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ABSTRACT 

The research presented in this dissertation discusses the mimicry of primary 

events in natural photosynthesis via artificial molecular constructs. Photosynthesis 

involves two major steps, absorption of light by antenna pigments and transfer of the 

excitation energy to the reaction center where charge separated entities are formed via 

photoinduced electron transfer (PET). 

The synthesized artificial molecular systems are comprisedof porphyrin-fullerene, 

donor-acceptor entities due to their well studied photophysical properties which are 

essential to yield long-lived charge-separated states. Covalent and non covalent binding 

strategies have been employed in the design and synthesis of these novel artificial 

antenna-reaction centers. 

The synthesized molecular systems are characterized using standard spectroscopic 

techniques. Their properties and performances in terms of an artificial photosynthetic 

model are evaluated by electrochemical, computational, time resolved emission, and 

transient absorption spectral studies. The systems studied reveal their potential in 

transferring excitation energy and yielding long-lived charge separated states with fast 

charge separation and slow charge recombination. The photoelectrochemistry of some of 

the compounds reveal their ability to convert light into electricity. Some triads show 

better performance as dyes in dye sensitized solar cells giving around 12% IPCE, incident 

photon-to-photocurrent conversion efficiency. 
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CHAPTER 1 

INTRODUCTION 

Mimicking natural photosynthesis via artificial constructs has become an 

attractive field of research in the past few decades mainly due to its importance in 

developing sustainable solutions for increasing energy demand of the world. Basic 

research in artificial photosynthesis1-7 leads to developments in renewable energy sources 

such as photovoltaics8-10 which indirectly have positive effects on global warming and 

pollution. Therefore, this research is to explore the primary events in photosynthesis via 

synthetic molecular systems, thus increasing their potentialas light harvesting systems. 

Natural photosynthesis involves two main steps in the process of solar energy 

conversion into chemical potential. The first step is absorbing sunlight by antenna 

chromophores and funneling the excited energy into the reaction center where 

photoinduced electron transfer takes place as the second step, generating charged species 

with electrochemical potential. This electrochemical potential can be converted into other 

forms of energy and stored for future use. In order to make this happen, one has to 

generate charge-separated states which should live long enough to be utilized in energy 

harvesting solar devices. 

Thus, an artificial construct should consist of three main componentsto generate 

long lived charge-separated state; energy absorbing and transferring antenna moiety, 

energy accepting but electron donating entity, and finally an electron acceptor. In the 

literature, there are plenty of systems which mimic antenna and reaction center 

functionalities.11,12 
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Energy transfer processes between chromophores can be interpreted by either the 

Dexter or Forster mechanismwhile Marcus theory can be used for electron transfer 

processes.13-16 Since electron transfer reactions taking place at the reaction center are 

induced by photons, its better to have a brief discussion on photo-induced electron 

transfer (PET) reactions prior to discuss in Marcus theory of electron transfer. 

1.1 Photo-induced Electron Transfer (PET) Reactions. 

Scheme 1.1 shows the primarypathways of photoinduced reactions.In the 

excitation step, a chromophore (P) is being excited by absorbing energy as photons (hυ). 

This high energy, excited chromophore (P*) can release its energy in different ways- 

mainly via either electron or energy transfer processes. 

The excited chromophore (P*) would act as either a donor or an acceptor for 

electrons, or as an energy donor, depending on the electronic properties of its neighbor.  

In an electron transfer process if the neighbor has low a energy vacant orbital, the 

electron transfer takes place from excited chromophore (P*) to itsneighbor creating a 

charge-separated, donor-cation radical (D●+) and acceptor-anion radical (A●-). It should 

be mentioned here that the excited chromophore (P*) now becomesa donor-cation radical 

(P●+ =D●+). However, if the neighbor’s highest occupied molecular orbital (HOMO) lies 

above that of the excited chromophore (P*), the neighbor would act as a donor, 

generating a charge-separated donor-cation radical (D●+) and acceptor-anion radical (A●-

). It should be mentioned here that the excited chromophore (P*) now becomesan 

acceptor-anion radical (P●- = A●-). This can be seen under electron transfer processin 

Scheme 1.1b. If the neighbor has an electronic energy level which matches with the 

energy of the excited chromophore (P*), the energy transfer takes place from the excited 
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chromophore (P*) to the neighbor, generating ground state chromophore (P) and excited 

neighbor (A*). In other words, a criterion for energy transfer is donor emission should 

overlap with the absorbance of acceptor. 

Ground-state
chromophore (P)

Singlet Excited-state
chromophore (1P*)

1A*

a) Photo Excitation

b) Electron transfer (Charge Separation)

c) Excitation Energy Transfer

h

Donor (D) Acceptor (A)

h

1P* PD P A

1P* A P

--

 

Scheme 1.1 Primary Pathways of Photoinduced Reactions. 
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Marcus theory describes the transition from an initial state (reactant) to a final 

state (product). In a simple intramolecular photoinduced electron transfer reaction the 

reactant state is a locally excited state of eitherthe donor (D*-A) or the acceptor (D-A*) 

and the product state is the charge transfer state, D●+- A●-.  In addition to the electron 

transfer (charge separation) step, charge recombination (back electron transfer) reaction 

from D●+- A●- to the ground state, D-A, can also be explained by the theory. Moreover, 

this theory provides information on the role of certain intermediate states in the charge 

separation or charge recombination reactions. 

1.2 Marcus Theory 

In Marcus theory16, the complex, multidimensional potential energy surfaces of 

the reactant (R) state and the product (P) state are simplified by parabolas of Gibbs free 

energy vs. the reaction coordinate as shown in Figure 1.1.17 Introducing the reaction 

coordinate reduces the potential energy surfaces to one dimension, i.e., change in the 

reaction coordinate describes the changes in the nuclear coordinates of the molecule itself 

and those of the surrounding solvent. Considering all internal (nuclear) and external 

(solvent) motions of the energy profile along with the reaction coordinate is 

nonparabolic, but near the energy minima the parabolic approximation of the free energy 

works well. 

The curvature of the reactant and the product parabolas is assumed to be the same, 

so the product surface is obtained from the reactant by shifting the parabola in reaction 

coordinate and in energy. The shift in reaction coordinate determines the reorganization 

energy, λ, and the shift in energy gives the Gibbs free energy of the reaction, -ΔG. The 

electron transfer (ET) reaction takes place at the transition (T) state, where the reactant 
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and product parabolas intersect, i.e., at the point where the reactant and product have the 

same configuration of nuclear coordinates. Thus, for ET to take place, the reactant must 

distort from its equilibrium by the activation energy, EA. 

 

Figure1.1 Gibbs Free Energy Surface of the Reactant and Products States with (a) –ΔG < 
λ (normal region) and (b) –ΔG =λ (maximum kET).17a 
 

Using the notation of Figure: 1.1 the reactant and the product parabolas are 

ER (x) = c(x – xR)2 + GR  (1.1a) 

Ep (x) = c(x – xp)2 + Gp  (1.1b) 

Coefficient cdescribes the parabola curvature and is the same for the reactant and product 

states as it was assumed above. Introducing Δx = xR – xP and ΔG = GR – GP one can solve 

the reaction coordinate of the transient state from the intersection of the two parabolas as  

   
  

    
 

     

 
   (1.2) 
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The reorganization energy, λ, is given as 

                  (1.3) 

and the activation energy, EA, of the ET reaction becomes 

         
       

  
  (1.4) 

According to classical transition state theory the population at the transient state 

follows the Boltzmann distribution and the rate constant for ET is 

              
  

   
   (1.5) 

Where κel is the electronic transmission coefficient,  υn is the frequency of passage 

through the transition state, kB is the Boltzmann constant, T is the temperature. In the 

classical Marcus theory κel is usually estimated to be unity and υn is of the same order of 

magnitude as molecular vibrational motion (1013 s-1).17 The classical Marcus equation 

gives, by inserting equation (1.4) in equation (1.5) 

              
       

     
   (1.6) 

The reorganization energy can be presented as sum of two contributions: the 

solvent independent inner term, λin, and the outer term or the solvent reorganization 

energy, λs.16,17 Inner-sphere reorganization energy arises from the structural differences of 

the molecule in the reactant and product states and it can be expected to be fairly small 

especially for the big, rigid, and highly symmetrical molecules suchas the C60-fullerene 

used in this study. The outer term corresponds to the differences in the orientation and the 

polarization of the solvent molecules around the studied molecule in the reactant state 

and in the product state. Treating the solvent as a dielectric continuum and approximating 

the electron donor and acceptor as spherical, the solvent reorganization energy is16,17 
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   (1.7) 

Where e is the charge transferred in the reaction, i.e., one electron charge,  o is the 

vacuum permittivity,  opt (= n2, where n is the refractive index of the solvent) and  s are 

the optical and static dielectric constants for the solvent, rD and rA are the radii of the 

donor and the acceptor respectively, and rDA is the center-to-center distance between the 

donor and the acceptor.  

As mentioned above, the electronic transmission coefficient, κel, or the probability 

that transition from the reactant to the product parabola occurs at the transition state, is 

assumed as unity in the classical theory. For ET reactions with κel << 1 a quantum 

mechanical treatment of the Marcus theory must be used. The quantum mechanical 

treatment takes into account the probabilities of electron and nuclear tunneling between 

the reactant and the product states.17 

Figure 1.2 shows the Gibbs free energy profiles of a simple charge separation and 

recombination reaction in a donor- acceptor (D-A) dyad. 
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Figure 1.2 Gibbs Free Energy Surfaces for Charge Separation (CS) and Recombination 
Reactions (CR) with Different Reorganization Energies, λ, (a) High λ results in CS in the 
normal region and relatively fast CR. (b) Decreasing λ, increases kET and pushes CR to 
the inverted region. (c) Further decreases in λ slows CR further, but also CS is pushed to 
the inverted region.17a 
 

The states involved in the reaction are the ground state, D-A, locally excited state 

of the donor, D*-A, charge separated state, D+-A-. The curvature of the parabola is the 

same for all the states and the energy minimum of D*-A is assumed to be at the same 

reaction coordinates as that of D-A. Thus, D*-A is shifted from D-A only by excited state 

energy, which can be determined experimentally from the absorption and emission 

spectra of the compound. The energy shift of D+-A- compared to D-A can be calculated 

from redox potentials and the distance between donor and acceptor using the Rehm-

Weller equation (see chapter 3).18 The shift in the reaction coordinate depends on the 

reorganization energy, λ. Figure 1.2 shows howthe reaction coordinate for D+-A- changes 

when the reorganization energy decreases from (a) to (c). Even though the reorganization 
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energy λ has an influence on the rates of both charge separation and recombination, the 

influence on recombinationis more pronounced.  

For electron transfer reactions of neutral donor and acceptor, both -ΔG and λ 

decrease with decreasing solvent polarity, as a result of decreased stabilization of the 

charge separated state. Neglecting variations of solvent refractive index, the decrease in –

ΔG and λ is approximately equal in magnitude and –ΔG + λ (equation 1.6) should be 

approximately independent of solvent. Instead in a charge recombination reaction a 

neutral species is formed from a charge separated state. For charge recombination also λ 

decreases as the solvent polarity decreases but –ΔG increases. Thus, –ΔG + λ decreases 

(become more negative in the inverted region) and the charge recombination process is 

pushed further into the inverted region.19 

Even though it is hard to give quantitative interpretation of complex reactions 

with intermediate steps, some qualitative insight can be gained by using simple parabolic 

energy profiles as shown in Figure 1.3. 
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Figure 1.3 Intermediate States inCS and CR Reactions (a) An exciplex state, (D-A)*, can 
accelerate the CS reaction by lowering the activation energy. (b) The CS state, D+-A-, can 
transform into an intermediate state, such as an excited triplet state of the donor, 3D*-A, 
instead of relaxing directly to the ground state.17a 
 

In Figure 1.3a the electron transfer reaction proceeds via an intramolecular 

exciplex state, (D-A)*. The exciplex can lower the overall activation energy of the 

electron transfer reaction and increase the rate constant, kET. Figure 1.3b shows a triplet 

state of donor, 3D*-A, as an intermediate of the charge recombination reaction. The 

recombination of D+-A- to 3D*-A may become significant process if D+-A-  recombines 

directly to D-A is far in the inverted region, as illustrated in Figure 1.3b. 

1.3 Donor-Acceptor Compounds 

Porphyrins, are obvious candidates fordonor-acceptor systemsnot only due to their 

donor properties but also due to other advantages from the viewpoint of a chemist as 

follows:structural similarity to naturally occurring chlorophyll, high stability, binds most 

metals with a large binding constant, photochemical reactivity, have a ground state and 
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excited states which have been characterized in detail, i.e., free base porphyrins and their 

metal derivatives exhibit strong absorption bands around 400 nm, the Soret band  (So-S2) 

and several weak absorption bands (Q bands, So-S1) at higher wavelengths (around 500-

650 nm). These electronic states can be used to probe intermolecular interactions in both 

ground and excited states using UV-visible, fluorescence, resonance Raman, circular 

dichroism, and NMR spectroscopy.Moreover, synthetic routes to porphyrin derivatives 

have been extensively studied19,20 and thus mostporphyrin derivatives can be prepared by 

a standard procedure, including introducing various functional groups on the periphery, 

allowing us to design functionalized porphyrins. The redox properties of porphyrins can 

be controlled by tuning d -p  electronic interactions via functionalization and metal 

insertion.20-23 The structure of porphine is shown in Figure 1.4. 
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Figure 1.4 Structure of Porphine. 

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (borondipyrromethene, BODIPY, 

BDP) has received particular attention due to photophysical properties such as  high 

fluorescence quantum yield, low rates of inter system crossing, large  molar absorption 

coefficients, excellent photostability, i.e., resistant to photobleaching, relatively 

insensitive to environment, i.e., solvent polarity, pH, and an emission spectral profile that 
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can be tuned over a wide range.24 BODIPY has frequently been used as an energy 

absorbing and transferring antenna molecule and it also can act as electron donor and 

acceptor.25 The synthetic advantages of BODIPY dyes derive from the possibility of 

controlling the reactivity at the central core (dipyrromethene) and at the boron atom (see 

Figure 1.5). These synthetic strategies not only are useful in tuning their photophysical 

properties but also create new paths to incorporate redox active chromophores. 
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Figure 1.5 Structure of BODIPY. 

Quinones were used initially as acceptors in artificial photosynthetic systems due 

to their structural similarities with the natural photosynthetic terminal electron acceptors. 

But these two dimensional acceptors show high reorganization energies, λ, during 

electron transfer reactions.2a,6a,26-29 

Fullerene has attracted much attention as an acceptor due to its small 

reorganization energy, λ, which helps in fast charge separation and slow charge 

recombination. That can be attributed to its three dimensional structure. This rigid, 

confined structure of   sphere stabilizes the charge by spreading it over the sphere. 

Fullerenes have very rich electrochemical properties such as  eight reversible redox states 

including the first reduction potential being comparable to that of benzoquinone, and the 

first six  reductions are equally spaced. The electronic transitions and photoexcited 
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processes of fullerenes are directly related to their other properties. Fullerenes, especially 

C60, are found to be excellent optical limiters in room temperature solution. They exhibit 

strong absorption in the UV region and weak, but significant absorption in the visible 

region. Chemically functionalized fullerenes retain most of their basic properties. 

However, in the excited state, their absorption is extended to the near IR region, which 

facilitates the promotion of electrons with low energy light. The excited singlet states 

then decay rapidly to the energetically low lying triplet state via intersystem crossing 

with lifetimes longer than 40 μs.  The optical absorption spectra of the   radical anion of 

C60 show narrow bands in the near IR region, around 1080 nm, serving as diagnostic 

probes for their identification. 

There are many examples in literature for artificial donor-acceptor constructs in 

mimicking the natural photosynthetic process. The following examples were developed 

by adapting covalent or non-covalent binding strategies to link donor-acceptor entities to 

reach the aforesaid goal. 

As a representative example for the photosynthetic reaction center, a covalently 

linked porphyrin-C60 donor-acceptor dyad (see Figure 1.6) was synthesized and studied 

by Imahori and coworkers.30 
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Figure 1.6 Porphyrin-C60, Donor-Acceptor Dyads. 

Photoexcitation of the zincporphyrin-C60 dyad in polar solvent (i.e., PhCN) 

resulted in occurrence of photoinduced electron transfer, involving all the excited states, 

i.e., porphyrin singlet excited state 1ZnP* and porphyrin triplet excited state 3ZnP* to the 

C60 moiety, and from the porphyrin moiety to the C60 singlet excited state 1C60* and the 

C60 triplet excited state 3C60*, to initially produce the same charge separated state, ZnP●+-

C60
●-. The charge separation efficiencies from 1ZnP* and 1C60* were found to be 95% and 

23%, respectively. The unquenched 1ZnP* and 1C60* underwent an intersystem crossing 

to yield 3ZnP* and 3C60*, respectively. The total efficiency of ZnP●+-C60
●- formation 

from 1ZnP* and 1C60* were estimated to be 99% based on free energy calculations. The 

rate of charge recombination, kET was found to be 1.3 x 106 s-1. This rate constant was 

nearly four orders of magnitude smaller than that of charge separation from 1ZnP*. These 

results were in contrast to previously reported porphyrin-quinone, porphyrin-diimide, and 

porphyrin-linked dyads,31 where the charge recombination rates were even larger than the 

charge separation rates in polar solvents. This can be rationalized by the small 

reorganization energy of C60. Fast charge separation and slow charge recombination 

showed that this ZnP-C60 dyad mimics the primary events in the photosynthetic reaction 
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center. From these results, the combination of porphyrins with fullerenes was found to be 

ideal in donor-acceptor linked systems. 

Based on the results of the previously discussed ZnP-C60 dyad, Imahori and 

coworkers reported a covalentmodel, Fc-MP-C60 triad as shown in Figure 1.7. Here, 

ferrocene which acts as a secondary electron donor was tethered to ZnP-C60 anticipating 

higher lifetime of a final charge separated state without lowering the charge separation 

efficiency.32 
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Figure 1.7 Covalently Linked Ferrocene (Fc)-Porphyrin (MP)-Fullerene (C60) Triad. 

It was found that in PhCN at room temperature, photoinduced charge-separation 

occurred from all of the excited states, 1ZnP*, 3ZnP*, 1C60*, and 3C60*, to initially 

produce the same charge-separated state Fc-ZnP●+-C60
●- with high quantum yield. The 

resulting transient state of Fc-ZnP●+-C60
●- undergoes a secondary electron transfer 

(exothermic charge shift or hole shift) from ferrocene moiety to ZnP●+  with quantum 

yields close to unity and a rate constant of 2.8 x 109 s-1 to form  Fc●+-ZnP-C60
●-. The rate 

constant for charge recombination in Fc●+-ZnP-C60
●- was determined to be 1.3 x 105 s-1. 

Therefore, the ferrocene-zinc porphyrin-fullerene triad can generate a relatively long-

lived charge-separated state with an extremely high quantum yield. This can be 
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rationalized by the small reorganization energy of C60 in multistep electron transfer 

processes, where charge-separation is accelerated and recombination is decelerated and 

also by increasing the distance between the cation and anion radical of final charge-

separated state, Fc●+-ZnP-C60
●-, compared to ZnP●+-C60

●-  due to introduction of  

ferrocene as an additional donor. 

Imahori and coworkers went one more step ahead to further prolong the lifetime 

of the final charge-separated state without lowering the efficiency of charge-separation. 

They have designed a ferrocene (Fc)-zinc porphyrin (ZnP)-free-base porphyrin (H2P)-

fullerene (C60) tetrad as shown in Figure 1.8.33 
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Figure 1.8 Covalently Linked Ferrocene- Zinc Porphyrin-Free base Porphyrin-Fullerene  
Tetrad. 

Upon excitation, singlet excited energy transfer took place from zinc porphyrin, 

1ZnP*, to free base porphyrin with a rate constant of 3 x 109 s-1. Then a rapid 

intramolecular electron transfer occurred from singlet excited free base porphyrin (1H2P*) 

to fullerene generating primary radical ion pair, Fc-ZnP-H2P●+-C60
●- with a rate constant 

of 6.2 x 108 s-1. The resulting Fc-ZnP-H2P●+-C60
●- underwent a cascade of short range-

charge shift reactions along the well-tuned redox gradient to yield Fc-ZnP●+-H2P-C60
●- 

followed by final charge separated state of  Fc●+-ZnP-H2P-C60
●-. The lifetime of the final 
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charge-separated state was found to be 0.38 s in frozen benzonitrile, which is more than 

one order of magnitude longer than any other intramolecular charge recombination 

processes of artificial photosynthetic models, and is comparable to that observed for the 

bacterial photosynthetic reaction center.34 This can be rationalized by the small 

reorganization energy of C60 and due to increased separationof the final radical ion pair, 

compared to Fc●+-ZnP-C60
●- as discussed in the previous section. 

So far, the discussed donor-acceptor systems have designed for mimicking only 

the reaction center functionality. The following artificial systems have introduced 

antenna functionality in addition to reaction center function. 

D’Souza and coworkers designed a supramolecular triad as mimicry of antenna-

reaction center functionality.35 The triad was assembled via axial coordination of 

imidazole-appended fulleropyrrolidine to the zinc center of a covalently linked zinc 

porphyrin-boron dipyrrin dyad as shown in Figure 1.9. 
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Figure 1.9 Borondipyrrin (BDP)-Zinc Porphyrin (ZnP)-Fullerene (C60) Triad. 
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Selective excitation of the BDP moiety resulted in efficient intramolecular singlet 

energy transfer from singlet excited borondipyrrin, 1BDP* to zinc porphyrin creating 

singlet excited zinc porphyrin,1ZnP* with rate constant of (kENT
singlet)  9.2 x 109 s-1 and 

quantum yield of ~ 0.83. The sequential electron transfer took place from 1ZnP* to 

fullerene resulting a radical ion pair, ZnP●+-C60
●- with 5 ns lifetime (ΦCS

singlet = 0.9). This 

system has attracted attention not only due to its function as energy followed by electron 

transfer conjugate but it also due to introducing the non-covalent binding approach to link 

donor-acceptor entities as plants used in natural reaction centers. 

Fukuzumi and coworkers developed a pentad (BDP)3-ZnP-C60 in which three 

borondipyrrin, (BDP) units were covalently linked to a zinc porphyrin (ZnP)-fullerene 

(C60) conjugate36 as shown in Figure 1.10. 
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Figure 1.10 tri-Borondipyrrin (BDP)3-Zinc porphyrin (ZnP)-Fullerene (C60) Pentad. 
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A highly efficient energy migration from the singlet excited 1BDP* to ZnP  was 

observed with rate constant of (kENT
singlet)  2.7 x 1010 s-1 in benzonitrile, creating singlet 

excited zinc porphyrin, 1ZnP*. Then electron transfer occurred from 1ZnP* to yield BDP-

ZnP●+-C60
●- . The rate constant of this singlet charge separation was determined to be 4.6 

x 1011 s-1. The unquenched 1ZnP* underwent an intersystem crossing to yield 3ZnP*. This 

triplet state also generated the same radical ion pair, BDP-ZnP●+-C60
●-. Charge 

recombination rates were estimated to be kCR
singlet= 2.1 x 109 s-1and kCR

Triplet = 2.6 x 106 s-1 

for the ion pair generated via singlet and triplet excited ZnP, respectively. A relatively 

slow charge recombination process and a long-lived charge separated state with 385 ns 

lifetime detected in PhCN can be attributed to its triplet character, which makes the 

charge recombination back to the singlet ground state a forbidden process. 

1.4 The Use of Donor-Acceptor Compounds 

As mentioned earlier in this chapter one of the important aspects of the research in 

molecular mimicry of natural photosynthesis is to develop basic research in renewable 

energy sources such as photovoltaics.8-10 Figure 1.1110d shows the fundamental sequence 

of electron transfer process in typical dye-sensitized solar cell. 

LOAD
e  

Figure 1.11 The Components and Electron Transfer Process in Typical Dye-Sensitized                                                                                   
Solar Cell 
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 The dye absorbs light and gets excited.  Since, the energy of the excited state 

(LUMO) is higher than that of the conductionband (Ecb) of the semi conductor the 

electron transfer takes place from LUMO to Ecb generating charge separated state, i.e., 

oxidized dye (cation) and reduced semiconductor. The electron in Ecb is now free to move 

through the external circuit via a load to the counter electrode. The circuit is completed 

by iodide/triiodide redox electrolyte which transports electrons from the counter electrode 

to the oxidized dye to regenerate the ground state.  

The solar energy conversion efficiency can be measured as a quantum yield, Φ, 

number of electon/hole pairs collected per incident solar photon, (IPCE, an incident-

photon-to-current efficiency).10d 

1.5 Scope of the Present Work 

The research discusses a few elegantartificial donor-acceptor systems developed 

for mimicking primary events in natural photosynthesis. Some of these systems mimic 

both the antenna and reaction center functions while other systemsare designed only for 

reaction center mimics. The studies of these primary events would lead to developments 

in the areas of renewable energy devices such as organic solar cells.  

Porphyrin, borondipyrrin, quinone and C60-fullerene have been used to construct 

new donor-acceptor conjugates due to their properties mentioned in this chapter. Both 

covalent and non covalent approaches have been utilized in assembling the donor-

acceptor entities. The contents of this thesis are follows: 

Chapter 1 

Chapter 1 gives general background, reported scientific examples in literature, 

motivation, and purpose of present work. 
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Chapter 2 

Chapter 2 presents the materials and methods commonly used during the studies. 

It also includes the syntheses of some reference compounds frequently used. 

Chapter 3 

This Chapter discusses the photochemical events of the triphenylamine (TPA) 

substituted zinc porphyrin-C60 multi-modular system along with control compounds. The 

donor acceptor system has been designed to mimic antenna–reaction center functionality, 

in addition to investigating the effect of triphenylamine donor entities on stabilization of 

the ZnP●+-C60
●-  radical ion pair. All the compounds are characterized using NMR and 

ESI mass spectrometry. The ground state electronic interactions, optimized structure of 

the compound, redox potentials, both steady state and time resolved emission studies are 

performed using UV-Visible absorption, DFT calculations, cyclic voltammetry, 

fluorescence emission, nanosecond and femtosecond transient spectroscopic techniques. 

Free energies and rate constants arealso estimated as discussed in detail in the chapter. 

Chapter 4 

Chapter 4 delivers the photochemistry of the triphenylamine (TPA) substituted 

zinc porphyrin-quinone system as a model for antenna-reaction-center mimicry. The 

fullerene moiety of the compound studied in chapter 3 is replaced by a two dimensional 

acceptor-quinone in order to study the changes of excited state chemistry. These dyads 

have been characterized by standard characterization techniques including NMR and 

Mass Spectrometry. Ground and excited state intramolecular interactions are observed 

using absorption and emission studies. Free energy calculations have been performed 
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from the data collected by differential pulse voltammetry (DPV) and DFT calculations 

using standard equations in addition to time resolved emission studies. 

Chapter 5 

This chapter discusses a supramolecular donor-acceptor system which mimics the 

primary process of natural photosynthesis, namely excited energy transfer followed by 

electron transfer. The supramolecule comprises a 18-crown-6-borondipyrrin (BDP)-zinc 

porphyrin (ZnP) assembled to alkylammonium cation functionalized fullerene via ion-

dipole non covalent interactions. The formation of the supramolecule and its binding 

constant has been evaluated from absorption and emission studies using UV-Visible and 

fluorescence spectroscopic techniques. Free energies associated with reactions are 

estimated from computational and electrochemical data according to Weller’s approach. 

Femtosecond and nanosecond transient spectral measurements are performed to identify 

charge transfer products and evaluate kinetics of charge separation and recombination. 

Chapter 6 

Chapter 6 presents photoinduced reactions of a series of closely spaced molecular 

triads consisting of donor/antenna-borondipyrrin (BDP)-fullerene (C60). In donor-BDP-

C60 moieties, charge separation is observed while in the antenna-BDP-C60 series, 

excitation energy followed by electron transfer has been witnessed. All triads and control 

compounds have been characterized using NMR and MALDI mass spectroscopic 

techniques. Ground and excited state interactions were studied using absorption and 

emission spectroscopic methods. Free energies of the reactions have been determined 

using electrochemical redox potentials and computational studies following standard 

equations. The rate constants and the products of electron transfer reactions have been 
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estimated from the time resolved emission data. In addition to the aforesaid studies 

photoelectrochemical studies also have been performed to visualize their ability to 

convert light into electricity. 

Chapter 7 

This chapter summarizes the research presented in this thesis and discusses the 

potential direction of future relevant research. 
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CHAPTER 2 

MATERIALS AND PHYSICAL METHODS 

2.1 Introduction 

This chapter presents a listing of all chemicals and solvents employed at various 

stages of research work.  General synthetic procedures employed for the synthesis of 

porphyrin derivatives as control compounds are discussed here. Further, a brief 

discussion of the physicochemical techniques employed during the course of studies and 

also preparation of electrodes for photoeletrochemical studies are presented here. 

2.2 Materials 

Buckminsterfullerene, C60 (+99.95%) was from SES Research, (Houston, TX).  

Aldehydes such as 4-nitrobenzaldehyde, 2,5-dihydroxy benzaldehyde, 2,5-

dimethoxy benzaldehyde, 3,4-dimethoxy benzaldehyde, 3,4-dihydroxy benzaldehyde, 

methyl-4-formylbenzoate, p-tolualdehyde, 2-napthaldehyde, 1-pyrenealdehyde, 2-

fluorenealdehyde, 4-carboxybenzaldehyde, 4-hydroxybenzaldehyde, 4-formylbenzo-18-

crown-6, benzaldehyde,  and reagents such as pyrrole, 2,4-dimethylpyrrole, pyridine, 

ethylenediamine, bezyl-2-bromoacetate,  4-nitroaniline, 4-aminobenzoic acid, boron 

tribromide (BBr3, 1M in CH2Cl2), benzoyl chloride, boron trifluoride diethyletherate 

(BF3.EtO2), N,N-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), p-chloranil, 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ), diisobutylaluminium hydride (DIBAL-H), aluminium 

trichloride (AlCl3), tripheylamine, phosphorous oxichloride (POCl3),  ferrocene,   zinc 

acetate dihydrate (Zn(C2H3O2)2.2H2O), palladium carbon (5%), Cu powder, 1-pyrene 
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butyric acid, sarcosine (N-methylglycine) were purchased from Sigma-Aldrich 

(Milwaukee, WI). 

Reagents and chemicals such as di-tert-butyl bicarbonate (DiBoC), thionyl 

chloride (SOCl2), tetra-n-butylammonium perchlorate (TBA)ClO4, propionic acid, acetic 

acid, acetic anhydride, triethylamine (TEA), trifluoroacetic acid (TFA), hydrochloric acid 

(HCl), ascorbic acid, sulfuric acid (H2SO4), anhydrous sodium sulfate (Na2SO4), sodium 

bicarbonate (NaHCO3), sodium hydroxide (NaOH), potassium carbonate (K2CO3) and 

potassium hydroxide (KOH), were purchased from Fisher Scientific (USA) and were 

used as received. 

Chromatographic materials such as silica gel, activated basic and neutral alumina, 

and solvents such as o-dichlorobenzene (o-DCB), benzonitrile (PhCN), tetrahydrofuran 

(THF), hexanes, ethyl acetate (EtOAc), diethylether, petroleum ether, ethanol (EtOH), 

dichloromethane (CH2Cl2), chloroform (CHCl3), toluene, 1,4-dioxane, N,N-

dimethylformamide (DMF), and methanol (MeOH) were also purchased from Fisher 

Scientific (USA) and were used as received. 

2.3 Synthesis of Control Compounds 

2.3.1 

5,10,15,20-tetra substituted porphyrin, C1/C2: 

Compound C1/C2 was synthesized according to a previously reported procedure.37 To 

200 mL of propionic acid, 18.9 mmol of appropriate aldehyde (benzaldehyde/diphenyl 

aminobenzaldehyde) and 18.9 mmol (1.26 g) of pyrrole were added.  The solution was 

refluxed for 2 h and the solvent was removed under reduced pressure.  The crude product 
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was then washed several times with methanol and dried. Then loaded on a basic alumina 

column and eluted with CHCl3/hexane. 

2.3.2  

5,10,15,20-tetra phenylporphyrin, C1: 

1H NMR (300 MHz; CDCl3): δH (ppm) 8.85 (s, 8H, β-pyrrole H), 8.13 (m, 6H, o-phenyl 

H), 7.65 (m, 9H, m,p-phenyl H), -2.78 (s, br, 2H, imino H). MS (ESI): m/z 614.25 (calcd. 

614.74). 

2.3.3 

5,10,15,20-tetraN,N-diphenylamineporphyrin, C2: 

1H NMR (300 MHz; CDCl3): δH (ppm) 9.0 (s, 8H, β-pyrrole H), 8.12-8.08 (m, 8H, o-

phenyl H), 7.48-7.46 (m, 8H, m-phenyl H ), 7.42 (m, 24H, o,p-N-phenyl H),7.18-7.12 (m, 

16H, m-N-phenyl H), -2.78 (s, br, 2H, imino H). MS (ESI): m/z 1283.56 (calcd. 1283.54). 

2.3.4  

5,10,15,20-tetra substituted porphyrinatozinc(II), C3/C4: 

To 0.33 mmol of C1/C2 in 20 mL of CHCl3, a saturated solution of zinc acetate dihydrate 

in methanol (5 mL) was added.33 The solution was stirred for 3 h (or refluxed for 45 

min). The reaction was monitored with UV-Vis spectrometry. After work-up, the solvent 

was evaporated and purified on a silica column and eluted with CHCl3/hexanes. 

2.3.5  

5,10,15,20-tetraphenylporphyrinatozinc(II), C3: 

1H NMR (300 MHz; CDCl3): δH (ppm) 8.93 (s, 8H, β-pyrrole H), 8.2 (d, 6H, o-phenyl H) 

and 7.74 (m, 9H, m,p-phenyl H). MS (ESI): m/z 677.91 (calcd. 678.11). 
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2.3.6  

5,10,15,20-tetraN,N-diphenylamineporphyrinatozinc(II), C4:  

1H NMR (300 MHz; CDCl3): δH (ppm) 9.1 (s, 8H, β-pyrrole H), 8.12-8.08 (m, 8H o-

phenyl H), 7.48-7.46 (m, 8H, m-phenyl H), 7.42 (m, 24H, o,p-N-phenyl H), 7.18-7.12 (m, 

16H, m- N-phenyl H ). MS (ESI): m/z 1346.93(calcd. 1345.46). 
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Scheme 2.1 Synthesis of Tetra Substituted Porphyrin Derivatives. 
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2.3.7 

5, 10, 15-triphenyl-20-(2,5-dimethoxyphenyl)porphyrin, C5: 

To 400 mL of propionic acid, 2,5-dimethoxybenzaldehyde (12 mmol), benzaldehyde (37 

mmol), and pyrrole (49 mmol) were added. The solution was refluxed for 2 h and the 

solvent was removed under reduced pressure.  The crude product was then washed 

several times with methanol and dried. The crude product was purified on a basic 

alumina column. 1H NMR (300 MHz; CDCl3): δH (ppm) 8.83 (s, 8H, pyrrole-H), 8.21 (m, 

6H, o-ph), 7.77- 7.70 (m, 9H,  m-ph and p-ph), 7.61 -7.26 (d, d, s, 3H, dimethoxy-ph), 

3.91-3.52 (s, s, 6H, -OCH3), -2.84 (s (br), 2H, pyrrole-NH). MS (ESI): m/z 674.2 (calcd. 

674.8). 

2.3.8 

5, 10, 15-triphenyl-20-(2,5-dihydroxyphenyl)porphyrin, C6: 

A 9 mL solution of BBr3 (1M in CH2Cl2) was drop wise added to a solution of C5 (1.0 

mmol) in CH2Cl2 at -78oC. The solution was maintained at this temperature until the 

addition was completed and stirred at room temperature for 12 h. Then the mixture was 

brought to below 5 oC and 100 mL of cold water was added followed by addition of 

saturated sodium bicarbonate. After stirring 1 h at room temperature the organic layer 

was separated using CH2Cl2 and dried over anhydrous Na2SO4. The solvent was 

evaporated and the crude product was purified on silica column. 1H NMR (300 MHz; 

CDCl3): δH (ppm) 8.81 (m, 8H, pyrrole-H), 8.19 (m, 6H, o-ph), 7.75 (m, 9H, m-ph and p-

ph), 7.32-7.01 (s, d, d, 3H, H2Q), 4.65 (s (br), -OH), -2.74 (s (br), 2H, pyrrole-NH). MS 

(ESI): m/z 646.5 (calcd. 646.7). 
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2.3.9 

5, 10, 15-triphenyl-20-(2,5-dihydroxyphenyl)porphyrinatozinc(II), C7:   

A 0.0125 mmol of free base porphyrin (C6) was dissolved in 30 mL of CHCl3 and a 

saturated solution of zinc acetate dihydrate in 5 mL of methanol was added and stirred for 

3 h. The course of the reaction was monitored spectroscopically. After work-up, the 

solvent was evaporated and the product was purified on silica gel column.  1H NMR (300 

MHz; CDCl3): δH (ppm) 8.93-8.78 (m, 8H, pyrrole-H), 8.18-8.12 (m, 6H, o-ph), 7.77-

7.66 (m, 9H, m-ph and p-ph), 6.89-6.65 (s, d, d, 3H, H2Q), 4.60 (s (br), 2H, -OH). MS 

(ESI): m/z 712.1 (calcd. 712.8). 

2.3.10 

5, 10, 15-triphenyl-20-(1,4-benzoquinone)porphyrinatozinc(II), C8:   

This compound (C8) was synthesized as reported earlier.37 To a solution of C7 (0.141 

mmol) in 50 mL of CH2Cl2, 0.352 mmol of DDQ was added and stirred for 2 h. The 

solvent was evaporated and the crude product was purified on a basic alumina column.  

1H NMR (300 MHz; CDCl3): δH (ppm) 8.99 (m, 8H, pyrrole-H), 8.17 (m, 6H, o-ph), 7.74 

(m, 9H, m-ph and p-ph), 7.43-7.41 (m, 3H, Q), MS (ESI): m/z 711.2 (calcd. 710.8). 
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2.4 Preparation of Dyad/Triad Modified Electrodes for Solar Cells 

Nanocrystalline SnO2 electrodes were prepared according to a previously reported  

procedure9b with modifications. A 10 μL of SnO2 colloidal solution (Alfa Aesar, 15%) 

was dissolved in 10 mL of ethanol and 500 μL of NH4OH was added to this solution as a 

stabilizer. A 0.5 mL of this colloidalsolution was placed on an optically transparent 

fluorine doped indium tin oxide electrode (OTE) (Pilkington TEC-8) and was dried in air.  

The electrodes were annealed in an oven for 1 h in air at 673 K. The estimated thickness 

of the electrode was around 1-2 μm.Then the dyad/triad was electrophoretically deposited 

onto OTE/SnO2 electrodes.9c The OTE/SnO2 electrode was placed in a cuvette containing 

the desired dyad/triad molecule (~ 0.1 mM) in 3:1 acetonitrile/toluene mixture. A 180 V 

DC was applied for about 30 s (with the help of another OTE counter electrode) until 

thesolution becomes colorless due tocomplete deposition of the dyad/triadon the electrode 

surface leaving the solution colorless.  

Photoelectrochemical experiments were performed in a two-electrode 

configuration using electrophoretically deposited dyad/triads on SnO2 modified FTO 

electrode and a platinized FTO electrode as counter electrode.  A I-/I3
- in acetonitrile was 

used as redox mediator. 

The monochromatic incident photon-to-photocurrent conversion efficiency 

(IPCE),10d defined as the number of electrons generated by light in the outer circuit 

divided by the number of incident photon, determined according to Equation (2.1), 

 IPCE (%) = 100 x 1240 x ISC (mA cm-2)/[λ(nm) x Pin(mW cm-2)]  (2.1) 

Where ISC is the short circuit photocurrent generated by the monochromatic light and λ is 

the wavelength of incident monochromatic light with intensity Pin. 
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2.5 Physical Methods 

2.5.1 Instrumentation 

The UV-visible spectral measurements were carried out with a Shimadzu Model 

1600 UV-visible spectrophotometer.  The fluorescence emission was monitored by using 

a Spex Fluorolog-tau or Varian spectrometers.  A right angle detection method was used.  

The 1H NMR studies were carried out on a Varian 400 MHz or 300 MHz spectrometers.  

Tetramethylsilane (TMS) was used as an internal standard. Electrochemical studies of the 

compounds were performed in collaboration with Dr Amy L Shumacher and Navaneetha 

K Subbaiyan. Cyclic voltammograms were recorded on EG&G Model 263A potentiostat 

using a three electrode system.  A platinum button or glassy carbon electrode was used as 

the working electrode.  A platinum wire served as the counter electrode and Ag/AgCl 

was used as the reference electrode.  Ferrocene/ferrocenium redox couple was used as an 

internal standard.  All the solutions were purged prior to electrochemical and spectral 

measurements using argon gas. 

Photoelecrochemistry of the triads discussed in chapter 6 was done by Navaneetha 

K Subbaiyan. The photocurrent-photovoltage characteristics of the solar cells were 

measured using a Model 2400 Current/Voltage Source Meter of Keithley Instruments, 

Inc. (Cleveland, OH) under illumination with an AM 1.5 simulated light source using a 

Model 9600 of 150-W Solar Simulator of Newport Corp. (Irvine, CA).  A 340-nm filter 

was introduced in the light path to eliminate UV radiation. The light intensity was 

monitored by using an Optical Model 1916-C Power Meter of Newport. Incident photon-

to-current efficiency (IPCE) measurements were performed under ~2.5-mW cm-2 
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monochromatic light illumination conditions using a setup comprising 150-W Xe lamp 

with a monochromator (Newport Corp., Irvine, CA). 

The computational calculations were performed in collaboration with Dr. Melvin 

E. Zandler, Wichita State University. These calculations were performed by 

DFTB3LYP/3-21G(*)42 methodswith GAUSSIAN 98 or 03 software packages on various 

PCs and a SGI ORIGIN 2000 computer.  The graphics of HOMO and LUMO coefficients 

were generated with the help of GaussView software.  The ESI-Mass spectral analyses of 

the newly synthesized compounds were performed by using a Fennigan LCQ-Deca mass 

spectrometer.  For this, the compounds (about 1 mM concentration) were prepared in 

CH2Cl2, freshly distilled over calcium hydride. 

2.5.2 Time-resolved Emission and Transient Absorption Measurements 

The time-resolved emission and transient absorption studies were performed in 

collaboration with Prof. Osamu Ito at Tohoku University, Sendai, Japan, Dr. Mohamed E. 

El-Khouly and Prof. S. Fukuzumi at Osaka University, Japan and Dr. Nikolai V. 

Tkachenko at Tampere University of Technology, Finland. 

Femtosecond laser flash photolysis was conducted by using a lark MXR 2010 

laser system and an optical detection system provided by Ultrafast Systems (Helios). The 

source for the pump and probe pulses were derived from the fundamental output of a 

Clarklaser system (775 nm, 1 mJ per pulse, fwhm =150 fs) at a repetition rate of 1 kHz. A 

second harmonic generator introduced in the path of the laser beam provided laser pulses 

at λex= 410 nm for excitation. The second harmonic was generated by using 95% of the 

fundamental output of the laser, whereas 5% of the deflected output was used for the 

generation of white light. Prior to generating the probe continuum, the laser pulse was fed 
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to a delay line that provided an experimental time window of 1.6 ns with a maximum step 

resolution of 7 fs. The pump beam was attenuated at 5 mJ per pulse with a spot size 2 mm 

in diameter at the sample cell where it was merged with the white probe pulse in a close 

angle (<10°). The probe beam, after passing through the 2 mm sample cell, was focused 

on a 200 mm fiber optic cable that was connected to a CCD spectrograph (Ocean Optics, 

S2000-UV/Vis for the visible region and Horiba, CP-140 for the NIR region) for 

recording the time-resolved spectra (λ= 420–800 and 800–1200 nm). Typically, 5000 

excitation pulses were averaged to obtain the transient spectrum at a set delay time. The 

kinetic traces at appropriate wavelengths were assembled from the time-resolved spectral 

data. 

Measurements of nanosecond transient absorption spectra were performed 

according to the following procedure: A deaerated solution that contained the dyad was 

excited by a Panther OPO pumped by an Nd:YAG laser (Continuum, SLII-10, 4–6 ns 

fwhm) at λ=430 nm. The photodynamics were monitored by continuous exposure to a 

xenon lamp (150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949) as a 

detector. Transient spectra were recorded by using fresh solutions in each laser excitation. 

The solution was deoxygenated by purging with argon for 15 min prior to measurements 

being recorded.  

Up-conversion instrument (FOG-100, CDP Corp.) for time-resolved fluorescence 

was used to detect the fast processes with a time resolution of ~200 fs. The primary 

Ti:Sapphire generator (TiF-50, CDP Corp.) was pumped by Nd CW laser (Verdi-6, 

Coherent Inc.), and a second harmonic (~410 nm) was used to excite the sample solution 

in a rotating cuvette. Emission from the sample was collected to a nonlinear crystal 
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(NLC), where it was mixed with the so-called gate pulse, which was the laser 

fundamental. The signal was measured at a sum frequency of the gate pulse and the 

selected emission maximum of the sample. The gate pulses were passed through a delay 

line so that it arrived at NLC at a desired time after sample excitation. The emission 

decay curve of the sample was detected by scanning through the delay line. 

 Pump-probe and up-conversion techniques for time-resolved absorption and 

fluorescence, respectively, were used to detect the fast processes with a time resolution 

shorter than 0.2 ps. 

2.6 Summary 

Free-base and zinc tetraphenylporphyrins, tetra N,N-diphenylporphyrins and 

triphenylporphyrin-quinone derivatives were successfully prepared and characterized by 

proton NMR and ESI-Mass spectroscopy. These compounds were used as control 

compounds in later chapters.    
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CHAPTER 3 

TRIPHENYLAMINE SUBSTITUTED PORPHYRIN-FULLERENE 
CONJUGATES 

 

3.1 Introduction 

Natural photosynthesis is the process which converts solar energy into chemical 

energy via two major steps, funnel absorbed light as excited energy using antenna 

chromophores and transport electrons which are induced by photons to generate charge 

separated states in the reaction center.  A great deal of research effort has been invested 

in the study of artificial constructs consisting of energy funneling antenna molecules 

connected to donor–acceptor systems to probe sequential energy and electron transfer 

processes, thus mimicking the complex ‘antenna–reaction center’ functionality of 

photosynthesis.38 

The multi-modular system discussed in this chapter is designed to mimic 

antenna–reaction center functionality to yield a radical ion pair which is stabilized by the 

delocalization effect of triphenylamine entities. The systems studied are comprised of 

three entities of triphenylamine acting as energy absorbing and transferring antenne in 

addition to electron-donating entities, and a porphyrin moiety acting as an energy 

acceptor from the triphenylamines and promoting electron transfer to the fullerene entity 

by using the excitation energy, with the fullerene being the electron acceptor as shown in 

scheme 3.1.  The employed triphenylamine is a strong fluorophore, absorbing at about 

300 nmand emitting in the 480 nm region.39 Due to the close proximity of the 

triphenylamine entities to the porphyrin  -ring in the multi-modular conjugates, 

delocalization of the porphyrin  -system to the triphenylamine entities is expected.  As 
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demonstrated here such delocalization will result in slowing down the undesired charge 

recombination process during electron transfer thus generating relatively long-lived 

charge-separated species.  Hence, these multi-modular conjugates are not only novel 

systems to probe sequential ‘antenna-reaction center’ events but are also involved in 

generating relatively long-lived charge-separated states as a result of delocalization of 

donor, porphyrin  -system to the antenna units.  The sequential energy transfer followed 

by electron transfer resulting in the generation of long-lived charge-separated states form 

different aspects of natural photosynthesis. 
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3.2 Synthesis 

Molecular systems 1 and 2, and the control compounds, 3 and 4 were synthesized 

according to scheme 3.2. 
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3.2.1  

5-(4’–hydroxyphenyl)-10,15,20-tri(N,N-diphenylaminophenyl)porphyrin, 1a:  

In a round bottom flask 1.25 g of pyrrole (18.5 mmol), 3.75 g of diphenyl 

aminobenzaldehyde (13.7 mmol) and 565 mg of para hydroxybenzaldehyde (4.6 mmol) 

were taken in 250 mL of propionic acid and refluxed for 4 h. The solvent was removed 

under vacuum, and the crude product was adsorbed on basic alumina and purified by 

column chromatography on basic alumina with chloroform/methanol (91:9 v/v) as eluent.  

1H NMR (300 MHz; CDCl3): δH (ppm) 9.0 (m, 8H, -pyrrole-H), 8.1 (m, 6H, o-phenyl-

H), 7.42 (m, 6H, m-phenyl-H), 8.9, 8.1 (d, d, 4H, substituted phenyl-H), 7.0-7.16 (m, m, 

30 H, N-phenyl), 5.35 (s (br), 1H, hydroxy-H), -2.79 (s, 2H, imino-H). 

3.2.2 
 
5-{4’’-formylbenzoicacid-4’-phenylester}-10,15,20-tri(N,N-diphenylaminophenyl) 
porphyrin, 1b: 
 
In a round bottom flask 14 mg  of 4-carboxybenzaldehyde (0.088 mmol) and 53 mg of 

DMAP ( 0.44 mmol)  were dissolved in 50 mL of dry CH2Cl2 under inert atmosphere. 

The reaction mixture was brought to 0 oC and 90 mg of DCC (0.44 mmol) was added. 

After 15 min, 100 mg of 5-(4’–hydroxyphenyl)-10,15,20-tri(N,N-diphenylaminophenyl) 

porphyrin (0.088 mmol) was slowly added to the reaction mixture  and stirred for 6 h at 

room temperature. The crude compound was washed with water and extracted with 

CH2Cl2. The organic layer was dried with anhydrous Na2SO4 and solvent was evaporated. 

The compound was purified on a silica gel column using toluene and chloroform (95:5 

v/v) as eluent. 1H NMR (300 MHz; CDCl3): δH (ppm)  10.1 (s, 1H, formyl-H), 9.05 (m, 

8H, -pyrrole-H), 8.1 (m, 6H, o-phenyl-H), 7.47 (m, 6H, m-phenyl-H), 8.9, 8.3 (d, d, 4H, 
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substituted phenyl-H), 8.55, 7.65 (d, d, 4H, phenyl-CHO),  7.1-7.2 (m, 30 H, N-phenyl), -

2.79 (s, 2H, imino-H). 

3.2.3 

5-[2-(4’’-benzoicacid-4’-phenylester)-N-methyl-3,4-fulleropyrrolidine]-10,15,20-
tri(N,N-diphenylaminophenyl)porphyrin, 1: 
 
72 mg of compound 1b (0.057 mmol), 123 mg of C60 (0.171 mmol),  and 15 mg sarcosine 

(0.171 mmol) were dissolved in 100 mL of  dry toluene and the mixture was refluxed for 

12 h.  The solvent was removed under vacuum and the crude compound was adsorbed on 

silica gel and purified on silica gel column using toluene and ethyl acetate (92:8 v/v) as 

eluent. 1H NMR (400 MHz; CS2:CDCl3 (1:1 v/v)): δH (ppm) 8.97 (m, 8H, -pyrrole-H), 

8.1 (m, 6H, o-phenyl-H), 7.41 (m, 6H, m-phenyl-H), 8.9, 8.25 (d, d, 4H, substituted 

phenyl-H), 8.42, 7.61 (d, d, 4H, phenyl-pyrrolidine),  7.1-7.2 (m, 30 H, N-phenyl), 5.1 (s, 

1H, pyrrolidine-H), 5.05, 4.31 (d, d, 2H, pyrrolidine-H) , 2.84 (s, 3H, pyrrolidine N-CH3), 

-2.8 (s, 2H, imino-H). MS (ESI): m/z 2010.3 (calcd. 2009.7). 

3.2.4 

5-[2-(4’’-benzoicacid-4’-phenylester)-N-methyl-3,4-fulleropyrrolidine]-10,15,20-
tri(N,N-diphenyl-aminophenyl)porphyrinatozinc(II), 2: 
 
25 mg of pentad, 1 (0.0124 mmol) was taken in 30 mL of CHCl3 and stirred with 

saturated zinc acetate dihydrate in 5 mL of methanol.  The course of the reaction was 

monitored spectroscopically.  After work-up, the solvent was evaporated and the crude 

was purified on silica gel column using toluene as eluent. 1H NMR (400 MHz; 

CS2:CDCl3 (1:1 v/v)): δH (ppm) 9.04 (m, 8H, -pyrrole-H), 8.08 (m, 6H, o-phenyl-H), 

7.43 (m, 6H, m- phenyl-H), 9.0, 8.25 (d, d, 4H, substituted phenyl-H), 8.46, 7.61 (d, d, 

4H, phenyl-pyrrolidine), 7.1-7.2 (m, 30 H, N-phenyl), 5.04 (s, 1H, pyrrolidine-H), 5.0, 
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4.31 (d, d, 2H, pyrrolidine-H) 2.84 (s, 3H, pyrrolidine N-CH3). MS (ESI): m/z 2074.6 

(calcd. 2073.1). 

3.2.5 

5-(benzoicacid-4’-phenylester)-10,15,20-tri(N,N-diphenylaminophenyl)porphyrin, 3: 

In a round bottom flask 100 mg of compound 1a (0.088 mmol), 15.3 μL of benzoyl 

chloride (0.132 mmol) and 10 μL of pyridine (0.132 mmol) were taken in 25 mL of dry 

CH2Cl2 and refluxed for 5 h. The solvents were removed under vacuum and the crude 

product was washed with water and extracted in CHCl3. The organic layer was dried with 

anhydrous Na2SO4 and solvent was evaporated. The crude was purified on a silica gel 

column using hexanes:CHCl3(9:1 v/v) as eluent. 1H NMR (300 MHz; CDCl3): δH (ppm) 

9.02 (m, 8H, -pyrrole-H), 8.09 (m, 6H, o-phenyl-H),7.47 (m, 6H, m-phenyl-H), 8.92, 

8.39 (d, d, 4H, substituted phenyl-H), 8.29, 7.74 (d, m, 5H, phenyl), 7.1-7.2 (m, 30 H, N-

phenyl), -2.79 (s, 2H, imino-H). 

3.2.6 

5-(benzoicacid-4’-phenylester)-10,15,20-tri(N,N-diphenylaminophenyl) 
porphyrinatozinc(II), 4:     
 
Compound, 3 (50 mg, 0.0404 mmol) was taken in 20 mL of CHCl3 andstirred with 

saturated zinc acetate dihydrate in 5 mL of methanol for 3 h.  The course of the reaction 

was monitored spectroscopically.  After work-up, the solvent was evaporated and the 

crude was purified on silica gel column using toluene as eluent. 1H NMR (400 MHz; 

CDCl3): δH (ppm) 9.12 (m, 8H, -pyrrole-H), 8.07 (m, 6H, o-phenyl-H), 7.47 (m, 6H, m-

phenyl-H), 9.02, 8.29 (d, m, 4H, substituted phenyl-H), 8.41, 7.74 (d, m, 5H, phenyl-

pyrrolidine), 7.14-7.2 (m, 30 H, N-phenyl). MS (ESI): m/z 1298.41 (calcd. 1299.84). 
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3.3 Results and Discussion 

3.3.1 UV-Vis Absorption Studies 

Figure 3.1 shows the optical absorption spectra of compounds 1 and 2 in o-

dichlorobenzene (o-DCB). The absorption bands of compound 1 were located at 307, 

328, 435 (Soret), 524, 567 and 658 nm. The bands corresponding to compound 2 were 

found at 307, 328, 438 (Soret), 554 and 600 nm respectively. The 307 nm band 

corresponds to the triphenylamine entities. The appended fullerene entity in 1 and 2 

appeared as a shoulder at 328 nm. The porphyrin Soret and visible bands of compounds 

1-4 were broad and red shifted by nearly 20 nm compared to pristine free-base and zinc 

tetraphenylporphyrins (H2TPP and ZnTPP), suggesting ground state interactions between 

the porphyrin  -system and peripheral substituents. Similar results were also obtained in 

a polar solvent, benzonitrile (PhCN). Importantly, the absorption band of the 

triphenylamine entity in compounds 1-4 had no appreciable overlap with the porphyrin 

absorption in the 300-380 nm spectral region.  Control experiments performed using 

pristine triphenylamine revealed lack of absorption in the 400-700 nm spectral region. 

Hence, irradiation of compounds 1-4 at 307 nm is expected to selectively excite 

triphenylamine units, while exciting these compounds at any one of the porphyrin 

absorption peaks is expected to selectively excite the porphyrin macrocycle.  
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Figure 3.1 Optical Absorption Spectra of 1 and 2 in o-DCB . 

3.3.2 Visible-Near IR Absorption Studies 

Because of the different nature of the porphyrin macrocycle employed in this 

multi-modular system it was essential to spectrally characterize the porphyrin  -cation 

radical species. Figure 3.2 shows the spectra of chemically oxidized porphyrins, 3 and 4. 

Both free-base and zinc porphyrins exhibited distinct spectral bands in the near-IR 

region.  The free-base porphyrin  -cation radical of compound 3 revealed bands at 500 

and 750 nm while the zinc porphyrin  -cation radical of compound 4 revealed bands at 

770 and 1294 nm in o-DCB. It is important to note that the position of the 1294 nm band 

was far away from the spectral region where the triplet absorption of porphyrin and 

fullerene is expected to appear (500-720 nm region).Such spectrally isolated cation 
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radical bands would help in identifying the electron transfer products and in following the 

kinetics of electron transfer without the interference of triplet absorption bands, a 

problem often encountered in traditionally used tetraphenylporphyrin based donor-

acceptor systems.40,41  
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Figure 3.2 Visible-near-IR Spectra of Neutral (dark line) and Chemically Oxidized (red 
line) using Equimolar Nitronium Hexafluoroantimonate of (a) 3 (b) 4 in o-DCB. 
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3.3.3 Computational Studies 

In order to gain insights into the geometry and electronic structure, computational 

studies were performed using density functional methods (DFT) at the B3LYP/3-

21G(*)42 level on 2. Compound 2 was optimized to a stationary point on the Born-

Oppenheimer potential energy surface whose structure is shown in Figure 3.3a.  The 

center-to-center distance between the porphyrin (Zn center) and fullerene entities was 

found to be ~18.5 Å with no significant interactions between them.  The distance between 

Zn and the N atoms of the triphenylamine entities was 9.2 Å and this value compared 

with distances of 18.3, 22.8 and 27.4 Å between the center of C60 to the N atoms of the 

triphenylamine entities.  These results clearly show triphenylamine entities disposed 

away from the C60 entity but much closer to the porphyrin.  In the optimized structure, the 

majority of the HOMO was located on the porphyrin macrocycle with considerable 

contribution also on the peripheral triphenylamine entities, while the LUMO was fully 

localized on the fullerene entity as shown in Figure 3.3b. These results suggest the 

triphenylamine-substitutedporphyrin to be an electron donor and fullerene to be electron 

acceptor in electron transfer reactions.43 The computed gas phase HOMO-LUMO gap 

was found to be 1.47 eV which compared well with the electrochemically measured 

HOMO-LUMO gap in non-aqueous solvents (1.53 V and 1.40 V in o-DCB and PhCN, 

respectively). The appearance of part of the HOMO over the peripheral triphenylamine 

substituents is expected to stabilize the radical cation by delocalization, ultimately further 

slowing down the charge recombination process during the light induced electron transfer 

process. 
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Figure 3.3 B3LYP/3-21G(*) Optimized (a) Structure  and (b) HOMO and LUMO of 2. 

3.3.4 Electrochemistry and Free Energy Calculations. 

Electrochemical studies using cyclic voltammetric techniques were performed on 

the conjugates to evaluate redox potentials and energetics of electron transfer processes.  

The free-base and zinc porphyrin compounds are known to undergo two one-electron 

reductions leading to the formation of  -anion radical and dianion species, and two one-

electron oxidations leading to the formation of  -cation radical and dication species, 

respectively.  Figure 3.4 shows the cyclic voltammogram of compound 1 in o-DCB while 

the redox potential data for compounds1 and 2 in both o-DCB and PhCN are listed in 

Table 3.1.  
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Figure 3.4 Cyclic Voltammogram of 1 in o-DCB, 0.1 M (n-Bu4N)ClO4. Scan rate = 100 
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TABLE 3.1 

Electrochemical Redox Potentials (V vs. Fc/Fc+), Energy Levels of the Charge-Separated 
States (ΔGRIP) and Free-Energy Changes for Charge-Separation (ΔGCS) for the 
Compounds 1 and 2. 
 
Compound Solvent Eox(TPA-P 0/▪+)/V Ered (C60

0/▪–)/V -∆GRIP
a /eV -∆GS

CS
b /eV 

1 o-DCB 

PhCN 

0.37 

0.39 

-1.16 

-1.01 

1.41 

1.35 

0.54 

0.60 

2 o-DCB 

PhCN 

0.15c 

0.18c 

-1.15 

-1.02 

1.18 

1.15 

0.89 

0.92 

a−ΔGRIP = Eox − Ered + ΔGS,  b  −ΔGCS= ΔE0-0 − ΔGRIP see the text for more details, c 
quasi-reversible 

 

The first oxidation and first reduction of all of the studied porphyrins, 1-4, were 

found to be reversible as judged from their peak-to-peak separation, ∆Epp values and the 

cathodic-to-anodic peak current ratios.22 The oxidation potentials were found to be 

cathodically shifted over 100 mV compared to their tetraphenylporphyrin analogs. 

Scanning the potential further into the anodic direction revealed additional peaks, 

however, at these potentials films started to form on the electrode surface. 

The HOMO-LUMO gap for 1, calculated from the first oxidation potential and 

the first fullerene spheroid centered reduction potential, was found to be 1.53 V and 1.40 

V in o-DCB and PhCN, respectively.  For 2, these values were 1.30 V and 1.20 V in o-

DCB and PhCN, respectively.  It is also important to note that the calculated HOMO-

LUMO gaps for 1 and 2 are smaller by about 100 mV compared to the earlier reported 
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tetraphenylporphyrin-fullerene derivatives in the literature,40,41 due to the effects caused 

by the triphenylamine entities. 

The driving forces for charge-recombination (∆GRIP) and charge-separation 

(ΔGCS)were evaluated using the Weller-type approach18 according to equations (3.1) and 

(3.2) utilizing the redox potentials and the dielectric constants of the employed solvents 

as listed in Table 3.1.   

                     (3.1) 

                    (3.2)  

Where Eox is the first oxidation potential of the electron donor (TPA-P 0/▪+) and Ered is the 

first reduction potential of the electron acceptor (C60
0/▪–). Where ΔE0-0 is the energy of the 

lowest excited state of the electron donor evaluated from fluorescence emission (2.07 eV 

for 1ZnP* and 1.95 eV for 1H2P*). ΔGS refers to the static energy, calculated using 

equation (3.3).  

       

              
    (3.3) 

Where  0 and  R refer to vacuum permittivity and dielectric constant of the employed 

solvents, and RCt-Ct is the center-to-center distance between electron donor and electron 

acceptor and that can be obtained from computational studies. 

The generation of ((Ph2N)3-ZnP)▪+-C60
▪– in 2 and ((Ph2N)3-H2P)▪+-C60

▪– in 1 were 

exothermic via the singlet excited states of the porphyrin or the fullerene in PhCN as well 

as in o-DCB. 
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3.3.5 Steady State Fluorescence Studies 

As shown in Figure 3.5, when excited at the most intense visible band maxima 

(420-430 nm), the fluorescence spectrum of 1 and the control compound, 3 (having a 

phenyl entity instead of a fullerene entity) revealed emission bands at 670 and 732 nm, 

respectively, while the emission bands of 2 and its control compound, 4 were located at 

620 and 665 nm, respectively.  However, the emissions of 1 and 2 are found to be 

quenched over 90% compared to their control compounds.  As will be demonstrated later, 

this is due to PET from the singlet excited porphyrin to the fullerene entity.  It may be 

mentioned here that the porphyrin emission maxima are red-shifted by 20-25 nm 

compared to their tetraphenylporphyrin analogs, a trend similar to that observed for 

absorption maxima of these compounds. 
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Figure 3.5 Fluorescence Emission Spectra of 1-4 in o-DCB. Concentration of Porphyrins 
was held at 20 μM, and the Triphenylamine Moieties were Excited at λex= 307 nm. The 
asterisk indicates instrument grating line. 
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3.3.6 Time-Resolved Emission Studies 

In order to probe the kinetics of photochemical events, time-resolved fluorescence 

emission experiments were performed. Figure 3.6 shows fluorescence emission decay 

profiles of 1 and 3 in o-DCB and PhCN by the excitation of the porphyrin moiety (400 

nm). Fluorescence decay of the free base porphyrin moiety in 3 showed mono 

exponential decay (traces i and ii) whose lifetime was found to be close to that of pristine 

free-base tetraphenylporphyrin. In the studied solvents, fluorescence of the singlet excited 

porphyrin in 1 showed fast decays (traces iii and iv) which could be curve-fitted to a bi-

exponential function involving a major short lifetime and a minor longer lifetime as listed 

in Table 3.2.  

 

 

 

 

 

 

 

 

 

Figure 3.6 Fluorescence Decays (a) at 660-680 nm range of (i) 3 (0.02 mM, in o-DCB) 
(ii) 3 (0.02 mM in PhCN), (iii) 1 (0.02 mM in o-DCB) and (iv) 1 (0.02 mM in PhCN). 
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TABLE 3.2 

Fluorescence Lifetime (τF) of Porphyrins, Charge-Separation Rate-Constant (kS
CS), 

Charge-Separation Quantum yield (ΦS
CS) via Singlet Excited States of Porphyrins for 1 

and 2. 

 

Compound Solvent ΦF(P)/ns  
(fraction) 

kS
CS /s-1 Φ S

CS 

 

1 o-DCB 

PhCN 

1.11 (93%) 

0.79(75%) 

0.7 x 109 

1.1 x 109 

0.82 

0.87 

2 o-DCB 

PhCN 

0.21 (90%) 

0.17 (95%) 

4.3 x 109 

5.2 x 109 

0.89 

0.90 

τRef = 6.27 ns (in o-DCB) and 5.69 ns (in PhCN) for 3 and τRef = 1.85 ns (in o-DCB) and 
1.72 ns (in PhCN) for 4. 
 

Figure 3.7 shows fluorescence emission decay profiles of 2 and 4 in o-DCB and 

PhCN by excitation of the porphyrin moiety (400 nm). Fluorescence decay of the zinc 

porphyrin moiety in 4 also showed mono exponential decay (traces i and ii) whose 

lifetime was found to be close to that of the pristine zinc tetraphenylporphyrin.  However, 

the fluorescence time profiles of 2 showed quick decays (traces iii and iv) compared with 

the time profiles of the reference compound, 4 in o-DCB and PhCN.  Here also the decay 

could be fitted to a bi-exponential fitting curve.  The evaluated fluorescence lifetimes are 

summarized in Table 3.2. 
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Figure 3.7 Fluorescence Decays at 600-620 nm range of (i) 4 (0.02 mM in o-DCB), (ii) 4 
(0.02 mM in PhCN), (iii) 2 (0.02 mM in o-DCB), and (iv) 2 (0.02 mM in PhCN), λex = 
400 nm. 

 

These results suggest the occurrence of an excited singlet state quenching process 

of the porphyrins by the fullerene moiety in 1 and 2, which is in agreement with the 

steady-state emission experiments. The quenching process of the porphyrin emission 

could occur due to either energy or electron transfer processes. If energy transfer took 

place from the porphyrin to the fullerene entity there would be fluorescence emission of 

fullerene. Since, time resolved fluorescence spectra of 2, did not show a transient 

fluorescence peak of the fullerene moiety after decaying the fluorescence of the 

porphyrin moiety, the short lifetimes of the porphyrins were attributed to charge-
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found faster in more polar PhCN.  Therefore, the rates (kS
CS) and quantum yields (ΦS

CS) 

of charge separation were evaluated for 1 and 2 using equations (3.4) and (3.5) and the 

data are given in Table 3.2. 

  
   

 

          
 

 

    
  (3.4) 

  
   

  
  

           (3.5) 

Where kS
CS is charge-separation rate-constant, τS

CS is charge-separation quantum yield 

and ΦF is fluorescence lifetime via singlet excited states. 

The magnitudes of kS
CS and ΦS

CS reveal efficient charge separation from the 

singlet excited state of the porphyrin moiety to fullerene in 1 and 2. For 2, the kS
CS values 

were found to be (4 – 5) x 109 s-1 and the ΦS
CS values were 0.85 -0.90 in o-DCB and 

PhCN, which were larger than those for 1, suggesting a relatively faster and more 

efficient charge-separation process in ZnP than H2P in polar solvents. 

Due to delocalization of the HOMO into the peripheral triphenylamine entities, 

the (Ph2N)3-MP moiety is expected to act as a single unit during electron transfer from 

the singlet excited state of porphyrin.  Therefore these results suggest the occurrence of 

excited-state charge separation in 1 and 2, generating ((Ph2N)3-H2P)▪+-C60
▪– and 

((Ph2N)3-ZnP)▪+-C60
▪–  via  the excited-singlet states of the porphyrins and triphenylamine 

moieties.  The evaluated kS
CS and ΦS

CS values given in Table 3.2 generally follow the 

order: 1 < 2, that is, they depend upon the magnitude of the -∆GCS values, which suggests 

that this process belongs to the normal region of the Marcus parabola. 
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3.3.7 Nanosecond Transient Absorption Studies 

Nanosecond transient absorption techniques were performed to identify the 

electron transfer products and monitor the kinetics of charge recombination. Figure 3.8 

shows nanosecond transient absorption spectra of 2 observed with 532 nm laser light 

excitation of the ZnP moiety in deaerated PhCN.  

 

Figure 3.8 Nanosecond Transient Absorption Spectra of 2 after 532 nm Laser Irradiation 
in Ar-saturated PhCN. Inset: Time Profile at 1300 nm 

 

Absorption bands appeared at 720, 840 (shoulder), 1000 and 1200-1300 nm at 

100 ns after the 6 ns laser pulse excitation.  Similar transient absorption spectra were also 

observed with 355 nm laser light excitation of 2, where the (Ph2N)3 moiety was 
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(C60
▪–), and an intense and broad absorption band at 1200-1300 nm corresponding to the 

cation radical [(Ph2N)3-ZnP]▪+ were observed.  As mentioned earlier, the absorption peak 

position of [(Ph2N)3-ZnP]▪+ was different from that typically observed for the ZnP cation 

radicals, where only a broad band in the 500-700 nm region was reported.40,41 The intense 

absorption band at 720 nm was also due to [(Ph2N)3-ZnP]▪+. These results clearly 

demonstrate the generation of a charge-separated state, ((Ph2N)3-ZnP)▪+-C60
▪– as the main 

product either by the excitation of the zinc porphyrin entity or the triphenylamine entities 

of the multi-modular system, 2, in PhCN. 

The inset of Figure 3.8 shows the decay time profile of ((Ph2N)3-ZnP)▪+ at 1300 

nm in PhCN; almost the same decay profile was observed for the C60
▪– at 1000 nm.  

These diagnostic peaks are useful probes to examine the reaction course of ((Ph2N)3-

ZnP)▪+-C60
▪–.  Both spectral time profiles exhibited the same rise and the same decay, 

whose profiles followed a single exponential decay.  The initial rise was slow reaching a 

maximum at 200 ns, which does not correspond to the charge-separation rate evaluated 

from the fluorescence decay (5.2 x 109 s-1), as the half-rise should be 200 ps. Thus, such 

slow rise was attributed to the second charge separation via the excited triplet species, 

after the fast charge-separation via the singlet excited state of ZnP followed by fast 

charge-recombination.44  The rate of charge separation kT
CS via 3ZnP* was evaluated from 

the rise of the 1000 and 1300 nm bands for ((Ph2N)3-ZnP)▪+-C60
▪–  to be about 1.3 x 107 s-1 

in PhCN. The radical ion pair (Ph2N)3-ZnP)▪+-C60
▪– generated via 3ZnP* may have triplet 

spin character, which was supported by the easy quenching with added O2.45 The rate of 

charge recombination kT
CR for ((Ph2N)3-ZnP)▪+-C60

▪– with triplet spin character evaluated 

from the decay of the 1000 nm and 1300 nm bands was found to be about 1.0 x 106 s-1 
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corresponding to the lifetime of 1000 ns in PhCN, which may be far slower than the fast 

charge-recombination with singlet spin character.  

 

 

Figure 3.9 Nanosecond Transient Absorption Spectra of 1 (0.08 mM) after 532 nm Laser 
Irradiation in Ar-saturated PhCN. Inset shows Absorption Time Profile at 1020 nm. 

 

The transient absorption band at 1020 nm was attributedto C60
▪–  and the cation 

radical of the free-base porphyrin moiety appeared around 750 nm, which is in agreement 

with near IR absorption studies shown in Figure 3.2a.  These spectral features support the 

occurrence of the excited state charge separation from the free base porphyrin to the 

fullerene moiety, generating ((Ph2N)3-H2P)▪+-C60
▪–. The time profile at 1020 nm showed 

quick decay within the laser pulse (ca. 10 ns), followed by the slow rise generating 

prolonged ((Ph2N)3-H2P)▪+-C60
▪–. The quick decay may correspond to the fast charge-
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recombination of radical ion pair with singlet spin character.  From the slow-rise, the rate 

for slow charge-separation via the triplet states was evaluated; kT
CS = 1.0 x 106 s-1 in 

PhCN.  The rate of charge recombination kT
CR for ((Ph2N)3-H2P).+- C60

▪–was evaluated 

from the decay of the 1020 nm band to be about 5 x 105 s-1 corresponding to the lifetime 

of 2000 ns in PhCN, which is slower than kT
CR for ((Ph2N)3-ZnP)▪+-C60

▪–, suggesting they 

are to lie in the inverted region of the Marcus parabola.16,17 

 In less polar o-DCB with 532 nm laser excitation of 1 and 2, quite different 

transient absorption spectra were observed, in which most of the bands were attributed to 

the triplet states, suggesting that the initial charge-recombination is faster than the l0-ns 

laser pulse; in addition, the second charge-separation via the triplet states is an inefficient 

process. 

As mentioned earlier, with the 355 nm laser pulse exciting primarily the 

triphenylamine moiety of 1 and 2, energy transfer from the excited state of the 

triphenylamine moieties to the porphyrin moieties generates their excited states, from 

which electron transfer takes place. In addition, direct photo-ejection from the 

triphenylamine moieties to the fullerene may occur although this process is minor in 

PhCN compared to the charge separation process via the excited states of the porphyrin 

moieties.  

By using evaluated kS
CS and kT

CR in the PhCN, the ratio of kS
CS/kT

CR was evaluated 

as a measure of the extent of charge stabilization in the photoinduced electron transfer 

process.  These values were found to be 2200 for 1 and 5200 for 2 as shown in Table 3.3.  

The magnitudes of kT
CR evaluated for the present multi-modular systems are smaller than 

the reported ones for a number of tetraphenylporphyrin-fullerene based dyads in the 
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literature,44 which is a prominent effect induced by the introduction of three 

triphenylamine moieties on the porphyrin core. This clearly demonstrates charge 

stabilization in the multi-modular systems due to the delocalization of the radical cations 

as supported by the optical spectral data (Figures 3.1 and 3.4) and HOMO in Figure 3.3.   

TABLE 3.3 

Charge-Separation Rate-Constant (kT
CS) via Triplet Excited State, Charge-Recombination 

Rate Constant (kT
CR) and Lifetime of the Radical Ion-Pair (τRIP) with Triplet Spin 

Character for 1 and 2 in PhCN. 

 

Compound  kT
CS  / s–1 kT

CR / s–1 τRIP / ns  kS
CS /kT

CR 

 

1 1.1 x 106 5.0 x 105 2000 2200 

 

2 1.3 x 107 1.0 x 106 1000 5200 

 

 

3.4 Summary 

 The results of this study clearly shows the generation of long lived charge 

separated state due to charge stabilization via delocalization of porphyrin  -cation radical 

to the triphenylamine entities. The charge-separation processes were monitored by 

steady-state and time-resolved emission studies, which revealed the occurrence of 

sequential energy transfer and electron transfer processes. The photochemical events are 

depicted in the energy level diagram shown in Figure 3.10. Upon photo excitation of 

triphenylamine antenna moiety (1Ph3N*) transferred its excitation energy to pophyrin. 
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Then electron transfer taking place between excited porphyrin (1ZnP*) and C60 fullerene 

generating long lived charge separated state ((Ph2N)3-ZnP)▪+-C60
▪– due to  appreciable 

exothermic energetics. 
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.
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Figure 3.10 Energy Level Diagram Showing Different Photochemical Events of 2 in 
PhCN. 
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CHAPTER 4 

TRIPHENYLAMINE SUBSTITUTED PORPHYRIN-QUINONE CONJUGATES 

4.1 Introduction 

Electron transfer plays an essential role in reaction center producing long lived 

charge-separated states during the process of solar energy conversion in natural 

photosynthesis. The initial step involves transfer of an electron from the so-called 

‘special pair’ chlorophyll dimer to the quinone located within the reaction center.  The 

distant location of radical ion-pair species avoiding the energy  was this charge 

recombination and a small overall reorganization energy (λreorg ~ 0.2 eV) along with a 

well-balanced electronic coupling between different donor and acceptor entities results in 

long lived charge separation.1,2  Mimicry  of  primary events in natural photosynthesis via 

artificial molecular structures comprised of donor and acceptor entities has  become an 

indispensible part of research  in order to further improve the understanding of the 

mechanistic details and the associated technological developments in the area of 

optoelectronics and solar energy harvesting devices. From these studies the role of free-

energy of reaction, the magnitude of reorganization energy and the extent of electron 

coupling between the initial and final states have been established and theoretically 

modeled primarily by Marcus theory.16,17 

Among different electron donor-acceptor systems reported todate, several 

molecules such as quinone, methyl viologen, pyromellitic anhydride, nitro aromatics, 

fullerene and several metal complexes have been utilized as electron acceptors. 

Quinone29 has been popular mainly because of its biological relevance.  On the other 
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hand three-dimensional fullerene has attracted wide attention due to its properties which 

favor long-lived charge-separated states during electron transfer events.2a,6a,26-29 

In chapter 3, a zinc porphyrin-fullerene system in which the donor, zinc porphyrin 

was functionalized at the meso-positions with triphenylamine (TPA) entities46 was 

discussed in detail. There the TPA entities of the dyad played two important roles; first 

by promoting excitation transfer to the donor, and second, by stabilizing the charge 

separated states on the order of a few microseconds.  DFT calculations suggested that the 

improved charge stabilization is due to the extensive delocalization of the highest 

occupied molecular orbital (HOMO) on the entire donor entity. 

Intrigued with the previous findings, the model systems discussed in this chapter, 

were designed and synthesized by replacing the fullerene entity with the two-dimensional 

electron acceptor, quinone directly linked to the zinc porphyrin macrocycle, 5 with 

control compound, 6 lacking TPA meso-substituents.47 Molecular structures of 5 and 6, 

and their photochemical events are depicted in scheme 4.1. 
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Scheme 4.1 Molecular Structures of 5 and 6, and Photochemical Events of 5. 
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4.2 Synthesis 

Compound 5 was synthesized according to scheme 4.2. 

4.2.1  

5-(2,5-dimethoxyphenyl)-10,15,20-tri-N,N-diphenylporphyrin, 5a: 

To200 mL of propionic acid 2,5-dimethoxybenzaldehyde (12 mmol), 4-

formyltriphenylamine (37 mmol), and pyrrole (49 mmol) were added. The solution was 

refluxed for 3 h and the solvent was removed under reduced pressure. The crude 

productwas then washed several times with methanol and dried. Then loaded on a basic 

alumina column and eluted with CHCl3/hexane. 1H NMR (300 MHz; CDCl3): δH (ppm) -

2.69 (2H, s (br), pyrrole-NH), 3.5 (3H, s, 5-OCH3), 3.9 (3H, s, 2-OCH3), 7.0-7.16(12H, 

m,N-ph), 7.26 -7.36 (2H, m, ph), 7.38 -7.56 (24H, m,  m-ph and N-ph), 7.61 (1H, m, ph), 

8.1 (6H, m, o-ph), 8.80-9.0 (8H, m, pyrrole-H). MS (ESI): m/z 1175.49 (calcd. 1176.41). 
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Scheme 4.2 Synthesis of Compound 5. 
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4.2.2  

5-(2,5-dimethoxyphenyl)-10,15,20-tri-N,N-diphenylporphyrin, 5a: 

2,5-dimethoxybenzaldehyde (12 mmol), 4-formyltriphenylamine (37 mmol), and pyrrole 

(49 mmol) were dissolved in 400 mL of propionic acid. The reaction mixture was 

refluxed for 3 h and the solvent was evaporated under reduced pressure. The crude 

product was purified on a basic alumina column.  1H NMR (300 MHz; CDCl3): δH (ppm) 

-2.69 (2H, s (br), pyrrole-NH), 3.5 (3H, s, 5- OCH3), 3.9 (3H, s, 2-OCH3), 7.0-7.16 (12H, 

m, N-ph), 7.26 -7.36 (2H, m, ph), 7.38 -7.56 (24H, m,  m-ph and N-ph), 7.61 (1H, m, ph), 

8.1 (6H, m, o-ph), 8.80-9.0 (8H, m, pyrrole-H). MS (ESI): m/z 1175.49 (calcd. 1176.41). 

4.2.3  

5-[phenyl(2,5-dione)]-10,15,20-tri-N,N-diphenylporphyrin, 5b: 

A 9 mL solution of BBr3 (1M in CH2Cl2) was drop wise added to a solution of 5-[2,2'-

(2,5-dimethoxy)]-10,15,20-tri-N,N-diphenylporphyrin (1.0 mmol) in CH2Cl2 at -78oC. 

The solution was maintained at this temperature until the addition was completed and 

stirred at room temperature under oxygen for 12 h in dark. Then the mixture was brought 

to below 5 oC and 100 mL of cold water was added followed by addition of saturated 

sodium bicarbonate. After stirring 1 h at room temperature the organic layer was 

separated using CH2Cl2 and dried over anhydrous Na2SO4. The solvent was evaporated 

and the crude product was purified on silica column.  1H NMR (300 MHz; CDCl3): δH 

(ppm) -2.70 (2H, s (br), pyrrole-NH), 7.26-7.31(12H, m,N-ph), 7.39 -7.48 (2H, m, ph), 

7.48 -7.55 (24H, m,m-ph and N-ph), 7.60 (1H, m, ph), 8.05-8.15 (6H, m, o-ph), 8.90-9.05 

(8H, m, pyrrole-H). MS (ESI): m/z 1145.44 (calcd. 1146.34). 
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4.2.4  

5-[phenyl(2,5-dione)]-10,15,20-tri-N,N-diphenylporphyrinatozinc(II), 5: 

A 0.0125 mmol of free base porphyrin was dissolved in 30 mL of CHCl3, a saturated 

solution of zinc acetate dihydrate in methanol (5 mL) was added. The solution was stirred 

for 3 h. The reaction was monitored with UV-Vis spectrometry. After work-up, the 

solvent was evaporated and purified on a silica column and eluted with CHCl3/hexanes. 

1H NMR (300 MHz; CDCl3): δH (ppm) 7.26-7.31 (12H, m, N-ph), 7.39 -7.48 (2H, m, ph), 

7.48 -7.55 (24H, m, m-ph and N-ph), 7.60 (1H, m, ph), 8.05-8.15 (6H, m, o-ph), 8.90-

9.05 (8H, m, pyrrole-H). MS (ESI): m/z 1207.36 (calcd. 1209.73). 

4.3 Results and Discussion 

4.3.1 UV-Vis Absorption Studies 

Figure 4.1 shows the optical absorption spectra of 5 along with a control 

compound, meso-tetrakis(triphenylamine)porphyrinatozinc (C4), (TPA)4-ZnP, that is, a 

compound having four TPA entities at the four meso positions and lacking the quinone 

entity, in PhCN.  Absorption bands of 5 were located at 309 nm, 444 nm (Soret), 565 and 

611 nm (Q-bands), respectively.  The 309 nm band is due to TPA entities. These peak 

maxima of porphyrin macrocycle were found to be red shifted by up to 6 nm compared to 

(TPA)4-ZnP. These results indicate substantial interactions between the porphyrin  -

system with the directly linked quinone entity in the ground state.  Additionally, the peak 

maxima for compound 6 were located at 418, 549 and 618 nm, respectively, for the Soret 

and Q-band transitions with much narrower bands compared to 5.47,48 The large red shift 

of up to 26 nm for 5 along with broader bands as compared to 6 suggests strong 

electronic interactions between the TPA entities and the porphyrin  -system. These 
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results suggest that both the triphenylamine and quinone substituents of 5 interact 

strongly with the porphyrin   -system and modulate the electronic structure. 

 

Figure 4.1 Absorption Spectra Normalized to the Soret band of (i) 5 and (ii) (TPA)4-ZnP 
in PhCN. 
 

4.3.2 Computational Studies 

Computational studies were performed using density functional methods (DFT) at 

the B3LYP/3-21G(*)42 level on 5 in order to gain insights into the geometry and 

electronic structure. Compound 5 was optimized to a stationary point on the Born-

Oppenheimer potential energy surface whose structure is shown in Figure 4.2a.  The 

porphyrin ring was found to be almost flat with no appreciable ring puckering due to the 

presence of the meso-substituents.  The quinone entity attached at the meso position of 

the porphyrin macrocycle was tilted at an angle of 78o.  The molecular electrostatic 

potential map (MEP) for compound 5 in Figure 4.2b clearly shows electron deficient site 

on the quinone entity.  In the optimized structure, the HOMO as shown in Figure 4.2c 

was localized on the porphyrin macrocycle with considerable contribution also on the 
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peripheral TPA entities, while the LUMO was fully localized on the quinone entity as 

shown in Figure 4.2d.  These results suggest that the TPA-substituted porphyrin is an 

electron donor and quinone an electron acceptor in electron transfer reactions.  The 

computed gas phase HOMO-LUMO gap was found to be 1.56 eV which was smaller 

than the HOMO-LUMO gap of 6 being 1.82 eV.49 Although the electrochemical studies 

indicate involvement of ZnP entity in the first oxidation process, the appearance of part 

of the HOMO over the peripheral TPA substituents is expected to stabilize the radical 

cation by delocalization, ultimately slowing down the charge recombination during the 

light induced electron transfer process. 

 

 

 

 

 

 

 

 

Figure 4.2  B3LYP/3-21G(*) Optimized, (a) Geometry, (b) Molecular Electrostatic 
Potential map,   (c) HOMO and (d) LUMO of 5. 
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4.3.3 Electrochemistry and Free Energy Calculations 

Electrochemical studies were performed to evaluate the redox potentials of 5 in 

PhCN using the differential pulse voltammetric (DPV) technique as shown in Figure 4.3.  

Since electrochemistry of 6 has earlier been reported its DPV has been excluded.48,49 

During anodic scan, compound 5 revealed oxidation processes corresponding to both 

porphyrin macrocycle and TPA entities. The two one-electron anodic processes 

corresponding to porphyrin macrocycle oxidation were located at 0.29 and 0.49 V vs. 

Fc/Fc+. The third anodic process involving at least four-electrons was located at 0.72 V 

vs. Fc/Fc+ corresponding to TPA oxidation. During the cathodic scan, reduction 

processes corresponding to both quinone and porphyrin macrocycle were observed. The 

two one-electron cathodic processes corresponding to the quinone entity were located at -

0.81 and -0.93 V vs. Fc/Fc+ while the porphyrin ring-based one-electron reductions 

appeared at -1.80 and -2.01 V vs. Fc/Fc+, respectively. It should be mentioned here that 

the site of electron transfer was assigned based on comparative electrochemistry 

involving the control compounds and spectroelectrochemical studies.46, 50, 51 

 

Figure 4.3 Differential Pulse Voltammogram of 5 (~0.5 mM) in PhCN Containing 0.1 M    
(TBAP)ClO4. Scan rate = 20 mV/s, Pulse width = 50 ms, Step time = 100 ms and Pulse 
height = 0.025 V. 
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The reduction of the quinone entity of 5 was positively shifted compared to the 

first reduction of dyad 6 located at -0.85 V vs. Fc/Fc+ in benzonitrile.   The HOMO-

LUMO gap for 5, calculated from the first oxidation potential of porphyrin and the first 

reduction potential of quinone, was found to be 1.10 V in PhCN. The calculated HOMO-

LUMO gap is smaller by about 130 mV as compared to 6 which could be attributed to the 

influence of the peripheral electron donating TPA entities. 

The driving forces for charge-recombination (∆GRIP) and charge-separation 

(ΔGCS) were evaluated using the Weller-type approach18 according to equations (3.1), 

(3.2), and (3.3) discussed in chapter 3. That gave 1.26 eV and 1.39 eV as the energies of 

the CS states of 5 and 6, respectively. ΔE0-0 is evaluatedfrom the first Q band in the 

absorption spectrum and found to be 2.03 eV and 2.01 eV for 5 and 6, respectively. Such 

calculations reveal that the generation of ((Ph2N)3-ZnP)▪+-Q▪– in 5 and ZnP▪+-Q▪– in 6 are 

exothermic via the singlet excited state of the porphyrin in PhCN. 

4.3.4 Steady State Fluorescence Studies 

Figure 4.4 shows the fluorescence emission spectra of 5 along with the control 

compound, C4, (TPA)4-ZnP.  The emission band of 5 was found to be red shifted by 

about 9 nm compared with the (TPA)4-ZnP in addition to more than 80% quenching. The 

emission corresponding to 6 was also found to be highly quenched accompanied with a 

small red shift, compared to its control compound, C2, meso-tetraphenyl 

porphyrinatozinc(II),  ZnTPP.  In agreement with the absorption behavior, the emission 

maximum of 5 was found to be red shifted by ~25 nm compared with the emission 

maximum of 6.48  These results suggest occurrence of excited state events in 5 from the 

singlet excited zinc porphyrin entity. When (TPA)4-ZnP was excited at 318 nm 
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corresponding to the absorption of TPA entities, a new emission at 480 nm was 

observed.46  Control experiments performed using triphenylamine confirmed that this 

band is due to the emission of peripheral substituents.  However, when compared with the 

emission intensity of triphenylamine, the emission of (TPA)4-ZnP was found to be 

substantially quenched.  Further scanning the emission wavelength into the red region 

revealed additional bands corresponding to porphyrin emission, which was not observed 

for ZnTPP lacking TPA entities.  Excitation spectrum recorded by fixing the emission 

monochromator to the porphyrin emission maxima at 632 nm revealed absorption peaks 

of TPA entities.46 These results indicate occurrence of excitation transfer from the TPA 

entities to the zincporphyrin of (TPA)4-ZnP.15 Due to structural similarities such an 

energy transfer process is also possible in 5, although the emission bands were almost 

completely quenched because of the additional quinone entity.  These observations 

suggest the occurrence of sequential energy transfer followed by electron transfer in 5 

when the peripheral TPA entities were directly excited in polar PhCN. 

 

Figure 4.4 Fluorescence Emission Spectra of (i) 5 and (ii) (TPA)4-ZnP in PhCN, λex= 564 
nm. 
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4.3.5 Nanosecond Transient Absorption Studies 

Transient absorption studies were performed to identify the charged species as 

products of the electron transfer reaction and also to evaluate the kinetics of charge 

separation and recombination. Figure 4.5 shows the pump-probe absorption decay curves 

of 5 in PhCN after exciting the zinc porphyrin macrocycle at 410 nm. The component 

with a lifetime of 1.1 ps, shows a characteristic band around 770 nm and that can be 

attributed to TPA substituted zinc porphyrin  -cation radical based on observations of 

compound 4 which was studied in chapter 3. Therefore the component with a lifetime 1.1 

ps can be attributed to the charge separated state. Since, the 0.3 ps component is a mirror 

image of the 1.1 ps component that would correspond to formation of the charge 

separated state from singlet excited state of zinc porphyrin. 
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Figure 4.5 Transient Absorption Decay Component Spectra of 5 in PhCN Measured with 
the Femtosecond Pump-Probe Method, λex= 420 nm. The Spectra with Time Constants 
0.3 and 1.1 ps Correspond to the Charge Separation and Recombination Reactions, 
Respectively, and the Longer-Lived Components Originates from the Solvent Response. 
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Similar behavior was observed for compound 6, the charge separated state was 

formed at 0.37 ps and decayed at 2 ps. The bands with 2 ps component corresponded well 

with that of ZnTPP  -radical cation, which has absorbance around 500-700 nm, lower 

wavelength range compared to that of 5. 

According to Marcus electron transfer theory, the reorganization energy (λ) of the 

electron transfer reaction can be estimated from time constants for charge separation and 

recombination, and the energies of the states using equation (1.6) and (1.7) mentioned in 

chapter 3. The calculated values for λ are 0.89 eV and 0.90 eV for 5 and 6, respectively, 

and they are quite reasonable for porphyrin-quinone dyads reported in litrature.52 

4.3.6 Flash-Photolysis Measurements 

The flash-photolysis measurements in the microsecond time-scale were performed 

to investigate possible contribution of the triplet excited state to photoinduced electron 

transfer. The measurements were carried out under nitrogen flow to reduce triplet state 

quenching by molecular oxygen dissolved in the solvent. The excitation wavelength was 

set as 355 nm for selective excitation of TPA moieties. Energy transfer from excited 

triphenylamines to zinc porphyrin was expected, because it was observed earlier for 

compound 2, discussed in chapter 3, a similar dyad with fullerene as the acceptor instead 

of quinone.46 However the efficiency of the singlet-singlet energy transfer was estimated 

to be 80%, which indicates that a considerable part of excited TPA chromophores relax to 

the triplet excited state. One can also notice that through the multiple excitation of one 

and the same molecule by a relatively long (15 ns) laser pulse at 355 nm the actual yield 

of the triplet state after the excitation may exceed 20%, thus generate relatively strong 

transient absorption response of the samples. 
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In time domain of flash photolysis measurements (>20 ns) and selective excitation 

of TPA at 355 nm one can expect to observe triplet excited states of TPA due to 

intersystem crossing, and zinc porphyrin chromophore due to singlet state energy transfer 

from TPA. 

Figure 4.6 shows the transient absorption spectrum of (TPA)4-ZnP measured right 

after excitation (spectrum denoted as “at t = 0”). A strong absorption band was located 

around 1000 nm. Since the triplet state of regular ZnTPP does not have a band in that nm 

range, the 1000 nm band can be attributed to triplet TPA absorption. This can be further 

supported by the studies of TPA appended compounds in chapter 3. The intensity of the 

1000 nm band decreases with time drastically. This change can be attributed to the 

triplet-triplet energy transfer to the Zn porphyrin chromophore.46 

 

Figure 4.6 Transient Absorption Decay Component Spectra of (TPA)4-ZnP, λex= 355 nm 
and Calculated Spectrum at 0 Delay time Measured with the Microsecond Flash-
Photolysis Method. 

 

Figure 4.7 shows the transient absorption decay component spectra of 5 at 355 nm 

excitation. The spectrum detected at 0 delay time, also shows a strong absorption band 

around 1000 nm region. This band is clearly attributed to the triplet state of TPA 



75 

chromophores in compound 5. Global fitting of the transient absorption decays of 5 

requires at least three exponential components which resulted in decay associated spectra 

presented in Figure 4.7. The triplet state of TPA chromophores relaxes by yielding two 

other intermediate states. At first, a state with rather broad and featureless absorption 

appears (the spectrum at t = 30 µs), and then a state with a broad but clear band around 

1300 nm is formed (the longest-lived component, 840 µs). The latter can be attributed to 

the zinc porphyrin cation with triplet character, i.e. to the charge separated triplet state.46, 

53 Based on this observation a three step relaxation of TPA triplet state can be proposed. 

The first step is intramolecular triplet-triplet energy transfer from TPA chromophore to 

ZnP moiety with time constant 15 µs. Second is charge separation between the porphyrin 

and quinone moieties with 81 µs time constant, and finally the charge recombination with 

time constant 840 µs.  Further studies involving time resolved EPR may be needed to 

confirm this long-lived charge separated state. 

 

 

Figure 4.7 Transient Absorption Decay Component Spectra of 5, λex= 355 nm and 
Calculated Spectrum at 0 Delay time Measured with the Microsecond Flash-Photolysis 
Method. 
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The triplet nature of the charge separated state can be confirmed by repeating the 

measurements for the air saturated sample which has dissolved molecular oxygen and 

compare the transient absorption decays in air and under nitrogen as shown in Figure 4.8. 

Molecular oxygen is known to quench the triplet state efficiently, which reduces the yield 

of the charge separated state gradually, but the lifetime of charge separated state formed 

in air saturated sample remains virtually identical to that in deoxygenated sample. 

 

Figure 4.8 Transient Absorption Decays of 5 in PhCN at 1480 nm Measured with the 
Microsecond Flash-Photolysis Method, λex = 355 nm in open air and under nitrogen. 

 

Based on the results showed, photochemical reactions of 5 can be presented as 

shown in scheme 4.3. When TPA units are selectively exciting at 355 nm, the intersystem 

crossing populates the triplet state of TPA units followed by the triplet-triplet energy 

transfer to yield the triplet state of ZnP. The long-living charge separated state with triplet 

spin character is then formed from the Zn porphyrin triplet state. Alternatively, if the Zn 

porphyrin is directly excited (at 410 nm), a rapid electron transfer reaction occurs from 

the singlet excited state and the formed charge separated state with singlet spin character 

relaxes quickly to the ground state. A distinct difference between the charge separated 
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states with singlet and triplet spin characters can be attributed to a short (single carbon 

bond) linker between the donor, porphyrin, and acceptor, quinone, moieties, in which 

case some degree of electronic coupling between the donor and acceptor remains after the 

electron transfer, thus preserving multiplicity of the whole dyad. 

 

 

 

 

 

 

 

Scheme 4.3 Suggested Photochemical Reactions for 5. 

4.4 Summary 

Photoinduced processes of the triphenylamine substituted porphyrin-quinone 

artificial donor-acceptor system, 5 were investigated by time-resolved spectroscopic 

techniques including pump probe and up-conversion methods.  The spectral and 

computational studies revealed appreciable electronic interactions between the porphyrin 

 -system and both the TPA and quinone meso-substituents.  The free-energy change for 

charge-separation and charge-recombination were evaluated using electrochemical and 

absorption data.  The charge-separation processes were monitored by steady-state and 

1(TPA)3
*ZnP-Q

(TPA)3ZnP-Q

(TPA)3
1ZnP*-Q

(TPA)3
3ZnP*-Q

1[(TPA)3ZnP•+-Q•–] 3[(TPA)3ZnP•+-Q•–]

0.3 ps

1 ps 840 s

80 s

3(TPA)3
*ZnP-Q

15 s



78 

time-resolved emission studies, which revealed occurrence of efficient electron transfer 

processes in 5. The electron transfer reaction path was found to be dependent on the 

excitation wavelength, i.e., whether the Zn porphyrin was excited directly or via the 

triphenylamine moieties. When Zn porphyrin was predominantly excited, a rapid charge 

separation followed by equally fast charge recombination was observed. Instead, 

excitation of the TPA substituents leads to an extremely long-lived charge-separated state 

with triplet spin character via the TPA triplet and Zn porphyrin triplet states. 
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CHAPTER 5 

SUPRAMOLECULAR TRIADS COMPOSED OF CROWN BDP ZINC 
PORPHYRIN AND FULLERENE 

 
 

5.1 Introduction 

Inspired by natural photosynthesis there have been a number of artificial 

photosynthetic models in the literature capable of mimicking the energy and electron 

transfer processes of natural photosynthesis in order to accomplish a long lived charge-

separated state.1-7 Fullerenes and porphyrins have been successfully utilized in 

construction of such artificial systems owing to their redox and photophysical properties 

12,19-23,26 which can be tuned in order to accelerate the forward electron transfer and slow 

down charge recombination to yield a stable radical ion pair. Both covalent as well as 

self-assembled bonding approaches have been utilized in the construction of these model 

systems. However, construction of artificial antenna-reaction center models revealing 

both ultrafast energy transfer and formation of long-lived charge-separated states have 

remained as a challenge due to the associated synthetic challenges in addition to 

matching and positioning the energy states of the different entities. 

Artificial model systems discussed in this chapter comprise of boron dipyrrin 

(BDP or BODIPY®) as antenna, zinc porphyrin (ZnP) as primary electron donor, and 

fullerene (C60) as primary electron acceptor in order to achieve a long lived charge 

separated state.  As shown in scheme 5.1, the antenna BDP entity was placed between the 

electron donor zinc porphyrin and electron acceptor fullerene to increase the distance 

between them. BDP was utilized as antenna chromophore due to its photophysical and 

synthetic advantages24,25 over common antenna molecules, as discussed in chapter 1. 
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Scheme 5.1 Molecular Structure and Photochemical Events of Supramolecular Triad, 15. 

5.2 Synthesis  

Crown-BDP-ZnPorphyrin dyad, 9 was synthesized according to scheme 5.2. 

5.2.1  

5-[(3,4-dimethoxyphenyl)]-10,15,20-tritolylporphyrin: 

3,4-dimethoxybenzaldehyde (12 mmol), tolylaldehyde (37 mmol), and pyrrole (49 mmol) 

were dissolved in 200 mL of dry CHCl3 and the resultant mixture was stirred under argon 

for 1.5 h. Then BF3.O(Et)2 (16.3 mmol) was added. Porphyrin formation leveled off after 

1 h. p-chloronil (37 mmol) was then added to reddish-black reaction mixture and the 

resultant mixture was stirred at room temperature for 1 h. Triethylamine (37 mmol) was 

added, and the reaction mixture was stirred for 15 min. The crude product was purified 
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on a basic alumina column. 1H NMR (400 MHz; CDCl3): δH (ppm) 8.94-8.86 (m, 8H, β-

pyrrole-H), 8.14-8.08 (m, 6H, o-phenyl-H), 7.81-7.80 (m, 1H, substituted phenyl-H), 

7.79-7.74 (m, 1H, substituted phenyl-H), 7.58-7.52 (m, 6H, m-phenyl-H and phenyl-H), 

7.24-7.20 (m, 1H, substituted phenyl-H), 4.20 (s, 3H, 3-OCH3), 4.0 (s, 3H, 4- OCH3), -

2.69 (s (br), 2H, imino-H). MS (ESI): m/z 717.1 (calcd. 716.87). 

5.2.2  

5-[(3,4-dihydroxyphenyl)]-10,15,20-tritolylporphyrin, 7:  

This compound was synthesized according to the reported procedure with few 

modifications.54 A 9 mL of BBr3 (1M in CH2Cl2) was drop wise added to a solution of 5-

[(3,4-dimethoxyphenyl)]-10,15,20-tritolylporphyrin (1.0 mmol) in CH2Cl2 at -78oC. The 

solution was maintained at this temperature until the addition was completed and stirred 

at room temperature for 12 h. Then the mixture was brought to below 5 oC and 100 mL of 

cold water was added followed by addition of saturated sodium bicarbonate. After 

stirring 1 h at room temperature the organic layer was separated using CH2Cl2 and dried 

over anhydrous Na2SO4. The solvent was evaporated and the crude product was purified 

on silica column. 1H NMR (400MHz; CDCl3): δH (ppm) 8.94-8.86 (m, 8H, β-pyrrole-H), 

8.14-8.08 (m, 6H, ortho-phenyl-H), 7.81-7.80 (m, 1H, substituted phenyl-H), 7.79-7.74 

(m, 1H, substituted phenyl-H), 7.58-7.52 (m, 6H, meta-phenyl-H and phenyl-H), 7.24-

7.20 (m, 1H, substituted phenyl-H), 2.70 (s, 9H, CH3-H), -2.69 (s (br), 2H, imino-H). MS 

(ESI): m/z 689.04 (calcd. 688.81). 
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Scheme 5.2 Synthesis of Compound 9. 

5.2.3  

Meso-(benzo-18-crown-6)difluoroborondipyrrin, 8: 

This compound was synthesized according to the procedure of Imahori and coworkers.30 

To a mixture of 4-formylbenzo-18-crown-6 (12.4 mmol) and 2,4-dimethylpyrrole (2.16 
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mL, 21.1 mmol) in 800 mL of CH2Cl2, trifluoroacetic acid (0.19 mL, 2.47 mmol) was 

added. The reaction mixture was stirred at room temperature under argon. After 1.5 h the 

resulting solution was washed with 0.1M NaOH (200 mL) and then water (200 mL). The 

organic layer was dried over anhydrous Na2SO4 and evaporated under reduced pressure. 

The residue was dissolved in toluene (50 mL) and p-chloranil (2.73 g, 11.1 mmol) was 

added. After about 10 min Et3N (8 mL) was added followed by BF3·Et2O (7 mL). The 

mixture was stirred for 1.5 h and then poured into water. The organic layer was extracted 

and dried over anhydrous Na2SO4 and evaporated under reduced pressure. The crude 

product was purified using column chromatography.  1H NMR (400 MHz; CDCl3): δH 

(ppm) 6.9 (m, 1H, aryl-H), 6.8-6.7 (m, 2H, aryl-H), 5.99 (s, 2H, pyrrole-H), 4.2-3.6 (m, 

20H, crownethylene-H), 2.55 (s, 6H,-CH3-H), 1.41 (s, 6H, CH3-H). MS (ESI): m/z 

581.1(with Na+) (calcd. 558.42). 

5.2.4  

5-[(3,4-dioxyboronmeso-(benzo-18-crown-6)-dipyrrin]-10,15,20-tritolylporphyrin:  

Meso (Benzo-18-crown-6)-difluoroboron dipyrrin (0.730 mmol) was dissolved in dry 

CH2Cl2 (20 mL) and stirred under argon for 10 min. Then AlCl3 (146 mg, 1.096 mmol) 

was added and stirred for additional 15 min before addition of 5-[(3,4-dihydroxyphenyl)]-

10,15,20-tritolyl-porphyrin (1.096 mmol).55  The mixture was stirred for 20 min and the 

solvent was evaporated under reduced pressure. The crude product was purified using a 

deactivated basic alumina column to give desired compound. 1H NMR (400 MHz; 

CDCl3): δH (ppm) 9.05-8.80 (m, 8H, β-pyrrole-H), 8.18-8.0 (m, 6H, o-phenyl-H), 7.65-

7.61 (m, 2H, substituted phenyl-H),  7.58-7.42 (m, 6H, m-phenyl-H and phenyl), 7.12 (m, 

1H, substituted phenyl-H), 6.9 (m, 1H, aryl-H), 6.8-6.7 (m, 2H, aryl-H), 5.99 (s, 2H, 
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pyrrole-H), 4.2-3.6 (m, 20H, crown-H), 2.70 (s, 3H, CH3-H), 2.55 (s, 6H,-CH3-H), 1.41 

(s, 6H, CH3-H), -2.69 (s (br), 2H, imino-H). MALDI-MS calcd. 1207.22, found 1207.46. 

5.2.5 

5-[(3,4-dioxyboronmeso-(benzo-18-crown-6)-dipyrrin]-10,15,20-
tritolylporphyrinatozinc(II), 9: 
 

A 0.0125 mmol of crown-BDP-free base porphyrin was dissolved in 30 mL of CHCl3, 

and asaturated solution of zinc acetate dihyderate in 5 mL of methanol was added and the 

mixture was stirred for 3 h. The course of the reaction was monitored spectroscopically. 

After work-up, the solvent was evaporated and the product was purified on silica gel 

column. 1H NMR (400 MHz; CDCl3): δH (ppm) 9.05-8.80 (m, 8H, β-pyrrole-H), 8.18-8.0 

(m, 6H, ortho-phenyl-H), 7.65-7.61 (m, 2H, substituted phenyl-H),  7.58-7.42 (m, 6H, m-

phenyl-H and phenyl), 7.12 (m, 1H, substituted phenyl-H), 6.9 (m, 1H, aryl-H), 6.8-6.7 

(m, 2H, aryl-H), 5.99 (s, 2H, pyrrole-H), 4.2-3.6 (m, 20H, crownethylene-H), 2.70 (s, 9H, 

CH3-H),  2.55 (s, 6H,-CH3-H), 1.41 (s, 6H, CH3-H). MALDI-MS calcd. 1270.62, found 

1270.85. 

Fullerene derivative was synthesized according to scheme 5.3 following previously 

reported procedure.54 

5.2.6  

N-Boc-(2-amino)ethylamine, 10: 

A 20 mL of ethylenediamine (0.3 mols) was dissolved in 300 mL of CHCl3 and stirred at 

0oC. Then a solution of di-tert-butyl bicarbonate (6.53 g, 0.03 mol) in 100 mL of CHCl3 

was added to ethylenediamine solution during 2.5 h time while maintaining the 

temperature at 0 oC. Then the reaction mixture was stirred additional 24 h at room 
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temperature and gave a water wash. The organic layer was dried over anhydrous Na2SO4 

and evaporated to yield the compound as yellow oil. 1H NMR (300 MHz; CDCl3) δH 

(ppm) 5.28 (s, br, 1H,-NH), 3.25-3.08 (m, 2H, CH2), 2.8 (t, 2H, CH2), 1.65-1.40 (m, 9H, 

Boc-H). 
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Scheme 5.3 Synthesis of Compound 14. 

5.2.7  

Benzyl-N-[2-(N-Boc)aminoethyl]glycinate, 11: 

A solution of benzyl 2-bromoacetate (1.53 g, 1.1 mL, 6.67 mmol) dissolved in 30 mL of 

1,4-dioxane was added to a solution of 10 (3.2 g,0.02 mol) in 20 mL of 1,4-dioxane at 0 
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oC over a period of 1 h. Then the mixture was stirred overnight. The solvent was 

evaporated. The residue was given a water wash and extracted with ethyl acetate. The 

organic layer was dried over anhydrous Na2SO4 and evaporated. The crude was purified 

using silica column, desired compound was eluted with Pet Ether:EtOAc (4:6-2:8) and 

yielded yellow oil after solvent evaporation. 1H NMR (300 MHz; CDCl3): δH (ppm) 7.45-

7.40 (m, 5H, phenyl-H), 5.18 (s, 2H, CH2), 5.04 (s, br, 1H, NH), 3.45 (s, 2H, benzyl 

CH2), 3.25-3.15 (m, 2H, CH2), 2.74 (t, 2H, CH2), 1.65 (s, br, 1H, NH), 1.45 (s, 9H, Boc-

H). 

5.2.8  

N-[2-(N-Boc)aminoethyl]glycine, 12: 

Compound 11 (1.55 g, 5 mmol) was dissolved in 20 mL of methanol and it was 

hydrogenated with 100 mg of 5% Pd/C, under 1 atm pressure for 24 h. The catalyst was 

removed by filtration on celite and the solvent was evaporated. The residue was triturated 

in diethyl ether to give the desired product as a white solid. 1H NMR (300 MHz; D2O): δH 

(ppm) 3.52 (s, 2H, CH2), 3.45 (t, 2H, CH2), 3.18 (t, 2H, CH2), 1.45 (s, 9H, Boc-H) 

5.2.9  

N-[2-(N-Boc)aminoethyl]-2-phenyl-3,4-fulleropyrolidine, 13: 

C60 (200 mg, 0.28 mmol), 12 (122 mg, 0.56 mmol) and benzaldehyde (140.4 μL, 1.4 

mmol) were taken in 200 mL of toluene and the mixture was refluxed for 2 h. After 

cooling to room temperature, the solvent was evaporated and the crude was purified on 

silica by flash chromatography using toluene: EtOAc (98:2) as eluent. 1H NMR (300 

MHz; CDCl3: CS2, 1:1 (v/v)): δH (ppm) 7.84-7.74 (m, 2H, phenyl-H), 7.46-7.32 (m, 3H, 
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phenyl H), 5.22-5.05 (m, 3H, NH & CH2), 4.2 (d, 1H, pyrrolidine-H),  3.78-3.58 (m, 1H, 

pyrrolidine-H), 3.45-3.30 ( m, 1H, CH2), 2.78-2.65 ( m, 1H, CH2), 1.52 (s, 9H, Boc-H) 

Compound, 13 (123 mg, 0.13 mmol) was taken in 15 mL of CH2Cl2 and 3 mL of TFA 

was added. The reaction mixture was stirred for 3 h and solvent and excess acid were 

removed under reduced pressure. The residue was dissolved in CH2Cl2 to remove 

unreacted starting material. Evaporation followed by drying yielded the compound, 14 as 

brown solid. ESI mass (in CH2Cl2+ CH3OH): calcd, 883.26 (without CF3COO-) found, 

[M+] 883.2 (100%). 

5.3 Results and Discussion 

5.3.1 UV-Vis Absorption Studies  

The absorption spectrum of crown-BDP-ZnP dyad, 9 is shown in Figure 5.1. The 

absorption bands were located at 433 nm, 510 nm, 562 nm and 604 nm, respectively. The 

510 nm band revealed the presence of BDP while 433 nm, 562 nm and 604 nm bands 

were attributed to characteristic Soret (B band) and two Q bands of zinc porphyrin (ZnP), 

respectively. The BDP band at 510 nm was found to be red shifted by ~6 nm compared to 

the control, Crown-BDP lacking ZnP while the ZnP Soret  was found also to be red 

shifted by ~ 3 nm compared to control, zinc tetratolylporphyrin, ZnP.  These observations 

suggest fair amount of electronic interactions between the two chromophores perhaps due 

to the linkage through the BDP core involving the central boron atom.56 
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Figure 5.1 Absorption Spectra of (i) Crown-BDP-ZnP, 9 (ii) ZnP, and (iii) Crown-BDP in 
PhCN. 

The self-assembly of the crown-BDP-ZnP dyad, 9 and alkyl ammonium 

functionalized fullerene, 14 was monitored spectroscopically using optical absorption 

studies.  Figure 5.2 shows absorption spectral changes observed during increasing 

addition of fullerene to the dyad solution in PhCN.  The bands corresponding to both 

BDP and ZnP revealed an increase without any appreciable spectral shifts.  The 

fulleropyrrolidine peak appeared at 328 nm.  The final spectrum of the triad was a 

straightforward sum of the spectra of the dyad and fullerene suggesting lack of 

intermolecular interaction between the fullerene and BDP or ZnP entities. 
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Figure 5.2 Absorption Spectral Changes Observed for the Crown-BDP-ZnP (6 μM), 9 on 
Increasing Addition of Alkyl Ammonium Functionalized Fullerene, 14 (0.2 eq. each 
addition) in PhCN.   

5.3.2 Computational Studies 

Computational studies at the B3LYP/3-21G(*) level42,43 were performed to 

visualize the geometry and electronic structure of the supramolecular triad, 15. Figure 

5.3a shows the optimized structure on a Born-Oppenheimer potential energy surface in 

which the fullerene was far from both the BDP and ZnP entities to cause any 

intermolecular interactions, an observation that readily agrees with the optical absorption 

data shown in Figure 5.1. In the optimized structure, the BDP and ZnP were coplanar 

with an orthogonal orientation of the bridging phenyl entity. The crown ether bound 

fullerene was almost perpendicular to the macrocycle planes. The center-to-center 

distance between Zn and C60 was found to be 23.6 Å while this distance between zinc and 
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boron atoms of the crown-BDP-ZnP dyad was 9.5 Å. The frontier HOMO and LUMO are 

shown in Figure 5.3b and 5.3c, respectively.  The HOMO was spread all over the 

porphyrin  -system with some contribution over the phenyl ring connecting the BDP 

entity while the LUMO was found to be fully localized on the fullerene entity.  The 

B3LYP/3-21G(*) estimated gas phase HOMO-LUMO gap was found to be 0.72 eV. 

These results suggest ZnP to be the primary electron donor and fullerene being the 

terminal electron acceptor in spite of arranging them in a different fashion as shown in 

Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 (a) B3LYP/3-21G(*) Optimized Structure (b) HOMO, (c) LUMO of the 
Supramolecular Triad, 15. 
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5.3.3 Electrochemistry and Free Energy Calculations 

Cyclic voltammetric studies were performed to arrive at the redox potentials of 

the supramolecular triad, 15.  Figure 5.4 shows cyclic voltammograms of 15 along with 

the control compounds during both negative and positive scanning of the potential.  The 

first two reductions of the C60 alkyl ammonium cation, 14 were located at E1/2 = -1.03 

and -1.45 V vs. Fc/Fc+, respectively, as shown in Figure 5.4a. The peak-to-peak 

separation and plots of peak current versus square root of scan rate indicated both 

reductions to be one-electron reversible processes.  Figure 5.4b shows the crown ether-

BDP-ZnP, 9 revealed three oxidations located at E1/2 = 0.25 and 0.58 and 0.78 V vs. 

Fc/Fc+.  Control experiments confirmed that the first two processes involve oxidation of 

the ZnP macrocycle while the third involves the BDP moiety.  During reduction, the first 

reversible reduction located at E1/2 = -1.64 V vs. Fc/Fc+, involved BDP entity while the 

reduction located at -1.90 involved reduction of the ZnP macrocycle. The assembled 

fullerene:crown-BDP-ZnP triad, 15 revealed redox waves corresponding to the presence 

of all three entities without significant changes in their potentials compared to the values 

prior to the assembly formation.  As shown in Figure 5.4c for 15, the first oxidation of 

ZnP was located at 0.25 V while the first reduction of C60 was located at -1.03 V vs. 

Fc/Fc+, respectively, resulting in an electrochemically measured HOMO-LUMO gap of 

1.28 V.   
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Figure 5.4 Cyclic Voltammograms of (a) C60 Alkyl Ammonium Cation, 14 (b) Crown-
BDP-ZnP, 9 and (c) Fullerene:crown-BDP-ZnP Triad, 15 in PhCN containing 0.1 
(TBA)ClO4.  Scan rate = 0.1 V/s.  The * in panel represents redox process corresponding 
to ferrocene oxidation used as an internal standard. 

 

Using redox potentials, excited energies and distances between chromophores, the 

free-energies of charge-separation (ΔGCS) and charge-recombination (ΔGCR) were 

calculated using equations (3.1),(3.2) and (3.3) by Weller’s approach.18 Such calculations 

revealed a ΔGCS value of -0.76 eV for electron transfer from the singlet excited ZnP to 

fullerene, and ΔGCR value of -1.28 eV for the charge recombination process.  For 

comparison purpose, the ΔGCS and ΔGCR values for electron transfer within the Crown-

BDP-ZnP dyad were also calculated.  In the case of ZnP-BDP dyad, the ΔGCS and ΔGCR 

values originated from the 1ZnP* were found to be -0.15 and -1.89 eV, respectively.  

These studies, in addition to the thermodynamic feasibility of the occurrence of electron 
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transfer, also indicate fullerene being the superior electron acceptor in the supramolecular 

triad, 15, as predicted by the computational studies (location of the frontier HOMO and 

LUMO). 

5.3.4 Steady State Fluorescence Emission 

Figure 5.4 shows the fluorescenceemission spectrum of Crown-BDP-ZnP, 9 when 

excited at 510 nm corresponding to BDP revealed a weak emission at 526 nm 

corresponding to BDP along with additional weak emission bands at 607 and 648 nm 

corresponding to the appended ZnP. A comparison of BDP emission intensity in the 

Crown-BDP-ZnP dyad, 9 to that of Crown-BDP control revealed quenching of the former 

by over 90%.  These results suggest occurrence of energy or electron transfer from 

singlet excited BDP to ZnP in the dyad.   

 

Figure 5.5 Fluorescence Emission Spectra of (i) Crown BDP-ZnP, 9 and (ii) ZnP in 
PhCN, λex = 510 nm. 
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As shown in Figure 5.6 by using 430 nm excitation light, which selectively 

excited the ZnP entity, the ZnP emission bands of crown-BDP-ZnP dyad at 605 and 653 

nm were found to be quenched by ca. 96% as compared with the emission intensity of 

ZnP. The quenching of 1ZnP* by the attached BDP may involves energy transfer and/or 

electron transfer processes. Since the energy transfer from the 1ZnP* (2.04 eV) to BDP 

(2.43 eV) is thermodynamically not feasible, the electron transfer from 1ZnP* to BDP is 

expected to dominate based on these measurements. 

 

 

 

 

 

 

 

 

Figure 5.6 Fluorescence Emission Spectra of (i) ZnP and (ii) Crown BDP-ZnP, 9 in 
PhCN, λex = 430 nm. 

 

The excitation spectrum of the Crown-BDP-ZnP, 9 was recorded by fixing the 

emission monochromator to 648 nm and scanning the excitation wavelength.  Such a 

spectrum shown in Figure 5.7 revealed bands not only of ZnP but also that of BDP 
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suggesting excitation transfer from singlet excited BDP to ZnP in the dyad.15 In order to 

estimate the efficiency of energy transfer, the intensity ratio of the 526 nm band of BDP 

to the 562 nm band of ZnP was calculated and compared with the ratio of the bands from 

the optical absorption spectrum in Figure 5.1.  This ratio from the excitation spectrum 

was found to be about 25% compared to that obtained from the absorption spectral data.  

These results suggest occurrence of fairly efficient energy transfer from the 1BDP* to ZnP 

in the dyad.  

 

 

 

 

 

 

Figure 5.7 (i) Absorption Spectrum and (ii) Excitation Spectrum of Crown-BDP-ZnP, 9 
obtained by Fixing the Emission Monochromator Wavelength to 648 nm and Scanning 
the Excitation Wavelength in PhCN. 

 

The supramolecular triad, 15 was monitored spectroscopically using fluorescence 

emission studies also.  As shown in Figure 5.8, the fluorescence spectrum of the dyad, 9 

revealed additional quenching corresponding to both BDP and ZnP entities.  Such 

quenching was negligent when the dyad was titrated with 2-phenyl fulleropyrrolidine 

lacking the alkyl ammonium cation. These studies suggest alkyl ammonium binding to 
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the crown ether void and subsequent intra-supramolecular quenching.11 The quenching 

data were analyzed using Benesi-Hildebrand method57 as shown in the inset.  A binding 

constant of 1.9 × 103 M-1 was obtained suggesting moderately stable complex formation 

of the alkyl ammonium cation and the crown ether.  

 

Figure 5.8 Fluorescene Emission Spectral Changes Observed for the Crown-BDP-ZnP, 9 
(6 μM) (6 μM) on Increasing Addition of Alkyl Ammonium FunctionalizedFullerene, 14 
(0.2 eq. each addition), λex = 502 nm. The inset shows Benesi-Hildebrand plot 
constructed to obtain the binding constant. I0 and I represent the fluorescence intensity of 
the BDP emission in the absence and presence of added fullerene, respectively. 

5.3.5 Femtosecond Transient Absorption Studies 

Femtosecond transient absorption studies were performed in order to identify 

charge separated species and kinetics of photoinduced events. Figure 5.9 shows 

absorption spectra for the crown-BDP-ZnP, 9 in PhCN recorded at different delay times 

after excitation of ZnP at 430 nm. Transient features corresponding to ZnP•+ in the 600-
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700 nm region and BDP•– in the 450-500 nm region were observed indicating the 

formation of Crown-BDP•–-ZnP•+ as radical ion-pair species from the initial energy 

transfer product, Crown-BDP-1ZnP*.35 From the rise and decay of the transient band of 

ZnP•+ at 632 nm, the rate of the charge-separation (kCS) process was found to be 

1.2 × 1012 s-1 while the rate of charge recombination, kCR was evaluated to be 1.17 × 1010 

s-1. From the kCR, the lifetime of charge-separated state (τCS) of Crown-BDP•–-ZnP•+ via 

the singlet-excited state of ZnP was found to be 85 ps.  

 

Figure 5.9 Femtosecond Transient Absorption Spectra of Crown-BDP-ZnP Dyad, 9 in 
PhCN recorded at 5 and 120 ps after λex= 430 nm. Insert: time profile at 460 nm. 

 

Excitation at 430 nm results in selective generation of the second singlet excited 

state of the porphyrinchromophore, which decays rapidly to the first singlet excited state. 

In this case the BDP moiety acts as the electron acceptor only. To investigate the 
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intermolecular energy transfer, the BDP chromophore was directly excited at 510 nm. 

The results of the transient absorption measurements with excitation at 510 nm are 

presented in Figure 5.10. The decay profiles are more complex with this excitation 

wavelength since the electron transfer is complemented by the intramolecular energy 

transfer. The decays were fitted globally with a three-exponential model and the decay 

component spectra are shown in Figure 5.10 together with the time resolved spectra right 

after excitation (at 0 ps) and at 2 ps delay time. As can be expected, the spectrum of the 

long-lived component is essentially the same as the transient absorption spectrum of the 

sample excited at 430 nm, and can be attributed to the charge separated state, Crown-

BDP•–-ZnP•+, due to characteristic absorption of the porphyrin cation in the 600-700 nm 

range. Right after the excitation (at 0 ps delay) the transient absorption is rather weak in 

the red part of the spectrum (600-700 nm), as can be expected for BDP excited singlet 

state. However, the formation of the charge-separated state is at least bi-exponential with 

time constants of 0.3 and 7 ps. In reality, one can expect three reactions to take place in 

this time domain: (i) energy transfer from BDP to porphyrin chromophore, crown-1BDP*-

ZnP → crown-BDP-1ZnP*, (ii) electron transfer starting from the singlet excited BDP 

chromophore, crown-1BDP*-ZnP → crown-BDP•–-ZnP•+, and (iii) electron transfer 

starting from the singlet excited ZnP chromophore, crown-BDP-1ZnP* → crown-BDP•–-

ZnP•+. If reaction (ii) was the dominating one, i.e. its rate constant was greater than that 

of the energy transfer, reaction (i), the formation of the CS state would be essentially 

mono-exponential, which is not the case. On this basis one can expect a two step process, 

crown-1BDP*-ZnP → crown-BDP-1ZnP* → crown-BDP•–-ZnP•+, to be the main pathway 

for the charge-separation. The rate constant of the CS estimated from the measurements 
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with excitation at 430 nm includes two sequential reactions: internal conversion, crown-

BDP-2ZnP* → crown-BDP-1ZnP*, and the CS, which means that the rate constant for the 

CS reaction alone is < 1.2 × 1012 s-1. Therefore the rate constant of CS is likely to be 

3 × 1012 s-1, and the rate constant for the energy transfer is 1.4 × 1011 s-1, according to the 

measurements with excitation at 510 nm. Based on this assumption, the initial fast 

formation of the CS state is due to partial direct excitation of the ZnP moieties, and the 

following slower growth of the CS state population is the sequence of two reactions, 

energy transfer and CS, from which the energy transfer is the time limiting step. 

Addition of fulleropyrrolidine cation to form the fullerene:crown-BDP-ZnP triad, 

15 revealed spectral features not much different from that of the dyad with very weak 

absorption band of the C60 radical anion at 1000 nm as shown in Figure 5.11.  The kCR 

determined by monitoring the decay of BDP•– at 470 nm and ZnP•+ at 637 nm were found 

to be comparable to those obtained for the Crown-BDP-ZnP, 9 being, 1.6 × 1010 s-1 and 

1.19 × 1010 s-1, respectively. However, there was some residualfeatureless absorption left 

after the charge recombination, and a slow formation of the triplet-excited state of C60 

(3C60*) at 700 nm with a rate of 3.60 × 108 s-1 was observed with the decay of the CS 

state. These results are suggestive of lack of efficient formation of C60
•–-crown BDP-

ZnP•+ as charge-separated species. It seems that the C60-crown BDP•–-ZnP•+ undergoes 

charge recombination to populate the energetically favorable 1C60
* which decays to 

populate the 3C60*.   
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Figure 5.10 Transient Absorption Decay Component Spectra (symbols with solid lines, 
the component lifetimes are indicated in the plot) and Time Resolved Spectra (dashed 
and dotted lines at 0 and 2 ps delay time, respectively) of Crown-BDP-ZnP dyad in 
PhCN, λ ex= 510 nm. Inset shows the transient absorption decay profile at 630 nm. 

Figure 5.11 Femtosecond Transient Absorption Spectra of C60:Crown-BDP-ZnP Triad, 
15 in PhCN, λ ex =  430 nm.  
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5.3.6 Nanosecond Transient Absorption Studies 

In order to confirm occurrence of such photochemical processes and additional 

electron transfer from the triplet-excited state of C60 (3C60*) in the triad, additional 

nanosecond transient spectral measurements were performed. Figure 5.12 shows the 

nanosecond transient spectra recorded at different time intervals for the triad 15 at the 

excitation wavelength of 430 nm.  Transient peaks corresponding to 3C60* in the 650-700 

nm region, ZnP•+ in the 600 nm region, and C60
•– in the 1000 nm region were clearly 

evident suggesting occurrence of electron transfer via the 3C60* in the triad.11-14 The rates 

of charge-separation (kCS
T) and charge-recombination (kCR

T) processes via the 3C60* were 

evaluated by monitoring the rise and decay of C60
•–, respectively, as shown in Figure 5.12 

inset.  The kCS
T and kCR

T thus calculated were found to be 1.50 × 105 s-1 and 1.03 × 104 s-1 

, respectively.  The lifetime of the radical ion pair, τCS from kCR
T was found to be 100 μs, 

the highest value observed for the triads constructed using BDP, ZnP and fullerene as 

components todate.  
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Figure 5.12 Nanosecond Transient Absorption Spectra of the Triad, 15 in PhCN at 
different time intervals. λ ex = 430 nm. Inset shows decay of C60

•– at 1000 nm.   

 

Figure 5.13 summarizes the photochemical events in the newly assembled 

supramolecular triad in the present study. The values of different energy levels were 

calculated from spectral and electrochemical data while the kinetics of different 

photochemical events leading to redox species were arrived at from the data using 

transient spectroscopy both in the femto and nanosecond time scales.  The excitation 

spectrum recorded for the Crown-BDP-ZnP dyad revealed energy transfer from 1BDP* to 

ZnP to populate the 1ZnP*, which in turn donated its electron to the attached BDP 

forming the Crown-BDP•–-ZnP•+. In the supramolecular triad, direct excitation of ZnP 

resulted in the formation of C60:Crown-BDP•–-ZnP•+ as the initial charge-separation 

product.  Although subsequent electron migration to form C60
•–:Crown-BDP-ZnP•+ seems 

possible, charge recombination occurs to populate the 1C60* which upon intersystem 

crossing populates the 3C60*. A relatively slow photoinduced electron transfer 
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subsequently occurs from the ZnP to the triplet-excited state of C60 within the triad 

resulting into the formation of C60
•–:Crown-BDP-ZnP•+ as the final charge-separated state 

with lifetimes of the order of 100 μs.   

5.4 Summary 

A novel photosynthetic ‘antenna-reaction center’ mimic capable of ultrafast 

excitation transfer followed by electron transfer to generate long-lived charge separated 

state has been successfully built and studied. For the construction, the antenna mimic, 

boron dipyrrin was placed between the electron donor, ZnP and electron acceptor, C60 to 

modulate the kinetics of the photochemical events. Transient absorption studies using the 

pump-probe technique revealed singlet energy transfer from the 1BDP* to the ZnP in the 

crown-BDP-ZnP dyad to occur within 7 ps.  Upon forming the supramolecular triad by 

complexing fullerene to the crown ether void, the 1ZnP* produced either by direct 

excitation or by energy transfer mechanism resulted in electron transfer to the BDP 

entity. The charge recombination eventually populated the triplet excited state of C60 

from which additional electron transfer occurred to produce the C60
•–:Crown-BDP-ZnP•+ 

ion pair as the final electron-transfer product. Nanosecond transient absorption studies 

revealed the lifetime of the charge-separated state to be ~100 μs, longest ever reported for 

this type of antenna-reaction center mimics, indicating better charge stabilization as a 

result of different arrangement of the antenna, donor and acceptor entities of the 

supramolecular triad.  
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Figure 5.13 Energy Level Diagram Showing the Different Photochemical Events in the 
Investigated Supramolecular Antenna-Reaction Center mimic, C60:Crown-BDP-ZnP, 15. 
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CHAPTER 6 

CHARGE SEPARATION IN CLOSELY SPACED MOLECULAR TRIADS 

6.1 Introduction 

The development of molecular model systems to mimic primary events in natural 

photosynthesis, has received much attention during the last three decades.2-7 Basic 

research in artificial photosynthesis leads to developments in the areas of photovoltaics 

and photocatalysis.8-10 Photosynthesis involves a sequence of wide-band light harvesting 

and funneling, charge separation and migration, combined with slow charge 

recombination.2-7 Thus exploring model systems composed of multiple chromophores 

and redox active units is an essential part of research on artificial photosynthesis. In this 

regard the delocalization of charges within the carbon spherical structure of the rigid 

aromatic  -sphere of fullerenes26 offers unique opportunities for stabilizing charge 

separated states in donor-acceptor systems. The small reorganization energies of 

fullerenes in electron transfer reactions have led to advances in synthetic electron donor-

acceptor systems capable of performing fast charge separation and relatively slow charge 

recombination. 

This chapter discusses photochemical charge separation and stabilization of 

closely spaced molecular triads with redox active donors as mimics of the photosynthetic 

reaction center. On the other hand the triads containing with antenna unit instead of redox 

active donor, would represent the antenna-reaction center functionality of natural 

photosynthesis. Either redox active donor or antenna entity is covalently linked to a 

sensitizer, boron dipyrrin (BDP) and to fullerene electron acceptor. 
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Figure 6.1. Structures of Closely Spaced Molecular Triads. 
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6.2 Synthesis 

The triads discussed in this chapter were synthesized according to general synthetic 

scheme 6.1. 

 

 

N
CH3

N

N
B

O

O
R

N

N
B

O

O
R

N

N
B

F

F
R

CHO

N
H

R

CHO

i) CH2Cl2, TFA, p -Chloranil

ii) BF3
.Et2O, TEA

C60, Sarcosine
Toluene, Reflux

HO CHO

HO

AlCl3 + CH2Cl2

+

Fe

N

CH3

R =

a

b

 

Scheme 6.1. Synthesis of Molecular Triads. 

 

 



108 

6.2.1 General procedure for aryl difluoroboron dipyrrin synthesis: 

The aryl-difluoroboron dipyrrin compounds were synthesized according to the procedure 

of Imahori and coworkers.30 To a mixture of aryl-aldehyde (12.4 mmol) and 2,4-

dimethylpyrrole (2.16 mL, 21.1 mmol) in 800 mL of CH2Cl2, trifluoroacetic acid (0.19 

mL, 2.47 mmol) was added.  The reaction mixture was stirred at room temperature under 

argon.  After 1.5 h, the resulting solution was washed with 0.1M NaOH (200 mL) and 

then water (200 mL). The organic layer was dried over anhydrous Na2SO4 and 

evaporated under reduced pressure. The residue was dissolved in toluene (50 mL) and 

with string p-chloranil (2.73 g, 11.1 mmol) was added.  After 10 minutes, Et3N (8 mL) 

was added followed by BF3·Et2O (7 mL) the mixture was stirred for 1.5 h and then 

poured into water. The organic layer was extracted and dried over anhydrous Na2SO4 and 

evaporated under reduced pressure. The crude product was purified using column 

chromatography using mixtures of CH2Cl2 and hexane as eluent. 

6.2.1.1 

p-Tolyl difluoroboron dipyrrin, 22a: 

1H NMR (300 MHz; CDCl3): δH (ppm) 7.28 (d, 2H, aryl-H), 7.14 (d, 2H, aryl-H), 5.99 (s, 

2H, pyrrole-H), 2.55 (s, 6H,-CH3-H), 2.41(s, 3H, CH3-H), 1.41 (s, 6H, CH3-H).  

6.2.1.2  

Ferrocene phenyl difluoroboron dipyrrin, 16a:  

1H NMR (300 MHz; CDCl3): δH (ppm) 7.6 (d, 2H, aryl-H), 7.19 (d, 2H, aryl-H), 6.0 (s, 

2H, pyrrole-H),  4.79 (d, 2H, ferrocenyl-H), 4.4 (d, 2H, ferrocenyl-H), 4.0 (s, 5H, 

ferrocenyl-H), 2.59 (s, 6H,-CH3-H), 1.5 (s, 6H, CH3-H). 
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6.2.1.3  

Triphenylamine difluoroboron dipyrrin, 17a: 

1H NMR (300 MHz; CDCl3): δH (ppm) 7.21-7.39 (m, 6H, aryl-H), 7.0-7.12 (m, 8H, aryl-

H), 6.0 (s, 2H, pyrrole-H), 2.59 (s, 6H,-CH3-H), 1.6 (s, 6H, CH3-H). 

6.2.1.4  

1-Pyrene difluoroboron dipyrrin, 18a:  

1H NMR (300 MHz; CDCl3): δH (ppm) 8.29-7.85 (m, 9H, pyrenyl-H), 5.99 (s, 2H, 

pyrrole-H), 2.6 (s, 6H, CH3-H), 0.85 (s, 6H, CH3-H).  

6.2.1.5  

9-Anthracene difluoroboron dipyrrin, 19a: 

1H NMR (300 MHz; CDCl3): δH (ppm) 8.5 (s, 1H, aryl-H),  8.0 (d, 2H, aryl-H), 7.84 (d, 

2H, aryl-H), 7.51-7.38 (m, 4H, aryl-H),  5.85 (s, 2H, pyrrole-H), 2.6 (s, 6H,-CH3-H), 0.8 

(s, 6H, CH3-H).  

6.2.1.6  

2-Fluorene difluoroboron dipyrrin, 20a: 

1H NMR (300 MHz; CDCl3): δH (ppm) 7.92-7.82 (m, 2H, aryl-H), 7.61-7.59 (m, 1H, 

aryl-H), 7.47-7.28 (m, 6H, aryl-H & dioxyaryl-H), 5.99 (s, 2H, pyrrole-H),  3.99 (s, 2H, 

fluorenyl-H), 2.59 (s, 6H, CH3-H), 1.4 (s, 6H, CH3-H).  

6.2.1.7  

2-Napthalene difluoroboron dipyrrin, 21a:  

1H NMR (300 MHz; CDCl3): δH (ppm) 8.02-7.75- (m, 4H, aryl-H), 7.58-7.52 (m, 3H, 

aryl-H), 7.38-7.34 (m, 1H, aryl-H), 6.0 (s, 2H, pyrrole-H), 2.6 (s, 6H, CH3-H), 1.3 (s, 6H, 

CH3-H).  
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6.2.1.8  

p-Tolyl difluoroboron dipyrrin, 22a:  

1H NMR (300 MHz; CDCl3): δH (ppm) 7.28 (d, 2H, aryl-H), 7.14 (d, 2H, aryl-H), 5.99 (s, 

2H, pyrrole-H), 2.55 (s, 6H, CH3-H), 2.41(s, 3H, CH3-H), 1.41 (s, 6H, CH3-H).  

6.2.2 General procedure for aryl dioxyboron dipyrrin synthesis  

These compounds were prepared according to literature procedure with some 

modifications.55 Aryl difluoroboron dipyrrin (0.730 mmol) was dissolved in dry CH2Cl2 

(20 mL) and stirred under argon for 10 min.  Then AlCl3 (146 mg, 1.096 mmol) was 

added and stirred further 15 min. before addition of 3,4-dihydroxybenzaldehyde (151.4 

mg, 1.09 mmol).  The mixture was stirred for 20 min and the solvent was evaporated 

under reduced pressure. The crude product was purified using a deactivated basic 

alumina column and mixtures of CH2Cl2 and hexane as eluent to give desired compound. 

6.2.2.1  

Tolyl dioxyboron dipyrrin, 22b:  

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H), 7.39 (dd, 1H, 

dioxyaryl-H), 7.26-7.34 (dd, 1H, dioxyaryl-H), 7.28 (d, 2H, aryl-H), 7.14 (d, 2H, aryl-H), 

6.88 (d, 1H, dioxyaryl-H ), 5.99 (s, 2H, pyrrole-H), 2.41(s, 3H, CH3-H), 2.0 (s, 6H, CH3-

H), 1.59 (s, 3H, CH3-H), 1.39 (s, 3H, CH3-H). 

6.2.2.2  

Ferrocene phenyl dioxyboron dipyrrin, 16b:  

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H), 7.6 (d, 2H, aryl-H), 

7.39 (dd, 1H, dioxyaryl-H), 7.32 (d, 1H, dioxyaryl-H ), 7.19 (d, 2H, aryl-H), 6.89 (d, 1H, 

dioxyaryl-H),  6.0 (s, 2H, pyrrole-H), 4.79 (d, 2H, ferrocenyl-H), 4.4 (d, 2H, ferrocenyl-
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H), 4.0 (s, 5H, ferrocenyl-H), 2.05 (s, 6H,-CH3-H), 1.5 (s, 6H, CH3-H). MALDI mass: 

calcd. 606.3, found 606.9. 

6.2.2.3  

Triphenylamine dioxyboron dipyrrin, 17b: 

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H), 7.40 (dd, 1H, 

dioxyaryl-H),  7.29-7.31 (m, 1H, dioxyaryl-H),  7.17-7.28 (m, 6H, aryl-H), 7.06-7.14 (m, 

6H, aryl-H),  6.99-7.30 (m, 2H, aryl-H), 6.85-6.88 (d, 1H, dioxyaryl-H ), 6.0 (s, 2H, 

pyrrole-H), 2.05 (s, 6H, CH3-H), 1.6 (s, 6H, CH3-H).  MALDI mass: calcd. 589.5, found 

589.54. 

6.2.2.4  

1-Pyrene-dioxyboron dipyrrin, 18b: 

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H), 8.29-7.85 (m, 9H, 

pyrenyl-H), 7.4-7.3 (m, 2H, dioxyaryl-H), 6.88 (d, 1H, dioxyaryl-H), 5.99 (s, 2H, 

pyrrole-H), 2.1 (s, 6H, CH3-H), 0.8 (s, 3H, CH3-H). 

6.2.2.5 

9-Anthracene-dioxyboron dipyrrin, 19b: 

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H ), 8.5 (s, 1H, aryl-H),  8.0 

(d, 2H, aryl-H), 7.84 (d, 2H, aryl-H), 7.58-7.39 (m, 6H, aryl-H & dioxyaryl-H), 6.95 (d, 

1H, dioxyaryl-H ), 5.9 (s, 2H, pyrrole-H), 2.1(s, 6H, CH3-H ), 0.82 (s, 6H, CH3-H). 

6.2.2.6  

2-Fluorene-dioxyboron dipyrrin, 20b: 

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H ), 7.92-7.82 (m, 2H, aryl-

H), 7.61 -7.59 (m, 1H, aryl-H), 7.47 -7.28 (m, 6H, aryl-H & dioxyaryl-H), 6.88 (d, 1H, 
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dioxyaryl-H) 5.99 (s, 2H, pyrrole-H), 3.99 (s, 2H, fluorenyl-H), 2.0 (s, 6H, CH3-H), 1.39 

(s, 6H, CH3-H). 

6.2.2.7  

2-Napthalene-dioxyboron dipyrrin, 21b:  

1H NMR (300 MHz; CDCl3): δH (ppm) 9.80 (s, 1H, aldehyde-H), 8.02-7.79 (m, 4H, aryl-

H), 7.60-7.52 (m, 3H, aryl-H), 7.42-7.34 (m, 3H, aryl-H & dioxyaryl-H), 6.88 (d, 1H, 

dioxyaryl-H ) 5.99 (s, 2H, pyrrole-H), 2.05 (s, 6H, CH3-H), 1.32 (s, 6H, CH3-H). 

6.2.3 General procedure for aryl dioxyboron dipyrrin-fullerene triad synthesis 

These compounds were synthesized according to the procedure of Prato and coworkers 

with modifications.54 Fullerene C60 (147 mg, 0.204 mmol), aryl-dioxyboron dipyrrin 

(0.613 mmol) and N-methylglycine (36.4 mg, 0.409 mmol) were dissolved in dry 150 mL 

of toluene. The mixture was refluxed for 6 h. The solvent was evaporated under reduced 

pressure. The crude product was purified using column chromatography. It may be 

mentioned here that the triads exist as a mixture of two atropisomers in fast equilibrium.4 

6.2.3.1  

Ferrocene phenyl-dioxyboron dipyrrin-fullerene triad, 16: 

1H NMR (300 MHz; CDCl3): δH (ppm) 7.57-7.59 (d, 2H, aryl-H ), 7.13-7.18 (d, 2H, aryl-

H), 6.71-6.78 (d, br, 1H, dioxyaryl-H), 5.85-5.95 (s, br, 2H, pyrrole-H), 4.99 (d, 1H, 

fulleropyrrolidine-H ), 4.89 (s, 1H, fulleropyrrolidine- H), 4.70 (d, 2H, ferrocenyl-H), 

4.45 (d, 2H, ferrocenyl-H), 4.42 (d, 1H, fulleropyrrolidine-H), 3.99 (s, 5H, ferrocenyl-H),  

2.91 (s, 3H, fulleropyrrolidine-H), 1.55 (s, 12H, CH3-H). MALDI mass: calcd. 1353.96, 

found 1353.6.   
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6.2.3.2  

Triphenylamine-dioxyboron dipyrrin-fullerene triad, 17:   

1H NMR (300 MHz; CDCl3): δH (ppm) 7.22-7.31 (m, 8H, aryl-H ), 7.0-7.19 (m, 9H, aryl-

H), 6.71-6.79 (d, br, 1H, dioxyaryl-H), 5.89- 5.93 (s, br, 2H, pyrrole-H), 4.99 (d, 1H, 

fulleropyrrolidine-H), 4.89 (s,1H, fulleropyrrolidine-H), 4.26 (d, 1H, fulleropyrrolidine- 

H), 2.91 (s, 3H, fulleropyrrolidine-H),  2.44 (s, 3H, CH3-H ), 2.39 (s, 3H,-CH3-H), 1.59 

(s, 12H, CH3-H). MALDI mass: calcd. 1337. 1, found 1335.29.   

6.2.3.3  

1-Pyrene-dioxyboron dipyrrin-fullerene triad, 18:  

1H NMR (300 MHz; CDCl3): δH (ppm) 8.29-7.85 (m, 9H, pyrenyl-H), 7.4-7.3 (m, br, 2H, 

dioxyaryl-H), 6.85 (d, br, 1H, dioxyaryl-H), 5.89 (s, br, 2H, pyrrole-H), 4.99 (d, 1H, 

fulleropyrrolidine- H), 4.89 (s, 1H, fulleropyrrolidine-H), 4.25 (d, 1H, fulleropyrrolidine-

H), 2.91(s, 3H, fulleropyrrolidine-H), 0.81 (s, 12H, CH3-H). MALDI-mass: calcd, 

1296.11, found 1294.4. 

6.2.3.4  

9-Anthracene-dioxyboron dipyrrin-fullerene triad, 19:  

1H NMR (300 MHz; CDCl3): δH (ppm) 8.5 (s,1H, aryl-H),  8.0 (d, 2H, aryl-H), 7.84 (d, 

2H, aryl-H), 7.58-7.39 (m, 6H, aryl-H & dioxyaryl-H), 6.75 (d, br, 1H, dioxyaryl-H), 5.9 

(s, br, 2H, pyrrole-H), 4.99 (d, 1H, fulleropyrrolidine- H), 4.89 (s, 1H, fulleropyrrolidine-

H), 4.26 (d, 1H, fulleropyrrolidine-H), 3.5 (s, 1H, fulleropyrrolidine-H), 2.91 (s, 3H, 

fulleropyrrolidine-H), 1.21(s, 12H, CH3-H). MALDI-mass: calcd, 1270.07, found 1269.5. 
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6.2.3.5  

2-Fluorene-dioxyboron dipyrrin-fullerene triad, 20:  

1H NMR (300 MHz; CDCl3): δH (ppm) 7.92-7.82 (m, 2H, aryl-H), 7.61 -7.59 (m, 1H, 

aryl-H), 7.47 -7.28 (m, 6H, aryl-H & dioxyaryl-H), 6.76 (d, br, 1H, dioxyaryl-H), 5.9 (s, 

br, 2H, pyrrole-H), 4.99 (d, 1H, fulleropyrrolidine-H), 4.89 (s, 1H, fulleropyrrolidine-H), 

4.26 (d, 1H, fulleropyrrolidine-H), 3.99 (s, 2H, fluorenyl-H), 2.91(s, 3H, 

fulleropyrrolidine-H), 1.25 (s, 12H, CH3-H). MALDI-mass: calcd, 1258.06, found 

1258.8. 

6.2.3.6  

2-Napthalene-dioxyboron dipyrrin-fullerene triad, 21: 

1H NMR (300 MHz; CDCl3): δH (ppm) 8.02-7.79 (m, 4H, aryl-H), 7.60-7.52 (m, 3H, 

aryl-H), 7.42-7.34 (m, 3H, aryl-H & dioxyaryl-H), 6.75 (d, br, 1H, dioxyaryl-H), 5.9 (s, 

br, 2H, pyrrole-H), 4.99 (d, 1H, fulleropyrrolidine- H), 4.85 (s, 1H, fulleropyrrolidine-H), 

4.22 (d, 1H, fulleropyrrolidine-H), 2.85 (s, 3H, fulleropyrrolidine-H),  1.24 (s, 12H, CH3-

H). MALDI-mass: calcd, 1220.01, found 1219.8. 

6.2.3.7  

p-Tolyl-dioxyboron dipyrrin-fullerene triad, 22: 

1H NMR (300 MHz; CDCl3): δH (ppm) 7.4 (dd, 1H, dioxyaryl-H), 7.30-7.22 (m, 1H, 

dioxyaryl-H), 7.18 (d, 2H, aryl-H), 7.60-7.10 (d, 2H, aryl-H), 6.75 (d, br, 1H, dioxyaryl-

H), 5.9 (s, br, 2H, pyrrole-H), 4.99 (d, 1H, fulleropyrrolidine-H), 4.89 (s, 1H, 

fulleropyrrolidine-H), 4.26 (d, 1H, fulleropyrrolidine-H), 2.91 (s, 3H, fulleropyrrolidine-

H),  2.44 (s, 3H, CH3-H), 2.39 (s, 3H, CH3-H), 1.59 (s, 3H, CH3-H), 1.38 (s, 3H, CH3-H), 

1.21(s, 3H, CH3-H). MALDI-mass: calcd, 1183.98, found 1184.3. 
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6.3 Results and Discussion 

From here after ferrocene and triphenylamine donor derivatives will be 

discussed separately from antenna derivatives. 

6.3.1 UV-Vis Absorption Studies 

Figure 6.2  shows the optical absorption spectra of the triads 16 and 17 along 

with reference compound 23 having no fullerene entity.  The ferrocene entity in 16 

had a band at 351 nm while triphenylamine entity in 17 revealed an absorption band 

around 311 nm. The boron dipyrrin entity in both dyads revealed an aborption 

maxima at 504 nm.  Upon appending fullerene to form the triads, the band maxima 

corresponding to the boron dipyrrin revealed a small red shift of 5 nm, suggesting 

intramolecular interactions.  The 433 nm sharp band of fulleropyrrolidine was also 

evident for both triads. 

 

Figure 6.2 Absorption Spectra of 16 and 17 and the Reference compound, 23 in 
PhCN.  

Figure 6.3 shows the absorption spectrum of the triad 18 and the control 

compounds in PhCN. Absorption bands of 18 were located at 300-350 nm, 430 nm and 

460-530 nm, respectively. These bands were corresponding to pyrene, fullerene and BDP 
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absorption respectively. The pyrene peaks of 18 wereblue shifted by 2-3 nm compared to 

the control compound, pyrene butyric acid. However, an opposite effect was observed for 

the BDP band, that was red shifted up to 4 nm compared with control compound, 22 

lacking the antenna entity and up to 8 nm compared to compound 23 lacking both pyrene 

and fullerene entities. For triad, 18 the fullerene peak maximum located around 328 nm 

was overlapped with the pyrene absorption band but this fullerene peak can be clearly 

seen in case of 22. The observed spectral shift and broadening suggest the occurrence of 

intramolecular interactions between the different entities of the triad. Similar trends in the 

absorption spectra of triads 19-21 were also observed as shown in Figures 6.4-6.6 

indicating interaction between the different entities of the triads. 

 

Figure 6.3 Normalized Absorption Spectra (to the 500 nm band of BDP, except for 
pyrene butyric acid) of (i) Triad, 18, (ii) Dyad, 22, (iii) Pyrene butyric acid, (iv) 
Dyad, 18a and (v) 23 in PhCN. 
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Figure 6.4 Absorption Spectra of Triad 19 and the Indicate Control Compounds 
(Normalized to BDP Absorbance at 505 nm, Except for Anthracene) in PhCN. 

 

 

 

 

 

 

Figure 6.5 Absorption Spectra of Triad 20 and the Indicate Control Compounds 
(Normalized to BDP Absorbance at 500 nm, Except for Fluorene) in PhCN. 
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Figure 6.6 Absorption Spectra of Triad 21 and the Indicate Control Compounds 
(Normalized to BDP Absorbance at 500 nm, Except for Napthalene) in PhCN. 
 

6.3.2 Computational Studies 

In order to gain insights into the geometry and electronic structure, 

computational studies were of the triads were performed at the B3LYP/6-31G* 

level.42 All of the triads revealed stable structures on the Born-Oppenheimer potential 

energy surface as shown in Figure 6.7. In all of the triads, the center-to-center 

distances between the boron atom to the center of fullerene were found to be ~10.3 Å 

while the center-to-center distance between the donor entity to the boron atom were 

found to range between 10-11 Å. Additionally, the molecular size, measured between 

the farthest C-atoms of the triads, were found to be in the range of 24-26 Å indicating 

smaller size for the present triads compared to most of the triads with fullerene as 

electron acceptor in literature.4,5,7 The frontier HOMO and LUMO were also 

generated to visualize the electronic structures. In the entire antenna bearing series of 

triads, 18-21 and the dyad 22, the LUMO was localized on the fullerene entity while 
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the HOMO was located on the BDP entity partially extended to the pyrrolidine 

nitrogen.  These resultssuggest the BDP entity would act as electron donor and the 

fullerene entity as an acceptor in order to form antenna-BDP•+-C60
•– as charge 

separated species in the PET reaction. 

 

Figure 6.7 Space Filling Models of the B3LYP/6-31G* Optimized Structures of 
Triads 16-19, 21 and Dyad 22. 

 

6.3.3 Electrochemistry and Free Energy Calculations 

 Differential pulse voltammetry (DPV) experiments were performed to evaluate 

the redox potentials. The site of electron transfer corresponding to different entities 

was arrived by performing experiments involving the control compounds, the dyads 

and the monomers. Figure 6.8 shows the DPV of 16 and 17 while Figure 6.9 showing 

that of compounds 18-20. For all of the investigated triads the first reduction 
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corresponding to fullerene was located at -1.03 V vs. Fc/Fc+. Additional reductions at 

-1.43 and -2.05 were also observed corresponding to the second and third reductions 

of the fullerene entity. The BDP reduction in both 16 and 17, was located at -1.61 V 

and that of in 23 foundat -1.63 V, however, in the case of triads 18-20 the peak was 

anodically shifted by 50 mV and occurred at -1.58 V vs. Fc/Fc+. The oxidation 

corresponding to ferrocene in 16 was located at 0.05 V while that corresponding to 

triphenylamine in 17 was located at 0.61 V vs. Fc/Fc+.  Boron dipyrrin in the triads 

revealed oxidation around 0.73 V vs. Fc/Fc+ while the oxidation of the antenna 

entities of the triads 18-20 occurred beyond this oxidation process and were often 

irreversible processes. The slight changes in the redox potentials of the entities in the 

triads compared to reference 23 is consistent with the earlier discussed optical 

absorption data indicating intramolecular interactions. Hence, the probable light-

induced charge-separation is predicted to occur between electron-donating BDP and 

electron-accepting C60 units, supporting the computational data. 
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Figure 6.8. Differential Pulse Voltammograms (DPV) of (i) 16 and (ii) 17 in PhCN, 
0.1 M (TBA)ClO4. Scan rate = 5 mV/s, Pulse width = 0.25 s, Pulse height = 0.025 V. 

 

Figure 6.9 Differential Pulse Voltammograms (DPV) of Triads 18-20, and 23 in PhCN, 
0.1 M (TBA)ClO4. Scan rate = 5 mV/s, Pulse width = 0.25 s, Pulse height = 0.025 V. 
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Free-energy calculations for different charge-separated (CS) states were 

performed according to Equations (3.1), (3.2) and (3.3) based on Weller approach,23 

utilizing the redox potentials and the dielectric constants of the employed solvents. The 

driving force for the charge-recombination process (-∆GCR) is determined to be 1.71 eV 

in benzonitrile. Considering the energy level of 1C60* (1.75 eV), which is very close to 

that of charge-separated state in PhCN, the eventual charge separation process to take 

place between BDP and C60 is expected to be driven by only 1BDP*, possessing an 

energy value of 2.38 eV. Accordingly, -ΔGCS was estimated to be 0.67 eV with respect to 

-∆GCR value and energy of singlet excited state of BDP chromophore. Such calculations 

revealed energy levels for Fc+-BDP•--C60 and Fc+–BDP–C60
•- to be 1.60 and 1.10 eV, 

respectively. Similar calculations for 17 yielded energy levels for TPA-BDP•+-C60
•- to be 

1.77 eV higher than that of TPA–BDP–3C60* (1.53 eV). 

6.3.4 Steady State Fluorescence Studies 

The dyads, 16a and 17a, revealed emission of boron dipyrrin entity at 519 nm 

upon excitation of BDP at 460 nm as shown in Figure 6.10. However, with 

substantially diminished intensity as compared with the control compound, 23 

suggesting occurrence of intramolecular events in the dyads.  Interestingly, the 

fluorescence emission of boron dipyrrin in the triads was virtually absent (< 1%) 

indicating additional photochemical events. 
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Figure 6.10 Fluorescence Emission Spectra of 16, 16b and 23 in PhCN, λex = 460 nm. 

 

Figure 6.11 Fluorescence Emission Spectra of 17, 17b and 23 in PhCN, λex = 460 nm. 

Energy transfer from the antenna unit to BDP was observed in the case of dyads 

18-21.  As shown in Figure 6.12, excitation of the control compound, pyrene butyric acid 

at 345 nm revealed emission bands at 360-430 nm range corresponding to pyrene singlet 

emission. When dyad 18a, possessing pyrene and BDP units, was excited at this 
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wavelength, the emission due to pyrene was quenched over 98% with the concurrent 

appearance of BDP emission at 520 nm. In a control experiment, compound 23 having 

only BDP but not pyrene, was excited at 345 nm.  Weak emission of BDP, less than 6% 

of that observed in the case of 18a, was observed. These observations suggest the 

emission band of BDP at 520 nm in the case of 18a is due to efficient energy transfer58 

from pyrene to BDP. Similar observations were also made in the case of dyads 19a, 20a 

and 21a where excitation of the antenna entity resulted in efficient energy transfer to the 

BDP entity (see Figures 6.13, 6.14 and 6.15). Interestingly, in the case of triad 18, 

excitation at 345 nm corresponding to pyrene resulted in no emission of either pyrene or 

BDP suggesting additional energy- or electron-transfer processes involving the fullerene 

entity.   

 

 

Figure 6.12 Fluorescence Spectra of i) Pyrene butyric acid ii) 18a iii) 23 iv) 22 v) 18 in 
PhCN, λex= 345 nm. 

Wavelength(nm) 
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Figure 6.13 Fluorescence Spectra of Anthracene Compounds in PhCN, λex= 389 nm. 

 

 

 

 

 

Figure 6.14 Fluorescence Spectra of Fluorene Compounds in PhCN, λex= 305 nm. 
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Figure 6.15 Fluorescence Spectra of Napthalene Compounds in PhCN, λex= 312 nm. 

Figure 6.16 shows fluorescence emission behavior of triad 18 and the control 

compounds when excited at 506 nm corresponding to the BDP entity. When compounds 

18a and 23 were excited at 506 nm, emission of BDP at 520 nm was observed. However, 

in the case of triad 18 or dyad 22 having fullerene electron acceptor the BDP emission 

was found to be quenched over 99% suggesting efficient photochemical process from 

singlet excited BDP to the attached fullerene. This was also the case for triads 19, 20 and 

21 where no emission from either the antenna unit or BDP unit was observed (see Figures 

6.17, 6.18, and 6.19). The quenching process may involve the energy transfer and/or 

electron transfer from the singlet BDP to the closely attached C60. 
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Figure 6.16 Fluorescence Spectra of i) 18a ii) 18 iii) 22 in PhCN, λex= 506 nm. The 600-
900 nm Region is Expanded (x100) to Visualize the Fullerene Emission at λ =720 nm. 

 

 

 

 

 

 

 

Figure 6.17 Fluorescence Spectra of Anthracene in PhCN, λex= 508 nm. 

 

 

550 600 650 700

0

20

40

60

80

100

120

F
lu

o
re

sc
e

n
ce

  
in

te
n

si
ty

 (
a

.u
)

 Wavelength (nm)

 19a

 19



128 

 

 

 

 

 

 

Figure 6.18 Fluorescence Spectra of Fluorene in PhCN, λex= 503 nm. 

 

 

 

 

 

 

 

 

Figure 6.19 Fluorescence Spectra of Napthalene in PhCN, λex= 505 nm. 
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6.3.5 Time-resolved Transient Absorption Studies 

Femtosecond and nanosecond transient spectral measurements were performed to 

identify the electron-transfer products, mechanistic details of charge migration, and 

kinetics of charge separation and charge recombination processes.  

Figure 6.20 shows the nanosecond transient differential absorption spectrum of 

tolylBDP, 23 excited at 510 nm showed weak absorbance on either side of the bleaching 

signal which is assigned to the triplet excited state of BDP.59 The time profile of 

tolylBDP at 400 nm confirms a long-lived triplet state of tolylBDP about 45 µs. 

Excitation at 355 nm gives the same transient spectrum of the triplet state of tolylBDP as 

shown in Figure 6.21. Typically, triplet formation of BDP dyes is remarkably 

inefficient.60 

 

Figure 6.20 Nanosecond Transient Absorption Spectra of TolylBDP, 23 in PhCN, λex 
= 510 nm. 
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Figure 6.21 Nanosecond Transient Absorption Spectra of TolylBDP, 23 in PhCN, λex 
= 355 nm. 

 

Figure 6.22 shows the femtosecond measurments of dyad 16a in PhCN by 

using 460 nm, which selectively excites the BDP entity, showed absorption bands at 

590 nm corresponding to the boron dipyrrin radical anion.26 The ferrocenium cation 

could not observed due to its extremely low extinction coefficient (ε). These 

observations suggest occurrence of electron transfer from the Fc to the attached BDP 

forming Fc•+–BDP•–. Additionally, the nanosecond transient spectra of dyad 16a in 

deaerated PhCN did not show the absorption bands of triplet BDP. Because the energy 

level of the Fc•+–BDP•– (1.60 eV) is comparable to that of the triplet BDP but 

substantially lower than the anticipated low-lying triplet Fc as shown in Figure 6.23, 

one could expect the charge recombination to the triplet states of the Fc entity.61 
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Figure 6.22 Femtosecond Transient Absorption Spectra of Fc-BDP in Deaerated 
PhCN, λex = 460 nm.  

 

 Figure 6.23 Energy Level Diagram of Fc-BDP Dyad, 16a. 
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 Upon photoirradiation of the BDP entity of the triad 16 in deaerated PhCN, the 

characteristic absorption bands of the BDP•– were observed at early time scale (~ 1 ps) 

as shown in Figure 6.24. At longer time scale, the band corresponding to BDP •– at 590 

nm decreased in intensity with concurrent build-up of the absorption band of C60
•– at 

1000 nm62 suggesting electron-shift from the BDP•–  to the attached C60 entity forming 

Fc•+-BDP-C60
•– as the final charge-separated state. The decay profile of BDP•– at 590 

nm as shown in Figure 6.25 also supports this argument. 

 

Figure 6.24 Femtosecond Transient Absorption Spectra of  Fc–BDP–C60 in Deaerated 
PhCN. λex = 460 nm. Inset shows Decay profile of C60

•– at λ = 1000 nm. 
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Figure 6.25 Decay Profile of BDP•– at 590 nm and Formation of C60
•– at 1000 nm of 

16 in Deareated PhCN, λex = 460 nm. 

 

The rate constant of the charge-shift from BDP•– to C60 was determined to be 

3.8 x 1011 s-1. By following the decay of the Fc•+–BDP–C60
•– in PhCN, the charge 

recombination rate constant, kCR was determined to be 2.4 x 109 s-1 from which a 

lifetime, τRIP of 416 ps for the radical ion-pair was derived. The finding that the τRIP of 

Fc•+–BDP–C60
•– is much longer than that of Fc•+-BDP•– (kCR = 5.8 x 1010 s-1; τRIP = 17 

ps) reveals the effect of the electron shift mechanism in prolonging the lifetime, τRIP 

in the triad 16.  

 Figure 6.26 shows the femtosecond measurments of the dyad, 16a by using 

460 nm light in PhCN. Two absorption bands were located at 590 and 690 nm 

corresponding to the boron dipyrrin radical anion and TPA radical cation, 

respectively.26 This observation suggests the electron transfer from the TPA to the 

attached BDP forming TPA•+–BDP•–. Interestingly, the charge recombination rate 

constant, kCR of TPA•+-BDP•– was found to be 6.1 x 108 s-1, from which the the 
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lifetime τRIP was evalauted as 1.6 ns.  

 

Figure 6.26 Femtosecond Transient Absorption Spectra of TPA–BDPin Deaerated 
PhCN, λex = 460 nm. 

 

The complementary nanosecond transient measurements with 510 nm laser 

excitation revealed absorption bands at 430 and 600 nm, in addition to the bleaching 

at 510 nm as shown in  Figure 6.27. These long-lived absorption bands are attributed 

to the triplet state of BDP. Because the formation of the triplet BDP is not efficient in 

the case of the reference 23, the formation of triplet BDP may occur via charge 

recombination of the radical-ion-pair of 17a by taking into account the energy level of 

3TPA*–BDP (1.58 eV)is lower than that of TPA•+–BDP•– (2.00 eV). The energy level 

diagram is shown in Figure 6.28. 
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Figure 6.27 Nanosecond Transient Absorption Spectra of TPA–BDPin Deaerated 
PhCN, λex = 510 nm. 

 

 

Figure 6.28 Energy Level Diagram of TPA-BDP Dyad, 17a. 
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 Photoirradiation of the triad 17 in a deaerated PhCN solution revealed the 

characteristic absorption band of C60
•– in the near IR region with a maximum at 1000 

nm as shown in Figure 6.29.2,62 

 

Figure 6.29 Femtosecond Transient Absorption Spectra of TPA–BDP-C60 in 
Deaerated PhCN. 

 

The absorption band of TPA•+ was not observed suggesting that the formation 

of the C60
•– results from electron transfer from the singlet excited BDP, as electron 

donor, to the C60. Such electron transfer is exothermic (-ΔGCR = 1.77 eV and -ΔGCS = 

0.45 eV). The rate constant of charge recombination kCR value of the TPA–BDP•+–

C60
•– was determined to be 2.0 x 109 s-1, from which the τRIP was evalauted as 500 ps. 

The finding that the τRIP of triad 17 is shorter than that of dyad 17a  suggests the 

absence of the electron-shift and/or hole-migration processes between the TPA, BDP 

and C60 entities of 17, by taking into consideration the energy level of TPA–BDP•+–
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C60
•– (1.77 eV) is comparable to that of TPA•+–BDP–C60

•– (1.64 eV). The energy level 

diagram of TPA-BDP- C60 is shown Figure 6.30. At longer time scale (1800 ps), the 

spectrum revealed the characteristic absorption of the triplet C60 suggesting that the 

radical-ion pair decays through charge recombination to populate the triplet C60.  This 

was also the conclusion based on nanosecond transient absorption measurements as 

shown in Figure 6.31. The spectra in this time scale lacked bands of the radical ion-

pairs instead an absorption band at 700 nm corresponding to the 3C60* was observed.63 

 

Figure 6.30 Energy Level Diagram of TPA-BDP-C60, 17. 
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Figure 6.31 Nanosecond Transient Absorption Spectra of TPA–BDP-C60 in Deaerated 
Toluene, λex = 510 nm. Inset shows the decay of 3C60* at λ = 700 nm. 
 

TolylBDP-C60 dyad, 22 revealed transient spectral traits in which the peak 

formation at 1000 nm, as a fingerprint of radical anion of C60  as shown in Figure 

6.32,11,26 declares the charge separation occurring between tolylBDP and C60. The 

broadening in the absorption band in the nearIR region may suggest the contribution of 

energy transfer from the singlet BDP to singlet C60 in the quenching process. Formation 

of the charge-separated state within a few picoseconds was probably achieved due to the 

close proximity of electron donor and electron acceptor moieties. Considering this 

proximity, charge-separation prior energy transfer between tolylBDP and C60 is also 

possible (see Figure 6.33). The rate constant of charge recombination is determined from 

the first-order decay at 1000 nm to be 3.2  109 s-1, corresponding to a lifetime of 310 ps. 
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The quantum yield of charge separation7e is determined from the quenching of singlet-

excited state of C60 to be 0.87.  

 

Figure 6.32 Femtosecond Transient Absorption Spectra of Tolyl–BDP-C60, 22 in 
Deaerated PhCN, λex = 460 nm. (black=45 ps, green= 130 ps, pink=360 ps , and blue= 
2500 ps) Inset shows the time profile of C60 at λ =1000 nm. 

 

Figure 6.33 Nanosecond Transient Absorption Spectra of Tolyl–BDP-C60, 22 in 
Deaerated PhCN, λex = 355 nm. Inset shows time profile of 3C60* at λ =700 nm. 
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In the complementary nanosecond transient absorption spectral measurements 

(Figure 6.34 and Figure 6.33), only the characteristic triplet state spectrum of C60 has 

been observed at 700 nm,55,64 when excited at 510 nm laser pulses at which the tolylBDP 

is excited dominantly (Figure 6.34). The formation of triplet C60 is most likely due to the 

charge recombination of BDP•+-C60
•–, taking into account that the energy level of triplet 

C60 (1.55 eV) is located lower than that of BDP•+-C60
•–. The triplet-triplet energy transfer 

from tolylBDP to C60 was ruled out due to lack of transient spectral features of the triplet 

excited state of tolylBDP. The decay rate constant of tolylBDP-3C60* to the ground state 

was found to be 4.3  104 s-1.   

 

Figure 6.34 Nanosecond Transient Absorption Spectra of Tolyl–BDP-C60, 22 in 
Deaerated PhCN, λex = 510 nm. Inset shows time profile of 3C60* at λ =700 nm 
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The femtosecond transient absorption difference spectra of triad 18 exhibited 

quite the same characteristics as those of tolylBDP-C60 except for the rate constant of 

charge-recombination (kCR = 1.3  109 s-1), figured through the mono-exponential decay 

at 1020 nm, coinciding a CS lifetime of 770 ps (Figure 6.35). Fast charge separation 

within a few picoseconds is also favored in this triad, thereby enhancing the formation of 

the triplet excited state of C60. As expected, the nanosecond transient spectra (Figure 

6.36) confirm the formation of the triplet excited state of C60 with the same decay 

constant (kT = 4.1  104 s-1, T = 24 µs at 700 nm).  

 

Figure 6.35 Femtosecond Transient Absorption Apectra of Pyrene-BDP-C60, 18 in 
Deaerated PhCN, λex = 460 nm. Inset shows time profile of the C60

•– at 1000 nm.  
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Figure 6.36 Nanosecond Transient Absorption Spectra of Pyrene-BDP-C60, 18 in 
PhCN, λex= 510 nm. Inset shows time profile of the 3C60* at 700 nm. 

 

In a control experiment, the nanosecond transient spectra of dyad 18a showed 

weak absorption bands in the visible region with maxima at 430 and 630 nm that 

correspond to the triplet formation of BDP as shown in Figure 6.37.  

 

Figure 6.37 Nanosecond Transient Absorption Spetra of Pyrene-BDP, 18a in PhCN, 
λex= 355 nm. 
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The triads bearing antracene, fluorene, and naphthalene moieties, 19-21 

revealed similar antenna effects. The femtosecond transient absorption spectra of each 

triad had the same spectral patterns expressing the formation of the charge-separated 

states between BDP moiety and C60 unit with different lifetimes when excited at 460 

nm  (see Figures 6.38-6.40). 

 

Figure 6.38 (Left) Femtosecond Transient Absorption Spectra of Fluorene-BDP-C60, 20 
in Deaerated PhCN, λex = 460 nm. (Right) Decay profile of the C60

•– at 1000 nm.  

 

 

Figure 6.39 (Left) Femtosecond Transient Absorption Spectra of Napthalene-BDP-C60, 
21 in Deaerated PhCN, λex = 460 nm. (Right) Decay profile of the C60

•– at 1000 nm.  
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Figure 6.40 Decay profile of 1000 nm Band Corresponding to C60
•– in Anthracene-BDP-

C60, 19 in Deaerated PhCN, λex = 460 nm.  

 

Nanosecond transient absorption spectra of each triad system confirmed 

formation of the triplet excited state of C60 when laser pulses are utilized at 510 and 

355 nm (see Figures 6.41-6.46). 

 

Figure 6.41 (Left) Nanosecond Transient Absorption Spectra of Napthalene-BDP-C60, 21 
in deaerated PhCN, λex = 355 nm. (Right) Decay profile of the 3C60* at 700 nm. 
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Figure 6.42 (Left) Nanosecond Transient Absorption Spectra of Napthalene-BDP-C60, 21 
in Deaerated PhCN, λex = 510 nm. (Right) Decay time profile of the 3C60* at 700 nm. 

 

 

Figure 6.43 (Left) Nanosecond Transient Absorption Spectra of Fluorene-BDP-C60, 21 in 
Deaerated PhCN, λex = 510 nm. (Right) Decay time profile of the 3C60* at 700 nm 
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Figure 6.44 (Left) Nanosecond Transient Absorption Spectra of Fluorene-BDP-C60, 21 in 
Deaerated PhCN, λex = 355 nm. (Right) Decay time profile of the 3C60* at 700 nm. 

 

 

Figure 6.45 (Left) Nanosecond Transient Absorption Spectra of Anthracene-BDP-C60, 19 
in Deaerated PhCN, λex = 510 nm. (Right) Decay time profile of the 3C60* at 700 nm. 
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Figure 6.46 Nanosecond Transient Absorption Spectra of Anthracene-BDP-C60, 19 in 
deaerated PhCN, λex = 355 nm.  

 

The lifetimes of charge-separated states are compiled in Table 6.1. Besides 

functioning as antenna units in triad systems, anthracene, pyrene, fluorene, and 

naphthalene entities appear to affect the lifetimes of the charge-separated states to 

some extent, even though they are not directly involved in charge migration as 

electron donor moieties as understood from the earlier discussion in electrochemical 

measurements. 
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TABLE 6.1. 

Lifetimes of the Charge-Separated State (τCS)  and Rate Constants of Charge 
Recombination kCR in the Series of Triads and Dyad Investigated in this chapter. 

Compound  kCR
[a] / s-1 τCS

[a]/ ps 

Ferrocene-BDP-C60, 16 2.4 x 109 420 

TPA-BDP-C60, 17 2.0 x 109 500 

Pyrene-BDP-C60, 18 1.3 x 109 770 

Anthracene-BDP-C60, 19 1.1 x 109 900 

Fluorene-BDP-C60, 20 2.6 x 109 390 

Napthalene-BDP-C60, 21 1.3 x 109 770 

TolylBDP-C60, 22 3.2 x 109 310 

         [a]  The experimental error is  5% 

6.4 Photoelectrochemical Studies  

Encouraged by the observed stabilization of the charge-separated state in the 

triads, photoelectrochemical studies were performed to visualize their ability to convert 

light into electricity.  For this study all of the triads 16-21 and the dyad 22 were 

electrophoretically deposited on FTO/SnO2 modified electrodes as described in chapter 2. 

As shown in Figure 6.47, the electrophoretically deposited dyad/triad on to the FTO/SnO2 

electrodes were intensely colored, robust and showed no degradation of the dyad during 

photoelectrochemical investigations. The photocurrent action spectra of FTO/SnO2/triads 

in a mediator solution of 0.5 M Li+ and 0.1 mM I2 in acetonitrile with Pt gauze electrode 

as a counter electrode are shown in Figure 6.48.  The spectra closely resembled the 

absorption spectra of the dyad/triads, indicating the dyad/triad on the electrode surface is 
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indeed responsible for photocurrent generation. The monochromatic incident photon-to-

photocurrent conversion efficiency (IPCE) is determined according to Equation (2.1).  

 

Figure 6.47 Picture of the FTO/SnO2 Electrodes after Modification with the 
Corresponding Triad.   
 

 

 

 

 

 

 

Figure 6.48 Incident-Photon-to-Current Conversion Efficiencies (IPCE) of 16-21, and 
23. 

At the wavelength of the maximum current, the IPCE was found to be nearly 

12% for the solar cell with triad 17 modified electrode. For other photocells having 

electrodes modified with triads 16, 18-21 and dyad 23, the IPCE values ranged 

between 4-8% revealing their ability to directly convert light energy into electricity.  
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6.5 Summary 

A series of closely spaced with respect to different entities molecular triads 

comprised of BDP and fullerene primary entities, and a third entity, either a redox active 

or antenna entity, were synthesized to examine the photodynamic properties. The optical 

absorption studies revealed intramolecular interactions between the entities of the triads.  

The geometry and electronic structure of the triads were deduced from computational 

studies while electrochemical studies using differential pulse voltammetry technique 

allowed establishing the energy states of the different triads.  

The photochemical events of Ferrocene-BDP-C60, 16 triad are summarized as 

in Figure. 6.47. Excitation of the central boron dipyrrin of the triad 16 results in 

abstraction of an electron from the ferrocene entity to produce boron dipyrrin anion 

radical which subsequently undergoes electron shift to produce fullerene anion 

radical. As a result of relatively distant positioning of the cation and anion radicals 

charge stabilization was accomplished in the ferrocene-boron dipyrrin-fullerene triad 

in spite of closely disposed donor and acceptor entities. However, TPA-BDP-C60, 17 

triad did not  see any triphenylamine donor effect on charge stabilization.  
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Figure 6.49 Energy Level Diagram of Ferrocene-BDP-C60, 16. 

Fluorescence studies revealed efficient energy transfer from the antenna entity to 

the boron dipyrrin entity in triads 18-21. The 1BDP* transfers its electron to the attached 

C60 generating antenna-BDP•+-C60
•– charge-separated species, as revealed by 

femtosecond and nanosecond transient absorption techniques. The anticipated 

stabilization of the charge-separated state was observed to some extent in all of these 

triads. General photochemical events of antenna-BDP-C60, triad are summarized as in 

Figure. 6.48. 
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Figure 6.50 Energy Level Diagram of Antenna-BDP-C60. X= Pyrene, Anthracene, 
Napthalene, Fluorene. 

 

The dyad/triads were electrophoretically deposited on SnO2 modified optically 

transparent electrodes. Photoelectrochemical measurements performed using a 

standard two-electrode system in acetonitrile containing I -/I3
- redox mediator revealed 

photocurrent generation. The ICPE value at boron dipyrrin peak maximum (~ 500 nm) 

was found to be up to ~12 %, signifying their importance in solar energy harvesting.  
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CHAPTER 7 

SUMMARY 

The work presented in this dissertation has made an attempt to mimic the primary 

events of natural photosynthesis by constructing novel donor-acceptor systems that can 

undergo photoinduced energy and/or electron transfer.  Both covalent and supramolecular 

approaches have been utilized in constructing these artificial photosynthetic model 

systems. 

In chapter 3, the multi-modular system composed of three entities of 

triphenylamine, porphyrin and fullerene is reported.  The absorption, emission, and 

computational studies revealed delocalization of porphyrin  -system to the meso-

substituted triphenylamine entities. These interactions stabilize the final radical ion pair, 

((Ph2N)3-ZnP)▪+-C60
▪–by delocalizing the charge of ((Ph2N)3-ZnP)▪+ over the macrocycle.  

This stabilization decreases the rate of charge recombination, thereby increasing the 

lifetime of the radical ion pair, ((Ph2N)3-ZnP)▪+-C60
▪–. The free-energies and the rates of 

the charge-separation and charge-recombination are evaluated as described in the chapter. 

These studies revealed that the multi-modular system undergoes excitation energy 

transfer from the triphenylamine antenna chromophore to the porphyrin macrocyle and 

electron transfer from the excited porphyin to fullerene yielding a long-lived charge-

separated state, thus mimicking the primary photoinduced events in natural 

photosynthesis.  Based on these observations one can explore new routes to generate 

long-lived charge separated states by introducing the triphenylamine entity due to its 

potential as an antenna chromophore and as a charge stabilizing secondary donor. 
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The donor-acceptor system presented in chapter 4, is much similar to the system 

discussed in chapter 3 with a different electron acceptor, quinone and its distance from 

the porphyrin core. In addition to delocalization of the porphyrin  -system to the 

substituted triphenylamine entities, there are substantial interactions of the quinone entity 

with the porphyrin  -system and triphenylamine entities, respectively. These strong 

electronic interactions are observed from UV-Visible absorption and fluorescence 

emission studies. The free-energy changes and rates for charge-separation and charge-

recombination have been evaluated from electrochemical, steady-state and time-resolved 

emission studies, respectively. These results reveal the occurrence of efficient electron 

transfer processes in 5. The ET reaction path is found to be dependent on the excitation 

wavelength, i.e., whether the Zn porphyrin is excited directly or via the triphenylamine 

moieties. When Zn porphyrin is predominantly excited, a rapid charge separation 

followed by equally fast charge recombination is observed. Instead, excitation of the 

triphenylamine (TPA) substituents leads to an extremely long-living CS state with triplet 

spin character via the TPA triplet and Zn porphyrin triplet states. These observations can 

be attributed to strong electronic interactions between chromphores and due to the close 

proximity of the quinone entity. In the future similar systems could be constructed by 

increasing the separation between donor (ZnP) and acceptor (quinone) entities in order to 

minimize the rate of charge recombination, thus yielding a long-lived radical ion pair. 

A novel supramolecule is introduced as a photosynthetic ‘antenna-reaction center’ 

mimic in chapter 5. Non covalent ion-dipole interactions have been used to assemble the 

crownBDP-zinc porphyrindonor and fullerene ammonium cation, acceptor. The antenna 

BDP entity is placed between the donor and acceptor. The kinetics of the photochemical 
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events reveal the ultrafast excitation energy transfer from the 1BDP* to the ZnP followed 

by electron transfer to generate final long-lived charge separated state as C60
•–:crown-

BDP-ZnP•+. The lifetime of the charge-separated state is found to be ~100 μs.  These 

results indicate that better charge stabilization can be achieved by different arrangement 

of the antenna, donor and acceptor entities. This strategy can be used in designing 

artificial photosynthetic systems in future. 

Closely spaced donor acceptor triads were presented in chapter 6.  The triads are 

comprised of BDP and fullerene primary entities, and a third entity, either a redox active 

or antenna entity. Antenna-BDP- C60 triads reveal the efficient energy transfer from the 

antenna entity to the BDP. Generated 1BDP* transfers its electron to the attached C60 to 

yield antenna-BDP•+-C60
•– as final charge-separated species demonstrating primary events 

of natural photosynthesis. In the case of ferrocene (Fc)–boron dipyrrin (BDP)-fullerene 

(C60), singlet excited 1BDP* abstracts an electron from  ferrocene entity to produce 

BDP•– anion radical which subsequently undergoes electron shift to produce fullerene 

anion radical, yielding final charge separated state, Fc•+–BDP–C60
•-. Cation and anion are 

located at the ends of the molecule, separating each other as far as possible. This 

stabilizes the radical ion pair lowering the rate of charge recombination. This reveals that 

generation of long-lived charge separated state is still possible with the well-tuned redox 

gradient even by closely positioning the donor with an acceptor. The 

photoelecrochemical studies reveal the possibility of the use of these triads in photo 

current generation. Triphenylamine substituted dyes would be a better choice for solar 

energy harvesting devices and that could be tested in future. 
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In this work, the donor-acceptor systems were designed, synthesized and studied 

to measure their potential in mimicking primary events of photosynthesis. That goal was 

successfully achieved. 
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