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Reactions of Co, Ni, and Cu Atoms with C%: Infrared Spectra and Density-Functional
Calculations of SMCS, M-@?-CS)S, M-CS, and MCS;" in Solid Argon

Mingfei Zhou' and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901

Receied: October 6, 1999; In Final Form: February 17, 2000

Laser-ablated cobalt, nickel, and copper atoms and cations were reacted witlole&ules during condensation
in excess argon. The carbon-bonded-i-CS, and side-bonded M(#?-CS)S complexes were formed on
annealing, whereas the inserted SMCS molecules were formed on photolysis. Th&C&", Ni—7-CS"
and Cu-SCS' cations were also produced by metal cation reactions with T& product absorptions are
identified by isotopic substitutions, electron trapping with added,C&1d density functional calculations.
This work provides the first vibrational spectroscopic characterization of the Co, Ni, an€€C&uneutral
and cation complexes and the SMCS insertion products.

Introduction TABLE 1: Infrared Absorptions (cm ~1) from Co-deposition

. . . ) ) of Laser-Ablated Cobalt with CS; in Argon
The chemistry of transition metal atoms and ions with various TS, G, 20HS, R(12/13F R(32/34 -
ligands is significant due to their important role in catalytic and > S S R( J R y assignment
biological systems. Reactions of transition metal atoms and 1‘3105-3 1360.1 1398.6 1.0332 1.0048 C@CS

; ; i ; ; 73.0 1328.6 1366.8 1.0334  1.0045
cations with CQ have been investigated both by expeririefit 13638 13200 13575 10332 10046

1-16 1 it
and by theory"*® Complexes of first row transition metal 13357 1596'6 13320 1.0325 1.0050 SCoCS (0.0097)
atoms with CQ have been prepared in solid g&and reactions 12503 12153 12415 1.0288 1.0071 CoCS
of laser-ablated first row transition metal atoms with 0@ 1173.3 1144.0 1163.4 1.0256 1.0085 -€9>CS)S (0.0086)
argon have been investigated in this laboratdi?. These 975.3 9744 975.0 1.0009 1.0003 {I»)(CS))

experiments have characterized the insertion product as well 9732 9725 972.9 1.0007  1.0003 (I)(CS) site)
599.4 607.5 1.0235 1.0099 -©@>-CS)S (0.001F)

as different coordination complexes. The interaction between 5166 5156 5081 10019 10167 SC0CS (0.0008)
first row transition metal cations and G@as also been studied 485> 4751 4801 1.0213 1.0106 {(®)(CS))
experimentally; different structural MCO, forms have been o CORCO.P F o BS./CHS, © Maxi
proposed and their binding energies determihiéfl. mumrﬁ]?gr?;]i(t:y ;?tt"ar roaii irzegtency ratio €S,/C*S,. © Maxi-
The CS molecule is isovalent with CObut the reaction of y o o

transition metal atoms with QSs relatively unexplored. The 12092, + 12CHS,/Ar mixture in a quartz tube during deposition.
reactivity Of. ground and excnest tates gnd C§have been Infrared spectra were recorded on a Nicolet 750 spectrometer
examined in the gas phase using guided ion beam Mass_i 0 = o1 resolution and 0.1 ot accuracy with

Ot ie . iy . . y with a 77 K
spectrometry? It is interesting to compare the transition metal HgCdTe detector. Samples were annealed and subjected to
chemistry of CQ ano_l CS. In this paper, we report a st_udy Of. photolysis using a medium-pressure mercury arc lamp and
laser-ablated Co, Ni, and Cu atom and cation reactions with optical filters
C$, in solid argon. We will sh_ow that different coordlna}ted Density functional theory calculations were performed on
MCS; complexes and MGS cations are formed on annealing, meta-CS, species using the Gaussian 94 progfariThe

whereas metal insertion reactions proceed on photolysis. B3LYP and BP86 functional¥:25the 6-311G* basis set for
Experimental and Computational Methods C and S atoms, and the W_achters and Hay sets as modified by
Gaussian 94 for cobalt, nickel, and copper atoms were em-

The experimental methods for pulsed-laser ablation and ployed?6:?’Geometries were fully optimized and the vibrational
matrix isolation infrared investigation of new chemical species frequencies computed using analytical second derivatives.
have been reported previoughy22 The 1064-nm fundamental
of a Nd:YAG laser was focused on the rotating metal target, Results
and the aplated metal atoms were co-deposﬁed with CS Infrared Spectra. Infrared spectra were recorded for laser-
molecules in excess argon onto a 10 K Csl window at12 ablated cobalt, nickel, and copper co-deposited with ©S
mmol/h far 1 h using laser energy from 1 to 5 mJ/pulse. Carbon argon. Metal-dependent product absorptions are listed in Tables

disull(fidedand iSOtOpiICBC;zSQ (Cambrifljge Isotopes}ACS, 1-3, and representative spectra are shown in Figure3 1

Oak Ridge National Laboratory), and various mixtures were :_ ' . . . .

l(Jsed in d?fferent experiments X)statistical sampleE®2s, + including annealing and broadband photolysis behavior. Absorp-
P ‘ tions common to these experiments, namely;, €&, CS™,

HCSHS + 1C*S,, was prepared by Telsa coil discharge of a and (C$),™ have been reported in another papieand are not

listed in the Tables. Experiments were done WT32S,,

*To whom correspondence should be addressed. E-mail: Isa@virginia.edu. .
t Permanent address: Laser Chemistry Institute, Fudan University, —-Co o2, and mixed'?C¥s, + 13C%s,, 12C32_52 + 1_2C3452r and
Shanghai, P.R.China. 12C325, 4- 12C823345 4- 12C343, samples; the isotopic counterparts
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Figure 1. Infrared spectra in the 1420150 cnt? region from co- Wavenumbers (cm-1)
deposition of laser-ablated Co with 0.1% 48 argon: (a) after 1 h . : :

o . ; . Figure 2. Infrared spectra in the 144@.150 cnT?! region from co-
sample deposition at 10 K; (b) after annealing to 25 K; (c) after 15 d " S :

. L . eposition of laser-ablated Ni with 0.1% &£ argon: (a) after 1 h
min broadband photolysis; and (d) after annealing to 30 K. sample deposition at 10 K; (b) after annealing to 25 K; (c) after
TABLE 2: Infrared Absorptions (cm —%) from Co-deposition annea:!ng to 30 K; (d) after 15 min broadband photolysis; and (e) after
of Laser-Ablated Ni with CS; in Argon annealing to 35 K.

12C825, 13C825, 12C34S, R(12/13% R(32/34p assignment SCuCS

0.050

1431.9 1386.1 14249 1.0330 1.0049 NiCS Cs,
1403.9 1358.3 1397.0 1.0336 1.0049 AMD(CS,)) 004514
1393.1 1348.0 1386.6 1.0335 1.0047 AD(CS,) 0.040]
13345 12933 13265 1.0319 1.0060 SNiCS

1277.4 12417 12688 1.0288 1.0068 NiCS 0.0351 ©
1208.1 1178.7 1196.6 1.0249 1.0096 —#>CS)S (0.031) 0,030
626.0 612.1 619.5 1.0227 1.0105 -Ni-CS)S (0.0029)

5943 5922 579.9 10035 10248 2

aFrequency ratid?CO/A3CO. b Frequency ratio &S,/C34S,. ¢ Maxi-
mum intensity after annealing, in a.u. 00151

0.025

Absorbance

-

0.0204

@

TABLE 3: Infrared Absorptions (cm ~1) from Co-deposition 0.010]CuSCS*

of Laser-Ablated Cu with CS; in Argon 00051 ®)
12325, 15CP%2g, 1¢S5,  R(12/13) R(32/34)  assignment 0.000] ()
1506.8 1458.5 1499.6 1.0331 1.0048 CuSCs 1500 1450 1400

13855 13434 1377.0 1.0313 1.0062  SCuCS site Wavenumbers (cm-1)

1375.5 1333.7 1367.0 1.0313 1.0062  SCuCs . . .

13703 13283 1361.2 1.0316 1.0067 SCUCSICS Figure 3. Infrared spectra in the 1535355 cnt? region from co-
1187.4 11513 11803 10314 10060 2 deposition of laser-ablated Cu with 0.1% (6 argon: (a) after 1 h
1142.4 1107.6 1138.4 1.0314 1.0035 CuCSs sample deposition at 10 K; (b) after annealing to 25 K; (c) after
1133.9 11010 11296 1.0299  1.0038 ? annealing to 30 K; (d) after 15 min broadband photolysis; and (e) after

1081.9 10483 1076.1 10321 1.0054 -Guy%-S,)C annealing to 35 K.
1079.7 10459 1073.8 1.0323  1.0055  site

Calculations were performed on five MgiSomers and two
CS;t isomers, namely, SMCS, MrCS,, M—(2%-CS)S,
M—(5%-S,)C, symmetrical (C-bonded) MCS* and asym-

are also listed in the tables, and representative spectra are showp/I
in Figures 4-6 using a Ni target. Similar experiments were

carried out with 0.02% CGldded to serve as an electron ttap, _ . . .
and comparison spectra after sample deposition with Ni and metrical (S-bonded) MSCS', which are illustrated in Figure

Co targets are shown in Figure 7. As will be discussed, the 8. The calculated geometries, relative energies, vibrational

absorptions assigned to cations were enhanced, whereas whildf€duencies, and intensities are listed in Tabled8. As can
the CS~ anion absorption was almost eliminated from the be seen, the B3LYP and BP86 calculated parameters for neutral

spectra of the deposited samples on doping withsCCl MCS; isomers are very similar. For Co and Ni, the{CS)S
Calculations. Calibration calculations for GS CS* and molecule was calculated to be the most stable, followed by the

CS~ are summarized in Table 4. The B3LYP calculation on Symmetrical M-CS; and inserted SMCS molecules. For Cu,
CS gave a 1.561/bond length, which is slightly longer than the most stable CuGSsomer was predicted to &' Cu—
the experimental value of 1.55622and the antisymmetricand ~ SCS, followed by the CHCS,, Cu—(7*-S,)C, and inserted
symmetric stretching and bending modes were predicted atSCUCS molecules. The €;>-CS)S calculation converged to
1554.6, 674.1, and 398.0 cf respectively, which must be ~ Cu—CS. However, calculations for the Caand Ni* cations
multiplied by 0.987, 0.976, and 0.997 to reproduce the gas- gave different results: B3LYP calculations predicted-S€S
phase experimental frequenci@3he BP86 calculations slightly  to be 2.6 kcal/mol more stable than-€6S,", whereas the BP86
overestimate the bond lengths and therefore produce slightly calculation on Ce-SCS' converged to CeCS*. The B3LYP
lower vibrational frequencies, which more nearly approximate calculation found Ni-SCS" more stable than NiCS;* by 3.2
the observed frequencies in most cases. kcal/mol, but the BP86 calculation predicted theIS;* to
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Figure 4. Infrared spectra in the 144150 cnt? region from co-
deposition of laser-ablated Ni with 0.1%CS; + 0.1% °CS; in
argon: (a) aftel h sample deposition at 10 K; (b) after annealing to
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Figure 6. Infrared spectra in the 1345145 cn1? region from co-
deposition of laser-ablated Ni with 0.2% %S, + C¥S*S + 34S)) in
argon. (a) aftel h sample deposition at 10 K; (b) after annealing to
25 K; (c) after 15 min broadband photolysis; and (d) after annealing to

1200

25 K; (c) after 15 min broadband photolysis; and (d) after annealing to 30 K.
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Figure 5. Infrared spectra in the 1440150 cnt?* region from co-
deposition of laser-ablated Ni with 0.1%°%%S; + 0.1% C*S; in
argon: (a) aftel h sample deposition at 10 K; (b) after annealing to
25 K; (c) after annealing to 30 K; and (d) after 15 min broadband
photolysis.

be 5.4 kcal/mol more stable. Finally, both B3LYP and BP86
functionals predicted CuSCS' to be more stable than Cu
CS™.

Discussion

Several new late transition metaC,S species will be
identified from spectroscopic experiment and theory.
M-(n?-CS)S.An absorption at 1208.1 crin nickel experi-

CoCS3

0.012 (€83
PN Y-
0.0101
©
MOS?M
g 0.006 NICS?
£
0.004-
(b)
0.002
(CSy3
0.000 (a)

1400 1380

Wavenumbers (cm-1)
Figure 7. Infrared spectra in the 144370 cnt? region taken after
1 h sample deposition at 10 K in argon: (a) 0.2%,88 (b) 0.2%
CS + 0.02% CCUNi; (c) 0.2% CS/Co; and (d) 0.2% CS+ 0.02%
CClJ/Co.

1440 1420

that one Cgmolecule with twoinequivalentS atom positions

is involved in this vibrational mode. The 1208.1 chband is
assigned to the terminal-€S stretching vibration of the bridged
Ni—(#2-CS)S molecule. A weak band at 626.0 ¢hshowed

the same annealing and photolysis behavior and similar isotopic
frequency ratios and is assigned to the ring £ stretching
mode. DFT calculations predicted that the-{#?-CS)S struc-
ture (tA") is the most stable NiGSsomer. The terminal and
ring C—S stretching frequencies were calculated at 1265.0 and
631.3 cn1! with B3LYP and at 1243.9 and 613.0 ciwith
BP86 functionals, which are in good agreement with the

ments increased markedly on annealing but decreased greatlybserved values. The relative intensities of these two bands are

on broadband photolysis. It shifted to 1178.7 éwith 13C32S,
and to 1196.6 cmt with 12C34S,, and defined the 1232/13—
32 ratio 1.0249 and the ¥282/12-34 ratio 1.0096, which
suggests a €S stretching vibration. Only pure isotopic
counterparts appeared in the mixédC325,+13C%2S, and

predicted as 16/1 and 20/1 with the two functionals (Table 8),
respectively, which is in reasonable agreement with the observed
11/1 intensity ratio.

A similar band at 1173.3 cmt in the cobalt experiments
increased on annealing, decreased on photolysis, gave a statisti-

12C325,-+12C345, experiments, whereas a quartet was observed cal mixed sulfur isotopic quartet, and is assigned to the terminal

at 1208.0, 1203.5, 1200.8, and 1196.6¢émith approximately
1:1:1:1 relative intensities in the statistically mix&€32S, +

C—S stretching vibration of the CGe(;2-CS)S molecule. A weak
band at 613.5 cri tracked with the 1173.3 cm band and is

120323345 + 12C34s, spectra. These isotopic patterns indicate assigned to the ring €S stretching mode of the Cd;2-CS)S
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TABLE 4: Calculated Geometries, Vibrational Frequencies (cnt?), and Intensities (km/mol) for CS;, CS;™, and CS~

molecule relative energy geometry frequency (intensity) (mode) Bpt.
B3LYP CS (=" 0 C—S:1.561A,1SCS:180 1554.6(690) ¢u) 1533(g)

674.1(0) 6g) 658
398.0(3) () 397

CS* (?I1y) +232.6 C-S:1.560A,0SCS:180 1243.7(64) ¢u) 1188(g)
666.2(0) 6g) 617
370.1(4) () 332
317.3(1) ()

CS (%Ay) —13.6 C-S:1.645A,1SCS:143 1164.1(624) () 1159(Ne)

650.6(18) (2)
329.7(9) ()

BP86 CS (12" 0 C-S:1.571A,0SCS:180 1535.7(529) §.)
655.9(0) 0)
382.7(4) fr)

CS* (g +234.2 C-S:1.570A,0SCS:180 1292.0(42) 6.)
648.9(0) o)
356.7(5) (w)
306.6(1) ()

CS (%Ay) ~13.0 C-S:1.654A0SCS:143 1145.2(539) (b)

630.1(31) (a)
322.9(13) (@

aRef 30.° Balfour, W. J.Can. J. Phys1976 54, 1969.¢ Ref 28.

M— calculated at 1301.5 cmhwith B3LYP and at 1271.7 cni with
BP86, which required 0.98(B3LYP) and 1.004(BP86) scale
(M-CS;) M-(n*-C9)8)  (M-(n8)C) factors to fit the observed value, that is, the B3LYP calculation
was 2% high and the BP86 functional 0.4% low.
f /M\C\ The 1250.3 cm! band in the Cot CS/Ar experiments is
M— 8 S assigned to the antisymmetric SCS stretching vibration of the
Co—CS; molecule. This band increased on annealing and was

kcal/mol (BP86) higher in energy than the most stable (y?-
f M{ " <S>C CS)S isomer. The SCS antisymmetric stretching vibration was
(is S S

(M-SCS) (SMCS) almost eliminated on broadband photolysis. DFT calculation
. predicted the CeCS, molecule to have &A, ground state,
M ? f which is about 2.7 (B3LYP) and 4.1 kcal/mol (BP86) higher in
$ M— energy than the most stable €(;2-CS)S molecule. The
MCS,) (MSCS) antisymmetric SCS stretching vibration was calculated at 1271.3

_ _ _ _ cmt with B3LYP or at 1237.0 cm! with BP86, just 21 cm?!
Figure 8. Geometries of different MGSand M'CS; isomers. higher or 13.3 cm! lower than the observed argon matrix value.

molecule. DFT calculations predicted the -©@2CS)S mol- In the C”l+_ CS; experiments, weak bands at 1142.4 and
ecule to have 8A" ground state and to be the most stable Cocs 1081.9 cm™ increased on annealing and disappeared on

isomer at both BP86 and B3LYP levels of theory. The terminal fhthOIySiS' The 1081.9 cm ban;j s?ifted t01048.3 CIﬁ v?\’/zith
and ring G-S stretching modes were calculated at 1210.2 and - -2 and to 1076.1 cm' with *2C34S,. In the mixed'?C%%S,

629.0 cnt® with B3LYP and at 1203.1 and 602.5 chwith T -C°°S2 and 12C%2S, + 12C3S; experiments, doublets were
BP86 functionals, which adds strong support to the assignment.oPserved, whereas in the mix&€*s, + 12C%2S¥S + 12C%s,
The relative intensities of these two bands are predicted as 228Xperiment, a triplet with an intermediate at 1079.0"¢was
and 33 with the two functionals (Table 6), respectively, which observed, indicating that one &®&ith equialent Satoms is
are higher than the observed 8/1 intensity ratio. involved in this mode. The 1142.4 cthband shifted to 1107.6
No obvious absorptions can be assigned to the @&CS)S ~ ¢m ' in 3C%S; spectra and to 1138.4 crhin the C¥S,
molecule. Our DFT calculation on doublet €(;*CS)S  Spectra and also produced doublets in the mikig#s, +
converged t8A; Cu—CS,, suggesting that Cu(;2-CS)Sisnot ~ C¥S; and 1C¥s, + 12C%s, experiments, but the mixed
a stable isomer on the potential energy surface. isotopic structure was too weak to be resolved in the mixed
MCS,. A 1277.4 cni® band in Ni-CS/Ar experiments  2C3¥S; + 12C32S3¥S + 12C3S, experiment. DFT calculations
greatly increased on annealing and almost disappeared orpredicted Ct-SCS, Cu-CS;, and Cu-(7%S,)C isomers very
photolysis. It shifted to 1241.7 crhwith 13C32S;, and to 1268.8  close in energy. The CuSCS molecule was computed to have a
cm~1 with the 12C34S, sample. In the mixedC32S, + 13C32S, strong C-S stretching vibration at 1493.3 ci(B3LYP) and
and 12C32S, + 12C34S, experiments, only pure isotopic coun- at 1467.4 cm! (BP86), but no band in this region can be
terparts were produced, whereas in the mi¥@@s3%s, + assigned to this molecule. The €GS; molecule was calculated
120323345 + 120345, experiments, a triplet at 1277.1, 1272.6, to have a?A; ground state with antisymmetric CS stretching
and 1268.8 cm! with approximately 1:2:1 relative intensities  vibrations at 1271.4 cnt (B3LYP) and at 1262.4 crit (BP86).
was observed, indicating that one &8t with two equialent The Cu-(%-S;)C molecule was also predicted to havéa
S atoms is involved in this mode. This band is assigned to the ground state with the antisymmetric CS stretching vibration at
antisymmetric SCS stretching vibration of the symmetricatNi  1188.2 cm! (B3LYP) and at 1190.5 cnt (BP86). The
CS, molecule. DFT calculation predicted'a; ground state calculated vibrational frequencies for both -©0S, and Cu-
for the Ni-CS; molecule, which is only 2.3 (BSLYP) and 3.6  (%-S;)C are higher than the observed 1142.4 and 1081.9 cm
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TABLE 5: Calculated Geometries and Relative Energies (kcal/mol) of CoCSand CoCS™ Isomers

molecule relative energy geometry

B3LYP Co—(7>-CS)S (?A") 0 Co—C:1.810 A, Ce-S:2.176 A, CG-S:1.704 A, CG-S:1.610 A,0SCS:149.7
CoCS(?A)) +2.7 Co-C:1.737 A, CG-S:1.634 A[1SCS:173.2
SCoCS?tA") +6.4 S-Co0:2.181 A, Ce-C:1.815 A, C-S:1.545 A[0SCo0C:178.9, 1CoCS:179.5
Co—(n%-S)C (“By) +10.0 Co-S:2.298 A, C-S:1.648 A[JSCS:136.7
CoCS (“By) +11.6 Co-C:1.905 A, C-S:1.620 A[0SCS:154.7
CoSCStA") +18.3 Co-S:2.384 AS-C:1.585 A, C-S:1.563 A[1C0SC:110.3, 1SCS:174.0
SCoCS{A") +20.2 S-C0:2.039 A, Ce-C:1.865 A, G-S:1.540 A, 1SCo0C:152.5, 1C0CS:162.1
CoSCS (;A") +161.6 Co-S:2.275 A S-C:1.612 A, CG-S:1.529 A[1C0SC:101.,4 ISCS:174.7
CoCS* (3By) +164.2 Ce-C:1.927 A, G-S:1.591 A[1SCS:176.2

BP86 Co-(7%-CS)S (A") 0 Co—C:1.774 A, Co-S:2.120 A, G-S:1.735 A, C-S:1.617 A,0SCS:150.3
CoCS (%A +4.1 Co-C:1.722 A, G-S:1.649 A[1SCS:176.7
SCoCS?tA") +4.6 S-C0:1.981 A, Co-C:1.692 A, G-S:1.567 A[0SCo0C:107.4, 1CoCS:174.1
Co—(n%-S)C (“By) +20.2 Co-S:2.225A, G-S:1.673 A[JSCS:131.7
CoSCS{A") +28.4 Co-S:2.282 A, S-C:1.604 A, C-S:1.573 A[1C0SC:107.9, 1SCS:173.8
CoCS* (3By) +176.6 Ce-C:1.840 A, G-S:1.612 A[1SCS:174.2

TABLE 6: Calculated Vibrational Frequencies (cm™1) and Intensities (km/mol) for the Structures Described in Table 5

molecule

frequency (intensity)

B3LYP

Co—(>-CS)S (2A")

CoCS (*A2)
SCoCSTA™)
Co—(7*-S,)C (“By)
CoCS (“B1)
CoSCS{A™)
SCoCS{A")
CoSCS (3A™)
CoCS* (°By)

BP86

Co-(*-CS)S (?A")

CoCS (%A2)
SCoCStA™)
Co—(i>-S,)C (‘BY)
CoSCStA")
CoCS* (°By)

1210.2(411), 629.0(19), 502.6(2), 320.4(3), 307.0(4), 144.7(4)
1271.3(303), 734.2(15), 547.6(21), 240.1(0.5), 181.2(9), 43.3i(0)
1360.5(631), 440.8(4), 314.1(16), 281.0(22), 271.4(28), 41.0(6)
1135.9(190), 641.6(108), 338.0(59), 279.4(0), 238.3(0.1), 227.0(1)
1278.6(323), 636.9(366), 510.2(23), 319.2(8), 185.3(43), 36.8(4)
1494.0(614), 631.6(60), 374.3(0.5), 327.1(111), 190.2(7), 60.6(0.3)
1336.6(787), 505.3(0.2), 370.5(3), 308.2(5), 276.9(30), 64.4(2)
1530.4(620), 642.9(11), 413.8(4), 365.7(5), 262.1(10), 68.1(0.4)
1419.8(360), 642.3(0.5), 529.8(5), 349.4(3), 215.9(3), 167.4(1)

1203.1(329), 602.5(10), 520.5(5), 319.8(3), 312.9(5), 165.0(3)
1237.0(211), 776.9(8), 525.8(15), 182.3(7), 116.9(2), 73.4i(0.2)
1340.0(445), 532.2(20), 468.5(4), 312.1(14), 294.4(10), 90.2(2)
1085.0(73), 623.6(82), 317.0(41), 316.1(0), 246.2(11), 196.9(0.1)
1451.8(508), 606.8(23), 360.4(1), 280.1(75), 232.1(0.3), 61.8(0)
1361.3(189), 661.6(0.1), 547.0(3), 305.0(3), 224.0(4), 189.7(1)

TABLE 7: Calculated Geometries and Relative Energies (kcal/mol) of NiCgand NiCS;* Isomers

geometry

molecule relative energy
B3LYP Ni—(#?-CS)S (*A") 0
NiCS; (*A1) +2.3
SNICS €A") +15.3
Ni—(#7?-S,)C (°By) +17.2
Ni—(72-CS)S ((A") +17.3
NiCS; (3A2) +18.1
NiSCS €A™) +19.3
NiSCS" (?A") +170.7
NIiCS;" (3By) +173.9
BP86 Ni=(7%-CS)S (*A") 0
NiCS; (*Ay) +3.6
SNICS €A") +14.1
Ni—(1%-3,)C (°By) +29.7
NiSCS €A") +37.3
NIiCS;* (°By) +187.8
NiSCS" (?A") +193.2

Ni—C:1.798 A, Ni-S:2.149 A, G-S:1.672 A, G-S:1.604 A,0SCS:155.4
Ni—C:1.738 A, C-S:1.624 A[1SCS:173.3

S-Ni:2.042 A, Ni—C:1.803 A, C-S:1.538 A,ISNiC:139.2, NiCS:169.4
Ni—S:2.326 A, G-S:1.641 A [1SCS:137.5

Ni—C:1.924 A, Ni-S:2.409 A, C-S:1.664 A, G-S:1.600 A,JSCS:148.7
Ni—C:1.920 A, G-S:1.621 A [1SCS:152.3

Ni—S:2.307 A, S-C:1.587 A, G-S:1.563 A,0NiSC:110.2, 0SCS:174.1
Ni-S:2.228 A, S-C:1.614 A, G-S:1.529 A [INiSC:100.4, [1SCS:174.2
Ni-C:1.988 A, G-S:1.582 A,1SCS:175.2

Ni—C:1.794 A, Ni-S:2.127 A, G-S:1.692 A, G-S:1.612 A, JSCS:155.7
Ni—C:1.731 A, G-S:1.638 A|[1SCS:175.2

S-Ni:2.038 A, Ni-C:1.767 A, G-S:1.559 A [1SNiC:135.8, [INiCS:167.4
Ni—S:2.242 A, CG-S:1.658 A[1SCS:134.9

Ni—S:2.233 A, S-C:1.600 A, G-S:1.574 A [ONiSC:111.0, JSCS:174.9
Ni-C:1.877 A, G-S:1.602 A, 1SCS:174.4

Ni-S:2.167 A, S-C:1.627 A, G-S:1.543 AINiSC:96.F, JSCS:173.4

absorptions. We tentatively assign the 1081.9thand to Cu-
(7?>-$,)C and the 1143.4 cm band to CuCg8based on DFT

CS ratio, indicating that the C atom is vibrating between S and
another atom and confirming that these vibrations are due to

frequency calculations. Apparently, higher level calculations will - terminal MG-S stretching vibrations. In the case of Co, a weak

be required to get better agreement.
SMCS. Sharp strong bands were observed in the 3300

absorption at 516.6 cm tracked with the upper 1338.7 ¢t
band, suggesting a different mode of the same molecule. The

cm™! region after broadband photolysis for all three metal 516.6 cnT band shifted to 515.6 cm with 13C32S, and to 508.1

systems studied here: Co, 1338.7¢mNi, 1334.5 cn1!; and

Cu, 1375.5, 1385.5 cm. These bands all decreased on

annealing. Doublets were observed in all the mix&ef2s, +
13C3282' 12C3252 + 12C3482' and12C3252 + 12C32834S + 1203432

cm~t with 12C34S,, which define a small (1.0019) +82/13~
32 ratio and a large (1.0167) +32/12-34 ratio and suggest
that this band is due to a mostly terminal €8 stretching

experiments, indicating that only one CS subunit is involved in ViPration. Therefore, the 1338.7 and 516.6 ¢nbands are

these vibrations. The isotopic $32/13-32 ratios (Co, 1.0325;

assigned to the €S and Ce-S stretching vibrations of the

Ni, 1.0319; and Cu, 1.0313) are slightly higher than the diatomic inserted SCoCS molecule, the 1334.5"¢érband to the €S

CS ratio, whereas the ¥32/12-34 ratios (Co, 1.0050, Ni,

stretching vibration of the SNiCS molecule and the 1375.5 and

1.0060, and Cu, 1.0062) are slightly lower than the diatomic 1385.5 cnT! bands to the €S stretching vibration of the



Reactions of Co, Ni, and Cu Atoms with €S

J. Phys. Chem. A, Vol. 104, No. 19, 2006899

TABLE 8: Calculated Vibrational Frequencies (cm~1) and Intensities (km/mol) for the Structures Described in Table 7

molecule frequency (intensity)
B3LYP Ni—(7%-CS)S (*A") 1265.0(453), 631.3(29), 548.1(0.6), 357.5(4), 321.9(2), 136.6(3)
NiCS; (*Aq) 1301.5(352), 740.4(18), 566.7(14), 317.9(2), 192.6(5), 89.8i(0.3)
SNICS fA") 1352.3(1017), 420.5(14), 356.5(23), 307.0(6), 259.3(9), 59.3(4)
Ni—(7%-S2)C (By) 1148.2(283), 663.2(90), 363.9(34), 218.9(0), 216.9(3), 212.5(0.2)
Ni—(#2-CS)S ((A") 1247.2(401), 618.6(286), 459.8(38), 327.6(9), 229.7(13), 103.0(6)
NIiCS; (°A>) 1259.9(346), 638.5(305), 485.8(40), 321.5(8), 197.1(27), 80.0i(3)
NiSCS ¢A") 1486.7(582), 627.3(58), 370.1(0.2), 328.1(102), 212.7(1), 66.3(0.3)
NiSCS™ (2A") 1530.0(595), 642.4(9), 418.3(4), 373.1(3), 282.6(6), 73.2(0.4)
NICS;™ (2By) 1471.4(414), 651.5(0.4), 492.8(2), 240.0(2), 220.1(0.6), 202.0(2)
BP86 Ni=(5%-CS)S (*A") 1243.9(358), 613.0(18), 539.2(1), 339.7(5), 327.4(2), 147.0(2)
NIiCS; (*A1) 1271.7(266), 759.7(13), 546.3(11), 285.4(3), 189.1(4), 112.0i(0)
SNICS fA") 1324.1(606), 481.8(4), 395.5(3), 323.6(10), 274.9(10), 64.9(2)
Ni—(7%-S,)C (B2) 1102.4(571), 649.3(83), 326.2(35), 258.5(0), 243.8(6), 96.4(0.4)
NiSCS €A") 1458.9(497), 609.7(23), 346.7(0.8), 316.9(57), 257.0(7), 66.6(0)
NiCS;+ (?B) 1393.3(215), 646.8(0.1), 538.7(2), 224.3(1), 127.4(0.7), 112.1(1)
NiSCS' (?A") 1488.4(406), 616.0(3), 395.1(5), 357.4(5), 306.5(4), 52.6(0.1)
TABLE 9: Calculated Geometries and Relative Energies (kcal/mol) of CuCgand CuCS;™ Isomers
molecule relative energy geometry
B3LYP CuSCS?A") 0 Cu-S:2.353 A, 5-C:1.585 A, C-S:1.562 A [1CuSC:109.8E[1SCS:174.0
CuCS (*Ay) +2.8 Cu-C:1.974 A, G-S:1.617 A[0SCS:152.1
Cu—(5%-S)C (A1) +4.4 Cu-S:2.403 A, C-S:1.631 A[1SCS:141.9
SCuCS ) +5.3 S-Cu:2.129 A, Cu-C:1.825 A, G-S:1.531 A, linear
CuSCS (*A") +152.4 CuS:2.238 A, SC:1.612 A, C-S:1.528 A[JCuSC:100.9, ISCS:174.5
CuCS™ (*Ay) +156.0 CuC:2.031 A, C-S:1.582 A[1SCS:178.8
BP86 CuSCs?a) 0 Cu-S:2.262 A, S-C:1.598 A, G-S:1.573 A[JCuSC:110.4, [1SCS:174.2
CuCs (?A) -0.2 Cu-C:1.925 A, G-S:1.627 A[1SCS:153.5
Cu—(%-S,)C (A1) +4.5 Cu-S:2.355 A, G-S:1.638 A,[1SCS:144.0
SCuCS ) +3.0 S-Cu:2.105 A, Cu-C:1.803 A, C-S:1.549 A, linear
CuSCS (*A") +157.7 CuS:2.185A, SC:1.622 A, C-S:1.541 A[JCuSC:99.3E[1SCS:173.7
CuCs* (fAy) +162.0 Cu-C:1.947 A, G-S:1.600 A,1SCS:178.8

TABLE 10: Calculated Vibrational Frequencies (cm™1) and Intensities (km/mol) for the Structures Described in Table 9

molecule

frequency (intensity)

B3LYP

BP86

CuSCSA")
CuCS (%A1
Cu—(7%-S,)C (Ay)
SCuCS )
CuSCS(1A")
CuCSs* (*Ay)

cuscs?)
CuCS (?Ay)
Cu—(n>-S,)C (Ay)
SCuCS )

1493.3(571), 630.7(57), 374.7(0.3), 333.8(101), 192.9(2), 64.7(0.4)
1271.4(370), 619.5(280), 435.2(111), 348.3(11), 187.9(12), 28.0i(2)
1188.2(331), 640.0(118), 365.5(79), 262.0(0), 170.0(0.1), 140.1(0)
1398.4(629), 431.2(2), 324.9(2), 310.5(16), 293.1(6), 63.5(1), 61.4(1)
1536.9(580), 646.8(11), 423.5(4), 374.0(3), 271.7(7), 76.2(0.4)
1444.1(443), 645.4(0), 483.5(0.2), 374.3(4), 188.1(3), 72.2i(2)

1467.4(458), 614.1(28), 352.8(0.7), 317.7(70), 230.1(0.9), 67.6(0.1)
1262.4(273), 622.0(204), 472.3(38), 341.5(10), 190.2(17), 57.5i(2)
1190.5(237), 624.0(103), 336.1(101), 247.4(0), 185.2(0.4), 58.7(0)
1356.8(522), 444.2(2), 335.6(2), 325.6(6), 290.7(7), 63.9(0.4), 57.5(1)

CuSsCS (*A")
CuCS* (1A1)
SCuCS molecule at different matrix sites. Thed$iand Cu-S
stretching vibrations were not observed here.
The assignments are further supported by DFT calculations.
Both BP86 and B3LYP functionals predicted the inserted SMCS

1502.9(427), 625.5(6), 409.2(5), 356.5(3), 296.6(4), 72.3(0.2)
1399.3(302), 619.9(0), 518.4(0.7), 352.4(5), 202.3(2), 65.9i(2)

1398.4 cnm! with B3LYP and at 1356.8 cni using BP86,
which are slightly higher and lower than the observed values.
The Cu-S stretching vibration was calculated at 431.27ém
(B3LYP) and at 444.2 cri (BP86) with much lower intensity

molecules to be several kcal/mol higher in energy than the mostand cannot be observed here.
stable isomers. The SCoCS molecule was calculated to have a The important neutral Co, Ni, and Cu atom reactions are

2A"" ground state with bent geometry. The-6 and Ce-S
stretching frequencies were calculated at 1360.5 and 440-8 cm
with the B3LYP functional; the €S stretching calculation fits
the experiment quite well, but the-& o0 stretching mode was
predicted too low, as was its intensity. However, BP86 calcula-
tion predicted these two modes at 1340.0 and 532.2'¢cin
excellent agreement with the observed values. The SNICS
molecule was calculated to havéA'’ ground state with bent
geometry and the €S stretching frequency was calculated at
1352.3 cmi! with B3LYP and at 1324.1 cni with BP86. The
Ni—S stretching vibration was predicted at 420.5érasing
B3LYP and at 481.8 cm using BP86 with much lower
intensity. Both BP86 and B3LYP functional calculations found

summarized below. Reactions 1 and 2 proceed during matrix
annealing without activation energy, but reaction 3 requires
activation.

M -+ CS,—M—CS, (M = Co, Ni, Cu) (1)

M + CS, — M—(3*-CS)S (M= Co, Ni) 2)

MCS, and M—(nz-CS)S%E SMCS (M= Co, Ni, Cu)
3)

MCS,*. Weak bands above 1400 ciwere observed for
all three metal systems: Co, 1405.3 ©mNi, 1431.9 cm?;

the SCuCS molecule to have a doublet ground state with linearand Cu, 1506.8 cmi. These bands appeared on sample

geometry. The €S stretching vibration was calculated at

deposition and increased on annealing but almost disappeared
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on broadband photolysis and failed to reproduce on further TABLE 11: Calculated (BP86) Mulliken Charge Populations
higher temperature annealing. As shown in Figure 7, these bandf MCS, Complexes and MCS" Cations
were greatly enhanced in CQGloping experiments along with molecule M C 3 S

the (CS)." absorptiors® which strongly suggest cation assign-  “co—2.c5)? ?A")  +0.14  +0.33 -019 -027
ments as CGlcaptures electrons and aids the survival of metal  Nj—(;%-CSHS? (*A") +0.11  +0.38 —0.22 —0.27

cations!® The 1405.3 cm! band shifted to 1360.1 cm with Co—CS (?A2) +0.07 +058 —-0.32 —0.32
the 13C32S, sample and to 1398.6 crhwith the 12C34S, sample Ni—CS (A1) +0.06  +056 -031 031
and gave a 1232/13-32 ratio 1.0332 and 1232/12-34 ratio &“;823( (’;\é)l) o9 fogs . o 0
10045 In the mlxed2C32$g + 1?C3282 and12C3282 + 12C34SQ Ni—CS* (ZBZ) +0.31 +0.69 0.00 0.00
experiments, only pure isotopic counterparts were produced, Cu-CS* (*A;) +0.34 +0.72 —0.03 —0.03
indicating that only one GSsubunit is involved in this NiSCS" (°A’) +0.47 +0.66 —0.05 —0.09
vibrational mode, whereas in the mix&32S, + 12323345 + CusCS (‘A +045  +071  -007  —0.09
12C34s, experiments, a weak triplet with an intermediate at ggf §IQI) Ig'gg J_rg'fg ;g'ig
1401.9 cn! (A = 0.0008) was produced, suggesting that the cg- EzAg)) 4008 -054 —054
1 . . )

two S atoms are equivalent in a symmetrical configuration.

These observations identify E€S,*. Spectra were similar to Other APsorptions. Three weak bands at 1363.8, 975.3 and
the 1405.3 cm! band in Co+ CS, experiments: the 1431.9 485.2 cm! in the Co+ CS; experiments increased together

cm ! band in Ni+ CS, experiments shifted to 1386.1 cf on annealing and disappeared on UV photolysis but regenerated
with 13C32S, and to 1424.9 cmt with 12C34S,, doublets were on higher temperature annealing. The 1363.8%dband showed
produced in the mixe#C32S, + 13C32S, andlzé3252+12C34SQ linear antisymmetric SC—S stretching carbon and sulfur
experiments, and a weak triplet with an intermediate at 1428.5 isotopic frequency ratios, indicating that this band is due to an
el was pr(;duced in the MixedC32S, + 12C325%S + 120343, antisymmetric S C—S stretching mode, presumably for linear
experiment. Therefore, these bands are assigned to the symg’SZ in a complex. The 975.3 crf band has very little C and

meticl Ni-CS: caion. The 15065 cr band nCur CS, S0P et hence t must nvoue primanly oher atoms
experiments is a little different: it shifted to 1458.5 chwith y

13C825, and to 1499.6 cmt with 12C34S,, exhibited very similar OCo0 is the Tajor produt (which absorbs at 945.4 crf),
: ; . + ; 1 the 975.3 cm! band is probably due to the antisymmetric
isotopic ratios as CeCSt and Ni=CS;*, and doublets were . . . . .

roduced in the mixe#C2S, + 1C22S, and12C2S, + 12034, O—Co—0 stretching vibration of ©Co—0 in a complex with
produ o 3ora 1232¢8 12034 CS. Neither isolated CoO nor CgQOwas detected in these
experiments. However, the mixé#32S, + 12C32534S 4 120345,

. Lo ; experiments, so any CoGormed (probably from oxides on
experiment only gave a broad doublet, indicating that this band thepcobalt target sur¥ace) is all cor;pplexed )\//vithzthe 485.2
is mostly a C-S stretching vibration coupled to another ;

] 0 .
inequivalentS atom._ Hence, the 1506.8 chband is assigned gg}l;gzdr(;(i?b{t'%dlc'[)ge;n—ZjZi/Spr—rSSE:at)llod1d22t103 :n{dmlézz
to the Cu-SCS' cation. . vibration. Accordingly, these three bands are tentatively at-
DFT calculations were performed on two MgScation tributed to stretching modes of the weale(@®)(CS) complex.
isomers, namely, M-SCSand M-CS", to support the cation  Similar bands at 1403.9 and 1393.1 ¢min Ni + CS
identifications. For Co, B3LYP calculations predictethd state experiments are probably due to the same kind of complex and
Co—SCS" 2.6 kcal/mol lower in energy than tB; state Ce- are tentatively assigned to the antisymmetrieCS-S stretching
CS", but the BP86 calculation on th#\" state Ce-SCS vibration of the (QNi)(CS,) complex; the Ni-O stretching
converged to CeCS*. The antisymmetric €S stretching  mode is probably much weaker and is not observed here. There
vibration of the Ce-CS," cation was calculated at 1419.8 thn is precedent for weak £complexes with linear ORhEY.
(B3LYP) and at 1361.3 crm(BP86), slightly lower than the Comparison with the CO, System.Transition metal interac-
experimental value. The-€S stretching vibration of the Co tions with CQ have been studied extensively by theory and
SCS" cation was calculated at 1530.4 th(B3LYP), much experiment~16 Earlier infrared experiments suggest that Co
higher than the observed value. For-NiS*, the B3LYP interacts with CQ@to form the Ce-CO, complex and with Cu
functional predicted @B, ground-state NiCS;*, which is 3.2 to form the Cu-OCO complex Our reactions of laser-ablated

kcal/mol higher in energy than théA’' state Ni-SCS. Co, Ni, and Cu atoms with COproduced only the inserted
However, BP86 calculations predicted that il Ni-CS* OMCO molecules, and failed to observe any metaD,
form is 5.4 kcal/mol lower in energy than tRA"” Ni—SCS" complexes in solid argot¥.However, under the same conditions

isomer. The antisymmetric €S stretching vibration was  Co, Ni, and Cu atoms react with g% form M—CS, and
calculated at 1471.4 chhwith BSLYP and at 1393.3 crt with M—(#2-CS)S complexes. These complex absorptions increased
BP86 for NCS;*. The NiSCS isomer gave a higher €S on annealing, suggesting that Co, Ni, and Cu metal atoms and
stretching vibrational frequency (1530.0 chwith B3LYP and CS; reactions are exothermic and without need of activation
1488.4 cn1! with BP86). Apparently, the NiCS™ results fit energy. As listed in Table 11, there is a very small charge
the experiment better. For Cu, both B3LYP and BP86 calcula- transfer from metal to C§ and the SCS bond angles in the

tions predicted CuSC'Sto be more stable than G«CS*; the M—C$; complexes are close to linear; for MGOGomplexes,

C—S stretching vibration of CuSCSwas calculated at 1536.9  however, more charge transfer is required, with more bent OCO

cm1 (B3LYP) and at 1467.4 cnt (BP86). angles (close to C9),'+1218and therefore, this reaction requires
The important Co, Ni, and Cu cation reactions observed here MOre activation energy than the corresponding &&ction.

are given below. Co*CO; and Ni*CO;, have been studied in the gas phase,

and COCO, was found to be linear from the rotational
spectrum; however, NiCO, was proposed to haveTashaped
NiT—CO;, structure®® However, theoretical calculations suggest
N that Ni"CO; should also have a linear structdfé>Our spectra
Cu +CS— CusCs %) show that both CoGS and NiCS* have T-shaped Cy,

M* + CS,— M-CS," (M = Co, Ni) (4)
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structures, whereas for Cug'S the structure is CuSCS'. (8) Asher, P. L.; Bellert, D.; Buthelezi, T.; Brucat, B.Chem. Phys.
Theoretical calculations suggest that interaction between transi--ett: 1994 227, 623. _ . _

tion metal cation and C@s mainly electrostatic; charge transfer J.(%hésr{:elgh;s.LﬂetBn%Igez;t'zgé ggéhe'ez" T Weerasekera, G.; Brucat,
and covalent interactions are smaller as the charge is mainly (10) Baranov, V.; Javahery, G.; Hopkinson, A. C.; Bohme, D.JK.
located on the metal center, and there is no obvious bondAm. Chem. Sod995 117, 12801.

between the metal cation and O in the linear M-OCO (11) Jeung, GMol. Phys 1989 67, 747.

complexe§4’15 However. as listed in Table 11. our DET (12) Caballol, R.; Sanchez Marcos, E.; Barthelat, JJ.Phys. Chem.
o ' N ’ 1987, 91, 1328.
calculations suggest that there is significant charge transfer from (13) Sodupe, M.: Branchadell, V.: Oliva, A. Phys. Chem1995 99,

the metal center to the GSnoiety in both M-CS* and 8567.
M—SCS" isomers, which exhibit significant differences com- (14) Sodupe, M.; Branchadell, V.; Rosi, M.; Bauschlicher, C. W.JJr.
pared with MCQ*. Phys. Chem. A997 101, 1854.
(15) Fan, H. J.; Liu, C. WChem. Phys. Lett1999 300, 351.
. (16) Papai, |.; Mascetti, J.; Fournier, R. Phys. Chem. AL997 101,
Conclusions 4465,

Laser-ablated cobalt, nickel, and copper atoms and cations (17) Zhou, M. F.; Andrews, LJ. Am. Chem. S0d.99§ 120, 13230.
(18) Zhou, M. F.; Liang, B. Y.; Andrews, LJ. Phys. Chem. A999

were reacted with GSnolecules during condensation in excess 103 2013; Zhou, M. F.. Andrews, LJ. Phys. Chem. A999 103 2066.

argon. The M-*-CS; and side-bonded M(;2-CS)S complexes (19) Rue, C.; Armentrout, P. Bl. Chem. Phys1999 110, 7858.
are formed on annealing, whereas the inserted SMCS molecules (20) Burkholder, T. R.; Andrews, L]. Chem. Phys1991, 95, 8697.
are produced on photolysis. The MgScations are also (21) Hassanzadeh, P.; Andrews,X..Phys. Chem1992 96, 9177.
produced via metal cation reactions with.CBhe identifications (22) Zhou, M. F.; Andrews, LJ. Chem. Phys1999 110, 10370.

: ; : (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
of these neutral and cation product infrared absorptions are j i con. B. G.: Robb, M. A. Cheeseman, J. R.: Keith, T.: Petersson. G.

supported by density functional calculations and electron a: Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
trapping with added Cglto capture electrons and enhance V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

cations. DFT calculations suggest that the CoCshd NiCS*+ Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
. X Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
cations havd-shapedC,, structures, whereas the CuC®ation Fox, D. J.; Binkley, J. S.: Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
has a bent CaSCS" geometry. Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN 94, Revision B.1;
Gaussian, Inc.: Pittsburgh, PA, 1995.
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