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OlümsüzOlümsüz gencligin fövalyesi. 
ellistndeellistnde uyclu yüreginde carpan akhna, 
birbir  Temmuz sabahi fethine cikti 
güzelin.güzelin. dogrunun ve hakhmn: 
önündeönünde magrur, aptal devleriyle dünya, 
altmdaaltmda mahzun. fakat kahraman Rosinant'i. 

Bilirim, Bilirim, 

helehele bir düsmeyegör hasredn halisine, 
helehele bir de tam okka dort yüz dirhemse yürek. 
yoluyok.yoluyok. Don Kisot'um benim, yoluyok, 
ye/degirmenleriyleye/degirmenleriyle dövüsülecek. 

Haklism,Haklism, elbette senin Dülsinya'ndir en güzel kadtm yeryüzünün. 
sen,sen, elbette bezirganlarin swatinu haykiracaksin banu, 

alasagialasagi edecekler seni 
birbir  temiz pataklayacaklar. 
FakatFakat sen. yenilmez sövalyesi susuzlugumuzun. 
sen,sen, bir aiev gibi yanmakta devam edeceksin 
ugir,ugir, demir kabugunun icinde 

veve Dülsinya bir kat daha güzellesecek... 

Nazimm Hikmet , (Don Ki$ot) 1947 
TheThe knight of immortal youth 

atat the age of fifty found his mind in his heart 
andand on July morning went out to capture 

thethe right, the beautiful, the just. 

FacingFacing him a world of silly and arrogant giants, 
hehe on his sad but brave Rocinante. 

II  know what it means to be longing for something, 
butbut if your heart weighs only a pound and sixteen ounces, 

there'sthere's no sense, my Don. in fighting these senseless windmills. 

ButBut you are right; of course, Dulcinea is your woman. 
thethe most beautiful in the world; 

I'mI'm sure you'll shout this fact 
atat the face of street-traders; 

butbut they'll pull you down from your horse 
andand beat you up. 

ButBut you. the unbeatable knight of our curse, 
willwill  continue to glow behind the hea\y iron visor 

andand Dulcinea will  become even more beautiful. 

Nazimm Hikmet , (Don Quixote) 1947 

Translatedd by Taner Baybars 
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Chapterr  1 

Photoactivee Functional Imides 

1.11 Introductio n 

Supramolecularr chemistry has been one of the most actively pursued fields of science. 
55 Its implications span from the basis of molecular recognition in natural and 

artificiall  complexes to new materials and new applications in chemical technology, in 

biology,, or medicine. Several definitions have been made to emphasize the power of 

thee supramolecular approach: "the chemistry beyond the chemical bond" by Nobel 

pricee winner Lehn3. "the spontaneous assembly of molecules into structured, stable, 

non-covalentlyy joined aggregates" by Whitesides and "the non-covalent interaction 

off  two or more molecular subunits to form an aggregate whose novel structure and 

propertiess are determined by the nature and positioning of the components" by 

Hamilton. . 

Buildingg up complex functional architectures by using the concept of self-

assemblyy has been quite popular among several groups for a long time.'' The use of 

non-covalentt bonds to make large nanosized structures was developed, not only in 

solution66 but also on surfaces/ Also coordinative bonds to obtain supramolecular 

architectures,, using transition metal ions, have been extensively reported in the 

constructionn of self-organizing systems.'"4 

1.1.11 Why Self-assembly via Non-covalent Bonds: A Lesson from Nature 

Sincee Wöhlefs synthesis of urea in 1828. the most common methodology used for the 

synthesiss of compounds is the preparation of various chemical components via the 

stepwisee formation of covalent bonds between appropriate precursors. Although this 

methodologyy is very useful for the synthesis of simple molecules, it possesses several 

inherentt limitations when applied to the preparation of complex macromolecules and 

molecularr structures composed of hundreds or even thousands of subunits. 
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Thee self-assembly approach for the design of metal based supramolecules offers an 

alternativee to the classical organic route. The generation of well-defined, discrete 

supramolecularr architectures is in some cases much easier via the simultaneous 

assemblyy of predetermined building blocks. There are several complex functions 

performedd by supramolecular structures based on non-covalent interactions that have 

beenn exploited and in some cases artificially imitated.4 The photosynthetic reaction 

centerr is one of the most elegant examples that illustrates how carefully aligned 

molecularr arrays of photo and redox-active components can work together to convert 

andd store solar energy. Such complicate functions are the result of photoinduced 

energyy and electron transfer reactions that are possible because an organization in 

space,, energy and time is present in the molecular architecture. 

Ann antenna system is an organized multi-component system, where many 

chromophoricc molecular units absorb the incident light and then channel the 

excitationn energy to a redox center.1011 It has been shown that in photosynthetic 

organismss such as purple bacteria,12 '4 cyanobacteria,l?i6 or green plants,17 light-

harvestingg antenna pigments are arranged in a cyclic form by non-covalent pigment-

proteinn interactions. These light-harvesting systems (LHS) are used for the maximum 

absorptionn of the solar energy, which is transferred to the photosynthetic reaction 

centerr with an overall quantum efficiency of 95%. In this unit, charge separation 

occurss which initiates photosynthesis. In the photosynthetic reaction center, the 

energyy collected by the antenna pigments is trapped by a special bacteriochlorophyl 

dimer:: it further contains bacteriochlorophyl Is, bacteriopheophytins and quinone 

derivatives.. The function of the reaction center is to use this excitation energy to 

movee an electron across the bilayer membrane to produce a trans-membrane potential 

andd the organism utilizes this potential to drive ATP synthesis. Is~~ 

Severall  research groups have tried to create artificial antenna systems in order to 

understandd the molecular design and the mechanism of photosynthesis and 

parameterizee the requirements for an efficient process. To develop an efficient light-

harvestingg system, the chromophores must be chosen carefully to fulfil l a number of 

requirements.. For instance, the capacity to absorb light is very important; therefore 

thee chromophores must have high extinction coefficients. Additionally, if the system 

wil ll  be used for artificial solar energy conversion, the absorption spectrum of its 

i i 



1.22 Imiiie Derivatives as hunclional Molecules 

componentss should cover a substantial part of the visible spectral region. The 

chemicall  and photochemical stability of the light-absorbing units of the antenna 

systemm is another important factor. 

Duee to the demanding synthetic effort required for the preparation of multiple 

componentss and their assembly by covalent bonds, in recent years, much attention has 

beenn focused on the design and synthesis of self-assembled supramoleeular species. 

Self-assemblyy of chromophores able to function as antenna in artificial systems and of 

electronn acceptor and donor moieties for the photochemical conversion of solar 

energy1""  is a challenging task. Photoinduced energy- and electron transfer processes 

inn supramoleeular systems""" have been reported. The lesson learned from nature can 

bee extended in the design and construction of sensors/ charge-separation devices"4 

.ft.2s.2s)) an(j j n f o n T i a tj o n storage systems.30 

1.22 Imide Derivatives as Functional Molecules 

Electronn transfer between redox centers was mentioned in the previous section as an 

essentiall  step in many important biological processes and catalytic cycles. To mimic 

suchh complex biological processes, several artificial systems consisting of electron 

donorr acceptor dyads or triads have been synthesized. ' ° Due to the demanding 

syntheticc effort required for the preparation of multiple components and their 

assemblyy by covalent bonds, much attention has been focused on the design and 

synthesiss of self-assembled supramoleeular species in recent years. In this way, the 

syntheticc effort is reduced drastically because only smaller components have to be 

prepared,, which are self-assembled to extended non-covalently linked aggregates. 

Theree are several non-covalent type interactions used for this purpose like hydrogen 

bonds,, aromatic 7t-stacking, coordinative bonds with metal centers, electrostatic and 

hydrophobicc interactions. Among them, the self-assembly of photoactive components 

viaa coordinative bonds is an interesting possibility to control the distance and the 

electronicc coupling between an electron donor and an acceptor moiety. Besides 

severall  other classes of molecules, imide derivatives are promising compounds, which 

cann be used for building self-assembled functional systems. In the following sections, 

thee emphasis will be on the compounds bearing the imide functionality, their self-

assemblyy and ability to perform photoinduced processes. Several examples have been 

3 3 
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repoiledd in the literature and a selection of the most representative ones will be 

discussedd in this Chapter. 

Reversiblee coordinative binding of the substrates to some metalloenyzmes having 

thee zinc finger motif is known from nature. In a similar approach, metal complexes 

off  azamacrocyclic Iigands have been widely used to study the reversible coordinative 

interactionss in molecular recognition and supramolecular catalysis. König et al. 

publishedd a self-assembled system containing phenothiazine (as an electron donor), 

attachedd to a Zn (Il)-cyclen moiety (cyclen = 1,4.7.10- tetraaza-cyclododecane), and 

riboflavinn (as an electron acceptor moiety) (see Figure 1). The system is designed to 

establishh a coordinative bond between the metal ion of azamacrocycle with the imide-

nitrogenn of riboflavin and consequently to promote an electron transfer upon light 

excitationn within the supramolecular donor-acceptor dyad. The assembly has been 

studiedd in water under physiological conditions and performs photoinduced electron 

transferr as schematically shown in Figure I. 

lightt r
A c 

vv Acq. 1AH 

U^T*OACC tup R r-\ ^ r OAC e- x 

wy>> - Qp O — « % k 
°°  .„„,„„" " H-UV^V C 
pK,, = 10.(J o L/J 

Figur ee 1. Assembly of a ribqflavin-pheriothiazine electron donor-acceptor dyad via Zn till 

imideimide coordination. 

Thee water coordinated to the Zn (II) can be easily removed by a deprotonated 

imidee and the Lewis-acidic zinc coordinates to the negatively charged nitrogen atom 

off  the imide unit. The authors found that the coordination of the imide nitrogen of the 

riboflavinn moiety to the phenothiazine functionalized Zn (II) azamacrocycle formed a 

reversiblyy assembled donor-acceptor complex with a binding constant of log K = 5.9. 

Uponn light excitation, a strong quenching of the riboflavin emission is observed due 

too the efficient electron transfer from the phenothiazine to the riboflavin moiety, 

mediatedd by the coordination of the zinc. 

4 4 



1.22 Imide Derivatives as Functional Molecules 

Thee binding of imides to Lewis-acidic Zn (II ) azamacrocycles is a well-known 

concept.. Kimura and co-workers studied this binding motif with different systems 

andd have obtained a lot of structural information about this concept. In these studies, 

smalll  molecules recognizing specific DNA sequences have been attracting great 

interestt for gene-targeted drugs, which may alter the local structure of DNA to inhibit 

accesss of activator or repressor proteins and affect ultimately the gene expression 

processes.. While some drugs recognize AT-rich regions of DNA and stabilize the A -

TT base pairs mainly by van der Waals energy, others equipped with intercalators bind 

too GC-rich regions of DNA. Either type of DNA-recognizing molecules is useful in 

perturbingg some stage of transcription processes. Taking advantage of the binding of 

Znn azamacrocycles to some of the DNA bases, acridine, " quinoline. 

naphthalene4'44 or anthraquinone tethered Zn (II ) cyclen complexes have been 

introducedd by Kimura et al. as a redox-active sensor for selective thymine (or uracil) 

nucleosidee in aqueous solution (sec Figure 2). 

Figuree 2. Binding motif of acridine functional'ized Zn (Il)-cyclen to thymidine (dTi. uridine 

(U)(U) and deoxyguanosine (dG). Schematic representation of DNA binding motif is given on the 

rightright side. 

Inn the complexes with the nucleosides, the Zn (II ) ion binds to the deprotonated 

imidee nitrogen, and the NHs of the macrocycle form hydrogen bonds with the 

carbonyll  oxygens of the imide group. Upon intercalation of a luminescent molecule 

andd selective coordination of thymine or guanine to the Zn (Il)-cyclen. an efficient 

5 5 



'hotoactivee Functional Imides 

recognitionn of the DNA is possible. Thus, the Zn (II ) cyclen complexes can act as 

promisingg new type of small molecule to control gene expression and even as a 

detectorr of apoptosis.' These studies exemplify the huge range of options to explore 

withh the Zn (Il)-cyclcn complexes. 

Thee coordination of the deprotonated iimide nitrogen to the Zn (II) -

tetraazacyclododecanee has been confirmed in several X-ray structurcs.,tvW"42 It is 

believedd that the interaction of the imide and the metal complex is strengthened by 

hydrogenn bonds between the imide carbonyl oxygen and the azamacrocycle N-H. 

howeverr it is unclear whether this is a direct interaction or if water molecules bridge 

thee structure. 

Anotherr example of imide- Zn (ll)-cyclen coordination deals with the binding of a 

NADHH model functionalized with Zn (Il)-cyclen and riboflavin tetraacetate under 

physiologicall  conditions. * The aim of this study is to mimic the function of enzymes, 

whichh are essential in the cellular redox metabolism for an efficient electron transfer 

directlyy between the redox cofactors. Some chemical models have been synthesized 

forr this purpose (see Figure 3 for an example). In this work of Reichenbach-Klinke et 

ai.ai. the recognition side for the flavins (the metal azamacrocycle) has been varied 

resultingg in the enhancement of the efficiency of the redox process under 

physiologicall  conditions.4S 

\ -- OH; 

HH k » : J "  o ry,) 
HH IO4

 B n / N X - - ^ 

Q Q 

" N N 

HH ' 

2CIO// 4 n 

Figur ee 3. An example of binding equilibria between a NADU model functionalized with Zn 

(H)-cyclen(H)-cyclen for reversible riboflavin tetraacetate binding under physiological conditions in 

water.''' water.''' 

Apoptosiss is a highly programmed cell death mechanism for removal of unwanted cells from 

tissues. . 

6 6 



1.22 Imide Derivatives as Functional Molecules 

Inn literature, there are several examples of covalently bonded Zn-porphyrin and 

imidee derivatives performing intramolecular electron transfer reactions. Besides the 

covalentlyy linked examples5 , Hunter and co-workers3 reported the use of pyridine as 

coordinatingg ligand for Zn-porphyrin in order to assemble the electron-acceptor 

moietiess via coordinative bonds. Using a similar approach. Otsuki et al. synthesized a 

seriess of pyridine-imide conjugates, with similar structures but varying redox 

potentials,, which can coordinate to Zn-porphyrin (see Figure 4). The quenching of 

fluorescencefluorescence of the singlet excited state of Zn-porphyrin upon addition of pyridine-

imidee derivatives was explained as a clear indication of the photoinduced electron 

transferr from Zn-porphyrin unit to the imide moiety." " 

Figuree 4. Suprcunolecular assembly of a Zn-porphyrin and pyridine-imide conjugates with A, 

B,B, C and D substititents with different electronic properties in order to obtain various redox 

potentials/' potentials/' 

Sakataa and his co-workers synthesized another type of a metal ion coordinated 

system.. From a previously reported self-assembly of a Zn-porphyrin dimer and 

benzoquinonee with two pyridyl groups, it was found difficult to study the 

photoinducedd electron transfer process because of the instability of the quinone and 

thee lack of strong charge transfer signals, required for detailed investigations.'' 

7 7 
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oo o 

TrrL L 
oo o 

R2.. R3 = 4-pyndyl 

R jj = 4-pyndyl 

R2,, R3 - phenyl 

Figuree 5. Schematic representation of flic components and of the self-assembled Zn-

porphyrinporphyrin dimer and pyromeilitimide system studied by Sakata el <//..' 

Instead,, using a pyromeilitimide moiety as an aeceptor unit (Figure 5) resulted in 

aa donor-acceptor assembly, with a high binding constant (K = 2.6 x l()(> dmJ mol"1). 

Uponn light excitation, the quenching of the fluorescence of the zinc porphyrin moiety 

andd the detection of the radical anion and cation signals by transient absorption 

spectroscopyy indicated a very efficient and fast intramolecular electron transfer (kcl = 

2xlO'V). . 

1.33 Perylene Imides as Building Blocks in Photoinduced Processes 

Onee of the most intensively investigated chromophoric electron acceptor groups, in 

supramolecularr chemistry, are the perylene imides/'' Because of their strong 

absorptionn in the visible region with an almost unity fluorescent quantum yield and a 

highh stability towards photooxidation, perylene imides have been utilized in various 

electronicc and optical applications such as photovoltaic cells. 6 dye lasers/ light-

emittingg diodes, field-effect transistors, electrophotographic devices''" and solar 

collectors.61 1 

Wasielcwskii  et al. " have introduced perylene bisimides covalcntly bound to 

organicc chromophores in order to obtain multifunctional photo- and electro-active 

systems.. Since then, several research groups studied photoinduced electron and/or 

energyy transfer processes with the perylene imide as the electron- or energy acceptor 

moietyy in solution, even at the single-molecule level. " In this section, a short survey 

off  literature is given on some interesting functional molecular architectures. 

Aii = 4-iso-propylphenyl 

8 8 



1.33 Perylene Imides as Building Blocks in Photoinduced Processes 

containingg perylene imide moieties, in which photoinduced electron and/or energy 

transferr processes occur. 

Perylenee imide derivatives have been extensively used as energy acceptor in 

photoinducedd energy transfer processes because of their excellent stability, high 

extinctionn coefficient and their fluorescence quantum yield close to unity . The imide 

nitrogenss have been used as the primary position for the attachment of donor groups 

becausee there are nodes'"4 in the HOMO and LUMO orbitals; this causes an efficient 

electronicc decoupling of the attached chromophore and therefore Förster-type energy 

transferr through space is preferred instead of the Dexter-type energy transfer through 

bondd {see next sections of this chapter). 

1.3.11 Perylene Imides in Dendritic Structures 

AA number of fascinating perylene imide derivatives have been synthesized and 

studiedd by De Schryver and Mullen et ü/
65s-66-70 They developed the chemistry and 

photophysicss of dendrimers containing perylene imides in the core or at the periphery. 

Thee combination of chemically very stable, shape-persistent polyphenylene 

dendrimerss and perylene chromophores, opens up the possibility to design an 

outstandingg multichromophoric array. In polyphenylene dendrimers with multiple 

peryleneimidef,xww and peryleneimide(P)-terrylenediimide(T) chromophores (Figure 

6)7",, fast energy transfer processes have been observed. For the peryleneimide-

terrylenediimidee systems the fluorescence spectrum of the peryleneimides has a good 

overlapp with the absorption spectra of the terry 1 ene imides making the latter 

chromophoress very suitable as energy acceptor. Interestingly, the compounds depicted 

inn Figure 6 show energy transfer with two time constants. The two kinetic 

componentss were determined both in the first (4 ps, 25 ps) and the second generation 

dendrimerr (22 ps, 68 ps) which were seen neither in the previous results of the 

peryleneimide-onlyy dend rimersbSm nor upon direct excitation into the 

terrylenediimidee absorption bands. They have been attributed to two independent 

energyy transfer processes occurring between the peryleneimide donor and the 

terrylenediimidee acceptor system. The finding of two energy transfer processes could 

bee explained by the assumption of two different subgroups of molecules, which differ 

inn their relative donor/acceptor orientation and/or distance. 
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Figur ee 6. Structures of the first (left) and second (right) generation donor-acceptor 

dendrimersdendrimers studied by De Schryver et a/.. " 

Inn a very similar system, energy hopping along the perylene tmide units placed at 

thee rim of a dendritic structure and efficient energy transfer to a terrylenediimide 

centerr have been investigated at the single-molecule level.66 Single-molecule 

spectroscopyy provides an ideal technique to investigate energy hopping as well as 

energyy transfer in such dendritic systems.66 

Theree are several other examples of covalcntly linked perylene imide systems. The 

compoundd given in Figure 7 ' is, in my opinion, particularly interesting, because three 

differentt types of properly chosen chromophobe units with different excited state 

energiess are arranged in a certain geometry. As can be seen (Figure 7), the system 

presentss eight coumarin-2 dyes, four fluorol 7GA units and a perylene core. In this 

architecture,, there is a cascade of energy transfer steps from the coumarin groups via 

thee fluorol units to the perylene core, following the electronic excitation energy. Upon 

excitationn of the highest energy moiety, coumarin. an efficient (>95%) energy transfer 

too the perylene core is observed. A cascade energy transfer from coumarin to fluorol 

andd subsequently to the perylene core is favored over direct energy transfer from 

coumarinn to perylene because of poor spectral overlap between coumarin emission 

andd perylene absorption. 
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Figuree 7. Illustration of the tri-chromophoric system studied by Fréchet et id. The arrows are 

representingrepresenting energy transfer efficiencies found between chromophores as a) 99 %, b) 96 % 

andc)andc) 79%.' 

1.3.22 Perylene Imides and Porphyrins 

Ass it was mentioned earlier. Wasielewski et al. were pioneering in the study of 

photoindueedd processes in covalently linked perylene bisimides-porphyrin systems. In 

theirr early work, two porphyrin donors rigidly attached to the perylene bisimide 

moietyy (Figure 8) are designed as a light-intensity dependent molecular biphotonic 

switchh on a picosecond time scale. Excitation of the porphyrins resulted in single or 

doublee reduction of the acceptor unit depending on the light intensity. " 

Figuree 8. The porphyrin - perylene bisimide system designed by Wasielewski et al. as a light-

intensityintensity dependent molecular switch.'" 

Inn a more recent system developed by Wasielewski and his co-workers, a zinc 

porphyrinn bearing multiple perylene imides was synthesized and studied. The 

structuree of the molecule is depicted in Figure 9. " 
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Figuree 9. Structure of the Zn-porphyrin with perylene bisimicle at the peripheries (left) and 

theirtheir self-assembled nanoparticles (right). ' 

Bothh in solution and in the solid state, it is found that the zinc tetraphenyl 

porphyrinn substituted with four perylene imide groups forms self-assembled 

nanoparticless (150 nm) via van der Waals stacking. The nanoparticles show very fast 

photoinducedd electron transfer in toluene with a near unity efficiency (rate of charge 

separationn is 3.1 x 10 s"1 and the rate of charge recombination is 1.4 x 10s s"1). While 

thee charge separation is faster in the nanoparticles than in the model compounds, the 

chargee recombination is found to be slower. 

1.3.33 Perylene Imides in Hydrogen-bonded and Self Assembled Architectures 

Upp to now. we mainly provided examples of covalently linked functional perylenc-

imidee derivatives. Recently, non-covalently assembled perylene imide systems also 

appearedd in the literature. One of the first examples of a hydrogen bonded 

photoactivee peryleneimide is given in the work of Wurthner and Meijer et.al73 

Inn Figure 10 this system is depicted. It has been found that the collective and 

hierarchicall  self-assembly of the oligo(/;-phenylene vinylene) (OPV) and the perylene 

bisimidee dyes leads to the formation of chiral fibers. 
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Figuree 10. The 2:1 binding motifoftwo functional dyes via hydrogen bonding. 

Thee perylene bisimide acceptor has two complementary binding sites for the 

hydrogen-bondingg diaminotriazine moiety of the OPV donor. An important feature in 

thiss work was to extend the level of hierarchy by combining hydrogen bonding and 

7r-7t-interactionss for multichromophoric assemblies. These hydrogen bonded triads 

aggregatee into helical fibers in methylcyclohexane at room temperature. Besides the 

highh binding constant, an optimal quenching of fluorescence was obtained when the 

imidee units made H- bonding with the OPV moieties at a molar ratio of 1:2. Such 

quenchingg in this tightly packed J-type aggregate was attributed to an electron transfer 

processs from the OPV-donor to the perylene-acceptor chromophore (kes = ~10 s"). 

Supramolecularr oligomers and polymers'4 have been obtained by self-assembly of 

thee tcrpyridine functionalized perylene bisimide with Zn (II ) metal ions° (see Figure 

II  1). The effect of the metal ion on the photophysical properties of the perylene dye in 

thesee dimeric and polymeric structures has been investigated. Introducing 

supramolecularr structures in photoluminescent polymers can open new applications in 

thee fields of organic light emitting diodes and plastic solar cells. 

Thee formation of the assembly in the dimeric and polymeric complexes has been 

confirmedd by H NMR titration experiments. While the absorption and emission 

propertiess are almost unaffected upon Zn (II ) ion coordination, a drastic quenching of 

thee fluorescence quantum yields of the perylene bisimide upon coordination with an 

Fe(II)) ion has been observed. Such results indicate that by coordination of different 

metall  ions the metal-terpyridinc unit can be changed from a purely structural to a 

functionall  unit which opens up interesting possibilities with regard to the 

investigationn of directional electron or energy transfer processes within the rigid-rod 

polymers. . 
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Figuree 11. Stnicture of the terpyridine jiinctionalized peiylene bisimide dyes complexed with 

ZnZn (II) mend ions. 

1.44 Molecu lar  Squares 

1.4.11 Metal Containing Molecular  Square Complexes 

Inn contrast to traditional synthesis by stepwise formation of covalent bonds, non-

covalentt synthesis has been proven to be a very useful method in construction of well-

definedd supramolecular architectures with specific topology and functionality by the 

simultaneouss assembly of multiple components. The self-assembly approach by using 

metall  based supramolecules offers an alternative to the classical organic route. 

Applicationn of this approach to macrocyclization is quite attractive since cyclization 

ofof a large molecule by the usual synthetic methods is frequently a tedious and low-

yieldd process. With the discovery of light-harvesting systems, it has been found that 

thee cyclic arrangement of chromophores is an important aspect in maximizing the 

absorptionn of solar energy. Thus inspired by nature. se\eral artificial systems were 

preparedd in which the chromophores were arranged in a cyclic fashion by self-

assembly.81'' "' These well-defined assemblies are useful as models for the study of 

biologicall  energy transport systems. 

Molecularr squares are among the most interesting members of the diverse family 

off  nanoscopic assemblies. They are macrocyclic species that have by definition 90° 

angless in their structure. Metal centers have been used extensively in the construction 

off  a wide variety of self-assembled structures including macrocyclic species because 

metall  ligand interactions are rather strong and are highly directional. Transition-metal 
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complexess with at least two accessible m-coordination sites are predetermined for the 

formationn of molecular squares. Pt(II) and Pd(II) complexes are known to be 

tetracoordinated,, square-planar species with 90° bond angles around the metal center 

existingg in both cis and trans geometry. 

Manyy groups have studied the self-assembly of macrocyclic receptors which 

employy metal ions to direct the assembly, ~' ' The area of metal-contain ing molecular 

squaree complexes has been pioneered by Fujita et al with the self-assembly of a 

macrocyclicc tetranuclear Pd(II) complex, [(en)-Pd{4,4'-bpy)]4(N03)« (en = 

ethylenediamine,, bpy = bipyridine), in which adjacent Pd atoms are linked by 4,4'-

bpy.8Sf!! The structure in solution of these assemblies was confirmed by NMR 

spectroscopyy and mass-spectrometric investigations, and its solid-state structure was 

laterr confirmed by X-ray crystallography. The crystal structure showed an almost 

perfectt square with the pyridine rings slightly twisted. This molecular square 

showedd the unique ability for molecular recognition of neutral aromatic guests such as 

naphthalenee and benzene. Incorporating additional spacers, such as acetylene, 

ethylene,, or/7-phenylene between the heteroaryls of 4,4'-bipyridine resulted in larger 

reactionn products, in equilibrium with other entities, postulated as molecular 

triangles. . 

Besidess the work done by Fujita, Stang and co-workers introduced a new class of 

compounds.. Using a variety of difunctional chelating ligands, such as 4.4 '-bipyridine 

andd 1,4-dicyanobenzene, in combination with the square-planar c/.s-bis(phosphine') Pt 

andd Pd bis(triflate) complexes, self-assembled macrocyclic squares were obtained. 
90,911 Coordination with a diphosphine results in a complex with a constrained cis 

geometryy and hence two adjacent coordination sites occupied by weakly coordinating 

ligands.. When this complex interacts with a bidentate ligand such as bipyridine, it is 

readyy for self-assembly into a tetranuclear, macrocyclic molecular square (see Figure 

122 for an example). 
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Figuree 12. Self-assembly of (diphenylphosphino)propane-chelated. Pi and Pd macrocyclic 

molecularmolecular squares studied by Slang el ah. 

Huppp and co-workers introduced extended functionality of molecular assemblies 

byy using photoluminescent rhenium comers. " They prepared a self-assembled. 

photoo luminescent molecular square by utilizing the_/ac-[Re(CO)3Cl(4a4
/-bipyridine)2] 

chromophore.. The introduction of photoluminescent properties in these types of 

assembliess is especially interesting since luminescence can be used as an alternative 

too NMR spectroscopy for the detection of guest inclusion. Using these molecular 

assembliess as molecular sensors is a particularly attractive feature. In this square, the 

rolee played by the palladium corners is to decrease the Metal to Ligand Charge 

Transferr (MLCT) exited state energy by stabilizing the Jt*-acceptor orbital of the 4.4'-

bipyridinee ligand. As a result, a substantial red shift in the electronic absorption and 

emissionn spectra was observed together with a decrease in the emission quantum 

yieldss of ca. 25-fold. It was also noted that the emission from the square was greatly 

enhancedd by the addition of a perchlorate salt, due to perchlorate anion binding within 

thee cavity of the square. 

Veryy recently. Hupp and co-workers reported the absorption, emission, and 

energy-transferr properties of monomeric and supramolccular Zn-salen complexes 

(squaree and rectangular assemblies, salen = salicylaldchyde ethylenediamine diimine. 

seee Figure 13). ' The monomeric complexes show fluorescence in solution. The 

centrall  zinc ions rigidify the salen ligands. displace the phenolic protons and serve as 

axiall  ligation sites for reversible binding of Lewis basic groups. Rhenium 

coordinationn chemistry was used to assemble molecular rectangles and squares that 
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largelyy retain the photophysieal properties of the parent compounds. The host-guest 

assembliess were studied by binding a fifth but different (salen)Zn complex to a 

tetrakis-(salen)) square resulting in an efficient salen-to-salen electronic energy 

transfer.. It was found that fluorescence titration of the salen square with a monomelic 

ligandd formed a pentakis(salen) assembly. An electronic energy transfer was observed 

withinn these pentakis(salen) assemblies. Interestingly, by reversing the backbone 

functionalitiess of the salen building blocks, the direction of energy transfer can be 

controlledd within the supramolecular assembly (Figure 13). 

Figuree 13. Scheme of the salen-zinc complexes and the supramolecular assemblies in which 

directionaldirectional energy transfer processes have heen observed. 

1.4.22 Molecular  Squares and Perylene Imides 

Ass it was mentioned in the previous section. Fujita and his co-workers introduced 

squaree macrocyclic metal complexes. Wüithner et al. applied this concept to perylene 

imidee derivatives to construct photo- and redo.x-active molecular squares. ' They 

reportedd a new functional ditopic perylene tetracarboxylic acid bisimide ligand. which 

hass been used to form nano-sized molecular squares with Pt(II) and Pd(II) phosphine 

unitss employed as the corners of the structure. The optical and electrochemical 

propertiess of the ligands are conserved in the metal-assembled systems, which show a 

fluorescencee quantum yield of almost unity and multiple, fully reversible redox 

couples. . 
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Würthnerr et al. also reported an equilibrium between molecular triangles and 

molecularr squares (Figure 14) in self-assembled structures containing substituted 

diazadibenzoperylenee bridging ligands with Pd(II)- and Pt(ll)- phosphane corners. It 

hass been found that introduction of bulky tev/-butyl groups shifts the equilibrium 

significantlyy in the direction of the molecular squares. The absorption properties of 

thee diazadibenzoperylene chromophores are affected by metal coordination, and 

fluorescencee is strongly quenched. However, no detailed photophysical investigations 

havee been performed so far. 

Figuree 14. Self-assembled structures obtained by using metal-ligand coordination of 

phenoxy-suhstitutedphenoxy-suhstituted diazadihenzoperylenes and their triangle-square equilibria. 

Recently,, similar perylene bisimide squares bearing 16 ferrocenes on the periphery 

havee also been reported (Figure 15). The electro- and spectroelectrochemical 

investigationss showed that the redox behavior of the ferrocene units is strongly 

influencedd by the square superstructure while such effect is minimal for the perylene 

bisimidee chromophores. Both the ferrocene functionalized squares and their ligands 

aree very weakly fluorescent in dichloromethane (O < 0.002). while squares and 

ligandss with only perylene bisimide have very high fluorescence quantum yields (0 = 

0.86-0.94).. Such quenching was attributed to electron transfer from ferrocene units 

too perylene bisimide chromophores. 
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Figuree 15. Electro-active ferrocene-perylene bisimide squares studied by Wiirthner et al.. 

Inn the previous sections, a number of examples of photoactive covalent and non-

covalentt supramolecular imide systems are described. In order to shed some light on 

thee photoinduced processes, energy and electron transfer, some basic theory is 

discussedd in the following sections. 

1.55 Basic Concepts of Photoinduced Processes 

1.5.11 Electron Transfer 

Photoinducedd electron transfer is of crucial importance in many processes in 

biologicall  systems, molecular signalling, in conversion of the solar energy in artificial 

systemss and photosensitized catalysis. "" For electron transfer to occur in a donor-

acceptorr system, the reaction must be exergonic and the rate of this reaction must be 

sufficientt to compete with other intrinsic decay processes like thermal deactivation, 

internall  conversion, intersystem crossing, fluorescence and phosphorescence. 

Inn a system consisting of an electron donating moiety (D) and an electron-

acceptingg group (A), upon light excitation, an electron transfer (ET) can occur from 

thee donor to the acceptor moiety, resulting in the creation of a charge-separated (CS) 

state,, from which charge recombination can take place to bring the system to the 

groundd state. 
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Accordingg to the theory developed by Marcus the reactant state (D-A) must 

reorganizee its nuclear geometry and that of the surrounding environment to the point 

wheree the energy of the reorganized reactant state is the same as that of the product 

statee (D-A) . In Figure 16. the energy gap (AG) between the two states, the activation 

barrierr (AG") for the forward electron transfer and the reorganization energy (A.) has 

beenn described schematically. 

(D-A) ) 

D A A 

Figuree 16. Representation of the potential energy curve description used in electron transfer 

theory.theory. The harrier for the charge separation (ACT), the overall Gibbs free energy change 

(AG)(AG) and total reorganization energy (A) are indicated. 

Thee rate constant of electron transfer can be described as a function of the free 

energyy of activation (AG") by using the Arrhenius equation: 

keii  = K,I . v„ . exp[-AG#/ A» T] (1) 

wheree Kei is the electronic transmission coefficient, that is the probability that the 

reactantss convert into products when they reach the crossing point and vn is the 

nuclearr factor that is the frequency of passage through the transition state. It 

correspondss to the upper limit of the transition frequency from the reactant to product 

statee and is related to the molecular vibrations that arc in the order of 10 "-10 s" . 

Thee barrier for the charge separation (AG") can be estimated by the overall Gibbs free 

energyy change (AG) and total reorganization energy (A) by using the Marcus equation: 

AG**  = (AG + A)2'4 A (2) 
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wheree X is defined as the potential energy change during the nuclear reorganization 

inn response to the electronic changes going from reactant to product. The 

reorganizationall  energy consist of two contributions since reorganization will occur 

bothh within the molecule (internal reorganization, Xi) and in thee surrounding medium, 

whichh in solution phase studies will be the liquid solvent (solvent reorganization, Xs): 

XX = Xi + X, (3) 

XXtt is the internal reorganization, which can be calculated using the charge transfer 

absorptionn maximum and the charge transfer emission maximum of the electron 

donor-acceptorr system studied in a non-polar solvent (where X* - 0). The energy 

differencee between these two maxima equals 2X>. X* is the solvent reorganization 

energy,, which can be estimated from: 

X,X, = e2/47t£0( Mr Mr - \/Rc) (l//f - 1/es) (4) 

Forr the estimation of the driving force for the photoinduced charge separation 

(AGcs),, the Weller-type approach103'25'104 can be used; 

AGL.S== Ecs - ELI-

== *[Eox(D) - Ered(A)] - Eoo - ^ M T I E ^ R, + ^/87cet) {1/r' + l/r")( I/es- 1/37.5) (5) 
II 1 . 1 I I 

1.. 2. 3. 

wheree Ecs and ELE represent the energies of the charge-separated and locally 

excitedd state, respectively. Eox and Erej are the redox potentials (in V) of donor and 

acceptor,, Eoo is the singlet or triplet state energy (in eV, e is the elemental charge), 

whichh all together represent the 1. term, the so-called "polar driving force"104 of eqn. 

(5).. R<. is the center-to-center distance of donor and acceptor studied. In term 2 of the 

eqn.. (5), the coulombic interaction between two ions is taken into account. In the last 

termm of the equation, the so-called solvation term, r'" represents the effective ionic-

radiii  of the donor and acceptor, respectively. It accounts for the small ability of the 

loww polarity solvents to stabilize charges as compared to higher polarity solvents 

(suchh as acetonitrile with E = 37.5). Term 3 can be neglected if the electrochemistry is 

performedd in the same solvent as the photophysical studies. The last two terms of the 

equationn depend on the dielectric constant of the medium; i.e. the magnitude of these 

twoo terms becomes lower upon increase of the solvent polarity. Thus, the driving 
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forcee for the charge separation is affected by the change in spectroscopic and 

electrochemicall  properties of the system and also by changing the solvent. 

Thee result of equation 2 is that two free energy regions (norma/ and inverted) can 

bee distinguished depending on the relative magnitude of AG and A.. In equation 2. AG" 

wil ll  be zero when -AG equals to A. (optimal region), corresponding to barricrless 

electronn transfer. AG" wil l be larger than zero both when -AG is smaller than X 

(normall  region) and when -AG is larger than A. (inverted region). In Figure 17. all 

thesee conditions arc schematically shown. 

normall  optimal inverted 

Ener«y y 

nuclearr configuration 

Figuree 17. Illustration of Marcus normal and inverted region for pliotoinduced charge 

separation. separation. 

Accordingg to the classical Marcus theory the first order electron transfer rate 

constantt for adiabatic cases (i.e. strong electronic coupling, K almost unitary, and 

thereforee KV = v = 10'' s"1 at 300 K.) can be further described as: 

k0,, = Ke,. vn . exp[-(?v + AGf/4Xku T] (6) 

Whenn the electronic interaction between D and A is weak, the electron transfer rate 

inn the classical Marcus theory is described by the non-adiabatic electron transfer 

equation: : 

kell = (2TTV2 / /?(MB T)1" ) (VDA)2 exp[-(A + AG)2/4/iAB Tj (7) 

wheree h is the Plank constant, k% is Boltzinann constant. T is the temperature and 

VpAA is the electronic coupling matrix element. Reactions are non-adiabatic if the 
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electronicc coupling matrix element is smaller than ABT (- 200 cm"1 at room 

temperature). . 

1.5.22 Energy Transfer 

Photoinducedd energy transfer processes are widely observed within both natural and 

artificiall  systems. Photoinduced energy transfer occurs when the excitation energy 

fromm a donor species is transferred to an acceptor species, typically resulting in the 

generationn of an excited state acceptor. There are two basic mechanisms: Forster 

("coulombic",, "dipole-dipole" or "resonance")1"5 and Dexter ("exchange")11*  are used 

too describe the energy transfer processes. These mechanisms are also addressed as a 

through-bondd (Dexter) or through-space (Forster) mechanism. In the former 

mechanism,, formally a double electron transfer takes place in which the electron 

excitedd to the LUMO of the donor (D*) is transferred to the lowest unoccupied 

molecularr orbital (LUMO) of the acceptor (A), and simultaneously, an electron from 

thee highest occupied orbital (HOMO) of A is transferred to the HOMO of D. This 

electronn exchange requires strong D-A orbital overlap and is therefore of short range 

(<< 10 A) interaction that diminishes exponentially with distance.lo7,HW The rate 

constantt for Dexter-type energy transfer processes is described by eqn. (8): 

k£k£TT = KJexp(-2RDA/L) (8) 

wheree K is related to the specific orbital interactions, J is the spectral overlap 

integrall  (see below) normalized for the extinction coefficient of the acceptor, R&,\ is 

thee donor-acceptor separation relative to their van der Waals radii. L.w Singlet-

singlett energy transfer is "spin allowed" for both the Forster and the Dexter 

mechanism.. Triplet-triplet energy transfer is not allowed by a coulombic mechanism 

(duee to the low extinction of the acceptor) but can occur by the exchange mechanism, 

ass well as processes with a change in spin multiplicity.1"7 

Inn the Forster mechanism, there is a through-space dipole-dipole interaction. 

Inn this case, D-A orbital overlap is not necessary but spectral overlap is required, 

allowingg the chromophores to be separated by a relatively large distance (10-100 A). 

Thee Forster energy transfer rate constant is described by eqn. (9): 

kET== (Rn/RfxV1 (9) 

wheree R« = 0.21 l[i r riA <&vJ(X)] x 6 (10) 
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Here,, R is the D to A distance and Ro is the Förster distance that can be calculated 

accordingg to eqn. (10): Tu is the lifetime of the donor in the absence of acceptor; K~ is 

thee orientation factor (related to the relative orientation of the donor and acceptor 

transitionn dipole moments); OD is the donor quantum yield of fluorescence in the 

absencee of the acceptor; J(X) is the overlap integral; /; is the index of refraction of the 

solvent.. The overlap integral,/(cmfl mol"1) is given by eqn. (11): 

JU)JU) = lfD(A)£AU)AAdA (II ) 

wheree fo(A) is the fluorescence intensity of the donor, £,\(A) is the molar extinction 

coefficientt of the acceptor. In calculating J(X), one should use the corrected emission 

spectrumm with its area normalized to unity or normalize the calculated value of J (A.) 

byy the area.Kig This integral is closely related to the probability of energy transfer 

fromm the donor to the acceptor. In the Dexter mechanism, the energy transfer rate is 

independentt of the oscillator strength of the D*—+ D and A*—  A transitions, and ./ 

doess not depend on the magnitude of eA. However, the Förster energy transfer 

mechanismm is greatly influenced by the J parameter, as well as eA.u,''l(W Additionally, 

inn the energy transfer efficiency of the Förster mechanism, the transition dipole 

momentss of the interacting chromophores play a large role. In Dexter energy transfer, 

thee bridging ligand, its electronic nature, geometry and rigidity are the most important 

parameterss that determine the electronic coupling between the donor and acceptor 

moieties,, and thereby the energy transfer rate. In contrast, the properties of the 

chromophoress themselves (transition dipole moment and spectral overlap of donor 

emissionn and acceptor absorption) as well as the interchromophore distance play the 

mostt important role in Förster-type energy transfer. 

1.66 Scope of the Thesis 

Thee work described in this Thesis is a contribution to the field of non-covalently 

assembledd chromophoric systems that bear the imide functionality and perform 

photoinducedd processes upon light excitation. In particular, systems containing 

coordinativee groups for the formation of larger structures and their photophysical 

propertiess will be discussed in detail as separate components as well as in the 

supramolecularr assemblies. The possibility of following the assembly processes, by 

monitoringg the specific photoinduced processes, is a powerful tool for the 
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understandingg of the structure in solution. Furthermore in some cases, where both 

energyy and electron transfer processes can occur, detailed investigation using time-

resolvedd and temperature dependent studies have been performed and described. In 

particularr the chapters of this thesis contain the following information: 

Somee intriguing systems containing the imide group have been mentioned in the 

previouss sections of Chapter I. 

Inn Chapter 2. the experimental techniques that have been used are described. 

Chapterr 3 describes the synthesis and the detailed photophysieal investigation of 

twoo indolylmaleimide compounds, bearing a Br atom and a methyl group attached to 

thee imide ring, respectively (Figure 18). The effect of complexation with Zn (II) -

cyclenn on the photophysieal properties of these two compounds has been discussed. 

Ann enhancement of the fluorescence emission signal up to 90 fold upon self-assembly 

andd high association constants were observed, which illustrate the potential use of 

thesee compounds as luminescent sensors. 

RR = Br,CH3 Zn (ir)-cyclen R = Br. ( H , 

Figuree 18. Compounds that are investigated in Chapter 3. 

Inn Chapter 4. the synthesis and the detailed photophysieal investigation of 

symmetricallyy substituted indolylmaleimide compounds is discussed (Figure 19). In 

partt 4A. their complex photophysics is described and a comparison with the 

unsymmetricall  systems is made. 

25 5 



Photoactivee Functional Imides 

C10H211 Ci 0H 2 , 

N-BIM M 

H20 0 

 ~ - x ^ N . : N > TEA 

**——'' ^ N N. 
H ' \ _ / V H H 

22 C IO / 

'"Zn'*2 2 

Figur ee 19. Compounds that are investigated in Chapter 4. part part A. 

Inn part 4B, the synthesis and application of a bisindolylmaleimide that is 

functionalizedd with two carboxylic acid groups (BIM-COOH. Figure 20) by 

alkylationn of the indole nitrogens is presented. This compound is used as a sensitizer 

forr charge injection into a transparent TiO; film. Using steady state and time-resolved 

techniques,, the occurrence of the electron injection process has been followed. The 

resultss open up new pathways for the development of immobilized photocatalytic 

systemss for oxidative conversions. 
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Figur ee 20. Compounds that are investigated in Chapter 4, part part B. 

Inn Chapter 5. the detailed photophysical properties of a system consisting of a bay-

functionall  ized perylene bisimide. containing four appended pyrene and two 

coordinatingg pyridine units, and its model system, are described (Figure 21). Analysis 

off  the data showed the presence of efficient and fast photoinduced energy transfer 

followedd by an efficient photoinduced electron transfer process from the pyrene units 
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too the perylene bisimide moiety. This highly functionalized chromophore appears to 

bee a good candidate for further applications. 

Figuree 21. The perylene bisimide functionalized with jour pyrenes (left) and the model 

compoundcompound (right) that are investigated in Chapter 5. 

Arrangingg the components studied in chapter 5 in a cyclic structure constitutes the 

basiss of the investigation of the compounds in Chapter 6. The photophysical 

propertiess of two Pt(II) ion directed, self-assembled molecular squares have been 

studiedd (Figure 22). 

oo o 
Ar'' Ar 

Figuree 22. The structure of the molecular squares investigated in Chapter 6, with sixteen 

pyrenepyrene groups, Sql. or with sixteen t-Bu phenoxy groups, Sq2. 

Thesee molecular squares contain four bay-functionalized perylene bisimide 

chromophoress and sixteen pyrene or sixteen /-Bu phenoxy groups. The metal ion was 

usedd to assemble the pyridine units at the imide nitrogens of the perylene bisimide 

2~ 2~ 
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moieties.. The molecular square having sixteen pyrene groups performs very efficient 

energyy and electron transfer from the pyrene units to perylene bisimide moieties. The 

effectss of the non-covalent assembly of the four perylenebisimide units on the 

photoinducedd energy and electron transfer processes are discussed. 
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Chapterr  2 

Instrumentationn and Experimental Methods 

Inn this Thesis, steady state and time-resolved spectroscopic techniques have been 

appliedd to study the photophysical properties of compounds under investigation in 

orderr to gain information about the complicated photophysical processes occurring 

withinn a molecule or assembled system. In this Chapter, the methods used in this 

Thesiss are discussed briefly. All measurements were performed in quartz cuvettes of 1 

cmm path length, unless noted otherwise (i.e. in femtosecond spectroscopy). Conditions 

forr the other techniques such as NMR and mass spectroscopy, and cyclic voltanimetry 

aree described in the separate chapters. 

2.11 Steady State Absorption and Emission Measurements 

Electronicc absorption spectra were recorded on a Hewlett-Packard 8543 diode array 

spectrometerr (range 190 - 1100 nm). Steady state fluorescence spectra were recorded 

usingg a Spex 1681 fluorimeter, equipped with a Xe arc light source, a Hamamatsu 

R9288 photomultiplier tube detector and double excitation and emission 

monochromators.. Emission spectra were corrected for source intensity and detector 

responsee by standard correction curves, unless otherwise noted. Emission quantum 

yieldss are measured in optically dilute solutions, using the indicated reference 

solutionss in the individual chapters, according to following equation: 

Ou-[(A rI unl l
:)/{A uI rnr

:)]O r r 

wheree u and r denote the unknown and the reference, <t>  is quantum yield, A is 

absorbancee (- 0.1) at the excitation wavelength. I is the integrated emission intensity, 

andd n is the refractive index of the solvent. 

2.22 Time-resolved Spectroscopic Techniques 

Time-resolvedd spectroscopic techniques2' are described that were used to investigate 

thee character of the excited state of the compounds studied in this Thesis. The study of 

energyy and electron transfer processes occurring upon light excitation requires the use 
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off  (ultra)fast timc-rcsolved spectroscopic methods. Besides the nanosecond time 

scale,, pico- and femtosecond time-resolved experiments started to be necessary to 

solvee the complicated excited state processes. 

2.2.11 Time-resolved Emission Spectroscopy 

Forr nanosecond time-resolved emission measurements, a continuously tunable 

Coherentt Infinity XPO laser, with a pulse duration of 2 ns FWHM was used as 

excitationn source. Full spectra were recorded using a Hamamatsu C5680-21 streak 

camera,, equipped with a M 5677 swreep unit. 

Picosecondd time resolved emission measurements were performed on a picosecond 

singlee photon counting (SPC) setup. The experimental set-up has been fully described 

elsewhere."11 The frequency doubled (300-340 nm, 1 ps, 3.8 MHz) output of a cavity 

dumpedd DCM dye laser (Coherent model 700) pumped by a mode-locked Ar-ion laser 

(Coherentt 486 AS Mode Locker, Coherent Innova 200 laser) was used as the 

excitationn source. A (Hamamatsu R3809) micro channel plate photomultiplier was 

usedd as detector. The instrument response (-17 ps FWHM) was recorded using the 

Ramann scattering of a doubly deionised water sample. Time windows (4000 channels) 

off  5 ns (1.25 ps/channel) - 50 ns (12.5 ps/channel) could be used, enabling the 

measurementt of decay times of 5 ps- 40 ns. The recorded traces were deconvoluted 

withh the system response and fitted to an exponential function using the Fluofit 

(PicoQuant)) Windows program. 

Forr the low-temperature lifetime measurements an Oxford-instruments liquid 

nitrogenn cryostat (DN704) was used in combination with the picosecond single 

photonn counting (SPC) setup. 

2.2.22 Time-resolved Absorption Spectroscopy 

Time-resolvedd absorption spectroscopy5 is one of the most valuable tools to 

investigatee the nature and dynamics of excited states and short-lived photochemical 

species.. With this technique, electronic absorption spectra of transient species (excited 

moleculess or photoproducts) are recorded at selected time delays after the excitation 

pulse.. Signals can be recorded either as full-range or at single wavelengths. In case of 

full-rangee spectra, a white light pulse that is used for monitoring follows the 

excitationn pulse. In a nanosecond transient absorption setup this is a Xe flash lamp. 
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whilee in (sub)picosecond transient absorption spectroscopy white light can be 

generatedd by focusing the laser into a water containing cuvette or a sapphire crystal. 

Thee white light transmitted by the sample can be recorded by a spectroscopic 

detectionn system such as an optical multi-channel analyzer (OMA) or a CCD 

spectrometer.. Spectra are generally obtained as difference spectra, showing both 

negativee and positive absorption bands. The negative bands (bleaching) are due to 

depopulationn of the ground state in the probe area after laser excitation. The positive 

bandss are due to the absorption bands of the transient species. By recording the 

transientt absorption signal at a single wavelength as a function of time, kinetic traces 

cann be obtained by which an accurate analysis of the dynamics of excited states can 

bee studied. In case of the nanosecond time domain, kinetic traces are obtained by 

replacingg the spectrographic detection system with a monochromator-photomultiplicr 

combinationn to select a desired wavelength from the complete spectrum. For 

(sub)picosecondd transient absorption, a second wavelength (OPA) is required for the 

single-wavelengthh measurements. It is also possible to monitor one channel 

(wavelength)) of the CCD spectrometer while using white light generated from the 

fundamentall  (800 nm). The time delay between pump and probe laser pulses is 

obtainedd by guiding the pump light over a so-called delay line. 

Nanosecondd Transient Absorption Spectroscopy 

Thee set-up for the nanosecond transient absorption measurements is given in Figure 1. 

Inn nanosecond pump-probe experiments, for excitation a (Coherent) Infinity Nd: 

YAG-XPOO laser was used. The laser illuminated a slit of 10 x 2 mm. Perpendicular to 

this,, the probe light provided by an EG&G (FX504) low pressure Xenon lamp, which 

irradiatedd the sample through a 1 mm pinhole. The overlap of the two beams falls 

withinn the first two millimetre of the cell, after the slit. The probe light from both the 

signall  and the reference channels is then collected in optical fibers which are 

connectedd to an Acton SpectraPro-150 spectrograph which is coupled to a Princeton 

Instrumentss ICCD-576-G/RB-EM gated intensified CCD camera. Using a 5 ns gate 

thiss camera simultaneously records the spectrally dispersed light from both optical 

fiberss on separate stripes of the CCD. 
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Figur ee 1. Schematic representation of (he nanosecond transient absorption set-up: 1. Laser. 

M.M. Mirror,  2. Xe-latnp. 3. Pulser, 4. Sample. 5. Reference sample. 6. Fibre. 7. Spectrograph. 

8.8. ICCD detector. 

CosensitizationCosensitization Technique 

Inn order to photochemically produce the free radical ions in polar solvents, the 

cosensitizationn method was used. " The radical cations are generated by using 1.4-

dicyanonaphthalenee (DCN) as the photocxcitable acceptor and biphenyl as 

cosensitizer.. The reason for this choice is that biphenyl has a quite high oxidation 

potential,, which results in an ion pair with a relatively high internal energy/ After 

excitationn of DCN. a photoinduced electron transfer occurs from donor to acceptor 

leadingg to an ion pair, which can separate into free ions. After ion separation, an 

electronn transfer between the biphenyl radical cation and the second donor in the 

solutionn takes place to yield the desired radical cation of the target compound (see 

Figuree 2). It has to be indicated here that the absorption bands of the radical cation 

andd of the triplet of DCN (which can be formed) should not interfere. In addition to 

that,, the concentration of the cosensitizer (biphenyl) should be much higher than that 

off  the investigated compound, if not. the compound could react directly with DCN to 

formm a low-energy ion pair, which would result in rapid decay to the ground state and 

ann inefficient formation of the separate ions. 

Cosensitizationn experiments were performed using a Q-switched Nd-YAG laser 

(3555 nm. pulse width - 8 ns) as excitation source. During the experiments, the 
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concentrationss were 10 mM DCN. 200 mM biphenyl and 1 mM of the target 

compound.. Solutions were not deoxygenated. Because the free oxygen is used as 

scavengerr for any triplets or radical anions formed in solution, and thus only the 

radicall  cation was left as a transient species. 

5555 nm 

Figuree 2. Cosensitization of 1,4-dicyanonaphthalene (DCN). biphenyl and the compound 

underunder investigation, normally performed in acetonitrile solution. 

Femtosecondd Transient Absorption Spectroscopy 

Thee laser system for the femtosecond transient absorption spectroscopy experiments1 

iss based on a Spectra-Physics Hurricane Titanium: Sapphire regenerative amplifier 

system.. The optical bench assembly of the Hurricane includes a seeding laser (Mai 

Tai),, a pulse stretcher, a Ti: Sapphire regenerative amplifier, a Q-switched pump laser 

(Evolution)) and a pulse compressor. The 800 nm output of the laser is typically 1 

m.l/pulsee (130 fs) at a repetition rate of 1 kHz. Two different pump-probe set-ups 

weree used, a) A full-spectrum setup based on an optical parametric amplifier (Spectra-

Physicss OPA 800) as pump and residual fundamental light (150 uJ/pulse) from the 

pumpp OPA was used for white light generation, which was detected with a CCD 

spectrometer,, b) Single wavelength kinetics measurements are based on the use of 

twoo OPAs, where one is used as pump and the other as probe, and an amplified Si-

photodiodcc for detection. For both set-ups the OPA was used to generate excitation 

pulsess at 345 or 575 nm, typically 5 uJ/pulse (fourth harmonic of the OPA signal 

beam).. The white light generation was accomplished by focusing the fundamental 

(8000 nm) into a H:0 flow-through cell (10 mm. Hellma). For the single wavelength 

measurements,, the polarization of the probe light was controlled by a Bcrek 

Polarizationn Compensator (New Focus). The probe light was passed over a delay line 
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(Physikk Instntmente, M-531DD) that provides an experimental time window of 1.8 ns 

withh a maximal resolution of 0.6 fs step. The energy of the probe pulses was ea. 5 x 

10°° uJ/pulse. The angle between the pump and the probe beam is typically 7 - 10'. 

Thee circular cuvette (d = 1.8 cm, I mm path length. Hellma). with a solution of the 

sample,, was placed in a homemade rotating ball bearing (1000 rpm). to avoid local 

heatingg and sample decomposition by the laser beams. The samples were prepared to 

havee an optical density of ca. 0.8 at the excitation wavelength. For the white 

light/CCDD set-up. the probe beam was coupled into an optical fibre after passing the 

samplee and coupled into a CCD spectrometer (Ocean Optics. PC2000). The chopper, 

placedd in the excitation beam, provides 1 and l(l depending on the status of the chopper 

(openn or closed). Typically. 2000 excitation pulses were averaged to obtain the 

transientt at a particular time. Due to the lenses a chirp o f- I ps is observed between 

460-- 650 run. For the single wavelength kinetic measurements, an amplified Si 

photodiodee (Newport. 818 UV/4832- C) was used for detection. The output of the Si 

photodiodee was connected to an AD- converter (National Instruments. PCI 4451. 205 

kS/s),, which enabled the measurement of the intensity of each separate pulse. Again 

usingg the chopper (/' = 50 Hz) I and Io are thus obtained. Typically, 500 excitation 

pulsess were averaged to obtain the transient at a particular time. Femtosecond 

transientt absorption measurements are performed using the set-up installed at the 

Universityy of Amsterdam (Figure 3.) 

8 8 

^ ^ 

9 9 

10 0 

// M, 

Figur ee 3. Schematic representation of the femtosecond transient absorption set-tip: I. 

Hurricane.Hurricane. 2. OPA-800 (pump), 3. OPA-800 (probe). 4. delay line. 5. white light generator. 6. 

BerekBerek polarizer, 7. chopper. 8. sample. 9. CCD camera. 10. Si-photodiode. 
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Chapterr  3 

Asymmetricc Indolylmaleimide Derivatives and 

theirr  Complexation with Zinc (Il̂ cyclen1^ 

Abstract t 

inin this Chapter, the spectroscopic properties of two asymmetric indolylmaleimide 

derivatives,derivatives, 4-bromo-3-(l 'H-indol-3 '-y!)-maleimide and 4-methyl-3-(I 'H-indol-3 '-yl)-

maleimide,maleimide, are investigated. Both compounds are strongly coloured even though their 

components,components, the indole moiety and the maleimide unit, absorb in the UV region only. The 

donordonor and acceptor capability of the indole and the imide respectively suggests that their 

colourcolour is due to the presence of a charge transfer (CT) absorption band. The photophysical 

propertiesproperties of the nvo compounds in solution are studied in detail by steady state and time-

resolvedresolved absorption and emission spectroscopy. Their solvatochromic behavior was 

investigatedinvestigated by using the Kamlet-Taft approach, which indicates CT character of the excited 

state.state. Nano- and femtosecond transient absorption spectroscopy was used for the 

identificationidentification and investigation of the CT state. Furthermore, the effect of the complexation 

withwith Zinc (11) 1,4.7,1 l-tetraazacyclododecane (Zn (Ii)-cyclen) on the photophysical 

propertiesproperties of these two compounds was studied. An enhancement of the fluorescence intensity 

uponupon self-assembly (up to 80-90 fold) and high association constants were observed, which 

illustrateillustrate the potential use of these compounds as luminescent sensors. DFT calculations 

indicateindicate that HOMO-1 to LUMO excitation is mainly responsible for the charge transfer and 

thatthat this transition changes its character drastically when Zn (H)-cyclen complexation occurs. 

++ Part of this chapter has been published in: B. Kiikrer Kaleta$, R. M. Williams. B. König. L. De Cola 

Chem.Chem. Commun. 2002, 7. 776-777. 

B.. Kükrer Kaletas. R. M. Williams. G. van der Zwan. H. Joshi, M. Fanti, F. Zerbetto, B. König, L. De 

Cola,, in preparation. 



Asymmetricc Indolylmaleimide Derivatives 

3.11 Introductio n 

Thee reversible formation of assemblies that results in changes of the photophysical 

properties,, relative to the separate components, is a very exciting research area1'1 that 

cann lead to the use of molecular recognition for the design of luminescent sensors.4'5'1 

Uponn molecular recognition a quenching or enhancement of emission can be 

observed,, in general. The concept of chelation-enhanced fluorescence has been used 

byy several research groups6'1" to design chelating ftuorophores of which the emission 

quantumm yield increases upon the addition of metal ions. This concept was used as an 

efficientt tool in analytical detection13 because the emission enhancement is much 

moree sensitive than the quenching process. Fluorophores based on quinoline,14 

dansyl,1"166 fluorescein17 and anthracene1*  have been reported earlier for these 

purposes. . 

Bisindolylmaleimidess are common substructures of natural products.iy Their 

biologicall  activity as potent inhibitors of protein kinase C (PKC)2t)"22 stimulated their 

applicationn as lead structures in drug design. The imide function can be used as a 

coordinationn site for Lewis acidic Zn (II) azamacrocycles: Kimura and others have 

studiedd the ground state properties of Zn (II) in zinc enzymes with macrocyclic 

polyaminee model complexes, such as Zn (Il)-cyclens.2325 A number of Zn (II) 

containingg azamacrocycles have been used to mimic metallocatalysts in the hydrolysis 

off  carboxyl esters26 including DNA and ribonucleotides."7 The complex formation of 

Znn (ll)-cyclen with biologically important imides has also been investigated.:K"," The 

coordinationn of the deprotonated imide nitrogen with the Zn (II) azamacrocycle has 

beenn confirmed by X-ray structures11 and is believed to be supported by hydrogen 

bondss between the imide oxygen and the NH's of the azamacrocycle.12 Such a 

bindingg motif was also used for the recognition of anions33 and neutral molecules.34 2y 

Thee application of imides as red emitting components in organic light-emitting 

diodess (OLED)3? as well as potential maleimide-based fluorophores16 have been 

reportedd recently. Despite the huge number of indolylmaleimide derivatives that have 

beenn synthesized"*1""2'3'"42 and used for a broad variety of purposes, very little is 

knownn about their photophysical properties. Asymmetrically substituted indole-

maleimidee systems have been studied even less intensively. Only very recently some 
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naphthalimidee derivatives and their use in fluorescence signaling appeared in the 

literature.. ' 

Inn this chapter the spectroscopic properties of two asymmetric indole-maleimide 

derivatives.. 4-bromo-3-( 1 'H-indol-3'-yl)-maleimide (IM-Br ) and 4-methyl-3-(l'H-

indoI-3'-yl)-maleimidee (IM-Me) , are discussed in detail. Furthermore, their non-

covalentt assemblies with Zn (ll)-cyclen (Zinc (Il)-1.4.7.l I-tetraazacyclododecane, 

Schemee 1) were studied. 

IM-Br r IM-M e e 

CrzCPQ CrzCPQ 

H ' \ _ / \ l l 

RR = Br,CH3 

22 CIO/ 

Znn (H)-cvclen 

2CIO, , 

II,() ) 

IM-R/Zn n 

Schemee 1. The compounds studied in this chapter f IM-Br and IM-Me) and their complex 

formationformation with Zn (ll)-cyclen (IM-R/Zni. 

Evenn though the investigated systems look rather simple, their spectroscopic 

behaviorr is quite complicated. In order to fully characterize the photophysics of the 

compoundss and their assemblies with Zn (ll)-cyclen. several experimental techniques 

havee been applied including UV-Vi s absorption, emission, time-resolved spectroscopy 

fromm the nano- to the femtosecond time regime and computational analysis. 

3.22 Results and Discussion 

3.2.11 Synthesis of IM-B r  and IM-M e 

Severall  research groups are working on the synthesis of maleimide derivatives 

becausee of their potential application as new drugs. The general preparation of 
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maleimidess starts with the corresponding maleic anhydrides that arc treated with 

ammoniaa or ammonium sources. _> While the synthesis of symmetric maleic 

anhydridess and the conversion to the corresponding maleimides are generally high 

yieldd reactions, this is not the case for unsymmetrically substituted maleimides. 

4-Bromo-3-(( 1 'H-indol-3'-yl)-maleimide (IM-Br ) was prepared according to a 

slightlyy modified procedure described by Brenner and Faul el al. ' and involves the 

condensationn of an indole Grignard reagent with dibromomaleimide (1) (Scheme 2). 

4-Methyl-3-- (1 'H-indol-3'-yl)-maleimide (IM-\Ic ) was prepared according to the 

generall  procedure described by Faul et al.2 IM-M e was synthesized by condensation 

off  methyl indole-3-glyoxylate (3) with propionamide (4) using potassium tert-

butoxidee in TI IF. as depicted in Scheme 2. The detailed synthetic procedures, 

includingg purification and characterization are given in the experimental section. 

H H 

NN Toluene " s i ^ N 
HH  reflux, overnii 

MgBrr N 

22 H 
IM-Br r 

oo o 
lii II 

1)1) Cl — C —C —CI i n E t20. 0 °C 

033 -
HH 2] NaOMe. -65 C 

2 2 

Schemee 2. Synthetic route for the preparation of IM-Br  and IM-Me. 

3.2.22 Molecular Structure of IM-B r 

Thee crystal structure of IM-B r  is given in Figure I (crystals obtained from 

acetonee hexane solution). Selected bond lengths and torsion angles are presented in 

Tablee l. More detailed information about the crystal structure is given at the end of 

thiss Chapter in the experimental section. The crystal structure of this simple 

compoundd reveals that there is a significant torsion angle between the indole and the 

maleimidee unit. Due to this angle, the interaction between the two chromophoric units 

wil ll  be less than in a perfectly flat structure. Clearly there is no possibility for a fully 

conjugatedd flat structure, partly because of steric interactions with the large bromo-

a*V" -- -*. KOBu'' in THF, 0 C 

IM-Me e 
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atom.. This geometrical arrangement will affect the electronic properties and the 

spectroscopyy of the compound. 

Figur ee 1. Crystal structure of IM-Br, view from two different sides. 

Notee that the bond between the two chromophobe groups (C4 - C6) has single 

bondd character. The torsion angle between e.g. C5 - C4 - C6 - C7 is -32 °, indicating 

thatt the indole is not coplanar with the maleimide ring. Unfortunately, no suitable 

crystalss could be obtained for 1M-Me. 

Tablee 1. Selected bond lengths (A) and torsion angles (") of IM-Br,  with standard deviations 

inin parenthesis. 

Bonds" " 

Brr  - C3 

Oll  -C2 

0 2 - C5 5 

N1-H1N N 

N8-H8N N 

C22 - C3 

C33 - C4 

C44 - C5 

C44 - C6 

1.861(15) ) 

1.19(2) ) 

1.20(3) ) 

0.9996 6 

1.0026 6 

1.49(3) ) 

1.33(2) ) 

1.54(3) ) 

1.42(2) ) 

TorsionTorsion Angles'' 

OlOl -C2 -C3 

Oll  -C2 -C3 

MM -C2 -C3 

MM -C2 -C3 

Brr -C3 -C4 

C33 -C4 -C6 

C55 -C4 -C6 

C55 -C4 -C6 

C66 -C4 -C5 

-C4 -C4 

-Br r 

-Br r 

-C4 4 

-C6 6 

-C14 4 

-C7 7 

-CI4 4 

-02 2 

177.8(18) ) 

2(2) ) 

-176.6(11) ) 

-0.5(18) ) 

0(3) ) 

-33(3) ) 

-32(2) ) 

148.2(16) ) 

-5(3) ) 

"See"See Figure I. 
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3.33 Steady State Spectroscopy 

Ass can be seen in Scheme 1, the compounds lM-Br  and IM-M e consist of two units, 

thee well-known electron acceptor maleimide. "H1 and the electron donor, indole.'1 For 

strongg electron donor-acceptor systems a charge transfer can be expected in the 

groundd and/or excited state, which will be reflected in their spectroscopic behavior. In 

Figuree 2. room temperature UV-Vis absorption and emission spectra (inset) of the 

compoundss IM-B r  and IM-M e together with the absorption spectra of the two main 

ehromophoricc units, indole and maleimide, are presented. As can be seen from the 

spectraa (Figure 2), the components, indole and maleimide. do not show absorption at 

energyy lower than 300 and 325 nm, respectively. Linking them in a covalent way 

resultss in the compounds ÏM-B r  and IM-Me , and induces mixing of the electronic 

statess thus creating other low lying excited state levels. This gives rise to low energy 

absorptionn bands and results in coloured compounds. 

Forr LM-Br  and IM-Me , the band at 275 nm clearly belongs to the indole Tt-Jt*"2'""1 

(majorr contribution) and the maleimide n-7c*54'" (minor contribution) transitions. The 

absorptionn bands between 325 and 500 nm characterize the spectra of both 

compounds.. The visible absorption band gives them their distinct orange-yellow 

colourr in their solid form as well as new spectroscopic properties. Since the strong 

electronn donor (indole) and electron acceptor (maleimide) units are present in the 

systems,, such broad structureless bands could, in principle, be attributed to n—K 

transitionss with charge transfer (CT) character. The low energy band has a different 

maximumm for the two compounds. In particular compound IM-B r  has a lower energy 

transitionn than IM-Me . Such behavior can be due to the electron donating effect of 

thee methyl group that weakens the electron acceptor ability of the imide unit. 
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u.uu r—, ,—-r— ' 1 < 1  1 «-=»T  1 
2000 250 300 350 400 450 500 550 

XX (nm) 

Figur ee 2. The UV-Vis absorption spectra of the compounds IM-Br  (solid). IM-Me (dashed), 

indoleindole (dotted) and maleimide (dash doited) in acetonitrile. Emission spectra (inset) ofIM-Br 

II  solid) and IM-Me (dashed) in aerated acetonitrile. Xa = 350 nm. corrected for absorption. 

Thee structureless emission bands (see Figure 2. inset) were recorded upon 

excitationn into the lowest absorption band of the compounds. Surprisingly, the 

emissionn of these asymmetric compounds is extremely weak as compared to the 

symmetricc bisindolyl-maleimide systems (see Chapter 4). Absorption and emission 

maximaa (>.). molar extinction coefficients (s) and emission quantum yields (<t>) were 

obtainedd in a series of solvents with different polarities and are summarized in Table 

7 7 
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Tablee 2. Absorption and Emission maxima, ami Emission Quantum Yields (0) for IM-Br  and 

IM-Me. IM-Me. 

solvents s 

TOL L 

DBE E 

DIE E 

EA A 

THF F 

DCM M 

DMM  F 

EtOH H 

ACN N 

'K&J'K&J  nm|E) 

417 7 

414 4 

413 3 

416 6 

418 8 

422(7907) ) 

424(7528) ) 

426(8229) ) 

416(7460) ) 

IM-B r r 

k,.k,.mm;;  nm 

510 0 

499 9 

500 0 

528 8 

530 0 

554 4 

543 3 

535 5 

530 0 

<I> > 

0.072 2 

0.063 3 

0.084 4 

0.009 9 

0.007 7 

0.014 4 

0.0024 4 

0.0022 2 

0.0009 9 

A.ahs-
:: nm(e) 

390 0 

388 8 

385 5 

390(7827} } 

391(7170) ) 

393(5111) ) 

398(6936) ) 

401(7060) ) 

390(5308) ) 

M-M e e 

A „̂,// nm 

487 7 

477 7 

477 7 

505 5 

506 6 

528 8 

520 0 

516 6 

546 6 

<D D 

0.328 8 

0.253 3 

0.277 7 

0.086 6 

0.0287 7 

0.0287 7 

0.0049 9 

0.0007 7 

0.001 1 

££ is the molar extinction coefficient in M cm . Data are in increasing order of the 

polaritypolarity of the solvents. TOL: toluene, DBE: di-n-butyl ether, DIE:  di-isopropy! 

ether,ether, EA: ethyl acetate, THF:  tetrahydrofuran. DCM: dichloromethane, DMF:  N.N-

dimethylformamide,dimethylformamide, EtOH: ethanol, ACI\: acetonitrile. 

Whenn we compare the compound IM-B r  with IM-Me . the latter has higher 

quantumm yields in most of the (non-polar) solvents. One of the possible explanations 

forr this result is the heavy atom effect due to the Br atom in IM-B r  that favors 

intersystemm crossing to a low-lying non-emitting triplet state. Another possible 

explanationn is that the lowest excited state in IM-B r  is a CT level and is a very 

weaklyy emitting state. In fact, we would expect a K-K* state with charge transfer (CT) 

characterr to be the lowest excited state. The blue shift of the emission maximum upon 

goingg from room temperature to 77 K in a butyronitrile matrix (1819 cm for 

compoundd IM-B r  and 999 cm'1 for IM-Me ) and the enhancement of the emission 

quantumm yields upon going to less polar solvents (see Table 2) suggests the same 

result. . 
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3.3.11 Solvatochromism 

Byy studying the solvent dependence of the spectroscopic properties of compounds, 

informationn can be obtained on the nature of their excited state. Polar solvents will 

stabilizee polar excited or ground states. Thus, the properties of the compounds IM-B r 

andd IM-M e in different solvents were studied. By comparing the absorption and 

emissionn maxima in Table 2, a red shift in absorption and emission upon going from 

lesss polar to more polar solvents is observed, but the trend is not completely clear. 

Thiss could be due to the fact that we are simply considering the dielectric constants of 

thee solvents employed while a more complex and complete treatment of the 

parameterss characterizing the solvents must be taken into account. By using the 

solventt polarity scale developed in 1976 by Kamlet and Taft/6 a better understanding 

off  the behavior could be achieved. The treatment is based on the use of a 

multiparameterr equation, called linear solvation energy relationship (LSER):"̂  

XY22 = (XYZ)o + s(jr> d.8) + aa + bp + m5H
2 

wheree (XYZ)o, s, a, b, and m are solvent independent coefficients characteristic of 

thee process under study and indicative of its susceptibility to the solvent properties TC\ 

a,, p\ and SH". The three solvatochromic parameters, n , a, and P have been derived 

fromm UV-Vis spectroscopy for a great number of solvents. The Kamlet-Taft n value 

iss known as the index of solvent dipolarity/polarizability, i.e. the ability of solvent to 

stabilizee a charge. By using this parameter it is possible to obtain a correlation 

betweenn the energy maxima of both absorption and emission and the properties of 

solvents.. The n scale is derived from solvent effects on the K-K absorption of the 

sevenn nitroaromatic compounds employed as primary probe molecules.57"60 

Otherr solvatochromic parameters, a and p are also given in Table 3. The a scale of 

thee solvent describes the hydrogen bond donor acidity and the p scale describes the 

hydrogenn bond acceptor basicity of the solvents. The 8H is the Hildebrand solubility 

parameter.. It is a measure of the solvent/solvent interactions that are interrupted in 

creatingg a cavity for the solute (the cavity teim).wi6i 

Inn Table 3, the absorption and emission maxima and the Stokes shifts for IM-B r 

andd IM-M e are given in solvents of different polarity and are sorted according to the 

increasingg order of it. As can be seen in Table 3, the absorption maximum undergoes 
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aa modest red shift for both compounds upon going from di-butyl ether to DMF (from 

4144 to 424 nm for IM-Br , from 388 to 398 nm for IM-Me) . This indicates a weak CT 

characterr in the ground state. However, the emission maxima suggest a stronger 

chargee transfer character in the excited state. In Table 3. the Stokes shifts (A/em-1) are 

presentedd as well. Both the emission maxima and Stokes shifts increase with 

increasingg K parameter, which suggest a positive solvatochromic effect. 

Tablee 3, Solvent Parameters and Spectroscopic data for compound IM-Br  and IM-Me in 

variousvarious solvents at room temperature. 

slvnts. . 

DBE E 

DIE E 

T O L L 

EtOH H 

EA A 

THE E 

ACN N 

DCM M 

D M F F 

(30) ) 

33.0 0 

34.1 1 

33.9 9 

51.9 9 

38.1 1 

37.4 4 

45.6 6 

40.7 7 

43.2 2 

Kam le t -Ta f t t 

parameters s 

jt'' a [i 

0.244 0 0.46 

0.277 0 0.49 

0.544 0 0.11 

0.544 0.83 0.77 

0.555 0 0.45 

0.588 0 0.55 

0.755 0.19 0.31 

0.822 0.30 0 

0.888 0 0.69 

^ ' n m m 

414 4 

413 3 

417 7 

426 6 

416 6 

418 8 

416 6 

422 2 

424 4 

IM-Br r 

A.em/nm m 

499 9 

500 0 

510 0 

535 5 

528 8 

530 0 

530 0 

554 4 

543 3 

A;; cm 

4114 4 

4213 3 

4373 3 

4782 2 

5099 9 

5056 6 

5170 0 

5646 6 

5169 9 

KbJKbJ nm 

388 8 

385 5 

390 0 

401 1 

390 0 

391 1 

390 0 

393 3 

398 8 

IM-Me e 

^* ] IT ; '' n m 

477 7 

477 7 

487 7 

516 6 

505 5 

506 6 

546 6 

528 8 

520 0 

A// cm'1 

4809 9 

5010 0 

5107 7 

5558 8 

5839 9 

5813 3 

7326 6 

6506 6 

5895 5 

DataData are in increasing order of IT. The parameter Erf 30) fsee text) is in kcal/mol and 

JJ is the Stokes shift in cm' . 

Thee following results were obtained by a linear regression analysis of the relation 

betweenn the emission maxima of IM-B r  and IM-M e and the independent parameters 

TC**  and a (without taking fï into account): 

E™** (IM-Br) = (59.2 6  1.2)7t* - (2.0  ().9)a in Kcal (1) 

EEmAKmAK (IM-Me ) = (62.4 - (9.6  2.0)JI' - (2.7  1.6)a in Kcal (2) 

Whenn p* is taken into account as well, the fit  does not improve, suggesting that the 

influencee the hydrogen bond acceptor basicity on the data is rather small. 



3.33 Steady Slate Spectroscopy 

Whenn the emission maxima of I.M-B r  and IM-M e are plotted versus equations 1 

andd 2 containing the Kamlet-Taft parameters, the plots depicted in Figure 3 are 

obtainedd by using the multiple regression method. 

59.22 - 7.6n*  - 2.0a (Kcal) 62.4 - 9.6n*  - 2.7a (Kcal) 

Figuree 3. The emission energy maxima of IM-Br and IM-Me fitted vs. eqs. I  and 2. 

Whenn the emission maxima of IM-B r  and IM-M e are plotted versus the Kamlet-

TaftTaft 71 parameter, slightly better fits with negative slopes are obtained by using the 

least-squaress regression method: 

En mm (IM-Br ) = 59.09 Kcal - 8.03 K 

RR = -0.91. SD = 0.92 

Emaxx (IM-Me ) = 62.4 Kcal - 10.2 n 

RR = -0.86, S D= 1.4 

Inn either case, the negative coefficients for the n* values in these equations 

indicatee a positive solvatochromism. As the n" value of the solvent increases, a red 

shiftt for the absorption and/or emission maximum is observed. These results show 

thatt the polarizability (n*) is the major contribution to the observed shift. 

Forr comparison the Ei(30) values arc also given in Table 3. The Ej(30) values are 

basedd on the pyridinium A'-phenolate betaine dye as probe molecule (Reichardts dye) 

thatt shows negative solvatochromism. Its intramolecular CT absoiption band is 

hypsochromicallyy shifted with increasing polarity. The multiple regression analysis 
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obtainedd by Taft et al. using absorption data of E-|(30) in 39 different solvents is 

reportedd as: 

ET(30)) = -0.51 - 14.3(7i*  - 0.238)-15.5a 

R== 0.986. n = 39 

Inn the light of these results we can conclude that the excited state of IM-B r  and 

IM-M ee is strongly polar and has a strong charge transfer character. Especially if we 

comparee the coefficients of the n" parameter for IM-B r  (7.6) and for IM-M e (9.6). 

withh that of EK30)( 14.3). 

3.3.22 Complex format ion wi th Zn (I l )-cyclen 

Thee coordination of the imide group with the Zn (Il)-cyclen has been intensively 

studied4'14'00 and the formation of a bond between the deprotonated imide nitrogen 

atomm and the zinc (II) ion was confirmed by X-ray analyses."' In order to study the 

assemblyy process via formation of the coordinative bond between Zn (H)-cyclen and 

thee systems IM-B r  and IM-Me . titration experiments were performed. 

Uponn addition of stochiometric amount of Zn (ll)-cyclen to a solution of 2.5 x 10"" 

moll  L'1 of IM-Br , the formation of the assembly IM-Br/Z n (see Scheme 1) was 

observedd in aerated acetonitrile. The adduct formation was followed by UV-Vis 

absorptionn and emission spectroscopy (Figure 4). 

5500 600 
X(nm) ) 

Figuree 4. Changes in the absorption I left) and emission (right) spectra oj IM-Br  upon 

additionaddition oj Zn (Il)-cyclen in acetonitrile. (a) IM-Br  (2.5 x /0'J mol L ) , (hi Complex obtained 

byby 1:1 equiv. of IM-Br  and Zn (ll)-cyclen in the presence of 1 equiv. of TEA. 
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Inn order to favor the deprotonation of the imide to form the Zn-nitrogen bond, a 

weakk base (1 equivalent of triethylamine, TEA) was added. Upon addition of the Zn 

(ll)-cyclenn a blue shift (775 cm') of the absorption band centered at 416 nm was 

observed.. The shift is accompanied by a decrease in the molar extinction coefficient 

off  the band and by the appearance of a new band in the UV region (Figure A). The 

formationn of the assembly IM-Br/Z n obtained by coordination of IM-B r  with Zn 

(Il)-cyclenn has a 1:1 stoichiometry. The changes in emission properties of IM-B r 

uponn binding are even more interesting, since a strong increase in emission intensity 

wass observed. In order to quantify the emission enhancement, the solution was 

excitedd in the isosbestic point (380 nm). The complex formation resulted in an -80 

foldd increase in the emission intensity. The association constant calculated by the 

changee in emission is 2 x I0fi L mol'. 

Similarr titration experiments were performed with IM-Me under the same 

conditions,, and adduct formation was followed by UV-Vis absorption and emission 

spectroscopyy (Figure 5). The addition of the Zn (II) azamacrocycle resulted in a blue 

shiftt (333 cm'1) of the 390 nm absorption band as observed for IM-Br . An 

accompanyingg decrease in the molar extinction coefficient of this band and a 

broadeningg of the UV band at 275 nm indicates the assembly formation (Figure 5). 

Thee adduct obtained by coordination of IM-M e with the Zn (Il)-cyclen also has a 1:1 

stoichiometry.. An even stronger increase in emission intensity with a blue shift (1107 

cm"1)) of the maximum was observed for the binding of IM-M e with Zn (Il)-cyclen. 

Thee solutions were excited in the isosbestic point (333 nm). The complex exhibits an 

emissionn that is about 90 times more intense (Ojvi-Mc/zn = 0,09) than the separate 

component.. The association constant calculated by the change in emission is 1.3 x 10{' 

Lmol'. . 
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0.4--

Figuree 5. Changes in the absorption (left) and emission (right) spectra of IM-Me upon 

additionaddition of Zn (Il)-cyclen in acetonitrile. (a) IM-Me (2.5x Iff' mol L '). (b) complex obtained 

byby 1:1 equiv. of IM-Me and Zn (ll)-cyclen in the presence of I equiv. of TEA. 

Inn order  to understand whether  the spectroscopic changes are due to more general 

phenomena,, the absorption and emission spectra of IM-Br were recorded in 

acetonitrilee in the absence and presence of a strong base, potassium carbonate (Figure 

6).. We observed the same trend in the photophysical behavior as upon coordination 

withh Zn (Il)-cyclen, even though the emission enhancement upon deprotonation with 

potassiumm carbonate was more moderate. 
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Figuree 6. Changes in the absorption (left) and emission (right) spectra (Xex = 355 nm) of IM-

BrBr upon addition of K:CO, in acetonitrile. Solid line: without K:CO„ dashed line: with 

KyCOv KyCOv 

Thereforee we can conclude that coordination with other Lewis-type acidic metal 

ionss could lead to similar results as observed for the Zn (Il)-cyclen. 
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3.44 Time-resolved Spectroscopy 

Time-resolvedd spectroscopy was performed to get more information about the nature 

off  the excited states both for the individual compounds and for the assemblies with 

thee Zn (II) azamacrocycle. The emission lifetimes, as well as the emission maxima, 

aree summarized in Table 4. 

Forr both compounds, the excited state lifetimes show a similar trend as the 

emissionn quantum yields (see Table 2). The shorter lifetimes suggests once again that 

aa deactivation path through a non-radiative state is present for both systems in polar 

solvents.. In some solvents a second decay component is observed for IM-Br. 

Tablee 4. Emission lifetimes far IM-Br  and IM-Me in several solvents. 

solvents s 

DBE E 

DIE E 

TOL L 

EtOH H 

EA A 

THE E 

MeCN N 

DCM M 

DMF F 

mm 'nm 

499 9 

500 0 

510 0 

535 5 

528 8 

530 0 

530 0 

554 4 

543 3 

IM-B r r 

T|| . i / / ns {Amp%) 

1.10 0 

1.20 0 

0.98 8 

0.04 4 

0.30(95).. 2.10(5) 

0.92 2 

0.033 (97). 0.53 (3) 

0.044 (60), 0.64 (40) 

0.05(94),, 0.64(6) 

IM-M e e 

/.em/nmm T /ns" 

477 7 

477 7 

487 7 

516 6 

505 5 

506 6 

546 6 

528 8 

520 0 

4.20 0 

4.50 0 

5.40 0 
h h 

3.10 0 

0.74 4 

0.12 2 

1.47 7 

0.19 9 

DataData are ordered following the increasing value of the K parameter of the solvents. 

ExcitationExcitation wavelength is 324 nm. h Signal too weak. 

Iff  an equilibrium between two excited states is present, the biexponential decay can 

bee due to the equilibration rate (see discussion at the end of the chapter). Upon 

compfexationn only a monoexponential decay was detected with a value of 690 ps {see 

Figuree 7). Similar but more dramatic changes in the lifetime were observed for IM-

Me.. The lifetime increased from 120 ps to 6300 ps upon complexation with Zn (II)-

cyclenn (Figure 8). Similar decay values have been measured in non-polar solvents 

(Tablee 4). 
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6.0x10"-i i 

4.0x10 ;--

Figuree 7. Time resolved emission for (a) IM-Br  (r = 30 and 530 ps), (b) IM-Br/Zn  (r  = 690 

ps)ps) in aerated aceionitrile at room T. Aex=420 nm, Ajc-,= 550 nm. 

4.0x104--

2.0x10'--

l-ïguree 8. Time resolved emission of (a) IM-Me <T= 120ps), (h) IM-Me/Zn (T= 6.3 ns), in 

aeratedaerated acetonitrile at room T A,,,= 280 nm. Xile,= 520 run. 

3.4.11 Redox Properties and Cosensitization 

Knowledgee of the electrochemical potentials of the compounds could lead to a better 

understandingg of the interaction between the donor and acceptor groups and the 

spectroelectrochemicall  experiments could give information about the radical anion 

andd radical cation absorption. However, the cyclic voltammetry of IM-B r  in 
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acetonitrilee showed irreversible oxidation and reduction processes. Changing the 

solventt and the electrodes employed did not improve the results. This is not so 

surprisingg because also in literature indole and its monomelic derivatives show 

irreversiblee oxidation peaks with a first oxidation occurring at 1.26 V vs. SCE.Wl In 

ourr case the oxidation peak potential is estimated at 1.43 V and the reduction peak at -

0.599 V vs. SCE.1 The slightly higher value for the oxidation of the indole is due to the 

presencee of the electron-withdrawing group (imide) in the system that makes the 

compoundd more difficult to oxidize. The irreversible electrochemical behavior 

impairedd the performance of the spectroelectrochemical experiments. 

0.4 4 

0.3 3 

< < 

<< 0.2-

0.11 -

I M I - — ii 1 , 1 , 1 , 1 , 1 ' 

4000 500 600 700 800 
X(nm) ) 

Figuree 9. Transient absorption spectra of the radical cation (c) of the indole (indole I in 

aeratedaerated acetonitrile produced using the cosensitization method. The spectra are recorded 

withwith excitation at 355 nm. Shown are a) 200 mM hiphenyl and 10 mM 1.4-

dicvanonaphthalenedicvanonaphthalene after 300 ns delay; b) after addition of ImM indole and 100 ns delay, 

andand c) 300 ns delay after the laser pulse. 

Inn order to gain information about the spectral features of the oxidized indole, the 

cosensitizationn technique6 "w has been employed to create the radical cation of the 

TT Cyclic voltammogram (v = 100 mV s'1) of IM-Br (4.9 x I0"4 M) recorded at a Pi disk electrode in 

acetonitrile.. See experimental section for detail. 
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indolee moiety. The decay of the radical was followed by nanosecond transient 

absorptionn spectroscopy (see Figure 9). 

Inn this experiment, 1,4-dicyanonaphthalene and biphenyl were used as 

cosensitizerss for the indole (see experimental for details). As can be seen in Figure 9. 

excitationn of 1.4-dicyanonaphthalene at 355 nm created the biphenyl radical cation at 

withh bands at 375 and 665 nm/'*  This signal disappeared when indole was added to 

thee solution and a broad signal formed between 520-620 nm (Figure 9. b and c). This 

neww broad band was attributed to the indole radical cation and can be confirmed by 

comparisonn with the data reported in the literature. 'fl 

3.4.22 Femtosecond Transient Absorption Spectroscopy 

Duee to the very short excited state lifetimes of the compounds, transient absorption 

spectroscopyy did not show any special features on the time scale of the nanosecond 

equipment.. In order to gain detailed information on the nature and kinetics of the 

excitedd states, femtosecond transient absorption measurements were performed. 

Ass observed in the steady state emission for 1M-Br, there is a change in the 

propertiess of this system upon going from non-polar to polar solvents. For 

comparison,, transient absorption measurements were performed in acetonitrile as a 

polarr medium and also in the relatively less polar solvent, THF. 

Thee transient of IM-B r  in acetonitrile is characterized by an instantaneous 

absorptionn at 500 nm (attributed to S|—*-S„  absorption) and a ground state bleaching 

observedd at 420 nm (Figure 10). These two features are observed both in acetonitrile 

andd THF. An accurate analysis of the spectrum in acetonitrile shows a rise time at 570 

nm,, which is formed within a few picoseconds (1-2 ps) and decays with a time 

constantt of ca. 27 ps (see Figure 10). The latter time constant is in accordance with 

thee short component observed in time-resolved emission spectroscopy. The transient 

absorptionn band at 570 nm is assigned to the formation of the radical cation of the 

indole,, the electron-donating component in the system (see also the cosensitization 

experiment.. Figure 9). 
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3500 400 450 500 550 600 650 700 750 800 

Mnm ) ) 

Figur ee 10. Femtosecond transient absorption spectra oj IM-Br  in aerated acetonitrile. 

IncrementalIncremental time delays are given on the right. The first four traces show the formation of a 

CTCT state (A,., = 435 run, A 43$ = 1.3, 130 fs FWHM). Inset: Kinetic profile of the transient 

absorptionabsorption determined at 570 nm. 

AA  comparison wit h the spectra in TH F (Figure I I ) shows that the positive 

absorptionn band at 570 nm is not formed in this solvent. This result suggests that in a 

lesss polar solvent the photoinduced electron transfer does not occur. The estimated 

AGG in acetonitrile is -0.3 eV. The small exergonicity (together with the temperature 

effects)) suggests that the electron transfer process is possible only in polar solvents. 

Thesee results are in agreement with the higher emission quantum yield in THF (see 

'fablee 2) and the fact that the radical cation is not observed in THF. 
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Figuree 11. Femtosecond transient absorption spectra oflM-Br  in aerated TIIF. time delays 

correspondingcorresponding to frames are written in the spectra (A,t= 435 run, 130fs FWHM). 

Thee femtosecond transient absorption spectra for IM-.Me were also recorded (see 

Figuree 12). The major observation for this spectrum is the broad transient absoiption 

bandd between 425 and 525 ran, which has a shoulder like structure around 540 nm. As 

thee emission of IM-M e in acetonitrile starts at 450 nm (sec Figure 2) there is a strong 

overlapp of the "negative" emission band and the "positive" absorption bands 

belongingg to the radical cation of the indole, expected between 500 and 600 nm. The 

kineticc analysis performed at 540 nm resulled in 1.7 ps rise time and 84 ps decay. 

Thee stimulated emission can be seen between 530 and 750 nm. Probing at 640 nm 

showedd 2 ps and 72 ps decay times. The lifetime of IM-M e measured with time-

resolvedd emission spectroscopy gave a similar decay value (120 ps). 

< < 
< < 
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Figuree 12. Femtosecond transient absorption spectra of IM-Me in aerated acetonitrile; 

incrementsincrements are 0 (baseline). 4. 10, 15. 25. 40. 60, 100, 150ps. (/...,= 390 nm, 130fs FWHM). 

Inset:Inset: Kinetic profile of the transient absorption determined at 5411 nm. 

AA summary of the decay times obtained from the kinetic analysis for both 

compounds.. IM-B r  and IM-M e in acetonitrile. is provided in Table 5. 

Tablee 5. Decay times oj IM-Br  and IM-Me in acetonitrile observed by femtosecond transient 

spectroscopy. spectroscopy. 

IM-B r r 

A.deI(nm) ) 

Trivcc (PS) 

t„cc:nn (PS) 

420 0 

1.0 0 

20 0 

500 0 

1.7/22 2 

570 0 

1.0 0 

27 7 

480 0 

80 0 

IM-Me* * 

540 0 

1.7 7 

84 4 

640 0 

2.00 / 72 

"A"Acxcx = 435 nm. A,,x = 390 nm. in aerated acetonitrile. 

Thee femtosecond transient absorption spectrum of the assembly of IM-B r  with Zn 

(Il)-cyclenn was recorded in acetonitrile. As can be seen in Figure 13. the shoulder 

aroundd 570 nm is not observed and only the band at 500 nm is present. The analysis 

off  the kinetics of the decav of both transient signals showed that the eround state is 
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reformedd within 550 ps. This value is in very good agreement with the lifetime 

measuredd with single photon counting (690 ps. Figure. 7(b)). 

Figuree 13. Femtosecond transient absorption spectra of IM-Br/Zn  (+ 10 jul TEA) in aerated 

acetonitrile.acetonitrile. time delays corresponding to frames are written in lite spectra ('A,.,- 415 nm. 

AA4IS4IS=0.53.=0.53. 130/s FWHM). 

3.55 Computational Results 

Inn order to gain more insight into the experimental results and to make a better 

comparisonn with the symmetric indole-maleimide systems discussed in Chapter 4. 

calculationss were performed on IM-B r  and IM-M e at the University of Bologna by 

Dr.. Marianna Fanti. Besides a structure optimization, also the excited states are 

calculatedd and the frontier molecular orbitals are visualized. 

Thee molecules were optimized with density functional theory (DFT) at the 

B3LYP/6-31G**  level, using the package Gaussian-98. The optimized structures are 

shownn in Figure 14. Although it has been found that the spectroscopic properties of 

thee systems show a strong solvent dependence, the calculations were performed on 

isolatedd molecules in the gas phase. 
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Figur ee 14. The optimized structures of IM-Br  and IM-Me. 

Thee excited states were calculated with Time Dependent (TD)-DFT 

B3LYP/631G*.. The simulation gives for each excited state the oscillator strength ƒ of 

thee So—*Sn transition. The UV-Vi s stick spectrum obtained was broadened with a 

Gaussiann function (broadening constant of 2000 cm", results not shown) to compare 

withh the experiments. All the main features of the experimental spectra are very well 

reproduced.. In Table 6 a comparison is made between the experimental and the 

computationall  main peak positions and the value of the ground state dipole moments 

iss indicated. 

Tablee 6. Comparison of the main peak positions between experiments (Exp} and DFT plus 

broadeningbroadening simulations (Calc). The differences (AE) are in cm', ground state dipole 

moments.moments. J.1. in Debye. 

IM-B r r 

IM-M e e 

F.xp(nm)" " 

417 7 

3>)() ) 

Calc(nm) ) 

445 5 

425 5 

AE(cnf') ) 

1509 9 

2112 2 

UU (Debye) 

4.31 1 

4.56 6 

""  Recorded in toluene. 

Inn Table 7 the energies and the composition of the first two excited states are given 

andd in Figure 15 the representation of the main molecular orbitals (MO) involved in 

thesee excitations is depicted. HOMO is the highest occupied MO and LUMO is the 

lowestt unoccupied MO. Orbital calculations were also performed on the deprotonated 

structuree of the bromo-derivative. the anionic IM-B r  . to simulate the complex with 

Znn (Il)-cyclen. Due to the size of the Zn (Il)-cyclen a direct DFT calculation was out 
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off  reach. The geometry of IM-B r  was not re-optimized after the charge addition (see 

Figuree 15). 

Tablee 7. Calculated energies (eV) and oscillator strengths (J) of the first two excited states. 

ForFor each state, the composition of the wavefunction (WF) in terms of MO excitations is 

indicated,indicated, together with their coefficients in the WF expansion. 

Molecule e 

IM-B r r 

IM-M e e 

S.. /si* 

2.7666 eV 0.1722 

HOMO^HJMO(0.82) ) 

2.9188 eV 0.1465 

HOMO^LUMO(0.85) ) 

s2 2 

3.2288 eV 

HOMO-1^LUMO(0.97) ) 

3.4144 eV 

HOMO-1—LUMOO (0.92) 

/S2 2 

0.0114 4 

0.0098 8 

"fare"fare roughly proportional to molar extinction coefficients e. 

Inspectionn of Table 7 shows that the excitation to the S| state is characterized by a 

HOMO—  LUMO excitation. Other excitations are also involved but their 

contributionn is negligible. 

AA most striking feature of the orbitals depicted in Figure 15 is the fact that the 

HOMO-11 of both neutral compounds is fully indole (donor) localized. In the LUMO 

off  IM-B r  and IM-M e on the other hand, almost all electron density (= 80 %) is 

localizedd on the maleimide (acceptor) part. This implies that upon HOMO-1 to 

LUM OO excitation (attributed to S:, see Table 7) a strong charge transfer occurs from 

thee indole to the maleimide. In the HOMO orbitals the electron density is delocalized 

overr the whole molecules. 

Itt has to be realized now, that the calculations were performed on isolated 

moleculess and that the presence of polar solvent molecules can results in an energetic 

re-orderingg of the states. Not only due to polarization and stabilization effects, also 

slightt conformational changes can have an influence. Thus, it is postulated here that in 

mostt (polar) solvents the transitions of HOMO-l->LUMO and of HOMO-»LUMO 

becomee almost iso-energetic or the former transition even becomes the lowest in 

energy.. The HOMO-»LUMO transition than corresponds to the emissive n-n* excited 

statee described in the experimental parts of this Chapter, and the HOMO-1—»LUMO 

transitionn to the "dark" charge transfer state (see also next section. Scheme 3). 
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IIOMO-11 HOMO LUMO 

-6.3866 eV -5.736 eV -2.568 eV 

-6.2533 cV -5.6 ll eV -2.24 I eV 

ii  m A» <*c 
-2.l20eVV -l.724eV 2.089 eV 

Figuree 15. IIOMO-1, HOMO and LUMO ofIM-Br,  IM-Me and IM-Br  (the anion). MO 

energiesenergies are written below the orbital representations. I/OMO-LUMOgaps in el'are: IM-Br 

==  3.167; IM-Me = 3.370 and IM-Br  = 3.831. 

Interestinglyy this argumentation holds if we consider the effects of Zn (ll)-cyclen 

complexationn on IM-B r  (or IM-Me . see previous sections of this Chapter). Clearly, 

thee HOMO-1 totally changes its character upon deprotonation (= complexation. see 

HOMO-11 of IM-Br "  (the anion)). The charge transfer character of the HOMO-

l->LUM OO transition disappears, and thus the HOMO—>LUMO transition 

correspondingg to the formation of the strongly emissive K-K excited state becomes 

dominantt and a =100 fold increase of emission is experimentally observed. 

3.66 Overall Discussion 

Thee rather complicated spectroscopic properties of these two simple compounds can 

bee explained by the presence of several close lying excited states. It is clear that for 

bothh compounds, the emitting excited states are quenched in polar solvents and that 
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thee pathway responsible for this quenching is removed upon coordination to the Zn 

(Il)-cyclenn moiety. 

Duee to the presence of an electron donor (indole) and an electron acceptor 

(maleimide)) unit, the lowest excited state is expected to have a strong charge transfer 

character.. The data collected suggest indeed (see sections on computational results 

andd on solvatochromism) that both the ground and the excited states have relatively 

largee dipole moments. The emitting state, however, is strongly quenched in polar 

solventss by a charge-separated state that is almost isoenergetic with the emitting state. 

Inn a very simple energy diagram (Scheme 3) the charge-separated state can be 

thermallyy populated leading to a non-emitting state decaying to the ground state in a 

feww picoseconds (see femtosecond section). This electron transfer process is possible 

onlyy in very polar solvents because of the low exergonicity of the process. Upon 

deprotonationn of the imide for the coordination of Zn (Il)-cyclen the electron-

withdrawingg ability of the imide unit is strongly decreased. In fact, upon 

deprotonationn the imide unit becomes an electron rich moiety and this causes a 

decreasee of the oscillator strength of the visible band of the absorption spectrum. Also 

thee emission spectra for both compounds are strongly affected by the new electronic 

situationn since the charge-separated state cannot be populated anymore (see Scheme 

3bb and 3d). For IM-Br , the low lying triplet excited state due to the presence of a 

heavyy atom (Br) could represent a further deactivation path for the singlet emitting 

excitedd state. This would explain why IM-M e has a higher emission quantum yield 

andd longer excited state lifetime than IM-Br . It is interesting to notice that for IM -

Me,, coordination with Zn leads to an even more dramatic enhancement than for IM -

Br.. We think that for IM-M e the energy scheme is almost identical to the scheme for 

IM-B rr  but the emitting excited state is higher in energy (-0.12 eV higher) and 

thereforee the charge-separated state can be more easily populated since the process is 

slightlyy more exergonic (see femtosecond section). Upon complexation with the zinc 

moiety,, the emitting state is not quenched anymore and the emission quantum yield 

increasess up to 100 fold. 
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(a) ) ( l . i i 

IM-Br r 

(c)) ( d) 

'lndd \ ! „ : 

IM-Me e 

Schemee 3. Schematic diagram of the energy levels of IM-Br  and IM-Me (a) IM-Br  in polar 

solvents,solvents, (b) IM-Br  upon coordination by 7.n (ll)-cyclen (or at low temperature), (c) IM-Me 

inin polar solvents, (d) IM-Me upon coordination by Zn (ll)-cyclen. 

3.77 Conclusions 

UV-Vi ss absorption and steady state emission measurements were performed to 

charaeterizee the properties of the compounds, their extinction coefficients and their 

quantumm yields in several solvents. The solvatochromic behavior of the compounds 

wass investigated using the Kamlet-Taft solvatochromic parameters. Additionally, the 

associationn constants for the formation of the assemblies with Zn (ll)-cyclen were 

determinedd using steady state emission spectroscopy. 

Forr the identification of the excited state properties and especially the charge 

transferr character of the excited state and the corresponding changes upon self-

assembly,, time-resolved emission spectroscopy has been used. The femtosecond 

transientt absorption measurements showed the sub-picosecond formation of the 

charge-separatedd state in IM-B r  in acetonitrile. The band formed in a few 

picosecondss around 560 nm was assigned to the radical cation of the indole unit (the 

absorptionn of this species was also recorded using the cosensitization me(hod). In the 

relativelyy non-polar solvent the absence of this band also supports this interpretation. 

Computationall  studies support the presence of another state close to the first 

excitedd singlet state for IM-Br . Inspection of the molecular orbitals of IM-B r 

indicatess that the charge separation occurs upon HOMO-1 to LUMO excitation. The 

computationall  results clearly show that, in the gas phase. HOMO-1 to LUMO 

excitationn is accompanied by a large translocation of electron density from the indole 
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too the maleimide unit, for IM-B r  and for IM-Me . Furthermore, the deprotonation of 

thee imide results in the disappearance of the charge transfer character of the HOMO-1 

too LUMO excitation. These computational results are in excellent agreement with the 

experimentall  observations: the quenched emission quantum yield of IM-B r  has been 

interpretedd as the population of a non-emitting state with substantial charge transfer 

character.. Also the observation that upon going to non-polar solvents the strongly 

emittingg n-n* state starts to dominate for IM-M e is in line with this reasoning. 

Thee complexation of IM-B r  and IM-M e with Zn (Il)-cyclen is accompanied by a 

dramaticc increase in the emission intensity. Such strong perturbation introduced by 

thee Zn is most likely due to the shift towards higher energy of the charge-separated 

statee since the coordination of the metallomacrocycle causes the decrease of the 

electronn withdrawing ability of the imide part. We are not able to estimate the position 

off  the CS state upon formation of the adduct accurately, but a qualitative picture is 

depictedd in Scheme 3 b and d. 

Asymmetricc indolylmaleimide systems have suitable functional groups that can be 

usedd in the generation of supramolecular constructs and contain tunable photophysical 

propertiess that make them good candidates for molecular sensors. 

3.88 Experimental Section 

3.8.11 Material s 

Alll  solvents used are spectroscopic grade and purchased from ALTOS and Merck Uvasol, and 

usedd as received unless otherwise indicated. Commercially available deuterated solvents were 

usedd as received for the characterization of the compounds. NMR spectra were recorded on a 

Bnikerr AC-200 and Bruker AC-300 MHz instrument at ambient temperature. Data were 

recordedd as follows: chemical shift in ppm from internal standard TMS on the 8 scale, 

multiplicityy (s = singlet, d = doublet. t= triplet) and assignment. For column chromatography. 

Merckk silica gel 60 was used. TLC was performed on TLC aluminum sheets silica gel 60 F;? .̂ 

Electronn Impact (El) and Fast Atom Bombardment (FAB+) mass spectra were carried out 

usingg a JEOL JMS SX/SXI02A four-sector mass spectrometer. The samples were introduced 

viaa the direct insertion probe into the ion source. 

Alll  reagents used were obtained from available commercial sources and used without 

additionall  purification unless otherwise indicated. The synthesis of 4-Bromo-3- (1'H-indol-

3'-yl)-maleimidee (IM-Br ) was synthesized according to the adapted procedure described by 
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Brennerr and Faul e! a/.46'1 4-Methyl-3- (1 'H-indol-3'-yl)-maleimide (IM-Me ) was prepared 

accordingg to the adapted procedure described by Faul et al.A~ t,4,7,1I-tetraazacyclododecane 

zincc (II) has been synthesized in the group of Prof. B. König at the University of Regensburg 

{Germany). . 

3.8.22 Synthesis 

4-Bromo-3-- (1 'H-indol-3'-yl)-maleimid e (IM-Br ) 

Too an aqueous solution of maleimide (50.4 mg, 5.2 mmol, in 4-5 ml H;0) 1 ml {19.5 mmol, 6 

equiv.)) of Br: was added. The reaction mixture was irradiated (Philips IR 250 W 13352 

E/44*3B)) for 2-3 h. The precipitated product was filtered off and washed with water and 

hexanee to yield 60 % of 3.4-dibromo-maleimide (1). 'H-NMR (200 MHz. CDCU): ö - 7.26 

(NH,, s. br). 

Too a solution of indole (2) (115 mg, 9.8 mmol. 5 equiv.) in 16 ml of toluene, EtMgBr (9.8 

mmol.. 5 equiv, 9.8 ml of a I M solution in THF) was added under nitrogen atmosphere. 

Afterr heating to 60° C for 1 h, a solution of 3,4-dibromo-maIeimide (1) (0.5 g, 1.96 mmol, 1 

equiv)) in 7 ml of Et:Oand 1.5 ml of THF was added dropwise. The mixture was refluxed (91-

94°C)) overnight. The reaction mixture was cooled to room temperature and diluted with 100 

mll  of ethyl acetate. The organic layer was washed with aq. 1 N HC! (50 ml), water (50 ml) 

andd brine (50 ml) and dried over MgS04. The solvent was removed in vacuum giving a dark 

redd solid. The crude product was purified by column chromatography (SiOi. 1. hexane/ethyl 

acetatee I: I; 2. hexane/ethyl acetate 2:1). 

4-bromo-3-(ll  'H-indol-3'-yl)-maleimide (IM-Br ) was obtained in 40 % yield (227 mg) as 

ann orange solid. 'H-NMR (200 MHz, DMSO-dJ: ö = 12.1 (s. 1 H, NH), 11.4(s, 1 H, NH). 

8.066 (d, IH. aromatic H). 7.94 (d. I H, J = 7.4 Hz. aromatic H). 7.55 {d, 1 H. J = 7.4 Hz. 

aromaticc H), 7.26 -7.11 (2H, complex). MS(EI+): m/z = 289.9682 (100%). 

X-RayX-Ray Crystal Structure Determination of IM-Br 

Crystall  structure determination is performed by Kees Goubitz at the University of 

Amsterdam.. Laboratory for Crystallography. 

C,:H7BrN:0;,, Mr=291.1, orthorhombic, P2,2l2l, a = 7.483( 1). b = 7.636(2), c = 18.212(3) 

A.. V=1040.6(4)A\ Z=4. Dx =1.86 gcnv. A(CuK.a)=M.54IXA, u(CuKa)=53.2 cm', 

F(()00)=576.. room temperature. Final R=0.087 for 1390 observed reflections. 

AA crystal with dimensions 0.05 x 0.20 x 0.80 mm approximately was used for data 

collectionn on an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated CuKu 

71 1 



Asymmetricc Indolylmaieimide Derivatives 

radiationn and «-2Ü scan. A total of 1425 unique reflections was measured within the range 0< 

hh <9, 0< k <9. 0< 1 <22. Of these. 1390 were above the significance level of 4o (F,*,). The 

rangee of (sin 0)/X was 0.055-0.625A (4.9 < B < 74.6°). Two reference reflections ([1 1 0]. 12 0 

3])) were measured hourly and showed no decrease during the 20 h collecting time. In 

addition.. 150 "Friedel" reflections were measured, which were used in the determination of 

thee absolute configuration. Unit-cell parameters were refined by a least-square fitting 

proceduree using 23 reflections with 40.20 < fl < 43.97. Corrections for Lorentz and 

polarisationn effects were applied. . Absorption correction was performed with the program 

PLATON7'.. following the method of North et al.?: using T-scans of five reflections, with 

coefficientss in the range 0.440-0.947. The structure was solved by the PATTY option of the 

DIRDIF999 program system. ' 

Thee hydrogen atoms were calculated. Full-matrix least-squares refinement on F. 

anisolropicc for the non-hydrogen atoms and isotropic for the hydrogen atoms, keeping the 

latterr fixed on their calculated positions, converged to R=0.087, Rw=0.126. (A/o)max=0.88. 

S=0.95.. A weighting scheme w=[25+0.01*(a(F,lhs))
: + 0.0001/(a(Fobs))]" ' was used. The 

absolutee structure parameter74 refined to Xabs=-0.08 thus confirming the correct enantiomer. A 

finalfinal difference Fourier map revealed a residual electron density between -2.65 and 2.50 eA~ 

inn the vicinity of the Br atom. Scattering factors were taken from Cromer and Mann ;̂ 

Internationall  Tables for X-ray Crystallography.'fl The anomalous scattering of Br was taken 

intoo account.77 All calculations were performed with XTAL3.7* . unless stated otherwise. 

4-Methyl-3-- (l'H-indol-3'-y])-maleimid e (IM-Me ) 

Too a solution of indole (2) (2 g, 17.1 mmol) in 20 ml of Et;0. oxalyl chloride (1.5 ml. 17.2 

mmol)) was added dropwise at 0-5° C in an ice bath. The solution was allowed to stir for 30 

minn at that temperature and the obtained yellow slurry was further cooled to -65-70° C. Then 

NaOMee {34.1 mmol, 6.5 ml of a methanol solution; 30 Wt %) was added dropwise to this 

solution.. The mixture was allowed to warm up to room temperature and was quenched by 

additionn of 10 ml of water. The solid was collected by filtration and washed with water and 

diethyll  ether several times. The product was dried in vacuum and recrystallized from 

THF/hexanee (1/1) to yield 3.1 g (89 %) of methyl indolyl-3- glyoxylate (3). 'H-NMR (200 

MHz,, DMSO-d„): 5= 12.43 (s, NH), 8.48-8.46 (d. 1H). 8.20-8.16 (q. 1H). 7.59-7.53 (m. IH). 

7.37-7.255 (m,2H). 3.91 (s. 3H>. 

Methyll  indolyl-3-glyoxylate (3) {8.2 mmol, 1.66 g. 2 eq) and propionamide (4) (4.1 mmol, 

3000 mg, 1 eq) were dissolved in 30 ml of THF and the mixture was cooled to 0 ° C. To this 

solutionn potassium rtj/7-butoxide (16.4 mmol, 16.4 ml of a 1.0 M solution in THF. 4 eq.) was 
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addedd dropwise and the mixture was left to stir overnight. After quenching with 8 ml of 35% 

HCII  the mixture was diluted with ethyl acetate, washed with sat. NaHC03 solution and the 

organicc phase was collected and dried over MgSOj. The solvent was evaporated in vacuum 

andd the crude product was recrystallized from THF/CH;Ch(l/l) yielding 0.83 g (90 %) of 4-

Methy]-3-(rH-tndol-3'-yl)-ma]eimidee (IM-Me) . as a yellow solid. 'H-NMR (300 MHz. 

acetone-d„):: 8= 10.957 (s. NH). 9.577 (s. imide-NH), 7.795- 7.752 (m, 2R aromatic H). 

7.538-- 7.512 (d, 2H, aromatic H). 7.243- 7.126 (m, 2H, aromatic H). 2.165 (s. 3H). 

3.99 Instrumentation 

3.9.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard, diode array 8453 

spectrophotometer. . 

Steadyy state emission spectra were obtained from SPEX 1681 Fluorolog 

spectrofluorometerr equipped with two double monochromators (excitation and emission). 

Emissionss are not corrected. Quinine bisulfate solution in 1 N H:S04 (Osm = 0.546)'' was 

usedd for the emission quantum yield calculations of IM-B r  in di-n-buty! ether, 

tetrahydrofuran,, di-isopropyl ether, toluene, diethyl ether and ethyl acetate. For the solutions 

inn other solvents. [Ru(bpyh]  : (<t>em = 0.016 in aerated acetonitrile)so was used as a standard. 

Forr quantum yield of IM-Me . quinine bisulfate in 1 N H:S04 solution was used as standard 

forr ail solvents, 

3.9.22 Cyclic Voltammetry 

Cyclicc voltammetric scans were performed with a gas-tight single-compartment cell under an 

atmospheree of dry nitrogen or argon. The cell was equipped with a Pt disk working- (apparent 

surfacee area of 0.42 mm"). Pt wire auxiliary-, and Ag wire pseudoreference-electrode. The 

workingg electrode was polished with a 0.25 jjm-grain diamond paste between scans. The 

potentiall  control was achieved with a PAR model 283 potentiostat. The redox potentials are 

calculatedd against ferrocene-ferrocenium (Fc'Fc') redox couple used as an internal standard*1 

(£|ii  = 0.38 V vs. SCE in acetonitrile)*2 and reported in SCE. Tetrabutylammonium 

hexafluorophosphatee (Bu4NPFh) was used as supporting electrolyte. 

3.9.33 Time-resolved Spectroscopy 

Time-resolvedd fluorescence measurements were performed on a picosecond single photon 

countingg (SPC) setup. The frequency doubled (300-340 nm. 1 ps. 3.8 MHz) output of a cavity 
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dumpedd DCM dye laser (Coherent mode! 700) pumped by a mode-locked Ar-ion laser 

(Coherentt 486 AS Mode Locker, Coherent Innova 200 laser) was used as the excitation 

source.. A (Hamamatsu R3809) micro channel plate photomultiplier was used as detector. The 

instrumentt response (-17 ps FWHM) was recorded using the Raman scattering of a doubly 

deionisedd water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) - 50 ns 

(12.55 ps/channel) could be used, enabling the measurement of decay times of 5 ps - 40 ns. 

Thee recorded traces were deconvolved with the system response and fitted to an exponential 

functionn using the Fluofit (PicoQuant) windows program. 

Inn the nanosecond pump-probe experiments, for excitation a (Coherent) Infinity Nd: YAG-

XPOO laser was used. The laser illuminated a slit of 10 x 2 mm. Perpendicular to this, the 

probee light provided by an EG&G (FX504) low pressure Xenon tamp, irradiated the sample 

throughh a 1 mm pinhole. The overlap of the two beams falls within the first two millimeter of 

thee cell, after the slit. The probe light from both the signal and the reference channels is then 

collectedd in optical fibers which are connected to an Acton SpectraPro-150 spectrograph 

whichh is coupled to a Princeton Instruments ICCD-576-G/RB-EM gated intensified CCD 

camera.. Using a 5 ns gate this camera simultaneously records the spectrally dispersed light 

fromm both optical fibers on separate stripes of the CCD. 

Inn the femtosecond transient absorption measurements, a Spectra-Physics Hurricane 

Titanium:: Sapphire regenerative amplifier system was used as the laser system. The full-

spectrumm setup was based on an optica! parametric amplifier (Spectra- Physics OPA 800) as a 

pump.. A part of the fundamental 800 nm light was used for white light generation, which was 

detectedd with a CCD spectrograph. The OPA was used to generate excitation pulses at 345 

andd 575 nm. The laser output was typically 5 \xi pulse"1 (130 fs FWHM) with a repetition rate 

off  1 kHz. A circular cuvette {d = 1.8 cm, I mm, Hellma), with the sample solution, was 

placedd in a homemade rotating ball bearing (1000 rpm), to avoid local heating by the laser 

beam.. The solutions of the samples were prepared to have an optical density at the excitation 

wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured 

beforee and after the experiments, to check for degradation. 

Cosensitizationn experiments were performed with 1,4-dicyanonaphthalene and 

biphenyl.61*'' " Aim of this experiment is to create the radical cation of the donor in a 

chemicall  way. For this purpose, 1.4- dicyanonaphtalene was excited at 355 nm. From that an 

electronn is accepted from biphenyl to generate the radical anion of DCN and the radical cation 

off  biphenyl, which readily accepts an electron from the donor compound to create its radical 

cationn as the final step (see Chapter 2 for details). 
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Thee DCN, excited at 355 run. created the bipheny! radical cation at 375 and 665 nm. This 

peak.. then, quenched when indole was added and a broad signal formed between 520-620 nm. 

whichh was assigned to the indole radical cation in acetonitnle according to the literature. " 

3.9.44 Determination of Ka!(S of IM-B r  and IM-M e using Fluorescence 

Spectroscopy y 

Too a 2.5 ml solution of 2.5 x 10"5 M compound and 10 (il TEA of 6.25 x 10"" M in 

acetonitnle.. a solution of 1.1 x 10"1 M of Zn {II)-cyclen in acetonitrile is added in aliquots of 

13.7-- 27.4 uj (13.7 jtl contains 0.25 equivalents of Zn (Il)-cyclen). The fluorescence spectra 

aree recorded after each addition of Zn (Il)-cyclen, while exciting at the isosbestic point, 380 

andd 333 nm for IM-B r  and IM-Me , respectively. The integral of the emission spectra is 

plottedd against the concentration of the Zn (Il)-cyclen. by which the association constant can 

bee calculated. 
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Chapterr  4 

Partt  A 

Unexpectedd Photophysical Properties of 

Symmetricc Indolylmaleimide Derivatives+ 

Abstract t 

ArcyriarubinArcyriarubin A and arcyriaflav'tn A. two strongly emissive and intensely coloured natural 

productsproducts containing two indoles and one muleimide unit are investigated. Since indole is a 

wellwell known electron donor and maleimide is an electron acceptor, the presence of charge 

transfertransfer (CT) character in the ground and excited states of the two compounds is discussed. 

ToTo shed light on (he properties of these compounds, photophysical investigations were 

performedperformed bv using UV-Vis absorption, steady state and time-resolved emission, nana- and 

femtosecondfemtosecond transient absorption spectroscopy in several solvents, Furthermore, the effect of 

complexationcomplexation with zinc(il) /, 4. 7,1 l-tetra-azacyclododecane on the photophysical properties 

ofof these natural products has been studied. Their solvatochromic behavior was investigated 

bvbv using the Kamlet-Taft approach and indicates only a small charge transfer character in 

thethe excited state. This is substantiated by the time-resolved spectroscopy and the 

complexationcomplexation study. Molecular Orbital calculations indicate that there are no electronic 

transitionstransitions in which a large electron density is transferred from tine indole unit to the 

maleimidemaleimide part. All calculated orbitals show a strong deiocalization of' the electron density 

overover the whole molecule. These findings corroborate the experimental results. Whereas the 

twotwo compounds do have a substantial (calculated) ground state dipole moment (6 Debye) and 

showshow some solvatochromic behavior, they behave more like conjugated aromatic systems than 

likelike electron donor-acceptor compounds. 

XX B. Kukrer Kaiela ,̂ R. M. Williams, G. van dor Zwan. M. Fanii. V. Zerbetto. B. Kötiig. L. De Cola, in 

preparation. . 
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4.11 Introductio n 

Thee research conducted on bisindolylmaleimide derivatives has two goals: pharma-

ceuticall  applications as new drugs and photonic applications, for instance as 

componentss in red-emitting LEDs. The majority of the research is conducted in the 

pharmaceuticall  area, and is aimed at efficient and versatile methods to synthesize 

indolylmaleimidee derivatives. Some of these derivatives are selective inhibitors of 

proteinn kinase C (PK.C). This isoenzyme family is believed to play an essentia! role in 

manyy signal transduction pathways1 and is implicated in a wide range of physiological 

processes.. Inappropriate activation of PKC is thought to occur in a number of 

pathologicall  states. Several macrocyclic bisindolylmaleimide derivatives showr 

promisingg results as novel therapy agents for autoimmune diseases, especially 

diabetess and cancer. ~ The double bond of the maleimide ring and the presence of 

hydrogen-bondd donor ability in the maleimide unit appear to be essential in the 

activityy of these agents." 

Thee bisindolylmaleimide subunit is present in a number of biologically active 

metabolitess isolated from Strep torn ycetes, including staurosporine, a potent, but non-

selectivee PKC inhibitor, and rebeccamycin'\ The simplest members of this class of 

compoundss are the arcyriarubins , a family of pigments that were isolated from the 

fruitingg bodies of the slime mould, Areyria denudata, more than 20 years ago by 

Steglichh et a!r Since arcyriarubi n A </V-H bisindolylmaleimide, here abbreviated as 

BIM )) is the core structure for these derivatives, several research groups are 

developingg efficient and versatile synthetic methods for this class of compounds. 

Consequently,, many derivatives of the parent bisindolylmaleimide structure have 

beenn synthesized and tested to explore the lead structured s Arcyriaflavi n (cyclized 

N-UN-U bisindolylmaleimide. here abbreviated as C-BIM ) analogues are currently being 

evaluatedd in human clinical trials as anticancer drugs.9 

Inn the area of photonic applications, the use of bisindolylmaleimide derivatives as 

ann effective red electroluminescent material has been demonstrated. Most 

bisindolylmaleimidee compounds are intensively red solids and some show strong red 

luminescencee in solution. Recently, Chow et al. used a number of A?-methylated 

bisindolylmaleimidee derivatives in the fabrication of light-emitting diodes.,f) 
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Thee formation of amorphous films with red emission in the solid state, good 

thermall  stability and reversible oxidation are essential characteristics for this 

application.. Including this recent work, still very littl e is known about the 

spectroscopicc properties of bisindoiylmaleimides. The origin of their intense colour as 

aa solid and their strongly emissive properties in solution have not been fully 

understood.. To our knowledge, detailed investigations of the photophysieal properties 

off  such compounds have not been reported until now. 

Inn this Chapter, we discuss the spectroscopic properties of two symmetric 

bisindolyimaleimidee derivatives, arcyriambin A (B1M) and arcyriaflavin A (C-

BI.VI)) (Scheme 1). The N,N- alkyl functionalized bisindolyimaleimide (N-BIM) is 

usedd as model compound with improved solubility and inability to act as a hydrogen 

bondd donor. As reported in the Chapter 3 for the asymmetric mono-

indolylmaleimides,, IM-B r and IM-\ le . the complexation of BIM and C-BIM with 

zinc(II)) 1.4,7,1 I-tetra-azacyclododecane (named as Zn (Il)-cyclen) (Scheme 1) via 

non-covalentt interaction was studied, as well. For this purpose, UV-Vi s absorption, 

steadyy state and time-resolved emission, nano- and femtosecond transient absorption 

inn combination with the results of computational studies were used to explain the 

light-inducedd processes in these compounds. 

HH H I 

C10H211 C10H21 

BIMM C-BIM N-BIM 

NN N" 
HH H 

Schemee I. Compounds under investigation I BIM  and C-BIM, N-BIM)  and their complex 

formationformation with Zn (H)-cyclen. 
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4.22 Results and Discussion 

4.2.11 Synthesis of the BIM , C-BIM  and N-BIM 

Sincee V-H bisindolylmaleimide (BIM ) is the core structure for many derivatives, 

severall  research groups are working on its efficient synthesis. The most widely used 

methodd to produce BIM  involves the reaction of indolylmagnesium bromide with a 

2.3-dihaloo maleimide." A more efficient way to synthesize 2.3-Bis( lH-indol-3-yl)-

maleimidee (BIM ) was developed recently by Faul et al. ~ and is used in this study as 

well.. The method involves reaction of methyl indole-3-glyoxylate (1) (see Scheme 2 

inn Chapter 3) with commercially available indole-3-acetamide (2) using a 1.0 M 

solutionn of KOBu' in THF (Scheme 2). 

I2,13-dihydro-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazo]e-5,7-(6H)-dioness (C-BIM ) 

iss synthesized by overnight irradiation at 350 nm of BIM  in a photochemical reactor, 

inn the presence of F as oxidizing agent in acctonitrile (Scheme 2). The reference 

compound.. N-BIM  was prepared at the University of Regensburg in the group of 

Prof.. Dr. B. König by Christian Mandl. The detailed synthetic procedures, including 

purificationn and characterization, are given in the experimental section. 

H H 

iii  ii ° . .NH,
 0 ;r > ° 

1]CI—C—C—CII in Et,0. C 
; — * -- i s /< A 

2)2) NaOMe. -65 °C 

KOBu'' in THF. 0 C f^ &fW> &fW> 

BIM M 

1 1 

att l2 350 

inn acetonit 

Ovv vc.° 

»» ' N . / * - ™\.V"« ' 

Schemee 2. The synthesis of BIM and C-BIM  chromophores. 

4.33 Steady State Spect roscopy 

Thee symmetric indolylmaleimides BIM , C-BIM  and N-BIM  consist of two parts: the 

well-knownn electron acceptor, maleimide. and the electron donor, indole (as in the 

casee of the asymmetric compounds IM-B r  and IM-M e investigated in Chapter 3). In 

general,, charge separation can be expected in the ground and/or excited state for 

strongg electron donor-acceptor systems: however, for some systems the results are not 
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ass trivial as expected. In the case of the indolylrnaleimide compounds, the 

experimentss showed unexpected photophysical properties. 

Inn Figure I. room temperature UV-Vi s absorption and emission spectra (inset) of 

thee compounds BIM , C-BIM and N-BIM in acetonitrile are presented. As it was 

shownn in Figure 2 of Chapter 3. the separate components, indole and maleimide. do 

notnot show absorption at energy lower than 300 and 325 nm. respectively. Clearly, the 

covalentt functionalization of maleimide with two indole groups induces mixing of the 

electronicc states, creating other low-lying excited states. This gives rise to low energy 

absorptionn bands and results in coloured compounds, as observed for the asymmetric 

compoundss in Chapter 3. 
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''  / / 

B I M M 
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\ \ 

J.. N-BIM 
V s s 
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Figuree 1. The UV-Vis absorption spectra of compounds BIM  (solid). C-BIM  (dashed), and 

S-BIMS-BIM  (dash doited) in acetonitrile. Emission spectra (inset) of BIM  (solid) C-BIM  (dashed) 

andand S-BIM (dash dotted) in aerated acetonitrile. Acx = 370 nm. corrected for absorption. 

Inn e.g. acetonitrile. BIM and N-BIM show two major absorption bands, one in the 

visiblee region around 446-470 nm. with shoulders at 366-370 nm and one around 277-

2855 nm in the UV region, which can be assigned to K-K transitions from the So to the 

S|| and S; states, respectively. Changing the ;V-substituent from hydrogen to methyl 

doess not result in a significant difference in the UV-Vi s spectrum; neither does the N-

alkylationn of the indole moieties (see N-BIM) . The visible absorption band gives the 
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compoundss their distinct red colour in their solid form as well as additional new 

spectroscopicc properties. 

Inn contrast, C-BIM  shows a completely different absorption spectrum as compared 

too BIM  and N-BIM . Besides the band at 402 nm, sharp intense peaks were observed 

att 235. 281 and 314 nm, reminiscent of flat aromatic systems like 

dibenz(a,h)anthracene.. Such bands are assigned to the S»—»Si transitions writh higher 

transitionn probability than the open BIM  compound. Whereas the rc-systems within 

BIMM  and N-BIM  are not fully conjugated due to the torsion of the indole rings out of 

thee maleimide plane forced by steric interactions, C-BIM  has indeed a flat structure. 

Althoughh one would expect a strong red shift of the n-K absorption band for C-BIM 

duee to enhanced conjugation, a blue shift to higher energy is observed. 

Whenn irradiating at 370 nm, BIM  and N-BIM  exhibit intense red luminescence at 

585-6100 nm (Figure 1, inset). Changing the substituents on the N atom (compare BIM 

too N-BIM ) does not influence this red emission. On the other hand, C-BIM  shows 

emissionn at 500 nm (with higher intensity) i.e. shifted to higher energy as also 

observedd in the absorption spectrum. 

Thee emission spectra of BIM , N-BIM  and C-BIM  (see Figure 1, inset) were 

recordedd upon excitation in the long wavelength absorption band. In contrast to the 

asymmetricc indolylmaleimide derivatives investigated in Chapter 3, the emission of 

thesee symmetric bisindolylmaleimide systems is rather high (average <t>  = 0.25). 

Absorptionn and emission maxima (X), molar extinction coefficients (e) and emission 

quantumm yields (O) were obtained in a series of solvents of different polarities and arc 

summarizedd in Table 1. Emission quantum yields for N-BIM  were not determined. 

Thee spectral values are reported in order of increasing solvent polarity. As can be 

seenn in Table 1, both BIM  and C-BIM  have rather high quantum yields in nonpolar 

solvents.. Only in ethanol, the emission quantum yield of BIM  is strongly quenched, 

andd also in polar solvents such as DMF and acetonitrile. the quantum yield is only 

aroundd 10%. On the other hand, the emission quantum yields of C-BIM  range from 

18%% to 44%, including the value in ethanol. The relatively lower quantum yields of 

BIMM  in polar prolic solvents indicate strong solute-solvent interactions that also affect 

thee energy level of the emitting state. 
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Tablee 1. Absorption maxima. Emission maxima and Emission Quantum Yields (0) of the 

CompoundsCompounds under investigation. 

slvnts. . 

Chex x 

TOL L 

DBE E 

DIE E 

EA A 

THF F 

DCM M 

DMF F 

EtOH H 

ACN N 

X.abs// i i m (e) 

" " 

447 7 

445 5 

443 3 

445 5 

450 0 

4488 (7080) 

4544 (7290) 

460(7004) ) 

446(6850) ) 

BI M M 

Km'Km' nm 
« « 

552 2 

550 0 

544 4 

560 0 

567 7 

582 2 

584 4 

640 0 

585 5 

<D D 

--

0.28 8 

0.22 2 

0.28 8 

0.21 1 

0.24 4 

0.21 1 

0.13 3 

0.003 3 

0.!0 0 

C-BIM M 

XjXjbbJJ nm (E) XcJ nm 

--

398 8 

393 3 

391 1 

398 8 

400(5522) ) 

401 1 

409 9 

405(5137) ) 

4022 (5588) 

--

465 5 

461 1 

450 0 

473 3 

475 5 

492 2 

503 3 

550 0 

500 0 

4> > 

« « 

--
0.28 8 

0.25 5 

0.29 9 

0.44 4 

0.18 8 

0.25 5 

0.26 6 

0.33 3 

N-BI M M 

A.abs// nm KnJ nrn 

462 2 

472 2 

469 9 

470 0 

472 2 

471 1 

477 7 

474 4 

480 0 

470 0 

556 6 

580 0 

570 0 

570 0 

585 5 

586 6 

613 3 

612 2 

646 6 

610 0 

ee is the molar extinction coefficient in hf' cm'. Data are in increasing order of 

polaritypolarity of solvents, u not soluble. Chex: cyclohexane, TOL: toluene, DBE: di-n-butyl 

ether,ether, DIE: di-isopropyl ether, EA: ethyl acetate, THF: tetrahydrofuran, DCM: 

dichloromethane,dichloromethane, DMF: N.N-dimethylformamide, EtOH: ethanol, ACN: acetonitrile. 

Inn order to investigate the effect of polar protic solvents on BIM , the deuterium 

isotopee test has been employed. For this purpose, the emission spectrum of BIM  is 

recordedd in methanol and deuterated-methanoi, respectively. An enhancement (-3.2-

fold)) in emission intensity was detected in case of the deuterated solvent. This result 

indicatess hydrogen bonding interactions between the carbonyl groups of the imide 

functionn and H(D) of the methanol. The effect of solvents on the spectral properties of 

BIMM  and C-BIM  wil l be discussed in more detail in the "solvatochromism" section. 

Thee absorption and emission maxima of N-BIM , which is treated as a model 

systemm with enhanced solubility due to the N-alkylation. are given in Table 1, as well. 

Ass can be seen in Figure 1 and Table 1, N-BIM  has similar spectral characteristics as 

BIM .. The largest bathochromic shift in the absorption and emission maximum is 

observedd in ethanol for both BIM  and C-BIM . 
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4.3.11 Solvatochromism 

Ass was found in Chapter 3 for the asymmetric derivatives, a n-n state with charge 

transferr (CT) character is expected to be the lowest excited state in these symmetric 

systems,, as well. A blue shift of the emission maximum upon going from room 

temperaturee to 77 ÏC in a butyronitrile matrix (957 cm"1 for BIM and 455 cm"1 for C-

BIM)) and the enhancement in the emission quantum yield upon going to less polar 

solventss for BIM (see Table I) suggests the same result. Surprisingly, the situation is 

moree complicated than expected. 

Byy comparing the absorption and emission maxima in Table 1. it is not obvious 

whetherr the systems show solvatochromic behavior. There is a slight bathochromic 

shiftt observed for the absorption and emission maxima upon going from nonpolar to 

moree polar solvents. However, it is hard to conclude that there is a real trend. The data 

off  BIM and C-BIM can be analyzed by using the Kamlet-Taft solvent polarity scale. 

Ass it was explained in Chapter 3, the treatment is based on the use of a 

multiparameterr equation, called linear solvation energy relationship (LSER): 

XYZZ = (XYZ)o + S(TC*+ do) + aa + bp + mSH
2 

wheree (XYZ)o, s, a. b, and m are solvent independent coefficients characteristic of 

thee process under study and indicative of its susceptibility to the solvent properties K . 

a,, p, and ÖH". 

Thee Kamlet-Taft n* value is known as an index of solvent dipolarity/polarizability. 

i.e.. the ability of a solvent to stabilize a charge and/or dipolar molecule. By using this 

parameterr it is possible to obtain a correlation between the energy maxima of both the 

absorptionn and the emission and the properties of solvents. The Tt scale is derived 

fromm solvent effects on the JT-7t absorptions of the seven nitroaromatics used as 

primaryy probe molecules. 

Otherr solvatochromic parameters, a and P are also given in Table 2. The o scale 

describess the hydrogen bond donor acidity and the P scale describes the hydrogen 

bondd acceptor basicity of the solvents. The 8H is the Hildebrand solubility parameter. 

Itt is a measure of the solvent/solvent interactions that are interrupted in creating a 

cavityy for the solute (the cavity term). 
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Inn Table 2. the absorption and emission maxima and the Stokes shifts for BIM, C-

BIMM and N-B1M are summarized in solvents of different polarity and are sorted 

accordingg to the increasing order of K*. As can be seen in Table 2, the absorption 

maximumm undergoes a slight red shift for both compounds upon going from di-n-

butyll  ether to DMF (from 445 to 454 nm for BIM, from 393 to 409 nm for C-BIM, 

andd from 462 to 474 nm for N-BIM). However, the difference in emission maxima is 

larger,, thereby leading to an increase in Stokes shift. Both the absorption and the 

emissionn maximum in ethanol show the major deviation from the trend for these three 

compounds.. In Table 2. the Stokes shifts (A/cm1) are presented as well. Both the 

emissionn maxima and Stokes shifts increase with increasing n parameter, which 

suggestss a positive solvatochromic effect. 

Tablee 2. Solvent Parameters and Spectroscopic data of BIM,  C-B/M and N-BIM  in various 

solventssolvents at room temperature. 

e e 

Chex x 

DBE E 

DIE E 

TOL L 

EtOH H 

EA A 

THF F 

ACN N 

DCM M 

DMF F 

Kamlet-Taft t 
parameters s 

K K 

0.00 0 

0.24 4 

0.27 7 

0.54 4 

0.54 4 

0.55 5 

0.58 8 

0.75 5 

0.82 2 

0.88 8 

a a 
0.00 0 

0.00 0 

0.00 0 

0.00 0 

0.83 3 

0.00 0 

0.00 0 

0.19 9 

(0.30) ) 

0.00 0 

P P 
0.00 0 

0.46 6 

0.49 9 

0.11 1 

0.77 7 

0.45 5 

0.55 5 

0.31 1 

0.00 0 

0.69 9 

BIM M 

(nm) ) 

" " 

445 5 

443 3 

447 7 

460 0 

445 5 

450 0 

441 1 

448 8 

454 4 

(nm) ) 

" " 

550 0 

544 4 

552 2 

640 0 

560 0 

567 7 

585 5 

582 2 

584 4 

A A 
( t mm 'i 

" " 

4290 0 

4191 1 

4255 5 

6114 4 

4615 5 

4586 6 

5582 2 

5139 9 

4903 3 

C-BIM M 

II  n m) 

» » 

393 3 

399 J 

398 8 

405 5 

398 8 

400 0 

402 2 

401 1 

409 9 

(nm) ) 

" " 

461 1 

450 0 

465 5 

550 0 

473 3 

475 5 

499 9 

492 2 

503 3 

A A 
( cm ''' I 

" " 

3753 3 

3353 3 

3620 0 

6510 0 

3984 4 

3947 7 

4836 6 

4612 2 

4569 9 

N-BI M M 

*-abs s 

mm) ) 

462 2 

469 9 

470 0 

472 2 

480 0 

472 2 

471 1 

467 7 

477 7 

474 4 

(nm) ) 

556 6 

570 0 

570 0 

580 0 

646 6 

585 5 

586 6 

610 0 

613 3 

612 2 

A A 
( cm '! i i 

3659 9 

3750 0 

3733 3 

3945 5 

5353 3 

4092 2 

4167 7 

5020 0 

4651 1 

4757 7 

DataData are in increasing order of n. d is the Stokes shift in cm . a not soluble. 

Thee linear regression analysis for the relation between the emission maxima of 

BIM,, C-BIM, N-BIM and the independent parameters 7t\ a and (3 gives: 

El i mm (BIM) = (54.4 - 0.4) - (4.7  0.5)TC*  - (6.8 = 0.45)a - (2.07  0.64 )p in Kcal (1) 
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E™,, (C-BIM) = - (8.4  l.2)re*-(9.3  l .0)a-(2.7  1.4)p in Kcal (2) 

Emaxx (N-BIM ) = (51.7  0.2) - (4.7  0.4)71* (5.2  0.4)a - (0.7  0.4)(3 in Kcal (3) 

Inn case of N-BIM , the contribution of the P is smaller and has a relatively large 

error:: however, neglecting it does not improve the fit. Clearly the solvent is incapable 

off  acting as a hydrogen bond acceptor for this system. 

Whenn the emission maxima of BIM , C-BIM  and N-BIM  are plotted versus the 

equationss (1). (2) and (3) containing the Kamlet-Taft parameters, the following plots 

(Figuree 2) are obtained by fitting with the multiple regression method: 

54.44 - 4.7n" - 6.8a  2.07B (Kcal) 66.2  8.4K" -9.3a - 2.7B (Kcal) 51.7 - 4.7it*  - 5.2a - 0.7B (Kcal) 

Figuree 2. The emission energy maxima 0/ BIM,  C-BIM  and N-BIM  plotted vs. eg, I, 2 and 3. 

Thee negative coefficients for the n values in these equations indicate a positive 

solvatochromismm (by definition). As the n value of the solvent increases, a red shift 

inn the absorption and/or emission maxima is observed. Additionally, both a and 

PP parameters should be taken into account for these symmetric bisindolylmaleimides. 

Recalll  that the results obtained for the asymmetric derivatives, studied in Chapter 3. 

showedd that the polarizability (n ) is the major contribution. In any case, increased 

polarizabilityy of the medium and hydrogen-bonding capacity of the solvent lowers the 

energyy of the excited state of the molecules. 

Accordingg to the Kamlet-Taft treatment, there is a slightly solvatochromic trend in 

thee emission data of all compounds. It is interesting to note that BIM  and C-BIM 

havee relatively high ground state dipole moments (6.17 D for BIM , and 6.22 D for C-

BIM ,, see computational section). 
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4.3.22 Complex Formation with Zn (Il)-cyclen 

Thee coordination of the imide group with the Zn (Il)-cyclen has been intensively 

studied1'"11 and the formation of a bond between the deprotonated imide nitrogen 

atomm and the Zn (II) atom was confirmed by X-ray structures". In this section the 

assemblyy of Zn (ll)-cyclen via a coordinative bond to BIM  and C-BIM  is studied by-

usingg titration experiments, as presented in Chapter 3 for the asymmetric compounds 

IM-B rr  and IM-M e 

AA stoichiometric amount of Zn (Il)-cyclen is added to a solution of BIM  (2.5 x 10° 

moll  L" ) in order to form the assembly BIM/Z n (see Chart 1). In aereated acetonitrile. 

adductt formation was followed by UV-Vi s absorption and emission spectroscopy 

(Figuree 3). In order to favour the deprotonation of the imide to form the Zn - nitrogen 

bond,, a weak base (1 equivalent of triethylamine, TEA) was added. Upon addition of 

Znn (Il)-cyclen a blue shift (733 cm"1) of the absorption band centred at 444 nm was 

observed.. An accompanying decrease in the molar extinction coefficient of this band 

andd a broadening of the UV band of 280 nm is a common feature of the assembly 

processs (Figure 3). Similar observations were made for the asymmetric 

indolylmaleimidee systems (see Chapter 3). 

<SS 0.3 0 

2500 30 0 35 0 40 0 45 0 50 0 55 0 

XX (nm ) 

5000 55 0 60 0 65 0 70 0 75 0 80 0 

XX (nm ) 

Figur ee 3. Changes in the absorption (left) and emission (right) spectra of compound BIM 

uponupon addition oj'Zn (Il)-cyclen in acetonitrile (a) BIM  (2.5 x 10' mol L ) , (b) BIM/Zn  in the 

presencepresence of I equiv. of TEA, 

Thee change in emission properties of the BIM  upon complex formation is rather 

surprising,, since only a blue shift (387 cm' ) and no change in emission intensity was 

observed.. The solutions were excited in the isosbestic point (350 nm) and the spectra 

aree depicted in Figure 3. 
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Similarr titration experiments were performed with compound C-BIM  and Zn (II) -

cyclen.. and adduct formation was followed by UV-Vi s absorption and emission 

spectroscopyy (Figure 4). In the presence of a weak base (1 equivalent of 

triethylamine,, TEA), the addition of Zn (Il)-cyclen resulted in a blue shift (765 cm'1) 

off  the 402 nm absorption band, as was observed for BIM . An accompanying decrease 

(234.. 314 and 402 nm) and increase (280 nm) in the molar extinction coefficients 

havee been observed, which indicates complex formation (Figure 4). Binding of C-

BI.MM  with Zn (Il)-cyclen changed the emission properties of C-BIM , and upon 

bindingg with Zn (Il)-cyclen, a slight increase in emission intensity was observed. The 

solutionss were excited at the isosbestic point (335 nm). The complex exhibits a —1.2 

foldd increase in emission intensity (see Figure 4). 
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Figuree 4. Changes in the absorption (left) and emission fright/ spectra of compound C-BIM 

uponupon addition ofZn (H)-cyclen in acetonithle (a) C-BIM (2.5 x 10' mol I.'),  (b) C-BIM/Zn 

inin the presence of I equiv. of TEA. 

Inn order to check whether specific interactions between the Zn (Il)-cyclen and the 

bisindolylmalcimidee systems are a common spectroscopic behavior; the interaction 

withh a strong base was studied. The absorption and emission spectra of BIM  in the 

absencee and presence of potassium carbonate were recorded in acetonitrile. as 

reportedd in Figure 5 (similar experiments were performed with the asymmetric 

systems,, see Chapter 3). For the deprotonated. potassium complexed BIM , no change 

inn absorption and only a slight decrease in emission intensity was observed (Figure 5). 

Forr C-BIM . a small bathochromic shift in absorption and a significant decrease in the 

emissionn intensity upon addition of base were recorded (see Figure 5). Interestingly, 

thesee results for C-BIM  are just the opposite of the observations for complex 
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formationn with Zn (Il)-cyclen. Hence, we can conclude that the effects of coordination 

withh Zn (ID-cyclen on the spectral characteristics cannot be explained by 

deprotonationn alone and that these indolylmaleimide compounds have a more 

complicatedd and a unique coordination behavior toward different types of Lewis-type 

acidicc metal ions. 
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Figuree 5. Changes in the absorption and emission (insets) spectra (A,x - 380 nm for BIM.  A,,, 

==  390 nm for C-BIM) of BIM  and C-BIM  upon addition of potassium carbonate in 

acetonitrile.acetonitrile. Solid line: without KiCOt, dashed line: with K)COj. 

4.44 Time-resolved Spectroscopy 

Whereass the asymmetric indolylmaleimide systems IM-B r and IM-M e discussed in 

Chapterr 3 show a strong increase in emission intensity upon complexation with Zn 

(ll)-cyclen.. the symmetric systems BIM and C-BIM do not show this behavior. This 

alreadyy indicates that the nature of the excited state of both classes of compounds is 

different.. In order to substantiate this reasoning, time-resolved spectroscopy was 

employed. . 

4.4.11 Time-resolved Emission Spectroscopy 

Time-resolvedd emission spectroscopy in several solvents of different polarity and with 

differentt hydrogen bonding properties was performed to get more information about 

thee nature of the excited states of BIM . N-BIM and C-BIM. The emission lifetimes, 

ass well as the emission maxima, are summarized in Table 3. 

Thee excited state lifetimes of all compounds show a similar trend as the emission 

quantumm yields (see Table 1). In case of BIM and N-BIM . the shortest lifetimes are 
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observedd in ethanol, and in this solvent also the quantum yields are the lowest. It is 

interestingg to notice that all other lifetimes are between 7 and 13 ns, i.e. much longer 

thann the lifetimes of the asymmetric systems, and in fact close to the lifetime of the 

IM-Me/Z nn complex (6.3 ns) reported in Chapter 3. 

Tablee 3. Emission maxima and lifetimes for BIM,  C-BIM  ami N-BIM  in several solvents. 

Solvents s 

Chex x 

TOL L 

DBE E 

DIE E 

EA A 

THE E 

DCM M 

DMM F 

EtOH H 

ACN N 

BIM M 
Acm(nm) ) 

I: I: 

552 552 

550 0 

544 4 

560 0 

567 7 

582 2 

584 4 

640 0 

585 5 

T(ns)" " 

h h 

9.5 5 

7.1 1 

10.0 0 

10.7 7 

10.5 5 

8.3 3 

8.2 2 

0.4 4 

8.5 5 

C-BIM M 
Unm)) x(ns)" 

ff  h 

465 5 

4611 8.0 

4500 7.3 

4733 8.6 

4755 8.6 

4922 7,1 

5033 13.0 

5500 7.7 

4999 10.0 

N-BIM M 
Xem(nm)) T(ns)" 

5566 13.0 

55 SO 11.0 

5700 7.7 

5700 10.6 

5855 11.3 

5866 12.0 

6133 9.2 

6122 9.0 

6466 1.4 

6100 9.9 

DataData are in increasing order of polarity of solvents. "Excitation wavelength is 324 

nm.nm. 'Compounds can not be dissolved. 

4.4.22 Nano- and Femtosecond Transient Absorption Spectroscopy 

Ass the time-resolved emission results indicate that the nature of the excited state of 

thee bisindolylmaleimide systems is different from the excited state of the asymmetric 

systemss studied in Chapter 3. nano- and femtosecond transient absorption 

measurementss were performed on BIM , C-BIM  and N-BIM . These compounds have 

longerr lifetimes than the asymmetric derivatives in Chapter 3, and thus transient 

absorptionn spectra in the nanosecond timescale are recorded (see Figure 6 and 7). As 

observedd in the steady state and time-resolved spectroscopic data, there is some 

changee in the properties of these compounds upon going from nonpolar to polar 

solvents.. The question to answer here is whether another state, such as a charge 

transferr state as observed for the asymmetric derivatives, can be formed upon light 

excitationn in polar solvents. The quantum yield and lifetime changes are not as 

dramaticc as in the asymmetric systems, but some weak solvent dependency is present 
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(seee section Solvatocliromism). The transient absorption measurements were 

performedd in acetonitrile as selected polar medium. 

Thee transient absorption spectra of BIM arc characterized by absorption bands at 

5400 and 740 nm. and a corresponding ground state bleaching is observed at 455 nm 

(seee Figure 6). All the kinetic profiles probed at 455, 540 and 740 nm gave the same 

decayy value (T = 9 ns). As reported in the previous sections, this corresponds to the 

lifetimee obtained with time-resolved emission spectroscopy. Clearly the transient 

absorptionn spectra are due to the same (strongly emissive) excited state, and thus the 

transientt spectra are attributed to the Si—*-Sn absorption. 

0.20- , , 

3500 40 0 45 0 50 0 55 0 60 0 65 0 70 0 75 0 

XX (nm) 

Figuree 6. Transient spectra of BIM  in deaereted acetonitrile. recorded with 5 ns increment 

delaysdelays (10frames) (Aa:= 460 nm. A460= 0.45. 2 ns FWHM). 

Inn the case of N-BI.V1. we observed very similar transient absorption spectra, with 

positivee bands at 415. 570 and 750 nm. and a corresponding ground state bleaching 

observedd at 475 nm (Figure 7). All kinetic profiles probed at 415. 570 and 750 

resultedd in the same decay value. T = 10 ns. This corresponds to the value found with 

time-resolvedd emission spectroscopy. These transient absorption spectra are also 

assignedd to Si—*S„ absorption. All transient absorption bands observed for BIM and 

N-BIMM are formed by direct excitation, and decayed with the same lifetime as the 
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groundd state recovery. Attempts to record transient absorption spectra of C-BIM 

failedd due to the strong emission. 

3500 4Ü Ü 45 0 50 0 55 0 60 0 65 0 70 0 75 0 

XX (nni) 

Figuree 7. Transient spectra o/N-BIM in deaeretedacetonitrile, recorded with 5 ns increment 

delaysdelays (20 frames) (X,  ̂ 475 nni. Ar<  = 1.0, 2 ns FWHM). 

Femtosecondd transient absorption spectra for BI.M in acetonitrile were recorded 

betweenn 400 and 700 nm, using excitation at 415 nm (see Figure 8). The major 

characteristicss of these spectra are the ground state bleaching centred at 455 nm. the 

broadd transient band between 480 and 625 nm, and the start of another band from 625 

too 700 nm. The last spectrum recorded at 90 ps has the same profile as the transient 

absorptionn spectra recorded in the nanosecond time domain (see Figure 6). It has to be 

noticedd that no spectral changes in time are obscned. No short-lived stale is observed, 

apartt from the emissive K-K state which has a lifetime of 9 ns. 
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0.09-, , 

0.03 3 

o.oo o 

Figuree 8. Femtosecond transient absorption spectra of BIM  in aerated acetonitrile: 

incrementsincrements are 0, 2. 10, 30, 50, 70. 90ps. (A,,,= 415 ran, Am = 1.0. 130fs FWHM). 

4.55 Computational Results 

Too support and clarify the experimental results, calculations on the molecules BIM 

andd C-BIM  were performed at the University of Bologna by Dr. Marianna Fanti. The 

moleculess were optimized with density functional theory (DFT) at the B3LYP/6-

31G**  level, using the package Gaussian-98. The optimized structures are shown in 

figuree 9. In the optimization the molecules were treated as isolated and the minima 

foundd here may be different in solution. 

Figuree 9. The optimized structures of BIM  and C-BIM. 
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C-BiMM is a planar and symmetric molecule. The substitution of the central C-C 

bondd connecting the two indole fragments by two hydrogen atoms, leads to the more 

flexiblee and less symmetric molecule, BIM, where the dihedral angles of the two 

indolee units with respect to the maleimide unit are close to 32°. 

Thee excited states were calculated with Time Dependent (TD)-DFT 

B3LYP/631G*.. For each excited state, the simulation gives the oscillator strength /of 

thee So—>Sn transitions. The UV-Vis stick spectrum obtained was broadened with a 

Gaussiann function (broadening constant of 2000 cm"1, data is not shown) to compare 

withh the experiments. As also reported for the asymmetric compounds (see Chapter 

3).. all the main features of the experimental spectra are reproduced although 

deviationss from experiments in the position and intensity of the absorption bands for 

BIMM are larger than for the asymmetric compounds and also larger than for C-BIM 

(seee Table 4). In spite of the similarity between the two classes of compounds, a 

maleimidee substituted with one or two indole fragments, their absorption behavior is 

strikinglyy different. The results are shown in Table 4 and compared with the 

experimentall  absorptions values of BIM and C-BIM (see Figure I). The ground state 

dipolee moments for BIM and C-BIM are also calculated and given as 6.17 and 6.22 

Debye,, respectively. 

Tablee 4. Comparison of' main peak positions between experiments (Exp) and DFT plus 

broadeningbroadening simulations (Calc). The differences (AE) are in cm . ground state dipole 

moments,moments, J.1, in Dehye. 

BIM M 

C-BIM M 

Exp(nm)" " 

362 2 

447 7 

398 8 

314'' ' 

Calc(nm) ) 

400 0 

570 0 

400 0 

2% % 

AE(cm') ) 

2642 2 

4828 8 

126 6 

-1937 7 

UU (Debye) 

6.1689 9 

6.2282 2 

RecordedRecorded in "toluene and 'acetonitrile. 

Inn Table 5, the energies and the composition of the first two excited states 

belongingg to BIM and C-BIM are reported. 

9S S 



4.55 Computational Results 

Tablee 5. Calculated Energies (eV) and oscillator strengths (f) of the first two excited states 

ofof BIM  and C-BIM. For each state, the composition of the wavefunction (WF) in terms of 

MOMO excitations is indicated, together with their coefficients in the WF expansion. 

BIM M 

C-BIM M 

Sii  W 

2.176eVV 0.1255 

HOMO-LUMOO (0.84) 

3.0211 eV 0.0571 

HOMO-LUMOO (0.15) 

S22 /S2° 

3.02688 eV 0.0399 

HOMO-11 ^LUM O (0.90) 

3.2622 eV 0.0345 

HOMO-2^LUMO(0.83) ) 

HOMO-1^LUMO(0.12) ) 

"fare"fare roughly proportional to molar extinction coefficients £ 

Thee representations of the main molecular orbitals (MO) involved in the 

excitationss are depicted in Figure 10. Whereas a simple consideration on rt-electron 

conjugationn would place the first absorption band of C-BIM at lower energies than 

thatt of BIM, this is not observed. The increase of conjugation normally results in a 

decreasee of both the HOMO-LUMO gap and the energy of S|. From the orbital 

calculationss we can see that the unexpected ordering of the absorbing states is due to 

thee change of symmetry (see Figure 10). 

Fromm the results discussed in this section we can infer the following: 

i.. The lower absorbing state is Si in both cases 

ii .. The largest MO excitation of S, is the HOMO-LUMO 

iii .. The HOMO-LUMO gap is significantly smaller for BIM (0.88 eV difference) 

iv.. The two HOMO orbitals look very different in shape. The all-conjugated 

HOMOO in C-BIM has in fact a better correspondence with the HOMO-1 in 

BIM M 

Thee symmetry lowering in BIM as compared to C-BIM induces important orbital 

changes,, lowering the energy of the all-conjugated HOMO in C-BIM - which now 

becomess the HOMO-1 of BIM - and inserting a new orbital at higher energy as the 

HOMO.. The fact that the HOMO-LUMO gap in C-BIM (3.580 eV) is very close to 

thee (HOMO-1 )-LUMO gap in BIM (3.571 eV) supports this idea. 
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HOMO-11 HOMO LUMO 

-5.9322 eV -5.065 eV -2.361 eV 

-5.7566 eV -5.548 eV -1.968 eV 

Figuree 10. HOMO-1, HOMO and LUMO of BIM and C-BIM MO energies are written 

belowbelow the orbital representations. HOMO-LUMO gaps in el' are: BIM = 2.704, C-BIM = 

3.580. 3.580. 

Ass pointed out earlier, the molecules already posses a high ground state dipole 

moment,, hence a dramatic change upon excitation is not expected. However, in 

contrastt to what was found for the asymmetric derivatives (see Chapter 3). here the 

chargee transfer character of BIM  and C-BIM  has been found to be minor. 

Experimentallyy this is evidenced by a slight solvatochromic effect and small changes 

uponn Zn (Il)-cyclcn complcxation. This small charge transfer character is endorsed by 

inspectionn of the calculated MO shapes showed in Figure 10. 

Iff  we compare the HOMO-1 of C-BIM  to its LUMO we clearly see that there is a 

reductionn of electron density on the indole parts, and an increase of electron density 

onn the rnaleimide part. However, the reduction of electron density on the indole parts 

iss observed on both indole parts (it is symmetric). If we compare this to the orbital 

representationss made for IM-B r  and IM-M e (see Chapter 3) and compare the 

HOMO-11 and the LUMO it can be seen that the difference in electron density on the 

rnaleimidernaleimide and indole units is far more extensive, thus indicating a more extensive 

chargee transfer character. The same arguments can be used when comparing BIM  to 

IM-B r r 
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4.66 Conclusion 

Thee differences between the experimental and computational values of BIM are 

largerr than for the other systems, C-BIM and those discussed in Chapter 3. This is 

attributedd to the larger conformational freedom of BIM. The perturbation of the 

solventt can be more effective on flexible systems, with more degrees of freedom, 

especiallyy if solvent dependent conformations are present. For this reason, deviations 

fromm experiments are more likely to occur for BIM. 

4.66 Conclusion 

Inn this Chapter we investigated the photophysical properties of two natural products, 

arcyriarubinn A (BIM) and arcyriaflavin A (C-BIM). These are symmetric 

indolylmaleimidee derivatives containing two electron donating indole units, and an 

electronn acceptor maleimide group. UV-Vis absorption and steady state emission 

measurementss were performed to determine their extinction coefficients and quantum 

yieldss in several solvents. The solvatochromic behaviour of the compounds was 

investigatedd using the Kamlet-Taft solvatochromic parameters. As studied for the 

asymmetricc derivatives investigated in Chapter 3, the formation of assemblies with Zn 

(Il)-cyclenn was determined using steady state spectroscopy. Their behaviour towards 

coordinationn to Zn (Il)-cyclen was observed to be different from the behaviour 

observedd for the asymmetric compounds discussed in Chapter 3, as both symmetric 

compoundss did not show a significant emission enhancement. 

Forr the investigation of the excited state properties, and especially the presence of 

chargee transfer character in the excited state, time-resolved emission and nano- and 

femtosecondd transient absorption measurements were performed in acetonitrile. This 

resultedd in the spectral characterization of the emissive K-K excited state. 

Thee computational studies show that the molecular orbitals in BIM and C-BIM are 

delocalizedd over the whole molecule. There are no occupied or unoccupied orbitals 

thatt have coefficients only on the indole part or on the maleimide moiety. Thus, the 

calculationss do not indicate any transition with a strong charge transfer character (in 

contrastt to the results obtained for the systems discussed in Chapter 3). 

Wee can conclude from our investigations that the longest wavelength absorption 

andd emission of these bisindolylmaleimides can be attributed to a strongly emissive n-

jtt state. Although the compounds contain in their structure two indole rings as 
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electronn donor and the maleimide group as electron acceptor, there is no strong charge 

transferr character observed due to the strong electron derealization in these highly 

conjugatedd compounds. 

Iff  we compare the properties of BIM  and IM-B r  (see chapter 3), there are two 

strikingg differences. The quantum yield of emission of BIM  is high in all solvents 

(exceptt EtOH) and there is no change in emission intensity upon complexation with 

Znn (Il)-cyclen. For IM-Br , the emission quantum yields are low and there is a large 

increasee in emission intensity upon metal ion complexation. 

Thesee aspects exemplify the difference between the strongly emissive n-n state 

andd the "dark" charge transfer state. Hence, while the emissive character of BIM  and 

complexedd IM-B r  is attributed to the emissive K-K state, the "dark" charge transfer 

statee determines the properties of free IM-Br . These differences are corroborated by 

thee orbital calculations. 

4.77 Experimental Section 

4.7.11 Material s 

Alll  solvents used are spectroscopic grade and purchased from Acros and Merck Uvasol, and 

usedd as received unless otherwise indicated. Commercially available deuterated solvents were 

usedd as received for the characterization of the compounds. NMR spectra were recorded on a 

Brukerr AC-200 and Bruker AC-300 MHz instrument at ambient temperature. Data were 

recordedd as follows: chemical shift in ppm from internal standard TMS on the 5 scale, 

multiplicityy {s = singlet, d = doublet, t= triplet) and assignment. For column chromatography. 

Merckk silica gel 60 was used. TLC was performed on TLC aluminum sheets silica gel 60 F:M-

Electronn Impact (Ef) and Fast Atom Bombardment (FAB+) mass spectra were carried out 

usingg a JEOL JMS SX/SX102A four-sector mass spectrometer. The samples were introduced 

viaa the direct insertion probe in to the ion source. 

Al ll  reagents used were obtained from available commercial sources and used without 

additionall  purification unless otherwise indicated. The synthesis of 2.3-Bis( IH-indol-3-yl)-

maleimidee (BIM ) was done according to known procedure from the literature. " For the 

synthesiss of l2.13-dihydro-5H-indolo[2,3-a]pyrrolo[3,4-cJcarbazole-5,7-(6H)-diones (C-

BIM )) photochemical oxidation in acetonitrile with I; was applied. 

Zn(ll)) 1.4.7,11-tetraazacyclododecane has been synthesized in the group of Prof. Dr. B. 

Königg at the University of Regensburg (Germany). 
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4.7.22 Synthesis 

2,3-BisOO H-indoI-3-yl)-maleimid e (BIM ) 

Too a solution of indole-3-acetamide (1) (1.44 mmoi. 0.25 g) in 8 m] of dry THF, methyl 

indolyl-3-glyoxylatee {2) {1.58 mmol, 0.32 g) was added under nitrogen atmosphere. The 

mixturee was cooled to 0 QC. To this solution potassium rm-butoxide (4.3 mmol. 4.3 ml of a 

1.00 M solution in THF) was added dropwise .The mixture was allowed to warm up to RT. and 

furtherr was stirred for 3 hours. To quench the reaction, 3 ml of cone. HC1 (37%) was added. 

Thee solution was diluted with 50 ml ethyl acetate. The organic layers were washed with water 

(22 x 50 ml) and 20 ml of brine. The organic phase was collected and dried with MgS04. The 

solventt was evaporated under vacuum and the crude product (dark red oil) was purified by 

columnn chromatography (SiO?. 1. hexane/ethyl acetate 2:1; 2. hexane/ethyl acetate 1:1). The 

yieldd of the product was 93%. 'H-NMR (200 MHz, DMSO-d„): 5= I 1.7 (s. 2(1. NH), 10.95 (s. 

1H.. imide-NH). 7.75 (d. 2H, aromatic H). 7.38 (d. 2H, J= 7.7 Hz. aromatic H), 7.00 (t. 2H..7= 

7.77 Hz, aromatic H), 6.84 (d, 2H, J= 7.7 Hz, aromatic H), 6.65 (t. 2H, J= 1.1-1.1 Hz, aromatic 

H).. '-C-NMR (50 MHz. DMSO-4): 5= 173.0. 136.0, 129.04. 127.7. 125.4. 121.5, 120.9. 

119.5,, 111.7. 105.6. MS (FAB+): m/z (%) = 328.1 

12,13-dihydro-5H-indolo[2,3-a|pyrrolo|3,4-c|carbazole-5,7-(6H)-diones(C-BIM) ) 

AA mixture of 2,3-bis<IH-indol-3-yl)-maleimide (B1M) (0.104 g, 0.32 mmol) and I: (12 mg, 

0.0466 mmol) was dissolved in 20 ml acetonitrile and stirred. The solution was placed in a 

quartzz container and irradiated with a Rayonet preparative photochemical reactor at 350 nm 

forr overnight. The reaction was cooled to room temperature; the precipitate was collected by 

filtrationn and recrystallized from acetone to yield 87 % (0.090 g) of an orange solid. 'H-NMR 

(3000 MHz, DMSO-d()): 6= 11.74 (s, 2H), 10.98 (s, IH). 8.99-8.97 (d. 2H), 7.82 - 7.80 (d. 

2H).. 7.57 (m. 2H). 7.36 (m. 2H). MS (EI): m/z (%) = 325.1 (100, M' ). 

4.88 Instrumentation 

4.8.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard UV-VIS. diode array 8453 

spectrophotometer. . 

Steadyy state emission spectra were obtained from SPEX 1681 Fluorolog 

spectrofluorometerr equipped with two double monochrometers (excitation and emission). 
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Emissionss are not corrected. Quantum yields of the compounds were calculated relative to 

quininee bisulfate solution in 1 N H:S04 solution as reference, in all solvents."1 

4.8.22 Time-resolved Spectroscopy 

Time-resolvedd fluorescence emission measurements were performed on a picosecond single 

photonn counting (SPC) setup. The frequency doubled (300-340 nm. 1 ps. 3.8 MHz) output of 

aa cavity dumped DCM dye laser (Coherent model 700) pumped by a mode-locked Ar-ion 

laserr (Coherent 486 AS Mode Locker, Coherent Innova 200 laser) was used as the excitation 

source.. A (Hamamatsu R3809) micro channel plate photomultiplier was used as detector. The 

instrumentt response (-17 ps FWHM) was recorded using the Raman scattering of a doubly 

deiontsedd water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) - 50 ns 

(12.55 ps/channel) could be used, enabling the measurement of decay times of 5 ps - 40 ns. 

Thee recorded traces were deconvolved with the system response and fitted to an exponential 

functionn using the Fluofit (PieoQuant) windows program. 

Inn nanosecond pump-probe experiments, for excitation a (Coherent) Infinity Nd: YAG-

XPOO laser was used. The laser illuminated a slit of 10 x 2 mm. Perpendicular to this, the 

probee light provided by an EG&G (FX504) low pressure Xenon lamp, irradiated the sample 

throughh a 1 mm pinhole. The overlap of the two beams falls within the first two millimetre of 

thee cell, after the slit. The probe light from both the signal and the reference channels is then 

collectedd in optical fibers which are connected to an Acton SpectraPro-150 spectrograph 

whichh is coupled to a Princeton Instruments 1CCD-576-G/RB-EM gated intensified CCD 

camera.. Using a 5 ns gate this camera simultaneously records the spectrally dispersed light 

fromm both optical fibers on separate stripes of the CCD. 

Inn femtosecond transient absorption measurements. Spectra-Physics Hurricane Titanium: 

Sapphiree regenerative amplifier system was used as the laser system. The full spectrum setup 

wass based on an optical parametric amplifier (Spectra- Physics OPA 800) as a pump. A 

residuall  fundamental light, from the pump OPA, was used for white light generation, which 

wass detected with a CCD spectrograph. The OPA was used to generate excitation pulses at 

3455 and 575 nm. The laser output was typically 5 pj pulse"1 (130 fs FWHM) with a repetition 

ratee of I kHz. A circular cuvette {d = 1.8 cm, 1 mm, Hellma), with the sample solution, was 

placedd in a homemade rotating ball bearing (1000 rpm). to avoid local heating by the laser 

beam.. The solutions of the samples were prepared to have an optical density at the excitation 

wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured 

beforee and after the experiments, to check for degradation. 
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Chapterr  4 

PartB B 

Towardss Immobilized Photocatalysts on 

Semiconductorr  Surfaces - Sensitization of 

Nanocrystallinee Ti02 Films with Carboxy-

functionalizedd Bisindolylmaleimide 

Abstract t 

TheThe synthesis and immobilization on a semiconductor surface of an indolylmaleimide that 

isis functioned ized with two carboxylic acid groups by alky-lution of the indole nitrogens is 

presented.presented. The compound. 3,4-Bisf 1-{carboxymethyb-3-indolylf- IH-pyrrole-2,5-dione is a 

modelmodel compound for the development of photocatalvsts immobilized on surfaces. Its 

absorptionabsorption and emission spectra on Ti02 are substantially changed as compared to the 

measurementsmeasurements performed in neat acetonitrile. The quenching of the fluorescence of the 

sensitizersensitizer by the TiO: surface is almost complete, reflecting the high degree of' association 

betweenbetween the TiO: and (ne f/vt\ fast charge injection and good electronic coupling between the 

sensitizersensitizer and the semiconductor. Nanosecond transient absorption spectra of the free 

sensitizersensitizer and of TiO: surface-bound sensitizer are recorded and compared. While the free 

sensitizersensitizer in neat acetonitrile shows a transient absorption spectrum that decays on the 

nanosecondnanosecond timescale, the transient absorption spectra of the sensitized TiO: film shows a 

maximummaximum at 360 nm, and a decay on the microsecond time scale. This is assigned to a slow 

recombinationrecombination reaction of the charge-separated state. The results open up new pathways for 

thethe development of immobilizedpholocatalytic systems for oxidative conversions. 



Sensitizationn of Nanocrystalline Ti(> Films with Carboxy-funetionalized Bisindolylmaieimide 

4.11 Introductio n 

Thee main reason for the current interest in supramolecular chemistry is its potential 

applicationn in nano-scale molecular devices that are capable of mimicking, at the 

molecularr level, functions normally performed by natural systems or by artificial 

macroscopicc devices.1"4 In many of these molecular devices, a fundamental role is 

playedd by light and the devise function relies on energy and/or electron-transfer 

processess taking place between the molecular components within the supramolecular 

structuree with controlled rates and in an appropriate sequence.3"12 To achieve active 

functionalitiess in these artificial light-driven devices is not a trivial task since a proper 

organizationn of the systems and e.g. a long-lived charge separation is needed. 

Incorporationn of the active components on a solid support is the next goal in order to 

achievee a Lireal" device. The molecular components that are immobilized on a solid 

substratee through adsorption or covalent attachment, can lead to a well-organized 

arrangementt and the interaction between the components and the solid substrate can 

resultt in an improved charge separation or photocatalytic conversion. Nanocrystalline 

semiconductorss are particularly attractive candidates for these active solid supports. 

Transparentt nanocrystalline semiconductor electrodes have been investigated in detail 

becausee of their practical applications in solar cells, photo- and electrochromic 

windowss and lithium intercalation batteries.1"'4'1'10"13,14 Nanostructured semiconductor 

filmss have been applied as antibacterial coatings and for the light-assisted degradation 

off  organic pollutants.1" Metal oxides such as TiCK ZnO, NiO, SnO: have been coated 

withh molecular components and the light-driven processes of these assemblies have 

beenn studied. TiO: attracted special attention as a semiconductor because of many 

advantages.. It is cheap, nontoxic, biocompatible and widely used in health care 

productss as well as in paints. There are several examples showing the ability of TiO: 

surfacess modified with a range of organic '̂ '""' and inorganic" molecular 

components,, to act as efficient photovoltaic cells. 

Thee self-cleaning properties of TiO: surfaces under UV irradiation already indicate 

thatt this material is a good candidate for use as an active support material in 

photocatalyticc oxidative conversions. To introduce reaction selectivity, tempering of 

oxidativee power can be achieved by visible light sensitization of the semiconductor 

surface,, thus reducing the excess energy. By using a supramolecular approach, this 
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sensitizationn can be accompanied by introduction of a binding site for a substrate. In 

thiss way the sensitizer also acts as a supramolecular mediator of oxidative reactivity. 

Ass discussed in Chapter 3 and 4 pan A. indolylmaleimide systems are interesting 

chromophoress that can complex via a coordinativc bond with metallo-cycles such as 

Znn (Il)-cyclen. Metal porphyrins are other candidates that can be used in this 

coordination.. Through the complex formation with the metallo-macrocycle a binding 

sitee is incorporated into the indolylmaleimide systems, and in this way a versatile 

photocatalystt can be build up. if the indolylmaleimide systems can be attached to a 

surface.. This idea is depicted in Scheme I. where the immobilized chromophore. 

indolylmaleimide.. binds a substrate through its rnetallo-macrocycle and a selective 

oxidationn is performed. 

Thuss we envisage the design, synthesis and investigation of self-organized 

aggregatess with novel structural. photophysicaJ and electrochemical properties. The 

self-assemblingg process wil l occur via the coordinativc bond between the maleimide 

andd metailo-macrocyclic compound. The large tunability in terms of redox potential, 

excitedd state properties and binding strengths employing a variety of metal containing 

azamacrocyclicc complexes and imide derivatives wil l allow the construction of 

differentt assemblies with well-defined properties and addressable photoinduced 
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functions.. In particular, the focus will be on photoinduced processes such as electron 

transferr reactions in extended ordered structures that are non-covalently bound. The 

self-assemblyy process of the building blocks in different solvents (particular attention 

cann be devoted to water), will be conveniently monitored by the changes of the 

spectroscopicc properties of the single components. With the results obtained, we aim 

too understand the different parameters that control the formation of two and three-

dimensionall  organized assemblies. The use of functionalized imides suitable to bind 

too surfaces will allow organization of the systems and investigations in the condensed 

phase.. This will provide an important tool to test the potential of these aggregates as 

lightt driven photocatalysts. 

Thee first step in this direction is the attachment of an indolylmaleimide derivative 

too a semiconductor surface, and to study the sensitization of (or electron injection 

into)) the surface. This relates strongly to the research on photovoltaic devices, where 

TiO:: is used for the development of dye sensitized solar cells. 

Gratzell  and co-workerŝ and several other groups*'9,12'21 have studied 

nanocrystallinee TiO? surfaces modified with ruthenium polypyridyl complexes in the 

constructionn of efficient solar energy devices. The first dye-sensitized nanocrystalline 

solarr cell with a conversion yield of 7.1 % was announced in 1991,4 and presently the 

certifiedd efficiency is over 10%." These dyes contain carboxy. phosphate or ester 

groups,, which serve to attach the compound covalently to the oxide surface to 

establishh a good electronic coupling between the adsorbed species and the TiO; 

surface.22233 Quantum mechanical calculations and infrared spectroscopy provided 

evidencee that carboxy compounds are attached to the oxide surface by carboxylate 

bridges,**  to either hydroxy! groups or Ti (IV) ions. 

Thee electronic properties of solid materials are described in terms of the band gap, 

whichh is the energy needed to promote an electron from the valence band to the 

conductionn band. Besides thermal activation, population of the valence band can also 

bee obtained by optical means. Semiconductors absorb radiation only if its energy 

matchess the band gap. The photosensitization of wide band gap semiconductors such 

ass TiO: by adsorbed dyes has been studied since the late 1960s. Photoexcitation of the 

sensitizerr molecules attached to the surface results in the injection of an electron into 

thee conduction band of the oxide (Scheme 2). 
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Energy y 

Conductionn band 

Valencee band 

T iO , , Dyee Sensit izer 

Schemee 2. Illustration of the photoinduced processes expected to occur for a TiO:-uttuched 

dye/sensitizer. dye/sensitizer. 

Schemee 2 outlines the fundamental photophysical properties expected for a dye 

immobilizedd as a monolayer on a TiO; surface. After excitation of the dye, the 

electronn can either be deactivated via emission, ((ki) that can also be observed in 

solution),, by non-radiative interaction with its surrounding, or by injection into the 

semiconductorr surface with a rate k:. In the study of Willi g and coworkers"4, the time-

scalee of the photoinduced electron injection from the molecular component, a 

rutheniumm compound, to the solid substrate was determined by femtosecond transient 

absorptionn spectroscopy. Upon injection of electrons, an absorption band with a 

maximumm of 1200 nm was observed. The rise time of this band (< 25 fs)24 can be 

takenn as an indication for the rate of injection from the dye to TiO:. 

Thee fundamental and practical attraction of the dye-modified TiO: surfaces lies in 

thee next step, the back reaction (k-,). Charge separation needs to be both fast and long-

lived.. It is of great interest to develop sensitizer systems for which the value of the 

electronn injection, k;, is high and that of k$ low. Interfacial charge separation at dye 

sensitizedd TiO; surfaces has been the subject of many studies. In case of 

rutheniumm polypyridyl complexes, it has been known that the injection of electrons 

intoo nanocrystalline TiO; surfaces is in the sub-picosecond range. The recombination 

processs is several orders of magnitude slower, thus resulting in long-lived charge 

separation. . 

Inn this Chapter. the synthesis of bis-carboxy-functionalised .V-H 

bisindolylmaleimide.. 3,4-Bis[l-(carboxymethyl)-3-indol\i]-l/7-pyrrole-2,5-dione 
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(BI.M-COOH )) is presented. The aim is to attach this compound to a TiO; surface 

throughh the carboxy-functions (Ti02/BIM-COOH ) and to investigate the ability to 

usee BI.M-COO H as a potential sensitizer for TiO;. For this L'V-Vi s absorption, 

steadyy state and time-resolved emission and nanosecond transient absorption spectra 

weree recorded to obtain information on the electron injection and charge 

recombination.. The compounds studied are depicted in Scheme 3. 

Ti02/BIM-COOH H 

Schemee 3. The compounds studied in this Chapter BIM-COOH ami TiO/BIM-COOH The 

referencereference compound BIM  (see Chapter 4A) is also shown. 

4.22 Results and Discussion 

4.2.11 Synthesis of BIM-COO H 

Inn order to functionalize the bisindolylmaleimide on the indole nitrogens only, the 

nitrogenn of the malcimide unit, that is the most basic one. must be protected. For this 

purpose.. V-methyl-bisindolylmaleimide (1) was chosen as the starting compound for 

thee synthesis and prepared according to procedure published by Steglich et al. 

3.4-Bisff  1 -(carboxymethyl )-3-indolyl]-1 //-pyrrole-2.5-dione (BIM-COOH ) was 

preparedd according to the adapted procedure described by Xie et al.' (see Scheme 4) 

Methyll  bromoacctate was reacted with I to obtain the ester-functionalized 

indolvlmaleimidee (2) (Scheme 4). Compound 2 was treated with 5 N KOH to convert 

thee ester groups into the acid. The N-methyl malcimide unit was also converted into 

thee anhydride in this step (3). Heating compound 3 in an excess amount of ammonium 

acetatee resulted in the desired compound. BI.M-COOH . The detailed synthetic 
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procedures,, including purification and characterization, are given in the experimental 

section. . 
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Schemee 4. Schematic procedure for the synthesis of BIM-COOH 

4.2.22 Preparation of BIM-COO H coated T i0 2 surface 

AA small aliquot of TiO; suspension (Ti nanoxide-HT. 9 nm particle size. Solaronix) 

wass spread onto a conductive glass slide (Philips), coated with indium-tin oxide 

(ITO),, using a glass rod with adhesive tape as spacer (thickness -42 (im). The layer 

thuss formed is dried in air at room temperature for 10 min. The film is heated at 400-

4500 "C for 30 min. in an oven. As a result of the heating process, a transparent 

colourlesss film is obtained. The layers are kept in the dark and are dried in an oven at 

1500 "C for 30 min. prior to use. In order to coat the TiO; surfaces with the dye. the 

layerss are immersed in a I x 10 M solution of BIM-COOH . in absolute ethanol 

overnight.. Then the coated layers are rinsed with ethanol and dried in air. After the 

coatingg the transparent red films are ready for spectroscopic studies. 
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4.2.33 UV-Vis Absorption Spectroscopy 

Thee absorption spectra of BIM. BIM-COOH in acetonitrile and of the dye-coated 

TiO:: film. T1O2/BIM-COOH are depicted in Figure I. The absorption spectra of 

BIMM and BIM-COOH are almost identical. They show two major absorption bands 

aroundd 446 11111. with shoulders at 366 nm and around 277-281 nin. which can be 

assignedd to jr.-re*  transitions from So to the Si and S: states, respectively. As reported 

inn Chapter 4A. functionalization of the indole moieties docs not change the UV-Vis 

spectrum. . 

1.5- 1 1 

ai i 
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: Q Q 
i-i-
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-Q Q < < 

2000 25 0 30 0 35 0 40 0 45 0 50 0 55 0 60 0 65 0 70 0 
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Figuree 1. The UV-Vis absorption spectra of BIM-COOH (solid). BIM (dash dotted) in 

acetonitrile,acetonitrile, and the dve-coated TiO: film. TiO/B/M-COOH (dashed). 

Inn the thin film, the main interaction responsible for chemisorption is the 

coordinationn of the carboxylate groups to the Ti(IV ) centers on the surface. Indeed, 

complexess lacking such groups, e.g. compound 2 (having ester functions instead of 

acidd groups, see Scheme 4). do not adsorb on to these surfaces. In the absorption 

spectrumm of Ti02/BIM-COOH the strong absorption of the TiO; at A. <4()() nm is 

clearlyy visible. Furthermore a bathochromic shift of 30 nm (1413 cm" ) accompanied 

byy some broadening of the long wavelength absorption band of BIM-COOH is 

observed,, as compared to the model compound in solution. These observations 

114 4 



4.22 Results and Discussion 

indicatee a strong electronic coupling of the two carboxylate units with the TiO: 

surface."'' The visible absorption band, centered at 476 nm (see Figure 1) enables 

selectivee excitation of the BIM-COO H chromophore. 

4.2.44 Emission Spectroscopy 

Figuree 2 shows a comparison between front-face emission spectra of BI.V1. BIM -

COOHH  in acetonitrile and as a solid material on a TiÜ2 surface (excitation at 460 

nm).. The emission of BIIV I  and BIM-COO H in solution is characterized by a high 

quantumm yield and a maximum at 584 nm (see also Chapter 4A). 

Comparisonn of the emission intensities clearly shows that the emission of 

TiOi/BIM-COO HH  is strongly quenched, i.e. almost no emission is observed (see 

Figuree 2). This strong quenching is a very good indication for electron injection from 

thee excited state of BIM-COO H into the TiO- surface. 

LU U 

350-, , 

300--

250--

200--

== 150-

100--

5 0 --

BIM-COOH H 

500 0 550 0 6000 650 

X(nm) ) 

700 0 750 0 800 0 

Figuree 2. The front-face emission spectra of BIM-COOH (A460= 0.72) (solid), BIM  (Am= 

0.56)0.56) (dash dotted) in acetonitrile. and the dye-coated TiO: film. TiO/BIM-COOH (A460= 

0.73)0.73) (dashed). 4,=- 460nm. 

Absorptionn and emission maxima (X) for BIM  and BIM-COOH . as well as for 

Ti0 2/B1M-C00HH  are summarized in Table I. For BIM  and BIM-COO H the 

emissionn quantum yields (<P) and lifetimes obtained in acetonitrile are also reported. 
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Tablee I. Absorption, Emission and Emission Quantum Yields (0) and Lifetimes in of BIM, 

IUM-COOHIUM-COOH  and TiOVBIM-COOH 

BIM " " 

(nm|| (om) (ns) 

366.4466 5N5 0.10 S.5 

BIM-COOH" " 

* * 
(mil ll  (nml (ns) 

368.4466 584 0.15 11 

IÏO2/BIM--
COOH H 

.. ft 
A,,b.. A-em 

(nm)) (nml 

4766 '' 

"in"in  acetonitrile, 'front-face measurements, ' A,,K = 450 nm. ' very weak signal. 

4.2.55 Nanosecond Transient Absorpt ion Spectroscopy 

Ass expected for a dye covalently linked to TiOi via carboxylate groups, the charge 

injectionn is too fast to be detected even with our sub-picosecond equipment. However 

thee charge recombination reaction is expected to be rather slow because of charge 

trappingg into the semiconductor and nanosecond transient spectroscopy could be a 

usefull  tool to monitor such processes. 

3500  40( 1 45 0 50 0 55( 1 60 0 65 0 70 0 75 0 80 0 

A.. (nm) 

Figuree 3. Time-resolved transient absorption spectra of BIM-COOH in acetonitrile. 

incrementalincremental time delays: 0. 10, 15, 25, 35 and 45 ns. A,.. = 4511 nm. 10 Hz. 
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Nanosecondd transient absorption spectra of BI.V1-COOH in acetonitrile and the 

BIM-COOH-modifiedd TiO : films were recorded and compared. The transient 

absorptionn spectra of BIM-COO H and Ti02/BIM-COO H are depicted in Figure 3 

andd 4. respectively. 

Thee transient absorption spectrum of BIM-COO H in acetonitrile is quite similar to 

thee transient obtained for A'-H bisindolylmaleimide (BIM  in Chapter 4A). There is a 

strongg ground state bleaching centered at ca. 450 nm and two broad positive 

absorptionn bands around 600 and 750 nm (Figure 3). To record this spectrum, 

emissionn correction is used because of the high emission quantum yield of BIM -

COOH.. The decay kinetics of the transient absorption spectra closely matches the 

lifetimee obtained with time-resolved emission spectroscopy (x = 1 1 ns). 

100x100 -, 

< < 
< < 

- 2 0 --

- 4 0 --

600 600 

XX (nm) 
son n 

Figuree 4. Time-resolved transient absorption spectra oj TiO/Bis-COOH. traces: 8 ns, It) ms 

afterafter laser pulse. Acx = 450 nm, 1 Hz. 

Twoo transient absorption traces of Ti02/BIM-COOH . recorded at 8 ns and 10 ms 

afterr the laser pulse, are depicted in Figure 4 and a combination of traces belonging to 

thee same sample at different time scales are shown in Figure 5. The dye is selectively 

excitedd at 450 nm and the absorbance changes are recorded. For the dye adsorbed 

ontoo TiO;. substantially different spectral changes are observed as compared to BIM -

COOHH  in solution (Figure 3). 
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100x10 **  ; 

35( 11 -41) 0 45 0 50( 1 55 0 60 0 65 0 70 0 75 0 80 » 

XX (nm) 

Figuree 5. Time-resolved transient absorption spectra of TiO/BIM-COOH. incremental time 

delays:delays: 8, 28, 100, 500 ns. 10, 100 /JS, I and 10 ms after laser pulse. 4, = 450 nm. I Hz (See 

AppendixAppendix for colour representations). 

Theree are three obvious features in the spectrum of the thin film: ground state 

bleachingg at 487 nm and positive absorption bands at 360 and 650 nm. The intense 

bandd at 360 nm, together with the bleaching at 487 nm decay on a very long time-

scale,, between 100 | ŝ and I ms, with a mullie.xponential behaviour. A kinetic trace of 

thee band decaying at 360 nm, which is obtained from Figure 5, is depicted in Figure 6. 

Thee difference in the spectral profiles and the decay kinetics clearly indicate the 

generationn of a long-lived state, which we attribute to a charge-separated state. The 

long-livedd 360 nm band has been observed before and is attributed to the injected 

electronn in TiCK Wilkinson et ah made similar attributions of a feature at 380 run, 

decayingg on microsecond time-scale." The broad transient absorption signal centered 

att 650 nm. on the other hand, decayed in ca. 150 ns. We believe that this band is due 

too the radical cation of the dye that is shorter lived then the injected electron. This 

wouldd imply that another oxidized species, with a low extinction coefficient, is 

formedd as an intermediate state, which than recombines with the electron injected into 

118 8 



4.33 Conclusions 

thee conduction band of TiO;. This could be an oxidized surface or internal state of the 

TiO;. . 

0.4-- : 

.. ! 
0.0-- • 

t imee (ns) 

Figuree 6. Kinetic trace oj'TiOj/Bl'M-COOH  probed at 360 nm. 

Thee findings reported in this section together with the strong emission quenching, 

indicatee that electron injection from BIM-COO H into the conduction band of TiO: 

occurss on a (sub-)nanosecond timescalc and that the interfacial charge-separated state 

hass a microsecond lifetime, thus allowing further reaction steps in supramolecularly 

expandedd systems. 

4.33 Conclusions 

Thee synthesis of a bisindolylmaleimide that is functionalized with two carboxylic acid 

groupss by alkylation of the indole nitrogens is presented and the compound is used as 

aa sensitizer for charge injection into a transparent TiO; film. 

Thee absorption and emission spectra of the Ti02-bound sensitizer BIM-COO H are 

veryy different from those measured in neat acetonitrile. allowing the direct monitoring 

off  the adsorption of BIM-COO H onto TiO;. The quenching of the sensitizer 

fluorescencee by the TiO; surface is almost complete, reflecting the high degree of 

associationn between the dye and TiO;. Comparison of nanosecond transient 

absorptionn spectra of BIM-COO H in solution and bound to semiconductor surface 

(TiO;/BIM-COOH )) give clear evidence for fast charge injection and a slow 

recombinationn reaction, which occurs in the microsecond time scale. Work is in 

progresss to understand whether the system can be used as a photocatalyst and if the 
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imidee function can still bind a metallo-macrocycle once the molecule is attached to 

thee surface. 

4.44 Experimental Section 

4.4.11 Material s 

Alll  solvents used are spectroscopic grade and purchased from Acros and Merck Uvasol. and 

usedd as received unless otherwise indicated. Commercially available deuterated solvents were 

usedd as received for the characterization of the compounds. For column chromatography, 

Merckk silica gel 60 was used. TLC was performed on TLC aluminum sheets silica gel 60 F:M . 
!HH NMR spectra were recorded at 300 MHz and "C NMR spectra at 75 MHz in CDCI, and 

medianol-d4.. The multiplicity of the L,C signals was determined using the DEPT technique 

forr compound 2 and quoted as ( + ) for CH., or CH. (-) for CFK and (Cl]lut) for quaternary 

carbons. . 

Alll  reagents used were obtained from available commercial sources and used without 

additionall  purification unless otherwise indicated. The synthesis of 3.4-Bis[l-

(carboxyrnethyl)-3-indolyl]-ll  #-pyrrole-2.5-dione (BIM-COOH ) was prepared according to 

thee adapted procedure described by Xie et.al.27 and has been synthesized and characterized 

withh the help of Dr. Valery N. Kozhevnikov at the University of Regensburg (Germany). 

4.4.22 Synthesis 

3,4-Bis[l-|ethoxycarbonyl)methylJ-3-indolyI|-l//-pyrrole-2,5-dionee (2) 

Too a stirred solution of I (200 nig. 0.59 mmol) in dry THF. sodium hydride (113 mg. 

4.71mmol)) was added as a solid. The mixture was stirred for 5 minutes at room temperature 

andd methyl bromoacetate (0.120 ml, 200 mg. 1.30 mmol) was added. The reaction mixture 

wass stirred for 5 hours at room temperature and then filtered through a short silica gel column 

til ll  the orange fraction of the product was completely eluted by ethyl acetate. The solvent was 

evaporatedd in vacuum to give 2. Yield 160 mg. (0.33 mmol, 56%). !H NMR (CDCh, 300 

MHz):: 8 3.19 (s. 3H), 3.77 (s, 6H). 4.90 (s. 4H). 6.71-6.78 (m. 2H). 6.93-6.99 (m. 2H). 7.05-

7.122 <m. 2H). 7.14-7.21 (m, 2H). 7.7t (s, 2H). ' T NMR (CDCI3, 75 MHz): 8 24.22.47.94. 

52.72,, 107.12, 108.95. 120.48, 122.43. 122.71. 126.36. 127.24. 132.16. 136.46. 168.35. 

172.32.. MC NMR (CDCl,. 75 MHz. DEPT 135): 8 24.22, 47.94(-). 52.72. 108.95. 120.48. 

122.43.. 122.71. 132.16. 
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3,4-Bis]l-(carboxymethyl)-3-indolyl]-l//-furan-2,5-dionee (3) 

AA solution of 2 (177 mg, 0.36 mtnol) in ethanol {5 ml) was treated with 5 N KOH (3 ml) and 

stirredd at 50-60 "C for 12 hours. The reaction mixture was cooled to room temperature, 

dilutedd with brine (15 ml) and washed with ethyl acetate (2 x 15 ml). The water layer was 

acidifiedd with 5 N HC1, and the product was extracted by ethyl acetate (3 x 15 ml). The 

organicc layer was dried over Na2S04 and the solvent was evaporated in vacuum to provide the 

anhydridee 3 as a red solid (127 mg, 78%). lH NMR (methano!-d4, 300 MHz): ö 5.06 (s, 4H, 

CH2).. 6.71 (t. 2H. J=7.5Hz). 6,91 <d. 2H. 7.5Hz), 7.07 (t, 2H, 7.5Hz). 7.3 1 (d, 2H. 7.5Hz). 

7.899 (s, 2H). 

3,4-Bis|l-(carboxymethyl)-3-indolyl|-l//-p>rrole-2,5-dione(BIM-COOH) ) 

Thee anhydride 3 (137 mg. 0.31 mmol > and ammonium acetate {2 g, 26 mmol) were heated as 

aa melt at 130 "C for 20 hours. The reaction mixture was diluted with brine (10 ml) and 

extractedd with ethy! acetate (10 x 10 ml). The organic layer was dried over Na;SOj. and the 

solventt was evaporated under vacuum. The crude product was purified by column 

chromatographyy (SiO:. ethyl acetate/acetic acid 10:1 as eluent) and yielded imide, BIM -

COOHH  (62 mg, 0.14 mmol, 45%). 'H NMR (methanol-d,, 300 MHz): 5 5.02 (s, 4H), 6.65 (t, 

2H),, 6.89 (d, 2H). 7.01 (t. 2H), 7.25 (d. 2H). 7.76 (s, 2H). 

4.55 Instrumentation 

4.5.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard UV-VIS, diode array 8453 

spectrophotometer. . 

Steadyy state emission spectra were obtained from SPEX 1681 Fluorolog 

speetrofluorimeterr equipped with two double monochromators (excitation and emission). To 

comparee the sensitized films with neat solutions, the emitted light from the samples was 

monitoredd from the front face compartment of the instrument. Emissions are not corrected. 

Thee emission quantum yield measurement for BIM-COO H in acetonitrile was performed 

usingg the optically dilute technique" with quinine bisulfate solution in 1 N H;S04 solution as 

reference." " 

4.5.22 Time-resolved Spectroscopy 

Inn nanosecond pump-probe experiments, for excitation a (Coherent) Infinity Nd: YAG-XPO 

laserr was used. The laser illuminated a slit oflO x 2 mm. Perpendicular to this, the probe light 
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providedd by an EG&G (FX504) low pressure Xenon lamp, irradiated the sample through a 1 

mmm pinhole. The overlap of the two beams falls within the first two millimeter of the cell, 

afterr the slit. The probe light from both the signal and the reference channels is then collected 

inn optical fibers which are connected to an Acton SpectraPro-150 spectrograph which is 

coupledd to a Princeton Instruments ICCD-576-G'RB-EM gated intensified CCD camera. 

Usingg a 5 ns gate this camera simultaneously records the spectrally dispersed light from both 

opticall  libers on separate stripes of the CCD. The coated TiO: film was placed diagonally in a 

samplee holder and the excitation beam was directed at 45ö to the film surface. 
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Chapterr  5 

Photoinducedd Electron and Energy Transfer 

Processess in a Bichromophoric Pyrene-Perylene 

Bisimidee System§ 

Abstract t 

TheThe detailed photophysical properties of a system consisting of a bay-functionalized 

peryleneperylene bisimide, containing four appended pyrene and two coordinating pyridine units, and 

itsits reference system are described. A complete study of their photophysical properties wus 

obtainedobtained using UV-Vis absorption, steadv state and time-resolved emission and femtosecond 

transienttransient absorption spectroscopy. Analysis of the data, obtained from time-resolved emission 

andand femtosecond transient absorption spectroscopy, showed the presence of both 

photoinducedphotoinduced electron and energy transfer processes. A high yield (>90 %) and fast 

photoinducedphotoinduced energy transfer (k^,,, - 6.2 x lit'  s' ) is followed by efficient electron transfer (70 

%.%. A',., = 6.6.x 10's ) from the pyrene units to the perylene bisimide moiety. The energy donor-

acceptoracceptor distance. R = 8.6 A. is calculated from the experimental energy transfer rate using 

FörsferFörsfer theory. Temperature dependent time-resolved emission spectroscopy showed an 

increaseincrease of the acceptor emission lifetime with decreasing temperature, ft also indicates the 

presencepresence of different conformations because two different electron transfer barriers (0.08 and 

0.420.42 eV) were found. These barrier values were corroborated by a theoretical analysis of the 

energeticsenergetics of the process using Marcus theory, indicating average donor- acceptor distances 

ofof 4.5 A (room temperature) and f I A (at low T). 

""""  B. Kiikrer Kalcta .̂ R. Dobrawa. A. Sautter, F. Wiirthncr. M. Zimino, L, Do Cola. R. M. Williams. 

J.Phys.J.Phys. them. ,(.2004. 108(11). 1900-1909. 



Electronn and Energy Transfer Processes in Bichromophoric Pyrene-Perylene Bisimide 

5.11 Introductio n 

Thee supramolecular organization of chromophoric units into large photoactive 

assembliess constitutes one of the challenges for nanophotonics,1'6 inspired by nature's 

photosyntheticc reaction center. For this aim, designed building blocks are needed that 

incorporatee the right energetics for the antenna effect and the charge separation to 

displayy a combination of efficient energy and electron transfer events in 

multichromophoricc structures, as in the cornerstone of natural photosynthesis. Next to 

thesee properties the building blocks should contain structural elements that can be 

usedd for further supramolecular construction to obtain a final system that is organized 

inn space, energy and time. The latter means that the photoinduced processes should be 

consecutivee to obtain high energy and electron transfer yields. In nanophotonics these 

processess are of importance for the development of artificial devices for the 

conversionn of light into chemical or electrical energy or vice versa.1*_i' 

Althoughh the study of photoinduced energy and electron transfer in 

bichromophoricc and multichromophoric systems is a greatly developed field, "' ' the 

designn of efficient light-harvesting systems combined with an electron donor-acceptor 

pairr is more scarce.I7 

Especiallyy during the last years several research groups focused their attention on 

perylenee bisimide dyes (both non-bay-substituted and bay-functionalized) as building 

blockss for photoactive systems. IK~37 These dyes are highly photostable and normally 

exhibitt fluorescence quantum yields of almost unity*" and an almost negligible 

triplett yield.38 Accordingly, some undesired processes for the purpose described 

above,, such as triplet state population and radiationless deactivation through 

vibrationall  relaxation are absent. Next to their very high ground state absorption 

extinctionn coefficients, another favorable feature of these dyes is the well-defined 

absorbancee of their radical anionic states40'41 at about 800 nm that allows easy 

detectionn of electron transfer events42 in the photoexcited state. 

Here,, we investigate the photophysical properties of a model perylene system (3) 

andd of a two-component system containing the same perylene bisimide acceptor and 

fourr pyrene moieties as donor (2) (Scheme 1). 
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HOO OH 

Q0 0 

22 3 

a)) DCC, DPTS, CH2C12, DMF, RT, 3d, 40-57%. 

Schemee 1. Synthesis of the tetra-pyrene-perylene bisimide dye (2) together with reference 

peryleneperylene bisimide compound (3). 

Thee understanding of their properties as well as the photoinduced processes are of 

greatt interest for the construction of more complex structures by means of 

coordinationn of the pyridine units to metal ions leading to molecular squares.4" 

Inn this Chapter, an extensive spectroscopic study, which clarifies many of the 

propertiess of these interesting systems, is presented (Scheme 2). A quantitative 

analysiss of the processes as well as their rates have been obtained using UV-Vi s 

absorption,, steady state and time-resolved emission, nano- and femtosecond transient 

absorption,, temperature dependent time-resolved emission and theoretical analysis of 

thee energetics of the processes. In particular, we found that both energy and electron 

transferr processes occur in such systems. These observations open a new and 

interestingg approach for the realization of artificial photosynthetic systems. 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrenc-Pervlene Bisimide 

Schemee 2. A schematic representation of the photoinduced energy and electron transfer 

processesprocesses in compound 2. 

5.22 Results and Discussions 

5.2.11 Steady State Spectroscopy 

Compoundss 2 and 3 (Scheme 1) are dark purplish-black solids that, once dissolved 

homogeneously,, display the typical bright pink-red colour that is representative for 

tctraphenoxy-substitutedd perylene bisimides. 

Thee UV-Vi s absorption spectra of the two compounds in dichloromethanc arc 

depictedd in Figure I. and the absorption data arc summarized in Tabic I. The 

absorptionn bands of the perylene unit give the characteristic TT-TT transitions of the 

functionali/.edd perylene-bisimide,s' " and match exactly for both compounds, 445 nm 

(belongss to So-S: electronic transition). 535 and 575 nm (belong to So-Si electronic 

transition).. 3 The pyrene absorption bands of compound 2 dominate the UV region 

off  the spectrum with five sharp characteristic pyrene transitions at 267, 278. 314. 328 

andd 344 nm. The distinct absorption patterns belonging to the pyrene and perylene 

unitss allow the virtually selective excitation of these chromophores present in 

compoundd 2. 
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250-, , 

2500 300 350 400 450 500 550 600 650 

X(nm) ) 

Figuree 1. Absorption spectra of compound 2 (solid line, 1.93x10" M) and 3 (dashed line, 

2.0x10'2.0x10' M) in dicliloroniethane. 

Thee emission spectra of compound 2 and 3 in isoabsorptive dichloromcthanc 

solutionss at room temperature were recorded upon excitation at 336 nm, where the 

pyrenee units absorb strongly (see Figure 2). Both compounds have an emission 

maximumm around 610 nm with a shoulder at 670 nm. typical of the perylenc moiety. ' 

Forr compound 2 containing two chromophores, i.e. the pyrene and the perylene units. 

ann emission from the pyrene moiety between 380 and 460 nm could be expected. 

However,, compound 2 displays strongly quenched pyrene emission in this 

wavelengthh region (vide infra) and a sensitized emission from the lower energy 

perylenee chromophore is observed. 

Iff  a photoinduced energy transfer is the only process present upon excitation of the 

pyrenee unit, the emission quantum yield of the perylene unit should resemble that of 

thee model compound 3. As can be seen in Figure 2. however, also the emission 

intensityy of the perylene unit of compound 2 is strongly quenched (-70 %) as 

comparedd to the reference compound 3. No additional emission or absorption bands 

weree observed due to excimer and or exciplex formation. The photophysical 

propertiess of 2 and 3 are summarized in Table 1. 
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Figur ee 2. Emission spectra of compound 2 (solid line) and 3 (dashed line) in 

dichloronielhane,dichloronielhane, A,^~ 336 inn, spectra are corrected according to absorptions at 336 nm. 

Thee quantum yields of compound 2 were determined for both the pyrene and the 

perylenee emission, by exciting the pyrene and the perylene units at the wavelengths 

indicatedd in Table 1. For the pyrene moiety, a strong quenching of the pyrene 

emissionn (<I>| = 0.0011 in dichloromethane) is observed as compared to the reference, 

pyrenee itself. Or = 0.65 in nonpolar solvent. ' As can be seen from the data 

summarizedd in Table I. the emission quantum yields of the perylene unit are 

significantlyy lower when compared to the reference compound 3 (Or = 0.90 in 

dichloromethane). . 

Itt is also found that the emission quantum yield of the perylene moiety is 

independentt of the excitation wavelength. It was determined to be 0.12 in 

dichloromethane.. This indicates that independent of the excitation energy, the lowest 

excitedd state located on the perylene unit is populated. Only in toluene, which is a 

nonpolarr solvent, a relatively higher perylene emission quantum yield (<ï>f= 0.39) was 

observed.. As can be seen from the emission spectra depicted in Figure 2 and the 

quantumm yield determinations, apart from the energy transfer an additional process 

takess place that quenches the perylene emission. This process was investigated by 

furtherr studies with time-resolved techniques. 

130 0 



5.33 Time-resolved Spectroscopy 

Tablee 1. Summary of the photophysical properties of compounds 2 and 3." 

Cmps s 

2 2 

3 3 

Slvts. . 

T O L L 

DCM M 

T O L L 

DCM M 

Absorption n 

X(nm).. (el M"'cm"' ) 

330.. 34ft. 448. 530. 570 

328,, 344 (162300). 448, 
538.575(45800) ) 

288.. 448, 534. 572 

283,450.539.575 5 
(47300) ) 

Emissionn at RT 
A^yrr A ^ T,,yr T|lt.r O p ; r Op,,, 

rinnii mint (nsi iris] 

3777 601 0.28 3.9 0.0042 0.39 

3788 611 0.24 1.0 0.0011 0 . 1 2 ' J 

6022 - 6.0' - 0.97 

6100 - 6.3' - 0.90 

^Excitation^Excitation wavelengths for lifetimes are 324 tun unless otherwise indicated. ''The 

followingfollowing rise times were also observed for the perylene emission of compound 2; 

0.22,0.22, 0.21, in the two respective solvents. TOL: toluene, DCM: dichloromethane. 
11 Xex~ 336 nm,' /!<,,•= 545 nm. 

5.33 Time-resolved Spectroscopy 

5.3.11 Time-resolved Emission Spectroscopy 

Ass expected, the decay times of the pyrene emission, recorded at 400 nm, are similar 

inn solvents of different polarity (see Table 1), in agreement with the solvent 

independencee normally observed for Forster type energy transfer.47 From the data 

shownn in Figure 3, an accurate evaluation of the rate of photoinduced energy transfer 

iss obtained. Upon excitation of the pyrene unit, a quenching of the pyrene and a rise 

timee on the perylene moiety is observed (see Figure 3, left). The sensitized perylene 

unitt decays with a shorter lifetime than the reference compound 3 (Figure 3, right). 

Thee reference compound 3 shows a monoexponential decay, and no rise time. 

Thee rise time of compound 2, which has a similar value in both solvents, represents 

thee formation of the excited state of the perylene unit by energy transfer from the 

pyrenee excited state and the decay time is due to the quenched emission of the 

perylenee unit. Such quenching indicates that an additional process takes place while 

energyy is transferred to the perylene unit. It is well known that pyrene and perylene 

unitss are good donor and acceptor groups, respectively; therefore it is not surprising 

thatt an electron transfer occurs from the excited perylene (vide infra). The different 
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Electronn and Energy Transfer Processes in Bichromophoric Pyrcne-Perylene Bisimide 

photophysicall  behavior in toluene also supports the occurrence of an electron transfer 

thatt is less efficient in such a nonpolar medium. These experiments indicate that the 

charge-separatedd state is less populated in toluene due to the less efficient 

(endergonic)) electron transfer. 

Thee energy transfer process is visualized in figure 3. As it can clearly be noted, the 

risee time measured for the perylene emission (0.21 ns) is almost identical to the decay 

off  the quenched pyrene emission (0.24 ns) in dichloromethane. This allows the 

calculationn of the rate following the equation: [k,.,, = I T - 1 t,c,] . giving ken ~ 4.2 x 

100 s' for compound 2 (i iei = 650 ns "). 

Timee (ps) Time (|JS) 

Figuree 3. Time-resolved emission traces of compound 2 and 3 in dichloromethane /measured 

withwith single photon counting. A,, = 324 nm). The quenched lifetime of the pyrene moiety of 2 

measuredmeasured at 400 nm (a), the rise time of the perylene unit of 2 at 650 nm (b). The quenched 

emissionemission of the perylene unit of 2 at 650 nm (c), emission of compound 3 at 650 nm (d). All 

tracestraces are deconvolved signals. 

5.3.22 Nano- and Femtosecond Transient Absorption Spectroscopy 

Byy using time-resolved spectroscopic techniques, insight has been gained into the 

excitedd state properties of compounds 2 and 3 in dichloromethane. The nanosecond 

transientt absorption spectrum of compound 2 in dichloromethane is depicted in Figure 

4.. The femtosecond measurements are performed for both 2 and 3; the spectra and the 

kineticc traces for the selected probe wavelengths are shown in Figures 5 and 6 later in 

thiss section. 

132 2 



5.33 Time-resolved Spectroscopy 

Ass the emission results indicate the presence of a charge separated state, 

nanosecondd transient absorption in dichloromeihane was performed with compound 2. 

Thee aim was to observe the formation of the transient species as a result of 

photoinduccdd charge separation. It was observed that this process is faster than the 

responsee time of the nanosecond equipment (ca. 1-2 ns) and the spectrum of 

compoundd 2. excited at 540 nm. in deaerated dichloromethane is depicted in Figure 4. 

Thee bands in Figure 4 are assigned as follows: the negative peaks centered at 450 

andd 580 nm belong to the ground state bleaching of the perylene bisimide moiety. The 

smalll  positive peak between 470 and 510 nm is the area where the radical cation 

absorptionn of the pyrene (around 470 nm)4S is expected. 'The S|—>S,-, perylene 

bisimidee excited state transition centered at 720 nm and the strong signal of radical 

anionn of the perylene unit around S00 nm4"'4' can be seen in the spectrum. 

0.15--

-0.2111 -

Slid d 

XX (nm) 

Fi»uree 4. Nanosecond transient spectra of compounds 2 in deaerated dichloromethane; first 

trucetruce is 2 ns after laser pulse, with 2 ns increments (A,,x = 540 nm. 2 ns FWHM). 

Thee kinetic analysis of the data results in x = 3.8 ns. The spectrum recorded in 

aeratedd dichloromethane was found to be analogue to the one in Figure 4 and similar 

decayy values (T = 3.6 ns) were obtained. According to these data, no effect of oxygen 

iss observed and no long-lived triplet state is detected. 
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Electronn and Energy Transfer Processes in Bichromoplioric Pyrene-Perylene Bisimide 

Itt is clear that nanosecond transient absorption spectroscopy does not give 

informationn on the fast forward energy and electron transfer processes. For this 

purpose,, the femtosecond transient absorption spectra of compounds 2 and 3 are 

recordedd and kinetic results belonging to 2 in dichloromethane are depicted in Figures 

55 and 6. 

Inn the reference compound 3, the transient absorption spectra show an intense 

bleachingg at 590-600 nm and a strong Sf->Sn perylene excited state transition 

centeredd at 725 nm. In this time scale no recovery of the ground state was observed 

because,, as previously mentioned, the excited state lifetime is in the nanosecond time 

regime. . 

Thee femtosecond transient absorption spectra of compound 2 contain a wealth of 

informationn in which the singlet singlet absorption (S|-»S„) of the pyrene (at 482 and 

5144 nm), the radical cation of the pyrene (around 470 nm).4*  the ground state 

bleachingg of the perylene (between 500 and 650 nm), and the radical anion of the 

perylenee (around 800 nm)4043 can be observed. Comparison with model compound 3 

clearlyy indicates that the charge-separated state consisting of the radical anion of 

acceptorr and the radical cation of the donor is formed within 200 ps. The 

spectroelectrochemistryy performed on a similar bay-functionalized perylene 

bisimide411 confirms the 700-800 nm band of the radical anion of the perylene. 

Femtosecondd transient absorption spectra obtained by excitation at 345 nm and 575 

nmm were recorded. Kinetic profiles of the transient of compound 2 were probed at 590 

nmm and 785 nm in the case of Xcx = 345 nm, and 725 and 780 nm upon excitation at 

5755 nm. 
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Figuree 5. Femtosecond transient spectra of compounds 3 (above, (A)) and 2 (below. (B)) in 

dich/oromethane.dich/oromethane. time delays corresponding to frames are written in the spectra (Alx = 345 

nm.nm. 130 fs FWHM). (C) Kinetic profile of the transient absorption determined at 590 nm. (D) 

KineticKinetic profile of the transient absorption determined at 7H5 nm (See Appendix for colour 

representations). representations). 
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Ass discussed earlier, excitation at 345 nm can lead to energy and/or electron 

transferr processes. As can be seen in Figure 5b. after excitation at 345 nm. first the 

absorptionn of Si—»Sn transition of the pyrene excited state was observed411 in the first 

picosecondss with maxima at 482 and 514 nm. Subsequently, the energy transfer 

processs can be observed from the pyrene moieties to the perylene unit because the 

bleachingg of the perylene moiety around 590 nm indicates the formation of the 

excitedd state of the perylene. The pyrene radical cation is formed at 470 nm with a 

shoulderr at 489 nm. According to the kinetic profile at 519 nm (data not shown here). 

thee pyrene singlet excited state decays in 0.13 ns corresponding to the 0.12 ns rise 

timee at 590 nm (ground state bleaching. Figure 5b, inset C). This kinetics is very 

muchh in line with the decay measured by the time-resolved emission spectra. On the 

similarr time scale of the energy transfer process, an efficient electron transfer is 

observed,, as shown by the formation of the radical anion at 785 nm and the radical 

cationn at 470 nm. Analysis of the kinetics at 785 nm gives 0.16 ns rise time (Figure 

5b,, inset D) followed by a longer decay time {1.7 ns). A similar long component was 

observedd at 590 nm (1.4 ns) and it is assigned to the decay to the ground state. As can 

bee understood from these values, the energy and electron transfers have almost the 

samee rates. 

Inn the case of excitation of the compound 2 at 575 nm, where only the perylene 

moietyy absorbs, energy transfer cannot be observed. Excitation causes the formation 

off  both the strong absorption at 725 nm due to the S|—>Sn transition of the perylene 

bisimidee and the bleaching at -580-590 nm due to the depopulation of the ground 

statee (Figure 6). The spectral changes indicate the formation of the radical anion of 

thee perylene bisimide and the radical cation of pyrene that are formed within 70 ps 

afterr excitation. The kinetic profile at 725 nm (Figure 6, inset A) results in a 

monoexponentiall  decay with a value of 0.90 ns due to the back electron transfer to 

reestablishh the ground state. Kinetic data obtained according to the 472 (data not 

shown)) and 780 (Figure 6. inset B) nm transients give 0.070 and 0.078 ns rise times 

correspondingg to the radical cation and anion formations, respectively. As can be seen 

fromm the kinetic traces at 780 nm in Figure 6, inset B, the formed charge-separated 

speciess decays on the longer time scale. A summary of the decay times for compound 

22 is provided in Table 2. Kinetic results at 590 and 720 nm showed additional very 
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fastt components. -3.5 and 7 ps, which can be attributed to the vibrational, solvent 

relaxationn according to literature discussions.36'50 

Figuree 6. Femtosecond transient spectrum of compounds 2 in dichloromethane, lime delays 

correspondingcorresponding to frames are written in the spectra (X^- 575 nm, 130 fs FWHM). Kinetic 

profilesprofiles of the transient ahsorhance of compound 2 determined at 725 (A) and 780 nm (B) in 

dichloromethanedichloromethane (See Appendix for colour representations). 

Tabicc 2. Summary and comparison of the decay times of 2 in dichloromethane with two 

differentdifferent techniques." 

Ui(nm) ) 

Trisee ( n S) 

Tdcca,, ( n s) 

Time-resolvedd emission 
spectroscopy'' ' 

400 0 

0.24 4 

650 0 

0.20 0 

1.0 0 

590' ' 

0.12 2 

1.4 4 

Femtosecondd transien 

785" " 

0.11 6 

1.7 7 

spect t 

725'' ' 

0.90 0 

roscc c P> > 

781'' ' 

0.078 8 

2.1 1 

''All''All  data were recorded in dichloromethane. ' Acx = 324 nm, ' /tt,, = 345 nm. '' Acx = 

575575 nm. According to the data recorded at 590 and 725 nm. also very fast 

componentscomponents of 3.5 ps and 7 ps. respectively were observed for compound 2. 
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Comparisonn between the transient absorption spectra recorded at the two different 

excitationn wavelengths suggests the following conclusion: At 345 nm. the first 

observedd process is the excitation of the pyrene followed by an efficient energy 

transferr to the perylene moiety. However, the population of the excited state of the 

perylene.. reflected in its singlet-singlet absorption at 725 nm. is much lower than 

expectedd (see spectra recorded at 575 nm excitation), because an electron transfer 

occurss at the same time scale as the energy transfer. 

Itt is interesting to notice that no (faster) direct electron transfer from the excited 

pyrenee to the perylene acceptor is observed. Flection transfer occurs after energy 

transfer,, leading to population of the perylene singlet excited state. The reason for the 

absencee of a direct photoinduced electron transfer could be the extremely exergonic 

processs (AG = -1.38 eV, A. = 0.44 cV. AC' = 0.51 eV) that results in a slow electron 

transferr process since it falls in the Marcus inverted region.'1 

Thee processes occurring upon excitation of 2 with either visible or UV light are 

depictedd in the energy diagram in Scheme 3. 

,,, r. (C\ I 

Pvrene*-Pcrylene e 

A<.=-0.0611 eV 

l'%% rone-Perylcne' 
tt = 0.078 ns 

// IV -Per" 

'WW 0.12 / k , 
kii  T = 2 I ns 

Pyrene-- Pcrylen Pvrene-- Pervlenc 

Schemee 3. Energy level diagrams of compound 2 in diehloromelhane showing energy and 

electronelectron transfer pathways, excitation from pyrene (left) and perylene (right) units. (All r 

valuesvalues are experimentally observed results in the scheme, see text for further information!. 

Thee rates observed for the energy transfer process obtained with transient spectra 

andd time-resolved emission experiments are very close to each other (kcn= 8.3 x 10 s 

';; ken= 4.2 x 109 s"!. respectively). On the contrary, there is a clear difference between 
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5.33 Tinic-resolved Spectroscopy 

thee apparent rates obtained for the electron transfer process. With time-resolved 

emission,, rates are obtained of 8.4 x 10s s ', and transient absorption indicates an 

experimentall  rate of formation of the charge transfer state of 6.6 x 10 s" (from 345 

nmm excitation). 

Thee difference in apparent rates must be attributed to a delayed luminescence from 

thee perylene singlet excited state, which is in equilibrium with the charge transfer 

state.. Because of the presence of such equilibrium, the charge separated state decay 

timee and the fluorescence lifetime of the perylene moiety have a similar value (1.0-2.0 

ns).. The charge separated state indeed lies at energy levels comparable with the 

singlett excited state of the perylene (see Scheme 3). Therefore, equilibrium between 

thee two states is observed that is responsible for the observed rate of the two 

processes. . 

Thee individual rate constants in case of excitation of the perylene moiety can be 

calculatedd using the kinetic model outlined in Scheme 3. The model is represented by 

thee following system of equations: 

- •• kj + k2 + k ? . + k 3 + /(kj + k 2 - k 3 - k 2 - ) + 4-k2 k2. = Kj 

—— k, + k2 + k2.+ k 3 - J ( k ] + k 2 - k 3 - k 2 . } ~ + 4-k2-k21| = ic2 

11 - 9 
6.3xx 10 

k2, , 

wheree Ki and K2 are the experimentally observed rate constants. Because it is not 

possiblee to obtain four constants from the biexponential fit, the value of kt was taken 

fromm the fluorescence decay rate of the model compound (3). The equilibrium 

constantt k2/k2- was calculated from AG = - RT In Kcq using AG = -0.061 eV (see next 

section,, Table 3) at T = 295 K. The solution of the equations yields the individual 

ratee constants kj - 1.59-10s s\ k2 = 1.16-I01" s\ kr - 1.05-10* s'1, and k-, = 5.06-10" 

s ' .. As the results clearly suggest, there is an equilibrium established between the 

charge-separatedd state and the singlet excited state of the perylene bisimide. Note that 

k :: and k2- are the forward and backward rate for the equilibrated states, respectively. 
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5.3.33 Estimation of the Donor  -Acceptor  Distance in Compound 2 

Byy using the experimentally obtained energy transfer rate, an effective interaction 

radiuss between donor and acceptor groups can be calculated." 

Ass it was discussed in Chapter I, the rate of energy transfer depends upon the 

extentt of spectral overlap of the emission spectrum of the donor with the absorption 

spectrumm of the acceptor, the quantum yield of the donor, the relative orientation of 

thee donor and acceptor transition dipoles. and the distance between the donor and 

acceptorr molecules/- Since we think that there is a Förster type energy transfer, the 

distancee between donor (D) and acceptor (A) plays an important role. The rate of 

energyy transfer from a donor to acceptor is given by 

kcnn = (Rl)/R)f,kD (1) 

and d 

kD=l/T DD (2) 

wheree TD is the decay of the donor in the absence of acceptor, Ry is the Förster 

distance,, R is the donor-to-acceptor distance. Any change in D-A distance will affect 

thee energy transfer rate. Because of this fact, energy transfer measurements have been 

usedd to estimate the distances between sites on macromolecules and the effects of 

conformationall  changes on these distances/3'51 

Inn order to calculate the Förster distance, Ro, the following simplified equation can 

bee used 

RoRo = Q.2l\[vr n'4 4>aJ(A)]1 h (3) 

wheree *r is the orientation factor, and generally assumed as 2/3 in calculations, n is 

thee refractive index of the medium, On is the quantum yield of the donor in the 

absencee of acceptor and JfA) is the overlap integral of the donor emission and the 

acceptorr absorption (see Figure 7).Once Rn is calculated from these experimentally 

knownn values, the distance between donor and acceptor can be easily obtained. 
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3000 350 400 450 500 550 600 650 

XX (nm) 

Figuree 7. Overlap integral (shaded area) for energy transfer from pyrene donor to peryiene 

acceptoracceptor in dichloromethane, R„  = 34.3 A. 

Fromm our experimental values. Ro is calculated using eq (3) as 34.3 A, where. K~ = 

2/3,, n (DCM)= 1.4240. d>D = 0.65 and J = 1.75 x 1014 M ' W n m 4 . It should be noted 

thatt because the emission of the pyrene group attached to peryiene moiety has a rather 

noisyy signal, for the spectral overlap. JfA). the emission spectrum of the pyrene itself 

wass used. It was found that theJ(A) value did not change significantly. 

Knowingg the values of T D as 650 ns, the energy transfer rate as 6.2 x 10 s" and Ro. 

thee donor-acceptor distance (R) can be calculated by using eqs 1 and 2. This leads to a 

valuee of 8.6 A. 

5.3.44 Temperature Dependent Time-resolved Emission Spectroscopy 

Havingg established the photoinduced processes in compound 2. we decided to study 

thee temperature dependence of the lifetime of the peryiene bisimide acceptor unit with 

time-resolvedd emission spectroscopy. The aim is to gain information on the energetics 

off  the system and to determine the barrier for the photoinduced electron transfer 

processs experimentally. 

Thee excited state lifetimes of compound 2 have been measured at temperatures in 

thee range between 295 and 182 K and were analyzed using a modified Arrhenius plot 

(seee Figure 8). From the slope of ln(kc,T" ) vs I T . the value of AG" can be 
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estimated.. The lifetime of the compound 3 was used as a reference, and its lifetime 

uponn temperature change was taken into account in dichloromethane (6.3 ns around 

roomm temperature and 5.9 ns at the lowest temperature). 

24- ,, 1 

- V ^ .. barrier = 0.0805 eV 
2 3 -- ^ - « ^ ^ 

 \ 

X ,, 2 1 - \ 

_cc \ 
2 00 " barrier = 0.422 eV \ 

19""  \ 
11 1 . 1 1 1 1 1 1 1 

0.00300 O.0035 0.0040 0.0045 0.0050 0.0O55 

11 n 

Figuree 8. Modified Arrhenius plot for photoinduced charge separation of 2 in 

dichloromethane,dichloromethane, with two harrier values. 

Alll  the data are summarized in Table 3. in which x is the lifetime of the perylene 

emissionn obtained from the decay at 650 nm after excitation at 324 nm. kts is the rate 

constantt calculated according to the equation below; 

kcs== l/X- l/Tref 

wheree compound 3 was used as reference. X, AGCS and AG" are calculated by using 

thee Marcus model. 3 

Inn Table 3 the change of the lifetime of the perylene emission with temperature can 

bee observed, and it approaches the value of the reference system at around 180 K. 
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Tablee 3. Acceptor Lifetime ut 650 nm and Rates of Charge Separation in Dichloromethune. 

togethertogether with A (reorganization energy). AG,, (Gibbs free energy change for charge 

separation)separation) and AG (Gibhs free energy change for electron transfer barrier) at Various 

Temperatures, Temperatures, 

experimentall  calculated 

T(K ) ) 

295 5 

281 1 

270 0 

263 3 

252 2 

242 2 

232 2 

222 2 

212 2 

202 2 

193 3 

182 2 

x(ns ) ) 

att  65 0 n m 

1.0 5 5 

1.2 2 2 

1.3 4 4 

1.4 0 0 

1.6 2 2 

1.8 1 1 

1.9 1 1 

2.0 6 6 

2.3 2 2 

2.9 0 0 

4.2 2 2 

5.5 2 2 

K>K>  (10 s s' ) 

7.9 4 4 

6.5 8 8 

5.8 8 8 

5.5 3 3 

4.5 7 7 

3.8 5 5 

3.5 7 7 

3.1 9 9 

2.6 5 5 

1.7 4 4 

0.6 7 7 

0.1 2 2 

AG„„  (eV ) 

-0.06 1 1 

-0.06 4 4 

-0.06 6 6 

-0.06 7 7 

-0.06 9 9 

-0.07 1 1 

-0.07 3 3 

-0.07 5 5 

-0.07 7 7 

0.05 4 4 

0.04 5 5 

0.03 6 6 

MeV) ) 

0.43 6 6 

0.43 7 7 

0.43 8 8 

0.43 9 9 

0.44 0 0 

0.44 1 1 

0.44 1 1 

0.44 2 2 

0.44 3 3 

1.59 3 3 

1.59 6 6 

1.59 8 8 

A G""  (eV ) 

0.08 1 1 

0.08 0 0 

0.07 9 9 

0.07 9 9 

0.07 8 8 

0.07 7 7 

0.07 7 7 

0.07 6 6 

0.07 6 6 

0.42 6 6 

0.42 2 2 

0.41 8 8 

TheThe temperature dependence of dielectric constant and refractive index were 

calculatedcalculated according to the following equations55: £(T) = 40.452 + T(0.()0023942 x 

T-0.17748)T-0.17748) and n(T) = I.4244-().000562(T-293). RC,.9 = 4.5A. Rci0.l2= It A. r = 4 A. 

A,A, = 0.2 eV. Eax = 1.6 Vvs. SCE and £m / = -0.49 Vvs. 5C£.43 Em = 2.1 eV. 

Furthermore,, the deduced electron transfer rates are presented. With these rates the 

modifiedd Arrhenius plot is constructed, and it clearly shows two temperature regions, 

wheree a different behavior is found (see Figure 8). The data were fitted using two 

seriess of data, between room temperature and 212 K, and between 202 and 182 K. 

Thesee fits result in two barrier values. The lower barrier value {0.08 eV) is most 

representativee as the time-resolved studies were performed at room temperature, 

whilee a barrier of 0.42 eV was obtained for the lower temperatures range. An intercept 

off  26.5 {= In kopt) was obtained. 

AA similar trend in lifetime of perylene bisimide at 650 nm has been observed in a 

moree polar solvent, butyronitrile, upon going from room to low temperatures. The 

modifiedd Arrhenius plot resulted in two barrier values for two separate temperature 
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rangess (see Figure 9) (ir,,t = 5.05 ns in butyronitrile at RT). The barriers for the 

electronn transfer are calculated as 0.18 and 0.38 eV at room temperature and lower 

temperaturee ranges, respectively. The main reason to perform this experiment is to 

rulee out any specific solvent effect in dichloromethane. It is clear that the existence of 

twoo barriers is a property inherent to compound 2 and is not due to a solvent effect. 

v v 

barrierr = 0.178 eV 

barrierr = 0.380 eV 

0.00400 0.0044 0.0048 

1/T T 

Figuree 9. Modified Arrhenius plot for photoinduced charge separatum of 2 in butyronitrile, 

withwith two barrier values. 

Onn the right side of Table 3. calculated values for the driving force (AGCS) in 

dichloromethane.. the reorganization energy (A.), and the barrier to electron transfer 

(AG")) are presented, using the standard Rehm-Weller approach. In combination with 

thee Marcus model. Under Table 3. the redox data, singlet state energy (Eon), and 

temperaturee correction for /; and F are described. Good agreement between the 

calculatedd and experimentally observed barriers for electron transfer was obtained by 

adjustingg the center-to-center distance (Rc) between the two chromophores in the 

barrierr calculation. As indicated, an Rt. value of 4.5 A was used for the first 9 data 

pointss (the high temperature region), and a value of 11 A for the last three data points 

(thee low temperature data set). 

Thiss analysis thus allows for an interpretation of the two barriers, relating them to 

twoo possible conformations of compound 2. These two conformations can be (i) a 

foldedd one with an average center-to-center (Re) distance between the pyrene and 

perylenee groups of about 4.5 A and (ii ) a stretched conformer with Rc = 11 A at low 

temperature. . 
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Itt is found that the barrier is temperature dependent and this could be related to 

conformationall  changes of the compound as temperature is lowered; i.e.. at low 

temperaturee a smaller number of conformations is present, which have on average a 

largerr interchromophore distance than at room temperature 

Thee temperature dependence of the pyrene emission was also monitored over the 

samee temperature trajectory and was found to be virtually temperature independent. 

Thee lifetime ranges from 256 ps at room temperature to 370 ps at the lowest 

temperature.. The barrier for energy transfer obtained from the (linear) modified 

Arrheniuss plot is calculated to be 0.03 eV. This is in agreement with the temperature 

behaviorr of Förster type energy transfer.47 

5.44 Conclusions 

Thee photophysical properties of a building block that can be used in metalto-

supramolecularr architectures, like squares, triangles and other assemblies, have been 

established.. Fast photoinduced energy transfer (kon ~ 6.2 x 104 s ', average value) 

withh a high yield (>90 %) is followed by efficient electron transfer (70 %, ket = 6.6 x 

1044 s ), Both processes occur from the pyrene unit to the perylene moiety. 

Picosecond-resolvedd emission and transient absorption spectroscopy give clear 

evidencee for the occurrence of these two processes. 

Determinationn of the barrier to electron transfer yields a relatively low value of 

0.088 eV at room temperature, but a higher barrier of 0.42 eV is observed in a lower 

temperaturee trajectory. This behavior can be explained by assuming two possible 

conformations,, in which the center-to-center distance ranges from 4.5 to 11 A, The 

latterr is preferred at low temperature and is in accordance with a more stretched 

conformation. . 

Whereass the temperature dependence indicates the presence of more 

conformations,, the time-resolved studies at room temperature give an image of an 

averagee conformation, without components attributable to individual (stretched or 

folded)) conformations. 

Thee time-resolved and steady state emission gives clear proof of energy transfer 

fromm the pyrene to the perylene bisimide. Förster distance is calculated to be 34.3 A 

andd the corresponding donor-acceptor distance is calculated from the energy transfer 
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ratee as 8.6 A. No indications for energy hopping between different pyrene moieties 

aree observed. Furthermore, the femtosecond transient absorption data does not give an 

indicationn of very fast, direct electron transfer (circumventing the energy transfer to 

thee perylene unit), due to Marcus inverted region effects (AG = -1.38 eV. X = 0.44 eV, 

AG""  = 0.51 eV). Clearly, a direct photoinduced electron transfer upon pyrene 

excitationn (Eoo = 3.42 eV) is not fast enough to compete with energy transfer due to a 

highh electron transfer barrier. 

Thuss a functional photoactive building block has been obtained that displays two 

processes,, energy transfer and electron transfer, and the effects of supramolecular 

organizationn on these processes can now be pursued. 

5.55 Experimental Section 

Dichloroinethanee and toluene are spectroscopic grade and purchased from Acros and Merck 

Uvasol.. Butyronitrile was dried over CaH: and freshly distilled under nitrogen prior to use. 

5.5.11 Synthesis 

Alll  the compounds subject to study were synthesized in the group of Prof. F. Wiirthner by A. 

Sautterr and R. Dobrawa at the University of Würzburg (Germany). 

Thee pyrene-perylene bisimide system 2 was obtained from jV./V'-Di(4-pyridyl)-1,6,7,12-

tetra(4-hydroxyphenoxy)pery)ene-3,4:9.10-tetracarboxylicc acid bisimide ( l ) s and pyrene 

butyricc acid by DCC/DPTS-promoted esterification according to the method of Moore and 

Stupp/l)'(,°° The reaction is carried out in dichloromethane at room temperature, and typically 

yieldss higher than 90% per coupling step can be achieved/"''" Here, by reacting perylene 

bisimidee 1 with pyrene butyric acid, the tetra-pyrene-perylene bisimide dye 2 was obtained in 

40%% yield after purification by chromatography. In the same way. reference compound 3 was 

obtainedd in 57% yield by reacting 1 with hexanoic acid. Thus, a relatively easy and flexible 

methodd for the synthesis of perylene based functional supramolecular building blocks is 

achieved. . 

5.66 Instrumentation 

5.6.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard UV-VIS. diode array 8453 

spectrophotometer.. Steady state emission spectra were obtained from SPEX 1681 Fluorolog 

146 6 



5.66 Instrumentation 

spectrofluorometerr equipped with two double monochromator (excitation and emission) and 

aree corrected for the photomultiplier response. Quantum yields of compounds were measured 

withh respect to N,N'-bis(2,5-di-tert-butylphenyl)-3,4.9,10-perylenebis(d]carboximide) (DBP1) 

(0.9KK in acetonitrile)4" and N.N,-di(2.6-diisopropylphenyl)-l,6,7,I2-tetraphenoxyperylene-

3,4:9,10-tetracarboxylicc acid bisimide (0.96 in chloroform)'*4 for the perylene emission in 

toluenee and dichloromethane. respectively. For the pyrene emission, anthracene (0.27 in 

ethanol)"11 was used as a reference in optically diluted solutions. 

5.6.22 Time-resolved Spectroscopy 

Time-resolvedd fluorescence measurements were performed on a picosecond single photon 

countingg (SPC) setup. The frequency doubled (300-340 nm. I ps. 3.X MHz) output of a cavity 

dumpedd DCM dye laser (Coherent model 700) pumped by a mode-locked Ar-ion laser 

(Coherentt 486 AS Mode Locker. Coherent Innova 200 laser) was used as the excitation 

source.. A (Hamamatsu R3809) micro channel plate photomultiplier was used as detector. The 

instrumentt response (-17 ps FWHM) was recorded using the Raman scattering of a doubly 

deionisedd water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) - 50 ns 

(12.55 ps/channel) could be used, enabling the measurement of decay times of 5 ps- 40 ns. The 

recordedd traces were deconvoluted with the system response and fitted to an exponential 

functionn using the Fluofit (PicoQuant) windows program. For the low-temperature lifetime 

measurementss an Oxford-instruments liquid nitrogen cryostat (DN704) was used in 

combinationn with picosecond single photon counting (SPC) setup. 

Inn femtosecond transient absorption measurements, Spectra-Physics Hurricane Titanium: 

Sapphiree regenerative amplifier system was used as the laser system. The full spectrum setup 

wass based on an optical parametric amplifier (Spectra- Physics OPA 800) as a pump. A 

residuall  fundamental light, from the pump OPA, was used for white light generation, which 

wass detected with a CCD spectrograph. The OPA was used to generate excitation pulses at 

3455 and 575 nm. The laser output was typically 5 [iJ pulse"1 (130 fs FWHM) with a repetition 

ratee of I kHz. A circular cuvette (d = 1.8 cm, 1 mm, Hellma), with the sample solution, was 

placedd in homemade rotating ball bearing (1000 rpm). to avoid local heating by the laser 

beam.. The solutions of the samples were prepared to have an optical density at the excitation 

wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured 

beforee and after the experiments, to check for degradation. All photophysical properties 

reportedd here have an error bar of 5 to 10 %. The energy barrier for electron transfer can be 

estimatedd experimentally in dichloromethane for compound 2, and the rate of electron transfer 

cann be estimated according to the classical Marcus theory described in Chapter 1. 
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Chapterr  6 

Pt(II )) Ion Directed Self-Assemblies of Perylene 

Bisimidee Derivatives for  Photoinduced Energy 

andd Electron Transfer: A Light-harvesting 
ifif  if 

Photoactivee Molecular  Square 

Abst rac t t 

[.urge[.urge Junctional molecular squares, consisting of sixteen pvrene units attached to four 

ditopicditopic bay-functionalized perylene bisimide bridging Ugands and four Pl(ll) phosphine 

corner-unitscorner-units have been studied. A complete study of their photophy.sical properties was 

obtainedobtained by using VV-Vjs absorption, steady state and time-resolved emission and 

femtosecondfemtosecond transient absorption spectroscopy. Analvsis of the spectroscopic data and 

comparisoncomparison with a model molecular square lacking the pyrene units, showed the presence of 

photoinducedphotoinduced electron and energy transfer processes in the pyrene hearing square. A high 

yieldyield (> 90 %) and fast photoinduced energy transfer (kt.„ = 5.15 x iti' s ') from the pyrene 

unitsunits to the perylene bisimide moiety is followed by very fust and efficient electron transfer (> 

9494 %, k,,, - 7.5 .v JO up to 50 x JO s' ) within the molecular square. Furthermore, global 

analysisanalysis of the femtosecond data of the square showed that there is also a direct electron 

transfertransfer (41 x I0!! s') from an upper excited state of the pyrene (S^-stale) to the perylene 

moiety,moiety, for ca. 10''o of the charge transfer yield. This is not observed for the petylene-pyrene 

ligand.ligand. The energy donor-acceptor distance. R = 11.3 A. is calculated from the experimental 

energyenergy transfer rate using Förster theory. Temperature dependent time-resolved emission 

spectroscopyspectroscopy showed the increase of the acceptor emission lifetime with decreasing 

temperaturetemperature from which an electron transfer harrier of(i.09H el' was obtained. The extremely 

fastfast electron transfer processes indicate that we might consider the. molecular squares as 

monodispersemonodisperse nano-aggregates. 

"" In preparation for publication. 



AA Light-harvest ing Photoactive Molecular Square 

6.11 Introductio n 

Self-assemblyy of specially synthesized organic ligands with transition metal ions is a 

powerfull  method for the construction of novel supramolecular architectures. 

Constructingg complex functional architectures, like molecular triangles, squares, 

catenanes.. nano- and polytubes and cages by using the concept of self-assembly has 

beenn studied intensively as described in several reviews recently.'"•' Lately, the 

numberr of research groups, working on various discrete 3-D hollow structures such as 

cages,, cones, capsules and boxes, by applying multicomponent self-assembly of 

multidentatee ligands with c/.v-protectcd square planar metal complexes has increased. 

Inn this respect, molecular squares are rather intriguing because of their broad range 

off possible functionalities. Metal centers have been used extensively in self-assembly 

forr the construction of molecular squares. The mctal-ligand interactions arc stronger 

thann other non-covalent bonds and are highly directional. For instance, Pt(II) and 

Pd(ll)) complexes are widely used to construct tetra-coordinated, square-planar species 

withh 90° bond angles around the metal center capable of both cis and trans geometry. 

Thee area of metal-containing molecular square complexes was pioneered by Fujita 

andd co-workers.5/l Würthner et al. are the first to apply this concept to perylcne imide 

derivativess to construct photo- and redox-active molecular squares. 

Thee focus of current research is on the introduction of functionality into these 

systemss such as redox activity, y~i4 magnetic1" or luminescence properties,'''" 

andd applications such as anion recognition. and electrochemical sensing. 

Recently,, the incorporation of functional dye ligands (based on perylenc bisimides 

andd porphyrins) into metallocycles opened up a promising avenue toward artificial 

light-harvestingg systems. '" '" 

Here,, we describe the synthesis and investigate the photophysical properties of two 

Ptt (II) ion assembled molecular squares (Sql with sixteen pyrene units attached to the 

perylenee bisimide and Sq2 with sixteen r-butylphenoxy units attached to the perylcne 

bisimidee moiety) and compare them with their individual ligands (LI with four 

pyrenee and L2 with four r-butylphenoxy units attached to the perylene bisimide 

moiety).. The structures of the squares and the ligands are depicted in Scheme 1. with 

brieff information on how to assemble the molecular squares. Sql and Sq2. 
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6.11 Introduction 

a)) [Pt(dppp)J[(OTf):]. CH: Ck 25 °C, 24 h, argon. 67 % (Sql), 88 % (Sq2). 

Schemee I. Structures of the Pl(ll) assembled molecular squares containing Jour perylene 

unitsunits and 16 pyrene units tSql) or 16 l-butylphenoxy units (Sq2). Also shown are the separate 

ligancls,ligancls, LI with four pyrene units and L2. 

Thee photoinduced processes of the pyrene functionalized perylene bisimide (LI ) 

weree studied in detail in Chapter 5. 

Inn this Chapter, we report an extensive spectroscopic study to investigate the 

complexx photoinduced processes occurring upon light excitation (Scheme 2) in these 

interestingg molecular squares. 
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Schemee 2. A schematic representation of the photoinduced energy and electron transfer 

processesprocesses from outer pyrene units to the perylene hisimide moieties. 

AA quantitative analysis of the processes as well as their rates have been obtained by 

usingg UV-Vi s absorption, steady state and time-resolved emission, femtosecond 

transientt absorption, global analysis of the femtosecond transient absorption data, 

temperaturee dependent time-resolved emission and a theoretical analysis of the 

energeticss of the processes. It has been found that an efficient energy and electron 

transferr processes occur from the pyrene chromophores to the perylene bisimide 

moieties. . 

6.22 Results and Discussions 

6.2.11 Steady State Spectroscopy 

Thee optical properties of the compounds Sql. Sq2. LI . and L2 have been studied 

withh UV-Vi s absorption and emission spectroscopy. The UV-Vi s absorption spectra 

off  all compounds in dichloromethane are depicted in Figure 1 and the photophysical 

dataa arc summarized in Table 1. The properties of the squares are very similar to those 

off  the components because the complexation with Pt (11) ion results in a very weak 

electronicc coupling between the units. The pyrene absorption bands of LI and Sql 

dominatee the UV region of the spectrum with five sharp characteristic pyrene 

transitionss (see Figure 1 and Table 1). The absorption bands of the perylene bisimide 

unitss with the characteristic n-n transitions"^'" of the fimctionalized perylene-
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bisimide22 arc present in all compounds. Additionally, upon coordination with the 

Pt(ll)) ion. a 5 and 6 nm (150 and 174 cm"1) bathochromic shifts are observed in the 

So—>S:: and So—>S\ electronic transitions of pcrylene bisimide units for Sql and Sq2 

(ass compared to the absorption spectra of the corresponding ligands, see Figure I). 

Suchh bathochromic shifts were observed before and attributed to the coordination of 

thee pyridine receptor unit to the Pt(ll) metal ion.21,24 As previously studied in LI," the 

distinctt absorption patterns belonging to the sixteen pyrene moieties in the UV range. 

andd the four perylene units in the visible, allow the selective excitation of these 

chromophoress in Sql. as well. 

Sq2 2 

O O 

X X 

250 0 300 0 4000 45 0 50 0 

X(nm) ) 

550 0 600 0 650 0 

Figur ee 1. Comparison of the absorptions of LI (solid line), L2 (dashed line). Sql /dash 

dotteddotted line) and Sq2 (short dotted line) in diehloromethane (inset: expansion of visible 

region).region). For comparison, the extinction coefficients of LI and L2 were multiplied by a factor 

offour. offour. 

Itt is interesting to note that the perylene absorption spectra of LI and Sql are ca. 

100 nm higher in energy as compared to L2 and Sq2. which could be due to the 

presencee of the more electron-withdrawing ester group in LI and Sql. The extinction 

coefficientt of Sq2 is slightly higher as compared to the other three compounds. 
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Anotherr difference between the absorption spectra of the ligands and the squares is 

thee weak shoulder observed between 250 and 280 mn for the squares, which could 

belongg to the metal coordination. A number of Pt metal-ion attached ligands reported 

inn literature gave relatively intense intraligand TI-TI*  bands (- IO4 M'1 cm"1) around 

270-- 280 nm and a moderately intense ]MLCT band (-10" M"1 cm"1) around 400 nm 

(typicall  characteristics for Pt compounds).,lK No distinct additional or new optical 

transitionss in the visible region related to the metal phosphine comers or a MLCT 

bandd were observed for the squares. 

Thee front-face emission spectra1"4 of all compounds (Figure 2) in dichloromethane 

att room temperature were recorded upon exciting at 336 nm. At this wavelength the 

mainn absorption comes from the pyrene units present only in LI and Sql. The pyrene 

moietiess in Sql emit very weakly between 380-460 nm as in the component LI . As 

observedd previously for LI," this quenched emission indicates a very efficient energy 

transferr from the excited pyrene unit to the perylene moiety for Sql as well. Apart 

fromm the strongly quenched pyrene emission (vide infra). Sql displays a sensitized 

fluorescencee from the lower lying excited state of the perylene chromophore (see 

Figuree 2, dash-dotted line). All compounds show a typical perylene emission35 with a 

maximumm between 618- 630 nm and a shoulder at 665-685 nm. For LI and Sql, there 

iss an 8 nm (212 cm" ) difference in the perylene emission maximum while this value 

iss 10 nm (256 cm'1) for L2 and Sq2, i.e. a slightly larger shift as observed in the 

absorptionn spectra. However, as compared to the systems that do not contain pyrene 

units.. L2 and Sq2, the emission intensities of the perylene units of LI and Sql are 

stronglyy quenched. Especially for the self-assembled square, Sql. the quenching is 

moree pronounced than for its corresponding component, LI . 
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'' ' — i — ' — i — ' — i — • — i — » — i — ' — i — i — r 1 • ' • -T—" ' i 
3500 40 0 45 0 50 0 55 0 60 0 65 0 70 0 75 0 80 0 

XX (nm ) 

Figuree 2. Front-face emission spectra of LI (solid Hue). L2 (dashed line). Sql (dash dotted 

line)line) and St/2 (short dotted line) in dichloromethane. A,.,= 336 nm. Inset: expansion of the 

pyrenepyrene emission region. 

Noo additional emission or absorption bands were observed due to either exeimer 

and/orr exeiplex formation. Photophysical properties of all compounds are summarized 

inn Table 1. 

Thee emission quantum yields of Sql and LI were determined for both the pyrene 

andd the perylene emissions, by exciting in the UV and visible regions, as indicated in 

Tablee I. In both Sql and LI the pyrene moiety is strongly quenched as compared to a 

referencee compound, pyrene O, = Ü.65 in non-polar solvent.36 As can be seen from 

Tablee 1. the assembly through the Pt(II) ion docs not influence the emission of the 

pyrenee moiety. In fact, almost the same pyrene quantum yields arc observed for LI 

(0.00111 (and Sql (0.0008). 
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Tablee 1. Summary of the phoiophysicat properties of LI, L2, Sql and Sq2 in 

(hchloromelhane.(hchloromelhane.a a 

Cmpds s 

LI I 

L2 2 

Sql l 

Sq2 2 

Absorption n 

A(nm),, (e /VT'cm1 ) 

314,328.344(162300), , 
448,, 538. 575(45800) 

286(44900).. 4550 7000). 
5455 (28000), 585 

(46100) ) 

315.329.345.450.541. . 
580(184000) ) 

2900 (sh). 458. 552, 59! 
(217000) ) 

A*pvrr Uimf 

378 8 

377 7 

--

ApL-rr i umi 

611 1 

620 0 

619 9 

630 0 

Emissionn at RT 

••n\nn!0 0 

0.240 0 

0.226 6 

--

v» » 
1 1 

8.5 5 

0.875 5 

5.5 5 

v v 
0.0011 1 

0.0008 8 

--

<tVr r 

0.12'•'' ' 

0.88' ' 

0.055 ' 

0.833 ' 

"Excitation"Excitation wavelengths for lifetimes are 324 nm unless otherwise indicated. The 

followingfollowing rise times were also observed only for the peiylene emission; 0.206 ns for 

LILI  and 0.178 nsfor Sql. % , = 336 nm, %x= 545 nm, % v = 430 nm, 'Both X,x= 307 

nmnm and ^.,-= 550 nm, with respect to N,N'-di(2,6-diisopropylphenyl)-l,6,7,12-

tetraphenoxyperylene-3,4:9,10-tetracarboxylictetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide, by the measurements 

fromfrom front-face emission. 

Thee perylene emission of the self-assembled pyrene-perylene square (Sq1) is 

clearlyy quenched as compared to the model compound Sq2. Even compared to the 

pyrencc containing ligand. L l : ' \ the perylene emission is reduced to almost 40 %. 

Regardlesss of the excitation wavelength, i.e. excitation in both UV and visible region, 

thee quantum yield of perylene emission for the Sql is found to be 0.05. When the 

quantumm yields obtained for the perylene moiety in Sq2 and L2 (0.83 and 0.88, 

respectively)) are compared with the ones for Sql (0.05) and LI (0.12). the degree of 

quenchingg in perylene bisimide emission is most apparent. 

Thee emission spectra and the data in Table 1 indicate that apart from the energy 

transfer,, an additional process takes place that quenches the perylene bisimide 

emission.. By comparison of the emission intensity with the separate ligand LL metal 

complexationn has a strong influence on the quenching efficiency in the Sql . 
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Thee complexation of the Pt(II) ion on the pyridine receptor units connected to the 

perylenee moieties results in a lowering of the LUMO (lowest unoccupied molecular 

orbital)) energy of the perylene bisimide. This is indeed shown by the red shift of the 

emissionn spectrum of Sql compared to LI (see Table 1). The presence of the metal 

ionn coordinated to the pyridine, also has an effect on the reduction potential of the 

substitutedd perylene. The spectroclectrochemical studies performed on both L2 and 

Sq22 showed that platinum phosphine comers are electrochemical I y inert within the 

appliedd potential range.21 24 Two completely reversible reductions (-0.49 and --0.64 V 

vs.. SCE, -1.08 and -1.23 V vs. Fc/Fc+) and an irreversible oxidation were observed 

forr L2, whereas fully reversible reductions (-0.42 and -0.55 V vs. SCE, -1.01 and -

1.144 V vs. Fc/Fc') and a fully reversible oxidation (+1.52 vs. SCE, -0.93 V vs. 

Fc/Fc')) were measured for Sq2 as a result of the coordination of the nitrogen 

(engagedd lone pairs) on the pyridine units. A negligible effect of the functional groups 

attachedd to the perylene bisimide centers on the reduction properties has been 

announcedd for ferrocene-functionalized perylene bisimide compounds previously 

(reversiblee reduction potentials for ferrocene-substituted perylene moiety was 

reportedd as -1.00 and-1.16 V vs Fc/Fc").37 We assume here that Sql and Sq2 behave 

inn a similar fashion in cyclic voltammetry and spectroelectrochemistry. A typical 

spectroelectrogramm belonging to Sq2 in dichloromethane can be seen in Figure 3,3ft'21 

wheree a) belongs to the first reduction, b) the second reduction and c) the first 

oxidationn processes of the perylene bisimide moiety. Thus, we have information about 

thee spectral position of the radical anionic (a), dianionic (b), and cationic (c) perylene 

bisimidee species. The small difference in reduction potential of the Sq2 and L2 

systemss (70 mV) indicates that metal ion complexation does make the perylene 

bisimidee a slightly better acceptor than the free L2. Therefore in Sql a more efficiënt 

photoinducedd electron transfer from the pyrene donor moiety to the perylene acceptor 

unitt should be expected as compared to LI . As was already observed, this is indeed 

thee case since the perylene emission quantum yield of Sql is - 60 % lower than the 

ligand,, LI itself. 
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Figuree 3. Spectroelectrograms of Sq2 in dichloromethane, with XBitjPF,, (I). I M) as 

supportingsupporting electrolyte. Working electrode: Pt disc, auxiliary electrode: Ft wire, reference 

electrode:electrode: Ag/AgCl. concentration ofSq2: 1.4 x Iff4 M. Increase of the applied potential to a) 

thethe first reduction, b) second reduction and c) first oxidation processes of the perylene 

bisimidebisimide moiety.' 

AA similar effect on the quenching efficiency could be obtained by replacing the 

"innocent""  Pt(II) ion with another metal or a simple proton. In order to correlate the 

observedd bathochromic shifts in the absorption and emission spectra of the ligands 

andd squares, with the involvement of the coordination of the pyridine, a simple 

experimentt is designed based on protonation of the free nitrogen in LI . Simply. TFA 

(trifluoroaceticc acid) was added to a solution of LI in dichloromethane and the 

changess in the absorption and emission spectra were detected (see Figure 4). Upon 

additionn of TFA. a bathochromic shift of 15 nm (442 cm ) was observed in 

absorptionn and a decrease in the emission intensity together with a shift of 22 nm (574 

cm""  ) to longer wavelength was detected. Thus, protonation gives very similar effects 

ass metal ion complexation and results in an increased quenching of the perylene 

emission,, indicating that also protonation at the pyridine units makes the perylene 

bisimidee a better acceptor. 

Similarr bathochromic shifts in the absorption spectra upon protonation of the 

chromophoree /i/t-Re(CO);X'l(4.4'-bpy):. where two units were coordinating with 
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Pd(II)) metal ions to form a molecular square (Figure 12 in Chapter 1), have been 

observedd in Literature. *" 

Mnm) ) 

3 3 
TO TO 

C C 
O O 
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F F 
LLI I 
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• • 
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ii ' i — ' — i — ' — r — f — i — ' — i — ' — i — ' — i — • — i 
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Figur ee 4. Absorption (upper) and emission (bottom) spectra of LI in diehioromethane with 

(solid)(solid) and without (dash dotted) TFA, AlX= 320 nm. 
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6.33 Time-resolved Spectroscopy 

6.3.11 Time-resolved Emission Spectroscopy 

Clearly,, more complex processes are occurring when the stronger electron donating 

pyrenee units (LI . Sql) replaces the f-butylphenoxy groups on these perylene bisimide 

systems.. In order to determine the energy and electron transfer rates, time-resolved 

emissionn monitoring the perylene emission (all compounds) and the pyrene emission 

(forr Sql and LI ) was performed. 

Thee excited state lifetimes of the fluorescence of the pyrene unit and the perylene 

moietyy are summarized in Table I. In Figure 5, the time-resolved emission decays for 

Sqll  and Sq2 are depicted. Upon excitation of the pyrene unit, quenching of the 

pyrenee and a rise time on the perylene moiety is observed in Sql (see Figure 5 (left), 

tracess a and b). As it was measured previously for LI , the sensitized perylene unit 

decayss with a shorter lifetime than its typical value. In Figure 5 (right), a comparison 

iss made between the quenched emission of Sql (trace c) with the highly emitting Sq2 

(tracee d). The model square, Sq2, shows a monoexponential decay, and no rise time. 

Thee risetime of Sql in Figure 5 (0.226 ns) represents the formation of the excited 

statee of the perylene unit by energy transfer from the pyrene excited state and its value 

iss in agreement with the quenched pyrene excited state lifetime (0.178 ns). The decay-

timee for Sql is due to the quenched emission of the perylene unit. Such quenching 

indicatess that an additional process takes place after energy is transferred to the 

perylenee unit. 

Accordingg to these time-resolved emission results, the average rate of energy 

transferr can be calculated from the rise and decay values mentioned above, using the 

followingg equation: 

kell== 1/T- 1/Trel-

wheree land Trct represents the excited state lifetime of the pyrene moiety in the 

Sqll  and the lifetime of the reference pyrene (Trct = 650 ns),3f' respectively. The 

averagee rate constant for the energy transfer process for Sql thus results as k̂ .,, = 5.0 x 

lOV. . 
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Itt is interesting to notice that the rate is slightly faster than the reported value for 

thee non-assembled component LI (4.2 x 1()" s !). The difference could be attributed to 

thee small change in exergonicity of the process since the coordination of the metal ion 

onn the perylene moiety induces a shift of the lowest excited state, towards lower 

energyy (see emission maxima). Furthermore, the presence of the metal ions at the 

cornerss of the square should confer to the assembled systems a higher rigidity and a 

loweringg of the non-radiative processes due to conformational changes in the 

molecules.. Such effects, however, are difficult to observe since the existence ol 

differentt pathways for the deactivation of the excited states of the chromophores (see 

below).. The short decay time (0.875 ns) and the low emission quantum yield (0.05) 

detectedd for the perylene bisimide units in Sql compared to the Sq2 (see Table I) 

indicatee that a subsequent process takes place after the energy transfer to the perylene 

unit.. As already mentioned, the pyrene is a good electron donor and the perylene is a 

well-knownn electron acceptor, and therefore a thermodynamically allowed electron 

transferr process (AG = -0.1 V) can occur (see further sections). 

Figuree 5. Time-resolved emission traces of Sql and Sq2 in dichloromethane at room 

temperaturetemperature (measured with single photon counting, x,, = 324 nm). The quenched lifetime oj 

thethe pyrene moiety of Sql measured at 400 nm (a), the rise lime of the perylene unit oj Sql at 

615615 nm (b). The quenched emission of the perylene unit of Sql at 615 nm (c), emission ofSq2 

probedprobed at 615 nm Id). All iraees are deconvolved signals. 

Photoinducedd electron transfer was also reported for the component LI and we 

havee observed that an equilibrium between the charge transfer state and the singlet 

excitedd state of the perylene bisimide exists. Such equilibrium could also exist in Sql 
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andd to gain more insight into the processes in the molecular squares time-resolved 

transientt absorption and temperature dependent time-resolved emission spectroscopy 

hass been performed. 

6.3.22 Femtosecond Transient Absorption Spectroscopy 

Moree detailed information about the excited state properties of Sql and Sq2 in 

dichloromethanee has been acquired by femtosecond transient absorption 

spectroscopy.. The spectra of compounds Sql and Sq2 and the kinetics belonging to 

Sqll  in dichloromethane are depicted in Figures 6 and 7. 

Forr the reference compound Sq2. upon excitation at 345 nm and at 575 nm, the 

transientt absorption spectra show an intense bleaching around 625 nm and a strong 

Si—»Snn perylene bisimide excited state transition centered at 730 nm. No recovery of 

thee ground state was observed because, as previously mentioned, the excited state 

lifetimee is in the nanosecond time regime. 

Comparisonn of these transient absorption spectra of Sql with those previously 

reportedd ones of LI and with Sq2 results in some similarities, but upon closer 

inspectionn some striking differences, as well. Similarities are the presence of the 

singlet-singlett absorption (Sj—>Sn) of the pyrene (at 490 and 514 nm), the radical 

cationn of the pyrene (around 470 nm).4" the ground state bleaching of the perylene 

(betweenn 500 and 650 nm), and a band due to the radical anion of the perylene 

(aroundd 800 nm)" '" . As mentioned earlier, the spectroelectrochcmistry performed on 

Sq2""  and the femtosecond transient absorption measurements performed on H : s) 

confirmss that the band around 700-800 nm is the radical anion of the perylene. 

Thee major difference between the assembled square, Sql, and the component LI , 

liess in the more intense absorption of the radical anion of the perylene moiety, 

independentt of the excitation wavelength {Figure 6 and 7). According to the kinetic 

resultss probed at the maximum of the perylene bleaching (592 nm, Figure 6, inset A), 

thee perylene excited state is formed with a time of 120 ps upon 345 nm excitation. As 

cann be seen in Figure 6 (bottom), for Sq2 the formation of the excited state of the 

perylenee upon UV excitation, occurs within the laser pulse since in this case no 

pyrenee units are present in the assembly. 
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Analysiss of the kinetics at 789 nm gives 145 ps rise time (Figure 6, inset B) 

followedd by a longer decay time (1.9 ns). The same long component was observed at 

5922 nm (1.8 ns) and it is assigned to the decay to the ground state of the perylene 

bisimidee by back electron transfer. The kinetic profiles for the electron transfer 

processess are however difficult to analyze since both energy and electron transfer 

reactionss take place at this 345 nm excitation wavelength. Therefore the 145 ps 

risetimee observed for the formation of the radial anion and cation is the slowest 

process;; the energy transfer process. 

Inn order to gain insight into the rate for the electron transfer processes excitation at 

5755 nm is performed. Clearly, at this wavelength no energy transfer can take place 

andd the rates of electron transfer can be determined with high accuracy. The kinetics 

monitoredd in both the radical anion and radical cation bands, upon excitation at 575 

nm,, show that the direct electron transfer is occurring faster in the molecular square 

thann in the non-assembled system. Within 2 ps the radical anion is formed, whereas 

forr LI a risetime of 80 ps was obtained upon visible excitation. 
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4500 500 550 600 650 700 750 800 850 
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Figur ee 6. Femtosecond transient spectra ofSql (top) and Sq2 (bottom) in dichloromethane, 

timetime delays corresponding to frames are written in the spectra (A,.,= 345 nm. 130 fs FWHM). 

(A)(A) Kinetic profile of the transient absorption measured at 592 nm, (B) at 790 nm (See 

AppendixAppendix for colour representations J. 
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Figuree 7. Femtosecond transient spectra ofSql (top) and Sq2 (bottom) in dichloromethane. 

timetime delays corresponding to frames are written in the spectra lA,.s= 575 nm. 130fs FH'HM). 

KineticKinetic profiles of the transient ahsorhance ofSql measured at 599 nm (A) and 789 nm (B) in 

dichloromethane.dichloromethane. /i lV 575 nm. respectively (See Appendix for colour representations). 

Summarizingg all the processes observed for Sql. we can conclude that upon UV 

(3455 nm) excitation the following processes are occurring: 
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a.. Typical SI—>Sn pyrene transitions from the first to the higher singlet excited 

states411 with maxima at 482 and 514 nm. 

b.. Energy transfer from the excited state of the pyrene to the lowest lying 

singlett excited state of the perylene moiety (formation of the bleaching at 

5900 nm with a time constant of 0.120 ns) (see Figure 6. top). 

c.. Electron transfer from the pyrene (donor) moiety to the perylene (acceptor) 

unit.. The radical cation is formed at 470 nm with a shoulder at 489 nm. The 

radicall  anion is formed at 780 nm. 

d.. A back electron transfer on a nanosecond timescale. 

Thee processes occurring upon excitation at 575 nm, where only the perylene units 

absorb,, are: 

a.. A very fast electron transfer on a 2 ps time-scale. 

b.. The back electron transfer occurs in 1.2-1.8 ns. 

6.3.33 Global Analysis of Femtosecond Transient Absorption Data 

Thee femtosecond transient absorption data are analyzed by using global analysis and 

thee results are depicted in Figure 8 and 9. 

Itt has to be noted that analysis of the single line kinetics described before give 

slightlyy different time constants due to the fact that for the global analysis all 

wavelengthss and thus all data is taken into account. The time constants obtained in the 

globall  analysis thus are considered more accurate. 

Inn the case of visible excitation {575 nm) to the Si state of perylene bisimide 

(Figuree 8), the global fit  resulted in three exponentials: 0.2 ps. 6.7 ps, and 718 ps. 

Thee first two fast components have almost identical shape with a positive signal at 

7200 nm ('Per*  absorption) and negative peaks at 470 nm (Py" ). 800 nm (Per ), as well 

ass 580 nm and 650 nm (ground state bleaching and stimulated emission (at 620 and 

6500 nm), respectively). These observations suggest that these are the rates of decay of 

thee perylene singlet as well as formation of the pyrene radical cation and perylene 

radicall  anion; thus the two components can be ascribed to the charge transfer process, 

(Py-'Per'toPy""  -Per). 
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Thee long component (718 ps) has positive features at 470 nm, 720 nm. and 800 

nm,, suggesting that it corresponds to the common decay of the charge transfer state 

andd the perylene Si state (which is in compliance with the model including the 

equilibriumm depicted in Scheme 3). 

decay y 
Perr & CT 

i i 

4500 50 0 55 0 60 0 65 0 70 0 75 0 80 0 85 0 

X(nm) ) 

Figuree 8. Global analysis on femtosecond transient absorption data of Sql excited at 575 nm. 

Thee origin of two kinetic components of the charge transfer process can be due to 

easierr oxidation of some pyrene groups in Sql. as in the case of ferrocene-

functionall  ized perylene bisimidc squares.'' As known previously from X-ray analysis 

andd molecular modeling results, substitution at the bay area of perylene bisimides 

leadss to a twist of the two naphthaleneimide units by ca. 30°. "' ' This twisting of the 

aromaticc plane effects the conformations of the ferrocene units by separating them 

intoo two groups: one set is pointed toward the inside of the square cavity, while the 

otherr set orients towards the outside. The same argument holds for the pyrene 

substitutedd squares, and thus the two electron transfer rates can be attributed to two 

differentt orientations of the pyrene units within one square. A simple molecular 

modelingg and molecular dynamic simulation (MD-MM2) performed on Sql is 

depictedd in Figure 9. From this top view, indeed, it is possible to distinguish two 
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differentlyy oriented pyrene groups: towards the inside and the outside of the square 

cavity. . 

Figur ee 9. Top view of a MD-MM2 geometry optimization of molecular square. Sql. The 

phosphanephosphane ligand was replaced by a simple ethylene cliamino chelating ligancl for clarity and 

toto reduce the number of atoms: pyrenes: blue, peiylene bisimides: red. platinum ions: green38 

/See/See Appendix for colour representations/. 

Inn the analysis of the results obtained upon L'V excitation (345 nm) to the S: state 

off  pyrene (Figure 10), the data have been globally fitted with three exponentials as 

well:: 0.23 ps, 188 ps. and 1.37 ns. 

Thee ultrafast component (0.23 ps) corresponds to the decay of the S-—>S| state of 

thee pyrene. denoted by the positive signal around 600 nm (decay of the S;-̂  Sn 

absorption),, and a negative feature around 500 nm belonging to the growth (or 

formation)) of the S|—> S„  absorption of pyrene. as well as to a small amount of growth 

off  the charge separated state. Py - Per" (denoted by the negative features around 470 

nmm and 800 nm). The mixing of these two processes is due to the similarity of their 

rates,, which are at the same time close to the instrument time resolution. The small 

amountt of radical anion formation at 800 nm (negative signal) indicates that ca. 10% 

off  the CT state formation is due to direct electron transfer from the second excited 

singlett state of the pyrene chromophore ("Py*). This indicates an upper excited state 

electronn transfer process, which is relatively uncommon for organic systems, but more 

generall  in inorganic photochemistry. 
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Figuree 10. Global analysis on femtosecond transient absorption data oj Sql excited at 345 

ran. ran. 

Thee 188 ps component is common for the energy and electron transfer, denoted by 

thee positive peak around 600 nm (growth of the bleaching of the perylene ground 

state),, the negative features around 470 nm and 800 nm (growth of the two radical 

ions),, and the positive shoulder around 500 nm (decay of the 'Py stale)). This 

communityy of the energy and electron transfer processes, as well as the virtually 

absentt 'Per' signal at 720 nm. can be explained by the rate of charge transfer being 

significantlyy higher than the rate of the preceding energy transfer. As soon as the 

energyy is transferred from the pyrene units and the excited state of the perylene 

('Per*)) is formed, the charge transfer state is populated immediately with a faster rate 

thann the energy transfer. No accumulation of population of the perylene excited state 

iss possible. 

Thee 1.37 ns component is ascribed to the common decay of the charge separated 

statee (with peaks at 470 nm and 800 nm (decay of the two radical ions)) and the 

excitedd state of perylene (small shoulder at 720 nm (decay of the 'Per*)). 

Thee processes occurring upon excitation of Sql with either visible or UV light are 

depictedd in the energy diagram in Scheme 3. 

172 2 



6.33 Time-resolved Spectroscopy 
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Schemee 3. Energy level diagrams of Sql in dichloromethane showing energy and electron 

transfertransfer pathways, excitation front pyrene (left) and perylene (right) units. (All rvalues are 

experimentallyexperimentally observed results, see text for further information). The upper excited state 

electronelectron transfer upon U\' excitation is not shown. 

Thee rates observed for the energy transfer process obtained with global analysis of 

femtosecondd transient spectroscopy and time-resolved emission experiments are 

almostt the same (ken
 = 5.3 x I09 s"1; kcn= 5.0 x 109 s"'. respectively). 

Forr electron transfer, the rate is obtained with time-resolved emission, is 9.6 x 10s 

s~~ . and transient absorption indicates experimental rates of formation of the charge 

transferr state of 1.5 x 10" to 50 x 10" s"1 (upon 575 nm excitation). As in the case of 

L II  (see Chapter 5). there is a difference between the apparent rates obtained for the 

electronn transfer process. We attribute this difference in apparent rates to a delayed 

luminescencee from the perylene singlet excited state, which is in equilibrium with the 

chargee transfer state. As can be seen from the data, the charge-separated state decay 

timee and the fluorescent lifetime of the perylene moiety have similar values. The 

charge-separatedd state indeed lies at energy levels comparable with the singlet excited 

statee of the perylene (see Scheme 3). Therefore, an equilibrium between the two states 

iss observedd which is responsible for the observed rate of the two processes. 

6.3.44 Estimation of the Donor-Acceptor  Distance in Sql 

Byy using the experimentally obtained energy transfer rate, an effective interaction 

radiuss between donor and acceptor groups can be calculated. The rate of energy 
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transferr depends upon the extent of spectral overlap of the emission spectrum of the 

donorr with the absorption spectrum of the acceptor, the quantum yield of the donor, 

thee relative orientation of the donor and acceptor transition dipoles, and the distance 

betweenn the donor and acceptor molecules. Since we think that there is a Förster type 

energyy transfer, the distance between donor (D) and acceptor (A) plays an important 

role.. The distance, at which energy transfer is 50 % efficient, called the Förster 

distance,, is typically in the range of 20-60 A. The rate of energy transfer from a donor 

too acceptor is given by 

kenn = (R1)/R)6kD 0) 

and d 

k » = l / T DD (2) 

wheree TD is the decay of the donor in the absence of acceptor, Ro is the Förster 

distance,, R is the donor-to-acceptor distance. Any change in D-A distance will affect 

thee energy transfer rate. Because of this fact, energy transfer measurements have been 

usedd to estimate the distances between sites on macromolecules and the effects of 

conformationall  changes on these distances. 

Inn order to calculate the Förster distance, Ro. the following simplified equation can 

bee used 

RoRo = Q2\][}<r  n*QoJfA)]  ̂ (3) 

wheree tc is the orientation factor, and generally assumed as 2/3 in calculations, n is 

thee refractive index of the medium. Op is the quantum yield of the donor in the 

absencee of acceptor and J(X) is the overlap integral of the donor emission and the 

acceptorr absorption. Once RA is calculated from these experimentally known values, 

thee distance between donor and acceptor can be easily obtained. 

Fromm our experimental values, Ro is calculated using eq. (3) as 43.9 A, where, vr = 

2/3,, n ,DCMI= 1.4240, * D = 0.65 and J - 7.75 x 10u M ' W n m4 . It should be noted 

thatt since the emission of the pyrene group attached to perylene moiety has a rather 

noisyy signal, the emission spectrum of the pyrene itself was used for the spectral 

overlap,overlap, J( A) (see Figure 11). 
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Figur ee 11. Overlap integral (shaded area) for energy transfer front pyrene donor to perylene 

acceptoracceptor in diehloromethane, R0 = 43.9 A. 

Knowingg the values of T D as 650 ns. the energy transfer rate as 5.15 x 10̂  s" and 

Ro,, the donor-acceptor distance (R) can be calculated by using eqs. (1) and (2). This 

leadss to a value of 11.3 A. 

6.3.55 Temperature Dependent Time-resolved Emission Spectroscopy 

Inn order to deduce the barrier for the photoinduced electron transfer process, as 

determinedd previously for L I , the excited state lifetimes of Sql were measured at 

temperaturess in the range between 296 and 183 K. and were analyzed using a 

modifiedd Arrhenius plot (see Figure 12). From the slope of ln(kcs x T ' ) vs. 1/T, the 

valuee of AG" can be estimated. The room temperature lifetime of the Sq2 was used 

ass a reference in diehloromethane (5.5 ns. measured with SPC technique). 

Al ll  the data are summarized in Table 2, in which T is the lifetime of the perylene 

emissionn obtained from the decay at 615 nm after excitation at 324 nm. kcs is the rate 

constantt calculated according to the equation below: 

kcss = l/T- I/Xref 

wheree Sq2 was used as reference. The X (reorganization energy). AGCS (Gibbs free 

energyy change for charge separation) and AG" (the electron transfer barrier) are 

calculatedd bv using the Marcus model. " h 
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Figuree 12. Modified Arrhenius plot for photoinduced charge separation oj Sql in 

dichloromethane,dichloromethane, with respect to the lifetime of Sq2 at room temperature. 

Inn Tabic 2 the change of the lifetime of the perylene emission with temperature can 

bee observed. The lifetime increased from 0.915 ns to 3.44 ns as the temperature goes 

down. . 

Byy using the electron transfer rates calculated and depicted in Table 2. the 

modifiedd Arrhenius plot is constructed. It clearly shows a straight line for the 

temperaturee range studied. In contrast to LI , only one barrier value (AG = 0.098 eV. 

In(k0pi)) = 27.25 for Sql.) could be calculated from the slope of this graph (see Figure 

12).. For the individual ligand, LI . two barrier values (0.08 and 0.42 eV, ln(kopt) = 

26.466 for LI ) were obtained by fitting two different temperature ranges. 

Thee occurrence of two barriers for electron transfer obtained for LI was explained 

byy assuming two different average conformations with different center-to-center 

distances.. A more stretched conformation being present at low temperature. 

Clearlyy the situation is different for the molecular square Sql. where steric 

crowdingg reduces the number of potential conformations. 

Onn the right side of Table 2. calculated values for the driving force (AGCS). the 

reorganizationn energy (A.), and the barrier to electron transfer (AG") are presented, 

usingg the standard Rehm-Weller approach, in combination with the Marcus model. 

Underr Table 2. the redox data, singlet state energy (EQQ) and temperature correction 
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forr n and e are described. Good agreement between the calculated and experimentally 

observedd barriers for electron transfer was obtained by adjusting the center-to-center 

distancee (Rc) between the two chromophores in the barrier calculation. The R̂  value 

off  11.3 A was used for all data points, and average ion value was assumed as 7 A. 

Tablee 2. Acceptor Lifetime at 615 nm and Rates of Charge Separation in Dichhromethane, 

togethertogether with A (reorganization energy), AG,., (Gihhs free energy change for charge 

separation)separation) am! AG" (Gibbs free energy change for electron transfer harrier) at Various 

Temperatures",Temperatures", A,.  ̂= 324 ntn. 

T(K ) ) 

296 6 
270 0 
260 0 
250 0 
240 0 
230 0 
220 0 
211 1 
202 2 
193 3 
183 3 

experimental l 
T(ns) ) 

att  615 DID 

0.915 5 
1.232 2 
1.408 8 
1.594 4 
1.851 1 
2.083 3 
2.330 0 
2.602 2 
2.844 4 
3.160 0 
3.442 2 

k„<10V ) ) 

9.11 1 
6.30 0 
5.29 9 
4.46 6 
3.58 8 
2.98 8 
2.47 7 
2.03 3 
1.70 0 
1.35 5 
1.09 9 

AGt>> (eV) 

-0.097 7 
-0.106 6 
-0.110 0 
-0.114 4 
-0.118 8 
-0.121 1 
-0.124 4 
-0.128 8 
-0.130 0 
-0.133 3 
-0.136 6 

calculated d 
XX (eV) 

0.662 2 
0.666 6 
0.668 8 
0.669 9 
0.671 1 
0.673 3 
0.674 4 
0.675 5 
0.676 6 
0.677 7 
0.678 8 

AG**  <eV) 

0.121 1 
0.118 8 
0.116 6 
0.115 5 
0.114 4 
0.113 3 
0.112 2 
0.111 1 
0,110 0 
0.109 9 
0.108 8 

"The"The temperature dependence of dielectric constant and refractive index were 

calculatedcalculated according to the following equations*1: e(T) = 40.452 + Tx ( 0.00023942 

xx T-0.17748) and n(T)= 1.4244-0.000562x (T-293). Rt = 113 A. r = 7 A. A, = 0.2 eV, 

EEl>xl>x  = 1.52 V vsSCEami Elx.d =-0.42 V vs SCE.:i Et)<>  = 2.07 eV. 

Thee fact that we find only one barrier value for Sql in dichloromethane actually 

confirmss our hypothesis on conformational differences in LI . Apart from rotational 

freedomm in LI . Sql is more sterically hindered and allows only a limited 

conformationall  freedom for the pyrene groups, which results in one experimental 

barrierr value. With the assumptions indicated above, the Rehm-Weller approach is 

alsoo in line with the experimental results (sec Table 2). 

6.44 Conclusions 

Inn this Chapter, the photophysical properties of squares containing sixteen pyrene 

unitss and four bay-functionalised perylene bisimide units connected with four Pt(II) 
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ions,, have been investigated (i.e. a total of twenty chromophoric units per square!). 

Steadyy state and time-resolved spectroscopy clearly show that the pyrene containing 

molecularr square is a light-harvesting system that combines a fast (kcll = 5.15 x 10 s" 
1)) and efficient (90 %) energy transfer with a very fast and even more efficient (> 94 

%)) electron transfer process with rates of 1.5 x 10" up to 50 x IO" s"1 upon visible 

excitation.. By using the experimentally obtained energy transfer rate, Förster distance 

iss calculated to be 43.9 A and the corresponding donor-acceptor distance is obtained 

ass 11.3 A in Sql. 

Inn Table 3, a comparison is made between the rates and yields {lower limits based 

onn steady state emission data) of the photoinduced processes in the molecular square 

Sqll  and the separate ligand LI . 

Tablee 3. Comparison of the Energy ami Electron Transfer Processes of Sql umi L1. 

Compounds s 

L I I 

Sql l 

Energyy Transfer 
efficiency y 

>900 % 

>900 % 

kr-(5"' ) ) 

6.22 x 10g 

5.15xx 10" 

Electronn Transfer 
efficiency y 

70% % 

>944 % 

K*K*  (a"') 

6.66 x 105 

1.5-50xx 10" 

Ass can be seen from the results summarized in Table 3, there is a large acceleration 

off  the electron transfer in Sql, where other factors like a change in the electronic 

couplingg and a change in the reorganization energy can most probably be responsible 

forr that. Furthermore, the global analysis of the femtosecond data of the square 

showedd that there is also a direct electron transfer from pyrene to perylcnc units for 

ca.. 10% of the charge transfer yield, which is not observed for the ligand. 

Clearly,, the supramolecular organization through metal ion assembly is beneficial 

forr the efficiencies of the photoinduced processes. The rigidification of the system, 

imposedd by steric crowding, can enhance the electronic coupling between the pyrene 

andd perylene chromophores. and could impose an all trans configuration of the alkane 

linker.. As can be envisaged from the structure in Figure 9, the amount of 

conformationall  isomers is strongly reduced in Sql. as compared to the separate 

ligand.. LI . Furthermore, and maybe even more importantly, the increase in local 

concentrationn of chromophores, especially of the pyrenes directed to the inside of the 

squaree (Figure 9) might facilitate the oxidation potential of the system. 
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Inn this respect the molecular square can also be considered as an intcrfacial 

structuree that approaches the solid state. As twenty chromophores are closely packed 

inn a relatively small volume, the structure appears to behave like a solid. 

Thee extremely fast electron transfer rates corresponding to the 0.2 and 0.23 ps 

componentss observed in the global analysis (43 x 10n and 50 x 1011 s ') are in the 

rangee of processes like charge injection in nanocrystalline TiO: in dye sensitized solar 

cellss (see e.g. Chapter 4 for references) and photoisomerization of rhodopsin in 

vision.. These surprising results indicate that we might also consider our molecular 

squaress as monodisperse nano-aggregates. 

6.55 Experimental Section 

6.5.11 Synthesis 

Aill  compounds under investigation were synthesized by Armin Sautter and Rainer Dobrawa 

inn the group of Prof. Dr. Frank Wurthner at the University of Würzburg, Germany (formerly 

att the University of Ulm). The synthetic procedures are given in the literature.7 

6.66 Instrumentation and Procedures 

6.6.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard UV-VIS, diode array 8453 

spectrophotometer.. Steady state emission spectra were obtained from SPEX 1681 Fluorolog 

spectrofluorimeterr equipped with two double monochromator (excitation and emission) and 

aree corrected for the photomultiplier response. Quantum yields of compounds were measured 

withh respect to NjsT-di^b-düsopropylphenyl )-1,6,7,12-tetraphenoxyperylene-3,4:9.10-

tetracarboxylicc acid bisimide (0.96 in chloroform)" for the perylene emissions, and 

anthracenee (0.27 in ethanol)1*  for the pyrene emission in optically diluted solutions. All 

solventss used are spectroscopic grade and purchased from Acros and Merck Uvasol, and 

distilledd when it was necessary. It is important to keep the concentration of the square 

compoundss in solutions in the range of l()'f' M or higher for stability reasons. Thus all 

experimentss were performed under conditions were the squares are stable, as can be easily 

checkedd by the 5 nm bathochromic shift of the perylene absorptions. 
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6.6.22 Time-resolved Spectroscopy 

Time-resolvedd fluorescence measurements were performed on a picosecond single photon 

countingg (SPC) setup. The frequency doubled (300-340 nm. t ps. 3.8 MHz) output of a cavity 

dumpedd DCM dye laser (Coherent model 700) pumped by a mode-locked Ar-ion laser 

(Coherentt 486 AS Mode Locker. Coherent Innova 200 laser) was used as the excitation 

source.. A (Hamamatsu R3809) micro channel plate photomultiplier was used as detector. The 

instrumentt response (-17 ps FWHM) was recorded using the Raman scattering of a doubly 

deionisedd water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) - 50 ns 

(12.55 ps/channel) could be used, enabling the measurement of lifetimes of 5 ps- 40 ns. The 

recordedd traces were deconvolved with the system response and fitted to an exponential 

functionn using the Fluofit (PicoQuant) windows program. 

Forr the low-temperature lifetime measurements an Oxford-instruments liquid nitrogen 

cryostatt (DN704) was used in combination with picosecond single photon counting (SPC) 

setup. . 

Inn femtosecond transient absorption measurements, Spectra-Physics Hurricane Titanium: 

Sapphiree regenerative amplifier system was used as the laser system. The full spectrum setup 

wass based on an optical parametric amplifier (Spectra- Physics OPA 800) as a pump. A 

residuall  fundamental light, from the pump OPA, was used for white light generation, which 

wass detected with a CCD spectrograph. The OPA was used to generate excitation pulses at 

3455 and 575 nm. The laser output was typically 5 uJ pulse"1 (130 fs FWHM) with a repetition 

ratee of 1 kHz. A circular cuvette (d = 1,8 cm, 1 mm, Hellma), with the sample solution, was 

placedd in a homemade rotating ball bearing (1000 rpm). to avoid local heating by the laser 

beam.. The solutions of the samples were prepared to have an optical density at the excitation 

wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured 

beforee and after the experiments, to check for degradation. 

6.6.33 Global Analysis 

Mikhaill  Zimine (University of Amsterdam) has performed the global analysis on the 

femtosecondd data. The kinetic analysis was performed utilizing a home-developed software 

writtenn in LabVlEW. The process consists of the following steps: 1) the spectrotemporal data 

matrixx is corrected for the chirp of the supercontinu urn probe pulse and for the real time zero 

usingg the coherent signal from the solvent; 2) the resulting matrix is decomposed into 

principall  spectral and kinetic elements by SVD (singular value decomposition), and several 

mostt significant elements are selected based on their weights and autocorrelation of the 

spectrall  and kinetic traces; 3) the selected principal kinetic traces are globally fitted to a 
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multiexponentiall  decay law convoluted with the Gaussian instrument response function using 

thee nonlinear Marquardt algorithm; 4) the pre-exponential coefficients as functions of 

wavelengthh are calculated by linear fit  of the data obtained after step 1 to the exponentials 

obtainedd instep 3. 

Al ll  photophysical properties reported here have an error bar of 5 to 10 %. 
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Withh the start of supramolecular chemistry, the use of the non-covalent bond was 

introducedd as a concept to make controlled structures in solution and on surfaces. 

Today,, the ultimate goal is not only to achieve well-organized structures but also to 

sustainn functionality within these supramolecular systems. The work described in this 

Thesiss is a contribution to the field of non-covalently assembled chromophoric 

systemss bearing the imide functionality that can perform photoinduced processes 

uponn light excitation. 

Inn Chapter  1. a short survey of some intriguing systems that contain imide groups 

iss given. Besides giving examples of covalently attached donor-(spacer)-acceptor 

systems,, the interest in this Chapter is focused on the non-covalently assembled 

systemss that contain the imide functionality. 

Chapterr  2 summarizes the key experimental research methods applied in the 

researchh described in this Thesis and provides a description of the corresponding 

experimentall  set-ups. 

Chapterr  3 reports the synthesis and the detailed photophysical investigation of 

twoo indolyl maleimide compounds. 4-bromo-3-(l 'H-indol-3'-yl)-maleimide (IM-Br ) 

andd 4-methyl-3-(rH-indoI-3'-yl)-maleimide (IM-Me) . The photophysical properties 

inn solution were studied in detail by using steady state and time-resolved absorption 

andd emission spectroscopy. The donor and acceptor capability of the indole and the 

imidee units, respectively, suggests that their colour is due to the presence of a charge-

transferr (CT) absorption band. The Kamlet-Taft approach was used to investigate 

theirr solvatochromic behaviour and the results indicated the presence of CT character 

off  their excited states. Nano- and femtosecond transient absorption spectroscopy was 

usedd for the identification and investigation of the CT state. Computational studies 

thatt were performed on IM-B r  and IM-M e indicate that HOMO-1 to LUMO 

excitationn mainly has charge transfer character, while HOMO-LUMO excitation is 

moree n-K in nature. Furthermore, the effect of complexation with Zn (II)-I,4,7.10-

tetraazacyclododecanee (Zn (Il)-cyclen) on the photophysical properties of these two 

compoundss was discussed. An enhancement of the fluorescence intensity upon self-
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assemblyy (up to 80-90 fold) and high association constants were observed, which 

illustratee the potential use of these compounds as luminescent sensors. 

Inn Chapter  4, the synthesis and the detailed photophysical investigation of 

symmetricallyy substituted indolyl maleimide compounds are presented. In part A the 

attentionn is focused on the photophysics of these intensely coloured natural products, 

areyriarubi nn A and arcyriaflavi n A. The steady state and time-resolved 

spectroscopicc studies as well as a comparison with the asymmetrical systems 

describedd in Chapter  3, indicate that these two strongly emissive compounds, 

containingg two indoles and one maleimide unit, behave more like conjugated aromatic 

systemss than like electron donor-acceptor compounds. Furthermore, the experimental 

dataa was supported by molecular orbital calculations, which indicated that there are 

noo electronic transitions in which a large electron density is transferred from one 

indolee unit to the maleimide part. The calculated orbitals showed a strong 

derealizationn of the electron density over the whole molecule. 

Inn the application area of molecular devices, immobilization of the molecular 

componentss on a solid support to achieve a well-organized arrangement and improve 

thee interaction between the components, is an important goal. In Chapter  4 part B, 

thee synthesis and immobilization of a carboxylate group functionalized 

bisindolylmaleimidee derivative, 3,4-Bis[l-(carbo\ymethyl)-3-indolyl]-lH-pyrrole-

2,5-dionee (BIM-COOH) , on a semiconductor TiO;> surface is reported. The aim is to 

investigatee the ability of BIM-COO H to sensitize a semiconductor surface, and to 

functionn as a model compound for the development of photocatalysts immobilized on 

surfaces.. Using steady state and time-resolved techniques, the occurrence of electron 

injectionn was proven. The absorption and emission spectra of the TiO^-bound 

sensitizerr BIM-COO H were very different from those measured in fluid acetonitrile 

solution,, allowing the direct monitoring of the adsorption of BIM-COO H onto TiO:. 

Thee quenching of the emission of the sensitizer by the TiO: surface was almost 

complete,, reflecting the high degree of association, fast charge injection and good 

electronicc coupling between the sensitizer and the semiconductor. Comparison of 

nanosecondd transient absorption spectra of BIM-COO H in solution and bound to 

semiconductorr surface gave clear evidence for fast charge injection and a slow 

recombinationn reaction, which occurs on the microsecond time scale. These results 
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openn up new pathways for the development of immobilized photocatalytic systems for 

oxidativee conversions. In future projects, versatile photocatalyst can be build up by 

utilizingg the binding site of the indolyl-maleimide systems for complex formation 

withh metallo-macrocycles. 

Startingg with Chapter  5, the interest is focused on the highly emissive, photostable 

andd rather popular compounds, perylene bisimide dyes, as building blocks for 

photoactivee systems. In Chapter  5, the detailed photophysical properties of a system 

consistingg of a bay functionalized perylene bisimide, having four appended pyrene 

andd two coordinating pyridine units, and its model system are described. Analysis of 

thee data, obtained from time-resolved emission and femtosecond transient absorption 

spectroscopy,, showed the presence of a high yield and fast photoinduced energy 

transferr (kai = 6.2 x 10*  s') followed by efficient electron transfer (kd - 6.6 x I0y s~f) 

fromm the pyrene units to the perylene bisimide moiety. The energy donor-acceptor 

distance,, R = 8.6 A, was calculated from the experimental energy transfer rate using 

Försterr theory. Temperature dependent time-resolved emission spectroscopy indicated 

thee presence of different conformations because of two different electron transfer 

barrierss (0.08 and 0.42 eV). These barrier values were corroborated by a theoretical 

analysiss of the energetics of the process by using Marcus theory, indicating average 

donor-- acceptor distances of 4.5 A (at room temperature) to 11 A (at low 

temperature).. This highly functionalized chromophore was proven to be a good 

candidatee for further applications. 

Metall  ion-coordinated molecular squares with photoactive functional groups are 

promisingg supramolecular compounds as models for the study of biological charge 

transportt systems. Using the perylene bisimide dyes as functional building blocks 

openss a new avenue in the construction of such molecular squares. In this Thesis, 

Chapterr  6 deals with the photophysical properties of two Pt(ll) ion directed, self-

assembledd molecular squares. They are constructed by using four perylene bisimide 

chromophores,, which are bay functionalized either with sixteen pyrene or sixteen f-Bu 

phenoxyy groups. The metal ion was used to assemble the pyridine units that are 

attachedd to the imide nitrogens of the perylene bisimide moieties. The molecular 

squaree containing sixteen pyrene groups performs very efficient energy transfer from 

thee pyrene units to the perylene bisimide moieties. Besides energy transfer, an even 
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fasterr electron transfer (ket = 1.5 x 10" up to 50 x 10" s"1) was observed and 

comparedd to the process in the separate ligand, which is studied in Chapter  5. 

Furthermore,, global analysis of the femtosecond transient absorption data of the 

squaree showed that there is also a direct electron transfer (43 x 10n s') from an upper 

excitedd state of the pyrene (S:-state) to the perylene moiety, for ca. 10% of the charge 

transferr yield. This was not observed for the pyrene-perylene ligand. The energy 

donor-acceptorr distance. R = 11.3 A, was calculated from the experimental energy 

transferr rate using Förster theory. Analysis of the data of temperature dependent time-

resolvedd emission spectroscopy indicated one electron transfer barrier of 0.098 eV. 

Thee extremely fast electron transfer processes indicates that we might consider the 

molecularr squares as monodisperse nano-aggregates. 

IXX X 
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Mett het begin van de supramoleculaire chemie, werd het gebruik van de niet-

covalentee binding geïntroduceerd als concept om gecontroleerde structuren in 

oplossingg en op oppervlakken te maken. Heden ten dage, is het uiteindelijke doel niet 

alleenn goed georganiseerde structuren te maken maar ook functionaliteit te 

ondersteunenn binnen deze supramoleculaire systemen. Het werk dat in dit Proefschrift 

wordtt beschreven is een bijdrage tot het gebied van niet-covalent geassembleerde 

ehromoforee systemen die de imide functionaliteit dragen en fotogeïnduceerde 

processenn na lichtexcitatie vertonen. 

Inn Hoofdstuk 1. wordt een kort overzicht gegeven van enige intrigerende systemen 

diee imide groepen bevatten. Naast het geven van voorbeelden van covalente donor-

(brug)-acceptorr systemen, wordt de aandacht in dit Hoofdstuk geconcentreerd op de 

niet-covalentt geassembleerde systemen die de imide functionaliteit bevatten. 

Hoofdstukk 2 geeft een overzicht van de belangrijkste experimentele 

onderzoekmethodes,, die in het onderzoek worden toegepast dat in dit Proefschrift 

wordtt beschreven, en geeft een beschrijving van de overeenkomstige experimentele 

opstellingen. . 

Hoofdstukk  3 beschrijft de synthese en het gedetailleerde fotofysische onderzoek 

vann twee indolylmaleimide derivaten. 4-bromo-3-(rH-indol-3'-yl)-maleimide (IM-

Br)) en 4-methyl-3-(rH-indol-3'-yl)-maleimide (IM-Me) . De fotofysische 

eigenschappenn in oplossing werden in detail bestudeerd door statische en de 

tijdsopgelostee absorptie- en emissiespectroscopie te gebruiken. Het donor- en 

acceptor-- vermogen van, respectievelijk, het indool en de imide-eenheden suggereert 

datt de kleur van de twee verbindingen aan de aanwezigheid van een ladings-

overdrachtss (CT) absorptieband toe te schrijven is. De Kamlet-Taft benadering werd 

gebruiktt om het solvatochrome gedrag van IM-B r  en IM-M e te onderzoeken en de 

resultatenn wijzen op de aanwezigheid van CT karakter van hun aangeslagen toestand. 

Nano-- en femtosecond tijdsopgeloste absorptiespectroscopie werd gebruikt voor de 

identificatiee en onderzoek van de CT toestand. Computer berekeningen die met IM -

Brr  en IM-M e werden uitgevoerd wijzen erop dat HOMO-1 naar LUMO excitatie 
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hoofdzakelijkk het karakter van de landingsoverdracht weergeeft, terwijl de HOMO 

naarr LUMO excitatie meer JI-TI*  van aard is. Voorts werd het effect van 

complexvormingg met Zn (II) 1.4,7,10-tetra-azacycIododecaan (Zn(ll)-Cyclen) op de 

fotofysischee eigenschappen van deze twee verbindingen onderzocht. Een verhoging 

vann de fluorescentie-intensiteit door de zelf-assemblage (tot 80-90 voud) en een hoge 

complcx-vorming-constantee werden waargenomen, die het potentiële gebruik van 

dezee verbindingen als optische sensoren illustreren. 

Inn Hoofdstuk 4, worden de synthese en gedetailleerd fotofysisch onderzoek van de 

symmetrischh gesubstitueerde verbindingen van indool en maleimide beschreven. In 

deell  A wordt de aandacht geconcentreerd op de fotofysica van de intens gekleurde 

natuurlijkee producten, arcyriarubin e A en arcyriaflavin e A. De statische en de tijds-

opgelostee spectroscopische studies, evenals een vergelijking met de asymmetrische 

systemenn die in Hoofdstuk 3 worden beschreven, wijzen erop dat deze twee sterk 

emitterendee verbindingen, die twee indool eenheden en één maleimide eenheid 

bevatten,, zich meer als geconjugeerde aromatische systemen dan als elektron donor-

acceptorr verbindingen gedragen. Voorts werden de experimentele gegevens gesteund 

doorr moleculaire orbitaal berekeningen, die erop wijzen dat er geen elektronische 

overgangenn zijn waarbij een grote elektronendichtheid van één indool-eenheid aan het 

maleimide-deell  wordt overgedragen. De berekende orbitalen vertonen sterke 

delocalisatiee waarbij de elektronendichtheid over de gehele molecuul is verspreid. 

Binnenn het toepassingsgebied voor moleculaire apparaten is de immobilisatie van 

moleculairee componenten op een oppervlak, teneinde een goed georganiseerde 

structuurr te bereiken en de interactie tussen de componenten te verbeteren, een 

belangrijkk doel. In Hoofdstuk 4 deel B, wordt de synthese en de immobilisatie op een 

halfgeleiderr oppervlak (TiO:) van een carboxylaat gefunctionaliseerd bisindool-

maleimidee derivaat beschreven (3,4-m's[l-(carboxymethyl)-3-indolyl]-lH-pyrrole-

2,5-dionee (BIM-COOH)) . Het doel is de mogelijkheden van BIM-COO H te 

onderzoekenn om een halfgeleideroppervlak gevoelig te maken voor zichtbaar licht, en 

alss modelverbinding te functioneren voor de ontwikkeling van fotokatalysatoren die 

opp oppervlakken worden geïmmobiliseerd. Door gebruik te maken van statische en 

tijd-opgelostee technieken, werd het elcktroneninjectie proces bewezen. Het absorptie 

enn emissie spectrum van de oppervlakte gebonden sensibilisator BIM-COO H zijn 

]]  9(J 



Samenvatting g 

zeerr verschillend van die gemeten in vloeibare acetonitril oplossing, waardoor de 

adsorptiee van BIM-COO H op TiO: kan worden onderzocht. Het doven van de 

emissiee van de sensibilisator door het TiO; oppervlak was bijna volledig, hetgeen 

wijstt op de hoge graad van associatie, snelle ladingsinjectie en goede elektronische 

koppelingg tussen de sensibilisator en de halfgeleider. De vergelijking van de spectra 

vann de tijdsopgeloste nanoseconde absorptie spectroscopie van BIM-COO H in 

oplossingg en verbonden aan halfgeleideroppervlak gaf duidelijk bewijsmateriaal voor 

snellee ladingsinjectie en een langzame recombinatiereactie, die op de microseconde 

tijdschaall  plaatsvindt. Deze resultaten stellen nieuwe wegen open voor de 

ontwikkelingg van geïmmobiliseerde fotokatalytische systemen voor oxidatieve 

omzettingen.. In toekomstige projecten, kunnen veelzijdige fotokatalysatoren worden 

opgebouwdd door gebruik te maken van de bindingsplaats van de indolyl-maleimide 

systemenn voor complex vorm ing met metal lo-macrocyclische verbindingen. 

Beginnendd in Hoofdstuk 5, wordt de aandacht geconcentreerd op de sterk 

emitterende,, fotostabiele en populaire verbindingen, de peryleen bisimide kleurstoffen 

alss bouwstenen voor fotoactieve systemen. In Hoofdstuk 5, worden de gedetailleerde 

fotofysischee eigenschappen beschreven van een systeem dat uit een baai-

gefunctionaüseerdee peryleen bisimide bestaat, die vier pyrene eenheden bevat en 

tweee coördinerende pyridine eenheden. Ook wordt het modelsysteem bestudeerd. 

Analysee van de gegevens, die uit tijdsopgeloste emissie en femtoseconde 

absorptiespectroscopiee werden verkregen, toonde de aanwezigheid van een snelle 

fotogeïnduceerdee energieoverdracht met een hoge opbrengst (kvn = 6.2 x 10 s ) 

gevolgdd door efficiënte elektronenoverdracht (ke, = 6.6 x 10' s" ) van de pyrene 

eenhedenn naar het peryleenbisimide deel. Door gebruik te maken van de Fórster 

theoriee werd de donor-acceptor afstand berekend, R = 8,6 A, met behulp van de 

experimentelee snelheid van de energieoverdracht. De temperatuur afhankelijkheid van 

dee tijdsopgeloste emissiespectroscopie duidt op de aanwezigheid van twee 

verschillendee conformaties vanwege het feit dat er twee verschillende barrières voor 

elektronenoverdrachtt (0.08 en 0,42 eV) werden gevonden. Deze barrière waardes 

werdenn bevestigd door een theoretische analyse van de energetica van het proces door 

dee theorie van Marcus te gebruiken, hetgeen op gemiddelde donor-acceptor afstanden 

wijstt van 4,5 A (bij kamertemperatuur) tot 11 A (bij lage temperatuur). Dit 
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gefunctionaliseerdee chromofoor bleek een goede kandidaat voor verdere toepassingen 

tee zijn. 

Doorr metaal ionen gecoördineerde moleculaire vierkanten met fotoactieve 

functionelee groepen zijn veelbelovende supramoleculaire verbindingen die kunnen 

wordenn gebruikt als modellen voor de studie van biologische ladings-transport 

systemen.. Het gebruik van de peryleenbisimide kleurstoffen als functionele 

bouwstenenn opent een nieuwe wegen voor de constructie van dergelijke moleculaire 

vierkanten.. In dit Proefschrift behandelt Hoofdstuk 6 de fotofysische eigenschappen 

vann twee door Pt(II) ionen zelf-geasscmblcerde moleculaire vierkanten. Deze 

vierkantenn worden geconstrueerd door vier peryleenbisimide chromoforen te 

gebruiken,, die /wa/-gefunctionaliseerd zijn met zestien pyreen eenheden of met 

zestienn /-butyl-phenoxy groepen. Het metaal-ion werd gebruikt om de pyridine 

eenhedenn te assembleren die aan de imide stikstof atomen van de imide delen van 

peryleenbisimidee bevestigd zijn. Het moleculaire vierkant dat zestien pyreen groepen 

bevatt voert zeer efficiënte fotogeïnduceerde energieoverdracht van de pyrene 

eenhedenn naar de peryleenbisimide delen uit. Naast energieoverdracht, werd ook een 

nogg snellere elektronenoverdracht waargenomen ( k ^ 1.5 x 10" tot 50 x 10n s"1) en 

dezee werd vergeleken met het proces in het afzonderlijke ligand, dat in Hoofdstuk 5 

werdd beschreven. Voorts toont de globale analyse van de gegevens van de 

femtosecondee tijdsopgeloste absorptie spectroscopy van het vierkant aan dat er ook 

eenn directe elektronenoverdracht (43 x I0n s~') vanuit een hogere aangeslagen 

toestandd van pyrene (S2-r.0est.and) aan het peryleendeel optreedt, voor ca. 10% van de 

opbrengstt van de ladingsoverdracht. Dit werd niet waargenomen voor het pyreen-

peryleenn ligand. Door gebruik te maken van de Förster theorie werd de donor-

acceptorr afstand berekend, R = 11,3 A met behulp van de experimentele snelheid van 

dee energieoverdracht. De temperatuur afhankelijkheid van de tijdsopgeloste 

emissiespectroscopiee duidt op de aanwezigheid van één barrière voor 

elektronenoverdrachtt van 0,098 eV. De uiterst snelle elektroncnoverdrachts processen 

wijzenn erop dat wij de moleculaire vierkanten als monodisperse nano aggregaten 

zoudenn kunnen beschouwen. 
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Appendix x 

Thiss appendix contains the full colour representations of some figures that are 

depictedd in grey-scale previously in the chapters. 
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Chapterr  4 Part B. Figure 5. Time-resolved transient absorption spectra of TiO/B/M-

COOH,COOH, incremental time Mays: 8, 28, 100, 500 ns. 111. 100 fJS, I and It) ms after laser pulse, 

A,A, x=450 nm. I Hz. 
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Chapterr  5, Figure 5. Femtosecond transient spectra oj compounds 3 (above. (A)) and 2 

(below,(below, (Bit in dichloromethane, time delays corresponding to frames are whiten in the 

spectraspectra (A,,- 345 nm, 130 Is FWHM) (C) Kinetic profile of the transient absorption 

determineddetermined at 590 nm. ll)i  Kinetic profile 0)'the transient absorption determined at 785 nm. 
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Chapterr  5, Figure 6. Femtosecond transient spectrum oj compounds 2 in dichloromethane. 

timetime delays corresponding to frames are written in the spectra (A.,t= 575 nm, 1'30 fs FWHM). 

KineticKinetic profiles of the transient absorhance of compound 2 determined at 725 (A) and 780 nm 

(B)(B) in dichloromethane. 
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Chapterr  6, Figure 6. Femtosecond transient spectra of Sql (top) and Sq2 (bottom) in 

dichloromethane.dichloromethane. time delays corresponding to frames are written in the spectra tA,,= 345 

nm,nm, 130 fs FWHM). (A) Kinetic profile of'the transient absorption measured at 592 nm. (B) at 

790790 nm. 
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Chapterr  6, Figure 7. Femtosecond transient spectra of Sql (lop) and Sq2 (bottom) in 

dichloromethane,dichloromethane, time delays corresponding to frames are written in the spectra (A,,= 575 

nm,nm, 130 fs FU'HM). Kinetic profiles oj the transient ahsorhance of Sql measured at 599 nm 

I.I. \) and 789 nm (B) in dichloromethane. /.. • 575 nm. respectively. 
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Chapterr  6, Figure 9. Top view of a MD-MM2 geometry optimization o] molecular square. 

Sql.Sql. The phosphane ligand was replaced by a simple ethylene diamino chelating ligand for 

clarityclarity and to reduce the number ofatoms; pyretic-*: blue, perylene hisimides: red. platinum 

itit  nis: green. 
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