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Reactions of rhodium atoms with dioxygen molecules in solid argon have been investigated using matrix
isolation infrared absorption spectroscopy. The rhodiualioxygen complexes, Rht-0,), Rh(;?-0,),, and
Rh(;2-O,)%(*-00), are produced spontaneously on annealing. The’Rby) complex rearranges to the inserted
RhO, molecule under visible light irradiation. Experiments doped with xenon in argon show that the
rhodium—dioxygen complexes are coordinated by one or two noble gas atoms in solid noble gas matrixes.
Hence, the Rhf-0,), Rh(?-0,),, and Rh{?-0,)(»*-00) molecules trapped in solid noble gas matrixes
should be regarded as the RRQO,)(Ng)z, Rh(#?-02)2(Ng)z, and Rh?-0,),(172-O0)(Ng) (Ng= Ar or Xe)
complexes. The product absorptions are identified on the basis of isotopic substitution and density functional
theory calculations.

Introduction provide new evidence that these rhodium dioxygen complexes
are coordinated by one or two noble gas atoms in solid argon

Transition metal oxides are widely used as catalysts and iy

catalytic supports in many important chemical processes. The

investigation of the electronic and geometric structures and

reactivities of simple transition metal oxides is important in Experimental and Computational Methods

understanding the nature of active species in catalysis at the ) )
molecular level. Rhodiumdioxygen complexes have been The experimental setup for pulsed laser-evaporation and
shown to be important reactive intermediates in many rhodium- matrix isolation infrared spectroscopic investigation has been
mediated oxidation reactiodsThe rhodium monoxide molecule ~ described in detail previousfyBriefly, the 1064 nm funda-
has been well studiett? Its ground state as well as several mental of a Nd:YAG laser (Continuum, Minilite I, 10 Hz
excited states were investigated in the gas ph&Spectroscopic  repetition rate and 6 ns pulse width) was focused onto a rotating
studies on rhodiumdioxygen complexes as well as rhodium rhodium metal target (Johnson Matthey, 99.9%) through a hole
dioxide molecules have also been repofedA number of in a Csl window cooled normallyt6 K by means of a closed-
mono-, di-, and trinuclear rhodiurdioxygen complexes were  cycle helium refrigerator (ARS, 202N). The laser-evaporated
produced by the reactions of thermally generated rhodium atomsmetal atoms were co-deposited with oxygen and noble gas
and small clusters with dioxygen in noble gas matrixes and were mixtures onto the Csl window. In general, matrix samples were
characterized using the infrared and YVisible absorption deposited for +2 h at a rate of 4 mmol/h. TheAAr and Oy
spectroscopie3® The rhodium dioxide molecule has been Xe/Ar mixtures were prepared in a stainless steel vacuum line
produced by the I’eaCtion Of |asel’-vap0rated rhOdium atoms W|th us|ng the Standard manometric techr"que |sot0%2
dioxygen in solid argor#® The RhQ molecule was established  (1SOTEC, 99%) was used without further purification. The

by electron spin resonance spectra to ha¥g @ground state  jpfrared absorption spectra of the resulting sample were recorded
with a linear structure. However, rhod|l?rrﬂ|oxygen complexes . o Bruker IFS 66V spectrometer at 0.5 Gnresolution
were not observetlRecently, the reaction products from laser- (£

blated rhodi i ddi h 0 b ; gt etween 4000 and 400 crhusing a liquid nitrogen cooled
ablated rnodium atoms and dioXygen have aiso been investigate gCdTe (MCT) detector. Samples were annealed at different
using infrared absorption spectroscopy. A number of rhodium

. - ’ temperatures and subjected to broadband irradiation using a
oxides and dioxygen complex absorptions were observed. The . .

X ) . “tungsten lamp or a high-pressure mercury arc lamp with glass

experimental observations suggest that some of the previous

dioxygen complex assignments are incorrect, but definitive filters.

identification of these complexes was not madkence, a study Quantum chemical calculations were performed using the
of the reactions of rhodium atoms and dioxygen in solid argon Gaussian 03 prograffi.The three-parameter hybrid functional
was carried out. The resulting mononuclear rhoditdioxygen according to Becke with additional correlation corrections due

complexes were identified via different ,Oconcentration to Lee, Yang, and Parr (B3LYP)'2was utilized. The aug-cc-
and laser energy experiments together with detailed isotopic PVTZ basis set was used for the O and Ar atoms, and the SDD
substitution and density functional theory (DFT) calculations. pseudo potential and basis set was used for the Rh and Xe
In addition, the experiments doped with xenon in argon atoms!3!4The geometries were fully optimized; the harmonic
vibrational frequencies were calculated, and zero-point vibra-
* Corresponding author. E-mail: mfzhou@fudan.edu.cn. tional energies (ZPVE) were derived.

10.1021/jp0662000 CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/13/2006




Noble Gas Coordinated RhodiunDioxygen Complexes

J. Phys. Chem. A, Vol. 111, No. 1,

20085

0.4 i
RhO Rh(n*-0,),(n'-00)(Ar) Rh(n"-0,),(Ar),
g 0.4 —
© ‘_/___.AW___A,_.J\J-L__‘ / \ RhO,
0.3 (d)
‘_,__A.,_,A_ML\ 0'3—
[
§ (d) %
8 o024 £ o
o 2 0.24
'8 <
< (c)
Rh(n*-0,)(A
014 Rh(n*-0,)(Ar), o1 (n-0,)(Ar),
e Rh(n0),(An, ' (b)
(a) 0, (a)
2 \
0.0 . . . — 0.0 , . . ]
1300 1200 1100 1000 900 1300 1200 w 11°°b - 1000 900
Wavenumber (cm’) avenumber (cm
Figure 2. Infrared spectra in the 136@B60 cn! region from

Figure 1. Infrared spectra in the 136@60 cnt! region from co-
deposition of laser-evaporated rhodium atoms with 0.05%@rgon.

(a) 1 h ofsample deposition at 6 K, (b) after 25 K annealing, (c) after
35 K annealing, (d) after 15 min df > 500 nm irradiation, and (e)
after 35 K annealing.

co-deposition of laser-evaporated rhodium atoms with 0.294nO
argon. (@ 1 h of sample deposition at 6 K, (b) after 25 K
annealing, (c) after 35 K annealing, and (d) after 15 mird of 500
nm irradiation.

0.4
RhO,
Results and Discussion o
e
Infrared Spectra. A series of experiments were performed 0.3 -—_zj\w

using different @ concentrations (ranging from 0.02% to 0.5% Rh(n"-0,)(Xe),
in argon) and different laser energies to control the relative g N
concentrations of Rh and,OThe infrared spectra in selected  § 02 ) A @
regions with 0.05% @in argon with 10 mJ/pulse laser energy g ~“7| Rhtn-O)An(Xe)
are illustrated in Figure 1. Only a very weak absorption at 899.9 £ \
cm~! was observed after sample depositidr6aK (trace a). A A (c)
Two new absorptions at 959.5 and 1048.4 ¢mvere produced 0.1 Rh(n’-0,)(Ar),
on sample annealing to 25 K (trace b). The 1048.4tm (b)
absorption increased on sample annealing to 35 K (trace c) and ]
remained almost unchanged on broadband (500 < 1000 0.0 SV ——|

nm) irradiation (trace d). The 959.5 ct absorption also 980 960 940 920 900
increased on sample annealing to 35 K, but markedly decreased
uponZ > 500 nm irradiation, during which two absorptions at Figure 3. Infrared spectra in the 986885 cnt! region from
911.7 and 909.6 crit were produced. The 911.7 and 909.6 €ém  ¢o-deposition of laser-evaporated rhodium atoms with 0.05% 0.2%
absorptions decreased upon subsequent sample annealing to 3%e in argon. (2 1 h of sample deposition at 6 K, (b) after 20 K
K (trace e), while the 899.9 cm absorption was greatly  annealing, (c) after 30 K annealing, (d) after 40 K annealing, and (e)
enhanced. A weak band at 562.4 ¢nfnot shown), which was ~ after 15 min of2 > 250 nm irradiation.

previously assigned to the cyclic-R, molecule, appeared
and increased on annealing and disappeared on broadban
irradiation?® energy?

Figure 2 shows the spectra with 0.2% i@ argon using the Recent investigations showed that some transition and actinide
same laser energy as the experiment shown in Figure 1. Themetal oxide species trapped in solid noble gas matrixes are
O4~ anion absorption was observed at 953.8°¢mn sample  coordinated by multiple noble gas atoms in forming noble gas
deposition (trace &) The 959.5 cm* absorption appeared on  complexed®-22 To determine whether the product molecules
25 K annealing, decreased on 30 K annealing, and almosttrapped in solid argon are coordinated by noble gas atoms or
disappeared under > 500 nm irradiation. The 1048.4 crh not, and to determine the number of noble gas atoms that bind
absorption also was produced on 25 K annealing, and remainedntimately to the product molecules in the first coordination
unchanged upon high temperature (30 K) annealing and sphere, experiments were performed by using mixtures of argon
broadband irradiation. Three new absorptions at 1076.7, 1127.6,doped with xenon. Figure 3 shows the spectra in the-385
and 1280.1 cm?, which were not observed in the experiment cm-1 region from co-deposition of laser-evaporated rhodium
with low O, concentration (Figure 1), appeared on sample atoms with 0.05% @doped with 0.2% Xe in argon. Besides
annealing to 25 K, and markedly increased on high temperaturethe 959.5 cm? absorption, two new absorptions at 964.0 and
annealing. Both the 1280.1 and the 1076.7 érmbsorptions 968.4 cmi! were produced on sample annealing to different
have one site absorption at 1269.3 and 1080.4¢cwhich temperatures (traces—l). These absorptions decreasedion
increased on annealing but were converted to the 1280.1 and> 500 nm irradiation and produced the 911.7 and 909.6'cm
1076.7 cn! absorption sites under > 500 nm irradiation. absorptions with a broad shoulder at the low-frequency side of
The cyclic-RhO, absorption at 562.4 cnd was not observed  the 909.6 cm?® absorption (trace e). The spectra in the 1:300
in this experiment. It is noteworthy that the RhO and O 980 cnt?region from co-deposition of laser-evaporated rhodium

Wavenumber (cm™)

bsorptions were barely observed in both the low and the high
, concentration experiments by using relatively low laser
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0.5 2 - 5 produced at the expense of the 959.5 ¢rabsorption upori
Rh(-0),m-00)A)  Rh(n-O)j(Xe), > 500 nm irradiation. These experimental observations suggest
/ \ \ that only one rhodium atom is likely involved in the 959.5¢m
0.4+ () absorption. Therefore, the 959.5 chabsorption involves a Rh-
) (7%-Oy) unit. The experiment with xenon doped in argon shown
@ 03 Rh(n"-0,),(An(Xe) in Figure 3 demonstrates that two new absorptions at 964.0 and
§ | 968.4 cnt! were produced on annealing at the expense of the
£ © 959.5 cn1! absorption. The 964.0 and 968.4 chabsorptions
§ 024 exhibit about the same isotopi#d/*¢0 ratios as the 959.5 crh
Rh(n2-0,).(n'-00)(Xe) , absorption. These observations suggest that the 9598 cm
_— " T Rh(n™-0,),(An), absorption species also involves two argon atoms. Accordingly,
0.1 \ / the 959.5 cm! absorption is assigned to the-@ stretching
(b) mode of the Rh{2-O,)(Ar), complex isolated in solid argon,
(@) and the 964.0 and 968.4 cfabsorptions produced in Xe-doped
0.0 T . T experiments are due to the RB{O,)(Ar)(Xe) and Rh{2-O,)-
1300 1200 1100 1000

Wavenumber (cm) (Xe), complexes resulting from the successive replacement of

) . . coordinated Ar atoms by Xe atoms.
Figure 4. Infrared spectra in the 136®80 cnt? region from co- . .
deposition of laser-evaporated rhodium atoms with 0.294-Q% Xe Quantum chemical calculations were performed to support

in argon. (31 h of sample deposition at 6 K, (b) after 35 K annealing, the assignment. DFT/B3LYP calculations were performed on
(c) after after 43 K annealing, and (d) after 15 minjo 500 nm the doublet and quartet spin states of #h0,), and the results
irradiation. are summarized in Table 2 and Figure 7. %% state is found

. . . . to be the ground state of R%O,), in agreement with the
0, 0,
atoms with 0.2% @doped with 1% Xe in argon are illustrated previous calculationd. The lowest quartet state with @5,

in Figure 4. The 1048.4 cm absorption is very weak, and new . . . ; .
; symmetry is a transition state with one imaginary frequency,
absorptions at 1252.9, 1129.2, 1077.8, 1055.1, and 1051:8 cm while a A" state with Q end-on bonded is predicted to be

were produced on sample annealing (traces b and c). The 1252'9stable and lies onlv 2.7 keal/mol higher in enerqy than?
1129.2, and 1077.8 cm absorptions decreased @n> 500 Y ghe 9y
nm irradiation and produced the absorptions at 1278.7, 1126.9 state. The calculation results also indicate that’thestate of

; 'Rh(7?-O,) can coordinate two Ar or Xe atoms in forming the
ﬁgtzdlci)r??r.:bfg}ll (trace d). All of the product absorptions are noble gas complexes. As shown in Figure 7, the Ri)-

= i 2.
Isotopic substitution was employed for characterization of g:lc?az(ngtateA\:\,/iée;%?glpéllixistrg;ﬁgr?rﬁgtﬁglgIg?(\a/gg
absorptions, and the results are also listed in Table 1. Similar : . v X —
spectra were observed usii§O,, and all of the product stretching frequencies of the RA(O)(An>-(Xe) (x =0, 1,

absorptions exhibited isotopic shifts. Experiments with mixed 2) series exhibit the monotonic blue-shift upon successively
160, + 180, and 160, + 160180 + 180, were also done. The replacement of Ar atoms by Xe atoms (Table 3). The calculated

spectra in selected regions usina different isotopica@mples blue-shifts of the GO stretching mode for successively
P L 9 Y . P P substituting Ar atoms by Xe atoms are 3.5 and 7.77&m
are shown in Figures 5 and 6, respectively.

RhO,. The 899.9 cm absorption was assigned previously respectively, which are in excellent agreement with the experi-

to the antisymmetric ORhO stretching mode of the inserted mentally det.ermlned. sf_nfts O_f 4'5_5 and 8.9tn .
RhO, moleculed As shown in Figure 1, the 899.9 ch In an earlier matrix |s_olat|on infrared _study of reaction of
absorption increased at the expense of the 909.6 and 91117 cm thermal evaporated rhodium atoms and dioxygen, a band at 908
absorptions. The isotopic shifts (Table 1) and splittings (Figure M * Was assigned to the RytO;) molecule? The 908 cm*
5) indicate that the 909.6 and 911.7 chabsorptions are also ~ absorption corresponds to the 909.6 €énabsorption in the
due to antisymmetric ORhO stretching vibration, and only two Present study. As is already being pointed %titis absorption
equivalent O atoms are involved. We assign the 909.6 and 911.7€xhibits an isotopic®0/*0 ratio that is characteristic of the
cm! absorptions to Rh@at different trapping sites. In the antisymmetric ORhO stretchln_g V|_brat|on of the ORhO mol-
xenon doping experiment, no distinct new absorptions were ecule. In a more recent investigation, a weak band at_1090.2
produced, suggesting that the Rh@olecule is not coordinated M+ was tentatively assigned to RFO,).> No absorption
by argon atoms in solid argon. DFT calculations predicted that around the 1090 crit region was observed in the present study
the RhQ molecule has &A; ground state with a near linear ~at all experimental conditions.
structure (bond angle of 155)7 in agreement with previous Rh(n2-0,)2(Ng), (Ng = Ar, Xe). The 1048.4 cm! absorption
calculations The antisymmetric ORhO stretching mode was was previously assigned to the BRO.). complex>8 Our
predicted at 974.6 cm. Calculations also found that Rh@ experimental observations also agree that the molecule involves
not able to coordinate argon atoms (geometry optimization on two equivalent @ subunits with four equivalent O atoms. As
ArRhO;, almost converged to RhOF Ar), which is consistent shown in Figure 5, besides the antisymmetric @ stretching
with the experimental observations. frequencies of Rh-160,),, Rh(;2-1%0,)(172-180,), and Rh{?-
Rh(n2-0)(Ng)2 (Ng = Ar, Xe). The 959.5 cm® absorption 180,),, a weak absorption at 1076.7 chwas also observed.
shifted to 907.9 cmt, giving an isotopid®0/180 ratio of 1.0568, This band is due to the symmetric-@ stretching mode of the
which suggests that it is due to an-@ stretching vibration. Rh(#?-1%0,)(%-180,) molecule. In addition, two new absorptions
The isotopic splittings in the mixetfO, + 180, and 10, + at 1051.8 and 1055.1 crh were produced when xenon was
160180 + 180, experiments (Figure 5) clearly show that one doped into the argon matrix (Figure 4), and these new
O unit with two equivalent O atoms is involved in this mode. absorptions increased on annealing after the 1048.4'cm
The 959.5 cm?® band is a major product absorption in all of absorption. The 1051.8 and 1055.1¢rbands shifted to 993.5
the experiments. As can be seen in Figure 1, the absorptions aand 996.7 cm! with the 180, sample, and gave th€0O/80
911.7/909.6 cm! due to the inserted RhOmolecule were isotopic frequency ratios the same as that of the 1048 24*cm
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TABLE 1: Infrared Absorptions (cm ~1) from the Reactions of Laser-Evaporated Rhodium Atoms with Dioxygen in Solid

Argon
160, 180, 160, + 180, 160, 4 160180 + 180, assignment
1280.1 1207.6 1279.4, 1208.4 1279.6, 1244.8, 1208.3 7RD)-(7-00)(Ar)
1269.3 1198.1 1268.6, 1198.6 1268.8, 1235.4, 1198.4 7°RDH)-(171-O0)(Ar) site
1127.6 1064.6 1126.7,1120.7, Rh(72-02),(171-O0)(Ar)
1064.6
1076.7 1016.4 1076.5, 1044.3, Rh(72-02)2(171-00)(Ar)
1016.6
1080.4 1019.8 1080.1, 1044.6, Rh(?-05)2(7-00)(Ar) site
1019.9
1252.9 1182.5 Rh(%05)2(1-00)(Xe)
1129.2 1066.1 Rh(;2-0,)2(171-00)(Xe)
1077.8 1016.6 Rh(72-05),(17-00)(Xe)
1048.4 990.3 1076.7,1048.4, 1048.4, 1028.9, 1019.4, Rh(@#7%-02)2(Ar) 2
1002.8, 990.3 1002.8, 999.8, 990.3
1051.8 993.5 Rh(2-02)2(Ar)(Xe)
1055.1 996.7 Rh(7?-0)2(Xe),
959.5 907.9 959.5, 907.9 959.5, 934.4, 907.9 7RIE) (Ar) 2
964.0 911.2 Rh(;>-0,)(Ar)(Xe)
968.4 916.8 Rh(7%-O2)(Xe).
911.7 872.3 911.7,872.3 911.7,899.9, 872.3, 831.2 P2
909.6 870.2 909.6, 870.2 909.6, 897.8, 870.2, 829.4 P2
899.9 861.1 899.9, 861.1 899.9, 888.0, 861.1 RhO
0.4 0.4
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Figure 5. Infrared spectra in the 116@B00 cnt? region from co-
deposition of laser-evaporated rhodium atoms with isotopic-labeled
samples in excess argon. (a) 0.025@, + 0.025%'%0,, 2 h of sample
deposition followed by 30 K annealing, (b) after 15 minjof 500

nm irradiation of sample (a), (c) 0.025%0, + 0.05% 600 +
0.025%180,, 2 h of sample deposition followed by 30 K annealing,
and (d) after 15 mirl > 500 nm irradiation of sample (c).

Wavenumber (cm™)

Figure 6. Infrared spectra in the 136®60 cn1! region from co-
deposition of laser-evaporated rhodium atoms with isotopic-labeled
samples in excess argon. Spectra were takemrr 2fth of sample
deposition followed by 15 mid > 500 nm irradiation. (a) 0.2960,,

(b) 0.2%%80,, (c) 0.1%*0, + 0.1%80,, and (d) 0.05%°0, + 0.1%
160180 + 0.05%180,.

complex calculated at the same level of theory, which is in

absorption. These experimental observations indicate that thegccord with the observed difference of 88.9¢mirhe O-0

1048.4 cm® absorption should be assigned to the jRHD,),-
(Ar), complex instead of Riy8-O5),, and the 1051.8 and 1055.1

cm! absorptions in Xe-doped experiments are due to the Rh-

(7%-O2)2(Ar)(Xe) and Rh{j2-O,)2(Xe), complexes isolated in
solid argon.

stretching frequency blue-shifted by 2.4 thwhen the two
coordinated Ar atoms were replaced by two Xe atoms, which
is smaller than the observed shift of 6.3 ¢inThe calculations
slightly underestimate the RNg bonding because of the
lack of proper treatment for dispersive interactions with

Theoretical calculations lend strong support to the above B3LYP.23

assignment. The Rh{-0,), molecule was predicted to have a
4B, ground state with a planddz, symmetry (Figure 7). In
addition, B3LYP calculations predicted that RP{O,), can
coordinate two Ar or Xe atoms in forming the Ri3O,)>(Ng):
complexes, which were predicted to havBs symmetry with
the two noble gas atoms lying perpendicular to the Rpi@ne.
The Rh-Ng interactions are very weak with quite long Rh
Ng bond distances. The antisymmetrie-O stretching mode
of Rh(7?-O5)2(Ar), was predicted to be 1178.8 cfy ca. 95.4
cm! above the G-O stretching mode of the Ri{-O,)(Ar),

Rh(52-0,)2(»1-O0)(Ng) (Ng = Ar, Xe). The absorptions at
1280.1, 1127.6, and 1076.7 ciwere observed in the previous
experiments, which were attributed to dirhodium speefes.

We disagree on the assignment of dirhodium species. These
absorptions kept constant relative intensities throughout all of
the experiments, indicating that they are due to different
vibrational modes of the same species. As can be seen in Figures
1 and 2, these absorptions are favored with relatively high O
concentrations and increased on annealing after thg?Fy),-

(Ar), absorption. It is important to point out that at the
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Figure 7. Optimized geometric parameters (bond lengths in angstrom and bond angles in deg) of the product molecules.

TABLE 2: Calculated Total Energies (in hartree after Zero-Point Energy Corrections), Vibrational Frequencies (cnt?), and
Intensities (km/mol) of the RhO, and RhO,(Ng), (Ng = Ar, Xe) Molecules

energy V1 V2 V3
RhO; (%A,) —260.976976 942.0 (9) 169.2 (13) 974.6 (267)

Rh(72-02) (?A) —260.920510 1084.4 (194) 534.2 (1) 152.0 (17)
RhOO (A") —260.916180 1212.1 (295) 458.1 (4) 135.5 (3)
Rh(72-02)(Ar)2 (%A2) —1316.051112 1083.4 (270) 529.9 (6) 266.7 (5)
Rh(;%-0,)(Ar)(Xe) (2A") ~804.036714 1086.9 (325) 518.9 (13) 295.2 (6)
Rh(72-05)(Xe)s (A;) —292.021479 1091.1 (356) 499.4 (14) 250.8 (1)
Ar —527.560002

Xe —15.539282

experimental condition of Figure 2, which favors the formation 1076.7 cm! absorptions also exhibit isotopi#O/180 ratios that

of these three absorptions, the dirhodium species, cych©ORh

are indicative of G-O stretching vibrations. In the mixé@O,

was not formed. This suggests that the species most likely + 180, experiement, both absorptions split into a triplet (Figure

involves only one rhodium. The 1280.1 chabsorption shifted
to 1207.6 cm?® with 180,. Both the band position and the
isotopicl60/180 ratio indicate that it is due to an-@D stretching
vibration. In the mixed®0, + 180, experiment, the 1280.1 crh
absorption gave a broad doublet at 1279.4 and 12084 cm
with the %0, and 180, counterparts slightly shifted from the
band positions in the puf€O, or 180, experiments. This clearly
indicates that the 1280.1 cthmode involves one ©subunit
and is weakly coupled by other,@ubunits. The 1127.6 and

6), indicating that two equivalent . Gsubunits are involved in
these two modes. The above experimental observations suggest
the assignment of the 1280.1, 1127.6, and 1076.7cm
absorptions to a Rh(} species involving three Osubunits

with two of them being equivalent. When xenon atoms are
doped into argon, a new group of absorptions at 1252.9, 1129.2,
and 1077.8 cm! was produced (Figure 4), which suggests that
the molecule involves one noble gas atom. Accordingly, we
assign the 1280.1, 1127.6, and 1076.7 tmbsorptions to
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TABLE 3: Calculated Total Energies (in hartree after Zero-Point Energy Corrections), O—O Stretching Frequencies (cnm?),
and Intensities (km/mol) of the Rh?-O,), and Rh(?-O,),(*-O0) Molecules and Their Noble Gas Complexés

state total energy calcd. exp.
Rh(7>-02)2 By, —411.358933 1223.7 (0)
1178.9 (314)
Rh(7%-Oz)z(Ar)2 By, —1466.478870 1223.6 (0)
1178.8 (290) 1048.4
Rh(%-1%0,) (772-15010) (Ar), 1212.1 (32)
1156.5 (250) 1028.9
Rh(7%-1°0,)(1*-'#0;)(Ar) 1207.5 (71) 1076.7
1126.2 (203) 1002.8
Rh(7>-*%0"¥0)(Ar) 1189.1 (0)
1145.7 (274) 1019.4
Rh(7*-180,)(17>-'%080)(Ar). 1177.6 (33)
1122.3 (233) 999.8
Rh(;72-2%0,)2(Ar)2 1153.5 (0)
1111.4 (258) 990.3
Rh(7%-O2)2(Xe) 4By —442.439087 1226.0 (0)
1181.2 (259) 1055.1
Rh(72-0,)2(571-00) 2 —561.746494 1413.2 (338)
1238.0 (13)
1191.0 (282)
Rh(72-0,)2(57-00)(Ar) 2! —1089.306628 1390.6 (414) 1280.1
1240.5 (16) 1127.6
1193.8 (271) 1076.7
Rh(2-1%0,)2(17*-140™0) (Ar) 1311.8 (353) 1208.4
1239.6 (29) 1126.7
1193.8 (271) 1076.5
Rh(7%-02)(17°-1%0,) (*-OO)(Ar) 1390.4 (416) 1279.4
1223.9 (76) 1120.7
1140.8 (194) 1044.3
Rh(7?-1802)2(17*-O0)(Ar) 1390.3 (418) 1279.4
1169.7 (11) 1064.6
1125.4 (242) 1016.6
Rh(7>-1%0z)(n*- "800 (Ar) 1310.9 (368) 1207.6
1169.4 (14) 1064.6
1125.4 (242) 1016.4
Rh(72-0,)2(-00)(Xe) 2! —577.287471 1350.5 (578) 1252.9
1243.9 (25) 1129.2
1197.7 (258) 1077.8
Ar —527.560002
Xe ~15.539282

aThe experimentally observed frequencies are listed for comparison.

the Rh{2-0O,)2(7-0O0)(Ar) complex, and the 1252.9, 1129.2, agreement with the experimentally observed shifts-@f7.2,

and 1077.8 cm! absorptions to the Rh{-0,)(7-00)(Xe) 1.6, and 1.1 cmt.

complex. Reaction Mechanism.The experimental observations clearly
The assignment is strongly supported by DFT/B3LYP demonstrate that the ground-state rhodium atoms react with O

calculations. Geometric optimizations found a stable doublet in argon to form the rhodiumdioxygen complexes, which are

Rh(72-0,)2(71-00) structure with eCs symmetry (Figure 7). coordinated by one or two argon atoms, reaction8:1

Two O, subunits are side-on bonded and are equivalent; the

third O, subunit is end-on bonded with the RhOO plane Rh (‘F)+ O, (329_)—>Rh(172-02) CA,)

perpendicular to the (§, plane. A stable quartet with very AE = —23.6 kcal/mol

similar geometry is predicted to be only 0.8 kcal/mol less stable

than the dzoublet. in addition, our thgoretical calculations indic_ate Rh(nZ-Oz) (ZAz) + 2Ar — Rh(nZ-Oz)(Ar)z (ZAZ)

that Rh{#-0,),(n-O0) can coordinate one argon atom in AE = —6.7 keal/mol (1

forming the Rh{2-O;)2(7*-O0)(Ar) complex. As shown in -7 keal/mol (1)

Figure 7, the Rhf2-O,)(1-O0)(Ar) complex has 8A’ ground 5 5 a— _ 5

state with aCs symmetry. The Ar atom and the end-on bonded Rh(@"-O,)(Ar), (“A,) + O, ( ZQ ) = Rh(7"-0,),(Ar),

O, subunit are in the same plane. The three@stretching (43 ) AE = —29.4 kcal/mol (2)

modes of the Rh-0,),(11-O0)(Ar) complex were computed 2

at 1390.6, 1240.5, and 1193.8 tin respectively, in good 2 4 3 2 1

agreement with the observed values. When the Ar atom in Rh- RN@7=02)2(An) (Ba) + 0, (7 ) — Rh(70,);(-00)

(7%-O2)2(n*-O0)(Ar) was replaced by Xe, the three—@ (Ar) (PA") + Ar AE = —4.3 kcal/mol (3)
stretching vibrational modes were predicted to be 1350.5,
1243.9, and 1197.7 cmh, respectively. The end-on bonded-O Under visible light £ > 500 nm) irradiation, the Rip¢-Oy)-

stretching mode red-shifted by 40.1 chwhereas the two  (Ar), absorption decreased, during which the RlaBsorptions
stretching modes of the side-on bondegsObunits blue-shifted  increased. It appears that visible light initiates insertion
by 3.4 and 3.9 cm! with respect to those of the RJ¥O,),- reaction 4, which was predicted to be exothermic by about 35.4
(#*-O0)(Ar) complex, which are also in quite reasonable kcal/mol.
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2_ 2 . 2 - _ M.; Braun, T.; Noveski, D.; Kocher, N.; Neumann, B.; Stalke, D.; Stammler,
Rh(z 02) ( A2) RhOZ( Al) AE 35.4 keal/mol  (4) H. G. Angew. Chem., Int. EQ005 44, 6947.

(2) Li, X.; Wang, L. S.J. Chem. Physl998 109 5264.
In the experiments doping with xenon in argon, xenon atoms (3) (a) Heuff, R. F.; Balfour, W. J.; Adam, A. G.. Mol. Spectrosc
can readily replace argon atoms in the coordination sphere 0f2002 216 136. (b) Jensen, R. H.; Fougere, S. G.; Balfour, WClem.

. - . . . . Phys. Lett2003 370, 106. (c) Heuff, R. F.; Fougere, S. G.; Balfour, W. J.
the rhodium-dioxygen complexes. Consistent with this notion, ;{1 “Spectrosc2005 231, 99.

the predicted binding energies of the Xe complexes are larger  (4) (a) Mains, G. J.; White, J. MI. Phys. Chem1991, 95, 112. (b)
than those of the Ar complexes. The total binding energy of Siegbahm, P. E. MChem. Phys. Letl993 201, 15. (c) Stevens, F.; Van,
Rh(nz-Og)(Ar)z with respect to Rhf-Oz) and two Ar atoms is Speybroeck, V.; Carmichael, I.; Callens, F.; Waroquier,Bhem. Phys.
predicted to be 6.7 kcal/mol after zero-point energy and basis Len'(é)o?_?aﬁg"‘ 221'3 L- Ozin. G. Alnora. Chem1977 16, 2848

set superposition error corrections. This value increases to 10.6 ©) Hanlan: AJ L OZin: G. Alnorg: Chem'1977: 16: 2857
kcal/mol when one Ar atom is replaced by Xe, and to 14.1 kcall  (7) van, zee, R. J.; Hamrick, Y. M.; Li, S.; Weltner, W., Jr.Phys.
mol when both Ar atoms are replaced by xenon atoms. TheseChem 1992 96, 7247.

binding energies are calculated with different basis sets on Ar  (8) Citra, A; Andrews, L.J. Phys. Chem. A999 103 4845.

and Xe. The calculated binding energies are about the same_, (9) (&) Chen, M. H.; Wang, X. F.; Zhang, L. N.; Yu, M.; Qin, Q. Z.

; hem. Ph 242, 81. (b) Zhou, M. F.; A L.; Bauschlich
when the same basis set was used for Ar and Xe (SDD). The\s\,leg:.(:hgf‘nlggg& 2020?, 1&? 193?f ’ - Andrews, L.; Bauschiicher, C

Rh(7%-02)2(Ng)2 and Rh{2-02)2(n*-O0)(Ng) (Ng = Ar, Xe) (10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
complexes are much weakly bound than the 7Ri@,)(Ng). M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

; ; ; N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
complex. As shown in Figure 7, the RINg bond distances of Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,

Rh(;*-02)2(Ng), and Rh(>-0,)-(57'-O0)(Ng) are significantly Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
longer than those of Rh{-O,)(Ng)s. Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R;;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
The reaction of rhodium atoms and molecular oxygen was Salvador, P; Dannenberg, J. J.; Zakrzew_skl, V. G.; Dapprich, S.; Daniels,
. tigated i lid Th fi duct gg ti . D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
re'n\_/es '9*’% ed n sol afgon- . e re_ac 1on p_ro _UC absorp |o_ns Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
are identified on the basis of isotopic substitution and density Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
functional theoretical calculations at the B3LYP/aug-cc-PVTZ/ P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;

; ; _ Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
SDD level of theory. The rhodiumdioxygen complexes Rh B.- Chen, W.: Wong, M. W.. Gonzalez, C.. Pople, J. @aussian 03

(7%-02), Rh{#p?02)2, and Rh{?-02)x(7*-00) are produced revision B.05; Gaussian, Inc.: Pittsburgh, PA, 2003.
spontaneously on annealing. The RQ,) complex rearranges (11) Becke, A. DJ. Chem. Phys1993 98, 5648.

to the inserted Rh©molecule under visible light irradiation, (12) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
indicating that the formation of dioxide requires activation R (A%E)Dgagn?#nniTngﬁTj 'r'| dgfrggﬁmhpglyélsgﬁ 93}] 12{)979 éb%g%g%ﬁgL
energy. In a(_jdltlon, both_experlmental observations and th_eoret|- (1"1) @ DO%‘ M. étoli, H. Preu’ss, H. Ghem. Ph);slgsa 90: 1730,
cal calculation results indicate that the observed rhoeium  (n)"Andrae, D.; Haussermann, U.; Dolg, M.: Stoll, H.; PreussJ heor.
dioxygen complexes are coordinated by one or two argon atomsChim. Acta199Q 77, 123.

in solid argon matrix and should be regarded as theyR0X%)- (15) Chertihin, G. V.; Andrews, LJ. Chem. Phys1998 108 6404.
(Ar)2, Rh(72-02)2(Ar)2, and Rh§2-0,),(71-00)(Ar) complexes 224(1126) Li, J.; Bursten, B. E.; Liang, B.; Andrews, Science2002 295,

) / 3 5 2
In?tead of the isolated R{-Oy), Rh(ﬂ 22, .and Rh§*02) . (17) (a) Andrews, L.; Liang, B. Y.; Li, J.; Bursten, B. E. Am. Chem.
(n*-O0) molecules. In the experiments with xenon doped in soc 2003 125 3126. (b) Andrews, L.; Liang, B. Y.; Li, J.: Bursten, B. E.
argon, the coordinated argon atoms can be readily replaced byAngew. Chem., Int. E®00Q 39, 4565.

xenon atoms to form the RM{-Oz)(Ar)z_x(Xe)x, Rh(nz-oz)z- (18) Li, J.; Bursten, B. E.; Andrews, L.; Marsden, CJJAm. Chem.

= 2. 1 Soc 2004 126, 3424.
(Az-(Xe) (x =1, 2), and Rh{™Oy)z("-O0)(Xe) complexes. (19) Wang, X. F.; Andrews, L.; Li, J.; Bursten, B. Bngew. Chem.,

Int. Ed 2004 43, 2554.
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