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During experiment on AuB alloy clusters, an aureboron oxide cluster AMBO~ was observed to be an
intense peak dominating the ABB mass spectra, along with weaker signals for AuBbd AgBO~. Well-
resolved photoelectron spectra have been obtained for the three new oxide clusters, which exhibit an odd
even effect in electron affinities. ABO™ is shown to be a closed shell molecule with a very high electron
detachment energy, whereas AuBO and:B@ neutrals are shown to be closed shell species with large
HOMO-LUMO gaps, resulting in relatively low electron affinities. Density functional calculations were
performed for both AgBO~ (n = 1—3) and the corresponding,BO~ species to evaluate the analogy between
bonding of gold and hydrogen in these clusters. The combination of experiment and theory allowed us to
establish the structures and chemical bonding of these tertiary clusters. We find that the first gold atom does
mimic hydrogen and interacts with the BO unit to produce a linear AuBO structure. This unit preserves its
identity when interacting with additional gold atoms: a linear PAuBO] complex is formed when adding

one extra Au atom and two isomeric AJIAUBO] complexes are formed when adding two extra Au atoms.
Since BO is isoelectronic to CO, the ABO™ species can be alternatively viewed as,Aateracting with

a BO™ unit. The structures and chemical bonding in,BO~ are compared to those in the corresponding
Au,CO complexes.

1. Introduction are encountered in compounds containing the hypercoordinated
pentagonal-bypiramidal C(AuPBk" and octahedral C(AuP-

o . Phe)s?t cations®® Model systems BHAUPH) %, wheren + m
chemical interactions analogous to that of hydrogen. For _ 3 or 4, and chargi is —2, ..., +1.5¢ and model complexes

instance, substitution of covalently bound hydrogen with AuPPh " oy (M-2)+ (o
results in the same geometry structures in some compounds&éﬁ?&fégmé %L_A%)%((m]_m c ,al’?(;](i@[(l__Al\L]]);)r(]g] lr.n an d(sWII_t—h
This phenomenon made it possible to interpret various-gold PH or P(CH; 5"_ha(/e 2t)e_en studied t_heoreticall? 0 eva]uate
carborane complexég. Gold-containingclosacarboranes re- (ChHy)s) y

ported by Mitchel and Stont Reid and WelcH? and Baukova g‘e Ef(%bg;z:r%ee-gegt t(') f Q:;ﬁ;net?frei?gn;ggfé rsglcstt.(;;]ns.
et all¢ represent substances where gold forms classical two- Yy -~ Investig : :

: A e o
center two-electron (2c-2e) bonds with carbon. Cluster bonding on chemical bonding in X(AuPRR™ systems by considering

between AuPPhand nido-carboranes was encountered in pure XAu™" clusters. The boron-centered gold cluster in the

. : CysP)B((AuPPh)4 ™BF4~ salt have been synthesized and
substances synthesized and characterized by Stone and co[-( ys ) : o
workersid-h Egperimental work of Hawthorne an}éI co-workérs characterized by Schmidbaur and co-workéGold diboride

demonstrated that in aurocarboranes atoms of gold can interacf\f‘vzjtﬁ2 Ccl)énp?unqui’n\’\éh'fx har:/e rr]exv{\;/‘glcl)-lllil I\f;\v);]ers o\;‘gg;ron atoms
with each other as well as form 2c¢-2e bonds with carbon. Gold- hgo a} oms ; he .eel k’)a 3, eb 0 asb ) d
tin-closcborate compounds synthesized and characterized by The analogy of chemical bonding between a bare gold atom

Wesemann and co-workers have-Sku bonds2 More detailed and H has been recently discovered in some binary Au clusters
information on Au-B compounds can be found in a recent Produced in molecular bearfis® First, SiAu and SiAy (n=
review? 2, 3) were demonstrated to have structures and bonding similar

The analogy between hydrogen and Aupfideed goes to the silane Sijand SiH, respectivel\f. Subsequent studies

beyond carboranes and gives rise to various compounds witho_'c S_iZA_u” (n = 2 and 4) and $Aus clusters rgvealed their
2c-2e G-Au, N—Au, and B-Au bonds®5 C—AuPPh bonds similarity to SgH,, (n = 2 and 4) and SH3, respectively.B—Au
' ' bonds in the AwB; cluste® turned out to be covalent and
* Corresponding author. E-mail: boldyrev@cc.usu.edu (A.L.B.); jun.li@ Similar to the B-H bonds in the BH,~ cluster? Very recently,
pnl.gov J.L.); Is.wang@pnl.gov (L.S.W.). we have used the concept of Au/H analogy to consider the

A gold phosphine unit (AuPRhis known to participate in
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possibility of deltahedratlosc-auro-boranes Bun?~ analogous
to spherically aromaticlosoboranes BH2~ (n=5-12)10The
challenging question is how far the Au/H analogy can go in
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the target, which was pressed from a mixture of Au and
isotopically enriched®8 powders. We further noted that two
other oxide impurities, A BO~ (n = 1, 3), were also present,

determining the structure and chemical bonding in other mixed albeit at lower abundance than BO~. These impurity clusters
clusters containing Au. Oxides of boron hydrides have been were carefully studied to elucidate their structure and bonding.

studied computationally previoudly and can be used as

reference systems in further exploration of the Au/H analogy.

They were each mass-selected and decelerated before being
photodetached by a pulsed laser beam. Photoelectrons were

On the other hand, highly dispersed gold nanoparticles are collected at nearly 100% efficiency by a magnetic bottle and

known to exhibit high catalytic activity in the reaction of low-
temperature CO oxidatiol,which made the research of gold
clusters extremely attractiVé.Elucidation of the nature and

analyzed in a 3.5 m long electron flight tube. The photodetach-
ment experiment was conducted at four detachment photon
energies: 532 (2.331 eV), 355 (3.496 eV), 266 (4.661 eV), and

mechanisms of the catalytic activity of nanogold has become a 193 nm (6.424 eV). The PES spectra were calibrated by using

subject of significant scientific efforts24 While the role of
the oxide support is important in nanogold cataly3itere is

the known spectra of Auand R, and the energy resolution
of the apparatus waSE/E, ~ 2.5%, that is, approximately 25

evidence that the high catalytic activity of nanogold is not based meV for 1 eV electrons.

on the presence of a substrételherefore, chemisorbed gold

2.2. Computational Methods.We used the hybrid B3LYP

cluster complexes can be viewed as molecular models of method* with LANL2DZ 35 pseudopotential and basis sets for

nanogold catalysts. The fact that B@nion and CO molecule

the preliminary determination of the stationary points on the

are valent isoelectronic suggests that auro-boron oxides can bepotential energy surface. The obtained results were refined by
used as a model system to provide further insight into the using Stuttgart relativistic small-core pseudopotential and
mechanisms of CO chemisorption on nanogold and nanogoldvalence basis s&taugmented with twé and oneg function on
catalytic properties. Studies of the interaction of CO molecules gold (SDD hereafter) and aug-cc-pVTZ (AVTZ hereaftér)
with gold clusters and gold nanoparticles have been carried basis set on boron and oxygen. Computations of the structures
out?>-29 revealing pronounced size dependence and chemisorp-of H\BO~ (n = 1—-3) were performed at the B3LYP/AVTZ

tion saturation. Such complexes as Au(G@) = 1-5) and
Aun(CO) (n= 1, 2) have been assigned in the study of infrared
spectra of Au-CO complexes formed in a rare gas ma#fx.

level of theory for comparison with the ABO~ systems.
Theoretical vertical detachment energies (VDES) were cal-
culated by using time-dependent (TD) density functional

Zhai and Wang observed several series of gold carbonyl clustertheory?® at the B3LYP/SDB-AVTZ (at the optimized B3LYP/

anions Ay(CO),” (m= 2—5, n = 1-7) in the gas phase and

SDD+AVTZ geometries) level, which proved to be an inex-

characterized their electronic structure using photoelectron pensive and reliable method for gold clusters and compléxes.

spectroscopy (PESY.It was reported that for a given gold

In this approach, the VDEs were calculated via the lowest

cluster CO adsorption reaches a critical number of saturation transitions from the ground electronic state of the anion into
that corresponds exactly to the number of available low the ground state of the neutral species (at the B3LYP level of
coordination apex sites of the respective bare gold clusters. Intheory) and the vertical excitation energies in the neutral species

a subsequent work,Wang and co-workers reported a combined
PES and ab initio investigation of CO chemisorption on the
planar triangular gold hexamer, C0O),” (n = 1—-3). They

(at the TD-B3LYP level of theory) at the anion geometry.
Chemical bonding was investigated by means of natural bond
orbital (NBO 5.0%° and molecular orbital analyses. The Gauss-

showed that the three CO molecules bind to the three apex sitegan 031 and NWCherf? software packages were used through-

with little structural distortion to the triangular Ayarent.
In the current paper a series of auro-borane oxideB&u

(n = 1-3) has been studied by using a combination of PES
and density functional calculations. Structures of the corre-

out this project. The MOLDEN 3% program was chosen for
the visualization of the molecular orbitals.

3. Experimental Results

sponding atomic assemblies are established based on the

agreement between experimental and theoretical photoelectron
spectra. It turns out that the boron atom of the BO fragment
tends to bind with one rather than two gold atoms. Because o
this, the BO unit behaves as a monodentate ligand with respect a

to gold, similar to CO interactions with Au clusters. Analyses
of molecular orbitals (MO) and natural bond orbitals (NBO)

The PES spectra at various photon energies are shown in
Figures +3 for Au,BO~ (n = 1—3), respectively. The observed

fadiabatic and vertical detachment energies (ADEs and VDEs)

re summarized in Table 1 and compared to theoretical results
to be described.
3.1. AuBO™. The 532 nm spectrum of AuBO(Figure 1a)

were carried out to reveal the nature of the chemical bonding révealéd a partially resolved vibrational progression for the

in the auro-boron oxides.

2. Experimental and Computational Methods

2.1. Photoelectron Spectroscopy.The experiment was

ground state transition (X) with a spacing of 43040 cnt2.

The 0-0 transition defines the electron affinity (EA) of 1.46
0.02 eV for the AuBO neutral molecule, whereas the-10
transition at 1.5 0.02 eV represents the ground state VDE
of the anion. No additional transitions were accessible at higher

carried out using a magnetic-bottle-type PES apparatus equippedinding energies in the 355 (Figure 1b) and 266 nm spectra
with a laser vaporization supersonic cluster source. Details of (not shown). The first excited state (A) of AuBO turned out to

the apparatus have been described elsewiRéeeBriefly, the
Au,BO~ (n = 1—3) mixed cluster anions were produced by
laser vaporization of &B/Au mixed target in the presence of
a pure helium carrier gas during experiments aimed atBu
binary alloy cluster$.In addition to the desired Au/B alloy
clusters, the ApBO~ species appeared to be a particularly
intense impurity peak in typical time-of-flight mass spectra and
drew our attention. The oxygen impurity was most likely from

be located at a rather high binding energy of 4:47®&.03 eV

and was only accessed at 193 nm along with more features
beyond 5 eV (Figure 1c). The ADE difference between features
X and A defines a large excitation energy (3.27 eV) for the
first excited state of AuBO, which can also be viewed as the
HOMO-LUMO gap for the AuBO molecule. This HOMO-
LUMO gap for AuBO is substantially greater than that for any
bare gold clustef844or bare boron cluster$,suggesting that
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Figure 1. Photoelectron spectra of AuBtat (a) 532, (b) 355, and Binding Energy (eV)

1 . Vertical i ibrational . .
(c) 193 nm. Vertical bars in part a represent vibrational structures Figure 3. Photoelectron spectra of ABO™ at (a) 355, (b) 266, and

@ X (c) 193 nm.
266 nm
and then adding the instrumental resolution to the intersection

. with the binding energy axis. The ADE thus evaluated is 4.32
Au2BO + 0.02 eV, which also represents the electron affinity of the
Au,BO neutral species. The extremely high electron affinity
suggests that the ABO neutral is an open shell system,
resulting in a highly stable closed-shell BO~ anion and its
special mass abundance in our cluster source. The 193 nm
spectrum (Figure 2b) further revealed three well-resolved
bt features: A (VDE: 5.31+ 0.02 eV), B (VDE: 5.50+ 0.03
®) eV), and C (VDE: 5.69t 0.02 eV). The band B appeared to
193nm be broader and contain a shoulder on the higher binding energy
A side, whereas bands X, A, and C were relatively sharp. The
overall PES pattern of ABO™ is quite simple, consistent with
the closed-shell nature of this anion.
3.3. ABO™. AuzBO™ also exhibits a rather high electron
affinity (Figure 3), although it is much lower than that of
| AR ML LR AL L Au,BO~. The 355 nm spectrum revealed only the ground state
3 Binding Energy o> 8 tirags(;t;on \;( Wirtlh EVIDE é)ffS.lS:l:t kE).Oé :Vfand ,tADIE of 3.28
Figure 2. Photoelectron spectra of ABO™ at (a) 266 and broéd sﬁodléverlc(laggigd';\ll\?aess obierveg ar;egu; ae\ﬁ?the
(b) 193 nm. .
266 nm spectrum, but it became very weak at 193 nm,
AuBO is a very stable closed shell molecule. The features suggesting it was likely due to a minor isomer, as borne out
beyond 5.0 eV were more congested and three well-definedfrom our theoretical calculations (vide infra). Numerous ad-
bands were discernible: B (5.G# 0.05 eV), C (5.26+ 0.03 ditional spectral features were observed at higher binding
eV), and D (5.55+ 0.05 eV). energies in the 193 nm spectrum (Figure 3c) and were
3.2. ALBO~. The electron affinity of AygBO~ was found reasonably well-resolved. In particular, the first excited state A
to be extremely high and only 266 and 193 nm photons were is located at a rather high binding energy of 4:86.03 eV,
able to induce electron detachment; as shown in Figure 2a, adefining a large HOMO-LUMO gap of 1.83 eV for the ABO
sharp ground state transition (X) was observed in the 266 nm neutral cluster. Beyond band A, the spectrum appears to be
spectrum with a VDE of 4.33% 0.02 eV. Since no vibrational  congested. Nevertheless, numerous well-defined sharp bands
structures were resolved, the ground state ADE was estimatedwere resolved: B (5.1% 0.05 eV), C (5.2% 0.03 eV), D
by drawing a straight line along the leading edge of the X band (5.56+ 0.03 eV), E (5.68t 0.03 eV), and F (5.8& 0.02 eV).

Relative Electron Infensity
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TABLE 1: Experimental and Theoretical Vertical Detachment Energies (in eV) for Au,BO~ (n = 1-3)

TD-B3LYP/
species feature ADE (exptl) VDE (exptl) final configuration SDD+AVTZ
AUBO™ C.,, (3%) X 1.46+ 0.02 1.514+ 0.02 I3+ (10%40250°) 1.48
A 4.78+0.03 33t (16%40%50%) 4.56
B 5.07+ 0.05
C 5.26+ 0.03 13F (16*40%50%) 5.33
D 5.55+ 0.05
AuBO™ C.., (13 ) X 4.32+0.02 4.33+0.02 23t (20*3n*50%60%) 4.08
A 5.31+0.02 23t (20*31%50%602) 5.19
B 5.50+ 0.03 2I1 (26*37°50%60?) 5.56
C 5.69+ 0.02 2A (20%37%50%60?) 5.86
AuzBO™ Cy, (°By) X 3.08+0.02 3.13+ 0.02 1A (32%5,%9a%61,°) 3.07
A 4,96+ 0.03 3B, (4b,?3a*5,°9a,*6,Y) 4.77
B 5.11+ 0.05 1B, (4b,238°5,79a,'61,") 4.90
C 5.29+ 0.03 SA1 (4b232°50,'9a%61t) 5.34
D 5.56+ 0.03 3B, (4h,?32,'5h,29a,26h,Y) 5.64
E 5.68+ 0.03 SA1(4b'3a250,°9a:%6 ;) 5.73
F 5.80+ 0.02 1A (40,23a,25b,198,26h,Y) 5.75
AusBO™ Cs (PA) X' ~3.4 1A' (13d2144%15d0) 3.67
3A’ (134214411541 4.89
1A' (1342144154 5.51
A" (13414421541 5.60
1A' (13d'144d%15dY) 5.85

4. Theoretical Results

4.1. AuBO™ and HBO™. The most stabl€.,, (=) structure
| of AuBO™ is presented in Figure 4a and Table 2. The geometry
of the lowest energy., (2=") structure Il of HBO™ (Figure
4a) is consistent with previous results obtained for the neutral
species! but the anion is unstable toward the spontaneous
electron detachment (ADE —0.58 eV at the level of B3LYP/
AVTZ). Search forC.,, structures of AuOB and HOB™ where
the gold/hydrogen atom is bound to the oxygen atom in both

cases resulted in second-order saddle points. Further optimiza-

tion along the doubly degenerate imaginary vibrational mode
led to theC., (&=") structure I in the case of AuBO In the
case of HBO we obtained a benEs (A") isomer Ill that is
38.6 kcal/mol higher than th€.., (3=*) structure II.

4.2. AwLbBO~ and H,BO~. The ground state of ABO™ has
a linearC,, (1=") structure IV (Figure 4b and Table 2). The
energetically closest,, 'A; isomer (structure V, Figure 4b) is
25.0 kcal/mol less stable. On the contrary, @A, structure
VI of H,BO™ is the most stable isomer.,BO~ also has two
higher energy isomers witB., symmetry. The first one is the
Cop (1=1) structure VIl Erelative= 20.4 kcal/mol) that represents
a van der Waals complex between &hd BO. The second
one is theC.,, (*=*) structure VIII Erelaive = 41.6 kcal/mol)
that corresponds to a van der Waals complex ofarid HBO.
The different energetic preference of the isomers, or the
tendency of the boron atom of the BO fragment to bind to one
atom of gold (monodentate behavior) but to two atoms of
hydrogen (bidentate behavior), is remarkable and will be

considered in detail in the chemical bonding section (see below).

H,BO™ also has stable cis and trans configurations where

contribute to the photoelectron spectrum of;B@®~. Again,
while in the ground state of ABO~ the boron atom behaves

in a monodentate manner toward gold: it exhibits bidentate
behavior toward hydrogen in th€s (?A’) global minimum
structure XVI of HBO~ (Figure 4c). The anionicCs (A’")
H3BO™ is unstable toward spontaneous electron detachment
(ADE = —0.41 eV). A similar isomer was found for ABO™

(Cs (3A") structure X1V, Figure 4c), but it is 39.3 kcal/mol higher
than structure XI. Th€, (2A") structure XVII of BO~, which

is 15.9 kcal/mol higher than the global minimum structure, can
be considered as corresponding to both structures Xl and Xl
of AusBO~. While theC; (2A") structure XV is another isomer

of AusBO~ with a relative energy of 40.4 kcal/mol, the similar
structure XVIII Cs (2A") for H3BO™ is a first-order saddle point.
The imaginary mode leads to the global minimum structure XVI.
Two more similar structures are present among the isomers of
AuzBO~ and BBO™: Cs (2A") structure XIll Erelative = 32.6
kcal/mol) andCs (?A’) structure XIX Erelative= 21.5 kcal/mol),
respectively (Figure 4c).

5. Interpretation of the Experimental Photoelectron
Spectra

5.1. AuBO™. TheCy, (.=") doublet ground state of AuBO
cluster has a valence electron configuration af1*402501
and can give rise to either singlet or triplet final states upon
electron detachment. The first calculated VDE corresponds to
the removal of the unpaired electron from the brbital,
resulting in the!'=" final state. The calculated VDE of 1.48 eV
is in excellent agreement with the experimental value of 1.51

one hydrogen atom is bound to the boron atom and the other to€V (Table 1). The calculated vibrational frequency for the-&u

the oxygen atom (structures IX and X, Figure 4b). The trans-

isomer IX (Cs*A’) is found to be 56.2 kcal/mol higher than the

ground state structure VI and the cis-isomerC¢ {A') is 60.0

kcal/mol higher. Analogous isomers of /8O~ were not found

in our search. When starting from the corresponding cis and

trans configurations of ABO~, our optimization led to the

ground state structure IV or to an unbound Au atom and AuBO
4.3. ABO™~ and H3BO~. The C,, (?By) structure XI (Figure

4c, Table 2) was found to be the most stable isomer feBAT.

The next isomer, th€s (2A’) structure XII (Figure 4c, Table

2), is only 1.0 kcal/mol higher in energy and is expected to

stretching in neutral AuBOdj1(0) = 430 cnT] also agrees
well with the resolved vibrational frequency for the ground state
transition (4304 30 cnTl). The second detachment channel
involves the 4 orbital (the HOMO of the neutral species) and
leads to thé=" final state. The computed VDE value of 4.56
eV agrees well with that of feature A at 4.78 eV (Table 1).
There is another detachment channel for theotbital, which
results in a singlet final state. The computed VDE (5.33 eV)
for this detachment channel is in excellent agreement with the
observed peak C (VDE 5.26 eV). The relative intensity ratio

of bands A and C and their similar shape are consistent with
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Figure 4. Structures of the most stable isomers of auro-borane oxides
Au,BO~ (n = 1-3) and boron hydride oxides,BO~ (n = 1-3): (a)
AuBO~ and HBO, (b) Au,BO~ and HBO~, and (c) AuBO~ and
H3;BO™.

Zubarev et al.

to contain two components with a shoulder on the higher binding
energy side, which might be due to the sporbit splitting of
the [T state. However, the SOC effect of the state is expected
to be very large because thé @rbital is predominantly of Au
5d character. Thus, band C, which was fairly sharp, might
correspond to one spirorbit component of théA state with
the other component at a higher binding energy beyond the 193
nm photon energy.

5.3. AusBO™. The lowest energy structure of ABO™ is Cy,
(?B,) with an electron configuration of 3%,29a%6l,!, which
can lead to both singlet and triplet final states upon electron
detachment (Table 1). The ground state transition (X) should
correspond to detachment from the 6bbital and the calculated
VDE (3.07 eV) is in excellent agreement with the experimental
value of 3.13 eV (Table 1). The 6lorbital is an antibonding
orbital between two Au atoms and the X band should contain
an unresolved low-frequency AtAu vibrational progression,
which explains the difference between the ADE (3.08 eV) and
VDE (3.13 eV) of the ground state transition (Figure 3 and Table
1). Band A should correspond to electron detachment from the
9a orbital leading to the triplet final staf®,. The correspond-
ing 1B, singlet final state with a computed VDE of 4.90 eV
(Table 1) should be then assigned to the B band at a VDE of
5.11 eV, which was only partially resolved from the more
intense A band (Figure 3c). The next detachment channel is
from the 5b orbital, resulting in the triplefA; (VDE: 5.34
eV) and singletA; (VDE: 5.75 eV) final states. The computed
VDEs are in good agreement with the observed VDEs of bands
C and E, respectively (Table 1). The detachment from the 4b
MO resulting in the3A; final state could also contribute to
feature E. The next higher binding energy photodetachment
channel is from the 3aorbital, which gives rise to the triplet
3B, (VDE: 5.64 eV), which is in good agreement with the
measured VDE for band D. Band F is more intense than band
D, suggesting that it might contain contributions from many

the assignments that they are due to the triplet/singlet pair from getachment channels. However, our assignment of the features

detachment from the same orbital.
Detachments from deeper orbitals, which correspond to

D—F should be considered as tentative, because there are several
close-lying VDEs in the range of these features.

features B, D, and the congested signals at higher binding TheCs (2A") isomer (structure XII, Figure 4c) of ABO™ is

energies (Figure 1c), involve Au 5d-based orbitals and are
complicated by the strong sptorbit coupling (SOC) effect.
The calculated VDEs for detachments from the &d 4

very close in energy to th&;, (°B) ground state and might be
present in experiment. Indeed, the calculated VDE from thé 15a
SOMO of the Cs (2A") isomer is in reasonable agreement

orbitals are in good agreement with the experiments becauseiin the broad feature Xobserved at 266 nm (Figure 3b and

these two orbitals are mainly from the Au 6s orbital, which is
not subject to the SOC effect. However, without including the

Table 1). The contributions of th€s (2A’) isomer to the
193 nm spectrum (Figure 3c) appeared to be greatly diminished

SOC effect, the calculated electron detachment energies correynd should not interfere with the above assignments of the main

sponding to removing electrons from the Au 5d-basédafd
27 orbitals are inconsistent with the experiment. Calculations
of VDEs including the SOC effect are beyond the scope of the
current work.

5.2. AwLBO~. The ground state of ABO™ is a singlet with

C., (I=7) symmetry and possesses a closed shell configuration,

20*31*50%602, which leads only to doublet final states upon

isomer.

6. Chemical Bonding in Au,BO~ and H,BO~ (n = 1-3)

The overall agreement between the theory and experiment
(Table 1) is gratifying for all three ABO~ species, lending
credence to the obtained global minimum structures. In this

electron detachment. The first detachment channel involves thesection, we discuss the details of the chemical bonding in

60 orbital and the computed VDE of 4.08 eV is in good

Au,BO~ and compare with that in the correspondingB&~

agreement with the ground state transition observed experimen-and Au,CO species fon = 1-3.

tally at 4.33 eV (Table 1). The observed band A (VDE: 5.31
eV) should correspond to detachment from tledsbital and
again computed VDE (5.19 eV) agrees well with the experi-

6.1. AuBO™ and HBO~. To simplify the analysis of the
chemical bonding in the open-shell AuBQwe first consider
the neutral AuBO species. Our NBO analysis of AuBO at the

mental VDE. The observed bands B and C should correspondgeometry of AuBO is summarized in the Table S1 of the

to detachments from thez3and 2) orbitals, respectively. Even
without including the SOC effect, the computed VDEs agree
fortuitously well with the observed VDEs (Table 1). The SOC
effect is expected to be relatively small for tHé state because
of the BO contribution to thes3orbital. In fact, band B appeared

Supporting Information. ThedeSOMO of AuBO™ (Figure 5)
becomes the LUMO of AuBO, whereas the drbital becomes
the HOMO of the AuBO species. NBO analysis shows a
relatively simple bonding picture in AuBO, because it involves
only two-center two-electron (2c-2e) bonds and lone pairs.
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TABLE 2: Calculated Molecular Properties of the Lowest Energy Structures of Auro-Borane Oxides AyBO~ (n = 1-3)

AUBO™ C.,, (23 +) B3LYP/SDD+AVTZ

Au,BO~ C., (:3*) B3LYP/SDD+AVTZ

—Eiot, aU 236.150966 —Eqo, aU 372.169882
R(B—0), A 1.225 R(B—0), A 1.222
R(Au—B), A 2.061 R(Au;—B), A 2.013

R(Au;—Auy), A 2.659

w1(o), cmt 131 (3.2}
w1(0), cm 1 328 (42.3 (o), et 386 (16.43
wy(0), cm? 1829 (270.3) w3(0), cm? 1859 (354.09
w3(), cnrt 188 (43.0% wa(T), et 53 (4.6}

ws(), cnmt 356 (8.3}

AusBO~ C,, (?B,) B3LYP/SDD+AVTZ

Au3BO™ Cs (°A’) B3LYP/SDD+AVTZ

_Emt, au 508.111203 _EtOtv au 508.109561
R(B-0), A 1.220 R(B-0), A 1.219
R(Au;—B), A 2.004 R(Au;—B), A 2.010
R(Au2.5—Auy), A 2.809 R(Auz—Au;), A 2.715
O(AuzAusAus), deg 57.8 R(Aus—Auy), A 2.671
O(AusAuzAus), deg 160.0
w1(a), cm? 88 (0.4) wy(d), cmt 13 (0.8)
w2(a), cmt 127 (0.5) wy(d), cmt 89 (0.7)
w3(a), cmt 395 (6.0) wy(@), cmt 141 (0.1)
w4(ay), cm? 1869 (437.8) w4(@), cmrt 386 (21.8)
ws(by), cmr 50 (4.4) ws(a), et 1873 (419.5)
we(by), cmr 350 (7.2) we(@"), cmt 39 (4.4)
w(by), et 30(7.3) wA@"), cmt 41 (4.4)
ws(by), cmr 61(0.2) ws(@"), cnmt 335(7.2)
wo(b), cnr 336 (1.1) we(a"), et 335 (8.4)

a|nfrared intensities (km/mol) are given in parentheses.

LUMO 6o

SOMO 50* HOMO-1 40°

~

HOMO-3 16

HOMO-2 2

HOMO-4 11t

HOMO-6 20~ HOMO-7 107

HOMO-5 30°
Figure 5. Molecular orbitals of AuBO C., (&=1).

There is a triple bond in the BO moiety and a singkdond is still covalently bound to the B atom of the BAragment,
between Au and BO. Five nearly pure d-character lone pairs though the chemical structure is halfway down to the elimination
are encountered on Au and one on oxygen. The chargeof the Au—B o-bond and formation of a complex between Au
distribution is as follows: —0.84 |g| on oxygen, 0.70e| on and BO™ similar to the bonding in AuCO.
boron, and 0.14e| on gold, indicating a fairly strong covalent The linear anionic HBO (structure Il, Figure 4a) is unstable
bond between Au and B with only a slight charge transfer from and detachment of an electron lowers the energy of the system
Au to BO. by approximately 13 kcal/mol. This is because tledsbital

In AuBO™, the 59 SOMO, which is pretty much the 6s AO in AuBO can easily accommodate an extra electron, whereas
of Au but with antibonding character in the AB fragment H in HBO does not possess an equivalent accepting property.
(Figure 5), is singly occupied. Our NBO analysis of the open- Thus, the Au/H analogy still holds in neutral AuBO, but it
shell AuBO™ (Table S2) shows that while the triple-# bond, reaches its limit in the anion due to the inability of hydrogen to
the lone pair at the oxygen, and the five lone pairs at the gold accept any significant part of the extra electron.
are preserved, the occupation number (OC) of the bonding 6.2. AwLBO~ and H,BO~. We start our analysis of the
orbital responsible for AtB bond drops to only 1.0Qe€] chemical bonding in the ABO~ system by first considering
compared to 2.00¢| in the neutral AuBO. The oxygen atom the AwBO™ cation, which has two electrons less than the
carries a negative charge 60.96 |e|, and the Au and B have  anionic system. Reoptimization of the anionic structures of the
almost equal charges of opposite sigr0(39 |e| and 0.35/¢, Co, (=) isomer IV andC,, (*A;) isomer V at the B3LYP/
respectively). The additional electron is almost equally distrib- SDD+AVTZ level of theory shows that for the cation ti@,,
uted over the Au (0.53¢]) and B (0.35|¢|) atoms with just (I=*) structure becomes a second-order saddle-point and the
0.12|e| acquired by O. The natural configuration of B is 2% Cz, (*A1) structure remains a local minimum. The sa@g
2pt42 So, in the ground state structure of AuB@he Au atom (*A;) local minimum cationic structure is achieved if the
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5b, HOMO-1 8a,
s gl_._; Vs Ve @
HOMO-53b, HOMO-62b, HOMO-7 5a,

Figure 6. Molecular orbitals of AuBO~ Cy, (*A1).

imaginary mode of th€., (*=*) cationic structure is followed.
The geometry of theC,, structure of the cation is more
“compact” in the Ay fragment compared with th€,, anion:
the Au—Au distance is 2.664 A in the cation vs 3.235 A in the
anion, the Au-B distance is 2.103 A vs 2.098 A, and the-B

Zubarev et al.

HOMO-24b, HOMO-3 3b, HOMO-4 2a,
@l ,\_.:_3 @
HOMO-82b, HOMO-9 1a, HOMO-10 4a,

HOMO-15 1a,

1

polarizedz-bond between boron and oxygen is actually a p-lone
pair of oxygen. The antiaromaticity of the ABB—Au fragment

of the Cy, (*A;) structure V is confirmed by the obtained NICS
values: NICS(0F —15.0 ppm, NICS(0.5= —11.3 ppm, and
NICS(1.0)= —4.5 ppm.

distance is 1.207 A vs 1.240 A. These structural changes are Alternatively, the pair of electrons can occupy the @ebital

understandable because the HOMOJ5if the C,, Au,BO~
has strong Aw-Au antibonding character (Figure 6). Molecular
orbitals of theC,, (*A;) Au,BO™ are similar to those of th€,,
(*A,) structure V of AuBO~ (Figure 6), except that the bb
orbital is no longer occupied in the cation. The 14 lowest
occupied orbitals can be attributed to the triple® bond, the

(Figure 6), which is bonding between two gold atoms and
antibonding between Auand BO fragments. This occupation
will cause the transformation of the 3c-2e AtB bond into a
lone pair on the boron atom and a 2c-2e -AAu bond.
Optimization of theCy, structure with this electron configuration
leads to a second-order saddle point, where the Au, Au—

oxygen atom lone pair, and the ten lone pairs of the two gold B, and B-O distances become 2.547, 3.099, and 1.230 A,

atoms. Even though thezdrbitals (2a ad 3a) have consider-
able contributions to the bonding of the Miframework, the
6a orbital, which can be seen as a three-center two-electro
(3c-2e) bond is mainly responsible for the bonding in theB\u
fragment, rendering-aromaticity to the ApBO™ cation. Indeed,
our NBO analysis is consistent with this interpretation of the
chemical bonding in th€,, (*A;) structure of AUBO™ (Table
S3), revealing a 3c-2e bond with O€ 2.00 |g| between the
two Au and the B atoms. The triple-BO bond, the lone pair

respectively. NBO analysis of this system (Table S5) confirms
that an Au-Au bond with OC= 1.97|¢e| and a lone pair on the
nboron atom (OC= 1.92 |e|) are formed, instead of a 3c-2e
Au,—B bond. The presence of two imaginary normal modes
can be attributed to the electrostatic instability of the system.
Charge distribution shows that the Aunit is almost electro-
neutral (total charge is0.04|e|; —0.02|e| on each gold atom),
while the OB unit has a dipole with a strongly negative charge
of —1.03 |e| on the oxygen atom and an almost neutral boron

of the oxygen, and the five lone pairs on each gold atom can atom (0.07e]). Following the largest imaginary mode, we found
be identified as well. NICS indexes calculated at the center of that the C,, geometry transforms into th€., (*=*) global

the AwB triangle support the assertion of aromaticity in
AuzBO™: NICS(0) = —40.0 ppm, NICS(0.5= —29.6 ppm,
and NICS(1.0= —13.8 ppm. The estimated interaction energy
between the Ap" and BO fragments in ABO™ is 85.1 kcal/
mol at the B3LYP/SDE-AVTZ level of theory, indicating that
they are indeed strongly bound by chemical bonding.

minimum structure IV of AuBO~. Results of the NBO analysis
(Table S6) show that the charge is redistributed: the terminal
gold atom has a negative charge-60.63 |¢|, the other gold
atom is almost neutral with 0.0@|, the boron atom becomes
significantly positive (0.52|¢|), and the oxygen basically
preserves its negative charge(.94 |g|). In the neutralC.,

It is straightforward to understand the changes in the bonding species the charge on the terminal gold atom is QelL2the

pattern as a pair of electrons is added to,B@* to form
Au,BO~. There are two options to add the pair of electrons.
The first option is to have the electron pair occupy thedibital

to yield theC,, (*A;) isomer V of ApBO~. Since the 5pis
antibonding between the two gold atoms, fBg isomer of
Au,BO~ becomes antiaromatic. Consequently, two localized 2¢
2e Au—B bonds are formed in ABO~, compared to one 3c-
2e Al,—B bond in ApBO™. Our NBO analysis clearly shows
that this is indeed the case (Table S4). Two-/Ribonds with
OC = 1.74|¢| are formed now. The triple bond between oxygen
and boron undergoes some minor changes. One of-thends

other gold is almost neutral with 0.Q&|, the charge on boron
is 0.70|€|, and that on oxygen is0.84|e|. Comparison of the
charge distribution in the anionic vs neutral species clearly
shows that the extra electron is almost completely acquired by
the terminal gold atom (0.8f|). The natural configuration of

- the boron atom is 28%2p>44 and the bonding pattern reflects

these changes. The lone pair of the boron atom obviously
transforms into the AaB bond (OC= 2.00|e|) and the Au-

Au bond transforms into the sixth lone pair of the terminal gold
atom (OC= 1.64|€]). The low occupation number of this lone
pair suggests that it possibly contributes to the bonding between

becomes more polarized toward oxygen and its occupationthe terminal Ao and the AuBO unit. The estimated energy of

number drops from 1.9f| to 1.92]€|. Its composition reveals
some contribution of d- and f-functions (10% and 10%,
respectively) on B in addition to p-functions (80%). The natural
configuration of the boron atom is 2¥2p!-%6 Hence, the

this bond is 57.5 kcal/mol. The molecular orbitals of this isomer
are presented at Figure 7. Indeed, the d@bital is mainly
responsible for the formation of the lone pair on the terminal
Au, but it also has some bonding character in the-Buregion.
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LUMO 70" HOMO 60* HOMO-1 50" HOMO-2 3= HOMO-3 20 HOMO-4 40"

HOMO-7 1x HOMO-8 30* HOMO-9 2 HOMO-10 1¢*

HOMO-5 2= HOMO-6 15
Figure 7. Molecular orbitals of AuBO~ C.,, (*:=").

A%é ® -

LUMO 10a,

HOMO-19a, HOMO-2 8a,

=
- % Q:ﬂ
HOMO-5 3a, HOMO-6 3b, HOMO-7 2a, HOMO-8 4b, HOMO-9 7a,
HOMO-11 6a, HOMO-12 2b, HOMO-13 1a, HOMO-14 5a, HOMO-15 2b, HOMO-164a,
/e ;i
HOMO-17 1b, HOMO-18 1b, HOMO-19 3a, HOMO-20 2a, HOMO-21 1a,

Figure 8. Molecular orbitals of AyBO~ C,, (2By).

Second-order perturbation theory analysis available within NBO —0.44|e|) and the two hydrogen atoms-0.24 || vs 0.00|g)),
shows that there is significant donescceptor interaction  while boron preserves its charge (0.&F vs 0.44|¢|). So the
between this lone pair and the low-occupation-A&ibond (OC stabilization of the extra charge occurs due to its delocalization,

= 0.34/e]). So, the ground state.,, (=) isomer IV of ALBO™ in contrast to theC.., isomer IV of AwBO™~, where the extra

can be reasonably described as a stable neutral AuBO clusteelectron density is stabilized by the terminal gold atom.

bound with an At anion by a donoracceptor interaction. 6.3. AlBO~ and HsBO~. The AwBO™ cluster is also an
TheCy, (*A1) ground state structure of,BO™ (structure VI, open shell system so again we first consider the ne@sal

Figure 4b) is a classical molecule and has a very simple bondingAuzBO with an electron removed from the SOMO of tGg,
pattern, which is confirmed by our NBO analysis. There is a (2B,) ground state (Figure 8). As shown in Figure 8, the 20
double bond between oxygen and boron, tweHBbonds, a lowest molecular orbitals consist of a triple- bond, a single
lone pair with contribution from s- and p-functions (44% and Au—B bond in the AuBO fragment, a lone pair at the oxygen
56%, respectively), as well as an additional pure p-lone pair at atom, and five 5d lone pairs at each gold atom. Theo®hital

the oxygen atom. The natural configuration of the boron atom accounts mainly for At-Au bonding between the outer gold

is 28 72p1013076 |nterestingly, the comparison of the charge atoms. Thus AgBO can be described by a single Lewis
distribution in the anionic and neutr@l, species shows that  structure, which is supported by our NBO analysis (Table S7).
the extra electron is mainly acquired by oxygerD(99 |e| vs The expected bond between the outer gold atoms has OC equal
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Figure 9. Molecular orbitals of AgBO~ Cs (?A).

to 1.76 el and the other bonding pairs all have OCs ofeR
The natural configuration of the boron atom is?2&p!48,
Therefore, theC,, structure of A4BO can be represented as a
complex of a Ay and a AuBO unit. The Auimoiety carries a
positive charge of 0.26| equally distributed between the two
atoms, and the AuBO unit is a dipole with a total charge of
—0.26|¢| [O: —0.85|¢|; B: +0.58|¢|; Au: +0.01|€|]. Thus,
AuzBO can be viewed as a AiAuBO] complex. The estimated
interaction energy between Aand AuBO is 23.0 kcal/mol.

In the anion AYBO~, the extra electron occupies the,6b
orbital (Figure 8), which is antibonding in the Amoiety. Thus
in AuzBO™, the bonding in the Apunit will be weakened, but
not eliminated completely, which is consistent with our NBO
analysis of theCy, (°B,) isomer of AuBO~ (Table S8). The
additional electron (0.982|) is equally distributed over the two
Au atoms in the Ay unit. No changes occur in the bonding
pattern of the AuBO unit, but in the Awnit the OC of the
Au—Au bond is decreased to 0.88. The total charge on the
Auy is —0.72 €|, whereas that on the AuBO unit 150.29 |g].
Thus, theC,, (?B,) isomer XI of AuBO™ can be considered as
a complex of Ay~ and AuBO, i.e., Ay [AuBO]. The estimated
interaction energy is 47.6 kcal/mol, which is twice as strong as
the Aw and AuBO interaction in AsBO. A second-order
perturbation theory analysis shows significant interaction of the
Au—Au bond (OC= 0.88|¢|) with the low-occupation AuB
bond in the AuBO fragment (O& 0.26 |€]).

Molecular orbitals of the low-lyingCs (A") isomer XII of
AuzBO~ are presented in Figure 9. Interestingly, our analyses

show that identical sets of orbitals are occupied for both isomers

Xl and Xll, i.e., it is not a switch of orbitals from occupied and
unoccupied spaces that causes distortion of the geometry fro
C,, to Cs symmetry. The bonding pattern revealed by the NBO

analysis (Table S9) supports this idea. Except for the charge

redistribution, theC; structure XlI does not differ too much from
the C,, structure XI. We found that only low-occupancy lone
pairs at the gold atoms of the Auunit contribute to the doner
acceptor interaction with AuBO in th&; isomer. The interaction
energy is 47 kcal/mol, which is identical with that in tkg,
AuzBO~.

The open-shelCs (A") isomer XVI of HBO~ is electroni-
cally unstable. This explains the fact that the NBO analysis

m

is identical with one of the neutréls species: there is a double
bond between O and B, two singletB bonds, one single HO
bond, and a lone pair at the oxygen atom. The obtained picture
of Lewis bonding is related to bonding in tk&, (*A;) ground
state structure VI of BBO~ described in the previous section,
where one lone pair of the oxygen formed a bond with a proton.
If compared with the neutral species, in the anion oxygen
acquired 0.06e|, boron acquired 0.1, hydrogen atoms bound
to boron acquired a total of 0.2/, and the hydrogen atom
bound to oxygen got 0.58|. Once again, this demonstrates
that hydrogen atoms in4BO~ cannot electrostatically stabilize
an additional electron as Au atoms do insRO™.

6.4. Au,BO~ vs Au,CO. Since BO is isoelectronic with
CO, it is also interesting to compare the bonding between
Au,BO™ and Ay,CO. We computed the dissociation energies
of Au,BO™ to Au, + BO™, as follows:

AuBO™ (=")—Au+BO  AE=57.0 kcal/mol

Au,BO™ ('=")—Au,+BO~  AE=89.1 kcal/mol

Au,BO™ (°B,) —~ Au;+BO~  AE = 95.2 kcal/mol

These interaction energies are significantly higher than the
Au,CO dissociation energies, which range from 18.4 kcal/mol
for n= 1, to 35.2 kcal/mol fon =2, to 37.3 kcal/mol fon =
347 The structures of the ABO~ clusters are similar to that
of Au,CO. The stronger interactions in ABO™ are due to the
charge on BO. From our chemical bonding analyses discussed
above, we note that the ABO™ clusters can all be viewed as
Au,~[BO], i.e., there is a significant charge transfer from BO
to the Ay, clusters. This charge transfer is caused by the high
electron affinities of the Au clusters. Charge transfer has also
been observed to take place from CO tg,Alusters in A4yCO
complexes and has been suggested to play a central role for
understanding the catalytic mechanisms of low-temperature
oxidation of CO on Au clusters and nanoparticles. Thus the
Au,BO~ clusters are not only interesting chemical species in
their own right, but they are also interesting systems to provide
insight into the CO interactions with Au clusters.

7. Conclusion

distributes one electron among several nonbonding orbitals, so Anions of auro-boron oxides with composition O~ (n
that the bonding pattern in terms of lone pairs and 2c-2e bonds= 1—3) have been observed in laser vaporization experiments
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intended to produce Au/B alloy clusters. The electronic struc- h(3_)dt<)30ld: Pro%rESS_I in Cﬁ,eLnistryBiochemistry a(;]d fTechnOlOEy _
tures and chemical bonding in these species have been invesSchmidbaur, H., Ed.; Wiley, Chichester, U.K., 1999; and references therein.
tigated by photoelectron spectroscopy and theoretical calcula- Egg I(‘;ugiﬁ;b\;\sr’nwﬁq’Gfghnﬁ;nﬁncrffni\ﬂiﬁ;ggé..1g?gh7r§:jiéur H.
tions. Well-resolved photoelectron spectra were obtained at angew. Chem.Int. Ed. 1989 28, 463. (b) Grohmann, A.: Riede, J.:

various photon energies and the electron affinities and low- Schmidbaur, HNature 199Q 345, 140. (c) Tamm, T.; PyykkoP. Theor.

lying electronic excited states of the neutral ,BO clusters
were reported. Ground state structures ofBQ~ were identi-
fied and confirmed by comparison with the experimental data.
The structures and bonding of ABO~ were compared with
the borane oxides {BO~ (n = 1—3) to test the limit of the
Au/H analogy. It was established that both AuBend AuBO™~
possess linear structures and3;BO~ possesses &, global
minimum structure with a low-lying quasilineaZs isomer.

Molecular orbitals and NBO analyses showed that a single Au

atom interacting with a bare BO unit indeed mimics hydrogen
yielding a linear structure similar to that of HBO, though in

anions HBO is not stable because the H atom does not have
an equivalent accepting property compared to Au in AuBO. The

Chem. Acc200Q 103 399. (d) Hderlen, O. D.; Schmidbaur, H.; Roh,
N. J. Am. Chem. Sod994 116, 8241. (e) PyykkpP.; Zhao, Y.Chem.
Phys. Lett 1991, 177, 103. (f) Blumenthal, A.; Beruda, H.; Schmidbaur,
H. J. Chem. SocChem. Commuri993 1005. (g) Shein, I. R.; Medvedeva,
N. I.; Ivanovski, A. L.Phys. Solid Stat2001 43, 2213. (h) Yang, F.; Han,
R. S.; Tong, N. H.; Guo, WChin. Phys. Lett2002 19, 1336. (i) Parvin,
F.; Islam, A. K. M. A; Islam, F. NSolid State Commur2004 130, 567.
() Kwon, S. K.; Min, B. I; Youn, S. J.; Kim, K. SJ. Korean Phys. Soc
2005 46, L1295.

(6) Kiran, B.; Li, X.; Zhai, H. J.; Cui, L. F.; Wang, L. Angew. Chem.
Int. Ed.2004 43, 2125.

(7) (a) Li, X.; Kiran, B.; Wang, L. SJ. Phys. Chem. 2005 109,
4366. (b) Kiran, B.; Li, X.; Zhai, H. J.; Wang, L. S. Chem. Phy2006
125, 133204.

(8) Zhai, H. J.; Wang, L. S.; Zubarev, D. Yu.; Boldyrev, AJl.Phys.
Chem. A2006 110, 1689.

(9) Alexandrova, A. N.; Koyle, E.; Boldyrev, A. Il. Mol. Model.2006

neutral AuBO fragment remains unchanged as the second andi2, 569.

third Au atom is added to form ABO~ and AuBO™. All the
Au,BO~ species can also be viewed asAlBBO] complexes,
i.e., there is a significant charge transfer from B the Au
clusters, analogous to that in AZO complexes, although much
stronger interaction exists in ABO~ due to the extra charge
on BO".
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