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Dye-sensitized solar cells based on triazine-linked
porphyrin dyads containing one or two carboxylic
acid anchoring groups+

Galateia E. Zervaki,? Panagiotis A. Angaridis,® Emmanuel N. Koukaras,®
Ganesh D. Sharma*© and Athanassios G. Coutsolelos*®

Two porphyrin dyads (5a and 5b) consisting of two meso aryl-substituted zinc-metallated porphyrin units,
which are covalently linked through peripheral aryl-amino groups by a 1,3,5-triazine moiety, have been
synthesized via stepwise substitution reactions of cyanuric chloride. Both porphyrin dyads 5a and 5b
contain a carboxyphenyl meso substituent, while in the former the triazine ring is functionalized by a
glycine group, and in the latter by a piperidine group. Photophysical and electrochemical studies of the
two dyads, in combination with DFT theoretical calculations, suggest that there is negligible electronic
interaction between the porphyrin units in the dyads’ ground states, but the frontier orbital energy levels
are suitable for use as sensitizers in dye-sensitized solar cells (DSSCs). Solar cells sensitized by dyads 5a
and 5b have been fabricated, and they were found to exhibit power conversion efficiencies (PCEs) of 5.28
and 3.50%, respectively, under illumination (AM1.5, 100 mW cm™2), and TiO, films of 10 pm thickness. As
revealed by the photovoltaic measurements (J-V curves) and the incident photon to current conversion
efficiency (IPCE) spectra of the two solar cells, the higher PCE value of the 5a based solar cell is attributed
to its enhanced short circuit current (Jsc), higher open circuit voltage (V,c), and fill factor (FF) values. Also,
the 5a sensitized solar cell exhibits a larger dye loading value. This is attributed to the presence of two
carboxylic acid anchoring groups in its molecular structure (compared to one carboxylic acid and one
hindered piperidine-type anchoring group of 5b), which result in a more effective binding capacity onto
the TiO; film. Furthermore, electrochemical impedance spectra (EIS) demonstrated that the 5a based
solar cell exhibits longer electron lifetime (z) and more effective suppression of the recombination
reactions of the injected electrons and the electrolyte.

their low cost, ease of fabrication, and high power conversion
efficiencies (PCEs) compared to conventional solar cells based

The depletion of the world’s fossil fuel reserves, global
warming, and rapidly growing energy demand render the
quest for abundant, safe and renewable energy sources one of
society’s greatest technological challenges." In this respect,
dye-sensitized solar cells (DSSCs) have attracted great academic
and commercial interest over the last 20 years as a result of
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on inorganic semiconducting materials.>®> In 1991, O’Regan
and Gritzel reported the first efficient DSSC composed of a
ruthenium bipyridyl photosensitizer adsorbed on the surface
of a nanocrystalline TiO, film (photoanode), a counter elec-
trode, and a redox electrolyte.” Photoexcited electrons of the
sensitizer are injected into the TiO, conduction band (CB) and
transferred through the counter electrode to the electrolyte,
which regenerates the sensitizer to its original ground state. In
an effort to improve the efficiency and durability of DSSC
devices, a variety of sensitizers have been developed and
tested.” Ruthenium-polypyridyl complexes have been proved to
be the most efficient sensitizers,” giving devices with PCE
values above 11%.° However, their low molar extinction coeffi-
cients, instability, high cost and environmental issues limit
their wide application. Recently, a variety of noble metal-free
organic dyes have been designed, synthesized and utilized in
DSSCs, resulting in solar cell efficiencies that exceed 10%
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(in some cases), rendering this type of molecules strong com-
petitors to the ruthenium-based sensitizers.”

A class of metal-free organic dyes that have stimulated sig-
nificant interest as sensitizers in DSSCs is porphyrins,® due to
their light harvesting potential and their physicochemical pro-
perties. They exhibit absorptions in the 400-450 nm and the
500-700 nm regions with high and moderate molar extinction
coefficients, respectively. In addition, their structures can be
functionalized by rational design and synthesis, allowing fine
tuning of their photophysical and electrochemical properties.’
Recently, Diau, Gritzel and co-workers reported a donor-
n-acceptor (D-n-A) zinc-porphyrin, substituted at meso-
positions with long alkoxyl-phenyl groups, ethynyl bridging
groups, and amino groups, and a carboxylic acid group for
anchoring to TiO, that resulted in a new benchmark in DSSCs
with an overall PCE value of 12.3%.'° However, the synthesis
of porphyrin derivatives of this type is very demanding, requir-
ing several steps, including catalytic Sonogashira and
Buchwald-Hartwig cross-coupling reactions, which makes
their commercial application infeasible. Moreover, their long-
term stability is a major concern, due to the instability of the
bridging and anchoring groups. In addition, the relatively
narrow absorbing range of porphyrins and their weak absorp-
tions in the green and red regions of the solar spectrum limit
their DSSC performance.

In order to further improve the efficiency of porphyrin-
based solar cells, one has to extend the light harvesting ability
of porphyrin dyes to the near-infrared region. This can be
accomplished by covalently linking porphyrin macrocycles
with other chromophores or other porphyrin units, either
through suitable n-conjugated groups or directly. Indeed, por-
phyrin arrays linked by ethynyl groups through their meso-posi-
tions exhibit strong electronic coupling between porphyrin
units, resulting in splitting of their Soret bands and broaden-
ing of their Q bands."" In addition, porphyrin dyads linked
directly through their meso positions exhibit slightly higher
light harvesting efficiencies than that of the corresponding
single porphyrins units,'> while doubly and triply fused
porphyrin arrays show wide absorption covering the visible
and near IR regions.” Utilization of porphyrin assemblies
of the above-mentioned types in DSSCs can potentially result
in enhanced photovoltaic performances. For example, a
DSSC sensitized by an ethynyl-bridged carbazole-porphyrin-
porphyrin triad showed efficient light to current conversion
throughout the visible and near IR regions resulting in a PCE
value of 5.21%."*

A m-conjugated group that has been recently employed as a
linker in the synthesis of metal-free organic dyes for DSSC and
other photoconductive materials applications is 1,3,5-tri-
azine." The structural, chemical and electronic properties of
this unit allow the synthesis of complex n-conjugated multi-
chromophoric dyes through simple organic reactions'® that
offer improved light harvesting ability, as well as improved
electron injection and transportation rates.'” Triazine-bridged
porphyrin arrays have been used as electron donors in bulk
heterojunction (BHJ) solar cells and were found to enhance
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Scheme 1

electron extraction efficiency, as in the case of the triangular
shaped, triazine-bridged porphyrin triad reported by Luechai
et al.'® In the area of DSSCs, You et al. reported a DSSC sensi-
tized by a triazine-bridged D-n-A metal-free organic dye that
resulted in a PCE value of 3.63%.'° In our earlier work, we
reported two triazine-bridged porphyrin dyads with carboxylic
acid anchoring groups on the triazine ring, which were used in
DSSCs achieving PCE values of 3.61 and 4.46%.>°

Herein, we present the syntheses of two new triazine-
bridged porphyrin dyads, 5a and 5b, the former with two car-
boxylic acid anchoring groups for attachment to the TiO,
surface, and the latter with one carboxylic acid anchoring
group and a piperidine binding site, which has the potential
to act as an additional anchoring group (Scheme 1). These
dyes were used as a sensitizer in DSSCs, which resulted in PCE
values of 5.28 and 3.50%, respectively. The higher PCE value of
the former solar cell is attributed to its higher photovoltaic
parameters, higher dye loading value, longer electron lifetime,
and stronger recombination resistance, which are related
to the more effective binding of porphyrin dyad 5a due to
the presence of two carboxylic acid anchoring groups in its
molecular structure.

Results and discussion
Synthesis and characterization

As shown in Scheme 1, porphyrin dyads 5a and 5b consist
of two meso aryl-substituted zinc-metallated porphyrin units
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Zn[Porph1] and Zn[Porph2] (where Zn[Porph1] is 5-(4-amino-
phenyl)-10,15,20-triphenylporphyrin zinc and Zn[Porph2] is
5-(4-carboxyphenyl)-15-(4-aminophenyl)-10,20-bis(2,4,6-tri-
methylphenyl)-porphyrin zinc) which are covalently bridged,
through aryl-amino groups at their peripheries, by a 1,3,5-tri-
azine group. In dyad 5a the third position of the triazine ring
is functionalized by a glycine moiety, while in 5b by an N-sub-
stituted piperidine moiety. Both dyads contain two potential
anchoring groups for attachment onto the TiO, surface of
DSSC electrodes: the former with two carboxylic acid groups,
while the latter with one carboxylic acid and one N-substituted
piperidine group.

The synthesis of two dyads was achieved via stepwise
amination reactions of cyanuric chloride, the precursor of the
1,3,5-triazine group. The reactivity of cyanuric chloride is
based on the temperature-dependent stepwise substitution
of its three chlorine atoms through simple, one-pot reaction
procedures that allow the sequential attachment of different
nucleophiles, providing access to the synthesis of a variety
of macrocycles,”" dendrimers®* and multiporphyrin arrays.>*>*
We recently reported the syntheses of symmetrical and unsym-
metrical porphyrin arrays dyads and triads linked by 1,3,5-
triazine.>*?

DIPEA THF
15 min, 0 °C

KOH
MeOH/H,0

Zn(CH;C00),
MeOHICH,Cl,

/—COOCH;3
4a: R= HN

4b: R= HN )

Paper

The initial step for the syntheses of both dyads 5a and 5b
involves the reaction of cyanuric chloride with H,[Porph] in
the presence of the base DIPEA at 0 °C in THF (Scheme 2). The
reaction was monitored by TLC, indicating the disappearance
of the reactants and the formation of the mono-porphyrin-tri-
azine adduct 1. The latter further reacted at room temperature
with H,[TPP-NH,] affording the di-porphyrin-triazine adduct 2.
The third chlorine atom of cyanuric chloride was substituted
by a glycine-methyl ester moiety in a one-pot reaction at 65 °C
resulting in the di-porphyrin-triazine-glycine methyl ester
adduct 3a, as confirmed by "H NMR spectroscopy and MALDI-
TOF spectrometry. It is worth mentioning that in the "H NMR
spectrum of 3a, the signals of the aromatic H’s ortho to
the amino groups of H,[TPP-NH,], after attachment to the
triazine ring, are downfield displaced compared to those
of free H,[TPP-NH,]. In addition, its UV-vis absorption
spectrum is characteristic of free-base porphyrins with a Soret
band and four Q-bands. Reaction of 3a with excess of
Zn(CH3C00),-2H,0 in MeOH-CH,Cl, yielded the metallated
di-porphyrin-triazine-glycine methyl ester adduct 4a, while
basic hydrolysis of the methyl ester group of 4a resulted in the
porphyrin dyad 5a, in almost quantitative yield, as indicated
by 'H NMR, MALDI-TOF spectrometry, UV-vis absorption

DIPEA
65 °C, 24h

~COOCH;

O

/—COOCH
HN

'e

Scheme 2

This journal is © the Partner Organisations 2014

Inorg. Chem. Front,, 2014, 00, 1-15 | 3

93]

10

30

40

9]
9]



9]

10

30

40

93]
[92]

Paper

spectroscopy, and elemental analysis. The most noticeable fea-
tures in the "H NMR spectrum of 5a are the absence of the
signal attributed to the methyl-ester H’s after hydrolysis reac-
tion (with respect to the "H NMR spectrum of 4a), and the
absence of the pyrrolic H’s signals after metallation reaction
(with respect to the "H NMR spectrum of 3a). The latter is con-
sistent with the UV-vis absorption spectrum of 5a that shows
only two Q-bands, which is characteristic of Zn-metallated
porphyrins.

Porphyrin dyad 5b was synthesized in a similar manner,
following the above-mentioned sequence of reactions. The
piperidine group was introduced in a substitution reaction of
the third chlorine atom of cyanuric chloride yielding
the di-porphyrin-triazine-piperidine adduct 3b. Metallation
reaction, followed by hydrolysis reaction, resulted in the for-
mation of the desired porphyrin dyad 5b. The identity and
purity of 5b were confirmed by 'H and "*C NMR spectroscopy,
MALDI-TOF spectrometry, UV-vis absorption spectroscopy, and
elemental analysis.

Photophysical studies

The UV-vis absorption spectra of porphyrin dyads 5a and 5b in
solution (0.3 mM in CHCl;-EtOH = 1/1) are shown in Fig. 1a
and 1b, respectively (black color lines). The spectra of both
dyads exhibit typical porphyrin absorption bands, with intense
Soret bands in the 400-450 nm range and two moderate
Q bands in the 530-640 nm range and no other additional
features. As is suggested by the theoretical calculation results
(in the following sections), there is no intramolecular com-
munication between the two porphyrin units attached to the
triazine ring in the ground state of the dyads. The shoulders
that appear in the low energy side of the Soret bands are
probably due to very weak intermolecular exciton coupling
between porphyrin units of different dyads in their excited
states® or lowering of molecular symmetry.

The UV-vis absorption spectra of porphyrin dyads 5a and
5b adsorbed on TiO, films (10 um thickness) are presented in
Fig. 1a and 1b, respectively (red color lines). Both spectra
exhibit the usual porphyrin Soret and Q bands, but these are
broader and slightly shifted compared to the corresponding
solution spectra. In general, when porphyrins are adsorbed
onto the TiO, surface, they form either H- or J-aggregates.
Soret bands that are broader and blue-shifted relative to the
bands in solution, while for the latter the Soret bands are
sharp and red-shifted, characterize the former. The broad and
red-shifted bands of porphyrin dyads 5a and 5b may be attrib-
uted to intermolecular interactions that result in the formation
of J-type aggregates onto the TiO, surface upon adsorption.>”
Furthermore, the broader, red shifted and higher intensity Q
bands suggest a strong electronic coupling between the dyads
and the TiO, surface®® and give an indication of enhanced
light harvesting capacity to longer wavelengths of the solar
spectrum of the two dyads. By using the onset absorption edge
Aonset Of the Q bands and the expression

EQP' = 1240 /donset

4 | Inorg. Chem. Front, 2014, 00, 1-15
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Fig. 1 Normalized UV-vis absorption spectra of (a) 5a and (b) 5b in
solution (black color line) and after adsorbed onto TiO, films (red color
line).

Table 1 Photophysical data and calculated optical band gaps ES™* for
5a and 5b in CHCl;—EtOH solution

EoPth

Emission I’

Absorption A, “/mm

Compound  (¢/mM ™" em™") Amax “ (nm)  (eV)
5a 425 (667.3), 557 (28.2), 597 (11.6) 608, 656 1.91
5b 425 (666.7), 557 (27.8), 597 (11.4) 608, 657 1.94

“Measured at 298 K. ? Calculated by onset absorption edge Aopset Of the
Q bands and the expression Eg”* = 1240/Aonset-

the optical band gaps of dyads 5a and 5b adsorbed onto thin
TiO, films were calculated to be 1.91 and 1.94 eV, respectively
(Table 1).

In Fig. 2a and 2b are depicted the steady-state fluorescence
spectra of 5a and 5b in CH,Cl, solutions and adsorbed onto
thin TiO, films. Excitation of the porphyrin dyads in solution
at the Soret band (420 nm) results in photoluminescence, with
two peaks of unequal intensities at 608 nm and 656 nm (black

This journal is © the Partner Organisations 2014
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Fig. 2 Isoabsorbing fluorescence spectra of (a) 5a and (b) 5b in solution

(black color lines) and after adsorbed onto TiO, films (red color line).

color lines). However, when the dyads adsorbed onto thin TiO,
films are excited at the same wavelength, the fluorescence
intensities for both compounds are significantly reduced, pro-
viding significant quenching (red color lines). The fluo-
rescence quenching can be attributed to a photoinduced
electron transfer process from the electron donating zinc-
metallated porphyrin units of the dyads to the TiO, surface.>

Electrochemical studies

The electrochemical properties of porphyrin dyads 5a and 5b
were investigated by cyclic voltammetry measurements. Their

Paper
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E/V vs NHE

Fig. 3 Cyclic voltammograms of 5a and 5b in THF vs. NHE. The
ferrocene/ferrocenium (Fc/Fc*) redox couple wave is observed at 0.85 V
and 0.86 V vs. NHE, for 5a and 5b, respectively.

cyclic voltammograms in THF are depicted in Fig. 3, while the
relevant electrochemical data are listed in Table 2. Both dyads
exhibit two oxidation waves at Eg, = +1.04 V (quasi-reversible)
and E2, = +1.26 V for 5a, and E., = +1.29 V (quasi-reversible)
and E2, = +1.63 V vs. NHE for 5b. Furthermore, they exhibit
one reduction process at E..q = —1.08 V (quasi-reversible) for
5a and E.q = —1.09 V (quasi-reversible) vs. NHE for 5b. The
values for the redox potentials of these processes were deter-
mined more accurately by means of square-wave voltammetry
measurements (Fig. S187). The redox processes of both dyads
are due to the usual stepwise oxidations by two electrons and
reductions by one electron of the zn-ring system of the por-
phyrin units. These data suggest that there is negligible elec-
tronic interaction between the two porphyrin units in the
ground states of both dyads 5a and 5b.

Generally, the redox potentials of a sensitizer are related
to the energetics of essential processes of DSSCs. The first
oxidation potential Eg, and first reduction potential Er.q of the

Table 2 Electrochemical data, and calculated HOMO and LUMO energies, band gaps Eglec, and AGi,; and AGeq values for electron injection and

regeneration processes for 5a and 5b

Compound Eo® (V) Erea® (V) HOMO’ (eV) LUMO’ (eV) E* (ev) AGini“ (eV) AGreg“ (V)
5a 1.04 -1.08 —5.44 -3.32 2.12 -0.58 —0.64
5b 1.29 -1.09 —5.69 -3.31 2.38 -0.59 —0.89

“Observed first oxidation and reduction potentials (vs. NHE). ”HOMO and LUMO energy levels and band gaps calculated according to the
relationships Eyomo = —(Fox + 4.4) €V and Eyymo = —(Erea + 4.4) €V, measured with reference to the redox potential —4.4 eV. © AGyy; for electron
injection from the LUMO of the dyads to the TiO, CB (—0.5 V vs. NHE) and AG,., for electron transfer from I~ to the ZnPor™" moiety regenerates
the dyad in the neutral state and affords I57, i.e., reductive quenching of the radical cation (0.4 V vs. NHE).
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sensitizer correspond to its highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energies, respectively. An efficient sensitizer should have
HOMO and LUMO energy levels that enable efficient electron
and regeneration processes. Particularly, for efficient electron
injection of the photosensitizer (after its photoexcitation) into
the TiO, conduction band (CB), the LUMO energy level of
the sensitizer (Ef.q) should be higher than the TiO, CB edge
(0.5 vs. NHE). Furthermore, in order to ensure efficient
regeneration of the sensitizer cation by electron transfer from
I of the electrolyte (after the electron injection process), the
HOMO energy level of the sensitizer (E,) should be lower than
the redox potential of electrolyte I"/I;~ couple (+0.4 V vs. NHE).
As shown in Table 2, the Ejq values of both dyes 5a and 5b are
more negative than the TiO, CB edge, which means that the
electron injection from the photoexcited dyads into the TiO,
CB is favorable (AGi,; < 0). Additionally, the E, values of both
dyes 5a and 5b are more positive than the redox potential
of the electrolyte couple I"/I;7, which indicates that there is
sufficient driving force for regeneration of the oxidized sensi-
tizer by electron transfer from I~ of the electrolyte to afford I~
(AGreg < 0). Therefore, both electron injection and regeneration
processes are thermodynamically favored for both dyads 5a
and 5b.

Based on these electrochemical data, the HOMO-LUMO
band gaps Eg® of 5a and 5b were found to be 2.12 and
2.38 eV, respectively (Table 2). These are larger than the corres-
ponding optical band gaps Eg”* estimated from the photo-
physical measurements, but this is a common feature of
organic dyes of this type, which can be attributed to solvent
effects.*

Theoretical calculations

Geometry optimizations on the 5a and 5b porphyrin dyads
were performed within the framework of density functional
theory (DFT), using the PBE, PBEO, and B3LYP functionals.
The structures of 5a and 5b optimized using the B3LYP
functional in the gas-phase are depicted in Fig. 4, while their
optimized coordinates are provided in Table S1 in ESL{ Both
molecules adopt “butterfly like” structures in which the
triazine ring is nearly co-planar with the bridging, amino-
substituted phenyl groups of the porphyrin units (which we
collectively denote as the triazine framework), extending its
n-conjugated system. The porphyrin plane dihedral angles
with respect to the triazine framework in the range 63-68° for
Zn[Porph1] and 67-72° for Zn[Porph2], for 5a, and 63-69° for
Zn[Porph1] and 65-72° for Zn[Porph2] for 5b, depending on
the level of theory. The non-planar orientation of the two por-
phyrin units, the relatively large inter-porphyrin distance, and
the break of conjugation by the twisted phenyl rings diminish
the electronic communication between neighboring =n-elec-
tronic systems, which is reflected in the UV-vis absorption
spectra, and electrochemical behavior of the dyads.

Using the optimized structures of 5a and 5b, for each one
of the PBE, PBEO, and B3LYP functionals, the corresponding
optical gaps have been calculated, which are listed in Table 3,

6 | Inorg. Chem. Front., 2014, 00, 1-15
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Fig. 4 Optimized structure of porphyrin dyads (a) 5a and (b) 5b.
Carbon, nitrogen, hydrogen, oxygen and zinc atoms correspond to grey,
blue, white, red and green spheres, respectively.

together with the HOMO and LUMO energies, the HOMO-
LUMO gap, the optical gap Ef,"l‘,lf‘ as well as the main contri-
butions to the first (allowed) excitation. A comparative study’
between hybrid functionals with and without long-range cor-
rections for calculating the visible absorption spectra showed
that the PBEO functional computed excitation energies with
the smallest average absolute deviation when linear calibra-
tions to the values were not applied. Wong also reports®> on
the good performance of the PBE0. We performed excited state
calculations using all three functionals, which can additionally
be used for comparison with the literature. The hybrid func-
tionals overestimate only slightly the optical gaps for both
structures by approximately 0.3 eV.

In Table 3, the characteristics of the first allowed excitations
are also provided. Only configurations that contribute more
than 4% have been included. In the case of the PBE functional
for both structures we additionally provide the values (given in
parentheses) that correspond to the first excitation with signifi-
cantly higher larger oscillator strength. For both structures we
find a clear multi-configurational characteristic for the first
excitation by all of the functionals. All of the functionals
produce contributions from the same — near frontier - orbitals,
however with some variation in the percentages. The contri-
butions include transitions between the HOMO down to
HOMO-3 and LUMO up to LUMO+3. The near HOMOs and
near LUMOs are almost isoenergetic to the HOMO and LUMO
with maximum energy differences about 0.22 and 0.04 eV for
the near HOMOs and near LUMOs, respectively. The only
noticeable effect on the optical gap from the substitution of

This journal is © the Partner Organisations 2014
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Table 3 DFT calculated properties of 5a and 5b: HOMO and LUMO energies, HOMO-LUMO gaps, optical gaps (Egalc'), oscillator strengths (f),

orbital contribution assignments, and dipole moment (x)

HOMO (eV) LUMO (eV) HL (eV) ES (ev) f Assignment u (D)

5a

PBE —4.78 —-3.01 1.77 1.77 (2.07) 0.0005 (0.18) H— L 99.7% 4.67
(H-1 > L 64.7%; H-3 — L+1 21.7%;
H — L+2 5.2%)

PBEO —5.42 —2.41 3.00 2.33 0.051 H — L+2 54.3%; H-1 — L+3 35.0% 4.57
H-1— L 5.2%; H-2 — L+1 3.2%

B3LYP -5.15 —2.43 2.71 2.29 0.039 H-1— L 29.4%; H — L+2 27.1% 4.51
H-2 — L+1 20.2%; H-1 — L+3 18.3%

5b

PBE —4.74 —2.99 1.75 1.75 (2.05) 6.68 x107* (0.17) H — L 99.6% 5.51
(H-1 > L 61.4%; H-3 — L+1 17.4%;
H-2 — L 13.2%)

PBEO -5.39 —2.40 2.99 2.33 5.81x 1072 H — L+3 37.0%; H-2 — L+2 23.6% 5.13
H-1 - L 15.8%; H-3 — L+1 10.0%
H - L+2 7.6%

B3LYP -5.18 —2.40 2.78 2.29 4.10x 107> H-1 - L 36.4%; H-3 — L+1 24.7% 5.17

2
HOMO-2
(a) 5a

& &
HOMO-1 HOMO-3

H - L+317.1%; H-2 — L+2 11.3%
H-> L+25.7%

o "L b
e bo

tees ¢
we *
0

o
v
K

X%

°
S

& &
‘%
R
&<

HOMO-2
(b) 5b
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Fig. 5 Frontier and near frontier orbitals of the (a) 5a and (b) 5b porphyrin dyads.

the glycine moiety by piperidine is a significant increase in the
contributions to the first excitation of transitions from the
energetically (slightly) lower HOMO-3.

In contrast to the previous properties, a moderate increase
in the dipole moment of the 5a dyad is noted upon substi-
tution of the glycine by the piperidine moiety. The increase
ranges from 12.2 to 18.0% with the lowest and highest
increases computed using the PBE and PBEO functionals
respectively.

In Fig. 5a and 5b we have plotted the iso-surfaces (iso-value =
0.02) of the frontier molecular orbitals (FMOs) for porphyrin
dyads 5a and 5b. All of the MOs that appear in the configur-
ation assignments of Table 3 are shown, namely from HOMO
down to HOMO-3 and LUMO up to LUMO+3 calculated using

This journal is © the Partner Organisations 2014

the B3LYP functional. All FMOs are highly localized on one (or
the other) of the porphyrin units. One noticeable difference
between the dyads is that in the case of 5b all of the contribut-
ing transitions to the first excitation are between orbitals loca-
lized on the same porphyrin of the dyad. However, in the case
of 5a there are also significant contributions from transitions
between orbitals localized on different porphyrins, specifically
the H-2 — L+1 and H-1 — L+3 transitions. Since both have
almost the same percentage no charge transfer is to be
expected. To quantify the contributions of the moieties to the
FMOs we have calculated the total and partial density of states
(PDOS). The PDOS for the 5a and 5b dyads are shown in
Fig. S1 (ESIT). We further partition the remaining atoms of the
structure to the 2,6-diamine-1,3,5-triazine and the glycine or
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piperidine groups. In both structures the near frontier orbitals
have 50% contributions from each of the porphyrin units, as
expected by well separated localizations of the isosurfaces of
Fig. 1 and 2 and the corresponding (similar) orbital energies.
The triazine contributions are first noted at lower energies
around —-6.1 eV. The most noticeable difference is that the
glycine moiety first contributions to states are at —7 eV and the
piperidine at about —6.4 eV. However, the percentage of the
piperidine contribution to these energetically lower states is
much higher, about 19.3%, in comparison to 6% of glycine.
Further contributions of piperidine are noted only at much
lower energies of —9.2 eV and below. In both structures the
second virtual state peak, which is about 0.7 eV higher than
the LUMO peak and is well separated from other energetically
either higher or lower states, is dominated by contributions
from Zn[Porph2].

FTIR spectroscopy

Both porphyrin dyads 5a and 5b contain carboxylic acid
groups which are very well known and efficient anchoring
groups for attachment of dyes to the TiO, surface of the DSSC
electrodes. Additionally, the latter contains a piperidine
binding site that could also act as an anchoring group to the
metal oxide surface through its basic sp® hybridized N atom.
In order to get information about the binding, FTIR powder
spectra were recorded in pure form and adsorbed on TiO,
films. The FTIR spectra of 5b and 5b/TiO, films are shown in
Fig. 6, while the corresponding spectra of 5a and 5a/TiO, films
are depicted in Fig. S19 (ESIT).

The spectra of both porphyrin dyads 5a and 5b in pure
form exhibit an absorption band at 1694 cm™', which corre-
sponds to the 1(COO) stretching vibration of the carboxylic
acid group.®® In the corresponding spectra of the dyads after
being adsorbed onto TiO, surfaces, the band that corresponds
to the y(COO) stretching vibration shifts to lower frequencies
at 1406 and 1524 cm™', which correspond to the vy, (COO™)
and Vaeymm (COO™) stretching vibrations, respectively. This is
an indication that both dyads 5a and 5b are strongly bound to
the TiO, surface through their carboxylic acid groups. Particu-
larly, in the case of dyad 5a, both types of carboxylic acid
groups (on the phenyl group at the periphery and on the
glycine group) are used for binding to the TiO, surface.

Furthermore, in the IR spectrum of porphyrin dyad 5b in
pure form (Fig. 6b, black color line), there are two absorption
bands at 1626 and 3314 cm™" (not shown in spectrum) which
do not appear in the IR spectrum of 5a. These bands can be
assigned to the C=N and N-H stretchings of the piperdine

Table 4 Photovoltaic parameters of 5a and 5b based DSSCs
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Fig. 6 FTIR spectra of (a) 5b (black color line) and (b) 5b adsorbed onto
TiO film (red color line).

ring, respectively. In the corresponding IR spectrum of 5b/TiO,
film, these bands appear to be shifted. These observations
suggest that in porphyrin dyad 5b, in addition to the carboxylic
acid group, the piperidine group might also be involved in
binding to the TiO, surface through the nitrogen atom.

Photovoltaic properties

The 5a and 5b based DSSCs (devices A and B, respectively)
have been fabricated and their photovoltaic cell parameters,
i.e. open circuit voltage (V,.), short circuit photocurrent (Jsc),
fill factor (FF), and power conversion efficiency (PCE), are sum-
marized in Table 4, while the corresponding current-voltage
characteristics (J-V curves) are depicted in Fig. 7a. Device A,
based on porphyrin dyad 5a, exhibits V,. = 0.68 V, Ji =
10.78 mA ecm 2, and FF = 0.72, resulting in an overall PCE
value of 5.28%. In constrast, device B, based on dyad 5b, exhi-
bits V. = 0.62, /. = 8.56 mA cm™> and FF = 0.66, giving a lower
overall PCE value of 3.50%. In other words, the DSSC based on
5a, a porphyrin dyad with two carboxylic acid anchoring
groups, results in higher ji. and V., and PCE values than the
DSSC based on 5b, a porphyrin dyad with one carboxylic acid
and a piperidine anchoring group.

Dye loading

DSSC sensitized by Jse“ (MA cm™) Voe? (V) Jmax © (MA ecm™?) Venax” (V) FF° PCE? (%) (1077 mol em™?)
5a (device A) 10.78 0.68 8.24 0.64 0.72 5.28 3.45
5b (device B) 8.56 0.62 5.93 0.59 0.63 3.50 2.12

“Short circuit current. ” Open circuit voltage. ° Fill factor. ¢ Power conversion efficiency.
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Fig. 7 (a) Current—voltage (J-V) characteristics, and (b) IPCE spectra of
DSSCs based on 5a (device A, red color lines) and 5b (device B, black
color lines).

One of the factors that are responsible for the higher PCE
value of the 5a sensitized solar cell is its higher Ji. value. Since
Jsc of a solar cell depends on its IPCE response, the difference
between the J . values of the two solar cells is reflected on
their IPCE responses. The IPCE spectra of the two cells, pre-
sented in Fig. 7b, closely resemble the absorption spectra of
the dyes adsorbed on the TiO, film, exhibiting characteristic
peaks in the 400-470 nm, 540-580 nm, and 600-740 nm
ranges. The higher IPCE response of the DSSC sensitized by 5a
is consistent with its higher J. value.

In general, the IPCE of a DSSC is a combination of its light
harvesting efficiency LHE (which depends on the absorption
profile of the sensitizing dye and the amount of dye adsorbed
on the TiO, surface), the electron injection efficiency 7y
(which depends on the electron injection rate from the excited
sensitizer into the TiO, CB), and the charge -collection
efficiency 7., (which depends on the electron diffusion rate in
TiO, towards the external circuit, and the recombination rate
between the injected electrons in TiO, and the redox electro-
Iyte),*3® and it is expressed as

IPCE = LHE X finj X 7jcc

The amount of dye adsorbed (or dye loading) onto the TiO,
surface of a solar cell is of great importance, as it affects LHE
and consequently the IPCE response.’” For the 5a and 5b

This journal is © the Partner Organisations 2014
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sensitized solar cells, the dye loading values were calculated by
immersing each one of the dye-sensitized TiO, electrodes into
a mixture of CH,Cl, and NaOH(aq) solutions, and measuring
the absorption spectra of de-adsorbed dyes. These were found
to be 3.45 x 1077 and 2.12 x 10~ mol cm™?, respectively
(Table 4). The higher dye loading value of the 5a based cell
may be attributed to the more effective binding of dyad 5a on
the TiO, surface due to the presence of two carboxylic acid
anchoring groups, while 5b, which contains one carboxylic
acid anchoring group and a piperidine binding site, has a less
effective binding capacity.

From the electrochemistry data of porphyrin dyads 5a and
5b presented in Table 2, it was calculated that AG;,; for the 5a
based DSSC is similar to that of the 5b based solar cell. This
means that in both dyads there is the same driving force avail-
able for the electron injection from their excited states into
the TiO, CB. Moreover, AG., was calculated to be larger
for the DSSC based on 5b, contributing to a faster dye regener-
ation process relative to 5a.

In order to gain a better understanding of the relationship
between the observed photovoltaic properties and the related
charge transfer processes in devices A and B their electro-
chemical impedance spectra (EIS) were recorded using a
forward bias of 0.65 V. In the Nyquist plot of EIS of the 5b
based solar cell (Fig. 8a, black color line), there are three
semicircles clearly seen. The semicircle in the left side of the
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Fig. 8 (a) Nyquist plots and (b) Bode phase plots of electrochemical

impedance spectra of DSSCs based on 5a (device A, red color lines) and
5b (device B, black color lines).
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spectrum (high frequency region) is associated with the charge
transfer resistance at the platinum counter electrode-electro-
lyte interface, the larger semicircle in the middle frequency
region is related to the charge recombination resistance at the
TiO,/dye/electrolyte interface, while the semicircle on the left
side of the spectrum is associated with the Nernst diffusion
resistance of the redox couple in the electrolyte.*® However, in
the Nyquist plot of the 5a based solar cell (Fig. 8a, red color
line) there are only two semicircles present, since the semi-
circle due to Nernst diffusion within the electrolyte overlaps with
the middle frequency large semicircle, which is an indication
of fast electron transport and long lifetime in the TiO, film. In
addition, the semicircle radius in the middle frequency range
is larger than that of the 5b based solar cell, indicating that
the charge recombination is suppressed in the device sensi-
tized by 5a.

The middle frequency peaks in the Bode phase plots of the
EIS of devices A and B (Fig. 8b) are related to the corres-
ponding electron lifetimes (z.). The higher frequency peak for
the 5b based DSSC is indicative of a shorter electron lifetime.*
More specifically, the electron lifetimes (z.) for the 5a and 5b
sensitized devices were calculated according to the relation

- 1
an max

Te

where f,.. is the frequency at the maxima of the middle fre-
quency semicircles in Bode phase plots, and they were found
to be 27.8 and 16.4 ms, respectively. This is indicative of a
more effective suppression of the recombination reaction of
the injected electrons and the redox couple of the electrolyte
of the 5a based solar cell, resulting in an improved V.

The reason for the different photovoltaic performances of
the DSSCs based on the porphyrin dyads 5a and 5b can be
associated with the molecular structures of the corresponding
sensitizers, and more specifically with the anchoring groups
used for attachment to the TiO, film. As was previously men-
tioned, porphyrin dyad 5a is attached to the TiO, surface
through two carboxylic acid groups. Hence, its binding can be
described by the branched multi-porphyrin system bound to
TiO, through two carboxylic acid groups (red color lines) as
shown in Scheme 3a. Dyad 5b is claimed to be bound to the
TiO, surface through a carboxylic acid and a piperidine group.
Considering that the donor atom on the piperidine group of
5b is an N-substituted nitrogen atom (directly linked to the tri-
azine ring) and that the position of the nitrogen lone pair is
very sterically hindered to be exposed to the acid sites of the
TiO, surface (as revealed by the geometry optimized structure
of 5b), its binding onto the TiO, surface through the piper-
idine group is not easy to happen. However, taking into
account that the TiO, film surface is not ideally flat, but very
rough with pores and cavities of very large dimensions, adsorp-
tion of 5b through piperidine attachment is possible to
happen, as is also suggested by FTIR spectroscopy. Conse-
quently, the attachment of porphyrin dyad 5b onto the TiO,
surface could be described either by the linear multi-porphyrin
system bound through one carboxylic acid group in

10 | Inorg. Chem. Front, 2014, 00, 1-15
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Scheme 3b(i) or by a branched multi-porphyrin system bound
through one carboxylic acid (red color line) and a piperidine
group (blue color line), as shown in Scheme 3b(ii).

One of the factors that affect the efficiency of multi-
porphyrin systems in DSSCs is their capability to inject
electrons efficiently into the TiO, CB, which is related to
the type of anchoring group. In general, carboxylic acids as
anchoring groups result in very efficient DSSCs, compared to
other anchoring groups (e.g. phosphonic acid groups, nitrogen
donor atom groups).*®*" This has been ascribed to the fact
that carboxylic acids ensure efficient adsorption of sensitizers
onto metal oxide surfaces and support an excellent electronic
coupling between the levels of the excited sensitizer and
those of the metal oxide (by means of a variety of binding
modes**™**). The presence of two effectively bound carboxylic
acid groups in 5a, in contrast to only one carboxylic acid group
and a less effectively bound piperidine group in 5b, results in
the formation of a more compact layer of dye 5a on the TiO,
film (which is evident by the increased dye loading), and
a cooperative effect in the electron transfer towards the TiO,
surface, leading to a faster and more efficient electron injec-
tion process (which is manifested by a longer electron lifetime
and higher charge recombination resistance).

Energy related factors, associated with the transfer of the
absorbed solar energy from the porphyrin units into the TiO,
CB, might also be responsible for the different efficiencies of
the solar cells based on 5a and 5b. Each transfer between the
porphyrin units (before electron injection) is associated with a
minimum energy requirement AE; (i = 1, 2). Assuming that the
triazine group mediates effectively intra-molecular energy and
electron transfer between the porphyrin units, and that dyad
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5b could be better approximated by the linear multi-porphyrin
system described in Scheme 3b(i), the electron injection into
the TiO, CB in the multi-porphyrin system in Scheme 3a
would be less energetically demanding than in Scheme 3b(i),
and more efficient, due to the presence of two effectively
bound carboxylic acid groups, leading to a better overall photo-
voltaic performance.

Conclusions

By utilizing the stepwise and temperature dependent reactivity
of cyanuric chloride, two new porphyrin dyads have been syn-
thesized, which are bridged by a triazine group through their
peripheral aryl-amino groups. One terminal carboxyphenyl
group functionalizes both dyads, while 5a contains a
carboxylic acid of a glycine moiety attached to the triazine
group and 5b contains a piperidine group. The study of photo-
physical and electrochemical properties of dyads suggests that
there is no significant intramolecular electronic communi-
cation between the porphyrin units in their ground states.
Dyads 5a and 5b have been used as sensitizers for the fabrica-
tion of DSSCs, which resulted in PCE values of 5.28 and
3.50%, respectively. The higher PCE value of the 5a sensitized
solar cell is attributed to its higher short circuit current (Js),
open circuit voltage (V,.), and fill factor (FF) values, as well as
to a larger dye loading. These could be due to more effective
binding of 5a to the TiO, surface of the electrode, ascribed
to the presence of two carboxylic acid anchoring groups
(compared to one carboxylic acid anchoring group and one
piperidine binding site of 5b). As a result, a longer electron
lifetime (z.) and larger recombination resistance are observed
for the former solar cell. Further improvement of the PCE
values of the DSSCs reported herein may be achieved by using
a modified photoanode, and we are currently working in this
direction.

Experimental
General methods, materials, and techniques

All manipulations were carried out using standard Schlenk
techniques under nitrogen atmosphere. 2,4,6-Trichloro-1,3,5-
triazine (cyanuric chloride), diisopropylethylamine (DIPEA),
glycine methyl ester hydrochloride, Zn(CH;COO),-2H,0,
Na,SO,, KOH and other chemicals and solvents were
purchased from usual commercial sources and used as
received, unless otherwise stated. Tetrahydrofuran (THF) was
freshly distilled from Na/benzophenone. 5-(4-Aminophenyl)-
10,15,20-triphenyl-porphyrin  (H,[TPPNH,]) and 5-(4-carbo-
methoxyphenyl)-15-(4-aminophenyl)-10,20-bis(2,4,6-trimethyl-
phenyl)-porphyrin (H,[Porph]) were prepared according to
literature procedures.”>*>

Synthesis of dyad 5a. To a THF solution (1 mL) of cyanuric
chloride (0.0096 g, 0.052 mmol) and DIPEA (11 pL,
0.062 mmol) a THF solution (1 mL) of porphyrin H,[Porph1]
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(0.040 g, 0.052 mmol) was added, under Ar at 0 °C. The
mixture was stirred at 0 °C for 15 min, and upon reaction com-
pletion (monitored by TLC), it was left to warm at room temp-
erature. Next, a THF solution (2 mL) of H,[TPPNH,] (0.065 g,
0.104 mmol) and DIPEA (22 pL, 0.124 mmol) was added and
the mixture was stirred at room temperature overnight. An
excess of glycine methylester (0.065 g, 0.52 mmol) and DIPEA
(180 pL, 1.04 mmol) were added and the mixture was stirred at
65 °C for 24 h. The volatiles were removed under reduced
pressure and after dilution in CH,Cl,; the residue was purified
by column chromatography (silica gel, CH,Cl,~ethanol 5%).
The product 3a was isolated as a purple solid. Yield: 0.050 g
(61.4%). 'H NMR (300 MHz, CDCl;): § (ppm) 8.93 (dd, J =
4.4 Hz, 5H), 8.83 (s, 6H), 8.71 (dd, J = 4.5 Hz, 5H), 8.43 (d, ] =
8.1 Hz, 2H), 8.31 (d, J = 8.1 Hz, 2H), 8.22 (m, 9H), 8.09 (m, 4H),
7.73 (m, 10H), 7.51 (s br, 2H), 7.22 (s, 4H), 5.93 (s br, 1H), 4.41
(d, J = 5.4 Hz, 2H), 4.11 (s, 3H), 3.82 (s, 3H), 2.59 (s, 6H), 1.79
(s, 12H), —2.60 (s, 2H), —2.74 (s, 2H). HRMS (MALDI-TOF): m/z
caled for Cy,HgiN1404, 1565.6487 [M + H]": found 1565.6413.
UV-vis (CH,Cl,), A/nm: 419, 515, 549, 589, 648. Anal. calcd for
Ci02HgoN1404: C, 78.24; H, 5.15; N, 12.52. Found: C, 78.53;
H, 5.33; N, 12.23.

Metallation. To a CH,Cl, solution (12 mL) of 3a (40 mg,
0.026 mmol) a saturated solution (4 mL) of
Zn(CH;3C00),-2H,0 in MeOH (500 mg per 20 mL) was added
and the reaction mixture was stirred at room temperature over-
night. The organic phase was washed with H,O (3 x 10 mL),
dried with Na,SO, and the solvent was removed under reduced
pressure. The crude product 4a was purified by column chrom-
atography (silica gel, CH,Cl,-EtOH 4%), resulting in 39 mg
of a purple solid (yield: 90%). 'H NMR (300 MHz, CDCl,):
5 (ppm) 8.98 (m, 11H), 8.79 (m, 5H), 8.37 (d, J = 8.1 Hz, 2H),
8.29 (d, J = 8.1 Hz, 2H), 8.18 (s br, 9H), 7.94 (d, J = 7.8 Hz, 4H),
7.70 (m, 10H), 7.22 (s, 4H), 4.16 (d, J = 5.1 Hz, 2H), 4.06 (s,
3H), 3.70 (s, 3H), 2.58 (s, 6H), 1.78 (s, 12H). HRMS (MALDI-
TOF): m/z caled for Cy,H,5N14,04Zn,: 1690.4757 [M + 2H]',
found 1690.4746. UV-vis (CH,Cl,), /nm (¢ x 107> M~ em™):
422 (771.2), 550 (33.4), 591 (11.0). Anal. caled for
Ci02H,6N140,4Zn,: C, 72.38; H, 4.53; N, 11.59. Found: C, 72.44;
H, 4.62; N, 11.41.

Ester hydrolysis. To a THF solution (22 mL) of 4a (0.030 g,
0.018 mmol), 6 mL MeOH, 7.5 mL H,O and KOH (0.450 g,
0.008 mol) were added. After stirring the reaction mixture at
room temperature overnight, the organic solvents were
removed under reduced pressure and then a solution of HCI
(0.5 M) was added dropwise, until pH ~ 6. The precipitate was
filtered, washed with water, extracted with CH,Cl, and purified
by column chromatography (silica gel, CH,Cl,~EtOH 10%).
The product 5a was isolated as a purple solid. Yield: 0.026 g
(87%). 'H NMR (300 MHz, CDCl;-MeOD: 1/0.01): § (ppm) 8.90
(d,J = 4.5 Hz, 3H), 8.79 (m, 8H), 8.67 (s br, 2H), 8.58 (s br, 4H),
8.24 (m, 3H), 8.15 (m, 15H), 7.62 (m, 10H), 7.23 (s, 4H), 7.11 (s
br, 3H), 6.52 (s, 1H), 3.68 (s br, 2H), 2.50 (s, 6H), 1.67 (s, 12H);
HRMS (MALDI-TOF): mj/z caled for CiooH74N1404Z05:
1662.4444 [M + 2H]", found 1662.4450 UV-vis (THF), A/nm
(e x 107> M™" em™): 425 (667.3), 557 (28.2), 597 (11.6). Anal.
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caled for C;ooH7,N1404Zn,: C, 76.85; H, 4.45; N, 11.36. Found:
C, 76.77; H, 4.56; N, 11.42.

Synthesis of dyad 5b. To a THF solution (1 mL) of cyanuric
chloride (0.0096 g, 0.052 mmol) and DIPEA (11 pL,
0.062 mmol) a THF solution (1 mL) of porphyrin H,[Porph1]
(0.040 g, 0.052 mmol) was added, under Ar at 0 °C. The
mixture was stirred at 0 °C for 15 min, and upon reaction com-
pletion (monitored by TLC), it was allowed to warm at room
temperature. Next, a THF solution (2 mL) of H,[TPPNH,]
(0.065 g, 0.104 mmol) and DIPEA (22 pL, 0.124 mmol) was
added and the mixture was stirred at room temperature over-
night. An excess of piperidine (78 pL, 0.52 mmol) and DIPEA
(180 pL, 1.04 mmol) were added and the mixture was stirred at
65 °C for 24 h. The volatiles were removed under reduced
pressure and after dilution in CH,Cl,, the residue was purified
by column chromatography (silica gel, CH,Cl,-ethanol 2%).
The product 3b was isolated as a purple solid. Yield: 0.053 g
(65%). '"H NMR (300 MHz, CDCL,): § (ppm) 8.95 (dd, J =
4.8 Hz, 4H), 8.84 (s br, 5H), 8.72 (m, 7H), 8.42 (d, J = 8.1 Hz,
3H), 8.31 (d, J = 8.1 Hz, 3H), 8.18 (m, 9H), 8.09 (d, J = 8.4 Hz,
2H), 8.01 (d, J = 8.4 Hz, 2H), 7.71 (m, 9H), 7.20 (m, 3H), 4.08 (s,
3H), 3.98 (s, 2H), 3.84 (s, 8H), 2.60 (s, 6H), 1.84 (s, 12H), —2.59
(s, 2H), —2.74 (s, 2H). HRMS (MALDI-TOF): m/z calcd for
C104Hg5N140,: 1561.6902 [M + H]', found 1561.6915. UV-vis
(CH,Cl,), A/nm: 419, 515, 549, 589, 648. Anal. caled for
C104HgaN140,: C, 79.98; H, 5.42; N, 12.56. Found: C, 79.74; H,
5.73; N, 12.30.

Metallation. To a CH,Cl, solution (12 mL) of 3b (40 mg,
0.026 mmol), a saturated solution (4 mL) of
Zn(CH;C00),-2H,0 in MeOH (500 mg per 20 mL) was added
and the reaction mixture was stirred at room temperature over-
night. The organic phase was washed with H,O (3 x 10 mL),
dried with Na,SO, and the solvent was removed under reduced
pressure. The crude product 4b was purified by column
chromatography (silica gel, CH,Cl,-EtOH 4%) resulting in
35 mg of a purple solid (yield: 80%). 'H NMR (300 MHz,
CDCL3): 6 (ppm) 9.07 (d, J = 4.5 Hz, 2H), 9.01 (d, J = 4.8 Hz,
2H), 8.93 (s, 7H), 8.79 (m, 5H), 8.40 (d, J = 8.1 Hz, 2H), 8.30 (d,
J = 7.8 Hz, 2H), 8.21 (m, 11H), 8.04 (m, 4H), 7.73 (m, 11H),
7.24 (s, 2H), 7.09 (s, 2H), 4.08 (s, 3H), 3.94 (s br, 10H), 2.60 (s,
6H), 1.79 (s, 12H). >C NMR (75 MHz, CDCl;): § (ppm) 167.6,
165.2, 164.7, 156.3, 150.6, 150.4, 149.7, 143.0, 139.4, 139.1,
137.6, 137.2, 135.1, 134.6, 132.8, 132.1, 131.2, 129.4, 127.8,
127.6, 126.7, 121.2, 119.6, 118.1, 44.9, 26.1, 25.0, 21.7.
HRMS (MALDI-TOF): m/z caled for Cj04HgoN140,Zn5:
1686.5172 [M + 2H]", found 1686.5164. UV-vis (CH,Cl,), //nm
(e x 107> M~ em™): 422 (769.9), 550 (30.8), 591 (11.1). Anal.
caled for Cy9,HgoN140,Zn,: C, 73.97; H, 4.78; N, 11.61. Found:
C, 73.77; H, 4.86; N, 11.57.

Ester hydrolysis. To a THF solution (22 mL) of 4b (0.030 g,
0.018 mmol), 6 mL MeOH, 7.5 mL H,O and KOH (0.450 g,
0.008 mol) were added. After stirring the reaction mixture at
room temperature overnight, the organic solvents were
removed under reduced pressure and then a solution of HCI
(0.5 M) was added dropwise, until pH ~ 6. The precipitate was
filtered, washed with water, extracted with CH,Cl, and purified
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by column chromatography (silica gel, CH,Cl,-EtOH 5%). The
product 5b was isolated as a purple solid. Yield: 0.025 g (83%).
'"H NMR (300 MHz, CDCl3-MeOD: 1/0.01): § (ppm) 8.77 (m,
16H), 8.20 (m, 14H), 8.01 (s, 4H), 7.64 (s, 11H), 7.16 (s, 4H),
6.90 (s, 2H), 6.49 (s, 3H), 3.90 (s br, 10H), 2.53 (s, 6H), 1.73 (s,
12H); *C NMR (75 MHz, CDCl3-MeOD: 1/0.01): § (ppm) 164.5,
149.6, 149.5, 149.2, 149.0, 148.8, 148.7, 145.7, 142.7, 140.3,
139.1, 138.9, 138.6, 138.4, 136.8, 135.7, 134.4, 134.2, 132.6,
132.3, 131.9, 131.5, 130.3, 130.0, 127.5, 126.6, 124.9, 124.4,
123.9, 120.2, 120.1, 119.9, 118.0, 65.9, 34.4, 34.0, 30.4, 29.2,
25.7,25.5, 24.3, 24.1, 21.4, 21.3, 21.0. HRMS (MALDI-TOF): m/z
caled for Cy03HgoN140,Zn, 1672.5015 [M + 2H]', found
1672.5023. UV-vis (THF), A/nm (¢ x 107> M~' em™): 425
(666.7), 557 (27.8), 597 (11.4). Anal. caled for C;o3H;gN;14,0,Zn,:
C, 73.88; H, 4.69; N, 11.71. Found: C, 73.76; H, 4.76; N, 11.64.

NMR spectra

'H and C NMR spectra were recorded on a Bruker
DPX-300 MHz and a Bruker DPX-75 MHz spectrometer,
respectively, as solutions in deuterated solvents by using the
solvent peak as the internal standard.

Mass spectra

High-resolution mass spectra were recorded on a Bruker
UltrafleXtreme MALDI-TOF/TOF spectrometer.

FTIR spectra

FTIR were recorded on a Perkin Elmer 16PC FTIR

spectrometer.

Photophysical measurements

UV-vis absorption spectra were measured on a Shimadzu
UV-1700 spectrophotometer using 10 mm path-length
cuvettes. Emission spectra were measured on a JASCO FP-6500
fluorescence spectrophotometer equipped with a red
sensitive WRE-343 photomultiplier tube (wavelength range:
200-850 nm).

Electrochemistry measurements

Cyclic and square wave voltammetry experiments were carried
out at room temperature using an AutoLab PGSTAT20 poten-
tiostat and appropriate routines available in the operating soft-
ware (GPES, version 4.9). Measurements were carried out in
freshly distilled and deoxygenated THF, with a scan rate of
100 mV s~', with a solute concentration of 1.0 mM in the pres-
ence of tetrabutylammonium hexafluorophosphate (0.1 M) as
a supporting electrolyte. A three-electrode cell setup was used
with a platinum working electrode, a saturated calomel (SCE)
reference electrode, and a platinum wire as a counter elec-
trode. The system was calibrated by ferrocene.

Computational methods

Theoretical calculations were performed within the framework
of density functional theory (DFT). Initial gas-phase geometry
optimizations were performed employing the gradient cor-
rected functional PBE*® of Perdew, Burke and Ernzerhof in
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combination with the TZVP basis set,’” which is of triple-(
quality. For each structure several rotamers were used as start-
ing geometries. To increase the computational efficiency
(without loss in accuracy) using the PBE functional, the resolu-
tion of the identity method*® was used for the treatment of the
two-electron integrals. The resulting structures were further
optimized using both the hybrid exchange-correlation func-
tional PBE0* (without adjustable parameters) of Perdew,
Burke and Ernzerhof, as well as the hybrid functional of
Becke, Lee, Yang and Parr, B3LYP,” using the same basis set.
Tight convergence criteria were placed for the SCF energy (up
to 1077 Eh) and the one-electron density (rms of the density
matrix up to 10~%) as well as for the norm of the Cartesian gra-
dient (residual forces both average and maximum smaller
than 1.5 x 107> a.u.) and residual displacements (both average
and maximum smaller than 6 x 107> a.u.). Time-dependent
density functional theory (TD-DFT) was used for excited state
calculations, using the aforementioned functionals and basis
set on the corresponding ground state structures. In each case
the optical gap was calculated. The first round of geometry
optimizations was performed using the Turbomole package,>"
while all of the follow up calculations were performed using
the Gaussian package.’>

Preparation of TiO, electrodes and DSCCs

The DSSCs were fabricated with electrodes based on fluorine-
doped tin oxide (FTO) glass substrates, which were pre-cleaned
by sonication in decon 90, distilled water, iso-propanol
(i-PrOH), ethanol (EtOH), and dried in air. The working elec-
trodes were prepared by firstly forming a blocking layer of
0.2 M titanium di-isopropoxide bis(acetylacetonate) in i-PrOH
by spray pyrolysis on a pre-cleaned FTO coated glass substrate.
This was followed by deposition of a nano-crystalline layer of
TiO, by the doctor blade technique, using a dye sol TiO, paste
(DSL 18NR-T). The TiO, coated FTO electrodes were heated at
500 °C for 30 min. After cooling to room temperature, they
were immersed into a 0.02 M TiCl, aqueous solution for
20 minutes, washed with distilled water and ethanol, and
annealed again at 500 °C for 20 min. The thickness of the TiO,
electrodes was measured using a thin film thickness measure-
ment system (Nano calc XR Ocean Optics, Germany) and they
were found to be in the range of 10-12 pm. Finally, they
were immersed into the corresponding solutions of 5a and 5b
(5 x 107" M in CHCl;-EtOH = 1/1) for 12 h and washed with
THF to give the dye-sensitized TiO, working electrodes. The
counter electrode was prepared by spin coating of a H,PtCl,
solution (0.002 g in 1 mL i-PrOH) onto a pre-cleaned FTO
coated glass substrate and then heating at 450 °C for 15 min
in air. The sensitized working electrode was assembled with
the Pt coated FTO electrode into a sandwich type cell and
sealed with the hot-melt polymer surlyn. To complete the
DSSC fabrication, the electrolyte solution containing Lil
(0.05 M), I, (0.03 M), 1 methyl-3-n-propylimidazolium iodide
(0.6 M) and tert-butylpyridine (0.5 M in a mixture of aceto-
nitrile and valeronitrile, 85:15 volume ratio) was introduced
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into the space between the two electrodes through a drilled
hole in the platinum coated FTO by vacuum backfilling.

Photovoltaic measurements

The current-voltage (J-V) characteristics of the DSSCs under
simulated air mass 1.5 global, and illumination intensity of
100 mW cm™> were measured using a computer controlled
Keithley source meter and illuminated using the solar simu-
lator TS space system class AAA. Incident photon to current
efficiency (IPCE) spectra were measured using a Bentham IPCE
system (TMc 300 monochromator computer controlled). Elec-
trochemical impedance spectra (EIS) in the dark were recorded
using a CHN electrochemical workstation. They were measured
by applying a dc bias equivalent to the open circuit voltage of
DSSC in the frequency range 0.1 to 100 kHz.
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