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These macrocycles are capable of binding metals via the nitrogen atoms in the centre. 

Once metallated, the photophysical, photochemical and photobiological properties change. 

Porphyrins are characterized by a specific UV-Vis spectrum (from 400 nm to 800 nm). All 

porphyrins show a spectrum where a large intense band, the Soret band, is detected. In the free-

base porphyrin, the Soret band is accompanied by four smaller bands called Q-bands whereas 

the metallated derivatives only have two Q bands (Figure 1.8).71 

 

Figure 1.8. Porphyrin absorption spectrum of the, (Left): free-base porphyrin; and of the (right): 

metallated porphyrin.71 

 

1.4.2. Heptamethine cyanine dye 

Near Infrared (NIR) cyanine dyes (Figure 1.9) have attracted attention in many fields in 

photomedicine for their intraoperative imaging,72 and cancer targeting properties.73  

 

 

Figure 1.9. Chemical structure of the cyanine dye. 

 

In 2017, their potential as triplet photosensitizer in photodynamic therapy was 

reported.74 Their structure consists of two heterocyclic components that are connected by a 
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Figure 1.10. The lignification process in plant cells. Monolignols are biosynthesized from 

phenylalanine in the cytosol. After being exported to the cell wall, monolignols are oxidized to radicals 

by peroxidases or laccases after which they undergo purely chemical radical coupling reactions to 

polymerize to lignin polymers, a process termed lignification.83 

While the lignification process is known, the mechanisms that regulate it are still 

unknown and further studies and investigations are needed for further understanding. The 

structure of lignin itself can depend on the plant that it was extracted from, the plant tissue 

within this plant, temperature, lack of nutrients, water and plant pathogens that affect the 

plant.83 Therefore it begs the question: How do we extract this lignin from nature so that it is 

useful in the area of photodynamic therapy? 

There are various extraction techniques as shown in Table 1.2.84 In the pulping and 

biorefinery industry, over 50 million tons of lignin are generated every year as a side product.85 

Therefore in the last number of years, there has been a shift from lignin being used as a side 

product, to being viewed as an attractive alternative raw material for value-added products.86  
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Then a comprehensive summary of the findings in BODIPY-based dyads is discussed, followed 

by the mechanistic details. 

Chapter 3 entails the synthesis and photophysical studies of a tetra-

hexyloxyphenylporphyrin (see structure in Figure 1.11) in solution and in a thin film. This 

porphyrin was synthesized with the idea that the alkyl tails on the para position of the phenyl 

moiety will optimize the properties. Thus, this would aid in the assembly in the thin film by 

minimizing aggregation, a commonly encountered problem in porphyrin PSs. Thin films of the 

porphyrin were made using spin coating and vapour phase deposition (see thin films in Figure 

1.11). The photophysical properties were measured using standard fluorescence emission and 

direct singlet oxygen measurement. Furthermore, time-resolved spectroscopy was conducted 

namely, nanosecond transient absorption spectroscopy and single photon counting. For the 

singlet oxygen determination of the porphyrin in the thin film, a singlet oxygen probe was used. 

This chapter concludes by highlighting the possible applications this porphyrin in a thin film 

could have. 

 

  

 

Figure 1.11. (Top): Chemical structure of the tetra-hexyloxyphenylporphyrin; (Bottom Left): Tetra-

alkoxyphenylporphyrin in a thin film and (right): the thin film under UV-light. 
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Making Triplets from Photo -generated Charges: Observations, 

Mechanisms and Theory�Æ 

 

Abstract 

Triplet formation by charge recombination is a phenomenon that is encountered in many fields 

of the photo-sciences and can be a detrimental unwanted side effect, but can also be exploited 

as a useful triplet generation method, for instance in photodynamic therapy. In this chapter, we 

describe the various aspects that play a role in the decay of charge separated states into local 

triplet states. The observations and structures of a selection of (pre-2015) molecular electron 

donor-acceptor systems in which triplet formation by charge recombination occurs are 

reported. An overview is given of some more recent systems consisting of BODIPY dimers, 

and BODIPYs attached to various electron-donor units displaying this same triplet formation 

process. A selection of polymer-fullerene blends in which triplet formation by (non-geminate) 

charge recombination has been observed, is presented.  

Furthermore, in-depth information regarding the mechanistic aspects of triplet formation by 

charge recombination is given on spin dephasing, through hyperfine interactions, as well as on 

spin-orbit coupling occurring simultaneously with charge recombination. The limits and 

constraints of these factors and their role in intersystem crossing are discussed. A pictorial view 

of the two mechanisms is given and this is correlated to aspects of the selection rules for triplet 

formation, the so-called El-Sayed rules. It is shown that the timescale of triplet formation by 

charge recombination is indicative for the mechanism that is responsible for the process. The 

relatively slow rates (CRkT ~ 1 × 108 s-1 or slower) can be correlated to proton hyperfine 

interactions (also called the radical pair mechanism), but substantially faster rates (CRkT ~ 1 × 

109 up to 2.5 × 1010 s-1 or faster) have to be correlated to spin-orbit coupling effects. Several 

examples of molecular systems showing such fast rates are available and their electron donor 

and acceptor orbitals display an orthogonal relationship with respect to each other. This 

orientation of (the nodal planes of) the �Œ-orbitals of the donor and acceptor units is correlated 

to the mechanisms in photodynamic agents and photovoltaic blends. 

 

�ÆThe content of this chapter has been adapted from the publication: Dáire J. Gibbons, Aram 
Farawar, Paul Mazzella, Stéphanie Leroy-Lhez and René M. Williams, Making triplets from 
photo-generated charges: observations, mechanisms and theory, Photochem. Photobiol. Sci., 
2020, 19, 136�±158, DOI: 10.1039/c9pp00399a. 
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2.1. Introduction  

Triplet excited state formation is of great importance for many applications such as photo-

initiators for photopolymerization,1 photodynamic (anticancer) therapy,2 photodynamic 

antimicrobial chemotherapy3 as well as light emitting diodes containing triplet emitters.4 In 

photovoltaics, making triplets by using singlet fission5 entails the promise of passing the 

Shockley-Queisser limit6 by creating two free charged pairs from one photon. However, next 

to creating charges by using triplet excited states, also the reverse process, the formation of 

triplet states from charges has gained a lot of interest, especially in recent investigations of 

organic thin film blends that relate to photovoltaic materials.7, 8, 9 Various reports on these 

matters state that there is no clarity regarding the mechanistic aspects of this loss channel in 

organic photovoltaic materials,10, 11, 12 especially when occurring on a sub-nanosecond 

timescale. 

Upon local photo-excitation of an electron donor-acceptor system, the excited singlet 

state is formed, from which charge separation can occur. The process of photoinduced charge 

separation has been described extensively,13 and will not be dwelled upon here. Most charges 

that are photogenerated recombine back to a ground state singlet. Sometimes, high lying 

charge-transfer states can even repopulate the singlet excited state, leading to so-called delayed 

luminescence.14 However, instead of recombining to the singlet, the charges can also 

recombine to form a triplet state. This pathway is more exotic, but there are many examples 

where this triplet formation by charge recombination process, sometimes also called triplet 

charge recombination, plays a role in the photophysical processes occurring after 

photoexcitation. 

The triplet excited state contains two unpaired electrons with the same spin in separate 

orbitals. In the absence of a magnetic field, the three triplet levels are degenerate only for a 

totally symmetric system. However, for an asymmetric environment the so-called zero field 

splitting (characterized by D and E) orients the spin-vectors along the molecular x-y-z axis 

giving the Tx, Ty and Tz triplet levels. Applying a magnetic field results in the Zeeman effect 

and the thus introduced magnetic operator (Hamiltonian) converts the levels into the more often 

encountered T+, T0 and T- levels represented by their spin orientations relative to the magnetic 

field15, 16. 

In this work, examples are given of the experimental observations regarding triplet 

formation by charge recombination in molecular electron donor-acceptor systems studied in 

solution as well as in various polymer-fullerene thin film blends. Special attention is given to 
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recent work on BODIPY dyes that are attached to electron donors, as well as BODIPY dimers. 

Next, the currently known mechanistic aspects for these processes are presented. Both (H-HFI) 

proton hyperfine interactions (= radical pair mechanism, RPM) as well as spin-orbit coupling 

are discussed in detail with relation to charge recombination. Focus is on the mechanistic 

�D�V�S�H�F�W�V���U�H�J�D�U�G�L�Q�J���W�K�H���³�H�O�H�F�W�U�R�Q���V�S�L�Q-�I�O�L�S�´�����L�P�S�O�\�L�Q�J���W�K�D�W���W�K�L�V���L�V���W�K�H���U�D�W�H���G�H�W�H�U�P�L�Q�L�Q�J���V�W�H�S���L�Q���W�K�H�V�H��

systems (not the energetics). A correlation (as well as a visualization) is made between the 

spin-orbit charge transfer intersystem crossing (SOCT-ISC) mechanism and the El-Sayed 

rules, the spin selection rules for triplet state formation (see section 5). 

It has to be noted that a third, more exotic (singlet fission) mechanism has also been 

proven. In a thin film of a TDI (terrylene-3,4:11,12-bis(dicarboximide)) derivative, an excited 

state dimer with charge-transfer character can split into two triplet states by singlet fission.17 

This third mechanism is beyond the scope of this chapter. 

Magnetic field effects in time resolved electron spin /paramagnetic resonance (TR-

ESR/TR-EPR) also fall beyond the scope of this chapter. Interestingly these aspects regarding 

triplet formation by charge recombination have been reviewed very recently.18 

This chapter is partly meant to be set up as a tutorial review. It assumes general knowledge of 

photoinduced charge separation as well as basic knowledge on triplet states. Indeed, the 

�U�H�F�R�P�E�L�Q�D�W�L�R�Q�� �R�I�� �F�K�D�U�J�H�V�� �I�R�U�P�L�Q�J�� �D�� �W�U�L�S�O�H�W�� �V�W�D�W�H�� �D�V�� �W�K�H�� �³�S�U�R�G�X�F�W�´�� �L�V�� �R�X�U�� �W�R�S�L�F�� This is an 

illustrative review, it is not a comprehensive survey, and reports on research published between 

1968 and June 2019. 

Within the theory of electron transfer, creating charges with light is often well described 

and understood within the frame-work of the Classical Marcus equation. The recombination of 

the charges is always more complex, often requiring the Semi-classical Marcus theory. 

Creating long-lived charges (by controlling the charge recombination) in order to use the 

energy of the photons to create an (electro)chemical potential or electricity still is an important 

scientific challenge. We believe that charge recombination to a triplet state is one of the most 

complex aspects of the electron transfer theory, as the role of spin comes into play and becomes 

one of the determining factors, next to all the other factors in the electron transfer theory. 

 Triplet formation by charge recombination is an alternative method to generate triplet 

states. Other methods are using the heavy atom effect or using triplet sensitization. The heavy 

atom effect is potentially expensive (for instance with Pd or Pt) and also enhances spin orbit 

coupling back to the ground state. For triplet sensitization we need other triplet forming systems 

that can transfer their triplet excited state energy. By simply incorporating an electron donor or 
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acceptor we can change the properties of molecules converting them into systems with high 

triplet yields by applying the triplet formation by charge recombination mechanism. 

 

2.2. Fast Molecular Electron Donor-Acceptor systems (pre-2015):  

We start with a selection of four molecular electron donor acceptor systems to show that 

structural factors play an important role in fast charge recombination to the triplet state. It is 

instructive to look at the some of the old work of Noburu Mataga, one of the most excellent 

Japanese photochemists of the 20th century. The amount of detail and insight that this work 

displays is flabbergasting and a more in-depth explanation of some of these insights is part of 

our current mission. 

Mataga and co-workers19 observed the formation of locally excited triplet states (with 

�2CR(T) = 40 ps, �2CR(T) = decay time of charge-transfer (CT) state correlating to the time of 

formation of the local triplet state T) from charge-transfer intermediates in 1981. The fastest 

rate of triplet formation by charge recombination (CRkT = 2.5 �™ 1010 s-1) was observed for N-

methyl-N-phenyl-1-pyrenemethanamine (see figure 2.1) in hexane.  

 

   

 
Figure 2.1. (Top): Structures of molecular electron donor-acceptor systems that display triplet 

formation by charge recombination on a ~ns timescale. The characteristic times of triplet formation by 

charge recombination are indicated for each molecule. Orientation of separate units is accentuated in 

the Lewis structure; (Bottom): 3D structures calculated here with DFT (using Spartan). 
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These studies uncovered �³the very fast generation of the triplet state localized on the 

pyrene (acceptor) moiety via the intramolecular charge-transfer state (referred to as hetero-

excimer). The intersystem crossing rate depends rather strongly upon the mutual configuration 

of donor and acceptor groups as well as the solvent polarity.19 The compounds with one CH2 

group where the two moieties are close but not parallel have much larger CRkT values compared 

to compounds with two or three CH2 groups where the formation of a sandwich-type charge-

transfer complex is possible.�  ́As reported by Mataga et al. 19 �³the matrix element of the spin-

orbit coupling interaction between the heteroexcimer state and the so-called 3La state of pyrene, 

will become enhanced in the perpendicular configuration�  ́ (the La transitions of pyrene are 

directed in the long axis of the molecule). This reasoning is the same as in the case of the 

relatively large spin-orbit coupling �P�D�W�U�L�[���H�O�H�P�H�Q�W���E�H�W�Z�H�H�Q���Œ-�Œ* and n-�Œ* transitions.19 Mataga 

and co-workers point to the perpendicular nodal planes of the molecular orbitals of the 

(aniline)donor and (pyrene)acceptor playing a role in the process (see also section 5). 

In 1995 Williams and Verhoeven reported20 that �³the relatively high triplet yield ���-T = 

0.8) and the absence of fluorescence (97% quenched) of the bridged C60 (acceptor) - aniline 

(donor) system (see figure 2.1) indicates that charge recombination to the local fullerene triplet 

is a major decay pathway of the charge-transfer state in dichloromethane (a solvent with 

medium polarity).�  ́Since nanosecond transient absorption spectroscopy was applied, it can be 

inferred that this charge recombination is occurring on a ~ns time-scale. The 3D structure 

(Figure 2.1) shows that the aniline donor is virtually orthogonal to the curvature of the fullerene 

�Œ-�V�\�V�W�H�P�����-�X�V�W���O�L�N�H���W�K�H���P�R�O�H�F�X�O�H���V�W�X�G�L�H�G���E�\���0�D�W�D�J�D�����D���a�����Û���D�Q�J�O�H���E�H�W�Z�H�H�Q���G�R�Q�R�U���D�Q�G���D�F�F�H�S�W�R�U��

is present.  

Indeed, Williams et al. encountered triplet formation by charge recombination in 1995 

as an exotic event without putting much emphasis on it. This work however has triggered 

computational studies that give useful insight: computational chemistry has advanced to such 

a level that excited state charge transfer processes are within reach. It is important to note that 

for such systems TD-DFT calculations on excited state electron transfer processes are possible. 

TD-DFT calculations of the �H�O�H�F�W�U�R�Q���W�U�D�Q�V�I�H�U���W�L�P�H�����2CS = 27 ps) of this system21 in the strongly 

polar benzonitrile solvent as well as more exact determination of experimental times22 of 

cha�U�J�H���V�H�S�D�U�D�W�L�R�Q�����2CS � �������S�V�����D�Q�G���U�H�F�R�P�E�L�Q�D�W�L�R�Q���W�R���W�K�H���J�U�R�X�Q�G���V�W�D�W�H�����2CR = 32 ps) have been 

reported. These latter results imply that accurate TD-DFT computations can be obtained for 

such excited state charge transfer processes and it would be highly interesting and 

computationally challenging to use TD-DFT to determine the charge-transfer integrals for 

triplet formation by charge recombination (see section 5). 
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Wasielewski et al. investigated �³intersystem crossing in a series of donor-bridge-

acceptor molecules involving photo-generated strongly spin exchange-coupled radical ion 

pairs�  ́in 2012.23 Their fastest system has a 3,5-dimethyl-4-julolidine (DMJ) donor, which is 

connected via an anthracene bridge to a naphthalene-1,8:4,5-bis(dicarboximide) (NI) acceptor. 

�³Femtosecond transient absorption spectroscopy shows that photo-driven charge separation 

produces DMJ+�y-An-NI-�y�� �T�X�D�Q�W�L�W�D�W�L�Y�H�O�\�� ���2CS �”�� ������ �S�V������ �D�Q�G�� �W�K�D�W�� �F�K�D�U�J�H�� �U�H�F�R�P�E�L�Q�D�W�L�R�Q�� ���Z�L�W�K��

�2CR(T) = 158 ps) to the triplet state on An occurs (CRkT = 6.3 �™ 109 s-1).�  ́�7�K�H���1�,���Œ���V�\�V�W�H�P���L�V��

perpendicular to that of An and parallel to that of DMJ. �³Clearly, charge recombination in 

DMJ+�y-An-NI-�y�� will formally require two electron and/or hole transfers between mutually 

�S�H�U�S�H�Q�G�L�F�X�O�D�U���Œ���V�\�V�W�H�P�V���W�R���S�U�R�G�X�F�H��3*An and necessitates consideration of the orbital changes 

of both charge transfers.�  ́ 

�³The triplet sublevels populated by spin-orbit coupling in these molecules depend on 

the donor-acceptor geometry of the charge-separated state. This is consistent with the fact that 

the intersystem crossing mechanism requires suitable donor and acceptor orbitals which are 

nearly perpendicular. Electron transfer results in a large orbital angular momentum change that 

must be compensated by a fast spin flip to keep the overall angular momentum of the system 

constant� .́23 Spin-orbit charge-transfer intersystem crossing (SOCT-ISC) is the nomenclature 

for the mechanism of these molecular systems. It relates directly to the mechanistic aspects for 

the orthogonal systems reported by Mataga and co-workers, as described earlier. In some of 

the slower molecules reported by Wasielewski, the radical pair mechanism (HFI) and SOCT-

ISC operate simultaneously, with similar rates (�2CR(T) = 10 ns). 

Van Willigen and co-workers observed fast direct conversion of the singlet charge-

transfer state into a local triplet state for naphthyl-acridinium compounds with EPR. Their 

experimental data is consistent with a (charged-shifted singlet state) 1CSH �o  3LE (locally 

excited triplet state) mechanism of triplet-state formation.24 In particular, the 10-methyl-9-(1-

naphthalenyl)acridinium hexafluorophosphate dyad (1) (see figure 2.2) was held orthogonal 

due to steric rotational hindrance of the C-H groups of both electron donor (naphthyl) and 

acceptor (acridinium) subunits.  
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Figure 2.2. 10-methyl-9-(1-naphthalenyl)acridinium hexafluorophosphate dyad that undergoes triplet 

formation by charge recombination from a charge-transfer state.24 

 

These examples of molecular electron donor-acceptor systems indicate that the specific 

�R�U�L�H�Q�W�D�W�L�R�Q�� �R�I�� �W�K�H�� �Œ-systems of the donor and acceptor are of great importance for the 

occurrence of fast triplet formation by charge recombination, and that this process is facilitated 

by spin-orbit coupling.  

Many more examples of molecular systems are available in which the more general, 

slower triplet formation by charge recombination occurs. Verhoeven et al. reported rates of 
CRkT ~ 1 �™ 108 s-1 for (HFI-limited) co-planar dimethoxynaphthanlene(donor)-

dicyanovinyl(acceptor) systems studied with EPR25 and with transient absorption 

spectroscopy.26 Furthermore, for an artificial photosynthetic reaction center27 a rate of CRkT = 

2.2 �™ 107 s-1 was obtained. Based on these examples it is concluded that relatively slow rates 

(CRkT ~ 1 �™ 108 s-1 or slower) can be correlated to and can be dominated by proton hyperfine 

interactions (if spin inversion is the rate determining step and not the electron transfer 

energetics). Substantially faster rates however (CRkT ~ 1 �™ 109 up to 2.5 �™ 1010 s-1 or faster), 

have to be correlated to spin-orbit coupling effects in orthogonal systems, as also inferred by 

Mataga et al.19 and Wasielewski et al.23  

 

2.3. BODIPY-based dimers and dyads  

We proceed with an overview of recent work on BODIPY systems. The renewed strong interest 

in making triplets from charged states has resulted in a great variety of molecular structures, 

and attempts are made to obtain the ultimate system for this purpose. If we combine these 

works with the results presented in the previous section we can unify these two parts (see 

section 5).  
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Over the past two years, there have been a score of investigations into the use of 

BODIPY-related dyads as a heavy atom-free photosensitizer (PS). The following discussion 

entails these investigations as well as their outcomes, impact and applications. In general, 

BODIPY dyes by themselves are strongly fluorescent and are generally characterized by a 

fluorescence quantum yield close to unity.28 Early 2017, Filatov et al.29 demonstrated that 

BODIPY(acceptor)-anthracene(donor) dyads (BADs) form triplet states via photoinduced 

electron transfer (PeT). When excited with light these BADs yield charge separated states (CS 

or CT state) which, under the right conditions (solvent, donor-acceptor strength, distance) 

undergo charge recombination (CR) to form the desired triplet state. Using single crystal X-

ray crystallography, the authors demonstrated that when irradiated under aerobic conditions, 

these BADs react with singlet oxygen (1O2) resulting in oxygen addition onto the anthracene 

moiety. Upon reaction with 1O2, these dyads formed adducts where the 1O2 was covalently 

bound to the anthracene by breaking the aromaticity. These showed strongly increased 

fluorescence (because PeT is now impossible) and the authors noted that this property could 

be used in in vivo imaging in the future. 

Zhao has made several contributions in the area of �³BODIPY-based dyads that undergo 

triplet generation by CR.�  ́In 2017, with Wang30 they studied BADs similar to ones of Filatov 

et al.29 (Figure 2.3). Additionally, other BADs were also prepared in order to enhance spin-

orbit charge-transfer intersystem crossing (SOCT-ISC), which is related to an orthogonal 

geometry.  

 

 
Figure 2.3. BODIPY-anthracene dyads studied by Wang and Zhao to determine how chromophore 

orientation influences their application as triplet PSs.30  
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Dyads, 4 and 5, were compared with 2 and 3 (also studied by Filatov et al. in 2018, vide 

infra).31 Using DFT calculations, they showed that 4 had the most restricted orthogonal 

geometry followed by 2, 3 and 5. The triplet yields however, did not follow that trend in polar 

solvents. In fact, the electron donor-acceptor structures that were connected via the meso (5 

position) of the BODIPY unit had the highest triplet yields (3 = 96% triplet yield in 

acetonitrile). BADs 4 and 5, whose donor-acceptor moieties were connected via the position 2 

of the BODIPY, only had triplet yields of �” 31% measured in dichloromethane, acetonitrile 

and toluene. 

�7�K�H�� �D�X�W�K�R�U�V�� �V�W�D�W�H�� �W�K�D�W�� �R�U�W�K�R�J�R�Q�D�O�L�W�\�� �L�V�Q�¶�W�� �W�K�H�� �R�Q�O�\�� �Q�H�F�H�V�V�L�W�\�� �I�R�U�� �T�X�D�Q�W�L�W�D�W�L�Y�H�� �W�U�L�S�O�H�W��

yields. They tentatively propose that the parallel/antiparallel (ground state) dipole moment 

orientation of the donor and acceptor results in more efficient intersystem crossing (ISC), thus 

creating higher triplet state yields. To our knowledge however, there is no theory that links 

these two aspects. 

As reported19 by Mataga et al., it is the matrix element of the spin-orbit coupling 

interaction between the charge-transfer state and the triplet state that will become enhanced in 

the perpendicular configuration and is responsible for the rate of triplet formation by charge 

recombination. (See also section 5: Mechanistic Aspects). 

Zhao and Wang tested the capability of 2 in triplet-triplet annihilation up-conversion 

(TTA UC). Using perylene as a triplet acceptor, the quantum yield for up-conversion was 

15.8%, which is slightly higher than conventional TTA UC candidates (like the heavy atom 

containing BODIPY 6, that was also studied).  

Zhang et al. synthesized four covalent BODIPY heterodimers in which dihedral angles 

tune the photosensitizing ability.32 They aimed to understand the mechanism of triplet 

formation in BODIPY dimers as well as to elucidate �³how dihedral angles in a BODIPY dimer 

affect the triplet state formation and whether it is possible to tune the T1 formation efficiency.�  ́

With the use of laser-flash photolysis and Near-Infrared (NIR) luminescence, the authors 

reported that the dimers in which the two units are perpendicular to each other are better triplet 

PSs than ones where the BODIPY units are coplanar. Comparing the UV-Vis absorption 

spectra of the dimers, the authors indicated that the lower dihedral angles between the BODIPY 

units result in the larger exciton coupling. The BODIPY dimer with a dihedral angle of 62o 

(d2; Figure 2.4) showed the largest triplet yield (94% in Toluene), which was corroborated by 

other models.33 
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Figure 2.4. BODIPY dimer d2, studied by Zhang et al.32 

 

Polar solvents stabilize the CS state and therefore solvent polarity has a substantial 

effect on the triplet formation and 1O2 production. The steric hindrance induced by the methyl 

groups in the BODIPY dimers make the two chromophores orthogonal to each other and thus, 

allow them to be excellent triplet PSs.31 The triplet formation is due to CR from CSS that results 

from PeT (Figure 2.5). The photosensitizing ability of these PSs can be tuned not only by 

dihedral angles, but also by manipulation of solvent polarity. 

 
Figure 2.5. Illustration of triplet formation shown by Zhang et al.32 D is electron donor, A is electron 

acceptor. 

 

Liu et al. prepared BODIPY dimers to determine the mechanism of triplet formation in 

these compounds (Figure 2.6).34 The rates of triplet formation are given in table 2.1. The 

photophysical properties were studied using time-resolved and steady-state fluorescence 

spectroscopy. The fluorescence properties were solvent polarity dependent whereas this was 

not the case for the UV-absorption.  

A red shifted BODIPY dimer, (8; with a carbazole moiety) as well as BODIPY dimers 

with donating or withdrawing groups attached to these BODIPY dimers (9 and 10) showed a 

decrease in the triplet yield. This was determined by comparing the intensity of the ground state 

bleaching signals and singlet oxygen quantum yields. 
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Figure 2.6. BODIPY dimers prepared by Liu et al.34  

 

A calculation of the Gibbs free energy for PeT in these BODIPY dimers determined 

that charge separation in 10 is thermodynamically allowed. The authors stated that the triplet 

state yield is highest in solvents with moderate polarity. They claim that the ISC involved in 

this CR process is now most efficient (Table 2.1) as the triplet state is accessible in these 

moderate polarity solvents.  

  


















































































































































































































































































































































































































































