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7.1 Conclusions

Increasing the efficiency of Dye-Sensitized Photoelectrochemical Cells remains a
prime objective in solar fuel production.! Using computational methods to design
and optimize the different components and interfaces in a dye-sensitized photoanode
can support and facilitate experimental work in assembling and improving these
devices.”™ This work aims at moving further towards this goal and several steps
have been executed

In chapter 3, the fundamental process of photoinduced coherent charge transfer
was investigated in a pseudo base pair donor-acceptor molecular complex to
understand the requirements for this ultrafast process. Our simulations underline
how nuclear modes vibronically couple to the electronic system and drive population
exchange from the exciton to the charge transfer state.” Through adjusting the
frequency of the relevant nuclear vibrations by isotope exchange, we successfully
modulated the resonance associated to the coherent charge transfer process and
disentangled how nuclear modes are selected. The importance of symmetry is
revealed, as we find that coherent charge transfer requires dynamical symmetry
breaking to proceed. This suggests that chiral systems should be preferred when
trying to take advantage of ultrafast coherent charge transfer. We also find evidence
of angular momentum exchange between the (classical) nuclear and (quantum
mechanical) electronic subsystems.®

Photoinduced electron injection into a TiO, semiconductor sensitized by several
NDI-based dyes were simulated in chapter 4. For these simulations, a computational
strategy was developed using a combination of DFTB"™'’ based nuclear dynamics
and quantum propagation using the AO/MO propagator and an extended Hiickel
Hamiltonian.''™"* We find that nuclear dynamics and trajectory averaging are crucial
for a realistic description of the injection process. Furthermore, explicit solvation is
important for the correct exploration of conformational space in the nuclear
dynamics. Taking these findings into account, the semi-empirical quantum-classical

simulation of photoinduced electron injection can be used for qualitative
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determination of electron injection capabilities of anchoring groups and potential
molecular chromophores.'*

In chapter 5, an efficient approach to calculate Gibbs free energy differences and
oxidation potentials in a ruthenium-based water oxidation catalyst has been
introduced. In this workflow, GFN-xTB" is used for geometry optimizations and
frequency analysis, followed by a single point calculation by a higher-level method,
such as B3LYP based DFT,'!” to determine Gibbs free energies of all catalytic
intermediates. The method predicts the experimentally determined catalytic cycle
and reaction mechanism and gives Gibbs free energy differences in close agreement
with full B3ALYP/DFT results, while reducing the computational cost by 2 orders of
magnitude. Oxidation potentials determined by this approach also agree very well
with experimental results.'®

To decrease charge recombination losses, push-pull dyes can be used to spatially
separate electron and hole.'”** A family of such dyes consisting of polyphenylamine
donors, fluorene bridges and perylene monoamide acceptors was investigated in
chapter 6. We performed a systematic investigation on the effects of different
molecular designs on the charge separation efficiency. We found that increasing the
electron donating character of substituents on the donor increase the charge
separation efficiency considerably. While using a TPA vs. DPA anchor does not
increase the hole transfer from the acceptor, more hole density localizes at the donor
rather than the bridge, leading to a larger polarization of the molecule. Increasing the
bridge length by a second additional fluorene moiety leads to a better charge
separation in comparison to the molecule with one fluorene, with more hole density
residing on the fluorene and donor and less back transfer to the PMI, while a further
increase in the number of fluorenes towards 3 does not increase further the
performance. Decoupling the different components by breaking conjugation through
methyl groups forcing the dihedral angles between the components close to 90
degrees also leads to a better charge separation in comparison to the planar molecule,

especially when the fluorene is equipped with methyl groups. An in silico
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optimization of a nonplanar charge separating dye was then performed, taking
advantage of the insight gained by the systematic investigations, resulting in a
significant increase of charge separation capability compared to planar systems.
Simulating at an atomistic level the whole photocatalytic water splitting reaction
at the photoanode of a DS-PEC device remains a challenging task due to the large
size of the system, and the broad range of time scales of the complex processes
involved that require different computational approaches. In this work we have made
significant progress in simulating a dye sensitized photoanode, including
semiconductor, anchor molecule, molecular dye and taking into account the
electrolyte environment. With the semiclassical multiscale approach that combines
tight binding based nuclear dynamics with quantum propagation of electron and
hole, simulations of charge migration in a full photoanode system become viable,
while remaining flexible and reliable due to its parametrization on either

experimental redox potentials or higher level computational methods.
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7.2 Outlook

Charge Transfer in a Photocatalytic Dye-WOC Complex

While we investigated the photoinduced electron injection from an NDI-based dye
into a semiconductor electrode in chapter 4 and showed that GFN-xTB is a viable
method for geometries and frequencies of a ruthenium based WOC, it would be
interesting to combine these two approaches to investigate the hole transfer in a
photocatalytic dye-WOC complex upon irradiation. An example of such a

photocatalytic molecular complex is given in scheme 7.1.

Scheme 7.1. Example of a molecular photocatalytic water splitting complex consisting of the
WOC investigated in chapter 5 and an NDI based dye, here with two ethylamino groups,
connected via a core carbon to the WOC.

Simulating this hole transfer is quite challenging due to several properties intrinsic
to the WOC’s catalytic cycle and the chemical environment. First, the HOMO and
LUMO energies of the WOC change quite significantly over the course of the
catalytic steps, as the WOC oxidizes the water and is itself oxidized by the

photoexcited dye. This is sketched in scheme 7.2.
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Scheme 7.2. Electron configuration and HOMO/ LUMO energies of the ruthenium based
WOC for different catalytic intermediates. The singly occupied HOMO of the 2[Ru(IID)-
OH:]* (a) has a higher energy and the complex is thus more easily oxidized by a photoexcited
dye compared to the catalytic intermediate '[Ru(IV)-OH]J* (b). After the PCET step indeed
the third t2g orbital is slightly higher energetically due to the deformed octahedral
environment. Additionally, the unoccupied orbital is pushed up in energy as the geometric
structure relaxes towards a new minimum with the new electron configuration. The LUMO
energy of the ![Ru(IV)-OH]* is therefore significantly lower than the LUMO of the 2[Ru(II)-
OH:]*, closely above the conduction band edge of TiOs.

The challenge is that the same molecular dye needs to have enough oxidative
power to drive the WOC through its entire cycle. Since here, we use a WOC that
reacts via a radical coupling mechanism, only two oxidative states are relevant for
photooxidation. However, their respective HOMO and LUMO energies change
significantly. The HOMO of the *[Ru(IIT)-OH,]*, is unoccupied in the '[Ru(IV)-
OHJ", and is pushed up in energy through geometric rearrangement of the WOC,
such that the resulting LUMO of the '[Ru(IV)-OHJ" is close in energy to the TiO,
conduction band edge, below the LUMO energies of feasible molecular dyes (see
Scheme 7.2). This makes the energetic difference between the two oxidative steps
quite large and finding suitable dyes a challenging task. Another problem is the
influence of the pH on the oxidation potential. We have simulated hole transfer from
the photoexcited dye to the WOC in the '[Ru(IV)-OH]" state, since this is the most
difficult to oxidize, with the same method as in chapters 4 and 6, using GFN-xTB as

a suitable ground state MD method (see chapter 5). Furthermore, since the
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'[Ru(IV)-OH]" is in the singlet state, the simulations can be performed in a restricted
manner. The Computational details can be found in the appendix. Figure 7.1 shows
the photoinduced hole transfer upon exciting the NDI in the dye-WOC complex of
scheme 7.1. As is visible, we are able to follow the hole transfer towards the WOC,
suggesting that the dye has enough oxidative power when photoexcited to oxidize
the '[Ru(IV)-OH]". Including full explicit solvation is an obvious next step, which

is in progress.
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Figure 7.1. a) Hole population on the NDI (green) and WOC (red) over time after
photoexcitation of the NDI. b) initial and final hole density on the complex.

Since the LUMO of the '[Ru(IV)-OH]" is energetically close to the LUMO of the
NDI, an important challenge is to prevent back transfer of a photoexcited electron
from the dye to the WOC, which would enable regeneration of the *[Ru(IIl)-OH,]".
We can follow the transfer of a photoexcited electron from the NDI to the WOC in
its '[Ru(IV)-OH]" state in our simulations, where electron population is transferred

from the photoexcited dye towards the WOC, as shown in (figure 7.2).
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Figure 7.2. a) Electron population on the NDI (green) and WOC (red) over time after
photoexcitation of the NDI. b) initial and final electron density on the complex.

To prevent such a transfer on short time scales, molecular moieties might be
included, as discussed in chapter 6, that allow for hole transfer but inhibit electron
transfer, such as a molecular barrier, a charge separating bridge, or a molecular
rectifier. The search for a suitable module is one of our currently ongoing
investigations. It is however quite promising that photoinduced electron and hole
transfer in such challenging systems, including a transition metal complex, can be

simulated using this quantum-classical, semi-empirical approach.

Simulating Charge Separation in a Full Photoanode System

The ultimate goal however would be to follow electron and hole transfer in a full
photoanode system, including semiconductor electrode, anchoring group, molecular
dye, the WOC, potential charge separating dyes or molecular rectifiers and explicit
solvent. The combination of GFN-xTB for the nuclear dynamics and the AO/MO
quantum propagation of electron and hole potentially allows for the treatment of such
extended systems. We have already been successful in performing simulations of
photoinduced electron injection and hole transfer for the system shown in figure 7.3:
a semiconductor-dye-WOC complex. Here, we chose the cat-NDI dye from chapter
4, since the LUMO lies energetically well within the conduction band of the TiO, at
a large density of states (figure 4A.3 in the appendix of chapter 4) and the HOMO is
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low enough in energy for potential hole transfer to the most demanding catalytic step

of the WOC, the '[Ru(IV)-OH]* (see chapters 4 and 5).
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Figure 7.3. Chemical structure and geometry of the TiO2-Dye-WOC complex investigated.

Moreover, we expect that for this case the effect of including explicit solvation is
relatively minor (see chapter 4). However, for a more rigorous description especially
of the interaction between WOC and electrolyte, we are currently working on
including explicit solvent. The optimized extended Hiickel parameters of chapter 4
were used for the cat-NDI dye, with the optimized parameters for the '[Ru(IV)-OH]*
from the previous section.

In figure 7.4, electron and hole populations on the different fragments over time
are shown after photoexcitation of the dye. As can be seen, electron injection is quite
fast and finished within the first 20 fs. The low lying LUMO of the WOC does not
seem to be too problematic, as only a low quantity of electron density is donated to
the WOC.

236



Conclusions and Outlook

0fs 200 fs

Lof 1.0
s i
2 0.8 08¢
5 1 2
= L - ©
2o6fF 0.675

N 7 (-}
c f 1 %
goaf {04 o
¢ [ ] 2
< 02f Jo.2
o.0F Jo.0

I IR I BPEEPETE BRI B AP BT PR BN BT B

0 50 100 150 200 ) 50 100 150 200

time [fs] time [fs]

Figure 7.4. a) Electron population on the NDI (green), TiOz (red) and WOC (blue) over time
after photoexcitation of the NDI. b) Hole population on the NDI (green), TiO2 (red) and
WOC (blue) over time after photoexcitation of the NDI. On top the electron (green) and hole
(blue) densities at the initial time step and after 200 fs.

Hole transfer takes longer, but after 200 fs, about 50 % of the hole is transferred
towards the WOC. While these are only preliminary results, this illustrates the great
potential of the semi-empirical, quantum classical approach in simulating
photoinduced processes in dye-sensitized photoelectrochemical cells, with an in

silico treatment of the full photoanode system well within reach.
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7.A Appendix

7A.1 Computational Details

Nuclear trajectories were prepared using GEN-xTB.! We have optimized Extended
Hiickel parameters, similar to chapter 6, on experimental oxidation potentials of the
involved NDIs and the WOC in its '[Ru(IV)-OH]* state. For the WOC, we use the
Nernst equation to shift the oxidation potential vs NHE at pH=0 to a pH value of 7,
translated towards absolute potential vs. an electron at rest in vacuum and used this
as target HOMO energy of the respective oxidative state. For the LUMO energy,
we used A SCF derived values given in table 7A.1. The A SCF calculations were
performed using the B3LYP** XC-functional with D3 dispersion corrections and
BJ-damping* and a TZP basis’. Relativistic effects were included using ZORA,**®
while implicit solvent water was modelled using COSMO.’ The target values and
results obtained with optimized Extended Hiickel parameters can be found in table
TA2.

Table 7A.1: Experimental Redox potentials vs. NHE and vacuum from CV measurements
for the WOC (converted to ph=7 using Nernst equation) and ethylamine NDI dyes,
approximated LUMO energy of the WOC with ASCF vs NHE and vacuum

Molecule I[Ru(IV)-OH]J* 2NHEt-NDI
CV Oxidation Potential vs pH=1: 1.25V (5.69 V)!© "
NHE (vs. vacuum) pH=7 : 0.90 V (5.34 V) 091 V(-35V)
CV Reduction Potential vs 1
NHE (vs vacuum) ) -0.88 V(356 V)
ASCF Reduction Potential vs
NHE (vs vacuum)

-0.68V (3.76 V) -

Table 7A.2: HOMO and LUMO energies for WOC and NDI: target values generated with a
linear shift of -5.95 eV and values obtained with the optimized Hiickel parameters.

Molecule Target values Optimized Hiickel
[eV] parameters [eV]
HOMO LUMO HOMO LUMO
WOC ([Ru(IV)-OH]J*) -11.29 -9.72 -11.28 -9.72
2NHEt-NDI -11.30 -9.51 -11.31 -9.52
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