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ABSTRACT: The shift from iodide-based redox mediators in dye-sensitized solar
cells toward octahedral cobalt complexes has led to a significant increase in the
efficiency. However, due to the nature of this type of complexes the driving force
required for the regeneration of the dye is very high, and this limits the achievable
efficiency. Here we show that the large driving force is a direct consequence of the
large reorganization energy of the dye regeneration reaction. The reorganization
energies for charge transfer between a simple zinc porphyrin dye and two popular
cobalt-based redox mediators is calculated using ab initio molecular dynamics with
explicit solvent. These results are then combined with a Marcus-based extrapolation

scheme to obtain the reorganization energies of more than 5000 porphyrin-based

dyes. We propose a scheme for scoring the performance of the porphyrin dyes, which is able to identify already known high-
performance dyes in addition to a number of even better candidates. Our analysis shows that the large internal reorganization
energy of the Co-based redox mediators is an obstacle for achieving higher efficiencies.

B INTRODUCTION

As the search for sustainable energy sources is intensified, focus
is put on exploiting the vast energy in sunlight. For this
purpose, dye-sensitized solar cells (DSSC)"' have since the
emergence of the first efficient system in 1991> been considered
promising candidates. In particular, the low material cost,
flexibility, and high efliciency under low illumination
conditions® of DSSCs make these stand out from the
conventional semiconductor-based solar cells. In a standard
DSSC the photons are absorbed by a molecule with a high
absorption in the visible part of the solar spectrum. This creates
a photoexicted electron in the dye which is transferred to the
conduction band of a semiconductor nanoparticle (usually
TiO,) on which the dye is anchored. Following this, the
electron is extracted to an external circuit and reintroduced into
the cell via a counter electrode (usually Pt). In the last two
steps, the electron is transferred from the counter electrode to a
redox mediator and then from the redox mediator back to the
dye completing the circuit. To improve the efficiency of DSSCs,
much focus has been put on choosing the correct dye. Here,
several factors are important including the correct level
alignment of the dye orbitals with the semiconductor
conduction band and the redox potential of the redox mediator,
a large overlap between the dye absorption spectrum and the
solar spectrum, the charge injection from the dye to the
semiconductor, the regeneration of the oxidized dye by the
redox mediator, losses due to charge transport and recombi-
nation, etc. More recently, functionalized porphyrins have
gained interest as dyes in DSSCs due to their high absorption
of visible light and high customizability.* "* The highest
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efficiencies obtained for DSSCs of 12.3%'* and 13.0%"> have
both been obtained using porphyrin-based dyes. We previously
reported a computational screening study of porphyrin-based
117 in which we investigated the effect of changing side
and anchor groups for a range of different porphyrin
backbones. In these studies we scored the dyes by computing
a level alignment quality based only on the level alignment
between the dye orbitals and the conduction band of TiO,,
while the redox potential of the redox mediator was treated as a
simple variable. However, the reorganization energy associated
with the electron transfer from the redox mediator to the
oxidized dye is also an essential component to obtain a high
DSSC efficiency. To include this effect in the level alignment
quality, we here present a computational study in which we
apply Marcus theory'® **to evaluate the solvent reorganization
barrier for the regeneration reactions of functionalized
porphyrins by two cobalt-based redox mediators. The cobalt-
based redox mediators are chosen here since they are presently
considered the most promising redox molecules'*** and the
electron transfer is believed to be a simple outer-sphere process.

A schematic overview of the energetics associated with the
regeneration reaction is given in Figure 1 (left). The
regeneration process itself is defined as the electron transfer
from a cobalt-based redox mediator to the oxidized dye

D" + [Co(red)]*" — D + [Co(red) " (1)
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Figure 1. (Left) Scheme of the energetics associated with the regeneration reaction. Here, E, is the conduction band edge of TiO,, EE™ is the
oxidation potential of the porphyrin-based dyes, E,.q is the redox potential of the cobalt-based redox mediator, AF’ is the driving force for the
regeneration reaction, AF* is the barrier associated with the electron transfer, and eV, is the open-circuit voltage multiplied with the electronic
charge. (Right) Schematic illustration of the free energy function for the initial, F;(x), and final, F{x), electronic states. The reaction coordinate, x =
AE(RY) (see eq 3), is the vertical energy gap between the two electronic configurations corresponding to the left- and right-hand sides of eq 1. The
gap collectively represents all fluctuations of the nuclear degrees of freedom of both the solute and the solvent environment, R. Running MD based
solely on the initial and final electronic states gives information for their respective equilibrium values (the region around the minimum of the two
curves). To achieve sampling in the intermediate region where the free energy barrier is defined our MD is based on the coupling parameter scheme
(eq 6). Knowing one function the free energy change, barrier, and reorganization energy relative to the initial state can readily be solved for AF® =
F(%pmin) = Fi(%imin),s AF* = F(x*) — Fi(%,min) and A = F(¥gmin) — Fi(%min), respectively. Here, ¥ and %;min denote the reaction coordinate value at
the crossing and minimum of the free energy functions. The parabolas presented here are an idealized case, which is realized under certain

conditions, namely, linear response (see eq 14 and the section on Marcus Theory).

where D/D* is the neutral/oxidized dye and [Co(red)]**/
[Co(red)]** is the reduced/oxidized cobalt-based redox
mediator. In Marcus theory the charge transfer rate between
two species is expressed in terms of a pre-exponential factor
(taking into account the donor—acceptor electronic state
overlap factor) and an exponential term which accounts for
the thermodynamic free energy that must be overcome to
facilitate electron transfer. The latter term includes the redox
potentials as well as the nuclear and electronic response of the
solvent and solute to the transferred electron.

In this study we focus only on the exponential term in the
Marcus rate expression from which we explicitly calculate the
barrier for the smallest porphyrin dye. We then introduce a
Marcus-based extrapolation scheme to estimate the barrier for
more than 5000 porphyrin dyes present in our database.'®'” In
this way we combine large-scale computational screening with a
more in-depth study of the simplest zinc porphyrin (ZnP) to
improve the scoring of the dyes by introducing a correction
term to the level alignment quality and at the same time
identify parameters acting as obstacles for improving the
efficiency of DSSCs.

B METHODS

We used density functional theory (DFT)-based molecular
dynamics (MD) calculations in combination with Marcus
theory to calculate the solvent barrier associated with the
regeneration (see eq 1) of unsubstituted zinc porphyrin by two
different cobalt-based redox mediators. These calculations are
extrapolated using a continuum model for the reorganization
energy for more than 5000 functionalized porphyrins to
provide an estimate of the overpotential related to the
regeneration process. The two cobalt redox mediators
investigated are the commonly used [Co"™™(bpy);] and
[Co™ Hl(bfy-pz)z] (bpy-pz = 6-(1H-pyrazol-1-yl)-2,2-bipyr-
idine).**** The chemical structures of the two redox mediators
and the functionalized porphyrin dyes are shown in Figure 2. In
the figure for the porphyrin the R1, R2, and R3 labels denote
side group locations, A denotes the anchor group location, and
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Figure 2. Molecules investigated in this work. (Left) Functionalized
porphyrin dye with side groups (R1—R3) and acceptor group (A).
(Middle) [Co™™(bpy);] redox mediator. (Right) [Co™™(bpy-pz),]

redox mediator.

M denotes the metal center. The different metal centers, side,
and anchor groups used in this study are described in detail in
recent publications'®'” and shown in Figures S$2—S4,
Supporting Information. In the following we briefly introduce
the methods used in this study.

Free Energy Function. In order to address the free energy
barrier we use the free energy function, defined by the
restricted partition function of the vertical (potential) energy
gap between the initial and the final state®

E(x) = —% In /dRN(S(x - AE(RN))e—ﬁE;(R”)

1 3

5 n[R(x)] + F @
where the gap AE(RY) is given by

AE(RY) = E(R") — E¢(R") (3)

and i and f refer to the initial and final electronic states (i.e., left-
and right-hand side of eq 1)

E, = E[D" 4 [Co(red)]**]
E; = E[D + [Co(red)]3+]
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P(x) denotes the probability distribution of the reaction
coordinate, x = AE(RY), for the initial state

/dRN5(x — AE(RN))e_ﬂE‘(RN)
N —pE(RY)
Jar®e *)

p(x) =

Finally, F* denotes the (absolute) free energy of the initial
state. This quantity is not well defined; however, the
expressions above completely define relative differences of the
free energy function of the initial and final state. For example,
rearranging eq 3 to E(RY) — AE(RY) = E{R") and inserting
into the analogous expression for F(x) one can show that Fy(x)
= F(x) — x (see Derivation 1, Supporting Information). In
particular, the reorganization energy and free energy barrier can
be determined from just one of the free energy curves (see
Figure 1).

Sampling and Optimization. An accurate treatment of
the integral expressions above requires knowledge of both
equilibrium and nonequilibrium configurations, relevant for
both the initial and the final electronic states. To achieve a
proper sampling in the crossing region one defines intermediate
states, @, as

E,(RY) = (1 — x)E,(RY) + x,E¢(RY)
= E(RY) — y,AE(RY) )

which connects the two states in a straightforward manner. The
MD sampling of the relevant phase spaces are then based on a
simple linear combination of the forces

E(RY) = (1 — x)E(RY) + z,F(R") 6)

where F, and F; are the force vectors for the initial and final
states, respectively. The coupling parameter {y :0 <y <1} is
sampled at equally spaced intervals between 0 and 1, which
obviously brings the system from the initial electronic charge
state to the final electronic charge state. This ensures sampling
of RY in and out of equilibrium for either state, giving
information for the free energy functions in the intermediate
region, which is important for an accurate estimate of the free
energy barrier, AF* (see Figure 1). Note that the MD sampling
employed here is further enhanced by constraining high-
frequency degrees of freedom (hydrogen bonds) to allow for
larger time steps when solving for the equations of motion. RY,
in all expression, denotes the active degrees of freedom present
in the simulations which means that the Boltzmann factor, ff =
(1/(kgT)), is scaled accordingly.

Employing the coupling parameter method as outlined above
produces biased probabilities, P,(AE(RY)), which need to be
corrected for the bias — )(aAE(RN ), and subsequently combined

to give the total probability curve for the initial state. To this
end we use the weighted histogram analysis method
(WHAM)?**™?® following the formulation of Souaille and
Roux.”

In WHAM the unbiased probability is given by

PYAE(RY)) = /T4AFR) L Ipb(AR(RY)) @)

where f, corresponds to the free energy change in the system
due to the bias —y,AE(RY) and is determined in a self-
consistent fashion. The sampling is performed for N, values of
a, so the total probability curve for the initial state is written as

RAERY)) = C ¥ p (AERY))PHAE(RY)) “

where C is a normalization constant and p,(AE(R")) are the
weights of the sampling windows for a given value of the
vertical potential energy gap AE(RY) . Now, requiring the
weights to be normalized and minimize the statistical error in
the sampling results in”®>’

Ny
N _ My
R(AE(RY)) = C 3 — AR,
a=1 x=1"K

PAAE(R))

©)

where 1, is the number of samples in the window a. The
unknown free energy change due to the bias can be solved in a
self-consistent manner using

, oo PRARRD) N

—_ _ a
e =c / drRY Y - e_ﬂ[_XKAE(RN)_fK]Pa(AE(R )
a=1 k=1

(10)
The expression above is solved using all available data points
and is the most time-consuming step in the WHAM procedure,
both because of the shear number of data points as well as strict
convergence criteria. Furthermore, subtracting the value
corresponding to the initial state, f, from all f, ensures that
eq 9 is normalized (C). As a last step we also introduce the
normalized histograms into eq 9 to give a manageable number
of data points for the construction and fitting of the free energy
function (eq 2).

Phx) = — Y 6(x — AERY))
Mo 1y (11)

Marcus Theory. In Marcus theory it is customary to split
the total reorganization energy into internal and outer
contributions

ﬂ — ﬂin + ﬂout (12)

The internal reorganization energy can be approximated as the
energy difference of the solute species in the initial electronic
state evaluated at the relaxed structures corresponding to the
initial and final electronic states in vacuum. The outer
reorganization energy is associated with the solvent structural
response to the change in electronic charge on the solute
species. This term was recognized by Marcus as the key factor
in determinin§ the rate of outer-sphere electron charge transfer
reactions.'® >

In terms of a continuum model representing the solvent
surrounding two solute species A and D represented as charged
spheres of radius r, and rp, respectively, the outer
reorganization energy in atomic units can be expressed as'®

Aout — (qu)(% _ %)(L + L — L]
€ € 21y 2rp Ryp (13)

where ¢® and €™ are the high-frequency and static dielectric
constants of the solvent and Agq the total charge transferred.
The last term on the right-hand side is the screened Coulomb
interaction between the donor and the acceptor, where R,y is
the distance between the two solute species. Assuming that the
charge transfer occurs when the two spheres come in contact
R,p is simply given by the sum of two solute species radii.

DOI: 10.1021/jp512627e
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In the linear response regime the sampled vertical energy
gaps in the N, windows display Gaussian statistics, with a
relative shift of the mean value directly proportional to the
coupling value a.>** Under these conditions the free energy
function reduces to a parabola®°

2 *

+ F,
where x,,,,; denotes the reaction coordinate associated with the
equilibrium configurations of the initial state.

We do not explicitly calculate the reorganization energy of
the reaction in eq 1 but split the reaction into two parts

min, i

1
B) = 2~ (x =«

D'+D->D+D'

[Co(red)** + [Co(red)**
— [Co(red) " + [Co(red)*

which in turn provides us with symmetric free energy curves
after solving for the probability curves following the procedure
in the preceding section (see Figures S5—S7, Supporting
Information). The fully simulated free energy functions are
fitted with a parabolic expression (it is easy to show that for this
case Ffx) = F(x) — «x, see Derivation 2, Supporting
Information). This in turn gives us the reorganization energy
for the individual species which are then combined to give the
reorganization energy for the total reaction in eq 1 (see the next
section and eq 19).

Extrapolated Barrier Calculations. Due to limited
computational resources it has been necessary to only explicitly
calculate the reorganization energy for the simplest zinc
porphyrin and extrapolate this value to the functionalized
porphyrins. Functionalizing porphyrins significantly changes
the size of the dye, and to account for this change we used the
Jmol program suite’' to obtain a volume of all 5000+ porphyrin
dyes using the predefined van der Waals surfaces of the atoms.
This volume is then transformed into a radius of a sphere using

VAN
T (47) (15)

Having this radius we can use a modified version of eq 13 in
which we include a correction for using a finite cell with
periodic boundary conditions to obtain the correlation between
our chosen convention for r and the explicitly calculated
reorganization energy for the simglest zinc porphyrin (see
Table S1, Supporting Information)**~>*

2
1 1 4| r
It = (A | — + —| &, + —| —
PBC ( ‘1) o 2L, Sew 3
5
_ 16”2[L)
45 \ L. (16)

where AJ5 is the uncorrected reorganization energy obtained

from our MD simulation, L. is the linearized cell length, L. =
V'3, where V is the volume of the cell, and &, is the Madelung
constant, which for our cell is &g, = —2.757. From the above
equation we can estimate ¢ = (1/e€®) — (1/€") . This fitting was
tested for both the “flat” zinc porphyrin species as well as the
octahedral Co(bpy); species, giving ¢ = 0.502 and 0.520,
respectively. These values are in good agreement with the
inverse of the experimental dielectric constant of acetonitrile, ¢

& 0.53. Our smaller values reflect an overestimated dielectric
response, which PBE is known to do, e.g, for water. For the
extrapolation scheme of the zinc porphyrin-based dyes ¢ =
0.502 was used throughout.

Having corrected for the finite cell with periodic boundary
conditions, we can define the r-dependent outer reorganization
energy for the functionalized porphyrins as

out 2 1
Aporph(r) = (AQ) C; (17)
We again note that converting the volumes of porphyrins into
spheres is a simplification. Apart from the usually flat structure
of porphyrins, the way the dye is connected to the surface
further influences the actual radius and accessible surface area
of the dye as well as the distance to the redox complex.*
However, since this approximation only enters the correction to
an explicitly computed reorganization energy, we believe that
we will obtain the correct trends in the size dependency.

To account for the screened coulomb interaction between
the acceptor and the donor we apply a correction based on the
1/R,p part of eq 13. Assuming that the electron transfer occurs
when the acceptor and donor are right next to each other
corresponds to setting Ry = r + rq, where r is still the dye
radius and 1,4 is the radius of the redox mediator. Using this we
obtain a correction to the outer reorganization given by

1
+ Tred (18)

Having the size-dependent part of the reorganization energy
and the corrections, we can obtain the total reorganization
energy for the regeneration reaction as

A(r) = Agoron(r) + Aegion + Aporph + A" (1) (19)

() = —(Ag)e

where we assume that ﬁgﬁ,rph is r independent due to the
similarity in chemical structure. The r-independent parts of the
above equation are found explicitly from a MD simulation of
the diabatic regeneration reaction (eq 1) with the smallest
porphyrin in which 4259 have been corrected for the effect of
using a finite cell with periodic boundary conditions.

To obtain the electron transfer barrier we need in addition to
the reorganization energy also the driving force, AP, for the

regeneration reaction. This quantity is defined as
0 _ pporph
AF = ES — Erq (20)

where ER™! is the oxidation potential of the porphyrin dye and
E,.q is the redox potential of the redox mediator. To obtain
EPP' from our calculations we assume that the oxidation
potential scales linearly with the vacuum ionization potential
calculated from total energy differences, Eyono = Eo[N] —
Eo[N—1], of the dyes with a constant shift due to solvation
energies, image charge effects, etc. Fitting our calculations to
the experimental oxidation gotentials of S porphyrin dyes on
TiO, measured by Liu et al.” we obtain the relation

EP"" = Elomo — O.11 eV 1)

We now have AF° and A(r) for all 5000+ porphyrin dyes, and
we can then calculate the barrier height using the Marcus
expression (solving for the crossing between initial and final
state free energy curves using eq 14)

(1 + AF°)?

FARO 1) —
AFH(AF®, 2) = w ()
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Cut out

Figure 3. Illustration of the procedure to create the simulation cell for [Co™™(bpy);]. A 20 A x 20 A X 15 A unit cell with periodic boundary
conditions is filled with acetonitrile and thermalized. After this a hole is cut, and in the last step the desired molecule is inserted.

Weighted Level Alignment Quality. We previously
defined the level alignment quality as'®'”

_ e‘/OC -/I;iEH ®(E - El)'lsolar(E)dE

‘/(;OOE'Isolar(E)d'E (23)

n

where

1 for—E >0

O(E - E) ={

0 for E-E <0

Here E. — Ey is the distance from the HOMO level to the
conduction band, E; is the optical gap of the dye, @(E—E,) is a
step function representing the absorption of the dye molecules,
I1e(E) is the photon flux of the ASTM G-173-03 (AM 1.5 G)
solar spectrum, and eV is the open-circuit voltage multiplied
with the charge of the electron. In the following we assume that
E. = —4.0 eV, consistent with using TiO, as the semiconductor
and V. = E. — E_q4 This definition of the level alignment
quality neglects all loss mechanisms and only takes the level
alignment between semiconductor and the dye molecule into
account. An in-depth discussion of the level alignment quality is
given in previous publications.'®"”

Having obtained the regeneration barriers for different dyes
and redox mediators it is possible to include this information in
a correction factor to correct the level alignment quality.
Inspired by the Arrhenius expression we write

Mg (AF", 45 T) = C(AF, 4; T)n (24)
where
_AFH(AF°
. exp M for AF° <0
C(AF°, 2; T) = ks T
0 for AF® > 0
(29)

We note that the correction function is highly dependent on
the used temperature, and this may be important for solar cells,
where the working temperature may be very high under intense
sunlight. A flowchart illustrating the steps in calculating the
weighted level alignment quality is shown in Figure S8,
Supporting Information.

Computational Details. All quantum mechanical calcu-
lations were performed using density functional theory
(DFT)* with the PBE® exchange-correlation functional as
implemented in the GPAW code.>® For all standard calculations
we used a basis set of numerical atomic orbitals® (LCAO
mode) with a double-{ polarized basis set, a grid spacing of 0.18

A, and 220 A X 20 A X 15 A unit cell with periodic boundary
conditions in all directions. To prepare for the molecular
dynamics (MD) simulations, the cell was initially filled with
acetonitrile to obtain a density of p = 786 mg mL™", which was
thermalized to 300 K with 2.0 fs time steps. This is
accomplished with an in-house Langevin integrator employing
the RATTLE* constraint scheme (algorithm based on the
formulation by Eijnden et al.*'). The constraints introduced
consist in the pacification of all C—H bonds, which allows us to
take larger time steps and thus decrease the computational time
required. Since the role of the C—H bonds in the simulations
are very limited we believe that the pacification is justified. After
the thermalization, a block of solvent molecules was cut out of
the unit cell to make room for the dye or redox mediator
molecule (see Figure 3 for an illustration of the procedure).
Effectively, this gives a conentration of 0.28 M. Since all boxes
are similar in size and only contain one solute molecule, the
concentration ratio between all species is unity. The solutes are
however electrostatically decoupled from the neighboring cell
(resulting from the periodic boundary conditions) through the
Ewald method. Thus, we are focusing on a single species,
corresponding to the infinite dilution limit. The resulting box,
containing the solvated molecule, was then thermalized in the
same manner as the initial solvent box. To obtain data for the
WHAM method (see discussion above) we created five copies
of the thermalized box with the solvated molecule and
thermalized them using a linear combination of initial and
final state forces with y = 0.0, 0.2§, 0.50, 0.7S, and 1.00 for

each box. After 1.0 ps of thermalization we ran the simulation
for an additional 5.0 ps production time, resulting in 2500 data
points for every configuration. Combining the data point for
the WHAM procedure lead to in total 6.25 million data points
for every linear force combination.

B RESULTS AND DISCUSSION

The values for all explicitly calculated reorganization energies
are given in Tables S2 and S3, Supporting Information, and the
constructed Marcus parabolas for the regeneration of the
simplest zinc porphyrin dye by “S[Co™™(bpy),] are given in
Figure 4. Correcting the calculated Apgc for the symmetric
electron transfer between two porphyrins (ZnP + ZnP* —
ZnP* + ZnP) for the periodic boundary conditions and the
screened coulomb interaction (eq 18) we obtain A = 0.89 eV.
This value is in good agreement with the A = 0.84 eV reported
by Osuka et al** for a comparable electron transfer in
porphyrin dyads in DMF. Considering the cobalt-based redox
mediators, we note that the energy difference between the high-
spin (HS) and the low-spin (LS) states of cobalt(II) species is

DOI: 10.1021/jp512627e
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ZnP* + [Co(bpy);]**

o ZnP + [Co(bpy);?*
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Figure 4. Constructed Marcus parabolas for the regeneration of the
simplest zinc porphyrin dye by 'S[Co™"(bpy),]. The blue curve is
F(x), and the red curve is F(x). AF® (obtained from eq 21) is —1.76
eV, and the PBC and screened Coulomb interaction-corrected
calculated 4 is 1.30 eV. Since —AF° > 1 the reaction is predicted to
be in the Marcus inverted region.

small.*® Thus, it may be hard to identify the correct ground spin
state using DFT, and we therefore investigated both HS and LS
for the two redox mediators in question. In line with previously
reported results** we here find that the reorganization energy
involving the HS is around 1 eV higher than for the LS case. As
our calculated and corrected reorganization energies for the
regeneration reactions with the LS species resemble the
experimental values obtained for the regeneration of an organic
dye using different cobalt-based redox mediators reported by
Feldt et al.***® we find it likely that these reorganization values
give the best representation. We therefore in the following
assume that all cobalt species are LS. We further note that our
obtained reorganization energies are higher than those recently
reported for the cobalt redox mediators using continuum
models for the solvent.***” This is expected since we capture
the solvent reorientation by including an explicit solvent.
Furthermore, we do not include the lowering of the
reorganization caused by the immobilization of the dyes
introduced by the bonding to the semiconductor. In the
following we present the calculated barrier heights associated
with the regeneration reaction and the resulting correction
function and weighted level alignment quality for all 5000+
porphyrin dyes. It should be noted that in order to obtain high
efficiency in a DSSC using cobalt-based redox mediators, it is
necessary to have dyes with bulky side groups (e.g, long alkane

chains) to prevent electron recombination from TiO, to the
cobalt species.'#** The dyes investigated in this study are
however all relatively small due to computational consid-
erations. Using versions with longer alkane chains should not
alter the electronic structure of the dyes significantly, and thus,
this will only lead to a lowering of the reorganization energy.
Regeneration Barrier Heights. Figure S shows the
calculated electron transfer barrier (eq 22) as a function of
AP for all 5000+ porphyrin dyes with both redox mediators. In
both figures a clear quadratic dependence on the driving force
is observed with minima around AF’ = —12 eV for
[Co™™(bpy),] and AF’ = —1.3 eV for [Co™™(bpy-pz),].
According to eq 22 the minimum in barrier height is obtained
for AF® = —, which suggests very high reorganization energies
for the regeneration reactions with both redox mediators. In
connection with this we note that the deviation from a single
parabola for both redox mediators in Figure $ is negligible. This
indicates that the variation in reorganization energy upon
functionalizing of the porphyrins is small compared to the total
reorganization energy for the regeneration process. Further-
more, the difference in redox potential between the redox
mediators (see Table S4, Supporting Information) is clearly
observed in the figures as the largest barriers for [Co"/™(bpy-
pz),] are obtained for dyes with only a small driving force,
while the source of the large barriers for [Co™™(bpy);] can be
both a too small and a too large driving force, the latter
corresponding to the Marcus inverted region (—AF° > 1).
Weighted Level Alignment Quality. The level alignment
quality,  (eq 23), correction factor, C(AF’, 4; T) (eq 25), and
weighted level alignment quality, 7,, = C(AF’, 4; T)-1, plotted
against the driving force, AP, is shown in Figure 6 for both
redox mediators. Here, it is observed that the level alignment
quality increases significantly with decreasing driving force. This
can be explained by noting that a lowering of the regeneration
driving force is equivalent to decreasing the energy difference E_
— Ey in eq 23. At small driving forces the level alignment
quality starts to vary more, which can be ascribed to differences
in the first excited state, E,, for the different dyes. Due to the
parabolic shape of the Marcus barriers our proposed correction
factors are gaussians centered around —/ for the regeneration
reactions. Thus, multiplying the level alignment qualities and
the correction factors results in weighted level alignment
qualities peaking around AF® = —1. The significant dependence
on 4 and AF’ strongly influences the obtainable weighted level
alignment quality for the two different redox mediators. As the
[Co™™(bpy),] redox mediator has both a smaller A and a lower
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redox potential (higher energy) increasing the driving force of
the regeneration reaction we observe significantly higher
weighted level alignment qualities using this redox mediator
compared to using [Co™™(bpy-pz),]. Here we note that the
larger open-circuit voltage obtainable using the latter redox
mediator has been taken into account in the level alignment
quality, and thus, the V,_ is of less importance compared to AF°
and 4.

The top 10 dyes scored on the weighted level alignment
quality at room temperature for both redox mediators are given
in Tables SS and S6, Supporting Information. The tables are
dominated by dyes having practically no barrier for the
regeneration reaction and thus having correction factors very
close to unity. This again indicates that the reorganization
energy needed for the regeneration reaction overshadows the
increase in the level alignment quality obtained by lowering the
driving force. In the left part of Figure 6 the calculated weighted
level alignment qualities of the known high-efficiency dyes YD2
and YD2-0-C8"* with the [Co™™(bpy);] redox mediator are
indicated. The reported efficiencies for these dyes are 8.4% and
11.9%, respectively,'* but according to the weighted level
alignment quality presented in the figure, the driving force, is
slightly too low for these dyes. However, the dyes are still found
within our predicted good region of dyes. On the other hand,
the record holding SM315'® dye (reported efficiency of 13.0%)
is seen to have even lower weighted level alignment quality due
to a very low driving force. As the working temperature of a
DSSC can be higher than room temperature due to the
exposure to sunlight, we calculated the weighted level
alignment for all dyes with both redox mediators at 500 K
and presented the top dyes in Tables S7 and S8, Supporting
Information. The temperature mainly defines the width of the
Gaussian correction function, and thus, dyes with slightly lower
regeneration driving force end in the top. The maximum
achievable weighted level alignment quality for both redox
mediators however only change by 0.01.

The strong dependence of the weighted level alignment
quality on the reorganization energy needed for the
regeneration reaction inspired us to look at the dependence
of 7], 0n A for the individual dyes. The results are presented in
Figure S9, Supporting Information, for both redox mediators.
Here, it is clearly observed that no systematic dependence of
Nree ON A can be observed, indicating that it is not the variation
in A for the individual dyes but rather the reorganization energy
introduced by the redox mediator which has the greatest impact
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on the overpotential needed for the regeneration process. In
particular, the internal reorganization energy for the two cobalt
redox mediators (Table SI1, Supporting Information) is a
problem which could be expected to be symptomatic for all
octahedral transition metal complexes. Using the I7/I;~ redox
mediator on the other hand introduces significant challenges
due to the complicated mechanism for the corresponding
regeneration reaction.** Thus, the search for new redox
mediators with smaller internal reorganization energy and a
simple regeneration mechanism must be considered as a very
important part of improving the efficiency of DSSCs.
Regeneration versus Recombination. Our definition of
the correction factor puts a penalty on all dyes having any
barrier associated with the regeneration process. In reality it
would however rather be the relationship between the rate of
the regeneration reaction and the recombination reaction
(electron transfer from the conduction band of the semi-
conductor to the oxidized dye) that influences the efficiency.
Feldt et al.** investigated the regeneration of the organic D35
dye with different cobalt redox mediators and found that a
system with 4 = 0.8 eV and AF’ = —0.39 eV for the
regeneration reaction still had the regeneration reaction
dominating over the recombination reaction. Using eq 22, the
barrier of this system is AF* = 0.05 eV. Assuming that
regeneration reactions with a barrier equal to or lower than this
threshold will be fast enough to dominate over the
recombination reaction, we can redefine our correction factor

1 for AF* < 0.05 eV

C'= (—AFi(AFO, 1) + 0.05 eV
exp

for F¥ > 0.05 eV
kT

(26)

where we still enforce that C' = 0 if AF° > 0. Using this
definition for the [Co™™(bpy);] redox mediator gives the
correction factors and weighted level alignment qualities shown
in Figure 7. Compared to Figure 6, we here have a large driving
force window in which the level alignment quality dominates,
shifting the maximum in weighted level alignment quality
toward lower driving forces. As indicated in the figure we can
further note that we now find the YD2 and YD2-0-C8 dyes
within our set of very good candidates, while the record holding
SM315 dye still is predicted to have too low driving forces.
A table of the top 10 dyes with this definition of the
correction factor can be found in Table S9, Supporting
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Information. As the table is dominated by dyes having exactly
AF* = 0.05 eV, this definition is seen to be extremely sensitive
to the chosen threshold value in eq 26, and our choice is thus
only one example out of many possibilities. Regardless of the
definition of the correction factor, most of the identified top
candidates employ a different metal center than the classic zinc
center. We therefore believe that our results should encourage
exploring, e.g, titanium-based alternatives in the ongoing
pursuit for porphyrin-based dyes with high DSSC efficiencies.

B CONCLUSIONS

We presented a high-throughput approach to computational
design of porphyrin-based dyes for dye-sensitized solar cells. In
addition to the energy level alignment and light-harvesting
ability of the dyes, the overpotential due to the finite
reorganization energy associated with dye regeneration by
two commonly used Co redox mediators was taken into
account when scoring the dyes. The reorganization energy was
calculated using ab initio molecular dynamics for the redox
mediators and the simplest Zn—porphyrin dye. These results
were then extrapolated to 5000+ functionalized porphyrins
using a continuum model for the solvent reorganization energy.
We showed that the scheme identifies well-known high-
efficiency dyes in addition to a number of new promising
candidates. Apart from improving the scoring of the porphyrin
dyes, we also identified the reorganization energy of the Co-
based redox mediators as an issue to be addressed for
improving the efficiency of dye-sensitized solar cells. We
propose that new redox mediators with smaller internal
reorganization energy than the known octahedral transition
metal complexes should be investigated. Here, high-throughput
computational methods could be a useful tool.

B ASSOCIATED CONTENT
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Derivations, periodic boundary, and finite size corrections;
figures with dye backbones, anchor groups, and side groups;
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