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The  structural  and  electronic  properties  of titanium  tetraauride  are  investigated  using  photoelectron
spectroscopy  and density  functional  calculations.  The  photoelectron  spectra  of  TiAu4

− show  a relatively
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simple  spectral  pattern  with  a large  energy  gap,  suggesting  that neutral  TiAu4 has  a  highly  stable  electronic
configuration.  Theoretical  calculations  have  found  a slightly  distorted  tetrahedral  structure  for  TiAu4

−,
whereas  the  closed  shell  neutral TiAu4 has  perfect Td symmetry.  Chemical  bonding  analyses  suggest  that
the  Au  Ti bonds  have  multiple  bond  characters  due  to  the Au  5d  to  Ti 3d back  donation  and  that  chemical
bonding  in the  tetraauride  is similar  to that in  heavier  titanium  tetrahalides.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gold exhibits many unusual properties derived from the strong
elativistic effects [1–3] that stabilize the outer 6s shell and desta-
ilize the 5d shell, including significant s-d hybridization and
apacities to form strong covalent bonds [4]. Hence, Au has the
ighest electron affinity (EA) (2.309 eV) and simultaneously the
ighest ionization potential (9.225 eV) among all the metal ele-
ents. On the Pauling scale, the electronegativity of gold is also

he highest among the metallic elements. Thus, even though gold
s a metallic element, it can also act as an electron acceptor to form

 stable auride anion, such as in the ionic compound CsAu [1]. The
igh electronegativity of gold is also manifested by its similar chem-

cal properties to the heavier halides, such as Br and I [5–7]. The
old–halogen analogy has been examined in a previous theoreti-
al study of metal tetraaurides MAu4 (M = Ti, Zr or Hf), which were
redicted to have closed-shell tetrahedral (Td) structures, similar to
iCl4 [5]. However, this theoretical prediction has not been verified
xperimentally. Photoelectron spectroscopy (PES) combined with
b initio studies have shown that a single gold atom can also exhibit
hemistry analogous to the hydrogen atom, such as SiAu4, which
lso adopts a Td structure similar to SiH4 [8]. The gold-hydrogen

nalogy has been found in many auride clusters of Si and B [9–14].
he strong covalent bond character observed in these auride clus-
ers provides convincing evidence for the gold–hydrogen analogy.

∗ Corresponding author.
E-mail address: lai-sheng wang@brown.edu (L.-S. Wang).

ttp://dx.doi.org/10.1016/j.cplett.2014.07.018
009-2614/© 2014 Elsevier B.V. All rights reserved.
An interesting question is, does Au behave more like a halogen or
hydrogen when bonded to a transition metal atom?

Transition-metal (TM) doped noble metal alloy clusters con-
stitute an active field of research because of their potential
applications in nanoalloy catalysts and nanoelectronic devices
[15–25]. There have also been numerous studies of doped gold clus-
ters with main group elements [26–33]. However, to the best of
our knowledge, there have been no experimental studies on Ti-
doped gold clusters. In the current work, we report a combined
PES and density functional theory (DFT) study of the anionic and
neutral titanium tetraauride clusters. Our goal is to elucidate their
structures and the nature of the chemical bond between Ti and Au.
Our global minimum searches lead to a Td structure for neutral
TiAu4. However, the TiAu4

− anion has a slightly distorted tetrahe-
dral structure due to the Jahn–Teller effect. Photoelectron spectra
reveal a large energy gap and confirm the tetrahedral structures for
the titanium tetraauride. Chemical bonding analyses suggest that
there are multiple bond characters in the Au Ti bonds and that the
Au Ti bonding is similar to that in heavier titanium tetrahalides.

2. Experimental and theoretical methods

2.1. Photoelectron spectroscopy

The experiment was  carried out using a magnetic-bottle PES

apparatus equipped with a laser vaporization cluster source, details
of which were published elsewhere [34]. Briefly, the TiAu4

− clus-
ter was  produced by laser vaporization of a composite disk target
made of Au and Ti (5 wt.%). Clusters formed in the source were

dx.doi.org/10.1016/j.cplett.2014.07.018
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.07.018&domain=pdf
mailto:lai-sheng_wang@brown.edu
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Figure 1. Photoelectron spectra of TiAu4
− at (a) 355 nm, (b) 266 nm,  (c) 193 nm,  in

−
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ntrained by He carrier gas and underwent supersonic expansion to
rom a collimated cluster beam. The He carrier gas was seeded with
% Ar to achieve better supersonic cooling [35]. The cluster anions
ere extracted from the cluster beam and analyzed using a time-

f-flight mass spectrometer. The TiAu4
− cluster was  mass-selected

nd decelerated before being photodetached. Three detachment
hoton energies were used in the current study: 355 nm (3.496 eV)
nd 266 nm (4.661 eV) from a Nd:YAG laser and 193 nm (6.424 eV)
rom an ArF excimer laser. Photoelectrons were collected at nearly
00% efficiency by the magnetic bottle and analyzed in a 3.5 m

ong electron flight tube. The PES spectra were calibrated using the
nown spectra of Bi− and Au−, and the energy resolution of the
pparatus was �Ek/Ek ≈ 2.5%, that is, ∼25 meV  for electrons with

 eV kinetic energy.

.2. Computational methods

The DFT structural searches for the anionic and neutral clusters
ere performed using the coalescence kick (CK) global minimum

earch program [36] at the B3LYP/LANL2DZ level of theory [37].
he low-lying candidate structures were then reoptimized at the
3LYP/Stuttgart (SDD) and PBEPBE/SDD [38] levels. Frequency cal-
ulations were done to confirm that the reported structures are true
inima. The VDEs were computed using two methods: (1) �SCF-

DDFT [16,39]. In this approach, the ground-state energies of the
nions and the neutrals were calculated at the optimized geome-
ries of the anions from the �SCF energy differences, whereas
he vertical excited-state energies of the electron-detached neutral
pecies were obtained from TDDFT calculations at the geometries
f the anions. These excitation energies were then added to the
rst VDE to approximate the high-lying VDEs. Only those neu-
ral excited states with one-electron detachment from the anion
round state were chosen. (2) �SCF. The TDDFT cannot calculate
he accurate excitation energy of the triplet excited states for TiAu4
ue to the orbital degeneracy lifted by uneven occupancy of the
egenerate orbitals. The triplet final VDEs are thus calculated as
he �SCF energy differences by defining the exact final electronic
tates at the anion geometry [40,41]. Both methods are done using
3LYP/SDD and B3LYP/Ti/Aug-cc-pVTZ/Au/Aug-cc-pVTZ-pp levels
f theory [42,43]. Natural bond orbital (NBO) [44] analyses were
erformed on the optimized neutral geometry at B3LYP/SDD level
f theory. These calculations were done using gaussian 09 [45].

. Results and discussion

.1. Experimental results

The photoelectron spectra measured at the three photon ener-
ies are displayed in Figure 1. The observed detachment transitions
re labeled with X, A, B, . . .,  where band X represents electron
etachment from the anion to produce the neutral electronic
round state. The higher binding energy bands (A, B, . . .)  denote
etachment transitions to exited states of neutral TiAu4. The verti-
al detachment energies (VDEs) of all the observed bands are given
n Table 1, where they are compared with the theoretical results.

The 193 nm spectrum (Figure 1c) reveals a large gap between
ands X and A. The VDE of band X is measured to be 2.91 eV, whereas
he VDE of the A band is 4.42 eV. The large energy gap of 1.51 eV
etween bands X and A indicates a large gap between the high-
st occupied (HOMO) and lowest unoccupied (LUMO) molecular
rbitals of the neutral species, suggesting that TiAu4 is a highly sta-

le and closed-shell system. Two intense bands B (VDE: 4.63 eV)
nd C (VDE: 4.72 eV) are closely spaced with band A. Following
nother energy gap, two relatively weak features D (VDE: 6.00 eV)
nd E (VDE: 6.20 eV) are observed in the high binding energy region.
comparison with the simulated spectrum (d) for the global minimum D2d TiAu4

at B3LYP/SDD level. The simulated spectrum was  obtained by fitting the calculated
VDEs with a unit area Gaussian function of 0.12 eV full width at half maximum.

Some broad and continuous signals (*) are observed between 5 and
6 eV in the 193 nm spectrum. As will be shown later when com-
pared to the theoretical results, these signals do not correspond
to any direct one-electron detachment processes. They are likely
due to indirect processes, either via shake-up or autodetachment
processes [46].

We expected to obtain better-resolved spectra at lower photon
energies. However, the 266 nm spectrum (Figure 1b) shows surpris-
ingly relatively strong and continuous signals in the X and A band
gap region. These continuous signals are reminiscent of thermionic
emissions [47,48] i.e., the anion absorb a 266 nm photon, which is

rapidly converted to internal energies to create ‘superhot’ anions.
These superhot anions can ‘boil’ off electrons, giving rise to the
continuous signals, and also undergo fragmentation. The latter
is evidenced by the observation of a very sharp peak labeled as
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Table  1
Comparison of the experimental vertical detachment energies (VDEs) with the calculated values of TiAu4

– (D2d, 2B1). All energies are in eV.

Features VDE (expt.)a Final states and their electronic configurations VDE (theo.)

X 2.91 (5) 1A1, . . . 4e43a2
12b2

15e42a2
24a2

14b2
26e43b0

1 3.16b 3.02c 3.02d

A 4.42 (6) 3E, . . . 4e43a2
12b2

15e42a2
24a2

14b2
26e33b1

1 4.21 4.18 e

B 4.63 (6) 1E, . . . 4e43a2
12b2

15e42a2
24a2

14b2
26e33b1

1 4.24 4.23 4.55
1A2, . . . 4e43a2

12b2
15e42a2

24a2
14b1

26e43b1
1 4.28 4.28 4.71

C  4.72 (6) 3A2, . . . 4e43a2
12b2

15e42a2
24a2

14b1
26e43b1

1 4.52 4.27 e

D 6.00 (6) 3B1, . . . 4e43a2
12b2

15e42a2
24a1

14b2
26e43b1

1 5.63 e e

1B1, . . . 4e43a2
12b2

15e42a2
24a1

14b2
26e43b1

1 5.67 e 6.00
E  6.20 (6) 3E, . . . 4e43a2

12b2
15e32a2

24a2
14b2

26e43b1
1 6.02 e e

1E, . . . 4e43a2
12b2

15e32a2
24a2

14b2
26e43b1

1 6.03 e e

3E, . . . 4e33a2
12b2

15e42a2
24a2

14b2
26e43b1

1 6.08 e e

a Numbers in parentheses represent the uncertainty in the last digit.
b VDEs were calculated using �SCF method at B3LYP/SDD level of theory.
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d VDEs were calculated using �SCF-TDDFT method at B3LYP/Ti/aug-cc-pVTZ/Au/
e The VDEs cannot be obtained at this level of theory.

a’ at 2.3 eV, which corresponds to detachment of Au−. Similar
hermionic emissions from superhot anions are observed even

ore prominently in the 355 nm spectrum (Figure 1a), where the
u− signal is also more visible. The very weak continuous signals

n the low binding energy side below the detachment threshold
re likely due to the detachment of the superhot anions upon
bsorption of a second photon. We  confirmed the thermionic and
wo-photon processes by varying the photon fluxes. Both the Au−

nd the continuous thermionic signals were reduced at lower
etachment laser fluxes. Even though the X band at 355 nm is
roadened due to the thermionic emission, the onset is quite sharp,
hich allowed us to estimate the adiabatic detachment energy

ADE). Since vibrational structures are not resolved, the ADE is mea-
ured by drawing a straight line along the leading edge of band X
n the 355 nm spectrum and then adding the spectral resolution to
he intersection with the binding energy axis. The ADE obtained is
.80 ± 0.05 eV, which corresponds to the electron affinity of TiAu4.

.2. Theoretical results

The optimized global minimum and low-lying structures of
iAu4

− and TiAu4 are depicted in Figure 2, along with their rela-
ive energies and point group symmetries. All cluster structures
resented were obtained initially via the CK structural searches
nd subsequently reoptimized at the B3LYP/SDD and PBEPBE/SDD
evels of theory. The calculations at both levels give a slight dis-
orted tetrahedral structure, isomer 1 (D2d, 2B1) in Figure 2a, as the
lobal minimum structure for TiAu4

−. The four Ti Au bonds have

he same bond length of 2.54 Å at B3LYP and 2.50 Å at PBE. The two
ifferent ∠Au Ti Au bond angles in the D2d TiAu4

− are essentially
he same at the two levels of theory: 114.4◦ and 99.9◦ at B3LYP
nd 114.5◦ and 99.8◦ at PBE. The nearest low-lying isomer 2 (C2v,

igure 2. Optimized global minimum structure and low-lying isomers of (a) TiAu4
− and (

BEPBE/SDD (in parentheses) levels of theory. All the relative energies have been correcte
pp level of theory.
c-pVTZ-pp level of theory.

2A1) lies 15.79 kcal/mol (B3LYP) and 18.53 kcal/mol (PBE) above the
ground state. Isomer 2 is a planar triangular structure with a Au2
unit, which can be denoted as (�1-Au2)TiAu2

−. All other structures
are at least 40 kcal/mol above the global minimum at both levels of
theory.

Neutral TiAu4 is found to be tetrahedral with Td symmetry
and a closed-shell electronic state (structure 5 in Figure 2b). The
calculated Au Ti bond distance is 2.43 (B3LYP) and 2.40 Å (PBE),
significantly reduced relative to those in the anion. Our results on
TiAu4 are consistent with the previous work [5]. The nearest low-
lying isomer, 6 (Cs, 1A’), is similar to isomer 2 for the anion, but it is
non-planar with Cs symmetry because the Au Au Ti unit is slightly
bent. Isomer 6 is 34.22 kcal/mol (B3LYP) and 38.21 kcal/mol (PBE)
higher than the global minimum Td structure 5.

3.3. Comparison between experiment and theory

Our calculations show that the global minimum isomer 1 (D2d,
2B1) of TiAu4

− is significantly more stable than the nearest low-
lying isomer (structure 2 in Figure 2a). Thus, we can rule out
contributions of the low-lying isomers to the experimental spec-
tra. The computed VDEs for all the detachment channels for the
global minimum structure are given in Table 1 and the simulated
spectrum is shown in Figure 1d.

The global minimum structure of TiAu4
− has a doublet ground

electronic state (2B1) with a valence electron configuration of
. . .2a2

24a2
14b2

26e43b1
1. All the occupied valence molecular orbitals

(MOs) of TiAu4
− are shown in Figure 3. The first detachment
channel corresponds to the electron removal of the singly occu-
pied molecular orbital (SOMO, 3b1) to produce the singlet neutral
ground state (1A1). The calculated VDE of this detachment channel
is 3.16 eV at B3LYP/SDD level of theory. It is worth noting that the

b) TiAu4. Relative energies for the isomers are given in kcal/mol at B3LYP/SDD and
d for zero-point energies.
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Figure 3. Counter plots of the occupied valence molecular orbitals of 

.25 eV difference between the experiment and calculated first VDE
s within the error of the computational method used. The applica-
ion of larger basis set (Ti/Aug-cc-pVTZ/Au/Aug-cc-pVTZ-pp) yields

 smaller VDE of 3.02 eV. Both VDEs are in good agreement with
he experimental value of 2.91 eV. The calculate ADEs, based on the
nergy difference between the total energies of the ground state of
he anion (D2d, 2B1) and that of the neutral (Td, 1A1), are 2.91 eV
t the B3LYP/SDD level of theory and 2.78 eV using larger basis
et, which also agree well with the experimental ADE of 2.80 eV.
he 3b1 SOMO of TiAu4

− (Figure 3) involves antibonding interac-
ions between the Au 5d and Ti 3d orbitals, consistent with the
arge Au Ti bond length reduction upon electron detachment to
orm neutral TiAu4 in its ground state. Hence, the Au Ti breath-
ng mode should be active in the X band, which was calculated to
ave a frequency of 116 cm−1. Because of the symmetry change

rom D2d to Td upon electron detachment, the bending mode of
iAu4 should also be active in the X band, which has a calculated
ibrational frequency of 26 cm−1. Thus, the X band should contain
xtensive vibrational structures of the two modes, consistent with
he relatively broad width in the experimental spectra (Figure 1).

It can been seen from Table 1 that increasing the basis set
roduces slightly smaller VDEs and the �SCF method seems
o under estimated the VDE values comparing to the �SCF-
DDFT method. However, due to the lack of several excited
tates in the �SCF-B3LYP/Ti/Aug-cc-pVTZ/Au/Aug-cc-pVTZ-pp and
SCF-TDDFT-B3LYP/Ti/Aug-cc-pVTZ/Au/Aug-cc-pVTZ-pp, all the

ollowing discussion are based on the �SCF-B3LYP/SDD method.
lectron detachment from the doubly degenerate HOMO (6e)
eaches the first triplet excited state (3E) with a calculated VDE of

.21 eV, in agreement with band A at 4.42 eV. The calculated 3E–1A1
DE difference of 1.05 eV is smaller than the observed X–A energy
ap of 1.5 eV. The singlet final state (1E) from detachment of the 6e
OMO gives the calculated VDE of 4.24 eV. The third detachment
ound state of the D2d TiAu4
− calculated at B3LYP/SDD level of theory.

channel occurs from HOMO-1 (4b2) reaching the 3A1 final state that
produce the 1A2 final state with the calculated VDE of 4.28 eV. These
two detachment channels are calculated at 4.55 eV and 4.71 eV
using the �SCF-TDDFT method. They are assigned to the intense
band B at 4.63 eV. The corresponding triplet final state from HOMO-
1 has a calculated VDE of 4.52 eV, which agrees with band C at
4.72 eV. Following a large energy gap, the next detachment chan-
nel occurs from HOMO-2 (4a1). The computed VDEs for the triple
and singlet final states are 5.63 and 5.67 eV, which are in very good
agreement with bands D. Three more detachment channels are cal-
culated at 6.02 eV, 6.03 eV and 6.08 eV, which are assigned to the
feature E. Hence, the broad signal between bands C and D (labeled
with * in Figure 1c) cannot be due to direct one-electron processes.
Following another small energy gap, all higher detachment chan-
nels involve the congested Au 5d orbitals (Figure 3 and Table 1),
which are beyond the current photon energy at 193 nm.  The cal-
culated VDEs are fitted with 0.12 eV FWHM Gaussian functions
to produce a simulated spectrum, as shown in Figure 1d. Overall,
the simulated spectral pattern is in excellent agreement with the
experimental spectrum, lending strong support for the D2d global
minimum of TiAu4

−.

3.4. The chemical bonding in TiAu4

The molecular orbitals of the Td TiAu4 are shown in Figure 4.
They are similar to those of the anions (Figure 3), except that the
neutral has high symmetry and higher degeneracy. It is important
to point out that the LUMO of TiAu4 is doubly degenerate (3e). The
occupation of this orbital in the TiAu4

− anion induces Jahn–Teller

distortions, resulting in the D2d global minimum of anionic TiAu4

−.
The HOMO (4t2) and HOMO-1 (2a1) of TiAu4 describe bonding
interactions between the Au 6s and the Ti 4s orbitals, whereas
HOMO-8 (1t2) and HOMO-9 (1a1) shown significant bonding
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Figure 4. Counter plots of the valence orbitals of the ground state of the Td TiAu4 calculated at B3LYP/SDD level of theory.

Table 2
Comparison of the bond lengths, natural charges, and Wiberg bond indices of a series of titanium tetrahedral compound, TiX4 (X = H, F, Cl, Br, I, and Au), at the B3LYP/SDD
level  of theory.

Covalent radius (X) Electro-negativity (X) Bond length Natural charge (|e|) Wiberg bond indices

(pm) (Å) Ti X Ti X X X

TiH4 31 ± 5 2.20 1.69 0.82 −0.21 0.96 0.00
TiF4 64 3.98 1.75 1.68 −0.42 0.98 0.02
TiCl4 102 ± 4 3.16 2.19 0.09 −0.02 1.49 0.05

2.3
2.5
2.4

i
f
a
t

f
a
p
b
(
c
c
c
i
o
A
a
A
a

TiBr4 120 ± 3 2.96 

TiI4 139 ± 3 2.66 

TiAu4 136 ± 6 2.54 

nteractions between the Au 5dz
2 and the Ti 3d orbitals. These

avorable bonding interactions underlie the high stability of TiAu4
nd suggest that the Au Ti bonds have multiple bonding charac-
ers.

To further understand the chemical bonding in TiAu4, we  per-
ormed NBO analyses based on the optimized structure at B3LYP
nd compared it with other known tetrahedral titanium com-
ounds, TiX4 (X = H, F, Cl, Br, I) at the same level of theory. All the
ond lengths, natural charges, and Wiberg bond indices for TiX4
X = H, F, Cl, Br, I, and Au) are summarized in Table 2. In TiH4, Ti
arries +0.82 |e| residual charge and H carries −0.21 |e| charge,
onsistent with the relatively small electronegativity of Ti (1.54)
ompared to that of H (2.20). The Ti atom becomes even more pos-
tively charged in TiF4 due to the extremely large electronegativity
f F. Thus, the Ti H and Ti F bonds have strong ionic characters.

lthough Br, I, and Au have larger electronegativity than Ti, the NBO
nalyses show that Ti carries negative charges in TiX4 for X = Br, I,
u. In addition, the Wiberg bond indices [49] reveal that the Ti H
nd Ti F bonds are single bonds, but the bond order between Au
4 −0.36 0.09 1.60 0.06
6 −0.99 0.25 1.76 0.07
3 −0.24 0.06 1.37 0.05

and the heavier halogens is ∼1.5, suggesting multiple bond charac-
ters as a result of back donations from the ligands to Ti. The negative
charge on Ti in these systems is also a consequence of the back
donation. The multiple bond character in TiAu4 is consistent with
the MO analyses mentioned above. Hence, on the bases of the NBO
analyses, Au atoms behave more like heavy halogens in TiAu4, as
initially suggested in ref. 5. This is mainly due to the back donation
of Au 5d to Ti 3d. There is no such d–d interactions when Au bonds
to Si or B, where it behaves more like a H atom in Si Au or B Au
binary clusters [8,13].

4. Conclusions

In conclusion, photoelectron spectroscopy is combined with
density functional theory calculations to investigate the electronic

structure and bonding properties in titanium tetraauride. The
electron affinity of TiAu4 is measured to be 2.80 ± 0.05 eV. Photo-
electron spectra of TiAu4

− reveal a large HOMO-LUMO gap for
TiAu4, suggesting it is a highly stable species. DFT  calculations are
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erformed to search for the lowest energy structures for both the
nion and neutral. We  find that the global minimum structure
f TiAu4

− has D2d symmetry, whereas neutral TiAu4 has perfect
d symmetry. The reduced symmetry of the anion is due to the
ahn–Teller effect because the LUMO of TiAu4 is doubly degenerate.
he global minimum structure of TiAu4

− is confirmed by compar-
son of the calculated VDEs with experimental PES data. Natural
ond order and molecular orbital analyses show multiple bond
haracters between Au and Ti in TiAu4 due to back donation of Au
d to Ti 3d. The bonding in TiAu4 is found to be similar to heavy
itanium tetrahalogens.
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