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Abstract: Resonance Raman spectra of adsorbed, semioxidized eosin Y have been obtained following excitation of adsorbed 
eosin Y on colloidal TiO2. In order to provide reference spectra for the surface photochemistry, solution photooxidation reactions 
yielding semioxidized eosin Y (E+) have also been observed. In both cases, an initial 532-nm pulse excites eosin Y, and a 
time-delayed 448-nm pulse generates Raman spectra of E+. The solution-phase E+ spectra vary strongly with solvent composition 
in ethanol-water mixtures. The large relative intensity changes observed suggest that the sensitivity to solvent principally 
reflects changing solvation of the resonant E+ excited state. The surface-adsorbed E+ spectra on aqueous colloidal TiO2 are 
different than aqueous E+ spectra. The observed changes suggest a protonated surface species in a less polar local environment. 

In this paper we attempt to characterize, using time-resolved 
Raman scattering, an adsorbed molecular species created by 
excited-state electron transfer to a colloidal TiO2 particle. We 
wish to chemically identify the intermediate species made by this 
surface reaction and to explore the local environment and possible 
molecular distortion at those surface "sites" where electron ex­
change with the solid is kinetically feasible. 

Above band gap optical excitation of a semiconductor produces 
a mobile hole h+ and electron e" that may oxidize or reduce a 
surface chemical species, as schematically shown in Figure la. 
In a recent paper labeled I we studied four examples of such 
photosensitized redox reactions occurring on the surfaces of TiO2 

and CdS aqueous colloidal particles.1 The Raman spectra of the 
initial chemical intermediates showed no evidence of distortion 
due to prior adsorption of the precursor. In these examples the 
molecular precursor was itself soluble in the aqueous phase and 
adsorbed by electrostatic attraction, or was bound to the surface 
by adsorption of a long hydrophobic hydrocarbon side chain. 

We now study the reverse process illustrated schematically in 
Figure lb: 

E0 + hv — E* — E+ + e-CB(Ti02) (1) 

A photon insufficiently energetic to excite the semiconductor is 
absorbed by a surface adsorbed dye molecule E0. The excited 
molecule E* injects an electron into the semiconductor, leaving 
an oxidized species E+ on the surface. Such sensitized photoin-
jection has long been pursued in order to extend the wavelength 
response of semiconductor electrodes in photoelectrochemical 
cells.2"4 Our example eosin Y on colloidal TiO2 at acid pH, has 
the added feature that the ground electronic-state precursor is 
not soluble in water and thus should be moderately strongly 
adsorbed. To our knowledge this is the first study of sensitized 
photoinjection using time-resolved Raman spectroscopy. Moser 
and Gratzel,5 using transient absorption spectroscopy, have es­
tablished that excited-state e~ transfer does occur in this system. 

Through independent homogeneous photochemical oxidation 
experiments, we find that the resonance Raman spectra of sem­
ioxidized eosin Y, which have not previously been reported, are 
sensitive to solvation and protonation. The spectra are thus a useful 
probe of the local environment in the surface photochemical 
process. 
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Experimental Section 

Our apparatus and techniques have been recently described.6,7 In 
summary, there are two independent NdiYAG lasers operating at 10 Hz 
with pulse widths on the order of 12 ns. The optical pulse from one is 
adjusted to a precise time delay with respect to that of the other. Pulses 
of 532 nm are generated as the second harmonic of the Nd:YAG fun­
damental at 1.064 ^m. Pulses of 448 nm are obtained as the second 
stimulated Raman Stokes shift of the NdiYAG third harmonic (355 nm) 
in high-pressure CH4 gas. We perform a pump-probe experiment, with 
an initial 532-nm pulse creating the excited state and a delayed 448-nm 
pulse generating Raman spectra. The spectra are recorded with a triple 
spectrograph and a Reticon multichannel optical analyzer. The Reticon 
is gated in time to the 448-nm pulse, so that scattering from the sample 
is only collected during illumination by this pulse. The solution flows 
through the optical interaction region so that a fresh solution is illumi­
nated by each pulse pair. 

The TiO2 colloid was prepared by hydrolysis of TiCl4 in the manner 
described by Moser and Gratzel.8 The solution pH was raised to pH as 
2.5 via dialysis, and then ^ 0.07% PVA (M, m 10000, Aldrich No. 
18 463-2) was dissolved to prevent colloid coagulation upon further ad­
justment of pH with NaOH. Colloids of TiO2 concentration both 0.7 
g/L and 1.5 g/L were used with identical results. The data are inde­
pendent of colloid age and of prior degassing with bubbling Ar. The TiO2 

particles are reported to be polydisperse with an average diameter of 90 
A.8 At this effective size, the concentration of crystallites is =*5 X 10"7 

M. The colloid is perfectly clear (non-scattering) to the eye and shows 
no color. The above band gap optical absorption of colloidal TiO2 begins 
near 350 nm. 

Results 

(A) Homogeneous Solutions. In order to provide reference 
spectra for the surface photochemistry we have investigated so­
lution-phase photochemical reactions yielding E+. 

Excited singlet eosin Y in water at neutral pH has a 0.19-ns 
lifetime controlled by intersystem crossing to the triplet, which 
has an intense optical absorption near 580 nm.9-12 The long-lived 
triplet is quenched by ground-state eosin Y (E0), with a small 
fraction of such quenching events yielding semioxidized (E+) and 
semireduced (E") eosin Y absorbing at 460 and 410 nm, re­
spectively. Kasche and Lindquist10 showed that E+ could be 
obtained in high yield by electron-transfer quenching of the triplet 
with Fe(CN)6

3". 
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Figure 1. Schematic diagrams of (a) optical excitation of a semicon­
ductor followed by e" transfer to a surface adsorbed molecule and (b) 
optical excitation of a surface adsorbed molecule followed by e" transfer 
to the semiconductor conduction band. 

WAVELENGTH ( n m ) 

Figure 2. Absorption spectra (2-mm path length) of eosin Y at 6 X 10~5 

M. Solid line: aqueous solution at pH 5.8. Dashed line: adsorbed on 
TiO2 in a colloidal solution at pH 3. Dot-dash line: stabilized by 0.1% 
PVA in aqueous solution at pH 3 (no TiO2). 

Eosin Y at neutral pH is a dianion with an intense visible 
absorption of 515 nm as shown in Figure 2." We excite 
ground-state E0 at 532 nm and probe for E+ with a blue shifted 
pulse at 448 nm. The value of 448 nm is close to the reported 
absorption maximum OfE+ (tm(460) =* 6 X 104 M-1 cm"1),12 and 
absorption by E0 itself is weak here. In general, we depend upon 
the Raman cross-section enhancement which occurs in resonance 
with an electronic transition in order to experimentally detect a 
transient species at very low concentration. 

In Figure 3a we show the 448-nm Raman spectrum of a 2 X 
10~* M E0 aqueous solution (pH 6) taken without a prior 532-nm 
pulse. Two weak E0 lines at 1624 and 1515 cm"1 are observed 

RAMAN SHIFT (cm"1) 

Figure 3. Single pulse Raman spectra at 448 nm: (a) 2X10"4 eosin Y 
in water at pH 6 (b) 5 X 10"6 M eosin Y adsorbed on TiO2 at pH 3; 
448-nm fluence =*0.3 mJ/pulse; (c) as in (b) with 448-nm fluence =1 
mJ/pulse. The two colloidal spectra contain lines from both ground-state 
and semioxidied eosin Y, as discussed in the text. 

Table I. Raman Spectra' 

E0, H2O E0, TiO2 

1625 (3) 1623 (3) 

1515 ±4(1) 1515(1) 

E+, H2O 

1618 (10) 
1591 (10) 

1456»(6) 
1446"(6) 
1322 (3) 
1289 (15) 

E+, ethanol 

1619 (2) 
1593 (10) 

1456»(3) 
1446»(3) 
-1315(1) 
~1287 (0.5) 

E+, TiO2 

1619 ± 4 (2-3) 
1590 (10) 

«1450» (3) 

1320 ±4(1) 

"In cm"1. Estimated relative intensities in parentheses. Accuracy is 
±2 cm"1 unless otherwise noted for very weak lines. 'Indicates two 
overlapping lines. 

on top of moderately strong continuous luminescence that results 
from (weak) excitation of E0 itself at 448 nm. As seen in the 
figure, noise associated with this luminescence13 limits our Raman 
detection sensitivity for E0 (and possible transient species) under 
these conditions. 

If this solution undergoes prior excitation at 532 nm, the 
spectrum is unchanged.14 However, if K3Fe(CN)6 is added, new 
Raman lines develop identical with those shown in Figure 4a. At 
10"2 M K3Fe(CN)6 these lines have reached their maximum 
intensity at a time delay of 50 ns, and are an order of magnitude 
more intense than E0 Raman lines. This new spectrum shows no 
change in shape or decay in intensity for delays out to several 

(13) This luminescence, in the 480-nm region, is blue shifted from the 
vibrational^ relaxed dye fluorescence near 530 nm. We apparently observe 
"hot luminescence" emitted during relaxation of the dye. 

(14) Excitation at 532 nm creates triplet eosin Y via intersystem crossing 
from the short-lived singlet. The triplet, with a transient absorption peaking 
at 580 nm, must have a low Raman cross section at 448 nm. 
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Figure 4. Time-resolved Raman spectra of solution-phase semioxidized 
eosin Y as a function of solvent at neutral pH. In each case the solution 
contains 2 X 10"4M eosin Y and ICT2 M p-benzoquinone. Excitation at 
532 nm (4 mJ/pulse) is followed 50 ns later by a Raman generating 
probe pulse at 448 nm (^0.3 mJ/pulse). 

microseconds, and is independent of pH in the range 5-11. The 
signal is saturated with respect to 532-nm fluence above ^ l 
mJ/pulse; at these flux levels every eosin Y is excited during the 
532-nm pulse. We observe exactly the same behavior at pH 6 
if p-benzoquinone, also a good electron acceptor with EJBQ/BQ"] 
= +0.1 V vs. NHE,15 is added instead of K3Fe(CN)6. 

In view of these observations and the previous transient ab­
sorption experiments, we assign this spectrum to semioxidized eosin 
Y E+. The detected Raman transitions are listed in Table I; we 
searched the region 700-1800 cm"1. As is typical for a ir-ir* 
resonance on an aromatic system, there are strong transitions in 
the regions of the C—C, C = C , and C = O characteristic fre­
quencies. 

This 448-nm E+ resonance Raman spectrum shows a strong 
dependence on solvent. As shown in Figure 4 and Table I, there 
are major changes in relative intensities. For example, the ratio 
R of the intensities of the two strong lines at 1590 and 1618 cm-1 

changes radically in ethanol-water mixtures. In water at neutral 
and basic pH R = 1, and in ethanol .R =* 0.2. Changes in 
frequencies are very small, with the exception of a minor band 
at 1322 cm"1 that shifts about 7 cm"1 to lower frequency in ethanol. 
Similar relative intensity variations are observed in mixed ace­
tone-water solvents. 

In water the highest pATa value, corresponding to protonation 
of the carboxylic group, is 4.47." This pKa shifts to higher values 

(15) Meisel, D.; Fessenden, R. W. /. Am. Chem. Soc. 1976, 98, 7505. 
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Figure 5. Absorption spectra of 10"4 M eosin Y in 1:2 ethanohwater at 
the indicated pH values. 

1200 1400 16OO 
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Figure 6. Time-resolved Raman spectra of semioxidized eosin Y as a 
function of pH in 1:2 ethanol:water. 

in aqueous mixtures and in alcohols. The four solutions in Figure 
4 are sufficiently basic that eosin Y is present as the dianion in 
each case, as determined by electronic absorption spectra. 

If aqueous eosin Y is acidified, precipitation occurs.9 The 
dianion is protonated,11 and the singly charged organic anion is 
apparently not soluble in water. We observe that 10"4 M eosin 
Y in 1:2 ethanohwater does not precipitate when acidified. The 
optical spectrum is constant in the pH range 6-10; it changes below 
pH a:4, as expected for carboxylic protonation,11 as shown in 
Figure 5. Thus, protonated eosin Y at pH 3 is soluble in 1:2 
ethanohwater. If 10"2 M K3Fe(CN)6 is added and the 532-
448-nm photooxidation experiment is performed, the E+ resonance 
Raman spectrum in Figure 6B is observed. This spectrum is 
different than the previously discussed pH 6 spectrum in Figures 
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4 and 6A. The ratio R drops from =*0.55 at pH 6 to ^0 .3 at 
pH 3; R is independent of delay time at both pH values. A large 
change in the Raman spectrum is not observed as the xanthene 
chromophore itself is not protonated. We conclude that at pH 
3 we observe the Raman spectrum of protonated semioxidized E+, 
and that E+ remains protonated on a microsecond time scale at 
pH 3. 

Protonated semioxidized eosin Y has a net charge of zero and 
should be less strongly solvated than E+ at pH 6. It is perhaps 
not surprising then that the Raman spectra shift in the same 
manner as for E+ in less polar solvents (i.e., pure ethanol). 

Resonance Raman spectra combine aspects of both electronic 
absorption spectra and ordinary Raman spectra. The Raman shifts 
are the vibrational frequencies of the ground electronic state, as 
in ordinary Raman spectroscopy. However, the selection and 
relative intensity of modes in the spectra are determined by the 
resonant excited electronic state. In our present case, we see a 
relative intensity change without a frequency shift in the strongest 
lines. This result indicates that the resonance process is varying 
with solvation and protonation. 

The fact that the E+ resonance Raman spectrum is especially 
sensitive to environment and protonation suggests that eosin Y 
may be a useful probe when adsorbed on the TiO2 surface. 

(B) Eosin Y on Colloidal TiO2. As previously described, if 
neutral aqueous eosin Y is acidified (HCl) to pH a*3.5, precip­
itation occurs.9 If 6 X 10"5M eosin Y is dissolved in pH 6 PVA 
stabilized TiO2 colloid, essentially the same electronic spectrum 
is observed as in pure water. Eosin Y resides principally in the 
aqueous phase. If this solution is acidified to pH 3, the eosin Y 
spectrum red shifts (Figure 2) without precipitation. In principle, 
the eosin Y is either adsorbed on the PVA stabilized TiO2 particles 
or complexed with PVA at some distance from TiO2 particles. 

Eosin Y (6 X 10"5 M) in a 0.1% PVA aqueous solution (i.e., 
without TiO2) can also be acidified to pH 3 without precipitation. 
However, this acidic spectrum (Figure 2) is markedly different 
than the corresponding acidic spectrum in TiO2 colloidal solution. 
We conclude that, in the colloid, the eosin Y is actually adsorbed 
on the TiO2 surface, perhaps with nearby PVA. If it were simply 
complexed to PVA, at some distance from the TiO2 these two 
absorption spectra should have been the same. 

The absorption spectrum change which accompanies adsorption 
on TiO2 at pH 3 in Figure 2 is very similar to the spectral change 
accompanying protonation in 1:2 ethanol:water in Figure 6. This 
observation is circumstantial, yet not conclusive, evidence that 
eosin Y is protonated on the TiO2 surface.16 

In Figure 3, the 448-nm Raman spectrum, without prior 
532-nm excitation, of surface adsorbed eosin Y is observed to 
change as a function of 448-nm fluence. At the lowest fluence 
(^0.2 mJ/pulse) at which we can record Raman spectra, two 
lines at 1624 and 1515 cm-1 (previously assigned to E0) are ob­
served. At a factor of ^ 5 higher fluence, three additional lines 
(1590, 1447, and 1318 cm"1) previously assigned to E+ grow in 
intensity relative to the E0 lines." The intial E0 line at 1624 cm"1 

also broadens and shifts 2-3 cm"1 to lower frequency. 
As 448-nm light is (weakly) absorbed by eosin Y, a 448-nm 

pulse can both photolyze E0 to E+ and generate E+ Raman spectra. 
This sequence requires two 448-nm photons, and thus the E+ 

spectra will grow in relative intensity at higher fluences (assuming 
that the photolysis step does not saturate). 

In colloidal experiments involving time sequenced 532- and 
448-nm pulses, we keep the 448-nm fluence at 0.2 mJ/pulse in 
order to minimize photochemistry generated by this pulse. Raman 
spectra generated by this pulse can thus provide a true record of 
the time evolution of transients created by a prior, more intense 
532-nm pulse. 

One further aspect of Figure 3 deserves mention. The intensity 
ratio of E0 Raman spectra to underlying continuous luminescence 

(16) The TiO2 surface has a net positive charge at pH 3, and the eosin Y 
pKz should be lower on the surface than in aqueous solution. 

(17) Although the signal to noise in Figure 3 is not high, this difference 
between low-fluence and high-fluence spectra was systematically observed in 
repeated experiments. 
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Figure 7. Time-resolved Raman spectra of surface adsorbed semioxidized 
eosin Y as a function of delay time. Excitation at 532 nm (»4 mJ/pulse) 
followed by Raman probe pulse at 448 nm (=*0.3 mJ/pulse). 

is lower for adsorbed eosin Y than for dissolved eosin Y dianion 
at pH 6. This implies that eosin Y luminescence has been partially 
quenched on the TiO2 surface. 

Figure 7 shows the Raman spectra observed in two-pulse (532 
and 448 nm) experiments as a function of time delay. These 
spectra can be interpreted as a superposition of E+ and E0 spectra. 
The E+ signal is created by the 532-nm pulse, appears without 
measurable rise time (<5 ns), and decays on a microsecond time 
scale. 

A comparison of 448-nm spectra with and without a prior 
532-nm pulse shows that the absolute magnitude of the E0 con­
tribution to the spectra is essentially unchanged. Thus, the prior 
532-nm pulse, which creates E+, actually converts a negligible 
fraction of E0 to E+ under our conditions. The intensity of the 
E+ signal as a function of 532-nm fluence saturates at about 
==:0.5-l .0 mJ/pulse. Because of the very large eosin Y absorption 
cross section, all ground-state molecules are excited at these fluence 
levels. A smaller fraction are converted to E+ than in the pre­
viously described homogeneous solution oxidation processes, as 
judged by a comparison of E+ and E0 intensities. 

The absolute magnitude of the Raman signals in Figure 7 are 
extremely weak. These spectra are an average of 6000 pulse pairs; 
on the strongest E+ peak at 1590 cm"1 the Reticon count rate is 
0.15 counts/(pulse-channel). The modest signal-to-noise ratio 
achieved limits our ability to detect possible subtle line-shape 
modifications in the E+ spectra. 

Nevertheless R = 7(1590)//(1615) is clearly not 1, as observed 
for oxidation of the aqueous dianion at pH 6 (Figure 3a). In 
Figure 7 the apparent ratio R appears to change with time. We 
believe this occurs because the peak at 1590 cm"1 is entirely E+, 
while the peak in the neighborhood of 1615 cm"1 is a superposition 
of both E+ and E0 peaks. A direct subtraction of a 448-nm E0 

spectrum from Figure 3a yields a E+ spectrum with a small peak 
at 1619 cm"1, with R =* 0.25. This spectrum is close in shape 
to the E+ spectrum in pure ethanol (Figure 4d) and to the pro­
tonated E+ spectrum at pH 3 in 1:2 ethanol:water (Figure 6B). 
There is no evidence, at our present modest signal-to-noise ratio, 
that the E+ spectrum itself changes shape as it decays in time. 

The e"1 decay time is about 2-4 /LIS. In Figure 7, at a delay 
of 5 /us, about two-thirds of the observed E+ is created by the 
532-nm pulse and perhaps one-third by direct 448-nm photolysis, 
as in Figure 3b. The signal-to-noise ratio is not adequate to follow 
E+ kinetics on longer time scales. 
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Experiments with a 461-nm probe wavelength show very similar 
kinetics and spectra to those reported here at 448 nm. Experiments 
with a 395-nm probe pulse yielded no detectable transients. The 
results are consistent with the reported transient absorption of 
E+, which peaks at 460 nm. 

Discussion 
At 5 X 10~5 M adsorbed E0 we calculate that there is a sub­

stantial fraction of a monolayer coverage on the TiO2 particles. 
There are =* 100 E0 per particle assuming an average diameter 
of =̂ 90 A. We excite every E0 with the 532-nm pulses and find 
a low net quantum yield of charge injection into TiO2. 

A theoretical model of Gerischer and colleagues18 predicts that 
the quantum yield of excited-state e" transfer should be near unity 
under typical conditions. These authors call attention to the 
importance of sequential reverse e" transfer in lowering apparent 
quantum yields. On small colloidal particles reverse transfer 
should be an important effect. If a substantial number of e" were 
injected into a small TiO2 particle, the electron-electron repulsion 
and the quantum localization energies would create a high redox 
potential for reverse transfer.19 It may be that each TiO2 particle 
is able to sustain (on a 10"9-s and longer time scale) only a few 
surface E+ molecules. 

The 448-nm TiO2 adsorbed E+ spectrum is clearly distin­
guishable from the unprotonated E+ spectrum in pure water. The 
surface spectrum is very similar to the protonated E+ spectrum 
in the less polar solvent mixture 1:2 ethanokwater and to the 
unprotonated E+ spectrum in pure ethanol. It is likely that the 
surface species we observe is protonated and that the effective 
environment is less polar than pure water. The surface E+ 

spectrum does not evolve in shape, at our present level of signal 
to noise, as it decays on a 10~6-s time scale. This result implies 
that this species remains adsorbed on the surface and decays by 
relatively slow back transfer of the e" from TiO2. 

We do not observe significant E+ Raman frequency shifts, as 
observed in SERS spectra of molecules on metal surfaces,20 for 
example. The limited available Raman data in this manuscript 
and in I show no static distortion of ground-state E+. As previously 
discussed, the change in R ratio implies a change in the excit­
ed-state resonance at 448 nm on the surface and in the mixed 
solvents. We conjecture that this change might be simply a shift 
in the E+ excited-state energy with respect to the 448-nm laser 
frequency. The absorption spectra and excited-state photophysics 
of xanthene dyes are known to be especially sensitive to solva­
tion.21"23 

(18) Gerischer, H.; Spitler, M. T.; Willig, F. Proc. Symp. Electrode. 
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(19) Brus, L. E. J. Chem. Phys. 1983, 79, 5566; J. Chem. Phys. 1984, 80, 
4403. 

(20) "Surface Enhanced Raman Scattering"; Chang, R. K., Furtak, T., 
Eds.; Plenum Press: New York, 1982. 

(21) Martin, M. M. Chem. Phys. Lett. 1975, 35, 105. 
(22) Fleming, G. R.; Knight, A. W. E.; Morris, J. M.; Morrison, R. J. S.; 

Robinson, G. W. J. Am. Chem. Soc. 1977, 99, 4306. 
(23) Cramer, L. E.; Spears. K. G. J. Am. Chem. Soc. 1978, 100, 221. 

Chandrasekaran and Thomas24 have recently observed that 
several aromatic hydrocarbons adsorbed on aqueous TiO2 powder 
suspensions have significantly perturbed electronic absorption and 
emission spectra and excited-state lifetimes. Adsorbed pyrene 
shows no excimer emission, and there appears to be no surface 
mobility on the time scale of the excited-state lifetime. These 
observations indicate significant adsorption effects on excited states 
for the hydrophobic species investigated. 

An interesting experiment of Gerischer and colleagues25 bears 
on the question of the influence of the solvent on such adsorbed 
molecules. The similar xanthene dye rose bengal was adsorbed 
on a ZnO single-crystal electrode in a photoelectrochemical cell. 
The photocurrent action spectra were observed as a function of 
solvent composition and protonation in mixed water-ethanol 
solvents. The spectra changed with increasing ethanol component 
in much the same fashion as the dye absorption spectra did in 
homogeneous solution. Thus, adsorbed rose bengal under Ger-
ischer's conditions remains sensitive to solvent composition. 

In the present experiment, and in I, we observe adsorbed redox 
reaction products in "sites" where the molecular precursor was 
coupled to the surface sufficiently strongly to exchange electrons, 
as in Figure 1. The Raman spectra of semioxidized eosin Y are 
especially sensitive to varying solvation, and we have seen that 
the surface Raman spectra at pH 3 suggest a protonated species 
in a less polar environment than pure water. This is not an 
unreasonable result, and it is important to note that we have not 
observed a "unique" surface distortion that might suggest "specific" 
adsorption (chemisorption). In I, the redox reaction products had 
Raman spectra indistinguishable from the same species in pure 
water. These limited results appear consistent with electron ex­
change with the solid without loss of the molecular solvation shell 
in these cases where there presumably is a favorable alignment 
of the electronic energy levels. 

Conclusions 
The time-resolved 448-nm resonance Raman spectra of solu­

tion-phase semioxidized eosin Y E+ have been observed following 
quenching of excited-state eosin Y by Fe(CN)6

3" or p-benzo-
quinone. The spectra are a strong function of solvent composition 
in ethanol-water mixtures. 

E+ adsorbed on aqueous colloidal TiO2 has been observed 
following optical excitation of adsorbed eosin Y at an energy below 
the band gap of TiO2. E+ appears with a risetime <5 ns and 
decays on a 10^-s time scale. The E+ spectra on TiO2 show 
relative intensity changes with respect to aqueous E+ spectra, in 
a direction suggesting a protonated species apparently in a less 
polar environment. 
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