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Reactions of Laser-Ablated Niobium, Tantalum, and Rhenium Atoms with Nitrogen Atoms
and Molecules. Infrared Spectra and Density Functional Calculations of the Metal Nitride
and Dinitride Molecules
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Receied: June 30, 1998; In Final Form: September 1, 1998

Laser-ablated niobium, tantalum, and rhenium atoms have been reacted with nitrogen atoms and molecules
during condensation in excess argon and in pure nitrogen gas. Metal nitride molecules NbN, TaN, ReN, and
their dinitrogen complexes were trapped and identified by nitrogen isotopic shifts and DFT frequency
calculations. The NbNand TaN dinitride molecules were produced on annealing in solid nitrogen and on
deposition and increased on photolysis in solid argon. Metal dinitrogen complexes were also observed for
each metal.

Introduction window at a rate of 24 mmol/h for -2 h. Isotopic nitrogen

15N, (99.9%) and“*N; + 15N, mixtures (50%/50%) were used.
FTIR spectra were recorded with 0.5 chresolution and 0.1
cm~! accuracy on a Nicolet 750 instrument. Matrix samples
were annealed at different temperatures, and selected samples
were subjected to broadband photolysis by a medium-pressure
mercury arc lamp (Phillips, 175W) with the globe removed
(240-580 nm).

Niobium, tantalum, and rhenium nitrides are of interest owing
to their application for coatings, superconductors, and synthe-
sis1?2 However, most of the previous investigations have been
devoted to nitride film fabrication and characterization, and little
is known about the gas-phase reactions of the metal atoms with
nitrogen. Electronic spectra of niobium nitride molecules have
been studied in the gas phase and in solid argon, the dipole
moment has been measured, and the ground electronic stat(??
identified as a%A configuration3-5 Niobium is of special esults
interest owing to its largd (= %/2) nuclear spin. The vibrational Infrared spectra and density functional calculations of laser-
fundamentals of NoN and TaN have been determined by infrared gp|ated Nb, Ta, and Re atom reaction products will be presented
absorption spectra in the argon matrix using a sputtering jn turn.
source®® Recently, rhenium nitride has been synthesized in Nb + N,. Laser-ablated Nb atoms were co-deposited with
the.ga.s phase using laser ablation, and high-resolution electronicpure nitrogen, and the product absorptions are listed in Table
emission spectra have been observed. , 1. In the upper wavenumber region, strong bands at 2087.8

Pulsed-laser ablation of a metal target produces highly 5,4 2071.7 cmt were observed after deposition. These bands
reactive metal species such as metastable excited states and higRcreased slightly on annealing and on photolysis, while another
kinetic energy aton¥sand provides an effective method for the sharp band at 2134 crhincreased markedly on annealing but
synthesis of molecules that cannot be obtained by thermal metaljecreased on photolysis. Weak bands at 1965.2 and 1815.6
atom reaction8.** By co-deposition of laser-ablated metal ¢yy-1 were observed after deposition, and both decreased on
atoms with nitrogen in excess argon and with pure nitrogen, annealing, which produced another weak band at 1857:%.cm
the metal nitrides and dinitrogen complexes of V, Cr, Mn, Fe, |5 aqditional, sharp bands at 1657.6 and 2003.0%cdue to
Ni, and Co have been trapped in solid argon and nitrogen, and N3 and N;~ were also observed in this region (Figure 1).
studied using infrared spectroscdpy! In this paper, we report Spectra in the lower region revealed a 965.6-&rhand
similar studies on reactions of laser-ablated niobium, tantalum, which increased on annealing, together with weak bands at’974.3
and rhenium atoms with nitrogen molecules. We will show and 976.8 cmt (Figure 2). A’pair of doublets at 889.6. 888.4
that in addition to diatomic nitrides, metal dinitrides as well as cm-L and 651.0, 649.0 cn appeared and grew toget’her on
dinitrogen complexes are observed and identified via isotopic annealing; mear,1while weak bands at 769.8. 724.9 and 569.6
substitution and density functional calculations. et Weré produced ,on annealing. Strong, bands, at 523.0,
519.4, and 458.4 cmt were detected in the low-frequency
region (not shown); these bands decreased on annealing while

The experiments of laser ablation and FTIR matrix investiga- another strong band at 439.2 chincreased.
tion have been described previou&iy! The 1064 nm Nd: Isotopic experiments were done usithyl, and 14N, + 5N,

YAG laser beam$pectra PhysicDCR-11) was focused by a  samples. The spectra witPN, were similar to those withN,,

10 cm focal length lens onto the rotating metal target. The laser and all of the product absorptions shifted as listed in Table 1.
employed a repetition rate of 10 Hz with pulse width of 10 ns; In the isotopic mixture experiments, a pentet structure was
laser energies ranging from 40 to 80 mJ/pulse were used in theobserved for the 523.0 crhband with intermediate components
experiments. The ablated metal atoms were co-deposited withat 519.6, 515.8, and 512.1 chand triplets were observed for
pure nitrogen as well as 2%,Nn argon onto the 10 K Csl  the 889.6, 888.4 cni and 651.0, 649.0 cm bands with
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TABLE 1: Infrared Absorptions (cm ~1) from Laser-Ablated 1.01
Niobium Atoms Co-deposited with Pure Nitrogen at 10 K 09]
14N, 15N, N + 15N, R(14/15) assignment 08
2327.5 2249.8 2327.3,2249.6 1.0345 , pérturbed 8 o7
2323.0 22455 1.0345 (NMYbN; é
2320.4 2243.0 1.0345  (NMbN; site 2 %% e
22240 2149.8 1.0345 (NMbN 05]
22223 2148.6 1.0343  (NMYbN
2140.2 2069.1 1.0344  Nb(NBite 04 d
2134.8 2063.8 doublet 1.0344  Nb(NN) 03]
2128.8 2058.3 1.0343  Nb(NN) as]
2121.3 2051.0 1.0343  Nb(NN) '
2097.5 2028.3 1.0342  Nb(NN) Nb(NN),
2094.4 2024.6 1.0345  Nb(NN) 301 Nb(NN),
2087.8 2018.4 1.0344  Nb(NN)
2071.7 2003.1 doublet 1.0343  Nb(NN) 25
2061.6 1993.3 1.0343  Nb(NMite . (NN),NbN
2003.0 1937.2 1.0340 N PN H ¢
1974.5 1908.7 1.0345 NbNN site €
1965.2 1899.9 doublet 1.0344  NbNN g
1857.1 1795.4 doublet 1.0344  (NNp(No) ' Nb(N
1815.6 1755.6 doublet 1.0342  Nh{N NoNN @) b
1657.6 1603.2 1657.7,1649.3, 1.0339 N 1
1612.9, 1603.2
976.8 948.2 doublet 1.0302  (NMYbN
974.3 945.7 doublet 1.0302 (NM)bN
gggg 8?1(3)8 ggﬂg:gi igggi Emg’;g“ 2300 2200 2100 2000 1900 1800 1700
. . . Wavenumbers (cm-1)
gggg gggg ggﬂg:gi igggg Em%gm Figure 1. Infrared spectra in the upper region for laser-ablated Nb
889'6 863.0 889.5 876.9 863.1 '10307 (NN, atoms co-deposited with nitrogen at 10 K: (a) Nb atoms in pure
8884 8618 8883 875.6 8620 1.0309 (NWON, dinitrogen, (b) after annealing to 25 K, (c) after annealing to 35 K, (d)
769.8  748.0 - - 10291 2 NN Nb atoms in argon with 2% N and (e) after 35 K annealing.
7249 703.0 1.0312 ? NN,
223'8 ggg'i giég' 2‘3%;' 22(2)'2 i'gggg E“Hgggm doublet shifted to 665.9, 661.3 cth All absorptions in the
5696 5521 - - ' 10317 2 NN, upper I’egion ylelded iSOtOpiC shifts. The miXé‘th +15N2
523.0 507.4 523.0,519.6,515.8, 1.0306 Nb(NN) sample gave weak intermediate bands at 905.6 and 671.5 cm
512.1,504.0 _ however, in the upper region the spectrum was congested, which
519.2  504.0 1.0302  Nb(NMyite made the identification of intermediate bands impossible.
j;g-é 1?1523'2 456.2. 452.1. 445.1 1-22072299 N%E‘(E‘J)N) Ta + Nj. Similar spectra were obtained for laser-ablated
439.4 4266 - - 10300 Nb(NN) Ta co-deposited with jl as shown in Figures 3 and 4. Strong
436.0 4237 1.029  Nb(NN}ite bands were observed at 2040.9, 2102.8 tand 457.8, 453.5

cm! after deposition, while annealing decreased the 2040.9,

intermediates at 876.9, 875.6 chand 641.1, 639.2 cr. Only 457.8 cnt! bands and increased the 2102.8, 453.5chands.
pure isotopic counterparts were observed for the bands with Additional weak bands were also observed at 1947.6, 1810.7,
“doublet” given in Table 1. and 1762.6 cmt after deposition. In the middle region, a 962.8

Nb + Ny/Ar. Infrared spectra of laser-ablated niobium atoms cm™ band observed after deposition increased together with
co-deposited with 2% Nin argon are shown in Figures 1 and weak bands around 968.3 and 970.9émAlso sharp bands
2 for selected regions, and the absorption bands are listed inwere produced at 895.2, 822.1, 770.2, 760.9, 731.0, and 693.3
Table 2. In the low-wavenumber region, weak bands at 1001.3, cm™! during annealing. Thé®N, sample gave shifted bands
993.5, and 986.5 cmt increased slightly on 25 K annealing as listed in Table 3.
and decreased on higher temperature annealing, which produced Mixed isotopic experiments were done for band identification.
a new absorption at 974.2 cth Two doublets at 914.9, 918.6  The bands between 979.5 and 961.9 ¢mand bands at 1947.6,
and 680.8, 685.4 cm were observed on deposition; these bands 1810.7, and 1762.6 cm showed pure isotopic bands with no
increased on first annealing and on broadband photolysis, andintermediate components. However, the 2040.9 cimand
then decreased on subsequent annealing to 40 K. Below 500showed three weak intermediate bands at 2007.8, 1997.7, and
cm™1, weak bands at 470.9 and 439.8 ¢mvere produced on  1989.2 cn1?, and associated peaks at 2149.6, 2139.7, and 2128.4
annealing. In addition, weak bands at 970.6 and 875.8'cm cm L. The 895.2 and 693.3 crhbands showed new intermedi-

due to niobium oxidég were observed after deposition. ate bands at 882.0 and 681.9 ¢mand a triplet of doublets
Spectra in the 23001600 cn1?! region were complicated.  was observed for the 770.2 cfband.
Broad bands peaked at 1924.8 and 1987.9'onere observed Ta + No/Ar. Laser-ablated Ta atoms were co-deposited with

after deposition. After annealing to 25 K, the former band 2% N, in argon. A new absorption centered at 1058.8"€m
decreased and the later band increased. Subsequent annealingith site bands at 1063.0, 1057.3, and 1055.7 twas
to 30, 35, and 40 K evolved the bands to higher frequency with observed after deposition; on annealing, the site bands decreased
major bands at 2136.2 and 2072.5¢m and only the 1058.8 cmt band remained after 40 K annealing.
Similar spectra were obtained using #id./Ar sample. The In the 1N, experiment, these bands shifted to 1029.8, 1025.9,
1001.3, 993.5, and 986.5 ctbands shifted to 972.2, 964.6, 1024.5, and 1022.8 cmh. Weak bands at 924.2, 922.7, 814.8,
and 957.7 cm?, respectively. The doublet at 914.9, 918.6ém  813.1, 799.7, 770.7, 751.2, and 740.3¢were observed after
shifted to 891.5, 887.8 cm, while the 685.4, 680.8 cm deposition and decreased on annealing. All of the bands
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Figure 2. Infrared spectra in the lower region for laser-ablated Nb atoms co-depositet'Mitfieft) and*>N (right): (a) Nb atoms in argon with
2% N,, (b) after annealing to 25 K, (c) after annealing to 30 K, (d) after annealing to 35 K, (e) after annealing to 40 K, (f) Nb atoms with pure
dinitrogen, (g) after annealing to 25 K, and (h) after annealing to 35 K.

TABLE 2: Infrared Absorptions (cm ~1) from Laser-Ablated 09
Niobium Atoms Co-deposited with 2% N, in Argon 08
1N, 15N, R(14/15) assignment 0.7
2136.2 2065.1 1.0344 Nb(NM) g e
2105.2 2034.9 1.0346 Nb(NN) £ o0s
2072.5 2003.7 1.0343 Nb(NN) -
2049.7 1981.4 1.0345 Nb(NN) 04 .
1987.9 1922.1 1.0342 Nb(NN) 0.3
1965.6 1900.5 1.0343 Nb(NN) 02] d
1943.7 1879.2 1.0343 Nb(NN)
1914.5 1851.2 1.0342 NbNN 6.0]
1905.6 1842.4 1.0343 NbNN site o5 Ta(NN),
1888.7 1826.0 1.0343 NbeN ’
1864.2 1802.9 1.0343 NbgNsite 50
1001.3 972.2 1.0299 NbN 45] Ta(NN),
993.5 964.6 1.0300 (NNYbN 40]
986.5 957.7 1.0301 (NNYbN ° (NN),TaN
974.2 945.9 1.0299 (NNYbN g %%
970.6 940.6 NbO E
962.5 933.7 1.0309 (NN)IbN E:
918.6 891.5 1.0304 NbN
914.9 887.8 1.0305 NbN
875.8 875.8 Nb@
861.3 861.3 (MNbO;
685.4 665.9 1.0293 NbN
680.8 661.3 1.0295 NbN 1
470.9 457.4 1.0295 Nb(NIN) e
439.8 4272 1.0295 Nb(NN) 2200 2100W3veni(r)::ers (Cm_119)00 1800 1700

exhibited isotopic shifts usingN,/Ar, and no obvious inter- Figure 3. Infrared spectra in the upper region for laser-ablated Ta
atoms co-deposited with nitrogen at 10 K: (a) Ta atoms in pure

mediate bands were observed using 2%, + 2% N, in dinitrogen, (b) after annealing to 25 K, (c) after annealing to 35 K, (d)
argon. _ _ _ Nb atoms in argon with 2% Nand (e) after 35 K annealing.
The spectrum in the 22601600 cn1?! region was compli-
cated. Broad bands at 1933.7, 1952.8, 2009.0, 2041.9, and
2106.4 cnl were observed. After annealing to 40 K, the bands 2071.5 cn1! bands, which dominated the spectra after higher
at 2106.4 and 2063.0 cth dominated the spectra. temperature annealing. Weak bands at 1984.5, 1982.2, 1944.7,
Re + N,. The co-deposition of Re atoms with pure gave 1941.9, 1894.7, and 1885.8 ciobserved after deposition
strong bands at 2100.6, 2097.7, 2087.8, 2083.5, 2073.4, anddecreased on annealing. Otherwise, sharp bands at 2226.9,
2071.5 cmtl. Annealing sharpened and decreased the 2100.6,2204.6 cmi! and 1744.1, 1742.3, 1740.2 ctappeared on
2097.7, and 2087.8 cnh bands and increased the 2083.5 and annealing in the upper region (Figure 5).
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Figure 4. Infrared spectra in the lower region for laser-ablated Ta atoms co-deposited with nitrogen at 10 K: (a) Ta atoms in argon with 2% N
(b) Ta atoms with pure dinitrogen, (c) after annealing to 25 K, (d) after broadband photolysis, (e) after annealing to 30 K, and (f) after annealing
to 35 K.

In the middle region, a strong doublet was observed at 1084.8,a triplet for the 1966.2 cm' band with intermediate at 1919.0
1083.6 cnt! after deposition; annealing decreased the 1084.8 cm~ were observed using the mixed isotopic sample. For the
cm 1 band and increased the 1083.6¢rhand, while photolysis ~ bands above 2000 crh the identification of intermediate
reversed the two peaks. Weak sharp bands at 1116.1, 1089.3components was not possible owing to congestion.
and 1086.7 cm' also appeared on 25 K annealing and then  cajculations. Density functional theory calculations using
decreased (Figure 6). After 30 K annealing, the 1084.8'cm  {he Gaussian 94 progrdfwere employed to calculate structures
band disappeared leaving the 1083.6 ¢mand. Meanwhile,  anq frequencies for the simplest products expected here in order
a sharp band appeared at 816.5°¢non 25 K annealing, 5 provide a guide for the experimental identification of new
decreased on photolysis, and markedly increased on 30 Ky glecyles. The BP86 functional, D95* basis set for nitrogen

annealing. In the low region, broad bands at 522',6' 511.2.11cm and Los Alamos ECP plus DZ basic set for metal atoms were
observed after deposition decreased on annealing, while tWoy s for a1l calculation¥ ¢ Calculations were done for NbN

sharp .baf‘ds at 439.7 anﬂ 436.125‘érgn_aatly increased. and TaN in singlet and triplet and ReN in triplet and quintet
Again, isotopic'*N, and*N, + N, mixture were employed. states, and the results are listed in Table 7. Our DFT

All the bands exhibited®N, shifts, as listed in Table 4, and the | L - :
. ; ’ investigations are in excellent agreement with (FOVRSD)
mixture gave doublets for bands between 1083.6 and 1116.1CI calculations of bond length (1.695 A) and harmonic

—1 . .
Chows he 0,175 ani resalution spectm (tesorded speciicaly 1E9USNY (1010 o) or the °A ground state of Not. The
e P P y triplet was calculated lower in energy for both NbN and ReN,
to resolve Re isotopes) for the two strong peaks after 30 K = ™ -
. . X N . .~ while the singlet state was lower for the TaN molecule. We
annealing to give a single matrix site. The resolved 1:2 relative . . .
are not aware of previous calculations for tantalum and rhenium

intensity rhenium isotopic bands were 1083.84, 1083.45cm e u
and 105y0.01 1049.62 OF.)OZ cnt!for 1N and®®N, respectively nhitrides. The bent NNNDN, NN—TaN, and NN-ReN “com-
f . ' plex” molecules were also calculated; all three molecules

with peak full widths at half-maximum of 0.1F 0.02 cnm™. o . . : .
Re & NJJAr. L _abl R ) : ith N exhibited trlpl_et ground states_ as listed in Table 5 and red-shifted
€ ZAr. Laser-ablated Re atoms co-deposited with M—N stretching modes. It is interesting to note that, for the

in excess argon gave a weak peak at 1121.4'and a doublet ; . .
at 1117.2 and 1115.8 cth which slightly increased and then NNTgN complex, the triplet state was lower in energy, Wh',le
decreased on annealing, while two bands appeared at 1084.31€ Singlet was the lower state for TaN. Hence, NN complexing
and 1079.1 cm. In the 15N, experiment, these bands shifted reversed the energy ordering of the electronic states of the TaN
{0 1086.2, 1082.3, 1080.9, 1050.5 and 1045.6cmespectively, ~ molecule.

and no intermediate bands were observed using mixed isotopic  Similar calculations were also performed on three MNN
sample (Figure 6 and Table 6). In the upper region, weak bandsisomers, and the results are listed in Table 8. The linear sextet
at 1966.2 and 1940.1 crhincreased on 25 K annealing, and NbNN molecule was the most stable isomer followed by bent
another annealing to 30 K increased these bands and produce®dNbN and cyclic Nb(N) in doublet states, which were only
two new bands at 2058.4 and 2033.4¢émPhotolysis markedly =~ 3.4 and 5.6 kcal/mol higher. For Ta, the most stable isomer
decreased the three higher frequency bands and produced bandsas doublet Ta(); doublet NTaN and sextet TaNN were 8.2
at 2131.0, 2084.0, and 2050.0 thn All of these bands shifted  and 10.2 kcal/mol higher. Bent NReN was found to be the
with 15N, (Table 6). A doublet for the 1940.1 crhband and lowest isomer for this stoichiometry.
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TABLE 3: Infrared Absorptions (cm ~1) from Laser-Ablated 0.124
Tantalum Atoms Co-deposited with Pure Nitrogen at 10 K 010
N, N, 14N, + 15N, R(14/15) assignment f
23275 2249.8 2327.3,2249.6 1.0345 , pérturbed g °%"
2296.9 2200.3 1.0345 (NMNTaN: £ o0s]
2204.6 2131.1 1.0345 (NM)aN 2
2201.4 2128.1 1.0344 (NNhaN 0.047 €
2108.3 2038.3 1.0343 Ta(NMite
2102.8 2033.0 1.0343 Ta(NN) °'°ZWLWM<1
2097.0 2029.0 1.0335 Ta(NN) 000]
2059.8 1991.5 1.0343 Ta(NN) 24]
2052.2 1984.0 1.0344 Ta(NN)
2040.9 1973.4 2149.6,2139.7,2128.4, 1.0342 Ta(NN) 22
2040.9, 2007.8, 1997.7, 2.0 Re(NN) ¢
1989.2, 1937.4 18]
2027.6 1961.0 1.0340 Ta(Nhgite
2003.0 1937.2 1.0340 N R 184 (NN)"ReN\
1955.3 1890.3 1.0344 TaNN Pt ch
1947.6 1882.9 1948.0,1882.8 1.0344 TaNN I
1944.9 1880.2 1.0344 TaNN g
1810.7 1750.5 1810.3,1752.4 1.0344 (NN)(N\p) 1.04
1762.6 1704.1 1762.3,1704.3 1.0343 Ta(N O_B_MML_\—E,
1657.6 1603.3 1657.6, 1649.3, 1.0339 N
1612.9, 1603.2 o83
979.5 948.8 979.5,948.8 1.0324 (NWaN 044 NS N., 8
972.8 942.4 972.8,942.4 1.0323 (NWRaN 021 ? 2
971.8 941.4 971.8,941.4 1.0323 (NWaN
970.9 940.5 970.9,940.5 1.0323  (NFAN e mbers ot e
gg?g 8238 gg?g gg?g igggg Eﬁ%m Figure 5. Infrared spectra in the upper region for laser-ablated Re
966.5 936.3 966.5, 936.3 1.0323 (NRaN atoms co-deposited with nitrogen at 10 K: (@) Re atoms in pure
962.9 932.8 962.9,932.8 1.0323  (NWAN dinitrogen, (b) after annealing to 25 K, (c) after annealing to 35 K, (d)
961.9 931.8 961.9,931.8 1.0323 (NRAN Nb atoms in argon with 2% N (e) after 30 K annealing, and (f) after
895.2 866.9 895.2, 882.0, 866.9 1.0327 (NN, broadband photolysis.
822.1 796.5 822.1,803.9, 796.5 1.0321 MNa
770.2 7455 770.2,767.5, 760.8, 758.21.0331  ? Ta(M. TABLE 4: Infrared Absorptions (cm 1) from Laser-Ablated
755.6, 768.2, 745.6 Tantalum Atoms Co-deposited with 2% N, in Argon
693.3 671.8 693.2,682.0,671.8 1.0320 (NN I Iy -
671.2 650.3 1.0321 A, No N2 R(14/15) assignment
510.2 494.9 1.0309 2 TaNN 2106.4 2036.3 1.0344 Ta(NN)
472.1  456.9 1.0333  Ta(NN) 2103.1 2033.8 1.0341 site
463.2 448.8 1.0321  Ta(NN) 2063.0 1994.4 1.0344 Ta(NN)
457.8 4433 1.0327  Ta(NW) 2056.2 1987.4 1.0346 Ta(NN)
453.5 440.0 1.0307  Ta(Nbi) 2041.9 1974.0 1.0344 Ta(NN)
447.3 433.9 1.0309 Ta(Nhite 2009.0 1942.2 1.0344 Ta(NN)
) . 1952.8 1887.9 1.0344 TaNN
Discussion 1933.5 1869.2 1.0344 site?
.. . 1063.0 1029.8 1.0322 TaN site
The co-deposition of laser-ablated metal atoms into pure 1058.8 1025.9 1.0321 TaN
nitrogen produces Nradical absorption at 1657.7 crhand 1057.3 1024.5 1.0320 TaN site
the weak N~ band at 2003.0 cnt, which show that N atoms 1055.7 1022.8 1.0322 TaN site
are formed in these experimedfsl® Furthermore, the green 1014.1 1014.1 TaO
glow observed on annealing attests to the diffusion and reaction 973 942 1.0329 (NNyaN
of N atomst? 922.7 893.7 1.0324 TalN
813.1 787.1 1.0330 ?
799.7 774.7 1.0323 ?
M(excess energy}- N, —~M + N+ N (1) 770.7 746.6 1.0323 ?
751.2 728.0 1.0319 ?
M+ N _nitrogen (NN)XMN @ 740.3 717.6 1.0316 TalN

used. In solid nitrogen experiments, bands at 965.6, 974.3, and
(3) 976.8 cmt increased on annealing and exhibited the 14/15 ratio

of 1.0302. These bands are very close to the dominant 974.2

Nitrides. NbN. The weak band at 1001.3 crhin the argon cm~1 band after 40 K annealing in a solid argon matrix. The

matrix decreased on stepwise annealing, while bands at 993.51001.3 cn! band is assigned to the NbN molecule isolated in
and 986.5 cm! increased on initial annealing to 25 K and then solid argon, which is in good agreement with the previously
decreased on further annealing, and the 974.2cband reported 1002.5 cri value? The increase in intensity of bands
increased. The nitrogen-15 counterparts for these bands atat 993.5, 986.5, and 974.2 cfnin argon and 965.6, 974.3 cth
972.2, 964.6, 957.5, and 945.9 cthgave the nitrogen 14/15 in nitrogen during annealing suggests complexation kyinN
isotopic ratios of 1.0299, 1.0300, 1.0301, and 1.0299, respec-the matrix, so these bands are assigned to {NBIYl complexes.
tively. These values are in good agreement with the harmonic The BP86/DFT calculations for the NbN molecule predicted
diatomic NbN oscillator ratio (1.0302). All of these bands the triplet state to be 17.4 kcal/mol lower than the singlet state
showed no intermediate bands when mixéd, + N, was and the harmonic vibrational fundamental at 1034.9%mwhich

M+ N5 MN(argon)
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Figure 6. Infrared spectra in the lower region for laser-ablated Re atoms co-depositetNyifteft) and*>N, (right): (a) Re atoms in argon with
2% N,, (b) after annealing to 25 K, (c) after annealing to 30 K, (d) after annealing to 35 K, (e) after annealing to 40 K, (f) Nb atoms with pure
dinitrogen, (g) after annealing to 25 K, and (h) after annealing to 35 K.
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Figure 7. Infrared spectrum recorded at 0.125¢mesolution in the low-frequency region for Re atoms co-deposited withBNget >N, mixed
isotopic sample after annealing to 30 K and recooling to 10 K.

is in good agreement with our experimental frequency (scale this is some 3.1% higher than the matrix value, and suggested
factor 0.97). The calculation also showed thattdmplexation that NbN is “fairly highly ionic.” However, the dipole moment
caused the NbN stretching vibration to red-shift 5.5 crh measured for NbN (3.36 B)is not especially large, and
very close to the interval between the 1001.3 and 993.5'cm comparable to that for MoN (3.38 D)while the argon matrix
bands in the argon matrix. fundamental is within 8 cmt of the gas-phase vald&?? Since

Pazyuk et af? reported vibrational constants, which gave a the NbO molecule is red-shifted 11 ctnby the solid argon
1035.5 cmi! gas-phase fundamental for NbN, and Azuma et matrix,'? we suggest that the above deduced gas-phase NbN
al>d deduced a 1033.8 crhvibrational fundamental, noted that  vibrational frequencies may be too high e or 4wexe and
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TABLE 5: Infrared Absorptions (cm ~1) from Laser-Ablated Re Atom Co-deposition with Pure Nitrogen at 10 K

N, 5N, R(14/15) assignment N, N, R(14/15) assignment
2226.9 2153.7 1.0340 (NMYReO 1083.8 1050.0 1.0322 (NMPPReN
2204.6 2131.4 1.0343 Re(NN) 1083.4 1049.6 1.0322 (NN¥ReN
2147.0 2075.6 1.0344 (NMReN 1078.3 1044.7 1.0322 (NFReN
2136.0 2064.9 1.0344 ? 1060.4 1027.2 1.0323 (NIREpO
2132.1 2061.2 1.0344 ? 887.8 885.4 1.0027 (NIReO
2100.6 2030.8 1.0344 Re(NN) 862.7 839.2 1.0280 ?

2097.7 2028.0 1.0344 Re(NN) 846.7 821.7 1.0304 ?
2087.8 2018.4 1.0344 Re(NN) 816.5 792.8 1.0299 Re(NK)
2083.5 2014.2 1.0344 Re(NN) 522.6 506.5 1.0318 Re(NN)
2071.5 2002.6 1.0344 Re(NN) 511.4 494.4 1.0344 Re(NN)
2003.0 1937.2 1.0340 N 439.7 425.8 1.0326 Re(NK)
1984.5 1918.7 1.0343 Re(NNjite 436.2 422.4 1.0327 Re(NN)
1982.2 1916.4 1.0343 Re(NN)

1944.7 1880.0 1.0344 ReNN ?

1941.9 1877.3 1.0344 ReNN site

1894.7 1831.8 1.0343 RegN

1885.8 1823.3 1.0343 Ref)\site

1744.1 1686.2 1.0343 R&\2) ?

1742.3 1684.4 1.0344 R&,) site

1740.2 1682.3 1.0344 R&\.) site

1657.4 1603.3 1.0337 N

1652.5 1598.3 1.0339 Jeite

1116.1 1081.1 1.0324 ReN

1093.7 1059.5 1.0323 (NRMReN site

1089.1 1055.2 1.0321 (NRMReN site

TABLE 6: Infrared Absorptions (cm ~1) from Laser-Ablated
Re Atom Co-deposition with 2% N, in Argon at 10 K

the approximately 30 cmi shifts found for YN, WN, NbN,
and VN1022.23 Unlike the other two metal nitrides of this group,

14N, 15N, R(14/15) assignment VN and NbN, which have triplet ground states, the DFT
2131.2 2060.3 1.03441 Re(NN) calculation predicted the ground state of TaN to be a singlet,
2109.4 2039.3 1.03437 Re(NN) with 1102.7 cm?! fundamental (scale factor 0.96), as also
2083.9 2014.7 1.03435 Re(NN) suggested by previous electronic speétradowever, the
2058.3 1993.0 1.03276 Re(NN) calculated NNTaN molecule has a triplet ground state, and the
2050.0 19815 1.03457 Re(NN) singlet is about 24 kcal/mol higher in energy. The calculated
2033.4 1965.4 1.03460 Re(NN) e ;

1972.8 1907.7 1.03412 Re(NASite Ta—N §trgtch|ng vibrational frequency of triplet NNTaN (1017.9
1966.2 1900.3 1.03468 Re(NN) cm ) is just about 85 cmt lower than the calculated singlet
1940.1 1876.3 1.03400 ReNN TaN fundamental. Hence, we conclude that the ground
1121.4 1086.2 1.03240 ReN blue site electronic state of TaN is changed by the field of complexing
1117.2 1082.3 1.03225 ReN N, ligands as has been observed for the MnN moletlle.
1115.8 1080.9 1.03229 ReN site Accordingly, the 1058.8 cm fundamental observed here for
1084.5 1050.5 1.03237 (NMReN . - B At

1079.1 1045.5 1.03214 (NMReN TaN in solid argon points to a 1070 ctprediction for the
889.5 886.8 1.00372 ? gas-phase vibrational fundamental of TaN.

861.1 857.4 1.00432 ?

that 1015+ 5 cnm! would be a better gas-phase value. The

1001.3 cnt argon matrix value would then be red-shifted-13

14 cntl, in line with the matrix shifts for NbO and MoN.
TaN. The bands at 1063.0, 1058.8, 1057.3, and 1055:2cm

Experiments with Nb, Ta, and NO in this laborattrhave
produced the sharp 1001.3 and 1058.8 &rbands assigned
above to isolated NbN and TaN, respectively, without the
corresponding (NNMN complexes. The absence of M the
NO experiments provides further evidence to support the present

in the argon matrix decreased after annealing and became onddentification of matrix-isolated NbN and TaN.

band at 1058.8 cnt after 40 K annealing. These bands gave

ReN. The bands at 1121.4, 1117.2, and 1115.8&in the

nitrogen-15 counterparts at 1029.8, 1025.9, 1024.5, and 1022.8argon matrix containing Re- N, decreased on higher temper-
cm~! and isotopic ratios of 1.0322,1.0321,1.0320, and 1.0321, ature annealing and produced lower frequency bands at 1084.5
which are very close to the harmonic diatomic ratio of 1.0324. and 1079.1 cm!. All of these bands showed 14/15 nitrogen
No counterpart was observed in the mixed isotopic experiments, isotopic ratios near 1.0322, which is very close to the harmonic
and accordingly, these bands are assigned to TaN molecules adiatomic ReN ratio (1.0325). Furthermore, no intermediate
different matrix sites. A series of weak bands around 973.2 component was observed in the mixed nitrogen isotopic
cm~1in the argon matrix, which appeared on annealing at the experiment, suggesting the motion of a single N atom. In the
expense of TaN absorptions, and bands between 962.9 and 979.pure nitrogen matrix, strong bands observed at 1084.9, 1083.6
cm~tin the nitrogen matrix all exhibited diatomic isotopic ratios cm™* after deposition and weak bands at 1116.1, 1089.3, 1086.7
and a single N atom involvement. Although the latter frequen- cm™! appeared on annealing and exhibited the same isotopic
cies are about 90 cm lower, these bands are suitable for ratios (1.0322). In the high-resolution spectrum, the main
assignment to (NNJFaN complexes following the previous 1083.6 cm! band split into two bands with a 0.39 ct
work19 The present observation of TaN is in good agreement separation, which is near the calculated 0.41 and observed 0.40
with the 1060 cm? value reported by Bates and Gruen. cm~! diatomic18ReNAE’ReN isotopic splitting. The relative

It is suprising that NN complexing made the TaN frequency intensities are appropriate for natural abunddf#e and'®’Re
red-shift about 90 cmt, which is completely out of line with and confirm that only one Re atom is involved in the vibration.



9068 J. Phys. Chem. A, Vol. 102, No. 45, 1998

Zhou and Andrews

TABLE 7: Relative Energies, Geometries, Vibrational Frequencies, and Intensities Calculated (BP86 Functional, D95* Basis

Sets for N and LanL2DZ for Metal Atoms) for MN Molecules and NNMN Complexes

molecule state relative energy (kcal/mol) geometry (A, deg) frequency?, ¢mtensity, km/mol)
NbN triplet 0 Nb-N: 1.694 1034.9 (44)
singlet +17.4 Nb-N:1.690 1048.0 (41)
TaN singlet 0 TaN:1.690 1102.7 (56)
triplet +2.8 Ta-N:1.702 1041.5 (36)
ReN triplet 0 Re-N:1.647 1173.5(38)
quintet +28.9 Re-N:1.690 1033.2 (52)
NNNbN triplet 0 Nb—N:1.701, 2.104 2057.6 (548)
N—N: 1.147 1029.4 (62)
ONNbN:97.6
singlet +7.9 Nb—N:1.697, 2.036 1992.6 (485)
N—N:1.161 1038.5 (49)
ONNDbN:98.9
NNTaN triplet 0 TaN:1.714, 2.041 2005.5 (450)
N—N:1.154 1017.9 (39)
[ONTaN:95.6
singlet +23.3 Ta-N:1.716, 1.980 1953.0 (455),
N—N:1.168 995.0 (23)
ONTaN:97.7
NNReN triplet 0 ReN:1.662, 1.943 1988.9 (533)
N—N:1.159 1118.0 (38)
ONReN:109.6
singlet +1.5 Re-N:1.649, 1.891 2046.7 (355)
N—N:1.155 1158.9 (28)
OONReN:97.1

TABLE 8: Relative Energies (kcal/mol), Geometries (A, deg) Vibrational Frequencies (cr), and Intensities (km/mol)
Calculated (BP86 Functional, D95* Basis Sets for N and LanL2DZ for Metal Atoms) for MN, Isomers

molecule state relative energy geometry va(l) vo(l) va(l)

NbNN sextet 0 Nb-N:2.017 1916.0(520) 423.5(11) 274.1(5)
N—N:1.163

NNbN doublet +3.4 NbN:1.754 963.2(19) 313.3(5) 749.8(26)
CONNbN = 99.#

NNbN B, +43.0 NbN:1.777 923.5(78) 274.2(0.1) 644.0(0.6)
ONNbN =99.4

Nb(N,) doublet +5.6 Nb-N:1.828 1042.5(52) 459.2(1) 740.0(13)
N—N:1.444

Nb(N,) quartet +15.0 Nb-N:2.063 1581.7(184) 434.6(0.3) 410.3(1)
N—N:1.234

Ta(Ny) doublet 0 Ta-N:1.796 974.1(29) 343.6(0) 813.9(6)
N—N:1.567

Ta(Ny) quartet +48.9 Ta-N:2.030 1506.3(203) 411.8(0.3) 296.4(13)
N—N:1.244

Ta(N\y) sextet +27.7 Ta-N:2.186 1779.7(276) 342.8(1) 177.4(4)
N—N:1.193

NTaN doublet +8.2 TaN:1.766 945.0(2) 303.2(2) 749.5(12)
ONTaN=98.9

NTaN ‘B, +34.4 TaN:1.771 943.1(43) 263.4(2) 722.3(4)
ONTaN=101.3

NTaN(NN) doublet TaN: 1.173 2186.2(403) 930.1(1) 751.9(8)
TaN:2.375
N=N:1.132
ONTaN= 103.2

NReN doublet 0 ReN:1.700 1070.6(4) 449.3(0.02) 933.9(188)
ONReN=104.5

NReN quartet +16.4 ReN:1.722 1026.2(23) 309.7(2) 738.4(13)
ONReN=106.6

ReNN AT +13.0 Re-N:1.830 1949.9(381) 582.0(8) 334.9(4)
NN:1.173
OReNN:179.4

Re(N) ‘B +25.8 Re-N:1.897 1348.6(61) 539.5(0.1) 593.1(15)
N—N:1.291

Re(N\) doublet +38.9 Re-N:1.906 1382.4(80) 517.7(0.3) 582.0(17)
N—N:1.280

The 1121.4,1117.2, 1115.8 cibands in solid argon are very  argon matrix bands produced on annealing near the 1083.6 cm
close to the ReN gas-phase fundamehtaid it is difficult to nitrogen matrix band are due to ligated (NRgN. The 1117.2
know which matrix band is due to isolated ReN and if any of cm™ argon matrix band is assigned to isolated ReN in the argon
these involve NN ligands. Similar experiments in this laboratory matrix, and the 1121.4 and 1115.8 chbands are assigned to
with Re and NO gave the sharp weak 1117.2 Eband?* Since matrix sites. The 1116.1 cm nitrogen matrix band may also
only trace N can be present, the 1117.2 chband is the be due to the isolated ReN molecule. This assignment is in
favorite for isolated ReN. Clearly, the 1084.5 and 1079.1%tm very good agreement with the recently repoftegs-phase
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fundamentals at 1121.9 and 1121.5%nfor isotopic 185ReN exhibited 1/2/1 triplets with mixed isotopic nitrogen sample,
and®ReN. The small 4.5 crii red-shift by the argon matrix  indicating that two equivalent nitrogen atoms are involved. The
is reasonable. Unlike MnN, which has a quintet ground state, 14/15 ratio for the 693.3 cm band (1.0320) and for the 895.2
DFT calculations gave a triplet ground state for the ReN cm™ band (1.0327) are slightly lower and higher than the
molecule with bond length of 1.647 A, which is in excellent harmonic diatomic TaN ratio (1.0324), respectively. These
agreement with gas-phase experimental 1.638 A vallde bands are suitable for antisymmetric and symmetric vibrations
1173.5 cn! calculated frequency is also slightly higher than for a bent NTaN molecule. The 2296.9 chband shifted to
the experimental observation, as expected for density functional2220.3 cn1! and exhibited the 1.0345 isotopic ratio for-Nl
theory (scale factor 0.959.25 stretching vibration. Hence, we assign these bands to the
Dinitrides. NbNp. The doublet at 889.6, 888.4 ciitracked complexed (NNjTaN, molecule. The 922.7 and 740.3 cin
with the doublet at 651.0, 649.0 ctin solid nitrogen, and counterparts in solid argon are probably due to the isolated TaN
both produced almost symmetrical 1/2/1 triplets with intermedi- dinitride molecule.
ate bands at 876.9, 875.6 cmand 641.1, 639.2 cm, The DFT calculation gave 945.0 and 749.5¢drfrequencies
respectively. The 1/2/1 triplets indicate that two equivalent for symmetric and antisymmetric vibrations of the ground
nitrogen atoms are involved in the vibration. The 14/15 isotopic doublet state NTaN molecule (scale factors 0.95, 0.92). The
ratios for the lower doublet are 1.0299, 1.0295, which are calculated valence angle 98.8 in good agreement with the
slightly lower than the diatomic NbN ratio (1.0302) and indicate 101+ 4° upper limit obtained from the observed 14/15 isotopic
less nitrogen participation than in NbN. These bands are ratip26
appropriate for the antisymmetric vibration of a bent NNbN Dinitrogen Complexes. The bands at 2071.7 crh and
dinitride molecule (called NbNfor convenience) at different  ¢oiqliite at 2061.6 cnd together with the bands at 523.0 and
sites. The isotopic ratios for the upper doublet, 1.0307 and 519 g cny2 were the dominant features in both regions after
1.0309, are slightly higher than the diatomic NbN ratio and are deposition in the Nb+ N, system. The large 14/15 isotopic
appropriate for the symmetric vibration of NNbN. This is .0 (1.0302) suggests that the 523.0-érband is due to an
analogous to the CeNmoleculex® For terminal position isotopic N NN stretching vibration. This band exhibited a resolved
substitution in &Cy, molecule, the 14/15 isotopic ratio predicts pentet with three strong intermediate components in“Ne
a 102=£ 4° upper limit for the NNbN valence angle, owing to i 15\, experiment, providing evidence for a mode involving

differences in anharmonicity between isotoges. four equivalent N subunits. The 14/15 isotopic ratio (1.0343)
DFT calculations predict the ground state for NNbN as a ¢, the 2071.7 cm? band is appropriate for NN stretching

doublet with a 99.4 valence angle. The ratios of calculated 546 hyt no strong intermediate components were observed
isotopic frequencies, 1.0295 for antisymmetric and 1.0307 for i, the mixed isotopic experiment, which is characteristic of a

symmetric vibrations, are almost the same as the observedyeyenerate modd. These two bands are assigned to stretching
values, but the calculated 963.2 and 749.8 Esymmetric and vibrations of the Nb(NN) complex.

antisymmetric frequencies are slightly higher as expected (scale .
facto>r/s 0.92, 0.87;]9'25 In the N—N gétre)t/chi?u‘;j region, I[t)wo Weélk -Erlle sharp band at 2134.8 chwent together with thg 439.4
bands at 2323.0, 2320.4 cfrhave the same annealing behavior iCsrgto ti)c?rr]:t’ioai 82643; k]zg:hthgereuw S?Lk:r?éyisog ar;geﬁg?g.fo;rgﬁ
and the diatomic nitrogen isotopic ratio (1.0345), and the latter N—Npstretchin : vibration Whilgahe 439 4 cm[k))[;ndpshowed
bands are appropriate for an NN ligand. Accordingly, these g vior M S )

the Nb—NN stretching vibration ratio (1.0300). The mixed

bands are assigned to vibrations of the Mimblecule in solid isotopic structure for both bands was not clear because of band
nitrogen, i.e., the complexed (NAWbN, molecule. overlz and isotopic dilution, but it is clear that the upper band
The NNbN absorptions increased on annealing in the nitrogen rrap otopic P € upp )
exhibited an isotopic doublet with no strong mixed isotopic

matrix, particularly the mixed isotopic molecule, and showed components. Compared to the previous- W syster®where
. . . . . 2
that this molecule is made from the-NNbN reaction in eq 4. similar bands at 2137.7, 455.6 chwere assigned to the

N + (NN) NbN — (NN),NbN, (4) V(NN)s molecule, the similar 2134.8, 439.4 cibands are
* X probably due to the analogous Nb(NNholecule.
In the solid argon matrix, doublets at 918.6, 914.9 ¢mand The weak band at 1965.2 cthobserved after deposition

685.4, 680.8 cm! were observed after deposition and increased decreased on annealing, showed a puré\\itrogen isotopic
on broadband photolysis. In tHEN./Ar experiment, these  ratio and doublet with“N, + 5N, and is assigned tentatively
bands shifted to 891.5, 887.8 cand 665.9, 661.3 cnt and to the NbNN molecule. The NbNN molecule was calculated
gave the isotopic ratios 1.0304, 1.0305 for the upper and to be the most stable isomer at this level of theory and gave a
1.0293,1.0295 for the lower bands. These bands are suitablel916.0 cmi* N—N stretching vibration frequency. Several
for assignment to the isolated NNbN molecule. However, bands at 2121.3, 2087.8 cthand their associated bands at
weaker intermediate components were observed at 905.6 andt58.6, 475.1 cm! cannot be identified and are tentatively
671.5 cnm! for these bands in the mixed isotopic experiment. assigned to Nb(NN)with 2 < x < 5.
This suggests that some NNbN was made by direct insertion  Very similar to the Nb+ N, system, laser-ablated Ta atoms
of laser-ablated Nb atoms into dinitrogen, reaction 5, whereasin solid nitrogen produced two strong bands at 2040.9 and
some was prepared by the-NNbN reaction; hence, the pure  2102.8 cm%, and, in the low region, two bands at 453.5 and
isotopic absorptions were much stronger than the mixed 457.8 cn1! have the same behavior. In the mixén, + 15N,
component. Photolysis is also capable of initiating reaction 5. experiment, the 2040.9 crh band revealed a strong doublet
elax with three weak intermediate mixed isotopic components
Nb* + N, — [NNbN]* — NNbN (5) between pure isotopic counterparts, and three extra weak bands
at higher frequency. This pattern indicates that the 2040:9 cm
TaN,. Similar behavior was found in the tantalum system. band is due to the triply degenerate mode of Ta(Nhjh the
Sharp bands at 895.2, 693.3, and 2296.9 tappeared on tetrahedral geomet’d/. The weak upper bands are mixed
annealing in the solid nitrogen matrix. The former two bands isotopic counterparts of the corresponding symmetric mode
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the M(N,) submolecules are in the sextet state in the (NN)

band had a large (1.0307) isotopic 14/15 ratio and is due to the (N2) complexes.

corresponding TaNN stretching vibration of Ta(NN) The
2102.8 cn1! band increased markedly on annealing, and the
mixed sample exhibited a strong doublet with no obvious
intermediate components. The 2102.8 ¢imand and associated
457.8 cnt! band are assigned to Ta(NNjollowing the
analogous Nb(NN)and V(NN molecules. Finally, a weak
band observed at 1947.6 ciafter deposition decreased on

Other Absorptions. A sharp 769.8 cm! band appeared on
annealing with Nb. The isotopic ratio 1.0291 was slightly lower
than the diatomic ratio, and no intermediate component was
observed. This band can be tentatively assigned to th& Nb
metal cluster nitride molecule. The 724.9, 569.6 érbands
appeared together on annealing, and both exhibit higher isotopic
ratios than the diatomic NbN ratio; these two bands are

annealing, and only pure isotopic counterparts were observedtentatively assigned to a nonplanar cyclic,Nb molecule.

in the mixed isotopic sample; this band is tentatively assigned
to the TaNN molecule.

The band at 770.2 cm and its site bands at 773.2, 767.6
cm! observed on annealing with Ta exhibit a large isotopic

Laser-ablated Re atoms in solid nitrogen gave rise to strong ratio (1.0331) and an isotopic triplet of doublets. These bands

sharp bands at 2083.5, 2071.5¢dnand 439.7, 436.2 cm after
annealing. Weaker 2204.6 and 816.5¢éipands increased with
the former absorptions on annealing. The stable rhenium
carbonyl is the RECO);o molecule?® so the completely ligated
Re(NN)1p molecule and the Re(NB)monomer must be
considered. The analogous Mn/study'° produced evidence
for MNn(NN)s and Mny(NN)10. The strong, sharp 2083.5 and
2071.5 cm! bands produced mixed isotopic bands, but it is
difficult to make specific assignments. The best course of action
is to model with the spectrum of Mn and to follow tkg, Mn-
(CO) molecule, which has weak 2060 ctapical and strong
equatorial 1938 and 1911 cthC—O stretching mode¥®. The
2204.6, 2083.5, and 2071.5 chbands are tentatively assigned
accordingly to Re(NNy) which is presumably &,, molecule.
The 816.5 and 439.7 crh bands are due to ReN—N
deformation and ReNN stretching modes, respectively, for Re-
(NN)s. Several major bands at 2100.6, 2097.7, 2087.8%cm

are due to a higher dinitrogen complex. In the argon matrix,
several bands at 813.1, 799.7, 770.7, and 754.7 atso cannot
be identified. The 813.1 cmt band showed a large isotopic
ratio (1.0330) and no intermediate component, and it may be
due to a metal cluster species.

The bands at 2226.9, 1060.4, and 887.8 timack together
on annealing with Re in solid nitrogen, and they are near bands
assigned to NReO or (NN)NReO complexes at 2122.8, 1054.7,
and 880.2 cm! in solid argor?* Hence, the former bands are
probably due to ligated NReO in these experiments arising from
a trace of oxide contamination.

Conclusions

Laser-ablated niobium, tantalum, and rhenium atoms have
been reacted with nitrogen atoms and molecules during con-
densation in excess argon and in pure nitrogen gas. The metal
nitride molecules NbN, TaN, ReN, and their dinitrogen com-

decreased on annealing and are probably due to partly ligatedplexes were trapped and identified by nitrogen isotopic shifts

species Re(NN)with x = 3, 4, 5.

With Re and 2% Nin argon, the 1940.1 and 1966.2 th
bands appeared on first annealing to 25 K. Using'the +
15N, sample, the 1940.1 cm band exhibited a doublet, while
the 1966.2 cm! band gave a triplet, which suggested assign-
ments to ReNN and Re(Nk)

All three metals in pure dinitrogen matrix gave weak bands
around 1800 cmt. In the Nb/N system, a 1815.6 cm band

decreased on annealing and gave way to a broad band centere

at 1857.1 cm?. In the Ta/N system, a 1762.6 cm band was

observed after deposition and decreased on annealing in favor

of a broad band centered at 1810.7émin the Re/N system,
weak bands at 1831.8, 1823.3 thngave way to bands at
1686.2, 1684.4, and 1682.3 cfon annealing. These bands
red-shifted more than 500 crhfrom the N fundamental and
showed pure N-N isotopic ratios. Similar bands observed in
the V, Cr, and Mn+N, system were assigned to cyclic M{N
species® However, calculations do not appear to support
assignment of these bands to MJN The most stable states
for Nb(N,) and Ta(N) molecule were calculated to be doublet
with N—N stretching frequencies around 1000¢m Note that
the N—N bond length was very large compared with the
diatomic nitrogen bond length. So forming these molecules may

and DFT frequency calculations. The Np&hd TaN dinitride
molecules were produced on annealing in solid nitrogen and
on deposition and increased on photolysis in solid argon. It is
interesting to note that the simple DFT/BP86/D95*/LanL2DZ
calculations predicted frequencies for NbN, NbNaN, and
TaN, with scale factors 0.97, 0.92 and 0.87, 0.96, and 0.95 and
0.92, respectively. Metal dinitrogen complexes were also
observed in the higher frequency region and illustrate the affinity
8f naked Nb, Ta, and Re atoms for the dinitrogen molecule.
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