THE JO L OF 6621
PHYSICAL
CHEMISTRY

2005,109, 6621-6623
Published on Web 07/08/2005

Noble Gas-Transition Metal Complexes: Coordination of ScO" by Multiple Ar, Kr, and
Xe Atoms in Noble Gas Matrixes

Yanying Zhao, Guanjun Wang, Mohua Chen, and Mingfei Zhou*

Shanghai Key Laboratory of Molecular Catalysts and Inaitive Materials, Department of Chemistry,
Fudan Unbersity, Shanghai 200433, People’s Republic of China

Receied: June 10, 2005

The combination of matrix isolation infrared spectroscopic and density functional calculation results provides
strong evidence that the transition metal monoxide cation;"Sc@rdinates five noble gas atoms in forming
the [ScO(Ngy]* (Ng = Ar, Kr, or Xe) complexes in noble gas matrixes.

During the past 50 years, the matrix isolation technique has  0.16
proved to be a valuable tool for the spectroscopic study of free
radicals and other transient chemical reaction intermedidtes.
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 asg
isolated “gas phase” molecules. The ground state fundamental§
vibrations for most diatomic and small polyatomic molecules
trapped in solid neon or argon matrixes only slightly shift from
the gas phase band centéidowever, some molecules interact
strongly with the noble gas matrixes. Many stable noble-gas- °-°4\__/\/|\,\,\/\/\~»__/\/\,-__(f)\
atom-containing species such as KiHXeCCH, HKrCCH, and
HArF have been experimentally characterize®l Recent in- [ScO(Kn)J"
vestigations have shown that the vibrational properties of CUO ®
in an argon matrix are very different from those in a neon matrix. ~ 0.00 T T
The experimental and theoretical results indicated the existence 980 970 %0 950 940
of direct bonding interactions between CUO and noble gas atoms Wavenumber (cm’)
in solid noble gas matrixesThe binding of noble gas atoms to ~ Figure 1. Infrared spectra in the 98840 cnt* region from the co-
CUO causes a changeover in the electronic ground state of thedeposntlon of laser-evaporated scandium oxides with noble gases: (a)

. pure argon, after sample deposition at 12 K; (b) 3% Kr in argon, after
CUO(Ng), complexes. Subsequent studies showed that other deposition at 12 K; (c) after annealing to 35 K; (d) after annealing to

actin_ide compounds SUC_h as pand LJ(I_r trapped innoble gas 49 k: (e) after annealing to 45 K; (f) pure krypton, after sample
matrixes are also coordinated by multiple noble gas afothis.  deposition at 12 K.

The electronic and geometric structures of transition metal
oxides have been widely studiétMatrix isolation played an ~ and ScQ~ absorptions, which have previously been identified
important role in determining the spectral and structural from the effects of isotopic substitution in their infrared spectra
properties of transition metal oxide molecul@sVe reportthat ~ and theoretical calculatiorté:!*> To determine the number of
transition metal oxides also form a variety of noble gas noble gas atoms that bind intimately to St the first
complexes. Here, we show that the simplest transition metal coordination sphere, experiments were performed by using
oxide cation, ScO, trapped in solid noble gas matrixes, is Mixtures of a lighter noble gas host doped with heavier noble
coordinated by five noble gas atoms. gas guest atoms. The infrared spectra for Sa®©pure argon

The laser-evaporation matrix isolation method used to prepareand krypton and in mixtures of Kr/Ar are shown in Figure 1.
scandium oxides has been described in detail previddsly. Spectrum a shows the St@nd ScO absorptions at 976.3 and
Briefly, the species from the laser evaporation of a bulk&c 954.8 cnt?, respectively, in pure argon, and spectrum f exhibits
target were co-deposited with Kr/Ar or Xe/Kr mixtures at 12 the ScO and ScO absorptions at 965.3 and 949.6"tm
K. Infrared spectra were recorded following deposition and respectively, in pure krypton. Spectra-6 illustrate the suc-
extensive annealing cycles using a Bruker IFS113V spectrometercessive annealing cycles with a 3% Kr in argon sample. Five
at a 0.5 cm? resolution using a DTGS detector. new absorptions at 974.4, 972.5, 970.6, 968.7, and 966.5 cm

Co-deposition of laser-evaporated scandium oxides with pure appeared upon sample annealing to different temperatures. These

argon at 12 K forms ScO as the major product with minor ScO  absorptions lie between the St@bsorptions in pure argon and
the ScO absorptions in pure krypton. Note that the intensities

* Corresponding author. E-mail: mfzhou@fudan.edu.cn. of the more red-shifted bands increased, whereas the higher
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TABLE 2: Predicted Geometry Parameters (A), Total
ob Binding Energies (kcal/mol), and Se-O Stretching
A:Ar Vibrational Frequencies (cnt!) of ScO" and [ScO(Ng)}]™
= \A O:Kr (Ng = Ar, Kr, or Xe)
Qo +: Xe
£ O\ Sc-0 Sc-Ng? = v
g +\A Scot 1.612 1074.2
3 \ A [ScO(ANs]* 1.632 2.839 (3.297) 21.8 1039.9
S 5 O ~__ [SCO(Kr)]* 1.639 2.979 (3.433) 30.7 1027.3
w \ A A4 [ScO(Xe)]* 1.645 3.197 (3.663) 38.7 1013.9
.E, * O\ 2 The axial noble gas atorSc bond lengths are listed in parentheses.
£ ¢}
@ 30 \ O— o— complexes hav€,, symmetry (Figure 3). The S&O stretching
+ i + —
+ frequencies for [ScO(Ng)"™ (Ng = Ar, Kr, or Xe) were
\+\+/ predicted at 1039.9, 1027.3, and 1013.9 énf{Table 2),
40 respectively, in good agreement with the observed frequencies
0 1 2 3 4 5 6 (976.3, 965.3, and 952.1 cr). On the basis of the calculated
Coordination Number (n) frequency (1074.2 cni), the yet-to-be-observed gas phase

frequency for ScO is suggested to be around 1012 @m
Calculations on the [ScO(Af)n(Kr) ]t complexes indicate that
the total binding energy increases monotonically with increasing

Figure 2. Total binding energy curves calculated for [ScO(NigYNg
= Ar, Kr, or Xe) complexes.

TABLE 1: Observed and Calculated Se-O Stretching Kr substitution. The calculated S© stretching frequencies of
Frequencies (cnt) for [SCO(Ng)s-n(Ng')a] " in Solid Noble the [ScO(Ary—(Kr),]* series exhibit a monotonic red shift upon
Gas Matrixes successive replacement of Ar atoms by Kr atoms (Table 1).

n Since the axial noble gas atom is slightly different from the
Ng Ng 0 1 2 3 4 5 equatorial atoms, the [SCO(Arh(Kr)n] " complexesif = 1—4)

AN K 9763 9744 9725 9706 9687 9665 My exist as stru_ctural isomers. Our calcylations indipated that
calcd 1039.9 1037.6 1035.0 1032.4 1030.3 1027.3 these structural isomers are very close in energy with a very
Kr Xe 9653 962.7 960.1 957.6 9544 951.8 small (0-0.5cntl) Sc—O stretching frequency difference. We
calcd 1027.3 1024.4 1021.8 1019.0 1016.8 1013.9 assume that the more strongly bound equatorial atoms were
substituted prior to the axial atom. The calculated red shifts for
bands of progressions decreased when the matrix sample wasuccessively substituting Ar atoms by Kr atoms of 2.3, 4.9, 7.5,
annealed to higher temperatures step by step. A similar 9.6, and 12.6 cmt are in good agreement with the experimen-
experiment with 3% Xe in krypton produced a set of five new tally determined shifts of 1.9, 3.8, 5.7, 7.6, and 9.87ém
absorptions (Table 1) upon successive annealing cycles, which The interactions between noble gas atoms and'Se{5cO-
terminate around the pure xenon absorption at 952.11cm (Ng)n]* involve the donation of a lone pair of noble gas atoms
The above-mentioned experimental observations suggest thatnto empty, primarily Sc-based orbitals. The Sc€ation has a
ScO" coordinates five noble gas atoms (Ng) in the first 1= ground state with an electronic configuration of8(37)* -
coordination sphere. The 976.3, 965.3, and 952.1'ahsorp- (90)° (16)°. The 3 LUMO is primarily a nonbonding hybrid
tions in pure Ar, Kr, and Xe matrixes are due to [ScO(#ig) of the Sc 4s and 3dorbitals that is directed away from the O
complexes isolated in solid matrixes, and the new band sets inatom. The # LUMO++1 molecular orbital is largely the Sc 3d
experiments with mixtures of the noble gases are due to mixed orbital that is mainly nonbonding. These orbitals are the primary
[ScO(ANs—_n(Kr)p] T and [ScO(Kry_n(Xe))]" complexes if = acceptor orbitals for donation from the noble gas atoms. We
1-5). found that HOMO-14 (6§) and HOMO-17 (179 in [ScO-
Quantum chemical calculations were performed for the [ScO- (Ar)s]* shown in Figure 3 are such bonding orbitals that involve
(Ng)i]™ (Ng = Ar, Kr, or Xe; n = 0—6), [SCO(Ark—n(Kr)n]* donation from the filled Ar 3p orbitals onto the empty &nd
(n=1-5), and [ScO(Kn—n(Xe) " (n= 1-5) complexes using 10 orbitals of ScO. Since the & and 1 molecular orbitals of
the Gaussian 03 progratwith the B3LYP functional” and the2=" ground state ScO lie much higher in energy than those
6-311+G(d) basis sets for oxygen, argon, krypton, and scandium of ScO", the above-mentioned donation interactions between
atomd® and the SDD pseudopotential and basis set for xenon ScO and noble gas atoms are not observed, and analogous
atoms!® The total binding energies for the [ScO(ND) complexes with ScO apparently do not form.
complexes are shown in Figure 2. We can see that the maximum The present experiments show that Kr atoms readily replace
total binding energy is achieved whan= 5. The [ScO(Ngj]* Ar in the coordination sphere of ScQand Xe replaces Kr.

17a, 6b,

Figure 3. Optimized structure and molecular orbital pictures of the [ScQ{ABomplex.



Letters

The calculated binding energies for the [ScO@Elgtomplexes

are consistent with the experimental observations. The binding
energies per Ng atom were computed to be 4.4, 6.4, and 7.75545.

kcal/mol for [ScO(Ar}]™, [ScO(Krx]", and [ScO(Xej™,

J. Phys. Chem. A, Vol. 109, No. 30, 2008623

Pettersson, M.; Kiljunen, H.; Rasanen, M. Am. Chem. SoQ003 125,
4696.
(7) Li, J.; Bursten, B. E.; Liang, B.; Andrews, IScience2002 295,

(8) (a) Andrews, L.; Liang, B. Y.; Li, J.; Bursten, B. H. Am. Chem.

respectively. These computed binding energies are comparableS0¢ 2003 125 3126. (b) Andrews, L.; Liang, B. Y.; Li, J.; Bursten, B. E.

to those calculated for U and those measured for transition
metal carbonyt-noble gas complexg§:20.21

In summary, the combination of experimental and theoretical
results presented here provides strong evidence for multiple

Angew. Chem., Int. EQ00Q 39, 4565.
(9) Li, J.; Bursten, B. E.; Andrews, L.; Marsden, C.JJ.Am. Chem.
Soc 2004 126, 3424.
(10) Wang, X. F.; Andrews, L.; Li, J.; Bursten, B. Bngew. Chem.,
Int. Ed.2004 43, 2554.
(11) (a) Wu, H. B.; Wang, L. SJ. Phys. Chem. A998 102, 9129. (b)

noble gas atom bonding to the transition metal center. Thé' ScO  schroder, D.; Schwarz, H.; Shaik, Struct. Bonding200q 97, 91. (c)
ion observed in solid matrixes should be regarded as the [ScO-Gutsev, G. L.; Rao, B. K.; Jena, R. Phys. Chem. A00Q 104,

(Ng)s]™ complex. Experiments with dilute krypton in argon or

11961.
(12) (a) Andrews, L.; Chertihin, G. V.; Ricca, R.; Bauschlicher, C. W.,

xenon in krypton produced new IR bands, which are due to the 5. 5 Am. Chem. Sod996 118 467. (b) Van Zee, R. J.; Hamrick, Y. M.;

stepwise formation of the [ScO(ADN(Kr),]™ and [ScO-
(Kr)s—n(Xe)y]* (n = 1-5) complexes. The experiments under
investigation in our laboratory show that other transition

metal oxide species such as transition metal dioxide neutrals

Weltner, W., JrJ. Phys. Chem1992 96, 7247.

(13) (a) Zhou, M. F.; Tsumori, N.; Xu, Q.; Kushto, G. P.; Andrews, L.
J. Am. Chem. So@003 125 11371. (b) Burkholder, T. R.; Andrews, L.
J. Chem. Phys1991, 95, 8697.

(14) Bauschlicher, C. W., Jr.; Zhou, M. F.; Andrews, L.; Johnson, J. R.

also form a variety of noble gas complexes. These observationsT.; Panas, I.; Snis, A.; Roos, B. Q. Phys. Chem. A999 103 5463.

suggest that when large matrix shifts were observed, the
formation of strong complexes with rare gas atoms should be

considered.
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