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Infrared Spectra and Density Functional Theory Calculations of Group V Transition Metal
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Laser-ablated vanadium, niobium, and tantalum atoms react with discharged sulfur vapor during co-condensation
in excess argon. The primary reaction products are metal disulfides, while evidence for metal monosulfides
is found. Therv; andvs modes for V3, NbS, and Ta$ in argon matrices are observed at 527.8 and 583.5
cmt, 525.1 and 531.0 cm, 523.4 and 516.5 cmi, respectively. On the bases of the isotopiwibrations,

the bond angles of \SNbS, and Tagare estimated to be 11 3°, 107+ 3°, and 1074 3°. DFT calculations

have been performed on the metal sulfides and disulfides, and excellent agreement between the observed and
calculated frequencies supports the product identifications.

I. Introduction II. Experimental and Computational Methods

Transition metal sulfur compounds are important for both ~ Sulfur atoms and small molecules were generated by a
biochemical and industrial catalysi©n one hand, the removal ~ microwave discharge in argon seeded with sulfur vapor. The
of heteroatoms such as sulfur, nitrogen and metals from oil coaxial quartz discharge tube is similar to the one used in earlier
feedstock by transition metal based catalysts has long been onéulfur experimentd? Natural isotopic sulfur (Electronic Space
of the major catalytic processes in the petroleum industry. The Products, Inc., recrystallized) and enriched sulfur (983 EG
removal of sulfur reduces the amount of sulfur oxides released @hd G Mound Applied Technologies) were used as received; a
into the atmosphere during the combustion of hydrocarbon fuels 50/50 mixture of the two samples was also employed. The vapor
and sulfur poisoning of precious metal-based reforming catalysts Pressure of sulfur located in the sidearm was controlled by the
that are used in producing high octane gasoline. On the otherresistively heated windings. The microwave discharge was
hand, metal sulfides are catalytically active themselves, the Sustained in the argersulfur mixture by a Burdick MW220
deposits of metal sulfides may even increase the activity of a diathermy (operated at 3%0% of the maximum power level)
catalyst. In the case where metal sulfides exhibit less catalytic With an EvensorBroida cavity and extended from a region
reactivity than their corresponding oxides or bare metals, they about 5 cm downstream of the sulfur reservoir to the end of the

are often less susceptible to poisoning and can show higherdischarge tube. The presence of significant quantities,of S
selectivity? the discharge was indicated by the sky-blue emis¥ldifferent

Vanadium group sulfides have attracted immense interest infro_lr:r;] the normal plnl|< argc;]n glsfchalrge. blati q .
the past few years. Bulk vanadium sulfides on their own, e experimental method for laser ablation and matrix

; - - isolation has been described in detail previodsiy2 Briefly
particularly \.S;, are efficient catalysts for hydrodesulfurization, SO i R
hydrodenitrogenation, and hydrogenation of aromatic mol- the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate

ecules® Both vanadium and niobium sulfides are also used as V;:ith 1t0tf‘5 pulse dv_vidthAel}zogn;JS/gulse_) g\_/as f%cuhsed to’\;albtlﬁte

dopants in other transition-metal-based hydroprocessing catalystg, o, o o d vana um (Alfa, 99. g)’ niobium (Johnson-Mathey,
to modify activity and selectivity-” Moreover, studies have 9%) or tantalum (Mackay, 99.99 /o)_metal target. Laser-ablated
shown superconductivity in a tertiary metal sulfide, SIE&9 metal atoms were co-deposited with the sulfur-doped argon

. A ! . spray-on stream oata 7 K Cslwindow at 2-4 mmol/h for
Understanding the catalytic bulk metal sulfide chemistry at 0.5-1.5 h. Infrared spectra were recorded at 0.5 tresolution
a molecular level starts at investigating the intrinsic properties

¢ isolated | eulfid lecules. Vanadi ifid . on a Nicolet 550 spectrometer with 0.1 chaccuracy using a
ot isolated metal sulfide molecules. Vanadium sulfide cations e ¢ ry cadmium telluride detector down to 400-énMatrix
(VSht, n = 1-10) have been studied using various mass

. iapr3 samples were annealed at different temperatures, and selected
spectrometric methods and DFT calculations: For neutral g3 mnjes were subjected to irradiation using a medium-pressure
sulfide species, an earlier argon matrix study reacting transition mercury lamp { > 240 nm) with the globe removed.

metal atoms and OCS reported vibrations of VS and. Y DFT calculations were performed on group V metal mono-

very recent laser-induced fluorecence investigation identified and disulfides using the GAUSSIAN 98 proaréand the
the C'=~ — X“=~ band system of V& Theoretical calculations B3LYP? functional.gThe 6-314.G* basis spet ?Nas used for

predicted™>" ground states for VS and NbS, which have similar sulfur and vanadiur® and the LanL2DZ effective core potential

. . . 17 L1; _ : _ A . .
bonding as their oxide counterpatfst” High resolutlo_n SPeC-  and basis set was employed for niobium and tant&um.
troscopy of TaS has been reported, and 17 electronic transitions

have been rotationally analyzé8iTo our knowledge, neither
experimental nor theoretical studies have been performed for
niobium and tantalum disulfides. We report here a combined Infrared Spectra. Cocondensation of laser-ablated V, Nb,
IR and DFT investigation of group V sulfides. Ta metal atoms with a sulfur-seeded argon discharge stream

10.1021/jp013790n CCC: $22.00 © 2002 American Chemical Society
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Figure 1. Infrared spectra in the 66600 cnT? region for laser-ablated

V co-deposited with discharged S in argon at 7 K. (a) sample deposited
for 60 min, (b) after 25K annealing, (c) aftér> 240 nm irradiation,

(d) after 35 K annealing, (e) after 40 K annealing.
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Figure 2. Infrared spectra in the 66600 cnt? regions for laser-
ablated V co-deposited with discharged S in argon at 7 K. (%)

(c, d) ¥s, (e, f) 50/50%%S + 3*S mixture. Spectra (a, c, ) recorded
after sample deposition; spectra (b, d, f) recorded after 25 K annealing.

J. Phys. Chem. A, Vol. 106, No. 15, 2002739

Nb*'S, ()

04 No”S: () ©
8
£ 03 (d)
=
=]
ﬁ \—NA——M

0.2

0.1

520 510
Wavenumbers (cm™)

Figure 3. Infrared spectra in the 54595 cnt? region for laser-ablated
Nb co-deposited with dischargedS in argon at 7 K. (a) sample
deposited for 60 min, (b) after 25K annealing, (c) after 240 nm
irradiation, (d) after 35 K annealing, (e) after 40 K annealing.
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Figure 4. Infrared spectra in the 55195 cnt! regions for laser-
ablated Nb co-deposited with discharged S in argon at 7 K. (&)
(c, d)3s, (e, f) 50/50%%S + 3S mixture. Spectra (a, c, e) recorded

produced common bands in the infrared spectra. These commorfite" Sample deposition; spectra (b, d, f) recorded after 25 K annealing.

band3? include absorptions ofsSat 679.8 and 676.0 cm, S,

at 661.7 and 642.4 cm, CS at 1528.0 cm?, and weak 80

at 1157.1 cm®. The spectral regions showing distinct new
features are presented in the Figuresland the absorption
bands in different*S and mixed?S + 34S isotopic experiments

are listed in the Table 1. Complementary experiments were done

with each metal and an Ar/OCS sample. The product bands in
different experiments, and their assignments will be described
in the next section.

DFT Calculations. The ground-state configurations of S, V,
Nb, and Ta atoms were reproduced as [N&3g§ [Ar]3d34<,
[Kr]4d45s, and [Xe]4f45d6<, respectively. The calculation on
$; and S found ground states oy~ and*A;, respectively.
The S-S bond length in the Smolecule is 1.927 A, whereas
in the S molecule, the SS bond length is 1.952, and the bond
angle is 118.2 For comparison valance angle calculations from
four pairs of symmetrical isotopie; values gave 116 2° for
S3.1% For every metal mono- and disulfide, calculations were
performed on doublet and quartet spin multiplicities. For metal
disulfides, both linear and bent starting geometries were
employed. We also commonly switched occupied and virtual
orbitals to confirm that the state under consideration was in fact

the ground state. Analytical second-derivatives were used to
obtain the harmonic frequencies. The ground states for both VS
and NbS aréX~ (6%0?), whereas the ground state of TaSAs
(6%6?). These results are similar to their oxide counterp&rts28

The ground states for all three disulfides are k& this is

also in accord with their oxide counterparts. Although an earlier
DFT/B3LYP calculation on V@reported &B; ground staté?
reinvestigation with the same type of calculation reveals that
the2A; state is 1.0 kcal/mol lower in energy than #ig state.

The detailed calculation results for the ground and low-lying
excited states of metal mono and disulfides, and new results
for VO, are summarized in the Tables-2.

IV. Discussion

The group V transition metal sulfides will be assigned in turn.
VS. Absorption at 528 cm! was resolved into two bands at
529.2 and 527.8 cri on annealing to 35 K (Figure 1d). The
upper band at 529.2 crhis assigned to the VS fundamental.
In the isotopic®*S experiment, the 529.2 crhband is shifted
to 519.7 cmi?, which is clearly resolved from théS counterpart
of the 527.8 cm! band at 517.1 cmt (Figure 2c,d). The
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TABLE 1: Infrared Absorptions (cm ~1) from Codeposition
of Laser-Ablated V, Nb, and Ta Atoms with Discharged

TaS: v3) Sulfur in Excess Argon
018 TaS (1) 323 343 325 4 g R(32/34) identity
@ Vanadium
© 583.5 5745 583.6,579.5,574.5 1.0157 M8
§ 580.6 571.6 580.5,576.2,571.5 1.0157  ,\éBe,vs
£ ww]\/w 572.5 563.8 572.5,568.5563.8 1.0154 ,¥e,v;
§ 0.10 529.2 519.7 529.2,519.7 1.0183 VS
< 527.8 517.1 527.8,522.3,517.1 1.0207 2M&
M Niobium
541.8 530.6 1.0211 (X-Nbp
531.0 520.3 531.0,529.0,520.3 1.0206 Nbs
0.02 5285 517.7 1.0209  NbSite,vs
' @ 526.5 516.1 526.5,523.7,515.9 1.0201 MNbite,v;
. . | 525.1 513.0 525.1,515.8,513.0 1.0236 Nbs
540 530 520 510 1 500 490 524.1 512.0 1.0236 NbSite,v;
Wavenumbers (cm™) Tantalum
Figure 5. Infrared spectra in the 548190 cnt region for laser-ablated 529.9 517.1 1.0248 (X-Tap
Ta co-deposited with discharged S in argon at 7 K. (a) sample deposited 523.4 509.6  523.4, 520.6, 509.8 1.0271 Ja%
for 50 min, (b) after 25K annealing, (c) aftér> 240 nm irradiation, 516.5 504.1 516.5,506.2,504.1 1.0246 1a%
(d) after 35 K annealing. 5149 502.6 514.9,505.1, 502.7 1.0245 Taige,vs
504.8 493.0 1.0239 18
TaS; (v3) TABLE 2: Calculated Electronic State, Relative Energy,
Geometry, and Frequencies for VS, NbS, and TaS
WW relative
0.3 TaS; () _ electronic  energy, geometry, frequency, cmt
W) species state kcal/mol A (intensity, km/mol)
g VS A3 (6%0Y) 0 2.062 537.1(67)
g w) 25 (6%0Y) +20.5 2.034 579.5(65)
= 02 2A (610?) +25.8 2.007 572.4(32)
2 NbS 4= (620 0 2.155 541.4(47)
< MAJ\\_A__v@ 2A (0%0?) +17.7 2119 575.8(43)
AP (7lolel)  +18.8 2.191 503.4(64)
wdw) (%Y +19.9 2146 554.7(41)
ol TaS  2A (8'd) 0 2.121 552.7(19)
43 (6%%) +4.7 2.152 522.1(27)

520 510 500
Wavenumbers (cm™)

Figure 6. Infrared spectra in the 54080 cn1? regions for laser-
ablated Ta co-deposited with discharged S in argon at 7 K. (&Sb)

(c, d)¥s, (e, f) 50/50%%S + 3*S mixture. Spectra (a, c, ) recorded
after sample deposition; spectra (b, d, f) recorded after 25 K annealing.

32543 jsotopic frequency ratio of 1.0183 is very close to the
harmonic diatomic ratio of 1.0186 for VS. The mixed isotopic
325 4 343 experiment gave only two pure isotopic absorptions,
which confirmed that a single sulfur atom is involved in this
vibrational mode (Figure 2 e,f). The 529.2 thargon matrix
VS fundamental is in excellent agreement with the first vibronic
band separation of 542.1 cthrecently observed in the gas
phase™® This matrix shift, 12.9 cml, is smaller than the matrix
shift (17.9 cntt) observed for VO at 983.6 cm?, but the VS

support from isotopic substitution. These assignments are
incorrect: the stronger 530 crhproduct band is due to VS, as
might be expected, and the absorption at 584 cmill be
reassigned to VSin the next paragraph. The present OCS
experiment gave a sharp band at 529.3t(A = 0.019), which
is due to VS, and another band at 532.0-é¢mwhich may be
due to VS perturbed by CO; no band was observed near 580
cmL It is interesting to note that VO was observed at 983.1
cm~1 with 10% of the intensity of VS. Other product bands at
537.9, 974.8, 1881.2 and 1980.9 chware probably due to
inserted OCVS or OVCS species that are beyond the scope of
this investigatiort® Finally, a weak 529.2 cmt band was
observed for VS in a similar experiment with £fSrecursor.
VS,. Two sharp and strong bands at 583.5 and 580.6cm
were observed on deposition. The 583.5 ¢rband increased
and the 580.6 cm band decreased slightly on annealing,

matrix shift is a larger percentage, 2.4%, as compared to 1.8%whereas opposite behavior was found for UV irradiation (Figure

for VO.

In the DFT calculation, the ground electronic state of VS is
predicted a$>~, with ad20! configuration. The lowest doublet
state?Z~ is 20.5 kcal/mol higher in energy. The vibrational
analysis for th¢=~ state predicted a harmonic\8 stretching
mode ve) at 537.1 cm?, which is in excellent agreement with

1). In the isotopic®*S experiment, these two bands shifted to
574.5 and 571.6 cm, and both havéSf*S isotopic frequency
ratios of 1.0157. In the mixe#SP*S experiment, both bands
showed 1/2/1 triplet patterns, which indicates the involvement
of two equivalent sulfur atoms in this vibrational mode (Figure
2e,f). Two intermediate bands at 579.5 and 576.2ane 0.4

the matrix observation and requires a scale factor of 0.985. Ourand 0.2 cm?, respectively,higher than the medians of the

DFT calculation also agrees with earlier higher level MCPF
and CCSD(T) calculatiod% on VS: the DFT bond length is
within 0.02 A, andwe is within 17 cntl.

In a previous study of first-row transition-metal sulfides using
the thermal V+ OCS reactiort# a band at 584 cnt was
assigned to VS and a stronger 530 @rband to VS without

corresponding pure isotopic bands. The 583.5 and 580:8 cm
absorptions are assigned to the antisymmetrieS\stretching
mode of the V@ molecule at two different matrix sites. A weak
band at 572.5 crmt showed similar isotopic frequency ratio and
triplet splitting pattern in the mixe#S + 34S experiment. This
band is assigned to the antisymmetrie-8 stretching mode of



Group V Transition Metal Sulfides J. Phys. Chem. A, Vol. 106, No. 15, 2002741

TABLE 3: Calculated Electronic State, Relative Energy, Geometry, and Frequencies for VS NbS,, TaS;, and VO,

electronic relative energy, geometry, frequency, cm* (intensity, km/mol)
species state kcal/mol A, deg 21 V2 V3
VS, 27, 0 2.040,110.8 546.8(8) 180.7(0) 590.5(126)
2B, +17.9 2.100,171.7 435.9(1) 145.8i(57) 598.1(221)
B, +24.4 2.120, 106.5 482.3(53) 84.1(8) 262.0(70)
cyclic V() By +18.2 2.259,56.4 498.2(37) 367.0(4) 262.7(8)
2B, +34.8 2.242,57.0 500.7(51) 380.4(8) 303.4(11)
NbS, 27, 0 2.165, 107.0 536.9(13) 184.4(0) 534.9(113)
2B, +12.9 2.183,114.5 519.2(12) 153.3(1) 526.2(157)
A, +34.6 2.234,101.7 470.1(36) 111.2(2) 204.6(7)
cyclic Nb(S) B, +46.6 2.385,52.6 499.9(28) 341.3(5) 213.5(4)
2B, +58.7 2.374,53.0 496.1(27) 353.8(9) 223.6(8)
Tas 27, 0 2.159,107.9 527.0(8) 174.8(0) 512.3(80)
2B, +23.3 2.183,114.6 504.6(9) 144.6(0) 488.7(91)
A, +40.2 2.226,104.5 459.1(24) 102.5(2) 248.2(22)
cyclic Ta(S) B, +66.5 2.368,53.4 496.6(18) 324.8(6) 231.4(1)
A, +67.3 2.333,54.3 509.4(25) 341.6(1) 248.0(1)
VO, 27, 0 1.610, 115.7 1027.6(34) 261.4(4) 997.4(427)
2B, +1.0 1.612, 120.9 1022.7(44) 311.8(16) 1010.9(493)
TABLE 4: Comparison of Computed and Experimental ratios, for thev,; and vz modes, 1.0203 and 1.0162, are very
MeotlaI—Squur Stretching Frequencies (cnT?) in VS, NbS;, close to the experimental values. Themode is predicted at
and Ta$ 180.7 cnt! with essentially no infrared absorption intensity.
computed exptl Nevertheless, this band position is out of the detection window
species mode RS, M3¥S, R(32/34) M3, M3¥S, R(32/34) of our instrument. _ _
VS, v, 5468 5359 1.0203 5278 5171 1.0207 The earlier matrix assignméftof absorptions at 622 and

vs 5905 581.0 1.0162 5835 5745 1.0157 530 cnr!to thev; andvs modes of VS must be revised. This
NbS,  »; 536.9 5244 1.0238 5251 513.0 1.0236 work employed OCS to produce vanadium sulfides, and without
vs 5349 5239 10210 531.0 5203 1.0206 isotopic substitution, assigned VS and Mbsorptions on the
Tag w1 527.0 5132 1.0269 5234 509.6 1.0271  pages of the variations of band intensities on reagent concentra-
vs 5123 499.9 10248 5165 5041 10246 yiohg i the present mixedSA*S isotopic experiment, the triplet
VS, in another matrix site. The 527.8 chband is weak  features for bothv; and vs modes at 527.8 and 583.5 cin
compared to the 583.5 and 580.8 ¢rbands, and also partially ~ clearly demonstrate the involvement of two equivalent sulfur
coincident with the VS absorption at 529.2 thFortunately, atoms in the responsible molecule. The asymmetry ofithe
the two bands are fully resolved in the isotoff experiment and v triplets further showed thats is higher in frequency
(Figure 2c,d), and th&S counterpart at 517.4 crhapparently than v1. Moreover, the excellent agreement between DFT
tracks with the sum of absorbance of 574.5 and 571.61cm calculation and the spectroscopic observation confirms the
bands. The 527.8 cm band showed a triplet feature in the current band assignments.
mixed 32SP4S experiment (Figure 2e,f). The intermediate band  NbS,. Two strong bands were observed after deposition: the
at 522.3 cm? is 0.2 cnT! lower than the median of two pure  band at 531.0 cm sharpened and increased on annealing,
isotopic bands, which is in accord with the blue-shifting of the whereas the broader band at 528.5 émradually decreased
intermediaté?SV34S band of the antisymmetric/S stretching on annealings (Figure 4a,b). In tB&s experiment (Figure 3),
mode in the VS molecule. The 527.8 cm band is hence  these two bands appeared at 520.3 and 517.7 cwith 32S/
assigned to the symmetric\S stretching mode of the S 343 isotopic ratios of 1.0206 and 1.0209, respectively. In the
molecule. It is interesting to note that the aver&$#“S isotopic mixed 32SPIS experiment (Figure 4e,f), a triplet is clearly
frequency ratio of symmetric and antisymmetric stretching observed for the sharp 531.0 chband with an intermediate
modes (1.0182) is very close to the same value in the diatomic band at 529.0 cm, whereas for the broader 528.5 thband
VS molecule (1.0183). The antisymmetric stretching frequencies the splitting pattern is not fully resolved. These two bands are
of VS, and \#“S, provide basis for calculation of a 117 3° assigned to the antisymmetric stretching mode of NbhSwo
upper limit to the SV —S bond anglé®3In the case of Mo@ matrix sites. A third matrix site at 526.5 crhis also observed
where seven natural Mo isotopes and two oxygen isotopes areon late annealing. The much weaker mode of Nb$ was
available, both the valence angle lower limit and upper limit observed at 525.1 and 524.1 chin two matrix sites; both red-
were deduced from various apex and terminal isotopic molecule shifted to 513.0 and 512.0 crhwith the sameé?S£*S isotopic
pairs32 Accordingly, the true angle for \\will be on the order frequency ratios (1.0236). Similar to the ¥#&olecule, the
of 4° lower than the 112 3° value deduced from sulfur isotopic  average of thev; and vs 32SP4S isotopic frequency ratios
substitution. (1.0222) is close to the harmonic diatomic ratio of 1.0226. In
DFT calculations on the V:Smolecule were performed to  the mixed32SA*S experiment, a triplet splitting pattern was
support the spectroscopic observations. The ground state is founabserved for the 525.1 crhband with an intermediate band at
to be2A1, with V—S bond length of 2.040 A and-S/—S bond 515.8 cn1! (Figure 4e,f). Not surprisingly, the interaction of
angle of 110.8 The lowest quartet state of Y,%nd the doublet  antisymmetric and symmetric-INb—S stretching modes in the
and quartet cyclic V(8 molecule are at least 17 kcal/mol higher lower symmetry3’S—Nb—23‘S molecule made both observed
in energy than th@A; ground state (Table 3). The vibrational triplets asymmetric: the intermediate bands in theand v,
analysis of the?A; state predicted; and vs modes at 546.8  triplets are blue-shifted 3.4 crh and red-shifted 3.3 cm,
and 590.5 cm?, with absorption intensities of 8 and 126 km/ respectively, from the medians of their pure isotopic counter-
mol, respectively. These results agree with the experimental parts. It is noteworthy that the closenesspandv; frequencies
values very well. The calculate®#¥SP*S isotopic frequency leads to the stronger interaction between two intermediate bands
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compared to the VScounterparts. On the bases of ##8£*S
isotopic frequencies of thes mode, the upper limit of the
S—Nb—S bond angle is deduced as 1313°. Similarly, the
true angle will be near 10 3°.

The ground Nbgstate is predicted &4, in DFT calculations
with the Nb—S bond length of 2.165 A and the-8Ib—S bond
angle of 107.0. Other low-lying states have at least 12 kcal/
mol higher energies, and tH®; state cyclic Nb(9 is 46.6
kcal/mol higher. The predicted; and v3 modes for the?A;
ground state are at 536.9 and 534.9 émwith absorption

Liang and Andrews

probably due to the OCNbS insertion product, but we cannot
be certain without isotopic substitution.

In the tantalum experiment, a similar weak band observed at
529.9 cn1? shifted to 517.1 cmt in the 3*S experiment. In the
mixed 32S + 34S experiment, the band splitting pattern is not
clear (Figure 6). This band is in the region expected for TasS.
The DFT calculation predicted the ground stat@sswhereas
the 4=~ state is only 4.7 kcal/mol higher in energy. The
frequency analysis predicted the harmonic vibration at 552.7
cm~1, which is in excellent agreement with a recent gas phase

intensities of 13 and 113 km/mol, respectively. These results determinatioff of the X?A state TaS fundamental as 549.2
agree with the experimental values fairly well, except that the cm™*. However, the isotopic frequency ratio of 1.0248 is lower
predictedv; mode absorbs at a slightly higher frequency than than the harmonic diatomic ratio of 1.0259, but close to the
the v3 mode, whereas the opposite was found experimentally. value forvs of Ta$ (1.0246). This band is probably due to a
The calculated isotopic frequency ratios also agree with the similar Ta-S; mode in a higher sulfide. A Ta experiment with

observed values (Table 4). The mode is predicted at 184.4
cm~1 and it is out of our detection window.

TaS,. Similar to the VS and Nb$ molecules, bothy; and
vz modes for the TaSmolecule were observed. The strong

absorption at 516.5 cm observed on deposition is assigned to

the antisymmetric stretching mode of Ta&igure 5). In the
34S isotopic experiment (Figure 6¢,d), this band shifted to 504.
cm~1 with a 32SpR4S isotopic frequency ratio of 1.0246. The
weaker absorption at 523.4 cinis assigned to the; mode of
TaS; this band shifted to 509.6 crhwith an isotopic frequency
ratio of 1.0271 (Figure 6). The average af and v3 isotopic

frequency ratios again is very close to the harmonic diatomic

value of 1.0259. The 514.9 crhband is only observed after
UV irradiation (Figure 5c), and it showed a similar isotopic
frequency ratio and splitting pattern as those of the 516.5'cm
band. The 514.9 cnt band is assigned to the mode of Tag
molecule at another matrix site. In the mix&8,£*S experiment,
both v; andv3 modes split into triplets (Figure 6e,f), and the
intermediate bands are blue-shifted 4.0"érand red-shifted

4.1 cnml, respectively, from the medians of their corresponding

pure isotopic bands. The-Sa—S bond angle upper limit
calculated from the TS, and T&S; isotopic frequencies is
111 4+ 3°, and the true angle will be near 167 3°.

DFT calculations on TaSpredicted the ground state &,

whereas other low-lying states are at least 23 kcal/mol higher,

and the'B; state cyclic Ta(g is 66.5 kcal/mol higher in energy.

The calculated bond length is 2.159 A, and the bond angle is

107.9. Thewv; andvs vibrational modes are predicted at 527.0
and 512.3 cm?, with absorption intensities of 8 and 80 km/

mol, respectively. These results are in very good agreement with

OCS vyielded still weaker product absorptions than Nb and no
absorption in the 500 cni region.

A weak band observed at 504.8 chon deposition in the
Ta experiment increased slightly on annealing (Figure 5). The
325/4S isotopic frequency ratio of 1.0239 is even lower than
the ratio for thevs mode of Ta% The isotopic splitting pattern

1 could not be resolved in the mixed isotopic experiment due to

the weak nature of the band. The band is possibly due to a higher
tantalum sulfide; we generically assign it to,$a where x and
y are small integers.

Reaction MechanismsPaossible reactions for product forma-
tion, along with zero-point-energy-corrected relative energy
changes calculated by DFT are

M + S— MS Q)

(AE = —102.5,-116.2, and-119.3 kcal/mol
for V, Nb, and Ta)

M+S,—~MS+S )

(AE=—9.4,—-23.1, and—26.2 kcal/mol

for V, Nb, and Ta)
M+S,—MS+S, 3

(AE= —57.7,—71.4, and—74.5 kcal/mol
for V, Nb, and Ta)

M +S,— MS, 4)

the experimental values. The predicted isotopic ratios listed in (AE = —95.3,—127.0, and-142.6 kcal/mol

the Table 4 also agree well with the observed values. ibhe
mode is computed at 114.8 ciyand it is out of our detection
window.

Other Absorptions. In the niobium experiment, a weak band
at 541.8 cm' compared to the NS/3 mode shifted to 530.6
cm1 in the 34S experiment (Figure 4). In the mixedSP*S
experiment, although the strong Nb& band covers the spectral
region around 531.0 cm, this band appears to have an
intermediate component near 536 ¢mThe DFT calculation
on NbS produced a ground state“af~ with a 6%c? configu-
ration, and the calculated 541.4 cinharmonic frequency is

very close to the observed value. However, the isotopic

for V, Nb, and Ta)

M+S,—MS,+S (5)

(AE = —50.5,—82.2, and—97.8 kcal/mol
for V, Nb, and Ta)

The AE values for the reaction 1 are actualyDy values for
the MS molecules. Only p for VS has been measured
experimentally, and our calculated value (103 kcal/mol) is near
the reported value (106 kcal/méh.

In the current experiment, the dominant processes for

frequency ratio of 1.0211 is lower than the harmonic diatomic formation of MS and Mg cannot be determined. Although all

ratio of 1.0226, but the ratio is almost that found for the

five proposed reactions are thermodynamically favored for all

mode of Nb$ (1.0206). We tentatively assign this band to an three metals, no apparent increase of the metal sulfide bands

antisymmetric Nb-S, mode in a higher niobium sulfide species.

was observed during the annealing and irradiation cycles in the

The Nb experiment with OCS gave less intense products thanmatrices. This result suggests that the formations of MS and

the V investigation, and a weak new 508.7 @nband is

MS; require significant amount of activation energies. Metal
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sulfides are only formed during the laser-ablation processes

when the ablated metal atoms provide sufficient activation
energies to overcome the reaction barriéi@eactions 2 and 4
are probably most important as 8 expected to be the major

sulfur reagent, although its concentration could not be measured,

and M$S is the dominant product.

Comparison of V, Nb, and Ta Monosulfides.Bonding in
the first-row transition-metal monosulfides is similar to bonding
in the oxide counterpari$.in the case of vanadium monosulfide,
the*=" (6%0%) ground state is derived fromionic;\Y3do13dd%4s)-

S~ (3pot3pr?), and covalent, V(30!3dr13di%4sh)S(3pt3prd),
components. The bonding is formed between the vanadium
hybridized ds and the sulfur 3p orbital electrons, with another
nonbonding ds electron polarizing away from sulfur. The
bonding is between vanadium B@nd sulfur 3gr orbitals: in
the ionic limit it is the sulfur 3p* electrons donating to the
empty 3dr orbitals, whereas in the covalent limit it is the
electron pairing between adand 3pr orbital electrons. Two
electrons in vanadium 3dorbitals are essentially nonbonding,
and do not affect bonding.

A similar bonding scheme can be applied to NbS and TasS.
Our DFT calculation predicted the sarfie~ ground state for
NbS, however for TaS, the ground state was calculatet\as
instead, and théX~ state lies 4.7 kcal/mol higher in energy.
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argon. The absorptions of VS and M@ =V, Nb. Ta) have
been observed, and confirmed by the isotopic substitution.
Isotopic mixtures S + 34S) are required to discriminate
between VS and VS The VS fundamental in solid argon is
redshifted 12.9 cmt from the gas-phase valdeThev; andv;
modes for V, NbS, and Tagabsorb at 527.8 and 583.5 ci
525.1 and 531.0 cmi, 523.4 and 516.5 cm, respectively, in
solid argon. Based on the isotopigvibrations, the bond angles
of VSy, NbS, and Ta$ are estimated to be 118 3°, 107 +

3°, and 107+ 3°. DFT calculations on metal mono- and
disulfides give frequencies in excellent agreement with the
observed values and support the product identifications.

A brief comparison with the group V dioxides and disulfides
can be made: all have the grouf8l; state and the valence
angles of VQ and VS (114° and 113+ 3°), NbO,, NbS, Ta®,
and Ta$ (107 £ 3°) are the same for each metal (Table 3, ref.
28,29). Thevs frequencies of the disulfides are 62, 61 and 57%
of thevs frequencies for V@ NbQ, and TaQ, respectively?829
Thus the group V dioxide and disulfide molecules are similar.
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