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Light induced charge transfer from nanocrystalline semiconductor particle 

dispersions or films to molecular acceptors forms an integral part of potential or 

emerging energy conversion strategies   and water decontamination strategies. 

Generally these strategies involve semiconductor bandgap excitation, followed by 

charge separation via surface localization and ultimately, interfacial hole (valence 

band) or electron (conduction band) transfer.      Here we describe in preliminary 

terms an alternative direct study of charge transfer between a cadmium-sulfide 

based cluster and a covalently attached molecular acceptor (nitrobenzene).   The 

system examined, Cd4(S-NB)1Q2" (1) (S-NB is the 4-nitrothiophenol anion), is a 

simple derivative of Cd4(SCgH5)1Q2" (2). Synthesis of the latter has been described 

by Dance and co-workers.    '   Cluster 2 (and by inference, 1) is among the 

smallest of several well-defined cadmium/sulfur (thiolate) clusters '   and is the 

smallest to feature the adamantanoid structure of bulk cadmium sulfide. Much of 

the current interest in small clusters centers on optical manifestations of 

"quantum confinement" phenomena, '   where the magnitudes of the phenomena 

are necessarily cluster size dependent. Quantum confinement should also play a 

role in charge transfer (CT) processes. In any case, covalent attachment of the 

acceptor to the cadmium-sulfide cluster leads to intense donor-acceptor CT 

absorption. The high absorption intensity, in turn, provides a basis for weak, but    _ 

detectable, CT emission, and for the exploitation of other informative spectral       ~ "ra-      \ 
O       I 

methods. 

Figure 1 compares electronic absorption spectra for 1 and 2 in MeOH as 

solvent. The pertinent features are (a) a far UV absorption (common to both) that-' • *v 

we assign to overlapping sulfur-to-cad mi urn charge transfer and 
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(nitro)thiophenolate K-K* transitions, and (b) a near UV absorption 0^^ = 376 

nxa), observed only for 1 and assigned as a cluster-to-nitrobenzene charge-transfer 

transition (shown schematically in eq. 1). The extremely large extinction for the 

feature at 395 nm (e = 136,000 M"1cm"1) no doubt reflects both the multiplicity of 

nearly degenerate electron acceptors and the strong pi interaction through the 

benzene thiolate. 

wor 

hu 

NOj 

(1) 

NOj 

The longer wavelength charge transfer assignment has been confirmed via 

electric field effect (electronic Stark effect) measurements    '     on isotropic 

samples in a 1:5 (vrv) CH3CN:methyltetrahydrofuran glass (ca. 77 K). While the 

Stark spectrum in Figure 2 exhibits the expected squared dependence of intensity 

upon field strength, it appears - at first glance - to be dominated by a first 

derivative, rather than second derivative component of the absorbance spectrum. 

(A substantial second derivative component is expected when significant charge- 

transfer effects, and therefore, ground-state/excited-state dipole moment 

differences, exist.) A more thorough evaluation shows that the spectrum is 

actually comprised chiefly of interfering second-derivative components from two 

overlapping electronic transitions. Two charge transfer transitions are, in fact, 

expected based on distinct "bridging" (Cd-SR-Cd) and "capping" (Cd-SR) thiolate 

geometries.53 Quantitative analysis of the Stark experiment is in progress. 

Additional experiments involving normal and resonance Raman scattering 
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(514.5 and 351 nm excitation, respectively) provide specific information about 

vibrations coupled to the charge transfer reaction. From the excitation wavelength 

dependence of the intensity of the scattering spectrum, several modes are clearly 

resonance (charge-transfer transition) enhanced. Analysis of scattering intensities 

(351 nm excitation; instrument response corrected) using time-dependent 

wavepacket propagation methods,    '     yields the estimates for normal coordinate 

displacements (A) shown in Table I.     These displacements are identically those 

15 required in a Franck-Condon sense for cluster-to-nitrobenzene charge transfer. 

Notably, the largest displacements are associated with Cd-S and N-0 stretches. 

Also shown in Table I are estimated contributions by each mode to the total 

vibrational reorganization energy (x^) for reaction 1. 

Figure 3 shows that 1 emits from the cluster-to-acceptor CT excited state, 

with an apparent Stoke shift of 7,000 cm"1. Time resolved measurements (single 

photon counting, based on excitation at 380 nm with the frequency-doubled output 

of a mode-locked Ti:sapphire laser) yielded an excited state decay time of 3.0 ns. 

We have yet to perform fluorescence quantum yield measurements. The yield, 

however, clearly is small. It follows that the decay kinetics must be dominated by 

a nonradiative process - presumably back electron transfer. On that basis, kET(eq 

1) is 3.3 x 108 s"1. 

Electrochemical studies of 1 (cyclic voltammetry) reveal an irreversible 

oxidation at ca. 390 mV and an irreversible reduction at ca. -880 mV. These are 

assigned, respectively, as coordinated thiolate oxidation and nitrobenzene 

reduction. Corresponding measurements for 2 yield only the oxidation wave. For 

both 1 and 2 the expected Cd(II) reduction is evidently obscured by solvent 
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reduction. 

Finally, an alternative view of reaction 1 would be an intraligand charge- 

transfer transition that is simply perturbed by the replacement of the thiol proton 

by a cadmium ion. Indeed, the free thiol (protonated) also exhibits a broad and 

relatively intense near-UV absorbance (\nax = 412 nm). On the other hand, for 

small species such as 1 - where the same atoms play the roles of core (cluster) and 

surface (capping) chalcogenide - the distinction between the two descriptions may 

not be particularly instructive. Clearly, however, for larger clusters of the type 

CdjjS (S-R)z
n" a differentiation between core (quantum confined donor) and 

surface (isolated ligand like) charge transfer behavior is significant. For R = 

benzene, several well defined clusters of larger size are known. '   For R = 4- 

nitrobenzene, however, we have thus far been unable to obtain the next two 

members of the adamantoid cluster series, i.e. Cd-LgS^S-NB)-^4" and C^gS-^S- 

NB)22    (although a somewhat larger cluster, as yet incompletely characterized, 

has been obtained   ). The synthetic difficulties are probably related to the 

diminished Lewis basicity of 4-nitrothiophenolate in comparison to thiophenolate. 

Decreased basicity could lead to incomplete capping (say, for the Cd-^ entity), 

thereby providing a thermodynamic incentive for aggregation and creation of 

clusters larger than those expected from the stoichiometries of the starting 

materials.     In any case, we expect to be able to access intermediate and large 

clusters in a more systematic fashion by replacing 4-nitrothiophenolate with either 

3-nitrothiophenolate or any of several possible nitrothionapthalates. 
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Figure Captions 

1. Electronic absorption spectra for Cd^SCgHg)-^    ( ) and Cd^(S- 

NBj-^o    ( ) in methanol as solvent. 

2. Electronic Stark effect spectrum of 1 at 77 K. 

3. Instrument and background corrected experimental ( ) and 

calculated     ( ) emission spectra for 1 in methanol as solvent. 
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Supplementary Material: Dong I. Yooru Donald. C. Seiraanen. 

Hong Lu. Hui-Jean Liu, Carolyn Moaley, Mark A. Ratner 

and Joseph T. Hupp*. Inorganic Chemistry. 

325 726 

Raman Frequency (cm ) 

Figure S-l.  Instrument-respcnse-ccrrected Raman scattering 

intensities (shaded bars) and calculated Raman scattering 

intensities (solid bars) for 1 based en 351 ma excitation. 



Table I.        Preliminary Structural and Franck-Condon Charge Transfer Data for 

Cd4(S-NB)10 
2- 

Raman shift, cm 

Relative 
scatering 
intensity |A| v'     a 

Avib 

Preliminary 
assignment ,c 

325 0.38 1.9 590 cm'1 vCd-S 

726 0.08 0.4 50 ? 

851 1.00 1.1 500 5j^ Q (symmetric c [eforn 

1089 ~0.4d 0.5d 160d VC-S C0UP^e(i t° vi: 

# 

1113 0.07 0.21 25 VC-N 

1333 6.2 1.6 1800 vN-0 

1571 1.10 0.57 250 v8a: -Q 

2177 0.91 — — combination band 
(851 + 1333) 

2419 0.67 — — combination band 
(1089 + 1333) 

2655 1.74 2v N-0 

a. Single mode contribution to Xyib-  ^. Roth, P.G.; Venkatachalam, R.S.; Boerio, 

F.J.; J. Chem. Phys., 1986, 85, 1150. c. Joo, T.H.; Kim, M.S.; Kim, X. J. Raman 

Spec. 1987, 18, 57.  d. Interference from solvent scattering (CH3OH) precludes 

exact determination of scattering intensity, normal coordinate displacement and 

reorganizational energy contribution. 
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