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Chapterr  1 

Introductio n n 

1.11 General 

Chemicall  reaction dynamics is central to a better understanding of the 

mechanismss underlying bond breaking and bond formation in a chemical reaction [1 -

4].. A common concept in describing a chemical reaction is the reaction free energy as 

aa function of the reaction coordinate [5, 6]. Chemical reactions often take place in 

solution.. In many cases the nature of the solvent has a major effect on the shape of the 

freee energy as a function of the reaction coordinate. In turn, this functional shape is a 

determiningg factor for phenomena such as vibrational motions [7], intramolecular-

vibrationall  energy redistribution [8], dissociation reactions [9], proton transfer [10, 

11],, cis-trans isomerization [12 - 15], Diels-Alder reactions [16], photosynthesis [17, 

18]]  and solvation [19]. An important goal of molecular reaction dynamics is to 

contributee to a better understanding of the shape and nature of the free energy as a 

functionn of the reaction coordinate. 

Inn this thesis we focus on the photodynamics of a number of fluorescent 

organicc and metal-organic probe molecules dissolved in polar solvents or in solid 

matrix.. An illustrative example of the changes of the free energy during a 

photochemicall  reaction is given in Figure 1.1. For the system in the ground state, a 

barrierr between the reactant and product states prevents the reaction to occur. 

Photoexcitationn transfers population from the ensemble of molecules vertically from 

thee ground state to the first excited state (Franck-Condon principle [20]). Due to the 

specificc shape of the potential characteristic of the excited state, the population 
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rapidlyy relaxes to the free energy minimum. When the population has reached the free 

energyy minimum, relaxation to the ground state occurs and either the product is 

formedd or the system returns to the original reactant state. In the pioneering 

theoreticall  work of Polanyi and Wigner (1928) [21], Eyring (1935) [22, 23] and 

Evanss and Polanyi (1935) [24] it was already argued that the relaxation rate in the 

excited-statee could be on the order of (sub)picoseconds (10"15~10"12 s) i.e., much 

fasterr than the excited-state lifetime which is most often on the order of nanoseconds 

(10-9s). . 

tt = 0 

00 1 
Normalizedd Reaction Coordinate 

FigureFigure 1.1: Free energy plotted as a function of the normalized reaction coordinate. 

AtAt t = 0 the population is transferred to the lowest excited state. The dynamics will 

proceedproceed over the excited state potential and follows the reaction coordinate after 

excitation. excitation. 

Ass already mentioned, in this thesis we are interested in the excited-state 

dynamicss of fluorescent chromophores in solution. As indicated in Figure 1.1, during 
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thee excited-state relaxation, the fluorescence will be red shifted (dynamic Stokes 

shift).. The principle idea underlying most experiments discussed here is that the 

temporall  dependence of the fluorescence shift can actually be probed. More 

specifically,, in the experiment a very short laser pulse is applied that prepares the 

systemm in a non-equilibrium excited state. Subsequently, the fluorescence intensity is 

measuredd as a function of time at a series of detection wavelengths. From the data it is 

possiblee to calculate the fluorescence spectra at various times after the pulsed 

excitationn with the so-called spectral reconstruction technique [25]. From the 

calculatedd fluorescence spectra we obtain the dynamic Stokes shift. The dynamic 

Stokess shift reveals the amount of relaxation energy and the rate at which it changes 

inn the excited state. 

Inn this thesis we are concerned with molecules for which the relaxation in the 

excitedd state is controlled by different types of molecular motions. In Chapters 3, 4 

andd 5 we consider dynamic Stokes shifts that are invoked by intermolecular 

interactionss between the probed solute molecules and polar solvent molecules in the 

environment.. In Chapters 6 and 7 we present results of observed dynamic Stokes 

shiftss that are attributed to intramolecular dynamics caused by intramolecular twisting 

aroundd a single bond. Typical times for the observed dynamic Stokes shift presented 

inn this thesis are on the order of (sub)picoseconds. The time-resolved fluorescence 

upconversionn technique allows us to monitor fluorescence transients in this short time 

scalee and has been used by us in the experiments. 

Inn the next two sections more background information is presented with 

respectt to the two processes of main interest in this work, namely, dynamic Stokes 

shiftt caused by intramolecular twisting (Section 1.2) and solvation (Section 1.3). An 

outlinee of the thesis is given in section 1.4. 
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1.22 Intramolecular  bond twisting 

Bondd twisting is a very important phenomenon in chemistry and biology. For 

examplee cis-trans isomerization is of vital importance in triggering the photocycle of 

retinall  and Photoactive Yellow Protein, thus initiating respectively vision in the 

humann eye [12, 26, 27], or proton transport through the cell membrane [28 - 30]. 

Nott only intramolecular twisting involving a double bond, also twisting 

aroundd a single bond has many implications in chemistry. In recent years several 

moleculess like p-dimethylamino-benzonitrile (DMABN) [31 - 33], 9,9-bianthracene 

(9,9-bianthryl)) [34] and di- and triphenylmethane dye molecules [35 - 42] have drawn 

aa lot of attention. They are prototype molecules for models of barrierless chemical 

processess in solution. One of the main results of steady-state fluorescence 

spectroscopyy of these molecules is that the emission quantum yield strongly depends 

onn the viscosity of the surrounding solvent. When the viscosity of the solvent is high, 

thee quantum yield of the emission is high. The emission quantum yield is poor in a 

low-viscouss solvent. Time-resolved spectroscopy reveals a complicated multi-

exponentiall  behavior of the fluorescence transients, also dependent on the viscosity. 

AA characteristic property of these molecules is that one or more functional 

group(s)) inside the molecule can twist after excitation. Triphenylmethane dye 

molecules,, for example, have phenyl groups that are connected to a central carbon 

atomm with a single bond. Torsional motions of the phenyl groups are held responsible 

forr the relaxation processes observed in the excited state. Comparison of blocked 

derivativee molecules with unblocked molecules shows clearly a different behavior in 

thee spectroscopic experiments. The blocked species do have a high fluorescence 

quantumm yield not related to the viscosity [43]. The difference between excited-state 

dynamicss of the blocked and the unblocked molecules was explained assuming that 
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twistingg around a single bond for the unblocked molecule enhances the relaxation of 

thee excited state to the ground state. 

Inn a more quantitative description of the twisting process, a number of models 

havee been considered. In the model of Oster and Nishijima [44] the starting point is a 

flatflat and barrierless potential in the excited state (see Figure 1.2a). This potential is 

independentt of the twist angle. The influence of the viscosity is to cause a friction so 

thatt the mobility of the population to move over the excited state potential is hindered. 

Thee initially prepared excited-state population is considered to perform a diffusive 

Browniann random walk on the excited-state potential. When a certain rotational angle 

iss reached, a non-radiative coupling to the ground state occurs. A sink function of the 

reactionn coordinate at these certain angles gives population leakage to ground state. 

Thiss model could explain the experimentally found relation between the quantum 

yieldd of the emission and the viscosity [44]. However, the origin of the dynamic 

Stokess shift observed in the time-resolved experiments could not be explained with 

thiss model. 

Forsterr and Hoffmann [45] considered a parabolic shape for the excited-state 

potentiall  as a function of the rotational diffusion coordinate (see Figure 1.2b). The 

viscosityy is taken into account as a friction term in the excited-state relaxation 

process.. A sink function at the potential minimum of the twisted state accounts for the 

relaxationn to the ground state. With this model a dynamic Stokes shift should occur, 

butt not an emission band broadening. This model implies that the v3-relation of 

Einsteinn for spontaneous emission should be obtained. 

Bagchi,, Fleming and Oxtoby [46] considered a harmonic potential for the 

excitedd state and a twisting angle dependent non-radiative decay to the ground state 

(seee Figure 1.2c). This will lead to a multi-exponential behavior of the emission 
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transients,, a dynamic Stokes Shift and broadening of the emission spectra with time. 

Thiss was the first model to predict the main features of the observed complicated 

emissivee behaviour resulting from internal twisting in triphenylmethane dyes. 

tt = 0 a 

-iS-iS— — 
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FigureFigure 1.2: Sketch of the excited potential energy curves and the dynamics of the 

excitedexcited state population according to Oster and Nishijima [44] (a), Förster amd 

HoffmannHoffmann [45] (b), Bagchi, Fleming and Oxtoby [46] (c) and the adiabatic coupling 

modemode [36] (with D(z) = dark state, F(z)= emissive state and Si(z) = adiabatic 

coupledcoupled state) (d) 

10 0 
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Experimentall  time-resolved obtained results for 4,4'-(imidocarbonyl)bis(N,N-

dimethylanaline-monohydrochloride)) (auramine) could not be explained with the 

previouss described models [35, 36]. Typically, the total emission intensity of 

auraminee shows a rapid decay, concomitant with the dynamic Stokes shift and also 

thee emission band is broadened with time. The experimental observations are not 

consistentt with the models of Oster and Nishijima and of Förster and Hoffmann. 

Althoughh the results are quantitatively compatible with the model of Bagchi, Fleming 

andd Oxtoby, it will be shown in Chapter 6 that also with this model there are serious 

problemss to explain the experimental results. A new approach is introduced of which 

thee main characteristic is that twisting affects the radiative, instead of the non-

radiative,, properties of the molecule in the excited state (see Figure 1.2 d). 

Inn many cases, intramolecular twisting dynamics are faster than solvation 

dynamics.. Recent experiments for 9,9'-bianthryl and analogues showed that in 

additionn to rotational diffusion of the small solvent molecules one has to consider 

otherr degrees of freedom that contribute to the excited-state relaxation. Kim and 

Hyness [47] proposed a 2-dimensional model with two reaction coordinates. The two 

reactionn coordinates are due to intramolecular rotational diffusion on the one hand and 

solvationn dynamics on the other hand. From their profound analysis, they showed that 

generallyy the multi-dimensional model should be considered but that in some limiting 

casess either twisting dynamics or solvation dynamics is dominant. 

Inn this thesis we investigate the time dependence of the fluorescence of a 

molecularr analog of auramine, namely 4,4'-bis(A^,A^-dimethylamino)-benzophenone 

(Michler'ss ketone) (Chapter 6 and 7). We have performed time-resolved 

spectroscopicc studies of Michler's ketone and its blocked derivative compound (3,6-

11 1 
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bis(dimethylamino)-10,10-dimethylanthrone),, to obtain a better understanding of the 

influencee of intramolecular bond twisting on the excited state-dynamics. It will be 

discussedd that the adiabatic coupling model, that has been adequate in the case of 

auramine,, in combination with the two-dimensional approach by Kim and Hynes [47] 

cann be used to explain the results of Michler's ketone. 

1.33 Solvation dynamics 

Chemicall  reactions often take place in solution. The influence of solvent 

moleculess on the excited state of probe molecules (solute) has been investigated for 

almostt 40 years [48 - 50]. Polar solvent molecules in many cases affect the shape of 

thee free energy function and thus lead to solvatochromic shifts in electronic spectra. 

Thee more polar the solvent, the more red shifted the fluorescence spectrum of the 

solutee will be. In order to obtain information on only solvation dynamics, without the 

interferencee of additional effects, it is important to choose a solute for which the time 

scalee of intramolecular relaxation does not compete with that of solvation. Well 

knownn suitable probe molecules for solvation dynamics studies are: 2,3,6,7-

tetrahydro-9-(trifluoromethyl)-lH,5H,ll  lH-benzopyrano(6,7,8-ij)quinolizin-l lone (= 

coumarinn 153) [19, 51, 52], 5-amino-9-(diethylamino)-benzophenoxazin-

7iumchloridee (= Nile Blue) [53] and 4-dicyanomethylene-2-methyl-6-(p-

dimethylaminostyryl)-4H-pyrann (=DCM) [54]. 

Too clarify some characteristic features of solvation, we consider a probe 

moleculee in the ground state in equilibrium with the solvent molecules (Figure 1.3). 

Thee polar solvent molecules, with dipole moments u\ surround the probe molecules. 

Wee consider that the probe molecule in the ground state has a small dipole moment 

andd therefore the polar solvent molecules will be randomly oriented. For the 
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consideredd solute we assume a large dipole moment difference between ground and 

excitedd states, respectively (Ugr0und state < Hextited state)- After pulsed photoexcitation the 

dipolee moment of the solute has changed. The surrounding solvent molecules are no 

longerr in equilibrium with the solute molecule. The solvent molecules reorient in 

orderr to reach a new equilibrium with the solute molecule in the excited state (Figure 

1.3). . 

. . 
Dynamicall  >0 v 

Stokess Or p\ 
Shiftt ^ 

FigureFigure 1.3: Schematic representation of the reorientation of the solvent molecules 

afterafter photo-excitation of the solute molecule. The situation before excitation is shown 

onon the left. Pulsed excitation induces a large dipole moment in the solute molecule at 

tt = 0. Solvent molecules reorient and create a new equilibrium. The solvent 

moleculesmolecules are no longer randomly oriented. The solute molecule relaxes to the 

groundground state and finally the initial situation (left panel) is retained. 

Vann der Zwan and Hynes [55] assumed in their theoretical treatment of 

solvationn dynamics that photoexcitation induces a charge transfer reaction inside the 

solutee and the excited solute molecules can be regarded as ions in a polar solvent. 

Solventt polarization can be considered to be in equilibrium with an effective dipole 

momentt of the solute molecule. Normalization leads to a relative solvation coordinate 

x(t)x(t) given as, 
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X(t): X(t): 
/*(')-/* . . (1.1) ) 

Thee free energy as a function of the normalized reaction coordinate for the system in 

thee ground and excited state, respectively, is considered to be harmonic (Figure 1.4). 

00 1 
Normalizedd Solvation Coordinate (x) 

FigureFigure 1.4: Illustration of the potential energy curves of the ground and excited states 

asas a function of the normalized solvation coordinate (x) 

Thee time dependence characteristic of the dynamic Stokes shift resulting from 

solvationn in the excited state may be given by, 

S(t)S(t) = 
v(r) -v(°°) ) 

v(0)-v(°°) ) 
(1.2) ) 

S(t)S(t) can also be written in terms of energy, 

S(t)S(t) = 
EEsolsol(t)-E(t)-Esoso,M ,M 

EEsoIsoI(0)-E(0)-Esolsol(°°) (°°) 
(1.3) ) 
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EESSoit)oit) is the time dependent solvation energy of the solute. The dynamic Stokes shift 

iss predominately determined by the electrostatic interaction between the solute and 

solventt molecules, when the probe molecule is rigid and has a large change in dipole 

momentt between ground and excited states. This simplifies the mechanism for 

solvation:: equilibrium will be reached only because of the rotational motions of the 

solventt molecules. Other possibilities for establishing equilibrium (due to e.g. 

collisions,, translations, and vibrational modes) were neglected in e.g. continuum 

dielectricc model of Debye-Onsager [56]. 

Thee continuum model predicts a single-exponential time dependence for the 

dynamicc Stokes shift of the emission. However, in many experimental studies a multi-

exponentiall  behavior has been observed. From experimental results it could be 

concludedd that continuum models are inadequate to account for solvation dynamics, 

especiallyy in the ultrashort time regime. Alternative models for solvation dynamics 

havee been developed recently [57 - 60]. These improved models include both 

rotationall  and diffusive motions of solvent molecules. Cramer and Truhlar have given 

ann overview of the most recent models [61]. 

1.44 Outline of the thesis 

Detailss of our femtosecond fluorescence up-conversion and picosecond time-

correlatedd single-photon-counting setups used in the time-resolved fluorescence 

experimentss and preparation of samples are presented in Chapter 2. 

Inn Chapter 3 results are discussed of time-resolved fluorescence depolarization 

experimentss of aluminum(III)-tris-8-hydroxyquinoline (Alq3), gallium(III)-tris-8-
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hydroxyquinolinee (Gaq3) and free ligand 8-hydroxyquinoline (8-HQ), dissolved in 

variouss solvents. Solvation dynamics are found to be responsible for the observed 

dynamicc Stokes shifts in the fluorescence spectra. 

Time-resolvedd studies of the fluorescence polarization of Alq3 Gaq3 and 

indium{III)-tris-8-hydroxyquinolinee (Inq3) are presented in Chapter 4. The bi-

exponentiall  decay of the emission anisotropy is discussed in terms of ultrafast 

solvationn and diffusive reorientational motions of the organometal complex in 

solution. . 

Inn Chapter 5 we discuss results of time-resolved fluorescence experiments of 

twoo infrared dyes in various polar solvents and hybrid materials. In the solvents used 

thee fluorescence transients show a bi-exponential decay behavior. Fluorescence 

transientss of IR-dyes in hybrid materials are mono-exponential over the whole 

emissionn band, with a constant decay time. These features are discussed in terms of 

physicall  and chemical interactions of dyes with host materials. 

Excited-statee dynamics studies of Michler's ketone (MK) are presented in 

Chapterss 6 and 7. The fluorescence transients obtained for Michler's ketone are 

comparedd with those for blocked Michler's ketone (BMK.) in various solvents. To 

discusss the results, a two-dimensional model is introduced in which the solvation 

dynamicss as well as twisting of the phenyl groups attached to the central carbon atom 

aree considered. Simulations for the time-resolved fluorescence spectra for MK in 

alcoholicc solvents are presented in Chapter 7. 

16 6 
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