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Kaft: Op de voorkant is een fractal afgebeeld welke is gebaseerd op een “menger-spons”: een 

kubus die op iteratieve wijze onderverdeeld is in 27 identieke kleinere kubussen, waarna de zes 

kubusjes in het midden van elke zijde en het kubusje in het midden worden verwijderd. Op deze 

wijze ontstaat, na het herhaaldelijk opnieuw onderverdelen van de twintig overgebleven 

kubussen, een drie-dimensionaal analoog van de cantorverzameling.  

 

Printed on the cover is a computer rendering of a fractal based on the “menger sponge”. 

Such objects are interesting as they have an infinite surface area. But, at the same time, they have 

zero volume! As a proof of this statement, consider that this solid is created by repeated 

subdivision of a cube into 27 identical, smaller cubes; from this set the six central elements of 

each cube face and the innermost element are removed. Naturally this decreases the volume  

by 
��

��
th, and we are left with infinitely little mass after doing this an infinite amount of times. 

Keeping with this line of reasoning, the surface area constantly increases at every iteration, 

yielding an object with infinite surface area.  
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1.1 Light and Matter 

“Light” is a wave travelling through space at a speed of approximately 300 million meters 

per second. This wave consists of an electric field E that oscillates in a plane perpendicular to the 

direction in which the wave travels d, and a magnetic field B that oscillates with the same period 

in a direction perpendicular to E. Light is a so-called transverse wave, where the oscillations that 

cause the wave are both perpendicular to the direction of travel, as shown in Figure 1.1.  

Figure 1.1: Oscillations of B and E as light propagates in the mutually orthogonal direction of 

travel, d.[1] 

It is the frequency of the oscillation (and the associated wavelength) that determines the 

energy and the type of light, ranging from low-energy radio waves oscillating at a rate below 

approximately 109 Hz, up to ionizing gamma radiation that oscillates at frequencies higher than 

1019 Hz. 

Electromagnetic radiation is created whenever charged particles are accelerated. As light 

propagates through space, it does not necessarily interact anymore with the charges from which 

it originates. Nevertheless, light can easily interact with other charged particles it encounters. In 

2004, the first-ever direct measurement of the electric field component E of a light wave was 

performed in an elegant physics experiment by Goulielmakis et al..[2] Here, an intense burst of 
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infrared light is fired at a cloud of atoms. As the light wave passes, electrons are knocked out of 

the gas cloud at precisely timed intervals, using very short bursts of a laser emitting ultraviolet 

light in the XUV wavelength range, capable of ionizing atoms. Whenever the electrons are 

knocked out at a peak in the IR beam’s E field, they are seen leaving the gas cloud with just a 

little bit more energy. Of course the converse is true when they are knocked out whilst a valley 

in the E field passes. Plotting the energy of the extracted electrons versus time then gives a direct 

view of how a light wave perturbs space. 

 

Figure 1.2: Direct imaging of light waves. Figures adapted from Goulielmakis et al.[2] 

Light has a dual character, and depending on the mode of observation, appears to be a 

stream of particles as well. Physical phenomena involving electromagnetic waves are sometimes 

better described by considering light as a set of particles rather than waves. The light particles 

called photons are discrete, massless, uncharged entities carrying a quantum of energy, usually 

expressed in electron volts, eV. There are single photon-counting cameras that treat light as 

consisting of a stream of particles which can visualize this duality.  

When two light sources interfere with each other, as waves would (Figure 1.3, top), the 

expected striped interference pattern is experimentally observed (Figure 1.3, bottom).  
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However, at progressively shorter exposure times the single photon counting camera is able to 

reveal that this pattern with wave-like properties is in fact built from individual photons.[3] 

 

Figure 1.3: Top, left: Simulation of the interference pattern expected for two interacting wave sources 

(grey circles) on, for example, a surface of water, color coded by positive and negative wave amplitude. Top, 

right: simulated projection onto a surface inserted at the green line of the absolute wave amplitude. 

Bottom: Actual images taken (at, from left to right, increasing total photon counts) using a single-photon 

camera of two interfering light sources, adapted from Dimitriova et al.[4] 

1.2 Light and Matter and the Study of Photoactive Molecules 

Not all matter is equally capable of absorbing electromagnetic radiation. Some materials, 

such as glass, allow visible light to pass through without much attenuation or scattering. Other 

compounds do not transmit light at all, but can absorb it completely or partially. This gives these 

materials respectively a black, or colored appearance. Life on earth globally captures more than 

1000 TW of energy[5] using the biochemical process of photosynthesis, where sunlight is 

absorbed and used to create chemical bonds.  
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Under the influence of light, a molecule can display chemical reactivity that is vastly 

different from the normal state of affairs. Photochemical reaction pathways allow access to very 

high energy intermediates compared to those accessible via the usual thermally accessible 

intermediates.[6] Photochemistry aims to understand and harness this power. In order to facilitate 

and understand a discussion of the synthesis, design and utility of light absorbing molecules, a 

short overview of important theoretical concepts is presented in the next sections. 

1.2.1 Describing Photochemical Processes 

The energy state of a molecule is given by the sum of several components, as shown in 

equation 1.1:[7] 

(1.1)  Etotal = Evibrational + Erotational + Eelectronic + Enuclear 

The nuclear energy (Enuclear) term is associated with the shape of the molecule. This is the 

distance between its constituent atoms and the angles its bonds make with each other. The 

vibrational and rotational (shortened to “ro-vibrational”) energy terms are those energies given 

by the vibrations and rotations a molecule spontaneously undergoes at a given temperature. 

Finally, the electronic energy (Eelectronic) term describes the energy state of the electrons, and is 

determined by the electronic wavefuntion of the molecule.  

Two complementary ways of presenting the energy of a molecule as a function of its nuclear, 

electronic and ro-vibrational properties are shown in Figure 1.4. The energy profile on the left 

shows molecular energy as a function of the Enuclear and Eelectronic terms, where it should be noted 

that electronic states are quantized into one ground (denoted S0) and several singlet excited  

(S1, S2, S3 ...) states, with one curve plotted per state. For this visualization, the multi-dimensional 
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description of molecular shape is condensed into a single ‘nuclear coordinate’ term on the 

horizontal axis; valleys in the curves correspond to the geometrical structure with minimum 

energy on a given energy state. The Jablonski diagram on the right does not illustrate the 

molecular coordinates, but instead highlights the ro-vibrational levels accessible from each 

distinct energy surface. Excited states with other spin multiplicities, such as the triplet  

(T1, T2 ...) can be depicted as well by simply drawing additional curves.  

 

Figure 1.4: Energy profile graph (left) showing energy versus nuclear coordinates for a fictitious 

molecular compound. Energy surfaces are only plotted for S0 (ground state) and S1 (first singlet excited 

state). The inset on the right shows the corresponding Jablonski diagram, which allows a distinction to be 

made between electronic excitations and vibrational excitations (depicted by the faint lines above the states 

S0, S1). 
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In Figure 1.4, light absorption from the ground state to the first singlet excited state is shown 

with arrows labeled A. A molecule interacts with light when the energy of the incident photon 

is equal to the energy difference between the molecule’s present energy state and another 

accessible state. The electromagnetic field of the incident photon interacts with the charge of the 

molecule’s electron cloud, causing the electrons to accelerate into a new electronic state. In this 

process, the photon is completely absorbed.  

This absorption process A thus promotes a state change of the wavefunction from S0 to, for 

example, the next-higher lying singlet state S1. This process is essentially instantaneous on the 

timescale of molecular motion, and thus a vertical arrow is used for A. The molecule, which used 

to exist in the valley of its S0 energy landscape, will be away from it’s lowest energy conformation 

on the S1 energy surface. The molecule will lose excess energy by relaxing ro-vibrationally to the 

lowest possible energy on its new energy surface S1. This change in nuclear coordinate causes the 

arrow for process R to have a horizontal component. 

A final, third process is of importance, which is the converse process of absorption. In 

process E, called “emission” or “fluorescence” in the case of singlet-singlet transitions, electrons 

move back to an electronic state of lower energy under release of a photon. Usually emission 

occurs as a vertical process, moving from a relaxed geometry on the excited state energy surface 

to any allowed vibrationally excited state on a lower energy surface without changes in the nuclear 

coordinates. The straight arrows in the absorption spectrum of Figure 1.5 correspond to the 

Jablonski diagram above, illustrating the pseudo-symmetry between A and E.[8] 
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Figure 1.5: Absorption and emission of anthracene, with upward and downward pointing arrows 

corresponding to those in the Jablonski diagram of Figure 1.4. 

Besides emission from a singlet excited state, there is also “phosphorescence”, where the 

radiative decay back to the ground state occurs from a triplet state. Conversions from and to a 

triplet wavefunction, called “Intersystem Crossing” or ISC, are quantum mechanically forbidden 

as total spin angular momentum would not be conserved by a transition between the two distinct 

multiplicities, but the presence of spin-orbit coupling does allow an interconversion to take place. 

In spin-orbit coupling, overall conservation of angular momentum holds, but the change in spin 

angular momentum required for ISC is counteracted by an opposing change in the orbital 

angular momentum. This requires sufficient coupling between the spin and orbital angular 

momenta: a requirement satisfied by heavy elements, which have electrons moving at relativistic 

speed. Because electrons gain an additional non-negligible magnetic field component at 

relativistic speeds,[9] the distinction between (magnetic field-mediated) orbital angular 

momentum and spin angular momentum is less meaningful in heavy atoms, and interconversion 

can readily occur.  

After photoexcitation into a singlet excitation state, ISC can cause a transition to a triplet 

excited state. The T1 state is almost always located at a lower energy than the S1 state. This means 
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that triplet emission incurs a large loss in energy due to the conversion process. Typically, 

phosphorescent emission from triplet states is a very slow process, and the triplet excited states 

can have lifetimes of several seconds, up to minutes! As the spin-orbit coupling-mediated ISC 

process occurs from S1 (or higher Sn) to T1, no non-radiative relaxation paths back to S0 are 

available, thus trapping the molecule in an excited state from which emission is again quantum 

mechanically forbidden.  

1.2.2 Frontier Molecular Orbitals and Interaction with Light  

By recognizing that a vertical transition initially only affects the electrons, Molecular Orbital 

theory can be applied to (mostly qualitatively) describe the fate of the electrons in a molecule 

after light absorption. As an illustrative example, consider the molecular orbitals of two simple 

organic compounds, butadiene and formaldehyde. In Figure 1.6, the two highest occupied 

orbitals HOMO and HOMO-1, and the two lowest unoccupied orbitals LUMO and LUMO+1 

are shown, together with a schematic depiction of the shapes of these orbitals. For each 

compound, the ground state occupation of the MOs is given.  

Absorption of visible light by these compounds causes the promotion of an electron from 

an occupied orbital to an unoccupied orbital. For butadiene, the dominant absorption pathway 

is a HOMO to LUMO transition, which causes one of the electrons of the molecule to end up 

in its lowest lying anti-bonding π* orbital. The wavelengths at which a molecule absorbs light 

can be used to obtain information about its electronic structure, as these absorbed wavelenghts 

correspond to the energy differences between available donor and acceptor orbitals. In the 

example of butadiene, given that it absorbs light with a wavelength of approximately 220 nm, 
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one can infer that the magnitude of the energetic gap between HOMO and LUMO corresponds 

to 5.6 eV, the energy associated with these photons. [10]  

 

Figure 1.6: Molecular orbitals involved in the dominant electronic transitions involved in light 

absorption (and of course the converse process of light emission) of 1,3-butadiene (left) and formaldehyde 

(right). Figure adapted from Anslyn and Dougherty.[6] 

For formaldehyde, the HOMO to LUMO transition corresponds to an n – p* transition, 

but since the non-bonding donor orbital is orthogonal to the receiving p* orbital, this transition 

does not occur with high probability. An optical transition can occur from other orbitals than 

the two frontier MOs: the second transition pictured in Figure 1.6, a π – π* transition, occurs 

between two mutually overlapping orbitals. It involves the transfer of an electron from the 

deeper-lying HOMO-1 orbital, but this transition occurs with ~100x higher likelyhood 

compared to a n – π* transition.[11] 

Emission and relaxation processes can be easily reconciled with the Frontier MO description 

of photoactive organic compounds in this paragraph. The excited-state relaxation that occurs 

after photon absorption and subsequent emission processes, are not described by Figure 1.6. 

However, as geometrical changes in a molecule also change its electronic wavefunction, the 
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relative energy levels of the orbitals should shift during relaxation. This is only a steady-state 

description suitable for vertical transitions; after geometrical relaxation, the excited-state energy 

levels might show an entirely different ordering and relative spacing to one another. 

1.2.3 Computing Optical Properties with Time-Dependent DFT 

The relative energy levels of each molecular orbital together with the set of probabilities of 

promoting an electron to an unoccupied orbital approximately gives the absorption spectrum of 

a molecule. Theoretical frameworks exist for the numerical calculation of exact orbital and 

transition energies, arriving at a complete qualitative and quantitative description of molecular 

light absorption for any given molecular geometry. Density Functional Theory (DFT) has been 

very successful in predicting the ground-state electronic properties of atoms and molecules, such 

as the lowest energy conformations and the feasibility of certain chemical reaction pathways to 

occur over others. To learn about the effect of external perturbations by photons, the time-

dependent influence of an oscillating electromagnetic potential must be taken into account as 

well. Such calculations are made possible by software that implements Time-dependent Density 

Functional Theory (TD-DFT). Key properties of interest include estimates for absorption and 

emission wavelengths, orbital configurations of optical transitions, and even the molecular 

geometry of a photo-excited molecule.  

DFT is based in the so-called Hohenberg-Kohn theorems, of which the first one states that 

the ground-state properties of a system of multiple electrons are uniquely described by the action 

of functionals on the electron density ρ(x, y, z); a scalar field in real space. A functional is simply 

a function that operates on another function or set of functions; in this case it is the function 

that gives the electron density that is ‘operated upon’ by the density functional. In practice, DFT 
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computes molecular energies by partitioning the total energy EDFT into several subterms, 

according to eq. 1.2:[12] 

(1.2)  EDFT = EK + ET + EVn + EVe + EJ + EXC  

Here, each term is a functional, operating on ρ(x, y, z). The EK term for nuclear kinetic 

energy is neglected due to the vastly slower time-scale on which a nucleon moves compared to 

an electron, a simplification known as the Born-Oppenheimer approximation. Together, the 

kinetic energy of the electron ET, the energy term for electron-nucleon attraction EVe, the term 

for nucleon-nucleon repulsiton EVn and the energy term for electron-electron repulsion EJ due to 

Coulombic self-interactions make up the ‘classical’ energy associated with a given electron 

density. The remainder energy term EXC is again composed of two subterms EX and EC describing, 

respectively, electron exchange interaction due to the Pauli principe (fermions with parallel spins 

repel whilst anti-parallel spins attract) and electron correlation due to the statistical correlation 

observed between the movements of individual electrons in a system.  

Unfortunately, the correct or most optimal forms of the functionals that describe correlation 

and exchange are not known. Selecting the optimal DFT functional to perform a quantum 

chemical calculation thus principally involves the selection of proper functionals for the 

calculation of EXC, according to some empirical benchmarks that minimize computational error 

over a given test set of molecules. For the sake of consistency, the scientific community has 

converged on a set of often used functionals, such as the widely known B3LYP functional, a 

hybrid construction that mixes other prior established functionals according to some optimal, 

empirically determined coefficients.[13] 
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Time-dependent DFT extends this idea to time-dependent wavefunctions. In practice, 

quantum chemical software implements TD-DFT using the so-called Linear Response 

formalism, where the traditional DFT-derived ground state density is modified by a very small 

perturbation, small enough to keep the effects of the perturbation linear. Analysis of the full set 

of possible responses of the system to (varying, time-dependent!) changes in external potential 

will yield those frequencies/energies of light which the system can efficiently absorb. In practice 

it turns out that, for an allowed transition at a specified frequency/energy, there can be multiple 

molecular orbitals involved. This is commonly reported as the “orbital configuration” of a 

transition.[14]  

Computational accuracy can be increased in TD-DFT calculations by using specific 

functionals. Because orbitals involved in excited states are usually more ‘smeared out’, that is, 

distributed over a larger volume than their ground-state counterparts, it is common to 

parametrize hybrid functionals on suitable excited-state test sets. As the exchange energy is 

strongly affected by the distance over which it is calculated, a more elaborate distance-dependent 

parametrization has proven effective to enhance accuracy. A very common and useful TD-DFT 

hybrid functional implementing these features is CAM-B3LYP,[13c] where the exchange 

interaction between electrons is described by the original parametrization of B3LYP at short 

range and smoothly interpolates to another set of parameters for electrons at infinite distance. 
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More in-depth, time-resolved, analysis of the evolution of the excited-state electronic 

wavefunction is possible. Recent advances in computing hardware capability have made it 

feasible to simulate, on a sub-femtosecond timescale, the fluctuations of electronic density in a 

molecule during and after the passage of a wavepacket of light.[15] From these simulations, 

information on the directional anisotropy of light absorption can be gathered, ie., the absorption 

of light can be determined as a function of the molecular orientation within the E field (see 

Figure 1.7) 

 

Figure 1.7: Directional anisotropy of light absorption (top left) by DAMPI (bottom left), computed 

by means of RT-TDDFT. The authors of the original article used these calculations to relate the absorption 

of polarized light to the morphology of narrow 5 – 7 Å wide channels in a zeolite crystal, in which the light-

absorbing DAMPI molecules were encaged (right hand side).  
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1.3 Design and Synthesis of Light Absorbing and Emitting 

Molecules  

1.3.1 Napthalene Diimides 

Naphthalene diimides are fluorescent chromophores with high chemical stability belonging 

to the larger family of rylene dyes. They are planar, aromatic compounds containing one or more 

fused naphthalene cores[16, 17]. The smallest of the series, naphthalene diimide (labeled NDI in 

Figure 1.8) is not fluorescent and shows absorption in the violet - UV area of the spectrum. 

Besides their ruggedness, they have an appealing potential for chemical diversification to fine-

tune their photophysical properties. 

Simple chemical substitution (Figure 1.8, processes i and ii) creates highly fluorescent 

compounds A and B, bringing the absorbance and emittance into the visible range, typically 500 

- 600 nm. The unsubstituted compounds with a progressively larger number of fused 

naphthalene cores are perylene (compound C, process iii), terrylene and quaterrylene diimide 

(having three and four napthalene cores respectively, structures not shown). These 

oligonapthalene diimdes are fluorescent, and show absorbance maxima at respectively 530 nm, 

650 nm and 760 nm[16, 19]. Importantly, the larger rylene dyes suffer from reduced solubility due 

to the formation of pi-stacked aggregates. Much effort has been focussed on alternative NDI-

type scaffolds that circumvent this problem, amongst which the so-called “core expansion” 

strategies iv and v (yielding compounds D and E) or the fusion approaches similar to vi and vii 

that create scaffolds F and G.  
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Figure 1.8 Non-exhaustive overview of synthetic modifications to the pi-conjugated core of 

napthalene diimide. i: core-substitution with heteroatoms,[20] ii: core-substitution with aryl groups,[20] iii: 

core-elongation,[20] iv: hybrid core-expansion and heteroatom substitution,[20] v: hybrid core-expansion and 

imide functionalization,[21] vi: core-expansion of the carbon skeleton,[22] vii: diimide fusion.[23] Besides these 

approaches, several strategies for polymerization exist as well.[18] 

1.3.2 BODIPYs 

The BODIPY (BOron DIPYrromethene) family of organic dyes is widely used in biological 

imaging applications. Characteristic[24, 25] are high quantum yields independent on solvent 

polarity and tunability of the absorption and emission wavelengths over a broad range (λmax, abs 

350 – 700 nm, λmax, em 400 – 750 nm). Solubility in organic solvents is generally good, and 

completely water-soluble[26] derivatives for use in biological systems have also been prepared. 

BODIPY dyes display high stability[27] against chemical degradation or photooxidation. The 

BODIPY core can be substituted at four chemically distinct positions, on position α through γ 

and on the bridging meso position (see Figure 1.9). The ‘naked’ BODIPY core (leftmost structure 

NDI 

A B 

F 
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D E 
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in Figure 1.9) has been prepared[28, 29] from the thioketone afforded by reaction of pyrrole and 

thiophosgene. It displays a green fluorescence with a remarkable quantum yield Φ = 0.90.  

 

Figure 1.9: Illustrating the effect of vibrational freedom on quantum yield of fluorescence. Addition 

of a phenyl group (middle) to a fluorescent BODIPY derivative causes loss of fluorescence. Restricting the 

molecular motion of this phenyl group with additional steric bulk (right) causes substantial recovery of the 

quantum yield, φ. 

Taking this compound as a starting point, the effect of substitution can be clearly seen across 

series of derivatives, such as for example the substituted BODIPYs in Figure 1.9 (the three 

rightmost structures). Initially, the addition of α-methyl groups does not cause any significant 

degradation of quantum yield. In contrast, the addition of a meso-phenyl group causes  

a ~five-fold decrease in fluorescence efficiency. Finally, quantum yield improves again with γ-

methylation, which freezes the rotational freedom of the phenyl group. Clearly, non-radiative 

relaxation pathways become more accessible when the phenyl group is allowed to become co-

planar with the BODIPY core. Such systematic investigations allow one to uncover the rules by 

which to create designer dyes. 

Synthetic protocols for preparation of BODIPY compounds with tailored properties are 

well developed. Chemical modifications include simple substitutions (i), fused core-expansions 
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(ii) or linear extentions of the α-methyls through Knoevenagel chemistry (iii), as well as more 

advanced tweaking of the chelation environment of the boron atom (iv and v, Figure 1.10).[24] 

 

Figure 1.10: Chemical modification to the BODIPY core. Descriptions of labels i – v are in the text.  

1.3.3 Organometallic Compounds 

A large family of organometallic pigments based on electron-rich hexacoordinate 

polypyridine or polyphenyl complexes of late d-block metals in approximate octahedral 

symmetry have been described in literature.[30, 31] One such example is the commercially available 

Z-907 dye, used in dye-sensitized solar cells (see also chapter 1.4.2), which is shown in Figure 

1.11. The effectivity of these Ru2+ or other d6 and d8 transition metal polypyridine complexes in 

photovoltaic applications stems from their particular electronic structure, which facilitates 

formation of a metal-to-ligand charge transfer (MLCT) excited state. The MLCT state has 

pronounced charge-separated character, as the excited electron is localized purely on the 

polypyridine π* orbital; at the same time, the d6 or d8 metal ions are readily oxidized, stabilizing 

the ‘hole’ part of the exciton. The energy gap between t2g and π* is sufficiently small to allow 

visible light absorption.[32] 
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Figure 1.11: Z-907, a typical Ru2+-polypyridine dye. On the right-hand side a schematic molecular 

orbital diagram for the light-induced metal-to-ligand charge transfer state: light absorption causes 

promotion of an electron in a t2g metal-centered d-orbital to a ligand-centered π* orbital.  

As the ligand identity determines the size of this energy gap, this enables tuning of 

absorption wavelengths. By necessity, the chemical derivatization of organometallic pigments 

occurs via the organic ligands. The preparation of suitable ligands is beyond the scope of the 

present thesis, and includes well-established synthetic routes towards functionalized bipyridines, 

phenylpyridines, terpyridines and other multidentate, π-conjugated organic compounds.[33, 34] 

1.4 Applications of Photoactive Molecules 

1.4.1 Biomedical Applications 

Biomedical science makes ubiquitous use of light-absorbing organic compounds. The 

various applications can be classified by the functional requirements of the photoactive molecule. 

Firstly, molecules with highly reactive excited states find application in photodynamic therapy. 

In photodynamic therapy compounds transform molecular oxygen into highly reactive singlet 
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oxygen under the influence of light, which allows the highly localized killing of pathogens or 

tumors.[35] This mostly non-toxic form of chemotherapy is however limited by the ability to 

accurately deliver the photoactive substance in vivo to its target site. Alternatively, these 

molecules with highly reactive excited states can be applied in photopharmacology. Here drugs 

can be selectively activated or released from an inert substrate by the action of light on a 

photoactive moiety.[36] 

A second class of applications are found in biomedical sensing that require the use of  

(supra-) molecular entities capable of signaling environmental parameters, similar to the example 

shown in figure 1.7. Here, dye molecules should change their absorption or emission signatures 

upon binding to a chemical species of interest, preferably in a concentration-dependent manner. 

Examples include colorimetric[37] or fluorescent[38] metal ion sensing dyes. These sensors are often 

based on a straightforward coupling of a metal chelating molecular motif to the conjugated core 

of a chromophore, thus influencing its frontier molecular orbitals based on the presence of 

analyte species. Sensing of more elaborate biological entities such as chiral amino acids is also 

possible by means of similar strategies.[39] 

Lastly, there are various imaging applications such as fluorescence microscopy and confocal 

microscopy. Here, rugged fluorescent compounds are required that create contrast in a 

microscopy imaging experiment due to their preferential localization inside a biological target 

system. This can be approached by tweaking the phyiscal properties of a fluorophore, causing a 

passive localization of the label,[40] or conversely binding the fluorophore covalently to a 

biologically active compound.[41] Challenges in the tailoring of existing fluorescent compounds 

include the ability to design molecules that remain fluorescent after binding to their targets, and 
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synthesizing fluorescent compounds that maintain solubility in biological conditions whilst also 

preventing their own excretion out of a cellular environment. However, the applied molecular 

entities should be carefully selected in order to avoid disrupting ordinary ‘baseline’ activity of the 

investigated system due to e.g. excessive toxicity of the fluorophore used. 

1.4.2 Optoelectronic Devices and Solar Cells 

An optoelectronic device is any apparatus that employs an electrical system –mostly based 

on semiconductor technology – to interact with or produce light. Naturally, there is a role for 

molecular photoactive compounds in the development and production of such devices. A short 

description will follow of several technologies that apply photoactive molecules to produce light 

from electricity (in OLEDs), convert light into electricity (in DSSCs), or drive chemical 

conversion of a substrate using light (in PECs). 

The Organic Light Emitting Diode 

At present, the Organic Light Emitting Diode or OLED is perhaps the most prevalent 

optoelectronic device in daily life. OLED technology is mature and economically viable, as 

demonstrated by the ubiquitous presence of OLED-based TV, computer and phone screens. 

Figure 1.12 depicts the electron flow in an OLED in a highly simplified form, in order to focus 

on what happens with the organic dye. Typically, an emissive layer containing organic dyes is 

sandwiched between two conductive electrode layers.[42, 43] The cathode layer injects electrons 

into the emissive layer, reducing the organic dye (step i); the anode simultaneously depletes the 

emissive layer of electrons, causing the organic dye to become oxidized (step iii, also known in 

semiconductor parlance as ‘electron hole injection’). The regions of positive and negative charge 
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experience a Coulombic interaction, causing the electrons to move towards the holes. In the 

FMO description of molecular light emission (chapter 1.2.3), this means the creation of 

electronic states where LUMO and HOMO are simultaneously reduced and oxidized, so called 

exciton states. Recombination towards the ground state is clearly the more thermodynamically 

favourable course of action, and thus light emission can occur (step ii).  

 

Figure 1.12: Schematic depiction of the operating principle of an organic light emitting diode, and 

relative energy levels of relevant components. The organic dye is simultaneously reduced (i) and oxidized 

(iii). The charged regions migrate towards each other (grey arrows), leading to the creation of exciton states 

(ii). Recombination of excitons (bound states in the bulk solid of reduced LUMOs and oxidized HOMOs) 

to the ground state causes light emission. Note that during operation, the cathode is the negatively 

connected terminal! As the vertical direction signifies electron energy, the OLED driving voltage is equal 

to the distance between injection and depletion energy levels in the electrodes. 

Chemical challenges in the design of suitable molecular materials for the emissive layer of 

OLED devices are the creation of materials with high quantum yield of emission.[44] These 

should be based on molecules that always recombine (Figure 1.12, step ii) under the emission of 

visible light radiation. Other desirable properties are tuneable emission wavelengths (to afford a 
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broad range of colours, especially of importance in OLED-based computer displays), resistance 

against photo bleaching (destructive recombination that breaks chemical bonds and thus 

destroys the dye layer) and FMO energy levels that match the anode and cathode injection 

energies.  

The Dye-Sensitized Solar Cell 

The dye-sensitized solar cell represents a recently developed, low-cost type of solar cell in 

which a light-absorbing organic dye is attached to a meso- or microporous semiconductor anode. 

Upon excitation of the dye, an electron from the HOMO orbital will be promoted to the 

LUMO. If the LUMO has a proper energy, which lies slightly above the conduction band energy 

of the semiconductor (about 200 mV is sufficient), the electron will be transferred quickly to the 

semiconductor.[45] This oxidizes the dye, which is later regenerated by a solid- or solution phase 

electrolyte, which conducts returning electrons from the cathode. [46]  

With around 10% solar conversion efficiency, DSSCs are currently not the most efficient 

solar cells[47]. This is not caused by poor light absorption characteristics. The organic dye 

generally has a very high extinction coefficient. Coupled to a high surface area of the 

nanostructured anode, this leads to a huge active surface per unit of volume on which charge 

separation can occur. Fluorescence quantum yields can be up to 90% for certain dyes, giving 

internal photon conversion efficiencies of up to 85%[48] under idealized laboratory operation 

conditions.  
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Figure 1.13: Schematic depiction of the operating principle of a Dye Sensitized Solar Cell. 

The organic dye is adsorbed onto a suitable anode material; the redox mediator is a dissolved 

species (such as I-/I3
-) that is free to diffuse between cathode and anode. As the vertical direction 

signifies electron energy, the voltage output of the cell in absence of a load (the so-called open-

cell voltage) is equal to the distance between injection and depletion energy levels in the 

electrodes. 

Instead, the efficiency of the DSSC setup is limited by the loss of potential energy in the 

redox shuttle. This results in limited efficiency of charge injection and charge recombination at 

the dye/semiconductor interface.[48, 49] Clearly, the maximum open cell voltage shown in figure 

1.13 is much reduced with respect to the energy gap between HOMO and LUMO (i.e. the 

energy of photons absorbed). Another factor that is detrimental to performance which DSSCs 

share with semiconductor junction devices is that photons at wavelengths below the 

HOMO/LUMO energy difference are not absorbed. 
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The Photoelectrochemical Cell 

The photoelectrochemical cell differs in its working principle from other optoelectronic 

devices described in this paragraph. In the light-emitting devices, electrodes are connected to 

some external to supply a current of electrons, which are forced from the circuit into a molecule 

to cause light emission. Conversely, in a traditional solar cell-type device, current is generated 

across the circuit using the energy absorbed from incident light. The photoelectrochemical cell 

(PEC) combines the light-harvesting strategy of a DSSC with forced charge injection as 

employed in the OLED. Furthermore, charge is injected into one or more catalytically active 

species. The resulting device creates a single, consolidated solution for driving chemical catalysis 

using the energy from light.[50] 
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Figure 1.14 shows the combination of a visible-light absorbing core-expanded NDI dye 

with a nickel phosphine-based proton reduction catalyst. Both are anchored to a NiO electrode 

surface by covalently attached hydroxamic acid groups. In theory, under acidic conditions, this 

electrode should yield hydrogen gas from photo-driven proton reduction according to the 

electron transfer scheme shown in the bottom of the figure.[51] 

 

Figure 1.14: Setup of a hydrogen-producing photoelectrochemical cell. Upon photoexcitation of the 

dye molecule, the nickel-based proton reduction catalyst (PRC) can be reduced by the excited dye. Electron 

injection from the NiO-based electrode regenerates the oxidized dye. The bottom of the figure shows the 

relative electron energies and the directions of electron transfer. Figure adapted from van den Bosch, 

Rombouts et al.[51] 
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Building a PEC is not straightforward. Even though the researchers were able to identify 

successful electron transfer between all components in isolation, no light-driven hydrogen 

evolution could be observed. Possibly, rapid electron recombination of the reduced catalyst with 

holes on NiO causes a short-circuiting of the designed electron flow.  

Nevertheless some successful examples of PEC devices do exist. In a quite famous example, 

the laboratory of Daniel Nocera[52] combined a thin-film silicon based solar cell with inorganic 

proton reduction and oxygen evolution catalysts, yielding an ‘artificial leaf’ device capable of 

transforming water into oxygen and hydrogen gas. Other such devices have been prepared[53], 

but truly organic PEC devices as described in Figure 1.15 are, sadly, still not available. Taking 

into account the gap in timescales between light absorption (an attosecond-scale process) and 

excited state-lifetimes of organic dyes (on the order of pico- to nanoseconds) with the relatively 

much slower turnover rates of a catalytic cycle (on the order of 0.1 ms – 1 sec), it is clear that 

engineering such devices will remain a significant challenge. 

 

Figure 1.15: Tandem cell-approach, where water oxidation and proton reduction occur together in 

one device. The development of such a device was a goal of the Dutch BioSolarCells research program, 

which has funded the research in this thesis.  
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1.5 Summary 

The above discussion shows that there is a wide interest in broadly applicable photoactive 

molecules. In this thesis we focus on the design, synthesis and characterization of photoactive 

molecules that could potentially be applied in OLED or PEC devices. In this regard, the chapters 

2 to 5 each describe our studies on different types of photo active molecules. 

Accordingly, Chapter 2 describes research of a rather applied nature. We prepared and 

studied a BODIPY-based fluorophore in order to clarify the poorly understood mode of action 

of the drug Bedaquiline, a WHO “Essential Medicine” against tuberculosis. The fluorophore is 

designed to have the correct physical properties to allow it to be linked covalently to a 

Bedaquiline molecule without interfering with its biological activity. The prepared fluorophore-

drug construct can be used to track patterns of drug concentration in living cells, or to investigate 

how the M. tuberculosis bacterium tries to eliminate the drug from its cellular envelope. 

In Chapter 3 we describe the design and preparation of DATS, a novel core-expanded 

naphthalene diimide-based dye fused to a salicylidenephenylenediamine-based ligand for a Zinc 

metal ion. We demonstrated that DATS can bind in a supramolecular fashion to pyridine-

containing molecules, making it applicable as a supramolecular building block of 

photoelectrochemical cell-type devices. When changing the identity of the metal-binding ligand 

arms, supramolecular self-association afforded a solid-state microcrystalline material containing 

stacks of aligned electrical dipoles, with potential utility as a solid-state light harvesting material. 

Finally, using time-resolved spectroscopic techniques, it is shown that the DATS light-absorbing 
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core has photophysical properties not unlike the naturally ocurring zinc porphyrins used by 

certain photosynthetic bacteria.  

Chapter 4 shows a synthetic strategy towards Iridium-containing organometallic 

compounds for OLED-type applications. We explored the preparation of different iridium 

ligands using a multi-component reaction, which allows rapid screening of homologous 

compounds in an industrial setting. Two complexes of opposing electron richness are prepared 

by substituting the ligand backbone with amino or nitro groups, and their properties were 

investigated using physical methods and DFT calculations. 

Chapter 5 finalizes this thesis by discussing a method to quantitatively describe the 

rearrangement of electron density in a molecule after light absorption, emission or excited-state 

relaxation. Using TD-DFT derived final and initial electron densities, the subtraction of 

summed electron density in each atom-centered Voronoi polyhedron yields the electronic charge 

difference, dubbed QVECD. The method is validated against other charge partitioning methods, 

and a series of increasingly complex molecules are used as examples to show how the QVECD  

quantity can be used to describe charge transfer processes at the atomic level. 

In this thesis, molecules with desirable physical and electronic properties are designed in a 

conscious and deliberate manner, with focus on eventual scientific or technologic applications. 

The work done has delivered new protocols for chemical synthesis, molecular tools for devices 

or biological assays, and a theoretical framework for quantitative description of charge transfer 

processes.  
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Abstract: Diarylquinolines represent a new class of antibiotics with high potency against 

Mycobacterium tuberculosis. As such, they are of utmost importance in the treatment of drug-

resistant bacterial pathogens. In this work, we report a strategy for preparing fluorescently labeled 

derivatives of the FDA-approved diarylquinoline-based tuberculosis drug bedaquiline. The 

labeled compounds were capable of blocking bacterial growth and interfered with the function 

of ATP synthase, the cellular target of diarylquinolines. This indicates that the chosen labeling 

strategy does not preclude the antibacterial activity of bedaquiline, and allowed us to investigate 

the effect of labeling on drug recognition by bacterial efflux pumps in living M. tuberculosis 

strains. These properties, coupled with the efficient fluorescence of the attached BODIPY 

fluorophore means that these compounds can be used as a research tool to gain deeper 

understanding of the mechanism of action of this class of drugs.
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2.1 Introduction 

In 2014, around 9 million individuals were newly infected worldwide with Mycobacterium 

tuberculosis, and ca. 1.5 million patients died from tuberculosis.[1] In particular, multi-drug 

resistant and extremely drug resistant strains of M. tuberculosis do not respond to treatment with 

current tuberculosis chemotherapy.[2] Consequently, new drugs are urgently needed to 

counteract development of drug resistance. Using small molecules that inhibit energy 

metabolism is a new approach to kill M. tuberculosis and related pathogenic mycobacteria.[3] 

Several new or repurposed drug entities are known to block the oxidative phosphorylation 

pathway, a key route in energy metabolism. Clofazimine and related phenothiazines interfere 

with the type-II NADH dehydrogenase function,[4] the imidazopyridines inhibit the cytochrome 

bc1 complex,[5] and the diarylquinolines inhibit ATP synthase in mycobacteria and other Gram-

positive pathogenic bacteria.[6] Bedaquiline, the lead compound of the diarylquinolines, is a 

stereo-specific ATP synthase inhibitor[7] which acts strongly bactericidal against M. tuberculosis.[8] 

Bedaquiline has been approved by the US Food and Drug Administration and by the European 

Medicines Agency for treatment of multi-drug resistant tuberculosis. Bedaquiline and other 

drugs targeting energy metabolism may well contribute to shortening and simplifying 

tuberculosis chemotherapy.[9]  

However, a detailed understanding of the mechanism of action of Bedaquiline is required 

in order to fully exploit its potential in chemotherapy, and perhaps develop novel Bedaquiline 

analogues. Utilization of a fluorescent drug derivative can be a valuable strategy to study 

antibacterial drugs, as reported earlier for the characterization of the benzothiazidinone class of 
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drugs.[10] Two prerequisites must be fulfilled for successful implementation of drug labeling in 

such investigations, i.e., that the fluorescence of the label is not quenched by interactions with 

the drug or the environment, and that the antibacterial action and target binding of the drug is 

not precluded by the presence of the label.  

  

Figure 2.1: Structural formula of Bedaquiline and schematic depiction of fluorescent label. Using a 

Sonogashira cross-coupling, the alkyne-terminated polar linker attached to the BODIPY fluorophore will 

be covalently coupled to the aryl bromide position of Bedaquiline. 

In this study we report on the design and execution of a labeling strategy for Bedaquiline, 

by covalently attaching a BODIPY fluorophore to the quinoline ring system of Bedaquiline (see 

Figure 2.1). The synthesis and photochemical characterization of two such fluorescent 

derivatives is described, and their antibacterial activity is determined. This specific fluorescent 

label is chosen because of its compact size, photochemical stability and its ease of chemical 

synthesis and modification of the BODIPY-type fluorophore.[11] A linear polar spacer of variable 

length is used to separate the drug and the label, with the aim of keeping bactericidal activity 

intact and the fluorescence of the label unperturbed by the coupling to Bedaquiline. Considering 

the importance of creating labeled compounds that are sufficiently similar to the parent 

compound under investigation, we also evaluated if the newly prepared compounds share affinity 

for the same drug efflux pump system in M. tuberculosis as the parent compound. 
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2.2 Synthesis and Photophysics 

2.2.1 Synthesis of Fluorescent Alkynyl-BODIPY Labels 

Considering the presence of an aryl bromide moiety in the molecular structure of 

Bedaquiline, we arrived at a labeling strategy using Sonogashira cross-coupling chemistry to form 

a carbon-carbon bond between the bromoquinoline position and an alkyne-functionalized 

fluorophore.[15] In principle, labeling of Bedaquiline on the 6-position of the quinoline ring is 

expected to keep binding affinities towards the microbial target protein intact, as modification 

of the 6-position of the quinoline moiety has been previously applied for covalent linkage to a 

Biacore chip and an affinity resin.[6c] Furthermore, the bromoquinoline moiety has been shown 

to project away from the central binding pocket in the c-subunit of ATP synthase, with the 

bromo-moiety located at the distal position.[14] Notwithstanding the apparent feasibility of this 

approach, it is obvious that close proximity of the fluorophore will lead to undesired fluorophore-

protein interactions. Thus, we chose to investigate the synthesis of two alkyne-functionalized 

BODIPY[13] fluorophores, which were subsequently used to prepare two fluorescently labeled 

Bedaquiline analogues having a shorter (~ 6 Å) or longer (~ 22 Å) linear spacer between drug 

and fluorophore.  

Fluorescent alkynyl-BODIPY derivatives B1 and B2 were prepared using a two-step route 

(see Figure 2.2) starting from the Mitsunobu aryl ether synthesis of aldehydes A1 and A2, where 

the phenolic oxygen of 4-hydroxybenzaldehyde is alkylated by a butynyloxy or pentynyloxy-

tetraethyleneglycol terminal alkyne, respectively. Subsequent acid-catalyzed condensation of the 

benzaldehyde with 2,4-dimethylpyrrole followed by oxidation and boron trifluoride chelation 
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allowed us to obtain the target fluorophores, albeit in rather poor overall yields of 5% (B1) and 

18% (B2) due to the typically poor yields of BODIPY preparations,[13] and the difficulties 

encountered in separating the aryl ethers from the byproducts of the Mitsunobu reaction. 

 

Figure 2.2: Synthesis of alkyne-functionalized BODIPY derivatives. Reaction conditions: i. 4-

hydroxybenzaldehyde (1 eq.), alcohol R1-OH or R2-OH (1 eq.), PPh3 (1.05 eq.), DEAD (40 wt% in 

toluene, 1 eq.), THF, 0 °C → rt, overnight. ii: A (1 eq.), 2,4-dimethylpyrrole (2.2 eq.), TFA (cat.), THF, 

rt, 16h; then DDQ (1 eq.), rt, 1h; then NEt3 (excess), BF3
.OEt2 (excess), 0 °C → rt, 2h. 

2.2.2 Sonogashira-based Labeling of Bedaquiline 

Initially, we ascertained the synthetic feasibility of our labeling strategy by reacting  

3-butyn-1-ol with 6-bromoquinoline as model for Bedaquiline under typical[18] Sonogashira 

conditions (1.2:1.0 Cu:Pd stoichiometry), affording the desired coupling product in 77% 

isolated yield. We found that a direct translation of these conditions to the reaction of our 

BODIPY labels with Bedaquiline led to the formation of the labeled drug, contaminated with a 

significant amount of the homo-coupled diyne as a side product. We speculate that the presence 
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of the Bedaquiline moiety is to blame for the appearance of this side product; through the action 

of its Lewis basic sites, Bedaquiline can serve as a competitive bidentate ligand to one of the 

catalytically active metal species, and can in this way account for the formation of this side 

product.[19] However, encouraged by the presence of the desired target molecule, we then 

attempted to prepare the labeled Bedaquiline analogues using relatively little CuI catalyst with 

respect to Pd0 (1:4 Cu:Pd stoichiometry). We reasoned that the homocoupled bisalkyne is likely 

formed via the copper-catalysed Glaser coupling mechanism,[20] thus lowering the relative copper 

concentration should suppress this side reaction.[21] Under these conditions, a satisfactory 

conversion to the target compound was observed. Repeated purification was required to remove 

any traces of the unreacted parent drug, which accounts for the poor yields of, respectively, 37% 

and 15% for C1 and C2 (see Figure 2.3). 

 

Figure 2.3: Labeling of Bedaquiline using a Sonogashira Coupling. Reaction conditions. iii: 

Bedaquiline fumarate 1 eq, Bodipy 1.5 eq, CuI 0.05 eq, Pd(PPh3)4 0.2 eq in 10 mL 1:1 DMF:NEt3 added 

under Argon atmosphere at rt; reaction heated at 90 °C for 2h. 

2.2.3 Photophysical Properties of Fluorescent Bedaquiline Analogues 

Using steady-state light absorption and fluorescence measurements, acetonitrile solutions of 

compounds C1 and C2 were characterized photophysically (see Figure 2.4). In the chosen 

solvent, varying distance between label and drug appears to have no influence on the properties 

under study, as virtually identical wavelength maxima λabs and λem were observed, with a Stokes 



Synthesis, Characterization and Biological Activity of Fluorescently Labeled Bedaquiline Analogues 

50 

shift of 10 nm for both compounds. The quantum yield of fluorescence is also independent of 

linker identity, showing the expected isolation of the fluorophore from linker and drug. We also 

confirmed that the parent compound Bedaquiline did not show emission peaks in the 400 – 600 

nm wavelength range (not shown in Figure 2.4). As is typical for BODIPY derivatives[13] no 

changes in the absorption spectrum were seen when a cuvette of C1 was left standing under 

ambient illumination for several weeks; nor could we over time observe any degradation in the 

1H NMR spectrum of C1. The labeled Bedaquiline derivatives described can thus be regarded 

as stable, suitable fluorescent probes for biological applications.  

 

Figure 2.4: Emission and Absorption curves for compounds C1 and C2. Normalized absorption 

(solid lines) and emission (dashed lines) plots, recorded in acetonitrile solution. The inset tabulates 

absorption and emission wavelength maxima λabs and λem and the corresponding quantum yield of 

fluorescence Φ, calculated using fluorescein in 0.1 M aqueous NaOH as a reference. Peak normalized 

instrument responses for absorption measurements correspond to an extinction coefficient of respectively 

ε = 7.6.104 (C1) or 6.8.104 (C2) cm-1 M-1. 

  λabs 

nm 

λem 

nm 

QY 

Φ 

C1 497 507 0.685 

C2 498 508 0.696 
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2.3 Biological Activity 

2.3.1 Inhibition of ATP Synthesis 

After successful preparation of the BODIPY-Bedaquiline compounds, we sought to 

ascertain their antibacterial action, and to investigate if their mode of action is sufficiently similar 

to the parent compound; only sufficiently parent-like probe molecules are expected to yield 

useful results in follow-up studies on the mode of action of diarylquinoline antibiotics. To do 

so, the ability of C1 and C2 to inhibit the function of the biological target of the parent drug, 

ATP synthase, was evaluated. We measured the impact of the compounds on ATP synthesis 

activity using inverted membrane vesicles derived from Mycobacterium smegmatis. As depicted in 

Figure 2.5, both C1 and C2 blocked the ATP synthesis activity in a dose-dependent manner. 

However, inhibition was clearly more efficient in case of C2 (IC50 ~ 2.0 µM). The lower activity 

of C1 (IC50 > 10 µM) may be due to the shorter linker, interfering with effective binding of the 

compound to its binding pocket, which is located close to the center of the hydrophobic, 

membrane-spanning part of ATP synthase.[16] These IC50 values are higher than those reported 

for the parent compound (IC50 between 10 - 100 nM),[7, 24] but comparable to and consistent 

with values reported for fluorescent derivatives of other anti-tuberculosis drugs, e.g. for 

benzothiadizinones.[13] The results conclusively prove that the presented labeling strategy allows 

the preparation of Bedaquiline analogues that retain the ability to inhibit ATP synthesis, given 

the correct spacing distance between label and drug. 
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Figure 2.5: Inhibition of mycobacterial ATP synthesis activity by BODIPY-Bedaquiline (BDQ) 

compounds. ATP synthesis activity was measured in inverted membrane vesicles from M. smegmatis using 

the glucose-6-phosphate dehydrogenase method. BODIPY-Bedaquiline compounds (open bars: C1, 

butynyloxy linker, closed bars, C2, pentynyloxy-eg4 linker) were added at the indicated concentrations. 

100 nM BDQ and the ATP synthase inhibitor DCCD were used as control.  

2.3.2 Inhibition of Bacterial Growth  

Next, we evaluated their ability to interfere with growth of living bacteria. As shown in 

Table 1, both C1 and C2 suppressed growth of M. tuberculosis, with Minimal Inhibitory 

Concentrations of 1.8 µM and 7.3 µM, respectively (Table 1), compared to 0.1 µM for the 

parent compound Bedaquiline.[6a] This indicates that labeling of Bedaquiline with the BODIPY 

moiety and introduction of the linker decreased, but did not abolish, the antibacterial activity of 

the drug. In M. tuberculosis, efflux pumps can be an important determinant for the sensitivity 

towards antibacterials.[17] Recently it was reported that the efflux pump inhibitor verapamil 

enhanced the susceptibility of M. tuberculosis for Bedaquiline[17d] whereas upregulation of the 

mycobacterial efflux pump MmpS5-MmpL5 decreased the sensitivity for this drug.[14,17e] 

Therefore we evaluated the metabolic similarity of the labeled compounds to Bedaquiline by 
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checking if they are also recognized by the efflux system. Addition of the efflux pump inhibitor 

verapamil increased the sensitivity of M. tuberculosis reference strains H37Rv for C1 and C2 

(respectively twofold and eightfold, Table 1), suggesting that both BODIPY-Bedaquiline 

analogues are indeed transported by an efflux pump. We also tested growth inhibition of two 

M. tuberculosis strains with elevated levels of the MmpS5-MmpL5 efflux pump: one strain 

carrying a mutation in the regulator of MmpS5-MmpL5 (CV37) and one laboratory strain 

carrying a plasmid for over-expression of MmpS5-MmpL5 (H37Rv pCVGA30). Both efflux 

pump overexpressing strains displayed considerably lower sensitivity towards C1 and C2, as well 

as to the parent compound (Table 1), suggesting that the fluorescent analogues are substrates of 

the same efflux system as Bedaquiline. 

Table 2.1: Growth inhibition of M. tuberculosis by BODIPY-Bedaquilines. Strains tested were a M. 

tuberculosis reference strain (H37Rv) an in vitro generated Rv0678 mutant with increased efflux pump 

activity against BDQ (CV37), the reference strain with over-expressed efflux pumps (H37Rv pCVGA30) 

and with empty overexpression plasmid as control (H37Rv pSD5). VER: efflux pump inhibitor verapamil. 

BDQ = Bedaquiline. Minimal inhibitory concentrations (MICs) were measured using the reazurin method 

as in reference [14] and are expressed in mol L-1. 

Strain  BDQ BDQ + 
VER 

C1  C1  
+ VER 

C2 C2  
+ VER 

H37Rv 1.1 10-7 7.0 10-9 1.8 10-6 9.1 10-7 7.3 10-6 9.1 10-7 
CV37 9.1 10-7 2.3 10-7 >2.9 10-5 >2.9 10-5 >2.9 10-5 >2.9 10-5 

H37Rv 
pCVGA30 

4.5 10-7 <5.7 10-8 7.3 10-6 9.1 10-7 >2.9 10-5 >2.9 10-5  

H37Rv 
pSD5 

1,1 10-7 7.0 10-9 1.8 10-6 4.5 10-7 3.6 10-6 9.1 10-7 
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2.4 Conclusions 

The obtained results show that we successfully designed a labeling strategy for Bedaquiline 

that generates compounds sufficiently similar to the parent drug to be of use in scientific research. 

The obtained fluorescent analogues C1 and C2 can successfully interfere with ATP synthesis, 

the biological target of Bedaquiline. Growth of living M. tuberculosis bacteria is suppressed at 

approximately 20- or 70-fold higher Minimum Inhibitory Concentrations compared to 

Bedaquiline, dependent on the spacing (6 Å versus 22 Å, respectively) between fluorescent label 

and drug. The probe compounds also share the affinity for the MmpS5-MmpL5 drug efflux 

system with the parent compound. Thus, fluorescent antibiotics prepared using the method 

described in this work are promising tools for deeper fluorescence-based experimentation on 

diarylquinoline-based tuberculosis drugs. Applications may include investigation of drug 

in/efflux at the level of either the bacterial population or the individual mycobacterial cell, 

determination of sub-cellular drug or target localization in the bacterium, as well as biochemical 

studies on binding of the drug to its target.  
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2.5 Materials and Methods 

2.5.1 Biological Experiments 

Assay of ATP synthesis by mycobacterial membrane vesicles: Inverted membrane 

vesicles were prepared from M. smegmatis[12] and ATP synthesis was measured as described 

earlier.[13] Briefly, membrane vesicles (1 mg mL-1) from M. smegmatis were incubated in 50 mM 

morpholino-ethanesulfonic acid (MES, pH 6.5, 5 mM MgCl2, 2 mM ADP, 20 mM KH2PO4, 

100 µM P1,P5-di(adenosine-5’) pentaphosphate (Ap5A), 25 mM glucose, 11.8 U mL-1 

hexokinase (Sigma), and protease inhibitors (complete, EDTA-free; protease inhibitor cocktail 

tablets from Roche). Samples (0.25 mL) were incubated at 37 ºC with vigorous stirring in  

18-mL flasks. The reaction was initiated with 5 mM succinate. After 2 hours, each reaction was 

stopped with 25 mM EDTA, followed by transfer to ice. Samples were transferred to Eppendorf 

tubes, boiled for 5 min, and centrifuged (10,000 g, 20 min) to remove denatured protein. In 

supernatants, the synthesized glucose-6-phosphate was quantified by NADP+ (2.5 mM) 

reduction in the presence of 3 U mL-1 of glucose-6-phosphate dehydrogenase (Roche). NADPH 

formation was monitored with a spectrophotometer at 340 nm. 

MIC determination by Resazurin Microtiter Assay: The MIC of bodipy-labeled 

Bedaquiline compounds against M. tuberculosis in the presence or absence of the efflux inhibitor 

verapamil (at 40 µg/mL) was measured by the resazurin microtitre assay (REMA).[14] Serial  

2-fold dilutions of antibiotics were performed in 7H9/0.5% glycerol/10% OADC (7H9 broth), 

in 96-well microtitre plates, with a final volume of 100 µL per well. A volume of 100 µL of 

inoculum suspension was added to each well. For preparation of this inoculum either liquid 

cultures in logarithmic phase were adjusted to OD600 ~ 0.3 and diluted 1/100 in 7H9 broth. 

Plates were incubated 7 days at 37 ºC. To each well, 40 µL of a resazurin solution 0.1 mg/mL 

were added, and plates were incubated for an additional 48 hours at 37 ºC. Resazurin is an 

indicator of bacterial growth; as a consequence of the metabolic activity of bacteria, resazurin 

(blue color, weakly fluorescent) is reduced to resofurin (pink color, fluorescent). Interpretation 
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of results was based on visual inspection of change of color (blue to pink). MIC was defined as 

the lowest concentration of antibiotic that prevented growth. 

2.5.2 Chemical Synthesis 

General Information: CH2Cl2 (HPLC grade) was obtained from VWR and used as 

received. Anhydrous N,N-dimethylformamide (DMF) was obtained from Sigma-Aldrich and 

used as received. THF was distilled from sodium/potassium alloy and stored in a Schlenk flask 

before use. Solvents used for chromatography were of HPLC or spectrographic grade. All other 

reagents were obtained from Sigma-Aldrich or VWR and used as received. Column 

chromatography was performed on Merck “Type E” aluminum oxide (particle size 150 mesh) 

or SiliCycle silica gel (SiO2, 40 - 63 µm particles) using the described eluent systems. Thin Layer 

Chromatography (TLC) was performed using TLC plates from Merck (Al2O3: “Neutral F60” 

with F254 indicator on aluminium backing. SiO2: “Kieselgel F60” with F254 indicator on 

aluminium backing) and compounds were visualized by visual inspection and UV detection at 

254/366 nm. Melting points were measured using ∆T = 1 ºC min-1 on a Stuart Scientific SMP3 

melting point apparatus on the temperature range 50 °C – 400 °C, and are uncorrected. Boiling 

points were measured in a similar manner, using an open-ended boiling point tube. Infrared (IR) 

spectra were recorded neat using a Shimadzu FTIR-8400s spectrophotometer and wavelengths 

are reported in cm-1. 1H, HSQC, HMBC and 13C (Attached Proton Test) nuclear magnetic 

resonance (NMR) spectra were used to characterize prepared compounds, and were recorded on 

a Bruker Avance 500 (125.78 MHz for 13C) or Bruker Avance 400 (100.64 MHz for 13C) using 

the residual solvent as internal standard. 19F spectra were recorded on a Bruker 250 spectrometer 

without any calibration. Electrospray Ionisation (ESI) mass spectrometry was carried out using 

a Bruker micrOTOF-Q instrument in positive ion mode (capillary potential of 4500 V). 

Electron Impact (EI) mass spectrometry was carried out using a Shimadzu GCMS-QP2010 Plus. 

Determination of absorption and emission spectra and the related parameters was performed 

using a Shimadzu UV-2501PC spectrophotometer (absorption measurements) and a Jobin Yvon 

Fluorolog spectrophotometer (fluorescence measurements). Bedaquiline fumarate was obtained 

from Johnson & Johnson; the free base used during synthesis was prepared by extracting a 
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CH2Cl2 solution of the fumarate three times with saturated NaHCO3 solution. The identity and 

purity of the free base thus afforded from the material supplied by Johnson & Johnson was 

verified using HRMS, chiral HPLC and multinuclear NMR spectroscopy. 

Synthesis of 4-(but-3-yn-1-yloxy)benzaldehyde (A1): To dry THF (200 mL) kept at 0 

°C under an N2 atmosphere was added 3-butyn-1-ol (1.00 g, 8.20 mmol, 1.0 eq.), 

triphenylphosphine (2.26 g, 8.60 mmol, 1.05 eq.) and 4-hydroxybenzaldehyde (574 mg, 8.20 

mmol, 1.0 eq.).[19] After five minutes of stirring, diethylazodicarboxylate (DEAD; 2.2 M toluene 

solution, 3.73 mL, 8.20 mmol) was added via syringe. The solution was warmed up to room 

temperature overnight; a color change from yellow to colorless was observed. After 48 h, the 

solution was concentrated in vacuo. Column chromatography (SiO2 stationary phase, gradient 

elution 5% EtOAc in cyclohexane to 15% EtOAc in cyclohexane) afforded 4-(but-3-yn-1-

yloxy)benzaldehyde (354 mg, 2.03 mmol, 25%) as a white crystalline solid. TLC (4:1 

cyclohexane:EtOAc): Rf = 0.50, visualized using 254 nm light. 1H NMR (500 MHz, DMSO): 

δ 9.87 (s, 1H, -CHO), 7.86 (d, 2H, 3J(H,H) = 8.5 Hz, CH), 7.14 (d, 2H, 3J(H,H) = 8.5 Hz, 

CH), 4.18 (t, 2H, 3J(H,H) = 6.4 Hz, -OCH2-), 2.92 (t, 1H, 4J(H,H) = 2.5 Hz, -CCH), 2.68 

(dt, 2H, 4J(H,H) = 2.5 Hz, 3J(H,H) = 6.4 Hz, -CH2CC-) ppm. 13C NMR (125.8 MHz, DMSO, 

293 K): δ 191.4 (-CHO), 163.2, 131.9, 129.8, 115.0, 81.19 (-CCH), 72.7 (-CCH), 66.2 (-

OCH2-), 18.8 (-CH2CC-) ppm. HRMS (ESI): Calc. [M+H]+: 175.0754; found 175.0746. MS 

(EI, + mode): Calc. [M]+: 174.1; found 174.1. Calc. [M-CHO]+: 145.1; found 145.1. Calc. 

[M-O(CH2)2CCH]+: 121.0; found 121.0. IR: 3209, 2824, 2806, 2745, 1672, 1601, 1576, 

1529, 1508, 1393, 1250, 1215, 1163, 1109, 1038, 893, 827, 729, 652 cm-1. MP: 68–70 °C. 

Synthesis of But-3-yn-1-yloxy-BODIPY (B1): To dry THF (100 mL) under an N2 

atmosphere was added aldehyde A1 (300 mg, 1.73 mmol, 1.0 eq.), 2,4-dimethylpyrrole (362 

mg, 3.81 mmol, 2.2 eq.) and 2 drops of trifluoroacetic acid. After 16 hours of stirring at room 

temperature, DDQ (398 mg, 1.73 mmol, 1.0 eq.) was added as a solution in 10 mL THF. After 

1 hour of stirring, the reaction mixture was cooled to 0 °C using ice, and NEt3 (2.0 mL, 14.3 

mmol, ~ 8 eq.) was added via syringe followed by BF3⋅OEt2 (2.5 mL, 25.3 mmol, ~ 15 eq.). The 

reaction mixture was allowed to warm up to room temperature over the course of two hours, 

after which it is filtered over celite. The celite is washed with 100 mL CH2Cl2; pooled organic 
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phases are concentrated in vacuo. The brown, sticky solid thus obtained is diluted with 100 mL 

of EtOAc and washed with satd. NaHCO3, satd. NH4Cl, water and brine. After drying over 

Na2SO4,the organic layer is concentrated in vacuo. Column chromatography (SiO2 stationary 

phase, gradient elution cyclohexane to 20% EtOAc in cyclohexane) afforded but-3-yn-1-yloxy-

BODIPY B1 (335 mg, 0.38 mmol, 22%) as a orange crystalline solid. TLC (2:1 

cyclohexane:EtOAc): Rf = 0.85, red spot with green fluorescence. 1H NMR (500.2 MHz, 

CDCl3, 293 K): δ 7.17 (d, 2H, 3J(H,H) = 8.5 Hz, phenyl CH), 7.12 (d, 3J(H,H) = 8.5 Hz, 2H, 

phenyl CH), 5.98 (s, 2H, pyrrole CH), 4.16 (t, 3J(H,H) = 7.0 Hz, 2H, -OCH2-), 2.74 (dt, 2H, 

4J(H,H) = 2.0 Hz, 3J(H,H) = 7.0 Hz, -CH2CC-), 2.55 (s, 6H, pyrrole -CH3), 2.08 (d, 4J(H,H) 

= 2.0 Hz, 2H, -CCH), 1.43 (s, 6H, pyrrole -CH3) ppm. 13C NMR (125.8 MHz, CDCl3, 293 

K): δ 159.0, 155.3, 143.1, 141.7, 131.8, 129.3 (phenyl CH), 127.5, 121.1 (pyrrole CH), 115.2 

(phenyl CH), 80.2 (-CCH), 70.1 (-CCH), 66.0 (-OCH2-), 19.6 (CH2CCH), 14.6 (both pyrrole 

-CH3 groups, signals overlap) ppm. 19F NMR (235.4 MHz, CDCl3, 293 K): δ -146.3 (q, 1J(F,B) 

= 33.2 Hz, BF2) ppm. HRMS (ESI): Calc. [M+H]+: 393.1872; found 393.1919. MS (EI, + 

mode): Calc. [M]+: 392.2; found 392.3. Calc. [M-HF]+: 372.2; found 372.3. IR: 3283, 2957, 

2943, 2926, 2910, 2887, 1607, 1541, 1506, 1456, 1433, 1408, 1372, 1364, 1340, 1306, 1283, 

1248, 1109, 1022, 1013, 892, 581 cm-1. MP: 151–154 °C (decomposition). 

Synthesis of Bedaquiline-butynyloxy-BODIPY (C1): To a 20 mL glass reactor was added 

Bedaquiline fumarate (68 mg, 102 µmol, 1.0 eq.) and Butynoxy-BODIPY B1 (60 mg, 153 

µmol, 1.5 eq.) in NEt3 (3 mL). The solution was degassed with argon for 5 minutes, after which 

CuI (2 mg, 10 µmol, 0.1 eq.) and Pd(PPh3)4 (12 mg, 10 µmol, 0.1 eq.) in 3 mL argon-degassed 

DMF was added via syringe from stock solutions prepared and kept under argon. The reactor 

was capped with a Teflon-lined plug. After stirring the reaction mixture at 90 °C for 2 hours, 

the reaction mixture was poured into 1:1 ethyl acetate : satd. NaHCO3. The ethyl acetate layer 

was washed twice with water and once with brine. The organic phase was dried over Na2SO4 and 

concentrated in vacuo. Column chromatography (first column SiO2 stationary phase using 6:1 

pentane:EtOAc to 1:1 pentane:EtOAc; second column SiO2 stationary phase using 1:1 

pentane:EtOAc to 100% EtOAc) afforded Bedaquiline-butynyloxy-BODIPY C1 (Figure 2.6, 

32.5 mg, 38 µmol, 37%) as a bright orange solid.  
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Figure 2.6: Structural formula of Bedaquiline-butynoxy-BODIPY. The numbering scheme used 

in this work for elucidation of NMR spectroscopic data is shown. 

TLC (Pentane:EtOAc 1:1): Rf = 0.4, red spot with green fluorescence. 1H NMR (500.2 

MHz, CDCl3, 293 K): δ 8.94 (s, 1H, CH7), 8.61 (d, 1H, 3J(H,H) = 8.5 Hz, naphthyl CH), 

7.94 (s, 1H, CH9), 7.89 (t, 2H, 3J(H,H) = 6.5 Hz, naphthyl CH), 7.77 (d, 1H, 3J(H,H) = 8.5 

Hz, CH12), 7.66 (d, 1H, 3J(H,H) = 8.0 Hz, naphthyl CH), 7.62 (m, 1H, naphthyl CH; signals 

overlap), 7.61 (m, 1H, CH11; signals overlap), 7.49 (t, 1H, 3J(H,H) = 7.0 Hz, naphthyl CH), 

7.31 (t, 1H, 3J(H,H) = 7.5 Hz, naphthyl CH), 7.20 (d, 2H, 3J(H,H) = 8.5 Hz, phenol CH), 

7.12 (br. s, 2H, phenyl CH19), 7.08 (d, 2H, 3J(H,H) = 8.5 Hz, phenol CH), 6.89 (br. s, 3H, 

phenyl CH20/CH21), 5.98 (s, 2H, pyrrole CH), 5.89 (s, 1H, CH5), 4.28 (t, 2H, 3J(H,H) = 7.0 

Hz, OCH2-), 4.22 (s, 3H, OCH3), 3.01 (t, 2H, 3J(H,H) = 7.0 Hz, -OCH2CH2-), 2.56 (s, 6H, 

pyrrole -CH3), 2.5 (1H, -CH3
2-, signals overlap), 2.13 (t, 1H, 3J(H,H) = 13 Hz, -CH3

2-), 1.98 

– 1.92 (m, 2H, -CH2
2-; signals overlap), 1.94 (s, 6H, N(CH3)2), 1.45 (s, 6H, pyrrole -CH3) 

ppm. 13C NMR (125.8 MHz, CDCl3, 293 K): δ 161.6, 159.1, 155.3, 144.6, 143.2, 141.8, 

140.6, 139.4, 134.7, 131.8, 131.8, 131.8, 131.3, 129.9, 129.9, 129.3, 128.2, 127.4, 127.3, 

127.1, 126.8, 125.8, 125.3, 125.3, 125.2, 125.1, 124.5, 121.2, 118.5, 115.3, 85.3 (-CH2CC-), 

82.3 (-CH2CC-), 66.4 (-OCH2-), 56.4 (C5), 54.2 (-OCH3), 49.5, 44.7 (N(CH3)2), 33.4, 20.6 

(-CH2CC-), 14.7 (pyrrole CH3), 14.6 (pyrrole CH3) ppm. 19F NMR (235.4 MHz, CDCl3, 293 

K): δ -146.3 (q, 1J(F,B) = 32.4 Hz, BF2) ppm. HRMS (ESI): Calc. [M+H]+: 867.4252; found 

867.4201. No Bedaquiline starting material was found. IR: Broad peak at 3000 – 2700 cm-1. 

1543, 1508, 1454, 1400, 1369, 1350, 1306, 1286, 1242, 1192, 1155, 1119, 1080, 1038, 1014, 

926, 833, 806, 737, 704 cm-1. MP: 137–145 °C (decomposition). 
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Synthesis of Pentynyloxy-eg4-OH: To dry DMF (12 mL) and tetraethylene glycol mono 

THP ether (4.90 g, 17.6 mmol, 1.0 eq), prepared according to Baker et al.[16] and kept in a dry 

Schlenk flask under nitrogen atmosphere, was added NaOMe (1.19 g, 22.0 mmol, 1.25 eq) at  

0 °C. The clear solution was warmed up to room temperature over the course of 30 minutes. 

After again cooling down the reaction mixture to 0 °C, 5-chloro-1-pentyne (1.81 g, 17.6 mmol, 

1.0 eq) and of sodium iodide (0.15 g, 1 mmol, 5 mol%) were added. The reaction mixture was 

heated to 80 °C for 16 hours. Subsequently, the reaction mixture was quenched with a little 

aqueous saturated NaHCO3 solution, diluted with approximately 100 mL CH2Cl2 and extracted 

three times with water. The organic phase was concentrated in vacuo and dissolved in methanol 

(100 mL) to which was added para-toluenesulfonic acid monohydrate (150 mg). The methanolic 

solution was stirred at room temperature for 72 hours, after which it was concentrated in vacuo, 

dissolved in 100 mL CH2Cl2 and extracted once with saturated aqueous NaHCO3 and twice 

with water. The organic phase was dried over magnesium sulfate, concentrated in vacuo and 

subjected to column chromatography (SiO2 stationary phase, 100% EtOAc) to afford 

pentynyloxy-eg4-OH (695 mg, 2.67 mmol, 15%) as a colorless oil. TLC (100% EtOAc): Rf = 

0.20, visualized using iodine vapour or CerMop staining. 1H NMR (500 MHz, CDCl3): δ 3.68 

(2H, br. s.), 3.6–3.5 (10 H, m), 3.56 (4H, m), 3.51 (2H, t, 3J(H,H) = 6.3 Hz), 2.24 (2H, dt, 

3J(H,H) = 7 Hz, 4J(H,H) = 2.5 Hz, HCCCH2-), 1.91 (1H, t, 3J(H,H) = 2.5 Hz, HCC-), 1.75 

(2H, m, -CH2CH2CH2O-) ppm. 13C (125 MHz, CDCl3): δ 84.0 (-CCH), 72.6 (-CCH), 70.6, 

70.6, 70.6, 70.3, 70.2, 69.6, 68.5, 61.7 (-OCH2CH2CH2-), 28.5 (-OCH2CH2CH2-), 15.2 (-

OCH2CH2CH2-) ppm. HRMS (ESI): Calc. [M+H]+: 261.1690 m/z. Found: 261.1697 m/z. 

Calc [M+Na]+: 283.1518 m/z. Found: 283.1516 m/z. IR: ν 3485.1, 3427.3, 2908.5, 2358.8, 

1249.8, 1120.6, 1110.9, 1072.4, 1033.8, 731.0, 530.4, 505.3, 493.7m 418.5, 405.0 cm-1
. 

Boiling point: 374 °C. 

Synthesis of Pentynyloxy-eg4-benzaldehyde (A2): To dry THF (20 mL) kept at 0 °C 

under an N2 atmosphere was added pentynoxy-eg4-OH (550 mg, 2.11 mmol, 1.0 eq.), 

triphenylphosphine (583 mg, 2.11 mmol, 1.0 eq.) and 4-hydroxybenzaldehyde (257 mg, 2.11 

mmol, 1.0 eq.). After five minutes of stirring, DEAD (918 mg, 2.11 mmol, 1.0 eq) was added 

as a 40 wt% solution in toluene via a syringe. The solution was warmed up to room temperature 
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over night; a color change from yellow to colorless was observed in the first 15 minutes. After 48 

h, the solution was concentrated in vacuo. Column chromatography (SiO2 stationary phase, 

gradient elution 100% cyclohexane to 1:1 EtOAc:cyclohexane followed by a second SiO2 

column using 8:1 EtOAc: CH2Cl2) afforded pentynyloxy-eg4-benzaldehyde A2 (259 mg, 0.71 

mmol, 34%) as a colorless oil. TLC (1:1 EtOAc:cyclohexane): Rf = 0.25, visualized using 254 

nm light. 1H NMR (400 MHz, CDCl3): δ 9.83 (s, 1H, -CHO), 7.78 (d, 1H, 3J(H,H) = 8.8 Hz, 

CH), 6.97 (d, 1H, 3J(H,H) = 8.8 Hz, CH), 4.16 (t, 2H, 3J(H,H) = 4.8 Hz, benzaldehyde-

OCH2-), 3.84 (t, 2H, 3J(H,H) = 4.8 Hz, benzaldehyde-OCH2CH2-), 3.7 – 3.6 (m, 12H, -

(OCH2CH2)3), 3.57 (t, 2H, 3J(H,H) = 6.3 Hz, -OCH2CH2CH2CCH), 2.23 (dt, 2H, 3J(H,H) 

= 6.9 Hz, 4J(H,H) = 2.8 Hz, HCCCH2), 1.91 (t, 1H, 4J(H,H) = 2.8 Hz, HCC-), 1.74 (m, 2H, 

-CH2CH2CH2O-) ppm. 13C NMR (100 MHz, CDCl3): δ 190.9 (-CHO), 163.9 (C1), 132.0 

(C3), 130.00 (C4), 114.9 (C2), 84.0 (-CCH), 70.9, 70.6, 70.6, 70.6, 70.6, 70.2, 69.5, 69.4, 67.8, 

63.6 (-OCH2CH2CH2-), 28.5 (-OCH2CH2CH2-), 15.2 (-OCH2CH2CH2-) ppm. HRMS (ESI): 

Calc. [M+H]+: 365.1951 m/z. Found: 365.1959 m/z. Calc [M+Na]+: 387.1784 m/z. Found: 

387.1778 m/z. IR: ν 2869.9, 1685.7, 1600.8, 1577.7, 1311.5, 1258.5, 1217.0, 1161.1, 1057.0, 

833.2, 651.9 cm-1
. Boiling point: 337 °C (decomposition). 

Sonogashira Test Reaction forming 3-(quinolin-6-yl)prop-2-yn-1-ol: In a 10 mL glass 

reactor, 6-bromoquinoline (210.5 mg, 1.01 mmol, 1 eq), 3-butyn-1-ol (141.0 mg, 2.01 mmol, 

2 eq), Pd(PPh3)4 (61.0 mg, 0.05 mmol, 5 mol%), CuBr (9.1 mg, 0.06 mmol, 6 mol%) and 

triethylamine (4 mL, 0.25 M) were dissolved, degassed using N2 and reacted by heating the 

mixture to 90 °C for 70 minutes.[20] The reaction mixture was partitioned between a saturated 

aqueous solution of (NH4)2SO4 and diethyl ether. The water layer was made alkaline by addition 

of a saturated aqueous solution of NaHCO3 followed by extraction with diethyl ether. The 

combined organic layers were dried (Na2SO4), volatiles were removed in vacuo and the crude 

was subjected to column chromatography (SiO2, gradient of pure cyclohexane to ethyl acetate) 

to yield the product, which was obtained as an oil (151 mg, 0.78 mmol, 77%). TLC (2:1 

cyclohexane : EtOAc): Rf = 0.50. 1H NMR (500 MHz, CDCl3): δ 8.89 (m, 1H), 8.08 (d, 1H, 

3J(H,H) = 8.5 Hz), 8.01 (d, 1H, 3J(H,H) = 8.5Hz), 7.88 (s, 1H), 7.60 (d, 1H, 3J(H,H) = 8.5 

Hz), 7.40 (q, 1H, 3J(H,H) = 4 Hz), 3.87 (t, 2H, 3J(H,H)= 6.0 Hz), 2.75 (t, 2H, 3J(H,H) = 6.0 
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Hz), 2.28 (br, 1H, OH). 13C NMR (125 MHz, CDCl3): δ 150.9, 147.6, 135.8, 132.5, 131.2, 

129.6, 128.1, 121.9, 121.8, 88.2, 82.1, 61.224.1. 

Synthesis of Pentynyloxy-eg4-BODIPY (B2): To dry THF (30 mL) under an N2 

atmosphere was added aldehyde A2 (200 mg, 0.55 mmol, 1.0 eq.), 2,4-dimethylpyrrole (115 

mg, 1.21 mmol, 2.2 eq.) and 1 drop of trifluoroacetic acid. After 16 hours of stirring at room 

temperature, DDQ (125 mg, 0.55 mmol, 1.0 eq.) was added as a solution in 1 mL THF. After 

1 hour of stirring, the reaction mixture was cooled to 0 °C using ice, and NEt3 (444 mg, 4.4 

mmol, 8 eq) of NEt3 was added via syringe followed by BF3⋅OEt2 (780 mg, 5.5 mmol, 10 eq.). 

The reaction mixture was allowed to warm up to room temperature over the course of two hours, 

after which it was filtered over Celite. The celite was washed with CH2Cl2; pooled organic phases 

are concentrated in vacuo. The brown, sticky solid thus obtained was diluted with CH2Cl2 and 

washed with satd. NaHCO3, satd. NH4Cl, water and brine. The pooled aqueous layers were 

back-extracted once with CH2Cl2. After drying over Na2SO4, the organic layer was concentrated 

in vacuo. Column chromatography (SiO2 stationary phase, isocratic elution with 1:1 

EtOAc:cyclohexane) gave pentynyloxy-eg4-BODIPY B2 (141.7 mg, 0.23 mmol, 54%) as a 

brown-orange waxy solid. TLC (1:1 EtOAc:cyclohexane): Rf = 0.20, red spot with green 

fluorescence. 1H NMR (500 MHz, CDCl3): δ 7.14 (d, 2H, 3J(H,H) = 8.5 Hz, phenol CH), 

7.01 (d, 3J(H,H) = 8.5 Hz, 2H, phenol CH), 5.97 (s, 2H, pyrrole CH), 4.17 (t, 2H, 3J(H,H) = 

5.0 Hz, -CH2-), 3.90 (t, 2H, 3J(H,H) = 5.0 Hz, -CH2-), 3.76 – 3.59 (m, 12 H, -OCH2CH2O-

), 3.55 (t, 2H, 3J(H,H) = 6.3 Hz, -OCH2(CH2)2CCH), 2.54 (s, 6H, pyrrole CH3), 2.28 (dt, 

2H, -CH2CCH), 1.93 (t, 1H, -CCH), 1.79 (m, 2H, -OCH2CH2CH2-), 1.41 (s, 6H, pyrrole) 

ppm. 13C NMR (125 MHz, CDCl3): δ 159.4, 155.3, 143.3, 141.9, 132.0, 129.3 (phenol CH), 

127.3, 121.2 (pyrrole CH), 115.3 (phenol CH), 84.1 (-CCH), 71.0, 70.8, 70.7, 70.4, 69.8, 

69.7, 68.6, 67.6, 28.6 (-OCH2CH2CH2-), 15.3 (-CH2CCH), 14.8 (both pyrrole CH3 groups, 

signals overlap) ppm. 19F NMR (235.4 MHz, CDCl3, 293 K): δ -146.3 (q, 1J(F,B) = 32.9 Hz, 

BF2) ppm. HRMS (ESI): Calc. [M+Na]+: 605.2969 m/z. Found: 605.2982 m/z. IR: ν 2922.0, 

2864.1, 2358.8, 2337.6, 1608.5, 1541.0, 1508.2, 1467.7, 1407.9, 1363.6, 1305.7, 1286.4, 

1245.9, 1191.9, 1155.3, 1982.0, 1049.2, 1012.6, 974.0, 853.1, 763.8, 704.0, 601.8, 582.5 cm-

1. Melting point: 158–164 °C (decomposition). 
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Synthesis of Bedaquiline-pentynoxy-eg4-BODIPY (C2): To a 10 mL glass reactor was 

added Bedaquiline fumarate (76.6 mg, 114.5 µmol, 1.0 eq.) and pentynoxy-eg4-BODIPY B2 

(99.7 mg, 172 µmol, 1.5 eq.) in 5 mL NEt3. The solution was degassed with argon for 5 minutes, 

after which CuI (1.1 mg, 6 µmol, 5 mol%) and Pd(PPh3)4 (26.4 mg, 23 µmol, 0.2 eq.) in 5 mL 

argon-degassed DMF were added via syringe from stock solutions prepared and kept under 

argon. The reactor was capped with a Teflon-lined plug. After stirring the reaction mixture at 

90 °C for 2 hours, the reaction mixture was poured into 1:1 ethyl acetate : satd. NaHCO3. The 

ethyl acetate layer was washed twice with water and once with brine. The organic phase was 

dried over Na2SO4 and concentrated in vacuo. Extensive column chromatography (SiO2 

stationary phase using 3:1 pentane:EtOAc to 1:1 pentane:EtOAc; followed by Al2O3 stationary 

phase using 8:1 hexane:EtOAc to 100% EtOAc) followed by washing of the obtained solid with 

about 5 mL of isopropanol gave Bedaquiline-pentynoxy-eg4-BODIPY C2 (Figure 2.7, 17.9 mg, 

17.0  mol, 15%) as a bright orange solid. 

 

 

Figure 2.7: Structural formula of Bedaquiline-pentynoxy-eg4-BODIPY C2. The numbering 

scheme used in this work for elucidation of NMR spectroscopic data is shown. 

TLC (3:1 EtOAc:cyclohexane): Rf = 0.22, red spot, green fluorescence. 1H NMR (500 

MHz, CDCl3): δ 8.86 (s, 1H), 8.54 (d, 1H, 3J(H,H) = 9.0 Hz), 8.31 (br. s, 1H, -OH), 7.81 (m, 

3H), 7.67 (d, 1H, 3J(H,H) = 8.5 Hz), 7.58 (d, 1H, 3J(H,H) = 8.0 Hz), 7.54 (t, 1H, 3J(H,H) = 

7.75 Hz), 7.50 (d, 1H, 3J(H,H) = 8.5 Hz), 7.42 (t, 1H, 3J(H,H) = 7.5 Hz), 7.23 (t, 1H, 3J(H,H) 

= 7.75 Hz), 7.08 (d, 2H, 3J(H,H) = 9.0 Hz, phenol CH), 6.95 (br. s, 2H), 6.94 (d, 2H, 3J(H,H) 

= 8.5 Hz, phenol CH), 6.81 (t, 3H, 3J(H,H) = 3 Hz), 5.98 (s, 2H, pyrrole CH), 5.82 (s, 1H, 
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CH5), 4.13 (s, 3H, -OMe), 4.10 (t, 2H, 3J(H,H) = 4.6 Hz), 3.83 (t, 2H, 3J(H,H) = 5 Hz, -CH2-

), 3.7 – 3.5 (m, 14 H, -CH2-), 2.49 (s, 6H, pyrrole CH3), 2.5 (m, 2H, -CH 
2-), 2.5 (m, 1H, 

diastereotopic -CH3
2- protons), 2.05 (t, 1 H, 3J(H,H) = 12.5 Hz, diastereotopic -CH3

2- protons), 

1.9 (m, 2H, -CH2
2-), 1.90 (s, 6H, -NMe2), 1.9 – 1.8 (m, 2H, -CHβ

2-), 1.34 (s, 6H, pyrrole 

CH3) ppm. 13C NMR (125 MHz, CDCl3): δ 161.6, 159.5, 155.3, 144.5, 143.3, 142.0, 141.9, 

140.8, 139.4, 134.8, 132.0, 131.1, 130.1, 130.0, 129.3 (phenol CH), 128.3, 127.5, 127.3, 

127.2, 126.9, 125.5, 125.4, 125.4, 124.6, 121.2 (pyrrole CH), 119.3, 115.3 (phenol CH), 89.5, 

82.8, 81.1, 71.0, 70.8, 70.5, 70.0, 69.9, 67.6, 56.5 (C2), 54.3 (OMe), 49.6 (C5), 44.9 (C1), 33.5 

(C3), 29.0 (Cβ), 16.4 (Cα), 14.8 (pyrrole CH3), 14.7 (pyrrole CH3) ppm. 19F NMR (235.4 MHz, 

CDCl3, 293 K): δ -146.3 (q, 1J(F,B) = 32.9 Hz, BF2) ppm. HRMS (ESI): Calc [M+H]+: 

1057.5457, [M+H+Na]2+: 540.2675, [M+2H]2+: 529.2765, [M+H-F]2+: 519.2734 m/z. Found 

resp. 1057.5426, 540.2656, 529.2739, 519.2715 m/z. IR: ν 2922.0, 2860.2, 2358.8, 2331.8, 

1606.6, 1543.0, 1508.2, 1456.2, 1438.8, 1400.2, 1305.7, 1245.9, 1193.9, 1155.3, 1116.7, 

1105.1, 1080.1, 1062.7, 1051.1, 1012.6, 975.9, 910.3, 835.1, 729.0, 704.0, 640.3, 603.7, 

582.5, 455.2 cm-1 MP: 165–170 °C (decomposition). 
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2.5.3 Purity Analysis of Fluorescent Bedaquiline Derivatives using HPLC 

Using a HPLC system equipped with a Dr. Maisch chiral stationary phase, the presence of 

unreacted Bedaquiline was investigated. A 95:5 heptane:isopropanol solvent system at 0.7 mL 

min-1 flow rate, using a fixed column temperature of 25 °C was found to give good resolution in 

time between peaks. A calibration curve was prepared in duplo using dilutions of Bedaquiline in 

the concentration range [0.000, 0.005, 0.025, 0.050, 0.250, 0.500] µmol mL-1 to give a total of 

12 data points, all within the linear response regime of the instrument. Fitting the instrument 

response I to the linear equation I = aC + b using linear regression gave 

  I = 9.214 . 108 C + 8.627 . 102
  

with C the Bedaquiline concentration (in µmol mL-1) and coefficient of determination R2 = 

99.92%. This linear equation has been used to calculate the concentration of unreacted 

Bedaquiline in the fluorescently labeled compounds.  

The results of the purity analysis thus described are as follows: 

Calculated concentration Bedaquiline freebase in C1:  

0.085 mol%; n = 4; st. dev. = 0.039 mol% 

Calculated concentration Bedaquiline freebase in C2:  

0.058 mol%; n = 4; st. dev. = 0.007 mol% 

The retention times associated with the given HPLC parameters are: 

Retention time Bedaquiline free base (from J&J, see General Information):  

5 minutes 42 seconds 

Retention time Bedaquiline-butynoxy-BODIPY, C1:  

15 minutes 15 seconds 

Retention time Bedaquiline-pentynoxy-eg4-BODIPY, C2:  

63 minutes 8 seconds 
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Abstract: In search of supramolecular antenna systems for light-harvesting applications, we 

report on a short and effective synthesis of a fused NDI-zinc-salphen-based chromophore 

(salphen = bis-salicylimide phenylene) and its photophysical properties. A supramolecular 

recognition motif is embedded into the chromophoric π-system of this compound. The fused π-

chromophore behaves as one pigment, absorbs light between 600 and 750 nm and displays a 

modest Stokes shift. Upon binding pyridines, the compound (DATS) does not change its redox 

potentials, does not undergo any internal excited state quenching and does not appreciably alter 

its excited state lifetime. These notable properties define DATS as an alternative to porphyrin-

based components used in supramolecular light-harvesting architectures.
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3.1 Introduction 

In natural photosynthesis, chlorophyll pigments absorb sunlight by the extended conjugated 

π-system of their chlorin rings. A Mg2+ cation is bound inside the macrocycle and interacts with 

basic N-containing residues in the protein environment.[1] Metalated porphyrins and 

phthalocyanins, close analogues to these natural chlorophylls, are used as chromophoric building 

blocks in man-made artificial photosynthetic systems.[2] The redox-innocent 2p6 (Mg2+) or 3d10 

(Zn2+) metal support present inside the π-aromatic ring of these compounds is ideally suited to 

provide structural support to the chromophore without interfering with excited state energy 

transfer or charge separation processes.[3] Notwithstanding the synthesis of many porphyrin-

related light-harvesting macrocycles, only few alternative organic compounds with a ligand-

binding metal atom as integral part of its chromophore core have been developed.[4] The 

integration of these and other light-harvesting molecular components into artificial 

photosynthetic assemblies has been carried out using various strategies giving rise to polymeric, 

dendrimeric or supramolecular architectures.[5] The supramolecular coupling of components has 

advantages over synthesizing covalent interconnections, but requires precise control over the 

interaction stability and specificity.[6] Thus, units with predictable photophysical and 

electrochemical properties, that are invariant when interacting with other supramolecular 

components, are desirable; unforeseen property modulation will preclude sensible a priori design 

of novel supramolecular light-harvesting systems. 
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Figure 3.1: Structural formulas and synthesis of relevant compounds.  

R = n-octyl. Reaction conditions i: excess 1,2-diaminobenzene, DMF, 80 °C, ii: 1,2-diamino-4,5-

ditosylamidobenzene, 2.5 eq, DMF, 80 °C, iii: H2SO4 98%, rt., iv: aldehyde, 2.5 eq, ZnOAc2 
. H2O, 10 

eq, DMF, 80 °C. 

These arguments considered, we present in this chapter a fully synthetic chromophore, 

DATS (see Figure 3.1) as a new component for rationally designed light-harvesting assemblies. 

This DATS scaffold contains a core-expanded naphthalene diimide (cNDI) fused with a zinc 

bis-salicylimide phenylene (salphen) moiety. The extensive use of rylene diimide dyes in light-

harvesting architectures[7] and the recent development of cNDI-based (semi)-conductors for 

organic electronics inspired us to the design and synthesis of DATS.[8] Moreover, pyridine 

coordinating zinc-salphen constructs are well-established.[9] Orthogonal coordination of pyridine 

ligands to the rigid π-electron skeleton of DATS is, therefore, expected to limit electronic 

influence of supramolecular interactions on the molecular orbitals involved in light absorption. 

By employing sterically demanding tert-butyl substituents on the salphen ring, this orthogonal 
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coordination mode will be forced and dynamic excited-state processes leading to non-radiative 

losses are likely to be suppressed. We present the synthesis of the chromophore and its pyridine 

complexes, a photophysical analysis using time-resolved spectroscopy and an investigation of the 

electronic influence of pyridine binding to the chromophore. 

3.2 Results and Discussion 

3.2.1 Synthesis 

Our synthetic approach relies on the nucleophilic aromatic substitution of tetrabrominated 

naphthalene diimide Br4NDI with 1,2-diamino-4,5-ditosylamidobenzene to give the 

unsymmetrical, core-expanded precursor DATTs (see Figure 3.1). Reference material DAT was 

obtained using 1,2-diaminobenzene, as described in the literature.[10] The dihydrodiazatetracene 

polycycle thus afforded is much less prone to nucleophilic attack on the remaining brominated 

positions and no double nucleophilic aromatic substitution was observed under the reaction 

conditions.[11] Whenever desired, palladium-catalyzed cross-coupling may allow further 

derivatization of the diimide core at a later stage.[12] Removal of the tosyl groups with 

concentrated sulfuric acid set the stage for a metal-templated condensation of the resulting 

diamine with 3,5-bis-(tert-butyl)salicylaldehyde in the presence of zinc acetate.[13] This reaction 

gave, after purification via repeated precipitation from CH2Cl2 and methanol, the target 

compound DATS as a dark green solid in 54 % overall yield from Br4NDI. We propose that the 

DATS-construct contains a zinc complex with an adventitious water molecule in the fifth 

coordination site, since no coordinated methanol (used during purification of the material) or 

acetic acid (originating from the zinc acetate used) could be identified by 1H NMR spectroscopy 
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or high-resolution FAB-MS. Such coordination of water is in agreement with known sterically 

encumbered zinc-salphen complexes.[14] 

3.2.2 Ligand Binding 

 

Figure 3.2: Titration experiment with 4PP using DATS. Plot shows λmax,abs versus added equivalents 

of 4PP. 

In order to probe the influence of ligand binding to ZnII, pyridine (P) and its more 

electronegative 4-tert-butyl (TP) and 4-pyrrolidyl (PP) derivatives were added in CH2Cl2 to 

obtain the corresponding Zn-coordinated DATS adducts in excellent yields ranging from 97 % 

to quantitative, as confirmed by FAB-MS and multinuclear NMR analysis. Monitoring the 

titration of DATS with up to four equivalents of 4-pyrrolidylpyridine using UV/Vis 

spectroscopy led to a small bathochromic shift of absorption features (see Figure 3.2), which 

reaches its maximum value of about 20 nm after addition of one equivalent of ligand. This 

concurs with literature reports on monomeric ZnII-salphens, where ligand exchange of zinc-

bound water or alcohols takes place upon addition of one equivalent of pyridine.[9a] 
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3.2.3 Excited-State Photophysics 

The photophysical properties of DATS, its pyridine complexes and reference compounds 

DAT and ZnS (see Figure 3.1) were studied by steady-state and transient absorption 

spectroscopy (TAS), using toluene as a solvent.[15] Global analysis was performed on the TAS 

data to extract the decay paths. These are computed as a number of interconverting evolution 

associated difference spectra (EADS, for a sequential decay model) and decay associated 

difference spectra (DADS, for a parallel decay model). [16] Mathematically, the time constants 

computed for either sequential or parallel decay are identical, as described by Van Stokkum  

et al.[25] 

Zinc-salphen complex ZnS was characterized by broad absorption bands at 310 and 396 nm 

with onset of absorption at 500 nm in the steady-state experiments. Its fluorescence was too 

weak to accurately record. The TAS data revealed 1.2 and 37 ps processes assigned to relaxation 

and one final excited state decay process at a timescale beyond the 3.5 ns time limit of our 

measurement apparatus. Steady-state absorption spectra of core-expanded naphthalene diimide 

DAT shows four bands between 450 and 600 nm, interpreted as a vibronic progression of the 

lowest excited state.  
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Figure 3.3, Left: DAT data. a: Absorption (black) and fluorescence (red) spectra. b: EADS. c: DADS. 

Right: ZnS data. a: Absorption (black) and fluorescence (red) spectra. b: EADS. c: DADS. 

The fluorescence spectrum of this molecule (Figure 3.3) shows three bands of fluorescence 

from the lowest excited state, again reflecting a vibronic structure, here due to vibrational levels 

of the ground state. The Stokes shift observed between absorption and emission is 4 nm. TAS 

measurements on DAT revealed relaxation processes with time constants of 621 fs and 46 ps, 

followed by excited state decay tentatively fitted to 8.9 ns due to the aforementioned 3.5 ns time 

limit of our experimental setup. The first lifetime of 621 fs refers to a transition in which a small 

red-shift of the stimulated emission is observed. This is caused by structural relaxation of the 

excited molecule or by solvation effects; as the molecule is excited to the lowest vibrational state, 

vibrational relaxation is not expected. The second EADS has a lifetime of 46 ps, comprising a 
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decrease of stimulated emission. This can be explained by a relaxation process of the molecule 

or the solvent to a final state having less Franck-Condon overlap with the ground state, leading 

to a decreasing probability for stimulated emission. 

 

Figure 3.4, Top: Normalized absorption (black) and fluorescence (red) spectra of DATS. Bottom: 

EADS of DATS. 

The steady-state absorption and fluorescence spectra of the cNDI/zinc-salphen dyad DATS 

are shown in the top of Figure 3.4. The absorption spectrum contains the same features as the 

reference compounds, but each band is substantially red-shifted. Evidently this indicates that the 

two parts of the dyad are electronically strongly coupled, and that the entire diimide–salphen 

structure must be regarded as one chromophore. This is confirmed by fluorescence excitation 

measurements, which show full energy transfer between the two parts of DATS. The dyad retains 

its fluorescence with an enlarged Stokes shift of 20 nm compared to DAT. 
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Table 3.1: EADS-associated time constants obtained from transient absorption studies. a: Lifetime 

measurements determined in toluene as described in the Experimental Section. b: Time constants obtained 

by global transient absorption analysis of TAS data. c: Fitted on a timescale beyond the 3.5 ns measuring 

limit of our experimental setup. 

Compounda τ1
b τ2

b τ3
b 

DAT 621 fs 46 ps ~9 nsc 

DATS 6.5 ps 162 ps 770 ps 

DATS-PP 2.5 ps 54 ps 582 ps 

DATS-TP 0.5 ps 9.3 ps 709 ps 

DATS-P 1.7 ps 14 ps 703 ps 

 

EADS data derived from global analysis of the TAS study on DATS is presented on the 

bottom of Figure 3.4, spectra belonging to DATS-pyridine complexes can be found in the 

Experimental Section. The data show ground-state bleaching and stimulated emission 

corresponding with the bands in the steady state spectra. The positive contribution in the EADS 

results from excited state absorption. In the steady-state measurements no differences in 

absorption and emission band structure were observed between DATS and its pyridine adducts. 

For each pyridine adduct three time constants of similar order of magnitude are needed for a 

sufficient fit of the TAS-derived EADS data, as summarized in Table 3.1. All four compounds 

display excitation photophysics qualitatively similar to that of parent NDI DAT. Hence, we 

assign time constants τ1 to structural relaxation or solvation of the dyads in the excited state or a 

solvation process. The second process with τ2 of all dyads describes a decrease of stimulated 

emission, assigned to a second structural relaxation of the excited state to a state from which 
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stimulated emission is less probable. The third time constant τ3 gives the lifetime of the excited 

state, which is lowered by one order of magnitude compared to DAT. The relaxation process τ1 

and excited state relaxation with τ2 are affected most by complexation of pyridines. The variation 

in the observed time constants for ground-state decay τ3 shows that the ligand has only a small 

influence on the eventual fate of the excited state. This indicates an insensitivity of the π-

conjugated chromophore to changes in the fifth coordination site of Zn, besides obvious but 

minor influences of the ligand to the dielectric environment around the molecule. 

3.2.4 Electronic Structure 

To probe the electronic structure of the compound and investigate the effect of ligand 

coordination, we determined the oxidation and reduction potential of DATS, its pyridine 

adducts, and the reference components DAT and ZnS by cyclic voltammetry (Table 3.2). From 

the electrochemical investigation it appears that the experimentally determined HOMO of the 

dyads (ca. -5.6 eV) lies in between that of ZnS (-6.04 eV) and DAT (-5.35 eV). Addition of the 

optical band gap of the material allows calculation of experimental LUMO values.[7a, 17] The 

dyads undergo a significant stabilization of ~0.8 eV from the average constituent LUMO values 

of about -3.2 eV, giving a LUMO energy of around -4 eV. Interestingly, across the increasingly 

electron-rich series of pyridine ligands, no HOMO destabilization is observed. 
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Table 3.2: Experimental FMO energy levels from cyclic voltammetry and steady-state absorption 

experiments, alongside TD-DFT calculated optical band gap. a: From CV measurements, see Experimental 

Section for additional information. Experimental parameters: Anhydrous conditions, CHCl3 solvent, 0.1 

m TBAP electrolyte, Pt counter electrode, Ag/Ag+ reference electrode, GC working electrode, scan rate 0.1 

Vs-1. Vacuum energy level calculated via EHOMO, exptl = -4.9 - Eox,Ag/Ag+.[17] b: Calculated via ELUMO, exptl =EHOMO, 

EXP + ∆Eexptl. c: Calculated via ∆Eexptl = 1240/λmax
onset; the onset wavelength is taken as the wavelength at 5 

% peak value intensity of the main absorption feature. d: Energy of the first optical transition (TS1) as 

assessed by TD-DFT calculations, see text. e: Values taken from Q. Ye et al.[12]  

Compound EHOMO, exptl
a (eV) 

ELUMO,  exptl
b 

(eV) ∆E,  exptl
 c (eV) ∆E, TDDFT

d (eV) 

ZnS -6.04 -3.22 2.82 3.07 

DAT -5.35e -3.25e 2.07 2.40 

DATS -5.66 -4.10 1.56 2.10 

DATS-P -5.61 -4.05 1.56 2.09 

DATS-TP -5.60 -4.04 1.56 2.09 

DATS-PP -5.60 -4.04 1.56 2.08 

 

The corresponding MO energy levels were calculated at the B3LYP/LANL2DZ level of 

theory, whereas TD-DFT calculations with the cam-B3LYP functional[18] were used to examine 

the nature of the first two optical transitions (TS1 and TS2 in Figure 3.5). Geometry 

optimization on ground-state molecular models was performed with Gaussian ’09 software, 

using PCM solvation in chloroform. On these ground-state optimized geometries, after passing 

frequency analysis, TD-DFT calculations were performed using PCM solvation in chloroform 

to obtain computational absorption maxima.[27] The used theoretical framework is justified 

considering that cam-B3LYP has been shown to model charge-transfer excitations in a variety of 

small organic molecules to a satisfactory level;[28] accuracy for larger porphyrin and chlorophyll-
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like structures has been proven much better than B3LYP itself, and is similar to the 

computationally more expensive CASPT2 or CAS-CI methods.[29]
 

 

Figure 3.5: TD-DFT calculated energies and orbital configurations of optical transitions TS1 and 

TS2; molecular orbital isocontour plots of involved orbitals of the DATS-PP adduct. Values for all other 

DATS-compounds mentioned are similar. 

The trends of reduced optical band gap in DATS is reproduced by our TD-DFT 

calculations (Table 3.2, rightmost column). The extensively delocalized HOMO and LUMO 

observed in the DATS model demonstrate nicely that a strong interaction exists between its 

components; the overlapping electron density is caused by the flat geometry and unbroken 

conjugation of the aromatic scaffold. It is evident that the electronic structure of the dye as 

assessed by the quantum-chemical calculations is not a simple superposition of its constituents. 

This is in line with the observations reported by Vauthey et al. on the photophysical properties 
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of their cNDI/porphyrin dyad.[10] Furthermore, inspection of the MO iso-contour plots of, for 

example, the PP-adduct shows negligible electron density on the pyridine ligand in the MOs 

involved in the optical transition (Figure 3.5, right, other adducts show identical electronic 

structures), meaning that electronic interaction between the ligand and the chromophore is 

precluded by the orthogonal coordination of the pyridine derivatives to DATS. The calculated 

configurations of orbitals involved in the optical transitions are displayed in Table 3.3 and show 

that the electronics of the photoexcitation process are not in any way perturbed upon 

coordination of pyridine or its more electron-rich TP or PP congeners. 

Table 3.3: Energies and configurations of optical transitions as calculated by TD-DFT. a: Energy of 

the first two vertical singlet excitations from TD-DFT, in eV and nm. b: Orbital configuration for each 

transition. HOMO and LUMO are indicated with parenthesized letters H and L, respectively. 

Compound TS1a Configurationb TS2a Configurationb 

DATS 
2.10 eV 14 %=H-2 to L 2.80 eV 34 %=H-1 to L 

591 nm 81 %=H to L 442 nm 43 %=H to L+1 

DATS-P 
2.09 eV 15 %=H-2 to L 2.78 eV 40 %=H-1 to L 

593 nm 80 %=H to L 446 nm 38 %=H to L+1 

DATS-TP 
2.09 eV 15 %=H-2 to L 2.78 eV 42 %=H-1 to L 

593 nm 80 %=H to L 446 nm 37 %=H to L+1 

DATS-PP 
2.08 eV 16 %=H-2 to L 2.76 eV 47 %=H-1 to L 

596 nm 78 %=H to L 449 nm 33 %=H to L+1 
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3.2.5 Solid-state DATS analogues 

Having thus ascertained the photophysical properties of DATS, we attempted the synthesis 

of several analogues by varying the identity of the aldehyde component of the synthesis (step iv 

in Figure 3.1). Specifically, we prepared DATS analogues using completely unsubstituted 

salicylaldehyde and the electron-rich 4-(N,N-dimethylamino)salicylaldehyde. The obtained 

microcrystalline materials were practically insoluble in any organic solvent medium, which is not 

surprising given the apparent flatness of the resulting compounds, which have a large and very 

accessible conjugated surface that should be capable of intermolecular “π-stacking”-type 

interactions. 

The promise of structured, crystalline organic light absorbers is significant. If a ‘designer 

molecule’ with tuneable photophyiscal properties such as DATS can be made to assemble in a 

predictable matter, this would allow the rational production of light harvesting solids similarly 

to the bacteriochlorophyll pigments found in photosynthetic bacteria. Thomas, de Groot and 

coworkers analyzed the DATS-NMe2 material using a novel combination of real-space 

transmission electromicroscopy images, and solid state Magic Angle Spinning NMR.[23] 
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Figure 3.6: Results of the hybrid MAS-NMR & TEM analysis of Thomas et al. A: TEM image of 

DATS-NMe2, recorded lying on top of a carbon grid. The lamellar character of the compound is visible. 

B: Fourier transform of the indicated area, showing reciprocal-space TEM diffraction pattern. C: 

Calculated the electron-density map within a 20 by 10 by 5 supercell, corresponding to the indicated area. 

D. simulated diffraction pattern obtained with the NMR-derived geometry in the P2/c space group. E: 

orientation of DATS-NMe2 as viewed lying on the carbon grid. F: Orientation viewed along the short axis 

perpendicular to the grid. G: Orientation along the long axis perpendicular to the grid. Image taken from 

Thomas, Rombouts et al.[23] 

The results are summarized in Figure 3.6. Constraints on the unit cell were obtained from 

a fourier transform of the real-space TEM image. Combined with inter- and intraatomic distance 

constraints from MAS-NMR experiments, the packing structure of DAT-NMe2 in the solid 

phase could be resolved, even though this microcrystalline solid was not amenable to regular 

XRD analysis. By doing so, the solid was shown to be composed of sheets of DAT-NMe2 

molecules, having aligned and alternating dipole moments.  
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3.3 Conclusion 

We have synthesized a novel cNDI/zinc salphen hybrid with major absorption features in 

the 600 – 750 nm range, beyond that of the parent DAT chromophore, because of its extended 

conjugation. Compared to the widely utilized supramolecular chromophore building block Zn-

tetraphenylporphyrin, the compound described herein shows a similar Stokes shift (20 nm versus 

17 nm for ZnTPP) and excited state lifetime (0.6–0.7 ns versus 2 ns for ZnTPP).[21] The ability 

of this scaffold to bind various pyridine ligands without modulating the photophysical properties 

of the chromophoric π-system is substantiated by spectroscopic, voltammetric, and 

computational analysis. A solid state analysis of a completely insoluble microcrystalline DATS 

analogue was performed by a collaborating research group, which was able to identify the exact 

solid state structure of this material. These results show the advantage of strategically 

incorporating metal-based supramolecular recognition sites inside a chromophoric structure, and 

suggest that DATS or similarly designed dyes may fulfill an important role in the future 

development of organic supramolecular antenna systems, to be used in both traditional solution-

phase applications, as well as rationally designed solid-state organic light absorbers. 
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3.4 Experimental Section 

Details and Results of Spectroscopic Study: Steady-state absorption spectra were recorded 

on a Perkin Elmer Lambda 40 UV/VIS spectrometer. Fluorescence spectra were measured with 

a commercial spectrophotometer (Jobin Yvon, Fluorolog). Ultrafast transient absorption 

spectroscopy was performed on a set-up described earlier.[24] The output of an 800 nm, 1 kHz 

amplified Ti:Sapphire laser system was used. ZnS was excited at 400 nm using the second 

harmonic of the fundamental beam. Excitation beams for DAT and DATS were prepared at 590 

and 685 nm respectively using an optical parametric amplifier. The pulse energy was set to 100 

nJ per pulse and focused to a spot of ~200 µm diameter. The probe pulse was created by focusing 

part of the 800 nm beam on a CaF2 crystal for probing in the 400-700 nm range or a sapphire 

plate for probing in the 500-800 nm range. The pump and probe were focused on the sample 

and the polarization was set to the magic angle of 54.7˚. Absorption difference spectra (∆A) are 

calculated by ∆A(λ) = -log(Ipumped)/log(Iunpumped) for delays up to 3.5 ns.  

Samples for optical spectroscopy measurements were prepared in toluene. For fluorescence, 

the OD at 700 nm was set at 0.1 in an 1 cm cuvet. For steady-state and transient absorption 

spectroscopy this was 0.5 in an 1 mm cuvet, which corresponds to an OD of 5 in cm. Global 

analysis of the transient absorption data was performed using the program Glotaran.[25, 26] In 

global analysis all wavelengths are analyzed simultaneously using a sequentially interconverting 

model 1 → 2 → 3 → … Here the numbers indicate evolution associated difference spectra 

(EADS) that interconvert with successive monoexponential decay rates, each of which can be 

regarded as the lifetime of each EADS. Data from experiments in the 400-700 nm and 500-800 

nm range were fitted simultaneously. The EADS that follow from the sequential analysis are 

visualizations of the evolution of the (excited) states of the system and usually represent a mixture 

of molecular species. This sequential analysis is mathematically equivalent to a parallel (sum-of-

exponentials) analysis and the time constants that follow from the analysis apply to both.[27] The 

parallel decay scheme produces decay associated difference spectra (DADS). For a more detailed 

description of global analysis we refer to Van Stokkum et al..[25]  

  



Chapter 3 

87 

Details of Cyclic Voltammetry and DFT Experiments 

Ground-state geometry optimization was performed with Gaussian ’09 software on ground-

state molecular models at the B3LYP/LANL2DZ level of theory using PCM solvation in 

chloroform to yield HOMO and LUMO ground state energy levels. The models employ methyl 

instead of imide n-octyl tails, 5-methyl instead of 5-t-butyl on the salicylimine moiety. All ligands 

are modeled without simplification. As described in the main text, we propose existence of DATS 

as its H2O adduct. On these ground-state optimized geometries, after passing frequency analysis, 

time-dependent DFT (TD-DFT) calculations were performed at the cam-B3LYP/LANL2DZ 

level of theory using PCM solvation in chloroform to obtain TDDFT absorption maxima. The 

experimental HOMO energy levels were determined using cyclic voltammetry in chloroform. 

The experimental LUMO energy levels were derived by substracting the optical HOMO-

LUMO gap ∆EH-L EXP, obtained from the onset of the longest absorption wavelength in CHCl3. 

Table 3.4 summarizes all experimental and computational energy levels, more comprehensively 

than the main text does. Cyclic voltammetry plots used to determine experimental values are 

shown in Figure 3.7, Figure 3.8 and Figure 3.9. 
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Figure 3.7: CV plot of DATZnS at 0.1 V s-1, 0.1 M TBAP electrolyte, Pt counterelectrode, Ag/Ag+ 

reference electrode, glassy carbon working electrode. Scanned voltage ranges are -0.9 – +1.6 V, +0.5 – +1.0 

V, +0.65 – +0.925 V respectively. 

 

Figure 3.8: CV plot of P, TP and PP complexes with DATZnS at 0.1 V s-1, 0.1 M TBAP electrolyte, 

Pt counterelectrode, Ag/Ag+ reference electrode, glassy carbon working electrode. Scanned voltage range is 

-0.9 – +1.6 V. 
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Figure 3.9: CV plot of ZnS at 0.1 V s-1, 0.1 M TBAP electrolyte, Pt counterelectrode, Ag/Ag+ 

reference electrode, glassy carbon working electrode. Scan range: -0.9 – +1.6 V. 

Table 3.4: Comparison of FMO Energy Levels from Cyclic Voltammetry and Steady-State 

Absorption Experiments to B3LYP/LANLD2Z DFT Calculations. a: from CV measurements, vide infra 

for relevant CV plots. Experimental parameters: Anhydrous conditions, CHCl3 solvent, 0.1 M TBAP 

electrolyte, Pt counter electrode, Ag/Ag+
 reference electrode, GC working electrode, scan rate 0.1 V s-1; vide 

infra for CV plots. Vacuum energy level calculated via EHOMO, EXP = -4.9 - Eox,Ag/Ag+ b: calculated via ELUMO, 

EXP = EHOMO, EXP + ∆EH-L, OPT. c: calculated via ∆EH-L, OPT = 1240 / λmax
onset; the onset wavelength is taken as 

the wavelength at 5% peak value intensity of the main absorption feature d: calculated via  

∆EH-L, DFT = ELUMO, DFT - EHOMO, DFT. e: Lowest-energy optical transition OPS1 according to TD-DFT 

calculations.  

Compoun

d 
EHOMO, EXP

a 
EHOMO, 

DFT
 

ELUMO, 

EXP
b 

ELUMO, DFT ∆EH-L,OPT
c ∆EH-L, DFT

d EOPS1, TDDFT
e 

ZnS - 6.04 eV - 5.22 eV - 3.22 eV - 2.02 eV 2.82 eV 3.20 eV 3.07 eV 

DAT - 5.35 eV - 5.58 eV - 3.25 eV - 3.12 eV 2.07 eV 2.46 eV 2.40 eV 

DATS - 5.66 eV - 5.26 eV - 4.10 eV - 3.42 eV 1.56 eV 1.84 eV 2.10 eV 

DATS-P - 5.61 eV - 5.22 eV - 4.05 eV - 3.41 eV 1.56 eV 1.81 eV 2.09 eV 

DATS-TP - 5.60 eV - 5.22 eV - 4.04 eV - 3.41 eV 1.56 eV 1.81 eV 2.09 eV 

DATS-PP - 5.60 eV - 5.15 eV - 4.04 eV - 3.38 eV 1.56 eV 1.77 eV 2.08 eV 
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General Information about Synthetic Procedures:  

Br4NDA was prepared according to literature procedures using 2.5 equivalents of 

dibromoisocyanuric acid in H2SO4 with 20 % dissolved SO3 as brominating reagent.[21] ZnS was 

prepared according to literature procedures.[22] Unless stated otherwise, all solvents and 

commercially available reagents were used as purchased. Toluene and CH2Cl2 were distilled from 

appropriate drying agents before use. Anhydrous N,N-dimethylformamide (DMF) was obtained 

from Sigma–Aldrich and used as received. PBr3 was distilled before use and stored in a Schlenk 

vessel under inert atmosphere. Melting points were measured using ∆T=1 °C min-1 on a Stuart 

Scientific SMP3 melting point apparatus and are uncorrected. Infrared (IR) spectra were 

recorded neat using a Shimadzu FTIR-8400s spectrophotometer and wavelengths are reported 

in cm-1. 1H, HSQC, HMBC and 13C (Attached Proton Test) NMR spectra were used to 

characterize prepared compounds, and were recorded on a Bruker Avance 500 (125.78 MHz for 

13C) using the residual solvent as internal standard. Carbon atoms designated with ‘C0’ denote a 

signal in the 13C APT spectrum which could not be unambiguously assigned, but has a phase 

corresponding to zero or two attached protons. Mass spec (FAB): Fast Atom Bombardment was 

carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, coupled to a JEOL 

MS-MP9021D/UPD system program. Samples were loaded in a matrix solution (3-nitrobenzyl 

alcohol) onto a stainless steel probe and bombarded with Xenon atoms of 3 keV energy. During 

HRMS FAB-MS measurements, a resolving power of 10.000 (10 % valley definition) was used. 

Electrospray Ionisation (ESI) mass spectrometry was carried out using a Bruker micrOTOF-Q 

instrument in positive ion mode (capillary potential of 4500 V). Flash chromatography was 

performed on Sigma Aldrich basic Brockmann I aluminum oxide (particle size 150 mesh, pore 

diameter 58 Å) using the described eluent systems. Thin Layer Chromatography (TLC) was 

performed using TLC plates from Merck (SiO2, Kieselgel 60 with F254 indicator on aluminium 

backing) and compounds were visualized by visual inspection and UV detection at 254/366 nm. 

4,5,9,10-Tetrabromonaphthalene di-n-octylimide (Br4NDI): To a dry Schlenk flask 

kept under N2 atmosphere containing degassed glacial acetic acid (50 mL) was added n-

octylamine (4.26 mL, 20.4 mmol). The mixture was heated to 120 °C using an oil bath. Upon 

reaching reflux, Br4NDA (2.98 g, 5.1 mmol) was added as a solid. The initially turbid yellow 
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suspension turned into a clear, dark brown solution after 7 min of reflux, upon which the 

reaction vessel was immediately cooled down in an ice bath. Immediate dilution with H2O (100 

mL) at room temperature precipitated a bright yellow solid, which was triturated with H2O (250 

mL) and pentane (100 mL) on a Buchner filter. Vacuum drying at room temperature gave a 

bright yellow solid (3.40 g), which could not be analyzed satisfactorily using NMR or mass 

spectrometry. The yellow solid was dissolved in degassed, distilled toluene (50 mL) and heated 

to reflux. After 10 min, PBr3 (3.35 g, 12.4 mmol) was added dropwise via a syringe. 25 min after 

addition, the reaction mixture was cooled down and diluted with H2O (150 mL). The organic 

phase was extracted with satd. aqueous NaHCO3 (100 mL) and H2O (3×100 mL). After drying 

over MgSO4 and concentration in vacuo, column chromatography (60 g of neutral alumina; 

eluent system 1:1 pentane:CHCl3; 25 mL fractions, product in fraction 9–24) was performed. 

From this was obtained an orange-yellow solid (1.16 g, 28 %). M.p.decomp 236–244 °C; 1H NMR 

(500.2 MHz, C6D6, 296 K): δ = 4.16 (t, 3J(H,H)=7.5 Hz, 4 H, NCH2-C7H15), 1.82 (tt, 

3J(H,H)=7.5, 8.0 Hz, 4 H, NCH2CH2C6H13), 1.40–1.25 (m, 20 H, NC2H4C5H10CH3), 0.88 

(t, 3J(H,H)=8.0 Hz, 6 H, NC7H14CH3); 13C{1H} NMR (125.8 MHz, C6D6, 296 K): δ = 159.74 

(C=O), 134.88, 126.54, 125.88, 42.57 (NCH2-), 32.18 (-CH2-), 29.68 (-CH2-), 29.61 (-CH2-

), 28.44 (-CH2-), 27.45 (-CH2-), 23.05 (-CH2-), 14.41 (-CH3); IR (ATR FTIR): ν = 2961, 2918, 

2851, 1707, 1661, 1462, 1431, 1408, 1371, 1317, 1286, 1259, 1232, 1202, 1176, 1151, 1090, 

1051, 1016, 908, 798 cm-1; MS (FAB, matrix) (%): m/z: 154.0 (100), 649.1 (2), 727.0 (3), 

780.9 (3), 806.9 (3); HRMS (FAB): m/z: calcd for [M+H]+: 806.9289, found: 806.9299. 

8,9-Dibromo-5,12-dihydro-5,12-diazatetracene di-n-octylimide (DAT): To a stirred 

solution of Br4NDI (110 mg, 0.14 mmol) in dry DMF (15 mL) kept under Ar atmosphere was 

added 1,2-phenylenediamine (285 mg, 2.6 mmol) as a solid. The solution was heated to 80 °C 

in the dark, reaction progress was monitored with TLC (eluent system CHCl3). Upon 

completion, the reaction mixture was concentrated in vacuo and taken up in CHCl3 (100 mL). 

The organic layer was dried over MgSO4 after washing with 1 m aqueous HCl (100 mL), H2O 

(100 mL) and satd. aqueous NaCl (100 mL). The volume of the solution was reduced to about 

30 mL using the rotary evaporator; overnight crystallization at -20 °C produced a purple 

crystalline solid (40 mg, 39 %). M.p.decomp 240–246 °C; 1H NMR (500.2 MHz, C6D6, 296 K): 
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δ = 12.95 (s, 2 H, NH), 6.40 (dd, 3J(H,H)=3.5, 2.5 Hz, 2 H, protons in 4,5 position on 1,2-

diaminophenyl moiety), 6.05 (dd, 3J(H,H)=3.5, 2.5 Hz, 2 H, protons in 3,6 position on 1,2-

diaminophenyl moiety), 4.28 (t, 3J(H,H)=8.0 Hz, 4 H, NCH2-C7H15), 1.89 (tt, 3J(H,H)=7.5, 

8.0 Hz, 4 H, NCH2CH2C6H13), 1.47–1.27 (m, 20 H, NC2H4C5H10CH3), 0.89 (t, 3J(H,H)=8.0 

Hz, 6 H, NC7H14CH3); 13C{1H} NMR (125.8 MHz, C6D6, 296 K): δ = 164.81 (C=O), 160.04 

(C=O), 142.02, 125.82 (carbons in 4,5 position on 1,2-diaminophenyl moiety), 122.08, 116.25 

(carbons in 3,6 position on 1,2-diaminophenyl moiety), 95.66, 41.31 (NCH2C7H15), 32.24 (-

CH2-), 29.78 (-CH2-), 29.74 (-CH2-), 28.34 (NC6H12CH2CH3), 27.68 (-CH2-), 23.08 (-CH2-

), 14.37 (NC7H14CH3); IR (ATR FTIR): ν = 3261, 2920, 2849, 2366, 1686, 1576, 1508, 1452, 

1356, 1319, 1283, 1254, 1230, 791, 750, 667, 611, 536 cm-1; MS (FAB, matrix) (%): m/z: 

154.0 (100), 594.3 (2), 752.1 (3); HR-MS (FAB): :m/z: calcd. for [M+H]+: 753.1474, found: 

753.1476. 

1,2-Ditosylamidobenzene: To a stirred solution of 1,2-diaminobenzene (15.77 g, 146 

mmol) in pyridine (200 mL) cooled in an ice bath was added p-toluenesulfonic acid chloride 

(57.50 g, 300 mmol) as a solid. The reaction mixture was allowed to warm up to room 

temperature while stirring for 18 h. The mixture was concentrated in vacuo and taken up in 

CH2Cl2 (200 mL). The organic phase was extracted with 1 m aqueous HCl (200 mL) and H2O 

(3×200 mL). After drying over MgSO4 and concentration in vacuo, a pink powder was obtained 

(59.36 g, 97 %). M.p.decomp 240 °C; 1H NMR (500.2 MHz, [D6]DMSO, 296 K): δ = 9.253 (br 

s, 2 H, NHTos), 7.57 (d, 3J(H,H)=8.0 Hz, 4 H, tosyl CH), 7.33 (d, 3J(H,H)=8.0 Hz, 4 H, tosyl 

CH), 6.98 (broad s, 4 H, benzene CH’s), 2.35 (s, 6 H, TosCH3); 13C{1H} NMR (125.8 MHz, 

[D6]DMSO, 296 K): δ = 143.6, 136.1, 129.7, 129.6, 126.9, 125.8, 123.3, 21.0; IR: ν = 3371, 

3317, 3215, 1595, 1497, 1412, 1394, 1323, 1146, 1086, 912, 808, 744, 662, 544 cm-1; HR-

MS (ESI): m/z: calcd for [M+Na]+: 439.0762 found: 439.0762.  

1,2-Dinitro-4,5-ditosylamidobenzene: To a stirred solution of 1,2-ditosylamidobenzene 

(4.10 g, 9.76 mmol) in glacial acetic acid (250 mL) was added dropwise a solution of red fuming 

HNO3 (1.3 mL) in glacial acetic acid (5 mL) via a syringe. The reaction mixture was stirred at 

65 °C for 40 min. Upon cooling down to room temperature, a yellow precipitate was recovered. 

The precipitate was washed with cold ethanol to afford, after vacuum drying, a faint yellow solid 



Chapter 3 

93 

(4.70 g, 94 %). M.p.decomp 220–229 °C; 1H NMR (500.2 MHz, [D6]DMSO, 296 K): δ = 7.71 

(s, 2 H, benzene CH), 7.66 (d, 3J(H,H)=8.5 Hz, 4 H, p-toluenesulfonyl o-CH), 7.34 (d, 

3J(H,H)=8.5 Hz, 4 H, p-toluenesulfonyl m-CH), 2.36 (s, 6 H, TosCH3); 13C{1H} NMR (125.8 

MHz, [D6]DMSO, 296 K): δ = 144.34, 136.10, 135.05, 130.50 (p-toluenesulfonyl m-CH), 

127.41 (p-toluenesulfonyl o-CH), 115.04 (benzene CH), 21.48 (p-toluenesulfonyl CH3); IR 

(ATR FTIR): ν = 3261, 1597, 1529, 1501, 1387, 1333, 1163, 1088, 1030, 918, 872, 860, 814, 

665, 544 cm-1. 

1,2-Diamino-4,5-ditosylamidobenzene: To a stirred solution of 1,2-dinitro-4,5-

ditosylamidobenzene (3.00 g, 6.75 mmol) in 1:1:1 H2O/MeOH/CH2Cl2 (250 mL) was added 

an excess of 85 % technical grade sodium dithionite (10.00 g, 48.82 mmol). The reaction 

mixture was heated to reflux temperature for 25 min, after which it was cooled down to room 

temperature. Filtration yields, after vacuum drying, a faint yellow solid (1.40 g, 54 %). M.p.decomp 

209 °C; 1H NMR (500.2 MHz, [D6]DMSO, 296 K): δ = 8.51 (s, 2 H, NHTos), 7.51 (d, 

3J(H,H)=8.0 Hz, 4 H, p-toluenesulfonyl o-CH), 7.32 (d, 3J(H,H)=8.0 Hz, 4 H, p-

toluenesulfonyl m-CH), 6.13 (s, 2 H, benzene CH), 4.50 (br s, 4 H, NH2), 2.35 (s, 6 H, 

TosCH3); 13C{1H} NMR (125.8 MHz, [D6]DMSO, 296 K): δ = 143.01, 136.27, 133.61, 

129.45 (p-toluenesulfonyl m-CH), 126.94 (p-toluenesulfonyl o-CH), 120.00, 110.79 (benzene 

CH), 21.05 (p-toluenesulfonyl CH3); IR (ATR FTIR): ν = 3312, 3215, 1595, 1497, 1412, 1393, 

1323, 1277, 1250, 1146, 1086, 935, 914, 835, 808, 762, 662, 542, 527 cm-1. 

2,3-(p-Toluenesulfonamido)-8,9-dibromo-5,12-dihydro-5,12-diazatetracenedi-n-

octylimide (DATTs): To a stirred solution of Br4NDI (460 mg, 0.57 mmol) in dry DMF (20 

mL) kept under Ar atmosphere was added 1,2-diamino-4,5-ditosylamidobenzene (639 mg, 1.43 

mmol) as a solid. The solution was heated to 80 °C in the dark, reaction progress was monitored 

with TLC (eluent system 1:20 MeOH/CH2Cl2). Upon completion, the reaction mixture was 

taken up in CHCl3 (150 mL). The organic layer was dried over MgSO4 after washing with 1 m 

HCl (100 mL), H2O (100 mL) and satd. aqueous NaCl (100 mL). The volume of the solution 

was reduced to about 5 mL using the rotary evaporator and about dry MeOH (100 mL) was 

added. Overnight recrystallization at -20 °C produced a blue powder (436 mg, 70 %). M.p.decomp 

218 °C; 1H NMR (400.2 MHz, CDCl3, 296 K): δ = 12.92 (s, 2 H, NH), 7.64 (d, 3J(H,H)=8.0 
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Hz, 4 H, p-toluenesulfonyl -CH), 7.31 (d, 3J(H,H)=10.0 Hz, 4 H, p-toluenesulfonyl -CH), 7.68 

(s, 2 H), 6.52 (s, 2 H), 4.09 (t, 3J(H,H)=7.5 Hz, 4 H, NCH2C7H15), 2.44 (s, 6 H, p-

toluenesulfonyl CH3), 1.4–1.1 (m, 24 H, NC2H4C5H10CH3)), 0.90 (t, 3J(H,H)=6.5 Hz, 6 H, 

NC7H14CH3); 13C{1H} NMR (125.8 MHz, CDCl3, 296 K): δ = 164.53 (C=O), 160.06 (C=O), 

144.90, 141.51, 135.51, 130.10, 95.99, 41.59 (NCH2-), 31.95 (-CH2-), 29.83 (-CH2-), 29.38 

(-CH2-), 27.96 (-CH2-), 27.34 (-CH2-), 22.77 (-CH2-), 21.83 (p-toluenesulfonyl -CH3), 14.26 

(NC7H14CH3); FTIR: ν = 2961, 2924, 2854, 1686, 1582, 1501, 1452, 1416, 1258, 1234, 1153, 

1084, 1013, 874, 789, 667 cm-1; MS (FAB, matrix) (%): m/z: 154.1 (100), 781.2 (5), 935.2 

(11), 1091.2 (7); HRMS (FAB): m/z: calcd for [M+H]+: 1091.1869, found: 1091.1864. 

DATS: In a round-bottomed flask, 98 % H2SO4 (10 mL) was degassed for 15 min using 

an N2 stream. DATTs was added as a solid (430 mg, 0.39 mmol), the turquoise solution was 

stirred under N2 atmosphere for 5 d. The reaction mixture was poured into a 1000 mL flask 

containing vigorously stirred H2O (500 mL) and CHCl3 (100 mL). NaHCO3 was added as a 

solid until gas evolution ceased. The biphasic mixture was diluted with CHCl3 (200 mL) and 

extracted five times with H2O (500 mL). The organic phase was concentrated at the rotavap. 

The resulting blue solid was washed once with Et2O and freeze dried. A dark blue solid was 

obtained in quantitative yield. The solid readily aggregates in solution, making 1H and 13C 

solution-state NMR impossible. FTIR:   = 3456, 3416, 3362, 3339, 2953, 2914, 2849, 1678, 

1570, 1489, 1452, 1425, 1286, 1234, 1134, 1094, 1013, 874, 812, 660 cm-1, indicating the 

presence of aniline-like N–H stretching vibrations in this intermediate, typically located at 

3500–3300 cm-1. The intermediate diamine compound thus obtained was dissolved in dry, 

degassed DMF (25 mL) kept under Ar atmosphere and heated to 80 °C. In a separate flask, 3,5-

di-tert-butylsalicylaldehyde (232 mg, 0.99 mmol) and zinc acetate monohydrate (865 mg, 3.94 

mmol) were dissolved in dry, degassed DMF (5 mL) kept under Ar. This mixture was stirred for 

10 min, and added to the hot DMF solution via a syringe. The reaction was followed using TLC 

(eluent system: 100 % CH2Cl2). Upon completion, the DMF reaction mixture was added to dry 

MeOH (50 mL) and stored at -80 °C to induce precipitation of the product. Cannula filtration 

of the DMF/MeOH suspension yielded a green solid, which was washed on a filter first with 

H2O (100 mL) and then with MeOH until no more discoloration of the MeOH was observed. 
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398.7 mg of a dark green crystalline solid (0.30 mmol, 77 % from DATTs) was obtained. The 

suspected monomeric water adduct thus afforded is poorly soluble in common NMR solvents 

(CDCl3, [D6]DMSO, C6D6), precluding multinuclear characterization using 13C and 2D NMR 

spectroscopy. 1H NMR (400.1 MHz, C6D6, 293 K): δ = 13.21 (s, 2 H, NH), 8.26 (s, 2 H), 7.86 

(s, 2 H), 7.20 (s, 2 H), 6.29 (s, 2 H), 5.47–5.45 (br s, 2 H), 4.36 (br s, 4 H, NCH2C7H15), 2.08 

(m, 4 H, CH2CH2C6H13), 1.91 (s, 18 H, tBu -CH3), 1.51 (s, 18 H, tBu -CH3), 1.4–1.3 (m, 24 

H, NCH2C6H12CH3), 0.92 (t, 3J(H,H)=7.2 Hz, 6 H, NC7H14CH3); IR (ATR FTIR): ν = 2951, 

2922, 2853, 2363, 1684, 1570, 1450, 1315, 1281, 1248, 1229, 1163, 1130, 785, 658, 600 cm-

1; MS (FAB, matrix) (%): m/z: 136.1 (100), 154.1 (60), 781.2 (7), 998.3 (11), 1227.4 (16); HR-

MS (FAB): m/z: calcd for [M+H]+: 1277.3862; found: 1277.3834. 

DATS-PP: In a round-bottomed flask, DATS (38.5 mg) was dissolved in dry CH2Cl2 (10 

mL). 1 equiv PP was added as a 0.01 m CH2Cl2 solution. The flask was shaken for 30 s and 

evaporated at the rotavap. This gave a green solid (41.4 mg, 97 %). 1H NMR (500.2 MHz, 

C6D6, 296 K): δ = 13.17 (s, 2 H, NH), 8.47 (s, 2 H, N=CH), 8.00 (br s, 2 H, ligand o-CH), 

7.86 (s, 2 H, salicylimine p-CH), 7.3–7.2 (s, overlapping with solvent peak, not integrated in 

spectrum on SI page 25), 6.41 (s, 2 H, bridging CH), 5.53 (br s, 2 H, ligand m-CH), 4.36 (br 

s, 4 H, NCH2C7H15), 2.24 (br s, 4 H, ligand -NCH2-), 1.98 (s, 18 H, tBu -CH3 proximal to 

phenol oxygen), 1.53 (s, 18 H, tBu -CH3 distal to phenol oxygen), 1.4–1.3 (m, 24 H, 

NCH2C6H12CH3), 0.92 (t, 3J(H,H)=8.0 Hz, 6 H, NC7H14CH3); 13C{1H} NMR (125.8 MHz, 

C6D6, 296 K): δ = 173.44 (C0), 164.63 (C0), 161.94 (N=CH), 160.13 (C0), 152.05 (C0), 149.16 

(PP o-CH), 143.17 (C0), 140.52 (C0), 139.77 (C0), 134.91 (C0), 130.46 (phenol CH), 129.81 

(phenol CH), 127.31 (C0), 125.69 (C0), 121.75 (C0), 119.08 (C0), 107.26 (PP m-CH), 102.95 

(bridging CH), 95.49 (C0), 46.49 (PP -NCH2-), 41.64 (NCH2C7H15), 36.38 (tBu -C(CH3)3), 

34.33 (tBu -C(CH3)3), 32.39 (CH2), 31.89 (tBu -C(CH3)3 proximal to phenol oxygen), 30.31 

(tBu -C(CH3)3 distal to phenol oxygen), 30.01 (CH2), 29.91 (CH2), 28.44 (CH2), 27.71 (CH2), 

24.95 (4-PyPyr -NCH2CH2-), 23.12 (CH2), 14.41 (NC7H14CH3); IR (ATR FTIR): ν = 2955, 

2924, 2851, 2365, 1595, 1531, 1518, 1458, 1400, 1223, 995, 800, 633, 530, 498 cm-1. The 

PP-adduct was not observed in FAB MS, only the unbound tetra-coordinated ZnII compound 

was found at m/z 1277.4. 
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DATS-TP: Synthesized via similar procedure as described above for the PP adduct. Green 

solid, yield quantitative. 1H NMR (500.2 MHz, C6D6, 296 K): δ = 13.11 (s, 2 H, NH), 8.45 (s, 

2 H, N=CH), 8.21 (br s, 2 H, ligand o-CH), 7.86 (s, 2 H, salicylimine p-CH), 7.30 (br s, 2 H, 

salicylimine o-CH), 6.56 (s, 2 H, ligand m-CH), 6.37 (s, 2 H, bridging CH), 4.36 (t, 

3J(H,H)=6.5 Hz, 4 H, NCH2C7H15), 1.92 (s, 18 H, tBu -CH3 proximal to phenol oxygen), 1.53 

(s, 18 H, tBu -CH3 distal to phenol oxygen), 1.4–1.3 (m, 24 H, NCH2C6H12CH3), 0.91 (t, 

3J(H,H)=7.5 Hz, 6 H, NC7H14CH3), 0.89 (s, 9 H, TP tBu); 13C{1H} NMR (125.8 MHz, C6D6, 

296 K): δ = 173.38 (C0), 164.57 (C0), 162.00 (N=CH), 160.63 (C0), 159.98 (C0), 149.53 (TP 

o-CH), 143.23 (C0), 140.58 (C0), 139.48 (C0), 135.23 (C0), 130.68 (phenol p-CH), 129.70 

(phenol o-CH), 127.48 (C0), 127.28 (C0), 125.67 (C0), 121.60 (C0), 121.15 (TP m-CH)), 

118.87 (C0), 102.92 (bridging CH), 95.45 (C0), 41.48 (NCH2C7H15), 36.31 (tBu -C(CH3)3), 

34.37 (TP tBu -C(CH3)3), 34.28 (tBu - C(CH3)3), 32.27 (CH2), 31.78 (tBu -C(CH3)3 distal to 

phenol oxygen), 30.22 (TP tBu -C(CH3)3), 29.83 (CH2), 29.78 (CH2), 28.39 (CH2), 27.81 

(CH2), 23.06 (CH2), 14.33 (NC7H14CH3). IR (ATR FTIR): ν = 2951, 2924, 2854, 1682, 1612, 

1574, 1519, 1250, 1227, 1022, 910, 845, 791, 744, 690, 570, 455 cm-1.The TP-adduct was 

not observed in FAB MS, only the unbound tetra-coordinated ZnII compound was found at m/z 

1277.5. 

DATS-P: Synthesized via similar procedure as described above for the PP adduct. Green 

solid, yield quantitative. 1H NMR (500.2 MHz, C6D6, 296 K): δ = 13.04 (s, 2 H, NH), 8.48 (s, 

2 H, N=CH), 8.28 (br s, 2 H, ligand o-CH), 7.82 (s, 2 H, salicylimine p-CH), 7.31 (s, 2 H, 

salicylimine o-CH), 6.69 (br s, ligand p-CH, 1 H), 6.36 (s, 2 H, bridging CH), 6.32 (m, 2 H, 

ligand m-CH), 4.35 (t, 3J(H,H)=7.0 Hz, 4 H), 1.87 (s, 18 H, tBu -CH3 proximal to phenol 

oxygen), 1.50 (s, 18 H, tBu -CH3 distal to phenol oxygen), 1.4–1.3 (m, 24 H, 

NCH2C6H12CH3), 0.91 (t, 6 H). 13C{1H} NMR (125.8 MHz, C6D6, 296 K): δ = 172.81 (C0), 

164.30 (C0), 162.10 (N=CH), 159.63 (C0), 148.11 (ligand o-CH), 142.84 (C0), 140.25 (C0), 

139.10 (C0), 138.12 (ligand m-CH), 135.03 (C0), 130.43 (salicylimine p-CH), 129.40 

(salicylimine p-CH), 126.83 (C0), 125.28 (C0), 124.27 (ligand p-CH), 121.38 (C0), 118.51 (C0), 

102.60 (bridging CH), 95.18 (C0), 41.21 (NCH2C7H15), 35.94 (tBu -C(CH3)3), 33.93 (tBu -

C(CH3)3), 31.90 (CH2), 31.43 (tBu C(CH3)3), 29.87 (tBu C(CH3)3), 29.52 (CH2), 29.48 
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(CH2), 28.07 (CH2), 27.52 (CH2), 22.74 (CH2), 14.02 (NC7H14CH3). IR (ATR FTIR): ν = 

2955, 2920, 2854, 1682, 1574, 1497, 1380, 1315, 1250, 1226, 1018, 910, 871, 694, 613, 462 

cm-1.The P-adduct was not observed in FAB MS, only the unbound tetra-coordinated ZnII 

compound was found at m/z 1277.4. 

DATS-NMe2: The diamine intermediate resulting from DATTs-deprotection (142 mg, 

0.18 mmol) was prepared and dissolved in 15 mL dry, degassed DMF under an Ar atmosphere, 

and heated to 110 °C in the dark. In a separate flask, 4-dimethylaminosalicylaldehyde (60 mg, 

0.37 mmol) and zinc acetate dihydrate (320 mg, 1.75 mmol) were dissolved in dry, degassed 

DMF (5 mL) and kept under Ar. This mixture was stirred for 5 minutes, and added to the hot 

DMF solution via a syringe. After 4 hours, the reaction mixture was cooled down to room 

temperature and diluted with 25 mL saturated aqueous NaHCO3 solution to induce 

precipitation. The dark blue precipitate was collected on a filter and washed with water, ethanol 

and chloroform to afford (after vacuum drying) 221 mg of a dark blue solid (95 % yield from 

DAT-diamine). IR (ATR FTIR): 3497, 3371, 2923, 2856, 1684, 1610, 1570, 1560, 1448, 

1431, 1375, 1358, 1279, 1246, 1182, 1151, 843, 669, 660, 661, 584 cm-1 . Mp: > 300° C 
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Abstract: The use of multicomponent reactions to access ligands for cyclometalated 

iridium-based light emitting molecules for OLED-type devices could allow the rapid screening 

of unexplored regions of chemical space for such photoactive molecules. As a study towards 

proving this concept, the reaction products of a Van Leusen 3-component reaction are used to 

prepare two electron-poor nitro-substituted (N1,C5)-biphenylimidazoles, and their Ir(ppy)2 

complexes. A facile reduction method is described that gives access to several extreme examples 

in terms of electron affinity. On the basis of theoretical and experimental evidence, we show that 

all the obtained iridium complexes, which are the kinetically stabilized reaction products, are 

photostable. The very electron poor nitro complexes do not emit any light after photoexcitation, 

while the unsubstituted or amine-substituted iridium complexes do show emission from 

presumably a triplet state. The presented work shows the viability of a multicomponent approach 

towards rapid screening of photoactive compounds.
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4.1 Introduction  

Notwithstanding its low abundance in the Earths’ crust, organometallic complexes of 

cationic iridium have received intense academic scrutiny in the past 10 years.[1] Molecular 

iridium compounds, specifically those comprising cyclometalating ligands, are investigated as 

active species in catalysis,[2] light emitters in Light Emitting Cell (LEC) [3] or OLED[4] devices 

and light absorbers in sensing[5] and photodynamic therapy.[6] Iridium compounds are equally 

capable of acting as light absorbing components, finding application in artificial photosynthesis 

where the metal causes photo-driven transformation of water to oxygen and hydrogen.[7] Most 

advantageously, iridium complexes generally show higher reduction potentials versus the 

similarly popular ruthenium bipyridines.[8] Their overall attractiveness stem from the tunability 

of emissive properties compared to other d-block elements and redox-stability under both 

photoirradiation and long-term ambient storage; iridium shows predictable[9] metal-ligand 

interactions and robust binding of the cyclometalating ligands. 

Synthetically, the prospensity of sterically unencumbered Ir3+ compounds to undergo 

aromatic C-H activation facilitates high yielding introduction of cyclometalating ligands. A few 

recent studies have appeared using N-arylimidazole derived ligands, following the general 

popularity of N-heterocyclic carbene ligands and their specific electronic and structural flexibility 

in creating photoactive Ir3+ compounds.[10] Another recent and noteworthy example has been 

reported by Zuo et al.,[11] who prepared a number of homologous N-aryl benzimidazole iridium 

complexes that emit across the visible spectrum from 460 to 630 nm; however, the molecular 
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diversity of their photoactive compounds is limited by the availability of backbone-substituted 

benzimidazoles.  

 

Figure 4.1: Molecular diversity points on the aromatic backbone of published N-aryl(benz)imidazole-

derived cyclometalating ligands for Ir3+.  

As shown in Figure 4.1, this work leverages molecular diversity points on the N1- and C5-

positions of the N-arylimidazole core of the original imidazole-based systems published by 

Zuo.[11] Until now the synthetic strategies that were employed towards these scaffolds involve 

palladium-based cross-couplings[12] or high-temperature Ullmann-type reactions.[13] By 

introducing additional strategies for diversifying the aromatic backbone, we aim to enrich the 

chemical space populated by cyclometalating N-phenylimidazole and benzimidazole ligands, in 

order to allow further, more detailed systematic investigation of functionalized photoactive 

materials such as artificial photosynthetic systems. Following prior examples in the combinatorial 

synthesis of heterocyclic building blocks,[14] we envision to employ synthetic tools from organic 

chemistry into the field of organometallic synthesis, to create novel structures using step- and 

energy economic synthetic protocols. To achieve this, we present here the preparation and 

characterization of two nitroarylimidazolium carbene ligand precursors using the Van Leusen 



Chapter 4 

105 

imine-isocyanide cyclization reaction. We also describe the subsequent synthesis of the 

corresponding iridium-bisphenylpyridine compounds. Crystal structures of both nitro 

compounds and an unsubstituted reference compound probe the solid-state structure of the 

obtained complexes. We describe the potential for post-synthetic modification of the complexes 

by reduction, and observe emission turn-on upon reduction of the distant 5-(para-nitrophenyl) 

group. The observed effect is investigated using (TD)-DFT calculations, which elucidates the 

mechanism by which the substituent electron affinity tunes the FMO energy levels, and by doing 

so, the emissive properties of the compounds.  
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4.2 Results and discussion 

Our overall synthetic strategy relies on the facile alkylation/cyclometalation protocol 

reported earlier.[10] N’-ethyl-N-phenylimidazolium iodide, L1, was prepared through alkylation 

of commercial N-phenylimidazole. The required nitroarylimidazoles are obtained simply 

through base-assisted cyclization of the corresponding imines with TosMIC, using a procedure 

taken almost unmodified from the original work by Van Leusen et al.[19, 20]. The NHC-precursor 

ligands L2 and L3 are obtained after alkylation according to Figure 4.2. In-situ deprotonation 

of all iodides L1-L3 using excess silver oxide gave the corresponding octahedral iridium(III) 

complexes in excellent yields.  

 

Figure 4.2, above the dotted line: Overview of imidazolium salt preparation using a cyclization-

alkylation procedure. Below: Synthesis of octahedral Ir3+ complexes 1-3 from cyclometalating NHC 

precursor ligands L1-L3. 1: R1, R2 = H, H. 2: R1, R2 = H, NO2. 3: R1, R2 = NO2, H. 

The precise connectivity in the obtained iridium compounds was investigated using single-

crystal XRD. In all complexes, the commonly encountered[15] trans orientation of the 

phenylpyridine nitrogen atoms was observed. Whilst 3-NO2 crystallizes in a unit cell containing 

both enantiomers, we found that 2-NO2 was obtained as enantiopure crystals. As shown in Table 



Chapter 4 

107 

4.1, the identity of the cyclometalating ligand has negligible effect on the bite angle around 

iridium. Furthermore, distances from the metal to its pyridine ligands, as well as to the carbons 

of the cyclometalating ligand are identical to 0.03 Å precision.  

Table 4.1: Geometrical parameters derived from XRD analysis of 1, 2-NO2 and 3-NO2. a: pyridine 

group on ppy ligand with nitrogen trans to the carbene carbon, b: pyridine group on remaining ppy ligand. 

Parameter 1 2-NO2 3-NO2 

Bite angle N-aryl 77.71 ° 77.37 ° 77.48 ° 

Bite angle ppy 1 79.81 ° 79.69 ° 79.91 ° 

Bite angle ppy 2 79.76 ° 79.36 ° 79.68 ° 

Ir – N distancea 2.043 Å  2.048 Å  2.046 Å 

Ir – N distanceb 2.045 Å 2.051 Å 2.032 Å 

Ir – NHC carbon dist. 2.075 Å 2.072 Å 2.062 Å 

Ir – NHC aryl dist. 2.099 Å 2.125 Å 2.103 Å 
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Figure 4.3, from top to bottom: X-ray crystallographic structures of 1, 2-NO2 and 3-NO2. 
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According to DFT geometry optimizations at ZORA-B3LYP/DZP(Ir:TZP) level of theory 

(see Table 4.2 and Figure 4.4) the observed trans-oriented pyridines do not correspond to the 

most energetically stable conformation. Similarly to the reactivity observed for other Ir3+ 

phenylpyridines,[16] it appears that the obtained compounds are kinetic products.  

Table 4.2: Relative DFT-derived energies associated with ZORA-B3LYP/DZP(Ir:TZP) optimized 

structures of possible geometrical isomers, in kcal mol-1. The isomer indices correspond to those drawn in 

Figure 4.4. Underscored data belongs to the isomer observed in the crystallography experiments.  

 1 2-NO2 3-NO2 

Isomer 1 0.61 0.02 73.66 

Isomer 2 6.99 8.37 81.95 

Isomer 3 0.00 0.00 73.62 

Isomer 4 0.60 1.45 0.00 
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Figure 4.4: All possible geometrical isomers for the iridium complexes prepared in this work, 

excluding enantiomers. 
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To assess the extent of solution-phase dynamical processes, the ethyl groups were used for 

diagnosing the presence of conformational flexibility using NMR spectroscopy. As we observed 

well-resolved multiplet resonances for the diastereotropic –CH2– protons in all complexes, 

indicative of the absence of dynamical ligand decoordination processes. Thus, all kinetic 

products are deemed stable at room temperature, which is in line with previously reported work 

on thermal isomerization of Ir3+ biphenylpyridine complexes.[21] Here, the thermodynamic 

products are only obtained upon heating to ~200 °C, well above the temperature used in our 

synthetic procedure. Furthermore, as we took no special precautions to shield the reaction 

products from ambient light, the compounds are deemed stable against photobleaching or 

photoisomerization. Reduction of 3-NO2 under 1 atm H2 atmosphere using 10% Pd/C in 

methanol at room temperature gave the corresponding aniline 3-NH2 in 84% yield.[17] 

 

Figure 4.5: Normalized absorption (arbitrary units, solid lines) and emission (arbitrary units, dashed 

lines) of complexes versus wavelength. Spectra measured in degassed DCM, using 300 nm excitation for 

the emission experiments. 

Figure 4.5 shows the observed UV-VIS absorption and emission characteristics of these 

materials. All compounds show unstructured absorption features starting above 500 nm, 
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increasing all the way to the UV region. Reference compound 1 emits in a single broadened 

band upon excitation at 300 nm. The significantly redshifted emission occurring at a wavelength 

of ~500 nm is suggestive of emission from a triplet state. As shown before for similar 

compounds,[18] the iridium metal can facilitate intersystem crossing in the excited state, leading 

to the creation of triplet states. Interestingly, emission is completely turned off in the nitro 

complex 3-NO2, 

but reduced 3-NH2 recovers the exact emission wavelength maximum of the unsubstituted 

parent 1. 

To advance the design of functional molecular materials, elucidation of the observed 

emission Stokes’ shift of about 200 nm and the complete quenching in the nitro-substituted 

compounds is desired. Having experimentally ascertained the stability and geometry of the 

obtained metal complex isomers, we turned to time-dependent DFT calculations to describe the 

influence of the respectively electron donating and withdrawing amino and nitro groups in 3-

NH2 and 3-NO2 on the observed emission behaviour. The frontier molecular orbital energies 

of electronic states involved in emission (S0 and T1) were calculated. 

Table 4.3: TD-DFT derived energy levels (eV) of the S0 and T1 geometries of 3-NH2 and 3-NO2. 

Computed at the ZORA-CAM-B3LYP/6-31G (Ir: LANL2DZ) level of theory. 

Compound FMO S0 H-L gap S0
 T1 H-L gap T1 ∆E FMO 

3-NO2 
LUMO −1.49 

4.70 
−2.30 

3.93 
−0.81 

HOMO −6.19 −6.23 −0.04 

3-NH2 
LUMO 0.19 

6.12 
0.01 

5.83 
−0.18 

HOMO −5.93 −5.82 0.11 
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The LUMO of the nitro compound becomes lower in energy compared to the energy of its 

HOMO orbital, giving a 16% reduction in HOMO-LUMO gap energy after light absorption. 

Conversely, the amino-substituted congener maintains a sizeable band gap after photoexcitation, 

with only 5% loss of band gap energy. Combined with the lower absolute band gap energy of 

the nitro compound (3.93 eV versus 5.83 eV for 3-NH2), this will lead to a strong reduction in 

quantum yield of emission, as per the Energy Gap Law (eq. 4.1), that gives the relationship 

between non-radiative relaxation rate k(non-radiative) and band gap ∆E. 

 (4.1)  k (non-radiative)  e−∆E   

To summarize, it is the very strong stabilization of the LUMO of 3-NO2 in the triplet state 

that causes this compound to either emit at a wavelength in the IR, beyond the 700 nm detection 

limit of our spectroscopy apparatus, or to have entered the regime of non-radiative 

recombination that comes with reduction of the HOMO-LUMO gap according to the Energy 

Gap Law. 
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4.3 Conclusions 

We have reported on an initial investigation towards using the reaction products of a van 

Leusen 3-component reaction as ligands that can be easily chemically diversified. We prepared 

two electron-poor nitro-substituted (N1,C5)-biphenylimidazoles, and their Ir(ppy)2 complexes. 

In contrast to unsubstituted biphenylimidazole Ir(ppy)2, the nitro compounds do not emit 

visible light after photoexcitation near their absorption wavelength maxima. Umpolung by means 

of reduction of the nitro group to an amine moiety is able to recover the emissive properties of 

the unsubstituted parent. On the basis of experimental evidence from XRD and 1H NMR, 

combined with DFT calculations, we surmise photostability of all obtained iridium complexes, 

which are kinetically stabilized reaction products. This work shows how judicious consideration 

of alternative synthetic sources of (cyclometalating) ligands can increase chemical diversity when 

designing useful photoactive materials. Future work on these materials, which should be 

promising emissive materials for OLED-type devices, could focus on deeper experimental 

investigation of the mechanism of emission quenching in the nitro compounds. Furthermore, 

expansion of the chemical space allowed by the presented vL-3CR → cyclometalation strategy 

is an essential next step towards the rapid generation of a large library of homologous 

cyclometalated iridum complexes. 
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4.4 Experimental 

DCM (HPLC grade) was obtained from VWR and used as received. Solvents used for 

chromatography were of HPLC or spectrographic grade. All other reagents were obtained from 

Sigma-Aldrich or VWR and used as received. Column chromatography was performed on 

SiliCycle silica gel (SiO2, 40 – 63 µm particles) using the described eluent systems. TLC was 

performed using TLC plates from Merck (SiO2: “Kieselgel F60” with F254 indicator on 

aluminium backing) and compounds were visualized by visual inspection and UV detection at 

254/366 nm. Melting points were measured using ∆T = 1 °C min-1 on a Stuart Scientific SMP3 

melting point apparatus and are uncorrected. Infrared (IR) spectra were recorded neat using a 

Shimadzu FTIR-8400s spectrophotometer and wavelengths are reported in cm-1. 1H, HSQC, 

HMBC, COSY, NOESY and 13C (APT) nuclear magnetic resonance (NMR) spectra were used 

to characterize prepared compounds, and were recorded on a Bruker Avance 500 (125.78 MHz 

for 13C) using the residual solvent as internal standard. All acquired spectra are available in the 

SI. Electrospray Ionisation (ESI) High Resolution Mass Spectrometry (HRMS) was carried out 

using a Bruker micrOTOF-Q instrument in positive ion mode (capillary potential of 4500 V). 

Determination of absorption and emission spectra and the related parameters were performed 

using a Shimadzu UV-2501PC spectrophotometer (absorption measurements) and a Jobin Yvon 

Fluorolog spectrophotometer (emission measurements). The compounds were excited with a 

monochromatic beam with a wavelength of 300 nm to record the emission spectra.  

Synthesis of 5-PNP-N-PhIm. To a stirred solution of 4-nitrobenzaldehyde (3.02 g, 20.0 

mmol) and aniline (1.86, 20.0 mmol) in MeOH (100 mL), TosMIC (5.85 g, 30.0 mmol) and 
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K2CO3 (5.60 g, 40.5 mmol) dissolved in DME (25 mL) were added after 18 h. The yellow 

suspension became orange after 10 min. After 4 h, the solvent was removed under reduced 

pressure. The orange-brown solid was dissolved in 1:1 DCM/H2O (300 mL) and the organic 

layer was dried over MgSO4 after washing it with H2O (2 x 150 mL) and saturated aqueous 

NaCl (150 mL). Vacuum filtration, solvent removal under reduced pressure and an over the 

weekend crystallization in EtOH afforded an orange-yellow powder (3.26 g, 61%). 1H NMR 

(500.2 MHz, DMSO, 293 K): δ 8.14 (d, 3J(H,H) = 9 Hz, 2H, p-NO2Ph 3), 8.09 (s, 1H, 

imidazole NCHNPh), 7.56 (s, 1H, imidazole NCHC-p-NO2Ph), 7.50 (m, J(H,H) = 7 Hz, 3H, 

m-NPhH2 and p-NPhH), 7.36 (d, 3J(H,H) = 9 Hz, 2H, p-nitrophenyl 2), 7.32 (d, 3J(H,H) = 7 

Hz, 2H, o-NPhH2) ppm. 13C NMR (125.8 MHz, DMSO, 293 K): δ 146.01 (C0), 141.43 

(imidazole NCHNPh) 135.92 (C0), 135.87 (C0), 131.26 (imidazole NCHC-p-NO2Ph), 130.35 

(C0), 129.88 (m-NPhC2 or p-NPhC), 128.67 (m-NPhC2 or p-NPhC), 128.02 (p-nitrophenyl 2), 

125.81 (o-NPhC2), 123.88 (p-nitrophenyl 3) ppm. HRMS (ESI): Calc. [M+H]+: 266.0924; 

found 266.0910 m/z. IR: ν 1591, 1506, 1483, 1344, 1329, 1298, 1288, 1271, 1258, 1211, 

1126, 1103, 974, 914, 854, 825, 768, 750, 696, 656 cm-1. MP: 161 – 162 °C 

Synthesis of 5-Ph-N-PNPIm. To a stirred solution of K2CO3 (240 mg, 1.7 mmol) and 

N-(4-nitrophenyl)-1-phenylmethanimine (196 mg, 0.9 mmol) in a 2:1 mixture of MeOH and 

DME (18 mL), TosMIC (254 mg, 1.3 mmol) was added. The reaction mixture was refluxed at 

80°C. After 1 h, the RM contained 48% imidazole according to GC-MS. After 3.5 h, it 

contained 100% imidazole. Refluxing was stopped after 6.5 h and DCM (20 mL) and H2O (20 

mL) were added. The organic layer was washed with H2O (2x 20 mL) and saturated aqueous 

NaCl (20 mL) and dried over MgSO4. Vacuum filtration and solvent removal under reduced 
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pressure afforded a mixture of 4 compounds according to TLC (3:1 CHX:EA). Column 

chromatography (SiO2; 10 mL fractions ; eluent system 10:1 CHX:EA fraction 1-76; eluent 

system 100% EA fraction 77-127; product in fraction 87-122) afforded the crude product which 

contained impurities (1.1-1.5 ppm at 1H NMR spectrum). After removing them with hexane in 

an ultrasonic bath, a yellow powder (179 mg, 78%) was afforded. 1H NMR (500.2 MHz, 

[D6]benzene): δ 7.48 (d, 3J(H,H) = 9 Hz, 2H, p-NO2Ph 3), 7.39 (s, 1H, imidazole NCHN-p-

NO2Ph), 7.32 (s, 1H, imidazole NCHCPh), 6.98 (m, 3H, p-CPhH and m-CPhH2), 6.88 (m, 

2H, o-CPhH2), 6.32 (d, 3J(H,H) = 9 Hz, 2H, p-NO2Ph 2) ppm. 13C{1H} NMR (125.8 MHz, 

[D6]benzene): δ 146.21 (p-NO2Ph 1 or p-NO2Ph 4), 141.08 (p-NO2Ph 1 or p-NO2Ph 4), 

138.53 (imidazole NCHCPh), 130.51 (imidazole NCHN-p-NO2Ph), 128.52 (p-CPhC or m-

CPhC2), 127.68 (imidazole NCHCPh or ipso-CPhC), 127.61 (p-CPhC or m-CPhC2), 127.48 

(imidazole NCHCPh or ipso-CPhC), 124.87 (p-NO2Ph 2), 124.29 (p-NO2Ph 3) ppm. HRMS 

(ESI): Calc. [M+H]+: 266.0924; found 266.0904 m/z. IR: ν 1597, 1514, 1489, 1340, 1313, 

1269, 1213, 1109, 912, 854, 824, 754, 692, 656 cm-1. MP: 153 – 156 °C 

Synthesis of N-Ph-N’-EtIm+ iodide. To a microwave reactor kept under Ar atmosphere 

containing a stirred solution N-phenyl-1H-imidazole (1.08 g, 7.50 mmol) in THF (15 mL), 

ethyl iodide (3.50 g, 22.5 mmol) was added. The reaction mixture was heated to 85 °C for 24 

h, after which it was allowed to cool to room temperature. The resulting viscous yellow oil was 

stored at -20 °C for one hour, leading to the formation of a white crystalline mass. Trituration 

with 100 mL of cold diethyl ether followed by overnight vacuum drying gave a white powder 

(2.24 g, 99%).  1H NMR (500.2 MHz, [D6]DMSO): δ 9.80 (s, 1H, Im C2-H), 8.33 (t, 3J(H,H) 

= 7.5 Hz, 1H, Im C-H), 8.07 (t, 3J(H,H) = 7.5 Hz, 1H, Im C-H), 7.79 (d, 3J(H,H) = 7.5 Hz, 
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2H, Ph o-CH), 7.67 (dd, 3J(H,H) = 7.5 Hz, 2H, Ph m-CH), 7.59 (t, 3J(H,H) = 7.5 Hz, 1H, Ph 

p-CH), 4.28 (q, 3J(H,H) = 7.5 Hz, 2H, -CH2-), 1.51 (t, 3J(H,H) = 7.5 Hz, 3H, -CH3) ppm. IR: 

ν 3122, 3063, 3045, 3020, 2980, 1595, 1566, 1551, 1495, 1464, 1445, 1420, 1371, 1344, 

1302, 1277, 1244, 1205, 1167, 1076, 1032, 920, 854, 835, 770, 690 cm-1. HRMS (ESI):  Calc. 

[M-I-]+: 173.1074; found 173.1058 m/z. M.P.:126 °C. 

Synthesis of 5-PNP-N-Ph-N’-EtIm+ iodide. To a microwave reactor kept under Ar 

atmosphere containing a stirred solution of 5-(4-nitrophenyl)-1-phenyl-1H-imidazole (2.06 g, 

7.8 mmol) in THF (20 mL), ethyl iodide (1.9 mL, 23.6 mmol) was added. The reaction mixture 

was heated to 85 °C for 24 h, after which it was cooled to room temperature. Filtration afforded, 

after vacuum drying, a yellow powder (2.76 g, 84%). 1H NMR (500.2 MHz, [D6]DMSO):  

δ 9.75 (s, 1H, imidazole NCHNPh), 8.48 (s, 1H, imidazole NCHC-p-NO2Ph), 8.26 (d, 

3J(H,H) = 9 Hz, 2H, p-nitrophenyl 3), 7.65-7.59 (m, 3H, m-NPhH2 and p-NPhH), 7.52 (d, 

3J(H,H) = 6.5 Hz, 2H, o-NPhH2), 7.48 (d, 3J(H,H) = 9 Hz, 2H, p-nitrophenyl 2), 4.33 (q, 

3J(H,H) = 7.5 Hz, 2H, CH2), 1.57 (t, 3J(H,H) = 7.5 Hz, 3H, CH3) ppm. 13C NMR (125.8 

MHz, [D6]DMSO): δ 147.82 (p-nitrophenyl 4), 138.51 (imidazole NCHNPh), 133.44 (C0), 

131.94 (C0), 131.79 (C0), 130.74 (CH), 130.10 (CH), 130.02 (CH), 126.40 (o-NPhC2), 

124.05 (p-nitrophenyl 3), 121.95 (imidazole NCHC-p-NO2Ph), 45.01 (CH2), 14.70 (CH3) 

ppm. HRMS (ESI): Calc. [M−I-]+: 294.1237; found 294.1215 m/z. IR: ν 2951, 1545, 1514, 

1497, 1485, 1344, 1310, 1290, 1178, 1109, 1095, 1014, 862, 852, 833, 770, 754, 741, 692, 

681 cm-1. MP: 191 – 192 °C 

Synthesis of 5-Ph-N-PNPIm-N’-EtIm+ iodide. To a microwave reactor kept under Ar 

atmosphere containing a stirred solution of 1-(4-nitrophenyl)-5-phenyl-1H-imidazole (170 mg, 
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0.6 mmol) in THF (2.5 mL), ethyl iodide (0.16 mL, 2.0 mmol) was added. The reaction mixture 

was heated to 85°C for 24 h, after which it was cooled to room temperature. Filtration afforded, 

after solvent removal of the filtrate and drying of both the residue and the filtrate, a yellow 

powder (228 mg, 85%). 1H NMR (500.2 MHz, DMSO, 293 K): δ 9.75 (s, 1H, imidazole 

NCHN-p-NO2Ph), 8.44 (d, 3J(H,H) = 9 Hz, 2H, p-nitrophenyl 3), 8.32 (s, 1H, imidazole 

NCHCPh), 7.76 (d, 3J(H,H) = 9 Hz, 2H, p-nitrophenyl 2), 7.44 (m, 3H, m-CPhH2 and p-

CPhH), 7.25 (d, 3J(H,H) = 8 Hz, 2H, o-CPhH2), 4.36 (q, 3J(H,H) = 7.5 Hz, 2H, CH2), 1.59 

(t, 3J(H,H) = 7.5 Hz, 3H, CH3) ppm. 13C NMR (125.8 MHz, DMSO, 293 K): δ 148.17 (p-

nitrophenyl 1), 138.69 (p-nitrophenyl 4), 137.91 (imidazole NCHN-p-NO2Ph), 133.93 

(NCHCPh), 130.06 (m-CPhC2 or p-CPhC), 129.14 (m-CPhC2 or p-CPhC), 129.03 (o-CPhC), 

127.97 (p-nitrophenyl 2), 125.19 (p-nitrophenyl 3), 124.96 (ipso-CPhC), 120.64 (NCHCPh), 

44.99 (CH2), 14.70 (CH3) ppm. HRMS (ESI): Calc. [M−I-]+: 294.1237; found 294.1211 m/z. 

IR: ν 1547, 1522, 1499, 1489, 1346, 1313, 1294, 1227, 1180, 852, 835, 758, 744, 687, 667, 

608, 582, 530, 509, 496 cm-1. MP: 90 – 95 °C. 

Synthesis of 5-PNP-Ir(ppy)2. To a schlenk flask kept under inert atmosphere containing 

a stirred solution of 3-ethyl-5-(4-nitrophenyl)-1-phenyl-1H-imidazol-3-ium iodide (310 mg, 

0.7 mmol) and dichlorotetrakis(2-(2-pyridinyl)phenyl)diiridium(III) (312 mg, 0.3 mmol) in 

DCE (45 mL), silveroxide (335 mg, 1.4 mmol) was added. The reaction mixture was heated to 

reflux temperature for 137 h in the dark, after which it was cooled to room temperature. Celite 

filtration removed the dark precipitation. After solvent removal under reduced pressure, 

precipitation from DCM and hexane afforded an orange-red powder (429 mg, 93%). 1H NMR 

(500.2 MHz, CD2Cl2): δ 8.32 (d, 3J(H,H) = 9 Hz, 2H, p-nitrophenyl 3), 8.11 (d, 3J(H,H) = 5.5 
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Hz, 1H), 8.05 (d, 3J(H,H) = 6 Hz, 1H), 7.89 (m, 2H), 7.74 (m, 4H, p-nitrophenyl 2), 7.61 (m, 

2H), 6.93-6.75 (m, 8H, imidazole CH), 6.69-6.59 (m, 4H), 6.32 (d, 3J(H,H) = 7.5 Hz, 1H), 

3.70 (q, 3J(H,H) = 7.5 Hz, 1H, CH2), 3.56 (q, 3J(H,H) = 7.5 Hz, 1H, CH2), 0.85 (t, 3J(H,H) 

= 7.5 Hz, 3H, CH3) ppm. 13C NMR (125.8 MHz, CD2Cl2): δ 181.01 (imidazole NCNPh), 

172.71 (C0), 172.52 (C0), 170.25 (C0), 169.01 (C0), 157.50 (C0), 153.37 (CH), 152.89 (CH), 

149.49 (C0), 148.23 (C0), 144.81 (C0), 143.70 (C0), 139.27 (CH), 137.18 (C0), 135.24 (CH), 

134.74 (CH), 133.23 (CH), 131.28 (C0), 130.89 (CH), 130.73 (CH), 129.80 (CH), 129.34 

(CH), 125.67 (CH), 124.55 (CH), 124.37 (CH), 124.06 (CH), 122.43 (CH), 122.08 (CH), 

121.22 (imidazole NCHC-p-NO2Ph), 120.24 (CH), 120.14 (CH), 119.35 (CH), 119.00 (CH), 

114.11 (CH), 45.36 (CH2), 17.20 (CH3) ppm. HRMS (ESI): Calc. [M+H]+: 794.2104; found 

794.2063 m/z. IR: ν 1601, 1516, 1470, 1437, 1412, 1340, 1310, 1302, 1263, 1221, 1159, 

1105, 1024, 852, 750, 725, 694, 662, 629, 621 cm-1. MP: 203 − 216 °C. 

Synthesis of N-PNP-Ir(ppy)2. To a stirred solution of 3-ethyl-1-(4-nitrophenyl)-5-

phenyl-1H-imidazol-3-ium iodide (351 mg, 0.8 mmol) and dichlorotetrakis(2-(2-

pyridinyl)phenyl)diiridium(III) (353 mg, 0.3 mmol) in DCE (50 mL), kept in a schlenk flask 

under N2 atmosphere, silveroxide (464 mg, 2.0 mmol) was added. The reaction mixture was 

refluxed for 137 h in the dark, after which it was cooled to room temperature. Celite filtration 

with silica underneath the celite (washed with EA) afforded, after solvent removal under reduced 

pressure and precipitation from DCM and hexane, an orange powder (497 mg, 95%).1H NMR 

(500.2 MHz, CD2Cl2): δ 8.02 (d, 3J(H,H) = 5.5 Hz, 2H), 7.91 (m, 2H), 7.75 (dd, 3J(H,H) = 

7.5 Hz, 4J(H,H) = 3 Hz, 2H), 7.65 (m, 2H), 7.53 (m, 6H), 7.41 (dd, 3J(H,H) = 9 Hz, 4J(H,H) 

= 3 Hz, 1H), 7.01 (t, 3J(H,H) = 7.5 Hz, 1H), 6.95 (m, 2H), 6.87-6.79 (m, 3H), 6.77 (s, 1H, 
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imidazole NCHCPh), 6.74 (d, 3J(H,H) = 9 Hz, 1H), 6.66 (d, 3J(H,H) = 7.5 Hz, 1H), 6.35 (d, 

3J(H,H) = 7 Hz, 1H), 3.69 (q, 3J(H,H) = 7 Hz, 1H, CH2), 3.56 (q, 3J(H,H) = 7 Hz, 1H, CH2), 

0.88 (t, 3J(H,H) = 7 Hz, 3H, CH3) ppm. 13C NMR (125.8 MHz, CD2Cl2): δ 180.56 (imidazole 

NCN-p-NO2Ph), 170.81 (C0), 170.72 (C0), 169.69 (C0), 168.64 (C0), 159.86 (C0), 155.28 

(C0), 152.94 (CH), 152.45 (CH), 145.03 (C0), 144.27 (C0), 143.32 (C0), 135.15 (CH), 134.78 

(CH), 133.35 (C0), 132.62 (CH), 132.26 (CH), 130.29 (CH), 130.02 (CH), 129.80 (CH), 

129.40 (C0), 129.34 (CH), 129.10 (CH), 128.76 (CH), 124.28 (CH), 124.24 (CH), 122.16 

(CH), 121.89 (CH), 120.33 (imidazole NCHCPh), 120.12 (CH), 119.20 (CH), 118.80 (CH), 

117.84 (CH), 113.13 (CH), 44.95 (CH2), 16.77 (CH3) ppm. HRMS (ESI): Calc. [M+H]+: 

794.2104; found 794.2112 m/z. IR: ν 1472, 1437, 1412, 1327, 1313, 1302, 1265, 1246, 1211, 

1105, 1024, 864, 752, 731, 698, 662, 644, 631, 611, 417 cm-1. MP: 218 – 220 °C. 

Synthesis of Phenylim-Ir(ppy)2. To a stirred solution of 3-ethyl-N-phenyl-1H-imidazol-

3-ium iodide (225 mg, 0.75 mmol) and dichlorotetrakis(2-(2-pyridinyl)phenyl)diiridium(III) 

(322 mg, 0.30 mmol) in DCE (60 mL), kept in a schlenk flask under N2 atmosphere, silver 

oxide (348 mg, 1.50 mmol) was added. The reaction mixture was refluxed for h in the dark, 

after which it was cooled to room temperature. Celite filtration with silica underneath the celite 

(washed with EA) afforded, after solvent removal under reduced pressure, a sticky orange solid. 

The solid was dissolved in CH2Cl2 to form a saturated solution. Addition of n-hexane induced 

precipitation of solids, which were collected by filtration. Vacuum drying afforded a yellow solid 

(310 mg, 61 %). 1H NMR (500.2 MHz, [D2]DCM): δ 8.12 (d, 3J(H,H) = 6.0 Hz, 1H), 7.94 

(d, 3J(H,H) = 6.0 Hz, 1H), 7.86 (d, 3J(H,H) = 8.5 Hz, 1H), 7.81 (d, 3J(H,H) = 8.0 Hz, 1H), 

7.73 (d, 3J(H,H) = 7.5 Hz, 1H), 7.69 (d, 3J(H,H) = 7.0 Hz, 1H), 7.58 – 7.51 (m, 3H), 7.23 (d, 
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3J(H,H) = 7.5 Hz, 1H), 6.95 – 6.83 (m, 6H), 6.77 – 6.70 (m, 5H), 6.38 (d, 1H), 3.52 (m, 2H, 

-CH2-), 0.82 (t, 3J(H,H) = 7.5 Hz, 3H, -CH3) ppm. 13C NMR (125.8 MHz, [D2]DCM): δ 

177.31 (C0), 172.50 (C0), 172.17 (C0), 170.21 (C0), 168.97 (C0), 153.44 (CH), 152.88 (CH), 

148.83 (C0), 144.86 (C0), 143.78 (C0), 139.03 (CH), 135.07 (CH), 134.54 (CH), 133.20 

(CH), 130.80 (CH), 129.68 (CH), 129.24 (CH), 125.70 (CH), 124.44 (CH), 124.30 (CH), 

122.28 (CH), 121.98 (CH), 121.94 (CH), 120.09 (CH), 119.92 (CH), 121.94 (CH), 120.09 

(CH), 119.92 (CH), 119.72 (CH), 119.12 (CH), 118.81 (CH), 115.96 (CH), 110.80 (CH), 

44.91 (CH2), 17.83 (CH3) ppm. IR: ν cm-1. HRMS (ESI): Calc. [M-I-]+: 673.1938; found 

673.1967 m/z. M.P.: 281 – 285 °C (decomp.) 

Synthesis of 5-PAP-Ir(ppy)2. To a stirred suspension of palladium on activated carbon (5 

wt.-% Pd, 9.4 mg) in MeOH (20 mL), 3-ethyl-5-(4-nitrophenyl)-1-phenyl-1H-imidazole 

iridium(III)(ppy)2 (18.7 mg, 23  mol) was added. The reaction mixture was hydrogenated under 

H2 atmosphere for 1 h. Celite filtration and solvent removal under reduced pressure afforded a 

yellow powder (14.0 mg, 84%).1H NMR (500.2 MHz, CD2Cl2): δ 8.16 (d, 3J(H,H) = 6 Hz, 

1H), 8.08 (d, 3J(H,H)  = 6 Hz, 1H), 7.92 (d, 3J(H,H) = 8 Hz, 1H), 7.87 (d, 3J(H,H) = 8 Hz, 

1H), 7.77 (d, 3J(H,H) = 8 Hz, 1H), 7.72 (d, 3J(H,H) = 7.5 Hz, 1H), 7.62 (m, 2H), 7.28 (d, 

3J(H,H) = 8.5 Hz, 2H), 6.96-6.58 (m, 14H), 6.37 (d, 3J(H,H) = 7.5 Hz, 1H), 3.96 (s, 2H, 

PhNH2), 3.65 (q, 3J(H,H) = 7 Hz, 1H, CH2), 3.53 (q, 3J(H,H) = 7 Hz, 1H, CH2), 0.85 (t, 

3J(H,H) = 7 Hz, 3H, CH3) ppm. 13C NMR (125.8 MHz, CD2Cl2): δ 178.06 (C0), 173.21 (C0), 

172.87 (C0), 169.92 (C0), 168.71 (C0), 157.00 (C0), 152.97 (CH), 152.55 (CH), 149.90 (C0), 

147.48 (C0), 144.43 (C0), 143.40 (C0), 138.57 (CH), 134.60 (CH), 134.10 (CH), 133.23 (C0), 

132.87 (CH), 131.20 (CH) 130.42 (CH), 129.29 (CH), 128.80 (CH), 124.81 (CH), 124.07 
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(CH). 123.90 (CH), 121.92 (CH), 121.55 (CH), 120.73 (CH), 119.61 (CH), 119.51 (CH), 

119.45 (C0), 118.80 (CH), 118.47 (CH), 114.48 (CH), 113.87 (CH), 113.78 (CH), 44.64 

(CH2), 16.81 (CH3) ppm. HRMS (ESI): Calc. [M+H]+: 764.2362; found 764.2337 m/z. IR: ν 

1603, 1578, 1512, 1472, 1439, 1412, 1302, 1263, 1178, 1159, 1080, 1059, 1024, 754, 729, 

473, 461, 440, 419, 401 cm-1. MP: 209 – 241 °C (decomposition) 

Synthesis of N-PAP-Ir(ppy)2. To a stirred solution of N-PNP-Ir(ppy)2 (61 mg, 0.1 

mmol) in MeOH (150 mL), palladium on activated carbon (10 wt.-% Pd, 67 mg) was added. 

The reaction mixture was hydrogenated under H2 atmosphere after purging the reaction mixture 

of oxygen for 5 minutes using a stream of argon gas. After 24 h, celite filtration and solvent 

removal under reduced pressure afforded the crude product (52 mg, 88% uncorrected yield) 

which contained impurities in the aromatic region of the 1H NMR spectrum that could not be 

removed in subsequent purification attempts. Corrected for all NMR active impurities, yield was 

79%. Progressively shorter reaction times were investigated while keeping all other conditions 

constant, but no reaction mixture could be obtained that was entirely free of NMR-active 

impurities. 1H NMR (500.2 MHz, CD2Cl2): δ 8.23 (d, 3J(H,H) = 5.5 Hz, 1H), 8.05 (d, 3J(H,H) 

= 6.5 Hz, 1H), 7.88 (m, 2H), 7.72 (d, 3J(H,H) = 8 Hz, 1H), 7.68 (d, 3J(H,H) = 7.5 Hz, 1H), 

7.61 (m, 2H), 7.48 (m, 6H), 6.92 (m, 2H), 6.85 (m, 4H), 6.69 (m, 2H), 6.44 (d, 3J(H,H) = 8 

Hz, 1H), 6.32 (d, 3J(H,H) = 7.5 Hz, 1H), 6.09 (d, 3J(H,H) = 3 Hz, 1H), 3.63 (q, 3J(H,H) = 7 

Hz, 1H, CH2), 3.48 (q, 3J(H,H) = 7 Hz, 1H, CH2), 3.14 (s, 1H, NH2), 0.82 (t, 3J(H,H) = 7 

Hz, 3H, CH3) ppm. HRMS (ESI): Calc. [M+H]+: 764.2362; found 764.2349 m/z. 
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Abstract: An analytical method is presented that provides quantitative insight into light-

driven electron density rearrangement using the output of standard TD-DFT computations on 

molecular compounds. Using final and initial electron densities for photochemical processes, the 

subtraction of summed electron density in each atom-centered Voronoi polyhedron yields the 

electronic charge difference, QVECD. Besides vertical transitions, relaxation processes can be 

investigated as well. Significant electron transfer is computed for isomerization on the excited 

state energy surface of azobenzene. A number of linear anilinepyridinium donor-bridge-acceptor 

chromophores was examined using QVECD to unravel the influence of its pi-conjugated bridge on 

charge separation. Finally, the usefulness of the presented method as a tool in optimizing charge 

transfer is shown for a homologous series of organometallic pigments. The presented work allows 

facile calculation of a novel, relevant quantity describing charge transfer processes at the atomic 

level.
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5.1 Introduction 

Molecular photophysical processes can be described conceptually with a Jablonski diagram 

and an energy profile that plots surfaces for ground and excited states S0, S1, ... (Figure 5.1). 

Hence, experimentally determined energies can be predicted theoretically with time-dependent 

density functional theory (TD-DFT), thereby enabling in silico design of photoactive materials. 

In the past decade such calculations have been conducted on large molecules (< 200 atoms) to 

explore the effect of light absorption on the reorganization of electron density, which is relevant 

to the design of light-driven molecular motors[1] and switches,[2] singlet[3a] and triplet[3b] 

photocatalysts, and light-harvesting architectures.[4] 

Electron density difference isosurface plots can be used for purpose of obtaining an in-depth 

atomistic view (Figure 5.2) of photoexcitation, but such analyses are only qualitative and give no 

information about the magnitude of the change in density. Moreover, electron density difference 

isosurfaces are poorly defined when nuclear positions are affected by the photophysical process, 

which hampers a proper description of the relaxation process. 

In this pursuit, Le Bahers, Adamo and Ciofini[5] pioneered a quantitative analysis that has 

been useful in the analysis of light-absorbing organic chromophores.[6] In their approach the 

charge transferred (qCT) in a photochemical transition is calculated from the sum of all per-atom 

differences in partial atomic charges (PAC) having the same sign. The associated vector dCT, 

across which charge is transferred, is computed between the geometric barycenters of the positive 

and negative PAC difference. The difference in electron density is used to compute PACs, but 

any method of obtaining partial charges can in principle be applied. Jacquemin et al. investigated 
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the relative merits of various PAC schemes to calculate qCT / dCT.[5c] This CT index has been 

adapted to also include excitation-induced geometrical changes, thereby enhancing its utility in, 

for example, excited-state proton transfer processes.[7]  

Other indices that quantify electron density differences, such as the density overlap index 

φs
[8a] or the molecular orbital-derived hole-electron difference ∆r[8b] have been developed as well. 

These approaches provide global quantitative data on a molecular system. However, from such 

single (per-molecule) values or indices, no fine-grained information on per-atom charge 

differences can be obtained.  

 

Figure 5.1: Jablonski diagram (top right) showing excitation A from the ground state into allowed 

vibrational levels of the first singlet excited state S1. Internal relaxation R followed by emission E returns 

the compound to any of the allowed vibrational ground state modes. The energy profile (left) foregoes the 

description of vibrational fine structure by simply describing absorption and emission as vertical transitions 

from energy minima into off-equilibrium geometries on another potential energy surface. 

We felt the need to develop a mathematically straightforward method capable of describing 

at the atomic level the effect of electronic transitions and relaxations on charge distribution. 

Atomic charges computed for the initial state of a photochemical process are then subtracted 
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from those at the final state. By subtracting state-specific electron densities for atoms (or groups 

of atoms) that are numerically integrated over the Voronoi polyhedra, we arrive at a quantitative 

description of charge transfer in vertical excitations and relaxations. These results appear more 

robust compared with other space-partitioning (Bader[11] and Hirschfeld[12]) and wavefunction-

based partitioning (Mulliken[13]) methods. 

 

Figure 5.2: Charge density difference plot of the n → π* absorption in formaldehyde. Surfaces 

describe the electron density differences ∆ρ for absorption and emission at a fixed isocontour value of 

0.025, calculated by subtracting the final electron density from the initial one. Absorption means depletion 

(white shaded lobes) of the non-bonding oxygen centered MO and accumulation of charge in the anti-

bonding π* MO. Conversely, depletion of the non-bonding π* is observed for emission.  
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5.2 Approach and Validation 

Summing electron density of atom-centered Voronoi cells has been used previously to 

obtain ground-state electronic charges.[9] We forego the inclusion of a promolecule density in 

our calculations for reasons of simplicity.[10] The electron density is computed for each point of 

interest on the ground and excited state of the potential energy surfaces. The atomic Voronoi 

charge QVoronoi
Atom for all atoms is defined according to eq. 1, which integrates electron density 

over atom-centered Voronoi polyhedra, and is expressed in units of charge as fraction of the 

charge of one electron. The QVoronoi charges must be computed separately for the initial and final 

states to determine the QVECD
Atom values for each atom in a photochemical step, according to 

equation 2. For emission QVECD the Voronoi charges at the excited state S1
E must then be 

subtracted from the ground state charges S0
E, both calculated at the excited state geometry 

(denoted by superscript E). It is important to recognize that there does not exist a unique set of 

Voronoi polyhedra if the atomic coordinates change between initial and final state. In these cases, 

direct integration of the density difference ∆ρ(r) in equation 5.1 would be an undefined 

operation. Obviously this requires the use of equation 5.2 to obtain a meaningful comparison of 

charges between geometries. Finally, for a group of atoms R, the summed Voronoi charge QVECD
R 

is defined by eq. 5.3. 
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(5.1)   QVoronoi
Atom  =   

(5.2)   QVECD
Atom = QVoronoi

Atom, final - QVoronoi
Atom, initial 

(5.3)  QVECD
R  =                QVECD

Atom 

Other methods to calculate partial atomic charges, such as Bader,[11] Hirschfeld,[12] and 

Mulliken[13] charge analyses are also readily obtained with DFT software packages. For arbitrary 

PAC frameworks, a straightforward extension to excitation charge difference is to subtract the 

excited state charge for each atom A from that of its ground state. For example, we define Bader 

excitation charge differences (BECD) as in equation 4. Other quantities such as QVECD
A are 

defined in an analogous manner. 

(5.4)  QBECD
A = QBader

A, final – QBader
A, initial

 

The Bader (BECD), Hirschfeld (HECD), Mulliken (MECD), and Voronoi (VECD) 

charge differences were compared for vertical transitions of diatomic and other small molecules 

with varying dipole moments using Dunnings’ correlation-consistent polarized basis sets of 

double, triple, quadruple and quintuple zeta quality, with and without diffuse functions, i.e., cc-

pVDZ, cc-pVTZ, cc-pVQZ, cc-pV5Z, aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, and aug-

cc-pV5Z).  

The results for the n -> π* excitation of formaldehyde are plotted in Figure 5.4, showing 

computed charge as a function of basis set. The QO/QC ratio is expected to be near unity, because 

the hydrogen atoms do not participate in the pi-bond affected by this excitation (see also the left 

panel of Figure 5.2). The Mulliken QO/QC charge ratios are highly dependent on the basis set in 
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accordance with prior observations.[9] The Bader-derived values predict an accumulation of 

charge on carbon, with QO/QC ratios fluctuating between 50% and 60%. The Hirschfeld ratios 

perform better and show a convergence to nearly 80%, but the Voronoi QO/QC ratio goes beyond 

90% even though its partitioning is arguably the most simple one. The slightly inferior ratio 

obtained using Hirshfeld may be due to the ‘sharing factor’[12] that ‘smoothes’ partial charges 

across neighboring atoms.  

 

Figure 5.4: Plot of the ratio between accumulated charge on oxygen and carbon as a function of basis 

set, computed using a subtraction of Voronoi, Bader, Hirschfeld and Mulliken charges for  

n → π* excitation of formaldehyde.  

The basis set dependency on the entire set of test molecules can be quantified by using the 

standard deviation across all basis sets (σA) for all atoms (A). The sum ΣσA reflects the 

performance with higher values indicating poorer consistency between basis sets.[14] Figure 5.5 

displays the performance of PACs across the molecules in the test set; a comprehensive table is 

given in the Computational Details section (chapter 5.8). Again, the Voronoi charge difference 

analysis outperforms that of the Hirshfeld analysis. The results are worse on using the Bader 

approach, with higher basis set dependence for all compounds in the test set. The large standard 
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deviation in this case is possibly due to use of zero-flux surfaces as a basis for spatial partitioning, 

since these are inherently dependent on the chosen electronic state.[15] Mulliken charges are 

highly variable and are clearly unsuited for performing the desired charge difference calculations. 

Due to its superior performance Voronoi-based charge differences are used in the rest of this 

study. 

 

Figure 5.5: Effect of various schemes for computing PAC on ∑σA for 14 test molecules, plotted on 

a logarithmic scale. Larger values indicate a higher basis set dependence. 

It is relevant to address the practical aspects of calculating the QVECD values. Most quantum 

chemical software packages give electron densities as voxel files in which a series of volume 

elements (voxels) describe the density around the molecule. Assignment of subtracted charge 

density to the nearest neighboring atom is straightforward and entails computing the nearest 

atom to the position of the current voxel, subtracting the two charge densities, accumulating the 

resulting number on the nearest nucleus, and advancing one position. A script written in the 

Python language that performs these calculations on the popular cube files (as generated by, e.g., 

ADF, NWChem, and Gaussian) is available online.[33] 
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5.3 Analysis of Formaldehyde Excitation 

We start with formaldehyde and examine the excitation from its non-bonding lone pair 

centered on oxygen to the π* orbital. A four-step cycle describes the photon absorption, geometry 

relaxation of the excited molecule, photon emission, and geometrical relaxation on the ground 

state surface (Figure 5.3). For each of these steps the change in charge distribution on every atom 

was calculated with eq. 1 and 2.  

The computed atomic QVECD values concur with the isocontour map of Figure 5.2, as charge 

is removed from the oxygen atom-centered lone pair upon excitation and returned upon 

emission; the influence from the hydrogen atoms is small because they do not contribute to the 

π* orbital. A small but relevant charge difference is observed upon relaxation of both the exited 

(S1* → S1) and ground-state (S0* → S0) structures. Clearly, compared to density isocontour 

plots, the Voronoi Charge Difference method gives a comprehensive analysis of the entire 

photochemical cycle. 
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Figure 5.3: Ground- and excited-state geometries of formaldehyde at B3LYP/aug-cc-pVTZ (top) 

with atomic QVECD charges (bottom) for the n → π* excitation-emission cycle. A negative value denotes 

the rearrangement of electron density toward the nucleus. The non-zero sum of charges are due to rounding 

errors.  
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5.4 Analysis of Photoinduced Azobenzene Isomerization 

In contrast to the limited nuclear motion possible in the small and rigid formadelhyde 

molecule, more significant relaxation-associated nuclear motions are expected when studying 

compounds with a larger number of degrees of freedom. Such a well-studied chromophore is 

azobenzene, which famously undergoes reversible photo-isomerization from the more stable 

trans conformer to the cis conformer.[16] Its rich excited state photochemistry has been the 

cornerstone of molecular designs such as light-driven molecular motors, photochemically 

controlled molecular switches or design into light-responsive functional materials.[17] Thus, it is 

of interest to probe the QVECD values on the process from photoexcited trans-azobenzene, through 

an intermediate excited-state geometry, to cis-azobenzene. 

The photochemical process under study is based on the assumption that trans – cis 

isomerization occurs by means of vertical excitation from the ground-state trans geometry to S1, 

followed by relaxation on the S1 energy surface to an intermediate excited-state geometry, and 

finally nonradiative decay to the cis-azobenzene ground state geometry. 

We have based this pathway, shown in Figure 5.6, on spectroscopic investigations that 

conclude that isomerization takes place from the S1 energy surface.[18] As such, probing electron 

density rearrangement during azobenzene isomerization should initially target the vertical 

excitation from ground state to S1.  

Secondly, for azobenzene, there are no well-defined energy minimums on S1 to which the 

excited compound can be said to relax, as the S1 – S0 surfaces have been shown to contain crossing 

seams and conical intersections[19] via which nonradiative relaxation proceeds directly to ground 
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state cis-azobenzene. Due to these complications, a thorough computational treatment of the 

isomerization process is beyond the scope of this work. We define an excited state geometry that 

is intermediate between the two ground state structures by applying some torsion to one of the 

C-C-N-N dihedral angles (see Fig. 5.6, top), with the caveat that other intermediate geometries 

can and probably do exist. This structure is optimized in the S1 excited state using TD-DFT to 

suitable convergence of energy, density and gradient. Experimental work by Satzger et al.[16] 

serves to validate our computed energies, also showing that the energy of the intermediate 

conforms to spectroscopic data. Finally, Voronoi charge difference from this excited state 

geometry towards the cis-azobenzene ground state is computed. 

Shown in Table 5.1 are computed QVECD values for both nitrogen atoms and summed values 

for each phenyl ring in the azobenzene isomers. The table shows computed values for the forward 

trans to cis reaction as well as the reverse isomerisation via an identical excitation – relaxation – 

decay pathway. For the vertical S0 � S1 transition, there is less computed charge transfer for 

absorption and emission compared to the strongly polarized C=O bond in formaldehyde. This 

can be explained by the localization of both HOMO and LUMO orbitals around the N=N 

bond. A large effect on charge distribution upon photoisomerization can be observed for the 

relaxation and decay steps. The broken C2h symmetry of the intermediate geometry is reflected 

in the preferential location of electrons on one of the phenyl rings during relaxation (QVECD
Ph1 = 

+ 0.206 e, QVECD
Ph2 = - 0.129 e); negative charge accumulates at the phenyl ring labelled Ph2 

which remains conjugated to the azo bond. The electrons move in the opposite direction during 

the final step toward the cis geometry (QVECD
Ph1 = - 0.104 e, QVECD

Ph2 = + 0.250 e). Eventually 

this leads to a net difference in charge distribution after isomerisation to cis-azobenzene: a total 
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QVECD charge of + 0.106 is removed from the nitrogen atoms and moved to the phenyl groups 

(overall QVECD
N1 + overall QVECD

N2 = + 0.106 e; Table 5.1).  

Table 5.1: Computed QVECD values of each step in the above isomerization process, for the separate 

nitrogen atoms and summed over each phenyl group, as described for the latter in equation 3. Negative 

values signify net accumulation of electrons. a: Vertical excitation from trans-azobenzene. b: Relaxation to 

S1
Int., the excited state intermediate structure as defined in the text. c: Non-radiative decay to the  

cis-azobenzene ground state. d: process steps for the back-reaction from cis-azobenzene to trans-azobenzene, 

via an identical excitation – relaxation – decay pathway. 

Process step description Ph1 Ph2 N1 N2 

trans S0
G to trans S1

G a - 0.058 - 0.058 + 0.059 + 0.058 

trans S0
G to S1

Int. b + 0.206 - 0.129 - 0.019 - 0.059 

S1
Int.  to cis S0

G c - 0.104 + 0.250 - 0.098 - 0.048 

Overall trans to cis + 0.044 + 0.063 - 0.058 - 0.048 

cis S0
G to cis S1

G d + 0.016 + 0.016 - 0.016 - 0.016 

cis S0
G to S1

Int. d + 0.088 - 0.266 + 0.144 + 0.064 

S1
Int.  to trans S0

G d - 0.148 + 0.187 - 0.040 - 0.000 

Overall cis to trans - 0.044 - 0.063 + 0.058 + 0.048 
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Figure 5.6: Energy diagram for the excitation – relaxation – nonradiative decay process for trans-

azobenzene isomerization to cis-azobenzene (black arrows). Experimental energies taken from literature[16]. 

Both experimental and (TD)-DFT derived energies are translated to correspond to 0.00 eV at trans-

azobenzene, the lowest energy state. The captions shown correspond to the groups of atoms used to tabulate 

results in Table 1. Dotted red lines indicate the shape of the potential energy surfaces. 

Clearly, QVECD calculations are able to elucidate charge transfer associated with light-driven 

geometry changes in this compelling compound and should assist the physical organic chemist 

in designing matter that combines light-driven molecular motion with charge transfer properties. 

For example, these calculations could allow a priori prediction of the effect of chemical 

substitution of the phenyl rings with various sterically demanding groups, forcing the selective 

accumulation of charge on one end of the compound, thereby potentially producing molecular 

diodes.[20] 
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5.5 Charge Transfer in a Donor-Bridge-Acceptor system 

To quantify the influence of the distance between donor and acceptor on charge transfer in 

photoactive chromophores, we examine in this section the applicability of QVECD calculations to 

increasingly larger linear donor-acceptor dyes and test the conformity of our results to what is 

expected for such molecules. trans-4-[4-(Dimethylamino)styryl]-N-methylpyridinium iodide 

(DAMPI, Figure 5.7) is a versatile light-absorbing dye used in non-linear optics,[21] 

spectroscopy[22] and zeolite morphology research.[23] Two absorption maxima are observed in 

organic solvents, one around 500 nm and one upwards of 300 nm.[24] The molecular structure 

suggests push-pull behavior in which electrons move from the aniline moiety to its electron-poor 

pyridinium group.[25] Fluorescent emission (aqueous solvents) shows a redshift from 470 nm to 

600 nm,[26] suggesting excited-state relaxation behavior.  

 

Figure 5.7: Color-coded partitioning scheme used for the summed QVECD charges. The  

p-dimethylaminophenyl (blue) group is the donor, the olefin (black) is the bridge, and the 

methylpyridinium (red) fragment is the acceptor. 

The cam-B3LYP/cc-pVTZ (COSMO) optimized ground and excited state structures of 

DAMPI (in DCM) were analyzed by single point TDDFT calculations for the vertical S0 → S1 

excitation (corresponding to a push-pull, HOMO → LUMO, π → π* transition), relaxation, 

and emission. A long-range hybrid functional was used to accommodate the excited-state 

properties of the push-pull chromophore.[27] The QVECD values are summed into ‘donor’, ‘bridge’, 
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and ‘acceptor’ parts (see color coding in Figure 5.7) according to eq. 3, listed in Table 2, and 

displayed in Figure 5.8.  

Table 5.2: QVECD values for the dimethylaniline donor, ethylene bridge, and N-methylpyridine 

acceptor groups of atoms. Values are computed for excitation, excited state relaxation, emission, and 

ground-state relaxation steps. Negative values signify accumulation of electrons. 

Step Donor Bridge Acceptor 

Excitation + 0.191 - 0.022 - 0.169 

S1 relaxation + 0.063 - 0.009 - 0.057 

Emission - 0.373 + 0.046 + 0.326 

S0 relaxation + 0.188 - 0.019 - 0.100 

 

 

Figure 5.8: QVECD charges on DAMPI donor, bridge, and acceptor groups, for the four steps of the 

photochemical cycle. Positive values signify net charge depletion and negative ones net accumulation of 

electrons. 
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The parent DAMPI (n = 1) is indeed a charge transfer chromophore with negative charge 

being moved from the dimethylaniline donor to the N-methylpyridinium acceptor on excitation. 

The bridge accumulates only 10 % of charge on the two olefinic carbons. Subsequent relaxation 

enhances the charge transfer significantly due to additional polarization of the donor and 

acceptor sites. The graphical presentation of the QVECD values for the photochemical cycle in 

Figure 5.8 illustrates that relaxation of the excited state maximizes the polarization, which largely 

reverses on emission and disappears on subsequent relaxation, as it should. 

Table 5.3: QVECD values and Charge Transfer Vectors DCT (see text, via Ciofini et al.[20]) for vertical 

excitation of the donor, bridge, and acceptor moieties of DAMPI analogues. 

 Donor QVECD
R Bridge QVECD

R Acceptor QVECD
R DCT 

n = 0 + 0.239 N.A. - 0.241 2.50 Å 

n = 1  + 0.191 - 0.022 - 0.169 2.71 Å 

n = 2 + 0.164 - 0.017 - 0.148 3.09 Å 

n = 3 + 0.139 - 0.022 - 0.121 3.39 Å 

 

Next, the influence of differently sized bridges (n = 0, 1, 2, 3 in Figure 5.7) was evaluated 

for the vertical excitation induced charge transfer from the dimethylaminophenyl donor to the 

methylpyridine acceptor using cam-B3LYP/cc-pVTZ. To assess the charge transfer efficiency of 

the DAMPI homologues, we computed the charge transfer vectors DCT according to Ciofini et 

al.[5] The results show that for every 2.5 Å added to the length of the compound, which is the 

size of a repeating ethylene unit, the charge transfer distance increases by only ~0.3 Å. This 

observation concurs with earlier studies on linear donor-acceptor systems[28] where it was found 

that elongation can decrease the donor-to-acceptor charge transfer efficiency. The QVECD values 
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for these DAMPI homologues, listed in Table 5.3, show a decrease in charge transfer upon 

elongation of the olefinic bridge. The transferred charge decreases by 60% on going from n = 0 

to n = 3. We attribute this behavior to increased Coulomb interaction concomitant with the 

increase in donor-acceptor distance, causing the oligoethylene spacer to become involved in 

charge transfer as shown for similar linear donor-bridge-acceptor systems.[28] From the QVECD 

calculations valuable numerical insights are gained into the magnitude of charge accumulated 

across the ends of the homologues.  
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5.6 Charge Transfer in a Large Metallosalphen Pigment 

Finally, in this section we explore QVECD as a design tool for the preparation of 

organometallic pigments. Recently, we reported on the synthesis of DATS (Figure 5.9) as 

building block for supramolecular light-harvesting architectures.[29] This flat molecule that 

contains a conjugated naphthalene diimide fused to a ZnII-binding tetradentate ‘salphen’ moiety 

was shown to emit from a singlet excited state upon photoexcitation. Supramolecular binding of 

a fifth ligand to the zinc cation appears to have no effect on the photophysical properties of 

DATS,[29b] leading to the conclusion that the metal site serves a purely structural purpose. 

Replacing the inert d10 ZnII cation for other d-block metals of different redox activity may, 

however, affect the chromophoric properties. We investigate the effect of different metals on the 

absorption properties using QVECD calculations. 

 

Figure 5.9: Molecular structure of DATMS. The shaded areas indicate the grouping of QVECD charges 

according to equation 3. The naphthalene diimide is at the left (green), the bridging phenylene in the 

middle (blue), and the salphen ligand arms (red) on the right, chelating a metal cation (M; black). Red 

atoms = oxygen, grey = carbon, blue = nitrogen, black = metal; hydrogen atoms are omitted for clarity.  
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To this end, we examined the first-row d-block NiII, FeII, CuI, CoI and CoIII analogues, 

having the generic abbreviation DATMS. Their choice was based on the synthetic accessibility 

of the parent salphen complexes[30] and their S=0 spin state, which also simplifies the TDDFT 

calculations. We investigated for each compound the first singlet excitation with non-zero 

oscillator strength. Table 5.4 shows the TDDFT-derived orbital configurations of the singlet 

excitations under study.  

 

Figure 5.10: Molecular orbital surfaces for DATCoS+1, DATCuS-1, and DATS (top to bottom) 

plotted at an isocontour value of 0.02. 
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Table 5.4: QVECD values for the first vertical optical transition with non-zero (> 0.01) oscillator 

strength in various first-row analogues of DATS.  a: Superscripts in the compound names denote non-zero 

overall charge where applicable. b: The QVECD charges are summed into the groups of atoms shown in figure 

5.9. c: The configuration of the donor and acceptor MO’s most strongly (> 75% contribution) associated 

with the calculated transition is shown. d: See fig. 5.9 for the atomic groupings used. 

Compound 

name a    → 
 

↓ Observation 

Co(III) 

DATCoS+

1 

Co(I) 

DATCoS-1 

Cu(I) 

DATCuS-1 

Fe(II) 

DATFeS 

Ni(II) 

DATNiS 

Zn(II) 

DATS 

QVECD on 

NDI b, d 
+0.125 -0.001 -0.265 -0.111 -0.116 -0.118 

QVECD on 

bridge b , d 
+0.015 -0.021 +0.040 +0.049 +0.052 +0.054 

QVECD on 

ligand b ,d  
-0.088 -0.091 +0.219 +0.063 +0.062 +0.060 

QVECD on 

metal b, d  
-0.051 +0.112 +0.006 -0.001 +0.002 +0.005 

TDDFT 

energy 
1.87 eV 1.53 eV 2.14 eV 2.59 eV 2.59 eV 2.57 eV 

Oscillator 

strength 
0.20 0.12 1.21 1.45 1.48 1.46 

Donor MO c HOMO-2 HOMO HOMO-1 HOMO HOMO HOMO 

Acceptor MOc LUMO LUMO+1 LUMO LUMO LUMO LUMO 

 

Table 5.4 lists the computed QVECD charges for the DATMS series as sums of the atomic 

charge differences (Eq. 3) found on the naphthalene diimide (NDI), phenylene bridge, salphen 

ligand arms and metal atom (see Figure 5.9). They allow for an evaluation of the degree and 

direction of the charge transfer in the chromophore with respect to the electropositive character 

of the d-block metal. The three neutral analogues with a formally dicationic metal (FeII, NiII, 

and ZnII) have virtually identical properties. The QVECD charges are accumulated in the NDI 

unit, ranging from -0.118 to -0.111, and originate in equal degrees from the salphen and 
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phenylene bridge. Clearly, moving from a d10 configuration (ZnII) to a low-spin d6 (FeII) has little 

influence on the magnitude of charge transfer, the absorption wavelength, and the orbital 

configuration of the optical transition. This indicates that the charge transfer behavior for the 

neutral compounds is determined by the properties of the organic ligand and not by the metal. 

A different picture emerges for the charged analogues. Comparing the d10 anionic 

DATCuS-1 to DATS shows an approximate threefold increase of charge depletion on the 

salphen ligands (QVECD = +0.219), and a twofold increase of charge transfer to the electron-

accepting NDI moiety (QVECD = -0.265). The electron transfer for this CuI congener results from 

excitation from the ligand-based HOMO-1 to the LUMO, which is located at the NDI (similar 

to DATS, see isocontour plots in Figure 5.10), showing DATCuS-1 as an improved version of 

the original Zn-containing chromophore. 

In contrast, d8 anionic DATCoS-1 shows negligible charge transfer to the NDI upon 

photoexcitation. Instead, charge is transferred to the salphen ligands (QVECD = -0.091) and 

removed from the metal atom (QVECD = +0.112). As the MLCT state does not extend appreciably 

past the salphen arms it appears that the more electropositive CoI is not capable (like CuI) of 

donating to the NDI’s LUMO. Here, numerical analysis using QVECD allows to precisely 

pinpoint the results of substituting the parent compound with a less electronegative metal. 

Remarkably, cationic d6 compound DATCoS+1 shows a complete reversal of the 

photodriven charge transfer, namely from the NDI (QVECD = +0.125) to the salphen (QVECD = -

0.140; see also Figure 5.10). The ligand-to-metal charge transfer concurs with the expected 

behavior for electropositive metals. This umpolung of the NDI redox chemistry, where the 

usually electron-demanding NDI is changed from a reductor to an oxidant, is in line with 
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literature reports that show the use of an NDI as cation sensor capable of undergoing one-

electron reduction.[31]  

The directionality of charge transfer is clear: the electron-rich metal complexes transfer 

charge away from the metal, whilst the electron poor CoIII complex transfers charge toward the 

metal. Using Voronoi charge differences, these qualitative descriptions can be assigned a 

numerical quantity, which will clearly be of benefit to exploratory and explanatory molecular 

research. 
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5.7 Conclusions 

The presented method that makes use of atom-centered Voronoi polyhedra to calculate 

charge differences for photo-induced excitations and emissions provides an easily obtainable, 

novel, and relevant quantity to describe charge transfer processes at the atomic level. Because 

electron charge is integrated over atomic volumes before subtracting the initial state properties 

from the final state properties, both vertical processes and those that incur geometrical changes 

can be assessed using the QVECD formalism.  

There is a direct correspondence of QVECD values with the well-known, intuitive but strictly 

qualitative electron density isocontour plots, as showcased for formaldehyde. For a series of 

donor-bridge-acceptor chromophores, QVECD  values are shown to be consistent with existing 

methods of assessing photo-driven charge transfer. Computation of the Voronoi excitation 

charge difference can be employed as a design tool to optimize charge transfer processes, as shown 

for a series of chromophoric metal complexes. By quantifying the amount of charge moving 

across the donor-acceptor axis of the molecule, direct comparison across a homologous series of 

compounds is possible. We believe this to be an excellent example of the value of QVECD 

calculations as a design tool for photoactive organic compounds. Furthermore, the calculations 

add quantitative insight to the qualitative description available through MO theory. 

The chosen Voronoi partitioning scheme is density-independent, that is, the obtained 

atomic volumes depend only on atomic coordinates and not on the DFT-derived electron 

density. As such, this method is expected to be equally applicable to processes in singlet, triplet 

or open-shell systems, which is a topic for future study.  
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In reflecting on the Bader versus Voronoi approach, we note that Joubert et al.[32] have 

shown that charge transfer vector (dCT and qCT) calculations based on integration over Bader 

volumes are much improved on taking into account the positive atomic charge Z. For our QVECD 

calculations on vertical processes, Z would simply vanish from the equation, but changes in 

geometry cause changes in integrated volumes. Hence, the role of atomic dipoles in QVECD 

calculations on processes with changing nuclear positions is an intriguing topic for further study. 
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5.8 Computational Details 

5.8.1 General details 

In order to assess the consistency of the VECD method across basis sets, several small 

molecules have been calculated using the B3LYP functional. The ground-state and first excited 

(singlet) state electron density was calculated using Dunnings’ correlation consistent polarized 

basis sets of double, triple, quadruple and quintuple zeta quality, with and without augmentation 

by diffuse functions. From the obtained densities, QVECD
A was computed for every atom in each 

molecule. In order to validate against computational errors, all atomic charges were summed into 

a single sum of charges for every compound, the left-hand Σ QVECD term in equation 5. Given 

the neutral net charge of all fragments, this quantity should always be zero. 

(5.5)  Σ QVECD  = all atoms A  QVECD
A  

For all molecules in the test set (cyanide anion, carbon monoxide, dinitrogen, hydrogen 

fluoride, nitrous oxide, ozone, FCCH, HCCH, LiCCH, LiCCF, formaldehyde, 

thioformaldehyde, selenoformaldehyde), the QVECD value averaged over all basis sets is between 

0.000 and 0.004 electron charge, provided that a suitably large integration box is used around 

the molecule, as shown in figure 5.11. 
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Figure 5.11: Absolute sum of charges for test molecules, analysis of the small molecules test set 

integrated using 83 Å and 163 Å boxes. Deviation from zero signifies a non-physical result wherein the total 

number of electrons in the system changes upon excitation. 

Between basis sets, a considerable variance in computed QVECD
A is sometimes observed. This 

basis set dependence can be expressed (see equation 6, where Var (QVECD
A) = variance of QVECD

A 

across basis sets) as the standard deviation in the QVECD
A values computed for a single atom A 

across basis sets.  

(5.6)  ΣVar =  all atoms A Var(QVECD
A)  

Figure 5.5 compares the basis set dependence of the Voronoi partitioning scheme against 

charge differences calculated using another scheme, the Bader atomic charge. Clearly the use of 

the (basis set invariant) Voronoi scheme leads to superior basis set independence. 

5.8.2 Geometry Optimization and Analysis of Formaldehyde 

The ground- and excited state geometries of formaldehyde were computed using (time 

dependent) Density Functional Theory using the B3LYP functional at cc-pVTZ level of theory. 

Frequency analysis was used to confirm the absence of imaginary vibrational frequencies larger 

than -50 cm-1, indicative of sufficient convergence of the geometry optimization to a true energy 

minimum. Real-space density files were written using the NWChem 6.5 software package as 

input to the provided analytical script that computes electronic charges summed over the 

associated atom-centered voronoi polyhedra.  
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5.8.3 Geometry Optimization and Analysis of Azobenzene 

The cis and trans ground-state geometries of azobenzene were computed using Density 

Functional Theory using the B3LYP functional at cc-pVTZ level of theory. Frequency analysis 

was used to confirm the absence of imaginary vibrational frequencies (for cis and trans ground 

state geometries) larger than -50 cm-1, indicative of sufficient convergence of the geometry 

optimization to a true energy minimum. The excited state intermediate was found by applying 

some torsion to one of the C-C-N-N dihedrals and optimizing the molecular structure on the 

S1 energy surface using TDDFT under relaxed optimization criterion (NWChem 6.5 geometry 

driver with “LOOSE” settings), without performing a frequency analysis. Real-space density files 

were written using the NWChem 6.5 software package as input to the provided analytical script 

that computes electronic charges summed over the associated atom-centered voronoi polyhedra. 

For clarity, atomic charges for phenyl groups were summed into one number for each ring. 

5.8.4 Geometry Optimization and Analysis of a Pyridinium Dye Series 

The ground- and excited state geometries of DAMPI were computed using (time 

dependent) Density Functional Theory using the B3LYP functional at cc-pVTZ level of theory. 

Frequency analysis was used to confirm the absence of imaginary vibrational frequencies larger 

than -50 cm-1, indicative of sufficient convergence of the geometry optimization to a true energy 

minimum. Real-space density files were written using the NWChem 6.5 software package as 

input to the provided analytical script that computes electronic charges summed over the 

associated atom-centered voronoi polyhedra.  

5.8.5 Geometry Optimization and Analysis of a Series of Chromophoric 

Metallosalphen Compounds 

To analyze the properties of the series of compounds homologous to DATZnS, we took its 

DFT-optimized structure (available in the electronic supplementary information of  

Rombouts et al, Chem. Eur. J. 2014[29b]), optimized this again at B3LYP/cc-pVDZ level of 

theory, and replaced the zinc atom with cobalt, copper, iron and nickel. For reasons of 

computational efficiency, the alkyl chains on the imide nitrogens are replaced by a hydrogen 
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atom. The overall charge of the compounds was chosen to obtain a closed-shell spin = 0 

electronic state. The cobalt-containing compounds were calculated separately as the overall 

monoanionic and monocationic species, the copper compound was calulcated as its monoanion, 

and all other compounds were calulcated as neutral compounds. The homologues were 

optimized at the same level of theory, using nwchem 6.5’s “xfine” integration grid and 

convergence criteria of 10-6 (energy), 10-6 (density) and 10-5 (gradient). No frequency calculations 

could be performed due to the computational cost associated with the rather large size of these 

compounds.  

For each compound, the singlet excitations were computed using TD-DFT. The VECD 

calculation was performed on the first transition encountered with a non-zero (meaning, larger 

than 0.1) dipole oscillator strength. This procedure is required for large pigments, in order to 

weed out dark (non-absorbing) transitions at low energies whenever these occur. Judicious 

selection of target roots prior to VECD calculation ensures that the actual, physically relevant 

optical transitions are investigated. All selected transitions were of a ‘clean’ orbital configuration, 

with only one occupied-to-unoccupied transition contributing to 75% or more of the excitation 

character.  

Table 5.5: TDDFT investigation of first transition with non-zero transition dipole 

Compound 
name 

Co(III) 

DATCoS+1 

Co(I) 

DATCoS-1 

Cu(I) 

DATCuS-1 

Fe(II) 

DATFeS 

Ni(II) 

DATNiS 

Zn(II) 

DATZnS 

Root selected 
for VECD calc. 

5 5 2 5 4 1 

TDDFT 
energy 

1.87 eV 1.53 eV 2.14 eV 2.59 eV 2.59 eV 2.57 eV 

Orbital 
configuration 

H-2 -> L 

78% 

H -> L+1 

75% 

H-1 -> L 

85% 

H -> L 

82% 

H -> L 

88% 

H -> L 

89% 

Oscillator 
strength 

0.20 0.12 1.21 1.45 1.48 1.46 
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Dit werk beschrijft een aantal onderzoeksprojecten waarin nieuwe foto-actieve organische 

moleculen worden ontworpen. Hoewel de hoofdstukken uiteenlopende onderwerpen 

behandelen, staan deze allemaal in het teken van het vergroten van de wetenschappelijke kennis 

rondom synthese, karakterisering en toepassing van chemische verbindingen welke licht kunnen 

opvangen en uitzenden. Hieronder wordt een Nederlandse samenvatting gegeven van de inhoud 

per hoofdstuk.  

Hoofdstuk een is een inleidend hoofdstuk waarin het ontwerp, de chemische 

bereidingswijze en het nut van lichtopvangende moleculen wordt behandeld. Hierbij komen 

gebieden van de wetenschap aan bod die van belang zijn voor het begrijpen en contextualiseren 

van de overige hoofdstukken: licht als natuurkundig verschijnsel, de interactie van licht met 

materie, de chemische synthese van een aantal specifieke organische en organometallische 

moleculen. Tot slot wordt een overzicht gegeven van een aantal apparaten waarin moleculaire 

verbindingen gebruikt worden om licht, elektriciteit of brandstof op te wekken. 

Hoofdstuk twee beschrijft onderzoek van een zeer toegepaste aard, waarbij een fluorescent 

BODIPY-label gebruikt wordt om het – tot dusver niet volledig opgehelderde – 

werkingsmechanisme van het recent op de markt verschenen antituberculosemedicijn 

Bedaquiline te verduidelijken. Het fluorescente label is zo ontworpen dat het de juiste 

eigenschappen heeft om aan Bedaquiline vastgemaakt te worden, zonder dat het de antibacteriële 

werking van het medicijn teniet doet. Het verkregen fluorescente medicijn kan gebruikt worden 
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om de opname van Bedaquiline in een cel te volgen, of om te onderzoeken hoe de M. tuberculosis 

bacterie tracht dit medicijn via zijn zogeheten effluxpompen probeert kwijt te raken. 

Hoofdstuk drie beschrijft het ontwerp en de bereiding van DATS, een nieuwe kleurstof op 

basis van reeds bekende lichtopvangende moleculen met een naftaleen diimide (NDI) kern. 

Spectroscopisch onderzoek wijst uit dat deze verbinding, wat haar functionele eigenschappen 

betreft, overeen komt met porfyrinepigmenten die in de natuur gebruikt worden voor 

fotosynthese. De NDI-kern in DATS is gefuseerd aan een metaalbindend 

salicylideenfenyleendiamine ligand, welke een zinkion bindt. Zodoende is DATS in staat andere 

moleculen met een pyridinegroep te binden, wat een bewezen effectieve strategie is in het 

ontwerpen van supramoleculaire complexen voor, bijvoorbeeld, fotokatalyse en kunstmatige 

fotosynthese. Tot slot blijkt dat aanpassingen aan de salicylideenarmen van het molecuul leiden 

tot de vorming van een microkristallijne vaste stof met geordende dipoolmomenten, hetgeen van 

mogelijk nut is als fotoactieve vaste stof in OLEDs of PEC-systemen. 

Hoofstuk vier beschrijft een synthetische strategie om iridiumhoudende 

organometaalverbindingen te produceren, hoofdzakelijk bedoeld voor OLED toepassingen. Het 

betreft een verkennend onderzoek naar het maken van zulke iridiumverbindingen door middel 

van multicomponentreacties, met als uiteindelijk doel om grote hoeveelheden chemische 

structuren zeer snel te kunnen screenen. Als voorbeeld zijn door middel van een Van Leusen 

driecomponentreactie twee verbindingen gemaakt, met uiteenlopende elektronaffiniteit. De 

eigenschappen van deze verbindingen zijn beschreven door middel van spectroscopie, 

röntgenkristallografie en tijdsopgeloste dichtheidsfunctionaal (TD-DFT) berekeningen. 
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Hoofdstuk vijf sluit deze thesis af met de beschrijving van een nieuwe kwantitatieve 

methode om de verandering in elektronendichtheid in kaart te brengen, die optreedt wanneer 

een moleculaire verbinding licht opneemt of uitzendt, of een geometrieverandering doormaakt 

gedurende een fotofysisch proces. De methode benut elektronendichtheden uit standaard TD-

DFT berekeningen om gesommeerde ladingsveranderingen per atoom te beschrijven. De 

zogenaamde QVECD ladingen die hieruit voortkomen zijn gebaseerd op het integreren van 

dichtheidsverschillen over atoomgecentreerde Voronoi-volumes. In dit hoofdstuk wordt de 

Voronoi-methode met enkele andere ladingspartitioneringsalgoritmen vergeleken als validatie. 

Door middel van een serie voorbeelden van toenemende complexiteit wordt aangetoond dat de 

QVECD ladingen gebruikt kunnen worden om ladingsoverdacht op atomair niveau te beschrijven, 

wat een zeer nuttig hulpmiddel is in het ontwerp van fotoactieve verbindingen. 

In dit werk worden moleculen ontworpen met specifieke fysische en elektronische 

eigenschappen. Hierbij wordt een doelbewuste aanpak gehanteerd, met focus op uiteindelijke 

toepassing van de ontworpen verbindingen in wetenschappelijke of technologische projecten. 

Het gedane werk heeft nieuwe protocollen voor chemische synthese opgeleverd, heeft 

verbindingen opgeleverd welke in biologische onderzoeken gebruikt kunnen worden, heeft 

nieuwe moleculaire structuren ontdekt welke gebruikt kunnen worden in zonnecellen of 

verwante apparaten, en heeft tot slot een theoretisch kader opgeleverd voor het op atomair niveau 

beschrijven van lichtgedreven ladingsoverdracht binnen een molecuul. 



 

 

 

  



 

 

 

She said, "How did we get ourselves so lost?" 

And I said, "I don't know, but we will not be leaving tonight 

When you hold me, I feel better" 

 

I only want one life, together in our arms 

This is the longest night, we're meeting arms to arms 

 

Nothing is wasted and life is worth living 

Heaven is nowhere, just look to the stars 

There is a day that is yours for embracing 

Everything's nothing, and nothing is ours 

 

 

 

 

I Feel Better – Hot Chip 
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Dames en heren, voor zover de wetenschappelijke, keiharde en soms gortdroge feiten.  

 

 

 

Als jullie dit lezen is het gelukt en is mijn proefschrift (eindelijk) af. Het ging niet vanzelf, 

het heeft een tijdje geduurd en bovenal... ik had het in mijn eentje waarschijnlijk nooit gered! 

Daarom hier het leukste, of in elk geval het meest begrijpelijke, stuk tekst van de afgelopen 170 

pagina’s: het dankwoord.  

Allereerst de mensen zonder wie ik überhaupt nooit had kunnen beginnen aan mijn 

onderzoek naar foto-actieve moleculen, en zonder wie ik niet had kunnen groeien als 

wetenschapper. 

Koop, met mijn onderzoek naar zonnecellen en lichtopvangende moleculen had je er een 

beetje een vreemde eend bijgekregen. Vanaf het begin vertrouwde je op de goede afloop van mijn 

deelname aan alle BioSolar Cell meetings, congressen en samenwerkingen. Mijn dank is groot 

voor de gegunde vrijheid. Ook is het voornamelijk aan jouw scherpe pen te danken dat ik geleerd 
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heb korte, heldere zinnen te schrijven, zonder in elke regel zesentwintig bijzinnen in te bouwen... 

Zo af en toe. 

Romano, voor jouw groep was mijn onderzoek natuurlijk ook niet 100% gebruikelijke kost. 

Je gaf me de vrijheid zelf onderzoekslijnen uit te zetten, maar als ik bij je aanklopte met vragen 

hoe we verder moesten had je altijd het juiste kritische filter voor mijn duizend-en-één ideetjes. 

Hoewel deze thesis nogal een mosaïek van ideeën is geworden, is de organisch-chemische 

expertise van SyBOrCh een belangrijke rode draad geworden. Ook zal ik je tiramisu-creaties op 

de kerstborrels nooit vergeten! 

Chris, onze samenwerking gaat al verder terug, want tijdens mijn master was je al mijn 

steun en toeverlaat als ik op doordraaien stond. Het is te danken aan jouw rustige en 

weloverwogen aanpak dat ik mezelf op sommige momenten niet van frustratie in de fik heb 

gestoken. Je relativeringsvermogen en rust waren een goede tegenhanger voor mijn af en toe 

opvliegende en chaotische karakter. 

Eelco, bedankt voor je nietaflatende stroom met suggesties en ideeën om synthetische 

vraagstukken op te lossen. In de onzekere business van het wetenschappelijk onderzoek had ik 

een zekerheid: namelijk dat er in jouw fotografisch geheugen voor synthesepapers altijd nog 

minstens drie alternatieve strategieën aanwezig waren om een verbinding te maken..! 

Tot slot het meest kleurrijke en eigenzinnigste element van deze lijst, Andreas. Gedurende 

mijn onderzoek raakte ik steeds meer geïnteresseerd in computationele chemie, met dank aan 

jou. Het bestaan van het paper waar ik het meest trots op ben, het paper in JCC, is te danken 

aan jouw kennis en de aandacht waarmee je de vele iteraties van het manuscript hebt bekeken. 

Nog belangrijker dan dat was je persoonlijke betrokkenheid bij de AiO's en studenten, op het 

lab en tijdens borrels. Zonder jou was het maar een saaie boel geweest. 

Ik heb laboratorium KA-357 gedeeld met een groot aantal studenten. In onbepaalde 

volgorde: Bas, mijn excuses dat ik je zoveel rhodamine-oplossingen heb laten indampen. Rik, 

bedankt voor je vastberadenheid, uiteindelijk hebben we er toch maar mooi een paper aan 

overgehouden. Danïel, mijn excuses dat ik je zoveel NDI-oplossingen heb laten indampen. Lisa 

en Michelle, jullie hebben uitstekend werk gedaan in korte tijd, petje af. Davidson, ik heb nog 
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geprobeerd je op te zoeken op internet maar je online presence is helaas niet wat het ooit was. 

Lars, bedankt voor de altijd goede sfeer en al je harde werk aan de onmogelijke verbindingen die 

we wilden maken. Vleeslegging, ik kan me niet herinneren waar je aan werkte. Je naam ook niet 

meer, helaas. Koen, hopelijk ga je er tegenwoordig voor meer dan dertig procent tegenaan. Tot 

slot is Nicole in dit rijtje zeker een speciale vermelding waardig, aangezien het in onze 

samenwerking al snel niet meer helemaal duidelijk was wie van ons de betere chemicus was, en 

de student de begeleider voorbijstreefde..! 

Heel belangrijk in deze opsomming zijn de mensen van binnen en buiten de VU waarmee 

ik heb samengewerkt aan de onderwerpen in dit boekje. Allereerst John Kennis en Janneke 

Ravensbergen voor hun onmisbare bijdrage aan mijn eerste artikel, opgenomen in hoofdstuk 3. 

Dirk Bald en collega’s wil ik bedanken voor de biologische experimenten waarmee we in 

hoofdstuk 2 de biologische effectiviteit van het gelabelde tuberculosemedicijn hebben getest. 

Mijn dank ook aan de BioSolarCells-collega’s uit Leiden Huub de Groot, Khurram Joya en in 

het bijzonder Brijith Thomas voor hun vastberadenheid in het voltooien van het werk naar de 

niet oplosbare DATS analogen. Joost Reek, Remko Detz en Bart van den Bosch, ik vind het 

prachtig dat ik dankzij jullie kan zeggen dat mijn verbindingen uiteindelijk in een echte 

‘zonnecel’ getest zijn.  

Léon! Het lot heeft bepaald dat we op één lab terecht gekomen zijn, en gelukkig maar. Ik 

moet nog steeds af en toe gniffelen om de vele idiote vrijdagmiddagexperimenten of ons quasi-

intellectuele gedrag tijdens de thermodynamica practica. Even zo memorabel waren de avonturen 

buiten werktijd… Ik ben blij dat je mijn paranimf wil zijn, en ik kan alleen maar hopen dat je 

het entertainment hebt gekregen dat je verdient. 

Jos, je was de beste kamergenoot die ik me kon wensen: nooit te beroerd om mijn gezwam 

over Kerbal Space Program aan te horen, altijd in voor een geintje of een bureaubiertje, en je was 

net zo into wanstaltige platen van DJVT als ik. Bedankt ook dat je me altijd extra uitleg over 

TD-DFT en het gebruik van de LISA wilde geven, door jouw nabijheid ging DFT me meteen 

goed af. 
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Jaap, het was een voorrecht om jou scheikunde te zien doen. Ik ken niemand die zo level-

headed, gestructureerd en doortastend te werk gaat bij het uitvoeren van zijn onderzoek. Mijn 

dank voor alle vele koppen koffie ‘s morgens vroeg waarbij je mij hielp nieuwe ideeen te 

ontwikkelen of je eigen projecten uitlegde en mij een beetje dichter bij chemische verlichting 

bracht. 

Natuurlijk wil ik ook al mijn labgenoten Devin, Tatiana, Mark, Tom, Lorean, Evi, en 

ook Art, Tjøstil, Guido, Corien, Matthijs, Sanne, Razvan en Gydo van de vakgroepen van 

Koop en Romano bedanken: voor de goede sfeer op borrels, voor hilarische momenten op 

congressen, schools en cursussen en hun geduld als ik in een werkbespreking weer eens met één 

of ander verhaal over fotonen en elektronen op de proppen kwam. Wat betreft het in de lucht 

houden van alle apparatuur en infrastructuur op het laboratorium verdienen Bas en Elwin tot 

slot een speciale vermelding! 

Willemijn en Paul, Annabel en Erik, Sabine en Stefan: Jarenlang is het bij elke borrel, 

etentje en verjaardag hetzelfde verhaal geweest, ik was ‘soort van bezig’ met vaag onderzoek, of 

‘af en toe wat resultaten aan het opschrijven’. Ik vind het knap dat het jullie nooit is gaan 

vervelen, en dat jullie me nooit op mijn kop gegeven als ik weer eens de overdreven exacte 

betweter uithing (is de kat nou 0.4 gram of 0.4 kg afgevallen?) 

Joost, een jaar of tien geleden planden we onze levens door bij elke beslissing een muntje 

op te gooien. We zijn uiteindelijk goed terecht gekomen, of in elk geval hebben we samen een 

publicatie! Uiterst mooi dat ‘de frisbee’ in de literatuur is beland, want zeg nou zelf, wie heeft er 

eigenlijk ooit een atoom gezien? Gelukkig kunnen we nu uit eerste hand zeggen dat ze er toch 

echt zijn. Bedankt ook voor alle onmisbare tips over de ervaring van het vader worden, alle 

lekkere biertjes en alle telefoongesprekken vanuit de file om half zeven ‘s morgens. 

Frank, ik kon altijd bij je aankloppen met mijn problemen als het ging over het papers, het 

managen van mijn onderzoek of het leven in de breedste zin van het woord, dus ik ben blij dat 

je mijn paranimf wil zijn. Ook ben ik blij dat ik een bijdrage heb kunnen leveren aan jouw 

onderzoek, en dat ook wij onze namen op een paper hebben weten te krijgen. Maar het 
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belangrijkste, van straight dope tot Vice-klassiekers, van Lowlands tot Melt tot ongespecificeerde 

technokelders, met jou is het altijd een feest. Bedankt voor de goede vibes. 

Matus, we’ve been rocking it 90’s style since at least the early 2000’s. Thanks for the all 

great discussions on life, the universe and everything else. You’ve forgotten ten times more math 

than I know, and thanks to you my terrible Voronoi code at least managed to stay out of 

exponential time complexity.  

Nell en André, gelukkig heb ik zulke prettige, hartelijke schoonfamilie, die altijd in zijn 

voor een lekker drankje of gezellig dinertje, en altijd geïnteresseerd waren in mijn 

onderzoeksverhalen. Ook al wonen jullie nu ver weg, ik weet dat ik altijd kan rekenen op jullie 

steun als dat nodig is. 

Hetzelfde geldt voor Hans en Yuedan. Als politicoloog danwel microbioloog zijn jullie 

waarschijnlijk matigjes / uitstekend in staat om mijn lijst met publicaties op waarde te schatten. 

Maar, daar gaat het niet om, want aan jullie immer aanwezige interesse heb ik veel gehad. Antony 

en Oscar, jullie maakten dat de vele uurtjes YouTube kijken terwijl ik eigenlijk reacties moest 

doen tenminste nog ergens goed voor waren!  

Noor, jou komt de eer toe de eerste (en eigenlijk de enige echte) dokter te zijn van de familie. 

Had ik half het doorzettingsvermogen gehad waarmee jij dierenarts bent geworden, dan was dit 

boekje al in 2015 gepubliceerd!  

Martijn, van jouw relaxte aanpak kan ik af en toe nog wel wat leren. Bedankt �ro voor alle 

� � D A N K   A F   MEMES � � jeweetzelluf   , en alle mooie discussies over 

vaporwave en internetcultuur. 

Andrea en Lars, jullie hebben mij van dichtbij zien zwoegen, maar ook in alle mooie 

verhalen gedeeld: met een bak verhuizingen, een vakantie naar Thailand en twee bruiloften 

hebben we daaraan geen gebrek gehad de afgelopen jaren! Niet alleen daarvoor wil ik jullie 

bedanken, maar ook voor een stukje inspiratie: Het materiaal in hoofdstuk 5 is namelijk 

gebaseerd op een idee dat op vakantie bij jullie in Gran Canaria ontstaan is. 
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Frans en Carla, van bakpoederbommen, vuurtjes in de voortuin tot water-elektrolyse in de 

schuur, het is een wonder dat jullie nooit een beroep hebben hoeven doen op de verzekering. 

Jullie hebben altijd je best gedaan om mijn creativiteit en interesse in de wereld om me heen te 

stimuleren. Het is scheikunde geworden, maar met dank aan jullie opvoeding had ik net zo lief 

elk ander gebied van de wetenschap bestudeerd.  

Sophie, kleine knapperd, jij was de katalysator die ik nodig had. Je zult er later niets van 

weten, maar jouw komst was de schop onder mijn kont die ik nodig had om alle laatste 

onderzoeksresultaten de literatuur en dit boekje in te krijgen. Mijn liefde voor wetenschap en 

vooruitgang is niets vergeleken met wat ik voel als je me aankijkt met je lachende koppie. 

Dan tot slot, de belangrijkste vermelding, Fenne. Achter elke succesvolle man staat een 

sterke vrouw; wellicht een cliché, maar volledig waar. Ik ben blij en dankbaar dat jij van begin 

tot eind klaar hebt gestaan voor me. Als ik de moed volledig had verloren was jij er voor me om 

naar me te luisteren en me weer op de been te helpen. Als ik een belangrijke reactie eindelijk had 

laten slagen, of weer een publicatie binnen had, was je soms nog trotser en blijer dan ikzelf. 

Zonder jouw liefde en steun was het niets geworden. Toch is de voltooiing van dit boekje maar 

een voetnoot bij alle mooie dingen die we hebben meegemaakt in de afgelopen jaren, met als 

absolute toppunt natuurlijk de geboorte van onze prachtige dochter Sophie. Lieverd, jij maakt 

het verschil, en ik verheug me op de oneindige hoeveelheid avonturen die we nog gaan beleven. 

Dank je wel.   : ) 
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