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Polydiacetylene-nested porphyrin as a potential
light harvesting component in bulk heterojunction
solar cells†
Chawanwit Reanprayoon,a Jacek Gasiorowski,b Mongkol Sukwattanasinitt,c
Niyazi Serdar Sariciftcib and Patchanita Thamyongkit*bc
A meso-substituted zinc-porphyrin embedded in a polydiacetylene web was prepared and tested for its
potential in bulk heterojunction solar cells (BHJ-SCs). Light assisted formation of the polyenynes from
diacetylenes coupled to the meso-position of the porphyrin were observed after UV-radiation, as
evidenced by double and triple bond Raman-bands at 1446 and 2080 cm1, respectively, and via UV
absorption enhancement at 530–600 nm. Using cyclic voltammetry, Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) energy levels were determined to be
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in an appropriate range for the photoactive materials in BHJ-SCs. Indeed, photoluminescence
quenching indicated energy and/or charge transfer when the target material was used as a donor in
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combination with phenyl-C61-butyric acid methyl ester as acceptor in a blend. A photovoltaic eﬀect of
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the BHJ-SCs was observed.

Introduction
Among organic light harvesting semiconductors porphyrins are
especially interesting due to their photophysical and electrochemical properties,1 thermal and photo-stability, and high
two-photon absorption cross sections.2 All these parameters
may be modulated using porphyrin substituents and complexed
metals. Consequently, porphyrins are used as key constituents
in many photovoltaic cells,3 organic light-emitting diodes
(OLEDs),4 and organic eld-eﬀect transistors (OFETs).5 They
have proven to be one of the most promising candidates for dyesensitized- and bulk-heterojunction-solar cells (DSSCs6 and
BHJ-SCs7).
Since only a small fraction of solar irradiation can be
absorbed by pristine porphyrins in their Q-band region, several
chromophores have been proposed as co-absorbers for the
porphyrins to broaden their absorption prole. The objective
of this work is to create a photoactive system having zinc
porphyrin macrocycle in a polydiacetylene (PDA)-web and to
assess the possibility of this material for using BHJ-SCs. Zinc
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porphyrin was selected because the complex is robust, and it is
the most widely studied metalloporphyrin in BHJ-SCs. A
previous report has shown that p-stacking of copper and freebase porphyrins can orient local diacetylene (DA) substituents
in favorable ways for photopolymerization, leading to PDA
that exhibited absorption at 550–650 nm.8 However, that work
was not extended to investigate the use of such materials for
BHJ-SCs. Another prior work described that photoinduced
electron transfer from PDA to C60 could not eﬃciently
occur.9 The hypothesis of this work is that the photoinduced
electron transfer would occur in a tripartite photoactive layer
composed of PDA, porphyrin and a C60 derivative, phenyl-C61butyric acid methyl ester (PCBM), with porphyrin serving as a
stepping stone for electron transfer. Moreover, the PDA structure should decrease p–p stacking of the porphyrin units,
which should aﬀord the material favorable solubilities in
organic solvents.
This work describes synthesis of a zinc-porphyrin bearing
meso-C25 alkyl chains with diacetylene units, polymerized to
give a porphyrin embedded PDA web. The resulting material
was tested for its photophysical and electrochemical properties,
and for potential use in BHJ-SCs.

Experimental section
Materials and methods
All chemicals were of analytical grade, purchased from
commercial suppliers and used as received without further
purication. 1H-NMR and 13C-NMR spectra were obtained in
deuterated chloroform (CDCl3) using an NMR spectrometer
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operated at 400 MHz for 1H and 100 MHz for 13C nuclei.
Chemical shis (d) are reported in parts per million (ppm)
relative to the residual CHCl3 peak (7.26 ppm for 1H-NMR
and 77.0 ppm for 13C-NMR). Coupling constants (J) are reported in Hertz (Hz). Mass spectra were obtained by matrixassisted laser desorption ionization mass spectrometry
(MALDI-MS) using dithranol as a matrix. Absorption and
emission spectra of the solutions were measured in toluene at
room temperature, while those of the lms, including a
lm sample for Raman spectroscopic measurement, were
obtained from a drop-casting process on a pre-cleaned glass
substrate.
Non-commercial compound
5,10,15,20-Tetra(4-carboxyphenyl)porphyrin (1)10 and 1-amino10,12-pentacosadiyne (3)11 were prepared following literature
procedures.
Synthesis of Zn-4
Following a previously published procedure12 with a slight
modication, compound 1 (0.134 g, 0.170 mmol) was stirred in
THF (10 mL) and N-hydroxysuccinimide (NHS) (0.128 g, 1.12
mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC$HCl) (0.222 g, 1.16 mmol) were added. The
reaction mixture was reuxed for 2 days, and the solvent was
then removed under reduced pressure. The resulting crude
containing compound 2 was dissolved in THF (10 mL) and
treated with diacetylene 3 (0.565 g, 1.57 mmol) and triethylamine (TEA, 5 mL). The reaction mixture was reuxed for 1
day. Aer the solvent was removed under reduced pressure, the
crude mixture was puried by column chromatography [silica,
CH2Cl2 : EtOH : TEA (96 : 3 : 1)], resulting in a purple solid
that gave a molecular ion peak with m/z consistent with a
molecular mass of 4 in its mass spectrum. MALDI-MS m/z obsd
2158.056 [M+], calcd avg mass 2157.240 (M ¼ C148H202N8O4).
Following a previously published procedure,13 the purple solid
was re-dissolved in CHCl3 (3 mL) and treated with a solution of
zinc acetate dihydrate (0.050 g, 0.23 mmol) in methanol
(1 mL). The reaction mixture was stirred at room temperature
for 3 h and then extracted with CH2Cl2/H2O. The organic phase
was collected, dried over anhydrous magnesium sulfate and
concentrated to dryness. The resulting crude was puried by a
short silica column [CH2Cl2 : EtOH : TEA (96 : 3 : 1)] to aﬀord
compound Zn-4 as a purple solid (0.058 g, 15%). 1H-NMR d
0.77–0.94 (m, 12H), 1.10–1.76 (m, 128H), 2.25 (m, 16H), 3.50–
3.63 (m, 8H), 6.36–6.51 (m, 8H), 8.06 (d, J ¼ 7.6 Hz, 8H), 8.26
(d, J ¼ 7.9 Hz, 8H), 8.88 (s, 8H) ppm; 13C-NMR d 14.1, 19.2,
22.7, 25.7, 27.1, 28.3, 28.4, 28.8, 28.9, 29.0, 29.1, 29.3, 29.4,
29.5, 29.6, 29.7, 29.8, 31.9, 32.8, 40.4, 63.1, 65.2, 65.3, 120.2,
125.1, 132.1, 134.1, 134.5, 145.9, 149.9, 167.6; MALDI-TOF-MS
m/z obsd 2220.831 [M+], calcd avg mass 2220.633 (M ¼
ZnC148H200N8O4). Due to inevitable partial photopolymerization of Zn-4 under ambient conditions during the
measurement, high resolution mass spectrometric data could
not be obtained. labs 426, 557, 596 nm; lem (lex ¼ 424 nm) 607,
649 nm.
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Electrochemical studies
Electrochemical properties of poly-Zn-4 were determined by
cyclic voltammetry in the three electrode conguration using
acetonitrile containing 0.1 M Bu4NPF6 as an electrolyte, an
indium tin oxide (ITO)-coated glass covered with poly-Zn-4 as a
working electrode (WE), a Pt wire counter electrode (CE) and a
Ag/AgCl quasi-reference electrode (QRE). All measurements
were performed with a scan rate of 20 mV s1. The QRE was
externally calibrated with a ferrocene/ferrocenium redox couple
of which the potential value of 0.40 V versus NHE was used. For
the determination of the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)
energy levels, the value of the NHE versus vacuum level of 4.75
eV was used.14
Photoluminescence studies
Glass substrates (15  15 mm2) were pre-cleaned by consecutive
sonication in acetone, isopropanol and deionized water, and
then dried by purging with air, with 800 rpm for 25 s. Stock
solutions of Zn-4, P3HT and PCBM in chlorobenzene with the
concentration of 18 mg mL1 were prepared and ltered
through 0.45 mm PTFE syringe lters. The solution of Zn-4 was
mixed either with poly(3-hexylthiophene) (P3HT) or PCBM in a
weight ratio of 1 : 1. The resulting P3HT : Zn-4 and Zn-4 : PCBM
(1 : 1 w/w) mixtures were drop-casted onto the glass substrates,
le to dry at room temperature in the dark and then irradiated
by a 254 nm light for 15 min.
Fabrication and characterization of poly-Zn-4-based BHJ-SCs
The above-mentioned stock solutions of Zn-4 and PCBM were
used to prepare solutions of Zn-4 : PCBM with the weight ratios
from 4 : 1 to 1 : 4. The 15  15 mm2 ITO-coated glass substrates
were rst wiped with toluene and cleaned by consecutive sonication in acetone, isopropanol and deionized water, and then
dried by purging with air. A solution of poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)
(PEDOT : PSS)
(Heraeus Clevios™ P VP Al 4083) was spin-coated on top of ITO
with 2000 rpm for 1 s and 4000 rpm for 45 s, followed by
annealing at 150  C for 10 min. Aer that, the organic mixed
solution was drop-casted on top of this PEDOT : PSS layer and
the solvent was slowly evaporated for 30 min in a closed 150 mm
 25 mm Petri dish in the dark. The resulting samples were
dried under vacuum at ambient temperature for 1–2 h and then
exposed to the 254 nm light for 15 min. Aer that, a 150 nm
thick Al top electrode was deposited by thermal evaporation in
vacuum of about 106 mbar in a glovebox. The active area of the
devices was determined between 4 and 10 mm2. Current–
voltage (I–V) characteristics of the devices were measured in the
dark and under simulated 100 mW cm2 AM 1.5 solar irradiation in a glovebox using a Keithley 236 source measurement
unit. The intensity of the illumination was veried prior to each
individual measurement using a calibrated silicon diode with
known spectral response. Three to six samples for each cell
condition were prepared to test the reproducibility of the
results.
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Results and discussion
Synthesis
The synthesis of Zn-4 started with a reaction of the tetracarboxylic acid 110 with NHS and EDC$HCl to yield ester 2
(Scheme 1). Due to its hygroscopicity, ester 2 was
freshly prepared and immediately reacted with 9 equivalents of
diacetylene 311 to aﬀord compound 4. The subsequent Znmetallation of 4 gave Zn-4 in 15% yield overall. The completion
of the metalation step was indicated by the absence of
an emission peak at about 720 nm and the disappearance of
1
H-NMR peak of the inner protons at d 2.89 ppm in the
spectra of compound Zn-4. The resulting sample of Zn-4
was soluble in common organic solvents at the levels required
for the preparation of the BHJ-SCs by routine wet
processes (i.e. up to 40 mg mL1 in CH2Cl2, CHCl3 and
dichlorobenzene).
Based on Raman spectroscopy, the polymerization of Zn-4
upon UV-irradiation to give poly-Zn-4 was evidenced by the
pronounced peaks of the C]C and C^C stretches at 1446 and
2080 cm1 corresponding to the ene–yne conjugate (Fig. 1a
and b).15

Scheme 1

Fig. 1 (a) Raman spectrum of poly-Zn-4. (b) Photopolymerization of
DA to form PDA.

Photophysical and electrochemical properties
UV-Vis absorption spectra of a poly-Zn-4 lm and a Zn-4 solution in toluene are shown in Fig. 2. The Zn-4 solution exhibited
a B-band at 426 nm and Q-bands at 557 and 596 nm which are

Synthesis of the target compound.
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characteristic absorption patterns for a Zn-chelated porphyrin
ring. Aer irradiation of the Zn-4 lm at 254 nm for 15 min, the
resulting poly-Zn-4 lm gave the similar absorption pattern with
signicantly more pronounced Q-bands (Fig. 2, inset), indicating the absorption enhancement due to the presence of the
PDA. The broadening of its B-band compared to that of the
solution is most likely resulting from the aggregation of the
macrocycle conjugation systems.
Based on cyclic voltammetry, the poly-Zn-4 lm can be
electrochemically oxidized and reduced (Fig. 3). Oxidation
process of the molecule to a radical cation was observed at +1.0
V (versus a normal hydrogen electrode, NHE, throughout) and a
second oxidation to a dication was found at +1.3 V. Reduction of
poly-Zn-4 to a radical anion and a dianion occurred at 1.5 and
1.9 V, respectively. Compared with the benchmark meso-tetraphenylporphyrinatozinc(II) (Zn-TPP), both oxidation potentials of poly-Zn-4 were at approximately 0.2 V higher potentials
with the onset potential of the rst oxidation (Eox) of +0.9 V. As
for the reduction, poly-Zn-4 was reduced at approximately 0.1 V
higher potentials than Zn-TPP with an equal onset potential of
the rst reduction (Ered) of 1.4 V. These small shis indicate a
signicant eﬀect of the presence of the PDA and/or the alkyl
long chains on the electrochemical characteristics of the
porphyrin ring. The indenable anodic signal from 0.4 and
0.8 V is likely to be from the possible formation of unknown
products from the reduction process(es) of poly-Zn-4, which is
attributed to the molecular cleavage or deformation due to the
presence of the PDA meso substituents, as this feature was more
conspicuous at higher cycle numbers and was not observed in
the case of Zn-TPP.
The above mentioned Eox and Ered were used to determine an
electrochemical energy gap (Eg), and HOMO and LUMO energy
levels (EHOMO and ELUMO, respectively) of poly-Zn-4 versus
vacuum with an estimated energy of NHE of 4.75 eV versus
vacuum.14 According to the equations:
Eg ¼ Eox  Ered;
EHOMO ¼ (Eox + 4.75) (eV); and
ELUMO ¼ (Ered + 4.75) (eV);16

Absorption spectra of a poly-Zn-4 ﬁlm (solid line) and a Zn-4
solution in toluene (dashed line). The inset shows a magniﬁcation of
the region between 500 and 625 nm with baseline calibration for a
comparison purpose.

Fig. 3 Cyclic voltammograms of a poly-Zn-4 ﬁlm in the ranges
between (a) 0 and +1.6 V and (b) 0 and 2.2 V.

the calculated Eg of poly-Zn-4 was 2.2 eV with EHOMO and ELUMO
of 5.6 eV and 3.4 eV, respectively.
Fig. 4 illustrates the HOMO and LUMO levels of poly-Zn-4 in
comparison with work functions (WFs) of ITO, PEDOT : PSS and
Al, and the HOMO and LUMO levels of P3HT and PCBM.
For the ITO/PEDOT : PSS/P3HT : poly-Zn-4/Al solar cell, the
LUMO level of poly-Zn-4 is at a lower energy level than that of
P3HT, enabling the electron transfer from P3HT to poly-Zn-4
and then to Al electrode aer photoexcitation of P3HT. In a
similar manner, the ITO/PEDOT : PSS/poly-Zn-4 : PCBM/Al
device has the LUMO level of poly-Zn-4 locating at higher energy
level than that of PCBM and its HOMO level lying below the WF
of PEDOT : PSS, allowing the electron transfer from poly-Zn-4 to
PCBM and from PEDOT : PSS to poly-Zn-4 aer photoexcitation

Fig. 2
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Fig. 4 Comparative energy diagram of a possible poly-Zn-4-based
BHJ-SCs architecture.
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of poly-Zn-4. The above-mentioned electrochemical characteristics of poly-Zn-4 and this calculation suggest the possibility of
poly-Zn-4 to serve both as a donor and an acceptor in poly-Zn-4based BHJ-SCs when used with PCBM and P3HT, respectively.
Photoluminescence studies of the blend lms
To test for the possibility of the charge transfer from poly-Zn-4
to PCBM and from P3HT to poly-Zn-4 as suggested above,
photoluminescence studies of poly-Zn-4 : PCBM (1 : 1 w/w) and
P3HT : poly-Zn-4 (1 : 1 w/w) as the blended lms were performed. Upon photoexcitation at the absorption maximum of
the donor, i.e., poly-Zn-4 (lmax ¼ 426 nm) in case of the poly-Zn4 : PCBM lm and P3HT (lmax ¼ 517 nm) in case of the
P3HT : poly-Zn-4 lm, the emission spectra of the lms as
shown in Fig. 5 were obtained.
In Fig. 5a, the emission spectra of poly-Zn-4 and PCBM, upon
the excitation at 426 nm, are shown in red and black lines,
respectively. Upon excitation at the same wavelength, the polyZn-4 : PCBM lm (blue line) exhibited the complete quenching
of the porphyrin emission by PCBM, presumably due to the
eﬃcient energy and/or charge transfer from poly-Zn-4 (donor) to
PCBM (acceptor). However, Fig. 5b shows that the P3HT emission (as shown in a black line) was not completely quenched by
poly-Zn-4 in the P3HT : poly-Zn-4 lm (blue line), suggesting
that the energy/charge transfer from P3HT (donor) to poly-Zn-4
(acceptor) was not eﬃcient. Therefore the poly-Zn-4 : PCBM
lm was selected for the device studies as described below.
Preliminary device studies
In this study, the thickness and type of a metal top contact
(PEDOT : PSS and ITO-coated glass) were kept constant. Upon

Fig. 6

J–V curves of the poly-Zn-4-based BHJ-SC.

variation of poly-Zn-4 : PCBM weight ratio from 4 : 1 to 1 : 4, the
resulting cell eﬃciency was found to be highest at 0.2% with JSC
of 1.44 mA cm2, VOC of 0.6 V and FF of 28%, when poly-Zn4 : PCBM weight ratio of 1 : 1 was used. Fig. 6 shows current
density–voltage ( J–V) curves of the above-mentioned device
obtained from the measurement in the dark and under illumination. To validate the benecial eﬀect of the presence of
PDA in the photoactive layer, BHJ-SCs based on zinc tetraphenylporphyrin (ZnTPP) were fabricated under the same condition
and investigated for comparison. In this case, the ZnTPP-based
device did not exhibit the signicant photovoltaic eﬀects.
In all devices fabricated, the photovoltaic eﬀect was
observed. However, reproducibility of the experiments, especially those involving the poly-Zn-4 : PCBM lm preparation,
was poor likely due to aggregation of the material in the blend.
Consequently, further experiments are required to understand
the photovoltaic characteristics of the poly-Zn-4-based BHJ-SCs,
and will be described elsewhere.

Conclusions
The featured PDA-nested porphyrin had enhanced absorption
of poly-Zn-4 at the Q-band region relative to the parent
porphyrin, and satisfactory solubility characteristics. Based on
cyclic voltammetry, poly-Zn-4 exhibited the proper HOMO–
LUMO levels for serving both as donor and acceptor for PCBM
and P3HT, respectively, in BHJ-SCs. Photoluminescence studies
of the poly-Zn-4 : PCBM and P3HT : poly-Zn-4 blended lms
indicated that the charge transfer was eﬃcient in the poly-Zn4 : PCBM lm. Preliminary studies indicated poly-Zn-4 could be
used as photoactive electron donating material for the BHJ-SCs.
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