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ABAB Phthalocyanines: Scaffolds for Building
Unprecedented Donor-nt-Acceptor Chromophores

Ettore Fazio,™

Dedicated to Michael Hanack on the occasion of his 85th birthday

Unique donor-mi—acceptor phthalocyanines have been synthe-
sized through the asymmetric functionalization of an ABAB
phthalocyanine, crosswise functionalized with two iodine
atoms through Pd-catalyzed cross-coupling reactions with ade-

1. Introduction

Conjugated donor-mt—acceptor ensembles are core structures
for several purposes that range from basic research to real ap-
plications, namely, as mimics of the natural photosynthetic
system, chromophores to study a wide variety of non-linear
optical (NLO) phenomena,”” and active molecules in organic®
and hybrid dye-sensitized solar cells (DSSCs)."” In particular, the
key to achieve highly efficient DSSCs lies in the preparation of
stable organic dyes with an appropriate push—-pull pattern that
facilitates electron injection into the conduction band of a mes-
oporous TiO, semiconductor.” In this regard, push-pull sys-
tems created with meso-substituted Zn" porphyrins® have
shown a record power conversion efficiency of more than 13%
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quate electron-donor and electron-acceptor moieties. These
push-pull molecules have been optically and electrochemically
characterized, and their ability to perform as chromophores for
dye-sensitized solar cells has been tested.

in DSSCs."”! These types of dyes present a linear arrangement
between an electron-donor group and an electron-acceptor/
anchoring moiety, with the porphyrin chromophore perform-
ing as an optically and electronically active conjugated unit.
The key point for preparing such porphyrin compounds is the
relatively easy accessibility to porphyrins with two meso posi-
tions functionalized with alkyl-substituted aryl groups, which
afford solubility and avoid aggregation of the extended m-aro-
matic porphyrin surface, and two “free” meso positions. Selec-
tive electrophilic bromination at these free meso positions is
crucial to widen the reactivity of these molecules, allowing
their symmetric or asymmetric functionalization with many dif-
ferent donor and/or acceptor moieties by means of different
metal-catalyzed coupling reactions.

The extraordinary optoelectronic characteristics of phthalo-
cyanines (Pcs)® have inspired researchers to design and syn-
thesize specific push-pull Pc molecules as chromophores to
study second-order NLO effects” or as dyes for DSSCs.'” In
particular, the most successful Pc dyes for DSSCs are Zn"Pc de-
rivatives functionalized with bulky, electron-donating groups at
three isoindole units, and one electron-acceptor/anchoring
unit at the other isoindole."" These dyes also present a donor—
acceptor pattern, but the donor and acceptor groups are not
faced in a linear arrangement. Therefore, a challenge that re-
mains unexplored is the preparation of face-to-face, push-pull
Pcs. For that purpose, ABAC Pcs should be prepared or, more
feasibly, appropriate face-to-face ABAB Pcs (see Figure 1),
which could be further asymmetrically functionalized to give
donor-mt—acceptor derivatives. Conversely to porphyrin chemis-
try, the directed synthesis of face-to-face ABAB Pcs is still an
issue as a consequence of the current lack of stepwise synthet-
ic methodologies.” On the other hand, statistical condensa-
tion of two different phthalonitrile precursors generally affords
a mixture of the two possible isomers, namely, ABAB and
AABB, which are frequently difficult to separate by chromato-
graphic means.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structure of ABAB Pc 1a.

We have recently described the preparation of ABAB Pcs
through the statistical condensation of bulky 3,6-bis-(3,5-bistri-
fluoromethylphenyl)phthalonitrile, which is reluctant to give
self-condensation, owing to the presence of rigid/bulky groups
at the o-positions of the CN moieties, and iodo-containing
phthalonitriles." In particular, ABAB Pc 1a (Figure 1) was suc-
cessfully prepared in 16% vyield. Importantly, the presence of
two iodine atoms in crosswise isoindoles offers a unique op-
portunity to synthesize face-to-face, push—pull ABAC Pcs by
metal-catalyzed coupling reactions, as well as to incorporate
the Pc as a central block in multicomponent ensembles.

As a continuation of our previous work,"* we have explored
the scope of the crosswise condensation by using several
phthalonitriles, o-functionalized with different rigid/bulky sub-
stituents, which could also direct the crossed condensation
with 4-iodophthalonitrile towards the formation of the corre-
sponding ABAB Pcs. Also, this work is devoted to establishing
these iodo-containing ABAB Pcs as unrivalled building blocks
for the preparation of unprecedented face-to-face, push-pull
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ABAC Pcs, which can be outstanding donor-mt—acceptor chro-
mophores for different purposes. In particular, we have pre-
pared a series of Pcs functionalized with both electron-donat-
ing phenylamino groups and anchoring/electron-withdrawing
carboxy groups in a face-to-face manner to determine the abil-
ity of these novel systems to perform as efficient sensitizers in
DSSCs.

2. Results and Discussion
2.1. Synthesis of ABAB Phthalocyanines

3,6-Bis-(3,5-bistrifluoromethylphenyl)phthalonitrile  2a  has
proved very effective as a precursor for the preparation of
ABAB Pcs (Scheme 1) Considering that octakis[a-aryl]Pcs
have been prepared under certain conditions,™ it seems that
functionalization with bare phenyl rings at the a-positions of
the phthalonitrile precursor is not enough to avoid the forma-
tion of Pcs with adjacent phenyl-substituted isoindoles. Func-
tionalization of the a-phenyl substituents with bulky, alkyl, or
trifluoroalkyl moieties seems, in principle, necessary to more
efficiently direct the reaction towards the formation of ABAB
Pcs in crossed-condensation reactions.

Therefore, the preparation of phthalonitriles 2b and 2c¢
functionalized with 3,5-dimethyl- and 3,5-di-tert-butylphenyl
moieties, respectively, was accomplished by using a Pd"-cata-
lyzed Suzuki-Miyaura reaction between 3,6-bis(tosylate)phtha-
lonitrile™ and the corresponding boronic acids (Scheme S1).
The crossed condensation of phthalonitriles 2b and 2 ¢ with 4-
iodophthalonitrile (Scheme 1) was attempted under the reac-
tion conditions optimized for the synthesis of 1a"® (Table 1,
entries 2 and 6). However, no traces of the desired products
1b and 1c were observed. In fact, using these conditions, only

Ar Ar Ar Ar
Ar N=
CN CN
[ CN cN l
Ar AN N=
CF, —
Ar Ar \ | //
2a Ar= I |
CF; 1a 16% 3a-c 4a-c
1b (non isolated)
CHj 1c 2.5%
M A= Q Argm Arﬁﬁ\r
CH3 N= N/ N Ar N= N/ ,;‘ Ar
I
Bu * g + ~ N—zn—N
2 Ar= [ X | [ ,\\] )
B NN N A NsNo—N  Ar
Bu — 8
A
\ | / Ar r

Scheme 1. Statistical synthesis of Pcs 1a-c.
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Table 1. Investigated conditions for the preparation of Pcs 1a-c
(Scheme 1).
Entry Phthalonitrile Conditions Yield [%]
1 2a Zn(OAc),, 0-DCB/DMF (2:1) 16
2 2b Zn(OAc),, o-DCB/DMF (2:1) -
3 2b Zn(OAc),, 1-pentanol, DBU -
4 2b Zn(OAc),, DMAE, DBU 8t
5 2b 1) Li/1-pentanol 194
2) Zn(OAc),
6 2c¢ Zn(OAc),, 0-DCB/DMF (2:1) -
7 2c Zn(OAc),, DMAE, DBU 2
8 2c 1) Li/1-pentanol -
2) Zn(OAq),
[a] Mixture of ABAB and AABB isomers (1b and 5b, Scheme 1).

the AB; Pcs 3b and 3¢ and B, Pcs 4b and 4c were obtained,
with most of the corresponding bulky phthalonitriles 2a and
2b remaining unreacted in each case. In view of these results,
other conditions were tested for the preparation of ABAB Pcs
1b and 1c. We observed that the two bulky phthalonitriles 2b
and 2 c performed rather differently. First, dimethylphenyl-func-
tionalized phthalonitrile 2b afforded condensation products in
N,N-dimethylaminoethanol (DMAE) solvent (Table 1, entry 4),
and also in the presence of lithium and pentanol; the latter
conditions yielding a mixture of metal-free Pc derivatives that
were further treated with Zn(OAc), to obtain the correspond-
ing Zn"Pcs (Table 1, entry 5). In both cases, chromatographic
separation of the mixture of Pcs and MS (MALDI-TOF) charac-
terization of the different fractions confirmed that the second
isolated fraction corresponded to the A,B, derivative.

However, the lack of symmetry and the large splitting of the
signals observed in the "H NMR spectrum of this fraction (as
compared with the spectrum of 1a), together with the fact
that the first fraction eluted was identified by MS as the A;B Pc
6b, having three adjacent dimethylphenyl-substituted isoin-
doles, led us to conclude that the isolated A,B, derivative was,
indeed, a mixture of the two isomers 1b and 5b (Scheme 1). It
is worth mentioning that the chromatographic separation of
these two isomers was not possible.

On the other hand, di-tert-butylphenyl-functionalized phtha-
lonitrile 2a was much less reactive than its homologue 2b. In
fact, this phthalonitrile only contributed to form cross-conden-

Figure 2. Structure of Pcs 7-9.
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sation products in DMAE (Table 1, entry 7), yielding a mixture
of 1¢, 3¢, and 4¢, from which 1c was isolated in a poor 2%
yield.

The reactivity of phthalonitriles 2a-c in competing self- and
cross-condensation steps follows a logical trend in line with
the van der Waals radius of the different bulky groups. In fact,
the methyl groups do not possess the steric volume necessary
to afford selectivity towards the formation of the opposite
ABAB isomer 1b versus the adjacent one, 5b. On the other
hand, the more bulky tert-butyl group helps to direct the reac-
tion towards the ABAB Pc 1c; however, the reactivity of tert-
butyl-substituted phthalonitrile 2c is also low for the crossed
condensation with 4-iodophthalonitrile, thus resulting in a very
poor yield of 1c. Lastly, CF; is a rather bulky substituent with
a van der Waals radius between that of the iPr and tBu
groups," thus favoring crossed condensation between 2a
and 4-iodophthalonitrile for the formation of the crosswise Pc
1a. Furthermore, the electron-withdrawing effect of CF; makes
cyano moieties rather reactive, thus leading to good yields in
the corresponding ABAB product 1a.

In view of these results, Pc 1a was selected as a platform for
the construction of a series of push-pull Pcs, aiming at testing
this approach as a feasible option to prepare efficient Pc dyes
for DSSCs. Therefore, the preparation of novel push—pull Pcs
7-9 (Figure 2) was carried out through the asymmetric func-
tionalization of Pc 1a with electron-donating and anchoring/
electron-withdrawing groups. Electron-donating groups that
are present in efficient porphyrin photosensitizers were select-
ed [i.e. N, N-dimethylaminophenylethynyl in 7 and bis(4-hexyl-
phenyl)amino in 8 and 9], together with ethynyl-bridged, elec-
tron-acceptor binding moieties that have previously been
shown to facilitate the injection of photoexcited electrons
from the Pc dyes to the TiO, in Pc-sensitized solar cells."'><'®

First, the synthesis of 7 was accomplished through a former
Sonogashira reaction with propargylic alcohol followed by
a second Sonogashira coupling with 4-ethynyl-N,N-dimethyl-
aniline (Scheme 2). Then, the one-step oxidation of the hydrox-
ymethylethynyl derivate 11 under the reaction conditions de-
scribed by Mazitsche et al."” successfully afforded the target
compound in an overall yield of 66%. It is worth mentioning
that changing the reaction sequence, that is, coupling first the
4-ethynyl-N,N-dimethylaniline moiety, gave rise to lower overall
yields.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of Pc 7. Conditions: i) propargylic alcohol, Pd(PPh;),,
Cul, NEt;, THF; ii) 4-ethynyl-N,N-dimethylaniline, Pd(PPh,),, Cul, NEt;, THF;
iii) IBX, THF, DMSO and then N-hydroxysuccinimide, THF, DMSO.
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Similarly to the case of porphyrin sensitizers® Pcs 8 and 9
were functionalized with a stronger electron donor, that is, a di-
rectly linked diphenylamino unit. These compounds were
more difficult to prepare. In both cases, it was necessary to
first link the diphenylamino unit, as amination reactions over
ethynyl-containing compounds (for instance, over 10) led to
addition products over the triple bond in all cases. However,
application of different Buchwald-Hartwig coupling conditions
over 1a unceasingly afforded deiodinated compounds with no
trace of the target N-coupled derivative 12 (Scheme 3). Finally,
optimized conditions were found, namely, the use of
Pd,(dba),/tBusP and tBuONa in refluxing toluene, which yielded
12 contaminated with a related Pc derivative functionalized
with two diphenylamino moieties and the deiodinated Pc de-
rivative 13. A complete chromatographic separation of 12
from 13 could not be achieved, so it was necessary to set the
following reactions (for the preparation of 8 and 9) with a mix-
ture of the two products, as the deiodinated derivative would
not react in the subsequently applied conditions. To prepare
Pc 8, the same Sonogashira coupling conditions previously de-
scribed for the synthesis of 11 were applied. The resulting hy-
droxymethylethynyl Pc derivative 14 was separated from the
residues of deiodinated Pc 13, and was further oxidized in
a two-step procedure (IBX/NaClO, with sulfamic acid) to obtain
8. Finally, the synthesis of the push-pull Pc dye 9 comprising
a benzothiadiazole (BTD) bridge between the Pc core and the
carboxyethynyl moiety (to increase the electron acceptor
effect) was accomplished by a Sonogashira coupling between
12 and 17,""® followed by a basic hydrolysis of the ester group,
which yielded the target compound (Scheme 3).

FsC CF3
o, Y
FsC P CFs R
N= N
O vy o
i) = |
N  NwmZneN
= | ) —— 14 R = CH,OH
OH NNy N
75% F3C CF3 i) | 77%
o A e
FaC CF3 V)| 58%
L~ 8 R=COOH
1a
CeHl1a
12 R=| i) :
13 R=H

N
£ v
\ N/

= Oromim o

16

64%

—— 16 R=CH;,
O O O iy | 62%

FsC CF, '— 9 R=H

Scheme 3. Synthesis of Pcs 8 and 9. Conditions: i) Pd,(dba)s, tBu;P, tBuONa, toluene; ii) Pd(PPh;),, Cul, NEt;, THF; iij) IBX, DMSO; iv) sulfamic acid, NaClO,, THF;

i) PA(PPh;),, Cul, NEt;, THF; iii"’) NaOH 20 %, MeOH/THF.
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2.2. Optical and Electrochemical Characterization

UV/Vis spectra of compounds 7-9 demonstrate a lack of aggre-
gation of these Pcs in solution, owing to the presence of the
rigid and bulky Dbis(trifluoromethyl)phenyl substituents
(Figure 3). Notably, a bathochromic shift of the maximum

04

o
w

Absorbance (a. u.)
(=]
o

k=]
-

0,0 T T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 3. UV/Vis spectra of Pcs 7 (blue line, 8 pm), 8 (orange line 10 pum), and
9 (green line 7 um) in THF.

wavelength (1,,,) of the Q band is observed from 7 (691 nm)
to 8 (704 nm) and 9 (708 nm), owing to the stronger electron-
releasing effect of the directly linked diphenylamino donor
group, which destabilizes the HOMO level of the macrocycle
(see the electrochemical results). The Q band of Pcs 8 and 9 is
notably wider, yielding improved light-harvesting capabilities
in the red region. The larger extinction coefficient of the Q
band of Pc 9 is also remarkable, and similar to that previously
observed in porphyrins containing the BTD unit."? In the 500-
600 nm region of the spectra for Pcs 8 and 9, a weak and con-
stant absorption is observed, which is absent in the spectrum
of 7 and is probably a result of an electron-donating effect
from the diphenylamino group to the Pc core. Noteworthy,
a band at 448 nm is present also in the spectrum of 9, and can
be attributed to the BTD unit.”’ Steady-state fluorescence spec-
tra of compounds 7-9 were also recorded by exciting at the
heights of the corresponding Q bands (Figure S1). Notably, the
emissions of compounds 8 and 9 are notably quenched as
a consequence of the strong electron donation from the di-
rectly linked dimethylamino group.

Electrochemical characterization of 7-9 was performed by
using cyclic voltammetry in 0.1 M tetrabutylammonium phos-
phate (TBAP) CH,Cl, solutions (Figure S2), using ferrocene as
an external reference. The respective oxidation/reduction po-
tentials, together with the HOMO/LUMO values, are summar-
ized in Table 2. The first oxidation reactions of compounds 7-9
were reversible or quasi-reversible processes, with values in
the range 0.42-0.26 V versus Fc/Fc*. The potential of com-
pounds 8 and 9 are 120 and 160 mV lower than that of 7, re-
spectively, thus evidencing the strong impact that the direct
linkage of the diphenylamino group has on the HOMO of the
Pc macrocycle. On the other hand, the first reduction is irrever-
sible for all of the compounds and occurs at very similar po-
tentials, between —1.40 V (for 7) and —1.45V (for 9) versus Fc/

ChemistryOpen 2017, 6, 121 -127 www.chemistryopen.org

Open Access )
- ChemistryOPEN
‘ Full Papers

X ok

Ak

Table 2. First oxidation and reduction potentials and HOMO/LUMO levels
for Pcs 7-9.

Pc E E HOMO LUMO
[V vs. Fc/Fc™] [V vs. Fc/Fc™] [eV vs. NHE] [eV vs. NHE]
7 0.42° —1.40® 1.06 —-0.76
8 0.30¢ —1.37% 0.94 —0.73
9 0.26" —1.35" 0.90 —0.71

[a] Reversible. [b] Irreversible. [c] Quasi-reversible.

Fc™. Incorporation of the BTD unit between the Pc core and
the COOH group in 9 has limited influence on the electronic
properties of the Pc, namely, a slight stabilization of the HOMO
and LUMO levels with regard to Pc 8 (Figure S3). Notably, the
electrochemical HOMO-LUMO bandgap is consistent with the
optical (E°~°) bandgap obtained from the interception between
the absorption and emission spectra (Figure S1).

2.3. Theoretical Calculations

DFT and TDDFT calculations have been performed to get in-
sights into the electronic structure of the synthetized dyes (see
the Supporting Information for details). First, the calculated ab-
sorption spectra of Pcs 7-9 (Figure S4) contains two distinct
transitions in the zone of the Q band with significant donor-to-
acceptor character. The first transition is characterized by
a dominant HOMO —LUMO contribution, whereas the second
has the HOMO —LUMO™" contribution as the most important.
In all three dyes, the HOMO has extended delocalization
toward the donor moiety (Figure 4). However, the LUMO has
a slight delocalization onto the acceptor group for Pcs 7 and 8
and is rather centered in the Pc core for 9, whereas the
LUMO ™" is completely centered in the Pc core for Pcs 7 and 9
and has a small delocalization toward the acceptor group in
the case of 8 (Figure 4). The degree of delocalization of the
LUMO and LUMO™' orbitals on the acceptor group is one of
the factors considered to rationalize the photovoltaic behavior
of these molecules, as mentioned below.

Figure 4. Contour plots for the HOMO (left), LUMO (center), and LU-
MO™" (right) of Pcs 7 (top), 8 (middle), and 9 (bottom) computed by using
wB97xD/6-31G(d)/CPCM(THF). Isovalue set to 0.02.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4. Photovoltaic Properties

Pcs 7-9 were tested in DSSCs on [9+44] um thick TiO, films,
which consist of a 9 um thick active layer and an additional
4 um thick scattering layer. For the preparation of the devices,
the TiO, photoanodes were immersed in a 0.1 mm solution of
the corresponding Pc in THF for 16 h. Table 3 summarizes the

Table 3. Dye-loading (DL) densities and photovoltaic data of the device-
s@?l made with Pc dyes on [944] um thick TiO, films under simulated
one sun illumination (AM1.5G) and active area of 0.159 cm 2.

Pc DL Voc Jsc FF n
[nmolcm™2] [mV] [mAcm™2 [%)

7 87.1 386 8.16 0.61 1.92

7 +Cheno - 339 0.991 0.63 0.21

8 26.1 427 9.88 0.58 243

9 14.1 4M 4.46 0.60 1.09

(SM315) (83.5) 910)¢  (18.1)9 0.78)¢  (13.0¢

[a] Four to five devices of equal quality were made for each dyes; the
values obtained for the best cell are presented in each case. [b] Electro-
lyte is composed of 0.05m iodide, 0.5m lithium iodide and 0.5m sodium
iodine in acetonitrile. [c] The TiO, films have a total thickness of 13 um
consisting of a 9 um thick TiO, active layer and an additional 4 um of
scattering layer. [d] Data derived from Ref. [7].

dye-loading densities and photovoltaic data obtained for the
Pc-based DSSC devices. Pc 8 exhibits the best efficiency of the
series (i.e. 2.43%), whereas the worst performing is Pc 9 (=
1.09%) (Table 3). As exemplified for Pc 7, the addition of co-ad-
sorbent (CHENO) in the dye-uptake solution was attempted,
but the performances of the devices were systematically much
lower [especially a drop in the short-circuit current (Js) by
a factor of ca. 10], which can be explained by a drastically re-
duced amount of adsorbed molecules on the photoanodes. It
witnesses the remarkable low tendency of these Pcs to aggre-
gate, thus making the use of co-adsorbents useless in the pres-
ent cases.

To rationalize the different sensitization capability of these
compounds, the responses of Pc 7 and Pc 8 are first compared.
Both dyes have the same anchoring group and Pc core and
differ only in the corresponding donor group. Pc 7, despite
having both the most negative LUMO and positive HOMO
(which, in principle, should confer to this sensitizer the best
electron-injection and dye-regeneration efficiencies, respective-
ly), displays a Ji lower (8.16 mAcm™) than Pc 8
(9.88 mAcm™) and the poorest open-circuit voltage, Vqc
(386 mV), of the series. On the other hand, the dye-loading
density of Pc 8 was estimated to be three times lower than
that of Pc 7, which can be explained by the strong steric repul-
sion induced by the bulky bis(hexyloxy)phenylamino group of
Pc 8, which, hence, needs more space to accommodate on the
TiO, surface than Pc 7 with a smaller 4-ethynyl-N,N-dimethyl-
aniline moiety. Considering this fact, a superior Jsc should be
expected for Pc 7. However, the opposite trend was observed,
which is otherwise in agreement with the incident photon-to-
current efficiency (IPCE) response observed for Pcs 7 and 8. In
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Figure 5. IPCE spectra of the DSSC devices made with Pcs 7-9.

accordance with their corresponding absorption spectra, the
IPCE response of Pc 8 (Figure S9) is red shifted by about 50 nm
with regard to that of Pc 7 (Figure 5). In addition, Pc 7 displays
a significant drop in the IPCE response between 475 and
550 nm, whereas Pc 8 fulfills this valley much better. This
factor may, in part, contribute to the difference observed in
their Jc values. Also, the degree of delocalization of the LUMO
and LUMO*" orbitals onto the acceptor group is lower for Pc 7
(see Figure 4), which is consistent with its poorer injection. On
the other hand, the lower V. obtained for Pc 7 can be as-
cribed to a faster electron recombination at the TiO,/electro-
lyte interface e-/(TiO,CB)«l;~ (dark current), which should also
contribute to lower the Js.. The presence of the bulky amino
group tethered with hexyl chains in Pc 8 (and as well in Pc 9)
must better prevent the penetration of the oxidized species to
the surface, thus reducing the dark current, a strategy com-
monly used and previously reported, " which is also coher-
ent with the observed improved V. for Pc 8.

Next, the photovoltaic performances of Pc 8 and Pc 9, which
differ only by the presence in the latter of an additional BTD
bridge between the Pc and the acceptor group, are compared.
Although the LUMO of Pc 9 is much less delocalized over the
acceptor part (see Figure 4 and discussion above) and is slight-
ly lower in energy than that of 8, these two factors might not
be sufficient to solely explain the huge difference observed in
the Jo., which is almost half for Pc 9 (4.46 mAcm?) than that
for Pc 8 (Joc=9.88 mAcm™?). An important contribution must
arise from the difference in the amount of adsorbed dye mole-
cule to the TiO, surface, which is twice as large for Pc 8 com-
pared to Pc 9. Another possible contribution should come
from faster recombination between oxidized dyes and photo-
injected electrons in the TiO, conduction band caused by the
BTD bridge in Pc 9, as previously reported.”'® Although it was
evidenced that the BTD unit tends also to increase the electron
recapture by the charge carrier at the TiO,/electrolyte interface
(i.e. dark current), the dark current seems to be similar for Pc 8
and Pc 9, as their V¢ values are also similar (427 and 411 mV,
respectively), and thus it does not rationalize the different Js
values. Most importantly, the IPCE values in the whole visible
region are continually half for Pc 9 (ca. 10-15%) (Figure 5)
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compared to that for 8 (ca. 20-35%) (Figure S11), matching
well with the difference observed in the Jo. values.

3. Conclusions

We have proven that iodo-containing ABAB Pcs are versatile
building blocks for the construction of unique donor-m-ac-
ceptor ensembles, in which the Pc core performs as an optical-
ly and electronically active mt-spacer moiety. Although different
bulky phthalonitriles have been tested as precursors to direct
the reaction towards the formation of cross-condensation
products in a reaction with 4-iodophthalonitrile, only 3,6-bis-
(3,5-bistrifluoromethylphenyl)phthalonitrile  2a  has been
proven effective in providing the corresponding ABAB Pc (1a)
in reasonable yields. For that reason, Pc 1a was chosen as the
starting material for the synthesis of unprecedented, cross-
wise-functionalized, push—pull Pcs 7-9. DSSCs prepared with
these dyes show, in general, moderate conversion efficiencies,
which can be ascribed to the fact that the LUMO of all of
these Pcs is well-accommodated in the Pc core rather than in
the electron-acceptor/anchoring group. This observation can
be rationalized on the basis of the strong electron-acceptor
character of the CF; moieties, which are otherwise necessary
for the preparation of the starting iodo-containing ABAB Pc.
Nevertheless, two conclusions can be attained from these
studies. First, direct linkage of a diphenylamino (as donor
group) and a carboxyethynyl (as electron-acceptor/anchoring
group) to the Pc core seems to be the most efficient function-
alization; second, further improvements in the efficiency of Pc-
sensitized DSSCs can, indeed, be achieved if electron-rich,
crosswise-functionalized, push-pull Pcs are prepared. These re-
sults can be mostly considered as a proof of concept that es-
tablishes these novel donor-Pc-acceptor architectures as
robust targets for the sensitization of TiO,, as well as for other
applications in which a donor-m-acceptor structure is
required.

Experimental Section

Synthetic procedures, optical and electrochemical characterization,
theoretical calculation details, and photovoltaic characterization
are given in the Supporting Information.
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