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ABSTRACT

While DS-PECs are promising devices in solar energy conversion, a major loss
pathway is the charge recombination of electron and hole at the dye-semiconductor
interface. Charge separating dyes constructed as push-pull systems can increase the
spatial separation of electron and hole, slow down the back-transfer and thereby
decrease the recombination rate. In this chapter, we investigate a family of such dyes,
consisting of polyphenylamine donors, fluorene bridges and perylene monoimide
acceptors using a combination of semi-empirical GFN-xTB ground state dynamics
and an AO/MO quantum propagation of photoexcited electron and hole. Several
molecular design strategies to increase the charge separation efficiency are
investigated in silico, including modifying the donor molecule, increasing the bridge
length and decoupling the molecular components through steric effects. We find, in
agreement with experiment, that exchanging the electron withdrawing formic acid
anchors on the triphenylamine donor by electron donating acetic acid ones leads to
a more efficient charge separation through hole accumulation on the donor.
Triphenylamine donors lead to a more polarized charge transfer state than
diphenylamines, while increasing the bridge from one to two fluorene fragments
significantly enhances the dye’s charge separation capabilities. Decoupling the
different components by breaking the conjugation through steric hindrance from side
groups results in a better charge separation in comparison to the planar molecule as
well. Based on these findings an optimized charge separating dye for efficient

suppression of charge recombination is proposed.
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In silico Optimization of Charge Separating Dyes

6.1 Introduction

DS-PECs have shown great promise for the production of renewable fuels, where
semiconductor electrodes are sensitized with chromophores that absorb light in the
visible range.! On the photoanode side, the photoexcited dyes inject the excited
electrons into the semiconductor electrode, as discussed in chapter 4, to be used on
the photocathode for fuel production. The hole left at the dye can then be picked up
by a water oxidation catalyst (WOC) to split water into molecular oxygen and
protons, regenerating the ground state of the molecular chromophore.?

Water oxidation however is a slow process involving storage of intermediates on
long time scales in comparison to the electron injection from the photoexcited dye
into the semiconductor anode.’ Due to the slow consumption of holes by the
chemical conversion of water to molecular oxygen and protons, they can be refilled
as shown in figure 6.1. Reoccupation of the orbital may occur through a direct
recombination of the photoexcited electron in the anode and the hole as seen in red

in figure 6.1a, leading to a full deactivation and energetic losses through heat.
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Figure 6.1. Energy loss pathways in a dye sensitized photoanode: a) After electron injection
from the dye into the electrode, the hole on the dye can be either filled by direct
recombination (red) with the photoexcited electron or by fluorescence after back transfer of
the electron from the semiconductor (blue). b) Following the hole transfer to the WOC,
recombination of the excited electron from the electrode (red) or back transfer to the dye’s
HOMO followed by the processes in a) can lead to the loss of the excited state energy.

187



CHAPTER 6

Another loss pathway shown in blue is through back transfer of the excited
electron to the dye followed by fluorescence, where the photoexcited electron falls
back to the HOMO while releasing the excess energy in the form of a photon.

Deactivation is also possible after initially successful charge separation and hole
transfer to the WOC: the hole at the WOC can be refilled as shown in figure 6.1b.
This involves either direct recombination with the photoexcited electron from the
semiconductor as shown in red, or back transfer of the hole to the dye as shown in
yellow, opening up the loss pathways given in figure 6.1a. All these processes lead
to the loss of the photon energy in the form of heat. The factor determining the losses
is the ratio between the rates of the competing processes. As the creation of the
charge separated state through the electron injection process into TiO; is extremely
fast, often in the sub-picosecond or picosecond time frame* (see also chapter 4) and
the rate of the slowest oxidation step of the WOC ('[Ru(IV)-OH]" -> *[Ru(V)=01")
is, dependent on the concentration of the oxidant, in the order of micro to
milliseconds (2.3 x 10° M~ !'s7! at 35 °C with CeIV),’ the time mismatch between
these two processes is several orders of magnitude, over which the charge separated
state needs to be stabilized. While the last decade has seen important improvements
in the turnover frequency of WOCs,” reducing the charge recombination and back
transfer rates is an important factor to minimize losses.

In general, several strategies can be applied to reduce the probability for back-
transfer of an electron or hole in a donor-acceptor system. In figure 6.2, some of
these possible approaches are schematically shown. When attaching the electron
acceptor (such as the dye) directly to the donor, as shown in figure 6.2a, back
transfer, though slower than forward charge transfer, can occur relatively
unhindered. One way to reduce the rate of back transfer is to introduce a barrier
between donor and acceptor by including a molecular system with a HOMO energy

higher than that of both donor and acceptor as seen in figure 6.2b.
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Figure 6.2. Schematic representation of different approaches to reduce the back transfer from
the acceptor (ACC) towards the donor (DON) after initial charge transfer: a) Direct
attachment of acceptor and donor allows for relatively easy back transfer. b) Introducing an
energetic barrier reduces the rate of initial charge transfer, but also reduces the back transfer
rate significantly. ¢) Spatial separation via a bridge leads to lower back transfer probability.
d) Introduction of a molecular rectifier, that through asymmetrical HOMO and LUMO
localization or resonant conformational changes increases charge flow in one direction, while
decreasing it in the opposite.

While the initial transfer rate is decreased, since this barrier needs to be overtaken,
the back transfer rate is even more reduced. Another possible strategy, for example
used in natural photosynthesis,'’ is separating electron and hole spatially as quickly
as possible by introducing a bridge consisting of one or more electronic systems with
clear energy gradients of the involved orbitals as shown in figure 6.2c. Molecules,
where HOMO and LUMO are on spatially different components, or molecules that
change conformation upon population of the LUMO are efficient ways to allow for
charge transfer in one direction but inhibit migration in the opposite direction as
shown schematically in figure 6.2d. These molecules are called molecular
rectifiers.!' !¢

A strategy combining some of the approaches described above for reducing charge
recombination, is the introduction of charge separating dyes that are commonly used
on the other half-cell reaction, the photodriven hydrogen evolution on the
photocathode.'””!? They consist of m-conjugated donor-acceptor molecules, with a
donor component that accumulates hole density, an acceptor that accumulates
electron density and a m-system bridging the two. This arrangement of donor — &t

system — acceptor (DON-n-ACC) is often also called a push-pull system, named after

their respective properties of pushing (donor) or pulling (acceptor) electron
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density.”**' The electronic properties of these systems are designed to allow for
efficient intramolecular charge transfer. The explicit molecular systems can vary
quite significantly, depending on the requirements on the molecules in their device

implementation. Within the context of DSSCs and DS-PECs, some common donor

17,18,20,22 19,23-30

molecules include diphenylamines (DPA) and triphenylamines (TPA)

as well as their derivatives®' . The n-conjugated molecular spacer or bridge is often

19,24,27,31,34 18,17,20,29-31

an extended system, such as thiophene derivatives or fluorenes.
The bridge can however also involve a photosensitizer such as porphyrin,***>-° that
donates an electron to the acceptor while the hole is transferred to the donor. If either
the bridge or the donor is the photosensitizer, the acceptor can be non-photoactive,

such as benzoic acids***>**%°, Cyano acrylic acids®**"**

are also used as acceptors,
but various fragments can be chosen to tune the desired energy levels.”” A common
photoactive acceptor is perylene-monoimide (PMI).""'**+3% The dyes are often
equipped with alkyl or alkoxy chains to act as a protective layer for the respective
electrode and anchoring groups, preventing electrolyte interference, but also dye
aggregation, 71924313335

Implemented within a larger donor-acceptor system, these dyes can act as barrier,
bridge or molecular rectifier, for either electron or hole, allowing for easy transfer in
one direction, while inhibiting back transfer. Organic molecules with these charge
separating qualities are therefore of interest in both half cells of DS-PECs whenever
charge recombination becomes a major loss pathway.

Here, we do an in silico investigation and optimization of such push-pull systems
for efficient charge separation and back-transfer suppression using a quantum-
classical semi-empirical approach: GFN-xTB* based nuclear classical dynamics in
the ground state are followed by an AO/MO quantum propagation of photoexcited
electron and hole on these nuclear trajectories using an extended Hiickel
Hamiltonian.*”*® GFN-xTB has been optimized for geometries and frequencies and

has proven reliable in a wide variety of systems.™* The general trends that can be

extracted from this investigation should help to optimize charge separating
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components for other systems as well, such as the dye-WOC complexes in the
photoanode of a DS-PEC.

The structure of the investigated dyes is as follows: a Perylene Mono Imide (PMI)
derived fragment acts as acceptor and photosensitizer. It is connected via a fluorene-
based bridge (FLU) to a polyphenyl amine donor, here for example a triphenyl amine
(TPA) with carboxylic acid groups. These organic molecules are based on charge
separating dyes first synthesized and tested by Liu er al.'™'® A schematic of the
energetics obtained experimentally from Cyclic Voltammetry (CV) and UV-Vis

experiments** of the involved fragments is shown in Figure 6.3.

EDG-TPA-FLU-PMI
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TPA FLU PMI
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Figure 6.3. Molecular fragments of the TPA-FLU-PMI charge separating dye (chemical
structure on top, black) with orbital energy levels obtained through experimental CV and
UV-Vis redox potentials.* Due to the higher HOMO energy of the TPA fragment, the hole
moves towards the TPA, while the electron moves towards the PMI. Exchanging the COOH
groups of the TPA by CH2COOH (red, EDG-TPA) leads to the EDG-TPA-FLU-PMI dye
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(chemical structure on top in red) with a larger driving force for both the electron to move
towards the PMI and the hole to move towards the EDG-TPA (red).

Due to the gradient in energy from the donor to the acceptor part of the molecule,
the excited electron moves towards the acceptor, while the hole moves towards the
polyphenyl amine donor.

The fluorene acts as both a bridge for the hole and as a barrier for the electron to
prevent electron density from moving towards the donor. The electron can then be
picked up by an oxidative agent, as e.g. on the photoanode side by the TiO; electrode,
or on the photocathode by a hydrogen evolution catalyst (HEC) as shown in scheme
6.1. The hole is either injected from the donor into a semiconductor cathode or, for

example, used to drive a water oxidation catalyst (WOC) on the photoanode side.

a) b)

,-L "
> >
< cB <
e 2H,0 5
o )

._J 4H*+ 0,

Anode PMI FLU TPA  WOC Cathode TPA FLU PMI HEC

Scheme 6.1. Potential use of a charge separating dye in the context of a DS-PEC: a) on the
photoanode side, where the photoexcited PMI donates the electron (green) into the CB of the
anode, the hole (blue) is transferred via the FLU and TPA to a WOC to oxidize water, b) on
the photocathode side, where the photoexcited PMI donates the electron (green) to a suitable
HEC for hydrogen evolution, while the hole (blue) is transferred via FLU and TPA to be
injected into the valence band (VB) of a suitable cathode.

Several strategies are tested to increase the charge separation efficiency of these
dyes. Increasing the driving force between donor and acceptor should increase the
charge separation efficiency. A comparison is therefore performed between two

different donors with different energy levels: a diformate triphenyl amine group on
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the TPA is exchanged by two acetate groups to change from an electron withdrawing
substituent to an electron donating group (EDG-TPA), with the effect of a higher
HOMO energy (see figure 6.3). This increase in driving force between the HOMO
of the TPA and HOMO of the PMI should result in a larger polarization of the
molecule, since more hole density should reside on the donor side.

However, since the donor as well as the acceptor part of the charge separating dyes
might already have tuned energetic alignment with their respective reaction partners
for further electron and hole transfer, it is also relevant to find ways to optimize these
charge separating dyes without changing the energy levels of the donor and acceptor
part of these molecules. Several different strategies are followed to obtain a better
charge separation without increasing the driving force significantly. As mentioned
before, here we use the triphenyl amine (TPA) as a donor. While the fluorene-PMI

1718 other

based dyes introduced by Liu et al. included a diphenylamine (DPA) donor
successful push-pull systems were introduced with a TPA.'*?*?® To estimate which
donor would be more efficient in these systems, the effect of a DPA/TPA donor is
investigated.

As the fluorene bridge acts as a spatial separation of the donor and acceptor,
increasing the bridge length should have a relevant impact on the hole transfer
dynamics, as has been shown experimentally in similar molecular systems.'®"
Therefore, a further investigation of the effect of the number of fluorene bridge
molecules on the charge separation is performed. The investigated dyes, including
dyes with both DPA and TPA donors and one, two or three fluorene fragments, are

given in table 6.1 including the nomenclature used throughout the chapter.
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Table 6.1. Chemical structures and nomenclature used of the charge separating dyes, with
different donors, triphenylamine (TPA) and diphenylamine (DPA), as well as increasing
number of fluorenes in the bridge.

Diphenylamine (DPA) donor Triphenylamine (TPA) donor
DPA-FLU-PMI TPA-FLU-PMI
()
=
0]
S
=
=
3
=
o
S
=
=
S
DPA-3FLU-PMI TPA-3FLU-PMI
3
=
o
S
=
=
o

Finally, the close coupling between the different components of the charge
separating dye diminishes the triad character of the dye, with the hole flowing freely
between the different components, lowering the charge separation efficiency. To
decrease the coupling between the components and reduce the back transfer of hole
density towards the PMI, methyl groups are introduced to keep dihedral angles close
to 90 degrees. In table 6.2, chemical structures of the sterically decoupled molecules

are given, with the nomenclature used in the rest of the chapter.
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Table 6.2. Chemical structures and nomenclature used throughout the chapter of
investigated, decoupled dyes. The conjugation of the extended pi-systems is broken by
introducing sterically demanding methyl groups to enforce approximately perpendicular
dihedral angles on the TPA (TPAMe-FLU-PMI), the fluorene (TPA-FLUMe-PMI) or the
PMI (TPA-FLU-PMIMe).

Methylated TPA:

TPAMe-FLU-PMI

Methylated FLU: o

TPA-FLUMe-PMI

o

()

H
)
2

Methylated PMI:

TPA-FLU-PMIMe

Our in silico investigation finds that the EDG-TPA donor increases charge
separation efficiency in comparison to the TPA donor. TPAs give a larger spatial
separation between electron and hole than DPAs, while the increasing chain length
of fluorenes increases the separation efficiency up to two fluorenes, while adding a
third fluorene does not significantly improve the charge separation, as measured by
the equilibrium hole distributions. Introducing methyl groups to decouple the
different fragments is most efficient when used on the fluorene bridge. Based on
these results we propose an optimized dye that includes the TPA donor connected to
the PMI via a bridge that contains two fluorenes, equipped with methyl groups to
decouple the fragments. The proposed molecule is shown in scheme 6.2. This
molecule shows indeed promise in a more efficient charge separation. The results
obtained here are relevant for the optimization of charge transfer processes using

push-pull systems for both photodriven water oxidation and hydrogen evolution.
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Scheme 6.2. Proposed optimized charge separating dye (TPA-2FLUMe-PMI): the TPA
donor leads to a larger hole density on the donor in comparison to the fluorenes, the chain
length of two fluorenes has been shown to give a more efficient charge separation, while the
methyl groups on the fluorene molecules break conjugation, lowering the back transfer of
hole density to the PMI.

6.2 Computational Methods

General Procedure

Simulations of photoinduced charge separation in these molecular dyes were
performed by a combination of the semi-empirical GFN-xTB?® approach to generate
a priori classical nuclear trajectories and quantum dynamics simulations of the
photoexcited electron and hole using the AO-MO propagator and an extended
Hiickel Hamiltonian.?”***% Details of this method can be found in chapters 2 and 4.
DFT and GFN-xTB based calculations were performed using the DFTB and ADF
engines of the AMS2020 program package developed by SCM.** The quantum

propagation was performed using the program developed by Rego and Batista.”’

GFN-xTB-based Molecular Dynamics

The semi-empirical tight binding approach GFN-xTB was used to generate the
nuclear trajectories. An equilibration run with a total simulation time of 15 ps in the
NVT ensemble was performed using a Berendsen thermostat® at 293.15 K and a
time step of 1 fs. This was followed by a MD production run in the NVE ensemble,
with a total simulation time of 5 ps, and a time step of 0.1 fs. This trajectory was cut
into 10 slices of 500 fs each. Those trajectories were then used in the charge transfer

dynamics (CTDs).
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Optimization of Extended Hiickel Parameters

The extended Hiickel parameters were optimized to reproduce experimental redox
potentials. For this, geometry optimizations of the different molecular fragments
were performed using both GFN-xTB and DFT. For the DFT optimizations, the
B3LYP XC-functional®*? with a TZP basis set™ and D3 dispersion corrections with
BJ-damping,**were used. Both GFN-xTB and DFT lead to comparable geometries,
with deviations mostly in the long, flexible alkyl chains. An example is shown for
the TPA-FLU-PMI dye in figure 6A.1 in the appendix. The GFN-xTB geometries
were used for the parameter optimization, while the DFT results were used for
determining the spatial distribution of relevant orbitals. The experimental redox
potentials were taken from a manuscript currently in preparation.** They were
determined via Cyclic Voltammetry and, in cases where the reduction potential was
out of measurable bounds, via the main absorption peak onset, which is commonly
used to determine reduction potentials.’>>® Conversion of these potentials to energies
in eV of the frontier orbitals is done by following equation 6.1 and 6.2 for the
oxidation potentia/HOMO and reduction potentia/LUMO, respectively. The target
HOMO and LUMO energies eioM©, eLMO can be estimated from these standard
Redox Potentials versus NHE E| gX,NHE, Eroed,NHE with the use of the Faraday constant

F = N, * e as given in equations 6.1 and 6.2:

8]\1—/}811\‘/[0 = _E(())x,vacuum *nF = _(E(())X,NHE + 4.44 V) *e (61)
81{./[%1\60 ~ _Els)ed,vacuum *nkF = _(E?ed,NHE +4.44 V) * e (6-2)

0 0 . . . .
Here Egy vacuum@nd Efed vacuum are the oxidation and reduction potential versus an
. 1
electron at rest in vacuum, n the moles of electrons (here one electron, thus N—), Na
A

the Avogadro constant and e the elemental charge. The resulting energies are then in
units of eV. The determined target values can be found in table 6A.1 in the appendix.
The optimization of the extended Hiickel parameters was performed on the GFN-
xTB geometries, so that the HOMO/LUMO energies of the respective molecules

represent the target values determined in equations 6.1 and 6.2, while the spatial form
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of the frontier orbitals was checked against the DFT results, to ensure that the
obtained orbitals are physically meaningful. The procedure itself is based on a
genetic algorithm described elsewhere.”” The optimized energies can be found in
table 6A.1, the spatial distribution of the frontier orbitals in table 6A.2 in the
appendix. After optimization of the different fragment molecules on their
experimental redox potentials, the TPA-FLU-PMI and EDG-TPA-FLU-PMI dyes
gave remarkably close results to experiment without further optimization (see table
6A.1 in the appendix). For the methylated molecules, the parameters were not
reoptimized as there is no corresponding experimental data available; however, the

influence on the energies due to this small structural change is expected to be small.

Determination of Relevant Excitations

Relevant excitations in the 400-600 nm wavelength range were determined using
LR-TDDFT. The long-range corrected hybrid functional camy-B3LYP as
implemented in ADF***° was used for all LR-TDDFT simulations, with a DZP basis,
a small frozen core and D3-dispersion with BJ-damping. Excitation energies,
oscillator strength and transition densities are given in tables 6A.5-6A.15 in the
appendix. For all investigated molecules, the excitonic PMI HOMO-LUMO
excitation was the most relevant due to its high oscillator strength and excitation

energy in the visible light range.

Charge Transfer Dynamics

Simulations of Charge Transfer Dynamics (CTD) were performed on the pre-
calculated nuclear trajectories. For each molecule, ten nuclear trajectories of 500 fs
length with a time step of 0.1 fs were used, obtained as explained above and shown
in scheme 6.3. Two wave packets representing photoexcited electron and hole were
chosen based on the LR-TDDFT results: since in all cases, the excitonic PMI
excitation is the most relevant in the visible region, the wave packets were prepared

as the HOMO and LUMO of the PMI fragment. The wave packets were propagated
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on these a priori nuclear trajectories, with a time step of 0.1 fs for the electronic
propagation. After the CTDs, the populations of electron and hole on the different
fragments over time were averaged over the 10 trajectories. The changes of charge
over time were obtained by subtracting the electron populations from the hole
population on each fragment. Average charges are determined over all CTDs and the
last 200fs. since at that point the charges were stabilized in most simulations, and in
this way quantitative measures of charge separation efficiencies were obtained.
These results are collected for the fragments of all investigated dye molecules in
table 6A.16 in the appendix. A representation of the full process of nuclear trajectory

generation and CTDs is given in scheme 6.3.

500 fs each

10 trajectories of 500 fs

—
jr—)
jr—)
electron and hole:
PMI LUMO and HOMO jr—)
K oy [ e
- 7 BV
gy
j T 2 f—) f Average
| NVT @ 293.15K, At = lfs NVE, At = 0. 1fs 2] L— populations on
jr—) fragments
L )\ J
Y Y b
15 ps total 5 ps total, divided in
jo—)

10 Quantum Dynamics simulations on
nuclear trajectories

Scheme 6.3. Preparation of the nuclear trajectories and production of the CTDs. A 15 ps
NVT equilibration run at 293.15 K is followed by a 5 ps long NVE run with a time step of
0.1 fs. This long trajectory is cut into 10 trajectories of 500 fs each in order to sample different
initial conditions for the CTDs. On these nuclear trajectories, quantum propagation of
electron and hole, represented by the PMI fragment LUMO and HOMO respectively is
performed. From these 10 CTD runs, the populations of electron and hole on the respective
molecular fragments is averaged to obtain the charge separation within the dye molecule.
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6.3 Results

The photoinduced charge separation in the push pull system over time is shown
for the TPA-FLU-PMI case in figure 6.4, where the charge corresponds to the hole
minus electron population for the different fragments. The lines represent the mean

average over the ten CTDs, while the shaded area represents the standard deviation.

a) b)
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Figure 6.4. a) Charge separation in the TPA-FLU-PMI dye. Charges are determined as
difference between hole and electron population on the respective fragments PMI (red), FLU
(green) and TPA (blue). The lines denote mean averages over 10 trajectories, the shaded areas
the standard deviation. b) electron (green) and hole (blue) densities at the beginning and end
of one quantum dynamics trajectory.

Upon photoexcitation, both electron and hole reside on the PMI since the
excitation is purely excitonic in character. Thus, the charge difference is initially
zero on all fragments. Upon time evolution, the hole migrates to the fluorene and
the TPA, while the electron stays at the PMI (see figure 6A.2 in the appendix),
resulting in a negative charge accumulating on the PMI, while the FLU and TPA get
positively charged. While the initial charge separation is relatively fast, the charges
equilibrate after around 200 fs. In addition, hole transfer is not complete, most likely
due to the delocalized character of the HOMO (see table 6A.4 in the appendix), and
the nearly degenerate lower lying orbitals. Energetic separation is much larger for
the unoccupied orbitals (figure 6.3). After the system reaches equilibrium, the

average charge on the PMI corresponds to about -0.44, while the FLU obtains a
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charge of approximately +0.20 and the TPA of +0.24, based on averaging over the
last 200 fs. The TPA-FLU-PMI dye does show photoinduced charge separation,

however to an extent that could be further improved.

Changing the Driving Force: TPA-FLU-PMI vs EDG-TPA-FLU-PMI Dye

Experimental work showed an increase in photoinduced hole injection when
changing the donor from TPA to EDG-TPA by about 30 %.* In figure 6.5, we
compare the charge separation over time of the PMI and TPA-derived fragments of
the two dyes TPA-FLU-PMI and EDG-FLU-PMI. Here, the FLU has been omitted
for clarity. (see table 6A.16 in the appendix).

0.6 E == PMI of TPA-FLU-PMI = = PMI of EDG-TPA-FLU-PMI
F —— TPAOf TPA-FLU-PMI  —— EDG-TPA of EDG-TPA-FLU-PMI 3
0.4F 3
0.2F .
w = -
o F ]
g 0.0F -
< - -
o F ]
-0.2 -]
-0.4F -
-0.6 -

) ho AR L 1
o 100 200 300 400 500
time [fs]

Figure 6.5. Charge separation in the TPA-FLU-PMI (black) and EDG-TPA-FLU-PMI (red)
dyes. Charges are determined as difference between hole and electron population on the
respective fragments PMI (dashed lines) and TPA (solid lines). The lines denote mean
averages over 10 trajectories, the shaded areas the standard deviation.

The charge transfer dynamics of the EDG-TPA-FLU-PMI dye is qualitatively
similar to the TPA-FLU-PMI, which reflects the close relation between the two dyes.
Again, the excitonic excitation of the PMI leads to a neutral charge on all fragments
at t=0. Upon time evolution, hole density is transferred towards the EDG-TPA via
the FLU. While the initial charge transfer is delayed in comparison to the TPA-FLU-
PMI, more hole density is transferred from the PMI to the EDG-TPA over time.

Equilibration is also reached at a later stage. This decrease in initial charge separation
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is most likely due to the less delocalized HOMO (see table 6A.4) of the EDG-TPA-
FLU-PMI compared to the TPA-FLU-PMI, with weaker coupling between the PMI
and EDG-TPA fragments. However, after the initial slow down, the larger driving
force and spatial localization of the HOMO on the EDG-TPA leads to a stronger
polarization compared to the TPA-FLU-PMI, as more hole density resides on
average at the donor. When comparing the time average of the charge from the 300
fs mark on, where equilibrium appears to be achieved and the red and black curve
clearly cross each other (see Figure 6.5), the EDG-TPA-FLU-PMI shows a
significantly increased charge separation relative to the TPA-FLU-PMI: while the
PMI had a charge of -0.43 in the TPA-FLU-PMI dye, this decreases to approximately
-0.53 for the EDG-TPA-FLU-PMI dye. The positive charge of about +0.23 in the
TPA is increased to an approximate value of 0.30 for the EDG-TPA, while the charge
on the FLU increases a little less (+0.20 vs. +0.23). This points to a more efficient
charge separation. The electron donating character of the methylene groups pulls the
HOMO towards the EDG-TPA and increases its energy, leading to a larger driving
force for the hole to move towards the donor. While dynamic disorder causes
fluctuations in the orbital energies and therefore also to oscillations in hole
population on the different fragments due to alternating forward and back transfer,
the average hole population on the donor is increased in comparison to the TPA-
FLU-PMI. This larger separation of electron and hole results in a lower charge
recombination probability due to the lower spatial overlap of electron and hole
densities for the EDG-TPA based dye than for the dye using a TPA donor. These
findings are in line with the experimentally determined increased hole lifetimes for

the EDG-TPA-FLU-PMI dye in comparison to the TPA-FLU-PMIL.*
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DPA vs TPA Donor

Introducing a TPA or DPA has little effect on the driving force in these charge
separating dyes, as the HOMO energies are similar. This is supported by the density
of states of these two fragments (figure 6.6). The peaks denoted HOMO (~-11.6 eV)
and LUMO (~-8.4 eV) have almost the same energy for the two systems. Therefore,
the boundary condition of a similar donor HOMO energy remains fulfilled when

exchanging DPA and TPA.
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Figure 6.6. Partial Density Of States (PDOS) of the TPA (red) and DPA (green) donors.

A comparison between the TPA-FLU-PMI and DPA-FLU-PMI charge separation
efficiency in the form of net charge on the PMI after photoexcitation is shown in
figure 6.7a. Here, the other fragments as well as the standard deviation are omitted,
the traces represent averages over 10 CTD simulations. The initial charge separation
is slightly delayed with the DPA donor compared to the TPA as donor; however, this
difference diminishes after around 100 fs. When averaging over the last 200fs, the
charge on the PMI is -0.46 and -0.44 for the DPA-FLU-PMI and TPA-FLU-PMI
dyes, respectively. While the charge on the PMI is not significantly changed, the
TPA leads to a further polarization with a higher positive charge on the donor (+0.24)
and lower on the fluorene (+0.20) in comparison to the DPA based dyes (+0.20 and
+0.26 for DPA and FLU, respectively) as seen in figure 6.7b. This holds true also
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when comparing the DPA-2FLU-PMI with the TPA-2FLU-PMI molecules (see
figure 6A.3 and table 6A.16 in the appendix).
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Figure 6.7. a) Average charge accumulation averaged over 10 CTDs on the PMI in the TPA-
FLU-PMI (red) and DPA-FLU-PMI (green) dyes upon photoexcitation of the PMI. b)
Average charge accumulation averaged over 10 CTDs on the donor (TPA/DPA) in the TPA-
FLU-PMI (red) and DPA-FLU-PMI (green) dyes upon photoexcitation of the PMI.

While the same amount of hole density is transferred from the PMI, the charge
separation is more efficient using a TPA instead of a DPA donor molecule: the TPA

leads to larger polarization, as more hole density accumulates on the TPA instead of

the FLU. For an efficient spatial separation, TPAs as donors are preferred.

Increasing the Bridge Length

In figure 6.8, the change in charge on each fragment of the charge separating dyes
over time is shown for the TPA-XFLU-PMI and DPA-XFLU-PMI molecules, with
the number of FLU fragments X changing from 1 to 3. While increasing the chain
length from one fluorene to two fluorene molecules increases the charge separation
efficiency significantly for both the TPA and DPA based dyes, introducing a third
fluorene does not increase the charge separation any further for the TPA based dye,
while the DPA-3FLU-PMI dye shows an initially better performance than the DPA-
2FLU-PMI dye that diminishes after around 300 fs (see also table 6A.16 in the
appendix).
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Figure 6.8. Average charge accumulation averaged over 10 CTDs on the PMI with
increasing fluorene spacer bridge upon photoexcitation of the PMI: a) in the TPA-FLU-PMI
(red), TPA-2FLU-PMI (green) and TPA-3FLU-PMI dyes. b) in the DPA-FLU-PMI (red),
DPA-2FLU-PMI (green) and DPA-3FLU-PMI dyes.
Experimentally, an increase of fluorene chain length has been shown to increase the
performance of the DPA-XFLU-PMI dyes (differing only in alkyl chain length), with
the DPA-2FLU-PMI dye showing the best performance.'® Our computational results
also suggest that the charge separation efficiency does not significantly increase
when moving from 2 fluorene bridges to using 3 fluorenes, since the hole mainly
accumulates on the additional fluorenes with limited hole density on the donor (see
table 6A.15 in the appendix). Liu et al. attribute the lower efficiency of DPA-3FLU-
PMI in a photocathode to a lower loading of the molecule on the electrode in
comparison to the DPA-FLU-PMI and DPA-2FLU-PMI molecules.'® However,
another influence on the decreased performance of the DPA-3FLU-PMI and TPA-
3FLU-PMI molecules in comparison to their counterparts with one or two fluorenes
might also be their different absorption behavior. With increasing fluorene length,
the fluorene based excitonic excitation lowers in energy and increases in oscillator
strength, becoming slightly competitive to the PMI based excitation as shown in
figure 6A.4 in the appendix, also in agreement with experimental UV-VIS results.'®
A fluorene-based excitation leads to electron transfer towards not only the PMI but
also the donor (TPA or DPA), increasing the likelihood of charge recombination.
All in all, increasing the chain length from one to two fluorene molecules leads to

improved performance, while a three-fluorene bridge does not improve the charge
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separation efficiency further and allows for competing pathways through the
excitation of the fluorenes, that lead to recombination instead of charge separation,

lowering the overall efficiency.

Decoupling the Fragments

One of the problems in the photoinduced charge separation process of these dyes
is the relative delocalization of the molecular HOMO, as well as the nearly
degenerate states, leading to a spread out of the hole. One approach to increase the
average hole population on the donor is by increasing the driving force, pulling the
hole towards the donor. Another possibility however would be to limit delocalization
of the HOMO to the donor fragment, by decoupling the different fragments of the
molecular dye. This can be achieved by breaking the conjugation between the
different components, by forcing the dihedral angle towards a perpendicular
orientation and thereby separating the fragments molecular orbitals from one
another. Photoinduced charge separation should then still be possible, since dynamic
fluctuations should also lead to changes in the dihedrals, allowing charge flow for
certain nuclear conformations. While this might slow down initial charge transfer, it
should lead to a distinct separation of fragment states, with the HOMO localized on
the donor, reducing delocalization of the hole over the entire molecule and
suppressing back transfer. The inclusion of methyl groups can help enforcing a near
perpendicular arrangement of the fragment’s n-systems, by introducing steric strain.
Methyl groups were therefore introduced on different parts of the molecule to study
the effect on the charge separation process. In figure 6.9, charge transfer within the
dye is visualized through the net charge over time on the PMI fragment for the
original TPA-FLU-PMI dye in comparison to dyes equipped with methyl groups at
each respective fragment to break conjugation: TPAMe-FLU-PMI, TPA-FLUMe-
PMI and TPA-FLU-PMIMe.
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Figure 6.9. Average charge accumulation averaged over 10 CTDs on the PMI in the TPA-
FLU-PMI case (red) compared to the respective methylated derivatives in green: a) TPAMe-
FLU-PMI, b) TPA-FLUMe-PMI, ¢) TPA-FLU-PMIMe.

While a methyl group on the PMI does not lead to further hole transfer towards
fluorene and TPA than for the TPA-FLU-PMI molecule, breaking the conjugation
through methyl groups on the TPA and FLU leads to a lower net charge on the PMI
(see table 6A.15 in the appendix), thus increasing charge separation in comparison
to the planar molecule. Introducing methyl groups to the fluorene seems most

promising, since more hole density is transferred to TPA and FLU, which is not
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surprising since methyl groups on the FLU keep both dihedral angles at
approximately 90 degrees. However, larger fluctuations are observable than for the
coupled case. The charge separation process in the TPA-FLU-PMI dye becomes
much more sensitive towards the respective nuclear conformation in comparison to
the non-methylated dyes. Decoupling the fragments from another by breaking
conjugation through dihedral angles of roughly 90 degrees can therefore increase the

charge separation efficiency.

In Silico Optimization of Charge Separating Dyes

The results presented in the sections above of this systematic in silico investigation
of effect of TPA vs. DPA donors, increasing the bridge length and decoupling the
fragments can be used to guide the optimization of these fluorene/PMI based charge
separating dyes. As the TPA resulted in more positive charge accumulation on the
donor part than for the DPA, the TPA was chosen as the donor. Two fluorene
molecules were chosen as bridge, as suggested by the results on optimal fluorene
chain length. To decouple the different components and suppress the hole back
transfer, these two fluorenes were equipped with methyl groups to keep the dihedral
angles between all fragments of the molecular system close to 90 degrees,
decoupling them and refining the different orbitals, keeping them localized. The
resulting net charge evolution over time on the PMI averaged over 10 CTD

trajectories is shown in figure 6.10.
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Figure 6.10. Average charge accumulation averaged over 10 CTDs on the PMI in the TPA-
FLU-PMI (red) and the optimized TPA-2FLUMe-PMI (green) dye.

The combination of all of the modular optimizations of the different components
of the dye (TPA donor, 2 fluorenes, decoupling through methyl groups) has led to a
significantly enhanced charge separation. While the original TPA-FLU-PMI dye
equilibrates to a charge of about -0.44 for the PMI, in the optimized TPA-2FLUMe-
PMI dye, equilibrium was not yet reached yet after 500 fs, with the average charge
on the PMI at -0.66 with a further negative tendency. Overall, combining the
different strategies tested before, resulted in a dye optimized in silico that shows an
impressive increase of charge accumulation by about 50% relative to the TPA-FLU-

PMIL

6.4 Conclusion

Systematic investigations of phenylamine-fluorene-PMI based charge separating
dyes were done on a semi-empirical quantum classical level to estimate the charge
separation efficiency in this family of push-pull dyes. We find that exchanging the
electron withdrawing character of the COOH substituent on the TPA by introducing
an electron donating methylene group between the phenyl and carboxylic acid

groups, the increased HOMO energy level and its localization on the donor side leads
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to a more efficient charge separating dye with lower recombination rates, as
confirmed by experiment. We also find that TPA donors lead to a more polarized
charge transfer state than for their DPA relatives and should therefore be preferred.
An increased bridge length between donor and acceptor from one fluorene fragment
to two, leads to a better charge separation, however this effect decreases when
expanding this to three fluorene fragments. Additionally, fluorene-based transitions
shift towards the visible range, becoming more competitive with the desired PMI
based excitation. Decoupling of the different components in the dyes by sterically
demanding methyl groups is an effective way of decreasing back transfer and
therefore decreasing the chance of recombination. This is most effective when used
on the fluorene. The insight gained from these investigations were then used to
propose an in silico optimized charge separating dye using a TPA donor, a bridge of
two methylated fluorenes and a PMI acceptor. This dye showed remarkable
enhancement in charge separation efficiency, with an increase of negative charge by
about 50% on the PMI in comparison to the original TPA-FLU-PMI dye. The results
gained from this in silico investigation and optimization of charge separating dyes
should help in guiding experimental work on improving these molecules, to lower

charge recombination and increase device efficiency.
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6.A Appendix

6A.1 Geometry Comparison between GFN-xTB and B3LYP

Figure 6A.1 Comparison of the GFN-xTB optimized geometry (red) with the B3LYP
optimized geometry (blue) for the TPA-FLU-PMI dye.

6A.2 Optimization of Extended Hiickel Parameters

Table 6A.1: Experimental redox potentials vs. NHE and vacuum from CV measurements,
onset of absorbtion peak in UV-VIS and estimated reduction potential for the four fragment
molecules and two push-pull dyes

Molecule Oxidation Reduction UV-VIS Red. Pot.
Potential [V] Potential [V] absorbtion onset estimate (Ox.
(CV) (CV) [nm]/(eV) Pot - UV-VIS

onset) [V]

TPA 1.20 - 380 nm (3.26eV) -2.06

EDG-TPA 0.90 - 350 nm (3.54eV) -2.64

Fluorene 1.70 - 315nm (3.94eV) -2.55

PMI 1.35 -1.02 - -

TPA-FLU-PMI  1.05 -1.00 - -

EDG-TPA- 0.85 -1.00 - -

FLU-PMI

Since the relative alignment of these energies is important, first the PMI was
optimized to provide a realistic estimate of the HOMO-LUMO gap. The energies
obtained with these optimized parameters (HOMO: -11.80 eV, LUMO: -9.43 eV)
had a total shift of 6.01 eV in comparison to the targeted orbital energies, so all
target energies were shifted by this 6.01 eV. All other molecules were then
optimized to give the same energetic alignment as the experimental values using
this 6.01 eV shift. The TPA-FLU-PMI and EDG-TPA-FLU-PMI dyes were not
reoptimized, but the parameters for the molecular fragments were used. The
agreement with the target values derived from experiment were very good with
deviations in the range 0.02 — 0.05 eV.
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Table 6A.2: HOMO and LUMO energies for TPA, EDG-TPA, Fluorene, PMI, TPA-FLU-
PMI and EDG-TPA-FLU-PMI obtained with standard Hiickel parameters, target values
generated with a linear shift of -6.01 eV and obtained with the optimized Hiickel parameters.

Molecule Standard Target values Optimized
Hiickel [eV] Hiickel
Parameters [eV] parameters [eV]
HOMO LUMO HOMO LUMO HOMO LUMO
TPA -11.56 -9.45 -11.65 -8.39 -11.64 -8.38
EDG-TPA -11.36 -8.51 -11.35 -7.81 -11.35 -7.80
Fluorene -12.11 -8.89 -12.15 -8.26 -12.15 -8.25
PMI -11.74 -10.33 -11.80 -9.43 -11.80 -9.42
TPA-FLU-PMI -11.47 -10.30 -11.50 -9.45 -11.47 -9.40

EDG-TPA-FLU-PMI -11.30 -10.30 -11.30 -9.45 -11.32 -9.40

Table 6A.3: Spatial distribution of HOMO and LUMO for the four fragment molecules, using
B3LYP and the Extended Hiickel method with optimized parameters.
HOMO LUMO
Molecule B3LYP Extended B3LYP Extended
/Method Hiickel Hiickel

TPA

EDG-TPA

Fluorene

PMI
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Table 6A.4: Spatial distribution of HOMO-1, HOMO, LUMO and LUMO+1 for the TPA-
FLU-PMI and EDG-TPA-FLU-PMI dyes, using B3LYP and Extended Hiickel method with
optimized parameters. Note the different LUMO+1 localization between the dyes.

Molecule TPA-FLU-PMI EDG-TPA-FLU-PMI
Method B3LYP Extended B3LYP Extended
Hiickel Hiickel
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=
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6A.3 Relevant Excitations

Table 6A.5: TDDFT transitions for the COOH-TPA-FLU-PMI dye, including excitation
energy, oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 466 nm 1.117
2 352 nm 0.109
3 330 nm 0.000
4 329 nm 0.001
5 327 nm 0.1030

Table 6A.6: TDDFT transitions for the EDG-TPA-FLU-PMI dye, including excitation
energy, oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 464 nm 1.082
2 379 nm 0.016
3 331 nm 1.248
4 329 nm 0.019
5 328 nm 0.000
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Table 6A.7: TDDFT transitions for the DPA-FLU-PMI dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 466 nm 1.090
2 365 nm 0.045
3 333 nm 0.436
4 330 nm 0.000
5 330 nm 0.000

Table 6A.8: TDDFT transitions for the TPA-2FLU-PMI dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength

b
¢

1 470 nm 1.280 '3%%%,,..,” sisis .
j} gg&"f'

2 359 nm 0.215 ME*T&%«
E

¥

3 332 nm 2.139 Jodsegoaiialiiil,
e

4 330 nm 0.007

5 329 nm 0.006
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Table 6A.9: TDDFT transitions for the DPA-2FLU-PMI dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 470 nm 1.254
2 356 nm 0.213
3 331 nm 0.006
4 330 nm 1.081
5 329 nm 0.281

Table 6A.10: TDDFT transitions for the TPA-3FLU-PMI dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 469 nm 1.228
2 356 nm 0.215
3 335 nm 2.682
4 330 nm 0.000
5 329 nm 0.001
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Table 6A.11: TDDFT transitions for the DPA-3FLU-PMI dye, including excitation energy,
oscillator strength and transition densities.
Transition Excitation Oscillator Transition density
Nr. energy [nm] strength

1 468 nm 1.213 g%wg*;f
: S
Fi
2 354 nm 0.202 %‘“’ ﬁg‘z‘;‘s& -
faig.
3 336 nm 1.858 ?g"'g';zé&&%

F
4 330 nm 0.000 E2 Wg‘;zi&; ;
4

P
5 327 nm 0.031 3‘“ ‘”‘izs‘ 80,

Table 6A.12: TDDFT transitions for the TPAMe-FLU-PMI dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 465 nm 1.044
2 337 nm 0.036
3 330 nm 0.001
4 330 nm 0.000
5 324 nm 0.001
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Table 6A.13: TDDFT transitions for the TPA-FLUMe-PMI dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 459 nm 0.914
2 365 nm 0.000
3 328 nm 0.000
4 328 nm 0.000
5 313 nm 0.000

Table 6A.14: TDDFT transitions for the TPA-FLU-PMIMe dye, including excitation energy,
oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 477 nm 1.165
2 353 nm 0.194
3 330 nm 0.022
4 329 nm 0.004
5 328 nm 0.001
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Table 6A.15: TDDFT transitions for the TPA-2FLUMe-PMI dye, including excitation
energy, oscillator strength and transition densities.

Transition Excitation Oscillator Transition density
Nr. energy [nm] strength
1 460 nm 1.038
2 369 nm 0.000
3 329 nm 0.000
4 328 nm 0.002
5 327 nm 0.001
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Figure 6A.2. Electron (a) and hole (b) populations over time on the fragments TPA (green),
FLU (red) and PMI (blue) of the TPA-FLU-PMI dye. Only the hole shows significant
population transfer.
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6A.5 Average charges on fragments of all investigated dyes

Table 6A.16: Mean charge on the fragments of all investigated dyes, averaged over 10 CTDs
and the last 200fs. The TPA-FLU-PMI simulations were performed twice for comparison
with EDG-TPA-FLU-PMI and the other molecules, with high quantitative agreement.

Dye Charge on Charge on Charge on
Donor FLU PMI
TPA-FLU-PMI +0.23/+0.24  +0.20/+0.20  -0.43/-0.44
EDG-TPA-FLU-PMI +0.30 +0.23 -0.53
DPA-FLU-PMI +0.20 +0.26 -0.46
TPA-2FLU-PMI +0.21 +0.33 -0.54
DPA-2FLU-PMI +0.16 +0.37 -0.53
TPA-3FLU-PMI +0.13 +0.41 -0.54
DPA-3FLU-PMI +0.13 +0.43 -0.56
TPAMe-FLU-PMI +0.28 +0.21 -0.49
TPA-FLUMe-PMI +0.26 +0.29 -0.55
TPA-FLU-PMIMe +0.22 +0.22 -0.43
TPA-2FLUMe-PMI +0.19 +0.47 -0.66

6A.6 Charge accumulation on the Donor: TPA-2FLU-PMI vs DPA-2FLU-PMI
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Figure 6.A3. a) Average charge accumulation averaged over 10 CTDs on the PMI in the
TPA-2FLU-PMI (red) and DPA-2FLU-PMI (green) dyes upon photoexcitation of the PMI.
b) Average charge accumulation averaged over 10 CTDs on the donor (TPA/DPA) in the
TPA-2FLU-PMI (red) and DPA-2FLU-PMI (green) dyes upon photoexcitation of the PMI.
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6A.7 UV-VIS spectra of DPA-XFLU-PMI dyes
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Figure 6.A4. UV-VIS spectra of the charge separating dyes with DPA-xFLU-PMI structure.

Note the increasing oscillator strength/absorption of the lower energetic peak with increasing
number of fluorenes. a) obtained by TDDFT calculations above (tables 6A7, 6A.9 and
6A.11), b) experimental UV-VIS spectra with zzx-op! corresponding to DPA-1FLU-PMI,
zzx-opl-2 corresponding to DPA-2FLU-PMI and zzx-op1-3 corresponding to DPA-3FLU-
PMI. Adapted with permission from: Liu, Z.; Li, W.; Topa, S.; Xu, X.; Zeng, X.; Zhao, Z.;
Wang, M.; Chen, W.; Wang, F.; Cheng, Y.-B.; He, H. Fine Tuning of Fluorene-Based Dye
Structures for High-Efficiency p-Type Dye-Sensitized Solar Cells. ACS Appl. Mater.
Interfaces 2014, 6 (13), 10614—10622 (reference [18]). Copyright 2014 American Chemical
Society.
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