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Abstract
Photovoltaic technology is an alternative resource for renewable and sustainable energy
and low costs organic photovoltaic devices such as bulk-heterojunction solar cells
(BHJ) are selective candidates for the effective conversion of solar energy into
electricity. Asymmetric phthalocyanines containing electron acceptor and donor groups
create high photovoltaic conversion efficiency in dye sensitized solar cells. In this
study, a new unsymmetrical zinc phthalocyanine was designed and synthesized
including thiophene and amine groups at peripherally positions for BHJ solar cell. The
structure of the targeted compound (4) was characterized comprehensively by FT-IR,
UV–Vis,
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H-NMR and MALDI-TOF MS spectroscopies. The potential of this

compound in bulk heterojunction (BHJ) photovoltaic devices as donor was also
researched as function of blend ratio (blend ratio was varied from 0.5 to 4). For this
purpose, a series of BHJ devices with the structure of fluorine doped indium tin oxide
(FTO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/ ZnPc:[6,6]- phenylC61- butyric acid methyl ester (PCBM) blend/Al with identical thickness of
ZnPc:PCBM layer were fabricated and characterized. Photo current measurements in 4
revealed that the observed photo current maximum is consistent with UV-vis spectra of
the compound of 4. Preliminary studies showed that the blend ratio has critical effect
on the BHJ device performance parameters. Photovoltaic conversion efficiency of
6.14% was achieved with 4 based BHJ device
Keywords: Unsymmetrical phthalocyanine; amine; thiophene; bulk heterojunction solar
cell; photovoltaic.
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1. Introduction
Due to the negative impact on the environmental using fossil fuels, the investigation for
renewable energy research has taken its place as an indispensable subject of study
worldwide. Therefore, photovoltaic organic solar cells (OSCs) based on organic sources
have been the center of rising attention due to their flexibility, light weight, solution
processability and as an inexpensive cost photovoltaic energy material [1-3]. The
efficiency of photovoltaic organic solar cells is greatly increased by adding of the bulkheterojunction (BHJ) term [4-8] being an active fragment where electron acceptor and
donor materials are blended in a solution and placed into a thin film sandwiched
between two electrodes. Recently, huge progresses are being accomplished in
development the power conversion capacity (PCE) of organic Bulk heterojunction solar
cells. BHJ solar cells, based on polymer / fullerene combination, have attracted a great
deal due to power conversion efficiency of over 10% [9-13]. Higher power conversion
efficiencies are now obtained using low-band gap polymers that allow the collection of
a wider segment of the solar spectrum [14,15].
Material innovation is an important factor that determines the efficiency of organic solar
cells. Some polymer types have been preferred as electron- donor in solar cell studies
[16]. Fullerenes and their derivatives which have been widely preferred as electron
acceptor materials in OSCs and the poly(3-hexylthiophene-2,5-diyl) (P3HT) as the
electron donor are among the most widely used materials for industrialization in BHJ
solar cell technology [17-18]. [6,6]-phenyl-C61- butyric acid methyl ester (PCBM), one
of these fullerene derivatives, has fabulous photovoltaic features [19].
Phthalocyanines (Pcs), which are decent p-type semiconductors, offer active redox
chemistry that can be modulated as a function of the periferal substitute groups and / or
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the central metal in the aromatic space of the pc ring. Consequently, when photoexcited,
Pcs are capable of acting either as lectron-acceptors when linked to donor systems such
as polythiophenes [20], or electron-donors when they are connected to suitable electronacceptor groups such as fullerenes [21]. Although significant progress has been made
for high-performance BHJ solar cells with P3HT, it has some disadvantages, such as a
restricted absorption wavelength [22]; hence, there is an obligation to improve new
donor materials having larger absorption in the red region. For this purpose, Pcs are
commonly used donor compounds in solar cells. All these properties make these
structures worthy photoactive materials. Normally, P3HT molecule absorbs light from
400 to 600 nm, but it is connected to a Pc molecule absorbs light at wavelengths
between 600 and 700 nm to the active layer will lead to a broadening of the absorption
range. Lately, the clear contribution of the Pc around 700 nm to the photocurrent has
been proved by Torres et al [23]. There are many studies on thiophene derivatives as πconjugated organic molecules because of their structural planarity permits strong
electronic conjugation within the structure as well as their stability and well known
synthetic chemistry. For these reasons, attachment of these thienyl motions at the Pc
ring as peripherally positions might result in the enlargement and improvement of the πconjugation systems [24,25].
We report herein on the synthesis of unsymmetrical tetra substituted zinc
phthalocyanines linked thiophene and amine groups at the peripheral positions and the
use of electron donating novel phthalocyanines obtained in BHJ devices as an
alternative to P3HT material has yielded successful results. The thiophene groups were
chosen to provide the electron-releasing effect for the electronic properties of
phthalocyanines. The combination of the sulfur atom in thiophene and amine groups as
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substituent in newly designed unsymmetrical zinc phthalocyanine has significantly
improved performance of BHJ.

2. Experimental design
All information about the used materials, equipment, synthesis, improved performance
of BHJ and photovoltaic behaviours were shown in the “Supplementary Information”
[26,30].
3. Results and Discussion

3.1 Synthesis and characterization
Today, asymmetric metal phthalocyanines (MPcs) have been the focus of attention in
order to fine-tune the properties of these complexes because symmetrical MPcs do not
always meet the requirement for developing large technology applications [31]. The
new unsymmetrical phthalocyanine including thiophene groups (4) was synthesized via
step by step. After tetra-nitro-ZnPc derivative (1) was synthesized, tetra-amine-ZnPc (2)
was synthesized by the reduction of tetra-nitro-ZnPc in the medium of hydrazine
hydrate and 10% Pd/C as the catalyst [26]. Finally 4 was obtained with the statistical
reaction of (2 and 3) affording in principle a mixture of two A2B2 type unsymmetrical
zinc phthalocyanines complexes (Figure 1).
After chromatographic separation unique spot was obtained for complex 4. To approve
chemical structure of the new asymmetric Pc complex (4) spectroscopic methods were
used such as UV–Vis, FT-IR, 1H-NMR and MALDI-TOF MS spectroscopies. Most of
phthalocyanines especially unsubstituted ones have low solubility in many organic
solvents; however substation of suitable functional groups on the Pc ring improve the
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solubility such as thiophene, alkyl, phenoxy and alkoxy groups. Pc (4) obtained by
binding thiophene groups to tetra amine Pc (2) showed good solubility like Pc (2) in
many common solvents such as THF, CHCl3, DMF and DMSO.
For unsymmetrical zinc phthalocyanine derivation (4), the characteristic –N = C stretch
at 1679 cm-1 was appeared in the FTIR spectrum, indicative of expected structure. The
characteristics vibrations corresponding to amine groups (-NH2) were observed at 3343,
3231, 1609 cm-1 (for 4). Aromatic CH stretching at 3064 cm-1 was observed for the
complex. Stretching vibration of thiophene rings in Pc complex 4 was also detected at
833 cm−1.
The UV–Vis spectra of the Pcs 1, 2 and 4 are given in Figure 2 in THF. In these spectra,
two bands were observed: Soret or B band (350–352 nm) in the UV region and Q band
(679–707 nm) in the visible region [32]. When the UV-Vis spectra of compounds 1 and
2 are compared, the shift observed between the Q band absorption peaks is caused by
the reduction of the -NO2 groups in the peripheral positions to the electron donor -NH2
groups. Spectra of 2 and 4 in THF have intense Q bands at 707 and 690 nm due to a
single π- π* transition with shoulders at 635 and 626 nm, respectively. 9 nm blue
shifting was observed for asymmetric Pc compare to amine Pc due to binding thiophene
groups on peripherally positions However, the Soret (B) bands are observed at similar
wavelengths as 350 and 352 nm, respectively (Table 1).
The newly synthesized Pc 4 was characterized by 1H-NMR spectrum which was
observed to be in good correlation with its own structure. 4 showed the phthalocyanine
skeleton protons and thiophene protons as multiples between 9.06 and 6.99 ppm as
expected. The -NH2 protons at 4.38 ppm as singlet for 4 protons.
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Also unsymmetrical Pc 4 was characterized by MALDI-TOF MS where molecular ion
peak atm/z: 687.437 [M-2NH2 –C9H6NS2-C4H3S+2H]+, 1013.27 [M+Na+2H]+., clearly
indicates the formation of desired products as A2B2 types.
In the Figure 1, it is seen that the spectral data of the newly synthesized compounds
confirm the proposed structures.
3.2 Photovoltaic characterization
It is well known that the surface morphology of the blend film are also importance for
the photovoltaic performance of the phtalocyanine based bulk heterojunction solar cells.
In order to clarify the effect of the surface morphology of the blend film on the
photovoltaic performance, the surface morphology of the blend film were analyzed by
atomic force microscopy. The AFM image analysis was performed with commercial
programmes associated with XEI and XEP software application to determine the surface
roughness characterized by the Root–Mean– Square (RMS) parameter. As a
represantative results, Figure 3 (a) and (b) shows the AFM surface topography of the
blend films of 4.0:1.0 and 2.5:1.0, respectively. It is clear that the films morphology
were considerably affected by the 4 ratio. The film with 4.0:1.0 blend ratio exhibited
higher surface roughness, while films with 2.5:1.0 blend ratio have displayed lower root
mean square (rms) roughness. From the close analysis of the AFM images, the surface
roughness was determined and was found to be 60 and 45 nm for the film with 4.0:1.0
and 2.5:1.0 blend ratio, respectively.
Before the photo voltaic characterization, the conductivity of the PEDOT:PSS film and
the photocurrent vs. incident light wavelength measurements were carried out. Our
results indicated that the conductivity of the PEDOT:PSS film was about 0.35 S/cm.
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The variation of the photo current with the incident light wavelength is presented in
Figure 4 for the film of 4. It should be mentioen here that maximum photoconductivity
was obdserved with 4 based film for all incident light wavelength. As is clear, the photo
current increases with the increase in incident light wavelength, goes through a
maximum at a certain wavelength and then decreases.
Maximum photocurrent was observed at about 690 nm which is consistent with UV-Vis
spectra of the compound of 4. The wavelength dependence of the monitored photo
current expresses that vigorously absorbed photons are mainly responsible for free
carrier production and therefore photocurrent.
In order to evaluate the photovoltaic performance of 4 in BHJ solar cells as donor and
the effect of the blend ratio on the main performance parameters a series of BHJ devices
with FTO/PEDOT:PSS/4:PCBM blend/Al structure were fabricated and characterized.
During the fabrication and characterization studies, the ratio of PCBM was fixed at 1
and the ratio of donor (4) was varied from 0.5 to 4.0 because of its well known critical
impact on the device performance [33]. Current density-voltage (J-V) characteristics
obtained with the FTO/PEDOT:PSS/4:PCBM blend/Al structure of BHJ solar cells
devices with various blend ratio under AM 1.5 G illumination is shown in Figure 5 and
evaluated performance parameters tabulated in Table 2. At first glance, it is obvious that
all the devices fabricated exhibit rectifying behavior with various rectification ratios
depending on the blend ratio. It is also clear that the photovoltaic performance
parameters of the devices are modulated by the blend ratio of 4: PCBM. As usual,
photovoltaic conversion efficiency of a solar cell which is defined as
P
η= m
Pin

(1)
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where Pin is the power of incident light, Pm is maximum power output of the cell which
is defined as
Pm = J SC × VOC × FF

(2)

in the following equation; FF expressed as the filling factor is defined as the maximum
power output of the solar cell per unit area divided by the product of VOC and JSC.
FF =

J m × Vm
J sc × Voc

(3)

where Jm and Vm are the current density and voltage at which the cell delivers the
maximum power density. Interestingly, it was observed that the open circuit voltage
(VOC) of the devices increases with the increase of 4 ratio in the blend solution, when
the blend ratio of 4:PCBM reached 2.5:1 the best 4:PCBM based cell was realized as
shown in Figure 5, and then VOC decreases with further increase of 4 ratio (see Table 2).
From the close investigation of the Table 2, it will be clear that the performance of the
devices strongly depend on the blend ratio, photovoltaic conversion efficiency of the
device varies between 3.32% for 4.0:1.0 blend ratio and 6.14% for 2.5:1.0 blend ratio.
The VOC, JSC, FF, and efficiency of the champion device were 0.95 V, 11.70 mA/cm2,
0.55 and 6.14 %, respectively. To our knowledge, these values are the highest reported
for phthalocyanine based bulk heterojunction solar cells. In order to be sure that the
dependence of the observed open circuit voltage on blend ratio is repeatable, the J-V
measurements were repeated for another set of the devices from the same batch of the
devices and these measurements verified that the observed dependence of open circuit
voltage on the blend ratio are reproducible, except for a small shift in its value. It is well
known that P3HT and PCBM are frequently preferred donor and acceptor substances in
BHJ devices. Previous works on the BHJ devices made from P3HT: PCBM blends with
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various blend ratios have indicated that the photo voltaic performances of these devices
strongly depend on the blend ratio [34-36].
The energetic disturbance of organic semiconductors, compared to their crystalline
inorganic counterparts, causes the intramolecular and intermolecular interactions in a
morphologically diverse film to expand the distribution of electronic states and is
significantly affected by structural properties. Regardless of the functional shape
(Gaussian or an exponential function-or a combination of these two) of density of states,
increased broadening of the density of states invariably pushes tail states further into the
band gap, and this leads to strong correlations between disorder and voltage losses in
solar cells [37]. More recent reports on planar heterojunction [38] as well as bulk
heterojunction solar cells [39-41] have shown that the open circuit voltage is strongly
dependent on the difference between the highest occupied molecular orbital (HOMO) of
the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor
materials. It is proposed that the nanoscale morphology of the two components
(donor/acceptor) in the photoactive layer and the efficient separation of charges at the
donor– acceptor interface in bilayer planar and non-planar metal Pc/ C60 solar cells are
also crucial in determining the VOC value. Relationship between energetic disorder and
open-circuit voltage in bulk heterojunction organic solar cells has been investigated by
Blakesley et al [42]. They were reported that the open circuit voltage associated with the
charge-carrier recombination rates, donor-acceptor energy gap, contact work functions,
illumination intensity and the amount of energetic disorder. The complex factors
leading open circuit voltage losses through energetic disorder in BHJ solar cells have
been investigated by Nguyen et al [43]. It was reported that disorders contribute as
much as 0.2 V of VOC loss. A reasonable explanation for the observed ratio dependence
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has been given by the eutectic phase behavior of donor and acceptor blends and
suggested that morphology at the optimum composition ratio is slightly hypoeutectic
[44,45].
To access efficient exciton dissociation in BHJ devices, the randomly oriented donor
acceptor interfaces are employed and the performance of the devices are determined by
the morphology of the donor-acceptor interface [46,47], the molecular orientation and
aggregation behavior [48,49]. On the other hand, it is well known that interfacial
energetic, which involves tightly bounded singlet excitonic states and loosely bounded
charge transfer states, have direct impacts on open circuit voltage of the BHJ devices
[47,50,51] It was reported previously that the upper limit of the open circuit voltage is
determined by the loosely bounded charge transfer states and their disordered effect [5254]. The obtained J−V characteristics for devices with a fixed donor material and
different fullerene based acceptor materials indicated that, as the acceptor with higher
lowest unoccupied molecular orbital level is employed, the open circuit voltage
becomes larger due to the increased effective band gap [55].
Metal-Insulator-Metal (MIM) model is widely used to interpret and analyze the
obtained open circuit voltage data. The MIM model assumes that the upper limit of the
VOC is determined by the work function difference of the anode and cathode materials.
Figure 5 clearly shows that, if the origin of the VOC is due to the work function
difference all the devices should yield a VOC values of 0.47 (Work functions of FTO and
Al is 4.80 and 4.33 eV, respectively), the MIM model can not be applied to our devices.
More recently, many theoretical and experimental studies on BHJ have shown that the
VOC is independent of the choice of cathode materials and depends on various factors
including, energetic disorder in active layer, donor-acceptor energy gap, and rate of
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charge recombination [56-58]. Effects of blend composition on the morphology of SiPCPDTBT: PC71BM based bulk heterojunction organic solar cells have been studied
by Lin et al. [59] and it was reported that the exciton dissociation efficiency is highly
dependent on the content of blend. For further understanding of the composition
dependence of the performance of a BHJ device, the structural evolution during blend
crystallization for P3HT:PCBM blends were investigated by Barrena et. al. [60]. They
reported that donor:acceptor blends with ratios of 1.0:0.5, 1.0:0.8, and 1.0:2.0 exhibit
differing microstructure during solidification. Therefore, the observed blend ratio
dependence for open circuit voltage can be related to a differing nature of the
microstructure of the blend films.
High level blend ratio of 4 give rise to more disordered film formation because of the
high aggregation tendency of phthalocyanine molecule. Increased disordering in active
layer leads to a decrease in exciton diffusion length, which destabilizes the charge
separated states. Destabilization of the charge separated states leads to an increase in
charge recombination rate which could result in a decrease in VOC. The observed trend
for short circuit current density supports this conclusion. By a close analysis of the
Figure 5, it becomes clear that the short circuit current density follows the same trend
with VOC, it increases with the increase of 4 ratio in the blend solution and reaches a
maximum when the blend ratio of 4:PCBM reached 2.5:1. As well known short circuit
current density is another key parameter for a solar cell, which is determined by the
product of photoinduced charges and their mobility. It was reported before by Gulbinas
et al. [58] that the short circuit current density in a BHJ solar cell device is determined
by the charge separation into free carriers which is strongly influenced by the blend
ratio. It was also reported that the charge separation is efficient in PCBM rich blends,
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suggesting that high mobility of one type of carriers is essential for efficient charge
separation, and morphology optimization doubles the charge pair separation efficiency
and the short circuit current density. It can be again concluded that the structural
evaluation during blend crystallization for 4:PCBM blends play crucial role in defining
the basic performance parameters of a BHJ device.
Conclusion
Unsymmetrical zinc phthalocyanine (4) bearing thiophene and amine groups as donor
was successfully synthesized as confirmed by FT-IR, UV-Vis, 1H-NMR and MALDITOF MS. Bulk heterojunction solar cell devices using blended 4:PCBM with eight
different donors: acceptor ratios have been fabricated and characterized. Our
preliminary results showed that the entire device fabricated exhibited photovoltaic
character. It was also found that the ratio of donor: acceptor has a significant effect on
the photovoltaic behavior of the devices. Photovoltaic conversion efficiency of 6.14%
was achieved with 4 based device.
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Figure 1. Synthetic route of Pc 4: (i) Pd/C, hydrazine hydrate, 1,4-dioxane; (ii) dry
DMF, p-TsOH·H2O, 48 h, reflux.

Figure 2. UV-Vis absorption spectra of complex 1, 2 and 4 in THF (1.0 × 10−5 M)

Table 1
UV-Vis data for zinc phthalocyanine complexes (1, 2 and 4) in THF.
λmax, nm (log ε, L mol-1 cm-1)

Complex

a

617a (4.55)

639a (4.62)

1

350 (4.73)

2

350 (4.73)

635a (4.38)

707 (4.99)

4

352 (4.73)

626a (4.36)

690 (4.99)

Shoulder

23

679 (4.97)

689 (4.97)

(b)

(a)

Figure 3. AFM topography of the films with 4.0:1.0 (a) and 2.5:1.0 (b) blend ratios

Figure 4. Variation of the photocurrent in 4 with the incident light wavelength.
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Figure 5. J-V characteristics of the 4 based device with various blend ratio

Table 2
Blend ratio dependence of the photovoltaic parameters for the investigated devices.
Blend

Jm

(mA cm-2)

(V)

(mA cm-2)

(0.5:1.0) 0.78
(1.0:1.0) 0.81

9.04
9.80

0.57
0.59

7.02
7.76

0.57
0.58

(%)
4.01
4.57

(1.5:1.0)
(2.0:1.0)
(2.5:1.0)
(3.0:1.0)
(3.5:1.0)
(4.0:1.0)

10.31
11.02
11.70
11.40
10.7 4
8.73

0.64
0.62
0.68
0.66
0.62
0.51

8.28
9.30
9.03
9.10
7.84
6.51

0.58
0.56
0.55
0.57
0.53
0.51

5.30
5.77
6.14
6.00
4.84
3.32

((V)

0.89
0.93
0.95
0.92
0.85
0.75

J JSC

η

Vm

Ratio

VOC
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1. Materials and equipment
[2(3),9(10),16(17),23(24)-Tetra-nitro-phthtalocyaninatozinc(II)] (1) and [2(3),9(10),16(17),
23(24)-Tetra-amino-phthtalocyaninatozinc(II)] (2) was synthesized according to the literature
[26]. Di-3-thienyl ketone (3) was used as supplied commercially.

p-

Toluenesulfonic acid monohydrate was purchased from Sigma-Aldrich. Electronic spectra were
recorded on an Agilent 8453 UV/Vis spectrophotometer. FT-IR spectra were recorded on a
Perkin Elmer Spectrum One. 1H NMR spectra were recorded in CDCl3 and DMSO-d6 solutions
on a Varian 500 MHz spectrometer. Mass spectra were determined by a Bruker microflex LT
MALDI-TOF MS. Electrothermal Gallenkamp apparatus was used for observing melting points
of complexes.

2. Synthesis
2.1. 2(3),9(10),16(17),23(24)-Tetranitrophthtalocyaninatozinc(II) (1)
A mixture of compound 4-nitrophthalonitrile (600 mg, 3.466 mmol), anhydrous Zn (CH3COO)2
(159.72 mg, 0.866 mmol) and a catalytic amount of DBU in dry DMF (1 mL) was heated at 178
o

C with stirring under argon atmosphere for 24 h. After cooling to room temperature, the

reaction mixture was precipitated by adding methanol. The product was separated by filtration
as a dark green solid. The precipitate was washed several times with methanol and ethanol to
remove the unreacted starting materials and dried in vacuo. This compound is soluble in THF,
DMF, DMSO and 1,4-dioxane. Yield: 505 mg (77%); m.p. > 200 °C. FT-IR (νmax/cm-1): 3090
(Ar-H), 1518, 1324 (-NO2), 1485, 1134, 1069, 1038, 904, 844,754,725; 1H-NMR (CDCl3) δ,
ppm: 7.48-9.17 (12H, m, Ar- H); UV-Vis (THF): λmax(nm) (log ε) 689 (4.97), 679 (4.97), 639
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(4.62), 617 (4.55), 350 (4.73); Anal. Calc. for C32H12N12O8Zn (756.019 g mol-1): C, 50.71; H,
1.60; N, 22.18; Found: C, 50.75; H, 1.66; N 21.91%; MS (MALDI-TOF): m/z (100%) 757.002
[M+H]+.
2.2. 2(3),9(10),16(17),23(24)-Tetraaminophthtalocyaninatozinc(II) (2)
The compound 2 was obtained by reduction of 1. A mixture of 1 (420 mg, 0.55 mmol),
hydrazine hydrate (120 mL), and catalytic amount of 10% Pd/C was refluxed in dry 1,4-dioxane
(70 mL) under argon atmosphere for 72 h. The cooled reaction mixture was quickly suction
filtered. The residue that had been collected on the filter was discarded, and the filtrate was
evaporated to dryness gently under vacuum in rotary evaporator and washed with cold water.
After being dried in vacuum, the crude green product was obtained. Compound 2 is fairly
soluble in CHCl3, THF, DMF and DMSO. Yield: 0.1806 g (51%); m.p. > 200 °C. FT-IR
(νmax/cm-1): 3333, 3214, 1603 ( NH2), 3063 (Ar-H), 1493, 1456 (Ar C=C), 1253, 1091, 1045,
938, 826, 747; 1H-NMR (CDCl3) δ, ppm: 6.40-8.49 (12H, m, Ar-H), 4.2 (8H, s, -NH2); UV-Vis
(THF): λmax(nm) (log ε) 707 (4.99), 635 (4.38), 350 (4.73); Anal. Calc. for C32H20N12Zn
(636.122 g mol-1): C, 60.25; H, 3.16; N, 26.35; Found: C, 60.32; H, 3.19; N, 26.40. MS
(MALDI-TOF): m/z (100%) 637.694 [M+H]+.

2.3. [2(3),9(10)-Diamino-16(17),23(24)-bis(1,1-di(thiophen-2yl)methanimino)phthalocyaninatozinc(II)] (4)
Di-2-thienyl methanone (3) (0.03 g, 0.156 mmol), [2(3),9(10),16(17),23(24)-tetra-aminophthtalocyaninatozinc( II)] (2) (0.05 g, 0.078 mmol) and catalytic amount of p-toluenesulfonic
acid monohydrate (p-TsOH·H2O) as catalyst in dry DMF (5 mL) were stirred under inert
atmosphere for 48 h at 160 oC. After the reaction mixture was left to cool into the room
temperature, the solvent was evaporated under vacuum and then washed water, methanol,
ethanol and n-hexane. After drying the crude product purification of this novel compound was
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succeeded by column chromatography (TLC) using THF as an eluent. Yield: 0.072 g (45%);
m.p.> 300 °C. FT-IR (νmax/cm-1): 3343, 3231, 1609 (-NH2), 3064 (Ar–H), 1679 (-N=C), 1563,
1489 (Ar C=C), 1396, 1339, 1132, 1089, 951, 833, 814, 744. UV–Vis (THF): λmax(nm) (log ε)
690 (4.99), 626 (4.36), 352 (4.73); 1H-NMR (DMSO-d6) δ, ppm: 9.06–6.99 (24 H, m, Ar–H),
4.38 (4H, s, -NH2). Anal. Calc. for C50H28N12S4Zn (988.07 gmol-1): C, 60.63; H, 2.85; N, 16.97;
Found: C, 60.68; H, 2.79; N, 16.91. MS (MALDI-TOF): m/z (100%) 687.437 [M-2NH2 –
C9H6NS2-C4H3S+2H]+, 1013.27 [M+Na+2H]+.

3. Production of bulk heterojunction devices and their characterizations
Devices were fabricated using fluorine doped tin oxide (FTO) coated glass substrates by using 4
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as donor and acceptor, respectively.
The PCBM was purchased by Sigma Aldrich and used without any purification. For solar cell
fabrication, the FTO coated glass substrates were thoroughly cleaned with a mixed solution of
deionized water, acetone, and 2-propanol (volume rations of 1:1:1) under sonication for 40 min.,
and finally dried in flowing of dry nitrogen gas. After standard cleaning and UV treatment of
FTO substrates, 30 nm hole injection layer of poly(3,4- ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) was spin coated followed by heat treatment at 110 ºC for
15 min. The reason for thermal annealing of the device at 110 °C is to ensure removal of the
residual solvent in the films. According to present literature, although photo voltaic conversion
efficiency (PCE) of up to 2.7% could be achieved by using tetrahydrofuran as solvent, PCEs
close to 5% were only achieved using chlorinated solvent additives [27]. More recently, an
oligomer based device from 2-methyltetrahydrofuran as processing solvent exhibiting PCEs of
up to 5% was reported by Bazan et al. [28] Peng et al. [29] and Chu et al. [30] have been used
toluene and o-xylene as solvent to prepare efficient devices with PCEs in the range of 5–7%. It
is evident from all these studies that solvent used has a profound impact on the BHJ solar cell
performance. As the solvent, we used dimethyl formamide (DMF) with a concentration of 1.2 ×
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10-3 M for both PCBM and 4. Interdigital micro array (IMA) of gold electrodes with 25 finger
pairs having 50 µm width and space was used for both conductivity and photo current
measurements. A homemade stainless steel chamber with a quartz window was used for photo
current measurements. During photo current measurements, the films were illuminated by a 150
W Xenon lamp through a monochromator by varying the wavelength of the incident light from
300 to 1000 nm. Conductivity of the PEDOT:PSS film was obtained from the slope of the
measured current–voltage (I-V) characteristics by using following equation;

σ=S

d
( 2 n − 1)l.h

(1)

where, S is the slope of the I-V characteristic, d is distance between the finger pair, n is number
of the finger pair, l is overlap length of the electrodes and h is thickness of the electrodes.
In order to investigate the effect of the blend ratio, several BHJ devices were fabricated
with various blend ratios between 0.5 and 4. Thin films of the active layer with nearly identical
thicknesses were deposited on the hole injection layer of PEDOT:PSS by spin coating method.
The active area of the devices was kept constant at 1.5×10−1 cm2 in order to avoid the active
area effect on device performance and the understanding of the physical effects involved. After
the thermal treatment at 110 °C for 15 min, a 300 nm thick aluminum cathode was thermally
evaporated on the active layer through a shadow mask at 10-6 Torr. Ellipsometric technique was
used to determine the thickness of the active layer. Ellipsometric measurements indicate that the
thickness of the films varies between 110 and 115 nm. Photovoltaic characterizations of
FTO/PEDOT:PSS/4:PCBM blend/Al structure with different 4: PCBM ratio were carried out by
means of current density (J)-voltage (V) measurements using a Keithley 2400 sourcemeter
under AM 1.5 illumination conditions. In order to clarify the effect of the surface morphology
of the blend film on the photovoltaic performance the surface morphology of the blend film
were analyzed by atomic force microscopy technique. The AFM image analysis was carried out
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using commercial XEP and XEI software procedures to determine the surface roughness
characterized by the Root–Mean– Square (RMS) parameter.

MALDI TOF MS

Figure S1. MS (MALDI-TOF) spectrum of compound 1
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Figure S2. MS (MALDI-TOF) spectrum of compound 2

Figure S3. MS (MALDI-TOF) spectrum of compound 4
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Figure S4. FT-IR spectrum of compound 4
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