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Reactions of Laser-Ablated Niobium and Tantalum Atoms with Oxygen Molecules:
Infrared Spectra of Niobium and Tantalum Oxide Molecules, Anions, and Cations
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Laser-ablated niobium and tantalum atoms react withtdDgive MO, MQ,, MO, and MQ* products,
which are identified from oxygen isotopic substitution on their matrix infrared spectra and from DFT
calculations of isotopic frequencies. Annealing allows diffusion and further reaction to fogfM(QR
complexes, which are characterized by four fundamentals. On the basisiaf\ifseational frequencies for

the MO, and MO, isotopic molecules, the metal dioxide valence angles are estimated to be 30&r

NbO, and 106+ 5° for TaO,; the molecular cations have the smaller valence anglest183and 105+ 5°

for NbO,* and TaQ", respectively, and the molecular anions are more open witht120° valence angles.
Evidence is also presented for stable M@nion species.

Introduction 120]

1.15-

In the past several decades, numerious studies have beer
conducted on niobium and tantalum oxides due to their

importance in high-temperature chemistry and stellar atmo-  "®] NbONbO
sphered. Diatomic niobium and tantalum oxides have been 1.00] |
extensively studied spectroscopically in the gas phase as well  oss] 7

as in solid matrixe$-12 The electronic ground state of NbO 050 o

was determined to &~ from ESR and optical spectroscopic o8] T (N0,
studies in inert matriceswhereas the ground state of TaO was 080
derived agA from optical spectra in the matfbas well as the

gas phasé. Infrared vibrational fundamentals of the NbO, TaO,
and TaQ molecules have been reportétland the dissociation .
and ionization energies have been determined for NbO and TaO §
by mass spectrometric and photoelectron spectroscopic 2
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©
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7 (ONbO,

% E

experimentd3-15 Hartree-Fock—Slater calculations on di- 0551

atomic oxides and cations have been perfordtedhermal D»SOM b05)
bimolecular reactions of niobium cluster ions with oxygen have o] ’
been reported®—17 and the reactivities of metal oxide cluster 0401 MM“
ions have also been studied in the gas pHadewever, little 035

is known about reactions of the metal atoms with oxygen . NbOF  NBOS

molecules. 025 / / )
Recent investigations of laser-ablated transition metal atoms | (Nb?) LWJ Riae b
with oxygeri®=26 have shown very rich chemistry due to high ]

reactivity of the ablated metal atoms, and more products were o 0 NbO NbO,
observed as compared to ordinary thermal atom reactions. The **{ ! ] O 0
vanadium-oxygen system contained a large number of product
molecules: VO, V@ and their dimers, V@, and a VQ 1100 1050 1000 as0 400 850 800
complex with Q were characterizet. In particular, the Wavenumbers (em-1)

observation of @ and Q~ cluster ions in these experiments Figure 1. Infrared spectra of products formed by reactions of laser-
underscores the possibility of trapping charged metal oxide ablated Nb atoms with £X0.5%) in argon on condensation at 10 K:
species, and evidence for several MOanions has been @) co-de_posned sample, (b) after 25Kanne_allng, (c) after broad-band
presented. This paper reports similar studies of Iaser-ablatedphomlys's for 20 m, (d) after 30 K anealing, and (e) after 35 K

e ; . annealing.
niobium and tantalum atom reactions with oxygen molecules ) g
during condensation in excess argon. a rotating rod. The Nd:YAG laser fundamental (1064 nm, 10

Hz repetition rate, 10 ns pulse width) was focused on the rotating

target through a hole in the Csl cryogenic (10 K) window using

40—80 mJ/pulses. The ablated metal atoms were co-deposited
The technique for laser ablation and FTIR matrix investigation with 0.25-1.0% G in argon at 24 mmol/h for -2 h.

has been described previousdh?® Niobium and tantalum metal  Isotopicl80, as well as mixed®O, + %0, and scrambledfO,

targets (Goodfellow, 99%; Mackay, 99.99%) were mounted on + 16080 + 180, samples were used for band identification.
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TABLE 1: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Niobium Atoms with Oxygen in Excess Argon at
10 K

150, 180, 160, 4+ 1600 + 180, R(16/18) ann/phét assignment
1118.7 1056.0 1.0594 - —/= Oy
1126.2 1062.5 1096.1 1.0599 ++/ (O2)xNbO,
1123.1 1059.5 1092.8 1.0600 ANbO,
1112.6 1049.9 1.0597 ++/o (O2)xNbO,
1109.3 1046.6 1109.3, 1078.4, 1046.6 1.0599 + —/o (O)NbO,
1039.5 982.3 1.0582 + —/= O3
1033.0 976.2 1.0582 + —/- O, site
1000.1 951.5 1.0510 ——/o (NbO")
997.6 949.7 997.6,978.1, 964.3, 949.7 1.0504 + +/o NbONbO
989.7 940.6 1.0522 + —/o NbO:*F, vy
988.0 939.1 1.0521 + —lo NbG, ", vy
982.7 936.5 1.0493 + +/o Nb.Oy
970.6 923.5 970.6, 923.5 1.0510 + —/o NbO
967.4 920.2 967.4,920.2 1.0513 ——/o NbO site
965.2 918.1 965.2,918.1 1.0513 ——lo NbO site
963.7 916.6 963.7, 916.6 1.0513 ——/o NbO site
953.8 901.6 1.0579 - —/= O4~
952.3 904.2 1.0532 + +lo (O)NDO,, 71
945.9 898.3 945.9, 931.9, 898.3 1.0530 + —/o (O2)NbO;, v1
943.5 896.1 943.5, 929.6, 896.1 1.0529 + +/o (O2) NbOy, 14, site
940.2 893.2 1.0526 + +/o (O2)xNbO,
938.4 894.6 1.0490 + —lo NbO;*, v3
937.1 893.4 937.1, 906.0, 893.4 1.0489 +-lo NbO:*F, v3
933.5 886.9 933.4,917.7, 886.9 1.0525 + —/o ONbOy;,
931.1 884.4 1.0528 + —/o ONbOy; site
911.3 869.5 911.3, 880.3, 869.5 1.0481 + +/o (O)NDQO; site
903.6 862.6 903.6, 873.2, 862.6 1.0475 + —/o (O)NbO,
900.7 859.8 900.7, 870.5, 859.8 1.0476 + +/o (O)NbO,
895.5 854.9 895.5, 865.8, 854.9 1.0475 + +/o (O2)xNbO;
892.3 852.1 1.0472 + +lo (O2)NbO;
875.9 835.5 875.8, 848.1, 835.6 1.0484 + —/o ONbOy3
869.8 829.9 869.8, 842.8, 829.9 1.0481 + —/o ONbOy;site
861.3 822.3 1.0474 +—/lo (N2)NDO,
859.4 820.9 1.0469 + —/o (N2)NbQ; site
854.1 816.3 854.1, 824.5, 816.3 1.0463 + —/= NbO,~
817.1 781.4 816.7,794.3,787.1,781.5 1.0457 + —/= NbO;~
804.4 759.0 1.0598 - —/= Os3~
687.6 655.5 687.7, 655.6 1.0490 + —/= ?
559.3 534.0 558.5, 547.0,534.4 1.0474 - —/o Nb.Oy
511.3 487.4 510.3, 488.1 1.0490 + —/o (O)NbO,
461.9 438.6 1.0531 + —lo Nb.Oy

a Annealing behavior: on first annealing to 25 K and on subsequent annealing-#03Q, + notes increase; notes decrease/broad-band
photolysis behavior:-+ denotes increase, o denotes no chargégnotes decrease.

FTIR spectra were recorded on a Nicolet 750 with 0.5&m in Table 1; most notable is the decrease in bands at 953.8, 854.1,
resolution and 0.1 cmi accuracy. Matrix samples were and 817.1 cm?! (Figure 1c). The 945.7 and 903.6 chbands
temperature cycled, and selected samples were subjected taecreased on subsequent higher temperature annealing while
broad-band (246580 nm) photolysis by a medium-pressure associated 943.5 and 900.7 crbands greatly increased (Figure

mercury arc lamp (Philips, 175 W) with globe removed. 1d,e). Sharp 854.1, 817.1, and 559.3érbands were also
produced on deposition, slightly increased on 25 K annealing,
Results and then decreased on higher temperature annealings. The latter

also produced sharp bands at 997.6, 952.3, 940.2, 911.3, 895.5,
892.4, and 687.6 cmd. In addition, Q absorptions at 1039.5
and 1033.0 cm! and weak @, O,~, and Q~ absorptions at

atoms co-deposited withn excess argon are shown in Figure 1118.7, 953.8, and 804.5 cRyrespectively, were ohserved after

1, and absorptions are listed in Table 1. Sharp strong bands apleposnpn and dgcre_ased on annealing and photc/&s.

875.9 and 869.8 cri# along with the weak bands at 933.5 and ~ EXperiments with different laser powers and oxygen concen-
931.1 cnt! and weak doublets at 938.4 and 937.1 and at 989.7 trations were done; all the product absorptions increased with
and 988.0 cm! were observed after deposition. These bands higher laser power, while in general the relative intensities of
slightly increased on annealing to 25 K and then decreased onProduct absorptions did_not depend significantly on laser power
higher temperature annealings. A sharp weak band at 1000.12nd oxygen concentration.

cm! and a band with sharp features at 970.6, 967.4, 965.2, Oxygen isotopic substitution was employed for band iden-
and 963.7 cm! appeared on deposition and decreased on tification, and the'®0, band positions are listed in Table 1.
annealing. Strong bands at 945.7 and 903.6'and very weak Mixtures (60, + 180, and %0, + 160180 + 180,) were also
bands at 1109.3 and 511.3 chabsorption markedly increased investigated. In the experiment with scrambled isotopic oxygen,
on 25 K annealing (Figure 1b). Broad-band photolysis was done triplets were observed for absorptions at 1109.3, 945.7, 943.5,
after 25 K annealing, and the photolysis behavior is summarized 940.2, 938.4, 937.1, 903.6, 900.7, 895.5, 875.9, 869.8, 854.1,

Matrix infrared spectra and DFT calculations of laser-ablated
Nb and Ta reaction products with oxygen will be presented.
Nb + O2/Ar. The infrared spectra of laser-ablated niobium
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0s2] Ta + Oy /Ar. The Ta+ O, reaction was very similar to the
0804 - Nb + O, system. The spectra are shown in Figure 3 and
0584 L T (OO, absorptions are listed in Table 2. Deposition produced strong
o oo, : " bands at 906.9 and 904.1 cland weak corresponding bands
0s2] — at 965.3 and 963.0 ch. Sharp bands at 1018.1,1014.2, and
0s0] 1011.7 cn! also appeared on deposition. All these bands
048 decreased on annealing. Sharp, weak doublets were observed
046 at 993.1 and 991.5 cm and at 938.7, 937.3 cm4 after
0441 M deposition decreased together on annealing. Sharp bands at
o 0 952.0 and 896.0 cnt and at 950.5 and 894.5 cthwere weak
038 RS after deposition, but annealing to 25 K markedly increased the
03 950.5 and 894.5 cm bands and destroyed the 952.0 and 896.0

g 034 cm~! bands (Figure 3b). Photolysis reproduced the 952.0 and

£ om 896.0 cm! bands and decreased the 950.5 and 894.5'cm

3 EEZMMMM\JJ d absorptions about 40% (Figure 3c); annealing and photolysis
026 behavior are summarized in Table 2. The 950.5 and 894:3 cm
0243 LU bands were the dominant features in the spectrum after anneal-
022 ing. Two pairs of sharp bands at 946.3 and 889.4cand at
0204 \M 944.0 and 886.2 cni appeared and increased on subsequent
21: NbOF annealing. Weak absorptions at 1095.7 and 524.2'cnere

present on 25 K annealing and tracked on further annealing and

o (005 photolysis in all experiments. Sharp bands at 836.9, 807.0, and

012 Nbo;’

010 NbO 536.9 cmi! appeared on deposition, increased on annealing to
o.os—M b 25 K, and decreased on higher temperature annealings, which
0084 produced extra bands at 689.1, 622.4, and 621.0'cm

ZZZ ‘\‘?o; N Again, isotopic substitution experiments were done, #0d

— — — - - - -~ band positions are given in Table 2. The bands at 1095.7, 952.0,

Wavenumbers (cm-1) 950.5, 946.3, 944.0, 938.7, 937.3, 912.0, 906.9, 904.1, 896.0,

Figure 2. Infrared spectra of products formed by reactions of laser- 894.5, 889.4, and 886.2 crhproduced doublets itfO; + %0,
ablated Nb with oxygen (0.5% in argon, scrambié@, -+ 1600 + isotopic mixture and triplets iffO, + 1600 + 80, scrambled
180, mixture, approximately 1:2:1): (a) co-deposited sample, (b) after isotopic experiments. Triplets for 836.9 and 689.1¢mnd a
25 K annealing, (c) after broad-band photolysis for 20 m, (d) after 30 quartet for 807.0 cm! bands were observed in both mixed
K anealing, and (e) after 35 K annealing. isotopic experiments. Figure 4 illustrates the scrambled isotopic

and 687.6 cm; a quartet was produced for the 817.1dm  Spectrum.

band, and a broad doublet was observed for the 511.3' cm Calculations. DFT calculations were done for NbO, TaO,
feature. Spectra from the scrambled isotopic sample are showrNbO,, and TaQ molecules using the Gaussian 94 program.
in Figure 2. The BP86 functional and D95* basis sets on O atom and Los
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Figure 3. Infrared spectra of products formed by reactions of laser-ablated Ta atoms wi{fh8%0) in argon on condensation at 10 K: (a)
co-deposited sample, (b) after 25 K annealing, (c) after broad-band photolysis for 20 m, (d) after 30 K anealing, and (e) after 35K annealing.
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TABLE 2: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Tantalum Atoms with Oxygen in Excess Argon
at 10 K

150, 180, 160, + 1600 + 180, R(16/18) ann/phét assignment
1124.2 1060.9 1.0597 + +lo (02),Ta0,
1118.7 1056.0 1.0594 - —/= [0y
1099.5 1037.6 1.0597 + +/o (O)Tao; site
1095.7 1033.9 1095.7, 1065.3, 1033.9 1.0598 + +/o (O)Tal,
1039.5 982.3 1.0582 + —/—= O3
1033.0 976.2 1.0582 + —/—= O3
1018.1 964.9 1018.1, 964.9 1.0551 + —/o (TaO")
1014.2 961.3 1014.2,961.3 1.0550 - —/o TaO
1011.7 959.0 1011.7, 959.0 1.0550 ——/o Tao, site

993.1 940.5 1.0559 - —/o TaGt, v1

991.5 939.0 1.0559 ——/o TaGt, vy site

978.3 927.3 1.0550 - —/o TaOy

971.0 921.0 1.0543 ++ TaOy

968.0 917.4 1.0552 ++ TaOy

965.3 914.3 964.9, 949.3,914.3 1.0558 —fo OTaO,v1

963.0 912.0 1.0559 + —/o OTaO,v; site

953.8 901.8 1.0577 - —/= O4~

952.0 901.1 1.0565 ——/+ (0x)TaO, site

950.5 899.4 950.5, 934.0, 899.4 1.0568 ++/— (Ox)TaO,,v1

946.3 895.6 1.0566 + +lo (0)Ta; site

944.0 893.4 1.0566 + + (Ox)xTal;,

938.8 890.9 938.8, 904.4, 890.9 1.0538 +—/o TaG*, vs

937.4 889.5 937.2,903.3, 889.5 1.0539 + —/o TaGt, vs

933.6 884.0 1.0561 ++ TaOy

912.2 865.6 912.2, 879.8, 865.6 1.0538 - —/o OTaO,vs

906.9 860.7 906.9, 875.1, 860.7 1.0537 ——/o OTaO,vs

904.1 858.0 1.0537 + —lo OTaO,vzsite

896.0 850.8 896.0, 865.4, 850.8 1.0531 - —/+ (0).TaG; site

894.5 849.4 894.5, 862.7,849.4 1.0531 + +/— (0Ox)Tao;, v

889.4 844.4 889.4,857.8,844.4 1.0533 + +/o (O)xTal; site

886.2 841.5 886.2, 855.1, 841.5 1.0531 + +/o (O)xTal,

879.9 835.8 1.0528 + +/o TaOy

848.3 805.7 819.0, 805.8 1.0529 + +/o TaOy

836.9 795.3 836.9, 807.6, 795.3 1.0523 + —/- TaG,~

807.0 766.9 807.6, 786.8, 775.8, 767.0 1.0523 + —/—- TaGs~

804.4 759.0 1.0598 - —/= O3~

689.1 653.4 688.6, 672.2, 653.7 1.0546 ++/— (TaO)

622.4 590.2 622.2,602.9,590.3 1.0546 + +/o TaOy

536.9 510.7 536.7,524.4,510.8 1.0513 - —/o TaOy

524.2 496.9 524.3,522.4,499.1, 496.9, 1.0549 + +/o (O)Tal,

445.0 423.3 445, 423 1.0513 + +/o TaOy

a Annealing behavior: on first annealing to 25 K and on subsequent annealing-#03Q, + notes increase; notes decrease/broad-band
photolysis behavior:-+ denotes increase, o denotes no chargégnotes decrease.

Alamos ECP plus DZ on metal atoms were used. The ground DFT calculations were done for OONb@nd (Q)NbO,, and

state of NbO was calculated to be a quartet with 1.71 A bond the latter is more stable and has very strong infrared absorptions,

length and 993.5 cn# vibrational fundamental. Unlike the as listed in Table 5. The same was found for OO7 @aQd

other two metal diatomic oxides in this group, TaO was (02)TaQ. Like calculations were also done for OOy@nd

calculated to have a doublet ground state, which is in accord (O2)VO; using the 6-311G* basis set, and the results are listed

with the experimental observatiof$. Both NbQ, and TaQ in Table 5.

were calculated to havé\; ground states at this level of theory. Finally, calculations were done for the (NbCnd (TaO)

The M(Q,) and MOO isomers were determined to be much molecules, and the rhombic structures described in Table 6 were

higher in energy and are not listed here. The large energy gapcharacterized.

between the bent dioxide and cyclic and asymmetric isomers is

in agreement with the absence of MjGnd MOO molecules  Discussion

in the spectra; these molecules were major products in the Fe 1 gpserved spectra are similar to spectra from vanadium

+ O, and Ni+ O; reactions:2? plus oxygen experiments, and the product molecules will be
Similar calculations were also done for anions and cations assigned accordingly.

as listed in Table 3. The singlet dioxide anions were more  NbO. The sharp 970.6 cnt band observed after deposition

stable, but the triplet states are close enough not to be ruledis assigned to the NbO molecule based on the previous matrix

out. The dioxide cations are predicted to h&gground states.  work® and isotopic substitution. The same band was observed

Both NbO" and TaO were calculated to be triplet ground states, in Nb experiments with NO conducted in this laboratory.

the ionization energies calculated here as 7.5 and 8.8 eV wereAnnealing sharpens the 970.6 chband at the expense of the

very close to the experimental values: 7.9 and 8.6'%V. broader 962965 cnt! feature. A doublet structure was

Calculations were also done for trioxide molecules and anions, observed in mixed isotopic experiments. The 16/18 isotopic

and the latter were found to be very stable with very strong ratio 1.0510 is just below the harmonic diatomic ratio of 1.0511.

antisymmetric stretching modes, as listed in Table 4. Relative to the gas-phase value, 981.4 & the NbO vibration
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Figure 4. Infrared spectra of products formed by reactions of laser-ablated Ta atoms w{tt4) scrambledO, + 6080 + 180, mixture,
approximately 1:2:1) in argon on condensation at 10 K: (a) co-deposited sample, (b) after 25 K annealing, (c) after broad-band photolysis for 20
m, (d) after 30 K anealing, and (e) after 35K annealing.

TABLE 3: Calculated (BP86) Geometry, Frequences (cmi), and Intensities (km/mol) for the NbO, TaO, NbO,, and TaO,
Molecules, Cations, and Anions

molecule relative energy (kcal/mol) geometry (A, deg) va(l) va(l) va(l)
NbO(z) 0 1.709 993.5(112)
doublet +11.0 1.704 1006.7(132)
NbO*(E) +172.0 1.679 1044.2(68)
singlet +191.6 1.675 1057.6(71)
TaO(doublet) 0 1.692 1036.6(68)
quartet +5.2 1.708 987.9(73)
TaO"(%x) +202.1 1.678 1040.9(51)
singlet +220.6 1.681 1032.6(49)
ONDOCA,) 0 1.738, 103.9 968.5(85) 350.7(0) 925.4(171)
A, +63.9 1.807, 116.5 822.0(85) 156.0(5) 297.3(11)
ONbO(*Ay) —374 1.759, 104.3 942.2(108) 336.5(0.2) 897.1(140)
triplet -31.8 1.781,111.4 890.5(103) 280.2(1) 853.7(193)
ONbO"(*A1) +185.3 1.704, 102.3 1021.0(21) 389.5(4) 981.0(133)
OTaO¢gA,) 0 1.732,104.4 977.8(36) 346.3(3) 919.9(137)
‘A, +68.8 1.795, 117.5 839.3(61) 143.9(8) 461.4(18)
OTaO (*Ay) —48.3 1.756, 107.4 943.4(66) 305.1(4) 885.6(160)
triplet —28.9 1.772,111.3 898.6(76) 268.7(3) 845.4(174)
OTaO(*Ay) +203.6 1.704, 102.8 1019.3(12) 379.5(3) 968.7(105)

TABLE 4: Calculated (BP86) Geometry, Vibrational Frequencies (cn?), and Intensities (km/mol) for the NbO; and TaO3

Molecules and Anions

molecule relative energy geometry frequency; &gintensity, km/mol)

NbGs %A, 0 kcal/mol Nb-0:1.804 A,JONb0O:105.8 229.2 (22), 229.9 (1), 234.8 (1), 553.6 (0.1), 555.3 (0.1), 891.6 (8)
NbO;™ 'A; —83.0 Nb-0:1.812 A, JONb0O:112.9 170.2 (74), 280.5 (1), 280.8 (1), 836.6 (284), 838.0 (284), 866.8 (8)
TaG;%A; 0 Ta—0:1.793 A,00Ta0:104.1 238.2 (0.2), 238.9 (13), 243.5 (0.1), 637.4 (0.3), 639.2 (0.3), 905.1 (5)
TaO; 'A; -82.0 Ta-0:1.803 A,00Ta0:109.3 211.4 (21), 292.9 (2), 294.6 (2), 797.2 (195), 799.2 (195), 887.7 (2)

in the argon matrix red shifted about 11 chwhich compares
favorably with the 20 cm! red-shift found for VO** The

which detaches electrons from anions such gs&d NbQ~
(see below), will thereby neutralize cations present in the matrix.
present DFT calculations give a 993.5 thfundamental for The sharp, weak 1000.1 cthband showed no change on broad-
ground-state NbO, which supports this assignment. band photolysis. If the weak 1000.1 chband is due to Nb®,

The 1000.1 cm! band was also observed after deposition, then Nb"™ cations produced by laser ablatférand trapped in
decreased on annealing, and showed the diatomic isotopic ratidhe matrix must have a higher population than Nb@nd
(1.0510). We tentatively assign the 1000.1érband to NbC. therefore NI probably captures most of the electrons photo-
DFT calculations support but cannot comfirm this assignment: detached from @ and NbQ~. We note that the yield of ©
NbO" is calculated to have a triplet ground state with a 1044.2 in these experiments is small and that photodetachment from
cm! fundamental. We expect that broad-band photolysis, the stable Nb@ anion is expected to be inefficient with the



8256 J. Phys. Chem. A, Vol. 102, No. 43, 1998 Zhou and Andrews

TABLE 5: Calculated (BP86) Structure, Highest Vibrational Frequencies (cnt?l), and Intensities (km/mol) for VO4, NbO,, and
TaO4 Molecules

molecule relative energy frequency, chiintensity, km/mol)
(O2)NbO2%A, 0 kcal/mol 452.0 (@ 28), 465.6 (b, 7), 930.5 (h, 224), 954.4 (8 79), 1151.2 (g 42)
OONDbGP?A" +19.9 322.3 (6), 448.6 (30), 914.5 (190), 952.5 (74), 1237.4 (84)
(0O2)TaO %A, 0 430.9 (g, 24),480.2 (b, 3), 902.4 (, 199), 950.9 (g 48), 1113.0 (g 30)
OO0TaQ42A"” +16.2 333.4 (3), 440.5 (14), 899.5 (146), 956.9 (34), 1217.9 (126)
(O2)VO£2A, 0 507.4 (b, 10), 513.4 (a 17), 1023.8 (a 78), 1029.8 (b 259), 1135.7 (8 59)
O0OVO,f2A" +22.3 331.1(14),503.9 (21), 1005.8 (113), 1007.4 (259), 1290.9 (68)

aStructure: G-0: 1.343 A, (Q)—NbO,: 2.162 A, (Q)Nb—0: 1.746 A,JONbO: 110.0, the (3)Nb plane bisects the Nh@ngle.> O—O:
1.302 A, OO-NbO,: 1.999 A, OONB-O: 1.747 A,JOONb: 150.0, JONbO: 106.2. ¢O—0: 1.357 A, (Q)—TaOy 2.126 A, (Q)Ta—0x
1.746 A,000Ta0: 111.2, the ()Ta plane bisects the Ta@ngle.f O—0: 1.307 A, 0G-Ta0,: 1.964 A, OOTa-0,: 1.742 A,100Ta: 145.8,
0OTaO: 105.12.©0—0: 1.330 A, (Q)—VO,: 1.985 A, (Q)V—0,: 1.603 A,JOVO: 112.9, the (Q)V plane bisects the Vangle.f O—O:
1.277 A, OG-VO,: 1.843 A, OOV-0,: 1.607 ADOOV: 161.0, DOVO: 111.7. Recall that VQ calculations used a different basis set.

TABLE 6: Calculated Structure, Vibrational Frequencies (cm™1), and Intensities (km/mol) for (NbO), and (TaO), Molecules

molecule geometry frequency, ci (intensity, km/mol)
(NbO), (*Ag) Nb—0:1.991 A, Nb-Nb:2.214 A INbONb:67.6 —174.3 (0), 202.8 (2), 355.4 (17), 452.1 (0), 682.9 (185), 728.8 (0)
(TaO) (*Ay) Ta—0:1.985 A, Ta-Ta:2.211 A0TaOTa:67.7 —190.0 (0), 205.0 (3), 340.9 (23), 346.7 (0), 666.5 (168), 730.4 (0)

mercury arc; hence, the present experiments probably producemetries in the triplet patterns of 15.7 and 30.84rmand of 27.7
a relatively low yield of photodetached electrons for neutralizing and 12.5 cm? show interaction between the middle components
matrix isolated cations. of lower symmetry and associate these bands with the same
TaO. Sharp bands observed at 1014.2 and 1011.7* @n molecule. The isotopic ratios for the two lower bands were
deposition decreased on annealing. These bands produced onlglightly lower than the diatomic NbO ratio, while the ratios of
pure isotopic counterparts in all of the isotopic experiments; upper bands were slightly higher than the diatomic ratio. These
the observed 16/18 isotopic ratio (1.0550) is slightly lower than four bands are suitable for assignment to antisymmetric and
the harmonic diatomic ratio (1.0553). These bands are assignedsymmetric vibrations of the bent Nb@olecule in two different
to TaO molecules in different matrix sites. This assignment is matrix sites. The antisymmetric vibrational frequencies for
in good agreement with the gas-phase fundamental value (1021.Nb'%0, and NGB0, provide a basis for calculation of a 142
cm™1), allowing for a 7.5 cm? red shift by the matrix. Weltner ~ 5° upper limit to the valence angl€32 In the case of Mo@
and McLeod assigned bands at 1028¢mm neon and at 1020  where seven natural Mo isotopes are available, the valence angle
cmtin argon to TaO, which are close to the bands observed lower limit calculated from more than 40 apex"NIbO/
here® The 1020/966= 1.0559 ratio is reasonable for TaO, but O"MoO isotopic frequency pairs was 149 3° and the upper
we suspect that spectrometer calibration would bring the limit calculated from 16 terminal®0"Mo'%0/80"Mo80 iso-
previous 1020 cm' band closer to the 1014.2 ctband topic frequency pairs was 125 1°.34 The true angle for Nb®
observed here. BP86 calculations gave a 1036:6 trarmonic will be on the order of 4lower than the present 112 5° upper
fundamental, which is in accord with the observations. limit, and the 103.9 value calculated by DFT is reasonable.
The 1018.1 cm! band observed after deposition decreased DET calculations support this NbGassignment. The ob-
proportionally more than the 1014.2 ciband on annealing,  servedy; and vs frequencies are 0.947 and 0.966 times the
and the isotopic ratio of 1.0551 is appropriate for the diatomic calculated values. The calculated 16/18 isotopic ratios for two
molecule. DFT calculations find a triplet ground state for TaO  modes (1.0522, 1.0493) also match the experimental values.

with a 1040.9 cm? fundamental, which is just 4.3 cthhigher TaO,. The bands at 906.9 and 904.1 chwere the major
than the calculated TT%Q fundamental. I,t is hard to detgrmme product absorptions after deposition; these bands increased and
whether the 1018.1 cm is due to a TaO site ban_ojlcor 00 Ta0  then decreased together with weaker 965.3 and 963.0 cm
Again, there was no decrease in the 1018.1°%cmand on panqs on higher temperature annealings. Reactions with
photo[y5|s. We prefer to assign tentatively this band to TaO scrambled oxygen isotopic sample produced triplets, which
following the NbG example. . . indicated that two equivalent O atoms are involved in the

The NbO and TaO absorptions observed after deposition ;nations. Furthermore, the matching asymmetries in the triplet
subsequently decreased on annealing, indicating that these ctures (15.6 and 35.0 chand 31.8 and 14.4 cm)
molle'culles were fqrmed \_/ia reaction 1; this suggests that ;5qqciate these bands with the same molecule. The 16/18
activitation energy Is reql:r';gfj for the reactions, even though jsqtopic ratios (1.0537 and 1.0559) bracketed the diatomic value
the reactions are exotherric: as expected for thers (antisymmetric) andvy (symmetric)

. __ vibrations of the bent OTaO molecule. The valence angle upper
Nb+0,—~NbO+0O AE 62 keal/mol - (12) limit 19:33:34calculated from the T80,/ Tal®0, isotopic ratio for
Ta+0,—~TaO+ O AE=—71kcal/mol (1b) vz is 110+ 5°. Due to anharmonicity in thes vibrational

2 mode, the true angle for TaWill be on the order of 4 lower

NbO,. The sharp bands at 875.9 and 869.8 émvere the  than the upper limit estimated here.
major product absorptions after deposition, and sharp weak The 108+ 5° angle estimate for NbOand the 106+ 5°
933.5 and 931.1 cnt bands are associated by annealing. These €stimate for Ta@are not as accurate as the 122° prediction
bands slightly increased on inital annealing to 25 K and then for MoO, and the 124t 4° estimate for WQ, which involved
decreased on further annealing. The absorptions producedPoth upper and lower limit measurements from oxygen and
triplets in the scrambled isotopic experiment with the isotopic resolved metal isotopic measuremettts.
ratios of 1.0484 and 1.0481 for lower bands and 1.0525 and Weltner and McLeod assigned two bands of equal intensity
1.0528 for upper bands, respectively. The matching asym- at 971 and 912 cmi to the TaQ molecule® Even though these
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bands are near those assigned here to,Tat@l calibration population of electrons photodetached be captured by more
makes the positions uncertain, there are more serious problemsbundant Nb cations.
with the earlier assignment. First, the bands are of the same TaO,". Similar bands were observed at 937.4 and 938.8 and
intensity andv, should be weaker thars. Second, the 16/18  at 991.5 and 993.1 chin Ta experiments. The stronger band
ratios (1.0600 and 1.0568) are too high fgrand vz of bent exhibited a mixed isotopic triplet, which comfirmed that two
TaG,. Third, two intermediate isotopic components were equivalent oxygen atoms are involved in this vibration. The
reported for each band, which suggests inequivalent oxygenupper band 16/18 isotopic ratios (1.0559) are almost the same
atoms. We believe the earlier 971 and 912 ¢rabsorptions as with TaQ, and the lower band ratios (1.0538 and 1.0539)
were dominated by contributions from higher oxides. are slightly higher than the TaQatios. These bands can be
The present Ta@ assignments are comfirmed by DFT assigned to symmetric and antisymmetric vibrations of /a0
calculations, which predict a valence angle of 104ahd 977.8 The TaQ™ cation is bent slightly more than the Ta@olecule;
and 919.9 cm! symmetric and antisymmetric vibrational the valence angle upper limit is estimated as #08° from
frequencies, respectively. The calculated frequencies are 1.014antisymmetric isotopic vibration frequenci&s* DFT calcula-
times the experimental values, and the angle is in agreementtions gave a 1019.3 cmd symmetric and a 968.7 crh
with the upper limit determined from isotopig frequencies. antisymmetric frequency and a 102#ngle, which were very
Both NbG, and TaQ molecule absorptions were observed close to the experimental values. There is no measurable
after deposition, and only very small intermediate components decrease in the bands assigned to Fa@h photolysis, and this
were produced in th&0, + 180, experiments. This indicates  requires that more Tafrom laser ablatiof? be present to capture
that the dioxides are produced mainly by insertion reactions photodetached electrons.
(eq 2) that are highly exothermic based on the dissociation Charged species have been observed in a number of laser-
energies? 14 The growth of Nb@ and TaQ on annealing  ablated metal atom studié%:?” Weak Qt Oz, and Q-
shows that no activation energy is required for these reactions.absorptions were observed in the present experiments and verify
During condensition with excess argon on the matrix surface, that both isolated cations and anions are formed in the laser
the excess reaction energy was relaxed effectively, which madeablation process and can be trapped in the mati&3! The

it possible to trap the M@molecules: NbO," cation has been observed in mass spectra and is the
building block for niobium oxide cluster iord$. Additional
Nb + O, — NbO,* telax NbO, AE = —218 kcal/mol studies of the oxidation of niobium clusters establish the binding

(2a) energy of NO—O; to be about 7.55 eV!
The absorptions of Nb&y and TaQ" were observed after
Ta+ 0,— TaQ* telax TaO, AE = —228 kcal/mol depo_sition, S0 reaction__3 must be cons_ide_red Whgre again the
2 matrix relaxes and stabilizes the metal dioxide (cation) product.
In the gas phase, the main product of niobium cation reaction

The stretching frequencies for Np@nd TaQ are some 66 with O, was the diatomic cation NBO'” In the present
90 cm?! higher than their neighboring molecules Zrand experiments, it is not possible to tell if the MOcations are
HfO,, which have similar 115 5° valence angle¥ Of more made by reaction 3 or by photoionization of M@olecules

interest is the fact that the frequencies for TaPe some 30  from the laser plume. Itis clear from other experiments of this

cm-! higher than those for the lighter Nb@nolecule. This  type that metal cations are produced by laser abl@fion:

suggests an even greater lanthanide contraction and relativistic

effect for Ta relative to Nb than observed for Hf relative to + . Fyg _relax +

Zr.1935 The present observations and calculations for NbO Nb™ 40, = (NbG, ') NDO, (3a)

show that earlier frequency estimates and deductions from 4 .

electron diffraction measuremeffisre not accurate. Ta' +0,—~ (TaG,)*
NbO,*. The doublet at 937.1 and 938.4 chtogether with

the weak doublet at 988.0 and 989.7 dnobserved after Both absorptions slightly increased on 25 K annealing, as does

deposition slightly increased on annealing to 25 K and then the 0zone absorption. So the most probable mechanism is

decreased on further annealing. The isotopic 16/18 ratios of 'eaction 4, which is exothemic. The Nb@eaction with Q to

1.0489 and 1.0490 for the lower doublet were slightly higher form NbQ;* was observed in the gas-phase reactidns:

than the antisymmetric frequency ratio of Nh@nd the upper

relax T

cloy (3b)

doublet ratios of 1.0521 and 1.0522 were slightly lower than NbO" + O — NbO," (4a)
the NbQ symmetric frequency ratio. The observed triplet
isotopic structure at 937.1, 906.0, and 893.4 toharacterizes TaO"+0— Ta02+ (4b)

the vibration of two equivelent oxygen atoms. These bands

are about 63 and 57 crh higher than the antisymmetric and (O2)NbO,. The bands at 1109.3, 945.9, 943.5, 903.6, 900.7,
symmetric vibrations of Nb@ which is too far to be complexes and 511.3 cm! increased markedly in concert on 25 K
or different matrix sites. So metal dioxide cations should be annealing. The 945.9 and 903.6 chbands go together while
considered. DFT calculations predict the Nt@inglet ground the 943.5 cm? band tracked the 900.7 cthband. All four of
state with 981.0 and 1021.0 chantisymmetric and symmetric  these bands produced triplet isotopic structures in the scrambled
vibration frequencies, which are 56 and 52 ¢nhigher than isotopic experiment, indicating that two equivalent oxygen atoms
the calculated Nb@values. The calculated cation valence angle are involved in the modes. The 16/18 isotopic ratios for the
of 102.3 is slightly lower than the calculated NbQalence 945.9 and 943.5 cnt bands are 1.0530 and 1.0529, which are
angle of 103.9. From the experimental 16/18 isotopic ratio, appropriate for symmetric stretching of the ONbO molecule,
the valence angle upper limit is 186 5°, which is slightly while the 903.6 and 900.7 cthbands exhibited antisymmetric
lower than the value (112 5°) determined for Nb@33:34 NbO;, stretching ratios of 1.0475 and 1.0476. These bands are
Again, there is no measurable decrease in the bands assigned2.4 and 12.4 cmt and 27.7 and 30.9 cm higher than the
here to Nb@" on photolysis, which requires that the small analogous Nb@ vibrations, so aperturbed Nb@ molecule
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should be considered. Two bands at 1109.3 and 5113 cm 16/18 ratios of 1.0414 and 1.0525, respectively. Recall that
go together, although these two bands do not track either pairtwo bands were observed in this region at 555.6 and 506:9 cm
of bands mentioned above, but they track with the sum of 945.9 with 1.0416 and 1.0495 isotopic ratios, and the latter was
and 943.5 cm! and the 903.6 bands plus the 900.7ém  assigned to (VO as a minor species. It is now clear that
absorption. Note that the 1109.3 chiband center was blue  both 555.6and 508.9 cnit bands are due to the side-bonded
shifted about 0.2 crt after higher temperature annealing, when (O2)VO, molecule?* The mixed isotopic splitting patterns of
the 943.5 and 900.7 cth bands become dominant. So these these two bands are affected by interaction between these two
bands are due to a product molecule at different matrix sites, vibrations on symmetry lowering in the mixed isotopic species.
and the site effect was less pronounced for the 1109.3 and 511.3Here we identify the major V@product (site a and site b in ref
cm~1 vibrational modes. The 1.0598 isotopic ratio for the 24) as the side-bonded @VO, structure withC,, symmetry.
1109.3 cm! band denotes an-@0 stretching vibration, and (O2)TaO,. Similar bands at 1095.7, 950.5, 946.3, 894.5,
the triplet observed at 1109.3, 1078.4, and 1046.6'dmthe 889.4, and 524.2 cm were observed in the T& O, reaction
160, + 160180 + 180, experiment indicates that these bands and are assigned to the {@a0, molecule, again with site
are due to an ©0 subunitwith equialent O atoms in the © splitting on the Ta@stretching modes. The 1095.7 chband
subunit The sharp triplet for the ©0 subunit confirms that ~ showed an GO stretching isotopic ratio (1.0598) and the triplet
this new Q + NbO, molecule has the side bonded,JRbO;, isotopic structure, indicating that two equivalent oxygen atoms
structure since the $ubunit vibration shows equivalent atomic ~ are involved in this mode for the complexed €ubunit. (The
positions. The associated 511.3 ¢nbband exhibited a 1.0490  absence of Fermi resonance between the-(8) NbG; band
isotopic ratio, which is slightly lower than the diatomic ratio at 1078 cm* and the overtone of the 511 cifundamental is
and due to an (—Nb—0O; vibration. In the scrambled isotopic  clear. The lack of Fermi resonance between the-(l) TaQ
experiment, a broadened doublet was observed, this doublet isoband at 1065 cm and the overtone of the fundamental near
actually an unresolved higher multiplet. The Nbéntisym- 522 cmt also follows.) The 950.5 and 946.3 cfhand 894.5
metric vibration was blue shifted 27.7 ctrin (O)NbO,, similar and 889.4 cm! bands exhibited symmetric and antisymmetric
blue shifts were also observed for OO¥®and OOCrQ.2* vibration isotopic ratios of 1.0568 and 1.0530, respectively, for
Note that the isotopic ratio for the antisymmetric vibration a TaQ subunit. Both 950.5 and 894.5 cfbands produced
(1.0475) is slightly lower than the NbQatio, which gave a  sharp 1/2/1 triplets and confirmed that two other equivalent
118.3 valence angle upper limit, suggesting that cyclie O o0xygen atoms are involved in these modes while the 946.3 and
binding to NbQ slightly opened the ONbO valence angle. 889.4 cm! bands both gave slightly broad intermediate
The 911.5, 895.5, and 892.3 chand 952.3, 940.2, and 938.3  components, suggesting coupling between the symmetric
cm* bands appeared on higher temperature annealing, but in(O—0)TaG and (Q)Ta—O, stretching modes. The 524.2 cin
more dilute experiments these bands were weak. In addition, Pand exhibited the diatomic isotopic ratio of 1.0549 and at least
these bands had similar isotopic ratios with the,){@®O, four isotopic components. Itis interesting to note that the raO
molecule. In the ©-O stretching region, a broad band at 1131 antisymmetric vibration in (§TaC; red shifted 12.4 cm,
cmt tracked with these bands. The above bands are assignedVhile (O2NbO; was blue shifted on £complexation. Again,
to (O2)xNbO, complexes withx = 2. the cyclic G ligand slightly opened the TaQvalence angle

The identification of OOVQ@ must be reconsidered, as on (esStir:nated ?f:O(;n li)sotgpic ;atli%)ég 5 9440 d 886.21
first glance there is no reason for the J@0, and (Q)NbO, arp refate ands a =2, 944.0, an £ cm
molecules to have different structures. The OQV@ntifica- appeared on higher temperature annealing. The 944.0 and 886.2

. ' ~1 bands exhibited 1.0566 and 1.0531 isotopic ratios and
tion was first suggested by Almond and Atkihgrom photo- cm -k . !
chemical studies with V(C@)and G, but the apparently triplet isotopic structures, while the 1099.5 chiband was very

compelling evidence came from laser-ablated V atom reaéfions weak as compared W'th.the. former tW(.) bands; all of the above
with 160, -+ 160180 + 180, which resolved the central mixed- absorptions were weak in dilute experiments. These bands are

. . . - : assigned to (gxTa®, molecules withx > 2.
isotopic component of the ©0 stretching multiplet into two .
bands split by 1.8 cmt. This is usually interpreted to indicate e (NG, and (Q)TaG, absorptions grow greatly on

inequivalent O atoms in the vibrational mode. However, the innlig“n?r’“igg \/izz(;/veizcakégteerrrinrﬁgrﬁ;e gﬁmizr::gtstrl]iimiese
18—18 component is split by Fermi resonance and the 1% 2 P b 99

component likewise could be so split, and the straightforward molecules are produced mainly by reaction 5:

?nterp.retation of the split mixed-i;otopic component to indicate 0, + NbO, — (O,)NbO, (5a)
inequivalent O atoms could be incorrect.
BP86 calculations done on all three M@olecules (Table 0, + TaG, — (0,)Tag, (5b)
5) show that the side-bonded {Gtructure C,) is more stable
by 16-22 kcal/mol. Furthermore, the-80 complex frequen- M0, Species. The analogous vanadium experiments pro-

cies calculated for the side-bonded structures are in excellentqyced weak 1042.4 cri and 668.1 and 504.3 crhbands on
agreement with the observed values whereas the end-bondegnnealing, which were suggested to be due to open VOVO and
structures are predicted to absorb-885 cn* higher. The  puckered ring YO, molecule* An analogous band observed
(O2) complex vibration predicted at 1135.7 chrand observed  here for Nb at 997.6 ¢, which gave a quartet scrambled
at 1127.2 cm' is, of course, calculated to have a triplet isotopic spectrum and an appropriate 16/18 isotopic ratio for
scrambled isotopic spectrum, and the 1.8 ¢splitting of the an open NbONbO molecule. Weak bands near 970dor
central (16-18) band then must be due to Fermi resonance Ta can only be identified as ¥@,. The 689.1 and 622.4 crh
between the (1618) V¢80, fundamental band observed near apsorptions that appear on annealing for Ta could be due to
1095 cntt and the overtone of the different mixed isotopic  (TaO) species; both bands exhibit triplet scrambled isotopic
fundamentals observed near 554 ¢m patterns and diatomic 16/18 isotopic ratios. The 689.1%m
The calculation for (}VO; predicts two observable ¢p- band is appropriate for a bridged¥@ vibration, and the 689.1
V—0; stretching modes at 513.4 and 507.4énwhich have cm! band is assigned to the rhombus (TaOholecule.
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Analogous rhombic transition metal oxides have been character- The 807.0 cm! band in the Tat O, system has the same
ized for the later first-row transition metal atoms behavior: observed after deposition, slightly increased on 25
Mn—Ni.20.22.2538 K annealing, decreased on photolysis, and then decreased on
The (TaO) molecules are formed by reaction 6, according higher annealing cycles. The 16/18 isotopic ratio of 1.0523 is
to triplet structures observed in both mechanical and scrambledlower than the diatomic TaO ratio. The quartet observed in
isotopic mixture experiments: The weak band at 687.6%cm  both mechanical and scrambled isotopic experiments points to
a degenerate mode, which suggests a trigonal;sp@cies.
TaO+ TaO— (TaO), (6) The DFT calculations suggest the anion identification. The
NbOs;~ anion is predicted to have a very strongle) funda-
in the niobium system also increased on annealing but showedmental near 837 cmi, to have a valence angle near 118nd
a lower 16/18 ratio near that for ONbO and no obvious to be 83.0 kcal/mol more stable than Np®ith a weakvs(e)
intermediate component. This band cannot be identified. mode at 892 cm' and a 103 valence angle. Although we have
MO,~. The sharp 854.1 cm band with Nb increased observed no absorptions that can be assigned taNb©817.1
slightly on 25 K annealing, decreased slightly on broad-band cm™* band is more likely due to Nb9. Likewise, the Ta@"
photolysis, and decreased steadily on subsequent annealingsanion is predicted to have a stromg fundamental near 700
The band revealed an asymmetric triplet on statistical oxygen cm * and to be 82.0 kcal/mol more stable than 3a®he CCl
isotopic substitution, which is appropriate for the vibration of doping experiments described below confirm that these absorp-
two equivalent oxygen atoms interacting with a higher frequency tions are due to anions.
mode. DFT calculations predict the strong NbOanion The MO; molecules can be made by reactions 9, and the
fundamental some 28 crhbelow the neutral Nb@molecule, corresponding anions can be made by reactions 10. The NbO
and the 854.1 cmit band is an appropriate assignment. The molecule was found to be the building block for large niobium
836.9 cnt! band with Ta can, for the same evidence and oxide clusters®
reasons, be assigned to TaO The 16/18 ratios predict 131

angle upper limit&34 for both anions, somewhat larger than MO, + O — MO, (9a)
the 104 and 107 DFT values, but neither method is expected
to be highly accurate. Nevertheless, the valence angles for MO + O, —~ MO, (9b)

NbO,~ and TaQ~ are clearly larger than valence angles for
NbO, and TaQ, and near values recently determined for the
isoelectronic molecules Moand WQ (122 + 4° and 124+ MO,+ O — MO, (10a)
4° valence angle upper limitlower limit averages}* In this
regard, both Cr and O isotopic frequencies for €rhtave
accurately determined the valence angle as 428°.21 The
analogous relationships have been found for Za@d ZrQ~
and for HfQ, and HfQ,~.1° We are investigating the effect of doping the matrix sample
The NbQ~ and TaQ~ anions are made by the capture of With CCL (0.05%) on the population of product species trapped
electrons from the laser ablation proc@ssluring sample in the matrix. Carbon tetrachloride is an efficient electron trap,
condensation: and in other studies in this laboratory, we have shown thaj CCl
dopingreducesanion absorbances by 9000% andncreases
NbO, + e — NbO,~ (7a) cation relative to neutral molecule absorbances by BiD%.

In O, experiments, CGldoping eliminates @ while O;" is
clearly observed. In the presens f@actions with laser-ablated
Nb and Ta, CCJ doping has the same effect and supports the

resent product identifications. The bands assigned here to
The slig.ht. decrea§e in NbO anq Ta.Q*. absorptions on ElbOg‘, l\[l)bQ‘, Ta®,, and Ta@™ are eliminated \?vith CGl
photolysis is due e|ther to photodissociation (eq 8a) or photo- added, whereas the, andv; NbO," and TaQ" absorptions
detachment (eq 8D): are increased to the intensities observed for Nb@d TaQ.

The NbO" and Tad absorptions are weaker and masked by

MO, +e — MO, (10b)

TaQ,+e —Tal, (7b)

NbO, —NbO + O (8a) CCly and photolysis product absorptions so that additional
~ B supporting evidence cannot be obtained.
NbO, — NbO, + e (8a) A similar experiment with V and  doped CCJ, and low

laser energy (4= 1 mJ/pulse) eliminated the 896.8, 894.8¢m

It is expected that Nb©should have an appreciable electron bands assigned earfiéto v3 of VO,~. Weak unassigned bands
affinity®® such that photodetachment with the mercury arc will in the V+ O, system at 886.5, 883.9 cth(844.7, 842.1 cm!
be an inefficient process. for 180,) and 916.2 cm! (883.3 cn1! for 180,) are assigned

MO3~. The 817.1 cm! band observed with Nb after here tov; of VO, andvs of VO3~ respectively; these latter
deposition increased slightly on 25K annealing and decreasedbands were also eliminated by GQloping. A similar DFT
on photolysis and higher temperature annealing. This band calculation for VQ~ predicts aDgy structure with one very
shifted to 781.4 cm® with 180, and gave the 16/18 isotopic  strong bandys, at 977.1 cm?® and the low 16/18 ratio 1.03693,
ratio of 1.0457, which is lower than the diatomic ratio and both in excellent agreement with observed values. Unfortu-
indicative of an antisymmetric ©Nb—O vibration. In both nately, no absorptions can be assigned to cations in tHeO4
mixed and scrambled isotopic experiments, a quartet with mixed system.
isotopic counterparts at 794.3 and 787.1 émwas observed, Other Absorptions. The weak doublet at 861.3 and 859.4
which suggested three equivalent oxygen atoms involved in acm™! in the Nb+ O, system and weak bands in the-N
degenerate mod€. Accordingly, the 817.1 cmt band is stretching region at 2107.0 crhgo together and are assigned
assigned to a Nb{species. to (N2)NbO, as will be discussed in another paper. Several
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weak absorptions cannot be identified from the present observa-

tions and are noted by NBy and TgOy in Tables 1 and 2.

Conclusions

Laser-ablated niobium and tantalum atoms react wittidO
give MO and OMO as major products and MCMO,~, and
MO," as minor products, which are identified from oxygen
isotopic substitution on their matrix infrared spectra and from
DFT calculations of isotopic frequencies. Annealing allows
diffusion and further reactions to give MO, complexes with
C,, structures. Similar calculations and a re-analysis of the V

Zhou and Andrews

(14) Balducci, G.; Gigli, G.; Guido, MJ. Chem. Physl986 85, 5955.
(15) Dyke, J. M,; Ellis, A. M.; Feher, M.; Morris, A.; Paul, A. J.; Stevens,
J. C. H.J. Chem. Soc., Faraday Trans.1®87, 83, 1555.

(16) Loh, S. K,; Lian, L.; Armentrout, P. Bl. Chem. Phys1989 91,
6148.

(17) Radi, P. P.; Helden, G. W.; Hsu, M. T.; Kemper, P. R.; Browers,
M. T. Int. J. Mass Spectrom. lon Processk391, 109, 49.

(18) Deng, H. T.; Kerns, K. P.; Castleman, A. W., Jr.Phys. Chem
1996 100, 13386.

(19) Chertihin, G. V.; Andrews, LJ. Phys. Chem1995 99, 6356.

(20) Chertihin, G. V.; Saffel, W.; Yustein, J. T.; Andrews, L.; Neurock,
M.; Ricca, A.; Bauschlicher, C. W., Jd. Phys. Chem1996 100, 5261.

(21) Chertihin, G. V.; Bare, W. D.; Andrews, ll. Chem. Phys1997,
107, 2798.

+ O, observations show that the analogous vanadium species (22) Citra, A.; Chertihin, G. V.; Andrews, L.; Neurock, M. Phys.

is also (Q)VO..

On the basis of the; vibrational frequencies for the ¥0,
and MO, molecules, the metal dioxide valence angles are
estimated to be 10& 5° for NbO, and 106+ 5° for TaOy; the
molecular cations are more bent with valence angles1@&3
and 105+ 5° for NbO," and TaQ", respectively; and the
NbO,~ and Ta@~ molecular anions are more open with 120
+ 10° valence angles allowing for anharmoniciy.Evidence
is also presented for stable MOanions. The CGldoping

investigations confirm these identifications of charged species.

Charged species, formed by laser-plume photoionization or

capture of electrons produced in the ablation process, make a

minor contribution to the observed spectrum. Laser ablation
of metal atoms for reaction with Qs an effective method of
preparing small refractory oxides, and it offers the advantage
of minimum heat load on the matrix in contrast to conventional
high-temperature oven techniques.
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