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Reactions of Laser-Ablated Niobium and Tantalum Atoms with NO. Infrared Spectra of
the NMO, M(5*-NO)x (x = 2, 3), and (N)(MO ;) Molecules in Solid Argon

Mingfei Zhou and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901
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Laser-ablated Nb and Ta atoms react with NO to give primarily the NNbO and NTaO insertion products,
which are identified from isotopic substitution and density functional calculations of isotopic frequencies.
Although the mononitrosyls are not observed, annealing gives dinitrosyls the trinitrosyls for both metals.
Photolysis markedly increaseskNbG;,) and (N)(TaGy), which are stable end products for these reactions.
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of transition metals with ligands such as NO. A number of 010
recent theoretical and experimental studies have addressed thi M\A\AAM)
topic. Density functional studies of first row transition metal B

Absorbance
)
o
-
/A>
o
!
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Bonding of different [Fe, N, O] isomers have also been M -
investigated. Experimentally, iron, cobalt, nickel, and copper 0.04 A“mﬁ“”&\-\\\ﬂ’)\
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reactions with NO molecules have been carried out in our
laboratory®=” Due to the high reactivity of laser-ablated metal 025 JL«MMJL\W/M\ @
atoms, insertion reactions to form NMO molecules were :

observed for the early metals, while addition reactions to form
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the nitrosyls MNO and cyclic M[NO] species proceeded on o_mjL el b
annealing in the argon matrix for all metals from Sc to Cu. ;4 |oMNbNOT  NbNO), JLLK\;’\W“
However, there are no similar studies on the second and third ool . e ?f’f_;“ﬁ
row transition metals. Itis interesting to know which behavior 175 1700 1650 1600 1550

will dominate reactions of the second and third row metal atoms. , N wm]@
Furthermore, the vanadium reaction with (N@ave evidence R — s
for a weak (N)(VO2) complex® This reaction provides an 03 M“ @
obvious method for catalytic removal of nitric oxide, and it will I — o

be of interest to compare the effectiveness of niobium and
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tantalum in this reaction. o NNbO (ON)(NBO,) NNbO

The reactions of niobium and tantalum atoms with NO NMMV;;WJJ\ Y
molecules are also of considerable interest, as niobium and oo - . No, N @
tantalum nitrides have applications as semiconductors and o = “900*“***~» e
coatings® Synthesis of niobium and tantalum nitride thin films Wavenumbers (cm-1)

using different methods such as chemical vapor deposition, ion Figure 1. Infrared spectra for laser-ablated Nb atoms co-deposited
sputtering, and pulsed-laser deposition have been extensivelywith 0.3% NO in excess argon on a 10 K Csl window: (a) after 1 h
studied®'® Owing to the unusual thermostability of niobium sample co-deposition at 10 K; (b) after annealing to 25 K; (c) after
and tantalum oxides, the possibility of oxygen contamination Proad-band photolysis for 30 min; (d) after annealing to 30 K; (€) after
during film synthesis must be considered. One method for 2"N€aling to 35 K.

controlled oxygen addition to the Nb or Ta/System is to react ~ PY @ 10 cm focal length lens onto the rotating metal target (Nb,
with NO diluted in No. For this reason, a study of laser-ablated G0odfellow, 99%; Ta, Mackay, 99.99%). The laser repetition

niobium and tantalum atom reactions with NO have been rateis 10 Hz with a pulse width of 10 ns. Different laser powers
performed. ranging from 20 to 40 mJ/pulse at the sample were used in the

experiments. The ablated metal atoms were co-deposited with
0.3%NO/Ar gas onto the 10 K Csl window at a rate of£
mmol/h for 1-2 h. Different isotopic NO sampleg“NO,

The experiments of laser ablation and FTIR matrix investiga- Matheson;15N60, Isomet, 99%;1°N180, Isotec, 99%) and
tion have been described previoudly? The 1064 nm selected mixtures were used. FTIR spectra were recorded with
Nd:YAG laser beam (Spectra Physics, DCR-11) was focused 0.5 cnt? resolution and 0.1 cni accuracy on Nicolet 750.

Experimental Section
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TABLE 1: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Niobium Atoms with NO in Argon at 10 K

1N160 15\160 15\180 14N160 + 15N160 R(14/15) R(16/18) assignment
2284.2 2214.3 2205.6 2284.3, 2263.0, 2236.1, 2214.2 1.03151 1.00394  ,0)(IMO)
2232.2 2162.6 1.0322 X @)
2218.4 21495 21425 2218.4,2196.3, 2172.5, 2149.5 1.032 06 1.00330  ,0)(I®O)
2107.0 2037.5 2037.5 2107.2, 2072.9, 2037.6 1.034 14 HINBO;
1872.1 1839.1 1789.5 1872.1, 1839.0 1.017 94 1.027 72 NO
1863.3 1830.5 1781.2 1863.3, 1849.7, 1830.5 1.017 92 1.027 68 »(NO)
1833.5 1802.1 1753.0 1.017 42 1.028 01 2O
1831.6 1799.4 1751.4 1.017 89 1.027 41 Ohlsite
1776.1 1744.6 1697.5 1776.1, 1757.6, 1744.7 1.018 06 1.027 75 2(NO)
1747.1 1715.8 1697.5 1747.1,1715.8 1.018 24 1.026 63 (ON)Nb[NO]
1677.5 1645.8 1604.9 1.019 26 1.025 48 Nb(hiHe
1673.2 1642.5 1600.8 1673.4, 1662.5, 1651.2, 1642.6 1.018 69 1.026 05 Nb(NO)
1668.3 1637.6 1596.0 1.018 75 1.026 07 Nb(hiEe
1610.8 1576.3 1545.7 1610.8, 1576.2 1.021 89 1.019 80 » NO
1606.3 1571.8 1541.4 1606.3, 1571.8 1.021 95 1.019 72 MO
1589.3 1561.9 1520.4 1589.4, 1575.3, 1561.9 1.017 54 1.027 30 2(NO)
1583.6 1555.3 1515.3 1583.9, 1567.8, 1555.4 1.018 39 1.026 20 Np(NO)
1583.3 1556.0, 1514.6 1583.3, 1569.2, 1556.0 1.017 54 1.027 33 SN
1314.7 1295.5 1254.7 1.014 82 1.03252 LO)NNbO)
1301.4 1286.3 (X)(N20)
1296.2 1281.7 1234.6 1.011 31 1.038 15 0l
1282.7 1263.2 1224.0 1.015 44 1.032 03 ON
1243.5 1218.2 1191.8 1.020 77 1.022 15 NO
1222.7 1198.7 1172.1 1.020 02 1.022 69 cis-(NO)
1221.0 1199.9 1167.4 1.017 58 1.027 84 trans-(NO)
1135.4 1113.4 1089.0 1135.4,1127.7, 1121.6, 1113.4 1.019 76 1.022 41 ?
1002.9 973.7 1.029 99 NbN
1001.3 972.2 1.029 93 NbN site
1000.1 970.6 1.030 39 NDbN site
977.3 951.9 947.0 977.3,951.9 1.026 68 1.005 17 NNbO
975.3 950.3 944.9 975.3, 950.3 1.026 31 1.005 71 NNbO site
970.5 970.5 923.4 1.051 01 NbO
967.2 967.2 920.9 1.050 28 NbO site
965.0 965.0 918.6 1.050 51 NbO site
963.6 963.6 916.9 1.050 93 NbO site
937.8 937.8 891.0 1.052 53 (ON)(NBOV:
921.6 921.6 875.3 1.000 11 1.052 90 2NDOy), v;
887.7 887.7 847.7 1.047 19 (ON)(NBOvs
875.8 875.9 835.6 1.048 23 NbO
869.8 869.7 830.0 1.047 83 Nb6ite
861.4 861.3 822.3 1.000 12 1.047 43 ANDOy), v5
852.6 849.7 813.8 852.6, 849.7 1.003 41 1.044 11 NNbO
850.6 848.0 811.7 850.6, 848.0 1.003 07 1.044 72 (NNbO)(NO)
843.2 839.7 805.3 843.2, 839.7 1.004 17 1.042 72 (NNbO){NO)
841.3 838.0 803.2 841.3, 838.0 1.003 94 1.043 33 (NNbO){NO)
823.4 808.0 793.8 823.4, 808.0 1.019 06 1.017 89 (ON)Nb[NO]
822.0 807.1 792.0 822.0, 807.2 1.018 46 1.019 07 site
768.3 784.3 745.4 768.3, 758.7, 748.3 1.026 73 1.00389 03N

Matrix samples were annealed at different temperatures, andof bands at 937.8 and 887.7 chwere observed after deposition
selected samples were subjected to broad-band photolysis by and increased 25% on first annealing, decreased 20% on
medium-pressure mercury arc lamp (Phillips, 175 W) with the photolysis, and increased together on further annealing. A sharp
globe removed. band at 861.4 cmt and a weak band at 921.7 chwere
produced on photolysis; these two bands decreased together on
further annealing. A sharp doublet at 823.4 and 822.0'cm
was produced on annealing, destroyed on photolysis, and
reproduced on annealing. In addition, weak absorptions at
1002.9 cn1! due to NbN, 965.0 cmt due to NbO, and 875.8

Results

Infrared spectra will be presented for Nb and Ta reactions
with NO.

Nb + NOJ/Ar. Laser-ablated Nb atoms were co-deposited - "
with 0.3% NO in argon, the spectra in the 2302080, 1755 onT due t(_) NbQ w_ere observed after depositiéi?
1530, and 1010810 cnr regions are shown in Figure 1, and ~ In the middle region, strong NO (1871.8 cHand (NO}
the new product absorptions are listed in Table 1. In the lower (1863.3, 1776.1 crt) bands and N@(1610.8, 1606.3 cr)
cm L region, two pairs of doublets appeared at 977.3, 975.3 and (NO)" (1589.3, 1583.6 ct) bands were observed after
cm! and 850.6, 852.6 cm; annealing to 25 K increased the ~ depositiont>~17 Annealing to 25 K produced sharp bands at
stronger bands about 250% and the weaker bands about 70%1747.1, 1714.9 cnt together with a weak doublet at 1677.5,
Broad-band photolysis decreased the stronger bands and in1673.2 cmi. All these bands decreased on photolysis and
creased the weaker bands. Another annealing to 30 K increasedncreased on annealing. Meanwhile, a new 1583.6'cm
the stronger bands about 40% and slightly decreased the minor@bsorption near the (N®) site band at 1583.3 cmiincreased
bands. The stronger bands held on the further annealing to 350n 25 K annealing, which means that another new product band
and 40 K, while the weaker bands decreased. A weaker pairoverlapped. In theNO experiment, this band separated into
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Figure 2. Infrared spectra for laser-ablated Nb atoms co-deposited Figure 3. Infrared spectra for laser-ablated Ta atoms co-deposited with
with 0.15%*“NO + 0.15%*5NO in excess argon at 10 K: (a) after 1  0.3% NO in excess argon on a 10 K Csl window: (a)mfté sample

h deposition; (b) after annealing to 25 K; (c) after 30 min broad-band co-deposition at 10 K; (b) after annealing to 25 K; (c) after broad-

photolysis; (d) after annealing to 30 K; (e) after annealing to 35 K; (f) band photolysis for 30 min; (d) after annealing to 30 K; (e) after

after annealing to 40 K. annealing to 35 K.

two discrete bands, which confirmed that the 1583.6¢hand  stepwise annealing to 30, 35, and 40 K slightly increased and
is a new product absorption. The band produced on annealingthen decreased these bands; in theNNstretching region, a
was destroyed on photolysis. new band at 2060.6 cri exhibited matching behavior. Two

In the upper region, BO was observed on deposition and  \eak bands at 819.1 and 814.1 thslightly decreased on
new bands appeared at 2284.2 and 2232.2'am annealing.  gnnealing to 25 K and disappeared totally on photolysis.
A new band at 2107.0 cm increased markedly on photolysis  \eanwhile, very weak bands at 1058.8 ¢ndue to TaN and
and decreased slightly on annealing. This band tracked with 1914 2 cn7! due to TaO were observed after depositids
the 861.4 and 921.7 cm bands. ) and decreased on annealing cycles, as in earlier matrix experi-

Experiments with*N*0 and'*N'®0 gave the same behavior  ents  Important new bands at 1680.7, 1676.9, and 1574.8
with peaks shifted as listed in Table 1. One experiment with -1 a00eared on 25 K annealing in the,upper région.
mixed*NO + >NO was done; doublets were observed for the
1747.1, 1714.9, 977.3, 975.3, 852.6, 850.6, 823.4, and 822.0
cm! bands, a triplet for the 2107.0 cthband, and quartets
for the 1673 and 1583.6 crhbands. Figure 2 shows important
regions in the mixed isotopic experiment.

Ta + NOJ/Ar. Laser-ablated Ta atoms co-deposited with N

Again™NO andN'80 experiments were done, and isotopic
frequencies are listed in Table 2. An experiment witHNO
+ 15NO mixture revealed doublet isotopic structure for bands
at 1729.6, 1058.8, 967.6, 965.9, 857.9, 857.5, 819.5, and 814.1
o cm™1, a triplet for 2060.6 cm!, and quartets for the 1676.9

in excess argon gave the infrared spectra shown in Figure 3;and 1574.8 cm! bands. Selected regions of the mixed isotopic

the absorptions are listed in Table 2. As can be seen, the spectr&PECtrum are shown in Figure 4.

are very similar to those of the NB- NO system. After Calculations. Density functional theory (DFT) calculations
deposition, two doublets at 967.6,965.9 and 857.9, 855:8 cm  using the Gaussian 94 progréhwere employed to calculate
were observed. The 967.6 and 855.8émands go together, ~ structure and frequencies for the MNO isomers. The BP86
both doubled on 25 K annealing, slightly decreased on pho- functional, D95* basis set for nitrogen and oxygen atoms and
tolysis, and increased about 15% on another annealing to 30Los Alamos ECP plus doublg{DZ) basis set for metal atoms
K. The 965.9 and 857.9 cm bands behaved slightly differ-  were used for all calculatiorf8-22 These calculations are
ently; they doubled on annealing to 25 K, decreased more (25%) considered to be a first-order approximation and a guide for
on photolysis, came back on annealing to 30 K, and held fast vibrational assignments. For both NbNO and TaNO isomers,
on further annealing to 35 and 40 K. A sharp band at 819.5 the insertion products NNbO and NTaO molecules are calculated
cm! produced on 25 K annealing, destroyed on photolysis, to be more stable than other isomers. The side bonded M[NO]
returned on higher temperature annealing, and tracked with theand nitrosyl MNO isomers are about-480 kcal/mol higher in
1729.6 cm! band. A pair of bands at 941.0, 882.5chwhich energy than corresponding NMO insertion products. Table 3
were very weak after deposition greatly increased on photolysis; summarizes the calculated parameters.
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TABLE 2: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Tantalum Atoms with NO in Argon at 10 K

1N16O I5N160 I5N180 N80 + 15N160 R(14/15) R(16/18) assignment
2284.3 2215.2 2205.5 2284.3, 2263.6, 2240.0, 2215.0 1.03119 1.004 40 20)(THO)
2079.5 2012.2 site
2060.6 1992.3 1992.0 2060.8, 2027.1, 1992.2 1.034 28 2)(THIO)
1871.8 1838.8 1789.5 1871.8, 1838.8 1.017 95 1.027 55 NO
1863.3 1830.5 1781.2 1863.3, 1849.7, 1830.5 1.017 92 1.027 68 2(NO)
1833.5 1801.2 1753.0 1.017 93 1.027 50 208\
1776.2 1744.8 1697.5 1776.2,1757.6, 1744.7 1.018 00 1.027 86 2(NO)
1729.6 1694.9 1655.8 1729.5, 1695.3 1.020 47 1.023 61 (ON)Ta[NO]
1720.8 1700.3 1647.8 1.012 06 1.031 86 (ON)Ta[NQ]
1680.7 1649.3 1608.2 1.019 04 1.025 56 Ta(hsop
1676.9 1645.6 1604.7 1677.0, 1664.4, 1654.4, 1645.6 1.018 41 1.025 49 Fa(NO)
1610.8 1576.3 1545.7 1610.8, 1576.2 1.021 89 1.019 80 2 NO
1606.3 1571.8 1541.4 1606.3, 1571.8 1.021 95 1.019 72 » MO
1589.3 1561.8 1520.4 1589.3, 1575.3, 1561.8 1.017 61 1.027 23 2(NO)
1583.3 1556.0 1514.6 1583.3, 1569.2, 1556.0 1.017 54 1.027 33 (181D
1574.8 1546.1 1507.0 1574.8, 1559.4, 1556.5, 1546.1 1.018 56 1.025 95 Ta(NO)
1296.2 1281.7 1234.6 1.01131 1.038 15 200
1282.7 1263.2 1224.0 1.01544 1.032 03 2ON
1243.5 1218.2 1191.8 1.020 77 1.022 15 NO
1222.7 1198.7 1172.1 1.020 02 1.022 69 cis-(NO)
1221.0 1199.9 1167.4 1.017 58 1.027 84 trans-gNO)
1058.8 1026.0 1026.0 1059.0, 1026.1 1.03197 TaN
1018.2 1018.2 965.1 1.055 02 TaO site
1014.2 1014.2 961.4 1.054 92 TaO
1011.7 1011.7 959.0 1.054 95 TaO site
967.6 942.7 934.7 967.6, 942.7 1.026 41 1.008 56 NTaO
965.9 941.5 932.7 965.9, 941.6 1.025 92 1.009 43 NTaO site
941.0 941.0 890.8 1.056 35 MNTad) v,
918.4 918.2 870.4 1.000 22 1.054 92 (NO)TaO ?
9111 904.3 869.1 911.1,904.3 1.007 52 1.040 50 Ta[NO]
909.9 902.8 868.3 909.8, 902.8 1.007 86 1.03973 Ta[NO]
907.6 907.6 861.3 1.053 76 Ta@s)
892.3 892.3 847.3 1.053 39 (N@YaO,) vs
887.9 887.9 842.9 1.05350 (NORO; v3
882.5 882.5 837.9 1.053 29 PTa0,) site
880.6 880.6 836.2 1.053 10 MNTal,) vs
857.9 852.7 816.2 857.9, 852.7 1.006 10 1.044 72 NTaO site
855.8 851.2 814.0 855.8, 851.2 1.005 63 1.045 49 NTaO
847.9 8415 807.5 847.9, 841.5 1.007 61 1.042 11 (NO)NTaO
846.1 840.1 805.5 846.1, 840.1 1.007 14 1.042 95 (NO)NTaO site
819.5 800.7 788.7 819.5, 800.7 1.023 48 1.01521 (ON)Ta[NQ]
819.1 811.8 780.6 1.008 99 1.039 97 (NTaGite
814.1 807.8 775.5 814.1, 807.8 1.007 80 1.041 65 (NTae
787.5 765.4 760.8 787.5,775.7,765.4 1.028 87 1.006 05 ?
783.7 764.9 759.4 785.7,772.7 1.027 19 1.007 24 ?
768.3 784.3 745.4 768.3, 758.7, 748.3 1.026 73 1.003 89 203N
Discussion Accordingly, only one NO subunit is involved, and these bands

Similar products were observed for Nb and Ta, and these are assigned “? the NNb_O molecile.
products will be assigned on the basis of isotopic shifts and DFT calculations for singlet NNbO gave 1021.5 and 888.5
splittings. cm™1 for the N—=NbO and NNB-O vibrational modes, which _

Insertion Products. NNbO. The doublets at 977.3, 975.3 should be scaled by 0.96 to match the observed frequencies.
and 852.6, 850.6 cm are the major product absorptions: these 1€ 14/15 and 16/18 isotopic frequency ratios observed for the
bands go together throughout the experiments. Such smallUPPer and lower bands are in good agreement with the calculated
splittings are often observed in matrix samples and are ascribed(1-0282 and 1.0474) isotopic frequency ratios, which shows that
to different argon packing arrangements or local “site” effects. the NNbO molecule characterized by the calculation has the
The upper doublet shows large nitrogen (25.4 and 25.0tgm ~ Same normal modes as the molecule assigned here.
isotopic shifts and small oxygen (4.9 and 5.4 &nisotopic Two very weak bands at 843.2 and 841.3¢rave slightly
shifts. The observed nitrogen 14/15 isotopic ratios (1.0267, higher nitrogen isotopic ratios and slightly lower oxygen isotopic
1.0263) are slightly lower than the 1.030 value calculated for ratios compared with the NNbO vibration. The matrix site
the diatomic NbN molecule, which characterizes a terminal splitting (1.9 cnt?) is almost the same as the site splitting of
Nb—N vibration with weak coupling to an O atom. In concert, the 852.6 and 850.6 crhbands. These two bands are assigned
the lower doublet has very small nitrogen (2.9 and 2.6%m  to the Nb-O vibration of a perturbed NNbO molecule, while
isotopic shifts and large oxygen (35.9 and 36.3 &nisotopic the N-NbO mode is too weak to be observed. The source of
shifts. The oxygen 16/18 isotopic ratios (1.0441, 1.0447) are this perturbation is probably NO in the (NNbO)(NO) complex.
slightly lower than the calculated diatomic NbO ratio (1.051), NTaO. In the Ta+ NO experiment, similar absorptions at
which is suitable for a terminal NbO vibration with small 967.6, 965.9 cm! and 857.9, 855.8 cmi are assigned to the
coupling to an N atom. In the mixed +4.6/15-16 experiment, NTaO molecule. All these bands exhibit doublets in the mixed
only pure isotopic counterparts are observed for all four bands. 14—16/15-16 experiment, indicating that only one N atom is
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TABLE 3: Relative Energies (kcal/mol), Geometries, and Frequencies Calculated (BP86 Functional, D95* for N and O Atoms,
Los Alamos ECP plus DZ on Metal Atoms) for NbNO and TaNO Isomers

geom
molecule rel energy bond, A angle, deg freq, érfintens, km/mol)
NNbO A’ 0 NbN, 1.711; NbO, 1.765 OONNbO, 104.0 384.9 (3), 888.5 (148), 1021.5 (41)
378.6 (2), 886.9 (153), 993.5 (32)
369.9 (2), 846.8 (132), 990.4 (43)
NbNO3A +51.3 NbN, 1.800; NO, 1.226 356.7 (17), 621.6 (1), 1640.1 (526)
Nb[NO] 2A’ +55.3 NbN, 1.851; NbO, 1.915; NO, 1.449 540.0 (12), 659.3 (11), 950.2 (97)
534.9 (11), 646.0 (11), 932.9 (941)
517.7 (12), 632.6 (9), 912.1 (90)
NbNO 5=~ +62.6 NbN, 1.872; NO, 1.219 284.8 (28), 550.1 (3), 1616.3 (396)
Nb[NO] A’ +65.6 NbN, 1.817; NbO, 1.855; NO, 1.500 504.0 (2), 724.7 (32), 948.1 (85)
Nb[NO] °A' +67.6 NbN, 1.983; NbO, 2.108; NO, 1.300 438.1 (11), 595.0 (3), 1229.9 (185)
NTaOA’ 0 TaN, 1.728; TaO, 1.762 ONTaO, 104.6 356.7 (2), 858.4 (86), 974.9 (0.1)
Ta[NO]J *A’ +38.0 TaN, 1.822; TaO, 1.830; NO, 1.532 446.6 (0.1), 759.1 (3), 934.8 (45)
TaNO=* +44.9 TaN, 1.773; NO, 1.222 397.3 (5), 633.0 (0.4), 1677.3 (568)
Ta[NO]J 3A’ +47.8 TaN, 1.835; TaO, 1.890; NO, 1.487 539.2 (6), 663.0 (3), 921.9 (66)
TaNO®A +51.7 TaN, 1.790; NO, 1.235 366.4 (14), 609.1 (0.4), 1617.2 (518)
TaNO53~ +65.5 TaN, 1.851; NO, 1.227 284.6 (10), 549.1 (1), 1594.7 (346)
Ta[NO] %A’ +69.1 TaN, 1.955; TaO, 2.077; NO, 1.325 424.2 (9),612.1 (0.2), 1163.1 (131)

aFrequencies fotN1%0 isotopic molecule? Frequencies fot°N'€0 isotopic molecule.
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Figure 4. Infrared spectra for laser-ablated Ta atoms co-deposited with
0.15%“NO + 0.15%*NO in excess argon at 10 K: (a) after 1 h
deposition; (b) after annealing to 25 K; (c) after 30 min broad-band
photolysis; (d) after annealing to 30 K; (e) after annealing to 35 K; (f)
after annealing to 40 K.

involved in these vibrations. The isotopic 14/15 ratios for the
upper doublet (1.0264, 1.0259) are slightly lower than the
diatomic TaN ratio (1.0325) and are suitable for a terminal
Ta—N vibration with small coupling to an O atom, while, for
the lower doublet, the large isotopic oxygen ratios (1.0447,
1.0455) and small nitrogen shifts are suitable for a terminal
Ta—O0 vibration with small coupling to an N atom.

The weak bands at 847.9, 846.1 dirhave very similar
isotopic ratios with the doublet at 857.9, 855.8 ¢nthese two
bands are attributed to the perturbed NTaO molecule.

DFT calculations support the assignment, because the fre-

guencies calculated for singlet NTaO at 974.9 and 858.4'cm
are very close (0.99) to the experimental values. However, the
calculated intensity of the FaN mode is unreasonably low.
Of more importance, the observed 14/15 and 16/18 isotopic
frequency ratios are in very good agreement with the ratios of
calculated isotopic frequencies as a description of the normal
modes.

Both NNbO and NTaO absorptions were observed as major
products on deposition, so the insertion reaction is clearly
favored. Both these absorptions increased on first annealing,
so combination reactions of MO with N or MN with O atoms
may occur in the matrix as both MO and MN absorptions were
observed after deposition, and both decreased on annealing.
However, the growth on annealing is probably large enough to
suggest more insertion reaction.

NTaO. Two weak bands at 819.1 and 814.1 Tnwere
observed after deposition in the #aNO system. These bands
were decreased slightly on 25 K annealing, totally destroyed
on photolysis, and not reproduced on further annealing, which
is characteristic behavior for charged species in the matrix. These
bands show small nitrogen isotopic shifts; the 14/15 ratios
1.0078, 1.0090 are slightly higher than the N stretching
vibration ratio of NTaO molecule, while the oxygen isotopic
ratio 1.0417, 1.0400 is slightly lower than the NTaO ratio. No
intermediate band was observed in the mixed isotopic experi-
ment, which denotes the vibration of a single nitrogen atom.
These bands are tentatively assigned to the NTaO molecular
anions formed by electron capture.

Addition Products. The end- and side-bound addition
products MNO and M[NQ] are considerably higher in energy
than the NMO insertion products, and no clear evidence is found
here for the metal nitrosyl species. These molecules are weaker
absorbers than the antisymmetric stretching modes of the higher
nitrosyl species to be assigned below.

The weak 911.1, 909.9 crh doublet in Ta experiments
increases on first annealing, decreases substantially on photoly-
sis, and increases on subsequent annealing cycles. The isotopic
ratios are intermediate between-T@ and Ta-N values, which
is characteristic of the side-bound ring species. The strongest
mode for Ta[NO] in the!A’ ground state is 934.8 cth

Dinitrosyls. Nb(NO). The absorption at 1583.6 cthwas
produced on annealing. In tAeNO experiment, this band shifts
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to 1555.0 cmit and the isotopic ratio 1.018 39 is very close to
the diatomic NO ratio. In the mixed isotopic experiment, two
close intermediate bands at 1567.8, 1566.9%owere observed,
indicating that two slightly inequivalent N atoms are involved
in the vibration, so the Nb(N@)molecule with two nitrosyl
ligands has a slightly asymmetric structure. In thetVWNO
system, V(NO) has bent,, structure, and both symmetric and
antisymmetric vibrations are observeé@he observed 1583.6
cm~1 frequency for Nb(NOy was slightly lower compared to
the 1614.0 cm? value for V(NO} and 1623 cm! mode for
Cr(NO),.56

Ta(NO). The band at 1574.8 cmin the Ta+ NO system
has the same behavior as the Nb(M®©and in the Nb+ NO
system and is assigned to the Ta(M@jolecule. This band

Zhou and Andrews

after deposition increased slightly on annealing. These two
bands show no nitrogen isotopic shift and symmetric and
asymmetric Nb@isotopic ratios (1.0525, 1.0472). These two
bands must be due to another kind of perturbed NinGlecule,
and NO molecule is the likely source of this perturbation.

The antisymmetric and symmetric stretching frequencies for
NbO;, are reported at 875.8 and 933.4 ¢min the argon
matrix 1 It is interesting to note that Nperturbed Nb@red
shifts while NO perturbed Nb©Oblue shifts. In the Nbt+ O,
system, (Q)NbO, also blue shifts 28 and 12 crhfor antisym-
metric and symmetric modes, respectivEly.

(N2)(TaQ,). Three bands at 2060.6, 880.6, and 941.0tm
increased markedly on photolysis. Note the site structure for
these bands: photolysis produced a site band at 882.% fom

was observed on annealing and decreased on photolysis. N4 |ower band, while for 941.0 crh the site band cannot be

the mixed experiment, two intermediate bands at 1559.4 and

1556.5 cnt! were observed, which show only 2.9 chsplitting,
indicating that two inequivalent N atoms are involved. From
the splitting, we can see that asymmetry in Ta(N{@S)larger
than Nb(NO).

Trinitrosyls. Nb(NO}. A new band appeared at 1673.2
cm~1on 25 K annealing and increased significantly on higher

resolved, but the band becomes broad, and the site band for
2060.6 cn1tis at 2079.5 cm’. The 2060.6 cm! band did

not shift with oxygen isotopic substitution but shifted with

NO and produced a triplet in the mixed-145 experiment with

the 14/15 isotopic ratio of 1.0343, which is very close to the
diatomic N-N ratio. On the contrary, the 880.6 and 941.0¢ém
bands did not show a nitrogen isotopic shift, but a triplet was

temperature annealing. In the mixed isotopic experiment, a gpserved in théSNO experiment slightly contaminated by

quartet with two weaker intermediate bands was produced,

which is characteristic of a doubly degenerate m&d&he
1673.2 cm! band is assigned to the degenerasemode of
Nb(NO); with the 1677.5 cmt splitting due to a different matrix
site analogous to V(NQ)at 1715.1 cm.6

Ta(NO}. In the Ta+ NO system, the band at 1676.9 thn
with a 1680.7 cm?! satellite also produced a quartet pattern with
mixed“NO + 15NO precursors, which identifies the degenerate
vibration of three equivalent nitrogen atothand is assigned
to the antisymmetric vibration of the Ta(NQolecule fol-
lowing the Nb(NO) and V(NO}.

The trinitrosyls for V, Nb, and Ta are very similar. All have
site structure with only 45 cn1?® splitting. The frequency of
V(NO); is slightly higher than the Nb and Ta nitrosyls, while
Nb(NO); and Ta(NO) have ony a 5 cnt?! difference.

Dioxide Complexes(N2)(NbO,). The sharp bands at 921.7
tracks with the 861.4 cnt band and has 25% of the intensity;

I5N160. The triplets are also asymmetric: the intermediate for
the lower mode is 8.4 cm below the mean isotopic value,
and the intermediate of the upper mode is 8.4 tabove the
mean value. The oxygen isotopic ratios (1.0533, 1.0564) are
the same as the Ta®@atios!* These three bands are assigned
to stretching vibrations of the @NTa0O,) molecule.

(NO)(TaQ). The weak bands at 892.3, 949.9 ¢hobserved
after deposition slightly decreased on annealing. These two
bands show no nitrogen isotopic shifts and large oxygen shifts.
The oxygen isotopic ratios (1.0534, 1.0550) indicate that these
two bands are antisymmetric and symmetric vibrations of a,TaO
molecule. Again, these two bands are assigned to a NO
perturbed Ta@molecule following the (NO)(Nbg) example.

In contrast to the Nb@molecule, all of the perturbed TaO
molecules are red shifted. As can be seen, sli@@ds to form
the (N;)(TaO,) complex in these experiments.

(ON)M[NO]. The 1747.1 and 823.4 crh bands with Nb

both bands increased on photolysis and showed no nitrogenand 1729.6 and 819.5 crhabsorptions with Ta showed the

isotopic shifts. The oxygen isotopic ratios, 1.0474 for the lower

band and 1.0529 for the upper band, are almost the same as th
calculated ratios for the antisymmetric and symmetric stretching

vibrations of NbQ, while the frequencies are 14.5 and 13.6
cmt lower than those for the NbOnolecule. So a perturbed
NbO, molecule must be considered. Although isolated NbO

absorptions are very weak in the experiments, perturbation can

effectively intensify the absorptions. Note the matching asym-
metry in the NB®10, isotope for the two modes. In the 45

18 experiment, which was contaminated by-1%, the inter-
mediate band for the lower mode at 834.8¢ns 7.1 cn?

same behavior. The bands increased markedly on 25 K
gnnealing, decreased markedly on photolysis, and increased
substantially on subsequent annealing. Furthermore these bands
gave only doublets in mixed isotopic experiments, which
indicates that each band is due to a single NO subunit.

The Nb band at 1747.1 cr shifts to 1715.8 and 1697.5
cm1 with NO and15N180 and exhibits the 14/15 ratio of
1.018 24 and the 16/18 ratio of 1.026 63. The Ta band at 1729.6
cm~1 exhibited the 14/15 ratio of 1.020 47 and 16/18 ratio of
1.023 61. These ratios characterize terminal@lvibrations.

below the mean of pure isotopic values, and the intermediate  For the 823.4 cm! band, the 14/15 ratio of 1.0191 is higher

of the upper mode at 905.6 crhis 7.1 cnT? higher than the

than the N-O ratio, while the 16/18 ratio, 1.0179, is lower than

mean of pure isotopic values. In the upper region, the band atthe N=O ratio. These bands do not fit any structures of NoNO
2107.0 cmit has the same annealing and photolysis behavior. isomers, so a species containing two different NO subunits
This band showed a large nitrogen isotopic shift but no oxygen should be considered. The higher nitrogen isotopic ratio
isotopic shift. The isotopic 14/15 ratio (1.0341) is very close suggests that the 823.4 cirband probably belongs to a bridged
to the dinitrogen ratio, and a symmetrical 1/2/1 triplet is NO vibration. The band at 819.5 crhin the Ta+ NO reaction
observed in the mixed 1415 experiment, indicating that two  gave a large 14/15 isotopic ratio (1.0235) and small 16/18 ratio
equivalent nitrogen atoms are involved. Accordingly, these (1.015 21), also suggesting a metal vibration to the side-bound
three bands are suitable for the;JiINbO,) complex. Note that NO subunit.
a similar species has also been observed in theNO system. The widely different frequency positions and isotopic fre-
(NO)(NbQ). The bands at 937.8 and 887.7 chobserved guency ratios show different bonding arrangements for each NO
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