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In the search for sustainable energy sources, dye sensitized solar cells (DSSC) represent an attractive solution due to their low
cost, relatively high efficiencies, and flexible design. Porphyrin-based dyes are characterized by strong absorption in the visible
part of the spectrum and easy customization allowing their electronic properties to be controlled by structural variations. Here we
present a computational screening study of more than 5000 porphyrin-based dyes obtained by modifying the porphyrin backbone
(metal center and axial ligands), substituting hydrogen by fluorine, and adding different side- and anchoring groups. Based on the
calculated frontier orbital energies and optical gaps we quantify the energy level alignment with the TiO, conduction band and
different redox mediators. An analysis of the energy level-structure relationship reveals a significant structural diversity among
the dyes with the highest level alignment quality, demonstrating the large degree of flexibility in porphyrin dye design. As a
specific example of dye optimization, we show that the level alignment of the high efficiency record dye YD2-0-C8 [Yella et
al., Science, 2011, 334, 629-634] can be significantly improved by modest structural variations. All the presented data has been

stored a publicly available database.

1 Introduction

As the negative environmental consequences of fossil energy
production and use are growing, the search for new efficient
technologies enabling harvesting and conversion of solar pho-
tons into electrical or chemical energy is becoming increas-
ingly important. Since the emergence of the first efficient sys-
tem in 1991, dye sensitized solar cells (DSSC)? have been
considered a promising and cost-efficient candidate for pho-
tovoltaic energy conversion. Compared to conventional solar
cell systems, some of the unique properties of DSSCs are their
simple fabrication and low material cost, flexibility, both in
terms of mechanical properties and architectural design, and
high efficiency under low illumination conditions.

A (standard) DSSC is a photoelectrochemical system which
converts photons from the sun into electrical work in a three
step process. First, the photons are absorbed by a molecu-
lar dye which is anchored to a semi-conductor nanoparticle
(typically TiO,). Next, the excited electrons on the dye are
transferred to the conduction band of the semiconductor and

1 Electronic Supplementary Information (ESI) available: Detailed figures
showing the calculated level alignment quality, orbital visualizations, figures
giving the trends in frontier orbital energies for all anchor groups and details
of dyes with the highest/lowest values for the different properties investigated.
See DOI: 10.1039/6000000x/
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extracted to an external circuit. In the last step the electron
is transferred from the counter electrode and back to the dye
using an electrolyte. For a dye to yield a high efficiency in
this type of setup there are three essential requirements which
should be fullfilled: (i) The energy of the highest occupied
molecular orbital (HOMO) should be smaller than the redox
potential of the electrolyte. (ii) The lowest unoccupied molec-
ular orbital (LUMO) should lie above the conduction band
edge of the semiconductor. (iii) The absorption spectrum of
the dye should have a large overlap with the solar spectrum.
In addition to these level alignment criteria, the efficiency of
the DSSC depends on a number of other processes including
the charge injection from the dye to the semiconductor, the re-
generation of the oxidized dye by the electrolyte, losses due to
charge transport and recombination etc. In the present study
we shall focus on the criteria (i)-(iii).

The high absorption of visible light in combination with the
many possibilities of functionalizing porphyrins make these
dyes excellent candidates for use in DSSCs.*~!> In particular,
the so-called Donor-7-Acceptor scheme in which the HOMO
of the functionalized porphyrin dye is located on the donor
side groups while the LUMO is mostly located on the accept-
ing anchor group has lead to DSSCs with very high efficien-
cies including the record efficiency of 12.3%.!¢ To improve
the efficiency of DSSCs further it is natural to resort to com-
putational methods that allows for fast exploration of the vast
space of molecular structures. Thanks to the enormous growth
in computer power, high-throughput computational screening
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Fig. 1 The porphyrin backbones investigated in this work. The axial
ligands used for TiOP and TiO,BAP are shown next to the
backbones.

is rapidly becoming an essential tool for accelerated materials
discovery and has recently been applied within a wide range
of areas. !7-%7

We have previously reported a computational screening
study of zinc porphyrin based dyes,?® in which we investi-
gated the effect of changing side- and anchor groups. How-
ever, modifying the backbone by exchanging zinc as the metal
center can alter the electronic structure of the dye signifi-
cantly.?>30 In addition, replacing hydrogen with fluorine in
copper-phthalocyanine has been shown to produce a signifi-
cant lowering of the frontier orbital energies.3! Furthermore,
using a Ti** metal center in the porphyrin allows for the use of
axial ligands. As shown by Pickup et al. for titanium phthalo-
cyanines this can have a large impact on the frontier orbitals. 3>
Inspired by these results, we have performed extensive elec-
tronic structure calculations to systematically explore the ef-
fect of fluorination of the zinc porphyrins as well as the effect
of changing the metal center of the porphyrin dyes including
titanium with the two axial ligands investigated by Pickup et
al.?> We explore the systematic trends in frontier orbital en-
ergies, optical gaps and level alignment quality essential for
the DSSC performance for a total of 5145 different porphyrin
based dyes with a high structural diversity. All calculated data
is available in the public database Computational Materials
Repository at the web address http://cmr.fysik.dtu.dk/.

2 Methods

In this paper we have calculated the frontier orbital energies,
lowest optical excitation energies and level alignment quality
for porphyrins with different metal centers and functionalized
by different side groups and anchor groups. The investigated
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Fig. 2 The donor groups investigated in this work. Note that when
the fluorinated FZnP backbone is used, the H side group is replaced
by the F group consisting of a fluorine atom.
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Fig. 3 The accepting anchor groups investigated in this work.

metal centers are Zn and Ti which are also compared to us-
ing the metal-free porphyrin. The use of a Ti** metal cen-
ter leads to the requirement of having an axial anionic ligand
bound directly to the metal center in order to obtain a neutral
porphyrin molecule. In this study we have chosen to use the
simple O*~ ligand and the more complicated OCHC¢H,4 00*"
ligand as axial ligands. This leads to the five different por-
phyrin backbones shown in Figure 1. In the figure, for all
backbones, the R1, R2 and R3 labels denote side group lo-
cations and A denotes the anchor group location. A total of
seven different side groups (see Figure 2) and three differ-
ent anchor groups (see Figure 3) have been chosen for this
study. 31%-16.28 Note that when the fluorinated FZnP backbone
is used, the H side group is replaced by the F group consisting
of a fluorine atom. Apart from accepting electrons, the an-
chor groups should also be able to bind to the semi-conductor
surface which is achieved by using anchor groups with car-
boxylic acid groups. All quantum mechanical calculations are
performed using density functional theory (DFT)3 with the
PBE>* exchange-correlation functional as implemented in the
GPAW code.? For all standard calculations we have used a
basis set of numerical atomic orbitals3® (LCAO mode) with
a double-{ polarized basis set, a grid-spacing of 0.18 A and
a unit cell with 5.0 A vacuum added on both sides of the
molecule in all directions. All structures have been optimized
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using the BFGS method as implemented in the Atomic Sim-
ulation Environment (ASE)?7 until all forces are below 0.05
eV/A. After the geometry optimization the location of the
HOMO, Eyomo, and LUMO, E;ymo, are calculated as the
ionization potential Ip and electron affinity E4 of the molecule.
Thus the the resulting gap, Eg,p, is given by:

Egqap = ELumo — EHoMO
= (E[-1]—E[0]) — (E[0] - E[+1]) (0
=1Ip—Ex

where E[0] is the ground state total energy and E[—1] and
E[+1] is the total energy of the negatively and positively
charged ions of the molecule in the ground state geome-
try, respectively. This definition of Eg,, avoids the use of
Kohn-Sham eigenvalues which are well-known to be inac-
curate within PBE. In addition to the fundamental gap, the
optical gap, E|, which includes the electron-hole interaction,
has been calculated. The calculation of E; is done by forc-
ing the molecule to the triplet groundstate by fixing the mag-
netic moment, and thus promoting one of the two electrons in
the HOMO to the LUMO. We use the triplet excitation en-
ergy rather than the singlet excitation because this is tech-
nically simpler to compute. We have previously shown for
a number of Zn-porhyrins that the singlet and triplet excita-
tions are within 0.3 eV and that their dependence on molecular
structure is very similar.?® In the same study we furthermore
showed that computed Eygowmo and E; values compared well to
experimental values. %28 However, we underline that it is the
presented trends rather than the absolute values which are the
main focus of this paper. We also stress that the effect of hy-
bridization and image charge screening by the TiO; surface as
well as the effect of solvent on the HOMO energies have not
been included in the calculations. 33*! However, we do not be-
lieve that this will have a significant impact on the quantitative
trends. In order to identify the optimal electronic spectrum of
the dyes relative to the semiconductor conduction band edge,
we have previously defined a loss-less level alignment quality
of a DSSC:?8

. eVoc fEZ*EH @(E - El) . [sola.r(E)dE

= 2
Jo E - Il (E)dE 2)
where:
|1 for E~E; >0
®(E_E1)_{ 0 for E—-E; <0

Here E. — Ep is the distance from the HOMO level to the con-
duction band, E| is the optical gap of the dye, ®(E — E;) is a
step function representing the absorption of the dye molecules,
Iolar(E) is the photon flux of the ASTM G-173-03 (AM 1.5
G) solar spectrum, and eV, is the open-circuit voltage mul-
tiplied with the charge of the electron. In the following we
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Fig. 4 2D histogram of obtained pairs of Egonmo and Ep ypmo for all
5145 investigated dyes.

assume that E. = —4.0 eV and V,. = 1.0 V consistent with
using TiO, as the semi-conductor and I"/I5 as the redox me-
diator. We note that using a single value for E, for all dyes is
an assumption, since different dyes will affect the conduction
band via interface-dipole interactions.*> Furthermore, using
the ®(E — E) ) step function to represent the dye absorption is
based on the assumption that all solar photons with an energy
higher than E; of the dye are absorbed by the dye molecules.
We thus assume that all investigated dyes regardless their size
covers the nano-structured TiO, to effectively form several
layers of dye in the device and that vibrational modes enhance
the oscillator strength of any symmetry-forbidden transitions
in the dyes.*? The level alignment quality only describes the
alignment between the dye and semi-conductor and is thus
only one component in order to obtain a high efficiency in
a DSSC. In reality, however, many other critical factors influ-
ence the overall efficiency of a DSSC and it should be stressed
that we do not claim to include these in the present study. All
results presented in this paper are made publicly available at
the Computational Materials Repository at the web address
http://cmr.fysik.dtu.dk/.

3 Results and discussion

Histograms of the computed Egomo and Erymo as well as the
level alignment quality are given in Figures 4 and 5, respec-
tively. (The molecules with the largest and smallest Egomo,
ErLumo, Egp and E are listed in Table S1 in ESI). The entire
data set spans a range of 2.3 eV for Eygomo, 1.3 eV for ELumo,
2.4 eV for Eg,p, and 0.8 eV for E;. Furthermore, a great part of
the presented dyes are expected to have highly optimal level
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record holding YD2-0-C8'® dye is 0.2.
Fig. 6 Calculated Eyomo and Ep ymo relative to vacuum ordered by

Table 1 Egomo and Epymo for the bare ZnP,* H,P, TiOP, the resulting Egyp of functionalized porphyrins with the EthynPhA
TiO,BAP and FZnP backbones anchor group and the ZnP (red), H,P (orange) and TiOP (magenta)
backbones.

Backbone EHOMO ELUMO

ZnP -6.71 -1.10

H,P -6.72 -1.20

TiOP -6.88 -1.37

TiO,BAP -6.56 -1.80

FZnP -7.20 -1.85

250

alignment with respect to the TiO, conduction band and the
I'/I5 redox mediator as can be seen in Figure 5. Here, thou-
sands of candidates with a high structural diversity exceeds the 200
predicted level alignment quality of the record holding YD2-
0-C8'® dye (n = 0.2). These results demonstrate the large
degree of flexibility of the electronic properties of functional-
ized porphyrins and show that many different design strategies
could be followed to control the level alignment. In the fol-
lowing the effects of the different modifications on the frontier
orbital energies, lowest optical excitation, and level alignment
quality are described in more detail and an overview of the sor
best candidates is provided.

150

Dye count

(9.00 0.05 0.10 0.15 (_)420 0.25 0.30' 0.35 0.40 0.45
3.1 Porphyrin backbones Level Alignment Quality

The effect of exchanging the central metal atom can be inves- Fig. 7 Level alignment quality histogram for functionalized
tigated by comparing porphyrin dyes with the ZnP, H,P and porphyrins with the ZnP (red), H,P (orange) and TiOP (magenta)
TiOP backbones (see Figure 1). Figure 6 shows the frontier ~ backbones.

orbital energies for the three different porphyrin backbones

using the EthynPhA anchoring group and varying the side

groups. It can be seen that replacing ZnP by TiOP results in
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a small red shift of both the HOMO and the LUMO. How-
ever, it is also clear that the three backbones exhibit the same
trends in the dependence on the side groups. In particular, the
side groups affect the HOMO levels in a similar way whereas
the LUMO is almost not affected (see Table S2 in ESI). From
Figure S1 in ESI it is further observed that varying the an-
chor group shifts the LUMO without affecting the HOMO.
For the ZnP backbone these trends were explained by first or-
der perturbation theory?® and more specifically by the match
between the Egomo and Epymo of the bare backbone with the
Enowmo of the side groups and the Ey ymo of the anchor groups
respectively. For comparison, Egomo and Epymo of the dif-
ferent bare backbone structures are given in Table 1.¥ From
the Table it is noted that Egonmo and Ep ymo of the bare back-
bones only varies up to 0.3 eV between ZnP, H,P and TiOP.
This suggests that the orbital energy match between the back-
bone and the side- and anchor groups is retained for all three
backbones thus explaining the similar trends in Figure 6.

For two specific dyes, Figures S2 and S3 in ESI give a visual
impression of the effect on the HOMO wave functions upon
changing the metal center. In the figures it is seen that sub-
stituting the Zn core atom for H, only makes little difference
in terms of the spatial distribution of the HOMO as the metal
core atoms carry no weight of the molecular orbital. On the
other hand, an interesting effect appears when substituting the
TiO center. In this case the O atom, as opposed to the metal
centres, does carry part of the HOMO. This may explain the
lower Exomo of the TiOP backbone relative to ZnP and H,P
as seen in Table 1, and indicates that the frontier orbitals of
the titanium porphyrins may be altered by modifying the axial
ligand as will be discussed in greater details later.

Figure 7 gives a histogram for the level alignment quality
of all molecules using either of the three backbones. Clearly,
it is possible to obtain very high level alignment qualities for
several dyes using any of the three backbones. However, for
the three backbones, the best level alignment quality is gen-
erally obtained for different side- and anchor groups. This is
visualized in Figure S4 in ESI where the level alignment qual-
ity for all combinations of dyes with the three backbones as a
function of the optical gap, E;, and the energy difference be-
tween the conduction band of TiO, and the HOMO level of
the dyes, E. — Ey is visualized. Here, it is observed that for
all backbones, in order to yield a high level alignment quality,
it is necessary to use highly donating side groups giving a low
E. — Ep value. To further optimize the level alignment quality
it is necessary to have a low E; value, which is mainly influ-
enced by the LUMO position. The latter is controlled by the
anchor group and it is generally observed that using the 2Car-
boxyPropenA or 2CyanoPropenA anchor groups yield more
dyes with a high level alignment quality. This observation es-

I Note that Egomo and Epymo for ZnP differ slightly from the previously pub-
lished values as those values were calculated using a different basis set.

30 35 2.0 a5 5.0
E,, (eV)
Fig. 8 Calculated Egomo and Ep ymo relative to vacuum ordered by
the resulting Egyp of functionalized porphyrins with the EthynPhA
anchor group and the TiOP (magenta) and TiO,BAP (pink)
backbones.

pecially concern dyes with the ZnP backbone for which the
use of the popular EthynPhA anchor group significantly low-
ers the number of dyes with a high level alignment quality.
Thus, it may for these dyes be beneficial to replace the zinc
atom to obtain a better level alignment quality.

3.2 Axial ligands

By employing a Ti** metal center we introduce the possibility
of using axial ligands directly bound to the titanium metal cen-
ter. As discussed, using a double bonded oxygen to form the
TiOP backbone shifts the weight of the HOMO towards the
axial ligand. Thus, we now investigate the effect of replacing
the oxygen with the O,BA ligand. Figure 8 shows a plot of the
frontier orbital energies for the TiOP and TiO,BAP porphyrin
backbones using the EthynPhA anchoring group and varying
the side groups (see Figure S5 in ESI for results with all an-
chor groups). It is observed that the general trends discussed
previously are retained and that the fundamental gaps of the
dyes with the TiO,BAP backbone are lower due to generally
lower Eypymo values. Furthermore, a significant decrease in
the range of Eg,;, is observed for TiO,BAP compared to TiOP.
This is seen to be due the lower range of Eyomo values indi-
cating a smaller interaction between the side groups and the
backbone. This effect may in turn be explained by looking
at the spatial shape of the HOMOs for similar dyes with dif-
ferent backbones given in Figures S6 and S7 in ESI. Here,
it is observed that for the TiO,BAP backbone the HOMO is
mostly located at the O,BA axial ligand and thus the inter-
action between the side groups and the backbone is reduced.

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Level alignment quality histogram for functionalized
porphyrins with the TiOP (magenta) and TiO,BAP (pink)
backbones.

Apart from modifying the energy of the frontier orbitals of
the dye, the relatively large weight of the HOMO on the axial
ligand can further influence the regeneration of the dye, since
this involves interaction between the redox mediator and the
HOMO.

Figure 9 shows a histogram for the level alignment qual-
ity using either of the two backbones. It can be seen that
the TiOP backbone yields slightly more candidates with high
level alignment quality, but in general it is possible to obtain
a high level alignment quality using either axial ligand intro-
ducing more flexibility in designing dyes. The optimal choice
of side- and anchor groups needed to obtain a high level align-
ment quality are very similar for the two backbones. This is
visualized in Figure S8 in ESI which show the calculated level
alignment quality for all dye combinations with the two back-
bones as a function of E; and E. — Ey. For both backbones
the highest level alignment quality values are found for dyes
with highly donating side groups in combination with either
of the 2CarboxyPropenA or 2CyanoPropenA anchor groups.
The main difference between the two backbones concerning
the level alignment quality is found when using the EthynPhA
anchor group. Here, using the TiO,BAP backbone yields a
greater number of dyes with a high level alignment quality.

3.3 Substitution of hydrogen with fluorine

A third handle for tweaking the electronic structure of the por-
phyrin dyes is to replace the hydrogen atoms in the porphyrin
backbone with fluorine atoms. Here, the electron transfer from
the backbone to the fluorine atoms is expected to generate an
electrostatic potential that shifts down the energy of the or-

-4t

Energy (eV)

55 3.0 35 2.0 a5 5.0
E,,, (eV)
Fig. 10 Calculated Egomo and Epymo relative to vacuum ordered
by the resulting Egyp of functionalized porphyrins with the
EthynPhA anchor group and the ZnP (red) and FZnP (yellow)
backbones.
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Fig. 11 Level alignment quality histogram for functionalized
porphyrins with the ZnP (red) and FZnP (yellow) backbones.
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bitals localized on the backbone.?!** This effect is visible in
Figure 10 which shows the frontier orbital energies for the
ZnP and FZnP porphyrin backbones using the EthynPhA an-
chor group and varying the side groups (see Figure S9 in ESI
for results with all anchor groups). Apart from exhibiting the
same trends as discussed for all other backbones, the fluori-
nated dyes have significantly lower Epymo values. As the
LUMO is mostly localized on the backbone (and the anchor
group) this decrease can be ascribed to the electrostatic poten-
tial generated by the fluorine atoms. For the Eyonmo values the
picture is more complicated as only dyes with a large funda-
mental gap have HOMOs which are localized on the backbone
whereas dyes with more donating side groups have HOMOs
which are localized more on the side groups.?® Thus, it can be
expected that the Eyomo values for fluorinated dyes with large
Egap will be more affected than those with a small Eg,,. This
is indeed observed in Figure 10. From Figures S10 and S11 in
the ESI, which show the HOMO and LUMO wave functions
for both fluorinated and non-fluorinated dyes, it is observed
that the change of shape of the orbitals upon fluorination is
negligible and thus the altered electrostatic potential must be
the main effect of the fluorination.

Figure 11 shows a histogram for the level alignment quality
of all dyes with either hydrogen or fluorine in the porphyrin
backbone. From the figure it is clear that the FZnP back-
bone yields slightly more candidates with high level align-
ment quality, but also dramatically increases the number of
candidates with very low level alignment quality. Fluorination
thus have a significant impact on specific dyes and the result-
ing level alignment quality. This can be further understood
from Figure S12 in ESI in which the level alignment quality is
given as a function of E| and E. — E. Here, highly donating
side groups as discussed for all backbones lead to the highest
level alignment quality. However, as opposed to dyes with the
ZnP backbone, the number of dyes with a high level align-
ment quality employing the FZnP backbones is similar for all
anchor groups leading to more structural flexibility.

3.4 Optimizing level alignment

Figure 12 (top) shows the calculated level alignment for all
5145 dye candidates presented in this study as a function of
E and the energy difference between the conduction band of
TiO, and the HOMO level of the dyes, E. — Ey. The black
dotted line indicates where Egomo = —5.50 eV which corre-
sponds to the upper limit of Eyomo for dyes used in a DSSC
with the I"/I5 redox pair. This strict limit stems from the need
to have a 0.6 V potential difference between Eyomo and the
redox potential of the I"/I3 redox pair in order to drive the
charge transfer.>*7 The white dotted line indicates where
E.— Ey = E;. Above this line, photoexcited electrons on the
dye could in principle be trapped below the conduction band

S 25

(Ec-En) (e

0.9 1 1.1 1.2 1.3 14 15 1.6

(Eq - ER) (eV)

Fig. 12 Top: Calculated level alignment quality as function of the
optical gap, E, and the energy difference between the conduction
band of TiO, and the HOMO level of the dyes, E. — Ey, for
candidates with the ZnP (red), H,P (orange), TiOP (magenta),
TiO,BAP (pink) and FZnP (yellow) backbones and the EthynPhA
(square), 2CarboxyPropenA (circle) and 2CyanoPropenA (triangle)
anchor groups. The black dotted line indicates the lower limit of

E. — Ey for dyes to be used with the I"/I5 electrolyte and the white
dotted line indicates where E. — Ey = E|. Bottom: Zoom of the
above figure onto the region with the highest level alignment quality.
The letters identifies the top ten candidates and correspond to the
letters in Table 2.
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Table 2 Top ten candidates measured by the level alignment quality under the assumption that £, = —4.0 eV and V,,. = 1.0 V. The letters

correspond to the letters in the bottom part of Figure 12

Dye Backbone A R1 R2 R3 Egomo (eV) E; (eV) n

A FZnP 2CarboxyPropenA MOTPA MOTPA MOTPA -5.04 0.97 0.46
B FZnP 2CyanoPropenA MOTPA MOTPA MOTPA -5.05 0.96 0.45
C ZnP 2CarboxyPropenA MOTPA MOTPA MOTPA -5.06 1.05 0.45
D ZnP 2CyanoPropenA MOTPA MOTPA MOTPA -5.06 1.04 0.45
E H,P 2CarboxyPropenA MOTPA MOTPA MOTPA -5.07 0.96 0.45
F H,P 2CyanoPropenA MOTPA MOTPA MOTPA -5.08 0.94 0.45
G FZnP EthynPhA DTA MOTPA MOTPA -5.06 1.09 0.44
H TiOP 2CyanoPropenA MOTPA MOTPA MOTPA -5.09 0.99 0.44
I TiOP 2CarboxyPropenA MOTPA MOTPA MOTPA -5.10 1.01 0.44
J FZnP EthynPhA MOTPA DTA MOTPA -5.11 1.11 0.44

Table 3 Using the YD2-0-C8'° dye as a starting point the level alignment quality is optimized by varying 1 or 2 structural parameters

No. of optimized parameters Backbone A R1 R2 R3 Enomo (€V) E| (eV) n

0 parameters ZnP EthynPhA DMP DTA DMP -5.77 1.48 0.20
1 parameter ZnP EthynPhA DMP DTA TPA -5.54 1.40 0.27
1 parameter” ZnP EthynPhA MOTPA DTA DMP -5.40 1.40 0.33
2 parameters” ZnP EthynPhA DMP DMP MOTPA -5.51 1.46 0.29
2 parameters? ZnP EthynPhA TPA DTA TPA -5.36 1.34 0.34

% The optimization is performed under the constraint that Egomo < —5.50 eV corresponding to the requirement of using the I"/I3 redox

pair 2,45-47

b The optimization is performed under the constraint that Epomo < —5.36 €V corresponding to the requirement of using the

[Col/ M (bpy — pz),] redox pair. 48

if the thermal relaxation on the molecule is fast compared the
charge injection time.

The bottom part of Figure 12 shows a zoom of the region
with the highest level alignment quality and identifies the ten
dyes with the highest 1 values. The structure of these candi-
dates can be found in Table 2. The common feature of the top
ten candidates is that they have a E; value around 1.0 eV and
a Egomo value around -5.1 eV (corresponding to a E. — Ey
around 1.1 eV). For similar values of E; and E. — Ey all the
photoexcited electrons on the dye contributes to the photocur-
rent. The optimal value of 1.1 eV is in agreement with the op-
timal value predicted for semi-conductor solar cells by Shock-
ley and Queisser.*’ Out of the top ten candidates only two
contains the common ZnP backbone. Thus, by changing the
backbone we have found eight new candidates for the top ten
relative to our recent screening of zinc porphyrins.?® How-
ever, none of the top ten candidates have Egyomo values below
-5.50 eV, which is the requirement for using the I"/I5 redox
pair. Thus, a different redox mediator must be used for these
dyes. Figure S13 in ESI gives the TD-DFT predicted UV-VIS
spectra for the top five dyes. These results verify that with
a sufficient amount of dye layers present in the device due
to the meso-porous TiO; nano-particles, all dyes will have a
step-function absorption spectrum above the absorption edge

since the absorption here is non-zero for all dyes. The ab-
sorption edge is however poorly predicted by TD-DFT due to
the charge-transfer character of Donor-7-Acceptor porphyrin
dyes.

Using our computational database it is possible to optimize
the level alignment quality of a given dye by varying one or
more structural parameters (side groups, anchor group and
backbone). In Table 3 we have optimized the level align-
ment quality of the high efficiency record holding YD2-0-C8
dye '® by varying 1 or 2 structural parameters under the con-
straint Egomo < —5.50 eV corresponding to the requirement
imposed by the I"/I5 redox pair and the constraint Eyomo <
—5.36 eV corresponding to the requirement imposed by the
[Co"/™(bpy — pz),] redox pair,*® respectively. From the ta-
ble it is seen that changing the side groups has the largest im-
pact on the level alignment quality for this particular dye. In
fact, by substituting a single side group, the level alignment
quality is expected to increase significantly. Since the struc-
tural change is negligible this could lead to a higher efficiency
of an actual DSSC.

8| Journal Name, 2010, [vol]1-10
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4 Conclusions

We have presented a computational screening study of 5145
functionalized porphyrin dyes composed from a set of five
different backbones, seven different donating side groups and
three different accepting anchor groups. Replacing the com-
monly used zinc metal center with H, was found to alter the
electronic structure of the dyes only slightly. On the other
hand, introducing the Ti** metal center enables the use of ax-
ial ligands. For dyes without or with only weakly donating
side groups, these ligands can have a large influence on both
the frontier energy levels and the shape of the HOMO. The
latter effect could be important for the dye regeneration pro-
cess. Both of the investigated axial ligands produced many
dyes with a high level alignment quality and thus the use of
a Ti** center with axial ligands introduces more flexibility in
the design of porphyrin based dyes. By fluorinating the stan-
dard zinc porphyrin based dyes we found a dramatic impact
on the LUMO energy and, for dyes without very donating side
groups, also on the HOMO energy. This suggests fluorination
as an effective handle to control the electronic structure of the
porphyrins. For all types of structural modifications we gener-
ally found a large number of dye candidates with a high level
alignment quality, exceeding those of well known high effi-
ciency dyes. These results suggest that there is plenty of room
for improving dye sensitized solar cells by optimization of the
porphyrin dyes. Despite the observed qualitative trends, we do
not observe any simple additive quantitative relation between
structure and energy levels. We are currently investigating
whether this relation between orbital energies and structural
changes can be predicted using a model based on perturba-
tion theory. In parallel with this we also plan to include the
alignment with the redox mediator in the definition of the level
alignment quality in a future study.
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We present a systematic study of the level alignment of 5145 porphyrin based dyes for Dye Sensi-
tized Solar Cells.



