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The mechanism of dissociative D, adsorption on Ti,O4 ™, which serves as a model for an oxygen vacancy
on a titania surface, is studied using infrared photodissociation spectroscopy in combination with density
functional theory calculations and a recently developed single-component artificial force induced reaction
method. Ti,O4  readily reacts with D, under multiple collision conditions in a gas-filled ion trap held at
16 K forming a global minimum-energy structure (DO-Ti—(O),-Ti(D)-O) . The highly exergonic reaction
proceeds quasi barrier-free via several intermediate species, involving heterolytic D,-bond cleavage followed
by D-atom migration. We show that, compared to neutral Ti,O4, the excess negative charge in Ti,O4 s
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Introduction

Titanium oxides are among the best candidates for hetero-
geneous photocatalysis." > Numerous studies have been devoted to
the investigation of their role in promoting water splitting.*”
Hydrogenation of TiO, nanomaterials significantly improves their
solar-driven photocatalytic performance by reducing their band
gap.*® However, the nature of the adsorbed hydrogen and the
electronic structure at the surface remain subject to intense debate.

While H, only weakly interacts with crystalline TiO, surfaces,
surface defects in the form of oxygen vacancies act as electron
donors, providing specific adsorption sites at which molecular
hydrogen can dissociatively adsorb.'® The removal of an oxygen
atom formally leaves behind two unpaired electrons. The localiza-
tion and mobility of these electrons have remained controversial."""?
Density functional theory (DFT) calculations reveal that this
excess charge is mainly localized on the surface 5-fold coordi-
nated *°Ti atoms and/or 6-fold coordinated subsurface °°Ti
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D, adsorption energy in the initial physisorption step.

atoms in the vicinity of the defect, see ref. 11-13 and references
therein. The degree of delocalization and the position of the
reduced Ti atoms, often referred to as “Ti** centers”, strongly
depend on the level of theory used.

Alocalized excess charge can also originate from OH groups on
TiO, and indeed hydrogenated TiO, shows considerably higher
reaction rates for water splitting than a noble metal decorated
TiO, surface and also absorbs visible light in a broader spectral
region.®'*"> A recent study identified negatively-charged hydride-
type H-Ti species as the photoactive species, whose formation and
stability are closely related to available surplus electrons on the
rutile TiO,(110) surface from oxygen vacancies or by the formation
of surface hydroxyls."® Isolated gas-phase clusters can serve as a
model system for studying adsorption reactions at the molecular
level with the key advantage of being amenable to high-level
quantum chemical calculations.’”™® Here, we characterize the
influence of the excess electron in the gas phase cluster Ti, O,
on the mechanism of dissociative hydrogen adsorption using
cryogenic ion vibrational spectroscopy in combination with DFT
calculations and the recently developed single-component
artificial force induced reaction (SC-AFIR) method.>°

The stability and structure of titanium oxide clusters in the gas
phase have been studied experimentally using VUV-ionization,>"
collision induced dissociation,**** UV-photodissociation®* and ion
mobility*® mass spectrometry as well as anion photoelectron,** 2
infrared resonance-enhanced multi-photon ionization®® and
infrared photodissociation®>*" spectroscopy. These studies mainly
focused on the characterization of (TiO,),, "~ clusters (n =1, 2,.. ),
in particular the stability, vibrational frequencies and electron
affinities of the smaller clusters and how these properties differ
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compared to those of the bulk as a function of the cluster size n.
The structure of Ti,O,  was studied in more detail using
slow electron velocity-map imaging (SEVI) anion photoelectron
spectroscopy.”® Similar to neutral Ti,O, it exhibits a non-planar
O-Ti—~(0),-Ti-O motif containing a four-membered ring.*?
However, the additional negative charge leads to stabilization
of the C,, isomer over the C,;, structure in the negative ion. The
gas phase reactivity of titanium oxide clusters is less well studied
experimentally and their characterization has been limited to
reactions with molecular oxygen®® and water.**

Computationally, the geometries of neutral and charged
(TiO,), clusters have been extensively investigated at both DFT
and CCSD(T) levels of theory.®**>~*> Reactions of titanium oxide
clusters with hydrogen and water have also been examined.>***™*
As the number of TiO, units 7 in [TiOZ)n” o= clusters is increased,
the number of isomers grows dramatically. This complicates the
identification of low-energy structures and advanced algorithms
for performing global minimum searches are required. As a result,
conflicting structural assignments have been reported for smaller
(TiO,),, clusters, with the latest study showing that up to n =13 the
lowest energy structures do not contain a six-fold coordinated
®“Ti-atom characteristic of a TiO, bulk crystal.>®

Comparable difficulties arise, even for smaller titanium oxide
clusters, when the mechanism of a chemical reaction with a
molecular reactant at a finite temperature is investigated. The
number of the possible reaction pathways similarly increases
dramatically with size and complexity of the reactants, necessitating
the consideration of an ensemble of energetically favorable isomers
and possible rearrangements of the cluster structure during the
reaction. Here, we make use of a fully automated method for
systematically locating the reaction pathways among various isomers
in order to unravel the molecular-level reaction mechanism.>°
The future application of the present methodology to (TiO,),
for larger n is, in principle, straightforward.

Methods

Experimental section

Infrared photodissociation (IRPD) experiments were conducted on
an ion trap tandem mass spectrometer described previously.*®*°
Ti,O,  clusters are produced using a Smalley-type laser-vaporization
source.”® The second harmonic output (532 nm) of a 50 Hz Nd:YAG
laser (Litron, Nano S) is focused (25 cm focal length) onto the surface
of a rotating and translating titanium rod. The plasma-
containing Ti atoms are entrained in a pulse of 0.75% O, seeded
in He carrier gas (6 bar backing pressure) and expanded through
a clustering channel held at 270 K. The best ion signal stability
was obtained for a turning speed of the rod of ~ 3 turns per min,
laser pulse energies of up to ~10 mJ and a time delay between
firing of the laser and opening of the pulsed valve of ~500 ps.
The pulsed expansion passes through a 4 mm diameter skimmer.
The anion beam is then collimated in a decapole ion-guide filled
with He gas and mass-selected using a quadrupole mass-filter.
Mass-selected anions are accumulated in a linear radio-frequency
(RF) ring-electrode ion-trap held at 16 K and continuously filled
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with D, gas. Trapped ions are internally cooled by collisions with
the D, gas. Physisorbed, i.e. messenger-tagged, and chemisorbed
species are stabilized via three-body collisions.**

After loading the trap for 198 ms, all ions are extracted and
focused both temporally and spatially into the center of the
extraction region of an orthogonally-mounted linear time-of-flight
(TOF) mass spectrometer. Here, the ion packet is irradiated with a
single macropulse (~10 ps pulse length) from the free electron
laser FHI-FEL operated at 5 Hz with a spectral bandwidth of ca.
0.2% (root mean square) of the central wavelength and pulse
energies of ~0.1 to 2 mJ.>> Subsequently, high voltage extrac-
tion pulses are applied and a TOF mass spectrum is recorded.
IRPD spectra are obtained by simultaneously monitoring
the depletion of the messenger-tagged (parent) ions and the
formation of the bare (fragment) ions as a function of the IR
radiation wavenumber, which was scanned in the spectral
ranges 400-1300 cm~ " and 2000-3000 cm™ " in steps of 3 cm™ ..
30 TOF mass spectra are summed at each wavenumber step.
Each IRPD spectrum is averaged over three individual scans. The
relative photodissociation cross section grpp is determined as
described previously.>*”*

Computational details

All the stable structures and reaction pathways were searched
systematically using the artificial force induced reaction (AFIR)
method implemented in a local developmental version of the
GRRM program®’ with the potential energy gradient calculated
using Guassian09.”®°® Within the AFIR approach the tentative
products and transition states are obtained by applying an
artificial force to randomly distributed reactants.>® The accu-
rate final products and transition states are determined by
reoptimization along the AFIR path using the locally updated
plane method®” without artificial force and confirmed using
the intrinsic reaction coordinate calculations.’® This strategy
has been successfully used as a promising tool for the predic-
tion of the reactivity of small metal clusters in the regime of
fluxional structures and searching for favorable paths for single
bond activation reactions.>**°

DFT calculations for adsorption and dissociation of D, on
Ti,0;  were performed at the UB3PW91/aug-cc-pVDZ level.**
The method and basis set were chosen based on a careful
evaluation of previous work.®®> All energies are calculated by
considering the free energy correction at 7= 70 K, the estimated
upper limit for the average temperature of the clusters probed
in the experiment (30-70 K). The search for the dissociation
pathways is done using the multi-component (MC)-AFIR method
with a model collision energy parameter of 200 k] mol . After the
initial D-D bond breaking, the intermediates containing atomic D
species are searched with the use of the single-component AFIR
(SC-AFIR) method with a model collision energy parameter of
100 k] mol " to get to the bottom of the local funnel for DTi,0,~
and DTi,0,D". The present SC-AFIR method has been successfully
used in our previous work for searching the most stable structures
of dissociated H, on small gold clusters Au,, (n = 2-11).>>°° IR
spectra are generated by convoluting the corresponding stick
spectra derived from harmonic frequencies (no scaling) and
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intensities using a Gaussian line shape function with a FWHM
of 10 cm ", The influence of anharmonic effects on the vibra-
tional frequencies was checked and was found to be small.

Results and discussion

Ti,O, reacts readily with D, under multiple collision condi-
tions in the ion trap held at 16 K to form [Ti,0,D,] :

o Dy, Trean=16 K
Ti,O4 + Dy ——s

[Ti204D2}7 (1)
A typical TOF mass spectrum of the reaction products is shown
in Fig. S1 of the ESLt The [Ti,0,D,] anions do not dissociate
under typical single photon absorption conditions, suggesting
that the D, molecule is involved in a barrierless (or low-barrier)
reaction with a chemisorbed species, which is subsequently
stabilized by three-body collisions.

In the following, we characterize the structure of [Ti,O4D,]~
and elucidate the underlying reaction mechanism using DFT
calculations. The IRPD spectrum of D,-tagged [Ti,O,D,]  is
shown in the bottom panel of Fig. 1. It is obtained by monitoring
the photodissociation yield of the complexes containing additional,
weakly bound D, molecules, i.e. [Ti;O4D,] -(Dy):-3, as a function of
the irradiation wavenumber. These complexes show the typical
behavior of messenger-tagged anions and readily dissociate under
single photon absorption conditions. The spectrum reveals eight
characteristic peaks, labeled a to h in Fig. 1, and clearly shows poor
agreement with the simulated spectrum of the entrance-channel
complex Ti, O, -D,, labeled as I in Fig. 1, supporting the notion
that the first D, molecule chemisorbs to Ti,O, .

In order to identify the structure of [Ti,0,D,]” we performed
an extensive minimum-energy structure search using the
SC-AFIR method. 14 [Ti,O,D,]| isomers were identified. The
lowest energy isomers are those, in which D, dissociatively
adsorbs to Ti,O, , yielding structures in which one D atom is
bound to an O atom and the other to a Ti atom (see P; to P5 in
Fig. 1). Higher energy isomers are shown in the ESIT (see Fig. S2).
All low-lying isomers shown in Fig. 1 share the four-membered
Ti~(0),-Ti ring motif, also found in bare Ti,0, .*® The isomers
P, to P; all contain a Ti-hydroxide (Ti-OD) and a titanium
hydride (Ti-D) bond involving the same (P, and Ps) or different
Ti atoms (P;-P;). Moreover, the P,/P; and P,/Ps; structures
represent pairs with identical connectivity, i.e., they are confor-
mational isomers and are thus rather close in energy.

The simulated IR spectra of P, to P5 are also shown in Fig. 1.
Best agreement with the experimental IRPD spectrum of
[Ti,04D,] +(D,);-3 is obtained for the lowest energy isomer Py,
which allows assignments of the eight experimental features a
to h to fundamental transitions involving predominantly
stretching modes (see Table 1). The three highest energy bands
a to ¢, found at 2790 cm ™', 1071 cm ™' and 956 cm ™, are the
O-D, Ti-D and terminal Ti—O stretching modes, respectively.
The triplet d to f, observed in-between 850 cm™* and 550 cm ™, is
characteristic of the Ti-(0),-Ti four-membered ring, as has been
previously observed in related systems.®>®* This ring consists
of a three-fold-coordinated (*°Ti) and a four-fold-coordinated
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Fig. 1 Experimental IRPD spectrum of [Ti,O4D,] +(Dy)1_3 (bottom panel)
and unscaled UB3PW91/aug-cc-pVDZ harmonic IR spectra (upper panels) of
low energy isomers of bare Ti;O4~ (Rejs and Reans). Ti2O4 ™ (Dy) (physisorbed,
leis and lgans) and [Ti,O4D5]™ (chemisorbed, P1—Ps) in the fingerprint
(400-1300 cm™Y) and O-D stretching (2575-2975 cm™?) spectral regions.
Assignments of the IR-active vibrational modes are indicated (v: stretching,
vs/vas: Symmetric/antisymmetric Ti—(O), stretching of the Ti—(O),—Ti ring,
‘1" and ‘2’ refer to the 3- and 4-fold coordinated Ti-atom, respectively). *'
denotes weak adsorption assigned to the D, stretching mode. See Table 1
and Table S1 (ESIT) for band positions and assignments. Minimum-energy
structures (R: reactant, |: intermediate, P: product; Ti = silver, O = red,
H = turquoise) and relative energies (in kJ mol™) are shown on the right
of each panel.

Ti atom (*“Ti). The four intracyclic Ti-O single bonds combine to
two sets of symmetric (v5) and antisymmetric (v,s) stretching
modes involving the O-*Ti-O (v 1, Vas.1) and O-"“Ti~O (v 1, Vas.2)
moiety, respectively. These four modes correspond to bands d, e,
f and h in the experimental IRPD spectrum. Finally, band g is
assigned to the Ti-OD stretching mode.

While the simulated spectra of the energetically higher-lying
isomers P, to P; are rather similar to that of Py, which can be
expected, due to the similar structures, there are some char-
acteristic differences, which disfavor an assignment to these
higher energy structures. First, the spacing (115 cm™') and
relative intensities of the Ti-D and T—O stretching modes
(bands b and c in Fig. 1) are best reproduced by the spectrum
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Table 1 Experimental band positions (in cm™), calculated harmonic vibra-
tional frequencies (in cm™?) and IR Intensities (in parentheses, in km mol™3)
of [Ti204D2]7

Band Mode* Exp. UB3PW91
* ¥(D-D) 2927
a 1(0-D) 2790 2877 (53)
b Y(Ti-D) 1071 1086 (340)
c Y(Ti=0) 956 997 (325)
d v(>°Ti-(0)y) 773 779 (485)
e Vas(>“Ti-(0),) 719 727 (227)
f v(*“Ti~(0),) 636 634 (416)
g 1(Ti-OD) 613 610 (13)
h Vas(*“Ti~(0),) 452 449 (25)
5(Ti-D) 420 (14)

“ Stretching (v), bending (d), symmetric (s), antisymmetric (as).

of P; (89 cm™'). In the other spectra the spacing is either
predicted too small (P,: 37 cm ™', P3: 35 cm™ ') or too large
(P4: 179 ecm ™', P5: 187 cm™ ). Second, the relative position and
intensities of bands d to g are best reproduced by the spectrum
of P; and much less satisfactorily by the spectra of P, to Ps.

The reaction path for reaction (1) is shown in Fig. 2 and the
most relevant structures are shown in Fig. 3. The reaction starts
out from the C,, ground state structure R (see Fig. 3) of
the reactant Ti,O, .%*> The corresponding trans-isomer Ryqpns Of
Cs symmetry lies slightly higher in energy, also at 70 K, where
the difference in free energy amounts to only 0.3 kJ mol ™"
(B3PW91/aug-cc-pVDZ). Therefore, these two isomers likely
co-exist under the current experimental conditions. Moreover,
the barrier between R and Rygys is small (3.0 k] mol™") and
they can readily isomerize. Higher energy isomers are shown in
the ESIT (see Fig. S3).

In the first step, the D, molecule can either physisorb to Rg;s
oI Rypans, forming the intermediates I and Igq,s, respectively.
The formation of I,.,s is energetically favored (adsorption
energies: —9.6 k] mol " vs. —4.6 k] mol '). Subsequently, the
D, molecule in L4, dissociates via TST**, which lies 5.7 k] mol !
above Iqns but substantially below the free energy of the entrance
channel. This leads to the formation of the product Ps, in
which one of the D atoms remains bound to the Ti atom and
the other migrates to the adjacent terminal O-atom forming a
hydroxyl group. In the case of intermediate I ;, D, dissociates
via TS (4.6 k] mol™* above 1) forming product P,, which
can further cis-trans isomerize to P5 via TS,_s with a barrier of
3.0 k] mol ™", Alternatively, I; can isomerize to I;qns through
the complicated pathway over transition states TS’, TS”, and
TS’ with free energies of 7.2, 10.3 and 6.1 k] mol ™, respec-
tively. This isomerization is, however, partially suppressed,
because it is energetically less favorable compared to the direct
dissociation of D, on I ;.

Subsequently, Ps can isomerize to the global minimum-
energy product P; via TSy, which involves the migration of a
D atom from one Ti atom to the other. Considering that we only
observe P; and not P45 as products suggests that even though the
isomerization barrier P; — P; is relatively high (66.9 k] mol "), this
exergonic reaction is not kinetically hindered, probably due to the
absence of rapid-cooling of the ions on the time scale of the reaction.
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Fig. 2 Full free-energy profile (70 K, 1 atm) for the most favorable path for
D, dissociation on the cis- (solid line) and trans- (dashed dotted line)
isomers of anionic Ti,O4 clusters (a); cis—trans isomerization pathways
for anionic Ti,O4 (dashed line) and [Ti,O4D,]~ (dashed dotted line)
clusters (b); and D, dissociation path on the neutral Ti,O4 cluster (c).

P, is the most stable intermediate obtained by the SC-AFIR method.
Removal of a D atom from P; leads to the formation of the [Ti,O,D]~
isomers P’ and P” (see Fig. 2a and 3), but this is energetically
highly unfavorable, requiring at least 131 kJ mol .

Note, any autodetachment processes from the anions involved
in the reaction mechanism under the present experimental reaction
conditions can be safely neglected due to the high electron
affinity of Ti,O4 of more than 1.7 eV.*®

Phys. Chem. Chem. Phys., 2017, 19, 23154-23161 | 23157


http://dx.doi.org/10.1039/c7cp03798h

Published on 02 August 2017. Downloaded by Fritz Haber Institut der Max Planck Gesellschaft on 12/09/2017 14:41:55.

PCCP

+0.00

(a) L -0. \4 79
186 @186 J/z. 93 +0.10@ |5
”"‘ 166 ./J 67 212} 165
F1L18 ‘ 092 1. @ ©
-0. "\ -0.89 -0.78 -0.80 ’ -0.75
Rcis Rtrans
+0.0 +0.3
-0.28

-0.29
-0.14 198

-0.85
. St N
17:\'),‘ +119 :)3‘/1 10
187 J66 L g 66 :
_4»\)/’/172'\496 146 i o @roed, . 007 iyt
9

96

-0.85
-0.78
0.49 +0.48
p4 Tsatrans
-121.9 -3.9

079 5gs 035

-0.90 "
-1.07 +1.06 .(;\3). 2179
N o 083 16 165
o6 180@196;¢g 181

0.72

+3 +0.00 *+ .(‘,_(,()

P! P,,

+121.4 +155.1

£0.03
79 ' 263 13
2]() () \() >

View Article Online

Paper

+0.00

: -0.13
:Q 79 o -0.85 /-U-NS
<0.88 £0.10 Pl 92 @198 F1.16
FL13 R 1020 )/’
2151168 166 147173 -0.84
./'?\. @ 51@195:1.11 @ 179W19%6166
ogs 075 -0.78
Tsams
-3.9

-0.85

Ain 03 () 80

03 3 l)() ”\
190
9() k1.2 +0.48

()-1\

166
196+1.19 ‘

-0.70

Py TS, P,
-53.8 -141.7

0.6 -0. l(\ -0.60

+0. ”‘ e 104“ 161 '7}0)3‘,. 161
163 3@ 17 ./J
240, @ 6 Db 185 148 0.17 @ +1.49
W 05 -0.76

-0.63 -0.60 0.68
- +0. ~1
R TS? PO
+0.0 +27.8 -78.1

Fig. 3 Key structures along the dissociation path of D, on Ti»O4~ (a) and Ti,O4 (b) clusters. Free energies at 70 K (italic, in kJ mol™), natural charges
(blue, in |e]) and bond lengths (black, in pm) are also shown. Ti = grey, Al = pink, O = red, H = turquoise.

In order to understand the effect of the excess charge on the
D, dissociation we have also calculated the reaction pathway for
D, dissociation on neutral Ti,O, (see Fig. 2c). The reaction
starts out from the most stable structure, the trans isomer R°
(see Fig. 3). The calculated adsorption energy of D, to R® is
6.3 k] mol ™, that is 3.3 k] mol " less than for D, adsorption to
Ry,ans Of the anion. However, in order for D, to dissociate on the
neutral cluster from I° via the transition state TS® (free energy:
27.8 k] mol™') an energy of 34.1 k] mol " (relative to 1% is
required. Hence, D, dissociation on the neutral Ti,O, cluster is
energetically highly unfavorable. This result is in qualitative
agreement with a previous prediction, where a barrier of
65 kJ mol ' for H, dissociation on Ti,O, was obtained using
the hybrid B3LYP functional.*®

To obtain a deeper insight into the mechanism of D, dis-
sociation on Ti,O,  vs. Ti,O, we computed the natural bond
orbital (NBO)®® charge distribution on the relevant species along
the dissociation pathways (see Fig. 3). The natural charges
localized on the singly and doubly coordinated O atoms are
—0.78|e| and —0.89|e|, respectively, for the anionic R (Fig. 3a),
and —0.63|e|] and —0.82|e|, respectively, for the neutral R’

23158 | Phys. Chem. Chem. Phys., 2017, 19, 23154-23161

(Fig. 3b). Each Ti atom carries a positive natural charge of
+1.18e| (Reis) and +1.45]e| (R®). Thus, in the anion R the extra
electron is mainly localized on the Ti atoms and only partly on
the (terminal) O atoms. The charge distribution in Rygps is not
symmetric with charges on the two Ti atoms of +1.36|e| and
+1.11|e|, while the terminal O atoms carry a charge of —0.80|e|
and —0.84|e|. This charge distribution qualitatively resembles
that of a defect on a TiO, surface, where the formation of the O
vacancy results in the reduction of the nearest Ti atom(s) and the
localization of an excess charge in the vicinity of the defect.
Adsorption of molecular D, on either Ti,O, or Ti,O, is
accompanied initially by only a small (~0.1|e|) intermolecular
charge-transfer from D, to the corresponding cluster, but
results in a substantial intramolecular charge redistribution
in the cluster and partial reduction of the Ti atom interacting
with D, (see Fig. 3a and b). In the intermediate species Iiqns
and I°, preceding D, dissociation, the molecular D, is slightly
activated, evidenced by an elongated D-D bond (79 pm) com-
pared to that of isolated D, (76 pm). The reaction then proceeds
via the transition states TS, and TS,, respectively, in which the
dissociating D, is markedly polarized, containing a partially

This journal is © the Owner Societies 2017
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Fig. 4 Highest occupied (HOMO) and lowest unoccupied molecular
orbitals (LUMO) of neutral Ti,O4 (R and anionic TizO4~ (Reis and Rerans)-

positively (>+0.2|e|) and a partially negatively (>|—0.1]e]|)
charged D-atom. D, then dissociates heterolytically into D°"
(Ti-OD) and D°~ (Ti-D) species.

The substantially lower reaction barrier for D, dissociation
on the anion Ti,O,  compared to that on neutral Ti,O, can be
rationalized by examining the structure of the transition states
TS, and TS® (see Fig. 3a and b). In the neutral system (TS°) the
D, molecule is required to approach the cluster closer, accom-
panied by stronger structural deformations, compared to the
anion (TS,), which requires more energy and consequently
makes D, dissociation on the neutral Ti,O, cluster energetically
unfavorable.

Additional insights can be gained from a molecular orbital
(MO) analysis. Fig. 4 shows the relevant frontier orbitals, such
as the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), for neutral and
anionic Ti,O, clusters. (The overall evolution of the orbital
energies during dissociation of the D, molecule on Ti,O,4 vs.
anionic Ti,O, is shown in Fig. S4 of the ESIL.{) The extra
electron occupies the HOMO of Ti,O, , an in-phase combi-
nation of the 3d, orbitals on the Ti atoms, which corresponds
to the LUMO of the neutral Ti,O4 (R°). In contrast, the HOMO
of the neutral is delocalized over all O-atoms. This has
two consequences. First, the anion is characterized by a sub-
stantially smaller HOMO-LUMO gap, with a HOMO that is well
separated from all other occupied MOs (see Fig. S4, ESIT).
Second, the additional electron density on the metal centers
in the anion has a stabilizing effect on heterolytic D, dissocia-
tion (see Fig. 3). Interestingly, the HOMOs of the cis (Rs)
and trans (Ryans) isomers of Ti,O, are qualitatively different.
While the HOMO of R, is symmetrically delocalized over both
Ti atoms, it is predominantly localized on a single Ti atom in
Rerans- This electron localization induced symmetry-breaking is
reflected in the lower symmetry structure of Ryq,s (See Fig. 3a)
and is favorable for the reaction with D,, which proceeds via the

similarly asymmetric transition state TS5 .
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Conclusions

D, dissociatively adsorbs on the gas phase cluster Ti,O,  even
at cryogenic temperatures. The reaction is quasi barrier-free,
proceeds heterolytically and leads to the formation of the global
minimum-energy species (DO-Ti-(0),-Ti(D)-O)", which we
identified using vibrational spectroscopy. DFT calculations pre-
dict that under similar conditions the reaction does not occur for
neutral Ti,O, clusters, due to the presence of a substantial
activation barrier. The height of the activation barrier is directly
related to the exergonicity of the reaction, which is roughly twice
as large in the anion compared to the neutral system. Moreover,
the additional charge in the (bare) anion leads to electron
localization induced symmetry-breaking, similar to the previously
reported cases in other metal oxide clusters such as Al,0, and
Vg0, .07 As a result, the structural deformation of the
Ti,0,  core during the dissociative adsorption of D, is less
pronounced compared to neutral Ti,O, and hence the activa-
tion barrier is smaller too.

The Ti, O, /Ti,O,4 system represents a useful cluster model
for studying some of the properties of charge defects on TiO,
surfaces. In addition, it can be used to test the applicability of
approximations required for calculations on more extended
systems (e.g. surface reactions). The limits of the present cluster
model are also apparent. In order to mimic the presence of six-
fold coordinated ®“Ti-centers, which are characteristic of TiO,
surfaces, much larger (TiO,), clusters are required (n > 13).*°
However, the application of the present methodology to these
larger systems is, in principle, feasible.
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