
FA

Journal of Porphyrins and Phthalocyanines
J. Porphyrins Phthalocyanines 2011; 15: 1004–1010

DOI: 10.1142/S1088424611003914

Published at http://www.worldscinet.com/jpp/

Copyright © 2011 World Scientific Publishing Company

INTRODUCTION

The use of sunlight to produce energy through pho-
tovoltaic devices appears to be one of the most attrac-
tive and challenging alternatives to conventional energy 
sources. The so-called Dye Sensitized Solar Cells (DSCs) 
are a new class of photovoltaic devices, formed by a TiO2 
anode coated with an organic dye [1]. This organic dye 
acts as an antenna, using solar radiation to be excited 
and, finally, injecting electrons in the conduction band of 
TiO2. These economic devices are believed to reduce the 
production costs, compared with standard silicon-based 
photovoltaic devices. There is still significant room for 
improvement. Thus, their design and the nature of its 
components can be changed and optimized in order to 
achieve better performances [2].

Although the DSC maximum conversion efficiency 
has traditionally been achieved with ruthenium-based 
dyes [3], it is worth mentioning the improvement reached 

in efficiency and cell performance when more friendly 
stable π-aromatic compounds, such as porphyrins, are 
used as sensitizers [4]. However such dyes frequently 
lack of absorption in the far red/near IR, where solar 
radiation is most intense which is a severe limitation. 
On the other hand, phthalocyanines (Pcs) have strong 
absorption in this region and they are also known to have 
high chemical, thermal and optical resistances, making 
them ideal candidates as efficient dyes in DSC design 
[5]. However, Pcs, due to their planar aromatic structure, 
have a great tendency to form insoluble aggregates [6]. 
This intrinsic characteristic, in most cases, inhibits the 
properties presented by Pcs at the molecular level. One 
of the strategies employed to prevent the formation of 
phthalocyanine aggregates is the functionalization of the 
axial positions, whenever possible. In this context, taking 
advantage of the hexacoordinate nature of hypervalent 
silicon, it is possible to functionalize the axial valences 
in silicon-phthalocyanine (SiPc), yielding silicon phtha-
locyanine derivatives whose tendency to aggregation is 
minimal [7].

Recently, highly efficient light harvesting has been 
achieved in ternary blend solar cells consisted in 
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poly(3-hexylthiophene) (P3HT), a fullerene derivative 
(PCBM), and a SiPc derivative as light-harvesting dye. 
The authors claimed that the SiPc molecules are selec-
tively localized at the P3HT/PCBM interface with an 
interfacial coverage of 40% which is an ideal interfacial 
structure for the efficient photovoltaic conversion [8]. 
Also, it has been demonstrated that the use of a mix-
ture of bis(trihexylsilyloxi)silicon phthalocyanine and 
bis(trihexylsilyloxi)silicon naphthalocyanine as near-IR 
dye in multi-colored dye-sensitized polymer/fullerene 
solar cells enhances the power conversion efficiency up 
to 4.3% compared to that of the individual ternary blend 
solar cell with a single dye [9]. However, to the best of 
our knowledge, just one example of silicon naphthalo-
cyanine has been described so far as dye in DSCs devices 
[10]. For all these reasons, we consider that the use of 
SiPcs as dyes in DSCs should be explored.

Here, we present the synthesis and characterization of 
two new silicon phthalocyanine compounds, SiPc 1 and 

SiPc 2 (Chart 1), axially substituted with carbox-
ylic acid appends. Preliminary studies about their 
sensitizing abilities in standard DSCs are also 
presented, showing efficient spectral sensitization 
of TiO2 nanostructured photoelectrodes.

Results and discussion

Synthesis

The new silicon phthalocyanines 1 and 2 
were synthesized as it is described in Scheme 1. 
Phthalocyanine 3, axially substituted with formyl 
groups, was obtained through a condensation 
reaction between the commercially available 
dichlorosilicon phthalocyanine and excess of 
p-formylbenzoic acid. This phthalocyanine was 
used as starting compound for the synthesis of 
phthalocyanines 1 and 2. Thus, oxidation of 3 
with sodium chlorite and sulfamic acid gave 1 in 
85% yield, while phthalocyanine 2 was accom-

plished, in a 50% yield, by Knoevenagel reaction with 
cyanoacetic acid.

SiPcs 1–3 were fully characterized by 1H NMR, 
FTIR, UV-vis and HR-MALDI-TOF-MS. The 1H NMR 
spectrum of SiPc 3 (Fig. 1c) shows two multiplets at 9.76– 
9.71 ppm and 8.44–8.40 ppm corresponding to the 
aromatic hydrogens of the phthalocyanine ring. Fur-
thermore, there is a signal centered at 9.39 ppm, which 
integrates for two protons, assigned to the two hydrogen 
atoms of the formyl groups in the axial substituents. This 
signal belongs, together with the two doublets at 6.76 ppm 
and 5.25 ppm corresponding to the A2B2 aromatic system 
upfield-shifted due to the strong ring current effect of the 
Pc, to the axial benzoate groups. The 1H NMR spectra 
of SiPcs 1 and 2 (Fig. 1a and b, respectively) show, as it 
has been already stated for the 1H NMR spectrum of 3, 
the signals corresponding to the aromatic phthalocyanine 
protons together with the corresponding upfield-shifted 
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Chart 1. Silicon phthalocyanine derivatives 1 and 2

O

N

N

N

N N

N

N

N
Si

O

CHO

O

CHO

OCl

N

N

N

N N

N

N

N
Si

Cl
1

2

3

(i)

(ii)

(iii)

Scheme 1. Synthesis of 1 and 2: (i) 4-formylbenzoic acid, dyglime, 160 °C, 35%, (ii) sulfamic acid, sodium chlorite, THF/H2O, rt, 
85%, (iii) cyanoacetic acid, piperidine, DMF, 100 °C, 50%
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aromatic benzoate hydrogens. Moreover, a broad signal 
centered at 7.59 ppm is found in the spectrum of 2, which 
integrates for two hydrogens and has been assigned to the 
olefinic hydrogens. The FTIR spectra of 1 and 2 show the 
characteristic broad band between 3500 and 2500 cm-1 of 
carboxylic acid compounds. Final evidence of the struc-
ture of SiPcs 1 and 2 was given by HR-MALDI-TOF mass 
spectrometry where molecular ion peaks at 870.1605 and 
972.1895 are in accordance with the expected values.

Optical and electrochemical measurements

The UV-vis absorption spectrum of SiPc 2 in DMF is 
displayed in Fig. 2. The sharp and intense well-defined 
Q-band centered at 687 nm indicates the lack of aggre-
gation phenomena in solution. This behavior is quite 
important for an effective sensitization of the dye [11]. 
The spectrum for SiPc 1 is quite simiar, being the Q-band 
maximum at 686 nm. The steady state fluorescence spec-
tra of phthalocyanines 1 and 2 were also measured in 
DMF (λexc = 686 nm). From the intersection of the nor-
malized absorption and emission spectra, the zero-zero 
excitation energy (E0–0) can be determined [12]. As far 
as emission and absorption spectra are quite similar for 

both SiPc 1 and 2, a unique value of 1.79 eV for E0–0 is  
inferred from spectroscopic measurements. As expected, 
SiPc 3, shows quite similar UV-vis and fluorescence 
spectra than those reported for 1 and 2. This fact 
shows that axial substitution has a small or negligible 

Fig. 1. 1H NMR spectra of (a) SiPc 1 in DMSO-d6 as solvent, (b) SiPc 2 in DMSO-d6 as solvent and (c) SiPc 3 in CDCl3 as solvent

Fig. 2. UV-vis absorption spectra of SiPc 2 in solution (full  
line, × 10-5 M, DMF) and adsorbed onto TiO2 surface (dashed 
line)
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effect on the spectroscopic properties of SiPcs. On the 
other hand, the solid-state spectrum of SiPcs 1 and 2  
adsorbed onto titania shows a broadening of the phtha-
locyanine Q-band. This enlargment is mainly due to  
the adsorption of the dye molecules onto the transparent 
mesoporous TiO2 (Fig. 2).

The electrochemical characterization of SiPcs 1 and 2 
was performed using cyclic voltammetry in THF as sol-
vent containing 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPF6) as supporting electrolyte (Fig. 3). 
One oxidation and one reduction, both quasireversible 
one-electron waves, can be distinguished for both SiPcs 
1 and 2 which are centered at Eox = 0.69 V (vs. Fc/Fc+) 
and Ered = -1.03 V (vs. Fc/Fc+), respectively. The elec-
trochemically calculated HOMO–LUMO gap (Eox - Ered), 
1.72 eV, is in agreement with the E0-0 energy, previously 
obtained from spectroscopic measurements.

The electrochemical characterization allows to deter-
mine the energy of the HOMO orbital [13] (Table 1) and, 
together with the 0–0 transition energy, the energy of the 
LUMO orbital can be calculated using the equation:

	 ELUMO (eV) = EHOMO - E0-0	 (1)

All the optical and redox parameters of SiPcs 1 and 2 are 
listed in Table 1.

Taking into account these values, together with the 
energy value for the conduction band of TiO2 (~ -4.2 eV) 
[14] and the energy level of the I-/I3

- redox couple 
(-4.89 eV) [15], an energy level diagram can be sketched 
and driving forces for electron injection and regenera-
tion processes evaluated (Fig. 4). The LUMO positions 
for SiPcs 1 and 2 are higher than TiO2 conduction band, 

which is a fundamental requisite in order to make the 
electron injection from the excited dye to the TiO2 elec-
trode termodynamically feasible. Moreover, HOMO  
levels are lower than the energy level of I-/I3

- redox cou-
ple, enabling the regeneration of the oxidized dye.

Photovoltaic and photoelectrochemical properties of 
phthalocyanine-sensitized TiO2 cells

The DSC devices made from SiPcs 1 and 2 were char-
acterized by j–V curves (Fig. 5) and the resulting pho-
tovoltaic parameters are summarized in Table 2. It is 
clearly observed that the device made with SiPc 2 gives 
higher open circuit voltage (Voc) and also higher injec-
tion (jsc), so  the overall conversion efficiency is larger 
than for SiPc 1. Comparing these results with those of 
a N719 DSC with the same electrolyte composition, it is 
clearly observed that the injection in the latter is larger, 
probably due to the highest light absorption from the 
solar spectra [5d] and the thicker titania film used (so the 
amount of dye attached to the TiO2 is higher). The Voc 

(with the same electrolyte composition) is also higher for 
the Ru-DSC, which is attributed to a lower electron back 

recombination [16].
Taking into account the fact that the HOMO–LUMO 

levels and the UV-vis absoption spectra (Figs 4 and 2) 
for both SiPcs 1 and 2 are quite similar, the better results 
in the DSC perfomance for SiPc 2 may be attributed to 
the different acceptor group in the dye. In the case of 
SiPc 2, the presence of an additional nitrile group close 
to the anchoring carboxylic acid group acts as an elec-
tron withdrawing (pull) group, increasing the injection 
efficiency [17] and improving the performance of the 
photovoltaic device.

EXPERIMENTAL

General methods

All chemicals were reagent-grade, purchased from 
commercial sources, and used as received, unless other-
wise specified. Column chromatography was performed 
on silica gel 60ACC 40–63 μm. Thin layer chromato
graphy was carried out on TLC plates coated with SiO2 
(40–63 μm) 60F254, and they were visualized by UV 

Table 1. 

Compound λ (abs)max
a, nm 

(log ε, M-1.cm-1)
λ (em)max

a, nm Eox
b 

(V vs. Fc/Fc+)
Ered

b 

(V vs. Fc/Fc+)
E0-0

c, eV EHOMO
d, eV ELUMO

e, eV

SiPc 1 686 (5.31) 694 0.69 -1.03 1.79 -5.49 -3.70

SiPc 2 687 (5.29) 696 0.69 -1.03 1.79 -5.49 -3.70

a Absorption and emission spectra were measured in DMF. b Redox potentials were measured in THF with 0.1 M TBAPF6 vs. Fc/
Fc+. c E0-0(eV) was determined from intersection of normalized absorption and emission spectra registered in DMF. d EHOMO was 
calculated by EHOMO (eV) = -Eox (vs. Fc/Fc+) - 4.8. e ELUMO was calculated by ELUMO(eV) = EHOMO(eV) + E0-0(eV).

Fig. 3. Cyclic voltammogram (100 mV.s-1) of ~0.5 mM SiPc 1. 
Freshly distilled THF containing 0.10 M of TBAPF6 was used 
as supporting electrolyte
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light. NMR spectra were measured with a Bruker AC 
300. UV-vis spectra were recorded with a Helios Gamma 
spectrophotometer. Fluorescence spectra were recorded 
with a Perkin Elmer LS 55 Luminiscence Spectrometer 
and IR spectra with a Nicolet Impact 400D spectropho-
tometer. High Resolution Mass spectra were obtained 
from a Bruker Reflex III matrix-assisted laser desorption/
ionization time of flight (MALDI-TOF).

Electrochemical measurements

CV measurements were performed in a conventional 
three-electrode cell using a μ-AUTOLAB type III poten-
tiostat/galvanostat at 298 K, over freshly distilled THF 
and deaerated sample solutions (~0.5 mM), contain-
ing 0.10 M tetrabutylammonium hexafluorophosphate 
(TBAPF6) as supporting electrolyte. A glassy carbon 
(GC) working electrode, Ag/AgNO3 reference electrode 
and a platinum wire counter electrode were employed. 
Ferrocene/ferrocenium was used as an internal standard 
for all measurements.

Fabrication and characterization of DSCs

The DSC devices were fabricated according to a 
sandwich-type structure. On the working electrodes 
[Transparent Conducting Oxide (TCO) glass, Pilkington 
TEC15, ~15 Ω/sq resistance] was previously deposited 
a compact layer of TiO2 (~100 nm) by spray pyrolysis in 
order to avoid the possible electron/electrolyte recombi-
nation reaction at the SnO2 surface [18]. Then, the lay-
ers of TiO2 nanoparticles were deposited on using the 
Doctor Blade technique. The resulting photo-electrodes 
of 8–9 μm thickness were sintered at 450 °C and then 
immersed in 0.04 M TiCl4 solution for 30 min at 70 °C 
followed by calcination at 570 °C for 30 min to obtain 
good electrical contact between the nanoparticles. When 
the temperature decreased until 40  °C all the elec-
trodes were immersed into the dye solutions overnight  
(0.5 mM in DMF). After the adsorption of the dye on 
TiO2 films, the working electrodes were rinsed with the 
same solvent used for dye solution. The DSC devices 
were assembled with counter electrode (thermally plati-
nized TCO) using a thermoplastic frame (Surlyn 25 μm 
thick). Redox electrolyte [lithium iodide (LiI, 0.5 M), 
diiodine (I2, 0.05 M) in methoxypropionitrile] was intro-
duced through a hole drilled in the counter electrode that 
was sealed later.

In order to compare both Pcs with a commercial ruthe-
nium dye, two cells based on N719 dye were fabricated 
(named N719 and N719 optimized). The preparation was 
carried out under the same conditions, but using 17 μm 
thickness of TiO2 film, due to the lower molar extinction 
coefficient of the Ru dye. The electrolyte composition for 
the N719 optimized solar cell was 0.6 M 1-methyl-3-pro-
pylimidazolium iodide, 0.03 M I2, 0.5 M 4-tert-butylpyri-
dine, 0.1 M guanidinium thiocyanate in acetonitrile/
valeronitrile (85:15 v:v).

Fig. 4. Energy level diagram sketched from spectral and elec-
trochemical data

Fig. 5. (a) Current-voltage curves measured for DSCs based on 
SiPcs 1 and 2 as photosensitizers, under AM 1.5 G simulated 
sunlight. (b) compared current-voltage curves with N719 dye

Table 2. Values of Voc, jsc, FF and efficiency (η) obtained at 
steady state measurement under 100 mW.cm-2 light intensity 
and AM 1.5 global radiation

Compound Voc, V jsc, mA.cm-2 FF η, %

SiPc 1 0.34 2.25 0.69 0.53

SiPc 2 0.40 3.26 0.59 0.77
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Prepared solar cells (0.5 cm2 size, masking solar cell 
to  0.25 cm2) were characterized by current density-
voltage (j–V) characteristics. Photocurrents and voltages 
were measured using a solar simulator equipped with 
a 1000 W ozone-free Xenon lamp and AM 1.5 G filter 
(Oriel), and the light intensity was adjusted according to 
an NREL-calibrated Si solar cell with a KG-5 filter to 
one-sun.

Synthesis

Preparation of silicon phthalocyanine 3. A mix-
ture of silicon(IV) phthalocyanine dichloride (300 mg,  
0.49 mmol) and 4-formylbenzoic acid (735 mg, 4.90 mmol)  
in diglyme (6 mL) was heated at reflux under argon atmo-
sphere during 5 h. After cooling, the reaction mixture 
was precipitated in water, and the resulting green pow-
der was dissolved in hot CHCl3 (200 mL). The organic 
solution was filtered prior to be washed with sodium 
bicarbonate solution, water and brine. The pure product 
was obtained as a blue-green solid (143 mg, 35%) after 
complete evaporation of the solvent under reduced pres-
sure. HR-MS (MALDI-TOF, DCTB): m/z [M]+ calcd. for 
C48H26N8O6Si 838.1739; found 838.1798. 1H NMR (300 
MHz; 25 °C; CDCl3): δ, ppm 5.25 (4H, d, J = 8.6 Hz, 
Ar-H), 6.76 (4H, d, J = 8.6 Hz, Ar-H), 8.44–8.40 (8H, 
m, Pc-Ar-H), 9.39 (2H, s, CHO), 9.76–9.71 (8H, m, Pc-
Ar-H). UV-vis (DMF): λmax, nm (log ε) 360 (4.87), 619 
(4.57), 658 (4.51), 688 (5.35). FT-IR (KBr): ν, cm-1 3058, 
3020, 1706, 1686, 1530, 1432, 1338, 1199, 1125, 1084.

Preparation of silicon phthalocyanine 1. Silicon(IV) 
phthalocyanine 3 (50 mg, 0.060 mmol), sulfamic acid 
(H3NO3S, 40 mg, 0.412 mmol) and sodium chlorite 
(30 mg, 0.265 mmol) in a 6:1 THF/H2O mixture (10 mL) 
were stirred at room temperatutre for 12 h. The crude 
product was precipitated in water, filtered and redisolved 
in THF. The resulting organic solution was dried over 
anhydrous Na2SO4 and the pure product was obtained 
as a blue-green solid (45 mg, 85%) after the complete 
evaporation of solvent under reduced pressure. HR-MS 
(MALDI-TOF, DCTB): m/z [M]+ calcd. for C48H26N8O8Si 
870.1637; found 870.1605. 1H NMR (300 MHz; 45 °C; 
DMSO-d6): δ, ppm 5.06 (4H, d, J = 8.3 Hz, Ar-H), 6.83 
(4H, d, J = 8.3 Hz, Ar-H), 8.69–8.50 (8H, m, Pc-Ar-H), 
9.82–9.68 (8H, m, Pc-Ar-H). UV-vis (DMF): λmax, nm  
(log ε) 361 (4.79), 618 (4.50), 657 (4.44), 686 (5.31). 
FT-IR (KBr): ν, cm-1 3650–2353, 1726, 1689, 1530, 
1432, 1338, 1292, 1125, 1084.

Preparation of silicon phthalocyanine 2. A mixture 
of silicon(IV) phthalocyanine 3 (50 mg, 0.060 mmol), 
cyanoacetic acid (30 mg, 0.352 mmol) and piperidine 
(40 μL, 0.404 mmol) in dry DMF (5 mL) was stirred at 
100 °C under argon atmosphere during 3 h. After cooling, 
the crude product was precipitated in HCl 0.5 M, filtered 
and washed with water and methanol. The pure product 
was obtained as a blue green powder (30 mg, 50%) after 
repetitive dichloromethane washes. HR-MS (MALDI-

TOF, dithranol): m/z [M]- calcd. for C54H28N10O8Si 
972.1866; found 972.1895. 1H NMR (300 MHz; 45 °C; 
DMSO-d6): δ, ppm 5.11 (4H, d, J = 8.3 Hz, Ar-H), 6.88 
(4H, d, J = 8.3 Hz, Ar-H), 7.59 (2H, br s, Ar-CH=), 8.65–
8.51 (8H, m, Pc-Ar-H), 9.83-9.69 (8H, m, Pc-Ar-H). 
UV-vis (DMF): λmax, nm (log ε) 361 (4.80), 619 (4.49), 
687 (5.29). FT-IR (KBr): ν, cm-1 3690–2304, 2224, 1720, 
1686, 1610, 1530, 1432, 1338, 1292, 1125, 1084.

Conclusion

Two new silicon phthalocyanines (SiPcs) axially sub-
stituted with carboxylic acid appends have been synthe-
sized and chemically characterized. Although similar 
HOMO–LUMO values are obtained for both SiPcs, the 
device made with SiPc 2 gives higher open circuit voltage 
(Voc) and also higher injection ( jsc), so the overall conver-
sion efficiency is larger than that of the device based on 
SiPc 1. The presence of an additional nitrile group close 
to the anchoring carboxylic acid group, which acts as an 
electron withdrawing (pull) group, increases the injection 
efficiency and improves the performance of the photovol-
taic device.

The results we obtained are fairly promising and should 
encourage further studies on DSCs using axially anchored 
SiPc derivatives substituted with withdrawing groups.
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