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Laboratory Infrared Observation of Linear C 7S Carbon—Sulfur Cluster in Solid Argon
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The linear carbonrsulfur cluster GS has been generated by pulsed laser evaporation of a carbon/sulfur mixture,
deposited in an argon matrix at 12 K, and studied by Fourier transform infrared spectroscopy. Three new
vibrational bands at 2088.1, 1913.6, and 1256.1chave been observed. Using density functional and ab
initio theoretical methods, these three bands have been assigneditgdahe’s(o), andvs(o) fundamental
stretching modes, respectively, of lineaiSCThese assignments have been confirme&®ysotopic shifts.
Possible formation mechanisms ofSCin a matrix via addition reactions of C, S, and CS species to the
already-formed €S and G carbon-sulfur and carbon clusters are suggested. Finally, vibrational frequencies
for the series of linear clusters, & (h = 1—9) have been calculated at the B3LYP/cc-pVDZ level and compared
with available experimental data.

I. Introduction Its energy, structural parameters, and vibrational frequencies

o o ] ~ have been computed using DFT and other methods.
Because of their involvement in interstellar chemistry and in

material science, small carbesulfur clusters have been the || computation Details

subject of substantial current research. Th& ¢ = 1-3, 5) ) ) ) )
species have been observed in the envelopes of several stars, All calculations are carried out using the GAUSSIAN 98 suite
such as TMC-1 and IR€102164 Absence of an electric  Of programs® On the basis of previous work, the/€ cluster
dipole precludes the interstellar detection of the symmetrigSSC ~ Was assumed_ |q|t|a!ly to be linear, W'th sulfur at one énd.
species via microwave detection methods, although they are G€0ometry optimization was effected using DFT/ B3LYP theory
probably also present in circumstellar regions. Carbsuifur WltrsllDunnlng s correlation consistent douldl¢cc-pVDZ) basis
systems are also attractive from a material science point of view S€t"" Geometries, frequencies, and isotope shifts were also

because small S species have been found to possess unusual calculated at other levels of theory, but little difference was
electrical properties. found. The geometry of £5 was also calculated with no

A number of sulfur-containin tbon clusters have been assumption of linearity. A bent structure in the grodAd state
umber of sullur-containing carbon CIUSIErS nave DEeN ¢ getermined, but this structure was very close to linear and
produced in the laboratory..S (=1, 3) and GS; (n = 2—6)

: . . had a higher energy than the linear form. Finally, MP2 and
clusters have been obtained by pyrolysis or by electrical CCSD(T) methods were used, but invariably led to a different
discharge and investigated by neutralizatio@ionization mass '

electronic state with a lower rotational constant than found
spectrometry-11 C,S and GS; (n = 1-5) clusters have also experimentally.
been generated by laser ablation. Some have been identified in

our laboratory? by FT-IR spectroscopy complemented by
density functional theory (DFT) calculations. Rotational con-
stants for linear €S (n = 1—9) species have been determined ~ C7S was generated by laser ablation of pressed pellééCof
by several groupt-17 Although early theoretical work focused ~ (Powdered graphite, natural abundarié€ (98.9%) and'*C

on the smaller species (= 1-9),18-25 Pascoli and Lacendy  (1.1%);*3C (99%, Cambridge Isotope Laboratories, Inc.)), and

recently computed DFT spectroscopic parameters for carbon S (natural abundanc®s (96%) and*’s (4%)) using a pulsed
sulfur clusters up to §S2° They found that the S cluster Nd:YAG laser (1064 and 532 nm). The reaction products were
chains terminatedyba S atom are linear, except foggS, which ~ trapped with Ar isolant gas on a Csl window cooled to 12 K
was predicted to have a monocyclic structure containing the by & closed-cycle helium cryostat (ADP Displex). Secondary
sulfur atom equally bonded to two adjacent carbons. Subsequenf€actions were noted after annealing of the matrix (to 35 K).

work on GS and GS, clusters confirmed the linear structure Infrared absorption spectra were recorded with a Nicolet Magna
of these specied-2 560 Fourier transform infrared (FT-IR) spectrometer in the700

7000 cnr? region at 0.25 cm' resolution.

[ll. Experimental Methods

The present paper is focused on the neutral ling&rcluster.
C;S was produced by the vaporization of a carbon and sulfur
mixture, and studied via FT-IR spectroscopic methods in argon
matrices. Isotope shifts were also investigated. DFT and ab initio  In its 1= ground-state linear 5 has 34 valence electrons,
calculations were used to identify three new vibrational modes. 16 of which are distributed in 8 doubly degeneraterbitals.

Table 1 lists the €S state energies, dipole moment, bond

*To whom correspondence should be addressed. E-mail: mvala@ !€Ngths, rotational constant, and vibrational frequencies, obtained

chem.ufl.edu. at various levels of theory. Although primarily cumulenic in
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IV. Theoretical Predictions
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TABLE 1: Energies E, (Hartrees), Zero Point Energies ZPE (kcal/mol), Dipole Momentsu, (Debyes), Bond Lengths (A),
Rotational Constants B, (GHz), Harmonic Vibrational Frequencies o (unscaled, cntl), and Integral IR Intensities (km/mol, in
Parentheses), Calculated for Linear GS at Various Levels of Theory

c:S B3LYP/6-311G* B3LYP/cc-pVDZ B3LYP/aug-cc-pVTZ CASSCF(4,6)/cc-pVDZ
E —664.7483 —664.6965 —664.7887 —662.3804
ZPE 20.3672 21.7178 20.9487 22.3260
Lo 5.7301 5.7005 6.1616 5.8285
S—C 1.5579 1.5668 1.5542 1.5454
C—C, 1.2779 1.2875 1.2764 1.2780
Co—Cs 1.2699 1.2799 1.2675 1.2635
Cs—Cs 1.2811 1.2905 1.2795 1.2894
Ci—Cs 1.2656 1.2755 1.2625 1.2680
Cs—Cs 1.2929 1.3022 1.2915 1.2989
Cs—Cr 1.2817 1.2911 1.2763 1.2658

2 0.4141 0.4081 0.4156 0.4149

3 0.4042 0.3984 0.4057 0.4050
w1(0) 2229.8 (231) 2238.6 (799) 2218.9 (339) 2339.0
woA0) 2209.2 (5750) 2223.3 (5089) 2191.2 (5956) 2295.5
ws(0) 2009.8 (2859) 2018.5 (2607) 2003.8 (3107) 2054.5
wi0) 1712.4 (139) 1719.2 (93) 1710.5 (141) 1811.7
ws(0) 1284.8 (284) 1289.7 (236) 1284.5 (259) 1368.6
we(0) 854.9 (86) 858.3 (75) 855.7 (90) 901.5
w(0) 431.9 (3) 433.7 (3) 4325 (3) 458.0
we(7)° 615.2 (6) 700.3 (6) 573.1(5) 669.7
we(7)° 449.7 (1) 577.2 (0) 522.7 (0) 591.6
w1o()° 308.4 (4) 4535 (1) 445.7 (0) 500.3
w11(m)° 233.2 (0) 268.7 (3) 246.4 (2) 240.0
w1)° 118.7 (8) 150.5 (4) 138.9 (4) 140.3
w13()° 31.5(0) 55.0 (2) 51.4 (2) 52.2

2 Experimental rotational constant forEis 0.4144 GHZ7 ° Rotational constant for £'S; experimental constant is 0.4045 GHz¢ Doubly
degenerate bendingrY modes.

TABLE 2: Energies E, (Hartrees), Dipole Momentsu. (Debyes), Bond Lengths (A), and Rotational Constant8, (GHz),
Calculated for Linear C+S at Various Levels of Theory, All with a cc-pVDZ Basis Set

C/S zh) MP2 CCSD(Full) QCISD(T) ccsD(T) CCSD(T)(Full)
E —663.3229 —663.3265 —663.3863 —663.3829 —663.4050
le 5.0215 5.4842 4.4692 4.6856 4.7090
s—C 1.5701 1.5622 1.5806 1.5776 1.5758
Ci—Cz 1.3041 1.2982 1.3009 1.3018 1.3006
Cr—Cs 1.2904 1.2818 1.2958 1.2938 1.2927
Cs—Cs 1.3045 1.3013 1.3031 1.3042 1.3029
Cs—Cs 1.2882 1.2789 1.2926 1.2908 1.2897
Cs—Cs 1.3162 1.3130 1.3156 1.3165 1.3152
Cs—Cr 1.3104 1.2964 1.3138 1.3118 1.3107
Be 0.4005 0.4050 0.3990 0.3995 0.4005

a Experimental rotational constant for&is 0.4144 GHZ! Note that the predicteB. values are in poorer agreement with experiment than the
Be values calculated at the B3LYP and CASSCF(4,6) levels listed in Table 1.

bonding, GS still shows a small alternation in its-€C bond As a test of the stability of the ground-state wave function
lengths, a fact previously noted for smallegSC(n = 1-5) an EOM-CCSD (Aces Iff calculation was performed on;§
clusters'? For example, the £-Cs bond length in GS is shorter with the same basis set and geometry as in the B3LYP
than the G—C4 bond length (by ca. 0.016 A). Different methods calculations. Because only positive excitation energies were
and basis sets predict similar carbegarbon bond lengths and  found, it was concluded that the predicted structural and
show the same alternation. The averageCbond length is spectroscopic constants found at the B3LYP/cc-pVDZ level
about 1.28 A, which is close to the experimental value and also should be reliable.
close to other theoretical results. The calculate¢SCbond Theoretical vibrational frequencies can often be used to
length, however, appears to vary with theoretical approach. In jdentify new molecular species. Table 3 presents the results of
CsS, this bond length is about 1.547(6)'ABecause of the  our B3LYP/cc-pVDZ level calculations on two carbesulfur
similarities with other @S clusters? it is expected that in & cluster series, some members of which have not yet been
it should be close to 1.55 A. Determining the-6 bond length  gbserved. For clusters that have been observed, comparison of
through the effect of isotopic substitution on the rotational the calculated frequencies (with appropriate scaling factors, cf.
constant is model dependent (cf., Table 1). Table 3) with the predicted vibrational frequencies shows
Although both B3LYP and CASSCF (4, 6) methods predict reasonably good agreement. The maximum discrepancy in the
the structure of €S reliably, it was also studied by the CCSD- C,S series was found for thes mode of GS (ca. 30 cm?),
(T) and MP2 methods. The theoretical state energies, zero pointwhereas the worst discrepancy in the,SGeries was found
energies (ZPEs), bond lengths, and rotational constants are listedor the vs mode of SGS (ca. 27 cm?). These discrepancies
in Table 2. The rotation constants obtained by CCSD(T) arise either from mixing of similar modes not explicitly
calculations are worse than those using DFT, despite the factconsidered or from the uniform scaling used for a+C and
that it provides for precise electronic correlation. C—S vibrational frequencies. For instance, tganode of GS
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TABLE 3: Comparison of Experimental (Ar Matrix) and Calculated (B3LYP/cc-pVDZ) Most Intense IR Mode Frequencies
(cm™?) for Linear C S (n = 1-9) and SGS (h = 1-9) Carbon—Sulfur Clusters in Their Electronic Ground States (Relative
Intensities in Parentheses)

C.S mode Vexp (CM™1) Veaf (CM™Y) SGS mode Vexp (CM1) Veaf (CMY)
CS (=) v (0);C-S  1275.1 (100 1275.1 (1.0) SCS'ESH) v, (0);C-S  1528.2 (1.0% 1533.9 (1.0)
CSE) wi(o);C—C 1636.2 (1.0) SESEZy)  wa(o);C-S  1179.7 (1.0) 1159.3 (1.0)
CS (=Y 1(0);C—C  2047.6 (1.0)¢ 2047.6 (1.0) SES (5,")  vs(oy);C—C 20785 (1.0)¢ 2081.5 (1.0)

v, (0);C-S  1533.2(0.1) 1540.8 (0.04) va(ow); C—S  1024.6 (0.18¢  1022.7 (0.11)
v3(0); C—S 725.6 (0.009) 726.6 (0.009)
CSEZ)  wm(0);,C-C 17468 (1.0) 1727.3 (1.0) SESEZ,) wva(o);C-C 18721 (1.0Y 1855.0 (1.0)
vs(au),C S 897.7 (0.117) 870.3 (0.18)
843.7 (0.056)
CsS (=Y v (0);C-C  21245(1.0) 2140.0 (1.0) SES (541 v4 (0);C—C  2104.7 (1.0) 2118.5 (1.0)
3 (0); C—C 1580.0 (0.15) vs(0); C—C  1687.9 (0.36) 1661.2 (0.24)
ve(ou),C S 783.5 (0.04) 796.4 (0.04)
CeSEZ) e (0);C—C 1995.4 (1.0) SES(CS)  ws(oy); C-C 2031.5 (1.0)
v4 (0); C—C 1344.8 (0.18) vg (oy); C—C 1458.4 (0.29)
CS(=Y  (0);C-C  2088.1(0.6W°¢  2114.5(1.0) SES (55") s (oy); C—C 2088.5 (1.0)
v3(0);C—C  1913.6 (1.0) 1919.7 (0.51) ve(au),C c 1952.7 (0.88)
vs(0); C—C  1256.1 (0.0 1226.6 (0.05) v7 (0y); C—C 1341.4 (0.14)
CSEE)  wi(0):C—C 2072.2 (1.0) SESEZy)  we(o);C—C 2073.8 (1.0)
v4 (0); C—C 1760.6 (0.43) v7 (0y); C—C 1822.6 (0.48)
vg (0); C—C 1092.9 (0.06) vg (on); C—C 1211.5 (0.16)
CS (=Y e (0);C—C 2099.1 (0.09) SES (55")  v7(0y); C—C 1994.3 (1.0)
v3 (0); C—C 2019.5 (1.0) vg (oy); C—C 1697.5 (0.14)
s (0); C—C 1658.3 (0.095) v (0y); C—C 1127.8 (0.04)

a Scaled uniformly by 0.9510 factor for modes with primarily-C character and by 0.9824 factor for modes with primaritySCcharacter.
b This work. ¢ Reference 12¢ References 6,-89, 11.¢ Tentative assignment.
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Figure 1. Schematic representation of the atomic motion imt{e),
v3(0), andvs(o) fundamental vibrational modes of linearsC
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is primarily a C-C stretching mode, but the—€S vibration

also contributes to this mode. Because the common scaling g5
factor used for these modes does not account for this mixing,

the scaled’s frequency does not match the experimental value : : : :
very well. 2090 2083 2076 2069 2062 2055

Because no imaginary frequencies were found fe® Cf. Wavenumbers (cm'l)

Table 1), its linear geometry is associated with a local minimum Figure 2. IR absorption spectrum of the(s) mode region of neutral

on the potential energy surface. Calculations at different levels ¢,S and its'C isotopic partners produced by laser ablation of a 1.0:
all predict similar vibrational frequencies for;E. Its seven 0.15:1.0 mixture of?C:13C:%2S isolated in an Ar matrix at 35 K. Two
stretching ¢) modes and six doubly degenerate bendiny (  Other spectra for*C/?S and *C/°C mixtures under the same
modes are all infrared active. Generallymodes exhibit high experimental conditions are included to confirm the band assignments.

. " . . o All-12C and singly*3C substituted isotopomeric bands are marked with
intensities whereas modes possess relatively low intensities. o Overlapped bands are marked with two dots. Bands marked by

Because the values of; andw; are very close, a mixture of  empty triangles and circles are assigned#6Cy and %C, clusters,
these two modes via Fermi resonance is possible. Isotopic shiftrespectively.

calculations reveal that the intensity of the, mode is
redistributed into the»; mode, which makes it difficult to predict V. Results

the integral intensity of thev, mode solely from theoretical Three new bands have been observed at 2088.1, 1913.6, and
calculations. 1256.1 cml, assigned here to the, , v3, andvs stretching
Mode mixing could explain the fact that although the most modes of linear ¢S, respectively; cf. Figure 1. Figure 2 shows
intense mode calculated for;& is v, the v3 mode is the  the infrared spectrum of the; mode for neutral €S and its
strongest observed. The ratio of experimental integral intensities13C isotopic partners (from a 8C mixture). Two other spectra
for the v3 and vs modes is ca. 14.3, of the same order of for 12C/2S and'?C/13C mixtures, under the same experimental
magnitude as the computed values of 10.0 (B3LYP/6-311G*), conditions, are also included and confirm these assignments.
11.0 (B3LYP/cc-pVDZ), and 12.0 (B3LYP/aug-cc-pVTZ); cf.  Trapping the products (in solid Ar, ca. 12 K) and annealing (to
Table 1. But, the analogous ratio for thre and v3 modes is 35 K), leads to the IR spectra (in Figure 3) of theg5@, mode
0.67, much smaller than the calculated ratios of 2.01, 1.95, andand its13C isotopomeric bands. The corresponding spectra for
1.92, respectively (cf. Table 1). the v3 and vs modes are presented in Figures 4, 5 and 6, 7,
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Figure 3. IR absorption spectra of the(c) mode region of neutral  Figure 5. IR absorption spectra of the(a) mode region of neutral
C;S and its'3C isotopic partners recorded after trapping the products C,S and its'3C isotopic partners recorded after trapping the products

in Ar at ca. 12 K, followed by annealing at 35 K. in Ar at ca. 12 K, followed by annealing at 35 K.
. 1213 22 : a. 2¢Pc5%)’s
0.15 4 a. "c/Pc(1s%)s \ o . 6
b. 2cf%s 0.026 . ]2C 13S
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Figure 6. IR absorption spectrum of the(o) mode region of neutral

C;S and its'3C isotopic partners produced by laser ablation of a 1.0:

0.15:1.0 mixture of-*C:13C:32S isolated in an Ar matrix at 35 K. Two

other spectra for'?CR%S and 2C/AC mixtures under the same

experimental conditions are included to confirm the band assignments.
dAII- 12C and singly'3C substituted isotopomeric bands are marked with
dots, and overlapped bands are marked with two dots.

Figure 4. IR absorption spectrum of the(c) mode region of neutral
C;S and its'3C isotopic partners produced by laser ablation of a 1:0.15:1
mixture of 2C:13C:32S in an Ar matrix at 35 K. Two other spectra for
12CR?S and™C/A*C mixtures under the same experimental conditions
are shown to confirm the band assignments. *AQl-and singly*3C
substituted isotopomeric bands are marked with dots, and overlappe
bands are marked by two dots. Peaks with filled squares are due to
all-*2C and singly*3C substituted of linear £ Bands marked by an
empty square, black pentagon, empty star, plus sign and black triangle1256.1 cnm* bands fit only the frequency pattern predicted for
are assigned to 12-13-13-12-12-121C), 1°C,.S,,, 13C,, 12C,Sy, and C;S. However, as stated earlier, the mixingvgfandv, modes
3Cy, clusters, respectively. can lead to uncertainties in the predicted intensities and
frequencies of the al’C and its singl€'3C substituted isoto-

respectively, where band assignments to pure carbon or othempomers. In fact, in th&3-12-12-12-12-12-12-32, 12-12-12-12-
small carbon sulfur clusters are indicat@d® 3 For example, 12-13-12-32, and 12-12-12-12-12-113-32 isotopomers, which
the 1244.0 cm?! band (cf. Figure 6c¢) is due to they (0,) mode show the largest deviations in difference frequency values (i.e.,
of 12Cy, (X3Zy), on the basis of recent wofR. Each new Vexp — Vcal), there is a very large intensity flow from the to
assignment is discussed in turn below. the v; mode. Therefore, the 2085.6 and 2063.6 ¢rband

A. Band Assignment for the v»(¢) Vibration. Frequency assignments for the, mode in these isotopomers (in Figures 2
calculations for the’, mode of GS gave 2114.5 cni (cf., Table and 3 and Table 4) are considered tentative. The annealing
3). With an assumed calculation error650 cnT?, an observed spectra of Figure 3 support this statement.
band at 2088.1 crit has been assigned tentatively to this mode.  An analysis of the spectra in Figures 2 and 3 raises the
Several reasons account for this attribution. First, experiments question: why is the intensity of the 2085.6 thband as
under different conditions (such as matrix temperature and/or intense as it is relative to the 2088.1 chiband? The carrier of
laser photon flux) showed that this band tracked the intensities this band could be a singlyC substituted isotopomer of
of the two bands (1913.6 and 1256.1 Tinalso assigned to  21C.S, al?1C,S, cluster, or a doubly3C substituted group
linear GS (vide infra). Second, of the small and mid-size@C  of similar clusters, all of which might have a frequency close
and SGS clusters given in Table 3, the 2088.1, 1913.6, and to 2085 cn. If only cluster sizes witt < 10 are considered,
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o - 4c). There are, however, several reasons that it could alterna-
N : “g”g(i:f;/i: @ ?ii tively be attributed to thes stretching mode of linear4S. First,
1556.1 : Ise as shown in Figure 4b, this peak, whose intensity is much larger
5 than that of thev; mode of the 12k3-13-12-12-12 G isoto-
pomer, appears among the products from an abl¥e#?S
mixture. Second, if this band were only produced byitheode
of a1?13C isotopomer, its intensity should be similar under the
same experimental conditions. However, even though the same
12C/3C ratio was used in the mixture, the intensity of the 1913.6
cm~! band is dramatically higher (cf. Figure 4a). We therefore
assign the 1913.6 cm band to the; stretching mode of linear
C:S.
Comparisons of observed and calculated isotopomer frequen-
cies of thevs mode for all?2C, singly43C substituted, and all-
T T T T 13C substituted?13C;S linear carborsulfur clusters are shown
1260 1295 1250 1245 o 1240 1285 in Table 5. The deviation of calculated and experimental values
Wavenumber (cm ) varies only from—1.4 to +1.3 cnT, which indicates the
Figure 7. IR absorption spectra of the(c) mode region of neutral reliability of these new assignments. This is confirmed by the
C;S and its'*C isotopic partners recorded after trapping the products good agreement of the isotopic shifts computed at different
in Ar at ca. 12 K, followed by annealing at 35 K. computational levels.
calculations show none of these possibilities are tenable. One Although itis easy in theory to distinguish between two close-
further possibility is some band intensity comes from the lying vibrational frequencies, thls_ is usually difficult in practice.
In some cases more than one isotopomer may contribute to a

mode of some singly3C substituted isotopomers &13C;S.

The B3LYP/cc-pVDZ (unscaled) frequencies (with intensities Pand envelope. For example, the 121212-12-12-12-32
isotopomer (1913.0 cm, cf., Table 5) is predicted to lie within

in parentheses) of th&3-12-12-12-12-12-12-32, 12-12-12-12- :
121312-32, and 12-12-12-12-12-113-32 isotopomers are the envelope of the totdfC isotopomer observed at 1913.6
2235.7 (900), 2234.2 (3400), and 2234.1ért2220 km/mol). ~ CM . Furthermore, the net absorption of the singig-
When grouped together, these bands have a total imegra|subst|tuted isotopomer is usually larger than that of a doubly-
intensity comparable to the; mode of2C;S (cf. Table 1). A 13C-substituted peak. Figure 2 makes clear that, after annealing,
0.9335 scaling factor fits these calculated frequencies to the Notonly does the signal for the singlje-substituted isotopomer
2085.6 cnt! experimental band well (cf. Figure 2). get stronger but also the intensities for the douBG~substituted

Considering all the above difficulties in determining the singly SPecies are barely visible above the baseliBecause the

13C substituted isotopomer frequencies and intensities, the Calculated energy band separations for many dotiidly-
substituted €S isotopomers are smaller than thg, — vcal

assignment of the 2088.1 cthband to thev, mode of GS ¢ ! i
must be considered tentative. energy differences, a reliable assignment of these bands becomes
B. Isotopomer Band Assignments for thevs(e) Vibration.

In the past the absorption at 1913.6 ¢nhas been assigned to

thev, mode of the 1263-13-12-12-12 isotopomer of gXFigure

TABLE 4: Comparison of Observed (Ar Matrix, 35 K) and Calculated (B3LYP/6-311G* and B3LYP/cc-pVDZ) Isotopomer
Frequencies (cn1l) of the v, Mode for All- 12C, Singly-13C, and All-13C Substituted 1213C;S Linear Carbon—Sulfur Clusters

0.026 4

0.022 +

> e 1246.9
= @ 1246.3
©12450

Absorbance

problematic.
Interestingly, the intensities of tH&1%C; isotopomer bands
do not change during annealing. In previous work on pure

isotopomer Vexp® Ve-3116° Vee—pvDZ® Vexp — V6-311G* Vexp — Vee—pVDZ
12-12-12-12-12-12-12-32 2088.1 2088.1 2088.1 0.0 0.0
13-12-12-12-12-12-12-32 2088.1 2088.1 2087.8 0.0 0.3
12-13-12-12-12-12-12-32 2085.6 2087.4 2085.1 —-1.8 0.5
12-1243-12-12-12-12-32 2068.0 2067.3 2067.2 0.7 0.8
12-12-1243-12-12-12-32 2060.5 2058.7 2060.2 1.8 0.3
12-12-12-1213-12-12-32 2056.5 2056.5 2055.7 0.0 0.8
12-12-12-12-12+3-12-32 2063.6 2067.4 2063.7 —-3.8 -0.1
12-12-12-12-12-12-3-32 2085.6 2087.0 2085.5 —-1.4 0.1

aTentative assignment.Scaled by 0.9392 factof.Scaled by 0.9452 factor.

TABLE 5: Comparison of Observed (Ar Matrix, 35 K) and Calculated (B3LYP/6-311G* and B3LYP/cc-pVDZ) Isotopomer
Frequencies (cnt?) of the v3 Mode for All- 12C, Singly-13C, and All-13C Substituted 1213C,S Linear Carbon—Sulfur Clusters

isotopomer Vexp V6-311G° Vcc—pVDzb Vexp — V6-311G* Vexp — Vec—pvDZ
12-12-12-12-12-12-12-32 1913.6 1913.6 1913.6 0.0 0.0
13-12-12-12-12-12-12-32 1904.7 1904.5 1904.7 0.2 0.0
12-13-12-12-12-12-12-32 1884.4 1885.5 1885.8 -1.1 —-1.4
12-1213-12-12-12-12-32 1913.6 19129 1913.0 0.7 0.6
12-12-1243-12-12-12-32 1902.2 1901.9 1901.8 0.3 0.4
12-12-12-1213-12-12-32 1911.7 1912.8 1912.8 -1.1 -1.1
12-12-12-12-12+3-12-32 1895.9 1896.5 1896.9 —-0.6 —-1.0
12-12-12-12-12-12-3-32 1902.2 1901.3 1901.3 0.9 0.9
13—-13-13-13-13-13-13-32 1840.1 1838.8 1838.8 1.3 1.3

aScaled by 0.9521 factob.Scaled by 0.9480 factor.
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TABLE 6: Comparison of Observed (Ar Matrix, 35 K) and Calculated (B3LYP/6-311G* and B3LYP/cc-pVDZ) Isotopomer
Frequencies (cn1!) of the vs Mode for All- 12C, Singly-13C, and All-13C Substituted 1213C;S Linear Carbon—Sulfur Clusters

isotopomer Vexp V6-3116° Vcc—pVDzb Vexp — V6-311G* Vexp — Vec—pVDZ
12-12-12-12-12-12-12-32 1256.1 1256.1 1256.1 0.0 0.0
13-12-12-12-12-12-12-32 1246.9 1246.8 1246.8 0.1 0.1
12-13-12-12-12-12-12-32 1256.1 1256.1 1256.1 0.0 0.0
12-1213-12-12-12-12-32 1246.3 1245.8 1245.8 0.5 0.5
12-12-1243-12-12-12-32 1246.9 1246.5 1246.5 0.4 0.4
12-12-12-1243-12-12-32 1256.1 1256.1 1256.1 0.0 0.0
12-12-12-12-1243-12-32 1248.5 1248.3 1248.3 0.2 0.2
12-12-12-12-12-12-3-32 1245.0 1244.7 1244.6 0.3 0.4
13-13-13-13-13-13-13-32 1210.7 1210.2 1210.1 0.5 0.6

2 Scaled by 0.9777 factob.Scaled by 0.9739 factor.
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