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ABSTRACT 

Humanity’s demand for energy is increasing exponentially and the dependence on 

fossil fuels is both unsustainable and detrimental to the environment. To provide a solution 

to the impending energy crisis, it is reasonable to look toward utilizing solar energy, which 

is abundant and renewable. One approach to harvesting solar irradiation for fuel purposes 

is through mimicking the processes of natural photosynthesis in an artificial design to use 

sunlight and water to store energy in chemical bonds for later use. Thus, in order to design 

an efficient energy conversion device, the underlying processes of the natural system must 

be understood. An artificial photosynthetic device has many components and each can be 

optimized separately. This work deals with the design, construction and study of some of 

those components. The first chapter provides an introduction to this work. The second 

chapter shows a proof of concept for a water splitting dye sensitized photoelectrochemical 

cell followed by the presentation of a new p-type semiconductor, the design of a modular 

cluster binding protein that can be used for incorporating catalysts, and a new anchoring 

group for semiconducting oxides with high electron injection efficiency. The third chapter 

investigates the role of electronic coupling and thermodynamics for photoprotection in 

artificial systems by triplet-triplet energy transfer from tetrapyrroles to carotenoids. The 

fourth chapter describes a mimic of the proton-coupled electron transfer in photosystem II 

and confirms that in the artificial system a concerted mechanism operates. In the fifth 

chapter, a microbial system is designed to work in tandem with a photovoltaic device to 

produce high energy fuels. A variety of quinone redox mediators have been synthesized to 

shuttle electrons from an electron donor to the microbial system. Lastly, the synthesis of a 

variety of photosensitizers is detailed for possible future use in artificial systems. The 
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results of this work helps with the understanding of the processes of natural photosynthesis 

and suggests ways to design artificial photosynthetic devices that can contribute to solving 

the renewable energy challenge. 
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Chapter 1 

BACKGOUND 

 Over forty years ago it was predicted that by the early 21st century, global resources 

would begin to show limitations.1 With the mounting environmental concerns, it is 

becoming evident that there is an urgent need for change, specifically in the fuel industry. 

Fossil fuels are the predominant source of energy today and with the energy demand 

projected to grow exponentially, fossil fuels are expected to make up 80% of the energy 

demand by 2040.2,3 It is largely understood that our dependence on fossil fuels has led to 

the monumental increase in atmospheric pollutants, like carbon dioxide and nitrous oxide, 

which has spiked since the start of the industrial revolution.4-6 In addition to the issues of 

environmental damage and carbon pollution, the fact that fossil fuels are not renewable 

will continue to increase their cost and drive geopolitical unrest. The need for a renewable, 

abundant, and clean form of energy has become vital. Solar energy is the most abundant 

natural resource, with 4.3x1020 J of energy reaching the Earth’s surface in one hour, and is 

a resource that will not run out in the foreseeable future.7,8 Considering mankind annually 

uses 4.1 × 1020 J of energy, the sun provides more energy in one hour than humans utilize 

in one year. The main complication with harnessing this solar radiation is that there is not 

adequate technology at present for converting solar radiation to electricity and fuels to 

support global energy needs.  

Silicon-based solar cells are effective for small scale electricity during daylight 

hours but they are expensive and cannot support human activities after dusk. To combat 

the expensive silicon required for conventional photovoltaics, organic pigments and earth 

abundant inorganic materials are being used to capture sunlight and shuttle electrons in 
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dye-sensitized solar cells (DSSCs) (Figure 1).9,10 DSSCs have low production costs, are 

light weight, and are more flexible in shape and color than silicon-based 

photovoltaics.9,11,12 A DSSC is composed of a nanoporous semiconducting oxide spread 

onto conductive glass. A photosensitizer is adsorbed onto the semiconductor surface and 

that makes up the photoanode. The cathode is usually platinum electrode and the cell is 

completed by an electrolyte with a redox mediator to shuttle the electrodes between the 

cathode and the photoanode. The photosensitizer absorbs sunlight and the excited electron 

is injected into the conduction band of the semiconductor. The electron travels to the 

cathode through an external wire where it reduces the mediator. The mediator is then able 

to regenerate the oxidized dye, therefore completing the electrical circuit. Expanding on 

the functionality of a DSSCs and finding a way to store the electrons in the form of high-

energy chemical bonds for fuel storage, would provide a solution to the global energy 

crisis; this is where the area of artificial photosynthesis becomes an important factor.  
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Figure 1.  A general schematic of a DSSC where S stands for the photosensitizer and CB 

stands for the conduction band of the semiconductor. 

 

 Artificial photosynthesis aims to mimic natural photosynthesis by converting 

incident solar energy into chemical potential energy by carrying out photo-induced electron 

transfer to drive the production of a fuel from water. Photosynthesis is the reason we have 

coal, petroleum, and natural gas for our current energy economy because they are formed 

from plant material over time.13 In photosynthetic organisms, there are two main enzymes 

that drive these photo-induced electron transfer processes, Photosystem I (PSI) and 

Photosystem II (PSII). These enzymes are made up of multiple subunits that form the 

framework for the reaction centers in PSI and PSII. In PSI, antennas made up of mostly 
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chlorophylls absorb sunlight and undergo charge separation by transferring electrons to 

nearby electron acceptors. These electrons continue down the electron transport chain to 

be stored in chemical bonds as carbohydrates, fuel for the plant. The oxidized chlorophyll 

in PSI is then reduced by an electron from PSII which comes from the oxidation of water 

by the oxygen evolving complex. Therefore, photosynthetic organisms are able to produce 

a fuel for their survival by harvesting solar energy and using electrons from water. The 

problem with natural photosynthesis is that it has very low efficiency, around 1% in terms 

of biomass production.14 Understanding and mimicking these two enzymes which have 

evolved into ecologically neutral fuel producing systems and improving upon their basic 

principles to develop an efficient solar fuel device is the main goal of this thesis. 

 This work discusses a variety of artificial photosynthetic systems, ranging from 

basic DSSCs to photoelectrochemical fuel cells (PECFC)15,16 in Chapter 2 to microbial 

artificial photosynthetic systems17-19 in Chapter 5. PECFCs are an extension of DSSCs by 

adding in catalysts for water oxidation and proton reduction.20,21 Tandem systems have 

been designed to use two photosynthetic cells in series in order to increase efficiency 

(Figure 2). The first cell is designed to absorb blue light in order to generate holes capable 

of driving the water oxidation catalyst, while the second cell absorbs green and red light to 

produce enough reducing potential to generate the desired fuel, usually hydrogen gas, by 

the reduction catalyst from the protons and electrons generated in the water oxidation cell. 

The device employs two different semiconductors and increases the amount of the solar 

spectrum that is being utilized because two different chromophores can be used, therefore 

increasing the maximum theoretical photoconversion efficiency from 31% in a single 

junction cell to 42% in a tandem junction cell.22  
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Figure 2. A general schematic of a PECFC where WOC is the water oxidation catalyst 

and ism is an ion selective membrane. 

 

Microbial systems use engineered organisms to produce a fuel. Modified 

cyanobacteria and green algae can be used to produce a simple fuel like hydrogen17 or they 

can be used to fix CO2 and produce more complex fuels like methane and butanol.18,19 By 

using a microbial systems in tandem with a photovoltaic, as discussed in Chapter 5, we aim 

to improve the efficiency of microbial systems.  

Each system is made up of modular components that can be optimized separately 

to eventually incorporate into the final device. DSSCs and PECFCs are each composed of 

electrodes with semiconductors spread on the surface. These semiconductors can be either 
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N-type or P-type23,24 and are sensitized with a light-absorbing chromophore, typically a 

porphyrin, phthalocyanine, or ruthenium dye.11,16,25  The dyes are attached to the 

semiconductor via an anchoring group (Figure 3). PECFCs require catalysts for both water 

oxidation and proton reduction.  

 

 

Figure 3. Examples of the different anchoring groups (red) discussed in this thesis: a) 

carboxylic acid, b) imidodiacetic acid, and c) phosphonic acid. 

 

 To create devices that are efficient enough to meet humanities energy demands, one 

must improve upon the natural system.26 Understanding how the natural system works is 

crucial to mimicking and improving it. Two components of the natural system that this 

thesis discusses is photoprotection by carotenoids, Chapter 3, and charge separation in 

PSII, Chapter 4. Photoprotection is essential because when excess solar radiation is 

absorbed, the photosystems can be overloaded with excitation energy leading to the 

sensitization of singlet oxygen, a deleterious reactive oxygen species capable of destroying 

cellular structures and photosynthetic devices. When the overloaded situation is produced 

the tetrapyrroles undergo intersystem crossing to the triplet state, which has the potential 
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to sensitize singlet oxygen. Carotenoids are able to perform photoprotection in a few ways, 

one of them being through triplet-triplet energy transfer from the tetrapyrrole to the 

carotenoid, where the carotenoid triplet cannot sensitize singlet oxygen and the energy 

instead decays rapidly to the ground state (Figure 4).27-30 Understanding this triplet-triplet 

energy transfer is important for being able to reproduce and optimize the principles in 

artificial devices as protection from overwhelming solar irradiation. 

 

 

Figure 4. Illustration of the energy states involved in photoprotection by carotenoids. ISC 

is for intersystem crossing. 

  

 The other component of photosynthesis that this thesis addresses in Chapter 4 is 

charge separation in PSII. In PSII, it is known that P680•+ (the oxidized photoactive species 

of PSII) is relatively short lived (on the hundreds of nanoseconds timescale) and the process 

of water oxidation at the OEC is quite slow (on the millisecond time scale). To achieve a 

kinetic match in the electron transfer reaction between these two redox centers a redox 

relay consistent of a tyrosine-histidine pair is situated between P680 and the OEC. It is 
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thought that the relay function through a proton-coupled electron transfer (PCET) 

mechanism.31,32 To understand the PCET mechanism, it is necessary to design model 

systems to study the characteristics of this process and for implementation into artificial 

devices with the purpose of increasing overall efficiencies.  

 Lastly, Chapter 7 details the synthesis of other novel compounds that can be used 

for developing artificial photosynthetic devices.  
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Chapter 2 

PORPHYRINS FOR ARTIFICIAL PHOTOSYNTHETIC SYSTEMS 

Chapter 2.1  

A tandem dye sensitized photoelectrochemical system for light driven hydrogen 

production 

Benjamin D. Sherman, Jesse J. Bergkamp, Chelsea L. Brown, Ana L Moore, Devens 

Gust, and Thomas A. Moore 

 

A manuscript with the subject of this chapter is presently in preparation. 

 

My contribution to this work is assisting with synthesis of the porphyrin, gathering 

data, and helping with the editing process. 

 

Abstract 

Combining a dye sensitized photoelectrochemical cell in series with a dye sensitized solar 

cell establishes a tandem system for the generation of H2 from hydroquinone with only 

light energy. To target distinct portions of the spectrum, a more-blue absorbing freebase 

porphyrin and more-red absorbing Si inserted phthalocyanine chromophores are used at 

the two photoelectrodes. With incorporation of a suitable water oxidation catalyst, this 

approach could enable tandem photochemical water splitting without the need for p-type 

semiconductors.   
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Introduction 

 Through the conversion of abundant precursors (H2O and CO2) to fuel using only 

energy from sunlight, photosynthesis supports nearly all life on the planet.33 In the process 

of oxygenic photosynthesis, the net conversion of water and carbon dioxide to oxygen and 

reduced carbon compounds is driven by the absorbed energy of two photons per electron 

involved in the process. Although photosynthesis does use two photons per electron, 

because the two photosystems have essentially the same bandgap, the tandem junction 

advantage is not realized.26,34 A detailed thermodynamic accounting for artificial 

photosynthesis shows that a tandem junction approach is essential to maximize the 

efficiency of using solar energy to split water to hydrogen and oxygen (essentially the same 

thermodynamics apply to photosynthesis in which CO2 is reduced to carbohydrates).26,35,36 

 Tandem photoelectrochemical systems capable of generating hydrogen from water 

with sunlight at efficiencies greater than 12% have been known for over 15 years.37 

Unfortunately, the high cost in materials and manufacturing, as well as long term stability 

of some of these systems, makes large scale implementation unlikely.38 One strategy for 

potentially decreasing the cost of a tandem water splitting system centers on the 

development of photoelectrodes based on those used in dye sensitized solar cells (DSSC).39 

In the context of solar water splitting, a dye sensitized photoelectrode would function 

analogously to that in a DSSC,9 with the distinction that a catalyst to carry out one half 

reaction of water splitting be incorporated at the electrode interface. This approach offers 
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cost savings by avoiding the need for high purity, defect free crystalline semiconducting 

materials and through the the incorporation of organic chromophores. In addition, the 

system embodies a compartmental design, allowing for the interchange of different 

components, for instance the dye or catalyst as improved versions become available, while 

maintaining the integrity of the overall design. 

 Our group in collaboration with Mallouk’s group at Penn. State University,15,16 

along with several others40-43 have studied photoanodes for use in water splitting dye 

sensitized photoelectrochemical cells (DSPEC). A ubiquitous feature in these single 

junction systems is the need for applied bias to carry out the net conversion of water to O2 

and H2. With the advantages of a tandem junction system as outlined above, a logical step 

in the progress of DSPEC systems involves the incorporation of a second light absorbing 

junction, for instance a DSSC, a semiconductor based photovoltaic (PV), or DSPEC 

photocathode, to satisfy the need for added bias to split water with the only energy input 

from light. In this vein, Sun et al. have reported a dye sensitized photoanode/photocathode 

system capable of supporting a steady state photocurrent without applied bias.44 
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Figure 5. Schematics of (A) a tandem DSPEC and DSSC system connected in series for 

the light driven conversion of water to O2 and H2 and (B) the comparative tandem system 

studied here for the light driven production of H2 from hydroquinone with the only energy 

input from light.  

 

 Figure 5 presents a design of a tandem system for light driven water splitting (panel 

A) and the specific tandem system used in this study (panel B). The system consists of four 

electrodes, two dye sensitized photoanodes and two dark cathodes comprising a DSPEC 

wired in series with a DSSC. Photoanode 1 absorbs bluer wavelengths of the incident light 

and carries out the light driven oxidation of the electron source. The second photoanode in 

the system, 3, absorbs light of longer wavelength and caries out the oxidation of a redox 
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mediator. The photoanodes are parallel to each other and perpendicular to the path of 

illumination, and, as such, the shorter wavelength absorbing junction is positioned in front 

of the longer wavelength absorbing junction. Electrode 2 serves as the cathode of the DSSC 

and carries out the reduction of the mediator. The production of the high energy reduced 

fuel occurs at 4, the cathode of the DSPEC. A proton permeable membrane (PEM) allows 

proton movement between 1 and 4 while preventing diffusion of the oxidized product at 1 

or reduced product at 4 across the cell and thereby prevents short circuiting of the system. 

 Simply stated, the system shown in Figure 5 represents an artificial Z-scheme. 

While sharing design elements with natural photosynthesis, tuning the spectral (band gap) 

and redox properties of the dyes used as well as the choice of semiconductor materials in 

the system can, in theory, lead to overall efficiencies much greater than that observed in 

nature.26 This study focuses on the development of a tandem DSPEC system incorporating 

two distinct chromophores with disparate spectral and redox properties, a porphyrin (at 1) 

and a phthalocyanine (at 3), as well as utilizing both tin(IV) oxide (SnO2) and titanium(IV) 

oxide (TiO2) as semiconducting materials at 1 and 3 respectively to facilitate current flow 

in the system with the only energy input from light. 

 

Results and Discussion 

 As seen in Figure 5, the design of the tandem photoelectrochemical cell used in this 

study incorporates two n-type semiconductor based photocells wired in series. Considering 

the two photocells in isolation, the electrodes 1 and 4 comprise a standalone DSPEC while 

2 and 3 comprise a DSSC. This tandem cell design contrasts with that of a two electrode 

tandem cell that incorporates a photoanode and photocathode.44-46 The advantage of a four 
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electrode system over the two electrode system lies in avoiding the use of a dye-sensitized 

photocathode based on a p-type semiconductor.46-48 Typical p-type semiconductors used in 

such applications, generally NiO and CuO, exhibit poor photoconversion efficiencies as 

compared to systems using n-type semiconductors (TiO2 or SnO2 e.g.). Incorporating n-

type materials at both photojunctions should therefore avoid the loss in efficiency due to 

charge recombination that would otherwise occur at the p-type interface.49 

 Although overall water splitting is not demonstrated herein, this study does 

elaborate on a multipanel water splitting device design first described by Bard et al.50 and 

demonstrates a route to improving the overall efficiency of a tandem dye sensitized 

photoelectrochemical system. Here the photoanodes incorporate different semiconductor 

materials, SnO2 and TiO2, with the conduction band levels chosen to support the chemistry 

at each interface. In addition, two distinct chromophores allow each junction to target 

separate portions of the solar spectrum enabling higher theoretical efficiency.26,36 

 Taken together, the redox and spectral properties of the chromophores predicate 

their position in the tandem system. Incident irradiation would first interact with electrode 

1 containing 1 (Figure 6). At this interface, the absorption of higher energy, more blue light 

ultimately drives the oxidation of the electron source in the system. The potential of the 

porphyrin radical cation formed after excitation and subsequent sensitization of the SnO2 

must be sufficiently positive to carry out the oxidation of the electron source, in this case 

QH2. On a thermodynamic basis, the reduction potential of the 1•+/1 couple (1.03 V vs. 

Ag/AgCl)51 is 150 mV positive of water oxidation at pH 5.8, the conditions used here, and, 

with a suitable catalyst, might be sufficient in a water splitting device.  
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Dye selection and synthesis 

 

 

Figure 6. Structures of dyes used in this study.  

 

 Figure 6 shows the chemical structures for dyes 1, 2, and 3 used in this study. Both 

the spectral and redox properties of these chromophores led to their selection for this study. 

Tritolyl porphyrin 1 contains a carboxylate anchoring group for attachment to a metal oxide 

surface and was prepared using established protocols.52 As a class, porphyrins absorb 

strongly in the higher energy portion of the visible spectrum, with Q-bands extending to 

~650 nm. In addition the reduction potential for the oxidized radical cation form of 1 is 

sufficiently positive to oxidize the sacrificial mediator (hydroquinone, HQ2 used in this 

study). In addition, the reduction potential for forming the radical cation from the excited 

state of 1 is also sufficiently negative for sensitizing SnO2. 
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 The second photojunction in this system incorporates phthalocyanine 2 bearing an 

axial carboxylic moiety, again for anchoring the dye to a TiO2 semiconducting electrode. 

This dye was selected for its strong absorption from 650-750 nm. Though absorbing more 

to the low energy portion of the visible spectrum and extending to the near-infrared, the 

reduction potential for the Pc•+/Pc* couple still lies sufficiently negative for sensitizing 

TiO2. The electron donating nature of the alkoxy moieties at the 1,4 positions (non-

peripheral) of the macrocycle cause both a bathochromic shift in the Q-band and negative 

shift in the redox potentials as compared to unsubstituted phthalocyanines.53 

 A new method was developed for the synthesis of 3. Li et al.54 have demonstrated 

the formation of ether groups attached to the central silicon atom in phthalocyanines 

starting with triflate, chloride, or isopropyl groups. We have used similar chemistry but 

started from the bis-hydroxy silicon phthalocyanine (SiPc). It’s worth noting that under the 

conditions used here, one can obtain mono substituted phthalocyanines without the need 

of protecting one of the reactive ligands.  

 The generation of 3 bearing an axial glycolic ether ligand to Si first demonstrated 

the viability of this method. The synthesis of 3 was done at room temperature with bis-

hydroxy SiPc in dichloromethane using pyridine as base, followed by the addition of 

glycolic acid. By controlling the equivalents of glycolic acid, the mono-substituted Pc can 

be obtained. Compound 3 was characterized by 1H NMR and MALDI-TOF mass 

spectrometry (see SI) The 1H NMR shows a signal at ca. -1.5 ppm, which can be attributed 

to the methylene protons. The upfield chemical shift of the CH2 protons axial to the plane 

of the macrocycle is in agreement with reported values.55,56 DSSCs based on SiPc 3 gave 

little photocurrent presumably due to insufficient dye loadings on the TiO2 surface. This 
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could be due to the close proximity of the anchoring group to the large macrocycle, which 

sterically hindered 3 from attaching to the TiO2 surface. Because of such complications, 

compound 3 was not used in a tandem cell application. Compound 2 bears an axial carboxy 

group separated by a phenyl spacer to the ether group that provides the link to the central 

Si of the macrocycle. Our group previously reported the synthesis of SiPc with axial 

substitution, starting with para-phenol esters.53 Here we introduce a method to directly 

modify the axial position of a SiPc with a free carboxylic acid, thereby eliminating the need 

for deprotection steps. 

 

Photochemical results 

 In the absence of sufficiently rapid and stable water oxidation catalysts, sacrificial 

donors were used to determine the functionality of the other components comprising the 

photoanode.14 Previous work has shown that NADH is an adequate electron donor in 

solution to support the photogeneration of hydrogen in a single threshold TiO2 dye-

sensitized photoelectrochemical system.57,58 An extension of that work also explored the 

use of hydroquinone (QH2) as a sacrificial electron donor, though NADH gave far superior 

photoelectrochemical performance in the system.59,60 Comparing the same TiO2-porphyrin 

electrodes, the use of QH2 gave both overall lower photocurrent densities as well as a more 

positive potential for the point of zero current under illumination. The influence of charge 

recombination to the oxidized form of the electron donor (NAD+ or 1,4-benzoquinone), 

with recombination occurring more readily to benzoquinone, largely explains the 

difference in performance between the two sacrificial donors.60 Given these results, a single 

junction system with NADH can produce H2 spontaneously under illumination whereas the 
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same system with QH2 cannot.  

  

 Although a SnO2-porphyrin photoanode in the presence of QH2 does not sustain 

photocurrent without applied bias (dashed trace Figure 7, upper panel), stable photocurrent 

does flow with sufficient forward bias. Similarly, a TiO2 based photoanode prepared with 

a Ru(bpy)3
2+ chromophore and IrO2 water oxidation catalyst requires a forward bias to 

carry out light driven water oxidation, largely attributed to unfavourable recombination 

dynamics.15 In place of an electrical bias, non-actinic wavelengths to the SnO2-dye 

electrode can be utilized at a second light absorbing junction to generate the needed applied 

voltage. In this report, we constructed a DSSC using phthalocyanine 2 to generate sufficient 

photoelectrical bias to sustain photocurrent in the tandem system with the only energy input 

from incident light.  

 Overall, the tandem system described here carries out the net conversion of 

hydroquinone to H2 with only light energy. This of course represents less overall solar 

energy conversion than water splitting (1.23 V) yet still entails the conversion of some 

solar energy to chemical potential, with, in the case of QH2 at pH 7 of around 0.7 V (EH+/H2 

= –0.44 V vs. NHE; EQ/QH2 = 0.3 V vs. NHE).61 Any sustainable solar energy conversion 

must consume a renewable electron source with water the ideal choice. Although this work 

relies on a non-regenerative process (a closed loop would require energy production from 

a fuel cell burning H2 and reducing Q) the study of QH2 does illustrate the benefit of the 

tandem junction system. 

 With the presence of a sacrificial donor in the anodic side of the 

photoelectrochemical cell, illumination of the tandem cell produces a stable photocurrent 
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response without any bias applied to the system as shown in Figure 7. As controls, in the 

absence of a sacrificial donor, the system produces negligible photocurrent and with a 

sacrificial donor present, but without the DSSC connected in the circuit, negligible 

photocurrent is generated during illumination (dotted trace). Observation of the potential 

reached at the platinum cathode of the photoelectrochemical cell versus a reference 

electrode in the same solution shows that, upon illumination of the tandem system, the Pt 

polarizes negative of the H+/H2 couple, indicating the photochemical production of H2 

(Figure 7) with H2 production verified by GC (Figure 9).  
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Figure 7. Photocurrent trace (upper frame) and voltage vs. time trace (lower frame) as 

measured at the platinum cathode (electrode 4 in Figure 5). Solid trace shows the result 

using a tandem configuration and the dashed trace shows the result for the DSPEC cell 

alone (electrode 1 directly wired to 4, i.e. no DSSC in series). The electrolyte conditions 

for the DSPEC shown consisted of 25 mM Na2SiF6 buffer at pH 5.8 with 100 mM Na2SO4 

supporting electrolyte. The DSSC electrolyte consisted of 1:1 acetonitrile:valeronitrile with 

0.2 M LiI, 0.05 M I2, 0.2 M TBAI, and 0.5 M 4-t-butylpyridine.  

 

 The photochemical performance of the phthalocyanine DSSC as measured in the 

same context as in the assembled tandem cell (DSPEC not connected in series) is shown in 

Figure 8. Although modest in terms of overall performance compared with state of the art 

DSSCS,62 the principal objective for the DSSC here is to supply sufficient photovoltage to 

support photocurrent in the DSPEC with incident light that goes unabsorbed at the 
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photoanode of the DSPEC. The photocurrent density of the TiO2-2 DSSC (~300 uA cm-2) 

exceeds that of the SnO2-1 even at high applied bias. With the two cells wired in series, the 

cell with the lower photocurrent will dictate the maximum photocurrent obtainable by the 

tandem system. In the case explored here, the phthalocyanine based DSSC generates 

sufficiently high photocurrent and photovoltage to sustain the generation of H2 by the 

tandem system without the application of any applied bias.  

 

 

Figure 8. Current vs. applied voltage (left) and current vs. time (right) for the TiO2-2 based 

DSSC measured in the same orientation as used in the tandem configuration.  
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Figure 9. H2 produced vs. time as measured by gas chromatography (blue trace) and as 

calculated from the charge passed in the experiment. 

 

 The results with QH2 demonstrate that the second, more-red absorbing junction in 

this system can supply the added bias to overcome kinetic limitation at the first junction. 

To demonstrate the net production of H2 with light by the tandem cell, gas samples 

collected above the Pt counter electrode were measured by gas chromatography. As shown 

in Figure 9, the light driven conversion of QH2 to H2 occurs with approximately 100% 

faradaic efficiency while no H2 is produced when the DSSC is removed from the circuit. 

In previous work applied electric voltage was needed, here all the energy input in the 

system comes directly from light. This has important implication with comparable systems 

designed for overall water splitting. Single junction dye-sensitized photoelectrochemical 

systems for light driven water splitting almost exclusively use TiO2 at the photoanode and 

require applied bias to carry out the net production of H2.
15,16,40-43  
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Conclusions 

 The tandem configuration presented here is akin to running the single junction cell 

with an applied bias, however, in place of an electrical bias, incident light unused at the 

first photojunction generates the needed bias at the second photoanode in the cell. Despite 

the use of sacrificial donor, this system presents an effective means for both eliminating 

the need for electrical bias and, by the incorporation of SnO2, it allows for the utilization 

of higher potential, more strongly oxidizing dyes to drive water oxidation. Employing SnO2 

at this interface opens the possibility of integrating higher potential porphyrin 

chromophores, such as those containing pentafluorophenyl groups at the meso-positions or 

cyano moieties at the beta-position. Paired with a suitable water oxidation catalyst, such a 

surface could enable H2 production from water as shown here with QH2.  

 

Supplemental Information 

Experimental Details 

All materials used in this study were used as received unless otherwise stated and 

purchased from either Sigma Aldrich or Alpha Aesar. Fluorine doped tin oxide (FTO) was 

purchased from Hartford Glass.  

 

Photoelectrode preparation 

Colloidal TiO2
63 and SnO2

64sol-gel pastes were prepared using literature protocols. 

For the FTO-TiO2 electrodes, a compact TiO2 blocking layer was first prepared. The 
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blocking layer was formed via spray pyrolysis of 0.2 M titanium diisopropoxide 

bis(acetylacetonate) in ethanol onto the conductive face of the FTO electrodes that were 

heated to and maintained at 400 °C during the deposition. The FTO was then heated at 450 

°C for 30 min after deposition of the blocking layer, and prior to the application of the sol-

gel paste. The colloidal paste was applied to the FTO electrodes using a doctor-blade 

method with tape spacers used to set the thickness of the sol-gel layer. Once spread, the 

films were allowed to dry in air and then annealed at 450 °C for 45 min. After annealing, 

the electrodes underwent an overnight soak in a 40 mM solution of TiCl4 in water. Finally 

they were dried and cured for an addition 30 min at 450 °C. For the FTO-SnO2 electrodes, 

a compact SnO2 blocking layer was first established by spin coating (2000 rpm, 1 min) a 

solution of 15 wt% SnO2 in water on the FTO face, followed by heat treatment at 450 °C 

in air for 45 min. The SnO2 sol-gel paste was then applied, again using the doctor blade 

method. Finally, the FTO-SnO2 were soaked in a 40 mM solution of TiCl4 in water 

overnight to introduce an TiO2 surface coating which has been shown to improve device 

performance.65 The FTO-TiO2 electrode were soaked in a 400 µM solution of 2 or 3 in 

ethanol and the FTO-SnO2 electrodes in a 400 µM solution of 1 in ethyl acetate overnight, 

and rinsed with ethanol for the former or ethyl acetate for the latter to form the fully 

prepared photoelectrodes used in this study.  

 

Photochemical experiments  

A custom made photoelectrochemical cell was used to prepare the dye sensitized 

photoelectrochemical cell (DSPEC) with a nafion membrane separating the anodic and 

cathodic sides of the cell. Each side of the cell consisted of a threaded glass opening (ace-
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thred #15, Ace Glass) with custom machined Delrin bushing. Each bushing contained three 

drilled and taped ports allowing introduction of electrode leads or gas lines which could be 

secured using threaded nuts (IDEX Health and Science) allowing for a complete gas-tight 

seal on either side of the cell. Unless otherwise noted, the electrolyte for the DSPEC 

consisted of 0.1 mM Na2SO4 and 25 mM SiF6 buffer with the pH adjusted to 5.8 using a 

concentrated solution of NaHCO3. Additionally the anodic solution of the DSPEC 

contained 20 mM hydroquinone. To form the dye sensitized solar cells (DSSCs) used here, 

the FTO-TiO2 photoanode described above was attached to a FTO-Pt cathode using a heat 

shrink gasket (Solaronix). The Pt coating was applied to the FTO by applying a solution of 

chloroplatinic acid in ethanol and heating to 450 °C for 30 min. The electrolyte used for 

the DSSC consisted of 1:1 acetonitrile:valeronitrile with 0.2 M lithium iodide, 0.05 M 

iodine, 0.2 M tetrabutylammonium iodide, and 0.5 M 4-tertbutylpyridine. The electrolyte 

was introduced inside the DSSC via ports drilled through the FTO-Pt cathode after 

assembling the cell.  

For the light driven experiments, a 350 W Xe light source (Osram) was used with 

a 400 nm long pass filter (Thor Labs) as well as an AM 1.5 filter (Oriel) with the DSPEC 

photoanode placed to receive 100 mW cm-2 light intensity. For the tandem cell 

photocurrent measurements, a Keithely 2400 source meter was connected between the 

photoanode of the DSPEC and the FTO-Pt cathode of the DSSC to monitor the current 

flow in the cell. A separate wire connected the DSSC photoanode to the Pt cathode of the 

DSSC to complete the series connection. The DSSC was placed directly behind the DSPEC 

photoanode for the tandem configuration to receive light that had passed through the 

DSPEC photoanode. For the voltage vs. time traces, a fresh prepared silver/silver chloride 
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reference (in saturated KCl) was prepared and placed in the cathodic chamber of the 

DSPEC. A CH Instruments 650C potentiostat was used to monitor the opencircuit voltage 

between the Pt counter and the Ag/AgCl reference during the course of the experiment. 

The incident photon to current efficiency (IPCE) measurement used a Jobin-Yvon 

monochromator and a Keithely 2400 source meter and custom written software 

(LabVIEW). The light intensity at each wavelength was calibrated using a photodiode 

(Newport).  

 

Hydrogen measurements  

An SRI Instruments 310C gas chromatograph was used for detection of 

photogenerated hydrogen. In order to measure the evolved hydrogen gas, a Pt cathode 

assembly was constructed in order to both minimize the headspace volume above the 

cathode (1.2 mL) and seal off the headspace from the atmosphere with a septa port for 

extracting samples for GC analysis. The assembly consisted of an insulated wire lead 

placed inside a 1/8’’ Teflon tube with a Pt wire soldered to the end of the lead, extruding 

from the end of the tube. The Pt wire end was then place inside a piece of glass cylinder 

(internal diameter 3.5 mm) with an epoxy seal applied between the tube and the top of the 

glass cylinder. A second piece of glass cylinder was epoxied to the top of the Teflon tube 

with the wire and a second piece of tubing extending out the top through an epoxy seal. 

Completing the assembly, the end of the second tube was connected to one side of a ¼’’-

28 threaded union (IDEX Health and Science) with a ferrule and nut with the opposite side 

of the union containing a ¼’’-28 threaded to female Luer fitting. A Luer cap with a drilled 

hole through the top and a septa placed inside the cap was fastened over the female Luer 



27 

 

fitting. To measure a gas sample, a 100 µL syringe was filled with Ar, inserted through the 

septa, mixed with the head space gas by plunging (causing noise in the current trace of the 

measurement due to electrolyte flow across the Pt counter as the syringe was moved back 

and forth), extracted from the septa, and injected into the GC.  

 

Synthesis  

 

 

 

5-(4-carboxyphenyl)10,15,20-tri(4-methylphenyl)- 29,31-H2 Porphyrin (1). Porphyrin 

1 was prepared by the Adler-Longo porphyrin condensation method.52 By adjusting the 

stoichiometry of the two aldehydes one can change the ratio of different substituted 

porphyrins formed from the condensation. Using a stoichiometry of 1, 5, and 6 of methyl 

4-formylbenzoate, 4-methylbenzaldehyde and pyrrole respectively, compound 1 is 

preferentially formed. After treatment with potassium hydroxide, followed by washing 

with water the target mono-carboxyphenyl porphyrin is obtained. Characterization of 
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compound 1 was achieved by using 1H NMR and MALDI-TOF-MS. All values were 

consistent with literary values.     

 

 

 

4-(Oxybenzoic acid)hydroxy-1,4,8,11,15,18,22,25-

octabutoxyphthalocyaninatosilicon(IV) (2): Into a dry 10 ml round bottom flask was 

placed SiPc(OH)2 (20 mg, 0.017 mmol), 4-hydroxybenzoic acid (12 mg, 0.087 mmol), dry 

dichloromethane (4 ml), and pyridine (4 drops). This solution was allowed to stir at room 

temperature for 4 days. The solution was evaporated under reduced pressure and the crude 

solid was taken up in dichloromethane and washed with deionized water, dried with sodium 

sulfate and concentrated. The crude product was purified via silica gel column 

chromatography using toluene/ethyl acetate (65:35) as eluent to afford a green solid. Yield 

5.3 mg (24%). 1H-NMR (400 MHz; CDCl3; 0.03% Me4Si): H, ppm 7.63 (s, 8H) ppm 6.40 

(d, 2H, J=8.8Hz) ppm 4.78 (m, 16H) ppm 2.86 (d, 2H, J=8.8Hz) ppm 2.14 (p, 16H) ppm 

1.63 (sex, 16H) ppm 1.04 (t, 24H, J=7.4Hz). MS (MALDI-TOF): m/z calcd. for 

C71H86N8O12Si 1271.57, obsd. 1272.43 (M+H), 1149.58 (M-benzoic acid). 
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2-(Oxyacetic acid)hydroxy-1,4,8,11,15,18,22,25-

octabutoxyphthalocyaninatosilicon(IV) (3). A portion of SiPc(OH)2 (30 mg, 0.026 

mmol) was dissolved in dry pyridine and the solution was degassed for 5 min with argon. 

Glycolic acid (9.8 mg, 0.13 mmol) was added and the resulting solution was stirred at 55 

oC, under argon for 3 days. The pyridine was evaporated under reduced pressure and the 

resulting residue was taken up in dichloromethane and washed with deionized water (20 

mL). The organic phase was dried over sodium sulfate and evaporated under reduced 

pressure. Column chromatography was done using silica gel in two purification steps; first, 

toluene/ethyl acetate/methanol (60:38:2) was used as eluent followed by a second column 

using chloroform/ethyl acetate/methanol (78:20:2) as eluent, which afforded a green solid.  

Yield 7 mg (22%), 1H-NMR (400 MHz; CDCl3; 0.03% Me4Si): H, ppm 7.63 (s, 8H, Pc-

H) ppm 4.86 (t, 16H, -CH2-CH2-CH2-CH3, J=7.4Hz) ppm 2.20 (p, 16H, -CH2-CH2-CH2-

CH3) ppm 1.66 (sex, 16H, -CH2-CH2-CH2-CH3) ppm 1.08 (t, 24H, -CH2-CH2-CH2-CH3) 

ppm -1.40 (s, 2H, CH2-Glycolic acid). MS (MALDI-TOF): m/z calcd. for C66H84N8O12Si 

1209.50, obsd. 1209.49, 1149.58 (M-Glycolic acid). 
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Supplemental Figures 

 

 

Figure S 1. GC traces used for determination of the amount of light generated H2 as shown 

in Figure 4 of the paper. The peaks starting at 0.4 min and centered at 0.55 min of the trace 

were assigned to H2 and verified using a hydrogen standard. 
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Figure S 2. Photocurrent (upper) and voltage vs. time (lower) as measured at the platinum 

cathode for a tandem cell (solid trace, same as Figure 7 of the paper) consisting of 

(electrode 1) SnO2-1, (electrode 2) Pt, (electrode 3) TiO2-2, and (electrode 4) Pt and 

DSPEC cell (dashed trace) without the DSSC wired in series (electrode 1 directly 

connected to electrode 4). No H2 is observed in the case of the PEC by GC consistent with 

the lack of photocurrent and insufficiently negative potential observed at the Pt cathode 

(dashed traces). 
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Figure S 3. Photocurrent vs. applied bias for the tandem cell (black trace) and DSPEC 

without the DSSC connected in series (grey trace).  
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Figure S 4. Absorbance spectra of (red) SnO2-1 and (green) TiO2-2. 
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ABSTRACT 

Excited-state hole injection into the valence band of Cu5Ta11O30 nanoparticles (NP-

Cu5Ta11O30) was investigated through sensitization with zinc porphyrin dyes using 

simulated solar irradiance. The Cu5Ta11O30 nanoparticles were prepared by a flux-mediated 

synthesis and found to have an average particle size of ~10–15 nm by DLS and TEM. The 

zinc 4-(10,15,20-tris(4-pyridinyl)-porphin-5-yl)phenylphosphonic acid (D1) and its analog 

in which the pyridine groups are methylated (D2) were synthesized and found to have 

excited state reduction potentials appropriate for p-type dye sensitization of the 

nanoparticles. The dye-sensitized NP-Cu5Ta11O30 exhibited fluorescence quenching 

consistent with electron transfer from the NP-Cu5Ta11O30 to the dye; forward and 

recombination rates were obtained by transient absorption measurements. Hole injection 

times of 8 ps and <100 fs were observed for D1 and D2, respectively. Nanoparticulate films 

of Cu5Ta11O30 were prepared and evaluated in dye sensitized solar cells (DSSC) under 

simulated solar irradiance (AM 1.5 G, 100 mW/cm2). Measureable photocurrents with 

open circuit potentials (Voc) of 200 mV and 110 mV were observed using D1 and D2, 

respectively.  

 

INTRODUCTION 

Anthropogenic activity and especially the massive burning of fossil fuels has a 

deleterious effect on the global ecosystem.66 Due to the magnitude of the solar energy 

reaching the earth, developing a technology capable of efficiently converting sunlight into 

electricity or highly energetic fuels is an appealing prospect.33 In this connection, 

photoelectrochemical dye-sensitized solar cells (DSSCs) have attracted growing interest 
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since the seminal contribution by Grätzel and O’Regan in 1991.67 Currently, two general 

classes of DSSC designs can be distinguished. The first (n-DSSC) is based on the 

sensitization of a wide-band-gap n-type semiconductor oxide (e.g. TiO2, SnO2 or ZnO). 

Photoinduced electron injection from the excited photosensitizer into the oxide conduction 

band is followed by electron transmission by a conductor through the load and to a non-

photochemically active cathode. A mediator in solution transports electrons from the 

cathode to regenerate the oxidized dye at the photoanode. So far photoconversion 

efficiencies up to 13% have been achieved.68 The second class of DSSC uses a p-type metal 

oxide such as NiO, Cu(I)-containing oxides or doped diamond (p-DSSC). In these devices, 

photoinduced hole injection into the valence band (VB) of the semiconductor of a 

photocathode initiates the overall electron flow. Thus far, they have achieved a maximum 

energy conversion efficiency of only around 1.3%.24 

These same concepts may be used in the design of photoelectrosynthetic systems 

that use visible light to split water into oxygen and hydrogen, or that produce other fuels 

or chemicals. Such systems are generally inefficient because of the great challenge of 

generating the necessary photopotential.15 However, if both efficient photocatalytic n-

DSSC type anodes and p-DSSC type photocatalytic cathodes were available, one can 

envision their use in a tandem-type photoelectrosynthetic cell for water splitting. Such a 

cell would be based on two-step photoexcitation,69,70 wherein water is oxidized by catalysts 

at the photoanode and hydrogen is produced by catalysts at the photocathode. In principle, 

such cells could be very efficient because the overall power conversion efficiency of a 

tandem cell is higher than the Shockley-Queisser limitation for a single junction cell.71 In 

a tandem photoelectrosynthetic cell, electron flow is analogous to that in the Z scheme of 
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natural oxygenic photosynthesis, but the thermodynamics are fundamentally different in 

that a properly designed tandem cell better matches the absorption spectra of the sensitizers 

to the solar spectrum, thereby nearly doubling the rate of light absorption. Optimally 

designed sensitizers would cover the solar spectrum from the near UV to about 750 nm for 

one photoelectrode and from 750 nm to about 1100 nm for the second photoelectrode.36 

The principle of operation of a p-type semiconductor sensitized by organic dyes is 

illustrated in Figure 10a. Light excitation (step 1) of the sensitizer (S), forms the excited 

state (S*), which decays by hole injection into the valence band of the p-type 

semiconductor to form the charge separated state (step 2). In this case, because there is no 

“wiring” to take the hole or electron away from the interface, they must recombine 

following step 3. Figure 10b illustrates the pathway followed by a hole in a p-DSSC 

photoelectrochemical cell. Upon light absorption (step 1), the sensitizer excited state (S*) 

injects a hole into the valence band of the semiconductor, leading to the reduction of the 

sensitizer (S−) (step 2). The injected holes diffuse to the back side of the transparent 

conducting electrode, pass into the external circuit and reach the counter electrode where 

they oxidize the redox mediator (M/M−) (step 4). This mediator reacts with the reduced 

sensitizer to restore the ground state of the sensitizer (step 5).72 In a photoelectrosynthetic 

application, a catalyst may be linked to or otherwise associated with the sensitizer so that 

useful synthetic chemistry is carried out at each electrode. In this case, an alternative 

pathway at the photocathode is reduction of the catalyst by the sensitizer excited state 

followed by hole injection into the semiconductor by the oxidized sensitizer. 
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Figure 10. a) Schematic of the processes involved in hole photo-injection in a system of a 

chromophore and a p-type semiconductor. The numbers on the arrows represent the order 

in which the processes occur; 1 – light absorption, 2 – hole injection, 3 – electron 

recombination. b) Schematic of a p-DSSC showing the electron transfer processes involved 

in the operation of the photoelectrochemical cell, as described in the text. 

 

In this work, we describe the synthesis and characterization of Cu5Ta11O30 nanoparticles 

(NP–Cu5Ta11O30) and their ability to accept high-potential holes into their valence band 

from a photoexcited porphyrin. Such nanoparticles may be suitable candidates for 

construction of tandem cells. In these cells, the photocathode would take advantage of the 

well-known high hole mobility of the copper(I)-based semiconductors like Cu2O
73 and 
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CuNb3O8,
74 as compared to the significantly lower charge carrier mobility in the commonly 

used NiO.75 

 

EXPERIMENTAL SECTION 

Materials. Dichloromethane (anhydrous, 99.5%), anhydrous methanol (99.8%), propionic 

acid, 4-pyridinecarboxaldehyde, 4-bromobenzaldehyde, triethylamine, diethyl phosphite, 

zinc acetate dihydrate, iodomethane, bromotrimethylsilane, 

tetrakis(triphenylphosphine)palladium (0), and ammonium hexafluorophosphate were 

purchased from Sigma-Aldrich and used without further purification. Pyrrole was 

purchased from Sigma-Aldrich and distilled prior to use. Silica gel (SiliaFlash F60 40–63 

µm) used for column chromatography was purchased from SiliCycle. Dichloromethane, 

hexane, ethyl acetate, methanol, acetone, tetrahydrofuran, acetonitrile, and chloroform for 

synthesis and column chromatography were distilled. Toluene and dimethylformamide for 

synthesis were dried over activated 4 Å molecular sieves. Copper sulfate (anhydrous, 99%), 

ascorbic acid (99.9%), tantalum pentachloride (99.9%), and copper chloride (99%) were 

purchased from Alfa Aesar and used without further purification. 

Structural Characterization. Mass spectra were obtained with a Bruker Microflex LRF 

matrix-assisted laser desorption/ionization time-of-flight spectrometer (MALDI-TOF), 

equipped with a 60 Hz laser, using α–cyano-4-hydroxycinnamic acid (αCN), sinapinic acid 

(SA), or (1E, 3E)-1,4-diphenylbuta-1,3-diene (DPB) as a matrix. The reported mass is the 

most abundant isotope observed. Calculated values are listed after the experimental result 

for comparison. The 1H-NMR spectra were taken on a Varian spectrometer at 400 MHz. 
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Samples were prepared using deuterated solvents and with 0.03% tetramethylsilane as an 

internal standard.   

Synthesis of Dyes. Scheme  S 1shows the synthetic strategy followed for the preparation 

of the porphyrin sensitizers. 

5-(4-Pyridinyl)dipyrromethane (1). Compound 1 was synthesized following a published 

procedure.76 Portions of 4-pyridinecarboxaldehyde (2.0 g, 18.7 mmol, 1.8 mL) and pyrrole 

(18.8 g, 281 mmol, 20 mL) were added to a 100 mL round-bottom flask equipped with an 

air-cooled condenser. The mixture was purged with argon for 20 min and heated at 85 ºC 

under argon and stirred for 24 h. The resulting dark red solution was first purified using 

silica gel column chromatography (hexane:ethyl acetate 1:1) and further purified by 

crystallization from hexane:dichloromethane (DCM). The first crop of crystals was light 

brown (1.0 g) and the second was brown (1.2 g), giving an overall yield of 2.2 g (1.0 mmol, 

53% yield). 1H-NMR δ ppm (CDCl3): 8.48 (d, J = 6.0 Hz, 2H), 8.16 (s, 2H), 7.12 (d, J = 

6.0 Hz, 2H), 6.73 (m, 2H), 6.17 (dd, J = 2.9, 5.8 Hz, 2H), 5.89 (m, 2H), 5.45 (s, 1H).  

5,10,15-Tris(4-pyridinyl)-20-(4-bromophenyl)-porphyrin (2). In a 250 mL round 

bottom flask was placed 1 (2.0 g, 8.58 mmol), 4-pyridinecaboxaldehyde (0.46 g, 4.29 

mmol), and 4-bromobenzaldehyde (0.79 g, 4.29 mmol). Propionic acid (70 mL) was added 

and the flask was equipped with a condenser. The reaction was refluxed at 140 ºC for 45 

min and then cooled to room temperature. The propionic acid was removed by distillation 

under reduced pressure and the mixture was dissolved in DCM. The organic solution was 

washed with a saturated sodium bicarbonate solution (× 4) to neutralize any remaining 

acid. The organic layer was dried over Na2SO4. The solvent was removed under reduced 

pressure and the mixture was purified by silica gel column chromatography (4% 
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MeOH:DCM) to yield a purple solid (175 mg, 0.252 mmol, 5.5% yield). 1H-NMR δ ppm 

(CDCl3): 8.99 (d, J = 4.0 Hz, 6H), 8.83 (d, J = 4.8 Hz, 2H) 8.77 (m, 6H) 8.08 (d, J = 4.0 

Hz, 6H), 7.99 (d, J = 8.2 Hz, 2H), 7.84 (d, J = 8.2 Hz, 2H), -2.96 (s, 2H). MALDI-TOF: 

m/z obsd. 695.14 calc. for C41H26BrN7 695.14. 

4-(10,15,20-Tris(4-pyridinyl)-porphin-5-yl)phenylphosphonic acid diethyl ester (3). 

Compound 2 (160 mg, 0.23 mmol) was dissolved in dry toluene (100 mL), triethylamine 

(20 mL), and diethyl phosphite (0.65 g, 4.60 mmol, 0.6 mL). The solution was purged with 

argon for 20 min and tetrakis(triphenylphosphine)palladium(0) (53 mg, 0.046 mmol) was 

added quickly. The reaction was stirred under argon at 80 ºC for 18 h. The solvent was 

removed by distillation under reduced pressure and the mixture was purified using silica 

gel column chromatography (2% MeOH:18% acetone:DCM). Compound 3 was obtained 

in 23% yield (40 mg, 0.053 mmol). 1H-NMR δ ppm (CDCl3): 9.06 (d, J = 5.6 Hz, 6H), 

8.85 (m, 8H), 8.33 (dd, J = 4.0, 7.9 Hz, 2H), 8.24 (dd, J = 7.9, 13.1 Hz, 2H) 8.16 (d, J = 

5.6 Hz, 6H), 4.40 (m, 4H), 1.53 (t, J = 7.1, 7.1 Hz, 6H) -2.89 (s, 2H). MALDI-TOF: m/z 

obsd. 753.27 calc. for C45H36N7O3P 753.26. 

Zinc 4-(10,15,20-tris(4-pyridinyl)-porphin-5-yl)phenylphosphonic acid diethyl ester 

(D1E). In a 100 mL round bottom flask compound 3 (40 mg, 0.053 mmol) and 

ZnOAc.2H2O (117 mg, 0.53 mmol) were dissolved in THF (20 mL) and DCM (20 mL). 

The round bottom flask was equipped with a condenser and the reaction mixture was 

refluxed at 60 ºC for 12 h. The solvent was removed by distillation under reduced pressure. 

The mixture was redissolved in DCM and washed with H2O three times. The organic 

solution was dried over Na2SO4 and filtered, and the solvent was removed under reduced 

pressure. The mixture was purified using silica gel column chromatography (10% 
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MeOH:DCM) to yield a purple solid (14.1 mg, 0.0173 mmol, 32% yield). 1H-NMR δ ppm 

(DMSO): 9.01 (d, J = 5.6 Hz, 6H), 8.81 (m, 8H), 8.35 (dd, J = 3.8, 8.0 Hz, 2H) 8.21 (d, J = 

5.6 Hz, 6H), 8.14 (dd, J = 8.0, 13.0 Hz, 2H) 4.28 (m, 4H), 1.42 (t, J = 7.1, 7.1 Hz, 6H). 

MALDI-TOF: m/z obsd. 815.18 calc. for C45H34N7O3PZn 815.18. 

Zinc 4-(10,15,20-tris(4-pyridinyl)-porphin-5-yl)phenylphosphonic acid (D1). D1E (5 

mg, 6.1 μmol) was dissolved in chloroform (10 mL) and triethylamine (17 μL). The 

solution was heated at 60 °C in a flask bearing a condenser and trimethylsilyl bromide 

(TMS-Br) (14.1 mg, 92.1 μmol, 12 μL) was added. The reaction mixture was refluxed for 

18 h. The solvent was removed under reduced pressure and the product was extracted using 

DCM:H2O. The organic layer was dried over Na2SO4 and filtered, and the solvent was 

removed by distillation under reduced pressure. The final product was obtained in a 100% 

yield (5 mg, 6.14 μmol). 1H-NMR δ ppm (DMSO): 9.14 (s, 6H), 8.90 (m, 4 H), 8.87 (d, 

J = 4.7 Hz, 2H), 8.83 (d, J = 4.7 Hz, 2H), 8.43 (s, 6H), 8.28 (dd, J = 3.3, 8.0 Hz, 2H), 8.12 

(dd, J = 7.9, 12.8 Hz, 2H). MALDI-TOF: m/z obsd. 759.15 calc. for C41H26N7O3PZn 

759.11. 

Zinc 4-(10,15,20-tris(4-(N-methylpyridiniumyl)-porphin-5-yl)phenylphosphonic acid 

diethyl ester (D2E). D1E (20 mg, 0.025 mmol) was dissolved in dry dimethylformamide 

(DMF) (10 mL) and the solution was purged with argon for 10 min. Methyl iodide (5.2 

mg, 0.037 mmol, 2.3 μL) was added and the reaction mixture was heated at 100 ºC for 1 h, 

and then cooled to room temperature and stirred for 12 h. The solvent was removed by 

distillation under reduced pressure and the mixture was extracted using DCM:H2O. The 

aqueous layer was removed and concentrated by distillation of the solvent under reduced 

pressure. Anion exchange with NH4PF6 yielded porphyrin with hexafluorophosphate 
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counterions, thus, increasing the solubility of the porphyrin in organic solvents. The 

mixture was cooled to 0 ºC and the product precipitated out of solution. The water was 

removed by filtration to give a purple solid (21.5 mg, 0.0349 mmol, 100%). 1H-NMR δ 

ppm (DMSO): 9.42 (d, J = 6.3 Hz, 6H), 9.04 (m, 4H), 8.98 (d, J = 4.7 Hz, 2H), 8.92 (m, 

8H), 8.35 (dd, J = 3.7, 7.7 Hz, 2H), 8.18 (dd, J = 7.8, 13.0 Hz, 2H), 4.71 (s, 9H), 4.30 (m, 

4H), 1.43 (t, J = 7.0, 7.0 Hz, 6H). MALDI-TOF: m/z obsd. 860.42 calc. for 

C48H43N7O3PZn3+ 860.24. 

4-(10,15,20-Tris(4-(N-methylpyridiniumyl)-porphin-5-yl)phenylphosphonic acid (7). 

D2E (5 mg, 5.8 μmol) was dissolved in acetonitrile (10 mL) and triethylamine (0.02 mL) 

and heated to 65 ºC. TMS-Br (13.3 mg, 0.087 mmol, 15 μL) was added and the reaction 

mixture was refluxed for 12 h. The reaction conditions both cleaved the phosphonate esters 

and removed the zinc from the macrocycle. A green solid precipitated and the solvent was 

removed under reduced pressure. The solid was resuspended in H2O and washed with 

DCM. The H2O was then removed under reduced pressure to yield a green solid (5 mg, 

5.8 μmol, 100%). Compound 7 was used immediately to reintroduce the zinc without 

further purification. MALDI-TOF: m/z obsd. 742.30 calc. for C44H37N7O3P
3+ 742.27. 

Zinc 4-(10,15,20-tris(4-(N-methylpyridiniumyl)-porphin-5-yl)phenylphosphonic acid 

(D2). In a 50 mL round bottom flask compound 7 (5 mg, 6 μmol) was dissolved in H2O (5 

mL) and THF (10 mL). ZnOAc.2H2O (26 mg, 0.119 mmol) was added and the flask was 

equipped with a condenser. The reaction was refluxed for 2 h. The solvent was removed 

by distillation under reduced pressure and the mixture was crystallized in H2O/acetone. 

The crystals were filtered and rinsed with cold acetone to yield a green solid (5 mg, 6 μmol, 

100%). 1H-NMR δ ppm (DMSO/D2O): 9.22 (s, 6H), 9.01 (d, J = 19.2 Hz, 8H), 8.80 (s, 
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6H), 8.20 (m, 4H), 4.65 (s, 9H). MALDI-TOF: m/z obsd. 804.34 calc. for C44H35N7O3PZn3+ 

804.18.  

High Resolution Transmission Electron Microscopy. TEM micrographs were collected 

using a Philips CM200 TEM at 200kV, Cs 1.2 mm, PTP Resolution: 0.25nm Focused 

Probe: 0.5nm and Imaging Modes: TEM/STEM. TEM micrographs were analyzed using 

Digital Micrograph™ software.77 

Dynamic Light Scattering. Dynamic light scattering (DLS) data were taken on a Malvern 

Zetasizer Nano S with the detector 173° from the incident beam and a laser wavelength of 

633 nm. Intensity by number was used for expressing the particle size distribution of the 

dispersion of nanoparticles. The particle size is determined using the velocity of Brownian 

motion and the Stokes-Einstein equation. 

  (1) 

Where d is the hydrodynamic diameter, k is Boltzmann’s constant, T is absolute 

temperature, η is viscosity and D is the translational diffusion coefficient.  These 

measurements were done by placing 5 mL of a dispersion of nanoparticles in ethanol into 

a disposable plastic cuvette with a path length of 1 cm. The refractive index of Cu2O (2.94) 

was used as an approximation of the refractive index of Cu5Ta11O30, which has not been 

determined in the literature.78 

Mott-Schottky Measurements. Electrochemical impedance spectroscopy was used to 

measure the flat-band potentials of nanoparticles of Cu5Ta11O30, using a frequency of 30 

KHz and ac amplitude of 5 mV. Measurements were carried out using a Parstat-2263 

potentiostat from Princeton Applied Research. A three necked flask filled with 0.5 M 

3

kT
d
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Na2SO4 solution (pH 6.5) was purged with N2 gas 30 min prior to the experiment. A flow 

of N2 gas was kept over the headspace to purge any oxygen during the experiment. A film 

of NP-Cu5Ta11O30 deposited on fluorine doped tin oxide (FTO, Pilkington TEC-15) served 

as the working electrode, Pt foil as a counter electrode and a saturated calomel electrode 

(SCE sat. KCl) as the reference electrode. The working electrode was made by depositing 

an ethanol solution of the nanoparticles onto the FTO slides at 70°C in air. 

Current-voltage measurements (i-v curves) were performed using a CH-Instruments 

CH620a potentiostat under simulated AM 1.5 G irradiation at 100 mW/cm2 (Oriel) using 

a scan rate of 10 mVs-1. Scans were started negative of the open circuit voltage (Voc) and 

scanned towards the short circuit condition (Isc, V=0). The sensitized film served as the 

working electrode and platinized FTO served as counter and reference electrode. 

Steady state absorption. Spectra were recorded in 1 cm path length cuvettes with the 

following spectrophotometers: diode array HP 8452, Shimadzu - UV-IR (2041PC), and 

Hitachi double beam UV/Vis spectrophotometer (U-2800). 

Electrochemical and Spectroelectrochemical experiments. The voltammetric 

characterization of the redox processes was performed with an Autolab potentiostat-

galvanostat (Electrochemical Instruments) in a conventional three-electrode cell. 

Electrochemical and spectroelectrochemical studies of porphyrins were carried out in 

anhydrous N,N-dimethylformamide (DMF) deoxygenated solution (argon bubbling), with 

0.10 M tetra-n-butylammonium perchlorate (TBAClO4) as supporting electrolyte. For 

cyclic voltammetry a Pt working electrode, a Pt counter electrode, and a silver wire quasi-

reference electrode were used, while for spectroelectrochemistry a Pt mesh was used as 

working electrode. Absorption spectra of the dyes in the reduced state were obtained by 
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applying a fixed potential at the redox potential of the first cathodic wave. After each 

voltammetric experiment, ferrocene was added as an internal standard (Fc/Fc+= 0.72 V vs 

Normal Hydrogen Electrode), and the potential axis was calibrated against the formal 

potential for the NHE. The Pt working electrode was cleaned between experiments by 

polishing with 0.3 μm alumina paste followed by solvent rinses. 

Time resolved absorption. Transient absorption measurements in the femtosecond to 

nanosecond window were acquired with a kilohertz pulsed laser source and a pump-probe 

optical setup. Laser pulses of ca. 100 fs at 800 nm were generated from an amplified, mode-

locked titanium sapphire kilohertz laser system (Millennia/Tsunami/Spitfire, Spectra 

Physics). The laser pulse was divided and part was sent through an optical delay line and 

focused onto a 3 mm sapphire plate to generate a white light continuum for the probe beam. 

The rest of the pulse was used to pump an optical parametric amplifier to generate 

excitation pulses selected using a mechanical chopper. Polarization of the pump beam was 

set to the magic angle (54.7°) relative to the probe beam and its intensity was adjusted 

using a continuously variable neutral density filter. White light generated was compressed 

by prism pairs (CVI) before passing through the sample. The white light probe was 

dispersed by a spectrograph (300 line grating) onto a charge-coupled device (CCD) camera 

(DU420, Andor Tech.). The final spectral resolution was about 2.3 nm for over a nearly 

300 nm spectral region. Decay-associated spectra (DAS) were obtained by globally fitting 

the transient absorption kinetic traces over a selected wavelength region using a parallel 

kinetic model, equation (2),79 

  (2)      
1

, exp /
n

i i
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where A(,t) is the observed absorption change at a given wavelength at time delay t and 

n is the number of kinetic components used in the fitting. A plot of Ai() versus wavelength 

is called a DAS and represents the amplitude spectrum of the ith kinetic component, which 

has a lifetime of i. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization of NP–Cu5Ta11O30. Nanoparticulate (NP)–Cu5Ta11O30 

was prepared by a flux-mediated synthesis using Cu2O nanoparticles, Ta2O5 nanoparticles 

and CuCl, following procedures similar to those used for nanoparticles of the Cu(I)-niobate 

phases such as Cu2Nb8O21.
80 The Cu2O and Ta2O5 nanoparticles were synthesized 

following methods reported elsewhere.81,82 These two compounds were used as reactants 

to obtain the final NP–Cu5Ta11O30. Both Cu2O nanoparticles (0.109 g) and Ta2O5 

nanoparticles (0.390 g) were ground together with a mortar and pestle inside a glove box, 

along with 0.250 g of CuCl as the flux.83 In flux synthesis, the inorganic salt is heated to 

above its melting point and functions as a relatively low-temperature reaction medium for 

the dissolution of the reactant metal oxides and the formation of high-quality crystals of 

the product phase. The metal oxide nanoparticles were allowed to react within the molten 

CuCl flux at this temperature, yielding a better dispersion of the nanoparticles during the 

reaction. This mixture was placed under vacuum in a fused-silica reaction vessel and then 

heated at 900°C for 24 h. Afterwards, the powder obtained, which is a mixture of bulk and 

NP–Cu5Ta11O30, was sonicated in absolute ethanol for 30 min and the larger particles were 

removed from the nanoparticle solution by centrifugation via sedimentation at 3000 rpm 
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for 20 min. The yellow supernatant, consisting of the nanoparticles suspended in ethanol, 

was decanted to produce a yield on the order of ~1% in mass. 

The NP–Cu5Ta11O30 product was characterized by UV-Vis, DLS and HR-TEM. 

Figure 11 shows a representative HR-TEM micrograph of NP–Cu5Ta11O30 with a narrow 

size distribution (15 ± 5 nm) having quasi-spherical morphologies, as measured from 50 

nanoparticles (Supporting Information, Figure S 5). It is noteworthy that the NP–

Cu5Ta11O30 product does not exhibit crystallinity detectable by powder XRD, suggesting 

either very small crystalline domains or a high amount of amorphous content. Although 

the nanoparticles show a slight tendency for agglomeration when they are dried, they are 

stable and remain dispersed for months in an ethanol solution. In order to gain insight into 

their behavior in ethanol solution, DLS measurements were performed.84,85 A size 

distribution centered on 12 nm (Figure 11, inset) was observed. Within the experimental 

error, the size and distribution of NP–Cu5Ta11O30 measured by DLS is in good agreement 

with the HR-TEM images. 
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Figure 11. Representative HR-TEM of NP–Cu5Ta11O30 where a quasi-spherical 

distribution of particles with sizes of (15 ± 5) nm can be observed. Inset: Size distribution 

obtained by DLS of NP–Cu5Ta11O30 dispersed in an ethanol solution. 

 

The UV-Vis absorption spectrum was recorded in order to compare the absorption of NP–

Cu5Ta11O30 to that of bulk Cu5Ta11O30. Figure 12a shows the UV-Vis absorption spectrum 

of Cu5Ta11O30 at a concentration of 0.75 mg/mL in ethanol. The energy gap for NP–

Cu5Ta11O30 was determined using a Tauc plot, (equation (3)86 and inset in Figure 12a), 

where α is the absorption coefficient, h is Planck's constant,  represents the frequency of 

incident light, k is a proportionality constant and Eg is the energy gap. 

                                                            (3) 

The energy gap obtained for these NP–Cu5Ta11O30 is (3.1 ± 0.2) eV, which is significantly 

larger than the Cu5Ta11O30 bulk band gap situated at 2.6 eV.87 This result suggests that in 

NP–Cu5Ta11O30 the Bohr radius is larger than 7.5 nm; hence our sample is in the quantum 

2( ) ( )gh k h E   
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confinement regime and the potentials of the conduction and valence bands are shifted 

from the bulk potentials. In order to determine the new positions of the semiconductor 

energy levels, Mott-Schottky analyses were performed. In this case, for p-type 

semiconductors the capacitance is related to the flat-band potential (Vfb) as given in 

equation (4),88 

  (4) 

where c is the capacitance, e is the charge of the electron, εr is the dielectric constant of the 

material, εo is the permittivity of free space, NA is the acceptor density, A is the geometrical 

area of the working electrode, K is Boltzmann’s constant, and T is temperature in Kelvin. 

Plotting the inverse square of capacitance against applied bias yields a straight line, which 

can be extrapolated to the x-ordinate (Vo) using equation (5). 

  (5) 

These data are plotted in Figure 12b; the negative slope indicates that the semiconductor is 

p-type. The value obtained for Vo is 0.625 V, and hence Vfb is 0.652 V vs. SCE. Converting 

from SCE to NHE, the Vfb is 0.896 V vs. NHE. The valence band energy, Ev, can be 

obtained from equation (6), 

  (6) 

where NA and NV are the acceptor level and the densities of states, respectively. The 

acceptor level, NA, can be calculated using the second term of the Mott-Schottky equation 

where: 
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  (7) 

Using an NA of ~1016 and densities of states of ~1019, Ev is calculated to be 1.07 V vs. NHE. 

Thus, the valence band is ~200 mV more positive than the oxidation potential of water at 

pH of 6.5. 74,87,88 
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Figure 12. a) Absorption spectrum of NP–Cu5Ta11O30 in ethanol at a concentration of 0.75 

mg/mL. Inset: Absorption onset value of the first direct allowed transition for NP–

Cu5Ta11O30 (red line) and 99% confident bands (blue line). b) Mott-Schottky plot of NP–

Cu5Ta11O30. 

 

Synthesis of dyes The structures of the dyes used for these studies are shown in Figure 

13. They were prepared using variations of methods reported in the literature and 
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characterized using NMR, mass spectrometry, and UV-Visible spectroscopy. Details are 

given in the Experimental Section. 

 

 

Figure 13. Molecular structures of the dyes D1 and D2 in their acid forms. Molecular 

structures of dyes D1E and D2E, in their ester forms, are shown in the Supporting 

Information. 

 

Electrochemical experiments. Cyclic voltammograms for D1E and D2E in were obtained 

in dimethylformamide containing tetrabutylammonium perchlorate (DMF/ClO4TBA) as 

the supporting electrolyte with a Pt working electrode, a Pt counter electrode and an Ag 

wire as a reference electrode. Both dyes were expected to have the reduction potential of 

their first singlet excited state more positive than the valence band of NP–Cu5Ta11O30.
89,90 

Figure 14 shows the CV for a) D1E where a reversible porphyrin reduction is observed at 

-0.41 V vs NHE and b) D2E having a quasi-reversible porphyrin reduction at -0.23 V vs 

NHE. The porphyrin reduction potential of D2E is less negative than that of D1E due to 

the presence of the electron withdrawing alkylated pyridyl groups.  
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Figure 14. Cyclic voltammogram of a) D1E and b) D2E in DMF/ClO4TBA with a Pt 

working electrode, a Pt counter electrode and an Ag wire as the reference electrode.  

 

Based on the reduction potentials obtained for the nanoparticles and the dyes, Figure 15 

depicts the relative energetics of the ground and excited states of the dyes and the 

conduction band edge (CB) and valence band edge (VB) of NP–Cu5Ta11O30. The potential 

for the first reduction (D/ D) of the dye was measured electrochemically as discussed 

above and the potential for the reduction of the excited state (D*/D) was calculated using 

the equation D*/D= D/D + E00, where E00, 2.06 eV, is the zero-zero optical excitation 

energy estimated from the intersection of the normalized absorption and emission spectra 
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in ethanol for porphyrin D1 and D2 (Supporting Information, Figure S 14). As depicted in 

Figure 15, the excited singlets of D1 and D2 are thermodynamically capable of 

photoinjecting a hole into the VB because the position of the VB of NP–Cu5Ta11O30 is at 

less positive potentials than the porphyrin dye D*/D•- levels. In contrast, the conduction 

band potential of NP–Cu5Ta11O30 is more negative than the oxidation potential of the 

excited states of the porphyrins by 1.12 V and 1.30 V for D1 and D2, respectively and thus 

electron injection from the excited dye into the conduction band of the semiconductor is 

not thermodynamically possible. 

 

 

Figure 15. Diagram depicting the reduction potentials for the ground and the lowest excited 

singlet states of D1 and D2, the NP–Cu5Ta11O30 conduction band energy (CB), and the 

NP–Cu5Ta11O30 valence band energy (VB). 
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In order to study the photophysical behavior of the systems D1- NP–Cu5Ta11O30 and D2- 

NP–Cu5Ta11O30, the dyes were attached to the nanoparticles as follows. The dye (D1 or D2 

in acid form) dissolved in methanol ([dye] ~ 10-3 M) was added dropwise into an ethanol 

suspension of Cu5Ta11O30 until the mixture reached an absorbance of 0.4 at 560 nm ([dye] 

~ 10-5 M). The suspension was stirred for 24 h at 40 ºC to reach equilibrium conditions.   

UV-vis absorption spectra of D1, D1-NP–Cu5Ta11O30, D2, and D2-NP–Cu5Ta11O30 in 

ethanol were recorded (Figure 16). After the dyes were attached to the nanoparticles, a 

broadening and shifting to longer wavelengths of the Soret and Q-bands was observed for 

both dyes. This phenomenon is more significant for D2 than D1. Since the experimental 

conditions are the same, this may be explained by taking into account that D2 has three 

positive charges on the methylpyridinium groups and it is possible that (instead of, or in 

addition to, attaching to the nanoparticles through the phosphonic moiety) D2 associates 

with the nanoparticles in a different way. Emission spectra of D1, D1–NP–Cu5Ta11O30, D2, 

and D2–NP–Cu5Ta11O30 in ethanol were taken with excitation at 540 nm. Figure 16 shows 

a complete quenching of fluorescence for both dyes when they are attached to NP–

Cu5Ta11O30. This fluorescence quenching is consistent with the first excited singlet state of 

the porphyrins being deactivated by means of electron transfer from the NP–Cu5Ta11O30 

VB to the excited dye (hole injection into the VB).  
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Figure 16. Absorption (solid lines) and emission (dashed lines) spectra of D1 (panel a) and 

D2 (panel b) before (red line) and after (black line) attachment to the NP–Cu5Ta11O30 

nanoparticles. Emission spectra were taken with excitation at 540 nm.  

 

Transient absorption measurements. Transient absorption measurements were done in 

both systems to investigate the hole injection into the VB of NP–Cu5Ta11O30 by the excited 

dyes and to determine the injection and recombination rates. The absorption signatures of 

the reduced dyes D1 and D2 were obtained by spectroelectrochemistry, as is shown in 
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Figure 17a and 17c, respectively. The difference absorption spectrum for D1shows 

ground-state bleaching of the Q-bands at 560 nm and 610 nm. There is also a broad 

absorption band at 620–760 nm. The difference absorption spectrum for D2 presents a 

well-defined ground state bleaching of Q-bands at 560 nm and 610 nm and a broad band 

at ~620–770 nm. 

The decay-associated-spectra (DAS) for D1–NP–Cu5Ta11O30 and D2–NP–

Cu5Ta11O30 in ethanol solution measured by fs transient absorption after excitation at 428 

nm are shown in Figure 17b and 17d, respectively. For D1–NP–Cu5Ta11O30, global analysis 

of the transient absorption gives a satisfactory fit with three decay lifetimes of 0.7 ps, 8 ps 

and 190 ps (Figure 17b). The 0.7 ps DAS shows a characteristic induced absorption at 

~640–740 nm, which corresponds to the D1 radical anion and therefore can be associated 

with the decay of the D1–NP–Cu5Ta11O30(+) transient. The 8 ps DAS can be attributed 

to the formation of the D1–NP–Cu5Ta11O30(+) state since it shows ground state bleaching 

of Q-bands and stimulated emission at ~670 nm. The bleaching maxima of the Q-bands are 

red shifted, probably due to the attachment of D1 to the nanoparticles. Thus, the rate of 

decay of the charge-separated species is greater than the rate of formation. The 190 ps DAS 

features ground state bleaching of the Q-band maxima that is blue shifted compared to the 

0.7 DAS and 8 ps DAS, and therefore can be associated with D1 molecules that are 

aggregated and/or not directly attached to the nanoparticles. 



59 

 

 

Figure 17. Difference absorption spectra a) (D1- D1) and c) (D2- D2) obtained by 

spectroelectrochemistry. Decay-associated-spectra in ethanol solution measured by fs 

transient absorption after excitation at 428 nm for b) D1–NP–Cu5Ta11O30 and d) D2–NP–

Cu5Ta11O30. 

 

For the system D2–NP–Cu5Ta11O30 the global analysis of the transient absorption 

gives a satisfactory fit with four decay lifetimes of 2.8 ps, 19.6 ps, 277 ps and a 

nondecaying lifetime on a 1 ns time scale (Figure 17d). The 2.8 ps DAS does not show 

stimulated emission and instead shows D2 radical-anion induced absorption at ~580–700, 

and can therefore be associated with the decay of the species D2–NP–Cu5Ta11O30(+). The 

charge separated species is formed in <100 fs, and its rise time is too fast to observe. The 

other three DAS show ground state bleaching of Q band maxima that is blue shifted 
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compared to the 2.8 ps DAS, and which therefore can be attributed to D2 that is aggregated 

and/or not directly attached to the semiconductor surface.  

In thermodynamic terms, the more rapid hole injection observed for the D2 system 

(as compared to the D1 case) may be ascribed to the larger energetic driving force for the 

process, i.e., as shown in Figure 15. Alternatively, the driving force for charge 

recombination is greater for the D1 system, and thus this rate constant is larger than that 

for the D2 case. 

DSSC measurements. Cu5Ta11O30 nanoparticle films were deposited on fluorine-doped tin 

oxide (FTO) slides by a drop cast method and annealed under vacuum at 200 °C for 2 h. 

The films were then immersed in a 0.1 mM solution of D1 (methanol) or D2 (1% methanol 

in water) overnight, rinsed with ethanol and dried in air. Pt counter electrodes were 

fabricated by applying a 6 mM solution of H2PtCl6 in ethanol to FTO on a glass substrate 

(1 drop/cm2) and heating to 350 °C in air for 30 min. The working and counter electrodes 

were sandwiched together with a Parafilm gasket and the redox electrolyte (0.2 M KI and 

0.02 M I2 in ethylene glycol) was introduced by capillary diffusion. Current-potential scans 

were performed in the dark and under AM 1.5 G irradiation at a scan rate of 10 mV·s-1, 

starting from negative applied potentials and continuing to the Isc condition. The results are 

shown in Figure 18.  
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Figure 18. Linear sweep voltammograms of D1 (black lines) and D2 (red lines) in dark 

(dotted lines) and under AM 1.5 G irradiation (solid lines) with sweep rate of 10 mV·s-1. 

 

In Figure 18, positive current indicates hole injection into the photocathode. In the dark, 

both dye-nanoparticle systems show negligible current as no hole injection occurs. At 

suitably negative applied potentials, somewhat larger currents in the opposite direction are 

observed. These are likely due to reduction of the redox mediator by the semiconductor. In 

fact, when no dye is present, much larger currents of this type are observed, and are similar 

under both dark and light conditions (see Supplementary Information). When light is 

applied to the electrodes bearing the dye-nanoparticle composites, photoinjection of holes 

from the dye molecules into the nanoparticles and thence into the circuit is observed 
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(Figure 18). As summarized in Table 1, open circuit voltages (VOC) of 110 mV and 200 

mV were observed for nanoparticles bearing D2 and D1, respectively. Such VOC values are 

comparable to those observed for NiO (~100 mV)75 and other Cu(I) based p-DSSCs (~150–

300 mV)91,92 using the I-/I3
- redox mediator. Short circuit currents (ISC) were on the order 

of a few μA per cm2. Table 1 also reports the fill factors (ff) and light conversion 

efficiencies (η), calculated as discussed in the Supporting Information. These results 

indicate that the dye-nanoparticle composites are indeed capable of light-driven hole 

injection into an external circuit. The low current densities may be due in part to the lack 

of a suitable blocking layer93 to slow charge recombination. 

 

Table 1. Contains short circuit current, open circuit voltage, fill factor and light conversion 

efficiency for D1 and D2. 

Dye I
sc

 (μA/cm2) V
oc

 (mV) ff η (%) 

D1 5.28 200 0.260 2.75·10-4 

D2 2.85 110 0.265 8.31·10-5 

 

 

CONCLUSIONS 

The preparation of p-type semiconductor Cu5Ta11O30 nanoparticles (NP–Cu5Ta11O30) with 

a valence band edge suitable for water oxidation has been described. Two sensitizers, zinc 

4-(10,15,20-tris(4-pyridinyl)-porphin-5-yl)phenylphosphonic acid (D1) and its analog in 



63 

 

which the pyridine groups are methylated (D2), were shown to have excited state reduction 

potentials that were thermodynamically capable of photoinjecting a hole into the VB of the 

NP-Cu5Ta11O30. These sensitizers are not thermodynamically capable of photoinjecting 

electrons into the CB of the NP–Cu5Ta11O30. Transient absorption measurements of the 

D1–NP–Cu5Ta11O30 system show hole injection in 8 ps and very fast recombination in 

~700 fs. The D2–NP–Cu5Ta11O30 system shows very fast injection, <100 fs, and slower 

recombination on the 2.8 ps time scale. DSSC measurements on the NP-Cu5Ta11O30 

sensitized with D1 and D2 show significant photocurrent responses under simulated solar 

irradiance. Taken together, the thermodynamic, spectroscopic, and cathodic i-v 

measurements lead us to conclude that these systems function by a photoinduced hole 

injection mechanism. Investigating the use of NP–Cu5Ta11O30 as a new p-type 

semiconductor with a VB more positive than the water oxidation potential and extremely 

negative CB (> -1.5V vs NHE) is a step in the development of new materials for p-DSSCs, 

which could lead to more efficient ways to carry out solar water splitting. 

 

SUPPORTING INFORMATION:  Includes HR-TEM images, schematic and details of 

dye synthesis, 1H-NMR results, absorption and transient absorption spectra, power-voltage 

curves and control experiments, and fill factor and efficiency calculations.  This material 

is available free of charge via the Internet at http://pubs.acs.org.  
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SUPPORTING INFORMATION 

Figure S 5. Representative HR-TEM images of NP-Cu5Ta11O30. 
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Dye synthesis 

 

Scheme  S 1. Reagents and conditions: (a) Ar/85 ºC/24 h, 53% yield; (b) propionic acid, 

reflux/45 min, 5.5% yield; (c) diethyl phosphite/Pd(PPh3)4/toluene/TEA, Ar/80 ºC/18 h, 

23% yield; (d) ZnOAc•2H2O/THF/DCM, 60 ºC/12 h, 32 % yield; (e) TMS-Br/CHCl3/TEA, 

60 ºC/18 h, 100% yield; (f) MeI/DMF, Ar/100 ºC/1 h then room temperature/12 h, 100% 

yield; (g) TMS-Br/ACN/TEA, 65 ºC/12 h, 100 % yield; (h) ZnOAc•2H2O/THF/H2O, 60 

ºC/2 h, 100% yield. 
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Figure S 6. 1H-NMR of 1 in CDCl3. 



68 

 

Figure S 7. 1H-NMR of 2 in CDCl3. 
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Figure S 8. 1H-NMR of 3 in CDCl3. 
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Figure S 9. 1H-NMR of D1E in DMSO-d6. 
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Figure S 10. 1H-NMR of D1 in DMSO-d6. 
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Figure S 11. 1H-NMR of D2E in DMSO-d6. 
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Figure S 12. 1H-NMR of D2 in DMSO-d6/D2O. 
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Determination of E00 of D1 and D2 

 

Figure S 13. Absorption spectra in ethanol for: a) D1-Cu5Ta11O30 (black line) and b) 

D2NP-Cu5Ta11O30 (red line). 

 

Photophysics of D1 in its ester form attached to NP-Cu5Ta11O30. 

Following the same procedure described on the main manuscript, D1 in ester form (D1E) 

was attached to NP-Cu5Ta11O30. Figure S 14 shows how the Soret Q bands of attached D1E 

shift toward the red and the emission of the dye is completely quenched presumably 

because the hole injection into the semiconductor. 
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Figure S 14. Absorption spectra (solid lines) and emission spectra upon 560 nm excitation 

(dash lines) in ethanol for D1ENP-Cu5Ta11O30 (red) and D1E (black). 

 

Femtosecond transient absorption experiments were performed to establish the kinetics of 

the photoinduced hole transfer reactions in D1ENP-Cu5Ta11O30, in ethanol solution. 

Global analysis of the transient absorption data for D1E–NP-Cu5Ta11O30 (Figure S 15) 

reveals three lifetimes of 800 fs, 15.6 ps, 758 ps and a nondecaying component (not shown) 

upon excitation at 426 nm (Figure S 15a) and 560 nm (Figure S 15b). Since some NP–

Cu5Ta11O30 band gap absorption can be registered at 426 nm, spectra with excitation at 560 

nm excitation were recorded finding the same overall features and confirming that the small 

band gap absorption at 426 nm can be neglected in front of the huge Soret band absorption. 

The 800 fs DAS can be attributed to the recombination of the charge separated state of the 
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D1E•––NP-Cu5Ta11O30(e+) (inverted kinetics), showing ground state bleaching around 560 

and 610 nm and induced absorption associated with D1E•– between 620 nm and 700 nm. 

The 15.6 ps DAS can be attributed to the hole injection from D1E* to the valence band of 

the Cu5Ta11O30 showing ground state bleaching around 560 and 610 nm and decay of the 

stimulated emission around 620 and 670 nm. The 758 ps DAS can be attributed to decay 

of the singlet excited state of the non-attached(physisorbed)/aggregated dye, which is not 

involved in the hole injection process, ground state bleaching and stimulated emission 

bands are slightly blue shifted. Due to the high nonhomogeneity (heterogeneity) of the 

system, obtained lifetimes do not correspond to single species. These lifetimes represent 

an average of the decay of several slightly different species. For D1E–NP–Cu5Ta11O30 

there is likely some population with very fast formation of charge separate state (<100 fs), 

this would explain high amplitude of 0.8 ps DAS in such inverted kinetics case, but overall 

the rate of decay of the charge-separated species is greater than the average effective rate 

of formation.  
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Figure S 15. Decay-associated-spectra in ethanol measured by fs transient absorption 

upon excitation at a) 426 nm and b) 560 nm for D1ENP-Cu5Ta11O30. 

 

DSSC Efficiency Calculations 

Fill factor and efficiency for the DSSCs were calculated by using Equations S1 and S2: 

𝒇𝒇 =
𝑰𝒎𝒑𝑽𝒎𝒑

𝑰𝒔𝒄𝑽𝒐𝒄
=

𝑨𝒓𝒆𝒂 𝑩

𝑨𝒓𝒆𝒂 𝑨
     (S1) 

𝜼 = 𝑰𝒔𝒄𝑽𝒐𝒄 (
𝒇𝒇

𝑰𝒄
)  (S2) 
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Where ff is the fill factor, Imp is maximum power current, Vmp is maximum power voltage, 

Isc is the short circuit current, Voc is the open circuit potential, Ic is incident power from the 

light source (100 mW/cm2) and η is the photo-conversion efficiency (PCE) 24 and is 

graphically shown in Figure S 16. Current-potential scans were performed on a CH-

Instruments CH-620a potentiostat under simulated solar irradiance using an AM 1.5 G 

filter (Oriel). Scans were started near the open circuit voltage and scanned towards the 

short circuit condition (0.0 V) at a scan rate of 10 mV s-1. The semiconducting film served 

as the working electrode, while the Pt deposited FTO served as the counter and reference 

electrode. Power curves were made by multiplying the voltage and currents obtained and 

plotting against the voltage range used, shown in Figure S 16. Shown in Figure S 17 are 

the i-v curves for the control experiments in the absence of sensitizing dye. Currents from 

the control are negligible and do not show any large changes between dark and light 

conditions, indicating that the dye must be present for any photoinjection to occur. 
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Figure S 16: Power-voltage (P-V) curves and fill factor (ff) plots for Dye-1 (top) and Dye-

2 (bottom) on nanoparticle Cu5Ta11O30 films. 

 

Figure S 17. Control i-v curves for Cu5Ta11O30 nanoparticle films without dye. 
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Table S 1.  Table of Parameters Determined in the Efficiency Calculations. 

 

 

Figure S 18. Particle size distributions of Cu2O (red) and Ta2O5 (blue) nanoparticle 

precursors and Cu5Ta11O30 nanoparticle product (black). 

 

 

 

Dye-1 Dye-2

Voc (V) 0.2 0.11

Isc (A) 5.28E-06 2.85E-06

Imp 2.64E-06 1.51E-06

Vmp 0.104 0.055

FF 2.60E-01 2.65E-01

η 2.75E-04 8.31E-05
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Figure S 19. UV-Vis of suspended Cu2O (red), Ta2O5 (green) and Cu5Ta11O30 (black) 

nanoparticles. 

 

 

 

 

 

 

 



82 

 

 

Figure S 20. FESEM image of an annealed film of Cu5Ta11O30 nanoparticles in solution 

with elemental mapping of Cu and Ta (right). Inset: EDS spectrum of the area. 
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Figure S 21. Powder X-ray diffraction pattern of the Cu5Ta11O30 film (upper), and 

comparison to a calculated pattern based on the known crystalline structure of 

Cu5Ta11O30 (lower). 

 

EXPERIMENTAL SECTION 

Materials. For the Cu5Ta11O30 nanoparticles: copper sulfate (anhydrous, 99%), tantalum 

pentachloride (99.9%), ascorbic acid (anhydrous, 99.9%), sodium hydroxide (99%) and 

copper(I) chloride (anhydrous, 99.9%) were all purchased from Alfa Aeasar. 200 proof 

anhydrous ethanol was purchased from Koptek. 

High Resolution Transmission Electron Microscopy. TEM micrographs were collected 

using a Philips CM200 TEM at 200kV, Cs 1.2 mm, PTP Resolution: 0.25nm Focused 
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Probe: 0.5nm and Imaging Modes: TEM/STEM. TEM micrographs were analyzed using 

Digital Micrograph™ software 77. 

Powder X-ray Diffraction. The Cu5Ta11O30 products were characterized by powder X-ray 

diffraction using an Inel X-ray diffractometer and Cu Kα1 radiation (λ=1.54056 Å) from a 

sealed tube X-ray generator (30 mA, 35 kV). A curved position sensitive detector (CPS-

120) was used in transmission mode. 

Steady State Absorption and Fluorescence. Spectra were recorded in 1 cm path length 

cuvettes with the following spectrophotometers: diode array HP 8452, Shimadzu - UV-IR 

(2041PC), and Hitachi double beam UV/Vis spectrophotometer (U-2800). Steady-state 

fluorescence spectra were measured using a Photon Technology International MP-1 

spectrometer and corrected for detection system response and excitation source intensity 

as a function of wavelength. Excitation was provided by a 75 W xenon-arc lamp and single-

grating monochromator. Fluorescence was detected at 90° to the excitation beam via a 

single-grating monochromator and an R928 photomultiplier tube having S-20 spectral 

response and operating in the single photon counting mode. 

Time Resolved Absorption. Femtosecond to nanosecond transient absorption 

measurements were acquired with a kilohertz pulsed laser source and a pump-probe optical 

setup. Laser pulses of 100 fs at 800 nm were generated from an amplified, mode-locked 

titanium sapphire kilohertz laser system (Millennia/Tsunami/Spitfire, Spectra Physics). 

Part of the laser pulse energy was sent through an optical delay line and focused onto a 3 

mm sapphire plate to generate a white light continuum for the probe beam. The remainder 

of the pulse energy was used to pump an optical parametric amplifier (Spectra Physics) to 

generate excitation pulses, which were selected using a mechanical chopper. The white 
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light generated was then compressed by prism pairs (CVI) before passing through the 

sample. The polarization of the pump beam was set to the magic angle (54.7°) relative to 

the probe beam and its intensity was adjusted using a continuously variable neutral density 

filter. The white light probe was dispersed by a spectrograph (300 line grating) onto a 

charge-coupled device (CCD) camera (DU420, Andor Tech.). The final spectral resolution 

was about 2.3 nm for over a nearly 300 nm spectral region. The instrument response 

function was ca. 100 fs. The decay-associated spectra (DAS) were obtained by fitting 

globally the transient absorption kinetic traces over a selected wavelength region 

simultaneously as described by equation (1) (parallel kinetic model).79 

  (1) 

where A(,t) is the observed absorption change at a given wavelength at time delay t and 

n is the number of kinetic components used in the fitting. A plot of Ai() versus wavelength 

is called a DAS and represents the amplitude spectrum of the ith kinetic component, which 

has a lifetime of i. Random errors associated with the reported lifetimes obtained from 

transient absorption measurements were typically  5%. Rigorous analysis of time resolved 

emission and absorption data in a non-homogeneous system requires the use of a model 

which considers a distribution of multi-exponential decays to describe the kinetics of each 

transient species and thus accounts for the distribution of available environments in the 

heterogeneous system. In our analysis we used the minimum number of exponential 

components that adequately fitted the experimental data within the experimental error. 

Thus it is likely that the reported decay components correspond to a weighted mean value 

of the actual distribution of constants associated with each species. 

     
1

, exp /
n

i i

i

A t A t  
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Dynamic Light Scattering Measurements.  Dynamic light scattering measurements 

were performed on a Malvern Zetasizer Nano S with detector 173° from the incident beam 

and a laser wavelength of 633 nm. Nanoparticles of Cu5Ta11O30, Cu2O and Ta2O5 were 

separately suspended in ethanol and measurements were taken at a temperature of 25° C, 

with single size distributions observed for each sample. Ta2O5 and Cu2O precursor 

nanoparticles have size distributions centered around 60 nm and 90 nm, respectively, with 

Cu5Ta11O30 nanoparticles having a lower size distribution centered around 12 nm. This is 

due to the dissolution of the precursors in the CuCl flux and then re-crystallization at a 

smaller size. 

Electronic Absorption Spectroscopy of Nanoparticle Solutions.  Electronic absorption 

spectra were taken of suspended particles in ethanol using a Shimadzu UV 3600. The 

suspensions of Cu2O, Ta2O5 and Cu5Ta11O30 show different absorption profiles shown in 

Figure S 19. Cu2O absorbs around 2.3 eV, Ta2O5 absorbs around 4.0 eV and Cu5Ta11O30 

absorbs around 3.0 eV. 

Field Emission Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

(FESEM/EDS).  FESEM/EDS measurements were taken on an FEI Verios 460L field 

emission scanning electron microscope. Nanoparticle films were deposited from an ethanol 

solution, then annealed at 200 °C for 2 h under dynamic vacuum. Images show nanoparticle 

films on fluorine doped tine oxide (FTO) with a Cu-Ta ratio of 2:1, in agreement with the 

Cu-Ta ratio in Cu5Ta11O30. Small amounts of Sn are also detected from the FTO substrate. 

Elemental mapping shows the coverage of Cu and Ta across the entier area of the film.  

X-ray Diffraction of Annealed Films.  Suspended nanoparticles in ethanol were deposited 

on fluorine doped tin oxide (FTO) and allowed to dry in air leaving a film of the 
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nanoparticles. The film was heated to 500 °C for 3 h under dynamic vacuum and allowed 

to cool to room temperature before removing from the tube furnace. Scotch tape was then 

used to remove the film from the FTO and taken for X-ray diffraction (XRD). Diffraction 

patterns of the material match the calculated pattern for Cu5Ta11O30, with peaks indexed in 

Figure S 21. Preferential orientation is observed for the thin films with dominant diffraction 

on the (112) reflection. 
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ABSTRACT: [Fe-S] clusters, nature’s modular electron transfer units, are often arranged 

in chains that support long-range electron transfer. Despite considerable interest, the design 

of biomimetic artificial systems emulating multicluster-binding proteins, with the final goal 
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of integrating them in man-made oxidoreductases, remains elusive. Here, we report a novel 

bis-[4Fe-4S] cluster binding protein, DSD-Fdm, in which the two clusters are positioned 

within a distance of 12 Å, compatible with the electronic coupling necessary for efficient 

electron transfer. The design exploits the structural repeat of coiled coils as well as the 

symmetry of the starting scaffold, a homo-dimeric helical protein (DSD). In total, eight 

hydrophobic residues in the core of DSD were replaced by eight cystine residues that serve 

as ligands to the [4Fe-4S] clusters. Incorporation of two [4Fe-4S] clusters proceeds with 

high yield. The two [4Fe-4S] clusters are located in the hydrophobic core of the helical 

bundle as characterized by various biophysical techniques. The secondary structure of the 

apo and holo proteins is conserved; further, the incorporation of clusters results in 

stabilization of the protein with respect to chemical denaturation. Most importantly, this de 

novo designed protein can mimic the function of natural ferredoxins: we show here that 

reduced DSD-Fdm transfers electrons to cytochrome c, thus generating the reduced cyt c 

stoichiometrically. 

 

INTRODUCTION 

Ferredoxins are nature’s electron transfer modules, supporting crucial processes 

such as photosynthesis and respiration.94-98 The so-called bacterial type consists of small 

proteins containing two cubane-like [4Fe-4S] clusters within sequences of 50-60 amino 

acids. Each cluster is coordinated by four cysteine residues and ensconced in one of two 

pseudo-symmetric domains thought to derive from a gene duplication event.97,99 

Ferredoxins function as one-electron shuttles and couple oxidation of several substrates 

with reduction of cofactors or final acceptors such as H+ or NADP+.95,100-102 The ferredoxin 
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fold has also been coopted as a separate subunit (e.g. PsaC) or as an integral domain within 

complex enzymes, such as Photosystem I and the hydrogenases.103-109 In these redox 

proteins, chains of [4Fe-4S] clusters transfer electrons produced or consumed at a buried 

active site to the protein surface, allowing interaction with soluble partners. To optimize 

the rates of electron transfer, the clusters are typically separated by up to 12-14 Å.  

A substantial amount of work in the field of de novo design has sought to 

incorporate the clusters into peptide-based model systems, to elucidate the properties of the 

natural cluster environment, and eventually to include these model peptides in engineered 

redox enzymes.100,103,110-117 Most of these peptides, however, have been designed to bind a 

single electronically isolated cluster, which limits their usefulness as electron conduits in 

vitro. To address this problem, we have recently developed a general method to design bis-

[4Fe-4S] cluster binding peptides by exploiting the symmetry of coiled coils. Using this 

approach, we have shown that two [4Fe-4S] clusters can be incorporated inside the 

hydrophobic core of a three-helix bundle.118 However, the distance separating the two 

clusters in our prototype was 36 Å, which did not provide a useful platform for studying 

efficient electron transfer. Here, we present a second generation design, DSD-Fdm, in 

which the two clusters are located within 12 Å of each other, a biologically relevant 

distance for effective electron transfer. The redox potential of DSD-Fdm falls within the 

range observed for natural ferredoxins, suggesting that this artificial protein could engage 

in electron transfer with external redox active species. We show that DSD-Fdm is capable 

of transferring electrons to cytochrome c in a stoichiometric manner. Further, DSD-Fdm 

undergoes energy transfer in the presence of a photosensitizer, suggesting a possible use in 

solar fuel cell applications. 
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METHODS 

Peptide Synthesis and Purification. All peptides were synthesized by automated 

microwave-assisted solid phase peptide synthesis on a Liberty instrument (CEM). The 

synthesis was carried out using standard Fmoc protection procedures. Briefly, Rink Amide 

resin was doubly deprotected using 0.1 M hydroxybenzotriazole (HOBt) in a 20% 

piperidine in DMF solution. Amino acid couplings were achieved using appropriate 

amounts of 0.45 M HBTU in DMF, 2 M ethyl-diisopropylamine (DIEA) in N-methyl-2-

pyrrolidone (NMP), and 0.2 M Fmoc protected amino acid (Novabiochem), followed by 

irradiation with microwaves to pre-established temperatures according to CEM protocols. 

Peptides were acetylated at the N-terminus via addition of acetic anhydride under coupling 

conditions. The peptides were cleaved from the resin using 94% trifluoroacetic acid (TFA), 

2.5% H2O, 2.5% 1,2-ethanedithiol (EDT), and 1% triisopropylsilane (TIS) for 3 h. The 

solution was then evaporated under a stream of N2, and the peptide was precipitated with 

cold ether. Crude, lyophilized peptides were purified using preparatory-scale HPLC on a 

C18 reverse-phase column, with a linear gradient of Solvent A (99.9% water with 0.1% 

TFA) and Solvent B (95% acetonitrile, 4.9% water, and 0.1% TFA) at a flow rate of 10 

mL/min. Peptide identity was confirmed by MALDI-TOF-MS; peptides were >99% pure 

as assessed by C18 analytical HPLC. 

Cluster Incorporation and quantification. Iron-sulfur clusters were incorporated into 

peptide variants by adapting well-established methodologies.111,119 All reactions were 

performed in an anaerobic chamber (Coy Scientific), with a 95% N2 and 5% H2 

environment. To a solution of 150 μM peptide in 100 mM Tris-HCl, pH 8.5, the following 
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reagents were added sequentially at 20 min intervals to a final concentration: 0.8% (v/v) β-

mercaptoethanol, 3 mM ferric chloride (FeCl3), and 3 mM sodium sulfide (Na2S). The 

mixture was incubated overnight at 4 °C. The resulting dark brown solution was subjected 

to desalting with a PD10 G25 column (GE Healthcare) that was pre-equilibrated with 100 

mM Tris at pH 7.5 to obtain the holo protein.  

Cluster quantification. Cluster incorporation was assessed quantitatively by measuring 

independently the concentration of iron and of peptide in identical samples.118 DSD-Fdm 

samples were further purified using anion exchange chromatography on a Q-Sepharose FF 

column (GE Healthcare), using 100 mM Tris at pH 8.5 as equilibration buffer, and 100mM 

NaCl, 100 mM Tris at pH 8.5 as elution buffer. The DSD-Fdm samples were split in two 

portions: one was used to measure peptide concentration (Bradford assay), and the second 

was used to determine iron concentration using a ferrozine assay.120,121 EPR spin 

quantification was used to assess the amount of reduced clusters in concentrated EPR 

samples. The double integral of the CW EPR spectrum of [4Fe-4S]1+ recorded at 7 K was 

compared with the spectrum of 5 mM Cu(II) nitrate recorded at 21 K (at lower temperatures 

the Cu(II) EPR signal saturated even at the lowest accessible mw power of 0.2 µW). The 

estimated concentration of [4Fe-4S]+ was then compared with the DSD-Fdm protein 

concentration evaluated by Bradford assay. 

Gel Filtration. Size exclusion chromatography was performed on a G-25 gel filtration 

column fit to an Agilent Technologies 1260 Insight FPLC system. The column was pre-

equilibrated in 100 mM Tris-HCl, pH 7.5, and 200 μL of 150 μM apo or holo peptide were 

used for each injection. The apo peptide was pre-treated with tris(2-
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carboxyethyl)phosphine (TCEP) for 30 min before injection to reduce any disulfides 

resulting from air oxidation. 

Circular Dichroism Spectroscopy. Spectra were recorded on a JASCO J-815 

spectropolarimeter in the range of 260-190 nm. Data were recorded every 1 nm and 

averaged over 3 scans. The concentration of apo and holo-peptides were kept at 50 μM in 

100 mM Tris, pH 7.5, while the measurements of the apo-peptide were carried out in the 

presence of an excess of TCEP. Holo peptide was measured under anaerobic conditions in 

an airtight CD cuvette. Chemical denaturation titrations were carried out through addition 

of an 8 M stock solution of guanidinium-HCl (Gdn·HCl), followed by mixing and 

incubation for 5 min to allow for equilibration. Holo peptide was titrated under anaerobic 

conditions. Spectra were normalized to protein concentration in the sample and converted 

to fraction folded relative to the apo or holo protein signal, which lacked Gdn·HCl. 

Electron Paramagnetic Resonance Spectroscopy. Holo-protein obtained from PD10 

desalting was concentrated in a 3000 MWCO centrifuge concentrator to approximately 1 

mM peptide concentration. Reduced samples were prepared by addition of 100 mM sodium 

dithionite in 1 M glycine buffer, pH 10, to a final concentration of 20 mM dithionite. EPR 

samples were prepared by addition of 10% (v/v) glycerol as a cryoprotectant and placed in 

quartz EPR tubes, after which the samples were flash frozen and stored under liquid N2 

until measurements. Continuous wave (CW) EPR experiments were carried out on a X-

band EPR spectrometer Elexsys E500 (Bruker) equipped with the ESR900 flow cryostat 

(Oxford Instruments). 

Synthesis of water-soluble porphyrin analogue. The 5,10,15,20-tetrakis(4-diethyl 2-

benzylmalonate) porphyrin was synthesized following published procedures for related 



94 

 

compounds.100,122 Zinc insertion was achieved using Zn(O2CCH3)2(H2O)2 in THF for 12 h 

at 60 ºC by modifying a literature procedure (Figure S 22),123-125 and the esters were cleaved 

as reported for related compounds.103,111,126,127 The resulting water-soluble, malonate-

functionalized porphyrin was characterized by mass spectrometry and NMR in D2O. 

(Figure S 23, S 24) 

Transient Absorption Spectroscopy. Nanosecond transient absorption measurements 

were performed on a flash photolysis apparatus using a pulsed laser source and a pump-

probe optical setup. The samples contained 10 mM Tris-HCl at pH 7.5, with 30 µM holo 

or apo peptide in a 1 cm fluorescence cuvette. Malonate-porphyrin was added to a final 

absorbance of 0.25 at the first Q-band (560 nm). Excitation was provided by an optical 

parametric oscillator pumped by the third harmonic (352 nm) of a Nd:YAG laser (Ekspla 

NT 342B). The pulse width was 4-5 ns, and the repetition rate was 10 Hz. The signal was 

detected by a Proteus spectrometer (Ultrafast Systems). The instrument response function 

was 4-5 ns. Transient data analysis was carried out using the in-house program ASUFIT. 

Simple exponentials were fit one for wavelength at a time. 

Cytochrome C550 Reduction Assay. DSD-Fdm was reduced via slow addition of 

dithionite, monitoring the loss of signal at 410 nm. Once the absorption at 410 nm had 

stabilized and a slight dithionite signal had arisen at 300 nm, the holo-peptide was subjected 

to two successive PD10 columns to exclude any unreacted dithionite. The first 1.5 mL of 

the total 3.5 mL elution volume was concentrated to a protein concentration of 300 μM. 

The reduced DSD-Fdm was added in 1 µL increments to 500μL of a solution of cytochome 

c550 isolated from Thermosynechococcus elongatus (7 μM protein concentration as assayed 

by absorbance at 550 nm, ε550 = 21000 M-1 cm-1). After each addition, UV-Vis spectra were 
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obtained with an Ocean Optics USB4000 detector fitted with a USB-ISS-UV-Vis light 

source. Data were fit by a linear regression model before and after saturation in order to 

determine the mole equivalents required to obtain full reduction of the cytochome c550 

heme cofactor. 

 

RESULTS AND DISCUSSION 

Protein Design and Synthesis. We used the heptad repeat pattern of coiled coils, which is 

reflected in a regular structural motif, to design two [4Fe4S] binding sites into the core of 

DSD-Fdm starting from DSD-bis[4Fe4S].118,119,128,129 Each site was translated by one 

heptad towards the center of DSD along the longitudinal axis (PDB Code 1G6U) by 

moving the two cysteine side chains arranged at the i, i+3 positions within the same helix. 

Locations for the two remaining cysteines, one per helix, in positions compatible with 

chelating the cluster were determined by manually docking a [4Fe-4S] cluster binding site 

from Thermotoga maritima (PDB ID 2G36)94-98 inside the core (Figure 1). Taking into 

account the pseudo two-fold symmetry of DSD, we replicated the site onto the other half 

of DSD by inserting appropriate mutations into the peptide sequence. DSD-Fdm thus 

incorporates two [4Fe-4S] clusters in the hydrophobic core, at a distance of 12 Å as 

measured between their centers, in an arrangement reminiscent of the symmetry observed 

in the natural ferredoxin fold. Mutation of eight core leucine side chains to cysteines causes 

the formation of a 62 Å polar cavity within the core of the apo peptide, which is completely 

filled upon incorporation of the cluster (Figure 19).97,99  
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Figure 19. Design strategy for DSD-Fdm (Top panel); Sequences of DSD, DSD-2[4Fe4S], 

and DSD-Fdm (bottom panel) 

 

Cluster Incorporation. The [4Fe-4S] clusters were formed and incorporated in situ from 

inorganic precursors and mercaptoethanol using established protocols,95,100-102 and holo 

DSD-Fdm was purified by gel filtration chromatography. 

The UV-vis spectrum of DSD-Fdm shows a broad feature with maxima at 415 and 

360 nm, characteristic of sulfur to iron charge transfer excitations in [4Fe-4S]2+ clusters; 

the absorbance at 415 nm was reduced to below 50% of its initial value upon reduction to 

[4Fe-4S]1+ (Figure 20) with dithionite. This behavior is typical of cuboidal [4Fe-4S] 

clusters.103-109 The position of the bands, red-shifted compared to inorganic [4Fe-4S] 

clusters, suggests that the clusters are surrounded by a hydrophobic environment.100,103,110-

117  

We investigated the oligomeric state of apo and holo DSD-Fdm by analytical 

ultracentrifugation and size exclusion chromatography. When analyzed by gel filtration, 

     

     

     

     

     

     

     

     

    DSD:     S L AA L KSELQALKKEGFSPEELAALESE L QALEKK L AALKSKLQALGW      

DSD - Fdm:   S C AA C KSELQALKKEGFSPEELAALESE C QALEKK C AALKSKLQALKG   
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both apo and holo DSD-Fdm elute at comparable volumes of elution buffer, which is 

consistent with a single species with the apparent molecular mass of a dimer ( 

Figure S 25). The elution profiles of the holo DSD-Fdm monitored at 220, 280 nm 

and at 410 nm are identical, indicating the presence of the [4Fe-4S] cluster in the dimer. 

Analytical ultracentrifugation of the apo DSD-Fdm at ~100 mM loading concentration 

reveals an apparent molecular weight in solution of approximately 13.3 kDa, consistent 

with a dimeric form in solution (Figure S 26), confirming the results of the size exclusion 

chromatography. 

We evaluated the level of cluster incorporation in the dimer by independently 

assessing Fe and protein concentrations as described in Methods. We found that the ratio 

of iron per monomer is 4.3 ± 0.9, corresponding to two [4Fe-4S] clusters per dimer. These 

data indicate that incorporation is approximately 100%. 

 

Protein Structure and Stability. We investigated the secondary structure of both apo and 

holo DSD-Fdm using far-UV circular dichroism (CD) spectroscopy. The spectra of each of 

the two proteins are similar to that of the parent peptide, and display two minima centered 

at 208 nm and 222 nm, indicative of helical structures (Figure S 27). Cluster incorporation 

is well tolerated by the peptide, which is reflected by the similar molar ellipticity value of 

the holo peptide as compared to the apo peptide. 
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Figure 20. UV-Vis spectra of holo DSD-Fdm before (black trace) and after (blue trace) 

dithionite reduction. 

 

To assess the effect of mutations on the DSD framework, we measured the stability of the 

apo and holo peptide towards chemical denaturation by monitoring the loss of secondary 

structure as a function of increasing concentration of a chaotropic agent, guanidine-

hydrochloride (Gdn·HCl). The denaturation curves in Figure 21 report fraction folded, as 

monitored at 222 nm, versus denaturant concentration for each peptide, showing that holo 

DSD-Fdm is significantly more stable to chemical denaturants than is the apo version. The 

midpoint of denaturation for the apo peptide is at 2.1 M Gdn·HCl , while for the holo DSD-

Fdm it is at 4.4 M Gdn·HCl. This behavior mirrors what is observed for DSD-bis[4Fe-4S], 

for which a large increase in stability resulted from the cluster incorporation.118 The starting 

scaffold for both constructs, DSD, is exceptionally stable to thermal and chemical 

denaturation.111,119 In both DSD-bis[4Fe-4S] and DSD-Fdm, substituting hydrophobic 

leucine residues in the core with polar, smaller cysteine results in the formation of a polar 
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cavity, which in the case of DSD-Fdm has a volume of 62 Å. This volume is compatible 

with the dimensions of a [4Fe-4S] cluster; when modeled in the peptide core, the [4Fe-4S] 

cluster completely fills the cavity, thus restoring a well-packed core. 

 

 

Figure 21. Chemical denaturation profile of apo and holo DSD-Fdm monitored by CD at 

222 nm. The midpoint of the transition is at 2.1 M Gdn·HCl (black line) for the apo peptide, 

and at 4.4 M Gdn.HCl (blue line) for holo DSD-Fdm. 

 

EPR Spectroscopy and redox properties of the cluster. The electronic properties of holo 

DSD-Fdm were explored by CW EPR spectroscopy. As expected, in vitro reconstitution of 

the iron-sulfur cluster into the designed protein results in formation of an EPR silent [4Fe-

4S]2+ resting state. Upon dithionite reduction, an EPR signal corresponding to intact [4Fe-

4S]1+ clusters arises, with typical principal g-values of 1.89, 1.94, and 2.06, and an isotropic 

g-value of about 1.96 (Figure 22). The temperature dependence of this signal is similar (if 

not identical) to that obtained earlier for DSD-bis[4Fe-4S] and indicative of the presence 
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of low-lying (~60 K) excited states. (Figure S 28) The spin quantification of this signal and 

the comparison of the spin count with the protein concentration reveals a yield of reduced 

cluster per dimer of DSD-Fdm close to 0.6, similar to what has been observed for DSD-

bis[4Fe-4S].118 This value contrasts with complete cluster incorporation yields calculated 

by iron quantification based on resting state (i.e., oxidized) samples. The discrepancy is 

caused by difficulties in achieving complete reduction of the cluster in concentrated 

samples. 

 

 

Figure 22. CW EPR spectrum of dithionite-reduced holo DSD-Fdm. Experimental 

conditions: microwave frequency, 9.337 GHz; microwave power, 20 mW; field modulation 

amplitude, 0.5 mT; temperature, 12 K. 

 

Ferredoxin-type proteins containing two [4Fe-4S]1+ within 10-15 Å of each other 

sometimes exhibit features in the EPR spectra attributable to a spin-spin interaction 

between the clusters.120,121 Despite repeated attempts, these features were not observed in 

the spectra of DSD-Fdm. However, the lack of cluster interaction effects in the CW EPR 
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spectra of dicluster ferredoxins is relatively common, for two main reasons.100,122 First, the 

magnitude of the dipole and exchange interactions between two clusters strongly depends 

on their relative orientation, because of the mixed valence nature of the clusters.123-125 For 

example, the dipole interaction constant estimated for DSD-Fdm as a function of the 

relative orientation of the clusters can be anywhere between ~ 300 and -25 MHz (in 

magnetic field units, ~ 11 and <1 mT, respectively) or distributed within these limits. The 

smaller of these couplings would probably not be detectable because it is much smaller 

even than the EPR linewidth at the intermediate turning point (> 3 mT).  The larger of these 

couplings could in principle be resolvable, but the relatively flexible nature of DSD-Fdm 

may result in a significant broadening and the lack of pronounced features in the EPR 

spectrum of the pair. The second reason, which compounds the first one, is the relatively 

low yield of reduced cluster. 

The redox properties of DSD-Fdm were probed using cyclic voltammetry (CV). 

Solution CV experiments showed no observable redox processes in the range from 0 to -1 

V vs SHE, presumably because of the absence of interaction between the electrode surface 

and the electroactive species. Addition of 3.5 mM neomycin, which is known to stabilize 

and enhance the interaction of ferredoxin type proteins with electrode surfaces, resulted in 

the observation of a quasi-reversible process with cathodic and anodic waves centered 

around -0.438 and -0.521 V vs SHE respectively (Figure 23). We estimated a redox 

potential of -0.479 V vs SHE, consistent with the presence of a [4Fe-4S]2+/1+ couple. This 

value falls within the window expected for low potential [4Fe-4S] clusters in proteins, and 

is very close to those observed for the PsaC subunit of Photosystem I.103,111,126,127 
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 Figure 23. Cyclic voltammogram of DSD-Fdm in a 3.5 mM neomycin, 100 mM TRIS, 

100 mM sodium chloride, pH 7.5, solution at 100 mV/s scan rate with a Ag/AgCl reference 

electrode, glassy carbon working electrode and a platinum mesh counter electrode. 

 

Electron transfer properties of DSD-Fdm.  

Because the redox potential of DSD-Fdm is comparable to that of natural ferredoxins, we 

tested the ability of DSD-Fdm to transfer an electron to a natural protein, oxidized 

cytochrome c. DSD-Fdm was reduced by sequential addition of sodium dithionite, 

monitoring the loss of absorbance at 410 nm, and stopping addition as soon as the signal 

stabilized.  
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Figure 24. Reduction of cyt c550 by DS.-Fdm: UV-Vis monitored titration of reduced 

DSD-Fdm to a solution of air oxidized Cyt-C. 

 

The reduced peptide was further purified to remove all excess dithionite, and titrated into 

an air-oxidized sample of Thermosynechococcus elongatus cytochrome c550, while 

monitoring the reaction by UV-vis spectroscopy. We observed shifts of the Soret band (410 

nm to 415 nm) and of the Q-bands (526 nm to 520 nm and 550 nm) that indicate reduction 

of the protein-bound heme (Figure 24). A plot of the change of absorbance at 415 nm as a 

function of molar equivalents of holo DSD-Fdm reveals that full reduction of the heme was 

achieved at a 0.74:1 molar ratio of DSD-Fdm/cyt c550. (Figure S 29) This stoichiometry is 

reminiscent of the one-electron reduction processes typically mediated by natural bis-[4Fe-

4S] cluster ferredoxins, and is consistent with the EPR spin quantification results, as 

incomplete reduction of the clusters would result in deviation of the ideal, 0.5:1 molar ratio 

for a 2 electron-carrying ferredoxin that mediates 1 electron reductions.118,119,128,129 
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Together with the similarity in redox potential, these results show that artificial proteins 

can interface effectively with natural ones to support redox reactivity. 

 

 

Figure 25. Normalized transient absorption kinetics of Zn-P alone (grey), with apo-protein 

(black), or holoprotein (blue) solutions. The porphyrin was excited at the 560 nm Q-band 

and probed at 450 nm. 

 

De novo designed redox proteins have been proposed as functional parts of energy 

harvesting devices.130-134 To investigate whether holo-DSD-Fdm could be used for this 

application, we investigated the interaction of a porphyrin photosensitizer with the oxidized 

cluster using laser flash photolysis. Ca. 15 µM solutions of zinc 5,10,15,20-tetrakis(4-

diethyl 2-benzylmalonate) porphyrin (Zn-P) (Figure S 22) in deoxygenated buffer were 

excited at a Q-band (560 nm), and the triplet state  lifetimes were probed via the transient 

absorption at 450 nm. We observed that samples containing either Zn-P only or Zn-P and 
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apo-DSD-Fdm had similar triplet lifetimes, ca. 1400 μs, while in the presence of holo-

DSD-Fdm the triplet lifetime of Zn-P was significantly shorter, ca. 100 μs (Figure 25). This 

quenching by a factor of ca. 14 signals electronic interactions between the zinc porphyrin 

and the iron-sulfur clusters. No signal for oxidized zinc porphyrin was detected at 650 nm. 

The Zn-P triplet excited state quenching could occur via three mechanisms; triplet-

triplet energy transfer, enhanced intersystem crossing (ISC), or photoinduced electron 

transfer. Photoinduced electron transfer is exergonic by only about 70 meV, based on the 

reduction potential for the cluster given above (-0.479 V vs SHE), the first oxidation 

potential of zinc tetraphenylporphyrin (1.04 V vs SHE), and the energy of the zinc 

tetraphenylporphyrin triplet state (1.59 eV).135  Although no porphyrin radical cation was 

detected, photoinduced electron transfer cannot be completely ruled out because no 

porphyrin radical cation absorption would be detected if charge recombination were 

substantially more rapid than charge separation. Although the available data do not allow 

us to assign a mechanism for the quenching, all these possibilities require electronic 

interaction between the porphyrin and the cluster, which necessitates separations of only a 

few Å. Thus, the results show that external reagents can approach the clusters within the 

peptide closely enough for interesting and potentially useful energy and electron transfer 

interactions. 

 

CONCLUSIONS 

In summary, we designed a protein, DSD-Fdm, in which two [4Fe-4S] clusters are within 

12 Å of one another, a distance biologically relevant for effective electron transfer. Both 

apo and holo-DSD-Fdm fold into stable dimers with high helical content. Cofactor binding 
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induces a significant amount of stability towards chemical denaturation, as often seen in 

designed metalloproteins.136,137 The redox potential of DSD-Fdm, -0.479 V vs SHE for the 

[4Fe-4S]2+/1+ couple, is within the range typical of low-potential ferredoxins. We showed 

that DSD-Fdm can interface functionally with natural redox proteins by demonstrating 

stoichiometric electron transfer from reduced DSD-Fdm to oxidized cytochrome c. Further, 

we demonstrated that DSD-Fdm can interact electronically with a photoexcited dye. 

Compared to their natural counterparts, de novo designed proteins can be specifically 

tailored in terms of their redox potentials, stability, catalytic properties, protein-protein 

interactions and small molecule binding depending on the application desired.138-146 

The results presented here support the use of de novo designed proteins as redox 

modules in various applications, ranging from components of artificial redox pathways in 

synthetic biology to parts of light-driven devices.  
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 Figure S 22. Synthetic scheme for water-soluble porphyrin  
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Figure S 23. 1HNMR spectrum of the Zn(II)-5,10,15,20-tetrakis(2-benzylmalonic acid) 

porphyrin in D2O. Spectra were obtained at 25 °C on a 400 MHz Varian spectrometer.  
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Figure S 24. MALDI-TOF spectra of Zn(II)-5,10,15,20-tetrakis(4-diethyl 

2benzylmalonate) porphyrin before (A) and after (B) ester cleavage. Spectra were obtained 

utilizing α-cyano-4-hydroxycinnamic acid as a matrix with delayed extraction in positive 

reflector mode.  
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Figure S 25. Gel filtration chromatograms of apo DSD-Fdm and holo DSD-Fdm, with 

corresponding wavelengths in legend. Data were obtained on a G-25 gel filtration column 

in 100 mM Tris-HCl, pH 7.5. Apo peptide samples contained 50 molar excess of TCEP, 

which elutes in a large peak centered around 40 minutes (black trace). 
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Figure S 26. Analytical ultracentrifugation of 100 µM apo DSD-Fdm, indicating a majority 

species with a MW of 13.3 KDa.  
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Figure S 27. CD spectra of apo (black) and holo (blue) DSD-Fdm in the far-UV range 

showing two minima at 222nm and 208nm. Proteins were at 50 µM in 10 mM TrisHCl, 

pH 7.5. Apo peptide contained a 50 molar excess of TCEP.  
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Figure S 28. Temperature dependence of the EPR amplitude under non-saturating 

conditions (mw power, 0.2 µW). The horizontal line corresponds to the temperature 

dependence described by the Curie Law (no low-lying excited states).  
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Figure S 29. Change in absorbance at 415 nm as a function of molar equivalents DSDFdm 

added during the reduction of cytochrome c550. Values were normalized to isobestic point 

of the titration.  
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Figure S 30. MALDI-TOF spectra of apo DSD-Fdm, utilizing α-cyano-4hydroxycinnamic 

acid as matrix with delayed extraction in positive reflector mode. Calculated mass for the 

peptide was 5310.  
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Figure S 31. DSD-Fdm response to multiple cyclic voltammetry sweeps. Scan 1 exhibits a 

large magnitude reduction, followed by equilibration to quasi-reversible behavior. 

Conditons are 3.5 mM neomycin, 100 mM Tris-HCl, 100 mM sodium chloride, pH 7.5, 

solution at 100 mV/s scan rate with a Ag/AgCl reference electrode, glassy carbon working 

electrode and a platinum mesh counter electrode. 
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Chapter 2.4 A NEW ANCHORING GROUP FOR SEMICONDUCTING OXIDES 

Imidodiacetic Acid: An Effective Anchoring Group for Metal Oxides 

Chelsea L. Brown, Manuel J. Llansola-Portoles, Antonio Arrigo, Gerdenis Kodis, Jesse J. 

Bergkamp, Thomas A. Moore, Devens Gust, Ana L. Moore 

 

A manuscript with the subject of this chapter is presently in preparation. 

 

My contribution to this work is the synthesis of the porphyrins, gathering data, writing 

the manuscript, and assisting with the editing process. 

 

Introduction 

Human energy needs are projected to triple by 2100,7 meaning there is an imminent 

need for alternative, clean energy sources. The abundance of solar energy has led to 

dominance of photovoltaics on the alternative energy market.9 Unfortunately, presently 

photovoltaics are costly and, although they produce electricity, they are unable to directly 

store energy for future use.147 Development of solar-to-fuel photoelectrochemical tandem 

cells may be one way to remedy this problem by storing energy in chemical bonds for 

future use.9,37 Solar-to-fuel photoelectrochemical tandem cells are often referred to as 

artificial photosynthetic devices. Artificial photosynthesis aims to mimic the underlying 

principles of natural photosynthesis to utilize sunlight to produce a storable fuel, such as 

hydrogen gas.148 There are two components to these devices, a water splitting cell and a 

dye-sensitized solar cell (DSSC). DSSCs are similar to photovoltaics, but use organic dyes 

to sensitize nanoparticulate semiconductor thin films, making them more cost effective.10 
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DSSCs are used in tandem with a water splitting cell in order to help increase the amount 

of the solar spectrum that is used to drive the redox process, increasing the efficiency of 

the device. The advantage of artificial photosynthesis over biofuels is that the energy 

demand could be met without interfering with the bioavailable net primary production.21 

These devices could be placed in areas that have already been developed, therefore leaving 

the global ecosystem untouched. However, over the last two decades, solar-to-electric 

conversion efficiencies of DSSCs have only improved from 10% to 13%.23,39,149,150  

Artificial photosynthetic devices and DSSCs both require photoanodes that absorb 

photons, generating electrons in the system. The efficiency of the photoanode is related to 

(i) the nature of the chromophore linked, and (ii) to the electronic communication between 

the chromophore and the electrode. Concerning chromophores, a broad range of species 

have been investigated.16,148,151-157 Porphyrins are good candidates because the aromaticity 

of the macrocycle provides a stable organic molecule that absorbs a broad spectrum of 

visible light and does not degrade in aqueous solutions. The electronic communication 

between chromophore and electrode influences the forward and backward electron transfer 

processes between them and the electron-transfer efficiency of a photoanode is highly 

dependent on the attachment of the chromophore to the underlying semiconductor.158  

The attachment of dyes to the metal oxide surface is a key step in the constructions of 

hybrid systems.159 Creating strong covalent bonds between the sensitizers (dyes) and the 

surface of the metal oxide offer several advantages, namely: increasing the surface 

coverage, improving electronic coupling between the excited dye’s occupied orbitals and 

the conduction band of the metal oxide, enhancing stability and raising the performance.160 

Suitable anchors for a DSSC and water-splitting photoanodes must provide strong chemical 
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bonding between the molecular species and the bulk surface and should also be stable under 

both aqueous and oxidative conditions. While many linkers have been studied, carboxylic 

acids are the most common anchoring group due to their ease of synthesis, effective 

attachment to semiconductors, and fast electron injection rates.151-153,158,160-167 

The carboxylic acid anchoring group is proposed to attach to metal oxides via a 

monodentate or bidentate linkage153 and promote electronic coupling between the excited 

dye and the conduction band of the semiconductor.152 Unfortunately, over time, carboxylic 

acids leech from the surface, and the stability is limited to a small pH range in aqueous 

media. Phosphonic acids are more stable in aqueous media than carboxylic acids, but have 

slower electron injection rates.165-167 Other linkers that have been explored include silanes, 

malonates, acetylacetonates, catecholate, and recently, hydroxamates,122,152,166 168 none 

have proven to be both stable on the surface of metal oxides and capable of high efficiency 

electron transfer.  

In this paper, a new anchoring group, imidodiacetic acid (IDAA), has been utilized on 

porphyrins with widely disparate reduction potentials (Figure 26). Iminodiacetic acid is 

commonly used as a chelating agent for metal ions,169-173 and recently, graphene oxide,174 

thus it was thought that an analog, IDAA, could be used to chelate metal oxides. We studied 

the ability of IDAA as an anchoring group for the electron injection into metal oxides, 

under electrochemical and photophysical investigations. The IDAA porphyrins are directly 

compared to the same porphyrins bearing carboxylic acid anchoring groups (Figure 26). 

All four porphyrin compounds have been attached to SnO2 nanoparticles for the 

photophysical measurements. The direct comparison of IDAA with simple carboxylic 
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acids shows that IDAA could in principle improve the efficiency of DSSCs and other 

artificial photosynthetic devices. 

 

 

Figure 26. The structures of the four porphyrins examined in this study. Compounds 1b 

and 1d contain the new imidodiacetic acid anchoring group and compounds 1a and 1c 

contain the common carboxylic acid anchoring group.  

 

Methods 

Materials. Reagents were used as received. Anhydrous thionyl chloride, benzene, 

pyridine, tetrahydrofuran (THF), methanol (MeOH), and oxalyl chloride were all 

purchased from Sigma Aldrich. Pyrrole was freshly distilled under vacuum. Thin layer 

chromatography plates (250 μm) were purchased from Analtech, Inc. Silica gel (SiliaFlash 
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F60 40-63 μm) used for column chromatography was purchased from SILICYCLE. Tin 

tetrachloride (≥97.0%) and ethyl acetate (99.5%) were purchased from Sigma-Aldrich and 

used as received. All solvents used for column chromatography were distilled before use.  

Instruments and Measurements. Structural Characterization. Mass spectra were 

obtained with a Voyager DE-STR matrix-assisted laser desorption/ionization time-of-flight 

spectrometer (MALDI-TOF), equipped with a 60 Hz laser,using α–cyano-4-

hydroxycinnamic acid (αCN), sinapinic acid (SA), or (1E, 3E)-1,4-diphenylbuta-1,3-diene 

(DPB) as a matrix. The reported mass is the most abundant isotope observed. Calculated 

values are listed after the experimental result for comparison. The 1H-NMR spectra were 

taken on a Varian spectrometer at 400 MHz. Samples were prepared using deuterated 

solvents and with 0.03% tetramethylsilane as an internal standard. 

UV-Vis Spectroscopy. UV-vis absorption spectra were acquired on a Shimadzu UV2100U 

UV-visible spectrometer using a 1 cm quartz cuvette. Measurements were taken at ambient 

temperature in methanol. Steady-state fluorescence was measured using a Photon 

Technology International MP-1 spectrometer and was corrected for detection system 

response. Excitation wavelength was 425 nm, with 1.5 mm slits.  

Electrochemical Measurements. Cyclic voltammetry was performed using a CH 

Instruments 760D potentiostat with the software provided by the company. A glassy carbon 

working electrode, a Ag+/Ag quasi-reference, and a Pt wire counter electrode were used 

for the measurements. Ferrocene was used to calibrate the quasi-reference. 

Dichloromethane was used as the solvent with 0.1 M 

tetrabutylammoniumhexafluorophosphate as the supporting electrolyte. 
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High Resolution Transmission Electron Microscopy. TEM micrographs were collected 

using a Philips CM200 TEM at 200kV, Cs 1.2 mm, PTP Resolution: 0.25nm Focused 

Probe: 0.5nm and Imaging Modes: TEM/STEM. TEM micrographs were analyzed using 

Digital Micrograph™ software.77 

Time resolved absorption. Femtosecond to nanosecond transient absorption measurements 

were acquired with a kilohertz pulsed laser source and a pump-probe optical setup. Laser 

pulses of 100 fs at 800 nm were generated from an amplified, mode-locked titanium 

sapphire kilohertz laser system (Millennia/Tsunami/Spitfire, Spectra Physics). Part of the 

laser pulse energy was sent through an optical delay line and focused onto a 3 mm sapphire 

plate to generate a white light continuum for the probe beam. The remainder of the pulse 

energy was used to pump an optical parametric amplifier (Spectra Physics) to generate 

excitation pulses, which were selected using a mechanical chopper. The white light 

generated was then compressed by prism pairs (CVI) before passing through the sample. 

The polarization of the pump beam was set to the magic angle (54.7°) relative to the probe 

beam and its intensity was adjusted using a continuously variable neutral density filter. The 

white light probe was dispersed by a spectrograph (300 line grating) onto a charge-coupled 

device (CCD) camera (DU420, Andor Tech.). The final spectral resolution was about 2.3 

nm for over a nearly 300 nm spectral region. The instrument response function was ca. 100 

fs. The decay-associated spectra (DAS) were obtained by fitting globally the transient 

absorption kinetic traces over a selected wavelength region simultaneously as described by 

equation (1) (parallel kinetic model).79 

  (1)      
1

, exp /
n

i i

i

A t A t  
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where A(,t) is the observed absorption change at a given wavelength at time delay t and 

n is the number of kinetic components used in the fitting. A plot of Ai() versus wavelength 

is called a DAS and represents the amplitude spectrum of the ith kinetic component, which 

has a lifetime of i. Random errors associated with the reported lifetimes obtained from 

transient absorption measurements were typically  5%. Rigorous analysis of time resolved 

emission and absorption data in a non-homogeneous system requires the use of a model 

which considers a distribution of multi-exponential decays to describe the kinetics of each 

transient species and thus accounts for the distribution of available environments in the 

heterogeneous system. In our analysis we used the minimum number of exponential 

components that adequately fitted the experimental data within the experimental error. 

Thus it is likely that the reported decay components correspond to a weighted mean value 

of the actual distribution of constants associated with each species. 

 

Synthesis.  

 

 

Scheme 1. Synthesis of the iminodimethylester compound. 
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Scheme 2. Synthesis of compound 1a. 

 

Scheme 3. Synthesis of compound 1b from compound 1a. 
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Scheme 4. Synthetic scheme for compound 1c. 

 

Scheme 5. Synthetic scheme for compound 1d. 
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Bis(2-methoxy-2-oxoethyl)ammonium chloride (2). The iminodimethylester salt was 

prepared by dissolving iminodiacetic acid (50 g, 0.38 mol) in methanol (500 mL). The 

solution was cooled down to -15 ºC and thionyl chloride (115 mL, 1.13 mol) was added 

drop-wise along with vigorous stirring. The reaction mixture was allowed to warm to room 

temperature overnight. The precipitate was filtered and rinsed with ice cold acetone. The 

resulting white solid (35 g, 0.22 mol, yield 57%) was stored in a desiccator. 1H-NMR δ 

ppm (D2O): 4.58 (s, 2H), 4.14 (s, 4H), 3.84 (s, 6H). 

Iminodimethylester or dimethyl-2,2`-azanediylacetate (3). Compound 3 was prepared 

by dissolving 2 (10 g, 0.062 mol) in diethyl ether (100 mL) and adding triethylamine (TEA) 

(20 mL). The reaction was stirred at room temperature for 1 hour and filtered to remove 

TEA salts. The filtrate was concentrated to yield a yellow oil (7.5 g, 0.047 mol, yield 76%): 

1H-NMR δ ppm (CDCl3): 3.72 (s, 6H), 3.47 (s, 4H). 

5-(Mesityl)dipyrromethane (4). Mesiyl-DPM was synthesized by modifying a previously 

published procedure. 175 Freshly distilled pyrrole (14.04 mL, 0.202 mol) and mesitaldehyde 

(10 g, 0.067 mol) was added to HCl (100 mL of 0.18 M). The reaction was stirred at room 

temperature for 12 h. The mixture was initially purified using column chromatography 

(hexanes/DCM 1:1) then further purified by crystallization in ethanol/water (4:1). The first 

crop of crystals gave a white solid (1.97 g, 7.45 mmol), the second crop gave a yellow solid 

(3.56 g, 13.4 mmol), and the third crop gave a brown solid (1.45 g, 5.49 mmol). Yield of 

pure compound was 11.1%. 1H-NMR δ ppm (CDCl3): 7.94 (s, 2H), 6.87 (s, 2H), 6.67 (m, 

2H), 6.18 (m, 2H), 6.01 (m, 2H), 5.93 (s, 1H), 2.28 (s, 3H), 2.07 (s, 6H). 

5-(Methyl-4-carboxyphenyl)-10,15,20-tris(2,4,5-trimethylphenyl)porphyrin (5). In a 

1000 mL round-bottom flask, 4 (2.0 g, 7.6 mmol), mesitaldehyde (0.562 g, 3.79 mmol), 
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and methyl 4-formylbenzoate (0.622 g, 3.79 mmol) were dissolved in chloroform (750 mL) 

with 1.0% ethanol by volume. The solution was purged with argon for 30 min and then 

BF3OEt2 (0.35 mL) was added and the mixture was allowed to stir for 2 h. Next, 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (2.32 g, 10.23 mmol) was added and the 

reaction stirred for 12 h. This mixture was concentrated under reduced pressure to yield a 

crude purple solid. The mixture was extracted using ethyl acetate and water. The organic 

layer was dried over sodium sulfate, filtered, and concentrated. Silica gel column 

chromatography was used to purify the mixture using hexane/DCM (2:3) as the eluent 

yielding compound 5 (450 mg, 0.563 mmol, yield 14.9%). 1H-NMR δ ppm (CDCl3): 8.71 

(m, 4H), 8.64 (s, 4H), 8.42 (d, 2H), 8.29 (d, 2H), 7.38 (s, 6H), 4.11 (s, 3H), 2.63 (s, 9H), 

1.85 (s, 18H), -2.61 (s, 2H). MALDI-TOF: m/z obsd 798.56 calc for C55H50N4O2 798.39. 

5-(4-Carboxyphenyl)-10,15,20-tris(2,4,5-trimethylphenyl)porphyrin (1a). In a 500 mL 

round-bottom flask, compound 5 (250 mg, 0.313 mmol) was dissolved in THF (200 mL). 

Separately, KOH (26 mg, 0.47 mmol) was dissolved in methanol (10 mL) and water (2 

mL). The basic solution was added to the round-bottom flask and the reaction was allowed 

to stir at 40 ºC for 12 h. The THF was evaporated and water was acidified with citric acid. 

The product was extracted with DCM and the organic layer was dried over sodium sulfate, 

filtered, and concentrated under reduced pressure. The compound was purified by silica 

gel column chromatography (hexane/DCM 2:3) yielding compound 1a (242 mg, 0.309 

mmol, yield 98.7%). 1H-NMR δ ppm (CDCl3): 8.65 (m, 6H), 8.57 (d, 2H), 8.44 (d, 2H), 

8.26 (d, 2H), 7.21 (s, 6H), 2.55 (s, 9H), 1.78 (s, 18H) -2.62 (s, 2H). MALDI-TOF: m/z obsd 

784.36 calc for C54H48N4O2 784.38. 
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5-(4-(Dimethyl-2,2'-(formylazanediyl)diacetate)phenyl)-10,15,20-tris(2,4,5-

trimethylphenyl)porphyrin (6). In a dry, two-neck flask, compound 1a (150 mg, 0.191 

mmol) was dissolved in anhydrous THF (50 mL) and anhydrous pyridine (10 mL). The 

solution was purged with argon for 20 min and then thionyl chloride (0.03 mL, 45.5 mg, 

0.382mmol) was added. The reaction stirred at room temperature for one hour then 

evaporated to dryness while under argon. Compound 3 (154 mg, 0.955 mmol), dissolved 

in THF (30 mL) and pyridine (10 mL), was added to the reaction through a syringe. The 

reaction was left stirring under an argon atmosphere to stir for 12 h. The solvents were 

removed under reduced pressure and the product was extracted using ethyl acetate and 

water. The organic phase was dried over sodium sulfate, filtered, and the solvent was 

evaporated. The mixture was purified using silica gel column chromatography (ethyl 

acetate/DCM 1:10). The isolated product was a purple solid (152 mg, 0.157 mmol, yield 

82.2%). 1H-NMR δ ppm (CDCl3): 8.83 (d, 2H), 8.65 (d, 2H), 8.61 (s, 4H), 8.30 (d, 2H), 

7.76 (d, 2H), 7.36 (m, 6H), 4.49 (d, 4H), 3.78 (d, 6H), 2.52 (s, 9H), 1.78 (s, 18), -2.67 (s, 

2H). MALDI-TOF: m/z obsd 927.45 calc for C60H57N5O5 927.44. 

5-(4-(2,2'-(Formylazanediyl)diacetic acid)phenyl)-10,15,20-tris(2,4,5-

trimethylphenyl)porphyrin (1b). Compound 1b was prepared by dissolving compound 6 

(100 mg, 0.11 mmol) in THF (100 mL). Separately, KOH (30 mg, 0.310 mmol) was 

dissolved in water (8 mL) and then added to the porphyrin solution. The reaction was 

allowed to stir overnight for 12 h. The product was extracted with ethyl acetate and water 

acidified with citric acid. The organic layer was dried over sodium sulfate, filtered, and the 

solvent was evaporated under reduced pressure, yielding a purple solid. (97 mg, 0.108 

mmol, yield 100%). MALDI-TOF: m/z obsd 899.63 calc for C58H53N5O5 899.40. 
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5-(Pentafluorophenyl)dipyrromethane (7). 5-(Pentafluorophenyl)dipyrromethane was 

synthesized by modifying a previously published procedure.175 In a dry 500 mL three-neck 

round bottom flask, pentafluorobenzaldehyde (10 g, 0.05 mol) was dissolved in freshly 

distilled pyrrole (210 mL, 3.02 mol). The solution was purged with argon for 20 min, and 

InCl3 (1.12 g, 0.0051 mol) was added. After the reaction stirred in the dark for 1.5 h, NaOH 

(10 g, 0.25 mol) was added and the solution stirred for additional hour. The mixture was 

filtered through celite and rinsed with fresh pyrrole. The excess pyrrole was distilled off 

and collected for future use. The resulting gray solid was purified using silica gel column 

chromatography (hexane/DCM/ethyl acetate 10:2:1). The compound was further purified 

by crystallization in ethanol/water (4:1). The first crop produced white crystals (6.65 g, 

0.0213 mol). The second crop gave light brown crystals (3.2 g, 0.0102 mol). The final crop 

gave brown crystals (4.6 g, 0.0147 mol). The total yield for this step was 14.15 g of 

compound 7 (0.0453 mol, yield 89%). 1H-NMR δ ppm (CDCl3): 8.14 (s, 2H), 6.73 (q, 2H), 

6.16 (q, 2H), 6.02 (s, 2H), 5.90 (s, 1H). 

5-(Methyl-4-formylphenyl)-10,15,20-tris(pentafluorophenyl)porphyrin (8). 

Compound 8 was prepared by dissolving compound 7 (2.0 g, 6.4 mmol), methyl-4-formyl 

benzaldehyde (0.525 g, 3.2 mmol) and pentafluorobenzaldehyde (0.627 g, 3.2 mmol) in 

chloroform (750 mL) with 1.0% ethanol by volume. The solution was purged with argon 

for 30 min, then BF3OEt2 (0.35 mL) was added and the reaction was allowed to stir at room 

temperature for 2 h. The color changed from clear to pink and 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone (1.96 g, 8.6 mmol) was added. The reaction proceeded for 12 h. The 

solvent was removed under reduced pressure and the product was extracted with DCM and 

water. The organic layer was dried over sodium sulfate, filtered, and concentrated under 
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reduced pressure. The compound was purified using silica gel column chromatography 

(hexanes/DCM 2:3), to yield the final product (0.184 g, 0.195 mmol, yield 6.1%). 1H-NMR 

δ ppm (CDCl3):  8.90 (m, 6H), 8.84 (d, 2H), 8.48 (d, 2H), 8.30 (d, 2H), 4.13 (s, 3H), -2.86 

(s, 2H). MALDI-TOF: m/z obsd 942.75 calc for C46H17F15N4O2 942.11. 

5-(4-Carboxyphenyl)-10,15,20-tris(pentafluorophenyl)porphyrin (1c). The acid 

porphyrin was prepared by dissolving compound 8 (100 mg, 0.106 mmol) in TFA (20 mL) 

and then adding HCl (40 mL of 12 M). The reaction was refluxed at 80 ºC for 12 h, then 

neutralized with a saturated solution of sodium bicarbonate in water. The product was 

extracted with ethyl acetate and the organic layer was dried over sodium sulfate, filtered, 

and concentrated under reduced pressure to yield a purple solid (97.5 mg, 0.105 mmol, 

yield 99%). 1H-NMR δ ppm (CDCl3): 8.86 (m, 6H), 8.77 (s, 2H), 8.51 (d, 2H), 8.30 (d, 

2H), -2.92 (s, 2H). MALDI-TOF: m/z obsd 928.49 calc for C45H15F15N4O2 928.10. 

5-(4-(Dimethyl-2,2'-(formylazanediyl)diacetate)phenyl)-10,15,20-

tris(pentafluorophenyl)porphyrin (9). In a dry, 250 mL round-bottom flask, compound 

1c (80 mg, 0.086 mmol) was dissolved in anhydrous benzene (100 mL) and anhydrous 

pyridine (10 mL). The solution was purged with argon for 20 min, to this was added oxalyl 

chloride (0.15 mL, 1.72 mmol). The reaction was allowed to stir for 45 min and the excess 

oxalyl chloride was evaporated off under reduced pressure. The reaction was kept under 

argon and compound 3 (69.3 mg, 0.43 mmol) dissolved in benzene was added. The reaction 

continued for 12 h, then the solvent was evaporated under reduced pressure. The mixture 

was dissolved in ethyl acetate and extracted with water. The organic phase was dried over 

sodium sulfate, filtered, and concentrated under reduced pressure. The product was purified 

by silica gel column chromatography (DCM/ethyl acetate 1:1). The final product was a 
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purple solid (61 mg, 0.057 mmol, yield 66.3%). 1H-NMR δ ppm (CDCl3): 8.92 (m, 6H), 

8.50 (d, 2H), 8.21 (d, 2H), 7.91, (d, 2H), 4.53 (d, 4H), 3.88 (d, 6H), -2.86 (s, 2H). MALDI-

TOF: m/z obsd 1071.31 calc for C51H24F15N5O5 1071.15. 

5-(4-(2,2'-(Formylazanediyl)diacetic acid)phenyl)-10,15,20-

tris(pentafluorophenyl)porphyrin (1d). Compound 1d was prepared by dissolving 

compound 9 (50 mg, 0.0442 mmol) in dioxane (50 mL). Separately, KOH (7.5 mg, 0.133 

mmol) was dissolved in water (1 mL) and added to the porphyrin solution. The reaction 

was allowed to stir vigorously for 12 h at room temperature. The dioxane was removed 

under reduced pressure and the product was extracted using ethyl acetate and water 

acidified with citric acid. The organic layer was dried over sodium sulfate, filtered, and 

concentrated under reduced pressure. The product was purified by silica gel column 

chromatography (acetic acid/methanol/acetone 1:5:44) resulting in a pink solid (46.1 mg, 

0.0442 mmol, yield 100%). MALDI-TOF: m/z obsd 1043.90 calc for C49H20F15N5O5 

1043.12. 

SnO2 Nanoparticles. The synthesis of 2.5 nm SnO2 nanoparticles was done by dissolving 

SnCl4 (0.18 g, 0.69 mmol) in distilled ethyl acetate (100 mL) and stirring for 5 min.176 

Separately, NaBH4 (0.08 g, 2.1 mmol) was dissolved in water, then added to the organic 

solution drop wise under continuous and vigorous stirring at room temperature for 120 min. 

The aqueous layer was removed in a seperatory funnel. The nanoparticles were centrifuged 

(4700 rpm/10 min) and washed with water and methanol to remove impurities, then dried 

with a rotary evaporator. 

Porphyrin-Nanoparticle Assembly. The same procedure was followed to obtain the 

attachment of all the porphyrins (1a-d) to the SnO2 nanoparticles. The binding was 
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obtained by adding an aqueous solution of SnO2 nanoparticles ([SnO2] = ~ 0.1 mg/mL) at 

pH=6, to a solution of the porphyrin in a mixture composted by EtOH:water:AcOH (5:4:1 

v/v) ([porphyrin] = ~ 10-5mol/L. This mixture was stirred at 55°C in air for 2 h. After 

cooling, no other treatment was applied on the solution. 

 

Results 

Porphyrin Dyes. Four porphyrins were synthesized following Scheme 1-5, two low 

potential and two high potential. In each case, both carboxylic acid functionalized and 

imidodiacetic acid versions were synthesized to evaluate the effect of the linker on their 

photophysical properties. Figure 27 shows the steady-state absorption spectra of all four 

porphyrins (1a-d) in methanol. The high potential porphyrins, 1c and 1d, are blue-shifted 

in both the Soret and Q bands compared to the low-potential porphyrins, 1a and 1b (Table 

1).   
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Figure 27. Absorption spectra of 1a (black), 1b (blue), 1c (red), and 1d (green). Inset A is 

an enlargement of the Soret band region and inset B is the Q band region. 

 

Table 2. The maximum wavelength for each band of the four different porphyrins studied. 

Compound 

Soret λmax, 

(nm) 

Qy(0,1) λmax, 

(nm) 

Qy(1,1) λmax, 

(nm) 

Qx(0,0) λmax, 

(nm) 

Qx(1,0) λmax, 

(nm) 

1a 414 512 545 590 646 

1b 414 512 545 589 645 

1c 408 505 536 582 637 

1d 410 506 537 583 640 

 

Cyclic Voltammetry. Cyclic voltammetry was used to determine the reduction potentials of 

the porphyrins. The low potential trimesityl porphyrins, 1a and 1b, have a reversible signal 

corresponding to the first oxidation of the ground state at +1.2 V vs. NHE. The high 

potential porphyrins bearing the pentafluorophenyl groups, 1c and 1d, are oxidized at a 

much higher potential of +1.68 V vs. NHE (Figure 28).  
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Figure 28. Cyclic voltammograms of 1a (black) and 1c (red) in dichloromethane with 0.1 

M TBAPF. The potential on the x-axis is vs. SCE. 

 

SnO2 Nanoparticle Characteristics. TEM images show that the SnO2 nanoparticles are 

about 2.5 nm (Figure 29). These nanoparticles disperse fairly well and have little 

agglomeration and hence relatively low light scattering effect into water and 

methanol/water. The experimental band gap in methanol calculated using Tauc plot is 4.1 

eV, which corresponds to nanoparticles of 2.4 nm diameter. 177 The conduction band edge 

of SnO2 is +0.05 V vs. NHE and the valence band edge is +3.85 V vs. NHE, each calculated 

for pH 7 from pH 1.9 
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Figure 29. TEM image of the SnO2 nanoparticles. 

 

Porphyrin-Nanoparticle System. UV-Vis Spectroscopy and Steady-State Fluorescence.  

Porphyrin dyes were bound to SnO2 nanoparticles (Figure 30) to study electron injection 

rates. Dye attachment was confirmed using UV-vis spectroscopy. Figure 31 shows the 

bathochromic shift of the Soret and Q bands of 1a attached to the SnO2 nanoparticle surface 

(purple); there is a prominent increase in absorption at shorted wavelengths due to light 

scattering from the nanoparticles.162 
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Figure 30. Proposed attachment of the porphyrin dye to the SnO2 nanoparticle via the new 

anchoring group.  

 

Figure 31. The absorption spectra of 1a (black) and 1a-SnO2 hybrid system (purple). 

 

Fluorescence quenching in the 1a-SnO2 hybrid system confirms attachment of the dye 

to the nanoparticle because of expected ultrafast electron injection from the dye singlet 

excited state to the conduction band of the nanoparticle. Figure 32 shows the absorption 

and emission spectra of 1a compared to 1a-SnO2. Both solutions had an optical density of 

0.067 at 425 nm when the emission spectra were taken. The unbound dye fluoresced 
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strongly, as seen by the black dashed line while the fluorescence of the dye anchored to the 

nanoparticle is highly quenched, as seen by the purple dashed line. 

 

 

Figure 32. Absorption (solid lines) and emission (dashed lines) spectra of 1a (black) and 

1a-SnO2 hybrid system (purple) in a mixed solvent system of EtOH:water:AcOH (5:4:1 

v/v). 

 

Photophysics. Femtosecond pump-probe transient absorption spectroscopy measurements 

were taken to measure the influence of the carboxylic acid (1a) and the IDAA (1b) 

anchoring groups on the rate of electron injection for porphyrins attached to SnO2 

nanoparticles. It was found that porphyrin fluorescence was highly quenched for all four 

dyes and it was not possible to produce a readable signal in the transient absorption spectra 

for porphyrins 1c and 1d because of a very low concentration of the attached dye in the 

dye-nanoparticle system obtained after the attachment procedure. 
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The decay-associated spectra (DAS) obtained after global analysis of transient 

absorption data of porphyrin 1a and 1b attached to the SnO2 nanoparticles are shown in 

Figure 33 and Figure 34. The global analysis for porphyrin 1a attached to SnO2 gives four 

DAS with lifetimes of 1.2 ps, 13 ps, 94 ps and nondecaying on the 2 ns decay time window 

used during the measurement. The 1.2 ps DAS can be attributed to the electron 

recombination from P+-SnO2
-. The spectroscopic fingerprints which testify to the formation 

of the charge separated state are the presence of a characteristic induced absorption band 

in the range between 670 nm and 740 nm due to the oxidized porphyrin and the ground 

state bleach of the Q bands at around 600 nm and 660 nm. The 13 ps DAS can be attributed 

to electron injection from the singlet excited state of the dye, 1a, into the conduction band 

of the SnO2. It shows the decay of stimulated emission around 730 nm. The 94 ps DAS and 

nondecaying DAS have blue shifted ground state bleaching bands at 590 nm and 650 nm, 

therefore can be attributed to aggregated and/or porphyrin not directly attached to the 

nanoparticles. Due to the high nonhomogeneity of the system, the obtained lifetimes do not 

correspond to single species but rather are effective averages of the decay of several slightly 

different species. For 1a-SnO2 there is likely some population with very fast formation of 

the charge separated state (<100 fs), this would explain the high amplitude of the 1.2 ps 

DAS which is not likely in such an inverted kinetics case. 
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Figure 33. Decay-associated-spectra in acetonitrile solution measured by fs transient 

absorption upon excitation at 420 nm for 1a–SnO2. 

 

The global analysis of the transient absorption data for the porphyrin 1b attached to SnO2 

gives three DAS with lifetimes of 26 ps, 332 ps, and nondecaying component. The 26 ps 

DAS can be attributed to electron recombination from P+-SnO2
-. The spectroscopic 

fingerprints which testify the formation of the charge separated state are the presence of a 

transient absorption band in the range between 670 nm and 740 nm due to the oxidized 

porphyrin and the ground state bleach of the Q bands at around 600 nm and 660 nm as was 

observed for 1a-SnO2 as well. The 332 ps DAS and nondecaying DAS are due to 

aggregated and/or porphyrin not directly attached. The electron injection process occurs 

with a lifetime shorter than the detection limit of our equipment (c.a. 100 fs).  

 

520 540 560 580 600 620 640 660 680 700 720 740

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

1.2 ps

13.2 ps

94 ps

const

A
m

p
lit

u
d

e
 (

a
.u

.)

Wavelength (nm)

 C

 D

 F

 E

C11 on SnO2 excitation 420 nm



140 

 

 

Figure 34. Decay-associated-spectra in acetonitrile solution measured by fs transient 

absorption upon excitation at 420 nm for 1b–SnO2. 

 

Discussion 

Four porphyrins have been synthesized to study the effectiveness of a new anchoring 

group, imidodiacetic acid (IDAA), and compare it to the commonly used carboxylic acid. 

The porphyrins were bound to SnO2 to determine the effect of the anchoring group on their 

photoelectrochemical and photophysical properties. Porphyrins with high and low 

potentials were synthesized to test the electronic communication of the IDAA anchoring 

group with compounds of various redox potentials.  

The high potential porphyrins, 1c and 1d, bearing three pentafluorophenyl groups, have 

an electron deficient macrocycle. Their redox potentials are more positive by about 480 

mV than the low potential porphyrins, 1a and 1b, because they are more difficult to oxidize. 

The low potential porphyrins are electron rich due to the three mesityl groups attached to 
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the macrocycle. They require only +1.2 V vs NHE to oxidize but are harder to reduce than 

the high potential porphyrins, or to add an electron to, due to the electron rich macrocycle. 

Using the ground-state oxidation potential, the first excited-state oxidation potentials for 

the porphyrins can be estimated using the Rehm-Weller approximation:178,179  

Eº(P●+/1P) ≈ Eº(P●+/P) – E00(P 1P)                                                   (1) 

                        e     

where Eº(P●+/1P) is the couple of the excited-state potential for the radical cation and the 

first singlet excited state of the porphyrin, Eº(P●+/P) is the couple of the ground state 

potential for the porphyrin-radical cation and the porphyrin, E00(P 1P) is the estimated 

E00 transition energy from the porphyrin ground state to the porphyrin singlet state (S0 – 

S1), and e is the elementary charge of an electron. The estimated oxidation potentials for 

the singlet excited-states of each porphyrin is shown in Table 3. 

Table 3. Estimation of the singlet excited-state oxidation potentials from the ground state 

oxidation potentials (vs. NHE). 

Compound Ground State Oxidation 

Potential, Eº(P●+/P) 

Singlet Excited-State 

Oxidation Potential, Eº(P●+/1P) 

1a +1.22 V -0.71 V 

1b +1.23 V -0.70 V 

1c +1.68 V -0.25 V 

1d +1.68 V -0.25 V 

 

The SnO2 nanoparticles synthesized for this study have low scattering due to their small 

size and can be dispersed into water and/or methanol. The TEM images show well rounded, 

evenly distributed nanoparticles with a diameter of about 2.5 nm on average. An estimated 

band gap of 4.1 eV from the steady state absorption supports the observed nanoparticle 
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diameter. The conduction band of SnO2 nanoparticles lies around +0.05 V vs. NHE, which 

allows for electron injections from both high and low potential porphyrins because their 

singlet excited-state oxidation potentials are -0.25 V and -0.71 V vs. NHE, respectively. 

Figure 35 illustrates the energy levels relevant to electron injection from the porphyrins to 

the nanoparticles.  

 

 

 

Figure 35. Energy levels relevant to electron injection from the porphyrin excited state, 1P, 

into the conduction band of SnO2 nanoparticles. 

 

Each of the four porphyrin dyes was anchored onto the SnO2 nanoparticles. UV-Vis 

spectroscopy was the initial test to confirm the attachment of the dyes to the nanoparticles. 

The shift and broadening of the Soret and Q bands in the absorption spectra suggests 

binding of the dyes to the nanoparticles.162 Further evidence for dye attachment is the 

fluorescence quenching of the porphyrin. Porphyrin dyes in solution, unattached to 
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nanoparticles, fluoresce significantly, as shown in Figure 32. After the dye was bound to 

the nanoparticles, the emission spectra showed nearly complete fluorescence quenching 

for all four porphyrins, indicating the attachment was successful. Once attached, 

photophysical measurements were carried out using femtosecond pump-probe transient 

absorption spectroscopy. These results showed very fast decay lifetime of attached dye 

singlet excited state which is attributed to the electron injection from the photoexcited dye 

into the nanoparticle.154 This is one of the indications of dye attachment because free dye 

in solution would not inject an electron into the nanoparticle; its singlet excited state would 

decay via other relaxation pathways with slower lifetimes.154 These results also suggest 

that the IDAA group is allowing electron injection into the nanoparticles. 

The transient absorption analysis leads to the conclusion that both systems, 1a-SnO2 

and 1b-SnO2, have very fast electron injection into the nanoparticle. In the case of IDAA 

attachment, the electronic coupling between the porphyrin (electron donor) and the SnO2 

(electron acceptor) is decreased as compared to the carboxylic group attachment, moreover 

the distance between the porphyrin moiety and the SnO2 is increased. These effects are 

expected to slow down the charge recombination and are in agreement with transient 

absorption results showing slower charge recombination rate in the 1b-SnO2 system. 

Furthermore, the IDAA group thanks to the presence of two carboxylic functions most 

likely leads to a more stable linkage between the porphyrin 1b and SnO2 compared with 

the carboxylic group in 1a; this effect possibly influences the electron transfer and 

recombination processes. Typically, it is believed that breaking conjugation with a CH2 

group would inhibit electron injection.160,164 In this case, it does not seem to prevent 

electron injection. The distance between the macrocycle and semiconductor is short enough 
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to allow electron injection and it is possible that the amide linkage increases the electronic 

coupling between the donor and acceptor. 

 

Conclusion 

In conclusion, we have demonstrated that imidodiacetic acid can be used as an efficient 

anchoring group to attach porphyrin dyes onto semiconducting metal oxides. The transient 

absorption spectroscopy measurements indicate that the IDAA anchoring group has good 

electron injection efficiency and shows slower electron recombination rate compared to the 

carboxylic acid group attachment. These are preliminary results and more experiments are 

needed to obtain the spectroscopy measurements for the high potential porphyrins but the 

results are expected to be similar. Future work would include attaching these porphyrins 

onto a SnO2 electrode and determining photocurrent efficiency for each anchoring group. 

It would also be interesting to determine the pH dependence of the IDAA anchoring group 

and determine its binding mode using infrared spectroscopy. Compounds with 

imidodiacetic acid as an anchoring group could be used in artificial photosynthetic devices 

and dye-sensitized solar cells that use organic dyes on semiconducting metal oxides; that 

could help improve efficiency and longevity of the devices. Further studies will be done to 

determine the stability of the imidodiacetic acid anchoring group over time in aqueous 

conditions. 
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CHAPTER 3 

PHTHALOCYANINE-CAROTENOID DYADS FOR TRIPLET-TRIPLET 

ENERGY TRANSFER STUDIES 
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Ghabriel Anton, Thomas A. Moore, Devens Gust, Ana L. Moore. 

 

A manuscript with the subject of this chapter is presently in preparation. 

 

My contribution to this work is the synthesis of the dyads, gathering data, writing the 

manuscript, and assisting with the editing process. 

 

INTRODUCTION 

In photosynthetic organisms, carotenoids and cyclic tetrapyrroles interact with each 

other to help drive photosynthesis.29,30 During the first steps of the photosynthetic process, 

the absorption of photons by antenna pigment-protein complexes and the subsequent 

transfer of the excitation energy to the reaction centers are both intimately linked with the 

potential production of dangerous oxidative species. Production of (bacterio)chlorophyll 

((B)Chl) triplet excited states by intersystem crossing from (B)Chls excited singlet states 

is a major source of singlet oxygen in photosynthetic organisms, one of the most dangerous 

chemical species for living organisms.180 In photosynthetic pigment-protein complexes, 

this sensitization reaction is precluded by transfer of the triplet excited state from (B)Chls 

to carotenoid molecules, which has a triplet state energy below that of singlet oxygen. This 

quenching reaction reduces the lifetime of the (B)Chl triplet state by many orders of 
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magnitudes.181,182 Understanding the interchromophore coupling of these pigment systems 

is important for understanding the details of photoprotective mechanism.183  

Carotenoids are known to interact with tetrapyrroles, like chlorophyll, in three 

important ways: as light-harvesting chromophores in antennas, in photoregulation, and in 

photoprotection.28,184,185 In antennas, carotenoids help optimize light harvesting by 

absorbing in the blue/green region (400-550 nm), where chlorophyll absorbs little, and 

transferring that energy to the neighboring chlorophylls.29 Carotenoids are also used for 

photoregulation by dissipating excess energy in the form of heat through non-

photochemical quenching (NPQ).184,185 Carotenoids method of photoprotection has been 

studied for decades.186-196 When an excited state is formed in a tetrapyrrole, it can undergo 

intersystem crossing to the triplet state, which is able to sensitize singlet oxygen.27-30 It has 

been determined that the interchromophore coupling between carotenoids and chlorophyll 

allows for the chlorophyll to do triplet-triplet (T-T) energy transfer to the triplet state on 

the carotenoid, which cannot sensitize singlet oxygen and instead harmlessly decays to the 

ground state.28,30 It is well-known that in purple bacteria T-T energy transfer occurs in the 

nanosecond time scale (20-200 ns)30 which is relatively slow. However, it is not determined 

yet how fast this energy transfer occurs in the light-harvesting complex II (LHCII) of green 

plants, and what governs their interaction.30 To understand the role of electronic coupling 

and thermodynamics in controlling the rate of triplet-triplet energy transfer between the 

two chromophores it is essential to measure the rate constant of the T-T energy transfer as 

a function of electronic coupling and energy driving force for the process.  This 

fundamental knowledge is essential for incorporating photoprotection into artificial 

photosynthetic systems capable of meeting humanity’s need for biomass. 13,20 
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In a similar manner than their natural counterparts, artificial photosynthetic devices 

for solar energy conversion, such as dye-sensitized photoelectrochemical cells 

(DSPECs),13 are susceptible to photodegradation due to singlet oxygen being formed in the 

water splitting component of the device.20 The success of artificial photosynthesis in the 

energy market depends on the cost-effectiveness of the device. The cost is directly related 

to the longevity of the device. Photoprotection will be essential for increasing the longevity 

of these devices and therefore decreasing their cost. Understanding how nature uses 

carotenoids coupled to tetrapyrroles to quench singlet oxygen is a critical to implementing 

photoprotection in artificial photosynthetic devices. 

This work focuses on improving our understanding how carotenoids are involved 

in the photoprotection of the photosynthetic organism from the damaging effects of singlet 

oxygen.27-30 We coupled a series of carotenoids to a phthalocyanine to form dyads through 

amide linkages (Figure 36). The amide linkage has been shown to provide good electronic 

coupling between carotenoids and phthalocyanines.183,184,193,194 The phthalocyanine has 

been metallated with palladium in order to increase the triplet yield of the phthalocyanine 

through the heavy metal effect.154,197 The dyads contain carotenoids of varying conjugation 

lengths, 9, 10, and 11 conjugated double bonds. The carotenoid and the phthalocyanine 

absorb in different regions of the visible spectrum so that excitation of the phthalocyanine 

does not overlap with the excitation of the carotenoid. That allows the selective excitation 

of the phthalocyanine whose singlet excited state due to the palladium decays very fast 

forming its triplet state with a high yield, so we are able to measure the subsequent T-T 

energy transfer to the carotenoid and determine the rate at which this process occurs.  
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METHODS 

Materials. Dichloromethane (DCM), methanol, 4- hexanamidophthalonitrile, 3,6-

dibutoxyphthalonitrile, PdCl2, 1,8-diazabicyclo[5.4.0]undec-7-ene, potassium hydroxide, 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), and 4-dimethylaminopyridine 

(4-DMAP) were purchased from Sigma-Aldrich and used without further purification. 

Silica gel (SiliaFlash F60 40–63 µm) used for column chromatography was purchased from 

SiliCycle. Dichloromethane, ethyl acetate, and methanol for synthesis and column 

chromatography were distilled. Toluene, chloroform, and butanol for synthesis were dried 

over activated 4 Å molecular sieves. Tetrahydrofuran was distilled over CaH2 and stored 

over activated 4 Å molecular sieves and under argon atmosphere. 

Synthesis of the compounds. The 4-hexanamidophthalonitrile was synthesized following 

a previously published method.184 The ester carotenoids, methyl 8'-apo-β-caroten-8'-oate 

(9 double bonds), methyl 6'-apo-β-caroten-6'-oate (10 double bonds), and methyl 4'-apo-β-

caroten-4'-oate (11 double bonds), were prepared as described,198,199 and the corresponding 

acids were obtained by base catalyzed hydrolysis. 

Palladium-8,11,15,18,22,25-hexabutoxy-2-hexanamidophthalocyanine. Portions of 4- 

hexanamidophthalonitrile (456 mg, 1.89 mmol), 3,6-dibutoxyphthalonitrile (1.50 g, 5.67 

mmol), and PdCl2 (603 mg, 3.40 mmol) were dissolved in 30 ml of butanol, heated to 45 

°C, and bubbled with argon for 15 min. A portion of 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU, 3.39 ml) was added, and the solution was heated to 118 °C and refluxed overnight 

under a blanket of argon. The green mixture was cooled to room temperature, and 100 ml 

of a water/chloroform mixture (1:1) was added. The organic layer was extracted, dried over 

NaSO4, and filtered. The solvent was concentrated by rotary evaporation. The product was 
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purified by column chromatography (silica gel, 1 % MeOH/10 % ethyl acetate/CHCl3). 

Palladium-8,11,15,18,22,25-hexabutoxy-2-hexanamidophthalocyanine was obtained in 

1.05 % yield (23 mg). 1H-NMR δ ppm (20% Pyridine-d/CDCl3): 1.09 (t, J = 7.4, 7.4 Hz, 

3H), 1.27 (m, 18H), 1.70 (m, 4H), 2.24 (q, 2H), 2.39 (t, J = 7.5, 7.5 Hz, 2H), 3.20-5.20 (m, 

36H), 6.85 (d, J = 8.7 Hz, 1H), 7.13 (d, J = 8.8 Hz, 1H), 7.38 (d, J = 9.6 Hz, 1H), 7.52 (d, 

J = 9.3 Hz, 1H), 7.64 (m, 2H), 8.31 (d, J = 7.8 Hz, 1H), 9.26 (d, J = 7.9 Hz, 1H), 10.03 (s, 

1H), 10.84 (s, 1H). MALDI-TOF: m/z obsd. 1163.46 calc. for C62H75N9O7Pd 1163.48. 

UV/vis λmax (95% CHCl3 / 5% MeOH): 327, 647, and 721 nm. 

Palladium-2-amino-8,11,15,18,22,25-hexabutoxyphthalocyanine. The 

hexanamidophthalocyanine obtained in the above reaction (20.4 mg, 17.6 μmol) was 

dissolved in 10 ml of THF and 5 ml of a saturated methanolic solution of KOH. The 

solution was heated to 65 °C and stirred overnight. The reaction mixture was diluted with 

chloroform and washed with water (three times). The organic layer was dried over Na2SO4 

and filtered, and the solvent was removed by rotary evaporation. The desired palladium 2-

amino-8,11,15,18,22,25- hexabutoxyphthalocyanine (18.5 mg) was obtained in 99 % yield. 

MALDI-TOF: m/z obsd. 1065.32 calc. for C56H65N9O6Pd 1065.41. UV/vis λmax (95% 

CHCl3 / 5% MeOH): 324, 647, and 721 nm. 

Dyad 9. The 8'-apo-β-caroten-8'-oic acid (28.5 mg, 65.7 μmol) and palladium 2-amino-

8,11,15,18,22,25-hexabutoxyphthalocyanine (35 mg, 32.9 μmol) were dissolved in 45 mL 

of dry chloroform. While under argon, EDCI (68.9 mg, 0.36 mmol) and DMAP (224 mg, 

1.83 mmol) were added. The reaction was stirred overnight at room temperature under a 

blanket of argon. The solvent was removed by rotary evaporation and the product was 

purified by column chromatography (silica, 2 % MeOH/DCM). The product was then 
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purified by two prepatory TLCs, the first in 1 % MeOH/5 % ethyl acetate/chloroform and 

the second in 2 % MeOH/DCM. Dyad 9 (5.7 mg) was obtained in 11.7% yield. MALDI-

TOF: m/z obsd. 1479.98 calc. for C86H103N9O7Pd 1479.70. UV/vis λmax (95% CHCl3 / 5% 

MeOH): 330, 454, 648, and 722 nm. 

Dyad 10 was prepared by the same procedure described for dyad 9 except using 6'-apo-β-

caroten-6'-oic acid. MALDI-TOF: m/z obsd. 1505.70 calc. for C88H105N9O7Pd 1505.72. 

UV/vis λmax (95% CHCl3 / 5% MeOH): 327, 470, 650, and 725 nm. 

Dyad 11 was prepared by the same procedure described for dyad 9 except using 4'-apo-

β,y-caroten-4'-oic acid. MALDI-TOF: m/z obsd. 1545.83 calc. for C91H109N9O7Pd 1545.75. 

UV/vis λmax (95% CHCl3 / 5% MeOH): 330, 482, 649, and 723 nm. 

Steady state absorption. Spectra were recorded in 1.0 cm path length cuvette with a 

Shimadzu UV2550 UV-visible spectrometer. 

Time resolved fluorescence. Fluorescence decay measurements were performed by the 

time-correlated single-photon-counting method. The excitation source was a fiber 

supercontinuum laser based on a passive modelocked fiber laser and a high-nonlinearity 

photonic crystal fiber supercontinuum generator (Fianium SC450). The laser provides 6-

ps pulses at a repetition rate variable between 0.1 – 40 MHz. The laser output was sent 

through an Acousto-Optical Tunable Filer (Fianium AOTF) to obtain excitation pulses at 

desired wavelength of ca. 450-900 nm. Fluorescence emission was detected at the magic 

angle using a double grating monochromator (Jobin Yvon Gemini-180) and a microchannel 

plate photomultiplier tube (Hamamatsu R3809U-50). The instrument response function 

was 35-55 ps. The spectrometer was controlled by software based on the LabView 

programming language and data acquisition was done using a single photon counting card 
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(Becker-Hickl, SPC-830. Data analysis of results from both systems was carried out using 

locally written software (ASUFIT) developed in a MATLAB environment (Mathworks 

Inc.). Data were fitted as a sum of exponential decays, which were reconvoluted with the 

appropriate instrument response function. Goodness of fit was established by examination 

of residuals and the reduced χ2 value. 

Time resolved absorption. Femtosecond to nanosecond transient absorption measurements 

were acquired with a kilohertz pulsed laser source and a pump-probe optical setup. Laser 

pulses at 800 nm (c.a. 100 fs) were generated from an amplified, mode-locked titanium 

sapphire kilohertz laser system (Millennia/Tsunami/Spitfire, Spectra Physics). Part of the 

laser pulse energy was sent through an optical delay line and focused onto a 3 mm sapphire 

plate to generate a white light continuum for the probe beam. The remainder of the pulse 

energy was used to pump an optical parametric amplifier (Spectra Physics) to generate 

excitation pulses at 700 nm, which were selected using a mechanical chopper. The white 

light generated was compressed by prism pairs (CVI) before passing through the sample. 

The polarization of the pump beam was set to the magic angle (54.7°) relative to the probe 

beam and its energy was adjusted to 200 nJ using a continuously variable neutral density 

filter. The beams were focused in a 2 mm path-length quartz cuvette to a ~200 m diameter 

spot. The white light probe was dispersed by a spectrograph (300 line grating) onto a 

charge-coupled device (CCD) camera (DU420, Andor Tech.). The final spectral resolution 

was about 2.3 nm for over a nearly 300 nm spectral region. The instrument response 

function was ca. 100 fs. The decay-associated spectra (DAS) were obtained by fitting 

globally the transient absorption kinetic traces over a selected wavelength region 

simultaneously as described by equation (1) (parallel kinetic model).79 
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  (1) 

where A(,t) is the observed absorption change at a given wavelength at time delay t and 

n is the number of kinetic components used in the fitting. A plot of Ai() versus wavelength 

is called a Decay Associated Spectra (DAS) and represents the amplitude spectrum of the 

ith kinetic component, which has a lifetime of i. Random errors associated with the 

reported lifetimes obtained from transient absorption measurements were typically  5%.  

 

RESULTS AND DISCUSSION 

Figure 36 shows the three dyads used for this work and the phthalocyanines used 

as standard. Through an amide linker three carotenes with 9, 10 and 11 double carbon 

bonds have been attached to the phthalocyanine. By changing the energy level of the 

carotenoid triplet by changing the number of double bonds of the polyene, we are able to 

assess how the thermodynamics influence the rate of T-T energy transfer.   
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Figure 36. Molecular structures of the phthalocyanine reference and the 

carotenophthalocyanine dyads with 9 (Dyad 9), 10 (Dyad 10), and 11 (Dyad 11) double 

bonds. 
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Figure 37 shows the carotenophthalocyanine absorption spectra of Dyad 9, Dyad 

10, Dyad 11 and the reference phthalocyanine (Pc) in toluene. The absorption maxima at 

~320 nm (Soret), 650 nm and 720 nm (Q bands) are due to the Pc, and the broad absorption 

around 500 nm are mostly associated with carotenoids. Because carotenoids have no 

absorption at >700 nm, we are able to selectively excite the phthalocyanine at those 

wavelengths for the transient absorption experiments. Time-resolved fluorescence 

measurements (Figure 38) were performed but due to the fast quenching from the singlet 

state of the Pc to the triplet state of the Pc (around 10 ps), no signal was detected because 

the detection limit of the equipment is around 40 ps. 

 

 

Figure 37. Absorption spectra in 95% chloroform/10% methanol of Dyad 9, Dyad 10, 

Dyad 11, and Pc. 
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Figure 38. Fluorescence at 750 nm kinetics (symbols) and single exponential fit (red) for 

the model phthalocyanine (Pc) measured by means of the time-correlated single-photon-

counting technique with excitation at 700 nm. The instrument response function is shown 

as the blue line.  

 

The global analysis of the transient absorption data obtained with 700 nm excitation 

for each compound gives the decay-associated spectra (DAS) shown in Figure 39. The four 

DAS, 1 ps, 10 ps, 100 ps, and nondecaying lifetime on a 2 ns time scale (Figure 39, Pc), 

are associated with the decay of Pc excited states. The 10 ps DAS shows the decay of the 

Pc singlet excited state forming 3Pc since we observe the formation of the characteristic 

triplet excited state induced absorption around 600 nm. The 1 ps DAS and 100 ps DAS are 
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associated with the relaxation/solvation of the Pc singlet and triplet excited states, 

respectively; they show the characteristic feature associated with the red shift of the Q band 

bleaching at ~710 nm. The non-decaying DAS is associated with 3Pc showing the 

characteristic induced absorption at around 600 nm and Q band bleaching.  

The global analysis of the transient absorption data for Dyad 9 gives five DAS with 

1 ps, 10 ps, 126 ps, 9 ns and a nondecaying DAS (Figure 39, D9). The 10 ps DAS is 

associated with the decay of the singlet excited state to form 3Pc, since we observe the rise 

of the induced absorption at around 600 nm. The 126 ps DAS is associated with the T-T 

energy transfer between 3Pc and 3Car, since we observe the rise of the induced absorption 

characteristic of the 3Car around 550 nm, and simultaneous decay of the ground state 

bleaching at 720 nm associated with 3Pc. The nondecaying DAS is associated with decay 

of 3Car to the ground state; this transient is associated with the bleaching of Pc at 720 nm.  

This phenomenon is a characteristic of strongly coupled carotenoid-tetrapyrrole systems 

and its origin is not understood. The 9 ns DAS is most likely associated with a small amount 

of free/nonattached Pc. These results indicate that the triplet-triplet energy transfer from 

the 3Pc to the triplet excited state of the 9 double bond carotenoid in Dyad 9 occurs in 126 

ps. 

The global analysis of the transient absorption data for Dyad 10 and Dyad 11 give 

five DAS, 1 ps, 10 ps, 80 ps, 1.47 ns and a nondecaying DAS with 1 ps, 10 ps, 79 ps, 287 

ps and a nondecaying component, respectively. Similar to Dyad 9, the 10 ps DAS is 

associated with the formation of 3Pc as we observed in the model Pc and Dyad 9 transient 

absorption analysis. The nondecaying DAS is associated with 3Car. The 80 ps DAS in 

Dyad 10 shows the T-T energy transfer from 3Pc to 3Car, since we again observe the 
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formation of the characteristic Car3 induced absorption at around 550 nm, and 

simultaneous decay of the ground state bleaching of 3Pc at 720 nm. These results indicate 

that the T-T energy transfer from the 3Pc to the 10 double bond carotenoid triplet in Dyad 

10 occurs in 80 ps, which is faster than for Dyad 9. This is expected because of the larger 

driving force for the T-T energy transfer with the longer carotenoid.198 In Dyad 11 the 

picture is more complicated because we have two DAS, the 79 ps DAS and 287 ps DAS, 

which can both be associated with the T-T energy transfer from 3Pc to 3Car. It is possible 

that there are two different configurational isomers, cis and trans. When the data is fitted 

with only four lifetimes, we found that the T-T energy transfer between 3Pc and 3Car occurs 

in 122 ps, but the five exponential analysis gives a better goodness of the fit parameter and 

residuals. Dyad 11 needs to be measured again after care is taken to make sure there is no 

cis isomer or some other impurity. If we assume that the fit with four lifetimes is correct, 

these results indicate that the T-T energy transfer from the 3Pc to the 11 double bond 

carotenoid triplet in Dyad 11 occurs in about 122 ps, which is longer than in the case of 

Dyad 10 and does not fit the expected trend for thermodynamic driving force for the T-T 

energy transfer process. This could be due to a reduced orbital overlap between the Pd-

phthalocyanine and the 11 double bond carotenoid and therefore less coupling compared 

with the 10 double bond carotenoid. More work needs to be done in order to understand 

these results and determine why the thermodynamic driving force is not the dominate factor 

controlling the rate of T-T energy transfer in these dyads if that is the case. 
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Figure 39. Decay-associated-spectra in toluene for the model phthalocyanine (Pc), Dyad 9 

(D9), Dyad 10 (D10) and Dyad 11 (D11) measured by transient absorption upon excitation 

at 700 nm. On the 2 ns time delay window neither the 3Pc nor the 3Car transient species of 

dyads decays and are shown as constants. 
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CONCLUSIONS 

The intersystem crossing for the Pd-phthalocyanine occurs in 10 ps and the triplet-triplet 

energy transfer from the Pd-phthalocyanine to the carotenoid is between 80-290 ps, 

depending on the nature of the carotenoid in the dyad. Usually, the driving force correlates 

with the triplet-triplet (T-T) energy transfer rate and therefore we would like to believe that 

the longer the carotenoid chain, the faster the T-T energy transfer would occur. However, 

our preliminary results suggest that the T-T energy transfer for Dyad 9 and Dyad 11 are 

slower than it is for Dyad 10. It is possible that the wavefunction overlap for the 10 double 

bond carotenoid triplet excited state and the triplet excited state of the Pd-phthalocyanine 

is better than that for the 9 and 11 double bond carotenoids because of the methyl group 

adjacent to the linker in those cases. In order to confirm this hypothesis, molecular 

mechanics and quantum mechanics calculations are being performed. Dyad 11 must be 

purified and studied again by means of transient absorption spectroscopy. 
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ABSTRACT: Proton-coupled electron transfer (PCET) plays a central role in 

photosynthesis and potentially in solar-to-fuel systems. We report a spectroscopy study on 

a phenol–pyrrolidino[60]fullerene. Quenching of the singlet excited state from 1 ns to 250 
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ps is assigned to PCET. A H/D exchange study reveals a kinetic isotope effect (KIE) of 3.0, 

consistent with a concerted PCET mechanism.  

 

Proton-coupled electron transfer (PCET) is of key importance in photosynthesis 

and various other biological processes.200 In photosystem II, after the initial charge 

separation the oxidized chlorophyll is reduced in a PCET step by a tyrosine (TyrZ). The 

tyrosine phenolic proton is donated to a nearby histidine residue (His 190).201,202 When the 

tyrosine is reduced by the water oxidation complex it regains a proton. By the coupling of 

proton movement to these redox reactions photosynthesis avoids high energy intermediates 

and stabilizes the charge separated state.32,203,204 

In artificial photosynthesis one aim is to use design principles from nature to 

develop a solar fuel producing system. PCET is one of these principles that can play a 

crucial role in bridging the timescale of short-lived, reactive intermediates formed by 

photoinduced charge separation to that of the relative slow process of multi-electron 

catalysis. Various studies have been performed on artificial PCET systems with various 

degrees of molecular complexity.32,157,200,205-213 In search of a minimal biomimetic 

construct for photoinduced PCET, Moore et al., have previously reported a fullerene-based 

dyad in which the fullerene fluorescence lifetime in benzonitrile is reduced to from 1.3 ns 

to 260 ps. This reduction of the fluorescence lifetime was not found in acidified solvent, 

strongly suggesting a PCET mechanism for the quenching of excited fullerene.155  This 

could be either a ‘proton first’, ‘electron first’ or concerted transfer process. We will refer 

to both the step-wise and concerted mechanisms as PCET.  
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Here we report a transient absorption study of this putative PCET in the phenol-

pyrrolidino[60]fullerene 1 depicted in Figure 40. In this isomer the phenol hydroxyl group 

is ortho to the pyrrolidine moiety and designed to hydrogen bond to the lone pair electrons 

of the nitrogen on the pyrrolidine. This internal hydrogen bond provides a well-defined 

structural framework for the PCET process. Reference compound 2 has a hydroxyl group 

at the para position where the internal hydrogen bond cannot be formed. Reference 

compound 3 lacks the hydroxyl group.  

 

 

Figure 40. Phenol–pyrrolidino[60]fullerene compounds investigated in the present work. 

 

Previously reported electrochemical measurements revealed that the phenol moiety of 

compound 1 is thermodynamically capable of reducing singlet excited C60. The phenol 

moiety in compound 2 and the phenyl group in 3 are thermodynamically incapable of 

reducing singlet excited C60. This also holds for compound 1 in acidified solvent, where 

the internal hydrogen bond is disrupted.155  
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Figure 41. Normalized absorption spectra of 1 (black), 2 (red) and 3 (blue) in benzonitrile, 

normalized at 433 nm.  

 

The steady-state absorption spectra in Figure 41 are dominated by features from 

fullerene.214 The extinction coefficient of the compounds is largest in the UV. A small 

amplitude tail spans the visible part of the spectrum, where maxima are found at 433 nm 

and 705 nm.  

For transient absorption spectroscopy the compounds were excited at 705 nm in the 

lowest-energy absorption band of fullerene; the instrument response time was 100 fs. 

Global analysis yields the Evolution Associated Difference Spectra (EADS) in Figure 42. 

These are the interconverting spectra that follow from analysis with a sequential model. 

Further details of the measurements and analysis are given in the Materials and Methods 

section in the SI. Raw transient absorption data is presented in Figure S2. 

For compound 2 (Figure 42A) in aerated benzonitrile two lifetime components are 

needed for a sufficient fit of the data: 1.3 ns and 386 ns. The spectra are assigned to the 

singlet and triplet excited state of fullerene and are very similar to those reported for 
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methylfulleropyrrolidine.214 The first EADS (black) assigned to the singlet state shows 

excited state absorption in the full probed window. Overlapping, but with smaller 

amplitude we find ground state bleach. This has a negative contribution to the ΔA signal 

that can be recognized by the minima at 433 nm and 705 nm. The singlet excited state has 

a lifetime of 1.3 ns. The second EADS, assigned to the fullerene triplet, has lower 

amplitude at wavelengths shorter than 585 nm and higher amplitude at longer wavelengths. 

A maximum is found around 700 nm. The triplet decays to the ground state in 386 ns. Very 

similar results are found for 3 (Figure S 32). 
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                                             A 

 

                                          B 

 

Figure 42. Evolution Associated Difference Spectra (EADS) of compounds 2 (A) and 1 (B) 

in aerated benzonitrile upon 705 nm excitation. The lifetimes of the interconverting spectra 

are given in the legend.  

 

The singlet excited state spectrum of 1 (Figure 42B, black) closely resembles the singlet 

spectra of 2 and 3. The lifetime of the singlet state is found to be 250 ps, in agreement with 

the reported fluorescence lifetime.155 As a result of the shorter singlet lifetime, less triplet 

is formed, and the triplet spectrum (which is similar to that of 2 and 3), is smaller in 

amplitude (Figure 42B, red and red dash). The reduced singlet lifetime has been assigned 



167 

 

to a proton-coupled electron transfer process forming a neutral phenoxyl radical and a 

zwitterionic pyrrolidino[60]fullerene group (PhO˙–PyrH+-C60˙−). The zwitterionic state 

could not be detected. Most probably, the rate constant for recombination is larger than that 

for formation of the zwitterionic state. In such ‘inverted kinetics’, the zwitterionic state 

signal would rise with the time constant of its lifetime, and its transient concentration would 

be low. The detection of such recombination time constants on fast timescales is further 

complicated by a large coherent and cross-phase modulation artefact around zero time 

delay. 

To confirm the involvement of proton migration in the photophysical pathway we 

performed transient absorption spectroscopy of compound 1 in aerated benzonitrile with 

2% v/v H2O or D2O. The protons or deuterium from H2O or D2O will exchange with the 

phenolic proton, the only exchangeable proton of compound 1. The H/D exchange was 

confirmed by 1H-NMR. The 1H-NMR spectrum of the compound in equal parts CDCl3/CS2 

with 2% H2O was compared to the 1H-NMR spectrum in equal parts CDCl3/CS2 with 2% 

D2O. The disappearance of the peak for the phenolic proton was observed after addition of 

D2O (Figure S 33 and Figure S 34). We refer to the deuterated compound as 1-D (1-H for 

H2O). Figure 43 shows the time trace for the absorption of both compounds at 538 nm. For 

1-H we find a singlet lifetime of 250 ps, similar to the measurement in benzonitrile. In 

contrast, the singlet lifetime of 1-D is 546 ps. Based on the lifetime for decay of 2 of 1.3 

ns, we estimate the rate of PCET at 3.2 × 109 s-1 and 1.1 × 109 s-1 for 1-H and 1-D 

respectively. ‡ Thus, excited state quenching by PCET is associated with a H/D kinetic 

isotope effect (KIE) of 3.0. For compounds 2 and 3 in benzonitrile with 2% v/v H2O or 

D2O no kinetic isotope effect was found.  
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Figure 43. Transient absorption spectroscopy time trace of 1 at 538 nm in aerated 

benzonitrile with 2% H2O (1-H, black) and 2% D2O (1-D, red). The sharp peak at 0 ps is 

due to a coherent and cross-phase modulation artifact. 

 

This significant kinetic isotope effect for 1 confirms the involvement of proton 

migration in the quenching of the singlet state. We propose that this PCET process occurs 

by a concerted mechanism. The size of the KIE shows that the proton is involved in the 

rate determining step and excludes the ‘electron first’ mechanism for this non-equilibrium 

PCET process.205-209,215,216 The ‘proton first’ mechanism is excluded by the large difference 

in acidity. The pyrrolidine is about 10 pKa units more acidic than the phenol, based on 

values in acetonitrile.217,218 Prato et al. have shown that pyrrolidine is even more acidic 

when attached to fullerene.219 The pKa of pyrrolidine is not expected to change much upon 

excitation of fullerene, because the HOMO and LUMO do not include the atoms around 

the H-bond.220 Due to the large difference in acidity, proton transfer from phenol to 

pyrrolidine prior to electron migration would be energetically steeply uphill. Concerted 

PCET avoids this high energy intermediate. 
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Constentin et al. reported a phenol-pyrrolidine system with an electrochemically 

observed KIE of 1.8.221 A possible explanation for the larger KIE in our experiments is the 

lower pKa of pyrrolidinofullerene, as compared to pyrrolidine, which leads to a weaker 

hydrogen bond. Hammes-Schiffer and co-workers discussed the KIE dependence on 

hydrogen bond strength in PCET processes.222 The trend of increasing KIE with weaker 

hydrogen bond is explained by the more localized wavefunction in the case of deuterium, 

leading to a faster decay of overlap with increasing donor-acceptor distance. However the 

opposite trend has been observed in some systems and explained by the role of vibronic 

states.222  

To summarize, our transient absorption spectroscopy results for compound 1 show 

a quenching of the singlet excited fullerene, assigned to a proton coupled electron transfer 

process. We observe a H/D kinetic isotope effect of 3.0 consistent with a concerted PCET 

mechanism. 

 

Notes and references 

‡ From the measured 1.3 ns singlet lifetime of reference compound 2 it follows that 

the rate of singlet decay is kref = 1/(1.3 ns) = 7.7 x 108 s-1. This rate includes 

intersystem crossing and internal conversion in compound 2 and is used as estimation 

for these processes in 1-H and 1-D. For 1-H and 1-D the singlet decay rate is the sum 

of kref and the PCET rate as ksum = kref + kPCET. Here, ksum corresponds to the observed 

singlet decay rate, which is (1/250 ps) for 1-H and (1/546 ps) for 1-D. From this is 

follows that kPCET is 3.2 × 109 s-1 and 1.1 × 109 s-1 for 1-H and 1-D respectively. 
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SUPPORTING INFORMATION 

Materials and methods  

The synthesis of compound 1, 2 and 3 was described previously.223 The 1H-NMR 

spectra were taken on a Varian spectrometer at 400 MHz. Samples were prepared using 

equal parts of CDCl3 and CS2 with 2% H2O or D2O and with 0.03% tetramethylsilane as 

an internal standard. For the spectroscopic investigations the compounds were dissolved in 

benzonitrile, benzonitrile with 2% v/v D2O, and benzonitrile with 2% v/v H2O. 

Benzonitrile and D2O were purchased from Sigma Aldrich and used without further 

purification or deoxygenation.  

Room-temperature steady-state absorption spectra were recorded on a Perkin 

Elmer Lambda 40 UV/VIS spectrometer. Both steady-state and transient absorption 

spectra were recorded using a 1 mm quartz cuvette.  

Transient absorption spectroscopy was performed on a setup using two 

electronically synchronized amplified Ti:sapphire laser systems (Legend and Libra, 

Coherent, Santa Clara, CA) as described previously.224 The amplifiers were seeded by a 

single 80 MHz oscillator (Vitesse, Coherent) and pumped with separate pump lasers 

(Evolution, Coherent). Both lasers have an 800 nm output at a repetition rate of 1 kHz. The 

output power is 3.0 W for the Legend and 4.5 W for the Libra.  

For the measurements in benzonitrile, the output of the Legend was used to drive 

an optical parametric amplifier (OperA SOLO, TOPAS, Coherent) with which the 

excitation wavelength was set to 705 nm. Excitation energies of 1 µJ were used at a spot 

size of ~300 µm. A broadband probe beam was generated by focusing part of the output of 

the Libra on a CaF2 or sapphire plate. The transient absorption signal was acquired in a 
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multichannel fashion by spectrally dispersing the probe through a spectrograph projecting 

it on a 256-element diode array detector.225 The instrument response function had a width 

of 100 fs (full width at half maximum).  

The time difference between pump and probe was controlled in two ways. An 

optical delay line was used for delays of the pump beam in the fs to 3.5 ns regime. Delay 

steps of 12.5 ns were generated by selection and amplification of consecutive seed pulses 

of the oscillator. The timing of the amplification process of the Libra was controlled by a 

signal delay generator (SDG Elite, Coherent). A second signal delay generator – one that 

synchronizes with the first – governed the timing of the Legend (SDG, Coherent). By 

varying the triggering of the second SDG with respect to the first, delays of the probe were 

achieved up to 10 µs. Both delay methods were applied simultaneously, addressing the fs 

to µs range in a single experiment.  

For the measurements in benzonitrile with 2% v/v D2O or H2O the pump and probe 

beam were both generated from the Libra. The time difference between pump and probe 

was set with an optical delay line, addressing the fs to 3.5 ns regime. 

Global analysis of the transient absorption data was performed using the Glotaran 

program.226 In global analysis all wavelengths are analyzed simultaneously with a set of 

common time constants and spectra.79,227 Here, we present the results using a sequentially 

interconverting model. In a sequential analysis (1 → 2 → 3 →….) the numbers indicate 

evolution-associated difference spectra (EADS) that interconvert with successive mono-

exponential decay times, each of which can be regarded as the lifetime of each EADS. The 

first EADS corresponds to the time-zero difference spectrum. The first EADS evolves into 

the second EADS with time constant 1, which in turn evolves in the third EADS with time 



173 

 

constant 2, etc. This procedure clearly visualizes the evolution of the excited and 

intermediate states of the system. In general, the EADS may well reflect mixtures of 

difference spectra of pure electronic states, which may arise from heterogeneous ground 

states or branching at any point in the photo-induced evolution.228-230 For a more detailed 

description of global analysis we refer to Van Stokkum et al. 2004.79,227  

Transient absorption spectroscopy of compound 3 

 

Figure S 32.  EADS of 3 in benzonitrile upon 705 nm excitation. 
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Raw transient absorption data  

  

Figure S 33. Raw transient absorption data presented as time traces at 400, 500, 600 and 

700 nm. The semi-transparent lines are raw data, the solid lines the fits of compound 1 

(red), 2 (blue) and 3 (green).  
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1H-NMR of compounds 1 and 2 

 

Figure S 34. 1H-NMR of compound 1 in equal parts CDCl3/CS2 with 2% H2O (1-H) or 2% 

D2O (1-D). 
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Figure S 35. 1H-NMR of compound 2 in equal parts CDCl3/CS2 with 2% H2O (2-H) or 2% 

D2O (2-D). 
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CHAPTER 5 

QUINONES FOR MICROBIAL ELECTRO-PHOTOSYNTHESIS 

 

INTRODUCTION 

 Photosynthetic microorganisms are capable of using solar energy to produce fuels 

but with very low efficiency and therefore cannot be used to replace fossil fuels. Artificial 

photosynthetic systems can efficiently product electricity but cannot yet produce complex 

molecules and fuels. Microbial Electro-Photosynthesis (MEPS) seeks to combine the 

efficiency of photovoltaics (PV) and the fuel production of microorganism to extract 

electrons from water and use photosynthetic organisms to capture and convert CO2 into 

valuable fuels. PVs coupled with photosynthetic microorganisms can capture twice as 

many photons by expanding the photosynthetically active radiation (PAR) range from 400-

700 nm to 400-1100 nm26 and can be used with a water oxidation catalyst to extract 

electrons from water. At the start, platinum will be used to oxidize water but can be 

replaced as new technologies are developed.231 

 The MEPS system uses a strain of cyanobacteria lacking photosystem II (PSII)232 

and replaces the electrons usually provided by PSII with electrons delivered from a PV by 

redox mediators. These designed mediators will deliver electrons directly to the modified 

cyanobacteria’s photosynthetic electron transport chain which has been designed to 

promote accepting external electrons (Figure 44). The cyanobacteria without PSII will 

grow while irradiated but without organic carbon, therefore it will accept the electrons from 

the redox mediators to grow and fix CO2 and should evolve overtime to be more efficient. 
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The modified cyanobacteria can produce biofuels such as free fatty acids or other valuable 

organic compounds.233  

 The ideal mediator will be inexpensive, robust, highly-soluble, non-toxic, have a 

midpoint potential close to 0 mV deliver the electrons and protons to cytochrome b6f, and 

allow photoelectroautotrophic growth. A pool of redox mediators were synthesized in order 

to screen for all of these characteristics. Mediators with too negative redox potentials may 

reduce other substances or generate H2 at the cathode234 and if the potential is too positive 

they may oxidize NAD(P)H and inhibit the growth. The mediator must also have the ability 

to cross multiple membranes, going through the outer membrane with a lipopolysaccharide 

layer, the peptidoglycan layer, and the cytoplasmic membrane before entering the thylakoid 

membrane. Then they must be able to get back out and reach the electrode again to be 

reduced. Duroquinone235 and plastoquinone236 (Figure X) have been shown to directly 

transfer electrons to cytochrome b6f complex while benzoquinone has been shown to 

shuttle electrons from PSII or the plastoquinone pool, through the various membranes, to 

an electrode.237 These results led to designing quinone-type mediators with varying alkane 

tails with the goal of determining what effects the mediator efficiency (Figure 45).  

 

Figure 44. The structures of duroquinone and plastoquinone. 
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Figure 45. The structures of all the quinone mediators. 

.  

METHODS 

Synthesis of Quinones 

The synthetic scheme followed for the various quinones and hydroquinones is shown in 

Scheme 6. The hydroquinone starting material was oxidized using silver(I) oxide and then 

the desired alkyl chain was added using silver(I) nitrate and sodium persulfate. The stable 

quinones were kept in the fridge until they were ready to be tested. At that point, the 

quinones were reduced to the hydroquinones using sodium borohydride and either used 

immediately or stored in the -20 °C freezer until they are used. 
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Scheme 6. General synthetic route for the quinone redox mediators. a) Ag2O, diethyl ether, 

3 h; b) AgNO3, Na2S2O8, alkyl acid, acetonitrile/H2O, 70 °C, 3 h; c) NaBH4, THF/MeOH. 

RT0 °C, 2 h. 

 

Oxidation of 2,3-dimethylhydroquinone. In a 500 mL round bottom flask, 2,3-

dimethylhydroquinone (10.0 g, 72.4 mmol) was dissolved in diethyl ether (300 mL). Silver 

oxide was added and the mixture was stirred vigorously for 3 h at room temperature. The 

silver oxide was removed by filtering the reaction mixture through celite and rinsing with 
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diethyl ether. The solvent was removed by rotary evaporation to give 2,3-dimethylquinone 

(1) as a yellow solid (8.10 g, 82% yield). 1H-NMR δ ppm (CDCl3): 2.04 (6H, s), 6.73 (2H, 

s). UV/vis λmax (EtOH): 335 nm. 

Oxidation of trimethylhydroquinone. Trimethylhydroquinone (20.0 g, 131 mmol) was 

dissolved in diethyl ether (600 mL) and to that was added silver oxide (36.0 g, 157 mmol). 

The reaction was stirred vigorously at room temperature for 2 h and then the silver oxide 

was removed by filtering the reaction mixture through celite. The solvent was removed by 

rotary evaporation to yield trimethylquinone (2) as a yellow solid in a 98.0 % yield (19.7 

g). 1H-NMR δ ppm (CDCl3): 1.99 (3H, s), 2.01 (3H, s), 2.03 (3H, s), 6.54 (1H, s). UV/vis 

λmax (EtOH): 340 nm. 

General synthesis of trisubstituted quinones. In a three-neck round bottom flask 

equipped with a condenser, addition flask, and a rubber stopper was placed 2,3-

dimethylquinone (3.0 g, 22.0 mmol), acid (19.8 mmol), water (100 mL), and acetonitrile 

(100 mL). The set-up was flushed with argon and simultaneously a solution of sodium 

persulfate (6.29 g, 26.4 mmol) in water (60 mL) was flushed with argon. The sodium 

persulfate solution was added to the addition flask and the setup was flushed with argon 

again. Silver nitrate (3.36 g, 19.8 mmol) was quickly added to the flask and the setup was 

flushed again with argon. The reaction was heated to 75 °C and the sodium persulfate 

solution was added slowly, dropwise over 1.5 hrs. The reaction was then allowed to stir for 

1 h at 75 °C. The reaction was cooled to room temperature and the acetonitrile was removed 

via rotary evaporation. Dichloromethane (DCM) was added and a white precipitate formed. 

The mixture was filtered and extracted with DCM. The organic layer was collected and 

dried over sodium sulfate, then filtered and concentrated. The mixture was purified by 
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silica gel column chromatography (1:1 hexane:DCM). The first band to elute was the 

disubstituted side product. The second band to elute was the desired trisubstituted product. 

The third band to elute was the starting material. 

General synthesis of tetrasubstituted quinones. The tetrasubstituted quinones were 

synthesized following a similar procedure as for trisubstituted quinones. In a three-neck 

round bottom flask equipped with a condenser, addition flask, and a rubber stopper was 

placed trimethylquinone (2.0 g, 13.3 mmol), alkyl carboxylic acid (13.3 mmol), water (70 

mL), and acetonitrile (70 mL). The set-up was flushed with argon and simultaneously a 

solution of sodium persulfate (3.81 g, 16.0 mmol) in water (50 mL) was flushed with argon. 

The sodium persulfate solution was added to the addition flask and the setup was flushed 

with argon again. Silver nitrate (2.26 g, 13.3 mmol) was quickly added to the flask and the 

setup was flushed with argon again. The reaction was heated to 75 °C and the sodium 

persulfate solution was added slowly, dropwise over 1.5 hrs. The reaction was then allowed 

to stir for 1 h at 75 °C. The reaction was cooled to room temperature and the acetonitrile 

was removed via rotary evaporation. DCM was added and a white precipitate formed. The 

mixture was filtered then extracted with DCM. The organic layer was collected and dried 

over sodium sulfate, then filtered and concentrated. The mixture was purified by silica gel 

column chromatography (1:1 hexane:DCM). The first band to elute was the product. The 

second band to elute was the starting material. 

General synthesis for acid hydrolysis of the quinones. Quinones bearing ester functional 

groups were hydrolyzed to give a carboxylic acid by dissolving the quinone-ester (100 mg, 

0.4 mmol) in THF (20 mL) and H2O (3 mL). HCl (1.0 mL, 12.0 mmol) was added dropwise 

and the reaction was refluxed at 65 °C for 12 h. The solvent was removed under reduced 
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pressure, the mixture was resuspended in DCM, and washed with dionized water. The 

organic layer was dried over sodium sulfate and the solvent was removed under reduced 

pressure. The crude mixture was purified by silica gel column chromatography (20% ethyl 

acetate/DCM) to give a yellow solid. 

5-Ethyl-2,3-dimethylquinone (C2). Prepared by the trisubstituted quinone procedure and 

propanoic acid. 1H-NMR δ ppm (CDCl3): 1.13 (3H, t, J = 7.4, 7.4), 2.01 (3H, s), 2.03 (3H, 

s), 2.46 (2H, q, J = 7.4, 7.4, 7.4), 6.50 (1H, s). UV/vis λmax (EtOH): 339 nm. 

5-Butyl-2,3-dimethylquinone (C4). Prepared by the trisubstituted quinone procedure and 

valeric acid. 1H-NMR δ ppm (CDCl3):  0.92 (3H, t, J = 7.2, 7.2), 1.37 (2H, m), 1.47 (2H, 

m), 2.00 (3H, s), 2.02 (3H, s), 2.40 (2H, t, J = 6.9, 6.9), 6.49 (1H, s). UV/vis λmax (EtOH): 

342 nm. 

5-(Methyl 4-butanoate)-2,3-dimethylquinone (C4-E). Prepared by the trisubstituted 

quinone procedure and 5-methoxy-5-oxopentanoic acid. 1H-NMR δ ppm (CDCl3): 1.85 

(2H, p), 2.01 (3H, s), 2.03 (3H, s), 2.40 (2H, t, J = 7.4, 7.4), 2.47 (2H, t, J = 7.6, 7.6), 3.67 

(3H, s), 6.54 (1H, s). UV/vis λmax (EtOH): 340 nm. 

5-(4-Butanoic acid)-2,3-dimethylquinone (C4-COOH). Prepared by acid hydrolysis 

procedure for quinones. 1H-NMR δ ppm (CDCl3): 1.86 (2H, p), 2.01 (3H, s), 2.03 (3H, s), 

2.43 (2H, t, J = 7.0, 7.0), 2.49 (2H, t, J = 7.6, 7.6), 6.54 (1H, s). UV/vis λmax (EtOH): 337 

nm. 

5-Hexyl-2,3-dimethylquinone (C6). Prepared by the trisubstituted quinone procedure and 

heptanoic acid. . 1H-NMR δ ppm (CDCl3):  0.88 (3H, t, J = 6.9, 6.9), 1.28-1.38 (6H, m), 

1.49 (2H, p), 2.01 (3H, s), 2.03 (3H, s), 2.40 (2H, t, J = 7.0), 6.50 (1H, s). UV/vis λmax 

(EtOH): 338 nm. 
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5-Decyl-2,3-dimethylquinone (C10). Prepared by the trisubstituted quinone procedure 

and undecanoic acid. 1H-NMR δ ppm (CDCl3): 0.88 (3H, t, J = 6.72, 6.72), 1.22-1.40 (14H, 

m), 1.50 (2H, p), 2.01 (3H, s), 2.03 (3H, s), 2.41 (2H, t, J = 7.3), 6.50 (1H, s). UV/vis λmax 

(EtOH): 340 nm. 

2-Ethyl-3,5,6-trimethylquinone (T-C2). Prepared by the tetrasubstituted quinone 

procedure and propanoic. 1H-NMR δ ppm (CDCl3): 1.04 (3H, t, J = 7.55, 7.55), 2.01 (6H, 

s), 2.03 (3H, s), 2.50 (2H, q, J = 7.5, 7.5, 7.5). UV/vis λmax (EtOH): 340 nm. 

2-Butyl-3,5,6-trimethylquinone (T-C4). Prepared by the tetrasubstituted quinone 

procedure and valeric. 1H-NMR δ ppm (CDCl3): 0.93 (3H, t, J =7.0, 7.0), 1.38 (4H, m), 

2.01 (6H, s), 2.02 (3H, s), 2.47 (2H, t. J = 7.4, 7.4). UV/vis λmax (EtOH): 344 nm. 

2-(Methyl 4-butanoate)-3,5,6-trimethylquinone (T-C4-E). Prepared by the 

tetrasubstituted quinone procedure and 5-methoxy-5-oxopentanoic acid. 1H-NMR δ ppm 

(CDCl3): 1.75 (2H, p), 2.01 (6H, s), 2.05 (3H, s), 2.38 (2H, t, J = 7.3, 7.3), 2.53 (2H, t, J = 

7.9, 7.9), 3.68 (3H, s). UV/vis λmax (EtOH): 335 nm. 

2-(4-Butanoic acid)-3,5,6-trimethylquinone (T-C4-COOH). Prepared by the acid 

hydrolysis procedure for quinones. 1H-NMR δ ppm (CDCl3): 1.75 (2H, p, J = 7.4, 7.4, 

15.0), 2.01 (6H, s), 2.04 (3H, s), 2.42 (2H, t, J = 7.3, 7.3), 2.55 (2H, t, J = 7.9, 7.9). UV/vis 

λmax (EtOH):  342 nm. 

2-Hexyl-3,5,6-trimethylquinone (T-C6). Prepared by the tetrasubstituted quinone 

procedure and heptanoic acid. 1H-NMR δ ppm (CDCl3): 0.88 (3H, t, J = 6.7, 6.7), 1.26-

1.33 (4H, m), 1.34-1.42 (4H, m), 2.00 (6H, s), 2.01 (3H, s), 2.46 (2H, t, J = 7.3, 7.3). UV/vis 

λmax (EtOH): 338 nm. 
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2-Decyl-3,5,6-trimethylquinone (T-C10). Prepared by the tetrasubstituted quinone 

procedure and undecanoic acid. 1H-NMR δ ppm (CDCl3): 0.88 (3H, t, J = 6.8, 6.8), 1.23-

1.43 (16H, m), 2.01 (6H, s), 2.02 (3H, s), 2.46 (2H, t, J = 7.4, 7.4). UV/vis λmax (EtOH): 

341 nm. 

General Procedure for Quinone Reduction. In a dry round bottom flask a sample of the 

quinone (0.61 mmol) was dissolved in anhydrous tetrahydrofuran (2 mL) and anhydrous 

methanol (0.5 mL). The mixture was flushed with argon and then sodium borohydride (4.9 

mmol) was added. The reaction was flushed with argon again and then allowed to stir at 

room temperature for 30 min. The reaction was then placed in an ice bath and allowed to 

stir for an additional 1.5 h. While still on ice, cold water was added (1.5 mL) and the volatile 

solvents were removed by bubbling the mixture with argon. A white precipitate formed 

and was collected by filtration. The water was removed from the white solid and the 

reduced quinone was stored in the -20 °C freezer.  

5-Ethyl-2,3-dimethylhydroquinone (R-C2). . 1H-NMR δ ppm (CDCl3): 1.22 (3H, t, J = 

7.6, 7.6), 2.15 (3H, s), 2.18 (3H, s), 2.56 (2H, q, J = 7.6, 7.6, 7.6), 4.24 (1H, s), 4.25 (1H, 

s), 6.47 (1H, s). 

5-Butyl-2,3-dimethylhydroquinone (R-C4). 1H-NMR δ ppm (CDCl3): 0.93 (3H, t, J = 

7.2, 7.2), 1.32-1.61 (4H, m), 2.01 (3H, s), 2.03 (3H, s), 2.41 (2H, t, J = 8.2, 8.2), 4.27 (1H, 

s), 4.37 (1H, s), 6.50 (1H, s). 

5-Hexyl-2,3-dimethylhydroquinone (R-C6). 1H-NMR δ ppm (CDCl3): 0.89 (3H, t, J = 

6.9, 6.9), 1.25-1.41 (6H, m), 1.58 (2H, p), 2.15 (3H, s), 2.18 (3H, s), 2.51 (2H, t, J = 7.8, 

7.8), 4.24 (1H, s), 4.28 (1H, s), 6.45 (1H, s). 
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5-Decyl-2,3-dimethylhydroquinone (R-C10). 1H-NMR δ ppm (CDCl3): 0.88 (3H, t, J = 

6.8, 6.8), 1.22-1.39 (14H, m), 1.58 (2H, p), 2.15 (3H, s), 2.18 (3H, s), 2.51 (2H, t, J = 7.8, 

7.8), 4.24 (1H, s), 4.28 (1H, s), 6.45 (1H, s). 

2-Ethyl-3,5,6-trimethylhydroquinone (R-T-C2). 1H-NMR δ ppm (CDCl3): 1.13 (3H, t, 

J = 7.6, 7.6), 2.17 (6H, s), 2.19 (3H, s), 2.66 (2H, q, J = 7.6, 7.6, 7.6), 4.24 (1H, s), 4.25 

(1H, s). 

2-Butyl-3,5,6-trimethylhydroquinone (R-T-C4). 1H-NMR δ ppm (CDCl3): 0.95 (3H, t, 

J = 6.9, 6.9), 1.36-1.51 (4H, m), 2.17 (6H, s), 2.18 (3H, s), 2.62 (2H, t, J = 7.7, 7.7), 4.24 

(1H, s), 4.25 (1H, s). 

2-Hexyl-3,5,6-trimethylhydroquinone (R-T-C6). 1H-NMR δ ppm (CDCl3): 0.88 (3H, t, 

J = 6.9, 6.9), 1.22-1.51 (8H, m), 2.15 (6H, s), 2.17 (3H, s), 2.59 (2H, t, J = 7.8, 7.8), 4.22 

(1H, s), 4.23 (1H, s). 

2-Decyl-3,5,6-trimethylhydroquinone (R-T-C10). 1H-NMR δ ppm (CDCl3): 0.88 (3H, t, 

J = 6.9, 6.9), 1.22-1.52 (16H, m), 2.17 (6H, s), 2.18 (3H, s), 2.60 (2H, t, J = 7.9, 7.9), 4.23 

(1H, s), 4.25 (1H, s). 

 

RESULTS 

The preliminary quinone pool was successfully synthesized, reduced, and some 

compounds were tested for water solubility. The water solubility was estimated using the 

absorption spectra and Beer’s Law. The extinction coefficient of each quinone was 

determined by a calibration curve in ethanol, because it was the solvent most similar to 

water that the quinones were soluble in. Then, a saturated solution of the quinone in water 
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was made and the absorption was measured. Using Beer’s Law, the concentration of the 

quinone in water can be calculated: 

A = εbc     (1) 

 A is for the measured absorbance, ε is the determined extinction coefficient, b is the path 

length of the cell which was 1 cm, and c is the concentration of the solution. The water 

solubility of a few compounds at room temperature is shown in Table 4. This method of 

estimating the water solubility at 25 °C was only effective for the compounds with alkyl 

tails shorter than four carbons. Any quinones with longer than a four carbon tail were below 

the detection limit of this method. 

 

Table 4. The water solubility of various quinones at 25 °C. 

Compound Water Solubility 
C2 5.0 mM 

T-C2 0.23 mM 

C4 0.5 mM 

T-C4-E 0.5 mM 

C4-COOH 1.9 mM 

 

The quinones will be tested in short-term experiments for their ability to shuttle the 

electrons between the cyanobacteria and electrode. They will also be tested in long-term 

reactors to test for toxicity and growth, as well as long term stability and current. 

 

CONCLUSIONS 

The final MEPS prototype is calculated to be 30% more efficient than the cyanobacteria 

wildtype and the tandem design could result in thermodynamic efficiencies nearing 40%.26 
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The PV in tandem with a bioreactor could drive our MEPS system without any additional 

land and our modular design could accept electricity from any renewable source, like 

hydro, wind, and geothermal as well as PV. The MEPS system could cohabit with a power 

plant to utilize the heat waste, water, CO2 and electricity, providing bioremediation. The 

final goal is to develop a system that is capable of producing a renewable fuel at less than 

$3 per gallon which our system has the potential to do. 
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CHAPER 6 

SYNTHESIS OF OTHER PHOTOSENSITIZERS 

 A variety of chromophores have been synthesized for applications in artificial 

photosynthesis related research. Typically either a ruthenium or porphyrin chromophore is 

used as the photosensitizer in the water oxidation cell.15,25 The first porphyrin discussed is 

a simple, high potential porphyrin, bearing a carboxylic acid anchoring group (Figure 46). 

The second group of porphyrins were synthesized for the purpose of using click chemistry 

to attach the porphyrin to semiconductors or for attachment of heterogeneous catalysts for 

water oxidation such as IrO2 to the porphyrins (see below). (Figure 47).238-241 The third 

group of porphyrins are water soluble porphyrin chromophores (Figure 48). Lastly, the 

synthesis of a new ruthenium complex is detailed (Figure 49). 

 The high-potential porphyrin, compound 2, was synthesized following Scheme 7. 

The synthesis starts by following the Lindsey method, first synthesizing the 

dipyrromethane and then condensing the porphyrin with the dipyrromethane and the two 

aldehydes.242 The 5-(pentafluorophenyl)dipyrromethane was synthesized following a 

literature procedure175 and then two equivalences of it were reacted with one equivalence 

of 4-bromobenzaldehyde and one equivalence of methyl 4-formylbenzanoate. The ester of 

the resulting porphyrin was hydrolyzed using HCl to give the final product, compound 2. 

 The synthesis of the second groups of compounds to be used in click chemistry are 

outlined in Scheme 8-Scheme 10. The terminal alkyne moiety was synthesized with the 

purpose of attachment to nanoparticles, like IrO2, and then covalently linking the water 

soluble nanoparticles to the organic soluble porphyrin chromophores bearing an azide 

functionality using a copper-catalyzed click reaction. The alkyne-IDAA compound was 
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synthesized following Scheme 8. Iminodimethylester (IDME) was reacted with propargyl 

bromide in an SN2 fashion to give alkyne-IDME. The alkyne-IDME was used for the test 

click reactions but the esters could also be hydrolyzed to give the di-acid, alkyne-IDAA, 

which can be used for attachment to nanoparticles. 

 Two porphyrins were synthesized with azide functional groups, compound 6 and 

compound 14. Compound 6 was synthesized following Scheme 9. The porphyrin was 

condensed to give a nitro group. Zinc was inserted into the macrocycle, then the nitro group 

was reduced to the amine and then the amine was substituted with an azide through a 

diazonium intermediate. Compound 6 was reacted with alkyne-IDME via a click reaction 

to give the product, compound 7, as a proof of concept for this type of click reaction.  

Compound 14 was synthesized following a similar protocol (Scheme 10) but 

bearing an anchoring group as well as the azide group. The required dipyrromethanes and 

aldehydes were condensed to give a high-potential porphyrin with a nitro and an ester 

functionality. The ester was hydrolyzed using acid and then reacted with IDME using an 

acid-chloride coupling to give compound 10. Zinc was then inserted to the macrocycle and 

then the nitro group was reduced to the amine and then substituted with an azide. 

Compound 13 could be used for testing the click reaction with alkyne-IDME for a second 

proof of concept. The esters of compound 13 were also hydrolyzed using mild-base 

hydrolysis to give compound 14 which could be attached to a semiconductor for click 

chemistry on the surface of an electrode.  

The last group of porphyrins discussed in this chapter are the water soluble 

porphyrins, tetra-COOH and tetra-IDAA. Tetra-COOH was synthesized following 

Scheme 11. The porphyrin was condensed using the Adler-Longo method to give tetra-
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COOMe and the esters were hydrolyzed using base-hydrolysis to give tetra-COOH, a 

water soluble porphyrin. Tetra-IDAA was synthesized following a very different protocol 

(Scheme 12). The aldehyde of methyl-4-formylbenzanoate was protected using p-

toluenesulfonic acid. The ester was then hydrolyzed and the resulting carboxylic acid was 

reacted with iminodimethyl ester to give compound 17. Compound 17 was then used in the 

synthesis of a symmetric porphyrin, compound tetra-IDME. The esters were hydrolyzed 

using a base-hydrolysis to give the final product, water soluble tetra-IDAA. 

Lastly, a ruthenium dye bearing the IDAA anchoring group was synthesized 

because although porphyrins have been shown to have good stability over time, the 

photocurrent is lower than a ruthenium dye.40,243 One of the drawbacks to ruthenium dyes 

is they tend to desorb from the surface quickly. The aim of this synthesis was to design a 

ruthenium bipyridine chromophore bearing an anchoring group that may be more stable in 

aqueous conditions, imidodiacetic acid. The ruthenium chromophore, Ru-IDAA, was 

synthesized following Scheme 13. The bpy-IDME was made with an acid chloride 

coupling between 2,2’-bipyridine-4,4’-dicarboxylic acid and IDME. The Ru-IDME was 

condensed following a literature procedure for a similar compound.244 Finally, the esters 

were hydrolyzed to give the carboxylic acids using mild basic conditions. 
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Figure 46. Structure of the simple, high-potential porphyrin, compound 2. 

 

 

Figure 47. Structure of compounds 6 and 14, porphyrins to be used in click chemistry. 



193 

 

 

Figure 48. Structure of the water soluble porphyrins, tetra-COOH and tetra-IDAA. 

 

 

Figure 49. Structure of the ruthenium chromophore bearing the imidodiacetic acid 

anchoring group, Ru-IDAA. 
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Scheme 7. Synthesis of the high potential porphyrin, 2: a) 1. BF3(OEt)2, 2 h, 2. DDQ, 12 

h, CHCl3; b) HCl/TFA, 90 °C, 12 h. 

 

 

Scheme 8. Synthesis of alkyne-IDAA: a) DIPEA, acetone, 35 °C, 12 h; b) KOH, 

THF/EtOH/H2O, 12 h. 
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Scheme 9. Synthesis of porphyrin 6 and its click reaction product, 7: a) 1. BF3(OEt)2, 2 h, 

2. DDQ, 12 h, CHCl3; b) ZnOAc•2H2O, THF, 60 °C, 12 h; c) Zn dust/acetic acid, DCM, 1 

h; d) tBuNO2/TMSN3, THF/ACN, 0 °C  room temperature, 2h; e) alkyne-

IDME/[Cu(CH3CN)4]PF6/DIPEA/TBTA, DMF, 100 °C, 12 h. 
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Scheme 10. Synthesis of compound 14: a) 1. BF3(OEt)2, 2 h, 2. DDQ, 12 h, CHCl3; b) 12 

M HCl/TFA, 80 °C, 24 h; c) 1. Oxalyl chloride, 1 h, 2. IDME, 12 h, benzene/pyridine; d) 

ZnOAc•2H2O, THF, 60 °C, 12 h; e) Zn dust/acetic acid, DCM, 1 h; f) tBuNO2/TMSN3, 

THF/ACN, 0 °C  room temperature, 1 h; g) LiOH, THF/MeOH/H2O, 18 h. 

 

 



197 

 

 

Scheme 11. Synthesis of tetra-COOH: a) propanoic acid, 118 °C, 1 h; b) KOH, 

THF/MeOH/H2O, 18 h. 

 

 

Scheme 12. Synthesis of tetra-IDAA: a) ethylene glycol/p-toluenesulfonic acid, benzene, 

90 °C, 18 h; b) KOH, THF/EtOH, 40 °C, 12 h; c) 1. SOCl2, 1 h, 2. IDME, 18 h, 

THF/pyridine; d) 1. pyrrole/BF3(OEt)2, 2 h, 2. DDQ, 12 h, CHCl3; e) KOH, 

THF/EtOH/H2O, 1 h. 
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Scheme 13. Synthetic scheme for the synthesis of [Ru(bpy)2(4,4’-

(CONH(CH2COOH)2)2bpy)]Cl2  a) 1. SOCl2/MeOH, -15 °C  RT, 12 h, 2. TEA/diethyl 

ether, 1h; b) SOCl2/THF/pyridine, 12 h; c) EtOH/H2O, reflux, 12 h; d) 70 mM 

NaOH/H2O, RT, 1 h. 

 

Synthesis of 5-(4-benzoic acid)-15-(4-bromophenyl)-10,20-

bis(pentafluorophenyl)porphyrin (2). 

5-(Methyl-4-benzoate)-15-(4-bromophenyl)-10,20-bis(pentafluorophenyl)porphyrin 

(1). In a 1000 mL round-bottom flask was placed 5-(pentafluorophenyl)dipyrromethane 
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(2.0 g, 6.4 mmol), methyl-4-formylbenzoate (0.53 g, 3.2 mmol), and 4-bromobenzaldehyde 

(0.59 g, 3.2 mmol). The compounds were dissolved in chloroform stabilized with 1% 

ethanol (750 mL) and the mixture was bubbled with argon for 30 min. Boron trifluoride 

diethyl etherate (0.35 mL) was added and the reaction stirred at room temperature for 2 h. 

Then, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.96 g, 8.64 mmol) was added and the 

reaction was stirred for 18 h. The mixture was dried down under reduced pressure and then 

resuspended in ethyl acetate and washed with aqueous sodium bicarbonate and then dried 

over sodium sulfate. The solution was concentrated and then the crude mixture was passed 

through a silica pad using dichloromethane (DCM) as the eluent. The crude product was 

then purified using silica gel column chromatography (40 % hexane:DCM) to yield a 

purple solid (400 mg, 0.43 mmol, 13% yield). MALDI-TOF: m/z obsd. 930.08 calc. 930.07 

for C46H21BrF10N4O2. 

5-(4-benzoic acid)-15-(4-bromophenyl)-10,20-bis(pentafluorophenyl)porphyrin (2). 

Compound 1 (400 mg, 0.43 mmol) was placed in a 500 mL round bottom flask and was 

dissolved in trifluoroacetic acid (80 mL). Hydrochloric acid (160 mL) was slowly added 

through a funnel and the reaction was refluxed at 90 °C for 36 h. The acid was neutralized 

slowly at 0 °C with potassium carbonate and then the product was extracted using ethyl 

acetate. The organic layer was dried over sodium sulfate and then the solvent was removed 

under reduced pressure. The crude product was purified by silica gel column 

chromatography (30% ethyl acetate:DCM) to yield a red-wine solid (240 mg, 0.26 mmol, 

61% yield). MALDI-TOF: m/z obsd. 916.14 calc. 916.05 for C45H19BrF10N4O2. 
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Synthesis of 2,2'-(prop-2-yn-1-ylazanediyl)diacetic acid (alkyne-IDAA). 

Dimethyl 2,2'-(prop-2-yn-1-ylazanediyl)diacetate (alkyne-IDME). Dimethyl 2,2'-

azanediyldiacetate (1.0 g, 6.2 mmol) (iminodimethyl ester as described in chapter 2.4)  was 

dissolved in dry acetone (250 mL) and the solution was bubbled with argon for 15 min. 

Diisopropylethylamine (3.24 mL, 18.6 mmol) and propargyl bromide (0.55 mL, 6.2 mmol) 

were added and the reaction was heated at 35 °C for 12 h. The solvent was removed under 

reduced pressure. The mixture was resuspended in dichloromethane and washed with 

deionized (DI) water acidified with acetic acid to remove unreacted dimethyl 2,2'-

azanediyldiacetate. The organic layer was dried over sodium sulfate and the solvent was 

removed under reduced pressure. The crude product was purified using silica gel column 

chromatography (8% ethyl acetate:DCM) to give an orange oil (246 mg, 1.2 mmol, 20% 

yield). 1H-NMR δ ppm (CDCl3): 2.19 (t, J = 2.4, 2.4 Hz, 1H), 3.43 (s, 4H), 3.53 (d, J = 2.4 

Hz, 2H), 3.60 (s, 6H). 

2,2'-(Prop-2-yn-1-ylazanediyl)diacetic acid (alkyne-IDAA). Alkyne-IDME (135 mg, 

0.678 mmol) was dissolved in THF (50 mL). Separately, KOH (114 mg, 2.0 mmol) was 

dissolved in ethanol (1.0 mL) and DI water (0.5 mL) and then the KOH solution was added 

to the reaction flask. The reaction was stirred vigorously at room temperature for 24 h. The 

mixture was neutralized with HCl and then the solvents were removed under reduced 

pressure to yield an orange oil in 100% yield. FT-IR-ATR: ν(spC-H) 3280 cm-1, ν(COOH) 

2556 cm-1, ν(C=O) 1694 cm-1, ν(C-O) 1240 cm-1. 
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Synthesis of 5-(4-azidophenyl)-10,15,20-tris(pentafluorophenyl)porphyrin(Zn) (6) and the 

product of the click reaction (7). 

5-(4-Nitrophenyl)-10,15,20-tris(pentafluorophenyl)porphyrin (3). In a 1000 mL round-

bottom flask was placed 5-(pentafluorophenyl)dipyrromethane (4.50 g, 14.4 mmol), 

pentafluorobenzaldehyde (1.41 g, 7.21 mmol), and 4-nitrobenzaldehyde (1.09 g, 7.21 

mmol). The compounds were dissolved in chloroform stabilized with 1% ethanol (750 mL) 

and the mixture was bubbled with argon for 30 min. Boron trifluoride diethyl etherate (0.8 

mL) was added and the reaction stirred at room temperature for 2 h. Then, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (4.5 g, 19.5 mmol) was added and the reaction was stirred 

for 18 h. The mixture was dried down under reduced pressure and then resuspended in 

ethyl acetate and washed with aqueous sodium bicarbonate and then dried over sodium 

sulfate. The solution was concentrated and then the crude mixture was passed through a 

silica pad using 40% hexane/dichloromethane as the eluent. The crude product was then 

purified using silica gel column chromatography (40% DCM:hexane) to yield a purple 

solid (600 mg, 0.65 mmol, 9.0% yield). MALDI-TOF: m/z obsd. 929.13 calc. 929.09 for 

C44H14F15N5O2. 

5-(4-Nitrophenyl)-10,15,20-tris(pentafluorophenyl)porphyrin(Zn) (4). Compound 3 

(600 mg, 0.65 mmol) was dissolved in THF (250 mL) and zinc acetate dihydrate (1.4 g, 

6.46 mmol) was added. The reaction was refluxed at 60 °C for 18 h. The solvent was 

removed under reduced pressure, the mixture was resuspended in DCM and washed with 

DI water, then the organic layer was dried over sodium sulfate and the solvent was removed 

under reduced pressure to yield a magenta solid (600 mg, 0.61 mmol, 94% yield). MALDI-

TOF: m/z obsd. 991.28 calc. 991.00 for C44H12F15N5O2Zn. 
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5-(4-Aminophenyl)-10,15,20-tris(pentafluorophenyl)porphyrin(Zn) (5). Compound 4 

(300 mg, 0.30 mmol) was dissolved in DCM (250 mL) and the solution was bubbled with 

argon for 15 min. Zinc dust (140 mg, 2.1 mmol) and acetic acid (10 mL) were added and 

the reaction was stirred at room temperature for 30 min. The mixture was decanted to 

remove the zinc dust and then washed with DI water. The solvent was removed under 

reduced pressure and the crude product was purified using silica gel column 

chromatography with ethyl acetate/DCM/hexane (1:3:6) as the eluent to give a pink solid 

(200 mg, 0.21 mmol, 69% yield). 1H-NMR δ ppm (DMSO): 9.17 (d, J = 4.8 Hz, 2H), 9.14 

(d, J = 4.8 Hz, 2H), 9.09 (d, J = 4.7 Hz, 2H), 9.01 (d, J = 4.6 Hz, 2H), 7.87 (d, J = 8.1 Hz, 

2H), 7.01 (d, J = 8.3 Hz, 2H), 5.61 (s, 1H). MALDI-TOF: m/z obsd. 961.23 calc. 961.03 

for C44H14F15N5Zn. 

5-(4-Azidophenyl)-10,15,20-tris(pentafluorophenyl)porphyrin(Zn) (6). Compound 5 

(100 mg, 0.10 mmol) was dissolved in anhydrous THF (25 mL) and anhydrous acetonitrile 

(25 mL). The solution was bubbled with argon for 20 min and cooled to 0 °C. Next, t-butyl 

nitrite (0.02 mL, 0.16 mmol) was added and the reaction stirred for 1 min. Then 

trimethylsilylazide (0.02 mL, 0.16 mmol) was quickly added and the reaction was allowed 

to warm to room temperature and stirred for 2 h. The solvent was removed under reduced 

pressure and the crude mixture was purified using silica gel column chromatography with 

ethyl acetate/DCM/hexane (1:3:6) as the eluent to give a pink solid (100 mg, 0.10 mmol, 

100% yield). 1H-NMR δ ppm (DMSO): 9.21 (d, J = 4.9 Hz, 2H), 9.19 (d, J = 4.8 Hz, 2H), 

9.14 (d, J = 4.6 Hz, 2H), 8.91 (d, J = 4.6 Hz, 2H), 8.26 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.2 

Hz, 2H). MALDI-TOF: m/z obsd. 987.17 calc. 987.02 for C44H12F15N7Zn. 
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PF15-Clicked Product (7). The azide porphyrin compound 6 (30 mg, 30.4 μmol) and 

alkyne-IDME (12 mg, 60.8 μmol) were dissolved in anhydrous DMF. The solution was 

bubbled with argon for 15 min then the copper catalyst [Cu(CH3CN)4]PF6 (1.2 mg, 3.04 

μmol) was added. Next, diisopropylethylamine (22 μL, 0.12 mmol) and then 

tris(benzyltriazolylmethyl)amine (1.6 mg, 3.04 μmol) were added while the reaction was 

under argon pressure. The reaction was heated to 100 °C and allowed to stir for 24 h. The 

solvent was removed under reduced pressure, the mixture was resuspended in DCM and 

washed with water. The organic layer was dried over sodium sulfate and the solvent was 

removed under reduced pressure. The crude product was purified using silica gel column 

chromatography (15% ethyl acetate:DCM) to yield a pink solid (30 mg, 25.3 μmol, 83% 

yield). 1H-NMR δ ppm (DMSO): 9.23 (d, J = 4.8 Hz, 2H), 9.21 (d, J = 4.8 Hz, 2H), 9.17 

(d, J = 4.7 Hz, 2H), 9.06 (s, 1H), 8.97 (d, J = 4.7 Hz, 2H), 8.45 (d, J = 8.6 Hz, 2H), 8.39 

(d, J = 8.6 Hz, 2H), 4.17 (s, 2H), 3.68 (s, 10H). MALDI-TOF: m/z obsd. 1187.17 calc. 

1186.11 for C53H25F15N8O4Zn. 

 

Synthesis of 5-(4-azidophenyl)-15-(4- (2,2'-(formylazanediyl))diacetic acid)- 10,20-

bis(pentafluorophenyl)porphyrin(Zn) (14) 

5-(4-Nitrophenyl)-15-(methyl-4-benzoate)-10,20-bis(pentafluorophenyl)porphyrin 

(8). In a 1000 mL round-bottom flask was placed 5-(pentafluorophenyl)dipyrromethane 

(2.0 g, 6.4 mmol), methyl-4-formylbenzoate (0.53 g, 3.2 mmol), and 4-nitrobenzaldehyde 

(0.48 g, 3.2 mmol). The compounds were dissolved in chloroform stabilized with 1% 

ethanol (750 mL) and the mixture was bubbled with argon for 30 min. Boron trifluoride 

diethyl etherate (0.35 mL) was added and the reaction stirred at room temperature for 2 h. 
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Then, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (2.5 g, 11.0 mmol) was added and the 

reaction was stirred for 18 h. The mixture was dried down under reduced pressure and then 

resuspended in ethyl acetate and washed with aqueous sodium bicarbonate and then dried 

over sodium sulfate. The solution was concentrated and then the crude mixture was passed 

through a silica pad using 10% hexane/DCM as the eluent. The crude product was then 

purified using silica gel column chromatography (20% hexane:DCM) to yield a purple 

solid (335 mg, 0.37 mmol, 12% yield). MALDI-TOF: m/z obsd. 897.14 calc. 897.14 for 

C46H21F10N5O4. 

5-(4-Benzoic acid)-15-(4-nitrophenyl)-10,20-bis(pentafluorophenyl)porphyrin (9). 

Compound 8 (237 mg, 0.26 mmol) was subjected to acid hydrolysis by dissolving it in 

trifluoroacetic acid (40 mL) and then slowly adding HCl (80 mL) through a funnel. The 

reaction was refluxed at 80 °C for 24 h. The acid was neutralized with potassium carbonate 

at 0 °C and then the product was extracted with ethyl acetate. The organic layer was dried 

over sodium sulfate and the solvent was removed under reduced pressure to give a purple 

solid (140 mg, 0.16 mmol, 62% yield). 1H-NMR δ ppm (DMSO): -3.07 (s, 2H), 8.14 (d, 

J = 8.9 Hz, 2H), 8.40 (d, J = 7.6 Hz, 2H), 8.57 (d, J = 8.7 Hz, 2H), 8.69 (d, J = 8.7 Hz, 2H), 

8.96 (t, J = 5.2, 5.2 Hz, 4H), 9.30 (t, J = 5.4, 5.4 Hz, 4H), 10.15 (s, 1H). MALDI-TOF: m/z 

obsd. 883.12 calc. 883.13 for C45H19F10N5O4. 

5-(4-(Dimethyl-2,2'-(formylazanediyl)diacetate)phenyl)-15-(4-nitrophenyl)-10,20-

bis(pentafluorophenyl)porphyrin (10). Compound 9 (135 mg, 0.15 mmol) was dissolved 

in anhydrous benzene (140 mL) and anhydrous pyridine (35 mL) and the solution was 

bubbled with argon for 15 min. Oxalyl chloride (0.26 mL, 3.1 mmol) was added and the 

reaction was stirred at room temperature for 1 h. Then, 20 mL of the solution was removed 
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using a rotary evaporator to remove unreacted oxalyl chloride and iminodimethyl ester 

(123 mg, 0.76 mmol) was added. The reaction was allowed to stir at room temperature for 

12 h. The solvent was removed under reduced pressure and the mixture was resuspended 

in DCM, washed with water, and dried over sodium sulfate. The solvent was again removed 

under reduced pressure and the crude product was purified using silica gel column 

chromatography (8% ethyl acetate:DCM) to give a purple solid (100 mg, 0.098 mmol, 65% 

yield). 1H-NMR δ ppm (CDCl3): -2.87 (s, 2H), 3.84 (s, 6H), 4.53 (s, 4H), 7.90 (d, J = 8.1 

Hz, 2H), 8.27 (d, J = 8.1 Hz, 2H), 8.37 (d, J = 8.7 Hz, 2H), 8.64 (d, J = 8.7 Hz, 2H), 8.85 

(m, 6H), 8.93 (d, J = 4.8 Hz, 2H). MALDI-TOF: m/z obsd. 1026.44 calc. 1026.19 for 

C51H28F10N6O7. 

5-(4-(Dimethyl-2,2'-(formylazanediyl)diacetate)phenyl)-15-(4-nitrophenyl)-10,20-

bis(pentafluorophenyl)porphyrin(Zn) (11). Zinc was inserted into the macrocycle by 

dissolving compound 10 (100 mg, 0.097 mmol) in THF (50 mL) and adding zinc acetate 

dihydrate (214 mg, 0.98 mmol). The reaction was refluxed at 60 °C for 12 h. The solvent 

was removed under reduced pressure, the mixture was resuspended in DCM and washed 

with DI water. The organic layer was dried over sodium sulfate and the solvent was 

removed under reduced pressure to yield a magenta solid (105 mg, 0.097 mmol, 100% 

yield).  MALDI-TOF: m/z obsd. 1088.36 calc. 1088.10 for C51H26F10N6O7Zn. 

5-(4-Aminophenyl)-15-(4-(dimethyl-2,2'-(formylazanediyl)diacetate)phenyl))-10,20-

bis(pentafluorophenyl)porphyrin(Zn) (12). Compound 11 (105 mg, 0.097 mmol) was 

dissolved in DCM (250 mL) and the solution was bubbled with argon for 15 min. Zinc dust 

(44.5 mg, 0.68 mmol) and acetic acid (3 mL) were added and the reaction was stirred at 

room temperature for 1 h. The mixture was decanted to remove the zinc dust and then 
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washed with DI water (×3). The solvent was removed under reduced pressure and the crude 

product was purified using silica gel column chromatography (5% acetone/DCM) to give 

a pink solid (80 mg, 0.076 mmol, 78% yield). 1H-NMR δ ppm (DMSO): 9.07 (d, J = 4.6 

Hz, 2H), 9.04 (d, J = 4.6 Hz, 2H), 8.97 (d, J = 4.6 Hz, 2H), 8.82 (d, J = 4.6 Hz, 2H), 8.26 

(d, J = 8.0 Hz, 2H), 7.83 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.2 Hz, 

2H), 5.53 (s, 2H), 4.52 (s, 2H), 4.42 (s, 2H), 3.75 (s, 6H). MALDI-TOF: m/z obsd. 1058.19 

calc. 1058.13 for C51H28F10N6O5Zn. 

5-(4-Azidophenyl)-15-(4-(dimethyl-2,2'-(formylazanediyl)diacetate)phenyl)-10,20-

bis(pentafluorophenyl)porphyrin(Zn) (13). Compound 12 (20 mg, 0.019 mmol) was 

dissolved in anhydrous THF (10 mL) and anhydrous acetonitrile (10 mL). The solution 

was bubbled with argon for 10 min and cooled to 0 °C. Next, t-butyl nitrite (0.01 mL, 0.08 

mmol) was added and the reaction stirred for 1 min. Then trimethylsilylazide (0.01 mL, 

0.08 mmol) was quickly added and the reaction was allowed to warm to room temperature 

and stirred for 2 h. The solvent was removed under reduced pressure and the crude mixture 

was purified using silica gel column chromatography (5% ethyl acetate/DCM) to yield a 

magenta solid (11.9 mg, 0.011 mmol, 58% yield). 1H-NMR δ ppm (DMSO): 9.13 (m, 4H), 

9.99 (m, 4H), 8.31 (d, J = 8.0 Hz, 2H), 8.26 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 8.0 Hz, 2H), 

7.58 (d, J = 8.3 Hz, 2H), 4.56 (s, 2H), 4.45 (s, 2H), 3.78 (s, 6H). MALDI-TOF: m/z obsd. 

1088.16 calc. 1086.17 for C51H26F10N8O5Zn. 

5-(4-azidophenyl)-15-(4-(2,2'-(formylazanediyl)diacetic acid)phenyl)-10,20-

bis(pentafluorophenyl)porphyrin(Zn) (14). Compound 13 (15 mg, 0.014 mmol) was 

dissolved in THF (6 mL), methanol (2 mL), and DI water (2 mL). Lithium hydroxide 

dihydrate (3.0 mg, 0.069 mmol) was added and the reaction was stirred at room temperature 
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for 18 h. The solvent was removed under reduced pressure, the mixture was resuspended 

in ethyl acetate and washed with DI water acidified with 3 M HCl and then brine. The 

organic layer was dried over sodium sulfate and the solvent was removed under reduced 

pressure. The final product was a magenta solid (9.0 mg, 8.5 μmol, 61% yield). MALDI-

TOF: m/z obsd. 1056.39 calc. 1056.08 for C49H22F10N8O5Zn. 

 

Synthesis of 5,10,15,20-tetrakis(4-benzoic acid)porphyrin (Tetra-COOH). 

5,10,15,20-Tetrakis(methyl-4-benzoate)porphyrin (tetra-COOMe). The porphyrin was 

condensed following the Adler-Longo method.52 In a 100 mL round bottom flask was 

placed methyl-4-formylbenzoate (821 mg, 5.0 mmol) and propanoic acid (30 mL). The 

reaction was heated to 80 °C, pyrrole (0.35 mL, 5.0 mmol) was added, and then the reaction 

was heated to 118 °C and refluxed for 1 h. The reaction was cooled to room temperature, 

the precipitated porphyrin was collected by filtration, and rinsed with methanol and DI 

water. The final product was a purple solid (450 mg, 0.53 mmol, 42% yield). MALDI-

TOF: m/z obsd. 846.48 calc. 846.27 for C52H38N4O8. 

5,10,15,20-Tetrakis(methyl-4-benzoate)porphyrin (tetra-COOH). Tetra-COOMe (15 

mg, 0.018 mmol) was dissolved in THF (10 mL). Separately, KOH (100 mg, 1.78 mmol) 

was dissolved in methanol (1 mL) and H2O (0.5 mL) and then added to the reaction. The 

reaction was stirred vigorously at room temperature for 72 h. The solvent was removed 

under reduced pressure and the mixture was resuspended in ethyl acetate and DI water. The 

aqueous layer was acidified with citric acid and the organic layer was extracted. The 

organic layer was dried over sodium sulfate and the solvent was removed under reduced 
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pressure to yield a purple solid (14 mg, 0.018 mmol, 100% yield). MALDI-TOF: m/z obsd. 

790.43 calc. 790.21 for C48H30N4O8.  

 

Synthesis of 5,10,15,20-tetrakis(4-(2,2'-(formylazanediyl)diacetic acid)phenyl)porphyrin 

(Tetra-IDAA). 

Methyl 4-(1,3-dioxolan-2-yl)benzoate (15). Methyl 4-formylbenzoate (5.0 g, 30.5 mmol) 

and ethylene glycol (2.17 mL, 38.9 mmol) were dissolved in benzene (135 mL) and the 

solution was bubbled with argon for 5 min. Then, p-toluenesulfonic acid (167 mg) was 

added and the solution was bubbled with argon for another 5 min. The reaction was heated 

to 90 °C and was allowed to reflux for 18 h. The solvent was removed under reduced 

pressure, the mixture was resuspended in DCM and washed with DI water, then dried over 

sodium sulfate. The crude product was purified using silica gel column chromatography 

(30% hexane:DCM) and yield a yellow oil (1.4 g, 6.73 mmol, 22% yield). 1H-NMR δ ppm 

(CDCl3): 8.06 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 8.3 Hz, 2H), 5.86 (s, 1H), 4.12 (m, 2H), 4.06 

(m, 2H), 3.92 (s, 3H). 

4-(1,3-Dioxolan-2-yl)benzoic acid (16). Compound 15 (1.4 g, 6.73 mmol) was dissolved 

in THF (40 mL) and ethanol (10 mL), then KOH (0.45 g, 8.04 mmol) was added. The 

reaction was heated to 40 °C for 18 h. The solvent was removed under reduced pressure 

and the mixture was resuspended in ethyl acetate and DI water. The aqueous layer was 

acidified with citric acid and then the organic layer was removed and dried over sodium 

sulfate. The solvent was removed under reduced pressure and the yellow solid was 

recrystallized with DCM. The white precipitate was collected by filtration to yield 1.0 g of 

product (5.15 mmol, 76% yield). 
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Dimethyl 2,2'-((4-(1,3-dioxolan-2-yl)benzoyl)azanediyl)diacetate (17). In a dry 500 mL 

three-neck round bottom flask, compound 16 (1.0 g, 5.15 mmol) was dissolved in 

anhydrous THF (200 mL) and anhydrous pyridine (10 mL). The mixture was heated to 40 

°C to help with solubility and bubbled with argon for 20 min. Thionyl chloride (0.75 mL, 

10.3 mmol) was added and the reaction was cooled to room temperature and allowed to 

stir for 1 h. The solvent was then removed under reduced pressure to remove unreacted 

thionyl chloride. The reaction was kept under argon and iminodimethyl ester (1.66 g, 10.3 

mmol) was added in THF (100 mL) and pyridine (10 mL). The reaction was then allowed 

to stir at room temperature for 18 h. The solvent was removed under reduced pressure, the 

mixture was resuspended in ethyl acetate and washed with DI water, then dried over 

sodium sulfate. The mixture was purified using silica gel column chromatography (30% 

ethyl acetate:DCM) to yield yellow crystals (1.5 g, 4.45 mmol, 86% yield). 1H-NMR δ 

ppm (CDCl3): 3.73 (s, 3H), 3.78 (s, 3H), 4.05 (m, 2H), 4.12 (m, 2H), 4.32 (s, 2H), 5.82 (s, 

1H) 7.46 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.1, 2H). 

5,10,15,20-Tetrakis(4-(dimethyl-2,2'-(formylazanediyl)diacetate)phenyl)porphyrin 

(Tetra-IDME). Compound 17 (250 mg, 0.74 mmol) and pyrrole (52 μL, 0.74 mmol) was 

dissolved in chloroform stabilized with 1% ethanol (250 mL) and the solution was bubbled 

with argon for 15 min. Boron trifluoride diethyl etherate (0.01 mL) was added and the 

reaction stirred at room temperature for 1.5 h. Then, 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (0.42 g, 1.85 mmol) was added and the reaction was stirred for 48 h. The 

mixture was dried down under reduced pressure and then resuspended in ethyl acetate and 

washed with aqueous sodium bicarbonate and then dried over sodium sulfate. The solution 

was concentrated and then the crude mixture was passed through a silica pad using 
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acetone/DCM/ethyl acetate (1:1:2) as the eluent. The crude product was then purified using 

silica gel column chromatography (25% DCM:ethyl acetate) to yield a purple solid (20.6 

mg, 0.015 mmol, 2% yield). 1H-NMR δ ppm (CDCl3): 8.80 (s, 8H), 8.34 (d, J = 7.9 Hz, 

8H), 7.92 (d, J = 8.0 Hz, 8H), 4.52 (s, 16H), 3.86 (s, 24H), -1.24 (s, 2H). MALDI-TOF: 

m/z obsd. 1362.80 calc. 1362.44 for C72H66N8O20. 

5,10,15,20-Tetrakis(4-(2,2'-(formylazanediyl)diacetic acid)phenyl)porphyrin (Tetra-

IDAA). Tetra-IDME (20.6 mg, 0.015 mmol) was dissolved in THF (125 mL), methanol 

(5 mL), and H2O (0.5 mL), then KOH (8.5 mg, 0.15 mmol) was added. The reaction was 

stirred overnight at room temperature. The solvent was removed under reduced pressure. 

The mixture was resuspended in H2O and washed with ethyl acetate and DCM. The 

aqueous layer was collected and the solvent was removed under reduced pressure to yield 

a purple solid (18.8 mg, 0.015 mmol, 100% yield). MALDI-TOF: m/z obsd. 1251.71 calc. 

1251.12 for C64H50N8O20. 

 

Synthesis of [Ru(bpy)2(4,4’-(CONH(CH2COOH)2)2bpy)]Cl2 (Ru-IDAA). 

Ligand Synthesis and Characterization. Dimethyl 2,2’-azanediyldiacetate or 

iminodimethylester (IDME) was synthesized according to chapter 2.4. 

4,4’-diimidodimethyl ester-2,2’-bipyridine (IDME-bpy). This compound was 

synthesized by a thionyl chloride coupling. The acid chloride was formed by dissolving 

4,4’-dicarboxylic-2,2’-bipyridine (200 mg, 0.819 mmol) in anhydrous THF (35 ml) and 

anhydrous pyridine (5 ml). The solution was bubbled with argon and then SOCl2 (0.18 ml, 

2.46 mmol) was added by syringe. The reaction was allowed to stir for 1 h at room 

termperature. The color changed from white to yellow to pink. The solvent and unreacted 
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SOCl2 was removed by rotary evaporator and then the flask was back-filled with argon gas. 

IDME (397 mg, 2.46 mmol) dissolved in THF (16 mL) and pyridine (4 mL) was added by 

syringe and the color changed from pink to yellow. The reaction was allowed to stir for 12 

h at room temperature. The solvent was removed by rotary evaporator and the crude 

mixture was resuspended in DCM/H2O. The yellow organic layer was collected, dried over 

NaSO4, filtered through cotton, and then the solvent was removed by rotary evaporator. 

The crude product was purified by column chromatography (silica gel, 4% MeOH/50% 

ethyl acetate/DCM) and then crystallized in DCM/hexanes to yield a white solid. Yield: 

100 mg (%). 1H-NMR δ ppm (CDCl3): 3.68 (s, 6H), 3.73 (s, 6H), 4.05 (s, 4H), 4.29 (s, 4H), 

7.32 (d, J = 1.5, 4.9, 2 H), 8.36 (s, 2H), 8.67 (d, J = 4.9, 2H). MALDI-TOF: m/z obsd. 

531.21 calc. 530.16 for C24H26N4O10. 

 Metal Complex Synthesis and Characterization. [Ru(bpy)2(4,4’-

(CONH(CH2COOCH3)2)2bpy)]Cl2 (Ru-IDME). This complex was prepared by modifying 

a literature procedure for a similar compound.244The cis-[Ru(bpy)2Cl2] (45.6 mg, 0.0942 

mmol) and IDME-bpy (50 mg, 0.0942 mmol) were dissolved in ethanol (10 mL) and H2O 

(10 mL). The solution was bubbled with argon for 10 min and then heated to 78 C. The 

reaction was allowed to reflux with stirring for 12 h. The solvent was removed by a rotary 

evaporator. The crude mixture was re-suspended in H2O and washed with ether. The 

aqueous layer was collected and the solvent was removed by rotary evaporator leaving an 

orange solid. Yield: 92 mg (%). 1H-NMR δ ppm (D2O): 3.67 (s, 6H), 3.83 (s, 6H), 4.31 (s, 

4H), 4.45 (d, J = 4.65 Hz, 4H), 7.43 (dd, J = 6.3, 15.9 Hz, 4H), 7.48 (d, J = 7.3 Hz, 2H), 

7.82 (d, J = 7.3 Hz, 4H), 8.04 (d, J = 5.8 Hz, 2H), 8.11 (dd, J = 6.7, 13.0, 4H), 8.58 (d, J = 
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8.2 Hz, 4H), 8.64 (s, 2H). UV/vis λmax (H2O): 448 nm. MALDI-TOF: m/z obsd. 944.53 

calc. 944.21 for C44H42N8O10Ru. 

 [Ru(bpy)2(4,4’-(CONH(CH2COOH)2)2bpy)]Cl2 (Ru-IDAA). The hydrolysis was 

prepared by modifying published procedures for similar compounds.245,246 A sample of Ru-

IDME (80 mg, 0.0789 mmol) was dissolved in 8 mL of H2O with NaOH (22 mg, 0.552 

mg). The reaction was stirred for 1 h at room temperature until the mass spectrometer 

showed no more of the ester. The base was neutralized by dropwise addition of 12 M HCl. 

The solvent was removed by rotary evaporator and the crude mixture was dissolved in 

methanol. Hexane was added to crystallize out a red precursor. The liquid was transferred 

into another flask and the solvent was removed to give an orange solid. The orange solid 

was dissolved in ethanol and placed on ice to crystallize out any remaining salts. A white 

precipitate formed and was filtered out and washed with cold ethanol. The filtrate was dried 

to give the final product. Yield: 73 mg (%). 1H-NMR δ ppm (D2O): 4.04 (s, 4H), 4.21 (s, 

2H), 4.38 (s, 2H), 7.40 (m, 4H), 7.76 (d, J = 5.6, 2H), 7.81 (m, 4H), 8.00 (d, J = 5.7, 2H), 

8.07 (m, 4H), 8.56 (d, J = 7.9, 4H), 8.98 (d, J = 17.0, 2H). UV/vis λmax (H2O): 449 nm. 
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CHAPTER 7 

CONCLUSIONS 

This thesis has discussed some of the recent results our group has produced in the 

area of artificial photosynthesis research. These studies are just a step in the development 

of a solar-to-fuel photoelectrochemical device that can provide a clean, renewable fuel to 

meet humanities energy needs. Studies have demonstrated that the development of a water 

splitting dye sensitized photoelectrochemical cell is possible with the right components. A 

new p-type semiconductor with a valence band more positive than the water oxidation 

potential and an extremely negative conduction band has been discovered. A protein was 

designed with the capabilities of tailoring its redox and catalytic properties within its 

scaffold. A new anchoring group for attaching organic dyes to semiconductors has been 

shown to have efficient electron injection properties and can help increase the overall 

efficiency of a cell. Mimics of the natural system have been studied to show the role of 

electronic coupling and thermodynamics on the rate of triplet-triplet energy transfer 

photoprotection by carotenoids and that proton-coupled electron transfer is a concerted 

mechanism. A series of quinones for use as redox mediators in a biological-photovoltaic 

tandem system have been synthesized and characterized. Lastly, a variety of novel 

chromophores have been designed and synthesized for their redox, photoactive, solubility 

and reactivity properties that could be used for future applications in an artificial 

photosynthetic device. 

This dissertation has covered a variety of projects, ranging from organic and 

inorganic synthesis to electrochemical and spectroscopic measurements, with the common 

thread being synthetic organic chemistry. There are still many improvements that need to 
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be made in order to develop a solar-to-fuel photoelectrochemical cell capable of solving 

the energy crisis. Future work will focus on improving each component and assembling 

them in the appropriate configuration to produce a durable, long lasting, and efficient solar 

fuel cell. 
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