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lectron transfer from TiO2 to
oxidized triphenylamines that follows first-order
kinetics

Brian N. DiMarco, Ludovic Troian-Gautier, Renato N. Sampaio
and Gerald J. Meyer *

Two sensitizers, [Ru(bpy)2(dcb)]
2+ (RuC) and [Ru(bpy)2(dpb)]

2+ (RuP), where bpy is 2,20-bipyridine, dcb is

4,40-dicarboxylic acid-2,20-bipyridine and dpb is 4,40-diphosphonic acid-2,20-bipyridine, were anchored

to mesoporous TiO2 thin films and utilized to sensitize the reaction of TiO2 electrons with oxidized

triphenylamines, TiO2(e
�) + TPA+ / TiO2 + TPA, to visible light in CH3CN electrolytes. A family of four

symmetrically substituted triphenylamines (TPAs) with formal Eo(TPA+/0) reduction potentials that

spanned a 0.5 eV range was investigated. Surprisingly, the reaction followed first-order kinetics for two

TPAs that provided the largest thermodynamic driving force. Such first-order reactivity indicates a strong

Coulombic interaction between TPA+ and TiO2 that enables the injected electron to tunnel back in one

concerted step. The kinetics for the other TPA derivatives were non-exponential and were modelled with

the Kohlrausch–William–Watts (KWW) function. A Perrin-like reaction sphere model is proposed to

rationalize the kinetic data. The activation energies were the same for all of the TPAs, within

experimental error. The average rate constants were found to increase with the thermodynamic driving

force, consistent with electron transfer in the Marcus normal region.
Scheme 1 Mechanism for the photoinitiation of the desired reaction.
Visible light absorption by the ruthenium sensitizer induced rapid
excited-state electron injection to the acceptor state of TiO2, kinj > 108

s�1. The oxidized sensitizer is then regenerated by triphenylamine
(TPA) with a rate constant kreg. This sequence provides the reactants
Introduction

Motivation for the study of electron transfer reactions at semi-
conductor interfaces originates from both applications and the
need to enhance fundamental knowledge.1–3 In dye-sensitized
solar cells (DSSCs), mesoporous thin lms of anatase TiO2

nanocrystallites are functionalized with molecular chromo-
phores, or “sensitizers”, that extend the spectral response of
these materials into the visible region. In the accepted mecha-
nism for power generation with DSSCs, light absorption
induces electron “injection” from the sensitizer's excited state
to the metal oxide acceptor states.4 A donor present in the
electrolyte solution then reduces the oxidized sensitizer,
a process oen termed “dye regeneration”.5 Competition
between the collection of the injected electron and back elec-
tron transfer, or “charge recombination”, to the oxidized
sensitizer or the oxidized donor oen lowers the efficiency of
DSSCs. This paper seeks to better understand the unwanted
charge recombination reaction of the injected electrons with
the oxidized donor through the use of four symmetrically
substituted triphenylamines whose formal reduction potentials
span a range of 0.5 eV (Scheme 1).

When compared to the wealth of literature reports focused
on electron transfer from TiO2 to the oxidized sensitizer, there
th Carolina at Chapel Hill, Chapel Hill,

jmeyer@email.unc.edu
are a remarkably small number of systematic studies that seek
to understand the factors that inuence charge recombination
to oxidized donors present in the electrolyte.6–13 This is likely
for the desired charge recombination reaction of the injected electron
with the oxidized triphenylamine redox mediator (krec) that was
quantified over a 0.5 eV change in driving force.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Ruthenium sensitizers (RuP and RuC) and triphenylamines
(TPAs) used in this study.
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due to the dominance of I�/I3
� as the prototypical redox

mediator employed in DSSCs that is not easily amenable to
systematic studies.14,15 However, alternative redox mediators,
such as Co(III/II) polypyridyl complexes,16–23 triphenylamine or
phenothiazine,24,25 have provided new opportunities to gain
fundamental information on how sensitive charge recombina-
tion is to the electrolyte composition,6,26molecular structure,12,27

or the thermodynamic driving force.7–9

The inuence of the reaction driving force on recombination
has been previously studied by several groups7,8,10,28 and data
consistent with the Marcus normal kinetic region has been re-
ported.29,30 Recall that in the Marcus normal region the total
reorganization energy l for electron transfer is greater than the
absolute value of the Gibbs free energy change, l > |DG�|. Under
normal conditions, an increase in the driving force results in an
increase in the rate of electron transfer. In a study of recombi-
nation to a series of substituted ferroceniums, Hupp et al. noted
that normal region behavior was peculiar given the small reor-
ganization energies and the large reaction driving forces8 that
should have placed the reaction in theMarcus inverted region, l
> |DG�|. Hamann et al. have suggested that electron transfer
from different electronic states in TiO2 may mask inverted
behavior similar to the case for metallic donors.31 Further
complicating the analysis is the considerable literature that
indicates that the observed rate constants abstracted from
transient spectroscopic and/or electrochemical data report
mainly on the diffusion of the injected TiO2 electron and/or
acceptor.32–38 It is possible that diffusion does rate limit inter-
facial electron transfer in some cases, however this does not
explain the reported driving force dependencies or the recent
observation of specic interfacial electron transfer pathways at
sensitized TiO2 interfaces.39,40

Nevertheless, an experimental challenge is to abstract the
actual interfacial electron transfer rate constant from the tran-
sient data that are usually highly non-exponential.32,33,41 A tting
function that has been phenomenally successful is the so-called
Kohlrausch–Williams–Watts (KWW) function that was
proposed empirically by Kohlrausch, and later popularized by
Williams and Watts.42 This function was rst derived by Scher
and Montroll based on a random walk model and has since
become a paradigm for charge transport in disordered media.43

In particular the work of Nelson and coworkers has extended
the KWW model to the trapping/detrapping electron transport
in dye sensitized mesoporous TiO2 thin lms that are
commonly used in DSSCs.32,37,44–46 It should be emphasized,
however, that a quality t to the KWW function does not
necessarily indicate that an underlying transport mechanism is
operative. For example, Anderson has derived the KWW func-
tion based on serially linked rate constants that are not neces-
sarily associated with charge transport in disordered solids.47

In this study, a series of four symmetrically substituted tri-
phenylamines (TPAs) were utilized to establish a correlation
between the reaction kinetics and driving force, Fig. 1. The TPA
molecules were substituted at the para-position of each phenyl
ring with electron donating/withdrawing functional groups that
allowed the TPA+/0 reduction potential to be varied by �0.5 V. A
key nding was that the interfacial electron transfer became
This journal is © The Royal Society of Chemistry 2018
rst-order when the reaction driving force was large. Such rst-
order behavior has not been previously reported and was
maintained for the two different ruthenium sensitizers as well
as the two different acetonitrile electrolytes. A Perrin-like model
is proposed to rationalize this kinetic behavior. Additionally, an
increase in driving force resulted in an increase in the rate of
interfacial electron transfer, consistent with the reaction
occurring in the Marcus normal region.
Results

Mesoporous nanocrystalline TiO2 thin lms were sensitized to
visible light with [Ru(bpy)2(dcb)]

2+ (RuC) or [Ru(bpy)2(dpb)]
2+

(RuP) (bpy ¼ 2,20-bipyridine, dcb ¼ 4,40-dicarboxylic acid-2,20-
bipyridine and dpb¼ 4,40-diphosphonic acid-2,20-bipyridine) by
immersion into concentrated sensitizer CH3CN solutions.
These lms were soaked for a minimum of 24 hours to ensure
that saturation surface coverages (�10�8 mol cm�2) were ob-
tained, as determined by a previously reported spectral
method.48 The sensitized lms, abbreviated TiO2|RuC and
TiO2|RuP, immersed in neat acetonitrile displayed a broad
absorption band in the visible region characteristic of a metal-
to-ligand charge transfer (MLCT) feature. A bathochromic
shi of the absorption spectrum was observed upon the addi-
tion of 0.1 M NaClO4 or LiClO4 to the acetonitrile that sur-
rounded the thin lm. Such spectral shis have previously been
assigned to a change in the local electric eld upon cation
adsorption to the TiO2 surface.6,49,50 The TPAs did not appre-
ciably absorb visible light in their neutral forms, however the
one electron oxidized forms exhibited strong absorption
between 600–800 nm, Fig. 2b. The peak position and the molar
absorption coefficient for these absorbances are reported in
Table 1.

The TPA+/0 reduction potentials were determined by cyclic
voltammetry in 0.1 MNaClO4 acetonitrile, Fig. 2a. The half-wave
potentials were taken as an estimate for the formal reduction
potentials that varied between 0.72 V (MeO-TPA) and 1.25 V vs.
NHE (Br-TPA), Table 1.

Nanosecond transient absorption spectroscopy was used to
quantify the recombination reaction. Experiments were per-
formed in 0.1 M NaClO4 acetonitrile electrolyte for TiO2|RuC
and in 0.1 M LiClO4 acetonitrile electrolyte for TiO2|RuP. The
Chem. Sci., 2018, 9, 940–949 | 941
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Fig. 2 Cyclic voltammograms (a) and TPA+ absorption spectra (b) of the indicated TPA measured in 0.1 M NaClO4 acetonitrile electrolyte.
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Lewis acidic Na+ or Li+ cations were present in the external
electrolyte to improve the excited state injection yield.49,52,53 It is
worth noting that no specic interaction between the cations
and the TPA is expected based on previous literature6 but these
cations have been shown to inuence the rate for recombina-
tion from TiO2(e

�) to Me-TPA+, with rate constants following the
trend Na+ $ Li+ > Mg2+ > Ca2+.6 Such a trend was also observed
for the recombination to I3

�.26 In a typical experiment, pulsed
532 nm light excitation of the sensitized TiO2 thin lms
submerged in argon purged 0.1 M NaClO4 or 0.1 M LiClO4

acetonitrile electrolytes with 8 mM of a selected TPA derivative
formed the initial charge separated state, TiO2(e

�)|RuC+ or
TiO2(e

�)|RuP+. The subsequent absorption changes were
monitored on a 10 ns or longer time scale. Absorption changes
associated with the oxidized sensitizer were observed within the
instrument response time consistent with rapid excited state
injection (kinj > 108 s�1).2,4 Under all conditions studied, the
transient spectra were simulated with a linear combination of
standard spectra comprised of: (1) TiO2|RuC and the oxidized
form of the sensitizer, abbreviated TiO2|RuC

+; (2) TPA+; and/or
(3) the Stark effect.49,54,55 The Stark effect results from local
electric elds generated by cation adsorption and/or the injec-
ted electron which are themselves well simulated by a rst
derivative of the ground state sensitizer absorption. In prin-
ciple, the injected electron also contributes to the transient
Table 1 Electrochemical and spectroscopic properties of the Ru sensiti

Oxidation potentiala (V vs. NHE)

MeO-TPA 0.72 � 0.01
Me-TPA 0.93 � 0.01
Cl-TPA 1.24 � 0.01
Br-TPA 1.25 � 0.01
RuP 1.54b

RuC 1.48c

a Measured in 0.1 MNaClO4 CH3CN electrolyte unless otherwise noted. b R
measured in 0.1 M LiClO4 CH3CN electrolyte on nanocrystaline TiO2.

942 | Chem. Sci., 2018, 9, 940–949
spectra, however its weak absorption was obscured by the more
intense absorption associated with TPA+.

Fig. 3 shows representative absorption difference spectra
measured aer pulsed light excitation of TiO2|RuC immersed in
0.1 MNaClO4 acetonitrile solution with 8mMMeO-TPA (Fig. 3a)
or 8 mM Cl-TPA (Fig. 3b). Contributions to the spectra from the
oxidized sensitizer were absent aer 1 ms withMeO-TPA (orMe-
TPA) and the relative amplitudes were consistent with quanti-
tative regeneration of the oxidized sensitizer. This was true for
either sensitizer in both electrolytes and enabled the desired
reaction, TiO2(e

�) + TPA+ / TiO2 + TPA, to be quantied on
a microsecond or longer timescale without contributions from
slow regeneration and the oxidized sensitizer. In contrast,
regeneration by Cl-TPA (or Br-TPA) was not quantitative on any
time scale and contributions from the oxidized sensitizer were
evident on all delay times.

The time dependent concentration of TPA+ was biphasic,
consisting of an initial rise followed by a decay, Fig. 4. For
transient absorption data acquired with MeO-and Me-TPA,
a sum of two Kohlrausch–William–Watts (KWW) functions
adequately modelled the kinetic data, n ¼ 2, as shown in eqn
(1). The regeneration of the oxidized sensitizer was quantied
independently from single wavelength absorption data moni-
tored at 402 nm, which represented an isosbestic point for the
Stark effect, that was t to a single KWW function; the obtained
zers and the triphenylamines

TPA+ peak
absorbance (nm)

TPA+ extinction
coefficient (M�1 cm�1)

717 � 1 2.8 � 104 � 300
668 � 1 2.4 � 104 � 300
685 � 1 2.7 � 104 � 300
702 � 1 2.6 � 104 � 300

ef. 51, measured in 0.1 M LiClO4 CH3CN electrolyte on nanoITO. c Ref 48,

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Transient absorption spectra measured at indicated delay times
after pulsed 532 nm excitation of TiO2|RuC submerged in 0.1 M
NaClO4 acetonitrile electrolyte with 8 mM MeO-TPA (a) or 8 mM Cl-
TPA (b). Overlaid as solid lines are the simulated spectra.

Fig. 4 Single wavelength absorption changes measured after pulsed
532 nm laser excitation of TiO2|RuP in 0.1 M LiClO4 acetonitrile
electrolyte (a) and TiO2|RuC in 0.1 MNaClO4 acetonitrile electrolyte (b)
with 8 mM of the indicated TPA mediator. Kinetics were monitored at
the TPA+ absorption peak. Fits to the KWW model are overlaid on the
data as solid yellow lines.
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values for b and k were used to constrain ts to the bi-KWW
function used to model the TPA+ kinetics as b1 and k1. An
“average” rate constant, kkww, was then calculated as the rst
moment of this distribution using eqn (2), where G is the
Gamma function.

DA ¼
Xn¼1 or 2

i¼1

DAne
�ðkntÞbn (1)

kkww ¼ kib

Gð1=bÞ (2)

Fits of the recombination data for electron transfer from
TiO2(e

�) to Cl- or Br-TPA+ using a single KWW function revealed
a b value of 1, while the corresponding data obtained for MeO-
TPA and Me-TPA required b values ranging between 0.62 and
0.85. A b value of unity corresponds to the single exponential
behavior expected for a rst-order kinetic reaction. The kinetics
were independent of the excitation irradiance and hence the
initial concentrations, resulting in normalizable kinetics that
allowed a single rate constant to model the desired reaction. A
summary of the tting parameters is given in Table 2. Note that
the rate constants for recombination from TiO2(e

�) to all TPA+
This journal is © The Royal Society of Chemistry 2018
derivatives were larger in Na+ than in Li+ consistent with
previous report.6

Kinetic data acquired as a function of temperature were
modeled using the procedure described for the room temper-
ature data, Fig. 5a. The Arrhenius plot of the rst-order rate
constant (Cl-TPA or Br-TPA) or the average rate constants (kkww)
is shown in Fig. 5b, and revealed a common activation energy
Ea ¼ 0.13 � 0.01 eV for all TPA+ acceptors. The Ea values ob-
tained for the recombination to Br-TPA+ in 0.1 M MgClO4 and
0.1 M TBAClO4 CH3CN electrolytes were the same within
experimental error (Fig. 5c). The recombination to Br-TPA+ in
0.1 M MgClO4 was slower than that in LiClO4 or NaClO4.
Interestingly, even though the identity of the cation changed the
rate of charge recombination, the activation energy remained
the same.
Discussion

The intent of this study was to quantify the driving force
dependence of the interfacial charge recombination reaction
photogenerated electrons in dye-sensitized TiO2, TiO2(e

�)s,
with oxidized triphenylamines to yield ground state products,
eqn (3).
Chem. Sci., 2018, 9, 940–949 | 943
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Table 2 Charge recombination rate constants abstracted from the KWW modela

k (105 s�1), bb TiO2|RuC kkww (105 s�1) bTiO2|RuC k (105 s�1), cb TiO2|RuP kkww (105 s�1) cTiO2|RuP

MeO-TPA 0.42 � 0.05, 0.67 0.47 � 0.04 0.27 � 0.03, 0.62 0.19 � 0.02
Me-TPA 1.5 � 0.1, 0.74 1.7 � 0.1 0.74 � 0.07, 0.85 0.68 � 0.02
Cl-TPA 12.0 � 0.3, 1 12 � 0.1 3.1 � 0.1, 1 3.1 � 0.1
Br-TPA 9.7 � 0.1, 1 9.7 � 0.1 3.3 � 0.1, 1 3.3 � 0.1

a Rate constants (krec) for electron transfer from TiO2(e
�) to TPA+, where k represents the rate constant extracted from ts to eqn (1) and kkww

represents the average rate constant calculated with eqn (2). Note that for Cl-TPA and Br-TPA, the recombination was rst-order such that b ¼ 1
and kcr and kkww are equivalent. b Measured in 0.1 M NaClO4 CH3CN electrolyte. c Measured in 0.1 M LiClO4 CH3CN electrolyte.
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TiO2(e
�) + TPA+ / TiO2 + TPA (3)

If one assumes that the reducing power of the TiO2(e
�) is

insensitive to the TPA derivative used, the Gibbs free energy
change was varied by over 500 meV. The reactants were
produced by pulsed laser excitation of the sensitizers (RuC or
RuP) that initiated rapid excited state injection, kinj > 108 s�1,
into TiO2 followed by diffusional ‘regeneration’ through TPA
oxidation in an acetonitrile electrolyte. The time required for
regeneration of the oxidized sensitizer by TPA was about 1
microsecond and occurred quantitatively for the more easily
oxidized TPA derivatives.

The data provide new insights into the origin(s) of the non-
exponential kinetics that are oen reported for interfacial
charge recombination reactions in dye-sensitized TiO2 mate-
rials. Specically, the observation of a rst-order reaction indi-
cates a strong coulombic attraction between TiO2(e

�) and TPA+

that provides a pathway for charge recombination. Consistent
with previous reports, the kinetic data indicates that eqn (3)
occurs in the Marcus normal kinetic region, despite the large
expected driving forces. Below we discuss in more detail
a kinetic reaction sphere model for charge recombination fol-
lowed by a description of the driving force dependence.
Kinetic model

The spectroscopic approach described provided equal numbers
of injected electrons and oxidized TPA compounds. A rate law
Fig. 5 Single wavelength absorption changes measured after pulsed 532
indicated temperatures (a). Kinetics were monitored at the TPA+ absorp
indicated TPAs in 0.1 M LiClO4 (b) and from TiO2|RuP to Br-TPA in the i

944 | Chem. Sci., 2018, 9, 940–949
that is rst-order in TPA+ and rst-order in TiO2(e
�) and hence

second-order overall might be expected, eqn (4).

Rate ¼ k[TPA+][TiO2(e
�)] � k[TPA+]nb (4)

The order in TiO2(e
�) has been quantied by many groups,

through transient photovoltage spectroscopy, and is mysteri-
ously oen reported to be non-integral56,57 although under some
conditions it is indeed unity.58 Since the molar concentrations
asserted by the brackets in eqn (4) are ill-dened in the meso-
porous TiO2 thin lms, the total number of injected electrons,
n, is oen raised to the exponent b as an approximation to the
[TiO2(e

�)].2

A striking result from this study was that when charge
recombination was highly exothermic, the kinetic data were
most accurately modelled as a rst-order kinetic model and
displayed single exponential kinetics even when the initial
concentration was varied by over a factor of ve. Such data is
inconsistent with the rate law implied by eqn (4). Instead, rst-
order recombination is expected for a unimolecular electron
transfer like that observed in covalently linked Donor–Acceptor
(D–A) compounds. Therefore, electron transfer is to the surface
adsorbed TPA+ proximate to the injected electron, eqn (5).

TiO2(e
�)|TPA+ / TiO2|TPA (5)

Hence, diffusional regeneration of the oxidized dye yields
TPA+ that adsorbs to the TiO2 surface prior to charge recombi-
nation. It is likely that the coulombic attraction between the
nm laser excitation of TiO2|RuP in 0.1 M LiClO4 with 8 mM of Br-TPA at
tion peak. Arrhenius plots for the recombination from TiO2|RuP to the
ndicated 0.1 M CH3CN electrolytes (c).

This journal is © The Royal Society of Chemistry 2018
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injected electron and TPA+ stabilizes the proposed adduct.
Indeed, the electric eld produced by excited state injection has
been estimated to be �2 MV cm�1 under one-sun illumina-
tion.49,50 The eld is sufficiently large to electrostatically bind
the cationic TPA+ and the injected electron is suitably close to
afford the electronic coupling necessary for electron transfer.

In order to rationalize why the reaction becomes non-
exponential at smaller driving forces, a “reaction sphere”
model is proposed that shares some similarities with those of
Perrin and Onsager (Scheme 2).59,60 In this model, it is assumed
that the injected electrons reside in localized trap states as Ti(III)
species that can either hop to a Ti(IV) site or reduce surface
adsorbed TPA+. Such Ti(IV/III) hopping is conceptually equiva-
lent to previously reported trapping/detrapping mecha-
nisms46,61 and is expected to be independent of the TPA+

derivative. A key aspect of this model is that the TiO2(e
�) reacts

with any TPA+ within a sphere whose radius r increases with
driving force. Recombination within the reaction sphere gives
rise to rst-order kinetics; recombination to TPA+ outside the
sphere requires Ti(IV/III) hopping, manifested as dispersive
kinetics and b < 1 in the KWW function, until the rate constant
for electron transfer to TPA+ is sufficiently large to compete with
transfer to another Ti(IV) site.

As rst derived by Scher andMontroll,43 electron transport in
disordered media naturally gives rise to dispersive kinetics that
follow the Kohlrausch–Williams–Watts model, eqn (6).
Scheme 2 A reaction sphere model for interfacial charge recombi-
nation. Schematic representation of a proposed Perrin-like model.
When the driving force for recombination is large, as seen for Br- and
Cl-TPA, electron transfer occurs over relatively large distances (blue
sphere). With smaller driving force, the electronmust hop closer to the
TPA+ acceptor before electron transfer can occur (red sphere), leading
to a decreased b value in fits to the KWW function.

This journal is © The Royal Society of Chemistry 2018
A(t) ¼ A0 exp(�kt)b (6)

where b is inversely related to the width of the underlying Lévy
distribution of rate constants, 0 < b < 1, A0 is the initial absor-
bance, and k is the characteristic rate constant. When b ¼ 1,
a rst-order reaction is recovered. The inverse Laplace trans-
form of eqn (6) is known analytically for certain b values and has
been determined by saddle-point approximation for others.
Fig. 6 shows the distributions for charge recombination to the
TPA+ derivatives under study as well as their average rate
constants (eqn (2)) and the rst-order rate constants for Cl- and
Br-TPA+. While inverse Laplace transforms are ill-conditioned
and should be viewed with caution, the highly dispersive
kinetics that span at least three orders of magnitude in time
likely reect the heterogeneous Ti(IV/III) hopping transport in
the mesoporous thin lms. When the injected electron is within
the reaction sphere, electron transfer to TPA+ kinetically
outcompetes hopping to another Ti(IV) site. When the injected
electron is outside the reaction sphere, a wide range of rate
constants is possible due to the weak coupling and hence small
electron transfer rate constants to TPA+. We emphasize that this
model, like those of Perrin’s and Onsager’s, is an approxima-
tion. Electron transfer to TPA+ likely occurs at a distribution of
distances that are not marked by a sharp turn on/off at radius r.

It is interesting to note that the Ea value of 0.13� 0.01 eV was
independent of the identity of the TPA+ acceptor. A similar
activation energy of 0.13 eV was reported for electron transport
within mesoporous TiO2 (ref. 45) as well as for Li+ hops in
a Li10SnP2S12-based composite.62 Cation hopping was excluded
since the same activation energy wasmeasured in 0.1MMgClO4

and 0.1 M TBAClO4 electrolytes for recombination to Br-TPA+

(Fig. 5c). Since the observed rate constant is the true rate
constant for recombination to Cl- and Br-TPA+, the activation
energy must reect the barrier for the interfacial electron
transfer reaction. For the other TPA+ derivatives, the same Ea
Fig. 6 Calculated Lévy distribution of the charge recombination rate
constants abstracted from transient data for electron transfer from
TiO2(e

�)|RuC (top) and TiO2(e
�)|RuP (bottom) toMeO-TPA+ (red) or to

Me-TPA+ (black). An average rate constant based on eqn (2) is shown
as a vertical line. Also shown as vertical lines are the first-order rate
constants for recombination to Br-TPA+ (blue) and Cl-TPA+ (green).
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value should be taken as the average of a distribution of acti-
vation energies as it was extracted from rate constants based on
Lévy distributions. The fact that these average activation ener-
gies are the same within experimental error indicates that the
barrier for Ti(IV/III) hopping must be very similar to that for
electron transfer to the oxidized TPA+, a conclusion that is in
agreement with a recent publication.45
Marcus normal electron transfer

Regardless of how the time resolved data is analyzed, the data
clearly show that the recombination rate becomes larger as the
Eo(TPA+/0) potential increases, consistent with Marcus normal
kinetic behavior. There was no evidence for activationless or
Marcus inverted kinetic behaviors even when the mediator
potentials were tuned to the most positive values. Indeed, the
electron transfer was clearly activated, Ea ¼ 0.13 � 0.01 eV.
Normal kinetic behavior has also been reported for Co(III)
complexes and for ferrocenium acceptors.7,8,28 While a precise
value of the formal EoTi(IV/III) reduction potential is unknown,
the onset for spectroscopic changes attributed to TiO2(e

�) is
around 0 V vs. NHE in 0.1 M LiClO4.6,49 Hence, the spec-
troelectrochemical studies suggest that the driving force for
recombination to X-TPA+ acceptors, where X ¼ Cl or Br, is
greater than 1.2 eV. We emphasize however that the true free
energy change for charge recombination is unknown and may
be complicated by the time dependent electric eld26,63 or the
exponential density of donor states that are oen invoked to
model such data.49,64 Nevertheless, the data is fully consistent
with Marcus normal electron transfer and suggests that either
the reorganization energy must exceed this value or, as has been
previously described, that recombination occurs through lower
energy “trap” states with a signicantly smaller driving
force.10,31

The total reorganization energy for this interfacial recombi-
nation reaction includes contributions from TiO2, the triphe-
nylamine acceptors, and the electrolyte solution. Theoretical
calculations indicate that ltot ¼ 0.15–0.25 eV for TPA+/0 which is
consistent with the rapid self-exchange in this class of
compound.65 The reorganization energy change associated with
Ti(IV/III) hopping is unknown. In molecular compounds, the d0/
d1 redox chemistry is subject to a large Jahn–Teller distortion
and reported reorganization energies are quite large.66–68 While
molecular Ti compounds and TiO2 are quite different, the
spectroscopic properties of Ti(III) in the solid state oen show
clear evidence of Jahn–Teller distortions.69,70 Hence, a signi-
cant inner sphere contribution to the reorganization energy is
expected.66–68 The dielectric continuum theory provides outer-
sphere reorganization of �1 eV in acetonitrile.71,72 Recently,
reorganization energies near 1.2 eV for electron hopping have
been calculated using the DFT + U method.73 Hence it is not
unreasonable to suggest that the total reorganization energy is
greater than 1.2 eV. Alternatively, and as has previously been
discussed,28,31 a lower driving force for the reaction would be
expected if the energetic position of the TiO2 donor states that
participate in charge recombination is at much more positive
potentials than the spectroelectrochemical data indicates. This
946 | Chem. Sci., 2018, 9, 940–949
would allow for the observation of normal behavior when the
total reorganization energy is less than 1.2 eV.

In the present study, the rst-order recombination observed
for the halogenated TPAs rules out diffusion or transport of the
injected electrons as being a rate limiting process. Furthermore,
recent studies have shown that charge recombination to
oxidized dyes is sensitive to the bridge that separates them from
the surface or the orientation of the surface linker.39,40 Indeed,
specic bridge mediated pathways to oxidized dyes have been
identied.37 Taken together, these ndings indicate that the
observed rate constants do, at least partially, report upon the
interfacial electron transfer rate constant(s). Even when |DG�|
was as large as that reported here there was no evidence for rst-
order kinetics or rate constants that were highly sensitive to the
sensitizer Eo(S+/0) reduction potentials. This very different
behavior for electron transfer to oxidized sensitizers versus
redox mediators is not fully understood. A working hypothesis
is that the anionic phosphonate (or carboxylate) binding groups
preclude close-encounters of the injected electrons with the
oxidized sensitizers resulting in more dispersive kinetics with
longer distance interfacial electron transfer.
Conclusion

Electron transfer from TiO2 to a series of symmetrically
substituted oxidized triphenylamines was quantied over
a driving force range of 0.5 eV. The rates increased with the
thermodynamic driving force, consistent with the reaction
occurring in the Marcus normal region. This conclusion was
robust and occurred for two different CH3CN electrolytes
(LiClO4 and NaClO4) and when sensitized to visible light by two
different sensitizers (RuC and RuP). An unprecedented rst-
order electron transfer from TiO2 to Cl-or Br-TPA+ indicated
a coulombic interaction that provided sufficient coupling for
unimolecular-like recombination. A reaction sphere model was
proposed to account for this behavior and the dispersive
kinetics observed for the other TPA+ acceptors wherein the
recombination radius is related to the Gibbs free energy change.
Experimental
Materials

The following reagents and solvents were purchased from the
listed commercial sources and used without further purica-
tion: acetonitrile (Burdick and Jackson, spectrophotometric
grade), methanol (Fischer, ACS Reagent grade), sodium
perchlorate (NaClO4, Sigma-Aldrich, 99%), argon gas (Airgas,
>99.998%), [Ru(bpy)2(dcb)]

2+(PF6)2 (Solaronix), tri-p-tolyl-amine
(Me-TPA, Sigma-Aldrich, 97%), and tris(4-bromophenyl)amine
(Br-TPA, Sigma-Aldrich, 98%). [Ru(bpy)2(dpb)]

2+(PF6)2,77 tri-p-
anisylamine (MeO-TPA)74 and tris (4-chlorophenyl)amine (Cl-
TPA)75 were prepared according to previously reported methods.
Materials preparation

Anatase TiO2 nanocrystallites were prepared through a previ-
ously described sol–gel method.76 The sols were cast as thin
This journal is © The Royal Society of Chemistry 2018
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lms by doctor blading onto methanol cleaned glass substrates.
Scotch tape (�10 mm) was used as a spacer and aided in
achieving a uniform lm thickness. The lms were allowed to
stand covered for 30 min before being transferred to a tube
furnace. The furnace was rst purged with pure O2, then heated
at 450 �C for 30 min. Aer annealing, the lms were either kept
in a 70 �C oven for later use, or immediately submerged in
concentrated acetonitrile solution of RuC or RuP.

Electrochemistry

All electrochemical experiments were performed in acetonitrile
solution containing 0.1 M NaClO4 as the supporting electrolyte.
Potentials were applied against a self-contained Ag wire pseudo
reference electrode containing the same electrolyte solution.
The reference electrode was calibrated externally against the
Fc+/0 reduction potential (0.31 V vs. SCE) where SCE is 0.241 V
positive of NHE.78 Cyclic voltammetry employed Pt disk elec-
trodes (BASi, 1.6 mm diameter) as both working and auxiliary
electrodes. Spectroelectrochemical studies were performed
using a gold Honeycomb Spectroelectrochemical Cell (Pine
Research Instrumentation), and allowed absorption changes to
be quantied aer application of an electrochemical bias.

Absorption spectra

Ground state absorption spectra were obtained from a Varian
Cary 50 spectrophotometer. Serial dilution of stock solution was
used to determine the extinction coefficient of each compound.
Molar absorption coefficient for the one electron oxidized TPAs
were determined by internal comparison to the ground state
TPA spectra.

Transient absorption

Nanosecond transient absorption measurements were per-
formed on a previously described apparatus.79 A pulsed (1 Hz)
150 W xenon arc lamp (Applied Photophysics) was used as the
probe beam. Appropriate lters were placed before the sample
to prevent direct band gap excitation of TiO2. Aer passing
through the sample, the probe beam was focused into a Spex
monochromator coupled to a R928 Hamamatsu photo-
multiplier tube. A pulsed (1 Hz) Nd:YAG laser (Quantel USA
Brilliant B; 5–6 ns full width at half-maximum, spot size �0.8
cm2) provided sample excitation. Excitation power was
measured at the sample using a thermopile power meter
(Molectron), with typical excitation powers varying between 500
mJ and 5 mJ per pulse. Typically, 30 pump-probe measurements
were averaged over the range of 400–800 nm. Data generated for
kinetic modeling were typically averaged between 150–210
measurements in order to improve signal to noise. Full spectra
were generated at a set time aer laser excitation by averaging
3–21 data points around the timepoint of interest.

Data modeling

Kinetic modeling was performed with OriginPro 9, which
utilizes a Levenberg–Marquardt iteration method. A custom
Mathematica 9 script was used to model the spectral signatures
This journal is © The Royal Society of Chemistry 2018
observed in transient absorption. Fitting was achieved through
standard addition of steady state absorption spectra.
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