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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 

6 6 



Introduction Introduction 

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. 

7 7 
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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 

8 8 



Introduction Introduction 

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 

9 9 



ChapterChapter 1 

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— — 

\ D ( z)) F ( Z / 

00 1 
Normalizedd Reaction Coordinate (z) 

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 

12 2 
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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, 

13 3 
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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-

15 5 
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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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Chapterr  2 

Experimental l 

2.11 Introductio n 

Inn this Chapter we give an overview of the experimental setups used in this 

thesis.. In Section 2.2 the steady-state absorption and emission setups are described. 

Fluorescencee transients of different molecules in solution or solid media are recorded 

overr a time-range from 100 fs to 50 ns with the time-correlated single-photon 

countingg setup (Section 2.3) and the femtosecond fluorescence upconversion setup 

(Sectionn 2.4). Fluorescence polarization measurements will be discussed in Section 

2.5.. In Section 2.6 a description of the samples is given. 

2.22 Steady-state absorption and emission 

Thee steady-state absorption spectra given in this thesis were recorded using a 

Shimadzuu UV-visable spectrometer (UV-240) equipped with an iodine-tungsten lamp 

andd a deuterium lamp. The spectral range is from 190 to 900 nm. The monochromator 

hass a holographic grating and the best spectral resolution is 0.15 nm. 

Thee steady-state emission spectra were recorded with the time-correlated 

single-photonn counting setup that is described in Section 2.3. The number of photons 

wass counted for a fixed period of time at different wavelengths. The obtained 

spectrumm was corrected for the wavelength sensitivity of the photo-multiplier and the 

monochromator,, using an experimentally determined calibration curve. The correction 

curvee was determined experimentally using a calibrated EG&G RS-10A lamp system 
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2.33 Time-correlated single-photon counting 

Fluorescencee transient measurements in time-windows ranging from 10 ps to 50 

nss were conducted using the time-correlated single-photon-counting technique [2, 3] An 

overvieww of the setup is given in Figure 2.1. 

Photon n 
Counting g 
Svstem m 

Photo--
Multiplier r 

Mono--
Chromator r 

Polarizerr

Samplejj  r 

yy .g Cavity 
Dumper r 

Dyee laser & 
Absorber r 

BBO O 

Y Y 
Diehroie e 
Mirror r 

V V *~-> *~-> 

__ Photo-
Diode e 

Z_ _ 

Arr - Ion 
laser r 

Mode e 
Locker r 

Autocorrelator r 

FigureFigure 2.1: Schematic representation of the time-correlated single-photon counting 

setup setup 

Thee detection technique makes use of a statistical method. It is based on the 

principlee that with the excitation with the laser pulse a "start" pulse is generated for the 

detectionn system. A "stop" pulse is created when a photon of the emission is detected by 

thee photo-multiplier. This gives a count. This count is registered in the MCA-buffer 

dependingg on the time elapsed between start and stop pulse. After numerous repetitions 

thee resulting time profile reflects the temporal behavior of the fluorescence transient. In 
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practice,, however, the photon of the emission that is detected by the electronics 

generatess the "start" pulse. The laser pulse generates the "stop" pulse. 

Thee pump laser of the setup is an Ar+ ion laser Coherent Innova 200-15. The 

laserr is mode locked by a Coherent 468 mode-locker. The laser produces pulses of 

aboutt 80 ps at 514.5 nm with a repetition rate of 76 MHz. The Ar+ ion laser 

synchronouslyy pumps a Coherent 702-1 CD jet dye laser. In the experiments, DCM-

speziall  dye dissolved in ethylene glycol was used as the laser dye. This dye has a 

tunablee range from 610 nm till 700 nm. A saturable absorber shortens the laser pulse. 

Dependingg on the excitation wavelength different dye mixtures were used. To excite 

thee sample between 305 nm and 340 nm, a mixture of DQTCI and DTDCI dissolved 

inn ethylene glycol was used. To excite between 340-350 nm, DDI in addition was 

necessary.. A Coherent 7200 cavity dumper was mounted on the synchronously 

pumpedd dye laser. The cavity dumper decreases the repetition rate from 76 MHz to 

3.88 MHz and increases the energy per pulse. The pulse energy was about 25 nJ/pulse 

andd the duration was about 1 ps. 

Thee laser light was frequency doubled through a 6 mm thick BBO crystal 

resultingg in an excitation wavelength between the 305 and 350 nm. The laser light 

wass led through a dichroic mirror. The dichroic mirror separates the frequency-

doubledd laser beam from the fundamental laser beam. The frequency-doubled beam 

wass used as the excitation beam. The fundamental beam was split into two beams, one 

wass led to a photodiode producing the "stop" pulse and the other was led to an 

autocorrelatorr for the measurment of the shape of the pulse. 

AA polarizer was positioned in front of the monochromator for the 

measurementt of the fluorescence under magic angle or polarized conditions. The 

fluorescencee light was focused on the slit of a Zeiss M20 monochromator. The 
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photonss were detected by a Hamamatsu R3809 U (S20) microchannel plate 

photomultiplier. . 

Thee signal was amplified by a Hewlett Packard 8347A amplifier and then sent 

too a Tennelec TC454 constant fraction discriminator producing the "start" pulse for 

thee Tennelec TC864 time-to-amplitude converter (TAC). The "stop" pulse from the 

Antell  FS1010 photo-detector is led to another Tennelec constant fraction 

discriminatorr (TC 455), and then into the TAC via a Tennelec TC 412 delay 

generator.. The output signal of the TAC are pulses with amplitudes proportional to 

thee time elapsed between the "start" and "stop" pulses. These are sent into an EG&G 

Ortecc 918 multi-channel buffer (MCB) connected to a personal computer. 

Thee time window consists of 4096 channels and can be chosen to be 5 ns , 10 ns, 

255 ns or 50 ns. The time histograms of the fluorescence transients are created in the 

MCBB and read out by a personal computer. The system response function was 

determinedd by measuring the Raman scattered light of a water cell. The full width at 

halff  maximum (FWHM) is typically 17 ps. 

2.44 Femtosecond fluorescence upconversion 

Thee principle of the fluorescence upconversion method is based on mixing the 

fluorescencee light of the sample with the laser gating pulse in a BBO crystal [4]. This 

wil ll  yield an upconversion signal with a frequency of: 

<%CC *>gating+0>.fH  (2-1) 

or, , 
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UCUC stands for upconversion and 7̂ stands for fluorescence. 

Thee intensity of the upconversion signal is given by, 

II ucuc(x)(x) =\lfl{t)lgating{t-T)dt, (2.3) 

rr is the time difference between the arrival of the fluorescence signal and the gating 

laserr pulse at the BBO crystal. The time-resolved fluorescence transient is obtained by 

delayingg the gating laser pulse with respect to the excitation beam. The temporal 

behaviorr of the fluorescence could be recovered by deconvolution of the 

upconversionn signal with the response function. The latter was measured as the cross-

correlationn of the excitation and gating laser pulses. The instrumental time response 

wass estimated to be approximately 150 fs (FWHM). 

Figuree 2.2 shows the scheme of our fluorescence upconversion setup. A diode-

pumpedd cw Nd:YV04 laser (Spectra Physics, Millennia X) pumps a Ti:sapphire laser 

(Spectraa Physics, Tsunami). The Ti:sapphire laser was operating at 800 nm and 

deliveredd 60 fs pulses at a repetition rate of 82 MHz. The laser pulses were amplified 

inn a regenerative amplifier laser system (Quantronix) to about 460 mW at 1 kHz. The 

outcomingg beam from the amplifier was split into two beams by a beamsplitter; an 

excitationn and a gating beam. 
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FigureFigure 2.2: Schematic representation of the fluorescence upconversion setup; 1 

beamsplitter,beamsplitter, 2 DUG 11 filter, 3 polarizer and 4 cut-off filter 

Thee excitation beam was led into an OPA laser system (Light Conversion 

Ltd.).. Inside the OPA is a BBO crystal, which generated from the excitation beam a 

signall  and idler beam. The frequency of the signal beam can be changed by the 

alignmentt of the BBO crystal. With other mixing crystals the wavelength of the 

excitationn beam could be chosen between 190 and 2200 nm. In the experiments 

describedd in Chapter 3, 4 and 6 the OPA system was set to produce light with a 

wavelengthh between 320 and 380 nm. This is actually the third harmonic of the signal 

beam.. The first and second harmonics were filtered out with a DUG 11 filter. 
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Too avoid detection of kinetics due to reorientational motions of the probed 

moleculess in liquid solution, the polarization of the excitation beam was set at magic 

anglee (54.7°) with respect to the vertically polarized gating beam with a polarizer. The 

polarizerr is a plate of silicon quartz. When the excitation beam of plane polarized 

lightt passed through the quartz plate, the polarization direction was rotated by an 

anglee depending on the thickness of the quartz and the frequency of the excitation 

beam.. Different polarization angles, parallel, magic angle and perpendicular, of the 

excitationn beam with respect to the gating beam have been used to excite the sample. 

Thee fluorescence originating from the sample passed through a cut-off filter to block 

thee excitation laser light and to let the fluorescence of the sample through. The 

fluorescencee light was focussed together with the gating laser beam on a BBO crystal. 

AA variable delay table controlled the difference in optical pathways of the gating 

beamm with respect to the excitation beam. The delay table has a minimal step size of 

0.11 Jim, which corresponds with a minimum time-step of 6.6 fs. 

Thee upconversion signal was filtered out by an UG 11 filter, focussed on the 

entrancee slit of a Zeiss M 20 monochromator and photodetected, using a 

photomultiplierr (EMI, 9863 QB/350) connected to a lock-in amplifier system 

(Stanfordd Research Systems, SR 830). Typical measurements were performed with a 

sample-timee of 1 second for each step in a time window of 500 steps. The 

fluorescencee transients were read out on a personal computer. 

Thee amplifying system was not used for samples with an absorption around 

thee 400 nm (see Chapter 3), or around the 840 nm (see Chapter 5). In the experiments 

off  Chapter 3 (see Figure 2.3), the Ti:sapphire laser was set at 800 nm producing 60 fs 

pulsess at a repetition frequency of 82 MHz. The laser light is led through a 1 mm 

thickk BBO crystal (type I phase matching condition). A dichroic mirror split the beam 

27 7 



ChapterChapter 2 

inn an excitation beam at the frequency doubled wavelength of 400 nm and a gating 

beamm at 800 nm. The excitation beam was directed through a polarizer to rotate the 

beamm to the required angle with respect to the gating beam to excite the sample. A 

cut-offf  filter was used to separate the excitation beam from the fluorescence light. A 

variablee delay table controlled the optical pathways of the gating beam with respect to 

thee excitation beam. The fluorecence light and the gating beam were focused on a 

BBOO crystal. The fluorescence upconversion signal was led to the monochromator 

andd photomultiplier, but recorded by a Princeton Applied Research photon counting 

systemm and read out by a personal computer. 

Z_ _ Ti:: Sapphire 

Nd:YVO Nd:YVO 4 4 

BBOO c 

Dichroi i 
Mirror r 

4000 nm 

\\ ^

Beam m 
Splitter r 

Polarizer r Cut-off f 
Samplee filter 

FigureFigure 2.3: Schematic representation of the femtosecond fluorescence upconversion 

setupsetup with a photon counting detection system 
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Thee Ti:sapphire laser was set at 840 nm for measuring the fluorescence 

transientss of the infrared dyes (see Chapter 5) that absorbs the light in a wavelength 

regionn between the 800 and 1000 nm. The pulses of 60 fs with a frequency of 82 

MHzz were split by a beamsplitter into two beams: an excitation beam and a gating 

beam.. The excitation beam was led through a polarizer to excite the sample under 

differentt angles: magic angle, or parallel, or perpendicular. The energy of the 

excitationn pulse was about 4 nJ/ pulse. A variable delay table controlled the optical 

pathwayy of the gating beam with respect to the excitation beam. The fluorescence 

lightt was separated with a cut-off filter from the excitation beam and focussed 

togetherr with the gating beam on a BBO crystal. The upconversion signal was led to 

thee monochromator/photomultiplier system. 

2.55 Fluorescence depolarization measurements 

Uponn excitation with linearly polarized laser light, a photo-selection of the 

probee molecules will occur. Only probe molecules that have a transition dipole 

momentt component aligned along the polarization direction of the exciting laser light 

wil ll  be excited. When the emission dipole moment and the absorption dipole moment 

aree collinear, the fluorescence light polarization will be parallel to the polarization of 

thee excitation laser light. 

Thee time-dependence of the fluorescence polarization parallel and 

perpendicularr were measured in the experiments. The measure of depolarization is 

givenn in terms of the fluorescence anisotropy [5]. The anisotropy of the fluorescence 

iss defined as 
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Ir Ir 
(2.5a) ) 

/|ll  and  are the emission intensities polarized parallel and perpendicular with respect 

too the polarization direction of the exciting light (see Figure 2.4), and IT (= total 

intensity)) is defined as, 

IITT ^ N + 2 / i (2.5b) ) 

FigureFigure 2.4: A schematic representation of a probe molecule in a coordinate system 

wherewhere the dipole moment changes direction in time 

Too determine the anisotropy we consider the probe molecule as an oscillating 

dipole.. For an ensemble of oscillating dipoles, the orientation of an emitting dipole 

beingg defined by 6 and <j>  (see also Figure 2.4) this gives, 
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^(0,0)== (cos2 0) (2.6a) 

^ (0 ,0 )== (sin2 0sin2 0), (2.6b) 

wheree the parentheses refer to an average over all possible orientations. The values of 

00 are distributed equally, so < sin2(j)>  — 0.5. By combining Equations (2.5) and (2.6) 

thee anisotropy becomes, 

- ^ ! .. (2.7) 

Iff  the transition dipole moments for absorption and emission are collinear, the 

probabilityy function for calculating the average distribution in Equation (2.7) is given 

as, , 

ƒ'(0)) = cos20sin0 dB. (2.8) 

Byy combining Equations (2.7) and (2.8) the anisotropy is obtained as, r = 0.4. This is 

thee anisotropy at t = 0 after excitation of an ensemble of randomly oriented probe 

moleculess in solution, with parallel transition dipole moments for absorption and 

emission.. If, on the other hand, the absorption and emission transition dipole moments 

aree at angle a the initial anisotropy at t = 0 is given by, 

rr  = 0.4 
3cos2a-l l 

(2.9) ) 
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Byy performing measurements of the time dependence of the anisotropy, the 

developmentt of a in time can be followed. In liquid solution, several processes may 

affectt the anisotropy in time. Rotational diffusion of the probe molecules in solution 

wil ll  change the direction of the dipole moment and after some time all exited probe 

moleculess have reoriented. The fluorescence anisotropy will decay with time. Another 

kindd of anisotropy decay of interest in this thesis occurs when the excited-state 

relaxationn involves a gradual change of the orientation of the emission transition 

dipolee in an electron transfer process. In fact, we will consider a gradual change of the 

excited-statee wave function during electron transfer. Changes of the excited-state 

wavee function effectuate a directional change of the emission transition dipole 

momentt and thus give rise to a temporal dependence of the fluorescence anisotropy. 

Too eliminate polarization effects in "normal" fluorescence experiments, the 

probee beam is polarized at an angle of 54.7° (magic angle conditions), with respect to 

thee gating beam. The intensity of the fluorescence is then given by, 

llMAMA ^cos2(54.7) 4 sin2(54.7) = j ' u + f ' i (2-10) 

II  MA is the fluorescence intensity at magic angle. 

Fromm Equations (2.5a) and (2.5b), / and  can be written as a function of r and Ij, 

/nn J-/r(l + 2r) (2.11a) 

II T(\-r). (2.11b) 
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Byy insertion of (2.11) in (2.10) it is verified that IMA is indeed independent of 

thee anisotropy r. Under these conditions the depolarization effects are averaged out 

andd only the population dynamics of the emissive state are measured. 

2.66 Samples 

Alq33 and 8-hydroxyquinoline (Chapters 3 and 4) were purchased from Aldrich 

andd used without purification. All solvents were spectroscopic grade and also 

purchasedd from Aldrich. 

Alq33 in a host crystal of Al(acetylacetonate)3, was grown out of a solution in 

DMF,, in a ratio of 1:1000. 

Gaqss and Inq3 were synthesized as described in literature [6]. 2.15 mmol 8-

hydroxyquinolinee was dissolved in 100 ml 1 M acetic acid. The solution was added 

dropwisee to a solution of 0.60 mmol GaCb or InCb (Aldrich) and 64.84 mmol 

ammoniumm acetate (Aldrich) in 50 ml of bidestilled water. After 1 hour of stirring, the 

yelloww crop was washed 3 times with 10 ml bidestilled water and recrystalized in 

methanoll  (Aldrich). 

Thee infrared dyes and the sol-gels [7] were a gift from Professor M. Casalboni 

fromm the University of Rome - Tor Vergata and were used without purification. 

Michler'ss ketone was purchased from Aldrich and used without purification. 

Thee blocked Michler's ketone was a gift from Professor W. Rettig from the Humboldt 

Universityy in Berlin and was used without further purification [8]. 
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Subpicosecondd Fluorescence Dynamics of Organic Light-Emittin g 

Diodee Tris(8-hydroxyquinoloine) Metal Complexes 

Abstract t 

Forr a few complexes belonging to a new class of organic light-emitting diodes 

(OLED),, namely Al(III) - and Ga(III)- tris-8-hydroxyquinoline (Alq3 and Gaq3), 

femtosecondd fluorescence upconversion measurements are reported. The fluorescence 

decayss contain picosecond components when the complexes are dissolved in liquid 

solution.. The fast components are not found in the time-resolved fluorescence of the 

complexess doped in an inert host crystal. The results in liquid solution are 

characteristicc of a dynamic Stokes shift due to the solvation in a ligand-localized 

excitedd state. Furthermore, from the temporal behavior of the total fluorescence 

intensityy it is concluded that, concomitant with solvation, adiabatic electron transfer 

takess place. 
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3.11 Introductio n 

Thee aluminum (III ) 8-hydroxyquinoline complex (Alq3) is one of the most 

commonn compounds used in the newest class of organic light emitting diodes 

(OLED's)) [1 - 5], To better understand the mechanisms and the dynamics of charge 

injection,, charge transport, and charge recombination, several studies concerning the 

excitedd states of Alq3 have been undertaken [6 - 12] From electroabsorption and 

-luminescence,, as well as computational studies it was concluded that the lowest 

electronicc states derive from n —> n excitations. The lowest xmC state is localized at 

onee of the quinolinolate ligands with electronic charge being partially transferred from 

thee phenoxide to the pyridyl side of the ligand [1, 11 - 13]. Upon photoexcitation Alq3 

givess rise to a fluorescence, both in solution and in the solid state. The fluorescent 

statee decays monoexponentially, with a typical lifetime of 10 ns [1, 6, 13] Since in 

organicc light emitting diodes the electroluminescence is often assigned to the radiative 

decayy of the photoemissive state [14] it is important to investigate also in this regard 

thee photodynamics of Alq3 in the excited state in more detail. In this Letter, we report 

preliminaryy results of our high-time resolution studies of the fluorescence of 

aluminumm (III ) 8-hydroxyquinoline, and its gallium analogue. Utilizing the 

fluorescencee upconversion technique, we study the excited-state dynamics of Alq3, 

Gaq33 and the uncoordinated 8-hydroxyquinoline ligand, with 150 fs time resolution. 

Thee fluorescence upconversion method has in recent years been of significant 

importancee in ultrafast studies of a wide variety of molecular systems, mainly 

fluorescentt organic probe molecules [15 - 19]. A major advantage of the technique is 

thatt one selectively monitors the temporal behavior of the emissive state population, 

withoutt interference from the ground state dynamics. Here we show the first 

applicationn of this technique to an organometallic compound. We focus on the 
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excitedd states of the molecular Al- and Ga complexes, both in liquid solution and host 

crystal,, before embarking on a study of the dynamics of the same complexes in the 

LEDD layer itself 

3.22 Experimental 

Alq33 and 8-hydroxyquinoline were purchased from Aldrich and used without 

furtherr purification. The fluorescence of Alq3 was measured for the probe molecule 

bothh in liquid solution and doped (1:1000) in a host crystal of Al (acetyl acetonate)3 

(Aldrich).. The latter was grown from a solution of DMF. The Gaq3 was synthesized 

ass described in the literature [20]. A solution of 2.15 mmol 8-hydroxyquinoline in 100 

mll  1 M acetic acid was added dropwise to a solution of 0.60 mmol GaCl3 (Aldrich) 

andd 64.87 mmol ammonium acetate (Aldrich) in 50 ml bidistilled water. The yellow 

cropp was washed with bidistilled water, recrystallized from methanol. Steady-state 

absorptionn spectra were recorded by means of a conventional spectrophotometer 

(Shimadzu,, UV-240). The steady-state fluorescence spectra were measured using the 

emissionn spectrometer described before [17]. The emission spectra were corrected for 

thee wavelength-dependent sensitivity of the monochromator-photomultiplier detection 

system. . 

Femtosecondd and picosecond fluorescence transients were measured by means 

off  two experimental set-ups. Femtosecond laser excitation was accomplished using a 

diode-pumpedd cw Nd:YV04 laser (Spectra Physics, Millennia X) which pumped a 

Ti:sapphiree laser (Spectra Physics, Tsunami) operating at 800 nm and which delivered 

600 fs pulses at a repetition rate of 82 MHz. The laser pulses were first amplified in a 

regenerativee amplifier laser system (Quantronix) to about 400 mW at 1 kHz, and then 

splittedd into two beams. One of the beams was led into an OPA laser system (Light 
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Conversionn Ltd.). The sample was moving back and forth perpendicular to the 

excitationn laser beam from the OPA laser to avoid heating of the sample. The ensuing 

transientt fluorescence was time-resolved detected applying the fluorescence up-

conversionn detection technique [16, 21], In the latter experiments, an attenuated part 

off  the fundamental beam (800 nm), was led through a delay line and focussed together 

withh the pump-pulse induced fluorescence onto a 1 mm thick BBO crystal (type I 

phasee matching condition). The up-conversion signal (at the sum frequency of the 

fluorescencee and the fundamental of the femto-second laser) was filtered out by an 

UGG 11 filter, and then focussed on the entrance slit of a Zeiss M 20 monochromator 

andd photodetected using a photomultiplier (EMI, 9863 QB/350) connected to a lock-

inn amplifier system (Stanford Research Systems, SR 830). To avoid detection of 

kineticss due to reorientational motions of the probed molecules in liquid solution, the 

polarizationn of the excitation beam was at magic angle of 54° 44' with respect to the 

verticallyy polarized gating beam. From the measured cross-correlation function of the 

excitationn and gating pulses at 400 nm and 800 nm, the instrumental time response 

wass estimated to be approximately 150 fs (FWHM). 

Fluorescencee transient measurements with picosecond time resolution were 

conductedd using the time-correlated single-photon-counting technique [17]. Briefly, a 

mode-lockedd Ar+ ion laser (Coherent, Innova 200-15) synchronously pumped a dye 

laserr (Coherent, 702-3) with a cavity dumper (Coherent, 7200). The cavity-dumped 

dyee laser generated laser pulses of about 7 ps (FWHM autocorrelation trace) and 25 

njj  at 3.7 MHz. These pulses were then frequency doubled in a 6 mm BBO crystal, 

andd used to photoexcite the sample. The fluorescence transients were detected 

applyingg the time-correlated single-photon-counting technique in reverse mode. The 
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instrumentt response was about 16 ps (FWHM). All fluorescence transients were 

measuredd at magic angle. 

3.33 Results 

3.3.13.3.1 Alq 3 

Steady-statee absorption and emission spectra of Alq3 in DMF are shown in 

Fig.. 3.1b. The maximum of the lowest absorption band lies at 26400 cm"', while the 

emissionn band maximum is centered at 19000 cm" . 

AA few typical fluorescence upconversion transients of Alq3 in DMF at 

differentt detection wavelengths (in the range 460 - 645 nm) for a fixed excitation 

(̂ excc = 350 nm) are shown in Fig. 3.2a. 

Thee fluorescence decay transients were fitted to a bi exponential function, 

convolutedd with the system response. The slower of the two time constants in the 

biexponentiall  function was kept fixed and equal to the lifetime of the fluorescent 

state.. Thus the tails of the decay curves also fitted to the fitted curves of the transients 

obtainedd with the single-photon counting picosecond experiments. The different time 

componentss (ij) and the ratio (ai/a2) of the preexponential factors (aj) for different 

detectionn wavelengths are listed in Table 3.1. 
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FigureFigure 3.1: Absorption and emission spectra of a) 8-HQ in 12 M HC104 and b) Alq3 

andand c) Gaqj in DMF 
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FigureFigure 3.2: Representative fluorescence transients ofAlqj a) dissolved in DMF and b) 

dopeddoped into Al(acac)s-crystals. Drawn curves represent best fits as described in text. 

RespectiveRespective time constants and preexponential factors are given in Table 1. The system 

responseresponse function is included in lowest figure of panel (a). 
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TableTable 3.1: Time components (T,) and preexponential factors (a,) obtained from a 

biexponentialbiexponential fit of fluorescence decays ofAlq  ̂ in DMF, measured by upconversion 

techniquetechnique in a time window of 150 fs-33 ps, at a few representative wavelengths (Xexc 

==  350 nm). (*) a; is negative. 

XX (nm) ii (ai/a2) T2 

4600 1.9 ps (2.44) 10 ns 

4800 1.9 ps (1.01) 10ns 

5055 2.2 ps (0.50) 10 ns 

5700 0.6 ps (-0.45)*  10 ns 

6000 1.0 ps (-0.38)*  10 ns 

6455 1.5 ps (-0.31)*  10 ns 

Clearly,, the decay behavior upon detection at the blue side of the emission is 

characterizedd by one fast and one slow decay component, while detection at the red 

sidee exhibits a fast rising component followed by a slow decay, respectively. 

Followingg the spectral reconstruction method given by Maroncelli and 

Flemingg [22], time-resolved emission spectra were obtained. After fitting the resulting 

point-to-pointt spectra to a log-normal lineshape function, the drawn spectra of 

Fig.. 3.3a for Alq3 in DMF, for various times, are obtained. The figure clearly 

illustratess that in a time window from 300 fs up to 10 ps a spectral shifting (of about 

10000 cm"1) to the red takes place. The shift is accompanied by spectral broading of 

aboutt 400 cm"1. It also appears from Fig. 3.3a that the integrated emission intensity of 
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thee reconstructed spectra decreases with time. In Fig. 3.3b we present the data points 

off  the integrated emission intensity of the reconstructed spectra as a function of the 

transitionn frequency corresponding to the emission band maximum. 

Thee Alq3 fluorescence transients were also measured for the solute in solvents 

off  different polarity. The absorption and luminescence spectra exhibit almost no shift 

off  the band maxima in the different solvents. However, the fluorescence decay 

behaviorr of Alq3 is affected by the surrounding solvent. This is reflected in the 

respectivee X\ values shown in Table 3.2. 

TableTable 3.2: Comparison of fast decay component of Alq3 detected at 480 nm in 

differentdifferent solvents with typical solvent relaxation times 

S o l v e ntt T, [ps] of Alq x [ps] Solvent [22, 23] 

DMSOO 2.5 + 0.2 2.3 

DMFF 1.9 + 0.2 1.7 

Toluenee 2.1 2 2.2 

CH2C122 0.8 2 1.0 
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FigureFigure 3.3: a) Reconstructed time-resolved emission spectra of'Alq3 in DMF, in the 

timetime range from 300 fs to 5 ns. b) Dependence of the integrated emission intensity of 

thethe reconstructed spectra of Alq3 in DMF versus the transition frequency (v/cm ) . 

BestBest fit curve is of the form pv\ with x = 5.1 (dashed curve). The curve with x = 3 is 

alsoalso given (dotted curve). 
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Alq33 doped in the Al(acac)3 host crystal showed a fluorescence spectrum similar to 

thosee of the molecule in liquid solutions. The fluorescence decay was found to be 

exponentiall  with a time constant of 30 ns. In contrast to the results in liquid solution, 

noo picosecond decay components were observed when measuring the time 

dependencee of the fluorescence (cf Fig. 3.2b). However, a picosecond rise was found 

overr the whole range of emission. 

3.3.23.3.2 Gaqi 

Fig.. lc shows the steady-state absorption and emission spectra of Gaq3 in 

DMF.. The maximum of the lowest absorption band lies at 26000 cm"1, while the 

emissionn band maximum is centered at 18200 cm"1. As for Alq3, also the Gaq3 

fluorescencee decay transients could be fitted to a biexponential function, convoluted 

withh the system response. The different time components (Ti) and the preexponential 

factorss (a*) for different detection wavelengths are listed in Table 3.3. 

Similarr to the Alq3 results, the transient behavior upon detection at the blue 

sidee of the emission is characterized by one fast and one slow decay component, while 

detectionn at the red side exhibits a fast rise followed by a slow decay. The 

reconstructedd emission spectra of Gaq3 in DMF for several times after the pulsed 

excitationn are included in Fig. 3.4a. The dynamic spectral shift, as discerned from the 

spectra,, occurs in the time window from 200 fs up to about 10 ps. Fig.3.4b shows for 

Gaq33 the data points reflecting the variation of the integrated emission intensity with 

thee transition frequency of the emission band maximum. 
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FigureFigure 3.4. a) Reconstructed time-resolved emission spectra of Gaqs in DMF, in the 

timetime range from 200 fs to 5 ns. b) Dependence of the integrated emission intensity of 

thethe reconstructed spectra of Gaqi in DMF versus the transition frequency (v/cm ) . 

BestBest fit curve is of the form pv\ with x = 9.7 (dashed curve). The curve with x = 3 is 

alsoalso given (dotted curve). 
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TableTable 3.3: Time components (Zj) and preexponential factors (a,) obtained from a 

biexponentialbiexponential fit of fluorescence decays of Gaq  ̂in DMF, measured by upconversion 

techniquetechnique in a time window ofl50fs-33 ps, at a few representative wavelengths (Xexc 

==  365 nm). (*) ai is negative. 

XX (nm) Ti (ai/a2> X2 

4688 1.6 ps (3.60) 4.2 ns 

4800 1.9 ps (2.77) 4.2 ns 

5055 2.2 ps (1.21) 4.2 ns 

5488 2.2 ps (0.33) 4.2 ns 

6233 0.2 ps (-1.13)*  4.2 ns 

6600 1.0 ps (-0.26)*  4.2 ns 

3.3.33.3.3 8-hydroxyquinoline 

Thee respective absorption and emission band maxima for 8-hydroxyquinoline 

(8-HQ)) in HC104 are found around 28000 cm"1 and 19900 cm'1 (Fig. 3.1a). Thus these 

maximaa are blue shifted with respect to those for the transitions of the aluminum and 

galliumm complexes. Fluorescence decay transients were fitted to a biexponential 

function,, convoluted with the system response. The different time components (Tj) 

andd the preexponential factors (a;) for different detection wavelengths are listed in 

Tablee 3.4. 
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TableTable 3.4: Time components (X\) and preexponential factors (cij) obtained from a 

biexponentialbiexponential fit of fluorescence decays of8-HQ in HC104, measured by upconversion 

techniquetechnique in a time window of 150 fs-33 ps, at a few representative wavelengths (keXC 

-- 350 nm). (*) a/ is negative. 

XX (nm) i i (ai/a2) T2 

4300 1.7 ps (2.50) 1.85 ns 

4688 1.8 ps (0.50) 1.85 ns 

4800 3.4 ps (0.43) 1.85 ns 

5055 4.7 ps (0.18) 1.85 ns 

5633 1.1 ps (-0.23)*  1.85 ns 

6088 2.0 ps (-0.26)*  1.85 ns 

Detectionn at the blue side of the emission spectra yields fluorescence transients 

characterizedd by a superposition of a fast and a slow decay component, 

whilee at the red side a fast rise followed by a slow decay are detected. Time-resolved 

emissionn spectra were reconstructed from the fluorescence transients as before. The 

resultingg spectra for 8-HQ in HC104 for several times are included in Fig. 3.5a. 

Dynamicc spectral shifting occurs in a time window from 300 fs up to 10 ps, beyond 

thosee times no further spectral shifting was observed. The variation of the integrated 

emissionn intensity of the reconstructed spectra with the transition frequency 

correspondingg to the emission band maximum is included in Fig. 3.5b. 
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FigureFigure 3.5: a) Reconstructed time-resolved emission spectra of8-HQ in 12 M HCIO4, 
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3.44 Discussion 

AIq33 (aluminum (III ) tris-8-hydroxyquinoline) is a tris-chelate complex, in 

whichh the metal has a distorted octahedral coordination. The two geometrical isomers 

off  Alq3, the "meridianal" (mer) and the "facial" (fac) isomer, are chiral and thus 

correspondd to two different optical isomers. DFT-based calculations [12] predict that 

thee mer isomer is lower in energy, but fac has a higher dipole moment and it is 

reasonablee to expect that in the condensed phase both species may coexist. From lH-

NMRR studies [20] at elevated temperatures a ligand equilibrating process was 

suggestedd implying that probably a mer-fac exchange could take place. 

Ass mentioned in Sec. 3.3.1, the picosecond transient components in the Alq3 

andd Gaq3 fluorescence occur in liquid solution only, and not in the host crystal 

environment.. This finding suggests that the time- dependent Stokes shift following the 

pulsedd laser excitation of Alq3 and Gaq3 in liquid solution, is due to the solvation 

processs in the excited state. This is corroborated by a comparison of the short-time 

componentss in the fluorescence to the solvent relaxation times of the respective 

solvents.. As is clear from Table 3.2, the picosecond time constants for Alq3 and Gaq3 

nicelyy agree with known solvent relaxation times, as expected in the case of a 

dynamicc Stokes shift in the continuum limit [15, 23]. It should be added that the 

apparentt rise component in the transients obtained for the dopants in the crystal (with 

aa typical time constant of about 1.4 ps, cf Fig. 3.2b) is due to the broadening of the 

responsee function, from 150 fs to about 1.4 ps, caused by the thickness of the crystal 

(22 mm). 

Itt is of interest to note that the possibility to incorporate Alq3 and Gaq3 in a 

hostt crystal allows for a direct comparison of the excited-state dynamics in the liquid 

andd the solid phase. Although this comparison is, of course, of great relevance to 
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separatee rapid decay dynamics caused by intramolecular dynamics (e.g., IVR) and 

intermolecularr dynamics (solvation), to our knowledge, in the many studies of 

solvationn kinetics [15, 23, 24] such an explicit comparison, has not yet been reported. 

Inn Figs. 3.3b, 3.4b, and 3.5b, the squares are representative of the integrated 

intensityy of the emission band as evaluated for the reconstructed band spectra at the 

variouss delay times as a function of the frequency of the emission band maximum. 

Forr illustrative purposes the figures include a best fit of the data points to a function 

off  the form,/?v*, where it is noted that a priori, no physical meaning should be given 

too this function. The best fit values for x are 5.1 (Fig. 3.3b), 9.7 (Fig.3.4b), and 5.9 

(Fig.. 3.5b). Comparison of the curves with the experimental data points shows that the 

integratedd fluorescence intensity deviates appreciably from a v3 dependence. (The 

latter,, of course, is expected in case the Einstein relation for spontaneous emission 

holdss [25]). Thus, on the one hand the excited state dynamics may be viewed as usual, 

i.e.,, it results from a relaxation of the system in a single excited electronic state (and 

thuss give rise to the characteristic solvation times, see previous paragraph), on the 

otherr hand, the disparity with the v3 dependence indicates that, as the solvation takes 

place,, the radiative character of the emissive state is changed. Both observations can 

bee reconciled when it is assumed that solvation involves relaxation along an adiabatic 

potentiall  energy surface characteristic of an emissive electronic state for which the 

wavefunctionn shows a gradual change-over as solvation progresses. 

Forr Alq3 it has been proposed that the fluorescent excited state is a nn ligand 

localizedd state [1, 11, 12]. This is further supported by a comparison of the 

photokineticss for Alq3 and 8-HQ. To compare the uncoordinated 8-HQ to the situation 

off  coordinated ligand in the aluminum and gallium complexes, we investigated the 8-

HQQ in concentrated HC104 (c = 12 M), where the N-protonated species 8-HHQ+ [26, 
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27]]  is formed. Therein, the positively charged pyridyl moiety acts as a strong 

acceptor,, and thus enhances effectively donor-acceptor transitions from the phenoxide 

donor.. As mentioned in Sec. 3.3, both molecular systems in liquid solution, the 

uncoordinatedd ligand as well as the coordination compounds Alq3 and Gaq3, show a 

veryy similar time-dependence of the fluorescence, containing rise and picosecond 

decayy components (depending on the detection wavelength) and a similar lifetime of 

thee relaxed excited state. The large similarity in the kinetics of the fluorescence of the 

8-HHQ++ species on the one hand and the Alq3 and Gaq3 complexes on the other hand, 

iss additional evidence that in the Alq3 and Gaq3 complexes the emissive state is 

localizedd on an individual ligand. 

Thee temporal behavior of the fluorescence integrated intensity {vide supra) 

indicatess that the fluorescent molecules are not directly prepared in the final ]KTZ* 

state,, the latter being assumed to be of charge-transfer type (electronic charge being 

transferredd from the pyridyl ring to the quinoline group [1, 11, 12]). On the contrary, 

thee formation of the charge-transfer state seems to follow the solvation process and 

thuss will be completed only after approximately 10 ps. We conjecture that the 

electronicc wavefunction is a superposition (mixture) of several zero-order 

wavefunctionss in which the coefficients of the latter are solvation-coordinate 

dependent.. As a result, during the solvation the electronic wavefunction is modified. 

Molecularr orbital calculations carried out for the isolated Alq3 suggest that the lowest 

singlett states Si, S2 and S3 are localized on an individual quinolinolate ligand and to 

withinn = 0.1 eV (= 800 cm"') separated from each other [11]. Solvent-induced mixing 

mayy therefore adiabatically accompany the solvation process and concomitantly affect 

thee radiative character of the excited state in time. Note that it is implicit to this 

conjecturee that the charge separation process within the quinolinolate ligand is also 
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completee in about 10 ps after photoexciting the molecules. Finally, we remark that 

sincee the temporal behavior of the fluorescence observed for the Al- and Ga 

complexess is fully accounted for by solvation, additional dynamics as for instance due 

too ligand exchange phenomena [20] remain unobserved on the picosecond time scale. 

Inn summary, a dynamic Stokes shift after pulsed laser excitation of Alq3 and 

Gaq33 in liquid solution has been concluded from fluorescence upconversion 

experimentss with 150 fs time resolution. The dynamic spectral shift is controlled by 

solvationn dynamics on a picosecond time scale. It was verified that the fast dynamic 

Stokess shift is absent in the fluorescence kinetics of the Alq3-complex doped in a 

crystallinee Al(acac)3-matrix. From a comparison of the fluorescence kinetics of the 

uncoordinatedd ligand with that of the metal complexes, additional evidence that in the 

metall  complex the emissive charge transfer state is localized on an individual 

quinolinolatee ligand is obtained. 
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Femtosecondd Fluorescence Anisotropy Studies 

off  Solvation-Induced Intraligan d Charge Transfer 

inn Photoexcited Auminum (IH)-tris(8-hydroxyquinoline ) 

Abstract t 

Forr the OLED compound Alq3, dissolved in dimethylformamide (DMF), the time 

dependencee of the fluorescence anisotropy has been studied using the femtosecond 

fluorescencee upconversion technique. Upon excitation within the first absorption band, 

nearr 364 nm, with polarized laser pulses of duration less than 150 fs, an initial 

fluorescencee anisotropy of about 0.2 is found to rapidly decay with a time constant of 2.0 

 0.2 ps. The observed fast anisotropy decay component is concomitant with the 

solvation-inducedd dynamic Stokes shift of about 1,000 cm"1. When excitation is at 

wavelengthss below 330 nm, the fluorescence of Alq3 in liquid solution does not show any 

anisotropyy effect. It is discussed that the emissive lowest excited electronic state of Alq3 

iss ligand-localized and that its electronic wave function is affected by solvation. More 

specifically,, the electronic wave function is considered to be an admixture of wave 

functionss belonging to several close-lying states. Upon pulsed optical excitation, the 

admixturee is assumed to vary with time, the time dependence being determined by the 

timee evolution of the generalized solvation coordinate. The solvation-induced changes of 

thee excited-state wave function effectuates a directional change of the emission transition 

dipolee moment and thus gives rise to a temporal dependence of the fluorescence 

anisotropy.. The rotational motions of the Alq3 solute molecules also contribute to the 

fluorescencee anisotropy decay. However, these motions occur on a much slower time 

scalee (about 100 ps). A comparitive study of the fluorescence anistropy decay of Alq3 in 

differentt solvents shows that the rotational motions of the Alq3 molecules follow the 

Debye-Stokes-Einsteinn relation. 
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4.11 Introductio n 

Aluminumm (III)-tris(8-hydroxyquinoline) (Alq3) has successfully been applied as 

emittingg material in organic light emitting diodes (OLED). [1 - 5] Small-molecule based 

OLEDss have great potential to be used in optoelectronic devices and flat panel display 

technology.. [6, 7] Most studies concern the morphology of Alq3 in amorphous thin films 

andd in different crystalline forms, [8-10] the optimization of the devices, [6] as well as 

thee mechanisms and dynamics of charge injection, charge transport and charge 

recombination.. [11, 12] Relatively few studies have been devoted to the fluorescence of 

Alq3,, although such studies are important for understanding the electro-optical properties 

onn a molecular level. The fluorescence data, in solution [2, 13, 14] and in thin films, [6, 

10]]  indicate that the relevant lowest excited electronic states are localized on the 

individuall  quinolate ligand molecules. This is noteworthy because uncomplexed 8-

hydroxyquinolinee in many organic solvents is only weakly fluorescent, or even 

nonfluorescent.. [15] Complexation with metal ions, however, may induce a fluorescence 

enhancementt (fluorogenic effect). Semi-empirical molecular orbital [16, 17] and density 

functionall  theory calculations [16, 18] provided insight into the electronic charge 

distributionss of Alq3 and metal-Alq3 complexes [19] in ground and excited states. 

Photoabsorptionn gives rise to TUTT. excitations at the quinolate ligand for which the 

electronicc charge is partially transferred from the phenoxide to the pyridyl ring 

(intraligandd charge transfer). [6, 12, 17] 

Veryy recently, we reported the first ultrafast fluorescence upconversion studies of 

Alq3,, in solution [20] and in vapor-deposited thin films. [21] For Alq3, in solution, 

picosecondd fluorescence transients were resolved. Analysis of the temporal spectral 
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behaviorr showed that the picosecond components are due to solvation effects that occur 

afterr pulsed optical excitation. Interestingly, it was also observed that the solvation-

inducedd dynamic Stokes shift is accompanied by a decrease of the integrated fluorescence 

intensityy much faster than can be accounted for by the v3-law for spontaneous emission. 

Too explain this drop of the emission intensity we conjectured that during solvation the 

excited-statee adiabatic potential energy surface, and concomitantly, the excited-state 

electronicc wave function, are changed. Solvent-induced mixing of close-lying excited 

molecularr states was considered to account for the change of the excited-state radiative 

character.. [20] 

Inn this paper, we report a femtosecond time-resolved fluorescence anisotropy 

studyy of the relaxation processes of Alq3 that take place after photoexcitation. Time-

resolvedd fluorescence anisotropy spectroscopy, performed on a time scale that exceeds 

thatt of the rotational diffusion motions of the molecules in the liquid (for our molecules ~ 

500 ps, or more, vide infra), is a powerful tool for revealing intramolecular dynamics. [22, 

23,, 24] In the case of photoexcited Alq3, one may expect that dynamic anisotropy 

fluorescencee measurements provide a sensitive test for the proposed solvation-controlled 

chargee redistribution in the molecule. It will be shown in this paper that the femtosecond 

fluorescencee anisotropy experiments indeed give independent evidence for (i) the 

localizedd nature of the emissive state, and (ii) excited-state electronic charge 

redistributionn dynamics pertinent to the solvation process 
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4.22 Experimental 

Alq33 was purchased from Aldrich and used without further purification. 

Dimethylformamidee (DMF) and ethylene glycol are spectrophotometric grade (Aldrich). 

Sampless with a concentration of 10"4 M were used for the measurements. 

Femtosecondd and picosecond polarized fluorescence transients were measured by 

meanss of two experimental set-ups. Femtosecond laser excitation was accomplished 

usingg a diode-pumped cw Nd:YV04 laser (Spectra Physics, Millennia X) which pumped 

aa Ti:sapphire laser (Spectra Physics, Tsunami) operating at 800 nm and which delivered 

600 fs pulses at a repetition rate of 82 MHz. The laser pulses were first amplified in a 

regenerativee amplifier laser system (Quantronix) to about 400 mW at 1 kHz, and then 

splitt into two beams. One of the beams was led into a TOPAS laser system (Light 

Conversionn Ltd.) that produced the excitation pulses. To avoid heating of the sample, the 

latterr was motor-driven back and forth perpendicular to the direction of the TOPAS laser 

beam.. The photoinduced transient fluorescence was time-resolved by applying the fluo-

rescencee upconversion detection technique. [25, 26] The second part of the fundamental 

beamm (800 nm), was led through an optical delay line and focused together with the 

inducedd fluorescence onto a 1 mm thick BBO crystal (type I phase matching condition). 

Thee upconversion signal (at the sum frequency of the fluorescence and the fundamental 

off  the femtosecond laser) was filtered out by a UG 11 filter, and then focused on the 

entrancee slit of a monochromator and photodetected using a photomultiplier connected to 

aa lock-in amplifier. By means of a polarizer in front of the sample, the polarization of the 

excitationn beam was chosen parallel or perpendicular to the polarized gating beam. From 

thee measured cross-correlation function of the excitation and gating pulses at 400 nm and 
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8000 nm, the instrumental time response was estimated to be approximately 150 fs 

(FWHM). . 

Fluorescencee transient measurements with picosecond time resolution were 

conductedd using the time-correlated single-photon-counting technique. [27] Briefly, a mode-

lockedd Ar+-ion laser (Coherent, Innova 200-15) synchronously pumped a dye laser 

(Coherent,, 702-3) with a cavity dumper (Coherent, 7200). The cavity-dumped dye laser 

generatedd laser pulses of about 7 ps (FWHM autocorrelation trace), with an energy of 

aboutt 25 nJ at 3.7 MHz. These pulses were frequency doubled in a 6 mm BBO crystal, 

andd used to photoexcite the sample. The fluorescence transients were detected applying 

thee time-correlated single-photon-counting technique in reverse mode. The instrument 

responsee was about 16 ps (FWHM). All fluorescence transients were measured at parallel 

andd perpendicular polarization directions with respect to the polarization of the excitation 

light. . 

Steady-statee absorption spectra were recorded by means of a conventional 

spectrophotometerr (Shimadzu, UV-240). Steady-state fluorescence spectra were 

measuredd using the emission spectrometer described before. [27] The emission spectra 

weree corrected for the wavelength-dependent sensitivity of the monochromator-

photomultiplierr detection system. 

4.33 Results 

Inn Figure 4.1 we have reproduced the steady-state absorption and emission spectra for 

Alq33 in DMF given previously.20 The first absorption band peaks at 26 800 cm"1, two less 

intensee peaks are found at 30 000 cm"1 and 32 000 cm"1. The spectrum is similar to that 
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reportedd recently for Alq3 in CH2CI2. [28] The emission spectrum is independent of the 

excitationn wavelength within the absorption range and in good agreement with the 

photoluminescencee spectrum reported elsewhere. [29] 

Wavelengthh [nm] 
2866 333 400 500 667 

.. 1 , I 1 I 1 1 1 . 

Absorptionn Emission 

— 11 ' 1 ' 1 ' 1 ' 1 — 
350000 30000 25000 20000 15000 

Wavenumberr [cm ] 

FigureFigure 4.1: Absorption and emission spectra ofAlqs dissolved DMF. Arrows indicate 

positionspositions of the excitation wavelengths (326 nm and 360 nm) used in the fluorescence 

transienttransient measurements. 

Recently,, we reported femtosecond fluorescence upconversion transients for Alq3 

dissolvedd in DMF, DMSO, dichloromethane and toluene. [20] Measurement of the 

fluorescencee upconversion transients under magic angle conditions, yields in the blue part 
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off  the emission band (460 nm < X < 600 nm) a decay, the transients detected in the red 

partt of the emission (600 nm < X < 645 nm) display a rise. After spectral reconstruction, 

thee dynamic Stokes shift to the red for Akfc in DMF was determined to be about 1,000 

cm"1.. The time dependence of the spectral shift, at room temperature, is exponential with 

aa time constant of 1.9  0.2 ps. This value is also the value of the solvent relaxation time 

forr DMF. [30] It was thus found that the dynamic Stokes shift that follows the pulsed 

excitationn can be attributed to the solvation process. Here we consider the anisotropy 

dynamicss of the fluorescence that can be measured while solvation takes place for Alq3 in 

DMF. . 

Usingg linearly polarized excitation pulses, transients have been measured for the 

emissionn polarized parallel (I \ 0 and perpendicular  to the polarization direction of the 

excitingg laser pulses. A few typical polarized upconversion transients, in a time window 

off  10 ps, excitation wavelength at 364 nm, are displayed in Figure 4.2. (The positions of 

thee excitation wavelengths at 364 nm and 326 nm for the transients presented in this work 

aree indicated by the arrows in Figure 4.1). The short-time components in the fluorescence 

anisotropyy (Figure 4.2a) could be resolved only when excitation is at a wavelength longer 

thann about 340 nm (i.e., within the lowest absorption band, Figure 4.1). Fluorescence 

transientss obtained for 326 nm and shorter excitation wavelengths did not exhibit a 

temporall  difference for ƒ |(r) and

Thee time span was expanded in the SPC measurements. As illustrated in Figure 

4.3a,, for the transients obtained with the excitation at 340 nm, anisotropy persists up to 

aboutt 300 ps. As before, when excitation is at 326 nm, I\(t) and Ii(t) behave alike with 

noo difference between them. 
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FigureFigure 4.2: Polarized fluorescence upconversion transients ofAlq$ in DMF as detected at 

505505 nm (a) and 600 nm (b), excitation wavelength is 364 nm. Solid lines are best fits to 

biexponentialbiexponential function convoluted with system response function. The time dependence of 

thethe fluorescence anisotropy, r(t), as obtained from the best-fit functions in (a) and (b) are 

givengiven in (c) and (d), respectively. 

Thee femtosecond upconversion and the picosecond SPC transients were each 

fittedd with a biexponential function convoluted with the system response function. The 

tailss of the fitted decay curves for the upconversion transients matched the fitted curves 
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off  the transients obtained with the time-correlated single-photon counting setup. The 

drawnn curves in Figures 4.2a and 4.2b show the best-fit convoluted biexponential curves. 
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FigureFigure 4.3: Polarized fluorescence transients for Alq; in DMF as measured with SPC 

setupsetup with excitation at 340 nm (a) and 326 nm (b), detection is at 505 nm. In (b), the 

parallelparallel and perpendicular polarized transients coincide 

Thee time-resolved anisotropy, defined as, 

r(t)r(t)  = 1 1 
// + 2 / (4.1) ) 
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wass obtained from the best fit  functions for I\{t)  and  Note that in Eq. (4.1) and 

hereafter,, ƒ |(f) and  refer to fluorescence intensities obtained after deconvolution of 

thee experimental fluorescence transients. The best-fit functions for r{t)  characteristic of 

thee transients obtained with the excitation at 364 nm and detection at 505 nm and 600 nm 

aree given as drawn curves in Figures 4.2c and 4.2d, respectively. Likewise, the temporal 

behaviorr of the fluorescence anisotropy for the SPC transients was determined. The best-

fitt values for the "fast" and "slow" anisotropy time constants and the relative weights of 

thee corresponding components have been collected in Table 4.1. For comparison the table 

includess the characteristic solvation times for Alq3 in DMF as determined from the 

dynamicc Stokes shift measurements. [20] 

TableTable 4.1: Fluorescence anisotropy decay times characteristic of the best-fit 

biexponentialbiexponential function for r(t) for Alqj dissolved in DMF. The relative weights of the 

componentscomponents are given in brackets. The solvent relaxation time, TTO/,, is from Ref 30 

Detectionn Wavelength x, (ps) t2(ps) Tsoiv(ps) 

5055 nm 2.5 2 (.06) 85 5 (0.14) 1.9 

6000 nm 1.4 2 (0.01) 85 5 (0.11) 
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4.44 Discussion 

Alq33 is an organometal trischelate with a distorted octahedral coordination. The 

twoo geometrical isomers of Alq3, the "meridinal" (mer) and the "facial" (fac) isomer, are 

chirall  and thus correspond to two different optical isomers.6 DFT-based calculations 

predictt that the mer isomer is lower in energy, but fac has a higher dipole moment. It is 

reasonablee to expect that in the liquid phase both isomers coexist. [10, 18] As has been 

discussedd recently on the basis of DFT and semi-empirical calculations, photoabsorption 

leadss to a ligand-localized excitation. [17, 18] For the case that the transition moments of 

thee absorption and emission dipoles are parallel, the theoretical value for the initial 

fluorescencee anisotropy becomes, r(0) = 0.4. [31, 32] The plots in Figures 4.2c and 4.2d 

illustratee that r (0) is nonzero. The nonzero anisotropy signifies that, within the system 

responsee time of 150 fs, the directions of the transition moments of the absorption and 

emissionn processes remain, at least partially, correlated. The values of 0.2 (detection at 

5055 nm) and 0.12 (detection at 600 nm), are lower than the theoretical limit of 0.4. This 

loweringg is likely due to a diminished photoselectivity by the polarized excitation 

becausee of spectral overlap of several absorption bands (with different polarization) at the 

experimentall  excitation wavelengths (340-360 nm). Such a spectral overlap effects that 

thee emissive state is populated by relaxation from different electronic excited states. 

Consequently,, the directional correlation between the absorption and emission dipoles is 

partiallyy lost and values for r(0) lower than 0.4 will be obtained. Note that in this view the 

emissivee state in part has attained its initial population after internal conversion from one 

orr more other higher-lying electronically excited states. It follows that the internal 

conversionn process must be ultrafast and completed within the system response time of 
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1500 fs. Such an ultrafast interligand relaxation phenomena was reported previously also 

forr another metal complex, namely Ru(bpy)32".[33] Moreover, when excitation is at 326 

nmm or shorter wavelengths, no rise component can be observed for the femtosecond 

fluorescencee upconversion transients. This result further supports that internal conversion 

iss within the 150 fs system response time. 

Ann alternative possibility for the lowering of the maximal value of the anisotropy 

iss that, within the first 150 fs after the excitation pulse, the emissive state is already 

populatedd but that during that time span solvation dynamics affects the electronic wave 

function.. This is the process considered previously to explain the variation of the total 

fluorescencee intensity that accompanies the dynamic Stokes shift.[20] Calculations have 

indicatedd that Alq3 has a number of close lying excited ligand-localized electronic states 

nearr 2.8 eV. [17, 18] We argue that the solvent environment causes a mixing of these 

states,, the mixing being dependent on the degree of the solvation process, i.e., the value 

off  the generalized solvation coordinate. If it is assumed that the solvation-controlled 

changeschanges of the electronic wave function result also in a change in the direction of the 

fluorescencee transition moment then this will lower the value of r(0). (Tilting the angle 

betweenn the absorption and emission dipoles by 35° leads to an anisotropy of 0.2). Very 

fastt solvation dynamics, on a time scale of 100 fs or less, is well-known and commonly 

attributedd to inertial reorientational motions of the solvent molecules.[34,35] Thus the 

loweringg of the fluorescence anisotropy value from 0.4 to 0.2 (within 150 fs) could also 

bee due to the effects of inertial free streaming solvent motions on the nature of the 

electronicc wave function of Alq3 in the fluorescent state. It should be added that a change 

inn the anisotropy due to solvent-induced mixing of different electronic levels is only 
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possiblee when the mixing involves several radiative electronic levels. Mixing in the 

regionn of conical intersection of the fluorescent and the electronic ground states, for 

instance,, may be ruled out, because such a mixing would not affect r. Very recently, we 

havee verified this feature for auramine. [36] For the latter, it was established by means of 

time-resolvedd transient absorption and emission experiments that the excited-state 

dynamicss is determined by a solvent-controlled admixture of emissive and noAjemissive 

excitedd states. [37,38] Mixing of these states thus can affect the fluorescence quantum 

yieldd but cannot change the direction of the emissive dipoles and no temporal dependence 

off  r is expected. This is exactly what has been found experimentally. [36] 

Ass noted above, r (0) values of 0.2 and 0.12 were obtained when detection is at 

5055 nm and 600 nm, respectively. Since the emissions detected at 505 nm and 600 nm 

havee in the optical transition the final electronic state in common (namely the electronic 

groundd state), the different initial anisotropy values can only arise because the initial 

statess are of different radiative character. This difference is readily argued on the basis of 

thee above-mentioned ultrafast solvation mechanism. The "600 nm" emission is due to 

moleculess that have progressed further in the solvation process than the molecules 

emittingg at "505 nm". In the meantime the fluorescence anisotropy may have changed. 

Thee different values for r (0) obtained at 505 nm and 600 nm, is therefore a further 

indicationn of an ultrafast solvation-induced initial electronic relaxation. In summary, we 

consideredd two possible mechanisms for the lowered values of r(0), i.e., overlapping 

excitationss and solvation dynamics leading to ultrafast electronic relaxation. Most 

probably,, both mechanisms apply in the case of Alq3 in DMF. 
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Anisotropyy effects in the fluorescence are not observed when excitation is at 

photonn energies higher than about 30 000 cm"1. Calculations show that at these energies 

several,, almost iso-energetic, electronic states with different directions for their transition 

momentss may be excited. [17, 18] Therefore, excitation near 3.7 eV or higher energies 

mostt likely causes branching, i.e., several electronic states with different directions for 

theirr transition moments are simultaneously excited. Under such conditions, 

photoselectionn by the polarized laser pulses does not occur, thus excluding polarized 

emission. . 

Thee biexponential decay of the fluorescence anisotropy of Alq3 in DMF (Figures 

4.2cc and 4.2d), with time constants of 2.0 ps and 85 ps, reveals that, apart from the 

ultrafastt (< 150 fs) initial dynamics, several relaxation processes affect Alq3 in the 

excitedd state. The fluorescence depolarization data at early times (up to about 10 ps) show 

thatt in this time regime the dynamics of the depolarization process compares very well 

withh that of the dynamic Stokes shift (with a time constant of about 2.0 ps (ref. 20)), and 

thee solvent relaxation time of 1.7 ps of the solvent. [26] Moreover, for Alq3 doped in an 

Al(acac)33 host crystal, no picosecond Stokes shift nor fluorescence depolarization 

transientstransients were observed. Similarly, in a methanol and ethanol (1:3) solution at room 

temperaturee only a 80 ps fluorescence anisotropy decay component is obtained, whereas a 

decayy is absent when the alcohol mixture is cooled below the glass transition point. These 

findingss indicate that the 2.0 ps fluorescence anisotropy decay must be attributed to 

solvation.. The time scale corresponds to that typical of rotational diffusion motions of the 

solventt molecules. [39] 
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AA major finding in this study is that solvation can effect the temporal behavior of 

thee fluorescence anisotropy. Normally, solvation takes place with the system in a single 

excitedd electronic state with a well-defined transition dipole moment for the emission to 

thee ground state. In other words, solvation is usually not accompanied by a change of the 

electronicc wave function of the excited state and a temporal change in the direction of the 

electronicc transition dipole is not expected. However, in the model discussed above for 

photoexcitedd Alq3 in solution, a solvation-induced mixing of nearby excited electronic 

statess of different radiative character is adopted. Different directions for the optical dipole 

transitionn moments of the admixed states will then lead to a temporal change of r as 

solvationn progresses. The equal time constants for the anisotropy decay and the solvation 

dynamicss are in favour of this model. We conclude that the time-resolved anisotropy 

measurementss for Alq3 in solution provide further support for the idea that the emissive 

excitedd state is affected by the solvation process. The associated redirection of the 

transitionn dipole moment is most likely related to the intraligand charge separation that 

hass been proposed to characterize the ligand-localized photoexcition of Alq3. [18] 

Afterr optical excitation near 360 nm, the Alq3 molecules are also vibrationally 

excited.. In discussing the fluorescence transients of Figure 4.2, we should thus also 

considerr the possibility of hot band emission. In the latter event, the 2.0 ps fluorescence 

decayy component could refer to the vibrational relaxation time of the vibrationally hot 

Alq33 molecules, [40] and thus need not arise from solvation dynamics. To investigate this 

possibilityy time-resolved fluorescence anisotropy measurements were performed for Alq3 

dissolvedd in a methanol-ethanol 1:3 glass. The result is, as mentioned above, a total lack 

off  dynamic anisotropy effects in the fluorescence. Moreover, when the measurements of 
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thee anisotropy time dependence were repeated in the solvents DMSO and CH2CI2, the 

picosecondd decay component of r(t) was found to vary in accordance with the respective 

solventt relaxation times. It is concluded that the fluorescence anisotropy decay dynamics 

iss not determined by vibrational relaxation (hot emission decay). 

Strictlyy speaking, for a sharply defined detection wavelength one would probe the 

responsee of the system for a well-defined value of the generalized solvation coordinate. 

Forr this coordinate, the system has a well-defined anisotropy value that would not be time 

dependentt unless we follow the dynamics of the system to a different solvation 

coordinatee and adapt the detection wavelength accordingly. It is therefore necessary to 

examinee how it is possible that, when the measured fluorescence at a particular 

wavelength,, say 505 nm, is due to a single electronic state (without any hot band 

emission),, the fluorescence anisotropy can still show a 2.0 ps time component. The 

answerr is simply that in our experiments the detection wavelength is not infinitely sharp, 

butt has a spread of about 5 nm. Thus the temporal behavior of r{t)  is manifested only 

becausee of the experimental spectral window of approximately 5 nm. 

Finally,, we briefly discuss the slow decay component in the fluorescence 

anisotropyy decay (Table 4.1). Again, we find that the fluorescence anisotropy is observed 

onlyy when the excitation wavelength is above 344 nm, i.e., the photon excitation energy 

iss kept as low as possible. The decay with time of r(/), as extracted from the convoluted 

SPCC transients for ƒ |(/) and , is found to be monoexponential. The best-fit function 

hass a characteristic decay time of 85 ps for Alq3 in DMF. The decay time becomes much 

longerr in high-viscosity solvents. For instance, in ethylene glycol the decay time is 1.18 

nss (Table 4.2). The "long" (85 ps) fluorescence anisotropy decay component is present 
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onlyy when the complexes are in liquid solution. Also, t\t) appears to be independent of 

thee detection wavelength. These features are typical of fluorescence ansiotropy decay 

arisingg from rotational diffusion motions of the probed solute molecules. Such motions 

aree usually considered in fluorescence anisotropy studies. [27] 

Tablee 4.2 comprises the results for the experimental fluorescence anisotropy 

decayy times, Tj, for a number of Mq3 complexes, with M = Al, Ga, or In. It appears that 

thesee anisotropy decay times are compatible with the rotational diffusion times obtained 

fromm the Debye-Stokes-Einstein relation, [41] 

-6D-6D t 
7(00 = A e s (4.3) 

wheree the rotational diffusion rate constant, Ds, is given as, 

kkBB is the Boltzmann constant, T is the temperature, r\ is the viscosity coefficient of the 

solventt (0.8 mPa.s for DMF, 16.1 mPa.s for ethylene glycol) [42] and R is the radius of 

thee solute molecule, which in the model is assumed to have a spherical shape. 

Inn Table 4.2 we have included the values of the rotational diffusion times, rr = 

(6Ds)~(6Ds)~ , as obtained for the given R values for the Mq3 complexes. These values for R 

weree assumed to follow the increase of the atomic radii of Al3+, Ga3+ and In3+. The 

satisfactoryy agreement between the values of T2 and rr confirms that the "long" time 
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decayy component of the fluorescence anisotropy of Alq3 in DMF is due to the rotational 

diffusionn motions of the solute molecules indeed. 

TableTable 4.2: Characteristic time, r?, for the "long" fluorescence anisotropy decay 

componentcomponent for Alq 3, Gaqj, and lnqj, dissolved in DMF and ethyleneglycol. The rotational 

diffusiondiffusion times estimated from the Debye-Stokes-Einstein (DSE) relation as indicated in 

thethe text are included 

Metall  Solvent: DMF Solvent: ethylene glycol 
Complex x 

x2(ps)) xr(ps) R{k) T2(ns) Tr(ns) R{k) 

Alq33 85 85 4.7 1.18 1.18 4.15 

Gaq33 91 91 4.8 1.28 1.27 4.25 

Inq33 122 105 5.0 4.45 

Inn conclusion, femtosecond fluorescence anisotropy measurements for Alq3 in 

liquidd solution revealed a biexponential decay behavior characterized by a "fast" (2 ps) 

andd a "slow" (85 ps) decay component. The presence of close-lying excited states 

enhancess the polarizability of the excited state. It has been discussed that the "fast" decay 

iss due to the influence of solvation on the highly polarizable fluorescent excited state of 

Alq3.. The "slow" decay arises from the conventional influence of the rotational diffusion 

motionss of the solute molecules. 
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Chapterr  5 

Femtosecondd Dynamics of IR molecules in Hybri d Materials 

Abstract t 

Wee report on the optical properties of two dye molecules absorbing in the near 

infraredd region (0.8—1.1 urn) and emitting up to 1.3 \im. The chromophores are 

embeddedd in hybrid organic/inorganic silicon-based films synthesized by a modified 

sol-gell  technique. Femtosecond time-resolved emission spectra have been measured 

inn order to determine the effect of the solid cage on the excited state dynamics of the 

trappedd molecules. For comparison, measurements in different solvents are reported 

andd an estimation of the relative quantum efficiency in solid glassy material with 

respectt to liquid solutions is given. Measurements are discussed in terms of physical 

andd chemical interactions with the host matrix. 
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5.11 Introductio n 

Manyy organic dye molecules dissolved in liquid solutions are commonly 

employedd for well known applications such as dye lasers, saturable absorber, optical 

dataa storage, etc. [1]. The incorporation of organic dyes in solid matrices (polymers, 

glassess and composite glasses) is also of great importance. In fact, solid state lasers 

offerr many advantages with respect to liquid dye lasers because of their mechanical 

stability,, low toxicity, compactness and versatility. 

Decompositionn of organic materials when handled at high temperatures 

excludess the possibility to incorporate them in traditional glasses by melting. The sol-

gell  technique offers a valuable alternative due to the low temperatures involved in the 

reactions.. The sol-gel method allows successful doping of glassy materials with dyes 

[22 - 4] and laser emission in the visible and ultraviolet spectral region has been 

demonstratedd [5 - 7] with even better performances when compared to less stable 

polymerr matrix lasers. 

Recently,, the field was extended to the study of molecules with luminescence 

propertiess in the infrared (IR) region [8, 9]. As is well known, this spectral region is 

cruciall  for fiber optics communications. Important information, such as emission 

quantumm yield or the lifetime of the excited state, is still lacking for these dye 

molecules,, however. Moreover, on an ultrafast time scale, molecular relaxation and 

intramolecularr rearrangements are very sensitive to the dynamics of the solvents and 

eventuallyy of the solid matrix in which they are embedded [10]. 

Inn this study femtosecond time-resolved emission spectroscopy has been 

employedd to determine the excited-state dynamics of two infrared dye molecules in 

solutionss and in hybrid organic/inorganic sol-gel films. 
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5.22 Experimental 

Hybridd films were prepared with tetramethyl orthosilicate (TMOS) and 3-

(trimethoxysilyl)propyll  methacrylate (TMSPM) as precursors. Molar ratios of the 

solventss and precursors used for the synthesis of the samples were 

TMOS:TMSPM:water:ethanoll  = 1:1:4:2. The dye molecules, IR1048 and IR1061, 

weree purchased from Sigma-Aldrich. The former molecule belongs to the cyanine 

familyy and the latter molecule is a thiopyrilium. The schematic structures of the two 

chromophoress are shown in Figure 5.1. 

CI I 

CH^CH H \J^CH-CH H 

BF4-- CH2(CH2)2CH3 Gr^vCr^^CHg g 

IR1048 8 

+Ŝ ^ V - CH=CH^|^CH CH= 3F4 
CI I 

IR1061 1 

FigureFigure 5.1: Molecular structure of the infrared dyes 

Dopingg of the composite matrix was by directly adding the dye powder to the 

sol-gell  solution without further purification. The concentration of the dyes was of the 

orderr of 10"5 M. Solutions were filtered and casted on Corning glass substrates in a 
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cleann room. After deposition, films were dried at 40 °C for 24 hours. The average 

filmm thickness, measured with a profilometer, was typically 50 u.m. Liquid solutions 

off  the same chromophores dissolved in acetonitrile and dichloromethane were also 

investigated.. Steady state emission spectra have been performed using a 980 nm 

diode-laserr as excitation source. The luminescence, dispersed through a 30 cm 

monochromator,, was detected with a cooled photomultiplier tube (Hamamatsu 

R5509-72). . 

Thee fluorescence transients were measured using a femtosecond fluorescence 

up-conversionn set-up described in detail elsewhere [11]. The 840 nm excitation 

wavelengthh was provided by a Tsunami Ti:sapphire laser (= 60 fs pulse width) with a 

repetitionn rate of 82 MHz. The up-conversion signal was detected by means of a 

photomultiplierr connected to a photon counting system. The instrumental response 

functionn was determined to be about 150 fs (FWHM). 

5.33 Results and discussion 

Figuree 5.2 shows steady state absorption and emission spectra for IR1048 and 

IR10611 in composite films. Analogous spectra, not shown in the figure, have been 

obtainedd for the same dyes in acetonitrile and dichloromethane solutions. The general 

featuress of the spectra, both in the films and in the solutions, are quite similar. The 

Stokess shift (wavelength difference between the maximum of the absorption and 

emissionn bands) appeared sensitive to the polarity of the solvent. The Stokes shift is ~ 

400 nm when the solvent is acetonitrile and about ~ 30 nm when the solvent is 

dichloromethane.. In the hybrid films, Stokes shift is rather low (AA, = 17 nm and AA. ~ 

200 nm for IR1048 and IR1061, respectively) indicating that the solute molecules are 

mainlyy surrounded by non-polar groups of the organic modifier [12, 13]. 
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FigureFigure 5.2: Steady state absorption (dotted lines) and emission (solid lines) spectra 

forfor IR]048 (a) andIR1061 (b) in hybridfilm 

Inn Figure 5.3 we present the femtosecond fluorescence upconversion transients 

forr IR1048 and IR1061 dissolved in acetonitrile and dichloromethane, as detected at 

11200 nm. All curves show an instantaneous rise, within the system response of 150 fs, 
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followedd by a fast decay, this decay being dependent on the solvents. The transients 

havee been fitted to a bi-exponential decay convoluted with the system response 

function.. The results are summarized in Table 5.1. 
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FigureFigure 5.3: Femtosecond fluorescence transients ofIR1048 and IR1061 in solutions 

atat room temperature. Detection wavelength was 1120 nm. (a) and (b) show the decay 

curvescurves for IR1048 in acetonitrile and dichloromethane solutions, respectively; (c) and 

(d)(d) show the decay curves for IR1061 in acetonitrile and dichloromethane solutions, 

respectively. respectively. 

Thee fast decay time Ti, shows a slight change with the detection wavelength: 

thee decay is faster when detection is further to the blue part of the emission. There is 

noo change with the nature of the solvents, however. From these preliminary results, 

wee infer that the fast dynamics is related to the vibrational relaxation rather than to 
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solvationn dynamics. Additional measurements are presently in progress and they will 

bee the subject of a forthcoming publication. 

TableTable 5.1: Bi-exponential fitting parameters for IR1048 and IR1061 in acetonitrile 

(ACN)(ACN) and dichloromethane (DCM). rr and A-, represent decay times and relative 

amplitudes,amplitudes, respectively. Quantum efficiencies are reported in last column. 

Solvent t A, , x2 2 

(ps) ) 
A2 2 T\T\  AT) 

IR1048 8 

ACN N 

DCM M 

0.13 3 

0.31 1 

-0.12 2 

-0.14 4 

7.9 9 

15.3 3 

0.36 6 

0.71 1 

1 1 

0.00410.001 1 

IR1061 1 

ACN N 

DCM M 

0.12 2 

0.18 8 

-0.80 0 

-0.20 0 

28.9 9 

38.9 9 

0.78 8 

0.20 0 

3 3 

0.017+0.005 5 

Thee longer decay time tj can be ascribed to the lifetime of the relaxed excited 

state.. It is independent of the detection wavelength, but it is related to the nature of 

solvents:: in acetonitrile (having higher polarity than dichloromethane) a shorter 

lifetimee is observed. 

Quantumm efficiencies for the two dyes in the two solvents are included in 

Tablee 5.1. The values were obtained by means of an indirect method based on a 

referencee solution employed to evaluate the collection efficiency of our experimental 

set-up.. The reference chromophore was Rhodamine B, dissolved in ethanol, for which 

thee fluorescence efficiency is known to be 0.97 [14]. The fluorescence lifetimes for 

thee two dyes followed the measured values of the quantum yield: for longer lifetime a 

higherr quantum yield is measured. 
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Figuree 5.4 shows fluorescence upconversion transients for IR1048 and IR1061 

inn composite films. The transients can be effectively fitted with a single exponential 

decayy function with no fast component. The results are summarized in Table 5.2. The 

lackk of any fast component indicates a significant effect of the cage on the excited 

statee dynamics. This can be tentatively explained assuming that vibrational relaxation 

off  the chromophore in the film is much more efficient than in solution and too fast to 

bee resolved with our experimental resolution (-150 fs). On the other hand, the decay 

timee of Table 5.2 are of the same order of magnitude as those for long-living 

componentt observed when using dichloromethane as solvent. This is a further 

indicationn that low-polarity groups in the solid hybrid matrix surround the dye 

molecules. . 
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FigureFigure 5.4: Femtosecond fluorescence transients of IR1048 (a) and IR106I (b) in 

hybridhybrid films. The detection wavelength was 1065 nmfor both samples. 
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TableTable 5.2: Excited state lifetime % averaged over six measurements at different 

detectiondetection wavelengths, and relative quantum efficiencies J]rei with respect to 

dichloromethanedichloromethane solutions for IR1048 and IR1061 in hybrid sol-gel films. 

Dye e 

IR1048 8 

IR1061 1 

X X 

(P«> > 
3 3 

4 4 

Tlrell  ATlre i 

1.5+0.3 3 

2 2 

Thee fluorescence quantum efficiency for the two dyes in the films, determined 

relativee to the values found for the dichloromethane solutions, are also reported in 

Tablee 5.2. The values are close to unity, indicating that the dye molecules are 

embodiedd in the sol-gels without chemical degradation. 

Inn conclusion, the analysis of the optical behavior of two IR dyes in sol-gel 

matrixx shows the feasibility of these systems for solid laser applications. 
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Chapterr  6 

Femtosecondd Fluorescence Studies of Two-dimensional Dynamics 

inn Photoexcited Michler' s Ketones 

Abstract t 

Femtosecondd fluorescence upconversion experiments are reported for two 

diphenyll  ketone dye molecules, the unbridged Michler's ketone [4,4'-bis(7V,JV-

dimethylamino)-benzophenone]]  and its bridged derivative compound 3,6-

bis(dimethylamino)-10,10-dimethylanthronee (BMK). For Michler's ketone (MK), in 

alcoholicc solution, anomalously fast dynamic Stokes shifts and fluorescence decay 

transientss are observed. It is discussed that phenyl-group twisting as well as solvation 

determinee the excited-state relaxation dynamics of MK. In the case of BMK, twisting is 

absentt and the excited-state dynamics is determined solely by (fast) initial solvation 

followedd by population decay to the ground state. 
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6.11 Introductio n 

Fluorescentt di- and triphenylmethane dye molecules have received considerable 

attention,, in part because of their widespread applications as laser dyes [1] or as 

fluorescentt probes in investigations of the structure and function of proteins [2] or 

physicall  aging of polymers [3]. Much the work has focused on the drastic influence of the 

viscosityy of the solvent on the fluorescence quantum yield of the chromophores: in a 

highlyy viscous solvent the quantum yield is high, in a low-viscosity solvent the 

fluorescencee is weak [4 - 9]. It has long been recognized that twisting of the phenyl rings 

off  the dye molecules about the bonds to the central carbon atom is crucial i.e., if the 

solventt viscosity allows for more phenyl-group mobility the fluorescence is weakened [4, 

5]. . 

Severall  approaches have been considered to explain the influence of twisting on 

thee fluorescence quantum yield. In early work it was proposed that the major effect of the 

torsionall  motions of the phenyl groups is to enhance radiation/ess decay from the 

electronicc excited state to the ground state [4, 5, 10, 11]. However, in the case of the 

diphenylmethanee cationic dye, auramine, recent fluorescence upconversion and transient 

absorptionn results showed that for this species in solution the radiative rather than the 

non-radiativee character of the electronically excited state is affected by the reorientational 

motionss of the molecular phenyl rings [12 - 14]. 

Inn this paper, we investigate the short-time fluorescence behavior of two structural 

analogss of auramine, namely Michler's ketone (MK, Figure 6.1) [4,4'-bis(A ,̂Ar-

dimethylamino)-benzophenone]]  and its bridged derivative compound 3,6-

bis(dimethylamino)-10,10-dimethylanthronee (BMK, Figure 6.1). The photophysics and 
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thee photochemistry of MK are strongly solvent dependent because of closely lying lowest 

excitedd singlet and triplet rot , nrc and charge transfer states [15 - 19]. Recent 

solvatochromicc shift studies of MK in polar and apolar solvents showed that the 

fluorescentt S] state in cyclohexane and benzene has ror character, but that in more polar 

solventss (acetonitrile, DMSO, and methanol) charge transfer character is more important 

[20].. From fluorescence anisotropy measurements of MK in ethanol, an Si state with a 

lifetimee shorter than the typical rotational diffusion time of the solute was suggested [17]. 

Inn acetonitrile the lifetime of the Si state has been reported to be 640 ps [19]. Recently, 

Singhh et al. reported laser flash photolysis experiments of MK in apolar and polar 

solventss in the (sub)picosecond time domain [20], For MK in methanol distinct transient 

absorptionn spectra were obtained at 1 ps and 50 ps, indicative of different stages of 

solvationn although no kinetics could be resolved. Previously, it has been pointed out that 

MKK and BMK exhibit completely different solvatochromic behavior [21]. The much 

higherr solvatochromic slope for MK in aprotic polar solvents, as compared to BMK, 

showss that MK can reach, by intramolecular excited state relaxation, an emitting 

conformationn with a strongly enhanced dipole moment. This relaxation is blocked in 

BMK. . 

Heree we present results of femtosecond fluorescence upconversion and 

picosecondd time-correlated single photon counting fluorescence experiments of MK and 

BMKK in polar protic and aprotic solvents. The emphasis is on the specific role of flexible 

functionall  groups in the molecule in the fast dynamics of the excited Si state. For MK in 

alcoholicc solutions we show that the main features are quite analogous to those of 

auramine,, i.e., a dynamic Stokes shift on a (sub)picosecond time scale occurs 
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concomitantt with a drastic decrease in the total integrated fluorescence intensity. By 

contrast,, for the blocked ketone (BMK) only a dynamic Stokes shift is measured and a 

simultaneouss rapid decay of the total fluorescence intensity is lacking. Based on the 

dynamicss of photoexcited MK in different solvents it is suggested that dynamic 

intramolecularr conformational and solvation coordinates determine the excited Si-state 

dynamics,, whereas for BMK only solvation is responsible for the picosecond 

fluorescencee transient effects. The results for MK are related to recent theoretical work 

byy Hynes et al., in which the combined role of twisting and solvation is considered [22-

24]. . 

6.22 Experimental 

Michler'ss ketone was purchased from Aldrich and used without further 

purification.. 3,6-bis(dimethylamino)-10,10-dimethylanthrone (BMK) was prepared by 

thee method of Aaron and Barker [25]. The solvents methanol, ethanol, 1-propanol, 

decanol,, acetonitrile and dimethylformamide (DMF) are of spectrophotometric grade 

(Aldrich).. The measurements were performed using solutions of MK and BMK at a 

concentrationn of 10"4 M. 

Femtosecondd fluorescence upconversion transients were measured by means of 

thee set-up described previously [26], The system response time as measured from the 

cross-correlationn signal of the excitation and gating pulses at 360 nm and 800 nm, was 

estimatedd to be approximately 150 fs (FWHM). Excitation wavelength was at 360 nm, 

upconversionn transients were detected from 412 nm upto 625 nm. To remove 

contributionss from rotational reorientation motions of the solute molecules, 
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measurementss were performed under magic angle conditions (with the laser-excitation 

polarizationn at an angle of 54.7° relative to the vertically polarized gating beam). For the 

measurementt of the fluorescence transients in the later time span from 15 ps to 5 ns, a 

secondd laser system, outfitted with a time-correlated single-photon-counting (TCSPC) 

detectionn system, was used [27], In these experiments the instrument response was about 

166 ps (FWHM). Here too the fluorescence transients were measured under magic angle 

conditions.. Steady-state absorption spectra were recorded by means of a conventional 

spectrophotometerr (Shimadzu, UV-240). Steady-state fluorescence spectra were 

measuredd using the emission spectrometer described before [28]. The emission spectra 

weree corrected for the wavelength-dependent sensitivity of the monochromator-

photomultiplierr detection system. All experiments were performed at room temperature. 

6.33 Results 

6.3.16.3.1 Michler's ketone 

Figuree 6.1 displays the steady-state absorption and fluorescence spectra for MK 

dissolvedd in the solvents methanol and acetonitrile. The spectra are consistent with those 

reportedd elsewhere [19-21]. The absorption spectrum shows two main bands: the more 

intensee band is centered at 360 nm when the solvent is protic (350 nm in an aprotic 

solvent)) and the weaker band is near 310 nm. The band at 360 nm has been assigned as a 

nn*nn* transition, the band at 310 nm has been attributed to an nrc*  transition [15]. The 

fluorescencee spectrum of MK in acetonitrile and in alcoholic solution consists of a 

structurelesss broad band (as in the case of auramine [12-14]) with a solvent dependent 
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bandd maximum and band shape. The fluorescence band maximum for MK in methanol is 

att 440 nm and in acetonitrile at 530 nm. 

Wavelengthh [nm] Wavelength [nm] 
3000 400 500 700 300 400 500 700 

11 1 __ 1 1 . . i 1 _

1 - ,, . 1 , 1 . , . , r> ! I  ' I  ' 1 I 

350000 30000 25000 20000 15000 35000 30000 25000 20000 15000 

Wavenumberr [cm ] Wavenumber [cm ] 

FigureFigure 6.1: Steady-state absorption and fluorescence spectra of Michler's ketone (left) 

andand blocked Michler 's ketone (right) in methanol (straight line) and acetonitrile (dotted 

line).line). Structures of Michler's ketone and blocked Michler's ketone are given as inserts. 

Fluorescencee upconversion transients were obtained for MK in the protic solvents 

methanol,, ethanol and decanol, and the aprotic solvents acetonitrile and DMF. The 

transientss were measured at different detection wavelengths within the fluorescence band, 

thee pump pulse being at 360 nm. Each transient could be fitted with a multi-exponential 

functionn convoluted with the system response function. Representative results are given 

inn Figure 6.2. 

94 4 



FemtosecondFemtosecond Fluorescence Studies of Two-dimensional Dynamics in Photoexcited Michler 's Ketones 

FigureFigure 6.2: Fluorescence upconversion transients of Michler's ketone in methanol (a), 

ethanolethanol (b), decanol (c), DMF (d) and of blocked Michler's ketone in ethanol (e) and 

DMFDMF (f). Drawn curves represent best-fit convoluted multiexponential functions. 

DetectionDetection wavelengths are indicated, (a) includes the instrument response function. 
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Thee figure includes the cross-correlation signal between the excitation- and gating 

pulsess from which the instrument response time {150 fs) was determined. The transients 

forr MK in acetonitrile were similar to those of MK in DMF and therefore are not 

incorporatedd into the Figure. Best-fit parameters for a few typical detection wavelengths 

aree collected in Table 6.1. For detection wavelengths below 450 nm, the rise times were 

tooo short to be determined reliably with our experimental set-up and thus cannot be 

given. . 

Time-resolvedd fluorescence spectra were computed applying the spectral 

reconstructionn procedure [12, 13]. Figure 6.3 illustrates the resulting data points for MK 

inn various protic solvents. The solid curves are representative of best-fit curves to log-

normall  line shape functions [13]. The temporal behavior of the fluorescence spectrum of 

MKK in alcoholic solution is characterized as follows. Firstly, the maximum of the 

emissionn band shows a dynamic Stokes shift to lower energies on a (sub)picosecond time 

scale.. (After about 5 ps, the emission band maximum for MK in methanol and ethanol is 

evenn red-shifted with respect to the band maximum of the steady-state fluorescence 

spectrumm (Figure 6.3a and b)). Secondly, the dynamics of the Stokes shift is slower in the 

orderr methanol, ethanol and decanol. Thirdly, concomitant with the dynamic Stokes shift, 

thee total integrated emission intensity is decreased. 

Inn the aprotic solvents acetonitrile and DMF, the kinetics of the MK fluorescence 

transientss is also characteristic of a dynamic Stokes shift. Fitting the transient at each 

detectionn wavelength to a multiexponential yielded the parameters listed in Table 6.1. 
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TableTable 6.1: Best-fit values of the time constants and, in parentheses, their pre-exponential 

factorsfactors of the multi-exponential fit functions ofthefemto- and picosecond fluorescence 

transientstransients ofMichler 's ketone in methanol, ethanol, decanol, acetonitrile and DMF at 

roomroom temperature. 

Methanol l 

Ethanol l 

Decanol l 

Acetonitrile e 

Dimethylformamide e 

X X 
(nm) ) 

412 2 
468 8 
548 8 
622 2 
405 5 
468 8 
548 8 
608 8 
400 0 
500 0 
600 0 

410 0 
493 3 
550 0 
640 0 
415 5 
493 3 
550 0 
622 2 

Tl l 

(ps) ) 

0.1800 (-0.9)a 

0.2600 (-0.9)a 

0.3022 (-0.9)a 

0.1700 (-1.0)a 

0.2500 (-1.0)a 

0.6800 (-0.5)a 

18(0.9) ) 
611 (0.6) 
700 (-0.2)a 

0.1100 (-0.9)a 

0.1900 (-1.0)a 

0.3500 (-0.7)a 

0.1900 (-0.9)a 

0.3500 (-0.9)a 

0.5200 (-1.0)a 

T2 2 

(ps) ) 

0.500 (0.8) 
1.10(0.8) ) 
2.15(0.6) ) 
2.15(0.5) ) 
1.0(0.7) ) 
1.5(0.6) ) 
8.77 (0.6) 
2.77 (-.4)a 

67(0.1) ) 
2622 (0.4) 
333(1.0) ) 

0.57(1.0) ) 
1.0(0.9) ) 
1.5(0.7) ) 
2.66 (0.4) 
1.7(1.0) ) 
2.77 (0.9) 
4.77 (0.7) 
5.55 (0.5) 

T3 3 

(ps) ) 

2.00 (0.2) 
5.00 (0.2) 
11.0(0.4) ) 
11.0(0.5) ) 
5.00 (0.3) 
8.00 (0.4) 
400 (0.4) 
50(1.0) ) 

800(0.1) ) 
8000 (0.3) 
8000 (0.6) 

800(0.1) ) 
8000 (0.3) 
8000 (0.5) 

aReferss to rise components; positive pre-exponential factors refer to decay, their 

summ is normalized to 1. 

97 7 



ChapterChapter 6 

250000 20000 ' 15000 25000 20000 15000 

Wavenumberr [ cm"1 ] Wavenumber [ cm"l ] 

FigureFigure 6.3: Temporal dependence of reconstructed emission spectra of Michler's ketone 

inin methanol (a), ethanol (b) and decanol (c); the same for blocked Michler 's ketone in 

ethanolethanol (d). Symbols in (a) and (b) have same meaning. Drawn curves represent best fits 

ofof the experimental data points to log-normal line shape function. The dotted curve in (a) 

displaysdisplays the steady-state emission of MK. The intensity scale of the dotted curve is not 

relatedrelated to that of the time-dependent spectra. Insert in (b): dots represent integrated 

intensity,intensity, I(t), versus the first moment of the reconstructed emission spectra of Michler's 

ketoneketone in ethanol. The dashed line shows as a guide to the eye a v3-dependence. 
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Thee reconstructed emission spectra for MK in DMF at various delay times were 

obtainedd as before. Phenomenologically the behavior appeared as for the BMK/ethanol 

solutionn (vide infra): the dynamic Stokes shift is accompanied by a decrease in the total 

emissionn intensity. However, after about 50 ps the Stokes shift is finished and a residual 

emissionn is observed. This residual component decays with a time of 800 ps typical of the 

lifetimee of the relaxed excited state of MK. 

Thee time dependence of the first moment of the reconstructed emission bands in 

proticc and aprotic solvents (Figure 6.4) is illustrative of the dynamics of the Stokes shift. 

Comparisonn of the protic and aprotic results reveals a few differences. Firstly, the 

dynamicc Stokes shift for MK in DMF is faster than in alcoholic solution. (For MK in 

acetonitrilee the dynamic Stokes shift is much larger than 5 kK and hence immediately 

afterr the pulsed excitation the emission band maximum is shifted below 400 nm. Since in 

ourr fluorescence upconversion experiments only emission at a wavelength higher than 

4000 nm can be reliably detected, we cannot experimentally completely follow for 

MK/acetonitrilee the temporal shift of the emission band maximum). Secondly, in addition 

too the fast dynamics of the initial Stokes shift, in aprotic solvents the fluorescence of MK 

displayss a long decay component (~ 800 ps) that is absent for MK in a protic solvent. In 

methanoll  and ethanol solution, for instance, the MK fluorescence has disappeared in our 

upconversionn measurements after about 20 ps. 
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FigureFigure 6.4: Time dependence of first moment of the emission band of Michler's ketone 

(a)(a) and blocked Michler 's ketone (b) in methanol (square), ethanol (circle), decanol 

(triangle)(triangle) and DMF (diamond). Drawn lines show best fits to bi-exponential functions. 
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6.3.26.3.2 Blocked Michler's ketone 

Ass illustrated in Figure 6.1, the absorption spectrum of BMK is similar to that of 

MK.. Two absorption bands with maxima near 380 nm and 325 nm are observed. In 

emissionn we find that the Stokes shift (taken as the energy difference between the 

maximaa of the absorption and emission bands in the steady-state spectra) for BMK in 

alcoholicc solution is 6000 cm"1 and in acetonitrile (or DMF) it is only about 3500 cm" . 

Notee that for MK a much larger value for the Stokes shift in acetonitrile is found (> 8000 

cm"1).. It is recalled that for MK in aprotic polar solvents, as compared to BMK, a 

stronglyy enhanced dipole moment in the relaxed excited state has been found [21]. 

Consequently,, in polar solvents, the Stokes shift for MK is expected to be significantly 

largerr than for BMK. 

Typicall  fluorescence upconversion transients of BMK, dissolved in ethanol and 

DMF,, are shown in Figure 6.2e and f, respectively. The fluorescence transients fit a bi-

exponentiall  function convoluted with the system response. From the fitted fluorescence 

transientss of BMK, as for the unbridged MK, the time-resolved fluorescence spectra 

couldd be obtained by applying spectral reconstruction. The resulting point-by-point 

spectraa for BMK in ethanol are given in Figure 6.3d. The point spectra could be fitted to 

aa log-normal line shape (solid curves in the figure). As illustrated in Figure 6.4, the band 

maximumm shows a dynamic Stokes shift on a picosecond time scale. However, in contrast 

withh the results obtained for MK, the time dependence of the decay of the total integrated 

fluorescencee intensity of the blocked ketone does not follow that of the dynamic Stokes 

shift.. From the decay of the integrated fluorescence intensity, the lifetime of the emissive 

statee of BMK is determined as 2.1 ns. 
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6.44 Discussion 

AA main result of the time-dependence of the fluorescence of MK in protic solution 

iss the similar dynamics for the Stokes shift and the integrated fluorescence intensity 

decay.. Both observables appear sensitive to the viscosity of the solvent (compare for 

examplee the dynamics of the Stokes shift for MK in methanol, ethanol and decanol 

(Figuree 6.3 a-c, Table 6.2)). Several possible explanations may be mentioned for the 

picosecondd dynamic Stokes shift. Firstly, it could result from solvation i.e., the dynamic 

responsee of the environment to the optical excitation of the chromophore. Solvation 

dynamicss usually occurs on a time scale ranging from -50 fs to several hundreds of 

picosecondss [29]. If, however, solvation is responsible for the dynamic Stokes shift of 

MK,, a concomitant decay in the fluorescence intensity is not expected since the nature of 

thee emissive electronic state is generally not affected by the reorientational motions of the 

solventt molecules, unless of course the lifetime of the emissive state is coincidentally of 

thee order of the characteristic time of the Stokes shift. To examine this latter possibility, 

wee plot as an insert in Figure 6.3b the integrated emission intensity of the time-dependent 

reconstructedd emission spectra against the frequency (in cm'1) of the optical transition for 

MKK dissolved in ethanol. The data points certainly do not follow the v3-dependence that 

iss expected according to Einstein's relation for spontaneous emission. Similar results 

weree obtained for MK in the other alcoholic solvents. We conclude that the MK 

fluorescencee does not have a single and constant decay time as MK develops to its 

relaxedd excited state following pulsed excitation. A "normal" solvation process in which 

onlyy a dynamic Stokes shift is observed and in which the total integrated fluorescence 

intensityy remains unaffected (apart from the v dependence), apparently does not apply in 
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thee case of MK. It is concluded that the dynamic Stokes shift observed for MK is not only 

determinedd by the solvation dynamics of the chromophore. 

Wee now consider the possibility that the ps dynamic Stokes shift of MK in 

alcoholicc solution is caused by (intramolecular) reorientational motions of the phenyl 

groupss within the MK molecule. We follow the model previously proposed for the analog 

dyee molecule, namely auramine [13]. For the latter molecule, the similar dynamics of the 

dynamicc Stokes shift and the decay of the integrated fluorescence intensity could be 

explainedd assuming that intramolecular twisting of the phenyl groups of auramine effects 

ann adiabatic electronic relaxation along a (quasi-) barrierless excited-state potential 

energyy surface. The electronic wave function corresponding to this potential energy 

surfacee is considered to be a twist-angle dependent mixture of two diabatic states, one of 

thesee being an emissive locally excited state and the other one a geometrically relaxed 

weakly-- or non-emissive state. Thus, as relaxation along the potential energy surface 

takess place, the nature of the electronic wave function varies from radiative to 

nonradiative.. Adopting a similar picture for the excited-state dynamics of MK, it follows 

thatt the dynamic Stokes shift and the total fluorescence intensity show similar dynamics, 

thiss dynamics being controlled by twisting and solvent relaxation processes. We remark 

inn passing that with the two-state coupling model the sensitivity of the fluorescence 

quantumm yield towards the solvent viscosity [19] may also be qualitatively understood. 

Thee alternative that the enhanced decay of the fluorescence of MK is due to 

wowradiativee decay should also be considered. Formally, the enhanced radiationless decay 

cann be taken into account by including a twisting angle dependent sink function term 

[10,11].. By necessity, the sink function approach predicts that the excited-state lifetime is 
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twistt angle dependent and in fact is shortest in the relaxed excited state. This, however, 

turnedd out not to be the case for auramine [12 - 14]. For MK, in methanol or ethanol, a 

lifetimee of the relaxed excited state could not be measured because the fluorescence has 

alreadyy decayed below the detection limit of the upconversion setup before the dynamic 

Stokess shift has come to an end (Figure 6.4). Nevertheless, we also find that in the case of 

MKK the sink function approach is not applicable. To see this, we consider the decay part 

off  the fluorescence transients of MK as detected for X > 600 nm. These decays are 

representativee of the lifetime of the twisted conformation emitting at the chosen detection 

wavelength.. It turns out that this lifetime becomes longer as the detection is more to the 

redd side of the emission band. This behavior is contrary to what is expected in the sink 

functionn approach. We conclude for MK, similar to auramine, that twisting of the phenyl 

groupss principally affects the radiative character of the excited electronic state and that 

thiss in turn is of dominant influence both on the dynamics of the Stokes shift and the 

fluorescencee intensity decay. 

Forr the bridged compound BMK the time dependence of the fluorescence is quite 

different.. Now the dynamics of the Stokes shift and the fluorescence intensity decay 

occurr on different time scales (Table 6.2). Due to the bridging of the phenyl groups, 

twistingg motions of the latter are blocked and thus such motions can be excluded in 

consideringg the fast dynamic Stokes shift. On the other hand, the dynamic Stokes shift is 

solventt dependent and thus may be due to solvation. Solvation is usually characterized by 

thee normalized spectral response function, C{1) = [v{t)  - v(0)]/[ v(oo) - v(0)], where v(t) is 

thee first moment of the emission band shape function. In linear response theory, C{t) is 

thee time autocorrelation function of the solvent-induced fluctuations of the optical 
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transitionn frequency [30]. The plots in Figure 6.4 are best fits to a biexponential function. 

Inn Table 6.2 we give the weighted average times for the best-fit functions for the dynamic 

Stokess shift (TAV) as well as typical solvation times (TS) from the literature for the solvents 

used.. From the close similarity of TAV with TS it is concluded that for BMK the dynamic 

Stokess shift is due to the solvation process that follows the pulsed photoexcitation of the 

solute. . 

TableTable 6.2: Dynamic Stokes shift (DSS, in cm') and weighted characteristic times (TAV, in 

ps)ps) of DSS of Michler's ketone (MK) and blocked Michler's ketone (BMK). Solvation 

timestimes (xs, inps) are taken from Ref 27. Also included are the weighted decay times, r,„,, of 

thethe integrated fluorescence intensity. 

Methanoll  Ethanol Decanol DMF 

D S SS T A V TS Tint D S S T A V Xs Tint D S S TAV T s Tint D S S T A V T S Tj m 

MKK 3500 3.1 5 2.0 2100 6 16 3.5 3200 104 245 48 5300 2.1 2 125 

BMKK 2100 16 680 2000 240 790 1000 2 490 

TAVV = 2 a, Ti / X at, where ij are the time constants of the bi-exponential fits in Figure 6.4. 

Uponn comparing the kinetics of MK and BMK in the same alcohol (see e.g., the 

timee constants in Table 6.2 for the dynamic Stokes shifts of MK and BMK in ethanol) it 

iss found that the dynamics for MK is more than two times faster. Hynes et al. have 

recentlyy analyzed for TICT molecules that an enhancement in the dynamics of the Stokes 
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shiftt may occur by considering in a two-dimensional approach the effects of twisting and 

solvationn [22-24]. Several limiting cases were distinguished, including ones where 

solventt relaxation is either "slow"or "fast" with respect to the characteristic twisting time. 

Inn the slow-solvent limit, the reaction is started by solvation, but very soon twisting takes 

overr and virtually determines the dynamics of the reaction. Nordio et al have recently 

introducedd a related approach differentiating between "fast" and "slow" solvents [31]. 

Thiss approach is also applicable to barrierless reactions. As discussed above for MK, 

intramolecularr twisting motions eventually determine the electronic character of the 

excitedd state and the dynamic Stokes shift. Within the two-dimensional approach this 

impliess that for MK the slow-solvent limit applies. The slow-solvent result for MK in 

simplee protic solvents like methanol and ethanol is somewhat surprising when it is 

realizedd that in these solvents fast nuclear polarizations generally prevail due to the 

presencee of high frequency modes (30-50 ps"1, Ref.32). However, for MK in alcoholic 

solutionn it has already been noted that the emission is very broad compared to the 

emissionn of MK in acetonitrile (Figure 6.1). The broadening may hint to the presence of 

ann inhomogeneous distribution of stabilized twisted configurations and it may be that the 

influencee of the short-time dynamics of the solvent may be drastically changed and that 

long-timee relaxation dynamics determines the role of the solvent as for TICT molecules 

[322 - 34], 

Ass noted in Sec. 6.3, the kinetics of the fluorescence of MK in the aprotic solvents 

acetonitrilee and DMF initially displays a dynamic Stokes shift and a concomitant 

intensityy decay but after about 50 ps, the steady-state emission is reached and the 

emissionn decays with the excited-state lifetime of 800 ps. Within the framework of the 
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two-dimensionall  model [22 - 24, 31] it is thus found that for MK in the aprotic solvents 

usedd the fast solvation limit applies, i.e., the solvation dynamics is much faster than the 

respectivee characteristic reaction (i.e., twisting in this case) time constants. In such a limit 

itt has been argued that initially the dynamics are governed by twisting motions but very 

quicklyy the reaction dynamics is dominated by the fast dynamics of the solvation process. 

Indeed,, solvation times of inert probes in acetonitrile and DMF have been reported as 

0.266 ps and 2.0 ps, respectively [35]. Eventually, it is expected that the excited state 

decayss exponentially with a characteristic time corresponding to the excited-state 

lifetime.. For MK in DMF this has been verified and the measured lifetime is 800 ps. 
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Chapterr  7 

Simulationss of the Excited-State Twisting Dynamics of Michler' s 

Ketonee in Solution 

Abstract t 

Ultrafastt time-resolved emission spectra of Michler's ketone (MK) in solution 

aree simulated on the assumption that the lowest excited electronic state results from 

adiabaticc coupling between an emissive and a dark state. The simulations are in 

reasonablee agreement with experimental results for MK dissolved in alcoholic 

solvents.. The results are less satisfactory for MK in the non-alcoholic solvent DMF. It 

iss discussed that in alcoholic solvents twisting of two phenyl groups dominates the 

ultrafastt dynamics in the excited state of MK, while in non-alcoholic solvents both 

solvationn and twisting contribute to the ultrafast dynamics. 
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7.11 Introductio n 

Time-resolvedd spectroscopic studies of intramolecular conformational changes 

havee drawn a lot of interest in recent years [1]. Intramolecular twisting of molecular 

groupss around a single bond is in some cases barrierless. Very high values for the 

reactionn rate (often in excess of THz) can occur for these processes. Tri- and 

diphenylmethanee dyes are examples of molecules for which such ultrafast twisting 

dynamicss has been investigated [2 -9]. 

Steady-statee spectroscopy of these molecules shows that the quantum yield of 

thee emission depends on the viscosity of the solvent. In a highly viscous solvent the 

emissionn has a relatively high quantum yield, while for a low viscous solvent the 

emissionn quantum yield is poor. The results of ultrafast time-resolved spectroscopic 

experimentss show that the lifetime of the emission, and the dynamic Stokes shift also 

dependd on the viscosity of the used solvent [2,3]. The dynamic Stokes shift is 

accompaniedd with a drastic reduction of the fluorescence intensity. Both features 

increasee in rate using less viscous solvents. 

Inn Chapter 6 the experimental results for the time-resolved fluorescence 

upconversionn experiments for 4,4'-bis(AyV-dimethylamino)-benzophenone (Michler's 

ketone,, MK) and 3,6-bis(dimethylamino)-10,10-dimethylanthrone (blocked Michler's 

ketone,, BMK) in various solvents were described [10]. It was discussed that the time-

resolvedd emission of MK is depending on the twisting of the phenyl groups attached 

too the central carbon atom (see also Scheme 7.1). By means of ultrashort laser pulses, 

thee probed molecule is prepared in the photoreactive emissive state. The torsional 

motionss of the phenyl groups are hindered in highly viscous solvents, thus 

radiationlesss decay is less efficient and the fluorescence is favored. For less viscous 

solventss the opposite applies. 
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O O 

SchemeScheme 7.1: Structure ofMichler's ketone (MK) 

Severall  models have been proposed to describe the dynamics on the excited-

statee surface as a function of the twisting (reaction) coordinate. The first models are 

one-dimensionall  and describe the free energy as a function of only the rotational 

diffusionn coordinate. The viscosity controls the dynamics on the potential and hinders 

thee population to move over the potential. Oster and Nishijima [11] presented a model 

forr molecules with a barrierless flat potential independent of the twisting angle. After 

pulsedd excitation, the excited-state population progresses over the excited-state 

potentiall  performing a Brownian random walk. At a certain twisting angle there is a 

non-radiativee coupling to the ground state. A sink function represents the non-

radiativee population leakage to the ground state. The model of Oster and Nishijima 

explainss the relation between the fluorescence quantum yield and the viscosity. For 

time-resolvedd experiments, it predicts a broadening of the emission band and no 

dynamicc Stokes shift in time. However, a dynamic Stokes shift has been observed in 

thee case for MK dissolved in various solvents. 

Försterr and Hoffmann [ 12] considered a parabolic shape for the excited-state 

potentiall  as a function of the reaction coordinate. A sink function is active at the 

minimumm of the excited-state potential to represent the non-radiative relaxation to the 

groundd state. The parabolic shape of the excited-state potential explains the dynamic 

Stokess shift as found in the experiments for MK in solution. But it also predicts that 

thee dynamic Stokes shift versus the total integrated emission should follow the v3-
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relationn of Einstein for spontaneous emission [13]. As shown in Chapter 6, the 

emissionn for MK in different solvents does not follow this relation [10]. Bagchi, 

Flemingg and Oxtoby (BFO) [14] presented a model with a parabolic shape for the 

excitedd state potential to explain time-resolved absorption experiments of 

triphenylmethanee dyes. In addition, their model explicitly takes into account that the 

non-radiativee relaxation increases near the minimum of the excited-state potential. 

Thiss approach predicts a decrease in lifetime for the fluorescence transients to the red-

sidee of the emission band. The fluorescence transients for MK in various solvents 

showw the opposite behavior [10]. 

Kimm and Hynes [15] proposed a two-dimensional model for molecules 

undergoingg single bond twisting. They explained the experimental results of p-

dimethylaminobenzonitrilee and derivatives in solution [16] by assuming that twisting 

andand solvation mainly control the excited-state dynamics. In some cases twisting of the 

phenyll  groups is dominant. For example for MK in alcoholic solvents, the excited-

statee dynamics is faster than solvation. For such a case it suffices to consider the 

dynamicss as a function of the twisting diffusion coordinate only. 

AA molecule similar to MK is 4,4'-(imidocarbonyl)bis(N,N-dimethylanaline-

monohydrochloride)) (auramine). For auramine in alcoholic solution an adiabatic 

couplingg model has been proposed [3]. It was assumed that the excited state is an 

adiabaticallyy coupled state of an emissive state with a non-emissive state. The twisting 

off  the phenyl groups affects the radiative instead of the non-radiative properties of the 

excited-state.. In this Chapter we focus on simulations of the time-dependent 

fluorescencee spectra of MK in protic alcoholic solvents and in aprotic DMF starting 

fromm the adiabatic coupling model. 
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7.22 Adiabatic coupling model 

Too simulate the fluorescence spectra we consider a three-state system. We first 

constructt the potential energy surface as a function of a generalized twisting 

coordinatee for the ground state (G) and the excited state (Si). The latter is a coupled 

statee of an emissive state (F) and a dark state (D) as a function of the relative twisting 

coordinatee z. The twisting coordinate z is defined in terms of the time-dependent 

twistingg angle of the phenyl groups q>(t), 

z=(z=(p(t)-(p(0) p(t)-(p(0) 

Thee first excited state (F) has its minimum energy (as a function of z) above 

thee ground state minimum (z=0) and is emissive. The second excited state (D) has its 

minimumm energy for (z=l). The energies of the ground state and the two excited states 

aree taken as harmonic functions with the same harmonicity. This gives, 

G(z)G(z) = \kz2 (7.2) 

F(z)F(z) =Feq+\te2 (7.3) 

D(z)D(z) =Deq H£*(1 -z)2 (7.4) 

kk is the rotational force constant, Feq and Deq correspond to the zero-order minimum 

energiess of the emissive state and the non-emissive state, respectively. The functions 

F(z)F(z) and D(z) are given in Figure 7. la. 
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FigureFigure 7.1: (a) Potential energies of mixed state Si(z) (full curve) and the zero order 

emissiveemissive excited state F(z) (dotted curve) and non-emissive excited state D(z) (dashed 

curve),curve), (b) Moment for radiative transition as a function of the normalized twisting 

coordinate,coordinate, z. 

Wee now consider adiabatic coupling of the two excited states F and D. A new 

excitedd state S\ is formed. The energy of this new state is given by, 

SSxx{z){z) h*F{z) D®> y{F(z) -D(z))2+4C2 ( 7 ' 5 ) ' 
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CC is the coupling strength parameter. The energy of the adiabatic coupled state, S\(z), 

iss also given in Figure 7.1a. 

Thee transition moment for the optical transition from the Si state to the ground 

statee has become dependent on the relative twisting coordinate z due to the adiabtic 

couplingg of the two diabatic states F (emissive) and D (non-emissive). Normalizing 

thee optical transition moment for F to 1 and that for D to 0, one obtains the 

dependencee of the transition moment (M(z)) with the relative twisting coordinate z for 

thee optical transition G <— S\ to be, 

M{z)M{z) = coŝ  —arctan n 2C 2C 
F(z)-D(z) F(z)-D(z) 

(7.6) ) 

Thee moment for the radiative transition as a function of z is given in Figure 7. lb. 

Initiallyy the ensemble of molecules is in thermal equilibrium with the bath of 

surroundingg solvent molecules. Pulsed excitation lifts the population distributed near 

z=z= 0 to the excited state Si. The excited-state population will be no longer in 

equilibriumm with the bath. In the experiment the laser pulse has a duration of about 

1500 fs and the excitation energy is above that for the 0-0 transition. Fast relaxation 

processess prior to twisting are assumed to result in an asymmetric initial population 

distribution.. This asymmetric initial population distribution is represented by a log-

normall  shaped initial population distribution, 
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p(z,0)) =

expp -ln(2> 
'M M \n(\\n(\ + 2bz/\2JkBT/k 

4v v ifif  2bzl\2JkBTlk) >-l 

e/see 0 

2Ï Ï 

(7.7) ) 

&AA is Boltzmann's constant, T\s the temperature and 6 is the asymmetry factor. 

Too calculate the time evolution of the population density in the excited state, 

wee use Smoluchowski's equation [14,17], 

3pM M 
dt dt 

== D 3
2pfc0 0 D D dd \d 

toi+Tp*]**^™ toi+Tp*]**^™ 
(7.8) ) 

D,D, is the diffusion coefficient representative of the rotational diffusion of the phenyl 

groupss of MK. The first term on the right of expression (7.8) will lead to a spreading 

outt of the population density in the excited state. The second term on the right hand 

sidee represents the shift of the population density with z. The rate of the shift is 

determinedd by the frictional parameter D, / ksT. The differential equation has been 

numericallyy solved using the Runge-Kutta method [18]. 

Ass a last step, the time-dependent fluorescence spectra are calculated using 

[19-21], , 

ll nn(v,t)(v,t) ~\dz gL(z),v-v (z))\M(zf p{z,t)v3 (7.9) 
fl fl 
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g(Vo(z),v-vg(Vo(z),v-v00(z))(z)) is a line shape function characteristic of the Franck-Condon factor. 

Thee simulated emission spectrum results from the convolution of the inhomogeneous 

broadeningg (p (z,t)) and the homogeneous line shape of the emission. The 

inhomogeneouss broadening is due to the dispersion of the population distribution with 

zz during relaxation. 

7.33 Results 

Figuress 7.2a-d show the simulated spectra together with the experimental 

spectraa for the emission of MK dissolved in various alcohols. The full curves are the 

experimentall  emission spectra. The dotted curves are the simulated time-dependent 

emissionn spectra. The dynamic Stokes shift, the fast reduction of the emission 

intensityy and the emission band profile of the simulated spectra are in reasonable 

agreementt with the experimental spectra. 

Thee best-fit parameters used in the simulations are presented in Table 7.1. The 

minimumm of the emissive state (Feq) and the non-emissive state (Deq) are found to be 

aroundd 26000 cm"1 and 25000 cm"1, respectively. The potential of the resulting mixed 

statee S] is almost barrierless and a coupling strength (C) of 800 cm"1 is obtained. 

Figuree 7.1a shows the energy dependence of the excited states for MK dissolved in 

ethanol.. The moment for radiative transition as a function of the reaction coordinate 

forr MK in ethanol is shown in Figure 7.1b. Both Figures 7.1a and 7.1b are 

representativee for MK in all alcoholic solvents. The diffusion coefficient (Dr) varies 

dependingg on the viscosity of the solvent. The diffusion coefficient becomes smaller 

goingg from methanol to decanol. 
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FigureFigure 7.2: Comparison of the time-reconstructed emission spectra (solid curves) 

withwith the simulated time-resolved emission spectra (dotted curves) for MK dissolved in 

methanolmethanol (a), ethanol (b), n-propanol (c), decanol (d) and DMF (e) 
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TableTable 7.1: Best-fit parameters for the simulations of the reconstructed fluorescence 

spectraspectra with a three state model for MK in different solvents 

Parameters s 

0-00 transition (cm"1) 

FFeqeq (cm"1) 

DDeqeq (cm"1) 

*(cm-1) ) 

C(cm"') ) 

Drips') Drips') 

asymmetryy b 

widthh (cm"1) 

Methanol l 

22500 0 

26000 0 

24600 0 

3900 0 

800 0 

0.072 2 

0.6 6 

3300 0 

Ethanol l 

22500 0 

25900 0 

24800 0 

4000 0 

750 0 

0.045 5 

0.5 5 

4800 0 

n-Propanol l 

22300 0 

26000 0 

24900 0 

4000 0 

800 0 

0.012 2 

0.65 5 

3300 0 

Decanol l 

22000 0 

26500 0 

25300 0 

4000 0 

800 0 

0.004 4 

0.6 6 

3800 0 

DMF F 

23200 0 

26700 0 

23500 0 

4000 0 

1000 0 

0.013 3 

0.6 6 

6000 0 

Thee results of the simulated time-dependent fluorescence spectra of MK in an 

aproticc solvent DMF are presented in Figure 7.2e. The simulated (dotted curves) and 

experimentall  spectra (solid curves) are found to be in less good agreement than for 

MKK dissolved in alcohols. The fitting parameters are included in Table 7.1. The 

energiess of the two excited states are somewhat shifted and the coupling strength 

betweenn the two states is found to be 1000 cm"1, i.e., about 200 cm"1 larger than for 

MKK dissolved in alcohols. The diffusive coefficient obtained in the simulation is in 

thee same order as for the simulations for MK in n-propanol. 
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7.44 Discussion 

Firstt we focus on the time-resolved emission spectra of MK dissolved in 

variouss alcohols. As discussed in Chapter 6, the emission of MK. in these solvents 

showss a fast dynamic Stokes shift accompanied by a reduction of the emission 

intensityy depending on the viscosity of the used solvent. The temporal behavior of the 

emissionn intensity can be explained assuming diffusive twisting of the phenyl groups 

attachedd to the central carbon atom. The simulations for the time-resolved emission 

spectraa are in reasonable agreement with the experimental spectra. It is noted that on 

accountt of the quasi-barrierless shape of the excited-state potential, the population 

dynamicss is on the (sub)picosecond times, in agreement with the experimental results. 

Thee parameters in the model are almost constant for the various solvents and 

adjustmentt of only the rotational diffusion coefficient is sufficient to obtain a good fit. 

Naturally,, the model has its limitations. For instance, only twisting is 

consideredd to determine the excited-state dynamics, twisting is controlled by a single 

normalizedd coordinate, the diabatic potentials are assumed to have the same harmonic 

properties,, etc. These assumptions all affect the line shape of the emission band. Even 

withh the mentioned limitations the model reasonably reproduces the experimental 

dynamicc Stokes shift and the reduction of the emission, although on the blue side of 

thee emission the agreement is less. The model does not include loss of excited-state 

populationn and time-dependent changes in the Franck-Condon factor. This could be 

thee reason for the disparity of the simulated spectra compared with the experimental 

resultss at the longer times. 
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FigureFigure 7.3: Diffusion coefficient (Dr) as as numerically evaluated from the simulations 

asas a function ofT/r\. The dotted line represents the best linear fit. 

Accordingg to the Debye-Einstein-Stokes relation [22], one has 

£> > 
\2Vri \2Vri 

(7.10) ) 

wheree V is the volume of the diffusive sphere, r\ is the viscosity and it is taken into 

accountt that the MK has two phenyl groups. We find from the slope of the best linear 

fitfit  to the points of Figure 7.3 that the effective radius of the sphere involved in the 

twistingg diffusional motion is 1.6 A. The value of the van der Waals radius for a 

phenyll  group is approximately 1.2 A. Thus the extrapolated radius of the twisting 
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groupp found from Figure 7.3 is found to be of the right order of magnitude and this is 

takenn as further support for the applied model. It is seen from Figure 7.3 that the data 

pointt obtained for MK in DMF deviates appreciatively from the trend as found for the 

diffusionn coefficient of phenyl-MK in alcoholic solution. A value of Dr = 0.013 ps ' is 

obtainedd from the simulation, which is about the same result as for MK in n-propanol. 

Accordingg to the applied model, DMF and n-propanol would have about the same 

viscosity,, whereas in reality the viscosity for n-propanol is 1.945 mPas and for DMF 

thee value is 0.794 mPas [23]. 

Onee explanation for the apparent slowing down of the twisting process in DMF is that 

nott all of the excited-state dynamics is determined by twisting but that in fact an 

additionall  relaxation process should be taken into account. As already noted, a 

dynamicc Stokes shift for the emission of MK in DMF of 2 ps is found [10]. This time 

constantt is in the same order as the solvation dynamics for DMF found for other probe 

moleculess [24,25]. Thus solvation might be a competitive candidate for the excited-

statee relaxation. This would reduce the effective rate for the diffusional twisting 

motionn and thus lead to a lower effective value for the diffusion constant Dr. 

Inn conclusion, simulations with a simple one-dimensional model give 

reasonablee results for the emission spectra of MK in alcoholic solvents. It suffices to 

considerr only the diffusion coefficient as the only variable parameter. For MK in 

DMF,, the one-dimensional model is not as satisfactory and inclusion of the effects of 

solvationn is proposed. 
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Summary y 

Thee study of chemical reaction dynamics is central to obtain a deeper 

understandingg of formation and breaking of bonds during a chemical reaction. An 

importantt problem in the field of chemical reaction dynamics is the determination of 

thee reaction coordinate(s) i.e. a more detailed insight on the degrees of freedom that 

determinee the reaction path. Many chemical reactions take place in solution. Besides 

internall  molecular coordinates, also solvent molecular coordinates can influence the 

reaction.. Chemical reactions on a time-scale of femto- to picoseconds are not unusual, 

inn particular when the reaction is initiated by radiation with light (excitation) of 

appropriatee color. The reaction then takes place for molecules in the "excited" state. 

Inn this thesis, reactive excited states with a lifetime in the order of pico- to 

nanosecondss are investigated. Recent developments in ultrafast time-resolved 

spectroscopyy make it possible to study in "real-time" chemical reaction dynamics on 

thee order of femto- and picosconds. We focus on fast molecular properties in the 

excitedd state in this time-range. Experiments were conducted with the fluorescence 

upconversionn technique (time-resolution ~ 150 fs) and the single-photon counting 

techniquee (time-resolution of ~ 17 ps). 

Onee of the properties of the investigated molecules is that after excitation with 

lightt they become fluorescent. Information about ultrafast processes in the excited 

statee was collected by measuring the fluorescence transients with time-resolved 

fluorescencee techniques. In this thesis we focus on ultrafast processes like rotational 

motionss of functional groups inside a molecule, charge transfer ("electron transfer") 

insidee a molecule and the influence of fast reorientation motions of surrounding 

solventt molecules on the relaxation in the fluorescent state. 



Summary Summary 

Inn the introduction of Chapter 1 we concentrate on several theoretical and 

experimentall  concepts for photo-induced chemical and physical processes. In 

particular,, the influence of intramolecular rotational motions and solvation dynamics 

onn the emission spectrum is considered. 

Detailss concerning the experiments are presented in Chapter 2. The 

fluorescencee upconversion and single-photon counting setups used in the experiments 

aree described. Details of ultrafast fluorescence anisotropy measurements are also 

given n 

Chapterr 3 presents the results of the time-resolved spectroscopic investigation 

off  a new class of organic light emitting diodes (OLED): Alflll) - and Ga(III)-tris-8-

hydroxyquinolinee and the free ligand 8-hydroxyquinlone. It is discussed that the 

measuredd spectral shift dynamics can be attributed to the influence of solvation on the 

emissivee behavior of the "probe" molecules. One of the interesting conclusions is that 

thee rate of photo-induced electron transfer in the "probe" molecules is dominated by 

solvationn dynamics. 

Chapterr 4 describes the study of the time-resolved fluorescence anisotropy 

behaviorr of the OLED-molecules in the excited state. The anisotropy of the 

fluorescencee shows a bi-exponential decay. The time-constant corresponding to the 

fastestt component is similar to the solvation dynamics time-constant. This is a 

conformationn for the already described mechanism for the electron transfer in the 

excitedd state discussed in Chapter 3. The fluorescence anisotropy decay on longer 

time-scalee has been attributed to the rotational motion of the solute molecules. When 

thee molecules are excited with UV-light ( X < 330 nm) to higher electronic states, the 

dynamicc anisotropy effects are lost. From this it could be concluded that 
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intramolecularr relaxation from higher excited states to the lowest excited state takes 

placee within 150 fs. 

Chapterr 5 presents some of the spectroscopic properties of two infrared laser 

dyess (IR1048 and IR.1061) in the wavelength region of 800-1200 nm. The time-

resolvedd emissions of the laser dyes are measured in solution and in a sol-gel solid 

matrix.. The temporal behavior for these motecules in solution shows a bi-exponential 

behavior.. For the fast component (~ 200 fs) it is argued that this component is due to 

vibrationall  relaxation. The slow component is typical for the lifetime of the excited 

statee (~ 20 ps). 

Inn Chapter 6 the time-resolved spectroscopic experimental results of two 

methanediphenyll  dyes in solution are presented. The time-behavior of the emission is 

studiedd for Michler's ketone (4,4'bis(N,N-dimethylamino)-benzophenone (MK)) and 

itss bridged component (3,5-bis(dimethylamino)-10,10-dymethylanthrone (BMK)). 

MKK has two phenyl groups that in principle can rotate freely around the bond with the 

centrall  C-atom. This is impossible for the bridged component. The time-resolved 

emissionn spectrum of MK dissolved in an alcohol shows a dynamic Stokes shift; 

furthermore,, the emission intensity shows a decay that is faster than expected for a 

solvationn process. For BMK in the same solvent, only a dynamic Stokes shift with a 

time-constantt similar to that for solvation was found. These findings were studied 

withh various solvents of variable polarity and viscosity. The kinetics results were 

relatedd to the internal rotation of the phenyl groups of MK and solvation of the used 

solvent.. Different models were discussed. The model where the excited state was 

consideredd as an adiabatic mixture of an emitting and a dark state gives the best 

comparisonn with the experimental observations. The strength of the coupling between 

bothh states is dictated by the angle of rotation of the phenyl groups. 
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Chapterr 7 presents a quantitative discussion of the coupling model of Chapter 

6.. The time-dependence of the emission spectra of MK in various solvents was 

simulated.. For MK dissolved in an alcoholic solvent reasonable agreement between 

thee simulated and the experimental time-resolved emission spectra was achieved. It 

appearss that this model is less satisfactory for the simulation of the emission spectrum 

off  MK dissolved in DMF. It was argued that a two-dimensional model, with rotational 

diffusionn and solvation as reaction coordinates, could lead to a better agreement 

betweenn experiment and simulation. 
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Bestuderingg van chemische reactie-dynamica is belangrijk voor het verkrijgen 

vann een beter inzicht in het vormen en breken van bindingen tijdens een chemische 

reactie.. Een belangrijke opgave binnen het vakgebied van chemische reactie-

dynamicaa is de bepaling van de reactie-coördinaat, d.w.z. nadere precisering van de 

bewegingsvrijheidsgradenn die de loop van de reactie bepalen. Veelal vinden 

chemischee reacties plaats in vloeibare oplossing. Naast de interne reactie-coördinaten 

binnenn het molecuul kunnen oplosmiddel-moleculen de reactie-coördina(a)t(en) 

beïnvloedenn of vormen. Chemische reacties op een tijdschaal van femto- tot 

picosecondenn (10~12 - 10"15 s) zijn niet ongewoon, vooral wanneer zij worden 

geïnitieerdd door instralen (excitatie) met licht van geschikte kleur. De reactie vindt 

dann plaats d.m.v. moleculen in de "aangeslagen" toestand. In dit proefschrift worden 

reactievee aangeslagen toestanden beschouwd met een levensduur in de orde van 

nanoseconden.. Dankzij recente ontwikkelingen in de ultrasnelle tijdsopgeloste 

spectroscopiee is het mogelijk chemische reactiedynamica in de aangeslagen toestand 

opp een tijdschaal van femto- en picoseconden in "real-time" te bestuderen. In dit 

proefschriftt staan snelle moleculaire verschijnselen in de aangeslagen toestand, tot in 

hett femtoseconde tijdsdomein, centraal. Experimenten werden uitgevoerd met behulp 

vann de zg. fluorescentie-upconversie techniek (tijdsresolutie ~ 150 fs). Wanneer 

informatiee in het pico- en nanoseconde tijdsdomein moest worden verkregen, dan 

werdd gebruik gemaakt van de zg. single-photon-counting techniek (tijdsresolutie ~ 17 

ps). . 

Dee onderzochte moleculen hebben als kenmerk dat zij na excitatie met licht 

kunnenn fluoresceren. Informatie over de zeer snelle processen die in de fluorescerende 
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toestandd kunnen optreden werd verkregen door meting van zeer snelle fluorescentie 

'transients'' met behulp van de hiervoor genoemde tijdsopgeloste fluorescentie 

technieken.. In dit proefschrift gaat onze aandacht speciaal uit naar snelle 

verschijnselenn als intramoleculaire torsiebewegingen van functionele groepen binnen 

eenn molecuul, ladingsoverdracht ('electron transfer') binnen een molecuul en de 

invloedd van snelle reoriëntatie bewegingen van omringende oplosmiddelmoleculen op 

dee relaxatie van de fluorescerende toestand. 

Inn de inleiding van Hoofdstuk 1 wordt ingegaan op enkele begrippen uit 

theoriee en experiment voor foto-geïnduceerde chemische en fysische processen. Met 

namee de invloed van intramoleculaire rotatie bewegingen en oplosmiddeldynamica 

(solvatatie)) op het emissie spectrum komen dan aan de orde. 

Inn Hoofstuk 2 worden details betreffende de experimenten gepresenteerd. In 

dee experimenten is gebruik gemaakt van fluorescentie upconversie en single-photon 

countingg opstellingen. Met de toegepaste technieken kunnen ook ultrasnelle 

fluorescentiee anisotropic effecten worden bestudeerd. Het hoofdstuk bevat tevens 

informatiee over de verschillende chemicaliën, hoe deze gemaakt en/of gebruikt zijn. 

Inn Hoofdstuk 3 worden de resultaten van het tijdsopgeloste spectroscopisch 

onderzoekk van een nieuwe klasse van organische emitterende diodes (OLED); Al(III) -

enn Ga(III)-tris-8-hydroxyquinoline en het vrije ligand 8-hydroxyquinoline, 

gepresenteerd.. De tijdsopgeloste spectra vertonen een ultrasnelle spectrale rood 

verschuiving,, de dynamische Stokes shift. Bediscussieerd wordt dat de gemeten 

dynamicaa kan worden toegeschreven aan de invloed van oplosmiddeldynamica op het 

fluorescentiee gedrag van het "probe1 molecuul. Eén van de interessante conclusies is 

datt de snelheid van de electronen overdracht, die binnen het molecuul na aanslag met 

lichtt tot stand komt, bepaald wordt door de solvatatie dynamica. 
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Inn Hoofdstuk 4 wordt het fluorescentie anisotropic gedrag van de OLED 

moleculenn in de aangeslagen toestand bestudeerd. De anisotropic in de fluorescentie 

vertoontt een bi-exponentieel verval. De tijdsconstante corresponderend met de snelste 

componentt komt overeen met die voor solvatatie. Hierin wordt een bevestiging 

gevondenn voor het in Hoofdstuk 3 voorgestelde mechanisme voor electron overdracht 

inn de aangeslagen toestand. Het fluorescentie anisotropic verval op langere tijdsschaal 

wordtt toegeschreven aan de invloed van rotatie van het gehele molecuul in oplossing. 

Wanneerr de moleculen met ultraviolet licht (k < 330 nm) worden geëxciteerd naar 

hogeree electronisch aangeslagen toestanden, dan verdwijnen bepaalde anisotropic 

effectenn in de fluorescentie. Hieruit kon worden geconcludeerd dat de 

intramoleculairee relaxatie van hogere aangeslagen electronen toestanden naar de 

laagstt aangeslagen toestand binnen 150 fs plaatsvindt. 

Inn Hoofdstuk 5 presenteren we enkele spectroscopische eigenschappen van 

tweee infrarode laser dyes (IR 1048 en IR 1061), in het golflengte gebied van 800 -

12000 nm. De tijdsopgeloste emissies van de laser dyes zijn gemeten in vloeibare 

oplossingg en in een sol-gel vaste matrix. Het tijdsgedrag van het emissie verval voor 

dezee moleculen vertoont een bi-exponentieel gedrag in oplossing. Voor de snelle 

componentt (~ 200 fs) wordt beargumenteerd dat deze toe te schrijven is aan 

vibrationelee relaxatie. De langzame component is typerend voor de levensduur van de 

aangeslagenn toestand (~ 20 ps). 

Inn Hoofdstuk 6 worden tijdsopgeloste spectroscopische experimenten voor 

tweee methaandiphenyl kleurstoffen in oplossing beschreven. Het tijdsgedrag van de 

emissiee voor het ongebrugde Michler's keton (4,4'bis(N,N-dirnethylamino)-

benzophenonn (MK)) en zijn gebrugde variant (3,5-bis(dimethylamino)-10,10-

dymethylanthronee (BMK)) zijn bestudeerd. MK heeft twee phenyl groepen die in 
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principee kunnen draaien om de enkele binding met het centrale C-atoom; voor de 

gebrugdee vorm is dit niet mogelijk. Het spectrum van MK, opgelost in een alcohol, 

vertoontt een dynamische Stokes shift en een emissie intensiteit afval die sneller is dan 

overeenn komt met het solvatatie proces. Voor BMK wordt alleen een dynamische 

Stokess shift met een tijdsconstante gelijk aan die voor solvatatie gevonden. De 

verschijnselenn zijn onderzocht in diverse oplosmiddelen met variabele polariteit en 

viscositeit.. De kinetische resultaten blijken afhankelijk van de interne rotatie van de 

phenylgroepenn van het MK alsmede van solvatatie in het beschouwde oplosmiddel. 

Verschillendee modellen worden besproken om de resultaten te verklaren. De beste 

resultatenn werden verkregen met een model waarin de aangeslagen toestand wordt 

beschouwdd als een (adiabatische) menging van een emitterende en een donkere 

toestand.. De sterkte van de koppeling tussen beide toestanden is bepaald door de 

draaihoekk van de torsie van de phenyl groepen. 

Inn Hoofdstuk 7 worden de resultaten gegeven van meer kwantitatieve 

beschouwingenn van het koppelingsmodel van Hoofdstuk 6. De tijdsafhankelijkheid 

vann de emissie spectra van MK in diverse oplosmiddelen werd gesimuleerd. Voor MK 

inn een alcoholische oplosmiddel werd een redelijke overeenstemming met de 

experimentelee tijdsopgeloste spectra bereikt. Voor het oplosmiddel DMF blijkt het 

modell  minder geschikt. Beargumenteerd wordt dat dan een twee-dimensionale 

beschouwing,, waarin de reactiecoördinaten rotationele diffusie en solvatatie zijn, 

wellichtt tot betere overeenstemming tussen experiment en simulatie zou kunnen 

leiden. . 
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