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Interfacial Charge Transfer and Colloidal Semiconductor Dye-Sensitization: Mechanism
Assessment via Stark Emission Spectroscopy
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Stark emission spectroscopy has been used to assess the nature of light-induced charge-injection processes
occurring at molecular-dye/colloidal-semiconductor interfaces. Experiments reveal that eosin Y injects via a
locally excited (LE) state. Coumarin-343 conceivably may react via an interfacial charge transfer state, although

a simpler explanation centering on an environmentally perturbed LE state also is consistent with the
experimental evidence.

Introduction resolving the luminescence (since CT excited to ground state

Molecule-based sensitization of otherwise transparent, wide relaxation in this context is identical to back electron transfer).
bandgap semiconductors to absorption of visible light is a key ~ While the notion of a third sensitization mechanism is clearly
element of many photoelectrochemical solar energy conversion@Ppealing, the evidence in support of its occurrence in real dye/
(light to electricity) schemek? Typically, sensitization is semiconductor systems is largely circumstantial and arguably
accomplished by exciting the molecular dye to a state suf- OPento alternative interpretation. We reasoned that a particularly
ficiently above the conduction band edge to permit rapid electron direct test of the mechanism would be to measure the electric
transfer to the semiconductor (“injection”). Less commonly, field (i.e., Stark) response of the putative CT emissiot.A
direct photoinjection occurs based on formation of a chro- dominant second-derivative Stark response is the signature of
mophoric donor(molecule)/acceptor(semiconductor surface) @ charge-transfer transition. Furthermore, a quantitative treatment

charge-transfer complex. Examples include categtibigcy- of the Stark signal would be capable of yielding a numerical
anatet and ferrocyanide” on titanium dioxide surfaces. The  estimate of the interfacial CT distance. Here we report on Stark
two possibilities are illustrated in Scheme 1. emission studies of two of six candidate CT systems suggested
in the literature®® eosin Y (1) and coumarin-3432j on TiO,
SCHEME 1
s
Ecp '
&
E dye fuer 1
Tiwi@ colloidal particles. In addition, we describe studies with both
Evp dyes on a surrogate surface (ZjOthat is likely to be
energetically incapable of functioning as an electron acceptor

in the proposed scheme. From the studies reported herein, we

Recently, an intriguing third possibility has been suggestéd. find unequivocal evidence t_hat one of the c_:andidate dyes
Binding of a dye to a semiconductor surface may be ac- behaves inan LE rather than interfacial CT fash|on.Thg s.eco.nd
companied by enough electronic interaction such that the locally dye conceivably could possess CT character, although injection
excited (LE) state of the dye acquires substantial or even Via an environmentally perturbed, but otherwise conventional,
dominant interfacial charge transfer (CT) state character. Many LE state cannot be ruled out.
examples of LE to CT state interconversion exist in the organic
photochemistry literatur®, but to our knowledge the idea is
new in the context of interfacial photo reactions. The scheme Sample Preparation. Titanium dioxidé* and zirconium
has some potentially advantageous features: (1) the injectiondioxide® colloids (10 nm diameter) were prepared according
yield in the direct CT case is necessarily unity, and (2) by to the literature. Eosin Y (sodium salt), coumarin-343 and poly-
deriving the CT transition from a strongly allowed LE transition, (vinyl alcohol) (PVA, My = 50 kD, 99+% hydrolyzed) were
one can expect to obtain much higher absorption cross sectiongbtained from Aldrich and used as received. Ultrapure deionized
than typically found for pure CT transitions. In addition, as Water was prepared with a Millipore Milli-Q system.

Ghosh has note®? if the CT state is luminescent, the kinetics Samples were prepared in PVA films for the Stark emission
of back electron transfer can conveniently be measured by time-Study to provide an optically clear but polar medium at cryogenic
temperatures. Colloid samples (3 g/L) were dissolved in
* Corresponding author. E-mail: jthupp@chem.nwu.edu. ultrapure deionized water, giving a clear solution to which dyes
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were added (x 1075 M for 1, 5 x 107> M for 2). Solutions
were sonicated for one minute, then stirred and gently heated
to ensure complete dye dissolution. The solution pH was
maintained at 2.8 to ensure optimal dye adsorption onto the
colloidal particlest® PVA was then added (10% w/w) in small
increments during vigorous stirring. The solutions were heated
and stirred until the PVA completely dissolved and the solution
was nearly boiling. Films were cast by pouring the mixture into
shallow aluminum dishes and allowing the water to evaporate
in a drying cabinet at ca. 50C. Film thicknesses were
determined by measuring the spacing of IR interference
peakd”18and in all cases were about 1.

Stark Emission Measurements.The protocol for Stark
emission measurements will be described in detail elsewfere.
Briefly, a 2 x 2 cm square of sample film was pressed between
two ITO-coated glass slides with spring clips and heated at 50
°C for 20 min to ensure a good electrical contact. The sample
“sandwiches” were placed in a liquicbimmersion dewar with
optical windows, and an electric field&Exwema typically 2 x
10 V. m™1) was applied. To prevent semiconductor bandgap
excitation,1 and2 were excited at 450 and 400 nm, respectively.
Emitted light was measured through a horizontal polarizer in a
SPEX Fluorolog spectrophotometer using front-face acquisition
geometry. Both the constant and delta emission spectra were
simultaneously recorded with an SRS 850 digital lock-in
amplifier at twice the 200 Hz AC field modulation frequency.
Data were collected at angleg petween the light propagation
vector and electric field of 90and 62.8.1°

Following standard procedurés!8the Stark emission spectra
were fit, after smoothing (necessary, given the low S/N), to a
linear combination of the zeroth, first, and second derivatives
of the unperturbed fluorescence spectrb().
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) Figure 1. Normalized emission spectra of sample-containing PVA thin
Ene (1) films. In all spectra, the solid line is the sensitizer dye by itself, the
dashed line is the dye ZrO; colloid, and the dotted-dashed line is
. o , _ the dye+ TiO; colloid. (a)1, 298 K. (b)1, 77 K. (c) 2, 77 K.
In eq 1,AF(v) is the emission change resulting from the electric

field modulation,Fmax is the maximum intensity of(v), and baseline corrected for stray-light contributions. We also ob-
Eint is the internal electric field experienced by the chromophore served, consistent with prior reports, that for both dyes,TiO
(Eint = f*Eexterna)-2° The coefficients8, andC, provide informa- addition causes the emission quantum vyield to decresse
tion about the changes in polarizability and dipole moment, much so for2 that steady-state emission was only observable
respectively. at 77 K. One interpretation of this result is that rapid LE-state
injection into the semiconductor competes extremely effectively
B, = *,TrAa + (3 cog y — 1)CL,8:Acg — ,TrA0) (2a) with radiative decay. A second explanation is that the excited
state acquires significant interfacial CT character, since CT
C,= |Aull5 + (3cod £ —1)(3cody —1)] (2b)  transitions typically feature larger Franeicondon factors than
LE transitionst! This result often translates into faster nonra-
In eq 2, TA« is the trace of the polarizability change between diative decay rates and diminished emission quantum yields. A
the two states (diagonal componentfa-§ is the component  third explanation, at least foR, is that adsorption at the
of the polarizability change along the transition moments( semiconductor nanoparticle surface facilitates intermolecular
the unit vector) Au is the vector dipole moment change, ahd  associations similar to small-molecule J aggregate fornétion
is the angle between the transition dipole moment AndAt a phenomenon that is known to induce spectral red shifts and,
least five measurements at both investigated angles werein extended oligomeric or polymeric systems, attenuate emission
performed on each of three film samples of each dye/ quantum yield$? A fourth possibility is that the surface
semiconductor colloid combination, fit to eqs 1 and 2, and the environment alters theify of the second dye, changing its state

results averaged. of protonation, and thereby changing both its emission spectrum
. . and lifetime.
Results and Discussion Introduction of ZrQ had little effect upon either the energy

Emission Measurements. Consistent with literature re-  or emission quantum yield fdk (see Figure 1). Because ZrO
ports}-&°we observed substantial absorption and emission red is characterized by a substantially higher conduction band edge
shifts for 2 upon introduction of colloidal particles, but little  than TiG,2® undiminished (and unshifted) emission would be
change forl (see Figure 1). The spectra shown have been consistent with formation of an LE state with an energy less



Letters J. Phys. Chem. B, Vol. 106, No. 20, 2002141

TABLE 1: Stark Emission Results?

a All measurements recorded on PVA films at 77 K. Estimated
uncertainties inAu|+f values, based on replicate measurements, are
+10%.° Emission maximum¢ Product of vector change in dipole
moment and local field correction parametéProduct of the trace of
the change in polarizability and the square of the local field correction
parameter Product of the vector change in polarizability and the square
of the local field correction parametéiEmission too weak to record.

than that of the Zr® conduction band, making injection -15 |
unfavorable. We found that binding @fto ZrO,, on the other -
hand, caused a substantial red shift in emission energy, “
exceeding the red shift caused by FiGimilar behavior has =
been reported by Ghoshf predominantly CT-like excited states ~
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were present on both colloidal surfaces, the more negative band- =) :

edge for ZrQ should have yielded an emission that was blue- é ,_L? 4b o ]
shifted with respect to the emission fré+ TiO,. The reversed 4 o

energy ordering (see Table 1) argues, but does not prove, that % a % E
at least one of the observed emissive states is not CT in rfdture. ST T T T
A further difference for2 + ZrO, versus2 + TiO; is the oL d .
occurrence of less emission quenching for the former. The L ek ]
occurrence of only modest quenching likewise argues against T 2 ]
a CT assignment for photoexcite?l + ZrO, but could be = L

compatible either with J-aggregate formation or with a change g gy 1
in state of protonation, as suggested ab®v@ye 2 is known Q=" ]
to aggregate in watérand both dyes are only sparingly soluble e 6L ]

in aqueous solutions (the medium used for dye loading).
Stark Emission MeasurementsRepresentative Stark emis-
sion spectra fol + TiO, and2 + TiO, are shown in Figures
2 and 3, respectively. The top panel of each figure corresponds Wavenumber / 10° cm™
tothe correcteq field-in.dependent errlliss.ion Spectrgm, while the Figure 2. Stark emission spectra @f+ TiO; colloid in a PVA film.
second panel displays its second derivative. The third and fourth a) Baseline-corrected emission spectrum (smoothed to permit derivative
panels of each contain Stark emission spectra collectgd-at assessment). (b) Second derivative of emission spectrun.=#£c30°
90° and 62.5, respectively. The Stark emission spectra were Stark emission signal (dots) and experimental fit (line).{dy 62.5
fit using eqs 1 and 2. The fits yielded little zeroth derivative Stark emission signal (dots) and experimental fit (line).
component. The average percentages, taking all spectra into
account, for the three components wei@ 2 (zeroth derivative), 1 both injects and emits from a conventional LE state (Scheme
~14 (first derivative), and-86 (second derivative). Note that 1) For dye2, |Au|-f increases by 1.6-A upon attachment to
fits conducted with onlytwo parameters (i.e., omitting thé, TiO,. We conclude that for this system emission conceivably
term in eq 1) produced essentially identical fit parameters for could be occurring from an interfacial CT state of the kind
B, andC,. These findings, along with the similar shapes of the envisioned by Ghosh? although a more prosaic explanation
unperturbed emission second derivative and the recorded Starkentering on aggregatiénor surface environmental effects
SignaL indicate that Changes in the d|po|e moment account for cannot be ruled out. If the SpeCU'ation Concerning interfacial
the majority of the observed signal. Note that because of the CT state formation is correct, then the overall dipole moment
weak emission intensity and resulting low S/N for these change £3.9 eA) between the two colloidal systems can be
measurements, Stark spectral fits (for all samples) were confinedviewed as the effective distance for semiconductor-to-dye back
to the peak region, as indicated in the figures. Table 1 electron transfer (ET). The distance is consistent with back ET
summarizes the Stark parameters obtained for all samples. Infrom a site at the edge of the nanoparticle since the colloidal
the absence of nanoparticles, both dyes display small but finite particles are 10 nm in diameter. The relatively small distance
changes in dipole moment upon excited-state to ground-statecompared to the particle size suggests that back ET occurs via
conversion concomitant with emission. These changes are nota localized trap state rather than the semiconductor conduction
unexpected and simply reflect modest internal charge redistribu-band, which would exhibit a larger ET distance due to the ability
tion associated with LE state relaxation. As shown in the table, of the electron to migrate away in the conduction band from
dye attachment to Zrresults in a modegi\u|-f decrease for ~ the hole on the dye.
both dyes (0.4 and 0.64&, respectively). Neither is consistent
with emission from an interfacial CT state.
Turning to TiQ, the|Au|-f value for dyel exhibits a decrease Mechanisms of semiconductor colloid dye sensitization have
similar to that observed for Zr{attachment. We conclude that  been studied using Stark emission spectroscopy. We believe
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Figure 3. Stark emission spectra @f+ TiO- colloid in a PVA film.

(a) Baseline-corrected emission spectrum (smoothed to permit derivative
assessment). (b) Second derivative of emission spectrum.=%c90°

Stark emission signal (dots) and experimental fit (line). &y 62.5

Stark emission signal (dots) and experimental fit (line).

this is the first application of this technique to interfacial charge-

transfer processe&8.The studies reveal that eosin Y sensitizes

TiO, via injection from an LE state. Coumarin-343, on the other

hand, conceivably may inject from a state featuring significant
interfacial CT character, although a simpler alternative explana-
tion centering on injection from an environmentally perturbed

LE state also is consistent with the experimental evidence.
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