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Photoinduced interfacial electron transfer (ET) from molecular adsorbates to semiconductor nanoparticles
has been a subject of intense recent interest. Unlike intramolecular ET, the existence of a quasicontinuum of
electronic states in the solid leads to a dependence of ET rate on the density of accepting states in the
semiconductor, which varies with the position of the adsorbate excited-state oxidation potential relative to

the conduction band edge. For metal oxide semiconductors, their conduction band edge position varies with

the pH of the solution, leading to pH-dependent interfacial ET rates in these materials. In this work we
examine this dependence in Rg(ICO)CI (or ReC1P) [lp = 2,2-bipyridine-4,4-bis-CHPO(OH)] and Re-
(LA)(COXCI (or ReC1A) [La = 2,2-bipyridine-4,4-bis-CH,COOH] sensitized Ti@and ReC1P sensitized
SnQ nanocrystalline thin films using femtosecond transient IR spectroscopy. ET rates are measured as a
function of pH by monitoring the CO stretching modes of the adsorbates and mid-IR absorption of the injected
electrons. The injection rate to TiQvas found to decrease by 1000-fold from pH® while it reduced by

only a factor of a few to Sngover a similar pH range. Comparison with the theoretical predictions based on
Marcus’ theory of nonadiabatic interfacial ET suggests that the observed pH-dependent ET rate can be
qualitatively accounted for by considering the change of density of electron-accepting states caused by the
pH-dependent conduction band edge position.

Introduction edge, where it is often modeled as an exponential tail for

Photoinduced interfacial electron transfer (ET) between materials with large defe.ct.densi{'i/.Thls dependence IS
xpected to lead to a variation of ET rate with the relative

molecular adsorbates and semiconductor nanoparticles has beef*PE L .
a subject of intense recent interétMany recent studies are position of the adsorbate potential with respect to the conduction
motivated by its relevance to a dye-sensitized solar cell, in which band edge.

the rates of charge injection from a molecular excited state to T'é uglquezfeature é)fzmgta_l (:;]qdz sem:jconductfors, zuc? as
metal oxide nanocrystalline thin films and subsequent recom- |2 SNQ. Zr0Gz, and Zn0, is the dependence of conduction

bination play key roles in determining the device efficieddy. band edge position on the pH of the solution according to the

_li i 3-19
More recently, the connection between ET rate at a molecule Nernst-like equation’
electrode junction and its conductance was also formulated,
suggesting that understanding factors controlling interfacial ET

dynamics can also provide useful insight for designing molecular . S . I
e?/ectronicss.” P g aning The most extensively studied is TiQvhich exhibits Nerns-

A fundamental difference between interfacial and inter-/ ian behavior over a very wide range of pH (log (proton activity)
intramolecular ET is the existence of a quasicontinuum of from __8 to +23), butis indepe_ndent of proton activity b_eyond
electronic states in the solid. The driving force of ET to these h€S€ limitsi® In part on the basis of spectroelectrochemical and
states varies with their energy, covering the normal, barrierless, quartg crystal mmrograwmetrlc studies of nanocrystallinezTiO
and inverted regimes simultaneously for a given adsorbate S1OWing potential dependent proton uptake near aiiathe

potential. In the nonadiabatic limit, the total ET rate is the sum PH dependence appears to be associated with oxidation-state-

of rates of these parallel pathways, giving rise to the dependencedepende”t protonation/deprotonation of Ti(IV/1) surface states.

of ET rate on the density of states (DOS) in the s&iitf. For (Note_that even carefully prepared single crystals necessarily
a semiconductor, the density of conduction band states increaseS§ONtain a finite number of defects and surface states.)
with the square root of energy for states near and above the A second contribution is independent of surface state redox
conduction band edge, and the variation is rapid below the bangPehavior and comes from variation of §urface (.:harge with pH
caused by the H adsorption/desorption equilibrium. The
* Corresponding authors. E-mail: tian@emory.edu (T.L.); jthupp@ Magnitude of this contribution is given by tifepotential and
chem.northwestern.edu (J.T.H.). is typically determined electrophoretically by using metal oxide

T Department of Chemistry, Emory University. i i - i i ibution i
 Department of Ghemistry. Northwestern University. particles in a pH-gradient gé?.The ¢ potential contribution is

s State Key Laboratory for Physical Chemistry of Solid Surfaces, Xiamen 2€f0 at the pH of zero charge (pze;4.5 for titanium
University. dioxide?®2), but can amount to several tens of millivolts a few
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pH units above or below the pzc. Beyond this range, ghe CHART 1: Structures of ReC1A (R = COOH) and
potential becomes pH independent because the surface is eitheReC1P (R= POzH»).
fully protonated (low pH) or fully deprotonated (high pH), i.e.,

the surface charge no longer changes significantly with pH.

While the ¢ potential contribution is comparatively small, it is

important because it can influence the redox potentials of

= Cl
surface-attached compounds via a classic diffuse double-layer ~ lN | _co
. ~;
effect. Redox sites located very close to the surface (or more Rel_
precisely, the outer Helmholtz plane) experience a larger fraction =3 N/ co
of the ¢ potential and so will show a greater variation with pH . J co

than ones positioned further from the interface. Several examples

of variations in redox potentials with pH, near the pzc, have

been reporte@23The most extensive study is one by Gaal and

Hupp, who examined a Tigattached bipyridyl iron(llI/Il)

couple over a 13 pH unit rangé.In agreement with other In this work, we examined the pH dependence of injection

reports?? they observed changes in Fe(l1l/1) potential of about rate in Re(lp)(CO)CI (or ReC1P) [lp = 2,2-bipyridine-4,4-

—17 mV per pH unit for pH values within a few units either bis-CH,PO(OH)] and Re(la)(CO)CI (or ReC1A) [Lx = 2,2-

side of the pzc, but no changes at more extreme pHs. Over abipyridine-4,4-bis-CH,COOH] sensitized Ti@ and ReC1P

broader range, they observed a sigmoidal dependence of redoxsensitized Sn@nanocrystalline thin films (see Chart 1). Unlike

potential on pH that agreed closely with independent measuresthe Ru(dcbpy)(X), complexes examined in the previous study,

of the pH dependence of the Ti@ potential. ReC1P and ReC1A have a GHinit inserted between the
The pH dependence of the conduction band edge is expectedipyridine and the anchoring groups, slowing down electron

to lead to a pH-dependent interfacial electron transfer rate. Earlyinjection rate¥~** In these systems, the100 fs injection

studies of photocurrent in dye-sensitized metal oxide electrodescomponent is negligible and only the slow injection component
show retardation of photocurrent at higher pH, consistent with from the relaxed@MLCT excited state is observed. Furthermore,

a slowing down of injection rate§:2425However, the overall in addition to the IR absorption of the injected electrons, the
cell photocurrent depends on the rates of many processeS’CO Stretching bands of the adsorbate can also be Simultaneously

including both the electron injection from the adsorbate excited Monitored to fully determine the injection rate and yield. We
state to semiconductor and the subsequent recombination of th@bserved a retardation of electron injection rate by 3 orders of
injected electrons with the adsorbate cation, both of which are Mmagnitude from pH 89 in TiO; films, and much smaller
affected by pH, and most likely in different ways, as demon- Vvariation in San!Ims. These dependgnces were compared with
strated in a recent study of porphyrin-sensitized sTi@noc- theore_tlcal _pr_ed|ct|0ns on the basis of Marcus’ theory of
rystalline thin-film electrodé® To clearly understand the Nonadiabatic interfacial ET.

dependence of photocurrent on pH, direct measurements of the

effect on injection and recombination processes are needed. Experimental Section

The effect of pH on back ET kingtics_ in different semicon- Femtosecond IR SpectrometerThe femtosecond IR spec-
ductor/dye systems has been studied in recent yézi5The trometer used in these experiments was based on an amplified
back ET rate was found to be independent of pH for Ry[L) femtosecond Ti:sapphire laser system (coherent Vitesse oscil-
= 2,2-bipyridine-4,4-(CH,PO(OCHCHj),)2] sensitized TiQ lator, Clark-MXR CPA 1000 amplifier, 1 kHz repetition rate at
nanocrystalline systenté However, for another ET system with  gg nm, 100 fs pulse width, 90@/pulse). Briefly, the 800 nm
electrostatically attached Ru and Os bipyridyl complexes on output was split into two beams at 500 and 4@Dpulse,
Sr_Q, back ET rates change with pH, tracking the variation of respectively. The 50@J beam was used to pump an optical
driving force caused by the pH-dependent band é@ijeshould parametric amplifier to generate two near-infrared pulses at
be noted that back ET kinetics is controlled by the rate of ET zhout 1.5 and 1.9im, respectively. These pulses were then
from trap states to the oxidized adsorbate as well as the electronyixed in an AgGascrystal to generate the mid-infrared probe
hopping rate in the nanocrystafs3* While the rate of the ET s at about &m. This probe pulse, with a bandwidth greater
process is expectgd_ to vary sensitively with pH because of itS than 200 cm?, was dispersed into an imaging spectrograph,
dependence on driving force, the effect of pH on the hopping where it was imaged onto a 32-element HgCdTe (MCT) infrared
process is less clear. This complex mechanism may be array detecto?? The amplified outputs of the 32 elements were
responsible for the complex pH dependence in the back ET measured for every laser shdtal kHz repetition rate. Each
kinetics reported so far. element of the array averaged a 5.6érslice of the infrared

The effect of pH on the electron injection processes has alsospectrum so that the total spectral region covered by the array
been examined. Qu and Meyer have shown that pH treatmentwas about 180 cri. The other 40Q:J fundamental beam was
of nanocrystalline Ti@ film affects the injection quantum  attenuated with a variable neutral density filter and frequency
yield.3> More recently, Asbury and co-workers directly measured doubled in a BBO crystal to generate 400 nm pulses. In all the
the pH-dependent injection kinetics in Ru(dchyf}()» [dcbpy experiments presented here, a moving film sample was pumped
= 2,2-bipyridine-4,4-bis-COOH, (X} = 2NCS", 2CN, and using 400 nm pulses, and the subsequent absorbance change
dcbpy] sensitized Ti@nanocrystalline thin filn$é The injection was measured in the 1982200 cn! region. Transient kinetics
kinetics was found to be biphasic with<s100 fs component  traces at 32 probe wavelengths were collected simultaneously,
and a slower nonexponential component. Although it was from which transient spectra at different delay times were
demonstrated that both the amplitude of the fast component andconstructed. The diameters of the pump beam, witt8 LJ
the rate of the slow component decreased with pH, the ultrafastenergy per pulse, and the probe beam were 400 and:80Q0
injection rate and the associated cooling of hot injected electronsrespectively. The instrument response function, i.e., the cross-
have hindered a quantitative examination of the pH dependence.correlation of the pump and probe pulses, was measured in a
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thin CdS film, in which 400 nm excitation led to instantaneous
generation of free carriers that strongly absorbed in the mid-
infrared region. The typical instrument response was well
represented by a Gaussian function with a full-width-at-half-
maximum (fwhm) of less than 200 fs.

Nanosecond Fluorescence Spectrometdfluorescence life-

time measurements were carried out in a home-built fluorescence

microscope. The output of Ti:Sapphire laser (Tsunami, pumped
by Millennia V, Spectra-Physics) at 800 nm (witt50 fs pulse
duration and 80 MHz repetition rate) was frequency doubled
in a BBO crystal to generate 400 nm pulses. After passing a
variable neutral density filter, the 400 nm beam is then sent to
a microscope (1X70, Olympus) and focused by an oil-immersion
objective lens (PlaneApo, 100X, N# 1.4 oil, Olympus) on a
ReC1P/ZrQ (or ZrOy) film coated on a glass slip. The excitation
power was 0.1 nW. The emitted fluorescence was filtered by
an interference band-pass filter (52937 nm, CVI) and
collected by an avalanche photodiode (APD). The APD output
signal was registered by a time-correlated single photon counting
(TCSPC) board (SPC600, Becker & Hickl GmbH), from which
a delay-time histogram of the detected photons was constructed
The instrument response function (IRF) was obtained by
measuring light scattering of a glass slide, which has a typical
fwhm of 450 ps.

Sample Preparations. TiO, nanoparticle thin films were
prepared by following a published procedéfeBriefly, TiO,
nanoparticle colloid was prepared by a controlled hydrolysis
of titanium(lV) isopropoxide in a mixture of glacial acetic acid
and water at 0C. The resulting solution was concentrated at
80 °C, autoclaved at 230C for 12 h, and then stirred for 4
days. A detergent (Triton X-100, Aldrich) was added to the
colloid, and it was further stirred for 5 h. The resulting
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Figure 1. Absorption spectra of (a) ReC1P and ReC1A sensitized TiO
at pH 2 and unsensitized T#Jand (b) ReC1P sensitized Sné&t pH
2—9 and unsensitized Sn@lotted line). The ReC1P/Sn®pectra have
been corrected for Snbsorption to more clearly indicate the peak
position of the sensitizer, which show negligible change from pt9.2

440 480

in a Harrick IR cell with a<10um-thick pH buffer layer
sandwiched between a Gatwindow and the thin film (on a
sapphire window). Because of limited solubility of the ReC1A
and ReC1P complexes in the pH buffer and its small volume,
we estimated that less than 7% of complexes would dissolve
into the buffer solution. The sample cells were scanned rapidly

suspension was spread onto polished sapphire windows andduring measurements to prevent any long-term photoproduct

baked at 400°C for 1 h. ZrGQ nanoparticle thin films were
prepared by using ZrDnanoparticle powder obtained from
Degussa Corporation. Briefl g of ZrQ, nanoparticle powder
was mixed with 4 mL of HO and vigorously stirred for more
than 1 week. The procedure after that, including adding a
detergent, further stirring, and film preparation, was the same
as that for the Ti@films. SnQ nanoparticle thin films were
prepared by using colloidal SpGynthesized according to a
published procedur®:3 Briefly, SnCl, was dissolved in HCI
and then added dropwise into deionized water under vigorous
stirring at 0°C. The pH of the resulting solution was adjusted
to 3.5-4.0 to obtain Sn@nanoparticle precipitate. The pre-

build up. The integrity of the samples was checked byt
(Cary 50 Bio UV~vis spectrophotometer) and FTIR spectra
(Nicolet Instruments) recorded before and after the transient
absorption measurement, which showed negligible degradation
during the course of the measurement. All experiments were
conducted at room temperature.

Results

1. pH Dependence of Photophysic§.he UV—vis absorption
spectra of ReC1A and ReC1P on Tiét pH 2 and ReC1P on
SnG at pH 2-9 are shown in Figure 1a and b. The spectra of
ReC1A and ReC1P in methanol (MeOH) (results not shown)

cipitate was washed and suspended in water by adjusting pHghow a well-defined absorption band centerec~860 nm,

to 9.5-10 before being dialyzed at pH 10 to produce $nO
colloidal solution. The Sn@solution was refluxed and then
heated in an autoclave at 18Q for 1 h and at 270C for 16

h. The colloid was then concentrated and mixed with Triton
X-100 before being cast onto sapphire windows. After they were
dried in air, the samples were baked at 40Cfor 1 h toproduce
nanoporous crystalline thin films.

ReC1P and ReC1A were prepared according to published
procedures84445TiO, (or ZrO, and SnQ) films were immersed
into dye/CHOH solution, resulting in dye/Ti@(or dye/ZrQ
and dye/Sng) films. The sensitized films were then soaked in
pH buffers for more tha 8 h before use, during which small
amounts of dyes desorbed from films. The typical OD of the
adsorbed dye at 400 nm was ©@.4. Buffer solutions used in
the study were HCI adjusted with NaOH for pH 0, and NH
OH adjusted with HCIQ for pH 2—9. All chemicals were
purchased from Aldrich and used without purification. For FTIR

which has been assigned to a metal-to-ligand charge transfer
(MLCT) transition#® Similar peak positions for the MLCT band

in these complexes indicate that replacing COOH with POgOH)
does not significantly affect the electronic structure of the
bipyridine and the Re orbitals involved in the transition. The
lack of sensitivity to the identity of the anchoring groups likely
results from the electronically insulating Gldpacer between
the bipyridine and the anchor. As shown in Figure 1a, for these
dyes adsorbed on TiQtheir absorption is clearly visible at
>380 nm. However, the peaks of the MLCT transition are
hidden by the strong TiPband gap absorption a380 nm,
which hinders a reliable determination of MLCT peak position
in these films.

Because of the higher band gap transition energy in,SinO
has less spectral overlap with the MLCT band of ReC1P and
allows the determination of adsorbate peak position. As shown
in Figure 1b, the MLCT band of ReC1P on Sn€hows no

and transient IR measurement, the sensitized films were sealechoticeable change from pH-2. Their peak positions, centered
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Figure 3. Fluorescence decay of ReC1P/4n@ pH 2 and 8 buffers
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transient absorption spectra of ReC1P/Zin®OpH 2 buffer at different
delay times after 400 nm excitation. Symbols are experimental data
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Figure 2. FTIR spectra of (a) ReC1P/Tiat pH 0-9 and (b) ReC1A/ ; ; ; ;
OIS 2. howny ) COstemg nose ot SIS e 0 be estate, T ot e esioned
The insets show the corresponding spectra containing all three CO, . o y dy . 2 ys
stretching modes in the 185@060 cn? region. talline thin films frqm pH 2-8 by both transient IR absorption
and fluorescence lifetime measurement. Electron injection is not
at ~340 nm, are similar to those in aqueous solution of pH expected in this system because the Zz@nhduction band edge,
2—9 (results not shown). at—1.5V (vs SCE) at pH 2, is-0.8 V more negative than the
The lack of pH dependence of the ReC1P MLCT is in contrast oxidation potential of the excited state of ReC1P+8t7 V vs
to the pH-dependent MLCT band of Ru(dcbg¥CS) reported SCE)® The inset of Figure 3 shows the transient absorption
previously?” A blue-shift of absorption maximum with increas-  spectra of a ReC1P/ZgQilm at pH 2 after 400 nm excitation.
ing pH was observed and attributed to the deprotonation of To avoid complication due to the two overlapping lower-
COOH groups, which led to an increase in energy of the LUMO frequency CO stretching modes, the transient absorption spectra
of the bipyridine ligand, shifting the MLCT transition to higher discussed herein focus on the high-frequency mode2435
energy. Unlike the dcbpy ligand, the\land L, ligands used in cm L. The transient difference spectra consist of a bleach of
the ReC1A (or ReC1P) complexes have Qigacers between the ground-state band at 2035 c¢hmand the corresponding
the COOH (or PGH>) and bipyridine groups, reducing their 3MLCT excited-state absorption at 2060 chi®>*°No oxidized
electronic coupling. As a result, the energetics of the bipyridine peak at~2090 cm! was observed, confirming the lack of
ligand becomes less sensitive to the protonation state of theelectron injection from ReC1P to Zg3*4° Through all time
COOH or PQH; groups. For the same reason, the absorption delays, the bleach size remains constant within experimental
spectra of the adsorbate show negligible shift upon adsorptionerror. The excited-state absorption also remains reasonably
to SnQ. constant, although its peak position blue-shifts and peak width
Figure 2 shows the FTIR spectra of ReC1P/itm pH narrows with time. These dynamics have been observed
0—9 and ReC1A/Ti@from pH 2—8 in the CO stretching mode  previously and were attributed to vibrational cooling and
region. The ReC1P complex shows a stronger binding than changes in solvatiof?.>>%8 The constant bleach and excited-
ReC1A to TiG and is stable over a wider pH range, consistent state amplitude indicates negligible excited-state decay for
with previous experiment&l#8-53 and theoretic&f observations.  ReC1P/ZrQ at pH 2 within 1 ns. Similarly long-lived ReC1P
Under C; symmetry, there are three CO stretching modés: a excited-state behavior is observed for ReC1PAn(H range
(1) at 2035 cm?! and the overlapping symmetric’(2)) and of 0—9.
antisymmetric 4 modes at 1910 cm.5556The peak positions The nanosecond excited-state decay dynamics was measured
shift slightly with pH (less than 7 cm) over pH 0-9, showing by fluorescence decay experiment. Figure 3 shows the fluores-
no obvious trends. The reason for the shift remains unclear. Ascence decay of ReC1P/Z5@lims excited at 400 nm in pH 2
indicated above, the change of protonation state of the dye-and 8 buffers. Because the excited-state lifetimes of ReC1P/
anchoring groups over this pH range has very little effect on ZrO, at pH 2 and 8 are longer than the 12 ns excitation pulse
the energetics of the MLCT transition because of the insulating spacing, the fluorescence signal does not decay to zero before
CH; spacers. Therefore, it is unlikely to be the main reason for the arrival of the next excitation pulse. This leads to the nonzero
the observed shift in CO stretching frequency. A more likely signal beforet = 0. Within the signal-to-noise ratio of the
mechanism may be the pH-dependent hydrogen bonding measurement, fluorescence decay of ReC1R/at(H 2 and
interaction between CO and water. Another interesting pos- 8 seem to be similar and can be fitted by single-exponential
sibility is the effect of interfacial electrical field on the CO decay with lifetimes 0f~28 ns and~24 ns for ReC1P/Zr©at
stretching frequency. At different pH, the surface charge onTiO pH 2 and 8, respectively.
changes, affecting the interfacial potential and its effecton CO 2. ReC1P on TiQ. The transient absorption difference
frequency?’ spectra of ReC1P/Tigat pH 0, 2, and 9 after 400 nm excitation
Before examining the effect of pH on interfacial electron are shown in Figure 4. Similar transient spectra at pH 4, 6, and
transfer dynamics, its effect on the photophysics of these 8 are shown in Figure S1 (in Supporting Information). The
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Figure 4. Transient IR absorption spectra of ReC1P/i®(a) pH 0,
(b) pH 2, and (c) pH 9 buffers after 400 nm excitation. The symbols
are experimental data and lines are fits.

spectra at early delay times 200 fs) resemble that of ReC1P/
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Figure 5. Comparison of the growth kinetics of the IR absorption of
injected electrons (open circles) probed at 2140%camd the oxidized
adsorbate CO stretching peak area~&095 cnt? (solid line) for

ReC1P/TiQat (a) pH 2 and (b) pH 0. Insets show the expanded views
of the comparison in 50 ps.

The peak intensity of the oxidized-state CO stretch band does
not change after 50 ps. These results suggest that injection is
completed within 50 ps, and there is negligible back ET on the
<1 ns time scale. At pH 2, the disappearance of the excited
state and formation of the oxidized peak become slower,
reaching completion at-200 ps. At pH 9, the excited-state
decay and the formation of oxidized peak are not completed
by 800 ps, when there remain®b0% excited-state population.
The electron injection kinetics can be obtained by monitoring
the formation of the broad electron absorption signal of the

ZrO,, consisting of a bleach of ground-state CO stretching band injected electron and/or the growth of the oxidized state of the

at 2035 cnt! and the formation of the corresponding excited-
state peak at 2055 crh The spectra at later delay times show
two additional features: the oxidized peak at 2095 tand a

dye. The electron absorption kinetics is the product of time-
dependent electron population and the absorption cross-section
of electrons in the conduction band. When the electron absorp-

broad absorption by injected electrons. The latter leads to ation cross-section does not change, the growth kinetics of the

uniform increase of absorbance in the whole spectral réhge.

injected electron signal should agree with that of the oxidized

The excited-state CO stretch band is blue-shifted relative to thepeak. The electron absorption kinetics is determined from the
ground state due to the reduction of electron density at the Reabsorbance change at2140 cnt?, where the absorption is

center upon excitation of the MLCT transition. This diminishes
the backbonding from the metal center to ttteorbital of the

solely due to electrons in TEO The formation kinetics of the
oxidized state is obtained by integrating the oxidized-state CO

CO ligand, strengthening the CO bond and increasing its stretch peak area after fitting the peak using a Gaussian function.

stretching frequenc§® 52 Because of mixing between the
bipyridine 7* orbitals and Re d orbitals, the oxidation of the

The kinetics of the electron signal and the oxidized peak for
the sample at pH 2 are compared in Figure 5a. After normaliza-

molecule further reduces the electron density at the metal centertion to the same signal size at 860000 ps, these two kinetics
leading to even greater blue-shifting of the band in the oxidized traces show good agreement, indicating that there is negligible

dye38-40
Electron injection from the excited state of adsorbates te TiO

electron cross-section decay within 1 ns. Good agreements are
found in a similar kinetics comparison of the sample at pt94

leads to a reduction of the excited-state population and a(see Figure S2). Those agreements indicate that either the
corresponding growth of absorption by the oxidized adsorbates electron absorption or the oxidized-state peak area may be used
and injected electrons. pH-dependent temporal evolutions of theto monitor electron injection kinetics into TgOHowever, as
amplitude of the CO stretching bands in the excited and oxidized shown in Figure 5b, the comparison of kinetics traces for the
states of ReC1P as well as the electron absorption signal aresample at pH 0 indicates a clear difference in the200 ps

clearly observed in Figure 4. Under all pH conditions, negligible
oxidized peak amplitude was observed<&00 fs, indicating a

time region. This difference is attributed to the electron
absorption cross-section decay in }jOkely indicating energy

lack of instantaneous injection component that was observedrelaxation of injected electrons. Thus, only the oxidized-state

for RUN3 and derivatives on TiF%6%6°9 This has been
attributed to the insertion of a GHldpacer between the bipyridine

and the anchoring group, which reduces its electronic coupling

with TiO,, slowing down the electron injection ratéAt pH 0,
the excited-state CO stretch band disappears completehbby

kinetics is used to represent the electron injection kinetics at
this pH.

In Figure 6, we compare the electron injection kinetics for
ReC1P/TiQ films at different pH. A small background signal
of TiO; film has been subtracted to give the displayed traces.

ps, with a concurrent appearance of the oxidized-state band.The signal size at different pH has been normalized by the OD
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TABLE 1: Parameters for Multiexponential Fits to and

e

10 Half-rise Times of the Electron Injection Kinetics of ReC1P/
S 0.8 TiO, at pH 0—92
% 06 pHO pH2 pH 4 pH 6 pH8 pH9
2 nlps (A1) 1.5(75) 1.6(32) 3.8(29) 5.7(39) 6.9(20) 6.1(14)
g 04 Tlps (Az) 12 (25) 13(58) 23(40) 53(33) 66(27) 79(27)
2 02 . P:g : P:g rops (A5) N/A 126 (10) 2500 (31) 2800 (28) 5200 (53) 5700 (59)
o - p - p
£ 0 . pH4 + pHO Tyzps 0.8 5.5 17 23 225  >1000

Trel 015 1.0 3.1 42 41 >182

0 200 400 600 800 1000

2 ) I . :
Delay time (ps) 7n and A, (in percentage) are the lifetime and amplitude, respec

tively, of thenth exponential. Half-rise time;,, is defined as the time
Figure 6. Comparison of the electron injection kinetics for ReC1P/ of 50% injection yield.z. is the relative value of half-rise time.
TiO; films at pH 0-9 range after 400 nm excitation. The symbols are
experimental data and the solid curves are best three-exponential fits.

8

of the sample at 400 nm to correspond to the same number of _

absorbed photons. At pH 0 and 2, the signal size reaches its Q 4 © 0.1-0.2ps
. . R (@) v 15-50 ps

maximum value by~50 and~100 ps, respectively, suggesting £ . « 100-200 ps

complete electron injection in those time scales. This is 3 °  400-800 ps

supported by the complete disappearance of the excited-state 0

peak shown in Figure 4. Thel0% difference in the final signal pH 2

size likely reflects the error in the normalization process. The 4

signal sizes are normalized by the number of absorbed photons,
which are calculated from the average OD of the films measured
in a UV—vis spectrometer. However, the transient absorption ~
measurement may sample regions with different OD due to o)
inhomogeneity of film thickness and adsorbate coverage. At E 5
pH 4, 6, 8, and 9, the signal sizes at 800 ps reach ca. 78, 78, 3
56, and 49% of that at pH 0, respectively. Moreover, all four 0
traces appear to continue to grow with time, suggesting that
electron injection continues beyond 1 ns. This is consistent with -5 , . ‘ . ‘
the amounts of excited state that remain in these films at 800 2010 2040 2070 2100 2130
ps, as shown in Figures 4 and S1. Wavenumbers / cm-1

The electron injection kinetic traces in Figure 6 are clearly Figure 7. Transient IR spectra of ReC1A/TiGat pH 2 and 6 after
nonsingle exponential and can be fit by two or three exponential 400 nm excitation. The symbols are experimental data and solid lines
rises in a multiexponential fit. To allow comparison of electron are fits.
injection kinetics at different pH, we assume that complete
injection is achieved in all samples, and their final amplitudes pKa values for the protonation of first and second protons for
are allowed to vary from 0.95 to 1.05 to achieve the best fit. the —COO group of the dcbpy ligand were found to be 3 and
The ~10% uncertainty in signal sizes accounts for sample 1.5%7 pK, values for Ru(bpy)bpy-R-PQH)?" [R = phenyl]
heterogeneity and long-term laser instability. These fits reason-were reported to be 6.3 anel2.707 If the 1000-fold decrease
ably reproduce the injection dynamics. However, because therein injection rate observed in ReC1P/Ti@ dominated by a
are no data points beyond 1 ns, the parameters for the slowpH-dependent conduction band edge shift, then a similar trend
(>1 ns) injection component are not reliable. Therefore, average should be observed in ReC1A. However, if the injection rate
rates obtained by the amplitude-weighted average time constantsghange results from a pH-dependent binding of adsorbates, then
which depends sensitively on the slow components, do not a different trend may be observed. The transient absorption
provide a meaningful comparison of the relative injection fate.  difference spectra of ReC1A/TiGat pH 2 and 6 after 400 nm
Instead, the half-rise timeri,, defined as the time of 50%  excitation are shown in Figure 7. Similar transient spectra at
injection yield, is used to quantify the injection kinetics, because pH 4 and 8 are shown in Figure S3. The CO stretching mode
it can be more reliably determined in these systems. Further-of the complex in ground, excited states, and oxidized form
more, half-rise time can be related to characteristic times evenare similar to that of ReC1P/TiOsystem and have been
for highly non-single-exponential processé8234Parameters  previously assigne# 4 Again, the transient spectra indicate
for the multiexponential fits and half-rise times for samples at that, with increasing pH, the formation of oxidized peak and
different pH values are summarized in Table 1. As the pH the decay of excited state become slower. The injection rates
increases from 0 to 9, the half-rise time for electron injection appear to be significantly slower than those in ReC1P4TAD
increases from 0.8 ps tel ns, slowing down by a factor ofa  pH 2, there remains-20% excited-state population at 800 ps
thousand. It should be noted that the change in injection rate for ReC1A, whereas for the corresponding ReC1P complex, the
from pH 4—6 is very small, as evident by the transient kinetics injection is completed by 200 ps.
in Figure 6 and transient spectra in Figures 4 and S1. Electron injection kinetics traces are constructed from the

3. ReC1A on TiO,. To test the generality of the pH effect, oxidized peak formation and electron absorption signal2t20
we also examined the pH dependence of the electron injectioncm™ and compared in Figure S4. Good agreements between
kinetics in ReC1A on Ti@ As indicated earlier, the excited- these traces were found for all pH values. Only the injection
state oxidation potential of this complex is similar to ReC1P, kinetics traces obtained from the electron absorption signal are
but it has COOH instead of B8, anchoring groups, which  shown in Figure 8, in which the electron injection kinetics of
have different 5 values and binding strength with TiOThe ReC1A on TiQ films at pH 2-8 are compared. They can be

400-800 ps

100-200 ps

0.1-0.2 ps
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Figure 8. Comparison of electron injection kinetics of ReC1A on TiO
films at pH 2-8 probed at 2120 cn after 400 nm excitation. The
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Figure 9. Comparison of electron injection kinetics of ReC1P/gnO
probed at 2150 crt at different pH. The inset shows the injection

symbols are experimental data and the solid and dashed curves argjnetics within 1 ns, indicating some signal decay10%) due to

three-exponential fits.

TABLE 2: Parameters for Three-Exponential Fits to and
Half-rise Times of the Electron Injection Kinetics of ReC1A/
TiO, at pH 2—82

pH 2 pH 4 pH 6 pH 8
m/ps A1) 3.5(44) 7.7(17) 3.2 (11) 12.5(7)
7ps (A2) 39 (33) 68 (29) 95 (35) 382 (20)
73/ps (As) 2570 (23) 1825 (54) 1968 (54) 4500 (72)
712 (PS) 7.9 210 290 >1ns
Trel 1 27 37 >250

a1y, and A, (in percentage) are the lifetime and amplitude, respec-
tively, of thenth exponential. Half-rise time, is defined as the time
of 50% injection yield.z.e is the relative value of half-rise time

well fit by three-exponential rise functions and the fitting

recombination. The symbols are experimental data and the solid lines
are fits using two exponential rise.

TABLE 3: Parameters for Biexponential Fits to and
Half-rise Times of the Electron Injection Kinetics of ReC1P/
SnO, at pH 2—92

pH 2 pH 4 pH 6 pH 8 pHO
71, (A1) 2.0 (66) 2.3(64) 26(8) 4.1(59) 5.3(59)
72, (Az) 18 (34) 21 (36) 23 (42) 49 (41) 59 (41)
Tave 7.5 9.0 11.2 22.5 27.3
Tave-rel 1 1.2 1.5 3.0 3.7
T1/2, PS 2.3 2.8 3.6 7.0 9.5
Trel 1 1.2 1.6 3.0 4.1

a7, and A, (in percentage) are the lifetime and amplitude, respec-
tively, of thenth exponentialz,.e is amplitude-weighted average time
constant as defined in eq 2aerel is the relative average time. Half-
rise time, 12, is defined as the time of 50% injection yielde is the

parameters are summarized in Table 2. Again, because the slowelative value of half-rise time.

component is much slower than the 1 ns observation window,
the amplitude-weighted average lifetime is not a reliable way
to characterize the injection rate. Instead, the half-rise time} (

of the injection kinetics are determined and used to compare
the relative injection rates. Similar to that of ReC1P/7iO
injection rate slows down from pH-28 by a factor of>250. It

is worth noting that the injection kinetics of pH 4 and 6 are
again similar.

4. ReC1P on Sn@. For both ReC1P and ReC1A on TiO
the electron injection rates are sensitive to the pH of the solution.
As we will discuss later, if the dependence is dominated by the
pH-dependent conduction band edge, this sensitivity likely arises
from the proximity of the excited-state oxidation potential with
the conduction band edge, a region with exponential dependenc

of density of states on energy. For an adsorbate with the excited-

state oxidation potential that is significantly above the band-
edge, the injection rate is expected to vary more slowly with
the relative energetics. Unfortunately, because of a limited rang
of sample stability, we cannot extend the above measurement
to lower pH values. Instead, we choose to examine the pH
dependence of the injection kinetics of ReC1P on SriDe

conduction band edge Sa@ about 0.5 V lower than Tig?

allowing the study of pH dependence for accepting states further

above the band edge.

Figure 9 shows electron injection kinetics of ReC1P/SaD
pH 2—9 probed at 2150 cnt after 400 nm excitation. Because
of the much stronger electron absorption cross section in,SnO

obtaining reliable transient absorption spectra of the adsorbate

is difficult. We have previously shown that, for ReCEA

and ReC1B on SnQ, the kinetic traces constructed from the
oxidized peak and injected electron absorption are identical,
suggesting that monitoring the electron absorption signal is
sufficient in this system. The kinetic traces in Figure 9 have

e’ T
&lexponennal fit:

photons. Injection appears to have completed within 300 ps for
all pH, and they reach the same final value of injection yield at
about 300 ps. This is consistent with the transient spectra
observed previously for ReC1P on Sn@hder ambient condi-
tion (exposed to air), in which a complete decay of the excited-
state peak was observed within 300*p%his earlier study also
showed that there was a noticeable decay of the electron signal
at longer delay times due to back electron tran$fesimilar
decays were observed in the current system as shown in the
inset of Figure 9. Because the back ET rate is much slower
than the injection rate, these two steps are reasonably well
separated. Therefore, the injection kinetics in €890 ps region

Jvere fit by multiexponential rise. The time constants and

amplitude for best biexponential fits are shown in Table 3.
Because electron injection is completed within 300 ps, all
injection components are well determined. The amplitude-
weighted average time constants are calculated from the

ave

A, AT,

L A +A,

)

The average injection times and their relative value in
different pH are listed in Table 3. It is interesting to note that,
in this case, the relative amplitude-weighted average injection
times and half-rise timeg{;;) show good agreement with each
other. In this system, the injection rate also decreases from pH
2—9, but overall change is only a factor of 4 insteac~c82
observed for the same dye on RO

Discussion
pH Dependence of ET RateTo understand the observed

been normalized to correspond to the same number of absorbegpH dependence, we compare the experimental results with
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predictions based on Marcus’ theory of interfacial E¥! In E-Ecp (eV)
the nonadiabatic limit, the total electron injection rate from 20 15 10 05 0.0 05
molecular excited state into the nanoparticle can be expressed  10'* — ————————
as the sum of ET rates to all possible accepting states in the 10"
semiconductof 1! For an adsorbate excited state with redox 1013 ,-----...! —_
potential of E(S"/S*) or Eox, the driving force for injection to S 100 =
a semiconductok state atE above band edgeEgg) is AG(E) ~ 102 . <
= (Ecg + E) — E(S'/S*). The total injection rate can be 2 —— =01V \ ) E
expressed as: Py == L=02V % \ 10°
P £10" 5| ——. Lo3V \\ \\\\ g
2T oo | = ——- L=0.4V \ 102 ©
ker ==~ |, dEp(E)(1 — (EE)IH(E)—F——= x D 1010 J| ==+ L=05v AW >
h / ArAkgT 107 == Lo \\,}#‘\ @
2 ® ReC1P/TIO2 Ay 10° o
. _(/1 + AG,+ E) 10° | O ReC1ATIO2 W =]
40k T A ReC1P/SNO2 ‘h}\ 10+
108 T T T r
In eq 3,AGo = Ecg — E(S'/S*); p(E) is the density of states 20 -15 -10 -05 0.0 0.5
(per unit energy) at enerdyrelative the conduction band edge, Ecs-Eoxl€V)

which can include both bulk, surface, and defect stai¢Eg) is

; ; ; igure 10. Comparison of calculated electron injection rate (dashed
the average electronic coupling between the adsorbate excne(fne) as a function ofcs — E(S*/S") and measured electron injection

state anq aI.I semiconductor states at en&iggnd/ is the total rate in ReC1A and ReC1P on Ti@nd ReC1P on Snaat different
reorganization energy. The Fermi occupancy fact(,Ee), pH. The calculated rates were obtained using eq 5 for a range of
which ensures that electron injection occurs only to unfilled reorganization energies (6-D.6 eV) for anatase TiQwith Ho = 100
product states, can be assumed to be 0 for conduction band statesn 2, which leads to the best agreement with the measured values for

in this case. ReC1P/TiQ. The measured injection rates for ReC1P/gsa@l ReC1A/
For TiO, and Sn@, the conduction band states are composed TiO, have been multiplied by a factor of 15 and 11, respectively, to
of Ti+* 3d and Sﬁ+'5$ and 5p orbitals, respectiveyBoth allow comparison on the same curves. A plot of the density of states

. . . in the semiconductor (right axis) as a function of energy relative to the

—PG;H; and —COOH anchoring groups are believed to bind  panq edge (top axis) i(s ghown b)y the thin solid curve.gl’tywas calculated
with metal ions?3 It is assumed that electronic interaction of using eq 7 forA = 100 meV.
adsorbate with the nanoparticle only involves the first metal
ions that are in direct contact with the anchoring group with a presence perturbs the energy of a perfect crystal and the energy
total strength oHo. The electronic coupling of the adsorbate perturbation obeys a Gaussian distribution function. A similar
with a k state in the semiconductor depends on the nature of approach is often used to model amorphous semicondu€tors.
the state and adsorption site’>a detailed description of which ~ We assume that the density of states near the conduction band
awaits future computational studi€sTo give a general and  edge in a perfect oxide crystal can be described by:
qualitative description, it is assumed that the average electronic
coupling is independent of the energyko$tates and the density
of electron-accepting states is given by the total density of states.
We definepo(E) as the density of states per unit energy within
the average volume of a metal centés, which is calculated where m* is the effective mass of electrons in the conduction
by dividing the unit cell volume by the number of metal centers band. The density of states in nanocrystalline films can be
in it. (Average volume of a metal center instead of volume of modeled as:
a unit cell is used for comparison because the latter contains L
different number of metal centers in anatase and rutile crySjals. _ [ ' —(E—E)¥2A%
In a nanoparticle wittN metal centers, the total density of states polB) = ﬁ’ Poe(E )A@ © dE 0
should scale withN, while the square of electronic coupling
strength per state should depend inverselyNof§ Inclusion of defects leads to negligible change of state density
above the band edge, but creates substantial density of states
below the band edge that decayed roughly exponentially
(9(E)~e2E-B). The decay rate decreases (extending further

s 1. (4) below the band edge) with increase in the width of the Gaussian

IRE)I" = {IHdl distribution. Shown in Figure 10 is a curve calculated with the
width of the Gaussian distribution function,, of 100 meV.

Within these assumptions, the total injection rate is independent This width was chosen such that the calculated ET rate below

on) 32
poc(E) dE = VgV ECE ©)

p(E)E = N* po(E)dE

of particle size and can then be expressed as: the band edge agrees with the measured data, as will be

discussed later. The corresponding density of states decay

Ke zz_nf” dEp,(E)[H |2 1 « roughly exponentially below the band edge with an decay
T hJ-e 0 0 \/W constant o = 15 (eV) 1, similar to those used to model defect

state densities of Ti© nanocrystalline electrodes in other
Studie§1,32,77,78
This equation predicts that injection rate depends sensitively
on the electronic coupling strength, the density of states per
For most metal oxide nanocrystalline thin films, their density unit volume in the solid, and the relative position of adsorbate
of states shows an exponential tail below the band é&ge’.78 potential and band edge. Shown in Figure 10 are the calculated
To model this defect density of states, we assume that theirinjection rateket as a function oEcg — E(S/S*). The injection

2
. p[_(/l + AG, + E) ©

42k T
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rate increases when the adsorbate excited-state oxidation 101
potential lies further above the conduction band edge. The
variation is slow high above the band edge, but is nearly 1012 - gy

exponential near the band edge, reflecting the energy-dependent
density of states in semiconductor, which is also shown by the
thin solid line. Similar trends are observed for reorganization
energy from 0.1 to 0.6 eV, although for a givEas — Eox
value, the injection rate decreases with reorganization energy
when Epx is nearEcg. The dependence on the reorganization
energy becomes negligible whétpy is over 1 V above the

1012 ]

ET rate (1/S)
S

1010 +

band edge. 10° || ® ReciP

To compare with the experimental data, the total coupling O ReC1A
strengthHo is varied until the calculated rates are in best P16 R A e S B
agreement with the measured values. Other parameters are 20 45 10 05 00 05

determined by the nature of the semiconductor; we have used
Vo = 34.9 and 35.8 A3 76andm* = 10 and 0.3rs#%8L (my is
the mass of free electron) for anatase F&hd rutile Sn@ Figure 11. Comparison of calculated electron injection rate (dashed
respectively. The slope of the density of states below the bandline) as a function oEcs — E(S*/S*) and measured electron injection
edge, which determines how ET rate varies with energy in this rate in ReC1A and ReC1P on TiGt different pH. The rates are
region, is determined largely by the width of the Gaussian calculated using eq 5 for a range of reorganization energies-(041
distribution function used in eq 7. A best fit of the data for Xt);t;ES db\?vftthﬁsf’{g% Zﬁgzlgim’aiggsgg{ivzfmp and ReC1A were
TiO; leads to a width of 100 meV. The measured injection rates o » Fesp Y-
are plotted against the valuesEfs — E(S/S*), with the pH-
dependenEcg position given by eq 1 anB(S"/S*) = —0.7 V ReC1P and ReC1A (from which the excited-state potentials can
(vs SCE)®4° For ReC1P/TiQ, the best agreement with the  pe calculated) are not easily determined, especially when surface
measured value is achieved withavalue of about~100 cn™. attached, because of rapid (on an electrochemical time scale)
To compare the pH dependence of ReC1ALT#dd ReC1P/  decomposition of the oxidized species, inherently unstable “19-
SnG; on the same calculated curves, the measured injection ratesslectron” organometallic species. A reasonable guess, on the
in these systems were multiplied by a factor of 11 and 15, pasis of measurements with related compounds, would &
respectively. These scaling factors, which reflect the difference to —20 mV per pH unit for TiQ. This would result in a
of injection rates for the same sensitizer on different metal oxides somewhat smaller change Bfg — Eox (40—45 mV/pH) and
and between different sensitizers on the same substrate, will bea weaker pH dependence for the ET rate. For Snibe
discussed later. dependence of the potential on pH is minimal between 9 and
As shown in Figure 10, the electron injection rate is strongly about 4, but the potential shifts in the positive direction as the
pH dependent for ReC1P and ReC1A on 7iBut weakly pH pH moves below 4! Consequently, the redox potentials for
dependent for ReC1P on Sp@or ReC1P/TiQ and ReC1A/ dyes attached to tin oxide should be less sensitive to pH than
TiOy, increasing pH from 0 to 9 changes thes — Eox value those on TiQ, except at the lowest pHs. It appears that the
from —0.3 to+0.23 V, suggesting that accepting states are near primary effect of pH upon the injection kinetics comes from
and below the band edge. ET in these systems falls in a rangethe shift of band edge with pH.
in which electron-accepting state density changes sensitively The observed pH dependence of electron injection rate of
on the pH-dependent band edge. For ReC1P onpSvégause  ReC1A and ReC1P on Tids consistent with a previous report
of the ~0.5 V lower conduction band edge, ti@s — Eox for RuN3 and Ru(dcbpy)on Ti0,.36 In these systems, the
value varies from-0.8 V at pH 0 t0—0.37 V at pH 9, indicating  injection dynamics were biphasic with<L00 fs fast component
ET to states above the band edge. In this case, energetic Changgnd slower Components_ |ncreasing pH from 2 to 8 led to a
has a relatively small effect on electron-accepting state density decrease of the amplitude of the fast component and the rate
and ET rate. It appears that in all three systems, covering athe slow components. Similar pH and cation dependence of
change ofEcg — Eox value from—0.8 t0+0.23 V, the effect  injection dynamics have also been reported by other gr&dps3
of pH on electron injection rate can be qualitatively understood Electron injection rate in RuN3/TiQwas shown to increase in
by considering the effect of pH on band edge position and the sojution with higher Li cation concentration due to ti
corresponding electron-accepting state density in the semicon-dependent conduction band edge positfdbhwas also observed
ductors. that an increase of cation and proton concentration reduced
Although the above comparison is suggestive of the dominant luminescence quantum yield of Ru dye-sensitized, Tilhs,3582
effect of pH-dependent band edge on injection rate, other factorssuggesting faster injection rates under those conditions.
should also be considered. It is unclear how electronic coupling  Anchoring Group Dependence As shown in Tables 1 and
strength varies with pH. Binding constants of these complexes 2, the injection rates to Tifrom ReC1P are faster than those
decrease when pH is below?2 or above~9 in both TiG, and from ReC1A at the same pH. For these systems at the same
SnG;, indicating a nonmonotonic dependence of binding pH, the values ofcg — Eox and A are similar and the rate
constant on pH. The dramatically different pH effect on ET (ifference can be attributed to variation in electronic coupling
rate on Sn@ and TiG, suggests that variation of coupling  strength. The best fit of these rates using eq 5 leat talues
strength with pH is not sufficient to account for the 1000-fold of 100 and 30 cm! for ReC1P and ReC1, respectively (Figure
change of injection rate observe on FiO 11). This result indicates that anchoring groups can have a
In addition to band edge, pH-dependent surface charges carsignificant effect on the interfacial ET rate. It should be noted
also affect the adsorbate redox potential, as discussed &Gve. that a large effect of anchor group on molecular conductance
The pH dependences of the ground-state oxidation potentialswas pointed out in a previous theoretical stdély.

E.gEox(eV)
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1074 ratio predicted heré85Recent experimental results from our
group also indicated that using organic dyes with an oxidation
1013 ‘---"""“"'-qa potential more negative thanl V (vs SCE), such as coumarin
i 343, electron injection rate to Tigds more than 10 times faster
@ 10" fromiiiiinn, \ than that to Sn@?®
= ”M_A, It is evident from the above comparisons that the model
,3 10" 4 k described by eq 5 provides a useful way to understand the
= dependence of injection rate on pH, anchoring group, and
W 10" 5 semiconductor. It should be emphasized that this simple model
- involves many assumptions that should be further tested. The
10° : ;'%22 essential feature of the model is that the relevant density of
- " electron-accepting states has a dependence on energy similar

j ' T to the bulk density of states, exhibiting a slowH?) increase

20 15 10 05 above and an exponential variation below the conduction band
Ecg-Eox(eV) edge. This is likely a reasonable qualitative description of DOS

Figure 12. Comparison of calculated electron injection rate (dashed shape near the band edge for many semiconductor nanomaterials

line) as a function oEcs — E(S*/S*) and measured electron injection  that are not in the quantum-confined size regime. However, the

rate in ReC1P on TIQind SnQ at different pH The rates are calculated quantrtatlve DOS Va'ue given by eq 4 |S ||ke|y not accurate. As

using eq 5 for a range of reorganization energies{0.24 V). The ; ;
best fits to the measured values for Fi@hd SnQ were obtained with a result, the value oRlp obtained from the fit should be only

Ho = 100 and 350 crri,, respectively. considered as approximate.

Conclusion

These anchoring groups differ in both the binding strength  photoinduced electron injection from ReC1A to i@nd
to surfacé’4¢-53 and electronic structur®:>* Stronger binding ReC1P to Sn@and TiQ, were measured as a function of pH.
of phosphonate to Tipthan the carboxylate anchoring group For ReC1P on TiQ injection rate changed by 3 orders of
has been observed in experimént§>% and confirmed in magnitude from pH= 0—9. A similarly sensitive dependence
computational modelingt A recent periodic hybrid HF-DFT  on pH was also observed for ReC1A/Ti®or ReC1P on Snd
study of HPQH, and HCOOH on anatase Ti@101) surface the injection rate varied by a factor of 4 from pH8, showing
has found the binding energy in the former to-b20 kcal/mol a much smaller pH dependence. By comparing with Marcus’
larger>* An atomic-level understanding of how these differences theory of interfacial ET, the pH dependence can be accounted
in the anchoring group affect electronic coupling awaits more for qualitatively by the—60 mV/pH variation of conduction
detailed computational studies. band edge position. The sensitive pH dependence on i§i®

Semiconductor DependenceAs shown in Tables 1 and 3 result of the proximity of adsorbate excited-state potential with
and Figure 12, the injection rate from ReC1P to Sigfaster the conduction band edge, at which the density of electron-
than that to TiQ at the same pH. Their difference changes from accepting state changes sensitively with band edge position. The
a factor of~2 at pH 2 to over 100 at pH 9 because of the smaller dependence on Sn@an be attributed to its-0.5 V
different sensitivity of injection rate to pH for these materials. |ower conduction band edge position, for which the density of
For ReC1P on TiQ the adsorbate excited-state oxidation electron-accepting states, located further above the band edge,
potential is near the band edge, falling in the range in which showed a much smaller variation with pH. The injection rate
the injection rate depends exponentially on the band edgeto TiO, from ReC1P was found to be10 times larger than
position. For ReC1P on Sn{he 0.5 V lower conduction band  from ReC1A, which was attributed to a stronger electronic
edge puts the system in an energetic range in which the injectioncoupling strength in the former. For ReC1P, its relative injection
rate depends much less sensitively on pH. To gain further insightrate to TiQ and Sn@ depends sensitively on the pH of the

into the semiconductor dependence of electron injection rate, solution, reflecting the different pH dependence in these systems.
the band edge position difference should be accounted for. To
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SnQ. Although at pH> 2, faster ET rates to SnQhan to
TiO, were observed, the model predicts that, at lower pH, such
as pH 0, injection rate to Ti©would become faster. Indeed,
the measured injection rate to Ti@t pH= 0 is significantly
faster than those to SpCat pH = 2—9. Despite weaker
electronic coupling to Ti@ whenE. is sufficiently above the
conduction band edge, the much larger density of conduction
states leads to a larger injection rate in this system. In a previous
comparison of injection rate in RUN3 sensitized T@hd SnG, References and Notes
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