
ABSTRACT 

CHEEMA, HAMMAD ARSHAD. Molecular Engineering, Photophysical and 

Electrochemical Characterizations of Novel Ru(II) and BODIPY Sensitizers for Mesoporous 

TiO2 Solar Cells. (Under the direction of Dr. Ahmed El-Shafei).  

To realize the dream of a low carbon society and ensure the wide spread application of 

renewable energy sources such as solar energy, photovoltaic devices should be highly 

efficient, cost-effective and stable for at least 20 years. Dye sensitized solar cells (DSCs) are 

photovoltaic cells that mimic the natural photosynthesis. In a DSC, the dye absorbs photons 

from incident light and converts those photons to electric charges, which are then extracted to 

the outer circuit through semiconductor TiO2, whereas the mediator regenerates the oxidized 

dye. A sensitizer is the pivotal component in the device in terms of determining the spectral 

response, color, photocurrent density, long term stability, and thickness of a DSC.  The 

breakthrough report by O'Regan and Grätzel in 1991 has garnered more than 18,673 citations 

(as of October 9, 2014), which indicates the immense scientific interest to better understand 

and improve the fundamental science of this technology. 

With the aforementioned in mind, this study has focused on the molecular engineering of 

novel sensitizers to provide a better understanding of structure-property relationships of 

novel sensitizers for DSCs. The characterization of sensitizers (HD-1-mono, HD-2-mono 

and HD-2) for photovoltaic applications showed that the photocurrent response of DSCs can 

be increased by using mono-ancillary ligand instead of bis-ancillary ligands, which is of great 

commercial value considering the difference in the molecular weights of both dyes. The 

results of this work were published in Journal of Materials Chemistry A 

(doi:10.1039/c4ta01942c) and ACS Applied Materials and Interfaces (doi: 

10.1021/am502400b). 

http://pubs.rsc.org/en/content/articlelanding/2014/ta/c4ta01942c#!divAbstract
http://pubs.acs.org/doi/abs/10.1021/am502400b
http://pubs.acs.org/doi/abs/10.1021/am502400b


Furthermore, structure-property relationships were investigated in Ru (II) sensitizers HL-41 

and HL-42 in order to elucidate the steric effects of electron donating ancillary ligands on 

photocurrent and photovoltage, as discussed in Chapter 4. It was found that the electron 

donating group (ethoxy) ortho to the CH=CH spacer precludes coplanarity of the naphthalene 

moiety, thus decreasing the extracted photocurrent response from solar device. The findings 

were published in Dyes and Pigments (doi:10.1016/j.dyepig.2014.08.005). For HD-7 and 

HD-8, intriguing difference caused by structural isomerization based on anthracene and 

phenanthrene stilbazole type ancillary ligands, respectively in Ru (II) sensitizers was 

investigated using femtosecond transient absorption spectroscopy. It was found that the 

excited electrons in HD-7 are prone to ISC (intersystem crossing) much more than that in 

HD-8 and those triplet electrons are not being injected in TiO2 efficiently as discussed in 

Chapter 5. To achieve long term stability, we combined the strong electron donor 

characteristics of carbazole and the hydrophobic nature of long alkyl chains, C7 (HD-14), 

C18 (HD-15) and C2 (NCSU-10), tethered to N-carbazole. HD-15 showed strikingly good 

long term light soaking stability and maintained up to 98% of initial efficiency value 

compared to 92% for HD-14 and 78% for NCSU-10, as discussed in Chapter 6.  

Boron dipyromethene (BODIPY) dyes HB-1, HB-2 and HB-3 were synthesized and fully 

characterized for dye solar cells. It was found that having long alkyl chains tethered to the 

donor groups alone are not sufficient for achieving highly efficient photovoltaic response 

from BODIPY dyes (Chapter 7). Thus, replacement of fluorines from BODIPY core with 

long alkoxy chains has been suggested for future work.  

http://www.sciencedirect.com/science/article/pii/S0143720814003295
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Overview 

Previous research estimates that only 0.1% of incident sun power can meet the world’s 

current energy needs using solar cells with 10% conversion efficiency [1,2]. With 

exponentially increasing technological growth and consumer demand, the need for alternate 

sustainable energy sources is also increasing rapidly. Renewable energy can be obtained 

from wind, hydraulic, biomass, ocean tidal and solar power sources.  Among all mentioned, 

solar source is the most versatile, sustainable and readily available. Use of solar energy to 

produce electricity is ideal for mobile and remote applications, owning to the decentralized 

production of electricity at the site of use. 

To exploit the solar energy, silicone-based cells have been used widely because of their 

steady efficiencies. However manufacturing of such cells is expensive and has environmental 

issues. Si-based solar cells are sensitive to the intensity of sunlight present thus rendering 

them suitable only for the areas that receive intense sunlight [3]. On the other hand, dye-

sensitized solar cell (DSSC) performs equally better in the diffused sunlight, which makes 

them ideal for indoor and urban area applications [4]. Another big inherited advantage for 

DSSC is that their manufacture does not need rigorously pure materials thus making it more 

attractive from large scale production point of view [4].  

Dye sensitized solar cells (DSSC) which are also known as the third generation solar cells 

(1
st
 silicone based solar cells, 2

nd
 thin film solar cells) attracted lot of attention in the last two 

decades. O’ Regan and Grätzel [5]  in their seminal work reported 7% conversion efficiency 

for Ru-complex based DSSC in 1991. Since then great amount of research has been devoted 

to make the DSSC more efficient in terms of being commercially viable. The interest in the 
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DSSC research can be illustrated by the graph shown in Fig. 1.1, which was obtained by 

using search term “dye sensitized solar cell” in sciencefinder on September 28, 2014. 

 

 

Figure 1.1 DSSCs Publications in the last two decades 

 

DSSC are attractive owing to the following features [6-8]: 

 Low production cost, as compared to conventional PV (photovoltaic) technologies 

 Molecular design opportunities, to fine tune properties such as optical absorption, 

HOMO and LUMO level  

 Flexibility in designing due to different colors and transparency 

 Abundance of starting material, and potential to reach tetra watt scale 

 Short energy payback time (<1 year) for capital cost 
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 Perform better than si-solar cells in diffuse light, rainy and cloudy weather, indoor 

and higher temperature conditions  

 DSSC have ability to absorb sunlight from both sides 

Despite the potential of DSSC to be pursued for wide spread applications such as for 

buildings-integrated photovoltaic’s (BIPV), mobile consumer products, and indoor 

applications, the riddles of device operation are also stimulating. In the beginning (by 1994) 

it was believed to be operated on the same lines as of Si-based solar cells by generating build 

in electric field to separate photo-generated electron-hole pairs. However, it is well 

understood by now that in DSSC, dye generates the charge and semiconductor carries it to 

the photoanode as discussed in the section 1.4 of this review. DSSC is also believed to be a 

molecular system where the function of the overall device is better than the predicted sum of 

the properties of individual components [4].  

DSSC is possibly the best positioned PV technology to penetrate the market in coming years, 

as can be illustrated from the recent joint ventures by Dyesol and Tata Steel Europe [9]. By 

now DSSC research groups have been established around the world (e.g. Europe, Japan, 

Australia, Korea and China) with reasonable contribution from North American researchers 

and the industrial interest is increasing in DSSC. Large scale production lines have already 

been established by G24i (England) and companies such as Dyesol (Australia) and Solarnix 

(Switzerland) have started the sale of DSSC components and materials.  Big multinational 

companies such as BASF, Bosch, Toyota, Sharp, Sony, and Samsung have deep interest in 

DSSC technology and research.  
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All this takes us to the question why DSSC have not been able to be commercially wide 

spread by now.  It is believed that the long term stability remains the significant impediment 

to the commercialization of DSSC due to the required hermetic sealing of the device to 

prevent electrolyte evaporation and the degradation of the dye over time [2,4,10,11]. The 

electrolyte long term life limitation has motivated the researchers to find the alternative solid 

state or non-evaporative systems as discussed in section 1.7. DSSC sensitizer related long 

term stability is another critical problem [10,12]. Sensitizer’s susceptibility to degradation 

over time, at least in part, is due to the loss of labile NCS ligand [12]. In recognition of these 

sensitizer shortcomings, the most recent research [13-20] is focused on NCS-free sensitizers 

as discussed in section 1.12.1. These studies have reported successful replacement of NCS 

ligands without compromising the device performance. This new line of inquiry has thrilled 

the DSSC researchers all around the world since newer systems are reported to be offering 

better control on tuning and controlling the sensitizer thermodynamics and kinetics 

properties. 

1.1 Brief History and Classification of Dyes 

Dyes also known as “colorants” impart color to the substrate. Dyes are usually applied in 

aqueous form and are different from pigments in terms of solubility.  

“Indigo” the blue dye is believed to be the oldest dye which has been used by humans for 

more than 4000 years.  Its extraction processes have been reported in Sanskrit writings and 

was used in the coloration of Egyptian mummy cloths. At that time, dyes were obtained from 

animal, plant and mineral sources, known as natural dyes. However the year 1856 witnessed 

the synthesis of first synthetic dye, Aniline Purple or mauvein, by W. H. Perkin. Synthetic 
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dyes industry then spread rapidly offering a huge range of bright fibercolors, not available 

before. It is believed that most of the dye types available today were discovered in 19
th

century [21]. However, the introduction of synthetic fibers offered new challenges to dye 

chemists. Albeit, the discovery of reactive dyes in 1954 opened new horizons and 

revolutionized the dye industry [22,23]. Widely spread use of dyes is found for textile 

dyeing. However, high tech uses of dyes such as in medical, electronics and analytical 

processes have started to make an impact. 

Details of the dye classification are not the topic of this review. However succinctly dyes can 

be classified either on the basis of their chemical structures such as azo, anthraquinone, 

benzodifuranone, coumarin, naphthalimides, phthalocyanine, stilbene, triarylmethane dyes, 

or the usage such as acid, basic, direct, disperse, reactive, solvent, sulfur, and vat dyes. The 

details of dye classification can be found in color index first published in 1925 [24,25]. 

1.2 Light Interaction and Color 

When an object absorbs light, an electron is excited from the ground to the excited state 

followed by other photophysical processes including but not limited to internal conversion, 

intersystem crossing, emission, reflection, and scattering. Dyes and colorants also experience 

such electron excitation after interaction with light which causes the generation of color. 

Colorants are compounds that, depending on the molecular structure, absorb at a specific 

wavelength in the visible region (380-750nm) of electromagnetic spectrum. Thus the 

perceived color depends on the wavelength of the reflected or transmitted light, e.g., if a 

colorant absorbs light in the range of 424-491nm, the absorbed color will be blue and the 



7 

observed color will be the complementary of blue, which is yellow. An empirical list of 

absorbed and seen color and the corresponding wavelength for each is given in Table 1. 

Table 1 Complementary colors 

Color Absorbed Wavelength absorbed Color seen 

Red 647-700 Green 

Orange 585-647 Cyan (green-blue) 

Yellow 570-585 Blue 

Green 491-570 Red 

Blue 424-491 Yellow 

Violet 400-424 Greenish-Yellow 

Kurt Nassau in his excellent monograph [26] has listed the 15 causes of color to whom he 

has described arbitrary at least to some extent. 15 causes of color have been divided into 5 

major groups; Color caused by: 

1. vibrations and simple excitations

2. transitions involving ligand field effects

3. transitions between molecular orbitals

4. transitions involving energy bands

5. geometrical and physical optics
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Vibrations and simple excitations are the phenomena behind incandescence, causing color of 

flame, lamps, and carbon arc.  It also includes gas excitations (auroras, vapor lamps) and 

color in water, ice, iodine etc. Second cause explains the phenomenon behind color of 

transition metal compounds as seen in many pigments, lasers and phosphorous. This category 

also covers the mechanism behind color caused by transition metal impurities.  However, 

most of organic and biological colorants follow the rules discussed under transitions between 

molecular orbitals, based on the molecular orbital theory. Transitions among energy bands 

explain the color of metals, and semiconductors. Geometrical and physical optics follow the 

rules of dispersive refraction, scattering, interference, and diffraction. Further details of the 

classification can be found in the reference [26]. 

Subgroup 2 and 3 are of particular interest due to the nature of this review. Transitions 

between molecular orbitals and ligand field effects are at the heart of understanding the color 

and spectral response of organic and transition metal-based dyes. In general, the changes 

induced in the matter after light absorption can be best understood by Jablonski diagram, 

which is shown in Fig. 1.2. 

Light energy absorbed can be lost in the form of radiation (florescence, phosphorescence), 

radiationless as heat (vibrational relaxation, internal conversion, and intersystem crossing) or 

photochemical reactions (rearrangement, photo-additions, and dissociations) [23]. 

The energy levels shown in the Fig. 1.2 are ground state (S0), singlet excited state energy 

levels such as S1, S2, …., and triplet state energy level such as T1. The different processes are 

vibrational relaxation(10
-14

 to 10
-12

 sec) among the vibrational levels, internal conversion (IC,

10
-12

 to 10
-7

 sec) from higher excited state to lowest excited state, intersystem crossing
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(ISC,10
-12

 to 10
-6

 sec) from singlet state of higher energy to lower energy triplet state , 

fluorescence (10
-9

 sec) and phosphorescence (µs-ms). IC is found in molecules with many 

degrees of freedom, such as aliphatics and non-rigid molecules; ISC is common in aromatic 

and molecules with heavy atoms and transition metals.  Fluorescence and phosphorescence 

are found in rigid molecules with fewer degrees of freedom. Further details about Jablonski 

diagram can be found elsewhere [23,27-30].  

 

 

Figure 1.2 Jablonski diagram [23,31]. 

 

1.2.1 Transitions between molecular orbitals 

Transitions between molecular orbitals are responsible for the color in organic colorants 

including dyes and pigments. Early views about the chemistry of dyes were suggested in 

1876 by O N Witt [26], who provided the concept of chromogen (color bearing group) 

containing basic chromophores and auxochromes (color increasers). Chromogens include 

groups such as -N=N-, C=S, -N=O, and groups such as -NR2, -NO2, -OH, -OR, -CH3, and 

halogens are known as auxochromes. Fig. 1.3 shows the effects of substituents on the dye 
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absorption which can be bathochromic (red shift) or hypsochromic (blue shift) accompanied 

either by increase (hyperchromic) or decrease (hypochromic) in molar extinction coefficients 

() or molar absorptivity. 

Figure1.3 Substituent effects on spectral response. 

Light absorption causes electronic transition from highest occupied molecular orbital 

(HOMO) to lowest unoccupied orbital (LUMO) as shown in Fig. 1.4. The smaller the energy 

gap between the HOMO and the LUMO energy levels, the lower the energy of photons 

required for electronic excitation. In most of organic colorants, electronic transition between 

orbitals such as -* and n-* fall within the visible range of electromagnetic spectrum and 

thus produce color. These transitions can be fine tuned in terms of max and molar 

absorptivity  as discussed in the section 1.12.1. Further details on electronic transitions can 

be found elsewhere [23,26]. 
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 Figure 1.4 Electronic transition between HOMO and LUMO. 

 

1.2.2 Transitions involving ligand field effects 

The color in transition metal based dyes, pigments, gems, ores, minerals and paints is caused 

by inorganic compounds containing metal ions with unpaired electrons in d- or f-block 

orbitals. In view of the scope of this review transitions among d-block orbitals (dxy, dxz, dyz, 

dx
2
-y

2
, and dz

2
) are discussed. Such transitions happen among the different orbitals of the 

transition metals.  

For an isolated transition metal ion, the five d-orbitals are degenerate (have equal energy). 

The degeneracy of the orbitals is disturbed by the introduction of ligands. The models which 

are used to describe the breaking of degeneracies are crystal field theory (CFT) and ligand 

field theory (LFT). CFT model is based on the assumption that ligands act as points of 

negative charge surrounding the metal center. These point charges generate static electric 

field which interacts with a positive metal cation. As the ligand approaches the metal, ligand 

electrons will be closer to some of metal d-orbital electrons and away from others. The 

orbitals closer to ligands will experience repulsion due to similar charge on electrons and 

Ground state Excited state 

Light absorption 
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become higher in energy, thus losing the degeneracy. The amount of splitting ∆ is determined 

by nature, and oxidation state of metal along with nature, and orientation of ligands around 

the metal as shown in Fig. 1.5 for an octahedral complex. 

Figure 1.5 Splitting in d-orbitals of an octahedral complex. 

Three low energy degenerate orbitals are called t2g and the two higher energy orbitals are 

called eg based on the molecular symmetry theory. CFT model tend to explain successfully 

the spectral, hydration, magnetic and enthalpies of transition metal compounds. However, it 

fails to explain bonding between metal d-orbitals and ligands. Further details of CFT model 

are given elsewhere [32-35]. 

Ligand field theory (LFT) is based on the molecular orbital theory and explains bonding, and 

orbital arrangement for transitions metal complexes. The nine valence orbitals of a transition 

metal ion 5 (n)d, 1(n+1) s and 3 (n+1) p are of appropriate energy to form  and -bonds 

with ligand orbitals of the same symmetry. Such an interaction diagram which enables us to 

understand the orbital structure of octahedral complexes is given in Fig. 1.6. 



 

13 

 

Figure 1.6 Interaction diagram of an octahedral complex 

 

Thus the d-block of an octahedral complex consists of three non-bonding t2g orbitals and two 

anti-bonding eg orbitals, since the bonding eg orbitals are mainly concentrated on the more 

electronegative ligands. The energy difference ∆ between t2g and eg orbitals depends on the 

strength of -bonding and nature of -bonding (-donating or -acceptor). -donor ligands 

(e.g. I
-
, Br

-
) decreases energy gap ∆ and -acceptor ligands (e.g. CN

-
, CO) increases ∆. The 

basis of such behavior has been discussed in detail elsewhere [34,36,37].  

The energy separation (∆) between t2g and eg orbitals is also the basis of high spin (weak 

field, unpaired) and low spin (high field, paired) complexes. An empirical spetrochemical 

series has been developed based on the strength of the field a ligand creates. Spectrochemical 

series is given below. I
−
 < Br

−
 < S

2−
 < SCN

−
 < Cl

−
 < NO3

−
 < N3

−
 < F

−
 < OH

−
 < C2O4

2−
 < H2O 

< NCS
−
 < CH3CN < py (pyridine) < NH3 < en (ethylenediamine) < bipy (2,2'-bipyridine) < 

phen (1,10-phenanthroline) < NO2
−
 < PPh3 < CN

−
 < CO 



14 

It can be seen that ligands which are -donor (I
-
, Br

-
) give high spin or low field complexes

as compared to -acceptors (CN
-
, CO). However, the strength of metal ligand bond is higher

for -acceptor ligands as compared to -donor ligands. In case of octahedral metal complex 

compounds, the t2g orbitals can be considered as HOMO and eg orbital as LUMO. 

The color of  a metal complex compound can be explained on the basis of CFT model in 

particular in terms of the energy difference (∆) between the splitted d-orbitals. In the case of 

an octahedral complex, these orbitals will be t2g and eg. Excited state atom can be created by 

the absorption of photon energy in visible range which results in the jump of an electron from 

the ground state to the excited state. Only certain wavelength photons are absorbed, which 

correspond to the energy difference between ground state and excited state. As discussed 

earlier, different kind of ligands creates splitting of different energy, thus the absorption of 

photons can be fine tuned by changing the ligands. E.g., the use of -donor ligands will result 

into red-shifted spectra or absorption of photons of higher wavelength whereas -acceptor 

ligands will result into blue shifted spectra. 

1.3 DSSC Structure and Components 

Dye sensitized solar cells (DSSCs) are also known as the third generation solar cells. This 

chapter is aimed at the review of the device in terms of operational principle, its components 

and the role of each component in the device. DSSCs are attractive because they are made 

from inexpensive materials, without the need for high purity, easy to print, thus resulting in 

low production cost [5] and the potential of making cells on flexible substrates in different 

colors. 
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DSSC consists of two sandwiched transparent conducting oxide (TCO) electrodes as shown 

in Fig.1.7. Fluorine doped tin oxide (FTO) is widely used as TCO because of its high 

temperature stability and reasonable conductivity [38,39]. One of the electrode is coated with 

platinum and it is known as the counter electrode or cathode, and the other electrode is screen 

printed with wide band gap (3.2 eV) nanocrystalline (particle size of 20-30nm) mesoporous 

semiconductor such as TiO2 in 10-15µm thickness, which is known as the working electrode 

or photo-anode. The sensitizing dye is anchored covalently on TiO2 forming a monolayer by 

dipping overnight in a dye solution. Then, these two electrodes are sandwiched together 

along with a redox couple usually mixture of iodide/triiodide (I
-
/I3

-
) in an organic solvent.

The cell is then sealed with a sealant to avoid the evaporation of the solvent. The anchoring 

of the sensitizing dye and the assembly of the cell can be depicted as show in Fig. 1.7. 

Figure 1.7 Schematic showing DSSC assembly and components[40]. 

DSSC consists of the following five main components: 

1. Sensitizing Dye

2. Semiconductor

3. Electrolyte

4. TCO (Transparent conducting oxide)
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5. Counter Electrode

1.4 Working Principle 

The sunlight or photons (energy, hv) enter the cell through working electrode and excites the 

dye molecule by the absorption of photons. The onset of absorption for most of the dyes is in 

the range of 720nm which is equivalent to photon energy of 1.72 eV.  The electronic 

excitation results in the transfer of an electron from the HOMO to the LUMO level of the dye 

as shown in Fig. 1.8. The life time of the electron in the excited state is typically in the 

nanosecond range and the energy level of the excited state should be above the conduction 

band edge of TiO2 for thermodynamically favorable electron injection to take place. Up to 

60% of this injection happens from singlet state and the rest from triplet state. The injection 

rate constants are in the femtosecond range from singlet state. 

Figure 1.8 Schematic showing (a) energy level (b) rate constants. 

The injected electron is extracted into the outer load and used as an electrical energy. The 

oxidized dye which has its HOMO level lower in energy than iodide (I
-
) is reduced and

(b) (a) 
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regenerated, where as I
-
 is oxidized to I3

-
. The oxidized I3

-
 is regenerated by taking electrons 

from the counter electrode (rich in electrons). The charge compensating cation movement in 

the electrolyte close to the TiO2 surface leaves the DSSC without any permanent chemical 

changes [7].  

The different processes described above can be summarized as shown in Scheme 1 [8]. 

 
Scheme 1 Summary of electrical energy generation steps in DSSC “S” denotes dye molecule 

However, undesirable reactions that lead to loss in photocurrent also take place. 

Recombination of excited electrons with the oxidized dye or electrolyte results in the loss of 

photocurrent and, thus resulting in lower total conversion efficiency. This back movement of 

electrons is also known as dark current and is shown with red arrows in Fig. 1.8 (b) and by 

Scheme 2. 

 
Scheme 2 Recombination reactions in DSSC [8]. 

Photo excitation 

Injection 

Electrolyte Oxidation 

Electrolyte reduction 

Recombination with oxidized 

electrolyte 

Recombination with oxidized dye 
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1.5 Photovoltaic Characterization 

The performance of DSSC is determined by its efficiency, stability and cost (capital and 

operational). The efficiency is dependent on the measurement of photocurrent per unit area 

and voltage at a particular intensity of light. The current is measured at short-circuit 

conditions (when V=0) thus called short circuit photocurrent density (Jsc) and voltage is 

measured at zero current or open-circuit condition known as open-circuit voltage, Voc. The 

standard illumination condition for the measurement of a solar cell is 100mW/cm
2
, it is also

known as one sun or air mass (AM) 1.5 and denoted by Pin. Pin is the sunlight reaching the 

earth surface at an angle of 42.80 through the mass of air. A typical Jsc and Voc graph for a 

DSSC is shown in Fig. 1.9. 

Figure 1. 9 Typical DSSCs Jsc vs. Voc graph [41] 

The parameters such as MPP (maximum power point), FF (fill factor) and total efficiency 

() are then calculated from the graph.  can be described by Equation 1. MPP is the point 
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which denotes the maximum power for the solar system under the given environment. FF 

shows the electrical and electrochemical losses occurring during the operation of DSSC [8], 

and is equal to the ratio of maximum power obtained to the theoretical maximum power 

possible as given in Equation 2.  

 =
𝐽𝑠𝑐∗𝑉𝑜𝑐∗𝐹𝐹

𝑃𝑖𝑛 
  Equ.  (1) 

     𝐹𝐹 =
𝑃𝑚𝑎𝑥

(𝐽𝑠𝑐∗𝑉𝑜𝑐)
      Equ. (2) 

Voc denotes the energy difference between the fermi level of TiO2 under illumination and the 

Nernst redox potential of the electrolyte and can be represented by Equation 3 [42]. 

𝑉𝑜𝑐 =
𝐸𝑐𝑏

𝑞
+

𝑘𝑇

𝑞
ln (

𝑛

𝑁𝑐𝑏
) −

𝐸𝑟𝑒𝑑𝑜𝑥

𝑞
 Equ. (3) 

Where Ecb= Conduction band level of TiO2, n is the number of electrons in TiO2, Ncb is the 

effective density of states of semiconductor oxide, q is the unit charge, Eredox is the HOMO 

level of the redox couple. It is plausible to say at this stage that Jsc is related to the spectral 

properties such as absorptions capability and electron injection efficiency of the sensitizer. 

However, Voc is much more complex and refer to the energy band structure and carrier 

transfer processes.  

Total efficiency, , as given in Equation 1 is also known as global efficiency However, the 

percentage of absorbed light converted to current at each wavelength (), is given by 

incident-photon-to-current-conversion efficiency (IPCE) also referred to as “external 

quantum efficiency” (EQE) and is given by Equation 4.  

𝐼𝑃𝐶𝐸 = 1240 
𝐽𝑠𝑐 () (𝐴.𝑐𝑚 −2)

 (𝑛𝑚)𝑃𝑖𝑛 ()(𝑊𝑚.𝑐𝑚−2)
  Equ. (4) 
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By taking into consideration the light reflection and absorption losses by TCO, IPCE can 

reach up to 90-100% value. IPCE can also be represented by Equation 5 [43], 

𝐼𝑃𝐶𝐸 = 𝐿𝐻𝐸 () ∗ 
𝑖𝑛𝑗

∗ 
𝑐𝑜𝑙𝑙

Equ. (5) 

LHE, is the light harvesting efficiency, inj is the quantum yield for injected electrons from 

excited sensitizer into the TiO2 conduction band and coll is the efficiency of the collection of 

electrons at the back contact. 

In the following sections a brief overview of the role and requirements for efficient 

sensitizers, electrolyte, semiconductor oxide, TCO and counter electrode are discussed. It’s 

not the intention to review every aspect of these components, however valuable resources has 

been cited for further readings. 

1.6 Molecular Dye-Sensitizers 

It has been reported that an efficient DSSC sensitizer should have the following essential 

features [6,44,45]: (1) it should have strong light absorption capability in visible, red and all 

the way up to near infrared region. This is because the solar distribution spectrum (Fig. 1.10) 

clearly shows that the visible and NIR regions have higher density of photons, as we receive 

on the planet earth. 
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Figure 1.10 Distribution of the solar radiation spectrum. 

 

 (2) The sensitizer should have an anchoring group such as (-COOH, -H2PO3, -SO3H, -OH, 

etc.) to ensure the firm bonding between sensitizer and TiO2, resulting in strong electronic 

coupling of TiO2 conduction band and sensitizer LUMO; (3) Higher inj efficiency for 

excited sensitizer such as one photon resulting into one electron (unity); (4) the LUMO of the 

excited dye should lie above the conduction band (CB) edge of the TiO2 semiconductor. 

Additionally, the excited state life time should be long enough for efficient electron injection 

as compared to competing relaxation and quenching; (5) the ground state HOMO level of the 

sensitizer should be lower than the redox potential of the electrolyte in order to regenerate the 

ground state of the dye. Additionally, both oxidation and reduction of the dye and electrolyte 

should be reversible; (6) the long term stability should be as long as up to 20 years, for that 



22 

sensitizer should not result in side reactions with electrolyte or any other additives, and 

should be stable to thermal and light soaking. 

Both metal complex and metal-free sensitizers which meet these requirements have been 

synthesized and characterized since the seminal work by O’ Regan and Grätzel [5]. DSSC 

dyes can be grouped into two broad categories; (a) Metal complex dyes, such as Ru (II) 

polypyridyl complexes containing N3 [46,47] , N719 [47-49]( TBA+= tetra-n-

butylammonium) [47], Z907 [50-52] and black dye (N749) [53-55] as shown in Fig. 1.11; (b) 

metal-free organic donor-acceptor dyes [56,57]. 

Metal complex sensitizer are superior to metal free dyes in terms of the features of strong 

absorptions in the visible region, long excited state lifetimes, stable in oxidized and reduced 

form over long period of time, no  aggregation, and ease of tuning the photophysical and 

electrochemical properties [58].  
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Figure 1.11 Molecular structures of some Ru (II)-based archetype dyes [56]. 
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Sensitizers based on porphyrins [59], phthalocyanines [60,61], organic aromatic 

hydrocarbons [62,63], coumarin [64], squaraine [65], indoline [66], hemicyanine [67] and 

some natural sensitizers [68,69] have also been investigated for semiconductor sensitization. 

Organic sensitizers are attractive due to low cost, higher molar extinction coefficient, tunable 

photophysical properties and facile synthesis [56]. However, organic dyes have serious issues 

of aggregation and lack of long term stability [58]. 

A detailed literature survey outlining the designing principles of metal complex dyes will be 

presented in Section 1.12 of this literature review. 

1.7 Redox Electrolyte 

The redox electrolyte is a key component of DSSC. It consists of a redox couple (also known 

as redox shuttle) and a solvent such as acetonitrile. The most widely used redox couple for 

DSSC is I
-
/I3

-
. The stringent requirements for an efficient redox electrolyte are [4]; (1) it

should be chemically stable; (2) should be of low viscosity to minimize transportation 

problems; (3) should offer good solubility for redox couple and various additives ;(4) should 

be inert to dye and semiconductor oxide; (5) should be stable to light and heat soaking, with 

minimal light absorption; (6) should be compatible with suitable sealing material. Owing to 

sensitivity of metallic sensitizers to hydrolysis and water, reactive protic electrolytes should 

be avoided. Redox couple plays the role of electron mediator or as hole transfer material as 

shown in Fig. 1.7 (a). The reduced part of the redox couple regenerates the dye and the 

resulting oxidized part (hole) is replenished with electrons from the counter electrode. The 

oxidized part of the couple also plays a role in determining the electrochemical potential of 

the semiconductor oxide due to involvement in recombination reactions as shown earlier in 
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Scheme 2-2. According to Equation 3, the HOMO level of the redox couple sets the 

electrochemical potential at the counter electrode, thus a key factor in determining the Voc. 

Until now, the most important redox couple is the iodide/triodide (I
-
/I3

-
) due to good 

solubility, suitable redox potential, does not absorb too much light, rapid dye regeneration, 

and very slow recombination reactions with injected electrons from TiO2  [4,70].  

The redox electrolyte is prepared by dissolving iodine (I2) and iodide salt such as KI or LiI, 

in organic solvent such as acetonitrile [71]. I
-
/I3

- 
redox couple results in higher photocurrent 

which has been related to less kinetic restrains and the radius of the associated cation [72]. 

Wolfbauer and co-workers found that under certain conditions the photocurrent measured in 

the presence of Li
+
 ion was five times larger than in the presence of (C4H9) N

+
 cation which 

is bigger in radius.  

The standard redox potential for the I
-
/I3

- 
system is 0.35V vs. NHE (normal hydrogen 

electrode) or -5.2 eV (vacuum).  However, the redox potential of the standard dye N3 (Fig. 

1.11) is 1.1 V, thus the dye regeneration takes place with the loss of 0.65V, and 0.3V of 

which has been related to the reaction within the redox couple [70,73,74]. This is believed to 

be the largest internal potential loss in a DSSC [70]. This loss limits the maximum obtainable 

efficiency to 13.8% [75]. Also I
-
/I3

-
 in acetonitrile are not suitable for long term device 

operation due to its evaporation. Additionally, I
-
/I3

- 
redox couple is corrosive to metals and 

sensitive to light and moisture. Thus, there is a dire need for developing systems which can 

operate as efficient redox couple in DSSC. 

Although redox systems which are less corrosive and have more suitable redox potential for 

dye regeneration have been developed, most of these new systems have high recombination 
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rates which results in low efficiency. In spite of that, recent success in Co
2+

/
3+

 [51,76-78],

ferrocene (Fc/Fc
+
) [79,80], copper I/II [81,82] and organic electrolytes [83-85] have shown

promising results. 

Even though long term stability has not been yet evaluated for cobalt based redox systems, 

recombination rate in cobalt based redox systems containing bulky ligands can be reduced by 

modifying the ligands. Grätzel and co-workers recently used this approach to report world 

record 12.3% lab scale efficiency under 1 sun illumination conditions for co-sensitized 

donor--bridge-acceptor zinc porphyrin dye [86]. They used Co (II/III) tris(bipyridyl)–based 

redox couple (shown in Fig. 1.12). 

Figure 1.12 Molecular structure of Co(bpy)3 based redox couple [86]. 

The higher efficiency was due to the high Voc achieved using Co (II/III) electrolyte. In a 

recent study, it has been found that overpotential of about 350mV is sufficient to regenerate 

the dye along with 80% external quantum efficiency [87]. It has been speculated that with an 
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overpotential loss of 500mV along with 100mV difference for electron injection from 

LUMO, an overall conversion efficiency of 19% can be realized with onset of absorption 

from 920nm [40].  

An interesting approach has been adapted by Kashif et al. [88], by attempting in-situ fine 

tuning of Co (II/III) redox potential through the introduction of strongly coordinating lewis-

base interactions. They used cobalt based mediator based on [Co (PY5Me2) (MeCN)]
2+/3+

 

complex, where PY5Me2 is the pentadentate ligand, 2,6-bis (1,1-bis(2-pyridyl)ethyl)pyridine. 

Kashif et al. have shown that axial acetonitrile (MeCN) can be replaced with strong bases 

such as 4-tertiary-butylpyridine (tBP) or N-methylbenzimidazole (NMBI) as shown in Fig. 

1.13. These commonly employed electrolyte components have been introduced to fine tune 

the redox potential of the Co(II/III) system. 
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Figure 1.13 Molecular structure of [Co]
2+/3+

 systems used by Kashif et al. [88]

It was found that Voc higher than 1.0V can be obtained by using tBP along with reported 

Co(II/III). They also obtained overall efficiency of up to 9.2% with (NMBI) using the 

commercially available organic dye MK2 as shown in Fig. 1.14. 

Figure 1.14 Molecular structure of Dye MK2. 
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In addition to liquid electrolytes, solid hole conductors can be used as redox mediator to 

obtain high voltage [89]. DSSC made by using solid hole conductors is known as solid state-

DSSC (ss-DSSC) and is commercially more attractive. These hole conducting solids are 

made of either spiro-OMeTAD small molecule[89] or semiconductor polymers. spiro-

OMeTAD molecular structure is shown in Fig. 1.15. 

 

 

Figure 1.15 Solid state hole conductor [89]. 

 

In ss-DSSC hole transfer occurs directly from the oxidized dye to the HOMO level of the 

conductor, which then transports the charge to counter electrode [90]. Such systems have 

shown conversion efficiency of up to 7.2% [91] along with the use of p-type Co(III) dopants 

which tune the conductivity of spiro-OMeTAD.  

In Dec. 2012, Lian et al has [92] reported a ss-DSSC with conversion efficiency of 8.18% 

using highly stable and soluble polyvinyl acetate polymer along with liquid iodide/triodide 

systems. The redox mediator was in gel form. They found by the electrochemical impedance 

spectroscopy (EIS) that the large charge transfer resistance at TiO2/dye/electrolyte interface 
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and the large diffusion resistance of the redox couple in the electrolyte is responsible for high 

efficiency of gel-state system. The striking drawbacks of ss-DSSC are the high 

recombination rates due to higher local density of holes, incomplete light harvesting and 

lower internal quantum efficiency. The higher recombination rates are linked with the higher 

local density of holes close to the dye sensitization area thus resulting in poor light screening 

as compared to liquid electrolytes. It is believed that in future, the better understanding of the 

physics and development of better pore filling, hole conductors with deeper HOMO levels, 

additives that inhibit recombination, and dyes with dye regeneration overpotential loss of 

300mV will lead the way to significant improvement of ss-DSSCs. 

1.8 Semiconductor Oxide 

In the seminal work published in 1991 by O’ Regan and Grätzel breakthrough happened 

because of the use of anatase TiO2 which has 1000 times higher surface area than projected, 

which provides the support for monolayer of the sensitizer. The role of a semiconductor 

oxide is to transport charge, inhibit charge recombination, and scatter light [4]. Though TiO2 

still gives the highest efficiency DSSC, other oxides have also been studied including ZnO, 

SnO2, and Nb2O5. During the last two decades, wide spread efforts have been devoted to 

explore all different forms of a semiconductor materials such as tertiary oxides, core-shell 

structures having morphology of nanocrytalline, random and organized arrays of 

nanoparticles.  All these efforts have been devoted to optimize charge transportation and 

minimize charge recombination. Owing to the scope of this review, only TiO2 semiconductor 

has been discussed briefly, further details and the state of DSSC semiconductor research is 

given elsewhere [93-97]. 



 

31 

The features of TiO2 which makes it attractive for DSSC application are of being non-toxic, 

abundant, high refractive index (n=2.4-2.5) and inert to photo-corrosion and etching [98]. 

TiO2 exists in three crystal forms of Rutile, anatase, and brookite. Anatase form is the 

preferred polymorph for DSSC due to the larger band gap of 3.2 vs. 3 eV of Rutile, superior 

conductivity, surface area and stability. This results into higher conduction band fermi level 

and Voc. 

TiO2 is applied on transparent conducting oxide by screen printing, doctor blading or spin 

coating to ensure uniform layer. After that, the film is sintered, at 450
o
C to ensure the 

removal of organic components and to form intimate electrical contact between 

nanoparticles.  The control of sintering temperature in terms of 350
o
C for 30mints and then 

450
o
C for 60mints has also reported to result in higher Jsc and Voc due to increase in 

crystallinity of TiO2 [99].  The presence of water and acid in the paste preparation has been 

linked with higher efficiency by Ito et al [100]. Hore et al., found that base-catalyzed 

conditions result in lower charge recombination and higher Voc, but reduced dye adsorption 

as compared to acidic conditions [101]. The porosity of the layer depends on the amount of 

polymer in the paste and is ideally kept close to 50-60%, since higher porosities resulted in 

loss of charge collection efficiency [102]. Another important aspect of applying the TiO2 film 

is the thickness of the film. It has been reported [103,104] that by increasing the film 

thickness light harvesting can be increased due to higher dye loading but at the cost of lower 

Voc due to increase in recombination caused by  longer diffusion length. The increase in 

adsorption of dye can be achieved by decreasing the size of nanoparticles but this also result 

into increased grain boundaries which favors recombination, thus giving lower Voc [105]. 



32 

Ideally, an efficient TCO (transparent conducting oxide) glass have the; (1) blocking layer 

(approx. 50nm thickness) to prevent the contact of redox mediator in electrode and 

semiconductor oxide; (2) light absorption layer of 10-15µm thick with mesoporous TiO2 

particle size of 20nm resulting in higher surface area that leads to increased dye loading and 

electron transport; (3) light scattering layer of approx. 3µm thickness with TiO2 nanoparticles 

of size 400nm serves the purpose of scattering on top of mesoporous film; (4) ultrathin 

chemically deposited (approx. 1nm) over coating to compensate for the TiO2 impurities [106] 

to increase dye loading [107-109], lower Ecb [110,111], and electron life time. 

Light scattering layer (LSL) is worth emphasizing because of findings that showed its critical 

role in improving the efficiency of cell. Scattering of light within photoanode due to light 

scattering layer enhances light harvesting of the sensitizer adsorbed on the film. A 2008 

[112] study showed that the use of smaller size particles for scattering layers is more efficient 

in scattering incident light than larger particles e.g., in this study 0.3 µm vs. 0.5µm. It was 

also shown that scattering layer is more effective when underneath main layer is of thinner 

size. e.g., the conversion efficiency of 7.55% for the 7 μm-thick main-layer film is improved 

to 8.94% and 8.78%, and for 14 μm-thick main-layer it improved slightly from 8.60% to 

9.09% and 9.15% by depositing 0.3 µm and  0.5µm particulate scattering layers. The strong 

dependence of scattering layer effectiveness on thin main layer was related to the quantity 

and wavelength of transmitted light and the difference in reflectivity of particulates of 

different sizes. Other interesting approaches such as mixing of TiO2 with carbon spheres of 

different sizes [113], using TiO2 of cauliflower-like shape [114], and use of hollow TiO2 

particulates [115] have also shown improved cell efficiency. 
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It is interesting to mention here that the nanorod features are appealing to use for DSSC to 

reduce electron diffusion time, increase surface area to aspect ratio due to ordered one 

dimensional structure, which leads to higher light scattering and dye loading [116]. DSSC 

having efficiency of up to 9.1% have been reported by using nanorod techniques for 

semiconductor [117]. Equally important is to develop low temperature deposition methods on 

flexible substrates such as compression technique. DSSC efficiency of up to 7.4% has been 

reported for such flexible substrates prepared by compression method [118]. Other related 

techniques for deposition on flexible substrates have been illustrated elsewhere [119-121]. 

1.9 TCO and Counter Electrode 

TCO (Transparent conducting oxide) which is usually fluorine doped SnO2 TCO (FTO) for 

DSSC is used as substrate for TiO2 coating and cathode deposition (Pt, graphene etc). It has 

sheet resistance of 8-10 Ω /cm
2
 and high transparency. FTO should also be resistant to high 

temperature while sintering of TiO2 at 500°C. FTO’s use for DSSC has always seen as a high 

price component.  Efforts to replace it with other novel materials have been reported quite 

recently with some success [122-124]. Kun et al [122] in 2010 showed the use of highly 

conductive polymer which has good charge transport and photovoltaic capabilities. Cha et al 

[124] have reported an interesting approach by using glass paper meshed with metal for 

making highly bendable TCO-free DSSC.  

The reduction of the oxidized part of the redox couple occurs at the counter electrode. The 

most widely used reduction catalyst at the counter electrode is platinum which has good 

catalytic activity for I3
-
 and sufficient corrosion resistance to iodide species in the electrolyte 

[125-128]. Pt also reduces the electric resistance of the counter electrode and increases the 
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reaction kinetics. However, Pt is a precious metal and costly. Thus search for inexpensive 

and abundantly available materials is appealing. 

To replace Pt, carbonaceous materials are considered very attractive due to low cost, 

corrosion resistance and high conductivity [128-133]. Owing to their attractive features, 

material based on graphite, activated carbon, multiwall carbon nano tubes [134] and doped 

conducting polymer [135] have been investigated as a replacement for Pt. Joseph et al [136] 

has reported the use of functionalized graphene sheet (FGS) as a counter electrode as a 

function of C/O (carbon/oxygen) ratio in the structure. Fig. 1.16 shows the J-V curve 

reported in FGS work. The results are very impressive in comparison to Pt. 

Figure 1.16 Comparative results of Pt vs. Functionalized graphene sheet. 
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Due to its excellent conductivity and high electrocatalytic activity, graphene has been widely 

studied as a catalyst for DSSC. The details of the performance, evaluation and future 

prospects of graphene as counter electrode are given elsewhere [137-140]. 

1.10 Ru-Based Sensitizers for DSSC 

Sensitizing dye (sensitizer) is the component in a DSSC which harvests the solar radiation 

and converts it into electric energy. In order to optimize the performance of a DSSC, it is 

crucial to understand the principles that dictate the Jsc and Voc according to Equation 1 & 3 

(Section 1.5). Because it is one of the most important components in the cell, it is necessary 

to prepare the sensitizers with tunable spectroscopic and electrochemical properties that 

allow thermodynamically favorable electron injection and dye regeneration processes. By 

keeping in mind the requirements for an effective sensitizer as given in Section 1.6, 

sensitizers based on metal complex, metal free, porphyrins, and phthalocyanines have been 

developed and tested for DSSC application during the last two decades. However, owning to 

the focus of this review only the Ru-based sensitizers will be discussed.  

Among the thousands of sensitizers scrutinized over the last two decades, Ru-based metal 

complex dyes have been the best due to broad absorption spectrum, suitable ground and 

excited state energy levels, long excited state life time, and good electrochemical stability 

[4].  The properties such as stable and accessible oxidation states, octahedral geometry which 

allows the introduction of specific ligands in a controlled manner and predictability in tuning 

the photophysical and electrochemical properties has made the choice of Ru fundamental for 

metal complex sensitizers. The strong absorption in the wavelength range of 270-350nm is 

due to -* transition of bipyridyl based ancillary ligand. The characteristic metal to ligand 
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charge transfer (MLCT) transition absorption happens in the visible range of 360-650nm. 

Instead of giving the complete historical survey covering the early years (1990-2010), the 

purpose of this section will be to highlight the most recent (2010-2013) developments in the 

design and synthesis of Ru-sensitizers. However, where it is needed for clarity the reference 

will be illustrated. The details about the developments in the years from 1990 to 2010 have 

been discussed elsewhere [4,8,58,141,142]. 

Before going into the details of the principles of sensitizer molecular engineering, it is 

important to unravel the sizzling issues in DSSC. 

1.11 Challenges 

1.11.1 Low efficiency 

The highest reported efficiency for a lab scale DSSC is 12.3% [86] and is up to 8% for 

module scale cells [40].  The main competitors of DSSC are the silicone based solar cells 

which have module efficiency of up to 15-20% [143]. Additionally, second generation solar 

cells based on CdTe have shown laboratory efficiencies of 16.7% and 10.9% for module 

based cells. Another interesting technology is CIGS (copper indium gallium diselenide) 

which is capable of 19.9% efficiency in the lab and 13.5% in modules [144]. Against the 

famous Shockley–Queisser limit [145] of ~32% for single junction solar cells the plot of 

maximum obtainable efficiency [75] for a DSSC is shown in Fig. 1.17. Thus in order to 

compete in the commercial market against other photovoltaic and fossil fuel technologies, 

DSSC has to show higher total solar-to-power conversion efficiency. 

Low efficiency issue can be successfully addressed by developing sensitizers which have 

their absorption onset well into the NIR region and by decreasing the dye regeneration 
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overpotential which is up to 650mV [86]. The strategies which have been successful so far to 

prepare strongly absorbing sensitizers with absorption onset red shifted as compared to N719 

are discussed in the coming section. The approaches to reduce the dye regeneration 

overpotential have been discussed briefly in Section 1.7. 

 

 

Figure 1.17 Maximum obtainable efficiency vs. absorption onset at various overpotential 

losses.  

 

1.11.2 Large scale production 

For DSSCs it has been observed that the efficiency of 10.4% for 1cm
2
 cell decreases to 6.3% 

for 26.5 cm
2
 cell [146]. This decrease in efficiency is mainly related to increased resistance 

of the glass sheet. Thus it is crucial to develop electrode materials which are not only 

compatible with efficient sensitizers but also are inexpensive, stable, flexible and have low 

resistance as discussed briefly in Section 1.9. 
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1.11.3 Long term DSSC stability 

According to Grätzel [7], a sensitizer in DSSC should be stable at least for 20years without 

potential loss in performance. Tests for measuring the inherent instabilities in DSSC [7,147] 

have already shown that DSSCs are free from instabilities such as compared to Stabler-

Wronski effect in solar cells which is linked to photodegradation over time. It has been 

demonstrated [11] that carefully designed sensitizers such as Z907 [51], K77 [148], K-19 

[149],  (Shown in Fig. 1.18) passed the stability test at 80
o
C for 1000 h whereas hydrophilic

dyes such as N719, N749 failed those stability tests [51,150]. Even though much has been 

reported about the long term stability of sensitizers in publications, however further studies 

are required to identify the chemical reactions and potential role of stress factors such as UV 

light, moisture, and high temperature in long term stability test [11]. 

Figure 1.18 Molecular structures of Z907, K77 and K-19. 
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Efficient sensitizers must be panchromatic and strong electron injectors, exhibit long term 

stability, which make them good candidate for use in large scale modules. In the coming 

sections, Ru-sensitizers with unique properties with emphasis on underlying reasons have 

been discussed. 

1.12 The breakthrough in Ru-sensitizers  

The first efficient sensitizer with three carboxylated bipyridine ligands was reported in 1985 

with 44% of IPCE [151]. However, the first breakthrough report came in 1991 by O’ Regan 

and Grätzel who used trinuclear Ru-complex to achieve 7.1-7.9% efficiency [5]. In 1993, 

Grätzel and coworkers [46] reported thiocyanato derivative, cis-(SCN)2 bis(2,2′-bipyridyl-

4,4′-dicarboxylate)Ruthenium(II), coded as N3 (Fig. 1.19) which showed ever high solar to 

electric conversion efficiency of 10%, which was later improved to 11.03% under optimized 

conditions. It was found later by Nazeeruddin et al. [152] that the unprotonated form of N3 

has negatively shifted oxidation and reduction potential in solution and can result into higher 

solar to electric conversion efficiency of up to 11.18%. The unprotonated form of N3, which 

contain (Bu4N)2 [Ru(dcbpyH2)2(NCS)2], was named N719 (Fig. 1.19).  
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Figure 1.19 Benchmark N3 and N719. 

Sensitizers such as N3 and N719 can be fine-tuned further in spectral and electrochemical 

properties by changing the ancillary ligands around the metal. Thus, in order to further 

extend the -conjugation Grätzel and coworkers [153] designed the new sensitizer N749 

(Fig. 1.20) also known as black dye. N749 contained three thiocyanato ligands along with 

three carboxylate groups substituted on terpyridine ligand. 

Figure 1.20 N749 (Black dye) [153]. 
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N749 showed the red shifted MLCT due to decrease in * orbital and increase in the t2g 

energy level. This result was translated into extended IPCE tailing up to 920 nm extending 

into NIR region as shown in Fig. 1.21. 

N3, N719 and N749 are used as benchmark reference dyes and are considered as a base for 

engineering the new dyes with improved molar absorptivity, less aggregation, optimized 

redox properties, and higher thermal and moisture stability. 

Figure 1.21 IPCE as a function of wavelength for benchmark N3 and N749 [153]. 

Though N719 and black dye offered record efficiencies, their main disadvantage is low 

absorption in the red region of the solar spectrum, low molar extinction coefficients and lack 

of long term stability. Additional representative systems (Fig. 1.22) which were developed on 

the basis of N3 and N719 are shown below for reference purposes only. 

N749 

N3 
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Figure 1.22 Representative NCS containing Ru sensitizers Z907 [51], JK-142 [154], CYC-

B13 [155], K-19 [149], K-73 and MH05 [52,156-160].  

From the examples given above (Fig. 1.22), it can be inferred that soon after the introduction 

of N719, novel analogs were developed with the goal of improving the light harvesting and 

long term stability. However, such systems suffer from lack of strong electron donor 

auxochromes and long term stability due to the presence of NCS monodentate ligands. A 

recent approach to circumvent the stability problem is to use chelating groups instead of 

NCS, such as 2-phenylpyridine (ppy) [18,20,161,162]. Van Koten [163]  first reported NCS 

free systems with slightly low efficiency. The sensitizers 2, 3, 4 reported by Van Koten are 

shown in Fig. 1.23. 
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Figure 1.23 Sensitizers 2, 3, 4 respectively [163]. 

 

The seminal work on NCS-free bipyridyl sensitizers was reported by Grätzel and co-workers 

in 2009 [162]. The sensitizer YE05 showed % of 10.1 % first time for NCS free system. 

The Jsc of 17 mA/cm
2
, and Voc of 800 mV were obtained at standard 1.5AM sun condition. 

YE05 is shown in Fig. 1.24. YE05 lacks any potential electron donor thus results in lower 

Jsc. Thus the introduction of electron donors was natural to cyclometalated complexes as 

mentioned latter in this section. 

 

 

Figure 1.24 Molecular structure of YE05 [162]. 
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Another successful strategy to increase molar absorptivity and stability was adopted by Chi 

et al [20]. Efficiency of 10.05% was achieved compared to 9.07% for N719 under similar 

conditions. PRT-4 showed the remarkable parameters of Jsc 21.6 mA/cm
2
, Voc of 714mv

and fill factor of 65.2. The PRT-series of dyes are shown in Fig. 1.25.  

Figure 1.25 PRT-Dyes by Chi et al [20]. 

The PRT-series opened a new avenue for the developments of neutral tridentate Ru-based 

dyes. As given in section 1.12.1, Chi’s group further reported impressive NCS-free dyes 

which surpassed champion N719 and black dye. The most recent trends and improvements in 

the Ru-based DSSC sensitizers are given in Section 1.12.1. 

1.12.1 Recent developments in Ru (II) DSSC sensitizers 

In this section, the recently reported (2011-2013) Ru-based systems have been discussed. The 

most famous strategy is to eliminate or decrease the number of NCS ligands from the 

molecular designs. Even though the NCS containing dyes have passed the stability test such 

as Z907 as discussed in section 1.11.3, however it is believed to be the weakest point of 

complex from the chemical stability point of view [162]. 
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In 2011 Kiyoshi et al [13] reported a detailed study on heteroleptic bis-tridentate Ru 

sensitizers devoid of NCS group. The representative system is shown in Fig. 1.26. X, Y, Z, 

R1, and R2 substituents can be changed to tune the HOMO and LUMO energy levels of these 

complexes (X, Y, Z: C or N; R1: H, Me or OMe; R2: H, CO2Me or CO2H). The optimal % 

of 8.2 has been reported for such systems when R1= OMe, R2= CO2H, X, Z= N and Y= C.  

 

 

Figure 1.26 Bis-tridentate Ru sensitizers [13]. 

 

Bomben et al [161] reported efficiency of 5.5% under full sun illumination conditions by 

using non-corrosive cobalt based redox couple for trisheteroleptic cyclometalated Ru 

sensitizers as shown in Fig. 1.27. They also reported highest efficiency of 8.3% for dye 3. 

The resulted high efficiency for 3 was linked to the presence of strong electron withdrawing 

groups to higher the (Ru III/II) redox potential along with increased light absorption owing to 

the presence of thiophene and suppressed charge recombination due to the presence of long 

alkyl chain. 
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Figure 1.27 Trisheteroleptic cyclometalated Ru-sensitizers [161]. 

Chi reported [19] TF-series of NCS free dyes which were highly efficient. The structure for 

these dyes is shown in Fig. 1.28.  of 9.54% was achieved for TFRS-2 compared to 8.56% of 

N719. These dyes show absorption up to 700nm and Voc as high as 830mV was achieved for 

the first time for Ru-based metal complex dye. The higher Voc was attributed to the 

insulating behavior of 2-pyridyl pyrazolate chelating agent as compared to NCS group. For 

the EIS (electrochemical impedance spectroscopy) experiment, all the synthesized TF-coded 

dyes showed higher charge recombination resistance than N719 which was also supported by 

measured Voc values. These dyes showed great stability under 60
o
C, 1000hr stability test.

Even though these dyes showed higher Voc, but the highest Jsc for TFRS-3 was 

17.38mA/cm
2
. However, Jsc as high as 21mA/cm

2
 [20] has already been reported with

systems having stronger electron donating ability. 
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Figure 1.28 Bidentate TFRS-Dyes by Chi et al [19]. 

 

Chi et al [18] further extended their work with very similar heteroleptic tridentate chelates for 

Ru-based tridentate systems as shown in Fig. 1.29.  

 

 

Figure 1.29 Tridentate TF-Dyes by Chi et al [18]. 

 

Tridentate TF dyes, which has pyridyl pyrazolate (pypz) replacing three NCS ligands showed 

absorption from 320-720nm. These dyes showed  of 9.11% to 10.7% compared to 9.22% 

for N749. TF-3 showed the best efficiency of 10.7% with Jsc 21.39 mA/cm
2
, Voc 760mV, 

and FF 0.66.  

Chi et al [164] in 2011 reported another interesting strategy of modifying N749.  It was based 

on the idea that only two carboxylic groups are enough to have stable absorption on TiO2 
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surface [165-167]. They carried out the proof of concept by synthesizing PRT-11 to PRT-14 

dyes as shown in Fig. 1.30. 

Figure 1.30 PRT-11 to PRT-14 [164]. 

The highest efficiency achieved was 8.29% for PRT-14 as compared to 6.89% of N749. 

However, the designing of such dyes can be further modified to achieve higher  by 

replacing NCS groups with tridentate chelates such as 2, 6-bis (5-pyrazolyl)pyridine as used 

in tridentate TF dyes. 

Similar idea was explored by Youhei et al. [168] in 2012 reporting the dye HIS-2 as shown in 

Fig. 1.31. HIS-2 showed the excellent photophysical properties with Jsc as high as 

23.07mA/cm
2
, which shows the effectiveness of having an electron donating group on the
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terpyridyl ligand. However, Voc was low to 690mV, which can be increased by replacing 

NCS ligands with chelating agents as mentioned before. 

 

 

Figure 1.31 Molecular Structure of dye HIS-2 [168]. 

 

Similar concept of modifying the terminal terpyridyl (TF11-14) [17] with extended -

conjugation on the pendant group showed increased light harvesting and improved 

photovoltaic energy conversion capability. 

An extension of TF series TF-21 to TF-24 was reported in the beginning of 2012 [16]. The 

idea was to see the effect of modification of 2,6-bis (5-pyrazolyl) pyridine on overall cell 

performance as shown in Fig. 1.32. They used 2, 6-bis (5-pyrazolyl) pyridine, 2-azolyl-6-

phenylpyridine ancillary ligand was used for complexation. The goal was to achieve high 

photocurrent by fine tuning the complex HOMO level by introducing more electron deficient 

triazolyl moiety. Jsc as high as 18.09 mA/cm
2
 was achieved with overall efficiency of 9.04% 

as compared to 8.75% for N749, along with excellent long term stability. 
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Figure 1.32 PRT-21 to PRT-24 [16]. 

Similar to TF series mainly by the same research group at National Tsing Hua University, 

Taiwan in 2013 reported TF-51 to TF-54 [15] based on 4, 4’-dicarboxy-2,2’-bipyridine 

anchoring ligand and two trans-oriented iso quinolinyl (or quinolinyl) pyrazolate ancillaries 

as shown in Fig. 1.33. 

Figure 1.33 TF-51 to TF-54 dyes [15]. 

TFRS-52 showed the cell parameters of 16.3 mA/cm
2
 of Jsc, 860mV of Voc and 0.72 of FF

that translated into overall cell efficiency of 10.1%. The higher Voc was related to the 

presence of bulky tertiary butyl group, however Voc of 830mV was achieved for TFRS-1, but 

that system lacked in Jsc (12.7 mA/cm
2
) due to the absence of any strong electron donating

group or extended conjugation. The comparative Voc of TFRS-1 as compared to TFRS-3 is 
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due to higher loading of 5.28*10
-7

 mol/cm
2
 as compared to 3.31*10

-7
 mol/cm

2
 for TFRS-3. 

Higher loading was achieved due to smaller molecular size of TFRS-1. Thus it can be 

inferred if we can design a system with strong electron donor, and small molecular size 

higher Jsc and Voc can be obtained at the same time. These TFRS systems lack any kind of 

electron donor thus producing lower Jsc of 16.3 mA/cm
2
 at the maximum.  

Even though these NCS-free systems have gained lot of attention during the last couple of 

years, the classical bidentate Ru (II) NCS containing systems with strong electron donating 

groups are still a focus of research and show remarkable light harvesting and long term 

stability if they are molecularly engineered with strong electron donor auxochromes and 

hydrophobic bulky antennas. One such example is NCSU-10 [169] as shown in Fig. 1.34. 

NCSU-10-TBA (TBA= tertiary butyl ammonium) showed the remarkable efficiency of 

10.32% without mask and 9.37% with mask as compared to 9.32% without mask and 8.17% 

with mask of N719. The Jsc achieved for NCSU-10 without a mask was 20.59mA/cm
2
 and 

of 18.01mA/cm
2
 with a mask compared to 17.16 without a mask and 15.15mA/cm

2
 with a 

mask of N719. NCSU-10 showed higher Jsc owing to the efficient light harvesting 

capabilities of the stronger electron donating carbazole antenna ligand, which led to 

redistributing the HOMO electron density so it included the NCS and carbazole, which 

generated a ligand-to-ligand charge transfer (LLCT) in addition to the MLCTs. In the same 

study, it was shown that cell performance is best achieved with 4, 4’-isomer as compared to 

5, 5’-isomer of carboxylic acid anchoring (acceptor) group. 
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Figure 1.34 NCSU-10 and NCSU-10’ [169]. 

Quite recently (2013), a series of dyes coded MH08-10 (Fig. 1.35) were reported by El-

Shafei et al [170]. The excellent photophysical properties were observed for these systems 

owning to stronger photon harvesting properties of ancillary ligands. All of MH dyes 

reported higher Jsc, with the highest of 19.56mA/cm
2
 for MH08-TBA as compared to

17.16mA/cm
2
 for N719. The highest overall efficiency was 9.76% as compared to 9.32% of

N719.  
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Figure 1.35 Molecular structure of MH08-10 [169]. 

 

An extension of the similar efforts of understanding the structure-property relationship has 

been reported by El-Shafei et al [158], for MH06 and MH11 as shown in Fig. 1.36. MH11-

TBA showed the highest efficiency of 10.06% as compared to 9.32% of N719. The 

remarkable higher efficiency of MH11-TBA is owing to its higher molar extension 

coefficient for MLCT, bulky and hydrophobic nature of pyrene system which translates into 

higher Voc.  
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Figure 1.36 Molecular structure of MH11 and MH06 [158]. 

Even though the effort has made to review the most important developments in the last 

couple of years, however due to widely spread research on sensitizers it was not possible to 

review every research article. The details of other systems are given elsewhere in recent 

reviews [13,14,171]. 

MH11 
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2.1 Proposed Research 

The focus of this research is to gain quantitative understanding of the structure-property 

relationships of novel sensitizers based on heteroleptic Ru (II) and boron dipyromethene 

complexes for DSCs via fine-tuning of the thermodynamic and photophysical properties of 

novel ancillary ligands with the goal of achieving higher power conversion efficiency and 

long term stable dyes for dye solar cells compared to the benchmark N719 and black (N749) 

dyes. Recent efforts in El-Shafei’s group demonstrated that incorporating particular strong 

heterocyclic electron donor ancillary ligands composed of bis-stilbazole, achieved 

photocurrent more than 20mAcm
-2 

[158,169,170], which is 18% higher than that of N719

dye. The use of strong electron donor destabilizes the HOMO more than the LUMO leading 

to a smaller HOMO-LUMO gap and hence better light harvesting.  However, in the case of 

open-circuit voltage, there is no consensus among the DSC community on the structure-Voc 

relationship, and increasing the Voc remains a real challenge. One of the most widely 

accepted assumptions for the higher Voc in the case of N719 (homoleptic) as compared to 

heteroleptic Ru (II) complexes is its smaller size. In terms of long term stability, polypyridyl 

Ru (II) complexes containing ancillary ligands with long alkyl chains have shown great 

promise,  such as Z907 [51] (Fig. 1.22). With this in mind, and with the goal of designing 

more efficient and stable dyes, novel Ru (II) complexes, with strong electron donor groups 

such as carbazole along with long alkyl chains (C7, C18) are designed, synthesized, and 

studied in terms of their effect on the thermodynamics of the ground and excited states 

oxidation potentials, electron injection,  long term stability and charge recombination by 

studying their photophysical, electrochemical, and photovoltaic properties.  
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Boron dipyrromethene (BODIPY) chormophores have enjoyed huge scientific interest over 

the last two decades due to versatile features pertaining to ease of tuning photopysical and 

optical features, thermal and photochemical stability, high fluorescence quantum yields, 

minimum triplet state formation, high intensity and broad absorption profiles, chemical 

robustness and good solubility [172,173]. With the aforementioned in mind, in this work we 

studied extending the π-conjugation of the BODIPY core via attaching carbazole moieties 

with different alkyl chain lengths of C2, C7 and C18, tethered to N-carbazole in order to 

interrogate the effect of alkyl chain length on dye aggregation, electron injection and 

photovoltaic performance. 

The proposed research has helped us understand the effect of number of ancillary ligands 

(HD-1-mono, HD-2-mono and HD-2), isomerization (HL-41, HL-42, HD-7 and HD-8), 

presence of long alkyl chains tethered to electron donor (HD-14 and HD-15) and BODIPY 

sensitizers (HB-1, HB-2 and HB-3) on photovoltaic properties, ground and excited states 

thermodynamics, photophysics, long term stability and charge recombination at 

electrolyte/dye/Ti2O interface. Strategies to accomplish long term stability will be unraveled 

which will greatly add to the knowledge and potential of DSCs for rapid commercialization.  

Some of the techniques that were employed during this study include but not limited to 
1
H-

NMR, high resolution mass spectrometry, UV-Vis, fluorescence and femtosecond transient 

absorption spectroscopy, cyclic voltammetry, impedance spectroscopy, incident photon to 

current conversion (IPCE) and I-V (current voltage) measurements, solar cell assembly and 

optimization. 
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2.2 Effect of mono versus bis-ancillary ligands on Voc and Jsc 

The effect of number of ancillary ligands on Voc and Jsc has been studied by comparing 

mono-stilbazole to bis-stilbazole Ru (II) complexes. In this regard, the photophysics, 

electrochemistry and photovoltaic properties of dyes HD-1-mono, HD-2-mono, and HD-2 

has studied and compared with NCSU-10 and benchmark N719 (Fig. 2.1), details are given 

in Chapter 3. 
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Figure 2.1 Molecular structures of HD-1-mono, HD-2-mono, HD-2, NCSU-10 

and N719 
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2.3 Structure-property relationships: steric effect in ancillary ligand 

Here, we have investigated the structure-property relationships of naphthalene-based 

ancillary ligands for DSCs employing Ru (II) bipyridyl complexes containing methoxy at 

4,7-positions (HL-41) and ethoxy at 2-position (HL-42) on the naphthalene moiety 

respectively as shown in Figure 2.2. 2-ethoxy naphthalene stilbazole-based ligand is 

strategically chosen as an ancillary ligand to ascertain the influence of steric effect of alkoxy 

group ortho to the spacer group (CH=CH) of stilbazole on the photovoltaic properties. The 

details of this work are given in Chapter 4. 
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Figure 2.2 Molecular structures of HL-41 to HL-42. 

 

2.4 Study of the anomaly in electron injection for structural isomers of anthracene and 

phenanthrene 

In this study, intriguing difference caused via isomerization of anthracene and phenanthrene 

based stilbazole type ancillary ligands in Ru (II) sensitizers for dye sensitized solar cells 

(DSCs) have been investigated.  Photo-induced spectral features have been studied by state 
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of the art femtosecond transient absorption spectroscopy, details of this work are given in 

Chapter 5. 
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Figure 2.3 Molecular structures for HD-7 and HD-8. 

2.5 Highly stable and efficient alternatives of Z-907  

In this study, two novel amphiphilic Ru (II) heteroleptic bipyridyl complexes HD-14 and 

HD-15 (Figure 2.4), compared to previously reported NCSU-10 and N719 have been 

reported. We propose to combine the strong electron donor characteristics of carbazole and 

hydrophobic nature of long alkyl chains, C7, C18 and C2 (NCSU-10), tethered to N-

carbazole to study their influence on photocurrent, photovoltage and long term stability for 

dye-sensitized solar cells. The findings of this study have been given in Chapter 6. 
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Figure 2.4 Molecular structures for HD-14, HD-15, NCSU-10 and N719 

 

Figure 2.5 shows the proposed synthetic approach for HD and HL dyes mentioned in section 

2.1 to 2.5.  
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2.6 BODIPY sensitizers with long alkyl chains tethered to n-carbazole for DSSCs 

In this study, three boron dipyrromethenes (BODIPY) dyes named HB-1, HB-2 and HB-3 

with distyryl substitution at 3,5 positions with electron donating carbazole groups having 

different alkyl chain lengths (ethyl C2, heptyl C7 and octadecyl C18) tethered to N-carbazole 

have been studied (Figure 2.6). The primary goal was to investigate the influence of alkyl 

chain lengths on dye aggregation at TiO2 surface for potential dye sensitized solar cell 

applications. Synthetic route for the synthesis of HB-1, HB-2 and HB-3 is given in the 

supplemental information part for Chapter 7.  
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Figure 2.6 Molecular structures of HB-1, HB-2 and HB-3. 
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Influence of mono versus bis-electron-donor
ancillary ligands in heteroleptic Ru(II) bipyridyl
complexes on electron injection from the first
excited singlet and triplet states in dye-sensitized
solar cells†

Hammad Cheema,a Ashraful Islam,b Liyuan Han,b Bhoj Gautam,c Robert Younts,c

Kenan Gundogduc and Ahmed El-Shafei*a

A novel heteroleptic Ru(II) bipyridyl complex (HD-1-mono) was molecularly designed with a mono-

carbazole ancillary ligand, synthesized and characterized for DSCs. The aim was to systematically study

the influence of mono (HD-1-mono) versus bis-carbazole ancillary ligand (NCSU-10) on molar

absorptivity, light harvesting efficiency (LHE), ground and excited state oxidation potentials, incident-

photon-to-current conversion efficiency (IPCE), electron injection from the first excited singlet and

triplet states, short-circuit photocurrent density (Jsc), and total solar-to-electric conversion efficiency (h)

for DSCs. This study showed that HD-1-mono exhibited slightly lower Voc but greater Jsc compared to

NCSU-10. Though HD-1-mono showed lower extinction coefficient than NCSU-10, interestingly, it was

found that the decrease in molar extinction coefficient of HD-1-mono is not directly related to the

short-circuit photocurrent density (Jsc). For example, HD-1-mono showed a higher Jsc of 21.4 mA cm�2

without the presence of any additives. However, under optimized conditions, HD-1-mono showed a Jsc
of 19.76 mA cm�2, Voc of 0.68 V, and (%h) of 9.33 compared to a Jsc of 19.58 mA cm�2, Voc of 0.71 and

(%h) of 10.19 for NCSU-10, where N719 achieved a Jsc of 16.85 mA cm�2, Voc of 0.749 V and (%h) of 9.33

under the same experimental device conditions. Impedance results for HD-1-mono showed a shorter

recombination time as compared to N719 and NCSU-10, which justify its lower Voc. Femtosecond

transient absorption spectroscopy results elucidated that electron injection from the first triplet state is

63% more efficient for HD-1-mono than that of NCSU-10.

1. Introduction

Dye-sensitized solar cells (DSCs) are unique compared to
silicon-based solar cells in many ways. For examples, DSCs are
made of inexpensive materials, their manufacturing is cost
effective and exible, can be made in different colors and
exhibit superior performance in rainy, diffused and year around
conditions.1–9 Owing to the aforementioned unique features,
different components of DSCs such as sensitizers, TiO2 and
redox shuttles have been widely studied and improved during
the last two decades.7,8,10–13 Sensitizers are one of the most
critical components within DSCs and Ru(II) based sensitizers

have continuously shown greater than 10% (ref. 5 and 14–18)
over-all power conversion efficiency. Among the Ru(II) poly-
pyridyl complexes N719 (11.18%)19 is a popular benchmark dye
both in academia and in industry. However, strategies are
needed to improve the NIR response of Ru(II) sensitizers, such
as increase in molar absorptivity and ne tuning of ground and
excited state oxidation potentials. The goal is to molecularly
engineer a panchromatic sensitizer which not only absorbs
most of the energetic photons in the range of 400 nm to 920 nm
but also maintains favorable thermodynamic ground and
excited state oxidation potentials for dye regeneration and
electron injection, respectively, which would ultimately result in
an ideal sensitizer with minimum recombination losses.

With the aforementioned in mind, this work is focused on
the molecular modulations of a previously reported highly
efficient Ru(II) based sensitizer known as NCSU-10 (ref. 5) as
shown in Fig. 1. Our strategy was to use one carbazole ancillary
ligand, HD-1-mono (Fig. 1), to reduce the molecular size and
study how that inuences the light harvesting efficiency, elec-
tron injection from the rst excited singlet and triplet states,
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photovoltage, sensitizer redox properties, decay dynamics and
the charge separation/recombinations at the dye–TiO2–electro-
lyte interfaces. Similar ideas have been reported previously for
sensitizers JK-56 (ref. 20) and D-20.21 In both cases mono-based
sensitizers resulted in higher current and overall greater effi-
ciency than the bis-ancillary ligand analogs due to decreased
loading for bis analogs. However in both JK-56 and D-20, the
ancillary ligands were of much larger molecular size compared
to carbazole, thus the molecular size is expected to have
minimal inuence in this study. To better understand the origin
of higher Jsc in HD-1-mono compared to NCSU-10 and N719,
TiO2–dye interface properties were studied by impedance
spectroscopy which is directly correlated with photocurrent and
photovoltage. Time-correlated single photon counting (TCSPC)
and ultra-fast transient absorption measurements were per-
formed to understand the fundamental difference in the photo-
physics and electron injection properties of HD-1-mono and
NCSU-10 in solar cell form. UV-Vis, uorescence, and cyclic
voltammetry measurements were performed to ascertain the
difference in molar absorptivity, excited state and redox prop-
erties of HD-1-mono and NCSU-10, respectively. The goal is to
understand the fundamental difference between HD-1-mono
and NCSU-10 for the design of more efficient sensitizers, both in
terms of higher photocurrent and photovoltage for DSCs.

2. Results and discussion

The synthesis of the proposed sensitizer HD-1-mono was
carried out in a similar way to that reported for NCSU-10 (ref. 5
and 22) using a 1 : 1 molar ratio of 4,40-dimethyl-2,20-bipyridine
to 9-ethyl-9H-carbazole-3-carbaldehyde. HD-1-mono was
synthesized in the typical one-pot three-step synthetic scheme
as shown in the ESI.† The typical raw product yield was up to
90%, which was then run through a Sephadex LH-20 column
three times to get the highly pure product in 55% yield.

2.1. Photophysical measurements

A comparison between the UV-Vis absorption and emission
spectra of N719, HD-1-mono, and NCSU-10 is given in Fig. 2,
and the results are summarized in Table 1.

An intense MLCT absorption peak was found for HD-1-mono
at 538 nm (15 550 M�1 cm�1) compared to NCSU-10 at 545 nm

(20 650 M�1 cm�1) and N719 at 529 nm (12 800 M�1 cm�1). HD-
1-mono showed slightly blue shied spectra and up to 30%
decrease in extinction coefficient compared to NCSU-10.
However, extended p-conjugation and a stronger electron
donating carbazole ancillary ligand resulted in destabilized
metal based HOMO (t2g) and red shied absorption spectra,
compared to N719, due to the decreased HOMO–LUMO gap, as
shown in the energy level diagram of Fig. 3. Emission lmax for
HD-1-mono was also blue shied compared to that of NCSU-10
and N719.

In terms of ancillary ligands itself, there was no substantial
change in optical and electrochemical properties (ESI Fig. 8–
10S†) for HD-1-mono and NCSU-10, as observed by UV-Vis,
emission and cyclic voltammetry. Thus molecular modulation
of ancillary ligands was expected to have a negligible effect on
optical and electrochemical properties of the corresponding
complexes.

2.2. Electrochemical measurements

The ground state oxidation potential (GSOP) of HD-1-mono was
measured in two ways. First, by cyclic voltammetry (CV) in
solution form, and the second by using a photoemission yield
spectrometer (Riken Keiki AC-3E), while the dye anchored to the
TiO2 lm. The results are summarized and compared in Table 2.
It was observed that while anchored to TiO2, the GSOP of both
dyes shied negatively owing to de-protonation of complexes.
CV graphs were used to calculate the oxidation onset which is
equivalent to the GSOP (ground state oxidation potential) or
HOMO level of the dye. Additionally, E0–0 was calculated from
the intersection point of experimental absorption and emission
spectra and can be dened as the difference between the excited
and ground state oxidation potentials. Then values of E0–0 and
GSOP were used to calculate the ESOP (excited state oxidation
potential) or LUMO level of the dye, the values in volts (V) vs.
NHE were converted to electron volt (eV) as shown in eqn (1).

ESOP ¼ (GSOP + 4.7) � E0–0 (1)

The GSOP value of �5.46 for HD-1-mono conrmed that the
HOMO of this dye is below the I3

�/I� redox couple (�5.2 eV),23

and the difference is large enough for electron replenishment

Fig. 1 Molecular structures of complexes HD-1-mono, NCSU-10 and N719.
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and efficient dye regeneration. Additionally, the ESOP energy
level of HD-1-mono was at �3.55 eV which was above the
conduction band edge of nanocrystalline TiO2 (�4.2 eV).24

Similar measurements for NCSU-10 showed that GSOP is at
�5.5 eV and ESOP at �3.57 eV thus resulting in favorable dye
regeneration and electron injection, respectively. Thus owing to
the energetically favorable excited states, the efficient electron
injection into the CB edge of TiO2 and dye regeneration was
achieved with sensitizers HD-1-mono. According to the energy
level diagram in Fig. 3, the HOMO destabilization is in the order

of HD-1-mono > NCSU-10 > N719, which is consistent with the
order of experimental Jsc of HD-1-mono > NCSU-10 > N719.

Similar Ru(II) complexes have been recognized to have elec-
tron injection both from singlet and triplet energy states,8,26–28

thus it was important to estimate whether the molecular
modulation of the mono versus bis-ancillary ligands invokes
direct changes in electron injection from singlet and triplet
states and in their energy values. Singlet and triplet energy
levels were estimated from the onset of uorescence (E0–0,
Fig. 2) and phosphorescence (ESI Fig. 13S†) emission. It was
found that HD-1-mono and NCSU-10 have singlet at �3.55 eV,
�3.57 eV and triplet energy levels at �4.1 eV and �4.14 eV,
respectively. Triplet energy levels were approximately 0.55 eV
and 0.57 eV lower than singlet energy levels of HD-1-mono and
NCSU-10, respectively. Thus, the triplet energy level of HD-1-
mono is 0.1 eV higher in energy than the TiO2 (�4.2 eV)24

conduction band compared to 0.06 eV of NCSU-10. Hence,
because of the more free energy of the triplet level for HD-1-
mono, more triplet electron injection was expected than that of
NCSU-10.

2.3. Photovoltaic device characterization

The photovoltaic performance of complexes HD-1-mono, NCSU-
10 and N719 on the 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-imida-
zolium iodide (DMPII), 0.05 M I2, and 0.1 M LiI in acetonitrile.
Fig. 4 shows the incident-photon-to-current efficiency conver-
sion (IPCE) spectra for the cells fabricated with complexes HD-
1-mono, NCSU-10, and N719, where the incident photon-to-

Fig. 2 UV-Vis absorption (solid-line) and emission spectra (dashed-line) of complexes HD-1-mono as compared to N719 and NCSU-10
measured in DMF (2 � 10�5 M).

Table 1 Absorption and emission properties for HD-1-mono as compared to NCSU-10 and N719

Sensitizer Absorption lmax (nm) 3 (M�1 cm�1) Emission lmax (nm)

HD-1-mono 304, 396, 538 (d / p*) 51 900; 33 350; 15 550 728
NCSU-10 304, 401, 545 (d / p*) 57 550; 48 555; 20 650 758
N719 310, 381, 529 (d / p*) 46 100; 14 400; 12 800 744

Fig. 3 Energy level diagram and comparison between GSOP and
ESOP of N719, HD-1-mono and NCSU-10.
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current conversion efficiency (IPCE) values are plotted as a
function of wavelength.

Fig. 4 shows the impressive photocurrent response of carba-
zole based sensitizers HD-1-mono and NCSU-10. HD-1-mono
outperformed the benchmark N719 in its photocurrent response
owing to strong photon harvesting characteristics of the carba-
zole based ancillary ligand. The presence of only one (mono)
carbazole did not affect the IPCE negatively, compared to NCSU-
10 (bis). In fact, HD-1-mono showed better response than NCSU-
10 particularly in the redder portion of the spectrum.

The photovoltaic parameters including the short-circuit
photocurrent density (Jsc), open-circuit voltage (Voc), ll factors
(FF) and overall cell efficiencies (h) are summarized in Table 3.

The solar cell sensitized with HD-1-mono showed an
impressively higher short-circuit photocurrent density (Jsc) of
21.4 mA cm�2, an open-circuit photovoltage (Voc) of 0.55 V, and
a ll factor of 0.60, corresponding to an overall conversion
efficiency (%h) of 7.06 without any additives. The Jsc of 21.4 mA
cm�2, which is 21% higher than the Jsc of N719 is likely due to
efficient photon harvesting and more energetically favorable
electron injection into TiO2 from the rst excited triplet. An
addition of 0.5 M TBP resulted in a Jsc of 19.76 mA cm�2, a Voc of
0.68 V and a total conversion efficiency (%h) of 9.33 for the HD-
1-mono based solar cell. The impressive increase in Voc and the
overall efficiency in the presence of TBP is likely due to the
reduction of recombination between the injected electron and
electrolyte at TiO2–dye–electrolyte interfaces, owing to the
formation of a protecting layer of TBP.5 The upward shi in the
TiO2 conduction band edge and an increase in electron lifetime
were also reported to be caused by the presence of TBP.8 Thus
based on current–voltage results, it can be said that the
attempted molecular modulation resulted in higher Jsc at the
expense of a decrease in photovoltage, which is most likely
caused by dark current or recombination reactions.

Under similar conditions, HD-1-mono exhibited slightly
lower Voc than NCSU-10, which contradicts with previous nd-
ings20,21 of lower Voc in the case of bis-ancillary ligand vs. mono
analogs. Choi et al.20 and Jung et al.21 noticed a decrease in
loading for bis compared to mono-antenna based sensitizers.
Our molecular design strategy circumvented this situation by
employing a highly efficient and small sized carbazole-based
ancillary ligand.

2.4. Electrochemical impedance spectroscopy
characterization

Electrochemical impedance spectroscopy (EIS) is a key tech-
nique to study the electrical energy storage and dissipative
properties of passive electrical systems. Impedance is different
from resistance in that it also takes care of the dynamic
processes such as relaxations related to dielectric and charge
transfer between heterogenous surfaces. In DSCs, EIS is a
powerful tool in characterizing the interfacial charge transfer
process at TiO2–electrolyte and pt–electrolyte interfaces.22,29 The
EIS Nyquist and Bode plots for the DSCs based on HD-1-mono,
NCSU-10 and N719 are shown in Fig. 6 and 7, respectively. In

Table 2 The excited state oxidation potential (E*) and the lowest
singlet-singlet electronic transitions (E0–0) for ligands and HD-1-mono
compared to NCSU-10 and N719a

Sensitizer

Experimental (eV)

*E0–0

&GSOP(HOMO)
(CV)

&*GSOP(HOMO)
(AC3) E*

LH-1-mono 2.94 �5.65 — �2.71
L-NCSU-10 2.94 �5.66 — �2.72
HD-1-mono 1.91 �5.46 �5.38 �3.55
NCSU-10 1.93 �5.50 �5.50 �3.57
N719 1.99 �5.76 �5.76 �3.77

a * E0–0 ¼ calculated from the intersection point of experimental
absorption and emission spectra (DMF);&GSOP ¼ ground state
oxidation potential ¼ EHOMO;

&GSOP was measured in DMF with
0.1 M [TBA][PF6] and with a scan rate of 50 mV s�1. It was calibrated
with Fc/Fc+ as an internal reference and converted to NHE by addition
of 0.63 V;&*GSOP was also measured using a photoemission yield
spectrometer (Riken Keiki AC-3E); excited-state oxidation potential, E*
was calculated from: E* ¼ GSOP � *E0–0. Calculated GSOP, ESOP, and
E0–0 of N719 were reported elsewhere.5,25 GSOP and ESOP for the
ligands were calculated using the same method used for the dyes.

Fig. 4 Photocurrent action spectra (IPCE) obtained with dyes HD-1-
mono, NCSU-10 and N719 anchored to the nanocrystalline TiO2 film.

Table 3 Photovoltaic characteristics of HD-1-mono, NCSU-10 and
N719a

Sensitizer TBP (M) Jsc (mA cm�2) Voc (V) FF h (%)

HD-1-mono 0.0 21.40 0.55 0.60 7.06
0.5 19.76 0.68 0.694 9.33

NCSU-10 0.5 19.58 0.713 0.73 10.19
N719 0.5 16.85 0.749 0.739 9.33

a 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, ll factor; h, total power conversion efficiency.
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EIS Nyquist plots, the radius of the bigger semicircle shows the
electron recombination resistance at the TiO2/dye/electrolyte
interface, which was the highest for NCSU-10 compared to HD-
1-mono and N719.

In Fig. 7, the frequency response in the range of 0-2.5 Log/Hz
is indicative of the recombination between electrolyte and eTiO2

(electrons which are injected in TiO2 CB), which is related to the

electron lifetime in the CB of TiO2. The middle-frequency (0-2.5
Log/Hz on x-axis) peaks of the DSCs based on NCSU-10 and
N719 were shied to lower frequency relative to that of HD-1-
mono, indicating a shorter recombination lifetime for the latter
case, thus resulting in lower Voc for HD-1-mono as compared to
NCSU-10 and N719. EIS results clearly demonstrated qualita-
tively that in the case of HD-1-mono, the injected electrons are
prone to recombine due to the shorter lifetime in the TiO2 CB.
The shorter eTiO2 lifetime for HD-1-mono can be attributed
tentatively to the decrease in the hydrophobicity of the mono
versus bis which resulted in decrease in the insulating property
of the dye towards charge recombinations at the TiO2–I3

�

interface compared to NCSU-10. Similar results of a longer
eTiO2 lifetime for carbazole based dyes were related to the
density of alkyl chains present which block the access of I3

� or
cations to the TiO2 surface.30,31 However, owing to the
complexity of charge transfer process in DSCs, full electro-
chemical characterization is recommended to completely
understand the charge transfer at the interface of HD-1-mono/
TiO2 compared to that of NCSU-10/TiO2 and N719/TiO2.

2.5. Time correlated single photon counting (TCSPC)
spectroscopy measurements

The TCSPC spectroscopy method was employed to study the
excited state lifetime and emission decay behavior of the dyes in
solution and in cell form (DSC). The inset of Fig. 8 shows the
excited state decay behavior of the dyes in DMF. All of the decay
curves were tted with 2-exponential showing the multi-
exponential decay behavior having fast (shorter lifetime) and
slow (longer lifetime) components. The relative amplitude of
the fast component (B1) for HD-1-mono and NCSU-10 was
substantially different from that of N719. The reported value of
the excited state lifetime for N719 in air saturated ethanol
solution is 40 ns,1 but in our case, it was 38 ns in DMF. HD-1-
mono and NCSU-10 exhibited the excited state lifetime of 85 ns
and 59 ns, respectively as given in Table 4.

However, when the decay behaviors were studied by the
TCSPC technique32,33 on the complete DSC, the decay rate was in
the following order HD-1-mono > NCSU-10 > N719 as shown in
Fig. 8. TCSPC decay behavior was consistent with the photo-
current response of dyes in DSCs. Hence it can be postulated
that faster decay is the result of reduced kinetic redundancy of
the excited state owing to the optimized excited state lifetime as
found by Durrant et al.33 which leads to efficient electron
injection, resulting in higher photocurrent for HD-1-mono,
which is consistent with the shorter eTiO2 lifetime as found
from EIS measurements.

2.6. Femtosecond transient absorption spectroscopy
measurements

To understand the differences in Jsc and Voc (Fig. 5) of the
devices as a function of electron-donor ancillary ligands,
femtosecond transient absorption spectroscopy (TAS) was per-
formed to understand the fundamental excited state dynamics
by measuring the charge separation dynamics at the dye–TiO2

interface. Fig. 9a and b show the transient absorption spectra

Fig. 6 EIS Nyquist plots for DSCs sensitized with HD-1-mono, NCSU-
10, and N719.

Fig. 7 EIS Bode plots for DSCs sensitized with, HD-1-mono, NCSU-10
and N719.

Fig. 5 Photocurrent voltage characteristics of DSCs sensitized with
the complexes HD-1-mono, NCSU-10 and N719 electrolyte, 0.6 M
DMPII, 0.1 M LiI, and 0.05 I2 in acetonitrile (AN), whereas TBP (tert-
butylpyridine) was added as an additive in the dye solution.
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for these dyes at 0 ps and 500 ps as an example. It consists of
ground state bleaching (GSB) with increased transmission
above 2.0 eV (<620 nm) and the at photo-induced absorption
(PIA) band below 2.0 eV (>620 nm) for both samples.

Previous studies on similar Ru(II) based DSCs revealed that
the PIA spectrum is sensitive to the charge separation dynamics
as it probes the oxidized form of dye (dye+), excited state dye
(dye*) and injected electrons into TiO2 (eTiO2).34 The PIA at 680
nm primarily reveals exciton population (dye*) whereas at 770
nm, PIA reveals oxidized dye (dye+) population.35 Therefore
comparison of the time evolution of these two spectral locations
reveals a complementary picture of exciton lifetime and charge
injection from the dye into TiO2.33,35–41

Fig. 10 shows the evolution of the PIA feature at 680 nm and
770 nm, in samples without electrolyte. For both samples, the
very fast rise at both 680 nm and 770 nm suggests an impulsive
exciton creation and immediate charge injection. On the other
hand, for both samples, 770 nm data decays much slower
compared to 680 nm.

Table 5 shows the comparison of the decay on two devices at
680 nm and 770 nm for each dye, HD-1-mono and NCSU-10.
These data agree with the assessment that 680 nm probes
primarily dye* and 770 nm probes dye+. Because the dye*
population decays through both recombination and charge
injection into TiO2 (ESI 11S–12S†).

The addition of electrolyte completely changes the
dynamics. As shown in Fig. 11a and b the dynamics in 680 nm
and 770 nm evolves in a different pace. In contrast to the sharp,
fast rise and then slower decay at 680 nm, the dynamics at 770
nm exhibits a two-step growth process with sharp and slow
components, which takes place over a longer period of time. For

NCSU-10, this slow rise saturates in the rst 20 ps. However, for
HD-1-mono, it saturates at a later time of about 150 ps at greater
amplitude. The saturation of growth of the slow component at
20 ps in NCSU-10 compared to that at 150 ps in HD-1-mono
indicates that in the HD-1-mono device, the charge injection
continues for a longer time and is more efficient compared to
that from NCSU-10.36

The comparison in these spectral evolutions in the two DSC
structures clearly shows the difference in charge separation
dynamics. In both samples, charge injection from the singlet

Fig. 8 Excited state decay behaviors of HD-1-mono, NCSU-10 and N719 in the complete cell, (inset) in solution dyes dissolved in DMF, studied
using the TCSPC method, smooth lines correspond to the fits of the experimental data after convolution with the instrument response.

Table 4 Excited state lifetime in solution form

Sample name s/ns (T1) s/ns (T2)

HD-1-mono 21 (aB1 ¼ 32) 85 (B2 ¼ 68)
NCSU-10 25 (B1 ¼ 34) 59 (B2 ¼ 66)
N719 0.1 (B1 ¼ 3) 38 (B2 ¼ 97)

a B denotes the relative amplitude of each component.

Fig. 9 Transient absorption spectra at t ¼ 0 ps and t ¼ 500 ps of (a)
HD-1-mono and (b) NCSU-10 with the electrolyte. Dye* and dye+

represent the majority of excited dye and oxidized dye population
respectively.

Fig. 10 PIA decay dynamics of (a) HD-1-mono and NCSU-10 without
electrolyte and (b) NCSU-10 without electrolyte. Colors are indicated
in the legend.
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states is very similar. With the addition of electrolyte, the Fermi
level for the TiO2 band and trap states shis,33 which facilitates
electron injection from the triplet state of the dyes. These data
conrmed that triplet state injection is more efficient in HD-1-
mono than in NCSU-10. In order to quantify the difference
between the triplet state injections between the two dyes, we
normalized the decay of 770 nm signal in the samples with and
without the electrolyte. Since the electrolyte addition primarily
enhances the injection from the triplet state, we subtracted
these two signals to nd the relative increase in the triplet
injection in both dyes. The results are displayed in Fig. 12. The
comparison of signal maxima in Fig. 12 suggests 63% higher

electron injection efficiency from the triplet state in HD-1-mono
compared to NCSU-10. This increase is consistent with greater
Jsc as observed for HD-1-mono. However, these data also suggest
that not all of the injected charges are converted into current
likely due to small negative free energy, which can be ne-tuned
to enhance the efficiency of triplet injection.

3. Conclusions

The molecular modulation of bis-carbazole (NCSU-10) to mono-
carbazole (HD-1-mono) resulted in higher photocurrent
response and favorable redox properties. Comparison of the
photovoltaic, electrochemical and optical properties revealed
that the number of ancillary ligands can have a signicant effect
on the solar cell performance. Our ndings showed that the Voc
of themono versus bis contradicts the previous ndings of lower
Voc for bis analogs, owing to superior photon harvesting and
small molecular size of carbazole without sacricing the solar to
power conversion efficiency of solar cells. It was also found that
HD-1-mono shows 63% more favored electron injection from
the triplet state compared to NCSU-10 as shown by femtosecond
transient absorption spectroscopy experiments. Results from
TCSPC of excited state decay rates were consistent with femto-
second TAS. EIS showed that HD-1-mono offers lower recom-
bination resistance on the TiO2 surface compared to NCSU-10,
and the injected electrons have a shorter lifetime in TiO2,
resulting in higher recombination and lower Voc. We believe
this strategy will greatly help in future design of efficient
sensitizers both in terms of higher photocurrent and photo-
voltage for DSCs.
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Materials and Equipment 

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. 

The mass spectra were obtained using electrospray ionization mass spectrometry (
-
ESI-MS) on

an Agilent Technologies (Santa Clara, California) 6210 LC-TOF mass spectrometer by

dissolving samples in methanol containing 1% TBAOH. FT-IR (ATR) spectra were recorded on 

a Nicolet Nexus 470 FT-IR spectrometer (Thermo Scientific, USA) and UV-Visible spectra were 

measured by using Cary 300 spectrophotometer. Fluorescence and emission decay were recorded 

at room temperature on a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc.). 
1
H-NMR

spectra were recorded in a Bruker 500 MHz spectrometer. 

1. Synthesis of ligands

1.1. Synthesis of 4-methyl,4'-(E)-(9-ethyl-9H-carbazol-3-yl)vinyl)-2,2'-bipyridine (LH-1-

mono)

Synthetic route for the synthesis of LH-1-mono is given in Scheme1.The antenna ligand 4-

methyl,4'-(E)-(9-ethyl-9H-carbazol-3-yl)vinyl)-2,2'-bipyridine was synthesized under pressure in 

a glass tube containing 4,4'-dimethyl-2,2'-bipyridine (1g, 5mmol), 9-ethyl-9H-carbazole-3-

carbaldehyde (1.116g, 5mmol), 17.5mmol of chlorotrimethylsilane, and a magnetic stirrer bar in 

70ml  of anhydrous DMF 
1,2

. Once the tube was closed with the cap the reaction temperature was

raised to 100
o
C and allowed to run for 48 hours with continuous stirring. During the course of

the 48hours, the color of the reaction mixture changed to orange. At the end of the reaction, the 

pressure was released after cooling the tube and the solvent was removed using rotary

evaporator, and the dark orange product was precipitated by the addition of water. Finally 

vacuum filtration was performed to furnish the antenna ligand which was thoroughly washed
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with water and toluene in sequence to obtain LH-1-mono. It was then dried for overnight at 50 

o
C to obtain 65% yield. LH-1-mono was used for next step without further purification. 

N N

N

N N
+

N

O
H

Under Pressure, chlorotrimethylsilane

100C, 48hrs, 50-70ml (DMF)

LH-1-mono

Scheme 1. Synthesis of Ligands LH-1-mono

1.2. Synthesis of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid 

The 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid was synthesized according to published 

procedure 
3
. In a three neck round bottom flask  4,4’-Dimethyl-2,2’-bipyridine (3 g, 16.3 mmol)

was gradually added  to a stirred solution of sodium dichromate (Na2Cr2O7) (10.9g, 36.5 mmol) 

in concentrated sulfuric acid (H2SO4) (93%, 45 ml) and stirred for 30 min at 75°C. After 30 min, 

the dark green reaction mixture was poured into cold water forming a light yellow precipitate. 

The precipitate was then filtered under vacuum and dissolved in 10 % aq. Sodium hydroxide.

The product was crystallized by slowly acidifying the solution with 10 % aq. hydrochloric acid at

a pH of 2. The precipitation and acidification process was repeated three times to obtain the

white chromium free precipitates of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid (2.56g, 90%). 

1.3 Synthesis of HD-1-mono 

Chemical route for the synthesis of HD-1-mono is shown in Shceme 2.The synthesis was 

carried out in a one-pot three-step reaction in a 250 ml reaction flask equipped with a condenser

and magnetic stirrer bar under Argon. The flask was charged with anhydrous DMF, dichloro-(p-
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cymene)-Ruthenium (II) dimer (0.16g, 0.25mmol) and LH-1-mono (0.2g, 0.5mmol). The 

reaction mixture was stirred at 90 °C for 4h.  Then, 2,2’-bipyridyl-4,4’-dicarboxalic acid was

added (0.12g, 0.5mmol) and the temperature was raised to 140°C and allowed to run for 5 hours.

After the 5 hours, excess of NH4NCS (0.3g) was added to the reaction mixture, and the reaction

mixture was allowed to run for another 4h at 140°C. The reaction mixture was cooled down to 

room temperature and DMF was removed using a rotary evaporator. Ice was added to the flask

and the insoluble solid was vacuum filtered and washed with de-ionized water and diethyl ether. 

The black color solid product was dried overnight and 0.295g of crude product was collected.

After drying, HD-1-mono was dissolved in methanol with the addition of Tetrabutylammonium

hydroxide (TBAOH). HD-1-mono was run through the column containing Sephadex LH-20 for

three times. The main band was collected and acidified using 0.1M HCl to reduce the pH to 2.0

and allowed to precipitate for 48 hours at low temperature, precipitate was filtered, washed with 

plenty of de-ionized water to bring pH to neutral.  The pure dye was then dried overnight and

collected (0.120g, 50-57%). 
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Scheme 2. Synthetic route for HD-1-mono 

2. Analytical Measurements

2.1. UV-Visible spectra 

UV-Visible spectra of HD-1-mono, NCSU-10 and N719 were measurement using a

concentration of 2.0 X 10
-5

 mole in DMF (Anhydrous).  The spectra were recorded at room

temperature in a quartz cell (1.0 cm) on a Cary 3 Spectrophotometer.

2.2. Emission and TCSPC Spectroscopy 

Fluorescence spectra were recorded in a 1 cm path length quartz cell using 2 *10
-5

 M solutions

on Fluorolog-311. The emitted light was detected in the steady state mode using a Hamamatsu 
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R2658 detector. The emission was measured in the steady state mode by exciting at the MLCT 

λmax for each dye with exit and entrance slits set at 11 nm at an integration time of 0.1sec.

In the case of lifetime measurements, time-correlated photoluminescence spectroscopy was

performed on solution of dyes in DMF by exciting the sample using a pulse laser (460nm, 

NanoLED) at a 1 MHz repetition rate with band pass of 15nm. The time of arrival of the photon

counting (TAC) range was adjusted to 200 ns in order to measure the emission decay lifetime 

(lowest excited state lifetime) using time-correlated single photon counting (TCSPC) mode. The

lifetime decay spectra were then fitted with DAS (data analysis software) from Horiba Scientific. 

TCSPC studies on original cells were carried out using the similar method. 

2.3. 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 4cm
-1

. The complexes and intermediates were characterized

using the same parameters. Figures 1S, and 2S, show the FT-IR for the ligand LH-1-mono and 

HD-1-mono in the pure form, respectively. 
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Figure 1S. ATR/FT-IR of LH-1-mono 

Figure 2S. ATR/FT-IR of HD-1-mono 

HD-1-mono: 2102.6 cm-1 (-NCS stretch, N-bonded isomer, very strong); 
1718 cm-1 (C=O stretch
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2.4. ESI-mass of LH-1-mono and HD-1-mono 

Figure 3S. ESI mass spectrum of LH-1-mono, Mass 389.1892; [M + 1H]
+
; Theo. M/Z =

390.1965, Found. M/Z, 390.1955, Error = 2.65 ppm 

Figure 4S. ESI mass spectrum of HD-1-mono, Mass 851.92; [M - 1H]
 -1

; Theo. M/Z =

850.08357, Found. M/Z 850.08577, Error = 2.23831 ppm. 

840 842 844 846 848 850 852 854 856 858 860 862
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

850.08577
C41 H30 O4 N7 Ru S2

2.23831 ppm

849.08592 852.08578

848.08655
847.08624

853.08880

844.08862 854.08534
861.07586859.07737855.08393

N

N

N

NCS

Ru
N

N

OH

O

OH

O

SCN

HD-1-mono 

N N

N

LH-1-mono 

95



2.5. 
1
H-NMR spectroscopy

 

1
H-NMR spectra were recorded in DMSO at room temperature using a Varian 400 and Bruker

500 MHz spectrometer. 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. TBA (tetrabutyl ammonium) residues were

observed in the alkyl part of the 
1
H nmr spectrum of HD-1-mono.

1
H-NMR, LH-1-mono (400 MHz, DMSO-d6): δ 8.82 (d, J = 6.8 Hz, 1H), 8.74 (d, J = 5.4, 2H),

8.55 (d, J = 18.9 Hz, 2H), 8.26 – 8.11 (m, 2H), 7.92 (t, J = 8.4 Hz, 2H), 7.55 – 7.47 (m, 2H), 7.29

(d, J = 9.3, 2H), 4.51 (q, 2H), 2.57 (s, 3H), 1.36 (t, J = 5.2 Hz, 3H). 

1
H-NMR, HD-1-mono (500 MHz, DMSO-d6): δ 9.44 (s, 1H), 9.17 (s, 1H), 9.07 (d, J = 18.2

Hz, 2H), δ 8.82 (d, J = 6.8 Hz, 1H), 8.74 (d, J = 5.4, 2H), 8.55 (d, J = 8.9 Hz, 2H), 8.26 – 8.11 

(m, 4H), 7.92 (t, J = 8.4 Hz, 2H), 7.66 (m, 2H), 7.30 (d, J = 10.0 Hz, 2H), 4.50 (q, 3H), 2.55 (s,

3H), 1.38 (t, 3H).

2.6 CV and Photoemission Yield Spectrometer (AC3) 

The experimental HOMO and E0-0 energy values for HD-1-mono was 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
. The onset of

oxidation were measured in DMF with 0.1 M [TBA][PF6] and with a scan rate of 50 mV/s.

Glassy carbon was used as the working electrode (WE), Pt wire as counter electrode and Ag/Ag
+

in acetonitrile was used as the reference electrode. It was calibrated with Fc/Fc
+
 as an internal

standard and converted to NHE by addition of 0.63 V. Figure 5-6S shows the CV results and 7S

shows the AC3 results of HD-1-mono. 
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Figure 5S. HOMO CV results energy level of HD-1-mono (-5.46eV) 

Figure 6S. HOMO CV results energy level of NCSU-10 (-5.5eV) 

HD-1-mono 

NCSU-10 

Ewe/V vs. Ag/Ag+ 
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Figure 7S. AC3 HOMO energy of HD-1-mono (-5.38eV) 

2.7 Ligands Characterization 

N N

N

N N

N
N

LH -1 -mono L-NCSU-10

Figure 8S. Structures of LH-1-mono and L-NCSU-10 
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Figure 9S. Absorption (solid line) and emission (dotted line) comparison of LH-1-mono and L-

NCSU-10 

Figure 10S. CV graphs (a) LH-1-mono and (b) L-NCSU-10 

3.1. 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 cm
2
) were prepared using a reported method 

5
.

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 
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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 
6
. 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. 

3.2. 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 0.5 M TBP in acetonitrile. 

4. Photoelectrochemical Measurements

4.1. 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

).

4.2. 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 1, 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

 
7
.

100



    ( )     (
  
)     Equation 1 

The incident photon-to-current conversion efficiency was plotted as a function of wavelength. 

4.3. Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectra were measured with an impedance analyzer with a 

potentiostat (Bio-Logic SP-150) under illumination using a solar simulator (SOL3A, Oriel) 

equipped with a 450 W xenon lamp (91160, Oriel). EIS spectra were recorded over a frequency 

range of 100 mHz to 200 kHz at 298 K. The applied bias voltage and AC amplitude were set at

the Voc of the DSCs, with AC amplitude was set at 10mV. The electrical impedance spectra

were fitted using Z-Fit software (Bio-Logic). The DSC’s used for impedance measurements were 

prepared by using the method reported elsewhere 
8
.

5. Transient Absorption Spectroscopy

For transient absorption experiments the samples were excited with 100 fs pulses tuned at 530

nm and evolution of the absorption at different time delays was measured by using a 300 fs 

white-light continuum pulses that span from 500 nm to 800 nm in the spectra. These 

measurements were carried in transmission mode. The DSSC which were used for these studies

were prepared by first squeeze printing the transparent TiO2 nanoparticles (active area 0.49cm
2
)

on clean glass slides followed by annealing at 450C for 1hr. These electrodes were then dipped

in dye solution (2*10
-4

M) facing up for two hours at room temperature. After two hours these

electrodes were taken out of the dye solution and sandwiched with microscope slides covering

the active area. Electrolyte was latter introduced between the two interfaces.
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Figure 11S. PIA decay dynamics of (a) HD-1-Mono and NCSU-10 without electrolyte (b) with 
electrolyte at 680 nm. Colors are indicated in the legend. 

Figure 12S. PIA decay dynamics of (a) HD-1-Mono and NCSU-10 without electrolyte (b) with 

electrolyte at 770 nm. Colors are indicated in the legend. 

(a) (b) 

(a) 
(b) 
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Figure 13S.  Phosphorescence graph of HD-1-mono and NCSU-10
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ABSTRACT: Two novel heteroleptic Ru(II) bipyridyl
complexes, HD-2 and HD-2-mono, were molecularly en-
gineered, synthesized and characterized for dye-sensitized solar
cells (DSCs). The influences of mono versus bis electron-
donor benzodioxan ancillary ligands on optical, dye packing,
electrochemical and photovoltaic properties were examined
and compared to the benchmark N719. HD-2 and HD-2-
mono achieved solar-to-power conversion efficiencies (%η) of
9.64 and 9.50, respectively, compared to 9.32 for N719 under
the same experimental device conditions. Optical results
showed that HD-2 and HD-2-mono have much higher molar
extinction coefficients, longer excited state lifetimes and
narrower HOMO−LUMO gaps compared to N719. Although the molar extinction coefficient of HD-2-mono was 27% less
than that of HD-2, it outperformed HD-2 in photovoltaic performance when anchored on TiO2, owing to better dye packing and
loading of the former. Charge recombination at the dye/TiO2 interface by impedance spectroscopy analysis showed that the
recombination resistance and the lifetime of injected electron in TiO2 conduction band is directly proportional to the open-
circuit voltage (Voc) observed. Furthermore, compared to HD-2 and HD-2-mono, the greater Voc of N719 can be attributed to
the greater negative free energy for dye regeneration. Both HD-2 and HD-mono have almost the same negative free energy,
which explains why they achieved almost the same Voc. Decay dynamic analysis for solar devices fabricated from the named dyes,
by time correlated single photon counting (TCSPC), elucidated that the lowest excited state decay lifetime for HD-2-mono, HD-
2 and N719 are 3, 10 and 20 ps, respectively. The shorter the decay lifetime, the less kinetic redundancy, which leads to better
photocurrent, and that explanation is consistent with the measured photocurrent and total solar-to-power conversion efficiency
of the named dyes in the order of HD-2-mono > HD-2 > N719.

KEYWORDS: dye-sensitized solar cells, mono versus bis-electron-donor ancillary ligands, solar-to-electric conversion, IPCE,
Ru(II) bipyridyl complexes

1. INTRODUCTION

Dye-sensitized solar cells (DSCs) are highly attractive due to
features such as cost-effective, flexible, variety of colors and
sustained efficiencies.1−5 The seminal work in the field of DSC
was reported in 1991 by O’Regan and Graëtzel.5 Since then,
their approach of adsorbing sensitizing dye on nanocrystalline
TiO2 has been widely studied, scrutinized and optimized. The
crucial findings have been meticulously summarized in previous
reviews.6−10 All the important components of DSC system such
as sensitizing dye, electrolyte, semiconductor (TiO2), electrode
substrate (TCO) and hole replenishing materials (Pt counter
electrode) have been equally popular in research. Albeit it can
be said without ambiguity that the component of DSCs which
has enjoyed the prime status in DSC research are the sensitizers
(dyes). Research groups around the world such as the Grä etzel
and Nazeeruddin group (EPFL, Switzerland) for novel
sensitizers and DSC materials, Liyuan Han group at NIMS,

Tsukuba, Japan for novel DSC materials and cell optimization,
Nanyang Technological University (NTU) Singapore group for
NCS free sensitizers, Filippo De Angelis group for DSC
computational modeling, Hagfeldt group Sweden and James
Durrant England for physical aspects of DSC operations have
contributed greatly to the fundamental understanding and
innovation in DSC over the last 2 decades. Currently, the
perovskite-sensitized solid state dye solar cells have reached
record high efficiency of 15%,11 whereas 12.3 (%η)12 has been
achieved by cosensitization of an organic sensitizer (Y123) and
a Zn−porphyrin complex (YD2-o-C8).
In terms of the sensitizers, N719 (%η, 11.18) is a popular

benchmark13,14 from a research point of view. However, it lacks
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absorption in the NIR region and exhibits low molar
absorptivity and inefficient long-term stability. Development
of panchromatic sensitizers is an active and ongoing area in
DSC research.15−19 The most successful strategies for designing
of novel sensitizers include introduction of electron rich
donors,6,20−22 long alkyl chains,23−25 thiocyanate free Ru(II)
sensitizers26−31 and sensitizers with spin-forbidden singlet-to-
triplet transition for NIR response.15,17,32 Oxygen containing
electron donor ancillary ligands have been studied and are
recognized as being potential candidates for DSCs as shown in
Figure 1.33−35 However, it was recently reported by El-Shafei et
al.22 that benzodioxole based cyclic ancillary ligand such as
MH01-TBA, (%η) of 9.91 (Figure 1) are more promising than
acyclic ancillary ligand analogues.
In this paper, as a continuation of this work, we report the

synthesis and characterization of two novel sensitizers based on
benzodioxan cyclic ancillary ligands as shown in Figure 2. We
have investigated and compared the influence of mono (HD-2-
mono) versus bis-ancillary ligands (HD-2) against the bench-
mark N719 in terms of light harvesting efficiency, optical,
electrochemical, dye/TiO2 interface characteristics, adsorption/
packing difference at TiO2 surface, decay dynamics and
photovoltaic performance.

2. EXPERIMENTAL SECTION
2.1. Materials and Equipment. 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. The mass spectrometry analysis was carried out on a high
resolution mass spectrometer, the Thermo Fisher Scientific Exactive
Plus MS, a benchtop full-scan OrbitrapTM mass spectrometer using
heated electrospray ionization (HESI). Samples were dissolved in
methanol and sonicated for 15 min. They were then diluted 1:1 with

20 mM ammonium acetate and analyzed via syringe injection into the
mass spectrometer at a flow rate of 10 μL/min. The mass spectrometer
was operated in negative ion mode. Fourier transform infrared
spectroscopy (FT-IR) (ATR) spectra were recorded on a Nicolet
Nexus 470 FT-IR spectrometer (Thermo Scientific, USA) and UV−
visible spectra were measured by using Cary 300 spectrophotometer.
Fluorescence and emission decay were recorded at room temperature
on a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc.). 1H
NMR spectra were recorded using a Bruker 500 MHz or Varian 400
MHz spectrometer.

2.2. Synthesis of Ru(II) Sensitizers and Ancillary Ligands. For
the synthesis of the proposed sensitizers, HD-2 and HD-2-mono, the
corresponding ancillary ligands were synthesized according to the
reported procedures20,22 with modifications. The corresponding
aromatic aldehydes and 4,4′-dimethyl-2,2′-bipyridyl were reacted in a
pressure tube in the presence of chlorotrimethylsilane to produce the
corresponding mono and bis-stilbazole in Knoevenagel condensation
type reactions. The exact synthetic procedure can be found in the
Supporting Information.

The proposed Ru(II) sensitizers were then synthesized in a typical
one-pot three-steps synthetic scheme, as given in the Supporting
Information. The yield of the crude products was in the range of 90−
95%, which was purified through a Sephadex LH-20 column three
times to obtain the highly pure product in 50−57% yield. The pure
product was then characterized by 1H NMR and high resolution mass
spectrometry (−ESI-MS).

2.3. Time Correlated Single Photon Counting (TCSPC)
Measurements. Fluorescence spectra were recorded in a 1 cm
path length quartz cell using 2 × 10−5 M solutions on a Fluorolog-311.
The emitted light was detected in the steady state mode using a
Hamamatsu R2658 detector. The emission was measured in the steady
state mode by exciting at the metal-to-ligand charge transfer (MLCT)
λmax for each dye with exit and entrance slits set at 11 nm at an
integration time of 0.1 s.

In the case of lifetime measurements, a time-correlated single
photon counting method was employed on the solution of dyes in

Figure 1. Molecular structures of complexes Z-910, K-19, K-73 and MH01-TBA.

Figure 2. Molecular structures of complexes HD-2, HD-2-mono and N719.
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DMF by exciting the samples using a pulse laser (460 nm, NanoLED)
at a 1 MHz repetition rate with a band-pass of 15 nm. The time of
arrival of the photon counting (TAC) range was adjusted to 200 ns in
order to measure the emission decay lifetime (lowest excited state
lifetime). The lifetime decay spectra were then fitted with DAS (data
analysis software) from HORIBA Scientific. TCSPC studies on
original cells were carried out using a similar method.
2.4. Ground State Oxidation Potential (GSOP) and Excited

State Oxidation Potential (ESOP) Measurements. The GSOP
and E0−0 energy values for HD-2 and HD-2-mono were measured
using cyclic voltammetry (CV) and absorption/emission spectra point
of overlap, respectively. In the CV experiment, the onset of oxidation
was measured in DMF with 0.1 M [TBA][PF6] at a scan rate of 50
mV/s. Glassy carbon was used as the working electrode (WE), Pt wire
as the counter electrode and Ag/Ag+ in ACN was used as the reference
electrode. Fc/Fc+ was used as an internal reference, which was
converted to NHE by addition of 0.63 V. Figures S11 and S12
(Supporting Information) show the CV graphs of HD-2 and HD-2-
mono, respectively.
2.5. TiO2 Electrode Preparation. A double-layer TiO2 photo-

electrode (10 + 5) μm in thickness with a 10 μm thick nanoporous
layer and a 5 μm thick scattering layer (area: 0.25 cm2) was prepared
using a reported method.13 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 ∼ 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.). The electrodes were
impregnated with a 0.05 M titanium tetrachloride solution and
sintered at 500 °C. The films were further treated with 0.1 M HCl(aq)
before examination.36 The dye solutions (2 × 10−4 M) were prepared
in 1:1:1 mixture of acetonitrile, tert-butyl alcohol and dimethyl
sulfoxide (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 h to
adsorb the dye onto the TiO2 surface.
2.6. Fabrication of Dye-Sensitized Solar Cell. Photovoltaic and

incident photon-to-current efficiency (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 0.5 M TBP in acetonitrile.
2.7. 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 intensity: 100 mW cm−2).

2.8. IPCE Conversion. IPCE measurements were made on a CEP-
2000 system (Bunkoh-Keiki Co. Ltd.). IPCE at each wavelength was
calculated using eq 1, where ISC is the short-circuit photocurrent
density (mA cm−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 W/m2.37

λ
λ

=
⎛
⎝⎜

⎞
⎠⎟

I
q P

IPCE( ) 1240 SC

0 (1)

The incident photon-to-current conversion efficiency was plotted as
a function of wavelength.

2.9. Electrochemical Impedance Spectroscopy (EIS). The
electrochemical impedance spectra were measured with an impedance
analyzer in a potentiostat (Bio-Logic SP-150) under illumination using
a solar simulator (SOL3A, Oriel) equipped with a 450 W xenon lamp
(91160, Oriel). EIS spectra were recorded over a frequency range of
100 mHz to 200 kHz at 298 K. The applied bias voltage and AC
amplitude were set at the open-circuit voltage (Voc) of the DSCs, and
the AC amplitude was set at 10 mV. The electrical impedance spectra
were fitted using Z-Fit software (Bio-Logic).

3. RESULTS AND DISCUSSION
3.1. Photopysical Measurements. UV−vis absorption

and emission spectra of HD-2, HD-2-mono and N719 were
measured in DMF using a concentration of 2 × 10−5 M (Figure
3), and the results are summarized in Table 1.

In Figure 3, the solid lines show the absorption spectra and
dotted line show the emission for the same dye solutions, under
the same conditions. Intense MLCT absorption peaks were
found for HD-2 and HD-2-mono at 543 (19 100 M−1 cm−1)
and 539 (13 900 M−1cm−1), respectively, compared to N719 at
529 nm (12 800 M−1 cm−1). It was observed that the HD-2-
mono shows slightly blue shifted (5nm) spectra and a 27%
decrease in the extinction coefficient compared to HD-2 for the
low energy MLCT. This difference can be attributed to the

Figure 3. UV−vis absorption (solid line) and emission spectra (dashed line) of complexes HD-2 and HD-2-mono as compared to N719, measured
in DMF (2 × 10−5 M).

Table 1. Absorption and Emission Properties for HD-2 and
HD-2-mono as Compared to N719

sensitizer absorption λmax (nm) ε (M−1 cm−1)
emission
λmax (nm)

HD-2 310, 364, 543 (d→π*) 49750, 45150, 19100 740
HD-2-
mono

310, 364, 539 (d→π*) 39700, 31900, 13900 751

N719 310, 381, 529 (d→π*) 46100, 14400, 12800 744
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difference in the number of the electron donor ancillary ligands.
Using the same concentration, the observed emission intensity
was in the following order HD-2 > HD-2-mono > N719 due to
the presence of stronger photon harvesting benzodioxan
ancillary ligands as reported previously by El-Shafei el al. for
other electron donating ancillary ligands.20−22 To examine the
effect of molecular modulation on the optical properties of
mono (LH-2-mono) versus bis-ancillary ligands (LH-2), the
absorption and emission spectra were performed. However, no
significant difference in terms of λmax for absorption or emission
was observed, as shown in the Supporting Information, Figure
S1.
When these ancillary ligands were complexed to Ru(II),

however, more extended π-conjugation and more destabiliza-
tion of the HOMO (t2g) in HD-2 produced more red shift in
the MLCT of HD-2 than HD-2-mono, and both were more red
shifted than N719, as confirmed from E0−0, GSOP and ESOP,
as shown in the energy level diagram of Figure 4.

3.2. Electrochemical Measurements. The ground state
oxidation potential (GSOP) of HD-2 and HD-2-mono was
measured by cyclic voltammetry (CV) in DMF. CV graphs (SI
Figures S8−S9) were used to calculate the oxidation onset
which is equivalent to the GSOP (ground state oxidation
potential) or HOMO level of the dye. Additionally, E0−0 was
calculated from the intersection point of experimental
absorption and emission spectra and can be defined as the
difference between the excited and ground state oxidation
potentials. The values of E0−0 and GSOP were used to calculate
the ESOP (excited state oxidation potential, the values in volts
(V) against NHE were converted to electron volts (eV)
according to eq 2.

= + +−EESOP [( (GSOP (V) 4.7)]eV0 0 (2)

Following molecular modulation of ligands, there was no
significant difference in E0−0, GSOP and ESOP of the ancillary
ligands LH-2 and LH-2-mono (Table 2). The GSOP values of
−5.5 eV (0.8 V vs NHE) and −5.51 eV (0.81 V vs NHE) for
HD-2 and HD-2-mono, respectively, provided enough
thermodynamic driving force for electron replenishment by
the I3

−/I− redox couple (−5.2 eV or −0.5 V vs NHE),38 which
leads to efficient dye regeneration. Additionally, ESOP of HD-2

and HD-2-mono were at −3.64 eV (−1.06 V vs NHE) and
−3.68 eV (−1.02 V vs NHE), respectively, which lay above the
conduction band edge of nanocrystalline TiO2 (−4.2 eV).39

Thus, thermodynamically favorable excited and ground states
resulted in efficient electron injection into the CB edge of TiO2
and dye regeneration sensitizers HD-2 and HD-2-mono,
respectively. However, owing to more negative free energy of
electron injection, HD-2 and HD-2-mono achieved greater
photocurrent than that of N719. On the other hand, N719 had
more negative free energy for dye regeneration, resulting in
greater Voc. A comparison of GSOP and ESOP for HD-2, HD-
2-mono and N719 is given in Figure 4 and the results are
summarized in Table 2.

3.3. Photovoltaic Device Characterizations. The photo-
voltaic performance of complexes HD-2 and HD-2-mono 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 dimethylpropylimidazolium iodide
(DMPII), 0.05 M I2, 0.1 M LiI in acetonitrile. Figure 5
shows the incident-photon-to-current efficiency conversion
(IPCE) spectra for the cells fabricated with complexes HD-2,

Figure 4. Energy level diagram and comparison between GSOP and
ESOP of N719, HD-2-mono and HD-2.

Table 2. Excited State Oxidation Potential E* and the
Lowest Singlet−singlet Electronic Transitions (E0−0) for
HD-2, HD-2-mono and N719

experimental (eV)

sensitizer aE0−0
bGSOP(HOMO) E*

LH-2 3.21 −5.78 −2.57
LH-2-mono 3.25 −5.73 −2.53
HD-2 1.86 −5.5 −3.64
HD-2-mono 1.83 −5.51 −3.68
N719 1.99 −5.76 −3.77

aE0−0 = calculated from the intersection point of experimental
absorption and emission spectra (DMF). bGSOP = ground state
oxidation potential = EHOMO; GSOP was measured in DMF with 0.1
M [TBA][PF6] and with a scan rate of 50 mV s−1. It was calibrated
with Fc/Fc+ as internal reference and converted to NHE by addition
of 0.63 V; excited-state oxidation potential, E* was calculated from E*
= GSOP + *E0−0. Calculated GSOP, ESOP, and E0−0 of N719 was
measured elsewhere.40 E0−0, GSOP and ESOP for ligands were
calculated using a similar method as used for dyes.

Figure 5. Photocurrent action spectra (IPCE) obtained with dyes HD-
2-mono, HD-2 and N719 anchored on nanocrystalline TiO2 film
without additives tert-butylpyridine (TBP) and deoxycholic acid
(DCA).
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HD-2-mono and N719, where the IPCE values for each
wavelength from 300 to 900 nm are plotted as a function of
wavelength.
Owing to a stronger photon harvesting capability of

benzodioxan-based ancillary ligands, sensitization over a broad
wavelength range including the entire visible spectrum and near
IR region was achieved. HD-2 and HD-2-mono outperformed
N719 in IPCE in the wavelength ranges of 300−400 and 750−
850 nm. The impressive quantum efficiency of up to 80% was
achieved with both HD-2-mono and HD-2 in the wavelength
range of 500−600 nm. The superior quantum efficiency of HD-
2 and HD-2-mono compared to N719 translated into higher
photocurrent density and higher (%η), as shown in Figure 6.

The photovoltaic parameters including the short-circuit
photocurrent density (Jsc), open-circuit voltage (Voc), fill factors
(FF) and overall cell efficiencies (%η) are summarized in Table
3.

HD-2-mono and HD-2 resulted in photocurrent densities
(Jsc) of 20.25 and 20.02 mA cm−2, respectively, without TBP,
corresponding to an overall efficiency (%η) of 8.00 and 7.93,
respectively. The Jsc of 20.25 mA cm−2 for HD-2-mono, which
is 20% higher than the Jsc of N719, can be attributed to the
greater photon harvesting and more energetically favorable
electron injection into TiO2 as supported by a higher molar
extinction coefficient results and energy values of GSOP and
ESOP (Figure 5). Addition of 0.5 M TBP resulted in a Jsc of
19.40 mA cm−2 and Voc of 0.70 V, translating into a total

conversion efficiency (%η) of 9.64 for HD-2-mono, surpassing
the benchmark N719 (%η) of 9.32% and HD-2 of 9.50%.
To determine the best working conditions for HD-2 and

HD-2-mono in the presence of TBP and DCA, solar cells were
tested with different concentrations of TBP and DCA. TBP is
well-known for its effect on suppressing the recombinations of
injected electrons with I3

− in electrolyte. TBP causes a negative
increase in the conduction band edge of TiO2, due to its
basicity,41−43 thus leading to higher Voc. An increase in electron
lifetime,6 suppression of surface defects44 and decrease in loss
of −NCS45 is also reported to be caused by the presence of
TBP.
Similarly, DCA as a coadsorber, can be added to the dye

solution to achieve TiO2 surface passivation, which suppresses
the recombination reactions (dark current). Coadsorbers are
also thought to assist in favorable packing of the dye on TiO2
surface.46 It was observed that 0.5 M TBP in the electrolyte
solution works best with 20 mM of coadsorbate in the dye
solution. The comparison results of IPCE and I−V curves are
shown in the Supporting Information, Figures S11 and S12.
Under optimized cell working conditions, HD-2 and HD-2-

mono did not show substantial differences in Voc, which
contradicted the previous reports47,48 of lower Voc for bis-based
dyes due to decreased loading. In comparison to sensitizers
reported in previous studies,47,48 a benzodioxan-based ligand is
much smaller in size, hence, HD-2 and HD-2-mono are
expected to exhibit no-to-little influence on dye loading. Figure
7 shows the HD-2 and HD-2-mono photo anodes after

desorption of dye by dipping in 0.1 M NaOH(aq) and DMF
(1:1) for 72 h. The visual difference in two electrodes can be
correlated to the desorption and packing difference of the two
dyes. Thus, we postulate that HD-2-mono is more resistant to
desorption, owing to its small molecular size, which resulted in
better packing on the TiO2 surface. To completely desorb the
dye from TiO2, a mixture of 0.1 M TBAOH dissolved in
MeOH and 0.1 M NaOH (1:1) was used. Complete desorption
was achieved within 24 h for both HD-2 and HD-2-mono.
Under similar conditions, the amount of dye desorbed was 1.5
× 10−5 mol cm−2 for HD-2 and 1.55 × 10−5 mol cm−2 for HD-
2-mono. The amount of dye loading was up to 5% higher for
HD-2-mono compared to HD-2, which confirms better packing
of HD-2 mono, and that can be attributed to the small
molecular size compared to HD-2. UV−vis for the desorbed
dye solutions is given in Figure S11 (Supporting Information).

3.4. Electrochemical Impedance Spectroscopy Char-
acterization. Interfacial charge transfer process at TiO2/
electrolyte and pt/electrolyte interfaces can be characterized by
electrochemical impedance spectroscopy (EIS).22,49 EIS is a key
technique to study the passive electrical systems. Impedance
measures the dielectric properties of a material and interface as
the function of frequency. The EIS Nyquist and Bode plots for

Figure 6. Photocurrent−voltage characteristics of DSCs sensitized
with the complexes HD-2, HD-2-mono and N719 electrolyte, 0.6 M
DMPII, 0.1 M LiI, 0.05 I2 in acetonitrile (AN). Without additives
(dotted line) and with additives (solid lines) TBP and DCA 20 mM.

Table 3. Photovoltaic Characteristics of HD-2, HD-2-mono
and N719a

sensitizer TBP (M) Jsc(mA cm−2) Voc (V) FF η (%)

HD-2-mono 0.0 20.25 0.59 0.67 8.00
0.5 19.40 0.70 0.71 9.64

HD-2 0.0 20.02 0.60 0.66 7.93
0.5 19.67 0.69 0.70 9.50

N719 0.5 16.85 0.75 0.74 9.35
aConditions: 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. Five solar light (100 mW
cm−2). Jsc, short-circuit photocurrent density; Voc, open-circuit
photovoltage; FF, fill factor; η, total power conversion efficiency.

Figure 7. TiO2 Electrodes after desorption of HD-2 and HD-2-mono
with 0.1 M NaOH(aq) and DMF (1:1).
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the DSCs based on HD-2, HD-2-mono and N719 are shown in
Figures 8 and 9, respectively. In EIS Nyquist plots, the

intermediate frequency range indicates the electron recombi-
nation resistance, which was in the following order N719 >
HD-2-mono > HD-2, consistent with the Voc of the devices,
N719 > HD-2-mono > HD-2.
In Figure 9, the frequency response regime in the range of

1−100 Hz is an indicator of the electron recombination
between 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 peak of the DSCs based on HD-2-mono
and N719 were observed to be slightly shifted to low frequency
compared to HD-2 (Figure 9), indicating a shorter
recombination lifetime for the latter case, thus resulting in a
slightly lower Voc for HD-2.
3.5. TCSPC Measurements. The TCSPC (time correlated

single photon counting) method was employed to study the
emission decay behavior of the dyes in solution and in the cell
form. Figure S14 (inset) (Supporting Information) shows the
lowest excited state decay behavior of the dyes in DMF. All of
the decay curves were fitted with 2-exponential showing the
multiexponental decay behavior having fast (shorter lifetime)
and slow (longer lifetime) components. However, the relative
amplitude of the fast component (B1) for N719 was too small
as compared to HD-2 and HD-2-mono and can be ignored.
The reported value of lowest excited state lifetime for N719 in
air saturated ethanol solution is 40 ns2, which in our case, was
38 ns in DMF, with HD-2 and HD-2-mono exhibiting the

lowest excited state lifetimes of 58 ns and 49 ns, respectively, as
given in Table S1 (Supporting Information).
TCSPC is the method of choice for studying the component

of excited electron decay in DSCs,50,51 which falls in the pico-
second time range. According to TCSPC results on the
complete DSC, the decay rate was in the following order: HD-
2-mono > HD-2 > N719, as summarized in Table S1
(Supporting Information), and shown in Figure S14 (Support-
ing Information). The lowest excited state lifetime in DSC for
HD-2-mono was found to be 3 ps as compared to 10 ps for
HD-2 and 20 ps for N719. The observed decay rate is in
excellent agreement with the overall cell efficiency of solar
devices. Thus, we can postulate that the shorter the decay rate
of the lowest excited state lifetime in DSC, the better the solar-
to-power conversion efficiency, owing to more efficient
injection and shorter recombination time of the excited
electrons.
Hence, it can be postulated that the faster the decay rate of

the lowest excited state lifetime, the better the Jsc, owing to
more efficient electron injection caused by decrease in kinetic
redundancy of the excited electrons. Durrant et al.50,51 found
that the optimum DSC performance can be ensured by having
the charge separation kinetics just fast enough to compete with
the excited state decay rate. Because electron injection from
excited dye to TiO2 conduction band happens in a femto-
second-picoseond6,14,52 time range, the shorter picosecond
lifetime component of the excited dye molecule is expected to
result in a decrease in kinetic redundancy.

4. CONCLUSIONS

In summary, this study reports novel benzodioxan-based
ligands for DSC, which are proven to be highly efficient
sensitizers for DSCs. Solar cells based on Ru(II) sensitizers
containing benzodioxan ligands showed solar-to-power con-
version efficiency (%η) of up to 9.64 for HD-2-mono and 9.50
for HD-2, compared to 9.32 for the benchmark, N719. the
smaller size sensitizer, HD-2-mono, showed up to 5% higher
loading onto TiO2 compared to HD-2. The reported sensitizers
showed impressively higher photocurrent densities, which can
be attributed to greater negative free energy of the excited state
compared to that of N719. According to impedance spectros-
copy results, recombination resistance and recombination
lifetime for injected electrons into TiO2 conduction band
were observed to be in the same order as the Voc of solar
devices. The TCSPC decay rate performed on the devices was
found to be in excellent agreement with (%η), HD-2-mono >
HD-2 > N719, where shorter lifetime decay decreases the
kinetic redundancy in the device. Thus, we clearly demon-
strated by molecular modulation of ancillary ligands (mono
versus bis), material consumption can be reduced without
sacrificing overall efficiency by using mono ancillary ligands that
are strong electron donors. We believe that this strategy could
lead to a paradigm shift in the future design of novel Ru(II)
sensitizers for DSCs by making smaller molecular sized
sensitizers that are more efficient in solar-to-electric conversion.
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(7) Mishra, A.; Fischer, M. .; Baüerle, P. Metal-Free Organic Dyes for
Dye-Sensitized Solar Cells: From Structure: Property Relationships to
Design Rules. Angew. Chem., Int. Ed. 2009, 48, 2474−2499.
(8) Ahmad, S.; Guillen, E.; Kavan, L.; Gratzel, M.; Nazeeruddin, M.
K. Metal Free Sensitizer and Catalyst for Dye Sensitized Solar Cells.
Energy Environ. Sci. 2013, 6, 3439−3466.
(9) Yen, Y.; Chou, H.; Chen, Y.; Hsu, C.; Lin, J. T. Recent
Developments in Molecule-Based Organic Materials for Dye-
Sensitized Solar Cells. J. Mater. Chem. 2012, 22, 8734−8747.
(10) Zhang, S.; Yang, X.; Numata, Y.; Han, L. Highly Efficient Dye-
Sensitized Solar Cells: Progress And Future Challenges. Energy
Environ. Sci. 2013, 6, 1443−1464.
(11) Burschka, J.; Pellet, N.; Moon, S.; Humphry-Baker, R.; Gao, P.;
Nazeeruddin, M. K.; Gratzel, M. Sequential Deposition As A Route To
High-Performance Perovskite-Sensitized Solar Cells. Nature 2013,
499, 316−319.
(12) Yella, A.; Lee, H.; Tsao, H. N.; Yi, C.; Chandiran, A. K.;
Nazeeruddin, M. K.; Diau, E. W.; Yeh, C.; Zakeeruddin, S. M.; Graẗzel,
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M. K.; Graëtzel, M. Effect of Hydrocarbon Chain Length of
Amphiphilic Ruthenium Dyes on Solid-State Dye-Sensitized Photo-
voltaics. Nano Lett. 2005, 5, 1315−1320.
(24) Klein, C.; Nazeeruddin, M. K.; Liska, P.; Di Censo, D.; Hirata,
N.; Palomares, E.; Durrant, J. R.; Graëtzel, M. Engineering of a Novel
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1. CHEMICAL SYNTHESIS

1.1. Synthesis of 4, 4'-Bis-(1,4-benzodioxan-5-yl-vinyl)-[2,2']bipyridine (LH-2) 

General procedure for the synthesis of ligands is given in Scheme S1.The antenna ligand LH-2 

was synthesized under pressure in a glass tube containing 4,4'-dimethyl-2,2'-bipyridine (0.5g, 

2.7mmol), 1,4-benzodioxan-6-carboxaldehyde (0.94g, 5.7mmol), 2.18ml of 

chlorotrimethylsilane (17.1mmol), and a magnetic stirrer bar in 50ml  of anhydrous DMF 1,2. 

Once the tube was closed with the cap the reaction temperature was raised to 100 oC and allowed 

to run for 48 hours with continuous stirring. During the course of the 48hours, the color of the 

reaction mixture changed to dark orange. At the end of the reaction, the pressure was released 

after cooling the tube and the solvent was removed using rotary evaporator, and the lemon 

yellow product was precipitated by the addition of water. Finally vacuum filtration was 

performed to furnish the antenna ligand which was thoroughly washed with water and toluene in 

sequence to obtain LH-12. It was then dried for overnight at 50 oC to obtain 65% yield. LH-2 

was used for next step without further purification.

N N +
H

O
O

O
2

N N

O O O O
Under Pressure, chlorotrimethylsilane

100C, 48hrs, 50-70ml (DMF)

LH-

2Scheme S1. Synthesis of Ligand LH-2 
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1.2. Synthesis of 4-methyl,4'-(1,4-benzodioxan-5-yl-vinyl)-[2,2']bipyridine (LH-2-mono) 

Similar procedure was used to synthesize LH-2-mono, except the change in molar ratio of 1,4-

benzodioxan-6-carboxaldehyde and 4,4'-dimethyl-2,2'-bipyridine which was 1:1 in this case.   

N N +
H

O
O

O

N N

O O

Under Pressure, chlorotrimethylsilane

100C, 48hrs, 50-70ml (DMF)

LH-2-mono

 Scheme S2. Synthesis of Ligand LH-2-mono 

1.3. Synthesis of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid 

The 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid was synthesized according to published 

procedure 3. In a three neck round bottom flask  4,4’-Dimethyl-2,2’-bipyridine (3 g, 16.3 mmol) 

was gradually added  to a stirred solution of sodium dichromate (Na2Cr2O7) (10.9g, 36.5 mmol) 

in concentrated sulfuric acid (H2SO4) (93%, 45 ml) and stirred for 30 min at 75°C. After 30 min,

the dark green reaction mixture was poured into cold water forming a light yellow precipitate. 

The precipitate was then filtered under vacuum and dissolved in 10 % aq. Sodium hydroxide.

The product was crystallized by slowly acidifying the solution with 10 % aq. hydrochloric acid at 

a pH of 2. The precipitation and acidification process was repeated three times to obtain the 

white chromium free precipitates of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid (2.56g, 90%). 

1.4. Synthesis of HD-2 

A general procedure for the synthesis of dyes is shown in Shceme S3.The synthesis of HD-2 

was carried out in a one-pot three-step reaction.  The reactions were carried out in a 100 ml 
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reaction flask equipped with a condenser and magnetic stirrer bar under Argon. The flask was 

charged with anhydrous DMF, dichloro-(p-cymene)-Ruthenium (II) dimer (0.2g, 0.33mmol) and 

LH-2 (0.32g, 0.65mmol). The reaction mixture was stirred at 90 °C for 4h.  Then, 2,2’-bipyridyl-

4,4’-dicarboxalic acid was added (0.16g, 0.65mmol) and the temperature was raised to 140°C 

and allowed to run for 5 hours. After the 5 hours, excess of NH4NCS (0.5g) was added to the 

reaction mixture, and the reaction mixture was allowed to run for extra 4h at 140 °C. The 

reaction mixture was cooled down to room temperature and DMF was removed using a rotary 

evaporator. Ice was added to the flask and the insoluble solid was vacuum filtered and washed 

with de-ionized water and diethyl ether. The black color solid product was dried overnight and 

0.65g of crude product was collected.  

After drying, HD-2 was dissolved in methanol with the addition of Tetrabutylammonium 

hydroxide (TBAOH). HD-2 was run through the column containing Sephadex LH-20 for three 

times. The main band was collected and acidified using 0.1M HCl to reduce the pH to 2.0 and 

allowed to precipitate for 48 hours at low temperature, precipitate was filtered, and washed with 

plenty of de-ionized water to bring pH to neutral.  The pure dye was then dried overnight and 

collected (180mg). 
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Scheme S3. Synthetic route for HD-2 

1.5. Synthesis of HD-2-mono 

Similar synthetic route and purification procedure was used to synthesize HD-2-mono as used 

for HD-2. The pure product was further characterized with FT-IR, ESI-MS, and 1HNMR.

2. ANALYTICAL MEASUREMENTS

2.1. UV-Visible spectra 

UV-Visible spectra of HD-2 and HD-2-mono were measured using a concentration of 2.0 X 

10-5 mole in DMF (Anhydrous).  The spectra were recorded at room temperature in a quartz cell 

(1.0 cm) on a Cary 3 Spectrophotometer.  
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Figure S1. Absorption (solid line) and emission (dotted line) comparison of LH-2 and LH-2-

mono, inset shows the structures of LH-2 and LH-2-mono 

2.2. 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 4cm-1. The complexes and intermediates were characterized 

using the same parameters. Figures S2 to S6 show the FT-IR of LH-2, LH-2-mono, HD-2 and 

HD-2-mono in the pure form, respectively. 

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

285 335 385 435 485 535 585

LH-2 LH-2-mono
LH-2 LH-2-mono

Wavelength

N
or

m
al

iz
ed

E
m

is
si

on

N
or

m
al

iz
ed

 a
bs

. N N

O O

N N

O O O O

LH-2LH-2-mono

119



Figure S2. ATR/FT-IR of LH-2

Figure S3. ATR/FT-IR of LH-2-mono 

HD-2: 2101.3 cm-1 (-NCS stretch, N-bonded isomer, very strong); 1722.4 cm-1 (C=O stretch of 
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HD-2-mono: 2102.4 cm-1 (-NCS stretch, N-bonded isomer, very strong); 1721.0 cm-1 (C=O 

stretch of -COOH) 

Figure S4. ATR/FT-IR of HD-2 

Figure S5. ATR/FT-IR of HD-2-mono 
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2.3. High Resolution ESI-MS  

Figure S6. ESI mass spectrum of HD-2, Mass 938.080, [M - 1H] -1; Theo. M/Z = 937.06938,

Found. M/Z 937.07242, Error = 3.244 ppm. 
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Figure S7. ESI mass spectrum of HD-2-mono, Mass 792.04419, [M - 1H] -1; Theo. M/Z = 

791.03260, Found. M/Z 791.03619, Error = 4.54574 ppm.

2.4. 1H-NMR spectroscopy

1H-NMR spectra were recorded in d3-CH3Cl (ligands) and d6-DMSO (dyes)at room 

temperature using a Varian 400 MHz and Bruker 500 MHz spectrometer. 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.  

1H-NMR, LH-2 (400 MHz, Chloroform-d3): δ 9.14 (s, 2H), 8.72 (d, J = 5.7 Hz, 2H), 7.76 (d, 

J = 16.1 Hz, 1H), 7.60 (d, J = 6.1 Hz, 2H), 7.21 – 7.12 (m, 5H), 7.01 (d, J = 16.2 Hz, 2H), 6.94 

(d, J = 14 Hz, 2H), 4.30-4.28 (d, J = 6.8 Hz, 8H).
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1H-NMR, LH-2-mono (400 MHz, Chloroform-d3): δ 9.23 (s, 2H), 8.74 (t, J = 5.4 Hz, 1H),

7.83 (d, J = 16.2 Hz, 1H), 7.63 (d, J = 6.0 Hz, 1H), 7.25 (s, 1H), 7.21 (s, 1H), 7.18 (s, 1H), 7.03 

(d, J = 16.1 Hz, 2H), 6.91 (d, J = 8.2 Hz, 1H), 4.31 (d, J = 2.5 Hz, 4H), 2.78 (s, 3H). 

1H-NMR, HD-2 (500 MHz, DMSO-d6): δ 9.12 (d, J = 5.7 Hz, 1H), 9.02 (s, 1H), 8.92 (s, 1H),

8.86 (s, 1H), 8.77 (s, 1H), 8.26 (s, 1H), 8.04 (s, 1H), 7.84 (d, J = 16.2 Hz, 2H), 7.63 – 7.57 (m, 

3H), 7.37 (d, J = 15.4 Hz, 2H), 7.31 (d, J = 2.0 Hz, 2H), 7.28 – 7.25 (m, 3H), 7.00 (d, J = 12.1 

Hz, 2H), 6.92 (d, J = 9.6 Hz, 2H), 4.34-4.25 (d, J = 7.2 Hz, 8H). 

1H-NMR, HD-2-mono (500 MHz, DMSO-d6):  δ 9.41 (s, 1H), 9.13 (d, J = 6.8 Hz, 1H), 9.03 

(s, 1H), 8.90 (d, J = 27.5 Hz, 3H), 8.78 (s, 1H), 8.27 (s, 1H), 8.05 (s, 1H), 7.84 (d, J = 16.2 Hz,

2H), 7.65 – 7.56 (m, 4H), 6.94 (d, J = 8.3 Hz, 2H), 4.35 (d, J = 5.5 Hz, 4H), 2.79 (s, 3H). 

2.5. Cyclic Voltammetry Graphs  

The experimental HOMO and E0-0 energy values for HD-2 and HD-2-mono were measured by 

cyclic voltammetry and the experimental absorption/emission point of overlap, respectively. The 

onset of oxidation were measured in DMF with 0.1 M [TBA][PF6] and with a scan rate of 50 

mV/s. Glassy carbon was used as the working electrode (WE), Pt wire as counter electrode and 

Ag/Ag+ in acetonitrile was used as the reference electrode. It was calibrated with Fc/Fc+ as an 

internal standard and converted to NHE by addition of 0.63 V. Figures S8 and S9 show the CV 

graphs of HD-2 and HD-2-mono, respectively. 
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Figure S8. CV graphs of 
HD-2 

Figure S9. CV graphs of 
HD-2-mono 
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3. Effect of Additives

Figure S10.  Effect of TBP (0.5M) and DCA 20mM on IPCE of HD-2 and HD-2-mono
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Figure S11. Effect of TBP (0.5M) and DCA20mM on I-V curve of HD-2 (a) 
and HD-2-mono (b)
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Figure S12. UV-Vis absorption spectra of desorbed HD-2 and HD-2-mono in (a) 0.1M NaOHaq: 

DMF (1:1) (b) 0.1M NaOHaq: 0.1M TBAOH MeOH (1:1) 

Figure S13.  Phosphorescence graph of HD-2 
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Figure S14.  Phosphorescence graph of HD-2-mono 

Table S1. Excited state lifetime of HD-2-mono, HD-2 and N719  measured by TCSPC method 

Sample Name In Solution In DSCs form  

τ/ ns(T1) τ/ ns (T2) ±2 τ/ ps(T1) ±5 

HD-2-mono 17 

(B1=27 ) 

49 

(B2=73) 

3 

HD-2 17 

(*B1=30) 

58 

(B2=70) 

10 

N719 0.1 

(B1=3 ) 

38 

(B1=97) 

20 

*B denotes the relative amplitude of each component
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Figure S15. Excited state decay behaviors of HD-2, HD-2-mono and N719 in complete DSC 

form, (inset) in solution form (DMF), studied with TCSPC method, smooth lines correspond to 

the fits of the experimental data after convolution with the instrument response.
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a b s t r a c t

Here we report structureeproperty relationships of naphthalene-based ancillary ligands for DSCs
employing Ru (II) bipyridyl complexes containing methoxy at 4,7-positions (HL-41) and ethoxy at 2-
position (HL-42) on the naphthalene moiety respectively. 2-ethoxy naphthalene stilbazole-based
ligand was strategically chosen as an ancillary ligand to ascertain the influence of steric effect of
alkoxy group ortho to the spacer group (CH]CH) of stilbazole on the photovoltaic properties. It was
found that under similar conditions photocurrent response was in the following order HL-41 > HL-
42 > N719. Both HL-41 and HL-42 showed similar redox potential. The overall conversion efficiency for
devices employing HL-41, HL-42 and N719 were 7.8%, 7.6% and 7.6%, respectively. DFT calculations
showed that the torsion angles between the naphthyl moiety and CH]CH spacer was 34.81� and 39� for
HL-41 and HL-42, respectively. Thus, for HL-42 ethoxy ortho to CH]CH produces more twisted naphthyl
which precludes efficient charge transfer from the ancillary ligand to the metal.

Published by Elsevier Ltd.

1. Introduction

Dye sensitized solar cells (DSCs) have been recognized as an
efficient, stable and cheap alternative to conventional silicon solar
cells [1e6]. In a study done by Texas Instruments [7], authors
compared the organic (DSC, organic PV) and inorganic thin film
(amorphous silicon) solar cells to identify the most efficient PV,
specifically for indoor applications such as laptops, cells phones and
other similar gadgets. The analysis concluded that DSCs showed
higher power density in indoor conditions relative to a-Si and OPV
solar cells because of the independence of the former on incident
light angle. Owing to their superior indoor performance, consumer
electronic products can be a huge market for DSC as seen by recent
examples of flexible keyboard and a cell phone charger [8].

Since the first report of adsorbing ruthenium complex on wide
band TiO2 nanocrystalline semiconductor by O' Regan and Gr€atzel
[9], huge efforts have resulted in highly efficient DSC materials
[10e16]. DSCs with efficiency high as 13% (h) [17] has been achieved
by Zn-porphyrin complex. Additionally, perovskite-sensitized solid

state dye solar cells have reached record high efficiency of 15.9%
[18] whereas efficiency of 17.9% has also been recorded [19].
Sensitizer is one of the most critical functional components in a
DSC. Sensitizer determines the spectral response and plays a crucial
role at the interface of redox shuttle and TiO2 [20e23] in deter-
mining electron injection, dye regeneration and charge recombi-
nation. Ruthenium (II) polypyridyl complexes with low energy
metal-to-ligand charge transfer (MLCT) transitions [3], compati-
bility with diverse electrolyte compositions [24,25], long term
stability [2,26] and ease of tuning the redox properties [26,27] have
surpassed all other type of dyes in DSCs. In this regard, N719 (h,
11.18%) is a popular benchmark [3,28] and other alternatives have
been explored in order to improve light harvesting efficiency and
long term stability. The strategies of adding new chromospheres
with high molar absorptivity [10,22,29,30], long alkyl chains for
long term stability [2,31,32], thiocyanate-free Ru (II) sensitizers for
high efficiency and long term stability [33e38] and sensitizers with
spin-forbidden singlet-to-triplet transition for NIR response
[5,39,40] have been the focus of research during last two decades.
The strategy of adding new chormophores with high molar ab-
sorptivity and broader spectral response will lead to reduction of
TiO2 thickness, resulting in shortening of electron transport dis-
tance thus minimizing the underlying electron loses, which will
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translates into higher overall device efficiencies [26,27,41,42]. Ox-
ygen containing electron donor cyclic and acyclic alkoxy groups
(Fig. 1) have been investigated and recognized as alternatives for
N719 [30,43e46]. Acyclic alkoxy groups were introduced in the
beginning [30,43e46] (e.g. K-19 and K-73) in order to increase the
molar extinction coefficient owing to increased conjugation and
favorable alignment of the p-orbital (lone pairs) of electron donors
with the conjugated system. Recently, El-Shafei et al. [22,30] in a
detailed comparative study of cyclic vs. acyclic oxygen containing
groups showed that cyclic oxygen containing donating groups
perform better than acyclic electron donors.

With the aforementioned in mind, in this paper, we report the
synthesis, spectral, electrochemical and photovoltaic characteriza-
tions of two novel sensitizers based on naphthalene with alkoxy
electron donating groups at different positions on the naphthalene
ring as shown in (Fig. 2). Electron donating groups based on
naphthalenewere expected to offer better photon harvesting owing
to enhanced conjugation of fused benzene rings alongwith oxygen-
containing electron donor groups of methoxy and ethoxy. In this
study, fluorescence, UVeVis spectroscopy, and cyclic voltammetry
were employed for photophysical and photoelectrochemical char-
acterizations. Dye/TiO2 interface was characterized by impedance
spectroscopy to qualitatively determine charge recombination
resistance and electron life time in TiO2 conduction band (CB).
Photovoltaic characterizations such as IPCE and IeV graph for dye
solar cells made with HL-41, HL-42 and N719 were measured and
compared under similar conditions. Photovoltaic performance of
sensitizer HL-41 outperformed N719 and HL-42 in photocurrent
and total power conversion efficiency. However, the Voc of devices
based on the three dyes was in the following order: N719 > HL-
42 >HL-41. Higher Voc ofHL-42 can be attributed to the presence of
more twisted naphthyl due to the location of ethoxy group at the

ortho positionwith respect to the CH]CH spacer, which may play a
key role in minimizing dye aggregations.

2. Experimental section

2.1. Materials and equipment

The solvents and chemicals were purchased from Sigma-
eAldrich, Fisher Scientific or TCI-America and used as received.
Sephadex LH-20 was purchased from Fisher Scientific. The mass
spectrometry analysis was carried out on a high resolution mass
spectrometer e the Thermo Fisher Scientific Exactive Plus MS, a
benchtop full-scan OrbitrapTM mass spectrometer using Heated
Electrospray Ionization (HESI). Samples were dissolved inmethanol
and sonicated for 15 min. They were then diluted 1:1 with 20 mM
ammonium acetate and analyzed via syringe injection into the
mass spectrometer at a flow rate of 10 mL/min. The mass spec-
trometer was operated in negative ion mode. FT-IR (ATR) spectra
were recorded on a Nicolet Nexus 470 FT-IR spectrometer (Thermo
Scientific, USA) and UVeVisible spectra were measured by using
Cary 300 spectrophotometer. Fluorescence and emission decay
were recorded at room temperature on a Fluorolog-3 spectrofluo-
rometer (HORIBA Jobin Yvon Inc.). 1H NMR spectra were recorded
in a Bruker 500 MHz or Varian 400 MHz spectrometer.

2.2. Synthesis of Ru (II) sensitizers and ancillary ligands

The synthesis of proposed sensitizers HL-41 and HL-42 was
carried out in typical three step one pot method as depicted in
Scheme 2 of Supplementary Information (SI). The synthesis of
sensitizers was completed following the synthesis of corresponding
ancillary ligands L-41 and L-42 (Scheme 1, Fig. 3). The ligands were
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synthesized according to the reported procedures [29,46]. The
exact synthetic procedure can be found in SI.

L-41: 1H NMR (400 MHz, Chloroform-d3): d 8.82 (d, J ¼ 2.6 Hz,
1H), 8.73e8.68 (m, 1H), 8.65 (d, J ¼ 5.2 Hz, 1H), 8.55 (s, 1H), 8.23 (d,
J ¼ 9.3 Hz, 2H), 7.88 (d, J ¼ 8.1 Hz, 1H), 7.73 (d, J ¼ 15.1 Hz, 2H), 7.54
(d, J¼ 5.3 Hz, 2H), 7.21 (d, J¼ 2.6 Hz, 1H), 7.19 (t, J¼ 2.5 Hz, 1H), 7.11
(s, 1H), 6.82 (d, J ¼ 8.1 Hz, 1H), 6.76 (d, J ¼ 4.3 Hz, 1H), 6.74 (d,
J¼ 4.2 Hz,1H), 4.08 (s, 2H), 4.07 (s, 2H), 4.04 (d, J¼ 3.5 Hz, 6H), 3.99
(s, 2H).

L-42: 1H NMR (400 MHz, Chloroform-d3): d 9.01 (s, 1H), 8.78 (d,
J ¼ 5.5 Hz, 1H), 8.36 (d, J ¼ 8.7 Hz, 1H), 8.31e8.23 (m, 2H), 7.83 (dd,
J ¼ 13.2, 8.6 Hz, 4H), 7.67 (d, J ¼ 5.6 Hz, 2H), 7.60e7.54 (m, 2H),
7.43e7.39 (m, 2H), 7.32 (d, J ¼ 9.1 Hz, 4H), 4.30 (q, J ¼ 7.0 Hz, 4H),
1.56 (t, J ¼ 6.5 Hz, 6H).

HL-41: FT-IR, 2101.8 cm�1 (-NCS stretch, N-bonded isomer, very
strong) [47]; 1721.6 cm�1 (C]O stretch of eCOOH) (Fig. 2S); High
Resolution ESI-MS [M�H]�; Theo. M/Z ¼ 1041.13198, Found. M/Z
1041.13558, Error ¼ 3.458 ppm (Fig. 4S).

1H NMR (500MHz, DMSO-d6): d 9.43 (d,1H), 9.39 (s, 1H), 9.09 (s,
3H), 8.92 (s, 3H), 8.63 (s, 1H), 8.35e8.29 (m, 4H), 8.18 (d, J ¼ 9.2 Hz,
1H), 8.12 (d, J ¼ 9.3 Hz, 1H), 7.99 (t, J ¼ 6.0 Hz, 1H), 7.85 (s, 1H), 7.63
(s, 2H), 7.27 (d, J¼ 9.3 Hz, 1H), 7.23e7.18 (m, 2H), 7.02 (d, J ¼ 8.3 Hz,
2H), 6.93 (d, J ¼ 8.0 Hz, 2H), 4.03 (d, J ¼ 12.0 Hz, 4H), 3.98 (d,
J ¼ 7.2 Hz, 4H), 3.93 (s, 2H), 3.89 (s, 2H).

HL-42: FT-IR, 2100.4 cm�1 (-NCS stretch, N-bonded isomer, very
strong); 1721.0 cm�1 (C]O stretch of eCOOH) (Fig. 3S), High Res-
olution ESI-MS [M�H]�; Theo. M/Z ¼ 1009.14215, Found. M/Z
1009.14578, Error ¼ 3.299 ppm (Fig. 5S).

1H NMR, (500 MHz, DMSO-d6): d 9.44 (s, 1H), 9.21 (d, J ¼ 5.9 Hz,
1H), 9.15 (s, 1H), 9.00 (s, 1H), 8.47 (d, J ¼ 8.8 Hz, 1H), 8.42 (s, 1H),
8.39 (d, J ¼ 5.9 Hz, 1H), 8.33e8.26 (m, 4H), 8.11 (d, J ¼ 16.5 Hz, 2H),
8.00 (d, J ¼ 9.4 Hz, 2H), 7.94 (dd, J ¼ 8.7, 4.6 Hz, 2H), 7.89 (d,
J¼ 7.9 Hz,1H), 7.66 (d, J¼ 6.8 Hz,1H), 7.59 (d, J¼ 3.1 Hz,1H), 7.49 (d,
J ¼ 7.2 Hz, 2H), 7.44 (d, J ¼ 10.5 Hz, 2H), 7.41 (s, 1H), 7.39 (d,
J¼ 3.5 Hz,1H), 4.37 (q, J¼ 7.0 Hz, 2H), 4.25 (q, J¼ 7.0 Hz, 2H), 1.52 (t,
J ¼ 6.8 Hz, 3H), 1.39 (t, J ¼ 7.0 Hz, 3H).

2.3. Time correlated single photon counting (TCSPC) measurements

Fluorescence spectrawere recorded in a 1 cm path length quartz
cell using 2*10�5 M solutions on Fluorolog-311. The emitted light
was detected in the steady state mode using a Hamamatsu R2658
detector. The emission was measured in the steady state mode by
exciting at the MLCT lmax for each dye with exit and entrance slits
set at 11 nm at an integration time of 0.1 s.

In the case of lifetime measurements, time-correlated single
photon counting (TCSPC) method was employed on solutions of
dyes in DMF by exciting the samples using a pulse laser (460 nm,
NanoLED) at a 1 MHz repetition rate with band pass of 15 nm. The
time of arrival of the photon counting (TAC) range was adjusted to
200 ns in order to measure the emission decay lifetime (lowest
excited state lifetime). The lifetime decay spectra were then fitted

with DAS (data analysis software) fromHoriba Scientific. Fig. 1S (SI)
shows the excited state decay behavior of the dyes in DMF. All of the
decay curves were fitted with 2-exponential showing the multi-
exponental decay behavior having fast (shorter lifetime) and slow
(longer lifetime) components.

2.4. Ground state oxidation potential (GSOP) and excited state
oxidation potential (ESOP) measurements

The experimental HOMO and E0-0 energy values for HL-41 and
HL-42 were measured using a cyclic voltammetry (CV) and the
absorption onset, respectively. The CV was carried in DMF with
0.1 M [TBA][PF6] as an electrolyte at a scan rate of 50 mV s�1. Glassy
carbon was used as the working electrode (WE), Pt wire as counter
electrode and Ag/Agþ in ACN was used as the reference electrode.
Fc/Fcþ was used as internal reference, voltage measured was con-
verted to NHE by addition of 0.63 V. Figs. 6Se9S (SI) show the CV
graphs of ligands and sensitizers.

2.5. TiO2 electrode preparation and device fabrication

The photo-anodes composed of nanocrystalline TiO2 and
counter electrodes were prepared using literature procedures [48].
Fluorine-doped tin oxide (FTO) coated glasses (2.2 mm thickness,
sheet resistance of 8 U/cm2, TEC 8, Pilkington) were washed with
detergent, water, acetone and ethanol, sequentially. After this FTO
glass plates were immersed into a 40 mM aqueous TiCl4 solution at
70 �C for 30 min and washed with water and ethanol. Thin layer
(8e12 mm thick) of TiO2 (Solaronix, Ti-Nanoxide D/SP) was
deposited (active area, 0.18 cm2) on transparent conducting glass
by squeegee printing. After drying the electrodes at 120 �C for
6 min, scattering layer (5 mm thick) TiO2 particles (Solaronix, Ti-
Nanoxide R/SP) were printed. The TiO2 electrodes were heated
under an air flowat 350 �C for 10min, followed by heating at 500 �C
for 30 min. After cooling to room temperature, the TiO2 electrodes
were treated with 40 mM aqueous solution of TiCl4 at 70 �C for
30 min and then washed with water and ethanol. The electrodes
were heated again at 500 �C for 30 min and left to cool to 80 �C
before dipping into the dye solution. The dye solutions (0.3 mM)
were prepared in 1:1:1 acetonitrile, tert-butyl alcohol and DMSO.
Deoxycholic acid was added to the dye solution as a coadsorbate at
a concentration of 20 mM. The electrodes were immersed in the
dye solutions with active area facing up and then kept at 25 �C for
20 h to adsorb the dye onto the TiO2 surface.

For preparing the counter electrode, pre-cut TCO glasses were
washed with water followed by 0.1 M HCl in EtOH, and sonication
in acetone bath for 10 min. These washed TCO were then dried at
400 �C for 15min. Thin layer of Pt-paste (Solaronix, Platisol T/SP) on
TCO was printed and the printed electrodes were then cured at
450 �C for 10 mints. The dye sensitized TiO2 electrodes were
sandwiched with Pt counter electrodes and the electrolyte (Solar-
onix, Iodolyte AN-50) was then injected into the cell, while the two
electrodes were held together with the clips.

2.6. Photo-electrochemical measurements

Photocurrentevoltage characteristics of DSCs were measured
using a Keithley 2400 source meter under illumination of AM 1.5 G
solar light from solar simulator (SOL3A, Oriel) equipped with a
450 W xenon lamp (91160, Oriel). The incident light intensity was
calibrated using a reference Si solar cell (Newport Oriel, 91150V) to
set 1 Sun (100 mW cm�2). The measurement was fully controlled
by Oriel IV Test Station software.

IPCE (incident monochromatic photon to current conversion
efficiency) experiments were carried out using a system (QEX10, PV
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Fig. 3. Molecular structures of electron donating ancillary ligands L-41 and L-42.
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Measurements, USA) equipped with a 75 W short arc xenon lamp
(UXL-75XE, USHIO, Japan) as a light source connected to a mono-
chromater. Calibration of incident light was performed before
measurements using a silicone photodiode (IF035, PV Measure-
ments). All the measurements were carried out without the use of
anti-reflecting film.

2.7. Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectra were measured with an
impedance analyzer potentiostat (Bio-Logic SP-150) under illumi-
nation using a solar simulator (SOL3A, Oriel) equipped with a
450 W xenon lamp (91160, Oriel). EIS spectra were recorded over a
frequency range of 100 mHze200 kHz at room temperature. The
applied bias voltage was set at the Voc of the DSCs, with AC
amplitude set at 10 mV. The electrical impedance spectra were
fitted using Z-Fit software (Bio-Logic).

3. Results and discussion

3.1. Photophysical measurements

Because ancillary ligands (Fig. 3) play a crucial role in photon
harvesting efficiency of Ru (II) sensitizer [26,27,29], optical and
electrochemical characterizations of the ancillary ligands can lead
to better understanding of the photophysical and photovoltaic
properties of the resulting complexes.

UVeVis absorption spectra (Fig. 4) for L-41 was broader than L-
42with both having absorption lmax at 364 nm. Emission lmax for L-
41 was slightly red shifted (466 nm) compared to 452 nm of L-42. It
should be noted that the presence of electron donating groups 4,7-
dimethoxy for L-41 is resulting in broad absorption compared to 2-
ethoxy in L-42. Broader absorption of the ancillary ligand is ex-
pected to result in enhanced light harvesting efficiency for the
corresponding Ru (II) complex.

In order to measure the molar absorptivity and excited state
emission, UVeVis absorption and fluorescence emission spectra of
HL-41,HL-42 andN719weremeasured in DMF using concentration
of 2 � 10�5 M (Fig. 5) and the results are summarized in Table 1.

UVeVis spectra ofHL-41 andHL-42 showed absorption peaks at
543 nm and 393 nm for the former, and at 539 nm and 385 nm for
the latter, and 529 nm and 381 nm for N719, which can be assigned
to MLCT transitions in Ru (II) complexes [3]. The frontier orbitals
involved in such transitions are metal t2g (d-orbital) and the p*
orbital located on the bipyridyl ligand carrying the anchoring
group. The strength of absorption (molar absorptivity or molar
extinction coefficient) depends on the overlap of interacting or-
bitals and difference in energy [49]. It has been found that molar

absorptivity of MLCT transitions increases with the presence of
strong electron donating groups such as carbazole and benzo-
dioxan [22,26,27,29].

Under similar conditions, HL-41 and HL-42 showed broad and
strong emission intensity with emission lmax of HL-41 slightly red
shifted as given in Table 1. The observed emission intensity was in
the following orderHL-41 > HL-42 > N719. Similar strong emission
intensity has been reported by El-Shafei et al for Ru (II) complexes
with other electron donating ancillary ligands [29,30,46]. Higher
emission intensity can be related to higher density of excited state
electrons and absence of radiationless losses, thus leading to effi-
cient electron injection in DSC. Emission intensity was in excellent
agreement of practical photocurrent response (HL-41 > HL-
42 > N719) found by employing named sensitizers in solar cells.

Measurement and comparison of the lowest excited state life-
time of different sensitizers is an important parameter to estimate
the difference in excited state caused by molecular changes. The
calculated lowest excited state life time for HL-41 and HL-42 was
92 ns and 96 ns, respectively, after fitting of emission decay curves
with 2-exponential (fast B1, and slow B2 (SI)) as given in Table 2.
The lowest excited state life time for HL-41 and HL-42 was higher
than N719 (38 ns in DMF), which can be rationalized on the basis of
extended conjugation for HL-41 and HL-42. The reported excited
state life time for N719 in ethanol is 40 ns [47]. Though, it was
important to show the change in lifetime with introduction of
ancillary ligands, albeit according to Gr€atzel [3], performance of
DSC is insensitive to electron life time and depends mainly on the
TiO2 layer thickness to harvest the photons efficiently.

Owning to extended p-conjugation and presence of electron
donating groups higher metal based HOMO (t2g) destabilization
and red shift in MLCT was expected for HL-41 and HL-42 compared
to N719 [26,29,46]. It was confirmed from E0-0, GSOP and ESOP, as
shown in the energy level diagram of Fig. 6. E0-0 was calculated
from the absorption onset [36,38] of UVeVis spectra. Intersection
point of experimental absorption and emission spectra can also be
used to calculate E0-0 [29,46,50].
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plexes HL-41 and HL-42 compared to N719, measured in DMF (2 � 10�5 M).

Table 1
Absorption and emission properties for HL-41 and HL-42 compared to N719.

Sensitizer Absorption lmax (nm) ε (M�1 cm�1) Emission
lmax (nm)

301; 393; 543 (d / p*) 54,200; 34,400; 20,683 737

312; 385; 539 (d / p*) 44,300; 34,500; 18,200 732

310; 381; 529 (d / p*) 46,100; 14,400; 12,800 722
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3.2. Electrochemical measurements

Cyclic voltammetry (CV) was used to measure the ground state
oxidation potential (GSOP) of L-41, L-42, HL-41 and HL-42 in DMF.
CV graphs (Supplemental Information Figs. 6Se9S) were used to
calculate the oxidation onset which is equivalent to the GSOP
(ground state oxidation potential) or HOMO level. The values of E0-
0 and GSOPwere used to calculate the ESOP (excited state oxidation
potential), the values in volts (V) against NHE were converted to
electron volt (eV) according to Equation (1) [51].

ESOP ¼ ½ðGSOP ðVÞ þ 4:7Þ � E0�0� eV (1)

Experimental ground and excited state oxidation potentials of
the ligands L-41 and L-42 were very similar as given in Table 3. It is
well known that electronic properties, geometry and steric nature
of the ligands play a crucial role in determining the redox proper-
ties of themetal complex [49]. GSOP and ESOP forHL-41,HL-42 and
N719 are compared in Fig. 6 and the results are summarized in
Table 2. GSOP of HL-41 (�5.51 eV) and HL-42 (�5.48 eV) was lower
in energy compared to I3�/I� redox couple (�5.2 eV) [52] thus
providing ample driving force for efficient dye regeneration. Less
negative GSOP of HL-42 can be attributed to steric effect presented
by presence of ethoxy group at the ortho position. Additionally,
ESOP ofHL-41 andHL-42was 0.61 eV and 0.64 eV higher in energy,
compared to 0.43 eV of N719, than the conduction band edge of
nanocrystalline TiO2 (�4.2 eV) [53] which resulted in efficient
electron injection. Higher thermodynamic free energy of injection
for HL-41 and HL-42 is expected to result in higher photocurrent
owing to efficient injection. Thus the introduction of ancillary li-
gands with extended conjugation and electron donating groups
resulted in more destabilized GSOP and ESOP than that of N719,
which led to less Voc for HL-41 and HL-42 compared to N719.

3.3. Photovoltaic device characterizations

In order to determine the practical relevance of HL-41 and HL-
42 for solar cells, photovoltaic characterizations were carried out.
Nanocrystalline TiO2 electrodes were prepared according to the
procedure reported previously [48] and details are given in SI.
Sandwich types DSCs were prepared from the stained photodiodes
and pt coated cathode. Photovoltaic measurements were carried
out after introducing the electrolyte between the glass electrodes.
Fig. 7 shows the IPCE response as function of wavelength.

Photocurrent action spectra for HL-41, HL-42 and N719 are
shown in Fig. 7. Incident photon to current conversion efficiency
(IPCE) response of higher than 65% from 400 nm to 670 nm was
exhibited by HL-41 reaching a maximum of 76% at 550 nm. HL-41
outperformed benchmark N719 in its IPCE response due to the
presence of stilbazole and naphthalene with electron donating
groups particularly at 4 position, para to the stilbazole linkage,
which resulted in favorable redox and photon harvesting properties
owing to better alignment of lone pairs of the oxygen of OCH3
group with the p-orbitals across the naphthyl, CH]CH and bipyr-
idyl systems as demonstrated previously by El-Shafei et al. [46].
IPCE response of HL-42 was similar to N719 with a dip around
380 nm. Such a drop in IPCE response [29] has been related to lower
extinction coefficient of the sensitizer in the region from 340 nm to

Fig. 6. Energy level diagram and comparison between GSOP and ESOP of N719, HL-41
and HL-42.

Table 3
Shows the excited state oxidation potential (E*), and the lowest singletesinglet
electronic transitions (E0-0) for HL-41, HL-42, and N719.

Sensitizer Experimental (eV)

aE0-0
b,cGSOP (HOMO) E*

L-41 3.00 �5.78 �2.78
L-42 3.06 �5.72 �2.66

1.92 �5.51 �3.59

1.92 �5.48 �3.56

2.00 �5.76 �3.77

a E0-0 ¼ calculated from the onset of absorption spectra (DMF).
b GSOP ¼ ground state oxidation potential ¼ EHOMO.
c GSOP was measured in DMF with 0.1 M [TBA] [PF6] and with a scan rate of

50 mV s�1. It was calibrated with Fc/Fcþ as internal reference and converted to NHE
by addition of 0.63 V; Excited-state oxidation potential, E* was calculated from:
E* ¼ GSOP þ aE0-0. Calculated GSOP, ESOP, and E0-0 of N719 was performed else-
where [54]. E0-0, GSOP and ESOP for ligands were calculated using the same method
as used for dyes.
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Fig. 7. Photocurrent action spectra (IPCE) obtained with dyes HL-41, HL-42 and N719
anchored on nanocrystalline TiO2 film.

Table 2
Excited state lifetime of HL-41, HL-42 and N719 as found by TCSPC method.

Sample name t/ns (T1) t/ns (T2) ±2

19 (aB1 ¼ 9) 92 (B2 ¼ 91)

23 (B1 ¼ 9) 96 (B2 ¼ 91)

0.1 (B1 ¼ 3) 38 (B1 ¼ 97)

a B denotes the relative amplitude of each component.
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400 nm. Although HL-42 has extinction coefficient comparable to
HL-41, not all absorbed photons in case of HL-42 are getting
translated into photocurrent most likely due to more steric effect
caused by 2-ethoxy group on naphthalene in HL-42. Similar kind of
steric behavior leading to hindered rotation and lack of electronic
overlap was identified for methoxy group next to CH]CH spacer
group previously [46]. However, HL-42 outperformed N719 in IPCE
in the red portion of the spectrum, most likely due to extended
conjugation in the ancillary ligand [26,27]. Fig. 8 describes the IeV
results obtained by employing the named sensitizers. The photo-
voltaic parameters and overall cell efficiencies (h) are summarized
in Table 4.

Better IPCE response of HL-41 translated into higher Jsc of
17.53 mA cm�2 compared to 16.42 mA cm�2 of HL-42 and
15.10 mA cm�2 of N719. Higher Jsc of HL-41 compared toHL-42 and
N719 can be attributed to energetically more favorable electron
injection in TiO2 conduction band. Solar cell employing HL-41
yielded overall power conversion efficiency (h) of 7.8% with Voc of
0.66 V and FF of 0.67 compared to (h) of 7.6% for HL-42 (Voc ¼ 0.69
and FF¼ 0.67) and 7.6 of N719 (Voc ¼ 0.71 and FF¼ 0.71). Higher Voc
for HL-42 compared to HL-41 can be attributed to the position of
ethoxy group, which presents a steric effect, which leads to less dye
aggregation on TiO2, which increases resistance to charge recom-
bination as confirmed by impedance measurements (see Fig. 9).

3.4. Electrochemical impedance spectroscopy characterization

Electrochemical Impedance spectroscopy (EIS) is a technique of
choice which successfully models the charge transfer and chemical
capacitance at the interface of TiO2/electrolyte and pt/electrolyte in
DSC under operational conditions. EIS measures the dielectric
properties of a material and interface as the function of frequency.
Typical EIS measurements result in Nyquist and Bode plots, which
give charge recombination resistance between TiO2/electrolyte and
lifetime for injected electron into TiO2 conduction band, respec-
tively [46,55e57]. In EIS Nyquist plots (Fig. 9), two semicircles were

observed. Small semicircle at lower frequency models the cathode
charge transfer resistance, which is directly related to FF [58]. The
smaller the radius of the semicircle, the higher the FF will be, which
is consistent with our results. Bigger semicircle corresponds to
charge transfer resistance at TiO2/electrolyte, which was in the
order of N719 > HL-42 > HL-41, which corresponds exactly to
practical Voc obtained from solar devices.

In Bode plot (Fig. 10), the electron lifetime in the CB of TiO2 can
be estimated from the peak value of the curve on the frequency
axis. The more that peak is shifted to lower frequency (closer to 1),
the longer the recombination lifetime, which depends on the
density of charge traps and determines the Voc. The experimental
Voc was found to be in the following order N719 > HL-42 > HL-41,
indicating higher recombination life time for N719 compared to
HL-42 andHL-41. These finding can be attributed to the presence of
TBA (n-tetrabutyl ammonium) which raises the energy of TiO2 CB
[47], thus resulting in higher Voc and decrease in charge
recombination.

3.5. Molecular modeling

To calculate the degree of twist between the naphthyl moiety
and the CH]CH bridge, the equilibrium molecular geometries of
HL-41 and HL-42 were calculated using DFT utilizing the energy
functional B3LYP and basis set DGDZVP. Fig. 11 shows the high-
lighted torsion angles (q1 & q2) between the naphthyl moiety and
the CH]CH bridge, which shows clearly that the degree of twist in
HL-42 (q2 ¼ 39�) is greater than that of HL-41 (q1 ¼ 34.81�). This
indicates that better p-orbital overlap is more likely in HL-41 than

Table 4
Photovoltaic characteristics of HL-41, HL-42 and N719.

Sensitizera Jsc (mA cm�2) Voc (V) FF h (%)

17.53 0.66 0.67 7.8

16.42 0.69 0.67 7.6

15.10 0.71 0.71 7.6

a Conditions: coadsorbate, DCA 20 mM; irradiated light, AM 1.5 solar light
(100 mW cm�2). Jsc, short-circuit photocurrent density; Voc, open-circuit photo-
voltage; FF, fill factor; h, total power conversion efficiency.
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that of HL-42, which translates into slightly better charge transfer
and hence slightly better photocurrent density in the former and
that is consistent with the measured Jsc. Furthermore, from the
comparison of the HOMOs in HL-41 and HL-42 (Fig. 12), it can be
seen clearly that the size of the green and red dots on the pyridine

ring and CH are larger in the case of HL-41, which means better
charge transfer in the former. However, the more twisted q2 of HL-
42 destabilizes the HOMOmore than that of q1 in HL-41, producing
smaller negative free energy of dye regeneration for HL-42. On the
other hand, the slightly more twisted torsion angle suppresses the

Fig. 11. Equilibrium molecular geometry of HL-41 and HL-42.

Fig. 12. Calculated isodensity of frontier occupied and virtual molecular orbitals for HL-41 and HL-42 (isodensity value ¼ 0.02).
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degree of dye aggregation in HL-42, which translates into slightly
better photovoltage, and that is consistent with the experimental
Voc.

4. Conclusions

In summary, this study demonstrated that naphthalene-
stilbazole based ancillary ligands Ru (II) complexes are potential
candidates for high efficiency dye-sensitized solar cells. High
extinction coefficient sensitizer HL-41 outperformed benchmark
N719, while HL-42 showed comparable efficiency to N719. It was
found that in the case of HL-42 that the electron donating group
ethoxy ortho to the CH]CH spacer precludes coplanarity of naph-
thalene moiety with respect to the spacer CH]CH and bipyridyl,
which decreases the strength of ligand-to-metal charge transfer
and that decreases the extracted photocurrent response from solar
device. Based on the lowest excited state life time measurements of
HL-41, HL-42 and N719 by TCSPC method, it can be concluded that
the lowest excited state life time can be fine-tuned in a predicted
way by extending conjugation across the ancillary ligand while
keeping the same skeleton of metal complex. Molecular modeling
data and impedance results were in excellent agreement with the
photovoltaic performance of solar devices, which augments the
idea of using molecular modeling in the prediction of the efficiency
of charge transfer based on the equilibrium molecular geometry,
and chemical capacitance and charge transfer resistance at in-
terfaces in DSCs by frequency-based methods such as impedance
spectroscopy, respectively.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.dyepig.2014.08.005.
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Materials and Equipment 

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. 

1. Synthesis of ligands

1.1. Synthesis of 4, 4'-Bis-(4,7-dimethoxy-1-naphthalene-1-yl-vinyl)-[2,2']bipyridine (LH-

41) 

General procedure for the synthesis of ligands is given in Scheme1.The antenna ligand LH-41

was synthesized under pressure in a glass tube containing 4,4'-dimethyl-2,2'-bipyridine (0.41g,

2.2mmol), 4,7-dimethoxy-1-naphthaldehyde (1.0g, 4.6mmol), 1.76ml of chlorotrimethylsilane

(13.9mmol), and a magnetic stirrer bar in 50ml  of anhydrous DMF [1,2]. Once the tube was

closed with the cap the reaction temperature was raised to 100 
o
C and allowed to run for 48 hours

with continuous stirring. During the course of the 48hours, the color of the reaction mixture 

changed to dark orange. At the end of the reaction, the pressure was released after cooling the

tube and the solvent was removed using rotary evaporator, and the dark orange product was

precipitated by the addition of water. Finally vacuum filtration was performed to furnish the

antenna ligand which was thoroughly washed with water and hexane. It was then dried for

overnight at 50 
o
C to obtain 70% yield. LH-41 was used for next step without further

purification. 

1.2. Synthesis of 4, 4'-Bis-(2-ethoxy-1-naphthalene-1-yl-vinyl)-[2,2']bipyridine (LH-42) 

Similar procedure was used to synthesize LH-42. At the end dark orange product was collected 

in 61% yield after drying. 
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1.3. Synthesis of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid 

The 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid was synthesized according to published 

procedure [3]. In a three neck round bottom flask  4,4’-Dimethyl-2,2’-bipyridine (3 g, 16.3

mmol) was gradually added  to a stirred solution of sodium dichromate (Na2Cr2O7) (10.9g, 36.5

mmol) in concentrated sulfuric acid (H2SO4) (93%, 45 ml) and stirred for 30 min at 75°C. After

30 min, the dark green reaction mixture was poured into cold water forming a light yellow

precipitate. The precipitate was then filtered under vacuum and dissolved in 10 % aq. Sodium 

hydroxide. The product was crystallized by slowly acidifying the solution with 10 % aq.

hydrochloric acid at a pH of 2. The precipitation and acidification process was repeated three

times to obtain the white chromium free precipitates of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid

(2.56g, 90%). 

1.4. Synthesis of HL-41 

A general procedure for the synthesis of dyes is shown in Shceme 2.The synthesis of HL-41

was carried out in a one-pot three-step reaction.  The reactions were carried out in a 100 ml

reaction flask equipped with a condenser and magnetic stirrer bar under Argon. The flask was

charged with anhydrous DMF, dichloro-(p-cymene)-Ruthenium (II) dimer (0.22g, 0.36mmol) 

and LH-41 (0.44g, 0.75mmol). The reaction mixture was stirred at 90 °C for 4h.  Then, 2,2’-

bipyridyl-4,4’-dicarboxalic acid was added (0.18g, 0.75mmol) and the temperature was raised to

145°C and allowed to run for 5 hours. After the 5 hours, excess of NH4NCS (0.4g) was added to

the reaction mixture, and the reaction mixture was allowed to run for extra 4h at 140 °C. The

reaction mixture was cooled down to room temperature and DMF was removed using a rotary

evaporator. Ice was added to the flask and the insoluble solid was vacuum filtered and washed
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with de-ionized water and diethyl ether. The black color solid product was dried overnight and

0.60g of crude product was collected.  

After drying, HL-41 was dissolved in methanol with the addition of Tetrabutylammonium

hydroxide (TBAOH). HL-41 was run through the column containing Sephadex LH-20 for three 

times. The main band was collected and acidified using 0.1M HCl to reduce the pH to 2.0 and

allowed to precipitate for 48 hours at low temperature, precipitate was filtered, and washed with

plenty of de-ionized water to bring pH to neutral.  The pure dye was then dried overnight and 

collected (180mg).

1.5. Synthesis of HL-42 

Similar synthetic route and purification procedure was used to synthesize HL-42 as used for

HL-41. The pure product was further characterized with FT-IR, high resolution ESI-MS, and

1
HNMR. 

2. Analytical Measurements

2.1. UV-Visible spectra 

UV-Visible spectra of HL-41 and HL-42 were measured using a concentration of 2.0 X 10
-5

mole in DMF (Anhydrous).  The spectra were recorded at room temperature in a quartz cell (1.0

cm) on a Cary 3 Spectrophotometer.

2.2. Fluorescence Spectra 

2.3. 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
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pressure probe was placed in position to apply consistent pressure on the sample. An average of

32 scans were used at a resolution of 4cm
-1

. The complexes and intermediates were characterized

using the similar parameters. Fig. 2S and 3S show the FT-IR of HL-41 and HL-42 in the pure

form, respectively. 

HL-41: 2101.8 cm
-1

 (-NCS stretch, N-bonded isomer, very strong) [4]; 1721.6 cm
-1

 (C=O stretch

of -COOH) 

2.4. High Resolution ESI-mass of HL-41 and HL-42

The mass spectrometry analysis was carried out on a high resolution mass spectrometer – the 

Thermo Fisher Scientific Exactive Plus MS, a benchtop full-scan OrbitrapTM mass spectrometer 

using Heated Electrospray Ionization (HESI). Samples were dissolved in methanol and sonicated 

for 15 minutes. They were then diluted with 1:1 20mM ammonium acetate and analyzed via

syringe injection into the mass spectrometer at a flow rate of 10 µL/min. The mass spectrometer 

was operated in negative ion mode. 

2.5. 
1
H-NMR spectroscopy

 

1
H-NMR spectra were recorded in d3-CH3Cl (ligands) and d6-DMSO (dyes) at room 

temperature using a Varian 400 MHz and Bruker 500 MHz spectrometer respectively. 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.
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Molecular Modeling 

Equilibrium molecular geometries of DH-41 and HD-42 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].  All DFT 

calculations  were performed using DFT implemented in Gaussian 09 and submitted remotely at 

East Carolina University's Supercomputer Jasta. 

Figures and Tables. 
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Fig. 1S. Excited state decay behavior of HL-41, HL-42 and N719 dissolved in DMF, smooth 

lines corresponds to fits of the experimental data after convolution with the instrument response. 



Fig. 2S. ATR/FT-IR of HL-41 

HL-42: 2100.4 cm-1 (-NCS stretch, N-bonded isomer, very strong); 
1721.0 cm-1 (C=O stretch of

 
-COOH) 
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Fig. 3S. ATR/FT-IR of HL-42 
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Fig. 4S. ESI mass spectrum of HL-41, [M - H]
-
; Theo. M/Z = 1041.13198, Found. M/Z

1041.13558, Error = 3.458ppm. 



Fig. 5S. ESI mass spectrum of HL-42, [M - H]
-
; Theo. M/Z = 1009.14215, Found. M/Z

1009.14578, Error = 3.299ppm. 
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Fig. 6S. CV graph of L-41 

Fig. 7S. CV graph of L-42
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Fig. 8S. CV graph of HL-41

Fig. 9S. CV graph of HL-41 
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ARTICLE

A Femtosecond Study of the Anomaly in Electron 

Injection for Dye-sensitized Solar Cells: Influence of 

isomerization employing Ru (II) sensitizers with 

anthracene and phenanthrene ancillary ligands 

Hammad Cheemaa, Robert Yountsb, Louis Ogbosec, Bhoj Gautamb, Kenan 

Gundogdub, Ahmed El-Shafeia* 

In this study, intriguing difference caused by structural isomerization based on anthracene and 

phenanthrene stilbazole type ancillary ligands in Ru (II) sensitizers for dye sensitized solar 

cells (DSCs) has been investigated using femtosecond transient absorption spectroscopy. Both 

anthracene and phenanthrene based sensitizers HD-7 and HD-8, respectively, resulted in 

similar extinction coefficient, photopysical and thermodynamic free energy of electron 

injection and dye regeneration as measured by UV-Vis, excited state life time and cyclic 

voltammetry. However, TiO2 adsorbed HD-7 resulted in up to 45% less photocurrent density 

than HD-8 although photovoltage was similar owing to comparable thermodynamic 

characteristics. It was obvious from the measurement of incident photon to current conversion 

efficiency (IPCE) that excited electrons in HD-7 are prone to internal energy loss before 

injection into TiO2 conduction band. Analysis of photo-induced spectral features measured by 

femtosecond transient absorption spectroscopy showed that excited electrons in HD-7 are 

prone to ISC (intersystem crossing) much more than HD-8 and those triplet electrons are not 

being injected in TiO2 efficiently. Interestingly, from impedance measurements, HD-7 showed 

higher recombination resistance than HD-8 and N719, but shorter lifetime for electrons 

injected in TiO2 conduction band. 

1. Introduction

Dye sensitized solar cells (DSCs) are photovoltaic cells that 

mimics the natural photosynthesis. In a DSC, the dye absorbs the

photons and converts those photons to electric charges, which are 

then extracted to the outer circuit through semiconductor TiO2,

whereas the mediator regenerates the oxidized dye. Sensitizer is the

pivotal component in terms of determining the spectral response,

color, photocurrent density, long term stability, and thickness of a 

DSC. Hence since the invention of DSC in the laboratory of Michael 

Gräetzel 19911, DSC in general and sensitizers for DSC in specific 

are the focus of academic research. 

Charge separation on the dye/TiO2 interface is arguably the most

critical step to ensure efficient translation of absorbed photons to 

photocurrent. The theory which is used to predict the rate of electron 

transfer between two chemical species was developed by Marcus in 

19602. The theoretical adaptation of Marcus theory for electron 

transfer from optically excited sensitizer to the conduction band of 

wide band metal semiconductor has been reviewed elsewhere3-5.

However, it is important to mention that the three components that 

govern the rate of electron injection are (i) electronic coupling

between electron donating orbital of sensitizer and electron 

accepting orbital of semiconductor, (ii) density of states (DOS) in

the conduction band of semiconductor and (iii) free energy 

difference between dye excited state and conduction band edge of 

the oxide3-5. Electron transfer at the dye/TiO2 interface is even

complex, considering the fundamental difference in the discrete

molecular state of sensitizer and a continuum of the delocalized bulk 

states in semiconductor.  

During the last decade, extensive studies to understand both 

efficiency and kinetics of electron injection have been carried out by 

pump-probe transient absorption 5-10 , time correlated single photon 

counting (TCSPC)9-13 and luminescence quenching methods14-16.
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Electron injection from excited sensitizer to TiO2 conduction band 

show two main components, ultrafast <100 fs time scale correlated 

to singlet (1MLCT) injection and slow component with hundreds of 

picoseconds5, 17, 18 attributed to triplet (3MLCT) injection. Pijpers et 

al5 have summarized meticulously the different electron injection, 

intramolecular relaxation and recombination pathways in their 

dynamic processes model for DSCs based on ultrafast pump-probe 

measurements.  

Femto-second pump probe and time correlated single photon 

counting (TCSPC) techniques were employed to study the anomaly

in photovoltaic and IPCE observed for structural isomers based Ru 

(II) sensitizers HD-7 and HD-8 as shown in Figure 1. Impedance 

spectroscopy was employed to study the interface properties which 

have direct correlation with photocurrent and photovoltage as found 

previously19, 20. Photovoltaic measurements of current-potential (I-V) 

curve and IPCE were carried out under AM 1.5 irradiance 

conditions. It was found that although HD-7 and HD-8 are

structurally not very different, both sensitizers when employed in 

DSC’s showed remarkably different I-V and IPCE owing to 

considerable difference in electron injection and dye/TiO2 interface 

properties.

2. Results and Discussion

2.1. Photopysical Measurements 

   For the synthesis of proposed sensitizers HD-7 and HD-8, the

corresponding antenna ligands were synthesized first by reaction of

relevant aromatic aldehydes and 4,4'-dimethyl-2,2'-bipyridyl in a

pressure tube in the presence of excess of chlorotrimethylsilane to 

produce the corresponding bis-stilbazole in Knoevenagel 

condensation type reaction 
9-13

. The synthetic procedures for the
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Fig 1.  Molecular structures of complexes HD-7 and HD-8. 

ligands and complexes can be found in SI (supplemental 

information). 

The proposed Ru (II) sensitizers were then synthesized in the 

typical one pot three steps synthetic scheme as given in ESI. The

yield of the crude products was in the range of 90-95%, which was

purified through Sephadex LH-20 column three times to give the 

highly pure product in 50% yield. The pure product was then

characterized by FT-IR, 1H-NMR, and high resolution mass 

spectrometry (-ESI). The chemical structures of HD-7 and HD-8 are 

depicted in Figure 1. 

The photon harvesting capability of Ru (II) sensitizers can be 

tuned by the functionalization of the bipyridyl ancillary ligands with 

extended conjugation or electron donating groups as found

previously13, 21-23. Ancillary ligands for HD-7 and HD-8 were named 

LH-7 and LH-8 and are shown in Scheme S1 (Supplementary

information). To characterize the photopysical properties of LH-7

and LH-8, absorption and emission were performed and the results 

are shown in Figure S1. Absorption λmax for LH-7 was 389nm 

compared to 346nm of LH-8. Apparently, absorption spectrum of 

LH-7 is better in terms of harvesting more visible photons. Emission

λmax was at 492nm for LH-7 compared to 425nm of LH-8 leading to 

Stokes shifts of 103nm and 79nm, respectively.  Thus, it can be 

concluded based on stokes shifts that comparatively more energy 

was lost from excited electrons (most likely by vibrational relaxation 

or intersystem crossing) before luminescence decay for LH-7 than

that of LH-8. 

A comparison among the UV-Vis absorption and emission spectra 

of HD-7, HD-8 and N719, measured in DMF using concentration of 

2 x10-5 M, is given in Figure 2 and the results are summarized in

Table 1. 
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Fig. 2. UV-Vis absorption (solid-line) and emission spectra (dashed-line) of complexes HD-7, HD-8 and N719 measured in DMF (2 x10-

5M). 

Table 1. Absorption and emission properties for HD-7, and HD-8 compared to N719 

Sensitizer Absorption 

max (nm)

 (M
-1

cm
-1

)
Emission, max (nm) 

HD-7 305,411,533 (d*)  44,150; 22,100; 17,200 721 

HD-8 300,365,537 (d*)  34,750; 21,000; 11,900 730 

N719 310,381,529(d*)  46 100; 14,400; 12,800 712 

In order to study the effect of extended conjugation on 

photocurrent density of sensitizers HD-7 and HD-8, time correlated 

single photon counting (TCSPC) method was employed. Figure S2 

(Supplementary information) shows the excited state decay behavior 

of the dyes. Emission decay lifetime for HD-7, HD-8 and N719 was

measured and found to be 31ns, 51ns, and 38ns respectively, as 

given in Table S1. The measured value of excited state lifetime for 

N719 in air saturated ethanol solution is 40ns24, which was 38ns as 

found in DMF for this study.   

2.2. Electrochemical Measurements 

The comparison between the ground state oxidation potential

(GSOP), excited state oxidation potential (ESOP), electron injection 

and dye regeneration free energy for HD-7, HD-8 and N-719 is 

shown in Figure 3 and the results are summarized in Table S2. The 

measurements of GSOP and ESOP by cyclic voltammetry are 

explained in supplementary information whereas E0-0 was calculated

from the onset of absorption spectra. The GSOP values of -5.46 eV, 

and -5.45 eV for HD-7, and HD-8, respectively confirmed that the 

HOMO of these dyes are below the I3
-/I- redox couple (-5.2 eV) 25,

and there is enough thermodynamic driving force for efficient dye  

regeneration.  Additionally, ESOP level of HD-7 and HD-8 were at -

3.6 eV and -3.54 eV, respectively, which lay above the conduction

band edge of nanocrystalline TiO2 (-4.2 eV)26. Thus owing to the

energetically favorable excited states, the efficient electron injection

into the CB edge of TiO2 and dye regeneration was achieved with 

sensitizers HD-7, and HD-8.  

Fig. 3. Energy level diagram and comparison between GSOP and 

ESOP of N719, HD-7, and HD-8.  
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2.3. Photovoltaic Device Characterizations

 The photovoltaic performance of complexes HD-7, and HD-8 on 

nanocrystalline TiO2 electrode was studied under standard AM 1.5 

irradiation (100 mW cm-2, one sun illumination). The TiO2 electrode

was prepared by using the method reported by Grätzel27 and details 

about the steps and the materials used is given in supplemental 

information. 

Fig. 4. Photocurrent action spectra (IPCE) obtained with dyes HD-7, 

HD-8, and N719 anchored on nanocrystalline TiO2 film. 

Fig. 5. Photocurrent-voltage characteristics of DSCs sensitized with 

the complexes HD-7, HD-8 and N719, coadsorbate DCA 20 mM and 

electrolyte (Solaronix, Iodolyte AN-50). 

Under similar conditions, HD-8 outperformed benchmark N719 

in terms of incident-photon to current conversion efficiency (IPCE) 

response in the wavelength range of 450-800nm as shown in Figure 

4. IPCE response as high up to 79% was achieved for HD-8

compared to 76% of N719. Better IPCE response by HD-8 can be 

attributed to extended conjugation by incorporation of stilbazole and 

phenanthrene in the ancillary ligand. In comparison, IPCE response 

by HD-7 was poor, though both HD-7 and HD-8 employ similar 

strategy for extension of conjugation.  In a similar Ru (II) sensitizer 

(MH11) 28 by employing pyrene instead of phenanthrene, El-Shafei 

et al attributed the higher IPCE and Jsc to the highly conjugated,

bulky and hydrophobic nature of the ancillary ligand. Similarly, 

phenanthrene and anthracenec-based ancillary ligands were expected 

to offer a barrier to recombination or potential loss of excited 

electrons by combining with oxidized dye or electrolyte. According 

to IPCE results, phenanthrene performs as anticipated whereas 

anthracene was far poor in photocurrent response than expected.

Similar results for I-V curve were obtained which are shown in 

Figure 5. 

Table 2 summarizes the photovoltaic parameters including the short-

circuit photocurrent density (Jsc), open-circuit voltage (Voc), fill 

factors (ff) and overall cell efficiencies (, %).  

Table 2. Photovoltaic characteristics of HD-7, HD-8 and N719 

Sensitizer Jsc(mA cm
-2

) Voc (V) FF  (%) 

HD-7 9.48 0.65 0.72 4.4 

HD-8 16.96 0.68 0.68 7.9 

N719 15.1 0.71 0.71 7.6 

Jsc, short-circuit photocurrent density; Voc, open-circuit 

photovoltage; FF, fill factor; , total power conversion efficiency. 

TiO2 active area 0.18cm-2

HD-8 outperformed other two sensitizers by resulting in Jsc of 

16.96 mA cm-2 and Voc of 0.68. Superior IPCE response of HD-8

translated into higher Jsc than HD-7 and N719. The overall η (%) for

HD-8 was 7.9 compared to 4.4 of HD-7 and 7.6 of N719 under 

similar conditions. The overall better photovoltaic parameters of 

HD-8 can be attributed to thermodynamically more favorable ground 

and excited state properties than N719. On the other hand, poor

IPCE response of HD-7 translated into low Jsc of 9.48 mA cm-2.

Though HD-7 have thermodynamically favorable redox properties, 

the poor performance in DSC can be attributed to the internal loss of

excited electrons either through recombination or  intersystem

crossing since Voc of HD-7 is not substantially lower than HD-8. In 

order to rationalize the excited electrons loss for HD-7, femtosecond

transient absorption and impedance measurements were performed.  

2.4. Electrochemical Impedance Spectroscopy Characterization 

Electrochemical Impedance Spectroscopy (EIS) is a powerful tool 

which gives the phase and magnitude of response as the fuction of

modulation in frequency of voltage. This then leads to analysis and 

measurement of appropriate transfer functions. In DSC, EIS can be

used effectively to  charectrize the interfacial charge transfer process 
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at TiO2/dye, pt/electrolyt and predict electron lifetime in TiO2 

conduction band19, 20, 29, 30. The combination of charge transfer

resistance and chemical capacitance give rise to a semicircle at the 

complex plan. The EIS Nyquist and Bode plots for the DSCs based 

on HD-7, HD-8 and N719 are shown in Figures 6 and 7. In EIS 

Nyquist plots, the electron recombination resistance was in the order 

HD-7>N719>HD-8. Although, the order of radius size for the

semicircle is usually consistent with  Voc obtained 19, 20, 20, 29, 30 from

devices,  however anomaly in HD-7 recombination resistace was 

observed. Similar anomaly in the form of higher recombination 

resistance was observed and reported previously for sensitizers13, 31 

which favor triplet state injection while anchored to TiO2.  

In Figure 7, the frequency response in the range of 0 to 2.5 

Log/Hz, is related to the electron lifetime in the CB of TiO2 (eTiO2). 

In essence, Bode plot compliments Nyquist plot and the sensitizer 

which offers the highest resistance at TiO2 surface for charge 

recombination with electrolyte shows the highest phase change peak

shifted towards lower frequency13, 20. In this case, the frequency (0-

2.5 Log/Hz) peak of the DSCs based on N719 and HD-8 was shifted 

to lower frequency relative to that of HD-7 indicating a shorter 

recombination lifetime for HD-7, thus resulting in lower Voc for HD-

7 compared to N719 and HD-8 as given in Table 2.  

Fig. 6. EIS Nyquist plots for DSCs sensitized with HD-7, HD-8, and

N719. 

Fig. 7. EIS Bode plots for DSCs sensitized with HD-7, HD-8, and 

N719. 

Anomaly in the form of higher recombination resistance observed

in the Nyquist plot of HD-7 and poor IPCE response shows that the 

excited electrons are in a state which either  hinders the charge 

separation (both on TiO2 surface and in recombination with

electrolyte) or the excited electrons are going through internal loss 

such as high yield of intersystem crossing. 

2.5. Femtosecond Transient Absorption Spectroscopy 

Measurements  

Femtosecond Transient Absorption Spectroscopy (TAS) was 

employed to investigate the early charge injection dynamics in HD-7

and HD-8 films and understand the underlying causes which result in 

such a drastic difference in short circuit current density (JSC).  TA 

spectra for HD-7 and HD-8 films with the addition of an iodide-

based electrolyte are shown in Figures 8(a) and 1(b), respectively.  

The spectra show negative ground state bleaching (GSB) features, 

which result from a decrease in absorption in the excited (pumped) 

dye, less than 620nm (> 2.0eV).  The spectra is dominated by a 

broad photo-induced absorption (PA) band, which results from 

increased absorption of the excited (pumped) dye, greater than

620nm (< 2.0eV).  This broad PA band is the convolution of two PA 

spectral features.  We attribute one PA feature to the absorption of 

the excited-state dye (dye*) at approximately 650 nm, and the other 

to the absorption of the oxidized-dye (dye+) at approximately 760 

nm, which is in agreement with previous studies on Ru(II) based 

DSCs6, 8, 12, 18, 32-35. The oxidized-dye is formed after charge injection 

occurs, and is therefore a probe of the ultrafast charge injection

dynamics in DSCs 6, 8, 12, 18, 32-35. It is important to note in (Figure 8) 

that in HD-7 film, after 500 ps, at 760 nm (dye+) there is a large 

increase in the PA signal while at 650 nm (dye*) the PA signal is 

unchanged.  In contrast,  after 500 ps, in the HD-8 film the PA band

at 760 nm (dye+) decreases slightly while the PA signal at 650 nm

(dye*) decreases significantly. Comparison of TA spectra for HD-7

and HD-8 at 1ps and 500ps in the presence of electrolyte is shown in

Figure 9. 

Figure. 8. Transient Absorption spectra for (a) HD-7 (b) HD-8 films 
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with the addition of the iodide-based electrolyte at 1 ps and 500 ps.

 Figure 9. Transient Absorption spectra comparison between HD-7

and HD-8 after (a) 1 ps (b) 500ps with the addition of the iodide-

based electrolyte. 

To understand the significant differences in the spectral evolution 

in HD-7 and HD-8, we compared the time evolution of the dye* and 

dye+ PA bands in films with and without the addition of the 

electrolyte as shown in Figure 10.  It has been shown previously 12  

that the electrolyte solution can shift the energy of the conduction 

band in TiO2 and as a result can affect the charge injection dynamics. 

It has also been shown previously9, 18, 36 in similar Ru(II) DSCs that 

the slow secondary rise of dye+ can be attributed to charge injection 

from the triplet MLCT states (3MLCT) and occurs over ns

timescales, similar to that of HD-7.  Thus addition of the electrolyte 

solution favors additional charge injection pathways to form. 

Therefore, on the addition of electrolyte solution to the HD-7 and 

HD-8 films, the dye+ TA signal increases due to the increase in 

injection from 3MLCT states.   

Figure. 10. Time evolution of the TA spectra of the oxidized-dye 

(dye+) at 760 nm for (a) HD-7 films with and without the electrolyte 

solution and (b) HD-8 films with and without the electrolyte

solution.  

However, HD-7 shows significantly larger TA signal related to

oxidized triplet state than HD-8 (Figure 10), which suggests that 

either HD-7 has a significantly larger proportion of initially filled 

3MLCT states or has higher ISC rate to triplet state than HD-8.  As a 

result, HD-7 has less singlet charge injection (1MLCT) and preferred 

slow triplet charge injection (3MLCT) for which free energy of

electron injection is lower. In contrast, the dominate charge injection

pathway for HD-8 is through singlet injection (1MLCT), which is

confirmed due to the presence of fast (<50ps) sharp decay in TA 

signal of HD-8 (Figure 10b), whereas no such fast sharp TA decay

component was observed for HD-7 (Figure 10a).  Since the 

difference in free energy is larger for singlet injection than triplet 

injection pathway, thus charge injection from the 1MLCT states are 

likely to contribute more to the current density of the device.  The

significantly larger proportion of singlet injection in HD-8 than HD-

7 correlates well with drastically large increase in short circuit

current density in HD-8 than HD-7. Further studies are underway to 

understand why HD-7 prefers ISC compared to HD-8 and either this 

only happens when HD-7 is anchored on TiO2 or HD-7 show similar 

behavior in solution. This will eventually help to understand and 

compare the ultrafast events on the interface and in solution as a 

function of isomerization.  

3.6. Time Correlated Single Photon Counting (TCSPC)

Measurements 

In TCSPC, emitted photons are counted and photon arrival time is

recorded, which represents the luminescence decay as the function of 

time 37, 38 which depends on the nature of the excited state. For 

DSCs, TCSPC method 9-13 can be employed to study the emission 

decay behavior of dyes anchored to TiO2, particularly in the presence

of electrolyte which retards the kinetic processes due to electrolyte 

induced shifts in the dye-TiO2 system3, 5, 12, 33, 39.

For this study, similar films as employed in femtosecond TAS

were used in the presence of electrolyte and the resulted decay 

curves are shown in Figure 11.     

Figure 11.  Excited state decay behaviors of HD-7, HD-8 and N719, 

smooth lines correspond to the fits of the experimental data after 

convolution with the instrument response. 
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Though the decay life time calculated from the fitting results was

close to the detector limit (>20ps), however it is obvious from the 

decay curves of Figure 11 that under similar measurement conditions 

and film preparation the signal intensity of decay curves for the same 

number of counts was much less for HD-7 compared to HD-8, 

showing the difference in excited state. This unambiguously 

concludes that in the presence of electrolyte, HD-7 favor raditionless 

loss of excited electrons as founded by femtosecond TAS. 

4. Conclusions

In summary, this study showcases the crucial findings related to

role of  triplet state and ultrafast singlet electron injection (sub

picosecond) for Ru(II) sensitizers in DSCs. HD-7 employing 

anthracene based ancillary ligand was found to be prone to ISC 

before singlet injection into TiO2 as found by femtosecond TAS. In 

femtosecond TAS, time evolution of the transient absorption signal

of the oxidized dye clearly shows dominant presence of triplet state 

oxidized form for HD-7 compared to HD-8. However, the observed 

dominant triplet state in TiO2  for HD-7 do not  translate to

photocurrent efficiently, due to lack of enough thermodynamic 

driving force for electron injection caused by low energy of triplet 

state whereas dominate charge injection pathway for HD-8 is 

through singlet injection (1MLCT) as found by femtosecond TAS. 

Impedance and TCSPC measurements comparison for employed 

sensitizers favors the conclusion of raditionless loss of excited 

electrons for HD-7 compared to HD-8. This raditionless loss of 

energy is most probably related to ISC for Ru (II) HD-7 sensitizer 

with anthracene ancillary ligand. The findings of this study support 

the dominant role of fast singlet injection for HD-8 compared to less

efficient slow triplet state injection of HD-7.  
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Raleigh, NC, 27695, USA. 
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27695, USA. 
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† Electronic Supplementary Information (ESI) available: Synthesis 

details, FT-IR, High-Resolution -ESI-MS, 1H-NMR and cyclic 

voltammetry graphs are given as Supporting Information. 

References  

1 B. O'Regan and M. Grätzel, Nature, 1991, 353, 737-740.  

2 R. A. Marcus, J. Chem. Phys., 1965, 43, 679-701.  

3 J. B. Asbury, E. Hao, Y. Wang, H. N. Ghosh and T. Lian, J Phys Chem 

B, 2001, 105, 4545-4557.  

4 N. A. Anderson and T. Lian, Coord. Chem. Rev., 2004, 248, 1231-

1246. 

5 J. J. H. Pijpers, R. Ulbricht, S. Derossi, J. N. H. Reek and M. Bonn, J. 

Phys. Chem. C, 2011, 115, 2578-2584.  

6 G. Benko, J. Kallioinen, J. Korppi-Tommola, A. P. Yartsev and V. 

Sundstram, J. Am. Chem. Soc., 2002, 124, 489-493.  

7 B. Wenger, M. Grätzel and J. Moser, J. Am. Chem. Soc., 2005, 127, 

12150-12151.  

8 Y. Tachibana, J. E. Moser, M. Grätzel, D. R. Klug and J. R. Durrant, J. 

Phys. Chem., 1996, 100, 20056-20062.  

9 H. Cheema, A. Islam, L. Han, B. Gautam, R. Younts, K. Gundogdu and 

A. El-Shafei, J. Mater. Chem. A, 2014, 2, 14228-14235. 

10 L. J. Antila, P. Myllyperkio, S. Mustalahti, H. Lehtivuori and J. 

Korppi-Tommola, J. Phys. Chem. C, 2014, 118, 7772-7780.  

11 S. E. Koops and J. R. Durrant, Inorg. Chim. Acta, 2008, 361, 663-670.  

12 S. A. Haque, E. Palomares, B. M. Cho, A. N. M. Green, N. Hirata, D. 

R. Klug and J. R. Durrant, J. Am. Chem. Soc., 2005, 127, 3456-3462.  

13 H. Cheema, A. Islam, L. Han and A. El-Shafei, ACS Appl. Mater. 

Interfaces, 2014, 6, 11617-11624. 

14 R. W. Fessenden and P. V. Kamat, J. Phys. Chem., 1995, 99, 12902-

12906.  

15 O. Bräm, F. Messina, A. M. El-Zohry, A. Cannizzo and M. Chergui, 

Chem. Phys., 2012, 393, 51-57.  

16 O. Bram, A. Cannizzo and M. Chergui, Phys. Chem. Chem. Phys., 

2012, 14, 7934-7937.  

17 B. Braggemann, J. A. Organero, T. Pascher, T. Pullerits and A. 

Yartsev, Phys. Rev. Lett., 2006, 97, 208301.  

18 A. Furube, Z. Wang, K. Sunahara, K. Hara, R. Katoh and M. Tachiya, 

J. Am. Chem. Soc., 2010, 132, 6614-6615.  

19 N. Koide, A. Islam, Y. Chiba and L. Han, J. Photochem. Photobiol. A., 

2006, 182, 296-305.  

20 A. El-Shafei, M. Hussain, A. Islam and L. Han, J. Mater. Chem. A, 

2013, 1, 13679-13686.  

21 D. Shi, N. Pootrakulchote, R. Li, J. Guo, Y. Wang, S. M. Zakeeruddin, 

M. Grätzel and P. Wang, J. Phys. Chem. C, 2008, 112, 17046-17050.  

22 N. Onozawa-Komatsuzaki, M. Yanagida, T. Funaki, K. Kasuga, K. 

Sayama and H. Sugihara, Inorganic Chemistry Communications, 2009, 

12, 1212-1215.  

23 A. El-Shafei, M. Hussain, A. Atiq, A. Islam and L. Han, J. Mater. 

Chem., 2012, 22, 24048-24056.  

24 M. K. Nazeeruddin, S. M. Zakeeruddin, R. Humphry-Baker, M. 

Jirousek, P. Liska, N. Vlachopoulos, V. Shklover, C. Fischer and M. 

Grätzel, Inorg. Chem., 1999, 38, 6298-6305.  

25 G. Oskam, B. V. Bergeron, G. J. Meyer and P. C. Searson, J Phys 

Chem B, 2001, 105, 6867-6873.  

26 A. Hagfeldt and M. Graetzel, Chem. Rev., 1995, 95, 49-68.  

27 S. Ito, T. N. Murakami, P. Comte, P. Liska, C. Grätzel, M. K. 

Nazeeruddin and M. Grätzel, Thin Solid Films, 2008, 516, 4613-4619.  

28 M. Hussain, A. El-Shafei, A. Islam and L. Han, Phys. Chem. Chem. 

Phys., 2013, 15, 8401-8408. 

29 M. Adachi, M. Sakamoto, J. Jiu, Y. Ogata and S. Isoda, J Phys Chem 

B, 2006, 110, 13872-13880.  

30 L. Han, N. Koide, Y. Chiba, A. Islam and T. Mitate, Comptes Rendus 

Chimie, 2006, 9, 645-651.  

31 H. Cheema, A. Islam, L. Han, B. Gautam, R. Younts, K. Gundogdu 

and A. El-Shafei, J. Mater. Chem. A, 2014, 2, 14228-14235. 

32 R. Katoh, A. Furube, M. Kasuya, N. Fuke, N. Koide and L. Han, J. 

Mater. Chem., 2007, 17, 3190-3196.  

161



Phys. Chem. Chem. Phys., 2014,

33 S. E. Koops, B. C. O’Regan, P. R. F. Barnes and J. R. Durrant, J. Am. 

Chem. Soc., 2009, 131, 4808-4818.  

34 J. Sobus, G. Burdzinski, J. Karolczak, J. Idigoras, J. A. Anta and M. 

Ziolek, Langmuir, 2014, 30, 2505-2512.  

35 J. Teuscher, J. Daccoppet, A. Punzi, S. M. Zakeeruddin, J. Moser and 

M. Grätzel, J. Phys. Chem. Lett., 2012, 3, 3786-3790.  

36 A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo and H. Pettersson, Chem. 

Rev., 2010, 110, 6595-6663.  

37 B. Valeur 1944-, Molecular Fluorescence : Principles and 

Applications, Wiley-VCH, Weinheim, 2002.  

38 J. R. Lakowicz, Principles of Fluorescence Spectroscopy, Springer, 

New York, 2006.  

39 Y. Tachibana, S. A. Haque, I. P. Mercer, J. E. Moser, D. R. Klug and 

J. R. Durrant, J Phys Chem B, 2001, 105, 7424-7431.  

162



Femtosecond Study of the Anomaly in Electron

Injection for Dye-sensitized Solar Cells: employing

Ru (II) sensitizers with anthracene and phenanthrene

in ancillary ligands 

Hammad Cheema
a
, Robert Younts

b
, Louis Ogbose

c
, Bhoj Gautam

b
, Kenan Gundogdu

b
, Ahmed

El-Shafei
a
*

 

a
Polymer and Color Chemistry Program, North Carolina State University, Raleigh, NC, 27695,

USA 

b
Physics Department, North Carolina State University, Raleigh, NC, 27695, USA 

c
Ahmadu Bello University, Zaria, Nigeria 

*Corresponding authors: Ahmed_El-Shafei@ncsu.edu

Supplemental Information

Phys. Chem. Chem. Phys., 2014,

163



1. Materials and Equipment

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. The mass 

spectrometry analysis was carried out on a high resolution mass spectrometer – the Thermo 

Fisher Scientific Exactive Plus MS, a benchtop full-scan OrbitrapTM mass spectrometer using 

Heated Electrospray Ionization (HESI). Samples were dissolved in methanol and sonicated for

15 minutes. They were then diluted 1:1 with 20mM ammonium acetate and analyzed via syringe 

injection into the mass spectrometer at a flow rate of 10 µL/min. The mass spectrometer was

operated in negative ion mode. FT-IR (ATR) spectra were recorded on a Nicolet Nexus 470 FT-

IR spectrometer (Thermo Scientific, USA) and UV-Visible spectra were measured by using Cary

300 spectrophotometer.  Fluorescence and emission decay were recorded at room temperature on 

a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc.). 
1
H-NMR spectra were recorded

using a Bruker 500 MHz or Varian 400MHz spectrometer. 

2. Chemical Synthesis

2.1. Synthesis of Ancillary Ligands 

General procedure for the synthesis of ligands is given in Scheme1 (Supplemental 

information).The antenna ligand LH-7 was synthesized under pressure in a glass tube containing 

4,4'-dimethyl-2,2'-bipyridine (0.7g, 3.6mmol), 9-anthracenecarbaldehyde (1.5g, 7.3mmol), 2.8ml

of chlorotrimethylsilane (22mmol), and a magnetic stirrer bar in 50ml  of anhydrous DMF 1, 2.

Once the tube was closed with the cap the reaction temperature was raised to 100 
o
C and allowed

to run for 48 hours with continuous stirring. During the course of the 48hours, the color of the 

reaction mixture changed to dark orange. At the end of the reaction, the pressure was released 

after cooling the tube and the solvent was removed using rotary evaporator, and the dark orange
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product was precipitated by the addition of water. Finally vacuum filtration was performed to 

furnish the antenna ligand which was thoroughly washed with water and hexane in sequence to

obtain LH-7. It was then dried for overnight at 50 
o
C to obtain 87% yield. LH-7 was used for

next step without further purification. LH-8 was synthesized following the same procedure. 

N

N

Ar7,8

Ar7,8

N N
+ H

O

Ar7,8

Ar7 = Ar8 =

LH-7 LH-8

Under Pressure, chlorotrimethylsilane

100oC, 48hrs, 50ml (DMF)

Scheme S1. Synthesis of Ligands LH-7 and LH-8 
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Figure S1.  Absorption (solid line) and emission (dotted line) comparison of LH-7 and LH-8

1
H-NMR, LH-7 (CDCl3-d): δ = 9.55 (s, 1H), 9.01 (t, J=1.0, 1H), 8.98 (t, J=1.0, 1H), 8.93 (s, 1H), 

8.90 (s, 1H), 8.85 (s, 1H), 8.79 (s, 1H), 8.72 (s, 2H), 8.57 (d, J=8.9, 1H), 8.47 (s, 1H), 8.39 (d,

J=8.8, 2H), 8.09 (s, 2H), 8.06 (s, 2H), 8.04 (s, 1H), 8.02 (s, 1H), 7.71 (s, 1H), 7.68 (s, 1H), 7.67 

(s, 1H), 7.57 (s, 1H), 7.55 (s, 2H), 7.54 (s, 1H), 7.51 (s, 1H), 7.49 (s, 1H). 

1
H-NMR, LH-8 (DMSO-d6): δ = 8.97 (s, 2H), 8.90 (s, 1H), 8.88 (s, 2H), 8.79 (d, J=5.4, 1H), 

8.72 (s, 1H), 8.68 (s, 1H), 8.52 (s, 2H), 8.38 (s, 1H), 8.35 (s, 1H), 8.15 (d, J=1.5, 1H), 8.13 (s, 

1H), 8.11 (s, 1H), 8.09 (s, 1H), 7.81 (s, 1H), 7.81 (s, 2H), 7.79 (s, 1H), 7.73 (s, 2H), 7.68 (s, 1H),

7.66 (s, 1H), 7.62 (s, 1H), 7.57 (s, 1H).

2.2. Synthesis of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid 

The 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid was synthesized according to published procedure 3. In a 

three neck round bottom flask  4,4’-Dimethyl-2,2’-bipyridine (3 g, 16.3 mmol) was gradually added  to a 

stirred solution of sodium dichromate (Na2Cr2O7) (10.9g, 36.5 mmol) in concentrated sulfuric acid 
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(H2SO4) (93%, 45 ml) and stirred for 30 min at 75°C. After 30 min, the dark green reaction mixture was 

poured into cold water forming a light yellow precipitate. The precipitate was then filtered under vacuum

and dissolved in 10 % aquous sodium hydroxide. The product was crystallized by slowly acidifying the 

solution with 10 % aquous hydrochloric acid at a pH of 2. The precipitation and acidification process was 

repeated three times to obtain white chromium free precipitates of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic 

acid (2.56g, 90%). 

2.3. Synthesis of HD-7 

A general procedure for the synthesis of dyes is shown in Scheme S2.The synthesis of HD-7 was

carried out in a one-pot three-step reaction procedure.  The reactions were carried out in a 150 ml reaction 

flask equipped with a condenser and magnetic stirrer bar under argon. The flask was charged with

anhydrous DMF, dichloro-(p-cymene)-Ruthenium (II) dimer (0.163g, 0.3mmol) and LH-7 (0.3g, 

0.5mmol). The reaction mixture was stirred at 90°C for 4h.  Then, 2,2’-bipyridyl-4,4’-dicarboxalic acid 

was added (0.13g, 0.5mmol) and the temperature was raised to 145°C and allowed to run for 5 hours, the 

color of reaction mixture changed from dark yellow to dark green in this step. After the 5 hours, excess of 

NH4NCS (0.35g) was added to the reaction mixture, and the reaction mixture was allowed to run for extra 

4h at 140°C. The reaction mixture was cooled down to room temperature and DMF was removed using a

rotary evaporator. Ice was added to the flask and the insoluble solid was vacuum filtered and washed with 

de-ionized water and diethyl ether. The black color solid product was dried overnight and 0.5g of crude 

product was collected.

After drying, HD-7 was dissolved in methanol with the addition of Tetrabutylammonium hydroxide

(TBAOH). HD-7 was run through the column containing Sephadex LH-20 for three times. The main band

was collected and acidified using 0.1M HCl to reduce the pH to 2.0 and allowed to precipitate for 48 

hours in the refrigerator, precipitate was filtered, washed with plenty of de-ionized water to bring pH to

neutral.  The pure dye was then dried overnight and collected (0.25g, 55%). The pure dye was then further 

analyzed by ATR/FT-IR, 1H NMR and high resolution mass spectrometry.  
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2.4 Synthesis of HD-8 

Similar synthetic route and purification procedure was used to synthesize HD-8 in 50 % yield of pure 

dye after running through Sephadex LH-20 column three times. 
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Scheme 2. Synthetic route for HD-7 and HD-8 

1
H-NMR, HD-7 (DMSO-d6):  δ = 9.44 (s, 1H), 9.35 – 9.29 (m, 1H), 9.26 (d, J=5.9, 1H), 9.06 (s, 

2H), 8.91 (td, J=16.4, 5.7, 3H), 8.71 – 8.65 (m, 3H), 8.62 (d, J=13.9, 1H), 8.53 (d, J=8.7, 2H), 

8.35 (dd, J=10.1, 4.8, 3H), 8.30 (d, J=5.9, 1H), 8.18 (dd, J=15.2, 8.3, 2H), 8.14 – 8.12 (m, 1H),

7.66 (d, J=2.6, 1H), 7.63 (s, 1H), 7.62 (s, 1H), 7.60 (s, 1H), 7.56 (d, J=2.0, 1H), 7.55 (s, 1H),
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7.54 (s, 1H), 7.53 (s, 1H), 7.52 (d, J=3.3, 1H), 7.39 – 7.27 (m, 2H), 7.15 – 7.07 (m, 1H), 7.03 (d,

J=16.1, 1H). FT-IR: 2100.5 cm
-1

 (-NCS stretch, N-bonded isomer, very strong); 1720.4 cm
-1

(C=O stretch of -COOH). ESI mass spectrum: [M - 1H]
 -1

; Theo. M/Z = 1021.12102, Found.

M/Z =1021.12492, Error = 3.822ppm. 

1
H-NMR, HD-8 (DMSO-d6):   δ 9.44 (s, 1H), 9.27 (d, J = 7.0 Hz, 1H), 9.22 (s, 1H), 9.17 (s, 1H), 

9.10 (d, J = 5.6 Hz, 1H), 9.07 (s, 1H), 9.03 (s, 1H), 8.91 (s, 4H), 8.86 – 8.84 (m, 2H), 8.71 (s,

1H), 8.44 (s, 1H), 8.40 (s, 1H), 8.25 (s, 1H), 8.15 (s, 1H), 7.86 – 7.82 (m, 4H), 7.73-7.60 (dd, J =

22.3, 15.6 Hz, 12H), 7.48 (s, 1H), 7.39 (s, 1H). 2103.3 cm
-1

. FT-IR: (-NCS stretch, N-bonded

isomer, very strong); 1719.5 cm
-1

 (C=O stretch of -COOH). ESI mass spectrum: [M - 1H]
 -1

;

Theo. M/Z = 1021.12102, Found. M/Z 1021.12464, Error = 3.547ppm. 

3. ANALYTICAL MEASUREMENTS

3.1. UV-Visible spectra 

UV-Visible spectra of HD-7 and HD-8 were measurement using a concentration of 2.0 X 10-5 mole in 

DMF (anhydrous).  The spectra were recorded at room temperature in a quartz cell (1.0 cm) on a Cary 3

Spectrophotometer.

3.2. Fluorescence Spectra 

Fluorescence spectra were recorded in a 1 cm path length quartz cell using 2 *10
-5

 M solutions

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

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

λmax for each dye with exit and entrance slits set at 11 nm at an integration time of 0.1sec.

In the case of lifetime measurements, time-correlated single photon counting method was

employed on solution of dyes in DMF by exciting the samples using a pulse laser (460nm,
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NanoLED) at a 1 MHz repetition rate with band pass of 15nm. The time of arrival of the photon

counting (TAC) range was adjusted to 200 ns in order to measure the emission decay lifetime 

(lowest excited state lifetime). Ludox was used as a scattering solution to measure the prompt for 

instrument response function. The lifetime decay spectra were then fitted with DAS (data 

analysis software) from Horiba Scientific. TCSPC studies on dye films were carried out using

the similar method with angle of 60
o
 to the pulse laser (460nm, NanoLED) of the solid sample

holder. 

All of the decay curves were fitted with 2-exponential showing the multiexponental decay behavior 

having fast (shorter lifetime) and slow (longer lifetime) components. However, the relative amplitude of 

the fast component (B1 in S1) for all of the dyes was too small and can be ignored. 

Figure S2. Excited state decay behavior of HD-7, HD-8, and N719 dissolved in DMF, smooth lines 

corresponds to the fits of the experimental data after convolution with the instrument response. 

Table S1. Excited state lifetime in DMF solution 
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Sample Name τ/ ns(T1) τ/ ns (T2) 

HD-7 

2 

(*B1=8) 

31 

(B2=92) 

HD-8 

5 

(B1=6 ) 

51 

(B2=94) 

N719 

0.1 

(B1=3 ) 

38 

(B2=97) 

HD-7, Purged with Ar 

3

(B1=44) 

25 

(B2=56) 

HD-8, Purged with Ar 

3 

(B1=42) 

30 

(B2=58) 

*B denotes the relative amplitude of each component

3.3. 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 

4cm-1. The complexes and intermediates were characterized using the same parameters. Figures 1S and

2S show the FT-IR of HD-7 and HD-8, respectively.
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Figure S3. ATR/FT-IR of HD-7 

HD-7: 2100.5 cm-1 (-NCS stretch, N-bonded isomer, very strong); 

1720.4 cm-1 (C=O stretch of -COOH). 

Figure S4.  ATR/FT-IR of HD-8 
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HD-8: 2103.3 cm
-1

 (-NCS stretch, N-bonded isomer, very strong); 1719.5 cm
-1

 (C=O stretch of -

COOH). 

3.4. High Resolution Mass spectrometry

Figure S5.  ESI mass spectrum of HD-7, [M - 1H] -1; Theo. M/Z = 1021.12102, Found. M/Z 1021.12492,

Error = 3.822ppm. 
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Error = 3.547ppm. 



3.5. Cyclic Voltammetry Results

Cyclic voltammetry (CV) was used to measure the ground state oxidation potential (GSOP) of

LH-7, LH-8, HD-7 and HD-8 in DMF with 0.1 M [TBA][PF6] and with a scan rate of 50 mV/s.

Glassy carbon was used as the working electrode (WE), Pt wire as counter electrode and

Ag/AgCl in acetonitrile was used as the reference electrode. Fc/Fc
+
 was used as internal standard

and converted to NHE by addition of 0.63 V. Figures S7 and S8 show the CV graphs of HD-7,

and HD-8, respectively. CV graphs were used to calculate the oxidation onset which is

equivalent to the GSOP (ground state oxidation potential) or HOMO level. The values of E0-0 and 

GSOP were used to calculate the ESOP (excited state oxidation potential) the values in volts (V)

against NHE were converted to electron volt (eV) according to Equation 14. 

ESOP = [(GSOP (V) +4.7) - E0-0 ] eV  Equation (1) 

 Figure S7. CV graph of HD-7 (-5.46eV) 
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 Figure S8. CV graph of HD-8 (-5.45eV) 

Table S2. ESOP, GSOP and E0-0 for ancillary ligands and sensitizers

Sensitizer Experimental  (eV) 

*E0-0
GSOP(HOMO) E* (ESOP) 

LH-7 2.81 -5.58 -2.77 

LH-8 3.06 -5.74 -2.66 

HD-7 1.86 -5.46 -3.6 

HD-8 1.91 -5.45 -3.54 

N719 1.99 -5.76 -3.77 


GSOP=ground state oxidation potential= EHOMO; *E0-0= calculated from the onset of absorption 

(DMF),  GSOP was measured in DMF with 0.1 M [TBA][PF6] and with a scan rate of 50 mV s-1. It was

calibrated with Fc/Fc+ as internal reference and converted to NHE by addition of 0.63 V. Excited-state 

oxidation potential, E*, was calculated from: E* = GSOP - *E0-0. Calculated GSOP, ESOP, and E0-0 of 

N719 was performed elsewhere 5. 

Ewe/V vs. Ag/Ag+ 

175



3.6. TiO2 Electrode Preparation 

The photo-anodes composed of nanocrystalline TiO2 and counter electrode were prepared 

using literature procedures 6. Fluorine‐doped tin oxide (FTO) coated glasses (2.2 mm thickness,

sheet resistance of 8 Ω/cm
2
, TEC, Pilkington) were washed with detergent, water, acetone and

ethanol, sequentially. After this FTO glass plates were immersed into a 40 mM aqueous TiCl4 

solution at 70 °C for 30 min and washed with water and ethanol. Thin layer of TiO2 (10-12μm) 

(Solaronix, Ti-Nanoxide D/SP) was deposited (active area, 0.18 cm
2
) on transparent conducting

glass by squeegee printing. After drying the electrodes at 120 °C for 6 min, scattering layer of 

larger TiO2 particles (5 μm thick) (Solaronix, Ti-Nanoxide R/SP) were printed. The TiO2 

electrodes were heated under an air flow at 350 °C for 10 min, followed by heating at 500 °C for 

30 min. After cooling to room temperature, the TiO2 electrodes were treated with 40 mM 

aqueous solution of TiCl4 at 70 °C for 30 min and then washed with water and ethanol. The

electrodes were heated again at 500 °C for 30 min and left to cool to 80 °C before dipping them

into the dye solution.  The dye solutions (0.3 mM) 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.

For preparing counter electrode pre-cut TCO glasses were washed with water H2O followed by

0.1M HCl in EtOH wash and sonication in acetone bath for 10min. These washed TCO were

then dried at 400 °C for 15min. Thin layer of Pt-paste (Solaronix, Platisol T/SP) on TCO was 

printed and the printed electrodes were then cured at 450 °C for 10 mints.
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The dye sensitized TiO2 electrodes were sandwiched with Pt counter electrodes and the

electrolyte (Solaronix, Iodolyte AN-50) was then injected into the cell, while the two electrodes 

were held together with the clips.

3.7. Fabrication of Dye-Sensitized Solar Cell. 

Photocurrent-voltage characteristics of DSCs were measured using a Keithley 2400 source

meter under illumination of AM 1.5 G solar light from solar simulator (SOL3A, Oriel) equipped 

with a 450 W xenon lamp (91160, Oriel). The incident light intensity was calibrated using a 

reference Si solar cell (Newport Oriel, 91150V) to set 1 Sun (100 mW/cm
2
). The measurement

was fully controlled under Oriel IV Test Station software.

3.8. Incident Photon to Current Efficiency (IPCE) Conversion 

IPCE (incident monochromatic photon to current conversion efficiency) experiments were 

carried out using a system (QEX10, PV Measurements, USA) equipped with a 75 W short arc 

xenon lamp (UXL-75XE, USHIO, Japan) as a light source connected to a monochrometer. 

Calibration of incident light was performed before measurements using a silicone photodiode 

(IF035, PV Measuremnts). All the measurements were carried out without the use of anti-

reflecting film.

3.9. Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectra were measured with an impedance analyzer in a 

potentiostat (Bio-Logic SP-150) under illumination using a solar simulator (SOL3A, Oriel)

equipped with a 450 W Xenon lamp (91160, Oriel).  EIS spectra were recorded over a frequency 

range of 100 mHz to 200 kHz at 298 K. The applied bias voltage and AC amplitude were set at

the Voc of the DSCs, and the AC amplitude was set at 10mV. The electrical impedance spectra 

were fitted using Z-Fit software (Bio-Logic). 
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3.10. Transient Absorption Spectroscopy 

For transient absorption experiments the samples were excited with 100 fs pulses tuned at 530

nm and evolution of the absorption at different time delays was measured by using a 300 fs 

white-light continuum pulses that span from 500 nm to 800 nm in the spectra. These 

measurements were carried in transmission mode. The dye films which were used for TAS and

TCSPC studies were prepared by first squeeze printing the transparent TiO2 nanoparticles (active 

area 0.18cm
2
) on clean glass slides followed by annealing at 500C for 30hr. These electrodes

were then dipped in dye solution (2*10
-4

M, solvent 1:1:1 acetonitrile, tert-butyl alcohol and

DMSO) facing up for two hours at room temperature without any additives in the dye solution. 

After two hours these electrodes were taken out of the dye solution, rinsed with ethanol, dried 

and sandwiched with microscope slides covering the active area. Electrolyte was later introduced 

between the two interfaces.

Figure S9. Time evolution of TA spectra of the excited-state dye (dye*) at 650 nm for (a) HD-7 film with 

and without the electrolyte solution and (b) HD-8 film with and without the electrolyte solution. 
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CHAPTER 6: Stable and Efficient Alternatives of Z-907 

Graphic abstract effective area of influence on TiO2 attachment HD-14, HD-15

and NCSU-10
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ABSTRACT 

Here we report two novel amphiphilic Ru (II) heteroleptic bipyridyl complexes HD-14 and HD-

15, compared to previously reported NCSU-10. We have combined the strong electron donor 

characteristics of carbazole and hydrophobic nature of long alkyl chains, C7, C18 and C2 

(NCSU-10), tethered to N-carbazole to study their influence on photocurrent, photovoltage and 

long term stability for dye-sensitized solar cells. Photon harvesting efficiency and electron 

donating characteristic of carbazole-based ancillary ligands were found to be unaffected by 

different alkyl chain lengths. However, slight drop in the Voc of HD-14 and HD-15 was observed 
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compared to that of NCSU-10. It was found by nanosecond flash photolysis transient absorption 

(TA) measurements that the faster the dye regeneration the higher the photocurrent density 

response will be and the dye regeneration time was found to be 2.6, 3.6, and 3.7 µs for HD-14, 

HD-15, and N719 dyes, respectively. The difference in the amplitude of transient absorption 

(TA) signal of the oxidized dye as measured by femtosecond TA studies is in excellent agreement 

with the photocurrent generated, which was in the following order HD-14>HD-15>N719. Under 

1000 h light soaking conditions, HD-15 maintained up to 98% (only 2% loss) of initial power 

conversion efficiency compared to 8% loss for HD-14 and 22% loss in power conversion 

efficiency for NCSU-10. HD-15 was strikingly stable to light soaking conditions when employed 

in the presence of ionic liquid electrolyte, which paves the way for wide spread applications of 

dye-sensitized solar cells with long term stability. The total power conversion efficiency (η%) 

was 9.27 for HD-14 and  9.17 for HD-15 compared to 8.92 of N719.

1. INTRODUCTION

It is unfortunate that until today, most of the current energy demands are met by fossil fuels. To 

realize the dream of low carbon society, and ensure the wide spread application of renewable 

energy sources such as solar energy, photovoltaic devices should be highly efficient, cheap and 

stable for longer time. Solar energy has been recognized as one of the cleanest, most reliable and 

abundantly available renewable energy sources on the planet Earth1. Compared to silicon-based 

single layer p-n junction photovoltaic, dye-sensitized solar cells (DSCs) are a promising 

candidate for alternative form of solar cells owning to their unique features of being flexible and 

efficient in year around conditions2-5. Since the breakthrough report by O'Regan and Grätzel6,

immense research has been carried out to better understand, and improve the fundamental 

science of this technology. As a result, DSCs with efficiency as high as 13 % (η) 7 was achieved 
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by Zn-porphyrin complex.  Additionally, perovskite-sensitized solid state dye solar cells have 

reached record high efficiency of 15.9% 8, and efficiencies of 17.9% 9 and 19.3% 10were reported 

recently. However, perovskite solar cells contain Pb and are far behind in long term stability 

compared to DSCs10. 

Owing to unique nature of DSC’s where electron injection, charge transport, and hole carrier is 

achieved by different components, achieving higher efficiency is dependent on the optimization 

of the components of the device including a dye (sensitizer), TiO2 and electrolyte. Sensitizer is 

one of the most critical components within a DSC; it determines not only the light harvesting 

efficiency, but also mediates the interaction between redox shuttle and TiO2 
11, 12

.  Thus the 

chemical nature of the sensitizer not only determines the operational efficiency of DSC but also 

sets the standards for long term stability as reported for Ru (II) sensitizers Z-90713 (Fig. 1), C-

10314 and C-10415. Z-907 showed strikingly good long term stability owing to long alkyl chains 

and polymer gel electrolyte as redox shuttle. Z-907 resulted in slightly less (6%) power 

conversion efficiency owing to lack of any electron donor groups. The lack in efficiency of Z-

907 was circumvented by the introduction of electron rich groups such as thiophene for C-103 

and C-104. Several groups have reported Ru (II) sensitizers based on carbazole such as CYC-

B6L and CYC-B6S16, JK-14217, CYC-B1318 (Fig. 1), which showed promising efficiency and 

long term stability. However, the carbazole-based bipyridyl ancillary ligands used were complex 

and synthesized using multistep synthetic routes.  
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Figure 1. Molecular structures of complexes Z-907, JK-142 and CYC-B13.

Recently, our group reported a much simple yet highly efficient sensitizer NCSU-10 19 based 

on carbazole bipyridyl ancillary ligand. The corresponding bipyridyl ancillary ligand was 

synthesized by one step Knoevenagel type condensation reaction19-22. Sensitizer employing that 

ancillary ligand was coded as NCSU-10 and is shown in Figure 2. Thus carbazole ancillary 

ligands and long alkyl chains are well known precursors for designing high efficiency Ru (II) 

sensitizers. However, there are no studies which have reported the effect of long alkyl chains 

tethered directly to the nitrogen of carbazole on the photophysical, photovoltaic and long term 

stability properties of Ru (II) sensitizers.

In this study, we have reported a systematic study of combining the strong electron donor 

characteristic of carbazole and charge recombination suppressing properties of different alkyl 

chain lengths and their effect on long term stability of DSC’s. The main objective was to design 

sensitizers which are simple to synthesize, highly efficient and show unprecedented long term 

stability.  Impedance spectroscopy was employed to investigate the photophysics and charges at 

the interface of the proposed sensitizers while anchored to TiO2.  Photovoltaic characterization 

(I-V curve and IPCE) were carried out on solar cells with and without TBP (tert-butylpyridine) 

and DCA (deoxycholic acid) as additives to determine the best working conditions for HD-14 

184



and HD-15. The decay of transient absorption (TA) signal in nanosecond laser flash photolysis 

experiment is correlated to dye regeneration, whereas dynamics of TA signal for oxidized dye in 

femtosecond TA studies is associated with electron injection dynamics. The strategy of tethering 

long alkyl chain to N-carbazole resulted in highly efficient sensitizers which outperformed the 

benchmark N719 in photocurrent density (Jsc), power conversion efficiency and long term 

stability. Comparison of the effect of different alkyl chain lengths of C7 (HD-14) and C18 (HD-

15) on photocurrent, photophysics, interface properties with TiO2 and long term stability was

carried out, and HD-15 was found to be strikingly stable to light soaking conditions when 

employed in presence of ionic liquid electrolyte. 

2. RESULTS AND DISCUSSION

For the synthesis of proposed sensitizers HD-14 and HD-15, the corresponding N-substituted

carbazoles were first synthesized according to procedure given in literature23. Then, the 

formylation reaction of respective N-substituted carbazole was carried out under Vilsmeier-Hack 

reaction conditions24, which resulted in 9-heptyl-9H-carbazole-3-carbaldehyde and 9-octadecyl-

9H-carbazole-3-carbaldehyde. The corresponding aromatic aldehydes and 4,4'-dimethyl-2,2'-

bipyridyl were reacted in a pressure tube in the presence of excess of chlorotrimethylsilane to 

produce the corresponding bis-stilbazole in Knoevenagel condensation type reaction20. The exact 

synthetic procedures for the ligands and complexes can be found in ESI. 

The proposed Ru (II) sensitizers were then synthesized in the typical one pot three steps 

synthetic scheme as given in ESI. The yield of the crude products was in the range of 90-95%,

which was purified through Sephadex LH-20 column for three times to get the highly pure 

product in 50-57% yield. The pure product was then characterized by 1H-NMR, and high 

resolution mass spectrometry (ESI-). The chemical structures of HD-14, HD-15, NCSU-10 and 
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N719 are depicted in Figure 2.
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Figure 2.Molecular structures of complexes HD-14, HD-15, NCSU-10 and N719.

2.1. Photophysical Measurements 

A comparison among the UV-Vis absorption and emission spectra of HD-14, HD-15 and 

N719, measured in DMF using concentration of 2 x10-5 M, is given in Figure 3 and the results 

are summarized in Table 1.

Figure 3. UV-Vis absorption (solid-lines) and emission spectra (dashed-lines) of complexes HD-

14, and HD-15, and N719 measured in DMF (2 x10-5M).
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Table 1. Absorption and emission properties for HD-14, and HD-15 compared to NCSU-10 and 
N719.

Sensitizer Absorption 

λλλλmax (nm)
εεεε (M

-1

cm
-1

) Emission, λλλλmax (nm) 

HD-14 304,400,539(d→→→→ππππ*) 60,150; 47,350; 19,450 731 

HD-15 306,398,539(d→→→→ππππ*) 67,000; 46,350; 23,950 750 
NCSU-10

* 304, 401,545 (d→→→→ππππ*) 57,550; 48,555; 20,650 758 
N719  310,381,529(d→→→→ππππ*) 46 100; 14,400; 12,800 744 

*NCSU-10 results were reported previously 19.

Intense MLCT absorption peaks were found for HD-14, and HD-15 at 539nm with extinction 

coefficient of 19,450 M-1cm-1, 23,950M-1cm-1, respectively, compared to N719 at 529nm (12,800 

M-1cm-1). The introduction of strong electron donating carbazole ancillary ligands resulted in 

higher molar extinction coefficient of HD-14 and HD-15 than that ofN719. Additionally, the λmax

of the low energy MLCT was also red shifted by up to 10nm as compared to N719. This effect 

can be attributed to the extended π-conjugation and stronger electron donating carbazole ligand,

which resulted in destabilization of the metal-based HOMO (t2g), and that translated into red 

shifted absorption spectra due to the decreased HOMO-LUMO gap for HD-14-15 compared to 

that of N719, as shown schematically in the energy level diagram of Figure 4. Additionally, 

incorporation of stronger ancillary ligands for HD-14 and HD-15 resulted in stronger emission 

than N719 as being previously reported for NCSU-10 and MH1119, 25. Hence, it is expected that 

under similar conditions and concentration, HD-14 and HD-15 are less prone to radiation-less 

energy losses through internal conversion and/or intersystem crossing compared to N719. 
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Figure 4. Energy level diagram and comparison between GSOP and ESOP of N719, HD-14,
HD-15 and NCSU-10. ∆G shows the free energy of dye regeneration and electron injection 

2.2. Electrochemical Measurements 

The ground state oxidation potential (GSOP) of HD-14, HD-15 and NCSU-10 were measured 

by cyclic voltammetry (CV) in solution and the results are summarized in Table 2. CV 

voltammograms were used to calculate the oxidation onset which is equivalent to the GSOP 

(ground state oxidation potential) or HOMO level of the dye. Additionally, E0-0 was calculated 

from the onset of absorption spectrum. The values of E0-0 and GSOP were used to calculate the 

ESOP (excited state oxidation potential), the values in volts (V) against NHE were converted to 

electron volt (eV) by the addition of 4.7 as give in Equation 2.

The difference in energy of ESOP to TiO2 CB has been rationalized as electron injection free 

energy and difference of GSOP from redox potential of I3
-/I- is the dye regeneration free energy. 

This interrelationship between the GSOP, ESOP, electron injection and dye regeneration for HD-

14, HD-15, NCSU-10 and N-719 is summarized in Figure 4. The GSOP values of -5.45 and -

5.48 eV for HD-14, and HD-15, respectively confirmed that the HOMO  level of these dyes are 

below the I3
-/I- redox couple (-5.2 eV) 26, and there is enough thermodynamic driving force for 
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efficient dye regeneration. Additionally, ESOP of HD-14, and HD-15 were at -3.57 and -3.65eV, 

respectively, which lay above the conduction band edge of nanocrystalline TiO2 (-4.2 eV) 27.

Hence, owing to energetically favorable excited states, the efficient electron injection into the 
CB edge of TiO2 and dye regeneration was achieved with sensitizers HD 14, and HD 15.  

Table 2. Excited state oxidation potential (Ru3+/2+), and the lowest electronic transitions (E0-0) for

HD-14, HD-15, NCSU-10 and N719.

Sensitizer Experimental  (eV) 
*E0-0

♥GSOP(HOMO) (CV) E* (Ru3+/2+) 
HD-14 1.88 -5.45 -3.57 
HD-15 1.83 -5.48 -3.65 
NCSU-10 1.88 -5.47 -3.59 
N719 1.99 -5.76 -3.77 

♥GSOP=ground state oxidation potential= EHOMO; *E0-0= calculated from the onset of 
absorption, ♥GSOP was measured in DMF with 0.1 M [TBA][PF6] and with a scan rate of 50 
mV s-1. It was calibrated with Fc/Fc+ as internal reference and converted to NHE by addition of 
0.63 V. Excited-state oxidation potential, E* (Ru3+/2+), was calculated from: E* (Ru3+/2+) = GSOP 
- *E0-0. Calculated GSOP, ESOP, and E0-0 of N719 was performed elsewhere 28. 

2.3. Photovoltaic Device Characterizations 

 The photovoltaic performance of complexes HD-14 and HD-15 on nanocrystalline TiO2 

electrode was studied under standard AM 1.5 irradiation (100 mW cm-2) one sun illumination 

using an electrolyte with the composition of 0.6 M dimethylpropyl-imidazolium iodide (DMPII), 

0.05 M I2, 0.1 M LiI in acetonitrile. Figure 5 shows the incident-photon-to-current conversion 

efficiency (IPCE) spectra for the cells fabricated with complexes HD-14, HD-15, NCSU-10 and 

N719, where the incident photon-to-current conversion efficiency (IPCE) values are plotted as a 

function of wavelength. NCSU-10 results were reported previously 19. 
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Figure 5. Photocurrent action spectra (IPCE) obtained with dyes HD-14, HD-15, and N719 
anchored on nanocrystalline TiO2 film (Electrolyte contains no TBP, DCA 20mM).

The strong photon harvesting features of carbazole ancillary ligand translated into impressive 

quantum efficiency for HD-14 and HD-15. Up to 80% of quantum efficiency was achieved in the 

plateau region. Higher molar extinction coefficient of HD-14 and HD-15 translated into superior 

IPCE compared to N719 both in the visible and NIR regions which resulted into higher 

photocurrent density as given in I-V curve of Figure 6.
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Figure 6. Photocurrent-voltage characteristics of DSCs sensitized with the complexes HD-14, 
HD-15 and N719 Electrolyte, 0.6 M DMPII, 0.1 M LiI, 0.05 I2 in acetonitrile (AN), with 
coadsorbate DCA 20mM only (dotted line), and DCA 20mM and TBP 0.5M (solid line).

The photovoltaic parameters including the short-circuit photocurrent density (Jsc), open-circuit 

voltage (Voc), fill factors (ff) and overall cell efficiencies (η) are summarized in Table 3. HD-14 

and HD-15 showed impressively higher photocurrent density compared to N719 due to extended 

conjugation, strong electron donating carbazole ancillary ligands, and thermodynamically more 

favorable ground and excited state properties. I-V results for NCSU-10 were reported previously 

where El-Shafei et al 19 recognized the carbazole-based ancillary ligand with ethyl group tethered 

to N-carbazole being highly efficient for DSC’s. By comparing the photocurrent of NCSU-10 

(C2), HD-14(C7) and HD-15 (C18), it can be seen that the presence of alkyl chains of different 

lengths does not considerably affect the photon harvesting efficiency of the carbazole-based 

ancillary ligands. However, a drop in the Voc of HD-14 and HD-15 compared to NCSU-10 was 

observed, which can be attributed to the repellent effect of the long alkyl chain between the 

HOMO of the dye and electrolyte, which could hinder the dye regeneration. Furthermore, no 
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improvement in the Voc for HD-14 and HD-15 was observed despite the large spacing between 

TiO2 and electrolyte created by the hydrophobic nature of long alkyl chains, nevertheless 

improvement in long term stability was anticipated. HD-14 (C7) and HD-15 (C18) showed 

similar Voc, which contradicts previous report of collapsed C18 29. 

In order to determine the best working conditions for HD-14 and HD-15, a systematic study 

was designed to study the effect of TBP (tert-butylpyridine) and DCA (deoxycholic acid). TBP is 

well known for its effect on suppressing the recombinations of injected electrons with I3
- in 

electrolyte. TBP causes a negative increase in the conduction band edge of TiO2, due to its 

basicity 30-32.  Similarly DCA as a coadsorber can be added to the dye solution upon dye 

adsorption to achieve TiO2 surface passivation in order to suppress the recombination reactions 

(dark current). Coadsorbers are believed to assist in favorable packing of the dye by covering the 

spaces between dye molecules. However, coadsorbers have been reported to decrease the dye 

loading up to 60% 33 which can significantly lower the photocurrent density.  

Table 3. Photovoltaic characteristics of HD-14, HD-15, NCSU-10 and N719.

Sensitizer DCA (mM)   TBP (M) Jsc(mA cm-2) Voc (V) FF η (%) 

HD-14 

0.0 0.0 20.62 0.586 0.663 8.02 
0.0 0.5 18.55 0.683 0.725 9.20 
20.0 0.0 20.66 0.579 0.629 7.51 
20.0 0.5 18.71 0.687 0.721 9.27 

HD-15 

0.0 0.0 20.88 0.557 0.625 7.27 
0.0 0.5 18.52 0.670 0.728 9.04 
20.0 0.0 20.07 0.563 0.641 7.24 
20.0 0.5 18.50 0.679 0.731 9.17 

NCSU-10
▲
 20.0 0.5 19.58 0.713 0.730 10.19 

N719 
20.0 0.0 17.07 0.648 0.695 7.70 
20.0 0.5 16.15 0.745 0.741 8.92 

aConditions: sealed cells;  photoelectrode, TiO2 (15 µm thickness and 0.25 cm2); electrolyte,
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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; η, total power 
conversion, all the results are the average of two cells. ▲NCSU-10 results were reported 
previously 19. 



The effect of TBP alone is more prominent on HD-15 as compared to HD-14, in decreasing Jsc.

Since LUMO of HD-15 is at -3.65eV19 compared to -3.57eV (more free energy) for HD-14 

(Figure 4), the drop in Jsc of HD-15 following addition of TBA, is due to the small electron 

injection free energy of HD-15 compared to that of HD-14. On the contrary, Jsc of HD-14 

increased by 0.04 mA/cm2 on the addition of DCA and that of HD-15 decreases by 0.81 mA/cm2. 

Similarly, the presence of both TBP (0.5M) and DCA (20mM) in dye solution during the 

adsorption onto TiO2, resulted in increase in the Voc from 0.586V to 0.687V for HD-14, with 

considerable increase in η% from 8.02 to 9.27. For HD-15, Voc increased from 0.557V to 0.679V, 

with increased η% from 7.27 to 9.17. Comparatively, greater change was observed in Jsc as 

compared to Voc in the presence of both TBP and DCA. For HD-14, it decreased from 20.62 

mA/cm2 to 18.71 mA/cm2 with total decrease of 1.91 mA/cm2.  Under similar conditions, the 

total decrease was 2.38 mA/cm2 for HD-15 from 20.88 mA/cm2 to 18.50 mA/cm2.  The reasons 

for this decrease are the same as discussed above.   

2.4. Electrochemical Impedance Spectroscopy Characterization 

EIS is a powerful tool for charectrizing the interfacial charge transfer process at 

TiO2/electrolyte and pt/electrolyte in DSCs. Combination of charge tranfer resistance and 

chemical capacitance give rise to a semi cirle at the complex plan. In a typical EIS experiment, 

the first semicircle at high frequecy corresponds to the cathode in a DSC, the middle semicircle 

corresponds to charge transfer resistance at the interface of dye/TiO2 combined with chemical 

capacitance of electrons in TiO2 (eTiO2), and the third semicircle corresponds to finite Warburg 

impedance element 34. In Nyquist plot (Figure 7), the middle frequecy semicirles were in the 

193



following order of increased charge recombinations resistance N719>NCSU-10>HD-14>HD-15,

which was in the order of the actual photovoltage obtained from the corresponding solar devices. 

Thus, the higher the charge recombinations resistance in Nyquist plot, the higher the 

photovoltage obtained from solar cells will be owing to slower charge recobination of electrons 

in TiO2 (eTiO2) and electron acceptors in electrolyte, resulting in higher eTiO2 lifetime35-37. 

In Figure 8, the frequency response in the range of 1-100 Hz indicates the recombination of 

eTiO2 with electrolyte as the function of eTiO2 lifetime. The injected electron lifetime in TiO2 

depends on the density of charge traps, which is ultimately related to Voc. In other words, the 

Bode plot results complement the Nyquist plot. The frequency peak of the DSCs in the range of 

1-100 Hz based on N719 and NCSU-10 was shifted to lower frequency relative to that of HD-14 

and HD-15 indicating a shorter recombination lifetime for the latter, thus resulting in lower Voc 

for HD-14 and HD-15 compared to N719 and NCSU-10, which correlates well with the actual 

Voc reported for the solar cells (Table 3). 

Z' (ohm)

Figure 7. EIS Nyquist plots for DSCs sensitized with HD-14, HD-15, N719 and NCSU-10.
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Figure 8. EIS Bode plots for DSCs sensitized with HD-14, HD-15, N719 and NCSU-10.

2.5. Long-term Stability Testing 

Prolonged exposure of solar cells to light is inevitable, thus in order for DSCs to be practically 

viable, long term stability to irradiation is a must have feature. Usually DSCs are declared to pass 

such a stability test if it retains up to 90% of its initial values after the test38-41.  The long term 

stability of a DSC greatly depends on the sensitizer, type of electrolyte and the sealing method. 

Over an extended period of time, several kinds of mechanisms can lead to degradation of solar 

cells, such mechanisms have been discussed in detail somewhere else 41-44.  According to 

Grätzel42, for a sensitizer to be stable for 20 years, it should be stable for one hundred million 

turnovers. Sensitizer Z-90713 is widely known for its long term stability owing to the 

incorporation of long hydrophobic alkyl chains.  

In long term stability test, guanidiniumthiocyanate was used instead of 4-terbutyl pyridine, 

since the latter has been identified to increase the rate of replacement reactions of NCS45, 46, 

whereas 3-methodxypropionitrile (MPN) has been found to be stable with N719 and Z-907 for

such long term stability tests as a solvent47.
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Figure 9. Evolutions of photovoltaic performance parameters for HD-14 (squares), HD-15 
(triangles), and NCSU-10 (circle) based DSCs during light soaking under AM 1.5 illumination 
(light intensity: 100 mW cm-2) over a period of 1000 h. A 420-nm cut-off filter was applied 
during illumination. Ionic-liquid electrolyte: 0.15 M I2 , 0.1 M GuSCN, 0.5 M MBI, and 1 M 
PMII in MPN at 25 oC. 

Long term stability test of HD-14, HD-15, and NCSU-10 based DSCs was carried out under 1 

sun light soaking condition with 420nm cut-off filter for 1000h and the normalized results are 
shown in Figure 9. A slight increase in Jsc and η of the devices was observed after one week,

which can be attributed 13 to self-assembly of long alkyl chains or more efficient dye regeneration

due to the penetration of the electrolyte. 
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The device based on HD-15 (C18) outperformed HD-14 (C7) and NCSU-10 (C2) in terms of 

photostability. HD-15 was extraordinarily stable in Jsc as it maintained up to 100% of its initial 

value, compared to 4-5% loss in Jsc for HD-14 and up to 20% loss in Jsc for NCSU-10. HD-15 

and HD-14 maintained Voc up to 98% of initial value with slightly more loss in Voc for NCSU-10.

Loss in FF was less than 3% for all the sensitizers. HD-15 maintained 98% of initial conversion 

efficiency value compared to 92% of HD-14and 78% of NCSU-10. Thus the long alkyl chains 

keep the sensitizer intact even after 1000h light soaking. We attribute the stabilizing effect of 

long alkyl chains to the formation of compact molecular monolayer on TiO2 surface which 

prevents desorption of the dye. Similarly this monolayer also prevents water and other impurities 

to influence the operation of DSC at TiO2 surface.

2.6. Nanosecond Laser Flash Photolysis and Femtosecond Transient Absorption 

Spectroscopy 

Nanosecond laser flash photolysis spectroscopy was employed to study the dye regeneration.

In this experiment, we studied the decay of transient absorption spectra for HD-14, HD-15 and 

N719 dye-sensitized TiO2 and the results are shown in Figure 10 (a) without electrolyte and 10 

(b) with electrolyte. In the absence of an electrolyte, the decay of the absorption signal reflects 

the dynamics of recombination of injected electrons with the oxidized dye. The decay profiles 

were fitted by a stretched exponential and the recombination time for injected electrons was 

found to be 9.1, 6.9, and 11.3 µs for HD-14, HD-15, and N719 dyes, respectively.
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In the presence of an electrolyte, the decay profile represents the dye regeneration through the 

oxidation of I−. The fitting of the decay profiles observed for the transient absorption signal in 

the presence of electrolyte resulted in regeneration time equal to 2.6, 3.6, and 3.7 µs for HD-14, 

HD-15, and N719 dyes, respectively.  



Figure 10. Transient decay profiles of HD-14, HD-15, and N719 while anchored to TiO2 (a) 
without electrolyte and (b) with electrolyte. 

 Kinetically, dye regeneration is faster than recombination of injected electrons with oxidized dye

(without electrolyte) if we ignore the effect of electrolyte on the recombination of injected
electrons to oxidized dye.  The rate for dye regeneration (HD- 14>HD-15>N719) was found to be

in the same order of photocurrent density generated from devices employing HD-14, HD-15 and

N719 as was reported previously48 for Ru (II) sensitizers.

To understand how the alkyl chain length on the carbazole ligand affects the charge injection,

femtosecond transient absorption spectroscopy (TAS) was performed on HD-14 and HD-15 and 

the results were compared with the benchmark dye N719 under similar experimental conditions.

TAS graphs for HD-14, HD-15 and N719 are shown in Figure 11-12. The spectra for all three 

dyes (Figure 11) show ground state bleaching (GSB) spectral features at wavelength less than 
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600 nm ( > 2 eV), which has increased transmission, as well as a photo-induced absorption (PIA) 

band greater than 600 nm, which has decreased transmission. The PIA band is responsive to the 

charge separation dynamics as it probes the oxidized dye (dye+), excited state dye (dye*), and the 

injected electrons in the conduction band of the TiO2 (eTiO2), as reported previously 49-56. 

Figure 11. Transient absorption spectra at τ = 1 ps of HD-14, HD-15, and N719 without the
addition of the electrolyte.

Figure 12, shows the transient absorption signal for HD-14 and HD-15 individually with delay

times of 0ps and 500 ps and it clearly shows the absorption features of GSB (<600nm) and PIA  

for dye* (660nm) and dye+  (760) similar to Figure 11. 

Figure 12. Transient absorption spectra at τ = 0 ps and τ = 500 ps of HD-14 (a) and HD-15 (b) 
with the electrolyte. 
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We compared the charge injection by monitoring the amplitude of the TA signal at 760 nm 

which corresponds to the absorption for oxidized dye (dye+) after excitation at 530 nm.  Figure 

13 shows the oxidized dye (dye+) dynamics of the three samples in the TiO2/dye/electrolyte DSC 

structure.  The dynamics of the three samples without the electrolyte are given in Figure S18. In 

Figure 13, the comparison of the kinetics at 760 nm between the three dyes clearly shows a 

difference in charge injection.  The dynamics in all three DSC structures exhibit a sharp, fast 

component (<1ps) due to singlet injection.  However, N719 shows a second slow rise component 

which can be attributed to triplet injection, whereas HD-15 remains flat after ~ 1ps and HD-14 

has a slight decay.  The dynamics at 760 nm became flat after 500 ps in all three DSCs.  We 

compared the amplitude of the TA signal after 1000 ps and found that HD-14 and HD-15 based 

DSCs have the signal ~1.71 and ~1.59 times higher than that of N719. On the other hand, 

photocurrent density obtained from cells (Table 3) for HD-14 and HD-15 is ~1.12 and ~1.10

times higher than that of N719.

Figure 13. Transient absorption dynamics of HD-14, HD-15, and N719 at 760 nm in the 
presence of the electrolyte.
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3. CONCLUSIONS

It can be concluded on the basis of this study that carbazole-based ancillary ligands has a great

potential to be employed with simple molecular design strategy based on different alkyl chain 

lengths to enhance the long term stability and photon harvesting efficiency of the sensitizers, 

which ultimately translates into higher molar extinction coefficient and overall greater 

photocurrent response of the solar device. Cyclic voltammetry results showed that the novel 

sensitizers HD-14 and HD-15 offer more thermodynamic free energy for electron injection into 

TiO2 as compared to N719. This fine tuning of optical and photophysical properties resulted in 

up to 20% higher photocurrent response for HD-14 and HD-15 compared to N719. Strategy of 

tethering long alkyl chains to N-carbazole resulted in solar-to-power conversion efficiency (η%) 

of 9.27 for HD-14 and 9.17 for HD-15 against 8.92 of N719 and enhanced long term stability, 

under similar conditions. HD-15 showed strikingly good long term light soaking stability and 

maintained up to 98% of initial value compared to 92% for HD-14 and 78% for NCSU-10. Thus,

it can be concluded that longer alkyl chains such as C18 in the case of HD-15 can be utilized 

efficiently without hampering the electron injection and dye regeneration as shown by femto-

second and laser flash photolysis spectroscopy. It was found from laser flash photolysis transient 

absorption spectroscopy experiments for dye regeneration that the dye regeneration for HD-15 

(3.6 Xs) is slower than that of HD-14 (2.6 Xs) likely due the spatial effect generated by C18 

chains between the dye and electrolyte. Thus slightly lower Voc of HD-15 compared to that of 

HD-14 can be rationalized on the basis of slower dye regeneration and shorter eTiO2 as found by 

impedance measurements. This work clearly shows the benefit of having long alkyl chains in 

heteroleptic Ru (II) sensitizer on strong electron donor carbazole groups in terms of long term 

stability, paving the way for wide spread application of highly efficient and durable DSCs.
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Synthesis details, FT-IR, High-Resolution ESI-MS, 1HNMR and cyclic voltammetry graphs 

are given as Supporting Information.  
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Materials and Equipment 

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. The mass 

spectrometry Analysis was carried out on a high resolution mass spectrometer – the Thermo 

Fisher Scientific Exactive Plus MS, a benchtop full-scan OrbitrapTM mass spectrometer using 

Heated Electrospray Ionization (HESI). Samples were dissolved in methanol and sonicated for 

15 minutes. They were then diluted 1:1 with 20mM ammonium acetate and analyzed via syringe 

injection into the mass spectrometer at a flow rate of 10 µL/min. The mass spectrometer was 

operated in negative ion mode. FT-IR (ATR) spectra were recorded on a Nicolet Nexus 470 FT-

IR spectrometer (Thermo Scientific, USA) and UV-Visible spectra were measured by using Cary 

300 spectrophotometer. Fluorescence and emission decay were recorded at room temperature on 

a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc.). 1H-NMR spectra were recorded in 

a Bruker 500 MHz or Varian 400MHz spectrometer. 

1. Synthesis of ligands

1.1. Synthesis of 4, 4-bis((E)-2-(9-heptyl-9Hcarbazol-3-yl)vinyl)-2,2-bipyridine (LH-14) 

Before the synthesis of LH-14, 9-heptyl-9H-carbazole and 9-heptyl-9H-carbazole-3-

carbaldehyde was synthesized by following the previously reported procedures 1, 2.  General 

procedure for the synthesis of ligands is given in Scheme1.The antenna ligand LH-14 was 

synthesized under pressure in a glass tube containing 4,4'-dimethyl-2,2'-bipyridine (0.92g, 

5mmol), 9-heptyl-9H-carbazole-3-carbaldehyde (2.93g, 10mmol), 3.8ml of 

chlorotrimethylsilane (30mmol), and a magnetic stirrer bar in 50ml  of anhydrous DMF 3, 4.

Once the tube was closed with the cap the reaction temperature was raised to 100 oC and 

allowed to run for 48 hours with continuous stirring. During the course of the 48hours, the 
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color of the reaction mixture changed to dark orange. At the end of the reaction, the pressure 

was released after cooling the tube and the solvent was removed using rotary evaporator, and 

the dark orange product was precipitated by the addition of water. Finally vacuum filtration 

was performed to furnish the antenna ligand which was thoroughly washed with water and 

toluene in sequence to obtain LH-14. It was then dried for overnight at 50 oC to obtain 82% 

yield. LH-14 was used for next step without further purification. 

1.2. Synthesis of 4,4-bis((E)-2-(9-octadecyl-9H-carbazol-3-yl)vinyl)-2,2-bipyridine (LH-15)  

Similar procedure was used to synthesize LH-15 in 80% yield as used for LH-14, except in the 

pressure tube reaction chlorotrimethylsilane was used in excess along with at 130C instead of 

100C for 48hrs. 

N

N

Ar14,15

Ar14,15

N N
+ H

O

Ar14,15

Ar14 =

N

Ar15 =

LH-14
LH-15

Under Pressure, chlorotrimethylsilane

100-130C, 48hrs, 50-70ml (DMF)

N

C18H37

Scheme S1 Synthesis of Ligands LH-14 and LH-15 

1.3. Synthesis of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid 

The 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid was synthesized according to published procedure 

In a three neck round bottom flask  4,4’-Dimethyl-2,2’-bipyridine (3 g, 16.3 mmol) was
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concentrated sulfuric acid (H2SO4) (93%, 45 ml) and stirred for 30 min at 75°C. After 30 min, 

the dark green reaction mixture was poured into cold water forming a light yellow precipitate. 

The precipitate was then filtered under vacuum and dissolved in 10 % aquous sodium hydroxide. 

The product was crystallized by slowly acidifying the solution with 10 % aquous hydrochloric 

acid at a pH of 2. The precipitation and acidification process was repeated three times to obtain 

the white chromium free precipitates of 2, 2’-Bipyridinyl-4, 4’-dicarboxylic acid (2.56g, 90%).

1.4. Synthesis of HD-14 

A general procedure for the synthesis of dyes is shown in Shceme 2.The synthesis of HD-14 was 

carried out in a one-pot three-step reaction procedure.  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, dichloro-(p-cymene)-Ruthenium (II) dimer (0.15g, 0.2mmol) and 

LH-14 (0.35g, 0.4mmol). The reaction mixture was stirred at 90°C for 4h.  Then, 2,2’-bipyridyl-

4,4’-dicarboxalic acid was added (0.1g, 0.4mmol) and the temperature was raised to 140°C and 

allowed to run for 5 hours, the color of reaction mixture changed from dark yellow to dark green 

in this step. After the 5 hours, excess of NH4NCS (0.3g) was added to the reaction mixture, and 

the reaction mixture was allowed to run for extra 4h at 140°C. The reaction mixture was cooled 

down to room temperature and DMF was removed using a rotary evaporator. Ice was added to 

the flask and the insoluble solid was vacuum filtered and washed with de-ionized water and 

diethyl ether. The black color solid product was dried overnight and 0.5g (88%) of crude product 

was collected.  

After drying, HD-14 was dissolved in methanol with the addition of Tetrabutylammonium 

hydroxide (TBAOH). HD-14 was run through the column containing Sephadex LH-20 for three 

times. The main band was collected and acidified using 0.1M HCl to reduce the pH to 2.0 and 
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allowed to precipitate for 48 hours in the refrigerator, precipitate was filtered, washed with 

plenty of de-ionized water to bring pH to neutral.  The pure dye was then dried overnight and 

collected (0.25g, 45%). The pure dye was then further analyzed by ATR/FT-IR, 1H NMR and 

high resolution mass spectrometry.  HD-14 was characterized by ESI high resolution MS and 

1HNMR, which is given in coming sections. 

1.5. Synthesis of HD-15 

Similar synthetic route and purification procedure was used to synthesize HD-15 in 40 % yield 

of pure dye after running through Sephadex LH-20 column three times. HD-15 was characterized 

by 1HNMR, which is given in coming sections.
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N

Ar15 =

LH-14
LH-15

N

C18H37
or HD-15

Scheme S2. Synthetic route for HD-14 and HD-15 

2. ANALYTICAL MEASUREMENTS

2.1. UV-Visible spectra 

UV-Visible spectra of HD-14 and HD-15 were measurement using a concentration of 2.0 X 10-5 

mole in DMF (anhydrous).  The spectra were recorded at room temperature in a quartz cell (1.0 

cm) on a Cary 3 Spectrophotometer.
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2.2. 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 4cm-1. The complexes and intermediates were characterized 

using the same parameters. Figures S1 to S8 show the FT-IR of starting material, ligands and 

dyes in pure form, respectively. 

Figure S1. ATR/FT-IR of 9-heptyl-9H-carbazole
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Figure S2. ATR/FT-IR of
9-heptyl-9H-carbazole-3-carbaldehyde

Figure S3. ATR/FT-IR of
4,4-bis((E)-2-(9-heptyl-9Hcarbazol-3-yl)vinyl)-2,2-bipyridine (LH- 14)
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Figure S4. ATR/FT-IR of 9-octadecyl
-9H-carbazole

Figure S5. ATR/FT-IR of 9- 
octadecyl-9H-carbazole-3-carbaldehyde
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Figure S6. ATR/FT-IR of

4,4-bis((E)-2-(9-octadecyl-9H-carbazol-3-yl)vinyl)-2,2-bipyridine (LH-15)

HD-14: 2101.3 cm-1 (-NCS stretch, N-bonded isomer, very strong); 

1719.9 cm-1 (C=O stretch of -COOH); 2928.3 cm-1 (C-H stretch of alkyl chain).

HD-15: 2101.1 cm-1 (-NCS stretch, N-bonded isomer, very strong); 

1720.1 cm-1 (C=O stretch of -COOH); 2923.7 cm-1 (C-H stretch of alkyl chain, stronger than for 

HD-14).
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Figure S7. ATR/FT-IR of
HD-14

Figure S8. ATR/FT-IR of
HD-15
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Figure S9. ESI mass spectrum of LH-14, Theo. M/Z = 735.44347[M+H]+, Found. M/Z= 

735.44314[M+H]+, Error = 1.37919 ppm.

Figure S10.  ESI mass spectrum of LH-15, Theo. M/Z = 1043.78643[M+H]+, Found. M/Z = 

1043.78649 [M+H]+, Error = 0.0596 ppm.
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 Figure S11. ESI mass spectrum of HD-14, Mass 1196.338600; [M - 1H] -1; Theo. M/Z = 

1195.33062, Found. M/Z 1195.33400, Error = 2.83 ppm.

Figure S12. ESI mass spectrum of HD-15, Mass 1503.0196; Found [M – 2(C18H37) + 

NH4COOCH3-H]-1. 
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2.4. 
1
H-NMR spectroscopy

1H-NMR spectra were recorded in DMSO at room temperature using a Varian 400 MHz for 

ligands and Bruker 700MHz spectrometer for dyes. 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. 

1
H-NMR, LH-14, (400 MHz, Chloroform-d) δ 9.06 (s, 1H), 8.73 (d, J = 9.0 Hz, 1H), 8.12 (s,

2H), 8.03 (s, 2H), 7.83 – 7.72 (m, 4H), 7.60 (s, 2H), 7.52 – 7.37 (m, 6H), 7.33 (s, 4H), 7.22 (d, J 

= 17.2, 2H), 4.35 (s, 4H), 2.64 (s, 2H), 1.88 (q, J = 7.5, 6.8 Hz, 4H), 1.36 (s, 4H), 1.25 (s, 10H), 

0.86 (t, J = 5.6 Hz, 6H).

1
H-NMR, HD-14 , (700 MHz, DMSO-d6) δ = δ 9.46 (s, 1H), 9.24 (s, 1H), 8.97 (s, 1H), 8.9 (s, 

1H), 8.85-8.75 (s, 2H), 8.63 (d, J = 16.4 Hz, 1H), 8.5 (s, 1H), 8.45 (s, 1H), 8.20 (d, J=26.5, 7.2,

1H), 7.99 – 7.89 (m, 4H), 7.77 (dt, J=16.2, 8.5, 4H), 7.72 – 7.45 (m, 10H), 7.44 – 7.21 (m, 2H), 

4.44 (dd, J=32.7, 8.6, 4H), 3.00 (s, 1H), 2.60 (d, J=3.8, 1H), 2.52 (s, 1H), 2.40 (s, 1H) 1.85 – 

1.76 (m, 4H), 1.26 – 1.15 (m, 12H), 0.82 (dtd, J=19.5, 7.1, 4.2, 6H). 

1
H-NMR, LH-15, (400 MHz, Chloroform-d) δ = 8.97 (d, J=34.1, 1H), 8.74 (d, J=5.7, 2H), 8.39 

(d, J=11.4, 1H), 8.27 – 7.95 (m, 4H), 7.76 (d, J=17.0, 2H), 7.49 (s, 14H), 4.47 – 4.18 (m, 4H), 

2.78 (s, 2H), 1.90 (s, 2H), 1.27 (d, J=16.6, 60H), 0.88 (t, J=8.0, 6H).

H-NMR, HD-15 (700 MHz, DMSO-d6) δ = 9.45 (s, 1H), 9.13 (d, J=5.8, 1H), 9.08 (d, J=5.6, 

2H), 8.98 (d, J=1.8, 1H), 8.92 (s, 1H), 8.83 (d, J=10.1, 1H), 8.65 (s, 1H), 8.56 (d, J=1.6, 1H), 

8.44 (d, J=1.6, 1H), 8.36 – 8.28 (m, 1H), 8.23 (d, J=7.6, 1H), 8.20 – 8.13 (m, 1H), 8.11 – 8.04 

(m, 1H), 7.96 – 7.88 (m, 2H), 7.88 – 7.84 (m, 1H), 7.80 – 7.71 (m, 2H), 7.65 (ddd, J=10.7, 7.8, 

3.0, 3H), 7.62 (d, J=8.2, 1H), 7.57 – 7.45 (m, 2H), 7.39 (d, J=6.0, 1H), 7.34 (d, J=5.8, 1H), 7.31 – 
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7.22 (m, 2H), 7.10 (d, J=5.8, 1H), 4.42 (t, J=7.3, 4H), 2.74 (s, 1H), 2.46 (s, 1H), 1.79 (t, J=6.8, 

4H), 1.19 (t, J=19.8, 60H), 0.84 (d, J=2.1, 1H), 0.83 (d, J=2.2, 2H), 0.81 (d, J=2.2, 1H). 

2.5. Cyclic Voltammetry Results  

The experimental HOMO and E0-0 energy values for HD-14 and HD-15 were measured by 

cyclic voltammetry and the experimental absorption/emission point of overlap, respectively. The 

onset of oxidation were measured in DMF with 0.1 M [TBA][PF6] and with a scan rate of 50 

mV/s. Glassy carbon was used as the working electrode (WE), Pt wire as counter electrode and 

Ag/AgCl in acetonitrile was used as the reference electrode. It was calibrated with Fc/Fc+ as an 

internal standard and converted to NHE by addition of 0.63 V. Figures 13S and 14S show the 

HOMO energies of HD-14, and HD-15, respectively. 

Figure 13S. CV graph of HD- 14 (-5.45eV)
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Figure 14S. CV graph of HD-15 (-5.5eV) 

2.6. Time Correlated Single Photon Counting (TCSPC) Measurements

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

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

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

λmax for each dye with exit and entrance slits set at 11 nm at an integration time of 0.1sec.  

In the case of lifetime measurements, time-correlated single photon counting method was 

employed on solution of dyes in DMF by exciting the samples using a pulse laser (460nm, 

NanoLED) at a 1 MHz repetition rate with band pass of 15nm. The time of arrival of the photon 

counting (TAC) range was adjusted to 200 ns in order to measure the emission decay lifetime 

(lowest excited state lifetime). The lifetime decay spectra were then fitted with DAS (data 

analysis software) from Horiba Scientific.  
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A double-layer TiO2 photoelectrode (10+5) Vm in thickness with a 10 Vm thick nanoporous 

layer and a 5 Vm thick scattering layer (area: 0.25 cm2) were prepared using a reported method 6. 

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 7. 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. 

3.2. 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 Vm 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 0.5 M TBP in acetonitrile.
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3.3. 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 1, 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 8. 

�����λ� = 1240 � ��
�λ��

� Equation (1) 

The incident photon-to-current conversion efficiency was plotted as a function of wavelength. 

3.4. Electrochemical Impedance Spectroscopy (EIS)

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). 

223



5igure 15S. Photocurrent action spectra (IPCE) obtained with (a) HD-14 and (b) HD-15, anchored on
nanocrystalline TiO2 film with additive TBP and coadsorbate DCA (20mM).

Figure 16S. Photocurrent-voltage characteristics of DSSCs sensitized with the complexes (a) 
HD-14 and

 

(b) HD-15 Electrolyte, 0.6 M DMPII, 0.1 M LiI, 0.05 I2 in acetonitrile (AN), 
with additive TBP and

 

coadsorbate DCA (20mM).
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3.7. Long Term Stability Test

A close system as shown in Figure S17 was used for the long term stability test for 1000hrs

under light soaking with AM 1.5 illumination (light intensity: 100 mW cm-2). A 420-nm cut-off 

filter was applied during illumination. Ionic-liquid electrolyte 0.15 M I2 , 0.1 M GuSCN, 0.5 M 

MBI, and 1 M PMII in MPN at 25 oC. during light illumination was employed. The actual 

temperature inside the cell was around 45-50 oC due to heat generated from irradiation.  

Figure S17. Closed system used for doing long term stability test 

3.8. Transient absorption Laser Flash photolysis experiment spectroscopy

The transient absorption spectroscopy study was carried out using an Edinburgh Instrument

nanosecond laser flash photolysis spectrometer (LP920). The LP920 was associated with a 

Continuum Nd-YAG laser (Surelite; 10 Hz repetition rate; FWHM 5 ns) through a Surelite 

optical parametric oscillator. The beam was expanded by a planoconcave lens in order to 

irradiate the sample at a large cross section (more than 1 cm2).  The samples were oriented at 45 

angle to both excitation and probe beams. Transparent mesoporous TiO2 samples (thicknesses 6-
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12 µm) coated on glass substrates were dyed by adsorption of the HD-14-HD-15 complexes for 

15 min as well as for comparison by N719 dye (overnight).  Two drops of LiI/I2 electrolyte were 

sandwiched between the samples and a thin microscope cover glass (where necessary). A low-

intensity laser beam (≤ 6 mJ cm-2) was used for the flash photolysis. The dye was excited at 500 

nm and transient absorption spectrum was recorded at probe light wavelength of 560 nm where 

bleaching of excited-state dye occurs. Signal-to-noise ratio was improved via 100 laser shots. 

3.9. Femtosecond Transient Absorption Spectroscopy 

For transient absorption experiments the samples were excited with 100 fs pulses tuned at 530 

nm and evolution of the absorption at different time delays was measured by using a 300 fs 

white-light continuum pulses that span from 500 nm to 800 nm in the spectra. These 

measurements were carried in transmission mode. The DSC which were used for these studies 

were prepared by first squeeze printing the transparent TiO2 nanoparticles (active area 0.49cm2) 

on clean glass slides followed by annealing at 450C for 1hr. These electrodes were then dipped 

in dye solution (2*10-4M) facing up for two hours at room temperature. After two hours these 

electrodes were taken out of the dye solution and sandwiched with microscope slides covering 

the active area. Electrolyte was later introduced between the two interfaces.  
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Figure S18. Transient absorption dynamics of HD-14, HD-15, and N719 at 760 nm without the 
addition of the electrolyte.
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Abstract 

In this study, three boron dipyrromethenes (BODIPY) dyes with extended conjugation and 

electron donating carbazole groups with different alkyl chain lengths (C2, C7 and C18) 

tethered to N-carbazole were synthesized and characterized for dye-sensitized solar cells. The

goal was to study the effect of electron donor moities anddifferent alkyl chain lengths on dye 

aggregation at TiO2 surface. The proposed molecular strategy resulted in BODIPY dyes which 

showed interesting electronic absorption and fluorescence properties. It was observed that 

intramolecular energy transfer decreases with the increase in alkyl chain length possibly due

to induced changes in molecular geometry caused by long alkyl chains. Additionally, interface 

analysis by impedance spectroscopy in comparison to N719 sensitized TiO2 solar cell 

impedance showed significant charge transport related losses (Nyquist plot) most likely due to

impedance resulted from aggregated BODIPY dye on TiO2 surface. 

Keywords: Dye-sensitized solar cells, BODIPY dyes, solar-to-electric conversion, impedance

spectroscopy. 
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Introduction 

BODIPY dyes or boron dipyrromethene are also known as “little sister of porphyrins” [1,2].

These chormophores have enjoyed huge scientific interest over the last two decades due to 

versatile features pertaining to ease of tuning photopysical and optical features, thermal and

photochemical stability, high fluorescence quantum yields, minimum triplet state formation,

high intensity and broad absorption profiles, chemical robustness and good solubility [1,2].

Owing to these unique features, BODIPY dyes are among the most popular class of functional 

dyes which find applications in solar energy conversion[3-5], chemical sensing [6,7],

photodynamic therapy [8] and fluorescence marking [9,10]etc. As the result of immense 

scientific interest, elegant reviews have appeared during the last decade meticulously

summarizing the chemical nature [1,2], energy related applications and photopysical studies

[11], fluorescent probes [9,10], hydrogen networks and metamacrocycles [12], and metal 

complexes [13-15] etc. of BODIPY dyes.

Substantial efforts [3-5,16-18] have been devoted to develop efficient BODIPY based

sensitizers for dye sensitized solar cells in order to harvest NIR photons. However, the 

reported conversion efficiencies for sensitizer anchored to TiO2 were less than 2% [4,5,16-18] 

even though the UV-Vis absorption properties were impressive. Then in 2011, device

optimization carried out by Grätzel group[18] employing distyryl-Bodipy dye PS-1 (Figure 1)

which resulted in highest efficiency of 2.64%, in the presence of chenodeoxycholic acid

(cheno, 2mM) as an additive with liquid electrolyte. Further improvements emerged in 2014, 

when Ziessel et al [3] reported that by replacing fluorine at 4 position of BODIPY core with 

long alkoxy groups, apparent losses by charge recombination due to aggregation can be 

minimized. They achieved the highest reported efficiency to date of 5.75% by employing 

T2P2A BODIPY sensitizer (Figure 1). Additionally, when the same sensitizer was applied in
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combination  with with another BODIPY dye (TP2A) having complementary absorption, the 

total electric to power conversion efficiency of 6.43% was achieved. The highest efficiency of 

6.43% was achieved by optimizing molecular structure of the BODIPY core resulting in 

thermodynamically favorable ground and excited state properties, along with minimum

aggregation due to presence of long alkoxy chains. 
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OHO

NN
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NN
B

OHO

O

O

O

O

SS

NN
B

OHO
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O

O

O
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T2P2A TP2A

Figure 1.  Molecular structures of complexes T2P2A, TP2A [3]  and PS-1[18] . 

With the aforementioned in mind, in this work we studied the influence of carbazole based 

electron donor in distyryl-Bodipy core along with different alkyl chain lengths of C2, C7 and

C18, tethered to N-carbazole while maintaining two fluorine atoms attached to boron as

shown in Figure 2. A carbazole moiety in metal-freel [19-21]and metal complex dyes[22,23] 

showed striking results as an electron donor. Additionally, presences of long alkyl chains was 

reported to decrease dye recombination [21] owing to decrease in dye aggregation, resulting 

in higher Voc and long term stability [24]. The named BODIPY dyes were characterized using 

photophysical and electrochemcial techniques. Additionally, dye/TiO2 interface was 

characterized by impedance spectroscopy to qualitatively determine charge recombination 

resistance and electron life time in TiO2 conduction band (CB). Photovoltaic characterizations
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such as IPCE and I-V graph for dye solar cells made with HB-1, HB-2, HB-3 and N719 were

measured and compared under similar conditions. BODIPY sensitizer HB-3 with C18,

showed a modest increase in IPCE compared to HB-1 and HB-2. 
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FF

OHO

N

C7H15

N

C7H15

NN
B

FF

OHO

N
C18H37

N

C18H37

HB-3

Figure 2. Molecular structures of complexes HB-1, HB-2 and HB-3 

1. Results and DiscussionRelevant carbazole carboxaldehydes were synthesized by following the reported methods

[25,26]. BODIPY skeleton with phenyl carboxylic acid at 8 (meso) position was synthesized 

in 55% yield by following the reported method [16] with modifications.  The synthesis of the 

proposed sensitizers HB-1, HB-2 and HB-3 was then carried out in Dean−Stark apparatus  by 

reacting relevant carbazole carboxaldehyde with BODIPY skeleton as reported previously 

[3,5,27]. The exact synthetic procedures can be found in supplemental information. The pure 

dyes were then characterized by 
1
H-NMR, FT-IR and high resolution mass spectrometry.

Photopysical Measurements

Photopysical characterizations of HB-1, HB-2 and HB-3 dyes were carried out in 

dichloromethane by using techniques of electronic absorption (UV-Vis), steady state 

fluorescence and excited state lifetime measurements using time correlated single photon 

counting (TCSPC) method.

232



The UV-Vis absorption spectra and molar absorptivity of the named dyes (Figure 3) were

measured in dichloromethane using concentration of 2 x10
-5

 M and the results are summarized

in Table 1. 

Figure 3. UV-Vis absorption (solid line) and emission (dotted lines) of HB-1, HB-2 and HB-3

in dichloromethane, excitation wavelength was 650nm. 

Table 1. Absorption and emission properties for HB-1, HB-2 and HB-3 

Sensitizer Absorption

max (nm)
 (M

-1

cm
-1

) 
Emission 

max (nm)

E0-0

(eV)

Excited State Life 

Time (ns)±0.2 

HB-1 504; 594; 682 11350; 25700; 27950 710 1.78 4

HB-2 504; 594; 682 60000; 42550; 10600 710 1.78 4 

HB-3 504; 594; 682 30400; 61750; 4750 710 1.78 4 

Figure 3 shows the UV-Vis absorption spectra of dyes. All of the dyes showed similar 

absorption profiles with max at 682 nm, 594nm and 504nm. However, themolar absorptivity 

for the 682nm peak was in the following order HB-1>HB-2>HB-3 by increasing the alkyl

chain length tethered to N-carbazole strength of lowest energy (max) absorption peak is 

decreasing, whereas the molar absorptivity of the absorption peak at 594nm increased in the 
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Fluorescence emission results for HB-1, HB-2 and HB-3 were intriguing. The emission 

intensity was directly proportional to the strength of relevant absorption transition e.g. 

emission λmax peak at 710nm was observed in the emission intensity order of HB-1>HB-

2>HB-3 by exciting at 650nm, which is a mirror image and in the same order to the λmax at 

682nm for all of the dyes. Fluorescence emission results were rather interesting when the 

same samples were excited at 560nm and 480nm in order to observe the possible emission

profiles as shown in Figure 4. Again, emission intensity was directly proportional to the

strength of relevant absorption transition as observed in UV-Vis absorption profile (Figure 3). 

Additionally, by exciting at 480nm (Figure 4b), emissions related to 504, 594 and 682nm

absorption peaks were apparent in emission profile. When excited at 560nm, the emission

profile for HB-1 was different compared to HB-2 and HB-3, most probably due to presence of 

energy transfer in HB-1 [18,28], since electronic energy transfer mechanisms for such 

BODIPY dyes have been reported previously.  Similar energy transfer is either absent or weak 

for HB-2 and HB-3 caused by the presence of long alkyl chains inducing change in molecular

geometry. [18,28].  Based on previously reported resulted and observed emission behavior of

HB-1, HB-2 and HB-3 (Figure 4), it can be concluded that as the length of alkyl chains 

increases, intramolecular energy transfer decreases. This also explains the nature of transitions 

for the absorption spectra (Figure 3) such that 594nm transition is due to (S0-S1) transition

typical for disytryl-based Bodipy and 682nm is caused by intramolecular energy transfer,

which is the highest in molar absorptivity for HB-1, which has the shortestalkyl chain. 
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Figure 4. Fluorescence emission spectra of HB-1, HB-2 and HB-3 in dichloromethane,

excitation wavelength was (a) 560nm and (b) 480nm. 

Excited state lifetime decay curves are shown in Figure S2 (emission λmax = 710nm) which 

were fitted with mono exponential to get the excited state life time as 4ns for all of the dyes. 

Similar emission decay curves were obtained at emission λmax of 522nm, and 625nm giving

excited state lifetime of 4±0.3ns on average.

Electrochemical Measurements 

Cyclic voltammetry (CV) graphs (SI Figures S14-S16) in dichloromethane were used to 

calculate the oxidation onset which is equivalent to the GSOP (ground state oxidation

potential) or HOMO level. Additionally, E0-0 was calculated from the intersection point of

absorption and emission spectra and can be defined as the difference between the excited and

ground state oxidation potentials. The values of E0-0 and GSOP were used to calculate the 

ESOP (excited state oxidation potential, the values in volts (V) against NHE were converted 

to electron volt.

GSOP and ESOP for HB-1, HB-2 and HB-3 are compared in Figure 5. GSOP of HB-1 (-

5.66eV), HB-2 (-5.66eV) and HB-3 (-5.63 eV) was lower in energy compared to I3
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couple (-5.2 eV) [29], thus providing ample driving force for efficient dye regeneration.

Additionally, ESOP for HB-1 (-3.88eV), HB-2 (-3.88eV) and HB-3 (-3.85 eV) is higher in 

energy than the conduction band edge of nanocrystalline TiO2 (-4.2 eV) [30], which translates 

into efficient electron injection.

Figure 5. Energy level diagram and comparison between GSOP and ESOP of HB-1, HB-2

and HB-3 

Photovoltaic Device Characterizations 

In order to determine the practical relevance of HB-1, HB-2 and HB-3 for solar cells,

photovoltaic characterizations were carried out. Nanocrystalline TiO2 electrodes were

prepared according to the procedure reported previously [31] and details are given in SI.

Sandwiched DSCs were prepared from the stained photodiodes and pt coated cathode. 

Photovoltaic measurements were carried out after introducing the electrolyte between the

glass electrodes. 

Photocurrent action spectra and IV results for HB-1, HB-2 and HB-3 are shown in Figure 6. 

Incident photon to current conversion efficiency (IPCE) response of up to 33% was achieved
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Figure 6. Photocurrent action spectra (IPCE) (a) and IV (b) obtained with dyes HB-1, HB-2

and HB-3 anchored on nanocrystalline TiO2 film.

Table 2. Photovoltaic characteristics of HB-1, HB-2 and HB-3 

Sensitizer Jsc(mA cm
-2

) Voc (V) FF  (%) 

HB-1 0.74 0.52 0.71 0.27 

HB-2 0.60 0.56 0.69 0.23 

HB-3 1.56 0.60 0.72 0.67 

N719 15.54 0.75 0.70 8.1 
a
Conditions: coadsorbate, CDCA 20 mM; 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. 

The photovoltaic parameters including the short-circuit photocurrent density (Jsc), open-circuit 

voltage (Voc), fill factors (ff) and overall cell efficiencies (%) are summarized in Table 2. Voc 

for the named dyes increased in the following order HB-3>HB-2>HB-1, which is same as the 

order of increase in alkyl chain length. Long alkyl chains tethered to N-carbazole for HB-2

and HB-3 were introduced in order to see the influence on charge recombination and IPCE.

The presence of long alkyl chains showed a slight improvement in Voc, which did not translate 

to greater improvement in power conversion efficiency. Thus, it can be concluded that in 

order to significnalty enhance the photovoltaic response of BODIPY dyes, the presence of

long alkyl chains on the electron donor group should accompany the replacement of fluorine 

at 4 positions with long alkoxy chains as well in order to minimize charge recombination,

which we plan to perform in near future. Dye/TiO2 interface was further studied by impedance 

spectroscopy. 
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Electrochemical Impedance Spectroscopy Characterization 

Charge transfer and chemical capacitance at the interfaces of TiO2/dye/electrolyte and 

pt/eletrolyte can be succesfully modeled under operational conditions by employing EIS 

(electrochemical impedance spectroscopy).  Tpypical EIS measurements result in Nyquist and

Bode plots. In Nyquist plot, high frequency semicircle can be correlated with charge transfer

at the counter electrode and intermediate frequecny is related to electron transport through

mesoporous TiO2 and back electron transfer from TiO2 to electrolyte [32-34]. Impedance due 

to charge transfer resistance at the counter electrode in the high frequecy regime as observed 

for N719 (Figure 6 inset) directly affects fill factor [32,33,35]. Since the fill factor (FF) for all 

of the devices is between 0.69-0.70 (Table 2), hence ruling out the substantial influence of 

impedance due to charge transfer at counter electrode. Consequently, the larger semicircle

(Figure 6, Nyquist plot) can be correlated unambiguously with impedance related to charge

tranfer at TiO2/dye/electrolyte interface for the recombination of injected electrons with I
-
3.

In order to model the impednace response at TiO2/dye/electrolyte interface, Rd (diffusion

impedance) and Rr (dark impedance, recombination with I
-
3) play a crucial role in determining

the nature of impedance Nernst or Gerischer [33,36]. Because, the collection efficiency for the 

photocurrent is very low (IPCE, Figure 5a), we can conclude that Rd >> Rr i.e. effective

electron diffusion length is very short wich leads to Gerischer impedance [33,36]. Howerver, 

since BODIPY dyes are well known for aggregatition [4,5,16-18] and related recombination 

losses on TiO2 surface due to planner molecuar geometry, thus huge impedance (bigger 

semicircles, Figure 6) observed for HB-1 and HB-2 are most likely due to losses related to 

resistance to electron diffusion offered by aggregated dyes on TiO2 surface. Although HB-3 

showed much smaller impedance than HB-1 and HB-2, it was still up to 8 times larger than
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DSC having N719 dye anchored to TiO2, which explains the lower performance of DSC based 

on HB-3. 

In the Bode phase plot (Figure 7), the corresponding characteristic frequency response is an

indicative of the electron recombination between electrolyte and TiO2 and is related to the

electron lifetime in the CB (conduction band of TiO2) and can be detremined by using the

relation (τCB= 2πf)
-1

, where τ is the lifetime of electrons in TiO2 and f is the frequency of the

intermediate peak in the Bode plots. The middle-frequency peak (0-2.5 Log/Hz) of the DSCs 

based on HB-1 (6.3ms), HB-2 (4.5ms) and HB-3 (3.17ms) shifted to higher frequecy showing

the large decrease in electron lifetime compared to N719 (14.5ms), thus resulting in lower Voc 

as observed by photovoltaic measurements of  the cells (Table 2). However, the decrese in

electron life time from Bode plot is larger for HB-3 and HB-2 compared to HB-1, where as

observed, the Voc from devices is in the order of HB-3>HB-2>HB-1. Hence, it can be

concluded that aggregation losses or decrease in electron diffusion is much more pronunced

for HB-1 compared to HB-2 and HB-3 based DSCs. 
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Figure 6. EIS Nyquist plots for DSCs sensitized with HB-1, HB-2, HB-3 and N719 (inset) 



Figure 7. EIS Bode plots for DSCs sensitized with HB-1, HB-2, HB-3 and N719 (inset) 

4. CONCLUSIONS

In summary, it can be conluded that efficient light absorbing dyes can be obtained by 

extending the π-conjugation at 3,5 position of BODIPY via attaching carbazole based

electrong donor with long alkyl chains. BODIPY dyes HB-1, HB-2 and HB-3 showed similar 

absorption profiles with λmax at 594nm and 682nm. Photophysical characterization by 

absoption and fluorescence emission spectroscopy under steady state conditions showed the 

possibility of intramolecular energy transfer from donor (carbazole ligands) to acceptor

(carboxylic acid part), which decreased in the presence of long alkyl chains. DSC performace 

for the dyes HB-1, HB-2 and HB-3 was much less than expected owing to aggregation related 

losses. However,  HB-3 showed marginal improvement in IPCE and total power coversion 

efficiecny. CV measurements showed that the ground and excited stae energy levels being

well positioned for efficient dye regenration and electron injection. However, impedance 

measurements confirmed that the reduction in photocurrent collection is likely due to huge
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impedance offered to electron diffusion most probably because of dye aggregations on TiO2 

surface. 

Supporting Information

Synthesis details, FT-IR, High-Resolution ESI-MS, and cyclic voltammetry graphs are 

given as Supporting Information. 
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Materials and Equipment 

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

America and used as received. The mass spectrometry analysis was carried out on a high 

resolution mass spectrometer. The Thermo Fisher Scientific Exactive Plus MS, a benchtop full-

scan Orbitrap mass spectrometer – using Heated Electrospray Ionization (HESI). Samples were 

dissolved in methanol and sonicated for 60 minutes. They were analyzed via flow injection into

the mass spectrometer at a flow rate of 200 µL/min. The mobile phase was 90:10 methanol:

water. The mass spectrometer was operated in positive ion mode. FT-IR (ATR) spectra were 

recorded on a Nicolet Nexus 470 FT-IR spectrometer (Thermo Scientific, USA) and UV-Visible

spectra were measured by using Cary 300 spectrophotometer. Fluorescence and emission decay 

were recorded at room temperature on a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon

Inc.). 
1
H-NMR spectra were recorded on a Varain 400 MHz spectrometer.

1. Synthesis of Carbazole Carboxaldehyde

Before the synthesis of final BODIPY dyes, relevant carbazole based aldehydes were

synthesized. 9-Ethyl-3-carbazolecarboxaldehyde (Sigma# 151483) was purchased from Sigma-

Aldrich whereas 9-heptyl-3-carbazolecarboxaldehyde and 9-octadecyl -3-carbazole-3- 

carbazolecarboxaldehyde were synthesized by following the previously reported procedures 

[1,2]. For 9-octadecyl-3-carbazole-3- carbazolecarboxaldehyde, carbazole (6g, 3.5mM)  was 
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first reacted with  1-bromooctadecane (13.16g, 3.9mM) in the presence of K2CO3 (6.82g,

4.9mM) in 100ml of DMF at 150 
0
C for 16hrs while monitoring the reaction with TLC in

Hex:EtOAc (3:1). The reaction mixture was then filtered after cooling down and the solvent

was evaporated. The crude product was then purified in silica column by using Hex:EtOAc 

(3:1) as the eluent (9g, 60%).

Next formylation of 9-octadecyl carbazole was carried out in Vilsmeier–Haack reaction 
2
 in the

presence of POCl3.  Phosphoryl chloride (1.79g, 1.1 mM) was added slowly to dry DMF (1.44 

mL) at 0 °C, and the mixture was stirred for 1 h at room temperature. Then, a solution of 9-

octadecyl carbazole (1.9 g, 4.52mM) in 1,2-dichloroethane (8 mL) was added. After stirring at

room temperature for another 1 h, the mixture was refluxed for 10 h. Finally, the solution was 

cooled to room temperature and poured into 300 mL water. The mixture was extracted with 

CH2Cl2 (3 × 50 mL), the organic phase was collected and washed with brine, and then dried 

with anhydrous MgSO4. After the solvent was removed, the product was dried overnight and 

used for next step without further purification. The chemical modifications were confirmed by 

distinct FT-IR peaks as given in section 2.3. 

2. Synthesis of BODIPY Dyes HB-1, HB-2 and HB-3

BODIPY skeleton was first synthesized by following the reaction procedure reported previously 

[3] with modifications. 

2,4-Dimethylpyrrole (1.27 ml, 12.33 mM) and 4-carboxybenzaldehyde (0.9 g, 6 mM) were 

dissolved under argon atmosphere in 400 mL of anhydrous dichloromethane along with few

drops of trifluoroacetic acid (approx. 25μL) were added and the mixture was stirred for 24hours. 
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Chloranil (1.47 g, 6 mM) dissolved in 100ml of dichloromethane was then added in drop wise 

manner  during 5-10mints and stirred for additional 30mints followed by subsequent addition of

triethyl amine (5mL) and borontrifluoride etherate (5mL)  followed by 30min stirring. After that

solvent was evaporated under pressure and the residue was purified by silica gel column

chromatography using (CH2Cl2 : EtOAc 2:1) as the eluant. Removal of the solvent under vacuum

afforded the BODIPY skeleton (BS) in 55% yield as a red, microcrystalline powder with 

strongly green fluorescence and absorption λmax of 505 nm, and carbonyl peak for acid at 

1681cm
-1

.

NN
B

F F

OHO

N
H

+
H

O OH

O

2.1
1. Room temp 24hr in DCM (400ml), drop of CF3COOH

2. Chloranil dissolved in 100 ml of DCM (30min )

3. Et3N+BF3. Et2O (30min)

BSScheme S1. Synthesis of BODIPY skeleton (BS) 

For the synthesis of BODIPY dyes general synthetic route for the reactions is shown in scheme 2 

and it was performed following the previously published procedures with modification[3,4]. BS 

(0.2 g, 0.5 mM) and 9-ethyl-3-carbazolecarboxaldehyde (0.35 g, 1.5mM) were dissolved in 30

mL dry toluene, then 1.19 mL piperidine and 1 mL glacial acetic acid were added while stirring.

The mixture was refluxed for 48 hrs, equipped with a Dean-Stark condenser at 140 
0
C. After

cooling to room temperature, the reaction mixture was washed with water times (3 * 50ml) and

dried over Na2SO4. After removal of the solvents under vacuum, the dark green crude mixture
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was separated by column chromatography (Silica gel) using Petroleum ether and acetone (7:3) as

eluant. After the column the pure dye from top of the column sand was collected carefully 

(75mg, 20%). The pure dye was then dried in vacuum oven at 45 
0
C overnight.

Next, HB-2 and HB-3 were synthesized following the similar procedure except for purification 

of HB-3. For HB-3 purification the crude product was first ran through the silica column using 

hexane:dichloromethane (2:1), and then the remaining product from column top was ran through 

the silica column again using petroleum ether:acetone (7:3) as eluant. HB-3 was collected as

dark blue product with red fluorescence in dichloromethane whereas HB-2 had orange and HB-1

showed light blue fluorescence. The pure dyes where then further characterized with FT-IR, 

1
HNMR and high resolution mass spectrometry. 

NN
B

F F

OHO

+

NN
B

FF

OHO

N

R1,2,3

N

R1,2,3

N
R1,2,3

OH

2.5
Dean and stark condensor

140 0C,  48hrs

R1 = C2H5 R2 = C7H5
R3 = C18H37

Scheme S2. Synthesis of BODIPY dyes HB-1, HB-2 and HB-3
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Fluorescence spectra were recorded in a 1 cm path length quartz cell using 2 *10
-5

 M solutions

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

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

each dye with exit and entrance slits set at 3 nm at an integration time of 0.2sec in corrected 

mode.

In the case of lifetime measurements, time-correlated single photon counting method was

employed on solution of dyes in dichloromethane by exciting the samples using a pulse laser

(NanoLED) at a 1 MHz repetition rate with band pass of 15nm. The time of arrival of the photon 

counting (TAC) range was adjusted to 200 ns in order to measure the emission decay lifetime 

(lowest excited state lifetime). The lifetime decay spectra were then fitted with DAS (data

analysis software) from Horiba Scientific.
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2. Analytical Measurements

2.1. Fluorescence Spectra 

Fig. S1. UV-Vis absorption of HB-1, HB-2 and HB-3 in dichloromethane normalized at 594nm. 



Figure S2. Excited state decay behavior of HB-1, HB-2, and HB-3 dissolved in 

dichloromethane, without deoxygenation. 

Table S1. Excited state lifetime in dichloromethane without deoxygenation. 

Sample Name τ/ ns(T1) CHISQ

HB-1 
4 

(*B=100) 

1.0876 

HB-2 
4 

(B=100)

1.2759 

HB-3 
4 

(B=100) 

1.2717 

*B denotes the relative amplitude of each component

1

10

100

1000

10000

-3 7 17 27 37 47 57

HB-1

HB-2

HB-3

C
o

u
n

ts
 

Time (ns) 

250

Table S1. Excited state lifetime in dichloromethane without deoxygenation. 



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 4cm
-1

.

Fig. S3. ATR/FT-IR of 9-octadecyl-carbazole 

N
C18H3

7
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2.2. Attenuated Total Reflectance Fourier-transform Infra-Red Spectroscopy 



Fig. S4. ATR/FT-IR of 9-octadecyl-3-

carbazolecarboxaldehyde

Fig. S5. ATR/FT-IR of 9-heptyl-

carbazole
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Fig. S6. ATR/FT-IR of 9-heptyl-3-carbazolecarboxaldehyde 

Fig. S7. ATR/FT-IR spectrum of BS 
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Fig. S8. ATR/FT-IR of HB-1

Fig. S9. ATR/FT-IR of HB-2
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Fig. S10. ATR/FT-IR of HB-3 

2.3. High Resolution ESI-mass of HB-1, HB-2 and HB-3

Fig. S11. ESI mass spectrum of HB-1, [M+H]
+
; Theo. M/Z = 779.33634, Found. M/Z

779.33504, Error = -1.674ppm. 

141537_HB-1 #214-273 RT: 1.18-1.51 AV: 60 NL: 1.38E6

T: FTMS + p ESI Full ms [300.00-1500.00]
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Fig. S12. ESI mass spectrum of HB-2, [M+H]
+
; Theo. M/Z = 919.49284, Found. M/Z

919.48959, Error = -3.537ppm. 

Fig. S13. ESI mass spectrum of HB-3, [M-H]
- 

; Theo. M/Z = 1225.82259, Found. M/Z

1225.82509, Error = 2.043ppm. 
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2.4. 
1
H-NMR spectroscopy

 

1
H-NMR spectra were recorded in d3-CH3Cl (ligands) and d6-DMSO (dyes) at room temperature 

using a Varian 400 MHz spectrometer. 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. 

1
H-NMR, BS (400 MHz, DMSO-d6)  δ = 8.11 (dd, J=8.1, 1.3, 2H), 7.54 (d, J=7.9, 2H), 6.20 (s, 

2H), 2.46 (s, 6H), 1.33 (s, 6H). 

1
H-NMR, HB-1 (400 MHz, DMSO-d6) δ = 8.44 (s, 1H), 8.32 (d, J=8.3, 2H), 8.06 (t, J=8.4, 

3H), 7.77 (d, J=7.6, 2H), 7.63 (d, J=3.5, 2H), 7.51 – 7.43 (m, 8H), 7.25 (s, 2H), 6.97 (d, J=6.3, 

2H), 4.45 (t, J=7.4, 4H), 2.93 (t, J=5.5, 3H), 1.58 (d, J=5.8, 3H), 1.41 (s, 3H), 1.32 (d, J=6.9, 

6H). 

1
H-NMR, HB-2 (400 MHz, DMSO-d6): δ = 8.33 (s, 1H), 8.07 (td, J=7.8, 2.3, 3H), 7.78 (s, 1H), 

7.74 – 7.67 (m, 2H), 7.62 (d, J=7.6, 2H), 7.59 – 7.52 (m, 2H), 7.51 – 7.43 (m, 5H), 6.16 (d,

J=2.1, 2H), 4.39 (s, 3H), 4.09 – 3.98 (m, 1H), 1.75 (s, 3H), 1.39 (d, J=8.7, 2H), 1.29 (d, J=2.0,

8H), 1.15 (s, 16H), 0.79 – 0.70 (m, 7H). 

1
H-NMR, HB-3 (400 MHz, DMSO-d6): δ = 8.11 (d, J=7.7, 4H), 7.76 (d, J=10.4, 1H), 7.71 (s, 

1H), 7.64 (d, J=8.2, 1H), 7.57 (d, J=8.1, 2H), 7.54 – 7.51 (m, 2H), 7.48 (d, J=8.2, 2H), 7.38 (t, 

J=7.6, 1H), 7.25 (t, J=7.4, 1H), 7.15 (t, J=7.4, 2H), 6.20 (s, 2H), 4.42 (t, J=6.9, 2H), 3.91 – 3.78

(m, 2H), 2.89 (s, 2H), 2.73 (s, 1H), 2.37 (s, 1H), 1.96 (s, 2H), 1.91 (s, 1H), 1.81 – 1.75 (m, 2H), 
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1.56 (q, J=3.3, 3H), 1.48 (q, J=4.5, 2.9, 2H), 1.41 (d, J=5.7, 4H), 1.34 (d, J=7.7, 6H), 1.20 (q, 

J=12.5, 11.2, 46H), 0.83 (td, J=10.8, 8.7, 5.6, 6H). 

2.5. Calculation of GSOP or HOMO by Cyclic Voltammetry 

The experimental HOMO and E0-0 energy values were estimated using a cyclic voltammetry 

(CV) and the absorption onset from UV-Vis graph, respectively. The CV was carried out in

dichloromethane with 0.1 M [TBA][PF6] as an electrolyte at a scan rate of 25 mV/s. Glassy 

carbon was used as the working electrode (WE), Pt wire as counter electrode and Ag/Ag
+
 in

ACN was used as the reference electrode. Fc/Fc
+
 was used as internal reference which was

converted to NHE by addition of 0.63 V.

Fig. S14. CV graph of HB-1 (-5.66eV) 
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Fig. S15. CV graph of HB-2 (-5.66eV) 

Fig. S16. CV graph of HB-3 (-5.63eV) 
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The photo-anodes composed of nanocrystalline TiO2 and counter electrode were prepared 

using literature procedures [5]. Fluorine‐doped tin oxide (FTO) coated glasses (2.2 mm

thickness, sheet resistance of 8 Ω/cm
2
, TEC, Pilkington) were washed with detergent, water,

acetone and ethanol, sequentially. After this FTO glass plates were immersed into a 40 mM 

aqueous TiCl4 solution at 70 °C for 30 min and washed with water and ethanol. Thin layer (8-

12μm thick) of TiO2 (Solaronix, Ti-Nanoxide T/SP) was deposited (active area, 0.18 cm
2
) on

transparent conducting glass by squeegee printing. After drying the electrodes at 125 °C for 5

min, 350 C for 5min and 500 for 30 min another layer of  TiO2 (Solaronix, Ti-Nanoxide T/SP) 

printed. Next, after drying the electrodes at 125 °C for 5 min, 350 °C for 5min and 500°C for 30

min scattering layer (5 μm thick) TiO2 particles (Solaronix, Ti-Nanoxide R/SP,) were printed.

The TiO2 electrodes were heated under an air flow at 350 °C for 10 min, followed by heating at

500 °C for 30 min. After cooling to room temperature, the TiO2 electrodes were treated with 40 

mM aqueous solution of TiCl4 at 70°C for 30 min and then washed with water and ethanol. The

electrodes were heated again at 500 °C for 30 min and left to cool to 80 °C before dipping them

into the dye solution.  The dye solutions (0.5 mM) were prepared in 1:1 acetonitrile and tert-

butyl alcohol. Deoxycholic acid was added to the dye solution as a coadsorbate 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.

For preparing the counter electrode, pre-cut TCO glasses were washed with water followed by 

0.1M HCl in EtOH , and sonication in acetone bath for 10min. These washed TCO were then 

dried at 400 °C for 15min. Thin layer of Pt-paste (Solaronix, Platisol T/SP) on TCO was printed 
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and the printed electrodes were then cured at 450 °C for 10 mints. The dye sensitized TiO2 

electrodes were sandwiched with Pt counter electrodes and the electrolyte (Solaronix, Iodolyte 

AN-50) was then injected into the cell, while the two electrodes were held together with the 

clips.

3.2. Photoelectrochemical Measurements 

Photocurrent-voltage characteristics of DSCs were measured using a Keithley 2400 source

meter under illumination of AM 1.5 G solar light from solar simulator (SOL3A, Oriel) equipped 

with a 450 W xenon lamp (91160, Oriel). The incident light intensity was calibrated using a 

reference Si solar cell (Newport Oriel, 91150V) to set 1 Sun (100 mW/cm
2
). The measurement

was fully controlled under Oriel IV Test Station software.

IPCE (incident monochromatic photon to current conversion efficiency) experiments were 

carried out using a system (QEX10, PV Measurements, USA) equipped with a 75 W short arc 

xenon lamp (UXL-75XE, USHIO, Japan) as a light source connected to a monochromater. 

Calibration of incident light was performed before measurements using a silicone photodiode 

(IF035, PV Measurements). All the measurements were carried out without the use of anti-

reflecting film.

3.3. Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectra were measured with an impedance analyzer in a

potentiostat (Bio-Logic SP-150) under illumination using a solar simulator (SOL3A, Oriel)

equipped with a 450 W xenon lamp (91160, Oriel). EIS spectra were recorded over a frequency

range of 100 mHz to 200 kHz at 298 K. The applied bias voltage and AC amplitude were set at
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the Voc of the DSCs, with AC amplitude was set at 10mV. The electrical impedance spectra

were fitted using Z-Fit software (Bio-Logic). 
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GENERAL CONCLUSIONS 

The detailed discussions of findings are given in the conclusion section at the end of each

chapter. In general it should be mentioned that, this study resulted in

 9 novel highly efficient Ru (II) sensitizers (Published in 5 Journal articles)

 3 Bodipy dyes with interesting absorption and photophysical properties

 Study on Mono vs. Bis ancillary ligands based HD-1-mono, HD-2-mono and HD-2

added and corrected the knowledge about the role of ancillary ligands in Ru (II) dye for

solar cells (Chapter 3)

 Role of steric effect in HL-41 and HL-42 was further explored which confirmed our

previous findings (Chapter 4) 

 Effect of isomerism was fully explored and studied for the first time for HD-7 and HD-8

(Chapter 5) 

 Highly stable and efficient HD-14 and HD-15 are expected to add great potential to the

commercial value of Ru (II) dyes for DSCs (Chapter 6) 

 Bodipy HB-1, HB-2 and HB-3 dyes are recommended for further modification to

circumvent the Jsc related losses (Chapter 7) 
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Appendix A 
1
H NMR spectrum of HD-1-mono 

 

 

 

 
 

 

 

Appendix B 
1
H NMR spectrum of HD-2 
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Appendix C 
1
H NMR spectrum of HD-2-mono

Appendix D 
1
H NMR spectrum of HL-41
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Appendix E 
1
H NMR spectrum of HL-42

Appendix F 
1
H NMR spectrum of HD-7
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Appendix G 
1
H NMR spectrum of HD-8

Appendix H 
1
H NMR spectrum of HD-14
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Appendix I 
1
H NMR spectrum of HD-15

Appendix J 
1
H NMR spectrum of BODIPY basic skeleton (BS)
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Appendix K 
1
H NMR spectrum of HB-1

Appendix L 
1
H NMR spectrum of HB-2
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Appendix M 
1
H NMR spectrum of HB-3

Appendix N Equivalent Circuit for the fitting of Impedance results, in Z-fit software by 

BioLogic 

R1= TiO2 layer resistance 

R2 = Resistance at Pt cathode 

R3= Charge transfer resistance at TiO2/Dye/electrolyte interface 

Q2= constant phase element for cathode interface 

Q3= constant phase element for anode interface 
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