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OHf(57%-02)(n*-O3), Hf(7*O2)s, and Hf(*0O2)
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Hafnium atom oxidation by dioxygen molecules has been investigated using matrix isolation infrared absorption
spectroscopy. The ground-state hafnium atom inserts into dioxygen to form primarily the previously
characterized Hf@molecule in solid argon. Annealing allows the dioxygen molecules to diffuse and react
with HfO, to form OHf(;?-0,)(%?-0s), which is characterized as a side-on bonded-estgperoxo hafnium
ozonide complex. Under visible light (532 nm) irradiation, the OFHD,)(1?-03) complex either photo-
chemically rearranges to a more stabler3f0,)s isomer, a side-on bonded di-superoxo hafnium peroxide
complex, or reacts with dioxygen to form an unprecedented homoleptic tetra-superoxo hafnium complex:
Hf(%2-0,)4. The Hf(;?-0,)4 complex is determined to possesBa geometry with a tetrahedral arrangement

of four side-on bonded Qligands around the hafnium atom, which thus presents an 8-fold coordination.
These oxygen-rich complexes are photoreversible; that is, formation of-Bfj; and Hf(?-0,), is
accompanied by demise of OhjftO,)(17>-O3) under visible (532 nm) light irradiation and vice versa with

UV (266 nm) light irradiation.

Introduction OHf(72-0,)(7%-03) molecule is characterized as an exo
superoxo hafnium ozonide complex. It either photochemically
rearranges to a more stable H{0,)3z isomer, a side-on bonded
disuperoxo hafnium peroxide complex, or reacts with dioxygen

o form an unprecedented tetra-superoxo hafnium complex: Hf-
(7?-O5)4, which is determined to posses®ay geometry with
a tetrahedral arrangement of foy?-O, ligands around the
hafnium atom with an 8-fold coordination.

The coordination of dioxygen to transition metal centers and
its activation are of great interest in biological and catalytic
systems. Great effort has been devoted to characterize th
structures and reactivity of transition metalioxygen com-
plexes, which are important reactive intermediates in most
oxidation process€es® On the basis of the ©0 bond distance
and O-0O stretching vibrational frequency, metalioxygen
complexes have been defined as superoxo or peroxo C_Omﬁ'exeS-Experimental and Theoretical Methods
The chemistry of early transition metals with dioxygen is replete . )
with the formation of high-valent oxo @) or peroxo (Q2°) Th_e hafn|um—d|c_)xygen compl_exes were _produced by the
compoundg?-32 reports of superoxo complexes are r&ré reactions of hafnium atoms with ;Oin solid argon. The
series of gas-phase investigations were limited to the neutral®Perimental setup for pulsed laser evaporation and matrix
and ionic metal oxide clusters with different metal/O rafib28 isolation infrared spectroscopic investigation has been described
Gas-phase kineti&-22 as well as matrix isolation spectroscopic ' (.jetall previously:* Briefly, the _1064. nm fundamental of a
studie€® 27 indicate that early transition metal atoms react with Nd:YAG laser (Continuum, Minilite II; 10 Hz repetition rate
dioxygen directly to form metal oxides without a significant @nd 6 ns pulse width) was focused onto a rotating hafnium metal
activation barrier. The binding of early transition metal com- target through a hole in a Csl window cooled normally to 6 K
plexes with dioxygen results in the formation of a number of PY means of a closed-cycle helium refrigerator (ARS, 202N).
heteroleptic transition metal peroxo complexes, which provide The laser-evaporated hafnium atoms were co-deposited with O
direct information about their structures and mechanisms of A mixtures onto the Csl window. In general, matrix samples

dioxygen activatio?3-31 Since the first preparation of §Ta- were deposited for-11.5 h at a rate of approximately 4 mmol/
(024 (M = Na or K)32 a large number of homoleptic h. The Q/Ar mixtures were prepared in a stainless steel vacuum

tetraperoxometalate compounds of group V and VI metals have IN€ using standard manometric technique (8hanghai BOC,
also been synthesized and characteri#e#. These compounds ~ ~ 29-5%) and isotopic labelédO, (ISOTEC, 99%) were used
show the ability to release oxygen in active form, either by without further purification. The infrared absorption spectra of
chemical means or under irradiation, and act in oxidations of the resuling samples were recorded on a Bruker IFS 66V
inorganic and organic substrates. spectrometer at 0.5 crhresolutlor_l between 4000 and 400 ¢
Here we present a joint experimental and theoretical study USing @ DTGS detector. Matrix samples were annealed at
of three oxygen-rich hafniumdioxygen complexes, OHfe- different temperatures. The second and forth harmomc output
02)(57%-03), Hf(72-05)3, and Hf(%-0,)4 produced via the reac- (532 and 266 nm) of a Nd:YAG laser (Spectra-Physics GCR150)

tions of hafnium atoms with dioxygen in solid argon. The WaS used for irradiation of selected samples with a repetition
rate of 10 Hz and 6 ns pulse width.

*To whom correspondence should be addressed. E-mail: mfzhou@ Quantum chemical calculations were performed to determine
fudan.edu.cn. the molecular structures and to help the assignment of vibrational
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Figure 1. Infrar_e_d spectra in the 7801140 and_415490 chl_ regions Figure 2. Infrared spectra in the 7401140 and 415460 cnT! regions
from co-deposition of laser-evaporated hafnium atoms with 0.25% O o co-deposition of laser-evaporated hafnium atoms with isotopic
in argon: (31 h ofsample deposition at 6 K, (b) after 35 K annealing, |apeled Q in excess argon. Spectra were takenratten of sample
_(c) afte_r 45 min of 532 nm irradiation, and (d) after 15 min of 266 nm deposition followed by 35 K annealing: (a) 0.25%0,, (b) 0.25%
irradiation. 180,, (c) 0.15%%%0, + 0.15%280,, and (d) 0.1%40;, + 0.2% 150180

+ 0.1% 180,. The asterisk denotes an impurity absorption from the
frequencies of the observed reaction products. The calculationsmixed 60, + 1600 + 180, sample.
were performed at the level of density functional theory (DFT)
with the B3LYP method, where Becke’s three-parameter hybrid
functional and the LeeYang—Parr correlation functional were
used®® The 6-31H-G(d) basis set was used for the O atom, 0.4
and the scalar-relativistic SDD pseudopotential and basis set
was used for the Hf ator#?:3” Geometries were fully optimized, |
and vibrational frequencies were calculated with analytical o_3_ww L M
second derivatives. These DFT calculations were performed
using the Gaussian 03 progréfn.

Absorbance
Absorbance

0.00

05 S/

Absorbance

0.2 2 2
Results and Discussion ) \AM/ N .Y W N | M\p

Infrared Spectra. A series of experiments were performed 014, Plicy
with different G, concentrations (ranging from 0.05 to 2.0% in \ / Hfo
argon) and laser energies to control the relative concentrations )
of hafnium and @ With low O, concentration (0.05%) and 0.0 — . . . 7/ —
high laser energy (12 mJ/pulse), the hafnium dioxide and 1100 1000 900 y 800 450
monoxide absorptions were observed, which have been previ- Wavenumber (cm )
ously identified?3 Dinulcear hafnium oxide clusters, 4@, and Figure 3. Infrared spectra in the 7381130 and 416490 cn1? regions

Hf,O4, were produced on sample anneafigiVhen using from co-deposition of laser-evaporated hafnium atoms with isotopic
2=t labeled samples in excess argon. Spectra were taken after sample

relatively high Q concentrations (0'252'0%) _and low le_lse_r deposition followed by 45 min of 532 nm irradiation: (a) 0.25%,,
energy (6-8 mJ/pulse), the hafnium monoxide and dioxide (p) 0.25%1%0,, and (c) 0.15%°0, + 0.15%180,.

absorptions together with the knowrs @nd Q~ absorptions

were observed after sample deposittérjut the dinuclear The experiments were repeated by using an isotopically
species were barely observed on sample annealing. By contrastlabeled!®0, sample and théO, + 180, and60, + 160180 +
several new absorptions were produced upon sample annealing®0, mixtures. The spectra in selected regions with different
and photolysis, as illustrated in Figure 1. The observation of isotopic samples are shown in Figures4 respectively. The
only under high @ concentration and low laser energy new product absorptions are summarized in Table 1.
experimental condition implys that these new absorptions are  OHf(%2-O,)(%-03). The absorptions at 1105.6, 1014.3,
due to mononuclear species. These new absorptions can b&02.3, 801.3, 680.2, and 451.0 th(1) were observed only in
classified into three groups (labeled as 1, 2, and 3 in Figure 1) the experiments with relatively low laser energy and high O
on the basis of their annealing and photochemical behaviors.concentrations, which suggests that only one hafnium atom is
The absorptions at 1105.6, 1014.3, 902.3, 801.3, 680.2, andinvolved in this molecule. The 902.3 cthabsorption shifted
451.0 cnt! (1) increased together on sample annealing. Theseto 856.0 cni® with 180,. The band position antfO/*80 isotopic
absorptions almost disappeared upon 532 nm laser irradiation,frequency ratio (1.0541) imply that this band is due to a terminal
during which the 1092.1, 1090.2, 804.4, 563.2, and 438.5lcm  Hf—O stretching vibratiod®41 The spectra with th&0, + 180,
absorptions (2) and 1102.4, 476.6, and 423.3cabsorptions and160, + 160180 + 180, mixtures (Figure 2, traces ¢ and d)
(3) were produced. Additional irradiation with the 266 nm laser indicate that only one HfO fragment is involved in this mode.
light destroyed group 2 and 3 absorptions and reproduced groupAs listed in Table 1, the 1105.6, 1014.3, and 801.3 tm
1 absorptions. Experiments with different @ncentrations (0.5,  absorptions all exhibit isotopic frequency shifts that are
1.0, and 2.0%) indicate that grouabsorptions are favored characteristic of @O stretching vibrations. The 1105.6 cin
relative to group2 absorptions with high @concentrations. absorption splits into a doublet (1105.7 and 1043.69Ynn

?
-
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0.6 of the 3A ground state OH#{2-O,)(?-Os) occupy the HOMO
| ' | and HOMO-1 molecular orbitals, which are primarily antibond-
L/\_,\_.__//\q,,\__._,/g ing 7t orbitals of the Q (LUMO b;) and Q (SOMO*) subunits
in character. The spin densities are mainly distributed at the O
0.4 (1.03 e) and @ (0.94 e) fragments. The natural population
8 | | | analyses indicate that Hf is positively charged with 2.32 e, while
s (© N A~ N the @ and Q subunits are negatively charged wit0.64 e
s and—0.70 e, respectively.
< Hf(n*-"0,), The calculated vibrational frequencies and intensities for OHf-
02 1) M/\,b (72-O,)(y%-Os) are listed in Table 2, and the isotopic frequency
ratios are compared with the experimental values in Table 3.
Hf(n™0,), Six of seven modes in the spectral range of 40000 cnt?
were predicted to be IR active with appreciable intensities, which
00 @) were experimentally detected with their frequencies and isotopic
"1120 1100 1080 1060 1040 frequency ratios in good agreement with the experimental values,

which add strong support to the experimental assignment.
2
Figure_ 4. Infrared spectra in the 1030120 cntt rggic_)n fror_n co- gfgsgtiférintr?:i?g&?osn%?K%%),\(,zh%) ﬁ]om?slel); t\),\(l) ?Ztg:o-
deposition of laser-evaporated hafnium atoms with isotopic labeled - . =NV 2 Y .
samples in excess argon. Spectra were taken after sample depositiofvhich was characterized to exhibit similar spectral and bonding
followed by 45 min of 532 nm irradiation: (a) 2.0%0,, (b) 1.5% properties as OHf2-O,)(12-Oz).44
180, (c) 1.0%60; + 1.0%80,, and (d) 0.594°0, + 1.0%160%0 + Hf(%2-O,)z. The absorptions at 1092.1, 1090.2, 804.4, 563.2,
0.5%%0,. and 438.5 cm! (2) were produced under 532 nm laser
irradiation, during which the OH#-0,)(5?-O3) absorptions
were destroyed. These absorptions are assigned to different
vibrational modes of the Hf¢-O,); molecule, a structural
isomer of the OHf§?-0,)(%-03) complex. The 804.4 cmit
absorption exhibits an ©0 stretching vibrational®O/180 ratio
of 1.0574. The spectral feature in the mixed experiment (Figure
3, trace c) suggests the involvement of only ones@bunit in
this mode. The band position indicates that thissObunit is
due to a peroxo ligantl.The 563.2 cm! absorption is the
corresponding Hf O, stretching mode of the peroxo subunit.
The 1092.1 and 1090.2 cthabsorptions shifted to 1030.8 and
1028.8 cntt with 180,. The band positions and isotopitO/
180 ratios of 1.0595 and 1.0597 are characteristic of theDO
stretching vibrations of superoxo ligantiShe 438.5 cm!

Wavenumber (cm”)

the experiment with 1:1 mixtures 8O, and 180, (Figure 2,
trace c¢) and a triplet positioned at 1105.7, 1075.1, and 1043.6
cm~Lin the experiment by using 1:2:1 mixtures6®,, 160180,
and 180, (Figure 2, trace d). These spectral features indicate
that the molecule contains a side-on bondeds@bunit with
two equivalent O atoms. The 451.0 chabsorption is due to
the Hf—O, stretching mode. The 801.3 cthabsorption splits
into a quartet with approximately 1:1:1:1 relative IR intensities
when the'®O, + 80, sample was used (Figure 2, trace c). This
quartet is about the same as that of the antisymmetri©O
stretching mode of @observed at 1039.8 cth which suggests
that species 1 also involves ong &ubunit with two O atoms
being equivalent. The 1014.3 and 680.2¢mbsorptions are
much weaker than the 801.3 ctnabsorption, and are due to L2 . .
the symmetric G-O stretching and @bending modes of the absorption is the corresponding H{O,), stretching mode of
Os subunit. According to the above-mentioned experimental the superoxq fragments: .
observations, group 1 absorptions can be assigned toy@Hf(  The experimental assignment is supported by DFT calcula-
02)(7%-05). tions. As shown in Figure 5, the_Hf(—Oz)a complex was

To validate the experimental assignment and to obtain insight Predicted to have # ground state witlC, symmetry. The Hf-
into the structure and bonding of the complex, we performed (7°-O2)s complex is 6.1 kcal/mol more stable than the QRf(
density functional theory calculations of Ob#Q,)(5%-03). The O2)(17*-0s) isomer. At the optimized geometry of HR-Oy)s,
Optimized geometry is shown in Figure 5. For the OFHOZ)' two O, subunits are side-on bonde(.j and are. eql,”Valent with an
(172_03) CompleX, aCS structure in which the qubunit and O—0 bond |ength of 1.338 A, which falls into the range of
the central Hf atom lie in the same plane that is perpendicular Superoxidé. The third Q subunit is also side-on bonded with
to the molecular plane is considered. Ti@s structure is a @ much longer ©0 bond length than that of the other twg O
transition state based on the presence of a negative calculategubunits. The predicted €0 bond length of 1.512 A is
frequency. The true minimum is only slightly distorted from a@ppropriate for a peroxide compl&#ccordingly, the Hfg>
the Cs symmetry. The side-on bonded ®@agment is due to a  O2)s molecule can be considered as {H{0,7)2(02*7)], a side-
superoxide ligand with an ©0 bond length of 1.332 AThe on bonded di-superoxo hafnium peroxide complex. Consistent
03 fragment also bound |n@2 side-on fashion with two near|y with this notion, the natural pOpuIation analyses indicate that
equivalent Hf-O bond lengths of 2.229 and 2.252 A, respec- Hf is positively charged with 2.38 e, while the superoxo and
tively. The distance between Hf and the central O atom of the Peroxo ligands are negatively charged witd.62 e and-1.14
Oz fragment is 2.716 A, suggesting no direct bonding interaction. €, respectively. The spin densities in fieground state of Hf-
The terminal HEO bond has a bond length of 1.777 A, which  (7°-O2)s are mainly distributed at the two superoxo fragments
can be regarded as a formal-HD triple bond*?2 Note that the (1.04 e each).
experimentally observed antisymmetrie-O stretching vibra- Hf(72-O,)4. Group 3 absorptions at 1102.4, 476.6, and 423.3
tion of the Q subunit is very close to that of thesOanion cm! appeared together with the W 0,); absorptions under
isolated in solid argof® Therefore, the OH#f2-O,)(172%-O5) 532 nm laser irradiation at the expense of QRf0,)(172-03).
complex can be regarded as a side-on bonded-experoxo Hf(;72-Oy)3 is favored in the matrix for low @concentrations,
hafnium ozonide complex, [(HfGJ(O,7)(0s7)], that is, a while species 3 dominates for high, @oncentrations. The
HfO2" dication coordinated by one ;O anion and one & 1102.4 cm! absorption is due to an-@0 stretching mode of
anion. Bonding analysis indicates that the two unpaired electronssuperoxo ligands. The band positions and isotopic frequency
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Hf(n?-05)4. D2q. °B;

Figure 5. Optimized structures (bond lengths in angstrom, bond angles in degree) of the observed products.

TABLE 1: Product Absorptions (cm 1) from the Reactions of Laser-Evaporated Hafnium Atoms with Dioxygen in Solid Argon

150, 180, 160, + 180, 160, + 160180 + 180, assignment
1105.6 1043.6 1105.7, 1043.6 1105.7, 1075.1, 1043.6 BHOE) (172-03) (O, stretch)
1108.3 1045.8 1108.2, 1045.8 1108.2, 1077.6, 1045.8 3HDE) (17%-O5) site
1014.3 957.8 OHif?-0,)(7?-03) (Ossym stretch)
1009.2 953.2 OHif?-05)(372-0) site
902.3 856.0 901.9, 855.8 901.9, 855.8 QRfO,)(7*0s) (Hf—O stretch)
899.9 853.4 901.0, 853.9 900.9, 854.1 QRHO2)(5%-0s) site
801.3 756.5 801.3, 792.0, 767.3, 756.5 QH0O2)(17%-0s) (Osasym stretch)
796.2 751.9 796.2, 786.9, 762.0, 751.9 QRIO,)(5%-0s) site
680.2 642.5 OH#2-0,)(5-Os) (O3 bending)
451.0 430.4 451.0, 430.7 451.0, 439.6, 430.7 Q@MD,)(n%-Os) (Hf—O, stretch)
448 .4 427.9 448.4,428.1 448.4,436.3, 428.4 QM,)(72-Os) site
1092.1 1030.8 H#{?-O,)3 (sym QG stretch)
1090.2 1028.8 1090.1,1060.7, 1029.6 #H02)s (asym Q stretch)
804.4 760.7 804.4, 783.2, 760.7 W#O,)3 (O, Stretch)
563.2 534.6 563.4, 534.9 Hf-Oy)s (Hf —O; stretch)
438.5 415.6 Hfﬁ2-02)3 (Hf_(02)2 stretch)
1102.4 1040.2 1102.2,1071.7,1039.8 1102.2,1071.7,1039.8 n?-Bfj4 (O, stretch)
1099.0 1038.0 H#?-0.)4 (O, stretch)
476.6 453.9 H#2-0,)4 (Hf—O, stretch)
423.3 Hf(17%-O)4 (Hf —O; stretch)

TABLE 2: Calculated Total Energies (hartrees; after Zero
Point Energy Corrections), Frequencies (cm?), and
Intensities (km/mol) of the Products

TABLE 3: Comparisons between the Calculated and
Experimentally Observed Vibrational Frequencies (cnt?)
and Isotopic Frequency Ratios of the Products

molecule energy frequency (intensity)
OHf(17%-0y) —499.325054 1169.4(22), 1070.8(4), 899.9(137),
(7%-03) *A 850.4(197), 688.0(27),456.2(17),

429.1(42),342.3(4),300.1(27),
241.2(5), 182.7(8), 180.3(13),
113.5(5), 86.1(3), 58.9(22)

—499.334622 1161.6(12), 1154.2(28), 841.5(80),
585.9(11), 567.5(45), 466.2(44),
465.2(8), 404.4(25), 399.6(18),
157.6(0), 133.7(10), 121.6(1),
104.1(10), 94.4(4), 56.1(23)

—649.735660 1179.4(0), 1170.4(64), 1165.7(11),
488.9(1), 477.1(0), 449.6(132),
432.2(0), 406.0(17), 400.1(36),
155.1(0), 138.1(2), 129.5(0),
123.4(10), 103.4(18), 98.2(0),
91.6(0)

Hf(ﬂz-OQ)g 3B

Hf(ﬂZ-OZ)A 5Bz

ratios imply that the 476.6 and 423.3 chabsorptions are due
to Hf—0O, stretching vibrations. No vibrational modes were
observed in the terminal HfO stretching frequency region,

freq 160/180
molecule mode calcd obsd calcd obsd
OHf(2-0y) O, stretch 1169.4 1105.6 1.0608 1.0594
(1-03) (CA)
O3z sym stretch 1070.8 1014.3 1.0607 1.0590
Hf—O stretch 899.9 902.3 1.0556 1.0541
Osasym stretch 850.4 801.3 1.0607 1.0592
03 bending 688.0 680.2 1.0604 1.0587
Hf—0O; stretch 429.1 451.0 1.0512 1.0479
Hf(72-O,)3 (3B) O, sym stretch (a) 1161.6 1092.1 1.0607 1.0595
O, asym stretch (b)  1154.2 1090.2 1.0607 1.0597
O, stretch (a) 8415 804.4 1.0592 1.0574
Hf—0, stretch (a) 567.5 563.2 1.0525 1.0535
Hf—(O,), stretch (b)  466.2  438.5 1.0517 1.0551
Hf(572-0,)4 (5B2) O stretch (e) 1170.4 1102.4 1.0607 1.0598
Hf—O;, stretch (e) 449.6  476.6 1.0490 1.0500
Hf—0O, stretch (e) 400.1  423.3 1.0568

tetrahedrally arranged around the hafnium atom (Figure 5). The

optimizedDyq Structure is very similar to that of the previously
characterized group V and VI tetraperoxometalate am#rs.
The complex was calculated to have strong @ stretching
and Hf-O; stretching vibrations at 1170.4 and 449.6 ém

suggesting that species 3 is most likely due to a homoleptic (Table 2). The experiments with mixéfO, + 180, and %0,

hafnium dioxygen complex. Thus, we assign absorber 3 to Hf- + 16080 + 180, samples (Figure 4) provide a conclusive
(7%-0»)4, which is, to the best of our knowledge, the first neutral method to identify this species. In the experiment with an equal
homoleptic tetra-superoxo complex of transition metals. The Hf- molar mixture of'60, and180,, a triplet positioned at 1102.2,
(7%-0,)4 complex was computed to havéBy ground state with 1071.7, and 1039.8 cmh was observed. Note that the 1102.2

a Doy geometry, in which four side-on bonded igands are and 1039.8 cmt absorptions are broadened and the band centers
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2000, SCHEME 1
532nm
e .M B i l|” “ nn H + 0;—= HIO,—2 OHI(12-0)(1%-0) =—== Hf(n%0;);
266nm
532nm || 266nm
2000 - +0, H -0,
s do [l | il
g o I ‘ Ll | : Hf(n2-0,)4
|
2 2000- Laser-evaporated hafnium atoms reacted wighadorm the
<1°°°'(b) | hafnium dioxide molecules. This insertion reaction is highly
0 exothermic and proceeds without activation enéfgdmnealing
2000 the matrix sample allows the,@nolecules to diffuse and react
1000 - with HfO; to form the OHf2-O,)(;72-0O3) complex. This process
0l@ | . . . was predicted to be exothermic by 44.1 kcal/mol. The OHf-
1180 1160 1140 1120 1100 (7%-02)(17%-O3) complex absorptions increased on annealing,
Wavenumber (cm’) which suggests that this reaction requires negligible activation
Figure 6. Simulated isotopic spectra of HR-O,), in the O-O energy.
stretching frequency region: (&0, (b) 80, (c) %0, + 180, (1:1), Under 532 nm laser irradiation, the OW#O,)(1%-O3)
and (d)°0, + %00 + 180, (1:2:1). absorptions disappeared, during which the 7##0,)s

absorptions were produced. This observation suggests that

the OHf(;2-0,)(17%-0s) complex undergoes photoinduced isomer-
are slightly shifted from the band centers (1102.4 and 1040.2 jzation to Hf(;?-O,)s. According to the DFT calculations, the
cml) observed in the experiments usif§O, and 8O, triplet ground state of Hif2-O); is 6.0 kcal/mol lower in
separately. The IR intensity of the intermediate absorption at energy than the triplet ground state OfEO.)(12-O3) isomer.
1071.7 cm?! is weaker than the 1102.2 and 1039.8 ém  Hence, this isomerization reaction is exothermic but requires
absorptions. In the experiment when a 1:2:1 mixturé®a, activation energy. The barrier height was computed to be
160180, and'®0, was used, the same absorptions were observed.24.9 kcal/mol. The isomerization process proceeds only under
However, the intermediate absorption at 1071.7 € stronger visible light (532 nm) irradiation, during which some excited
than the 1102.2 and 1039.8 cfabsorptions. The experimen-  states may be involved. The HfO molecule has a high
tally observed spectra are in excellent agreement with the density of allowed transitions in the visible region for ex-
calculated isotopic spectral features shown in Figure 6, assumingcitation of the metal monoxide in the OHB-O.)(1%-O3)
that the Hf>-O,)4 complex is formed from the reaction of OHf-  complex4?

(7%-02)(17%-03) and Q. The mixed isotopic features of the Hf The absorptions due to the h#0,)4 complex also were
O; stretching modes of the Hff-O2)s complex cannot be  produced upon 532 nm laser irradiation with highd@®ncentra-
resolved due to isotopic dilution. tions. It appears that Hft-O,)4 is formed by the reaction of

The O-0O bond length in each Ofragment of Hf?-0,), OHf(1?2-O2)(17?-03) and Q, which was predicted to be exother-
was predicted to be 1.333 A, very close to the value of 1.332 mic by 27.7 kcal/mol. The reaction may proceed via the initial
A in the recently reported unperturbed superoxide“foiihe formation of an OHf§2-0,)(;7?-0s)(17*-O0) complex, which was
two oxygen atoms in each;@ubunit are slightly inequivalent  predicted to be weakly bound with respect to QpfQ,)(#?-
with Hf—O bond lengths of 2.156 and 2.184 A, respectively. 03) and Q. The infrared absorptions of the complex were
The complex can be characterized as*[i0, )], that is, a ~ computed to be only slightly shifted from those of Ohf{
side-on bonded tetra-superoxo hafnium complex. TBe 0,)(n?-O3), and cannot be resolved from the OLHO,)(;?*-
ground state of Hff?>-O,), has an electronic configuration of  Os) absorptions in the experiments.

(core)(a)X(bs)}(e)? with two unpaired electrons occupying the It is notable that the OH#-O,)(12-Os) absorptions partially
nonbonding a and h molecular orbitals, which are linear recovered under 266 nm laser irradiation, during which the Hf-
combinations of four @ s* orbitals. The remaining two  (%-0,); and Hf(;?-0,), absorptions were bleached. These
unpaired electrons occupy the doubly degenerate e molecularexperimental observations indicate that the above characterized
orbitals, which are also combinations of foup Qrz* orbitals hafnium—dioxygen complexes are photoreversible; that is,
but comprise significant & z* to Hf*" bonding. The natural ~ formation of Hf¢;2-0,); and Hf(2-0,), is accompanied by
population analysis shows that Hf is positively charged with demise of OHf2-O,)(12-03) under visible (532 nm) light
2.28 e, while each ©fragment is negatively charged with irradiation, and vice versa with UV (266 nm) light irradiation.
—0.57 e. Photoreversible reactions have recently been reported for some

Recent matrix isolation investigation of thermally evaporated transition metal methylidene systef¥sThe ability to release
aluminum atoms with @gave a series of aluminum dioxygen oxygen upon irradiation suggests that ##0,), also may be
complexes® The Al(;%-0,); complex withDs symmetry was active in oxidation of inorganic and organic substrates as that
characterized to be a 6-fold coordinated superoxo complex, in of the homoleptic tetraperoxometalate compounds of group V
which a AB* trication is coordinated by three superoxg™O  and VI metalg8-31
anions. The &0 and AFO; stretching vibrational modes were The photochemical reaction feature of OKf0,)(172-Ox) is
observed at 1065 and 686 ci respectively. Compared to  different from that of OTif2-O,)(%-Os) as recently reported
aluminum, which has only three valence electrons, hafnium hasin this group?* The OTi@%-0,)(72-03) complex rearranges to
four valence electrons with the highest oxidation state-df the OTi?-O2)(1*-O3) isomer instead of forming the Tjt-0,)3
and hence it is able to form 8-fold coordinated tetrasuperoxo and Ti@;%-O,)4 complexes under visible light irradiation. The
complex. smaller atomic radius of titanium compared to that of hafnium

Reaction Mechanism.The behavior of the product absorp- generally restricts titanium to form high-fold coordinated
tions leads us to propose the following reactions (Scheme 1): complexes.
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The present experimental and theoretical results demonstrate

that the oxidation of hafnium atoms with dioxygen proceeds
with the initial formation of hafnium dioxide molecules. At the
experiments with excess dioxygen, the Hiolecules further
react with dioxygen to form the hafnium oxide complex, OHf-
(7%-0,)(y%-0O3), which can be converted to the homoleptic
hafnium dioxygen complexes. The HfOQOHf(;2-O,)(172-O3),
Hf(2-O,)s, and Hf¢2-0,), species all are high-valent com-
pounds with hafnium in its format4 oxidation state. The

Gong and Zhou

(6) Girerd, J. J.; Banse, F.; Simaan, A. J.Ntetal-Oxo and Metal-
Peroxo Species in Catalytic Oxidatiohdeunier, B., Ed.; Springer: Berlin,
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present investigation also demonstrates that the reactions fromgg, 1973 73 235.

2-fold coordinated Hf@to 5-fold coordinated OHff?-O,) (-
03), and to 6-fold coordinated Hfg-O,)s, and finally to 8-fold
coordinated Hf¢2-O,)4 are energetically favorable with increas-
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Conclusions

The reactions of hafnium atoms with dioxygen at high O
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atoms generated by laser evaporation react with dioxygen to

form the previously characterized Hf@olecules in solid argon.
At the experiments with excess dioxygen, the bif@olecules
further react with @to form the OHf(2-O,)(17%-O3) complex,

a side-on bonded oxesuperoxo hafnium ozonide complex.
Under visible light (532 nm) irradiation, the OHR-O)(n?-
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