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The electronic structure of a series of thiophenolate-capped ionic/neutral clusters ([ZIKSPL) [Zna(uz-
SPh}(SPh)]?~ (2); Zmo(us-Sh(ua-SPh), (3); and [Zno(us-Sh(uz-SPh)(SPh)]*~ (4), Ph= phenyl), indicated

as supertetrahedral fragments and possible molecular models of cubic ZnS, has been investigated by coupling
density functional calculations to UV electronic and X-ray photoelectron (XP) spectroscopy. Theoretical outcomes
indicate that, on passing from the tetrametallic to the decametallic clusters, there is a modification in the nature
of the outermost occupied and lowermost unoccupied molecular orbitals. Actually, bbémthin2 the frontier

orbitals are delocalized and mainly composed of the S 3p pairs strongly mixed with thiefls (the HOMOs)

and of the linear combinations of R#f orbitals, the LUMOs. At variance to that, i and4 both the HOMO

and LUMO are highly localized, the former pni-S atoms occupyin€s, coordinatively unsaturated tetrahedral
positions and the latter on peripheral Zn atoms. The nature of the electronic levels involved in the UV absorption
bands is discussed, and the agreement between theory and experiment is satisfactory. Neither experimental nor
theoretical electronic excitation energies are influenced by the cluster size. Moreover, XPS data match quite
well variations of the Zn and S gross atomic charges along the series. The differeBt @mding scheme
characterizing terminali>-bridging, andus-pyramidal S atoms allows a rationalization of the cluster behavior in
solution. Along the investigated series, the only species reasonably mimicking both the structural arrangement
and the electronic structure of the solid ZnS iggms-Sh(uo-SPh),, which can be considered a molecular model

of ZnS nonpolar surfaces.

1. Introduction (SPh)],2 [Zn(SEt)Etho (Et = ethyl)? M1o(us-Sh(uz-SR)2 (M
. . =Zn and R= Et>M = Zn, Cd and R= PH ), (M&sN)4[M 10-
Ultrasmall particles of semiconductors represent an OUtStand'(/43-E)4(/42-8Ph)2(SPh)1] (E =S, Se) Cdur(ua-Sh(SRs (R
ing new class of materials.These particles, also named clusters, — CH,CH,OH).” (MesN)[Cch 7(y’4-S)4£/42-SPh)4(SPh)‘] 8 [Cohor
guantum dots, nanocrystals, Q-particles, etc., have dimensions(m-S)(ug-S)lz(,u,z-SPh)g(SPh)l]8* 9 and Cdx(ua-Sh o(/tsl,-S)z;(,uz-
ranging from a few to hundreds of angstroms and electronic SR)e4L (R = Phi0 CHZCH(OH’)CH;H L = DMF, 0 H,01).
properties in between those of the solid and those of molecular g, +harmore. the thermal decompoéition of the neutral Zn and
systems. Interestingly, many of these particles contain all of ¢y ¢jsters at temperatures well below 3@0can be considered
the structural features of the solid while remaining soluble in . o arative route to synthesize amorphous ZnS and*G#S
organic solvents, retaining in this sense the appealing properties,, o, though it has been shown recently that amorphous ’zinc

of dlsclre;[e rr;]olgcule?. Moreoyerl, these Fgﬂdels atr)e attractive 5,4 cadmium sulfides can be obtained at room temperature (RT)
not only for their nonlinear optical propertiesut also because through the reaction of elemental metals with sulfur in liquid

they can be used as building blocks in the preparation of new j 0013 g ch a huge experimental effort has been so far

materials not o?t?:nable through tradmon?l tiChn'cﬁ’eB:tT'sb accompanied by few theoretical investigations mainly focused
context, one of the most important results has certainly been 5" derivatived4-16 Moreover, peripheral ligands have

the synthesis, crystallization, and structural characterization of been included only in one ca&&while their influence on the
a series of metal chalcogenides having thiolate (in particular

thiophenolate) capping ligands such as {N[M(SPh)] (Me (4) Zeng, D.; Hampden-Smith, M. J.; Duesler, E.INorg. Chem 1994
= - Ph= M= 3 - _ 33, 5376.
methyl; Phe= phenyl; M= Cd, Zn)? (MeaN)-[M(uz-SPhj (5) Nyman, M. D.; Hampden-Smith, M. J.; Duesler, E.INorg. Chem.
1996 35, 802.
* Author to whom correspondence should be addressed. Phone: 39-49- (6) Farneth, W. E.; Herron, N.; Wang, YChem. Mater1992 4, 916.
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Figure 1. Ball and stick representations of [Zn(SHR) (1), [Zna(uz-
SPh}(SPh)>~ (2), Zmo(us-Sh(uz-SPh)z (3), and [Zno(us-Sh(uz-
SPh),(SPh)]*~ (4) skeletons.

cluster electronic properties has been experimentally demon-
strated'%11 Actually, spectral pattern differences of £@a-
Sho(us-Sh(uz-SPh}e4ADMF and Cdy(us-Sho(us-Su(u2-SCH-
CH(OH)CHg)36-4H20 have been ascribed to the different nature
of peripheral ligands on terminal (T) ang-bridging (B) S
atoms as we find here for Zg{us-Sh(uz-SEth2® and Zno(us-
Sh(uo-SPh), (see below). Such a fact indicates that identical
cluster skeletons do not necessarily imply equivalent cluster
electronic properties; consequently, the suitability of the exam-
ined systems to be molecular modélsf the extended solid
has to be verified for each single case.

Some of us have used extensively in the recent past the
molecular-cluster approach coupled to the density functional
theory (DFT) to investigate localized phenomena in the solid
state!® In particular, two small polynuclear clusters (Zm-
0)(O:CR), R = Me'82and NE}!8Y), characterized by a central
O tetrahedrally coordinated to four Zn atoms placed at the center
of a tetrahedron of O atoms, were shown to be well-tailored
molecular models of the solid ZnO. The study of molecular
models of covalent/ionic solids is interesting not only to provide
insights about properties of the solid itself but also to verify
the ability of the molecular-cluster approdtto model extended
systems.

In this contribution we present the firab initio study of the
electronic structure of a series of thiophenolate-capped ZnS
ionic/neutral clusters: [Zn(SPAY™ (1), [Zna(uz-SPh)(SPh)]>~
(2), Zmolus-Shuz-SPh)2 (3), and [Zno(us-Sh(uz-SPh)-
(SPh)]*~ (4) (Figure 1). The theoretical results are compared
with experimental measurements based on UV electronic and
X-ray photoelectron (XP) spectroscopy. The aims of this study
are (i) to understand the role played by different organic
fragments on terminal ang-bridging S atoms in determining
different UV absorption patterns and (ii) to test the possibility,

suggested by the cluster stereochemistry, that some of the

investigated molecules/ions could be considered molecular
models of ZnS.

(15) Han, J.-G.; Li, J.-Q.; He, T.-J.; Liu, F.-C.; Zhang, Y.-WMol. Struct.
(THEOCHEM)1995 331, 249.

(16) Liu, H.-J.; Hupp, J. T.; Ratner, M. A. Phys. Chen1996 100, 12204.

(17) A molecular model of a solid is a molecule or ion whose stereochem-
istry and electronic structure reasonably mimic the structural arrange-
ment and the nature of the valence (conduction) band top (bottom) of
the solid itself.

(18) (a) Bertoncello, R.; Bettinelli, M.; Casarin, M.; Gulino, A.; Tondello,
E.; Vittadini, A. Inorg. Chem.1992 31, 1558. (b) Casarin, M.;
Tondello, E.; Calderazzo, F.; Vittadini, A.; Bettinelli, M.; Gulino, A.

J. Chem. Soc., Faraday Trank993 89, 4363.

(19) Messmer, R. PTheory Chemisorptl977, 8, 215.
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2. Experimental and Computational Details

2.1. Instrumentation, Materials, and Syntheses.All reactions
and manipulations were carried out under an atmosphere of argon with
standard Schlenk techniques. All solvents were distilled and degassed
before use. PhSH, g, Me,;NCI, ZnNG;-6H,0, and S (Fluka) were
used without further purification. (M#8l),[Zn(SPh)], (MesN)J[Zn,-
(u2-SPhy(SPh)], and (MaN)4[Znio(us-Sh(u-SPh)(SPh)] were pre-
pared according to reported procedut&sThe neutral Zm(us-S)a(uz-
SPh), was obtained by thermal decomposition of @NE[Zn;o(us-
Sk(uz-SPh)(SPh)].6

GC/MS spectra of volatile products obtained in the thermal
decomposition of (MéN)a[ZNn1o(us-Sh(u2-SPh)(SPh)] were obtained
on a FISONS MD 800 instrument equipped with a 30@h=€ 0.25
mm) capillary column, using He as carrier gas and EIl ionization.
Elemental analyses were provided by the Microanalysis Laboratory of
the Inorganic Chemistry Department of the University of Padova.

2.1.1. Synthesis of (MgN)2[Zn(SPh),].2 To a solution of thiophe-
nol (11.4 g, 103.5 mmol), BN (10.45 g, 103.5 mmol), and MKECI
(3.75 g, 34 mmol) in 40 mL of MeOH was added 4.5 g (15 mmol) of
ZnNO;-6H,0 in 20 mL of MeOH with stirring. The resulting solution
was rapidly concentrated under vacuum until a solid began to form
and then allowed to crystallize at20 °C. The microcrystalline white
solid was filtered off, washed with cold MeOH, and dried under
vacuum.

C3HaaN2SsZn: yield 3.5 g, 5.4 mmol, 41%; mp= 186-187 °C.
Elemental anal. Calcd: C, 59.10; H, 6.82; N, 4.31; S, 19.72. Found:
C, 58.46; H, 6.71; N, 4.19; S, 19.34.

2.1.2. Synthesis of (MgN)2[Zn 4(u2-SPh)(SPh)].2 To a solution
of thiophenol (10 g, 91 mmol) and &t (9.25 g, 91 mmol) in 20 mL
of MeOH was added 10.5 g (35.3 mmol) of Znj6H,0 in 35 mL of
MeOH with vigorous stirring. Then 4.4 g (40 mmol) of M¢CI in
20 mL of MeOH was added to the mixture, and the resulting solution
was concentrated under vacuum. By standing-20 °C for 12 h, it
yielded a viscous oil that changed into a white solid by prolonged
sonification (20 min). This was then filtered off, washed with cold
MeOH, and dried under vacuum.

CesH7aN2S10Zn4: yield 10.8 g, 7.2 mmol, 81.5%; mp 198-199
°C. Elemental anal. Calcd: C, 54.40; H, 4.97; N, 1.87; S, 21.35.
Found: C, 54.58; H, 4.86; N, 1.87; S, 21.18.

2.1.3. Synthesis of (M&N)4[Zn 10(us-Sh(u-SPh)(SPh)].° To a
solution of (MaN),[Zn4(u>-SPh}(SPh)] (10 g, 6.6 mmol) in 150 mL
of CHsCN was added 106 mg (3.3 mmol) of sulfur (powder). The
suspension was vigorously stirred at RT until a clean, light-yellow
solution was obtained. By standing at RT for 48 h white crystals were
formed. They were filtered off, washed with cold gEN, and dried
under vacuum. Additional crystals (80 mg) were obtained on cooling
the mother liquors.

Cr1H12NsS0Zme: yield 1.5 g, 0.53 mmol, 20%. Elemental anal.
Calcd: C, 47.61; H, 4.57; N, 1.98; S, 22.70. Found: C, 47.39; H,
4.35; N, 1.89; S, 23.08.

2.1.4. Synthesis of Zi(es-Sh(p2-SPh)2.6 (MesN)a[Znio(us-S)-
(u2-SPh)»(SPh)] (0.54 g, 0.19 mmol) was heated under vacuum (0.1
mmHg) at 240°C for 6 h. During this time all volatiles were collected,
and their GC/MS spectra revealed the presence aN&/z58) and
PhSMe (n/z124). The white solid residue was collected, washed with
n-hexane, and dried under vacuum.

CrHeoS16ZN10: yield 0.38 g, 0.18 mmol, 95%. Elemental anal.
Calcd: C, 41.34; H, 2.89; S, 24.52. Found: C, 41.55; H, 2.86; S,
25.18.

2.2. Absorption Spectra. RT absorption spectra of PhSH and
thiophenolate-capped clusters were recorded in the-200 nm region
using a Varian Cary 5E spectrophotometer with a spectral band width
of 1 nm; 10°°—107% M solutions, obtained by dissolving the compounds
in spectral grade C¥CN (Aldrich), were employed immediately after
their preparation.

2.3. X-ray Photoelectron Spectroscopy.A Perkin-Elmer PHI
5600ci spectrometer with monochromatized Ak Kadiation (1486.6
eV) was used for the XPS analyses. The working pressure was less
than 2x 107 Pa. The spectrometer was calibrated by assuming the
binding energy (BE) of the Au 44 line at 83.9 eV with respect to the
Fermi level. As an internal reference for the peak positions the Cls
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peak of hydrocarbon contamination has been assumed at 284% eV.

Survey scans (187.85 eV pass energy; 1 eV step; 0.5 s/step dwell time)
were obtained in the BE range between 0 and 1350 eV. Detailed scans
were recorded at 5.85 eV pass energy, 0.1 eV step; 1.0 s/step dwell

2.0

PhSH

time for the Zn (2p, and 2px), S (2R2+12), N 1s, and C 1s lines,
together with the corresponding valence band spectra.

The standard deviation in the BE values of the XPS lines is 0.10
eV. After a Shirley-type background subtractfhe raw spectra were
fitted using a nonlinear least-squares fitting program adopting Gauss-
ian—Lorentzian peak shapes for all of the pe&ksThe atomic
compositions were evaluated using sensitivity factors as determined
from theoretical photoionization cross sections and asymmetry param-
eters calculated within the Hartre€ock—Slater one-electron central
potential modet® The assignment of XPS peaks was carried out by
referring to the handbook of X-ray PE spectroscdand to the X-ray
PE spectroscopy databa&e.

2.4. Molecular Cluster Calculations. All of the calculations have
been run by using the DMOL software pack&gesich allows theab
initio numerical solution of the KohaSham equations for finite

systems, providing energy eigenvalues, eigenvectors, and charge'

distribution and allowing the analytic evaluation of energy gradients

(force calculations) by using numeric atomic orbital (NAO) basis sets.
We had already fourfdthe adequacy of double numerical basis sets,

obtained by augmenting the functions of the neutral atoms by the atomic

valence functions of the corresponding ®ns (bond lengths and bond

angles are usually converged withir0.01 A and 2, respectively).

The following NAOs have been employed: (a) for Zn, the-4s NAOs

of the neutral zinc atom and the 3dp NAOs of Zritt; (b) for S, the

1s—-3p NAOs of the neutral sulfur atom and the-Z&l NAOs of S*.

Two distinct extended basis sets have been used for C and H atoms

(c) for C, the 1s-2p NAOs of the neutral carbon atom and the-2p

NAOs of C* for C atoms belonging to Ph ligands; (d) the-Bp NAOs

of the neutral carbon atom, the-28p NAOs of G and two sets of

1s, 2p, and 3d NAOs generated from two hydrogenic calculations using

Z =5 andZ = 7 for C atoms belonging to the Ph ring of the PhSH

and PhS molecular/ionic free species; (e) the 1s NAO of the neutral

hydrogen atom and the 1s NAO generated from a hydrogenic calculation

usingZ = 1.3 for H atoms belonging to Ph ligands; (f) the 1s NAO of

from two hydrogenic calculations usizg—= 1.3 andZ = 4 for H atoms

wheref
the neutral hydrogen atom and two sets of 1s and 2p NAOs generated(m) to

— —
(=) w
i I

Absorbance

I
n
|

0.0
200

221-0 ZéO
A (nm)

Figure 2. UV spectra of PhSH in CECN.

be partially overcome by using gradient-corrected exchangeelation
functionals?® In our case we are not interested in total energy values;
thus, because of the very large size of some of the clusters investigated,
all of the numerical experiments have been carried out by adopting
the LDA.

As in previous contribution%’*?information about electronic states
over a broad range of energies is provided by total and partial density
of states (DOS and PDOS, respectively) diagrams,

/
PDOS(9= 3 = &)
p

€ — ep)2+ y2

Opvlm
DOSE) = ZPDO%.(e) = ©)
v 7 (e — ep)2 + 52
np IS the Mulliken populatioft contribution from aton, state
the pth molecular orbital (MO) of energy, and degeneracy
b. The Lorentzian broadening factprhas been set equal to 0.3 eV.

used in place of the Ph groups (see next section) or belonging to the || of the calculations have been performed on an IBM 6000/550

Ph ring of the PhSH and PhSnolecular/ionic free species. The Zn
1s—-2p and the S, C 1s NAOs have been kept frozen in a fully occupied
configuration allowing their exclusion from the variational space.
Detailed information about the numerical integration scheme is reported
in ref 26a; here it is sufficient to specify that1000 sample points/
atom have been used. As far as kivalue of the one-center expansion

of the coulomb potential about each nucleus is concerned, a value of

workstation at the C.I.M.A. department of the University of Padova.

3. Results and Discussion

3.1. Absorption Spectroscopy MeasurementsThe elec-
tronic absorption spectrum of PhSH in gEN between 350
and 200 nm is reported in Figure 2 (wavelengths of the spectral

| that is 1 greater than that in the atomic basis set has been found tofeatures and molar absorptivities are reported in Tabf2 It).

provide sufficient precisioff2 Here we adopted, for the whole series
investigated, the following degree of angular truncatiobn: 3 for Zn,
andl = 2 for S, C, and H.
A well-known drawback of the local density approximation (LBA)
is the overestimation of the atomization energies. Such a deceit can

(20) Seah, M. P.; Smith, G. C. IRractical Surface Analysj2nd ed.;
Briggs, D., Seah, M. P., Eds.; Wiley: Chichester, 1990; Vol. 1,
Appendix 1, pp 543544.

(21) Shirley, D. A.Phys. Re. 1972 55, 4709.

(22) Vegh, JJ. Electron Spectrosc. Relat. Phenal®88 46, 411.

(23) Yeh, J. J.; Lindau, I. Atomic Subshell Photoionization Cross Section
and Asymmetry Parameteres: <1 Z < 103. At. Data Nucl. Data
Tables1985 32, 1.

(24) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. In
Handbook of X-ray Photoelectron Spectroscofyastain, J.; Ed.;
Perkin Elmer Corp.: Eden Prairie, MN, 1992.

(25) X-ray Photoelectron Spectroscopy Databasgersion 1.0; National
Institute of Standards and Technology: Gaithersburg, MD, 1989.

(26) (a) Delley, B.J. Chem. Phys199Q 92, 508. (b) Delley, B.J. Chem.
Phys.1991, 94, 7245.

(27) (a) Casarin, M.; Tondello, E.; Vittadini, ABurf. Sci.1994 303 125
and references therein. (b) Casarin, M.; Tondello, E.; Vittadini, A.
Surf. Sci.1994 307-309 1182. (c) Casarin, M.; Tondello, E;
Vittadini, A. Inorg. Chim. Actal995 235, 151.

(28) Ziegler, T.Chem. Re. 1991, 91, 651.

consists of three bands labeled 5, ando lying at energies

very close to those reported by Schweigal3* for PhSH in

heptane (204, 236, and 280 nm, respectively). The spectra of
the ionic/neutral clusters measured immediately after dissolution
in CH3CN are shown in Figure 3. The comparison with data
pertaining to PhSH and Ph&® indicates that the spectral region
extending from 200 to 300 nm is dominated by transitions
mainly localized on the-bridging and terminal thiophenolates.
Furthermore, inspection of Table 1 shows that the absorption
bands are very strong, indicating that the relative transitions

(29) Burke, K.; Perdew, J. P.; Levy, M. iModern Density Functional
Theory: A Tool for ChemistsSeminario, J. M., Politzer, P., Eds.;
Elsevier Science B.V.: Amsterdam, 1995.

(30) (a) Casarin, M.; Maccato, C.; Tondello, E.; Vittadini, 8urf. Sci.
1995 343 115. (b) Casarin, M.; Maccato, C.; Tabacchi, G.; Vittadini,
A. Surf. Sci.1996 352—354, 341.

(31) Mulliken, R. S.J. Chem. Physl1955 23, 1833.

(32) The electronic absorption spectrum of the PSCH;CN is discussed
in ref 33.

(33) Turk, T.; Resch, U.; Fox, M. A.; Vogler, Al. Chem. Physl992 96,
3818.

(34) Schweig, A.; Diehl, F.; Kesper, K.; Meyer, H. Mol. Struct.1989
198 307.
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Figure 3. UV spectra of [Zn(SPh)?~ (1), [Zna(u-SPh}(SPh)]?~ (2),
énmglg-s)z;(/lz-sph)_z (3), and [Zno(us-Skh(uz-SPh)(SPh)]*~ (4) in
Hs;CN.

Table 1. Wavelengths (nm) and Molar Absorptivities (in
Parentheses ihx mol™* x cm™?) of CeHsSH, (MeN)[Zn(SPh)],
(MesN)2[ZNna(uz-SPhY(SPh)], Znio(us-Sh(u-SPh),, and
(MesN)a[ZNn1o(us-Sh(u-SPh)(SPh)] Absorption Spectra

species UV bands
CsHsSH 203 (251 708)
237 (110 042)
277 (8906)
(MesN)o[Zn(SPh)] 279 (49 400)

(MesN)2[Zna(uz-SPh)(SPh)] 249 (96 240)
274 (61 128)
238 (113 524)
250 (167 453)

277 (78 019)

Zn10(u3-5)4(,ttz-sph)2
(MesN)a[ZNn1o(uea-Sh(ua-SPhYA(SPh)]

are fully allowed. Two characteristic features are present in
the spectra: (i) a band/shoulder /at> 270 nm in the ionic
clustersl, 2, and4 and (ii) an intense band peaking near/below
200 nm in the whole series. Even though Tatlal33 assigned
the bands above 220 nm of the Cd analogue4,d, and4
(hereafterlcg, 2cq, and4cg) in CHZCN to ligand-to-metal charge
transfer (LMCT) transitions, the results reported by ktal 16

allow us to foresee that both absorptions are mainly due to
intraligand excitations. Differences between the spectra of Zn

and Cd ionic derivatives simply regard the resolution of the
feature atl > 270 nm which, even if well evident, is a shoulder
in 2 and4 rather than a band as frq and4cq.3® Finally, the
UV spectra of3 and Zno(usz-Sh(u-SEt)° in CH;CN are
significantly different.

3.2. XPS Measurements.The XP valence band spectra of
(MesN)2[Zn(SPh}], (Me4N)2[Zn4(uz-SPh(SPh)], Znio(us-S)-
(u2-SPh),, and (MeN)4[Znio(us-Su(uz-SPh)(SPh)] are re-
ported in Figure 4. All of the spectra show three bands

Bertoncello et al.

(Me N),{Zn(SPh),} (Me4N)2{Zny(SPh)yp)
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Intensity (arbitrary units)
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Figure 4. XPS valence band (Al &) of (MesN)2[Zn(SPh)], (MesN)2-

[Zn4(ﬂ2-SPh}(SPh)], ano(u3-5)4(,uz-SPh)2, and (MQN)4[ZI’]10(,M3-S)4—
(u2-SPh),(SPh)].

alphabetically labeled. Reference to atomic subshell photoion-
ization cross sectioAdindicates that detectable contributions
derive from Zn 3d and S 3p3s AOS (zn,, = 0.12 x 1071
Mb; os,, = 0.10 x 102 Mb; 0s,, = 0.19 x 102 Mb) as well

as from N and C 2s levelss(,. = 0.11 x 1072 Mb; oc,, =
0.66 x 1073 Mb), while contributions from N and C 2p AOs
and the H 1s AO are negligiblen(,, = 0.72 x 104 Mb; oc,,

= 0.10 x 1074 Mb; oy = 0.20 x 10°®> Mb). Furthermore,
referring to atomic ionization energies (IEs), we expect that
bandsA, B, andC will be largely due to ionizations from MOs
mainly localized on S 3p, Zn 3d, and S (N, C) 3s (2s) AOs,
respectively.

3.3. Theoretical Results. As already mentioned, both
Gurin'* and Hanet al® drastically solved the problem of the
presence of phenyl groups bonded to terminal @ntridging
S atoms by running their calculations on highly charged naked
clusters of Ty symmetry. Hanet al®> performed a series of
discrete variational ¥ calculations to investigate ground and
excited states of the bare molecular iongE4'%" (M = Cd,

Zn; E=S, Se), i.e., the core of (MN)4[M 10(u3-E)a(u2-SPh)
(SPh}]. They adopted an adamantane-like cluster containing
a tetrahedrally disposed set of faw-E atoms, an octahedron
of six bridging metal atoms, and an outer tetrahedron of four
terminal metals. In this regard, it is worthwhile to point out
that (i) the four E species present in (MB4[M 10(us-E)a(ue2-
SPh)«(SPh)] occupyCs, coordinatively unsaturated tetrahedral
positions with a pyramidal4;) arrangement (see Figure 1); (ii)
no tetrahedrali,-E species is present in (M€)4[M 10(u3-E)s-
(u2-SPh)2(SPh})];2 (iii) the smallest cluster so far synthesized
with a us-E atom coordinated to four M ions is fns-SX uz-
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S,As(CHs)2}6;3% and (iv) the presence of a sharp excitonic
feature at 351 nm (3.53 e¥in the absorption spectrum of [Ggl
(t44-S) (uz-Sho(u-SPh)g(SPh)]8~ was ascribed to the presence
of a (us-S)Cd, inner core. For these reasons, we are convinced
that theoretical data reported in ref 15 have to be taken into
account with some care.

A first-principle investigation of4 is beyond the capability
of our computational resources. Consequently, calculations on
the real clusters were carried out only fior 3, while the whole
series has been studied by considering simpler model com-
pounds where the Ph groups were replaced by H atoms
((Zn(SHY?™ (1%), Znaf(uz-SHE(SHMIZ ™ (2*), Znuo{uz-Shi(uz-
SH)1» (3*), and [Zno(uz-Sk(uz-SH)(SH)M]*~ (4*)). Insights
into the perturbations induced by replacing the Ph ligands with
H atoms on terminal and,-bridging S have been obtained by
comparing the electronic properties of Pteéhd HS ions (see
next section).

3.3.1. Thiophenole and Thiophenolate.Calculations for
the protonated (deprotonated) species have been carried out in
aC; (Cy) symmetry and by adopting basis sets b, d, and f. The
valence manifold of PhSH is characterized by five frontier ~ Figure 5. Ball and stick representation of the idealizedams-S)-
orbitals, three of themnf,, ¢, 7pn, andz® )36 occupied and ~ “zSPh)z (3).
two empty (). Interestingly, despite the low symmetry of o
the neutral molecule (§, the degeneracy of thes, MOs is —0.85),_ indicating that the Ph fragment facts as an eleqtron
only slightly affected as a consequence of the negligible reservo!l‘.‘2 Such results shall be useful in the forthcoming
involvement of the S 3p AO. The following excitations discussion regarding the electronic structure of the clusters.
between occupied and emptyorbitals have been computed ~ 3.3.2. [Zn(SPh)]?~ and [Zna(u2-SPh)(SPh)]*~. A quan-
through spin polarized transition state (TS) calculatighs: titative estimate of the energy shift induced on the S 3p pairs
72— %, 286 nMmimpn — 7k, 234 nm; and,, ¢ — %, 196 by the H replacement of the Ph rings has been obialned by
nm. The agreement between theory and experiment is very good©@/ying out a series of ground state calculationslof*, 2,
(see Figure 2 and Table 1) and not limited to electronic @nd2*. Their geometry has been fully optimized inDaq
transitions38 symmetry, even though it is known thatpossesses neither

Turning now to examine the Ph®utermost occupied MOs,  S'ystallographic symmetry nor any approximate symméry.

we find a new level close in energy to thé?ks MO (4ly): the Ol\/? th&,OIheégﬁn%Pi; iiiali;) ﬁpf}_\fnlt:hah sy(s:terlTs ZUCIT as
in-plane S lone pair @-7b; MO) previously involved in the [Cd4l_ln t']‘(”?' X q M t( ' lik _t e(t ). Co( )'h n( { ved
S—H bonding. Furthermore, the}, level degeneracy (see (IN), having an adamantane-like structure, are characterize

above) is lifted as a consequence of the significant involvement at RT gy a stereochemical nonrigidity of the Jid>-SPh)-

of the S 3p AO in one of them (5pMO). Spin polarized TS (SPh)] cages, which results in eqwllbratlon of brldglr)g and
calculationg” for electronic excitations from the outermost terminal Ilgan(_js. A furtr_\er numerical experiment, limited to
occupied orbitals to the empty 2and 5b 7z, levels give the molecular orb_|tal a_n_alys_|s, has been carried out foiogi-
following results:ngﬂsﬁn;h, 387 (2a), 391 (5b) nm: ns— Sh(uz-SPh),, idealizing its structure to 83 symmetry (see

Figure 5)#°
* 40 g .
ZEL(SZ ?,zf’ézhz;lgy(gh ZOTPFééfin(wz.ai’t 222 (S) m; & Geometrical parameters 871+, 2, and2*, collected in Table

. 2, agree with available crystallographic d&td? Information
also thag?:[he energy of the band at 303 nm in the UV spectrum about the electronic structure dfand2 is provided by Figure
of PhS 33is poorly reproduced.

. . . . , Where the D , 1*, 2, and2* are displ . The analysi
It is now important to summarize the main effects due the 6, where the DOS df andz* are displayed © anaysis

replacement of the Ph rings with H atoms, i.e., on passing from of theoretical data pertaining tband 1* indicates that (i) the
» 1LE, i~ *
PhS to HS. We find that the S 3p pairs are destabili¥ed HOMO energy ofl (0.97 eV) is~1.7 eV lower than that ot

; 2 (2.70 eV)28 (ii) the outermost occupied MOs dfand1* are
and the S gross atomic chardes] is increased (from-0.75 to mainly composed of the S 3p pairs; and (iii) at variancd’to

(35) j]g:nlségge‘,wDé;?erlrgusson, J. E.; Robinson, WBdll. Chem. Soc. (41) In HS the S 3p pairs are degenerate at 1.25 eV. In thesgnmetry

b o ar . o
(36) ngH and nS?FS stand for bon(_iing and antibonding_ com_binations ﬁgcat %.igg:r?grgtic;né\s/’ '?:gpgggvi?yPa'rs‘ transforming amt b,
between one of the Phigx orbitals and the S 3pAO; zpn is the (42) Calculations on PhSH and Ph8arried out with basis sets b, ¢, and

second partner of the Ph-based # MOs, nonbonding with respect e give exactly the same results. Minor differences are limited to total
to the interaction with S. In the adopted framework, theharacter engergy valueys. '

corresponds to th& direction. 43) H her. J. L.: Kh M.: Said. F. F.: Tuck. D.I60 Nucl. Ch

(37) Slater, J. CQuantum Theory of Molecules and Solids. The Self- “3) Leet?clgeSrJ’, 2'0"215gn' -+ 2ald, . . TUck, B.18org. Ruct. ©hem.
Consistent Field For Molecules and SolididcGraw-Hill: New York, (44) Hagen K S’. Stephan D. W.: Holm, R. korg. Chem.1982 21
1974; Vol. 4. » Koo » DoWLS R . . ,

' 3928.

(38) The IE region below 11 eV of the He | spectrum of PhSH shows the 45y The z Ph I h 2 178 A
presence of three well-resolved bands with IEs 8.28, 9.38 and 10.65( 5) res%ecg\_/ilye.md SPh bond lengths are set at 2.36 and 1.78 A,
eV, assigned by Frost al3 to the ionization from thez2) ¢, 7pn, (46) Swenson, D.; Baenziger, N. C.; CoucouvanisJDAm. Chem. Soc.
and 712, ¢ MOs. Theoretical IEs, evaluated through spin-polarized 1978 100, 1935.

TS calculations; are 8.47, 9.80, and 10.54 eV, respectively. (47) To our knowledge, the only structural determination of a zincmantane

(39) Frost, D.; Herring, F.; Katrib, A.; McDowell, C.; McLean, R.Phys. derivative is reported in ref 43, where no information about the Ph
Chem.1972 76, 1030. fragments is included. In Table 2 we referred to the X-ray diffraction

(40) Within the assumed symmetry A% the ns (7b) — =z, (5bp) data obtained for the isostructural ferromantdrie get some hints

transition is forbidden by electric dipole selection rules. of the Ph geometry.
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Figure 6. Density of states of Zn(SH™ (1*), [Zna(ua-SH)%(SHX]?™ (2*), Zn(SPh)>~ (1), and [Zn(u2-SPh)(SPh)]?~ (2). Plots of partial density
of states of Zn, § Sr, Ph, and H are also displayed. For each cluster the energy scale origin correspond&{suthe

Table 2. Optimized Geometrical Parameters for [Zn(SFh) (1),

[Zn(SHY]?~ (1*), [Zna(u-SPhy(SPh)]?~ (2), and

[Zna(uz-SH)(SHM*™ (2)*

Zn(SPh)>~  Zn(SH)?>~ Zny(SPh)?~ Zny(SHyo
Zn—Sr 2.35(2.35) 236  2.31(2.29) 2.24
Zn-S 2.38 (2.37 2.36
Sr—Cq 1.75 1.76 (1.78)
S—H 1.36 1.35
S—Cq 1.76
S—H 1.35
c-ca 1.40 1.39 (1.38)
C—Ha 1.09 1.10
Sr—Zn—-Sr 109 (110.4) 110
Zn-S—C, 107 129
Zn—Sr—H 90 91
Zn—Ss—H 118

6). In particular, the lowermost peak at positive energies is
due to the linear combinations of thg,&h-basedt* MOs. It
is of relevance to stress that, even though the nature of the
outermost occupied MOs ihand1* is similar, the lowermost
unoccupied levels are completely different in the two cases: in
1 they derive from the g Ph-basedt* orbitals (see above)
while in 1* they account for the antibonding-$l interaction.
Nevertheless, thAE between the outermost occupied orbitals
and the virtual Zn 4s AO is the same in both cases (5.30 eV),
indicating that, inl, the replacing of Ph fragments with H atoms
has only minor effects on thAE between the S 3p pairs and
virtual Zn based MOs.

As already pointed out, a common feature of the UV spectra
of compounds containing terminal thiophenolates (L2, and
4) is a band (inl) or a shoulder (ir2 and4) in the range 274

2Bond lengths and bond angles in A and deg, respectively. 279 nm (see Figure 3 and Table 1). Inspection of Figure 6

Experimental values are in parentheses. The symmetry assumed for ayeals that the lowest lying transitions should involve the

is Do (see text). This implies that the planes of the Ph groups bonded
to theu,-S atoms positioned along ti@ axis are forced to be either
parallel or perpendicular to the same plane of the-ZnS—Zn
fragment.b Mean value from ref 465 Mean value from ref 43¢ Mean
value from ref 442 Mean value.

excitation of an electron from S 3p based MOsttadPh levels.
Results pertaining to the electronic structure of the Plead
us to assign the band at 279 nm bdfto the nﬁ‘fr’ks — Ty
intraligand transition4? while the low-wavelength side of this

band, also in agreement with data reported byitial. 6 should

where S 3p pairs are grouped together,lia component is

hidden under the peak due to theeombinations deriving from
the g Ph MOs. This MO, characterized by a strong (62%)
participation of the S 3p AOs parallel to the Ph planes, is one
of the main sources of bonding between the S 3p and Zn 4s
AOs (the total Zr-S overlap population (OP) is 0.277e).

As far as the low-lying unoccupied orbitals df are
concerned, they are strongly localized on the Ph rings (see Figure

(48) Absolute energy values cannot be obtained from inspection of the DOS

where the energy is scaled with respect to the HOMO. The HOMO
energies are positive fd*, 2", and4" as well as forl, all of them
carrying a negative charge-2, —2, —4, and—2, respectively). In a
series of preliminary numerical experiments B we verified that

the inclusion of a positive, spherically symmetric, external potential
had the only effect of uniformly shifting all of the energy levels at
lower (negative) values. For this reason, the herein reported data have
been obtained without the inclusion of any external positive potential.
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include LMCT andrpn, — 7%, intraligand excitations. Finally,  localized on the terminal thiophenolates and the broad band at
the band peaking below 200 nm is assigned totBg ; — 249 nm to intraligand transitions involving both terminal and
as, PhS based transitions. bridging ligands. As irl, the band peaking below 200 nm is
The electronic structure of the zincmantane cage cdn be ascribed tOﬂgms — 7, excitations. Before moving to the
better understood by assuming an idealiZgdymmetry. The analysis of XPS data we want to mention that theoretical results
inorganic framework of2 is constituted by three types of do not reproduce the experimentally observed chromophore
atoms: one type of zinc (&) and two types of sulfur (Sand factoring, possibly because of the assumed idealized geometry.
Sg). As a whole the S atoms participate with 30 3p AOs: 12 Qur calculations are also in good agreement with XPS data
localized on theerminal S (the T set) and 18 on thwidging of 1and2. Actually, referring to the DOS df and keeping in
uz-S (the B set). Set T consists of fourorbitals (pointing mind the discussion of section 3.2, we confidently assign the
toward the Zn atoms) and eight orbitals. Under theTy broad bandA to the ionization from $ 3p levels, band to
symmetry, T, spans the gt t; irreducible representations while  the zn 3d atom-like orbitals, and finally, bafdto the ionization
T.spansthe e t; +t; ones. As far as the B setis concerned, from MOs mainly localized on-83s and N, C 2s AOs. Both
it is composed of six lone pafi%(a; + e + t,) directed toward the energy spread of barl (~1.7 eV) and theAE between

the center of the cage {Band 12 nonbonding levels (B2t the onset of band andB (7.5 eV) are satisfactorily reproduced
+ 2t). The set B can be further broken down into two subsets, by theoretical calculations~1.6 and 6.1 eV, respectivel§J.
one purely nonbonding and perpendiculdj {o the Zn-Sg— XPS data pertaining ta indicate that the full width at half
Zn plane (i + to), the other (t + t;) parallel () to the same  maximum (FWHM) of band3 (once more associated with the
plane and reasonably involved in the-&n o interaction. ionization from atom-like Zn 3d AOs) is the same (1.75 eV) as

As already found il and1*, the HOMO of2 lies deeperin  in 1. Furthermore, taking® as a reference, bandl lies at a
energy ¢-0.81 eV) than that o2* (0.28 eV). Moreover, in higher IE in 2 than in 1, while bandC does not show any
agreement with the above reported qualitative scheme, thegjgnificant modifications moving frori to 2. These evidences

outermost 14 MOs 02 (& + by + 23 + 2b, + 4e in theDyg are indicative of a shift toward higher ionization energies of
symmetry) are mostly based on @nd the B subset. As far  |evels localized on Sand $ 3p AOs in2, in agreement with
as the remaining sixteen orbitals (% B, + B!) are con- the largerQs values inl than in2.

cerned, they lie, strongly admixed, in the same energy region  3.3.3. Zny(us-Sk(uz-SPhhs and [Zn1o(us-S(u=-SPhho

of Ph-based levels (see Figure 6). Further insights can be gainedSph),]4-. The most peculiar feature 8fis the presence of an

by comparing the Zf#S OPs andQ values ofl and2. The equal number of Zn and S atoms Zand $, respectively)
Zn—Sy OP is substantially the same on passing ftb(0.277€)  which miss one ligand (see Figure 1). Actually, the incomplete
to 2 (0.271e) while a smaller value (0.206e) is computed for capping of Zp should give rise to localized low-lying empty
the Zn-Sg OP. Such a decrease, due to the participation of syrface states which could act as electron acceptor/trap upon
each § in two bonds with Zn atoms, could be a reasonable electron excitatioR® Particularly interesting also is the presence
explanation of the above mentioned zincmantane cage stereoof the u3-S species; actually, the pyramidal S atoms bind only
chemical nonrigidity. As far as th@ values are concerned,  zn atoms and occup@s, unsaturated tetrahedral positions, and
the following points should be stressed: @jn is very similar their electronic structure should be dominated by the presence
in 1 and2 (0.46 and 0.47, respectively); (iQs is definitely of a lone pair pointing in the direction of the missing ligand.
more negative irl than in2 (—0.57 and—0.43, respectively);  The set of foups-S lone pairs (B spans, ifTg symmetry, the

(iii) QstandQsg (—0.44) are very close i, (iv) the Phcharge  representations t+ a, while the remaining eights-S 3p AOs,

is always very smah-0.05 in1, —0.01 and 0.09 for Ph groups  constituting the P set, transform as;t+ t; + e. Both the
bonded to $ and $ in 2, respectively). As a whole, these stereochemistry and the electronic structure3afould then
data indicate that (I) the electronic structure of the Zn atoms is make this Compound a reasonable molecular model of ZnS
only slightly influenced by the nature (terminal or bridging) of nonpolar surfaces. In this regard, we want to emphasize that
their ligands; (ii) most of the negative charge carried by the in 11—V, 11 —VI, and I-VII semiconductor surfaceslangling

ions is localized on the most electronegative species (the Spondslocalized on the surface atoms belonging to the V (1),
atoms)3* and (iii) the electron reservoir role of the Ph group is v (11, or VII (1) group are filled (empty) and point toward the
confirmed. direction of the missing ligan®:

Besides the increased energy level overcrowding, dfoth Inspection of Figures 7 and 8, where the DO @ind3* 55
below and above the zero energy, a further important difference gre respectively displayed, makes it evident that, independently
between the DOS of and 2 is found in the energy range  of the presence of Ph ligands agS, (i) the HOMO is strongly
covered by Zn virtual levels (see Figure 6). Actuallyithese localized onus-S atoms (thestcomponent of the Pset); (ii)
contributions are smeared out over an energy interval larger ine | UMO is highly concentrated on the peripherabZtoms
than in 1, preventing the possibility of associating LMCT  (the 4, linear combinations, quasi-degenerate with theme,
excitations with a specific band. According to that, the g AOs): and (iii) the PDOS of Zris shifted toward lower
absorption pattern d is dominated by intraligand transitions, energies with respect to the PDOS of the completely saturated
as found in2cq'® Nevertheless, an experimental chromophore 7. “This shift is not uniform, being smaller for the occupied
factoring is possible. We already pointed out that a common 3 giom-jike AOs (1.22 eV) than for the virtual 4s levels (3.27

feature of UV spectra ol, 2, and 4 (see section 3.1) is an eV). According to the presence of a lone pair on eas!s,
absorption af > 270 nm. On this basis, we propose to assign

the shoulder at 274 nm tﬂz";‘,tr’ks — 7§, excitations mainly

(52) It is knowr?3 that LDA underbinds the 3d levels.
(53) Zakharov, O.; Rubio, A.; Blase, X.; Cohen, M. L.; Louie, S.RBys.

(49) In the assignment of UV absorption spectralof4 we limited Rev. B 1994 50, 10780.
ourselves to consider ground stat& rather than using Slater's TS (54) (a) Mariano, A. N.; Hanneman, R. B. Appl. Phys1963 34, 384
formalisn?’ because, even in the simplest case, the number of and references therein reported. (b) Casarin, M.; Favero, G.; Tondello,
transitions to be computed was very high. E.; Vittadini, A. Surf. Sci.1994 317, 422.

(50) Inthe idealized zincmantane cage theisbS are placed at the vertices ~ (55) The electronic structure 8% and4* has been computed by adopting
of an octahedron. an idealizedTy symmetry where the ZaS and S-H bond lengths

(51) Sanderson, R. T. Chem. Educl952 29, 539;1956 33, 443. are set at 2.36 and 1.35 A, respectively.
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Figure 7. Density of states of Zu(us-Sh(uz-SPh)2 (3) and Zno(us- Figure 8. Density of states of [Zj[‘(}(‘u3-.s)4(/t2-S.H)12(SH)4]4’ (4*) and
S)(u2-SCH)12 (3ue). Plots of partial density of states of Zrizne, Sp, Zmo(us-Sh(uz-SHh2 (3*). Plots of partial density of states of Zrzne,

Ss, Ph and Me for3 and 3y in a narrower energy range are also S, S, and H ford* and3* in a narrower energy range are also reportec_i.
reported. For both clusters the energy scale origin corresponds to theFOr both clusters the energy scale origin corresponds to the relative
relative Exomo. Erowo.

S ) . carried out by Liuet al'® on the hypothetical [Clu,-SPh)-
Qs is significantly more negative0.63 and—0.61 in3 and SPhJ and [Cd(uz-SPh}(SPh)] ~ ions (models of a coordinative
3', respectively) tharQs, (~0.45 and—0.48). Moreover, in - yacancy on a Cd atom), the presence of low-lying empty states
agreement with results obtained fa@r the weakest ZrS would originate transitions with small oscillator strengths at the
interaction is computed between Zand & atoms (the §- red end of the absorption spectr@fn Therefore, Zao(us-Sk-
Znc, Ss—Znc, and $—Znp OPs are 0.245¢, 0.189e, and 0.242e, (,,,-SPh), fits both the stereochemical and electronic structure
respectively). This outcome is well in tune with the stereo- criteria to be a good molecular mo#elof nonpolar ZnS
chemical nonrigidity of the zincmantane cage as well as with gyfaces.
electron spray mass spectrometry results reported by L&iver  The UV absorption spectrum 8f(see Figure 3) is character-
al.% for lcg 2cq, and4cq. Actually, the authors pointed out  jzed by an intense band peaking below 200 nm, attributed to
thalt () allhof gﬁsinvest?gate(q)compounds shlow a grfe;tot(a\?dgncynbws — m%, intraligand transitions, and a weaker band at 238
to lose the species; (ii) at a cone voltage o the i ok
most abundant fragment, besides PhiS [Cd(SPhy]~, which imy:b atavrx:g mpct?rs?r;?];zzlr?sn f?Sn? twhglgir?]?oneﬁ? h(')fn 'Tr:e
necessarily implies, ir2cq and 4cq, the breaking of §Cdc MS_SPS set to the 4s AOs of Znatomse®
bonds; and (iii) no fragmentation involving the-SCdc bonds We already mentioned in section 3.1 that the absorption

@n dcqis evi7denced, indicating a high stability of the;{SkMe spectra in CHCN of 3 and Zno(us-S)(u>-SEt)» are signifi-
inner core‘?’. . o cantly different (the thioethanolate derivative exhibits a strong
electronic excitation is a LMCT transition between localized

surface states (from the tomponent of the Pset to the a+ (58) A recent DF study dealing with the surface band structure of the

t, combinations of Zp4s AOs). According to the calculations nonpolar ZnS(110) surface indicates that there are surface states in
the fundamental gap arising from the empty cation-derived and the
occupied anion-derived dangling borfds.

(56) Laver, T.; Bowmaker, G. A.; Henderson, W.; Cooney, RCRem. (59) Ferraz, A. C.; Watari, K.; Alves, J. L. ASurf. Sci.1994 307—309,
Commun.1996 683. 959.

(57) The smallestus-SuCdk fragment experimentally detectéds (us- (60) The absence of any terminal thiophenolat& iand the lack of any
SuCds in [Cds(uz-Su(SPh)g)2~ deriving from the parent ion by loss feature atl > 270 nm reinforce the assignment we proposed for the

of two [Cd(SPhy]~ units. UV spectra ofl and 2.
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ground state calculation on the modelidps-Sh(u-SCHs)12 3.0
(3me) has been carried out to get an estimate of the role played
by ao-donor ligand on the electronic structure of theyglns-
Sh(uz-Sho skeleton. Though the main features of the DOS/
PDOS of3ye and3 are the same (see Figure 7), thE between

the HOMO and Zg 4s AOs is significantly smaller in the former
(3.92 vs 4.69 eV). According to that, we propose to assign the
weak band at 320 nm to LMCT transitions from the occupied
us-S B, set to the empty Zn 4s AOs without invoking
aggregation products of the cluster in solution, as suggested in < 1.0
ref 5. As far as the strong absorption band at 280 nm is
concerned, it most probably includes transitions mainly localized 0.5
on theu,-SR moieties. These data indicate that the significant

blue shift in the UV spectrum & compared to that ddye has 0.0
to be ascribed to the different nature of the ligands, which seems 200 400
to influence the energy of z¥s AOs much more than that of
Znp. According to that, not only Zia(us-Sh(uz-SPh), but,
more generally, all of the Zp(us-Su(u2-SR) 2 derivatives can

bsorbance
&
I

be considered good molecular models of nonpolar ZnS surfaces. :41 0.5)

Compound4 differs from3 for the presence of four terminal L ¢ (.1:1)
thiophenolates saturating the coordinative vacancy of peripheral | % (1 :2:5)
Znp atoms (see Figure 1). The DOS4¥f(see Figure 8) shows 8 2.0+ N — (15)
that the outermost occupied MOs are still localizedgi® and, = W R (1 :6)
quite unexpectedly, the PDOS peaks of peripheral Zn atoms £ 1.5 - A (1:1'0)

are still shifted toward lower energies, even though to a smaller @
extent than in3, with respect to that of the Znatoms of the < 1.0
(us-ShZng core. The absorption spectrum 4f(see Table 1

and Figure 3) consists of the strong absorption~@00 nm, 054
originated byzb, ¢ — %, intraligand transitions, and of a
band at 250 nm with a shoulder (277 nm) on its lower
Wayelength S|.de. Th|_s last .feature, acgordmg to previous 200 230 3(‘)0 3570 400
assignments, is associated W:t&bh_s — i}, intraligand exci- A (nm)

tations involving terminal thiophenolates, while the band at 250 Figure 9. Electronic spectra showing the titration of sulfide ions into
nm s_hould_ inclpde the remaining intraligand and LMCT a(g:H;CN solution of [Zirjlo(ﬂg-sp(uz-SPgh)Z(SPh)]4* (1.25x 105 mol
transitions implying the;tcomponent of thets-S Bysetand 4s g2 jn 1 mm path length cells immediately after preparation (top)
AOs of the Zn atoms of theug-ShZne core. At variance with  and 24 h later (bottom). Ratio of cluster to added sulfide: 1:1, 1.2,
UV spectral data pertaining to Cd analogues, negligible band 1:2.5, 1:3, 1:4, 1.5, 1:6, 1:10.

shifts are found with cluster size increasitig.

Moving to XPS data, the assignment proposedXfeand 2
still holds in 3 and4 with bandsA andB associated with the
ionizations from MOs strongly localized on 3p S and 3d Zn
AOs, respectively. As far as bar@lis concerned, it includes

bso

0.0

ratio 1:2.5, i.e., the ratio which according to eq 3 should be the
right one to obtairb. The absence of any sharp feature might

2[Zn (1St SPhY(SPh)]*~ + 58 —

in 3 (4) contributions from the S 3s and C 2s AOs (S 3s and N, [ZN,(1t4-S) Us-S)y(1t,-SPh) o(SPh)]®™ + 10SPh (3)
C 25 AOs). The FWHM of ban@& in 3 and4 is larger than in
1land2. Furthermore, it is wider i3 (2.25 eV) than ir4 (2.00 be due either to the failure of the linking between the molecular

eV) according to the presence, in the former, of two types of precursors with the sulfide ions acting as cement or to a blue
Zn atoms. On passing frofir-2to 3, theoretical data correctly  shift, in the Zn derivative, of the excitonic transition lying at
reproduce variations of the Zn 3d band, while no difference is 351 nm in5¢c4° Even though this latter possibility cannot be
present in the theoretical FWHM of the Zn PDOS 3fand ruled out (it would be consistent with data recently reported by
4*. Blasseet alS! indicating that the maximum of the ZB(BO,)®2
3.3.4. [Zroo(pa-S)(us-Shau2-SPh)s(SPh)]8~. We already LMCT transition should lie at about 230 nm), it seems to us
mentioned that the synthetic routes we successfully used forquite unlikely because the comparison of UV spectrd, a2,
the synthesis oll—4 were the same as those reported in the and 4 with those of Cd analogu&sindicates only minor
literature for the Cd analogué$. On this basis, the idea differences in the band energy position.
proposed by Herrort al? to synthesize the-10 A thiophe- The addition of sulfide ions has been made also to g@\H
nolate cluster [Cgl(ua-S)us-Sha(u-SPh)s(SPh)]®~ by a care- solution of4 in order to gain a larger spectral window than in
ful addition of sulfide ions to a DMF solution a@fq has been =~ DMF.8384 In Figure 9 the UV absorption spectra of solutions
here applied to obtain the analogous Zn derivative. Our interestwith different ratios o4 and S~ recorded soon after the mixing
for [Znao(ia-S)(us-Sha(i-SPh)s(SPh)]E~ (5) is due to its fa-

S)Z -S), inner core, which in principle might be a (61) Blasse, G.; Dirksen, G. J.; Brenchley, M. E.; Weller, M.Chem.
)ZM(uz-Sha princip 9 Phys. Lett1995 234 177.

molecular model of the solid ZnS. (62) In ZnkX and CdX clusters (X='S, Se) the central S/Se atom is
The progressive addition of sulfide ions to a DMF solution surrounded by four Zn/Cd ions and the charge transfer optical
of 4 has been carried out by simultaneously monitoring the UV transitions seem to be localized on the cluSter.

. . . (63) Grasselli, J. G.; Ritchey, W. M., Edétlas of Spectral Data and
absorption spectrum of the mixture. No sharp absorption was Physical Constants for Organic Compoundd ed.; CRC Press:

detected aft > 300 nm wherd and S~ were mixed in the Cleveland, OH, 1975; Vol 1, p. 402.
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and 24 h later are displayed. Two things deserve to be complex ionic/neutral sulfide clusters indicated as supertetra-
remarked: at a ratio of 1.5 the solution became turbid hedral fragments of the cubic ZnS. The lowest energy absorp-
immediately after the addition of sulfide ions, while at 1:6 a tion band along the investigated series is made up of transitions
white solid started to precipitate. The elemental analysis of the having an intraligand charge transfer character; among them,
precipitate 24 h after the admixture indicated the absence of those at wavelengtts270 nm involve terminal thiophenolates.
any organic material (the C, H, and N percentages are 1, 0.8,LMCT excitations lie at shorter wavelengthsZ40 nm). No

and 0.0, respectively) and a 24% yield of sulfur. As far as the blue shift is found with cluster size increasing. Any attempt to
UV spectra are concerned (see Figure 9), the following synthesize [Zpy(us-S)(us-Sho(uz-SPh)s(SPh)]8~ through the
considerations can be made: (i) no sharp feature is presentsynthetic route proposed for the Cd analogue failed, and none
between 200 and 300 nm; (ii) the spectra recorded forthwith of the investigated compounds can be considered a good
after the preparation are significantly different from those molecular model of the solid ZnS because of the lack of any
registered 24 h later. As a whole, the obtained data indicate u4-S atom. Both ir8 and in4 we find low-lying empty states
that sulfide ions, rather than favoring the linking of two mainly composed of 4s AOs of the Zn atoms peripheral to the
molecules of4, allow the complete decomposition of the very stable g#3-ShZng core. Excitations fromus-S lone pairs
precursor. Further work is in progress to identify all of the and thiophenolater orbitals to these levels should originate a

reaction products. very weak red tail in the corresponding absorption spectra. This
_ fact, coupled with stereochemical criteria, makesZn-Sh-
4. Conclusions (u2-SPh)» a good molecular model of nonpolar ZnS surfaces.
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