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Abstract: In this paper we address the dependence of the charge recombination dynamics in dye-sensitized,
nanocrystalline TiO; films upon the properties of the sensitizer dye employed. In particular we focus upon
dependence of the charge recombination kinetics upon the dye oxidation potential E°(D*/D), determined
electrochemically, and the spatial separation r of the dye cation HOMO orbital from the metal oxide surface,
determined by semiempirical calculations. Our studies employed a series of ruthenium bipyridyl dyes in
addition to porphyrin and phthalocyanine dyes. A strong correlation is observed between the recombination
dynamics and the spatial separation r, with variation in r by 3 A resulting in a more than 10-fold change in
the recombination half-time 4. This correlation is found to be in agreement with electron tunneling theory,
tsows [ @xp(—pn) with = 0.95 + 0.2 A~ In contrast, the recombination dynamics were found to be relatively
insensitive to variations in E°(D*/D), indicative of the recombination reaction lying near the peak of the
Marcus free energy curve, AG ~ 4, and with A ~ 0.8 eV. A correlation is also observed between the
recombination half-time and the temporal shape of the kinetics, with faster recombination dynamics being
more dispersive (less monoexponential). Comparison with numerical Monte Carlo type simulations suggests
this correlation is attributed to a shift from fast recombination dynamics primarily limited by dispersive electron
transport within the metal oxide film to slower dynamics primarily limited by the interfacial electron-transfer
reaction. We conclude that the primary factor controlling the charge recombination dynamics in dye-
sensitized, nanocrystalline TiO; films is the spatial separation of the dye cation from the electrode surface.
In particular, we show that for the Ru(dcbpy),NCS; dye series, the use of X = NCS rather than X = CN
results in a 2 A shift in the dye cation HOMO orbital away from the electrode surface, causing a 7-fold
retardation of the recombination dynamics, resulting in the remarkably slow recombination dynamics
observed for this sensitizer dye.

Introduction electron-transfer processes between molecular redox species and
Supramolecular electron-transfer complexes have receivediNorganic nanoparticles or electrode surfatesA system of -

extensive attention over the past 15 yéarsSuch studies have particular interest is dye-sensitized, nanocrystalline metal oxide
addressed the correlation between the structure and redoxelectrodes, of importance due to their technological applications
properties of such complexes and the electron-transfer dynamicdn for example dye-sensitized solar cells and electrochromic
observed following optical excitation. These dynamics have beenwindows?~* The high surface and optical transparency of these
shown to be in good agreement with nonadiabatic electron- electrodes make them ideally suited to spectroscopic studies of
transfer theory. Attention is now increasingly focusing on interfacial electron-transfer dynamics. Moreover the theoretical
heterogeneous electron-transfer complexes, involving interfacial framework for such interfacial electron-transfer dynamics was
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established by Gerischer and co-workers in the 19804. between the dye oxidation midpoint poten#4(D*/D) and the
However, the practical application of this theory to dye- electrode Fermi leveke.
sensitized, nanocrystalline metal oxide electrodes remains to date The experimental strategy employed in this study is based
relatively limited. upon employing transient absorption spectroscopy to interrogate
In this paper we are concerned with influence of the molecular the interfacial recombination dynamics in dye-sensitized, nanoc-
sensitizer dye design upon the interfacial electron-transfer rystalline TiQ, films as a function of the sensitizer dye
dynamics of dye-sensitized nanocrystalline Tifdlms. The employed. The primary objective of our study is to elucidate
design of new sensitizers which combine strong visible light the relative importance of distanceand free energyAGP in
absorption with favorable electron-transfer dynamics is a key controlling these interfacial recombination dynamics. The
issue in the development and optimization of dye-sensitized solardependence of this recombination reaction upon both of these
cells’>~17The charge separation process in such dye-sensitizedparameters has been addressed in several previous stdfes.
films is based upon electron injection from the excited state of Such studies have typically reported a significant dependence
the dye into the conduction band of TiOVe focus here upon  of the recombination kinetics upon dye oxidation potent#} (
the charge recombination reaction between photoinjected elec-(D*/D)) and therefore upom\G°. Experimental fits of such
trons and the dye cations, which follows this light-driven charge dependencies to eq 1 have yielded estimates for the reorgani-
separation. This recombination reaction is of particular interest zational energy for the recombination reaction ef114 eV,
due its potential importance in limiting the performance of dye- with most experimental data lying in the Marcus “inverted
sensitized photoelectrochemical solar cells. region”2%22 This inverted-region behavior, resulting in a
Following nonadiabatic electron-transfer thedty* the rate retardation of the recombination dynamics, has been suggested
of electron transfer between donor and acceptor states is giverno be important in minimizing recombination losses in dye-

by sensitized solar cel®. In contrast studies of the distance
) o ) dependence have, to date, been more limited and less conclusive.
k= Has oxd — (AG"— 1) B In general, studies employing smaller, more tightly bound
AAksT 47k T sensitizer dyes exhibit faster recombination kinetics, while larger

dyes, where the dye cation can be expected to lie further from
whereHag? is the electronic coupling between the donor and the electrode surface, exhibit slower kinetics. We have recently
acceptor states\GP is the reaction free energy, ardis the reported two studies where a change of the design of the
reorganization energy. For reactions involving molecular species molecular dye has been shown to result in significant retardation
absorbed at electrode surfaces, it is necessary to integrate eq of the recombination dynamics; in both cases this retardation
over all possible donor or acceptor states of the electrode, aswas attributed to an increase of separation of the dye cation
has been discussed previouhit is apparent from eq 1 that  from the TiQ; surface'®2¢In contrast, in a study employing a
molecular design may be employed to modulate the electron-tripodal dye-binding motif as a “molecular bridge” to control
transfer dynamics by varying the following parameters: the the orientation of the sensitizer dye relative to the electrode
electron couplingHias2), the reaction free energhG%), and  surface, the recombination dynamics were found to be inde-
the reorganization energyl) Of these three parameters, the pendent of the spatial separation of the sensitiser dye from the
reorganizational energy is largely controlled by the polarity of electrode surfac#.
the surrounding solvent and is therefore less amenable to control The recombination reaction can most simply be expected to
by design of the redox molecule. The teiag? corresponds exhibit second-order kinetics (first order in both electron and
to electron tunneling through a potential barrier and therefore dye cation concentrations) and has indeed been analyzed as
shows an exponential dependence upon spatial separasion ~ such?® Our own studies have however focused more on the

the donor and acceptor states: influence of the electron-transport dynamics within the metal
) , oxide film on the recombination dynamiés?® We have
Has” = Hoe ™" 2 demonstrated that the temporal form of the recombination

) . . . ] . dynamics, and their dependence upon the bias applied to the
wheref is a function of the barrier height of the intervening  metal oxide electrode, can be successfully simulated by a model
media and is again less amenable to molecular control. It canpased upon electron transport through an energetic distribution
be concluded that the two key parameters which can be variedof trap sjtes within the Ti@particles?” More recently, we have
by molecular design to modulate the interfacial electron-transfer yemonstrated, by employing two different sensitizer dyes, that
dynamics are theand AG®. For charge recombination in dye- it is possible to move between regimes of transport-limited and
sensitized electrodes, effectively corresponds to the spatial
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Scheme 1. Schematic Representation of Electron-Transfer Nanosecond-Millisecond Laser Transmittance Spectroscopy.
Transient absorption experiments were conducted using the apparatus
reported previously® Samples were excited at 610 nm for all dyes
except5 and 6 (595 nm) and dye3 (520 nm), employing excitation
densities of 2Q:J cnT? (0.8 Hz repetition rates<1 ns pulse duration),
thereby ensuring similar densities of absorbed photons per nanoparticle
for all dyes (0.5 absorbed photons per Ti@anoparticle per laser
pulse). The resulting photoinduced changes in optical density were
monitored by employing a 100 W Tungsten lamp, with 20 nm
bandwidth monochromators before and after sampling, a home-built
photodiode-based detection system, and a TDS-220 Tecktronic DSO
oscilloscope. Optical absorption measurements performed before and
after each transient experiment indicated negligible desorption/degrada-
tion of the sensitizer dyes during any of the transient absorption
experiments. Experiments were conducted without added redox couple
and without externally applied bias.

Electrochemistry. The ground-state oxidatioE{(D*/D)) values for
aThis scheme illustrates how the charge recombination reaction observeddyes 1-7 were obtained from previously published electrochemical

Dynamics for Dye-Sensitized, Nanocrystalline TiO»?

TiO;

Dye

D*/

2. Interfacial
Electron Transfer

E'(D'/D)

following photoinduced electron injection may be rate-limited by either
electron transport dynamics within the Ti@anoparticles or by the electron-

transfer rate constant at the dye/metal oxide interface. In this paper we are

concerned with the dynamics of charge recombination as a function of dye
oxidation potentiaE®%D*/D) and the spatial separatiorof the dye cation
from the metal oxide surface.

interfacial electron-transfer-limited recombinati®nas illus-

data30313435 The E° value for dye8 was determined by cyclic
voltammetry. The electrolyte used was 0.1 M tetrabutylammonium
perchlorate in dimethylformamide (DMF). The working and counter
electrodes consisted of platinum wire, and the reference electrode used
was Ag/AgCl based (converted to SCE for the purposes of this paper).
The scan rate employed was 10 mV%,sand the voltammetry displayed
fully reversible behavior.

ZINDO Calculations. ZINDO calculations were performed on

trated in Scheme 1. In this paper we extend the studies to apolypyridyl dyesl—4 using HyperChem 7 run on a PC AMD Athlon
range of different sensitizer dyes in order to address separatelyXP 2000+ 1.25 GHz. The calculations were implemented using the
the importance of free energy and distance in controlling the default parameters in the program with the exception that the charge

recombination dynamics and discuss the implications of these
studies for the optimization of dye sensitized photoelectro-
chemical solar cells.

Materials and Methods

The structures of the sensitizer dyes employed in this study are shown

in Chart 1. The synthetic procedure to obtain the polypyridyl dyds
has been published previougR£® Porphyrin complexes-8 were

purchased from Porphyrin Products Inc. and used as received. Phtha

locyanine @) was synthesized by methods analogous to those describe
by Long et af!

Nanocrystalline TiQ films were fabricated as detailed elsewhere
on conducting glass slidésThe resulting films comprised 15 nm
diameter anatase Tiarticles. The film thickness wasgdn, with a
surface area determined by BET analysis of $gmSensitization of
TiO; films with dyes1—7 was achieved by immersing the electrodes
in 1 mM solutions of these dyes in ethanolic solvents overnight,
followed by rinsing in ethanol to remove unadsorbed dye.,Tilths
were also sensitized with dy&in 1 mM solutions, but in dimethyl-
formamide. This dye is prone to aggregate on the surface of Gver
time, so immediately after the correct optical density is obtained, the

transient kinetics was recorded. No coadsorbants were used to minimize

aggregation, such astért-butylpyridine, as these were found to slow
the lifetimes of the charge recombination reaction. All samples were
stored, and experiments conducted, at room temperature. Following
sensitization, films were covered with a 1:1 ethylene carbonate:
propylene carbonate solution and glass cover slide. UV/vis absorption
spectra were measured using a Shimadzu 160+ ¥ spectrometer.

(29) Zakeeruddin, S. M.; Nazeeruddin, M. K.; Humphry-Baker, R.; Gratzel, M.;
Shklover, V.Inorg. Chem.1998 36, 5937-5946.

(30) Nazeeruddin, M. K.; Kay, A.; Rodicio, |.; Humphry-Baker, R.; Mueller,
E.; Liska, P.; Vlachopolus, N.; Gratzel, M. Am. Chem. S0d.993 115,
6382-6390.

(31) Li, X.; Long, N. J.; Clifford, J. N.; Campbell, C. J.; Durrant, J. Few. J.
Chem.2002 26, 1076-1080.

(32) Palomares, E. J.; Clifford, J. N.; Haque, S. A.; Lutz, T.; Durrant, I.R.
Am. Chem. SoQ003 125 475-482.

on each complex was altered from O0+cl in order to examine the
HOMO orbitals of the cation of each complex. The overlap-weighting
factors oo and z0x were set at 1.265 and 0.585, respectively,
following previous papers in the literatufe.

Charge Recombination Model CalculationsNumerical simulations
of the recombination dynamics followed the continuous-time random
walk (CTRW) model as applied previously to dye-sensitized, nano-
crystalline TiQ films.2":28In this Monte Carlo model, electrons (which
may be optically or electrically injected) perform a continuous-time

random walk on an energetically disordered lattice, characterized by
gan exponential distribution of site energi&spf the formg(E) = N/kTo

exp(—(Ee - E)/kgTo), whereN is the density of sitesEe, represents

the conduction band edge, afiglis the characteristic temperature of
the distribution, withTo = T/y. Electrons move from site to site by
thermal activation via the conduction band, as illustrated in Scheme 1.
To simulate the transient absorption experiment, equal numbers of dye
cations and electronsi(y) are introduced to the lattice at tinte= 0

to represent cationelectron pairs generated by the laser pulse. These
photoinjected electrons diffuse, together with a populati@nof
conduction electrons already present in the dark. Charge recombination
occurs as soon as an electron reaches a site occupied by a dye cation.
Physically this “reactive site” may represent the site on the metal oxide
lattice that is closest to the adsorbed dye cation, and the prompt
recombination represents a much faster rate for electron transfer to the
dye cation than to any neighboring lattice site. Thus the recombination
process igdiffusionlimited. For an excess of electrons relative to dye
cations (4 > niny), the dye cation population evolves such as a stretched
exponentialD(t) = D(0) exp(—(t/tg)*). To allow for variation in the

rate of electron transfer to the dye cation (see Scheme 1), we introduce
a fractional probabilityPe;, for recombination once an electron reaches

a reactive site. This represents a first-order recombination process of
rate ket = vPet Which competes with electron release from the site of

(33) Haque, S. A.; Tachibana, Y.; Willis, R. L.; Moer, J. E.; Gratzel, M.; Klug,
D. R.; Durrant, J. RJ. Phys. Chem. R00Q 104, 538.

(34) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Humphry-Baker, R.; Gorelesky,
S. |; Lever, A. B. PCoord. Chem. Re 200Q 208 213-225.

(35) Dolphin, D.The Porphyrins Academic Press: London, 1978; Vol. IV.
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Chart 1. Structures of Dyes Employed in the Present Paper, Where 1 Corresponds to Ru(dcbpy)2Cl,, 2 to Ru(dcbpy).DTC, 3 to
Ru(dcbpy)2(CN)2, 4 to Ru(dcbpy)2(NCS)2, 5 to Zinc—meso-Porphyrin IX, 6 to Zinc—Coproporphyrin 1, 7 to H,TCPP, and 8 to
ZnPc(CH2COOH),

HOOCH,CH,C CHj

CHs CH,CH,COOH

6

CH,COOH
/M
I\

N
S
| I

HOOCH,C—; N—Zn—N -TCH,COOH

A~ | Y

N=N—N

8

_,_

HOOCH,C

7 8

ratev, wherey is the attempt-to-jump frequency. If recombination does coupling to the TiQ surface. Dye oxidation potentials, deter-
not occur, the electron continues its random walk and the simulation mined from solution-phase electrochemistry, are shown in Table

continues. In the limit of fast electron transfePe( = 1), the 1. It is apparent that ground-state oxidation potentEZ®*/
recombination process is again diffusion-limited and the stretch D) of these dyes vary by up to 0.5 V

parameten is equal to the trap density of states parametex = v, ; ] o .
resulting in dispersive (non-monoexponential) dynamics. PAsis For the series of Ruthenium bipyridyl dyels<4), the spatial
reduced, the recombination rate increases and the kinetics becomes lesseparation of the dye cation state from the electrode surface
dispersive. The recombination time, as defined from the dye cation was determined by semiempirical ZINDO/1 calculations as
half-life tsox increases slightly superlinearly with * because of the  detailed above. Figure 1 shows the HOMO orbitals resulting
changing shapex( of the kinetic curve. In the limit wherBe tends to from ZINDO/1 calculations performed on these complexes in
0 (slow electron transfer), the recombination becomes reaction-limited their cation state. These data show a pseudooctahedral arrange-
and the recombination rate tendsRg/z, wherer is the average time . . .

ment of ligands around the metal atom with different angles

to visit all sites on the system and is a function of the system size and . ) . .
the depth of the density of states. In this limit the kinetics are deépending on the apical ligands, with the structural data (bond

monoexponential, as observed in our previous studis. angles and distances) being in good agreement with previous
studies by other groups of the charge neutral dyes (for example,
Results our calculations yield RuN distances for the cation state of

In all cases, UV-visible absorption spectra of the dye- Ru(dcbpy)(NCS) of 1.97 and 1.98 A, similar to the distances
sensitized TiQ films exhibited dye absorption maxima indis- of 2.036 and 2.058 A reported previously for the neutraPgye
tinguishable from those observed in solution, indicating minimal It is apparent from Figure 1 that for dykthe cation wave
dye aggregation and, as expected, relatively weak electronicfunction is metal-localized, whereas for dylethe cation is

5228 J. AM. CHEM. SOC. = VOL. 126, NO. 16, 2004
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Table 1. Comparison of Electrochemical, Structural, and
Recombination Kinetics Data for Nanocrystalline TiO, Films
Sensitized by Dyes 1—8

dye EY(D*/D)AV /A (AT ad

Ru(dcbpy)Cl, (1) 0.56 74  <0.06 0.11
Ru(dcbpy)DTC (2) 0.8 8.3 0.11 0.21
Ru(dcbpy)(CN). (3) 1 8.4 0.29 0.24
Ru(dcbpy)(NCS), (4) 0.85 10.2 0.79 0.25
Zn—meseporphyrin IX (5) 0.5 2.23 0.3
Zn—coproporphyrin 1§) 0.57 2.82 0.36
H>TCPP ) 1 4.38 0.33
ZnPc(CHCOOH), (8) 0.49 6.23 0.30

a Ground-state oxidation potentials determined from electrochemical data
and shown versus SCESpatial separation of the dye cation HOMO orbital
from the electrode surface, detemined from semiempirical calculations.
¢ e io,/dye" charge recombination half-time, determined from transient
absorption studies' Stretch parameten, as defined in eq 3, determined
from numerical fits to the transient absorption data.

localized on the NCS ligands, consistent with previous calcula-
tions3 Dyes 2 and 3 lie intermediate between these two
extremes.

The ZINDO/1 calculations provide us with the spatial
distribution of the HOMO orbital of each dye, with the square
of this distribution corresponding approximately to the dye
cation electron density. All dyes in this series (djtest) have
the same structural components for achieving binding to the
metal oxide surface (two dicarboxy bipyridyl groups) and are
therefore expected to bind to the electrode surface with a similar
orientation. The dye cation/Ti®lectrode spatial separation was
therefore estimated by calculating the geometric distance
between the carboxylic groups and each atom of the dye and

(36) Rensmo, H.; Lunell, S.; Siegbahn, HJJPhotochem. Photobiol., 2998
114, 117.

4

Figure 1. Graphical representation for the HOMO of Ru(dchi®f) (1), Ru(dcbpy)DTC (2), Ru(dcbpy)(CN). (3), and Ru(dcbpy(NCS) (4) cation
states.

by weighting this value with the square of the percentage
contribution of the atom to the HOMO orbit&l.The resulting
distances are also given in Table 1. It is apparent ttadtthe
dye cation from the electrode surface is in the ortler 2 ~

3 < 4, as is also apparent from the HOMO orbitals shown in
Figure 1.

ZINDO/1 calculations were also performed on dges8. In
all cases the HOMO orbital was delocalized over the conjugated
macrocycle of the dye. However, for these dyes, determination
of a reliable donor/acceptor separation is prevented by uncer-
tainty over the orientation of these molecules on the surface on
TiO, as we discuss in more detail below.

Recombination dynamics for the dye-sensitized nanoporous
TiO, films were determined by following the decay of the
photoinduced absorption of the &, /dye" state observed
following photoinduced charge separation initiated by pulsed
laser excitation of the film. Excitation densities were adjusted
to ensure matched densities of absorbed photons for all sensitizer
dyes, in all cases corresponding+0.5 absorbed photons/TiO
particle. Photoinduced absorption changes were monitored at
probe wavelengths between 600 and 900 nm. In the case of
dye 4, Ru(dcbpy}(NCS), a strong absorption maximum was
observed at 800 nm, assigned as discussed previdusha
LMCT transition resulting from the ligand-localized nature of
the dye cation state. This absorption band is superimposed upon
a relatively weak, broad eio, absorption. For dyes—3, no
such cation band was observed, with only a relatively small

(37) The electronic couplinglag should correctly be determined by calculating
the electronic coupling for each atom contributing to the dye HOMO orbital
and then summing over all atoms. However, given the small spatial extent
of the dye HOMO orbitals relative to their separation from the electrode
surface, the method employed gives a good approximation to the variation
in r and thereforéH g between the different dyes.
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. . . L .. Figure 3. Plotofa, the stretched exponential dispersion parameter, versus
Figure 2. Transient absorption data monitoring the charge recombination the half-timetsgs, for charge recombination for dyds-8, determined from

kinetics for 8 um TiO, films sensitized with (&) bipyridyl dyesl numerical fits of the transient absorption data shown in Figure 2 to eq 3.
(Ru(dcbpy)Cly), 2 (Ru(dcbpy)DTC), 3 (Ru(dcbpy}(CN),), and4 (Ru-
(dcbpy)(NCS)) and (b) the dye3 (H.TCPP) andB (ZnPc(CHCOOH)). AG° eV
Experiments employed excitation conditions resulting in matched densities 5 06 07 0.5 09 1.0 141
of absorbed photons (see text for details). The solid lines are the fits to the 4.£ T T . . : :
stretched exponential functiaxOD [ exp(—(t/7)®). For ease of comparison, 1n
the data for dyel is reduced in amplitude by a factor of 2.5, necessary due 4.0 2
to the strong cation absorption for this dye at the probe wavelength (900 n
nm). 8 35 3=
3 .
absorption being observed, increasing monotonically toward £ 3.0 4
longer wavelengths. In accordance with previous observations, § . 5 g
S

this is attributed to erio, absorption. For dyes—8 the transient ] gn "7
signal contained contributions from both the dye cation band 2.0 —_—

_ i ; ; 0.4 05 06 07 0.8 09 1.0 1.1
and e Tjpo, absorption. For all dyes, the decay dynamics of their -
red/near-infrared photoinduced absorption were found to be E(D/D) vs SCE (volts)

independent of the probe wavelength, except near isoshesticFigure 4. Plot of the logarithm of 6oy for charge rfcombination versus
points of the transient spectra. the ground—stat(_e oxm_iatl_on potentl_e}l of each &¥D*/D) (lower x—aX|§)
. . . L . for nanocrystalline Ti@ films sensitized by dye&—8. The upperx-axis
Typical transient absorption kinetics, assigned to charge shows the corresponding estimated free energy driving fa@e for the
recombination of erio, with dye cation species, are shown in  charge recombination process. The smooth line shows the free energy
Figure 2, plotted on a logarithmic time scale. These experiments dependence of &by expected from eq 1, assumig U 1ftso with 2 =

employed probe wavelengths of 900 nm for dgest, 700 nm 0.8 eV and constarttxs.

Erady::n?rt]ﬁ;t, tﬂior:(:gr;obri:gt?ghiini:r?w(i)cgn\:afrorig{%;tscale Figures 4 and 5 address the correlation between the recom-
PP y y binationtsgy and the reactiolGP (Figure 4) and betweeiggoy,

by at least 2 orders of magnitude, depending upon the sensitizer . - .
dye employed.tso for the recombination dynamics for all and the dye cation/electrodéFigure 5). Figure 4 shows a plot

sensitizer dyes determined from such data are shown in TableOf _the_loganthm_of 0:%0{” against the dye pauon ground-state
L s o oxidation potentiaE®(D*/D). The upper axis shows the corre-
1. For dyel, it is apparent that significant recombination . o ' . . . L
. . . : . spondingAGP° determined assuming a quasi-Fermi level within
probably occurs prior to instrument time resolutionl(us);

the tsoy, determined for this dye should therefore be regarded the TIO, electrode following _Iaser exmtaﬂon_efo.l \./VS SCE. .
- ST The latter value was determined by comparison with recombina-
as a longer limit for the recombination time.

Itis apparent from Figure 2 that theg,/dye" recombination tion data collected under electrochemical bias control of the

. ; . . .electrode Fermi level in a photoelectrochemical &&lljth the
dynamics are dispersive, extending over a broad range of time . o " ) .
. s Fermi level rise induced by the laser excitation being determined
scales for each dye. For all dyes, the transient absorption decay,

showed an excellent fit to a stretched exponential function (eq to be~0'.1 e.v by transient phqtovoltage StUd@.ﬁ 1S apparen't
. A from this figure that there is remarkably little correlation
3) as shown by the smooth gray lines in Figure 2.

between the reaction half-time and free energy. For example,
the reaction free energies for dyésind8 differ by 500 meV,
yet their recombination half-times are essentially indistinguish-

) ) ) able. Similarly, dyesl, 6, and 8 have the same reaction free
Values fora obtained from these numerical fits are also shown energies but exhibit recombination half-times varying by over

in Table 1, with low values ofo. corresponding to more 5 oqarc of magnitude.

AOD(t) = AODe V7 (3)

dispersive kinetics. _ _ Figure 5a addresses the correlation between the recombination
It is apparent from Figure 2 that there is a clear correlation ,4ttime and spatial separation of the dye cation from the

between the recombination half-time and the degree of disper- gjactrode surface determined from the ZINDO calculations. Due
sion of the kinetics, with the faster recombination dynamics to the uncertainty over the orientation of dyBs9 on the

being more dispersive. This correl_ation can be quantified I_oy electrode surface, data are only shown for dyes. A clear
plotting the decay half-time against stretched exponential

dispersion parameter, as shown in Figure 3. (38) Green, A.; Palomares, E. J.; Durrant, J. R. Manuscript in preparation.
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44 the range of reaction free energies considered in this study, eq
4.2 1 predicts only a modest dependence of reaction half-time upon
7 404 AGP. This modest dependence can be readily understood in
3 18] terms of the relatively large value af with all the data lying
3 36] in the range ofAG® ~ A, where the dependence kf; upon
g 34] AG is expected to be minimal.
& 32] The recombination data we report here do not lie significantly
20 in the Marcus inverted regiod\@G° > 1), and indeed lie closer
70 75 80 85 9.0 9.5 10.010.5 to AG? ~ 1. We note thatAG® depends on both the dye

rid oxidation potential and the Fermi level of the metal oxide film.
Under the conditions of our experiment, we estimate an effective
TiO, Fermi level following laser excitation 6f0.1 V vs SCE.
Under device operating conditions, the Fermi level is expected
to be in the range 0f0.3t0—0.6 V vs SCE (i.e., cell voltages
versus T/l; of 0.5to 0.8 V), resulting in 2 0.2 to 0.5 V increase
in AG® compared to the experimental conditions employed here.

secs)

—

#
0%)

2 3.64

14

§ Depending upon the dye employed, such an increase will result
- in a modest shift of the reaction into the Marcus inverted region
3'07,0 75 80 85 90 95 10.010.5 and therefore an increase in the dependence of the recombination
rd) dynamics uporE%(D*/D).
Figure 5. Plots of the logarithm of 14os versus the spatial separatioof We note that the free energy analysis discussed above does
the dye cation from the Tigsurface for dyed—4 estimated from ZINDO/1 not take into consideration integration of eq 1 over all occupied
calculations: (a) direct comparison of the experimetital data against; electronic states of the electrode. The T&lectrodes employed

(b) plot of free-energy-optimized tkod*, as defined in eq 4, againstThe . . o . . .
straight lines are linear fits to the experimental data, following eq 2. From in this study exhibit an exponential density of states extending

plot b we obtain a value for the slope of this ling,of 0.95+ 0.2 A1, into the material band gag(E€) = N/kTo exp(—(Ecp — E)/ksTo)),
with injected electrons occupying this density of states up to

linear correlation is apparent between the logarithm of the the effective quasi-Fermi level. Previous studies have yielded
electron-transfer half-time and the spatial separation. Making values forkgTo in the range 66200 meV4® Due to this

the simple approximation thate: [0 1/tsge (See Discussion  exponential density of states, and the low density of photoin-

below), it is apparent that this linear correlation is in good jected electrons employed in the studies reported here, the
agreement with theoretical expectations, as detailed in eq 2. majority of injected electrons will occupy states with energies

close to the quasi-Fermi level; under such conditions calculation
of ket Using eq 1 with a single value fakG? = Er — E9(D/

We have addressed the charge recombination dynamics ofD*), and using eq 1 including integration over all occupied
dye-sensitized, nanocrystalline THiflims for a range of different donor states of the electrode yielded rather similar results.
sensitizer dyes. Charge recombination dynamics have beenintegration over all occupied donor states in fact resulted in a
determined by transient laser spectroscopy, employing low- reduced dependence kg uponE(D/D*), further emphasizing
intensity excitation pulses, with the intensity adjusted to ensure the weak dependence of the recombination dynamics upon dye
equal densities of absorbed photongd(5 adsorbed photons  oxidation potential.
per pulse per nanoparticle) for all sensitizer dyes. These Ket versusr. Figure 5a shows a direct comparison between
dynamics have been correlated with differences in AP the experimentally determinegyy, andr. The approximately
estimated from dye oxidation potentials determined from linear behavior observed in this figure is in agreement with
solution-phase electrochemistry and thef the dye cation  theoretical expectations for electron tunneling, as expressed in
orbital from the electrode surface determined by semiempirical egs 1 and 2. It can therefore be concluded thad a key
ZINDO/1 calculations. parameter in determining the kinetics of charge recombination.

ket versus AGP. The data we present here show remarkably ~ Figure 5b provides a more precise analysis of the distance
little correlation between the recombination dynamics and the dependence of the charge recombination dynamics, in which
reaction free energy. At first sight, this observation appears the AG® dependence of the dynamics, as predicted from eq 1,
contrary to eq 1. This apparent contradiction can however be is also factored into the data by using
understood by quantitative consideration of the free energy
dependence expected from eq 1. The variation in reaction half- 4 F{(AGO - 1)2)

ts00e = tsous XA 7

Discussion

time predicted by eq 1, assumirdg= 0.8 eV is therefore 47k, T (4)

shown as the smooth line in Figure 4. It is apparent that over

(39) Previous studies have reported values of the range of +1.4 eV20-23 where the exponential term |n.th|s equatl.on corresponds to the
These values have however been obtained with the assumption that ther€tardation of the recombination dynamics expected for each
electrode Fermi level can be equated with reported conduction band edge i i
for the bulk metal oxide. Our own studies have included studies in which dye_ as_the reaCtI(?n free energy moves away frfm the ideal
the Fermi level of the nanocrystalline film is controlled directly by an  (activationlessAG® = 1) case. The plot of log(1doe) versus
application of applied potential in a three-electrode photoelectrochemical i i i
cell*° These studies suggest that the valu&passumed in the studies by r therefore allows a direct analySIS of the distance dependence
other groups may be too negative, resulting in an overestimalteTaking
into account these considerations, we therefore assume a valueffor8 (40) Willis, R. L.; Olson, C.; O’'Regan, B.; Lutz, T.; Nelson, J.; Durrant, J. R.
V. J. Phys. Chem. B002 106, 7605-7613.
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of the reaction dynamics alone. A linear behavior is again l=—=
observed, in agreement with eq 2. It is furthermore apparent
that the fit to this linear behavior is significantly better when
employing the free-energy-optimizégy¢ (Figure 5b) compared

to that employing the unoptimized datggs, (Figure 5a),
consistent with the reaction dynamics, indeed followingAi@®
dependence given by egs 1 and 4. However, we emphasize that
the improvement in the fit to linear behavior is marginal, \
indicating that the primary factor influencing the reaction rate O S
is r, with AG® being of only secondary importance. We note 107107107 107 107 107 107 10

that a similar conclusion has also been reached for biological Time ()

electron-transfer dynamics, where extensive studies have dem-figure 6. Model calculations for the dependence of the charge recombina-

. . . tion dynamics upon a 1000-fold reduction in the electron-transfer rate
onstrated that the primary factor influencing the rate constants constanike. Calculations based on the CTRW model, with the addition of

for electron transfer between redox sites in proteins is their kinetic competition for electrons in the reactive sites between recombination
spatial separation, with the reaction free energy again being ofwith the dye cation (with a rate constaks) and thermally activated
only secondary importancfe. detrapping and transfer to an adjacent trap site.

Evaluation of the gradient of the straight-line fit in Figure
5b allows determination ¢4, indicative of the barrier height to
electron tunneling. From this linear fit to the data, we obtain a
value for 8 of 0.95+ 0.2 A~L This value ofg is in good
agreement with previous studies of through-bond electron
coupling for both homogeneous and interfacial electron trans-
fer>1841This observation clearly demonstrates the importance
of spatial separation in controlling the interfacial recombination
dynamics and provides a quantitative ruler for this dependence.
We note that such a quantitative relationship has not been, to
our knowledge, reported previously for this experimental system,
with the only previously detailed study of this dependence

reporting distance-independent recombination dynaffihis shift from more transport-limited recombination (for faster, more

distance dependence is however in agreement with electro-". . L . . .
dispersive recombination dynamics) to more interfacial electron-

chemical studies of interfacial electron-transfer dynamics be- - . - . .
fransfer-limited dynamics (for slower, less dispersive dynamics).
tween flat electrode surfaces and redox molecules adsorbed as . . L .
Monte Carlo simulations of the recombination dynamics were

self-assembled monolayers as a function of spacer sepafation. o . .
conducted to allow a more quantitative analysis of this model.

ﬁ{ﬁs‘r&_ﬁ’ comprising Eprﬂhy”n; and a phthalocyaglnte, ?t|1| Calculations were based upon the continuous-time random walk
exthl e sbpwe_; rlegorr;lrla Il:c))n gfgmlcs ﬁobmpa;et tﬁ € model we have reported previously, corresponding to electron
ruthenium bipyridy’ dye - OYes are af bound to the transport in the TiQfilm being controlled by thermally activated
electrode surface through peripheral carboxylate ligands with detrapping from an exponential distribution of trap sites. Our

theldye c;tlton qrblgall delocall_zed derl chltle\“g(())n/jlugalteo: rtnacro- previous calculations have assumed that charge recombination
cycle (as determined from semiempirica calculations), occurs once the electron reaches a reactive site (i.e., a site

consis_te_nt with relatively weak ek_actr_onic coupIngBZ being adjacent to a dye cation). The calculations reported here are
the orngm of the slower repombmauon dynamics. Howeve.r, distinct in that they include a branching for electrons in the

uncertainty over the orlgntgtlon of the;e dye; on the metal OXIOIereactive sites between recombination with the dye cation (with
surface prevents quantitative analysis of this behavior. a probability P, proportional to the rate constakt) and

~ The strong distance dependence reported here has significanfyermally activated detrapping and transfer to an adjacent trap
implications for the design of sensitizer dyes for dye-sensitized gjio.

solar cells. It suggests that small, strongly bound sensitizer dyes, The effect ofier,
while favoring ultrafast electron injection, will also exhibit rapid ;

kw reducing

AOD (a.u.)

triphenylamine groups to the periphery of the porphyrin
macrocycle was observed to result in 20-fold retardation of the
recombination dynamics, assigned to an increased spatial
separation of the dye cation from the metal oxide surface.
Concomitant with this retardation, the recombination dynamics
shifted from stretched exponential behavior € 0.31) to a
monoexponential decay. This transition was assigned to a shift
from electron-transport-limited recombination in the limit of
strong electronic coupling to interfacial electron-transfer-limited
recombination in the limit of low electronic coupling, as
illustrated in Scheme 1. Following this analysis, the correlation
betweentsoy, and o shown in Figure 3 can be attributed to a

on recombination dynamics, was simulated
S . ) ) T - using the Monte Carlo model modified as explained above. The
recombination dynamics, which may ultimately limit device g qe| system was similar to that used previously by Nelson et
performancé? al.?" consisting of a spherical shell of radius 17 and thickness
ket versusa. Figure 3 shows a clear correlation between the 3 |attice units, representing a TiQhanoparticle of 15 nm
recombination half time and the degree of dispersion of the giameter. The room-temperature density of states parameter
kinetics, as defined by the stretched exponential dispersionwas 0.3, and simulations were carried out with 1 dye cation
parametero. defined by eq 3. It is apparent that as the and 3 electrons, allowing for dark conduction electrons in the
recombination half-time is I’educed, the dynamiCS become film. Petwas varied between 1, representing prompt recombina-
increasingly dispersive (smat). This observation is consistent  tjon, and 0.001. Simulated kinetic curves are presented in Figure
with our previously reported comparison of recombination ¢_ |t is clear that the curve evolves from a stretched exponential
dynamics for two free base porphyritsThe addition of  of dispersion parameter= 0.3 toward more monoexponential
behavior ade;is reduced. In the limit OPg; = 1 (Ket— ), the
(41) Miller, R. J. D.; McLendon, G. L.; Nozik, A. J.; Schmickler, W.; Willig, recombination dynamics are limited by the first passage time

F. Surface Electron Transfer Process®CH: New York, 1995. . X . . i . ) .
(42) Miller, C.; Cuendet, P.; Gratzel, M. Phys. Chem1991, 95, 877. to the reactive sites, resultlng n dlsperswe recombination
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dynamics as we have reported previously. In the limiPgf— consideration of a range of distinct, and often conflicting,
0 (slow kep), electrons must visit the reactive site many times constraints. One of these constraints is the minimization of
before recombination occurs, resulting in @ more monoexpo- interfacial recombination dynamics. We have considered two
nential decay. The value d&; at which the process becomes possible means by which to control these interfacial dynamics,
monoexponential depends on the time needed for the electronnamely, the dye oxidation potenti&’(D*/D) and the spatial
to freely explore the film and will be longer for deeper separation of the dye cation from the electrode surface. We find
distributions of trap states. the recombination dynamics are only weakly dependent upon
A rigorous comparison of this theoretical model with E9D*/D). Given that the ability to modulatE®(D*/D) is in
experimental observations would require the collection of addition constrained by the need to achieve favorable energetics
experimental data for each dye under conditions of electro- for the electron injection and dye cation regeneration reactions,
chemically applied external bias. Such studies are beyond thewe conclude that the recombination dynamics cannot be usefully
scope of this paper. Nevertheless, the model calculation resultsmodulated by variation oE°(D*/D). In contrast we find that
shown in Figure 6 are in good qualitative agreement with the variation of the spatial separation of the dye cation from
experimentally observed shift between fast, dispersive dynamicselectrode surface results in significant variations in recombina-
to slower, less dispersive dynamics observed for different tion dynamics and is indeed an attractive route to modulating
sensitizer dyes, consistent with a transition from electron these dynamics.

transport limited to interfacial electron-transfer-limited dynam-  Ry(dcbpy)(NCS), (dye 4) is widely acknowledged as one
ics. of the most promising sensitizer dyes reported to date. Compar-
We have assumed above that the electron-transfer rateing this dye with a series of structurally analogous ruthenium
constant is related to the experimentally observed reaction half-pipyridyl dyes, we indeed find this dye exhibits the slowest
time by ket [ 1/ts09 This assumption needs to be qualified in  recombination dynamics of this series. Recombination dynamics
two respects. Firstsoxis dependent on not only the interfacial  for this dye lie in the intermediate regime between electron-
ket but also the electron transport dynamics with Zit the transport-limited and interfacial electron-transfer-limited re-
simulations we have restricted explicit attention to cases where combination and can be expected to be sensitive to both the
ket is no faster than the attempt-to-jump frequency for charge ejectron mobility with the Ti@film and the interfacial electron-
transport. Typically that means restrictikg to less than 18 transfer rate constant. The slow recombination dynamics for
or 10%s™*, which is well-justified by observation. Faster values  this dye do not result primarily from the reaction free energy
of ket would result in a regime where the kinetics are identical |ying in the Marcus inverted region. Rather these slower
to the case oPer= 1 and are limited only by charge transport.  dynamics result from an increased spatial separation of the dye
However, there is no evidence that this regime is relevant for cation from the electrode surface.
the systems studied here, so it is not considered. Second, it
would appear that a small change in the probability of  Acknowledgment. We gratefully acknowledge the financial
recombination once an electron reaches a reactive site shouldsupport from EPRSC, the Swiss Federal Office for Energy
result in the same relative change in the net recombination (OFEN), and the U.S. Air Force Research Office under Contract
kinetics, yet simulations show that the dependenc®grt is No. F61775-00-C0003. E.P. is very grateful for the support of
slightly stronger, such thatsgy, [ ke 12 (see Supporting  a Marie Curie Fellowship (HPMF-CT-2002-01744). Supply of
Information). This deviation from proportionality is due to the the N719 dye from Johnson Matthey Ltd. is also gratefully
variation in the dispersion parameterHowever, the deviation ~ acknowledged.
is sufficiently small, as we discuss in the Supporting Informa-

tion, that our assumption & 0 1/tso9 is indeed a reasonable Supporting Information Available: Experimental plot (PDF).
approximation, allowing us to relate our experimental observa- 1his material is available free of charge via the Internet at
tions to the electron-transfer rate constant. http:/pubs.acs.org.
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