THE JO L OF 6127
PHYSICAL
CHEMISTRY

2007,111,6127-6130
Published on Web 06/20/2007

Interconvertible Side-On- and End-On-Bonded Oxo-Superoxo Titanium Ozonide
Complexes

Yu Gong," Mingfei Zhou,* ™ Shan Xi Tian,* and Jinlong Yang*#
g g g g

Department of Chemistry, Shanghai Key Laboratory of Molecular Catalysts anddtine Materials,

Advanced Materials Laboratory, Fudan Urersity, Shanghai 200433, People’s Republic of China, and Hefei
National Laboratory for Physical Sciences at the Microscale and Department of Chemical Physigstsiipi

of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China

Receied: May 27, 2007; In Final Form: June 7, 2007

This report presents the preparation and characterization of two interconvertible titanium ozonide complexes
using matrix-isolation infrared spectroscopy and density functional theory calculations (B3LYP#&5311

(d)). The titanium atoms react with,@ form primarily the inserted Ti@molecules in solid argon, which
further react with @to form OTi@;?-O,)(1?-03) via a weakly bonded TigO5,), intermediate. The OTif-
0,)(7?-03) complex is characterized as [(TEJO,)(037)], that is, a side-on-bonded oxsuperoxo titanium
ozonide complex. The side-on-bonded complex rearranges to a less stable end-on-bongle@(Fi¢-05)

isomer under 532 nm laser irradiation, while the reverse reaction (end-on to side-on) proceeds upon sample
annealing.

Ozone is widely used as an oxidant in the treatment of water recorded on a Bruker IFS66V spectrometer at 0.5 %tm
and oxidation of organic and inorganic compounds because ofresolution using a liquid-nitrogen-cooled mercury cadmium
its powerful oxidative ability and low reaction temperature with telluride (MCT) detector. Experiments with high, @oncentra-
no side products apart from,OThe ozonation process can be tion (0.5-2.0%) and low laser energy {8 mJ/pulse) are of
effectively enhanced by transition metals either in solution or interest here. The IR spectra in the selected regions with 0.5%
on catalytic supportsTransition metal ozonide complexes can O, are shown in Figure 1 with the product absorptions listed in
serve as ideal models in understanding the mechanism ofTable 1. In addition to the previously identified TiO, Ti®
ozonation in the oxidation reactions at a molecular level. and TpO,’ absorptions as well as the knowng @nd Q~
Due to the extraordinary oxidizing capability of ozone, metal absorption$, new product absorptions were produced, which
ozonide complexes have not been known so far except for thecan be classified into three groups (labeledlag, and3 in
alkali and alkaline earth metal ozonide complexes, which have Figure 1) based on their annealing and photochemical behavior.
been prepared and characterized by X-ray diffraction and matrix- The absorptions at 938.9 and 908.87¢rfl) increased together
isolation infrared and Raman spectroscépRecent theoretical on sample annealing to 35 K but disappeared upon sample
investigation has offered some suggestions for stabilizing annealing to 40 K, during which the 1131.8, 1022.4, 999.8,
transition metal complexes of cyclic and open ozbne. 806.3, 686.8, and 561.4 crhabsorptionsZ) were produced.

Here we report a joint experimental and theoretical study of Visible light (532 nm) irradiation bleached gro@mbsorptions
two titanium ozonide complexes, OFAO,)(n?-0s) and with the production of grou absorptions at 1341.2, 1117.6,
OTi(5?0,)(n*-O3), which were produced via the reactions of 993.4, 679.8, 554.2, and 516.7 cth Subsequent sample
titanium atoms with oxygen in solid argon. Their geometric annealing to 35 K destroyed gro@mbsorptions and reproduced
structures and chemical bonding were investigated via matrix- group 2 absorptions.
isolation infrared absorption spectroscopy and density functional  |sotopic samplest?O,, 160, + 180,, and160, + 160180 +
theory (DFT) calculations. The two ozonide complexes are 180,) were employed for product identification based on isotopic
interconvertible; that is, formation of end-on-bonded @¥(  shifts and absorption splitting. The 938.9 and 908.8"tm
0O2)(17-05) is accompanied by the demise of side-on-bonded apsorptions 1) exhibited isotopict®0/10 ratios (Table S1 of
OTi(17%-02)(17*-0s) under visible (532 nm) light irradiation and  the Supporting Information) that are characteristic of symmetric
vice versa upon annealing. and antisymmetric OTiO stretching vibrations. These absorptions

The above-mentioned species were prepared by co-depositiorare tentatively assigned to the B@.), complex. The band
of laser-evaporated titanium atoms with/@& mixtures onto a positions are only slightly red-shifted (7.9 and 8.2 ¢éjrfrom
Csl window 4 6 K followed by sample annealing and laser those of TiQ isolated in solid argof, indicating that the
irradiation as described previouslylnfrared spectra were interactions between the TiGand the Q fragments are very
weak.

* Authors to whom correspondence should be addressed. E-mail: The absorptions at 1131.8, 1022.4, 999.8, 806.3, 686.8, and
mfzhou@Tfudan.edu.cn; jlyang@ustc.edu.cn. 561.4 cn! (2) are assigned to an OTR-0,)(;7>-O3) complex
T Fudan University. - g 2)(177-O3 plex.

* University of Science and Technology of China. The band position anfO/80 isotopic frequency ratio of 1.0464
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Figure 1. Infrared spectra in the 136300 and 1156770 cnt?
regions from co-deposition of laser-evaporated titanium atoms with
0.5% QG in argon: (a1 h of sample deposition at 6 K, (b) after 35 K
annealing, (c) after 40 K annealing, (d) after 15 min of 532 nm
irradiation, and (e) after 35 K annealing.
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Figure 2. Optimized structures of the OTj{-O,)(#?-03) and OTif?-

TABLE 1: Observed and Calculated Vibrational 0,)(n*-03) complexes (bond lengths in angstroms, bond angles in
Frequencies (cn') and Isotopic Frequency Ratios of the degrees) on the left, the electron dengityontour maps in the middle
OTi(n>-02)(7>-05) and OTi(5*-0)(n*-O3) Complexes (black, atomic positions; red, bond critical points; blue, ring critical
frequency 160280 points_), and t'he density gradi_ent map% on the yight (green Iines
denoting regions of electronic charge connection, and black lines
molecule mode calcd obsd calcd obsd denoting regions of electronic charge depletion). The contouf&ef
OTi(y*0;) O, stretch 1200.7 1131.8 1.0607 1.0633 increasef)/decreasef), respectively, from the zero contour in the order
(7%-03) of £2 x _1(T_”, +4 x 10", #:8 x 107", with n- beginning from 3 and
(3A) O3 symmetric 1071.6 1022.4 1.0539 1.0557 decreasing in steps of unity.
stretch
Ti=O0 stretch 1087.6  999.8 1.0507 1.0464 The absorptions at 1341.2, 1117.6, 993.4, 679.8, 554.2, and
03;?39’{2[:‘9"'0 843.9 806.3 1.0602 10586 1516.7 cnv! (3) appeared under 532 nm laser irradiation at the
" 2 . .
0 bending 699.0 6868 1.0580 1.0540 ©Xpense of the OTW(Z 0,)(1%-03) absorptions, wh_lch suggest
Ti—O,stretch 553.7 5614 1.0313 10305 that group3 absorptions belong to a structural isomer of the
OTi(y*-0,) Osstretch (4 1370.0 13412 1.0607 1.0582 OTi(%-0,)(n*-0s) complex. The isotopic substitution experi-
(7%-03) ments (Figure S4 of the Supporting Information) indicate that
CA) O; stretch (9 11924 1117.6 1.0607 1.0630 the 1117.6 and 554.2 crh absorptions are due to the-@

Ti=Ostretch (§ 1061.0 993.4 1.0440 1.0435 ; ; ; ; ;

Sudng T3 ofad lois lodss 500 1 OxSLelhingubralons of s serouc lgand ane e
Ti—O;stretch (§ 591.5 554.2 1.0434 1.0439 ) > .
Ti—Osstretch (§ 507.2 516.7 1.0505 1.0513 Ihese absorptions are only several wavenumbers red-shifted
from the corresponding vibrations of the Oif#O,)(172-03)
complex, indicating that speci@salso involves an OTifz-O5)
structural unit with the @subunit bonded in a different fashion
than in the OTig?-0,)(y?-Os) complex. The 1341.2 cm

imply that the 999.8 cmt absorption is mainly due to a terminal ~ absorption shifted to 1267.4 crhwith 80,. The band position
Ti=O stretching vibratiof° The 1131.8 cm! absorption shifted and isotopic frequency ratio of 1.0582 imply that this absorption
to 1064.3 cm® with *80,. The band position and isotoptéO/ is due to an end-on-bonded-@ stretching vibration. Accord-

180 ratio are characteristic of the-@ stretching vibration of ingly, group3 absorptions are assigned to different vibrational

a superoxo ligand®1 The spectra with thé®O, + 180, and modes of an OTif?-0,)(y-03) complex (Table 1).

160, + 160180 + 180, mixtures (Figure S2 of the Supporting To validate the experimental assignment and to have insights
Information) indicate that one side-on-bonded Subunit is into the structural and bonding nature of the complexes, we
involved in this mode. The 561.4 crhabsorption is due to the  carried out DFT calculations at the B3LYP lel#&and natural
corresponding FO; stretching mode. The 806.3 cfabsorp- bond orbital® and atoms-in-molecules analy$é®&oth the side-

tion also exhibits a ©0 stretching frequency ratio (Table 1). on- and the end-on-bonded structures were predicted to have a
In the experiment with an equal molecular mixture'%®, and triplet ground state. The singlet states were predicted to lie more
180,, four absorptions with about the same IR intensities are than 30 kcal/mol higher. The optimized structures and electron
observed, while a sextet with approximately 1:2:1:1:2:1 relative density maps for OTif2-O,)(172-O3) and OTig2-O,)(31-O3) are
intensities is clearly resolved in the experiment with a 1:2:1 shown in Figure 2. The calculated vibrational frequencies and
mixture of160, + 160180 + 180, (Figure S3 of the Supporting  isotopic frequency ratios (Table 1) are in good agreement with
Information). These spectral features indicate that the 806.3the experimental values, which add strong support to the
cm~! absorption is due to the antisymmetric-O stretching experimental assignment. For the QFH0O,)(7?-O3) complex,
mode of a side-on-bonded;®ubunit. The much weaker 1022.4  a Cs structure in which the @subunit and the central Ti atom
and 686.8 cm! absorptions are due to the symmetrie-O lie in the same plane that is perpendicular to the molecular plane
stretching and bending modes of the &bunit. is considered. Thi€s structure is a transition state based on

aSome modes listed are mixed, and only the major component is
listed.
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TABLE 2: Bond Orders and Atoms-in-Molecules Analyses
for the OTi(5?-Oy)(y?-O3) and OTi(n?-Oy)(n*-0O3) Complexes

fing ring
Ti—01 Ti~02(3) Ti-04(6) 02-03 (Ti0203) (TiI040506)
OTi(17%-O2)(17%-03)

p(au) 0.283 0.092 0.069 0.399 0.070 0.035
(0.085) (0.080)

V2p(au) 0.855 0.395 0.292 —0.222 0.512 0.198
(0.378)  (0.347)

bond order 2.752 0.531 0.519 1.510
(0.530) (0.529)

OTi(17?-02)(n*-O5)

o(au) 0.276 0.086  0.135 0.394 0.068
V2p(au) 0.854 0.382 0.574 —0.183 0.501
bond order 2.664 0.632 0.822 1.492

aOnly for the T=0O6 bond.
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SCHEME 1

. 20,
Ti+ 02_>Ti°2—> TiO,(02)2

l 40 K
532nm

OTi(n?-0,)(n%-03) === OTi(n2-0,)(n'-0;)
35K

The experimental observations lead us to propose the reac-
tions in Scheme 1.

The titanium atoms react with Oto form primarily the
inserted TiQ molecules in solid argon. Annealing the matrix
sample allows the ©molecules to diffuse and react with TiO
to form the very weakly bonded Ti0D,), complex, which
further isomerizes to the OTj{-0,)(y%-Os) complex upon
sample annealing to around 40 K. The ground state #3Ti(

the presence of a negative calculated frequency. The trueOz)(%-Os) complex was predicted to be 29.0 kcal/mol more

minimum is only slightly distorted from th€s symmetry. The
side-on-bonded ©fragment has an ©0 bond length of 1.316
A, which falls into the superoxide categat§The Qs fragment
also bound in a2 side-on fashion with two nearly equivalent
Ti—O bond lengths of 2.062 and 2.119 A, respectively. The
experimentally observed antisymmetrie-O stretching vibra-
tion of the Q subunit is very close to that of thegOanion
isolated in solid argof® While the @ and Q subunits
coordinate with the Ti atom by forming weak-TO bonds (bond
order~ 0.5, Table 2), the F+O1 bond is strongly covalent-
bonded (bond order: 2.8) with a bond length of 1.597 A.
Therefore, the OTif?-0,)(17%-O3) complex can be regarded as
a side-on-bonded oxesuperoxo titanium ozonide complex,
[(TiIO)2H(O,7)(037)], that is, a TiG* dication coordinated by
one Q@ anion and one © anion. The natural atomic population
calculations also support this conclusion; i.e., Ti is positively
charged with 1.618 while the Q and G subunits are negatively
charged with—0.43% and—0.57%, respectively. The OTif-
0,)(71-03) complex was predicted to have®A’ ground state
with a Cs symmetry. The geometric features of the GjfiQy,)
structural unit in OTi?-0,)(r1-O3) are about the same as those
in the OTi@2-0,)(1-03) isomer. The @ fragment lies in the
molecular plane and bound insg# end-on fashion with two
different O—O bonds. (The terminal one has a bond length of
1.223 A; another one has a bond length of 1.581 A.) The
complex also can be described as [(TAG@D,)(0s7)], an end-
on-bonded oxe superoxo titanium ozonide complex.

The bonding and coordinating features are also shown by
the electron distribution contour maps in Figure 2. The red and
blue solid circles represent the bond critical points (BCPs) and
ring critical points (RCPs). Their related values of electron
densityp (au) andVZp (au) are given in Table 2. In OTj¢-
0,)(7%-0s), thep value (0.069 and 0.080 au) at the BCP between
Ti and O4 or O6 is smaller than the others, in line with the
weak interaction between Ti and O4 (O6) (i.e., bond order
0.5). There is no BCP between Ti and O5, but a RCP with
0.035 au exists for the TiO40506 ring. The covalent bonds of
the G; subunit can clearly be seen from tRéo contour map.
Another coordination shows a RCP with~ 0.070 au for the
TiO203 ring, indicating that the coordination interaction for
Ti and G subunit is stronger than that for Ti and Gubunit.
This suggests that the coordination between Ti agdi@uld
more easily be broken if proper energy is provided. The
formation of the stable OTijf-0,)(5-Os3) isomer under 532
nm laser irradiation confirms this conjecture. The-04 bond
is broken, whereas the F06 bond is strengthened & 0.135
au at the BCP) in OTif?-0,)(-03).

stable than Ti@+ 20,. The observation of OTif-O,)(;72-Ox3)
under 40 K annealing suggests that the reaction from the weakly
bonded TiQ(0O,), complex to OTi?-O,)(17%-Os3) requires very
small activation energy. The side-on-bonded @FiQ,)(7?-O3)
rearranges to the end-on-bonded Q%HQ,)('-03) isomer
under 532 nm laser irradiation. The experimental observations
indicate that the isomerization reactions are reversible; that is,
formation of the end-on-bonded OF#0,)(n*-0s) isomer is
accompanied by demise of the side-on-bonded ) (%

O3) complex under 532 nm laser irradiation and vice versa upon
sample annealing. The side-on-bonded complex was predicted
to be 7.3 kcal/mol more stable than the end-on-bonded complex
at the B3LYP level of theory. The reaction from side-on to end-
on was computed to have a barrier height of 10.5 kcal/mol at
the triplet potential energy surface. Experimentally, the side-
on to end-on process proceeds only under 532 nm irradiation,
during which some excited states may be involved. The TiO
molecule has a high density of allowed transitions in the visible
region for excitation of the metal monoxide in the QFHO,)-
(7?-O3) complex® The reverse reaction (end-on to side-on) is
exothermic and has a much lower barrier (3.2 kcal/mol) and,
hence, is able to proceed on sample annealing.

In summary, we have prepared and identified two side-on-
and end-on-bonded oxuperoxo titanium ozonide complexes,
which can be interconverted upon irradiation and annealing.
These new oxygen-rich transition metal ozonide complexes are
potential important intermediates in catalytic oxidation reactions
with molecular ozone.
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