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Convergent Synthesis of Near-Infrared Absorbing, ‘“Push-Pull”,
Bisthiophene-Substituted, Zinc(II) Phthalocyanines and their Application in
Dye-Sensitized Solar Cells
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Abstract: Zinc(II) phthalocyanine dyes that contain triarylamine-terminated bis-
thiophene and hexylbisthiophene groups have been synthesized by a convergent

approach by using carboxytriiodo—ZnPc as a precursor. Further transformation of
the iodo groups by a Pd-catalyzed reaction allowed easy preparation of further ex-
tended m-conjugated carboxy—ZnPcs. These dyes have been used as sensitizers in

dye-sen-
near-infrared
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dye-sensitized solar cells, which exhibit a panchromatic response and moderate

overall efficiencies.

Introduction

Dye-sensitized solar cells (DSSCs) based on nanocrystalline
semiconductors have been intensively studied due to low
costs and easy processing compared with conventional inor-
ganic photovoltaic devices."? Ru"-polypyridyl sensitizers
have established record efficiencies for solar-energy-to-elec-
tricity conversion (7=11.5%).?! However, drawbacks of this
system are the lack of light-harvesting capability in the red
region of the visible spectrum and high costs due to the scar-
city of ruthenium metal. Organic dyes have some advantag-
es over conventional Ru"-based chromophores as photosen-
sitizers. They exhibit high molar extinction coefficients and
the absorption wavelengths, as well as the band gaps, are
easily tuned by chemical modifications of structural motifs.!
Due to strong absorption in the red and near-infrared (NIR)
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regions of the solar spectrum (between 640-700 nm), suita-
ble photophysical properties, and remarkable chemical and
thermal stability, phthalocyanines (Pcs) are perhaps the
most extensively studied molecules, among the organic dyes,
in the areas of molecular electronics and solar-energy con-
version."! Serious efforts have been made to exploit the ap-
plication of Pcs in DSSCs.’! However, until very recently
the photovoltaic performance of Pc-sensitized solar cells has
been poor (below n=1%), owing to strong aggregation and
lack of directionality in the excited state. We have previous-
ly reported overall efficiencies above 3 % by employing un-
symmetrically substituted, “push—pull”, carboxyl-Zn"Pc de-
rivatives,’® such as TT1 (Figure 1). In 2010, Mori et al. re-
ported the highest-conversion-efficiency DSSC yet (5=
4.6%), by using a ZnPc with six 2,6-diphenylphenoxy pe-
ripheral groups, which help to virtually suppress Pc aggrega-
tion.[”

The use of fert-butyl as peripheral groups have proven to
be the best compromise to get Pc dyes with good solubility,
low aggregation tendency, and a “push—pull” character to
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Figure 1. Molecular structures of ZnPcs dyes 1, 2, and TT1.
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induce directionality in the excited state of Pcs. However,
there are only a few reports on the influence of the periph-
eral substituents on the photovoltaic performance of Pc-sen-
sitized solar cells and no rational trend has been found. For
instance, substitution of the three rBu substituents by six
stronger electron-donating n-butoxy groups leads to remark-
ably lower overall efficiencies.®! A decrease in the overall
efficiency has also been observed in ZnPcs with hexakis
(tert-butylphenyl) substituents.”) On the contrary, as men-
tioned above, 2,6-diphenylphenoxy peripheral groups gives
the most significant improvement in conversion efficiency of
a ZnPc-sensitized solar cell.”? None of these Pc sensitizers
showed a strong tendency to aggregate. Therefore, 2,6-di-
phenylphenoxy substitution might both avoid macrocycle
aggregation and block the interactions between the Pc aro-
matic surface and the I;~ electrolyte and therefore reduces
the dark current, as proposed by O’Regan et al.l'”l Seeking
to further optimize the photovoltaic properties of Pc-sensi-
tized solar cells, we have carefully studied the structural
modifications that have led to significant improvements in
the overall efficiencies of porphyrin dyes, as a result of the
common features of porphyrin and phthalocyanine dyes.
Thus, the incorporation of electron-donating diarylamino
groups, linked through a m-conjugated bisthiophene bridge
to the meso position of the porphyrin, opposite the anchor-
ing group, has led to enhancement of the charge-transfer di-
rectionality in the excited state, thus remarkably optimizing
the device performance of this family of sensitizers.'!! This
approach gives n values comparable to those of the Ru" bi-
pyridyl complexes.

Herein, we focus on the convergent synthesis of new,
highly m-conjugated, “push—pull”, ZnPc sensitizers (com-
pounds 1 and 2, Figure 1) with triarylamine-terminated bis-
thiophene and hexylbisthiophene units, respectively. These
cells gave a panchromatic response and modest power-con-
version efficiencies (close to 3 %) due to aggregation.

Results and Discussion

Synthesis: The most common method for the synthesis of
unsymmetrically substituted phthalocyanines consists of stat-
istical cyclotetramerization of a mixture of two phthaloni-
triles (A and B), for which one is used in excess (A) to in-
crease the yield of the desired A;B derivative.'" This syn-
thetic approach for the preparation of ZnPc 1, following
a complicated synthesis of phthalonitrile precursor 12
(Scheme S2 in the Supporting Information), failed to pro-
duce the desired, unsymmetrical, ZnPc 13. The most proba-
ble reason may be the different reactivities of phthalocya-
nine precursors, because phthalonitriles with electron-donor
substituents are significantly less reactive. Despite of the
well-known advantages of mild Pd-mediated reactions that
give easy preparation of many functionalized phthalonitrile
precursors, this synthetic methodology have been scarcely
used for Pc post-functionalization.” IodoPcs are ideal tar-
gets for these transformations. The low solubility of tetraio-
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doZnPc!™ in organic solvents has prevented the use in Pd-
catalyzed coupling reactions. On the contrary, highly soluble
tri(tert-butyl)iodoZnPc has been extensively employed by us
and others as starting material in several transition-metal-
mediated transformations that have led to highly sm-conju-
gated Pcs for different applications.[!?13:13]

Considering the advantages described above, we planned
to apply a convergent synthetic strategy for the synthesis of
compounds 1 and 2, based on the key preparation of carbox-
ytriiodo—ZnPc 3, and subsequent introduction of the periph-
eral, m-conjugated substituents. Scheme 1 shows the synthet-
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Scheme 1. a) Zn(AcO),/dimetylaminoethanol (DMAE), reflux, 20h

(23%); b) IBX/DMSO, RT, 24 h (64%); c) NaCIO,, H;NO,S, THF, RT,
1h (60%).

ic route followed. The statistical cross condensation of 4-io-
dophthalonitrile™ and 4-hydroxymethyl-phthalonitrile!"”!
yielded a mixture of two main Pc products, namely, the de-
sired, unsymmetrically substituted, ZnPc 4 and the symmet-
rically substituted Zn'tetraiodophthalocyanine.'¥ After pu-
rification by column chromatography, ZnPc 4 was subjected
to oxidation in the presence of the periodinane derivative
IBX (1-hydroxy-1,2-benziodoxole-3(1H)-one-1 oxide) in
DMSO to yield the formyl-derivative ZnPc 5 in 64 % yield.
By using sodium chlorite in the presence of sulfamic acid as
hypochlorite scavenger, ZnPc § was converted to ZnPc 3 in
60 % yield. The triarylamine-terminated, bisthiophene bor-
onic acid pinacol ester 6 was prepared by following a modifi-
cation of the synthesis described by Kang and Ko!'®
(Scheme S1 in the Supporting Information), whereas hexyl-
bisthiophene boronic acid (7) was commercially available.
The final Suzuki cross-coupling reactions between ZnPc 3
and the corresponding boronates, 6 or 7, were performed by
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using standard conditions (Scheme 2). ZnPcs 1 and 2 were
obtained in 36 % and 43 % yield, respectively, after final pu-
rification by size-exclusion chromatography (Bio Beads).
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Scheme 2. a) [Pd(PPh;),], Na,CO;, 1,2-dimethoxyethane (DME), 95°C,
24h (136%,243%).

The structures of all new Pcs were confirmed by IR, UV/
Vis, and MALDI-TOF spectroscopies. 'H NMR spectra of
triltodoPcs 3-5 in [Dg]THF gave well-resolved peaks be-
tween 8.5 and 9.7 ppm for the Pc aromatic macrocycle.
However, the strong aggregation of ZnPcs 1 and 2 in
common organic solvents, such as CHCl; and THF, caused
very broad resonances, impossible to assign (Figure S7 and
S9, respectively, in the Supporting Information). Elemental
analyses were obtained for all new compounds with excep-
tion of 1 and 2, which were identified by HRMS-MALDI-
TOF.

The new ZnPcs 1 and 2 show an extended m-conjugation
system, which produces an important redshift in the absorp-
tion maximum of about 30 nm, in comparison with that of
TT1! (Figure 2). The UV/Vis spectrum of TT1 shows a Q-
band at 679 nm, whereas compounds 1 and 2 show a maxi-
mum absorbance at 707 and 702 nm, respectively. Both Pcs,
1 and 2, additionally present a broad absorption around
400-500 nm, which is assigned to the peripheral, m-conjugat-
ed, bisthiophene substituent. This absorption is more intense
for derivative 1. Aggregation of 1 is easily detected by opti-
cal absorption studies, which result in a broad absorption
and a decrease of the extinction coefficient of the Q-band.
The tail of the absorption extends to 850 nm, and 1 covers
a broad range in the Vis/NIR region, in which conventional
Pcs do not exhibit absorption. This behavior could infer im-
portant advantages to these new Pc dyes and could lead to
increased photocurrent in photovoltaic devices.

Photovoltaic studies: Tables 1, 2, and 3 summarize the pho-

tocurrent-voltage relationship (/-V; short-circuit photocur-
rent density (J), open-circuit voltages (V,.), fill factors
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Figure 2. UV/Vis spectra in THF (1x10~°m) of Pcs 1 and 2 compared to
that of TT1.

(FF), and conversion efficiencies (7)) of the DSSCs under
various conditions. Coadsorbent molecules (i.e., chenodeox-
ycholic acid, CDCA) have been reported to improve the
cell performance due to prevention of sensitizer aggrega-
tion.>*"! Table 1 shows the photovoltaic performance of

Table 1. Effect of a coadsorbent on Pc-sensitized solar cells.|?!

Dye  CDCA [mM]  Jg [mAcm?] Voc [mV]  FF n[%]

1 0 3.26 503 0.68 1.11
2 5.25 541 0.73 2.07

10 417 554 0.75 1.72

2 0 3.65 525 0.71 1.36
2 4.96 543 0.74 1.98

10 4.46 549 0.74 1.82

[a] TiO, thickness 6 um, dye concentration 0.1 mM, dipping time 5 h.
Electrolyte: M1=0.6M methyl-N-butylimidazolium iodide, 0.04 M iodine,
0.025m Lil, 0.05m guanidinium thiocyanate, and 0.28M 4-tert-butylpyri-
dine in a 15/85 (v/v) mixture of valeronitrile and acetonitrile.

dyes 1 and 2 in DSSC devices with standard, mesoporous,
double, TiO, films (6 um thick transparent films) and a vola-
tile acetonitrile-based electrolyte. Pcs dye solutions were
prepared in THF at a concentration of 0.1 mm, without
CDCA, or with 2 or 10 mMm CDCA. The films were im-
mersed into a dye solution for 5 h at room temperature. For
both 1 and 2, the Jy. (from 3.26 to 525 mAcm™ for 1 and
from 3.65 to 4.96 mAcm ™ for 2) and the V, increased in
the presence of 2 mm of CDCA compared with results from
solutions without CDCA. The highest power conversion ef-
ficiencies, 2.07 and 1.98%, for 1 and 2, respectively, were
achieved with 2mM CDCA. When the concentration of
CDCA increased to 10 mm, the cells gave a lower Jgc value
(417 mAcm™? for 1 and 4.46 mAcm™2 for 2), resulting in
a decrease of the overall efficiency, even though the Vi in-
creased. The low photocurrent in high concentrations of
CDCA could be a result of fewer adsorbed dye molecules,
due to the competitive adsorption of CDCA. In other
words, the presence of CDCA, not only prevents sensitizer
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aggregation, but also reduces the adsorption of sensitizers.
Figure 3 shows the I-V curves of compound 1 and 2.
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Figure 3. I-V characteristics of ZnPcs 1 and 2 sensitized DSSCs in the
presence of CDCA.

To test the effect of the electrolyte, devices with 0.1 mm
1 or 2 and 2mm CDCA in THF were prepared. Table 2
shows the photovoltaic performance of 1- and 2-sensitized
solar cells in the presence of either M1 or A6986 electro-

Table 2. Effect of the electrolyte on Pc-sensitized solar cells."!

Dye Electrolyte Jsc [mAcm™] Voc [mV] FF 7 [%]

1 M1 5.25 541 0.73 2.07
A6986 7.35 483 0.70 2.49

2 M1 4.96 543 0.74 1.98
A6986 7.05 498 0.70 2.45

[a] TiO, thickness 6 um, dye concentration 0.1 mm + 2 mm CDCA, dip-
ping time 5 h. Electrolyte M1: 0.6M methyl-N-butylimidazolium iodide,
0.04Mm iodine, 0.025m Lil, 0.05M guanidinium thiocyanate, and 0.28 M 4-
tert-butylpyridine in a 15/85 (v/v) mixture of valeronitrile and acetonitrile.
Electrolyte A6986: 0.6m N-butyl N-butylimidazolium iodide, 0.05M
iodine, 0.1m Lil, and 0.05M 4-tert-butylpyridine in a 15:85 (v/v) mixture
of valeronitrile and acetonitrile.

lytes. The devices employing A6986 gave a higher Jg- (7.35
and 7.05mAcm 2 for 1 and 2, respectively), leading to
a higher power-conversion efficiency (from 2.07 to 2.49%
for 1 and from 1.98 to 2.45% for 2), whereas the V. values
were relatively low. The lower V- may be explained by the
presence of more Li* cations in the case of A6986. The pro-
tonation of the titania surfaces has been reported to lower
Voe, because this value strongly depends on the position of
the conduction-band edge of TiO,.*”! The addition of more
Lit cations in the electrolyte can provoke a positive shift of
the TiO, conduction-band potential, because Li* cations are
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adsorbed on the TiO, surface. As a result, V¢ is expected
to decrease. The increase in Jgc can also be related to the
conduction-band-edge movement. The positive shift of the
TiO, conduction band by Li* cations increases the injection
efficiency from low-lying excited states of the adsorbed dye,
resulting an enhanced photocurrent.*!!

To push the power-conversion efficiency further, a scatter-
ing layer composed of bigger particles was incorporated on
the TiO, nanolayer. In DSSCs, the energy-conversion effi-
ciency depends on the morphology and structure of the dye-
adsorbing TiO, film. The high surface area of nanocrystal-
line TiO, shows better light harvesting due to the high quan-
tity of the adsorbed dye. However, increasing the TiO, film
thickness would cause more recombination of photoinjected
electrons. Instead of a pure nanocrystalline TiO, film, a bi-
layer structure, consisting of a light-scattering layer and
a nanocrystalline semitransparent TiO, layer, can improve
the photocurrent density due to the detention of incident
light by light-scattering particles; this results in the enhance-
ment of the overall power-conversion efficiency.”*??! With
a thickness of the bilayer of 6.8+5 (scattering) um, the Jgc
increased to 8.32mAcm ™ for 1 and 8.34mAcm? for 2.
The power-conversion efficiencies of the 1- and 2-sensitized
cells are improved to 2.65 and 2.70 %, respectively. The I-V
curves and the incident photon-to-current efficiency (IPCE)
spectra of 1 and 2 are represented in Figure 4 and the data
are collected in Table 3. The IPCEs show considerable,

Table 3. Effect of a scattering layer on Pc-sensitized solar cells.

Dye CDCA [mM] Jsc [mAcm™?] Voc [mV] FF 7 [%]

1 2 8.32 471 0.69 2.65
10 8.18 490 0.71 2.85

2 2 8.34 466 0.69 2.70
10 7.05 487 0.72 2.47

[a] TiIO2 thickness 6.8+5 pm, dye concentration 0.1 mm, dipping time
15 h, electrolyte A6986.

high-energy, photon-absorption contributions; this is in
agreement with the absorption spectra in solution.

Conclusion

A key compound, carboxytriiodo-ZnPc has been synthe-
sized and used in a convergent strategy for preparing highly
conjugated, panchromatic sensitizers 1 and 2. This synthetic
approach might represent a general method to prepare
other carboxy-ZnPc dyes with elaborated, m-conjugated, pe-
ripheral substituents. When tested as dyes in DSSCs, 1 and 2
gave power-conversion efficiencies close to 3%. The pan-
chromatic response of these dyes is because of the comple-
mentary absorption in the visible region caused by the pe-
ripheral, m-conjugated, bisthiophene substituents and the
ZnPc NIR absorption. However, aggregation phenomena
may explain the moderate overall efficiencies achieved. We
are currently investigating the preparation of other substi-
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Figure 4. IPCE spectrum and /-V curves for devices of 1- and 2-sensitized
solar cells. The cells were the same as those in Table 3.

tuted carboxy-ZnPc dyes by this method, in which aggrega-
tion phenomena are suppressed.

Experimental Section

2-Hydroxymethyl-9(10),16(17),23(24)-triiodophthalocyaninato zinc(IT)
(mixture of regioisomers) (4): A mixture of 4-iodophthalonitrile[“"
(525mg, 2.07mmol), 4-(hydroxymethyl)phthalonitrile!"” (64 mg,
0.41 mmol), and Zn(OAc), (121 mg, 0.66 mmol) in DMAE (6 mL) was
heated at reflux and stirred for 20 h in an argon atmosphere. After cool-
ing to room temperature, the solvent was removed and the residue was
washed with a MeOH/H,O (5:1, v/v) mixture. The crude product was pu-
rified by column chromatography on silica gel. A toluene/THF (10:1, v/v)
eluent removed most of the symmetric tetraiodo Pc,™¥ and a second
column in hexane/dioxane (3:2, v/v) was necessary to completely purify
Pc 4. Yield: 93 mg, 23%. '"H NMR (300 MHz, [Dg]THF, 25°C, TMS): 6 =
9.46-9.33 (m, 3H), 9.18-8.98 (m, 2H), 8.95-8.67 (m, 3H), 8.66-8.39 (m,
3H), 8.36-8.17 (m, 1H), 5.46 (s, 2H), 5.1-4.90 ppm (br, 1H); IR (KBr):
7=3503, 2957, 2922, 2401, 1603, 1589, 1381, 1304, 1264, 1140, 1097, 1057,
901, 816, 741 cm™'; UV/Vis (THF): A, (log £)=673 (5.08), 608 (sh)
(4.37), 357 nm (4.69); MS (MALDI, dithranol): m/z: 983.8 [M]*; HRMS
(MALDI-TOF, dithranol): m/z: caled for Cy3H,sIsNgOZn [M]*: 983.7794;
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found: 983.7823; elemental analysis calcd (%) for C3;H sI;3NgOZn: C
40.21, H 1.53, N 11.37; found: C, 40.38, H 1.67, N 11.16.

2-Formyl-9(10),16(17),23(24)-triiodophthalocyaninato zinc(II) (mixture
of regioisomers) (5): A solution of IBX (128 mg, 0.45 mmol) in DMSO
(5mL) was added to a stirred solution of Pc 4 (90 mg, 0.09 mmol) in
THF (2mL) in an argon atmosphere. The mixture was stirred at room
temperature for 24 h. The reaction was monitored by TLC (toluene/THF,
10:1 v/v) until all the starting Pc had reacted. Brine was then added and
the mixture was extracted with THF. The combined organic layers were
dried over MgSO, and evaporated in vacuo. The solid residue was puri-
fied by column chromatography on silica gel (toluene/THF, 10:1 v/v) to
give 57 mg (64%) of 5. '"H NMR (300 MHz, [Ds]THF, 25°C, TMS): 6 =
10.85 (s, 1H, CHO), 9.67-9.31 (m, 4H), 9.30-9.05 (m, 1H), 8.94-8.68 (m,
4H), 8.67-8.44 ppm (m, 3H); IR (KBr): 7=2954, 2923, 2854, 1691, 1594,
1484, 1456, 1431, 1378, 1304, 1139, 1091, 1053, 1033, 894, 755 cm™'; UV/
Vis (THF): A, (log €)=673 (5.19), 653 (sh) (4.48), 608 (sh) (4.46),
354nm (4.76); MS (MALDI, dithranol): m/z: 981.8 [M]*; HRMS
(MALDI-TOF, dithranol): m/z: caled for C3H3;15N;OZn [M]*: 981.7638;
found: 981.7603; elemental analysis caled (%) for CyH 3I3N3OZn: C
40.30, H 1.33, N 11.39; found: C 40.52, H 1.62, N 11.08.

2-Carboxy-9(10),16(17),23(24)-triiodophthalocyaninato zinc(II) (mixture
of regioisomers) (3): A solution of H;NOsS (9.7 mg, 0.1 mmol) in H,O
(1 mL) was added to a solution of phthalocyanine 5 (25 mg, 0.025 mmol)
in THF (3mL), at 0°C. A solution of NaClO, (4.6 mg, 0.050 mmol) in
H,O (1 mL) was added dropwise while the temperature was kept at 0°C.
After the addition was complete, the mixture was further stirred for a 1 h
at room temperature. Brine was then added and the mixture was extract-
ed with THF. The combined organic layers were dried over MgSO, and
evaporated in vacuo. The solid residue was purified by short column
chromatography on silica gel (THF) to give 15 mg (60%) of 3. 'H NMR
(300 MHz, [Dg]THF, 25°C, TMS): 0=9.93-9.68 (m, 1H), 9.58-9.30 (m,
3H), 9.27-9.08 (m, 1H), 9.02-8.70 (m, 4H), 8.63-8.43 ppm (m, 3H); IR
(KBr): 7=3437, 2953, 2922, 2857, 1687, 1612, 1454, 1383, 1305, 1264,
1140, 1096, 1045, 923, 887, 812, 747 cm™'; UV/Vis (THF): Ay, (log &)=
675 (4.97), 641 (sh) (4.48), 611 (sh) (4.41), 349 nm (4.70); MS (MALDI,
dithranol): m/z: 997.8 [M]*; HRMS (MALDI-TOF, dithranol): m/z:
caled for Cy;HsIINgO,Zn [M]*: 997.7587; found: 997.7589; elemental
analysis calcd (%) for C3;3H3I3NgO,Zn: C 39.65, H 1.31, N 11.21; found:
C39.99, H 1.60, N 11.02.
2-Carboxy-9(10),16(17),23(24)-tris-[ 2-(V, N-bis-(9,9-dimethylfluoren-2-yl)-
4-aminophenyl)-5,5'-bithiophene]phthalocyaninato zinc(II) (mixture of
regioisomers) (1): A suspension of ZnPc 3 (33 mg, 0.033 mmol), bisthio-
pheneboronic acid pinacol ester 4 (102mg, 0.13 mmol), [Pd(PPh;),]
(3.5 mg, 0.003 mmol), and a solution of Na,CO; (34 mg, 0.33 mmol) in
H,0 (1 mL) in DME (5 mL) was stirred at 95°C in an argon atmosphere
for 24 h. The suspension was then cooled to room temperature and
poured into a 1M NH,CI solution (50 mL). The mixture was extracted
with ethyl acetate (2x50 mL) and the combined organic extracts were
washed with brine (10 mL), dried over MgSO, and evaporated in vacuo.
The crude product was purified by preparative size-exclusion chromatog-
raphy (Biobeads SX-1 in THF) to yield 30 mg (36 %) of a dark-green
solid. 'HNMR (300 MHz, [D¢]THF, 25°C, TMS): 6=10.41-6.32 (m,
78H, ArH), 1.82-0.92 ppm (m, 36 H, alkylH); IR (KBr): 7#=3435, 2957,
2920, 2860, 1724, 1604, 1535, 1488, 1452, 1390, 1308, 1183, 1141, 1055,
822, 789 cm™!; UV/Vis (THF): Ay, (log €)=707 (4.78), 662 (4.58), 413
(4.87), 369 nm (4.98); MS (MALDI, DCTB): m/z: 2537.7 [M]*; HRMS
(MALDI, DCTB): m/z: caled for CsH ;5N O,S¢Zn [M]*: 2537.685;
found: 2537.695.

2-Carboxy-9(10),16(17),23(24)-tris[ 5'-hexyl-2,2'-bithiophene]phthalocya-
ninato zinc(II) (mixture of regioisomers) (2): ZnPc 2 was prepared as
compound 1, by using ZnPc 3 (20 mg, 0.02 mmol), 5'-hexyl-2,2-bithio-
phene-5-boronic acid pinacol ester (7) (22.5 mg, 0.06 mmol), [Pd(PPh3)4]
(2.3 mg, 0.002 mmol), and Na,CO; (1 mL of a 1M aqueous solution). The
crude product was purified by preparative size-exclusion chromatography
(Biobeads SX-1 in THF) to yield 12 mg (43%) of a green solid. '"H NMR
(300 MHz, [Dg]THEF, 25°C, TMS): 6 =10.34-6.36 (several m, 24H, ArH),
1.82-0.92 ppm (m, 39H, alkyl); IR (KBr): 7=3432, 2954, 2923, 2853,
1656, 1608, 1491, 1455, 1380, 1337, 1285, 1261, 1144, 1096, 1049, 1026,
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885, 793 cm™; UV/Vis (THF): A, (log €) =702 (4.9), 634 (4.3), 361 (4.6);
MS (MALDI, dithranol): m/z: 1364.3 [M]*; HRMS (MALDI-TOF, di-
thranol): m/z: caled for C,sHgNgO,S¢Zn [M]*: 1364.277; found: 1364.271.

Acknowledgements

This work has been supported by the Spanish MICINN (CTQ2011-
24187/BQU and CONSOLIDER INGENIO 2010, CSD2007-00010) and
the Comunidad de Madrid (MADRISOLAR-2, S2009/PPQ/1533). M.L.
thanks the European Science Foundation (ESF, ORGANISOLAR Proj-
ect) for the Short Visit Grant 3482.

[1] a) B. O’Regan, M. Gritzel, Nature 1991, 353, 737-740; b) M. Grit-
zel, Nature 2001, 414, 338-344.
[2] a) M. Griitzel, J. Photochem. Photobiol. A 2004, 164, 3-14; b) M. K.
Nazeeruddin, F. De Angelis, S. Fantacci, A. Selloni, G. Viscardi, P.
Liska, S. Ito, T. Bessho, M. Gritzel, J. Am. Chem. Soc. 2005, 127,
16835-16847; c) A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, H. Pet-
tersson, Chem. Rev. 2010, 110, 6595—-6663.
A. Mishra, M. K. R. Fisher, P. Biuerle, Angew. Chem. 2009, 121,
2510-2536; Angew. Chem. Int. Ed. 2009, 48, 2474—-2499.
a) G. de La Torre, C. G. Claessens, T. Torres, Chem. Commun. 2007,
2000-2015; b) C. G. Claessens, U. Hahn, T. Torres, Chem. Rec. 2008,
8, 75-97; ¢) G. Bottari, G. de La Torre, D. M. Guldi, T. Torres,
Struct. Bonding (Berlin) 2010, 135, 1-44; d) J. Mack, N. Kobayashi,
Chem. Rev. 2011, 111, 281-321; e) H. Lemmetyinen, N. V. Tkachen-
ko, A. Efimov, M. Niemi, Phys. Chem. Chem. Phys. 2011, 13, 397—
412; f) F. D’Souza, O. Ito, Chem. Soc. Rev. 2012, 41, 86—96.
a) M. V. Martinez-Diaz, G. de La Torre, T. Torres, Chem. Commun.
2010, 46, 7090; b) M. V. Martinez-Diaz, M. Ince, T. Torres, Monatsh.
Chem. 2011, 142, 699-707; c) M. G. Walter, A.B. Rudine, C.C.
Wamser, J. Porphyrins Phthalocyanines 2010, 14, 759-792; d) M. V.
Martinez-Diaz, T. Torres, in Handbook of Porphyrin Science Vol. 10
(Eds.: K. M. Kadish, K. M. Smith, R. Guilard), World Scientific, Sin-
gapore, 2010, p. 141; e) M. Garcia-Iglesias, J.-H. Yum, R. Humphry-
Baker, S. M. Zakeeruddin, P. Pechy, P. Vazquez, E. Palomares, M.
Gritzel, M. K. Nazeeruddin, T. Torres, Chem. Sci. 2011, 2, 1145—-
1150; f) I. Lopez-Duarte, M. Wang, R. Humphry-Baker, M. Ince,
M. V. Martinez-Diaz, M. K. Nazeeruddin, T. Torres M. Gritzel,
Angew. Chem. 2012, 124, 1931-1934; Angew. Chem. Int. Ed. 2012,
51,1895-1898.
a) P. Y. Reddy, L. Giribabu, C. Lyness, H. J. Snaith, C. Vijaykumar,
M. Chandrasekharam, M. Lakshmikantam, J.-H. Yum, K. Kalyana-
sundaram, M. Gritzel, M. K. Nazeeruddin, Angew. Chem. 2007, 119,
377-380; Angew. Chem. Int. Ed. 2007, 46, 373-376; b) J.-J. Cid, J.-
H. Yum, S. R. Jang, M. K. Nazeeruddin, E. Martinez-Ferrero, E. Pal-
omares, J. Ko, M. Gritzel, T. Torres, Angew. Chem. 2007, 119, 8510—
8514; Angew. Chem. Int. Ed. 2007, 46, 8358—-8362; c) M. Garcia-Ig-
lesias, J-J. Cid, J-H. Yum, A. Forneli, P. Vazquez, M. K. Nazeerud-
din, E. Palomares, M. Gritzel, T. Torres, Energy Environ. Sci. 2011,
4,189-194.

3

[t

[4

=

[5

—_

[6

—_

[7] S. Mori, M. Nagata, Y. Nagahata, K. Yasuta, R. Goto, M. Kimura,
M. Taya, J. Am. Chem. Soc. 2010, 132, 4054 —4055.

[8] L. Giribabu, Ch. Vijay Kumar, V. Gopal Reddy, P. Yella Reddy, Ch.
Srinivasa Rao, S.-R. Jang, J.-H. Yum, Md. K. Nazeeruddin, M. Grit-
zel, Sol. Energy Mater. Sol. Cells 2007, 91, 1611-1617.

[9] S. Eu, T. Katoh, T. Umeyama, Y. Matano, H. Imahori, Dalton Trans.
2008, 5476-5483.

[10] B. C. O’Regan, I. Lopez-Duarte, M. V. Martinez-Diaz, A. Forneli, J.
Albero, A. Morandeira, E. Palomares, T. Torres, J. R. Durrant, J.
Am. Chem. Soc. 2008, 130, 2906-2907.

[11] a) T. Bessho, S. M. Zakeeruddin, C. Y. Yeh, E. W. G. Diau, M. Grit-
zel, Angew. Chem. 2010, 122, 6796—6799; Angew. Chem. Int. Ed.
2010, 49, 6648-6649; b) A. Yella, H-W. Lee, H. N. Tsao, C. Yi, A. K.
Chandiran, Md. K. Nazeeruddin, E. W-G. Diau, C-Y. Yeh, S. M. Za-
keeruddin, M. Gritzel, Science 2011, 334, 629.

[12] a) G. de La Torre, C. G. Claessens, T. Torres, Eur. J. Org. Chem.
2000, 2821; b) M. Victoria Martinez-Diaz, M. Quintiliani, T. Torres,
Synlett 2008, 1; ¢c) M. Victoria Martinez-Diaz, D. Diaz-Diaz, J. Por-
phyrins Phthalocyanines 2009, 13, 397-407.

[13] H. Ali, J. E. van Lie, Tetrahedron Lett. 2009, 50, 337-339.

[14] H. Ali, N. Cauchon, J. E. van Lier, Photochem. Photobiol. Sci. 2009,
8, 868-874.

[15] a) M. Quintiliani, A. Kahnt, T. Wolfle, W. Hieringer, P. Vazquez, A.
Gorling, D. M. Guldi, T. Torres, Chem. Eur. J. 2008, 14, 3765-3775;
b) E. M. Maya, P. Vazquez, T. Torres, Chem. Eur. J. 1999, 5, 2004—
2013.

[16] S. M. Marcuccio, P. I. Svirskaya. S. Greenberg, A. B. P. Lever, C. C.
Leznoff and K. B. Tomer, Can. J. Chem. 1985, 63, 3057-3069.

[17] a) D. M. Guldi, A. Gouloumis, P. Vazquez, T. Torres, V. Georgakilas,
M. Prato, J. Am. Chem. Soc. 2005, 127, 5811-5813; b) R. F. Enes, J.-
J. Cid, A. Hausmann, O. Trukhina, A. Gouloumis, P. Vazquez,
J. A. S. Cavaleiro, A. C. Tomé, D. M. Guldi, T. Torres, Chem. Eur. J.
2012, 18, 1727.

[18] S. Kim, K. Song, S. Kang, J. Ko, Chem. Commun. 2004, 68—69.

[19] a) A. Kay, M. Gritzel, J. Phys. Chem. B. 1993, 97, 6272-6277; b) J.-
H. Yum, S.J. Moon, R. Humphry-Baker, P. Walter, T. Geiger, F.
Niiesch, M. Gritzel, Md. K. Nazeeruddin, Nanotechnology 2008, 19,
424005; ¢) J-H. Yum, S-R. Jang, R. Humphry-Baker, M. Gritzel,
J-J. Cid, T. Torres, Md. K. Nazeeruddin, Langmuir 2008, 24, 5636—
5640.

[20] a) Z. Yu, M. Gorlov, J. Nissfolk, G. Boschloo, L. Kloo, J. Phys.
Chem. C. 2010, 114, 10612-10620; b) A. Morandeira, 1. Lopez-
Duarte, B. O’Regan, M. V. Martinez-Diaz, A. Forneli, E. Palomares,
T. Torres, J. R. Durrant, J. Mater. Chem. 2009, 19, 5016—-5026.

[21] a) S. E. Koops, B. C. O’Regan, P. R. F. Barnes, J. R. Durrant, J. Am.
Chem. Soc. 2009, 131, 4808-4818; b) M. G. Kang, K. S. Ryu, S. H.
Chang, N. G. Park, ETRI Journal. 2004, 26, 647-652.

[22] Z. Zhang, S. Ito, B. O’Regan, D. Kunag, S.M. Zakeeruddin, P.
Liska, R. Charvet, P. Comte, M. K. Nazeeruddin, P. Péchy, R.
Humphry-Baker, T. Koyanagi, T. Mizuno, M. Gritzel, Z. Phys.
Chem. (Muenchen Ger.) 2007, 221, 319-328.

Received: January 3, 2012
Published online: March 30, 2012

www.chemeurj.org

6348 ——

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2012, 18, 6343 -6348


http://dx.doi.org/10.1038/35104607
http://dx.doi.org/10.1038/35104607
http://dx.doi.org/10.1038/35104607
http://dx.doi.org/10.1016/j.jphotochem.2004.02.023
http://dx.doi.org/10.1016/j.jphotochem.2004.02.023
http://dx.doi.org/10.1016/j.jphotochem.2004.02.023
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1021/ja052467l
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1002/ange.200804709
http://dx.doi.org/10.1039/b614234f
http://dx.doi.org/10.1039/b614234f
http://dx.doi.org/10.1039/b614234f
http://dx.doi.org/10.1039/b614234f
http://dx.doi.org/10.1002/tcr.20139
http://dx.doi.org/10.1002/tcr.20139
http://dx.doi.org/10.1002/tcr.20139
http://dx.doi.org/10.1002/tcr.20139
http://dx.doi.org/10.1021/cr9003049
http://dx.doi.org/10.1021/cr9003049
http://dx.doi.org/10.1021/cr9003049
http://dx.doi.org/10.1039/c0cp01106a
http://dx.doi.org/10.1039/c0cp01106a
http://dx.doi.org/10.1039/c0cp01106a
http://dx.doi.org/10.1002/ange.200603098
http://dx.doi.org/10.1002/ange.200603098
http://dx.doi.org/10.1002/ange.200603098
http://dx.doi.org/10.1002/ange.200603098
http://dx.doi.org/10.1002/anie.200603098
http://dx.doi.org/10.1002/anie.200603098
http://dx.doi.org/10.1002/anie.200603098
http://dx.doi.org/10.1002/ange.200703106
http://dx.doi.org/10.1002/ange.200703106
http://dx.doi.org/10.1002/ange.200703106
http://dx.doi.org/10.1002/anie.200703106
http://dx.doi.org/10.1002/anie.200703106
http://dx.doi.org/10.1002/anie.200703106
http://dx.doi.org/10.1021/ja9109677
http://dx.doi.org/10.1021/ja9109677
http://dx.doi.org/10.1021/ja9109677
http://dx.doi.org/10.1002/ange.201002118
http://dx.doi.org/10.1002/ange.201002118
http://dx.doi.org/10.1002/ange.201002118
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.1002/1099-0690(200008)2000:16%3C2821::AID-EJOC2821%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1099-0690(200008)2000:16%3C2821::AID-EJOC2821%3E3.0.CO;2-2
http://dx.doi.org/10.1016/j.tetlet.2008.11.035
http://dx.doi.org/10.1016/j.tetlet.2008.11.035
http://dx.doi.org/10.1016/j.tetlet.2008.11.035
http://dx.doi.org/10.1039/b902530h
http://dx.doi.org/10.1039/b902530h
http://dx.doi.org/10.1039/b902530h
http://dx.doi.org/10.1039/b902530h
http://dx.doi.org/10.1002/chem.200701700
http://dx.doi.org/10.1002/chem.200701700
http://dx.doi.org/10.1002/chem.200701700
http://dx.doi.org/10.1002/(SICI)1521-3765(19990702)5:7%3C2004::AID-CHEM2004%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3765(19990702)5:7%3C2004::AID-CHEM2004%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3765(19990702)5:7%3C2004::AID-CHEM2004%3E3.0.CO;2-P
http://dx.doi.org/10.1139/v85-507
http://dx.doi.org/10.1139/v85-507
http://dx.doi.org/10.1139/v85-507
http://dx.doi.org/10.1021/ja043283u
http://dx.doi.org/10.1021/ja043283u
http://dx.doi.org/10.1021/ja043283u
http://dx.doi.org/10.1002/chem.201102819
http://dx.doi.org/10.1002/chem.201102819
http://dx.doi.org/10.1039/b312028g
http://dx.doi.org/10.1039/b312028g
http://dx.doi.org/10.1039/b312028g
http://dx.doi.org/10.1021/j100125a029
http://dx.doi.org/10.1021/j100125a029
http://dx.doi.org/10.1021/j100125a029
http://dx.doi.org/10.1021/j100125a029
http://dx.doi.org/10.1088/0957-4484/19/42/424005
http://dx.doi.org/10.1088/0957-4484/19/42/424005
http://dx.doi.org/10.1021/la800087q
http://dx.doi.org/10.1021/la800087q
http://dx.doi.org/10.1021/la800087q
http://dx.doi.org/10.1021/jp1001918
http://dx.doi.org/10.1021/jp1001918
http://dx.doi.org/10.1021/jp1001918
http://dx.doi.org/10.1021/jp1001918
http://dx.doi.org/10.1039/b904179f
http://dx.doi.org/10.1039/b904179f
http://dx.doi.org/10.1039/b904179f
http://dx.doi.org/10.1021/ja8091278
http://dx.doi.org/10.1021/ja8091278
http://dx.doi.org/10.1021/ja8091278
http://dx.doi.org/10.1021/ja8091278
http://dx.doi.org/10.4218/etrij.04.0103.0152
http://dx.doi.org/10.4218/etrij.04.0103.0152
http://dx.doi.org/10.4218/etrij.04.0103.0152
www.chemeurj.org

