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CHAPTER 1 

Effect of molecular organization on energy transfer dynamics in 

natural and biomimetic light-harvesting systems 
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1.1. Introduction  

Life on earth would not be possible without the supply of solar energy. The sun 

provides energy to our planet with an average rate of about 100 000 TW, which exceeds 

the world’s present rate of energy consumption of approximately 14 TW by 7000 times. 

In other words, the energy involved in only 1 hour of sunlight falling on our planet equals 

the total amount of energy used by the whole world population annually. The nowadays 

global energy demand is however mainly fulfilled by burning fossil fuels, leading to 

several problems and threats such as declining reserves, political instability and gaseous 

emission causing global environmental changes. An eminent example of utilizing sunlight 

is illustrated by photosynthesis. This process is utilized in plants and green algae to 

convert CO2 and H2O into carbohydrates. Photosynthesis leads to the production of more 

than 100 billion tons of dry mass globally per year, equivalent to a mean rate of energy 

storage of 100 TW.1 

The first crucial step in photosynthesis involves the capture of solar light. To absorb 

sunlight efficiently, photosynthetic organisms are equipped with light-harvesting systems. 

These light-harvesting systems are in general based on chlorophyll or bacteriochlorophyll 

molecules embedded in a protein matrix. The chromophore molecules absorb the incident 

sunlight, while the presence of proteins is essential for the specific three-dimensional 

structure of the light-harvesting complex. An exception to protein-chromophore 

complexes is the chlorosome; i.e. the light-harvesting complex of green sulfur bacteria. In 

contrast to the above complexes, the three-dimensional structure of a chlorosome is solely 

based on chromophore-chromophore interactions as described in more detail in section 

3.1. Absorption of an incident photon results in the promotion of an electron from the 

ground state to a higher energetic state. Relaxation of the excited state leads to the 

formation of a strongly bound neutral electron-hole pair, also referred to as an exciton. 

Excitons are transported by diffusion through one or more light-harvesting complexes 

towards a reaction center, where exciton dissociation into a positive and negative charge 

carrier pair takes place. The charged intermediates formed are used to produce highly 

energetic compounds; e.g. adenosine triphosphate (ATP), which drive the metabolism of 

the photosynthetic organism.2-9  

Natural light-harvesting complexes are found in various molecular configurations. 

This configuration affects the energy transfer dynamics between adjacent chromophore 

molecules. The impact of the configuration is illustrated by the two different values for 

the energy transfer rate (kET) observed for different substructures of the bacterial light-



Effect of molecular organization on energy transfer dynamics 

 9 

harvesting complex II (LHII) (see Figure 1.1).  The LHII complex is based on two rings 

of protein subunits both enclosing bacteriochlorophyll (BChl) molecules, as depicted in 

Figure 1.1. One ring is based on 16 or 18 BChl molecules with the molecular plane 

oriented parallel to the central axis.2 Energy transfer between two neighboring BChl 

molecules within this ring occurs on a time scale of 100-300 fs.10,11 The other ring 

consists of 8 or 9 BChl molecules with all molecular planes aligned perpendicular to the 

central axis.6,12 Energy transfer within this ring occurs slower with typical time scales 

ranging from 0.5 - 1 ps.2 The clear difference in energy transfer dynamics between these 

two rings illustrates the influence of the intermolecular distance and orientation on the 

actual energy transfer dynamics.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Chromophore arrangement in LHII of the purple bacterium Rhodopseudomonas 

acidophila.
6
 The energy transfer rate depends on the relative orientation of the chromophores. 

 

The concept of a well-organized light-harvesting structure capable of light absorption 

and energy migration, combined with a reaction center where exciton dissociation occurs, 

could be applied in a solar cell. Such a cell could be realized by applying a light 

absorbing chromophore (dye) layer on top of an electron-accepting material such as a 

transparent wide bandgap n-type semiconductor (see Figure 1.2A). Exposure to sunlight 

leads to the formation of excitons in the dye layer. Excitons that reach the interface with 

the electron-accepting semiconductor can undergo dissociation into free charge carriers 

by electron injection into the conduction band of the semiconductor.13 In this concept the 
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organic dye layer has the combined function of light absorption and electron donor. This 

type of cell is commonly denoted as a dye-sensitized solar cell (DSSC). The in general 

short distance an exciton is able to diffuse,14-16 originating from either a poor exciton 

diffusion coefficient or a short exciton lifetime, has led to the development of the Grätzel-

cell (see Figure 1.2B). This cell is based on a three-dimensional continuous network of 

semiconductor nanoparticles coated with a monolayer of dye molecules.17 In such cell the 

prerequisite of an efficient energy transfer pathway through the dye layer towards the 

interface with the electron-accepting semiconductor is avoided. However, a drawback of 

a nanostructured network involves the more elaborate cell design required to compensate 

for the complicated charge transport. The efficiently functioning photosynthetic light-

harvesting complexes, on the other hand, demonstrate that efficient energy transfer over 

long distances can be realized by optimizing the relative orientation of the molecules. 

This offers promising possibilities for the realization of solar cells based on a light-

absorbing dye and an electron-accepting material in a bilayer configuration, which is 

favorable for charge transport.  

 

Figure 1.2. A dye-sensitized solar cell (DSSC) based on a wide bandgap semiconductor and 

chromophore in a bilayer (A) and a nanostructured configuration (B). 

 

This review focuses on the impact of the molecular organization of natural and 

artificial chromophore molecules on the dynamics of energy transfer. Artificial molecules 

considered involve porphyrin and phthalocyanine derivatives. Both natural BChl 

molecules (Figure 1.5A) and porphyrin derivatives (Table 1.1) are based on four pyrrole 

rings cyclically interconnected at the alpha position by a meso carbon atom. In case of 
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phthalocyanine derivatives the meso carbon atoms are replaced by nitrogen atoms (see 

Table 1.4). These materials exhibits a characteristic S0-S2 optical transition, denoted as 

the Soret absorption band, and S0-S1 transitions referred to as the Q-bands.18 The 

magnitude of the transition dipole moment of the S0-S1 transition is relatively small for 

porphyrin derivatives and increases on going to BChl and phthalocyanine derivatives.19-23 

The theoretical background for the relationship between the molecular organization 

and the energy transfer dynamics is presented in section 1.2. Section 1.3 summarizes 

experimental findings on the energy transfer dynamics between BChl molecules in the 

natural chlorosome (1.3.1), porphyrin derivatives (1.3.2) and phthalocyanine derivatives 

(1.3.3) and relates the observed energy transfer rates to the organization of the 

chromophore molecules.  

 

 

1.2. Theory 

 

1.2.1. The incoherent energy transfer rate for hopping motion of excitons 

Energy transfer is in general considered to occur via a through-space mechanism. In 

order to describe the intermolecular energy transfer rate in an array of chromophore 

molecules, two limiting cases for energy transfer can be distinguished.24 Parameters that 

determine these extremes include the rate involved in adapting thermal equilibrium after 

an electronic transition took place (krelax) and the actual energy transfer rate (kET) from an 

initial energy donor site (D*) towards a final acceptor site (A), see Figure 1.3. In case 

krelax << kET, an exciton will move much faster between molecular sites as compared to 

relaxation of the nuclear configuration, leading to delocalization of the excitation energy 

over several chromophore molecules. This type of motion is commonly denoted as 

coherent transport. In the other limiting case; i.e. krelax >> kET, relaxation occurs prior to 

energy transfer, resulting in localization of the excitation energy on one chromophore 

molecule. In this regime, motion of excitons can be considered as an incoherent diffusive 

hopping process between single molecules. Only the incoherent regime will be 

considered below.   
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Figure 1.3. Energy transfer between donor D and acceptor A occurring with rate kET and 

intramolecular relaxation to thermal equilibrium with rate krelax. Depending on the ratio of these 

two parameters, an exciton could either be delocalized over several chromophore molecules or 

be localized on a single molecule.  

 

The average intermolecular hopping rate for singlet excitons can be derived from 

Fermi’s golden rule:24 
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kET =
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The weight factors

! 

f ED*

m( )  and 

! 

f EA

n( )  describe the population of the vibrational states 

associated to the donor excited state and acceptor ground state. The wave function of the 

initial quantum state m of the donor in the excited state is denoted by

! 

"
D*

m . The other wave 

functions are denoted analogously. The operator JCOUL describes the Coulombic 

interaction between the electron on the donor and the electron on the acceptor. The Dirac-

delta function 
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" E
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m + E
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# E

D

s
# E
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t( ) ensures energy conservation. The double sum runs 

over the initial vibrational quantum states m of the donor and n of the acceptor and their 

final states s and t. According to the Born-Oppenheimer approximation, a total wave 

function is the product of an electronic wave function and a vibrational wave function. In 

the Condon approximation; i.e. the electronic part of the coupling factor does not depend 
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on the nuclear arrangement, the matrix element of the Coulomb operator reduces to an 

excitonic coupling weighted by the Franck-Condon overlaps between the initial and final 

vibrational states: 
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The factor 

! 

"
D*

m  represents the vibrational wave function of the donor in the excited state, 

whereas 

! 

"
D*
r
1( ) denotes the electronic wave function with 

! 

r1 the position vector of the 

excited electron. The other wave functions are defined analogously.  

The energy transfer rate can be expressed in terms of the donor emission and the 

acceptor absorption spectra. Such expression can be obtained by recasting the Dirac-delta 

function in equation 1.1 into two parts:  
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Introduction of the donor emission line shape FD(E) and acceptor absorption line shape 

AA(E), given by 

! 
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and 
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leads to the following expression for the energy transfer rate:24, 25 
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The factor VDA denotes the excitonic coupling between donor and acceptor and is given 

by: 
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V
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The integral in equation 1.6 can be considered as the overlap between the normalized 

donor emission and acceptor absorption, as schematically depicted in Figure 1.4. The 

donor emission and acceptor absorption line shapes are defined as 
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with ID(E) the donor fluorescence spectrum and !A(E) the optical absorption spectrum of 

the acceptor.24-26 It should be noted that the limits of integration are determined by the 

optical transitions relevant for energy transfer. 

 

 

 

 

  

 

 

Figure 1.4. Spectral overlap between the donor emission and the acceptor absorption line 

shapes.  

 

1.2.2. The Förster model 

The Förster model for energy transfer27, 28 is based on a through-space energy transfer 

process and is only valid for a donor-acceptor distance that exceeds the spatial extent of 

the exciton state. This energy transfer mechanism does not require spatial overlap of 

orbitals of the donor and acceptor. Förster energy transfer can be considered as the 

simultaneous emission of the excitation energy by the donor and absorption by the 

acceptor via the exchange of a virtual photon. Note, that the donor and acceptor can be 

identical molecules. The Förster model is based on a point-dipole approximation of the 

excitonic coupling.25,29 According to this approximation, the excitonic coupling in 

equation 1.7 is given by 
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with 

! 

µ
D

 and 

! 

µ
A

 denoting the absolute values of the transition dipole moments of the 

donor and acceptor involved and RDA the center-to-center distance between the donor and 

acceptor. The orientation factor " is defined as 

! 

" = eD # eA $ 3 eD # rDA( ) eA # rDA( )        (1.11)  

where 

! 

eD  and 

! 

eA  represent the unit vectors along the transition dipole moments of donor 

and acceptor and 

! 

rDA  is the unit vector along the direction connecting the centers of 

donor and acceptor. The value of 

! 

"  is always in the interval [0-2]. Combination of 

equations 1.6 and 1.10 gives the following expression for the Förster energy transfer rate: 
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The value for the exciton diffusion coefficient (DE) is given by:  

! 

D
E

= k
ET
R
DA

2           (1.13) 

The average distance an exciton is able to travel by diffusion before decay to the ground 

state occurs is represented by the exciton root-mean-square displacement (#D). In case of 

one-dimensional exciton diffusion, #D is defined by: 

! 

"
D

= 2D
E
#
E

          (1.14) 

The extent of exciton diffusion is usually characterized by the exciton diffusion length 

(#E): 

! 

"
E

= D
E
#
E

          (1.15) 

Note, that observed values for exciton diffusion lengths might be affected by structural 

defects. Combination of equations 1.12, 1.13 and 1.15 results in: 
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Equation 1.16 shows that energy transfer is facilitated by a large orientation factor, 

exciton lifetime and spectral overlap, while the distance between donor and acceptor must 

be kept as short as possible.  
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Figure 1.5. Chemical structures of bacteriochlorophyll c, d and e (A) and a model for the self-

assembly of BChl molecules together with the singlet energy transfer dynamics between and 

within self-assembled stacks (B). Figures C and D show two different models proposed for the 

supramolecular nanostructure of self-assembled BChl molecules inside the chlorosome: rod-

shaped components (C) and a lamellar organization of the aggregates (D). Figure D is taken from 

ref. 30.  
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1.3. Structure and energy transfer dynamics in linear light-harvesting systems 

 

1.3.1. The chlorosome in green sulfur bacteria 

From all known photosynthetic organisms, the green sulfur bacteria are able to 

survive under the lowest illumination conditions. They are even able to live at depths of 

100 m in the Black see, where the light intensity is nearly 106 times lower than near the 

surface.31,32 The fact that these bacteria are able to survive under such extremely low 

illumination conditions is in part attributed to a highly efficient functioning antenna 

system.30, 32-34 Green sulfur bacteria are equipped with a unique photosynthetic antenna 

complex, the chlorosome, an ellipsoidal shaped organelle with a typical size of 15 nm ! 

30 nm ! 100 nm.35 A chlorosome is based on self-assembled BChl c, d and e molecules 

(see Figure 1.5A for the chemical structure) organized by BChl-BChl rather than by 

BChl-protein interactions. Such interaction is in sharp contrast to other photosynthetic 

antenna complexes where the chromophore molecules are embedded in a protein matrix.  

Self-assembly of the chlorosomal BChl molecules is induced by the formation of a 

coordinative bond between the central Mg atom and the 3-hydroxy group of an adjacent 

molecule, as shown in Figure 1.5B. Additional interactions involve the hydrogen bonding 

between the activated 3-hydroxy group and a 13-keto group of a third BChl molecule and 

"-" interactions between adjacent BChl macrocycles.36 The supramolecular nanostructure 

of self-assembled BChl molecules inside a chlorosome is still under debate. Staehelin et 

al. have suggested the presence of rod-shaped components with a diameter of about 10 

nm as depicted in Figure 1.5C.35 Alternatively, Psencik et al. have recently proposed a 

lamellar organization of the self-assembled BChl aggregates (stacks), as shown in Figure 

1.5D.30 In each of the proposed structures, the chlorosomal BChl aggregates are 

connected via the BChl a containing base plate to the reaction center and surrounded by a 

lipid monolayer to form the photosynthetic apparatus.2 Whether apart from intrastack 

energy transfer also interstack energy transfer is required to transport excitons via the 

base plate towards the reaction center depends on the actual supramolecular nanostructure 

of BChl aggregates within a chlorosome.  

The excitonic coupling VDA between adjacent BChl molecules within a BChl 

aggregate has been calculated on basis of the point-dipole approximation (see section 

1.2.2) to be as high as 511 cm-1.34 The excitonic coupling between molecules situated in 

adjacent self-assembled aggregates amounts to 200 cm-1.34 Energy transfer between 
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adjacent self-assembled BChl aggregates takes place on a typical time scale of 5 ps. 

Within one aggregate energy transfer occurs extremely fast, typically on a time scale of a 

few hundreds of femtoseconds, corresponding to an energy transfer rate in the order of 

5!1012 s-1.34, 37, 38 Since this value is comparable to those observed for the circular systems 

described in section 1, the value for kET within chlorosomal BChl stacks most likely does 

not solely account for the ability of chlorosome containing bacteria to live under such 

extreme conditions.  

The energy transfer rate of 5!1012 s-1 between BChl molecules separated by 6.8 Å39 

corresponds to an exciton diffusion coefficient in the order of 2!10-6 m2/s, see equation 

1.13.  During its lifetime of 30 ps - 80 ps34 an exciton can on average make 150 - 400 

hops before decay to the ground state occurs. The value for #E follows from equation 

1.15 to be in the order of 8 nm - 14 nm. The one-dimensional exciton root-means-square 

displacement #D within one BChl aggregate follows from equation 1.14 to amount to 12 

nm - 19 nm. The fast energy transfer occurring within a BChl aggregate induced by 

molecular self-assembly has inspired many researchers synthesizing artificial close 

mimics of self-assembling BChls, characterizing their structural properties and studying 

the energy transfer dynamics in these complexes. In particular the groups of Tamiaki in 

Japan and Balaban and Würthner in Germany have followed a biomimetic approach for 

the syntheses of artificial chromophores self-assembling in a similar way as the 

chlorosomal BChls.40-49 Sections 3.2 and 3.3 give an overview of studies on the impact of 

the molecular organization on energy transfer dynamics in various self-assembling 

mimics of natural BChls.  

 

 

1.3.2. Porphyrin derivatives 

 

1.3.2.1. Non-covalently organized porphyrin derivatives  

In this section exciton diffusion in the materials presented in Table 1.1 is discussed. 

Table 1.2 provides the structural information and parameters relevant for energy transfer 

for these materials. The earliest reports on the synthesis, morphological characterization 

and exciton diffusion in non-covalently self-organizing porphyrin derivatives date from 

almost 20 years ago. Gregg et al.50,51 have synthesized and characterized several 

porphyrin derivatives, of which zinc octakis (#-octyloxyethyl)porphyrin (ZnOOEP) (see 
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Table 1.1 for the chemical structure) has been studied most intensively. This porphyrin 

derivative exhibits a highly ordered columnar stacking in the solid crystalline phase and a 

slightly less ordered columnar stacking in the liquid-crystalline phase.50,51 From phase-

dependent photovoltaic features of a device based on ZnOOEP, a decrease in #E on going 

from the solid to the liquid-crystalline phase has been found.52 

 

 Table 1.1. Chemical structures of the porphyrin derivatives discussed in section 1.3.2.1.   

Acronym Me M N X R 

ZnOOEP Zn H (CH2)2O(CH2)7CH3   

H2TPP H2 H H H 

H2TEPP H2 H C2H5 H 

H2TnBuPP H2 H n-C4H9 H 

H2TOPP H2 H n-C8H17 H 

ZnTOPP Zn H n-C8H17 H 

ZnBuP Zn H H C(CH3)3 

 

 

ZnOP Zn 

 

 

 

 

H H CH2OCH3 

 

Hydrophobic interactions between aliphatic subunits, introduced by alkyl substituents 

at the para position (X in Table 1.1) of the phenyl groups of tetraphenylporphyrin 

derivatives, have been widely used to introduce liquid-crystalline behavior. In this way 

the molecular organization and consequently the energy transfer dynamics can be 

affected. For singlet excitons #E in layers of unsubstituted meso-tetraphenylporphyrin 

(H2TPP, see Table 1.1 for the chemical structure) has been determined using the time-

resolved microwave conductivity (TRMC) technique16,53 to amount to only 0.7 nm.54 This 

low value has been attributed to the presence of exciton trapping face-to-face dimers or 

larger H-aggregate like structures embedded within disordered H2TPP monomer domains. 

Formation of H-aggregates leads to a forbidden transition between the lowest excited 

state and the ground state, which prevents fluorescence from the lowest excited state. 

According to the Förster theory the energy transfer rate then becomes zero, so that H-

aggregates act as exciton traps. This negatively affects the exciton diffusion length. It was 

found that introduction of ethyl substituents reduces the extent of H-aggregation, leading 

to an enhancement of #E to 7.5 nm.54  

R

R
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N N
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N
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Figure 1.6. Molecular organization and singlet energy transfer parameter values for H2TnBuPP, 

H2TOPP, ZnTOPP and ZnOP layers.  

 

The presence of n-butyl substituents in H2TnBuPP molecules results in the 

spontaneous formation of a nematically structured layer as shown schematically in Figure 

1.6A on spincoating from CHCl3. The molecules in this layer are aligned homeotropically 

with respect to the exciton dissociating interface with TiO2.
55 H2TnBuPP exhibits similar 

absorption and emission spectra as H2TEPP.54,55 However, the mutual parallel 

arrangement of the H2TnBuPP molecules in the homeotropic nematic layer results in a 

higher value for the orientation factor 

! 

"  as compared to the disordered H2TEPP layer56, 

57, which enhances kET (see equation 1.12). As a result, the value for #E in the H2TnBuPP 

layer in the direction perpendicular to the interface with TiO2 is reaching a value 

exceeding 12 nm, as deduced from TRMC experiments.55  

Free-base homologues with n-hexyl or longer n-alkyl substituents have been observed 

to show a liquid-crystalline behavior.58 The singlet exciton lifetime generally increases 

with the length of the n-alkyl side chain54, 55, 59, 60, which in turn enhances the intersystem-

crossing yield to triplet states. Singlet exciton diffusion in disordered H2TOPP layers has 
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been observed to hardly occur. However, for triplet excitons #E amounts to 9.6 nm.61 

Heating the disordered H2TOPP layer above the crystalline to liquid-crystalline transition 

temperature and cooling down has been suggested to result in the formation of columnar 

stacks, as shown in Figure 1.6B, aligned with their long axis parallel to the TiO2 

substrate. No triplet exciton diffusion between these stacks has been observed. The 

singlet exciton diffusion length between H2TOPP stacks, in the direction perpendicular to 

the TiO2 substrate, has been determined to be only 0.9 nm.61  

The zinc analogue of H2TOPP; i.e. ZnTOPP, has been reported to form tilted 

columnar stacks as depicted in Figure 1.6C. The value of #E within a stack has been 

deduced from fluorescence decay experiments in the presence of intentionally added 

exciton quenchers to be as long as 9±3 nm, corresponding to a singlet intrastack energy 

transfer rate of 1012 s-1.62 In contrast, interstack exciton diffusion has been found to be 

considerably less efficient with an energy transfer rate that amounts to only 8!1010 s-1.15, 

62-64 The tendency of molecular stacks to align parallel to a substrate61, 65 is therefore 

expected to result in a short #E in the direction towards an exciton dissociating interface.  

Apart from self-organization by the utilization of hydrophobic interactions, molecular 

organization can also be realized by the formation of coordinative bonds between 

electron-donating and -accepting groups, analogous to the structure of a chlorosomal 

BChl aggregate shown in Figure 1.5B. Numerous reports deal with the synthesis and 

structural characterization of self-assembling mimics of BChl molecules such as 

porphyrin and chlorin derivatives.40,42, 66-70 Although such mimics have been shown to be 

applicable for the photosensitization of (nanostructured) wide bandgap semiconductors71, 

72, so far no efficient energy transfer through a stack in the direction towards an exciton 

dissociating interface has been realized. This is most likely due to a (partial) coverage of 

the electron-accepting semiconductor surface by non-assembled monomers. On energetic 

grounds energy transfer from an aggregate towards a monomer is likely to be inefficient. 

In addition, the alignment of stacks that are in direct contact with the semiconductor is 

most likely unfavorable for electron injection into the semiconductor. In case stacks are 

aligned parallel to a semiconductor surface, the presence of bulky substituents leads to a 

large distance between the porphyrin core and the semiconductor, which might in turn 

decrease the electron injection rate.73 Realizing a proper contact between stacks and the 

semiconductor surface is a promising way towards application of such mimics in 

molecular devices.  
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Table 1.2. Structural properties and energy transfer dynamics of the porphyrin derivatives 

discussed in section 1.3.2.1.  

Acronym Structure 
RDA 

(Å) 
kET (s

-1) DE (m2/s) $E (s) 
#E 

(nm) 
Refs. 

H2TPP 

disordered 

with 

H-aggregates 

  2!10
-9 2.6!10

-10 0.7 54 

H2TEPP disordered   7!10
-8 8.0!10

-10 7.5 54 

H2TnBuPP Figure 1.6A 4.5 $7.1!10
11 $1.4!10

-7 1.0!10
-9 $12 55 

disordered     9* 61 H2TOPP 

 Figure 1.6B ~20 ~4!10
7 1.5!10

-10
 6.0!10

-9
 0.9 61 

ZnTOPP Figure 1.6C 5.0 ~1!10
12 2.5!10

-7  9±3 15, 62-64 

 
ZnBuP disordered 15 4!10

10 1!10
-7 7.4!10

-11 3±1 74 

ZnOP Figure 1.6D 14 7.2!10
11 1.4!10

-6 1.6!10
-10 15±1 74 

* triplet excitons 

 

Recently it has been demonstrated that a zinc porphyrin derivative denoted as ZnOP, 

containing electron-donating methoxymethyl substituents (see Table 1.1 for the chemical 

structure) self-organizes into large ordered domains by the formation of coordinative 

bonds between the central Zn atom and the methoxymethyl substituents.75 Remarkably, 

energy transfer between self-assembled ZnOP stacks occurs rather efficient. The exciton 

diffusion length found from TRMC experiments is as long as 15±1 nm. The large value 

for #E might originate from the strong tilt of the molecules as depicted in Figure 1.6D, 

leading to a relatively short interstack distance and consequently to a strong interstack 

excitonic coupling as follows from equation 1.10. The value for #E in non-assembling 

disordered ZnBuP (see Table 1.1 for the chemical structure) is found to equal only 3±1 

nm. The longer #E observed for ZnOP mainly originates from a stronger excitonic 

coupling VDA, which amounts to 130 cm-1 between ZnOP molecules in adjacent stacks 

and only 36 cm-1 between disordered ZnBuP molecules.74 The strong excitonic coupling 

and large #E found for ZnOP as compared to ZnBuP illustrate the effect of molecular 

self-assembly on the energy transfer dynamics.74  
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Table 1.3. Intramolecular energy transfer rate between identical (kET) or non-isoenergetic (kET,d) 

porphyrin subunits (Pmon) linked at the meso positions by selected spacers.  

Spacer RDA (Å) kET (s
-1) kET,D (s-1) Refs. 

 

  1!10
10 76 

PmonPmon

 

19.6 2!10
10 4!10

10 76, 77 

PmonPmon

 

17.0  9!10
10

 78 

Pmon Pmon

 

12.7 1!10
11

 3!10
11

 77, 79 

Pmon Pmon 8.4  2!10
12

 78 

 

 

1.3.2.2. Covalently linked porphyrin derivatives  

Intramolecular energy transfer dynamics in porphyrin-based oligomers depend on the 

nature of the individual porphyrin subunits and the spacer linking the porphyrin 

monomers at the meso positions (position M of the porphyrin molecular structure shown 

in Table 1.1). The energy transfer rate between non-isoenergetic subunits (kET,d), e.g. from 

a zinc porphyrin to a free-base porphyrin, is in general in the same order of magnitude as 

the value for identical porphyrin subunits (kET).76,77,79 Table 1.3 summarizes literature 

values for the intramolecular energy transfer rates between porphyrin subunits linked by 

spacers as indicated. Energy transfer is expected to occur both via the Förster and a 

through-bond80 mechanism, since the observed values are too high to be attributed solely 

to a Förster mechanism.76 The degree to which extent both mechanisms contribute to the 

intramolecular energy transfer is expected to depend on the nature of the spacer. Addition 

of groups that hinder the linker and the porphyrin subunits to adopt a geometry tending 

towards coplanarity slows down the energy transfer rate. This is explained by a reduced 

through-bond excitonic coupling between the porphyrin subunits on decreasing the 

coplanarity.76 Replacing a diphenylethyne spacer by a diphenyl spacer enhances kET 

Pmon Pmon
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significantly. This effect proceeds for a p-phenylene spacer and is pronounced for a single 

bond spacer. In case of the latter an energy transfer rate as high as 2!1012 s-1 has been 

found.78 The enhancement of kET is attributed to an increase in excitonic coupling 

between the porphyrin subunits across the linker on reducing the length of the linking 

spacer.77,78
 

 

1.3.3. Phthalocyanine derivatives 

The essential difference in molecular structure between the porphyrins discussed in 

previous section and phthalocyanines involves the nature of the bridge connecting the 

four pyrrole rings. In case of the first, the pyrrole rings are connected via carbon atoms, 

while phthalocyanines are based on four pyrrole rings connected via nitrogen atoms (see 

Table 1.4). This difference leads to more intense Q-bands in case of phthalocyanine 

derivatives, originating from a factor of two larger transition dipole moments.21,22 A 

number of publications deal with the determination of #E from the photovoltaic response 

of photovoltaic devices based on vacuum evaporated phthalocyanine films on top of an 

electron-accepting layer. The value for #E in vacuum evaporated zinc phthalocyanine 

(ZnPc, see Table 1.4 for the chemical structure) has been reported to equal 30±10 nm15, 

while for vacuum evaporated copper phthalocyanine (CuPc) layers #E values range from 

10±3 nm81 to 68±20 nm82.  

Free-base and metal phthalocyanine derivatives having aliphatic substituents R (see 

Table 1.4 for the chemical structures) are well-known to possess liquid-crystalline 

behavior.83-86 In the solid crystalline phase, molecules generally tend to form stacks in 

which the molecular planes are tilted with respect to the columnar axis as depicted in 

Figure 1.7A. The tilt angle might reduce to zero on going from the solid crystalline phase 

towards the liquid-crystalline phase, depending on the nature of the substituents.84 In case 

a tilt is absent in the liquid-crystalline phase, phthalocyanine molecules typically arrange 

in a pattern of hexagonally packed columns, as shown in Figure 1.7C.84, 85, 87, 88 Because 

of the steric hindrance between the aliphatic substituents of adjacent molecules, a 

staggered conformation of molecules with a 45° twist angle around the central columnar 

axis is the most likely intracolumnar molecular arrangement.84 
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Table 1.4. Chemical structures of the phthalocyanine derivatives discussed in section 1.3.3.  

Acronym Me R 

ZnPc Zn H 

CuPc Cu H 

H2(CH2OC12)8Pc H2 CH2O(CH2)11CH3 

H2(CH2OC18)8Pc H2 CH2O(CH2)17CH3 

Zn(CH2OC12)8Pc Zn CH2O(CH2)11CH3 

 

N

N

N

N

N

N

NMe

R

R R

R

R

R

R

R

N

 

    

ZnPcIm4-PDI4 

 

 

 

 

 

 

 

 

 

 

 

 

N

N

N

N

N

N

NZn

N

N

O

O

N

O

O

O

N

O

O

C8H17
O

N

O

O

N

O

O

O

N

O

O C8H17

O

N

O

O

N

O

O

O

N

O

OC8H17

O

N

O

O

N

O

O

O

N

O

O

C8H17
O

 

 

 

 
 

A number of publications involve experimental studies on singlet exciton motion in 

phthalocyanine derivatives. Blanzat et al.89 have studied exciton diffusion in 

H2(CH2OC12)8Pc (see Table 1.4 for the chemical structure). In the solid crystalline phase, 

H2(CH2OC12)8Pc molecules form a columnar structure with a tilt angle of 24°, as shown 

in Figure 1.7A. 89 The intracolumnar center-to-center distance RDA amounts to 4.3 Å.85 

For singlet excitons the intracolumnar #D has been observed to be 10-20 nm,89 yielding 

#E = 7-14 nm. Remarkably, the zinc phthalocyanine perylenediimide derivative ZnPcIm4-

PDI4 (see Table 1.4 for the chemical structure) has been observed to form a non-tilted 
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crystalline columnar structure, as shown in Figure 1.7B, with the molecular transition 

dipole moments most likely aligned parallel to each other. The intracolumnar kET is as 

high as 6.25!1012 s-1.90 Combining this with an exciton lifetime of 260 ps90 and 

estimating RDA to equal 3.5 Å84 results in #E = 14 nm. 

 

Table 1.5. Structural properties and energy transfer dynamics of the phthalocyanine derivatives 

discussed in section 1.3.3.  

Acronym Structure 
RDA 

(Å) 
kET (s

-1) DE (m2/s) $E (s) 
#E 

(nm) 
Refs. 

ZnPc      30±10 15 

CuPc      
10±3 

68±20 

81 

82 

H2(CH2OC12)8Pc Figure 1.7A 4.3    7-14 85, 89 

ZnPcIm4-PDI4 Figure 1.7B 3.5 6.25!10
12 7.7!10

-7 2.6!10
-10 14 84, 90 

crystalline 4.5 3!10
9 6.2!10

-10  45* 91 
H2(CH2OC18)8Pc 

 liquid-

crystalline 

 

4.5 5!10
9
 1!10

-9
  47* 91 

crystalline 3.6 7!10
7 9!10

-12
 3!10

-5 16* 92 Zn(CH2OC12)8Pc 

 Figure 1.7C 3.6 7!10
8
 9.4!10

-11
 1.1!10

-6
 10* 92 

* triplet excitons 

 

The motion of triplet excitons has also been studied for a variety of phthalocyanine 

derivatives. As compared to singlet excitons, the energy transfer rate for triplet excitons is 

several orders of magnitude lower. However the considerably longer lifetime of triplet 

states yields #E values of several tens of nanometers; i.e. comparable to that for singlet 

excitons. For two different phthalocyanine derivatives, H2(CH2OC18)8Pc45 and 

Zn(CH2OC12)8Pc46, the value of DE for triplet excitons increases on going from the solid 

crystalline towards the liquid-crystalline phase, which has tentatively been attributed to 

an improvement of the column continuity.91,92 Table 1.5 summarizes the structural 

properties and photophysical parameters for the phthalocyanine derivatives discussed in 

this section. 
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Figure 1.7. Molecular organization and singlet energy transfer parameter values for 

H2(CH2OC12)8Pc (A), ZnPcIm4-PDI4 (B) and the structure of a hexagonal columnar mesophase 

(C).  

 

1.4. Aim of this thesis  

The aim of this thesis is to provide a fundamental understanding of the influence of 

the molecular organization of artificial biomimetic chromophore molecules on the energy 

transfer dynamics. A more comprehensive understanding of this impact shows promising 

prospects for the realization of longer exciton diffusion lengths. Chromophore molecules 

involved in this thesis include several porphyrin derivatives with self-organizing features. 

Before the start of this project, only a few studies on the energy transfer dynamics in 

porphyrin derivatives have been reported in the literature. However, these publications 

often lack detailed information about the specific molecular organization and do not 

allow a quantitative analysis of the impact of the molecular organization on the energy 

transfer dynamics. The singlet exciton diffusion lengths in porphyrin derivatives realized 

so far are all below 10 nm and often even in the order of only 1 nm, which is too short to 
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realize efficient photovoltaic devices of such materials in a bilayer configuration with an 

n-type semiconductor.  

The energy transfer dynamics in various structured porphyrin layers on an electron-

accepting semiconductor were studied using the time-resolved microwave conductivity 

(TRMC) method.16,53 This technique is based on probing the charge carriers formed on 

exciton dissociation at the interface of porphyrin and an electron-accepting 

semiconductor. Exciton diffusion lengths have been deduced from the number of charge 

carriers formed. Methods used to study the molecular organization include (polarized) 

optical absorption and fluorescence techniques, polarized optical microscopy and X-ray 

diffraction. This research has led to an improvement of the exciton diffusion length from 

a few nanometers to several tens of nanometers; i.e. comparable to the exciton diffusion 

length in natural light-harvesting systems. The impact of the molecular organization on 

the exciton diffusion length is discussed in terms of the Förster theory. To make these 

materials attractive for application in a photovoltaic device based on a dye and a 

semiconductor in a bilayer configuration, the long exciton diffusion lengths obtained 

should be enhanced further by a factor of 3-4 to values comparable to the optical 

penetration depth.  

 

 

1.5. Outline of this thesis 

        

Chapter 2: Effect of the structure of substituents on charge separation in meso-

tetraphenylporphyrin/TiO2 bilayers 

 

Bilayers of these porphyrin 

derivatives on TiO2 show significant 

differences in charge separation 

efficiency. The observed values are 

discussed in terms of the exciton 

diffusion length and the interfacial 

electron injection yield. 

 

Chapter 3: Exciton diffusion and interfacial charge separation in meso-

tetraphenylporphyrin/TiO2 bilayers: effect of ethyl substituents 

N NH

NH N

R3

R2

R1

R1

R2

R3

R1

R2

R3

R1R3

R2

1.  TPP!!         R1 = R2 = R3 = H

2.  TMePP   !  R1 = R3 = H, R2 = CH3

3.  TEPP!!       R1 = R3 = H, R2 = C2H5

4.  TtBuPP!     R1 = R3 = H, R2 = tert-butyl

5.  TtriMePP!   R1 = R2 = R3 = CH3
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The exciton diffusion length in ethyl substituted TEPP layers significantly exceeds the 

value observed for unsubstituted TPP. The difference is attributed to the presence of 

exciton trapping H-aggregates in case of the latter.  

 

 

 

Chapter 4: Efficient light-harvesting layers of homeotropically aligned porphyrin 

derivatives 

The introduction of n-butyl side chains results in a nematic layer structure in which the 

molecules are homeotropically aligned. The long exciton diffusion length observed of 

$12 nm is related to this specific molecular organization. 

 

 

 

 

 

 

 

Chapter 5: Thermally deactivated exciton diffusion in a nematic layer of 

homeotropically aligned tetraphenylporphyrin derivatives 

To gain insight into the exciton transfer mechanism in a TnBuPP layer, the energy 

transfer dynamics have been determined at various temperatures. The exciton diffusion 

length decreases from $20 nm at 90 K to $12 nm at 300 K. Combining these values with 

an increase in exciton lifetime from 0.52 ns at 90 K to 1.95 ns at 300 K and an 

intermolecular distance of 4.5 Å gives a decrease of the energy transfer rate from 

$3.8!1012 s-1 at 90 K to $3.7!1011 s-1 at 300 K. This decrease is attributed to larger 

fluctuations in exciton site energies and excitonic couplings at higher temperatures. 

Exciton motion in a TnBuPP layer hence occurs via a band like mechanism, rather than 

by thermally activated Förster-like hopping. 
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Chapter 6: Photosensitization of TiO2 and SnO2 by artificial self-assembling mimics of 

the natural chlorosomal bacteriochlorophylls 

Layers are observed to consist of both self-assembled stacks and monomers. The 

formation of charge-separated states mainly originates from the latter. The low 

contribution of self-assembled stacks is most likely due to an unfavorable interaction 

with the semiconductor substrate. 

 

 

 

 

 

 

 

Chapter 7: Efficient exciton transport in layers of self-assembled porphyrin derivatives  

Energy transfer between self-assembled stacks is observed to occur highly efficient. This 

is attributed to a strong excitonic coupling between adjacent stacks. 

 

N

N N

N

Zn

O O

O

O

O O

O

O CH3

CH3

CH3CH3

H3C

H3C

CH3 CH3

 

 

Chapter 8: An experimental study on the molecular organization and exciton diffusion 

in a bilayer of a porphyrin and poly(3-hexylthiophene)  

The exciton diffusion length in P3HT deposited onto H2TMPyP exceeds the value 

reported for P3HT on TiO2 by almost a factor of three. This is attributed to a high degree 

of order for the first, enhancing the excitonic coupling between the P3HT chains and 

consequently the energy transfer rate. 

N

N N

N

Zn

OH

C(CH3)3

C(CH3)3(H3C)3C

(H3C)3C

O
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CHAPTER 2 

Effect of the structure of substituents on charge separation in meso-

tetraphenylporphyrin/TiO2 bilayers* 

 

 

 

 

 

 

The efficiency of photo-induced charge separation in smooth meso-

tetra(alkylphenyl)porphyrin/TiO2 bilayers has been investigated using the time-resolved 

microwave conductivity (TRMC) technique. Particular attention has been paid to the effect of the 

structure of the substituents on the charge separation efficiency. The chemical structure of the 

substituents is found to affect the charge separation efficiency significantly. Ethyl-substituted 

meso-tetraphenylporphyrin/TiO2 bilayers exhibit a charge separation efficiency of 6.2 % at the 

absorption maximum, which is considerably higher than the efficiencies near 1 % or even lower 

found for the other porphyrin derivatives. The low charge separation efficiencies of these 

porphyrin/TiO2 bilayers are discussed in terms of a short exciton diffusion length and/or a low 

interfacial electron injection yield (!inj). The short exciton diffusion lengths are related to a short 

lifetime of the singlet state and a low energy transfer rate between porphyrin molecules due to a 

low fluorescence rate constant. The results suggest that the value of !inj is affected by the 

presence of alkyl substituents on the phenyl groups.   

 

 

 

 

                                                

*
 This chapter is based on: Annemarie Huijser, Tom J. Savenije and Laurens D.A. Siebbeles, Thin 

Solid Films 2006, 511-512, 208-213. 
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2.1. Introduction 

Dye-sensitized solar cells, based on an electron accepting inorganic semiconductor 

coated with a light absorbing dye, exhibit advantages over silicon-based solar cells such 

as cheap processing, chromatic flexibility and a practically infinite variety of materials.
1
 

The wide bandgap inorganic semiconductor such as TiO2 does not absorb visible light, 

but is photosensitized by the dye layer. Absorption of a photon by the dye results in the 

formation of a strongly bound electron-hole pair, also referred to as an exciton. The 

exciton may migrate to the interface with the semiconductor, where charge separation can 

occur by injection of an electron from the dye into the conduction band of the 

semiconductor. The separated electron and hole formed at the interface can either 

recombine or escape from each other. Application of such a bilayer in a sandwich 

configuration yields a photovoltaic device in which the charge carriers can be collected 

by the electrodes. 

A major problem in using organic dye layers is the small distance an exciton is able to 

travel by diffusion. The penetration depth of visible light in organic dye layers is typically 

100 nm, while the exciton diffusion length ("E) is usually found to be only a few 

nanometers.
2,3

 The exciton diffusion length depends on the exciton diffusion coefficient 

(DE) and the exciton lifetime (#E) according to:  

! 

"
E

= D
E
#
E

          (2.1) 

Because of this short exciton diffusion length, the photoactive part of the dye layer is 

restricted to a few monolayers near the interface with the semiconductor. Excitons formed 

further away from the interface decay before reaching the interface by radiationless 

processes or under emission of a photon. The short exciton diffusion length results in a 

low charge separation efficiency and hence in a low cell performance.  

One way to overcome this problem is the use of nanocrystalline semiconductor films, 

thus reducing the mean distance excitons need to diffuse to reach the interface.
1,4,5

 A 

performance over 10 % has been achieved for a cell based on an interpenetrating network 

of dye-coated nanocrystalline TiO2 particles and a hole transporting electrolyte.
4
 

However, due to complications involved in the use of a liquid electrolyte,
6
 there is 

currently a great interest in the development of total solid-state organic/inorganic solar 

cells, for which a maximum performance of 3-4 % has been realized so far.
7-9

 Another 

approach to enhance the charge separation efficiency involves an increase of the exciton 
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diffusion length. According to equation 2.1 this can be achieved by a longer exciton 

lifetime and/or a larger exciton diffusion coefficient. 

Porphyrin-based dyes have attracted considerable attention to be applied in solar cells 

because of their very strong light absorption in the visible part of the solar emission 

spectrum. Combined with TiO2 as an electron acceptor, efficient charge separation has 

been observed.
10-14

 Current research on porphyrin/TiO2 combinations is focused on 

improvement of the exciton diffusion length,
2,3,15,16

 enhancement of the interfacial 

electron injection yield
16,17

 and improvement of the charge transport properties.
18-20

  

Previous studies have shown that changes in the chemical structure of meso-

tetraphenylporphyrins strongly affect the charge separation efficiency of these porphyrins 

in a bilayer with TiO2. The introduction of a Pd atom
21

 or an octyl substituent at the para-

positions of the phenyl groups
15

 results in an almost 10 times increased charge separation 

efficiency since the exciton transport in these dye films occurs via the triplet level. 

Exciton transport via the triplet route, however, is less attractive as compared to transport 

via the singlet route because of unwanted chemical degradation of the dye.
22,23

 

The aim of the present work is to provide information about the influence of 

substituents on the photo-induced charge separation efficiency. Figure 2.1 shows the 

chemical structures of the porphyrins investigated. Differences in charge separation 

efficiency will be discussed in terms of the exciton diffusion length and the interfacial 

electron injection yield. 
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Ro Ro
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1     TPP            Ro = Rp = H

2     TMePP       Ro = H, Rp = CH3

3     TEtPP         Ro = H, Rp = C2H5

4     TtBuPP       Ro = H, Rp = tert-butyl

5     TtriMePP    Ro = Rp = CH3  

 

Figure 2.1. Chemical structures of the porphyrins investigated.  
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2.2. Experimental methods 

Sample preparation: Thin smooth TiO2 films with a thickness of ca. 100 nm, prepared 

by chemical vapor deposition onto 1x12x25 mm
3
 quartz substrates, were purchased from 

Everest Coatings, Delft, The Netherlands. Meso-tetraphenylporphyrin (TPP) was 

purchased from Porphyrin Systems, Lübeck, Germany. Meso-tetra(4-

methylphenyl)porphyrin (TMePP), meso-tetra(4-ethylphenyl)porphyrin (TEtPP), meso-

tetra(4-tert-butylphenyl)porphyrin (TtBuPP) and meso-tetra(2,4,6-

trimethylphenyl)porphyrin (TtriMePP) were purchased from Frontier Scientific, Logan, 

USA. The chemical structures of these porphyrins are shown in Figure 2.1. Porphyrin 

films with a thickness in the order of 30 nm were prepared by spin-coating from the 

corresponding solution in CHCl3 (Anhydrous, 99+%, Aldrich) at 2500 rpm under N2 

atmosphere onto either a quartz or a TiO2 substrate. The thickness of the porphyrin films 

was determined using a Veeco Dektak 8 Stylus Profiler.  

Optical characterization: Optical transmission and reflection spectra were recorded 

with a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer. From the transmission and 

reflection spectra, the optical density (OD) and the fraction of absorbed light (FA) were 

calculated according to equations 2.2 and 2.3, with IT the intensity of the transmitted 

light, I0 the incident light intensity and IR the intensity of the reflected light:
14

 

! 
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The wavelength dependences of the OD and FA are denoted the “absorption spectrum” 

and the “attenuation spectrum”, respectively. Steady-state and time-resolved fluorescence 

spectra were recorded with a Lifespec – ps setup using a 405 nm excitation source 

(Edinburgh Instruments) and related to the optical attenuation. 

TRMC measurements: The time-resolved microwave conductivity (TRMC) technique 

and experimental setup have been described previously.
3,24

 The porphyrin/TiO2 bilayers 

were mounted in an X-band microwave cavity at a position of maximum electric field 

strength. The microwave frequency used in these experiments was ca. 8.45 GHz. Samples 

were illuminated through the quartz substrate with a nanosecond laser pulse, resulting in a 
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change in conductivity due to an excess of mobile electrons in the TiO2. The incident 

intensity (I0) was varied between 10
11

 - 10
13 

photons/cm
2

  per pulse.  

The data analysis has been described in detail earlier. Briefly, the formation of mobile 

charge carriers leads to an increase of the photoconductance ($G), followed by an 

eventual decrease resulting from decay of charge carriers. The change in 

photoconductance is related to the normalized change in reflected microwave power 

($P/P) by: 

! 

"P

P
= #K"G           (2.4) 

The sensitivity factor K was determined as described in ref. 25 and amounts to 7!10
4
 S

-1
. 

The mobility of electrons varied for different TiO2 layers. To take this into account, the 

photoconductance obtained on pulsed illumination with visible light was divided by the 

maximum photoconductance obtained on selective excitation of TiO2 at 300 nm.
3
 From 

the maximum of the photoconductance ($Gmax), the incident photon to charge separation 

efficiency (IPCSE) at wavelength % was calculated according to: 

! 

IPCSE "( ) =
#G

max
"( )

#G
max

" = 300  nm( )

I
0
" = 300  nm( )
I

0
"( )

F
A
" = 300  nm( )  100%  (2.5) 

This efficiency denotes the ratio of the number of electrons injected into the TiO2 to the 

number of incident photons and may be compared with the incident photon to current 

efficiency (IPCE).   

 

2.3. Results and discussion 

 

2.3.1. Optical characterization 

Figure 2.2 shows the normalized optical density spectra and the steady-state 

fluorescence spectra of the porphyrins spin-coated on quartz. The strong absorption 

between 400 nm and 450 nm (the ‘Soret band’) results from the S0-S2 transition. 

Transitions from S0 to two energetically slightly different S1 levels and their higher 

vibrational modes cause the less intense Q-bands between 500 nm and 700 nm.
26

 The OD 

spectrum of TtriMePP shows a broadening of the Soret band and slightly blue-shifted Q-

bands as compared to the almost similar OD spectra of the other porphyrins. All 
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porphyrin films exhibit an intense fluorescence band at 660 nm and a second fluorescence 

band at 720 nm. Large variations in fluorescence quantum yield (!F) are observed. The 

unsubstituted TPP exhibits the lowest fluorescence quantum yield, while a 30 times 

higher fluorescence quantum yield is found for the TriMePP film.  
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Figure 2.2. Normalized optical density and fluorescence spectra of 30±5 nm thick porphyrin films 

on quartz. 

 

Figure 2.3 shows the fluorescence decays of the porphyrin films. Fitting a mono-

exponential decay to the experimental data (included in Figure 2.3) yielded exciton 

lifetimes ranging between 260 ps to 4.44 ns for TPP films and TtriMePP films, 

respectively. The exciton lifetimes obtained from the fits are shown in Table 2.1. The 

exciton lifetime is related to the fluorescence quantum yield and the fluorescence rate 

constant (kF) according to:
27

 

! 

"
F

= k
F
#
E
          (2.6) 

The difference in fluorescence quantum yields is caused both by a difference in exciton 

lifetime and/or a difference in fluorescence rate constant. The relative fluorescence rate 

constants for the different porphyrins are obtained from the exciton lifetimes and the 

relative fluorescence quantum yields using equation 2.6. The results are presented in 

Table 2.1. Note that the relative fluorescence rate constants do not resemble the trend in 

the exciton lifetimes. This must be due to a variation of the radiationless decay rates for 

the different porphyrins. The fluorescence rate constants found for the TMePP film and 

the TtriMePP film are only slightly higher than the fluorescence rate constant found for 

the TPP film. However, the fluorescence rate constants of the TtBuPP and especially the 

TEtPP film are significantly higher as compared to the TPP film. Since the fluorescence 
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lifetimes and quantum yields of these porphyrins in solution are found to be similar, the 

different fluorescence quantum yields and lifetimes observed for the various porphyrin 

films are expected to be caused by differences in intermolecular interactions. These 

differences may affect exciton transport and consequently the charge separation 

efficiency in porphyrin/TiO2 bilayers.    
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Figure 2.3. Fluorescence decays of 30±5 nm thick porphyrin films on quartz together with the 

corresponding mono-exponential fits. Between brackets the exciton lifetimes resulting from these 

fits. 

 

2.3.2. Photoconductivity measurements 

Figure 2.4 shows the photoconductance transients on pulsed illumination at 430 nm of 

the porphyrin/TiO2 bilayers, divided by $Gmax obtained on pulsed illumination of the 

sample at 300 nm. The initial rise of the transients is due to the 18 ns instrument response 

time of the system. Equal amounts of positive and negative charge carriers are formed on 

pulsed illumination. These charge carriers both contribute to the photoconductance. 

However, the change in photoconductance is mainly due to the mobile electrons in the 

TiO2, since the mobility of holes in porphyrins is substantially lower.
28,29

 The TEtPP/TiO2 

bilayer exhibits a significantly higher photoconductance than the other bilayers. The 

TPP/TiO2 and the TMePP/TiO2 bilayers exhibit similar photoconductance transients. The 

photoconductance transients of the TtBuPP/TiO2 and the TtriMePP/TiO2 bilayers are also 

similar and are even lower than those of the TPP/TiO2 and the TMePP/TiO2 bilayers. The 

charge-separated state persists into the microsecond domain. Since the current 

experiments were carried out in the absence of charge collecting electrodes, decay of the 

photoconductance is not due to extraction of charge carriers 
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Figure 2.4. Photoconductance transients of the porphyrin/TiO2 bilayers on pulsed illumination at 

430 nm with 1!10
12

 photons/cm
2
/pulse, divided by $Gmax obtained on pulsed illumination at 300 

nm of the corresponding bare TiO2 films with 1.5!10
11

 photons/cm
2
/pulse. The porphyrin films 

have a thickness of 40±5 nm.   

 

From the maximum of the transients shown in Figure 2.4, the IPCSE at 430 nm can 

be calculated using equation 2.5. The results are presented in Table 2.1. The IPCSE 

values of the TPP/TiO2 and the TMePP/TiO2 bilayers amount to 1.2 % and 1.0 %, 

respectively. The higher photoconductance of the TEtPP/TiO2 bilayer results in a 

significantly larger IPCSE of 6.2 %. The relatively low photoconductance of the 

TtBuPP/TiO2 and the TtriMePP/TiO2 bilayers result in an IPCSE of only 0.5 % for both 

bilayers. 

Figure 2.5 shows the IPCSE as function of wavelength (‘photoaction spectrum’) for 

the TMePP/TiO2, TEtPP/TiO2 and the TtriMePP/TiO2 bilayers, as well as their optical 

attenuation spectra. It is obvious that these photoaction spectra follow the corresponding 

optical attenuation spectra, which demonstrates photosensitization of the TiO2 by the 

porphyrin layer. The photoaction spectra obtained for the TPP/TiO2 and the TtBuPP/TiO2 

bilayers were similar to those observed for the TMePP/TiO2 and the TtriMePP/TiO2 

bilayers, respectively. The small deviation of the photoaction spectra from the optical 

attenuation spectra may be attributed to sub-bandgap excitation of electronic states within 

the optical bandgap of TiO2.
3
  

The IPCSE depends on the fraction of incident photons that is reflected by the bilayer 

(FR), the number of excitons that reaches the porphyrin/TiO2 interface normalized to the 

number of incident photons (S) and the interfacial injection yield relative to all modes of 

interfacial exciton deactivation (!inj):
30
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! 

IPCSE = 1" FR( )#injS $,L,%E( )  100%      (2.7) 

S depends on the exponential optical absorption coefficient (a), the porphyrin film 

thickness (L) and the exciton diffusion length ("E). Since FR, & and L do not vary 

significantly for the various porphyrin/TiO2 bilayers, the differences in IPCSE must be 

due to a difference in !inj and/or "E.  
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Figure 2.5. FA (lines) and the experimental IPCSE values (dots) of TMePP/TiO2, TEtPP/TiO2 and 

TtriMePP/TiO2 bilayers as function of wavelength. The porphyrin films have a thickness of 40±5 

nm. Note the different scales along the vertical axes.   

 

Exciton diffusion in the porphyrin films is expected to occur via the Förster 

mechanism. Förster energy transfer, with exciton hopping rate kET, occurs by the 

exchange of a virtual photon between donor and acceptor and is only possible if there is a 

non-zero overlap of the emission and absorption spectra. The spectra presented in Figure 

2.2 show that the latter condition is fulfilled. The exciton diffusion coefficient DE is 
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proportional to the fluorescence rate constant (kF) and the distance between donor and 

acceptor (RDA) according to: 
31, 32
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4
         (2.8) 

As can be seen in Table 2.1, the exciton lifetime, fluorescence rate constant and IPCSE 

are similar for TPP and TMePP. This implies that "E and !inj must also be comparable.  

The data in Table 2.1 show that the exciton lifetime for a TEtPP film is approximately 

3 times higher than for a TPP film, while the fluorescence rate constant is 6.5 times 

higher. The higher fluorescence rate constant kF results in a higher exciton diffusion 

coefficient as follows from equation 2.8. Together with the longer exciton lifetime this 

results in an increase of the exciton diffusion length for TEtPP as follows from equation 

2.1, which explains the higher IPCSE of TEtPP/TiO2 bilayers as compared to TPP/TiO2 

bilayers. A more detailed study on the structure of TPP and TEtPP layers is presented in 

chapter 3. 

When comparing the exciton lifetime and the fluorescence rate constant of TtBuPP 

films with those of TPP and TEtPP films, one would expect an IPCSE higher than only 

0.5 %. The very low IPCSE could be due to poor interfacial electron injection, caused by 

the tert-butyl side chains on the para-positions of the phenyl groups, preventing electronic 

coupling with the semiconductor. Another possible reason for the low IPCSE is a large 

distance between exciton donating and accepting species due to the presence of bulky 

tert-butyl substituents. According to equation 2.8 this results in a small DE and 

consequently a short "E. 

On basis of the long exciton lifetime observed for a TtriMePP film (4.44 ns), one 

would expect a high IPCSE according to equations. 2.1 and 2.7. However, the IPCSE at 

the absorption maximum is only 0.5 %, which is most likely due to a low !inj. In meso-

tetraphenylporphyrin molecules the angle between the porphyrin plane and the phenyl 

groups depends on the energy involved in steric hindrance and "-" electronic interaction 

between the porphyrin plane and the phenyl groups. In meso-tetraphenylporphyrins with 

substituents only on the para-positions of the phenyl groups, the optimum angle between 

the porphyrin plane and the phenyl groups is 63°.
33

 In TtriMePP molecules, however, the 

presence of methyl groups at the ortho-positions of the phenyl groups are expected to 

increase the steric hindrance, hence increasing the angle between the porphyrin plane and 



Effect of substituents on charge separation in meso-tetraphenylporphyrin/TiO2 bilayers 

 45 

the phenyl groups. This larger angle together with the presence of the methyl groups at 

the ortho-positions may hamper the electronic interaction with the TiO2, thus resulting in 

a low !inj. In addition, the methyl groups at the ortho-positions may affect the redox 

potential of TtriMePP in such a way that !inj becomes smaller. Enhancement of !inj offers 

the opportunity to increase the charge separation efficiency of TtriMePP/TiO2 bilayers 

significantly.                             

 

Table 2.1. Exciton properties and charge separation efficiencies of the porphyrins investigated. 

Porphyrin relative !F #E (ns) relative kF IPCSE430 nm (%) 

TPP 1 0.26 3.8 1.2 

TMePP 1.5 0.30 5.0 1.0 

TEtPP 20 0.80 25 6.2 

TtBuPP 8.0 0.70 11 0.5 

TtriMePP 30 4.44 6.8 0.5 

 

2.4. Conclusions  

Although the chemical structures of the porphyrins investigated only differ slightly, 

the presence of substituents is found to affect the charge separation efficiency 

significantly. TEtPP/TiO2 bilayers exhibit a maximum charge separation efficiency of 6.2 

%, which is considerably higher than the charge separation efficiencies near 1 % or even 

lower found for the other porphyrin derivatives. The low charge separation efficiencies of 

these porphyrin/TiO2 bilayers are discussed in terms of a short exciton diffusion length 

and a low interfacial electron injection yield. The short exciton diffusion lengths are 

related to a short lifetime of the singlet state and a low energy transfer rate between 

porphyrin molecules due to a low fluorescence rate constant. The results suggest that the 

value of !inj is affected by the presence of alkyl substituents on the phenyl groups.   
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CHAPTER 3 

Exciton diffusion and interfacial charge separation in meso-

tetraphenylporphyrin/TiO2 bilayers: effect of ethyl substituents* 

 

 

 

 

 

 

The photo-induced charge separation efficiency in porphyrin/TiO2 bilayers has been determined 

using the time-resolved microwave conductivity (TRMC) technique. Porphyrins investigated are 

unsubstituted meso-tetraphenylporphyrin (TPP) and meso-tetra(4-ethylphenyl)porphyrin (TEPP). 

TEPP/TiO2 bilayers exhibit a charge separation efficiency per incident photon at the Soret band 

maximum of 6.2 %, which is considerably higher than the efficiency of 1.2 % found for TPP/TiO2 

bilayers. Exciton diffusion lengths of 7 Å for TPP and 75 Å for TEPP are obtained from fitting a 

model for the charge separation efficiency to the experimental data. Optical measurements on the 

porphyrin derivatives on quartz yield a 20 times higher fluorescence quantum yield and a 7 times 

higher fluorescence rate constant for TEPP layers as compared to TPP layers. The exciton 

lifetime of 800 ps found for TEPP layers is considerably longer than the lifetime of 260 ps in TPP 

layers. The exciton diffusion coefficients, determined from the exciton diffusion length and the 

exciton lifetime, are found to be 2!10-9 m2/s for TPP and 7!10-8 m2/s for TEPP. The difference is 

discussed in terms of the presence of face-to-face dimers or larger aggregates in TPP layers.  

 

                                                

* This chapter is based on: Annemarie Huijser, Tom J. Savenije, Jessica E. Kroeze and Laurens 

D.A. Siebbeles, Journal of Physical Chemistry B 2005, 109, 20166-20173. 
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3.1. Introduction 

Solar cells consisting of a light absorbing organic dye and an electron accepting 

inorganic semiconductor exhibit advantages over silicon-based solar cells, including 

opportunities of cheap processing, chromatic flexibility and a practically unlimited choice 

of materials.1 The working principle of a dye-sensitized solar cell is based on the 

photophysical processes that are schematically depicted in Figure 3.1. The wide bandgap 

semiconductor such as TiO2 and SnO2 does not absorb visible light, but is photosensitized 

by the dye layer. This dye layer absorbs photons from the visible part of the solar 

spectrum, thereby promoting an electron from the ground state to a higher energetic level 

(Figure 3.1, process 1). The resulting strongly bound electron-hole pair, which consists of 

the excited electron and a positively charged electron vacancy, is referred to as an 

exciton. These excitons may migrate to the interface with the semiconductor (3), where 

charge separation (CS) can occur by electron injection from the S1 level of the dye layer 

into the conduction band of the semiconductor (7). Other competing processes are 

intersystem crossing to the triplet level (4), and decay to the ground state by radiationless 

decay (5) or under emission of a photon (6). The electrons and holes formed at the 

interface by charge separation can either recombine (8) or escape from each other. In a 

photovoltaic device charges are collected by electrodes on top of the semiconductor film 

and the dye layer and can perform work in an external circuit.  

The performance of flat organic/inorganic bilayer solar cells is typically much less 

than 1 %.2, 3 The low performance is to a large extent due to the fact that the exciton 

diffusion length is small compared to the optical absorption length. For organic dyes the 

light absorption length is typically 100 nm. However, the exciton diffusion length  

! 

"
E

= D
E
#
E

          (3.1) 

with DE the exciton diffusion coefficient and !E the exciton lifetime, is often found to be 

only a few nanometers.4, 5 Due to this short exciton diffusion length, the photoactive part 

of the dye layer is restricted to a few monolayers near the interface. Excitons formed 

further away from the interface decay by non-radiative (5) or radiative (6) processes 

before reaching the interface and do not contribute to the photocurrent.  

 One way to overcome this problem is the use of nanocrystalline semiconductor 

films.1,6,7 This results in a much larger interfacial area between the light absorbing 

molecules and the semiconductor, thus reducing the mean distance excitons have to 

diffuse to reach the interface. A performance of more than 10 % has been achieved for a 
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cell based on an interpenetrating network of dye-coated nanocrystalline TiO2 particles 

and a hole transporting electrolyte.6 However, due to complications involved in the use of 

a liquid electrolyte8, there is currently a great interest in the development of total solid-

state organic/inorganic solar cells. For all solid-state nanocrystalline organic/inorganic 

solar cells a maximum performance of 3-4 % has been realized so far.9-11 An alternative 

approach to overcome the limited exciton diffusion length in organic dye layers involves 

enhancement of the exciton diffusion length within the dye layer. As follows from 

equation 3.1, this can be realized by enhancing the natural exciton lifetime and/or the 

exciton diffusion coefficient.  

 

 

Figure 3.1. The energy levels of meso-tetraphenylporphyrin (TPP) in solution, the conduction 

(CB) and valence band (VB) positions of anatase TiO2, and the processes occurring on optical 

excitation. The inset shows the chemical structure of the porphyrins investigated.  

 

Porphyrin-based dyes have attracted considerable attention to be applied as sensitizers 

because of the overlap of their optical absorption spectrum with the solar emission 

spectrum. Combined with TiO2 or SnO2 as an electron acceptor, efficient charge 

separation has been observed.12-18 Current research is focused on improvement of the 

interfacial electron injection yield by the use of binding groups and linkers19-22, on 

enhancement of the exciton diffusion length4,5,23-26 and improvement of the charge 
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transport properties.21, 27, 28 It is well known that derivatives of tetraphenylporphyrins can 

form dimers or larger aggregates, in solution29-31 and in thin films.30, 32 Previous studies 

have shown that aggregation affects the exciton natural lifetime31,33,34 and the quantum 

yield for interfacial electron injection ("inj).
35    

Recently, we have studied charge separation in meso-tetra(4-n-

octylphenyl)porphyrin/TiO2 bilayers.23 The incident photon to charge separation 

efficiency (IPCSE) at the absorption maximum was found to be 10 %. After heating 

above the crystalline-lamellar discotic phase transition temperature of the porphyrin the 

IPCSE decreases to 1 %. The change of the IPCSE has been attributed to a change of the 

porphyrin layer structure from isotropic before heating to an anisotropic layer consisting 

of columnar aggregates oriented with their long axis parallel to the TiO2 substrate after 

heating. This negative temperature effect on the IPCSE is of course undesirable for 

practical use of porphyrin dyes in photovoltaic devices.  

Also the introduction of a Pd atom in meso-tetra(4-carboxyphenyl)porphyrin 

molecules has been found to increase the IPCSE at the absorption maximum from 1 % to 

12 %.36,37 Exciton transport in these porphyrin films occurs via the triplet level. The 

exciton diffusion length in these layers equals 28 nm, resulting from an exciton lifetime 

of 10 !s and an exciton diffusion coefficient of 8"10-11 m2/s. Exciton transport via the 

triplet route, however, is less attractive as compared to transport via the singlet route 

because of unwanted chemical degradation of the dye.38,39  

The aim of the present work is to provide information on the exciton diffusion length 

and the efficiency of photo-induced charge separation in bilayers of the porphyrin 

derivatives meso-tetraphenylporphyrin (TPP) and meso-tetra(4-ethylphenyl)porphyrin 

(TEPP) with TiO2. These porphyrins differ by an ethyl group at the para-phenyl positions 

(see inset of Figure 3.1). Steady-state optical absorption and fluorescence spectroscopy as 

well as fluorescence lifetime measurements on films spin-coated on quartz substrates 

were used to characterize the porphyrin layer. Charge separation efficiencies in 

porphyrin/TiO2 bilayers were determined with the time-resolved microwave conductivity 

(TRMC) method. Excitons were created in the dye layer by illumination with a 

nanosecond laser pulse, which results in a change in conductivity due to electron injection 

into the TiO2 film. Charge separation efficiencies were determined as a function of 

intensity, wavelength and porphyrin layer thickness. Values for the exciton diffusion 

length and the interfacial injection yield were obtained by fitting an analytical model for 

exciton diffusion to the experimental data. Together with the measured fluorescence 
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lifetimes, these values were used to derive the exciton diffusion coefficients in the 

porphyrin layers. The knowledge about the factors determining the exciton diffusion 

length is useful for the development of more efficient solar cells based on porphyrins.  

 

3.2. Experimental methods 

Sample preparation: Thin smooth TiO2 films were purchased from Everest Coatings, 

Delft, The Netherlands. They were prepared by chemical vapor deposition onto 1x12x25 

mm3 quartz substrates, followed by annealing in air at 450 °C for 1 h in order to obtain 

anatase TiO2.
40 The TiO2 film thickness was ca. 100 nm. Meso-tetraphenylporphyrin 

(TPP) and meso-tetra(4-ethylphenyl)porphyrin (TEPP) were purchased from Porphyrin 

Systems and Frontier Scientific, respectively, and were used without further purification. 

Thin porphyrin films were prepared by spin-coating from a solution in CHCl3 

(Anhydrous, 99+%, Aldrich) at 2500 rpm under N2 atmosphere onto either a quartz or a 

TiO2 substrate. Prior to film deposition, these substrates were dried at 450 °C for 1 h in 

order to remove H2O from the surface. Film thicknesses of porphyrin layers were 

determined by a Veeco Dektak 8 Stylus Profiler. The S0 levels of TPP and TEPP were 

determined by cyclic voltammetry, using an Ag/AgCl reference electrode and a 0.5 M 

tetrabutylammonium perchlorate solution in acetonitrile. The position of the S0 level was 

found to be equal to 1.3 eV vs. NHE for both compounds.  

Optical characterization: Optical transmission spectra of dilute solutions of the 

porphyrin molecules in CHCl3 were recorded with a Perkin Elmer Lambda 40 UV/VIS 

spectrometer. Optical transmission and reflection spectra of thin films were recorded with 

a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer, using an integrating sphere. 

From the transmission and reflection spectra, the fraction of absorbed light (FA) and the 

optical density (OD) were calculated.17 Steady-state fluorescence spectra were recorded 

with a Photon Technology International Photoluminescence setup.  Fluorescence lifetime 

measurements on dilute solutions were performed by illumination with a pulsed 

Megaplus N2 laser (337 nm, pulse width < 1 ns) and detecting the fluorescence at 660 nm. 

Transient fluorescence data of thin films were collected using an IBH NanoLED-07 

pulsed laser diode excitation source (404 nm, pulse width < 100 ps). The emission was 

detected through a 650 nm band pass filter by a Hamamatsu microchannel plate 

photomultiplier. The total instrument response time was 100 ps. The resulting decay 

curves were analyzed using IBH DAS6 analysis software.  
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TRMC measurements: The TRMC technique has been fully described previously.5, 41 

The porphyrin/TiO2 bilayers were mounted in an X-band microwave cavity at a position 

of maximum electric field. To exclude any O2-induced degradation effects of the organic 

layer, sample preparation and experiments were performed under N2 atmosphere. The 

microwave frequency used in these experiments was ca. 8.45 GHz.  

Pulses in a wavelength range of 410 nm to 700 nm (pulse width 3 ns) were obtained 

by pumping an OPO with the third harmonic of a Q-switched Nd:YAG laser (Infinity, 

Coherent). In order to obtain pulses with a wavelength in the UV part of the spectrum, 

visible laser pulses were frequency doubled by a SHG yielding pulses with a width of 2.5 

ns. The sample was illuminated either through the quartz substrate ('backside', (BS)) or 

through the porphyrin layer ('front-side', (FS)). The incident intensity was varied between 

1011-1013 photons/cm2 per pulse, using metallic neutral density filters.    

The formation of mobile charge carriers due to pulsed illumination leads to an 

increase of the conductance (#G), which is followed by an eventual decrease resulting 

from decay of charge carriers. The change in microwave power reflected by the 

microwave measuring cell on pulsed illumination (#P) was monitored using microwave 

circuitry and detection equipment which has been described previously.41 The temporal 

change in reflected microwave power is related to #G by: 

! 

"P t( )
P

= #K"G t( )          (3.2) 

The sensitivity factor K was determined as described previously42 and had a value of 

7"104 S-1 for the current cell design and materials. The change in conductance is related 

to the product of the average concentrations (Ni) and mobilities (µi) of charge carriers by: 

! 

"G t( ) = e#L N
i
t( )µi$         (3.3) 

In equation 3.3, $ is the ratio between the broad and narrow inner dimensions of the 

waveguide (2.08 for the X-band waveguide used), L is the thickness of the TiO2 layer and 

e the elementary charge. From the maximum of the photoconductance during time 

(#Gmax), the parameter %&µ is calculated according to:  

! 

" µ# =
$G

max

e%I
0

         (3.4) 

where I0 is the integrated incident light intensity (photons/cm2/pulse) , &µ is the sum of 

the hole and electron mobilities and % is the number of charge carrier pairs produced per 

incident photon at the time where the photoconductance is maximal.  
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For a bilayer system, the incident photon to charge separation efficiency (IPCSE) was 

derived in the following way. Since the electron mobility (µe) in anatase TiO2 is much 

higher than the hole mobility, &µ is close to equal to the electron mobility.43 The electron 

mobility in TiO2 was obtained on direct bandgap excitation (Figure 3.1, process 9) using 

UV (300 nm) radiation. At 300 nm photons absorbed by the semiconductor lead to 

formation of free electrons in the conduction band, hence 

! 

µ " µ
e
"
# µ$[ ]

300  nm

%F
A ,300  nm

$         (3.5)  

where " is the quantum yield for charge carrier formation, which is assumed to be equal 

to one.44 In a porphyrin/TiO2 bilayer, the mobility of holes in the porphyrin layer is much 

lower than the electron mobility in TiO2,
43,45 therefore only the production of mobile 

electrons in TiO2 results in a measurable change of the microwave conductivity. From µe 

and %&µ obtained on pulsed illumination of a bilayer system with visible light, the IPCSE 

can thus be calculated using equation 3.6: 

! 

IPCSE =
" µ#[ ]

µ
e

$100  %         (3.6) 

 

3.3. Results  

 

3.3.1. Optical characterization 

Effects of chemical structure and intermolecular interactions on the photophysical 

properties of the materials were studied by absorption and fluorescence measurements on 

solutions and thin films. Figure 3.2A shows the normalized optical density spectra of 

dilute solutions of TPP and TEPP in CHCl3, together with their steady-state fluorescence 

spectra. For both solutions identical absorption and fluorescence spectra and fluorescence 

quantum yields were found. The S0-S2 transition results in a strong absorption band 

between 400 nm and 450 nm (the ‘Soret’ band) with an absorption maximum at 420 nm. 

Transitions from S0 to two energetically slightly different S1 levels and their higher 

vibrational modes cause the less intense Q bands between 500 nm and 700 nm.46 From 

the observation that excitation at 430 nm and at 520 nm yield identical fluorescence 

spectra, it is concluded that electrons excited to the S2 or a higher level decay rapidly to 

the S1 level by internal conversion (Figure 3.1, process 2). The most intense fluorescence 
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was recorded at 654 nm, which is due to the S1-S0 transition. The second fluorescence 

band at 716 nm is caused by a transition to a vibrationally excited state of the S0 level.  
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Figure 3.2. Normalized optical density spectra and relative fluorescence quantum yields as a 

function of wavelength for TPP (solid lines) and TEPP (dashed lines) in solution (A) and as spin-

coated films (30 ± 5 nm) on quartz (B).  

 

Figure 3.2B shows the normalized optical density and fluorescence spectra of TPP 

and TEPP films on quartz. The absorption spectra of both films show a red-shift and a 

broadening of the Soret band as compared to the spectra in solution. Both films exhibit a 

maximum absorption at 435 nm. In comparison to TEPP, the TPP film exhibits a small 

broadening of at most 20 nm at the blue-side of the Soret band. Much larger differences 

between TPP and TEPP layers were found in the fluorescence spectra. The location of the 

fluorescence maxima of the films are similar to those of the solutions, but in contrast to 

the equal fluorescence quantum yields in solution, films of TEPP exhibit an 

approximately 20 times higher fluorescence quantum yield than TPP films. The 

fluorescence quantum yields of both films were found to be independent of the intensity 

of the excitation light. Hence, bimolecular exciton-exciton annihilation does not play a 

significant role at the intensities applied.  
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Figure 3.3. Fluorescence decay of 30±5 nm thick TPP (solid line) and TEPP (dashed line) films 

on quartz together with the corresponding mono-exponential fits. The exciton lifetimes in solution 

and in the films are given in the inset.  

 

The solutions of TPP and TEPP were found to exhibit an identical fluorescence 

lifetime of 11.5 ns, which is comparable to literature values for TPP.47, 48 In contrast, the 

time-resolved fluorescence decays in Figure 3.3 show that excitons in TEPP films decay 

more slowly than those in TPP films. Fitting of a mono-exponential decay convoluted 

over the excitation pulse duration and the time-response of detection yields singlet 

exciton lifetimes equal to !E = 260 ps and !E = 800 ps for TPP and TEPP films, 

respectively. The exciton lifetime of 310 ps found by Hall and co-workers49 for TPP films 

is comparable to the result from the current work.  

The differences in fluorescence quantum yield and singlet exciton lifetime are caused 

by different rate constants for the exciton decay processes (Figure 3.1, processes 4-7). 

Since the porphyrin films are deposited on quartz, interfacial electron transfer can be 

ruled out. The possible decay pathways are intersystem crossing, radiationless decay and 

fluorescence. The exciton lifetime is related to the rate constants for fluorescence (kF), 

radiationless decay (kNR) and intersystem crossing (kISC) by:50 
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         (3.7) 

The fluorescence quantum yield ("F) is given by:50 
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# $

E
        (3.8) 

Using the experimental exciton lifetimes and the ratio of the fluorescence quantum yields 

in TPP and TEPP films, it is found from equations 3.7 and 3.8 that the fluorescence rate 

constant in TEPP is approximately 7 times higher than in TPP. For metal-free porphyrins 

the timescale for intersystem crossing is of the order of 10 nanoseconds.48 Since the 
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exciton lifetimes are much shorter, the contribution of intersystem crossing (kISC) can be 

neglected in equations 3.7 and 3.8. Hence, the combination of a longer !E and a higher kF 

for TEPP films is only possible if kNR is smaller than in TPP films. From the results 

described above it can be deduced that kNR for TEPP films is at least 3 times smaller than 

for TPP films, see Appendix A.  

 

3.3.2. Photoconductivity measurements 

Microwave conductivity transients: Figure 3.4 shows the TRMC signals obtained on 

pulsed illumination at 430 nm of a bare TPP film on quartz, a TPP/TiO2 bilayer and a 

TEPP/TiO2 bilayer. The samples were illuminated through the quartz substrate 

('backside'), yielding a high initial exciton concentration near the porphyrin/TiO2 

interface for the bilayer systems.  Since the mobility of holes in porphyrins is much lower 

than the mobility of electrons in TiO2,
43, 51 the observed change in photoconductance is 

due to the production of mobile electrons in the TiO2 film. The initial rise of the TRMC 

signals is due to the 18 ns instrument response time of the system. 
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Figure 3.4. TRMC signals obtained on backside pulsed excitation at 430 nm (5!1012 

photons/cm2/pulse) of a bare TPP film (dotted line), a 42±5 nm TPP/TiO2 bilayer (solid line) and a 

37±5 nm TEPP/TiO2 bilayer (dashed line). 

 

As can be seen in Figure 3.4, illumination of a TPP film on quartz did not result in 

any detectable TRMC signal. The same was found for a TEPP film on quartz. Excitation 

of bare TiO2 layers with visible light was found to result in a small short-lived signal, 

which is ascribed to sub-bandgap excitation (Figure 3.1, process 11) of electronic states 

within the optical bandgap.5 Hence, the large and long-lived photoconductance observed 

for the bilayer systems demonstrates the photosensitization of the anatase TiO2 by the 
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porphyrin layer. The charge-separated state persists to the microsecond domain. The 

eventual decay of the photoconductance is due to interfacial electron-hole recombination 

and/or electron trapping. Since the current experiments were carried out in the absence of 

charge collecting electrodes, the decay of the photoconductance is not due to extraction of 

charge carriers. For the TEPP/TiO2 bilayer a significantly higher TRMC signal was found 

than for the TPP/TiO2 bilayer, which can be attributed to more efficient charge separation 

in the TEPP/TiO2 bilayer, as will be discussed below.  

Charge separation efficiencies: The IPCSE can be calculated from the TRMC signal 

obtained on UV excitation of bare TiO2 and the TRMC signal observed on pulsed 

illumination of a bilayer with visible light, using equation 3.6. Figure 3.5 shows the 

IPCSE values determined on 430 nm excitation of the TPP/TiO2 and TEPP/TiO2 bilayers 

as a function of the incident light intensity. At intensities below 1012 photons/cm2/pulse 

the IPCSE values were found to be independent of the light intensity. Hence, exciton-

exciton annihilation and bimolecular charge recombination processes can be neglected at 

these low intensities. At these intensities, the IPCSE of the TPP/TiO2 bilayer amounts to 

1.2 %, in agreement with earlier studies,52 and to 6.2 % for the TEPP/TiO2 bilayer.  
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Figure 3.5. Intensity dependence of the IPCSE on 430 nm backside pulsed illumination of a 42±5 

nm TPP/TiO2 bilayer (solid dots) and a 37±5 nm TEPP/TiO2 bilayer (open dots).  

 

For intensities larger than 1012 photons/cm2 per pulse the IPCSE was found to 

decrease with I0 according to: 

! 

IPCSE" I
0

# $1          (3.9) 
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The exponents were found to be ' = 0.91 and ' = 0.83 for the TPP/TiO2 and the 

TEPP/TiO2 bilayers, respectively. Note that equation 3.9 corresponds to a power law 

dependence of the photoconductance on the intensity (#G"I0
'-1).    
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Figure 3.6. The fraction of absorbed light FA (dashed line) and the experimental IPCSE values of 

a 42±5 nm TPP/TiO2 bilayer as a function of wavelength on backside (dots) and front-side 

(triangles) illumination and the wavelength dependence of the IPCSE calculated using equation 

3.10 with "inj = 0.37 and (E = 7 Å (A) (solid lines). The results for a 37±5 nm TEPP/TiO2 bilayer 

are shown in (B), with "inj = 0.37 and (E = 75 Å. 

 

Figure 3.6 shows the IPCSE as function of wavelength (‘photoaction spectrum’) for 

both bilayers determined on backside and front-side illumination as well as their optical 

attenuation spectra. The average illumination intensity was equal to 6"1012 

photons/cm2/pulse. To correct for bimolecular effects due to variations in illumination 

intensity over this wavelength range, the measured IPCSE values were extrapolated to an 

illumination intensity of 1"1011 photons/cm2/pulse using equation 3.9. It is obvious that 

the photoaction spectra for backside illumination of both TPP/TiO2 and TEPP/TiO2 

closely follow the corresponding optical attenuation spectra, which again demonstrates 

the photosensitization of TiO2 by the porphyrin layers. In case of backside illumination, 

excitons are mainly created near the porphyrin/TiO2 interface. In contrast, front-side 

illumination leads mainly to formation of excitons near the porphyrin/gas interface and 

especially in case of a short optical absorption length only few excitons near the 

porphyrin/TiO2 interface. Since the thickness of the porphyrin layer is expected to largely 

exceed the exciton diffusion length, only excitons created near the porphyrin/TiO2 

interface result in charge separated states. Hence, front-side illumination results in lower 

IPCSE values than backside illumination.  
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Parameters affecting the IPCSE: The exciton diffusion length and the interfacial 

electron injection yield can be obtained using the theoretical model for the IPCSE 

described previously.53 The IPCSE depends on the fraction of incident photons that is 

reflected by the bilayer (FR), the number of excitons that reaches the porphyrin/TiO2 

interface normalized to the number of incident photons (S) and the interfacial injection 

yield relative to all modes of interfacial exciton deactivation ("inj): 

! 

IPCSE = 1" FR( ) # S($,L,%E ) # & inj #100%       (3.10) 

S depends on the exponential optical absorption coefficient ()), the porphyrin layer 

thickness (L) and the exciton diffusion length ((E). Analytical expressions for S on 

backside (SBQ) and front-side illumination (SFQ) have been derived by solving the 

classical diffusion equation for steady-state conditions and are given in Appendix B.53-55 

Accurate values for "inj and (E can be obtained by varying the thickness of the porphyrin 

layer. If the thickness of the porphyrin layer is much larger than the exciton diffusion 

length, a large difference in IPCSE between backside and front-side illumination can be 

expected. In that case the IPCSE does not vary much with layer thickness for backside 

illumination. This is due to the fact that mainly those excitons created within a distance 

(E from the interface can undergo interfacial charge separation. In contrast, for front-side 

illumination increasing L leads to a smaller concentration of excitons near the 

porphyrin/TiO2 interface. As a consequence the IPCSE decreases with increasing L and 

eventually becomes zero. If the thickness of the porphyrin layer is smaller than the 

exciton diffusion length, the difference in IPCSE between backside and front-side 

illumination disappears, since in this case all excitons are able to reach the 

porphyrin/TiO2 interface. Increasing L will then lead to an increase of the IPCSE since 

more light is absorbed as the layer becomes thicker. 

Figures 3.7A and 3.7B show the dependence of the IPCSE on the porphyrin layer 

thickness on backside and front-side illumination for TPP/TiO2 and TEPP/TiO2 bilayers, 

respectively. Since FR varied between different samples, the ratio of IPCSE to (1-FR) is 

shown. The data presented in Figure 3.7A exhibit a dependence of the IPCSE on L that 

does not agree with the expectations as discussed in the previous paragraph. This is most 

likely due to variation of porphyrin layer structure, and consequently the exciton diffusion 

length, with the layer thickness, as will be discussed in the next section. The data in 

Figure 3.7B can be excellently described by equation 3.10 and equations B1 and B2 (See 

Appendix B). Fits of these equations to the experimental data yield an exciton diffusion 
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length of 75 Å and an interfacial electron injection yield "inj = 0.37 for a TEPP/TiO2 

bilayer. With these parameters and the known wavelength dependence of ), also the 

front-side and backside photoaction spectra for the TEPP/TiO2 bilayer were calculated, 

see Figure 3.6B. The calculated action spectra agree very well with the experimental 

results.  

Although the thickness dependence of the IPCSE for the TPP/TiO2 bilayers in Figure 

3.7A cannot be described by equation 3.10 and equations B1 and B2, the photoaction 

spectrum for a particular porphyrin layer thickness could be described by these equations, 

see the fits in Figure 3.6A. The photoaction spectrum in Figure 3.6A was obtained for a 

sample for which L>>(E. In this case the IPCSE is mainly determined by the product of 

"inj and (E. Therefore it is not possible to determine accurate values of these parameters 

independently. Taking the interfacial electron injection yield in TPP/TiO2 bilayers equal 

to those found for TEPP/TiO2 layers yields an exciton diffusion length of 7 Å, which is 

more than 10 times smaller than (E in TEPP layers. 
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Figure 3.7. IPCSE/(1-FR) as a function of the porphyrin layer thickness for TPP/TiO2 (A) and 

TEPP/TiO2 (B) bilayers, obtained on excitation at 430 nm with 5!1012 photons/cm2/pulse. Dots 

represent backside illumination, triangles front-side illumination. 

 

 

3.4. Discussion 

The exciton diffusion lengths and lifetimes can be used to determine the singlet 

exciton diffusion coefficient using equation 3.1. This yields a value of 2"10-9 m2/s for a 

TPP layer and a much higher value of 7"10-8 m2/s for a TEPP layer. Both values are 

much larger than the triplet exciton diffusion coefficient observed in Pd substituted 
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porphyrin layers (8"10-11 m2/s).36, 37 For the porphyrin molecules considered here, exciton 

diffusion is expected to occur via the Förster mechanism.56,57 Förster energy transfer 

occurs by the exchange of a virtual photon, with hopping rate kET, and can only occur if 

there is a non-zero overlap of the emission and the absorption spectra. The data in Figure 

3.2B show that the latter condition is fulfilled. The exciton diffusion constant is linearly 

proportional to the fluorescence rate constant according to: 56, 58 

! 

D
E

= k
ET
" R

DA

2 =
9000 ln10( )# 2JFkF
128$ 5

n
4
N

A
R
DA

4
       (3.11) 

In equation 3.11, *2 is a factor describing the relative orientation of the transition dipoles 

of donor and acceptor species, JF an integral taking into account the overlap of the 

absorption and emission spectra, n the refractive index, NA Avogadro’s number and RDA 

the distance between donor and acceptor species. According to equation 3.11 the larger kF 

found for TEPP layers leads to a higher exciton diffusion coefficient. The value of kF for 

TEPP is 7 times higher than for TPP, while the exciton diffusion coefficient is a factor 35 

higher. This could be due to the fact that also *2 and/or RDA are different for TPP and 

TEPP layers.  

The lower fluorescence rate constant found for TPP films could be caused by the 

presence of face-to-face molecular dimers or larger aggregates. In such aggregates 

electronic coupling between the molecular orbitals on the individual molecules leads to a 

splitting of the electronic levels, as shown in Figure 3.8 for a dimer. In porphyrin 

molecules the transition dipole moments for the S0-S2 and S0-S1 transitions are parallel to 

the plane of the molecule.46 Hence face-to-face molecular stacking leads to formation of 

H-aggregates.59 For H-dimers the in-phase interaction of the two transition dipole 

moments leads to the higher lying E'' level and the out-of-phase interaction yields the 

lower lying E' level, as discussed by Kasha.60 The optical transition between the E' 

exciton state and the ground state is forbidden. Analogously, in larger H-aggregates the 

optical transition between the lowest exciton state and the ground state is forbidden. 

Hence fluorescence from the lowest excited state is prevented by formation of H-

aggregates. In that case, exciton diffusion between different H-aggregates via the Förster 

mechanism is impossible. The low fluorescence rate constant and the small exciton 

diffusion coefficient in TPP layers could thus be due to the presence of H-aggregates. The 

ethyl groups in TEPP seem to reduce the extent to which H-aggregates are present in the 

film. The stronger tendency of TPP molecules to form H-aggregates may be caused by 
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the lower solubility in CHCl3 due to the absence of alkyl side chains. The average 

distance or the relative orientation between individual molecules in non-aggregated 

domains in a film may differ from the mutual arrangement of different H-aggregates. 

These differences in RDA or *2 may also lower DE as follows from equation 3.11, 

explaining that the exciton diffusion coefficient in TEPP layers is 35 times larger than in 

TPP layers while the value of kF is only a factor 7 higher.    

 

Figure 3.8. Representation of the energy levels of a porphyrin monomer (a) and a dimeric H-

aggregate (b). In (c) a schematic view of the structure of TPP and TEPP layers is shown.   

 

The tendency of TPP molecules to form H-aggregates can also explain the unexpected 

thickness dependence of the IPCSE for TPP/TiO2 bilayers, shown in Figure 3.7A. Thicker 

TPP layers were prepared by spin-coating from a more concentrated solution, in which 

formation of H-aggregates is expected to occur to a larger extent. If this is the case, the 

exciton diffusion length decreases for thicker TPP layers. This would in turn lead to a 

decrease of the IPCSE with increasing porphyrin layer thickness, as indeed observed for 

TPP, see Figure 3.7A. Since the shapes of the fluorescence spectra of the TPP and TEPP 

layers (Figure 3.2B) are very similar, it is likely that the remaining fluorescence of the 

TPP layer is due to non-aggregated porphyrin molecules. This indicates the presence of 

both H-aggregates and single molecules in TPP layers.  
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Note, that formation of H-aggregates in a film does not necessarily lead to a blue-shift 

of the absorption spectrum as compared to the solution spectrum. This can be due to the 

fact that the change in dielectric environment on going from a solution to a film may 

result in a red-shift, which can dominate over the blue-shift due to formation of H-

aggregates. The identical onset of the Soret band at the red side observed for TPP and 

TEPP films indicates that in both films non-aggregated molecules are present. The tail at 

the blue side of the Soret band observed for TPP films is attributed to a minor amount of 

H-aggregates.  

Since the energy of an exciton on an H-aggregate will be lower than on an individual 

molecule in a less ordered domain in the film, H-aggregates may act as exciton traps. 

Exciton diffusion between H-aggregates is hampered due to the negligible Förster transfer 

rate, as a result of the forbidden fluorescence transition. However, excitons may well be 

delocalized over an entire H-aggregate.61 Hence, in case the dye layer consists of H-

aggregates oriented perpendicularly to the TiO2 substrate and in contact with the latter, 

the exciton diffusion length corresponds to the length of the H-aggregate. In case long H-

aggregates can be arranged in this manner, a high charge separation efficiency may be 

achieved. Our work, however, indicates that a relatively long exciton diffusion length and 

consequently a high charge separation efficiency can also be realized in a layer in which 

energy transfer occurs between randomly oriented single molecules.  

The value of "inj = 0.37 found for the interfacial electron injection yield in a 

TEPP/TiO2 bilayer is significantly smaller than the electron injection yield close to unity 

reported earlier for meso-tetra(4-carboxyphenyl)porphyrin on nanocrystalline TiO2.
62 

Note that "inj is defined as the fractional yield of free electrons due to dissociation of 

excitons that have reached the interface between the porphyrin layer and the TiO2. Hence, 

the interfacial injection yield is not affected by the exciton diffusion length and therefore 

the present value of "inj can be directly compared with the results for the system studied 

in ref. 62 in which each porphyrin molecule is directly attached to TiO2. The fact that the 

electron injection yield found in the present work differs from that in ref. 62 could be due 

to the fact that the measurements described in ref. 62 were carried out in the presence of 

an external electric field, which prevents geminate recombination. Alternatively, it could 

be argued that the absence of an anchoring group reduces the electronic interaction 

between the porphyrin molecule and TiO2, thus leading to a lower electron injection 
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yield.63 Enhancement of the relatively low injection yield offers the opportunity of a 

further improvement of the charge separation efficiency in TEPP/TiO2 bilayer systems.  

 

3.5. Conclusions 

The charge separation efficiency per incident photon in TEPP/TiO2 bilayers is 6.2 % 

for excitation at the Soret band maximum, which is considerably higher than the 

efficiency of 1.2 % found for TPP/TiO2 bilayers. This difference is attributed to a larger 

exciton diffusion length in TEPP. The exciton diffusion length in TEPP is found to be 75 

Å, while this is only 7 Å in TPP layers. The larger exciton diffusion length in TEPP 

layers in mainly due to a higher exciton diffusion coefficient, which is equal to 7"10-8 

m2/s for TEPP and only 2"10-9 m2/s for TPP. The larger exciton diffusion length is also 

caused by a longer exciton lifetime, which is found to be 800 ps for TEPP and only 260 

ps for TPP. The lower exciton diffusion constant in TPP layers is explained in terms of 

the presence of H-aggregates.  
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Appendix A 

The lower limit of the ratio of the rate constants for radiationless decay of excitons in 

TPP and TEPP layers can be derived from equations 3.7 and 3.8 and the experimental 

exciton lifetimes and fluorescence quantum yields. Rewriting equations 3.7 and 3.8 and 

neglecting kISC gives equations A1 and A2: 
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Equation A2 gives the ratio of the fluorescence rate constants:  
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Equation A1 gives for TPP and TEPP:  
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Since all rate constants have to be positive, equation A5 gives for the rate constants for 

fluorescence and radiationless decay in TEPP films: 
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Combination of equations A3 and A6 yields: 
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Combination of A4 and A8 gives: 
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From equations A7 and A9, the ratio of the rate constants for radiationless decay is 

obtained: 
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Substitution of the measured exciton lifetimes and the ratio of the fluorescence quantum 

yields gives: 
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Appendix B  

 The factor S represents the number of excitons that reaches the porphyrin/TiO2 

interface normalized to the number of incident photons. In case of exciton quenching at 

the porphyrin/gas interface, S on backside illumination (SBQ) depends on the exponential 

optical absorption coefficient ()), the porphyrin layer thickness (L) and the exciton 

diffusion length ((E) according to: 
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The value for S on front-side illumination (SFQ) follows from: 
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CHAPTER 4 

Efficient light-harvesting layers of homeotropically aligned porphyrin 

derivatives* 

 

 

 

 

 

 

Nowadays dye-sensitized solar cells are based on a nanostructured interpenetrating network of 

dye and semiconductor, which overcomes the prerequisite of a long exciton diffusion length, 

however also hampers charge carrier transport. This work demonstrates that efficient light-

induced charge separation is not necessarily only obtained in case of a nanostructured network, 

but can also be achieved in a bilayer configuration. The efficient exciton transport present in this 

bilayer is attributed to a homeotropical nematic alignment of the porphyrin dye molecules.   
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4.1. Introduction 

The dye-sensitized solar cell, based on a wide bandgap semiconductor photosensitized 

with an organic dye, is an attractive low-cost alternative to conventional silicon-based 

solar cells.1 Absorption of a photon by the dye results in the formation of a strongly 

bound electron-hole pair, also referred to as an exciton. A key feature of the dye-

sensitized solar cell is that efficient exciton decay into separate charge carriers can only 

occur at the interface between the dye and the semiconductor, leading to injection of an 

electron into the conduction band of the semiconductor.2 Since Grätzel and co-workers 

reported an efficiency over 10 % for a cell based on an interpenetrating network of dye-

coated nanocrystalline TiO2 particles and a liquid electrolyte containing a iodide/triiodide 

redox mediator3, the use of nanostructured films in photovoltaic devices has been studied 

extensively. Due to complications involved in the use of a liquid electrolyte,4 there is 

presently a great interest in the development of all solid-state organic/inorganic solar 

cells. For these cells a maximum performance of 4 % has been realized so far.5 The use of 

nanostructured networks avoids the necessity of long-range exciton diffusion through the 

dye layer. However, in such systems electron transport is hampered by trapping at surface 

defects.6 The difficulties involved in electron transport can be avoided by using a bilayer 

configuration consisting of a bulk semiconductor and a relatively thick dye layer. In order 

to realize efficient charge separation in such a bilayer configuration, the distance excitons 

are able to cover by diffusion (exciton diffusion length) needs to be equal to or larger than 

the light penetration depth, which has a typical value of 50-100 nm. The exciton diffusion 

length in molecular organic dye layers is usually in the order of only a few nm7-10, 

although nature shows that it is possible to transport excitation energy efficiently over 

considerably longer distances. An example is found in the photosynthetic apparatus of 

purple bacteria, which consists of reaction centers and two types of light-harvesting 

complexes: LHI and LHII. The light-harvesting complexes consist of chlorophyll and 

carotenoid molecules, kept in place by proteins.11-13 The presence of chlorophyll 

molecules leads to a strong light absorption. In addition, the structure of the light-

harvesting complexes provides a highly efficient pathway for exciton transport; 80 % - 90 

% of the excitons formed on light absorption are transferred to the reaction center, where 

charge separation occurs.14 For a few molecular dye systems only, exciton diffusion 

lengths considerably longer than a few nm have been realized in vacuum thermal 

deposited layers.15, 16 However, the expensive elaborate deposition technique makes these 

layers commercially less attractive and could only be applied for a few dye materials.  
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Chlorophylls and their analogues are attractive candidates for application in dye-

sensitized solar cells17, 18, since these molecules strongly absorb light and they have the 

potential to provide pathways for long-range exciton transport. Porphyrin derivatives are 

of particular interest because of their improved stability as compared to chlorophylls. Of 

crucial importance is the realization of low-cost dye layers in which photons are 

efficiently harvested. Recent studies have shown that the lifetime of the excited states19 

and the mutual arrangement of porphyrin dye molecules20, 21 play a key factor in realizing 

efficient light-harvesting layers. In this paper we present the results of a study on the 

molecular arrangement and exciton diffusion in thin spin-coated meso-tetra(4-n-

butylphenyl)porphyrin (TnBuPP) films. It is shown that a bilayer of TnBuPP and TiO2 

yields a light-induced charge separation efficiency that largely exceeds previous findings.  

Steady-state optical absorption and fluorescence spectroscopy, polarized optical 

microscopy, and X-ray diffraction (XRD) are used to elucidate the arrangement of 

TnBuPP molecules. The light-induced charge separation efficiency in 35±5 nm thick 

TnBuPP films spin-coated on top of a smooth TiO2 layer is determined using the time-

resolved microwave conductivity (TRMC) technique.22 This technique is based on 

probing the formation of mobile charge carriers formed on pulsed illumination by a 

change in microwave power transmitted through the sample. The light-induced charge 

separation efficiency is represented by the incident photon to charge separation efficiency 

(IPCSE). The IPCSE denotes the ratio of the number of electrons injected into TiO2 to the 

number of incident photons. Application of an analytical model for exciton diffusion to 

the experimental data gives the exciton diffusion length.22 

 

4.2. Experimental methods 

Sample preparation: Meso-tetra(4-n-butylphenyl)porphyrin (TnBuPP) (see inset 

Figure 4.1(II) for the chemical structure) was custom-made by Frontier Scientific, Logan, 

USA. Thin smooth anatase TiO2 films with a thickness of ca. 100 nm, prepared by 

chemical vapor deposition onto 1x12x25 mm3 quartz substrates, were purchased from 

Everest Coatings, Delft, The Netherlands. TnBuPP films with a thickness of 35±5 nm 

were prepared by spin-coating from a solution in CHCl3 (Anhydrous, 99+%, Aldrich, c = 

3 mg/ml) at 2500 rpm under N2 atmosphere onto either a quartz (I) or a TiO2 (II) 

substrate. The thickness of the TnBuPP layers was determined using a Veeco Dektak 8 

Stylus Profiler.  
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Optical characterization: Optical transmission and reflection spectra were recorded 

using a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer. The fraction of absorbed 

light (FA) and the optical density (OD) were calculated as described in ref. 23. The 

wavelength dependent OD and FA are denoted as the “absorption spectrum” and the 

“optical attenuation spectrum”, respectively. Steady state and time-resolved fluorescence 

spectra were recorded with a Lifespec – ps setup using a 405 nm excitation source 

(Edinburgh Instruments). Optical micrographs of the films were recorded between 

crossed polarizers using a Nikon Eclipse E600 Polarizing Optical Microscope. 

X-Ray Diffraction Analysis: X-ray diffraction (XRD) measurements were performed 

in the reflection mode on a Bruker-AXS D5005 theta-theta diffractometer equipped with 

a diffracted-beam graphite monochromator using a Cu anode (!K" = 1.5408 Å) operated at 

45 kV and 40 mA.  

Photoconductivity Measurements: The TRMC technique and experimental setup has 

been described previously.9,24 The TnBuPP/TiO2 bilayers were mounted in an X-band 

microwave cavity at a position of maximum electric field strength. The sample was 

illuminated through the TiO2 substrate with an incident intensity (I0) of 1!1011 

photons/cm2
 per pulse.  

The data analysis has been described in detail earlier.23 Formation of mobile charge 

carriers due to pulsed illumination leads to an increase of the photoconductance (#G), 

followed by an eventual decrease resulting from decay of charge carriers. The increase in 

photoconductance is related to the normalized change in reflected microwave power 

(#P/P) by: 

! 

"P t( )
P

= #K"G t( )          (4.1) 

The sensitivity factor K was determined as described in ref. 25 and equals 7!104 S-1. 

From the maximum of #G, the incident photon to charge separation efficiency (IPCSE) 

was calculated as described in ref. 21.  
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Figure 4.1. Optical density and fluorescence spectra of TnBuPP on quartz (I) and on TiO2 (II) as 

spin-coated (solid) and after annealing (dashed). The chemical structure of TnBuPP is given in 

the inset of (II). 

 

 

4.3. Results and discussion 

Figure 4.1(I) shows the optical density (OD) and fluorescence spectra of 35±5 nm 

thick TnBuPP films spin-coated on quartz. Although TnBuPP does not exhibit a phase 

transition between room temperature and 300 °C26, the OD and fluorescence spectra 

considerably change after annealing the film at 150 °C for 15 minutes. Annealing causes 

the Soret band at 436 nm to split up into a red-shifted and a blue-shifted absorption band. 

As compared to the Soret band, the Q-bands above 500 nm only show minor changes due 

to annealing, as will be explained below. The fluorescence quantum yield becomes 3 

times higher due to annealing. The OD spectrum of 35±5 nm thick TnBuPP on TiO2 is 

presented in Figure 4.1(II). As compared to TnBuPP on quartz, the effect of annealing on 

the OD is less pronounced, as will be discussed below. Fluorescence in the TnBuPP/TiO2 

bilayer is almost completely quenched, which is attributed to exciton dissociation into 

separate charge carriers at the interface between TnBuPP and TiO2.   
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Figure 4.2. Optical micrograph of TnBuPP on quartz (I) and TiO2 (II) as spin-coated (a) and after 

annealing (b) obtained between crossed polarizers with 50x magnification. Figure (III) shows the 

XRD patterns of quartz, TnBuPP on quartz as spin-coated (a) and after annealing (b). 

 

Figures 4.2(I) and 4.2(II) show polarizing optical microscopy images of TnBuPP on 

quartz (I) and TiO2 (II) as spin-coated (a) and after annealing (b). Both on quartz and on 

TiO2 the spin-coated TnBuPP film appears dark between crossed polarizers. In addition, 

the colour does not change on rotation of the sample. These findings are either due to an 

isotropic film structure or due to a homeotropic molecular alignment (molecular planes 

aligned parallel to the TiO2 substrate). Interestingly, after annealing the TnBuPP film 

exhibits birefrigerent domains between crossed polarizers, indicating the presence of 

crystalline regions. The effect of annealing on the OD spectrum and the microstructure is 
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less pronounced for TnBuPP on TiO2 than TnBuPP on quartz, indicating a lower tendency 

for TnBuPP to form crystalline regions on a TiO2 substrate. This could be attributed to the 

greater roughness of the TiO2 substrate, as observed by Atomic Force Microscopy. 

Figure 4.2(III) presents the X-ray diffraction (XRD) patterns of quartz, TnBuPP on 

quartz as spin-coated (a) and after annealing (b). Note that only periodic interatomic 

distances which are directed perpendicular to the substrate are detected.27 The XRD 

pattern of TnBuPP on TiO2 is found to be similar to that of the bare TiO2 substrate, which 

could be attributed to the slight roughness of the TiO2 substrate as compared to quartz. 

The presence of a broad peak in the XRD pattern of TnBuPP on quartz around 2$ = 4.89° 

indicates the presence of molecular order in the film as spin-coated, which excludes an 

isotropic structure. The presence of two sharp peaks upon annealing indicates an 

enhancement of the degree of structural order.  

 

Figure 4.3. Optical attenuation spectra of TnBuPP on TiO2 as spin-coated (A) and after annealing 

(B) using p- and s-polarized light and incident angles of 10° and 60°.  

 

In order to elucidate the molecular alignment with respect to the substrate, the 

influence of the direction of the electric field vector of the incident light on the absorption 

strength has been investigated. The transition dipole moment vectors of the S0-S2 and the 

S0-S1 transitions are directed parallel to the plane of the molecule.28 Maximum light 
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absorption is therefore achieved in case the electric field vector of the light is parallel to 

the molecular plane. Figure 4.3A shows the fraction of absorbed light (FA) polarized 

along either the p- or the s-axis recorded at angles between incident beam and surface 

normal vector of 10° and 60° for TnBuPP on TiO2 as spin-coated. Similar results were 

obtained for TnBuPP on quartz. At 10° the value of FA is almost insensitive to the 

polarization direction of the incident light, whereas at 60° the value of FA is considerably 

lower for s-polarized light. This unambiguously demonstrates that TnBuPP molecules are 

homeotropically aligned. Figure 4.3B shows that the annealed film exhibits similar 

characteristics, which implies that the homeotropic molecular alignment is preserved, 

However, the mutual arrangement of TnBuPP molecules changes as follows from Figures 

4.1 and 4.2.   

Combining the results presented in Figures 4.1-4.3 allows elucidating the structure of 

the film as spin-coated and after annealing. The data in Figure 4.3 are indicative for a 

homeotropic molecular alignment with respect to the substrate. The presence of only a 

broad peak and the absence of any sharp peak in the XRD pattern of the spin-coated film 

rules out the presence of a well-developed periodic structure directed perpendicular to the 

substrate. Hence, the film does not consist of columns oriented perpendicular to the 

substrate. Secondly, the dark appearance of the film between crossed polarizers excludes 

the presence of domains in which the molecular columns are tilted with respect to the 

substrate. We therefore conclude that the film has a frozen nematic structure29 in which 

the molecules exhibit a preferential homeotropic alignment with respect to the substrate 

(see inset Figure 4.4A). To the knowledge of the authors, homeotropic alignment of 

porphyrin derivatives has been reported in one previous study only.30 However, in the 

work of ref. 30 the homeotropic alignment was not uniformly present over the entire layer 

and was not achieved spontaneously upon film deposition. The present study is the first to 

show a spontaneous uniform homeotropic molecular alignment for a porphyrin derivative. 

The homeotropic alignment is preserved upon annealing. However, the degree of 

structural order considerably increases during annealing as follows from the appearance 

of sharp peaks in the XRD pattern. The blue- and red-shift of the Soret absorption band 

indicate the simultaneous presence of H- and J-aggregates. This could be due to an edge-

to-edge molecular arrangement as described in refs. 31 to 33 (see inset Figure 4.4B). As 

compared to the Soret band, the Q-bands above 500 nm only show minor changes due to 
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annealing. This is attributed to the smaller transition dipole moments for the Q-bands, 

resulting in a smaller exciton splitting.31 

 

 

Figure 4.4. Optical attenuation and IPCSE spectra of TnBuPP on TiO2 as spin-coated (A) and 

after annealing (B). The inset of (A) shows the structure of the film as spin-coated and the inset of 

(B) the film structure after annealing.  

 

Figure 4.4A shows the IPCSE as function of wavelength for TnBuPP on TiO2 as spin-

coated. The IPCSE spectrum closely follows the optical attenuation spectrum included in 

Figure 4.4A, which demonstrates photosensitization of TiO2 by TnBuPP. The IPCSE at 

the absorption maximum equals 20 %. To our knowledge, this is the most efficient charge 

separation for porphyrin films on smooth TiO2 realized so far. It was found from the 

kinetics of the TRMC signal that electrons are injected into TiO2 on a timescale much 

shorter than the 18 ns instrumental response time.20 Hence, the contribution from long-

lived triplet excitons is insignificant and charge separated states only result from singlet 

excited states. The presence of singlet excited states does not lead to chemical 

degradation, in contrast to triplet excited states.34,35 This is an important advantage of 

TnBuPP/TiO2 bilayers as compared to the bilayer described in ref. 19, for which a 

maximum IPCSE equal to 10 % resulting from triplet excited states was found.  

The exciton diffusion length (%E) was obtained from fitting a model for the charge 

separation efficiency to the experimental data, analogous to the work described in ref. 22  

! 

IPCSE = 1" FR( )#injS $,%E ,L( )100%       (4.2) 

with FR the fraction of incident photons reflected by the bilayer, &inj the interfacial 

electron injection yield relative to all modes of interfacial exciton decay and S the number 

of excitons that reaches the TnBuPP/TiO2 interface normalized to the number of incident 
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photons. The factor S depends on the exponential optical absorption coefficient ("), the 

TnBuPP layer thickness (L) and %E. The exciton diffusion length is related to the exciton 

diffusion coefficient (DE) and the exciton lifetime ('E) according to:36, 37 

! 

"
E

= D
E
#
E

          (4.3) 

At the TnBuPP/gas interface excitons could either be quenched or reflected. Analytical 

expressions for S in case of quenching (SBQ) and reflection (SBR) are given in the 

Supporting Information. 

Taking the experimental values IPCSE = 20 %, " = 2.7!107 m-1, FR = 0.17 at 430 nm, 

L = 35 nm and the upper limit of the interfacial electron injection yield &inj = 1 gives the 

lower limit for %E. In case excitons are quenched at the TnBuPP/gas interface the lower 

limit of %E equals 13 nm, while a lower limit equal to 12 nm is obtained in case of 

exciton reflection. This value exceeds previous findings on singlet exciton diffusion 

lengths in spin-coated porphyrin layers significantly. The lower limit of %E equal to 12 

nm and the exciton lifetime 'E found to be equal to 1 ns give a lower limit for DE of 

1.4!10-7 m2/s. This value is a factor of two higher than DE observed earlier for an 

isotropic meso-tetra(4-ethylphenyl)porphyrin film.21 In case of incoherent exciton 

hopping between molecules, DE depends on the exciton transfer rate (kET) and the 

distance between adjacent molecules (RDA) according to:13 

! 

D
E

= k
ET
R
DA

2           (4.4) 

Assuming a value for RDA of 4.5 Å gives a lower limit for kET equal to 7.1!1011 s-1. This 

value is in the same order of magnitude as the kET in natural light-harvesting complexes, 

which has a typical value of 1012 s-1.13 Note that most likely not all excitons that have 

reached the interface with TiO2 decay effectively into separate charge carriers.21, 38 This 

corresponds to a &inj smaller than unity and consequently an even longer %E and higher 

kET. The lower limit for &inj is obtained from assuming an infinitely long %E (in practice 

more than two times the TnBuPP layer thickness). In case of exciton quenching at the 

TnBuPP/gas interface, a lower limit for &inj equal to 0.63 is obtained, while in case of 

exciton reflection this lower limit equals 0.36. The latter value is similar to the value for 

&inj obtained for isotropic meso-tetra(4-ethylphenyl)porphyrin films on TiO2
21, which is 

not surprising considering the minor differences in chemical structure between this 

porphyrin derivative and TnBuPP.  
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Comparison of Figures 4.4A and 4.4B shows that annealing leads to a decrease of the 

IPCSE by a factor four. Taking the experimental values IPCSE = 5 %, " = 2.1!107 m-1, 

FR = 0.24 at 430 nm, L = 35 nm and &inj = 1 gives a lower limit for %E of 4 nm and 3 nm 

in case of exciton quenching and reflection at the TnBuPP/gas interface, respectively. 

Most likely &inj is smaller than unity, leading to a longer %E. The lower limit for &inj 

equals 0.23 in case of exciton quenching at the TnBuPP/gas interface, while in case of 

exciton reflection the lower limit equals 0.13.  

The diffusion of an exciton involves the transfer of excitation energy between 

adjacent molecules. The mechanism of singlet exciton transfer can range from exciton 

delocalization13, 39 to incoherent exciton diffusion via the Förster40 mechanism, depending 

on the degree of exciton coupling between adjacent molecules.13,14,39,41 The energy 

transfer rate kET is proportional to the factor (2, which depends on the mutual orientation 

of adjacent molecules according to 
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represent the transition dipole moments and   

! 

r 
r  the vector connecting the 

centers of the molecules, all normalized to unit length.  

The long %E found for the TnBuPP film as spin-coated originates from an efficient 

exciton transfer pathway through the homeotropic nematic layer to the interface with 

TiO2. In a recent study the relatively long %E of 7 nm, found for an isotropic meso-

tetra(4-ethylphenyl)porphyrin (TEPP) film, has been ascribed to a relatively high 

fluorescence rate constant.21 The fluorescence rate constant of the TnBuPP film is found 

to be comparable to that of the TEPP film. However, the mutual parallel arrangement of 

the molecules in the homeotropic nematic layer yields a higher value of (2 as compared to 

an isotropic layer41,42, which enhances the energy transfer rate kET. In addition, in a 

homeotropic nematic layer kET in the direction perpendicular to the interface is 

considerably higher than kET in other directions as discussed in refs. 43 and 44. The 

efficient exciton transfer in the direction perpendicular to the TnBuPP/TiO2 interface 

makes these bilayers promising candidates for photovoltaic applications. 

 

4.4. Conclusions 

This study shows that an efficient light-harvesting layer is realized by homeotropic 

nematic molecular arrangement. The incident photon to charge separation efficiency 

equal to 20 % at the absorption maximum is the most efficient light-induced charge 
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separation in porphyrin based bilayers realized so far.15,16 Due to the long exciton 

diffusion length and the applied low-cost deposition technique, TnBuPP is a promising 

candidate for application in photovoltaic devices. In conclusion, this work demonstrates 

that efficient light-induced charge separation is not necessarily only obtained in case of 

dye-sensitized solar cells based on a nanostructured network, but can also be achieved in 

a bilayer configuration.  
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The factor S represents the number of excitons that reaches the TnBuPP/TiO2 

interface normalized to the number of incident photons. In case of exciton quenching at 

the porphyrin/gas interface, S depends on the exponential optical absorption coefficient 
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while in case of exciton reflection at the porphyrin/gas interface, S is given by: 
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CHAPTER 5 

Thermally deactivated exciton diffusion in a nematic layer of 

homeotropically aligned tetraphenylporphyrin derivatives* 

 

 

 

 

 

 

The energy transfer dynamics in a nematic layer of homeotropically aligned meso-tetra(4-n-

butylphenyl)porphyrin (TnBuPP) molecules have been determined at different temperatures using 

the time-resolved microwave conductivity technique. The lower limit of the exciton diffusion length 

decreases from 20 nm at 90 K to 12 nm at 300 K. Combining these values with an increase in 

exciton lifetime from 0.52 ns at 90 K to 1.95 ns at 300 K and an intermolecular distance of 4.5 Å 

gives a decrease of the energy transfer rate from !3.8!1012 s-1 at 90 K to !3.7!1011 s-1 at 300 K. 

This decrease is attributed to larger fluctuations in exciton site energies and excitonic couplings at 

higher temperatures. Exciton motion in a TnBuPP layer hence occurs via a band like mechanism, 

rather than by thermally activated Förster-like hopping. 

 

                                                
* This chapter is based on: Annemarie Huijser, Tom J. Savenije, Stefan C.J. Meskers, Martien 

J.W. Vermeulen and Laurens D.A. Siebbeles, Physical Review Letters, to be submitted.   
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5.1. Introduction 

Energy transfer is a key process not only in photosynthetic light-harvesting 

complexes, but also in photocatalytic and photovoltaic molecular devices.1,2 The main 

function of the dye molecules present in these systems involves the absorption of 

sunlight, resulting in the promotion of electrons from the ground state to a higher 

energetic state. Relaxation of the excited state results in the formation of a strongly bound 

electron-hole pair, also referred to as an exciton. Excitons are transferred by diffusion via 

several dye molecules towards a reactive interface, where exciton dissociation into 

charged intermediates occurs. Recently, we reported on energy transfer in a nematic layer 

of homeotropically aligned meso-tetra(4-n-butylphenyl)porphyrin (TnBuPP) molecules 

(see the inset of Figure 5.1A for the chemical structure of TnBuPP and Figure 5.2B for 

the molecular organization).3 We found that the exciton diffusion length (!E) in TnBuPP 

is at least 12 nm, which is considerably longer than values commonly found for 

amorphous molecular dye layers.4-6 Only for a few molecular dye systems, values for !E 

in the order of tens of nanometers have been realized.3,7-13 In order to further enhance !E 

in a TnBuPP layer to a value comparable to the optical penetration depth, more insight 

into the exciton motion mechanism is required. 

Depending on the magnitude of the exciton-phonon coupling, two limiting cases for 

the energy transfer mechanism can be distinguished. In case of strong exciton-phonon 

coupling, the exciton-induced lattice deformation leads to thermally activated incoherent 

exciton hopping between localized states.14,15 This approximation forms the basis of the 

Förster model,16,17 which is commonly used to describe energy transfer between organic 

dye molecules.18-23 The energy transfer rate (kET) from B800 to B850 in the bacterial 

light-harvesting complex II has been observed to increase from 8.3!1011 s-1 at 77 K to 

1.4!1012 s-1 at 300 K.24,25 Also within a porphyrin-chlorin dimer kET from the porphyrin 

subunit towards the chlorin subunit increases from 6.8!1010 s-1 at 77 K to 1.4!1011 s-1 at 

300 K.26 On the contrary, in case of weak exciton-phonon coupling energy transfer can be 

considered as a band like mechanism, with a thermally deactivated kET due to larger 

fluctuations in exciton site energies and excitonic couplings at higher temperatures. This 

limit forms the basis of e.g. the Haken-Strobl-Reineker model.27 Thermally deactivated 

energy transfer has been observed for naphthalene and anthracene crystals, for which kET 

(~5!106 s-1 at 125 K) typically decreases by a factor of 3-5 on increasing the temperature 
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to 300 K.28-31 The temperature dependence of kET can thus provide information about the 

specific energy transfer mechanism in a TnBuPP layer.  

 

5.2. Experimental methods 

Exciton motion was studied for a layer of TnBuPP deposited onto TiO2, which bilayer 

was prepared as described previously.3 Optical transmission and fluorescence spectra and 

fluorescence decays at 90 K and 300 K were recorded with the equipment described in 

ref. 32 using an Oxford Optistat bath cryostat. Optical reflection spectra were measured at 

300 K as described in ref. 3 and assumed to be temperature independent. The optical 

absorption coefficient (") and fraction of absorbed light (FA) were determined from the 

optical transmission and reflection as described in ref. 33. Exciton diffusion through the 

TnBuPP layer towards the interface with TiO2 was studied at 90 K and 300 K using the 

time-resolved microwave conductivity (TRMC) method3,6,34 using a temperature 

controlled X-band microwave cavity under N2 atmosphere. Excitons in the TnBuPP layer 

formed on pulsed laser excitation that reach the interface with TiO2 can undergo 

interfacial dissociation into separate charge carriers by electron injection into TiO2 with 

an efficiency #gen. The formation of highly mobile conduction band electrons in TiO2 

results in a change of the photoconductance ($G(t)), followed by an eventual decrease 

due to decay of charge carriers. Within the intensity range of 1010 - 1012 photons/cm2
 per 

pulse, $G(t) linearly increases with the illumination intensity (I0) and closely follows the 

optical absorption spectrum of TnBuPP, in agreement with previous results.3 The incident 

photon to charge separation efficiency (IPCSE) was determined from $G(t) on visible 

excitation and the maximum value of the transient photoconductance obtained on 

selective excitation of TiO2 at 300 nm ($Gmax,%=300 nm) as described in ref. 35. The IPCSE 

denotes the ratio of the number of electrons injected into the TiO2 to the number of 

incident photons and increases with the value of !E as explained below.   

 

5.3. Results and discussion 

Figure 5.1A shows " and the fluorescence quantum yield (#F) of TnBuPP on quartz 

as function of wavelength at 90 K (dashed) and 300 K (solid). The so-called Soret 

absorption band that peaks at 436 nm originates from the S0-S2 transition.36 The full 

width at half maximum (FWHM) of the Soret band increases to a small extent with 

temperature from 25 nm at 90 K to 29 nm at 300 K, coinciding with a slight decrease of 
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". The broadening of the absorption band at higher temperature can be attributed to an 

increase of the width of the energy distribution of the electronic states involved in the 

optical transition. This might either be due to an enhanced population of higher 

vibrational levels of the electronic ground state and/or a less regular molecular 

organization. The transitions from the S0 state to two energetically slightly different S1 

levels and their higher vibrational modes lead to the four less intense Q-bands between 

500 nm and 700 nm.36 The transition from the lowest S1 level towards the lowest 

vibrational mode of the ground state gives rise to the most intense fluorescence band. The 

second fluorescence band is due to the transition to a higher vibrational mode of the 

ground state.36 Increasing the temperature results in a blue shift of the fluorescence bands 

and an enhancement of the intensity of the second fluorescence band. The blue shift in 

fluorescence might originate from a lower extent of spectral diffusion at 300 K due to the 

shorter distance excitons are able to travel as derived below. In addition, release from an 

exciton trap is more likely at 300 K, which also can contribute to a blue shift in 

fluorescence.  

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Optical absorption coefficient and fluorescence quantum yield as function of 

wavelength of TnBuPP on quartz at 90 K (dashed) and 300 K (solid) (A). The inset shows the 

chemical structure of TnBuPP. Figure B shows the fluorescence decays of TnBuPP on quartz at 

90 K and 300 K recorded on excitation at 405 nm, detected at maximum fluorescence. Fits of a 

bi-exponential (90 K) or mono-exponential (300 K) function convoluted with the instrumental 

response function to the fluorescence decays and the lifetimes are included. 

 

Figure 5.1B shows the fluorescence decays of TnBuPP on quartz at 90 K and 300 K.  

The decay at 90 K clearly exhibits two different slopes. Fitting a bi-exponential function 

convoluted with the instrumental response function to this decay yields lifetimes of 0.52 

ns and 2.7 ns, with the first component contributing the major part (87 %) to the signal. 
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At 300 K the fluorescence decay is slower than at 90 K and exhibits only one slope. 

Fitting a mono-exponential function convoluted with the instrumental response function 

to this decay yields an exciton lifetime of 1.95 ns.37 The enhancement of the exciton 

lifetime might either be due to a slight change in layer morphology on increasing the 

temperature or attributed to the shorter distance excitons are able to travel as derived 

below and consequently less quenching at defects.   

Figure 5.2 shows the photophysical processes occurring on visible excitation of a 

bilayer of TnBuPP and TiO2. Absorption of photons by the TnBuPP layer leads to the 

formation of excitons (1). Those excitons that are able to reach the interface with TiO2 by 

diffusion (2) could undergo interfacial charge separation by electron injection into TiO2 

(3). Electrons injected into TiO2 are measured by a change in reflected microwave power, 

from which the IPCSE can be determined as described in ref. 35. The value of the IPCSE 

depends on the efficiency of processes 1-3 according to38 

! 

IPCSE = 1" FR( )#genS $,%E ,L( ) &100  %       (5.1) 

with FR denoting the fraction of photons reflected at the sample surface and #gen the 

interfacial charge generation yield relative to all modes of interfacial exciton deactivation. 

The factor S represents the number of excitons that reaches the interface between TnBuPP 

and TiO2 normalized to I0(1-FR), i.e. the number of photons entering the sample. The 

value of S depends on the optical absorption coefficient ("), the value of !E and the 

thickness of the TnBuPP layer (L). Analytical expressions for S in case of exciton 

quenching (SBQ) and exciton reflection (SBR) at the interface of TnBuPP and N2 are given 

in Appendix A of the Supporting Information. The effect of the temperature on #gen and S 

is investigated by determining the IPCSE values of both a thin monolayer like film of 

TnBuPP on TiO2 (bilayer A) and a thick film of TnBuPP on TiO2 (bilayer B). The value 

of #gen is assumed to be independent of the TnBuPP layer thickness, in agreement with 

previous experiments.39  
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Figure 5.2. Processes occurring on visible excitation of 0.75 nm TnBuPP on TiO2 (A) and 30 nm 

TnBuPP on TiO2 (B). Panels C and D show the photoconductance transients at 90 K (dashed) 

and 300 K (solid) of these bilayers on pulsed excitation at 430 nm with 2!1011 photons/cm2 per 

pulse, divided by $Gmax obtained on pulsed illumination at 300 nm with 5!1010 photons/cm2 per 

pulse.  

 

Figures 5.2C and 5.2D show the photoconductance transients at 90 K (dashed) and 

300 K (solid) obtained on pulsed illumination at 430 nm (close to the maximum of the 

Soret absorption band of TnBuPP) of bilayer A and B, respectively, divided by $Gmax 

obtained on pulsed illumination at 300 nm. The initial rise of the transients is due to the 

18 ns instrument response time of the system. The maximum value of $G/$Gmax,% = 300 nm 

at 300 K significantly exceeds that at 90 K. Using the methodology described in ref. 35, 

the IPCSE value for bilayer A is determined to be 0.2 % at 90 K and 0.8 % at 300 K. 

Since in bilayer A all TnBuPP molecules are supposed to be in direct contact with the 

TiO2, diffusion of excitons does not play a role. The number of excitons formed in the 

TnBuPP monolayer at 90 K will be almost identical to that at 300 K since the optical 

absorption is hardly temperature dependent. The enhancement of the IPCSE on increasing 

the temperature must thus be due to a four-fold increase of #gen from "0.25 at 90 K to "1 

at 300 K3, see equation 5.1. The thermally activated #gen likely originates from a lower 



Thermally deactivated exciton diffusion    

 91 

extent of interfacial charge recombination at higher temperatures. Alternatively, in case 

the geometry of the TnBuPP cation and the neutral TnBuPP molecule in the excited state 

are significantly different, the thermal activation could be explained in terms of the 

Marcus theory for electron transfer.40 

The IPCSE for bilayer B at 90 K amounts to 8 %. Increasing the temperature to 300 K 

enhances the IPCSE to 20 %, in agreement with previous experiments.3 From the 

observation that this enhancement is less than the four-fold increase of #inj, it is concluded 

that the factor S decreases on increasing the temperature, see equation 5.1. This could 

either originate from a decrease of " or from a reduced !E. The only weak temperature 

dependence of " (see Figure 5.1A) excludes the first option and leads to the conclusion 

that the value of !E has to decrease on increasing the temperature. The high IPCSE value 

of 8 % at 90 K can only be explained on basis of equation 5.1 and a value for #gen "0.25 

in case at the interface of TnBuPP and N2 excitons are assumed to be reflected. The 

occurrence of exciton quenching at this interface would deactivate too many excitons to 

lead to an IPCSE value as high as 8 %.  The experimental values for the IPCSE and #gen, 

" = 3.1!107 m-1, FR = 0.17 and L = 30 nm, and using equations 5.1 and A2, give a lower 

limit for !E at 90 K equal to 20 nm. Analogous, the IPCSE value of 20 % and #gen "1 at 

300 K, combined with " = 2.7!107 m-1, FR = 0.17 and L = 30 nm, leads to a lower limit 

for !E equal to 12 nm. Hence, the exciton diffusion length decreases from !20 nm at 90 

K to !12 nm at 300 K.41  

The exciton diffusion length depends on the exciton diffusion coefficient (DE) and 

exciton lifetime (&E) according to: 

! 

"
E

= D
E
#
E

          (5.2) 

The value of DE is determined by the energy transfer rate (kET) and center-to-center 

distance between adjacent dye molecules (RDA): 

! 

D
E

= k
ET
R
DA

2           (5.3) 

Combining the reduction of !E on increasing the temperature with the increase in &E from 

0.52 ns at 90 K to 1.95 ns at 300 K and using equation 5.2 gives DE !7.7!10-7 m2/s at 90 

K and DE !7.4!10-8 m2/s at 300 K. Application of equation 5.3 with RDA = 4.5 Å3 leads to 

values for kET of !3.8!1012 s-1 at 90 K and !3.7!1011 s-1 at 300 K. The decrease of kET on 

increasing the temperature can be attributed to a broadening of the distribution in site 
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energies due to a less regular layer structure and due to a stronger extent of lattice 

vibrations. This explanation is in agreement with the changes in optical absorption 

spectrum on increasing the temperature as shown in Figure 5.1A and discussed above. 

The observation of thermally deactivated exciton diffusion shows that exciton motion in a 

TnBuPP layer, occurring over distances of several tens of nanometers, can be described 

by a band like mechanism, rather than by the Förster hopping model commonly used to 

describe exciton motion in molecular dye layers. 

 

5.4 Conclusions 

The energy transfer dynamics in a nematic layer of homeotropically aligned meso-

tetra(4-n-butylphenyl)porphyrin (TnBuPP) molecules have been determined at different 

temperatures using the time-resolved microwave conductivity technique. The exciton 

diffusion length decreases from !20 nm at 90 K to !12 nm at 300 K. Combining these 

values with an increase in exciton lifetime from 0.52 ns at 90 K to 1.95 ns at 300 K and 

an intermolecular distance of 4.5 Å gives a decrease of the energy transfer rate from 

!3.8!1012 s-1 at 90 K to !3.7!1011 s-1 at 300 K. The decrease is attributed to larger 

fluctuations in exciton site energies and excitonic couplings at higher temperatures. 

Exciton motion in a TnBuPP layer hence occurs via a band like mechanism, rather than 

by thermally activated Förster-like hopping. 
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Appendix A 

The factor S represents the number of excitons that reaches the TnBuPP/TiO2 

interface normalized to the number of incident photons. In case of exciton quenching at 

the interface of TnBuPP and N2, S depends on the exponential optical absorption 

coefficient ("), the TnBuPP layer thickness (L) and the exciton diffusion length (!E) 

according to:   



Thermally deactivated exciton diffusion    

 93 

! 

SBQ =
" 2#E

2

" 2#E

2 $1

% 

& 
' 

( 

) 
* 1+

e
$"L
csch

L

#E

% 

& 
' 

( 

) 
* $ coth

L

#E

% 

& 
' 

( 

) 
* 

"#E

% 

& 

' 
' 
' 
' 

( 

) 

* 
* 
* 
* 

     (A1) 

In case of exciton reflection at interface of TnBuPP and N2, the factor S is equal to:38 
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CHAPTER 6 

Photosensitization of TiO2 and SnO2 by artificial self-assembling 

mimics of the natural chlorosomal bacteriochlorophylls*  

 

 

 

 

 

 

The fact that from all known photosynthetic organisms the green sulfur bacteria are able to 

survive under the lowest illumination conditions illustrates the highly efficient exciton transport 

through their chlorosomes, resulting from self-assembly of the bacteriochlorophyll c molecules.  A 

challenging task is to mimic the principle of self-assembling chromophores in artificial light-

harvesting devices. We have studied exciton transport and dissociation in a bilayer of an electron-

accepting semiconductor and an artificial self-assembling zinc porphyrin that mimics natural 

chlorosomal bacteriochlorophylls using the time-resolved microwave conductivity (TRMC) 

method. Scanning electron microscopy reveals the presence of large domains with dimensions up 

to several micrometers that consist of self-assembled stacks. In addition to these large self-

assembled stacks, optical characterization also reveals the presence of non-assembled 

monomers. Predominantly those photons that are absorbed by the monomers lead to the 

formation of charge-separated states. The low contribution of self-assembled stacks to the 

formation of charge-separated states most likely results from their interaction with the 

semiconductor, combined with the presence of monomers at the semiconductor surface and the 

energetically unfavorable exciton transfer from a stack to a monomer. Realizing an ordered 

structure of stacks with an appropriate contact with the electron-accepting semiconductor possibly 

improves their contribution to the formation of charge-separated states.  

 

                                                
*
 This chapter is based on: Annemarie Huijser, Peter L. Marek, Tom J. Savenije, Laurens D.A. 

Siebbeles, Torsten Scherer, Robert Hauschild, Jedrzej Szmytkowski, Heinz Kalt, Horst Hahn and 

Teodor Silviu Balaban, Journal of Physical Chemistry C 2007, 111, 11726-11733.  
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6.1. Introduction 

The high efficiency of photosynthetic processes originates in part from the specific 

orientation of the chromophore molecules that are present in light-harvesting systems. In 

general, light-harvesting systems are based on chromophore-protein complexes, in which 

the proteins determine the orientation of the chromophore molecules. This specific 

orientation ensures an efficient transport of the excitation energy towards the reaction 

center. An exception to chromophore-protein based light-harvesting systems is the 

chlorosome, present in green sulfur bacteria. In a chlorosome the bacteriochlorophyll 

(BChl) c molecules self-assemble without the aid of proteins.
1, 2

 The chemical structure of 

BChl c is shown in Figure 6.1A. Essential for self-assembly are i) the ligation of the 

central magnesium atom by the hydroxy group of the next molecule and ii) the !-! 

interactions between the macrocycles. Self-assembly affects the optical properties of the 

bacteriochlorophyll c molecules and results in an efficient exciton pathway through the 

chlorosome to the reaction center. The fact that from all known photosynthetic organisms 

the green sulfur bacteria are able to survive under the lowest illumination conditions 

illustrates the light-harvesting effectiveness of their chlorosomes.
3-5
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Figure 6.1. Chemical structures of bacteriochlorophyll c (A) and 3,13-ZnPor (B).  

 

A challenging task is to mimic the principle of self-assembling chromophores in an 

artificial light-harvesting device. The concept of exciton dissociation into charge-

separated states in the reaction center of light-harvesting complexes shows considerable 

similarities with the dye-sensitized solar cell.
6,7

 The key feature of the dye-sensitized 

solar cell is the efficient exciton dissociation at the interface of dye and electron-

accepting semiconductor, leading to the injection of an electron into the conduction band 



Photosensitization of TiO2 and SnO2 by self-assembling mimics of chlorosomal BChls 

 97 

of the semiconductor. Since O’Regan and Grätzel reported an efficiency over 10 % for a 

cell based on an interpenetrating network of dye-coated nanocrystalline TiO2 particles 

and a liquid electrolyte
8
, such nanostructured systems have been studied extensively. 

Because of complications involved in the use of a liquid electrolyte, current research is 

focused on the development of all solid-state solar cells, for which a maximum 

performance of 4 % has been realized so far.
9
 Application of nanostructured systems 

avoids the necessity of efficient long-range exciton transport through the dye layer. 

However, in such systems electron transport is hindered due to trapping at surface defect 

states.
10

 The difficulties involved in electron transport can be avoided by application of 

dye and electron-accepting semiconductor in a bilayer configuration. A prerequisite for 

an efficient bilayer-based solar cell is the presence of an exciton transport pathway 

through the dye layer to the interface with the electron-accepting semiconductor. This 

may be realized by the application of self-assembling chromophore molecules that mimic 

the chlorosome structure. 

In the present work we have studied exciton transport and dissociation in a bilayer of 

an electron-accepting semiconductor and an artificial self-assembling zinc porphyrin (see 

Figure 6.1B) that mimics natural chlorosomal BChls.
11,12

 The presence of self-assembled 

stacks has been verified using scanning electron microscopy (SEM) and optical 

absorption. Exciton transport and dissociation, resulting in the formation of charge-

separated states, has been studied using the time-resolved microwave conductivity 

(TRMC) technique.
13,14

  

 

6.2. Experimental methods 

Sample preparation: Thin smooth TiO2 films with a thickness of ca. 100 nm, prepared 

by chemical vapor deposition onto 1x12x25 mm
3
 quartz substrates, were purchased from 

Everest Coatings, Delft, The Netherlands. Thin smooth SnO2 films with a thickness of ca. 

200 nm, prepared by reactive magnetron sputtering, are a generous gift of the Fraunhofer 

Institut Elektronenstrahl- und Plasmatechnik, Dresden, Germany. Racemic 3-(1-

hydroxyethyl)-13-acetyl-10,20-bis-(3,5-di-tert-butylphenyl)-porphinato zinc (3,13-

ZnPor) was synthesized as described in the literature.
5
 The chemical structure of 3,13-

ZnPor is shown in Figure 6.1B. Since anhydrous conditions are essential for self-

assembly, solvents were dried in advance. Dichloromethane was distilled from calcium 

hydride and n-heptane was distilled from sodium metal, both under nitrogen atmosphere. 

Porphyrin film deposition was performed by spin-coating from a solution in 
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dichloromethane at 2500 rpm. Annealing treatments were performed at a temperature of 

200 °C for a period of 15 minutes. Both film deposition and annealing treatments were 

performed under N2 atmosphere, with H2O and O2 concentrations below 10 ppm. 

Porphyrin film thicknesses were determined using a Veeco Dektak 8 Stylus Profiler and 

found to be 150±5 nm, 90±5 nm and 140±5 nm for 3,13-ZnPor spin-coated on TiO2, 

SnO2 and quartz substrates, respectively.   

Scanning electron microscopy: Scanning electron micrographs were recorded using a 

Leo 1530 Gemini Scanning Electron Microscope (SEM), operated at an accelerating 

voltage of 20 kV. Samples were sputtered with a ca. 6 nm thin Pt film prior to SEM 

investigation.     

Optical characterization: Optical transmission spectra of 3,13-ZnPor solutions were 

recorded using a Perkin-Elmer Lambda 40 UV-VIS spectrophotometer. Optical 

transmission and reflection spectra of thin films were recorded with a Perkin-Elmer 

Lambda 900 UV/VIS/NIR spectrophotometer, using an integrating sphere. From the 

transmission and reflection spectra, the optical density (OD) and the fraction of absorbed 

light (FA) were determined using equations 6.1 and 6.2, with IT the intensity of the 

transmitted light, I0 the incident light intensity and IR the intensity of the reflected light: 
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The wavelength dependences of the OD and the FA are referred to as the OD spectrum 

and the attenuation spectrum, respectively. 

Photoconductivity measurements: The TRMC technique and experimental setup have 

been described previously.
13,14

 Samples were mounted in an X-band microwave cavity at 

a position of maximum electric field. Experiments were performed under N2 atmosphere. 

Samples were illuminated through the quartz substrate, resulting in a high initial exciton 

concentration near the exciton-dissociating interface between the 3,13-ZnPor layer and 

TiO2 or SnO2. The incident intensity was varied between 10
10 

- 10
14 

photons/cm
2
 per 

pulse. The laser pulse has a full width at half maximum equal to 3 ns.     

The data analysis has been described earlier.
15

 Briefly, the formation of mobile charge 

carriers due to pulsed illumination leads to an increase of the photoconductance ("G), 
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followed by an eventual decrease caused by the decay of charge carriers. From the 

maximum of the photoconductance (!Gmax), the incident photon to charge separation 

efficiency (IPCSE) was determined as described in the literature.
16

  

 

6.3. Results and discussion 

Figure 6.2 shows the OD spectrum of a dilute solution of 3,13-ZnPor in a strong 

solvent, i.e. CH2Cl2. The strong Soret band at 434 nm and the two less intense Q-bands at 

565 nm and 610 nm are characteristic absorption bands for a zinc porphyrin monomer.
17

 

The addition of nonpolar solvents such as n-heptane or n-hexane induces self-assembly.
5
 

Self-assembly of 3,13-ZnPor has been realized by the addition of a major amount of n-

heptane to a concentrated solution of 3,13-ZnPor in CH2Cl2, corresponding to a ratio of 

CH2Cl2 to n-heptane of 1:20. The OD spectrum of this solution is included in Figure 6.2. 

The broad absorption bands at 507 nm, 587 nm and 642 nm originate from self-

assembling 3,13-ZnPor stacks.
12

 The absorption band at 422 nm results from a residual 

amount of 3,13-ZnPor monomers.
18

 Addition of a minute amount of a solvent that 

competes for the metal ligation, in this case pyridine, to this solution disrupts the self-

assembly and results in the presence of predominantly 3,13-ZnPor monomers. The OD 

spectrum of this solution is identical to that observed for 3,13-ZnPor in CH2Cl2.  
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Figure 6.2. OD spectra of 3,13-ZnPor in CH2Cl2 (dotted), in 1:20 CH2Cl2/n-heptane (alternating 

dotted and dashed), 3,13-ZnPor (from CH2Cl2) on TiO2 as spincoated (solid) and after annealing 

(dashed).  

 

Figure 6.2 also shows the OD spectrum of 3,13-ZnPor spin-coated from a solution in 

CH2Cl2 on TiO2. The absorption band below 350 nm originates from TiO2. In analogy 

with the OD spectra discussed in the previous section, the broad absorption bands at 495 
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nm, 575 nm and 628 nm originate from self-assembled 3,13-ZnPor stacks. The absorption 

band at 434 nm indicates the presence of 3,13-ZnPor monomers. Annealing at 200°C for 

15 minutes slightly lowers the monomer absorption band. Since untreated 3,13-ZnPor and 

annealed 3,13-ZnPor dissolved in CH2Cl2 exhibit identical OD spectra, the occurrence of 

chemical degradation upon annealing is ruled out.  

 

 

 

 

 

 

 

 

 

Figure 6.3. Scanning electron micrograph of a 3,13-ZnPor film on TiO2, after annealing at 200ºC 

for 15 minutes.  

 

Figure 6.3 shows the scanning electron micrograph of the annealed 3,13-ZnPor film 

on TiO2. This micrograph reveals the presence of large domains with dimensions up to 

several micrometers that consist of self-assembled 3,13-ZnPor stacks. The relative 

arrangement of 3,13-ZnPor stacks and monomers could not be deduced from this 

micrograph.  

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Photoconductance transients obtained on pulsed excitation at 430 nm (1#10
13

 

photons/cm
2
/pulse) of 3,13-ZnPor on quartz (alternating dotted and dashed), bare TiO2 (dotted), 

and 3,13-ZnPor on TiO2 as spincoated (solid) and after annealing (dashed).  
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Figure 6.4 shows the photoconductance transients obtained on pulsed illumination at 

430 nm of a bare spin-coated 3,13-ZnPor film on quartz, a bare TiO2 film and a bilayer of 

3,13-ZnPor on TiO2 as spin-coated and after annealing. Since the electron mobility in 

TiO2 largely exceeds the hole mobility in porphyrins
19,20

, an observed change in 

photoconductance predominantly results from an excess of mobile electrons present in the 

TiO2 film. The initial rise of the photoconductance transients is due to the 18 ns 

instrumental response time.  

Excitation of a 3,13-ZnPor film on quartz does not result in a detectable change in 

photoconductance. Pulsed illumination of bare TiO2 results in a short-lived signal, which 

could be attributed to sub-bandgap excitation of electronic states present within the 

optical bandgap.
21

 In contrast, illumination of in particular the annealed 3,13-ZnPor/TiO2 

bilayer results in a larger and longer-lived change in photoconductance, which 

demonstrates photosensitization of TiO2 by the 3,13-ZnPor film. Note, that this 

photosensitization effect is considerably less pronounced for the non-annealed bilayer.  

As discussed above, the OD spectrum of the 3,13-ZnPor/TiO2 bilayer reveals the 

presence of both self-assembled 3,13-ZnPor stacks and non-assembled 3,13-ZnPor 

monomers. In order to elucidate to which extent these two morphologically different 

features contribute to the formation of charge-separated states, the light-induced charge 

separation efficiency has been determined as function of excitation wavelength. Figure 

6.5A shows the incident photon to charge separation efficiency (IPCSE) spectrum of 

3,13-ZnPor on TiO2 as spin-coated and after annealing. Note, that the shape of the IPCSE 

spectrum, in particular of the non-annealed bilayer, might be affected by a contribution 

originating from sub-bandgap excitation of TiO2. Annealing causes the maximum IPCSE 

to increase from 0.6 % to 2.2 %, however it hardly affects the shape of the IPCSE 

spectrum.  

The enhanced light-induced charge separation efficiency realized upon annealing is 

either caused by an enlargement of the exciton diffusion length or an enhancement of the 

interfacial electron injection yield relative to all modes of interfacial exciton decay 

("inj).
16

 The only minor changes in the OD spectrum indicate that annealing hardly affects 

the local molecular organization. The enhanced light-induced charge separation 

efficiency obtained on annealing is therefore most likely caused by more efficient 

electron injection rather than by a longer exciton diffusion length. From comparison of 

the IPCSE spectrum of the annealed 3,13-ZnPor/TiO2 bilayer with the attenuation 

spectrum, also included in Figure 6.5A, it follows that the feature near 434 nm in the 
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IPCSE spectrum due to absorption by 3,13-ZnPor monomers is significantly more 

pronounced than the features at 495 nm, 575 nm and 628 nm caused by the self-

assembled 3,13-ZnPor stacks. We therefore conclude that photons absorbed by the 3,13-

ZnPor monomers are most effective to produce charge-separated states. Formation of 

charge-separated states is less efficient for self-assembled 3,13-ZnPor stacks.  

 

Figure 6.5. The experimental IPCSE values of 3,13-ZnPor on TiO2 as spincoated (open dots) and 

after annealing (solid dots) and the fraction of absorbed light FA (solid) of the annealed bilayer (A). 

Figure (B) shows analogous characteristics for 3,13-ZnPor on SnO2.  

 

A possible reason for the low contribution of 3,13-ZnPor stacks involves the energy 

of the exciton state, which might be too low for efficient electron injection into the 

conduction band of TiO2. In order to elucidate whether this is the case, similar 

experiments have been performed using SnO2 as the electron-accepting semiconductor. 

SnO2 has a 0.6 eV higher electron affinity as compared to TiO2.
6
 Figure 6.5B shows the 

IPCSE spectrum of 3,13-ZnPor on smooth SnO2 as spin-coated and after annealing. Also 

included is the attenuation spectrum of the bilayer, which again shows the presence of 

both monomers and self-assembled 3,13-ZnPor stacks. As also observed for TiO2-based 

bilayers, the IPCSE of the 3,13-ZnPor/SnO2 bilayer increases significantly upon 

annealing. The shape of the IPCSE spectrum, both before and after annealing, is similar 

to those of the 3,13-ZnPor/TiO2 bilayer. This indicates that the inefficient conversion of 

excited states on self-assembled 3,13-ZnPor stacks into charge-separated states is most 

likely not due to the energy level of the exciton state.  

Another plausible explanation for a low contribution of self-assembled 3,13-ZnPor 

stacks to the formation of charge-separated states involves the exciton transfer between 

stacks and monomers and the interaction of stacks with the semiconductor surface. As 
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shown in Figure 6.2, self-assembled stacks exhibit a smaller bandgap as compared to 

monomers. Consequently, only exciton transfer from a monomer to a stack is 

energetically favorable, in contrast to the reverse energy transfer process. A stack could 

thus act as exciton trap. The observed IPCSE values in the order of 1-2 % are typical for 

exciton diffusion over distances in the order of 1 nm
16

, corresponding to a few 

monolayers of molecules. The major contribution from non-assembled 3,13-ZnPor 

monomers to the formation of charge-separated states may originate from their presence 

at the surface of the electron-accepting semiconductor. Efficient conversion of excitons 

present on the self-assembled 3,13-ZnPor stacks into charge-separated states requires an 

ordered structure of stacks that are in direct contact with the electron-accepting 

semiconductor. In addition, the interaction between the self-assembled stack and the 

semiconductor surface has to be appropriate for efficient electron injection. Methods to 

realize this are currently under investigation.  

 

6.4. Conclusions 

We have studied photosensitization of smooth TiO2 and SnO2 by an artificial self-

assembling zinc porphyrin that mimics natural chlorosomal bacteriochlorophylls. Self-

assembly of these zinc porphyrin molecules results in the formation of large domains with 

dimensions up to several micrometers. In addition to these self-assembled stacks, the 

porphyrin layer also contains non-assembled zinc porphyrin monomers. Predominantly 

those photons absorbed by the monomers leads to the formation of charge-separated 

states. The low contribution of self-assembled stacks to the formation of charge-separated 

states most likely originates from the interaction with the semiconductor, combined with 

the presence of non-assembled monomers at the semiconductor surface and the 

energetically unfavorable exciton transfer from a stack to a monomer. Realizing an 

ordered structure of stacks with appropriate contact with the electron-accepting 

semiconductor possibly enhances their contribution to the formation of charge-separated 

states.   
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CHAPTER 7 

Efficient exciton transport in layers of self-assembled porphyrin 

derivatives*  

 

 

 

 

 

The photosynthetic apparatus of green sulfur bacteria, the chlorosome, is generally considered as 

a highly efficient natural light-harvesting system. The efficient exciton transport through 

chlorosomes towards the reaction centers originates from self-assembly of the bacteriochlorophyll 

molecules. The aim of the present work is to realize a long exciton diffusion length in an artificial 

light-harvesting system using the concept of self-assembled natural chlorosomal chromophores. 

The ability to transport excitons is studied for porphyrin derivatives with different tendencies to 

form molecular stacks by self-assembly. A porphyrin derivative denoted as ZnOP, containing 

methoxymethyl substituents ({meso-tetrakis[3,5-bis(methoxymethyl)phenyl]porphyrinato}zinc(II)) 

is found to form self-assembled stacks, in contrast to a derivative with t-butyl substituents, ZnBuP 

({meso-tetrakis[3,5-bis(t-butyl)phenyl]porphyrinato}zinc(II)). Exciton transport and dissociation in a 

bilayer of these porphyrin derivatives and TiO2 is studied using the time-resolved microwave 

conductivity (TRMC) method. For ZnOP layers it is found that excitons undergo diffusive motion 

between the self-assembled stacks, with the exciton diffusion length being as long as 15±1 nm, 

which is comparable to that in natural chlorosomes. For ZnBuP a considerably shorter exciton 

diffusion length of 3±1 nm is found. Combining these exciton diffusion lengths with exciton 

lifetimes of 160 ps for ZnOP and 74 ps for ZnBuP yields exciton diffusion coefficients equal to 

1.4!10
-6

 m
2
/s and 1!10

-7
 m

2
/s, respectively. The larger exciton diffusion coefficient for ZnOP 

originates from a strong excitonic coupling for interstack energy transfer. The findings show that 

energy transfer is strongly affected by the molecular organization. The efficient interstack energy 

transfer shows promising prospects for application of such self-assembled porphyrins in opto-

electronics.  

                                                

*
 This chapter is based on: Annemarie Huijser, Bart M.J.M. Suijkerbuijk, Robertus J.M. Klein 

Gebbink, Tom J. Savenije and Laurens D.A. Siebbeles, Journal of the American Chemical 

Society, accepted.  
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7.1. Introduction 

The occurrence of photosynthesis is crucial for life on earth. The first essential step in 

photosynthesis is the capture of sunlight. To absorb sunlight efficiently, photosynthetic 

organisms are equipped with light-harvesting systems. These light-harvesting systems are 

typically based on ring-like bacteriochlorophyll-protein complexes. The proteins 

determine the three-dimensional structure of the light-harvesting complex. The main 

function of the bacteriochlorophyll molecules involves the absorption of sunlight. 

Absorption of a photon results in the formation of a strongly bound electron-hole pair, 

also referred to as an exciton. Due to the specific mutual orientation of adjacent 

bacteriochlorophyll molecules, excitons are transported efficiently through one or more 

light-harvesting complexes over distances of typically 10-20 nm towards the reaction 

center, where exciton dissociation into charged species takes place.1-8 

An alternative efficient exciton transport pathway can, however, also be present in 

systems that lack a protein matrix; an example is the chlorosome, the photosynthetic 

system in green photosynthetic bacteria. The chlorosome is an ellipsoidal shaped 

organelle with a typical size of 15 nm ! 30 nm ! 100 nm,9 based on self-assembled 

bacteriochlorophyll c, d or e molecules organized by bacteriochlorophyll-

bacteriochlorophyll rather than by bacteriochlorophyll-protein interactions.10-13 Essential 

for self-assembly of the bacteriochlorophyll molecules in the chlorosome are (a) the 

coordinative bonds between electron-donating side groups and the electron-accepting Mg 

center of the molecule and (b) the "-" interactions between the bacteriochlorophyll 

macrocycles.10,11,14,15 Excitons are transferred through the self-assembled stacks over 

distances of typically 10-15 nm12 to a bacteriochlorophyll a containing base plate, 

connected to the chlorosomal vesicle, and further towards a reaction center. Energy 

transfer between adjacent bacteriochlorophyll molecules within one self-assembled stack 

occurs extremely rapidly; typically on a time scale of 100 fs, corresponding to an energy 

transfer rate (kET) equal to 1013 s-1.16-18 If we assume an exciton to be localized on one 

bacteriochlorophyll molecule, the exciton diffusion coefficient (DE) follows from 

! 

D
E

= k
ET
R
DA

2           (7.1) 

where RDA presents the center-to-center distance between adjacent bacteriochlorophyll 

molecules. Combination of the exciton diffusion coefficient with the exciton lifetime (!E) 

yields the exciton diffusion length ("E), according to  
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! 

"
E

= D
E
#
E

          (7.2) 

The center-to-center distance of 6.8 Å19 and the energy transfer rate of typically 1013 s-1 

result in an exciton diffusion coefficient of about 5!10-6 m2/s. Hence, during the lifetime 

of typically 50 ps16 an exciton can make on average 5!102 hops, and "E is in the order of 

15 nm. This length is close to the average distance between the location of exciton 

formation and the bacteriochlorophyll a containing base plate9, so that almost all 

photogenerated excitons arrive at the reaction center.  

In contrast to natural systems, "E in molecular organic dye layers is typically in the 

order of only a few nanometers.20-22 For a few molecular dye systems, exciton diffusion 

lengths of several tens of nanometers have been realized in vacuum thermal deposited 

layers.23-26 The expensive and elaborate deposition method makes these layers, however, 

less attractive for application in molecular devices. In this context, porphyrin derivatives 

are of great interest, since thin films of this class of materials can be prepared by 

spincoating. For several free-base and zinc meso-tetrakisphenylporphyrin derivatives, the 

introduction of appropriate alkyl substituents has been reported to affect the molecular 

organization and consequently the exciton diffusion length.27-30 The introduction of octyl 

side chains has been observed to result in the formation of molecular stacks along which 

excitons can undergo intrastack diffusion with "E = 9±3 nm.28 In contrast, exciton 

diffusion between stacks has been found to be considerably less efficient.27, 28 The latter is 

problematic, since for opto-electronic applications efficient exciton transport through the 

organic layer towards an active (e.g. electron-accepting) interface has to be directed 

perpendicular to this interface, while the molecular stacks tend to align parallel to a 

substrate.27,31 Recently, we have reported a lower limit for "E in the direction 

perpendicular to a TiO2 substrate of 12 nm for a system based on nematically organized, 

homeotropically aligned meso-tetrakis(4-n-butylphenyl)porphyrin molecules.32 However, 

the favorable molecular organization has only been obtained for layers thinner than 35 

nm, which can be an important limitation for application in practical devices.  

The aim of the current study is to achieve efficient energy transfer towards an active 

interface using the concept of self-assembled chromophore molecules. Numerous reports 

deal with the synthesis and structural characterization of self-assembling mimics of 

bacteriochlorophyll molecules, such as the robust and relatively easily available 

porphyrin and chlorin derivatives.33-42 So far, no experimental demonstration of long-

range exciton diffusion for such systems has been published. In this work the relationship 
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between self-assembly and the ability to transport excitons is studied for two porphyrin 

derivatives, namely {meso-tetrakis[3,5-

bis(dimethylaminomethyl)phenyl]porphyrinato}zinc(II) (ZnNP) and {meso-tetrakis[3,5-

bis(methoxymethyl)phenyl]porphyrinato}zinc(II) (ZnOP). The chemical structures of 

these porphyrin derivatives are shown in Figure 7.1A. Self-assembly is accomplished by 

the formation of coordinative bonds between the electron-accepting Zn atom and the 

electron-donating benzylic heteroatoms at the 3- or the 5-position of the meso-phenyl 

rings of an adjacent molecule. A close analogue of ZnOP having Br atoms at the para-

positions of the phenyl groups (ZnOPBr) has recently been observed by single crystal X-

ray crystallography to self-assemble as shown in Figure 7.1B.43 Since ZnNP and 

especially ZnOP possess equivalent electron-donating and electron-accepting groups, 

comparable self-assembling behavior is expected, as also proposed earlier43 and validated 

below. ZnOPBr is not included in the current study on exciton transfer, since the heavy 

Br atom leads to significant intersystem crossing from singlet to triplet excited states,44 

which will be the topic of another study. To substantiate the impact of self-assembly on 

the exciton diffusion length, also a porphyrin derivative that is expected not to self-

assemble is studied, namely {meso-tetrakis[3,5-bis(t-butyl)phenyl]porphyrinato}zinc(II) 

(ZnBuP). The benzylic substituents of ZnBuP possess a similar steric bulk as the 

CH2OCH3 and CH2N(CH3)2 groups, but lack the electron-donating ability.  

The molecular organization in spincoated films of the porphyrin derivatives 

investigated is studied using optical techniques and X-ray diffraction. Exciton transport 

and dissociation in a bilayer of the porphyrin derivatives and smooth TiO2 is studied 

using the time-resolved microwave conductivity (TRMC) method. Excitons are formed 

by illumination with a nanosecond laser pulse. Those excitons that are able to reach the 

interface with TiO2 can undergo interfacial dissociation into separate charge carriers. The 

electrons injected into the TiO2 layer are monitored by measuring the microwave 

conductivity. The exciton diffusion length and the interfacial electron injection yield are 

determined from fitting an analytical model to the experimental microwave conductivity 

data. The energy transfer rate between adjacent molecules is strongly affected by 

molecular self-assembly. This offers promising prospects for use of these materials to 

convert solar energy into chemical or electrical energy in e.g. photocatalytic applications, 

sensors and photovoltaics.45-48
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Figure 7.1. Chemical structures of the porphyrin derivatives investigated (A) and a part of the 

one-dimensional self-assembled stack formed by ZnOPBr molecules (B). Hydrogen atoms and 

phenyl side groups that are not involved in the self-assembly are omitted for clarity.  

 

7.2. Experimental methods 

Synthesis of porphyrin derivatives: The porphyrin derivatives ZnOP, ZnNP and 

ZnBuP were synthesized as described in ref. 43.  

Sample preparation: Thin smooth anatase TiO2 films with a thickness of ca. 100 nm, 

prepared by chemical vapor deposition onto 1x12x25 mm3 quartz substrates, were 

purchased from Everest Coatings, Delft, The Netherlands. Porphyrin films were prepared 

by spincoating, either from a solution in CHCl3 (Anhydrous, 99+%, Aldrich, in case of 

ZnOP, ZnOPBr and ZnBuP) or from a solution in toluene (Anhydrous, 99.8%, Aldrich, 

used for ZnNP) at 2500 rpm under N2 atmosphere. The ZnNP solution was filtrated using 

a 0.45 µm PTFE filter with polypropylene housing. Prior to film deposition, the quartz 

and TiO2 substrates were annealed in air at 450 ºC for 1 h. After porphyrin film 
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deposition, the samples were annealed at 200 ºC under N2 atmosphere for 15 min. 

Porphyrin film thicknesses were determined using a Veeco Dektak 8 Stylus Profiler.  

Optical characterization: Optical transmission and reflection spectra were recorded 

using a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer. The optical density (OD), 

the fraction of absorbed light (FA) and the extinction coefficient (#) were determined as 

described in ref. 49. The wavelength dependent OD and FA are denoted as the absorption 

spectrum and the optical attenuation spectrum, respectively. Steady state and time-

resolved fluorescence spectra were recorded with a Lifespec – ps setup using a 405 nm 

excitation source (Edinburgh Instruments). Polarized Optical micrographs of the 

porphyrin films were recorded between crossed polarizers using a Nikon Eclipse E600 

Polarizing Optical Microscope.  

X-ray diffraction analysis: X-ray diffraction (XRD) measurements were performed in 

the Bragg-Brentano mode on a Bruker-AXS D8 Advance powder X-ray diffractometer, 

equipped with automatic divergence slits and a Våntec-1 detector and using a Co anode 

($K% = 1.79026 Å) operated at 30 kV and 45 mA. The X-ray diffraction intensity found 

for a bare substrate was subtracted from the intensity observed for a porphyrin-coated 

substrate.  

Photoconductivity experiments. The TRMC method and experimental setup are 

described in refs. 22 and 50. The porphyrin/TiO2 bilayers were mounted in an X-band 

microwave cavity at a position of maximum electric field strength and illuminated either 

from the side of the TiO2 substrate (backside) or from the side of the porphyrin film 

(front-side). The illumination intensity was varied between 1011 and 1013 photons/cm2
 per 

pulse. The data analysis has been described in detail previously.49 Briefly, formation of 

mobile charge carriers due to illumination with a nanosecond laser pulse (3 ns FWHM) 

leads to an increase of the photoconductance (&G), followed by an eventual decrease due 

to decay of charge carriers. The increase in photoconductance is related to the normalized 

change in reflected microwave power (&P/P) according to 

! 

"P t( )
P

= #K"G t( )          (7.3) 

The sensitivity factor K was determined as described in ref. 51 and equals 7!104 S-1. 

From the maximum of &G during time, the incident photon to charge separation 

efficiency (IPCSE) was determined, as described in ref. 29.  
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7.3. Results and discussion 

 

7.3.1. Structural characterization 

In case the formation of a coordinative bond between the electron-accepting central 

Zn atom and an electron-donating side group of an adjacent molecule leads to a change in 

optical features, the occurrence of self-assembly can be determined using optical 

absorption and fluorescence spectroscopy.36,52,53 Figure 7.2A shows the absorption 

spectrum of ZnBuP monomers dissolved in pure CHCl3, which is found to be similar to 

the absorption spectra of ZnOP and ZnNP in pure CHCl3. The transitions from the S0 to 

the S1 level and a higher vibrational mode give rise to the two Q-bands that peak at 589 

nm and 550 nm, respectively. The S0-S2 transition results in a strong absorption band that 

peaks at 423 nm.44 The data in Figure 7.2A show that addition of 25 µl pyridine leads to a 

red-shift of the absorption bands (peaks at 605 nm, 565 nm and 431 nm) and a more 

intense lowest Q-band. These changes in optical features are attributed to the formation of 

one-to-one complexes of pyridine with the ZnBuP molecule, resulting in a penta-

coordination of the Zn atom.54,55 The absorption spectra of ZnOP and ZnNP in 

CHCl3/pyridine are observed to be similar to that of ZnBuP in CHCl3/pyridine. Hence, 

the difference in benzylic substituents does not affect the absorption spectra.  

Analogous to the changes in monomer absorption due to coordination of the central 

Zn atom by pyridine, molecular self-assembly in solid films can be monitored by a red-

shift in absorption and a more intense lowest Q-band.54 Figure 7.2B shows the absorption 

spectra of ZnBuP, ZnOP and ZnNP deposited on quartz. The absorption bands of ZnBuP 

on quartz are only broadened as compared to ZnBuP dissolved in CHCl3. The absence of 

a red-shift and a more intense lowest Q-band in the absorption spectrum shows that most 

likely no coordinative bonds are present in the film, indicative for the absence of self-

assembled ZnBuP molecules. In contrast, the absorption spectra of ZnOP and especially 

ZnNP on quartz show a considerable red-shift and a more intense lowest Q-band as 

compared to ZnBuP. This is attributed to the presence of coordinative bonds between the 

electron-accepting Zn atom and the electron-donating oxygen or nitrogen atoms in the 

side groups. The red-shift in absorption and increase of the intensity of the lowest Q-band 

are less pronounced for ZnOP than for ZnNP, which might originate from the stronger 

coordinative bond in case of the latter.43,56 The Soret absorption band of the ZnOP film is 

split up more pronounced than for ZnNP. This is attributed to a stronger excitonic 

coupling between self-assembled ZnOP molecules in a stack, possibly caused by a 
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smaller center-to-center distance between adjacent molecules43 leading to a larger 

excitonic splitting. In terms of the point-dipole approximation for the excitonic 

coupling,57 the absence of a significant exciton splitting in the less intense Q-bands can be 

attributed to the lower transition dipole moments of the corresponding transitions as 

compared to the S0-S2 transition that gives rise to the Soret absorption band.  
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Figure 7.2. Optical density spectra of the porphyrin derivatives in solution (A) and deposited on 

quartz (B). The data in Figure A1 have different offsets. Left panels show the full OD spectrum; 

right panels the normalized OD for a limited spectral region.  

 

Figure 7.3A shows the fluorescence spectra for ZnBuP, ZnOP and ZnNP on quartz. In 

agreement with the results discussed above, ZnOP and especially ZnNP exhibit red-

shifted fluorescence bands as compared to ZnBuP, indicative for molecular self-assembly 

of the first two. Figure 7.3B shows the fluorescence decays of the ZnBuP, ZnOP and 

ZnNP films on quartz. Fitting a mono-exponential function convoluted with the 

instrumental response function to the decays yields exciton lifetimes of 74 ps, 160 ps and 

400 ps. The fits are included in Figure 7.3B. These lifetimes are significantly lower than 
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the 1.3 ns lifetime observed for these porphyrin derivatives dissolved in CHCl3/pyridine 

(data not shown), which is most likely due to enhanced radiationless decay in solid films.  
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Figure 7.3. Fluorescence spectra (A) and decays (B) of the porphyrin derivatives investigated on 

quartz, recorded on excitation at 405 nm. The fluorescence decays are detected at the maximum 

of the lowest fluorescence band. Fits of a mono-exponential function convoluted with the 

instrumental response function to the fluorescence decays and the resulting lifetimes are 

included.  

 

The differences in optical features between ZnBuP films on one side and the ZnOP 

and ZnNP films on the other side are attributed to the presence of coordinative bonds for 

the latter two, indicative for molecular self-assembly. To obtain further insight in the 

molecular organization, polarized optical microscopy (POM) and X-ray diffraction 

(XRD) studies are performed. Figure 7.4A shows the polarized optical micrograph and 

the X-ray diffraction pattern of ZnBuP on quartz. The ZnBuP film appears dark between 

crossed polarizer and analyzer and remains dark on rotation of the sample around the axis 

perpendicular to the plane of the film. This implies that the polarization of the incident 

light beam does not change upon transmission through the ZnBuP film. As a 

consequence, the transmitted light cannot pass through the crossed analyzer, resulting in a 

dark appearance of the film. The observed findings indicate an isotropic film structure 

with respect to rotation around the axis perpendicular to the plane of the film. This could 

either be due to an isotropic layer structure or due to a homeotropic molecular alignment 

(molecular planes aligned parallel to the substrate). The absence of a diffraction peak in 

the XRD pattern excludes the latter possibility and leads to the conclusion that the ZnBuP 

film lacks any molecular organization.  
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The X-ray diffraction pattern of ZnOPBr deposited on quartz, shown in Figure 7.4B, 

differs significantly from that of ZnBuP on quartz. The pronounced peaks in the XRD 

pattern observed for ZnOPBr originate from a well-developed periodic structure directed 

perpendicular to the substrate. The two peaks observed can be explained by first and 

second order diffraction by parallel planes with an interplanar distance (d) equal to 14.8 

Å. This distance agrees with the diameter of a self-assembled stack of about 15 Å, or 

equivalently, with the distance between adjacent self-assembled stacks. Since only a 

periodic structure directed perpendicular to the substrate can give rise to a diffraction 

peak, this would imply the alignment of the propagation direction of the self-assembled 

stacks parallel to the substrate. In previous work on ZnOPBr crystals, the center-to-center 

distance RDA between ZnOPBr molecules within a self-assembled stack has been found to 

be 8.75 Å, while the distance between the ZnOPBr macrocycles equals only 3.47 Å.43 In 

case the ZnOPBr molecules in a crystal and in a thin film self-assemble in a similar way 

and the propagation direction of the self-assembled stacks in a film is parallel to the 

substrate, the angle between the ZnOPBr macrocycles and the substrate equals 23º as 

shown schematically in Figure 7.4.  

The polarized optical micrograph and XRD pattern of ZnOP on quartz, also shown in 

Figure 7.4B, are observed to be similar to those for ZnOPBr. The first and second order 

X-ray diffraction peaks are only slightly shifted towards higher angles. These peaks 

correspond to an interplanar distance equal to 14.01 Å. The slightly smaller interplanar 

distance as compared to ZnOPBr and less intense diffraction peaks are attributed to the 

absence of the Br atoms. Both ZnOPBr and ZnOP exhibit similar birefringent domains 

between crossed polarizer and analyzer. The birefringence is caused by an anisotropy of 

the index of refraction, leading to a splitting of the linearly polarized incident beam into 

two components with polarizations perpendicular to each other. As a consequence, part of 

the transmitted light beam can pass through the crossed analyzer, leading to a bright 

appearance of the film. The observed birefringence independently confirms the presence 

of molecular order in the ZnOPBr and ZnOP films. The birefringence is observed to be 

comparable for layers deposited on TiO2 and quartz, as also observed previously32, 

showing a similar molecular organization on both substrates. The ordered domains have a 

typical area of 10 µm x 10 µm and a thickness of 50 nm. The comparable X-ray 

diffraction patterns and polarized optical micrographs suggest similar mutual orientations 

for the individual molecules in a self-assembled stack and for the alignment of the stacks 

with respect to the substrate. This implies that the propagation direction of the self-
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assembled ZnOP stacks is parallel to the substrate, with the angle between the ZnOP 

macrocycles and the substrate equal to 23°. 

Figure 7.4C shows the polarized optical micrograph and the X-ray diffraction pattern 

of ZnNP on quartz. The ZnNP film appears to posses both dark and birefringent domains 

between crossed polarizer and analyzer, corresponding to a combination of disordered 

and ordered regions, respectively. The X-ray diffraction peak observed for the ZnNP film 

corresponds in case of first order diffraction to an interplanar distance equal to 16.60 Å, 

which is attributed to the distance between adjacent self-assembled stacks. The fact that 

only the ordered domains can contribute to the observed diffraction peak explains the 

lower intensity of this peak as compared to that observed for the ZnOP film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. Polarized optical micrographs obtained between crossed polarizer and analyzer (left 

panels), X-ray diffraction patterns (middle panels) and film structures (right panels) of the 

porphyrin derivatives investigated on quartz. The X-ray diffraction intensities of the porphyrin films 

on quartz are corrected for the signal obtained for bare quartz.  
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7.3.2. Determination of the exciton diffusion length 

Quantification of the exciton transfer dynamics allows determining the impact of 

molecular order on the ability to transport excitons efficiently. Exciton diffusion is 

studied using the time-resolved microwave conductivity (TRMC) technique.22, 50 Figure 

7.5A shows the photoconductance transients obtained on pulsed illumination at the 

absorption maximum of ZnBuP, ZnOP and ZnNP films on TiO2. The samples are 

illuminated through the TiO2 layer, resulting in a high initial exciton concentration near 

the TiO2/porphyrin interface. Those excitons that are able to reach the interface with TiO2 

can dissociate by injection of an electron into the TiO2 layer. Since the mobility of 

electrons in TiO2
58 largely exceeds the mobility of holes in porphyrins59, the observed 

change in photoconductance (&G) mainly results from an increase of the number of 

mobile electrons in TiO2. The initial rise time of &G largely exceeds the laser pulse 

duration and is determined by the 18 ns response time of the microwave cavity. It follows 

from Figure 7.5A that illumination of a bilayer consisting of the self-assembled porphyrin 

derivatives ZnOP or ZnNP on TiO2 results in a larger change in &G as compared to a 

bilayer of non-assembled ZnBuP and TiO2. This effect is most pronounced for ZnOP on 

TiO2, indicative for the most efficient photo-induced charge separation. 

The incident photon to charge separation efficiency (IPCSE) is determined from &G 

as described in ref. 29. Figure 7.5B shows the IPCSE as function of wavelength of ZnOP 

on TiO2. The IPCSE spectrum follows closely the optical attenuation spectrum, also 

presented in Figure 7.5B, which demonstrates clearly photosensitization of TiO2 by the 

porphyrin derivative. The IPCSE at the absorption maximum equals 16 %, comparably 

efficient as the system based on nematically organized homeotropically aligned meso-

tetrakis(4-n-butylphenyl)porphyrin molecules on TiO2 we have studied recently.32 An 

important advantage of ZnOP as compared to that system involves the absence of any 

observed sensitivity of the molecular organization to the thickness of the porphyrin layer, 

which is highly beneficial for application in molecular opto-electronics. Figure 7.5C 

shows the IPCSE as function of incident light intensity. At illumination intensities below 

2!1012 photons/cm2/pulse no significant influence of the intensity on the IPCSE is 

observed. This indicates that exciton-exciton annihilation and bimolecular charge 

recombination processes are insignificant under these illumination conditions.  
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Figure 7.5. Photoconductance transients obtained on pulsed excitation (at 430 nm for ZnBuP, at 

440 nm for ZnOP and ZnNP, with 10
12

 photons/cm
2
/pulse) of the porphyrin derivatives on TiO2 (A) 

and the IPCSE and fraction of absorbed light (FA) as function of wavelength for ZnOP on TiO2 (B). 

Figure (C) shows the IPCSE as function of illumination intensity.  

 

The exciton diffusion length ("E) can be deduced by applying an analytical model for 

the photo-induced charge separation efficiency to describe the experimental TRMC data, 

as discussed previously.60 The IPCSE depends on the fraction of incident photons that is 

reflected by the bilayer (FR), the number of excitons that reaches the porphyrin/TiO2 
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interface normalized to the number of incident photons (S) and the interfacial electron 

injection yield relative to all modes of interfacial exciton deactivation ('inj) according to  

! 

IPCSE = 1" FR( ) # S $,L,%E( ) # &inj #100%        (7.4) 

The factor S depends on the exponential absorption coefficient (%), the porphyrin 

layer thickness (L) and "E. Analytical equations for S on backside (SBR, from the side of 

the TiO2 substrate) and front-side (SFR, from the side of the porphyrin film) illumination 

can be derived by solving the classical diffusion equation for steady-state conditions and 

are given in Appendix A.60-62    

Accurate values for both 'inj and "E can be obtained by varying the thickness of the 

porphyrin layer. In case L<"E almost all excitons formed are able to reach the exciton-

dissociating interface. Since the number of excitons formed is insensitive to the side of 

illumination, the IPCSE values on backside and front-side illumination are expected to be 

comparable. Increasing L to values less than "E leads to an increase of the IPCSE, both 

for backside and for front-side illumination, since more light is absorbed as the porphyrin 

layer becomes thicker. In case of backside illumination, a further increase of L does not 

result in an additional increase of the IPCSE, because mainly those excitons formed 

within a distance "E from the interface can undergo interfacial charge separation. On the 

contrary, on front-side illumination increasing L results in a lower concentration of 

excitons near the porphyrin/TiO2 interface. As a consequence the IPCSE decreases with 

increasing L and eventually becomes zero.  

 

 

 

 

 

 

Figure 7.6. IPCSE/(1-FR) as function of the porphyrin layer thickness (L) for ZnBuP on TiO2 (A) 

and ZnOP on TiO2 (B). Dots represent backside illumination, triangles front-side illumination. The 

curves through the data points represent the fits of equations 7.4, A3 and A4 to the experimental 

data; fit parameters are shown in the insets.  
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Figure 7.6 shows the IPCSE divided by (1-FR) as function of L on backside and front-

side illumination for ZnBuP on TiO2 (A) and ZnOP on TiO2 (B). Reason for presenting 

the IPCSE divided by (1-FR) involves the difference in FR between various samples. The 

experimental data presented in Figure 7.6 exhibit a layer thickness dependence that agrees 

with the expectations discussed above. Fitting equations 7.4, A3 and A4 to the 

experimental data obtained for ZnBuP on TiO2 results in "E = 3±1 nm63 and 'inj = 

0.35±0.05. Combining an exciton diffusion length of 3 nm with an exciton lifetime of 74 

ps yields an exciton diffusion coefficient of 1!10-7 m2/s, as follows from equation 7.2. 

Assuming a center-to-center distance RDA between ZnBuP molecules of 15 Å (diameter of 

a ZnBuP molecule) and using equation 7.1 yields an energy transfer rate equal to 4!1010 

s-1. Within its lifetime of 74 ps an exciton can hop on average only 3 times between 

adjacent ZnBuP molecules.  

The significantly larger &G and higher IPCSE observed for ZnOP and ZnNP on TiO2 

are indicative for more efficient exciton transport through films that consist of self-

assembled stacks. The relatively poor solubility of ZnNP in toluene, however, does not 

allow preparing films thicker than 20 nm. The IPCSE divided by (1-FR) as function of L 

on backside and front-side illumination is therefore only determined for ZnOP on TiO2. 

Fitting equations 7.4, A3 and A4 to the experimental data shown in Figure 7.6B results in 

"E = 15±1 nm63 and 'inj = 0.60±0.05. Combining an exciton diffusion length of 15 nm 

with an exciton lifetime of 160 ps gives an exciton diffusion coefficient equal to 1.4!10-6 

m2/s. Since the self-assembled stacks are aligned with their propagation direction parallel 

to the substrate, exciton motion in a direction perpendicular to the TiO2 substrate occurs 

by interstack rather than by intrastack energy transfer, as shown schematically in Figure 

7.4. The value of RDA between an exciton-donating and -accepting ZnOP molecule is 

therefore taken equal to the interstack distance of 14.01 Å, determined by X-ray 

diffraction. Using equation 7.1, this distance and the found exciton diffusion coefficient 

yield kET = 7.2!1011 s-1. Within its lifetime of 160 ps an exciton can on average make 102 

hops before decay to the ground state occurs.  

 

7.3.3. Origin of the enhanced exciton diffusion length 

Table 7.1 summarizes the parameters involved in energy transfer in films of the 

porphyrin derivatives investigated, together with literature values for natural 
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chlorosomes. Comparison of the energy transfer parameters for ZnBuP and ZnOP shows 

that self-assembly of the latter strongly enhances the exciton diffusion length. This is due 

to a longer exciton lifetime and a larger exciton diffusion coefficient, originating from a 

higher energy transfer rate, as discussed below. The exciton diffusion length in the self-

assembled ZnOP film is comparable to that in natural chlorosomes. It can be seen in 

Table 7.1 that kET within a chlorosomal bacteriochlorophyll stack is more than one order 

of magnitude higher than for ZnOP, as expected on basis of the larger transition dipole 

moment of the Q-band of bacteriochlorophyll molecules. However, the larger value for 

RDA and !E for ZnOP lead to a value for "E comparable to that for a bacteriochlorophyll 

stack. In addition, it should be noted that the value for "E determined for ZnOP 

corresponds to interstack exciton diffusion, while the "E value for bacteriochlorophyll 

stacks refers to intrastack motion.  

 

Table 7.1. Parameters characterizing the energy transfer in isotropic ZnBuP films, in self-

assembled ZnOP films and in natural chlorosomes.  

Light-harvesting 

system 
"E (nm) !E (ps) DE (m

2/s) RDA (Å) kET (ps-1) !ET (ps) !E(kET 

ZnBuP 3 74 1!10
-7 15 0.04 23 3 

ZnOP 15 160 1.4!10
-6 14.01 0.72 1.4 10

2 

Chlorosome ~15 ~50
 16 5!10

-6 6.8 
19 10 0.1

16-18 5!10
2 

 

In the limit of weak intermolecular excitonic coupling, motion of excitons can be 

considered as diffusive with an intermolecular hopping rate kET given by64, 65  

! 

k
ET

=
2"

h 
V

DA

2

J
DA

         (7.5) 

The factor VDA denotes the excitonic coupling between energy donor and acceptor and JDA 

represents the spectral overlap integral. The definition and evaluation of the spectral 

overlap integrals for ZnBuP and ZnOP are specified in Appendix B. The experimental 

absorption and fluorescence spectra yield comparable values for JDA equal to 1.5!1018 J-1 

for ZnBuP and 1.8!1018 J-1 for ZnOP. Hence, the much higher kET found for ZnOP is 
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mainly due to a larger value of VDA. Using equation 7.5 with the experimentally 

determined values for kET and JDA yields excitonic couplings VDA of 36 cm-1 for ZnBuP 

and 1.3!102 cm-1 for ZnOP. The value of VDA equal to 1.3!102 cm-1 observed for ZnOP 

indicates a strong excitonic coupling between adjacent self-assembled stacks, which must 

originate from a favorable mutual orientation of molecules in adjacent stacks. Quantum-

chemical calculations on excitonic couplings are underway in order to establish to which 

extent the value for interstack excitonic coupling can be understood on basis of the 

molecular organizations deduced above and whether exciton transfer can be further 

improved.  

 

7.4. Conclusions 

This work involves a study of the relationship between molecular self-assembly of 

porphyrin derivatives and the ability to transport excitons efficiently to an active 

interface. ZnBuP films are found to have a disordered structure, in which the exciton 

diffusion length equals 3±1 nm. In contrast, ZnOP molecules self-assemble via 

coordinative bonds between adjacent molecules. This leads to the formation of molecular 

stacks aligned parallel to a TiO2 substrate. The diffusion length for exciton transport 

between the stacks is as long as 15±1 nm. The large exciton diffusion length both 

originates from a long exciton lifetime and a strong excitonic coupling for interstack 

energy transfer. The difference in exciton diffusion length between ZnBuP and ZnOP 

demonstrates the importance of molecular self-assembly leading to efficient interstack 

exciton transport. The efficient interstack energy transfer has promising prospects for 

application of such self-assembled porphyrins in opto-electronics. 
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Appendix A 

The factor S represents the number of excitons that reaches the porphyrin/TiO2 

interface normalized to I0(1-FR), i.e. the number of photons entering the sample. An 

analytical expression for S can be derived from solving the classical diffusion equation 

for steady-state conditions, as described in detail in ref. 63. In brief, in case of backside 

illumination (from the side of the TiO2 substrate) the following differential equation 

applies: 

! 

"n z( )
"t

# 

$ 
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& 

' 
( 
B

=)J
0
e
*) L*z( ) *

n z( )
+
E

+ D
E

" 2n z( )
"z2

      (A1) 

The coordinate z corresponds to the distance from the interface between porphyrin and 

TiO2. The factor n(z) denotes the concentration of excitons and J0 is the number of 

excitons entering the TnBuPP layer (J0 = I0(1-FR)). Analogously, for front-side 

illumination (from the side of the porphyrin film) the corresponding differential equation 

is:  
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Excitons that reach the porphyrin/TiO2 interface are assumed to be rapidly deactivated, 

i.e. n(L) = 0. At the surface of the porphyrin layer, excitons are assumed to be reflected, 

i.e. DE)n(0)/)z
2 = 0. Solving equations A1 and A2 for steady-state conditions ()n(z)/)t = 

0) result in the following equations for S on backside (A3) and front-side illumination 

(A4), respectively, whereas the square root of DE(!E has been substituted by the parameter 

"E: 
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Appendix B 

In case of incoherent exciton hopping between molecules, the energy transfer rate kET 

between a donor and acceptor depends on the excitonic coupling VDA and the spectral 

overlap integral JDA according to64, 65 

! 

k
ET

=
2"

h 
V

DA

2

J
DA

         (B1) 

The factor JDA corresponds to the Franck-Condon weighted density-of-states and can be 

obtained from  

! 

J
DA

= F
D
E( )AA

E( )dE"         (B2) 

where FD and AA denote the emission factor of the energy donor and the absorption factor 

of the energy acceptor, respectively.64 The emission factor FD(E) depends on the 

fluorescence intensity IF(E) according to  

! 

F
D
E( ) =

E
"3
I
F
E( )

E
"3
I
F
E( )dE#

        (B3) 

The absorption factor AA(E) is related to the extinction coefficient #(E) by 

! 

A
A
E( ) =

E
"1# E( )

E
"1# E( )dE$

        (B4) 

Figure 7.7A shows the fluorescence intensity IF(E) and extinction coefficient #(E) for 

ZnBuP and ZnOP as function of photon energy E. The limits for integration of the 

functions shown in the denominator of equations B3 and B4 are determined by the energy 

range of the transitions relevant for energy transfer; i.e. the transitions between the 

vibrational levels belonging to the S1 and S0 electronic states. Application of equations 

B3 and B4 then yields the emission factor FD(E) and absorption factor AA(E), presented in 

Figure 7.7B.  Multiplication of FD and AA for the individual compounds results in the 
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curves presented in Figure 7.7C. Integration of these curves yields values for JDA equal to 

1.5!1018 J-1 for ZnBuP and 1.8!1018 J-1 for ZnOP. 
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Figure 7.7. Fluorescence and absorption of ZnBuP and ZnOP (A), fluorescence factor FD and 

absorption factor AA (B) and product of FD and AA (C) as function of photon energy.   
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CHAPTER 8 

An experimental study on the molecular organization and exciton 

diffusion in a bilayer of a porphyrin and poly(3-hexylthiophene)* 

 

 

 

 

 

  

The exciton root-mean-square displacement (!D) in regioregular poly(3-hexylthiophene) (P3HT) 

deposited onto meso-tetrakis(n-methyl-4-pyridyl)porphyrin tetrachloride (H2TMPyP) has been 

determined from the photovoltaic response of a device based on these materials in a bilayer 

configuration. Excitons formed on illumination that reach the interface between H2TMPyP and 

P3HT can undergo interfacial charge separation by electron injection into the H2TMPyP and hole 

injection into the P3HT. The incident photon to current efficiency (IPCE) exceeds 20 % over a 

broad wavelength regime. Theoretical analysis of the IPCE values gives a value for !D in 

H2TMPyP that amounts to 14 nm, while for P3HT a value of 18 nm is obtained. The latter value 

exceeds literature values reported for P3HT by almost a factor of three. X-ray diffraction analysis 

shows that in the studied bilayer the P3HT backbones are aligned parallel to the interface with 

H2TMPyP. In contrast, in case of P3HT deposited onto TiO2, for which !D has been reported to 

equal only 7 nm, hardly any organization of the P3HT backbones is observed. The excitonic 

coupling between P3HT backbones deposited onto H2TMPyP is as high as 125 cm
-1

, a factor of 

three larger than the excitonic coupling between disordered P3HT backbones that amounts to 47 

cm
-1

. The difference illustrates the importance of controlling the molecular organization for the 

realization of efficient energy transfer in organic opto-electronics.  

 

 

 

 

                                                
*
 This chapter is based on: Annemarie Huijser, Tom J. Savenije, Avi Shalav and Laurens D.A. 

Siebbeles, Journal of Applied Physics, submitted. 
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8.1. Introduction 

Conjugated electron-donating polymers such as substituted poly(phenylene-vinylene) 

(PPV) and polythiophene derivatives are considered as attractive photoactive materials 

because of their strong absorption band in the visible and their ease of processing into 

thin films. The binding energy of an exciton, formed on absorption of a photon, ranges 

typically from 0.2 eV to 1.0 eV.1-3 In order to realize an efficient photovoltaic device, 

excitons have to be dissociated into charges. This can be accomplished at an interface 

with an electron-accepting material. The driving force for charge separation has to exceed 

the exciton binding energy to allow exciton dissociation into charges. Electron-accepting 

materials studied intensively in combination with conjugated polymers include TiO2
4, 5, 

perylene derivatives6 and fullerenes7. Initially, bilayers of electron-donor and -acceptor 

were investigated. An important parameter in such organic-based solar cells is the 

average distance excitons are able to cover by diffusion before decay to the ground state 

occurs, referred to as the exciton root-mean-square displacement (!D). In case of one-

dimensional exciton diffusion, !D is defined by 

! 

"
D

= 2D
E
#
E

          (8.1) 

with DE the exciton diffusion coefficient and "E the exciton lifetime. Note, that the degree 

of exciton diffusion is usually characterized by the exciton diffusion length (!E): 

! 

"
E

= D
E
#
E

          (8.2) 

Characterizing the extent of exciton diffusion by !D is however more useful, since 

equation 8.2 does not take into account the dimensionality of the exciton diffusion process 

and does not represent the average distance an exciton is able to cover by diffusion. The 

low efficiencies observed for organic bilayer devices have been attributed to the 

discrepancy in !D of typically only a few nanometers8-12 and the optical absorption length 

in the order of 100 nm. To overcome this limitation, the bulk-heterojunction cell has been 

developed, which is based on an interpenetrating network of electron-donor and -

acceptor.13,14 To date, a maximum performance of 4.4 % has been realized for a 

photovoltaic cell based on a blend of poly(3-hexylthiophene) and a fullerene derivative.15, 

16 For a bulk-heterojunction, it is essential to dissociate as much as possible of the excitons 

formed on light absorption into charge carriers. To achieve this, the size of each phase in a 

blend should not exceed !D. In addition, the morphology of the interpenetrating network 

should allow efficient charge transport17-20. A particular blend morphology, with specific 
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domain dimensions, is not necessarily optimal for all these independent processes. 

However, enhancement of the exciton root-mean-square displacement allows the use of 

larger domains of electron-donor and -acceptor, which could enhance transport of charge 

carriers from the exciton dissociating interface through the interpenetrating network 

towards the electrodes.21, 22 A value for !D in the same order of magnitude as the optical 

absorption length would make the application of the electron-donor and -acceptor in a 

bulk-heterojunction obsolete.  

 

 

 

 

 

 

 

 

 

Figure 8.1. Chemical structures (A) and the exponential optical absorption coefficient as function 

of wavelength (B) of H2TMPyP and P3HT.   

 

Important advantages of alkyl substituted polythiophenes as compared to PPVs 

involve the enhanced photostability, the broader absorption band and the ability to self-

organize.23-27 The organization of polyalkylthiophene backbones has been observed to 

strongly affect charge transport22,24 and may also influence the extent of exciton diffusion. 

In this work the photophysical and morphological properties of a novel combination of 

the visible-light absorbing electron-accepting porphyrin derivative meso-tetrakis(n-

methyl-4-pyridyl)porphyrin tetrachloride (H2TMPyP) and regioregular poly(3-

hexylthiophene) (P3HT) are presented. The chemical structures of H2TMPyP and P3HT 

are shown in Figure 8.1A. The electron-accepting behavior of H2TMPyP is induced by 

the presence of quaternized pyridyl side groups, resulting in a reduction potential of -0.2 

eV vs. normal hydrogen electrode (NHE).28,29 Bilayers of H2TMPyP and electron-

donating porphyrins have been studied previously, yielding relatively low incident photon 

to current efficiencies (IPCE’s).29 The excellent solubility of P3HT in a solvent in which 

H2TMPyP does not dissolve and vice versa allows spincoating of multiple thin films on 

top of each other. The possibility for solution processing makes this combination of 

materials of particular interest over bilayers based on for example a combination of 
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phthalocyanines and perylene derivatives on C60,
30-33 that need to be formed by 

evaporation. The absorption spectra of P3HT and H2TMPyP presented in Figure 8.1B 

show that these compounds exhibit complementary absorption bands, which enhances the 

spectral overlap with the solar emission spectrum. 

The surface morphology of the interface between H2TMPyP and P3HT is studied 

using Atomic Force Microscopy (AFM). The photovoltaic properties of a photovoltaic 

cell based on these materials in a bilayer configuration are investigated by current-voltage 

and impedance measurements. Fitting an analytical model for the IPCE to the 

experimental data yields !D in both organic layers. The value for !D in P3HT differs 

significantly from values reported in the literature. The difference is attributed to the 

molecular organization of the P3HT chains, which is characterized by X-ray diffraction. 

The results show that the molecular organization is a key parameter for the realization of 

efficient energy transfer in organic photovoltaics.  

 

 

8.2. Experimental methods 

Sample preparation: H2TMPyP and regioregular P3HT (electronic grade) were 

purchased from Frontier Scientific (Logan, USA) and Rieke Metals, Inc. (Lincoln, USA), 

respectively. H2TMPyP films were prepared by spincoating from a solution in CH3OH 

(Aldrich, 99.9 %, c = 10 mg/ml) at 2500 rpm onto either a quartz or onto an indium 

doped SnO2 (ITO) coated glass substrate. Prior to film deposition these substrates were 

dried at 250 °C for 1 h. P3HT films were spincoated from a solution in CHCl3 at 2500 

rpm (Anhydrous, 99+ %, Aldrich, c = 15 mg/ml). A Hg contact (A = 0.78 mm2) was used 

as back contact34, resulting in the device configuration as presented in the inset of Figure 

8.2B. Film thicknesses were determined using a Veeco Dektak 8 Stylus Profiler and equal 

25±5 nm and 75±5 nm for H2TMPyP and P3HT, respectively.   

Optical and morphological characterization: Optical transmission and reflection 

spectra were recorded on a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer, using 

an integrating sphere. The optical absorption coefficient (#) was determined from the 

transmission and reflection spectra as described in ref. 35. Time-resolved fluorescence 

spectra were recorded with a Lifespec - ps setup using a 405 nm excitation source 

(Edinburgh Instruments). Atomic force micrographs were recorded using a Nanoscope 

Atomic Force Microscope, operated in the tapping mode. X-ray diffraction measurements 
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were performed in the Bragg-Brentano mode on a Bruker D8 Advance X-ray 

diffractometer, equipped with a Cu anode ($K! = 1.5408 Å) operated at 40 kV and 30 

mA.  

Photovoltaic and Mott-Schottky characterization: Photocurrents were recorded using 

an Autolab PGSTAT 10 EcoChemie potentiostat controlled by GPES 3 software in 

combination with a Xe lamp (Eurosep Instruments) equipped with a monochromator 

(Triax Series 0144B 99/236). The incident power (Pin) varied from 6 mW/cm2 to 8 

mW/cm2 for the wavelength range of 300 nm – 700 nm. Short-circuit currents were 

measured using a Keithley 2700 Multimeter. The fill factor (FF) was determined using 

! 

FF =
V
max
I
max

V
OC
I
SC

          (8.3) 

where Vmax and Imax represent the voltage and current at the maximum power point, VOC is 

the open-circuit voltage and ISC the short-circuit voltage. The incident photon to current 

efficiency (IPCE) as function of wavelength is determined using 

! 

IPCE =
I
SC
hc

P
in
e"
100%           (8.4) 

where Pin represents the power of the incident light.36 

 

 

8.3. Results and discussion 

 

8.3.1. Photovoltaic properties  

Figure 8.2A shows the current-voltage characteristics of the photovoltaic device based 

on H2TMPyP and P3HT in dark and under monochromatic illumination at 450 nm with 

an incident power (Pin) of 8 mW/cm2. The configuration of the photovoltaic device is 

shown in the inset of Figure 8.2B. The forward bias direction corresponds to a negative 

voltage on the ITO electrode. Under this illumination the open-circuit voltage (VOC) 

equals 0.65 V, the short-circuit current (ISC) is 0.64 mA/cm2 and the fill factor (FF) 

calculated from equation 8.3 is low and amounts to 0.36. Figure 8.2B shows the 

wavelength dependence of the incident photon to current efficiency (IPCE) determined 

using equation 8.4. The IPCE value exceeds 20 % over a broad wavelength regime. 

Comparison of the IPCE spectrum with the absorption spectra of H2TMPyP and P3HT 

presented in Figure 8.1B clearly shows that both materials contribute to the photocurrent. 
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This implies that excitons formed in H2TMPyP and in P3HT are dissociated into charge 

carriers. The contribution originating from P3HT to the IPCE considerably exceeds 

values reported earlier for smooth bilayer devices based on polythiophene derivatives and 

C60.
37, 38 Possible explanations for the unexpected high IPCE values observed for the 

photovoltaic cell based on H2TMPyP and P3HT are discussed in sections 8.3.5 and 8.3.6. 
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Figure 8.2. Current density (dashed is recorded in dark, solid is recorded under illumination with 

8 mW/cm
2
 at 450 nm) and CP

-2
 (8 mW/cm

2
 at 450 nm, recorded at 1"10

4
 Hz) of the device 

presented in the inset of Figure B as function of applied voltage (A). Figure B shows the IPCE 

versus wavelength and a fit of equation 8.9 to the experimental data with 

! 

"D,H2TMPyP
 = 14 nm and 

! 

"
D,P 3HT

 = 18 nm. 

 

8.3.2. Interface morphologies 

The average distance an exciton has to travel before it can be dissociated into charge 

carriers is determined by the smoothness of the interface between H2TMPyP and P3HT. 

Figure 8.3 shows the surface morphology of ITO coated glass (A), H2TMPyP spincoated 

onto the ITO electrode (B), the sample shown in B spincoated with a P3HT layer (C) and 

the sample presented in C after dissolving the P3HT layer specifically using CHCl3 (D). 

The surface morphology of the original H2TMPyP layer appears to be almost identical to 

the surface morphology of H2TMPyP after deposition of P3HT and removal of the P3HT 

layer. This demonstrates the absence of any significant changes in surface morphology of 

H2TMPyP upon deposition of the P3HT layer. Spincoating of P3HT onto H2TMPyP 

therefore yields a bilayer configuration as presented schematically in the inset of Figure 

8.2B rather than an interpenetrating network of both materials. As a consequence, the 

high IPCE values observed in this work demonstrate the presence of efficient energy 

transfer pathways towards the exciton dissociating interface.   
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Figure 8.3. Atomic force micrographs of ITO (A), the sample as shown in A spincoated with 

H2TMPyP (B), the sample as shown in B spincoated with P3HT (C) and the sample as shown in C 

after removing the P3HT layer with CHCl3 (D). Note the smaller scale used for C.  

 

8.3.3. Impedance measurements 

Apart from efficient exciton diffusion through the H2TMPyP and P3HT layers and 

exciton dissociation at the interface, the high IPCE values also indicate efficient 

collection of charge carriers at the electrodes. Transport of charge carriers from the 

photoactive interface through the organic layers towards the electrodes can occur by drift 

induced by the internal electric field and/or by diffusion. The presence and width of a 

depletion layer near the interface is investigated using impedance measurements. The 

impedance plots of the device shown in the inset of Figure 8.2B at various applied 

voltages are presented in Appendix A. A simple equivalent circuit consisting of a 

capacitor (CP) parallel to a resistor (RP) in series with a resistor (RS) is fitted to the 

experimental data. The fits and fit parameters are included in Appendix A. The 

capacitance appears to be a function of the applied voltage (Va). This indicates a 

broadening of the width of the depletion layer (w) with stronger reverse bias as follows 

from 
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! 

w =
"r"0A

Cp

          (8.5) 

where A represents the electrode area, %r the relative dielectric constant and %0 the 

permittivity of free space. The dependence of the capacitance on the applied voltage is 

described by36 

! 

1

C
P

2
=

2

e"
r
"
0
N

D
A
2

# 

$ 
% 

& 

' 
( VBI

)V
a( )        (8.6) 

where e represents the electronic charge, ND (or NA) the concentration of ionized 

impurities in the depletion layer and VBI the built-in potential present over the depletion 

layer. A Mott-Schottky plot (CP
-2 versus Va) recorded at 10 kHz under monochromatic 

illumination at 450 nm with an incident power of 8 mW/cm2 is included in Figure 8.2A. 

From the observed capacitance of 1 nF at zero applied voltage and application of equation 

8.5 follows a total depletion width of 20 nm. The contact area amounts to 0.78 mm2 and 

the values for %r of both H2TMpYP and P3HT are assumed to be equal to 3.29, 39 From 

equation 8.6 and the experimental Mott-Schottky data follows a built-in potential of 0.55 

V, close to the VOC observed. The presence of only one distinct linear increase in CP
-2 

rather than two separate regimes with different slopes indicates comparable values for 

! 

"
r,P 3HT

N
D,P 3HT

 and 

! 

"r,H2TMPyP
ND,H2TMPyP

 amounting to 1.4!1018 cm-3. This corresponds to a 

concentration of ionized impurities in both materials of about 5!1017 cm-3, which is close 

to the value for NA of 3.5!1017 cm-3 reported earlier for H2TMPyP.28 The origin of the 

excess of mobile electrons in the H2TMPyP layer is not clearly established,40 while the 

cause of an excess of holes in the P3HT layer is generally attributed to reversible doping 

with oxygen.41-44 The negligible difference in 

! 

"
r,P 3HT

N
D,P 3HT

 and 

! 

"r,H2TMPyP
ND,H2TMPyP

 

implies that the depletion layer is located equally through both organic layers. The 

corresponding internal electric field is expected to reduce the interfacial recombination of 

electrons and holes formed on exciton dissociation. 

 

8.3.4. Determination of the exciton root-mean-square-displacement 

Prime parameters that determine the IPCE of a bilayer device are the value of !D and 

the fraction of absorbed light (FA) in the individual layers. The absorption profile within 

the bilayer device is determined using the optical modeling program SCOUT,45 assuming 

the interface between H2TMPyP and P3HT to be perfectly smooth. More details about the  
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Figure 8.4. First derivative of FA with respect to z within the bilayer device presented in the inset 

in Figure 8.2B at selected wavelengths, determined using the optical modeling program SCOUT.  

 

SCOUT modeling are given in Appendix B. Figure 8.4 shows the first derivative of FA 

with respect to the distance from the mercury contact (z) for selected wavelengths. 

Especially within the H2TMPyP layer the absorption profile turns out to deviate 

considerably from a Lambert-Beer profile, which mainly originates from the presence of 

the metal contact. The number of excitons formed that are able to reach the photoactive 

interface can be deduced from solving the differential equation for exciton diffusion46   
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+ D
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" 2n
i
z( )

"z2
      (8.7) 

where ni(z) is the exciton concentration at a depth z within layer i and I0 the incident light 

intensity. Since a continuous light source is used, the first derivative of ni(z) with respect 

to t is zero. In addition, excitons that reach the interface with an electrode are assumed to 

be rapidly quenched and those that reach the interface between H2TMPyP and P3HT to 

be rapidly dissociated into charge carriers, i.e. ni= 0 at these interfaces. Solving equation 

8.7 under these conditions and using the absorption profiles determined by SCOUT yields 

ni(z). The fraction of I0 that leads to excitons that reach the photoactive interface (Si) can 

be expressed by 

! 

S
i
= "D

E ,i

#n
i
z( )

#z

1

I
0 z=L

         (8.8) 

where L is the z coordinate corresponding to the interface between H2TMPyP and P3HT. 

More details about the solution of equations 8.7 and 8.8 are presented in Appendix C. The 

total number of excitons that reaches the photoactive interface is the sum of the number 

of excitons in each layer that reaches this interface. Hence, the total amount of excitons 
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reaching the interface divided by I0 is defined as the sum of the Si factors of each layer. 

For expressing the IPCE in terms of Si, the charge separation yield at the interface into 

free charge carriers is assumed to be unity. Furthermore, it is assumed that all charge 

carriers formed on exciton dissociation are collected by the electrodes. Under these 

conditions, the IPCE of the bilayer device follows from: 

! 

IPCE = SP 3HT + SH
2
TMPyP( )100%       (8.9) 

Fitting equation 8.9 to the experimental IPCE spectrum, with "E is 290 ps for P3HT and 

1.28 ns for H2TMPyP as obtained from fluorescence decay measurements (data not 

shown), results in the fit included in Figure 8.2B with 

! 

DE ,H2TMPyP
 = 8!10-8 m2/s and 

! 

D
E ,P 3HT

= 5.9!10-7 m2/s. Combining these values for DE with the observed exciton 

lifetimes and using equation 8.1 yields 

! 

"D,H2TMPyP
 = 14 nm and 

! 

"
D,P 3HT

 = 18 nm. This 

value for 

! 

"
D,P 3HT

 is significantly larger than previous values for polythiophene 

derivatives deposited onto C60
37,47 or TiO2

8, where values close to 7 nm12 are reported.  

Possible reasons for the discrepancy in !D between those systems and the bilayer 

investigated in this study are discussed below.  

 

8.3.5. Determination of the molecular organization 

The discrepancy in 

! 

"
D,P 3HT

 for P3HT deposited onto H2TMPyP and the previous 

reported values most likely originates from differences in the molecular organization. The 

degree of molecular organization in a thin film is elucidated using X-ray diffraction. 

Figure 8.5A shows the X-ray diffraction patterns of single layers of H2TMPyP and P3HT 

deposited on quartz and a bilayer of H2TMPyP and P3HT on quartz. For reference 

purposes, the pattern observed for P3HT deposited onto a similar TiO2/quartz substrate as 

used in ref. 8 is also illustrated, for which 

! 

"
D,P 3HT

 has been determined to be 7 nm.8 The 

X-ray diffraction intensity observed for a bare TiO2/quartz substrate is subtracted from 

the latter pattern, the other patterns are corrected for the diffraction intensity of a bare 

quartz substrate. The X-ray diffraction pattern of a single layer of P3HT on quartz shows 

a diffraction peak at 2& = 5.18°. In case of first order diffraction, this peak reveals the 

presence of a well-developed structure directed perpendicular to the quartz substrate with 

an interplanar distance equal to 17.0 Å. This distance most likely corresponds to the 

spacing between P3HT chains along the hexyl side chains as reported in several earlier 

works23, 25-27  and shown schematically in Figure 8.5B. In contrast to a P3HT layer on 
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quartz, for P3HT deposited on TiO2/quartz hardly any diffraction peak is observed, 

indicating a relatively low degree of organization of the P3HT chains for the latter 

system. The difference in degree of molecular organization could either originate from 

variations in the roughness of the substrate surface or from the interaction of P3HT with 

the surface functionalities of the substrate. From AFM analysis follows only a slightly 

higher surface roughness of TiO2 as compared to quartz (see Appendix D). This leads to 

the conclusion that the difference in degree of organization of P3HT chains on TiO2 and 

on quartz is most likely due to the interaction of the conjugated polymer with surface 

functionalities of the substrate.  

 

 

 

 

 

 

 

 

 

 

Figure 8.5. X-ray diffraction patterns of quartz/P3HT (75 nm), quartz/ H2TMPyP (25 nm), 

quartz/H2TMPyP (25 nm)/P3HT (75 nm) and quartz/TiO2/P3HT (75 nm) (A). The X-ray diffraction 

intensity observed for a bare TiO2/quartz substrate is subtracted from the latter pattern, the other 

patterns are corrected for the diffraction intensity of a bare quartz substrate. Note that the data 

presented have different offsets to improve clarity. Figure B shows the alignment of P3HT 

backbones parallel with the hexyl side chains perpendicular to a substrate.  

 

Remarkably, a layer of H2TMPyP deposited on quartz possesses a diffraction peak at 

almost a similar angle as observed for P3HT on quartz. The maximum diffraction is 

observed at 2& = 5.04°, corresponding in case of first order diffraction to an interplanar 

distance equal to 17.5 Å. Since this distance equals the diameter of a H2TMPyP molecule, 

the observed peak suggests the alignment of the H2TMPyP molecular planes 

perpendicular to the substrate. As compared to a bare H2TMPyP layer, the bilayer of 

H2TMPyP and P3HT deposited on quartz possesses a more intense diffraction peak, 

which is attributed to a contribution from both organic layers. The degree of molecular 

order of P3HT chains deposited on H2TMPyP is hence higher than for P3HT on TiO2, 

even though the surface of the latter substrate is smoother (see Appendix D). It should be 
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noted that quartz and H2TMPyP possess a stronger hydrophilicity as compared to TiO2
48-

50, which may explain the higher degree of order of P3HT deposited onto the first two 

materials. The enhanced degree of molecular order of P3HT chains deposited onto 

H2TMPyP as compared to TiO2 can explain the long exciton root-mean-square 

displacement observed for the first system. 

 

Table 8.1. Parameters characterizing the energy transfer in H2TMPyP, P3HT deposited on 

H2TMPyP and P3HT deposited on TiO2.  

Layer !D (nm) "E (s) DE (m2/s) RDA (Å) kET (s
-1) 

H2TMPyP 14 1.28!10
-9 8!10

-8 17.5 3!10
10 

P3HT on H2TMPyP 18 2.90!10
-10 5.9!10

-7 17.0 2!10
11 

P3HT on TiO2 7 
(from ref. 8) 2.90!10

-10 8!10
-8 17.0 3!10

10 

 
 

8.3.6. Origin of the long exciton root-mean-square-displacement 

The value for !D depends on the exciton diffusion coefficient (DE) and the exciton 

lifetime ("E) according to equation 8.1. In case an exciton is localized on a single 

molecule, DE depends on the energy transfer rate (kET) and the center-to-center distance 

between adjacent molecules (RDA) according to 

! 

D
E

= k
ET
R
DA

2           (8.10) 

The exciton lifetimes are determined from fluorescence decay measurements (data not 

shown). The exciton diffusion coefficients in the individual layers are deduced from the 

experimental IPCE values as described in section 8.3.4. Combining the exciton diffusion 

coefficient with the interplanar distance determined by X-ray diffraction and using 

equation 8.10 yields the energy transfer rate. All these parameters characterizing the 

energy transfer in H2TMPyP, P3HT deposited on H2TMPyP and P3HT deposited on TiO2 

are presented in Table 8.1. Note, that the energy transfer rate between disordered P3HT 

chains on TiO2 is a factor of seven lower than the value determined for organized P3HT 

chains deposited onto H2TMPyP.  

In the limit of weak intermolecular excitonic coupling, motion of excitons can be 

considered as diffusive with an intermolecular hopping rate kET given by51, 52  

! 

k
ET

=
2"

h 
V

DA

2

J
DA

         (8.11) 



Exciton diffusion in a bilayer of a porphyrin and poly(3-hexylthiophene) 

 141 

where the factor VDA denotes the excitonic coupling between energy donor and acceptor 

and JDA represents the spectral overlap integral. The definition and evaluation of the 

spectral overlap integrals for H2TMPyP and P3HT are specified in Appendix E. The 

experimental absorption and fluorescence spectra yield values for JDA
 equal to 4.3!1018 J-

1 for H2TMPyP and 5.5!1017 J-1 for P3HT. Combining this with the observed values for 

kET yields values for the excitonic coupling VDA of 16 cm-1 for H2TMPyP, 125 cm-1 for 

P3HT deposited on H2TMPyP and 47 cm-1 for P3HT on TiO2. The stronger excitonic 

coupling observed for P3HT on H2TMPyP as compared to P3HT on TiO2 is most likely 

due to a higher and more favorable degree of molecular organization of the P3HT chains 

found for the first system. The value of VDA equal to 125 cm-1 found for P3HT deposited 

on H2TMPyP indicates a strong excitonic coupling between adjacent P3HT chains that 

are organized as shown in Figure 8.5B. Quantum-chemical calculations on excitonic 

couplings are underway in order to establish to which extent the value for the excitonic 

coupling can be understood on basis of this molecular organization and whether exciton 

transfer can be further improved.  

 

8.4. Conclusions 

This work presents morphological and photophysical properties of a bilayer of the 

electron-accepting porphyrin derivative H2TMPyP and P3HT. A photovoltaic cell based 

on such a bilayer exhibits an incident photon to current efficiency (IPCE) over 20 % over 

a broad wavelength regime. Fitting a model for one-dimensional exciton diffusion in the 

direction perpendicular to the interface between H2TMPyP and P3HT, that includes the 

absorption profiles in the bilayer to the experimental IPCE values, gives the exciton root-

mean-square displacement (!D) in each layer. From X-ray diffraction it is inferred that 

the H2TMPyP molecular cores are aligned perpendicular to the interface with P3HT, 

while the P3HT backbones are aligned parallel to the interface. For the H2TMPyP layer 

!D amounts to 14 nm, while a value of 18 nm is found for the P3HT layer. Combining the 

!D values with the intermolecular distances and the exciton lifetimes observed yields the 

intermolecular energy transfer rate, which amounts to 3"1010 s-1 for H2TMPyP and 

2"1011 s-1 for P3HT. From application of Fermi’s golden rule to these energy transfer 

rates follows an excitonic coupling between H2TMPyP molecules that amounts to 16 cm-

1, while for P3HT a value as high as 125 cm-1 is found. The latter value is almost a factor 

of three higher than the excitonic coupling between disordered P3HT chains determined 
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to be 47 cm-1. This illustrates the importance of controlling the molecular organization for 

the realization of efficient energy transfer in organic opto-electronics.   

 

Acknowledgment 

Murat Durkut and Menno Poot from the Molecular Electronics and Devices group, 

Kavli Institute of Nanoscience, TU Delft, are acknowledged for assistance with the AFM 

measurements. The research was supported financially by the Delft Research Centre for 

Sustainable Energy. AS gratefully acknowledges Senter Novem for financial support.  

 

 

Supporting Information 

 

Appendix A 

 

5

4

3

2

1

0

-Z
'' 

(1
0

5
!

)

1.00.80.60.40.20.0

Z' (10
6
!)

1 kHz

(B) Va = -0 V R
S
 = 9.7·10

3
 ! 

R
p
 = 6.3·10

5
 ! 

Cp = 1.0·10
-9

 F (0.96)

5

4

3

2

1

0

-Z
'' 

(1
0

4
!

)

1.00.80.60.40.20.0

Z' (10
5
!)

1 kHz

(C) Va = +0.4 V R
S
 = 1.2·10

4
 ! 

R
p
 = 5.9·10

4
 ! 

Cp = 2.5·10
-9

 F (0.94)

6

4

2

0

-Z
''  

(1
0

5
!

)

1.41.21.00.80.60.40.20.0

Z' (10
6
!)

1 kHz

(A) Va = -0.4 V R
S
 = 1.0·10

4
 ! 

R
p
 = 8.4·10

5
 ! 

Cp = 9.2·10
-10

 F (0.97)

 

 

Figure 8.6. Impedance spectra of the device presented in the inset of Figure 8.2B (8 mW/cm
2
 at 

450 nm) recorded at Va = -0.4 V (A), Va = 0 V (B) and Va = +0.4 V (C) and fits of an equivalent 

circuit of a capacitor CP parallel to a resistor RP in series with a resistor RS with parameters shown 

in the insets. The non-idealities of the capacitors are given between brackets.  
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Appendix B 

The real and complex part (n) and (k) of the refractive index of the materials used are 

determined from the experimental transmission and reflection spectra using the program 

SCOUT.45 Figure 8.7A shows the values for n and k as function of wavelength for quartz, 

H2TMPyP and P3HT. The fractions of transmitted light (FT) and reflected light (FR) of 

quartz/ H2TMPyP (25 nm)/P3HT (75 nm), illuminated from the side of the P3HT film, 

are determined using SCOUT on basis of n and k of the individual materials. The 

modeled FT and FR are shown in Figure 8.7B and agree very well with the experimental 

data. This validates modeling the absorption profile within the device presented in the 

inset of Figure 8.2B using SCOUT. The values for n and k of ITO coated glass are 

determined from the experimental transmission and reflection spectra and n and k of Hg 

are taken from ref. 53 and shown in Figure 8.7C. 
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Figure 8.7. Optical constants of quartz, H2TMPyP and P3HT (A), experimental and modeled 

fraction of transmitted (FT) and reflected light (FR) of quartz/H2TMPyP (25 nm)/P3HT (75 nm) 

illuminated from the side of the P3HT film (B) and optical constants of ITO on glass and Hg (from 

ref. 53) (C).  
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Appendix C 

 

A. First derivative of FA with respect to z constant  

In the theoretical case the first derivative of FA with respect to z equals a constant Ci, 

the steady-state differential equation for exciton diffusion can be expressed as: 

! 

I
0
C
i
"
n
i
z( )

#
E ,i

+ D
E ,i

$ 2n
i
z( )

$z2
= 0        (C1) 

The boundary conditions at the interface between an organic layer and an electrode and at 

the interface between H2TMPyP and P3HT have to be defined to solve equation C1. 

Excitons reaching the interface with an electrode are assumed to be rapidly quenched and 

those that reach the photoactive interface to be rapidly dissociated into charge carriers. 

For the P3HT layer this implies that the concentration of excitons is zero at z = 0 and z = 

L (see Figure 8.4). Solving equation C1 under these conditions by using the program 

MAPLE results in 

! 

n
i
z( ) = "

e

z

DE ,i# E,i + e
"

z"L

DE,i# E ,i "1" e

L

DE ,i# E,i
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#
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1+ e

L
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     (C2) 

with i = P3HT. Analogous, for the H2TMPyP layer the concentration of excitons is equal 

to zero at z = L and z = D, where D is the z coordinate corresponding to the interface 

between H2TMPyP and ITO, leading to  

! 

n
i
z( ) = "

e

z

DE ,i# E,i + e
"

z"D"L

DE,i# E ,i " e

D
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#
E ,i
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D

DE ,i# E,i + e

L

DE,i# E ,i

    (C3) 

with i = H2TMPyP. The fraction of incident photons that leads to excitons reaching the 

photoactive interface by diffusion (Si) is expressed by: 

! 

S
i
= "D

E ,i

#n
i
z( )

#z

1

I
0 z=L

         (C4) 

Application of equation C4 to equations C2 and C3 results in the following analytical 

expressions for the device, with i = P3HT and H2TMPyP, respectively:  
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To express the IPCE in terms of Si, the charge separation yield at the photoactive 

interface into free charge carriers is assumed to be unity. Furthermore, it is assumed that 

all charge carriers formed on exciton dissociation are collected by the electrodes. The 

IPCE of the bilayer device then follows from: 

! 

IPCE = SP 3HT + SH
2
TMPyP( )100%       (C7) 

 

B. First derivative of FA with respect to z modeled using SCOUT  

The first derivative of FA with respect to z determined using SCOUT is modeled using 

a sinus equation, resulting in the following steady-state differential equation for exciton 

diffusion:  

 

! 

I
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Ai sin f iz + "i( )[ ] #
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+ DE ,i

% 2ni z( )
%z2

= 0       (C8) 

Solving equation C8 with similar boundary conditions as described in previous section by 

using the program MAPLE gives the analytical expressions for ni(z) for i = P3HT and i  = 

H2TMPyP, respectively: 
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Application of equation C4 to equations C9 and C10 gives the Si factors, for i = P3HT: 

! 

Si =

DE ,i cos f iL + "( ) f i# ie
2L

DE ,i# E,i $DE ,i cos f iL + "( ) f i# i
% 

& 

' 
' 

( 

) 

* 
* 

1+ f i
2# iDE ,i

Ai

% 

& 
' 

( 

) 
* $e

2L

DE,i# E ,i +1

% 

& 

' 
' 

( 

) 

* 
* 

+

2 DE ,i#E ,i sin "( )e
L

DE,i# E ,i $ DE ,i#E ,i sin fL + "( )e
2L

DE,i# E ,i $ DE ,i#E ,i sin fL + "( )
% 

& 

' 
' 

( 

) 

* 
* 

1+ f i
2# iDE ,i

Ai

% 

& 
' 

( 

) 
* $e

2L

DE ,i# E,i +1

% 

& 

' 
' 

( 

) 

* 
* 

 (C11)  

 

For i = H2TMPyP: 
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The IPCE of the bilayer device is obtained using equation C7.  
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Appendix D 

 

 

 

Figure 8.8. Atomic force micrographs of quartz, quartz/H2TMPyP (25 nm) and quartz/TiO2. Note 

the different scales used. 
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Appendix E 

In case of incoherent exciton hopping between molecules, the energy transfer rate kET 

between an energy donor and acceptor depends on the excitonic coupling VDA and the 

spectral overlap integral JDA according to:51, 52 

! 

k
ET

=
2"

h 
V

DA

2

J
DA

         (E1) 

The factor JDA corresponds to the Franck-Condon weighted density-of-states and can be 

obtained from  

! 

J
DA

= F
D
E( )AA

E( )dE"         (E2) 

where FD and AA denote the emission factor of the energy donor and the absorption factor 

of the energy acceptor, respectively.51 The emission factor FD(E) depends on the 

fluorescence intensity IF(E) according to:  
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F
D
E( ) =
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The absorption factor AA(E) is related to the optical absorption coefficient #(E) by: 

! 

A
A
E( ) =

E
"1# E( )

E
"1# E( )dE$

        (E4) 

Figure 8.9A shows the fluorescence intensity IF(E) and optical absorption coefficient 

#(E) for H2TMPyP and P3HT as function of photon energy E. The limits for integration 

of the functions shown in the denominators of equations E3 and E4 are determined by the 

energy range of the transitions relevant for energy transfer. In case of H2TMPyP these 

limits follow from the energy range of the vibrational modes of the lowest S0 – S1 

electronic transition. For P3HT the functions shown in the denominator of equations E3 

and E4 are integrated over the entire S0 – S1 absorption band. Application of equations E3 

and E4 then yields the emission factor FD(E) and absorption factor AA(E), presented in 

Figure 8.9B. Multiplication of FD and AA for the individual compounds results in the 

curves presented in Figure 8.9C. Integration of these curves yields values for JDA equal to 

4.3!1018 J-1 for H2TMPyP and 5.5!1017 J-1 for P3HT. 
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Figure 8.9. Fluorescence and absorption of H2TMPyP and P3HT as function of photon energy 

(A), fluorescence factor FD and absorption factor FA as function of photon energy (B) and product 

of FD and AA as function of photon energy (C).  
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SUMMARY IN ENGLISH  

 

Current life on earth would not exist without the supply of solar energy. The energy 

supplied by the sun to the earth is enormous; only one hour of sun irradiation equals the 

global energy consumption over a full year. The current global energy demand is 

however mainly fulfilled by the exploitation of fossil fuel reserves, leading to rapid and 

hardly predictable global environmental changes, declining reserves and increasing 

economical and political instability. The growing awareness of the huge impact of these 

aspects on the nowadays civilization drives the demand for renewable alternatives, such 

as wind turbines, hydroelectric power plants and photovoltaic cells. The prospect of using 

sunlight is demonstrated by photosynthesis, which involves the light-driven conversion of  

CO2 and H2O into carbohydrates. The energy involved in photosynthesis exceeds the 

current global energy consumption by a factor of seven, illustrating the enormous 

potential of utilizing sunlight.  

To absorb sunlight efficiently, photosynthetic organisms are equipped with light-

harvesting systems. These light-harvesting systems are in general based on chlorophyll 

derivatives, which strongly absorb the incident sunlight. Absorption of a photon leads to 

the formation of a strongly bound electron-hole pair, also referred to as an exciton. Due to 

the specific three-dimensional configuration of the chlorophyll molecules in the light-

harvesting complex, excitons are transferred efficiently over a long distance of 10-20 nm 

towards a reaction center, where the exciton energy is utilized. The concept of a well-

organized light-harvesting structure, capable of both light absorption and transport of 

excitons, could be applied in a solar cell. Such a cell could be realized by applying the 

light-harvesting dye layer onto a wide bandgap, electron-accepting semiconductor. 

Excitons formed on light absorption that are capable to diffuse through the dye layer 

towards the interface with the semiconductor can undergo dissociation into free charge 

carriers by electron injection into the conduction band of the semiconductor. This type of 

cell is commonly denoted as the dye-sensitized solar cell. The short exciton diffusion 

distance in artificial dye layers of typically a few nanometers has led to the development 

of the Grätzel-cell. This cell is based on a three-dimensional continuous network of 

semiconductor nanoparticles coated with a monolayer of dye molecules. Such 

configuration makes exciton diffusion over long distances redundant. However, it 

requires a more elaborate cell design to compensate for the complicated charge transport.
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The long exciton diffusion length in natural light-harvesting systems suggests that long-

range energy transfer can be realized by optimizing the specific configuration of the dye 

molecules. The aim of this thesis is to provide fundamental insights into the relationship 

between the molecular organization of artificial biomimetic dye molecules and the energy 

transfer dynamics. A more comprehensive understanding of this relationship could lead to 

an enhancement of the exciton diffusion length in artificial light-harvesting dye layers, 

allowing the realization of solar cells based on a simple bilayer design. Such a design is 

favorable for the transport of charge carriers from the interface towards the electrodes.  

Chapter 1 provides a theoretical background describing the energy transfer dynamics 

in molecular systems. In addition, experimental findings on energy transfer dynamics in 

natural chlorophyll derivatives and in artificial porphyrin and phthalocyanine derivatives 

are reviewed and related to the configuration of the dye molecules.  

Dye molecules involved in this thesis include several porphyrin derivatives with self-

organizing properties. The exciton diffusion length in porphyrin layers deposited onto 

various semiconductors such as TiO2 and SnO2 is determined using the time-resolved 

microwave conductivity (TRMC) technique. Excitons are formed on pulsed nanosecond 

excitation of the porphyrin layer. Those excitons that are able to reach the interface 

between the porphyrin and the semiconductor can undergo interfacial exciton dissociation 

into separate charge carriers. The electrons injected into the semiconductor are monitored 

by a change in reflected microwave power, from which the exciton diffusion length is 

deduced. The morphology of the dye layers is studied using a combination of various 

techniques such as optical absorption and fluorescence spectroscopy, polarized optical 

microscopy and X-ray diffraction.  

Chapter 2 involves a study on the impact of substituents at the phenyl groups of meso-

tetraphenylporphyrin derivatives on the incident photon to charge separation efficiency 

(IPCSE) in a bilayer of the porphyrin derivative with TiO2. The IPCSE depends on the 

exciton diffusion length and the yield for charge carrier formation at the interface of the 

porphyrin with the TiO2 substrate. The presence of t-butyl substituents at the para 

position and especially the introduction of methyl substituents at the ortho position of the 

phenyl groups is observed to strongly reduce the yield for charge carrier formation. On 

the other hand, introduction of ethyl substituents at the para position of the phenyl groups 

is observed to strongly enhance the exciton diffusion length. The origin of this 

phenomenon is discussed in detail in chapter 3. In this chapter it is shown that layers of 

unsubstituted meso-tetraphenylporphyrin molecules consist of both monomers and H-
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aggregates. The presence of the latter negatively affects the exciton diffusion length, 

since H-aggregates act as exciton traps. Ethyl substituents at the para position of the 

phenyl groups suppress the formation of H-aggregates, leading to a more amorphous 

layer morphology and enhancing the exciton diffusion length from 7 Å to 75 Å.  

As discussed in chapter 4, introduction of n-butyl substituents at the para position of 

the phenyl groups enhances the exciton diffusion length even further to a value !12 nm. 

Morphology studies show that the molecules in these layers are aligned with the 

molecular macrocycles parallel (‘homeotropically’) to the TiO2 substrate. As compared to 

the amorphous layer structure for the ethyl-substituted derivative, such alignment leads to 

a shorter intermolecular distance and a mutual molecular arrangement that is favorable 

for energy transfer. This explains the long exciton diffusion length of !12 nm. The 

temperature dependence of the energy transfer dynamics is discussed in chapter 5. Energy 

transfer is observed to be thermally deactivated; the exciton diffusion length decreases 

from !20 nm at 90 K to !12 nm at 300 K. The energy transfer rate decreases by at least a 

factor of ten from !3.8"1012 s-1 at 90 K to !3.7"1011 s-1 at 300 K. This decrease is 

attributed to larger fluctuations in exciton site energies and excitonic couplings at higher 

temperatures. Exciton motion in this layer hence occurs via a band like mechanism, rather 

than by thermally activated Förster-like hopping. A reduction of the degree of disorder is 

promising to further enhance the exciton diffusion length.  

Chapters 6 and 7 involve studies on energy transfer in layers of porphyrin derivatives 

that self-assemble by the formation of coordinative bonds between electron-donating 

substituents and the electron-accepting central metal atom. The zinc porphyrin derivative 

discussed in chapter 6 has an electron-donating hydroxyethyl and carbonyl substituent at 

the 3- and 13-position of the porphyrin macrocycle. Layers of this porphyrin derivative 

are observed to consist of both self-assembled stacks and non-assembled monomers. Only 

the monomers are found to contribute to the formation of charge carriers, while no 

significant contribution from the stacks is observed. This observation is attributed to the 

presence of a layer of monomers at the interface with the TiO2 or SnO2 substrate, while 

energy transfer from a stack towards a monomer is energetically unfavorable. Chapter 7 

involves a study on self-assembling zinc meso-tetraphenylporphyrin derivatives, having 

electron-donating methoxymethyl substituents at the meta positions of the phenyl groups. 

Layers of this porphyrin derivative are observed to consist of stacks oriented with their 

long axis parallel to the TiO2 substrate, while the angle between the porphyrin 
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macrocycles and the TiO2 substrate amounts to 23°. The energy transfer rate between 

stacks is observed to be as high as 7.2"1011 s-1, leading to an exciton diffusion length as 

long as 15 nm. For comparison, the exciton diffusion length in a layer of a non-

assembling close analogue is found to amount to only 3 nm. This difference illustrates 

that self-assembly leading to a long-range well-developed molecular organization 

strongly enhances the exciton diffusion length.  

Chapter 8 involves a study on the photophysical properties of a bilayer of regioregular  

poly(3-hexylthiophene) (P3HT) deposited onto an electron-accepting porphyrin 

derivative. Both excitons formed in the P3HT and in the porphyrin layer are dissociated 

into free charge carriers at the interface of both organic layers. The incident photon to 

current efficiency (IPCE) of a photovoltaic device based on these materials in a bilayer 

design exceeds 20 % over a broad wavelength regime. The exciton diffusion length in the 

porphyrin layer is determined to amount to 10 nm, while a value of 13 nm is found for the  

P3HT layer. The latter value exceeds values reported in literature by almost a factor of 

three, which is attributed to the alignment of the P3HT backbones parallel to the interface 

with the porphyrin layer.  

In conclusion, this research illustrates the importance of controlling the molecular 

organization for the realization of efficient energy transfer in organic opto-electronics. 

Adaptation of the molecular configuration has led to an improvement of the exciton 

diffusion length from a few nanometers to tens of nanometers, i.e. comparable to the 

exciton diffusion length in natural photosynthetic systems. An even further improvement 

of the exciton diffusion length might be realized by a further reduction of disorder and by 

the prevention of structural defects. This would allow the application of a well-organized 

dye layer in a bilayer configuration with the semiconductor material, which will lead to 

more efficient charge transport as compared to the nanostructured cell design.  

 

Annemarie Huijser 
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SAMENVATTING IN HET NEDERLANDS 

 

Het huidige leven op aarde zou niet bestaan zonder de toevoer van zonne-energie. De 

toevoer van energie vanaf de zon naar de aarde is gigantisch; slechts één uur 

zonnestraling is equivalent aan de globale energieconsumptie gedurende een heel jaar. De 

huidige energievraag wordt echter voornamelijk gerealiseerd door de exploitatie van 

fossiele brandstoffen, leidend tot snelle en nauwelijks voorspelbare klimaatverandering, 

afnemende reserves en toenemende politieke en economische instabiliteit. De 

toenemende bewustwording van de enorme invloed van deze aspecten op de huidige 

beschaving leidt tot een steeds sterkere vraag naar duurzame alternatieven, zoals 

windturbines, waterkrachtcentrales en zonnecellen. De mogelijkheden die het gebruik van 

zonlicht biedt wordt geïllustreerd door fotosynthese, het proces waarbij onder invloed van 

licht CO2 en H2O omgezet worden in koolwaterstoffen. De hoeveelheid energie die 

betrokken is bij fotosynthetische processen is zeven keer hoger dan de huidige globale 

energieconsumptie, hetgeen de enorme mogelijkheden van het gebruik van zonne-energie 

laat zien.  

Om zonlicht efficiënt te absorberen zijn fotosynthetische organismes uitgerust met 

lichtoogstende systemen. Deze systemen zijn in het algemeen gebaseerd op chlorofyl 

derivaten, die het opvallende zonlicht sterk absorberen. Vrijwel elk geabsorbeerd foton 

leidt tot de vorming van een sterk gebonden elektron-gat paar, ook wel een exciton 

genoemd. Door de specifieke driedimensionale configuratie van de chlorofyl moleculen 

in een lichtoogstend systeem worden excitonen getransporteerd over behoorlijk lange 

afstanden van 10-20 nm. Hierdoor bereiken de excitonen een reactiecentrum, waar de 

energie wordt benut. Het concept van een goed georganiseerd lichtoogstend systeem, dat 

zowel in staat is tot lichtabsorptie als transport van excitonen, kan toegepast worden in 

een zonnecel. Zo een cel kan gerealiseerd worden door het combineren van de 

lichtoogstende kleurstoflaag met een halfgeleider materiaal dat een grote bandgap en 

elektronaccepterende eigenschappen heeft. De excitonen die door de kleurstoflaag naar 

het grensvlak met de halfgeleider bewegen kunnen uiteenvallen in vrije ladingsdragers, 

als gevolg van elektroninjectie in de geleidingsband van de halfgeleider. Dit type cel 

wordt meestal een kleurstofgesensibiliseerde zonnecel genoemd. De in het algemeen 

korte afstand van een paar nanometers die excitonen kunnen afleggen in kunstmatige 

kleurstoflagen heeft geleid tot het ontwikkelen van de Grätzelcel. Deze cel is gebaseerd
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op een driedimensionaal continu netwerk van halfgeleider nanodeeltjes bedekt met een 

dun laagje kleurstofmoleculen. Zo een configuratie maakt diffusie van excitonen 

overbodig, maar vereist echter ook een complex celontwerp om te compenseren voor het 

gecompliceerde ladingstransport. De efficiënt functionerende natuurlijke lichtoogstende 

systemen, aan de andere kant, laten zien dat energieoverdracht over behoorlijk lange 

afstanden gerealiseerd kan worden door de configuratie van kleurstofmoleculen te 

optimaliseren. Het doel van het onderzoek dat beschreven wordt in dit proefschrift is het 

verschaffen van inzicht in de relatie tussen de moleculaire organisatie en de 

eigenschappen van energieoverdracht. Een beter begrip van deze relatie kan leiden tot een 

vergroting van de exciton diffusielengte in kunstmatige lichtoogstende kleurstoflagen. Dit 

kan leiden tot toepassingsmogelijkheden van kleurstof en halfgeleiders in een 

tweelagensysteem. Zo een configuratie leidt tot beter transport van ladingsdragers van het  

grensvlak tussen de twee materialen naar de elektrodes.  

In hoofdstuk 1 wordt een theoretische achtergrond gegeven voor de energieoverdracht 

processen in moleculaire systemen. Ook worden experimentele waarnemingen aan 

energieoverdrachtsparameters in natuurlijke chlorofyl derivaten en kunstmatige porfyrine 

en ftalocyanine derivaten samengevat en gerelateerd aan de moleculaire organisatie.  

Dit proefschrift behandelt voornamelijk energieoverdracht in verschillende porfyrine 

derivaten met zelforganiserende eigenschappen. De exciton diffusielengte in porfyrine 

lagen aangebracht op verschillende halfgeleiders zoals TiO2 en SnO2 is bepaald met 

behulp van de tijdsopgeloste microgolf geleidingstechniek (TRMC). Excitonen in de 

porfyrine lagen zijn gevormd door belichting met een korte laserpuls die een tijdsduur 

heeft van enkele nanoseconden. Die excitonen die in staat zijn het grensvlak tussen de 

kleurstof en de halfgeleider te bereiken kunnen gedissocieerd worden in ladingsdragers. 

De resulterende elektronen, geïnjecteerd in de geleidingsband van de halfgeleider, 

worden gedetecteerd door een verandering in gereflecteerd microgolfvermogen, aan de 

hand waarvan de exciton diffusielengte is bepaald. De morfologie van de kleurstoflagen 

is bestudeerd door een combinatie van verschillende technieken te gebruiken zoals 

optische absorptie en fluorescentie spectroscopie, gepolariseerde optische microscopie en 

röntgendiffractie.  

In hoofdstuk 2 wordt de invloed van diverse zijgroepen aan de fenylgroepen van 

meso-tetrafenylporfyrine derivaten op de lichtgeïnduceerde ladingsscheidingsefficiëntie 

(IPCSE) in een tweelagensysteem van een porfyrine met TiO2 besproken. De IPCSE is 

afhankelijk van de exciton diffusielengte en de exciton dissociatie efficiëntie aan het 
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grensvlak van de porfyrine en het TiO2. De aanwezigheid van t-butyl zijgroepen op de 

para positie van de fenylgroepen en in het bijzonder de introductie van methyl zijgroepen  

op de ortho positie van de fenylgroepen leidt tot een sterke afname van de exciton 

dissociatie efficiëntie. Aan de andere kant leidt introductie van ethyl zijgroepen op de 

para positie van de fenylgroepen tot een behoorlijke toename van de exciton 

diffusielengte. De oorzaak van dit fenomeen wordt bediscussieerd in hoofdstuk 3. In dit 

hoofdstuk wordt besproken dat lagen van porfyrine moleculen zonder zijgroepen (meso-

tetrafenylporfyrine) bestaan uit zowel monomeren als H-aggregaten. Dit laatste 

beïnvloedt de exciton diffusielengte negatief, omdat H-aggregaten zich gedragen als 

exciton traps. De ethyl zijgroepen op de para positie van de fenylgroepen voorkomen de 

vorming van H-aggregaten, hetgeen leidt tot een meer amorfe laagstructuur en een 

toename van de exciton diffusielengte van 7 Å naar 75 Å.  

De introductie van n-butyl zijgroepen op de para positie van de fenylgroepen, 

besproken in hoofdstuk 4, leidt tot een verdere toename van de exciton diffusielengte tot 

!12 nm. Morfologiestudies laten zien dat de moleculen in deze lagen georiënteerd zijn 

met het molecuulvlak evenwijdig aan het TiO2 substraat. Vergeleken met de amorfe 

structuur van de porfyrine met de ethyl zijgroepen leidt deze structuur tot een kortere 

intermoleculaire afstand en een voor energieoverdracht gunstigere configuratie van 

moleculen ten opzichte van elkaar. Dit verklaart de lange exciton diffusie lengte van !12 

nm. Om het proces van energieoverdracht in deze porfyrine lagen in meer detail te 

bestuderen, werd de temperatuursafhankelijkheid van de energieoverdrachtsparameters 

bepaald, zoals is besproken in hoofdstuk 5. Energieoverdracht blijkt thermisch 

gedeactiveerd te zijn; de exciton diffusielengte neemt af van !20 nm bij 90 K naar !12 

nm bij 300 K. De energieoverdrachtsconstante neemt met minstens een factor tien af van 

!3.8"1012 s-1 bij 90 K naar !3.7"1011 s-1 bij 300 K. Deze afname is toegeschreven aan 

sterkere fluctuaties in exciton site energieën en exciton koppelingen bij hogere 

temperaturen. Hieruit is geconcludeerd dat energieoverdracht plaatsvindt via een 

bandmechanisme en niet via een thermisch-geactiveerd Förster-achtig hopping proces. 

Een verdere afname van wanorde is daarom een zeer veelbelovend perspectief om een 

verdere toename van de exciton diffusielengte te realiseren.  

In hoofdstuk 6 en 7 wordt ingegaan op energieoverdracht in lagen van porfyrines die 

zelfassembleren door het vormen van een coördinatieve binding tussen elektrondonerende  
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zijgroepen en het elektronaccepterende centrale metaal atoom. De zink porfyrine die 

besproken wordt in hoofdstuk 6 heeft elektrondonerende hydroxyethyl en carbonyl 

zijgroepen op de 3- en de 13-positie van het porfyrine molecuul. Dunne lagen van zulke 

moleculen bestaan uit zowel zelfgeassembleerde kolommen en niet-geassembleerde 

monomeren. Alleen de monomeren dragen bij aan de vorming van ladingsdragers, terwijl 

de bijdrage van de kolommen verwaarloosbaar is. Dit is toegeschreven aan de 

aanwezigheid van een laag van monomeren aan het grensvlak met het TiO2 of SnO2 

substraat, terwijl energieoverdracht van een monomeer naar een kolom energetisch gezien  

onaantrekkelijk is. In hoofdstuk 7 worden zelfassemblerende zink meso-

tetrafenylporfyrines met elektrondonerende methoxymethyl zijgroepen op de meta 

posities van de fenylgroepen behandeld. Dunne lagen van deze porfyrine moleculen 

bestaan uit kolommen georiënteerd met de as parallel aan het TiO2 substraat, met een 

hoek van 23° tussen de molecuulvlakken en het TiO2. De energieoverdrachtsconstante 

tussen kolommen heeft een behoorlijk hoge waarde van 7.2"1011 s-1, resulterend in een 

exciton diffusielengte van 15 nm. Ter vergelijking, de exciton diffusielengte in een laag 

van sterk gerelateerde niet-assemblerende moleculen is slechts 3 nm. Het verschil laat 

zien dat zelfassemblage leidend tot moleculaire organisatie op relatief grote schaal de 

exciton diffusielengte sterk verbetert.  

In hoofdstuk 8 worden de fotofysische processen besproken in een tweelagensysteem 

van regioregulair poly(3-hexylthiofeen) (P3HT) aangebracht op een elektronaccepterende 

porfyine. Zowel excitonen gevormd in het P3HT als in de porfyrine laag worden 

gedissocieerd in vrije ladingsdragers aan het grensvlak tussen beide organische lagen. De 

monochromatische efficiëntie IPCE (incident photon to current efficiency) van een 

zonnecel gebaseerd op deze materialen in een tweelagensysteem is ruim 20 % over een 

breed golflengte gebied. De exciton diffusielengte in de porfyrine laag is 10 nm, terwijl 

een diffusielengte van 13 nm bepaald is voor de P3HT laag. De laatste waarde is bijna 

een factor drie hoger dan literatuurwaarden, hetgeen toegeschreven is aan de oriëntatie 

van de P3HT ketens parallel aan het grensvlak met de porfyrine.  

Concluderend kan gesteld worden dat dit onderzoek het belang aangeeft van het 

kunnen manipuleren van de moleculaire organisatie voor het realiseren van efficiënte 

energieoverdracht in organische opto-elektronica. Het aanpassen van de moleculaire 

organisatie heeft geleid tot een toename van de exciton diffusielengte van een paar 

nanometers naar tientallen nanometers, hetgeen vergelijkbaar is met de exciton 

diffusielengte in natuurlijke lichtoogstende systemen. Een verdere verbetering van de 
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exciton diffusielengte kan mogelijk gerealiseerd worden door een verdere reductie van 

wanorde en het vermijden van structurele defecten. Dit biedt het perspectief om een goed 

gestructureerde kleurstoflaag in een tweelagensysteem met het halfgeleidermateriaal toe 

te passen, hetgeen zal leiden tot efficiëntere ladingstransport vergelegen met een 

nanogestructureerd systeem.  
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