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We have prepared and characterized photosensitized zinc oxide (ZnO) 
nanoclusters, dispersed in methanol, using carboxylated coumarin dyes 
for surface adsorption. Femtosecond time-resolved emission 
spectroscopy allows us to measure the photo-induced charge carrier 
injection rate constant from the adsorbed photosensitizer to the n-type 
semiconductor nanocluster. These results are compared with other 
photosensitized semiconductors. 

Introduction 

Photosensitized nanoclusters of wide bandgap n-type semiconductors are promising 
systems for efficient solar energy conversion. A photosensitizing dye adsorbed onto 
the surface of the semiconductor can inject an electron into the semiconductor, 
which could possibly be used directly in a solar photovoltaic device or stored in a 
battery. A system design goal is to select a dyehemiconductor pair for which the 
ground electronic state of the dye wi l l  lie in the bandgap between valence and 
conduction bands of the semiconductor, while the excited state of this dye will have 
an energy slightly higher than the sum of the conduction band edge and interfacial 
electron transfer reorganization energies. Several dyes have been used as 
photosensitizers, including organic laser dyes, porphyrin derivatives, and inorganic 
complexes of ruthenium, osmium, and iron. A number of semiconductor materials 
have been studied for this application, including Ti02, Sn02, Sn&, and ZnO. For 
an overview of these studies of dye-sensitized electron-transfer at the electrode 
intedace, we refer to the chapter by 

by Gerischer and Tributsch?** Photosensitizers included riboflavin, eosin, rose 
bengal, rhodamine B, and cyanine dyes. Higher efficiency was achieved in similar 
systems by Tsubomma, et aL6p6 using sintered porous disks of 50. This 
preparation was used in order to achieve a sufficiently high surface coverage of 

Zinc oxide electrodes photosensitized by a number of dyes were fist reported 



adsorbed dye on the ZnO electrode. Similar results using Rhodamine B and RuII- 
polypyridyl dye sensitized sintered-porous ZnO were also reported by Alonso, et d7 
Ti02  has also been extensively used as a photosensitizer, with the first report for 
single-crystal rutile photosensitized by Ru(bpy)$+ and its derivatives given by 
Clark and Sutin.8 A number of researchers have prepared and characterized 
nanocrystalline ZnO, including Spanhel and Anderson: Bahnemann,lO and 
Cavaleri, et al. l1 The results mentioned here provide the foundation for the present 
study. 

A number of different types of photosensitizers for metal-oxide 
semiconductors have been studied, including both organic and inorganic complex 
chromophores. For strong binding between the photosensitizer and the metal-oxide 
semiconductor surface, a carboxylate, phosphonate, or sulfate group on the 
photosensitizer molecule is neededl2-I4. In the experiments presented here, we use 
7-aminOCO~~narin chromophores that have a carboxylate substituent at the 3- 
position. The carboxylate, perhaps in concert with the 2-position carbonyl oxygen, 
binds to one or more metal-cation surface sites. The three coumarins used in this 
study are shown in Scheme I. 

Scheme I: 
CH2CO&l 
I 

Coumarin 343 Coumarin D-1421 Coumarin D-126 

Excited-states of coumarin molecules can be rapidly oxidized or reduced by 
quenchers of the appropriate electrochemical potential. Typical emission lifetimes 
of 3 to 5 118 are shortened to sub-picosecond levels in either case for homogeneous 
solution-phase bimolecular photo-induced electron-transfer. 16J6 Interfacial 
electron-transfer dynamics for cotmarins adsorbed onto semicondudors can also be 
very rapid.l7,l8 The ruthenium dye system used by Gratzel and c o - w o r k e r ~ ~ ~ ~ ~  has 
recently been shown to undergo very rapid interfacial electron-transfer when 
adsorbed onto nanocrys-ine Ti02.20 

several advantages, including very high surface area for binding of photosensitizer, 
and straightforward solution-phase material preparation. The promising efficiency 
of such photoelectrochemical systems depends on very rapid forward electron- 
transfer fkom dye to semiconductor, rapid charge separation, slow back electron- 
transfer, and a large absorption cross-section for the dye at appropriate visible 
wavelengths. A focus of our present work has been to characterize the very rapid 
forward electron-transfer rate. In aqueous photosensitized Ti02 systems, we have 
measured forward photo-induced electron-transfer rate constants greater than 2.5 x 
1013 s-1.18 By comparison, methanol dispersions of photosensitized Ti02 and ZnO 

Use of colloidal preparations of the semiconductor nandusters provides 
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both show reaction rates constants that are substantially slower. For the methanol 
dispersions, the forward electron-transfer rate constants can exceed 1011 s-1. 

illustrated in Figure 1. On the left are closely spaced but discrete energy levels. 
These represent both the valence and conduction bands of the semiconductor 
nanocluster. The levels will be described neither by a continuum, as for a single 
crystal semiconductor, nor by the distinct and broadly spaced exciton levels 
(quantum confined) seen in other smaller diameter nanocrystalline materials such 
as CdS and CdSe. Other energy levels will lie in the bandgap region between 
valence and conduction band edges, including surface states and shallow and deep 
traps. To the right, the energy levels of the photosensitizing dye are indicated. It is 
desirable that the ground state labeled S0,o should lie between the valence and 
conduction band edges. The optical transition energy to an excited state, 
E(&,, -  SO,^) should be substantially less than the bandgap, to avoid optical 
excitation of the semiconductor. There will be some competition between direct 
electron transfer from the dye excited state to the semiconductor and other 
radiative and non-radiative excited state relaxation pathways. Alternative 
relaxation channels include very rapid intramolecular vibrational relaxation and 
inertial solvent relaxation. A more accurate description would have the electron- 
transfer event taking place from any of the dye excited vibrational levels, at any 
point along the solvent relaxation coordinate, into several conduction band levels. If 
the interfacial electron transfer is to be adiabatic, then the vibrationally relaxed dye 
excited state S1,o must have an energy difference relative to the conduction band 
edge greater than the reorganization energy for the interfkcial electron-transfer 
reaction, or 0.1 to 0.5 eV. More detailed discussion of these and other important 
details can be found in the review articles.lP2 

Surface characterization of the binding of photosensitizers to metal-oxide 
surfaces is possible for single crystal sites in ultra-high vacuum (UHV).21 However, 
it is more difficult to determine the binding geometry for the photosensitized 
nanoclwter dispersed in methanol. Evidence &om surface science studies of single 
crystals in UHV reveals that metal oxides, such as ZnO, adsorb an &oxide coating 
via proton dissociation from alcohols. Previous studies on SnS2 sdaces  have found 
that the nature of the photosensitizer adsorption changes with increasing surface 
coverage.= In our own work, a parallel study of the same coumarins used to 
photosensitize Ti02 showed substantially different steady-state and time-resolved 
spectra as a function of surface coverage.18 Also apparent for ZnO is that the Zn2+ 
surface cationic site will bind carboxylic acids as carboxylates under UKV 
conditions.21 Molecular modeling studies indicate that there exist several distinct 
binding geometries for the carboxylated dye on the semiconductor surface. Though 
direct detection of the nature of suxface binding was unavailable from IR spectral 
data for the sols of photosensitized nanoclusters, dried films of Ru(I1) polypyridyl- 
carboxylate dyes adsorbed on Ti02 have previously been shown to have bind with 
both ester-like and chelate carboxylate geometries relative to the Ti4+ binding 
site.* 

configurations that were observed to be feasible during molecular modeling. To 
properly model the surf'e binding, one would have to build a complex model 
incorporating at least two atomic layers at the 2x10 nanocluster surface; 

The general scheme for photosensitization of semiconductor nanoclusters is 

Despite the disclaimers above, we propose examples of four possible binding 
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calculations of the electronic structure of the ground, excited, and radical-cation 
energy levels of the photosensitizer and the band structure of the semiconductor 
(including quantum confinement); the effects of probable methoxide adsorption on 
nearby binding sites; and a realistic model for the solvent. Because such a model is 
presently an intractable computational problem, we instead examined crude models 
for the binding of coumarins D-1421 or 343 on ZnO, and deduced the proposed 
interactions shown in Figure 2. Though aromatic dye chromophores will bind 
directly (but weakly) to the semiconductor surfaces, the strength of the binding 
interaction is greatly increased if a specific chemical interaction between functional 
groups on the photosensitizer and the semiconductor nanocluster surface is used. 
Carboxylate and phosphonate groups have been used previously to tether dyes to 
T i 0 2  and ZnO s ~ r f a c e s . ~ * ~ ~ ~  The coumarin dyes in Scheme I can interact with the 
Zn2+ cation sites on the surface in several ways. Betides a mono-ether type of 
linkage, more likely candidates for surface binding structures include a bridged or 
chelated structure for the carboxylate group, or a bridged or chelated geometry from 
the carbonyl at the coumarin ring 2-position and one of the 3-carboxylate oxygens. 
It is known that the distance between metal atoms on the Zn-atom surface (0001 
face) of ZnO is 3.25 A." The distance between oxygen atoms on a carboxylate group 
of one of these coumarins is about 2.45 
position carbonyl oxygen and a carboxylate oxygen on coumarin 343 or D-1421 is 
about 2.6 A. Given these distances, it seems likely that the chelate rather than the 
bridge structures shown in Figure 2 are more likely. If one of the chelate structures 
is in fact the most stable, this would explain why the third coumarin, D-126, does 
not seem to bind to the ZnO surface: D-126 cannot form the either of the salicylate 
geometries. 

whereas the distance between the 2- 

Experimental 

Materials. Zinc acetate dihydrate (Zn(CH3C00)2.2H20,99.9 8, Wako Pure 
Chemicals), lithium hydroxide monohydrate (LiOHaH20, reagent grade, Wako Pure 
Chemicals), hydrochloric acid (HC1,37 wt. %, reagent grade, Aldrich) were used as 
received. The solvents methanol, acetonitrile, and 2-propanol (spectral grade, 
Aldrich) were used without fiulher purification. Ethanol for the preparation of zinc 
oxide (ZnO) nanocrystallites was purified by fractional distillation just before use. 

The dyes coumarin 343 (laser grade, Acros Organics), 7-diethylamino- 
c 0 ~ - 3 - c a r b o x y h c  acid (D-1421, Molecular Probes Inc.), and 7-dimethylamino- 
couma.rin4carboxylic acid (D-126, Molecular Probes Inc.) were used as received. 

ZnO nanocrystallites were prepared under a dry nitrogen atmosphere 
following the method of Spanhel and Anderson! An ethanol solution (500 ml) of 
Zn(CH3C00)2*2H20 (0.1 M) was placed into a 1-L round-bottom flask fitted with a 
CaC12 moisture trap. The solution was boiled with stirring at 80 "C for 3 h. The 
condensate was collected continuously. After this procedure, 200 ml of reaction 
mixture and 300 ml of condensate were obtained. The suspended reaction solution 
(200 ml) was diluted to yield 500 ml of ethanol solution containing 0.1 M Zn. Then, 
0.07 mol of LiOH.H20 was added to the ethanol solution in an ultrasonic bath at 30 
OC, resulting in transparent ethanol solution of ZnO nanocrystallites. The colloidal 
solution of ZnO nanocrystallites was evaporated at 50 'C and further dried in uacuo 
(ca. 1 mm Hg) at room temperature for 12 h, yielding a white powder of ZnO 
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nanocrystallites. The resulting white powder of ZnO nanocrystallites was well- 
dispersible in dry ethanol and was stable more than 3 days. These results coincide 
with the literature report of Spanhel and Ander~on.~ Concentrations of ZnO 
ethanol dispersions were determined by absorption at 340 nm. 

Apparatus. Absorption spectra were measured at room temperature on a 
Hitachi U-3300 spectrophotometer or a Hewlett Packard model 8452A photodiode 
array spectrophotometer. Emission spectra were measured at room temperature on 
a Hitachi Model 850 fluorescence spectrophotometer or a custom built multi- 
channel spectrophotometer. The excitation source for this latter emission 
spectrometer is from a 10 nm bandpass monochromator-filtered Xe lamp source, 
with fkont-surface fluorescence collection. In this instrument the emission was 
focused into a 0.5 meter focal length spectrometer, with detection by a 1152 x 256 
element liquid-nitrogedthermoelectric cooled CCD detector. Background- 
subtracted spectra were measured for 5 to 300 second accumulation times. High- 
resolution transmission electron microscopy (TEM) images and electron diffraction 
patterns were obtained on a Hitachi H-9000 instrument, operating at 300 kV. 
Small-angle x-ray scattering (SAXS) measurements were carried out at the 
National Synchrotron Light Source, beamline X12B?5 

Electrochemical measurements were carried out using a Bioanalytical 
Systems potentiostat (BAS 100B). Reduction potentials of coumarin dyes were 
measured by cyclic voltammetry in acetonitrile solutions containing 0.2 M of 
tetraethylammonium perchlorate using a glassy carbon working electrode, 
measured versus SCE. 

Ultrafast Spectroscopy. The fluorescence upconversion instrument will be 
described in a future publication.26 The design of the instnunent is nearly identical 
to that constructed by the Maroncelli group, described recently in detail.27 This 
type of upconversion spectrometer with all-reflective fluorescence optics was 
described previously by Rosenthal, et aZ.% Important details of the Brookhaven 
instrument are described below. 

For the upconversion experiment, 10 to 80 mW average power (82 MHz pulse 
repetition fkequency) of second-harmonic laser light (from a Spectra-Physics 
Tsunami fs Ti:sapphire lase) was used to excite the sample at wavelengths in the 
390-425 nm range. A Type I phase-matched nonlinear optical crystal (0.3 mm LBO, 
lithium triborate, or 0.4 mm BBO, meta barium borate) was used for second- 
harmonic generation. Sample solutions were continuously flowed through a 1 mm 
path fused quartz flow cell. The emission was gated with near-Mared pulses at 
the fundamental wavelergth (780-850) nm, by sum-frequency mixing fluorescence 
and laser hdamental  in an angle-tuned, 0.4 mm path BBO nonlinear crystal. The 
upconverted (or sum-frequency) light was detected by a photon counter after 
passing through a 150 mm focal length monochromator (5 nm bandpass), tuned to 
the ultraviolet sum-frequency wavelength corresponding to emission at 425-600 nm. 
The sample was w&ed  with 'magic-angle' polarization (linearly polarized with 
angle 5 4 . 7 O  from vertical) to eliminate polarization anisotropy contributions to the 
emission dynamics. The fluorescence was polarization gated by the BBO crystal to 
detect vertically polarized emission. Accumulation times of 1 to 20 seconddpoint 
were used, with one to four emission transient scans summed to provide the h a l  
raw data set. After each scan, the scanning delay stage was reset to the peak signal 

5 



position, and the signal intensity was checked to verify that the sample had not 
degraded, and that the laser pulse intensity had not changed. 

sum-frequency crystal to phase-match the third-harmonic of second-harmonic 
excitation and the fundamental gating beams at 260-284 nm. The measured third- 
harmonic cross-correlation was in the range 130-160 fs (fwhm), and fit well to  a 
Gaussian function, implying a pulse resolution of 90-115 fs. Nonlinear least- 
squares fitting was done with a program using the Levenberg-Marquardt algorithm, 
where a model function was iteratively convoluted and compared with the raw data. 
Best fits to the data were obtained using sums of exponential functions, where it is 
necessary to consider both rising and decaying components to find the best fit. 

Emission lifetimes of the unbound photosensitizing dyes in solution were 
measured using a time-correlated single-photon-counting (TCSPC) instrument. 
This instrument is similar to a number of others,29 except that femtosecond pulses 
from the Spectra-Physics Tsunami laser at 82 MHz were pulse selected at 4.1 MHz 
using an acousto-optic modulator instead of using a cavity-dumped picosecond dye 
laser. The 4.1 MHz pulse train was frequency doubled using a 1 mm Type I BBO 
crystal, providing << 1 mW of average power. The sample was contained in a 1 cm 
path fused silica cuvette, held in an Acton Research Corp. sample chamber attached 
to their SP-150 spectrometer equipped with a 1200 lindmm grating, for 5 n m  
bandpass. A Hamamatsu R3809-5OU micro-channel plate photomultiplier (MCP- 
PMT) detected the emission with maximum count rates <40 kHz. A Philips 
electronics 695450X pre-amplifier was used, with a 3 dB/18 GHz 50 C2 SMA 
attenuator placed between the MCP-PMT and the pre-amp. A dichroic beamsplitter 
was used to remove the fundamental laser beam, which was then routed through a 
fiber-optic to a Newport D-100 ultrdast photodiode (do0 ps fwhm). EG&G/Ortec 
9307 Piml’iming discriminators were used in both emission and laser pulse signal 
channels. Reverse counting methods were used: the signal from the MCP-PMT 
provided the start signal for the OxfordPTennelec TC864 time-amplitude converter 
(TAC), while the D-100 photodiode signal provided the 4.1 MHz stop signal. The 
histogram of single-photon arrival times was generated by the Oxford PCA- 
Multiport multichannel analyzer. Using non-dairy coffee whitener, the measured 
instrument response is about 45 ps, fwhm. Analysis of the emission decays was 
carried out as for the fluorescence upconversion transients. 

The temporal instrument response function was measured by tuning the BBO 

Results and Discussion 

An atomic level characterization of the adsorbed dye on the ZnO nanocluster surface 
in methanol dispersion is not yet achievable. However, we have characterized the 
ZnO nandusters dispersed in methanol, before photosensitization. Steady-state 
absorption spectra for ZnOMeOH dispersions show an onset at 350 nm (3.54 ev), 
with a peak at 330 nm (3.76 ev). This value of 3.54 eV for the ZnO handgap should 
be compared with the bandgap of single crystal 5 0  at 3.2 eV. These results are in 
good agreement with the spectral characterization of Spanhel and Ander~on.~ In a 
study of the size dependence of electron dynamics in ZnO nadoclusters, Cavaleri, et 
uZ.l1 used the model of to estimate the particle diameter as a function of 
the absorption onset energy. Extrapolating from the Cavaleri, et uZ.l1 m e  for ZnO 
with a 2 eV potential well depth, we find that a diameter of 4 n m  is predicted. 
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Our ZnO nanoclusters have been characterized by TEM and SAXS. TEM 
analysis revealed that ZnO consists of hexagonal ZnO nanocrystallites with a mean 
diameter of 4 nm. The SAXS data are shown in Figure 3. The raw data are shown 
in the top of Figure 3, with a Guinier plot of log intensity versus scattering 
wavevector squared shown in the bottom. A fit to the Guinier equation31 resulted in 
a radius of gyration Rg = 16.6 A. Because the particle size distribution is wide, we 
estimate that this radius has a distribution width greater than 15% of the mean. 
Converting to a particle diameter (&&ere = (5/3)*.5 Rg) we find that the SAXs 
analysis provides a value of 43 & in good agreement with the estimates from the 
Nosaka model and the absorption onset. The Bohr radius for the lowest energy 
exciton in ZnO has been estimated to be 12.5 k32 Thus, for 43 A diameter particles, 
we expect partial quantum confinement, and this is manifested by the blue-shift of 
the bandgap relative to bulk ZnO, vide supra. 

showed that the resulting nanoclusters have the wurtzite structure of bulk ZnO. 
Assuming the bulk density of 5.61 g cm-3 for the nanoclusters, we can deduce a 
number of other important parameters. Comparing the surface area of the 
nanocluster with that of a bulk spherical surface area, we find that the 43 A 
nanoclusters have >160,000 times more surface area. This is an obvious reason why 
photosensitized nanocrystalline materials offer great promise over bulk 
semiconductors, because the available surface area for dye binding is so many 
orders of magnitude larger. 

For the photosensitized nanoclusters, we have estimated the apparent 
association constant for coumarin 343 chemisorbed on ZnO to be Kapp = 1910 M-1, 
obtained from the steady-state fluorescence quenching of coumarin 343 by ZnO. 
This value for Kapp indicates strong binding of the dye to the ZnO surface. We can 
estimate the surface coverage from the relative dye concentrations and the surface 
area per nanocluster. Using the 43 A diameter estimated from the SAXS data, we 
obtain surface areas and volumes per nanocluster of & = 7.9 x 10-13 cm-2 and 
V = 6.5 x 10-20 cm-3, respectively. Using the molecular weight of ZnO (81.37 g 
mol-1) and the bulk density, we find that for a methanol dispersion of 10-2 M 
concentration, we have a ZnO volume of 1.45 x 10-4 cm-3 in 1 cm-3 volume of 
dispersion. Dividing by the volume of a single nanocluster, we find that there are 
3.5 x 1015 nanoclusters in 1 an-3 of dispersion. Assuming 100% binding of the dye 
contained in the dispersion at 104 M concentration, we find 6.02 x 1016 dye 
molecules adsorbed onto 3.5 x 1015 nanoclusters, for an average surface coating of 
17 dyes per nanocluster. Alternatively, we can estimate the fractional surface 
coverage. If we assume one of the salicylate type binding geometries shown in 
Figure 2, we can estimate the surface area covered by a coumarin dye molecule to be 
3.4 A thick for the aromatic ring, and about 8 A across, for a subtended area per dye 
molecule of 2.7 x 10-15 cm-3. Dividing by the surface area of one 43 A diameter ZnO 
particle, and multiplying by 17 dyedparticle, we find that the surface coverage 6 for 
lo4 M dye/ 10-2 M 2x10 would be 8 = 0.06. Our dye concentrations ranged from 90 
to 170 p.M for the optical experiments, so that we were working with surface 
coverages 8 in the range of 510%. 

126 has a substantially different electronic structure than coumarins 343 or D-1421. 

The x-ray analysis of the ZnO preparation done by Spanhel and Andersong 

Electrochemical characterization of the three coumarin dyes showed that D- 
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Quasi-reversible behavior was observed in the electrochemical oxidation of 
coumarins 343 and D-1421 as relatively clean forward and return waves at 0.99 and 
1.20 V, respectively. Reduction of the dyes was irreversible. Although peak 
potentials were measured at -1.45 and -1.40 V vs. SCE in reduction forward waves 
for coumarins 343 and D-1421, reduction return waves were not observed. In the 
system of D-126, oxidation was irreversible (1.04 V), and reduction was quasi- 
reversible (-2.20 V). The direct determination for the redox potential ofexcited state 
to oxidized state of the dye molecules (Us*/s+) was not carried out in this 
experiment. We assumed that the first reduction potentials (US-/S) determined by 
the above electrochemical measurements correspond to Us*/s+ of the dyes under the 
present condition. . 

. To assign the rapid excited state dye processes for the coumarin-sensitized 
ZnO dispersions observed in the femtosecond emission experiment, it is first 
necessary to know the values of the excited state lifetime in the absence of ZnO 
nanoclusters. The TCSPC emission lifetime data are given in Table I. While the 
approximately 4 ns lifetimes for the coumarins 343 and D-126 in methanol are 
unremarkable, the lifetime for the D-1421 dye is a factor of four shorter. This 
indicates that in the free dye some dynamical processes are contributing to the 
relevant excited state dynamics, leading to a more rapid non-radiative decay. 

Table I. Fluorescence lifetimes of coumarins in methanol, measured by time- 
correlated single photon counting (TCSPC). Excitation 406 nm. 

coumarin Emission Emission 
wavelength lifetime 

(-1 (riS) 

343 475 3.74 

D-1421 465 0.985 

D-126 450 4.00 

The time-integrated absorption and emission spectra for the dye/ZnO 
dispersions are shown in Figure 4. For the coumarin dyes 343 and D-1421, there is 
clear evidence of strong surface interaction as ZnO is added to the dye solution (not 
shown). At the concentrations used for the femtosecond emission experiments, 
there is a noticeable blue-shif2 in the absorption spectrum for coumarins 343 (30 
nm) and D-1421(16 nm) in ZnO dispersions. Only a very small shift of 4 nm is 
observed in the D-12-0 dispersion relative to the methanoldye solution. For the 
C343BnO dispersion, emission quenching is clearly observed. Much less 
substantial quenching occurs for D-142UZnO dispersions. A factor of four less 
steady-state quenching would be expected because of the difference in excited state 
Metimes between D-1421 and the other two coumarins, 343 and D-126. Though the 
absorption spectra of D-126 and D-126hO show a much weaker interaction, there 
is an approximate 50% decrease in peak emission intensity for the D-l26/ZnO 
system relative to the free dye solution. Extrapolating the charge carrier injection 
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rate from time-integrated emission studies is likely to  be incorrect, because the 
interfacial electron-transfer is but one of several possible decay pathways for the 
excited state of the photosensitizing dye. If the rates of competing processes are 
substantial, then only a direct measure of the excited state dynamics in the time 
domain will suffice to determine the interfacial electron-transfer dynamics directly. 

The femtosecond time-resolved emission data shown in Figures 5 and 6 
reveal the true excited state dynamics of the dye adsorbed on the ZnO nanoclusters. 
The fs fluorescence upconversion spectrometer has a time window limited to < 1 ns 
because of the travel length of the scanning delay stage. Both long scans (Figure 5) 
and short scans (Figure 6) were measured for the photosensitized ZnO systems. 
The long scans were measured with a data point taken every 3.33 ps, while the 
short scans were measured with 13.34 fs per point. 

In Figure 5 (top), a very rapid decay process in the excited-state of coumarin 
343 adsorbed on ZnO is observed, with a bi-exponential fit giving a long lifetime of 
>6 ns, 43% amplitude, with a short component of 3.65 ps, 57% amplitude. The 
presence of a rapid component is unambiguous, but the fitted value of 3.65 ps must 
be viewed cautiously, because of the 3.33 ps/point data spacing. To characterize the 
rapid dynamics correctly, a scan with more densely spaced time points is needed, 
shown in Figure 6 (top). The results of the fit to this 6 ps window are shown in 
Table 11. A multi-exponential decay for D-1421 on ZnO is observed on the long time- 
scale plot in Figure 5. A best fit with no constrained parameters was obtained, and 
then refined with equally good statistics by forcing the longest decay component 
equal to the value of the excited state lifetime of the free dye in methanol. Again, 
the fit parameters are found in Table 11. The data for D-126 and ZnO nanoclusters 
in methanol is shown in Figure 5 (bottom). The dominant feature of this transient 
is surprising: a long rise-time, not a rapid decay. Careful observation of the data 
reveals a convex, rather than concave curvature to the decay at times fkom 100-900 
ps, indicating that the rise is actually bi-exponential. The long decay time of 1.36 ns 
is a factor of three shorter than the emission lifetime of the fkee dye. The absorption 
spectra and electrochemistry data, combined with the rising emission dynamics 
transient, show that the coumarin D-126 is not acting at all like the ideal 
photosensitizer illustrated in Figure 1 and described in the Introduction. 

Table II. Excited state dynamics of coumarins in ZnO / methanol dispersions, fit to 
a sum of up to three exponential decay components. A negative amplitude Ai 
indicates &I exponential rise rather than a decay. The superscript findicates that 
this parameter was fixed during the fitting procedure to match the measured 
emission lifetime in methanol. 

Coumarin 

343 

A1 

0.1639 

71 (PSI 

0.33 

A2 

0.1494 

22 (PSI A3 73 (PSI 

3.47 0.6867 3740f 

D- 142 1 0.2576 19.6 0.5155 . 196.5 0.2269 985f 

D- 126 -2.852 13.1 -3.076 489.2 1.000 1358.3 
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The ultrafast dynamics of coumarins 343 and D- 142 1 on ZnO are shown at 
high time resolution in Figure 6. In addition to the lifetime of about 3.5 ps, a 
substantially faster lifetime of 330 fs is required to fit the data for coumarin 343 on 
ZnO. No risetime could be fit to this data. This indicates that with our measured 
time resolution, if a dynamic process leading to a risetime were present, it must be 
faster than 25 fs. In contrast, the data for D-1421 on ZnO show the need for a 350 fs 
risetime in the fit, and a 34.9 ps decay (a value in between the 20 and 200 ps time 
constants fit for D-l42l/ZnO in Figure 5, constrained by the 3 ps time window of 
this data set). The risetime is a lag-time prior to interfacial electron-transfer for D- 
1421 sensitized ZnO. It is unlikely that this risetime results from vibrational 
relaxation for coumarin D-142VZnO; coumarin chromophores of similar size have 
intramolecular vibrational relaxation occurring in 4 0  fs.27 A possible explanation 
is that since we are observing the emission dynamics on the red side of the 
spectrum, the risetime could result from dynamical solvation leading to a time- 
dependent fluorescence Stokes shiR. The ultrafast solvation dynamics of a related 
molecule in methanol solution, coumarin 153, have been studied in detail.27928 The 
experimental time correlation function for the energy relaxation occurring as a 
result of fluctuations of the methanol solvent has four exponential time constants: 
30 fs, 280 fs, 3.2 ps, and 15.3 ps. The shortest time constant results from librational 
fluctuations of the hydrogen-bonded hydroxy group. The 280 fs value is assigned to 
collision-induced fluctuations in the solvent. The longer two time constants of 3.2 
and 15.3 ps result from diEusive reorientation of the methanol molecules. All of 
these solvent fluctuation processes are expected to S e c t  rapid electron-transfer 
reactions, though with a different weighting factor than would be observed for the 
free dye molecule. 

We are confident that the very rapid excited-state dynamical processes 
observed in the coumarins adsorbed onto ZnO results from electron-transfer to  the 
ZnO nanocluster. In a number of systems, other organic dye photosensitizers 
adsorbed on ZnO electrodes have produced substantial photocurrent.3" Coumarin 
343 has been shown to be an excited-state electron donor when adsorbed on Ti02 by 
two methods. First, current proportional to light flux is obtained from a coumarin 
343 sensitized Ti02 photoelectrochemical cell. Second, transient absorption 
measurements observe the radical-cation species of coumarin 343.=*% However, we 
note that our assignment of the excited state decay processes for these coumarin 
photosensitized ZnO systems is based on Werence from the prior work; we have not 
yet measured photocurrent or transient absorption from coumann/Z * nO systems. 

' The analysis of the time-resolved emission dynamics provides us with the 
interfacial electron-transfer rate constants. The effective rate constant for electron 
transfer is the inverse of the weighted average lifetime: 

For zno dispersions photosensitized by coumarin 343, we obtain kET = 5.5 x lol l  s-l 
from the 0.33 and 3.47 ps components of the fast decay. The interfacial electron- 
transfer for D-1421 sensitized ZnO is much slower. If we assume that both the 20 
and 197 ps decay components arise from interfacial electron-transfer, then 
kET = 7.3 I 109 8-l. A possible explanation for the substantially slower electron- 
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transfer to ZnO from coumarin D-1421 relative to  343 is that weaker interaction 
between ZnO surface and the dye molecule leads to the interfacial electron-transfer 
described as a non-adiabatic 'normal' Marcus regime photoreaction. 

One factor in understanding the relatively slow interfacial electron-transfer 
in both these cases may be the effect of methanol on the ZnO nanocluster surface. 
Single crystal studies show a range of binding behavior for alcohols, but especially 
methoxide groups attached to the Zn2+ sites on the surfaces.21 Because of the LiOH 
used in the synthetic procedure, we may expect methoxide binding to be far more 
likely than methanol H-bonding. For the case of coumarin 343, we have evidence 
that the dye is tightly bound from the value of Kapp = 1910 M-1. However, the 
likelihood of surface binding methoxide on ZnO in methanol dispersion means that 
the electronic structure of particles may be substantially modified. In 
nanocrystalline systems, such a change of surface structure significantly modifies 
surface electronic structure as well as the energies of whole particle, i.e., band 
structure. The adsorption of negatively charged methoxide should cause conduction 
band edge shift, to negative potential, leading to slower injection. As mentioned in 
the introduction, we find that the charge injection rate to photosensitized Ti02  is 
larger than the rate for injection into ZnO, using the same photosensitizer. 
Redmond, et al. have estimated that the density of states for the conduction band of 
T i02  has been estimated to be 113 times the density of states for Zn0.32 The 
theories of Marcus and Levich describing interfacial electron-transfes would then 
predict faster electron-transfer for photosensitized Ti02  versus ZnO, as observed. 

long been rationalized by si scheme such as described in Figure 1.19p35 Time- 
resolved spectroscopy of the dye sensitizer excited states have been carried out for 
tin disulfide (SnS2). Willig, et al. measured charge carrier injection from cresyl 
violet sensitized SnS2 with a dye excited state decay less than their 10 ps 
instrument-limited response, and assigned this to interfacial electron transfer into 
the SnS2 conduction band.22 A similar explanation was given by Lanzaf'me, et al., 
who used oxazine dye as a photosensitizer for SnS2. Though the excited state decay 
they measured was limited by the 40 ps instrument response, by careful calibration 
of the time versus intensity quenching in this experiment, they estimated that the 
interfacial electron transfer occurred in 40 fs.36 

Very rapid adiabatic interfacial electron-transfer has recently been observed 
for nanocrystalline photosensitized T i02  films or dispersions in at least three 
merent  laboratories. Tachibana, et al. studied the RuII dye used in the successful 
Griitzel-group photocell, adsorbed onto nanocrystalline Ti02 films.2o They observe 
rapid interfacial electron transfer with equally weighted time constants of 0.15 and 
1.2 pa, leading to an effective rate constant of at least kET = 1.5 x 
authors are careful to point out that the 150 fs time constant is instrument limited, 
and that the true rate may be even faster. Rehm, et al. studied coumarin 343 
photosensitized Ti02, dispersed in 95% water/5% acetone solvent, and found an 
excited state decay of <190 fs (instrument limited), corresponding to an adiabatic 
rate constant of kET exceeding 5.3 x 1012 ~-1.l~ We have studied the same three 
mumarins reported on here, adsorbed on 53 A diameter Ti02  nanoclusters in 
aqueous dispersions at pH 4. Our femtosecond emission results show dominant 
rapid decay time constants of 42 fs (instrument limited) and 85 fs, for coumarins 

Rapid interfacial electron-transfer in photosensitized semiconductors has 

s-l. These 
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343 and D-1421, respectively.l* These time constants correspond to adiabatic 
interfacial electron transfer rate constants of at least 2.4 x 1013 and 1.2 x 1013 s-1. 
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Summary and Future Directions 

We find that coumarins 343 and D-1421 successfully photosensitize ZnO 
nanoclusters in methanolic dispersions, but that D- 126 does not. The electron- 
transfer rates are rapid, but indicate an electronic coupling that is between non- 
adiabatic and adiabatic. The similarities between these dyes on ZnO and on Ti02 in 
methanol indicate that a non-alkanol solvent, especially aqueous dispersion, may 
well lead to the type of extremely rapid charge carrier injection dynamics found for 
photosensitized Ti02 in water. The ZnO nanoclusters used in this study were not 
stable in water. However, an alternative preparation by Bahnemam provides 50 A 
diameter wurtzite ZnO nanoclusters that are stable in aqueous dispersion. lo It will 
be of great interest to measure the photo-induced interfacial electron-transfer for 
photosensitizers such as coumarin 343 or RuII-polypyridyl dyes to learn whether 
extremely rapid, adiabatic charge carrier injection becomes possible with aqueous 
nanocrystalline ZnO. 
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Figure Captions 

Figure 1. Diagram of the spherical ZnO semiconductor nanocluster with an 
adsorbed coumarin dye photosensitizer. The semiconductor energy levels are shown 
descriptively at the left. On the right, the relevant energy levels are shown for the 
neutral dye molecule. The optical transition between the ground electronic state 
and vibrationally populated excited electronic state is represented by the vertical 
arrow labeled hv (Si," t  SO,^). The downward vertical arrow represents both 
intramolecular vibrational relaxation and dye-solvent dynamical interactions. The 
dashed arrow in the direction of the semiconductor conduction band represent the 
charge carrier (electron) injection into the n-type semiconductor. 

Figure 2. Models for binding of coumarin oxygens coordinated to Zn2+ cation sites 
on ZnO surface. Other models are feasible in,addition to the four presented here. 

Figure 3. Small-angle x-ray scattering data for ZnO nanoclusters dispersed in 
methanol (not photosensitized). Data were obtained at beamline X12B at the 
National Synchrotron Light Source. Top: raw data of scattered intensity versus 
wavevector q. Bottom: Guinier plot of Ln intensity versus 92. 

Figure 4. Absorption and emission spectra are shown for (top to bottom) coumarins 
343, D-1421, and D-126 in methanol and in ZnO/methanol dispersions. The solid 
lines are for the spectra of coumaridmethanol solutions, while the dashed lines are 
for the coumarins/ZnO/methanol dispersions. Optical pathlength for absorption 
measurements of C343 and D-1421 were 10 mm; for D-l26,2mm. The uncorrected 
emission spectra were measured in 1.0 mm path cells, on the instrument built at 
Brookhaven. 

Figure 5. Longer-time emission dynamics measured by femtosecond fluorescence 
upconversion spectroscopy. Dots are fluorescence upconversion data; fit is a sum of 
two or three exponentials, and residuals for fit are shown above the plot of data and 
fit. 

Top: [C343] = 1.7 x 104 My [ZnO] = 10-2 M methanol dispersion. Excitation 
wavelength 393 nm; gated emission wavelength 480 nm. 
Middle: D-1421]= 9 x 10-5 M; [ZnO] = 10-2 M methanol dispersion. 
Excitation wavelength 393 run; gated emission wavelength 480 nm. 
Bottom: [D-126]=10-* M; [ZnO] = 10-2 M methanol dispersion. Excitation 
wavelength 398 nm; gated emission wavelength 490 nm. 

Figure 6. Short-time femtosecond fluorescence upconversion data. Dots are 
fluorescence upconversion data; third-harmonic cross-correlation (instrument 
response) is symmetric about zero time delay; fit is a sum of three exponentials, and 
residuals for fit are shown above the plot of data and fit. Excitation wavelength is 
393 nm gated emission wavelength is 480 nm. 

Top: [C343] = 1.7 x 10-4 My [ZnO] = 10-2 M methanol dispersion. 
Bottom: [D-1421]= 9 x 10-5 M; [ZnO] = 10-2 M methanol dispersion. 
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