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The structure of one of the rare octahedrat™ Yomplexes, hexakis(thiocyanato-N)yttrate(lll), has been
elucidated with extended X-ray absorption fine structure (EXAFS) spectroscopy and confirmed by density
functional theory (DFT) calculations. The analysis of EXAFS spectra indicates coordination through nitrogen
atoms, already suggested by IR and NMR data, and provides information about the linear arrangement of the
NCS ligands with the yttrium atoms inside the complex. This arrangement emphasizes multiple scattering
contributions to the EXAFS signal, due to the focusing scattering effect, and allows the accurate determination
of the structure of the whole complex up to the third coordination shell, which is distant by more than 5 A
from the absorbing atom, Y, a resolution without precedent in the use of the technique. The best reproduction
of the solid state and acetonitrile solution spectra was achieved with the same structure: a symmetric octahedron
with coordination distances equal to 2.36(1), 3.5(1), and 5.1(2) A feYY—C, and Y-S shells, respectively,

the only difference between both spectra being the higher dynamic disorder of the solution spectrum. DFT
calculations predict this geometry as the most stable, discarding other arrangements in which the coordinating
atom is sulfur. The agreement between EXAFS data and DFT optimized structure is quite high, and differences
between predicted and experimental IR bands are below 5%.

Introduction spectra signalz the latter usually applied to dissolved species
in liquid solution. In the studies using these techniques, values
of a given parameter, NMR chemical shift or IR band position,
are presented for a series of thiocyanate complexes in which
. X . " 'the central atom, the metal charge or the counterion, are changed,
pamcularly those mvolv_mg cy(_:lopentqd|enyl _(Cp_) and Cp_-type providing in this way relative values and general trends. Direct
ligands because of their activity in oligomerization reactibns. structural information about this type of compound in solid state

Although the general trends in the structure and reactivity of has been obtained with XRBThe recent application of X-ray
this element are similar to those of the heavier lanthanides, many,

. | By S . scattering techniques to the study of liquid solutions pro-
basic structurg aspects o coordlngtlon cqmpounds remain jiges information about the structure of metal solvates and
unknown. This element shows a wide variety of coordination

i o coordination complexes, although this technique is restricted
environments, the octahedral geometry appearing in afew stableto medium- or high-concentrated aqueous solutfaBg use of
complexes. But to our knowledge, the detailed structure of

this technique, it has been shown that tetrakisthiocyanate
octahedral ¥+ complexes, among which one of the few well . y

henticated is that f d with thi licahd complexes were predominantly formed withZZnCd*+, and
authenticated Is that formed with thiocyanate ligantias not o+ jong and that thiocyante ligands coordinate?Hipns
been reported experimentally or theoretically.

_ . through S atoms, 2 ions through N atoms, and &dthrough
Thiocyanate complexes of the transition metals have attractedpgin N and S atom.

the attention of sgveral research groups in the past decades Suitable techniques to investigate the possible structural

because of its ambidentate character that allows the coordmatlorbh‘—;mges induced by solvent effects or distortions due to packing

through the N atom, the S atom, or a bridging méd&he conditions within the crystal are X-ray absorption fine structure

different coordination modes produce significant changes in the spectroscopies (EXAFS and XANES), which allow the study

electronic structure of the anion reflected in the frequencies of ¢ e investigated species both in solid state and in solution

the IR active modésand in the chemical shift of the NMR \yithin a wide range of concentrations, detecting short- and long-

- - - range ordef.These techniques have been successfully applied

:Foiae?p%ndgg at{thzr- E-Tal!i |ade(l?gf'éaﬁs'- FaX}d 3(;1-35-g46_<|3|665- by the authors to study the solvation structure of ionic solutions,
nsttuto de Ciencia ae Materiales, C.5.1.C. Universiaad e Sevilla. : - H :

# Departamento de Omica Fsica, Universidad de Sevilla. studying both first- and second-shell coordination complékés.

§ Yamanashi University. Ozutsumi et al. have used it to solve the local structure around

"' Osaka University. Cc?* cations in the tetrakisthiocyanatecadmates dissolved in
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There is an increasing interest in the study &f ¥omplexes
because of its applications in homogeneous catalysis. Attention
has been focused on the study of organometallic complexes




7436 J. Phys. Chem. A, Vol. 102, No. 38, 1998 Diaz-Moreno et al.

dimethyl sulfoxide, detecting coordination of thiocyanate ligands ization was done by division by the height of the edge. The
through nitrogen and sulfur atoms. These authors have inves-inner potential Es, was defined as the maximum of the first
tigated only the first coordination shell, finding coordination derivative of the absorption edge. The resultuik) data were
distances of 2.22 and 2.62 A for €Ml and CdS bonds, reproduced using the FEFF 6.01 c@dwhich performs ab initio
respectivelyt® Since these techniques provideerageinforma- calculations of curved wave XAFS spectra, taking into account
tion on the local structure around a given atom, it can be single and multiple scattering (SS and MS) contributions. Phase
complemented by the information supplied by NMR and IR shift and backscattering amplitude functions forM, Y—C,
spectroscopies. and Y—S contributions were calculated using the same pro-
In contrast with the abundant literature that can be found for gram?3
transition metal thiocyanates, the references concerning lan- When the FEFF program was used in the calculation of the
thanide thiocyanates are very scarce. To our best knowledge,N-coordinated structure, the many-body amplitude reduction
there is only one XRD study of the parent compound factor &?) was set equal to 0.9, the metal charge was set equal
[Er(SCN)]3~ in the solid stat¥ and another work including ~ to zero, and the inner potential correctioEp was 4.0 eV.

IR data of some lanthanide and actinide compléRes. Taking into account that the formal charge for Y atoms in the
Herewith, we report an EXAFS study of the molecular complex is+3, several calculations were made giving positive
structure of [Y(SCNY|3~ species in the solid state, as [Bls- values to the metal charge. Nevertheless, this parameter showed

[Y(SCN)g, and in acetonitrile solution. This solvent was chosen & strong correlation with inner potential correction, so it was
because acetonitrile molecules do not enter the first coordinationSet €qual to zero. A total of seven parameters were varied during
sphere of ¥' ions as water molecules do, and thus, the complex the calculation procedure: the coordination distances for the three
is not disrupted by the solution process. The study includes coordination shellsRy, Ry, Rs) and four different values for
the three shells of atoms forming the coordinating ligands. Mean-square displacement;, the so-called DebyeWaller
Moreover, théH and’3C{H} NMR spectra of the same species (DW) factors. Paths with an intensity higher than 4% of that
in acetonitrile solution have been recorded to check for the Of the first shell were considered, and the total scattering
existence of different isomers or distortions inside the complex. distanceRror, was restricted to be equal to or smaller than 5.2
The IR spectra of the complex in the solid state has been A After these restrictions to the solid-state system were
recorded as well with the same aim. The study is completed imposed, a total of 25 paths were considered, having between
with a set of DFT calculations, a methodology that has been tWo and six legs (one leg is represented by each arrow in Figure
successfully applied very recently in the study of three 5).

coordinated Ctithiocyanate¥$ to transition metal complexts'8 In the only calculation of th&coordinated complex, the same
and to many other organic and inorganic systéis. values for the above-mentioned parameters were used with the

exception of atomic coordinates, which were taken from the
DFT results. Moreover, since the structure was not linear, a
smaller number of paths (15) was considered.

To allow the reproduction of the EXAFS analysis, one FEFF
6.01 input file and two output files (FILES.DAT and PATHS.
DAT) used during the analysis of [Y(NC&J~ solid-state
spectrum are included as Supporting Information in Tables IS

S1IIS, respectively.

Computational Details for DFT Calculations. Computa-
tions, carried out with Gaussian 94 packatjaiere performed

NMR spectga were recorded on a Bruker DRX 500 MHz ,qjnq the LAN2DZ basis set (Dunnirdduzinaga full double:

spectrometer. 3C{+ H} chemical shifts for Chi- and CH— D95 on carbon and nitrogen atofhand Los Alamos effective
groups in the ByNcation were 13.95, 20.35, 24.35,and 59.25 416 potentials and doublebasis set on yttrium and sulfur

ppm, and the shift was 118.2 ppm for GIN. They were tomg9) together with the hybrid exchange-correlation Becke
referenced to the residual signals of the deuterated solvent andg Lee-Yang—Parr functiond (B3LYP). Geometries were
are all reported in ppm downfield from SiMeIR spectrawere g,y ontimized, and the stationary points on the potential energy

recorded in the solid state, mixing the sample with KB, in & py5ersurface were characterized by harmonic frequency analysis.
Nicolet 510 FT-IR spectrometer.

The EXAFS measurements of the-X edge at 17.053 keV
were carried out at the Photon Factory of the Institute of
Materials Structure Science in Tsukuba (Japan) at beamline 10B. NMR Spectra. All the signals in the'H NMR spectra of
The ring current was 300 mA, and the ring energy was 2.5 GeV. [BusN]3[Y(SCN)s] in CDsCN solution show the expected
A high-resolution Si(311) channel-cut monochromator was used. intensities and splitting for one single type of compound.
Calibration was carried out with a Nd foil. Data were collected 13C{H} chemical shifts of coordinated thiocyanate ligands have
in transmission mode using ionization chambers as detectors.peen shown to be an excellent diagnostic tool for bonding-mode
At least four scans were recorded for each sample to minimize determination of this grouff Thus, the'*C{1H} spectrum shows
high- and low-frequency noise by averaging. Liquid samples a well-resolved sharp peak at 135.1 ppm due to S@Mups,
were recorded in special liquid cells with variable path lengths, in addition to the four signals attributable to the B species.
with path lengths being chosen according to the concentration According to the results of previous NMR studies of transition
of the absorbing species. For the 0.2 and 0.5 m solutions themetal isothiocyanates, this value is characteristic of octahedral
path length was 7 and 5 mm, respectively. thiocyanate complexes coordinating through the N &t@nd,

EXAFS Data Analysis The EXAFS functiong(k) were since it is not split or distorted, it indicates the existence of a
obtained from the X-ray absorption spectra by subtracting a single type of isomer.

Victoreen curve followed by a cubic spline background removal IR Spectra. Although none of the IR bands of the thiocy-
using the program XDAP from Utrecht University. Normal- anate complex correspond to pure vibration modes, in a good

Experimental Section

The complex [BuN]3[Y(SCN)s] was deposited from an
ethanol solution containing Yeand tetraa-buthylammonium-
thiocyanate in a molar ratio of 1:18.It is soluble in several
organic solvents, such as acetonitrile, and partially decompose
in water by replacement of some SCNigands by water
molecules.

Results and Discussion
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Figure 1. Normalized XANES spectra of %¥K edge absorption spectra
of the complex [BuN]3[Y(NCS)g] in solid state (solid line) and in 0.5
m acetonitrile solution (dashed line).

approximation, the strong, nonsplit band appearing at 2056 cm
can be attributed to thg{C=N) stretching frequencyNo values ‘
have been reported fordY thiocyanate complexes, but a value 3t :
of 2053 cnt! has been reported for the Yb octahedral =
isothiocyanate compléX and a value of 2050 cm for the = T
corresponding Cd complex?® In general, bands appearing P I
within 2130-2160 cnt?! correspond to S-bonded thiocyanate oo i
ligands, and bands appearing below this range to N-boriding. N -
A medium-intensity band appearing at 484 dmcan be " i F N
attributed to thed(N—C—S) bending mode with the first = Vs
overtone corresponding to the very weak band at 960%cm 1 5 3 4
This bending mode appears at around 420 tfor S-bonded R/A
thiocyanate complexes and at around 475 tfor N-bonded. Figure 2. (a) Raw EXAFS signal,k-weighted, of Y-K edge
The positions of all the IR bands related to the SANands absorption spectra of the complex [Bls[Y(NCS)g] in solid state (solid
are compatible with the model proposed by Brown and Kf#ox, line) and in 0.5m acetonitrile solution (dashed line). (b) Magnitude of
in which for an N-bonded thiocyanate complex, the formation th_e Y—N phaseTcorrected Fourier transform of the EXAFS spectra of
of the metat-ligand bonds results in a decrease in theNC Figure 2a/c-weighted;Ak = 3.7-12.5 A%,
bond order and in an increase in the € bond order from those o . ) ) .
observed in the free thiocyanate ion. In principle, in the solid and solution spectra, the amplitude
XANES and EXAFS. Although IR and NMR data are of both peaks should be negligible compared to thgt of the first
compatible with Ncoordination of thiocyanate ligands, these Peak because they correspond to shells appearing at longer
techniques do not provide unambiguous information about the distances with the same coordination number and similar
type of coordination. For this reason the X-ray absorption Scattering amplitude. The reason for the high amplitude they
spectra of [BuN]s[Y(SCN)g] in the solid state and in 0.5 and show is the “focusing” eﬁect, observed when the abs_orblng and
0.2 m acetonitrile solution have been recorded. Figure 1 two or more of the neighbor atoms are arranged in a linear
includes the X_ray absorption near-edge Spectra (XANES) fashion. This arrangement emphasizes mUI“ple Scattering
region of the spectra for the indicated systems. A very similar contributions to the EXAFS sign&@f° This effect is thus an
spectrum was recorded in the 2solution, thus indicating indication of the linear or quasi-linear arrangement of the ligands
that for moderate concentrations, changes in concentration didwith the yttrium atoms within the complex, a piece of informa-
not produce detectable structural changes. The solid and 0.5tion of particular interest, since there is no direct way of
msolution spectra included in the figure appear the same. Sinceobtaining it from IR or NMR spectra. For this reason this
this region of the spectrum is very sensitive to the coordination arrangement has been a matter of controversy. Moreover, it
polyhedra around the absorbing atéththis is a clear indication allows the detection of shells formed by light elements at a
that the coordination environment aroun&-Yemains basically ~ distance of more thm 4 A from the absorbing atom but
unchanged after the solution process. determines the data analysis strategies. In fact, in most EXAFS
The signal-to-noise ratio is very good upke= 12.5 A1in analyses it used to be assumed that single scattering (SS) paths
the corresponding EXAFS spectra included in Figure 2a. The had a much greater amplitude than multiple scattering (MS)
solid and solution spectra look very similar, although the solution ones, which were thought to mostly cancel each other.
spectra has a smaller amplitude. However, the attempts carried out to reproduce the experimental
The corresponding Fourier transforms, containing pseudo- spectrum of [Y(SCNJ*~ using the single scattering approxima-
radial-distribution functions and plotted in Figure 2b, show three tion failed completely. Not only meaningless values of
well-resolved intense peaks at 2.4, 3.5, and 5.0 A, approximately coordination numbers and mean-square displacemehtsere
corresponding to the three coordination shells attributable to obtained but even accurate values of coordination distances
the three atoms of the thiocyanate ligands. The only difference could not be obtained. In fact, a shortening of 6:0520 A
between the solid and solution spectra is the smaller amplitudewith respect to the expected values in the coordination distances
of the peaks at 3.5 and 5.0 A in the solution spectra. of the higher shells was observed.
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Figure 4. Magnitude of the Y-N phase-corrected Fourier transform
of the experimental EXAFS spectk&weighted Ak = 3.7—12.5 A,

of [BusN]3[Y(NCS)4] in solid state (solid line) and of the EXAFS
spectra calculated with the atomic coordinates of stru@ysee Table
1).

Single Scattering Paths

=
w —a 7 A
Y—N—C—S Y—N-—C-—S Y —N—C—S
~— ~*
100% 32% 1%

Multiple Scattering Paths

1 2 3 4 5 6 Y_NC—-S Y_N—C-§ Y-N-C—%
R/A
-~ ——— -~ — - %

Figure 3. (a) EXAFS spectra-weighted, of the complex [BiN]s-
[Y(NCS)g] in solid state: experimental function (solid line); calculated

96%
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function with the parameters included in the text (dashed line). (b) T

Magnitude and imaginary part of the-\N phase-corrected Fourier Vo N—C—% Y{;?C/_}S Yf*N/_*C’:‘S

transform of the EXAFS spectra in Figure 3&weighted;Ak = 3.7— -~ — ~ -~ .

—1
125 AL 23% 34% 32%
Various strategies for adding MS to the analysis of the

_EXlAESd f_unctioL]s have Ii)qeen Eigglgg]entel\(}iE;rij g;(ze alcrjeady A ——a YdN o Y/PC .

included in packages such as VEG 32an Y—N—-C—8 ~ NSO N C~—8

FEFF23 Taking into account the IR and NMR results discussed e 20°% 24, 200,

above, octahedral geometry with coordination through the ° ° °

nitrogen atom was assumed to calculate the EXAFS spectrum = —a

plotted in Figure 3a, which includes as well the corresponding N—Y—N Y-N—-C—8 Y-N-C—S

experimental spectrum of the solid-state complex. The absolute — Y
22% 43% 34%

and imaginary parts of the -¥YN phase-corrected Fourier
transform appears in Figure 3b. The agreement betweenFigure 5. Scattering paths yielding the most intensz_e con;ributions to
experimental and calculated spectra is very good bothaind the EXAFS spectrum of the complex [BUls[Y(NCS)g] in solid state.

The number and type of legs are indicated, as well as the amplitudes
R spaces. compared to that of the first shell for zero Deby&aller factors.

An additional calculation was carried out for the S-coordi-

nated complex using the structural parameters obtained by DFTthey do not show focusing effects in this nonaligned system.
calculations (see following section) and the Debyéaller Thus, this structure is fully discarded.
factors used in the calculation of theddordinated complex. Figure 5 includes a scheme of the SS paths, three in total,
Figure 4 shows the magnitude of the FT of the calculated and the most intense MS paths used in the calculation of the
EXAFS spectrum as well as the corresponding FT of the N-coordinated complex, corresponding to the spectra plotted
experimental solid-state spectrum. As seen in this plot, neither in Figure 3, showing their respective intensities for zero mean-
the amplitude nor the position of the first peak resembles those square displacements{= 0). Among the MS paths included
of the experimental spectrum. Thus, although N and S atomsin the figure, the first four correspond to the classical focusing
have similar backscattering power and thus are rather similar effect, described in several studi€%3334although not fully
elements from an X-ray absorption point of view, the EXAFS analyzed in most of them, due to the forward scattering of two
technique is capable of distinguishing N- frorc8ordination. neighbors atoms aligned with the absorbing one. Other paths
The additional two peaks appearing in the experimental EXAFS (5) showing a high amplitude (2136%) are those corresponding
spectrum are completely missing in the calculated one. In fact, to the forward scattering processes involving three scatterer
they have a very small amplitude. The reason is that in the atoms aligned with the absorbing one. This arrangement is not
S-coordinated complex they have a negligible amplitude becauseas frequent as the previous one, neither in solid compounds nor
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in dissolved molecular species, and its quantitative analysis is
rather complicated, since if there is no additional structural
information, it requires a very high number of structural
parameters to fully optimize it. To our knowledge, there is only
one published work where the four-body full multiple scattering
analysis has been carried out in cyanide-bridged-wopper
molecular assemblies combining the information obtained from
Fe—K and Cu-K edges®® In this study it has been shown that

it is possible to differentiate a linear and a bent four-body
geometry in the outer range of the Fourier transform. Moreover, Structure 1 Structure 2

other authors have detected this effect in other solid compounds,Figure 6. Theoretically optimized structures of N- and S-coordinated
calling it “superfocusing” effect? but they have not carried out ~ complexes.

the full MS analysis. . .
. Y . L TABLE 1: Comparison between Theoretical and
Although it has a smaller amplitude, the contribution from  Experimental Geometrical Parameters

the first coordination shell involving NY—N chains is
significant as well, with 22% amplitude. It is similar to that

structurel structure2 EXAFS

found in aquocomplexeé®,where it has an additional contribu- ~ Bond Distances (A)
tion from the second hydration shé#!! Among the 22 MS gg:('\g %ggg g'ggg g.g6
paths considered, only four included nonaligned atoms, butthey gy —g) 5 255 2841 51
had amplitudes smaller than 8% of that of the first shell. Bond Angles (deg)

The best reproduction of the spectrum, botk andR spaces, gyxcsa 180.0 118.0 180.0
was obtained for coordination distances of 2.36(1), 3.5(1), and USCN 180.0 1744 180.0
5.1(2) A for Y=N, Y—C, and Y-S shells, respectively. Four a X represents the coordinating atom.

different values of the DebyeWaller factors,o?, were used

for the 25 paths. A value of 0.00302Avas used for the first  coordination shells observed in the solution system should be

path, corresponding to the SS contribution from the first shell. related with the increased fluctuation of theYNC angle due

A value of 0.0053 Awas used for the next four paths, including to wagging motion of the ligands, which are not as restrained

SS from the second coordination shell and three more MS as in the case of the solid system.

contributions. A value of 0.0057Awas used for the following Theoretical Calculations To Comp|ete the experimenta|

6 and 0.0064 Afor the remaining 14. (For additional details  information already shown, we present in this section theoretical

see Table IS in Supporting Information). As expected, the calculations performed using density functional theSrywo

higher accuracy was obtained for the first coordination shell, different arrangements were considered for the interaction

which yielded the most intense contribution to the EXAFS petween ¥+ cation and SCN ligands. The first one corre-

spectrum. sponds to structuré, where the yttrium atom is coordinated
The disagreement between experimental and calculatedthrough the nitrogen atom, and the second to stru@uehere

spectra observed in Figure 3a, particularly around=?, &an the coordinating atom is sulfur. Optimized geometries are

be probably ascribed to the double excitations 1s36p4d, as shown in Figure 6, and the geometrical parameters can be found

observed by the authors in YBaqueous solutions and by in Table 1, where a comparison with previous EXAFS results

D’Angelo et al. in systems containing Rb. The complexity is done.

of the spectrum here studied hampered the calculation of this  The symmetry of structurg, the N-coordinated complex, is

double excitation processes, but the shoulder appearing at aroung,,, whereas in structur the S-coordinating complex, this high

7.2 Aﬁl both in the solid and in the solution SpeCtI’a and not Symmetry is Comp|ete|y lost and is |0were(nQ In this sense,

reproduced in any of the calculated spectra is very similar to it can be observed how in the first structure there is a collinear

that found in the spectra of YBlqueous solutions. arrangement between the ligand and the central atom, while in
The obtained parameters are consistent with the values foundthe second situation, values smaller than °180 the 1YSC

with XRD for the structure of the parent compound [Er(SgN) angle are obtained, on average 128.0he internal geometries

for which bond distances are EN = 2.34 A, N-C = 1.10 A, of SCN~ fragments show differences between the two com-

and G-S = 1.61 A in a quasi-linear distribution (EN—C = pounds as well. Thus, the SCNragment is linear in the

174, N—C—S = 176°).14 To our best knowledge, no similar  N-coordinated structure, whereas in the second situation it takes
information is available for [Y(SCN)®~ in the solid state or in avalue of ca. 174% All these geometrical features have been
solution, although its synthesis and chemical analysis have beerrecently observed in detailed theoretical studies of €wand
reported-* Rett 39 thiocyanates in which bending for the-G—M and

The best reproduction of the spectrum in acetonitrile solution S—C—N angles were observed in the case of the S-bonded
was obtained for the same structure but with larger values of ISOMers.
the Debye-Waller factorsp? = 0.0031 & (1 path), 0.0065 A From a structural point of view the agreement between the
(4 paths), 0.0085 A(6 paths), and 0.00902X14 paths), which parameters calculated for structureand those obtained from
causes the decrease in amplitude observed in Figure 2b for thehe analysis of the EXAFS data is quite reasonable. The largest
outer shells of the solution spectra. Since the value of the DW differences are found for the-YS distance, which can be due,
factor for the first coordination shell is the same for the solution at least partially, to the internal definition of the SCRagment
and for the solid systems, it can be deduced that thé\hond at the level of theory applied for this study. An optimization
strength has not changed substantially after the solution processof this ligand with a larger basis s#t3-214+-G*, shortens the
On the other hand, since no significant changes within the NCS S—C distance by about 0.07 A, when compared with the
ligands are expected between the solid and solution systemsLANL2DZ optimized value (the &N distance is only 0.01 A
the higher values of DW factors for the second and third shorter). Structurd is about 115 kcal/mol more stable than
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structure2, so the N-coordinating complex is highly preferred,
thus confirming the HSAB principle, since trivalent yttrium
cations are typical hard acids, while N atoms are typical hard
bases.

Finally, vibrational spectra for the two optimized geometries
have been computed. The high symmetry of the N-bonded

Diaz-Moreno et al.

Supporting Information Available: Three tables containing
input and output file parameters for a fit to the solid-state
[BusN]3[Y(NCS)g] spectrum, and two figures indicating the
experimental and calculated EXAFS functions in acetonitrile
solution and the magnitude and imaginary part of theNy
phase-corrected Fourier transform EXAFS spectra (4 pages).

complex reduces considerably the number of IR active bands Ordering information is given on any current masthead page.

in comparison with the structure in which the Y is coordinated
to S atoms. The €N stretching frecuency(C—N) appears at
2099 and 2121 cmi for structuresl and2, respectively, both
being higher than the one experimentally observed (2056)m
v(C—S) is found at 756 cmt in the first case, while in structure

2, this value is lowered to 648 crh This feature clearly
discards the existence of the S-bonded isomer because th
experimental spectrum lacks any band in the region o500
700 cntt. Thed(NCS) bending mode is found at 465 and 438
cmt for structuresl and 2, respectively (484 cmt in the
experimental spectrum). Finally, bands at 242 and 210'cm
are observed for the stretching modes-N and Y-S. Al-
though this region of the spectrum was not recorded by the

authors, both values are within the ranges observed in experi-

mental studie4® In summary, for structurel, differences
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