
ABSTRACT 

HUSSAIN, MAQBOOL. Tuning Ground and Excited States Oxidation Potentials of Novel 
Ru (II) Polypyridyl Complexes for High Efficiency Dye-sensitized Solar Cells. (Under the 
direction of Dr. Ahmed El-Shafei.) 

 

Dye-sensitized solar cells (DSSCs) are a potential alternative to traditional silicon 

solar cells because of their cost-effective solar-to-power conversion and wide arrays of 

practical applications. DSSCs based on polypyridyl Ru (II) complexes have attracted strong 

attention due to their unique photophysical and electrochemical properties. N719 is the most 

commonly used polypyridyl Ru (II) complex and is considered the benchmark dye for 

DSSCs. However, its hydrophilic nature, low molar absorptivity and low long-term device 

stability, due to the labile isothiocyanate (NCS), are properties that need improvements. 

Further advancement of Ru (II) complexes, however, requires deeper understanding of 

electronic, kinetic and thermodynamic properties of sensitizers at the molecular level. With 

this in mind, this research effort is devoted to the design, synthesis and characterizations of 

nine novel bipyridyl Ru (II) complexes for DSSCs. These Ru (II) complexes are based on 

novel ancillary bidentate ligands functionalized from 4,4'-dimethyl-2,2'-bipyridyl using the 

Knoevenagel reaction. The new heterocyclic ancillary ligands were engineered with strong 

electron donating groups coupled with an extended π-conjugated system to study the 

influence of different homo and heterocyclic electron donors on the interrelationship among 

the photophysical, electrochemical and photovoltaic properties of DSSCs. Incorporation of 

strong electron donating groups and extending the conjugations on the bipyridyl moiety 

furnished efficient light harvesting properties and a bathochromic shift in the UV-Vis spectra  

compared to N719. This was attributed to electron donor destabilization of the HOMO of Ru, 



leading to a smaller HOMO-LUMO energy gap, smaller zero-zero electronic excitation 

energy (E0-0), and hence better light harvesting properties. Furthermore, these new ancillary 

ligands were also engineered so that their LUMOs lie above the conduction band edge of 

TiO2, to maintain thermodynamically favorable electron injection from the excited states, and 

their HOMOs lie below the redox potential of the electrolyte to maintain thermodynamically 

favorable dye regeneration.  

Complexes MH06 and MH11 were molecularly engineered with strong electron donating 

group coupled with   extended   π-conjugated system. In an effort to understand their 

photovoltaic and photoelectrochemical properties, ground and excited state oxidation 

potentials and UV-Vis absorption properties were investigated. The UV-Vis results showed 

intense MLCT absorption peaks of MH06 and MH11 in the visible region with red shift of 12 

and 18nm, respectively, with significantly higher molar extension coefficient compared to 

N719. Tetrabutylammonium (TBA) substituted MH11-TBA demonstrated the most efficient 

IPCE over 90% in the plateau region covering the entire visible spectrum and extended into 

the near IR region (ca. 890 nm), which showed a solar-to-power conversion yield () of 

10.06%, significantly higher than that of benchmark N719-dye (9.32%). The superior 

performance of the IPCE and Jsc of MH11 can be attributed to the bulky and highly 

hydrophobic nature of the pyrene-based ancillary ligand, which behaves as a shielding barrier 

for hole-transport recombination between TiO2 and electrolyte.  

Complexes, MH01, MH03, and MH05, with oxygen-containing-electron-donor 

stilbazole-based ancillary ligands were synthesized to study the influence of cyclic-electron-

donor (MH01), presence of freely rotating electron-donor auxochromes (MH03) ortho to the 



CH=CH bridge of stilbazole, and presence of only acyclic electron-donor methoxy (MH05) 

on structure-property relationship and photovoltaic performance for DSSCs. The highest 

photocurrent density (JSC) was observed for the longest interatomic distance between the 

CH=CH bridge of stilbazole moiety and cyclic-electron-donor auxochrome (MH01). It was 

also shown that while incorporation of a freely-rotating (acyclic) electron-donor auxochrome 

ortho to the CH=CH (MH03) has little effect on the ground and excited state oxidation 

potentials, max of the low energy MLCT, and molar absorptivity, the lowest photovoltage 

was observed. When compared under the same experimental device conditions using 0.3M   

tert-butylpyridine (TBP) only MH01-TBA achieved 18% more in JSC and 8.6% higher in  

than the reference dye N719. 
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1. INTRODUCTION 

1. 1. Introduction to Dye-sensitized Solar Cells 

Today human society is facing enormous pressure because of increasing energy 

demand and depletion of energy resources.  Also, emissions from burning fossil fuels 

contributing to global warming and air pollution that affecting human life with chronic 

illnesses. Therefore, alternative sustainable and renewable energy sources are vital to fulfill 

the increasing global energy demand. Among renewable sources, solar energy is abundant 

and freely available with sunlight supplied directly to planet Earth. The amount of solar 

energy  reaching  the  Earth’s  surface  is  3  X  1024 Joules per year, covering only 0.13% of the 

Earth surface with solar cells that have an efficiency of about 10% could be enough to meet 

the present global energy needs.1 In addition, solar energy is environmentally friendly, 

abundant, and exploitable. It is ideal for remote and mobile applications, which can be 

produced and handled locally or individually instead of producing them only at a centralized 

energy system through a corporate or a state entity.  Rapid advancement of photovoltaic 

technologies is hope and potentials breakthroughs in the field of green energy. Among 

photovoltaic technologies, dye-sensitized solar cells (DSSCs) are emerging as a promising 

solar technology based on low-cost materials. 

In 1976, a new approach to photovoltaic energy conversion by dye-sensitization was reported 

by Tributschn, who demonstrated a solar-to-power conversion efficiency of 1.5% using Rose 

Bengal as a dye-sensitizer and zinc oxide (ZnO2) as a semiconductor.2 Nearly two decades 

later (1991), O'Regan and Graetzel achieved a remarkable efficiency of 7.9% using Ru (II) 
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bipyridyl complex (N3) as a sensitizer and TiO2 as a semiconductor.3 To date, the maximum 

efficiency achieved of DSSCs has been 12.3% by co-sensitization of an organic (Y123) and a 

phorpherene complex (YD2-o-C8), using Co(II/III)tris(bipyridyl) based redox electrolyte, 4 

which is about half the 15% to 20% module efficiencies of silicon-cells 5  and comparable to 

thin-film technologies with module efficiencies of 10–12.5%.4 Overall, the DSSCs currently 

stand out as economical and the most efficient among the third generation solar 

technologies.6 However, in order to compete over the photovoltaic and fossil fuel market, it 

is important to further improve the solar-to-power efficiency of these devices beyond the 

current benchmark of 12.1%.7  

 

1.2. Components of Dye-sensitized Solar Cells 

DSSCs are composed of five main components including a dye-sensitizer, an 

electrolyte, a semiconductor (e.g., TiO2, ZnO), a counter electrode, and conducting glass. The 

device is prepared by sandwich arrangement of two transparent conducting electrodes. The 

transparent conducting glass (TCG) is normally fluorine doped tin oxide (TTO: F-SnO2) 

because of its reasonable conductivity and stability.8-9 The top of the TCG layer, a thin 

porous layer (~ 20 nm), is coated with a semiconductor oxide (TiO2/ ZnO2) paste with a 

particle size of 10-15  μm  (thick)  forming  a  highly  porous  layer  using  screen  printing/  doctor  

blading.10 A sufficient amount of dye-sensitizer loading is achieved with a surface area 1000 

times  larger  than  the  electrode’s  actual  area.  The  plate is immersed in a sensitizer solution to 

allow covalent bonding between the TiO2 and the dye-sensitizer molecule. The top of the 
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TCG is coated with finely deposited platinum, forming a counter electrode.   Both conducting 

electrodes are joined together to form a cell. The inter-layer space is then filled with a redox 

electrolyte solution to form a contact between the dye-sensitizer molecule and platinum (Pt) 

coated counter electrode. Typically the redox electrolyte is a mixture of iodine and iodide in 

an organic solvent acting as a mediator. Finally, both electrodes are sealed together with a 

sealant in order to prevent the evaporation of the solvent.  

The DSSCs function by converting solar photons into usable energy through 

photoelectrochemical process. This occurs as photons interact with dye molecules and 

produce electrons in the excited energy state.  On exposure to sunlight, the solar cell starts to 

work with the ultrafast injection of electrons from the excited state of the dye-sensitizer to 

the conduction band of semiconductor oxide. This electron is further transported to the outer 

circuit where it attracted towards counter electrode that ultimately generates electrical 

current. Same time, the iodide/triiodide electrolyte acts as a redox species by regenerating the 

dye via electron transfer and subsequent reduction at the counter electrode. A schematic 

diagram of a dye-sensitization process, components and current flow in solar cell is shown in    

Figure 1-1. 

 

http://en.wikipedia.org/wiki/Platinum
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Figure 1-1. A schematic diagram of photo-induced metal-to-ligand charge transfer (MLCT) transition 
and current flow in DSSCs by using MH01 and (I-/I-

3) electrolyte. 
 

1.3. Dye-sensitizers 

Dye-sensitizers are one of the most important components in DSSCs. A dye-sensitizer is 

typically an organometallic or an organic molecule that harvests solar photons and converts 

them into a current. Its redox chemistry, photochemical, photophysical, and molecular 

electronic properties play an important role in the electron transfer process and absorption of 

the solar spectrum at the semiconductor interface.  Currently, the most popular dye-

sensitizers are polypyridyl complexes of ruthenium (II), which consists of a central 

ruthenium (II) with ancillary ligands having at least one anchoring group and a light 

harvesting group.  During photo-excitation of the dye-sensitizer, an electron transfer takes 

place from the metal to the *-orbital, which is typically located on the ligand carrying the 
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anchoring group, then the electron is injected from the excited state of the dye-sensitizer into 

the conduction bend (CB) edge of TiO2 on the femto-to-picoseconds time scale. 11  

The best performing DSSCs, both in terms of overall conversion efficiency and stability, 

were shown by Ru (II) polypyridyl complexes.12-14 Most Ruthenium (II) polypyridyl 

complexes are characterized by strong metal-to-ligand charge transfer (MLCT) properties in 

the visible region between 400 nm to 600 nm, thermodynamically favorable ground and 

excited states potentials, and long excited state life times.15 Ru (II) polypyridyl complexes 

have been employed for different applications because of their long excited state life time, 

e.g., chemiluminescence 16, optical sensors 17 , light-emitting diodes 18, photoelectrochemical 

cells 19 , and currently extensively used in DSSCs. 

 

1.4. Dye-sensitizers Requirements 

An ideal dye-sensitizer for DSSCs should fulfill the following essential requirements: 

1) The dye-sensitizer should show strong light harvesting efficiency capabilities through the 

whole visible range, including the red region, and extend up to the NIR region of the solar 

spectrum.   

2) It must contain anchoring groups (-COOH, -H2PO3, -SO3H, -OH, etc.) to firmly bond the 

dye-sensitizer onto the semiconductor oxide surface, and to ensure strong electronic coupling 

between the dye-sensitizer and CB of TiO2.  

3) Upon photo-excitation, it should inject electrons into the semiconductor oxide with a 

quantum yield of one-photon giving one-electron.  
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4) The energy level of the excited state of the dye sensitizer should lay above the edge of CB 

of the semiconductor oxide in order to minimize energy loss during the charge transfer 

process in the DSSC. Since the charge transfer occurs from the excited state of the dye-

sensitizer, the excited state lifetime must be long enough to allow for electron injection into 

the semiconductor before relaxing back to the ground state.20 

5) The redox potential of the dye-sensitizer should be higher than that of the electrolyte/hole 

conductor in order to regenerate the dye-sensitizer via an electron donation from the 

electrolyte. In addition, both the oxidation and the reduction processes must be reversible and 

stable. 21  

6) It should be stable during both its ground and excited states towards light soaking stress. It 

must be inert to avoid the side reactions with the electrolyte in order to function properly for 

a period of at least 20 years without significant loss of performance.22 

Researchers have been attempting to identify and synthesize such dye-sensitizers that match 

these requirements. In this regard, many dye-sensitizers were developed and characterized 

for DSSCs, including metal complexes, porphyrins, phthalocyanines, perylene derivatives, 

and metal free organic sensitizers in the past two decades.23 However, to date, no dye-

sensitizer exists that fulfills all the above requirements. There are many problems associated 

with the current dye-sensitizers including low efficiency, low extension coefficient, low 

scalability and poor stability.  
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1.5. Molecular Engineering for Optimization of DSSCs 

1.5.1. Panchromatic Dye-sensitizers  

The energy distribution within the solar spectrum at air mass 1.5, hemispherical solar 

spectral irradiance typical of North American insulation is approximately 5% ultraviolet 

(300-400 nm), 43% visible (400-700 nm) and 52% near-infrared (700-2500 nm).24  

Therefore, an ideal sensitizer for a single junction photovoltaic cell should be panchromatic 

and absorb photons across the full solar spectrum especially from 400 nm to 920 nm to 

effectively convert sunlight to electricity. To accomplish better light harvesting from the 

visible to near-IR region by a monolayer of dye-sensitizer molecules, the dye-sensitizer 

should have a suitable chromophore that has high molar absorptivity in a wide range of solar 

spectrum.  

In 1991, O'Regan and Gräetzel introduced a sensitizer which consisted of cis-dithocyanato-

bis-2,2’-bispyridyl-4,4-dicarborylate ruthenium(II), and was designated the        “N3-sensitizer”  

(Figure 1-2),  Using the N3-sensitizer, they were able to achieve a remarkable solar-to-power 

conversion efficiency of 7.9% for the first time.25 Furthermore, formation of N719 on 

deprotonation of carboxylic protons of the N3-sensitizer (Figure 1-2) caused a considerable 

shift in oxidation and reduction potentials towards negative, and a significant increase in total 

conversion efficiency.26 It was suggested that the fully protonated sensitizer (N3) transfers 

most of its protons to the TiO2 surface, thus increasing the positive charge on the TiO2-

surface. The resulting high short-circuit photocurrent density (JSC) (19 mA/cm2) as compared 

to N719 (17 mA/cm2) increases electron injection. On the contrary, the open-circuit 
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photovoltage (Voc) decreases due to the positive shift of the TiO2-CB level because of surface 

protonation, hence the Voc of N3 (0.6 V) is significantly reduced over that of the doubly 

protonated N719 (0.73 V). After extensive study of the number of protons vs photovoltaic 

performance, they concluded that one protonated dye-sensitizer is ideal to achieve maximum 

photovoltaic performance of DSSCs as compared to multi protons. 26-27 The molecular 

structure of the sensitizers N3, N719, and black dye are shown in Figure 1-2. 

 

N
NHOOC

COOH

N
N

COOH

HOOC

Ru
NCS

NCS

 

N
NHOOC

COO- +N(C16H36)

N
N

COO- +N(C16H36)

HOOC

Ru
NCS

NCS

 

N
NHOOC

COO- +N(C16H36)

NCS

Ru
NCS

NCSN

(C16H36)N+ -OOC  

1(N3) 2 (N719) 3 (Black dye) 

 
Figure 1-2. The molecular structures of Ru (II) polypyridyl Dye-sensitizers 1-3. 
 

The N3-sensitizer was the benchmark for a decade. However, in 2001, Grätzel and 

Nazeeruddin reported a novel Ru (II) based on a terpyridyl dye-senitizers which was called 

“black  dye”  (Figure  1-2), which performed a record solar to power efficiency of 10.4% under 

one sun illumination.29 It was suggested that three thiocynonato (-N=C=S) and terpyridine 

tricarboxylic acid ligands imparted a significant red shift in the MLCT band due to the 

decrease in the * energy levels of terpyridine ligands, enabling the sensitizer to harvest 
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photons throughout the visible range up to the near infrared region of the solar spectrum,29 

thus the panchromatic sensitizer.   

Another approach to enhancing the light harvesting properties of ruthenium (II) polypyridyl 

dye-sensitizers is to increase the conjugation of the bipyridine ligand, modifying the lowest 

unoccupied molecular orbital (LUMO) of the sensitizer, and enhancing the absorption 

properties. In this regard, many sensitizers have been developed by replacing the carboxylic 

acid anchoring groups on one of the bipyridyl ligands with extended conjugated systems. In 

2004, P. Wang reported two conjugated polypyridyl sensitizers, Z-910 and K19 (Figure 1-3), 

which showed broader maxima at 410 nm and 543 nm with a 20nm red-shift and a 

significantly higher molar extension coefficient compared to standard N719. The extended 

conjugations increase the absorption properties and impart a red shift in the absorption 

spectrum due to the higher electron donating power of the extended ligand translating into 

improved photovoltaic performance of the solar cell. Both extended conjugated sensitizers Z-

910 and K19 exhibited a prominent light-to-power conversion efficiency of 10.2% and 7.0%, 

30 respectively. In addition, Z-910 showed an impressive thermal stability due to its long 

alkyl chain,31 the molecular structure of sensitizers Z-910 and K-19  shown in      Figure 1-3.  
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Figure 1-3. Molecular structures of Ru (II) polypyridyl dye-sensitizers 4-5. 
 

Yanagida and co-workers reported an extended conjugated 2-thiophen-2-yl-vinyl ruthenium 

complex named HRS-1, which showed a 30% higher molar extension coefficient and a 10nm 

red shift of its UV-Vis absorption spectrum with respect to the N719 sensitizer. Results 

showed an overall conversion efficiency of 9.5% for the sensitizer HRS-1 compared to the 

benchmark sensitizer N719 of 8.9%.32 The higher efficiency and stability of HRS-1 is 

attributed to the cathodically shifted potential of 0.11V (compared to N719) due to the strong 

electron donating thienyl groups in the 4,4,9-di(hexylthienylvinyl)-2,29-bipyridyl ligand. 32 

In similar studies, Qingjiang et al., reported another electron rich ruthenium complex-C107 

that exhibits a similar absorption profile, and a red shift with higher molar extension 

coefficient (27.4 × 103 M-1 cm-1 at 559 nm) than that of its analogue C103 (20.5 × 103 M-1 

cm-1 at 550 nm), which resulted in a higher solar-to-power conversion efficiency of 10.7% 

compared to 10.4% of C 103. It was suggested that the red shift and higher molar extension 

coefficient is due to the extended and large ligand imparting higher electro donating power. 
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The strong electron donating ligand destabilized the metal-based HOMO by transferring 

electron density into the metal center, and as a result the overall gap between HOMO-metal 

and LUMO-ligand decreased, translating into a red shift in the absorption spectrum.33   The 

molecular structure of C103 and C107, are shown in Figure 1-4.  
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Figure 1-4. Molecular structures of Ru (II) polypyridyl dye-sensitizers 6-7 (C103 and C107). 
 

1.5.2. Modifying the Oxidation Potential of Sensitizers  

In general, an ideal dye sensitizer with its best corresponding oxidation potential is 

vital for thermodynamically favorable electron transfer reaction in DSSCs. The excited state 

(HOMO) oxidation potential of dye-sensitizers should be below that of the oxidation 

potential of redox couple while maintaining the LUMO of the dye-sensitizer above the CB of 

semiconductor oxide for effective electron injection and dye-sensitizer regeneration process.  

Therefore, the spectral properties need to be modified in a way that the excited state energy 
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should lay above the CB edge of the TiO2 for efficient electron injection from the excited 

state of the dye-sensitizer to TiO2-CB, and at the same time the redox potential should be 

more negative (-) than that of the electrolyte to regenerate the oxidized dye-sensitizer. 34-38 

The schematic diagram in Figure 1-5 shows the thermodynamically favorable interfacial 

electron transfer oxidation potential in a dye-sensitized solar cell. 

 

 
 

Figure 1-5. Illustration of the thermodynamically favorable interfacial electron transfer 
process in a dye-sensitized solar cell; absorption of photon by the dye-sensitizer leads to 
excited state (step 1), followed by electron injection (step 2) into TiO2-CB and at the same 
time the oxidized dye-sensitizer gets reduced by (I-/I-

3) redox couple. 
 

Thus, the ideal Ru (II) polypyridyl sensitizer should exhibit excited-state and ground-state 

oxidation potential of about -0.9 V and 0.5 V (vs. SCE), respectively 39 for effective electron 

injection and rapid regeneration of sensitizer by obtaining electrons from the electrolyte      

(I-/I3), redox couple) lower excited-state oxidation potential values reduce electron injection 

efficiencies and maximum recombination reactions.     
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Chou and co-workers designed and synthesized a tridentate ancillary ligand to replace the 

traditional thiocyanates to increase the light harvesting capabilities shown in Figure 1-6. 
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 Figure 1-6. Thiocyanates free Ru (II) Polypyridyl heteroleptic tridentate complexes.  
 

These tridentate complexes shows exceptional absorption peak around 510 nm, and two 

weaker absorption at about 650 nm and 720 nm, it was suggested that the high intensity and 

additional absorption peaks are attributed to the combined contribution of the metal-to-

ligand charge (MLCH) transfer and ligand-to-ligand charge transfer (LLCH) from the 

pyrazolate groups. The oxidation potential of these complexes is between 0.94-0.97 V (vs. 

NHE) and LUMO potential level is between -0.73 to -0.76, indicating that redox potentials 

are optimized, as all HOMOs potentials are higher than that of TiO2-CB, and all LUOMOs 

potentials are less negative than that of I-/I-
3 redox couple, thus all complexes are able to 

regenerate effectively.   The Voc of complex 9-11 are between 760-790 V, remarkably higher 

than that of thiocyanate based tridentate complexes (Black-dye, Voc, 720 V).  It is 

hypothesized that the extremely bulky 2,6-bis(5-pyrazolyl)pyridine ligand allows more 

efficient packing to form a compact layer on the TiO2 surface that may minimize the 
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recombination reactions, thus increasing the Voc which translates into higher total solar-to-

power conversion efficiencies of 9.50-10.70  η%  compared to the benchmark black-dye of 

9.22  η%.  Moreover,  the  negative  pole  of  the  dipole  moment  in  complex  9-11 is expected to 

be located much closer to the TiO2 surface as a result of the uplifting of the TiO2-CB level 

and consequently higher Voc. 
40  

 

Barigelletti and co-workers synthesized two types of ruthenium (II) complexes ,  

cyclometallated an d  noncyclometallated using phenyl–phenanthroline-type 

ligands, 4 1  shown in Figure 1-7.   
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Figure 1-7. Excited-state stabilization through cyclometalization and inter-ligand  π-π  
interactions. 
 
 

It was suggested that there are two types of factors affecting the excited states of 

these complexes. The rigidity of the phenanthroline type ligands increases the steric 

strain at the Ru-metal center due to the bulky moiety, thus lowering the energy of metal 

centered excited state. However, cyclometallating ligands destabilized the metal-based 

HOMO more than that of ligand based LUMO by transferring electron density into the metal 

center. As a result, the overall gap between HOMO-metal and LUMO-ligand decreases 
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translating into a red shift in the absorption spectrum.  For instance non-cyclometallated 

complexes 12 and 13  (Figure 1-7) showed  absorption  λmax (nm) at 503, 344, 300 and 495, 

474, 347, but analogous cyclometallated complexes 14 and 15 showed a red-shifted, 

absorption at 523, 440, 314 and 520, 493, 351, respectively. 4 1   

 

1.5.3. Strategies to Extend the Excited State Life Time  

The key requirement to an efficient dye-sensitizer is its excited state properties 

because during the dye-sensitization process electrons are injected from an excited state of 

the dye to the semiconductor oxide. The most important are its excited state lifetime, excited 

state potential, and the emission quantum yield. For effective electron injection the excited 

state lifetime should be long enough to allow sufficient amount of electron transfer reactions 

before the complexe-sensitizer relaxes back to its ground state. The excited state lifetime of a 

dye-sensitizer depends on molecular structure and can be structurally modified by 

introducing appropriate ligands and electron donating groups to the dye-sensitizer moiety.42  

Another approach to increasing the lifetime of terpyridine dye-sensitizers is using ligands 

with  extended  π- systems; the aromatic moiety can conjugate with low-lying  π levels of the 

terpyridine  ligands  to  establish  extended  π- systems, the excess electron can delocalize easily 

and hence increases the stability of the exited state and therefore an increased lifetime.43-44  

The excited state properties of tridentate (Ru(tpy)22+) complexes can be enhanced  by 

manipulating the energies of the MLCT, the metal centralized charge transfer (MC) states  or 

a combination of both states by reducing the energy difference between these two states. Two 
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different approaches are normally used to modify the terpyridine-type ligands: (a) methods 

that involve changing the coordination sphere of the terpyridine (tpy) moiety by 

incorporating alternate heterocycles, or (b) introducing new substituents to terpyridine ligand 

while maintaining the core moiety.    

For instance alternate heterocyclic moieties can be used to replace the central and peripheral 

pyridyl rings to form tridentate ligands. A series of Ru (II) tridentate complexes based on 

carbenes were reported 45 and shown to have promising photophysical properties         

(Figure 1-8). 
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Figure 1-8. Ru (II) tridentates dye-sensitizer  strong  σ-donors: complex 16-17, carbene and 
trizole respectively. 
 

It was suggested that carbenes are good electron donors, are strongly bonded to the 

ruthenium metal center, destabilize the LUMO, and increase the energy of MC states. At 

wavelengths between 340 nm and 380 nm, the MLCT transitions for carbine complex 16 

show a shift toward blue when compared to Ru (II) terpyridine (475 nm). The excited state 

life times are enhanced significantly, as is PF6 salt in acetonitrile (820 ns), which is 
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positioned for practical use.46 Duati and co-workers reported that the heteroleptic dye-

sensitizer  which  contains  strong  σ-donor ligands destabilize the ground state, hence lowering 

the energy gap between metal LUMO and ligand HUMO. Consequently the dye-sensitizer 

emits at a lower energy, around 700 nm, with a prolonged excited state of 77 ns. It was found 

that the protonation of these triazole rings quenches the excited state since the protonation of 

rings decreases the electron donating ability and hence reverses the process. 47 

Cyclometalated   ligands,  which   are   strong   σ-donors, destabilized the HOMO of metal thus 

reducing the gap between metal-HOMO and ligand-LUMO, and as result the excited state 

lifetime decreased significantly. 48-49  

Barigelletti and co-worker reported that the substituted phenyl groups, para to the 

coordinating N-atom (Figure 1-9) on the phenanthroline-type ligand cause significant 

increases in excited-state lifetime. This is attributed to the phenyl group stabilizing the 

phenanthroline ligand via inter-ligand  π-π  interactions.     
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Figure 1-9. Molecular structure of substituted phenyl groups, para to the coordinating N-

atom, phenanthroline-type ligand. 
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Interestingly, a mononuclear Ru(II) dye-sensitizer (18) which contains  a phenyl group Para 

to the coordinating N-atom showed a prolonged excited-state lifetime of 106 ns  with a low 

energy emission (816 nm).4 1   

 

1.5.4. Minimizing the Charge Recombination Reactions  

Electron recombination at the interface of the semiconductor/dye/electrolyte is 

detrimental to the photovoltages in DSSCs, which leads to significant loss in the solar-to-

power conversion efficiency of the device.50  

 

 +     (Electron injection) 

    (Recombination with dye) 

  (Recombination with electrolyte) 

 

Hence, it is vital to minimize the charge recombination between TiO2 and oxidized dye 

molecules and/or redox couples in DSSCs in order to obtain the maximum output from the 

device. An overview of the kinetics including electron injection, recombination reactions and 

dye-sensitizer regeneration with the time scale for each process is shown in Figure 1-10.   
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Figure 1-10. A schematic diagram of the electron injection and recombination process in 
DSSCs with time scale. 
 

In conventional DSSCs, the electron recombination reactions are very slow compared to the 

electron injection from the excited dye-sensitizer to the conduction band of TiO2.  However, 

due to the relatively slow diffusion process through the nanoporous TiO2, electrons are not 

very far from the semiconductor/electrolyte interface, and therefore, it is possible that these 

electrons may recombine with the oxidized dye molecules and/or the electrolyte.23  The 

regeneration of dye depends on the molecular structure of the dye-sensitizer, electrolyte 

concentration and its viscosity. In order to achieve a decent photocurrent, the regeneration 

reaction should be fast enough to compete effectively with the competing recombination 

reaction.51  

The kinetics of the recombination reaction are almost linearly dependent on the electron 

density in the semiconductor conduction band. Because the electron diffusion through the 

semiconductor is a very slow process due to the trapping/detrapping processes, 
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recombination reactions may occur, which take place in the microseconds to seconds time 

scale depending on the electron density in the film of the semiconductor.51  

The influence of dye-sensitizer molecular structure on recombination reactions has been 

investigated. It has been reported that incorporating strong electron donating groups to the 

dye-sensitizer moiety, and increasing the physical separation of dye-sensitizer cation centers 

from the semiconductor oxide surface (TiO2) causes a significant reduction of charge 

recombination. 52 These supermolecular or multifunctional dye-sensitizers exhibit a multistep 

charge transfer process, and as a result show remarkably long-lived charge separation at dye-

sensitizer/TiO2 interface, 53 illustrated in Figure 1-11.  

 

 

 

Figure 1-11. The schematic diagram of long-lived charge separation process at the dye-
sensitizer/TiO2 interface using a supermolecular-dye-sensitizer attached to TiO2 and a strong 
electron-donating group.   
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Haque and coworkers studied the charge-recombination dynamics of three Ru- 

multifunctional dye-sensitizers, which contains different triphenylamine antennas, shown in 

Figure 1-12, by using transient absorption spectroscopy 53. 
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Figure 1-12. Ru (II) bipyridyl dye-sensitizer that contains a strong electron donating 
triphenylamine antenna. 
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The recombination dynamics of all three complexes differ significantly depending on the 

physical separation of the dye-sensitizer cation center from the semiconductor oxide surface. 

The dye-sensitizer, which contains a large antenna, showed remarkably longer recombination 

halftime (t50%); complexes 19, 20, and 21 exhibited  350  μs,  5  ms  and  4  s,  respectively.    The  

key parameter that controls the charge transfer at the interface of dye-sensitizer/TiO2 is 

attributed to the spatial separation of the dye-sensitizer cation from the TiO2 surface as a 

result of multistep translation of the dye-sensitizer moiety away from the TiO2 surface. 53 The 

recombination between the injected electron and redox couple (triodide) was effectively 

decreased by the connection of triphenylamine antennas units. The result of the dark current 

under a reverse bias of 0.55 V showed a significant suppression of 6.8 mA/cm2, 4.0 mA/cm2 

and 3.4 mA/cm2 for the dye-sensitizers 6, 7 and 8 respectively.  A similar strong correlation 

between spatial separation and recombination dynamics was reported by J. N. Clifford and 

coworkers Increasing spatial separation by 3 A° causes a more than 10-fold change in the 

recombination half-time (t50%).54 S. Y. Huang and co-worker reported that soaking 

[RuL2(NCS)2]   (L   )   2,2’-bipyridyl-4,4’-dicarboxylic-dye-coated TiO2 electrodes in CH3CN 

for 15min along with pyridine derivatives (50:50 wt %) such as 4-tert-butylpyridine (TBP), 

2-vinylpyridine (VP) and poly(2-vinylpyridine) (PVP) improved the photovoltaic 

performance of DSSCs significantly, as the  open-circuit photovoltage (Voc)  improved from 

0.57 to 0.73 V and light-to-power conversion efficiency improved  from 5.8% to 7.5% with 

respect to the untreated electrode. The significant increase in the open-circuit photovoltage 

(Voc) was attributed to the small size of pyridine compounds that fills the interspace between 

dye molecules to forms a compact layer on the TiO2 surface, as a result a suppression in the 
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electron recombination at the interface of the TiO2/electrolyte, hence increase in Voc. .55 The 

molecular structures and solar-to-power conversion efficiency of some Ru (II) polypyridyl 

complexes used in DSSCs are listed in Table 1-1.  

 

Table 1-1. Some representative of Ru (II) polypyridyl dye-sensitizers and their total solar-to-
power conversion efficiency (η %). 
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Table 1-1. Continued 
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Table 1-1. Continued 
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Table 1-1. Continued 
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Table 1-1. Continued 
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Table 1-1. Continued 
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Table 1-1. Continued 
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1.6. The Usage of a Co-adsorbent  

Another approach to improve the efficiency of DSSCs is to use a co-adsorbent to 

reduce the recombination reaction, aggregation among the dye-sensitizer, and to form a 

compact protective layer on TiO2.
15  Due to its small size the co-adsorbent works as filler and 

fills the interspaces between the dye-sensitizers, forming a compact layer on the TiO2 

surface. Secondly, it can reduce the quenching and aggregation between dye-sensitizers.  The 

dye segregation can reduce the electron injection efficiency, and bare TiO2 can increase the 

electron recombination reactions at the interface of the TiO2 /electrolyte.   Co-adsorbents are 
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used along with dye-sensitizer to reduce the dye aggregation, and it improves the short circuit 

voltage (Voc) of the device significantly.87  

The structure-property relationship revealed that the ideal characteristics for co-adsorbents 

are a) it should have a reactive group to anchor with TiO2 surface and a hydrophobic bulky 

alkyl chain. b) The molecular structure should be designed carefully to avoid competitive 

adsorption among dye-sensitizers while effectively suppressing the quenching of photo-

excited states and aggregation of dye-sensitizer on the TiO2 surface.  c) It should show molar 

absorptivity near the infrared region, and/or the region where the electrolyte shows strong 

absorptivity. d) It should reduce the electron recombination reactions at the interface of the 

TiO2 /electrolyte by forming a compact protective layer on the bare TiO2 surface.  

Lim and co-worker reported that using stearic acid (SA) as a co-adsorbent along with dye-

N719 improves photovoltaic performance significantly.  The JSC and solar-to-power 

conversion efficiencies of solar-devices increased by 25% as compared to controlled devices. 

It was suggested that the low dipole moment and high solubility of stearic acid retards the 

rate of dye-sensitizer anchoring during the competitive adsorption process, thereby 

establishing a compact and strongly bonded dye-sensitizer on the TiO2 surface, and as a result 

lower dye-sensitizer aggregation and higher performance.88  

In 2012, Song and co-workers reported a promising co-adsorbent, 4-(bis(9,9-dimethyl-9H-

flouren-2-yl)amino)benzoic acid (HC-Acid), for organic dye-sensitized solar cells. The co-

adsorbent HC-acid shows an impressive photovoltaic performance when used with organic 

dye-sensitizer.  The Jsc values increase from 14.96 mA cm-2 to 18.01 mA cm-2 ; Voc values 

from  595  mV  to  663  mV,  and  η  (%)  from  6.59  to  9.09.89 These increases have been attributed 
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to the HC-Acid showing dual functionality when used with organic dye-sensitizers, firstly it 

harvests light at a lower wavelength region of the solar spectrum and secondly it reduces the 

π-π  stacking  interaction  between  aromatic  moieties  of  the  organic  dye-sensitizer.  As a result 

the overall performance of device increases.89 The molecular structures of some co-

adsorbents used in DSSCs to improve the performance of device are listed in Table 1-2. 

 

Table 1-2. The molecular structures of some representative co-adsorbents used in DSSCs. 
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Table 1-2. Continued  

OH

O
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O
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Chloic Acid (CHA) 

HO OH

OH

O

H

H  

Chenodeoxy Cholic Acid (CDCA) 

 

 

L. Han and co-workers reported new donor-acceptor type co-adsorbents shown in         
Figure 1-13. These co-adsorbents consist of three units including electron donating, spacer 
and electron accepting groups.90  
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Figure 1-13. Molecular structure of donor-acceptor type co-adsorbents. 
 

 In the co-adsorbents 22-23, the key role of butyloxyl-substituted phenyl and fluorine-

substituted phenylene is electron donation, where as the cyanoacetic acid group is an 

acceptor and anchor, and thiophene works as a p-spacer. The UV-visible spectra of co-

adsorbents show strong absorption at 390nm and 360 nm respectively, attributed to 

intermolecular charge transfer between donor and acceptors in the co-adsorbent. These finds 

are verified by the IPCE spectra of black-dye, normally the black-dye shows a strong dip in 

IPCE spectra around 400 nm due to the competitive absorption of light by I3 
- . However, on 

employing co-adsorbents 22-23 along with black dye the dip in IPCE spectra is compensated 

for by injection of electrons from the co-adsorbent into the TiO2 film that translates into 

increased light-to-power  conversion  efficiency  (η)  of DSSCs, from 10.70 to 11.4% and Voc 

(mV) 727 to 743, a new certified efficiency record.90  

Gratzel and co-workers found that using 1-Decylphosphonic acid (Figure 1-14) as a       co-

adsorbent along with ruthenium bipyridyl complex (Z907) remarkably improved stability, 

short-circuit photocurrent density (JSC) and efficiency of the device.57 
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Figure 1-14. Molecular structure of Z-709 and 1-Decylphosphonic acid co-adsorbent. 
 

The device prepared with Z-907 and a co-absorbent showed voltage output drops of only 20 

mV, which is less than 3%, during 1000h of ageing at 80 °C, whereas the device prepared 

with Z-907 alone showed a decline of 90 Mv.57  

The addition of co-adsorbent with the dye-sensitizer does not always show a distinct 

improvement in performance of the device; it may even decrease the efficiency when there is 

no aggregation between dye-sensitizers. It was suggested that the dye-sensitizer itself forms a 

compact layer on the TiO2 surface; preventing quenching and aggregation, while co-

adsorbent might damage the protective layer of dye-sensitizers and consequently increase 

recombination reactions.91 

 

1.7. The Interaction between Sensitizer and Electrolyte  

Iodide/triiodide (I-/I-
3,) is the most commonly used electrolyte in DSSCs, however, it 

limits (0.70 to 0.8 V) the attainable open-circuit voltage (Voc) due to excessive loss of energy 

during the dye-sensitizer regeneration process, a substantial drawback of current DSSCs.92 

To replace the I-/I-
3 electrolyte, researchers have discovered and used several redox couples 



 

39 

that are relatively less corrosive and show potential to achieve high open-circuit voltage (Voc) 

with promising solar-to-power conversion efficiencies.93 These potential electrolytes include 

organic solvents, ionic liquids, conducting polymers and hole transport material (HTM).94  

Recently, Yella et al achieved the highest recorded efficiency of 12.3% in lab scale studies of 

DSSCs under 1 sun illumination (kW/m2) by using cobalt (Co2+ /Co+3) redox mediator. The 

cobalt (Co2+ /Co+3) mediator has an advantage over the I-/I-
3 because the cobalt mediator is 

surrounded by ligands that can further modify (Figure 1-15) the redox potential, and bulky 

groups can be introduced as insulating spacers to the ligands, which can reduce the 

recombination reaction between electrolyte and titania resulting in improved Voc.
95 The 

molecular structure of some polypyridyl cobalt (II/III) redox mediators used in DSSCs is 

shown in Figure 1-15.  
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Figure 1-15. Molecular structure of the different cobalt polypyridyl redox mediators used in 
DSSCs. 
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However, cobalt (Co2+ /Co+3) based electrolytes containing bulky groups limit the mobility of 

ions during diffusion through the electrolyte significantly less than that of iodine ions.96  

Interaction between dyes and electrolytes can increase charge recombination reactions, 

consequently reducing performance of the device. Recently, Reynal and co-workers reported 

a series of heteroleptic ruthenium (II) polypyridyl complexes (Figure 1-16) that contains 

electron-donating (-NH2) or electron-withdrawing (-NO2) groups. The presence of these 

groups can reduce the short circuit current (Voc) significantly by the complex with the redox-

active I-/I3 - electrolyte. 
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Figure 1-16. Molecular structure of heteroleptic ruthenium (II) polypyridyl dye-sensitizers 
(29-32) containing electron-donating (-NH2) or electron-withdrawing (-NO2) groups. 
 

The UV-visible absorption of MLCT observed for complexes 29-32 are 522nm, 546nm, 

531nm and 538 nm respectively, the -NH2 and -NO2 groups on the phenanthroline ligand 

caused a red shift in absorption spectra. The photovoltage (Voc) was reduced remarkably, for 
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complexes 29 and 31 it was 0.67 and for complexes 30 and 32 was 0.48 and 0.44 

respectively. It was suggested that reduction of Voc is because of low electron regeneration 

from the electrolyte due to the electron recombination between TiO2/electrolyte, and/or low 

yield of electron injection due to the quenching of complex-excited state by the electrolyte.97 

Halgfeldt et al investigated the relationship between open-circuit voltage and molecular 

structure of a series of organic dye-sensitizers by studying the degree of recombination 

between TiO2/electrolyte interfaces. They found that strong polarity of the dye-sensitizer 

facilitated formation of a complex between dye-sensitizer and electrolyte (I3
 and as ,98 (־3I/ ־

result the recombination reaction increases. Therefore, in order to keep the redox couple 

separate from the TiO2 surface, it is necessary to reduce the formation of complexes between 

dye and electrolyte.  

 

1.8. Electrolyte Additives   

In addition to the main active redox couple, several other nitrogen containing 

heterocyclic derivatives including imidazole, triazole, benzimidazole and pyrimidine are 

commonly used as additives in the electrolyte to improve the photovoltaic performance of 

DSSCs.99 The effects of additives are well understood playing a role in modification of redox 

couple potential, shifting of TiO2-CB level, forming a compact layer on TiO2 surface, 

reducing dye aggregation, and TiO2 surface blocking from the electrolyte. Among the 

heterocyclic additives, imidazole has shown the best performance, with a Voc of 0.85 V.99 

These additives adsorb onto the surface of the TiO2, elevating the level of the conduction 

band and increasing the Voc. The amount of increase depends largely on the electron donating 
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power of the additives, large charge density, and donating capability. However, the addition 

of such additives reduces the electron injection efficiency from the dye-sensitizers to TiO2 

due to the increased TiO2-CB level, and as a result the Jsc decreases. Most alkaline organic 

additives uplift the level of the conduction band and hence increase the Voc, but at the same 

time they increases electron recombination reactions. Attempts have been made to find 

additives that not only raise the TiO2-CB level, but also minimize the electron recombination 

reactions. Kopidakis and co-workers reported that guanidinium thiocyanate can slow the 

recombination reactions by a factor of about 20, and at the same time induced downshift in 

the TiO2-CB level, yet show an overall improvement in the open-circuit photovoltage.100 

Recently, Zhang and co-workers reported that the 4-guanidinobutyric acid (GBA) can shift 

the TiO2-CB level toward a more negative potential and reduce the interfacial back charge-

transfer reaction, simultaneously. As a result, Voc and solar-to-power conversion efficiency of 

the device increased significantly.101 

Gratzel and co-worker reported that adding 4-tert-butylpyridine to the electrolyte 

dramatically increased the Voc from 0.38 V to 0.72 V and the overall light-to-power 

conversion  efficiency  (η)  from  7.12%  to  10%  without  affecting  the  short-circuit photocurrent 

(Jsc).102 It was suggested that the increase in the open-circuit  voltage  and  efficiency  (η)  by  4-

tert-butylpyridine is due to the suppression of the dark current at the TiO2/electrolyte 

junction. The dark current arises from the reduction of triiodide by recombination of injected 

electrons from the TiO2 conduction band. Another possible reason is the 4-tert-butylpyridine 

may form a complex with the lithium ion in the electrolyte to prevent migration of the 

lithium ion to the TiO2 surface, suppressing recombination reactions. H. Kusama et al using 
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20 different aminotriazole as additives obtained a similar result. Most of the additives 

enhanced the Voc and the solar-to-power conversion efficiency (η), but reduced the short 

circuit photocurrent density (Jsc) of the DSSC.103 The molecular structures of some additives 

used in electrolytes to improve the Voc of DSSCs are listed in Table 1-3. 

 

Table 1-3. The molecular structures of some representative additives used in electrolytes. 
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H. Kusama and co-workers studied the influence of 20 different benzimidazole derivatives 

on the photovoltaic performance of the DSSCs. Adding benzimidazole additives remarkably 

enhanced the Voc and the fill factor (ff), but reduced the Jsc values. They found that the 

greater the partial charge of the nitrogen atoms in position 3 of the benzimidazole groups, the 

larger the Voc values¸ and the smaller the molecular size of the benzimidazole derivatives, the 

greater the Voc values.103  
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2. RESEARCH PERPOSAL 

2.1. Research Objectives 

The main objectives of this research are: 

A. To develop novel bidentate Ru (II) polypyridyl complexes that exhibit better light 

harvesting, higher extinction coefficient, and are red shifted compared to the benchmark 

N719-dye, while maintaining the ground state oxidation potential (GSOP) and excited state 

oxidation potentials (ESOP) of these novel sensitizers thermodynamically favorable for the 

regeneration of the neutral dye- and electron injection, respectively. The strategy for 

achieving the above characteristics will be through narrowing HOMO/LUMO gap of the 

sensitizers while maintaining the LUMO of the dye above the conduction band edge via: a)- 

using low-lying LUMO (*) ligands such as bidentate ligands, and/or b)- displacing the Ru 

t2g (HOMO) level upward while maintaining at least 0.2eV energy difference between the 

HOMO of the sensitizer and the redox potential of the electrolyte. The modification approach 

is schematically illustrated in Figure 2-1.  
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Figure 2-1. A Schematic showing the ground and excited state oxidation potentials 
(HOMO/LUMO gap) of N719 with respect to TiO2 and electrolyte (I-/1-

3,), and hypothetical 
representation of narrowing down the HOMO/LUMO gap of the proposed Ru (II) polypyridyl 
dyes.  
 
 

The HOMO/LUMO gap can be tuned by functionalizing bipyridyl via Knoevenagel 

condensation, using strong electron donor antennas, in cyclic and/or acyclic forms. These 

antennas will be molecularly designed with different heteroatoms to study their effects on the 

GSOP and ESOP.    

B. To understand the structure-property relationship of these sensitizers at the molecular level by 

studying their photophysical and photoelectrochemical properties (GSOP and and ESOP), 

incident-photo-to-current conversion efficiency (IPCE), open-circuit voltage (V), and short-

circuit photocurrent (Jsc, mAcm-2), and total solar-to-electric conversion efficiency (K).   

 

This study will help gain better understanding of the interrelationship between GSOP, ESOP, 

molar absorptivity, molecular structure of antenna with cyclic and/or acyclic electron donor,  



56 
 

excited state life time, electron injection and charge recombination’s of the proposed sensitizers, 

which will aid in the molecular engineering of more efficient sensitizers for DSSCs in future 

studies.   

2.2. Proposed Ru(II) Bipyridyl Sensitizers 

The proposed building block of bidentate thiocyanated Ru (II) sensitizers and their general 

molecular structure are shown in Figure 2-2. The molecular components that will be incorporate 

to the bipyridyl moiety to manipulate their photophysical, electrochemical and photovoltaic 

properties.  The main function and purpose of these components are briefly described in Figure 

2-2. 

 

 

Figure 2-2. Proposed general structures of the bidentate Ru (II) polypyridyl complexes, and the 
function of each component is described.  

 

 

 
Genrral molecular structure of 
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Ar :- extended conjugation and delocalized 
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properties  

-COOH:- anchoring groups to attach the sensitizers  

to TiO2 and secure electronic coupling between the 

dye and conduction band edges of TiO2 for efficient 

charge injection 
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Table 2-1. Ru (II) polypyridyl complexes and molecular structures of ligands (Ar) 

Complexes Ligands (Ar) Complexes Ligands (Ar) 
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Structure–property relationship of extended
p-conjugation of ancillary ligands with and without
an electron donor of heteroleptic Ru(II) bipyridyl
complexes for high e!ciency dye-sensitized solar
cells†

Maqbool Hussain,a Ahmed El-Shafei,*a Ashraful Islamb and Liyuan Hanb

Two new heteroleptic Ru(II) bipyridyl complexes MH06 and MH11 were designed, synthesized and
characterized for DSSCs. While the ancillary ligand of MH06 was molecularly engineered with a strong
electron donating group coupled with an extended p-conjugated system, the ancillary ligand of MH11
contained a longer p-conjugated system only. Molecular modeling, photophysical, and photovoltaic
properties were compared under the same experimental conditions against the benchmark N719. In an
e!ort to understand the structure–property relationship, their photovoltaic and photoelectrochemical
properties including Jsc, Voc, ground and excited state oxidation potentials, UV-Vis absorption, and
molar extinction coe"cients were studied. The UV-Vis results showed intense MLCT absorption peaks of
MH06 and MH11 in the visible region with a red shift of 12 and 18 nm, respectively, with significantly
higher molar extinction coe"cients compared to N719. Tetrabutylammonium (TBA) substituted
MH11-TBA demonstrated the most e"cient IPCE of over 90% in the plateau region covering the entire
visible spectrum and extending into the near IR region (ca. 890 nm), which showed a solar-to-power
conversion e"ciency (Z) of 10.06%, significantly higher than that of the benchmark N719 dye (9.32%).
The superior performance in terms of the IPCE and Jsc of MH11 can be attributed to the bulky and
highly hydrophobic nature of the pyrene-based ancillary ligand, which behaves as a shielding barrier for
hole-transport recombination between TiO2 and the electrolyte. In addition, the IMPS results showed
that the contribution of dyes to the conduction band shift of the TiO2 level is almost similar, regardless
of di!erent substitutions on the bipy-moiety. This implies that the open-circuit photovoltage (Voc)
increases with reduced charge recombination in the presence of a thick layer of tetrabutyl ammonium
ions (TBA) of the dye anchored on the surface of TiO2.

1. Introduction

Fossil fuel resources are limited and will significantly be dimini-
shed within the next fifty years. Therefore, sustainable and
renewable energy sources are vital to fulfill the increasing global
energy demand. Solar energy is abundant and ideal for remote
and mobile applications. During the past two decades, dye-
sensitized solar cells (DSSCs) have received considerable atten-
tion as a promising alternative source of renewable energy.1–4

In 1976, a new approach to photovoltaic energy conversion
by dye-sensitization was reported by Tsubomura. He demon-
strated a solar-to-power conversion e!ciency (Z%) of 1.5%
using Rose Bengal as a dye-sensitizer and zinc oxide (ZnO) as
a semiconductor.5 Nearly two decades later, in 1991, O’Regan
and Grätzel achieved a remarkable e!ciency of 7.9% using a
Ru(II) bipyridyl complex (N3) as a sensitizer and TiO2 as a
semiconductor.6 To date the maximum e!ciency achieved for
DSSCs is 12.3% by co-sensitization of an organic (Y123) and a
Zn–porphyrin complex (YD2-o-C8), using a Co(II/III)tris(bipyridyl)
based redox electrolyte,7 which is about half of silicon-cell
e!ciency with module e!ciencies ranging from 15% to 20%8

and comparable to thin-film technologies, which have achieved
module e!ciencies of 10–12.5%.7 The best performance of DSSCs
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on a modular scale both in terms of overall conversion e!ciency
and stability was achieved using Ru(II) polypyridyl complexes9–11

owing to their strong metal-to-ligand charge transfer (MLCT)
properties12–14 in the visible region between 400 nm to
600 nm,15–17 thermodynamically favorable ground and excited state
oxidation potentials, long excited state lifetime,18–21 and photo-
stability. Among the Ru(II) polypyridyl complexes, Ru(II) [cis-ditho-
cyanato-bis-2,20-bispyridyl-4,4-dicarborylate (N719, 11.20% Z) has
become the paradigm of a heterogeneous charge transfer (MLCT)
sensitizer and has been extensively used in DSSCs technology.
However, N719 is hydrophilic, owing to the presence of four
COOHs and the absence of bulky ancillary ligands, which renders
inferior hydrolytic stability, has a very low molar extinction coe!-
cient and an inferior absorption in the NIR region of the solar
spectrum. Preferably, a promising sensitizer for a single junction
photovoltaic cell should be panchromatic and absorb energetic
photons across a wide range of the solar spectrum, especially from
400 nm to 920 nm to e"ectively convert solar energy to electricity.

With the aforementioned in mind, we molecularly designed and
synthesized two Ru(II) bipyridyl complexes MH06 and MH11 con-
taining two di"erent ancillary ligands with extended p-conjugation.
MH06 contains a strong electron donor coupled with an extended
p-conjugated system (methoxynaphthalene) while MH11 comprises
an ancillary ligand of a longer p-conjugation (pyrene) with no
electron donors. The structure–property relationship of these com-
plexes was studied in terms of photoelectrochemical and photo-
voltaic properties and compared to that of the benchmark N719,
under the same experimental conditions. The aim of introducing
strong electron donating groups and extending the length of
p-conjugation was to produce amphiphilic properties and accom-
plish better light harvesting across the visible region extending
into the near-IR region, using a monolayer of dye-sensitizer
molecules. The enhanced light harvesting was achieved while
maintaining the excited state oxidation potential (ESOP) of the
dye thermodynamically favorable for electron injection into the
CB edge of the TiO2 and the ground state oxidation potential
(GSOP) of the dye more negative (!) than that of the electrolyte
to regenerate the neutral dye.22–27 Fig. 1 shows a schematic

illustration of the thermodynamically favorable interfacial electron
transfer processes in dye-sensitized solar cells.

The molecular structures of the complexes MH06, MH11
and N719, are shown in Fig. 2.

2. Experimental section
2.1. Synthesis of Ru(II) bipyridyl complexes

The synthesis of all ligands is provided in the ESI.† The solvents
and chemicals were purchased from Sigma-Aldrich, Fisher
Scientific or TCI-America, and used as received. Sephadex
LH-20 was purchased from Fisher Scientific.

cis-(4,40-Dicarboxy-2,ipyridine)(-bis-[2-(4-methoxy-naphthalen-
1-yl)-vinyl]-2,20]bipyridine)(dithiocyanate)ruthenium(II) (MH06).
The synthesis of MH06 was carried out in a one-pot three-step
reaction. The reactions were carried out in a 250 ml reaction
flask equipped with a condenser and magnetic stirrer bar under
argon. The flask was charged with anhydrous DMF (100 mL),
dichloro-(p-cymene)-ruthenium(II) dimer (0.30 g, 4.899 "
10!4 mol) and 4,40-bis-[2-(4-methoxy-naphthalen-1-yl)-vinyl]-
[2,20]bipyridiyl (0.5100 g, 9.797 " 10!4 mol). The reaction
mixture was stirred at 90 1C for 4 h. Then, 2,20-bipyridyl-4,4 0-
dicarboxylic acid was added (0.239 g, 9.797 " 10!4 mol) and the
temperature was increased to 130 1C and allowed to run for
6 hours. After 6 hours, excess of NH4NCS (0.5 g) was added to
the reaction mixture and allowed to run for another 4 h at
130 1C. The last two steps of the reaction were monitored for
completion by taking aliquots from the reaction mixture every
60 minutes and measuring its absorption spectrum until there
was no increase in the absorbance of the MLCT peaks with
respect to the p–p* peak. The reaction mixture was cooled down
to room temperature and DMF was removed using a rotary
evaporator. Water was added to the flask, and the insoluble
solid was vacuum filtered and washed with de-ionized water
and ether. The product was dried overnight to give the crude
product in 97% yield with respect to the starting material. The
purification was carried out on a column using Sephadex LH-20
as the stationary phase and methanol as the mobile phase.
1H-NMR, MH06 (500 MHz, DMSO-d6, 40 1C): d/ppm 4.02 (s, 6H,
–OCH3), 7.07 (d, 2H, J = 8.05 Hz and 7.89 Hz (d, 2H, J = 18.00 Hz,
CHQCH) 7.1–7.85 (m, 10H, ArH) 7.92 (s, 2H. ArH), 8.00–9.2
(m, 8H, ArH), 9.21 (d, 2H, J = 5.85 Hz, ArH), 9.47 (s, 2H, ArH,
14.00 (s, 2H, vs. weak, –COOH). ESI-MS: mass 982.1181;
[M ! 2H + TBA]!1; theo. m/z = 1222.3873, found. m/z 1222.3926,
error = 4.335 ppm. FT-IR (ATR): 2102 cm!1 (–NCS stretch, N-bonded
isomer, very strong); 1720 cm!1 (CQO stretch of –COOH).

cis-(4,40-Dicarboxy-2,ipyridine(4,40-bis-(2-pyren-1-yl-vinyl)-[2,20]-
bipyridine)(dithiocyanate)ruthenium(II) (MH11). MH11 was
prepared using the same procedure in 94% crude yield. The
purification was performed in a column using Sephadex LH-20
as the stationary phase and methanol as the mobile phase.
1H-NMR, MH11 (500 MHz, DMSO-d6, 40 1C): d/ppm 7.51 (d, 2H,
J = 6.3 Hz, and 7.83 Hz (d, 2H J = 15.95 Hz, CHQCH), 7.85–8.50
(m, 16H, ArH), 8.54 (d, 2H, J = 8.30 Hz, ArH), 8.50 (s, 2H, ArH),
8.70–9.2 (m, 6H, ArH), 9.30 (s, 2H, ArH), 9.52 (d, 2H, J = 6.1 Hz,
ArH), 13.12 (s, 2H, vs. weak, –COOH). ESI-MS: mass 910.0453,

Fig. 1 Illustration of the thermodynamically favorable interfacial electron transfer
processes in dye-sensitized solar cells.
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[M ! 2H + TBA]!1, theo. m/z = 1310.3974, found m/z =
1310.4038, error = !4.884 ppm. FT-IR (ATR): 2101 cm!1

(–NCS stretch, N-bonded isomer, very strong); 1718 cm!1

(CQO stretch of –COOH).

2.2. UV-visible and emission properties

Fig. 3 illustrates a comparison between the UV-Vis absorption
and emission spectra of MH06 and MH11 compared to N719,
measured in DMF at a concentration of 2 " 10!5 M, and the
results are summarized in Table 1. Both MH06 and MH11
showed intense MLCT absorption peaks in the visible region at
541 nm (21 450 M!1 cm!1) and 547 nm (27 000 M!1 cm!1), with
a red shift of 12 and 18 nm as compared to N719 of 530 nm
(142 00 M!1 cm!1), respectively. Because MH06 and MH11
comprise more extended p-conjugation and strong electron

donating ancillary ligands, the metal based HOMO (t2g) was
destabilized, which furnished a better light harvesting as the
result of a smaller HOMO–LUMO gap. In addition, the emission

Fig. 2 Molecular structures of complexes MH06, MH11, MH11-TBA and N719.

Fig. 3 UV-Vis absorption (solid line) and emission spectra (dashed line) of complexes MH06 and MH11 compared to N719, measured in DMF (2 " 10!5 M).

Table 1 Absorption and luminescence properties of MH06, MH11 and N719

Complexes

Expt.a absorption spectrum
(2 " 10!5 mol) Emissionb

at 298 K
lmax (nm) e (M!1 cm!1) lem (nm)

MH06 390; 541 (d - p*) 40 700; 21 450 806
MH11 414; 547 (d - p*) 51 550; 27 000 790
N-719 381; 529 (d - p*) 14 400; 14 200 746

a UV-Vis spectra measured in DMF (2 " 10!5 M). b The emission
spectra were obtained by exciting at the lowest MLCT band in DMF;
all measurements were carried out at room temperature.

PCCP Paper

��

http://dx.doi.org/10.1039/c3cp51260f


spectra demonstrated that the incorporation of strong electron–
donor ligands furnished significantly stronger emission and
more red shifted spectra than that of N719. Table 1 shows a
summary of the absorption and emission properties of com-
plexes MH06 and MH11 compared to N719.

Absorption spectra of MH06 and MH11 measured in DMF and
after adsorption on transparent TiO2 film are shown in Fig. 4. The
absorption spectra profiles of both complexes in carboxylic acid
form (in DMF) and carboxylate form (anchored-TiO2) are almost
similar and showed two broad absorption bands in the visible
region, which originated from the MLCTs. The higher energy
MLCT band is due to the charge-transfer transition from Ru -
substituted bipyridyl-ligand and the lower energy MLCT band is
due to a charge transition from Ru - 2,20-bipyridyl-4,40-dicar-
boxylic acid.29 However, the deprotonation of carboxylic acid
while anchoring to TiO2 leads to a blue shift of the lower-energy
MLCT band due to an increase in the energy of the LUMO of the
2,20-bipyridyl-4,40-dicarboxylic ligand as a consequence of desta-
bilization of the LUMO. These findings are in agreement with the
previously reported results for similar heteroleptic complexes.30

Also, it can be clearly seen that MH11 anchored to TiO2 showed
significantly better light harvesting properties than MH06, which
can be attributed to the longer p-conjugation of MH11.

2.3. Ground and excited state oxidation potential properties

The ionization potential (IP) of MH06, MH11 and N719
anchored to TiO2 film was measured using a photoemission
yield spectrometer (Riken Keiki AC-3E), and the results are
summarized in Table 2. The excited state oxidation potential
(ESOP) energy values relative to the position of the TiO2 con-
duction band are very important and determine the electronic
coupling e!ciency between the dye and the semiconductor. For
a given species, the lowest singlet-to-singlet vertical electronic
excitation (E0–0) is defined as the di"erence between the excited
and ground state oxidation potentials. Experimentally, the
excited state oxidation potentials (ESOP) of MH06, MH11 and
N719 can be estimated from eqn (1).

E0–0 = ESOP ! GSOP (1)

The experimental ionization potential (IP) values for MH06,
MH11 and N719 were !5.51, !5.49 and !5.76 eV. The IP values
confirmed that the HOMO of these dyes is thermodynamically
favorable for electron replenishment and e!cient regeneration

of the dye through reaction with the redox couple I3
!/I!

(!5.20 eV).31 The experimental excited-state oxidation poten-
tials E* (Ru3+/*) of MH06, MH11 and N719 were !3.66, !3.61
and !3.77 eV, respectively, which lay above the conduction
band edge of nanocrystalline TiO2 (!4.2 eV).32 Hence, e!cient
electron injection from the excited state of these dyes into the
CB edge of TiO2 is favorable, owing to the energetically favor-
able excited states of the dyes.

Table 2 also shows the calculated lowest singlet-to-singlet
vertical electronic transition (E0–0), using B3LYP/DGDZVP, of
MH06, MH11, and N719, which are in excellent agreement with
experimental results. Both the experimental and calculated
transitions (E0–0) demonstrated that MH11 exhibited more
energetically favorable ESOP and are better light harvesting
sensitizers than N719, owing to its smaller E0–0.

Calculated HOMO and LUMO isosurfaces of MH06 and
MH11 (Fig. 5) showed that the HOMO electron density of MH11

Fig. 4 UV-Vis absorption spectra of complexes MH06 and MH11 measured in
DMF at 2 " 10!5 M (dashed line) and anchored to TiO2 (solid line).

Table 2 The excited state oxidation potential (Ru3+/*) and the lowest singlet–
singlet electronic transitions (E0–0) for MH06 and MH11 compared to N719

Compound

Calculated energy (eV),
TD-DFT (B3LYP/DGDZVP) Experimental (eV)

EHOMO ESOPsinglet

E0–0 =
(S0 ! S1) E0–0

a
IP
(HOMO)b

E*
(Ru3+/*)

MH06 !5.467 !3.567 1.8992 1.848a !5.510 !3.662
MH011 !5.471 !3.554 1.9167 1.884a !5.490 !3.606
N719 !5.490 !3.490 2.00 1.990a !5.760 !3.770

Excited state oxidation potential = ESOP = E* (Ru3+/*); ESOPsinglet =
GSOP ! E0–0; E0–0 = (S0 ! S) = the lowest vertical excitation energy = the
lowest singlet–singlet transition; GSOP = ground state oxidation
potential = EHOMO; a E0–0 = based on the experimental absorption and
emission spectra (DMF), calculated from the point of intersection.
b IP = the experimental ionization potential measured using a photo-
emission yield spectrometer (Riken Keiki AC-3E); Exited-state oxidation
potential, E* (Ru3+/*), was calculated from: E* (Ru3+/*) = IP–*E0–0.
Calculated HOMO, ESOP, and E0–0 of N719 were shown elsewhere.28

Fig. 5 Calculated HOMO and LUMO isosurfaces of MH06 and MH11.
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was considerably longer than that of MH06 as it extended all
the way through the conjugated system of the ancillary ligand,
which explains the superior light harvesting of MH11. The
LUMO hole distribution is mainly located on the bipyridyl
carrying the carboxylic groups in both compounds.

2.4. Photovoltaic device characterization

The photovoltaic performance of complexes MH06, MH11 and
N719 on a nanocrystalline TiO2 electrode was studied under
standard AM 1.5 irradiation (100 mW cm!2) using an electro-
lyte with a composition of 0.6 M dimethylpropyl-imidazolium
iodide (DMPII), 0.05 M I2, 0.1 M LiI and 0.3/0.5 M 4-ter-butyl-
pyridine (TBP) in acetonitrile. Fig. 6 shows the incident-photon-
to-current e!ciency conversion (IPCE) spectra for the cells
fabricated with complexes MH06, MH11 and N719, where the
incident photon-to-current conversion e!ciency (IPCE) values
are plotted as a function of wavelength.

The photocurrent action spectra of a solar device containing
complex MH11 demonstrated the most e!cient sensitization
over a broad wavelength range including the entire visible
spectrum and extended into the near IR region (ca. 890 nm),
with an impressive quantum e!ciency of over 90% in the
plateau region. It was also demonstrated that MH11 exhibited
more superior quantum e!ciency in the visible as well as NIR
regions than N719. Moreover, MH11-TBA showed better Jsc and
hence IPCE due to the increase in ESOP, which led to more
negative free energy between the ESOP and CB edge of TiO2 and
hence more e!cient electron injection. While MH11-TBA
achieved the maximum IPCE of 90% in the plateau region,
MH06 furnished a low IPCE of 70% in the same region.

The photovoltaic characteristics of MH06, MH11, MH11-
TBA and N719 were studied under simulated one sun illumina-
tion under standard conditions (AM 1.5, 1.00 W m!2).

The photovoltaic parameters including the short-circuit
photocurrent density (Jsc), open-circuit voltage (Voc), fill factors
(") and overall cell e!ciencies (Z) are summarized in Table 3.

The solar cell sensitized with MH11 showed a short-circuit
photocurrent density (Jsc) of 19.7 mA cm!2, an open-circuit
photovoltage (Voc) of 0.671 V, and a fill factor of 0.664, resulting
in an overall conversion e!ciency (Z) of 8.78% with the

electrolyte containing 0.5 M TBP. It is likely that TBP is
adsorbed on the TiO2 surface to form a more protective layer
between the electrolyte and the dye that also suppresses the
recombination between the injected electron and the electro-
lyte at the TiO2–dye–electrolyte junction. As a result, Voc, Jsc and
solar-to-power conversion e!ciency of the device increased
significantly. Tetrabutylammonium (TBA) substituted complex
MH11-TBA furnished a short-circuit photocurrent density ( Jsc)
of 20.54 mA cm!2, an open-circuit photovoltage (Voc) of 0.71 V,
and a fill factor of 0.68, resulting in an overall conversion
e!ciency (Z) of 10.06%. This impressive increase in perfor-
mance is because of the deprotonation of one carboxylic acid.
The fully protonated MH11 transfers most of its protons to the
TiO2 surface upon binding to Ti, thus decreasing Jsc due to the
positive shift of the TiO2-CB level. When compared to MH11-
TBA under the same experimental device conditions, N719
exhibited a Jsc of 16.85 mA cm!2, a Voc of 0.749 V, and a fill
factor of 0.739, resulting in an overall conversion e!ciency (Z)
of 9.32%. Fig. 7 shows the photocurrent–voltage curves
obtained for solar cells fabricated using MH06, MH11, MH11-
TBA and N719 at standard AM 1.5 irradiation.

2.5. CEM and IMVS characterization

Intensity-modulated photovoltage spectroscopy (IMVS) is a
powerful tool to investigate the band edge level of TiO2 and
charge recombination kinetics in DSSCs. In a previous study,
charge recombinations between the N3 dye and the electrolyte
were investigated and an analytical expression relating the Voc

to the interfacial recombination kinetics was derived.33 In the
present study, a theoretical IMVS model that considers a
charge trapping–detrapping mechanism during the charge
di"usion in the semiconductor and charge transfer from the
CB-semiconductor to redox species at the semiconductor/
electrolyte interface was used. This model is invaluable in
elucidating the change in the open-circuit photovoltage (Voc)
because of the surface modification of the semiconductor
oxide. IMVS measurements of MH06, MH11, MH11-TBA and
N719 showed a linear increase in Voc as a function of electron
density for all dyes, illustrated in Fig. 8. In addition, the result
indicated that dyes contribution to the band edge shift is almost
similar as the plots for all dyes overlapped with each other,

Fig. 6 Photocurrent action spectra (IPCE) obtained with dyes MH06, MH11 and
N719 anchored on nanocrystalline TiO2 film. The IPCE values are plotted as a
function of wavelength of the exciting light.

Table 3 Photovoltaic characteristics of MH06 and MH11 against N719

Complexes TBP (M) Jsc (mA cm!2) Voc (V) FF Z(%)

MH06 0.3 15.07 0.642 0.692 6.70
0.5 14.44 0.649 0.691 6.49

MH11 0.3 19.477 0.654 0.679 8.66
0.5 19.700 0.671 0.664 8.78

MH11-TBA 0.3 20.55 0.697 0.685 9.80
0.5 20.54 0.713 0.687 10.06

N719 0.3 17.16 0.733 0.725 9.12
0.5 16.85 0.749 0.739 9.32

Conditions: sealed cells; coadsorbate, DCA 20 mM; photoelectrode,
TiO2 (15 mm thickness and 0.25 cm2); electrolyte, 0.6 M DMPII, 0.1 M
LiI, 0.05 I2 in AN; irradiated light, AM 1.5 solar light (100 mW cm!2).
Jsc, short-circuit photocurrent density; Voc, open-circuit photovoltage;

FF, fill factor; Z, total power conversion e!ciency.
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regardless of di!erent substitutions on the bpy-moiety. This
implies that the open-circuit photovoltage (Voc) is more likely
dependent on charge recombination reactions rather than
molecular structures of the dyes. Hence, the Voc for all DSSCs
containing MH06, MH11, MH11-TBA should be attributed to
the extent of charge recombination which is ultimately related
to the electron lifetime (t) in TiO2. Fig. 9 shows the electron
lifetime (t) as a function of Voc. It can be clearly seen that TBA
substituted complexes of N719 and MH11-TBA showed
impressive longer electron lifetime than MH11 and MH06. This
can be attributed to the formation of a compact thicker layer of
TBA on the TiO2 surface, which reduces the concentration of
I3
! ions in the vicinity of the TiO2 surface, which explains the

electrons longer lifetime and significant suppression of the
charge recombination reactions at the electrolyte (I3

! ions)/
TiO2 interface. Furthermore, from Fig. 9, it can be inferred that
the electron lifetime of MH11 in CB-TiO2 is longer than that of
MH06. This confirms that the use of bulky pyrene as an
antenna in MH11 acted as a shielding barrier between the
redox and TiO2. Fig. 10 shows a schematic diagram of MH11
anchored onto a slab of the TiO2 (101) surface demonstrating

Fig. 7 Photocurrent voltage characteristics of DSSCs sensitized with the complexes MH06, MH11, MH11-TBA and N719. Electrolyte, 0.6 M DMPII, 0.1 M LiI, 0.05 I2 in
acetonitrile (AN).

Fig. 8 Voc as a function of electron density for DSSCs sensitized with MH11,
MH11-TBA, MH06 and N719. Electron density was measured by means of a
charge extraction method.

Fig. 9 Electron lifetime (t) as a function of Voc for DSSCs sensitized with MH11,
MH11-TBA, MH06 and N719. Electron lifetime was measured by means of
intensity-modulated photovoltage spectroscopy.

Fig. 10 Schematic representation of MH11 anchored on an anatase slab of the
TiO2 (101) surface demonstrating the plausible mechanism that rationalizes
the improvement in the Jsc of MH11 as a result of reduced charge recombi-
nation between TiO2 and the electrolyte owing to the presence of the bulky
pyrene antenna.
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the plausible mechanism of the reduction in charge recombi-
nations between TiO2 and the electrolyte for dye MH11 owing
to the bulky pyrene antenna, which resulted in a significant
increase in the Jsc of MH11.

2.6. Electrochemical impedance spectroscopy
characterization

Electrochemical impedance spectroscopy (EIS) is a powerful
tool for characterizing the interfacial charge transfer process at
TiO2/electrolyte and Pt/electrolyte interfaces in DSSCs. The EIS
Nyquist and Bode plots for the DSSCs based on MH06, MH11,
MH11-TBA and N719 are shown in Fig. 11 and 12. The EIS
Nyquist plots exhibited three characteristic peaks, the response
in the intermediate frequency indicating that the electron recom-
bination resistance increased in the order of N719 > MH11-TBA >
MH11 > MH6. This is due to the formation of a thick layer of TBA
on the TiO2, which reduces charge recombinations.

In Fig. 12, the frequency response plot is in the range of
1–100 Hz, which is indicative of the electron recombination
between the electrolyte and TiO2 and is related to the electron
lifetime in the CB of TiO2. The electron lifetime depends on the
density of charge traps, which is ultimately related to Voc. The
middle-frequency peaks of the DSSCs based on N719 and
MH11-TBA shifted to lower frequency, owing to the presence
of a thick layer of TBA, relative to that of MH11 and MH06,
indicating a shorter recombination lifetime for the latter case.

This trend is in agreement with the t vs. Voc results, implying
that the formation of a thicker compact layer using TBA
increases the lifetime of electrons in CB-TiO2, hence reducing
the rate of charge recombination with the triiodide ions I3

!.

3. Conclusions

In conclusion, the incorporation of strong electron donating
groups and extension of the length of p-conjugation in the
bipyridyl moiety furnished highly e!cient light harvesting
properties and bathochromic shift in the UV-Vis spectrum
compared to the benchmark N719 dye. The photovoltaic
performance of MH06, MH11 and MH11-TBA showed that
MH11-TBA exhibited a significantly higher e!ciency Z(%) of
10.06 than N719 (9.32) and MH06 (6.70). Comparison of the
photovoltaic performance of MH06 and MH11 showed that the
structure of the ancillary ligand can have a significant e"ect
on the photovoltaic performance of the sensitizer, as longer
extended p-conjugation based on pyrene was shown to be
significantly more e"ective than an electron donor with less
p-conjugated ancillary ligand of methoxynaphthalene. In addi-
tion, the intensity-modulated photovoltage spectroscopy results
showed that the open-circuit photovoltage (Voc) is more depen-
dent on the charge recombination process, where the charge
recombinations were reduced owing to the thick layer of TBA,
which resulted in an increase in the lifetime of electrons in
CB-TiO2. Electrochemical impedance spectroscopy results showed
that incorporation of a TBA unit into the molecular structure of
dyes significantly suppressed the recombination process at the
TiO2/dye/electrolyte interface.
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Supporting Information and Experimental Section 
 

Materials. 

The solvents and chemicals were either purchased from Sigma-Aldrich, Fisher Scientific or 

TCI-America or used as received. The aldehydes were purchased from Sigma-Aldrich with 

99% purity. Sephadex LH-20 was purchased from Fisher Scientific. 

 

1.1. Analytical Measurements. 

1.1.1 UV-Vis Spectra 

UV-Vis spectra were recorded in a 1cm path length quartz cell on a Cary 3 Spectrophotometer. 

A dimethylformamide solution of each complex of 2x10-5 M was prepared, and the absorbance 

was measured and extinction coefficient was calculated for each dye. 

 

1.1.2. Fluorescence Spectra 

Fluorescence spectra were recorded in a 1cm path length quartz cell using 2 x 10-5M solutions on 

a Fluorolog-311. The emitted light was detected in the steady state mode using Hamamatsu 

R2658 detector.  The emission was measured in the steady state mode by exciting at the max 

(lower energy MLCT band) for each dye with exit and entrance slits set at 10nm. 
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1.1.3. Attenuated Total Reflectance Fourier-transform Infra Red Spectroscopy 

Attenuated Total Reflectance-Fourier Transform Infra Red (ATR/FT-IR) spectra were recorded 

on a Thermo Nicolet, Nexus 470 FTIR Spectrophotometer with Omnic 7.2 software. The 

compound under investigation was placed in its powder form on a germanium crystal and a 

pressure probe was placed in position to apply consistent pressure on the sample. An average of 

32 scans was used at a resolution of 4 cm-1. The complexes and intermediates were characterized 

using the same parameters. Figures 1S, 2S, show the FT-IR of MH06 and MH11 in the pure 

form, respectively. 

 

Figure 1S ATR/FT-IR of MH06. 
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Figure 2S ATR/FT-IR of MH11. 

 

1.1.4. Mass Spectroscopy 

ESI-MS was recorded on an Agilent Technologies 6210 LC-TOF mass spectrometer in the 

negative ion mode. The sample was prepared in methanol in the presence of a small amount of 

tetrabutylammonium hydroxide (TBAOH). The fragmenter voltage was set at 220.0 V and 

results from 20 scans in the case of MH06, 40 scans in the case of MH11 were averaged. Figures 

3S-4S show the -ESI-MS of MH06 and MH11 with one TBA per molecule, singly charged, with 

identical pattern of ruthenium isotopes. 
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Figure 3S  ESI mass spectrum of MH06, Mass 982.1181; [M - 2H + TBA] -1; Theo. M/Z = 

1222.3873, Found. M/Z 1222.3926, Error = 4.335 ppm. 

 

Figure 4S  ESI mass spectrum of MH11, Mass 910.0453, [M – 2H + TBA] -1, Theo. M/Z = 

1310.3974, Found M/Z = 1310.4038, Error = -4.884 ppm. 
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1.2.5. 1H-NMR Experiments 

1H-NMR experiments were recorded on a Bruker 500 MHz spectrometer at 40 C using 

deuterated DMSO-d6 as a solvent. Splitting patterns reported here are: s (singlet), d (doublet), 

dd, (double-of-doublet),  t  (triplet),  p  (pentet),  and  m  (multiplet).  Chemical  shifts  (δ)  and  coupling  

constants (J) are reported in ppm and Hertz (Hz), respectively. The aliphatic range 0-5ppm is not 

shown for brevity. Figures 5S-6S show the H-NMR for MH06 and MH11, respectively. 

 

Figure 5S 1H-NMR of MH06. 
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Figure 6S 1H-NMR of MH11. 

 

1.2.6. TiO2 Electrode Preparation 

A double-layer TiO2 photoelectrode  (10+5)  μm  in  thickness  with  a  10  μm  thick  nanoporous  layer  

and  a  5  μm   thick  scattering   layer (area: 0.25 cm2) were prepared using a reported method [1]. 

Fluorine doped tin oxide-coated glass electrodes (Nippon Sheet Glass Co., Japan) with a sheet 

resistance of 8-10 ohm-2 and an optical transmission of greater than 80% in the visible range 

were screen printed using anatase TiO2 colloids (particle size ~13nm) obtained from commercial 

sources (Ti-Nanoxide D/SP, Solaronix). Nanocrystalline TiO2 thin films were deposited onto the 

conducting glass by screen-printing which was then sintered at 500 °C for 1 hour. The film 

thickness was measured with a Surfcom 1400A surface profiler (Tokyo Seimitsu Co. Ltd.). The 

electrodes were impregnated with a 0.05 M titanium tetrachloride solution and sintered at 500 

°C. The films were further treated with 0.1M HCl aqueous solutions before examination [2]. The 

dye solutions (2 × 10-4 M) were prepared in 1:1:1 acetonitrile, tert-butyl alcohol and DMSO. 

Deoxycholic acid was added to the dye solution as a coadsorbent at a concentration of 20 mM. 

MH11���+105������0+]��'062�����&��
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The electrodes were immersed in the dye solutions and then kept at 25 °C for 20 hours to adsorb 

the dye onto the TiO2 surface. 

1.2.7. Fabrication of Dye-Sensitized Solar Cell. 

Photovoltaic and IPCE measurements were made on sandwich cells, which were prepared using 

TiO2 coated working electrodes and platinum coated counter electrodes, and were sealed using a 

40  μm  Syrlyn  spacer  through  heating  of  the  polymer  frame. The redox electrolyte consisted of a 

solution of 0.6 M DMPII, 0.05 M I2, 0.1 M LiI and 0.3-0.5 M TBP in acetonitrile. 

1.2.8. Photoelectrochemical Measurements 

2.2.8.1. Photovoltaic measurements 

Photovoltaic measurements of sealed cells were made by illuminating the cell through the 

conducting glass from the anode side with a solar simulator (WXS-155S-10) at AM 1.5 

illuminations (light intensities: 100 mW cm-2. 

 

1.2.8.2. Incident Photon to Current Efficiency (IPCE) Conversion 

IPCE measurements were made on a CEP-2000 system (Bunkoh-Keiki Co. Ltd.). IPCE at each 

wavelength was calculated using Equation 2, where ISC is the short-circuit photocurrent density 

(mAcm-2) under monochromatic irradiation, q is the elementary charge, λ is the wavelength of 

incident radiation in nm and P0 is the incident radiative flux in Wm-2 [3]. 

𝐼𝑃𝐶𝐸() = 1240


     Equation 2 

The incident photon-to-current conversion efficiency was plotted as a function of wavelength. 
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1.2.8.3. Photoemission Yield Spectrometer (AC3) and E0-0 Measurements 

The experimental HOMO and E0-0 energy values for MH06 and MH11 and N719 were 

measured using a photoemission yield spectrometer and the experimental absorption/emission 

spectra point of overlap, respectively, and the procedure was described in detail elsewhere [4].  

Figures 7S-9S show the HOMO energies of MH06, MH11 and N719, respectively. 

 

 

Figure 7S HOMO energy (-5.51eV) of MH06. 
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Figure 8S HOMO energy (-5.49eV) of MH11. 

1.2.8.4. Photoluminescence emission decay  

Emission decay spectra were recorded in DMF solutions while maintaining the optical 

absobtivity at 0.1 Abs, using a Fluorolog-311 at room temperature. The emission decays were 

recorded upon exciting at 454 nm using time-correlated single photon counting (TCSPC) 

procedure, after measurement the decay the data was further fitted using fitting model 2 (two-

exponential) at a channel range of channel range 1000nm-3000nm.   
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Figure 9S Time-Correlated Single Photon Counting (TCSPC), Emission Decay (6.25 ns) 

 

Figure 10S Time-Correlated Single Photon Counting (TCSPC), Emission Decay (6.47 ns) 
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1.2.9.   Synthesis of Ligands 

1.2.9.1.  4,4'-Bis-[2-(4-methoxy-naphthalen-1-yl)-vinyl]-[2,2']bipyridinyl 

A 100 ml pressure tube was charged with a magnetic stirrer bar, 100 mL of anhydrous DMF, 

4,4'-dimethyl-2,2'- bipyridine (1.000g, 5.428 x 10-3 mol)  and 4-Methoxy-naphthalene-1-

carbaldehyde (2.0203g, 1.085 x 10-2 mol, 5% excess was used to drive the reaction to 

completion), and three equivalent of Si(CH3)3Cl.  The reaction temperature was raised to 100 oC 

and allowed to run for 48 hours with continuous stirring. At the end of the reaction, the solvent 

was removed using rotary evaporator, and the product was recovered by addition of water and 

filtration under vacuum to furnish the antenna ligand in 94% yield, which was used for the next 

step after washing with toluene.   The   other   4,   4’-Bis-(2-pyren-1-yl-vinyl)-[2,   2’]bipyridinyl  

ligand  was prepared using same procedure with a 96% yield. 

1.2.9.2   Synthesis  of  2,  2’-Bipyridinyl-4,  4’-dicarboxylic acid 

2,  2’-Bipyridinyl-4,  4’-dicarboxylic acid was synthesized in 93% yield according to a previously 

reported procedure [5] 

 

1.2.9.3  Synthesis of complexes MH06 and MH11 

The synthesis of MH06 was carried out in a one-pot three-step reaction.  The reactions were 

carried out in a 250 ml reaction flask equipped with a condenser and magnetic stirrer bar under 

Argon. The flask was charged with anhydrous DMF (100mL), dichloro-(p-cymene)-ruthenium 

(II) dimer (0.30g, 4.899 x 10-4 mol) and 4,4'-Bis-[2-(4-methoxy-naphthalen-1-yl)-vinyl]-

[2,2']bipyridinyl (0.5100g, 9.797 x 10-4 mol). The reaction mixture was stirred at 90 °C for 4h.  

Then,   2,2’-bipyridyl-4,4’-dicarboxalic acid was added (0.239 g, 9.797 x 10-4 mol) and the 

temperature was raised to 130°C and allowed to run for 6 hours. After the 6 hours, excess of 

NH4NCS (0.5g) was added to the reaction mixture, and the reaction mixture was allowed to run 

for another 4h at 130C. The last two steps of the reaction were monitored for completion by 

taking aliquots from the reaction mixture every 60 minutes and measuring its absorption 

spectrum until there was no increase in the absorbance of the MLCT peaks with respect to the -

* peak. The reaction mixture was cooled down to room temperature and DMF was removed 

using a rotary evaporator. Water was added to the flask, and the insoluble solid were vacuum 
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filtered and washed with de-ionized water and ether. The product was dried overnight to give the 

crude product in 97% yield, with respect to the starting material. Complexes MH11 were 

prepared using same procedure in 94% crude yield.  Scheme 1 summarizes the general synthetic 

route for complexes MH06 and MH 11. 
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Scheme 1 General route for the synthesis of complexes MH06 and MH11. 
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1.2.10 Purification 

MH06 was purified on a column using Sephadex LH-20 as the stationary phase and pure 

methanol as the mobile phase. The crude dye of MH06 was dissolved in a mixture of methanol 

and TBAOH and loaded on Sephadex LH-20, and the compound was eluted using methanol neat. 

The main band was collected and acidified using 0.1M HCl until the pH dropped to 3.0, and the 

acidified solution was kept in a refrigerator for 12 hours. Then, the precipitate was filtered, 

washed with plenty of deionized water to remove remaining HCl.  The same purification 

procedure was repeated three times in order to obtain MH11 in the pure form. 

 

1.2.11. Molecular Modeling 

Equilibrium molecular geometries of MH08-10 and N719 were calculated using the energy 

functional 3-Parameter (Exchange), Lee, Yang and Parr (B3LYP) [5,6] and the full-electron 

basis set Density Gauss double-zeta with polarization functions (DGDZVP) [7,8].  The geometry 

optimization calculations were followed by energy calculations using TD-DFT utilizing the 

energy functional B3LYP and the basis set DGDZVP. The solvent (DMF) effect was account for 

by using the polarizable continuum model (PCM), implemented in Gaussian 09, and the ground 

and excited states oxidation potentials were calculated. All DFT and TD-DFT jobs were 

submitted remotely at East Carolina University's Supercomputer Jasta. 
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Abstract 

Three novel heteroleptic amphiphilic polypyridyl Ru-complexes, MH01, MH03, and MH05, 

with oxygen-containing-electron-donor stilbazole-based ancillary ligands were synthesized to 

study the influence of cyclic-electron-donor (MH01), presence of freely rotating electron-

donor auxochromes (MH03) ortho to the CH=CH bridge of stilbazole, and presence of only 

acyclic electron-donor methoxy (MH05) on molar extinction coefficient, light harvesting 

efficiency (LHE), ground and excited state oxidation potentials, and photovoltaic 

performance for DSSCs.  Although MH05 has three electron donor methoxy groups, it 

achieved the lowest molar extinction coefficient of 18250M-1cm-1 and exhibited the lowest 

photocurrent. The highest photocurrent density (JSC) was observed for the longest interatomic 

distance between the CH=CH bridge of stilbazole moiety and cyclic-electron-donor 

auxochrome (MH01). It was also shown that while incorporation of a freely-rotating 

mailto:Ahmed_EL-Shafei@ncsu.edu
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(acyclic) electron-donor auxochrome ortho to the CH=CH (MH03) has little effect on the 

ground and excited state oxidation potentials, max of the low energy MLCT, and molar 

absorptivity, the lowest photovoltage and % were observed. When compared under the 

same experimental device conditions using 0.3M t-butylpyridine (TBP), only MH01-TBA 

achieved 18% more in JSC and 8.6% higher in  than the reference dye N719. To probe the 

interrelationship between the cyclic-vs-acyclic oxygen-containing electron donor of the 

ancillary ligands, and photocurrent and photovoltage of these dyes, the equilibrium molecular 

geometries of the ancillary ligands were calculated using DFT. The HOMO distribution on 

cyclic-vs-acyclic electron donor and the position of OMe in the ancillary ligands rationalized 

the fundamental science behind the photovoltaic performance and photostability of these 

dyes.  

Keywords: dye solar cells, IPCE, auxochromes, electron donor, solar-to-electric conversion, 

molecular modeling, DFT and TD-DFT. 

 

1. Introduction 

Dye-sensitized solar cells (DSSCs) based on polypyridyl Ru (II) complexes have attracted 

strong attention from the academia and industry due to their unique photophysical and energy 

transfer properties including their broad spectral response, attractive excited state properties, 

multiple stable oxidation states [1-18] and high efficiency electron injection [19,20] for dye-

sensitized solar cells (DSSCs). Although N719 is the most common dye for DSSCs, owing to 

the hydrophilic nature of N719, the long-term device stability is not satisfactory [21,22]. In 

this respect, efforts toward improving the long-term device stability had led to the 
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development of the amphiphilic sensitizer Z-907. However, the molar extinction coefficient 

of Z-907 was lower than N719 [23], owing to the presence of a long alkyl chain and absence 

of strong electron donor auxochrome. To improve the molar extinction coefficient while 

maintaining the amphiphilic properties, another generation of sensitizers was developed 

containing electron donor auxochrome coded Z-910[24], K-19 [25], and K73 [26]. The 

molecular structures of Z-907, Z-910, K19, and K73 (Figure 1) are based on extending the -

conjugation of bipydridyl to produce red shift in the metal-to-ligand charge transfer (MLCT) 

absorption peaks and incorporating electron-donor auxochrome (alkoxy groups) to enhance 

the molar extinction coefficient.  

 

 
Figure 1. Molecular structures of Z-907, Z-910, K19, and K73. 

 

However, no work was reported in the literature that addresses the interrelationship between 

the location and form of electron donor, cyclic-vs-acyclic, of oxygen-containing electron-

donor ancillary ligands, and the photocurrent and photovoltage of polypyridyl Ru (II) 

complexes for DSSCs.  
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Here, we report a series of novel polypyridyl Ru (II) complexes (MH01, MH03, and MH05) 

that rationalizes the fundamental science of the structure-performance relationship for 

DSSCs. 

Figure 2 shows the molecular structures of MH01-TBA, MH01, MH03 and MH05. MH01-

TBA was synthesized by reacting MH01 with tetrabutylammonium hydroxide (TBA).  

 

 

 
 

Figure 2. Molecular structures of dyes N719, MH01-TBA, MH01, MH03 and MH05.  
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2. Results and Discussion 

2.1. Proposed reaction mechanism 

Figure 3 shows the proposed reaction mechanism of the reaction between aromatic aldehydes 

and  2,2’-dimethylbipyridyl in presence of trimethylsilylchloride. The reaction was carried out 

at 100C in a pressure tube.  Due to the electron negativity of the nitrogens in the bipyridyl 

moiety, a proton loss from the methyl group at the 4-position initiates an electron 

rearrangement in one of the pyridyl ring followed by a nucleophilic attack of the pyridyl-N at 

the electron deficient silicon and displacing a chloride ion. Restoring the aromaticity in the 

pyridyl ring leads to a nucleophilic attack on the electron deficient carbon of the carbonyl of 

the aldehyde followed by a loss of trimethylsilanol and hydrolysis, which furnishes a 

stilbazole analog. The same reaction mechanism takes place at the other pyridyl ring to give 

the bisubstituted stilbazole analog.  

 

 

Figure 3. Proposed reaction mechanism for the synthesis of bistilbazoles ancillary ligands 

(Ar1, Ar3, Ar5) of M01, MH03 and MH05. 
2.2. UV-Visible Spectra 



88 

Figure 4 shows a comparison between the absorption and emission spectra of N719 versus 

MH01-05, measured in DMF (2 x10-5 mol). The spectrophotometric properties are 

summarized in Table 1.  MH01, MH03 and MH05 showed intense and broad bands at 367nm 

(47,250 M-1cm-1), 404 (41,250M-1cm-1) and 358nm (66,800 M-1cm-1) and broad metal-to-

ligand-charge-transfer (MLCT) peaks at 545nm (21,500 M-1cm-1), 544 (21,350 M-1cm-1) 

542nm (31400 M-1cm-1), respectively, which are bathochromically shifted by 12-15 nm 

compared to that of N719.  From the data presented in Table 1, it is evident that the lower 

energy MLCT peaks of these new dyes exhibited higher molar extinction coefficient and are 

more bathochromically shifted than that of N719. However, MH05 exhibited the lowest 

molar extinction coefficient among the new dyes. The enhanced bathochromic shift of the 

low energy MLCT of MH01, MH03 and MH05 rendered these sensitizers better light 

harvesting dyes for DSSCs in the NIR region. 
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Figure 4. UV-Vis absorption (solid line) and emission (dotted line) spectra of complexes MH01, 
MH03 and MH05 compared to reference dye N719, measured in DMF (2 x10-5M).  
 

 
Table 1. Absorption, luminescence and electrochemical properties MH01, MH03 and MH05 

against N719. 
 

Sensitizer Expt.a Absorption Spectrum(2x 10-5M) Emissionbat 298K (2x 10-5M) 

max(nm) ε    (M-1 cm-1) em (nm) 

MH01 367; 545  (d*) 47,250; 21,500 770 

MH03 404; 544 (d*) 41,250; 21,350 784 

MH05 358; 542 (d*) 42,500, 18250 799 

N-719  381; 529 (d*) 14,400; 14,200 746 

 

a Measured in DMF (2x 10-5M) at room temperature; bThe emission spectra were obtained by 
exciting at the lowest MLCT band in DMF. 
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2.3. Electrochemical Data 

The ionization potential (IP) of MH01, MH03, MH05 and N719 bound to nanocrystalline 

TiO2 film was measured using a photoemission yield spectrometer (Riken Keiki AC-3E), and 

the results are shown in Table 2. The measured photoemission yield spectra on TiO2 are 

shown in ESI. The experimental ionization potentials values for MH01, MH03, MH05 and 

N719 were -5.53, -5.50, 5.52, and 5.76 eV, respectively. These results confirmed that the 

energy difference between the Ru3+/2+ potential (IP) of these dyes and the I3
-/I- redox couple 

(-5.20 eV) [27] is large enough for efficient regeneration of the dye through reaction with 

iodide. Table 2 summarizes the experimental and calculated E0-0, the ground and excited state 

oxidation potentials of the aforementioned dyes. The excited state oxidation potential E* 

(Ru3+/*) were estimated using Equation 1, where E (Ru3+/2+) is the oxidation potential of the 

ground state and E0-0 is the energy difference between the lowest excited singlet and ground 

states.  The resulting E* (Ru3+/*) values are shown in Table 2. The experimental excited-state 

oxidation potentials E* (Ru3+/*) of dyes MH01, MH03 and MH05 were -3.61, -3.62 and -

3.63eV, respectively, which lay above the conduction band edge of nanocrystalline TiO2 (-

4.2 eV) [28]. Hence, excited-state electron injection from the excited state into the 

conduction band edge of TiO2 is thermodynamically favorable.  

 

E*(Ru3+/*) = E (Ru3+/2+) -E0-0                                            Eq. 1 
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2.4. DFT/TD-DFT Calculations 

Following geometry optimization and vertical electronic excitation calculations, the ground 

and excited state oxidation potentials were calculated. Table 2 shows the calculated Highest 

Occupied Molecular Orbital (HOMO), the excited state oxidation potential (Ru3+/*), and the 

lowest singlet-singlet electronic transitions (E0-0) for MH01, MH03 and MH05 compared to 

N719, which were in excellent agreement with the experimental results.  

 
Table 2.   Experimental versus calculated ground and excited state oxidation potentials for   
                MH01, MH03 and MH05.  
 

Compound Calculated Energy (eV), TD-DFT Experimental  (eV) 

 
EHOMO 

ESOPsinglet E0-0= (S0-S1) *E0-0 GSOP 

(HOMO) 

E* 

(Ru3+/*) 

MH01 -5.54 -3.65 1.89 *1.92 -5.53 -3.61 

MH03 -5.42 -3.56 1.86 *1.88 -5.50 -3.62 

MH05 -5.48 -3.57 1.91 *1.89 -5.52 -3.63 

N719 -5.49 -3.49 2.00 *1.99 -5.76 -3.77 

 
ESOP = excited state oxidation potential; ESOPsinglet= GSOP-E0-0; E0-0 = (S0-S1) = the lowest 
vertical excitation energy = the lowest singlet-singlet transition; *E0-0=based on the 
experimental absorption and emission spectra (DMF), calculated from the point of overlap; 
GSOP = ground state oxidation potential was measured using a photoemission yield 
spectrometer (Riken Keiki AC-3E).  GSOP and ESOP of N719 were calculated elsewhere 
[29].  Calculations were performed using TD-DFT implemented in Gaussian 09, using the 
energy functional B3LYP and basis set DGDZVP. 
 

The MO calculations analyses of MH01, MH03 an MH05 showed that the HOMO is 

delocalized not only on Ru and NCS but also on the ancillary ligands carrying meta-para-
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cyclic auxochromes (MH01 and MH03). However, in the case of MH05 (acyclic), the 

HOMO distribution on the electron ancillary ligands was negligible. This elucidated that the 

presence of meta-para-cyclic electron donor auxochromes linked to bipyridyl through 

CH=CH spacer forms a stilbazole linkage with enhanced electron rich regime on the 

ancillary ligand, which contributed significantly to the ligand-to-ligand charge transfer 

(LLCT). This is likely due to stronger p-orbitals overlap between the electron donor oxygen 

in the cyclic form and aromatic stilbazole because the lone pairs of electrons on the oxygen 

are in better alignment with the p-orbitals of the aromatic system.  In the case of MH05, it is 

clear from the DFT calculation that the distribution of the HOMO on the ancillary ligand is 

negligible, which suggests that the charge transfer from the ancillary ligand to the LUMO is 

not strong. In the case of MH03,  the HOMO distribution on the ancillary ligand is strong due 

to the presence of OMe in the ortho position. However, in order for a strong electronic 

overlap between the electron donor synthon, the CH=CH bridge and stilbazole moiety, a free 

rotation of the electron donor around the CH=CH bridge is required. It is likely that the 

presence of OMe ortho to the CH=CH bridging group precludes free rotation of the electron 

donor and locks the conformation, which would prevent the electronic overlap of similar 

HOMO lobes and that would weaken the electronic overlap with the stilbazole moiety. As 

shown in Figure 5, the HOMO lobes on the electron moiety and the bridging group CH=CH 

are opposite to each other (red-green not red-red) and a free rotation is required for a strong 

electronic overlap between similar HOMO lobes to occur.  The calculated LUMOs of MH01, 

MH03 and MH05 were delocalized on the acceptor bipyridyl ligand and extended to the 

carboxylic group, (Figure 5). 
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MH05 
 

Figure 5.  Calculated HOMO (left) and LUMO (right) isosurfaces of MH01, MH03 and   

MH05. 

 

ATR-FTIR Spectral Data 

ATR-FIR spectra for MH01, MH03 and MH05 exhibited strong and intense absorption peaks 

at 2102-2104cm-1, corresponding to the isothiocyanate (N-bonded isomer) group. The spectra 

also showed strong absorption peak at 1720 cm-1 corresponding to the carbonyl of COOH in 

MH01, MH03 and MH05 and broad peaks at 3437cm-1, corresponding to the OH of COOH.  

 

2.6. Photovoltaic Properties 

The photovoltaic performance of dyes MH01, MH03 and MH05 on nanocrystalline TiO2 

electrode was studied under standard AM 1.5 irradiation (100 mW cm-2) using an electrolyte 

with a composition of 0.6 M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I2, 0.1 M 
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LiI and 0.3-0.5 M 4-ter-butylpyridine (TBP) in acetonitrile.  Figure 6 shows the incident-

photon-to-current efficiency conversion (IPCE) spectra for the cells fabricated with dyes 

MH01-TBA, MH01, MH03 and MH05 and N719, where the incident photon-to-current 

conversion efficiency (IPCE) values are plotted as a function of wavelength.  Dye MH01-

TBA demonstrated the most efficient sensitization of nanocrystalline TiO2 over the whole 

visible range extending into the near IR region (ca. 860 nm) with quantum efficiency of 

about 90% in the plateau region.  

 

 

Figure 6. Photocurrent action spectra (IPCE) obtained with dyes MH01-TBA, MH03,    

MH01-05 and N719 anchored on nanocrystalline TiO2 film.  

 

The short-circuit photocurrent density (JSC), open-circuit voltage (VOC), fill factors (FF) and 

overall cell efficiencies () for each dye-TiO2 electrode are summarized in Table 3. The 

photovoltaic performance parameters of MH01-TBA, MH01, MH03 and MH05, and N719-
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sensitized cells were studied using electrolyte containing 0.3TBP. N719 and MH01-TBA 

were also studied using 0.5 TBP concentrations. Under the same experimental device 

conditions, MH01-TBA showed higher photocurrent and greater total conversion efficiency 

than N719, and this improvement was attributed to the superior light harvesting efficiency 

(LHE) of MH01-TBA in the high and low energy photons regions compared to N719. The 

short-circuit photocurrent of N719 decreased as the TBP concentrations increased due to 

upward shift in the conduction band and decrease in the negative free energy [30]. On the 

other hand, the open-circuit voltage increased significantly and the fill factor increased 

slightly as the TBP concentration increased. It is likely that TBP was adsorbed on the bare 

TiO2 surface and formed a thick layer that suppressed the recombination between the injected 

electron and I3
- ions. Using 0.5TBP in the case of MH01, the Jsc decreased as expected but 

the increase in the Voc was an infinitesimal.  

 



97 

Table 3.  Photovolatic performancea of complexesMH01-TBA, MH01, MH03 and MH05   

               against N719. 

Dye TBP (M) Jsc(mA cm-2) Voc (V) FF  (%) 

MH01 0.3 19.59 0.659 0.702 9.08 

0.5 18.81 0.671 0.654 8.24 

MH01-TBA 0.3 20.09 0.688 0.717 9.91 

MH03 0.3 15.96 0.520 0.638 5.29 

MH05 0.3 15.86 0.668 0.685 7.25 

 
N719 

0.3 17.16 0.733 0.725 9.12 

0.5 16.85 0.749 0.739 9.32 
 

a Conditions: sealed cells; coadsorbate, DCA 20 mM; photoelectrode, TiO2 (15 µm thickness 
and 0.25 cm2); electrolyte,  0.6 M DMPII, 0.1 M LiI, 0.05 I2 in AN; irradiated light, AM 1.5 
solar light (100 mW cm-2).  JSC, short-circuit photocurrent density; Voc, open-circuit 
photovoltage; FF, fill factor; , total power conversion efficiency. 
 

Figure 7 shows photocurrent-voltage curves of sandwich-type sealed solar cells based on 

MH01-TBA, MH01, MH03 and MH05 and N719 at standard AM 1.5 irradiation using an 

electrolyte of 0.6M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I2, 0.1 M LiI, and 

0.3M or 0.5M 4-tert-butylpyridine (TBP) in acetonitrile. As shown in Table 3, under the 

same experimental device conditions with the electrolyte containing 0.3 M TBP under 

standard AM 1.5 irradiation (100 mW cm-2), the solar cell sensitized with MH01-TBA 

showed the best performance in terms of short-circuit photocurrent density 20.09mA cm-2, an 

open-circuit photovoltage of 0.688 V, and a fill factor of 0.702, corresponding to an overall 

conversion efficiency () of 9.91% compared to 9.12% of N719. Hence, this class of electron 

donor cyclic auxochrome is considered as an attractive class of sensitizers for high efficiency 
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DSSCs. Furthermore, through molecular modeling and tuning LHE and electron injection, 

more efficient sensitizers can be developed. 

 

 
 
Figure 7. Photocurrent voltage characteristics of DSSCs sensitized with the complexes 
MH01-TBA, MH01, MH03, MH05 and N719. Electrolyte, 0.6 M DMPII, 0.1 M LiI, 0.05 I2 
in acetonitrile (AN). 
 

2.7. CEM and IMVS characterization 

To further understand the molecular structure dependent Voc for N719, MH01, MH01-TBA, 

MH03 and MH05, we first measured the relative conduction band position of TiO2 by means 

of a charge extraction method. Fig. 8 shows Voc as a function of electron density for all dyes. 

A linear increase in Voc as a function of electron density was observed for all DSCs. Notably, 

the plots for all dyes overlapped with each other, indicating that all of the dyes have almost 

the same effect on the conduction band of TiO2 regardless of the substituents on the bpy. 

Therefore, the molecular structure dependent Voc for all DSCs should be attributed to the 

extent of charge recombination that is related to the electron lifetime (τ) in TiO2. Intensity-
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modulated   photovoltage   spectroscopy   was   used   to   measure   τ,   and   Fig.   9 shows the 

relationship   between   τ and electron density for all DSCs. At a certain electron density,  τ 

increase in the order of N719 > MH01-TBA > MH01 > MH05 > MH03. MH01-TBA 

exhibited  a  much  longer  τ than MH03 and MH05 at the same electron density, implying that 

the recombination between electrons on the TiO2 surface and I3
- ions in the electrolyte was 

considerably suppressed by the presence of TBA, and isomerization of the electron donors as 

the life time decreased from MH01 to MH03 to MH05.  

 

 

Figure 8.  Voc as a function of electron density for DSCs sensitized with N719, MH01, 
MH01-TBA, MH03 and MH05. Electron density was measured by means of a charge 
extraction method. 
 

2.8. EIS characterization 

Electrochemical impedance spectra was performed to study electron lifetimes and 

photoinduced electron injection properties under open circuit and illuminated conditions. Fig. 

10 and Fig.11 show the EIS Nyquist and Bode plots, respectively, for the DSSCs based on 
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N719, MH01-TBA, MH01, MH03 and MH05 dyes. As shown in Fig. 10, the Nyquist plots 

exhibited the radius of the second semicircle, indicating that the electron recombination 

resistance increased in the order of N719 > MH01-TBA > MH01 > MH05 > MH03.  

In the Bode phase plot (as shown in Fig. 11), the middle frequency peak in the 1-100 Hz 

range is indicative of the electron recombination between electrolyte and TiO2. The middle-

frequency peaks of the DSCs based on N719 and MH01-TBA shift to lower frequency 

relative to that of MH03 and MH05, indicating a shorter recombination lifetime for the latter 

case. This trend is in accordance with the τ vs. Voc results, which is in agreement with the 

fact that MH01-TBA exhibted higher Voc values (0.688V) than MH03 (0.520 V) or MH05 

(0.668V). 

 

 

Figure 9.  Electron lifetime (τ) as a function of Voc for DSCs sensitized with N719, MH01, 
MH01-TBA, MH03 and MH05. Electron lifetime was measured by means of intensity-
modulated photovoltage spectroscopy. 
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Figure 10.  EIS Nyquist plots for DSCs sensitized with N719, MH01, MH01-TBA, MH03 
and MH05. 
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Figure 11. EIS Bode plots for DSCs sensitized with N719, MH01, MH01-TBA, MH03 and  
MH05. 
 

2.9. Long-term stability measurements of dyes and devices 

Stability is a key factor for evaluating the practical application of DSSCs. Each component as well as 

sealing technique of a device can impact its stability at different extents during long-term application 

under severe environment. In DSSCs, the dye should be stable enough under light irradiation as a 

precondition for long-term stable device. Katoh and coworkers have developed a simple and efficient 

method to evaluate the stability of sensitizer dyes in a short period of time [31]. Since the most 

unstable state of the sensitizer is in its regeneration process, the corresponding sensitizers must 

remain stable in the cation state for at least 10s to be capable of realizing a 10-year operation cycle. 

To shorten the experiment period, we can accelerate the dye aging process by light irradiation on dye-

loaded TiO2 electrode. Without electrolyte, dye regeneration could occur only by receiving injected 

electrons from TiO2, which takes 104–103 times longer than that in complete solar cell device. After 
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45 min of light irradiation on sensitized TiO2 electrodes fabricated from MH01 and MH03, the 

absorbance of MH01 remained almost the same while that of MH03 decreased to some extent (Figure 

12A & 12B). Meanwhile, the color purple of MH01 loaded TiO2 film did not change throughout the 

whole experiment while MH03 based film faded quickly from purple to light red. Such difference in 

responses to light irradiation between MH01 and MH03 reveal that the photo-stability of the former is 

significantly higher, confirming the detrimental effect of the OMe group ortho to the CH=CH bridge 

in MH03. It is likely that the presence of the OMe in the ortho position with respect to the bridging 

group CH=CH increases the electron density on the bridge, which increases its susceptibility to 

photodegradation. For further evaluation of long-term stability of MH01-based DSSC, a less volatile 

electrolyte (containing 0.6 M 1-propyl-3-methylimidazolium iodide, 0.15 M iodine, 0.1 M 

guanidiniumthiocyanate and 0.5 M NMBI in 3-methoxypropionitrile) was employed. Hence the 

photovoltaic performance of device in this experiment is a little lower than the above-mentioned 

volatile electrolyte device. Figure 13 shows the variations of photovoltaic parameters during a long-

term accelerated aging on MH01 based solar cell.  Values for Voc, Jsc , FF, and η were recorded over 

a period of 1000 h. After continuously soaking in full sunlight at 60oC, the overall efficiency of the 

MH01-based DSSC maintain at 95% of the intial value. This demonstrates that the amount of dye on 

the TiO2 surface remained intact after long time light soaking confirming it superior photostability.  

These results suggest the great potential that MH01 holds for DSSCs practical applications.  
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A B 
 
 

  

 

Figure 12.  Absorption spectra of (c) MH01 and (d) MH03 adsorbed on nanocrystalline TiO2 
films before (black line) and after light irradiation for 20 min (red line) and 45 min (blue 
line). 
 
 

 

  
 

Figure 13.  Evolutions of photovoltaic performance parameters for MH01-based DSSC under one 

sun soaking at 60oC over a period of 1000 h. 
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Conclusions 
 

Compared to N719 under the same experimental device conditions, it was 

demonstrated that the novel Ru (II) based complex MH01-TBA achieved 34% more in molar 

absorptivity, 18% more in photocurrent, and 8.6% more in total solar-to-electric conversion 

efficiency. The superior performance of MH01-TBA was attributed to the presence of cyclic 

oxygen containing ancillary antenna, which enhanced the LHE and the photocurrent of 

MH01. It was shown that the form of electron donor, cyclic versus acyclic, and the presence 

of OMe at the ortho position with the respect to the bridge of the stilbazole plays a key role 

in the molar extinction coefficient, life time of electron in TiO2, photocurrent density (Jsc), 

photostability and total solar-to-electric conversion efficiency. MH01, which contains meta-

para-cyclic electron donor exhibited the highest molar extinction coefficient, longest electron 

lifetime in TiO2, highest photocurrent and total conversion efficiency. It is likely that the 

conjugation between the lone pairs of electrons of the p-orbital of the two oxygen atoms in 

the cyclic form (MH01) form stronger overlap and conjugation with the p-orbital of the 

aromatic stilbazole system than the acylic form (MH05), which translated into enhanced light 

harvesting in MH01. Owing to the presence of OMe in the ortho position in MH03, it 

exhibited the shortest lifetime in TiO2 nanoparticles, lowest photostability and lowest solar-

to-electron conversion efficiency.  Although MH05 possesses three freely rotating OMe 

(acyclic), its % was lower than that of MH01, which possess two–electron donors in the 

cyclic form.  This is expected because electron donor substituents at the meta position are 

weaker electron donors compared to electron donors at the ortho and/or para positions.  
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Owing to the high efficiency and superior long-term stability of MH01 over 1000h at 60°C as 

it retained 95% of its original photovoltaic performance, there is a great potential for its use 

in DSSCs practical applications.  These new findings confirm that the location and form of 

electron donors whether cyclic-or-acyclic have significant impact on the photovoltaic 

performance of dyes for DSSCs.    
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Materials. 

The solvents and chemicals were either purchased from Sigma-Aldrich and Fisher Scientific 

or TCI-America, used as received. Sephadex LH-20 was purchased from Fisher Scientific.  

 

1.1.  Analytical Measurements. 

 

1.1.1 UV-Vis Spectra 

UV-Vis spectra were recorded in a 1cm path length quartz cell on a Cary 3 

Spectrophotometer. A dimethylformamide solution of each complex of 2x10-5 M was 

prepared, and the absorbance was measured and extinction coefficient was calculated for 

each dye.  

mailto:Ahmed_EL-Shafei@ncsu.edu


113 

1.1.2. Fluorescence Spectra  

Fluorescence spectra were recorded in a 1cm path length quartz cell using 2 x 10-5M 

solutions on a Fluorolog-311. The emitted light was detected in the steady state mode using 

Hamamatsu R2658 detector.  The emission was measured in the steady state mode by 

exciting at the max (lower energy MLCT band) for each dye with exit and entrance slits set at 

10nm.  

 

1.1.3. Attenuated Total Reflectance Fourier-transform Infra Red Spectroscopy 

Attenuated Total Reflectance-Fourier Transform Infra Red (ATR/FT-IR) spectra were 

recorded on a Thermo Nicolet, Nexus 470 FTIR Spectrophotometer with Omnic 7.2 

software. The compound under investigation was placed in its powder form on a germanium 

crystal and a pressure probe was placed in position to apply consistent pressure on the 

sample. An average of 32 scans was used at a resolution of 4 cm-1. The complexes and 

intermediates were characterized using the same parameters. Figures 1S, 2S, and 3S show the 

FT-IR of MH01, MH03 and MH05 in the pure form, respectively.  

 

MH01: 2102 cm-1 (-NCS stretch, N-bonded isomer, very strong); 1719 cm-1 (C=O stretch of 

-COOH)  

MH03: 2103 cm-1 (-NCS stretch, N-bonded isomer, very strong); 1719 cm-1 (C=O stretch of 

-COOH)  

MH05: 2101 cm-1 (-NCS stretch, N-bonded isomer, very strong); 1720 cm-1 (C=O stretch of 

-COOH)  
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Figure 1S ATR/FT-IR of MH01. 

 

 

 

 

Figure 2S ATR/FT-IR of MH03. 
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Figure 3S ATR/FT-IR of MH05. 

 

1.1.4. Mass Spectroscopy 

ESI-MS was recorded on an Agilent Technologies 6210 LC-TOF mass spectrometer in the 

negative ion mode. The sample was prepared in methanol in the presence of a small amount 

of tetrabutylammonium hydroxide (TBAOH). The fragmenter voltage was set at 220.0 V and 

results from 19 scans in the case of MH01, 14 scans in the case of MH02-03, 32 scans for 

MH04 and 22 scans in the case of MH05 were averaged. Figures 6S-10S show the -ESI-MS 

of MH01-04 and MH05 with one TBA per molecule, singly charged, respectively. The ESI-

MS patterns shown in Figures 4S-6S are the pattern of ruthenium isotopes. 
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Figure 4S ESI mass spectrum of MH01, Mass 910.0454; [M - 2H + TBA] -1; Theo. M/Z = 
1150.3145, Found. M/Z 1150.3164, Error = 1.651 ppm. 
 

 

 

Figure 5S ESI mass spectrum of MH03, Mass 970.0665, [M – 2H + TBA] -1, Theo. M/Z = 
1210.3356, Found M/Z = 1210.3403, Error = 3.883 ppm. 
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Figure 6S ESI mass spectrum of MH05; Mass 1002.1291 [M - 2H] -2; Theo. m/2 = 
500.0567, Found m/2 = 500.0542, Error = -5.02 ppm. 
 

1.1.5. 1H-NMR Experiments 

1H-NMR experiments were recorded on a Bruker 500 MHz spectrometer at 40 C using 

deuterated DMSO-d6 as a solvent unless otherwise specified. Splitting patterns reported here 

are: s (singlet), d (doublet), dd, (double-of-doublet), t (triplet), p (pentet), and m (multiplet). 

Chemical shifts   (δ)   and   coupling   constants   (J)   are   reported   in   ppm   and   Hertz   (Hz),  

respectively. The aliphatic range 0-5ppm is not shown for brevity, unless needed. Figures 7S-

9S show the 1H-NMR for the ancillary ligands AL01, AL03, and AL05, respectively, Figures 

10Sa-c show the 1H-NMR (recorded on a Bruker 600MHz) of MH01-TBA, and Figures 11S-

13S show the 1H-NMR of MH01, MH03, and MH05, respectively.  
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Figure 7S H-NMR spectrum of the ancillary ligand of MH01 (AL01). 

 

 

 

 

 

 

Figure 8  SH-NMR spectrum of ancillary ligand of MH03 (AL03). 
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Figure 9S  H-NMR spectrum of ancillary ligand of MH05 (AL05). 

 

 

 

Figure 10Sa  H-NMR spectrum of MH01-TBA. 
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Figure 10Sb   Zoom-in spectrum on the aliphatic region of MH01-TBA. 

 

1H-NMR, MH01 (500 MHz, DMSO, 40 °C): δ/ppm  6.3  (S,  4H,  CH2), 7.10 (d, 2H, J = 11.0 

Hz and 7.02 (d, 2H, J = 11.41 Hz, CH=CH), 7.29 (d, 2H, J = 7.3 Hz, ArH), 7.57 (s, 2H. 

ArH), 7.59 (d, 2H, J =7.1 Hz, ArH), 7.60 (s, 2H. ArH), 7.82 (d, 2H, J = 8.20 Hz, ArH), 8.88 

(s, 2H, ArH), 9.04 (s, 2H, ArH), 9.08 (d, 2H, J = 8.1 Hz, ArH), 9.39 (d, 2H, J = 7.9 Hz ArH).  

1H-NMR, MH03 (500 MHz, DMSO, 40 °C): δ/ppm  3.92  (S,  6H,  CH3), 6.01 (S, 4H, CH2), 

6.53 (d, 2H, J = 9.8.0 Hz and 6.61 (d, 2H, J = 11.2 Hz, CH=CH), 7.86 (d, 2H, J = 7.9 Hz, 

ArH), 7.95 (s, 2H. ArH), 8.29 (d, 2H, J = 8.5 Hz, ArH), 8.9 (s, 2H, ArH), 9.06 (s, 2H, ArH), 

8.29 (d, 2H, J = 8.5 Hz, ArH), 9.06 (s, 2H, ArH), 9.1 (d, 2H, J = 8.6 Hz ArH). 

1H-NMR, MH05 (500 MHz, DMSO, 40 °C): δ/ppm  3.88  &3.92   (s,   18H,   -OCH3) 6.17 (s, 

2H, ArH), 6.26 (s, 2H, ArH), 6.92 (d, 2H, J = 5.5 Hz, and 7.35 (d, 2H J = 16.59 Hz CH=CH), 
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7.50-7.80 (m, 4H, ArH), 8.89 (s, 2H, ArH), 9.12 (s, 2H, ArH), 9.16 (d, 2H, J = 5.9 Hz, ArH), 

9.46 (d, 2H, J = 5.7 Hz, ArH) 14.14 (s, 2H, v. weak, -COOH). 

 

 

 
 

 

Figure 11S   H-NMR spectrum of MH01. 

 



122 

 

Figure 12S  H-NMR spectrum of MH03 
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Figure 13S  H-NMR spectrum of MH05. 

 

1.1.6. Elemental Analysis 

MH01, Chemical Formula: C42H28N6O8RuS2, Calcd. C, 55.44; H, 3.10; N, 9.24. Found:  C, 

55.21; H, 3.15; N, 9.13. 

MH03, Chemical Formula: C44H32N6O10RuS2, Calcd. C, 54.48; H, 3.33; N, 8.66.  Found: C, 

54.27; H, 3.41; N, 8.55.   



124 

MH05, Chemical Formula: C46H40N6O10RuS2, Calcd. C, 55.14; H, 4.02; N, 8.39.  Found: C, 

55.01; H, 4.11; N, 8.26.   

 

1.2.6. TiO2 Electrode Preparation 

A double-layer TiO2 photoelectrode  (10+5)  μm  in  thickness  with  a  10  μm  thick  nanoporous  

layer   and   a   5   μm   thick   scattering   layer (area: 0.25 cm2) were prepared using a reported 

method [1]. Fluorine doped tin oxide-coated glass electrodes (Nippon Sheet Glass Co., 

Japan) with a sheet resistance of 8-10 ohm-2 and an optical transmission of greater than 80% 

in the visible range were screen printed using anatase TiO2 colloids (particle size ~13nm) 

obtained from commercial sources (Ti-Nanoxide D/SP, Solaronix). Nanocrystalline TiO2 thin 

films were deposited onto the conducting glass by screen-printing which was then sintered at 

500 °C for 1 hour. The film thickness was measured with a Surfcom 1400A surface profiler 

(Tokyo Seimitsu Co. Ltd.). The electrodes were impregnated with a 0.05 M titanium 

tetrachloride solution and sintered at 500 °C. The films were further treated with 0.1M HCl 

aqueous solutions before examination [2]. The dye solutions (2 × 10-4 M) were prepared in 

1:1:1 acetonitrile, tert-butyl alcohol and DMSO. Deoxycholic acid was added to the dye 

solution as a coadsorbent at a concentration of 20 mM. The electrodes were immersed in the 

dye solutions and then kept at 25 °C for 20 hours to adsorb the dye onto the TiO2 surface.  

 

1.2.7. Fabrication of Dye-Sensitized Solar Cell 

Dye-Sensitized Solar Cell were prepared using TiO2 coated working electrodes and platinum 

coated  counter  electrodes,  and  were  sealed  using  a  40  μm  Syrlyn  spacer  through  heating  of  
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the polymer frame. The redox electrolyte consisted of a solution of 0.6 M DMPII, 0.05 M I2, 

0.1 M LiI and 0.3-0.5 M TBP in acetonitrile. 

 

1.2.8. Photoelectrochemical Measurements 

 

2.2.8.1. Photovoltaic measurements 

Photovoltaic measurements of sealed cells were made by illuminating the cell through the 

conducting glass from the anode side with a solar simulator (WXS-155S-10) at AM 1.5 

illuminations (light intensities: 100 mW cm-2.  

 

1.2.8.2. Incident Photon to Current Efficiency (IPCE) Conversion 

IPCE measurements were made on a CEP-2000 system (Bunkoh-Keiki Co. Ltd.). IPCE at 

each wavelength was calculated using Equation 2, where ISC is the short-circuit photocurrent 

density (mAcm-2) under monochromatic irradiation, q is the elementary charge, λ is the 

wavelength of incident radiation in nm and P0 is the incident radiative flux in Wm-2  [3]. 

     Equation 2 

The incident photon-to-current conversion efficiency was plotted as a function of 

wavelength.  

 

1.2.8.3. Photoemission Yield Spectrometer (AC3) and E0-0 Measurements 

The experimental HOMO and E0-0 energy values for MH01, MH02, MH05 and N719 were 

measured using a photoemission yield spectrometer and the experimental 
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absorption/emission spectra point of overlap, respectively, and the procedure was described 

in detail elsewhere [4].  Figures 10S-13S show the HOMO energies of MH01, MH03, MH-

05 and N719, respectively.  

 

 

Figure 10S HOMO energy (-5.52eV) of MH01.  
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Figure 11S HOMO energy (-5.50eV) of MH03.  

 

 

 

Figure 12S HOMO energy (-5.51eV) of MH05.  
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Figure 13S HOMO energy (-5.67eV) of N719.  

 

 

1.2.8.4. Electrochemical impedance spectroscopy (EIS) and intensitymodulated 

photovoltage spectroscopy (IMVS) measurements 

The IMVS spectra were measured with a potentiostat (Solartron1287) equipped with a 

frequency response analyzer (Solartron1255B) at an open-circuit condition, based on a 

monochromatic illumination (420 nm) controlled by Labview system, to obtain the 

photovoltaic response induced by the modulated light. The modulated light was driven with a 

10% AC perturbation current superimposed on a DC current in a frequency range from 0.1 to 

106 Hz. The charge extraction method (CEM) was performed with the same monochromatic 

light source. The solar cell was illuminated at an open-circuit condition for 5 s to attain a 
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steady state and then the light source was switched off when the device simultaneously 

switched to a short-circuit condition to extract the charges generated at that light intensity. 

The electrochemical impedance spectra were measured with an impedance analyzer 

(Solartron Analytical, 1255B) connected with a potentiostat (Solartron Analytical, 1287) 

under illumination using a solar simulator (WXS-155S-10: Wacom Denso Co. Japan). EIS 

spectra were recorded over a frequency range of 102 to 106 Hz at 298 K. The applied bias 

voltage and AC amplitude were set at the Voc of the DSCs. The applied bias voltage and AC 

amplitude were set at the Voc of the DSCs. The electrical impedance spectra were 

characterized using Z-View software (Solartron Analytical). 

 
 
1.2.9. Synthesis 
 

1.2.9.1 Ligands 

 

1.2.9.1.1 4,4'-Bis-(2-benzo[1,3]dioxol-5-yl-vinyl)-[2,2']bipyridinyl  

A 100 ml pressure tube was charged with a magnetic stirrer bar, 100 mL of anhydrous DMF, 

4,4'-dimethyl-2,2'- bipyridine (1.000g, 5.428 x 10-3 mol)  and Benzo[1,3]dioxole-5-

carbaldehyde (1.712g, 1.085 x 10-2 mol, 5% excess was used to drive the reaction to 

completion), and three equivalent of Si(CH3)3Cl.  The reaction temperature was raised to 100 

oC and allowed to run for 48 hours with continuous stirring. At the end of the reaction, the 

solvent was removed using rotary evaporator, and the product was recovered by addition of 
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water and filtration under vacuum to furnish the antenna ligand in 91% yield, which was used 

for the next step after washing with toluene.  

 

1.2.9.1.2  4,4'-Bis-[2-(6-methoxy-benzo[1,3]dioxol-5-yl)-vinyl]-[2,2']bipyridinyl 

The title ligand was synthesized in 92% yield the procedure described above in 1.2.9.1.1. 

 

1.2.9.1.3 4,4'-Bis-[2-(3,4,5-trimethoxy-phenyl)-vinyl]-[2,2']bipyridinyl 

The title ligand was synthesized in 90% yield according the procedure described above in 

1.2.9.1.1. 

 

1.2.9.2  Synthesis  of  2,  2’-Bipyridinyl-4,  4’-dicarboxylic acid  

2,   2’-Bipyridinyl-4,   4’-dicarboxylic acid was synthesized in 93% yield according to a 

previously reported procedure [5] 

 

1.2.9.3 Synthesis of complexes MH01, MH01-TBA, MH03 and MH05 
 

1.2.9.3.1 Synthesis of MH01, modified from Graetzel Method 

The synthesis of MH01 was carried out in a one-pot three-step reaction.  The reactions were 

carried out in a 250 ml reaction flask equipped with a condenser and magnetic stirrer bar 

under Argon. The flask was charged with anhydrous DMF (100mL), dichloro-(p-cymene)-

ruthenium (II) dimer (0.30g, 4.899 x 10-4 mol) and 4,4'-Bis-(2-benzo[1,3]dioxol-5-yl-vinyl)-

[2,2']bipyridinyl (0.435 g, 9.797 x 10-4 mol). The reaction mixture was stirred at 90 °C for 
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4h.     Then,  2,2’-bipyridyl-4,4’-dicarboxalic acid was added (0.239 g, 9.797 x 10-4 mol) and 

the temperature was raised to 130°C and allowed to run for 6 hours. After the 6 hours, excess 

of NH4NCS (0.5g) was added to the reaction mixture, and the reaction mixture was allowed 

to run for another 4h at 130C. The last two steps of the reaction were monitored for 

completion by taking aliquots from the reaction mixture every 60 minutes and measuring its 

absorption spectrum until there was no increase in the absorbance of the MLCT peaks with 

respect to the -* peak. The reaction mixture was cooled down to room temperature and 

DMF was removed using a rotary evaporator. Water was added to the flask, and the insoluble 

solid were vacuum filtered and washed with de-ionized water and ether. The product was 

dried overnight to give the crude product in 94% yield, with respect to the starting material. 

 

Synthesis of MH01-TBA 

MH01-TBA was synthesized by adding MH01 (0.1g) to 20 mL of H2O/MeOH (11:9) and 

tetrabutylammonium hydroxide (0.0285g), and the pH of the solution was kept at 9. To this 

solution, 0.1g of tetrabutylammonium thiocyanate was added. The resulting solution was 

filtered to remove any insoluble material, and the pH was adjusted to 4.0 using dilute HCl. A 

dense precipitate formed immediately and the suspension was concentrated to 10 mL.  The 

solution was filtered using a sintered glass crucible, and the precipitate was dried under 

vacuum to yield tetrabutylammonium salt, MH01-TBA, which was confirmed using 1H-

NMR. 
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Complexes MH01, MH03, and MH05 were synthesized according the above procedure in 

93%, 95%, 95% and 91% yield, respectively.  Scheme 1 summarizes the general synthetic 

route for complexes MH01, MH03 and MH05. 
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Scheme 1 General route for the synthesis of complexes MH01, MH03 and MH05.
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1.2.10 Purification  

MH01 was purified on a column using Sephadex LH-20 as the stationary phase and pure 

methanol as the mobile phase. The crude dye of MH01 was dissolved in a mixture of 

methanol and TBAOH and loaded on Sephadex LH-20, and the compound was eluted using 

methanol neat. The main band was collected and acidified using 0.1M HCl until the pH 

dropped to 2.0, and the acidified solution was kept in a refrigerator for 48 hours. Then, the 

precipitate was filtered, washed with plenty of de-ionized water to remove remaining HCl.  

The same purification procedure was repeated three times in order to obtain MH01 in the 

pure form. Complexes MH03 and MH05 was purified using the above procedure.   

 

1.2.11 Molecular Modeling 

Equilibrium molecular geometries of MH01, MH03, and MH05 were calculated using the 

energy functional 3-Parameter (Exchange), Lee, Yang and Parr (B3LYP) [6,7] and the full-

electron basis set Density Gauss double-zeta with polarization functions (DGDZVP) [8,9].  

The geometry optimization calculations were followed by energy calculations using TD-DFT 

utilizing the energy functional B3LYP and the basis set DGDZVP. The solvent (DMF) effect 

was accounted for by using the polarizable continuum model (PCM), implemented in 

Gaussian 09, and the ground and excited states oxidation potentials were calculated. All DFT 

and TD-DFT jobs were submitted remotely at East Carolina University's Supercomputer 

Jasta. 
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Structure–property relationship of hetero-aromatic-
electron-donor antennas of polypyridyl Ru (II) complexes
for high efficiency dye-sensitized solar cells
Ahmed El-Shafei1*, Maqbool Hussain1, Ashraful Islam2 and Liyuan Han2

1 Polymer and Color Chemistry Program, North Carolina State University, Raleigh, NC 27695, USA
2 Photovoltaic Materials Unit, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

ABSTRACT

Three novel heteroleptic amphiphilic polypyridyl Ru-complexes, coded MH08–10, with hetero-aromatic electron-donor
ancillary ligands containing N-benzylcarbazole (MH08), dibenzofurane (MH09) and benzothiophene moieties (MH10)
were synthesized to study the influence of different heterocyclic electron donors on the interrelationship of photophysical
and electrochemical properties, and device performances for dye-sensitized solar cells (DSSCs). MH08 showed a
remarkably high molar extinction coefficient of 27,650 M!1cm!1. MH08–TBA was synthesized from MH08 by
converted one COOH group into !COO!+N(C4H9)4 to investigate the effect of deprotonating one carboxylic group
on the Fermi level and electron injection. When compared under the same experimental device conditions using 0.3M
t-butylpyridine (TBP), the short-circuit photocurrent density (JSC) and total conversion efficiency (%!) ofMH08–10were
MH08>MH09>MH10. The differences in %! and JSC of MH08–10 were ascribed to the conjugation length
coupled with the electron donation and hole-transport strength of the ancillary ligands, which were in the following order
N-benzylcarbazole>dibenzofurane>benzothiophene. Moreover, MH08–TBA showed JSC of 19.56 mAcm!2 and %!
of 9.76% compared to 17.16 mAcm!2 and 9.12% of the benchmark dye N719. The superior performance of MH08–TBA
was attributed to its better light harvesting and enhanced incident-photon-to-current efficiency (IPCE) conversion.
DFT/TD-DFT calculations utilizing the energy functional B3LYP and the full-electron basis set DGDZVP were
performed to calculate HOMO and LUMO energies, vertical electronic excitations, lowest singlet-singlet electronic
transitions (E0-0), and excited state oxidation potentials. Excellent agreement was found between the experimental results
and calculated data. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) based on polypyridyl Ru
(II) complexes have received considerable interest in industry
and academia due to their exceptional photophysical and
unique and strong charge transfer (MLCT) properties, low cost
production and high efficiency [1–21]. DSSCs were first dem-
onstrated by O’Regan and Grätzel in 1991 [22]. It was not
until the year 2005 that Grätzel et al. showed a breakthrough
record in total efficiency using N719 [23]. N719, however,
lacks absorption in the red and near-infra red (NIR) regions,

and exhibits weak incident-photon-to-current conversion effi-
ciency (IPCE) in the range 350–450nm with a sharp drop at
380nm[24], induced by competitive light absorption by triio-
dide anions [20,24–27], owing to the higher molar extinction
coefficient of triiodide. The energy gap between the ground
state oxidation potential of N719 (!5.79 eV) [24] and redox
potential of the electrolyte (!5.20 eV) [28] is about 0.6 eV,
as shown in Figure 1, which is a greater driving force than
needed to drive the reaction to completion between the electro-
lyte and oxidized dye to regenerate the neutral dye [29]. This
large energy gap leads to a significant energy loss of
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~0.45 eV as only ~0.15 eV energy gap is needed as a driving
force for the regeneration of the neutral dye.

Although work was performed on functionalizing bipyri-
dyl with different ancillary ligands [30–48], to increase the
light harvesting efficiency (LHE) of N719 congeners,
no work was reported that shows the unique molecular
engineering that furnishes the delocalization of highest occu-
pied molecular orbital (HOMO) on the electron donor
segment of the ancillary ligand.

In the present study, we report the synthesis, photophy-
sics, molecular modeling and photovoltaic performance of

three novel amphiphilic polypyridyl Ru (II) complexes
coded MH08–MH10 (Figure 2), compared with the cham-
pion dye N719 under the same experimental conditions.
The amphiphilic ancillary ligands of MH08–MH10 were
designed with different conjugation lengths and electron
donation strengths, to systematically study the interrelation-
ship between the molecular structures of the ancillary
ligands, molar extinction coefficient, HOMO–LUMO
energy gap, delocalization of the HOMOs on the ancillary
ligand, photophysical properties and photovoltaic perfor-
mance. The ancillary ligands of MH08–MH10 were based

Figure 1. Tuning highest occupied molecular orbital/lowest unoccupied molecular orbital gap of MH08–MH10 for high efficiency dye-
sensitized solar cells.

Figure 2. Molecular structures of dyes MH08-TBA, MH08–MH10 and N719.
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on N-benzylcarbazole, dibenzofurane, and benzothiophene,
respectively. Although the conjugation length of the ancil-
lary ligands of carbazole and dibenzofurane is the same, they
are longer than that of benzothiophene.Moreover, N-benzyl-
carbazole is a stronger electron donor moiety than dibenzo-
furane. MH08-TBA was synthesized to study the influence
of one carboxylic proton on the JSC and total conversion
efficiency.

The MH08–MH10 exhibited significantly higher molar
extinction coefficient for both high and low energy MLCT
peaks than that of N719, withMH08 exhibiting remarkably
high molar extinction coefficients of 64,200 and 27,650M!1

cm!1 for the high and low energy MLCT, respectively. The
enhanced red shift and molar absorptivity of MH08–MH10
increased their LHE across a wider range of the solar spec-
trum, which translated into higher JSC (mAcm!2). Moreover,
we are showing for the first time that linking N-benzylcarba-
zole to bipyridyl through CH=CH significantly impacts the
delocalization of the HOMO and extends the HOMO delocal-
ization to the carbazole with large coefficient, resulting in
more intense and broad peak of the high energy MLCT.

2. EXPERIMENTAL SECTION

2.1. Materials

The solvents and chemicals were either purchased from
Sigma–Aldrich, Fisher Scientific or TCI-America and used
as received. Sephadex LH-20 was purchased from Fisher
Scientific.

2.2. Ultraviolet–visible Spectra absorption
and fluorescence spectra

Ultraviolet–visible spectra were recorded in a 1 cm path
length quartz cell on a Cary 3 Spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA). A dimethylforma-
mide (anhydrous) solution of each complex of 2" 10!5M
was prepared, the absorbance was measured, and extinction
coefficient was calculated for each dye.

Fluorescence and emission decay were measured in a
1 cm path length quartz cell using 2" 10!5M solutions
(DMF) on a FluoroLog-3 spectrofluorometer (Jobin Yvon).
The emitted light was detected in the steady state mode using
Hamamatsu R2658 detector (Horiba Jobin Yvon Inc,
Edison, NJ, USA). The emission was measured in the steady
state mode by exciting at the lmax (lower energy MLCT
band) for each dye with exit and entrance slits set at 10 nm.
The time-correlated single photon counting (TCSPC) life-
time was measured using a pulse laser (460 nm, NanoLED)
at 1MHz repetition rate for a duration of 1.3 ns, and time
of arrival of the photon counting range was adjusted to
200 ns and the channel range to 1000–3500 nm to accrue
the emission decay, and the data were analyzed using
DAS6 software from Jobin Yvon.

2.3. Fourier transform-infrared
spectroscopy

Attenuated total reflectance–Fourier transform infrared
(ATR/FT-IR) spectra were recorded on a Thermo Nicolet,
Nexus 470 FTIR Spectrophotometer with OMNIC 7.2
software (Thermo Fisher Scientific, Madison, WI, USA).
The compound under investigation was placed in its pow-
der form on a germanium crystal, and a pressure probe was
placed in position to apply consistent pressure on the sam-
ple. An average of 32 scans was used at a resolution of
4 cm!1. The complexes were characterized using the same
parameters. Figures S2, S3, and S4 of the electronic sup-
plementary information (ESI) show the FT-IR of MH08–
MH10 in the pure form, respectively.

MH08: 2101 cm!1 (-NCS stretch, N-bonded isomer,
very strong); 1723 cm!1 (C =O stretch of -COOH)

MH09: 2101 cm!1 (-NCS stretch, N-bonded isomer,
very strong); 1720 cm!1 (C =O stretch of -COOH)

MH10: 2101 cm!1 (-NCS stretch, N-bonded isomer,
very strong); 1718 cm!1 (C =O stretch of -COOH)

2.4. Mass spectrometry

Electrospray ionization mass spectrometry was recorded
on an Agilent Technologies (Sta. Clara, CA, USA)
6210 LC-TOF mass spectrometer in the negative ion
mode. The sample was prepared in methanol in the
presence of a small amount of tetrabutylammonium hy-
droxide. The fragmenter voltage was set at 220.0 V, and
results from 63 scans in the case of MH08, 29 scans in
the case of MH09, and 14 scans for MH10 were aver-
aged. Figures S5–S7 of the ESI show the ESI-MS of
MH08, MH09, and MH10 with one TBA per molecule,
singly charged, respectively. The ESI-MS patterns
shown in Figures S5–S7 (ESI) are the pattern of
ruthenium isotopes.

2.5. Proton nuclear magnetic resonance
experiments

Proton nuclear magnetic resonance (1H-NMR) experi-
ments were recorded on a Bruker 500MHz spectrome-
ter (Bruker Corp., Billerica, MA, USA) at 40 #C using
deuterated DMSO-d6 as a solvent. Splitting patterns
reported here are: s (singlet), d (doublet), dd, (double-
of-doublet), t (triplet), p (pentet), and m (multiplet).
Chemical shifts (d) and coupling constants (J) are
reported in ppm and Hertz (Hz), respectively. The ali-
phatic range 0–5 ppm is not shown for brevity. Figures
S8–S10 (ESI) show the 1H-NMR for MH08, MH09,
and MH10, respectively.

1H-NMR, MH08 (500MHz, DMSO, 40 #C):d/ppm
5.68 (2s, 4H, 2CH2), 7.19 (d, 2H, J = 7.1Hz and 7.27
(d, 2H, Jtrans = 16.6 Hz, CH=CH), 7.21–7.56 (m, 10H,
ArH), 7.60–8.00 (m, 14H, ArH), 8.00–8.3 (m, 6H,
ArH), 8.29 (d, 2H, J = 7.6Hz, ArH), 8.63 (s, 2H,
ArH), 9.16 (d, 2H, J = 5.95Hz, ArH).
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1H-NMR,MH09 (500MHz, DMSO, 40 !C):d/ppm 7.44
(d, 2H, J=7.40Hz and 7.70 (d, 2H, Jtrans = 16.4Hz, CH=
CH), 7.47 (t, 2H, J=3.6, 4.7Hz, ArH), 7.57 (t, 2H, J=7.5,
7.6Hz, ArH), 7.80 (t, 2H, J= 8.4, 8.0Hz, ArH), 7.86–8.02
(m, 10H, ArH), 8.12–8.28 (m, 6H, ArH), 8.90 (s, 2H,
ArH), 9.24 (d, 2H, J=5.95Hz, ArH).

1H-NMR,MH10 (500MHz, DMSO, 40 !C):d/ppm 7.40
(s, 2H, ArH), 7.47 (t, 4H, J=7.8, 7.1Hz, ArH), 7.50–7.68
(m, 6H ArH, CH=CH), 7.90 (d, 2H, J=5.6Hz, ArH),
8.05 (d, 2H, J=8.2Hz, ArH) 8.12 (d, 2H, J= 8.0Hz, ArH),
8.35 (s, 2H, ArH), 8.2 (d, 2H, J=8.0Hz, ArH), 8.95
(s, 2H, ArH), 9.19 (d, 2H, J=5.90Hz, ArH).

2.6. TiO2 electrode preparation

A double-layer TiO2 photoelectrode (10+5mm in thickness)
with a 10-mm thick nanoporous layer and a 5-mm thick scatter-
ing layer (area: 0.25 cm2) were prepared using a reported
method [49]. Fluorine doped tin oxide-coated glass electrodes
(Nippon Sheet Glass Co., Japan), with a sheet resistance of 8–
10!"2 and an optical transmission of greater than 80% in the
visible range, were screen printed using anatase TiO2 colloids
(particle size ~13 nm) obtained from commercial sources (Ti-
Nanoxide D/SP, Solaronix). Nanocrystalline TiO2 thin films
were deposited onto the conducting glass by screen-printing,
which was then sintered at 500 !C for 1 h. The film thickness
was measured with a Surfcom 1400A surface profiler (Tokyo
Seimitsu Co. Ltd., Japan). The electrodes were impregnated
with a 0.05M titanium tetrachloride solution and sintered at
500 !C. The films were further treated with 0.1M HCl aque-
ous solutions before examination [50]. The dye solutions
(2# 10"4M) were prepared in 1 : 1 : 1 acetonitrile, tert-butyl
alcohol and DMSO. Deoxycholic acid was added to the dye
solution as a coadsorbent at a concentration of 20mM. The
electrodes were immersed in the dye solutions and then kept
at 25 !C for 20h to adsorb the dye onto the TiO2 surface.

2.7. Fabrication of dye-sensitized solar cell

Photovoltaic and IPCE measurements were made on
sandwich cells, which were prepared using TiO2 coated
working electrodes and platinum coated counter electrodes,
and were sealed using a 40mmSurlyn spacer through heating
of the polymer frame. The redox electrolyte consisted of
a solution of 0.6M DMPII, 0.05M I2, 0.1M LiI and
0.3–0.5M TBP in acetonitrile.

2.8. Photoelectrochemical measurements

Photovoltaic measurements of sealed cells were made by illu-
minating the cell through the conducting glass from the anode
side with a solar simulator (WXS-155S-10) at AM 1.5 illumi-
nations (light intensities: 100mWcm"2).

2.9. Incident photon to current efficiency
conversion

Incident photon to current efficiency measurements were
made on a CEP-2000 system (Bunkoh-Keiki Co. Ltd.,

Tokyo, Japan). IPCE at each wavelength was calculated
using Equation (1), where ISC is the short-circuit photocur-
rent density (mAcm"2) under monochromatic irradiation,
q is the elementary charge, l is the wavelength of incident
radiation in nm and P0 is the incident radiative flux in
Wm"2[51].

IPCE l$ % & 1240
ISC
qP0

! "
(1)

The IPCE conversion was plotted as a function of
wavelength.

2.10. Photoemission yield spectrometer
(AC3) and E0–0 measurements

The experimental HOMO and E0–0 energy values for
MH08–MH10 andN719were measured using a photoemis-
sion yield spectrometer and the experimental absorption/
emission spectra point of overlap, respectively, and the pro-
cedure was described in detail elsewhere [52]. Figures
S11–S14 (ESI) show the HOMO energies of MH08,
MH09, MH10 and N719, respectively.

2.11. Synthesis

2.11.1. Ligands: 4,40-bis-(4-benzyl-9H-carbazole)
[2,20]bi-pyridinyl

A 100ml pressure tube was charged with a magnetic stirrer
bar, 100mLof anhydrousDMF, 4,40-dimethyl-2,20-bipyridine
(1.000g, 5.428 x 10"3mol) and 9-benzyl-9H-carbazole-3-
carbaldehyde (3.255g, 1.085# 10"2mol, 5% excess was
used to drive the reaction to completion), and three equivalent
of (CH3)3SiCl. The reaction temperature was raised to 100 !C
and allowed to run for 48hwith continuous stirring. At the end
of the reaction, the solvent was removed using rotary evapora-
tor, and the product was recovered by addition of water and
filtration under vacuum to furnish the antenna ligand in
93% yield, which was used for the next step after washing
with toluene.

4,40-bis-(2-dibenzofuran-4-yl-vinyl)-[2,20]bipyridinyl
and 4,40-bis-(2-benzo[b]thiophen-3-yl-vinyl)-2,20]bi-pyridinyl
were synthesized according to the same procedure reported
above.

2.11.2. Synthesis of 2, 20-bipyridinyl-4, 40-
dicarboxylic acid

2,20-Bipyridinyl-4,40-dicarboxylic acid was synthesized in
93% yield according to a previously reported procedure [53].

2.11.3. Synthesis of complexes MH08–MH10
2.11.3.1. Synthesis of MH08. The synthesis of
MH08 was carried out in a one-pot three-step reaction. The
reactions were carried out in a 250ml reaction flask equipped
with a condenser and magnetic stirrer bar under Argon. The
flask was charged with anhydrous DMF (100mL), dichloro-
(p-cymene)-ruthenium (II) dimer (0.30 g, 4.899# 10"4mol)
and 4,40-bis-(4-benzyl-9H-carbazole)-2,20-bipyridinyl
(0.704 g, 9.797# 10"4 mol). The reaction mixture
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was stirred at 90 !C for 4 h. Then, 2,20-bipyridyl-4,40-
dicarboxalic acid was added (0.239 g, 9.797" 10#4 mol),
and the temperature was raised to 130 !C and allowed to
run for 6 h. After 6 h, excess of NH4NCS (0.5 g) was
added to the reaction mixture, and the reaction mixture
was allowed to run for another 4 h at 130 !C. The last
two steps of the reaction were monitored for completion
by taking aliquots from the reaction mixture every
60min and measuring its absorption spectrum until there
was no increase in the absorbance of the MLCT peaks
with respect to the p–p* peak. The reaction mixture was
cooled down to room temperature and DMF was removed
using a rotary evaporator. Water was added to the flask,
and the insoluble solid was vacuum filtered and washed
with deionized water and ether. The product was dried
overnight to give the crude product in 92% yield, with
respect to the starting material.

Complexes MH09 and MH10 were synthesized
according to the previously described procedure in 94%
and 91% yield, respectively. Scheme 1 (ESI) summarizes
the general synthetic route for complexes MH08–MH10.

2.12. Molecular modeling. Equilibrium molecular
geometries of MH08–MH10 and N719 were calculated
using the energy functional 3-parameter (Exchange), Lee,
Yang and Parr (B3LYP) [54,55] and the full-electron basis
set density Gauss double-zeta with polarization functions
(DGDZVP) [56,57]. The geometry optimization calculations
were followed by energy calculations using time-dependent
density functional theory (TD-DFT) utilizing the energy func-
tional B3LYP and the basis set DGDZVP. The solvent
(DMF) effect was accounted for by using the polarizable con-
ductor calculation model (PCM), implemented in Gaussian
09, and the ground and excited states oxidation potentials
were calculated. All DFT and TD-DFT jobs were submitted
remotely at East Carolina University’s Supercomputer Jasta.

3. RESULTS AND DISCUSSION

3.1. Ultraviolet–visible absorption

The photophysical properties were studied using ultraviolet–
visible (UV–vis), emission and emission decay

spectrophotometry. Figure 3 shows a comparison between
the absorption and emission spectra of N719 and MH08–
MH10, measured under the same experimental
conditions in dimethylformamide (DMF) (2" 10#5M).
The spectrophotometric properties are summarized in
Table I. MH08 showed two intense absorption peaks in
the visible region at 396 (64,200M#1 cm#1) and 545 nm
(27,650M#1 cm#1), but MH09 showed two low molar
extinction MLCT peaks at 432 nm (17,400M#1 cm#1)
and 548 nm (19,650M#1 cm#1).

In the case of MH10, the two MLCT peaks were
observed at 364 and 545 nm with the extinction coefficient
39,300 and 19,600M#1 cm#1, respectively. Among these
dyes, the two MLCT peaks of MH09 exhibited the lowest
extinction coefficient, possibly because of the higher electron
negativity of oxygen of dibenzofurane. Moreover, the low
energy MLCT peaks of MH08–MH10 are red shifted by
15–18nm compared with that of N719, indicating better
light harvesting. However, the high energy MLCT peak of
MH10 was hypsochromically shifted (364 nm), and the
extinction coefficients of the high and low energy peaks of
MH08–MH10 are considerably greater than those of
N719, with MH08 being the highest. In addition, emission
spectra demonstrated that incorporation of strong electron-
donor hetero-aromatic antennas of carbazole-analog
(MH08) or dibenzofurane-analog (MH09) furnished emis-
sion spectra that are significantly stronger and more red
shifted than that of N719. The emission decay lifetime,
measured using time-correlated single photon counting
(TCSPC) in DMF, showed that the lowest-excited state life-
time ofMH08,MH09,MH10, andN719 are 9, 105, 86, and
78 ns, respectively, Figure S1 (ESI).

Figure 4 shows a comparison of the absorption spectra of
MH08–MH10 adsorbed on nanoporous TiO2. Comparison
of the absorption spectra in the solid state and in solution
revealed that the two spectra have similar patterns. However,
the absorption spectrum on the TiO2 electrode is broader for
both high and low energy MLCTs, but slightly blue-shifted
for the low energy MLCT compared with those in solution.
The shift to higher energy can be attributed to a perturbation
in the energy levels of the ground and excited states of the
dyes in the solid state compared with that in solution, result-
ing from the interaction between the dye and the TiO2

electrode. The broadening of the high and low energyMLCT
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peaks is desirable for harvesting more photons across a wider
range of the solar spectrum,which leads to greater photocurrent.

3.2. Electrochemical data

The ionization potential (IP) of MH08–MH10 and N719
bound to nanocrystalline TiO2 film was measured using a
photoemission yield spectrometer (Riken Keiki AC-3E), and
the results are given in Table II. Typical photoemission yield
spectra for complexes MH08–MH10 on TiO2 are shown in
the ESI. The experimental IP values for MH08–MH10 were
!5.34, !5.40, and 5.50 eV, respectively. The energy
difference between the Ru3+/2+ potential (IP) of dyes
MH08–MH10 and the I3

!/I! redox couple (!5.20 eV) [28]
was large enough for efficient regeneration of the neutral dye

through reduction of the oxidized dye with iodide. The excited
state oxidation potential {E* (Ru3+/*)} values were estimated
using Equation (2), where E (Ru3+/2+) is the oxidation poten-
tial of the ground state and E0-0 is the energy difference
between the lowest excited and ground states. The resulting
E* (Ru3+/*) values are shown in Table II. The experimental
excited-state oxidation potentials E* (Ru3+/*) of sensitizers
MH08–MH10 were !3.42, !3.47 and !3.63 eV, respec-
tively, which lay above the conduction band edge (!4.2 eV)
[58] of nanocrystalline TiO2. These E* (Ru3+/*) values of
MH08–MH10 suggested that the efficiency of electron injec-
tion and charge separation from the excited state into the CB
edge of TiO2 is in the following order: MH08>MH09>
MH10 because of the more negative free energy ofMH08>
MH09>MH10.

E " Ru3#="
! "

$ E Ru3#=2#
! "

! E0!0 (2)

3.3. Density functional theory/Time-dependent
density functional theory calculations

Following geometry optimization and vertical electronic
excitation calculations, the ground and excited state oxida-
tion potentials were calculated. Table II shows the calculated
HOMO, the excited state oxidation potential E* (Ru3+/*) and
the lowest singlet–singlet electronic transitions (E0–0) for
MH08–MH10 compared with N719, which are in excellent
agreement with the corresponding experimental values.

Table I. Absorption, luminescence properties for MH08–MH10 and N719.

Sensitizer

Expt.1 absorption spectrum (2% 10!5mole) Emission2 at 298K Emission3 decays

lmax(nm) e (M!1 cm!1) lem (nm) (ns)

MH08 396; 545 (d! p*) 64,200; 27,650 786 9
MH09 432; 548 (d! p*) 17,400; 19,650 784 105
MH10 364; 547 (d! p*) 39,300; 19,600 792 85
N-719 381; 530 (d! p*) 14,400; 14,200 746 78
1Measured in DMF (2%10!5M) at room temperature.
2The emission spectra were obtained by exciting at the lowest MLCT band in DMF.
3Measured at room temperature in DMF using time-correlated single photon counting experiment.
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Figure 4. Absorption spectra of MH08–MH10 adsorbed on
nanoporous TiO2.

Table II. Calculated and experimental ground and excited states energy levels for TiO2, MH08–MH10 and N719.

Compound Calculated energy (eV), TD-DFT (B3LYP/DGDZVP) Experimental (eV)

EHOMO ESOPsinglet E0–0 = (S0–S1) *E0–0 **IP (HOMO) E* (Ru3+/*)

MH08 !5.440 !3.562 1.8774 *1.918 !5.34 !3.42
MH09 !5.490 !3.564 1.926 *1.930 !5.40 !3.47
MH10 !5.480 !3.565 1.915 *1.866 !5.50 !3.63
N719 !5.490 !3.490 2.000 *1.990 !5.76 !3.77

HOMO, highest occupied molecular orbital; ESOP=E* (Ru3+/*), excited state oxidation potential; ESOPsinglet =!EHOMO!E0–0; E0–0 = (S0!S1), the lowest
vertical excitation energy, the lowest singlet-singlet transition; GSOP, EHOMO, ground state oxidation potential.
*E0–0, based on the experimental absorption and emission spectra (DMF), calculated from the point of overlap.
**IP, Ru3+/2+ , GSOP, the ionization potential measured using a photoemission yield spectrometer (Riken Keiki AC-3E); E* (Ru3+/*), excited-state oxidation

potential was calculated from: E* (Ru3+/*) =Ru3+/2!*E0-0. Calculated HOMO, ESOP, and E0–0 of N719 were performed elsewhere [59].
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The MO analyses of MH08 (Figure 5) showed that the
HOMO is delocalized on Ru, NCS and extended to carba-
zole antenna with large coefficient, which is unprecedented.
However, in the case ofMH09 andMH10, the HOMO was
mainly delocalized on Ru and NCS. Considering both the
conjugation length, nature of the hetero atoms and delocal-
ization of the HOMO in the different antennas, the strength
of the hetero-aromatic antennas as electron donor and hole-
transport system can be described in the following order:
N-benzylcarbazole> dibenzofurane> benzothiophene.

Hence, one should expect that the strength of electron donor
and hole-transport, efficiency of charge separation, short-circuit
photocurrent density (JSC), and ESOP {E* (Ru3+/*)} are
interrelated and should be in the following order: MH08>
MH09>MH10, which is consistent with the experimental
JSC (mAcm!2) results (Tables II and III). Figure 5 shows
that the LUMOs of MH08–MH10 are delocalized on the
electron acceptor bipyridyl to which the anchoring group is
attached. Compared with the experimental CB edge of
TiO2 4.2 eV, the experimental and calculated (TD-DFT)

MH08

MH09

MH10

Figure 5. Calculated isosurfaces of the highest occupied molecular orbital (left) and lowest unoccupied molecular orbital (right) for
MH08–MH10.
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ground and excited states oxidation potentials confirmed that
MH08–MH10 are thermodynamically favorable for efficient
electron injection and dye regeneration, respectively.

3.4. Attenuated total reflectance–Fourier
transform infrared spectral data

Attenuated total reflectance–Fourier transform infrared spectra
for MH08–MH10 exhibited strong and intense absorption
peak at 2101 cm!1, corresponding to the isothiocyanate
(N-bonded isomer) group. The spectra also showed strong
absorption peaks at 1723, 1720, and 1718 cm!1

corresponding to the carbonyl stretch of COOH in MH08–
MH10, respectively.

3.5. Photovoltaic properties

Figure 6 shows the IPCE spectra for the cells fabricated
with dyes MH08-TBA, MH08–MH10 and N719, where
the IPCE values are plotted as a function of wavelength.

Dye MH08 demonstrated the most efficient sensitization
of nanocrystalline TiO2 over the whole visible range

extending into the NIR region (ca. 860 nm) and showed an
IPCE value of about 90% in the plateau region. Moreover,
the IPCEs of dyes MH08-TBA and MH08–MH10 did
not exhibit the sharp drop that N719 exhibited at 380 nm
(Figure 6) because of the greater molar extinction coefficient
of dyesMH08–MH10 in the region 350–450nm. Although
MH08-TBA showed better performance beyond 540 nm up
to 860 nm,MH08 showed superior IPCE performance in the
high energetic photons region 300–540nm, which explains
why the JSC of MH08 was slightly higher than MH08-
TBA. Taking into account the reflection and absorption
losses by the conducting glass, the efficiency of electric
current generation reaches about 100% over a broad wave-
length range extending from 450 to 650 nm.

Compared with N719, MH08-TBA, MH08 and MH09
exhibited superior IPCE performance in the entire range
300–860 nm with the IPCE of N719 attenuated at
820 nm. Although the IPCE of N719 outperformed that
ofMH10 in the range 530–660 nm, the quantum efficiency
of MH10 exceeded N719 throughout the rest of the spec-
trum. These results strongly suggest that MH08–MH10
are better light harvesters and sensitizers for TiO2 in the
NIR region.

The short-circuit photocurrent density (JSC), open-circuit
photovoltage (VOC), fill factors (FF) and overall cell efficien-
cies (!) for each dye-TiO2 electrode are summarized in
Table III. Under the same experimental device conditions,
MH08-TBA showed higher photocurrent and greater total
conversion efficiency than N719, and this improvement
was attributed to the superior LHE and more efficient charge
separation in MH08-TBA, which translated into higher
quantum efficiency throughout the visible region and NIR
region up to 860nm.

The photovoltaic performance parameters ofMH08-TBA,
MH08–MH10 and N719-sensitized cells were studied using
electrolytes with 0.3M TBP. Conversion of MH08 to
MH08-TBA led to slight decrease in the JSC from 19.80 to
19.56mAcm!2, but the VOC increased from 0.658 to 0.683
because of the upward shift in the Fermi level, due to decrease
in H+ concentration in the device, being more negative, and
the FF increased from 0.711 to 0.731. In the case of N719,
the JSC decreased from 17.16 to 16.85mAcm!2, but the
VOC increased from 0.733 to 0.749V and FF increased from
0.725 to 0.739 as the TBP concentration increased from 0.3
to 0.5M. It is suggested that TBP was adsorbed on the bare
TiO2 surface and suppressed the recombination between the
injected electron and I3

! ions. It is also likely that TBP shifts
the CB of the TiO2 upwards, reducing the gap between the
excited state of the dye and CB edge of TiO2. This leads to less
negative free energy of electron injection, and consequently
slightly lower JSC. It should also be noted that the VOC of
N719>MH08>MH09>MH10.

Figure 7 shows photocurrent-voltage curves of sandwich-
type sealed solar cells based onMH08-TBA,MH08–MH10
andN719 at standard AM 1.5 irradiation using an electrolyte
of 0.6M dimethylpropyl-imidazolium iodide (DMPII),
0.05M I2, 0.1M LiI, and 0.3M 4-tert-butylpyridine (TBP)
in acetonitrile. As shown in Table III, the solar cell sensitized

Table III. Photovoltaic performance1 of ruthenium complexes
MH08-TBA, MH08–MH10 and N719.

Dye TBP (M) JSC (mAcm!2) VOC (V) FF ! (%)

MH08 0.3 19.80 0.658 0.711 9.27
MH08-TBA 0.3 19.56 0.683 0.731 9.76
MH09 0.3 19.26 0.653 0.711 8.94
MH10 0.3 18.21 0.630 0.691 7.92
N719 0.3 17.16 0.733 0.725 9.12

0.5 16.85 0.749 0.739 9.32
1Conditions: sealed cells; coadsorbate, DCA 20mM; photoelectrode, TiO2

(15mm thickness and 0.25cm2); electrolyte, 0.6M DMPII, 0.1M LiI, 0.05 I2 in
acetonitrile; irradiated light, AM 1.5 solar light (100mWcm!2). JSC, short-circuit
photocurrent density; VOC, open-circuit photovoltage; FF, fill factor; !, total
power conversion efficiency.
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with MH08-TBA demonstrated the best DSSCs perfor-
mance showing a Jsc of 19.56mAcm!2, a Voc of 0.683V,
and an FF of 0.731, corresponding to an overall conversion
efficiency (!) of 9.76% with the electrolyte containing
0.3M TBP under standard AM 1.5 irradiation (100mW
cm!2), which is 7% higher than N719 of ! =9.12% under
the same experimental conditions. Under these conditions,
solar cells sensitized withMH08 showed overall conversion
efficiency (!) of 9.27%.

On the other hand, solar cells sensitized with MH09
and MH10 showed Jsc of 19.3 and 18.2mA cm!2, Voc of
0.653 and 0.630V, and FF of 0.711 and 0.691,
corresponding to an overall conversion efficiency (!) of
8.94% and 7.92%, respectively. These results showed,
undoubtedly, that the incorporation of N-benzylcarbazole
(MH08) achieved more efficient electron donation, better
hole-transport, and longer conjugation length ancillary
ligand, which led to higher JSC,VOC, and ! than dibenzofurane
(MH09) or benzothiophene (MH10) analogs. It should be
noted that although the conjugation lengths of the ancillary
ligands in MH08 and MH09 are the same, they are longer
than that ofMH10.

Figure 8 depicts the interrelationship between the experi-
mental ESOP and JSC of MH08–MH10. These results
clearly showed that as the ESOP became less negative, the
JSC increased. Hence, the more negative free energy of elec-
tron injection, the higher the JSC.

Moreover, N-benzyl carbazole produced the most
destabilization of the t2g (HOMO). Therefore, these impor-
tant results will be utilized, with the aid of molecular
modeling, in our laboratory to design more efficient carba-
zole-based dyes for higher efficiency DSSCs.

4. CONCLUSIONS

Incorporation of hetero-aromatic electron-donor antennas
into polypyridyl Ru(II) complexes conferred amphiphilic
properties, owing to the hydrophobic nature of the anten-
nas, and enhanced LHE and short-circuit photocurrent
density significantly. When compared under the same
experimental conditions, dyes containing N-benzylcarbazole
antenna furnished the most destabilized t2g, highest JSC
and total conversion efficiency compared with MH09,
MH10 and N719. Use of DFT/TD-DFT calculations
was shown to be effective in the prediction of GSOP,
ESOP, and E0–0, which were in excellent agreement with
the experimental results. Ancillary ligands comprised of
carbazole antenna directly attached to bipyridyl via the
CH=CH without electron donor spacer have significant
impact on the delocalization of the HOMO and lead to
large HOMO coefficient on the electron donor. Analysis
of the short-circuit photocurrent density and excited state
oxidation potential values of MH08–MH10 showed that
as the excited state oxidation potential increased and
became less negative, the short-circuit photocurrent
density increased considerably.
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1.1.  Analytical Measurements. 
 
1.1.1. Fluorescence and Time-correlated Single Photon Counting (TCSPC) Lifetime   
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Figure S1. Time-resolved photoluminescence decays of complexes MH08-10 in DMF 
(anhydrous).  
 
 
 
 
 
 
 

0.0E+00 

1.0E+03 

2.0E+03 

3.0E+03 

4.0E+03 

5.0E+03 

6.0E+03 

7.0E+03 

60 65 70 75 80 85 90 95 100 

E
m

is
si

on
 c

ou
nt

in
g 

(lo
g)

 

Time (ns) 

MH08 
MH09 
MH10 
N719 

 
 

Figure S1 Time-resolved photoluminescence decays of complexes MH08-10 in DMF 
(anhydrous). The emission decays were recorded by exciting at 454 nm at 0.1 optical 
absobtivity. The decay data was fitted using 3-exponential at a channel range of 1000 nm-
3000 nm. The lowest excited state lifetime 9 ns, 105 ns, 85 ns, respectively. The excited state 
lifetime of MH08-10 is long enough to allow sufficient amount of electron injection into 
TiO2 before the complexes relaxes back to its ground state. 
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1.1.2. Attenuated Total Reflectance Fourier-transform Infra Red Spectroscopy 
 
 

 
 
Figure S2 ATR/FT-IR spectrm of MH08. 

 

 

 

 
 
Figure S3 ATR/FT-IR spectrm of MH09. 
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Figure S4 ATR/FT-IR spectrm of MH10. 
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1.1.3. Mass Spectroscopy 
 
 
 

 
 
Figure S5 ESI mass spectrum of MH08, Mass 1180.2127; [M – 2H + TBA] -1, Theo. M/Z = 
1420.4975, Found M/Z = 1420.4985, Error = 0.725 ppm. 
 
 
 

 
 

Figure S6 ESI mass spectrum of MH09, Mass 1002.0868; [M – 2H + TBA] -1, Theo. M/Z 
1242.3559, Found M/Z = 1242.3577, Error = 1.4488 ppm. 
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Figure S7 ESI mass spectrum of MH10, Mass 934.0098; [M – 2H + TBA] -1, Theo. M/Z = 
1174.2789, Found M/Z =1174.2797, Error = 0.62165ppm. 
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1.1.4. 1H-NMR Experiments 
 
 

 
 
Figure S8 H-NMR spectrm of MH08. 
 
 

 
 
Figure S9 H-NMR spectrm of MH09. 
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Figure S10 H-NMR spectrm of MH10. 
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1.2. Photoelectrochemical Measurements 

 

1.2.1. Photoemission Yield Spectrometer (AC3) and E0-0 Measurements 

 

 
 
Figure S11 HOMO (-5.34eV) of MH08.  

 



 

158 

 
 
Figure S12 HOMO energy (-5.40eV) of MH09.  
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Figure S13 HOMO energy (-5.50eV) of MH10.  
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N719
HOMO = -5.76 eV

 
 
Figure S14 HOMO energy (-5.67eV) of N719.  
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1.3. Synthesis 

 

 

Scheme S1.  General route for the synthesis of complexes MH08-10. 
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1.4. Purification 

  

MH08 was purified on a column using Sephadex LH-20 as the stationary phase and pure 

methanol as the mobile phase. The crude dye of MH08 (0.5g) was dissolved in a mixture of 

methanol (5mL) and TBAOH (1mL) and loaded on Sephadex LH-20, and the compound was 

eluted using methanol neat. The main band was collected and acidified using 0.1M HCl until 

the pH dropped to 2.0, and the acidified solution was kept in a refrigerator for 48 hours. 

Then, the precipitate was collected by filtration, washed with de-ionized water to remove 

residul HCl.  The same purification procedure was repeated three times in order to obtain 

MH08 in the pure form. Complexes MH09 and MH10 were purified using the above 

procedure. 
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GENERAL CONCLUSIONS  
 

In the current investigation, new heterocyclic ancillary ligands of Ar1, Ar3 and    Ar5-10 
were molecularly designed with strong electron donating groups coupled with an extended π-

conjugated system to study the influence of different heterocyclic electron donors on the 

interrelationship of photophysical, electrochemical properties, and device photovoltaic 

performances for DSSCs.  The experimental results showed that incorporation of strong 

electron donating groups and extending the conjugations on bipyridyl moiety furnished 

highly efficient light harvesting properties and bathochromic shift as compared to benchmark 

dye-N719. The UV-spectral profile of all complexes is almost similar and showed two broad 

absorption bands in the visible region. In addition, the experimental ground and exited state 

oxidation potentials values illustrated that the strong electron donating groups destabilized 

the metal-HOMO {t2g of Ru (II)} more than that of ligand-LUMO resulting smaller 

HOMO/LUMO gap as compared to N719.  

 
The impressive light harvesting performance of MH01-TBA, MH08-TBA, MH11-TBA, 
furnished better photocurrent and higher solar-to-power conversion efficiency of 9.91%, 

9.76%, and 10.06% respectively, compare to 9.32% of the benchmark dye-N719, under the 

same experimental condition. In contrast, despite impressive light harvesting properties of 

MH03, MH05 and MH09-10, due to the nature of the electron donor.  

 

Tetrabutylammonium (TBA) substituted MH01-TBA, MH05-TBA and MH11-TBA 

demonstrated significantly higher solar-to-power conversion efficiency and open-circuit 

photovoltage (Voc) than that of the corresponding free acid. 

 
 

 

 

 


