
functior®® ¢ is 5.8 eV and the double IP is simply two times
¢ or IP"2=11.6eV. It is reasonable, given its small size,
that the IPs of the Apcluster should be significantly larger
than those for bulk metal Au. Thus, the calculated values of

> IP*2~15eV (see Table) are hardly surprising. The differ-
¥ H ence of the DFT and HF values in Table | for the #Rf Aug
might appear large at first sight. We have examined the DFT
and HF values of the first and second IPs for an isolated Au
atom and have found that the differences of th&?I®r the
cluster are about what would be expected for the different
errors of the two approximations. For the HF method, the IPs
are normally expected to be smaller than the exact vafues,
while the IPs may be overestimated with the DFT method.
However, since the DFT treatment includes correlation ef-
fects, the error for the DFT IPs should normally be signifi-
cantly smaller than the error for the HF IPs. For a bare Au
atom, GAUSSIAN 98 calculations using HF and DFT methods
gave IP? values of 26.9 and 30.4 eV, respectively, repre-
FIG. 4. Contour plots of the HOMO and the LUMO for theus(PH)sl*"  genting respective deviations ef2.8 and+0.7 eV from the
model used in DFT calculations. .

experimental value of 29.7 eV.

The much lower double ionization energy for the phos-

onto the triphenylphosphine ligands. Another property thaPin€ containing Ay(PHy)s cluster is consistent with the
can help identify the origin of the ionized chargelinis the charge being removed from the Proups. This is because

ionization energy or ionization potentidP) from the neutral "€ large polarizability of Agwill allow the Au charge to

to the +2 ion cluster. We denote these IPs to the ion as  Polarize in response to the presence of {PHions and
IP*2; the theoretical values of the IPs are obtained by takind!€Nc€ to lower the phosphine IP. The presence of phenyl
the differences of the calculated total energies as2IP 'Ngs inl, which were not accounted for in thEaUSSIAN 98
—E(X*2)—E(X?), whereX is the system that is being ion- Calculations?® is expected to lead to IP's even lower than

ized. Specifically, our concern is to compare the values of10S€ calculated when the ligands aresPHirst, the large
IP*2 for the bare Ay cluster and for the cluster model which SiZ€ of the phenyl rings may allow a strong delocalization of
includes phosphine ligands, A®Hy),. Large differences the positive charge in an ionized PRImit thus lowering _|ts
between the IPs for these cluster models might suggest thif- S€cond, PRfmay act as ar acceptor, further lowering
the origin of the ionized charge is different in the two clus-tS IP in the Ay(PPh)g cluster. Recent reports in the litera-
ters. On the other hand, similar values of the IPs for the twdure prow‘(l:ie additional support for these conclusions.
clusters would indicate that the charge to form tha jon  Dougherty* has reported that various aromatic compounds,
comes dominantly from the Au atoms. The values of4P including benzene, can interact with various cations giving
obtained from the&AussIAN 98 HE and DET calculations are "iS€ to cationsr interactions. Fackleet al®® have recently
given in Table I. reported similar type of interactions between some trinuclear
The data in Table | clearly show that the energy requiredold(l) centers and various cations and neutral acid com-

to remove two electrons from a bare Aadluster is much ~ Plexes. o .
The charge distribution results presented here have im-

portant implications for the action df on metal oxide sur-
TABLE I. The double ionization potentials, T8 in eV, for the Ay and  faces for the preparation of practical catalyst systems. In fact,
Aug(PHy)6 cluster models obtaine_:d from HF and DFT calculati_ons. THéIP 1 has recently been employed successfully in the preparation
values are calculated as the differences in the total energies between tlaﬁ a Au/TiOz high surface area catalyst, which showed high
neutral and+2 charged systems. — - - - e .

activity for CO oxidation with a very minimal decrease in

LUMO

Model IP*2IHF IP*2DFT turnover frequency after subsequent regeneration
6 . .

Auy(PH), 588 3.28 trgatments°’. Thg delpcallzatlon of the+2 charge onto the

Aug 14.20 17.94 triphenylphosphine ligands could act to enhance the electro-

static interactions with a negatively charged Ji01L0 metal
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