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energy splitting of the 4E term deduced from the experimental 
datum for the rhombicity parameter E matches roughly the value 
of the corresponding orbital-level splitting calculated for the ferrous 
complex. 
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Mononuclear and tetranuclear zinc benzenethiolate complexes are studied by both spectroscopic and electrochemical methods. 
Zn(SPh):- and Zn4(SPh)12- represent tetrahedral fragments of the cubic zinc sulfide lattice. The structured absorption spectra 
of the zinc benzenethiolate complexes are ascribed to intraligand transitions for the mononuclear complex and to a composite of 
both intraligand and ligand-tc-metal charge-transfer (LMCT) transitions for the tetranuclear species. The mononuclear complex 
does not emit, while the tetranuclear compound displays a short-lived metal-to-ligand charge-transfer (MLCT) emission. Pho- 
todegradation of both zinc complexes yields thianthrene, dibenzothiophene, and benzenethiol. Zn,(SPh) forms a ground-state 
charge-transfer complex with the dicationic electron acceptor methyl viologen in CH3CN. Excitation of the charge-transfer 
absorption band with a 30-ps laser pulse leads to the formation of the methyl viologen radical cation showing a lifetime of 2 f 
0.4 ni. 

Introduction 
The chemistry of group IIb metal thiolate coordination is vital 

to an understanding of the interactions of these metals in biological 
systems.' Zinc and cadmium thiolate complexes2 have been used 
as models for thiolate metalloproteins such as metal lot hi one in^,^ 
which are located in the kidney and liver in a wide variety of 
animals, including man. These proteins bind various metallic 
cations such as zinc, cadmium, mercury, and copper through 
thiolate ligands and regulate the levels of these heavy metals in 
the ~ rgan i sm.~  

Native metal lot hi one in^^ usually contain six or seven zinc or 
cadmium atoms bound to all 20 cysteine residues (via mercaptide 
linkages) in a single polypeptide chain of 61 total amino acid 
 residue^.^ Each zinc or cadmium atom is coordinated by four 
cysteine thiolate ligands as deduced from ll3Cd NMR ~ tud ie s .~  
Spectroscopic studies of CO(II)-~ and Ni(I1)-substituted7 me- 
tallothioneins also indicate tetrahedral M ( C ~ S - S ) ~  sites. This 
tetrahedral coordination requires at least some bridging of the 
metal ions by cysteine sulfur and suggests that metal-cysteine 
adamantanetype complexes may be formed in these proteins.2b.M 

Furthermore, short chelating peptides containing cysteine units 
have been used to synthesize near monodisperse nanometer-scale 
11-VI semiconductor crystallites* exhibiting size-dependent and 
discrete excited electronic states that occur at energies higher than 
the band gap of the corresponding bulk semicond~ctor.~-~* 
Semiconductor crystallites in the nanometer range (which still 
show the same crystal structure as the bulk material but are too 
small to have continuous energy bands) are currently under intense 
investigation in order to observe the photophysical properties of 
particles in the quantum-size region (size quantization effect).*I2 
A further reduction of the particle size yields molecular dimensions 
exhibiting typical properties such as structured absorption and 
emission spectra as well as structural rearrangements in the excited 
state. 

Universitit Regensburg. 
*University of Texas. 

In this paper, we report a detailed study of the photophysical 
and electrochemical behavior of a mononuclear (Zn(SPh),2-) and 
a tetranuclear (Zn4(SPh)$-) zinc benzenethiolate complex. The 
synthesis and crystal structures of these zinc benzenethiolate 
complexes have been previously de~cribed.'~-'~ These tetrahedral 
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Zinc Benzenethiolate Complexes 

zinc benzenethiolate complexes show structural similarities both 
to metallothionein proteins (the spatial demands of cysteine and 
the phenyl group of benzenethiolate are comparable)2b and to the 
semiconductor ZnS, having a zinc blende structure: all these 
systgns consist of f o u r d t e  zinc surrounded by a tetrahedron 
of sulfur  atom^.^^-^$ T h e  optical, photochemical, and electro- 
chemical properties of these zinc benzenethiolate complexes in 
CH3CN are characterized and  compared to those of the  corre- 
sponding cadmium and mercury benzenethiolate complexes. 
Furthermore, electron transfer from the tetranuclear zinc complex 
to methyl viologen is studied by picosecond absorption spectros- 
copy. 
Experimental Section 

Materials. Benzenethiol, zinc nitrate tetrahydrate, triethylamine, 
tributylamine, tetramethylammonium chloride, tetrabutylammonium 
hexafluorophosphate, methyl viologen dichloride hydrate, thianthrene, 
and dibenzothiophene were used as received from Aldrich. All photo- 
chemical studies were carried out with spectroscopic grade solvents. The 
zinc benzenethiolate complexes were synthesized by following the pro- 
cedure of Dance et al.” and characterized by elemental analysis and 
FTIR spectroscopy. While solutions of the mononuclear complex un- 
derwent a slow thermal decomposition, the tetranuclear cluster was stable 
even in the presence of air for extended periods. Methyl viologen was 
used as the perfluorophosphate salt. 

Methods. Absorption spectra were measured on a Hewlett-Packard 
8451 A single-beam spectrophotometer. Beer’s law was found to be 
satisfied at different concentrations. Steady-state luminescence spectra 
of the aerated Zn4(SPh)lo2- solutions in CH,CN were recorded on an 
SLM Aminco 500C spectrofluorometer. The luminescence quantum 
yield of Zn,(SPh)& was determined relative to tryptophan;16 excitation 
was at 290 nm. For the luminescence quantum yield of Zn4(SPh)102-, 
a deviation of 10% is assumed. Photolyses of the zinc benzenethiolate 
complexes in CH3CN were carried out with a 1OOO-W high-pressure 
mercury lamp. The lamp intensity was attenuated by using calibrated 
metal screens. High-resolution mass spectra (EI) were recorded on a VG 
Analytical mass spectrometer (ZAB 2-E). The oxidation and reduction 
peak potentials of the zinc benzenethiolate complexes in CH3CN were 
determined by cyclic voltammetry as previously described for analogous 
cadmium benzenethiolate complexes.’’ For the cyclic voltammetry, a 
conventional single-compartment electrochemical cell equipped with ei- 
ther a Ptdisk (oxidation) or a hanging-mercury-drop electrode (HMDE) 
(reduction) working electrode, a Pt-wire counter electrode, and a Ag/ 
AgCl reference electrode was used.]’ 

in CH$N 
were performed by the method of time-correlated single-photon counting 
(SPC) using a mode-locked frequency-doubled Nd:YAG laser (Quan- 
tronix model 416) synchronously pumping a cavity-dumped dye laser 
(Coherent Model 701-3D; Rhodamine 6G). The dye laser output (at 586 
nm) was frcquencydoubled using an angle-tuned KDP crystal to produce 
pulses at 293 nm. The instrument response function was ca. 70 p fwhm 
(full width at half-height of the maximum). The decay profiles were fit 
to a multiexponential decay function using standard least-squares de- 
convolution techniques. The shortest lifetime which could be determined 
was 25 p. The quality of the fits was evaluated by the x2 test and from 
the randomness of the distribution of the residuals. The emission of 
Zn4(SPh)loz- in air-saturated solution (CH,CN) was monitored at 350 
nm. An average deviation of *5% was observed for the luminescence 
lifetime. 

Absorption measurements on a subnanosecond time scale were per- 
formed using a pulse-probe method as previously described.l* The 
excitation source was a 30-p pulse from a Quantel YG402 mode-locked 
Nd:YAG laser. After part of the laser fundamental was converted to the 
second harmonic (532 nm), the residual 106Cnm laser light was focused 
through a cell containing a continuum-generating medium (deuterated 
phosphoric acid in D20) to produce a pulse of coherent white light with 
a time profile the same as that of the laser. This white light was used 
as the analyzing beam and, after passing through the sample, was focused 
onto a spectrograph, where its entire spectrum could be recorded. The 
time profiles of the absorption spectra were acquired by repeatedly 
changing the path length of the analyzing beam. The available wave- 
length region was 380-750 nm; the time window was 30 ps-6 ns. The 
time resolution was limited by the width of the laser pulse. All experi- 

Time-resolved emission measurements with Zn4(SPh) 
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Figure 1. Absorption spectra of (-) 2.4 X lW5 M Zn(SPh)P and (---) 
1.2 X M Zn4(SPh)lo2- in aerated CH3CN. Inset: uncorrected 
emission spectrum of Zn4(SPh)lo2- in aerated CH3CN, both at  room 
temperature (1-cm cell; excitation at 310 nm). 

ments were carried out in aerated CH3CN at an optical density of 0.35 
at 532 nm. 
Results and Discussion 

Absorption Spectra of Z~(SPII)~~- and Zn,(SPh)lo2-. Figure 
1 shows the absorption spectra of Zn(SPh)42- and Zn4(SPh)J- 
in  CH3CN. Zn(SPh)42-, which contains only terminal ligands, 
displays one absorption band at 273 nm (€273 = 33 300 M-I cm-I), 
whereas Zn4(SPh)$, consisting of both terminal and bridging 
ligands, exhibits two absorption maxima at 250 nm (em = 76 300 
M-l cm-l) and 270 nm (ezM = 52600 M-’ cm-l), respectively. The 
corresponding mono- and tetranuclear cadmium benzenethiolate 
complexes display similar spectra.” The  absorption spectrum of 
the ligand itself, benzenethiolate, is c h a r a c t e d  by an absorption 
band located at 303 nm (ejo3 = 1 3  600 M-’ cm-l).I9 

For Zn(SPh)l- ,  the  absorption band at 273 nm is assigned to 
an intraligand transition, as related mononuclear zinc complexes 
(ZnL42- with L = halide or OH-) do not show ligand-to-metal 
charge-transfer (LMCT) bands above 200 nm.m21 Furthermore, 
the  absorption spectrum of a Zn(SR)42- complex with R = 2- 
PhC6H4 was assigned to pure intraligand transitions, as published 
recently.z2 For the zinc benzenethiolate complexes reported here, 
a LMCT transition supposedly occurs from the filled 3p  orbitals 
of the benzenethiolate sulfur ( H O M O )  to the empty 4s orbital 
located at ZnZ+ (LUM0).21 For mononuclear tetrahedral Zn(I1) 
complexes, the energy of the Zn2+ 4s orbital, which is the acceptor 
orbital of a LMCT transition, is apparently too high?’ In contrast 
to the mononuclear zinc complexes, related mononuclear cadmium 
thiolates show LMCT transitions in the 240-290-nm as 
the Cd2+ 5s orbital is ca. 1.9 eV lower in energy than the  Zn2+ 
4s orbital.24 Thus, for Zn(SPh)42-, the absorption bands are 
assigned to intraligand transitions, whereas the absorption spec- 
trum of Cd(SPh)42- is ascribed to a composite of intraligand and 
LMCT transitions.” 

The absorption spectrum of Zq(SPh)102- seems also to consist 
of intraligand bands. However, in contrast to the spectrum of 
the mononuclear complex, LMCT bands are assumed to contribute 
to the long-wavelength absorptions. This is not only concluded 
from the emission behavior of the cluster, which is different from 
that  of Zn(SPh),’, but  is also supported by other arguments. 
Furthermore, the absorption spectrum of a related tetranuclear 

(19) Thiophenolate is obtained by deprotonation of benzenethiol with sodium 
hydroxide in CH3CN under N1. 

(20) Bird, B. D.; Day, P. Chem. Commun. 1967, 741-745. 
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(22) Gebhard, M. S.; Koch, S. A.; Millar, M.; Devlin, F. J.; Stephens, P. J.; 
Solomon, E. I. J .  Am. Chem. SOC. 1991, 113, 164Ck1649. 

(23) Carson, C. K.; Dean, P. A. W.; Stillman, M. J. Inorg. Chim. Acfa 1981, 

(24) Moore, C. E. Atomic Energy Leuels; 1971; Vol. 11, pp 128-129; Vol. 
111, pp 60-61. 
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the MLCT emissions is expected as the energy of the ns metal 
orbitals decreases continuously from Zn2+ 4s via Cd2+ 5s to Hg2+ 
6saZ4 

Photodecomposition of Zn(SPh)42- and Zn,(SPh)lo2-. Illu- 
mination of Zn4(SPh)loz- leads to a strong decrease of the ab- 
sorption bands with time (Figure 2). Concommitantly, the 
emission of the complex at 360 nm disappears and a new broad 
luminescence band with a maximum at 355 nm and a shoulder 
at 440 nm is observed (inset of Figure 2). Zn(SPh)42- shows a 
similar photochemical behavior, but it decomposes ca. 10 times 
faster than Zn4(SPh) 102-.30 An explanation for the increasing 
stability from the mononuclear to the tetranuclear complex is, 
presumably, the increasing electronic delocalization, which makes 
bond cleavages within the tetranuclear species less likely. The 
photodecompositions of both zinc benzenethiolate complexes, 
which are unaffected by oxygen, most likely yield the same 
photoproducts, as suggested by the identical absorption and lu- 
minescence spectra observed at long illumination times. 

Analysis of the illuminated zinc benzenethiolate solutions by 
mass spectroscopy suggests the formation of thianthrene, di- 
benzothiophene, and benzenethiol as  photoproduct^.^^ Further- 
more, a superposition of both the absorption and the emission 
spectra of these compounds seemingly fits the absorption spectrum 
(Figure 2, spectrum d) and emission spectrum (inset of Figure 
2, spectrum d) of the photolyzed zinc benzenethiolate complexes. 
The fact that none of these photoproducts contain oxygen is 
consistent with the insensitivity of the photodecomposition of the 
zinc benzenethiolate complexes to oxygen. A solid residue of the 
photolyzed solutions was analyzed for ZnO and ZnS by ESCA 
spectroscopy. Neither possible product was detected. The very 
short luminescence lifetime of Zn4(SPh)lo2- makes a bimolecular 
photoreaction with O2 impossible. Similar results are obtained 
for the corresponding Cd compounds." 

Electroehemieal Study of Zn(SPb)t-aml Zn,(SPh)l,,2-. Cyclic 
voltammetry was carried out with dearated solutions of both 
Zn(SPh)42- and Zn4(SPh)lo2- in CH3CN in order to determine 
their redox potentials. The oxidation of the zinc benzenethiolate 
complexes is presumably sulfur-centered, and the reduction, 
meta l -ce~~tered .~~*~~ Zn(SPh)42- and Zn4(SPh)lo2- display broad 
oxidation waves at 1.08 and 0.79 V vs Ag/AgCl, re~pectively,~~ 
which are both chemically irreversible at all scan rates up to 200 
V s-l. The position of the oxidation peak potential is seemingly 
affected by the complex size; Le., with increasing complex size, 
the oxidation peak potential is shifted to less positive values. A 
similar dependence of the oxidation peak potential on complex 
size is observed for the corresponding cadmium benzenethiolate 
com~1exes.l~ With increasing complex size, the LUMO centered 
at the metal is shifted to lower, and the HOMO located at the 
sulfur ligands is shifted to higher, energies. 

Neither Zn(SPh)42- nor Zn4(SPh),02- displays reduction waves 
at potentials less negative than -2.8 V vs Ag/AgCl. A similar 
behavior is observed for the corresponding mononuclear cadmium 
benzenethiolate complex, but the tetranuclear cadmium species 
shows a reduction wave at -2.47 V vs Ag/AgC1. The fact that 
the reduction of the zinc benzenethiolate complexes occurs at more 
negative potentials than that of the corresponding cadmium 
compounds is consistent with the fact that Cd2+ is reduced at less 
negative potentials than Zn2+.34 
Flectroa Trader to Methyl Vi- Solutions of Zn4(SPh),,2- 

(counterion: Me4N+) and methyl viologen, MV2+ (counterion: 
PP-), exhibit absorption spectra typical of an ion-pair complex 
(Figure 3).35 The broad charge-transfer absorption band which 
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Figure 2. Photolysis of 1.2 X 10" M Zn4(SPh),02-in aerated CHpCN. 
The absorption spectra were obtained after different illumination times: 
(a) before photolysis; (b) after 2 min; (c) after 5 min; (d) after 60 min. 
The inset shows the corresponding uncorrected emission spectra: (a) 
before photolysis (X9); (b) after 2 min (X5); (c) after 5 min (X2); (d) 
after 60 min. Excitation was always at 290 nm. 

zinc-oxo complex, Zn40(acetate)6, shows a LMCT transition at 
216 nm and a corresponding MLCT emission at 372 nm.21 As 
the number of the interacting sulfide and Zn2+ orbitals increases, 
a decrease in the energy of the LMCT transition is expect- 
ed.11,219253 Evidence for this behavior is provided by the pho- 
tophysical properties of the related polynuclear cadmium benz- 
enethiolate complexes, which display a bathochromic shift of the 
absorption onset with increasing complex size.11J7,26 The lower 
limit for this decrease in energy with increasing complex size is 
given by the band gap transition of bulk ZnS (onset of absorption, 
A, = 335 nm),27 which can be considered a LMCT transition, 
since the valence band of ZnS is formed by filled 3p valence 
orbitals of sulfide whereas the conduction band is composed of 
empty Zn2+ 4s  orbital^.^^*^^ 

Luminescence Spectrum and Lifetime of Zn4(SPh)lo2-. Both 
aerated and deaerated solutions of Zn4(SPh),02- in CH3CN show 
a weak luminescence at 360 nm (inset of Figure 1). The quantum 
yield of this emission is determined to 3 X Zn(SPh),2- 
displays no detectable emission. The latter result is in agreement 
with the literature, where no MLCT emission of mononuclear Zn2+ 
complexes has yet been reported.21 

is assigned to 
an (allowed) MLCT transition. An intraligand assignment is less 
likely, since the free ligand does not fluoresce at room temperature. 
The emission is Stokes-shifted from the absorption band at 270 
nm by 9529 cm-l. A considerable excited-state distortion is 
expected to be responsible for this Stokes shift, as the LMCT 
transition leads to the population of metal orbitals with bonding 
character.28 The excitation spectrum of Zn4(SPh)102- does not 
follow the absorption spectrum of the complex, displaying only 
a band at 270 nm. This suggests that the absorption band at 250 
nm has less LMCT character. There is apparently a restricted 
communication between intraligand and charge-transfer states. 

A comparison of the luminescence properties of Zn4(SPh)lo2- 
with those of the analogous tetranuclear cadmium and mercury 

Cd4(SPh)lo2- and H&(SPh)6(PPh3):+, provides further 
information about the nature of the optical transitions involved: 
the emissions of zinc and cadmium complexes at 360 and 500 nm, 
respectively, are assigned to MLCT transitions,17 whereas the 
690-nm emission of the mercury complex is ascribed to a mixture 
of MLCT and metal-centered s - d t r ans i t i~n .~~  A red shift of 

The luminescence of tetranuclear Zn4(SPh) 
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Figure 3. Charge transfer complex of Zn4(SPh)102- (counter ion: 
Me4Nt) with MV2+ (counter ion: P P )  in aerated CH,CN: (a) ab- 
sorption spectrum of Zn4(SPh),2- ( C ( Z ~ ~ ( S P ~ ) ~ ~ ” )  = 3.4 X 10-4 M); (b) 
absorption spectrum of Zn4(SPh)lo2-/MV2+ ( C ( Z ~ ~ ( S P ~ ) ~ ~ ~ - )  = 3.4 X 
lo4  M; c(MV2+) = 1.0 X M). Inset: Benesi-Hildebrand plot for 
Zn4(SPh) 

is not present in either Zn4(SPh)lo2- or MV2+ alone is centered 
at 445 nm.36 The complex formation equilibrium constant and 
the extinction coefficient (at 445 nm) of the 1:l ground-state 
charge-transfer complex are determined to be 2000 f 200 M-l 
and 340 M-’ cm-l, respectively, by applying the Benesi-Hildebrand 
method (inset of Figure 3).37 The formation of a ground-state 
charge-transfer complex with MV2+ showing a similar absorption 
spectrum, but both a higher (by a factor of ca. 2) complex for- 
mation constant and extinction coefficient, is also observed for 
the corresponding tetranuclear cadmium benzenethiolate com- 
plex.” For Zn(SPh),”, addition of MV2+ leads to the formation 
of the methyl viologen radical cation, MV’+, either by thermal 
electron transfer or by reaction of the photoproduct with MV2+.3s 

The transient absorption spectrum of the Zn4(SPh)lo/2-/MV2+ 
charge-transfer complex, recorded immediately after the 30-ps 
laser pulse, shows the reduced methyl viologen, M V ,  absorbing 
at 395 and 605 nm (Figure 4).39 The absorption spectrum decays 
via first-order kinetics back to the baseline, as expected for an 
ion-pair which does not diffuse apart upon charge separation. 
From the decay at 605 nm, a lifetime of 2.0 f 0.4 ns is determined 
for the methyl viologen radical cation (inset of Figure 4). 
Conclusions 

The optical, photochemical, and electrochemical properties of 
a mononuclear and a tetranuclear zinc benzenethiolate complex 

(35) Vogler, A.; Kunkely, H. Top. Curr. Chem. 1990, 158, 1-30. 
(36) The exact positions of the maxima of the CT complexes are obtained 

from the second derivatives of the absorption spectra of Zn4- 
(SPh)la‘!MV2t. 
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4044-4049. 
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Fv 4. Transient absorption difference spectrum recorded immediately 
after excitation (A = 532 nm) of Zn4(SPh)102- in CH,CN with a 30-ps 
laser pulse ( C ( Z ~ , ( S P ~ ) ~ ~ -  = 1.6 X lo-, M; c(MV2’) = 1.0 X 10-1 M). 
Inset: absorbance decay profile at 605 nm. The decay profile was 
analyzed by first-order kinetics, giving a lifetime of 2.0 f 0.4 ns for the 
reduced MV2+. 

are studied. Both Zn(SPh)42- and Zn4(SPh),,Z- show structured 
absorption spectra which are assigned to intraligand transitions 
for the mononuclear complex. The absorption spectrum of the 
tetranuclear species is most likely a composite of both intraligand 
and ligand-to-metal charge-transfer (LMCT) transitions, as 
suggested by its excitation spectrum. The tetranuclear zinc 
complex displays a metal-to-ligand charge-transfer (MLCT) 
emission with a quantum yield of 3 X and a lifetime of 35 
ps. The mononuclear zinc complex does not emit. The photo- 
degradation of both zinc complexes yields thianthrene, dibenzo- 
thiophene, and benzenethiol. Electrochemical studies of the zinc 
benzenethiolate complexes suggest size-dependent oxidation peak 
potentials: with increasing complex size, the oxidation wave is 
shifted to less positive values. For both complexes, no reduction 
waves are observed at potentials less negative than -2.8 V vs 
Ag/AgCl. 

Zn4(SPh),,Z- forms a 1 : 1 ground-state charge-transfer complex 
with the cationic electron acceptor methyl viologen. Excitation 
of the chargetransfer band of this complex with a 30-ps laser pulse 
leads to the formation of the reduced methyl viologen, which 
decays via first-order kinetics. The lifetime of the methyl viologen 
radical cation is determined to be 2.0 f 0.4 ns. 
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