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Laser-ablated chromium, molybdenum, and tungsten atoms react with discharged sulfur vapor during
cocondensation in excess argon. On the basis of the metal isotopic splittings,34S isotopic substitution, and
mixed32S + 34S experiments, the primary reaction product MS2 molecules are identified. The S-M-S bond
angles in the MS2 molecules are determined from isotopic frequencies as 115° ( 4°, 114° ( 3°, and 114° (
8° for M ) Cr, Mo, and W, respectively. Other reaction products, including CrS, CrS3, and WS3, are also
characterized. DFT calculations using both B3LYP and BPW91 functionals produce consistent results for the
Mo and W compounds and are in excellent agreement with experimental frequencies. For chromium sulfides,
the BPW91 functional calculations give satisfactory results.

I. Introduction

Transition metal sulfides are involved in many industrial and
biological processes.1,2 Because of their important roles in
biological enzyme systems, catalytic hydrodesulfurization, and
solid lubrication, group 6 metal-sulfur cluster compounds,
particularly molybdenum sulfides, have been extensively
studied.3-8 In addition, applications are found for molybdenum
and tungsten sulfide nanotubes as potential high-performance
materials.9-11 Molecular spectra of transition metal monosulfides
are also of special interest to astrophysicists because several
lines of TiS and ZrS have been found in the spectra of S-type
stars.12,13

On the molecular level, group 6 metal sulfides have received
comparatively little attention. An earlier thermal emission
investigation reported a band system in the region 3860-4650
Å, and anω′′e value of 621.4 cm-1 was deduced for CrS.14 An
argon matrix study reacting transition metal atoms and OCS
reported the vibration of CrS at 558 cm-1.15 A recent high-
resolution laser-induced fluorescence spectroscopy study re-
ported the B5Π-1-X5Π-1 transition; however, noω′′e value
was given.16 Two theoretical calculations predicted the5Π
ground state for CrS.16,17 Finally, the D0 value of CrS+ was
reported in a mass spectroscopic study of the reactions between
Cr+ and CS2, and OCS.18 To our knowledge, no study has been
reported for higher-order chromium sulfides or for molybdenum
and tungsten sulfide molecules. We report here a combined
matrix IR and density functional theory investigation of group
6 sulfides.

II. Experimental and Computational Methods

Sulfur atoms and small molecules were generated by a
microwave discharge in argon seeded with sulfur vapor. The
coaxial quartz discharge tube is similar to the one used in the
earlier experiments.19 Natural isotopic sulfur (Electronic Space
Products, Inc., recrystallized) and enriched sulfur (98%34S,
EG&G Mound Applied Technologies) were used as received;
different mixtures of the two samples were also employed. The
vapor pressure of sulfur located in the sidearm was controlled
by the resistively heated windings. The discharge was sustained

in the argon-sulfur mixture by an Opthos Instruments 120 W
microwave discharge (operated at 30-50% of the maximum
power level) with an Evenson-Broida cavity and extended from
a region about 5 cm downstream of the sulfur reservoir to the
end of the discharge tube. The presence of significant quantities
of S2 in the discharge was indicated by the sky-blue emis-
sion,20,21 different from the normal pink argon discharge.

The experimental method for laser ablation and matrix
isolation has been described in detail previously.22,23 Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width, 3-20 mJ/pulse) was focused to ablate
the rotating chromium (Johnson-Matthey, 99.2%), molybdenum
(Goodfellow), or tungsten (Johnson-Matthey, 99.95%) metal
target. Laser-ablated metal atoms were codeposited with a sulfur
doped argon stream onto a 7 K CsIcryogenic window at 2-4
mmol/h for 0.5-1.5 h. Infrared spectra were recorded at 0.5
cm-1 resolution on a Nicolet 550 spectrometer with 0.1 cm-1

accuracy using a mercury cadmium telluride (MCTB) detector
down to 400 cm-1. Matrix samples were annealed at different
temperatures, and selected samples were subjected to irradiation
using a medium-pressure mercury lamp (240-700 nm) with
the globe removed.

DFT calculations were performed on all proposed metal
sulfides using the Gaussian 98 program24 and the hybrid
B3LYP25 and pure BPW9126 functionals. The 6-311+G* basis
set was used for sulfur and chromium,27 and the LanL2DZ
effective core potential and basis set were employed for
molybdenum and tungsten.28

III. Results

Infrared Spectra. Matrix-isolation experiments with laser-
ablated metal atoms and discharged sulfur molecules produced
common bands in the infrared spectra. These bands19 include
strong absorptions of S3 at 679.8 and 676.0 cm-1, S4 at 661.7
and 642.4 cm-1, CS2 at 1528.0 cm-1, and weak absorption of
S2O at 1157.1 cm-1. The regions that showed new metal-
dependent absorption features are presented in Figures 1-6,
and the frequencies from various isotopic experiments are listed
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in Table 1. The behaviors of these absorption bands in different
experiments and their assignments will be discussed in the next
section.

DFT Calculations. As the first step, atomic calculations were
performed. The ground electronic state configurations of S, Cr,
and Mo atoms were reproduced as [Ne]3s23p3, [Ar]3d54s1, and
[Kr]4d55s1. The configuration [Xe]4f145d56s1 is 4.8 and 16.9
kcal/mol lower than the reported W ground-state configuration,
[Xe]4f145d46s2, in the B3LYP and BPW91 functional calcula-
tions, respectively. The experimental energy separation of these
two states is 8.4 kcal/mol.29 Third-row transition metals are
subject to strong relativistic effects and spin-orbit coupling.30

The current DFT calculations do not include spin-orbit
coupling, and the relativistic effect is included through an
effective core-potential, that is, quasi-relativistic calculation.
Apparently, higher-level calculations that treat these effects
specifically are necessary to address the atomic calculation.
Nevertheless, this type of calculation has proven effective in
characterizing vibrational frequencies of small tungsten-contain-
ing molecules.31,32Later in this paper, this7S state will be treated
as the ground state when comparing the relative energies of
reactions. Optimized geometries and frequencies were calculated

for the mono-, di-, and trisulfides of all three metals, and the
results are listed in Tables 2-4, respectively. These results will
be discussed with the infrared spectra in the next section. For
all three metals, the calculated frequencies are listed only for
the most abundant metal isotopic components:52Cr, 98Mo, and
184W.

IV. Discussion

The group 6 transition metal sulfides will be assigned in turn
with the help of natural abundance metal and sulfur isotopic
substitution and DFT-computed frequencies.

MS2. CrS2. The reaction between laser-ablated Cr atoms and
sulfur produced a strong absorption at 574.6 cm-1 (Figure 1).
This band showed little change on annealing and decreased by
one-third on full-arc irradiation. In the34S isotopic experiment,
this strong band shifted to 565.7 cm-1, with a 32S/34S isotopic
frequency ratio of 1.0157. In the mixed32S + 34S experiment
(Figure 2), the triplet splitting pattern with relative intensity of
1:2:1 indicates that two equivalent sulfur atoms are involved in
this vibrational mode. This band is assigned to the antisymmetric
S-Cr-S stretching mode (ν3) in the CrS2 molecule. A weaker

Figure 1. Infrared spectra in the 600-460 cm-1 region for laser-ablated
Cr codeposited with discharged S in argon at 7 K: (a) sample deposited
for 80 min; (b) after 30 K annealing; (c) afterλ > 240 nm irradiation;
(d) after 35 K annealing; (e) after 40 K annealing.

Figure 2. Infrared spectra in the 600-460 cm-1 region for laser-ablated
Cr codeposited with discharged 50/5032S + 34S in argon at 7 K: (a)
sample deposited for 40 min; (b) after 30 K annealing; (c) afterλ >
240 nm irradiation; (d) after 35 K annealing; (e) after 40 K annealing.

Figure 3. Infrared spectra in the 550-520 cm-1 region for laser-ablated
Mo codeposited with discharged S in argon at 7 K: (a) sample deposited
for 50 min; (b) after 25 K annealing; (c) after 30 K annealing; (d) after
35 K annealing; (e) after 40 K annealing. The numbers on the top of
each peak are the mass number of Mo in this MoS2 vibration (ν3)
absorption.

Figure 4. Infrared spectra in the 560-500 cm-1 region for laser-ablated
Mo codeposited with discharged S in argon at 7 K: (a, b)32S; (c, d)
34S; (e, f) 50/5032S + 34S mixture. Spectra are collected (a, c, e) after
deposition or (b, d, f) after 25 K annealing.
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band at 491.3 cm-1 tracked with the 574.6 cm-1 band
throughout the experiment, with only one-fifth of the absorption
intensity. This band has the32S/34S isotopic frequency ratio of
1.0204, and again (Figure 2), it showed the triplet splitting
pattern in the mixed 50/5032S + 34S experiment. This band at
491.3 cm-1 is assigned to the symmetric S-Cr-S stretching
mode (ν1) in the same CrS2 molecule. The association of these
two bands at 574.6 and 491.3 cm-1 is further confirmed by the
fact that their intermediate bands in the mixed32S + 34S
experiments are 0.2 cm-1 higher and 0.2 cm-1 lower than the
averages of their corresponding pure isotopic bands (Table 1),
respectively. For the strongν3 mode, two less-abundant metal
isotope components,50CrS2 and53CrS2, were observed at 579.9
and 572.1 cm-1, respectively, besides the most dominant52Cr
counterpart at 574.6 cm-1. The relative absorption intensities
for these three bands are in accord with the natural-abundance
pattern for a single chromium atom (4.35%, 83.79%, and 9.50%
for nCr, where n ) 50, 52, and 53, respectively),33 which
confirms that only a single chromium atom is involved in this
molecule. The weaker band observed at 581.7 cm-1 showed a
similar 34S isotopic shift as the 574.6 cm-1 band, and split into
a 1:2:1 triplet in the mixed32S + 34S experiment (Figure 2b).
This band is assigned to theν3 mode of CrS2 in a different

matrix site. Using appropriate G-matrix elements and the Cr
and S isotopicν3 frequencies,34,35 we estimated the lower and
upper limits for the S-Cr-S bond angle at 111° ( 2° and 119°
( 2°, respectively.

MoS2. Six bands observed at 541.1, 539.1, 538.3, 537.4,
535.7, and 534.0 cm-1 in the Mo sample did not show much
change on sample annealing (Figure 3). The relative absorption
intensities of these six bands clearly reflect the natural-
abundance pattern for a single molybdenum atom, which are

Figure 5. Infrared spectra in the 560-480 cm-1 region for laser-ablated
W codeposited with discharged S in argon at 7 K: (a) sample deposited
for 50 min; (b) after 25 K annealing; (c) afterλ > 240 nm irradiation;
(d) after 35 K annealing; (e) after 40 K annealing.

Figure 6. Infrared spectra in the 560-480 cm-1 region for laser-ablated
W codeposited with discharged S in argon at 7 K: (a, b)32S; (c, d)
34S; (e, f) 50/5032S + 34S mixture. Spectra are collected (a, c, e) after
deposition or (b, d, f) after 25 K annealing.

TABLE 1: Infrared Absorptions (cm -1) from Codeposition
of Laser-Ablated Cr, Mo, and W Atoms with Discharged
Sulfur in Excess Argon

32S 34S 32S + 34S R(32/34) identity

Chromium
581.7 572.9 581.7, 577.6, 572.9 1.0154 CrS2 site,ν3

579.9 571.0 1.0156 50CrS2, ν3

574.6 565.7 574.6, 570.4, 565.7 1.015752CrS2, ν3

572.1 563.2 572.1, 567.9, 563.2 1.015853CrS2, ν3

570.4 562.1 1.0148
563.3 555.9 1.0133
559.3 551.0 559.2, 556.2, 554.0, 551.0 1.0151 CrS3 site
554.9 546.6 555.0, 552.3, 549.8, 546.7 1.0152 CrS3

491.3 481.5 491.3, 486.2, 481.5 1.020452CrS2, ν1

476.4 467.7 476.5, 467.7 1.0186 CrS

Molybdenum
541.1 530.4 1.0202 92MoS2, ν3

539.1 528.3 1.0204 94MoS2, ν3

538.3 527.5 1.0205 95MoS2, ν3

537.4 526.6 1.0205 96MoS2, ν3

535.7 524.8 1.0208 98MoS2, ν3

534.0 523.1 1.0208 100MoS2, ν3

Tungsten
535.9 523.3 1.0241 WxSy

533.5 519.4 533.5, 531.3, 519.4 1.0271 WS2, ν1

528.0 515.5 528.0, 517.3, 515.5 1.0242 WS2, ν3

518.3 505.9 518.3, 513.3, 509.0, 505.9 1.0245 WS3

TABLE 2: Calculated Electronic State, Relative Energy,
Geometry, and Frequencies for MS (M) Cr, Mo, W)

species
electronic

state 〈S2〉a

relative
energy

[kcal/mol]
geometry

[Å]

frequency
(intensity)

[cm-1

(km/mol)]

B3LYP
CrS 5Π (σ1π1δ2) 6.4818

(6.0215)
0 2.125 409.8 (12)

3Σ- (σ2δ2) 2.6754
(2.2862)

+27.8 2.021 472.0 (30)

MoS 5Π (σ1π1δ2) 6.1526
(6.0020)

0 2.163 466.2 (32)

3Σ- (σ2δ2) 2.4929
(2.0419)

+14.7 2.098 516.9 (72)

WS 5Π (σ1π1δ2) 6.0690
(6.0006)

0 2.149 496.4 (28)

3Σ- (σ2δ2) 2.0830
(2.0034)

-3.3 2.080 568.3 (12)

BPW91
CrS 5Π (σ1π1δ2) 6.3193

(6.0135)
0 2.085 456.6 (26)

3Σ- (σ2δ2) 2.3210
(2.0588)

+27.3 2.000 530.8 (4)

MoS 5Π (σ1π1δ2) 6.1118
(6.0014)

0 2.152 486.7 (32)

3Σ- (σ2δ2) 2.0784
(2.0027)

+19.2 2.085 553.0 (35)

WS 5Π (σ1π1δ2) 6.0769
(6.0008)

0 2.148 493.0 (24)

3Σ- (σ2δ2) 2.0706
(2.0025)

+2.7 2.081 561.9 (6)

a Numbers in the parentheses are the〈S2〉 values after annihilation.

Group 6 Transition Metal Sulfides in Solid Argon J. Phys. Chem. A, Vol. 106, No. 30, 20026947



14.84%, 9.25%, 15.92%, 16.68%, 24.13%, and 9.63% fornMo,
wheren, the mass number of Mo, equals 92, 94, 95, 96, 98,
and 100, respectively.33 In the34S experiment (Figure 4c,d), all
six molybdenum isotopic counterparts were observed as listed
in Table 1. The average of the32S/34S isotopic frequency ratios
is 1.0205, which is considerably smaller than the MoS diatomic
harmonic frequency ratio of 1.0230. Analogous to CrS2, these
six bands are assigned to the antisymmetric S-nMo-S stretch-
ing mode in thenMoS2 isotopic molecules. In the32S + 34S
experiment (Figure 4e,f), the mixed isotopic bands could not
be resolved; however, clearly additional intermediate bands were
present. Applying appropriate G-matrix elements and isotopic
ν3 frequencies,34,35we estimated the lower and upper limits for
the S-Mo-S bond angle at 113° ( 2° and 115° ( 1°,
respectively.

WS2. Similar to the CrS2 and MoS2 molecules, the strongest
absorption at 528.0 cm-1 after sample deposition is assigned to
theν3 mode of the WS2 molecule (Figure 5). This band did not
show much change on sample annealing and irradiation. In the
34S isotopic experiment (Figure 6c,d), this band red-shifted to
515.5 cm-1, with a 32S/34S isotopic frequency ratio of 1.0242.
The weakerν1 mode in the same molecule was observed at
533.5 cm-1 and shifted to 519.4 cm-1 in the 34S experiment
with an isotopic frequency ratio of 1.0271. The average of the
two isotopic frequency ratios equals 1.0257, which is only
slightly lower than the WS diatomic harmonic ratio of 1.0260.
In the mixed32S+ 34S experiment (Figure 6e,f), triplet splitting
patterns were observed for bothν1 and ν3 modes. The
intermediate bands were 4.9 cm-1 higher and 4.5 cm-1 lower
than the medians of their corresponding pure isotopic bands,
respectively, showing strong interaction between antisymmetric

and symmetric S-W-S stretching modes in this lower sym-
metry 32S-W-34S molecule. Because the heavier apex atom
introduces less isotopic separation, the tungsten isotopic splitting
pattern could not be resolved in the current experiment, and
bands are considerably broader than their analogues in the Cr
and Mo experiments. Using sulfur isotopic data for theν3

fundamental, we estimated the upper limit of the WS2 bond
angle as 118° ( 5°. On the basis of the WO2 example,31 the
bond angle is 113° ( 8°.

The chromium group metal atoms all have six valence
electrons, and excluding four electrons dedicated to two double
bonds with two sulfur atoms, the ground electronic states of
metal disulfides are determined by two nonbonding electrons.
DFT calculations were first performed with the B3LYP func-
tional for both singlet and triplet spin states, and the ground
states are3B1 for all three metal disulfide molecules. Low-lying
excited states are also listed in Table 3, and the singlet1A1 state
becomes more stable with the metal atom changing from Cr to
Mo and, finally, to W. Calculations on cyclic metal disulfides
were only explored for Cr(S2), and the lowest state was found
as5A2, which is still 9.2 kcal/mol higher than the3B1 ground
state for CrS2. The M-S bond lengths in the3B1 state of MS2
are 2.054, 2.132, and 2.132 Å, and the S-M-S bond angles
are 121.3°, 113.5°, and 113.8° for M ) Cr, Mo, and W,
respectively. The bond lengths show lanthanide contraction and
relativistic effects for tungsten.30 The S-Mo-S and S-W-S
angles are in very good agreement with the experimental results,
whereas the calculated S-Cr-S angle is slightly too high. In
the vibrational analyses, excellent agreement again is found for
MoS2 and WS2: the calculated frequencies are within 10 cm-1

compared to the argon matrix values. The isotopic frequency

TABLE 3: Calculated Electronic State, Relative Energy, Geometry, and Frequencies for MS2, (M ) Cr, Mo, W)

frequency (intensity)
[cm-1, km/mol]

species
electronic

state 〈S2〉a
relative energy

[kcal/mol]
geometry
[Å, deg] ν1 ν2 ν3

B3LYP
CrS2

3B1 2.5965 (2.2290) 0 2.054, 121.3 432.1 (2) 133.5 (2) 542.6 (34)
3A1 3.3234 (3.0932) +6.7 2.127, 127.1 365.7 (8) 78.3 (6) 397.1 (3)
1A1 +28.3 1.994, 114.0 575.7 (6) 174.2 (0) 619.2 (143)

Cr(S2) 5A2 6.7309 (6.0195) +9.2 2.328, 54.2 487.2 (15) 234.4 (2) 175.7 (17)
MoS2

3B1 2.0507 (2.0014) 0 2.132, 113.5 523.8 (10) 165.6 (0) 534.8 (118)
3A1 2.1599 (2.0105) +12.4 2.142, 113.4 487.4 (17) 148.3 (1) 503.1 (56)
1A1 +14.1 2.113, 107.8 548.3 (12) 185.7 (1) 548.1 (111)

WS2
3B1 2.0299 (2.0005) 0 2.132, 113.8 530.1 (8) 161.0 (0) 520.1 (89)
3A1 2.0637 (2.0017) +8.5 2.138, 117.7 517.9 (10) 139.5 (0) 509.3 (63)
1A1 +7.0 2.105, 108.3 558.2 (7) 188.4 (0) 543.1 (60)

BPW91
CrS2

3B1 2.2297 (2.0298) 2.033, 118.0 497.6 (6) 159.4 (0) 574.6 (72)
MoS2

3B1 2.0441 (2.0010) 2.135, 112.4 516.4 (9) 170.1 (0) 528.2 (90)
WS2

3B1 2.0368 (2.0007) 2.136, 112.8 519.9 (6) 162.8 (0) 513.0 (68)

a Numbers in the parentheses are the〈S2〉 values after annihilation.

TABLE 4: Calculated Electronic State, Relative Energy, Geometry, and Frequencies for MS3, (M ) Cr, Mo, W)

species
electronic

state
point
group

relative energy
[kcal/mol]

geometry
[Å, deg] frequency (intensity) [cm-1, km/mol]

B3LYP
CrS3

1A1 C3V 0 2.005, 111.8 179.6 (3), 205.2 (2× 2), 525.5 (2), 603.6 (81× 2)
1A1′ D3h +5.6 2.012 154.6i (36), 178.4 (4× 2), 476.9 (0), 624.4 (78× 2)

MoS3
1A1 C3V 0 2.138, 107.9 181.5 (1), 192.1 (1× 2), 521.3 (1), 527.4 (78× 2)
1A1′ D3h +15.9 2.147 180.8i (56), 151.8 (2× 2), 479.0 (0), 546.0 (88× 2)

WS3
1A1 C3V 0 2.144, 107.7 171.0 (1), 189.5 (0× 2), 507.8 (59× 2), 526.6 (0)
1A1′ D3h +20.5 2.158 199.7i (74), 146.6 (1× 2), 498.2 (0), 514.2 (73× 2)

BPW91
CrS3

1A1 C3V 2.021, 111.0 190.2 (2), 202.1 (2× 2), 506.3 (2), 587.1 (65× 2)
MoS3

1A1 C3V 2.146, 107.1 185.4 (1), 190.9 (1× 2), 507.7 (1), 518.1 (62× 2)
WS3

1A1 C3V 2.150, 106.9 174.4 (0), 188.6 (0× 2), 500.5 (48× 2), 514.4 (0)
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ratios were calculated at the B3LYP level, as shown in Table
5, and they agree with the observed values. However, for the
CrS2 molecule, the calculatedν1 andν3 vibrational modes are
59.2 and 32.0 cm-1 lower than the observed argon matrix values.
Comparable calculations were then performed using the BPW91
functional. A different result was obtained for CrS2, whereas
consistent results were found for MoS2 and WS2 (Table 3). The
S-Cr-S bond angle decreases to 118.0°, which falls between
the experimental bond angle limits. The calculatedν1 and ν3

vibrational frequencies for CrS2 are 497.6 and 574.6 cm-1. The
exact match for theν3 mode is fortuitous, whereas theν1 mode
is only 6.3 cm-1 higher than the argon matrix value.

For unrestricted DFT calculations,〈S2〉 - S(S + 1) values
are usually cited as measures of “spin contamination”, and this
“contamination” in fact is a natural part of the unrestricted
Kohn-Sham determinant.36-38 The listed〈S2〉 values in Table
3 clearly show that this problem is encountered for CrS2. In
the B3LYP calculation, the〈S2〉 value for the3B1 state, 2.5965,
deviates greatly from the exact value of 2.0000. The same value
after annihilation, which eliminates quintet-state contamination,
2.2290, is still higher than the exact value; this shows that spin
states higher than quintet also mix with this3B1 state. The
quintet-state optimization starting with the3B1 open structure
converged to a cyclic5A2 state, which is only 9.2 kcal/mol
higher (Table 3). In the BPW91 calculation, the〈S2〉 value is
considerably better than that in the B3LYP calculation: the〈S2〉
value after annihilation, 2.0298, is almost the exact value, which
indicates that quintet states are the main source of the
contamination in this BPW91 functional calculation. The very
different〈S2〉 eigenvalues in the B3LYP and BPW91 functional
calculations reveal that the state mixing from higher spin states
in the B3LYP calculation mainly comes from the unrestricted
Hartree-Fock exchange part, and the results from the pure DFT
method (BPW91) are more reliable. As a consequence, the
geometry and vibrational frequencies from the BPW91 calcula-
tion are in better agreement with the experimental values.
Although the restricted open-shell calculation is not recom-
mended,37 the ROB3LYP calculation on CrS2 nevertheless was
attempted, but this calculation does not converge.

MS3. CrS3. The band at 554.9 cm-1 was weak on deposition
(Figure 1a), showed little change on annealing, then increased
by a quarter on full-arc irradiation, and sharpened on the
following annealing. This band shifted to 546.6 cm-1 in the
34S experiment, giving a32S/34S isotopic frequency ratio of
1.0152, which is characteristic of an antisymmetric S-Cr-S
stretching mode. Compared to the same frequency ratio of the
ν3 mode (1.0157) in CrS2, the slightly smaller magnitude for
this mode indicates a more acute bond angle. In the mixed 50/
50 32S + 34S experiment (Figure 2), this band split into a 2:1:
1:2 quartet, which indicates a doubly degenerate mode.39 Hence,
the molecule CrS3 with either a D3h or a C3V symmetry is
identified, and the 554.9 cm-1 band is assigned to the doubly
degenerate S-Cr-S stretching mode. A nearby band at 559.3

cm-1 showed a similar34S shift and also split into a quartet in
the 32S + 34S experiment (Figure 2b). The 559.3 cm-1 band is
assigned to the same mode in CrS3 at a different matrix site.

WS3. An analogous tungsten trisulfide was also observed. The
band at 518.3 cm-1 is assigned to the doubly degenerate
S-W-S stretching mode in WS3. This band shifted to 505.9
cm-1 in the 34S experiment, with an appropriate isotopic ratio
of 1.0245. Because of several tungsten isotopes, the weaker
intermediate bands in the32S + 34S experiment are poorly
defined, and only two broad bands were observed with band
centers of 513.3 and 509.0 cm-1.

We did not find definitive evidence for MoS3. In the 34S
experiment (Figure 4c,d), several bands were observed just
below the Mo34S2 ν3 absorption, and they are possibly due to
the Mo34S3 molecule on the basis of the similar trends in the
Cr and W experiments. However, the32S counterparts of these
bands were too weak to be identified, and any possible
intermediate components in the mixed isotopic experiments
would be covered by isotopic MoS2 bands.

For six-valence electron chromium group metals, bonding
with three sulfur atoms forms closed-shell trisulfides. DFT/
B3LYP calculations were first performed on the highest possible
D3h symmetry; however, the lowest1A1′ state in thisD3h

symmetry for all three metals has one imaginary frequency for
bending out of the molecular plane (Table 4). After relaxing
the symmetry, both molybdenum and tungsten trisulfides
converged inC3V symmetry, and the1A1 states are 15.9 and
20.5 kcal/mol, respectively, lower than the1A1′ states inD3h

symmetry. More importantly, no imaginary frequency was
found. For WS3, the calculated doubly degenerate stretching
mode is predicted at 507.8 cm-1, only 10.5 cm-1 lower than
the experimental value. Difficult convergence was encountered
for the lower-symmetry CrS3 molecule, and the calculation was
finally completed inC1 symmetry. The converged state pos-
sesses essentially aC3V symmetry: bond lengths are different
by 0.0001 Å, and bond angles are different no more than 0.005°.
This state is denoted as1A1 in the C3V symmetry, and it is 5.6
kcal/mol more stable than the1A1′ state. The vibrational analyses
produce all real frequencies, and the doubly degenerate stretch-
ing mode is predicted at 603.6 cm-1, which is 48.7 cm-1 higher
than the argon matrix value. Calculations using the BPW91
functional give comparable results (Table 4). Isotopic frequency
ratios are listed in Table 5, which are in excellent agreement
with the observed values.

MS. CrS. The weak band observed at 476.4 cm-1 on
deposition (Figure 1a) increased slightly on annealing to 25 K,
then decreased on the ultraviolet irradiation and annealing to
40 K. In the34S isotopic experiment, this band shifted to 467.7
cm-1, with a 32S/34S isotopic frequency ratio of 1.0186. In the
mixed 32S + 34S experiment, only a doublet with two pure
isotopic bands was observed (Figure 2), which indicates that
only one sulfur atom is involved in this vibrational mode. The
isotopic ratio of 1.0186 is only slightly lower than the diatomic

TABLE 5: Comparison of Computed (B3LYP and BPW91) and Experimental Metal-Sulfur Stretching Modes (cm-1) in MS2
and MS3

experimental B3LYP BPW91

species mode 32S 34S R(32/34) 32S 34S R(32/34) 32S 34S R(32/34)

CrS2 a1 491.3 481.5 1.0204 432.1 423.0 1.0215 497.6 487.2 1.0213
b2 574.6 565.7 1.0157 542.6 534.3 1.0155 574.6 565.7 1.0157

CrS3 e 554.9 546.6 1.0152 603.6 594.5 1.0153 587.1 578.2 1.0154
MoS2 b2 535.7 524.8 1.0208 534.8 523.9 1.0208 528.2 517.4 1.0209
WS2 a1 533.5 519.4 1.0271 530.1 516.0 1.0273 519.9 506.0 1.0275

b2 528.0 515.5 1.0242 520.1 507.7 1.0244 513.0 500.7 1.0246
WS3 e 518.3 505.9 1.0245 507.8 495.7 1.0244 500.5 488.4 1.0248
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Cr32S/Cr34S harmonic frequency ratio of 1.0189. This band is
assigned to the CrS fundamental in the argon matrix. In the
current experiments, no evidence was found for MoS and WS,
which could be due to weak oscillator strengths for the heavier
metal monosulfides.

A gas-phase electronic emission spectroscopic study reported
theω′′e value 621.4 cm-1 for CrS in a King’s furnace at about
2200°C;14 however, it has been questioned whether the band
system involved the ground state.16 In an earlier argon matrix
infrared study using OCS as the sulfur source, the authors
assigned a band at 558 cm-1 to the stretching frequency of CrS
without support from the isotopic substitution.15 Two theoretical
calculations on CrS predicted the ground state as5Π (σ1π1δ2),
and theω′′e values vary from 517 to 418 cm-1 using different
methods.16,17 Apparently, the two earlier experimental values
for the CrS vibration are too high.

Our DFT calculation on CrS reproduced the5Π ground state,
whereas the3Σ- (σ2δ2) state is 27.8 and 27.3 kcal/mol higher
in the B3LYP and BPW91 functional calculations, respectively.
Spin contamination is also present in CrS, and the B3LYP
functional calculation shows a greater degree of mixing with
higher spin states. The calculated harmonic frequency is 409.8
and 456.6 cm-1 using B3LYP and BPW91, respectively, which
is lower than the 476.4 cm-1 argon matrix frequency. Similar
to the case in CrS2, better agreement is found for the BPW91
functional calculation because of less “spin contamination”.

The bonding in transition metal monosulfides has been
discussed in earlier work.17,40 For earlier transition metals, the
bonding has triple-bond character, which includes theσ bond
between metal hybridized dsσ and sulfur 3pσ orbital electrons
and the π bonds between metal dπ and sulfur pπ orbital
electrons. The bonding changes to a double bond for chromium,
because the metal dπ orbitals start to be filled, which eliminates
the π-back-donation from sulfur. In5Π ground-state CrS,
orbitals involved in the valence configurationσ1π1δ2 are mainly
chromium atomic orbitals: theσ orbital is mainly the Cr 4s
orbital, whereas bothπ and δ orbitals are derived from 3d
orbitals. When the metal atoms in monosulfides change from
Cr to Mo and W, the relativistic effect30 makes the s orbital
more compact and stable compared to the d orbitals; hence, the
3Σ- (σ2δ2) states become more stable (Table 2). In tungsten
monosulfide, the5Π and 3Σ- states almost possess the same
energies, and different energy orders are predicted for B3LYP
and BPW91 functional calculations. Detailed experimental study
and high-level calculations are necessary to determine the
ground state for WS.

Other Absorptions. In the chromium experiment, weak
bands at 570.4 and 563.3 cm-1 remain unassigned. The 570.4
cm-1 band is close to theν3 vibration of CrS2; however, the
32S/34S isotopic frequency ratio is lower, and the isotopic
splitting pattern is covered by other stronger bands in the mixed
isotopic experiment. The 563.3 cm-1 band decreased on

annealing and disappeared on full-arc irradiation. The band has
a very low 32S/34S isotopic frequency ratio of 1.0133, but the
splitting pattern in the mixed isotopic experiment is not resolved.
It is possible that this absorption is due to an anionic species,
but insufficient evidence is available for definitive assignment.

In the tungsten experiment, a weak band at 535.9 cm-1 only
differs from theν3 mode of WS2 by 7.9 cm-1, and the32S/34S
isotopic ratio of 1.0242 indicates an antisymmetric S-W-S
stretching mode. It may be assigned to theν3 mode of WS2 at
another matrix site; however, the isotopic splitting pattern could
not be resolved in the mixed isotopic experiment. This band
increased slightly on annealing, which indicates it could be a
higher-order complex. We only generically assign it as WxSy.

Thermochemistry. Possible reactions for product formation,
along with zero-point-energy (ZPE)-corrected relative energy
changes calculated by DFT are listed in Table 6. The∆E values
for reaction 1 are actually-D0 values for the MS molecules.
Only D0 for CrS has been measured experimentally as 3.37 eV
(77.7 kcal/mol),41 and our calculated values, especially the
BPW91 functional calculated value of 76.7 kcal/mol, agree with
the experimental value. Two different DFT calculations pro-
duced comparable∆E values for molybdenum and tungsten
reactions, whereas large discrepancy was found for the reactions
forming CrS2 and CrS3. Because the BPW91 functional calcula-
tions produce〈S2〉 values closer to exact values in open-shell
systems and also generate vibrational frequencies in better
agreement with our experimental values, the∆E values in the
BPW91 calculations are more reliable for Cr systems.

Reaction mechanisms forming MS and MS2 cannot be
determined in the current experiments. All reactions, except
reaction 2, are exothermic on the basis of the DFT calculations;
however the reactions forming MS and MS2 apparently require
significant activation energies because the infrared absorptions
of MS and MS2 do not increase upon annealing and irradiation.
During the laser-deposition processes, reactions 1-6 all can
happen because laser-ablated metal atoms provide sufficient
excess energies to overcome the reaction barriers.42 Reactions
2 and 4 are probably more important because S2 is expected to
be the major sulfur reagent, although its concentration could
not be measured, and MS2 is the dominant product.

Significant MS3 products were observed upon deposition for
both Cr and W experiments. Direct reactions between M and
S3 probably form initial adducts, which are quenched and
rearrange in the argon matrix to give MS3. Reactions 7-9
probably occur in the irradiation process for chromium because
the CrS3 absorption increases while both the CrS and CrS2

absorptions decrease (Figures 1c and 2c).

V. Conclusions

Laser-ablated chromium, molybdenum, and tungsten metal
atoms react with discharged sulfur vapor during cocondensation

TABLE 6: Relative Energies (kcal/mol) of the Reactions in the DFT Calculations with ZPE Corrections

reactions M) Cra M ) Moa M ) Wa

(1) M (7S) + S (3P) f MS (5Π) -69.9 (-76.7) -79.0 (-85.7) -99.1 (-101.5)
(2) M (7S) + S2 (3Σg

-) f MS (5Π) + S (3P) 23.2 (25.4) 14.1 (16.3) -6.0 (0.5)
(3) M (7S) + S3 (1A1) f MS (5Π) + S2 (3Σg

-) -25.1 (-20.7) -34.2 (-29.7) -54.3 (-45.6)
(4) M (7S) + S2 (3Σg

-) f MS2 (3B1) -49.0 (-65.2) -81.8 (-91.4) -121.1 (-122.2)
(5) M (7S) + S3 (1A1) f MS2 (3B1) + S (3P) -4.2 (-9.3) -37.0 (-35.5) -76.3 (-66.2)
(6) M (7S) + S3 (1A1) f MS3 (1A1) -54.4 (-86.1) -121.4 (-133.7) -175.5 (-176.3)
(7) MS (5Π) + S2 (3Σg

-) f MS3 (1A1) -29.2 (-65.5) -87.2 (-104.0) -121.2 (-130.7)
(8) MS2 (3B1) + S (3P) f MS3 (1A1) -50.2 (-76.9) -84.4 (-98.2) -99.2 (-110.1)
(9) MS2 (3B1) + S3 (1A1) f MS3 (1A1) + S2 (3Σg

-) -5.4 (-20.9) -39.6 (-42.3) -54.5 (-54.1)

a Numbers without parentheses are calculated using the B3LYP functional, and numbers in parentheses are calculated using the BPW91 functional.
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in excess argon. For all three metals, the primary reaction MS2

products are identified through isotopic substitution and mixed
isotopic experiments. Theν1 andν3 modes are observed at 491.3
and 574.6 cm-1 for CrS2 and 533.5 and 528.0 cm-1 for WS2,
while only theν3 mode is observed for MoS2 at 535.7 cm-1.
Using resolved metal isotopic absorptions for CrS2 and MoS2

and sulfur isotopic absorptions for the antisymmetric stretching
mode, we determined the S-M-S bond angles as 115° ( 4°,
114° ( 3°, and 114° ( 8° for M ) Cr, Mo, and W, respectively.
Other metal sulfides are also identified: the CrS fundamental
absorbs at 476.4 cm-1, and the doubly degenerate M-S bond
stretching modes absorb at 554.9 and 518.3 cm-1 for CrS3 and
WS3, respectively.

The group 6 metal sulfides are analogous to the group 6 metal
oxides investigated previously.31,43,44The dominant products are
the metal disulfides and metal dioxides, and evidence is found
for trisulfides and trioxides.

Both pure and hybrid DFT calculations have been performed
on product molecules. For molybdenum and tungsten sulfides,
both methods produced consistent results, which are in excellent
agreement with the experimental values. For chromium sulfides,
spin contamination is significant for the hybrid B3LYP func-
tional calculations, whereas the pure BPW91 functional calcula-
tions produced satisfactory results and are in good agreement
with the experimental values.
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