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Laser-evaporated chromium atoms are shown to insert into dioxygen to form CrO; in solid argon. Annealing
allows diffusion and reactions to form (?-0,),CrO,, which is characterized as [(O,),(CrO,)?*], a side-on
bonded disuperoxo—chromium dioxide complex. The (2-0,),CrO, complex further reacts with xenon atom
doped in solid argon to give (5'-00)(172-0,)CrO,(Xe), which can be regarded as an O, molecule weakly
interacting with [(0,)?>~(Cr0O,)>*Xe], a side-on bonded peroxo—chromium dioxide-xenon complex. The results
indicate surprisingly that xenon atom induces a disproportionation reaction from superoxo to peroxo and

dioxygen complex.

Introduction

Long after their discovery, noble gases were considered to
be chemically inert due to the remarkable stability of the closed-
shell electronic structure of the noble gas atoms in the ground
state. As such, noble gases were applied to matrix isolation
technique to trap and isolate free radicals and reactive inter-
mediates for spectroscopic study.! It is generally assumed that
the noble gas matrix that confines the free radicals and reactive
intermediates is electronically innocent, such that the species
trapped in the solid matrix were normally regarded as “isolated”
molecules subject to weak polarizability-based “matrix effects”.
However, noble gases are not completely chemically inert but
exhibit a rich chemistry, particularly for the heavier elements,
as first conjectured by Pauling.?> A large number of chemically
bound compounds containing noble gas atoms have been
prepared since the report of (Xe)PtFg.>~® Recent investigations
indicate that some transition metal and actinide metal com-
pounds were coordinated by one or multiple noble gas atoms
in forming a variety of noble gas complexes in solid matrixes,
which involves direct bonding interactions between metal and
noble gas atoms.!9~13 The bindings of noble gas atoms to CUO
and UO; cause an unusual ground-state reversal in the electronic
state of the CUO(Ng), and UO,(Ng), complexes.'®!12 While a
large number of metal or nonmetal noble-gas compounds with
direct chemical bonding have been reported,>”!3 there is no
clear-cut evidence so far on the noble-gas-atom-mediated
chemical reactions. Here we present a joint matrix isolation
infrared spectroscopic and theoretical study to show that noble
gas atoms can not only form direct chemical bonding with
metals but also participate in the chemical process in noble gas
matrix to induce a remarkable disproportionation reaction from
a disuperoxo—chromium dioxide complex, (57%-0,),CrO, (1),
to a rare noble-gas complex of peroxo—chromium dioxide, (17%-
0,)CrOy(Xe), which exists in the frozen matrix as an O, weakly
coordinated complex, (17'-00)(72-0,)CrO,(Xe) (2). The forma-
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tion of the xenon—chromium complexes via the noble-gas-
induced disproportionation reactions provide an unprecedented
example of the significant role played by noble-gas atoms in
chemical reactions. These complexes may also serve as simple
models for understanding the structure and bonding properties,
and the reactivity of transition metal peroxo and superoxo
complexes,!* which are important reactive intermediates in
numerous biological systems and catalytic oxidation reactions.!>16

Experimental and Computational Methods

The experimental setup for pulsed laser evaporation and
matrix isolation infrared spectroscopic investigation has been
described in detail previously.!” Briefly, the 1064 nm funda-
mental of a Nd:YAG laser (Continuum, Minilite II, 10 Hz
repetition rate and 6 ns pulse width) was focused onto a rotating
chromium target through a hole in a Csl window cooled
normally to 12 K by means of a closed-cycle helium refrigerator
(ARS, 202N). The laser-evaporated chromium atoms were
codeposited with oxygen/argon or oxygen/Xe/Ar mixtures onto
the CsI window. In general, matrix samples were deposited for
1 h at a rate of approximately 4 mmol/h. The O,/Ar and O/
Xe/Ar mixtures were prepared in a stainless steel vacuum line
using a standard manometric technique. Isotopic '#0, (ISOTEC,
99%) was used without further purification. The infrared
absorption spectra of the resulting samples were recorded on a
Bruker IFS 66V spectrometer at 0.5 cm™! resolution between
4000 and 450 cm™! using a liquid nitrogen cooled HgCdTe
(MCT) detector. Samples were annealed at different tempera-
tures and subjected to broad-band irradiation using a high-
pressure mercury arc lamp with glass filters.

To validate the experimental assignment and to provide
insights on the formation mechanism, structure, and bonding
of the experimentally observed complexes, we performed density
functional theory (DFT) and wave function theory (WFT) ab
initio calculations. The DFT calculations were performed using
the B3LYP functional and the 6-311+G(d) basis sets for oxygen
and chromium atoms and the SDD pseudopotential and basis
set for xenon atom.'®!1? The single point CCSD(T) energies of
the structures optimized at the B3LYP level were calculated
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Figure 1. Infrared spectra in the 1170—1120 and 1000—900 c¢cm™!
regions from codeposition of laser-evaporated chromium atoms with
2.0% O, in argon: (a) 1 h of sample deposition at 12 K, (b) after 25 K
annealing, and (c) after 35 K annealing.
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Figure 2. Infrared spectra in the 2330—2200 and 1950—1850 ¢cm™!
regions from codeposition of laser-evaporated chromium atoms with
2.0% O, in argon: (a) 1 h of sample deposition at 12 K, (b) after 25 K
annealing, and (c) after 35 K annealing. (The absorptions denoted with
an asterisk are due to (17%-0,)2CrO;.)

using the same basis sets. All these calculations were performed
by using the Gaussian 03 program.?’ The CASSCF and CASPT2
geometry optimizations were performed with SDD pseudopo-
tentials and valence basis sets for Cr and Xe, with the 6-31+G*
basis set for oxygen. These calculations were performed with
MOLPRO 2006.1.2!

Results and Discussion

The chromium oxide complexes were produced by codepo-
sition of laser-evaporated chromium atoms with O,/Ar and O,/
Xe/Ar mixtures. As shown in Figures 1 and 2, codeposition of
laser-evaporated chromium atoms with 2.0% oxygen in argon
at 12 K formed CrO, (v3, 965.4 cm™!; v, 914.4 cm™!) as the
major product, which has previously been identified from its
infrared spectra and theoretical calculations.?> Sample annealing
decreased the CrO, absorptions and produced a new group of
absorptions (group A hereafter) at 2301.2, 2272.1, 2259.1,
1900.7, 1153.9, 1134.2, 971.5, 939.6, and 532.0 cm™!, which
dominate the spectrum after high-temperature annealing. Similar
experiments were performed with 1% Xe doped into the O,/Ar

J. Phys. Chem. A, Vol. 112, No. 37, 2008 8607

0.5 J/
(n"00) (1"-0,) CrO,(Xe)
/)
0.4 -
©
o 0.3- (n*-0,),Cr0,
Q
f=1
]
g ‘
=
2 02 \ b
g o R ®)
cro,
0.1
CrO,
@
00 T 74 T T T
1160 1140 980 960 940 920 900

Wavenumber (cm™)

Figure 3. Infrared spectra in the 1160—1100 and 980—900 cm™!
regions from codeposition of laser-evaporated chromium atoms with
1% Xe + 2% O, in argon at 12 K: (a) 1 h of sample deposition at 12
K, (b) after annealing to 35 K, and (c) after annealing to 45 K.
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Figure 4. Infrared spectra in the 1530—1490 and 630—590 cm™!
regions from codeposition of laser-ablated chromium atoms with 1%
Xe + 2% O, in argon at 12 K: (a) 1 h of sample deposition at 12 K,
(b) after annealing to 35 K, (c) after annealing to 45 K, and (d) after
annealing to 45 K.

mixture, and the spectra in selected regions are shown in Figures
3 and 4. Besides the aforementioned absorptions, the XeOO™
absorption was observed after sample deposition,”? and a new
group of product absorptions at 1515.6, 966.3, 960.8, 916.6,
and 614.6 cm™! (group B) were produced on high-temperature
annealing (35—45 K) at the expense of the group A absorptions.
Isotopic substitutions ('80,, and '°0, + 30, mixture) were
employed for product identification, and the new product
absorptions are listed in Table 1 with the isotopic spectra in
selected regions shown in Figures 5,6, and 7, respectively.
The group A absorptions maintain the same relative intensities
throughout all the experiments and are assigned to different
vibrational modes of the (17%-0,),CrO, complex (Table 1). The
971.5, 1134.2, and 1153.9 cm™! absorptions were initially
assigned to OOCrO,, OOCrOO0, and CrOO, respectively,?? but
were reassigned to the (0O,),CrO, molecule based on further
experiments.>* The 971.5 and 939.6 cm™! absorptions shift to
934.7 and 898.3 cm™! with '80,, which yield '°0O/!'%0 isotopic
frequency ratios of 1.0394 and 1.0460, respectively. The band
positions and isotopic frequency ratios imply that these two
absorptions are due to the antisymmetric and symmetric OCrO
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TABLE 1: Infrared Absorptions (cm™1) of the (7%-0,),CrO; and ('-00)(2-0,)CrO,(Xe) Complexes in Solid Argon

150, 180, 190, + 130, assignment
2301.2 (172-02)2Cr02 21/1
2272.1 2142.6 (172-02)2Cr02 Vi + Vi2
2259.1 2133.2 (172-02)2Cr02 21/12
1900.7 1823.3 (172-02)2Cr02 V2 +’V9
1153.9 1090.8 1153.9, 1145.4, 1090.8 (77-02),Cr0O; v, (sym O—O str)
1134.2 1070.8 1134.2, 1078.3, 1070.8 (77-0,),CrO; v1, (asym O—O str)
977.5 940.8 (172-02)25°Cr02 Vo9
971.5 934.7 971.5, 934.7 (77-0,),°>CrO; vy (asym CrO, str)
968.7 931.3 (172—02)253Cr02 Vo9
965.8 (172—02)254Cr02 Vo9
943.4 902.4 (77-02),°°CrO; v,
939.6 898.3 939.6, 898.3 (77-0,),2CrO; v, (sym CrO; str)
937.6 896.1 (172—02)253Cr02 V2
935.8 894.1 (172—02)254Cr02 %)
532.0 511.7 (77-02),CrO; v13 (asym Cr—0O; str)
1515.6 1430.6 1519.8, 1515.5, 1434.1, 1430.6 (7'-00)(17?-02)CrOy(Xe) O—O str
966.3 929.7 966.3, 954.1, 929.7 (7'-00)(17*-02)CrO,(Xe) asym CrO; str
960.8 920.0 960.8. 941.0, 920.0 (7'-00)(17*-02)CrOx(Xe) (sym CrO; str)
916.6 860.7 916.6, 869.6, 860.7 (7'-00)(17?-02)CrOy(Xe) O—O str
614.6 586.1 617.0, 614.6, 586.5, 586.1 (7'-00)(1*-02)CrO,(Xe) Cr—0; str

stretching vibrations. These absorptions and additional weak
satellite features at 977.5/968.7/965.8 and 943.4/937.6/935.8
cm~! (Table 1) show natural abundance chromium isotopic
intensity distributions and clearly indicate the involvement of
one chromium atom. The 1153.9 and 1134.2 cm ™! absorptions
shift to 1090.8 and 1070.8 cm™! upon '#0 substitution. The band
positions and '°0/'30 isotopic frequency ratios of 1.0578 and
1.0592 are characteristic of the O—O stretching vibrations of
superoxo ligands.>2¢ The spectra with a 10, + 80, mixture
(Figure 5) clearly indicate that two equivalent O, subunits are
involved in these modes. The much weaker 532.0 cm™!
absorption is due to the Cr—O; stretching mode. The observation
of overtone and combination modes above 1900 cm™! (Table
1) lends additional credence on the assignment.

The group B absorptions appear only in the xenon-doped
experiments at the expense of the (17%>-0,),CrO, absorptions and
are assigned to the (17'-00)(5?-0,)CrOx(Xe) complex. The
1515.6 cm™! absorption exhibits a '°0/!%0 isotopic frequency
ratio of 1.0594 and is due to the O—O stretching vibration of a
very weakly bound dixoygen complex based on the band
position and isotopic frequency ratio. In contrast, free O, adsorbs
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Figure 5. Infrared spectra in the 1180—1060 and 1000—880 c¢cm™!
regions from codeposition of laser-ablated chromium atoms with
isotopically substituted O, in excess argon at 12 K; spectra were taken
after 1 h of sample deposition followed by 45 K annealing: (a) 2.0%
160,, (b) 1.5% 'O, + 1.5% '30,, and (c) 2.0% '%0,.

1160 1120

at 1580.2 cm™! in the gas phase and at 1553 cm™! in solid

argon.”” The 916.6 cm™! absorption exhibits the 30, counterpart
at 860.7 cm™!. The band position and '°0/'30 frequency ratio
(1.0649) indicate that this band is due to the O—O stretching
vibration of a peroxide ligand.>>*® The 966.3 and 960.8 cm™!
absorptions shift to 929.7 and 920.0 cm™! with '30,. The '°0/
180 frequency ratios of 1.0394 and 1.0443 are appropriate for
the antisymmetric and symmetric OCrO stretching vibrations.
The 614.6 cm™! absorption is due to the Cr—O; stretching
vibration of the complex.

The optimized DFT geometries of (17%>-0,),CrO, and (1'-
00)(7?-02)CrO,(Xe) are shown in Figure 8, and the calculated
harmonic vibrational frequencies and °0/'30 isotopic frequency
ratios are listed in Tables 2 and 3. As vibrational frequencies
tend to be reduced (i.e., red-shifted) by the argon matrix relative
to those in gas phase, the calculated vibrational frequencies and
isotopic frequency ratios are in reasonable agreement with the
experimental values, which provide strong support to the
experimental assignment.

The (17%-0,),CrO; complex is predicted to have a *B; ground-
state with a tetrahedral skeleton of C,, symmetry, in which the
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Figure 6. Infrared spectra in the 1000—840 cm™! region from

codeposition of laser-ablated chromium atoms with isotopically sub-
stituted O, in a xenon-doped argon matrix; spectra were taken after
1 h of sample deposition followed by 45 K annealing: (a) 1% Xe +
2.0% '°0,, (b) 1% Xe+ 1.5% '°0, + 1.5% '80,, and (c) 1% Xe +
2.0% '80s,.
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TABLE 2: Vibrational Frequencies (cm~') and Intensities (km/mol) of the Complexes Calculated at the B3LYP/6-3114+G*

Level

complex frequency (mode, intensity)
(7*-02),CrO, 1249.2 (ay, 57), 1230.0 (ba, 158), 1070.8 (b1, 256), 1049.4 (a;, 70), 583.0 (ai, 1), 547.5 (ba, 36), 374.7 (a, 1),
(Ca,, °Bo) 337.2 (ai, 0), 324.5 (b, 1), 294.5 (a, 0), 252.8 (b1, 0), 218.3 (by, 3), 192.5 (b, 31), 176.2 (a;,0), 167.8 (az, 0)
(7'-00) (7*-0,)CrO,(Xe) 1633.8 (0.1, a'), 1074.8 (192, a"), 1061.5 (143, a'), 986.7 (63, a'), 642.1 (40, a"), 600.2 (4, a'), 370.6 (0, '), 277.5
(Cs, 3A") (1,a"), 271.6 (64, a'), 194.9 (0, a"), 115.1 (0, a"), 113.9 (0, a"), 92.4 (3, a'), 41.5 (0, a'), 29.5 (0, a"), 18.9

(0, 2), 8.2 (1, a'), 8.0 (0, ")
(172-02)CrOx(Xe)
(C, 'A")

two O, fragments lie in the same plane that is perpendicular to
the OCrO plane. The two 7%-O, fragments are equivalent and
bound in an asymmetric, side-on fashion, with two inequivalent
Cr—O bond lengths of 2.038 and 1.918 A, respectively. The
predicted O—O bond lengths of the two O, subunits (1.292 A)
fall into the superoxide category.>>?® Therefore, the (13-
0,),CrO, complex can be regarded as a side-on bonded
disuperoxo—chromium dioxide complex, [(O;7)2(CrO,)>"],
where two Oy~ anions bound to a CrO,*" dication. Consistent
with the above notion, the two unpaired electrons in the 3B,
ground state of the (17%-0,),CrO, complex occupy the 7b; and
3a, molecular orbitals, which are primarily antibonding s*
orbitals of the two O, subunits in character (Figure 9). The
calculated spin densities are localized on the two O, subunits,
with 0.45e~ and 0.59¢™ for the two O atoms in each O,".
The ('-00)(17>-0,)CrO,(Xe) complex was predicted to have
C, symmetry and 3A" ground-state with the two O, fragments
and xenon atom in the same plane that is perpendicular to the
OCrO plane (Figure 8). The end-on bonded #7!-O0 fragment
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Figure 7. Infrared spectra in the 1550—1400 and 640—540 c¢cm™!
regions from codeposition of laser-ablated chromium atoms with
isotopically substituted O, in xenon-doped argon matrix; spectra were
taken after 1 h of sample deposition followed by 45 K annealing: (a)
1% Xe + 2.0% 'O, (b) 1% Xe+ 1.5% '°O, + 1.5% '80,, and (c) 1%
Xe + 2.0% '#0,.
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Figure 8. Calculated structures of the (17°-02),CrO; (1) and (3'-00)(;7*-
0,)CrOx(Xe) (2) complexes. Listed are the bond lengths (A) and bond
angles (deg) from B3LYP geometry optimizations.

1074.8 (196, a"), 1061.5 (144, a'), 986.2 (64, a'), 642.6 (37, a'), 600.1 (4, &), 370.4 (0, a'), 277.6 (1, "), 272.4
(60, '), 194.1 (0, a"), 114.2 (0, a'), 112.1 (0, "), 93.1 (2, a')

TABLE 3: Comparison between the Observed and
Calculated Vibrational Frequencies (cm™') and Isotopic
Frequency Ratios for the (2-0,),CrO, (1) and
(71-00)(5%-0,)Cr0,(Xe) (2) Complexes

exptl calcd”
v 160/180 v 160/180 mode
2301.2 2418.2 121,
2272.1 1.0604  2401.6 1v, +vp
2259.1 1.0590  2385.0 12vp,
1900.7 1.0425  2052.1 1 v, +w

1153.9 1.0578 1209.1 1.0608
1134.2 1.0592 1192.5 1.0606
971.5 1.0394 1036.4  1.0395
939.6 1.0460 1015.7 1.0478
532.0 1.0397 529.9 1.0360
1515.6 1.0594 15814  1.0608
966.3 1.0394 1040.3 1.0398
960.8 1.0443 10274 1.0456
916.6 1.0649 955.0  1.0599
614.6 1.0486 621.5 1.0497

1 vy (sym O—O str)

1 vy (asym O—O str)
1 vy (asym >*>CrO, str)
1 v, (sym 2CrO; str)

1 vi3 (asym Cr—O; str)
2 O—O str

2 asym CrO; str

2 sym CrO; str

2 O—O str

2 Cr—0, str

“The calculated B3LYP/6—3114+G(d) frequencies are scaled by

&

0.9679; see ref 31.

~o

SOMO SOMO-1
(n%-0,),CrO,
/ [
SOMO SOMO-1

(n'-00)(n*-0,)Cro,(Xe)

Figure 9. The 3D contours of the singly occupied molecular orbitals
of the observed complexes.

was predicted to have an O—O bond length of 1.206 A, which
is about the same as that of free O,, while the Cr—OQO distance
was calculated to be rather long (3.903 A) at the B3LYP level.
Therefore, the complex can be regarded as a triplet O, molecule
adsorbed on a closed-shell (572-0,)CrOx(Xe) complex. As can
be seen in Table 2, the calculated vibrational frequency
differences between (72-0,)CrO,(Xe) and (1'-00)(5>-0y)-
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CrO,(Xe) are less than one wavenumber. The O—O distance
in the (2-0,)CrO,(Xe) fragment was calculated to be 1.415 A,
which is typical of peroxide complexes.”>?¢ The (-
0,)CrOx(Xe) fragment can be characterized as [(0,)?~(CrO,)**-
Xe], a side-on bonded peroxo—chromium dioxide—xenon
complex. Indeed, the calculated unpaired spin resides on the
adsorbed dioxygen molecule with 0.98e™ and 1.0le™ for the
two O atoms. The Cr—Xe bond has a theoretically optimized
bond distance of 2.892 A and a binding energy of 14.0 kcal/
mol with respect to the (O,)CrO, (A}) + Xe asymptotes at the
CCSD(T)//B3LYP level after zero point energy correction,
which are comparable with those previously reported transition-
metal—Xe complexes.?8730 As weak interactions between O,
or Xe and (7-0,)CrO, are expected to be poorly described by
DFT methods, the calculated OO—Cr and Cr—Xe bond distances
are only qualitative. Further geometry optimizations were
performed using ab initio CASSCF (complete-active-space self-
consistent-field) and CASPT2 (complete-active-space second-
order perturbation theory) methods. The OO—Cr and Cr—Xe
distances are 3.849 and 3.176 A at the level of CASSCF
calculations and 3.238 and 2.708 A at the level of CASPT2
calculations. The OO—Cr and Cr—Xe bond distances calculated
at the CASPT?2 level are indeed significantly shorter than those
predicted by the DFT methods, indicating that dynamic electron
correlations have contributed significantly to the weak interac-
tion between OO or Xe and the (5?-O,)CrO, unit.

The spectra in Figure 1 clearly demonstrate that chromium
dioxide reacts with molecular oxygen in solid argon to form
the side-on bonded disuperoxo—chromium dioxide complex 1.
One of the superoxo ligands of the complex can be replaced by
a xenon atom doped in solid argon via an SN2-type substitution
reaction to form the side-on bonded peroxo—chromium
dioxide—xenon complex and releases one molecular dioxygen,
which cannot escape the matrix “cage” and survived as the
weakly bound complex 2. In this process, one of the superoxo
anion radicals in (52-02),CrO, (with two O—O stretch frequen-
cies at 1153.9 and 1134.2 cm™!) was reduced to a peroxo ion
(with the O—O stretch frequency at 916.6 cm™!), whereas
another superoxo anion radical is oxidized to a molecular
dioxygen. Therefore, this process represents a remarkable
example of xenon-atom-induced disproportionation reactions,
which is predicted to be exothermic by 7.4 kcal/mol at the
CCSD(T)//B3LYP level of theory after zero point energy
correction. The chemical transformation of superoxide ions to
dioxygen and peroxo complexes bears resemblance to the
dismutation of superoxide ion via catalytic superoxide dismu-
tatase protein. The above-characterized (772-0,),CrO; (1) and
(7'-00)(7%-0,)CrO,(Xe) (2) molecules can therefore be re-
garded as model complexes demonstrating the O, activation
through electron transfer from metal oxides to form the superoxo
complexes and further convert to dioxygen and peroxo complexes.

Conclusions

A joint matrix isolation infrared spectroscopic and theoretical
study was performed to show that noble-gas atoms are able to
participate in the chemical process in noble-gas matrix to induce
a remarkable disproportionation reaction from disuperoxo to
peroxo and dioxygen complexes. These complexes were pro-
duced by codeposition of laser-evaporated chromium atoms with
O,/Ar and O,/Xe/Ar mixtures. The chromium atoms insert into
dioxygen to form the previously characterized CrO, molecules
in solid argon, which further react with dioxygen to give the
(17?-0,),CrO, complex, a side-on bonded disuperoxo—chromium
dioxide complex. The (72-0,),CrO, complex further reacts with

Zhao et al.

xenon atom doped in solid argon to give the noble-gas complex
of peroxo—chromium dioxide, (172-0,)CrO»(Xe), which exists
in the frozen matrix as an O, weakly coordinated complex, (7!-
00)(172-0,)CrOy(Xe).
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