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Abstract
Organic donor and acceptor have promised the better future energy technologies to
alleviate global energy demand and environmental issues. And nowadays they begin
to come true in bulk heterojunction organic solar cells (BHJ OSCs) with advantages
of low-cost, light-weight, large-area, flexibility, and with high efficiencies (PCEs) of
over 14% for converting solar energy to electricity. Porphyrins are unique potential
for artificial photocatalysis but their application in BHJ OSCs are still limited by the
PCEs less than 10%. This complicacy comes from their inadequate spectral
absorptions and the imperfect morphologies. In this thesis, we devote to chemical
modification of acceptor-π-porphyrin-π-acceptor (A-π-Por-π-A) structural molecules
to enhance their spectral absorptions and phase-separation functions with fullerene
acceptor. Firstly, chemically driving J-aggregates have been studied on the new A-πPor-π-A porphyrin molecule, which could improve the phase-separation of its blend
film with PC71BM and and enhance its performance in BHJ OSCs with PCE up to
8.04%. Secondly, two new benzodithiophene (BDT) π-bridged A-π-Por-π-A
molecules have been prepared with complementary absorption between the Soret and
Q bands. The devices based on the blend fims of the porphyrin donor and PC71BM
acceptor exhibit full spectral photocurrent generation and impressive PCEs up to
7.92%. Thirdly, we further extended the π-conjugation of the above BDT π-brigded
A-π-Por-π-A molecules by inserting alkyl chain substituted thiophene derivatives into
their backbones, resulting in new porphyrin molecules with UV-visible-near-infraed
ii

absorption spectra. Using those porphyrin molecules as donor and PCBM as acceptor,
the devices show full spectra photocurrent generatoion and appropriate film
morphology, resulting in high PCE up to 8.59%.
Besides, photocatalysis is also a new promising technology to generate renewable
energy. We herein develop new low-cost and noble-metal-free photocatalysts based
on Co(OH)2 modified CdS nanowires and applied them for visible light driven
hydrogen production from water-splitting. The optimum H2 production rate reaches
14.43 mmol·h−1·g−1 under (λ ≥ 420 nm) upon visible light irradiation, which is 206
and 3 times larger than that of the pristine CdS NWs and 1 wt% Pt-CdS NWs,
respectively. The results indicate the promising application of earth-abundant
Co(OH)2 as alternative cocatalysts of noble metals.
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Chapter 1 Introduction
1.1 Background
Renewable clean energy is essential to ameliorate stringent energy demand and keep
environmental sustainability since the consumption of fossil fuels is harmful to nature.
A global attention has been raised to develop advanced technologies for generation
of renewable energy though the fossil oil is currently acting a leading role in current
energy suppliers. Solar energy is the best choice to provider clean energy in future
because of its advantages of clean, endlessly, and available everywhere. In fact, the
solar energy resource dwarfs all other renewable and fossil-based energy resources.
The most basic processes sup- porting life on earth, such as photosynthesis and the
rain cycle, are driven by the solar energy. 1
In photosynthesis, solar irradiation was directly absorbed and converted to nutrient
of algae and plants. It aroused the artificial ultilization of solar energy. From the
beginning of its history, AE Becquerel2 et al. discovered the photovoltaics between
different metals in solution under light irradiation in 1839. And then Bell labs3
invented the first silicon-based solar cell with practical efficiency in 1954. Fujishima
and Honda4 reported the photocatalytic splitting of water on TiO2 electrodes in 1972.
These discoveries demonstrated the possibility to use solar energy as sustainable
electricity, hydrogen and organic mass by organic solar cells (OSCs) and
photocatalysis. Nowadays, numerous achievements have been accomplished in these
fields. For example, a power conversion efficiency (PCE) up to 25% has been realized
1

in single crystal silicon-based solar cells under AM 1.5 irradiation.5 And perovskite
solar cells emerged and have given an optimal PCE of 22.1% in several years.6-7
Besides, dye-sensitized solar cells (DSSCs) and organic solar cells (OSCs) have also
broken the threshold value of 10% which make them much promising for commercial
application.8-18 And photocatalytic hydrogen production from water splitting also
exhibits high quantum yields (QEs) up to 93% from quantum dots of CdS modified
with noble metal (Pt, Ru) under visible light irridiation.19-24 These progresses
promised a bright future of photovoltaics and photocatalysis to convert solar energy
to clean and renewable energys.

1.2 Organic Solar Cells
The well-known silicon-based solar cells have been commercialized and adopted as
power technologies of spacecrafts for a long time, but their large-area applications
are hindered by the bulky and hard devices. Their high-cost originates from hightemperature processed silicon to increase the highly ordered crystal lattice, and large
thickness to ensure the light-harvest and charge transport capability. In contrast,
organic solar cells (OSCs), especially for bulk heterojunction (BHJ) OSCs, recently
have attracted intensive studies due to their advantages of low-cost, large-area
fabrication and mechanical flexibility. They are easy manufactured and can be
fabricated by screen-printing, spin-coating, inkjet or roll-to-roll printing of a solution
containing electron donor and acceptor to various substrates. However, it is worth to
note that the electron donor and acceptor are essential for highly efficient BHJ OSCs.
2

The conversion of solar energy to electricity using the BHJ OSC device includes four
steps. Firstly, the photo was absorbed by electron donor or acceptor and generated
electron-hole pair (exciton). Secondly, the exciton diffused to the interface between
electron donor and acceptor and dissociated to individual electron and hole. The hole
maintained in the highest occupied molecular orbits (HOMO) of electron donor and
the individual electron would transfer to the lowest unoccupied molecular orbits
(LUMO) of electron acceptor under the driven of slope between electron donor and
acceptor. Thirdly, the individual hole transport in HOMO of electron donor towards
positive electrode and the electron move to the negative electrode along the LUMO
of acceptor. Last, the individual hole and electron were collected by the positive and
negative electrodes, respectively, to form electric current. Many factors such as
solubility, light absorption and suitable energy levels need to be considered to get
better photovoltaic materials. Ideally, the photovoltaic materials should have the
following features (I) Good solubility in common organic solvent for solutionprocessed technology; (II) Broad and deep spectral absorption, which fully matched
with solar spectrum. In most time, it means enough low band gap of conjugated
organic molecule; (III) Enough slope of energy levels (~0.3 eV25) between electron
donor and acceptor to ensure the effective dissociation of exciton to get independent
hole and electron carriers; (IV) The hole mobility of electron donor and electron
mobility of electron acceptor should be enough high and balance to reduce the
recombination of exciton. (V) Self-assembly of electron donor and acceptor to form
3

bi-continuous phase separation in blend-film. However, to design and develop a
photovoltaic material including all the required factors by structural modifications are
extremely complicated. Fortunately, the donor-acceptor (D-A) structure bridged by
electron-donating and electron-deficient aromatic units has been demonstrated
powerful to synthesize low band gap molecules for high efficient BHJ OSCs.26-28
Figure 1.1 shows the representative D-A type organic small molecules, polymer and
the efficiencies of them applied in BHJ OSCs. The earliest small molecule (D1)
applied in BHJ OSCs with high efficiency of 6.7 % was reported by Heeger.29 After
that, the small molecules had been developed rapidly for BHJ OSCs because of their
advantages such as precise chemical structure and good repeatable device
performance. Specially, the rhodamine-ended small molecules (D3, D4) emerged and
exhibited high efficiency up to 9–10 % in BHJ OSCs,30-31 indicating a potential of
commercial application. In addition, acceptor-π-donor-π-acceptor type porphyrinbased small molecules (D7, D8) have recently been developed for OSCs and achieved
efficiencies of 7–9 %,32-34 releasing the potential of natural chromospheres for highefficient BHJ OSCs. Compared to the small molecules, polymers have better filmforming capability due to the long and extensively conjugated chain though their
crystallinities decreased. The polymers with benzodithiophene (BDT)35 (D12, P1-P5),
fluorine substituted benzothiadiazole35-36 (P5-P7), naphtho [1, 2-c: 5, 6-c] bis [1, 2, 5]
thiadiazole (D13) or diketopyrrolopyrrole (DPP) units (D2, D8) are famous starmolecules. The BHJ OSCs with these as electron donor and fullerene as electron
4

acceptor have been given efficiencies up to 10% due to the perfect phase-separation
and better nanomorphology of blend-films.37 On the other hands, non-fullerene
acceptor (A1-A3) emerged and they are also suitable to blended with these polymer
donors to form ternary or tandem solar cells. High efficiencies surpassing 10 % have
been obtained in these non-fullerene BHJ OSCs because of their broad light-harvest
and controllable morphology of blendings.38-39 Besides, medium-sized molecules are
also promising for BHJ OSCs because they can combine the film-forming capability
of polymer and high crystallinity of small molecules and hence show unique
advantages toward photovoltaic function. Recently, some medium-sized molecules
have been reported and applied as donors in BHJ OSCs with high efficiencies about
6-9 %.40-41 It is still a challenge to design conjugated organic molecules or polymers
with expectable photo-physical and electrochemical properties, as well as high
performance towards organic photovoltaics.

5
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Figure 1.1 Representative structure of conjugated organic molecules and efficiencies
in solar cells.
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Figure 1.2 Schematic illustration of structure of OSCs.

1.2.1 Structure and Work Mechanism of Organic Solar Cells
The typical architecture of OSCs is a sandwich structure as shown in Figure 1.2. The
devices can be distinguished into single OSCs, bilayer OSCs, bulk hetero-junction
(BHJ) OSCs, tandem OSCs and ternary OSCs mainly depended on the composition
of active layer.
1.2.1.1 Single layer organic solar cells. Single layer OSCs are the earliest and
simplest device form, which consist the sandwich structure with an active layer of
organic electronic materials between positive electrodes of indium tin oxide (ITO)
and negative electrodes of aluminum, magnesium or calcium. The different work
functions of the positive and negative electrodes will build the internal electric field
in the active layer. When light is absorbed by the active layer, the ground state
electron will be excited to the LUMO level of the organic molecule and left a hole in
the HOMO level, thus forming an exciton. The internal electric field will help the
exciton dissociate into electron and hole and pull the electron and hole to the negative
and positive electrodes, respectively. The limit of single layer OSCs is the rapid
9

combination of exciton because the internal electric field originating from the two
electrodes is not sufficient to effective split the exciton, which result in low quantum
efficiencies (< 1%) and low power conversion efficiencies (< 0.1%).
1.2.1.2 Bilayer Organic Solar Cells. Compared to the single layer OSCs, the active
layer between the positive and negative electrodes contains an overlapped organic
bilayer. The organic molecules in bilayer have different electron affinity and
ionization energies, thus loading internal electrostatic forces to help the exciton
splitting and electron transferring to electron acceptor. The organic layer with higher
electron affinity is named acceptor and the organic layer with lower electron affinity
is named donor. This structure is more efficient for exciton dissociation. However, it
is found that the diffusion length of exciton is about 10 nm. The thickness of bilayer
OSCs usually exceeds 100 nm which can effective absorbing solar light but restrict
excitons to reach the heterojunction interface of organic bilayer, thus leading low
efficiency. Similar to bilayer OSC, three and multiple-layer OSCs were also
developed to form efficient OSCs. The best PCE of this kind of OSCs is 8.4 %
according to the reported papers.42
1.2.1.3 Bulk Hetero-Junction Solar Cells. BHJ OSCs have an active layer
consisting an interpenetrating network nanoscale blend of donor and acceptor
materials. The small domain sizes and enough large contact area of active layer allow
for excitons with short lifetimes to effective diffusion and dissociation at the
interfaces. It is very important to maintain enough domain sized to form self-assembly
10

interpenetrating network of donor and acceptor that allows the holes and electrons to
reach the respective positive and negative electrodes separately. Without perfect
interpenetrating network, the charges might be trapped and recombination in rich
domain, thus leading to lower photo-generated current. The most commonly way to
form BHJ layer is spin-coating a solution containing two organic components, and
then allowing the as-prepared two phases to separate usually with assistance of
thermal annealing and solvent annealing treatment steps. The donor and acceptor will
self-assemble into an interpenetrating network connecting the corresponding
electrodes. The nano-structural morphology of BHJ layer is critical to photovoltaic
performance.
1.2.1.4 Ternary and Tandem Solar Cells. Theoretically, rational combination of
different donor and acceptor will benefit for light-harvest and efficiency of OSCs.
Recently, ternary and tandem configurations were developed to improve the
performance of OSCs. In ternary OSCs, three components usually containing two
donors and one acceptor, or one donor and two acceptors were spin coated into one
BHJ layer. So, the ternary OSCs combine the merits of both tandem solar cells and
single junction with their lightweight, flexibility and processing ease. The highest
PCEs of ternary OSCs have reached 12% due to the effective absorption of solar
radiation.43 Compared to the three components blend, tandem OSCs connect two cells
with different absorption and similar current in one series circuit, thus obtaining
bigger potential and improved performance. The highest PCEs of tandem OSCs to
11

date have exceeded 13%.11 However, the multiple components configurations
actually raise laborious and technically challenging of fabrication and optimization
of these devices, though gains in high PCEs could be realized through improved light
harvesting utilizing these configurations.

Figure 1.3 Schematic illustration of work mechanism of OSCs.

1.2.1.5 Work Mechanism of Organic Solar Cells. Schematic illustration of work
mechanism of OSCs is shown in Figure 1.3. The whole photovoltaic process can be
divided into four steps. Firstly, solar radiation is absorbed by photo-active materials
and then generates excited electrons in the LUMO levels and left holes in the HOMO
levels of the corresponding conjugated organic materials. The excited electron-hole
pairs are defined as excitons. Secondly, the excitons diffuse to the interface area of
donor and acceptor. It is worthy to note that the diffusion length of excitons is in an
order of 10 nm. Therefore, the distance of interface longer than the diffusion length
will result in recombination of exciton and loss of the photo-generated current.
Thirdly, the electron-hole pairs are dissociated into non-paired electrons and holes at
the interface area. The generated electrons tend to transfer in the LUMO levels of
12

acceptor materials and the left holes maintain transfer in the HOMO levels of donor
due to the difference between the energy levels of donor and acceptor. Finally, the
electrons are collected by the negative electrode and holes are collected by the
positive electrode.

Figure 1.4 A schematic diagram of a J-V curve OSCs and the parameters PCE, VOC,
JSC and FF. The fill factor (FF) is defined as the ratio of the shaded square (product
of Vm and Jm) divided by the shaded square (product of VOC and JSC).

1.2.1.6 Parameters of Organic Solar Cells. A schematic diagram of solar cell
metrics is shown in Figure 1.4. The power conversion efficiency (PCE) of OSCs is
defined as a percent value of the electrical power density divided by the incident solar
power density (Pin). The electrical power density is determined by the voltage (Vm),
current density (Jm) and fill factor (FF). The FF is estimated by the ratio of the square
produced by Jm and Vm divided by that of short-circuit current density (JSC) and opencircuit voltage (VOC). These key parameters are related by the formula PCE =
JSC·VOC·FF/Pin.
13

Besides, the external quantum efficiency (EQE) or incident photon-to-current
efficiency (IPCE) is used to measure the percentage of number of charge carriers
collected by OSCs to the number of incident photons. The EQE is proportional to the
JSC and can be determined by formula 1.1
𝐸𝑄𝐸% = 𝐼𝑃𝐶𝐸% =

𝐼𝑠𝑐 (𝐴)
𝑃(𝑊)

×

1240
𝜆

× 100

(1.1)

Figure 1.5 Structure and π-system of 16 carbon atoms 18 π-electrons of Porphine and
Chlorophylls.

Figure 1.6 Absorption spectra of chlorophylls against irradiation of white light. Two
absorption features of chlorophylls.
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1.2.2 Porphyrin for Photovoltaic Application
Chlorophyll plays an essential role in photosynthesis, which enlightens the promising
application of porphyrins in energy conversion. Porphyrin and its derivatives are
widely existed in nature as photosynthetic apparatus,44 heme proteins,

45-46

and

cytochrome family.47 Their structure includes a heterocyclic macrocycle (porphine)
bridged by tetrapyrrole at α-position connection. According to the Hückel’s rule, the
aromaticity conjugating system of porphyrin has 26 π-electrons in total as shown in
Figure 1.5. The highly symmetrical porphyrins exhibit two distinct spectral
absorption features in the visible and near infrared region, an intense absorption in
Soret-band (400-450 nm) and a moderate absorption in Q-band (at 500-700 nm) due
to the forbidden transition.48 Besides, porphyrin and their derivatives can synthesized
by modification at the meso, β-position or metal center to tune the photo-physical and
electrochemical properties. And hence a lot of porphyrin molecules have been
developed and applied in bio-sensing,49 bio-mimetic catalysis,50 medicine,51 and
photovoltaics.48, 52
1.2.2.1 Chlorophylls. Chlorophylls became famous with the discovery of
photosynthesis. They are existed in cyanobacteria and chloroplasts of plants and
algae.53-54 Like porphyrin, the appearance of chlorophylls is several closely green due
to the weak absorption in the green light region. The absorption features and
molecular structure of chlorophylls are shown in Figure 1.5-1.6.54 a strongest
absorption in the blue portion and a moderate absorption in the red region can be
15

observed in electromagnetic spectrum, companied with a absented absorption in the
green light district. The chlorophylls absorb light and convert it to bio-matter via
photochemical pathways in photosynthesis.

Figure 1.7 Orbital diagrams showing possible transitions for porphyrins and the
frontier orbitals relevant to the Gouterman four orbital model.

dx2-y2


dz 2
E



dxy
Porphyrin

dxz

dyz

Zinc

Figure 1.8 Molecular orbital diagram for zinc coordinated porphyrins.
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1.2.2.2 Transition Mechanism of Porphyrins and Metallated Porphyrins.
Metallated porphyrins are prepared via the metalation of base-free porphyrins as
dianionic ligands. The metal ion will accept lone pairs of electrons from the dianionic
porphyrin ligand as role of Lewis acids during the metalation. Unlike most of
transition metal complexes, its color is attributed to the absorption of excited electrons
from π to π* orbitals of porphyrin ring ligand. It consists a strong transition to the
second excited state (S0 to S2) at about 400 nm (named Soret band) and a weak
transition to the first excited state (S0 to S1) at about 550 nm (named Q band) because
electronic transition to S2 state is strongly allowed whereas electronic transition to S1
state is only weakly allowed. The excitation process of Soret and Q band can
explained by the Gouterman four orbital model.55 As shown in Figure 1.7-1.8, the
two absorption features of porphyrin systems come from transitions between two
HOMOs and two LUMOs. And the metal center and the substituents on the porphyrin
ring will affect the energies of the transitions, thus leading to mixing splits of the
states in energy and creating higher energy 1eu state corresponding to Soret band and
lower energy 1eu states corresponding to Q bands. Taking zinc coordinated porphyrin
(ZnPor) for example, the dπ orbitals of zinc center are lower than the π orbitals of
porphyrin ring ligand, which have very little effect on absorption features of
porphyrins.
In photovoltaic system, the light-harvest of organic active layer is a challenge to
increase the absorbance and conversion of solar radiation to electric current. Lots of
17

attention has been paid to increase the spectral overlapping of organic molecules and
solar spectrum for photovoltaic application. However, panchromatic spectral
absorption only observed in limit numbers of porphyrin-based molecules in recent
decades. For example, Tsuda and Osuka56 reported the panchromatic and infrared
absorption of porphyrins by building fully conjugated porphyrin tapes. Grätzel48 also
reported the panchromatic porphyrin-based dye for DSSCs which gave efficiency as
high as 13%. Very recently, DPP unit was also found to be a spectral complimentary
unit when introduced to the meso-position of porphyrin via triple bond method.57-58
However, more efforts are still required to achieve fully cover of solar spectrum by
the absorption of porphyrins.
1.2.2.3 Self-Assembly behaviors of Porphyrins. Porphyrins have the tendency to
form supramolecular structures through hierarchical self-assembly due to their large
π-conjugated macrocycles with fused aromatics. But irregular-arrangements are
usually existed in porphyrins, which resulted in poor solubility in common solvent
and gave a limited performance of organic photovoltaic and optoelectronic device
with imperfect morphologies. Today, controllable nanoaggregates prepared by
organic molecules, as well as porphyrins, have become a very important topic in
material science. For example, the substituents and metal-center coordination of
porphyrin have been demonstrated available to form various self-assemblies of
porphyrins in solution.59-60 In addition, H or J-aggregation of porphyrin molecules
can be formed in non-equilibrium conditions, which is consistent with the Langmuir–
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Blodgett molecule arrangement in aqueous or organic solution. And it has been used
to maintain and control the non-linear optical phenomenon of chiral additive in such
a non-equilibrium solution by tuning the aggregate behaviors of porphyrins.61-66 But,
it will be unstable to form H and J-aggregates than the irregular aggregates because
the mixture naturally favors entropy increase more. Recently, the supramolecular
structure has been discovered to control the self-assemblies of porphyrins and the
obtained self-assembled aggregates can be maintained and stable in solid state. As a
result, the H and J-aggregates of porphyrin in solid state will exhibit unique impacts
on the optical, electronic and magnetic properties of porphyrin molecules and extend
the application of porphyrin-based solid materials in many aspects as sensing,49 biomimetic catalysis,50 photovoltaic52 and medicine.51
Optical activity might be the useful tool to determine the H or J-aggregates of
porphyrins. Specially, the H-aggregation of porphyrins can result in blue-shift of
absorption spectrum than the individual porphyrin molecules, while J-aggregates of
porphyrin molecules show abroad and splitting of Soret band in the blue light region,
and obvious red-shift of Q band in the near infrared light district. Moreover,
fluorescence and circular dichroism are sensitive to some H or J-aggregates of
porphyrin molecules. For instance, the H-aggregates of porphyrins should have a
quench of fluorescence and the J-aggregation of porphyrins will give a signal
response in circular dichroism if the J-aggregation involves a short, oblique slip of
the π-stacked zinc porphyrin units.67
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1.2.2.4 Molecular Engineering of Porphyrin toward Photovoltaic Function.
Porphyrin and their derivatives have attracted tendentious studies due to their natural
roles in photosynthesis and widely exist in photosynthetic apparatus,44 heme proteins,
45-46

and cytochrome family47. Their promise in solar cells has been initial approved

in DSSCs with PCEs of 13%48 and BHJ OSCs with PCEs of 12%10. Like the other
organic conjugates, several requirements should be met for porphyrin molecules to
be used in BHJ OSCs: (I) Good solubility in common organic solvent for solutionprocessed technology; (II) Broad and deep spectral absorption, which fully matched
with solar spectrum. In most time, it means enough low band gap of porphyrin
molecule; (III) Enough slope of energy levels between porphyrin donor and electron
acceptor to ensure the effective dissociation of excitons; (IV) The hole mobility of
electron donor and electron mobility of electron acceptor should be enough high and
balance to reduce the recombination of excitons. (V) Self-assembly of porphyrin
donor and electron acceptor to form bi-continueous phase-separation in their blendfilm. It can be found that the self-assemblies and the spectral properties are also
essential for porphyrin molecules. But it is still a challenge to get ideal porphyrin
molecules for photovoltaic application via molecular design or mechanical
technologies. From the development of porphyrin history, the porphyrin-based
molecules applied in BHJ OSCs can be divided in to three sets, namely porphyrin
donors, porphyrin-acceptor dyads, and porphyrin acceptors.
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Figure 1.9 Molecular structures of A-π-Por-π-A porphyrin-based molecules.

The porphyrin donors were usually constructed by D-A structure and inspired by
rapid development of porphyrin dyes in DSSCs.48 But porphyrin small molecules and
polymer in such a push-pull structure, usually exhibited low efficiencies in BHJ OSCs
due to the poor morphologies of blending. Matsuo68 and Peng69 in 2012 first
discovered that triplet bond can effectively enhance the intramolecular charge transfer
interaction between the zinc porphyrin core and meso-modified capping unit. The
molecular donor reported by Peng et al. is shown in Figure 1.9 (Por1). BHJ OSCs
with it as electron donor and fullerene as electron acceptor has given PCEs of ca. 2.5–
4%, which indicated an improved PCE can be obtained by triplet bonds modification
of porphyrin molecules. Afterwards, Peng et al. reported new A-π-Por-π-A-type
porphyrin small molecules comprising diketopyrrolo(3,4-c) pyrroles (Por7–Por9)
(DPP) as capping unit and these molecules have exhibited significant improvement
of performance with PCEs of 7–9 % in BHJ OSCs. Especially, these molecules not
22

only exhibit strong intramolecular charge transfer interaction between porphyrin core
and DPP units but also show fully absorption in UV-Vis and near infrared region,
thus loading comparable performances to other organic photovoltaic materials in BHJ
OSCs.32, 58 Encouraged by these achievements, A-π-Por-π-A-type structure has been
widely used to design and synthesize organic molecule toward photovoltaic purpose.
As shown in Figure 1.9, the porphyrin-based small molecules with rhodamine (Por3–
Por6) as electron-withdrawn capping units also exhibited high PCEs about 6-9 %. 33,
58, 70-74

In contrast, the porphyrin-based polymers are more difficult to get high

performance in BHJ OSCs than the small molecular counterparts. There is only one
polymer with some porphyrin units as side chain gives the high PCE of 8.5 %, but it
is difficult to calculate the contribution of porphyrin units to the performance of OSCs.
Because the structure-like polymer without porphyrin units also exhibits comparable
performance.75 If new porphyrin small molecules or polymer have advantages of
small inner ring current, controllable self-assemblies, a broad absorption, and better
phase-separation and nanomorphology with fullerene molecules, they will gve
impetus to the industrialization of porphyrin-based BHJ OSCs.
Porphyrin-acceptor dyads are another kind of promising porphyrin-based
molecules for photovoltaic application, which are comprised of porphyrin core and
electron deficient capping units (such as fullerene) units bridged by non-conjugating
bond in molecular skeleton. In 1996, Imahori and Fukuzumi reported the porphyinC60 dyads for BHJ OSCs. The structure of the molecule is shown in Figure 1.10
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(Pory1). It was found that porphyin-C60 dyads generated 5-folds higher short-circuit
current than the porphyrins without C60 units in the same device configurration. 2011,
Heeger reported a new porphyrin-acceptor dyad for photovoltaic and optoelectronic
application. The molecule is shown in Figure 1.10 (PorY2). They used it as acceptor
in BHJ OSCs and gave a high PCE of 3.35 %.76 The result indicated the promising
prospect of porphyrin-acceptor dyads in BHJ OSCs, though this kind of porphyrinbased molecules are limited reported up to date.

Figure 1.10 Typical structures of porphyrin-C60 dyads.

The porphyrin-based acceptors have recently emerged as a kind of non-fullerene
acceptors. In 2014, Therien77 reported the A-π-Por-π-A-type porphyrin molecule with
fluorinated side chain can effective lower the energy levels and showed the potential
to be electron acceptor of BHJ OSCs. Afterwards, lots of efforts have made to modify
porphyrin core with the perylene diimides (PDIs). It is obvious that the PDIs have
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potential to lower the energy levels and increase the green light response, and hence
improve their photovoltaic performance. Wang78 recently reported application of the
tetra PDI ethynylenes modified porphyrin as electron acceptor and BHJ OSCs had
exhibited high PCE of 7.4 %. After that, Jang79 et al. has recently reported two PDI
modified porphyrin molecules which gave PCEs of ca. 5.25 % in BHJ OSCs. These
structures of these porphyrin-based acceptors are shown in Figure 1.11. These
porphyrin-based acceptor attracted increased interesting because of their high molar
extinction coefficient of porphyrin and potential panchromatic absorption, although
these PDI-based non-fullerene acceptor only gave PCE about 5-7% in BHJ OSCs.80

Figure 1.11 Structures of porphyrin-based acceptors.
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1.4 Motivation and Aim of Thesis
Organic molecules promise a better performance in future technologies and it has
started to be approved in BHJ OSCs with excellent advantages of low-cost, large area
fabricating and mechanical flexibility. They are easy to fabricate, for example, fast
printing them on substrates to form device of BHJ OSCs. To meet the commercial
requirements, the performance of BHJ OSCs should be continuously improved
towards comparable PCEs of inorganic solar cells. On the other hands, porphyrins are
essential in photosynthesis to absorb and store light by photochemical charge
separation. And they are also successfully developed for photovoltaic application. For
instance, porphyrin molecules have been developed as photosensitizers in DSSCs
with PCE exceeding 13%.48 And the A-π-Por-π-A porphyrin molecules applied in
BHJ OSCs also gave PCE near the commercial requirement (PCE values ≥ 10%).
Therefore, it is necessary to develop new porphyrin molecules with panchromatic
absorption and self-assemble function to improve the performances of BHJ OSCs
toward industrial application. Along this line, self-assemblies and spectral properties
of porphyrin molecules are both considered to improve the performance of materials
by molecular design engineering. It contains three main topics: (a) controllable selfassemblies of porphyrin, (b) a broad and panchromatic absorption of porphyrin and
(c) photocatalysis. In the first topic, J and H-aggregates of D-A-type porphyrin
molecules were designed and synthesized to examine their unique self-aggregates.
And the H and J-aggregates of porphyrins will induce different microstructure of
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porphyrin molecules in blending and BHJ OSC device, thus loading to improved
performance. According to previous reports, the J-aggregates of porphyrin molecules
might be more beneficial than H-aggregates for BHJ OSCs due to the orientation of
π-π stacking. Specially, we designed the J-aggregates of porphyrin in Chapter 3 to
investigate the effects on the performance of BHJ OSCs. In the second topic,
benzodithiophene (BDT) was used as electron-donating π-bridge, and 3-ethyl
rhodamine or 2-(1,1-dicyanomethylene)-3-ethylrhodanine as electron-deficient
capping unit to construct new A-π-Por-π-A-type porphyrin-based molecules. The
HOMO and the LUMO of porphyrin would be hybridized by π-bridge and capping
units and gave a low-band gap transition and a broad spectral absorption range.
Afterwards, we extended the BDT π-bridge by inserting thiophene and terthiophene
units into the backbone. We found the flexible thienyl chains twisted the molecular
chain and hence some of these new porphyrin molecules in solid state exhibited
almost panchromatic absorption and excellent film-forming capability. Accordingly,
the BHJ OSCs with these molecules as electron donor and PC71BM as electronacceptor exhibited high efficiencies up to 8.59%. The panchromatic absorption of
porphyrin molecule here demonstrates the extensive and twisted porphyrin molecules
are a new pathway to get fully light-harvest of porphyrin materials.
Hydrogen generated from water splitting is also one promising method to
generate renewable resources. In the last topic, we prepared Co(OH)2 modified CdS
nanowires as new catalyst for photocatalytic H2 production. It is well known that
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cobalt is earth abundant element and cheaper than the noble metal. Therefore, it shows
the hope to replace platinum (Pt) co-catalyst and unique advantage in photocatalytic
mechanism. The detailed descriptions of project will be given in chapter 6.

Figure 1.12 Acceptor-π-donor-π-acceptor structure of porphyrin-based molecules.

1.4.1 A-π-Por-π-A type porphyrin molecule. The A-π-Por-π-A-type molecular
skeleton is shown in Figure 1.12. Triple bond at the meso-position of porphyrin to
link the other aromatics has been demonstrated effective enhance the intramolecular
charge transfer interaction. With this strategy, lots of porphyrin molecules can be
synthesized and used in photovoltaic application. 33, 58, 70-74 However, few attentions
have been paid to explore the effects of self-assemblies and spectral absorption of
porphyrins on the performance of BHJ OSC devices. So, we attempted to find feasible
rules to design and synthesize porphyrin-based materials with controllable selfassemblies and spectral properties for photovoltaic applications.
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Figure 1.13 Structures of porphyrin molecules with different capping units.

Figure 1.14 Structures of the A-π-Por-π-A BPor-TR, BPor-C6TR, BPor-FR and
BPor-TzR molecules.
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The first chapter of the thesis is the background of this research. From the second
chapter, we explored the effect of structural modification of porphyrins on their selfassemblies and spectral properties. First, we design four simple D-A-type porphyrin
molecules with different electron-withdrawn capping units. The structures of
molecules are shown in the Figure 1.13. According to previous reports,26 the D-A
interaction and extensive conjugation of these organic molecules will have obvious
effect on their energy levels and band gaps. Secondly, A-π-Por-π-A-type molecules
have been demonstrated as an effective strategy to design and develop low-band gap
porphyrin molecules for photovoltaic application. But few attentions have been paid
to the effects of π-bridge units on their properties, especially for their spectral
properties and self-assemblies. So, we devote to the synthesis of four A-π-Por-π-Atype porphyrin molecules, namely BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR,
to examine the effects of π-bridge group on the self-assemblies, spectral properties,
energy levels, and band gaps of porphyrin molecules, as well as their light-harvest
capabilities and phase-separattion in blends with fullerene acceptor. The structures of
molecules are shown in Figure 1.14. To unlock the intrinsic mechanisms of the
spectral properties and self-assemblies of these molecules, density functional theory
(DFT) is also used to elucidate the transition mechanism of these A-π-Por-π-A-type
porphyrin molecules.
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Figure 1.15 Molecular structures of porphyrin molecules Por-S and Por-C.
The H and J-aggregates of organic molecules have attracted much attention
because of their promising application in life forms, supramolecular chemistry and
organic electronics.61,

66, 81-82

In the third chapter, we used alkyl-substituted and

alkylthio-substituted phenylene ethynylene as π-bridges of A-π-Por-π-A-type
porphyrin molecules, namely Por-S and Por-C, to tune the nanoaggregates.83-89 The
structures of two different substituted phenylene ethynylene bridged A-π-Por-π-A
porphyrin molecules are shown in Figure 1.15. It is expected that the alkylthiosubstituted porphyrin molecule Por-S will have enhanced self-assembled capability
due to the S-S and S-π interactions. Obviously, the different nanoaggregates
originating from self-assemblies will have obvious effects on the performance of BHJ
OSCs with the molecule as electron donor.
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Figure 1.16 Structures of BDT π-bridged porphyrin molecules.

In the fourth chapter, the light-harvest of organic materials is essential for highefficient BHJ OSCs. But porphyrin has no absorption between the Soret and Q-bands
which is corresponding to the green light region in solar spectrum. On the other hands,
benzodithiophenes (BDTs) are good electron-donating units and have been widely
adopted to design and synthesize low-band-gap organic semiconductors such as the
classic PTB7 and other similar counterparts.90-96 Interestingly, the BDT small
molecules or polymer with BDT units usually have strong absorption in the green
light region (ca. 600 nm). Therefore, it is feasible to blended BDT molecules with
porphyrin molecules to increase light-harvest in ternary or tandem OSCs. However,
there is no proofs of covalent-bonded porphyrin and BDT molecules for highly
efficient OSCs. The covalent-bonded porphyrin and BDT units will have stronger
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push-pull interaction than the noncovalent-bonded blending and will show different
photo-physical and electrochemical properties. With this expectation, we used the
BDT as π-bridge to construct the A-π-Por-π-A-type porphyrin molecules Por-BR,
Por-BRC, SPor-SBR and Por-BTR. The structures of these molecules are shown in
Figure 1.16. The four molecules can be divided into two sets of molecules. One
contains the molecules Por-BR and Por-BRC, in which using the same porphyrin as
core, BDT as π-bridge, but differing from the capping units of 3-ethyl rhodamine or
2-(1,1-dicyanomethylene)-3-ethylrhodanine. The absorption spectra of porphyrin
molecules are demonstrated by experimental data and DFT calculation. And the other
set includes the porphyrin molecules SPor-SBR and Por-BTR. Compared to
porphyrin molecules Por-BR, a thienyl unit is inserted into the main chain of
molecular skeleton for Por-BTR and then side chain for BPor-SBR. In other words,
we selected two ways, one is two-dimensional modification and the other one is
extending the conjugation length of main chain, to explore a feasible way to broaden
the spectral absorption of porphyrin molecules. We expect that extending conjugating
main chain might be the one of the best ways to improve the photovoltaic
performance of A-π-Por-π-A BDT-bridged porphyrin molecules.
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Figure 1.17 Molecular structure of mediate-sized molecules MPor1 and MPor2.

D-A type porphyrin molecules have been adopted for BHJ OSCs, but the
panchromatic spectral absorption is still a challenge for porphyrin and its derivatives.
In the fifth chapter, two medium-sized porphyrin molecules MPor1 and MPor2, in
which employing the same porphyrin as core, α-terthienyl BDT as π-bridge, but
differing from capping unit of 3-ethylrhodanine or 2-(1,1-dicyanomethylene)-3ethylrhodanine, were synthesized and fully characterized. The structure of MPor1 and
MPor2 are shown in Figure 1.17, Both experimental spcetra and theoretical
calculation are used to observe whether a panchromatic absorption for the MPor1 and
MPor2 in solid-film will be achieved due to their strong twisted intramolecular charge
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transfer interactions. It is expected that the two molecules not only exhibit
panchromatic absorptions but also combine the film-forming ability of polymer and
crystallines of small molecules. When used as electron donor and in conjunction with
fullerene acceptor in BHJ OSCs, these porphyrin molecules will enhance the fully
visible-light harvesting and morphological quality of active layer. Accordingly, the
two molecules will arouse a new method to achieve panchromatic absorption and selfassembly of porphyrin molecules and to improve the performance of conventional
structural BHJ OSCs usisng them as electron-donor and PC71BM as electron-acceptor.

Figure 1.18 Shapes of CdS NWs and Co(OH)2 modified CdS NWs.

Besides of the BHJ OSCs, hydrogen production from water-splitting has been
recognized as a carbon strategy for sustainable energy consumption. But the scarce
and expensive of noble metals limit the commercial application of photocatalytic
technologies. Therefore, it is necessary to developed low-cost and highly efficient
photocatalyst for hydrogen production. In the sixth chapter, new Co(OH)2 modified
CdS NWs was developed as alternative to Pt-loaded CdS NWs. The mechanism of
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Co(OH)2 modified CdS NWs for photocatalytic hydrogen production is shown in
Figure 1.22. It is expected that these Co(OH)2 modified semiconductors will be good
candidates for visible-light driven photocatalytic hydrogen production.
In the final chapter, the characterization information of compounds and summary
will be given.
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Chapter 2 Structural Engineering of DonorAcceptor-Type Porphyrin Small Molecules
2.1 Introduction
Attentions have been drawn for long time to supramolecular chemistry since the
discovery of self-assembled phenomenon. Jean-Marie Lehn1 first defined the concept
of “The Chemistry Beyond the Molecules” as chemistry of molecular assemblies,
intermolecular bonds assembly and super molecule. The supramolecular assemblies
widely exist in nature and play an essential role in evolution of biologic system. On
the other hands, porphyrins emerged as rising star from photosynthesis and they are
found in many organisms, typically such represented as photosynthetic apparatus,2
heme proteins,3-4 and cytochrome family.5 Their self-assemblies have attracted
intensive studies due to the unique properties. Besides, the porphyrin possesses a
capability to construct plenty of organic semi-conductors via a huge variety of metal
ion coordination at the metal center or modification of the meso- or β-position of
porphyrin.6-7 These unique advantages make porphyrin available to construct
materials for wide applications, from sensing,8 bio-mimetic catalysis,9 photovoltaic10
and medicine.11
On the other hand, porphyrins and their derivatives have attracted intensive studies
in bulk heterojunction organic solar cells (BHJ OSCs). For example, Grätzel et al.
reported using porphyrins as photosensitizer in dye-sensitized solar cells (DSSCs)
and gave high PCEs of 12–13%.12-13 At the same side, the bulk heterojunction (BHJ)
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BHJ OSCs using porphyrin molecules as donor materials also exhibited promising
PCEs of 5–9%.14-20 These results indicate that porphyrin and their derivatives are
promising electron-donors for BHJ OSCs. But, It is still very difficult to get
panchromatic absorption and controllable morphologies for porphyrin molecule in
film-electronics.21-22 Many efforts have been made to overcome the limits of
porphyrin for optoelectronic and photovoltaic application. For example, Tsuda et al.23
have reported the fully conjugated porphyrin tapes which showed a broad absorption
reaching into infrared. And diketopyrrolopyrrole (DPP)19, 24 can be an ideal capping
unit for porphyrin to get fully absorption in green light region and to get better
performance in BHJ OSCs. Besides, Grätzel et al.12 reported the panchromatic dye of
porphyrin for DSSC and gave high efficiency surpass 13%. Fortunately, the pushpull interaction is a powerful tool to lower the band gap of organic molecules. In this
section, two sets of D-A type porphyrin molecules comprising one (G1) of Por-P,
Por-F, BPor-P, Por-FP and the other (G2) of BPor-TR, BPor-C6TR, BPor-FR and
BPor-TzR were designed and synthesized to examine their spectral properties and
self-assemblies. The structures of molecules are shown in Figure 2.1. The molecules
Por-P, Por-F, BPor-P, Por-FP have different push-pull interactions between
porphyrin core and capping units of pyrene, fluorenone and phenanthro[1,10,9,8cdefg]carbazole, and BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR are differed
by the π-bridge of A-π-Por-π-A where porphyrin is electron-donating unit (D) and 3ethyl rhodamine is the electron-deficient unit (A). Both DFT calculation and
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experiments are adopted to investigate their structure, spectral properties and selfassemblies. Organic field electronic transistors (OFET) using the first set of
molecules as active materials were fabricated to explore their charge mobilities. And
grazing-incidence wide-angle x-ray scattering (GIWAXS) was used to examine the
microstructure of the second set of molecules in [6,6]-phenyl C71 butyric acid methyl
ester (PC71BM)-blendings.

Figure 2.1 Structure of the molecules in G1 and G2.
43

2.2 G1: Donor-Acceptor Type Porphyrin Molecules

Figure 2.2 Optimized geometries views of molecules Por-P, Por-F, BPor-P and
Por-FP vertical and parallel to the molecular planes.

Figure 2.3 Selected molecular orbitals calculated for molecules Por-P, Por-F, BPorP and Por-FP using Gaussian at B3LYP/6-31G(d) level.
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2.2.1 Results and Discussion
The synthetic routes and molecular structures of porphyrin molecules in G1 are
shown in Scheme 2.1. The target products were fully characterized by nuclear
magnetic resonance (NMR) and matrix assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF-MS) with a good fitness. The four molecules
were synthesized with expectation that the capping units of pyrene, fluorenone and
phenanthrol[1,10,9,8-cdefg]carbazole will have different push-pull interaction to
porphyrin ring. The DFT calculations were used at B3LYP/6-31G(d) level to
optimize the molecular geometries and molecular orbits of Por-P, Por-F, BPor-P
and Por-FP. As shown in Figure 2.2, the Por-F showed a fully planar geometry with
negligible dihedral angles of 1.22º–1.24º. In contrast, the other molecules Por-P,
BPor-P and Por-FP gave non-planar geometries. The BPor-P had the highest twisted
backbone conformation with dihedral angles of 65.85º, 65.78º, 22.53º and 21.89º.
And the Por-P owned a twisted backbone conformation with dihedral angles of
26.42º, 30.41º. And the Por-FP exhibited a lowly twisted backbone conformation
with dihedral angles of 24.29º and 23.93º. Obviously, the planar intramolecular
charge transfer state (PITC) and twisted intramolecular charge transfer state (TICT)
can take place in Por-F and the other three molecules, respectively, due to their
different backbone conformations.
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Figure 2.4 UV-Vis absorption spectra of molecules Por-P, Por-F, BPor-P, Por-FP
performed in DCM at concentrations of 10 μmol·L−1 (a), DFT (b) and solid thin film
(c); A comparison of molecular energy orbits and band gap of Por-P, Por-F, BPorP, Por-FP and pristine porphin (d).

Table 2.1 Theoretical values of the selected molecular energy orbits of Por-P, PorF, BPor-P, Por-FP and pristine porphin.
Sample
H–1
H
L
L+1
Cal. Eg
Por-P
−5.28
−4.74
−2.61
−2.17
2.13
Por-F
−5.36
−4.92
−2.75
−2.37
2.17
BPor-P
−5.22
−4.68
−2.57
−2.14
2.11
Por-FP
−4.85
−4.49
−2.50
−2.09
1.99
Porphin
−5.22
−5.21
−2.13
−2.13
3.08
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Table 2.2 Experimental photophysical data of molecules Por-P, Por-F, BPor-P,
Por-FP.
Sample
Solution/ nm (ε× 105 mol·cm−1·L−1)
Film/ nm
Eg opt (eV)
Por-P
471(3.43), 696(0.94)
503, 712
1.74
Por-F
452(3.49), 687(1.3)
489, 700
1.75
BPor-P
468(3.60), 700(1.13)
488, 708
1.73
Por-FP
476(1.04), 499(1.53), 717(0.81)
516, 694, 740
1.68

The selected molecular orbital distributions of Por-P, Por-F, BPor-P and PorFP were also calculated at the same level to provide more information about the
effects of these capping units on the energy levels of porphyrin. The molecular orbital
distributions from HOMO-1 (H-1), HOMO (H) to LUMO (L), LUMO+1 (L+1) of PorP, Por-F, BPor-P and Por-FP are shown in Figure 2.3. All molecules Por-P, PorF, BPor-P and Por-FP showed delocalized orbital distributions due to the D-A
structures. In contrast, the Por-F gave high L and L+1 delocalization from electrondeficient capping unit of fluorenone. And the other molecules Por-P, BPor-P and
Por-FP showed high H and H‒1 delocalization from electron-donating capping unit
of pyrene or phenanthro[1,10,9,8-cdefg]carbazole. These orbital distributions are
different with “Four Orbital Models” of maternal porphin which has two degenerated
orbits L and L+1 and two nearly occupied orbits H and H–1.25 The values of the
selected molecular energy orbits are summarized in Table 2.1 and a comparison is
shown in Figure 2.4. The maternal porphin had degenerated virtual orbits (L and L+1)
at −2.13 eV and nearly occupied orbits (H and H–1) at –5.21/–5.22 eV, and hence a
large band gap of 3.08 eV was estimated. In contrast, all the four molecules exhibited
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low band gaps due to the highly delocalized frontier molecular orbits and
asymmetrical geometries. The asymmetrical geometries with push-pull interplays
resulted in disappearance of degenerated virtual orbits and nearly occupied orbits of
porphyrin ring and gave different effects on their molecular orbits. As shown in
Figure 2.3, the Por-F showed the lowest LUMO and HOMO levels at −4.92/−2.75
eV than Por-P (−4.74/−2.61 eV), BPor-P (−4.68/−2.57 eV) and Por-FP
(−4.49/−2.50 eV) due to the strong electron-deficient fluorenone capping units. And
Por-FP exhibited the highest LUMO and HOMO levels at −4.49/−2.50 eV ascribed
to the strong electron-donating phenanthro[1,10,9,8-cdefg]carbazole capping units.
In addition, the BPor-P gave a higher HOMO LUMO values than Por-P because of
the electron-donating phenyl substituents of porphyrin, though the same pyrene
capping units were employed for Por-P and BPor-P.
The theoretical optical and experimental UV-Vis absorption spectra of Por-P,
Por-F, BPor-P and Por-FP were also performed and listed in Figure 2.4 a-c. The
related data are summarized in Table 2.1 and Table 2.2. The experimental spectra of
Por-P, Por-F, BPor-P, Por-FP were examined in DCM at concentrations of 10 µM
and film from solvent casting. In solution at a low concentration of 10 µM, the PorP, Por-F, BPor-P and Por-FP exhibited Soret and Q band absorption peaks at
471/696 nm, 452/687 nm, 468/700 nm, 476/499/717 nm, with molar extinction
coefficients of 3.43×105/0.94×105 mol∙L-1∙cm-1, 3.49×105/1.3×105 mol∙L-1∙cm-1,
3.6×105/1.13×105

mol∙L-1∙cm-1,

1.04×105/1.53×105/0.81×105
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mol∙L-1∙cm-1,

respectively. Similarly, the theoretical spectra of these molecules by TD DFT at
B3LYP/6-31G(d) also gave similar absorption bands with higher resolution. It
indicated the DFT calculations at B3LYP/6-31G(d) level were consistent with the
observation in experimental UV-Vis spectra. In addition, the UV-Vis absorption
spectra of their films are shown in Figure 2.4c. The Por-P, Por-F, BPor-P and PorFP exhibited the Soret and Q bands absorption peaks at 503/712 nm, 489/700 nm,
488/708 nm, 516/694/740nm, respectively. The spectra of film had red-shift with
respect to that from solution due to the strong π-π stacking. Their optical band gaps
of Por-P, Por-F, BPor-P and Por-FP can be estimated to be 1.74 eV, 1.75 eV, 1.73
eV and 1.68 eV, respectively, according to the onset absorption of Q bands of their
films. Obviously, these optical band gaps of molecules are consistent with theoretical
data.
It is interesting to note the different tendencies of photoluminescence (PL) intensity
arising from the increased concentrations of these molecules in solution. As shown in
Figure 2.5, Por-F showed a rapid quench fluorescence at wavelength of 671 nm,
Por-P and BPor-P gave slow quench fluorescence at wavelength of 706 nm and 690
nm, and Por-FP exhibited an enhanced emission in fluorescence spectra under the
increased concentration from 1 µM to 10 µM. The different tendencies of
fluorescence were consistent with the molecular geometries and elucidated their
different self-assemblies. As shown in Figure 2.1, the planar backbone conformation
of Por-F is beneficial for face-to-face molecular stacking, while Por-FP has the
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tendency to form slipped face-to-face molecular stacking due to the twisted backbone
conformation. The tendency of self-assembly in Por-F can be defined as Haggregates and then J-aggregates for Por-FP according to self-assemblies of organic
molecules.26
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Figure 2.5 Fluorescence spectra of molecules Por-P, Por-F, BPor-P, Por-FP in
DCM at concentrations of 1 μmol·L−1 (a) and 10 μmol·L−1.
Table 2.3 Electrochemical data of molecules Por-P, Por-F, BPor-P, Por-FP.
Samples
RE/eV
LUMO/eV
HOMO/eV
Eg /eV
Por-P
-1.1
-3.60
-5.34
1.74
Por-F
-1.05
-3.65
-5.40
1.75
BPor-P
-1.07
-3.63
-5.36
1.73
Por-FP
-1.08
-3.62
-5.30
1.68
a
LUMO = −(4.70 + Ere) (eV), HOMO = (LUMO–Eg) (eV), Eg are optical band gap,
and ferrocene is an external standard.
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Figure 2.6 Cyclic voltammograms of molecules Por-P, Por-F, BPor-P, Por-FP in
DCM/ TBAPF.

Cyclic voltammetry was also used to examine the electrochemical properties of
Por-P, Por-F, BPor-P and Por-FP. And the cyclic voltammogram are shown in
Figure 2.6 and the corresponding data are summarized in Table 2.3. These molecules
exhibited reversible reductive process and irreversible oxidation process due to the
demetallization of porphyrin. According to the onset of reductive potentials, the
LUMO levels of Por-P, Por-F, BPor-P, Por-FP can be estimated as -3.60 eV, -3.65
eV, -3.63 eV and -3.62 eV, respectively. Therefore, the HOMO levels of these
molecules Por-P, Por-F, BPor-P, Por-FP can be estimated to be -5.34 eV, -5.40 eV,
-5.36 eV, and -5.30 eV by the equation HOMO = (LUMO–Eg

opt

) (eV). The high-

lying energy levels indicated these molecules could be used as electron donor or ptype carrier transfer materials.
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Figure 2.7 OFET properties of BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR as
active materials.

Table 2.4 OFET data of Por-P, Por-F, BPor-P and Por-FP as active material.
Sample
Por-P
Por-F
BPor-P
BPor-P (annealing)
Por-FP

Mobility (cm2V−1s−1)
0.001
0.012
3.7×10−4
0.001
0.002

On/off ratio
1×102
1×105
~103
~104
3×10

Vth (V)
-5.1
-6.9
-5.9
-6.9
-9.8

2.2.2 OFET performance
To understand the effects of these self-assemblies of porphyrin molecules on the
performance of organic electronic devices. A bottom-gate, top-contact type organic
field-effect transistor (OFET) device configuration on unmodified Si/SiO2 substrate
was used to evaluate the OFET properties of the sample Por-P, Por-F, BPor-P, PorFP thin films. The device and electrical characterizations were carried out under
ambient conditions without precautionary measures to exclude atmospheric oxygen,
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moisture, and ambient light. All devices exhibited p-type semiconductor behaviors.
Figure 2.7 shows the representative transfer characteristics and output curves of
OFETs with Por-P, Por-F, BPor-P, Por-FP films as channel semiconductors. The
field-effect mobility values were extracted as commonly practiced from the |IDS|1/2
versus VG plot in the low gate voltage (VG) regime (VG−Vth = 10 V). The data of
mobility in the saturated regime, current on/off ratio are summarized in Table 2.4.
The OFET with Por-F as channel material exhibited the best performance with
mobility of 0.12 cm2∙V−1∙s−1, on/off ratio of 105 and Vth of −5.1 V. And the OFET
with Por-P, BPor-P or Por-FP as channel material typically exhibited decreased
mobilities about an order of magnitude. The results indicated the Por-F was the most
ideal candidate for OFET application than the other three molecules. The higher
mobility of Por-F than Por-FP in OFETs can be attributed to the H-aggregates of
molecules according to the previous reported papers.27-28

2.3 G2: A-π-Por-π-A Type Porphyrins Molecules
2.3.1 Results and Discussion
A-π-Por-π-A porphyrin molecules have attracted increased attention because of the
promising properties for photovoltaic application. 14-20 However, very few attentions
have been paid to the influence of π-bridge of the A-π-Por-π-A type porphyrins on
the self-assemblies and spectral properties. It is well known that one of the advantages
of BHJ OSCs is from its active layer, which can be formed by spontaneous phase
separation via self-assemblies of electron donor and acceptor. So, the self-assemblies
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of porphyrin-based molecules may play a positive role to improve the performance
of devices. Previously, the porphyrin-based molecules synthesized in G1 have
demonstrated that the strong D-A interaction has profound impact on the selfassemblies and spectral properties of porphyrin-based molecules. Herein, we attempt
to explore the effect of π-bridges in A-π-Por-π-A small molecules, on the selfassemblies and spectral properties as well as performance of device. With these
considerations, A-π-Por-π-A structural porphyrins with different bridging units,
namely BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR, were synthesized and
investigated to explore the self-assemblies and spectral properties via theoretical and
experimental studies. Moreover, we also explored the self-assemblies and
morphologies of the neat film of these molecules and blend-films with PC71BM by
GIWAXS to show their potentials for photovoltaic application. The structures and
synthetic pathway of these molecules were shown in Scheme 2.2. The π-bridges of
molecules BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR were thiophene, hexylthiophene, furan and thiazole. These π-bridges are similar five-membered aromatic
rings but can be distinguished by electron-donating ability. They are strong electrondonating units of hexylthiophene, thiophene and furan and the weak electrondeficient unit of thiazole. These molecules were synthesized mainly via the
Sonogashira coupling reaction.29 The molecules were carefully characterized by
nuclear magnetic resonance spectroscopy (NMR) and matrix assisted laser desorption
ionization-time of flight mass spectrometry (MALDI TOF MASS).
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Figure 2.8 The optimal geometries of molecules BPor-TR, BPor-C6TR, BPor-FR
and BPor-TzR.

Figure 2.9 The selected molecular orbit distribution of molecules BPor-TR, BPorC6TR, BPor-FR and BPor-TzR.

The optimal geometries and selected molecular orbits HOMO-1 (H-1), HOMO
(H), LUMO (L) and LUMO+1 (L+1) of molecule BPor-TR, BPor-C6TR, BPor-FR
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and BPor-TzR were calculated by DFT at B3LYP/6-31G(d) level using Gaussian 09
D. 01 package. As shown in Figure 2.8, all the four molecules had fully planar
backbone conformations, indicating planar intramolecular charge transfer state would
exist in these A-π-Por-π-A-type porphyrin molecules. In addition, the selected
molecular orbital distributions are shown in Figure 2.9 and Figure 2.10. And the
values of the energy levels are summarized in Table 2.5. For comparison, the selected
orbital distributions of porphin were also performed by DFT at the same level. As
mentioned that the maternal porphin has D4h symmetric geometry and a band gap of
3.08 eV. In comparison, the molecules BPor-TR, BPor-C6TR, BPor-FR and BPorTzR had delocalized electronic distributions, lower band gaps and deeper energy
levels than the maternal porphin due to their strong intramolecular push-pull
interactions. In addition, we also noticed that the band gaps and energy levels of these
molecules had obvious differences due to the π-bridges. As shown in Table 2.5, the
electron-donating thiophene and furan π-bridges give higher both HOMO and LUMO
energy levels than the electron-deficient π-bridge of thiazole, though the planar
geometries are same for all the four molecules.
The theoretical optical and experimental UV-Vis absorption spectra of molecule
BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR in Chloroform (CF) solution and
film are performed and plotted in Figure 2.10b and Figure 2.11. And the
photophysical data are summarized in Table 2.6. The theoretical optical spectra were
investigated by TD-DFT at B3LYP/6-31G(d) level using Gaussian 09. D.01 package
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and CF was defined as solution. Obviously, the computer spectra were consistent with
the experimental data. In contrast, the computer spectra showed relative highly
resolution than the experimental spectra. Besides, all the molecules showed Soretband and Q-band absorption features, which were consistent with the reported A-πPor-π-A porphyrins.14-20 On the other hand, as shown in Figure 2.11 a-d, these
molecules BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR in solution have
different absorption characteristics, especially in the Soret band region. The shape of
the Soret absorption can illustrate the J or H-type self-assemblies of porphyrin rings
and the shape of the Q band absorption sometimes can indicate the self-assemble
behaviors of the whole porphyrin-based molecules according to previous papers.30-31
And pyridine has been demonstrated effective in optimizing the morphology of
porphyrin-based materials.32 So, with 2 v% of pyridine to the solvent added to the
solution, it can be found that the splitting Soret band and red-shifted Q band become
more obviously. Typically, the BPor-TR (Figure 2.11 a) exhibited two peaks at 460
nm and 488 nm as Soret bands and 744 nm as Q band, which were consistent with
typical J-aggregates of porphyrin rings in solution.16, 31 And the BPor-C6TR, which
has hexyl substituent on the thiophene liner compared to BPor-TR, has uniform Soret
band at 492 nm and Q band at 749 nm, indicating the individual molecules in solution.
And the solutions of BPor-FR and BPor-TzR also exhibited splitting Soret band at
417/484 nm, 447/500 nm, respectively, which were corresponding to the J-aggreges
of porphyrin rings according to the J-aggregates of porphyrin rings, which were
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formed by end-to-end stacking and usually exhibited splitting peaks in the Soret band
and red-shift absorption in Q-band.31, 33-35

(a)

L-1
L
H
H+1

-3

(b)
5x105

3.08
-4

1.9

1.87

1.94
1.89

-5

3x105
2x105
1x105

-6
Porphin

Por-TR
Por-C6TR
Por-FR
Por-TzR

4x105
 (Lmol-1cm-1)

Energy Level (eV)

-2

0

Por-TR Por-C6TR BPor-FR Por-TzR

400

Sample

500
600
700
Wavelength (nm)

800

900

Figure 2.10 (a) a comparison of the selected molecular orbits H−1, H, L, L+1 of BPorTR, BPor-C6TR, BPor-FR and BPor-TzR. (b) Theoretical spectra of molecules
BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR.

Table 2.5 The values of the selected molecular orbits H−1, H, L, L+1 of BPor-TR,
BPor-C6TR, BPor-FR and BPor-TzR.
Sample
H-1/eV
H/eV
L/eV
L+1/eV
Cal. Band Gap/eV
porphin
−5.22
−5.21
−2.13
−2.13
3.08
BPor-TR
−5.64
−5.14
−3.24
−2.78
1.9
BPor-C6TR
−5.62
−5.08
−3.21
−2.74
1.87
BPor-FR
−5.58
−5.08
−3.14
−2.66
1.94
BPor-TzR
−5.72
−5.28
−3.39
−3.03
1.89
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Figure 2.11 UV-Vis absorption spectra of molecules BPor-TR, BPor-C6TR, BPorFR and BPor-TzR in chloroform solution (a-d) and solid thin films (e, f; note: f is
the molecules with 2 mol% pyridine).

The UV-Vis absorption spectra of these molecules in solid state (or film) were
also performed in film to explore the spectral properties and self-assemblies of these
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molecules. The spectra of the samples in film without pyridine are shown in Figure
2.11e. For comparison, 2 v% pyridine was also added to the chloroform to prepare
the thin-film by solvent-casting of sample solution at concentration of 10 µM. And
spectra are shown in Figure 2.11f. From Figure 2.11e, the absorption peaks of Soret
band and Q band for the molecules BPor-TR, BPor-C6TR, BPor-FR and BPorTzR were 525 nm and 778 nm, 525nm and 759 nm, 519 nm and 744 nm, 455/515 nm
and 765 nm, respectively. It can be found that these molecules in solid state became
no obvious J-aggregates except BPor-TzR maintained the J-aggregates of porphyrin
rings, indicating these molecules tended to form irregular self-assemblies. In addition,
it can also be noticed that all these molecules showed any J-aggregates when pyridine
was added as additive. It indicated the pyridine here was beneficial for formation of
J-aggregates of porphyrin rings in solid state. However, we also noticed that pyridine
can also be beneficial for porphyrin molecule to form H-aggregates in else place. For
example, the DPP bridged porphyrins, reported by Peng recently,19, 36 which exhibited
more obvious characteristics of H-aggregates with pyridine additive. Besides,
according to the onset absorption of these molecules in film with pyridine, the optical
band gap can be estimated to 1.52 eV, 1.50 eV, 1.54 eV and 1.53 eV, respectively.
The narrow optical band gap indicates these molecules have good absorption among
the UV-Vis spectral region. And the controllable self-assemblies, spectral responses
of these molecules also indicate that the important role of π-bridges in A-π-Por-π-A
porphyrin molecules.
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Figure 2.12 Excitation and fluorescence of molecules BPor-TR, BPor-C6TR,
BPor-FR and BPor-TzR in chloroform with different conditions.

The excitation and fluorescence spectra of solutions with these molecules 2 v%
pyridine to chloroform solvent were also performed to explore the fluorescence
characteristics of BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR. The
corresponding spectra are shown in Figure 2.12. The excitation spectra confirmed
the conclusion that the BPor-FR had the most obvious J-aggregates and followed by
BPor-C6TR and Por-TzTR according to the splitting Soret band. And BPor-TR had
not obvious J-aggregates characteristics. In addition, the fluorescence spectra of these
molecules showed the increased concentration and pyridine had different effects on
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the intensity of fluorescence. Typically, the intensities of fluorescence were exhibited
very stable for BPor-TR and BPor-FR with increased concentration from 1 µM to
10 µM, which were corresponding to the obvious J-aggregates in BPor-TR and
BPor-FR in solution. In contrast, the intensities of fluorescence of BPor-C6TR and
BPor-TzR solutions decreased with increased concentrations from 1 µM to 10 µM,
which were corresponding to the very weak J-aggregates in BPor-C6TR and BPorTzR solutions. After adding pyridine as additive, these molecules, except for BPorTR, show slightly decreased intensities of fluorescence, indicating different impacts
of pyridine on the fluorescence for the atypical aggregates and J-aggregates of
porphyrin rings in these molecules though pyridine here was weak electron-deficient
unit.
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Figure 2.13 (a) Cyclic voltammograms of molecules BPor-TR, BPor-C6TR, BPorFR, BPor-TzR in acetonitrile/ TBAPF; (b) Schematic diagram of the energy levels
and band gap of molecules.
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Table 2.6 Photophysical data of molecules BPor-TR, BPor-C6TR, BPor-FR,
BPor-TzR.
Sample
UV-Vis (nm)
PL(nm) Egopt(eV)
Solution
Film
Solution
BPor-TR 460(0.82),488(0.86),744(0.83)
525,778
766
1.52
BPor492(1.22),749(1.27)
420,525,759
766
1.50
C6TR
BPor-FR 417(0.85),484(1.13),737(0.92) 420,519,744
754
1.54
BPor447(1.04),500(1.38),744(1.42) 455,515,765
754
1.53
TzR
Note. Solution is chloroform with 2 v% pyridine and optical band gap was estimated
from the spectra of sample film with pyridine additive.

Electrochemical properties of molecules BPor-TR, BPor-C6TR, BPor-FR,
BPor-TzR are performed and shown in Figure 2.13. The corresponding data are
summarized in Table 2.7. According to the onset values of the redox progress of
molecules, the HOMO levels of BPor-TR, BPor-C6TR, BPor-FR, BPor-TzR can
be estimated to be −5.3 eV, −5.21 eV, −5.23 eV and −5.36 eV, respectively. And the
corresponding LUMO levels are −3.55 eV, −3.53 eV, −3.52 eV and −3.61 eV,
respectively. According to the HOMO and LUMO levels, the band gap of BPor-TR,
BPor-C6TR, BPor-FR, BPor-TzR can be calculated to be 1.89 eV, 1.63 eV, 1.71
eV and 1.75 eV, respectively. It can be found that these π-bridges effective narrowed
the band gaps and dropped the LUMO levels of the molecules than BPor-TR which
used thienyl group as π-bridge. It is believed the self-assemblies of molecules BPorC6TR, BPor-FR and BPor-TzR induced by the π-bridges of hexylthiophene, furan
and thiazole here played the important roles to tune π-π interactions of molecules,
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thus leading to narrow the band gap and lower LUMO levels of materials. In addition,
the electron-affinities of these π-bridges also have impacts on the energy levels of
molecules. For example, the thiophene has the weaker electron-donating capability
than furan, which agreed with the lower LUMO and HOMO levels of −3.55/−5.3 eV
of BPor-TR than −3.52/−5.23 eV of BPor-FR. And the thiazole, which has the
weakest electron-donating capability among the other π-bridges of thiophene, furan
and thiazole, was consistent with the lowest LUMO of -3.61 eV and HOMO of -5.36
eV of BPor-TzR. These results indicated that the energy levels and band gaps of the
A-π-Por-π-A porphyrin molecules can be smartly tuned by different bridging groups
because the π-bridges have different impacts on the self-assemblies and energy levels.
It can also be predicted that these molecules will be suitable for photovoltaic
application because these energy levels and energy band gap are good match with
PC61BM and PC71BM.37

Table 2.7 Electrochemical data of molecules BPor-TR, BPor-C6TR, BPor-FR,
BPor-TzR.
Samples

LUMO (eV) a

HOMO (eV) a

Eg (eV)

BPor-TR

−3.55

−5.3

1.75

BPor-C6TR

−3.53

−5.21

1.68

BPor-FR

−3.52

−5.23

1.71

BPor-TzR
−3.61
−5.36
1.75
Note a: HOMO = −(4.77 + OX), LUMO = −(4.77 + RE). Band Gap = LUMO –
HOMO. Ferrocene is usd as an external standard.
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Figure 2.14 GIWAXS images of neat spin-coating films of BPor-TR, BPor-FR and
BPor-TzR, blend-films of donor /PC71BM.
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Table 2.8 Parameters of GIWAXS results of neat, blend-films of BPor-TR/PC71BM,
BPor-FR/PC71BM and BPor-TzR/PC71BM at (100) diffraction.
Sample
(100)/nm−1
d/nm
FWHM/nm−1
CL/nm
Neat BPor-TR
3.72
1.69
0.36
16.23
TA BPor-TR/PC71BM
3.55
1.77
0.54
10.82
SVA BPor-TR/PC71BM
3.62
1.74
0.45
12.99
Neat BPor-FR
3.85
1.63
0.37
15.79
TA BPor-FR/PC71BM
4.28
1.47
1.22
4.79
SVA BPor-FR/PC71BM
3.89
1.62
0.81
7.21
Neat BPor-TzR
3.72
1.69
0.47
12.43
TA BPor-TzR/PC71BM

3.72

1.69

0.43

SVA BPor-TzR/PC71BM
4.04
1.56
0.46
The layer space (d) = 2π/q, and coherence length (CL) = 2πk/q, k = 0.93.

13.59
12.70

Table 2.9 Parameters of GIWAXS results of neat, blend-films of BPor-TR/PC71BM,
BPor-FR/PC71BM and BPor-TzR/PC71BM.
Sample
(200)/nm−1 PC71BM
(010)
d/nm
Neat BPor-TR
7.23
-17.75
0.35
TA BPor-TR/PC71BM
6.85
13.86
17.75
0.35
SVA BPor-TR/PC71BM
6.85
13.86
17.75
0.35
Neat BPor-FR
7.47
-17.75
0.35
TA BPor-FR/PC71BM
7.47
13.86
SVA BPor-FR/PC71BM
7.47
13.86
18.18
0.35
Neat BPor-TzR
7.24
-17.68
0.36
TA BPor-TzR/PC71BM
7.17
13.86
17.26
0.36
SVA BPor-TzR/PC71BM
7.77
13.86
17.54
0.36
The layer space (d) = 2π/q, and coherence length (CL) = 2πk/q, k = 0.93.
Next, we want to have better understand of morphologies of molecules of BPorTR, BPor-FR and BPor-TzR in neat films and blends with PC71BM acceptor,
grazing-incidence wide-angle X-ray scattering (GIWAXS) characterization were
typically carried out at the BL16B1 beamline of the Shanghai Synchrotron Radiation
Facility (SSRF) to explore the microstructures and orientations of crystallites of
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molecules in blend-films with thermal annealing (TA) and continuous solvent vapor
annealing (SVA). The resulted 2D-GIWAXS patterns and in-plane and out-of-plane
X-ray scattering profiles extracted from the 2D GIWAXD images are shown in
Figure 2.14 and the data are summarized in Table 2.8 and Table 2.9. The
predominant orientations of BPor-TR, BPor-FR and BPor-TzR chains in spin-cast
films are “edge-on” orientation according to lamellar-stacking diffraction peaks (100),
(200) in out-of-plane direction and π-stacking diffraction peak (010) in in-plane
direction. And bright ring also can be observed in the large q value due to the large
grains and well-ordered materials. However, these molecules exhibited different
diffraction characteristics due to their different π-bridges. In neat film, the BPor-TR
has (100) diffraction peak at the smallest position at qz = 3.72 nm-1 (d-spacing, 1.69
nm) and full width at half maxima (FWHM) of 0.36 nm-1 (coherence length, 16.23
nm); and BPor-FR shows larger position of (100) diffraction at qz = 3.85 nm-1 (dspacing, 1.63 nm) and narrow FWHM of 0.37 nm-1 (coherence length, 17.79 nm),
indicating the π-bridge of furan has slightly increased the grain size and resulted in
tighter crystal structure than BPor-TR with π-bridge of thienyl group. In addition,
the BPor-TzR showed (100) peaks at qz = 3.72 nm−1 (d-spacing, 1.69 nm) but the
smallest full width at half maxima (FWHM) of 0.47 nm−1 (coherence length, 12.43
nm), indicating the π-bridge of thiazole decreased the grain size of crystalline. For
these blend-films with TA treatment, the diffraction characteristics are obvious
influenced by the added PC71BM acceptors. Typically, a random diffraction peak
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arising from PC71BM molecules can be observed at about 13.86 nm-1 in out-of-plane
direction. According to previous literature, the donor and acceptor molecules in
blend-films usually partly dissolved in each other and then form three phaseseparation,38 and the thermal anneal usually can increase the crystallinity of blends.39
So, the shift positions of diffraction peak values and FWHMs of (100) diffraction
peaks of these molecules can be attributed to highly crystallinities. In contrast, the
blend-film of BPor-FR/PC71BM had more obvious shift value of (100) diffraction
and the broadest FWHM, indicating the BPor-FR had the best miscibility with
PC71BM than the other molecules. On the other hand, the BPor-TR and BPor-TzR
had poor miscibility with PC71BM acceptor, which might limit the performance when
using them as donor materials with PC71BM acceptor in BHJ OSCs. After the
continuous TA and SVA treatment, the obvious decrease of layer-space and slightly
increased coherence length are observed for blend-films of BPor-TR/TzR and
PC71BM, indicating reorientation of molecules and crystallinities took place and it
would be beneficial for photovoltaic performance. Similarly, the obviously increase
of coherence length was also observed for blend-film of BPor-FR/PC71BM,
indicating the improved phase-separation of the BHJ active layer.

2.4 Conclusion
In this chapter, two sets of porphyrin small molecules on basis of different molecular
structure were designed and synthesized to investigate the effects of the capping unit
and π-bridges on the self-assemblies and spectral properties. Both theoretical and
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experimental data illustrate these molecules with D-A structure can tune the band gap
and enhance the molecular orbit delocalized distribution. Specially, the spectral and
electrochemical analysis showed that Por-F of G1 with the strongest push-pull
interaction among these molecules and had the most obvious characteristics of Haggregates, while the Por-FP, which has extensive conjugation and branched
substituents, exhibited splitted Soret-band and red-shifted Q-band absorption,
accompanied with obvious characteristics of J-aggregates. Subsequently, OFETs
using these molecules as active materials were performed. The Por-F with Haggregates showed the best performance with a mobility of 0.012 cm2·V−1·s−1, on/off
ratio of 105, and Vth of −6.9 V, while the Por-FP with J-aggregates had the poorest
performance with a mobility of 0.002 cm2·V−1·s−1, on/off ratio of 30, and Vth of −9.8
V. Moreover, for the concern of influence of π-bridges in A-π-Por-π-A concept, the
spectral and electrochemical analysis of porphyrin molecules of G2 exhibited these
π-bridges have obvious effects on the spectral properties, molecular energy levels and
the self-assemblies of the A-π-Por-π-A structural porphyrin molecules. With pyridine
additive added, these molecules exhibit more obvious J-aggregates as the increase
electron-deficient properties of π-bridges from thiophene, furan to thiazole unit.
GIWAXS were performed to investigate these molecules in neat film and blend-films
with PC71BM acceptor. It has been found that these molecules have “edge-on”
configurations and the BPor-FR have the best miscibility with PC71BM and phaseseparation when proceeded with TA and SVA process. These results gave the
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theoretical and experimental proofs for effects of π-bridge on the spectra and selfassemblies of porphyrin small molecules toward organic electronics and OSCs.

Scheme 2.1 Structure and synthetic pathway of the as-prepared porphyrins

2.5 Experimental Part
2.5.1. The details for device fabrications, characterization of compounds, can be
found in Experimental Section in Chapter 7.
2.5.2 Synthesis
Group 1
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Pyrene (1014.6 mg, 5.16 mmol) was suspended in in 17 mL DCM, NBS (934.2 mg,
5.25 mmol) was added slowly and the resulting mixture stirred for 12 h at 25 °C. The
resulted mixture was washed with brine (2x15 mL) and then extracted with DCM.
The combined and dried organic layers were evaporated and purification by silica
column chromatography with hexane as eluent to give pure P-Br (21, 346.0 mg, 95%).

KOH (0.56 g, 10 mmol) and 2-bromofluorene (2.45 g, 10 mmol) were added in 30
mL THF and stirrer for 24 h with oxygen gas bubble at room temperature. The
mixture was filtered, and the filtrate was concentrated to obtained yellow solid. The
solid was washed with water, dried and purified by recrystallization from ethanol to
give the final product F-Br (2.53 g, 98%) as a yellow solid. 1 H NMR (400 MHz, ppm,
CDCl3): 7.79 (s, 1H), 7.67 (d, J = 7.3 Hz, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.50–7.54 (m,
2H), 7.40 (d, J = 7.8 Hz, 1H), 7.30–7.34 (m, 1H). 13C NMR (100 MHz, ppm, CDCl3):
192.4, 143.5, 142.8, 137.1, 135.6, 135.1, 133.7, 129.4, 127.6, 124.4, 122.7, 121.4,
120.2.
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Perylene 30.00 g, 237.62 mmol) in 2.4 L 1,4-dioxane was warmed and added
dropwise with a mixture of 30.0 mL nitric acid in 48.0 mL water. The solution was
vigorous stirred for 25-30 min at 60 °C, and the cooled solution was poured into 20
L water. The solid was washed by water and purified via silica gel column
chromatography with hexane as eluent to afford FP-NO2 (21.10 g, 30%). 1H NMR
(DMSO, 400 MHz, ppm): 8.51 (dd, 2H), 8.00-7.92 (m, 4H), 7.82 (d, J = 8.2 Hz, 1H),
7.74 (dd, 2H), 7.64 (t, J = 7.2 Hz, 1H), 7.54 (t, J = 8.0 Hz, 1H). 13C NMR (DMSO,
100 MHz, ppm) 146.1, 134.2, 133.9, 131.2, 130.4, 129.1, 129.0, 128.7, 127.9, 127.7,
127.7, 127.3, 126.9, 125.5, 124.7, 122.7, 122.8, 122.3.

1-Nitroperylene (1.00 g, 3.40 mmol) in 10 mL triethyl phosphite was reflux and
stirred under nitrogen for 4 h. And then the solution was filtrated to collect the crystal
solid as the product FP-NH (0.76 g, 85%). 1H NMR (DMSO, 400 MHz, ppm): 12.22
(s, 1H), 8.73 (d, J = 8.2 Hz, 2H), 8.20 (d, J = 8.4 Hz, 2H), 8.00 (m, 4H), 7.93 (t, J =
7.2 Hz, 2H). 13C NMR (DMSO, 100 MHz, ppm): d = 131.2, 130.1, 128.7, 125.6, 125.
2, 124.8, 121.4, 117.5, 115.9.
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6H-Phenanthro[1,10,9,8-c,d,e,f,g]carbazole (1,560.0 mg, 4 mmol), 2-Ethylhexyl
bromide (1,160.0 mg, 6 mmol) and NaH (144.0 mg, 6 mmol) in 50 mL dry THF was
stirred at 70 °C for 12 h under nitrogen. 4 mL of water was added dropwise to the
cooled mixture and continue to stir for 1 h at 0 °C. The obtained mixture was extracted
with water and dichloromethane. The mixture was concentrated under reduced
pressure and purified by silica gel column chromatography with petroleum ether as
eluent to obtain FP-N (1360 mg, 92%). 1H NMR (400 MHz, ppm, CDCl3): δ 8.64 (d,
2H), 8.13 (d, 2H), 7.92 (d, 2H), 7.80–7.78 (m, 4H), 4.57–4.55 (m, 2H), 2.25–2.20 (m,
1H), 1.45–1.25 (m, 8H), 0.93 (t, 3H), 0.87 (t, 3H). 13C NMR (100 MHz, ppm, CDCl3):
δ 132.3, 130.5, 129.1, 125.1, 125.2, 124.8, 123.79, 121.0, 117.6, 113.8, 49.9, 41.7,
31.3, 29.1, 24.6, 23.4, 14.4, 11.0.

NBS (784 mg, 4.4 mmol) was added slowly to a FP-N (1,510 mg, 4 mmol) in 320
mL DMF at 0 °C and the mixture was stirred for 1 h at 0 °C. The mixture was washed
with Na2CO3, brine and then extracted with CH2Cl2, dried with Na2SO4. The crude
product was concentrated under reduced pressure and purified by silica gel column
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chromatography with petroleum ether as eluent. The solid was recrystallized with
solution of methanol and dichloromethane to pure product FP-Br (1,625 mg, 89%).
1

H NMR (400 MHz, ppm, DMSO): 8.90 (d, 1H), 8.86(d, 1H), 8.51 (s, 1H), 8.27 (t,

2H), 8.05 (s, 2H), 7.99(t, 1H), 7.89 (t, 1H), 4.70 (d, 2H), 2.17-2.14 (m, 1H), 1.381.16 (m, 8H), 0.89 (t, 3H), 0.77 (t, 3H) ppm. 13C NMR (100 MHz, ppm, DMSO): δ
132.2, 131.4, 129.9, 128.9, 128.1, 127.1, 125.8, 125.7, 125.0, 124.5, 124.1, 123.8,
123.6, 122.0, 121.7, 118.3, 116.5, 115.9, 115.7, 114.6, 49.1, 40.6, 30.0, 27.8, 23.5,
22.5, 13.8, 10.6.
General Synthetic Route of P-TMS, F-TMS, FP-TMS.
Bromide compound (10.00 mmol, 1 equivalent) in 15 mL THF and 15 mL
triethylamine was degassed and backfilled with nitrogen for at least three times.
Bis(triphenylphosphine) palladium(II) dichloride (0.20 mmol, 2 mol% equivalent)
and copper(I) iodide (0.20 mmol, 2 mol% equivalent) were added to the flask. The
mixture was bubbling with nitrogen for half hour. And trimethylsilylacetylene (20.00
mmol mL, 2 equivalent) was injected into the flask via syringe. The mixture was
stirred at 50-70 °C for 24 hours and filtered. The filtrate was concentrated under
reduced pressure and the residue was purified by silica gel column with to obtain pure
product.
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Yellow solid (90 %). 1H NMR (400 MHz, ppm, CDCl3): 8.58 (d, J = 8 Hz, 1H), 8.238.02 (m, 8H), 0.40 (s, 9H).

Yellow solid, Yield (85%). 1H NMR (400 MHz, ppm, CDCl3): 7.76 (s, 1H), 7.69 (d,
J = 7.2 Hz, 1H), 7.57 (m, 1.4 Hz, 1H), 7.50–7.52 (m, 2H), 7.48 (d, J = 8.0 Hz, 1H),
7.32 (m, 1.4 Hz, 1H), 0.27 (s, 9H). 13C NMR (100 MHz, ppm, CDCl3): 193.0, 143.9,
138.0, 134.8, 134.5, 134.0, 129.3, 127.6, 124.6, 124.0, 120.5, 120.0, 104.1, 96.4, 0.1.

Yellow solid, Yield (82%). 1H NMR (400 MHz, ppm, DMSO): δ 8.91 (d, 1H), 8.87(d,
1H), 8.52 (s, 1H), 8.28 (t, 2H), 8.06 (s, 2H), 8.02(t, 1H), 7.90 (t, 1H), 4.71 (d, 2H),
2.16-2.15 (m, 1H), 1.36- 1.15 (m, 8H), 0.90 (t, 3H), 0.27 (s, 9H), 0.80 (t, 3H).

13

C

NMR (100 MHz, ppm, DMSO): δ 132.2, 131.4, 129.9, 128.9, 128.1, 127.1, 125.8,
125.7, 125.0, 124.5, 124.1, 123.8, 123.6, 122.0, 121.7, 118.3, 116.5, 115.9, 115.7,
114.6, 86.1, 49.1, 40.6, 30.0, 27.8, 23.5, 22.5, 13.8, 10.6. 0.01.
General Synthetic Route of A, B, C.
K2CO3 (30.0 mmol, 3 equivalent) was added to TMS-compound (10.0 mmol) in about
60 mL THF and 30 mL methanol. The resulted mixture was stirred at 25 °C for 8-12
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hours. The resulting mixture was dissolved in 120 mL dichloromethane and washed
with water, brine and finally dried over anhydrous Mg2SO4 to obtained product.

White solid (99%). 1H NMR (400 MHz, ppm, CDCl3): 8.61 (d, J = 8.2 Hz, 1H), 8.248.04 (m, 8H), 3.62 (s, 1H).

Yellow solid (86%). 1H NMR (400 MHz, ppm, CDCl3): 7.71 (s, 1H), 7.55–7.72 (m,
2H), 7.42–7.49 (m, 3H), 7.26–7.32 (m, 1H), 3.17 (s, 1H). 13C NMR (100 MHz, ppm,
CDCl3): 192.6, 144.2, 143.6, 138.0, 134.8, 134.2, 134.0, 129.4, 127.7, 124.4, 122.7,
120.6, 120.1, 82.7,78.8.

Yellow solid. Yield (86%). 1H NMR (400 MHz, ppm, DMSO): 8.91 (d, 1H), 8.88(d,
1H), 8.52 (s, 1H), 8.28 (t, 2H), 8.06 (s, 2H), 8.02(t, 1H), 7.90 (t, 1H), 4.71 (d, 2H),
3.5(s, 1H), 2.16-2.15 (m, 1H), 1.36- 1.15 (m, 8H), 0.90 (t, 3H), 0.27 (s, 9H), 0.80 (t,
3H). 13C NMR (100 MHz, ppm, DMSO): 132.2, 131.4, 129.9, 128.9, 128.1, 127.1,
125.8, 125.7, 125.0, 124.5, 124.1, 123.8, 123.6, 122.0, 121.7, 118.3, 116.5, 115.9,
115.7, 114.6, 105.2, 86.1, 49.1, 40.6, 30.0, 27.8, 23.5, 22.5, 13.8, 10.6.
77

General Synthetic Route for Final Product Por-P, Por-F, BPor-P and Por-FP.
Brominated metalloporphyrins ZnBrP (0.150 mmol, 1 equivalent) and one of the
precursors (a, b, c) (0.350 mmol, 2.2 equivlent) in 16 mL THF and 8 mL Et3N was
degassed with nitrogen for 30 min, and Pd(PPh3)4 (0.02 mmol, 5 mol% equivalent)
and CuI (0.02 mmol, 5 mol% equivalent) were added to the mixture, and the resulting
solution was stirred and refluxed for 12-18 h under nitrogen. The solvent is
concentrated under vacuum condition and the crude product is purified by silica gel
thin layer chromatography using mixture of CHCl3 and hexane as eluent.
Recrystallization from methanol and CHCl3 to obtained final product.

Green solid (85%). 1H NMR (400 MHz, ppm, CDCl3): 9.71-9.69 (m, 6H), 9.60-9.59
(m, 2H), 8.55 (s, 2H), 8.25 (s, 2H), 8.07-8.05 (d, j=8 Hz, 2H), 7.72-7.70 (d, j=8Hz,
2H), 7.65-7.63 (m, 2H), 7.54-7.50 (m, 4H), 7.31-7.25 (m, 2H), 5.20 (s, 2H), 2.962.93 (m, 4H), 2.73-2.69 (m, 4H), 1.50-1.02 (m, 56H), 0.76-0.73 (m, 12H). (MALDITOF, m/z) calculated for Por-P: 1354.7589.
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Green solid (83%). 1H NMR (400 MHz, ppm, CDCl3): 10.00-9.99 (m, 4H), 9.76-9.68
(m, 4H), 9.34-9.32 (m, 2H), 8.74-8.73 (d, j=8 Hz, 2H), 8.70-7.68 (m, 6H), 7.66-7.62
(s, 4H), 5.20 (s, 2H), 2.96-2.93 (m, 4H), 2.73-2.69 (m, 4H), 1.50-1.02 (m, 56H), 0.760.72 (m, 12H). (MALDI-TOF, m/z) calculated for Por-F: 1310.7155.

Green solid (65%). 1H NMR (400 MHz, ppm, CDCl3): 9.95-9.89 (m, 4H), 9.26-9.24
(d, j=7.8 Hz, 2H), 8.98-8.97 (m, 4H), 8.67-8.55 (m, 4H), 8.54 (m, 4H), 8.35-8.04 (m,
30H), 7.31-7.25 (m, 4H), 7.54-7.50 (m, 4H), 7.31-7.25 (m, 2H), 4.26-4.63 (m, 4H),
2.00-1.99 (m, 4H), 1.63 (m, 4H), 1.31-1.24 (m, 32H), 0.88 (m, 6H). (MALDI-TOF,
m/z) calculated for BPor-P: 1342.5853.
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Green solid (72 %). 1H NMR (400 MHz, ppm, CDCl3): 10.01 (s, 4H), 9.77-9.68 (m,
4H), 9.22-9.20 (d, j=8 Hz, 2H), 8.85-8.83 (d, j=8 Hz, 2H) 8.56 (s, 6H), 8.16-8.14 (m,
4H), 7.89-7.85 (m, 4H), 5.20 (s, 2H), 3.00-2.93 (m, 4H), 2.73-2.69 (m, 4H), 5.24 (s,
2H), 4.73-4.69 (m, 4H), 2.80-2.65 (4H), 1.50-0.73 (m, H). (MALDI-TOF, m/z)
calculated for Por-P: 1705.6931.
G2

Scheme 2.2 Structure and synthetic pathway of the as-prepared porphyrins.

General Synthetic Routes of TMS-TA, TMS-C6TA, TMS-FA and TMS-TzA.
Bromide compound (Br-TA, Br-C6TA, Br-FA, Br-TzA) (10.00 mmol, 1 equivalent)
in 15 mL THF and 15 mL triethylamine was degassed and backfilled with nitrogen
for at least three times. Bis(triphenylphosphine) palladium(II) dichloride (0.20 mmol,
2 mol% equivalent) and copper(I) iodide (0.20 mmol, 2 mol% equivalent) were added
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to the flask. The mixture was bubbling with nitrogen for half hour. And
trimethylsilylacetylene (20.00 mmol mL, 2 equivalent) was injected into the flask via
syringe. The resulted solution was stirred at 45 °C for 6 h and then filtered. The filtrate
was concentrated under vacuum condition and the crude product was purified by
silica gel column with to obtain pure product.

Yellow solid, (84%). 1 H NMR (400 MHz, ppm, CDCl3): 9.85 (s, 1H), 7.61 (d, J =
3.8 Hz, 1H,), 7.26 (d, J = 3.9 Hz, 1H), 0.27 (s, 9H).

Yellow oil. (82%). 1H NMR (400 MHz, ppm, CDCl3); 9.81 (s, 1H), 7.51(s, 1H), 2.70
(t, 2H, J=8.1 Hz,), 1.69–1.21 (m, 8H), 0.89 (t, 3H, J=7.1 Hz), 0.27 (s, 9H).

Yellow solid, (82%). ¹H NMR (400 MHz, ppm, CDCl3): 9.57 (s, 1 H), 7.19 (d,
J = 3.7 Hz, 1 H), 6.70 (d, J = 3.6 Hz, 1 H), 0.27 (s, 9 H).

Yellow solid, (83%). ¹H NMR (400 MHz, ppm, CDCl3): 9.60 (s, 1 H), 8.41 (s, 1 H),
0.27 (s, 9 H).
General Synthetic Routes of TA, C6TA, FA and TzA.
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K2CO3 (30.0 mmol, 3 equivalent) was added to TMS-compound (10.0 mmol) in about
60 mL THF and 30 mL methanol. The resulted mixture was stirred at 25 °C for 8-12
hours. The resulting mixture was dissolved in 120 mL dichloromethane and washed
with water, and finally dried over anhydrous Mg2SO4 to obtained product.

White solid, (99%). 1H-NMR (400 MHz, ppm, CDCl3): δ 9.87 (s, 1H), 7.64 (d, J =
3.8 Hz,1H), 7.32 (d, J = 3.8 Hz, 1H), 3.51 (s, 1H).

White Solid, (99%). Yellow oil. 1H NMR (400 MHz, ppm, CDCl3); 9.82 (s, 1H),
7.54(s, 1H), 3.51 (s. 1H), 2.71 (t, 2H, J=8.1 Hz,), 1.69–1.21 (m, 8H), 0.90 (t, 3H,
J=7.1 Hz).

White solid, (82%). ¹H NMR (400 MHz, ppm, CDCl3): 9.58 (s, 1 H), 7.20 (d,
J = 3.7 Hz, 1 H), 6.75 (d, J = 3.6 Hz, 1 H), 3.52 (s, 1H).

White solid, (99%). ¹H NMR (400 MHz, ppm, CDCl3): 9.61 (s, 1 H), 8.42 (s, 1 H),
3.52 (s, 1 H).
General Synthetic Route of Por-TA, Por-C6TA, Por-FA and Por-TzA.
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Aromatic benzaldehyde (0.70 mmol) and Br-Por (0.30 mmol) in 30 THF and 15 mL
Et3N was degassed with nitrogen for 30 min. Pd(PPh3)4 (0.04 mmol) and CuI (0.04
mmol) were added and the solution was continued to stir at 60 °C for 12 h under
nitrogen. The solvent was concentrated under reduced pressure, and the solid residue
was purified by preparative thin layer chromatography using a CHCl3/hexane (1:1)
mixture as eluents. Recrystallization from CHCl3/methanol gave Por-TA, Por-C6TA,
Por-FA and Por-TzA.

Green solid, (86%). ¹H NMR (400 MHz, ppm, CDCl3): 9.90 (s, 2H), 9.69-9.57 (m,
8H), 7.72 (s, 2H), 7.54 (s, 2H), 5.26-5.16 (m, 2H), 3.00-2.82 (m, 4H), 2.71-2.69 (m,
4H), 1.47-1.46 (m, 4H), 1.40-1.28 (m, 52), 0.75-0.72 (m, 12H).
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Green solid. (84 %). ¹H NMR (400 MHz, ppm, CDCl3): 9.95 (s, 2H), 9.64-9.61 (m,
8H), 7.75 (s, 2H), 5.18 (s, 2H), 3.32 (s, 4H), 2.92 (s, 4H), 2.69 (s, 4H), 2.07-2.00 (m,
4H), 1.68-1.66 (m, 4H), 1.50-1.09 (m, 70H), 0.77-0.74 (m, 12H).

Green solid, (80%), ¹H NMR (400 MHz, ppm, CDCl3): 9.75 (s, 2H), 9.66-9.57 (m,
8H), 7.26 (s, 2H), 7.12 (s, 2H), 5.15 (s, 2H), 2.88-2.86 (m, 4H), 2.70-2.63 (m, 4H),
1.44-1.43 (m, 4H), 1.27-0.98 (m, 52 H), 0.74-0.70 (m, 12H).

Green solid, (70%), ¹H NMR (400 MHz, ppm, CDCl3): 10.14 (s, 2H), 9.71-9.62 (m,
8H), 8.61 (s, 2H), 5.18 (s, 2H), 2.89-2.87 (m, 4H), 2.70-2.63 (m, 4H), 1.48-1.46 (m,
4H), 2.92-0.93 (m, 52 H), 0.76-0.70 (m, 12H).
General Synthetic Route of BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR.
Por-TA, Por-C6TA, Por-FA or Por-TzA (0.13 mmol) and 3-ethylrhodanine (0.13
mmol) in dry CHCl3 were added piperidine and the solution was stirred at 60 °C for
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12 h under nitrogen atmosphere. The reaction was quenched by adding 30 mL water
and extracted with CHCl3. The dried organic layer was concentrated under reduced
pressure and the crude product was purified by silica gel thin layer chromatography
using CHCl3/hexane as eluent and recrystallized from a mixture of CHCl3 and
methanol to get BPor-TR, BPor-C6TR, BPor-FR and BPor-TzR as green solid.

Green solid, (75%), ¹H NMR (400 MHz, ppm, CDCl3): 9.70-9.47 (m, 8H), 7.64-7.63
(d, J=3.8 Hz, 2H), 7.19 (s, 2H), 7.05-7.04 (d, J=3.8 Hz, 2H), 5.22 (s, 2H), 4.25-4.23
(t, J=4 Hz, 4H), 3.01-3.00 (m, 4H), 2.80-2.75 (m, 4H), 1.60-1.58 (m, 4H), 1.35-1.07
(m, 56 H), 0.76-0.74 (m, 12H). (MALDI-TOF, m/z) calculated for BPor-TR:
1451.5722.

Green solid, (72%), ¹H NMR (400 MHz, ppm, CDCl3): 9.80-9.49 (m, 8H), 7.11 (s,
2H), 7.09 (d, J = 0.08 Hz, 2H), 5.19 (s, 2H), 4.25-4.23 (t, J = 3.8 Hz, 4H), 3.06-3.00
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(m, 8H), 2.76-2.74 (m, 4H), 2.00-1.97 (m, 4H), 1.51-0.78 (m, 78 H), 1.00-0.74 (m,
12H). (MALDI-TOF, m/z) calculated for BPor-C6TR: 1626.9498.

Green solid, (70 %), ¹H NMR (400 MHz, ppm, CDCl3): 9.71-9.63 (m, 8H), 7.49 (s,
2H), 7.08 (s, 2H), 7.00-6.99 (d, J=4 Hz, 2H), 5.18 (s, 2H), 4.24-4.23 (t, J=4 Hz, 4H),
3.40 (s, 4H), 2.95-2.92 (m, 4H), 2.73-2.70 (m, 4H), 1.60-1.58 (m, 4H), 1.51-1.48 (m,
4H), 1.33-1.01 (m, 48 H), 0.75-0.72 (m, 12H). (MALDI-TOF, m/z) calculated for
BPor-FR: 1428.6158.

Green solid, (70 %), ¹H NMR (400 MHz, ppm, CDCl3): δ 9.71-9.55 (m, 8H), 7.747.72 (t, J = 4 Hz, 2H), 7.39 (t, J = 4 Hz, 2H), 7.00-6.99 (d, J = 4 Hz, 2H), 5.18 (s, 2H),
4.24-4.23 (t, J = 4 Hz, 4H), 3.40 (s, 4H), 2.94-2.92 (m, 4H), 2.73-2.70 (m, 4H), 1.601.58 (m, 4H), 1.51-1.48 (m, 4H), 1.33-1.01 (m, 48 H), 0.75-0.72 (m, 12H). (MALDITOF, m/z) calculated for BPor-TzR: 1462.5595.
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Chapter 3 Nanoaggregates Engineering of A-π-Por-πA Type Porphyrin Small Molecules for High
Performance Organic Solar Cells
(Reproduced from Ref. 1 with permission from the Royal Society of Chemistry.)1

3.1 Introduction
Supramolecular self-assemblies (SAs) are of essential in shaping architectures of life
form and environment. Typical representatives are the highest level of life evolution of
deoxyribonucleic acid to form double helix2 and the self-assembled nucleation of
dimethyl sulfide, a compound existing in sea, to promote the water cycle and climate
change.3 Porphyrins are important natural compounds that widely exist in organism such
as photosynthetic apparatus,4 heme proteins,5 and cytochrome family.6 Because of their
unique photophysical and elcectrochemical properties, porphyrins based supramolecular
SAs in solution and solid state have been widely studied toward applications in nonlinear
optical materials, data storage and processing.7-8 For example, J-aggregates of porphyrins
was first discovered by Fuhrhop9 in 1992 that the glycosamide modified porphyrin
molecules tended to stack laterally face to face with shifts to half a molecule in aqueous
solution, and formed stable chiral micelle. Afterwards, Ohno10 and Ribó11 further found
that the optical activity of J-aggregates of achiral porphyrins can be tuned by changing
the spinning direction of vortex stirring in acidic aqueous solution. These results
promoted the rapid progress on the studies of J-aggregates of porphyrins in organic
solvent and solid. Besides, the supramolecular nanomaterials comprising solid-state J89

aggregates and SAs of porphyrins have emerged as more promising materials for
acoustics, optical and electronics devices due to the smart response to environmental
change. Typically, Aida et al.12-13 first reported the supramolecular polymer comprising
J-aggregated zinc porphyrin dendrimers can be used to chiroptically visualize the
macroscopic chirality of a vortex generated by mechanical rotary stirring of a fluid in a
cuvette. Later, they found that the supramolecular nanowires formed from SAs of
asymmetric porphyrins could be employed in the spectroscopic visualization of liquid
vibrations induced by audible sound irradiation.14
In another aspect, porphyrin-based small molecules have emerged as promising donor
materials blended with fullerene derivatives as active layer in bulk heterojunction organic
solar cells (BHJ OSCs).15-19 The J-aggregates of porphyrin molecule results in stacked,
inline orientation of the transition dipole moments, corresponding to a red-shifted and
broadened the absorption spectrum.20 Simultaneously, a highly ordered morphology of
the blend film with fullerene derivative should provide efficient pathways for the
photoinduced exciton diffusion, separation and transfer to their electrodes, preventing
energy losses by charge recombination or high serial resistance.21 Conversely, Haggregates, typically in rod-shaped unsubstituted or terminally substituted oligomers,
display a columnar stacking mode, leading to parallel transition dipole moments and
strongly quenched fluorescence.22 Obviously, the J-aggregates of porphyrin molecules
should be more beneficial than H-aggregates for photovoltaic applications.23-25 Peng and
his co-workers ever reported the H and J-aggregates of the porphyrin-based small
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molecules could reverse via thermal and solvent vapour annealing on regular aggregates,
which have obvious influence on their performance in BHJ OSCs.26 We have previously
reported acceptor-π-porphyrin-π-acceptor (A-π-Por-π-A) structural porphyrin small
molecules employing dialkoxy substituted phenylene ethynylenes (PEs) as π-bridges
between the central porphyrin and electron-withdrawing 3-ethylrhodanine terminal unit.
Impressively, conventional BHJ OSCs using them as donor materials blended with
fullerene as electron acceptor afforded efficiencies up to 7.70 %.15, 27 Since side-alkyl,
alkylthio or alkoxy appended phenylene ethynylenes (PEs) and their derivatives feature
unique SAs with the formation of chiral arrangement two-dimensional (2D)
nanomaterials,28-31 it’s possible to finely tune the self-assembly, specifically exclusive H
or J-aggregation of A-π-Por-π-A type porphyrin small molecules by the structural
engineering of PE π-bridges with various side-chains. To date, there is no report on the
design and synthesis of this kind of porphyrin-based small molecule with J-aggregates to
explore their photovoltaic applications.

Scheme 3.1. Synthesis of Por-S and Por-C. (a) Pd(PPh3)4, CuI, THF/Et3N, 50 °C,
overnight; (b) 3-ethylrhodanine, dry CHCl3, piperidine, reflux, overnight.
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In this contribution, we specifically designed two A-π-Por-π-A structural porphyrin
small molecules, namely Por-S and Por-C, in which both employed the same meso-alkly
substituted porphyrin core and 3-ethylrhodanine as capping group but varied with 2,5dihexylthiophenyeylene and 2,5-dihexylphenyeylene as π-bridges to tune the selfassemble capabilities (Scheme 3.1). It was interesting to note they can form
nanoaggregates under solvent-casting or spin-coating process. Subsequently, the effects
of two typical π-bridges on the J-aggregates and chiral arrangement features were
systematically examined and confirmed by theoretical, photophysical, electrochemical
properties of the porphyrin small molecules using density function theory (DFT)
calculation, UV-Vis absorption spectra, fluorescence spectra and circular dichroism (CD)
spectrum, time-resolved transient fluorescence spectroscopy and cyclic voltammetry. The
microstructural features of their nanoaggregates and blend films with [6,6]-phenyl C71
butyric acid methyl ester (PC71BM) were characterized in detail by scanning electron
microscope (SEM), Atomic-force microscopy (AFM) and Grazing-Incidence WideAngle X-ray Scattering (GIWAXS). The highly regular bi-continuous phase-separation
of Por-S/PC71BM blend film led to a 37% higher power conversion efficiency (PCE) of
8.04 % than Por-C of 5.86% in BHJ OSCs under the same conditions. To the best of our
knowledge, this is the first report on optical active organic nanoaggregates by the Jaggregates of porphyrin and 2D chiral arrangement of phenylene ethynylene π-bridges,
which could significantly improve its performance in BHJ OSCs.
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3.2 Result and Discussion
Two new A-π-Por-π-A porphyrin small molecules, namely Por-S and Por-C, were
synthesized according to similar synthetic routes reported previously (Scheme S3.1) and
characterized unambiguously. The nano-shapes of Por-S and Por-C were first prepared
using solvent-casting method and studied by scanning electron microscope (SEM).

Figure 3.1 Scanning electronic microscope images of nanoaggregates Por-S and Por-C
prepared by spin-coating (a, b) from chlorobenzene at concentration of ~3 mM and
solvent casting (c, d) of chloroform/pyridine with volume ratio of 2% at concentration of
10 µM, respectively.
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Figure 3.2 Circular dichroism spectra of Por-S (a) and Por-C (b) in solvent casting film
and spin-coating film.

The nanoaggregates were prepared via spin-coating of their chlorobenzene solutions at
a concentration of ~3 mM at 3000 rpm in counterclockwise direction. The SEM images
and particle size distributions are shown in Figure 3.1a-b. Regular and perfect uniform
nanoaggregates with diameter ca. 25 nm were observed for Por-S spin-coating film. In
contrast, irregular large sheets connected by non-uniform distributed nanoaggregates
(diameter ca 10-50 nm) were found for Por-C spin-coated film. At the same time, the asprepared samples were deposited on horizontally copper foil via solvent-casting of their
solutions (10 µM) in a mixture of chloroform and pyridine at a volume ratio of 2% at
room temperature and then sprayed with gold to increase the conductivity before SEM
characterization. As shown in Figure 3.1c-d, the Por-S and Por-C exhibited shapes of
nanowires, respectively. For more structure information, a similar phenomenon was
reported previously for other organic molecules towards self-assembly.32-34 Without
doubt, a three–dimensional (3D) hierarchical packing arrangement occurred for Por-S
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because of SAs of sulfur-sulfur (S-S) and sulfur (S)-π interactions of hexylthiosubstituents,35-39

the classic two–dimensional (2D) chiral arrangement of PEs

28-30, 40

and H or J-type self-assembly tendency of porphyrin macrocycle.41-43 In contrast, the PorC maintains partly self-assembly capability of PEs or porphyrin due to lack of S-S and Sπ interaction.
During the above study we noticed that both Por-S and Por-C gave birefringent
properties when cast from their solutions (10 µM) in chloroform and pyridine (v/v, 2%)
on to glass plates. The observation of Por-S and Por-C by SEM (Figure 3.1c-d) showed
the present of spiral nanowires constructed by nanocrystalline particles. The nanowires
and nanocrystalline particles from Por-C were slimmer than those from the Por-S. Quite
interestingly, these nanowires are optically active. The circular dichroism (CD) spectra
of Por-S and Por-C were recorded for either solvent-casting films from their solutions
(10 µM) in chloroform and pyridine (v/v, 2%) or spin-coated films from chloroform
solution (3 M). As shown in Figure 3.2 a-b, the solvent casting films of Por-S gives CD
bands at 500 nm and 547 nm with positive and negative signs, while Por-C casted film
exhibits CD responses at 381 nm, 456 nm, 500 nm and 547 nm with negative, positive,
positive and negative signs. In contrast, their spin-coated films of both Por-S and Por-C
display a mirror-image CD spectrum at the corresponding spectral region. Obviously,
both Por-S and Por-C show optically active nanoaggregates that are responsive to the
different film-fabrication processes. Such a “smart” chiral SAs usually arises from spiral
stacking of organic molecules13-14, 35, 44-45 and chiral arrangement of phenylene ethynylene
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π-bridges.31 These results clearly supported the helical nature of the nanoaggregates as
well as the sensitivity of optical activity and thus the direction of helical structures of
nanoaggregates to processing conditions.
On the other hand, the molecular geometries of Por-S and Por-C were calculated by
density functional theory (DFT) at B3LYP/6-31G(d) level using Gaussian 09 Rev D.01
(Figure 3.3). Both Por-S and Por-C exhibit distorted molecular conformations. Por-S
shows highly twisted backbone conformation with with a relatively wide dihedral angle
of 74 ° between its two terminal acceptor moieties, while Por-C showed a smaller
dihedral angle of 54°. The twisted geometries provided theoretical explanation for the
spiral stacking of molecules.35, 44-45

Figure 3.3 Optimal molecular geometries of Por-S and Por-C as calculated by DFT at
B3LYP/6-31G(d) level using Gaussian09 Rev D.01 (dash lines added in side views to
show different backbone planes).
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Figure 3.4 A comparison of aromatic proton signals of Por-S and Por-C in 1HNMR
spectra.

The stronger self-assembly property of Por-S can be observed by its 1H NMR spectrum
(CDCl3 mixed with 1 % D5-pyridine). As shown in Figure 3.4, Por-S displays upfieldshift singlets for Hc and Hd, a triplet for Hb and more complicated multiplet for Ha from
dimeric or oligomeric Por-S stacking, whereas Por-C shows independent aromatic
proton signals with a singlet peak for Hd, Hc, Hb and a common multiplet for Ha. The
molecular packing from S-S and S-π interaction35-39 in Por-S led to those aromatic πelectrons situated above or below the respective protons.14, 46-47
The UV-Vis absorption spectra of the samples provided more information about the
SAs of Por-S and Por-C. As shown in Figure 3.5a and Table 3.1, Por-S in solution (10
µM) shows a Soret band at 478 nm with a molar extinction coefficient (ε) of 1.43 × 105
mol−1·cm−1·L−1, an obvious small shoulder at 446 nm (ε = 1.12 × 105 mol−1·cm−1·L−1),
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and a Q band at 722 nm (ε = 1.21 × 105 mol−1·cm−1·L−1), while Por-C has only a Soret
band at 474 nm (ε = 1.37 × 105 mol−1·cm−1·L−1) without shoulder peaks, and a Q band at
709 nm (ε = 1.16 × 105 mol−1·cm−1·L−1). As for their solvent-casted solid-films (Figure
3.5b), Por-S exhibits a Soret band at 525 nm and a Q band at 738 nm, while Por-C has a
Soret band at 515 nm and Q band at 748 nm. The optical band gaps, ca.1.58 eV for PorS and ca. 1.53 eV for Por-C were calculated using equation: Eg =1240/λ (eV) according
to the onset edge of absorption, indicating the hexylthio-substituents enlarged the band
gap of molecules compared to the hexyl-substituents. Obviously, their solid-films have
more red-shifted absorption spectra compared to their solutions (Figure 3.5 c-d) due to
the enhanced π-π stacking of conjugated organic molecules.48 Interestingly, pyridine
additive has different effects on their UV-Vis absorption in solid-films. As shown in
Figure 3.5 e-f), Por-C solid-film with pyridine additive gives no changes of the Soret
and Q bands to its solid-film without pyridine. In contrast, Por-S films with pyridine
shows a significantly red shifted and obviously splitted Soret bands in the range of
460−536 nm, and a red shifted Q band at 770−780 nm in comparison to its solid-film
without pyridine. The red shifted and obviously splitted Soret bands and the red shifted
Q band of Por-S clearly indicate J-aggregates of porphyrins through the slipped-cofacial
π-π stacking.43 Actually, the effect of pyridine additive has been well elucidated in
porphyirn-based BHJ OSCs.15-19, 26 The J-aggregates formed in Por-S film is mainly
induced by the S-S and S-π interaction from alkylthio substituents of PEs,35-39 which is
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consistent with characteristics of solid J-aggregates of porphyrins reported previously.9,
43, 49
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Figure 3.5 UV-Vis absorption spectra of Por-S and Por-C: (a) solution (10 μM); (b)
solid-film; (c) Por-S in solution and solid-film; (d) Por-C in solution and solid-film; (e)
solvent-casting film from sample in chloroform and pyridine at equivalent volume ratio,
(f) solvent-casting film from sample in chloroform and pyridine at volume ratio of 2%.
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Table 3.1 Summary of spectral and electrochemical data of Por-S and Por-C.
Sample

CHCl3
Film Film*
Film**
LUMO
HOMO
Eg
5
nm (ε/10 ) (nm) (nm)
(nm)
(eV)
(eV)
(V)
Por-S 446 (1.12),
525, 460,
461,
−5.19
−3.45
1.74
478 (1.43),
738
530,
536,
722 (1.21)
770
780
Por-C 474 (1.37),
515, 515,
515,
−5.10
−3.49
1.61
709 (1.16)
748
748
748
Note: ε is molar extinction coefficient with a unit of mol−1·cm−1·L−1; Film* is solventcasted from solution (10 µM) of chloroform/pyridine (1 v%); Film** is solvent-casted
from solution (10 µM) of chloroform/pyridine (2 v%); The external standard is ferrocene
in CV measuring; Energy levels and chemical band gap are calculated by HOMO = −(4.8
− 0.09 + Eox) (eV), LUMO = −(4.8 − 0.09 + Ere) (eV), a band gap Eg = HOMO – LUMO
(eV).

Por-S
Por-C

-1.8 -1.5 -1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9
Potential (V)

Figure 3.6 Cyclic voltammograms of Por-S and Por-C in acetonitrile with 0.1 mol·L−1
TBAPF and ferrocene was used as external standard.

Cyclic voltammetry (CV) was used to examine their electrochemical properties. As
shown in Figure 3.6 and Table 3.1, the onset oxidation/reduction potentials for Por-S
and Por-C were at 0.48/−1.26 V and 0.39/−1.22 V, respectively. The HOMO/LUMO
levels of Por-S and Por-C were estimated to be −5.10/−3.45 eV and −5.19/−3.49 eV,
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respectively. Obviously, Por-S has a lower HOMO level than Por-C, which mainly
attributes to the hexylthio-subsituents with p π (C)–d π (S) orbital overlap between
substituent and conjugated backbone.50-54 The electrochemical band gaps of Por-S and
Por-C were calculated to be 1.74 V and 1.61 V. Obviously, the minor changes of
molecular structures with different side alkyl chains lead to the adjustable optical and
electrochemical band gaps.55 In general, the low-lying HOMO energy level of Por-S is
related to its high open-circuit-voltage in BHJ OSCs (vide infra).
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Figure 3.7 Life-time decay curves of Por-S (a) and Por-C (b) thin-films with excitation
wavelength of 500 nm and probed at 745 nm (Por-S) and 760 nm (Por-C).

A time-resolved fluorescence spectroscopy was further applied to study the effect of
nanoaggregates on fluorescence decay dynamics of Por-S and Por-C thin-films. The
decay curves were well fitted with two-exponential model I(t) = A1e-t/τ1 + A2e-t/τ2. The
lifetime τ is contributed by two different processes, the non-radiative process (τ1) and,
radiative process (τ2) that is directly related to the recombination of electrons and holes,
and energy transfer process, respectively. As shown in Figure 3.7, the Por-S thin-film
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(Neat Por-S) exhibits an average life (τm) of 229.55 ps with τ1 of 159.59 ps (ratio of
51.24 %), τ2 of 303.20 ps (ratio of 48.76 %). The Por-C thin-film (Neat Por-C) exhibits
an average life (τm) of 46.62 ps with τ1 of 32.21 ps (ratio of 89.23 %), τ2 of 166.00 ps (ratio
of 10.77 %). Obviously, the Por-S has more longevous exciton than irregular one of PorC. And the shortening of lifetime in Por-C may be due to more trap states and
heterogeneous size distribution. Furthermore, their neat thin-films were also investigated
by grazing-incidence wide-angle X-ray scattering (GIWAXS). Figure 8 shows the 2DGIWAXS patterns and in-plane and out-of-plane X-ray scattering profiles extracted from
the 2D GIWAXD images of neat films of Por-S (a, g) and Por-C (d, j). The Por-S
molecules in spin-coated thin-films (Por-S) was predominant “edge-on” orientation, with
high intensive (100) diffraction peak at 3.15 nm−1 (d: 1.99 nm), diffraction peak (200) at
6.18 nm−1 (d: 1.02 nm), and weak π-stacking (010) diffraction peak at 17.8 nm−1 (d: 0.35
nm) in in-plane direction. The sharp and concentrated (100), (200) diffraction peaks in
out-of-plane direction indicated highly oriented lamellar crystallinities and layered
structures in the Por-S thin-film. In addition, the obvious (010) diffraction peak illustrated
a π-stacking of Por-S molecules. Comparably, the Por-C thin-film (Por-C) was also
“edge-on” orientation, with highly intensive (100) diffraction peak at 3.44 nm−1 (d: 1.83
nm) and diffraction peak (200) at 6.72 nm-1 (d: 0.93 nm) in out-of-plane direction, and
(010) diffraction peak at 16.76 nm-1 (d: 0.37 nm) in in-plane direction. The parameters of
layered space (d) and crystalline correlation length (CL) can be estimated from the
relationship (d=2π/q) & Scherrer equation (CL=2kπ/FWHM) and are summarized in
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Table 3.2 and Table 3.3. Obviously, layered space and correlation length of Por-S thinfilm (d: 1.99 nm, CL: 27.83 nm) in (100) peak are larger than that of Por-C thin-film (d:
1.83 nm, CL: 17.18 nm). According to literatures,56-57 the d value of (100) peak was
corresponding to the space occupied by side-substituents, so the larger d value of Por-S
was consistent with the longer length of alkylthio-substituents than alkyl-substituents of
Por-C. In addition, the larger CL value of Por-S than Por-C indicated larger sized
lamellar crystallinities and higher crystallinity in Por-S film, which was consistent with
their photo-physical and electrochemical properties.
The thermal-annealed Por-S/PC71BM and Por-C/PC71BM blend films were
investigated by GIWAXS. Both Por-S and Por-C showed obvious effect on crystallite
formation by blending with PC71BM and post-treatments of active layer. As shown in
Figure 3.8 (b, e, h, k), Table 3.2 and Table 3.3, the presence of crystallites in the blendfilm was signalled by three distinct scattering peaks: a set of lamellar-stacking peaks (100)
and (200) within 10 nm‒1 in out-of-plane are attributed to the preferentially 'edge-on'

Table 3.2. Parameters (100) of GIWAXS results of neat, blend-films of Por-S, Por-C
and PC71BM with various post-processing technologies.
Sample
q (100)/ nm-1
d / nm
FWHM/ nm-1
CL/ nm
Neat Por-S
3.15
1.99
0.21
27.83
TA Por-S/ PC71BM
3.17
1.98
0.30
19.48
SVA Por-S/ PC71BM
3.14
2.00
0.27
21.64
Neat Por-C
3.44
1.83
0.34
17.18
TA Por-C/ PC71BM
3.33
1.89
0.60
9.74
SVA Por-C/ PC71BM
3.35
1.88
0.58
10.07
The layer space (d-spacing) is calculated according to d=2π/q (nm), and correlation length
is calculated to CL=2πk/FWHM (nm), k=0.93.
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Figure 3.8 2D-GIWAXS images and X-ray scattering profiles: (a, d, g, j) pristine films
of Por-S and Por-C; (b, e, h, k) thermally annealed composite films of Por-S/PC71BM
and Por-C/PC71BM; (c, f, i, l) thermally annealed/THF vapour exposed compsoite films
of Por-S/PC71BM and Por-C/PC71BM. (TA: thermally annealed at 100 °C for 5 min;
SVA-TA: thermally annealed followed by THF vapour exposure for 20 s).

orientation of Por-S and Por-C, and a third peak between 14–18 nm‒1 (010) assigned
to face-to-face (π-π) stacking of Por-S and Por-C. A broad scattering feature arising
near
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Table 3.3 Other Parameters of GIWAXS results of neat, blend-films of Por-C/PC71BM
with various post-processing technologies.
Sample
q (200)/ nm-1 d/ nm q (010)/ nm‒1 d/ nm qa / nm‒1
Neat Por-S
6.18
1.02 17.8
0.35 -TA Por-S/ PC71BM
5.73
1.10 17.8
0.35 13.76
SVA Por-S/ PC71BM 6.09
1.03 17.8
0.35 13.76
Neat Por-C
6.72
0.93 16.76
0.37 -TA Por-C/ PC71BM
6.50
0.97 16.61
0.38 13.76, 19.52
SVA Por-C/ PC71BM 6.45
0.97 14.50
0.43 13.76, 19.52
a: The scattering peaks from amorphous phase. The layer space (d) is calculated according
to d=2π/q (nm), and coherence length is calculated to CL= CL=2πk/FWHM (nm), k=0.93.

14 nm−1 is attributed to scattering from the amorphous fraction of the film, with
contributions from the amorphous PC71BM as well as from disordered Por-S or Por-C
molecules. Por-S/PC71BM and Por-C/PC71BM after TA treatment (TA Por-S/PC71BM,
TA Por-C/PC71BM) gave an enhanced disorder through the halo of the (100), (200), (010)
peaks, as well as the broad scattering feature arising near 13.76 nm-1 in both in-plane and
out-of-plane direction, indicating random-orientation of lamellar, π-π stackings and
amorphous content remains existing in the blending. In comparison to their neat film, The
TA Por-S/PC71BM has negligible change in q/d of (100) peak. But a larger FWHM (0.3
nm−1) in (100) peak, larger d (1.10 nm) in (200) peak and broader distribution in (010)
peak, indicate weaker stacking interactions for Por-S. Besides, the TA Por-C/PC71BM
also gave a downtrend in the lamellar, π-π stackings with smaller q (3,33 nm–1) and larger
FWHM (0.6 nm–1) in (100) peak and a smaller q (6.50 nm–1) in (200) peak. Especially, a
multi-peaks distribution near (010) peak and amorphous fraction distinct (14-20 nm–1)
was observed in TA Por-C/PC71BM and TA Por-S/PC71BM, which originated from
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mixture phase of amorphous PC71BM and donor molecules.56 The mixture phase indicates
partly miscible for electron donor and acceptor,58-59 which has negative effect for
photovoltaic performance.56-57, 60-61 With sequential TA and SVA of the blend thin-films
(SVA Por-S/PC71BM, SVA Por-C/PC71BM), as shown in Figure 8 (e, f, i, l), smaller
full width at half maximum (FWHM) (0.27 nm–1, 0.58 nm–1, respectively) were observed
in (100) peak compared with those with only TA treatment, which corresponds to largersize CL of lamellar stacking and increased crystallinity for both. However, an obvious
mixture phase of Por-C/PC71BM remains existing in the blend-film, which indicates poor
phase-separation of blend-film. In contrast, negligible insensitive of (100) (200)
diffraction peak and concentrated (010) peak was found in the in-plane direction from
profile of SVA Por-S/PC71BM pattern, indicating the predominant “edge-on” orientation
and more obvious re-orientation of Por-S molecules due to the S-S and S-π interactions.
The morphologies of Por-S/PC71BM and Por-C/PC71BM (1:1.2, w/w%) blend thinfilms for their optimal BHJ OSCs were further investigated by tapping-mode atomic force
microscopy (AFM). As shown in Figure 3.9a-d and Figure 3.10a-d, Por-S nanowires
are distributed uniformly in the TA Por-S/PC71BM active layer characteristic of
imperfect bi-continuous phases. The value of root-means-square (RMS) roughness of TA
Por-S/PC71BM active layer is 0.5 nm. Impressively, perfect bi-continuous phases and
larger RMS of 0.6 nm were formed in sequential SVA-TA Por-S/PC71BM active layer.
Surprisingly but reasonably, the nanostructure of sequential SVA-TA Por-S/PC71BM
blend thin-film was well consistent with Por-S neat film prepared by either solvent
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casting or spin-coating. In contrast, Por-C with nonuniform distribution existed in TA
Por-C/PC71BM blend thin-film, which was well consistent with the imperfect
nanoaggregates of Por-C in solid films and mixed phase of Por-C and PC71BM
molecules characterized by GIWAXS. In addition, a larger domain size was observed for
SVA-TA Por-C/PC71BM blend thin-film, indicating the growing crystallinity but
unfavourable bulky aggregates.

Figure 3.9 Tapping mode AFM phase images of active layers of Por-S/PC71BM (1:1.2,
w/w) (a, c) and Por-C/PC71BM (1:1.2, w/w) (b, d) before and after SVA treatment.
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Figure 3.10 Tapping mode AFM height images of active layers of Por-S/PC71BM (1:1.2,
w/w) (a, c) and Por-C/PC71BM (1:1.2, w/w) (b, d) before and after SVA treatment.

To get more information about the self-assemblies in these blend-films. a thermally
annealed composite thin film of Por-S with PC71BM (~1:1.2 by weight) fabricated from
chlorobenzene solution with 2 vol% pyridine displayed narrower absorption bands with
unresolved vibronic splitting features in both Soret and Q bands (Figure 3.11a, blue line;
TA). These vibronic features were readily resolved into distinct vibronic splitting peaks
when the thermally annealed film was exposed to tetrahydrofuran (THF) vapour for 20 s
(Figure 3.11a, red line; SVA-TA). For the Por-C/PC71BM composite film, only
unresolved vibronic splitting features were noted even after thermal annealing and
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exposure to THF vapour under similar conditions (Figure 3.11b). The fact that both Soret
and Q bands of Por-S/PC71BM composite film displayed vibronic splitting features and
that the intensity of their Q-band 0-0 vibrational peak was stronger than that of 1-0
vibrational peak suggested a high degree of molecular ordering from J-aggregation. In
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Figure 3.11 (a) Por-C/PC71BM and (b) Por-S/PC71BM composite films (1:1.2 by weight)
spin-coated from chlorobenzene solutions 2.0 vol% pyridine (TA: thermally annealed at
100 ⁰C for 5 min; SVA-TA: thermal annealing followed by exposure to THF vapour for
20 s); Hole-only mobility (c) and electron-only mobility (d) of SVA-TA Por-S/PC71BM
and SVA-TA Por-C/PC71BM blended films.
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contrast, the Q-band of Por-C/PC71BM composite film showed no visible signs of
vibronic splitting, suggestive of no particular molecular ordering in the thin film. The
charge mobilities of these SVA-TA blend-films were measured by a space charge limited
current (SCLC) method (Figure 3.11c-d). The Por-S/PC71BM exhibited hole and
electron mobilities of 2.31×10–4 and 2.26×10–3 cm2∙s-1∙V-1, respectively. In contrast,
lowly hole/electron mobilities of 2.44×10–5/1.62×10–3 cm2∙s-1∙V-1 were found from PorC/PC71BM blend.

(b)

14

100

TA Por-S/PCBM
TA Por-C/PCBM
SVA Por-S/PCBM
SVA Por-C/PCBM

12
80

10

EQE (%)

Current density (mAcm-2)

(a)

8
6
4
2
0

TA Por-S/PCBM
TA Por-C/PCBM
SVA Por-S/PCBM
SVA Por-C/PCBM

0.25

0.50

40
20

-2
0.00

60

0.75

0
300

1.00

400

500

600

700

800

Wavelength (nm)

Voltage (V)

Figure 3.12 (a) J–V curves and (b) EQE curves of the devices using Por-S/PC71BM
(1:1.2, w/w) or Por-C/PC71BM (1:1.2, w/w) as active layer.

The solution-processing BHJ OSCs were fabricated utilizing the two small molecules
as the electron donors and PC71BM as the electron acceptor with details provided in
chapter 7. Thermal annealing (TA) and solvent vapour annealing (SVA) of THF were
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applied to optimize the morphology of the blend-films. The current density-voltage (J-V)
characteristics and external quantum efficiency (EQE) are shown in Figure 3.12 and the
key parameters of devices are listed in Table 3.4. With TA treatment of active layer, an
average PCE of 4.13% with a VOC = 0.929 V, a JSC = 10.32 mA·cm−2 and a FF = 43.1 %
were achieved for device based on the blend film of Por-S/PC71BM. Under the same
conditions, a lower average PCE of 2.67 % with a VOC = 0.907 V, a JSC = 0.91 mA·cm−2
and a FF = 32.5 % were obtained for the device of Por-C/PC71BM. Impressively, the
devices based on both donor molecules show larger VOC due to their low HOMO levels.
As expected, sequential TA and THF SVA treatment of the blend films gave significantly
improved performances for Por-S/PC71BM with an average PCE of 8.04 %, a VOC = 0.914
V, a JSC = 13.19 mA cm−2 and a FF = 66.7 %; for Por-C/PC71BM with an average PCE
of 5.86 %, a VOC = 0.869 V, a JSC = 11.53 mA cm−2, and a FF = 58.5 %. The THF SVA
has been previously demonstrated effective for improving the performances of small
molecular BHJ OSCs.26, 62 As shown in Figure 3.12b, the devices based on both PorS/PC71BM and Por-C/PC71BM show a wide range of photocurrent generation from 300
to 800 nm, with an external quantum efficiency (EQE) of 72.8 % at 458 nm and 56.8 %
at 700 nm for Por-S/PC71BM, and an EQE of 63.7 % at 480 nm and 53.7 % at 717 nm
for Por-C/PC71BM. To the best of our knowledge, the optimal performance based on
Por-S/PC71BM is among the best of BHJ OSCs based on porphyrin small molecules.15-19
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Table 3.4 Key parameters of all the devices.
SVA
JSC/mA
VOC a /V
FF a /%
PCEa /%
/s
cm−2
Por-S 2% Pyridine
0
10.32 (±0.03) 0.929 (±0.01) 43.1 (±0.01) 4.13 (±0.02)
Por-C 2% Pyridine
0
9.06 (±0.04)
0.907 (0.0)
32.5 (±0.01) 2.67 (±0.01)
Por-S 2% Pyridine
20 13.19 (±0.04) 0.914 (±0.01) 66.7 (±0.01) 8.04 (±0.03)
Por-C 2% Pyridine
20 11.53 (±0.07) 0.869 (±0.01) 58.5 (±0.03) 5.86 (±0.07)
a
The average values were calculated from >12 devices with standard deviation. PorS/C/PC71BM (1:1.2, w/w), annealing time at 100℃ for 5 min. Device structure:
ITO/PEDOT:PSS/Donor: PC71BM/Ca/Al. The active layers were spin-coated from their
chlorobenzene solutions with 2.0 vol% pyridine as additive and the films’ thickness are
approximately 90 nm.
Device Additive

3.3 Conclusion
Two new molecular porphyrin derivatives, Por-S and Por-C, of A-π-Porphyrin-π-A
structure, were developed to explore their potentials for BHJ OSC applications. Por-S,
which carries alkylthio side-chains in its π–linkages, manifested the ability to undergo
supramolecular self-assembly to preferentially J-aggregates in its composite film with
PC71BM acceptor. In contrast, Por-C without alkylthio side-chains, showed no
preferential molecular self-assembly behaviours under similar conditions. The
preferential J-aggregation, driven by intermolecular S-S interactions of alkylthio sidechain substituents, had rendered Por-S an excellent electron donor material for BHJ
OSCs. When used as a donor with PC71BM acceptor in BHJ OSC devices, Por-S afforded
excellent photovoltaic performance characteristics with a high PCE of 8.04%. This was
among the best performance for a porphyrin-based donor in BHJ OSCs.

112

Scheme 3.2 Synthetic pathway of porphyrins Por-C and Por-S.

3.4 Experimental Part
3.4.1 The details for device fabrications, characterization of compounds, can be
found in Experimental Section in Chapter 7.
3.4.2 Synthesis
The synthesis of di-alkylthio-substituted phenylene ethynylene bridged porphyrin Por-S
is shown, Scheme 3.1-3.2. A reference molecule of di-alkylthio-substituted phenylene
ethynylene bridged porphyrin was also synthesized via similar route. The molecules PorC and Por-S were synthesized via Sonogashira coupling reactions between brominated
intermediates and intermediates with triplet bond. Specially, the key intermediate for PorS, asymmetric modification of 1,4-bis(hexylthio)benzene (S4, Scheme 3.2), was first
achieved via careful modification of method reported.63-64 And the final products were
obtained via piperidine-catalytic condensation of precursors (Por-SA, Por-CA, Scheme
3.1) and 3-eylthylrhodanine. The structures of these intermediates and final products were
fully confirmed by nuclear magnetic resonance spectroscopy (NMR) and matrix-assisted
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laser desorption/ ionization time of flight mass spectrometry (MALDI-TOF-MS) with
good supporting (Figure 7.1-7.4. Chapter 7).

2-octyldodecan-1-ol (2.99 g, 10.0 mmol) in 35 mL dichloromethane was added
Pyridinium chlorochromate (PCC) (4.52 g, 21 mmol) and stirred at 25 °C for 5-6 hours.
And the pure product was purified from the reacted solution via flash chromatographed
on short silica column with CH2Cl2 as eluent to obtained 2-octyldodecanal as colorless
oil (2.96 g, 99 %). 1H NMR (400 MHz, ppm, CDCl3): 9.70 (s, 1H), 2.25−2.31 (m, 1H),
1.50−1.55 (m, 2H), 1.37−1.42 (m, 2H), 1.16−1.25 (m, 28H), 0.82 (m, 6H).

Paraformaldehyde (3.46 g, 115.40 mmol) in 200 mL pyrrole was stirred for 0.5 h at 50 °C,
and TFA (888 μL, 11.54 mmol) was added very slowly. The reaction was quenched with
TEA after 5 mins and the crude product was purified through silica gel column
chromatographer using chloroform/hexane (2%, v/v) as eluent to give P1 (6.96 g, 20 %)
as colorless crystals.
P1(4.50 g, 31.5 mmol) and 2-octyldodecanal (9.34 g, 31.5 mmol) in 2L CH2Cl2 was
degassed with nitrogen for 30 min. Then trifluoro-acetic acid (TFA) (145 μL, 4.0 mmol)
was added to the solution. The resulted mixture was stirred 12 h at 25 °C. 2,3-dichloro114

5,6- dicyanobenzoquinone (DDQ) (14.56 g, 64 mmol) was added, and the reaction
mixture was stirred for a further 0.5 h before 10 mL triethylamine was added. The solvent
was removed under reduced pressure and the product was purified by silica
chromatography using CH2Cl2/hexane (1:4) as the eluent to give P2 as purple solid. 1H
NMR (400 MHz, ppm, CDCl3): 10.23 (d, 2H), 9.75- 9.67 (m, 4H), 9.44 -5.21 (m, 4H),
2.99 (m, 4H), 2.77 (m, 4H), 1.54 (m, 6H), 1.17−1.41 (m, 12H), 1.03 (m, 38H), 0.74 (m,
12H), −2.45 (s, 2H).

NBS (0.75 mg, 4.20 mmol) was added to P2 (1.69 g, 2.00 mmol) in 200 mL CH2Cl2 and
stirred at 0 °C for 30 min. The solvent was washed by water and removed in reduced
pressure. The obtained residue was purified via silica gel chromatography using CH2Cl2/
hexane (1:3, v/v) as eluent to afford P3.
P3 (2.00 g, 2.00 mmol) and zinc acetate (2.19 g, 10 mmol) were added in 200 mL CHCl3
and continue to flux for 6 h. The solvent was removed under reduced pressure and the
obtained residue was further purified via silica gel chromatography using CH2Cl2/hexane
(1:3) as eluent to afford BrPor as purple crystals (2.13 g, 100 %). 1H NMR (400 MHz,
ppm, CDCl3): 9.74 (m, 8H), 5.15 (m, 2H), 2.90 (m, 4H), 2.71 (m, 4H), 1.53 (m, 6H),
1.19−1.33 (m, 12H), 0.97−1.08 (m, 38H), 0.75 (m, 12H).
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1,4-Diiodobenzene (5.00 g, 15.2 mmol), neocuproine (0.64 g, 20 mol%), copper iodide
(0.58 g, 21 mol%), 2-hexyl-1-decanethiol (9.02 g, 34.8 mmol) and potassium phosphate
tribasic (13.0 g, 61.2 mmol) were added to anhydrous 120 mL N, N-dimethylformamide.
The resulted solution was stirred for 48 h at 110 °C under nitrogen. The cooled solution
as washed by water, extracted with dichloromethane and dried over anhydrous sodium
sulfate. The solvent was removed under reduced pressure and the crude product was
purified by silica gel column chromatography using hexane as eluent to afford S1 as
colorless oil (3.43 g, 76%). 1H NMR (400 MHz, ppm, CDCl3): 7.32 (s, 4H), 2.87 (t, 4H),
1.63-1.27 (m, 16H), 0.88 (m, 6H). 13C NMR (100 MHz, ppm, CDCl3): 135.0, 130.0, 37.6,
31.1, 30.2, 28.2, 22.7, 14.2.

S1(2.0 g, 3.38 mmol) and iodine of catalytic amount (0.03 g) was added to CH2Cl2 (20
mL) at 0 °C. The bromine (0.44 mL 8.46 mmol) was added to the solution and the
resulting solution was stirred for 3 days at 25 °C under dark. Aqueous Na2SO3 solution
then was added to terminate the reaction. The mixture was extracted by chloroform and
the organic phase was washed with water and dried over anhydrous magnesium sulfate.
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The solvent was removed, and the crude product was purified by silica gel
chromatography using hexane as eluent to obtain S2 as colorless oil (1.12 g, 44 %). 1H
NMR (400 MHz, ppm, CDCl3): 7.69 (s, 2H), 2.94−2.90 (t, 4H), 1.67−1.60 (m, 2H), 1.511.38 (m, 16H), 0.88 (t, 12H).
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C NMR (100 MHz, ppm, CDCl3): 137.0, 130.5, 127.7,

38.3, 39.3, 31.8, 29.8, 22.68, 14.10.

Preparation of Grignard reagent: 1-Bromohexane (15 mL, 106.86 mmol), magnesium
bars (2.60 g, 106.86 mmol) in 300 mL THF was initiated with 1,2-dibromoethane (2
drops). The initialed mixture was stirred for 3 h in an ice-bath, then reflux for 1.5 h. 1,4Dichlorobenzene (12.567 g, 85.492 mmol), (1,3-bis[diphenylphosphino]propane)
dichloro nickel (II) (0.12 g, 2 mol%) was added slowly in small solid portions to the
cooled solution in an ice-bath to form pale green mixture. This mixture was refluxed for
48 h. And quenched by slowly adding 40 mL 2M aqueous HCl an ice-bath. The mixture
was extracted with dichloromethane (3 × 40 mL). The dried organic extracts were purified
by flash chromatography using 1:1 dichloromethane/hexane as eluent to afford C1 as
pale-yellow oil (4.99 g, 95%). 1H NMR (CDCl3, ppm, 400 MHz): 7.36 (s, 2H), 2.65 (m,
4H), 1.59 (m, 4H), 1.35 (m, 12H), 0.89 (t, 6H). 13C NMR (CDCl3, ppm, 100 MHz) : 141.3,
133.7, 123.0, 35.5, 31.6, 29.8, 29.0, 29.0, 14.1.
General synthetic route of S3 and C3.
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Bromide compound (10.00 mmol, 1 equivalent) in 30 mL THF and 15 mL triethylamine
was degassed and backfilled with nitrogen for at least three times. Bis(triphenylphosphine)
palladium(II) dichloride (0.20 mmol, 2 mol% equivalent) and copper(I) iodide (0.20
mmol, 2 mol% equivalent) were added to the flask. The mixture was bubbling with
nitrogen for half hour. And trimethylsilylacetylene (10.00 mmol mL, 10 equivalent) was
injected into the flask via syringe. The mixture was stirred for 3 hours at 50 °C and then
filtered. The filtrate was concentrated under vacuum condition and the crude product was
purified by silica gel column with to obtain pure product.

Colorless solid, (50%). 1HNMR (400 MHz, ppm, CDCl3): 7.37 (s, 1H), 7.25 (s, 1H), 2.932.88 (m, 4H), 1.69-1.63 (m, 4H), 1.47-1.44 (m, 4H), 1.32-1.25 (m, 8H), 0.91-0.88 (s, 6H),
0.28 (s, 9H). C13 NMR (100 MHz, ppm, CDCl3): 190.7, 139.2, 137.7, 134.3, 134.7, 126.7,
86.9, 34.4, 31.3, 28.6.28.4, 22.54, 14.05, 0. 1.

Colorless solid, (50%). 1H NMR (400 MHz, ppm, CDCl3): 7.31 (s, 1 H), 7.24 (s, 1 H),
2.59 (t, J = 8 Hz, 2 H), 2.68 (t, J = 8 Hz, 2 H), 1.57 (m, 4H), 1.31 (s, 12 H), 0.89 (t, br, 6
H), 0.28 (s, 9 H); 13C NMR (100 MHz, ppm, CDCl3):133.7, 132.8, 124.6, 121.8, 103.4,
98.3, 35.7, 34.2, 31.7, 31.7, 30.6, 29.7, 29.3, 29.2, 22.6, 22.6, 14.2, 0.1.
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General Synthetic Route of S5 and C5.
K2CO3 (30.0 mmol, 3 equivalent) was added to TMS-compound (10.0 mmol) in about 60
mL THF and 30 mL methanol. The mixture was stirred at room temperature for 6-12
hours. The resulting mixture was dissolved in 120 mL dichloromethane and washed with
water, brine and finally dried over anhydrous Mg2SO4 to obtained product S5 and C5.

Colorless solid, (99%). 1HNMR (400 MHz, ppm, CDCl3): 10.46 (s, 1H), 7.71 (s, 1H),
7.55 (s, 1H), 3.68 (s, 1H), 3.03-3.01 (m, 4H), 1.46-1.34 (m, 4H), 1.46-1.36 (m, 4H), 1.341.32 (m, 8H), 0.92 (5, j=8, 6H). C13 NMR (100 MHz, ppm, CDCl3): 190.7, 139.2, 137.7,
134.3, 134.7, 126.7, 86.9, 80.4, 34.4, 31.3, 28.6.28.4, 22.54, 14.05.

Colorless solid, (99%). 1HNMR (400 MHz, ppm, CDCl3): 10.26 (s, 2H), 7.61 (s, 1H),
7.25 (s, 1H), 3.68 (s, 1H), 3.03-3.01 (m, 4H), 1.46-1.34 (m, 4H), 1.46-1.36 (m, 4H), 1.341.32 (m, 8H), 0.93 (5, j=8, 6H). C13 NMR (100 MHz, ppm, CDCl3): 191.7, 142.2, 134.3,
132.2, 130.7, 129.1, 92.8, 78.1, 33.7, 28.4, 22.54, 14.05.
General Synthetic Route of Por-SA and Por-CA.
4-ethynyl-2,5-bis (hexyl) benzaldehyde or 4-ethynyl-2,5-bis (hexylthio) benzaldehyde
(0.70 mmol) and P4 (0.30 mmol) in 30 THF and 15 mL Et3N was degassed with nitrogen
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for 30 min. Pd(PPh3)4 (0.04 mmol) and CuI (0.04 mmol) were added and the solution was
continued to stir at 60 °C for 12 h under nitrogen. The solvent was removed under vacuum
condition, and the solid product was purified by preparative thin layer chromatography
using a CHCl3/hexane (3:1) mixture as eluents. Recrystallization from CHCl3/methanol
gave Por-SA and Por-CA as a green solid.

Green Solid, (82 %), 1H NMR (400 MHz, ppm, CDCl3): 10.53 (s, 2H), 9.90 (s, 2H), 9.679.60 (d, j=28, 4H), 8.03 (s, 2H), 7.91 (s, 2H), 5.16 (s, 2H), 3.30-3.25 (m, 4H), 3.10 (m,
4H), 2.89 (m, 4H), 2.00-1.78 (m, 8H), 1.56-1.37 (m, 8H), 1.37-0.90 (m, 82H), 0.88-0.70
(m, 18H).

Green solid, (83%). 1HNMR (400 MHz, ppm, CDCl3): 10.57 (s, 2H), 9.96-9.94 (m, 4H),
9.68-9.59 (m, 4H), 8.05 (s, 2H), 7.94 (s, 2H), 5.18 (s, 2H), 3.26 (m, 4H), 3.10 (m, 4H),
2.91 (m, 4H), 2.69-2.62 (m, 8H), 1.58-0.92 (m, 96), 0.74-0.72 (m, 12H).
120

General Synthetic Route of Por-S and Por-C.
Por-SA or Por-CA (0.13 mmol) and 3-ethylrhodanine (0.13 mmol) in dry CHCl3 were
added piperidine and the solution was stirred at 60 °C for 12 h under nitrogen atmosphere.
The reaction was quenched by adding 30 mL water and extracted with CHCl3. The dried
organic layer was concentrated under reduced pressure and the crude product was purified
by silica gel thin layer chromatography using CHCl3/hexane as eluent and recrystallized
from a mixture of CHCl3 and methanol to get Por-S and Por-C as green solid.

Green solid. (71 %). 1HNMR (400 MHz, ppm, CDCl3): 9.85-9.84 (m, 4H), 9.66-9.58 (m,
4H), 8.37 (s, 2H), 8.02-7.98 (m, 2H), 7.46 (s, 2H), 5.17 (s, 2H), 4.23-4.21 (m, 4H), 3.293.25 (t, j=8, 4H), 3.10 (m, 4H), 2.93-2.91 (m, 4H), 2.73-2.70 (m, 4H), 2.11-1.97 (m, 4H),
1.68-1.52 (m, 8H), 1.52-0.72 (m, 106). (MALDI-TOF, m/z) calculated for Por-S:
1912.9589.
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Green solid, (75%). 1H NMR (400 MHz, ppm, CHCl3): 9.96 (m, 4H), 9.69-9.60 (m, 4H),
8.39(s, 2H), 8.08 (s, 2H), 7.55 (s, 2H), 5.20 (s, 2H), 4.27-4.23 (m, 4H), 3.30 (m, 4H),
3.09-3.08 (m, 4H), 2.93 (m, 4H), 1.98 (m, 2H), 1.76-1.02 (m, 108H), 0.79-0.73 (m, 12H).
(MALDI-TOF, m/z) calculated for Por-C: 1785.3037.
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Chapter 4 New A-π-Por-π-A Type Porphyrin small
molecules with Green Light Response for High
Efficient Organic Solar Cells
4.1 Introduction
Organic electron donors have promised the advantages of light-weight, large-area
processing, mechanical flexibility as well as low-cost for organic solar cell (OSC).1-3
Together with a fullerene or non-fullerene electron acceptor,4-6 a bulk heterojunction
(BHJ) active layer would be facilely fabricated by solution-processed technologies such
as spin-coating or ink-jet printing. To date, the highest power conversion efficiency (PCE)
of single heterojunction OSCs has reached 13-14%,7-8 which consists of polymer (PBDBT-SF, PBDB-T-2F)

as donors and small molecule acceptor (IT-4F, IT-2Cl) as acceptor.

On the other hand, the PCEs of ternary heterojunction OSCs using small molecules
PTB7-TH as donors and COi8DFIC, PC71BM as acceptors have surpassed 14%.9-10 The
design, synthesis and application of new organic materials with unprecedented properties
will give impetus to the industrialization of OSCs. Porphyrin (P) is an 18π-electron planar
and conjugated cycle, which typically absorbs strongly in the spectral range of 400–500
nm and its electrochemical and photochemical properties can be finely tuned by varying
the peripheral substituents and centered metals. With ethynylbenzene as π-linkage, and
3-ethylrhodanine (R) as the electron deficient acceptor (A), we previously designed and
synthesized a series of A-π-D-π-A type porphyrin-cored small molecules, and applied
them as donors in BHJ OSCs with PCEs around 6-8%.11-14 It was found that the
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deficiency of green light absorption of these porphyrin small molecules significantly
limited their solar light-harvesting efficiencies in OSCs. Recently, diketopyrrolopyrrole
(DPP) conjugated porphyrin small molecules were reported with panchromatic
absorption and the record efficiency of 9% was achieved in single heterojunction OSCs.15
However, its narrow bandgaps (1.38–1.48 eV) and up-shifted HOMO (ca. –5.23 eV)
resulted in lower open-circuit voltage (VOC) (< 0.8 eV). These are primarily due to the
complexity to balance between a broad absorption spectrum and a suitable energy level
alignment in design and synthesize porphyrin small molecules for efficient BHJ OSCs.
Typically, benzo[1,2-b:4,5-b’]dithiophene (BDT) has planarity and extendable
conjugated structure, which favors electron delocalization and intermolecular π-π
stacking, thus leading to efficient charge transport and high fill-factor (FF) values in
OSCs.16-17 Therefore, the symmetric conjugation of BDT to porphyrin core at mesopositions, then ended with appropriate electron-withdrawing moieties, might lead to new
BDT-porphyrin electron donor materials characteristic of a broad absorption spectrum.
Additionally, as a relatively weak electron donor, the conjugation of BDT could usually
lower the HOMO energy level of the resulting molecule,18 thus leading to a high VOC in
the OSCs.
Herein, we developed the benzodithiophene (BDT) π-bridged acceptor-π-porphyrinπ-acceptor (A-π-Por-π-A) type molecules, namely Por-BR, Por-BRC, SPor-SBR and
Por-TBR, to extend the absorption spectra of this kind of porphyrin molecules. The
structures of these porphyrin molecules are shown in Figure 4.1. Theoretical and
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experimental studies confirmed that these molecules had suitable electrochemical
properties. When using these molecules as electron-donor and with fullerene acceptor,
the BHJ OSCs gave the optimal performance with power conversion efficiency (PCE) up
to 7.92%, ISC of 14.30 mA∙cm-2, VOC of 0.864 eV and FF of 64.2%, which among the
range of highly efficient BHJ OSCs with porphyrin molecule as electron donor.
.

Figure 4.1 Molecular structure of porphyrin small molecules Por-BR, Por-BRC, SPorSBR and Por-BTR.

4.2 Results and discussion
BDT π-bridged porphyrin small molecules Por-BR, Por-BRC, SPor-SBR and Por-BTR
were synthesized with expectation that BDTs could broaden the Soret and Q band
absorption due to the extensive conjugation. The synthetic routes of these intermediates
and porphyrin molecules are shown in Scheme 4.1. Theoretical calculations by density
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functional theory (DFT) at the B3LYP/ GENECP/LANL2DZ level using Gaussian 09. D.
01 were carried out to determine the ground state structure and molecular energy levels
of the molecules. The four molecules have two types of optimal geometries. Por-BR,
Por-BRC and SPor-SBR have planar backbone conformations, while Por-BTR has
twisted backbone conformation with a dihedral angle of 27°. The twisted conformation
of Por-BTR was arisen from the inserted thienyl units of the molecular backbone.
Obviously, the planar and nonplanar conformations will have different effects on the
intramolecular charge transfer state and molecular aggregates. In contrast, the insertion
of aromatic groups as side-substituents in SPor-SBR also gave the dihedral angles of 53°
and 70° between side-substituents and main-chain, but its molecular backbone still
maintained a planar geometry.
The distributions of selected molecular orbits HOMO-1 (H-1), HOMO (H), LUMO (L),
LUMO+1 (L+1) of these molecules are shown in Figure 4.2 and Table 4.1. As expected,
these porphyrin molecules exhibit highly delocalized molecular orbital distributions. The
Por-BR has values of L and H levels of -3.18 eV and -5.02 eV, respectively, and a band
gap of 1.84 eV. Por-BRC gives the values of L of -3.31 eV, H of -5.11 eV and band gap
of 1.80 eV due to the strong electron-withdrawn capping unit of 2-(1,1dicyanomethylene)-3-ethylrhodanine. In contrast, the lowest energy levels with L of 3.33 eV and H of -5.22 eV and band gap of 1.89 eV were observed from SPor-SBR due
to the alkylthio-substituents with p π (C)–d π (S) orbital overlap between substituent and
conjugated backbone;19-23 and the highest values with L of -3.33 eV and H of -5.22 eV
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were found from Por-BTR due to the inserted thienyl unit which twisted the molecular
backbone conformation. However, it is interesting to find that all these molecules have
different orbital distribution with that of pristine porphin. As shown in Figure 4.3, the
BDT delocalized the H-1 and H distribution and the capping units have high contributions
to the L and L+1 orbits. It is expected the effects on their spectral and electrochemical
properties.

Figure 4.2 The optimal molecular geometries of molecules Por-BR, Por-BRC, SPorSBR, Por-BTR using DFT at the B3LYP/GENECP/LANL2DZ level.
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Figure 4.3 The molecular energy levels of molecules Por-BR, Por-BRC, SPor-SBR and
Por-BTR using DFT at the B3LYP/GENECP/LANL2DZ level.

Table 4.1 The values of the selected molecular orbits of Por-BR, Por-BRC, SPor-SBR
and Por-BTR.
H/
Sample
H-1/ eV
L/ eV L+1/ eV
Cal. Band gap/ eV
eV
Por-BR
−5.55 −5.02 −3.18 −2.97
1.84
Por-BRC
−5.67 −5.11 −3.31 −3.15
1.80
SPor-SBR
−5.67 −5.22 −3.33 −3.13
1.89
Por-BTR
−5.27 −4.87 −2.91 −2.78
1.96

The UV-Vis absorption and fluorescence spectra of these molecules were used to
examine their photo-physical properties. The solution spectra are shown in Figure 4.4a,
the peaks with maximum wavelengths within 460-480 nm and 690-720 nm can be
attributed to the Soret-bands and Q-bands of porphyrin molecules, respectively. The
strong Q-band absorptions of these porphyrin molecules are due to the efficient
intramolecular charge transfer (ICT) state. We also found Por-BTR had a weaker
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absorption in green light and Q-band regions than the other molecules due to the spiral
molecular backbone conformation.
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Figure 4.4 UV-Vis spectra of Por-BR, Por-BRC, SPor-SBR and Por-BTR (a) in CHCl3,
(b) thin-films and (c) thin-films with 2 v% pyridine; and (d) fluorescence spectra in
CHCl3.

Their absorption spectra from solid thin-film are shown in Figure 4.4b and the data
are summarized in Table 4.2. The molecules Por-BR, Por-BRC, SPor-SBR and PorBTR exhibit broad and red-shift absorption in respect to solution due to the strengthened
π-π stacking. In addition, these molecules including Por-BTR exhibited a strong
absorption in the green light region, indicating the BDT-bridged porphyrin molecules can
effective broaden the absorption spectra of porphyrins. Obviously, the phenomenon was
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consistent with the expectation of DFT calculation. Interestingly, the solution and film
absorption spectra of Por-BTR were different, indicating its unique self-assemblies
compared to the other three molecules. Moreover, pyridine is a good additive to optimize
the morphologies of porphyrin molecules in film.24 With 2 w% pyridine additives, the
film absorption spectra of these molecules, especially for Por-BR and Por-BRC, showed
obviously shoulder peak in the Q-bands (Figure 4.4c), which are corresponding to the Jaggregates of molecules.25 In parallel, the corresponding fluorescence spectra of these
molecules in chloroform were also recorded and are plotted in Figure 4.4d. Por-BR,
Por-BRC, SPor-SBR and Por-BTR exhibit emissions at 734, 712, 713 and 717 nm,
respectively. Obviously, these theoretical and experimental spectral data provides the
proof that BDT π-bridged A-π-Por-π-A molecular structure can effectively enhance the
absorption of porphyrin molecules in green light region. The enhancement of green light
absorption will be beneficial for light-harvest of porphyrin molecules in BHJ OSCs.
The cyclic voltammetry of Por-BR, Por-BRC, SPor-SBR and Por-BTR were
performed to evaluate their energy levels and electrochemical band gaps. Their
voltammograms are shown in Figure 4.5 and the electrochemical data are listed in Table
4.2. The HOMO levels of Por-BR, Por-BRC, SPor-SBR and Por-BTR were estimated
to be −5.38, −5.46, −5.38 and −5.21 eV, respectively, from their onset values of oxidation
potentials, And the LUMO levels of Por-BR, Por-BRC, SPor-SBR and Por-BTR were
estimated to be −3.60, −3.67, −3.67 and −3.52 eV, respectively, from their onset values
of reduction potentials. As a result, the electrochemical band gaps of Por-BR, Por-BRC,
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SPor-SBR and Por-BTR were calculated to be 1.78, 1.79, 1.71 and 1.69 eV, respectively.
Obviously, both the energy levels and band gaps of all these molecules are consistent
with the results of DFT calculation and well matched with the energy levels of PC71BM.

Por-BR
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Figure 4.5 Cyclic voltammograms of Por-BR, Por-BRC, SPor-SBR and Por-BTR in
acetonitrile with 0.1 mol·L−1 TBAPF and electrochemical energy levels and band gap of
molecules.

Table 4.2 Summary of spectral and electrochemical properties of molecules.

Sample

UV-Vis Spectra (ε, ×105
M−1· cm−1)
Film (nm)
CHCl3 (nm)
with pyridine
462 521 708 490-547 739
480 522 724 472-544 759

FL (nm)
CHCl3
(nm)
734
712

HOMO LUMO
eV

eV

Eg
V

Por-BR
-5.38
-3.60 1.78
Por-BRC
-5.46
-3.67 1.79
SPor462 530 697 513-552 745
713
-5.38
-3.67 1.71
SBR
Por-BTR 462 -- 702 472-552 746
717
-5.21
-3.52 1.69
Note. The energy levels are estimated by HOMO = − (4.74 + Eox) eV and LUMO = −
(4.74 + Ere) eV. Then, the band gap can be calculated Eg = LUMO – HOMO eV.
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Besides, the microstructure of solid-film is also essential for high performance of
organic photovoltaics. The neat films of Por-BR, Por-BRC and Por-BTR and blendfilms of these molecule with PC71BM were explored by grazing-incidence wide-angle Xray scattering (GIWAXS) to get the information of molecular orientation and crystal
structure. The resulted 2D-GIWAXS patterns and in-plane and out-of-plane X-ray
scattering profiles extracted from the 2D GIWAXD images are shown in Figure 4.6 and
the data are summarized in Table 4.3. The predominant orientation of Por-BR, Por-BRC
and Por-BTR chains in spin-cast films is “edge-on” orientation according to lamellarstacking peaks (100, 200, 300) in out-of-plane direction and π-stacking diffraction peak
(010) in in-plane direction. Bright ring can also be observed in the large q value due to
the large grain and well-ordered crystal materials. However, these molecules exhibit
different diffraction characteristics due to the different crystal structure and orientation.
In neat film, the Por-BR has (100) diffraction peak at the smallest position at qz = 3.60
nm−1 (d- spacing, 1.75 nm) and full width at half maxima (FWHM) of 0.36 nm−1
(coherence length, 16.23 nm); and Por-BRC shows larger position of (100) diffraction
at qz = 3.60 nm−1 (d-spacing, 1.75 nm) and narrow FWHM of 0.30 nm−1 [coherence length
(CL), 19.48 nm], indicating the RC group can slightly increase the grain size and resulted
in tightly crystal structure. In addition, Por-BTR shows middle position of (100) peaks
at qz = 3.45 nm−1 (d-spacing, 1.82 nm) and the narrowest FWHM of 0.22 nm-1 (CL, 26.28
nm), indicating the inserted thiophene units can effectively increase the grain sizes.
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Figure 4.6 GIWAXS images of neat spin-coating films of Por-BR, Por-BRC and PorBTR, blend-films of donor /PC71BM as the active layers of BHJ OSCs.
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Table 4.3 Parameters of AFM, GIWAXS results of neat, blend-films of Por-BR/PC71BM,
Por-BRC/PC71BM and Por-BTR/PC71BM.
sample

q100
/nm−1

d
/nm

FWHM
/nm−1

CL
/nm

q200
/nm−1

q300
/nm−1

PC71BM/nm-

Por-BR
TA
SVA
Por-BRC
TA
SVA
Por-BTR
TA
SVA

3.60
3.61
3.65
3.60
3.63
3.47
3.45
3.79
3.84

1.75
1.74
1.72
1.75
1.73
1.81
1.82
1.66
1.64

0.36
0.68
0.64
0.30
0.57
0.95
0.22
0.83
0.70

16.23
8.59
9.13
19.48
10.25
6.08
26.28
6.97
8.26

7.08
6.86
5.86
10.56
6.93
6.93
6.76
6.96
6.96

10.58
-----10.10
---

-13.86
13.86
-13.86
13.86
-14.05
13.97

1

q010
/nm−1

d
/nm

17.65
17.65
17.65
17.65
17.83
17.96
17.65
17.92
17.92

0.36
0.36
0.36
0.36
0.35
0.35
0.36
0.35
0.35

The layer space (d-spacing) is calculated according to d=2π/q, and coherence length is
calculated to CL = 2πk/q, k=0.93.

For these blend-films of donor/PC71BM with TA treatment, the diffraction
characteristics are obvious influenced by the added PC71BM and the TA process.
Typically, a random diffraction peak arising from PC71BM molecules can be observed at
about 13.86-14.05 in out-of-plane direction. In addition, according to previous literature,
the donor and acceptor molecules in blend-films usually partly dissolved in each other
and then form impure phase-separation.26 And thermal anneal usually can increase the
crystallinity of donor molecules and diffusion of PC71BM.27 So, the shift positions of
diffraction value and larger FWHMs of (100) diffraction peaks of these molecules were
due to the two factors. However, it can be observed that the blend-film of PorBTR/PC71BM has brighter ring diffraction than the blend-film of Por-BR and Por-BRC,
indicating the large domains in Por-BRC/PC71BM blend. It is supported by the relatively
low PCE of 4.38 % among these molecules in BHJ OSCs. And Por-BR has layer-space
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of 1.74 nm (Table 4.3) and coherence length of 8.59 nm, sopported the relatively high
PCE of 5.79 % among the three molecules. After continuous SVA treatment, the obvious
increase of the value of (100) infraction and FWHM of blend-film of Por-BRC/PC71BM
indicate a higher crystallinity and more regular structure obtained during the SVA process,
which are consistent with the improved PCEs of 7.92 % for Por-BR, 7.66 % for PorBRC and 7.29 % for Por-BTR in the BHJ OSCs.
Time-resolved fluorescence imaging in the time-correlated single photon counting
mode (TCSPC) was performed with an excitation at 500 nm and probed at 739 nm for
Por-BR, 758 nm for Por-BRC and 760 nm for Por-BTR to provide additional
information about lifetime of Por-BR, Por-BRC and Por-BTR in neat film and blendfilms with PC71BM. The lifetime decay curves of these neat films are shown in Figure
4.7a-c (IRF ≈ 40 ps). The decay curves were well fitted with two-exponential model I(t)
= A1e- t/τ1 + A2e-t/τ2. The lifetime τ is contributed by different processes, the non-radiative
process (τ1) and, radiative process (τ2) that is directly related to the recombination of
electrons and holes, and energy transfer process. The neat Por-BR film exhibits an
average lifetime (τn) of 97.71 ps with τ1 of 57.79 ps (ratio, 76.4 %), τ2 of 226.9 ps (ratio,
23.6 %). The neat Por-BRC film exhibits an average life (τn) of 67.35 ps with τ1 of 31.89
ps (ratio, 83.51 %), τ2 of 246.9 ps (ratio, 16.49 %). And the neat Por-BTR film exhibits
an average life (τn) of 82.70 ps with τ1 of 36.07 ps (ratio, 81.05 %), τ2 of 282.2 ps (ratio,
18.95 %). Obviously, the fluorescence of these neat films only comprises nonradiative
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process and radiative process. In addition, the largest average lifetime of Por-BR than
Por-BRC and Por-BTR is beneficial for exciton diffusion and decreased recombination.
(a) Neat Por-BR

(b) Neat Por-BRC
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Figure 4.7 Lifetime decay curves of Por-BR, Por-BRC and Por-BTR, TA, TA-SVA
blend-films of donor /PC71BM as the active layers of BHJ OSCs.

The lifetime decay curves of blend-films (TA Por-BR/PC71BM, TA PorBRC/PC71BM and TA Por-BTR/PC71BM; SVA Por-BR/PC71BM, SVA PorBRC/PC71BM and SVA Por-BTR/PC71BM) are shown in Figure 4.7d-i. The decay
curves of blend-films were well fitted with multi-exponential model I(t) = A1e-t/τ1 + A2et/τ
2

(TA Por-BR/PC71BM, TA Por-BRC/PC71BM) or I(t) = A1e-t/τ1 + A2e-t/τ2 + A3e-t/τ3

(TA Por-BTR/PC71BM; SVA Por-BR/PC71BM, SVA Por-BRC/PC71BM and SVA
Por-BTR/PC71BM). The lifetime τ is contributed by three different processes, the non138

radiative process (τ1) and, radiative process (τ2) that is directly related to the
recombination of electrons and holes and energy transfer process (τ3). The TA films
exhibit average life-times of fluorescence. By contrast, Por-BR has moderate average
life-time of 122.8 ps (τ1: 74.53 ps, 77.93 %, τ2: 290 ps, 22.07 %). Por-BRC has the
longest average life-time of 163.87 ps (τ1: 112.36 ps, 79.78 %, τ2: 367.1 ps, 20.22 %).
And Por-BTR has the shortest average life-time of 56.5 ps (τ1: 34.49 ps, 91.04 %, τ2:
248.4 ps, 8.75 %, τ3: 1613.5 ps, 0.21 %). It is worthy to note that the obviously increased
average life-time and no energy transfer process (τ3) between porphyrin molecule and
PC71BM can be found in blend-films TA Por-BR/PC71BM and TA Por-BRC/PC71BM.
It indicates the fluorescence emission of porphyrin molecules and PC71BM molecules are
very independent, and the interface between the BDT-bridged porphyrin molecules and
PC71BM molecules are rough which might due to the high crystallinity of Por-BR and
Por-BRC. In contrast, the life-time decay curves of blend-film TA Por-BTR/PC71BM
exhibits obvious energy transfer process (τ3) and quenching of average life-time of
fluorescence, indicating the thienyl BDT-bridged porphyrin molecule Por-BTR has
better film-quality than BDT-bridged porphyrin molecules. In addition, the life-time
decay curves of SVA Por-BR/PC71BM and SVA Por-BRC/PC71BM also exhibit
obvious energy transfer processes (τ3) and quench of average life-time of fluorescence. It
indicates improved morphology and phase-separation after the continuous SVA
treatment, which will make the efficient exciton dissociation and electron transfer from
porphyrin molecule to PC71BM easier than the corresponding TA films.
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Table 4.4 Photovoltaic parameters of BHJ OSCs using Por-BR/Por-BRC/ Por-BTR or
SPor-SBR as donor materials and PC71BM as acceptor.
DCM
JSC
VOC
FF
PCE
Device
Additive
treatment
(mA
(V)
(%)
(%)
(s)
cm−2)
Por-BR
2% Pyridine
0
13.73 0.910 46.4
5.79
Por-BRC
2% Pyridine
0
13.06 0.903 45.7
5.39
Por-BTR
2% Pyridine
0
11.10 0.885 44.6
4.38
Por-BR
2% Pyridine
20
14.30 0.864 64.2
7.92
Por-BRC
2% Pyridine
20
14.10 0.861 63.0
7.66
Por-BTR
2% Pyridine
20
14.10 0.859 60.2
7.29
Donor/PC71BM (1:1.2, w/w), annealing time at 100℃ for 5 min. Device structure:
ITO/PEDOT:PSS/Donor: PC71BM/Ca/Al. The active layers were spin-coated from their
chlorobenzene solutions with 2.0 vol% pyridine as additive and the films’ thickness are
approximately 90 nm.

4.2.1 Photovoltaic Performance
The solution-processed BHJ OSCs were fabricated utilizing Por-BR, Por-BRC, SPorSBR or Por-BTR as electron donor and PC71BM as the electron acceptor under a
conventional device structure of ITO/PEDOT:PSS/donor material:PC71BM/Ca/Al, and
the device performance was measured under a simulated solar illumination of 100
mW/cm2. The active layers were spin-coated from a solution of donor material: PC71BM
at a optimal weight ratio of 1:1.2 and an overall concentration of 20 mg∙mL−1 in
chlorobenzene with 2 vol% pyridine as additive. The thickness of films is approximately
80 nm. Thermal annealing (TA) at 100 °C for 5 min (TA donor/PC71BM) and subsequent
solvent vopor annealing of dichloromethane for 20 s (SVA donor/PC71BM) were adopted
to optimize the morphology of active layer. The current density-voltage (J-V) curves and
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external quantum efficiency (EQE) of donors Por-BR, Por-BRC and Por-BTR are
shown in Figure 4.8, and the key performance parameters are listed in Table 4.4. The
cell using TA treated Por-BR/PC71BM (TA Por-BR/PC71BM) as active layer exhibits a
PCE of 5.79 %, JSC of 13.73 mA∙cm−1, VOC of 0.910 V and FF of 46.4 %. And PorBRC/PC71BM blending (TA Por-BR/PC71BM) in the same device configuration has
performance of a PCE of 5.39 %, JSC of 13.06 mA·cm−2, VOC of 0.903 V and FF of 45.7 %.
With continuous SVA treatment, Performance of the BHJ OSCs can be improved to a
PCE of 7.92 %, JSC of 14.30 mA∙cm−1, VOC of 0.864 V and FF of 64.2 % for Por-BR and
a PCE of 7.66 %, JSC of 14.10 mA∙cm−1, VOC of 0.861 V and FF of 63.0 % for Por-BRC.
Obviously, the high performance of devices confirmed the potential application of A-πPor-π-A BDT-bridged porphyrin molecules in BHJ OSCs. By contrast, Por-BTR and
SPor-SBR exhibit inferior performance which might due to the nonplanar molecular
conformations. For example, Por-BTR with twisted angle of 27° in backbone
conformation has a PCE of 4.38 %, JSC of 11.10 mA·cm−2, VOC of 0.885 V and FF of
44.6 % for TA Por-BTR/PC71BM and a PCE of 7.29 %, JSC of 14.10 mA·cm−2, VOC of
0.859 V and FF of 60.2 % for SVA Por-BTR/PC71BM in the same device configuration.
And SPor-SBR with large twisted angles of 53° and 70° between the alkylthio-thiophene
substituents and the main chain has bad performance (PCE < 3 %) in the same device
configuration.
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Figure 4.8 J–V (a, b) and EQE (c, d) curves of the BHJ OSCs using donor: PC71BM
(1:1.2, w/w) as active layer with thermal annealing for 5 min at 100 °C or solvent vapor
annealing of DCM for 20 s.

The morphologies of the active-layers were studied by tapping mode AFM. As
shown in Figure 4.9, the values of root-means-square (RMS) roughness of blend films
of Por-BR/PC71BM, Por-BRC/PC71BM and Por-BTR/PC71BM with TA treatment were
0.6, 0.7 and 0.6 nm, respectively. After TA and SVA treatment, the root-means-square
(RMS) roughness values of blend films of Por-BR/PC71BM, Por-BRC/PC71BM and
Por-BTR/PC71BM increased to 0.9, 1.0 and 1.0 nm, respectively. The obviously
increases of RMS values originate from reorientation of molecule and crystallinities
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Figure 4.9 AFM height images (a-f) and 3D height images (h-l) of blend films of PorBR/PC71BM, Por-BRC/PC71BM and Por-BTR/PC71BM with TA (Por-BR: a, g; PorBRC: b, h; Por-BTR: c, I) or TA and SVA treatment (Por-BR: d, j; Por-BRC: e, k, PorBTR: f, l).
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according to literatures,28-29 and the high crystallinities from SVA Por-BR/PC71BM,
SVA Por-BRC/PC71BM and SVA Por-BTR/PC71BM are consistent with the improved
performances of BHJ OSCs. The morphologies are well consistent with their charge
mobilities measured by a space charge limited current (SCLC) method (Figure 4.10).
SVA-TA Por-BR/PC71BM exhibited hole and electron mobilities of 3.91×10–4 and
4.43×10–4 cm2∙s–1∙V–1, respectively. In contrast, relative lower hole/electron mobilities of
2.96×10–4/3.15×10–4 and 1.09×10–5/1.93×10–4 cm2∙s–1∙V–1 were found for SVA-TA PorBRC/PC71BM and SVA-TA Por-BTR/PC71BM, respectively.
(b)
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Figure 4.10 Hole-only (a) and electron-only (b) mobilities of SVA-TA donor/PC71BM
blends.

4.3. Conclusion
In this chapter, BDT π-bridged A-π-Por-π-A-type porphyrin molecules Por-BR, PorBRC, SPor-SBR and Por-BTR were designed and synthesized towards highly lightharvest for BHJ OSCs. The spectral-characterization and electrochemical analysis
confirmed that the BDT bridges can not only contribute to green absorption between the
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Soret-band and Q-band of porphyrin molecules but also influence the morphology of the
blend films. In addition, these BDT-bridged porphyrin molecules can also tune the phaseseparation and film-morphologies. Except for SPor-SBR, BHJ OSCs using these
molecules as electron donor in conjunction with PC71BM acceptor, exhibiting optimal
PCEs about 7.29-7.92 %. The extensive spectral response and high performances of
conventional BHJ OSCs indicated this kind of porphyrin molecules are promising
electron donors for efficient photovoltaic applications.

4.4. Experimental section
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Scheme 4.1 Synthetic pathway of BDT-bridged A-π-Por-π-A-type porphyrin molecules.
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4.4.1 The details for device fabrications, characterization of compounds, can be
found in Experimental Section in Chapter 7.
4.4.2 Synthesis

Oxalyl chloride (152.40 g, 1.20 mol) was added in one portion to thiophene-3-carboxylic
acid (76.80 g, 0.60 mol) in 60 mL dichloromethane at 0 °C, the mixture solution was
stirred for 12-16 h at room temperature till a clear solution formed, then the solvent and
unreacted oxalyl chloride were removed by rotary evaporation to afford B2 as colourless
solid. The B2 were used for next step without further purification.
B2 in 200 mL dichloromethane was slowly added to diethyl-amine (125.00 mL, 1.20
mol) in 200 mL dichloromethane at 0 °C. The resulted solution was stirred at room
temperature for 0.5 h and then washed by water for 3 times. The organic layer was dried
over anhydrous Na2SO4 and the solvent was removed by reduced pressure. The crude
product was purified by flash silica-gel column chromatography using chloroform as
eluent to afford B3 as pale-yellow oil (0.56 mol, 92%) 1H NMR (CDCl3, 400 MHz, ppm):
7.49 (s, 1H), 7.33 (d, 1H), 7.19 (d, 1H), 3.40 (m, 4H), 1.20 (t, 6H).
N-butyllithium (40 mL, 2.5 M) was dropwise added into B3 (0.1 mol, 18.3 g) in 100 mL
of THF within 30 min under an inert atmosphere at 0 °C. The resulted solution was stirred
at room temperature for 0.5 h. The resulted solution was poured into 250 mL ice water
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and stirred for 6 hours. The mixture was filtrated and washed by 100 mL water, 25 ml
methanol and 25 mL hexane to afford B4 as yellow solid (17.0 g, 77%). 1H NMR (CDCl3,
400 MHz, ppm): 7.76 (d, 2 H), 7.96 (d, 2 H).

B4 (2.20 g, 10.0 mmol), NaOH (6.00 g, 150.0 mmol) and zinc powder (1.43 g, 22.0 mmol)
in 30 mL water was well stirred and heated to reflux for 1 h. 2-Ethylhexyl bromide (11.59
g, 60.0 mmol) and tetrabutylammonium bromide with catalytic amount were added into
the reacting solution and continue to reflux for 4 h. The solution was washed by cold
water and extracted by dichloromethane. The organic layer was dried over anhydrous
Na2SO4 and solvent was removed by reduced pressure. The crude product was purified
by silica-gel column chromatography using hexane as eluent to afford BDT1 as
colourless oil (2.01 g, 40 %). 1H NMR (CDCl3, 400 MHz, ppm): 7.45-7.49 (d, J = 5 Hz,
2H), 7.31-7.35 (d, J = 5 Hz, 2H), 3.83-3.96 (m, 4H), 1.49-1.63 (m, 2H), 1.09-1.37 (m,
16H), 0.71-0.89 (m, 12H).

.
N-butyllithium (10.00 mL, 25.0 mmol, 2.5 M in hexane) was slowly added into thiophene
(2.10 g, 25.0 mmol) in 100 mL dry THF at 0 °C under nitrogen protection. The solution
was stirred for 1.5 h at 0 °C and followed by adding sulfur powder (0.80 g, 25.0 mmol)
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in one portion. The resulting mixture was stirred for 2 h at 0 °C. 2-Ethylhexylbromide
(4.85 g, 25 mmol) was added very slowly. The reaction mixture was stirred for 12 h at
room temperature. And the mixture was washed by ice-water and extracted with
dichloromethane and dried over Na2SO4. The crude product was obtained by removing
solvent under reduced pressure and further purified by silica gel column chromatography
using hexane as eluent to afford ST as colourless oil (4.85 g, 85 %). 1H NMR (400 MHz,
ppm, CDCl3): 7.54–7.50 (m, 1H), 7.14–7.09 (m, 1H), 7.02–7.00 (m, 1H), 2.81–2.79 (d, J
= 8 Hz, 2H), 1.73–1.55 (m, 1H), 1.49–1.25 (m, 16H), 0.90–0.87 (m, 6H). 13C NMR (100
MHz, ppm, CDCl3): 137.2, 131.6, 128.4, 127.4, 42.7, 39.6, 37.1, 34.3, 33.2, 28.2, 28.1,
27.8, 23.1, 15.3, 14.1.

N-butyllithium (13.6 mL, 34.0 mmol, 2.5 M in hexane) was added dropwise into ST (7.00
g, 31.0 mmol) in 60 mL dry THF at -78 °C under nitrogen protection. The mixture was
continued to be stirred for 1 h at room temperature before adding B4 (1.85 g, 8.5 mmol).
And the resulted solution was stirred for 1 h at 50 °C. The cooled solution was added by
SnCl2·2H2O (14.56 g, 65.0 mmol) in 30 mL of 10% HCl and the resulted solution was
stirred for additional 1.5 h. The mixture was washed by water, extracted with
dichloromethane and dried over anhydrous Na2SO4. The solvent was removed under
reduced pressure and the crude product was purified by silica-gel column
chromatography using hexane as eluent to obtain BDT2 as yellow solid (2.8 g, yield 56%).
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1

H NMR (400 MHz, ppm, CDCl3): 7.61–7.60 (d, J = 4 Hz, 2H), 7.48– 7.46 (d, J = 8 Hz,

2H), 7.34–7.33 (d, J = 4 Hz, 2H), 7.26–7.20 (M, 2H), 2.84–2.93 (d, J = 4 Hz, 4H), 1.69–
1.67 (m, 2H), 1.55–1.28 (m, 32 H), 0.95–0.92 (t, 12H).

13

C NMR (100 MHz, ppm,

CDCl3): δ 142.2, 139.0, 137.7, 136.5, 132.5, 128.4, 127.9, 123.7, 123.2, 43.5, 39.3, 32.2,
31.2, 29.6, 28.9, 26.3, 23.1, 22.1,14.2.
General Synthetic Route of I-BDT1 and I-BDT2
BuLi (1 mL, 2.5 mmol, 2.5 M, 1.07 equivalent) was added dropwise to BDT 1-2 (2.33
mmol, 1 equivalent) in 20 mL dry THF over 50 min at −78 °C under nitrogen atmosphere.
The mixture was stirred for 30 min at -78 °C. And iodine (0.7 g, 2.75 mmol, 1.18
equivalent) in 5 mL dry THF was injected to the solution by syringe. The reaction was
stirred for 15 min and quenched with water. The solution was washed by water and
extracted by dichloromethane. The dried organic phase was concentrated with rotary
evaporator. And the crude product was purified by silica gel column chromatography
with hexane as eluent to obtain pure product I-BDI1-2.

I-BDT1, (74%). 1H NMR (400 MHz, ppm, CDCl3): 7.64 (s, 1H), 7.45-7.44 (d, J=4, 1H),
7.41-7.39 (d, J=8 Hz, 1H), 4.15-4.13 (m, 4H), 1.80-1.78 (m, 2H), 1.65-1.25 (t, 16 H),
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1.03-0.94 (m, 12H).

13

C NMR (400 MHz, ppm, CDCl3): δ 143.3, 143.2, 131.5, 130.3,

130.2, 126.5, 120.2, 40.7, 40.6, 30.4, 29.2, 23.2, 14.2, 14.2, 11.4.

I-BDT2, (70%). 1H NMR (400 MHz, ppm, CDCl3): 7.81 (s, 1H), 7.62 (m, 1H), 7.55 (m,
1H), 7.23-7.30 (m, 4H), 2.97 (m, 4H), 1.72 (m, 2H), 1.65-1.33 (t, 32 H), 0.94-0.92 (m,
12H).

13

C NMR (400 MHz, ppm, CDCl3): δ 143.1, 141.6, 141.5, 139.2, 138.1, 138.0,

137.2, 136.3, 132.9, 132.5, 128.5, 128.4, 128.3, 123.0, 122.4, 122.3, 100.0, 44.0, 37.9,
28.8, 22.8, 14.2, 14.2.
General Synthetic Route of TMS-BDT1 and TMS-BDT2
Iodine compound (10.00 mmol, 1 equivalent) in 30 mL THF and 15 mL triethylamine
was degassed and backfilled with nitrogen for at least three times. Bis(triphenylphosphine)
palladium(II) dichloride (0.20 mmol, 2 mol% equivalent) and copper(I) iodide (0.20
mmol, 2 mol% equivalent) were added to the flask. The mixture was bubbling with
nitrogen for half hour. And trimethylsilylacetylene (100.00 mmol, 10 equivalent) was
injected into the flask via syringe. The mixture was stirred at 50 °C for 3 hours and filtered.
The filtrate was concentrated under reduced pressure and the residue was purified by
silica gel column with to obtain pure product.
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TMS-BDT1, (86%). 1H NMR (400 MHz, ppm, CDCl3): 7.65 (s, 1H), 7.44-7.43 (d, J=4,
1H), 7.40-7.38 (d, J = 8 Hz, 1H), 4.15-4.13 (m, 4H), 1.80-1.78 (m, 2H), 1.65-1.25 (t, 16
H), 1.03-0.94 (m, 12H), 0.27 (s, 9H). 13C NMR (400 MHz, ppm, CDCl3): 143.3, 143.2,
131.5, 130.3, 130.2, 126.5, 120.2, 93.9, 92.1, 40.7, 40.6, 30.4, 29.2, 23.2, 14.2, 14.2, 11.4,
0.01.

TMS-BDT2, (88 %). 1H NMR (400 MHz, ppm, CDCl3): 7.81 (s, 1H), 7.62 (m, 1H), 7.55
(m, 1H), 7.23-7.30 (m, 4H), 2.97 (m, 4H), 1.72 (m, 2H), 1.65-1.33 (t, 32 H), 0.94-0.92
(m, 12H), 0.28 (s, 9H). 13C NMR (400 MHz, ppm, CDCl3): 143.1, 141.6, 141.5, 139.2,
138.1, 138.0, 137.2, 136.3, 132.9, 132.5, 128.5, 128.4, 128.3, 123.0, 122.4, 122.3, 100.0,
92.1, 75.3, 44.0, 37.9, 28.8, 22.8, 14.2, 14.2, 0.01.
General Synthetic Routes of TB-BDT1-CHO and TB-BDT2-CHO
BuLi (2.8 mmol, 1 equivalent) was added into the flask dropwise to TMS-BDT1 or TMSBDT2 (2.8 mmol, 1 equivalent) in 15 mL dry THF at −78 °C under nitrogen atmosphere.
The solution was stirred at −78 °C for 1 h and DMF (2.8 mmol, 1 equivalent) was added
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in to the solution in one portion. The reaction was stirred for 1 hour at room temperature,
and then quenched by water. The solution was washed and extracted by dichloromethane.
The solvent was removed by reduced pressure to obtain the crude product. The crude
product used directly for next step reaction.
The crude product and K2CO3 (2.8 mmol, 1 equivalent) was dissolved in 15 mL THF
and 8 mL methanol. The mixture was stirred for 3 h at room temperature and washed by
water and extracted by dichloromethane. The crude product was concentrated and
purified by silica gel column chromatography using dichloromethane/hexane (3:1, v/v)
as eluent to obtain the pure product TB-BDT1-CHO and TB-BDT2-CHO.

TB-BDT1-CHO, (76%). 1H NMR (400 MHz, ppm, CDCl3): δ 10.14 (s, 1H), 8.19 (s, 1H),
7.68 (s, 1H), 4.28-4.20 (m, 4H), 3.57 (s, 1H), 1.88-1.83 (m, 2H), 1.75-1.25 (t, 16 H), 1.080.95 (m, 12H). 13C NMR (400 MHz, ppm, CDCl3): δ 143.3, 143.2, 131.5, 130.3, 130.2,
126.5, 120.2, 93.9, 73.5, 40.7, 40.6, 30.4, 29.2, 23.2, 14.2, 14.2, 11.4.
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TB-BDT2-CHO, (74 %). 1H NMR (400 MHz, ppm, CDCl3): 10.13 (s, 1H), 8.28 (s, 1H),
7.62 (m, 1H), 7.23-7.30 (m, 4H), 3.58 (s, 1H), 2.97 (m, 4H), 1.72 (m, 2H), 1.65-1.33 (t,
32 H), 0.94-0.92 (m, 12H). 13C NMR (400 MHz, ppm, CDCl3): 143.1, 141.6, 141.5, 139.2,
138.1, 138.0, 137.2, 136.3, 132.9, 132.5, 128.5, 128.4, 128.3, 123.0, 122.4, 122.3, 100.0,
75.3, 73.5, 44.0, 37.9, 28.8, 22.8, 14.2, 14.2.

The synthesis of TIPS-BDT1 was similar to TMS-BDT1-2. Except that the
(triisopropylsilyl)acetylene instead of trimethylsilylacetylene. Yield (87 %). 1H NMR
(400 MHz, ppm, CDCl3): 7.65 (s, 1H), 7.44-7.43 (d, J=4, 1H), 7.40-7.38 (d, J = 8 Hz,
1H), 4.15-4.13 (m, 4H), 1.80-1.78 (m, 2H), 1.65-1.25 (m, 37 H), 1.03-0.94 (m, 12H),
0.27 (s, 9H) ppm.

13

C NMR (400 MHz, CDCl3): δ 143.3, 143.2, 131.5, 130.3, 130.2,

126.5, 120.2, 93.9, 92.1, 40.7, 40.6, 30.4, 29.2, 23.2, 21.4, 18.8, 14.2, 14.2, 11.4 ppm.

BuLi (1.1 ml, 2.8 mmol, 2.5 M in hexane) was added into the flask dropwise to TIPSBDT1 (1.76 g, 2.8 mmol) in 30 mL dry THF at −78 °C under nitrogen atmosphere. The
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solution was stirred at −78 °C for 1 h and isopropoxyboronic acid pinacol ester (0.52 g,
2.8 mmol) was added in to the solution in one portion. The reaction was stirred for 1 hour
at room temperature, and then quenched by water. The solution was washed and extracted
by dichloromethane. The solvent was removed by reduced pressure to obtain the crude
product. The crude product was purified via flash silica-gel column chromatography
using dichloromethane/hexane (3:1, v/v) as eluent to obtain pure TIPS-BDT1-B, (86%).
The collected product was used for next step without further purification.

TIPS-BDT1-B (2.63 g, 3.5 mmol), 5-bromo-4-hexylthiophene-2-carbaldehyde (0.82 g,
3.0 mmol) and aqueous saturated K2CO3 were added to 30 THF and the solution was
degassed with nitrogen for 30 min. Pd(PPh3)4 (173.6 mg, 0.15 mmol) were added and the
solution was stirred at 70 °C for 24 h under nitrogen. The solution was washed with water,
exacted with dichloromethane and concentrated under reduced pressure. The solid
residue was purified via silica-gel column chromatography using a CHCl3/hexane (1:1)
mixture as eluents to afford TIPS-BDT1-C6T-CHO as yellow solid. 1H NMR (400 MHz,
ppm, CDCl3): 9.90 (s, 1H), 7.67 (s, 1H), 7.63 (s, 1H), 4.21-4.20 (d, J=4 Hz, 4H), 2.962.92 (t, J=8 Hz, 2H), 1.84-0.91 (m, 49H).

13
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C NMR (400 MHz, ppm, CDCl3): 182.9,

149.6, 143.6, 143.2, 139.1, 138.6, 131.5, 130.3, 130.2, 126.5, 120.2, 92.9, 88.1, 74.9, 73.5,
40.7, 40.6, 32.2, 31.8, 30.4, 29.2, 28.8, 28.3, 23.2, 22.7, 21.4, 18.8, 14.2, 14.2, 14.1, 11.4.

Tetrabutylammonium fluoride (1 ml, 1.0 mmol, 1 M in THF) was added to TIPS-BDT1C6T-CHO (0.82 g, 1.0 mmol) in about 60 mL dry THF. The mixture was stirred at room
temperature for 15 min. The resulting mixture was washed with water and extracted by
dichloromethane and finally dried over anhydrous Mg2SO4. The solvent was removed by
reduced pressure and the crude product was purified via silica-gel column
chromatography using CHCl3/hexane (1:1) as eluent to obtain pure TB-BDT1-C6T-CHO
as orange solid (0.40 g, 60 %).

BuLi (1 mL, 2.5 mmol, 2.5 M) was added dropwise to ST (7.11g, 2.5 mmol) in 20 mL
dry THF over 20 min at 0 °C under nitrogen atmosphere. The mixture was stirred for 1 h
at 0 °C. And DMF (0.18 g, 2.5 mmol) in 5 mL dry THF was injected to the solution by
syringe. The reaction was stirred for 1 h and quenched with water. The solution was
washed by water and extracted by dichloromethane. The dried organic phase was
concentrated with rotary evaporator. And the crude product was purified by silica gel
column chromatography with dichloromethane/hexane (1:2, v/v) as eluent to obtain pure
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product ST-CHO. 1H NMR (400 MHz, ppm, CDCl3): 9.78 (s, 1H), 7.63–7.62 (m, 1H),
7.05-–7.04 (d, J = 4 Hz, 1H), 3.05-3.03 (d, J = 8 Hz, 2H), 1.74-1.71 (m, 1H), 1.43–1.30
(m, 16H), 0.93–0.90 (m, 6H). 13C NMR (100 MHz, ppm, CDCl3): 181.3, 151.9, 142.9,
136.8, 128.1, 42.2, 27.7, 33.1, 32.8, 31.8, 29.5, 28.7, 26.4, 22.9, 22.6, 14.0, 13.9.

Dipyrromethene (4.50 g, 31.5 mmol) and ST-CHO (9.84 g, 31.5 mmol) in 2L CH2Cl2
was degassed with nitrogen for 30 min. Then trifluoro-acetic acid (TFA) (145 μL, 4.0
mmol) was added. The solution was stirred 12 h at room temperature. 2,3-dichloro-5,6dicyanobenzoquinone (DDQ) (14.56 g, 64 mmol) was added, and the reaction mixture
was stirred for a further 0.5 h before 10 mL triethylamine was added. The solvent was
removed under reduced pressure and the product was purified by silica chromatography
using CH2Cl2/hexane (1:1) as the eluent to give SPor as purple solid.

NBS (0.75 mg, 4.20 mmol) was added to SPor (1.75 g, 2.00 mmol) in 200 mL CH2Cl2
and stirred at 0 °C for 30 min. The solvent was washed by water and removed in reduced
pressure. The obtained residue was purified via silica gel chromatography using CH2Cl2/
hexane (1:1, v/v) as eluent to afford 2Br-SPor-B.
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2Br-SPor-B (2.07 g, 2.00 mmol) and zinc acetate (2.19 g, 10 mmol) were added in 200
mL CHCl3 and continue to flux for 6 h. The solvent was removed under reduced pressure
and the obtained residue was further purified via silica gel chromatography using
CH2Cl2/hexane (1:1) as eluent to afford 2Br-SPor as purple solid (2.19 g, 100 %). 1H
NMR (400 MHz, ppm, CDCl3): 9.65-9.64 (d, J = 4 Hz, 4H), 9.11 (s, 4H), 7.76-7.75 (d, J
= 4 Hz, 2H), 7.53-7.52 (d, J = 4 Hz, 2H), 3.16-3.14 (d, J = 8 Hz, 4H), 1.90 (s, 2H), 1.441.39 (m, 32H), 1.02−0.94 (m, 12H).
General Synthetic Route of Por-BA, SPor-SBA and Por-BTA
TB-BDT1-2-CHO or TB-BDT-C6T-CHO (0.70 mmol) and brominated porphyrins (0.30
mmol) in 30 THF and 15 mL Et3N was degassed with nitrogen for 30 min. Pd(PPh3)4
(0.04 mmol) and CuI (0.04 mmol) were added and the solution was continued to stir at
60 °C for 12 h under nitrogen. The solvent was concentrated under reduced pressure, and
the solid residue was purified by preparative thin layer chromatography using a
CHCl3/hexane (1:1) mixture as eluents. Recrystallization from CHCl3/methanol gave
Por-BA, SPor-SBA and Por-BTA as a green solid.

Green solid, (Yield=82%). 1HNMR (400 MHz, ppm, CDCl3): 10.17 (s, 2H), 9.77-9.65
(m, 8H), 8.27 (s, 2H), 8.04 (s, 2H), 5.23 (s, 2H), 4.43-4.42 (d, J = 4 Hz, 4H), 4.36-4.35
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(d, J = 4 Hz, 4H), 2.96-2.94 (m, 4H), 2.76-2.73 (m, 4H), 1.96 (m, 4H), 1.95-0.77 (m,
124H).

Green solid, (Yield=76 %). 1HNMR (400 MHz, ppm, CDCl3): 10.06 (s, 2H), 9.39 (s, 4H),
9.07 (s, 4H), 8.27 (s, 2H), 8.12 (s, 2H), 7.74-7.36 (m, 12H), 3.17-3.07 (m, 12H), 1.92 (m,
2H), 1.80 (m, 4H), 1.76-1.25 (m, 96H), 0.97-0.86 (m, 36H).

Green solid, (Yield=74 %). 1HNMR (400 MHz, ppm, CDCl3): 9.84 (s, 2H), 9.66 (s, 4H),
8.92-8.91 (d, J=4 Hz, 4H), 8.07-8.01 (m, 4H), 8.00 (s, 2H), 7.58 (s, 4H), 4.33-4.31 (m,
8H), 2.89-2.85 (m, 4H), 2.06-1.92 (m, 2H), 1.90-1.85 (m, 4H), 1.82-1.20 (m, 118H), 1.110.86 (m, 36H).
General Synthetic Route of Por-BR, Por-BRC, SPor-SBR and Por-BTR
Por-BA, SPor-SBA or Por-BTA (0.13 mmol) and 3-ethylrhodanine or 2-(1,1dicyanomethylene)-3-ethylrhodanine (0.13 mmol) in dry CHCl3 were added piperidine
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and the solution was stirred at 60 °C for 12 h under nitrogen atmosphere. The reaction
was quenched by adding 30 mL water and extracted with CHCl3. The dried organic layer
was concentrated under reduced pressure and the crude product was purified by silica gel
thin layer chromatography using CHCl3/hexane as eluent and recrystallized from a
mixture of CHCl3 and methanol to get Por-BR, Por-BRC, SPor-SBR and Por-BTR as
green solid.

Dark brown solid, (Yield=82%). 1HNMR (400 MHz, ppm, CDCl3): 9.70-9.55 (m, 8H),
7.84 (s, 4H), 7.74 (s, 2H), 5.25 (s, 2H), 4.36 (s, 8H), 4.20 (s, 4H), 3.01 (s, 4H), 2.77 (s,
4H), 1.99 (m, 4H), 1.97-1.09 (m, 118 H), 0.78 (m, 12H). (MALDI-TOF, m/z) calculated
for Por-BR: 2187.0027.

Dark brown solid, (Yield=78 %). 1HNMR (400 MHz, CDCl3): 9.73-9.52 (m, 8H), 7.887.81 (m, 2H), 7.70 (s, 4H), 5.25 (s, 2H), 4.39-4.34 (m, 8H), 4.18-4.16 (d, J=8 Hz, 4H),
2.83-2.80 (m, 4H), 2.00-1.98 (d, J=8 Hz, 4H), 1.97-1.09 (m, 122 H), 0.78 (m, 12H).
(MALDI-TOF, m/z) calculated for Por-BRC: 2249.0952.
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Dark brown solid, (Yield=78 %). 1HNMR (400 MHz, ppm, CDCl3): 9.10-8.70 (m, 8H),
7.92 (s, 2H), 7.79 (s, 4H), 7.59-5.58 (d, J=4 Hz, 2H), 7.50-4.42 (m, 4H), 7.42-7.39 (m,
4H), 4.00 (s, 4H), 3.21-3.13 (m, 12 H), 1.94-1.87 (m, 6H), 1.21-1.72 (m, 96H), 1.10-0.82
(m, 36H). (MALDI-TOF, m/z) calculated for SPor-SBR: 2834.6367.

Dark brown solid, (Yield=88 %). 1HNMR (400 MHz, ppm, CDCl3): 9.71-9.62 (m, 8H),
7.98 (s, 2H), 7.78 (s, 2H), 7.64 (s, 2H), 7.24 (s, 2H), 5.20 (s, 2H), 4.34-4.18 (m, 12H),
2.93-2.89 (m, 4H), 2.93-2.70 (m, 2H), 1.94-1.93 (d, J=4 Hz, 4H), 1.82-1.20 (m, 144H),
1.11-0.86 (m, 16H). (MALDI-TOF, m/z) calculated for Por-BTR: 2519.1694.
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Chapter 5 Panchromatic Absorption of MediumSized Porphyrin Molecule for Bulk Hetero-Junction
Organic Solar Cells
5.1 Introduction
The active layer of bulk heterojunction organic solar cell (BHJ OSC), which comprised
of organic electron donor and acceptor, has played the key roles for photovoltaic
processes of light-harvest, excitation, diffusion and separation of charges as well as the
whole device efficiency. Its photovoltaic roles can be enhanced by construction of tandem
or ternary architectures, to get the power conversion efficiencies (PCEs) up to 12-15%
depending on the contributions from a complimentary spectral absorption and rational
logic circuits.1-3 Besides, its photovoltaic roles may also be improved by structural design
and synthetic strategy of organic molecule with extensive absorption and film-forming
ability. For example, TiO2 was known as an inorganic semiconductor with large band gap,
Gräzel et. al. initially found that panchromatic absorption from organic porphyrin dye
(SM315) will improve the light-harvest ability of DSSC and gave a highly efficiency
reaching 13%.4 Similarly, Peng et. al.5 recently developed a diketopyrrolopyrroleconjugated porphyrin donor (DPPEZnP-TEH) and its panchromatic absorption fitted the
benefit of light-harvest ability of BHJ OSC with PCE of 8.08%. And Wang et. al.

6

developed a four-armed perylene bisimides-conjugated porphyrin molecule (PDI-Por)
with broad spectral absorption, strong self-assembly and deeper frontier energy levels.
BHJ OSC using the polymer (PBDB-T) as electron donor and PDI-Por as electron164

acceptor gave PCE of 7.4%. Both strategies have promoted the BHJ OSC toward
commercially available, though the latter may be better to fit conventional and facile OSC
devices.
The electronic symmetry of porphyrin has been realized by the four orbital theory7
and its correspondingly strong Soret-band and weak Q-band absorption characteristics.
Its weak absorption at Q-band has been enhanced by inducing intramolecular chargetransfer (ICT) state.8 And these photophysical properties of ICT molecules can be
controllable by structural characters of chemical components, the conjugation length of
the π-bridge, and the conformational organization of the molecular frameworks.9 These
molecules may form a planar ICT (PICT) state featuring with a small Stock red-shift or
form a twisted ICT (TICT) state with dual peaks emission in their fluorescence (FL)
spectra. On the other hand, acceptor-π-porphyrin-π-acceptor (A-π-Por-π-A) structural
porphyrins based on ICT concept have attracted considerable attentions due to their
promising application in BHJ OSC in the past several years.8 These porphyrin molecules
showed planar molecular geometries and strong planar ICT state, thus loading to the high
PCEs up to 9.06%.8 However, the A-π-Por-π-A structural porphyrins with TICT state are
still few reported to date and their effects on photovoltaic performance should be further
investigated and understood. With references to the above considerations, we herein
designed and synthesized for the first time the molecules, namly MPor1 and MPor2,
using porphyrin as centre, tert-thiophene linked-benzodithiophene (3T-BDT) as linker
and 3-ethylrhodamine (R) or 2-dicyanomethyl-3-ethylrhodanine (CR) as capping end unit.
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The molecular structures are shown in Figure 5.1. All these molecules had shown twisted
conformations and TICT states. Interestingly, these TICT states not only resulted in dual
peaks emission in the FL spectra but also resulted in extensive spectral absorption and
change of film-forming ability, thus being beneficial for light-harvest and perfectly
morphology of active layer, and then contributed highly efficient BHJ OSCs with an
optimal PCE up to 8.59 %, VOC of 0.866 V, JSC of 14.91 and FF of 66.5 %.

Figure 5.1 Molecular structure of MPor1 and MPor2.
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5.2 Results and Discussion
Scheme 5.1 shows the synthesis of three important intermediates (A, B and C) and
the targeting molecules MPor1 and MPor2. The porphyrin intermediate A was
synthesized according to a modified protocol reported in literatures.10 And
intermediates (3T) and (C) were prepared via Suzuki coupling reactions reported by
Yao.11 In order to shorten and simplify the synthesis and purification of final products,
a new intermediate B was first synthesized in high yield. Finally, the targeting
medium-sized molecules MPor1 and MPor2 were prepared in high yields by
Sonogashira coupling reaction and followed by Knoevengel condensation reaction
with 3-ethylrhodanine or 2-dicyanomethyl-3-ethylrhodanine. The structures of all the
new intermediates and products were fully characterized by nuclear magnetic
resonance (NMR) and matrix assisted laser desorption ionization-time of flight mass
spectrometer (MALDI-TOF). These new medium-sized molecules were designed
with the aim to combine good crystallinity and film-forming capability in solid-states.
In contrast to the A-π-Por-π-A molecular structure, MPor1 and MPor2 have a more
extensive conjugation length of A-π2-π1-Por-π1-π2-A backbone structures. The two
molecules are differed by their capping units of ER and ERC. It can be expectation
that they will have different push-pull interaction between the electron-donating and
electron-withdrawing units.12
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Figure 5.2 UV-Vis absorption spectra of MPor1 (a) and MPor2 (b) in CHCl3, solid thinfilm and thin-film casted from solution with 2 v% pyridine additives.
Table 5.1 Spectral and electrochemical properties of MPor1 and MPor2.
UV-Vis (ε, ×105 M−1· cm−1)
CHCl3 (nm)
Film (nm)
483,594,670,
466(2.90) 697(1.16)
732
483, 594, 672,
466(2.89) 686(1.32)
732

Sample
Mpor1
Mpor2

PL
nm

CV (eV)
HOMO LUMO

Eg

711

−5.24

−3.65

1.59

700

−5.27

−3.66

1.61

Note. The energy levels are estimated by HOMO = − (4.74 + Eox) and LUMO = − (4.74 + Ere). Then,
the band gap can be calculated Eg = LUMO – HOMO.

The UV-Vis absorption spectra of the molecules in chloroform and thin-films were
recorded and are plotted in Figure 5.2a-b. The data are summarized in Table 5.1. The
medium-sized molecules MPor1 and MPor2 in solution feature obvious Soret-band and
Q-band absorption within 460/470 and 680/700 nm, respectively. The molar extinction
coefficients of Soret band and Q band absorption were 2.90 × 105 and 1.16 × 105
mol−1·cm−1 for MPor1, and 2.89 × 105 and 1.32 × 105 mol−1·cm−1 for MPor2,
respectively. The intensity of Q band for both molecules was strong due to the efficient
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ICT interaction between porphyrin core and capping units,13 but the weak absorption
between Soret-band and Q-band still exists. These are similar to previous observation in
A-π-Por-π-A porphyrin small molecules.13-18 The absorption spectra and data from films
are shown in Figure 5.2b and Table 5.1, respectively. A red-shift of the absorption for
both molecules were observed with respect to solution due to strong π-π stacking. And a
blue-shifted absorption edge of MPor2 compared to MPor1 indicated MPor2 had a
relatively large optical band gap. The optical band gap of MPor1 and MPor2 can be
estimated to be 1.58 and 1.60 eV, respectively, according to the equation Eg=1240/λ eV.
Interestingly, the two molecules in solid thin films exhibited fully panchromatic
absorption. As shown in Figure 5.2c-d and Table 5.1, both MPor1 and MPor2 in solid
show two shoulder peaks at ~540 and ~670 nm (marked as a, b in Figure 5.2), which
cover overall the spectral region (500-700 nm) between Soret-band and Q-band peaks,
thus enhanced the spectral absorption between the Soret and Q bands. To the best of our
knowledge, no such panchromatic absorption from porphyrin molecules has been
reported to date. We attributed the change of absorption spectra of solution and film to
the strong self-assemblies of these porphyrin molecules in solid state. To get more
information of their self-assemblies, 2 v% of pyridines were added to the chloroform
solution as additive to prepare solid thin films of the two molecules because pyridine has
been recognized as a classic additive to tune the aggregates and morphologies of
porphyrins for BHJ OSCs.19 Their corresponding spectra are shown in Figure 5.2a-b and
the data are listed in Table 5.1. With the pyridine, the two shoulder absorption peaks were
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observed at 549 and 670 nm for MPor1 and 540 and 672 nm for MPor2. This provides
indirect proof that self-assembly of MPor1 and MPor2 can enhance the absorption
between Soret and Q bands.

Figure 5.3 Molecular backbone conformations of molecules using DFT at the
B3LYP/GENECP/LANL2DZ level (the different segments of the molecular
conformations were signalled with dihedral angles and geometries).

For further understand the spectral and self-assembled properties, theoretical
calculations by density functional theory (DFT) at the B3LYP/GENECP/LANL2DZ level
using Gaussian 09. D. 01 were carried out to determine the ground state structure and
molecular energy levels of the two molecules. As shown in Figure 5.3, the two molecules
had different optimal geometries. MPor1 had a twisted backbone conformation and the
dihedral angles between different planar molecular segments are 30.45°, −4.08°, −7.68°,
16.89°, 12.07°, and 26.95°. And the MPor2 exhibited a lower twisted backbone
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conformation with the corresponding dihedral angles of 30.21°, −4,36°, −7.64°, 18.29°,
6.90°, and 26.10°. The twisted conformations of MPor1 and MPor2 will be beneficial
for π-π stacking of different molecular segments in solid state, thus leading to multipeaked absorption spectra of molecules compared to their solutions. In contrast, the
MPor2 exhibited a slight change of backbone conformation as compared with MPor1
due to the capping groups of CR.20-21

Figure 5.4 Selected frontier molecular orbital distributions of molecules using DFT
at the B3LYP/GENECP/LANL2DZ level.

In addition, the selected frontier molecular orbitals of molecules calculated by DFT are
shown in Figure 5.4. The LUMO+1, LUMO, HOMO and HOMO−1 energy levels are
concentrated at some molecular segments, which indicated the exciton can be generated
by TICT transition. In addition, the different capping groups (R and RC) showed obvious
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effects on their molecular distributions. Typically, MPor1 had higher energy levels with
LUMO+1 of −2.96 eV, LUMO of −3.02 eV, HOMO of −4.82 eV and HOMO-1 of −5.20
eV; while MPor2 exhibited lower LUMO+1 of −3.12 eV, LUMO of −3.17 eV, HOMO of
−4.86 eV and HOMO-1 of −5.27 eV due to the strong electron-withdrawing capping RC
unit. These theoretical data were well consistent with the experimental data of MPor1
and MPor2. Moreover, we also noticed that the absorption spectra of twisted molecules
MPor1 and MPor2 were different from that of the planar molecule Por-BR. As shown
in Figure 5.5a, Por-BR solution had an obvious absorption peak at 521 nm, while the
Por-BTR and MPor1 had no other peaks except for Soret and Q bands. These results
confirmed the conformations of MPor1 and MPor2 had twisted by the insertion of
thienyl chains. To better understand the correlation between their molecular chain length
and their absorption spectra, the computer simulated optical spectra of MPor1 and
MPor2 were both performed and are plotted in Figure 5.5b. Both MPor1 and MPor2
showed panchromatic absorption with two peaks (marked as a and b) in the green light
region. It agreed with the experimental data of MPor1 and MPor2 in solid and gave the
theoretical proof for the panchromatic absorption of MPor1 and MPor2.
The fluorescence spectra of MPor1 and MPor2 were also recorded and are shown
in Figure 5.6. The two molecules in dilute solution (1 μM) displayed similar fluorescence
emission intensity (951 au for MPor1 and 942 au for MPor2). When the concentration
of the solutions was increased to 10 μM, MPor2 exhibited significantly quenched
fluorescence of 134 au while MPor1 showed a less quenched fluorescence of 482 au.
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Figure 5.5 (a) The experimental UV-Vis spectra of Por-BR, Por-BTR and MPor1
in solution; (b) Computational optical spectra of MPor1and MPor2 calculated by
DFT at the B3LYP/GENECP/LANL2DZ level using Gaussian 09. D. 01.
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Figure 5.6 The fluorescence spectra of MPor1 (a) and MPor2 (b) in CHCl3 at
concentration of 1 μmol·L−1 and 10 μmol·L−1 and the molecules with 2 v% pyridine as
additive in CHCl3 at concentration of 10 μmol·L−1.

Accordingly, 2 v% of pyridines to solvent was added to the sample solution (10 μM),
both MPor1 and MPor2 exhibited decreased fluorescence intensities of 143 au and
84 au, respectively. Obviously, MPor2 had exhibited a faster quenching process than
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MPor1, which indicated MPor2 might be easier to self-aggregation than MPor1
assuming the molecular aggregation reduced the fluorescence emissions.22
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Figure 5.7 Cyclic voltammograms of MPor1 and MPor2 films in acetonitrile with
0.1 mol·L−1 TBAPF; ferrocene was used as external standard.

Cyclic voltammetry was performed to investigate the electrochemical properties of
MPor1 and MPor2. As shown in Figure 5.7, the HOMO/LUMO level of MPor1 was
estimated to be −5.24/−3.65 eV, respectively, based on the onset redox potentials. In
contrast, deeper HOMO/LUMO value of −5.27/−3.66 eV was obtained for MPor2 due
to the strong electron-deficient CR group. The experimental electrochemical band gaps
of MPor1 and MPor2 are well consistent with their optical band gaps. And these lowlying energy levels and low band gaps are well matched with the fullerenes.
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Figure 5.8 J–V (a, b) and EQE (c, d) curves of the BHJ OSCs using MPor1 or MPor2:
PC71BM (1:1.2, w/w) as active layer with thermal annealing for 5 min at 100 °C or
thermal annealing and continuous solvent vapor annealing of DCM for 20 s.

5.2.1 Photovoltaic Performance
The solution-processed BHJ OSCs were fabricated utilizing MPor1 or MPor2 as the
electron donor and PC71BM as the electron acceptor under a conventional device structure
of ITO/PEDOT:PSS/donor material:PC71BM/Ca/Al, and the device performance was
measured under a simulated solar illumination of 100 mW/cm2 to explore the potential
for photovoltaic application. The active layers were spun from solution of donor material:
PC71BM at weight ratio of 1:1.2 with an overall concentration of 20 mg·mL−1 in
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chlorobenzene with 2 vol% pyridine as additive. The thickness of films was
approximately 90 nm. Thermal annealing (TA) at 100 °C for 5 min and solvent vopor
annealing of DCM for 20 s were adopted to optimize the morphologies of the active layers.
The current density-voltage (J-V) curves and external quantum efficiency (EQE) are
shown in Figure 5.8, and the photovoltaic performance parameters are listed in Table
5.2. The soluton-proceesed BHJ OSCs using TA treated blend-film of MPor1/PC71BM
as active layer exhibits a PCE of 5.58 %, with JSC of 13.26 mA·cm−2, VOC of 0.894 V and
FF of 47.1 %, which is lower than the device performance based on MPor2 with a PCE
of 6.91 %, VOC of 0.887 V, JSC of 12.27 mA·cm−2, and FF of 63.5 %. After continuous
SVA treatment of the active layers, an improved PCE of 8.59 % with VOC of 0.866 V, JSC
of 14.91 mA·cm−2, and FF of 66.5 % was achieved for MPor1 and a decreased PCE of
5.70 %, corresponding to VOC of 0.841 V, JSC of 10.36 mA·cm−2, and FF of 65.4 % for
MPor2. The highly optimal PCE of 8.59 % for MPor1 indicated that the medium-sized
porphyrin molecules can be used as electron donor with panchromatic absorption and
balanced crystal and film-forming abilities for highly efficient photovoltaic applications.
The device performances were well consistent with their charge mobilities measured by
a space charge limited current (SCLC) method (Figure 5.9). The SVA-TA
MPor1/PC71BM exhibited hole and electron mobilities of 9.58×10–5 and 4.58×10–4
cm2∙s–1∙V–1, respectively; whereas relatively lower hole and electron mobilities of
6.13×10–6 and 3.60×10–5 cm2∙s–1∙V–1 were found for MPor2/PC71BM.
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The optimized MPor1/PC71BM and MPor2/PC71BM devices also showed a full
range of photocurrent generation from 300 to 800 nm especially for the enhanced green
and yellow spectral regions (490-700 nm). As shown in Figure 5.8 c-d, achieving an
external quantum efficiency (EQE) of 77.8 % at 470 nm, 70.9% at 530 nm, and 47.4% at
670 nm and 66.1 % at 730 nm for the MPor1/PC71BM devices, and an EQE of 45.2 % at
340 nm, 56.8 % at 480 nm, 36.3% at 670 nm and 53.8% at 720 nm for the BDTPMPor2/PC71BM devices. To the best of our knowledge, the photovoltaic performance
characteristics of these devices were among the frontier of porphyrin-based BHJ OSCs.

Table 5.2 Key parameters of BHJ OSCs using MPor1-2/PC71BM as active layers.
Device

Additive

THF
treatment
(s)

JSC
(mA·cm−2)

VOC
(V)

FF
(%)

PCE
(%)

2%
0
13.26
0.894 47.1 5.58
Pyridine
MPor2/PC71BM
2%Pyridine
0
12.27
0.887 63.5 6.91
MPor1/PC71BM
2%Pyridine
20
14.91
0.866 66.5 8.59
MPor2/PC71BM
2%Pyridine
20
10.36
0.841 65.4 5.70
Donor/PC71BM (1:1.2, w/w), annealing Time at 100 °C for 5 min. Device structure:
ITO/PEDOT:PSS/Donor Material:PC71BM/Ca/Al. the active layers were spin-coated
from their chlorobenzene solutions with 2.0 vol% pyridine as additive and the films’
thickness are approximately 90 nm.
MPor1/PC71BM
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Figure 5.9 Hole-only (a) and electron-only (b) mobilities of SVA-TA donor/PC71BM
blends.

Figure 5.10 AFM height images of blend-film formed by MPor1-2/PC71BM with
TA or SVA treatment.
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Figure 5.11 3D-images of AFM of blend-film formed by MPor1-2/PC71BM with
TA or SVA treatment.

The microstructural morphologies of their blend films prepared as the active-layers
in BHJ OSCs were studied by tapping mode AFM. As shown in Figure 5.10-5.11
with the height and 3D images, the values of root-means-square (RMS) roughness
are 0.6 and 1.1 nm for blend films of MPor1/PC71BM and MPor2/PC71BM with TA
treatment, respectively. The RMS value of TA blend films with MPor2/ PC71BM
was much larger than that of MPor1, which was consistent with the assumption that
MPor2 might be easier to self-aggregation than MPor1. After the continuous SVA
treatment, MPor1/PC71BM exhibited an increased RMS value of 0.8 nm, while
MPor2/PC71BM exhibits a decreased RMS value of 0.8 nm from 1.1 nm. According
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to literatures,23-24 the SVA treatment usually results in re-organization of electron
donor and acceptor domains. Obviously, the increased RMS of SVA-TA
MPor1/PC71BM would be beneficial for BHJ OSCs. In contrast, the decrease of
RMS from 1.1 to 0.8 nm might reduce the crystallinity of MPor2 and harmful for
their devices, thus leading to a decreased PCE of 5.70% from 6.91%.

Figure 5.12 GIWAXS images of neat spin-coating films of MPor1-2, blend-films of
MPor1-2/PC71BM as the active layers of BHJ OSCs.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) characterization were
carried out at the BL16B1 beamline of the Shanghai Synchrotron Radiation Facility
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(SSRF) to explore the crystallinity and orientation of crystallites of MPor1 and
MPor2 in neat and pyridine added blend-films with PC71BM. The resulted 2DGIWAXS patterns and in-plane and out-of-plane X-ray scattering profiles extracted
from the 2D GIWAXD images are shown in Figure 5.12. In neat film, MPor1 (Neat
MPor1) showed disorder through the halo of (100) diffraction peak at qz = 3.53 nm1

(1.78 nm), indicating low crystallinity and irregular molecular orientation

containing “edge-on” and “face-on” configuration. While MPor2 (Neat MPor2)
showed pronounced (100) diffraction peak centers at 3.71 nm−1 (1.69 nm) and (200)
diffraction peak at 7.42 nm−1 (0.85 nm) in out-of-plane direction, companied with πstacking (010) diffraction peak at 17.86 nm−1 (0.35 nm) in in-plane direction and a
bright-ring diffraction peak can be observed at large q value [(qxy = 21.3 nm−1 (0.29
nm)], indicating high ordered “edge-on” configuration and large crystal grains
existed in the neat MPor2 film. The self-evident differences of crystallinity are
consistent with the optimal geometries of MPor2 and MPor1 calculated by DFT
method and the spectral properties observed by UV-Vis and PL spectra. In addition,
the low crystallinity and irregular molecular orientation indicate MPor1 might have
better film-quality in solid thin-film. According to literatures,

25-27

the small

molecules that have good crystallinity and polymers are considered having better
film-quality. Some medium-sized molecules25-27 were reported and demonstrated the
advantage to combine both crystallinity and film-quality. Obviously, the properties
of MPor1 with capping R unit are more like these medium-sized molecules than
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MPor2 with capping CR unit. For these blend-films of MPor1-2/PC71BM, the TA
treated blend-films of MPor1/PC71BM (TA MPor1/PC71BM) showed pronounce
“edge-on” orientation with (100) diffraction peak at 3.63 nm−1 (1.73 nm), (200)
diffraction peak at 6.94 nm−1 (0.91 nm) in the out-of-plane direction, companied with
a broad and random π-stacking (010) diffraction peak [(qxy = 17.4 nm−1 (0.36 nm)]
and random diffraction peak arising from PC71BM (qz = 13.66 nm−1). These halos
indicate an improved crystallinity of MPor1/PC71BM than the neat MPor1 film after
the TA treatment, which will be beneficial for exciton diffusion and charge transfer
in active layer in BHJ OSCs. In addition, the continuous TA and SVA treated
MPor1/PC71BM (SVA MPor1/PC71BM) showed further increase in crystallinity and
molecular reorientation. As shown in Figure 5.12 and Table 5.3-5.4, the narrower
full width at half maxima (FWHM) from 0.51 (CL, 11.46 nm) to 0.49 (CL, 11.93
nm), and the shift of (100) diffraction peak from 3.66 nm-1 (d-spacing, 1.72 nm) to
3.69 nm-1 (d-spacing, 1.70 nm) indicate enhanced molecular stacking and more
ordered crystals after the SVA process. The highly ordered structure after SVA
treatment will be beneficial for electron-hopping, exciton and charge transfer, thus
keeping in line with the higher PCE of BHJ OSCs of 8.59 % with improved ISC of
14.91mA∙cm−2 and FF of 66.5 %. In contrast, the blend-film of MPor2/PC71BM with
TA treatment (TA MPor2/PC71BM) showed a highly preferred “edge-on”
configuration with sharp (100) diffraction peak at 3.74 nm−1 (1.68 nm), sharp (200)
diffraction peak at 7.42 nm−1 (0.85 nm) in out-of-plane direction and π-staking (010)
182

reflection at 17.5 nm−1 (0.36 nm) in in-plane direction, and random diffraction peak
arising from PC71BM centering at qz = 13.76 nm−1 (0.46 nm). The smaller d-spacing
and FWHM of (100) and (200) diffraction peaks than Neat MPor2 and TA
MPor1/PC71BM indicated the more tightly and more regular crystallites of TA
MPor2/PC71BM than TA MPor1/PC71BM and hence obtaining a high PCE up to
6.91 % with JSC of 12.27 mA∙cm−2 and FF of 63.5 %. However, after continuous
SVA treatment, SVA-TA MPor2/PC71BM exhibited a shift of (100) diffraction peak
form 3.81 nm−1 (d-spacing, 1.65 nm) to 3.78 nm−1 (d-spacing, 1.66 nm), companied
with FWHMs from 0.47 (CL, 12.43 nm) to 0.49 (CL, 11.93 nm), indicating loose
molecular orientation and weakened molecular stacking. Obviously, the loose
molecular arrangement of SVA MPor2/PC71BM delayed the intermolecular charge
transfer and resulted in a dropped ISC of 10.36 mA∙cm-2 and a PCE of 5.7 %.

Table 5.3 Parameters at (100) diffraction of GIWAXS results of neat, blend-films of
MPor1/PC71BM with various post-processed technologies.
MPor1
RMS (nm)
q (nm−1) d (nm)
FWHM (nm-1)
CL (nm)
Neat
3.53
1.78
0.345
16.94
TA blend
0.64
3.66
1.72
0.51
11.46
SVA blend
0.79
3.69
1.70
0.49
11.93
Note. The layer space (d-spacing) is calculated according to d=2π/q, and coherence
length is calculated to CL= 2πk/q, k = 0.93.
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Table 5.4 Parameters at (100) diffraction of GIWAXS results of neat, blend-films of
MPor2/PC71BM with various post-processed technologies.
FWHM
MPor2
RMS (nm)
q (nm−1)
d (nm)
CL (nm)
(nm-1)
Neat
3.81
1.65
0.53
11.03
TA blend
1.09
3.81
1.65
0.47
12.43
SVA blend
0.82
3.78
1.66
0.49
11.93
Note. The layer space (d-spacing) is calculated according to d=2π/q, and coherence
length is calculated to CL= 2πk/q, k = 0.93.

Time-resolved fluorescence imaging in the time-correlated single photon counting
mode (TCSPC) was performed with an excitation wavelength of 500 nm and probed
at 718 nm for films Neat MPor1, TA MPor1/PC71BM and SVA MPor1/PC71BM,
and 722 nm for films Neat MPor2, TA MPor2/PC71BM and SVA MPor2/PC71BM
to provide additive information about lifetime in neat film and blend-films with
PC71BM. The lifetime decay curves of these neat films (Neat MPor1 and Neat
MPor2) are shown in Figure 5.12a-b (IRF ≈ 40 ps). The decay curves were well
fitted with two-exponential model I(t) = A1e-t/τ1 + A2e-t/τ2. The lifetime τ is contributed
by different processes, the non-radiative process (τ1), radiative process (τ2) that is
directly related to the recombination of electrons and holes, and energy transfer
process. The neat MPor1 film exhibits an average life (τn) of 109.94 ps with τ1 of
68.72 ps (ratio, 75.5 %), τ2 of 237 ps (ratio, 24.5 %); the neat MPor2 film an average
life (τn) of 105.81 ps with τ1 of 58.95 ps (ratio, 71.53 %), τ2 of 223.5 ps (ratio,
28.47 %). Both life-time of MPor1 and MPor2 in neat film only comprise similar
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non-radiative process and radiative process, indicating no obvious intermolecular
energy transfer and intermolecular electron transfer processes in the neat films.

(a) Neat MPor1

(b) Neat MPor2

103

Data trace
Fit line
Intensity (a. u.)

Intensity (a. u.)

IRF
Data trace
Fit line

= 68.72 ps, a1= 75.5 %
= 237 ps, a2= 24.5 %
m= 109.94 ps

102

= 58.95 ps, a1= 71.53%

103

= 223.5 ps, a2= 28.47 %
m= 105.81 ps

102

1

2

3

4

1

2

Time (nm)

(c) TA MPor1/PC71BM

= 20.0 ps, a1= 0.03 %

Data trace
Fit line

= 20 ps, a1= 0.02 %

Intensity (a. u.)

Intensity (a. u.)

103

= 23 ps, a2= 91.37 %
= 230.7 ps, a3= 8.6 %
m= 40.85 ps

= 122.1 ps, a2= 76.81 %
= 445.6 ps, a3= 23.17 %
m= 197.09 ps
102

102

1

2

3

1

4

2

(e) SVA MPor1/PC71BM

4

(f) SVA MPor2/PC71BM

Data trace
Fit line

Data trace
Fit line

103

= 52.66 ps, a1= 74.22 %

Intensity (a. u.)

= 21.87 ps, a1= 90.19 %

103

3
Time (ns)

Time (ns)

Intensity (a. u.)

4

(d) TA MPor2/PC71BM

Data trace
Fit line
103

3
Time (ns)

= 171.0 ps, a2= 8.36 %
= 250.6 ps, a3= 1.45 %
m= 37.66 ps

= 284.4 ps, a2= 25.41 %
=  ps, a3= 0.37 %
m= 143.18 ps
102

102
1

2

3

4

Time (ns)

1

2

3

4

Time (ns)

Figure 5.13 Lifetime decay curves of neat film of MPor1, MPor2, TA, SVA-TA
(SVA) blend-films of donor /PC71BM as the active layers of BHJ OSCs.
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The lifetime decay curves of blend-films (TA MPor1-2/PC71BM, SVA MPor12/PC71BM) are shown in Figure 5.13c-f. The decay curves of blend-films were well
fitted with multi-exponential model I(t) = A1e-t/τ1 + A2e-t/τ2 + A3e-t/τ3. The lifetime τ
was contributed by three different processes, the non-radiative process (τ1), radiative
process (τ2) that is directly related to the recombination of electrons and holes, and
energy transfer process (τ3). Intermolecular energy transfer (τ3) can be found in the
lifetime of TA or TA-SVA blend-films when PC71BM was added. The average
lifetime of TA MPor1/PC71BM was 40.85 ps (τ1: 20 ps, 0.03 %, τ2: 23 ps, 91.37 %,
τ3: 230.7 ps, 8.6 %); whereas TA MPor2/PC71BM was 197.09 ps (τ1: 20 ps, 0.02 %,
τ2: 122.1 ps, 76.81 %, τ3: 445.6 ps, 23.17 %). The shorter average lifetime of TA
MPor1/PC71BM than TA MPor2/PC71BM and Neat MPor1 indicated quenching of
fluorescence due to the intermolecular electron transfer process between electron
donor and acceptor and better film-quality (low crystallinity) of MPor1 in blend-film.
By contrast, the larger average lifetime of TA MPor2/PC71BM than TA
MPor1/PC71BM and Neat MPor2 indicated tightly ordered crystal structure for
MPor2 in blend-film which resulted in enhanced fluorescence emission and
intermolecular energy transfer process (τ3). For TA and SVA treated blend-films,
SVA-TA MPor1/PC71BM exhibited a shorter average life-time of 37.66 ps (τ1: 21.87
ps, 90.19 %, τ2: 171.0 ps, 8.36 %, τ3: 250.6 ps, 1.45 %) than TA MPor1/PC71BM.
And SVA-TA MPor2/PC71BM exhibited a shorter average lifetime of 143.18 ps (τ1:
52.66 ps, 74.22 %, τ2: 284.4 ps, 25.41 %, τ3: 8596.6 ps, 0.37 %) than TA
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MPor2/PC71BM. Obviously, the continuous SVA process reduced the average
lifetimes of both SVA-TA MPor1/PC71BM and SVA-TA MPor2/PC71BM.
However, it is worthy to note that the value of τ1 in SVA-TA MPor2/PC71BM was
rapidly increased, indicating relatively large non-radiative CT process which agreed
with the decreased crystallinity in the blend-film.

5.3 Conclusion
Medium-sized porphyrin molecule with extended conjugation chain length, MPor1
and MPor2, were synthesized successful and fully characterized. Spectral and
electrochemical analysis showed that the extended and twisted conjugation length of
porphyrin molecule not only resulted in orderly self-assembling with panchromatic
absorption covering the full spectral region but also had controllable energy levels to
well match the fullerene acceptor. AFM, GIWAXS and time-resolved fluorescence
imaging results indicated that MPor1 combines the crystallinity property of small
molecule and good film-forming capabilityy of polymer. When using as electron
donor and in conjunction with fullerene acceptor, conventional BHJ OSCs gave an
optimized PCE of 8.59 % with JSC of 14.91 mA·cm−2, VOC of 0.866 V and FF of
66.5 %. The efficiency is comparable to the frontiers of medium-sized molecules for
photovoltaic applications. Therefore, extending and twisting main-chain of porphyrin
molecule to medium-sized molecule should be a very promising strategy to broaden
spectral response of porphyrin molecules into overall UV-Vis spectral region and
optimize the film-quality of active layer for highly efficient BHJ OSCs.
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5.4 Experimental Section
5.4.1 The details for device fabrications, characterization of compounds, can be
found in Experimental Section in Chapter 7.
5.4.2 Synthesis

Scheme 5.1 Synthetic routes of molecules MPor1 and MPor2.
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N-bromosuccinimide (4.72 g, 26.6 mmol) was added in portions at an interval of 1530 min to 3-hexylthiophene (4.48 mg, 26.6 mmol) in 15 mL ice-cooled 2:1
chloroform/acetic acid mixture. The reaction mixture was stirred for 4 h at room
temperature. The reaction solution was then washed with water and extracted with
dichloromethane. The organic layer dried with anhydrous MgSO4 was evaporated to
dryness to afford I as light-yellow liquid (6.18 g, 99%). 1H NMR (CDCl3, 400 MHz,
ppm): 7.22 (d, J = 6 Hz, 2H), 6.87(d, J = 6 Hz, 2H), 2.65(t, J = 8 Hz, 2H), 1.70–1.41
(m, 2H), 1.36–1.28(m, 6H), 1.01–0.94(t, 3H).

Lithium diisopropylamide (2.20 ml, 2.0 M in hexane, 4.4 mmol) was added dropwise
to a stirred solution of 2-bromo-3-hexyl-thiophene (1.00 g, 4.00 mmol) in dry THF
(100 ml), under argon at −78 oC. The reaction mixture was kept under this condition
for a further 2 h before N-formylpiperidine (0.50 ml, 4.40 mmol) was added dropwise.
The mixture was stirred at room temperature for 12 h and quenched with hydrochloric
acid (3%, 10 ml). The product was extracted into dichloromethane and the combined
organic extracts were washed with brine and dried by anhydrous magnesium sulfate.
The crude product was purified by column chromatography (hexane/dichloromethane,
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10: 1) to afford compound II as yellow liquid. Yield 0.78 g (70%). 1HNMR (CDCl3,
400 MHz, ppm): 9.76 (s, 1H), 7.45 (s, 1H), 2.63 (t, 2H), 1.60 (m, 2H), 1.35 (m, 6H),
0.83 (t, 3H).

4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane (0.64 g, 3.02 mmol),
Compound II (0.56 g, 2.02 mmol), [Pd(PPh3)4] (0.14 g, 0.12 mmol), and 2 mL
saturated aqueous K2CO3 in 20 mL THF was degassed with N2 for 5 min and then
heated at reflux for 24 h under N2 atmosphere. CH2Cl2 (100 ml) was then added and
the organic layer was washed with water for several times. The dried solvents were
removed under vacuum condition. The crude product was purified on silica-gel
column chromatography using EA/hexane (1:20) as eluent to afford compound III as
yellow oil (0.50g, 0.14 mmol, 68%). 1H NMR (400 MHz, ppm, CDCl3): 9.84 (s, 1H),
7.61 (s, 1H), 7.45 (d, J = 4 Hz, 1H), 7.29 (d, J = 3.8 Hz, 1H), 7.12 – 7.10 (m, 1H),
2.85 –2.70 (t, J = 8 Hz, 2H), 1.69 – 1.61 (m, 2H), 1.45 – 1.24 (m, 6H), 0.87 (t, J = 8
Hz, 3H).

NBS (1.20 g, 6.7 mmol) was added in portions to compound III (1.8 g, 6.5 mmol) in
40 mL chloroform and 40 mL acetic acid at ice-water bath. The solution was stirred
190

for 6h at room temperature and then the solution was washed with water and extracted
with dichloromethane. The dried organic layer was concentrated by reduced pressure.
The crude product was purified by silica-gel column chromatography using
dichloromethane/hexane (1/3, v/v) as eluent to afford compound IV as yellow solid
(1.75 g, 76 %). 1H NMR (400 MHz, CDCl3, ppm): 9.81 (s, 1H), 7.63 (s, 1H), 7.04 (d,
J = 4 Hz, 1H), 7.04(d, J = 3.8 Hz, 1H), 2.76 (t, J = 8 Hz, 2H), 1.82-1.59 (m, 2H),
1.46-1.17 (m, 6H), 0.89 (t, J = 6 Hz, 3H).

Compound IV (2 g, 5.62 mmol) and 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl1,3,2-dioxaborolane (2.48 g, 8.42 mmol) Pd(PPh3)4 (0. 18 g. 3 mol%) and 3 mL
saturated aqueous K2CO3 in 30 mL toluene was stirred for 17 h at 110 °C under N2
atmosphere. The cooled solution was washed with brine and then was extracted with
chloromethane. The combined organic layer was dried on anhydrous magnesium
sulfate and concentrated to afford the solid product. The crude product was purified
by silica-gel column chromatography using dichloromethane/hexane (1/3, v/v) to
afford V as red solid (2.0 g, 83.3%). 1H NMR (400 MHz, CDCl3, ppm): 9.84 (s, 1H),
7.59 (s, 1H), 7.18 (d, J = 4 Hz, 1H), 7.14 (d, J = 4 Hz, 1H), 7.10 (s, 1H), 6.87 (s, 1H),
2.83 (t, J = 7.8 Hz, 2H), 2.63-2.59 (t, J = 8 Hz, 2H), 1.80 - 1.60 (m, 4H), 1.48 – 1.21
(m, 12H), 0.90 (t, J = 8 Hz, 6H).
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NBS (2.56 g, 14.4 mmol) was added in portions to compound V (6.4 g, 14.4 mmol)
in 40 mL chloroform at 0 °C. The resulted solution was stirred for 24 h at room
temperature. The resulted solution was washed by brine and was extracted with
chloromethane. the combined organic layer was dried on anhydrous magnesium
sulfate and concentrated to afford the solid product. Purification by column
chromatography of silica-gel with chloromethane/hexane (1/3, v/v) to afford
compound C as yellow solid (7.0 g, 93 % yield). 1H NMR (400 MHz, ppm, CDCl3):
9.86 (s, 1H), 7.63 (s, 1H), 7.19 (d, J = 4 Hz, 1H), 7.09 (d, J = 4 Hz, 1H), 6.94 (s, 1H),
2.83 (t, J = 7.8 Hz, 2H), 2.60–2.56 (t, J = 7.9 Hz, 2H), 1.79–1.69 (m, 2H), 1.52–1.24
(m, 14H), 0.98–0.91 (t, J = 8 Hz, 6H).

Oxalyl chloride (152.40 g, 1.20 mol) was added in one portion to thiophene-3carboxylic acid (76.80 g, 0.60 mol) in 60 mL dichloromethane at 0 °C,
The mixture solution was stirred for 12-16 h at room temperature to form clear
solution and then the solvent and unreacted oxalyl chloride were removed by rotary
evaporation to afford B2 as colourless solid. The VI were used for next step without
further purification.
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VI in 200 mL dichloromethane was slowly added to diethyl-amine (125.00 mL,
1.20 mol) in 200 mL dichloromethane at 0 °C. The resulted solution was stirred at
room temperature for 0.5 h and hen washed by water for 3 times.The organic layer
was dried over anhydrous Na2SO4 and the solvent was removed by reduced pressure.
The crude product was purified by flash silica-gel column chromatography using
chloroform as eluent to afford VII as pale-yellow oil (0.56 mol, 92%) 1H NMR
(CDCl3, 400 MHz, ppm): 7.49 (s, 1H), 7.33 (d, 1H), 7.19 (d, 1H), 3.40 (m, 4H), 1.20
(t, 6H).
N-butyllithium (40 mL, 2.5 M) was dropwise added into VII (0.1 mol, 18.3 g) in
100 mL of THF within 30 min under an inert atmosphere at 0 °C. The resulted
solution was stirred at room temperature for 0.5 h. The resulted solution was poured
into 250 mL ice water and stirred for 6 hours. The mixture was filtrated and washed
by 100 mL water, 25 ml methanol and 25 mL hexane to afford VIII as yellow solid
(17.0 g, 77%). 1H NMR (CDCl3, 400 MHz, ppm): 7.76 (d, 2 H), 7.96 (d, 2 H).

VIII (2.20 g, 10.0 mmol), NaOH (6.00 g, 150.0 mmol) and zinc powder (1.43 g, 22.0
mmol) in 30 mL water was well stirred and heated to reflux for 1 h. 2-Ethylhexyl
bromide (11.59 g, 60.0 mmol) and tetrabutylammonium bromide with catalytic
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amount were added into the reacting solution and continue to reflux for 4 h. The
solution was washed by cold water and extracted by dichloromethane. The organic
layer was dried over anhydrous Na2SO4 and solvent was removed by reduced pressure.
The crude product was purified by silica-gel column chromatography using hexane
as eluent to afford IX as colourless oil (2.01 g, 40 %). 1H NMR (CDCl3, 400 MHz,
ppm): 7.49–7.45 (d, J = 4.8 Hz, 2H), 7.36-7.31 (d, J = 4.8 Hz, 2H), 3.97–3.83 (m,
4H), 1.63–1.48 (m, 2H), 1.37–1.08 (m, 16H), 0.91–0.73 (m, 12H).

BuLi (1 mL, 2.5 mmol, 2.5 M) was added dropwise to IX (1.04 g, 2.33 mmol) in 20
mL dry THF over 50 min at −78 °C under N2 protection. The mixture was stirred for
30 min at −78 °C. And iodine (0.7 g, 2.75 mmol) in 5 mL dry THF was injected to
the solution by syringe. The reaction was stirred for 15 min and quenched with water.
The solution was washed by water and extracted by dichloromethane. The dried
organic phase was concentrated with rotary evaporator. And the crude product was
purified by silica gel column chromatography with hexane as eluent to obtain pure
product X (0.99 g, 74%). 1H NMR (400 MHz, ppm, CDCl3): 7.65 (s, 1H), 7.45–7.44
(d, J = 4, 1H), 7.41–7.39 (d, J = 7.9 Hz, 1H), 4.15–4.12 (m, 4H), 1.80–1.78 (m, 2H),
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1.65-1.25 (t, 16 H), 1.03–1.00 (m, 12H). 13C NMR (400 MHz, ppm, CDCl3): 143.3,
143.2, 131.5, 130.3, 130.2, 126.5, 120.2, 40.7, 40.6, 30.4, 29.2, 23.2, 14.2, 14.2, 11.4.

Iodine compound (1.27 g, 10.00 mmol) in 30 mL THF and 15 mL triethylamine was
degassed and backfilled with nitrogen for at least three times. Bis(triphenylphosphine)
palladium(II) dichloride (213.4 mg, 0.20 mmol) and copper(I) iodide (38.1 mg, 0.20
mmol) were added to the flask. The mixture was bubbling with nitrogen for half hour.
And (triisopropylsilyl)acetylene (18.2 g,100.00 mmol) was injected into the flask via
syringe. The resulted solution was stirred for 3 h at 50 °C and then filtered. The
resulted filtrate was concentrated under vacuum condition and the crude product was
purified by silica gel column chromatography to obtain pristine product. Yield (87 %).
1

H NMR (400 MHz, ppm, CDCl3): 7.65 (s, 1H), 7.44–7.42 (d, J = 4, 1H), 7.40–7.38

(d, J = 7.9 Hz, 1H), 4.15–4.13 (m, 4H), 1.80–1.78 (m, 2H), 1.65–1.25 (m, 37 H),
1.03–0.94 (m, 12H), 0.27 (s, 9H). 13C NMR (400 MHz, ppm, CDCl3): 143.3, 143.2,
131.5, 130.3, 130.2, 126.5, 120.2, 93.9, 92.1, 40.7, 40.6, 30.4, 29.2, 23.2, 21.4, 18.8,
14.2, 14.2, 11.4.
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BuLi (1.1 ml, 2.8 mmol, 2.5 M in hexane) was added into the flask dropwise to TIPSBDT1 (1.76 g, 2.8 mmol) in 30 mL dry THF at −78 °C during 0.5 h under N2
protection. The resulted mixture was continuously stirred for 1 h at −78 °C and
isopropoxyboronic acid pinacol ester (0.52 g, 2.8 mmol) was added in to the solution
in one portion. The reaction was stirred for 1 hour at room temperature, and then
quenched by water. The solution was washed and extracted by dichloromethane. The
solvent was removed by reduced pressure to obtain the crude product. The crude
product was purified via flash silica-gel column chromatography using
dichloromethane/hexane (3:1, v/v) as eluent to obtain pure TIPS-BDT1-B, (86%).
The collected product was used for next step without further purification.

TIPS-BDT1-B (2.63 g, 3.5 mmol), compound C (1.57 g, 3.0 mmol) and 3 mL aqueous
saturated K2CO3 were added to 30 THF and the solution was degassed with nitrogen
for 30 min. Pd(PPh3)4 (173.6 mg, 0.15 mmol) were added and the solution was stirred
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at 70 °C for 24 h under nitrogen. The solution was washed with brine, exacted with
dichloromethane and concentrated under reduced pressure. The solid residue was
purified via silica-gel column chromatography using a CHCl3/hexane (1:1) mixture
as eluents to afford D1 as yellow solid. 1H NMR (400 MHz, ppm, CDCl3): 9.84 (s,
1H), 7.61 (s, 1H), 7.54 (s, 1H), 7.47 (s, 1H), 7.26 (s, 1H), 7.16 (s, 2H), 4.17-4.14 (s,
4H), 2.82-2.79 (m, 4H), 1.84-0.91 (m, 48H).
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C NMR (400 MHz, ppm, CDCl3):

182.5, 144.3, 143.9, 140.3, 135.6, 133.2, 130.4, 128.9, 127.9, 125.8, 122.8, 116.1,
99.9, 98.4, 40.7, 31.7, 30.4, 29.7, 29.3, 29.2, 23.9, 23.2, 22.7, 22.6, 18.7, 14.2, 14.1,
11.4, 11.3.

Tetrabutylammonium fluoride (1 ml, 1.0 mmol, 1 M in THF) was added to D1 (1.07
g, 1.0 mmol) in about 60 mL dry THF. The mixture was stirred for 15 min at 25 °C.
The resulting mixture was washed with water and extracted by dichloromethane and
finally dried over anhydrous Mg2SO4. The solvent was removed by reduced pressure
and the crude product was purified via silica-gel column chromatography using
CHCl3/hexane (1:1) as eluent to obtain pure D2 as orange solid (0.40 g, 60 %). 1H
NMR (400 MHz, ppm, CDCl3): 9.84 (s, 1H), 7.61 (s, 1H), 7.60 (s, 1H), 7.47 (s, 1H),
7.26 (s, 1H), 7.16 (s, 2H), 4.18-4.14 (m, 4H), 3.48 (s, 1H), 2.84-2.80 (m, 4H), 1.82197

0.88 (m, 48H). 13C NMR (400 MHz, ppm, CDCl3): 182.6, 140.5, 136.8, 135.5, 134.9,
133.4, 130.7, 130.5, 130.3, 128.6, 127.9, 126.7, 126.4, 121.2, 116.0, 83.3, 40.7, 31.7,
30.4, 29.7, 29.3, 29.3, 29.2, 23.9, 23.8, 23.2, 23.1, 22.7, 22.6, 14.2, 14.1, 11.4.

D2 (0.64 g, 0.71 mmol) and brominated porphyrins (0.32 g, 0.30 mmol) were put in
30 THF and 15 mL Et3N and then degassed with nitrogen for 30 min. Pd(PPh3)4 (42.7
mg, 0.04 mmol) and CuI (7.7 mg, 0.04 mmol) were added and the solution was
continued to stir at 60 °C for 12 h under nitrogen. The solvent was removed under
vacuum condition, and the solid product was purified by preparative thin layer
chromatography using a CHCl3/hexane (1:1) mixture as eluents. Recrystallization
from CHCl3/methanol gave Por-BA, SPor-SBA and Por-BTA as a green solid. 1H
NMR (400 MHz, ppm, CDCl3): 9.86 (s, 2H), 9.75-9.64 (m, 8H), 8.00 (s, 2H), 7.85 (s,
2H), 7.62 (s, 2H), 7.59 (s, 2H), 7.26 (s, 2ZH), 7.23-7.20 (m, 4H). 5.22 (s, 2H), 4.374.33 (m, 8H), 2.98-2.72 (m, 16H), 1.96-0.77 (m, 172H).
General Synthetic Route of MPor1 and MPor2.
Monomer (0.13 mmol) and 3-ethylrhodanine or 2-(1,1-dicyanomethylene)-3ethylrhodanine (CNR) (0.13 mmol) in dry CHCl3 were added piperidine and the
solution was stirred at 60 °C for 12 h under nitrogen atmosphere. The reaction was
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then stopped by adding 30 mL water and the resulted solution was extracted with
CHCl3. The dried and combined organic layer was concentrated under vacuum
condition and the crude product was purified by silica gel thin layer chromatography
using CHCl3/hexane as eluent and recrystallized from a mixture of CHCl3 and
methanol to get MPor1 and MPor2 as dark brown solid.

Yield (80 %). 1H NMR (400 MHz, ppm, CDCl3): 9.70-9.62 (m, 8H), 7.95 (s, 2H),
7.74 (s, 2H), 7.66 (s, 2H), 7.54 (s, 2H), 7.19-7.17 (m, 6H). 5.21 (s, 2H), 4.37-4.32 (m,
8H), 4.20-4.18 (m, 4H), 3.00-2.72 (m, 16H), 1.96-0.76 (m, 178H). (MALDI-TOF,
m/z) calculated: 3016.3333.

Yield (85 %). 1H NMR (400 MHz, ppm, CDCl3): 9.70-9.64 (m, 8H), 7.93 (s, 2H),
7.70 (s, 2H), 7.47 (s, 2H), 7.20 (s, 2H), 7.10 (s, 4H). 7.03 (s, 2H), 5.21 (s, 2H), 4.344.33 (m, 8H), 4.24-4.23 (m, 4H), 3.00-2.96 (m, 16H), 2.00-0.76 (m, 178H). (MALDITOF, m/z) calculated: 3079.1507.
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Chapter 6 Co(OH)2 modified CdS Core/Shell
Nanowires for Highly effective and Stable Visible
Light Photocatalytic H2 Production
(Reproduced from Ref. 1 with permission from the Royal Society of Chemistry.) 1

6.1 Introduction
Hydrogen is a potential energy carrier in many hydrocarbons such as fossil fuels,
biomass, or even water because of its high energy capacity and environmental
friendliness. A simple comparison of photosynthesis and photocatalytic water
splitting is shown in Figure 6.1. Compared to the hydrogen derived from
hydrocarbons, photocatalytic hydrogen production (PHP) from water does not require
CO2 capture and sequestration or emit any unwanted or emissions, thus being
considered a green energy alternative to the traditional energy resource.2

Figure 6.1 biologic photosynthesis by green plants and photocatalytic water splitting.
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6.1.1 Structure and Operation Principle
The overall photo-catalytic water splitting (PCWS) reaction mainly involves three
major steps as shown in Figure 6.2: In step 1, light was absorbed by a semiconductor
to generate excitons. In step 2, exciton dissociation and charge migration to the
surface of the semi-conductor and co-catalyst. And in step 3, surface reactions take
place to generate H2 or O2. The balance of kinetics and thermodynamics in the three
steps will decide the overall efficiency of PCWS. Theoretically, the conductors with
suitable energy level and band gap (Eg ≥ 1.23 eV) will have the capacity of driving
hydrogen from water under sunshine irradiation. However, the overall water-splitting
still very difficult because of exist of over-potential and restricted rate of oxidation
reaction. Therefore, co-catalysts usually are adopted to harvest the light absorbance,
accelerate the exciton dissociation and transfer, lower the over-potential of watersplitting and hence enhance the hydrogen production rate (HPR).3 Actually, it is more
feasible to photo-catalytic (PC) hydrogen production or PC oxygen evolution using
the half reaction of water-splitting with sacrificial agent under light irradiation.
6.1.1.1 Thermodynamics. The decomposition of water into H2 and O2 is an uphill
reaction in thermodynamics. It requires change of standard Gibbs free energy (△G0)
about 237 kJ/mol (about 1.23 eV). The whole process can be shown in equations 6.16.4.
1
𝑘𝐽
𝐻2 𝑂 → 𝑂2 + 𝐻2 ; ∆𝐺 0 = +237
, 𝐸 0 = 1.23 𝑒𝑉
2
𝑚𝑜𝑙
0
2𝐻 + + 2𝑒 − → 𝐻2 , 𝐸𝑅𝑒𝑑
= 0 𝑒𝑉

203

(𝟔. 𝟐)

(𝟔. 𝟏)

Figure 6.2 Schematic illustration of PC water-splitting over photo-catalyst.

0
2𝐻2 0 → 4𝐻 + + 4𝑒 − + 𝑂2 , 𝐸𝑂𝑥
= 1.23 𝑒𝑉

Band gap =

1240
𝑒𝑉
𝜆

(𝟔. 𝟑)

(𝟔. 𝟒)

Since photo-catalysis is a thermodynamic non-spontaneous process. It then requires
additional photon energy to overcome the 1.23 eV energy barrier of water-splitting.
The additional photon was absorbed by the photo-catalyst in the reaction and then
eventually converted to chemical energy. Therefore, the bandgap energy (Eg) of the
photo-catalyst should be not less than 1.23 eV. On the other hands, the wavelength of
absorption edge (λ) in equation 6.4 should be less than 1000 nm. If use visible light
to achieve water splitting, the λ will surpass 400 nm and then the band gap should be
less than 3 eV. In addition, the electrons/holes excited by the light promote the
oxidation/reduction of H2O, the band position of the photo-catalyst and the oxidationreduction potential of the water should be match. In other words, the conductance
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band (CB) of photo-catalyst should be more negative for the reduction potential of
H+/H2 vs. the standard hydrogen electrode (NHE) at pH=0, while value band of photocatalyst is more positive than that O2 and H2O oxidation potential of 1.23 eV vs. NHE
at pH = 0 to ensure the driving force for H2O reduction and oxidation. It should be
noted that though the band edge of a semiconductor photo-catalyst usually is
dependent on the pH value, the redox potential of water also has the same linear pH
dependence with a slope of 0.059 V/pH, thus leading a same over-potential of redox
of water-splitting at different pH values.4

Figure 6.3 Schematic illustration of water-splitting using a TiO2 photo-electrode
reported by Honda–Fujishima.

6.1.1.2 Evaluation of Photocatalytic Water-Splitting.
6.1.1.2.1 Measures of Photocatalyst. The efficiency of photocatalytic watersplitting (R) can be measured by the amount of O2 or H2 generated from water in each
period under light irradiation, with the units μmol∙h–1∙g–1 or mmol∙h–1∙g–1. It can be
shown in equation 6.5.
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R=

𝑛(𝑂2 𝑜𝑟 𝐻2 )
(𝑢𝑚𝑜𝑙/ℎ−1 𝑔−1 )
𝑇𝑖𝑚𝑒 × 𝑚 (𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡)

(𝟔. 𝟓)

Because this measure cannot account for the light intensity, the measures with light
as benchmark (shown in 6.1.1.1.2) are more widely used to measure the laboratory
experiments.
6.1.1.2.2 Measures of Photo-catalyst with light as benchmark. The apparent
quantum efficiency (QE %) is widely used as the evaluation criterion for the
decomposition of water by photocatalytic activity. It can be expressed as following
equation (6.6).

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
× 100
(𝟔. 𝟔)
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 × 2
=
× 100
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

QE[%] =

If the photo-catalytic water-splitting takes place under air mass 1.5 global (AM 1.5G)
illumination, then equation 6.6 can be represented by equation 6.7.

QE[%] =

𝑘𝐽
)
𝑚𝑜𝑙
(𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑙𝑖𝑔ℎ𝑡)

(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐺𝑖𝑏𝑏𝑠 𝑓𝑟𝑒𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟, 237

×

(𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻2 𝑒𝑣𝑜𝑙𝑣𝑒𝑑)
× 100
(𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎)
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(𝟔. 𝟕)

Figure 6.4 a relationship between band structure of semiconductor and redox
potentials of water-splitting.

6.1.2 Materials for Photocatalytic Water Splitting
6.1.2.1 Semiconductor. The water splitting was first discovered by Honda and
Fujishima using the TiO2 as electrodes in 1972.5 The schematic illustration of the
reported water splitting using TiO2 as photo-electrode is shown in Figure 6.3. The
TiO2 absorbed ultraviolet light (λ<416 nm) and generated exciton. A positive external
bias was applied to drive the dissociation of exciton to electron and hole. Electron
and hole were collected by the electrodes to produce H2 and O2 from water. Because
of the large band gap of TiO2 (~ 3 eV), the rapid combination of excitons and large
hydrogen production over-potential, both HPR and QE of Honda–Fujishima effectwater splitting system for PCWS were very low. But this discovery actually
enlightened the rapid progress of photocatalytic technology.6 After that, a lot of
attention have been paid to develop novel photocatalyst for high efficient PCWS. A
schematic diagram between energy band edges of the reported semiconductor versus
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redox potentials of water splitting is given in Figure 6.47 and it is easy to find that
these semi-conductors have more negative conducting band than the reductive
potential of H+/H2.8 In addition, chemical and physical modifications, such as doping,
co-catalyst, dye-sensitized and nanotechnology, were developed to enhance PC
activity of semi-conductors for PCWS.9 For example, various nanostructured shapes,
such as

nanoparticle, nanowire, nanotube, nano-belt, nano-sphere and nano-sheet,

have been applied to gain a short charge diffusion route, high crystallinity and less
defects.10 And hetero-junction between photo-catalyst and co-catalyst also has been
demonstrated effective to improve the charge separation, transfer.8
6.1.2.2 Co-catalyst. Co-catalyst is widely used to enhance the photocatalytic activity
of photocatalyst. The noble metals, especially Pt, have been found to be highly
effective co-catalyst due to the lowest over-potential for hydrogen production and the
largest work function.11-12 Besides, the other noble metal and noble metal oxides, such
as Ru, Au, RuO2 and IrO2, are also widely used as excellent co-catalysts to improve
the photocatalytic performance due to the water oxidation ability.13-14 Besides, overall
water splitting can be taken place when back reactions of H2 and O2 meet with
suppressed photo-reduction of O2. For example, Rh2-yCryO3 and Rh-Cr2O3 were
demonstrated effective to promote evolution of H2 and O2 and inhibited back reaction,
thus leading overall water-splitting.15 16 Because of the expensive and scarce of noble
metal, more attentions in co-catalyst go toward cheap and earth-abundant elements.
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Many metals, for instance Cu, Ni, Co, and their oxides, hydroxides also exhibit cocatalytic activity especially for TiO2, CdS and graphitic C3N4.17
6.1.2.3 Sacrificial reagents. Overall water-splitting is tough, so sacrificial reagents
are employed to enrich electrons and enhance H2 evolution in a photocatalytic system
via photo-generated holes irreversibly oxidation of reducing reagent instead of water.
The hydrogen production will be meaningful in realistic application if the sacrificial
reagents come from nature and industries. On other hand, these reactions utilizing
sacrificial agents are also regarded as half reactions of water-splitting to test reactions
of photocatalytic H2 or O2 evolution. It makes the H2 or O2 evolution easier than the
overall water-splitting.
6.1.2.4 Recent Development of Promising Photo-catalysts.
6.1.2.4.1 Black TiO2 for H2 evolution. It is well known that the limit of TiO2 for
highly efficient PC application is the large band gap which makes it only absorb light
in UV spectrum range. Many strategies have been adopted to increase the absorption
in visible spectrum region. Chen18 recently has developed different concepts to extend
the absorption spectrum from visible to infrared regions by hydrogenation of TiO2
with disorder surface layer in nano-scales. The as-prepared nanocrystals are named
black TiO2 and it show full solar spectrum photocatalytic activity with HPR of 10
mmol h-1 g-1 and QE of 24% for photocatalytic hydrogen production using methanol
as a sacrificial agent. But, it has been noted that the absorption of visible light of black
TiO2 is not the major role to enhance the photo-catalytic activity. When black TiO2
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was irradiated only visible and infrared light, HPR decreased from 10 to 0.1 mmolh1 -1 18

g .

The rate is not in agreement with the strong absorption in visible-infrared

region. Recently, it has been demonstrated that the high photocatalytic activity of
black black TiO2 is mainly ascribed to the enhanced charge separation and
transportation by surface disorder and oxygen vacancies.19 In other words, although
black TiO2 exhibits promising photocatalytic activity, further efforts are still required
to improve the photocatalytic activity in the visible area.
6.1.2.4.2 PC O2 Evolution. The overall water-splitting can be divided into H2
production and O2 evolution. Compared with the H2 evolution, the O2 evolution is a
challenging step because it is an uphill reaction. So, water oxidation is important for
photocatalytic overall water-splitting and commercial application. Recently intensive
attention has been attracted to develop special photo-catalysts and co-catalysts for the
PC oxygen evolution. For example, Nocera’s group found the cobalt phosphate can
be used as an electrochemical water-oxidation catalyst20 and then Li21 explored its
function for photocatalytic O2 evolution and photocatalytic water-splitting. They
found that the photocatalytic activity of BiVO4 was enhanced 6.8 times when 1.0wt%
cobalt phosphate was used as cocatalyst of BiVO4 for O2 evolution. Now it has been
confirmed that cobalt phosphate is more effective for O2 evolution than MnOx, CoOx,
RuOx, IrOx, etc. Besides, Yi22 recently reported that Ag3PO4 has worked for PC water
oxidation and the peak QE can be up to 90% at 420 nm. However, the stability of
Ag3PO4 is bad because of the serious photo-degradation. Different strategies have
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been adopted to inhibit photo-corrosion of Ag3PO4.23-25 But the stability is still a
problem and more attempts required to overcome the rapid-corrosion of AgNO3.26 In
addition, Domen25 and Lee27 recently reported that Ta3N5 had high water oxidation
efficiency of 5.2% and hydrophilic CoOx modified Ta3N5 improved the QE to 11.3%
at wavelength from 500 to 600 nm. The role of magnesium oxide interface contact
area of the CoOx modified Ta3N5 is essential to enhance hydrophilic interface
modification reduce the defect density of Ta3N5 semiconductors due to the
passivation effect. The results indicated that interface between the semiconductor and
the co-catalyst is very important to ensure effective charge transfer and highly
efficient water oxidation.
6.1.2.5 Cadmium sulfide-based nanomaterials. Cadmium sulfide (CdS) have been
intensive investigated because they have low band gap and suitable energy levels that
is sufficient to generate H2 from H+.28-29 The ability to absorb and convert visible light
to renewable energy makes them more promising than the wide band gap materials.3032

It has been generally recognized that many factors, such as phase structure,

crystallinity, particle size and morphology, can influence the H2-production rate of
CdS-based photo-catalysts in photocatalytic system. Therefore, rational design and
strategies are necessary to enhance the photocatalytic activity of CdS nanomaterials.
With continually efforts made in this field, several routes have been demonstrated
useful to overcome the barrier of CdS nanomaterials toward photocatalytic function.
For example, increase the surface area of CdS by various nanoscale, such as
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nanowires (NWs), nano-rods, nano-spheres, nano-sheets, multi-armed nano-rods etc.,
increase the interface of quantum-sized CdS between the hetero-semiconductors and
interlayered compounds. For example, Bao et al. first prepared nano-porous CdS
photo-catalyst via two-step aqueous reaction and it exhibited high photocatalytic H2production activity under visible light.33 Besides, some studies have demonstrated the
one-dimensional nanomaterials have promising applications in photo-catalysis.34-35
For example, CdS NWs prepared via solvo-thermal methods exhibited enhanced
photocatalytic H2-production activity.36
However, the photocatalytic HPR of pristine CdS is low due to the rapid
recombination of photo-generated electrons and holes. Adding noble metals
(especially for Pt, Au, Ag) on surface of CdS and using sacrificial reagents to form
the oil–water diphase system have been demonstrated effective to enhance the
photocatalytic H2-production activity .37-44 Because the electric field at the contact
interface the metal and CdS forms Schottky barrier and the low fermi level of the
metal make the photo-generated electrons easy to move from CB of CdS to that of
the metal, leaving valence band (VB) holes available for the oxidation of substrates.
Thus, efficient separation of the photo-generated electron–hole pairs and lengthening
of the lifetime of the charge carriers and enhancement of the photocatalytic activity
were achieved to enhance the photocatalytic HPR.3,

45-47

However, it is still a

challenge to increase the stability of CdS photo-catalysts with controllable shape, size
and crystallinity and high efficient photocatalysts because of the light corrosion.48-50
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Furthermore, the dispersion, oxidation state, morphology, size and mass of deposited
Pt nanoparticles (NPs) are very important factors influencing the observed
photocatalytic activity.51-54
6.1.2.6 Earth Abundant Elements as Co-Catalyst. In contrast to the expensive and
rare noble metals, earth-abundant and transitional metals are economic choice, such
as Ni, Co and Cu,55-57 and have been applied as low-cost co-catalysts for
photocatalytic H2 application. It has been recognized that Schottky-barrier formed at
the interface of metal co-catalyst and semiconductor photo-catalyst, which promote
exciton dissociation, thus loading improved properties of materials. In addition, some
metals, such as Ni, Co and Cu, can also catalyze the reduction of proton to H2.
Therefore, the photo-catalyst exhibited an enhanced PC H2 production activity when
these metals are used as co-catalysts.
In general, there are three different methods, containing chemical reduction,55
photo-reduction,56, 58 and impregnation-calcination/reduction methods,57, 59 that are
commonly used to load these metals on semiconductors in situ as clusters/NPs. Fox
example, Wu57 reported the deposition of Cu NPs on TiO2 are feasible via incipientwetness impregnation and reduction or calcination. The PC H2-production activity of
the as-prepared samples exhibited enhancement of 10 times with the amount ratio of
Cu to TiO2 equals to 1.2 wt %. by contrast, it has been demonstrated that the doping
of Cu ions into TiO2 resulted in lower PC activity. In addition, Lin et al.60 recently
also reported that the HPR of H2 on mesoporous Nb2O5 with Cu as co-catalyst gave
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faster PC activity than that of pristine Nb2O5. And Foo59 studied the PC activity of
core-shell structure of TiO2 NPs and Cu–Cu2O, and found that metallic Cu come from
the reduction of Cu2O shell can be observed when TiO2 was irradiated by UV light.
And finally, the Cu NPs modified TiO2 could be obtained and it has enhanced PC
activity. Korzhak61 also reported that TiO2 with Cu co-catalyst has higher
photocatalytic H2-production activity than Ni co-catalyst over TiO2 due to the exist
of stronger interaction between TiO2 and Cu NPs. Moreover, metallic Ni are also
widely used as a H2-evolution co-catalyst. Husin62 demonstrated that Ni is a more
active co-catalyst than core-shell structure of Ni–NiO and NiO over La0.02Na0 .98TaO3
for PC hydrogen production. They believed that the high electrical conductivity of
metallic Ni played an important role of trapping and transferring charges in the PC
reactions. By contrast, ultrafine Ni and NiO NPs with nanoscale of 2 to 3 nm were
used as co-catalyst of graphene oxide (GO) sheet via chemical reduction. The PC
hydrogen production activity in aqueous methanol solution was 4 times higher for
NiO–GO and 7 times higher for Ni–GO than pristine GO.63 Yu64 reported that Ni
modified TiO2 exhibited high HPR of 2547 mmol·h-1·g-1 and quantum efficiency (QE)
of 8.1% at 365 nm, which is 135 times higher than that of pure TiO2. Moreover, Coor Ni-decorated TiO2 recently has been demonstrated to reach only three times lower
PC H2-production activities in comparison to Pt modified TiO2. This result indicates
Co and Ni are attractive alternative H2-evolution co-catalysts to Pt and other noblemetals.55 Dinh56 showed that Ni clusters could increase the PC HPR of the CdS–TiO2
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nanocomposite to 11,038 mmol·h-1·g-1 and the corresponding QE is 21% at 420 nm.
Very recently, Yamada65 found that smaller size Ni NPs exhibited higher catalytic
activity due to their more active sites and larger specific surface area. Similarly,
hexagonally Ni NPs have higher catalytic activity than cubic Ni NPs in similar size
because packing of the hexagonally structure has enough space to accommodate
proton and hydrogen atom.66 In the traditional sense, these low-cost earth-abundant
metals such as Co, Ni and Cu will require higher over-potential for proton reduction
than noble-metals. Nevertheless, these results clearly demonstrated that the
performance of these earth-abundant metal nanoparticles for proton reduction and PC
H2 production are even comparable to Pt. The promising properties can be attributed
to Co, Ni and Cu in nanoscale which can improve their intrinsic electro-catalytic
activities as co-catalysts and the increased number of catalytic active sites can have
stronger interfacial interactions and enlarge surface area, thus leading highly efficient
electron transfer between the semiconductor and the earth-abundant metal co-catalyst.
Especially, the price of these co-catalysts is much cheaper than that of Pt. Therefore,
they are promising candidates for instead of Pt and noble metals as co-catalysts in PC
H2 production.

6.2 Motivation and Aim of The Project
Water-splitting technology has emerged as ideal strategy to eliminate environmental
pollution and global energy crises since the photochemical catalytic water splitting
with TiO2 electrodes reported by Fujishima and Honda in 1972.67 The hydrogen
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energy, which can be converted by water splitting and is an ideal candidate for
replacing fossil energy sources, has been considered as a cleaner-burning fuel carrier
and efficient energy supply.68-71 However, the main barrier of large scale commercial
hydrogen energy production by way of water splitting is the delaying HPR and falling
photocatalytic activity.12,

60-61, 72-83

Currently, the most effective co-catalyst for

improve photocatalytic hydrogen production is Pt-co-catalyst, in spite of the fact that
its limited availability and high cost are unacceptable for commercial application.33,
82, 84

In order to achieve sunlight-driven hydrogen production effectively, high
efficient photocatalyst enhanced by earth-abundant co-catalysts is required.69 Cobalt
and its derivatives have shown significant potential for photocatalysis application in
recent research. For example, Cobalt particles, spinel Co3O4 or porous cobalt
phosphate has been used as co-catalyst to selective enhance the inorganic and
polymeric substrates such as TiO2, Fe2O3, BiVO4, WO3, and g-C3N4 for water
splitting.21, 85-89 Interestingly, improvement in promoting the HPR can be obtained by
partly generating Co+ from Co2+ light reduction to reduce recombination rate of the
charge carriers, despite the fact that the improvement of H2 production is limited with
respect to the noble modification.89-90 Moreover, until now, the attentions paid to
photocatalytic hydrogen production with cobalt-based oxides and sulphides are much
less than that of oxygen evolution counterpart, which extremely restricts the further
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mechanism discovery and development of performance of these photocatalysts. Thus,
tremendous efforts are still needed to be paid to improve their catalytic performance.
Very recently, core/shell structural photocatalysts have been demonstrated for
visible light driven photocatalytic application. The large area hetero-junction
interface of core-shell structure is an effective strategy to enhance the light absorption
and selectively introducing active species at the reduction sites of the photo-catalyst
etc.91-94 In addition, CdS has been realized as excellent semi-conductors for watersplitting under visible light irradiation because of their narrow energy band gap
(Eg, ～2.4 eV) and suitable CB more negative than the potential to reduce H2 from
H+/.95-97 Incorporating semiconductor particles or metal particle into the heterosemiconductors and interlayered compounds has been demonstrated as an effective
strategy to hinder the rapid recombination of photo-generated electrons and holes and
thus improved the water splitting rate.12, 97-98 These results release that combination
of core/shell and semi-conductor to modified CdS photocatalyst might be feasible
strategy to improve the catalytic activity and stability. In order to enhance effectively
the CdS-based catalytic performance, Co(OH)2 clusters modified CdS NWs are
herein synthesized by facile chemical precipitation with NaOH dilute aqueous
solution as pH value regulator and light reductive treated by visible light irradiation
for about 1 hour. The as-prepared samples exhibit apparently promotion of visiblelight photocatalytic HPR (λ ≥ 420 nm). With the optimal Co(OH)2 loading amount of
6.5mol%, a maximum rate of 14.43 mmol.h–1∙g–1 for H2 production was obtained,
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which exceeds that of the pure CdS NWs for 206 times and even surpass that of the
1 wt% Pt-CdS NWs for 3 times. The high rate of H2 production indicates the Co(OH)2
modification is a special high-effective pathway to upgrade the photocatalytic activity
of CdS for water splitting to hydrogen. Moreover, the mechanism and morphology
changes of the as-prepared samples are also investigated and discussed in detail.

6.3 Experimental section
6.3.1 Sample Preparation
All chemicals are of analytical grade and were used without further purification. And
CdS nanowires were prepared by an ethylene diamine assisted solvothermal method
as reported previously.34 In a typical synthesis, CdO (256.8 mg, 2 mmol), L-cysteine
(242.3 mg, 2 mmol) and sulfur powder (64.1 mg, 2 mmol) were dissolved in 80 ml
anhydrous ethylene diamine under magnetic stirring at room temperature for 30 min
to form a uniform solution. The resulting mixture was then transferred into a 100 ml
Teflon-lined autoclave and maintained at 180 oC for 12 h. After the mixture was
cooled to room temperature, the yellow precipitates were collected by centrifugation
and rinsed for seven times with distilled water and ethanol. The final production was
dried at 80 oC for 12 h.
Co(OH)2 modified CdS NWs were fabricated by facile precipitation method. In
a typical procedure, 0.16 g of CdS NWs obtained above were dispersed in 40 ml of
0.125 M NaOH aqueous solution, and then a certain volume of 0.05 M Co(NO3)2
aqueous solution was added dropwise to the solution under magnetic stirring. The
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resulting mixture was stirred for 10 h at room temperature. After that, the precipitate
was collected by centrifugation, and rinsed with distilled water and alcohol
thoroughly. The final product was fast dried in vacuum oven at 80 oC for 30-40 min
to remove the residual alcohol. The designed molar ratios of cobalt hydroxide
(Co(OH)2) to CdS were 9.1, 6.5, 4.8, 0.5, and 0 mol%, and the resulting samples were
labeled as Co9.1, Co6.5, Co4.8, Co0.5, and Co0, respectively. The actual chemical
composition of the prepared samples was measured by inductively coupled plasma
atomic emission spectrometry (ICP-AES) using an Optima 4300 DV spectrometer
(Perkin Elmer) (shown in Table 6.1). For the purpose of comparison, sample of
pristine Co(OH)2 is also synthesized under same experimental conditions, and the
resulting Co(OH)2 sample was labeled as CO100. Moreover, Pt (1 w%) was also
added to the pristine CdS NWs aqueous solution to test the photo-catalytic activity
for H2-production and compared to the Co(OH)2-CdS NWs samples under the same
condition. When a sample (eg. Co6.5) have been used for H2 production for the 3 h,
the sample Co6.5 then was assigned as Co6.5** and the sample after initial 1 hour
was defined as (Co6.5*).

6.3.2 Characterization.
The XRD patterns, performed on a D/Max-RB X-ray diffractometer (Japan, Rigaku)
with Cu-Ka irradiation (λ = 1.54056 Å) at scan rate of 0.05o 2θ s-1, were used to
examine the crystal structure of the prepared samples. XPS were done on a VG
ESCALAB MKII XPS system with Mg Ka source and a charge neutralizer. The
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samples were excited using Mg Kα (1253.6 eV) radiation (operated at 200 W) of a
twin anode in the constant analyzer energy mode with a pass energy of 30 eV. The
XPS data were calibrated using the binding energy of C1s (285.00 eV) from
adventitious carbon as reflectance standard. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HR-TEM) observations were
conducted on a JEM-2100F electron microscope (Japan, JEOL) using a 200-kV
accelerating voltage-ray photoelectron spectroscopy measurements. The ultraviolet–
visible (UV-vis) diffused reflectance spectra of the samples were obtained for the drypressed disk samples by a UV-vis spectrometer (Japan, Shimadzu, UV2550) with
BaSO4 used as a reflectance standard. The Brunauer–Emmett–Teller (BET) specific
surface area (SBET) of the powders was analyzed by nitrogen adsorption using a
Micromeritics ASAP 2020 nitrogen adsorption apparatus (USA). All powdered
samples were degassed in a vacuum environment at 150oC prior to nitrogen
adsorption measurements. The BET surface area was calculated by a multipoint BET
method using adsorption data in the relative pressure (P/P0) range of 0.05–0.3.
Adsorption isotherm was used to determine the pore size distribution via the Barret–
Joyner–Halender (BJH) method, assuming a cylindrical pore model. The volume of
the adsorbed nitrogen at the relative pressure (P/P0) of 0.99 was used to determine
the pore volume and the average pore size. The chemical compositions of the
prepared samples were measured by inductively coupled plasma atomic emission
spectrometry (ICP−AES) using an Optima 4300 DV spectrometer (Perkin-Elmer).
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6.3.3 Photocatalytic Hydrogen Production
According to the standard procedure adopted in literatures,73,

90, 99-100

the

photocatalytic hydrogen production experiments were runed in a Pyrex flask (100 mL)
at atmospheric pressure and room temperature, and all the openings of flask were
sealed with a silicone rubber septum. A 300 W Xenon arc lamp through a UV-cutoff
filter (λ ≥ 420 nm) was put at the position about 20 cm away from the reactor to
trigger the photocatalytic reaction as a visible light source. The focused intensity on
the flask was measured at ca.150 mW cm-2 by a FZ-A visible light radiometer with
the wavelength range of 400–1000 nm (made in the photoelectric instrument factory
of Beijing Normal University, China). Typically, 50 mg Co(OH)2 modified CdS NWs
was dispersed under constant stirring in 80-mL mixed solution of water (60 ml) and
triethanolamine (20ml, effective content≥ 80%). The system was bubbled with
nitrogen for 40 min before the irradiation to remove air and ensure an aerobic
environment of the reaction system. Hydrogen was analyzed by gas chromatograph
(GC-14C, Shimadzu, Japan, TCD with nitrogen as a carrier gas and 5 Å molecular
sieve column) using 0.4 mL gas intermittently sampled through the septum, and all
glassware were carefully rinsed with distilled water prior to run the experiment. The
apparent quantum efficiency (QE) was measured under the same photocatalytic
reaction conditions. Four low-power 420 nm-LEDs (3 W) (China, Shenzhen
LAMPLIC Science Co. Ltd.) were positioned 1 cm away from the reactor in four
different directions to trigger the photocatalytic reaction as light sources. The focused
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intensity and areas on the flask for each 420 nm-LED were ca. 6.0 mW cm-2 and 1
cm2, respectively. The QE is calculated according to the following equation:

6.4 Results and discussion
The chemical compositions of these Co(OH)2 modified CdS NWs are examined by
inductively coupled plasma atomic emission spectrometry (ICP-AES) on Optima
4300DV spectrometer (Perkin Elmer). The real molar ratios of Co(OH)2 to Co(OH)2
and CdS for the samples Co0.5, Co4.8, Co6.5, and Co9.1 are determined to be 0.13 %,
2.22 %, 3.06 %, 3.68 % and 7.52 %, respectively. It indicates that the amount of
Co(OH)2 was increasing loaded on CdS NWs via simple chemical impregnation with
increased concentration of CoCl2 aqueous solution. The actual molar ratios of these
samples are obviously lower than the designed compositions because of weak
physical adsorption of CdS NWs to Co(OH)2. However, they have suitable amount
of Co(OH)2 for the photocatalytic hydrogen production.
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Figure 6.5 The XRD image of the pristine CdS NWs (Co0), pure Co(OH)2 (Co100)
and Co(OH)2 modified CdS NWs before (Co6.5) and after induction (Co6.5*).

Table 6.1. Effects of R on the physicochemical properties and activity of Co(OH)2
modified CdS nanowire samples.
Samples R
Co(OH)2 wt%
SBET
PVa
APSb Activity QE%
(ICP-IES)
(cm2g-1) (cm3g-1) (nm) ͧmmol-1g-1
Co0
0
0
40
0.12
11.8
0.07
0.08
Co0.5
0.5
0.086
41
0.11
10.9
1.86
Co4.8
4.8
1.442
38
0.11
11.2
9.18
Co6.5
6.5
1.991
50
0.11
8.86
14.43
6.09
Co9.1
9.1
2.403
129
0.25
7.59
3.65
Co100 100
100
79
0.36
18.0
0
Pt-CdS
--44
0.13
11.4
4.68
2.29
PV: pore volume, APS: average crystallite size.
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6.4.1 XRD and TEM
XRD was used to investigate the crystal structure and average crystallite sizes of the
Co(OH)2 modified CdS NW samples. Figure 6.5 shows the XRD patterns of the
Co(OH)2 modified CdS NW samples (Co0, Co6.5, Co6.5* and Co100). Among them,
greenockite-type CdS [JCPDS No. 41-1049, hexagonal] is corresponding to the
diffraction peaks of Co0, Co6.5 andCo6.5* samples. No self-evident diffraction
features peaks of Co(OH)2 were observed because of the weak crystallization and
high dispersion of Co(OH)2 content in these samples. When R=100, it can be observed
twelve main diffraction peaks at 2θ = 71.8o, 71.3 o, 59.5 o, 67.9 o, 61.5 o, 59.6 o, 57.9 o,
51.4 o, 38.7 o, 37.9 o, 32.5 o and 19.1 o, corresponding to (112), (201), (103), (200),
(111), (003), (110), (102), (002), (101), (100) and (001) plane diffractions of the
Co(OH)2 [JCPDS NO. 30-0443, hexagonal, space group: P-3m1(164)], respectively.
Except for Co0, negligible changes of intensities and widths of diffraction
characteristic peaks of hexagonal CdS in the XRD patterns can be observed. It
indicates the facile chemical deposition of Co(OH)2 clusters at room temperature does
not have enough power to affect the crystal growth of CdS NWs,101 thus having no
change of crystal morphology and crystallite size of CdS NWs. The XRD peaks of
pure Co(OH)2 shows hexagonal phase. However, the Co(OH)2 phase is not detected
in both the Co6.5 and Co6.5* samples due to the weak crystallization and high
dispersion of Co(OH)2 content deposited on the surface of CdS nanowire NWs. The
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similar phenomenon has also been observed for the Ni(OH)2-CdS, NiS-CdS
composite photocatalysts. 100, 102

CdS nanowire

Co(OH)

2

CdS

Co-ompounds
Co(OH)

2

Figure 6.6 TEM and HRTEM images of the as-prepared samples: (a) bare CdS NWs,
(b) Co(OH)2 modified CdS NWs (Co6.5), (c) HRTEM image of Co(OH)2 modified
CdS NWs (Co6.5), (d) HRTEM image of Co(OH)2 modified CdS NWs after H2
production (Co6.5**).

The morphology of the as-prepared samples was investigated by transmission
electron microscopy (TEM). TEM images of pure CdS NWs (Co0) and Co(OH)2
modified CdS NWs (Co6.5) are shown in Figure 6.6a-b. Pendant-like clusters of
Co(OH)2 with size of ca. 10–20 nm can be clearly observed in the Figure 6.6b. These
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small Co(OH)2 clusters are uniformly dispersed on the surface of the CdS NWs.
Morphological changes of the as-prepared samples after the H2 production under
visible light irradiation were also observed by high resolution (HR)-TEM, of which
the typical HR-TEM images of Co6.5 and Co6.5* are shown in Figure 6.6c and
Figure 6.6d. The pendant-like Co(OH)2 clusters and CdS NW core/cobalt compound
shell can be observed obviously for Co6.5 and Co6.5*, respectively, which indicates
the effective morphological conversion from pendant-like Co(OH)2 cluster/CdS NWs
structure to CdS-core/Co-compound-shell NWs structure under visible light
irradiation.
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Figure 6.7 UV-vis diffuse reflectance spectra of the samples at ambient temperature:
(a) Co(OH)2 modified CdS NW samples with different ratios, (b) bare CdS NWs (C0),
bare Co(OH)2(CO100) and Co(OH)2 modified CdS NWs before (Co6.5) and after
(Co6.5*) H2 production process. Insert pictures: color of Co6.5 (left) and Co6.5*
(right).
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6.4.2 UV-Vis diffuse reflection spectra
Figure 6.7a shows the UV-visible diffuse reflectance spectra of the bare CdS and
Co(OH)2 modified CdS NWs for photocatalysis. A significant increase in the
absorption at wavelengths shorter than 520 nm can be assigned to the intrinsic band
gap absorption of CdS. 99,42 And a comparison of the UV-vis spectra of all Co(OH)2CdS NWs samples (Co0.5, Co4.8, Co6.5, Co9.1) with that of pure CdS NWs (Co0)
shows an enhanced absorption in the visible-light region (520–900nm), which can be
ascribed to the absorption of Co(OH)2 in the region (520–900 nm).103 As shown in
Figure 6.7a, such an absorption was gradually strengthened by the increasing
Co(OH)2 amount. It should be noted that Co(OH)2 was not incorporated into the
lattice of CdS but deposited on the surface of CdS. Figure 6.7b shows the UV-visible
diffuse reflectance spectra of bare CdS NWs, bare Co(OH)2 and Co(OH)2 modified
CdS NWs before and after H2 production process. A comparison of the UV-visible
spectra of Co6.5 and Co6.5* shows a clearly change in the visible-light region (520–
900 nm). This can be easily attributed to the generation of Co+ ion via Co(OH)2
reduction under the visible light irradiation.

89, 103

And the obvious color change is

consistent with the outward appearance of the sample Co6.5 and Co6.5* (see insert
picture of Figure 6.7b).

227

Volume Absorbed (cm3 STP/g)

200
Co0
Co6.5

160

120

80

1

10

100

Pore Meter (nm)

40

0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (P1/P0)
Figure 6.8 Nitrogen adsorption–desorption isotherms and corresponding pore-size
distribution curves (inset) of C0 and C6.5 samples.

6.4.3 BET surface areas and pore size distributions
Figure 6.8 shows the nitrogen adsorption-desorption isotherms and corresponding
pore size distribution curves (inset) of the Co0 and Co6.5 samples. The two samples
have isotherms of type IV according to the Brunauer–Deming–Deming–Teller
(BDDT) classification104 and the hysteresis loops of type H3 outspread at a relative
pressure range of 0.8–1, indicating the existence of meso-pores about 2–50 nm.
Moreover, the observed hysteresis loops approach P/P0 = 1, indicating the presence
of macropores (>50 nm).90, 105 The pore size distributions (inset in Figure 6.8) further
demonstrate a wide distribution range from 2 to 150 nm for Co0. As to the TEM
images shown in Figure 6.6, the CdS NWs cross and overlap each other to form a
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network structure, resulting in numerous meso- and macropores, which are beneficial
for enhancing the transportation of reactants and products. Table 6.1 lists the BET
surface area and pore volume of the different samples. Both BET surface area and
pore volume progressively decrease with the increasing amount of Co(OH)2. This can
be explained that the accumulated Co(OH)2 clusters may continually deposit on the
surface of CdS NWs or partly embedded in the pores, thus reducing the specific
surface area and pore volume.
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Figure 6.9 The high-resolution (HR)-XPS spectra of Co 2p of the as-prepared
samples: (a) the Co(OH)2 modified CdS NWs (Co6.5), (b) the Co(OH)2 modified
CdS NWs after induction period (Co6.5*).
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6.4.4 XPS analysis
The chemical composition of the prepared samples and the chemical status of Co
element in the samples have been analyzed by XPS analysis. The XPS survey
spectrum of Co6.5 indicates that Cd, S, O, Co and C elements are observed, and the
corresponding photoelectron peaks appear respectively at binding energies of 405
(Cd3d), 162 (S2p), 531 (O1S), 781 (Co2P) and 285 eV (C1s). The atomic ratio of S
to Cd is about 1:1, which is in good accordance with the nominal atomic composition
of CdS. The Co and O peaks mainly come from Co(OH)2. The C element is visible
due to the residual carbon from the sample and adventitious hydrocarbon present in
the XPS instrument itself. Figure 6.9b shows a comparison of the high-resolution
XPS spectra of the Co2p peak of sample Co6.5 before and after the H2 production
under visible light irradiation (425nm) for 30-60 min. Before the reaction, the
detected binding energies (BEs) of Co 2p1/2 and Co 2p3/2 are 797 and 781 eV,
separately, corresponding to the major BEs of Co2+ in Co(OH)2.103, 106-107 After the
induction of H2 production, the Co XPS spectrum exhibits an obvious change. The
BEs of Co 2p1/2 and Co 2p3/2 shift to broad peaks about 777-782 and 793-798 eV,
respectively. The obvious shift of peaks indicating the formation of low value state
compounds due to the decomposition of Co(OH)2.89

6.4.5 Photocatalytic activity
The photocatalytic H2-production activities of the Co(OH)2 modified CdS NWs and
pristine CdS NWs (i.e., Co0) in 30% tri(2-hydroxyethyl) amine aqueous solution
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under (λ ≥ 420 nm) visible-light irradiation are compared in Figure 6.10a. CdS alone
shows low photocatalytic H2-production activity about 0.07 mmol h–1∙g–1 because of
the rapid recombination of photo-generated VB holes and CB electrons. Notably, the
activity of the Co0.5 sample is remarkably enhanced in the presence of a small
amount of Co(OH)2. The rate of hydrogen evolution over Co(OH)2 modified CdS
NWs samples increases with increasing content of Co(OH)2 from 0.5 to 6.5 mol%
and reaches a maximum H2-production rate as high as 14.43 mmol h–1∙g–1 with 6.09%
apparent quantum efficiency at 420 nm for the Co6.5 sample (Figure 6.10b). With
further increasing content of Co(OH)2, the activity decreases as a result of the
negative effects of Co(OH)2 at higher content. This is due to the combined effects of
the following several factors: (i) high loading content. of Co(OH)2 leads to a decrease
in the surface active sites of CdS; (ii) excess Co(OH)2 covered on the surface of CdS
may shield the incident light, thus preventing the generation of electrons from the
inside of CdS NWs; (iii) the increase of their particle size results in deterioration of
the catalytic properties of Co(OH)2 clusters or disappearance of the surface effect; (iv)
Co(OH)2 at high content may act as a charge recombination center, resulting in a
decrease in the photocatalytic activity. And the surface of CdS covered by excess
Co(OH)2 clusters will shield the incident light and high content of Co(OH)2 acting as
a charge recombination center may be the most influential reason for the activity
decrease with a further increase of the Co(OH)2 content. The appearance of a
maximum inactivity with an optimum loading amount of co-catalyst has also been
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Figure 6.10 (a) HPRs of Co0, Co0.5, Co4.8, Co6.5, Co9.1 and Co100 in aqueous
solution with 30% triethanolamine under irradiation of (λ ≥ 420 nm) visible light. (b)
Quantum efficiency of C0, C6.5 and 1 w% Pt-CdS under irradiation with wavelength
of 420 nm of 3W led lamp.
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Figure 6.11 The time courses of PC H2 production on the sample Co6.5 and the
pristine CdS NWs, the reaction mixture is bubbled with high purity nitrogen gas for
1 h every three hours to remove the inside H2.
232

Figure 6.12 Diagrammatic sketch for the charge excitation, separation and transfer
for Co(OH)2 modified CdS NWs under irradiation of (λ≥420 nm) visible light.

proved by the previous studies.59, 100, 108-113 In addition, no hydrogen can be detected
when Co(OH)2 alone is used as the catalyst, suggesting that pure Co(OH)2 is not
active for photocatalytic H2-production under the experimental conditions studied.
It has been reported that noble metals such as Pt, Pd, Rh, Ru and Au can
significantly promote the rate of H2 evolution for many photocatalysts.114-115 These
noble metal co-catalysts could efficiently separate photo generated electrons and
holes, and function as an active site for H2 or O2 generation. For comparison, the Pt
loaded CdS wire sample was also prepared by the light reduction method using
H2PtCl6 solution. Under visible light irradiation, CdS NRs loaded with the optimal 1
wt% Pt as a co-catalyst could significantly enhance the photocatalytic activity, while
its H2-production rate obtained under the same condition is 4.68 mmol h–1∙g–1 with
2.29 % apparent quantum efficiency at 420 nm, which is still much lower than that of
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C6.5. Furthermore, as shown in Figure 6.11, the C6.5 sample has obvious induction
period at the initial 1 hour and then exhibits good H2-evolutional stability after
photocatalytic reaction for 12h. The result indicates Co(OH)2 is very effective cocatalyst for CdS and the modification not only improve the H2 production rate but
also prevent the further light corrosion of CdS by forming CdS-core/Co(OH)2-shell
protective structure.

Current density (A/cm2)

-30.0μ

Co6.5*

-25.0μ
-20.0μ
-15.0μ
-10.0μ

Co0

-5.0μ

Co6.5
0.0
0

50

100

150

200

250

Irradiation Time (s)

Figure 6.13 The transient photo-current response of the as-prepared samples: Co0,
Co6.5, and Co6.5* in aqueous solution with 10% Na2SO4 under irradiation of visiblelight (λ=450nm) LED at 0.5 V vs. Ag/AgCl.

From what has been observed and discussed above, we can obtain several
important conclusions: (1) The CdS without Co(OH)2 modification is low active for
photocatalytic H2 production, though the conduction band edge of CdS is more
negative than reduction potential of H2 from H+. (2) After Co(OH)2 modification, the
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photocatalytic activity of samples was greatly enhanced. (3) The amount of Co(OH)2
cluster has notable influences on H2 production activity of CdS NWs. According to
above results, rational mechanisms are proposed and shown in Figure 6.12. The
photocatalytic activity of H2 production is very low on pristine CdS NWs without
Co(OH)2 modification due to the rapid recombination of photo-generated VB holes
and conduction band (CB) electrons as well as the presence of a large over-potential
for H2 production, though the CB edge of CdS is more negative than the potential to
reduce H2 from H+. Once CdS NWs was modified by Co(OH)2, under visible light
irradiation, the VB electrons of CdS are excited to CB. Because the reduction
potential of cobalt atom (Co) from divalent cobalt ion (Co2+) (-0.28 V vs SHE, pH =
0) is smaller than CB edge of CdS (-0.7 V), and then the photo-generated electrons in
CB of CdS can effective dissociation, transfer to clusters of Co(OH)2 and then
reduction of Co atoms or Co+ from divalent cobalt ion (Co2+), finally forming
multivalent cobalt-base mixture clusters.89, 116-117 These Co-compounds clusters can
act as co-catalyst to promote the separation and transfer of photo-generated electrons
from CB of CdS to the Co+/Co cluster, where H+ is reduced to hydrogen molecules.
Therefore, it is not surprising that high photocatalytic H2 production activity is
achieved over CdS samples as a result of surface Co(OH)2 modification. When R is
lower than 6.5, an increase in the Co(OH)2 loading increases the number of deposited
Co(OH)2 clusters on the CdS surface, which results in an increase in the
photocatalytic activity. On the contrary, when R is higher than 6.5, a further increase
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in the Co(OH)2 loading causes large grains of Co(OH)2 clusters. These large grains
can eliminate or reduce the surface effects and decrease the photocatalytic activity.
To provide additional evidence for the above suggested photocatalytic
mechanism, the transient photocurrent responses of samples Co0, Co6.5 and Co6.5*
electrodes are calendared for on–off cycles under (λ=450nm) visible-light irradiation.
The curves can be found in Figure 6.13. Under the visible-light illumination, an
apparent photocurrent response appears for all three samples. As soon as the
irradiation of light is turned off, the photocurrent value gradually decreases to zero
and the photocurrent returns back to a constant value when the light is again turned
on, which indicates a good reproducibility of all three samples. Furthermore, these
results suggested that most photo-generated electrons are transported to the back
contact across the samples to produce photocurrent under visible-light irradiation.101
Moreover, Co0 and Co6.5* show higher photocurrent intensities than that of the
Co6.5 sample. It is no strange that the Co6.5 the lowest photocurrent intensity
because exist of light reduction process of Co(OH)2under visible light irradiation
which will hinder the electron transports to the back contact. Especially, the Co6.5*
sample exhibits the highest photocurrent response in all three samples. According to
the previous reports, the photocurrent is mainly depended on the separation efficiency
of photo-generated electron–hole pairs inside the photo electrode: holes transfer at
the photo-catalyst /electrolyte interface, while the electrons are transported to the
back contact.118-119 Therefore, a higher photocurrent response suggests a lower
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electron–hole recombination. In this sense, the results furthermore confirm that it is
the Co6.5* rather than Co6.5 sample exhibits improved inhibition of the
recombination of photoinduced electron–hole pairs, which in turn results in the
highest photocurrent response and the photocatalytic H2 production rate.

6.5 Conclusions
In this contribution, we have successfully synthesized self-assembly core/shell type
Co-compound/CdS NWs via light reduction of pendant-like Co(OH)2cluste/CdS
NWs precursor under visible light irradiation. The cheap and easy incorporation of
Co(OH)2 modified strategy significantly enhances the H2 production rate and
restrains the recombination rate of the interface charge carriers of CdS-based catalyst.
The optimum H2 production rate reaches 14.43 mmol·h−1·g−1 under (λ ≥ 420 nm)
visible light irradiation, which is 206 and 3 times larger than that of the pristine CdS
NWs and 1 wt% Pt-CdS NWs, respectively. And the morphological and structural
engineering can improve the texture, electrical, and optical properties of hybridized
nanomaterials for production of hydrogen molecules from splitting-water and provide
strategy for designing novel core/shell structural materials by incorporating different
available materials with Co(OH)2. Thus, it is essential to extend their functions to
wide applications, including CO2 reduction, pollutant disintegration, and
photocatalytic organics synthesis.
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Chapter 7 Characterization and Conclusions
7.1 Experimental Section
Materials preparation. All the chemicals are analytical grade and commercially
available. All the organic solvents were dried before use according to the standard
procedures. The intermediates FP-Br in Chapter 2, Di-alkylthio-substituted BDT and
Di-alkyloxy-substituted BDT in Chapter 4 were prepared according to similar
methods previously.1-3 The characterization spectra of these targeting molecules were
provided in Figure 7.1 – Figure 7.32.
Preparation of thin-films. Solvent-casting was performed by dropping the sample
solution (10 µM) to a quartz substrate (2.5 mm × 12.5 mm × 45 mm) placed
horizontally. Spin-coating film was prepared by spinning the sample in chloroform
or chlorobenzene (3 M) on a quartz substrate (2.5 mm × 12.5 mm × 45 mm) or a
silicon wafer substrate at 3000 rpm in counter-clockwise direction.
Device Fabrication of BHJ OSCs. Solution-processed bulk-heterojunction solar
cells were fabricated as described below. Indium tin oxide (ITO) coated glass
substrates were cleaned prior to device fabrication by sonication in acetone, detergent,
distilled water, and isopropyl alcohol. After treated with an oxygen plasma for 5 min,
40

nm

thick

poly(styrenesulfonate)-doped

poly(3,4-ethylenedioxythiophene)

(PEDOT: PSS) (Bayer Baytron 4083) layer was spin-coated on the ITO-coated glass
substrates at 2500 rpm for 30s, the substrates were subsequently dried at 150 ℃ for
10 min in air and then transferred to a N2-glovebox. The active layers were spun from
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solution of donor material:PC71BM at weight ratio of 1:1.2 with an overall
concentration of 20 mg/mL in chlorobenzene. The preparing process was operated at
1000 rpm for 60 s. And then the active layer was placed on heating plate at 100 ̊C for
5 min for thermal annealing (TA) or placed in a glass petri dish containing 4.0 mL
THF for 0 or 20 s for solvent vapor annealing (SVA). The thicknesses of active layers
were measured by a profilometer and the films’ thickness are approximately 90 nm.
Finally, Al (~80 nm) was evaporated with a shadow mask as the top electrode. The
effective area was measured to be 16 mm2.
Space-charge-limited current (SCLC) mobility measurement. These hole- and
electron-only devices were fabricated with the configurations of ITO/ZnO/Active
layer/LiF/Al and ITO/PEDOT/Active layer/MoO3/Al, respectively. The carrier
mobility was measured using the SCLC model at low voltage, which is described by
Equation (1):
8

𝑉2

J = (9) ε𝑟 ε0 μ( 𝐿3 )

(1)

where εr is the dielectric constant (assumed to be 3), ε0 is the permittivity of free space
(8.85 × 10−12 F∙m−1); μ is the electron mobility of the charge carrier; V is voltage drop
across the device, which obtained by the applied voltage minus a built-in voltage of
~0.1 V; L (≈100 nm) is the thickness of the active layer.
Computational Calculation4. The theoretical calculations of Por-P, Por-F, BPorP, Por-FP, Por-TR, Por-C6TR, Por-FR, Por-TzR, Por-S and Por-C were
calculated using density functional theory (DFT) and time dependant (TD)-DFT at
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B3LYP/6-31G(d) using Gaussian 09 Rev D.01.4 The theoretical calculations of PorBR, Por-BRC, SPor-SBR, Por-BTR, MPor1 and MPor2 were run by the same
method except the B3LYP/GENECP (Zn with Lanl2dz basis set and C, H, N, O and
S with 6-31G(d) basic set) level insteaded of the 6-31G(d) set. For simplicity of
calculation, ethyl or 3-ethylpentane were used as the side-chain substituent.5 And 20
excited states were assumed to calculate the computational spectra of molecules using
time-dependent (TD)-DFT at the same level.
Characterization. 1H NMR was recorded on spectrometer operating at 400 MHz.
UV-vis spectrum was performed using a Cary UV-300 spectrophotometer (agilent
technologies, USA). The excitation and fluorescence spectrum were performed using
a LS55B spectrophotometer (PerkinElmer, USA). Circular Dichroism (CD) was
performed via fast modular UV-Vis Spectrometer/Polarimeter (MOS-450AF/AF-CD,
Kromatek) in the transmission mode. The cyclic voltammetry (CV) of sample films
was examined using a CHI-600E electrochemical workstation (CH Instrument, USA)
and operated at a scan rate of 50 mV·s−1; The solvent used was anhydrous acetonitrile
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the
supporting electrolyte. Three-electrode cell consists of a platinum wire as auxiliary
electrode, an Ag/AgCl reference electrode and a glassy carbon working electrode.
The ferrocene/ferrocenium ion (Fc/Fc+) pair was used as the internal standard. The
high-resolution mass spectra were characterized from a Bruker Autoflex MALDITOF
mass spectrometer mass spectrometer in positive ion mode. Scanning electron
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microscopy (SEM) observations of sample-film with adequate sputtering gold
thickness were operated on a LEO 1530 field emission scanning electron microscope,
operated at 20 kV. The photovoltaic performance of the devices was measured with
a computer-programmed Keithley 2400 source/meter and a Newport's Oriel class A
solar simulator, which simulated the AM1.5 sunlight with an energy density of
100 mW cm−2 and was certified to the JIS C 8912 standard. External quantum
efficiency (EQE) were measured with a 300 W Xenon Lamp (Oriel 6258) as the light
source and a Cornerstone 260 Oriel 74125 monochromator with a resolution of 10
nm. The light intensity was calibrated with a NREL-recommended Si detector (Oriel
71030NS), and the short-circuit currents were determined with an Oriel 70310 optical
power meter. Atomic force microscopic (AFM) images were acquired using a Veeco
Nano Scope IV Multi-Mode AFM system with the tapping mode. Time resolved
fluorescence decay dynamics were measured by confocal optical microscopy
(Nanofinder FLEX2. Tokyo Instruments, Inc.) Combined with TCSPC module
(Becker & Hickl, SPC-150). Grazing incidence x-ray diffraction (GIWAXS) was
performed at BL16B1 beamline of Shanghai Synchrotron Radiation Facility. The
sample-to-detector distance is 200 mm and the wavelength of incident X-ray is 0.124
nm. The incidence angle of X ray is 0.10°. Then the data were collected by a
mar165CCD. The samples used for GIWAXS measurements were prepared by spincoating the blend solutions onto Si wafers.
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7.2 Characterization of Targeting Molecules

Figure 7.1 1H NMR of Por-P.

Figure 7.2 MALDI-TOF-MS of Por-P.
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Figure 7.3 1HNMR of Por-F.

Figure 7.4 MALDI-TOF-MS of Por-F.
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Figure 7.5 1HNMR of BPor-P.

Figure 7.6 MALDI-TOF-MS of BPor-P.
249

Figure 7.7 1HNMR of Por-FP.

Figure 7.8 MALDI-TOF-MS of Por-FP.
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Figure 7.9 1HNMR of BPor-TR.

Figure 7.10 MALDI-TOF-MS of BPor-TR.
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Figure 7.11 1HNMR of BPor-C6TR.

Figure 7.12 MALDI-TOF-MS of BPor-C6TR.
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Figure 7.13 1HNMR of BPor-FR.

Figure 7.14 MALDI-TOF-MS of BPor-FR.
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Figure 7.15 1HNMR of BPor-TzR.

Figure 7.16 MALDI-TOF-MS of BPor-TzR.
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Figure 7.17 1H NMR of molecule Por-S

Figure 7.18 MALDI-TOF-MS spectrum of molecule Por-S
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Figure 7.19 1H NMR of molecule Por-C.

Figure 7.20 MALDI-TOF-MS spectrum of molecule Por-C
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Figure 7.21 1H NMR of molecule Por-BR.

Figure 7.22 MALDI-TOF-MS spectrum of molecule.
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Figure 7.23 1H NMR of molecule Por-BRC.

Figure 7.24 MALDI-TOF-MS spectrum of molecule Por-BRC.
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Figure 7.25 1H NMR of molecule SPor-SBR.

Figure 7.26 MALDI-TOF-MS spectrum of molecule SPor-SBR.
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Figure 7.27 1H NMR of molecule Por-BTR.

Figure 7.28 MALDI-TOF-MS spectrum of molecule Por-BTR.
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Figure 7.29 1H NMR of molecule MPor1.

Figure 7.30 MALDI-TOF-MS spectrum of molecule MPor1.
261

Figure 7.31 1H NMR of molecule MPor2.

Figure 7.32 MALDI-TOF-MS spectrum of molecule MPor2.

262

7.3 Conclusions and Prospect
In this thesis, continuously molecular engineering on A-D-A type porphyrin
small molecules with optimal spectral absorption and self-assembly properites led to
improved photovoltaic performances using them as donors and PC71BM as acceptor
in BHJ OSCs.
In Chapter 2, two sets of porphyrin molecules G1 and G2 were prepapred and the
correlation between their molecular structure and spectral as well as self-assembled
properties were studied by both theoretical calculation and experimental
characterization. In G1, it was demonstrated that the stronger electron-deficient
capping units delocalized the virtual (unoccupied) molecular orbital distributions and
electron-donating capping unit then delocalized the occupied molecular orbital
distributions. In addition, the strong electron-deficient capping units resulted in a
planar molecular geometry of porphyrin molecule with a tendency of H-aggregates.
The OFETs using the porphyrin molecule with H-aggregates tendency exhibited a
performance with a mobility of 0.012 cm2·V−1·s−1, a on/off ratio of 105, and Vth of –
6.9 V, which is the optimal performance among the performances of OFETs with
these molecules as channel material. For G2, the effects of π-bridges in A-π-Por-π-A
porphyrin molecules on their spectral and self-assembly properties are both
theoretical and experimental investigated. Their spectral properties indicate the strong
push-pull interactions between electron-donating porphyrin and electron-deficient
capping unit led to delocalized frontier molecular orbital distributions and the π263

bridges of thiophene, 3-hexylthiophene, furan and thiazole can effective tune their
energy levels, band gaps and self-assembly properties. GIWAXS were recorded at
the BL16B1 beamline of the Shanghai Synchrotron Radiation Facility (SSRF) to
confirm their “edge-on” configurations in neat film and blend-film with PC71BM.
And the BPor-FR shows the most optimized morphology with TA and SVA
processes. These results indicate the spectral and self-assembly properties of A-πPor-π-A porphyrin molecules could be controlled by various linker units and hence
they are very promising for highly efficient photovoltaic applications.
In Chapter 3, molecular engineering on the nanoaggregates were performed by
alkylthio- and alkyl-substituted phenylene ethynylene bridged A-π-Por-π-A type
porphyrin molecules Por-S and Por-C. Nanoaggregates can be formed from both
solvent-casting and spin-coating of the Por-S and Por-C solution, respectively, due
to their strong self-assembly capability of Por-S than Por-C. In contrast, their UVVis, photoluminescence (PL) and circular dichroism (CD) spectral properties show
alkylthio-substituted phenylene ethynylene can arise more regular nanoaggregates of
Por-S than alkyl-substituted phenylene ethynylene for Por-C in both neat film or
blending with fullerenes due to the chiral molecular arrangement and S-S interaction.
And An optimal PCE of 8.04 % with VOC of 0.914 V, JSC of 13.19 mA·cm−2, and FF
of 66.7 % was achieved in conventional BHJ OSCs using Por-S as donor material
and PC71BM as acceptor material. The performance overwhelmed that from Por-C
in the same structural devices. This study showed the possibility of nanoaggregates
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engineering of self-assembled porphyrin molecules to tune the microstructure of
active layer in highly efficient BHJ OSCs.
In Chapter 4, new BDT-π-bridged A-π-Por-π-A porphyrin molecules (Por-BR,
Por-BRC and SPor-SBR, Por-BTR) were synthesized and fully characterized
towards photovoltaic applications. Their UV-Vis absorption spectra showed that the
BDT π-bridged porphyrin molecule have obviously absorption in the green light
region. Both theoretical and experimental characterizations elucidated the
complemental absorption arised from the contribution of BDT π-bridges and electrondeficient capping units. An optimal PCE of 7.92 % with VOC of 0.864 V, JSC of 14.30
mA·cm-1, and FF of 64.2 % was achieved for Por-BR, and a PCE of 7.66 % with VOC
of 0.861 V, JSC of 14.10 mA·cm-1, and FF of 63.0 % for Por-BRC, indicating the
promising application of BDT-bridged porphyrin molecules for broad spectral
response BHJ OSCs. Atomic force microscope (AFM) and GIWAXS were carried
out at the BL16B1 beamline of the Shanghai Synchrotron Radiation Facility (SSRF),
which confirmed the highly crystal structure and molecular orientation in their neat
films and blend-films with PC71BM.
In chapter 5, medium-sized porphyrin molecules MPor1 and MPor2 have been
designed and synthesized, in which terthiophenes (TT) were symmetrically were
conjugated with BDT as π-linker, then endcapped with 3-ethylrhodanine and 2-(1,1dicyanomethylene)-3-ethyl-rhodanine

(RC),

repectively.

Their

theoretical,

experimental spectral properties and electrochemical studies indicate the two
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medium-sized porphyrin molecules had full absorption spectra in the UV-Visible
region due to the molecular aggregates and controllable HOMO/LUMO energy levels
with low band gap of 1.59-1.61 eV for photovoltaic applications. AFM and GIWAXS
analysis demonstrated that MPor2 with 2-(1,1-dicyanomethylene)-3-ethylrhodanine
ending group had better crystallinity, while MPor1 showed both better crystallinity
and film-quality in its blend films. As a result, solution-processed BHJ OSCs based
on MPor1/PC71BM blend film in conventional structure exhibited the optimal PCE
up to 8.59 % with VOC of 0.866 V, JSC of 14.91 mA·cm-1, and FF of 66.5 %. The high
performances of BHJ OSCs indicated medium sized A-D-A type porphyrin molecules
could break through the intrinsic absorption weakness between Soret and Q bands of
porphyrin drivatives.
Besides, photocatalysis is also an ideal technology for conversion of solar energy.
In chapter 6, we developed Co(OH)2 modified CdS nanowires as new visible light
driven photocatalyst for H2 production. They were prepared by simple chemical
deposition and the highest hydrogen production rate of 14.43 mmol·h-1·g-1 have been
obtained under visible light irradiation at an optimized amount of 6.5 % Co(OH)2 to
CdS nanowires with triethanolamine as sacrificial agent. The high performance
demonstrated the Co(OH)2 could be alternative of noble metal Pt for high efficient
photocatalytic applications.
The main achievement of these this thesis clearly showed the essential roles of
spectral and self-assembly properties of porphyrin molecules towards efficient
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organic electronics. In the future, we will continue on structural engineering of those
developed A-π-Por-π-A type porphyrins and device optimization to achieve better
performances with PCEs higher than 14%.
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