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Laser-ablated scandium, yttrium, and lanthanum atoms were reacted with CS2 and OCS molecules in an
argon matrix. Products of the type SMCX and S-M(η2-CX) (X ) S or O) were formed on sample deposition.
Photolysis favored the S-M(η2-CX) complex, while annealing increased the more stable SMCX isomer.
Product absorptions are identified by density-functional frequency calculations and isotopic substitutions.
This work reports the first vibrational spectroscopic characterization of Sc, Y, and La reaction products with
CS2 and OCS and the subsequent interconversion between SMCX and S-M(η2-CX) structural isomers.

Introduction

Transition metal complexes play an important chemical role
in biological and catalytic systems. Interactions between CO2

and transition metals have been of interest for many years.1 For
example, transition metals enable anaerobic CO2 fixation by
enzymes, converting CO2 to methane using iron, nickel, and
copper contained in the active site.2 Extensive experimental and
theoretical studies of transition metal-CO2 complexes have been
reported.3-13 Molecular beam experiments have been conducted
with CO2 and vanadium ions to examine energy-dependent
photochemistry.14 Carbon monoxide bond cleavage by titanium
atoms has been studied theoretically.15 Reaction products of the
type OMCS, OMCO+, OMOC+, OM-(η2-CO), and O2M(CO)2
have been identified by matrix IR spectroscopy.16-18 Addition-
ally, binding energies of the gaseous complexes M+-CO2 have
been described, providing additional comparative data.14,19,20

However, transition metal reactions with CS2 have received
less attention. Only a few theoretical21-23 and experimental24-31

studies have been performed to date, mostly involving gas-phase
reactions with metal cations. Isovalent with CO2, CS2 is used
similarly in both organic and organometallic reactions.1 Given
such a broad interest in CO2, a more detailed understanding of
reactions between transition metals and CS2 is warranted.
Moreover, there is current interest in transition metal sulfides
due to applications in catalysis and electronics.32 An additional
comparison can also be drawn from carbonyl sulfide (OCS).
To our knowledge, OCS has not been reacted with transition
metal atoms. In this paper, we report a study of laser-ablated
Sc, Y, and La atom reactions with CS2 and OCS in solid argon.
We will show evidence supporting the formation of S-M-CS
and SM(η2-CS) products with CS2 and their photochemical
interconversion. In a sense, this is similar to the photochemical
reversibility of the analogous S4 isomers.33,34 With OCS, evi-
dence is found for only CS insertion products (S-M-CO and
SM(η2-CO)).

Experimental and Computational Methods

The experimental methods for laser ablation and matrix
isolation have been previously reported.35-37 Metal atoms were

ablated from a rotating metal target using a Nd:YAG laser (1064
nm) with 1-5 mJ/pulse. Reactant molecules in excess argon
were co-deposited with the ablated metal atoms onto an 8 K
CsI window at 2-4 mmol/h for 30 min. CS2 (Mallinckrodt),
13C32S2 (Cambridge Isotopes),12C34S2 (Oak Ridge National
Laboratory), and OCS (Matheson) were employed in different
experiments. The natural isotopic OCS sample was purified
through several freeze-pump-thaw cycles with liquid N2. Due
to CO2 impurity in the OCS sample, the first third of the sample
was discarded and the sample was prepared with the middle
third distilled from glass beads. IR spectra were recorded using
a Nicolet Magna 550 spectrometer at 0.5 cm-1 resolution and
with an accuracy of 0.1 cm-1, using a HgCdTe detector cooled
to 77 K. A medium-pressure mercury arc lamp (outer globe
removed) coupled with various optical filters was used for sam-
ple irradiation followed by annealing in sequence for the same
matrix sample.

Electronic structure calculations were done to support the
identity of product molecules. The Gaussian 98 program38 was
used with density-functional theory methods (B3LYP39,40 and
BPW9141,42). For basis sets, 6-311+(2d) for nonmetals43,44and
an SDD pseudopotential for metals45 were used for all calcula-
tions. Frequencies were computed analytically and energies
include zero-point corrections. Geometries were fully optimized.

Results

Infrared Spectra. IR spectra were recorded for laser-ablated
scandium, yttrium, and lanthanum co-deposited with CS2 in
argon. Product absorptions are listed in Tables 1-3, and
representative spectra are shown in Figures 1-3. Diatomic CS
absorptions, which have been previously reported,46 are marked
for comparison when appropriate. Reactions with trace O2

impurity produced MO molecules, which have been previously
reported.47,48 Isotopic experiments were performed for mode
identification. IR spectra were also recorded for laser-ablated
group 3 metals co-deposited with OCS in argon. Weak CO2

reaction products were observed from impurity in the OCS
sample.17 Product absorptions are reported in Table 4. Figure 4
contains representative spectra for each of the transition metals
with photolysis and annealing behaviors.* To whom correspondence should be addressed. E-mail: lsa@virginia.edu.
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Calculations.A previous study of late transition metals with
CS2 reported calculations on MCS2 isomers of the following
types: SMCS, SM(η2-CS), M(η2-CS)S, and M(η2-S2)C.26 With
OCS, we performed calculations for the major products of the
CS2 calculations (SMCO, OMCS, SM(η2-CO), and OM(η2-CS)),
taking into account the possibility of either CS or CO insertion.
In the case of both CS2 and OCS reactions, the doublet spin
state product was lower in energy than the quartet state by
between 15 and 30 kcal/mol. These are well-defined doublet
ground states with〈s2〉 values in the 0.750-0.756 range. Our
calculated vibrational frequencies and intensities for observed
products appear in Tables 1-4 with the corresponding experi-
mental values. B3LYP and BPW91 functional results with the
same basis set were presented for all reactions, whereas B3LYP
alone is shown for isotopic frequencies to avoid confusion. For
Sc, Y, and La, the SMCS product was calculated to be the most
stable, followed by the SM(η2-CS) product (about 10 kcal/mol
less stable).

For the CS2 reactions, the relative B3LYP energies with
respect to reactants for S-Sc-CS, S-Y-CS, and S-La-CS
were-40,-48, and-57 kcal/mol, respectively. With BPW91,
these were-56,-67, and-83 kcal/mol, respectively. B3LYP
energies of S-Sc(η2-CS), S-Y(η2-CS), and S-La(η2-CS) were

-38,-46, and-55 kcal/mol, respectively. With BPW91, these
were-52,-65, and-80 kcal/mol, respectively. Additional pos-
sible products were also calculated. The relative energies of the
M(η2-CS)S product were approximately 25 kcal/mol higher on
average. However, the predicted frequencies for these molecules
were not observed. In addition, B3LYP predicted that the simple
M(η2-S2)C adduct would be less stable than the SMCS product
by only 1 kcal/mol. However, BPW91 predicted slightly (1 kcal/
mol) increased stability for this product. In any case, the
calculated frequencies with significant IR intensity for M(η2-
S2)C are below our frequency limit of detection. Relative
B3LYP energies are given in Figure 5 along with calculated
structures for the S-M-CS and S-M(η2-CS) products.

Computations on group 3 reaction products with OCS
revealed that doublet SMCO and doublet SM(η2-CO) complexes
were the most stable. For example, with B3LYP, the SMCO
product for Sc, Y, and La was found to be-48,-55, and-67
kcal/mol more stable than reactants, respectively. The SM(η2-
CO) adducts were less stable with B3LYP energies of-41,
-49, and-59 kcal/mol, respectively. As described previously,49

CS insertion was found to be more favorable than CO insertion.

TABLE 1: Observed Frequencies and Frequencies and Intensities Calculated at Different Levels of Theory for the S-Sc-CdS
and S-Sc-(η2-CdS) Products in the Sc+ CS2 Reactiona

S-Sc-CdS 34S-Sc-Cd34S S-Sc-13CdS

approx mode obs calcb int calcc int obs calcb int obs calcb int

CdS stretch 1270.8 1274.8 158 1229.3 207 1263.4 1268.3 156 1232.2 1237.2 152
Sc-S stretch 535.2 551.5 126 528.7 61 525.9 541.4 119 535.1 550.7 122
Sc-C stretch 372.0 41 377.2 26 366.0 40 368.0 40
S-C-Sc bend 213.4 3 228.2 2 215.1 3 209.4 3
S-C-Sc bend o.p. 162.4 31 169.9 30 164.6 31 159.6 29
S-Sc-CdS distort 56.9 11 50.9 12 56.7 11 58.0 11

S-Sc-(η2-CdS) 34S-Sc-(η2-Cd34S) S-Sc-(η2-13CdS)

approx mode obs calcb int calcc int obs calcb int obs calcb int

CdS stretch 1042.3/1035.4/1027.7 1035.7 65 1007.9 72 1034.0 1027.0 64 1013.3/1006.6/999.1 1006.7 63
Sc-S stretch 544.6/539.0 556.2 116 532.7 62 535.2/530.0 547.0 115 544.1/538.7 556.1 115
Sc-C stretch 452.1 40 450.8 25 451.7 38 438.8 39
S-C-Sc bend 230.7 12 225.6 10 227.0 12 229.6 12
S-Sc-C bend 112.1 10 104.7 6 111.5 10 109.3 10
S-Sc-CdS distort 79.6 10 81.8 8 77.8 9 79.6 10

a Frequencies and intensities are in cm-1 and km/mol. Intensities are all calculated values.b B3LYP/6-311+G(2d)/SDD.c BPW91/6-311+G(2d)/
SDD.

TABLE 2: Observed Frequencies and Frequencies and Intensities Calculated at Different Levels of Theory for the S-Y-CdS
and S-Y(η2-CdS) Products in the Y + CS2 Reactiona

S-Y-CdS 34S-Y-Cd34S S-Y-13CdS

approx mode obs calcb int calcc int obs calcb int obs calcb int

CdS stretch 1231.6/1227.4/1224.0 1259.2 119 1214.7 165 1223.8/1219.6/1216.6 1251.2 115 1194.2/1188.8/1185.7 1220.8 114
1199.3/1190.2/1186.4 1193.4/1183.8/1180.3 1161.5/1152.5/1148.9

Y-S stretch 468.0 469.8 83 456.6 56 458.2 459.6 80 468.0 469.8 83
Y-C stretch 314.9 35 319.0 21 310.9 35 311.8 35
S-C-Y bend 213.0 4 216.0 3 211.6 4 206.8 3
S-C-Y bend o.p. 164.2 28 163.9 28 163.7 28 158.7 26
S-Y-CdS distort 59.0 10 52.1 9 57.6 10 59.0 10

S-Y-(η2-CdS) 34S-Y-(η2-Cd34S) S-Y-(η2-13CdS)

approx mode obs calcb int calcc int obs calcb int obs calcb int

CdS stretch 1038.0 1029.7 55 999.2 69 1029.6 1021.1 53 1008.9 1000.8 53
Y-S stretch 468.0 469.6 76 457.3 46 458.2 459.3 73 468.0 469.5 76
Y-C stretch 405.5 44 403.4 26 405.5 43 391.9 41
S-C-Y bend 201.5 10 200.9 8 197.6 10 200.7 10
S-Y-C bend 111.4 6 110.1 4 110.7 6 108.3 6
S-Y-CdS distort 73.1 8 74.4 7 71.4 8 73.1 8

a Frequencies and intensities are in cm-1 and km/mol. Intensities are all calculated values.b B3LYP/6-311+G(2d)/SDD.c BPW91/6-311+G(2d)/
SDD.
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OMCS energies with B3LYP were-41,-27, and-34 kcal/mol
for Sc, Y, and La, respectively. The OM(η2-CS) isomers were
less stable with B3LYP energies of-24, -25, and 18 kcal/
mol for Sc, Y, and La, respectively. The high energy O-Sc-

CS and O-La-(η2-CS) species are not explored here, as neither
product is seen in the spectra for any of the group 3 metals.
Relative B3LYP energies and calculated structures for the
S-M-CO and S-M(η2-CO) products are given in Figure 6.

TABLE 3: Observed Frequencies and Frequencies and Intensities Calculated at Different Levels of Theory for the S-La-CdS
and S-La-(η2-CdS) Products in the La + CS2 Reactiona

S-La-CdS 34S-La-Cd34S S-La-13CdS

approx mode obs calcb int calcc int obs calcb int obs calcb int

CdS stretch 1206.4 1234.9 218 1196.7 233 1200.2 1226.6 213 1168.0 1197.7 208
La-S stretch 428.0 420.7 84 413.9 58 418.0 410.6 81 428.0 420.6 84
La-C stretch 268.1 21 270.4 12 264.6 20 264.5 21
S-C-La bend 195.9 5 198.9 4 194.4 5 190.3 4
S-C-La bend o.p. 156.8 30 159.2 29 156.3 30 151.4 28
S-La-CdS distort 52.1 8 40.2 7 50.8 7 52.0 8

S-La-(η2-CdS) 34S-La-(η2-Cd34S) S-La-(η2-13CdS)

approx mode obs calcb int calcc int obs calcb int obs calcb int

CdS stretch 1044.6 1049.8 86 1021.7 87 1036.7 1041.2 83 1015.6 1020.3 82
La-S stretch 428.0 425.5 73 418.1 52 418.0 415.3 69 428.0 425.3 75
La-C stretch 353.3 43 353.0 26 353.2 43 341.0 39
S-C-La bend 166.7 7 166.7 6 163.1 7 166.0 7
S-La-C bend 117.8 5 113.9 4 117.2 5 114.3 4
S-La-CdS distort 68.3 6 70.2 5 66.6 6 68.3 6

a Frequencies and intensities are in cm-1 and km/mol. Intensities are all calculated values.b B3LYP/6-311+G(2d)/SDD.c BPW91/6-311+G(2d)/
SDD.

Figure 1. IR spectra in the 1280-1220, 1040-1000, and 550-520 cm-1 regions for Sc and CS2: (a) after 30 min ablation of Sc with 0.5%12C32S2

co-deposited in argon at 8 K, (b) after 10 min of mercury arc lamp irradiationλ > 290 nm, (c) after annealing to 25 K, and (d) after 10 min
broadband (λ > 220 nm) irradiation; (e) deposition of Sc+ 12C34S2, (f) λ > 290 nm irradiation, (g) annealing to 25 K, and (h) broadband irradiation;
(i) deposition of Sc+ 13C32S2, (j) λ > 290 nm irradiation, (k) annealing to 25 K, and (l) broadband irradiation. Labels 1 and 2 refer to the SScCS
and SSc(η2-CS) products, respectively. Primes differentiate matrix sites.

Figure 2. IR spectra in the 1280-1140, 1060-1000, and 480-450 cm-1 regions for Y+ CS2: (a) after 30 min ablation of Y with 0.5%12C32S2

co-deposited in argon at 8 K, (b) after 10 min of mercury arc lamp irradiationλ > 290 nm, (c) after annealing to 25 K, and (d) after 10 min
broadband (λ > 220 nm) irradiation; (e) deposition of Y+ 12C34S2, (f) λ > 290 nm irradiation, (g) annealing to 25 K, and (h) broadband irradiation;
(i) deposition of Y+ 13C32S2, (j) λ > 290 nm irradiation, (k) annealing to 25 K, and (l) broadband irradiation. Labels 1 and 2 refer to the SYCS
and SY(η2-CS) products, respectively. Primes differentiate matrix sites. Asterisks are used to denote impurity.
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Discussion

By examining scandium, yttrium, and lanthanum experiments
separately, S-M-CS, S-M(η2-CS), S-M-CO, and S-M(η2-
CO) products will be identified.

Sc + CS2. A new absorption was observed at 1270.8 cm-1

in scandium experiments, which decreased during visible (not
shown in Figure 1) and ultraviolet photolysis in sequence on
the same sample but increased upon annealing. This band shifted
to 1263.0 cm-1 with 12C34S2 and to 1232.2 cm-1 with 13C32S2.
The isotopic 12-32/13-32 frequency ratio of 1.0313 and 12-32/
12-34 ratio of 1.0062 and band position suggest a CdS stretch-
ing mode, as similar ratios (1.0291, 1.0081) have been observed
for the 1275.1 cm-1 CS absorption.46 However, note the increase
in carbon and decrease in sulfur character for this normal mode.
A second set of product absorptions was observed in the region
around 1050 cm-1. Specifically, bands at 1042.3, 1035.4, and
1027.7 cm-1 with CS2 shifted to 1013.3, 1006.6, and 999.1 with
13C32S2. With 12C34S2, the satellite peaks were weaker as we
observed consistently weaker absorptions for12C34S2 products.
The 12-32/13-32 frequency ratio for all three absorptions was
1.0286 and the 12-32/12-34 ratio was 1.0081, which are nearly
the same as those found for CS and suggest a C-S stretching
vibration. The constant isotopic frequency ratios and increase
on visible (not shown) and ultraviolet photolysis and decrease

upon annealing for the three sub-bands supports an assignment
of different matrix sites for the same product, as previously
shown elsewhere.26

It is important to note that the two different carbon-sulfur
stretching modes displayed different behaviors upon irradiation
and annealing. Upon photolysis, the higher frequency CdS
stretching band decreased in intensity, whereas the lower
frequency C-S band increased. Upon annealing, the higher
frequency CdS stretching absorption increased at the expense
of the lower frequency peaks.

Three additional product absorptions were observed at 544.6,
539.0, and 535.2 cm-1. These bands shifted to 535.2, 538.7,
and 544.2 cm-1 with 13C32S2 and to 525.9, 530.0, and 535.2
with 12C34S2. The large34S isotopic shift is indicative of a high
sulfur character mode. The peak at 535.2 cm-1 decreased inten-
sity upon photolysis and increased intensity upon annealing.
This behavior was identical to that of the higher frequency Cd
S stretching vibration. The bands at 539.0 and 544.6 cm-1

increased with photolysis and decreased with annealing, mir-
roring the behavior of the lower frequency C-S stretching
bands. The tracking observed in these two cases demonstrates
the presence of two distinct products.

By comparing observed and calculated vibrational frequen-
cies, along with isotopic ratios, two assignments can be made.

Figure 3. IR spectra in the 1220-1140, 1060-1000, and 430-400 cm-1 regions for La and CS2: (a) after 30 min ablation of La with 0.5%
12C32S2 co-deposited in argon at 8 K, (b) after 10 min of mercury arc lamp irradiationλ > 290 nm, (c) after annealing to 25 K, and (d) after 10 min
broadband (λ > 220 nm) irradiation; (e) deposition of La+ 12C34S2, (f) λ > 290 nm irradiation, (g) annealing to 25 K, and (h) broadband irradiation;
(i) deposition of La+ 13C32S2, (j) λ > 290 nm irradiation, (k) annealing to 25 K, and (l) broadband irradiation. Labels 1 and 2 refer to the SLaCS
and SLa(η2-CS) products, respectively.

TABLE 4: Observed Frequencies and Frequencies and Intensities Calculated at Different Levels of Theory for the S-M-CdO
and S-M-(η2-CdO) Products in the Group 3 Metal Atom and OCS Reactionsa

S-Sc-CdO S-Y-CdO S-La-CdO

approx mode obs calcb int calcc int obs calcb int calcc int obs calcb int calcc int

CdS stretch 1898.4 2004.4 1149 1925.9 796 1884.0 1977.7 1018 2001.3 590 1879.0 1984.3 1435 1918.0 1022
M-S stretch 539.9 103 527.2 61 468.2 76 461.6 33 421.0 78 416.0 58
M-C stretch 398.6 1 414.5 2 350.5 3 410.9 22 285.4 0 296.3 0
M-CdO bend 299.8 1 321.9 0 282.1 1 254.3 8 249.3 0 256.4 1
M-CdO bend o.p. 256.4 6 258.2 8 219.9 0 242.5 6 243.2 16 239.9 17
S-M-C distort 59.7 9 65.5 9 61.6 7 120.9 30 56.8 5 44.1 5

S-Sc(η2-CdO) S-Y(η2-CdO) S-La(η2-CdO)

approx mode obs calcb int calcc int obs calcb int calcc int obs calcb int calcc int

CdS stretch 1617.9 1697.7 379 1656.1 257 1611.8 1681.1 428 1639.1 374 1601.8 1741.1 705 1693.1 477
M-S stretch 544 559.9 109 545.0 79 471.3 474.4 77 468.0 61 427.3 82 422.7 66
M-C stretch 360.5 5 361.3 7 328.6 14 319.9 8 285.7 8 280.3 5
M-CdO bend 344.6 13 317.5 10 309.7 4 286.6 5 243.2 3 234.5 4
M-CdO bend o.p. 140.6 4 140.5 3 138.1 2 137.0 2 144.4 1 141.6 1
S-M-C distort 101.0 11 97.5 9 90.1 9 91.8 6 81.7 6 82.7 5

a Frequencies and intensities are in cm-1 and km/mol. Intensities are all calculated values.b B3LYP/6-311+G(2d)/SDD.c BPW91/6-311+G(2d)/
SDD.
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The high-frequency CdS stretching mode (1270.8 cm-1) and
the low Sc-S vibration (535.2 cm-1) agree well with the
calculated values for a S-Sc-CS type product. Furthermore,
the lower C-S stretching peaks (1042.3, 1035.4, and 1027.7
cm-1) and higher Sc-S stretches (539.0 and 544.6 cm-1) are
consistent with our calculated S-Sc(η2-CS) isomer. Values for
both calculated and observed products are detailed in Table 1.

Y + CS2. The results of the Y+ CS2 experiments were simi-
lar to the Sc+ CS2 finding. Product absorptions were observed
at 1231.6, 1227.4, 1224.0, 1199.3, and 1190.2 cm-1, and 1186.4
cm-1, which shifted to 1201.1, 1194.2, 1188.8, 1185.7, 1161.5,
1152.5, and 1148.9 cm-1 with 13C32S2 and to 1223.8, 1219.6,
1216.6, 1193.4, 1183.8, and 1180.3 cm-1 with 12C34S2. The 12-
32/13-32 isotopic frequency ratio of 1.0313 and 12-32/12-34

ratio of 1.0064 are in the range for a CdS stretch, but the mode
mixing is changing with the metal. Another product band at
1038.0 cm-1 was observed to shift to 1029.6 cm-1 with 13C32S2

and to 1008.9 cm-1 with 12C34S2. The 12-32/13-32 frequency
ratio of 1.0288 and a 12-32/12-34 ratio of 1.0082 are again close
to those for CS itself. As in the Sc experiments, the higher
frequency CdS stretching mode decreased upon photolysis and
increased upon annealing, while the lower frequency C-S
stretching mode increased upon photolysis and decreased upon
annealing, but smaller relative changes were observed in the Y
system. The almost identical behavior of the CdS stretching
absorptions during irradiation and annealing characterizes matrix
site splitting, as seen with scandium and CS2. Due to the two
distinct behaviors of these bands, the higher frequency modes

Figure 4. IR spectra in the 1920-1840 and 1620-1580 cm-1 regions for group 3 metals and OCS: (a) after 30 min ablation of Sc co-deposited
with 0.5% OCS at 8 K in anargon matrix, (b) after 10 min of mercury arc lamp irradiationλ > 290 nm, (c) after annealing to 25 K, and (d) after
10 min broadband (λ > 220 nm) irradiation; (e) deposition of Y with 0.5% OCS, (f)λ > 290 nm irradiation of Y+ OCS, (g) after annealing to
25 K, and (h) after 10 min broadband (λ > 220 nm) irradiation; (i) deposition of La with 0.5% OCS, (j)λ > 290 nm irradiation of La+ OCS, (k)
after annealing to 25 K, and (l) after 10 min broadband (λ > 220 nm) irradiation. Labels 1 and 2 refer to the SMCO and SM(η2-CO) products,
respectively. W denotes water impurity.

Figure 5. Calculated B3LYP structures (angstroms and degrees) and energies (kcal/mol) relative to M+ CS2 for the group 3 SMCS and SM-
(η2-CS) products.

Reactions of Group 3 Metal Atoms with CS2 and OCS J. Phys. Chem. A, Vol. 110, No. 35, 200610423



are assigned to the S-Y-CS molecule, while the lower fre-
quency stretch is attributed to a S-Y(η2-CS) type adduct.

One broad band was observed in the Y-S stretching region
in these experiments, despite prediction of a Y-S stretch for
each of the two products. Additionally, the behavior of the peak
was not definitively that of either major assigned product.
Fortunately however, two factors support the presence of both
isomers: the predicted frequencies were almost identical (469.8
cm-1 for S-Y-CS and 469.6 cm-1 for S-Y(η2-CS) at the
B3LYP level). Moreover, as mentioned above, in the upper
regions of the spectra, the presence of two different carbon-
sulfur stretching regions is evidence for both products. Conse-
quently, it is concluded that the two products are superimposed
in this region and that the insertion product dominates the
spectrum.

La + CS2. The lanthanum and CS2 reactions resulted in
cleaner spectra than scandium and yittrium. Only one product
band was seen in the CdS stretching region. The product
absorption at 1206.4 cm-1 shifted to 1168.1 cm-1 with 13C32S2

and to 1200.5 cm-1 with 12C34S2. The 12-32/13-32 frequency
ratio of 1.0328 and a 12-32/12-34 ratio of 1.0049 describe more
carbon and less sulfur character for this mostly CdS stretching
mode, which is developing antisymmetric M-C-S stretching
character. A second C-S stretch was observed at 1044.6 cm-1,
which shifted to 1015.6 cm-1 with 13C32S2 and to 1036.7 cm-1

with 12C34S2. The 12-32/13-32 ratio of 1.0286 and 12-32/12-34
ratio of 1.0076 are near the ratios for CS itself and confirm the
C-S stretching assignment. Low signal-to-noise in the La-S
stretching region presented ill-defined peaks, which again
combined into one broad absorption for both products, but we
believe the insertion product dominates here. The product band
was observed at approximately 428 cm-1, and a 10 cm-1 shift
was observed with12C34S2. No distinguishable13C32S2 shift was
detected. As in the scandium and yttrium cases, the higher
frequency CdS stretch is attributed to the S-La-CS molecule,
while the lower frequency C-S stretch is assigned to S-La-
(η2-CS).

Sc+ OCS.Experiments with scandium and natural isotopic
carbonyl sulfide resulted in product peaks at 1898.2, 1616.9,

1611.5, and 544.0 cm-1. The band at 1898.2 cm-1 was the most
intense upon deposition and decreased drastically during pho-
tolysis. Little effect was seen during annealing. Peaks at 1616.9,
1611.5, and 544.0 cm-1, although present upon deposition,
increased considerably upon photolysis. Annealing produced a
decrease in intensity. The close proximity of 1616.9 and 1611.5
cm-1 and their identical behavior suggest matrix site splitting,
as found in the CS2 experiments. Consequently, there is evidence
for two distinct products in this experiment.

Calculations were performed for many possible scandium
reaction products. The Sc(η2-OC)S, Sc(η2-SC)O, and Sc(η3-
OCS) association products were not considered for energetic
reasons discussed previously. The same argument can be used
to discount the CO insertion products: CS insertion remains
approximately 20 kcal/mol more favorable than CO insertion
according to relative energy calculations. Therefore, only the
CS insertion products S-Sc-CO and S-Sc(η2-CO) are likely
to be formed.

Calculated frequencies for S-Sc-CO predicted a CO stretch-
ing mode at 2004.4 cm-1 with B3LYP and 1925.9 cm-1 with
the BPW91 method. Therefore, the product peak at 1898.2 cm-1

is assigned to this S-Sc-CO carbonyl stretching frequency.
In the CS2 and CO2 experiments, a X-Sc(η2-CX) (X ) O or
S) type product was observed. Moreover, Sc+ CO2 produced
O-Sc(η2-CO) with a CO stretching frequency of 1613.9 cm-1.17

Calculations predicted CO stretching frequencies for S-Sc(η2-
CO) of 1697.7 cm-1 with B3LYP and 1656.1 cm-1 with
BPW91. These factors suggest that the bands at 1616.9 and
1611.5 cm-1 belong to S-Sc(η2-CO). Additionally, for this
product, calculations predict Sc-S stretching frequencies at
559.9 and 545.0 cm-1 with B3LYP and BPW91 methods,
respectively. This agrees well with the observed peak at 544.0
cm-1 and further confirms the presence of S-Sc(η2-CO).
Although S-Sc-CO also possesses a Sc-S stretch, the calcu-
lated relative intensities indicate that the Sc-S stretch of S-Sc-
(η2-CO) would be more intense.

Y + OCS. Yttrium reactions with OCS produced bands at
1883.9, 1876.2, 1861.5, 1856.1, 1847.6, 1611.8, and 464.2 cm-1.
The bands at 1883.9 and 1876.2 cm-1 behave similarly,

Figure 6. Calculated B3LYP structures (angstroms and degrees) and energies (kcal/mol) relative to M+ OCS for the group 3 SMCO and SM-
(η2-CO) products.
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decreasing during photolysis, while having the largest intensity
upon deposition and annealing. Peaks at 1861.5 and 1856.1 cm-1

have been previously reported as the CO stretch of O-Y-CO.17

Due to comparable behavior, the band at 1847.6 cm-1 is prob-
ably a matrix site splitting of the CO2 impurity insertion product.
The peaks at 1611.8 and 464.2 cm-1 both increase during
photolysis. On the basis of this contrasting behavior, two distinct
products are formed. Following the above energy arguments,
products of the type S-Y-CO and S-Y(η2-CO) were most
likely. The annealing behavior of the bands at 1883.9 and 1876.2
cm-1 indicates a high stability product. S-Y-CO was found
to be most stable and had calculated frequencies of 1977.7 cm-1

(B3LYP) and 2000.7 cm-1 (BPW91). Therefore, these two
matrix sites can be assigned to the CO stretch of the S-Y-CO
product. The calculated lower frequency peak for this product
was predicted to be of low intensity and below our experimen-
tally observable region (468.2 and 461.5 cm-1 with B3LYP and
BPW91, respectively). The CO stretch of O-Y(η2-CO) has been
cited at 1614.5 cm-1 in previous work.17 Calculations predict a
CO vibrational frequency of 1681.1 cm-1 with B3LYP and
1639.1 cm-1 with BPW91. For these reasons, the 1611.8 cm-1

band is assigned to the CO stretch of S-Y(η2-CO). The peak
at 464.2 cm-1 has the same behavior and compares favorably
with the calculated Y-S stretching frequency of 474.4 cm-1

with B3LYP and 468.0 cm-1 with BPW91. This provides further
evidence for the S-Y(η2-CO) assignment.

La + OCS.Experiments with lanthanum and OCS produced
similar products to those found with scandium and yttrium.
Product peaks were observed at 1879.0 and 1600.7 cm-1.
Calculations for the CO stretch of S-La-CO resulted in 1984.3
cm-1 with B3LYP and 1918.0 cm-1 with BPW91. Although
no O-La-CO matrix study was available, we have already
established this region as the CO stretching region for S-M-
CO and O-M-CO type molecules. Therefore, the peak at
1879.0 cm-1 can be assigned to the CO stretch of S-La-CO.
Calculations for the S-La(η2-CO) product revealed CO stretch-
ing frequencies of 1741.1 and 1693.1 cm-1 with the B3LYP
and BPW91 methods, respectively. Moreover, the above evi-
dence shows that this region contains CO stretching modes of
S-M(η2-CO) and O-M(η2-CO) molecules. It should be noted
that the La-S stretches of both S-La-CO and S-La(η2-CO)
are predicted to fall below our limits of detection: for S-La-
CO at 421.0 and 416.0 cm-1 with B3LYP and BPW91, respec-
tively; for S-La(η2-CO) at 427.3 and 422.7 cm-1 with B3LYP
and BPW91, respectively.

Photoisomerization.Despite the lack of CO insertion, both
OCS and CS2 group 3 reactions formed similar products. Both
systems produced an insertion product (S-M-CS and S-M-
CO) and a S-M(η2-CO) or S-M(η2-CS) side-bound isomer.
The behavior of both systems upon annealing and photolysis,
coupled with the lack of additional products in the spectra,
indicates an interconversion via photolysis and annealing. Upon
deposition and annealing, the higher stability adduct S-M-
CX is formed (or reformed). Photolysis (λ > 470 nm andλ
> 290 nm) reduces the intensity of the S-M-CX peaks and
increases those of S-M(η2-CX). As the relative energies of
S-M(η2-CX) products are no more than 10 kcal/mol higher
for both OCS and CS2 systems, isomerization by visible and
ultraviolet photolysis is straightforward. Upon annealing to
soften the matrix cage, the molecule rearranges back to its most
stable form, increasing the intensity of the primary insertion
product peaks, as given below (X) O, S).

A reversible photochemical rearrangement has been reported
for the analogous Sc+ CO2 reaction products.17 Both O-Sc-
CO and O-Sc(η2-CO) type products were characterized. The
insertion product increased upon initial annealing and ultraviolet
irradiation, and theη2-CO product increased upon visible pho-
tolysis. In this case, the O-Sc(η2-CO) complex was found to
be about 5 kcal/mol higher in energy than O-Sc-CO.

Group Trends. Group trends in both group 3 experiments
with CS2 and OCS were as expected. Vibrational frequencies
decreased with increasing metal atomic number for all modes
of all molecules. The CdS mode mixing in the SMCS mol-
ecules showed more carbon character in a more antisymmetric
M-C-S type of motion with increasing metal mass. Further-
more, the isotopic frequency ratios define the vibrational
mechanics in this series and verify the SMCS structure and
assignments. Calculated geometries for SMCS, SMCO, S-M(η2-
CS), and S-M(η2-CS) also revealed trends: Bond angles of
the type S-M-C decreased with increasing metal atom size.
However, M-C-S (or M-C-O) angles of the S-M(η2-CS)
or S-M(η2-CO) molecules were observed to do the reverse,
increasing with atomic size. The M-C-S angle did not change
appreciably between the different SMCS and SMCO insertion
products. In all products, bond lengths involving the metal atoms
increased with the radii of those atoms, as expected. Interest-
ingly, the CS and CO subunits did not differ appreciably in
bond length in the different metal systems.

Comparison to the CO2 System and Previous CS2 System.
As previously mentioned, CS2 has been studied only once with
transition metals.26 In the late transition metal case, products
were of the types SMCS, M-CS2, and M-(η2-CS)S. An
S-M(η2-CS) adduct was not observed. This difference could
also be attributed to the electron-deficient nature of the group
3 atoms compared with later transition metals. The electron-
deficient group 3 metal atoms are satisfied by conversion to an
η2 bridge-type interaction with the CS bond. Late transitions
metals have less need for such an effect, and therefore, the
S-M(η2-CS) structure is unfavorable.

Carbon dioxide has also been studied at length with transition
metals.3-14 In experiments with CO2 and Sc, both OScCO and
O-Sc(η2-CO) adducts were observed.17 However, with late
transition metals (Cr, Mn, Fe, Co, Ni), the bridge-bonded
O-M(η2-CO) complex was not observed.18 This is a good indi-
cation of the metal-dependent energy difference between the
two products, which arises because of the electron-deficient
nature of Sc and the propensity to form bridge bonds. Addi-
tionally, the previous Sc result17 further supports the present
assignments. Finally, as mentioned above, reactions of group 3
transition metals with OCS, CO2, and CS2 create two inter-
convertible isomeric reaction products. This effect was not found
in other transition metals with CO2 and CS2 systems.

Conclusions

Laser-ablated scandium, yttrium, and lanthanum atoms were
co-deposited with CS2 and OCS in an argon atmosphere. Both
SMCX and S-M(η2-CX) (X ) S or O) isomeric products were
created upon ablation. These two structural isomers were
interconverted upon photolysis and annealing. This is similar
to the photochemical reversibility of two analogous S4 structural
isomers.33,34 The identifications of the products were verified
by isotopic substitution and density-functional vibrational
frequency and structure calculations.
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