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Chromium dioxide dihydrogen and bis-dihydrogen complexes: (η2-H2)CrO2 and (η2-H2)2CrO2 have been
prepared by co-condensation of the CrO2 molecules generated from laser ablation of CrO3 with H2 in excess
argon at 11 K. Broad-band photolysis of the (η2-H2)CrO2 complex induced a photoisomerization to produce
the HCrO(OH) molecule. In addition, laser-ablated Cr atoms reacted with H2/O2 mixtures to give primarily
the CrO2 and (η2-O2)CrO2 molecules, while the (η2-H2)CrO2, (η2-H2)2CrO2 and HCrO(OH) molecules were
also produced on annealing and photolysis. The aforementioned species were unambiguously characterized
by FTIR spectroscopy and density functional theoretical calculations.

Introduction

Transition metal dihydrogen complexes are of fundamental
importance in a wide variety of processes such as hydroformy-
lation and hydrogenation.1 The synthesis, structure, and bonding
of these complexes and their reactivity have been intensively
studied.2-6 Dihydrogen complexes of chromium have also
received considerable attentions.7-12 A number of chromium
metal complexes containingη2-H2 together with various ligands,
such as PR3, Cp, CO, etc., have been generated photochemically
and studied spectroscopically in various low-temperature ma-
trixes as well as in hydrocarbon solvent at room temperature.7-9

Reactions of chromium atoms with dihydrogen have also been
studied both experimentally and theoretically.13-16 In low-
temperature matrixes, chromium atoms are photoreactive toward
dihydrogen to give chromium hydride molecules.13,14

Chromium oxo species have been used for H-H and C-H
bond activation in the gas phase.17,18Mass spectrometric studies
indicated that chromium dioxide cation slowly reacts with H2

to form CrO+ and H2O, while thermalized CrO+ does not react
with H2.18,19 However, little is known about the chromium
oxide-dihydrogen complexes or hydrides. In this paper, we
report a study of combined matrix-isolation FTIR spectroscopic
and density functional theoretical study of the first chromium
dioxide dihydrogen and bis-dihydrogen complexes (η2-H2)CrO2

and (η2-H2)2CrO2. These complexes can be prepared by reac-
tions of laser-ablated CrO2 molecules with H2 or chromium
atoms with O2/H2 mixture in solid argon. The (η2-H2)CrO2

complex rearranges to HCrO(OH) on photolysis.

Experimental and Computational Methods

The experiment for laser ablation and matrix isolation
spectroscopy has been described in detail previously.20 The 1064
nm Nd:YAG laser fundamental (Spectra Physics, DCR 2, 20
Hz repetition rate and 8 ns pulse width) was focused onto a
rotating target (CrO3 or Cr) through a hole in a CsI window.
Typically, 5-10 mJ/pulse laser power was used. The ablated
species were codeposited with reagent gases in excess argon
onto the 11 K CsI window at a rate of 5 mmol/h. The CsI
window was mounted on a copper holder at the cold end of the

cryostat (Air Products Displex DE202) and maintained by a
closed-cycle helium refrigerator (Air Products Displex IR02W).
A Bruker IFS 113v FTIR spectrometer equipped with a DTGS
detector was used to record the IR spectra in the range of 400-
4000 cm-1 with a resolution of 0.5 cm-1. Matrix samples were
annealed at different temperatures, and selected samples were
subjected to broad-band photolysis using a 250 W high-pressure
mercury lamp. The annealing experiments were done by
warming the sample deposit to the desired temperature and
quickly cooling to 11 K.

To provide insight into the structure and bonding in (η2-H2)-
CrO2, (η2-H2)2CrO2 and HCrO(OH), we performed density
functional theoretical calculations, which can provide very
reliable predictions of structures, binding energies, and vibra-
tional frequencies of transition metal compounds.21-23 DFT
calculations were carried out using the Gaussian 98 program.24

The three-parameter hybrid functional according to Becke with
additional correlation corrections due to Lee, Yang, and Parr
was utilized (B3LYP).25,26The 6-311++G(d,p) basis sets were
used for H and O atoms, and the all electron basis set of
Wachters-Hay as modified by Gaussian was used for Cr
atom.27,28 The geometries were fully optimized, harmonic
vibrational frequencies were calculated with analytic second
derivatives, and zero point vibrational energies (ZPVE) were
derived. Transition state optimizations were done with the
synchronous transit-guided quasi-Newton (STQN) method at
the B3LYP/6-311++G(d,p) level.29 Population analysis was
carried out using the NBO method.30

Results and Discussion

Infrared Spectra. CrO3 + H2/Ar. Laser ablation of a CrO3
target followed by condensation with pure argon at 11 K formed
CrO2 (965.3 and 914.3 cm-1) as the major product with minor
CrO (846.8 cm-1), CrOCrO (984.2 cm-1), and CrO3 (968.4
cm-1).31,32 Distinct new product absorptions were observed in
experiments using H2/Ar as reagent gas. Figure 1 shows the
representative spectra in selected regions with a H2/Ar (1.0%
molar ratio) sample, and the product absorptions are listed in
Table 1. On the basis of the annealing and photolysis behavior,
the new product absorptions can be classified into three groups
(labeled as1-3 in Figure 1). Band set2 increased on annealing
at the expense of band set1. Photolysis markedly decreased
band sets1 and2 with co-current growth of band set3.
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Identical laser ablation investigations were done with D2/Ar
samples, the new product absorptions were shifted as given in
Table 1, and the spectra in selected regions are shown in Figure
2. Experiments were also done with mixed H2 + D2/Ar and H2

+ HD + D2/Ar samples. Figure 3 illustrates the spectra in the
1005-960, 910-885, and 715-665 cm-1 regions using dif-
ferent isotopic samples.

Cr+O2/H2/Ar. Laser ablation of a Cr metal target and co-
deposition in O2/Ar produced CrO2, (η2-O2)CrO2 (973.8, 918.2
cm-1), CrO2

- (906.8 cm-1), and O4
- (953.8 cm-1) absorp-

tions.31-33 Annealing to 25 and 30 K decreased the (η2-O2)-
CrO2, CrO2

-, and O4
- absorptions and produced weak CrO3

(968.4 cm-1) absorption. Similar experiments using 1.0% H2/
0.5%O2/Ar were also done, and the spectra in the 1020-880
cm-1 region are shown in Figure 4. Sample deposition at 11 K
also produced CrO2, (η2-O2)CrO2, CrO2

-, and O4
- absorptions,

sample annealing to 18 K produced new absorptions at 971.6
cm-1 and band set2. Broad-band Hg arc irradiation destroyed
species2 and produced species3. Experiments using H2/18O2/
Ar were also done, and the spectra are also shown in Figure 4.
All absorptions in the Cr-O stretching vibrational frequency
region exhibited an oxygen isotopic shift as listed in Table 1.
The 971.6 cm-1 band split into two bands at 935.7 and 935.0
cm-1 in 18O2 spectrum, indicating that there are two components
at 971.6 cm-1. The 935.0 cm-1 band was destroyed on
photolysis, while the 935.7 cm-1 band was not. An additional
Cr + 1.0% D2/0.5%O2/Ar experiment was done, the spectra
exhibited the same annealing and photolysis behavior with the
Cr + H2/O2/Ar experiment, and the absorptions of species2
and 3 shifted the same amount as in the CrO3 + D2/Ar
experiments. The 971.6 cm-1 band in the Cr+ H2/O2/Ar
spectrum now split into two bands at 972.5 and 971.7 cm-1;
the former disappeared on photolysis while the latter did not.

A complementary experiment was done with a Cr target and
1.0% H2 in argon. No product absorption was observed on

Figure 1. Infrared spectra in selected regions from co-deposition of
laser-ablated CrO3 in 1.0% H2 in argon: (a) with 1 h sample deposition;
(b) after 20 min Hg lamp photolysis.

Figure 2. Infrared spectra in selected regions from co-deposition of
laser-ablated CrO3 in 0.8% D2 in argon: (a) with 1 h sample deposition;
(b) after 20 min Hg lamp photolysis.

TABLE 1: Infrared Absorptions (cm -1) from Co-deposition
of Laser-Ablated CrO3 with H 2 or Cr with H 2 + O2 in
Excess Argon

H2 D2
18O2 H2 + D2 assignment, mode

3714.2 2740.9 3702.7 3714.2, 2740.9 HCrO(OH) O-H
2728.6 2009.5 (η2-H2)2CrO2 sym H-H
2640.5 1987.1 (η2-H2)2CrO2 asym H-H
1877.7 1819.4 (η2-H2)2CrO2 comb asym+

sym OCrO
1869.8 1869.8 1789.8 CrO2 comb asym+ sym OCrO
1753.1 1267.5 1753.1 1753.1, 1267.5 HCrO(OH) Cr-H
1724.1 1332.4 (η2-H2)2CrO2 asym+

sym Cr-H2

1012.3 1011.8 971.6 HCrO(OH) Cr-O
999.2 995.4 963.8 999.2, 997.8, 995.4 (η2-H2)2CrO2 asym O52CrO
996.1 992.3 960.6 (η2-H2)2CrO2 asym O53CrO
993.2 989.5 (η2-H2)2CrO2 asym O54CrO
984.2 984.2 CrOCrO Cr-O
973.8 973.8 936.8 (η2-O2)CrO2 asym OCrO
971.7 971.7 935.7 (CrO2-X) asym OCrO
971.6 972.5 935.0 972.5, 971.6 (η2-H2)CrO2 asym OCrO
968.4 968.4 CrO3 asym OCrO
965.3 965.3 929.1 52CrO2 asym OCrO
962.4 962.4 926.1 53CrO2 asym OCrO
914.3 914.3 869.6 52CrO2 sym OCrO
906.8 906.8 874.1 52CrO2- asym OCrO
903.8 707.6 876.7 903.8, 897.3, 707.6 (η2-H2)2CrO2 sym H2CrH2

890.3 675.6 890.3 890.3, 690.0, 675.6 (η2-H2)2CrO2 asym H2CrH2

624.0 457.1 623.5 624.0, 547.8,- (η2-H2)2CrO2 Cr-H2 bending

Figure 3. Infrared spectra in the 1005-960, 910-885, and 715-665
cm-1 regions from co-deposition of laser-ablated CrO3 with isotopic
H2 in argon at 11 K: (a) 1.0% H2; (b) 0.8% D2; (c) 0.5% H2 + 0.5%
D2; (d) 0.4% H2 + 0.8% HD + 0.4% D2.

Figure 4. Infrared spectra in the 1020-860 cm-1 region from co-
deposition of laser-ablated Cr atoms with 1.0% H2 + 0.5% O2 in
argon: (a) 1.0% H2 + 0.5%16O2 with 1 h sample deposition, (b) after
18 K annealing, (c) after 20 min photolysis; (d) 1.0% H2 + 0.5%18O2

with 1 h sample deposition, (e) after 18 K annealing, and (f) after 20
min photolysis.
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sample deposition, while very weak CrH2 absorption at 1614.5
cm-1 was produced on broad-band photolysis.14

Calculation Results. We first calculated the states and
geometries of pure chromium oxide as a test case. The calculated
geometric parameters and vibrational frequencies are listed in
Table 2. In agreement with high-level CCSD(t) calculations,34

the ground state of CrO was predicted to be5Π. The ground
state of CrO2 is a triplet (3B1). The calculated frequencies
compare favorably to that observed in solid argon.31,32 The
lowest 1A1 singlet state CrO2 was predicted to be 24.0 kcal/
mol higher in energy. The ground state of CrO3 is 1A1 with C3V
symmetry. The (η2-O2)CrO2 molecule was calculated to have a
3A2 ground state withC2V symmetry.

We have optimized three H2CrO2 isomers, namely, (η2-H2)-
CrO2, HCrO(OH), and Cr(OH)2. The optimized geometric
parameters are shown in Figure 5, and the vibrational frequen-
cies and intensities are listed in Table 3. The (η2-H2)CrO2

molecule was predicted to have a triplet ground state (3B1) with
pseudotetrahedralC2V symmetry. The HCrO(OH) molecule was
calculated to have a triplet ground state with a planar structure.
For Cr(OH)2, the lowest energy state is a quintet, corresponding
to four unpaired electrons. At the B3LYP/6-311++G(d,p) level

of theory, the Cr(OH)2 molecule was calculated to be the most
stable, followed by the HCrO(OH) and the (η2-H2)CrO2

molecules, which were 22.3 and 47.9 kcal/mol higher in energy
than the Cr(OH)2, respectively.

Geometry optimization was also done for the (η2-H2)2CrO2

molecule on both singlet and triplet potential energy surfaces.
The lowest state was calculated to be an1A1 state withC2V
symmetry, in which the two H2 lie in the same plane that is
perpendicular to the OCrO plane. Geometry optimization on
the triplet energy surface without symmetry restriction con-
verged to (η2-H2)CrO2(3B1) + H2.

Similar calculations were also done on (η2-H2)CrO, and no
stable structure was found. For the (η2-H2)CrO3 molecule,
geometry optimization found a1A′ singlet ground state, as
shown in Figure 5.

Assignments.(η2-H2)CrO2. The 971.6 cm-1 band shifted to
972.5 cm-1 with D2, and to 935.0 cm-1 with 18O2. In
experiments using the H2 + D2 mixture, a doublet feature was
observed, showing that one H2 moiety is involved in this mode.
The oxygen isotopic ratio of 1.0391 indicates that this band is
mainly due to an antisymmetric OCrO stretching vibration. The
6.3 cm-1 blue shift from the antisymmetric OCrO stretching
vibration of CrO2 (965.3 cm-1) suggests that this band is due
to the H2-CrO2 complex. Accordingly, we assign the 971.6
cm-1 band to the antisymmetric OCrO stretching vibration of
the (η2-H2)CrO2 molecule.

As shown in Figure 5, the (η2-H2)CrO2 molecule was
predicted to have a3B1 ground state with pseudotetrahedralC2V
symmetry, in which the HCrH plane is perpendicular to the
OCrO plane. The H-H distance in (η2-H2)CrO2 was calculated
to be 0.773 Å, lengthened by about 0.029 Å compared with
that in free H2. The antisymmetric OCrO mode was calculated
at 1037.3 cm-1 (437 km/mol), just 5.1 cm-1 higher than that of
the CrO2 calculated at the same level. The H-H, symmetric
Cr-H, and OCrO stretching vibrational modes were predicted
at 3950.0 (12 km/mol), 1121.9 (25 km/mol), and 1007.5 cm-1

(23 km/mol). These three modes are much less intense than
that of the antisymmetric OCrO mode and were not observed
in the present experiments.

TABLE 2: Calculated Geometric Parameters (Bond Lengths in Ångstroms, Bond Angles in Degrees), Vibrational Frequencies
(cm-1), and Intensities (km/mol) for Chromium Oxides

molecule geometry frequency (intensity, mode)

CrO (5Π) 1.616 867.5 (173)
CrO2 (3B1) 1.598, 132.0 1032.2 (488, b2), 988.8 (24, a1), 224.9 (42, a1)
CrO2 (1A1) 1.589, 127.0 1032.8 (462, b2), 1031.7 (20, a1), 242.9 (51, a1)
CrO3 (1A1) 1.578, 115.4 1076.6 (480, e), 1003.1 (6, a1), 375.5 (0, e), 202.4 (81, a1)
(η2-O2)CrO2 (3A2) O-O:1.305, (O2)-Cr:1.932,

Cr-O:1.572,∠OCrO:119.2
1216.6 (71, a1), 1069.5 (323, b2), 1061.0 (66, a1), 547.8
(21, a1), 521.3 (1, b1), 316.6 (0, a1), 237.6 (0, a2), 189.4
(3, b2), 160.0 (34, b1)

H2 (1∑g
+) 0.744 4423.3 (0)

TABLE 3: Calculated Vibrational Frequencies (cm-1) and Intensities (km/mol) for the Structures Described in Figure 5

molecule frequency (intensity, mode)

(η2-H2)CrO2 (3B1) 3950.0 (12, a1), 1121.9 (25, b1), 1037.3 (437, b2), 1007.5 (23,a1), 740.3 (25, a1),
312.0 (0, a2), 269.2 (19, a1), 215.6 (5, b2), 153.1 (5, b1)

HCrO(OH) (3A′′) 3909.8 (243, a′), 1839.8 (143, a′), 1076.9 (214, a′), 760.7 (121, a′), 624.5 (19, a′),
480.7 (117, a′), 425.7 (190, a′′), 207.5 (16, a′), 158.6 (14, a′′)

Cr(OH)2 (5A′′) 3898.8 (48, a′), 3896.5 (164, a′′), 740.3 (251, a′′), 624.3 (20, a′), 535.0 (134, a′′),
465.9 (105, a′), 346.9 (48, a′′), 300.8 (173, a′), 65.3 (0.5, a′)

(η2-H2)2CrO2 (1A1) 3129.0 (136, a1), 3119.4 (168, b2), 1668.1 (6, a1), 1649.3 (20, b2), 1105.8 (5, a1),
1070.7 (319, b1), 1020.0 (109, b2), 993.0 (87, a1), 862.9 (0, a2), 783.2 (9, b1),
645.6 (38, a1), 425.6 (0, a2), 418.1 (25, b1), 321.6 (11, a1), 247.0 (0.4,b2)

(η2-H2)CrO3 3938.1 (32, a′), 1279.0 (21, a′), 1068.5 (217, a′′), 1060.7 (214, a′), 1000.7 (6, a′),
891.4 (1, a′), 373.2 (0, a′), 370.9 (1, a′′), 338.3 (11, a′′), 280.0 (25, a′), 266.5
(45, a′), 118.5 (2, a′′)

TS 1948.1, 1794.1, 1079.2, 1069.4, 961.6, 880.3, 270.7, 145.4, 1293.3i

Figure 5. Optimized structures of (η2-H2)CrO2, HCrO(OH), Cr(OH)2,
(η2-H2)2CrO2, and the transition state. Bond lengths are in ångstroms,
and bond angles in degrees.
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(η2-H2)2CrO2. Absorptions at 2728.6 (0.04), 2640.5 (0.10),
1877.7 (0.02), 1724.1 (0.08), 999.2 (1.00), 903.8 (0.30), 890.3
(0.93), and 624.0 (0.15) cm-1 are assigned to different modes
of the (η2-H2)2CrO2 molecule (values in parentheses are
normalized relative intensities). These bands were observed in
both CrO3 + H2 and Cr+ O2/H2 experiments and maintained
the same relative intensities throughout all the experiments,
suggesting that they were due to different vibrational modes of
the same molecule. The most intense band at 999.2 cm-1 and
additional weak satellite features at 996.1 and 993.2 cm-1

showed natural abundance Cr isotopic intensity distributions (52-
Cr, 83.8%,53Cr, 9.6%;54Cr, 2.4%), and clearly indicates one
chromium atom involvement. The 999.2 cm-1 band shifted to
995.4 cm-1 with D2 and to 963.8 cm-1 with 18O2. The isotopic
52Cr/53Cr ratio of 1.0031 and16O/18O ratio of 1.0367 are
indicative of an antisymmetric OCrO stretching vibration. In
the mixed H2 + D2 experiments, a triplet at 999.2, 997.8, and
995.4 cm-1 was observed, indicating that two equivalent H2

molecules are involved in this molecule. The 903.8 and 890.3
cm-1 bands went to 707.6 and 675.6 cm-1 with D2 and gave
isotopic H/D ratios of 1.2773 and 1.3178. In the mixed H2 +
D2 experiments, two intermediates at 897.3 and 690.0 cm-1 were
observed, which also indicates that two equivalent H2 molecules
are involved in these two modes. The 897.3 and 690.0 cm-1

intermediate bands are due to Cr-H2 and Cr-D2 stretching
vibrations of the (η2-H2)(η2-D2)CrO2 molecule. In the H2 + HD
+ D2 experiment, extra intermediates at 899.9, 899.1, 780.8,
772.5, 767.3, 764.3, 751.6, 687.7, and 686.8 cm-1 were
observed. This isotopic structure indicates that the H atoms in
each H2 are inequivalent. The 899.9 and 899.1 cm-1 bands are
due to Cr-H2 stretching vibrations of the (η2-H2)(η2-x)CrO2

(x ) HD or DH) molecules, the 687.7 and 686.8 cm-1 bands
are Cr-D2 stretching vibrations of the (η2-D2)(η2-x)CrO2 (x )
HD or DH) molecules, and the intermediates between 780.8
and 751.6 cm-1 are due to Cr-(HD) stretching vibrations of
the (η2-HD)(η2-x)CrO2 (x ) H2, HD, or D2) molecules. The
2728.6 and 2640.5 cm-1 bands are symmetric and antisymmetric
H-H stretching vibrations, but the mixed isotopic structures
could not be observed due to isotopic dilutions. The 1724.1 and
1332.4 cm-1 bands are assigned to the combination bands of
symmetric and antisymmetric Cr-H2 and Cr-D2 stretching
modes for (η2-H2)2CrO2 and (η2-D2)2CrO2. These two bands
fall 70.0 and 50.8 cm-1 below the sum of the a1 and b2 Cr-H2

(or D2) stretching fundamentals. The 1877.7 cm-1 band is
assigned to the combination band of symmetric and antisym-
metric OCrO stretching modes for (η2-H2)2CrO2. The 624.0
cm-1 band shifted to 457.1 cm-1 with D2 and gave a H/D ratio
of 1.3651. This band is assigned to the H2-Cr-H2 bending
vibration for (η2-H2)2CrO2.

The identification of (η2-H2)2CrO2 is supported by DFT
calculations. The (η2-H2)2CrO2 molecule was predicted to have
an 1A1 ground state with aC2V symmetry in which the two H2
fragments lie in the same plane that is perpendicular to the OCrO
plane. The two H2 subunits are equivalent, but the H atoms in
each H2 are slightly inequivalent. A comparison of the experi-
mentally observed and calculated IR absorptions and isotopic
frequency ratios is listed in Table 4. The harmonic frequencies
calculated for (η2-H2)2CrO2 deviate from the experimental values
by the amounts expected when anharmonicity of the vibrations
is not taken into considerations.35,36

HCrO(OH). Absorptions at 1012.3, 1753.1, and 3714.2 cm-1

appeared only on broad-band photolysis when the (η2-H2)CrO2

and (η2-H2)2CrO2 absorptions greatly decreased. These three
bands exhibited 0.45:0.30:1.00 normalized relative intensities.

The 1012.3 cm-1 band showed a very small (0.5 cm-1)
deuterium shift but a large oxygen-18 shift (40.7 cm-1). The
16O/18O isotopic ratio of 1.0419 indicates that this band is mainly
due to a terminal Cr-O stretching vibration. The 1753.1 cm-1

band exhibited no oxygen-18 isotopic shift and was shifted to
1267.5 cm-1 with D2. The H/D isotopic ratio 1.3831 is
characteristic of a Cr-H stretching mode.14 The 3714.2 cm-1

band gave a deuterium counterpart at 2740.9 cm-1, which
defines a H/D isotopic ratio of 1.3551. The oxygen-18 coun-
terpart was observed at 3702.7 cm-1 and gave a16O/18O ratio
of 1.0031. The deuterium and oxygen isotopic shifts suggest
that this band originated from an O-H stretching vibration. In
both the mixed H2 + D2 and H2 + HD + D2 experiments, no
intermediate absorption was observed for the 1753.1 and 3714.2
cm-1 bands, indicating that only one H atom is involved in each
mode. Accordingly, the 1012.3, 1753.1, and 3714.2 cm-1 bands
are assigned to the Cr-O, Cr-H, and O-H stretching vibrations
of the HCrO(OH) molecule.

The HCrO(OH) molecule was calculated to have an3A′′
ground state with planar geometry. As listed in Table 4, the
calculated frequencies and isotopic frequency ratios provide
good support for the proposed identification of this molecule.

Although CrO3 and CrO molecules were also produced on
laser ablation of CrO3, no reaction product from CrO or CrO3

with H2 was found. As has been mentioned, DFT calculations
predicted that CrO does not form a stable complex with H2.
CrO3 was predicted to form a stable (η2-H2)CrO3 complex with
two strong OCrO stretching vibrations at 1060.7 and 1068.5
cm-1, red shifted about 8.1 and 15.9 cm-1 from the CrO3

absorption predicted at 1076.6 cm-1.
Bonding Considerations.The bonding of transition metal

dihydrogen complexes involve electron donation from the H2

σ bonding orbital to the metal and metal electron back-donation
to the H2 σ* antibonding orbital.5,6 The 3B1 ground state (η2-
H2)CrO2 has an electron configuration of (core)(b1)1(a1)1(a1)0.
The molecule can be viewed as the interaction of a3B1 CrO2

fragment and a H2 fragment. As shown in Scheme 1, the LUMO
a1 orbital of CrO2 is primarily a hybrid of the Cr 4s and 3dz2

orbitals that are polarized away from the O atoms. This orbital
is the primary acceptor orbital forσ donation from the side-
bonded H2 fragment. It can interact with theσ molecular orbital
of H2 regardless of the rotational orientation of the H2. The filled
b1 orbital is the CrO2 π MO and is the principal back-donation
orbital. It interacts with theσ* antibonding MO of H2 in (η2-
H2)CrO2, which favors the pseudotetrahedralC2V symmetry over
the planarC2V symmetry for (η2-H2)CrO2. Population analysis

TABLE 4: Comparison between Experimental Observed
and DFT Calculated Vibrational Frequencies (cm-1) and
Isotopic Frequency Ratios for (η2-H2)CrO2 (1), (η2-H2)2CrO2
(2) and HCrO(OH) (3)

mode experimental calculation

species mode freq H/D 16O/18O freq H/D 16O/18O

1 H-H 3950.0 1.4136 1.0000
Cr-H2 1121.9 1.4116 1.0000
asym OCrO 971.6 0.9991 1.0391 1037.3 1.0000 1.0393
sym OCrO 1007.5 1.0031 1.0498

2 sym H-H 2728.6 1.3579 3129.0 1.4130 1.0000
asym H-H 2640.5 1.3410 3119.4 1.4126 1.0000
sym OCrO 1.0658 1105.8 1.0480 1.0162
asym OCrO 999.2 1.0038 1.0367 1070.7 1.0058 1.0372
asym H2CrH2 890.3 1.3178 1.0000 1020.0 1.3840 1.0000
sym H2CrH2 903.8 1.2773 1.0309 993.0 1.3261 1.0349
H2CrH2 bend. 624.0 1.3651 1.0008 645.6 1.3881 1.0006

3 O-H str 3714.2 1.3551 1.0031 3909.8 1.3723 1.0034
Cr-H str 1753.1 1.3831 1.0000 1839.8 1.3987 1.0000
Cr-O str 1012.3 1.0005 1.0419 1076.9 1.0010 1.0433
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indicated that H2 transfers about 0.1 e to the CrO2 subunit, while
CrO2 back-donates about 0.03 e to H2.

The ground state of (η2-H2)2CrO2 is an1A1 state that correlates
to CrO2 (1A1) + 2H2 with an electron configuration of (core)-
(a1)2(b1)0(a1)0. Since the b1 LUMO of 1A1 CrO2 involves Cr
3dxz and O 2px orbitals and is the Cr-O bonding orbital,σ
donation is strongly favored. This b1 orbital is oriented in the
plane perpendicular to the plane of the CrO2 subunit. As shown
in Scheme 2, the b1 orbital can interact with theσ molecular
orbitals of the two H2 in the plane perpendicular to the CrO2

plane. The a1 doubly occupied HOMO corresponds to the
nonbonding orbitals of a singlet CrO2 and is the principal back-
donation orbital. The back-donation of Cr 3d electrons to the
σ* antibonding orbitals of H2 stabilized the HOMO a1 orbital,
which favors a closed-shell electronic structure. NBO population
analysis showed that each H2 subunits transfers about 0.25 e to
the CrO2 moiety, while there is about 0.1 e back-donation from
CrO2 to each H2 subunit. The large back-donation is responsible
for the lengthening of the H-H bonds (0.831 Å) in (η2-H2)2-
CrO2 compared to the 0.773 Å in (η2-H2)CrO2. This is a typical
result of the difference between one-electron back-donation and
two-electron back-donation.37

The binding energy of3B1 (η2-H2)CrO2 with respect to CrO2-
(3B1) + H2(1∑g

+) was calculated to be 8.6 kcal/mol, after zero
point energy correction. Due to largeσ donation andπ back-
donation, (η2-H2)2CrO2 is more strongly bound than (η2-H2)-
CrO2. The binding energy per H2 in (η2-H2)2CrO2 was estimated
to be 18.0 kcal/mol with respect to the CrO2(1A1) + 2H2(1∑g

+)
asymptote. Accordingly, the calculated binding energy of singlet
state (η2-H2)CrO2 (1A1) is 18.9 kcal/mol, correlating to CrO2-
(1A1) + H2(1∑g

+).
Reaction Mechanism. Laser ablation of a CrO3 target

produces CrO2 as the major product. The (η2-H2)CrO2 and (η2-
H2)2CrO2 molecules are formed by reactions between CrO2 and
H2 molecules, reactions 1 and 2, which were calculated to be
exothermic:

The absorptions of (η2-H2)CrO2 and (η2-H2)2CrO2 increased on

annealing in low H2 concentration experiments, suggesting that
reactions 1 and 2 require negligible activation energy.

The HCrO(OH) molecule was only produced upon photolysis
when the (η2-H2)CrO2 absorption was destroyed, this suggests
that the HCrO(OH) molecules were generated from (η2-H2)-
CrO2 via reaction 3. The (η2-H2)2CrO2 absorptions also de-
creased on photolysis. The (η2-H2)2CrO2 molecule may lose one
H2 to form (η2-H2)CrO2, which can be rearranged to HCrO-
(OH).

Figure 6 shows the potential energy surface from CrO2 +
H2 leading to HCrO(OH). From (η2-H2)CrO2, one H atom
transfers from Cr to one oxygen to form HCrO(OH). This H
transfer occurs via a four-center transition state like in aσ bond
metathesis and such transition states have been shown to be
low in energy by several theoretical works on gas-phase
chemistry.38 The calculated structural parameters of this transi-
tion state are given in Figure 5. The energy barrier was predicted
to be 9.7 kcal/mol.

From HCrO(OH), the second H atom could also transfer from
Cr to O to form Cr(OH)2 via reaction 4, which was predicted
to be exothermic. This reaction should have a high energy barrier

and was not observed with our experimental conditions.
Although one could imagine formation of Cr(OH)2 from (η2-
H2)2CrO2, it seems that (η2-H2)2CrO2 prefers to lose a H2 ligand
on broad-band photolysis.

In the Cr+ H2/O2/Ar experiments, sample deposition at 11
K produced the CrO2 and (η2-O2)CrO2 absorptions, with no (η2-
H2)CrO2 and (η2-H2)2CrO2 absorptions. This may imply that
CrO2 is more easily ligated with O2 than H2 during the co-
condensation process. The binding energy of (η2-O2)CrO2 with
respect to CrO2(3B1) + O2(3∑g

-) was predicted to be 40.3 kcal/
mol, significantly higher than the binding energy of (η2-H2)-
CrO2 (8.6 kcal/mol). During the co-condensation process, H2

can be easily replaced by O2. For comparison, we note that the
CrO3 + H2/Ar experiments employed lower laser power than
the Cr+ H2/O2/Ar experiments, but the (η2-H2)CrO2 and (η2-
H2)2CrO2 absorptions were observed on sample deposition even
with lower H2 concentrations (0.4%). Apparently, low laser
power ablation of the CrO3 target produced negligible O2
molecules, and almost no (η2-O2)CrO2 absorption was observed.

On lower temperature (18 K) sample annealing, H2 molecules
are mobile in solid argon. They can diffuse and then react with

SCHEME 1: Principal Orbital Interaction in
(η2-H2)CrO2

SCHEME 2: Principal Orbital Interaction in
(η2-H2)2CrO2

Figure 6. Potential energy surface following the CrO2 + H2 f HCrO-
(OH) reaction path. Energies given are in kcal/mol and are relative to
the separated ground-state reactants: CrO2 (3B1) + H2.

(η2-H2)CrO2(
3B1) f HCrO(OH)(3A′′)

∆E ) -25.5 kcal/mol (3)

HCrO(OH)(3A′′) f Cr(OH)2(
5A′′) ∆E ) -22.4 kcal/mol

(4)

CrO2(
3B1) + H2(

1∑g
+) f (η2-H2)CrO2(

3B1)
∆E ) -8.6 kcal/mol (1)

(η2-H2)CrO2 + H2(
1∑g

+) f (η2-H2)2CrO2(
1A1)

∆E ) -3.4 kcal/mol (2)
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CrO2 to form the (η2-H2)CrO2 and (η2-H2)2CrO2 molecules. The
O2 molecules are much more difficult to diffuse in solid argon
than H2 molecules at such a low temperature as 18 K.

Conclusions

The first chromium dioxide dihydrogen and bis-dihydrogen
complexes, (η2-H2)CrO2 and (η2-H2)2CrO2, have been prepared
by co-condensation of the CrO2 molecules generated from laser
ablation of CrO3 with H2 in excess argon at 11 K. Broad-band
photolysis of the (η2-H2)CrO2 complex produced the HCrO-
(OH) molecule. Laser-ablated Cr atoms reacted with H2/O2

mixtures to give primarily the CrO2 and (η2-O2)CrO2 molecules,
while the (η2-H2)CrO2, (η2-H2)2CrO2, and HCrO(OH) molecules
were also produced on annealing and photolysis.

Density functional theoretical calculations using the B3LYP
functional have been employed to support assignments of the
aforementioned species. The (η2-H2)CrO2 molecule was pre-
dicted to have a3B1 ground state with pseudotetrahedralC2V
symmetry. The binding energy with respect to CrO2 (3B1) +
H2 was computationally estimated to be 8.6 kcal/mol. The (η2-
H2)2CrO2 complex has a1A1 ground state and is more strongly
bound than the (η2-H2)CrO2 complex due to largeσ donation
andπ back-donation. The binding energy per H2 in (η2-H2)2-
CrO2 was estimated to be 18.0 kcal/mol. In addition, the
potential energy surface along the CrO2 + H2 f HCrOH
reaction path has also been calculated.
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