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The matrix isolation infrared spectroscopic and quantum chemical calculation results indicate that late transition
metal monoxides CrO through NiO coordinate one noble gas atom in forming the NgMO complexes (Ng

Ar, Kr, Xe; M = Cr, Mn, Fe, Co, Ni) in solid noble gas matrixes. Hence, the late transition metal monoxides
previously characterized in solid noble gas matrixes should be regarded as the NgMO complexes, which
were predicted to be linear. The-MNg bond distances decrease, while theNg binding energies increase

from NgCrO to NgNiO. In contrast, the early transition metal monoxides, ScO, TiO, and VO, are not able to
form similar noble gas atom complexes.

Introduction an important role in high-temperature chemistrgnd astro-
physics?® and have been the subject of extensive experimental
and theoretical investigatiod$.:3> Their ground states and
spectroscopic constants are reliably established. The nobte gas
3d transition metal monoxide complexes serve as a simple model
for understanding the transition metaloble gas bonding in
Sthe other more complicated transition metal systems.

During the past 50 years, the matrix isolation technique has
proved to be a valuable tool for spectroscopic study of free
radicals and other transient chemical reaction intermediafes.

It is generally assumed that the noble gas matrix that confines
the transient species is electronically innocent; that is, the
transient species trapped in the solid matrix can be regarded a
isolated “gas-phase” molecules. This assumption is normally
valid in lighter noble gas, neon and argon, matrixes. The ground-
state fundamental vibrations for covalently bonded molecules The experimental setup for pulsed laser ablation and matrix
trapped in solid neon or argon often are slightly shifted from isolation Fourier transform infrared (FTIR) spectroscopic invest-
the gas-phase band centers. Matrix shifts of most diatomic igation has been described in detail previou#8IRriefly, the
molecules isolated in solid argon are less than 2%, and shiftsNd:YAG laser fundamental (1064 nm, 10 Hz repetition rate,
for the molecules isolated in neon are even smélléowever, and 8 ns pulse width) was focused onto the rotating metal, or
recent experimental and theoretical investigations indicate thatmetal oxide targets (@Ds, MnO;, F&0s, C0;03, NizOz). The

this assumption breaks down for some transition metal as well ablated species were co-deposited with noble gas,t1oDle

as actinide metal compounélsi! A large number of chemically ~ gas mixtures onto a Csl window cooled normally to 6 K
bound complexes containing noble gas atoms, xenon, krypton,by means of a closed-cycle helium refrigerator. In general,

Experimental and Computational Methods

and even argon, have been prepdfe@ Matrix isolation matrix samples were deposited for-2 h at a rate of ap-
infrared spectroscopic and quantum chemical studies indicatedproximately 4 mmol/h. The GO3z, MnO;, Fe;03, Co,03, and
that actinide metal compounds such as CUO,Y@nd UQ Ni,Os targets were prepared by sintered metal oxide powders.

trapped in noble gas matrixes are coordinated by multiple noble The Kr/Ar, Xe/Ar, QJ/Kr/Ar, and OQJXe/Ar mixtures were
gas atom§-8 The CUO, UQ, and UQ* species observed in  prepared in a stainless steel vacuum line using standard
solid noble gas matrixes should be regarded as the(Ng), manometric technique. Isotopi®O, (ISOTEC, 99%) was used
and [UO(Ng),]* complexes instead of the isolated molecules. without further purification. Infrared spectra were recorded on
Subsequent studies in our laboratory showed that transition metala Bruker IFS 66 V/S spectrometer at 0.5 ¢nresolution
oxide cations, Sc®and YO", and V& and VQ: neutrals are between 4000 and 400 crthusing a DTGS detector. After the
also coordinated by one or more noble gas atoms in forming infrared spectrum of the initial deposition had been recorded,
noble gas complexes, which involve direct bonding interactions the samples were warmed to the desired temperature, quickly
between metal and noble gas atotg. recooled, and the spectrum was taken followed by repetition of
In this paper, we report a combined matrix isolation infrared these steps using higher temperatures.
spectroscopic and quantum chemical study of the noble gas Quantum chemical calculations were performed using the Gaus-
complexes of first row transition metal monoxides. We will sian 03 prograni’ The calculations were performed at the level
show that late transition metal monoxides CrO through NiO of density functional theory (DFT) with the B3LYP method,
coordinate one noble gas atom in forming the NgMO complexes Where the Becke three-parameter hybrid functional and the Lee
(Ng = Ar, Kr, Xe), while early transition metal monoxides ScO, Yang—Parr correlation functional were usé&iThe 6-311G-
TiO, and VO cannot coordinate noble gas atoms. As the simplest(3df) basis sets were used for the O, Ar, Kr, Cr, Mn, Fe, Co,
transition metal oxides, the 3d transition metal monoxides play and Ni atoms, and the DGDZVP basis set was used for the Xe
atom3940The geometries were fully optimized. The harmonic
* Corresponding author. E-mail: mfzhou@fudan.edu.cn. vibrational frequencies were calculated with analytic second
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Figure 1. Infrared spectra in the 8620 cni' region from Figure 2. Infrared spectra in the 85820 cni® region from
co-deposition of laser-ablated chromium oxides with noble gases. () co-deposition of laser-ablated manganese atoms with oxygen and noble
Pure Ar 1 h of sample deposition at 6 K, (b) 2% Krin Ad h of gas mixtures. Spectra were taken aftéh of sample deposition at 6 K
sample deposition at 6 K, (c) after annealing to 25 K, and (d) 1% Xe fg|lowed by 35 K annealing. (a) 0.5%@n Ar, (b) 0.5% Q + 2% Kr
in Ar, 1 h of sample depositionté K followed by 25 K annealing. in Ar, and (c) 0.5% @+ 3% Xe in Ar.
derivatives, and zero-point vibrational energies (ZPVE) were  0.10 -
derived. The single-point energies of the structures optimized XeF\e N
at the B3LYP/6-311+G(3df) level were calculated at the coup- (e)
led cluster level with single and double excitations plus pertur- 008+ XeFeO
bative triple excitations (CCSD(T)) using the same basis sets. | @
3
. . 2 o.os-—/J\/W
Results and Discussion 3 ArFe'®0
N ) ° krFe®o  /
The 3d transition metal monoxides can be prepared by two 2 ~ (©
methods: laser ablation of bulk metal oxide targets, and reac- 04+
tions of laser-ablated metal atoms with dioxygen. Laser ablation K"T"O
of bulk Cr.03, MnO;, Fe0s, Co,03, and NpO; metal targets 0.02- (b)
produced the metal monoxides and dioxides as the major prod- ArFeO
ucts. Co-condensation of laser-ablated metal atoms with oxygen @
in solid argon mainly produced metallioxygen species; the 0.00 . = =
metal monoxide absorptions are weak, particularly for chro- 880 860 840 820
mium, cobalt, and nickel. Therefore, the CrO, CoO, and NiO Wavenumber (cm™)

molecules were prepared only by laser ablation of bulk metal Figure 3. Infrared spectra in the 88320 cni! region from
oxide targets, while both methods were employed to produce co-deposition of laser-ablated iron atoms with oxygen and noble gas

the MnO and FeO molecules. The 3d transition metal monoxides Mixtures. Spectra were taken aft2 h of sample deposition at 6 K

as well as other high oxide molecules have been trapped and©!lowed by 35 K annealing. (a) 0.5%0, in Ar, (b) 0.3% Q + 2%
gn o bp Krin Ar, (c) 0.3% %0, + 2% Kr in Ar, (d) 0.5% Q + 3% Xe in Ar,

. Iy : . . . 16 §
|d_ent|f|ed in solid matrixes in previous stqdl’@s._ To det_er and (€) 0.59%6°0, + 1% Xe in Ar.
mine whether the oxide molecule trapped in solid argon is coor-
of noble g5 atome that bind Inimately fo e oxide malecule, SXPSImeNts are due fo the KICIO and XeCro complexes,
o€ g ately. - ' respectively. The KrCrO complex was observed at 834.1'cm
experiments were performed by using mixtures of a lighter noble . . .
. . in solid krypton, while the XeCrO complex was observed at
gas host (Ar) doped with heavier noble gas guest atoms (krypton 7 .
) . 821.1 cmt in solid xenon (Table 1).
or xenon). Here, we focus only on the monoxides. The infrared . ) )
spectra in the monoxide absorption regions with pure argon and Theoretical calculations support the above assignment. The

krypton or xenon doped mixtures are shown in Figure$for CrO molecule was predicted to have®H ground state, in
Cr, Mn, Fe, Co, and Ni, respectively. agreement with the previous repétt3 The equilibrium Cr-O

NgCrO. The 846.3 cm! absorption in the spectra from co- bond distance was computed to be 1.613 A, very close to the
deposition of laser-ablated chromium oxides with pure argon €xperimental value of 1.615 & Present DFT calculations also
was previously assigned to the CrO molecule in solid afjon. indicate that the CrO molecule is able to coordinate one argon
As shown in Figure 1, a new absorption at 843.7 &was atom in forming the ArCrO complex, which was predicted to
observed in the experiment with a 2% krypton-doped sample. have &I ground state with a linear structure. The-ACr bond
This absorption increased on sample annealing at the expensélistance is evaluated as 3.300 A at the B3LYP/6-86{3df)
of the 846.3 cmt absorption (Figure 1, trace c). Similarly, a level. The C+O bond length elongates 0.004 A upon Ar
new absorption at 832.6 crh was produced on sample coordination. When the Ar atom is replaced by Kr and Xe in
annealing when xenon was doped into the argon matrix (Figure ArCrO, the Cr0O bond distances change to 1.621 and 1.625
1, trace d). These experimental observations suggest that thel, respectively. The harmonic vibrational fundamental of the
846.3 cnt! absorption previously assigned to the isolated CrO °II ground-state CrO was calculated to be 878.7 rslightly
molecule in solid argon should be reassigned to the ArCrO lower than the experimentally determined gas-phase fundamental
complex, and the 843.7 and 832.6 chabsorptions in doped  of 885.0 cnt1.4” The Cr-O stretching frequencies of the ArCrO,
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TABLE 1: Observed and Calculated (B3LYP) M—O
XeCoO Stretching Vibrational Frequencies of MO and NgMO (M =
0.12 - Cr, Mn, Fe, Co, Ni; Ng = Ar, Kr, Xe)
(© gas Né Ar Kr Xe  calculated
CrO €I1) 885.0 880.2 878.7
§ 0.08 ;’COO ArCrO 846.3 864.9
s KrCrO 843.7 834.1 853.4
‘3‘ XeCrO 832.6 821.1 845.3
3 ®) MnO (5+) 832.4 873.5
ArMnO 833.1 882.3
0.04 - KrMnO 836.8 824.8 884.1
ArCoO XeMnO 840.5 8139 8842
FeO fA) 871.2 902.0
ArFeO 872.8 914.0
000 @ KrFeO 874.6 864.4 913.3
- T T XeFeO 876.3 855.1 912.0
860 850 840 830 CoO¢A)  851.7 851.2 889.3
Wavenumber (cm) ArCoO 846.2 889.0
Figure 4. Infrared spectra in the 86830 cnt! region from KrCoO 845.1 839.1 885.0
co-deposition of laser-ablated cobalt oxides with noble gases. Spectra XeCoO 842.0 828.6 879.5
were taken aftel h of sample depositionte6 K followed by 35 K NiO (3y ") 828.3 831.4 861.1
annealing. (a) Pure Ar matrix, (b) 2% Kr in Ar, and (c) 2% Xe in Ar.  ArS®NiO 825.7 867.7
AréNiO 822.8 864.5
0.12 Kr58eNiO 8240 818.2 863.6
KréNiO 820.1 815.3 860.5
Xe*NiO Xe%ENiO 821.2 807.4  858.0
| Xe*°Nio XebNiO 817.2 804.9 853.7
/ (© aNeon values are from refs 557.
o 008 _ ¢
g Kr Nio © The NgMnO complexes were predicted to ha¥g & ground
5 ‘ KrNio state with a linear structure, which correlates to%i¢ ground-
3 / state Mn03273% The Ng-Mn bond distances were predicted to
< (b)
0.04 be 2.973, 2.987, and 3.089 A, respectively, for ArMnO, KrMnO,
' APNIO and XeMnO. The Mr-O bond distances elongate from 1.635
o A'in MnO to 1.638 A in ArMnO, and to 1.639 and 1.642 A
Ar'Nio when the Ar atom is replaced by Kr and Xe. The ground-state
@ MnO was calculated to have a vibrational fundamental at 873.5
0.00 T T cm L. The calculated MO stretching frequencies are blue-
830 820 810 shifted about 8.8, 10.6, and 10.7 chrespectively, upon Ar,
Wavenumber (cm’™) Kr, and Xe atom coordination. The experimental gas-phase funda-

Figure 5. Infrared spectra in the 83810 cnr? region from mental of MnO was determined to be 840.0¢tff According

co-deposition of laser-ablated nickel oxides with noble gases. Spectrat0 the calculation results, _the gas-phase frequencies of NgMnO
were taken aftel h of sample depositionts K followed by 35 K should be about 10 cm higher than the MnO frequency.
annealing. (a) Pure Ar matrix, (b) 2% Kr in Ar, and (c) 2% Xe in Ar. NgFeO. In the Fe+ OJ/Ar experiments, the band at 872.8
cm™! corresponded to the absorption that was previously
KrCrO, and XeCrO complexes were computed at 864.9, 853.4, assigned to the FeO molecule isolated in solid arjdfiin
and 845.3 cm?, respectively. the experiments when krypton or xenon atoms were doped into
NgMnO. The 833.1 cm! absorption in the M O/Ar argon, two distinct new absorptions were observed at 874.6 and
experiments was previously assigned to the MnO molecule 876.3 cnt! (Figure 3). These two absorptions shifted to 836.0
isolated in solid argon based upon its oxygen isotopic shift and and 837.9 cm! with the 180, sample. The resultingfO/€0
DFT theoretical frequency calculatiofidWhen 2% Kr is doped isotopic frequency ratios of 1.0462 and 1.0458 are about the
into argon, a new absorption at 836.8 ¢hwas produced and  same as that of the 872.8 ciabsorption and are characteristic
increased on sample annealing during which the 833.1'1cm of diatomic FeO stretching vibrations (the harmonic FeO
absorption decreased. A similar experiment with 3% xenon diatomic ratio is 1.0462). These observations imply that the FeO
doped into argon exhibits another new absorption at 840:3cm molecules trapped in solid argon are not really “isolated”
(Figure 2). The experiment was repeated by using an isotopic molecules and should be regarded as the ArFeO complex.
labeled'®0, sample. The 833.1 ¢ band shifted to 796.7 cr Therefore, the 872.8 cm absorption previously assigned to
as reported previoush,while the 840.5 cm! absorption shifted FeO is reassigned to the ArFeO complex isolated in solid argon,
to 803.9 cnm?, which gave ar%0/80 isotopic ratio of 1.0455.  and the 874.6 and 876.3 cfabsorptions are attributed to the
This ratio is about the same as that of the 833.1 ctrand KrFeO and XeFeO complexes, resulting from the replacement
previously assigned to MnO (1.0457). The above-mentioned of coordinated Ar atom by Kr and Xe atoms.
experimental observations suggest that the MnO molecule The FeO molecule has’A ground state with a bond length of
trapped in solid argon is coordinated by one argon atom. Hence,1.616 A28 Its gas-phase vibrational fundamental was determined
the 833.1 cm?! band previously assigned to the isolated MnO to be 871.3 cm!.*® Present DFT/B3LYP calculations on the
molecule should be attributed to the ArMnO complex isolated ground-state FeO gave a bond length of 1.611 A and a harmonic
in solid argon, and the 836.8 and 840.5¢nabsorptions that  vibrational frequency of 902.0 cm, which are in quite good
appeared in the doped experiments are due to the KrMnO andagreement with the experimental values. The NgFeO complexes
XeMnO complexes isolated in solid argon, respectively. were also predicted to have®A ground state with a linear
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TABLE 2: Calculated (B3LYP/6-311+G(3df)) Geometric Structures (Bond Lengths in angstroms), Natural Atomic Charges,
and M—Ng Binding Energies (kcal/mol) of MO and NgMO (M = Cr, Mn, Fe, Co, and Ni)

Rv-0? Rug-m Qv Ong Ey? BSSE

cro 1.613 (1.615) 0.77

ArCrO 1617 3.300 0.78 0.01 0.2 (1.3) ~0.2 (+0.9)
KrCro 1.621 3.164 0.78 0.03 09(2.1) ~0.2 4+0.9)
XeCro 1.625 3.257 0.77 0.05 23(3.1) 0-01(9)
MnO 1.635 (1.646) 0.82

ArMNnO 1.638 2.973 0.81 0.03 0.4 (1.3) 0:60.8)
KrMnO 1.639 2.987 0.80 0.04 11(2.2) +0.1 4-0.9)
XeMnO 1.642 3.089 0.79 0.06 2.0 (4.5) +0.4 (+2.7)
FeO 1.611 (1.616) 0.82

ArFeO 1616 2.691 0.81 0.03 17(L7) 0:01(2)
KrFeO 1.617 2.779 0.80 0.04 2.8(2.9) 0-01(2)
XeFeO 1.619 2.910 0.79 0.06 4.1 (6.0) +0.6 (+4.3)
CoO 1.625 (1.629) 0.80

ArCoO 1.634 2561 0.76 0.06 2.8 (4.4) —0.1(+1.3)
KrCoO 1.636 2623 0.76 0.08 4.1 (6.5) +0.1 (+1.4)
XeCoO 1.639 2.784 0.73 0.11 5.7 (10.1) +0.7 (+3.9)
NiO 1.626 (1.627) 0.74

ArNiO 1632 2.421 0.68 0.06 45(7.2) +0.1 (+1.4)
KrNiO 1.634 2527 067 0.08 6.0(9.2) +0.2 (+1.5)
XeNiO 1.638 2.695 0.65 0.11 7.6 (13.1) +0.6 (+3.5)

aValues in parentheses are experimental data from refs 28, 2847 Binding energies without BSSE corrections. Values in parentheses are
due to CCSD(T) calculations. Zero-point vibrational energies are included for the B3LYP vaReess set superposition error (BSSE) corrections.
Values in parentheses are due to CCSD(T) calculations at the B3LYP optimized geometries.

structure. The predicted F® stretching frequencies of NgFeO  coordinate one noble gas atom. As will be discussed, it involves
are blue-shifted when compared to that of free FeO (Table 1). bonding interaction between the coordinated noble gas atom
NgCoO. The 846.2 cm? absorption in the cobalt experiment and MO in the NgMO complexes. All of the other noble gas
is assigned to the ArCoO complex, and the new absorptions atatoms in the matrix do not have bonding interaction with MO;
845.1 and 842.0 cmi observed in the experiments when Kr they form the matrix cage to confine the NgMO complexes,
and Xe are doped are assigned to the KrCoO and XeCoOwhich induces a red-shift of the MO stretching frequency of
complexes, following the example of NgCrO, NgMnO, and the NgMO complexes. As listed in Table 1, theH® stretching
NgFeO. The diatomic CoO molecule ha¥aground state. Its  frequencies of the KrMO complexes in solid krypton are red-

vibrational fundamental was determined to be 851.7cftom shifted by 6-12 cnm ! with respect to those in solid argon. The
laser-induced fluorescence stuidyThe Co-O stretching vibra- M—O stretching frequencies of XeMO in solid xenon are-12
tion of ArCoO was computed at 889.0 ctnWhen the Aratom 27 cnt! lower than those in solid argon.

is replaced by Kr and Xe in ArCoO, the E® stretching In contrast to late transition metal monoxides, similar

frequencies were predicted to be red-shifted by 4.0 and 9:3,cm  experiments on early transition metal monoxides, ScO, TiO,
respectively, slightly larger than the experimentally observed and VO, indicate that these monoxides trapped in solid argon
shifts of 1.1 and 4.2 cni. do not form noble gas complex2& Consistent with the
NgNiO. As shown in Figure 5, the absorptions at 825.7 and experimental observations, quantum chemical calculations on
822.8 cnt! with intensity distribution of 2.5:1 were previously  ArScO, ArTiO, and ArVO almost converged to separated MO
assigned to thé&®NiO and 5°NiO moleculesi**® When 2% and Ar (with the M-Ar distances larger than 6 A) with
krypton is doped into argon, two new absorptions at 824.0 and negligible binding energies, which indicated that ScO, TiO, and
820.1 cnt! appeared and increased on sample annealing. TheVO cannot form complexes with Ar.
relative intensities between the 824.0 and 820.1 cabsorp- Similar to the other previously characterized metabble
tions also match the natural abundance of nickel. Similar gas complexe$;° the bonding in the above characterized
absorptions at 821.2 and 817.2 cthwere observed in the  NgMO complexes also involves the Lewis acidase interac-
xenon-doped experiment. The 825.7 and 822.8'ahsorptions  tions, in which electron density in the Ng lone pairs is donated
are reassigned to the ZNIO and AFNiO complexes isolated  into vacant orbitals of the metal center. Theoretical calculations
in solid argon, and the absorptions at 824.0, 820.1, 821.2, andindicated that the ground states of NgCrO, NgMnO, NgFeO,
817.2 cn* are assigned to the RNIO, Kr®NiO, Xe>NiO, NgCoO, and NgNiO complexes are linear, which correlate to
and Xé&NiO complexes, respectively. the ground states of metal monoxides. The ground states of CrO,
The NiO molecule has & ground state, and its vibrational ~ MnO, FeO, CoO, and NiO have electron configurations of (core)
frequency in the gas phase was determined to be 828:3 cm 9047162 (core) 91472102, (core) Dr4n2153, (core) D24m2103,
(°8Ni0).51 The Ni—O stretching frequency of ANIO was and (core) 82412154, respectively. The & and 1 molecular
computed at 867.7 cm, blue-shifted by 6.6 cmt from the orbitals are metal-based nonbonding orbitals. The doubly
58NiO value calculated at the same level of theory (861.1%m degenerated4molecular orbital is the antibonding combination
When the Ar atom in A®NiO is replaced by Kr and Xe, the  of the metal 3¢t and O 2pr atomic orbitals. The partially
Ni—O stretching frequencies red-shifted by 4.1 and 9.7%¢m  occupied & and 4t molecular orbitals are the primary acceptor
respectively, which are slightly larger than the experimentally orbitals for donation from the noble gas atom. Consistent with
observed shifts of 1.7 and 4.5 cin the above notion, the calculated natural atomic charges for the
Calculations were also performed on theldO complexes. metal centers decrease upon coordination of argon atom and
Geometry optimization without symmetry constraint almost upon replacement of argon by Kr and Xe, while the natural
converged to ArMO+ Ar, implying that MO can only atomic charges of noble gas atoms are positive and increase
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from Ar to Xe, as listed in Table 2. The donation of electron (3) Zhou, M. F.; Andrews, L.; Bauschlicher, C. W., Zhem. Re.
density from the noble gas atom into the dntibonding orbital 2001 101, 1931~ _
of MO weakens the MO bond. As listed in Table 2, the 102(1)1;-:|L|.mmel, H. J.; Downs, A. J.; Greene, T. NEhem. Re. 2002
calculated M-O bond distances increase monotonically upon (5) (@) Jacox, M. EChem. Soc. Re 2002 31, 108. (b) Jacox, M. E.
Ar, Kr, and Xe atom coordination. The blue-MD stretching Chem. Phys1994 189 149. _
frequency shift when the MO bond increases in the NgMnO (6) Li, J; Bursten, B. E.; Liang, B.; Andrews, Science2002 295
and NgFeO complexes is likely due to the increased electrostatic (7) (a) Andrews, L.; Liang, B. Y.: Li, J.; Bursten, B. &. Am. Chem.
interaction between Ng and MO. Soc 2003 125, 3126. (b) Andrews, L.; Liang, B. Y.; Li, J.; Bursten, B. E.
The M—Ng binding energies for the above-characterized nob- Angew. Chem., Int. E®00Q 39, 4565.
(8) (a) Li, J.; Bursten, B. E.; Andrews, L.; Marsden, CJJAm. Chem.
Ief %][?S Comple);?f %al.cu[?ti? atzth_?hBSLYlp and CIIC|SIE[)(;1|') l(ta\;ﬁls Soc 2004 126, 3424. (b) Wang, X. F.; Andrews, L.; Li, J.; Bursten, B. E.
of theory are listed in Table 2. The values calculated at the xnqe\ "Chem., Int. E©004 43, 2554,
B3LYP level are systematically smaller than those calculated  (9) (a) Zhao, Y. Y.; Wang, G. J.; Chen, M. H.; Zhou, M. F.Phys.
at the CCSD(T) level because of the lack of proper treatment for Chem. A2005 109, 6621. (b) Zhao, Y. Y.; Gong, Y.; Chen, M. H.; Ding,
dispersive interactions with B3LYP. As can be seen in Table 2, & (':1'6)22?1‘;6 M{( F\-(J-_ 2'2)3;13- %h?(r:"r-] f:]oc,’\? }_?‘%Dli?e% e hou MLE
the calculated M-Ng binding energies increase when Aris re- - ppys "chem. 2006 110 %’845 Pl BIng & R
placed by Kr and Xe, and from chromium to nickel. This trend  (11) (a) Ono, Y.; Taketsugu, TThem. Phys. Let2004 385, 85. (b)
can be understood in that the 4rbital energies of metal monox- ~ Ono, Y.; Taketsugu, TJ. Phys. Chem. 2004 108 5464.
ides decrease from CrO to NiO, which favor the donation inter- (ig) _‘?r’art'ett'JN-ffolDC_- Ch'inl‘- goé%z zeigé 140 974
action between the metal monoxides and the noble gas atoms. 214; S:anegl’t K _"Le'nTzenDE;og' IngernCChenflgsg 29 167
For early transitiqn metal monoxides,_ScO, TiO_, and _VO, their  (15) Jggensén'"c_ K.: ,’:re'nkiné’ Struct. Bonding[ggd 73 1.
47 molecular orbitals are empty, but lie much higher in energy  (16) Holloway, J. H.; Hope, E. GAdv. Inorg. Chem.1999 46, 51.
than the corresponding orbitals of the late transition metal monox-el 9{()%7)72Féetterson, M.; Lundell, J.; Banen, M. Eur. J. Inorg. Chem.
ides, and thus the above-mentioned donation interactions ar .
’ " . (18) Gerkin, M.; Schrobilgen, G. Coord. Chem. Re 200Q 197, 335.
not observed between early transition metal monoxides and (19) Khriachtchev, L.. Pettersson, M.; Runeberg, N.; Lundell, J.:
noble gas atoms. Rzsaen, M. Nature 2000 406, 874.
The increasing binding energies from Ar to Xe suggest that  (20) Seidel, S; Seppelt, KScience200q 290, 117.
heavier noble gas atoms can readily replace lighter noble gas gg (F’%Yékq P. Sg'incefooQ _2?3 6(‘3‘- G L Am. Chem. S
H H a) cvans, C. J.j Lesarrl, A.; Gerry, M. C. L. Am. em. So0cC.
atoms_ln _the NgMQ complexes, as experimentally observed. 2000 122, 6100. (b) Evans, C. J.: Gerry, M. C. . Chem. Phys200Q
The binding energies of the ArCrO, ArMnO, and ArFeO 112 1321,
complexes were predicted to be 2.2, 2.1, and 2.9 kcal/mol, (23) Christe, K. OAngew. Chem., Int. E2001 40, 1419.
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