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Abstract

Electron transfer theories predict that rates of charge transfer vary with the dielectric properties of the
environment where the reaction occurs. An appropriate description of this relation for molecular
sensitized semiconductors in electrolytes must account for the restricted geometry of these systems
compared to ‘free’ molecules in solution. Here, we explore the extent to which dielectric properties of
the surrounding medium can explain the rates of charge transfer processes, measured using transient
absorption spectroscopy, involving photo-oxidized thiophene-carbazole based molecules on oxide
semiconductors in inert or redox-active electrolytes. We observe no clear correlation between the
activation energy of hole hopping between molecules on oxide surfaces or the recombination rate
between photogenerated electrons in the oxide and holes on the adsorbed molecules and the dielectric
properties of the surrounding solvent. The activation energy of hole hopping tends to increase with
time following initial photo-generation of the holes, which we attribute to energetic disorder in the
molecular monolayer. The recombination rate in different solvents scales with the hole hopping rate.
It can also be varied by adding inert salts in the electrolyte and by controlling the access of cations in
solution to the oxide surface. Finally we show that fast electron transfer from cobalt complexes to
photo-oxidized molecules in solvents with low polarity is verified, but the kinetics are limited by the
ionic dissociation. Our study highlights the importance of electronic coupling between the redox
active components and their solvation, beside the reorganization energy and the driving force, in the

determination of electron transfer rates at molecular sensitized interfaces in electrolytes.
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Electron transfer is the most fundamental reaction in all natural (photo)electrochemical systems that
include redox active molecules and underlies the working mechanism of all electronic and
electrochemical devices. For example, in a dye sensitized solar cell (DSSC) a mesoporous oxide
semiconducting film sensitized with light absorbing dye molecules and an electrolyte containing a
redox couple are combined to convert light into electrochemical energy.! This conversion relies on a
sequence of processes that include light absorption by the dyes, charge separation at the
oxide/dye/electrolyte interfaces and charge transport to the electrodes of the cell.? Understanding and
controlling the factors influencing electron transfer processes is therefore of utmost importance to

improve the performance of these devices.

The most successful and widely used theory to date that describes electron transfer processes between
weakly coupled redox sites is non-adiabatic Marcus theory. The rate of electron transfer between an
electron donor and an electron acceptor can be expressed, according to this theory, as follows:
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In equation 1, the rate I"is a function of three main parameters. The electronic coupling J is related to
the electron wavefunction overlap between the two redox sites. The driving force of the electron
transfer reaction AGo is the difference in free energy between the products (after electron transfer has
occurred) and the reactants (before electron transfer has occurred). Finally, the reorganization energy
A represents a measure of the energy involved in structural reorganization of the donor and acceptor as
well as of the environment, upon electron transfer. The parameters T, ks and 7 correspond to
temperature, Boltzmann’s constant and Planck’s constant. The equation refers to donor acceptor

systems in an environment approximated as an isotropic dielectric continuum.

Marcus theory has been invoked to investigate all electron transfer processes occurring in a DSSC.
The processes that specifically involve a photo-oxidized dye are shown in Figure 1a and are: (i) the
hole hopping between dyes anchored to the oxide surface; (ii) the recombination of a hole on a dye
with an electron in the oxide particle; (iii) the dye regeneration by a redox-couple. Prior to these
processes, photoinduced electron injection is another important electron transfer process at this

interface. Electron injection has been characterized in detail in previous literature.3*

The hole hopping process occurs between nominally identical redox-sites. Consequently, to a first
approximation, AGo = 0 and the process can be defined as a self-exchange reaction. We and other
groups have recently correlated hole hopping between dyes to the regeneration and collection
efficiency of solid state DSSCs,>%7 and to the oxidized dye lifetime of dye sensitized TiO; in inert
electrolytes.®° The potential of hole hopping for catalysis applications has also been discussed in the

literature.101112 Despite not being widely invoked as an important mechanism, these reports suggest



that hole hopping between adsorbed molecules has a critical influence on the charge transfer

dynamics of device interfaces and consequently the device performance.

Recombination between electrons in the metal oxide and holes in adsorbed molecules has been
described in terms of electron transport limitation in the metal oxide. Electron trapping-detrapping
processes occurring for the case of nano-sized semiconductor particles result in a dispersive decay of
the electron hole population (i.e. recombination occurring throughout a broad range of time scales).™
Reaction limited recombination has also been reported.’ Interestingly, some systems showed a
decrease in the reaction rate upon increasing the driving force while other systems showed the
opposite behavior.t*>%17 According to Marcus theory, these observations would correspond to the case
of AGo + 4 <0, known as Marcus inverted region (see dash line in Figure 1b), and AGo + 4 > 0 known

as Marcus normal region (solid line in Figure 1b), respectively.

The dye regeneration process involves electron transfer from a redox couple (electron donor) to a
photo-oxidized dye (electron acceptor), and its driving force is in general non-zero. A common
observation is that increasing the driving force of this process increases its rate, consistent with
Marcus theory under the conditions of AGo + 4 > 0.181920 |n terms of device performance, fast
regeneration is beneficial to the charge separation efficiency. However, increasing the driving force
increases the energy loss involved in the regeneration process, adversely affecting the open circuit
voltage in a solar cell. Finding strategies that can increase the regeneration rate with minimal values
of the driving force is therefore a priority in the field of DSSCs.?
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Figure 1. (a) Structure of a dye sensitized solar cell including a dye sensitized titanium dioxide
mesoporous film and an electrolyte containing a redox-couple. The schematics, (i), (ii) and
(iii) illustrate the processes of hole hopping between dyes, recombination of electrons in the
oxide with holes on adsorbed dyes, and dye regeneration by a redox-couple. (b) Diagram of
the free energy of reactants and products as a function of one reaction coordinate for a self-

exchange reaction (i) and for an electron transfer reaction between a donor and an acceptor
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electron transfer rate upon variation in Pekar factor of the solvent for the case of AGo+ 1> 0
according to non-adiabatic Marcus theory (the change in electron transfer rate is expected to
be opposite for AGy + 1 < 0).

Equation 1 indicates that 7" increases when decreasing A for AGo + 4 > 0, while it decreases when AGg
+ 4 < 0. The reorganization energy of charge transfer A can be separated into the sum of an inner
sphere component A, which is the energy involved in the structural reorganization of the redox sites
upon charge transfer, and an outer sphere component Ao, that accounts for the solvent’s reorganization.
Ai can be varied by changing the chemical structure of the redox-sites. According to Marcus theory, o
is inversely proportional to the size of the donor and acceptor units involved in the reaction and
increases for longer distance between the two units.?? It is also proportional to the Pekar factor which
is defined as e = eoptt — &5, Where gqprand e are the optical and static dielectric constants of the
surrounding environment. Assuming spherical reactants with radii a: and a, at a center to center

distance of R, and a single electron transfer (of charge q), 4, can be expressed as:

@ (11 1)1
/10_4n60(2a1+2a2 R)eeff’ Eq.2

where €, is the dielectric permittivity of vacuum. Note that models based on more relevant geometries
than the simplified spherical case have also been considered.?®?* These still highlight the importance
of the parameter &« for the determination of .. In a previous study, we estimated the reorganization
energy of hole hopping between dyes in 0.1 M tetrabutylammonium perchlorate (TBAP) in
acetonitrile from temperature dependent cyclic voltammetry measurements. Comparison between
these values with calculations suggested that the dominant contribution to the overall value of 4 is

from 4, when polar solvents are used.?>?

When considering the same dye, using solvents with different dielectric properties is expected to yield
differences in 4, and hence electron transfer rate according to equation 1. However, previous
electrochemical studies of hole and electron hopping in dye sensitized mesoporous oxide films in
different solvents by the Gratzel group reported limited or opposite dependence of the charge transfer
rate on the dielectric constant of the solvent to that expected theoretically.?”?® Electrochemical
approaches however rely on the use of electrolytes that contain inert salts, which affect the dielectric
constant of the environment.?? Transient absorption anisotropy has been shown as a technique to
monitor the rate of hole hopping and that can be applied to dye sensitized films immersed in solvents
that need not contain any ions enabling better control of the dielectric environment.'® Using this
technique, considering dye sensitized samples in solvents without inert salts, we have shown that an
opposite trend compared to what predicted by Marcus theory can be observed, where increasing the

electrolyte’s Pekar factor resulted in faster hole hopping.® Similar results have also been shown in a



spectroscopic study of hole hopping in a c-shape molecule containing donor and acceptor moieties,
where the observed fast hole hopping in high polarity solvents was explained in terms of the change in
packing and coupling between donor and acceptor moieties upon increase of the solvent dielectric

constant.°

Based on this literature, Equation 1 seems to have limited applicability to explain the reactions
occurring in molecular sensitized oxide semiconductors in electrolytes. In these systems, the
molecules are anchored on the oxide and the distance between donor and acceptor is rather fixed.
This, on the one hand, could simplify the analysis due to the lesser degrees of freedom involved, on
the other hand it is expected to complicate the relation between solvent Pekar factor and
reorganization energy from the case of free molecules in solution, with also possible repercussions on
the electronic coupling of electron transfer reactions. On a practical level, the questions are: to what
extent do the dielectric properties of the solvent and oxide control the rates of electron transfer at
oxide/dye/electrolyte interfaces? What other parameters are relevant to these systems, besides
reorganization energy, driving force and electronic coupling of electron transfer? Here, we address
these questions by probing the rate of reactions (i), (ii) and (iii) using transient absorption and
transient absorption anisotropy spectroscopy while varying the experimental parameters that are
expected to determine the screening and the electrostatic properties at the interfaces in molecular
sensitized oxides in inert and redox active electrolytes. We chose oxide materials, and electrolyte
solvents that cover a broad range of Pekar factor values and varied the electrolyte composition in
terms of redox couple, inert ions and additives. Finally we propose an explanation for the
discrepancies between the observed trends and the existing theoretical framework, highlighting the
role of disorder in the dye monolayer, of the relationship between the different reactions and of

electrostatic and solvation effects at the oxide/dye/electrolyte interface.
Experimental method

Sample preparation: dyed porous metal oxide films were prepared with common procedures (see
section 1 of the Supporting Information). The MK2 dye and other thiophene based dyes were used,
given their proven photo-stability.3 MK2 was purchased from Aldrich. MK3, MK75 and MK 147
were also considered.®?3® The structures of the MK2 and MK 147 dyes, and the electrolyte
components used here are shown in Figure 2. MK3 and MK75 have a similar structure to MK2, with
three thiophenes without alkyl chains and two thiophenes with alkyl chains respectively. Synthesis of
the MK147 dye is presented in section 2 of the Supporting Information. Cobalt redox couples were
chosen in that they are a one electron single step regenerative system. The complexes
Co"(bpy)s[B(CN)4]2 and Co""(bpy)s[B(CN)4]s were used in the study of the effect of inert salts on
the regeneration kinetics. The complexes Co(bpy)s[TFSI]2 and Co""(bpy)s[TFSI];s were used for

the investigation of the solvent dependence given their higher solubility in low polarity solvents. In all



experiments, both Co("” and Co("” complexes were added in the electrolytes at a constant ratio of
[Co)/[Co"M] = 11.1. In the text we specify the experimental conditions referring to the
concentration of Co(!V species only for brevity. The structure of the dye molecules, the redox couple,
the salts, the additive and the solvents used in this work are shown in Figure 2. The samples were
fabricated using electrolytes based on solvents with different dielectric properties. The static dielectric
constant, refractive index and Pekar factor of each solvent are listed in Table 1. The preparation of the
samples was done in ambient conditions. The presence of water on the surface of TiO, may also
contribute to the effective dielectric environment. Apart from the anchoring group, the dyes’ chemical
structure has a hydrophobic character. We therefore expect the dyes to interact to a limited extent with

water molecules, and rather to be solvated by the organic solvents used in the study.
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Figure 2. Chemical structure of the materials used in this study.

Table 1. Dielectric properties of the solvents used in this study. Dielectric constants were taken from
reference 3 and refer to data in the temperature range between 293 and 298 K. Refractive

index data were taken from reference * for 298 K. The Pekar factor was calculated as ee‘flf =

n? —e;l.
Solvent Static dielectric Refractive index | Pekar factor &
constant & n (at 589.3 nm)

Acetonitrile (ACN) 36.6 1.342 0.53
Dichloromethane (DCM) 8.93 1.421 0.38
1,2-Dimethoxyethane (DME) 7.30 1.377 0.39
Ortho-dichlorobenzene 10.1 1.550 0.32

(oDCB)

Cyclohexane (CH) 2.02 1.423 0.00




Transient absorption and transient absorption anisotropy measurements: the samples were placed in
the setup such that the probe light (red laser 780 nm, CUBE, Coherent) passed through the active area,
and the pump (532 nm Nd:YAG pulsed laser, INDY, Spectra Physics) illuminated an area that was
larger than the active area of the sample. For temperature dependent measurements, a cryostat
(CoolSpek, UNISOKU) was used to cover the temperature range between 318 K and 243 K. This
range was chosen, and adapted depending on the solvent, to avoid evaporation or freezing of the
solvents used. The pump laser intensity was set between 10 and 15 pJ cm per pulse. A repetition rate
of 10 Hz was used for the hole hopping study, 1 Hz for the recombination study and 5 Hz for the dye
regeneration study, unless stated otherwise. The 780 nm laser beam was polarized before passing
through the sample at the magic angle (54.7°) with respect to the (vertical) polarization of the pump
for transient absorption measurements, or at 0° and 90° for anisotropy measurements.* The beam was
focused on to a photodetector after passing through the sample through a series of lenses and without
any mirror. The change in transmission was detected through the photodetector, amplified, and
collected using an oscilloscope. The optical density data were calculated from the time resolved
change in transmission AT(t) and the background transmission T using the relation AOD(t) =
—AT(t)/(2.37).

The transient absorption anisotropy rex, of dye sensitized oxide mesoporous films was calculated as in
previous reports using the formula:

__ AODy(t)—AODg(t)
rexp(t) T AODy (t)+2A0Dy(t)

Eq.3

Where AODy(t) and AODk(t) are the transient absorption measurements performed with vertical and

horizontal polarization of the probe beam.

Analysis of activation energy of hole hopping: The temperature dependent anisotropy data were
analyzed as follows. The AODy(t) and AODx(t) traces were smoothened using a moving average in
log(t), where each value of rey at time t was calculated from the averaged values of AODy(t) and
AODw(t) between the times £ /1.05 and t x1.05. As shown in the results section, in the presence of
disorder, the rate of hole transport following initial generation (at t = 0) decreases as holes hop to
lower, more stable, energy states on average (other sources of variations in hopping rate include
configurational disorder). Consequently, when evaluating the anisotropy decay, it is useful to
determine effective hopping rates corresponding to the ‘distance’ already hopped, where the drop in
rexp(t) can be used as proxy for the mean distance travelled. We achieve this by determining t, which
corresponds to the time at which an anisotropy decay reached the value r = req(tr). The following

formula was used:
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logyolty] = lmin Eq. 4

tmax 2
(T—Texp(f))
exp —720_2

t=tmin

where o is the estimated noise in the measurement and tmin, tmax determine the time range of the data
considered. This formula assumes that noise following a Gaussian distribution affects the anisotropy
trace. The value of ¢ is estimated by considering the root mean squared error between the anisotropy
decay and a line fitted to the decay in logarithmic time within the ranges 10-20 us and 100-200 s.
Typical values of ¢ between 0.003 and 0.006 were obtained. The time resolution of the experiment
limits the maximum value of r considered in the data analysis for each sample, and therefore the
minimum value of %r decay at which we present activation energy data in the Results section. We
discuss additional notes on this and other aspects of the technique in section 3 of the Supporting

Information.

Monte Carlo simulations: the simulations were run using the code described in reference® and are

described in Section 4 of the Supporting Information.
Results

(i) Hole hopping between dyes
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Figure 3. Measurement of activation energy for hole hopping between MK2 dyes sensitizing a TiO-
mesoporous film in acetonitrile. (a) Temperature dependent transient absorption anisotropy
measurements. (b) Interpretation of anisotropy decay in terms of holes migrating on the
surface of the oxide particle, causing changes in orientation of the probed oxidized dye’s
transition dipole moment. (c) Arrhenius plot showing the rate (t2) corresponding to holes
reaching a specific value of the anisotropy r as a function of temperature. (d) Values of
activation energy extracted from the Arrhenius analysis of the data and plotted as a function

of the fractional decay in anisotropy, assuming an initial value of rep = 0.3.

In Figure 3a, we show the results of the temperature dependent transient absorption anisotropy
measurements performed on a MK2 sensitized TiO, mesoporous film immersed in acetonitrile. The
protocol for the measurement is described in the experimental section and in section 5 of the
Supporting Information. Decrease in temperature resulted in the slowing down of the anisotropy
decay, consistent with a temperature activated process. Figure 3c displays an Arrhenius plot of the
parameter t, describing the kinetics of the decay. t; is defined as the time at which a certain value of
anisotropy r is reached after the laser pulse. The figure shows datasets corresponding to three selected

values of anisotropy (also indicated in Figure 3a).



Fitting the Arrhenius relationship (t)? = exp(-Eac/keT) to the t; vs T datasets for different values of r
yielded the activation energies E.c illustrated in Figure 3d. These are plotted against the fractional
change in anisotropy assuming an initial anisotropy value upon electron injection and structural
relaxation of 0.3 (see discussion in section 6 of the SI). Note that since a monotonic decrease in
anisotropy was observed for all the traces, the x-axis of Figure 3d is representative of the distance
travelled by the holes via diffusion and of time passing after the laser pulse. The analysis shows that
the value of E. is not constant, instead a slight increase with time was observed in the range of 150 to
230 meV.
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Figure 4. Activation energies as a function of anisotropy decay for hole hopping in MK2 sensitized
films in different dielectric environments. (a) Effects of the mesoporous substrate (TiO»,
SnO;) and of the solvent (acetonitrile, dichloromethane or ortho-dichlorobenzene). For the
TiO, oDCB sample, the highest and lowest Eac: datasets obtained are displayed to show the
variations observed for this sample, as also commented in the text. (b) Effects of adding 0.1
M TBAP, 0.1 M LiP or 0.5 M tBP to acetonitrile electrolytes and (c) of the dye coverage. In
all panels, datapoints joined by solid or dashed lines represent the results from fits using 4 or
less than 4 temperatures respectively. (d) Simulated activation energy considering hole
diffusion on the surface of a cubic particle, using values of 1 eV and 10 meV for the

reorganization energy of hole transfer and electronic coupling between dyes respectively, and
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for different conditions of dye surface coverage and energetic disorder (oe is the standard

deviation of the Gaussian distribution of the HOMO energy levels involved in the hole
hopping).

MK2 sensitized samples were then measured with the combinations of two different mesoporous
oxides and three solvents having different dielectric properties. We also considered the effect of
introducing the inert salt tetrabutyleammonium perchlorate (TBAP), lithium perchlorate (LiP) and the

additive tert-butyl pyridine (tBP) in the electrolyte.

Figure 4a shows that relatively similar behaviour was obtained for most of the conditions considered
here. In other words, no correlation was observed between the Eac: values and the dielectric properties
of the environment. We detect an increasing activation energy with fractional change in anisotropy for
all systems and values in the order of 250 meV and 300 meV at high %r., decay (that is after the
holes have diffused far enough from the photogeneration site). Samples using MK2 sensitized TiO; in
ortho-dichlorobenzene showed limited reproducibility. In Figure 4a we show measurements of the
two samples resulting in the highest and lowest values of Ea. In section 7 of the Supporting
Information we show the full reproducibility study for this solvent and compare it to samples in
acetonitrile. In the same section, transient absorption anisotropy measurements used to obtain the data
under the conditions in Figure 4 as well as under additional conditions are shown. We observed a
slight desorption of dyes from the surface of TiO, when immersing the sample in dichloromethane. In
order to check the effect of this desorption on the measurement of activation energy, Figure 4c shows
the measurement for a sample in acetonitrile which was immersed in dichloromethane solvent for
about 10 minutes prior to the cell assembly and compare it with the data of the sample in acetonitrile
shown in Figure 4a. The two profiles of activation energy are the same within error, suggesting that
the desorption caused by dichloromethane, resulting in about 84% surface coverage, gives a negligible
change in the hole transport performance of the sample. In the same figure, we also show the case of a
sample that was dyed for a shorter time, resulting in (potentially non-uniform) lower average coverage
of about 70%. This sample showed a significantly different behaviour, with a very steep increase in

the apparent activation energy.

Figure 4d shows the activation energy extracted from Monte Carlo simulations of temperature
dependent transient absorption anisotropy performed following the procedure described in reference®
and in the section 4 of the Supporting Information, for different values of dye surface coverage and
energetic disorder. The results show that the expected activation energy for a disorder free system is
constant as a function of time, regardless of the dye surface coverage. Note that in this model,
incomplete coverage is a source of static disorder which, however, does not introduce a temperature
dependence. When we introduce a Gaussian energetic disorder in the value of the dyes’ HOMO with

standard deviation o = 0.1 €V, a higher and delay-time dependent activation energy is obtained (all
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the simulated anisotropy traces are displayed in Figure S5 of the Supporting Information). A small
dependence on coverage is observed in this case too. Such dependence is expected to be more
pronounced once the dye coverage approaches the percolation threshold. We note that, while
energetic disorder is a plausible cause for the time dependent activation energy observed here, the
trend displayed in Figure 4c might be related to additional effects occurring at low dye coverage, such

as dynamic disorder in the form of fluctuation in dye orientation.*’

(ii) Electron hole recombination in dye sensitized films immersed in inert electrolytes
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Figure 5 Transient absorption and transient absorption anisotropy measurements of MK2 sensitized

TiO, mesoporous films showing the effect of: (a, b) different inert solvents; (c, d) addition of
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tert-butyl pyridine in the solvent; (e, f) addition of lithium salt in the solvent. (g) and (h) show
the effect of lithium perchlorate (LiP) and tetrabutylammonium perchlorate (TBAP) on the
electron-hole recombination rate for the case of high and low dye coverage of the TiO»

surface.

We then considered the recombination reaction between electrons in the oxide semiconductor and
holes on adsorbed dyes. Figure 5a shows transient absorption spectroscopy measurements for MK2
sensitized TiO, mesoporous films immersed in different solvents, while Figure 5b shows the
respective anisotropy decays. The dye coverage was slightly different for these samples, especially for
the case of dimethoxyethane, where significant desorption of MK2 was observed. For MK2, both the
transient absorption and the anisotropy decays followed similar trend, that is faster kinetics for higher
Pekar factor solvents. The kinetics of both the recombination and anisotropy decays for the other
carbazole dyes tested, MK147, MK3 and MK75 revealed less dependence on solvent and generally
slower anisotropy decays than MK2, as shown in section 8 and 9 of the Supporting Information.

We then investigated the effect of inert ions and of the additive tert-butyl pyridine on the electron hole
recombination in MK2 sensitized TiO, mesoporous films. Figure 5¢ and e illustrate that, while the
addition of lithium accelerates such reaction, the addition of tBP slows it down, consistent with
previous discussion by Haque et al.® The graphs on the right column show that the effect of tBP on
recombination correlates with its effect on hole hopping, while for the case of lithium salts we do not
observe any obvious correlation. The correlation is also not clear for MK147 sensitized samples in the
presence of either lithium or tBP (Figure S14). For MK2, both the recombination and the anisotropy
traces show decrease in dispersion upon the addition of lithium ions. Figure S16 shows that this effect
is still visible for the case where a redox couple is introduced in the electrolyte. We finally compare
the behaviour of samples containing either lithium or tetrabutylammonium based salts, the latter
having larger size than lithium ion. We look at this comparison for the case of high and low dye
coverage samples to control the ability of these cations to access the TiO, surface. Figure 5g and h
show that, under high dye coverage conditions, LiP results in faster recombination while such effect is
not there for TBAP. With low dye coverage conditions, faster recombination kinetics is instead
observed for both samples where either Li or TBA salts were added.

The data in Figure 5 (and Figure S14) are summarized in Figure 6, where the hole transport t;- o1 and
electron-hole lifetimes are plotted against the solvents’ Pekar factor (6a) or against each other (6b).

The resulting trends are discussed further below.
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Figure 6. (a) Anisotropy and recombination kinetics as a function of the solvents’ Pekar factor. (b)
Correlation between rates of hole hopping and recombination for MK2 and MK 147 samples
measured in different solvent and inert electrolyte conditions. The dashed lines are fits to the
data referred to samples immersed in solvents without additives or salts (empty symbols),
omitting the measurement in DME (indicated with an ‘*’) due to its very different value of

dye surface coverage.
(iii) Dye regeneration

We finally considered MK2 or MK147 sensitized TiO, samples containing a redox couple in the
electrolyte and measured their transient absorption spectroscopy. Figure 7 displays the oxidized dye
lifetime in samples containing different concentrations of the cobalt redox couple in electrolytes based
on three different solvents with Pekar factor between 0.38 and 0.53 (the transient absorption
measurements are displayed in Figure S17). We note that the MK2 samples in neat solvent, for the
case of dichloromethane and dimethoxyethane, showed some dye desorption. The desorption was less
pronounced for the samples containing the redox couple. For the case of MK2 in acetonitrile, the
transient absorption profile showed slower kinetics with rather than without the redox couple. This is
a counter intuitive observation, which is due to a deceleration in electron hole recombination upon
addition of the redox couple in the electrolyte compared to the case of neat solvent. We discuss this

effect and a possible explanation in section 10 of the SI.
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Figure 7. Hole lifetime extracted from transient absorption spectroscopy measurements on MK2 or
MK147 sensitized solar cells using TiO, as mesoporous oxide and electrolytes containing a
Co""(bpy)s[TFSI]2s5 redox couple dissolved in different solvents. There was no supporting
electrolyte in the solutions. The values of tse Were calculated from fitting a stretched

a
exponential function AOD = A exp (— E) to the transient absorption traces and calculating

tsoy, = T(In2)Y/® for the two dyes, the three solvents and both redox couple concentrations
considered here. The data corresponding to 0 mM concentration of redox-couple (*)
correspond to estimate of electron-hole recombination lifetime. For these measurements,
incomplete decay was observed using a repetition rate of 5 Hz, implying that the displayed
values underestimate the actual lifetime. The data referring to measurements in solvents

containing the cobalt redox couple are used as estimate of the dye regeneration time.

We observed that for the 10 mM Co(" case, the low Pekar factor solvents dichloromethane and
dimethoxyethane showed faster reduction kinetics than acetonitrile, as expected according to Marcus
theory. For the electrolyte containing 100 mM Co(", DME and DCM still gave the fastest reduction
kinetics for MK2 and MK147 respectively, but the half life time decreased more significantly for
acetonitrile than for the other two solvents when increasing the redox couple concentration by a factor
of 10. The ratio between the half-life times for the 10 mM and the 100 mM Co(" is about 15 for
acetonitrile, while it is between 5 and 8 for dimethoxyethane and about 5 for dichloromethane. Also,
we note that while acetonitrile and dimethoxyethane gave similar results for the two dyes, the use of
dichloromethane resulted in much faster kinetics of regeneration for MK147 than for MK2. This

suggests that factors other than the Pekar factor determine the charge transfer rate under these
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conditions. Qualitatively similar trends were observed for MK3 and MK75 (see section 8 of the

Supporting Information).

As shown in Figure S17, the resistivity of the electrolytes using dichloromethane or dimethoxyethane
is higher than for the case of acetonitrile at high cobalt complex concentration. In addition, the slope
of the linear fit to the resistivity data as a function of solute concentration on a log-log scale is
different for the case of acetonitrile and the low Pekar factor solvents (-1.2 against -0.7 to -0.9
respectively). This correlates with the slope obtained for the data of the half life times (about -1.2 for
acetonitrile, -0.6 to -0.9 for dichloromethane dimethoxyethane). The case of low dye coverage of
MK2:DCA sensitized TiO; for acetonitrile electrolytes was also considered (see Figure S18). Under
this condition, where we expect negligible hole migration on the surface of the TiO,, we observed
very long lifetimes for the photogenerated hole (approaching one second) in absence of redox couple.
These data show that the dependence of the regeneration rate on the redox couple concentration is not
affected by the dye surface coverage. They also show that an overall faster regeneration rate than for
the case of high dye surface coverage, consistent with previous reports,*® is observed for low dye

surface coverage.

Next, we investigated the effect of inert salts in acetonitrile on the kinetics of regeneration. In section
13 of the Supporting Information, we compare the regeneration process in solar cells with different
concentrations of the redox couple and lithium based inert salt. At high redox-couple concentrations,
we observe faster regeneration kinetics when inert ions are added to the electrolyte. For the case of 10
mM concentration only the dynamics of the decay are slightly varied yielding a less dispersive profile,
implying Li cations increase the homogeneity of the potential profile at the vicinity of the TiO;
surface. In addition, we could expect that adsorption of lithium ions on the TiO, surface would attract
anions at the interface between dye layer and electrolyte, which in turn would favor the approach of
positively charged cobalt complexes. To further explore the hypothesis, we performed measurements
of dye regeneration for electrolytes where the total concentration of inert salt is constant and where
we vary the relative amount of lithium and TBA cations in solution (see Figure S19c and d). In this
way, we could assess the effect of the cation size by keeping similar ionic strength of the electrolyte
and any change in dielectric environment due to the inert ionic species. While adding TBAP in the
electrolyte led to faster regeneration rates compared to the sample without inert ions, the increase in
regeneration rate was larger for the case of lithium by a factor of about 2 to 3 than for the electrolytes
with TBA cations.

These results show that low Pekar factor solvents result in fast regeneration at low redox-couple
concentrations. At redox-couple concentrations that are relevant to solar cell applications however,
fast regeneration can be achieved with polar solvents that reduce ion-pairing in the electrolyte and

addition of appropriate inert ions that modify the surface properties of the dye/oxide surface.
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Discussion

We summarize the observations from this work in Table 2 where we show the observed dependence
of the three hole transfer processes investigated against each parameter of the molecular sensitized

oxide systems considered in this study. Below we discuss these observations in detail.

Table 2. Summary of the observed effects on the three electron transfer processes occurring at the
interface of molecular sensitized oxides in an electrolyte investigated in this study when
varying experimental parameters. An up arrow indicates an increase, a down arrow indicates a
decrease, and a tilde (~) indicates approximately no change. To each observation, we also add
the interpretation proposed in this study. Unless specified, the results refer to acetonitrile
based electrolyte and MK2/TiO,, deviations in behavior were observed depending on the dye
structure.

Electrolyte

(solvent; inert ions;
redox couple; additives)

(iii) /
A A (i) “ .
Dye Molecules 01 o (i) 5
Yy Y
Oxide o
semiconductor

Variable Hole transportrate = Recombinationrate  Regeneration rate
Dye dependent .
1 Solvent Pekar factor ? No correlation with ? Possibly dl.Je tof ¢ IVIa.rcus normal
measured E hole hopping region
act
I . Possibly due to! Decrease in dye
| Dye solubility in solvent T Changein E,and J T hole hopping * cross section
Percolation Possibly due to } Increase in dye
D . . .
e “v behavior ¢¢ hole hopping T cross section
. tE v Dispersion, Change in double
! L2 ~ | Energeticdisorder T ?S:fziseto oxide T layer properties
Access to oxide -
f [TBA salts] ~ Slight t E, et ? surface (only at ? Change in do.uble
layer properties
low dye coverage)
Decrease in .
t [tBP additive] ¢ electronic coupling ¢ Eﬁ::l;y dLil: tos
between dyes Pping

Hole hopping between dyes. The activation energies for hole hopping between dyes obtained from
our measurements are in the order of 200 to 400 meV. This range corresponds to values of about 800
to 1600 meV for the reorganization energy, consistent with previous results based on electrochemical
measurements.?>“% One key observation is that no clear trend is present between the value of
activation energy and the dielectric properties of the solvent. Only the TiO,/MK2/oDCB samples can

give significantly higher activation energy, opposite to what is expected given the relatively low Pekar
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factor of this solvent. Another observation is that the activation energy tends to increase with time

during the hole hopping process regardless of the oxide material and of the solvent used.

In our previous study, we reported that Monte Carlo simulations of hole hopping between dyes
affected by energetic disorder with o of about 100 meV reproduced the dispersive behaviour of
transient absorption anisotropy measurements for D131 sensitized TiO; films.2 We also suggested that
energetic disorder was responsible for the overestimation of reorganization energy obtained with
temperature dependent cyclic voltammetry compared to DFT simulations of the same parameter.
Here, based on our simulations of hole hopping in disordered and disorder-free systems presented in
Figure 4d, we argue that energetic disorder is likely to be the dominant contribution to the observed
(increasing) hopping distance dependent activation energy. This is also consistent with values of
energetic disorder that were suggested in a previous study to explain the dependence of the
regeneration yield in DSSCs on the driving force of this reaction.* We therefore interpret the increase
in activation energy shown in Figure 3d and 4 in terms of holes statistically following an energetically
“downhill” diffusion path. As holes diffuse to more energetically stable sites, the activation energy for
hopping and the waiting time between hopping events gradually increase, also consistent with the
dispersive character of the transient absorption anisotropy data. The data presented in Figure 3a show
that not only the absolute value of Ex is similar for samples using different solvents and oxides, but
also that there is no clear trend between the slope of Eac With respect to the anisotropy change (% rexp
decay) and the dielectric environment. This suggests that similar energetic disorder is affecting hole

hopping under this set of conditions.

The use of both LiP:ACN and TBAP:ACN electrolytes resulted in higher values for the activation
energy compared to neat solvent. The case of lithium salt showed negligible changes in activation
energy as a function of change in rex, Which implies a lower energetic disorder in the dye monolayer.
This is also supported by less stretched anisotropy decays for samples with Li salts in the electrolyte.
Given the ability of lithium to adsorb on the TiO, surface, as opposed to the larger size TBA ions, this
would suggest that small ions can be used to reduce the energetic disorder originating from the TiO,
and to increase the activation energy of hole hopping. The similar increase of activation energy as a
function of distance travelled by the holes that we observed for various conditions also suggests that
energetic disorder is not screened by the solvent, regardless of its polarity. For the case of tBP, a
negative activation energy was extracted at early time scales. This suggests ‘depolarization’ of the
photogenerated hole occurs more favourably at low temperatures for this sample. One possible
explanation could be that tBP is included in the dye layer at room temperature, causing a decrease in
hole hopping rate. The ‘solubility’ of tBP molecules in the dye layer might be lower at low
temperatures, no longer obstructing hole transfer between dyes. As a result, under these circumstances
and at least for the first charge transfer steps, the anisotropy decay would appear faster at low

temperature than it does at high temperatures. Similar solubility arguments might explain the low
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anisotropy values measured at early timescales and low temperature for other samples (see Figure S9—
S10).

The fact that similar activation energies are extracted for very different dielectric constant
environments is a striking observation, which implies that the solvent reorganization energy is not a
rate determining parameter under these conditions. Similar activation energies are extracted for the
case of MK2 sensitized SnO- or TiO, confirming previous predictions of limited contribution of the
substrate on the reorganization energy of hole transfer between dyes.*> One possibility for the absence
of solvent dependence is that the reorganization energy here could be largely influenced by
neighboring dyes and/or by the extent to which solvent molecules can penetrate the dye layer. As a
consequence, the contributions of all components, including the dye layer* and ‘solvating’ solvent
molecules, should be considered to quantify the variations in the relevant dielectric properties of the
system under different conditions. This might be particularly important for the large dyes used here,
since the neighboring molecules may make the dominant contribution to the surrounding
environment’s dielectric properties. In Figure S21 of the Supporting Information, we show
comparisons of solubility of the MK2 and MK147 dyes in the solvents used in this work. We
observed high solubility of the molecules in oDCB compared to the other solvents considered here,
which could be related to the large value of activation energy extracted for this solvent. Indeed, a
strong tendency to solvate the dyes is expected to increase the number of solvent molecules that
penetrate the dye layer and that undergo reorientation upon hole transfer between dyes, resulting in
large reorganization energy. Additionally, increasing the separation R between molecules undergoing
electron transfer would also reduce the fraction of solvation atmosphere that is shared by two units
and result in an increase of 1, as shown in Equation 2.** On the other hand, the fact that oDCB is a
relatively big molecule could affect its ability to penetrate the dye layer and potentially underlie the
sample to sample variation observed for the activation energy measurements of samples using this

solvent (Figure S8).

Besides the reorganization energy, differences in dye-solvent interactions are expected to influence
the electronic coupling between dyes in terms of electronic orbital distribution, dye packing (dye
conformation and configuration relative to other dyes and to the oxide surface) and tunnelling energy
barrier.2%4 In other words, the anisotropy decays reported here for different conditions cannot be

solely related to the effect of the dielectric environment.

Electron-hole recombination. The recombination kinetics of MK2 sensitized TiO; films shown in
Figure 5a follow a similar trend with the Pekar factor of solvents as previously reported for the MP13
dye.® Specifically, lower values of the Pekar factor resulted in slower recombination rates. Here we
discuss the different interpretations resulting from different models for recombination. When

considering an electron transport limited model, the data shown in Figure 5a would imply different
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electron transport properties in the TiO, depending on the solvent, specifically with high polarity
solvents resulting in faster transport. In the electron-hole recombination were instead limited by
electron transfer at the oxide/dye interface (reaction limited), our results would suggest that
recombination might be happening in the Marcus inverted region, where increase in solvent Pekar
factor (and reorganization energy) increases the rate of electron transfer. In the inverted regime, faster
kinetics are expected for the high polarity solvents also due to the stabilization of the charge separated
state, in comparison with the recombined ‘neutral’ state, which results in lower values of driving

force. 4647

Another explanation, which we previously proposed, is that the hole hopping process increases the
recombination rate.®® According to this model, the reaction at the interface is the rate limiting step,
however an important contribution may come from hole migration on the surface, which enables the
encounter of electrons and holes at ‘suitable’ reaction sites. The data shown in Figure 6b for the case
of pure solvents show correlation between these two processes for MK2. Since we expect hole
hopping to be an independent process to recombination, the data suggest that the hole hopping rates
control the recombination kinetics, also consistent with the remarkably long life time achieved for
MK2 at low surface coverage, where hole hopping is hindered (see Figure S18). For MK147 (see
Figure S14), which has a similar HOMO level to MK2, and the other dyes tested (see Figure S13),
we observed slower recombination kinetics and an overall less clear dependence of recombination on
either of the solvent’s Pekar factor or the hole hopping rate. The difference in behavior between MK2
and the other dyes could be due to the faster rate of hole hopping observed for MK2 compared to
MK147, MK3 and MK75. We also note that all these dyes, apart from MK2, have their HOMO
orbital more localized on the carbazole unit, therefore far from the TiO; surface, which would also
contribute to decrease the recombination rate. For the data points related to MK2 in electrolytes
containing tBP, recombination seems, again, to correlate with the hole hopping rate. This is consistent
with the hypothesis that tBP may disrupt the monolayer configuration, thus decreasing electronic
coupling between dyes and significantly slowing hole migration on the surface and the collision

frequency of holes with TiO; electrons.

On the other hand, the increase in recombination rate observed for samples which included lithium
salts does not in general correspond to a faster rate of hole hopping. The change in recombination
kinetics due to inert ions is more likely to come from faster ambipolar diffusion compared to the ion-
free case.*® The effect is present also for the case of tetra-butyl ammonium based salts but only when
low dye loading samples are considered. Since no major dependence on the type of ion is normally
observed for the ambipolar diffusion coefficient of cells with large electrolyte concentrations, %051
this result suggests that access of the cation to the oxide surface is key to the increased recombination
rate. Addition of tBP to an electrolyte containing LiP still induces a decrease in recombination rate as

discussed above. This suggests that the beneficial presence of both additives in high performance
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DSSCs might be related to a balanced tuning of conduction band edge potential, decrease in surface
energetic disorder and increase in electron hole lifetime. Finally, we note that, for the case of SnO>
sensitized films, the effect of tBP and lithium ions on recombination was negligible (Figure S15). This
is consistent with the low tendency of lithium ions to adsorb on the surface of SnO; (unpublished
results).

Dye regeneration. For dye regeneration, at low concentrations of the redox couple and in absence of
other inert ions, we finally observed that higher electron transfer rates correlated with lower Pekar
factor solvents. Since the dye regeneration occurs at the interface between adsorbed dyes and freely
moving Cobalt complexes, donor moieties of the dyes and the redox-couple are exposed to solvent
molecules, probably satisfying the assumptions that lie behind equation 1. At high concentrations,
lower Pekar factor solvents still showed faster regeneration than acetonitrile but the increased rate did
not scale with the increase of the Co” complex concentration from 10 to 200 mM. To explain this
observation, we consider the change in the dielectric properties of the low Pekar factor solvents upon
the addition of the redox couple. While for high dielectric constant solvents the addition of salts
results in a limited increase (or even a decrease) in the static dielectric constant, low polarity solvents
can show significant increase of this parameter upon addition of ionic species. For the case of low
dielectric constant solvents, ion pairs increase the dielectric constant of the electrolyte, giving rise to
higher effective Pekar factors with increasing ionic concentration.525%5* In addition, we expect that ion
pairs of cobalt complexes and counter ions may respond differently from unpaired cobalt complexes
to the changes in electric field during the charge separation process, due to their larger volume and
mass, and lower charge. This would result in different populations of reducing complexes which
would show different dynamics on approaching and interacting with the dye layer as well as at
undergoing the electron transfer reaction. Using impedance measurements on electrolyte sandwiched
between platinum electrodes, we showed that the change in regeneration half life with redox couple
concentration correlates with the change in resistance, suggesting that the concentration of active
redox couple might be the same as the concentration of ‘conductive’ redox couple. This would be
consistent with the above hypothesis, given that cobalt complexes that are paired with counter ions are
not as efficient at carrying out the dye regeneration process as their unpaired counterparts. The
implication for DSSC devices is that the design of a low Pekar factor environment in proximity of the
dye layer could still be beneficial to the regeneration rate and ultimately to the device performance.
However, at the redox couple concentration levels needed to support high operating current densities,
a high polarity electrolyte is needed in the bulk of the pores of the mesoporous film. This could be
achieved by designing a two solvent system, maybe using a gel phase for a solvent layer on the top of
the dyes. Additional contributions to the difference in regeneration rates observed could be due to
different levels of solvation of the dyes due to their higher solubility in dichloromethane and

dimethoxyethane compared with acetonitrile. This can vary the geometrical area associated to the dye
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(dye cross section) which redox-couple molecules can access from the electrolyte during the
regeneration process. The same effect also results in very fast regeneration rates when decreasing the
dye surface coverage (see Figure S18).

We showed that the presence of lithium ions in the electrolyte increases the rate of regeneration by a
factor of about 3 with respect to the case of electrolytes without inert ions or electrolytes containing
TBA based salts. Increase in the regeneration rate when increasing the concentration of lithium salt
was previously observed for iodide triiodide based electrolytes, and it was interpreted with the
attraction of I by the adsorbed Li* on TiO; surface.®® However the same explanation cannot be
directly applied in our case because of the cationic redox couples used here. As mentioned in the
results section, the composition of the outer ionic layer (outside the dye layer) may have a different
composition when either Li* or TBA* are present, due to their different size and ability to penetrate
between the dyes. This difference is expected to favor the approach of Co("” complexes in the case
where lithium ions are used. The adsorption of lithium ions on the TiO- surface may electrostatically
induce accumulation of negative charged ions outside of the dye layer, which attracts positively
charged cobalt complexes. The presence of TBA* ions on the surface of the dye layer would have the
opposite effect. In addition, the thickness of the double layer on TiO; surface would, in any case, be
different for the two cations, changing the electric field profile of the dye layer including surrounding
solvent molecules and Co complex concentration near the dye molecules. An additional explanation
for the increase in regeneration rate may result from the presence of lithium on the surface of the TiO,
distorting the hole molecular orbital and electron density distribution towards the dye electrolyte
interface, potentially increasing the electronic coupling with colliding redox couples. While this
would also decrease the coupling to electron in TiO, thus leading to slower recombination, the
change in driving force upon addition of lithium may have a dominant effect that causes the observed

increase in the recombination rate.
Conclusions

We have analyzed a fundamental prediction of non-adiabatic Marcus theory related to the role of the
dielectric environment on electron transfer rates for the case of molecular sensitized semiconductors
in electrolytes, these systems being relevant to DSSCs and other photoelectrochemical devices. We
considered the processes of (i) hole hopping between dyes anchored to the oxide surface in inert
electrolytes, of (ii) recombination between electrons in the oxide and holes on the dye, and (iii) of dye
regeneration by a redox couple. For hole hopping between dyes, we found values of activation energy,
in the order of 200 to 400 meV, that showed no clear correlation with the dielectric properties of the
environment. This, combined with the different rates of hole hopping observed, suggests that the
electronic coupling between dyes depends on the solvent and how this ‘solvates’ the dye layer. The

activation energy was also a function of the distance travelled by the holes after photogeneration,
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consistent with energetic disorder controlling the rate of hole hopping between dyes. Next, we showed
that the rate of electron hole recombination scaled with hole hopping rates when considering different
solvents, and also when including the additive tBP in the electrolyte, which slowed down both
processes. We found that inert salts in the electrolyte increase the rate of recombination when the
cations are able to penetrate the dye layer compared to the salt-free electrolyte case, and interpreted
this effect in terms of increased ambipolar diffusion coefficient. We showed that dye regeneration by
Cobalt complexes is the only process among the ones considered which roughly followed Marcus
theory, probably because the redox sites are, for this reaction, largely exposed to the solvent
molecules. While this observation implies that regeneration of photo-oxidized dyes in a solar cell
could benefit from a low Pekar factor environment, a high polarity solvent might still be necessary in

the bulk of the electrolyte to enable conductivities suitable for standard operating conditions.

Our findings imply that, for the case of systems where the distance between donor and acceptor is
rather fixed, solvent effects on the reorganization energy of electron transfer might be limited and
changes in the electronic coupling may dominate the charge transfer rate. Also, kinetic trends were
different among the four molecules investigated, showing that interaction between dye molecules and
solvent depends on the dye structure. For DSSCs, these observations suggest strategies to better
control and test some widely adopted approaches to optimize device performance. Our study
elucidates important consequences related to the use of inert coadsorbants within the dye layer, of
lithium based inert ions, of the tert-butyl pyridine additive and of high polarity solvent based
electrolytes, these being materials of choice in DSSC research. It also stresses the importance of the
electrolyte composition to control the solvation of dyes, to vary the coupling between the
electrochemically active components and to control the energetics and the electron transfer Kinetics at

the device interfaces.
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