
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Femtosecond Studies of Excited-state Proton Transfer Reactions in Solutions.

Marks, D.R.A.

Publication date
2000
Document Version
Final published version

Link to publication

Citation for published version (APA):
Marks, D. R. A. (2000). Femtosecond Studies of Excited-state Proton Transfer Reactions in
Solutions. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/femtosecond-studies-of-excitedstate-proton-transfer-reactions-in-solutions(0e56ec10-17bd-42ae-a72c-65704b8b8e82).html


Femtosecondd studies 
off  excited-state 

protonn transfer  reactions 
inn solutions 

D.R.A.. Mark s 



Femtosecondd studies of 

excited-state e 

protonn transfer reactions in solutions 

D.R.A.. Marks 



. J ^ - L J Ë ^ S K ^ ^ W ^ ^ ^ 

 J - W f t r . ^ A t z P W . . . . r  _ _ J . v ^  ^J^-T t * * ! *d £ £ 



Femtosecondd studies of 

excited-state e 

protonn transfer reactions in solutions 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 

aann de Universiteit van Amsterdam 

opp gezag van de Rector Magnificus 

Prof.. dr J.J.M. Franse 

tenn overstaan van een door het college voor promoties ingestelde 

commissie,, in het openbaar te verdedigen in de Aula der Universiteit 

opp woensdag 29 november 2000, te 10:00 uur 

door r 

Davidd Roland Azoulai Mark s 

geborenn te Ramat-Gan 



Promotor:: Prof. dr M. Glasbeek 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica. Afdeling Scheikunde 

Promotiecommissie:: Prof. dr CA. de Lange 

Prof.. dr D. Frenkel 

Prof.. dr N.M.M. Nibbering 

drr A.M. Brouwer 

Prof.. dr S. Stolte 

drr H.J. Bakker 

Thee work described in this thesis was financially supported by the Council for Chemical 

Sciencess of the Netherlands Organization for Scientific Research (CW-NWO). 



Inn memory of my mother, 





Thee work described in this thesis is based on the following articles: 

Chapterr  3: 

D.. Marks, H. Zhang. M. Glasbeek, P. Borowicz, A. Grabowska, Solvent dependence of (sub) 

picosecondpicosecond proton transfer in photo-excited [2,2'-bipyridyl]-3,3'-diol, Chem. Phys. Lett. 275 

(1997)370-376. . 

Chapterr  4: 

D.. Marks, P. Prosposito, H. Zhang, M. Glasbeek, Femtosecond laser selective intramolecular 

double-protondouble-proton transfer in [2,2'-bipyridyl]-3,3'-dioL Chem. Phys. Lett. 289 (1998) 535-540. 

Chapterr  5: 

D.. Marks, H. Zhang, M. Glasbeek, Femtosecond proton transfer studies of 5,5'-dimethyl-

[2,2'-bipyridyl]-3,3'-diol,[2,2'-bipyridyl]-3,3'-diol, J. Lumin, 76&77 (1998) 52-55 

and, , 

P.. Prosposito, D. Marks, H. Zhang, M. Glasbeek, Femtosecond double proton-transfer 

dynamicsdynamics in {2,2'-bipyridyl]-3,3'-diol in sol-gel glasses, J. Phys. Chem. A. 102 (1998) 8894-

8902 2 

Chapterr  6: 

D.. Marks, H. Zhang, P. Borowicz, A. Grabowska, M. Glasbeek, Femtosecond intramolecular 

protonproton transfer in photoexcited mono- and dienol derivatives ofbipyridine, Chem. Phys. Lett. 

309(1999)) 19-28. 

Chapterr  7: 

D.. Marks, H. Zhang, P. Borowicz, J. Waluk, M. Glasbeek, (Sub)picosecond fluorescence 

upconversionupconversion studies of intermodular proton transfer of dipyrido [2,3,-a: 3',2'-i] carbazole 

andand related compounds, J. Phys. Chem A. 104 (2000), in print. 



Tablee of contents 

1.. Introductio n 1 

1.1.. General 1 

1.2.. Mechanism 2 

1.3.. Temperature dependence of the proton transfer rate 5 

1.4.. Intermolecular proton transfer 6 

1.5.. Spectroscopic measurements 7 

1.6.. Theoretical simulations 8 

1.7.. Previous work on proton transfer systems of interest 8 

1.7.1.. [2,2'-bipyridyl]-3.3'-dio1 8 

1.7.2.. dipyrido [2,3,-a:3\2'-i] carbazole 11 

1.7.3.. Porphycene derivatives 11 

1.8.. Outline 12 

Referencess 13 

2.. Experimental 17 

2.1.. Introduction 17 

2.2.. Steady-state spectra 17 

2.3.. Single photon counting setup 17 

2.4.. Upconversion technique 20 

2.5.. Fluorescence depolarization measurements 22 

Referencess 25 

3.. Solvent dependence of (sub)picosecond proton transfer  in photo-excited [2,2'-

bipyridyl]-3,3'-dio ll  27 

3.1.. Introduction 28 

3.2.. Experimental 29 

3.3.. Results 30 

3.4.. Discussion 33 

Referencess 37 



4.. Femtosecond laser  selective intramolecular  double proton transfer  in [2,2'-

bipyridyl]-3,3'-dio ll  41 

4.1.. Introduction 42 

4.2.. Experimental 44 

4.3.. Results and discussion 44 

Referencess 51 

5.. Further  investigations of the proton transfer  dynamics in [2,2'-bipyridyl]-3,3*-diol : 

Thee effect of methyl substitution, and the dynamics in sol-gel glasses 53 

5.1.. Introduction 54 

5.2.. Experimental 56 

5.3.. Results and discussion 57 

5.3.1.. The proton transfer dynamics of methylated derivatives of BP(OHh 57 

5.3.1.1.. Steady-state spectra and time-dependent fluorescence at 

roomm temperature 57 

5.3.1.2.. Temperature dependence of the fluorescence transients 61 

5.3.1.3.. Excitation wavelength dependence measurements 62 

5.3.2.. Proton transfer dynamics of BP(OH)2 in sol-gel glasses 64 

5.3.2.1.. Steady-state spectra and time-dependent fluorescence at 

roomm temperature 64 

5.3.2.2.. Temperature dependence 68 

5.3.2.3.. Excitation wavelength dependence 68 

Referencess 69 

6.. Femtosecond intramolecular  proton transfer  in photo-excited mono- and dienol 

derivativess of bipyridin e 73 

6.1.. Introduction 74 

6.2.. Experimental 75 

6.3.. Results 76 

6.3.1.. 6-Me-BPOH 76 

6.3.2.. BP(OH)2-6-COOMe 78 

6.4.. Discussion 80 

6.4.1.. 6-Me-BPOH 80 

6.4.2.. BP(OH)2-6-COOMe 84 



Referencess 86 

7.. (Sub)picosecond fluorescence upconversion studies of intermolecular  proton 

transferr  of dipyrid o [2,3-a: 3',2'-f] carbazole and related compounds 89 

7.1.. Introduction 90 

7.2.. Experimental 92 

7.3.. Results 94 

7.3.1.. DPC 94 

7.3.2.. TPC 98 

7.3.3.. PQ 100 

7.3.4.. PC 103 

7.4.. Discussion 103 

7.5.. Conclusion 109 

Referencess 110 

8.. Fast tautomerization processes in porphycene derivatives 113 

8.1.. Introduction 114 

8.2.. Experimental 115 

8.3.. Results 117 

8.3.1.. PRPC 117 

8.3.2.. OEPC 119 

8.4.. Discussion 121 

8.4.1.. PRPC 121 

8.4.2.. OEPC 123 

Referencess 125 

Summaryy 127 

Samenvattingg 131 

Acknowledgmentss 135 



Chapterr  1 

Introductio n n 

1.11 General 

Chemicall  reactions involving a transfer of a proton or a hydrogen atom between two 

chemicall  groups are among the most common and important in nature f 1-2]. These reactions 

aree the corner stone of many processes including acid-base neutralization [3-4] and enzymatic 

reactionss [5-6]. The importance of proton transfer reactions is also demonstrated by the recent 

elaboratee calculations of Marx et al. [7] investigating the dynamics of hydrated protons in 

water.. These calculations portray a picture of a continuous exchange of protons between the 

waterr molecular clusters, a behavior that in part explains the unique properties of water [7-8]. 

Dependingg on the system, the proton transfer reaction can be intramolecular, a process 

inn which a proton transfer reaction occurs within a single molecule, or intermolecular, thus 

involvingg a transfer of a proton between two or more adjacent molecules. The reactions may 

occurr by thermal and/or photo-induced activation, as a barrierless process or through a barrier. 

Protonn transfer reactions were investigated both in the ground state and in the excited 

state.. The study of excited-state proton transfer was initiated by the early work of Weber [9] 

inn the 1930's and Förster in the late 1940's [10]. Both groups were investigating 

intermolecularr proton transfer reactions. Weller [11] who investigated the large Stokes shifts 

inn methyl salicylate was the first to report on Excited State Intramolecular Proton Transfer 

(ESIPT)) - presenting the first example of a reaction in which the excited molecule switches 

overr from one tautomer to another by exchanging the position of a proton without the 

assistancee of other molecules. Since then a vast number of proton transfer reactions have been 

studiedd [1]. Proton transfer in small organic molecules usually serves to model similar 

reactionss in proteins and DNA molecules, which due to their size proved too complex to be 

studiedd directly [5,12]. 

Protonn transfer has been used synonymously with H-atom transfer. In the former case, 

thee product has a zwitterionic structure, which does not require a large rearrangement of the 

electronicc charge distribution. Essentially, a localized motion of the initial wave packet from 

thee neutral enol form is considered. In a H-atom transfer process, a keto tautomer is formed. 
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Thiss process requires internal electronic and nuclear rearrangement for stabilizing the keto 

form.. Solvent effects on the fluorescence as well as quantum mechanical calculations were 

usedd to distinguish between both mechanisms [ 13-15]. 

Thee study of proton transfer propelled a wide range of technological applications 

amongg them devices used for photolithography [16], chemical lasers [17], energy storage 

systemss and information storage devices at molecular level [18j, and high-energy radiation 

detectorss [19]. 

1.22 Mechanism 

Organicc molecules in which intramolecular proton transfer occurs might contain a 

donorr and an acceptor group on the same conjugated system. When donor and acceptor 

groupss are at close proximity, a hydrogen bond between them can be formed in the ground 

state.. Electronic excitation of these probe molecules can cause an excited state intramolecular 

redistributionn of the electronic charge. Generally, in aromatic molecules electron donating 

substituentss become stronger donors in the excited state, while electron-attracting groups will 

attractt electrons more strongly. This is because ionic resonance structures make larger 

contributionss to the excited state than to the ground state [20]. It is well known that the effect 

off  electronic excitation may be quite dramatic as it may increase the acidity of organic acids 

upp to 32 pK units [21] and increase the rate of protonation by 11-14 orders of magnitude [22]. 

Thesee drastic changes to the proton donor strength and proton acceptor strength after the 

excitation,, strongly enhance the driving force for proton transfer. 

AA schematic potential energy curve of the ground and excited states for a proton 

transferr system is displayed in Figure 1.1. The potential energy curves of the ground and 

excitedd states have two minima corresponding to a molecule with two tautomeric forms, 

whichh differ by the position of one, or more, hydrogen atoms. Tautomer 1 (TO is more stable 

thann tautomer 2 (T2) for the molecule in the ground state. However, due to the electronic 

rearrangementt after photo-excitation, T; becomes more stable than T|. In such a situation, in 

thee absence of strain or steric hindrances, proton transfer will occur in the excited state 

convertingg the molecule from Ti to T2. After the emission, within T2. of a photon, a reverse 

reactionn in the ground state will follow. The rate of the reaction, both in the excited state and 

inn the ground state, will generally depend on the height of the energy barriers. The 

characteristicss of the potential energy curves may depend on the solute-solvent interactions 

thuss making the proton transfer dynamics in liquid solution different from that in the isolated 
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moleculee or in a Van der Waals complex. Detailed information about solute-solvent 

interactionss could be obtained by changing the solvent or the composition of the solvent 

mixturee [23-25]. 

s \\ / 
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o o 

T,, T2 

Reactionn coordinate 

FigureFigure 1.1: Schematic potential energy curves for a proton transfer system. 

Iff  the proton motion is decoupled from other structural changes in the molecule, the 

dynamicss of the proton transfer is restricted to that of the proton within the hydrogen bond. 

Usually,, however, the proton motions are not isolated from the vibrational motions of the 

otherr atoms in the molecule. The driving force of the proton transfer wil l thus include, in 

additionn to the electronic redistribution, some vibrational coherence of elementary modes that 

modulatee the H-bond coordinates f 23-27]. 

Thee motion of the proton through a barrier implies a tunneling mechanism. The tunneling 

probabilityy depends on the overlap of the tails of the vibrational wave function for the 

localizedd motion in each of the two wells. A steady-state approach has been implemented to 

calculatee the permeabilities for given potential barriers for a stream of particles of energy W 

approachingg the left-hand side of the barrier [28]. Some of the particles wil l be reflected 
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producingg a flow of particles at the opposite direction, but some will penetrate the barrier and 

appearr on the right-hand side of it. Since the whole system is in steady state, only time-

independentt wave functions have to be calculated. The permeability is calculated by 

comparingg the wave function on both sides of the barrier. Often it is useful to compare the 

particlee flux; defined as. 

JJ = 
ih ih 

Ajan Ajan 

(( dw* .dw) 
ww—— w — -

dxdx dx 
(1.1) ) 

Wee consider a one-dimensional barrier in the excited state along the reaction coordinate x. 

Thee potential barrier presented in Figure 1.1 may be simplified to a form for which exact 

valuess for the permeability can be calculated [28]. One simplification is the parabolic barrier. 

V(x)=E-/V(x)=E-/22AxAx22 , (1.2) ) 

wheree E is the potential energy at the top of the barrier. The permeability for this barrier is 

[28], , 

GpAR={ll  + exp[(£-W)/^]}-1, (1.3) ) 

wheree W is the tunneling particle kinetic energy, and, 

2K\2K\ m 
(1.4) ) 

wheree m is the mass of the particle. An approximate method for calculating permeabilities 

wheree the exact values can not be derived was presented almost simultaneously by Wentzel, 

Kramers,, and Brillouin [28] and is hence known as the WKB approximation. The 

permeabilityy calculated using this approximation is, 

GWKBB = exp —^—-J(V-W )) : -dx , (1.5) ) 

forr which the integral is calculated between the entry and exit points to the barrier. The 

reactionn rate related to such permeability was calculated as. 

mm V ^WKB (1.6) ) 
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wheree v is the vibrational frequency of the proton in the reactant potential well [28], 

Thee reaction coordinate v can be a function of the motions of different atoms. In this 

casee the mass of the tunneling particles must be replaced by the reduced mass ju, which is a 

functionn of the positions and masses of all atoms involved in the reaction mode. Alternatively, 

thee motions of the heavier atoms could be introduced as couplings to the vibrational mode of 

thee internal hydrogen bond. These couplings act to modulate the distance between the donor 

andd acceptor groups and thus also the barrier in the potential energy curve [29-31 ]. 

Sincee the tunneling rate is dependent on the reduced mass of the tunneling particle 

(seee Equations (1.5) and (1.6)), one may verify the presence of proton tunneling by 

substitutingg a deuteron, for the proton, in the molecule and comparing between the reaction 

rates.. This is referred to as the deuterium isotope effect. However, if the proton motion is 

coupledd to many-atom vibrational modes in the molecule, the effect of the additional mass of 

thee deuterium may be minute and thus no significant difference wil l be discerned between 

protonn and deuteron transfer. 

1.33 Temperature dependence of the proton transfer  rate 

Att high enough temperatures, the distribution of the population at energies above the 

barrierr is appreciable and thermally-assisted proton transfer may dominate. Under such 

conditions,, the Arrhenius equation applies, i.e. a plot of ln(k) versus MT yields a straight line. 

Att low temperatures, however, when tunneling is present, a correction Q, to the Arrhenius 

equationn must be considered, 

**  = fi,  *kArrh„ü us =Q,*A exp{- £„  / kBT). (1.7) 

Q,Q, represents the ratio between the total flux on the right hand side of the barrier and the flux 

ass would be calculated by classical mechanics ("28J, 

QQtt~~ejej^^]c^)exp(-W/k^^]c^)exp(-W/kBBTyw.Tyw. (1.8) 
JJcc kbT i 

wheree G(W) is the permeability at a given kinetic energy W (see previous section). For a 

parabolicc barrier Q, is estimated as [28J, 

g,(p.^i== . '/, s- d.9) 
sm\\sm\\ u) 

Withh u defined as, 
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andd V as defined in Equation (1.4). 

1.44 Intermolecular  proton transfer 

FigureFigure 1.2: A schematic representation of intermolecular proton transfer with an alcohol solvent molecule 

actingacting as an intermediate. 

Inn some cases, when the distance between the donor and acceptor group is too large 

forr a direct proton transfer reaction to take place, the proton transfer may be facilitated by a 

proticc solvent molecule. Such dynamics were thoroughly investigated in 7-azaindole [32-34J 

andd 7-hydroxyquinoline [35,36]. A hydrogen bonded solute-solvent complex is usually 

alreadyy present in the ground state. Similar to the situation for intramolecular proton transfer 

(sectionn 1.2). once the molecule is in the excited state, charge redistribution induces a proton 

transferr between the donor and acceptor groups. Intermolecular proton reactions then 

typicallyy involve a double proton transfer: one proton is exchanged between the donor and 

solventt molecule and another between the solvent molecule and the acceptor group (see 

Figuree 1.2). Such reactions can only proceed in protic solvents. The dynamics of such 

reactionss depends on the adaptability of the solute-solvent complex, formed in the ground 

state,, to facilitate the proton transfer reaction [24.32]. When no direct solvent bridge is 

formed,, solvent reorganization is required before a proton transfer reaction can occur [33]. 

Thiss wil l considerably reduce the reaction rate as has been reported for 7-azaindole [32]. 
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Inn some cases a dimer molecule is formed in the ground state, such that the acceptor 

atomm in the one monomer is hydrogen bonded to the donor group on the other. An example is 

7-azaindole,, which forms a dimer in the gas phase and at high solute concentrations in 

solutions.. Proton transfer reactions within the dimer have been studied [37-39], In particular, 

thee dynamics of the tautomerization process in 7-azaindole dimers serve as a model to the 

mechanismm of mutation in the base pair of the double-stranded DNA helix [5,37], 

1.55 Spectroscopic measurements 

Inn many systems the different tautomers involved in excited-state proton transfer, 

exhibitt fluorescence. In the case presented in Figure 1.1, the energy difference between the 

excitedd and the ground states of both tautomers is significantly different. This offers the 

possibilityy for the study of the dynamics of the proton transfer reactions, in the ground state 

andd in the excited state, by comparing the kinetics of the absorption and emission processes 

[3,15,23-25.36].. For instance, the rate of the excited-state proton transfer reaction might be 

probedd by exciting the initially present tautomer (T|) with a short laser pulse and following 

thee decay of its fluorescence and the rise of the T2 fluorescence in a different spectral region. 

Whenn two pulses are used, one as a pump and the other as a probe pulse, it is possible to 

observee the changes in the absorption of the tautomers as a function of the time elapsed. 

Time-correlatedd single photon counting and upconversion techniques are discussed in the 

followingg chapter. 

Reactionn times in the range of 20-200 ps can be measured using laser pulses of width 

off  a few ps [3.12,32]. Application of laser pulses in the sub-picosecond time domain makes it 

possiblee to measure proton transfer times for molecules with small or no energy barriers in the 

reactionn pathway [37-42]. For example, Frey and Elsaesser [42] reported dynamics studies of 

barrier-lesss proton transfer processes in 2-(2,-hydroxy-5'methylphenyI)-benzotriazole (TIN) 

withh typical times in the order of ~ 100 fs. With even shorter pulses of around 20 fs, the same 

groupp was able to observe vibrational coherence for the vibrational modes that modulate the 

donor-acceptorr distances and thus promote the proton transfer [23]. 

Inn some cases T| and T? tautomers. are mirror images of each other. This results in a 

potentiall  energy function with mirror symmetry. The minima for the T| and T? tautomers, in 

Figuree 1.1. in the ground state and the excited state, are at the same energy. This means that 

bothh tautomers possess the same absorption and emission spectra. In these cases, fluorescence 
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polarizationn spectroscopic measurements can be performed to still determine the rate of 

tautomerizationn [43]. 

1.66 Theoretical simulations 

Computerr simulations may provide new insight into the dynamics of proton transfer 

reactionss and the role of the solvents. In particular, much work has been devoted to calculate 

thee potential energy surfaces for the ground and excited states of many different systems. For 

example,, for salicylic acid the proton transfer dynamics have been calculated by ab initio 

Completee Active Space Self Consistent Field (CASSCF) [44]. Good agreement with 

spectroscopicc data was also obtained by the hybrid HF/DFT method for the proton transfer 

dynamicss of 2-hydroxybenzoyl compounds [14]. 

Duee to their low mass, protons cannot be suitably treated by classical Molecular 

Dynamicc (MD) calculations. Thus mixed quantum/classical MD calculations were devised to 

simulatee the dynamics of proton transfer reactions [45-47]. For example, Cukier and Zhu [47] 

solvedd the Schrödinger equation for a proton state in a predetermined double potential well, 

andd then calculated the proton transfer rate applying the Golden Rule expression. 

1.77 Previous work on proton transfer  systems of interest 

7.7.11 [2,2'-bipyridyl]-3,3'-diol: 

Thee proton transfer mechanism in [2,2'-bipyridyl]-3,3'-diol (henceforth abbreviated as 

BP(OH)2)) has previously been extensively investigated [48-56]. The structure of this 

moleculee is presented in Figure 1.3. In the ground state BP(OH)T resides in a dienol tautomer. 

Basedd on the almost independence of the positions of the band maxima of the absorption and 

fluorescencee spectra on the polarity of the solvents, Bulska et al. [48-49] concluded that 

photo-excitationn of this molecule gives rise to a cooperative double proton transfer in the 

excitedd state. This conclusion was further supported by the results from semi-empirical 

calculationss [48-49]. The relatively small electric dipole moment for BP(OH)2 in its 

fluorescencee state, measured by electro-optical measurements is taken as further evidence that 

thee emission is mainly from a diketo tautomer [51-52]. 
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FigFig 1.3: Scheme uj the chemical structure of some of the molecules investigated in this thesis in different 

tautomerictautomeric forms 

Inn our group. Zhang et al. [56] performed femtosecond fluorescence upconversion 

measurementss of BP(OH): dissolved in cyclohexane and acetonitrile. Typical transients 

obtainedd in these measurements are presented in Figure 1.4. It is observed that when the 

detectionn is to the red (\>55Q nm) the fluorescence shows a sharp instantaneous rise within 
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thee duration time of the laser (150 fs), followed by a decay on the time scale of about 10 ps. A 

sloww decay component of around 1-3 ns was also measured. When the detection is to the blue 

(A.<5500 nm) an instantaneous rise is observed, followed by a second rise of around 10 ps. 

640nin n 
6IO11111 1 

580nm m 
55()nm m 
520nm m 
480imi i 

6755 nm 

640nm m 
580nm m 

550nm m 
520nm m 

495nm m 

Timee Delay (ps) 

00 20 40 60 

Timee Delay (ps) 

FigureFigure 1.4: Fluorescence transients of BP(OH): dissolved in (a) cyclohexane and lb) acetonilrile 

Fromm spectral reconstruction it was shown that the emission spectrum of BP(OH): at 

earlyy times after the laser pulse is a superposition of two contributions. One relating to a 

diketoo tautomcr. and the other to a hitherto unobserved short-living monoketo tautomer. that 

decayss into the diketo tautomer in typically 10 ps. It was thus concluded that two competitive 

intramolecularr proton transfer processes take place upon pulsed photo-excitation of the 

BP(OH>22 molecule: (i) a concerted double proton transfer reaction giving rise to an ultrafast 

formationn of the diketo tautomer. within 300 fs: (ii ) a step wise single proton transfer, where 

thee first step (<300 fs) is the formation of the monoketo form (in competition with the diketo 

tautomer)) and the second step (-10 ps) includes the decay of the excited singlet state of the 

monoketoo form into a more stable sinelet state of the diketo form 
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1.7.21.7.2 dipyrido /2,3.-a:3\2'-// carbazole: 

Intermolecularr proton transfer in dipyrido [2,3,-a:3',2'-/] carbazole (DPC) has been 

studiedd by Herbich et al. [57] and theoretically by Mente and Maroncelli [33], The structure 

off  this molecule is presented in Figure 1.3. In aprotic solvents one emission band, centered 

aroundd 25000 cm"1 is observed. This band has been labeled F/. When the molecule was 

dissolvedd in protic solvents, Herbich et al. [57] observed a second emission band centered 

aroundd 15000 cm"1. This band has been labeled F2. Based on these observations and the 

resultss of ab-initio calculations, it was concluded that the molecule in the excited state 

participatess in an intermolecular proton transfer process. Band F/ was thus related to the 

tautomericc form that is most stable in the ground state, and band F2 to the tautomeric form 

thatt is formed, in the excited state, after a proton transfer reaction takes place. It was also 

noticedd [57] that contrary to other molecular systems showing intermolecular proton transfer, 

thee F2 emission band appears at low temperatures as well. Also, in deuterated solvents, the 

observationss remain basically similar to those in protonated solvents. Mente and Maroncelli 

[33JJ performed MD calculations in which they calculated the average distance between the 

solutee and the solvent molecules, as a function of the number of solvent molecules in the 

solution.. From a comparison between 7-azaindole and DPC they concluded that in DPC, 

manyy molecules remain solvated in a cyclic solute-sol vent complex configuration (cf. Figure 

1.3).. It was proposed that the solvent-assisted ESPT takes place in the cyclic configuration. 

However,, the possibility that solvent reorientations occur in the excited state, such that other 

solvent-solutee complexes transform into a cyclic configuration, was not ruled out. 

Kyrychenkoo et al. [58] obtained similar results for structural derivatives of DPC. 

1.7.31.7.3 Porphycene derivatives 

Tautomerizationn processes in porphycene were previously investigated by means of 

CPMASS NMR and fluorescence depolarization measurements [43,59], This molecule, in 

liquidd solutions exhibits a dynamic equilibrium between two electronically identical "trans" 

tautomerss and two other electronically identical "cis'1 tautomers. Two structural derivatives 

9,10,19,20,-tetra-H-propylporphycenee (PRPC) and 2,3,6,7,12.13.16,17-octaethylporphycene 

(OEPC)) have also been investigated [43], A schematic picture of the structure of these 

moleculess is given in Figure 1.3. From X-ray measurements it has been determined that the 

distancess between the nitrogen atoms in the inner core of the molecule, among which the 

protonss are exchanged, are in the order OEPC > porphycene > PRPC [60]. It has been 
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suggestedd that this distance is proportional to the height of the barrier for the proton transfer 

reaction.. It was observed that a fast depolarization process related to a "trans"-"trans" 

tautomrizationn process occurs in PRPC, while no fast loss of polarization was measured in 

OEPCC [43]. 

1.88 Outline 

Thee subjects addressed in this thesis can be divided into three parts. Chapters 3-6 

presentt a study of the intramolecular proton transfer in BP(OH): and some of its structural 

derivatives.. In chapter 7 a study of the intermolecular proton transfer of DPC and some 

structurall  derivatives of this molecule are presented. Chapter 8 is concerned with fluorescence 

depolarizationn experiments of PRPC and OEPC for which excited state tautomerization 

processess involving proton transfer occur. 

Inn chapter 3. a study of the double proton transfer dynamics in photo-excited BP(OH)2 in 

proticc and aprotic solvents is presented. It was found that, in aprotic solvents there is no 

influencee of the nature of the solvent, temperature or deuteration on the proton transfer 

dynamics.. In protic solvents, however, the proton transfer is delayed by solvent-solute 

complexx formation. In these solvents the reaction rate of the mono-to-diketo proton transfer 

wass found to be proportional to the solvent viscosity. 

Inn chapter 4, the excitation energy dependence of the proton transfer dynamics in 

BP(OH):: is discussed. It is shown that an increase of vibrational energy in the excited S] state 

resultss in an increase in the yield of the two-step proton transfer process. These results are 

discussedd in terms of an energy barrier of the order of 600 cm"1 in the dienol-monoketo 

pathway. . 

Inn chapter 5, the proton transfer dynamics of derivative compounds of BP(OH)T are 

discussed.. The investigations are separated into two parts. The first concerns the study of the 

protonn transfer dynamics in singly- and doubly-methylated derivatives of the BP(OH)2 

molecule.. It is found that double methylation hardly changes the dynamics of the proton 

transferr reaction. However, in the case of a singly methylated derivative, which has a lower 

pointt symmetry than the BP(OH)? molecule, the yield of the two-step proton transfer process 

iss decreased. The results are attributed to the role of the vibrational modes promoting the 

differentt proton transfer pathways. Additionally in chapter 5, results of a study of the 

dynamicss of BPCOH)? in two sol-gel glasses are presented. The proton transfer dynamics of 

BP(OH)22 in the sol-gel compounds is in general similar to those obtained in liquid solutions. 
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However,, due to the absence of solvation, a few differences between the results of BP(OH)i 

dissolvedd in solution and in sol-gel compounds have been found. The emission spectra are 

blue-shiftedd with respect to the liquid solvent spectra, and the mono-to-diketo proton transfer 

ratee of BP(OH)2 in sol-gel compounds is faster. 

Thee study of the proton transfer dynamics in other structural derivatives of BP(OH>2 is 

discussedd in chapter 6. In these molecules, only a single proton transfer reaction exists. In one 

derivative,, a single hydroxyl group is attached to the bipyridyl moiety, and thus only a single 

protonn transfer is possible. The emission from this molecule consists of two bands originating 

fromm an SI(TÏ,TI*) state and an S2(n,7U*) state. It is furthermore shown that when a strongly 

electronn withdrawing substituent is attached to the bipyridyl group in BP(OH)2, the excited 

statee proton transfer of the compound no longer shows a double proton transfer but a single 

protonn transfer only. 

Inn chapter 7, photo-induced solvent-assisted proton transfer dynamics is studied for DPC 

andd some structural derivatives of this molecule. The fluorescence transients for the F\ and F2 

bands,, for the compounds dissolved in different protic solvents, were probed. From our 

measurements,, we conclude that two fast proton transfer mechanisms exist. The first has a 

typicall  time of -0.5 ps and the other has a typical time of 6-10 ps. These reaction times are 

independentt of the solvent viscosity. It is argued that only cyclic solute-solvent complexes are 

involvedd in the proton transfer. An additional radiationless decay process is also found and is 

relatedd to the presence of "blocked" solute-solvent complexes that do not participate in the 

reaction.. In deuterated solvents the proton transfer time is significantly increased. The 

deuteronn transfer rate appears to be temperature dependent. The results are suggestive of a 

thermallyy averaged deuteron tunneling process in the "cyclic" solute-solvent complex. 

Finally,, in chapter 8, picosecond fluorescence and depolarization studies of PRPC and 

OEPCC are presented. For PRPC, fluorescence depolarization within the duration of the pulse 

(200 ps) is found. This result is indicative of a fast proton transfer process among the "trans" 

tautomers.. In OEPC this process is not observed. For the latter compound, the experimental 

dataa suggest also the existence of a "cis" tautomer. 
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Chapterr  2 

Experimental l 

2.11 Introductio n 

Inn this chapter a description of the experimental setups used in this thesis is presented. In 

sectionn 2.2 the steady-state absorption and emission setups are described. Details of the 

picosecondd time-correlated single photon counting setup are provided in section 2.3. The 

femtosecondd fluorescence upconversion setup is described in section 2.4. Some aspects 

concerningg time-resolved fluorescence depolarization measurements, which are discussed in 

chapterr 8. are presented in section 2.5. 

2.22 Steady-state spectra 

Steady-statee absorption spectra were measured with a Shimadzu UV-Visible 

spectrophotometerr (UV-240). The light sources of the spectrometer are an iodine-tungsten 

lampp and a deuterium lamp. The wavelength range is from 190 to 900 nm. The 

monochromatorr has a holographic grating and the spectral resolution is less than 0.15 nm. 

Thee steady-state emission spectra were obtained by means of the single photon counting 

setupp that is described in the following section. At each wavelength the accumulated photon 

countt for a fixed time period was measured. The spectra were then corrected to take account 

forr the wavelength sensitivity of the photo-multiplier and the monochromator, using an 

experimentallyy determined calibration curve [1]. 

2.33 Single photon counting setup 

Thee single photon counting setup [2] consists of a picosecond laser system capable of 

producingg pulses of 1 ps width, and a time-correlated single photon counting detection 

system.. An overview of the setup is displayed in Figure 2.1. The overall time resolution of the 

setupp is around 15 ps. This setup was used to measure time-resolved fluorescence transients in 

aa time range of 15 ps to 50 ns. 
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FigureFigure 2.1: Schematic overview of the picosecond setup. PD: Photo-detector: CD: Cavity dumper: PM: photo-

multiplier:multiplier: DM: dichroic mirror. 

Thee detection method is based on a statistical technique to measure the time profile of the 

fluorescence.. After each excitation pulse an electronic '"start**  pulse is produced. A "stop" 

pulsee is created when an emitted photon is detected by the photo-multiplier. A count is 

registeredd at the time corresponding to the time elapsed between the "start**  and "stop" pulses. 

Afterr numerous repetitions, the resulting time profile reflects the temporal behavior of the 

fluorescencefluorescence transients. In our experiments, the setup was operated in the reversed mode, in 

whichh the time ordering between the "stop"*  and "start*" pulse is reversed. This configuration is 

chosen,, since the detection devices can not operate efficiently at the frequency determined by 

thee laser repetition rate. 

Thee single photon counting technique is highly sensitive and can detect emission also 

fromm processes with low quantum yields, since, effectively, only one photon per laser pulse is 

measured.. In practice, low emission intensities are required, in order to prevent overloading ol 

thee detection units. 

Thee pump source is a Coherent Innova 200-15 Ar+-ion laser, mode-locked by means of a 

Coherentt 468 mode-locker. The laser produces pulses of around 80 ps width at a repetition 

ratee of 76 MHz. The output wavelength is 514.5 nm. These pulses are used to excite a 

synchronouslyy pumped Coherent 702 jet dye laser. Different dyes could be used to achieve 



19 9 ChapterChapter 2 

tunabilityy ranging from the UV to the red side of the visible spectrum. In the experiments 

describedd in this thesis DCM-Spezial was used as laser dye. For this dye the excitation 

wavelengthh is tunable in the range of 620-680 nm. A saturable absorber jet was used to reduce 

thee output pulse width, and thus to improve the setup time resolution. In our case, the 

absorbingg medium was a mixture of DQTCI and DTDCI dissolved in ethyleneglycol (at an 

optimall  concentration). A Coherent 7200 cavity dumper (CD. in Figure 2.1) was mounted on 

thee synchronously pumped dye laser. The cavity dumper decreases the repetition rate to 3.8 

MHzz and increases the power per pulse. The pulse created has a duration of 1 ps and an 

energyy of 25 nJ. In most cases, the output frequency was doubled by a 6 mm BBO crystal 

resultingg in a wavelength range of 310-340 nm. This beam was used to photo-excite the 

sample.. When frequency doubling was performed, a dichroic mirror (DM in Figure 2.1) was 

usedd to separate between the frequency doubled and the fundamental beams. The residue of 

thee fundamental beam was split into two beams. The first was led to an Antel FS1010 

photodiodee (PD) from which the "stop" pulse is generated, and the other to an autocorrelator 

wheree the shape of the pulse was measured. 

Thee fluorescence at right angle to the excitation beam is first directed through a polarizer 

whichh could be set to polarize the light at either perpendicular or parallel to the excitation 

beamm for performing fluorescence depolarization measurements, or at the magic angle 

conditionn (MA=54.7°). This is further discussed in section 2.5. The fluorescence beam was 

thenn focused on the slit of a Zeiss M20 grating monochromator (600 lines/mm). The photons 

fromm the output of the monochromator are detected by a Hamamatsu R3809 U(S20) micro-

channel-platee photo-multiplier. The signal is then increased by a Hewlett Packard 8347A 

amplifierr and then sent to a Tennelec TC454 constant fraction discriminator producing the 

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

fromm the Antel 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 

outputt signal of the TAC are pulses with amplitudes proportional to the time elapsed between 

thee "start" and "stop" pulses. These are sent into an EG&G Ortec 918 multi-channel buffer 

(MCB)) connected to a personal computer. The time histograms of the fluorescence transients 

aree created in the MCB. For example, a 5ns window consists of 4096 channels calibrated for 

1.255 ps per channel. The system response function was determined by measuring the Raman 

scatteredd light of a water cell. The full width at half maximum (FWHM) is typically 17-18 ps. 
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2.44 Upconversion technique 

Thee upconversion setup was used to measure time resolved fluorescence transients 

withh a time resolution of around 300 fs. The principle of this method is based on mixing of 

thee incoherent fluorescence with the gating laser pulse in a BBO crystal, thus yielding an 

upconversionn signal [3] with a frequency, 

or, , 

—— = —[ — + — . (2.2) 

Thee intensity of the upconversion signal is, 

II ucuc(T)=]l(T)=]l J1J1(t)l(t)lHH,,ltlltl Jt-T)dt.Jt-T)dt. (2.3) 

forr which ris the time difference between the arrival of the fluorescence signal and the gating 

pulsee at the BBO crystal. It is thus possible to obtain time-resolved fluorescence transients by 

delayingg the gating beam pulse with respect to the excitation beam, by means of an optical 

delayy line. The temporal behavior of the fluorescence could be recovered by deconvolution of 

thee upconversion signal with the response function. The latter is obtained from the cross 

correlationn function of the pump and gating beams. The response function, experimentally 

determined,, has a full width at half maximum of around 300 fs. 

Ann overview of the setup is presented in Figure 2.2. The excitation source was originally 

ann Ar+ laser, which was later replaced by a Spectra-Physics Millennia X Nd:YV04 

continuouss wave diode laser. This laser pumped a mode-locked Spectra-Physics Tsunami 

Ti:sapphiree laser. The Tsunami output is a train of pulses of width of about 60 fs (FWHM) 

withh a repetition rate of 82 MHz. The output wavelength is tunable in the range 790-840 nm, 

andd the energy per pulse is about 10 nJ. The Tsunami laser was set to deliver pulses at the 

wavelengthh of 800 nm. The beam was led to a Quantronix regenerative amplifier laser system. 

Thiss system is composed of three units. The Quantronix 4800 stretcher/compressor unit 

broadenss the pulse to a width of a few ps. This is achieved by using a grating-mirror 

alignment.. Since the optical path in the grating is wavelength dependent, the red and the blue 

partss of the spectrum exit the grating-mirror alignment at different times, thus resulting in a 

widerr pulse (By choosing a different route for the incident beam, the pulse is compressed 

afterwards).. The stretching of the pulse is performed in order to avoid damaging of the 
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amplifierr during the amplification process. The stretched pulse is led to a Tksapphire 

amplifierr where the pulse is repetitively driven through a Tksapphire crystal, which was 

opticallyy pumped by an Nd:YLF laser. After typically 20 amplifications the pulse is returned 

too the stretcher/compressor where it is compressed to around 100 fs. In our experiments the 

outputt is around 500 mW at IkHz. 

' S --
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Regenerative e 
amplifier r 

Stretcherr & 
compressor r 

Reference e 
Fromm laser 
system m 
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Mono--
chromator r 

TOPAS S 
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FigureFigure 2.2: Schematic overview of the femtosecond setup. MA: Magic angle polarizer 

AA beam splitter splits the output beam from the regenerative amplifier into two beams: 

thee excitation and the gating beams. The excitation beam is led to an optical parametric 

amplifierr (OPA) system. The heart of the OPA system is a BBO crystal in which two 

components,, a signal and an idler beam, are generated from the pump beam, such that. 

®® pump = °> signal + W'idler- < 2 - 4 > 
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Thee frequency of the signal beam could be changed by adapting the alignment of the 

BBOO crystal. In fact, a third harmonic of the signal beam is used to excite the sample. The 

samplee was contained in a 1 mm quartz cell, moving circular in a plane perpendicular to the 

excitationn beam. A 2 mm thick optical filter DUG 11 (from 300-400 nm) was used to block 

otherr output beams from the OPA system. The beam is first directed through a polarizer set to 

polarizee the light to the magic angle of 54.7° with respect to the vertical polarization of the 

gatingg beam, in order to eliminate transient effects originating from reorientational motions of 

thee probe molecules. The gating beam is directed into an optical delay line. It consists of a 

translationall  stage driven by a stepper motor with an accuracy of 0.1 p.m. Each step of the 

translationall  stage will delay the pulse by 0.66 fs. The fluorescence and the gating beams are 

focusedd on a BBO crystal (type I, phase matching condition) in which the upconversion signal 

iss created. 

Ass the upconversion signal is proportional to the fluorescence intensity (as long as the 

gatingg beam intensity remains constant) it is possible to measure this fluorescence as a 

functionn of time by scanning the optical delay line. The upconverted signal is sent through a 

UG111 UV cutoff filter to a Zeiss M4 QUI  prism monochromator. The signal is detected by an 

EMII  9863 QB/350 photo-multiplier connected to a Stanford research system SR830DSP lock-

inn amplifier. A Newport MM3000 motion controller was used to run the translational stage. 

Thee data are collected using a personal computer. 

2.55 Fluorescence depolarization measurements 

Uponn excitation with linearly polarized light, a photo-selection of fluorophores according 

too their orientations, relative to the direction of the polarized excitation, will occur. The 

photo-selectionn is due to the random orientations of the transition dipole moments of the 

photoactivee molecules with respect to the polarization direction of the exciting light. The 

emittedd light likewise, will be polarized depending on the orientation of the transition dipole 

momentt at the time of the emission. Temporal decay in the polarization of the fluorescence 

beamm is termed depolarization. The emission could be depolarized by phenomena such as 

rotationall  diffusion of the fluorophore and internal tautomerization. because such processes 

inducee changes to the orientation of the transition dipole moments of the fluorophore during 

thee measurement. 

Usually,, fluorescence depolarization is measured from the time dependence of the 

fluorescencee anisotropy. Here the anisotropy of the fluorescence is defined as [4], 
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/ „ - / / (2.5a) ) 

inn which l\\ and IL are the emission intensities polarized parallel and perpendicular to the 

polarizationn direction (-) of the exciting light (Figure 2.3), and IT is defined as. 

/ r = / | l + 2 / 1 .. (2.5b) 

Too determine the anisotropy we consider the fluorophore as an oscillating dipole. For the 

ensemblee of oscillating dipoles. the orientation of the emitting dipole being defined by 6 and 

00 (Figure 2.3) we have. 

/u(0,0)=(cos20)) (2.6a) 

II (d,<t))(d,<t)) = (sin2dsm2<p\, (2.6b) 

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

7x=sin"Ösin"0 0 

FigureFigure 2.3: A schematic description of a fluorophore in a coordinate system. 

Thee values of 0 are distributed equally, so < sin"0 > = 0.5. By combining Equations (2.5) and 

(2.6)) the anisotropy becomes [4J. 

3 c o s - 0 -l l 
(2.7) ) 
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Wee now assume for a moment that the transition dipole moments for absorption and emission 

aree collinear. The probability for absorbing a photon, for a molecule with its transition dipole 

momentt at an angle 0 with the incident linearly polarized light is proportional to cos~ö. Thus 

thee probability function for calculating the average in Equation (2.7) is given as, 

/(0)=cos20sin0</0.. (2.8) 

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

If,, on the other hand, the absorption and emission transition dipole moments are at angle a 

wee find [4], 

.. 3cos~a-1 
rr = 0.4 (2.9) ) 

Inn liquid solution, rotational diffusion will make a time dependent, the anisotropy is no 

longerr preserved and r(t) will decay to zero. By performing measurements of the time 

dependencee of the anisotropy, the development of a with time can be followed. 

Inn most experiments described in this thesis, we have eliminated, in the measured 

fluorescence,, the transient effects due to depolarization of the emission, arising from 

rotationall  diffusion motions. To implement this in the fluorescence upconversion 

experiments,, the pump beam was polarized at an angle of 54.7° (magic angle conditions), 

withh respect to the gating beam. Likewise in the single photon counting setup, the polarization 

off  the excitation beam and the polarization of the detected fluorescence were at an angle of 

54.7°.. We shall explain this experimental arrangement in the single photon counting setup. 

Similarr explanations, however, would apply for the upconversion setup. In terms of/|| and /j., 

thee intensity of the fluorescence emission, in the single photon counting experiments, after 

beingg passed through a polarizer set at the magic angle, is given by, 

/ .M ^/ | |Cos2(54.7)+/1s in2(54.7) -^ / ||+| /1.. (2.10) 

Fromm Equations (2.5a) and (2.5b), /|| and  could be written as a function of r and IT . 

/ | l = i / r ( ll  + 2r) (2.11a) 

h^hil-r).h^hil-r). (2.11b) 

Byy insertion of (2.11) in (2.10) it is verified that I^A is indeed independent of the anisotropy r 

[5]. . 
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Chapterr  3 

Solventt  dependence of (sub)picosecond proton transfer 

inn photo-excited [2,2'-bipyridyI]-3,3'-dio l 

Abstract t 

Wee report on (sub)picosecond fluorescence studies of the mono- to diketo tautomer reaction 

inn photo-excited [2,2,-bipyridyt]-33'-diol in aprotic and protic solvents. In aprotic solvents no 

influencee of the nature of the solvent, temperature and deuteration of the hydroxyl groups on the 

protonn transfer dynamics was found. In protic solvents, however, the proton transfer time is found 

too change proportionally with the viscosity coefficient of the solvent. We briefly discuss (i) the 

formationn of the mono- and diketo forms from the dienol form and (ii) the nature of the 

vibrationall  modes assisting in the proton transfer process. 
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3.11 Introductio n 

Recentlyy the study of ultrafast excited state intramolecular proton transfer (ESIPT) dynamics 

hass attracted much interest [1-6]. In most studies, proton transfer is initiated by photoexcitation 

off  the reactant molecule with short laser pulses, thus causing intramolecular electronic charge 

redistributionn to induce the proton transfer reaction. Both mono- and double ESIPT processes 

havee been studied. An example of the latter is the proton transfer in [2,2'- bipyridyl]-3,3'-diol 

(henceforthh abbreviated as BP(OH)2, for structure see insert of Figure 3.1a). Whereas the 

BP(OH):: molecule in its ground state is in the di-enol form, the strong fluorescence at A™* =510 

nmm has been attributed to the diketo form [7], The mechanism of the excited state double proton 

transfer,, which results in the formation of the diketo tautomer in BP(OH)2. has been much 

debatedd in the literature [7-9]. Of central interest is whether the protons are transferred in a 

simultaneouss (concerted) process or in two steps. In the latter case the mono-keto tautomeric 

formm should appear as an intermediate. From a picosecond study, Kaschke et al. [ 10] inferred that 

thee double proton transfer occurs within a few picoseconds; no evidence for a stepwise proton 

transferr was obtained. Grabowska et al. suggested that the proton transfer dynamics might be 

detectablee on a subpicosecond time scale [II] . Very recently, we reported on a subpicosecond 

fluorescencee up-conversion study of BP(OH)2 [12]. From a spectral reconstruction analysis of 

thee fluorescence decays a new transient fluorescence band, peaking at 568 nm, was deduced. This 

fluorescencee is observed instantaneously upon excitation using 150 fs laser pulses: it has a decay 

timee of about 10 ps. The disappearance of the short-living 568 nm emission is accompanied by 

ann increase (also with a 10 ps time constant) in the emission intensity of the diketo fluorescence 

att 510 nm. It was concluded that the 568 nm emission is representative of the mono-keto 

precursorr of thee diketo fluorescent product and that the double proton transfer in photo-excited 

BP(OH)22 occurs through both a concerted and a stepwise process. 

Thee role of the solvent in ESIPT has also been studied in a few cases. E.g., it has been shown 

thatt the time constant for ESIPT may vary almost linearly with the viscosity coefficient of the 

solventt [13,14]. Furthermore, it is known that proton transfer dynamics in protic and aprotic 

solventss may be quite different [15]. In protic solvents hydrogen bonding may clearly affect the 

ESIPTT dynamics [13-16]. In this paper we examine the influence of the solvent on the proton 

transferr in BP(OH)2 as studied from (sub)picosecond fluorescence transients in both protic and 

aproticc solvents. Furthermore, we have examined the effect of deuteration of the probe molecule 

onn the mono- to diketo reaction rate constant. The main purpose of these experiments is to be able 



ChapterChapter 3 

too determine whether a simple one-dimensional tunneling picture, or a multinuclear mode is 

involvedd in the proton transfer mechanism in BP(OH)2 [5]. Our main results are that in aprotic 

solventss the mono-to-diketo ESIPT reaction dynamics is not influenced by the solvent properties 

(polarityy or viscosity) nor deuteration of the solute. In protic solvents, however, the proton 

transferr dynamics is found to be sensitive to the solvent viscosity. It is discussed that ESIPT for 

BP(OH)22 in aprotic solvents is promoted concurrently by several intramolecular modes. In protic 

solvents,, on the other hand, in considering the proton transfer dynamics one has to include the 

effectss of interactions of the probe molecule with neighboring solvent molecules on the excited 

statee potential energy surface. 

3.22 Experimental 

[2,2'-bipyridyl]-3,3'-dioll  was purchased from Aldrich and dissolved without further purifica-

tion.. ESIPT dynamics was investigated for the BP(OH)2 solute dissolved in the following aprotic 

solvents:: cyclohexane (Fluka), methylcyclohexane (Fluka), dichloromethane (Merck), 

acetonitrilee (Merck). As protic solvents we used: methanol (Merck), ethanol (Merck), 1-propanol 

(Fluka),, and 2-propanol (Fluka). The solvents were of spectrograde quality. Deuterated [2,2'-

bipyridyll-3,3'-diol,, (BP(OD)2), was synthesized as follows. The saturated benzene solution of 

BP(OH)22 was shaken with D20 for 30 minutes; the benzene fraction was then separated. The 

proceduree was repeated 3 times; finally benzene was evaporated in argon atmosphere. The degree 

off  deuteration was determined by NMR as exceeding 95 %. Deuterated methanol and ethanol 

weree purchased from Aldrich. For the experiment on deuterated BP(OD)2 in aprotic solvents, care 

wass taken to dry the solvents. The isotope labeled solutions were prepared and sample 

preparationn was performed using a glove box to exclude moisture. 

Twoo pulsed-laser setups were used to study the excited state dynamics in the time range from 

aboutt 300 fs up to about 5 ns: a regeneratively amplified Tksapphire laser system with 

femtosecondd upconversion detection and a picosecond excitation laser system with time-

correlatedd single-photon counting detection. The systems have been described in detail previ-

ouslyy [17,18J. Here we give a brief description of the laser systems employed. 

Inn the femtosecond experiments, photo- excitation was achieved by means of a Tsunami Ti: 

sapphiree laser pumped by an all line Ar+ - ion laser. The laser pulses (60 fs pulse duration at a 

repetitionn rate of 82 MHz) were amplified in a Quantronix regenerative amplifier laser system 

givingg an output of about 500 mW at 1 kHz. The fundamental frequency (X = 800 nm) was tripled 
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usingg the appropriate optics; the energy of the laser pulses at 267 nm was about 0.5 uJ. The 

pulsess were used to photo-excite the solution (less than 10"3 M) in a flow cell at room 

temperature.. The fluorescence transients were measured applying the upconversion method [ 19]. 

Ann attenuated part of the fundamental beam was led through an optical delay line and focused 

togetherr with the pump-beam induced fluorescence on a 1 mm thick BBO crystal (type I, phase 

matchingg condition). The up-conversion signal, at the sum frequency of the fluorescence and the 

fundamental,, was focused on the entrance slit of a monochromator and detected by a photo-

multiplierr connected to a lock-in amplifier. A personal computer was used for data storage and 

analysis.. Transient effects in the fluorescence resulting from reorientational motions of the probe 

moleculess in the liquid solution were eliminated by choosing the polarization of the excitation 

beamm at the magic angle of 54°44' with respect to the vertical polarization of the gating beam. The 

systemm response function was estimated, from the cross-correlation between the fundamental and 

thee second harmonic pulses, to be approximately 300 fs (FWHM). The up-conversion 

experimentss were performed at room temperature. 

Thee kinetics of the excited state mono-to-diketo tautomer conversion in the temperature range 

fromm 170 K to 300 K was studied using the picosecond fluorescence setup [18]. The quartz 

cuvettee containing the BP(OH)2 solution (105 M) was mounted inside a home-built nitrogen flow 

cryostatt outfitted with regulated temperature control. The temperature was measured with a 

thermocouplerr attached to the cuvette holder. Optical excitation was by means of the picosecond 

pulsess from a Coherent 702-3 dye laser synchronously pumped by a mode-locked Coherent 

Innovaa 200-15 Ar+ - ion laser. A saturable absorber was used to reduce line broadening and a 

cavityy dumper reduced the repetition rate to 3.7 MHz. The dye laser light pulses (~ 1 ps) were 

frequencyy doubled in a 6 mm BBO crystal resulting in 322 nm excitation light with an average 

powerr of 4 mW. The fluorescence emitted from the sample in a direction perpendicular to the 

excitationn beam was focused onto the entrance slit of a monochromator outfitted with a micro-

channell  plate photo-multiplier. A linear polarizer in the detection pathway was set at 54°44' with 

respectt to the vertically polarized excitation beam to detect at magic angle conditions. The 

instrumentall  response time was about 17 ps (FWHM). After deconvoluting the measured 

fluorescencee transient with the instrumental response function the time resolution was about 10 

ps. . 

3.33 Results 

Uponn cw optica] excitation, BP(OH)2 shows a broad band emission, extending from 450 nm 
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upp to 650 nm. and a band maximum at 510nm [7]. As shown previously [12], in the pulsed (~ 

1500 fs) excitation experiments, the time dependence of the fluorescence of BP{OH)2 is strongly 

dependentt on the detection wavelength within the emission band. When detection is at 480 nm, 

thee fluorescence transient shows an instantaneous rise followed by an increase with a time 

constantt of 10 ps (see Figure 3.\a). This component was previously [12] related to the mono-to 

diketoo tautomer conversion of BP(OH)2 in the excited state. The fluorescence transients for 

BP(OH)22 dissolved in cyclohexane, methylcyclohexane, dichloromethane, or acetonitrile all 

showedd the same time dependence within the first 100 ps. For all transients, the best fit after 

deconvolutionn with the system response function was to a biexponential function, /(A,/) = 

A|(A)exp(-r/Ti)) - A 2(A)exp(-//r2), in which X\ is the lifetime of the emissive diketo tautomer (3-4 

ns)) and r2 is the characteristic time constant (10 ps) of the mono-to diketo reaction. It follows 

that,, at room temperature, the mono-to-diketo kinetics is polarity independent in these solvents. 

Thee temperature dependence of i\ and r2 for BP(OH)2 was also investigated. In these 

experiments,, the temperature was lowered from 300 K down to 170 K (depending on the freezing 

pointt of thee liquid) and the time regime was extended using the fluorescence picosecond set-up 

withh single photon counting detection. No temperature dependence could be discerned for the 

picosecondd component, r2 (~ 10 ps). With the decrease of the temperature a slight increase of the 

fluorescencee lifetime, X\, has been observed, e.g., 3.1 ns at room temperature and 3.9 ns at 235 

KK for BP(OH)2 dissolved in methylcyclohexane. The temperature dependence of X\ was reported 

earlierr also [20]. 

Forr the deuterated molecule, BP(OD)2, in aprotic solvents, similar results were obtained. 

Figuree 3. la includes the fluorescence transient of the deuterated molecule BP(OD)2 dissolved 

inn cyclohexane, also measured at 480 nm. It is found that this transient coincides with that for the 

protonatedd molecule and thus, most interestingly, no isotope effect was observed in the mono-to-

diketoo reaction kinetics. The time constant for the latter remained 10 ps. The lifetime of the 

fluorescentt diketo form was lengthened somewhat to 3.3 ns at room temperature for BPfOD)? 

dissolvedd in methylcyclohexane. Additionally, at the lower temperatures down to 235 K, the 

fluorescencee lifetime of the deuterated BP(OD)2 probe molecule, as in the case of the protonated 

analogue,, showed a slight increase to 4.2 ns. 

Inn protic solvents quite different results were obtained. As illustrated in Figure 3.1/?, the trans-

ientt behavior of the fluorescence BP(OH)2 dissolved in 1-propanol is now dependent on 

temperature.. As the temperature is lowered, the rate constant for the mono-to-diketo conversion 
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iss found to decrease. 
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FigureFigure 3.1: to} Fluorescence transients ofBP(OH)2 (I) and BP(OD)2 (III  dissolved in cyclohexane at 480 nm at room 

temperature,temperature, (b) Fluorescence transients ofBP(OH); at 480 nm dissolved in 1-propanol at various temperatures. 

Similarr behavior was obtained for BP(OH); dissolved in methanol and ethanol and 2-

propanol.. At all temperatures the fluorescence transients could be fitted to the biexponential form 

mentionedd above. Figure 3.2c/ presents a plot of ln( l/r.) as a function of 1/7as deduced for the 

variouss protic solutions. A linear dependence is obtained for all protic solvents with activation 

energiess of 11.0 kJ/mol (methanol). 14.5 kJ/mol (ethanol). 13.7 kJ/mol (1-propanol). 13.7 kJ/mol 

(2-propanol).. Note that the reaction rate decreases in the order methanol, ethanol. 1-propanol and 

2-propanol. . 
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FigureFigure 3.2: (a) The temperature dependence of the mono- to diketo proton transfer rale of BP(OH)2 dissolved in 

variousvarious protic solvents: W methanol:  ethanol: A l-propanol: X 2-propanol. (b) Arrhenius plots of mono- to 

diketodiketo conversion rate oj'BP(OIl): dissolved in ethanol I  ) and BPlOD): dissolved in deuterated ethanol ( Aj . 

TheThe error hars are given in some points as examples. Drawn lines are best linear fits. 

Forr the deuterated probe molecule, BP(OD)2, in deuterated methanol or ethanol now the 

mono-- to diketo dynamics appeared significantly different from that for the protonated samples. 

Againn the transients could be satisfactorily fitted to a biexponential function, where the value of 

Ï2-Ï2- as before, was considered as characteristic of the mono- to diketo tautomer conversion time 

constant.. Figure 3.2/? includes the variation of I/T2 for the deuterated ethanol sample with 

temperaturee (activation energy 15.8 kJ/mol). Typically, at the lower temperatures, the mono- to 

diketoo conversion rate constant. 1/P>, is found to be smaller than that for the proton analogue at 

thee same temperature. 

4.. Discussion 

Wee first consider the mono- to diketo ESIPT reaction dynamics for BP(OH): in aprotic 

solvents.. Deuteration is well-known to slow down the transfer dynamics in many systems [5J. As 

notedd in the results section, however, deuteration of the enol groups in BP(OH); has no effect on 

thee proton transfer time of 10 ps in the mono- to diketo reaction step. This excludes a simple two-
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welll  tunneling mechanism in which this reaction involves the displacement of the proton 

(deuteron)) only. We believe that the almost instantaneous production of the mono-keto and diketo 

tautomerr forms upon the pulsed excitation (< 300 fs) also remains uninfluenced upon deuteration 

off  the hydroxy! groups. We infer therefore that the reaction coordinates representative of the 

protonn transfer steps in aprotic solvents are not restricted to simply proton transfer but they 

involvee vibrational mode coordinates characteristic of the multinuclear motions in the molecule. 

Fromm this point of view we will now consider the double and single ESIPT reactions of BP(OH):. 

FigureFigure 3.3: A schematic contour description of the energy surface of the excited state in terms of cp. an a-

symmetricalsymmetrical vibrational mode and c/:, a symmetrical vibrational mode. A molecule originating at point (0,0) would 

relaxrelax instantaneously either to one of the two minima, along the c/i coordinate, which are related to the unstable 

monoketomonoketo tautomer or to the stable diketo tautomer. along the q: coordinate. In the first case, a later mono- to diketo 

transfertransfer will  occur along a reaction pass represented by the broken line 

Vibrationall  modes, which give rise to motions of the two pyridyl rings such that they get at 

closerr proximity (e.g., the bond hetween the carbon atoms linking the two pyridyl rings is 

shortened),, are likely to promote the conceited transfer of the two protons from the two OH-

groupss towards the nitrogen positions in the pyridyl rings. Obviously, since such modes concern 

many-atomm motions, their frequencies are not expected to sensitively change upon deuterium 

substitutionn of the OH-protons. Similarly, one can visualize that the single proton transfer is 
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promotedd during a (bending) mode of the molecule in which the two pyridyl rings approach each 

otherr such that just one OH-group and the nearby ring nitrogen atom get closer whereas the other 

OH-groupp and its nearby nirogen atom are displaced to larger distance from each other. Again, 

thee frequency of this many-atom mode is not likely to depend noticeably on the substitution of 

thee protons by deuterium atoms. Recent IR and Raman studies of low-frequency modes in 

BPfOH)?? confirm that these modes show negligible deuterium effect [21]. A qualitative picture 

off  the excited-state adiabatic potential energy surface as a function of the mode coordinates 

(whichh we designate arbitrarily as qi for the mode assisting in the concerted two-proton transfer 

processs and q\ for the mode assisting in the single proton transfer process) may be as sketched 

inn the contour diagram of Figure 3.3. Two minima are expected along the q\ axis, because either 

onee of the OH-groups could participate in the single proton transfer step. The minimum along 

thee <?2-axis corresponds to the energy of the emissive diketo tautomer. As was shown recently 

fromm electrooptical experiments [22], upon excitation of BP(OH): to the Franck-Condon excited 

statee there is no change of the electronic dipole moment and therefore the symmetries of the 

moleculee in the ground state and in the Franck-Condon excited state, immediately after the pulsed 

excitation,, are the same. Thus in the Franck-Condon excited state one has still q\~ qz~ 0. It is 

recalledd that the used excitation pulses are at 267 nm or 322 nm, and since the 0-0 transition is 

nearr 357 nm, the BP(OH)2 molecule is prepared in a vibrationally excited state with appreciable 

excesss energy, of about 9,000 cm"1 or 3,000 cm"1, respectively. On the other hand, for 

vibrationallyy excited molecules in the condensed phase very fast vibrational relaxation, usually 

withinn 1 ps, occurs [23, 24], Since the lifetime of the mono-keto intermediate is approximately 

100 ps [12] it is justified therefore to consider that the monoketo- tautomer when it undergoes the 

reactionn to form the diketo product is in a vibrationally relaxed excited state. Recalling that our 

previouss results showed that BP(OH)2 upon pulsed photoexcitation yields the simultaneous 

productionn of the mono-keto and the diketo tautomers [12], we now arrive at the following 

schemee for the proton transfer dynamics in photoexcited BP(OH)2. Following the excitation 

pulse,, the vibrationally excited dienol within about 300 fs (the experimental time resolution) 

decayss partly into the diketo tautomer with q\ ~ 0 and 42 * 0 (concerted double proton transfer) 

andd for the remaining part into the monoketo tautomer with q\ * 0 and 42 = 0 (first step of two-

stepp process). In both cases the tautomers could be initially vibrationally excited, but subsequent 

rapidd vibrational relaxation within a few hundred femtoseconds seems reasonable. Ultrafast 

ESIPTT has been reported recently also for a few other molecules [25, 26]. Coherence effects have 
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alsoo been resolved providing clear evidence for the contribution of vibrational modes to the 

protonn transfer process [25]. Due to the limited time resolution of our experiments, however, 

oscillatoryy behavior of the observed fluorescence transients for BP(OH): is lacking and more 

modee specific information could not be obtained. In the event of the monoketo BP(OH): 

intermediate,, the latter can in the second step decay into the diketo form, possibly by passing a 

saddlee point barrier or through a flat part in the potential energy surface. A possible reaction 

pathwayy is illustrated by the broken line in Figure 3.3. The lack of a temperature dependence of 

thee kinetics of this process indicates an upper limit of about 100 cm" for the thermal activation 

barrierr of the reaction. It is noted that the minima in Figure 3.3 in fact are representative of 

deformedd configurations of the molecule as a whole in the excited state and do not refer to a 

simplee displacement of only the protons. 

FigureFigure 3.4: The temperature dependence of the ratio between the mono- to diketo proton transfer rate and the 

viscosityviscosity of variousprotic solvents  methanol:  ethanol: A l-propanol. 

Inn protic solvents additional effects occur probably due to hydrogen bridge formation with 

nearbyy solvent molecules. For instance, the single proton transfer products <c/\ * 0 and qi = 0. in 

Figuree 3.3). could very well be stabilized by an intermediate hydrogen bridge between the 'free' 

(i.e... not yet protonated) nitrogen atom in the pyridyl ring and a nearby solvent molecule. The 

solute-solventt hydrogen bridge may be disrupted by rotational diffusional motions of the solvent 

molecules.. When this occurs the mono- to diketo reaction may take place alternatively. This idea 
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iss further supported by the fact that the lifetime of thee fluorescent state of the monoketo BP(OH)2 

intermediatee at room temperature in methanol and ethanol is on the order of 10 ps (cf Figure 

3.2a)) i.e., similar to the typical rotational diffusion time constants for these alcohols [27J. If we 

takee the solvent rotational diffusion correlation time (rr) linear proportional to the viscosity 

coefficientt (r?) [28], it is to be expected in an approach similar to transition state theory for the 

mono-to-diketoo transition that the reaction time constant, r2, is proportional to rj. In Figure 3.4 

wee plot the ratio of the values for the mono- to diketo conversion time (r2) as determined from 

thee experimental data and the viscosity coefficient, at the temperature range indicated as obained 

fromm Ref. [29]. Clearly, the experimental results indicate that the ratio, 12/77. is a constant and 

consequentlyy the lifetime of the monoketo intermediate is linearly dependent on the viscosity 

coefficientt of the protic solvent, in agreement with the prediction from the simple model. It is of 

interestt to note that the viscosity dependence is significant also in another respect. Recall that the 

reactionn rate constant, l/r2, for BP(OD)2 in deuterated ethanol is significantly smaller than the 

correspondingg rate for the protonated analogue in ethanol (cf Figure 3.2b). At first sight such an 

isotopee effect could be taken as evidence for a tunneling mechanism. However, it should be 

recognizedd that also the viscosity of the deuterated alcoholic solvent is higher than for the 

protonatedd solvent analogue [30]. It is found that also for the deuterated sample, BP(OD)2 

dissolvedd in deuterated protic solvents, the quantity r2/ri  is a constant. Thus the slowing down 

off  T2 in the deuterated samples is not due to a deuteration effect on the tunneling rate constant, 

butt to the higher viscosity of the deuterated solvent as compared to its protonated analogue. 

Inn summary, fluorescence transients of BP(OH>2 dissolved in various solvents have been 

monitoredd with picosecond time resolution at different temperatures. In aprotic solvents the 

mono-- to diketo conversion rate was found to be independent of temperature and deuteration of 

thee solute. In protic solvents, on the other hand, the conversion rate is proportional to the 

viscosityy coefficient of the solvent. The proton transfer dynamics was qualitatively discussed to 

bee promoted by the simultaneous action of different vibrational modes. 
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Chapterr  4 

Femtosecondd laser  selective intramolecular  double proton transfer 

inn [2,2'-bipyridyl]-3,3'-dio l 

Abstract t 

Wee report an excitation energy dependence of the dynamics of the excited-state 

intramolecularr double proton transfer of [2,2'-bipyridy 1 ]-3.3'-diol in liquid solution. By 

meanss of femtosecond fluorescence upconversion experiments it is shown that an increase of 

thee vibrational energy in the excited electronic St state results in an increase of the ratio of the 

reactionn yields of the monoketo and diketo tautomeric products. The dominance of the 

concertedd double proton transfer process at the lower excitation energies is evidence for an 

energyy barrier in the dienol-monoketo reaction pathway. 
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4.11 Introductio n 

Recently,, ultrafast excited-state intramolecular proton transfer reactions have attracted 

muchh interest [1-16]. In these studies, focus has been on enol-keto tautomerization reactions 

att femtosecond up to picosecond time scales. E.g., for the photoexcited model base pair, 7-

azaindolee dimer, studied in a supersonic molecular beam [1], a two-step sequential proton 

tunnelingg mechanism was inferred, with typical transfer times of several hundreds of 

femtosecondss for the first step and a few picoseconds for the second step. For 2-(2'-hydroxy-

5'-ethylphenyl)benzotriazolee (TIN) in liquid solution, the pump-probe study of the single 

protonn transfer dynamics of the excited state enol-keto reaction dynamics revealed the 

survivall  of vibrational coherence during and after the proton transfer up to 700 fs [3]. In the 

casee of TIN, the proton transfer is thought to be barrierless and along a low-frequency proton 

transferr coordinate. As the proton transfer progresses, there is a concomitant change in the 

potentiall  energy surface along another vibrational coordinate with higher frequency. Coupling 

off  the low- and high frequency modes explains the oscillatory proton transfer dynamics [3]. 

Finally,, in our recent femtosecond fluorescence upconversion studies of the double proton 

transferr dynamics of [2,2'-bipyridyl]-3,3'-diol (hereafter referred to as BP(OH)2) in liquid 

solution,, the simultaneous occurrence of a concerted double proton transfer (one-step process) 

andd a sequential double proton transfer (two-step process) was found [4], The concerted 

reactionn and the first step in the sequential process were too fast to be resolved in the 

experimentt (< 100 fs); the mono-to-diketo reaction in the two-step mechanism occurred with 

aa typical time constant of 10 ps (see scheme 4.1). In a subsequent study of the double proton 

transferr dynamics of BP(OH)2 and its deuterated counterpart, in aprotic and protic solvents, 

wee showed that the proton transfer is part of a collective atomic motion, involving the 

assistancee of vibrational modes, in particular, stretching and bending modes were considered 

too promote the one-step and two-step double proton transfer reactions, respectively [5]. 

Inn both previous femtosecond fluorescence upconversion studies of the BP(OH)2 

systemm [4, 5], photoexcitation was at 267 nm, i.e., the excitation energy was over 10.000 cm"1 

inn excess of the initial dienol vibrationless excited Si state. Under such conditions, any 

photoselectivityy in the subsequent alternative reaction pathways (one-step versus two-step 

transfer)) might be obscured by additional competitive processes such as ultrafast 

intramolecularr vibrational redistribution (IVR) and energy relaxation. Since for other enol-

ketoo reactions in the excited state, tunneling through a potential energy barrier [1, 11. 12] as 

welll  as barrierless proton transfer [3] had been found, it is of great interest to investigate 
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whichh mechanism (tunneling, thermal activation or barrierless transfer) applies in the case of 

BP(OHhh when excitation is to lower vibronic excess energies. In this paper, we investigate 

thee role of the amount of vibronic excess energy on the relative yield of the photoproducts in 

thee concerted and the sequential proton transfer reactions in BP(OH)T. We demonstrate that 

thee amount of excess vibrational energy significantly influences this ratio. In fact, the yield of 

thee formed monoketo tautomeric intermediate, in the two-step reaction dienol —» monoketo —> 

diketo,, is drastically reduced when photoexcitation is to the lower vibrational levels of the 

dienoll  photoexcited Si state. It is emphasized that the observation of the photoselectivity in 

thee double proton transfer process relies on the probing of the reaction products on a 

femtosecondd time scale. 

dienol l 

monoketo o 

diketo o 

SchemeScheme 4.1 
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4.22 Experimental 

[2,2'-bipyridyI]-3,3'-dioll  (BP(0H)2) was purchased from Aldrich and dissolved 

withoutt further purification in cyclohexane (Fluka, Microselect) in a concentration of about 

10-33 M. 

Femtosecondd laser excitation was accomplished using a diode-pumped cw Millennia 

XX Nd:YV04 laser which pumped a Tsunami Ti:sapphire laser operating at 800 nm and which 

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

Quantronixx regenerative amplifier laser system to about 400 mW at 1 kHz, and then split into 

twoo beams by a beam splitter. One of the beams was led into an OPA system. The fourth 

harmonicc of the signal pulses produced by the OPA (with a energy of about 0.1 pJ/pulse and a 

durationn of 100 fs/pulse), was selected by a 2 mm thick optical filter DUG 11 (from 300 nm 

too 400 nm). These pulses were used to photoexcite the 10-3 M solution of BP(OH)2 which 

wass contained in a flow cell at ambient temperature. The ensuing transient fluorescence was 

time-resolvedd detected by applying the fluorescence upconversion detection technique [4, 17]. 

Inn the latter, an attenuated part of the fundamental beam (800 nm) was led through an optical 

delayy line and focussed together with the pump-pulse induced fluorescence onto a 1 mm thick 

BBOO crystal (type I phase matching condition). The upconversion signal (at the sum 

frequencyy of the fluorescence and the fundamental of the fs laser) was focussed on the 

entrancee slit of a Zeiss M 20 monochromator and photodetected by means of a 

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

personall  computer for data storage and analysis. To avoid the influence of reorientational 

motionss of the BP(OH)T molecules on the temporal behavior of the fluorescence transients, 

thee polarization of the excitation beam was at the magic angle of 540 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 was 

estimatedd to be approximately 300 fs (FWHM). 

4.33 Results and discussion 

Thee steady-state absorption and emission spectra of BP(OH): in cyclohexane are 

presentedd in Figure 4.1. By means of femtosecond fluorescence upconversion experiments 

[4],, it was previously shown that immediately after the pulsed photoexcitation of BP(OHh at 

2677 nm, the fluorescence spectrum consists of two emission bands, peaking at 510 nm and 

5688 nm. respectively. The 568 nm band has a lifetime of 10 ps and has been assigned to the 
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emissivee monoketo tautomer intermediate [4]. The band with its maximum at 510 nm is due 

too BP(OH>2 in the diketo tautomer form [18. 19]. The diketo product is formed either 

instantaneouslyy (within less than 100 fs). or from the decay of the (also instantaneously 

formed)) monoketo intermediate into the diketo form [4]. This latter process was found to 

occurr with a time constant of 10 ps . The lifetime of the emissive diketo state is typically 2-4 

ns.. depending on the solvents and the temperature [5. 20J. 

a. a. 

< < 
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m m --

'< < 

FigureFigure 4.1: Steady-state absorption spectrum (solid curve) and emission spectrum (dotted curve) of BP(OH): 

dissolveddissolved in cyclohe.xane at room temperature. 

Usingg the OPA system, the excitation wavelength in the fluorescence upconversion 

measurementss was varied from 300 nm to 380 nm. The fluorescence upconversion 

measurementss were performed with the detection wavelength maintained at 480 nm. At this 

wavelength,, the emission is almost exclusively due to the diketo tautomeric form [4]. 

AA few typical fluorescence upconversion transients observed for BP(OH): in 

cyclohexane,, for a series of different excitation wavelengths, are presented in Figure 4.2. 

Detectedd at 480 nm. the amplitude of the instantaneous rise component (for t < 100 fs) 

correspondss to the ultrafast formation of a diketo compound. The additional rise, with a time 

constantt of about 10 ps, is representative of the monoketo-to-diketo reaction in the two-step 

process.. The amplitude of this 10 ps rise component is characteristic of the amount of the 
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monoketoo intermediate formed in the first step of the sequential double proton transfer 

process.. Thus, by considering the ratio of the amplitudes of the 10 ps rise and instantaneous 

componentss as a function of the excitation wavelength, we can follow the ratio of the 

concentrationss of the instantaneously (t < 100 fs) formed monoketo and diketo products as a 

functionn of the excitation energy. 

3800 nm 

m AA I I I I  I 

00 10 20 30 40 50 

Timee (ps) 

FigureFigure 4.2: Fluorescence upconversion transients of H/'fOH); dissolved in cyclohexane. The detection 

wavelengthwavelength is 480 nm. Excitation wavelengths are indicated in the figure. The solid curves represent the best 

biexponentialbiexponential fits to the experimental data points.. 

Alll  fluorescence transients following the instantaneous component of the diketo 

BP(OHhh emission could be fitted to a biexponential function convoluted with the system 

responsee function. In the biexponential function. 

/(A,00 = c,(AÏexp(-f/T2)-exp(-r/T,)]+c2(A)exp(-//T2), (4.1) 

thee short-time rise component. T\, is the characteristic time constant of the mono to diketo 

transferr (~ 10 ps). the long-time decay component. T:. is representative of the lifetime (~ ns) 
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off  the emissive diketo tautomer, ci(A) is a measure of the amount of diketo formed out of the 

monoketoo intermediate and ci(A) is representative of the amount of the instantaneous diketo 

tautomer.. The long time component (r>) was measured separately in the picosecond time-

correlatedd single-photon-counting setup described elsewhere [21 ]. Best fittings to the 

transientss are also displayed in Figure 4.2. It is remarked that, whereas the proportionality 

factorss c\{X) and ofA) change with the excitation wavelength (vide infra), the time 

componentss Ti and T2 were found to be excitation wavelength independent. The independence 

off  the monoketo-to-diketo proton transfer rate constant (l/ii ) of the wavelength in the optical 

excitationn process of the dienol suggests that the monoketo tautomer intermediate has already 

vibrationallyy relaxed before it decays into the diketo form. 

Inn Figure 4.3, the ratio between the amplitudes of the 10 ps rise component and the 

instantaneouss diketo component, c\/cj, is plotted for a series of excitation energies. The figure 

showss that the ratio decreases as the excitation energy is decreased. The decrease in the c\lci 

ratioo with decreasing excitation energy reveals that for lower excitation energies the 

productionn of the monoketo tautomer is no longer favoured as compared to the diketo 

tautomer,, but instead becomes less likely. This is considered to be evidence for the existence 

off  an energy barrier in the reaction pathway for the dienol to monoketo conversion. 

Previouslyy it has been discussed that the concerted double proton transfer process is 

vibrationallyy assisted by a stretching mode involving stretching and compression motions of 

thee carbon-carbon bond linking the two pyridyl rings of the BPfOH)? molecule [5]. The two-

stepp double proton transfer process, on the other hand, is thought to be promoted by an 

asymmetricall  bending mode [5]. Since these vibrationally assisted processes involve the 

motionss of many atoms in the molecule, deuteration of the hydroxyl groups is expected to 

havee negligible effect on the effective mass and thus the yield and formation dynamics of the 

monoketoo and diketo bipyridyl-diol tautomers. This could be verified experimentally indeed. 

Forr the deuterated samples the fluorescence upconversion results were the same as in Figures 

4.22 and 4.3. 

Wee now adopt a simplified picture for tunneling 'through' the barrier. For a 

parabolicallyy shaped barrier with a shape function, V = VQ - V2 A .v", the expression for the 

permeability,, G, becomes [22], 

G=G= {1 +exp[2W/J(Vü- W)lhAVl]y\ (4.2) 
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Inn Equation (4.2). the permeability G is defined as the ratio between the fluxes of the 

transmittedd and incident particle, i.e.. G = (AT / Ai) | AT|". where AT / Ai is the ratio of the 

velocitiess of the transmitted and incident particle and | A-\\' represents the particle density of 

thee transmitted particle. Vo is the potential energy corresponding to the maximum of the 

barrierr with A > 0, and W is the excitation energy. The plot of a best fit function, in 

accordancee with Equation (4.2). to the experimentally determined values of c\lct versus the 

excitationn energy, is included in Figure 4.3. The best fit values of the parameters of Equation 

(4.1)) are : V„  = 28.000 cm'1 and Aim = 2.6 x 1030 s"2. 

. * 
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FigureFigure 4.3: Ratio of the yields of the instantaneous!) formed monoketo (ci) and diketo tautomers [ci). Squares 

representrepresent the ratio as obtained from the analysis of the experimental data. The dashed curve is the best fit using 

thethe expression for the tunneling permeability as given in the text. 

Fromm ab initio calculations of the BP(OH): molecule, the excitation energy of the 0-0 

electronicc transition is estimated to be at 27.400 cm" [23]. Choosing this value for W. it 

followss that in our simplified approach the estimated height of the barrier becomes about 600 

cm"1.. It is noted that the angular frequency given by (0 = (A I m)2 is characteristic of an 

oscillatingg particle in a potential with V = xh A x'. The parabolic curvature of the latter 

potentiall  is opposite in sign compared to that for the parabola considered above. For the 
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tunnelingg particle we can consider therefore the imaginary angular frequency fü>z = (A I m)'\ 

Wee find for the imaginary mode corresponding to the best fit  plot of Figure 4.3 that its period 

iss about 5 fs. Experimentally the monoketo tautomer is formed within the laser pulse duration 

off  100 fs [4]. Thus the estimated period of the imaginary oscillatory mode does at least not 

exceedd the experimental upper limit of the transmittance time, as expected. 

Iff  the excited state double proton transfer of BP(OH)2 would not show any 

preferencee for either the one-step or the two-step process, it would be expected that the 

probabilityy for the formation of the monoketo tautomer form would be twice that for the 

diketoo form and thus, in this statistical limit, the c\kj ratio would be equal 2. This value was 

actuallyy experimentally verified, when the excitation wavelength was at 267 nm [4], For the 

lowerr excitation energies applied in this work, the maximum value obtained for c\ki, even 

whenn applying excitation energies above the barrier top at 28,000 cm"1, is only 0.7 (cf Figure 

4.3).. This result suggests that even if excitation into the S] level is above the potential energy 

barrier,, the initially excited Franck-Condon state of the BP(OH)2 dienol tautomer does not 

completelyy decay into either a monoketo or diketo tautomer form. An additional relaxation 

channell  must therefore be present which is responsible for the reduction of the optimum yield 

off  the monoketo intermediate. A likely candidate for this additional relaxation is 

intramolecularr vibrational relaxation (IVR), which could deactivate the excitation of the 

bendingg mode and thus reduce the probability for the dienol-to-monoketo reaction to occur. 

Sincee we tentatively conclude that IVR for BP(OH):. in its dienol Si state is competitive to 

thee formation of the monoketo intermediate, it should occur on a time scale similar to that of 

thee monoketo formation time, i.e., 100 fs or less. 

Ass already found previously [4], when optical excitation of BP(OH)2 is to levels at an 

energyy of 37,450 cm"1 (which corresponds to an excitation wavelength of 267 nm) or higher, 

thee experimental result for the ratio CJ/Q becomes the statistical limit value of 2. It should be 

addedd that for these excitation energies a second band is observed in the BP(OH): absorption 

spectrumm and possibly excitation is to the excited Si state. The potential energy surface for 

thiss state, in contrast to the case of the Si state, may lack a potential energy barrier along the 

dienol-monoketoo reaction coordinate. Moreover, radiationless decay out of the ST state could 

bee less rapid than 100 fs. 



FemtosecondFemtosecond laser selective intralmolecular double proton transfer in BPlOH): 50 0 

FigureFigure 4.4: Sketch of excited-state potential energy surface for BP(OH): used to discuss the photoinduced 

doubledouble proton transfer. E is energy of initially excited dienol tautomer. The x- and y-coordinates are illustrative 

ofof the bending mode displacements giving the minima representing the intermediate monoketo tautomer forms, 

displacementdisplacement along the diagonal is representative of the stretching mode coordinate eventually giving the diketo 

product. product. 

AA scheme summarizing some of the details in the proton transfer process in photoexcited 

BP(OH):: dissolved in cyclohexane. is presented in Figure 4.4. In this picture, the excited-

statee potential energy surface is sketched as a function of two vibrational coordinates, these 

beingg typical of stretching and bending modes. The concerted process is thought to be assisted 

byy the stretching mode (coordinate along diagonal of ground face) and the consecutive 

processs is triggered by bending mode (coordinate along either x-or y-direction of ground 

face).. For the dienol-to-monoketo reaction in the two-step process, the activation energy is 

estimatedd as 600 cm'1, whereas the activation energy for the second step. i.e.. the monoketo-

to-diketoo reaction (10 ps) is still unknown. 

Inn summary, the reaction yield of the monoketo intermediate in the sequential double 

protonn transfer process for photoexcited BP(OH)2 is significantly influenced when optical 

excitationn is to the lower vibrational levels of the excited Si state. From this, an energy barrier 

inn the first step of the sequential double proton transfer has been concluded, with an estimated 

heishtt of 600 cm"1. 
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Chapterr  5 

Furtherr  investigations of the proton transfer  dynamics in [2,2'-

bipyridyl]-3,3'-diol ::  The effect of methyl substitution, and the 

dynamicss in sol-gel glasses 

Abstract t 

Thee effect of substituted methyl groups on the proton transfer dynamics of [2.2'-

bipyridyl"|-3,3"-dioll  is reported. Neither the absorption nor the emission spectra are 

significantlyy changed upon double methylation of the original molecule. However, for the 

singlyy methylated derivative of the [2,2,-bipyridyll-3,3*-diol molecule a decrease in the yield 

off  the monoketo tautomer in the ESIPT process is found. The dynamics of [2,2'-bipyridyl]-

3.3'-dioll  in sol-gel compounds is also investigated. While the proton transfer dynamics is in 

principlee similar to those obtained in liquid solutions, the emission spectrum is blue-shifted 

andd the mono-to-diketo conversion becomes faster. 
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5.11 Introductio n 

Inn the previous chapters various aspects concerning the mechanism of intramolecular 

protonn transfer of [2,2'-bipyridyI]-3.3,-diol (henceforth referred to as BP(OH):) were 

discussed.. It was previously shown [1-3] that the optical absorption and fluorescence band 

maximaa are practically independent of the polarity of the solvent. Supported also by the 

resultss of their semi-empirical calculations, Bulska et al. [ 1 -2] concluded that photo-excitation 

off  the molecule is from the dienol ground state to the excited-state dienol configuration, 

followedd by a cooperative double proton transfer process in the excited state, thus forming the 

fluorescentt diketo tautomer. Additional confirmation for the formation of a diketo tautomer 

wass supplied by electro-optical measurements indicating that the excited state has a negligible 

dipolee moment [4-5]. Kaschke et al. [6] performed a picosecond study of BP(OH)2 (with a 

timee resolution of about 5 ps). They found that the initially excited S[ state decays in a few 

picoseconds.. This time was considered as being characteristic for the double proton transfer 

process.. Evidence for a stepwise dual proton transfer was not found, although INDO and 

otherr calculations predicted that the excited singlet state of the mono-keto tautomeric form is 

in-betweenn that for the first excited states of the dienol and diketo forms [1,7-8]. 

Utilizingg fluorescence up-conversion techniques, we recently reported studies of the 

Excitedd State Intramolecular Proton Transfer (ESIPT) dynamics in BP(OH)2 on a 

femtosecondd time scale [9]. It was shown that the dual proton transfer in photoexcited 

BP(OH>2,, in liquid solution, can take place in either of two ways: a concerted one-step 

processs yielding directly the diketo product or a sequential two-step process, in which first the 

mono-ketoo intermediate is formed and then the diketo product in the second step. The 

concertedd reaction and the first step in the sequential process were too fast to be resolved in 

thee experiment (< 100 fs). The mono-to-diketo reaction in the two-step mechanism occurred 

withh a typical time constant of 10 ps. Intramolecular stretching and bending modes were 

consideredd to promote the one-step and two-step double proton transfer reactions, respectively 

[10].. In aprotic solvents, the ESIPT dynamics appeared insensitive to the polarity and 

viscosityy of the solvent. In protic solvents, on the other hand, the proton transfer in the mono-

to-diketoo reaction slowed down as the solvent viscosity was increased. It was conjectured that 

thee "free" nitrogen atom in the pyridyl ring of the monoketo tautomer intermediate could form 

aa hydrogen bridge to a neighboring protic solvent molecule, the lifetime of this protonated 

intermediatee being on the order of the solvent rotational diffusion time [10]. Similar processes 

occurr also in 3- hydroflavone [II] . 
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Wee previously studied the influence of the amount of excited state vibronic excess 

energyy on the relative yield of the monoketo and diketo excited state photoproducts of 

BP(OH»22 112]. It was shown that the amount of excess vibrational energy significantly 

influencess this ratio, and in fact gives rise to photoselectivity in the proton transfer 

mechanismm which reveals itself only because of the high-time resolution of the experiments. 

Thiss has been related to a barrier in the first step single proton transfer. Such a barrier has 

beenn previously predicted by ab-initio calculations [7]. 

Inn this chapter two additional aspects to the proton transfer in BP(OH);> are examined. 

Thee first concerns the influence of substitutional methyl groups on the proton transfer process. 

Inn general, littl e effects on the steady-state absorption and emission spectra have been 

detectedd in various methylated derivatives of BPfOH)? [13.14]. Here we compare the 

fluorescencee transients of 5,5'-Me2-BP(OH)2, 6,6'-Me2-BP(OH)2, and 6-Me-BP(OH)2 (for 

chemicall  structures see Figure 5.1) with those of the mother compound. Our findings are that 

methylationn of the BP(OH): molecule has a negligible effect on its time-dependent 

fluorescence. . 

diee IK'I monoketo o 

BP(OH)-. . 

dikeio o 

6-Me-BP(()H)2 2 

I K K 

6.6,-Me2-BP(OH)? ? 

H,C C 

5.5'-Me?-BP(OH)? ? 

FigureFigure 5.1: Scheme of BP(OH): in dienol, monoketo. and diketo forms. The schematic structure of 6-Me-

BP(OH)BP(OH)22.. 6.6'-Me2- BP(OH): and5.5'-Me:- BP<OH): in the dienol tautomerare also shown. 
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Thee second aspect concerns the excited-state dynamics of BP(OH): in sol-gel glasses. 

Itt has been considered that BP(OH)2 is a suitable laser dye material [14]. In fact, laser activity 

hass been demonstrated for BP(OH)2 dissolved in different solvents (benzene, dioxane, 

cyclohexane.. etc.)- In view of this, optical studies of BP(OH)2 dissolved in sol-gel glass 

matricess have been performed [16]. Silica glasses obtained through sol-gel synthesis have 

receivedd considerable attention in recent years because of their wide application in integrated 

opticss [17-22]. The incorporation of organic molecules in sol-gel hosts, thanks to low 

preparationn temperatures, has the great advantage of combining the particular optical 

propertiess of the organic compounds such as high photoluminescence efficiency with the low 

opticall  losses, long-term stability and mechanical workability of glasses [23-27], 

Thee optical properties of molecules may be severely modified when dissolved in 

glassyy matrices as compared to those in liquid solution [ 16,23,28-33]. A similar situation was 

recentlyy reported for the studies ESIPT in confined systems [34]. To further study the ESIPT 

off  the BP(OH)2 system, when dissolved in inorganic and hybrid sol-gel silica glass matrices, 

wee have performed femtosecond fluorescence upconversion experiments. Two sol-gel 

matricess were used. The first is a plain sol-gel (TMOS, cf Sec. 5.2) obtained by slow 

hydrolysiss and polycondensation of tetramethylorthosilicate; the second sol-gel (TMSPM, cf 

Sec.. 5.2) is a hybrid system in which an organ ofunctional alkoxysilane has been added 

[[  16,35,36], The excited-state dynamics of BP(OH)2 in sol-gel glasses are found to be similar 

too those of the molecule dissolved in liquid solvents. 

5.22 Experimental 

BP(OH):: was purchased from Aldrich and used without further purification. The 

methylatedd compounds were a generous gift from Prof. Grabowska of the Polish Academy of 

Sciencess and were synthesized according to the method described elsewhere [37.38]. 

Bulkk  sol-gel glasses were prepared using tetramethylorthosilicate (TMOS) as a 

precursorr and formamide as a drying control chemical additive. Molar ratios of the reagents 

weree TMOS : water : formamide : methanol — 1 : 1 0 : 2 : 7. Sol-gel glasses modified by 

organicc side-groups were prepared using 3-(trimethoxysilyl)-propylmethacrylate (TMSPM) 

andd tetramethylorthosilicate as precursors [16]. In these samples an organic network in 

additionn to the inorganic one is formed [35,36|. Molar ratios of the components were TMSPM 

:: TMOS : water = 1 : 1 : 3.5. In the following, we indicate the samples described above as 

TMOSS and TMSPM. respectively. The BP(OHh dye was dissolved in the sol liquid solution 



5757 Chapter 5 

withh an approximate initial concentration of 1.3 x 10"4 M and 3.5 x 104 M for the TMSPM 

andd TMOS sol-gel glasses, respectively. Immediately after preparation, the samples were 

storedd in an oven at about 38 °C. After an aging period of about three weeks we obtained sol-

gell  glasses (thickness 2 -3 mm) ready to be used in the experiments. 

Thee apparatus used for this research was described in chapter 2. 

5.33 Results and discussion 

5.3.15.3.1 The proton transfer dynamics of methylated derivatives of BP(OH)2 

5.3.1.1.. Steady-state spectra and time-dependent fluorescence at room temperature 

Thee steady-state spectra of the three methylated derivative compounds are almost 

identicall  to that of BP(OH)2. The absorption band maximum for 5.5'-Me2-BP(OH)2, 6,6'-

Me2-BP(OH)2,, and 6-Me-BP(OH)2. dissolved in cyclohexane, was measured at 29080, 28400 

andd 28780 cm' respectively. In emission, large Stokes shifts have been observed for all 

molecules.. Maximum emission in cyclohexane solutions is measured at 19100, 19060 and 

192200 cm'1 for 5,5'-Me2-BP(OH)2, 6,6'-Me2-BP(OH)2, and 6-Me-BP(OH)2, respectively. 

Picosecondd and femtosecond fluorescence measurements were performed for all 

methylatedd derivative compounds dissolved in cyclohexane. Only the results in 6-Me-

BP(OH)22 will be further described. The results for the doubly methylated compounds were 

similar.. The excitation wavelength was chosen at 330 nm. A few representative femtosecond 

fluorescencee transients for various detection wavelengths are displayed in Figure 5.2. The 

transientss were fitted after deconvolution with the system response function to a biexponential 

function.. The fluorescence is dependent upon the detection wavelength. When detection is to 

thee red (X > 570 nm), the fluorescence shows a sharp instantaneous rise within the duration 

timee of laser pulses, followed by a picosecond decay component. A much slower decay 

componentt of 2.2 ns characteristic of the lifetime of the excited state was measured using the 

picosecondd setup. When the detection is to the blue (\< 570 nm), the transients exhibit an 

instantaneouss rise followed by a second rise of around 10 ps. These transients eventually also 

decayy in accordance with the lifetime. Very similar transients have been obtained for 

BP(OH)2. . 

Wee follow the same spectral reconstruction procedure [39] as has been performed for 

BP(OH)22 [9J. Briefly, as mentioned above, the experimental transients were fitted to a 

biexponentiall  function convoluted with the system response function. After correcting for the 

wavelengthh dependence of the detection sensitivity, the spectrum at some delay time could be 
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reconstructedd point-by-point using the calibrated fits to the transients, obtained at the series of 

detectionn wavelengths. The points in Figure 5.3a represent the obtained reconstructed spectra 

att different delay times following the excitation pulse. To smooth the spectrum, the point-by-

pointt spectrum was fitted to a log-normal shape function. These appear as solid lines in Figure 

5.3a. . 

100 20 30 40 50 60 

Timee (ps) 
00 10 20 30 40 50 «1 

Timee (ps) 

FigureFigure 5.2: Fluorescence transients of 6'-Me- BP(OH): dissolved in cyclohexane at the wavelength indicated. 

SolidSolid lines are best dits to a hi-exponential decay function convoluted with the system response function. 

Thee high-energy parts of the time-resolved emission band spectra, measured 

immediatelyy after the pulsed excitation, appear to coincide with the steady-state emission 

spectraa of the diketo tautomer of BP(OH):. We consider this as evidence for emission from 

thee diketo tautomer. This is supported by INDO calculations performed by Borowicz et al. 

[14J.. We thus conclude, as was done before 19]. that the time-resolved emission spectrum is a 

superpositionn of two parts: one emission component which is representative of an 

instantaneouslyy formed diketo tautomer, and the other emission component being a new. 
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hithertoo not observed part, which is the difference spectrum (dotted lines in Figure 5.3a) of 

thee reconstructed spectrum (full lines in Figure 5.3a) and the extrapolated diketo spectral 

contributionn (dashed lines in Figure 5.3a). The instantaneously formed diketo component 

decayss only slightly on the picosecond time scale, in accordance with its lifetime of few ns, 

whilee the difference (dotted) component clearly exhibits a blue shift as time progresses. 

161X100 iX(KX) :t«XX> 16001) 18000 20000 

Wavenumberr (cm ) Wavenumber (cm ) 

FigureFigure 5.3: (a) Reconstructed fluorescence spectra of 6 '-Me- BPlOH)? dissolved in cyclohexane. The filled 

squaressquares represent the data points obtained from the spectral reconstruction procedure. The solid curve is the 

bestbest fit to the reconstructed spectra. Dashed curves are the emission spectra of diketo tautomer formed 

instantaneouslyinstantaneously from the dienol tautoemer. Dotted curves represent the difference between the total emission 

spectrumspectrum and the instantaneously formed diketo emission spectrum. The delay times are indicated in the 

figure.(b)figure.(b) Decomposition of the difference emission spectra I full curve) into the monoketo and diketo emission 

spectra.spectra. Full curves are the difference spectra (doited curves) in Figure 5.3a. Dotted curves represent the 

emissionemission spectra of the intermediate monoketo tautomer. Dashed curves represent the emission spectra of the 

dikelodikelo tautomer formed from the dienol via monoketo tautomer. 
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Since,, for increased delay times, the difference spectrum and the diketo spectrum 

becomee more alike, though not in intensity, we propose that the difference spectrum 

eventuallyy is due to the diketo tautomer. Initially, however, there is a precursor species which 

decayss into the diketo excited state as time progresses. We attribute the short-living new 

emission,, which precedes the diketo emission, to the emissive monoketo tautomer precursor 

off  the diketo tautomer. To obtain the emission spectrum characteristic of this short-living 

monoketoo tautomer, we have decomposed the newly found spectra (dotted curves of Figure 

5.3a)) into a diketo spectral contribution and a short-living new spectrum, which is considered 

too be representative of the fluorescence spectrum of the monoketo tautomer. The short-lived 

spectraa thus obtained and their time dependencies are illustrated by the spectra of Figure 5.3b. 

Inn this figure, the dotted spectra are representative of the monoketo precursor to the diketo 

spectrall  product, the dashed spectra are representative of the diketo product formed from the 

monoketoo precursor, whereas the solid lines are identical to the difference spectra of Figure 

5.3a.. It is found that the spectrum attributed to the monoketo precursor has an emission band 

maximumm at 563 nm (17750 cm"1). Furthermore, the monoketo emission decays mono-

exponentiallyy with a typical time constant of 10 ps. Concomitant with the monoketo emission 

decay,, a rise of the diketo emission is observed with the same time constant. The picosecond 

decayy of the monoketo component and the concomitant rise of the diketo component 

effectivelyy result in the time dependent blue shift illustrated in Figure 5.2a. In summary, the 

spectrall  analysis of the femtosecond fluorescence upconversion transients for 6-Me-BP(OH)2 

inn cyclohexane yields that two spectral components are formed instantaneously {< 100 fs): 

onee (with a band maximum at 563 nm) is attributed to the monoketo intermediate and the 

secondd (with its band maximum at 520 nm) is representative of the diketo tautomer emission. 

Thee monoketo intermediate has a lifetime of a few picoseconds and decays into the diketo 

tautomer.. These results are almost identical to those obtained and discussed earlier for the 

BP(OH)22 molecule [9]. 

Wee have obtained similar results in the case of the 5,5'-Me2-BP(OH)2 and 6.6'-Me2-

BP(OH)22 molecules. It is thus concluded that the addition of methyl groups has only 

negligiblee effect on the electronic states of the BP(OH)2 molecule. This is in line with 

previouss findings [13.14]. 
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5.3.1.22 Temperature dependence of the fluorescence transients 

Wee have investigated the temperature dependence of the proton transfer rate constant. 

Thesee experiments were performed only for the 5.5"-Me;-BP(OHh molecule using the 

picosecondd fluorescence set-up. For 5.5*-Me2-BP(OH):. dissolved in the aprotic solvents 

dichloromethanee and acetonitrile. in the temperature range from 295 K down to 180 K. the 

observedd fluorescence transients could be fitted to a biexponential of the form I{\.t) = 

c\(k)cxp(-t/T])c\(k)cxp(-t/T]) - o(A)exp(-//r:). in which X\ is the lifetime of the emissive diketo tautomer 

andd Ï2 is the characteristic time constant of the mono-to diketo reaction, with T: having the 

constantt (temperature independent) value of 10 ps and i\ increasing slightly from about 1 ns 

too 4 ns. 

-3 3 

O H H 

££ -5 

-7 7 
0.0044 0.005 

1/7""  ( K " 1 ) 

FigureFigure 5.4: The temperature dependence of the mono- to diketo proton transfer rate of 5,5'-Me2-BP(OH)2 

dissolveddissolved in various protic solvents: <9i methanol :  l ethanol : (A) l-propanol : (X) 2-propanol. Typical 

errorerror hars are given for a few points. Drawn lines are best linear fits. 

AA temperature independent proton transfer rate at first sight might be suggestive of a 

one-dimensionall  tunneling mechanism. However, when the experiments are performed using 

deuteratedd 5.5"-Me2-BP(OD): no slowing down of the proton transfer dynamics is observed 
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either.. The result that the transfer rate is not influenced by deuteration is indicative of a 

vibrational-modee assisted transfer mechanism, since vibrational modes concern many-atom 

motionss and their frequencies are not likely to change significantly when the hydroxyl groups 

inn the probe molecule are deuterated. More specifically, as discussed in Ref. 10, the concerted 

doublee proton transfer which takes place almost instantaneously after excitation of the 5,5'-

Me2-BP(OHhh molecule, may be promoted by low-frequency modes that stretch the bond 

linkingg the two pyridyl rings. Alternatively, the mono-to diketo reaction may be promoted by 

bendingg modes in which the two pyridyl rings approach each other on one side only [10]. 

Picosecondd fluorescence measurements of the 5.5'-Me:-BP(OH);> in a few protic 

solventss at various temperatures have also been carried out. At all temperatures the 

fluorescencefluorescence transients could be fitted to the biexponential function given above, but now the 

mono-to-diketoo reaction rate constant, T2. appeared to be dependent on temperature. Figure 

5.44 shows a plot of the logarithmic of the proton transfer rate constant {l/r?) versus 1/7. The 

figuree illustrates that when the temperature is lowered, the rate constant for the mono-to-

diketoo conversion for 5,5'-Me2-BP(OH)2 dissolved in various alcohols is found to decrease. 

Moreover,, a linear dependence is obtained for all protic solvents with activation energies of 

13.33 kJ/mol (methanol), 15.1 kJ/mol (ethanol), 15.9 kJ/mol (1-propanol), 18.1 kJ/mol (2-

propanol).. Note that the reaction rate decreases in the order methanol, ethanol. 1-propanol and 

2-propanol.. These results are very similar to those previously found for BP(OH)2 in alcoholic 

solutionn [10]. We attribute the temperature dependence of 1/T2 to hydrogen bridge formation 

off  the monoketo tautomer with nearby solvent molecules, i.e., this could involve the 'free' 

(i.e.,, not yet protonated) nitrogen atom in the pyridyl ring and a nearby solvent molecule. The 

hydrogenn bridge may be disrupted by rotational diffusion motions of the solvent molecules. If 

wee take the solvent rotational diffusion correlation time (rr) as the limiting value for zi and 

assumingg that rr is linear proportional to the viscosity coefficient (rj)  [40], it is to be expected 

thatt T2 is proportional to rj. Comparison of the activation energies as determined from Figure 

5.44 with the activation energies for rj  from the literature [41] establishes that this 

proportionalityy exists indeed. 

5.3.1.33 Excitation wavelength dependence 

Usingg the OPA system, the excitation wavelength of the fluorescence upconversion 

measurementss was varied between 300 nm and 380 nm. The fluorescence upconversion 

measurementss were performed with the detection wavelength maintained at 480 nm i.e. the 
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detectedd emission is almost exclusively due to the diketo tautomeric form. As discussed 

previously,, at this wavelength, the transients consist of an instantaneous rise followed by a 

secondd rise at a time scale of 10 ps due to the direct concerted proton transfer, and the 

stepwisee proton transfer process, respectively. The amplitude ratio between both parts of the 

transientt is proportional to the amount of the molecules experiencing either of the proton 

transferr processes [12]. This ratio c\lcj as a function of the excitation energy is presented in 

Figuree 5.5 for 6,6'-Me;>-BP(OH)2 and 6'-Me-BP(OHh dissolved in cyclohexane. In a fashion 

similarr to that previously given for BP(OH)2 [12] we find that the yield of the molecules 

experiencingg a stepwise proton transfer process is decreased with the decreasing excitation 

energy.. No changes have been observed in the proton transfer time of the second step. The 

decreasee in the yield ratio must be due to a barrier in the reaction path of the first of the 

stepwisee proton transfer. In BP(OH)2 the maximum value for the c\lc-> ratio was found to be 

0.7.. This value is considerably lower than the statistical limit of 2.0. This is taken as evidence 

forr additional, competing relaxation processes such as internal vibrational relaxation (IVR) 

whichh reduce the tunneling contribution in the stepwise proton transfer process [12]. For 

methylatedd derivatives even lower values for the maximum of the c\lci ratios are obtained. 

Forr 6-Me-BP(OH)2 the maximum value is as low as 0.4 and for 5,5'-Me2-BP(OH)2 this value 

iss 0.6. In 6,6'-Me2-BP(OH)2 a value of 0.7, similar as for the mother molecule is obtained. 

Onlyy in this respect the methylated derivatives show a difference from BP(OH)2- It is 

unlikelyy that the IVR processes are enhanced in these compounds. It is noticed, however, that 

thee largest change occurs for 6-Me-BP(OH)2 for which the point group symmetry is lower 

thenn that for the mother compound and the double methylated compounds. We note that two 

separatee monoketo intermediate tautomers could be formed from the photo-excited dienol 

tautomer.. For the BP(OHh molecule and the doubly methylated derivative both monoketo 

tautomerss are identical due to the molecular point group symmetry. For 6-Me-BP(OH)2 the 

twoo are different. It is suggested that the formation, of one of the monoketo tautomers, for the 

latterr compound is suppressed due to an insurmountably large barrier. The yield of the 

monoketoo tautomer will thus effectively be decreased by half. The large barrier on the 

trajectoryy leading to one of the monoketo tautomers is possibly due to the increased distance 

betweenn the donor and acceptor groups (i.e. The distance between the nitrogen and oxygen 

atoms)) caused by the substitution of the methyl group. The trajectory leading the 

instantaneouss double proton transfer remains barrierless. 
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FigureFigure 5.5: Ratio of the yields of the instantaneously fanned monoketo lc/) and diketo lc:) tautomers of 6-Me-

BP(OH);BP(OH); (filled squares) and 6-6'-Me2- BP(OH)2 (open circles) dissolved in cyclohexane measured at different 

excitationexcitation wavelength. 

Thee slightly decreased ratio in 6.6,-Me:-BP(OH): possibly reflects the existence of 

somee residues of 6-Me-BP(OH);< in the solution as is suggested by mass spectrometer 

measurements. . 

5.3.25.3.2 Prolan transfer dynamics oj'BPlOH): in sol-gel glasses 

5.3.2.11 Steady-state spectra and time-dependent fluorescence at room temperature 

Thee steady-state absorption and emission spectra for BP(OH): in TMOS and TMSPM 

sol-gell  glasses are given in Figure 5.6. Absorption and emission spectra for BP(OH):, 

dissolvedd in cyclohexane, are also presented in the same figure for comparison. The band 

maximaa in the absorption spectra for BP(OH): in TMOS and cyclohexane are found to 

coincidee near 340 nm. whereas the band maximum for the TMSPM sample is shifted to about 

3600 nm. In the emission spectra, band maxima for the TMOS and TMSPM samples coincide 

att approximately 480 nm. whereas that for the cyclohexane solution is red-shifted (by about 
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12000 cm"1). The steady-state absorption and emission spectra for BP(OH): in the sol-gel 

glassess are in good agreement with those reported previously by Eyal et al. [16]. 

Inn Figure 5.7. some typical fluorescence transients, measured al different detection 

wavelengths,, for BP(OH)2 in TMOS and in TMSPM hosts, are shown. The excitation 

wavelengthh was fixed at 320 nm. The fluorescence transients observed for BP(OH): doped in 

thee sol-gel matrices are very similar to those measured for the same solute in various liquid 

solvents.. As before [9]. the measured transients could be fitted to a biexponential function 

convolutedd with the system response function. For the transients detected on the blue side of 

thee emission (A < 520 nm). after the sharp rise, the intensity rise of the BP(OH)2 fluorescence 

transientss could be fitted with a time constant (Ti) of about 5 ps for the TMOS sample, and of 

aboutt 3 ps for the TMSPM sample. When detection is at the red part (A > 520 nm). the 

transientss could be fitted with the same time constants, i.e.. 5 ps for the TMOS sample and 3 

pss for the TMSPM sol-gel glass. The slow lifetime component d :) fitted a second exponential 

termm with decay times of 1.8 ns and 4.8 ns for the TMOS and TMSPM samples, respectively. 

Wavelengthh (nm) Wavelength (nm) 

FigureFigure 5.6: Steady state absorption (a) and emission (b) spectra of BP(OH): in TMOS sol-gel glass (solid 

curves),curves), in TMSPM sol-gel glass (dotted curves) and in cyclohexane solution (dashed-dotled curves), at room 

temperature. temperature. 
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Wee used these data to reconstruct the fluorescence spectra for BP(OH): in both sol-gel 

glasses,, at different delay times, following the spectral reconstruction method described by 

Maroncellii  and Fleming [39]. As for 6-Me-BP(OH): dissolved in cyclohexane (section 

5.3.1.1)) the reconstructed spectra could be separated into two separate bands. One of the 

bandss is related to the emission from the diketo compound. The other existing only for short 

timee (<10 ps) originates from an excited monoketo precursor to the diketo. This band in the 

sol-gell  glasses is centered at 5Ü5 nm and therefore shifted to the blue with relation to the 565 

nmm band maximum in liquid solvents [9|. 

Delayy time (ps) 

FigureFigure 5.7: Fluorescence upconversion transients of BP(OH)i in (aI TMOS and (b) ÏMSPM sol-gel glasses for 

variousvarious detection wavelengths at room temperature. The detection wavelengths are shown in nm. 

Ass summarized in Table 5.1. the positions of the maxima of the emission bands 

characteristicc of the monoketo and diketo tautomers. in both sol-gel samples, are blue shifted 

withh respect to the corresponding bands for BP(OH): dissolved in cyclohexane. The results 

aree suggestive of the weaker molecular force fields exerted by the sol-gel surroundings on the 

BP(OH)22 solute as compared to the situation of liquid solution [23.28]. E.g.. in the TMOS sol-

gell  glass the average pore size is about 26 A in diameter [28] and probably even smaller for 

TMSPMM where the pores are partially filled by the organic network. It is likely that because 

off  the small size of the pores, the BP(OH): molecules in sol-gel are surrounded by only a few 

layerss of protic solvent molecules. This may be of influence on the total solvent shift of the 

solutee molecular energies. In addition. McKiernan et al. [30] demonstrated that a consistent 
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bluee shift of the emission band occurs as the rigidity of the matrix increases. Casalboni et al. 

[28]]  observed a blue shift of the emission band and an increased photoluminescence lifetime 

ass the average pore size decreases. We suggest that the rigidity may also affect the difference 

betweenn liquid and sol-gel systems. 

AMK(nm) ) 

ADK(nm) ) 

ïi(ps) ) 

T2(ns) ) 

Cyclohexane e 

568 8 

510 0 

10 0 

3.0 0 

TMOS S 

505 5 

480 0 

5 5 

1.8 8 

TMSPM M 

505 5 

480 0 

3 3 

4.8 8 

TableTable 5.1: Emission band maxima of the monoketo (A.MJ and diketo (XDK} tautomers of BP(OH)2 dissolved in 

cyclohexanecyclohexane and in TMOS and TMSPM sol-gel glasses at room temperature. The corresponding time constants 

of'theof'the mono-to-diketo reaction (Ti) and the lifetimes of the diketo tautomer (T2) are also presented 

Thee blue shift of the emission band in the sol-gel with respect to the liquid solution is 

aboutt 2200 cm"1 for the monoketo and 1200 cm"1 for the diketo. It is likely that, in liquid 

solution,, the monoketo tautomer is more stabilized with respect to the diketo tautomer 

becausee of its larger dipole moment [21. From the different stabilization of the two excited 

tautomerss it may also be that the energy barrier separating the monoketo excited state 

minimumm energy from the more stable diketo excited state energy minimum is less in the sol-

gell  than in the liquid solution. This may account for the faster monoketo-to-diketo conversion 

inn the sol-gel host (5 ps versus 10 ps). The lifetime of the diketo excited state may also be 

affectedd by the rigidity of the cage which reduces the effectiveness of nonradiative decay 

[23,25,28].. This is compatible with the longer lifetime of 4.8 ns in TMSPM, as compared to 

3.00 ns in cyclohexane. For TMOS sol-gel glasses, the pores still contain protic solvent 

molecules,, even after a few weeks of aging [42,43]. Inside the TMOS pores, the BP(OH)2 

moleculee may therefore still contain one or a few solvation layers and therefore the lifetime of 

1.88 ns of the diketo state in TMOS should be compared with that of 1.0 ns [16] for the solute 

inn water solution or 1.2 ns in methanol solution. 
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5.3.2.22 Temperature dependence 

Whenn lowering the temperature the fluorescence lifetime of BP(OH): in both glasses 

increases.. However, the proton transfer time in TMSPM sol-gel remains unchanged. This 

resembless the situation observed for BP(OH)2 dissolved in aprotic solvents [10]. For BP(OH)2 

inn the TMOS glass, the time constant of the rise component increases from 5 ps to about 300 

ps.. when the temperature is decreased from room temperature to about 220 K. In the same 

temperaturee range, the lifetime of the diketo tautomer changes from 1.8 ns at room 

temperaturee to about 5.0 ns at 220 K. Below 220 K, the initial transparency of the TMOS sol-

gell  glass disappeared and the sample became opaque. For TMOS samples that have aged for a 

feww weeks, it is known that the pores of the sol-gel glass contain residual amounts of solvent 

(basicallyy water and methanol) [30,42,43]. The observed opaqueness at the lower 

temperaturess may result from the freezing and cracking of the solvent residues in the sol-gel. 

Noo solvent residues are present in the TMSPM sol-gel glass. This explains why the 

fluorescencee transients for BP(OH)? in the TMSPM glass could be followed down to 5 K. No 

temperaturee dependence was detected from room temperature down to 5 K, neither for the fast 

risee time component (3 ps), nor for the long lifetime component (4.8 ns). 

Apparently,, the solvating protic molecules in the TMOS glass still have motional freedom and 

thiss in fact may not be significantly different from that in the bulk liquid. This is also borne 

outt by the temperature dependence of the decay time T\. When examining an Arrhenius plot 

forr ln(Ti) versus 1/7 a linear dependence is obtained and the extrapolated activation energy is 

15.44 kJ/mol. This value is somewhat larger than the activation energies found for the 

monoketo-to-diketoo conversion for BP(OH)T dissolved in methanol and ethanol [10]. For the 

latter,, the activation energies were found to correspond to the activation energies of the 

viscosityy coefficient of the solvent. Possibly, the higher activation energy found in the sol-gel 

glassess is indicative of a stronger sticking within the solvent layers in the sol-gel pores as 

comparedd to the situation in the liquid. This increased "viscosity" may reflect the influence of 

thee pore size on the solvent mobility. 

5.3.2.33 Excitation wavelength dependence 

Thee fluorescence of BPCOHh in sol-gel compounds exhibits similar dependence upon 

excitationn frequency as samples dissolved in liquid solvents. When the excitation energy is 

decreasedd the yield of the molecules experiencing a stepwise proton transfer is severely 

decreased.. This reflects a barrier in the trajectory leading to a stepwise proton transfer 
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process.. As shown for BP(OH): dissolved in liquid solvent [12]. by fitting the transients from 

thee blue side of the spectrum to a biexponential function the coefficients c\ and C2, that are 

representativee of the amount of molecules experiencing a stepwise and concerted proton 

transfer,, respectively, could be deduced. It was seen that at the higher excitation energies the 

C-L/C'22 ratio attains the limiting value of about 1.5 and 0.7 for BP(OH)-. in TMOS and TMSPM 

sol-gell  glasses, respectively. The limiting value for BP(OH)i in fluid cyclohexane solution 

wass about 0.7 [12]. At first sight, one expects the limiting value to be 2 if the double proton 

transferr of BP(OH)2 would not show any preference for either the one-step or the two-step 

mechanismm and thus the statistical limit value of 2 would be obtained. This value was actually 

foundd experimentally when the excitation, at 267 nm, is possibly to the excited S? state. 

However,, in the present work, even when excitation is far above the barrier top at 28,000 cm" 

\\ a value for ci/o lower than the statistical limit is obtained implying that in the relaxation 

processess leading to the formation of the monoketo and diketo tautomers an additional dark 

relaxationn channel, competitive to the formation channels of the tautomers, is active. As a 

result,, the statistical limit value for the yields of the monoketo and diketo products is not 

achieved.. Internal vibrational relaxation (IVR) is a very likely candidate for the additional 

radiationlesss decay process. However, the different limiting values for c\/c2 in the TMOS and 

TMSPMM samples suggest that also coupling to the host material may influence the vibrational 

relaxationn dynamics in photoexcited BPfOH)?: coupling to the more rigid network in TMSPM 

iss apparently more effective in the vibrational relaxation than the coupling to the layer of 

solventt molecules in TMOS. 
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Chapterr  6 

Femtosecondd intramolecular  proton transfer  in photo-excited 

mono-- and dienol derivatives of bipyridin e 

Abstract t 

AA femtosecond study of the intramolecular proton transfer dynamics in photoexcited 

mono-- and dienol derivative compounds of pyridine is reported. It is shown that when a 

stronglyy electron-withdrawing substituent is attached to [2,2n-bipyridyl]-3,3'-dioI. the excited-

statee proton transfer of this compound is changed from a double proton transfer to a single 

protonn transfer. The excited-state single proton transfer time in the title compounds is less 

thann 150 fs. 
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6.11 Introductio n 

Ultrafastt Excited State Intramolecular Proton Transfer (ESIPT) is characteristic of 

numerouss enol-keto tautomerization reactions in the condensed phase f 1 - 8]. Both single- and 

doublee proton transfer processes have been studied. For [2.2'-bipyridyl|-3.3"-diol. henceforth 

abbreviatedd as BP(OH)2. the mechanism of the double proton transfer process in the excited 

statee has been extensively studied, experimentally [7. 9-16] and theoretically [17. 18J. 

Followingg short-pulse optical excitation, concerted (one-step) and consecutive (two-step) 

doublee proton transfer reactions were found to occur concurrently 17. I2J. The concerted 

processs takes place within 100 fs. In the consecutive process, the first proton is transferred in 

lesss than 100 fs. the second proton follows in a few picoseconds. 

HoC C 

6-Me-BPOH H BP(0HK-6-C00Me e 

SchemeScheme 6.1 

Inn this chapter, we investigate the ESIPT dynamics in two derivative compounds of 

BP(OH)2.. The first of these (see also scheme 6.1) is 6-Me-BPOH (6-methyl-[2.2"-bipyridylj-

3'-ol);; the second compound is BP(OH):-6-COOMe (methyl-3.3*-dihydroxy-[2.2*-bipyridylJ-

6-carboxylate).. 6-Me-BPOH serves as a model compound for studying the dynamics of a 

singlee proton transfer in the excited state of a bipyridyl ring system. In the case of BP(OH):-

6-COOMee we examine the influence of an electrophilic substituent on the intramolecular 
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doublee proton transfer dynamics in BP(OHh. Both were already introduced to the literature 

amongg six new derivatives of BP(OH>2 and BPOH [19]. The properties of their ground states 

weree studied experimentally and by ab initio calculations. The main aim of this work was to 

studyy the influence of electron donating and electron withdrawing substituents, introduced 

nextt to nitrogen atom, on the phototautomerization mechanism of the molecule. The steady 

statee absorption and fluorescence spectra in inert solvents were also determined and 

compared. . 

Previously,, Bulska et al. [20] have reported the emission spectrum of [2,2'-bipyridyl]-

3-oll  (BPOH). Compared to BP(OH): it appeared that the fluorescence quantum yield for 

BPOHH is smaller by two orders of magnitude. INDO/S calculations suggested that the keto 

tautomerr of BPOH has a non-fluorescent Si(n,ju*) state very close to the lower fluorescent 

S](7U,7U*JJ state [21]. The low fluorescence quantum yield for BPOH then results from effective 

couplingg between the fluorescent and non-fluorescent excited singlet states [20]. Compared to 

BPOH,, 6-Me-BPOH turns out to possess a much higher fluorescence efficiency [19]. As a 

result,, the time dependence of the fluorescence of this molecule could be investigated using 

thee femtosecond fluorescence upconversion technique [7], The fluorescence transients 

providee information concerning the dynamics of the intramolecular single proton transfer 

processs in the excited state (vide infra). Also for the second derivative compound, BP(OH)2-

6-COOMe,, fluorescence upconversion transients are reported. It is discussed that for 

BP(OH)2-6-COOMee only a single (and not a double) proton transfer occurs due to the 

presencee of the electrophilic COOCH3 substituent. 

6.22 Experimental 

Synthesiss of both studied compounds was described elsewhere [22]. Throughout the 

presentt chapter the names of compounds are as in ref. [ 19]. Spectrograde quality cyclohexane 

(Merck)) and acetonitrile (Merck) were used as solvents without further purification. 

Twoo pulsed-laser setups were used for the measurement of the fluorescence transients: 

aa regeneratively amplified Ti:sapphire laser system with upconversion detection for the time 

spann 150 fs - 100 ps, and a picosecond laser system with time-correlated single-photon-

countingg (SPC) detection for the time range 15 ps - 5 ns. The systems have been described in 

detaill  previously [12, 23]. In the femtosecond laser system, excitation was accomplished by 

laserr pulses (-100 fs) from an OPA system in the range of 300-380 nm (~ 0.1 uJ/pulse). The 

photo-inducedd fluorescence was detected after upconversion, in a BBO crystal, with a gating 
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pulsee (at 800 nm). The time elapsed between the excitation pulse and the gating pulse could 

bee controlled by means of an optical delay line, with a variable optical path length, for the 

gatingg pulses. Photodetection was limited to the upconverted beam polarized at a magic angle 

withh respect to the excitation beam. In this way the probed fluorescence decay did not reflect 

contributionss of rotational diffusion motions of the solute in the liquid. In the picosecond 

fluorescencefluorescence setup [23], photoexcitation was at 322 nm by means of picosecond pulses (4 

mW.. -1 ps pulse duration). The fluorescence emitted from the sample in a direction 

perpendicularr to the excitation beam was focused on to the entrance slit of a monochromator 

outfittedd with a multi-channel plate photodetector. A linear polarizer was inserted in the 

detectionn pathway to detect at magic angle conditions. The instrumental response time was 

aboutt 17ps(FWHM). 

6.33 Results 

6.3.16.3.1 6-Me-BPOH 
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FigureFigure 6.1. Steady-state absorption and emission spectra. Emission spectra: a) BP(OH)7-6-COOMe in 

aceionitrile:aceionitrile: b) 6-Me-BPOH in aceioniirile; c) BP(OH)3-6-COOMe in cyclohexane; d) 6-Me-BPOH in 

cyclohexane;cyclohexane; e) BP(OH)2 in cyclohexane. Absorption spectra: f) BP<OH)2. g) BP(OH):-6-COOMe, h) 6-Me-

BPOHBPOH dissolved in cyclohexane. 
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Figuree 6.1 shows the steady-state absorption and emission spectra as measured for 6-Me-

BPOHH dissolved in cyclohexane and acetonitrile. The absorption spectrum of the 6-Me-BPOH 

moleculee in both solvents is similar, with the absorption band maximum at 31.250 cm"1 and 

31.4900 cm"1 in cyclohexane and acetonitrile. respectively. The band maximum in the emission 

spectrumm of 6-Me-BPOH shows a red shift when a more polar solvent is used. The emission 

bandd maximum is at 18.220 cm" when 6-Me-BPOH is dissolved in cyclohexane and 17.150 cm' 

forr the solute dissolved in acetonitrile. 

00 10 20 30 40 50 60 

Timee (ps) 

00 10 20 30 40 50 60 

Timee (ps) 

FigureFigure 6.2: Fluorescence upconversion transients of 6-Me-BPOH dissolved in(a) cyclohexane and (b) 

acetonitrile.acetonitrile. In the 66 ps time window of the figure, the system response function would appear as a S-function 

andand thus this function luis heen left out. 
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Thee fluorescence transients measured with the time-correlated single photon counting 

fluorescencefluorescence setup could be fitted to a single exponential decay function convoluted with the 

systemm response function. The fluorescent-state lifetime of 6-Me-BPOH in cyclohexane is found 

ass 190 ps; the lifetime of the emisive state is 12 ps for the solute dissolved in acetonitrile. Thus 

thee fluorescence lifetime is sensitive to the nature of the solvent. 

Thee transients obtained in the femtosecond fluorescence upconversion measurements 

exhibitt a strong dependence on the detection wavelength. Transients at a few selected detection 

wavelengthss for 6-Me-BPOH dissolved in cyclohexane are presented in Figure 6.2a. When 

detectingg at the red part of the emission band {A > 580 nm) the fluorescence consists of a sharp 

instantaneouss rise followed by a decay. These transients could still be fitted, after deconvolution 

withh the system response function, to a single exponential decay function. The decay time is 

equall  to that obtained in the picosecond measurements. When detection is at the blue side of the 

spectrum,, however, an additional fast decay component appears. Now the transients are best 

fittedd to a bi-exponential decay function of the form, I(Xj)=a\(/i)*e:\p(-t/T\)+  a2(A)*exp(-//T:), in 

whichh T] is the same as above for detection wavelengths higher than 580 nm. The faster decay 

time,, T2. is 0.5 ps. Best fittings are plotted as solid curves in Figure 6.2a. It is noted that at all 

detectionn wavelengths within the emission band only decaying components are observed. 

Upconversionn transients observed for 6-Me-BPOH dissolved in acetonitrile at a few 

selectedd wavelengths are presented in Figure 6.2b. The features are similar as for the solute in 

cyclohexane.. The biexponential fit now yields T\ = 12 ps, and Ti - 1.0 ps. Again only decaying 

componentss are observed. 

Usingg the OPA system, the excitation wavelength was varied in the range from 310 nm 

too 360 nm in the fluorescence transient measurements. No effect of the excitation wavelength on 

thee fluorescence kinetics was found. 

6.3.26.3.2 BP(OH)2-6-COOMe 

Figuree 6.1 includes steady-state absorption and emission spectra as measured for 

BP(OH)2-6-COOMee dissolved in acetonitrile and cyclohexane. The absorption spectrum is littl e 

dependentt on the solvent used. The absorption band maximum is at 29.370 cm'1 and 29,620 cm" 

,, in cyclohexane and acetonitrile. respectively. The steady-state emission shows a strong 

resemblancee with the emission of 6-Me-BPOH. As for the 6-Me-BPOH emission, the emission 

bandd maximum in the spectrum of BP(OH)2-6-COOMe is shifted when changing solvent, with 

thee maximum at 18,530 cm"1 and 17,300 cm"1, in cyclohexane and acetonitrile. respectively. 
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Forr BP(OH):-6-COOMe fluorescence transients were measured as before. The transients 

off  the picosecond measurements fitted, after deconvolution with the response function of the 

SPCC setup, a single exponential decay. The decay time, corresponding to the fluorescence 

lifetime,, is dependent on the solvent. The decay time is 170 ps for BP(OH)2-6-COOMe 

dissolvedd in cyclohexane and 21 ps for the molecule dissolved in acetonitrile. 

Ass for 6-Me-BPOH, the fluorescence upconversion transients (obtained in the 

femtosecondd upconversion experiments) display a significant dependence on the detection 

wavelengthh (see Figures. 6.3a and 6.3b). 

-j j 

«II 10 2(1 30 40 50 60 

Timee (ps) 

00 10 20 30 40 50 60 

Timee (ps) 

FigureFigure 6.3: Fluorescence upconversion transients of BP(OH)y6-COOMe dissolved in (a) cyclohexane and (b) 

acetonitrile.acetonitrile. In the 66 ps time window of the figure, the system response function would appear as a S-function 

andand thus this function has heen left out. 
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Whenn detection is at the red part of the spectrum ( X > 580 nm). the transients consist of 

ann instantaneous rise followed by a decay. After deconvolution with the system response 

function,, these transients fitted a single exponential decay function. The decay times are the 

samee as those obtained in the picosecond experiments. When detection is at the high energy part 

off  the emission band, a second, much faster, decay component is present. The transients were 

fittedd to the bi-exponential decay function given above. T] has the same value as determined in 

thee picosecond measurements. The additional decay component has a decay time, Ti, of 3.0 ps 

whenn the molecule dissolved in cyclohexane and 2.6 ps when it is dissolved in acetonitrile. 

Thee experiments were repeated using a series of excitation wavelengths in the range 

fromm 320 nm to 360 nm. No variation in the temporal characteristics of the fluorescence of 

BP(OH)2-6-COOMee with the excitation wavelength was observed. 

6.44 Discussion 

6.4.6.4. J 6-Me-BPOH 

Wee applied the method of spectral reconstruction [24, 25] to study the temporal 

behaviorr of the emission spectra of 6-Me-BPOH from its observed fluorescence upconversion 

transients.. The data points as calculated from the transients for 6-Me-BPOH in cyclohexane 

aree presented as black squares in Figure 6.4a. After about 2 ps. the reconstructed spectrum has 

reachedd its final form and the same spectrum as in the steady-state experiment is obtained. For 

thee latter band emission, the low-energy part nicely fitted a log-normal line shape function. 

Wee label this band as band I. 

Thee reconstructed emission spectra at early times (up to a few ps), are a superposition 

off  the aforementioned band I and an additional fast decaying band (band II). Band II has its 

bandd maximum at 20.020 cm'1 for the solute in cyclohexane. The drawn curves in Figure 6.4a 

aree the resultants of the log-normal shaped dotted curves (band I) and the log-normal shaped 

dashedd curves (band II). The fluorescence in the red part of the spectrum shows a single 

exponentiall  decay, with a time constant of 190 ps for 6-Me-BPOH dissolved in cyclohexane. 

Thiss time constant is thus characteristic for the decay of band I. The typical decay time of 

bandd II is 0.5 ps in cyclohexane, as obtained from the fittings of the transients in the blue side 

off  the emission band. Table 6.1 summarizes the results for 6-Me-BPOH dissolved in 

cyclohexane. . 
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140000 16000 18000 20000 22000 14000 16000 18000 20000 22000 

vv  (cm 1) v (cm 1) 

FigureFigure 6.4: Reconstructed fluorescence spectra of 6-Me-BPOH dissolved in (a) cyclohexane and (b) 

acetonitrile.acetonitrile. The delay times following the excitation pulse are indicated in the panels. The filled squares 

representrepresent the data points obtained in the spectral reconstruction procedure. The solid curve is the best fit to the 

reconstructedreconstructed spectra. 'This curve is a sum of two separate bands: Band I. represented by the dotted curve, 

relatesrelates to emission from a Si(7l,7t*) state and Band II. represented by a dashed curve, is related to emission from 

aa S?(n,7ü*i state. 
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AA similar analysis of the upconversion results for 6-Me-BPOH dissolved in 

acetonitrilee was performed. Figure 6.4b shows the points reconstructed from the experimental 

dataa and the simulated log-normal fits for bands I and II. The position of the band maxima 

andd the emission band lifetimes are summarized in Table 6.1. 

6-Me-BPOHH in 

cyelohexane e 

6-Me-BPOHH in 3-

methylpentanee [19] 

6-Me-BPOHH in 

acetonitrile e 

BP(OH):-6-COOMe e 

inn cyelohexane 

BP(OH)2-6-COOMe e 

inn 3-methylpentane 

[19] ] 

BP<OH)r6-COOMe e 

inn acetonitrile 

Absorption n 

(cm1) ) 

30670 0 

30700 0 

31490 0 

28950 0 

29000 0 

29620 0 

Emission n 

Peakk Band I 

(cm1) ) 

18220 0 

16940* * 

17150 0 

18530 0 

17370* * 

17300 0 

Decayy time 

Bandd I (ps) 

190 0 

--

12 2 

170 0 

--

21 1 

Peakk Band II 

(cm"1) ) 

20020 0 

--

19200 0 

20100 0 

--

196(H) ) 

Decayy time 

bandd II (ps) 

0.5 5 

--

1.0 0 

3.0 0 

--

2.6 6 

**  Peak of the steady state emission bands. 

TableTable 6.1: Spectral properties of 6-Me-BPOH and BP( OH )2-6-COOMe in various solvents 

Previously,, Bulska et al. [20] have studied the spectroscopy of BPOH in 3-

methylpentanee solution. The large Stokes shift of about 13.000 cm"1 was discussed to be 

characteristicc of an ESIPT process in which a keto tautomer is formed. A very low quantum 

yieldd (~ 10"3) for the fluorescence of BPOH was found [20, 21] probably caused by coupling to 

torsionall  motions that could give rise to an enhanced radiationless decay out of the excited state. 

Ann increase by a factor of about 35 in the fluorescence quantum yield of BPOH was measured 

whenn lowering the temperature to 77 K. The temperature effect may be explained from the 

closenesss of two almost degenerate excited states, as predicted by INDO/S calculations [20, 21J, 

thee lower of which is the SICTUT*) state with the higher oscillator strength (0.382). and the 

somewhatt higher lying S2(n7t*) state, with an almost negligible oscillator strength (0.002). Our 

measurementss for 6-Me-BPOH show the presence of two emissive excited states almost 2,000 
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cm'11 apart. This energy separation is quite comparable to the value predicted in the INDO 

calculationss for BPOH [20], Also, it seems that for 6-Me-BPOH, the higher of the two emissive 

statess is less emissive than the lower one. Recently, we have shown that methylation of 

BP(OH);; has negligible effect on the excited state charge distribution and hence also on the 

protonn transfer dynamics in the excited state of this molecule [26]. Likewise, the excited states 

off  BPOH and 6-Me-BPOH should be very similar. We thus attribute the short-living (~ 1 ps) 

emissionn to arise from the Si(n7C ) state, about 2,000 cm" above the lower S|(7ur. ) state. The 

latterr has a solvent dependent lifetime (190 ps in cyclohexane, 12 ps in acetonitrile). 

Thee short lifetime of about 1 ps for Si might at first sight be attributed to a rapid 

populationn relaxation from S? to S[. Simulation of the fluorescence transients starting from a 

simplee kinetic scheme in which (i) S2 decays partially into Si and partially into So, and (ii) Si 

iss fed from S2 and decays into So, it is readily shown, after substitution of the experimental 

timee constants, that the transients detected for X > 550 nm are expected to exhibit a rise 

componentt with a time constant of approximately 1 ps. Although such a fast rise should be 

experimentallyy resolvable, it could not be observed. We infer from the absence of the rapid 

risee component the existence of a relaxation channel for S? additional to the S2 to Si internal 

conversionn process. Possibly the S2 state is strongly coupled to the ground state, thus 

providingg an additional channel to the standard route of depopulation via S| level. 

Thee short lifetime of the Si state, on the pico- to subnanosecond time scale, is 

indicativee that nonradiative decay dominates the depopulation to the ground state. The solvent 

dependencee of the lifetime is indicative that the radiationless decay is mediated by the 

solvent.. In the more polar solvent the dark process is faster. 

Withinn the time resolution of our experiments (~ 150 fs), only the excited state 

dynamicss for 6-Me-BPOH in its keto tautomer is probed, i.e., the data are typical of the 

moleculee after the excited state proton transfer. No response of the primary molecule, in its 

excitedd enol state, is observed. We thus conclude a very fast excited-state-single-proton-

transfer,, namely within the pulse duration time of 150 fs. In this regard the result is similar to 

thatt previously found for the formation of the excited monoketo tautomer of BPfOH): [7]. 

Theree too the formation time is within 150 fs. 

Ass mentioned in Sec. 6.3, the fluorescence transients showed no dependence on the 

excitationn wavelength. This is in contrast to the observations for BP(OHh in which case the 

transientss could be affected when changing the excitation wavelength [16]. For the BP(OHh 

systemm these results were discussed to be representative of an activation energy barrier of about 
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6000 cm"1 for the dienol-to-monoketo reaction in the excited state [12, 16]. Apparently, such an 

activationn harrier can not be resolved in the case of 6-Me-BPOH where only a single proton is 

transferredd in the excited state. 

6.4.26.4.2 BP(OH)2'6-COOMe 

Ass is seen from Figure 6.1. the emission spectra of BP(OH)2-6-COOMe and 6-Me-

BPOHH are quite similar but red-shifted with respect to the BP(OH)2 emission. The band 

emissionss of the BP(OH)2-6-COOMe and 6-Me-BPOH molecules also show the same solvent 

shiftt when the polarity of the aprotic solvent is changed (red shift in more polar solvent, cf 

Figuree 6.1). 

Ass in the case of 6-Me-BPOH, we have reconstructed from the measured fluorescence 

transientss for BP(OH)2-6-COOMe its emission spectrum at several times after the pulsed 

excitation.. The results for BP(OH)2-6-COOMe, dissolved in cyclohexane, are presented as 

blackk squares for a series of delay times in Figure 6.5a. The steady-state emission is obtained 

approximatelyy 20 ps following laser excitation. At earlier times, the emission appears to 

consistt of a superposition of two bands. This is illustrated by the dotted (band I) and dashed 

(bandd II) log-normal shaped curves in Figure 6.5a. Likewise, in Figure 6.5b we present the 

resultss for the reconstructed spectra of BP(OH)2-6-COOMe dissolved in acetonitrile. Table 

6.11 comprises the results for the band positions and lifetimes. 

Ass follows from Table 6.1. the similarity of the excited state properties of the 

BP(OH)2-6-COOMee and 6-Me-BPOH molecules is striking. In particular, position and 

lifetimess of emission bands 1 and II for both molecules are comparable. This feature leads us 

too conclude that also in the excited BP(OH)2-6-COOMe molecule a single proton transfer 

occurs.. This implies that for BP(OH)2-6-COOMe in the excited state only a monoketo 

tautomerr is formed. Similar to the case of 6-Me-BPOH. in BP(OH)2-6-COOMe the emission 

mayy arise from S)(n;7c') and S f̂nn: ) singlet states. The influence of the substitutional -

COOCH33 group probably is such that the transfer of a second proton, as occurs in the case of 

excitedd BP(OH)2 [7] or methylated BP(OH)2 [26J, is hampered. It is to be expected that the 

-COOCH.11 ester group due to its electrophilic character more strongly affects the electronic 

chargee distribution of the molecule in the excited state than methyl substitution. More 

specifically,, due to the electrophilic nature of the -COOCHi group, the electronic charge at 

thee nearby nitrogen atom in the pyridyl ring to which the ester group is attached, will be 

reduced,, as shown in Ref. [19J. 
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140000 16000 18000 20000 22000 14000 16000 18000 20000 22000 
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FigureFigure 6.5: Reconstructed fluorescence spectra of BP(OH)2-6-COOMe dissolved in (a) cyclohexane and (b) 

acetonitrile.acetonitrile. The delay times following the excitation pulse are indicated in the panels. The filled squares 

representrepresent the data points obtained in the spectral reconstruction procedure. The solid curve is the best fit to the 

reconstructedreconstructed spectra. This curve is a sum of two separate bands: Band I. represented by the doited curve. 

relatesrelates to emission from a Si(n,K*) state and Band II. represented by a dashed curve, is related to emission from 

aa S:ln.n*) state. 
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This,, in turn, will reduce the proton affinity of that nitrogen site, thus decreasing the driving 

forcee for the second proton transfer. 

Ass was done for 6-Me-BPOH, we have also simulated for BP(OH):-6-COOMe the 

fluorescencee transients expected within the three-level So. S| and ST scheme for detection 

wavelengthss higher than 620 nm. The simulations show the presence of a rise component with 

aa typical time of 3 ps. This component could not be verified experimentally. Thus, similar to 

6-Me-BPOH,, for BP(OH)2-6-COOMe a population relaxation process in addition to the S2 -» 

Sii  internal conversion is inferred. It is noted that also for BP(OH)2-6-COOMe the lifetime of 

thee Si state is strongly solvent dependent. It is likely therefore that the lifetime of this Si state 

iss also limited by a solvent-mediated population relaxation process. 

Inn summary, from femtosecond fluorescence upconversion experiments it is concluded 

thatt the two bipyridine derivatives compounds, 6-Me-BPOH and BP(OH)i-6-COOMe, have 

almostt identical excited-state dynamics. For both molecules a short-living fluorescence from 

thee S2 state has been inferred. The results show that by a proper choice of the bipyridine 

substituent,, one may control the intramolecular proton transfer mechanism (single versus 

doublee proton transfer) in the bipyridyl-diol aromatic systems. 
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Chapterr  7 

(Sub)picosecondd fluorescence upconversion studies of 

intermolecularr  proton transfer  of dipyrid o [2,3-a: 3\2'-i] 

carbazolee and related compounds 

Abstract t 

Forr a few carbazole related compounds in alcoholic solution, photoinduced solute-

solventt proton transfer dynamics is studied by means of femto- and picosecond fluorescence 

transientt measurements. The investigated compounds show two emission bands, the F| band 

(bandd maximum between 25,500 cm'1 and 23,000 cm"1) that had previously been attributed to 

thee normal solute-solvent complex, and the Fi band (band maximum between 17,200 cm"1 

andd 14,400 cm"1) that had previously been ascribed to the solute-solvent complex in its 

tautomericc form. Our data show that the F\ band fluorescence decay contains two fast decay 

componentss (the first of these has a time constant between 0.6 ps and 0.9 ps, the second has a 

characteristicc time between 6.0 ps and 11 ps) and a slower decay component with a time 

constantt between 50 ps and 150 ps, depending on the compound and the solvent. The F2 band 

showss a fast bi-exponential rise, at the same rate as the fast initial decay of the F\ band 

emission,, followed by a slow decay of about 150 - 250 ps. depending on the compound and 

thee solvent. The fast decay and rise components of respectively the F\ and Fj band emissions 

aree discussed as being characteristic of the intermolecular double proton transfer within two 

distinctt "cyclic" solute-solvent complexes. The slower decay component (50 - 150 ps) in the 

F]F]  band emission is attributed to the decay of the "blocked" solute-solvent complex that does 

nott exhibit intermolecular proton transfer. In deuterated small molecule alcohols, deuteron 

transferr is found for one "cyclic" solute-solvent species only. Its transfer rate appears to be 

temperaturee dependent. The results are suggestive of a thermally averaged deuteron tunneling 

processs in the "cyclic" solute-solvent complex. 
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7.11 Introductio n 

Inn recent years the study of excited state intermolecular proton transfer has received 

considerablee interest [1-14]. Excited state proton transfer reactions are usually initiated by 

photoinducedd changes in the electronic distribution of the reactant molecules. In protic 

solvents,, proton transfer may be facilitated by bridging of the solvent molecules to the 

reactingg solute. For example, 7-hydroxyquinoline [15-17] and 7-azaindole [18-25] show 

photo-tautomerizationn only in protic solvents. In the case of 7-azaindole, complexed with 

alcohol,, a single solvent molecule bridges the two molecular sites between which the proton 

iss transferred. For 7-hydroxyquinoline, the distance between the reacting sites is larger, and 

twoo solvent molecules or a polymeric matrix are involved in the proton transfer process [26-

29]. . 

Thee rate of the reaction may vary considerably among the different systems studied. It 

hass been found for the 7-azaindole dimer in the gas phase that the proton transfer rate is in the 

(sub)picosecondd range [30,31], Similar rates have been observed for 7-azaindole dimers 

dissolvedd in aprotic solutions [1,32,33]. For 7-azaindole in alcoholic solution, however, the 

protonn transfer rate is drastically reduced [18-20]. The slowing down of the proton transfer 

hass been related to a rearrangement of the solvent molecules prior to the proton transfer; 

viscosityy appears to be an important rate determining parameter [18-21]. Similarly, for [2,2'-

bipyridyl]-3,3'-dioll  [34] and 3-hydroflavone [35-37] in protic solvents, the rates of the double 

protonn transfer processes were also found to be solvent-viscosity dependent. 

Solvatee structures have been termed "cyclic" and "non-cyclic" or "blocked" [3,21], In the 

"cyclic""  complex of the solute-solvent molecules, the solute molecule is hydrogen bonded in 

aa cyclic configuration to a single solvent molecule (see e.g.. Figure 7.1). Simulations have 

shownn that for cyclic structures very efficient and fast proton transfer reactions may be 

expectedd [21]. Alternatively, the solvate may involve hydrogen bonding between the solute 

moleculess and a chain of solvent molecules in a "non-cyclic" structure or "blocked" 

configurationn [3,21]. The chain may comprise of a wide variety of solvent configurations. In 

thee "blocked" form, proton transfer is hampered and a rearrangement of the solvent molecules 

inn the chain is needed to promote the proton transfer [18,20], 

Recently,, intermolecular proton transfer has been studied for dipyrido [2,3-a:3\2'-/] 

carbazolee (DPC) [38] and its structural related compounds lH-pyrrolo[3,2-h]quinoline (PQ), 

7.8,9,10-tetrahydropyrido-[2,3-a]carbazolee (TPC) and pyrido[2,3,-a]carbazole (PC) [39]. For 

thee schematic structures of these molecules, see Figure 7.1. Two emission bands, with band 

maximaa at 24,500 cm' and 14,800 cm"1, are observed for DPC dissolved in 1-propanol, 
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whereass DPC shows only one emission band (peaking at 25,500 cm"1) when dissolved in n-

hexane.. The band at 24.500 cm"1 has been assigned to "normal" DPC (in which no proton has 

beenn translocated) [38J. The band at 14.800 cm is attributed to the tautomer. formed after 

protonn transfer (see top panel of Figure 7.1). At low temperatures DPC also showed 

phosphorescencee with a band maximum near 19.000 cm" [38J. 

"Normal""  "Tautomeric" 

FigureFigure 7.1: Scheme of the 1:1 solute-alcohol complex for DPC, PQ, PC, and TPC, in both the "normal" and 

"tautomeric""tautomeric" forms. 

Inn a comparative study of the emission spectra of PQ. TPC and PC on the one hand and 

modell  molecules for the "tautomeric" form on the other hand, Kyrychenko et at. [39]. 

concludedd that also for these molecules the (low-energy) second band emission originates 

fromm the tautomeric form. It was concluded also that the phosphorescence originates from a 
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"blocked""  complex of the molecule with the solvent molecules. In similar studies by del Valle 

etet al. [40] for PQ and its methylated derivative compound, it was proposed that in protic 

solventss PQ exists in two forms, one of which promotes excited state double proton transfer 

catalyzedd by a solvent hydrogen bridge, whereas the other form mainly gives rise to solvation 

relaxationn in the excited state and subsequent normal fluorescence. 

Inn this paper, we focus on the dynamics involved in the fast excited-state intermolecular 

protonn transfer processes for the molecules DPC, PQ, TPC and PC. in protic solvents. Femto-

andd picosecond fluorescence measurements are reported for the reactants in various protic 

solvents.. Details concerning the dynamics of the intermolecular proton transfer are obtained 

fromm a study of the temporal behavior of the bands characteristic of the "normal" and 

"tautomer""  forms of the solutes. The influence of temperature and deuteration on the 

intermolecularr proton transfer dynamics are also studied. Finally, results of semi-empirical 

calculationss of ground and excited state energies and the electronic charge redistribution 

leadingg to tautomerization are presented and related to the experimental results. 

7.22 Experimental 

Synthesiss of the compounds DPC, PQ, TPC and PC was described elsewhere [41,42]. 

Spectrogradee quality ethanol (Merck), 1-propanol (Fluka) and decanol (Aldrich) were used as 

solventss without further purification. Deuterated ethanol was purchased from Aldrich. 

Steady-statee absorption spectra were recorded by means of a Shimadzu UV-240 

spectrophotometer.. The steady-state fluorescence spectra were measured using the emission 

spectrometerr described previously [43]. The emission spectra were corrected for the 

wavelength-dependentt sensitivity of the monochromator-photomultiplier detection system. 

Twoo pulsed-laser setups were used for the measurement of the fluorescence transients: 

aa regeneratively amplified Ti:sapphire laser system with upconversion detection for the time 

spann 150 fs - 100 ps, and a picosecond laser system with time-correlated single-photon-

countingg (TCSPC) detection for the time range 15 ps - 5 ns. The systems have been described 

inn detail previously [43,44]. In the femtosecond laser system, excitation was accomplished by 

laserr pulses (-100 fs) from an OPA system in the range of 310-350 nm (~ 0.1 uJ/puIse). An 

attenuatedd part of the fundamental beam (800 nm) was led through an optical delay line and 

focusedd together with the pump-pulse induced fluorescence onto a 1 mm thick BBO crystal 

(typee I phase matching condition). The upconversion signal (at the sum frequency of the 

fluorescencee and the fundamental of the fs laser) was focused on the entrance slit of a mono-
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chromatorr and photodetected by means of a photomultiplier. The time resolution of the 

upconversionn experiment as deduced from the FWHM of the cross-correlation signal of the 

gatingg and OPA laser beams is approximately 150 fs. To avoid detection of kinetics due to 

reorientationall  motions, the gating beam was polarized at a magic angle with respect to the 

excitationn beam. 

Inn the picosecond fluorescence setup, photoexcitation was fixed at 322 nm by means 

off  picosecond pulses of about 7 ps (FWHM autocorrelation trace) and 25 nJ at 3.7 MHz. The 

fluorescencee emitted from the sample in a direction perpendicular to the excitation beam was 

focusedd onto the entrance slit of a monochromator outfitted with a multi-channel plate 

photodetector.. A linear polarizer was inserted in the detection pathway to detect at magic 

anglee conditions. The instrumental response time was about 17 ps (FWHM). 

Thee temperature dependence of the fluorescence transients in the range from 170 K to 

3000 K was studied using the picosecond fluorescence setup. The quartz cuvette containing the 

solutionn was mounted inside a home-built nitrogen flow cryostat outfitted with regulated 

temperaturee control. The temperature was measured with a thermocoupler attached to the 

cuvettee holder. 

Alll  calculations were performed with the SPARTAN 5.0 software packet. The initial 

geometryy of the molecule was optimized for minimum energy by molecular mechanics 

calculationss using the Merck force field. The result of this optimization was employed as 

inputt data for RHF/PM3 semi-empirical calculations [45] for further optimization of the 

molecularr structure. Optimization was ended once default criteria for convergence were 

reached.. For the optimized molecular structure, excited state energies and charge distributions 

weree obtained after configuration interaction (CI). In the latter, the basis set configurations 

comprisedd of excitations from the 7 highest occupied SCF MOs to the 7 lowest unoccupied 

MOs. . 

absorptionn (cm'1) emission (cm1) 

F\F\ band Fi band 

DPCC 28,800 25.060 15,100 

PQQ 30,100 25,500 17,200 

TPCC 28,550 23.500 16,050 

PCC 29,400 23,400 14,440 

TableTable 7.1: Position of band maxima in absorption and emission spectra for the indicated compounds dissolved 

inin ethanol 
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7.33 Results 

7.3.17.3.1 DPC 

Thee steady-state absorption spectrum of DPC in protic solvents has been reported by 

Herbichh et id. [38]. The lowest absorption band, for the molecule dissolved in ethanol, has its 

maximumm at 28.800 cm'1. The absorption bands are shifted slightly to the red as the polarity 

off  the solvent increases. The emission spectrum of DPC varies depending on the solvent. In 

aproticc solvents, the emission spectrum consists of a single emission band having a maximum 

nearr 25,500 cm" . This emission band is labeled F\. In protic solvents, two emission bands 

aree observed, the F\ band (in ethanol its maximum is at 25.060 cm'1) and the F2 band, 

positionedd to the red with respect to the F\ band (in ethanol its maximum is at 15.100 cm"1). 

Thee absorption and emission band positions for the solute dissolved in ethanol are 

summarizedd in Table 7.1. Figure 7.2 shows the steady-state emission spectrum for DPC 

dissolvedd in ethanol. 

FigureFigure 7.2: Steady-state fluorescence spectra of DPC (solid line). PQ ( dashed line), TPC (dotted line). PC 

(dashed-dotted(dashed-dotted line), dissolved in ethanol. 
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Previously,, the emission results have been explained on the basis of a solvent-mediated 

intermolecularr proton transfer for DPC in the excited state [38]. The F, band emission has 

beenn assigned as the radiative decay of the initially excited state, while the F2 band has been 

attributedd to the tautomeric form after the excited-state double proton transfer (see scheme in 

Figuree 7.1). The proposed scheme is corroborated by the results of semi-empirical 

calculationss [38]. 

- II  . . M i i 

00 10 20 30 0 10 20 30 

Timee (ps) Time (ps) 

FigureFigure 7.3: Fluorescence transients of DPC (in 1-propanol) detected at the wavelengths indicated, (a) transients 

forfor Fi emission band; (b) transients for F2 emission band. Solid lines are best fits to a tri-exponential decay 

functionfunction convoluted with system response function. 

Wee have measured the time dependence of the F\ and the F-i band emissions. Typical 

transientss in the femtosecond fluorescence upconversion measurements, detected at the 

wavelengthss of the F\ and the F2 band emissions of DPC in 1-propanol, are presented in 

Figuree 7.3. The time behavior of the two emission bands is quite different. When detection is 

withinn the F\ band (Figure 7.3a). the fluorescence transient consists of an instantaneous rise 

followedd by a decay on the picosecond time scale. After deconvolution with the system 
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responsee function, the decay detected at 443 nm could be best fitted to a tri-exponential decay 

function, , 

/(F1,r)=A1(F1)*exp(-;/T1(F1))+A2(F1)*exp(-//r2(Fl))+A3(f;)*exp(-//r,(F1)) ) 

(7.1) ) 

inn which t](F\)  = 0.8  0.5 ps, z2(F\) = 6.0 ps  1.0 ps and r?(F|) = 170  10 ps. It appeared 

thatt fitting to a bi-exponential function gave a less good fitting (especially the initial 

fluorescencee intensity could not be fully simulated) whereas fitting with a multiexponential 

functionn containing more than three components did not yield better fittings. Thus we limit 

ourselvess to fitting to a triexponential function. 

DPC C 

dissolvedd in 

methanol l 

ethanol l 

11 -propanol 

decanol l 

methanol-c/ / 

ethanol-̂  ^ 

Tl(F0 0 

(ps) ) 

0.77 (.21) 

0.77 (.23) 

0.88 (.28) 

0.99 (.40) 

9.0* * 

8.5* * 

F]F]  band 

TT22(F:) (F:) 

(ps) ) 

7.00 (.56) 

7.00 (.40) 

6.00 (.36) 

7.00 (.34) 

(.65) ) 

(.60) ) 

T3(F,) ) 

(ps) ) 

755 (.22) 

777 (.17) 

1700 (.36) 

7000 (.26) 

20.00 (.35) 

455 (.40) 

Ti(F2) ) 

(ps) ) 

0.77 (-.38) 

0.77 (-.4) 

0.88 (-.5) 

(0.99 (-.41) 

9.0* * 

9.5* * 

F?? band 

HFi) HFi) 

(ps) ) 

7.00 (-.62) 

7.00 (-.6) 

6.00 (-.5) 

7.00 (-.59) 

(-1.0) ) 

(-1.0) ) 

r3(F2) ) 

(ps) ) 

150(1.0) ) 

178(1.0) ) 

206(1.0) ) 

330(1.0) ) 

207(1.0) ) 

306(1.0) ) 

correspondss to lb 

TableTable 7.2: Time constants for the Fj and F2 emission bands of DPC in various alcohols 

Tablee 7.2 summarizes the characteristic times thus obtained for the F] band emission 

off  DPC dissolved in various alcohols. For detection wavelengths lower than 440 nm, the 

relativee weights of the three components are also indicated. Transients detected within the Fi 

emissionn band (Figure 7.36) exhibit initially a rise component followed by a decay. After 

deconvolutionn with the system response function, the transient fitted a tri-exponential function 

off  the form. 
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/(F:,r)-A1(F2)*exp(-r/T1(F:))+/l :(F:)
:}: exp(-//r2(F2))+A3(f :,)*exp(-//r3(F2)) ) 

(7.2) ) 

wheree T,(F2) = 0.8  0.5 ps, T2(F2) = 6.0 ps  1.0 ps and r3(F2) = 206  10 ps (<ƒ. Table 7.2). 

Experimentally,, the longer decay time. IT, was reproduced in the fluorescence transient 

measurementss by means of the TCSPC setup, using a time window of 5 ns. 

Itt is noted that the 0.8 ps and 6.0 ps decay components in the F\ band match the two rise 

timess of the F2 band. Following the assignment of Herbich et al. [38] that the F] emission is 

duee to the initially excited "normal" form and the F2 emission to the "tautomeric"' form, we 

wil ll  argue in Sec. 7.4 that for DPC in 1-propanol the kinetics of the proton transfer in its 

excitedd state is given by the time constants X\ and r2 and thus can be resolved in time. Here 

wee note simply that the proton transfer time constants, Tj and r2 (cf Table 7.2) are within the 

upperr limit of about 10 ps estimated for the first proton transfer step in 7-hydroxyquinoline 

[15],, but they are much faster than the proton transfer time of 226 ps for 7-azaindole in 1-

propanoll  [18]. 

Forr DPC dissolved in methanol, ethanol, and decanol quite similar fluorescence 

transientss were measured. From the best fittings to Equations (7.1) and (7.2) the values for the 

characteristicc decay and rise times as listed in Table 7.2 were obtained. The times X\ and r2 

(characteristicc of proton transfer, see Sec. 7.4). at room temperature, are again found to be 

nearr 0.8 ps and 7.0 ps, irrespective of the nature of the solvent. 

Usingg deuterated alcoholic solvents, the fluorescence transients slowed down. Typical 

transientss measured for DPC dissolved in protonated and deuterated methanol, at room 

temperature,, are given in Figure 7.4 (upper panels of (a) and (b)). The results for the best-fit 

valuess of the time constants for DPC in deuterated methanol are included in Table 7.2. 

Remarkk that now only a bi-exponential (instead of a tri-exponential) decay (with 

characteristicc times rD and Xj) is observed for the transients detected at the F] emission 

wavelengths. . 

Att lower temperatures, X] and x2 for DPC in protonated liquid 1-propanol is not 

noticeablyy affected (within the limited time resolution of the picosecond TCSPC 

experiments).. The long time components, T>(FI) and ^(Fi), are found to increase as the 

temperaturee is lowered. E.g., at a temperature of 210 K, we find x$(Fi) - 0 ps and 

ï?(F2)) = 0 ps. In deuterated methanol, however, the influence of temperature on TD is 

appreciable.. When the temperature is lowered, Xo is found to increase. An Arrhenius plot of 

In(l/ro)) against 1/Ffor DPC, in deuterated methanol, is included in Figure 7.5. Also, the 
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longerr decay components slow down. E.g.. at 190 K. the decay time becomes. Ti(Fi) = 710 

00 ps. 

00 5 10 15 20 25 30 0 5 10 15 20 25 30 
Time(ps)) Time (ps) 

FigureFigure 7.4: Fluorescence transients for DPC, TPC. and PQ dissolved in protonaled ethanol {filled diamonds) 

andand deuterated ethanol (open circles), la) detection is at F, emission band lb) detection is at F: emission band. 

SolidSolid lines are best fits to a multi-exponential decay function convoluted with system response function I see text). 

7.3.27.3.2 TPC 

Thee lowest absorption band for TPC dissolved in ethanol has a maximum near 28.550 

cm"1.. The steady-state emission spectra of TPC are similar to those of PQ and DPC. In aprotic 

solvents,, only a single emission band, labeled F\, exists. In acetonitrile. the emission band 

maximumm is near 23.000 cm' [39]. In protic solvents, two emission bands are observed. In 

ethanol,, the F\ band has its maximum near 23,500 cm"1, and the F2 band emission peaks at 

16.0500 cm"1. Figure 7.2 displays the steady state emission spectrum for TPC dissolved in 

ethanol.. Previously, the F\ band has been attributed to emission from the initially excited 

state,, while the F2 band was assigned to the tautomer formed after the double proton transfer 

(seee scheme in Figure 7.1) [39J. 
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-2 -2 

-3 3 

<r r 
TT  -4 

-5 5 

0.0044 0.005 

1/77 (K1) 
FigureFigure 7.5: Plot of ln( I/Tp), with v» in ps. against l/T (with T in K) of DPC and TPC in deuterated methanol 

andand IPC in deuterated ethanol. 

Thee time dependence of both bands was measured. The fluorescence transients of TPC in 

1-propanoll  are similar to those described in the previous sections. The results for the time 

constantss of TPC in various alcohol solvents as obtained from the fittings (performed as 

before)) are collected in Table 7.3. The typical times for t\ and r^are 0.8 ps and 10.0 ps. 

respectively.. The eventual decay of the F\ and Fi emissions occurs with values for T?,{F\) of 

aboutt 30-130 ps and for ^(Fi) of about 140-300 ps. depending on the solvent. Typical 

fluorescencee upconversion transients for TPC in ethanol. 1-propanol and decanol are 

displayedd in Figure 7.6. Table 7.3 includes the relative weights of the various rise and decay 

components. . 

Inn deuterated methanol and ethanol, at room temperature, the F\ band decay of TPC is bi-

exponentiall  with a to-value of about 20-30 ps. the Fi band shows a rise with the same time 

constantt followed by a decay with a time constant, . of about 200-240 ps. Figure 7.4 

showss a few illustrative transients for TPC dissolved in protonated and deuterated ethanol, at 

roomm temperature. When lowering the temperature, only for the deuterated solutions a change 
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inn the deuteron transfer rate could be resolved with the TCSPC picosecond setup. In Figure 

7.55 Arrhenius plots for the time constant, ln( 1/TD) versus 1/7", for TPC in deuterated methanol 

andd ethanol solutions are presented. Also, an increase in the longer decay time. Ty,(F2). is 

foundd as the temperature is decreased. At 190 K, for TPC in protonated ethanol we have. 

T3(F|)) = 150  20 ps, ri(F2) = 250  20 ps. At the same temperature, for TPC dissolved in 

deuteratedd ethanol we find, Ti{F\) = 500  20 ps. 

TPC C 

dissolvedd in 

methanol l 

ethanol l 

1-propanol l 

decanol l 

methanol-̂ ^ 

ethanol-/̂ / 

F\F\ band 

T,(F|) ) 

(ps) ) 

0.99 (.19) 

0.88 (.35) 

0.77 (.48) 

0.77 (.46) 

19.0" " 

34.0* * 

T2(F,) ) 

(ps) ) 

11.00 (.45) 

11.00 (.37) 

10.00 (.30) 

8.55 (.32) 

(.50) ) 

(1.0) ) 

T3(f , ) ) 

(ps) ) 

300 (.36) 

500 (.28) 

588 (.20) 

1333 (.21) 

355 (.50) 

--

FF22 band 

Ti(F3) ) 

(ps) ) 

0.99 (-.30) 

0.88 (-.44) 

0.77 (-.46) 

0.77 (-.42) 

18.5* * 

34.0* * 

HFHF22) ) 

(ps) ) 

11.00 (-.7) 

11.00 (-.6) 

10.00 (-.5) 

8.55 (-.58) 

(-1.0) ) 

(-1.0) ) 

HFHF22) ) 

(ps) ) 

138(1.0) ) 

157(1.0) ) 

187(1.0) ) 

300(1.0) ) 

205(1.0) ) 

2400 (1.0) 

correspondss lo r̂  

TableTable 7.3: Time constants for the F; and F2 emission bands of TPC in various alcohols 

Thee influence of the excitation wavelength on the fluorescence time dependence was also 

investigated.. At excitation wavelengths ranging from 310 nm to 350 nm, the fluorescence 

kineticss remained unchanged. This is in contrast to the situation reported for 7-azaindole 

dimerss in the gas phase for which the proton transfer time was found to vary with the 

excitationn wavelength [30]. 

7.3.37.3.3 PQ 

Thee steady-state absorption and emission spectra of PQ in protic solvents have been 

discussedd by Kyrychenko et al. [39J and by del Valle et a/.[40] The lowest absorption band of 

PQ,, dissolved in ethanol, has its maximum at 30,100 cm'1. Like in the case of DPC, in aprotic 

solvents,, the emission spectrum of PQ consists of a single emission band labeled F\. In 
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acetonitrile.. for example, the emission maximum is centred at 25.850 cm"1. In protic solvents, 

twoo emission bands are observed, the F\ band (in ethanol the band maximum is at 25.500 cm" 

')) and the F2 band, at lower energy (in ethanol the band maximum is at 17.200 cm"1). The 

dataa are summarized in Table 7.1. Figure 7.2 shows the steady-state emission spectrum for 

PQQ dissolved in ethanol. 

solvent:: ethanol 

* ^ ^ * « « 

ilveni:: propanol 

100 20 
Timee (ps) 

300 0 

FigureFigure 7.6: Fluorescence transients of TPC in different alcoholic solvents (a) detection is at 460 nm (b) 

detectiondetection is at 620 nm. Solid lines show best fit to multi-exponential functions specified in text convoluted with 

thethe system response function. 

Ass for DPC, the emission bands have been related to solvent-mediated intermolecular 

protonn transfer in the excited state of PQ [39.40]. The F\ band emission has been assigned as 

thee radiative decay of the initially excited state, while the Fi band has been attributed to the 

tautomericc form obtained after the excited-state double proton transfer (see scheme in Figure 

7.1). . 

Ass for DPC. we have measured the time dependence of the F\ and the Fi band emissions 

forr PQ. Transients obtained in the femtosecond fluorescence upconversion measurements for 

PQ.. dissolved in 1-propanol. detected at wavelengths within the F\ and the F2 bands, are very 

similarr to those of DPC presented in Figure 7.3. When detecting within the F\ band, the 
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fluorescencee transient of PQ consists of an instantaneous rise followed by a decay on the 

picosecondd time scale. Fitting the transients to a tri-exponential decay function, in a fashion 

similarr to that mentioned in section 3.1. the time constants presented in Table 7.4 are 

obtained.. For detection wavelengths below 430 nm, the relative weights of the three 

componentss are included in the table. Transients detected within the F2 emission band exhibit 

initiallyy a bi-exponential rise, with time constants equal to the decay constants of the F\ band, 

followedd by a decay of several hundred ps. The longer decay times, z^{F\) and r3(F2), were 

determinedd by measurement of the fluorescence transients with the fluorescence TCSPC 

setup,, using a time window of 5 ns. 

PQ Q 

Dissolvedd in 

Methanol l 

Ethanol l 

11 -propanol 

Decanol l 

Melhanol-rf f 

Ethanol-t/ / 

TlC^l) ) 

(ps) ) 

0.66 (.14) 

0.77 (.19) 

0.77 (.16) 

0.99 (.37) 

19.0* * 

32.0* * 

Fii  band 

T2(F,) ) 

(ps) ) 

6.00 (.46) 

9.00 (.56) 

7.00 (.37) 

9.00 (.23) 

(.50) ) 

(-45) ) 

T3(F,) ) 

(ps) ) 

411 (.39) 

766 (.24) 

877 (.47) 

3000 (.40) 

322 (.50) 

500 (.55) 

T,(F2) ) 

(ps) ) 

0.66 (-.36) 

0.77 (-.62) 

0.77 (-.46) 

0.99 (-.66) 

23.0* * 

32.0* * 

F22 band 

T2(F2) ) 

(ps) ) 

6.00 (-.64) 

9.00 (-.38) 

7.00 (-.5) 

9.00 (-.34) 

(-1.0) ) 

(-0.8) ) 

HFi) HFi) 

(ps) ) 

170(1.0) ) 

230(1.0) ) 

270(1.0) ) 

413(1.0) ) 

245(1.0) ) 

327(1.0) ) 

'correspondss to rn 

TableTable 7.4: Time constants for the F, and F? emission bands of PQ in various alcohols 

Inn deuterated ethanol, at room temperature, as for DPC and TPC. the F[ band decay of 

PQQ is bi-exponential with a value for the rD time of approximately 20-30 ps; the F2 band 

showss a rise of 20-30 ps followed by a decay of approximately 250-300 ps. Figure 7.4 shows 

aa few illustrative transients for PQ dissolved in protonated and deuterated ethanol, at room 

temperature.. When lowering the temperature, the same behavior as for DPC and TPC was 

observed.. Only for the deuterated solutions a change in the proton transfer rate could be 

resolvedd with the TCSPC picosecond setup. An increase in the longer decay times, T3(FI) and 

T3(F2),, is found as the temperature is decreased. At 190 K. for PQ in protonated ethanol we 
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have,, T$(F\) = 290  20 ps, Ti(F2) = 0 ps. At the same temperature, for PQ dissolved in 

deuteratedd ethanol we find, Ty(F\) = 1150  20 ps. 

7.3.47.3.4 PC 

Thee lowest absorption band of this molecule has a maximum near 29,400 cm'. The 

emissionn spectrum consists mainly of one band with a maximum at 23,400 cm ' for the 

moleculee dissolved in ethanol. A second much weaker emission band, with a maximum near 

14,4400 cm"1 has been reported by Kyrychenko et al. [39], This band is just barely noticeable 

inn the steady-state emission spectrum of PC presented in Figure 7.2. 

Thee time dependence of the F\ emission band was measured for PC dissolved in 

methanol,, ethanol, 1-propanol and decanol. The fluorescence transients fitted a single 

exponentiall  decay function with characteristic decay times as listed in Table 7.5. Due to its 

loww intensity the temporal behavior of the Fi band emission could not be measured. 

PCC TP 

dissolvedd in (ps) 

methanoll  15 

ethanoll  30 

propanoll  50 

TableTable 7.5: Time constant for the Ft -hand emission of PQ in various alcohols 

7.44 Discussion 

Itt is recalled that the F, and Fi band emissions, observed for DPC, PQ and TPC in 

alcoholicc solution, originate from the photoexcited molecules before and after the solvent-

mediatedd double proton transfer [39]. In Sec. 7.3 it was shown for all of the investigated 

moleculess that the time constants, t\ and r2, that are typical of the initial Frband decay turn 

outt to be equal to the time constants that characterize the bi-exponential rise of the Fj band 

emission.. Evidently, the times T\ and Ti are somehow related to the proton transfer process. 

Thee question then arises whether the finding of two times di and ts) automatically implies a 

two-stepp intermolecular double proton transfer process. The answer is negative. This can be 

deducedd from the bi-exponential fast decay in the F\ band emission (with time constants, T] 
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andd Ti). Neither in a simple one-step nor in a two-step mechanism a bi-exponential decay 

behaviorr for the F\ band emission is expected: both mechanisms would give rise to a single 

decayy step for the initially excited species and thus lead to a single exponential decay of the 

thee F]  band emission. Since this is not what is found experimentally we infer that the double 

exponentiall  F]  band decay (and the concomitant F2 band rise), must reflect the concurrent 

presencee of two distinct solute-solvent species, that may differ slightly in structure, but that 

eachh give rise to a single double proton transfer time (Ti and ii , respectively). It is noted in 

passingg that for DPC. PQ and TPC the tautomerization process differs from that discussed 

veryy recently for 7-azaindole (7-AI) in nonpolar solvents [1]. For the latter molecule it was 

foundd that, at room temperature, sequential as well as concerted double proton transfer occur. 

However,, in the case of 7-AI a pronounced probe- and detection wavelength dependence for 

thee kinetics was found in the transient absorption- and fs fluorescence transient 

measurements,, respectively. In the fluorescence transient measurements for the probe 

moleculess investigated in this paper, a wavelength dependence for T\ and T2., representative of 

excited-statee nuclear dynamics, could not be resolved. 

Forr the fluorescent molecules studied, excited-state proton transfer is accomplished 

throughh hydrogen bonding to nearby solvent molecules [38,39]. In case the probe molecule is 

hydrogenn bonded to a single solvent molecule at two sites (see scheme in Figure 7.1), the 

solute-solventt complex is "cyclic". Generally, in the cyclic configuration the proton transfer 

processs is optimized. Another possibility would be that the solute is hydrogen bonded to a 

chainn of solvent molecules in a "non-cyclic" structure i.e., a "blocked" configuration [3,21]. 

Thee chain may then involve a wide variety of solvent configurations. In some instances a 

conversionn between "blocked" and "cyclic" forms is a determining factor in the proton 

transferr rate [ 18,20]. By means of molecular dynamics simulations Mente and Maroncelli [21 ] 

calculatedd that in ethanol the fraction of complexes in a "cyclic" position is much higher for 

DPCC in comparison with 7-azaindole. Similar conclusions were reached by Kyrychenko et al. 

[39]]  for PQ. As is evident from Tables 2 to 5, the proton transfer times, T\ and T;. are only 

veryy slightly dependent on the alcoholic solvent or its viscosity. Thus, in line with the 

behaviorr predicted from the calculations [21,39], we propose for DPC and its related 

compoundss that only configurations which, prior to excitation, are already in the "cyclic" 

configuration,, are involved in the proton transfer process. Note that in each of the two 

structurallyy slightly different species there is a single proton transfer time (given by ri or T?). 

ass manifested by the synchronous F\ decay and Fj rise. Thus in each of the species there is 
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justt one excited state proton transfer. Most likely, therefore, the two protons that are 

transferredd in the excited state of the two structurally slightly different species, are 

translocatedd concurrently, and no intermediate state is involved. This is in contrast with 7-

hydroxyquinolinee in which the creation of an intermediate state is reported [ 15]. 

Thee decay component of the F\ band fluorescence, with the characteristic time, z>(F|), 

iss attributed to the decay of "blocked"' complexes. The magnitude of r?(F|) is probe 

molecule,, solvent and temperature dependent. The short lifetime of the excited state of the 

"blocked""  conformation is representative of an efficient nonradiative decay out of the 

fluorescentfluorescent state and thus proton transfer in this configuration remains unobserved. It is 

remarkablee that this short decay is observed only in protic solvents and only in compounds 

whichh possess both proton donor and acceptor group. Assuming similar oscillator strengths 

andd spectral positions for the absorption and fluorescence from the "blocked" and "cyclic" 

configurations,, the relative concentration of the "blocked" configurations is estimated as. 

(A3(F!)
:,:r3(F|)/(A1(F1)*T,(F1)+A2(F,)*T2(F1)+A3(F1)*r3(F|))) (Ref. 46). With the values for the 

weightt factors given in Sec 7.3, we thus obtain values of 0.72, 0.83 and 0.65 for the relative 

concentrationn of the "blocked" configurations of DPC, PQ and TPC in methanol, respectively. 

Thesee values are of the same order of magnitude as those given elsewhere [39]. We note in 

passingg that the cyclic and blocked forms do not interconvert during the excited state lifetime. 

Iff  this would occur we would have had only one decay time for both species instead of the 

measuredd X\ or Tt time constants on the one hand, and z>(F|) time constant on the other hand. 

Ass illustrated in Figure 7.5, the excited state proton transfer times when using 

deuteratedd methanol and ethanol, show a temperature dependence. Several possibilities for the 

interpretationn of this temperature dependence may be considered. For instance, one might 

considerr that the orientation of the solvent molecule with respect to the solute in the "cyclic" 

complexx undergoes some adjustment in order to facilitate the proton/deuteron transfer. In this 

instance,, one can imagine that the viscosity of the solvent would be of influence to the 

reorientationn dynamics. However, although the viscosities of deuterated and undeuterated 

ethanoll  are slightly different [47] {their ratio. r/r = rfo/r}^ at room temperature, is always 

smallerr than 1.13 (Ref. 47)), this ratio is too small to account for the slowing down of the 

deuteronn transfer process by more than a factor 4 in going from the protonated to the 

deuteratedd solution. Alternatively, tunneling might be considered for the discussion of the 

decreasee in the proton transfer rate in deuterated ethanol. Specifically, deuteration of the 

solventt would affect the deuteron transfer rate in the "cyclic" complex. The thermally 



(Sub)picosecond(Sub)picosecond studies of intermolexidar proton transfer in DPC and related compmmds_ 106 6 

averagedd deuteron tunneling rate would become smaller as the temperature is lowered [48,49] 

Thiss qualitatively would explain why the values of the In (l/rD) data points in Figure 7.5 show 

aa decrease with an increasing value of \IT. 

Thee data points in Figure 7.5 show Arrhenius behavior for T> 220 K, but at lower 

temperaturess there is a deviation from this behavior. This is not uncommon for tunneling 

systemss [48,49]. We therefore consider that the data points can be fitted to a function of the 

formm [48], 

ln(A)=(-£a/tBr)+ln(A*Ö,(r)) .. (7.3) 

wheree Qy is the tunneling correction function. For a parabolic barrier, Qv is given as, 

£(r)=(}<* HysmO^*») .. (7.4) 

wheree u= hVj-l k^T, and  is the imaginary frequency of the barrier [48], 

Thee best fits of the experimental results for DPC and TPC to Equation (7.3) appear as the 

drawnn curves in Figure 7.5. It yields for DPC in methanol an activation energy of £a = 9.7 

kcal/moll  and an imaginary frequency of v*  = 6.9 * 101? s'1; for TPC in methanol an activation 

energyy of Ed = 7.7 kcal/mol and an imaginary frequency of v*  = 5.8 * 1014 s ' is obtained. 

Likewise,, also for nondeuterated alcohols, a slowing down of the proton transfer time at lower 

temperaturess is expected. However, as mentioned in Sec. 7.3, a temperature dependence for 

Ti.:: could not be resolved for the undeuterated solutions. If T|,2 is increased by a factor of 

threee to four when T = 190 K (similar to the deuteron case, although the increase factor is 

usuallyy much less [48]), at 190 K, a maximum value for the proton transfer time of about 15 

pss (for DPC in protic ethanol) is expected. With the TCSPC setup (used in the fluorescence 

transientt experiments at the lower temperatures) this time constant is just at the edge of the 

experimentall  time resolution and thus it may well be that the temperature effect in the 

undeuteratedd ethanol solution could not be resolved. Another feature supportive of the idea 

thatt the proton transfer rate is determined by tunneling is the finding that Ti,2 in the protonated 

solventss is solvent independent. 

Wee have also performed some simulations of the structure of a 1:1 "cyclic" complex 

off  the solute-solvent system in the ground state, using the geometry optimization method of 

RHF/PM33 [45]. As mentioned above, the experimental data show that the proton transfer rate 

forr the 1:1 "cyclic" solvate does not change with the choice of the protic solvent. Thus, for the 

sakee of simplicity, in the calculations the model solvent molecule in the complex was chosen 

ass methanol. It was verified that when the methanol molecule is replaced by 1-propanol the 

simulationn results were not affected. For the cyclic 1:1 solvates of DPC, PQ, and PC, the 
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calculationss predicted planar molecular structures, as expected for conjugated systems. 

Geometryy optimization calculations were performed for both the "normal" and "tautomeric" 

formss (see Figure 7.1) of DPC, PQ, TPC and PC, respectively. The calculated distance 

betweenn the oxygen atom of the solvent molecule and the nitrogen atoms (N| and N2) of the 

solutee molecule for both the "normal" and "'tautomeric" species are presented in Table 7.6. 

Whenn comparing the structures of the considered complexes in the "normal" and "tautomeric" 

formss it is noted that the distance between the Nj atom and the solvent oxygen atom decreases 

byy about 0.08 A and the distance between the N2 atom and the solvent oxygen atom increases 

byy about 0.02 A . From this it is inferred that the proton transfer may be accompanied by a 

slightt reorientation of the solvent molecule, thereby making the proton transfer in fact a 

multidimensionall  process. 

DPC C 

PQ Q 

TPC C 

PC C 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Norma! ! 

Tautomer r 

Distancess (A) 

r(N,-0) ) 

2.76 6 

2.67 7 

2.76 6 

2.68 8 

2.76 6 

2,68 8 

2.77 7 

2.67 7 

r(N2-0) ) 

2.75 5 

2.77 7 

2.75 5 

2.78 8 

2.75 5 

2.78 8 

2.76 6 

2.78 8 

HOMO O 

-8.14 4 

-7.57 7 

-8.47 7 

-7.85 5 

-8.25 5 

-7.59 9 

-8.09 9 

-7.48 8 

Energies s 

LUMO O 

-0.80 0 

-1.71 1 

-0.59 9 

-1.49 9 

-0.55 5 

-1.44 4 

-0.80 0 

-1.62 2 

(kcal/mol) ) 

CI I 

(ground d 

state) ) 

20.7 7 

46.5 5 

-19.6 6 

7.2 2 

-33.5 5 

-9.0 0 

-4.2 2 

19.6 6 

CI I 

(excited d 

state) ) 

82.6 6 

80.9 9 

37.0 0 

38.7 7 

24.9 9 

21.6 6 

55.1 1 

44.6 6 

TableTable 7,6: Atomic distances and molecular energies as calculated by the semi-empirical methods mentioned in 

thethe text 

Thee driving force for the proton transfer process becomes apparent from the results of 

energyy calculations. Restricted Hartree-Fock energy calculations were performed for DPC. 

PQ,, TPC and PC, each in the "normal" and ""tautomeric" forms. The energies of the 

correspondingg HOMOs and LUMOs are presented in Table 7.6. For each of the molecules 

considered,, the energy of the HOMO of the "normal" form is lower than its analogue of the 

"tautomeric""  form. The opposite is found for the energies of the LUMO, for which the 
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energiess in the "normal" form are higher than those in the "tautomeric" form. The calculations 

indicatee that in the ground state the "normal7' form is lower in energy and thus in alcoholic 

solutionn this form is dominant. In the excited state, the "tautomeric" form is stabilized with 

respectt to the "normal" form, thus leading to tautomerization. Results of CI calculations 

confirmm this picture. The CI energies of the ground and lowest excited states are included in 

Tablee 7.6. For each molecule, the ground state configuration energy in the "normal" form is 

considerablyy lower than when the molecule is in its "tautomeric" form. With the exception of 

PQ,, the energy of the "tautomer" in its first excited state is lower than for the "normal" 

speciess in the first excited state. It is remarked that as the basis set of excited configurations in 

thee CI calculation is increased, the excited state energy of the "tautomeric" form is lowered 

evenn more. Thus, also the CI calculations show that in the ground state the "normal" form is 

lowerr in energy and thus in alcoholic solution this form is dominant. In the excited state, the 

"tautomeric""  form is stabilized with respect to the "normal" form, thus leading to 

tautomerization.. Previous calculations reported elsewhere yielded similar conclusions [38,39], 

Itt should be added, however, that the quantitative agreement between the CI results and the 

experimentall  optical transition energies is rather poor, although the calculations predict 

similarr absorption energies for the DPC, PQ and PC molecules. The calculations thus are 

valuablee for qualitative purposes only. 

Finally,, Table 7.7 includes the Mulliken charge distribution after CI at the nitrogen 

atomm sites, N] and NJ. It is noted from the table that in the "normal" form the charge at atomic 

sitee N) increases appreciably after excitation. At the same time, the charge at atomic site N? 

becomess more negative. A similar enhanced acidity/basicity after excitation has been treated 

alsoo elsewhere [26.50]. The charge redistribution in the molecule after excitation underlies the 

protonn transfer process. Our calculations (Table 7.7) illustrate that photoexcitation results in 

ann appreciable value of Ö (i.e., the charge difference, in the excited state, of atoms N| and Ni). 

Thee calculated values for 5 are indicative that impulsive photoexcitation induces appreciable 

changess in the electronic charge distribution and that the chromophores exhibit excited-state 

protonn transfer rather than H-atom transfer. If, on the other hand, for the studied 

chromophoress excited-state H-atom transfer would be more appropriate rather than proton 

transfer,, electronic charge redistribution would adiabatically adjust to the movements of the 

protons.. One might intuitively expect a correlation between the proton transfer rate and the 

amountt of electronic charge redistribution. Indeed, the calculated smaller extent of the 

electronicc redistribution as manifested by 8 for TPC is in line with the experimentally 
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determinedd lower rate of excited state tautomerization in this molecule in comparison to DPC 

andd PQ. It should be added, though, that other factors such as molecular size or the presence 

off  nearby excited states should also be taken into account while considering such a rate-

structuree relationship. 

Chargee N| Charge N2 S 

Groundd Excited Ground Excited Excited 

state e state e state e state e state e 

DPC C 

PQ Q 

TPC C 

PC C 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

0.348 8 

-0.164 4 

0.337 7 

-0.175 5 

0.350 0 

-0.162 2 

0.266 6 

-0.225 5 

0.512 2 

-0.003 3 

0.474 4 

-0.098 8 

0.415 5 

-0.130 0 

0.465 5 

-0.024 4 

-0.086 6 

0.486 6 

-0.097 7 

0.405 5 

-0.098 8 

0.394 4 

-0.085 5 

0.539 9 

-0.191 1 

0.251 1 

-0.239 9 

0.229 9 

-0.202 2 

0.232 2 

-0.215 5 

0.287 7 

0.703 3 

--
0.713 3 

0.617 7 

--
0.680 0 

--

TableTable 7.7: Calculated charges at positions N/ and JV; 

Forr similar activation energies for the proton tunneling in cyclic complexes of TPC, 

DPCC and PQ, the excited state proton transfer in TPC is predicted to be slower than in the 

casee of DPC or PQ. This prediction is borne out by the experimental results. 

7.55 Conclusion 

Inn previous studies of the molecules under investigation it had been proposed, on the 

basiss of their spectroscopic behavior in aprotic and protic solvents, that the F\ and F? band 

emissionss originate from different species: the Fx band is characteristic of the normal form of 

thee solute-solvent complex and the F? band is due to the tautomer form of the "cyclic" solute-

solventt complex. The time-resolved experiments presented in this paper provide independent 

additionall  evidence for the model. Whereas the F\ band emission shows a picosecond bi-

exponentiall  decay (time constants: T\(F\) and T?(FI)), the FT band emission shows a fast bi-

exponentiall  rise, with the same time constants. It has been argued that there are two distinct 

solute-solventt "cyclic" species in which the two protons at sites Ni and NT are transferred 

simultaneously.. (A dark intermediate of extremely short lifetime, much less than 500 fs, is 
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unlikely).. For the two species the proton transfer times (Ti and T2, respectively) could be 

determinedd (Tables 2-5). The time-resolved experiments also provide evidence for the 

existencee of a longer-lived "non-cyclic" species (with a lifetime of TXFJ)), not involved in a 

fastt excited-state proton transfer process. This species is associated with the "blocked" solute-

solventt form. Finally, the proton transfer rate (1/Tb.) for the probe molecules in deuterated 

solventss was found to be slightly temperature dependent. It was discussed that the temperature 

effectt is indicative of a thermally averaged proton tunneling process in the "cyclic*' complex. 

Thee results of semi-empirical calculations are suggestive of a slight modification of the 

structuree of the "cyclic" complex as the double proton transfer takes place. 
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Chapterr  8 

Fastt  tautomerization processes in porphycene derivatives 

Abstract t 

Picosecondd fluorescence measurements of two structural derivatives of porphycene are 

presented.. In 9,10,19,20-tetra-n-propylporphycene a fast tautomerization process between the 

twoo identical "trans" tautomers in the excited state, destroys the emission polarization in a 

timee less than 20 ps. In 2,3,4,6,7,12,13,16,17-octaethylporphycene, it appears that a "cis" 

tautomerr in the excited state, is also possible. No excited state tautomerization has been 

observedd for this molecule. 
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8.11 Introductio n 

Thee study of the electronic properties of porphycenes and their chemical derivatives has 

drawnn much attention since porphycene was first synthesized around a decade ago [1-12]. In 

particular,, the interest was stimulated by the possible application of these molecules for 

photodynamicc therapy and tumor marking [6J. The porphycene molecule has four nitrogen 

atomss within its inner core. Two of these nitrogen atoms are bonded to hydrogen atoms (see 

schemee 8.1). The molecule is planar and both "trans" and "cis" tautomers should be possible. 

Thee proton transfer dynamics of porphycene in the ground state and the excited state has been 

extensivelyy investigated. By means of  1SN CPMAS-NMR experiments Wehrle et al [2] 

establishedd that intramolecular proton transfer occurs in the inner core of the porphycene 

molecule.. In this reaction, the two protons attached to two of the nitrogen atoms in the inner 

coree are exchanged within and between the chemically distinct "trans71 and "cis" tautomers. 

Thee time of the exchange could not be resolved by the apparatus, which had a time resolution 

off  > 108 s. From fluorescence depolarization measurements it was established that a fast 

intramolecularr proton transfer process must occur also in the excited state of the structural 

derivativee 9,l0,l9,20-tetra-«-propylporphycene (PRPC) [9,10]. In yet another derivative, 

2,3,6,7,12.13,16,17-octaethylporphycenee (OEPC), no loss in polarization was measured and 

thuss it was concluded that such a proton transfer process does not occur in this compound, at 

leastt at low temperatures [9]. The chemical structure of the different porphycene derivatives is 

givenn in scheme 8.1. 

Fromm NMR and X-ray diffraction measurements it was established that the distance 5NN 

betweenn two of the nitrogen atoms in the inner core (see scheme 8.1) is in the order OEPC > 

porphycenee > PRPC [6,9]. These differences in 5NN between the different porphycene 

derivatives,, are the likely cause of the differences in the proton transfer dynamics that were 

observedd for the different derivatives [9]. From measurements of steady-state polarization and 

byy comparing the measurements to simulated data, Waluk and Vogel [9,10] concluded that in 

alll  of the studied derivatives of porphycene, the molecules predominantly reside in a "trans" 

tautomer,, but the existence of some molecules in the "cis" tautomer could not be excluded. 

Heree we present time-dependent fluorescence measurements conducted for PRPC and 

OEPCC in liquid solvents as well as in a polyvinylchloride (PVC) solid matrix. The time-

resolvedd fluorescence measurements were performed under magic angle conditions, and also 

withh the emission polarized parallel and perpendicular with respect to the excitation beam. 

Thee latter were performed in order to determine the time-dependence of the fluorescence 
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anisolropy.. Only for OEPC a time-dependent anisotropy in the fluorescence was observed. 

Forr PRPC it is concluded that a fast tautomerization process destroys the fluorescence 

anisotropyy at a time scale that is short compared to the setup time resolution (~ 20 ps). We 

suggestt that for PRPC only the "trans'" tautomer is present, in line with previous observations 

[9|.. For OEPC no tautomerization process ("trans"-"trans", or "trans"-"cis") has been 

observed.. The existence of a second species in the excited state, possibly a "cis" tautomer is 

discussed. . 

'"trans""  "cis" 

Porphycene e 

PRPCC OEPC 

SchemeScheme 8.1: The chemical structure of the porphycene derivatives. 

8.11 Experimental 

PRPCC and OEPC were a gift from Prof. Waluk of the Polish Academy of Sciences in 

Warsaw.. The solvents, cyclohexane (Merck) and acetonitrile (Merck) were of spectrograde 

qualityy and were used without further purification. 
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Steady-statee absorption spectra were recorded by means of a Shimadzu UV-240 

spectrophotometer.. The steady-state fluorescence spectra were measured using the emission 

spectrometerr described previously [13]. The emission spectra were corrected for the 

wavelength-dependentt sensitivity of the monochromator-photomultiplier detection system. 

Thee picosecond fluorescence setup has been described in detail in chapter 2. 

Picosecondd pulses of about 1 ps (FWHM autocorrelation trace) and 25 nJ at 3.8 MHz were 

appliedd at a fixed wavelength of 648.5 nm. The fluorescence emitted from the sample in a 

directionn perpendicular to the excitation beam was focused onto the entrance slit of a 

monochromatorr outfitted with a multi-channel plate photodetector. A linear polarizer was 

insertedd in the detection pathway to detect at magic angle, horizontal and vertical conditions. 

Thee instrumental response time was about 20 ps (FWHM). 

640 0 680 0 
XX (nm) 

720 0 

FigureFigure X. I: Absorption (dashed line) and emission (dotted line) spectra ofPRPC (a) and OEPC (b) dissolved in 

cyclohexane.cyclohexane. The lowest absorption bands Qi and (->_• are indicated 

Semi-empiricall calculations were performed with the SPARTAN 5.0 software 

package.. The initial geometry of the molecule was optimized for minimum energy by 
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molecularr mechanics using a Merck force field. The result of this optimization was employed 

ass input data for RHF/PM3 semi-empirical calculations. 

8.33 Results 

8.3.18.3.1 PRPC 

AA full study of the steady-state absorption and emission spectra of PRPC has been 

reportedd previously [7,9]. In Figure 8.1a the absorption and emission spectra of PRPC 

dissolvedd in cyclohexane are presented. Two close lying absorption bands Qi and Q: centered 

aroundd 660 and 640 nm, respectively, are observed for PRPC dissolved in cyclohexane. In 

emission,, a band centered around 680 nm was measured. The dependence of the emission and 

absorptionn spectra upon variation of the solvents and temperature was previously discussed 

[7].. In general, the peak positions of the absorption and emission spectra are almost 

independentt of the choice of the solvent. 

500 0 
Timee (ps) 

500 0 
Timee (ps) 

1000 0 

FigureFigure 8.2: Fluorescence transients measured under the magic angle conditions of: la) PRPC (b) OEPC. The 

solventssolvents are indicated in the figure. 



FastFast tautomeriz.ution processes in porphxcene derivatives 118 8 

Wee have conducted time-resolved fluorescence measurements for PRPC dissolved in 

cyclohexane,, acetonitrile and in a PVC solid matrix. 

Typicall transients measured at the detection wavelength of 670 nm. under magic angle 

conditions,, in the indicated solvents, are presented in Figure 8.2a. The fluorescence transients, 

measuredd under magic angle conditions, were fitted to a single exponential decay function, 

yieldingg an excited state lifetime of 33 ps (in cyclohexane). 26 ps (in acetonitrile) and 2.3 ns 

(inn PVC). 

3 3 

C C 

\ \ 

-J J 

1 1 
1 1 
\ \ 

i i 

\ \ 

Xsaa» » 

1 1 

1 1 
r r 
i i 

acetonitrile e 

cyclohexane e 

PVC C 

ii , i 

Ü Ü 5000 1000 
Timee (ps) 

FigureFigure 8.3: A comparison between fluorescence transients of PRPC measured for emission polarized parallel 

(solid(solid line) and perpendicular lopen circles) with respect to the excitation beam polarization. The detection 

wavelengthwavelength was 671) nm. I he solvents are indicated in the figure. 

Fluorescencee transients measured with the polarizer directed parallel (/||) and 

perpendicularr (/J with respect to the excitation beam are presented in Figure 8.3. It is 

observedd that I\ \ and  have a similar lime-dependence. (The intensities of the transients of 
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I\I\  | and f  were normalized to demonstrate the identity of the time-dependence of the 

transients).. This time-dependence is the same as measured under the magic angle conditions 

(withh decay times: 33 ps, 26 ps and 2.3 ns, depending on the solvent). 

8.3.28.3.2 OEPC 

Thee absorption and emission spectra of OEPC dissolved in cyclohexane are presented 

inn Figure 8.1b. Two close lying absorption bands Qi and Q: centered around 670 nm and 630 

nm,, respectively, are observed. The emission band has its maximum around 690 nm. The 

steady-statee spectra of OEPC have been previously discussed [6,9]. 

Wee have measured fluorescence transients for OEPC dissolved in acetonitrile, 

cyclohexanee and in PVC. For the cyclohexane solutions transients were also measured at 10 

C,, i.e. close to the freezing point of the solvent. 

Typicall fluorescence transients for OEPC dissolved in cyclohexane, acetonitrile and 

PVC,, detected at 670 nm, obtained under magic angle conditions, are presented in Figure 

8.2b.. The fluorescence transients were fitted to a bi-exponential decay function of the form, 

IImm(X,t)=(X,t)= J4 ]exp(-r /r l)+A2exp(-/ / r :) . (8.1) 

Thee short-time decay component, T|, at room temperature, is: 390 ps (cyclohexane), 120 ps 

(acetonitrile),, and 250 ps (PVC). The long-time decay component, T?, at room temperature, is: 

8200 ps (cyclohexane), 150 ps (acetonitrile) and 1.2 ns (PVC). The ratio between the pre-

exponentiall coefficients (A1/A2) is: 7:10 (cyclohexane), 1:2 (acetonitrile) and 2:5 (PVC). 

Fluorescencee transients measured with the polarizer directed parallel (/||) and 

perpendicularr (7_L) with respect to the excitation beam polarization are presented in Figure 8.4. 

Thee detection wavelength is 670 nm: filled diamonds refer to 7| |, and open circles refer to

Thee figure includes best fits to the transients. Intensities in the figure were rescaled to more 

clearlyy show the difference in the time-dependence of 1L and /||. The fluorescence transients 

ƒƒ 11 CO and Ij_{t)  measured in the liquid solutions were fitted to a 3-exponential decay function, 

II (A,,t)(A,,t) = A]txp(-t/zl)+A2 exp(-/ / T2 ) + A, exp ( - f / r j . (8.2) 

Inn /1 \(t) three decay components are observed. The decay times T\ and TT are the same as those 

obtainedd under magic angle conditions. An additional decay with a characteristic time rj is 

present.. For Ij_(t) a rise with a time characteristic Ty (matching the decay in I\\(t)) is observed 
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followedd by a biexponential decay with the time components X\ and r? which are the same as 

obtainedd under magic angle conditions. All time components are given in Table 8.1. 

Solvent t 

cyclohexane e 

acetonitrile e 

Temperaturee (C) 

22 2 

10 0 

22 2 

rii (ps) TT22 (pS) 

3900 (0.30) 820 (0.40) 

4200 (0.24) 

120(0.28) ) 

1020(0.46) ) 

150(0.41) ) 

r33 (ps) 

900 (0.30) 

140(0.30) ) 

40(0.31) ) 

TabicTabic H.I: The fluorescence time constants ofOEPC in a few liquid solvents. The relative weights (A,) are given 

inin brackets. 

D D 
<—• • 
C C 

,1 1 

j j 

A \\ acetonitrile 

•• \ ^ 

^~~*~->^^ ""-o-o 

£V'9-°<,00 cyclohexane 

f%% PVC 

^ " " ^ " ^ ^ ^ ^ 

I I I . . 

00 500 1000 
Timee (ps) 

500 0 

FigureFigure 8.4: A comparison between fluorescence transients of OEPC measured for emission polarized parallel 

(filled(filled diamonds) and perpendicular (open circles) with respect to the excitation beam polarization. The 

detectiondetection wavelength was 670 nm. The solvents are indicated in the figure. 
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Inn PVC I\\{t)  and f (t) could be fitted to a bi-exponential function with the same time 

constantss as measured under magic angle condition. However the ratio between A \IA2 changes 

withh the angle of the polarizer. For I\ \(t) the ratio is: 1:2 while for l (t) this ratio is: 1:3. 

8.44 Discussion 

8.4.18.4.1 PRPC 

Walukk et a\. [9] argued that a fast tautomerization process between two electronically 

identicall "trans" tautomers occurs for PRPC in the excited state. In our time-resolved 

fluorescencee measurements all transients were best fitted to a single exponential decay. This 

servess as a further indication that only a single tautomeric species exists in the excited state. 

Thee anisotropy of the fluorescence is defined as [16], 

MM /„(/)-/ (>) 

Thee maximal value for the anisotropy for an isotropic distribution of absorbing molecules is 

r=0Ar=0A [16]. This is the case for a molecule whose absorption and emission transition dipole 

momentss are collinear. In liquid solutions, rotational diffusion motions will eventually destroy 

ann initially prepared anisotropy of the fluorescence, thus r<«=) = 0. In solid matrices rotational 

diffusionn is absent. From the measured values for 1\ \(t) and I (t) for PRPC in PVC, we obtain 

afterr substitution in Equation (8.3) a fluorescence anisotropy of r = 0.05. A time dependence 

off the fluorescence anisotropy, for PRPC in PVC, could not be resolved. The measured value 

off anisotropy for PRPC in PVC thus shows that excitation and emission transition dipole 

momentss are oriented along different directions. The anisotropy related to a rotation in the 

directionn of the absorption and emission dipole moment is [16], 

r„(tt)) = 0 . 4 * 3 c o s ^ g - 1 , (8.4) 

wheree a is the angle between the transition dipole moments for excitation and emission. 

AA fast equilibrium, in the excited state, between the originally excited species and a 

tautomericc form, such that both tautomeric forms give rise to equal fluorescence intensities, 

willl result in an average anisotropy, 

Forr r,(a) = 0.1, one has a ~ 90°. It is likely then that the measured emission is a 

combinationn of contributions of emissions from the originally excited "trans" tautomers, and 
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ann additional tautomeric "trans" form obtained after double proton transfer in the initially 

excitedd "trans" conformation. It is noted that in the two "trans" tautomers, the excitation and 

emissivee states are almost iso-energetic and thus are also expected to give rise to a small 

Stokess shift, as actually observed. For PRPC dissolved in cyclohexane the Stokes shift is 

aroundd 900 cm"1 

Ourr measured value for the anisotropy (0.05) is a little lower than that measured by 

Walukk et al. {r  ~ 0.1) [9], possibly because the excitation (at 648.5 nm) involves also a 

higherr excited state with a different electronic dipole direction [9,10], thus affecting the 

nominall anisotropy value. 

Thee above-mentioned proton switching process, involving a dynamic equilibrium 

betweenn two "trans" tautomers is rapid, and could not be time-resolved. The time resolution 

off our experiment is about 20 ps, thus the double proton transfer time in the excited state is 

fasterr than this time. 

Wee note that the lifetime of PRPC in the excited state (Sec. 8.3.1) appears to be 

dependentt on the viscosity / rigidity of the solvating medium. (The viscosity of cyclohexane 

att 25 C is 0.894 cP, and for acetonitrile it is 0.369 cP [14]). In solid PVC the excited state 

lifetimee is significantly prolonged. The correlation between the excited state lifetime and the 

viscosityy / rigidity of the solvent, possibly indicates the role of the solvent viscosity on the 

flexibilityy of the ethyl-group substituents, which likely are involved in the radiationless decay 

off the excited Si state [12]. 

RHF/PM33 semi-empirical calculations were used to determine the structure of the 

PRPCC molecule. The calculations reveal that the porphycene moiety of the PRPC molecule 

remainss planar, like the porphycene molecule. Some internal distances between the nitrogen 

andd hydrogen atoms in the molecular inner core are presented in Table 8.2. The calculations 

confirmm previous observations that the distances between the nitrogen atoms ÖNN and between 

thee nitrogen and hydrogen atoms 8NH (see scheme 8.1) are smaller in this molecule as 

comparedd to the porphycene molecule [6,9], 

Distancess (A) 

ONN N 

SNH H 

Porphycene e 

2.63 3 

1.72 2 

PRPC C 

2.59 9 

1.70 0 

OEPC C 

2.68 8 

1.80 0 

TableTable 8.2: Some atomic distances in the different compounds. 
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8.4.28.4.2 OEPC 

Itt was assumed by Waluk et al. [91 that OEPC in the excited state resides only in the 

"trans"" tautomer. However, since the fluorescence transients of OEPC in all solvents had to 

bee fitted to a biexponential decay function, there must be two distinct tautomeric species in 

thee excited state of OEPC. We suggest that these are the "trans" and "cis" tautomers. The 

shorterr lifetime, T|, might be related to the hitherto unobserved "cis" tautomer, since the 

emissionn from the tautomer with the longer time decay, TS, makes a larger contribution to the 

steady-statee emission, previously assigned to the "trans" tautomer [9]. 

Assumingg equal transition dipole moments for the "trans" and "cis" tautomers, the ratio 

off molecules residing in a "cis" tautomer among the entire population of OEPC molecules 

mayy be obtained from, 

xx V ^ (8.6) 
{A{A]] *T*T ll + A2*T2) 

Substitutionn of the experimental data yields the following values for x\: 0.28 (cyclohexane), 

0.300 (acetonitrile), and 0.09 (PVC). 

Thee time-dependent anisotropy was obtained by plugging the measured values for 

I\I\  \(t) and Zj_(0 in Equation (8.3). In Figure 8.5 the time-dependent anisotropy of OEPC in the 

differentt solvents is displayed. The time-dependent anisotropy curves were fitted to single 

exponentiall decay functions, from which the anisotropy lifetimes, in the different solvents, 

weree deduced. The best fits of the time-dependent anisotropy to a single exponential decay are 

alsoo presented in Figure 8.5. The anisotropy lifetimes are: 135 ps (cyclohexane at room 

temperature),, 155 ps (cyclohexane at 10 C), 54 ps (acetonitrile), and 320 ps (PVC). It is noted 

thatt while in the liquid solvents the eventual anisotropy is r(°°) = 0, for OEPC dissolved in 

PVC,, the anisotropy decays to an eventual value of r(°°) = 0.2. 

Inn the liquid solvents, the decay of the anisotropy was found to correspond with the 

rotationall diffusion motions. By applying the Debye-Stokes-Einstein relation, 

rr  =*WL,  (8.7) 
"** 6kBT 

thee diameter (2a) of the molecule was estimated to be 10.4 A. This compares well with the 

approximatedd diameter of the molecule, as determined from RHF/PM3 semi-empirical 

calculationss yielding approximately 11 A between the far ends of the molecule. 
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0.2 2 

0.11 h \ 

0.0 0 
0 0 00 0 

acetonitrile e 

200 0 

5000 1000 
Timee (ps) 

FigureFigure 8.5: Time-dependent anisotropy obtained for OEPC dissolved in the indicated solvents (filled circles). 

BestBest Jits to a single exponential decay function appear as a sold line. 

Inn PVC the initial anisotropy is r(0)=0.27 and the characteristic decay time for r is 

aboutt 320 ps. It is noted that this time is similar to the T\ decay time, obtained from the 

fluorescencee transients measured under magic angle conditions. After about 750 ps. the 

anisotropyy reaches a constant value of 0.2. Our results are compatible with steady-state 

fluorescencee anisotropy measurements performed by Waluk and co workers [9,15]. When 

excitingg at 650 nm. these authors found a steady-state anisotropy of r = 0.2. at room 

temperaturee [15], and r = 0.27. at 20 K |9|. It should be added that Waluk [15] obtained the 

maximall possible value for the anisotropy in an isotropic distribution of absorbing molecules 

off r = 0.4. when the 0-0 transition (670nm) was chosen as the excitation wavelength. The 

lowerr anisotropy obtained when exciting at / w = 650 nm possibly reflects the involvement of 
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aa higher excited state with a different dipole direction, thus affecting the nominal anisotropy 

value. . 

Too uncover the origin of the time dependence of the fluorescence anisotropy of OEPC 

inn PVC, we consider the anisotropy for a mixture of fluorophores (identified as the "cis" and 

"trans"" tautomers), with individual excited state lifetimes X\ and z2, as, 

r(t)r(t)--
 r\A\ expf~t/T\ )+ r2A2 exp( -t/r2 ) 

Ajj exp( -t / r ,) + A2 exp{ -t / z2) 

wheree Aj is the pre-exponential of each component and r, is the time-independent anisotropy 

relatedd to that fluorophore [16]. By plugging the values obtained from the experiments under 

magicc angle conditions for A i, A2, r, and r2 into the above equation and assuming n = 0.4 and 

rr 22 = 0.2, the temporal dependence for the anisotropy of OEPC in PVC of Figure 8.4 is 

reproduced.. The experimentally observed time dependence of the anisotropy (Figure 8.4) can 

thuss be related to the faster population decay (lifetime) of the "cis" tautomer. 

RHF/PM33 semi-empirical calculations were used to calculate the structure of the 

OEPCC molecule. Some distances between the nitrogen and hydrogen atoms in the molecular 

innerr core are presented in Table 8.2. The calculations confirm previous observations that the 

distancess between the nitrogen atoms 8NN and between the nitrogen and hydrogen atoms 6NH 

(seee scheme 8.1) are increased in this molecule when compared to the porphycene and PRPC 

moleculess [6,9], 

Inn summary, in the OEPC molecule, no loss of anisotropy relating to a fast intramolecular 

protonn transfer in the excited state, could be resolved. The lack of intramolecular proton 

transferr could be due to the larger distances between the nitrogen atoms within the inner core 

off the molecule when compared to the equivalent distances in PRPC and porphycene. The 

increasee in the S N̂ distance results in a higher barrier for proton transfer. A second outcome is 

thatt the increased <3MN distance between the nitrogen atoms of the molecular inner core, 

possiblyy allows the creation of a "cis" tautomer which does not occur in PRPC. 
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Summary y 

Chemicall reactions involving a transfer of a proton or a hydrogen atom between a donor 

andd an acceptor group are among the most common and most important in chemistry and 

biology.. The proton transfer reaction can be viewed as a tautomerization process, where the 

moleculee transforms between different tautomeric species, differing in the position of one or 

moree protons (or hydrogen atoms). In many cases, the most stable tautomeric form, in the 

excitedd state, is different from the most stable tautomer in the ground state. Photo-excitation, 

byy means of a laser pulse, often causes an electronic redistribution in the molecular excited 

state.. For very short laser pulses, the nuclear motions cannot adiabatically follow the laser-

inducedd sudden change in the electronic charge distribution: the impulsive photo-excitation 

preparess the molecule in a non-stationary state. A subsequent relaxation process may involve 

largee amplitude proton motions, resulting, eventually, in the most stable tautomeric form in 

thee excited state. In general, proton transfer reactions are separated into two groups: 

intramolecularintramolecular proton transfer reactions, which occur within a single molecule and 

intermolecularintermolecular proton transfer reactions, in which additional molecules, usually solvent 

molecules,, facilitate the reaction. 

Recentt advances in laser technology enable the probing of molecular processes occurring 

onn a time scale of a few femtoseconds. In the fluorescence measurements, discussed in this 

thesis,, molecules are excited by means of a laser pulse. For an emissive excited state, the 

temporall dependence of the ensuing fluorescence spectrum can then be probed. By analyzing 

thee spectroscopic data, details concerning the mechanism and the dynamics, of the chemical 

reactionn of interest, can be obtained. In particular, we focus on the study of excited-state 

protonn transfer reactions, in a few molecular systems. 

Thee proton transfer dynamics in three different molecular systems were studied, (i) For 

[2,2'-bipyridylJ-3,3'-diol[2,2'-bipyridylJ-3,3'-diol abbreviated as BPfOHh. an intramolecular double proton transfer, 

transformingg the dienol tautomer to the diketo tautomer, occurs in the excited state. After 

excited-statee relaxation to the ground state, the reverse reaction occurs. Two mechanisms are 

studiedd for the double proton transfer in the excited state: a concerted double proton transfer 

withh a characteristic time of less than 300 fs, and a two-step process, via a mono-keto 

intermediate,, with a characteristic time of less than 300 fs for the first step, and 10 ps for the 
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secondd step. Similar results have also been obtained for a few derivative compounds of 

BP(OH):.. (ii) For dipyhdo [2.3,-a:3',2'-i] carbazole. abbreviated as DPC, an intermolecular 

protonn transfer process, facilitated by protic solvents, was found. We show that the reaction 

proceedss only for "cyclic" solute-solvent complex configurations. Similar results are reported 

forr a few structural derivatives of DPC. (iii) For porphycene derivatives, a tautomerization 

process,, involving a double proton transfer reaction, was studied from fluorescence 

anisotropyy decay measurements. The influence of the solvent, temperature, excitation-energy, 

andd deuteration. on the dynamics of proton transfer reactions in these systems was studied. 

Inn chapter 1, an introduction to proton transfer reactions is presented. The mechanisms of 

intramolecularr and intermolecular proton transfer reactions are discussed, as well as some 

detailss concerning the spectroscopic measurements and the computer simulations. A review of 

previouss work on the molecular systems described in this thesis is also given. 

Inn chapter 2. we present details about the experimental techniques and the experimental 

setups.. The discussion includes a few details about the temporal fluorescence depolarization 

measurements. . 

Thee double proton transfer dynamics in photo-excited BP(OH): are considered in chapter 

3.. The reaction mechanisms in protic and aprotic solvents are compared. In aprotic solvents, it 

iss found that the nature of the solvent, the temperature and deuteration do not affect the proton 

transferr dynamics. It is concluded that the proton transfer reaction in photo-excited BP(OHh 

involvess many-atom vibrational modes. In protic solvents, however, it is found that double 

protonn transfer is hampered by the formation of a solute-solvent complex. The reaction rate of 

thee mono-to-diketo proton transfer reaction in protic solvents is found to be dependent on the 

solventt viscosity. 

Inn chapter 4, the influence of the excitation energy on the proton transfer dynamics in 

BP(OH):: is discussed. It is found that the yield of the two-step proton transfer reaction is 

enhancedd as the excitation energy is increased. The existence of a barrier in the dienol-

monoketoo pathway is inferred, the estimated barrier height being about 600 cm . Additional 

decayy mechanisms, such as IVR. are also considered. 

Chapterr 5 is separated into two parts. In the first part, we present a study of the proton 

transferr dynamics in singly- and doubly-methylated derivatives of the BP(OHh molecule. We 

findfind that the proton transfer dynamics of the double methylated compounds is similar to the 

protonn transfer dynamics of BP(OH):. The singly methylated derivative has a lower point 

symmetryy than the BP(OH); molecule. For the singly methylated derivative, the yield of the 

two-stepp proton transfer reaction is lower than for BP(OH)2. This is attributed to the role of 
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thee vibrational modes promoting the different proton transfer mechanisms. The second part of 

chapterr 5, contains a study of the dynamics of BPfOH)? in two sol-gel glasses. In general, the 

protonn transfer dynamics of BP(OHh in the sol-gel compounds is similar to the dynamics 

measuredd in liquid solutions. However, some minor differences between the results of 

BPfOHhh dissolved in solution and in sol-gel compounds were observed. For example, the 

emissionn spectra are slightly blue-shifted with respect to the liquid solvent spectra, and the 

mono-to-diketoo proton transfer for BP(OHh in sol-gel compounds is faster. The differences in 

thee dynamics of BP(OH)2 dissolved in liquid solvents and sol-gel compounds are attributed to 

solvationn effects, that are absent in the sol-gel compounds. 

Protonn transfer dynamics in structural derivatives of BP(OH):, showing only a single 

protonn transfer reaction, are discussed in chapter 6. In one derivative, a single hydroxyl group 

iss attached to the bipyridyl moiety, and thus only single-proton transfer within the molecule is 

possible.. In a second derivative compound, a strongly electron withdrawing substituent is 

attachedd to the bipyridyl group in BP(OH)2. Though a double proton transfer seems possible 

forr this molecule, it was found that in fact only a single proton transfer occurs. 

AA study of the solvent-assisted proton transfer dynamics of DPC and some structural 

derivativess of this molecule is presented in chapter 7. From fluorescence measurements, 

conductedd for the molecules dissolved in a few protic solvents, it is concluded that two fast 

protonn transfer mechanisms exist. The first evolves with a typical time of -0.5 ps and the 

otherr with a typical time of 6-10 ps. It is argued that only cyclic solute-solvent complexes are 

involvedd in the proton transfer. An additional radiationless decay process, with a time 

componentt of about 30-100 ps. is related to "blocked" solute-solvent complexes. These 

complexess do not participate in the proton transfer reaction. Results from deuterated samples 

aree suggestive of a thermally averaged proton/deuteron tunneling in the photo-excited 

"cyclic"" solute-solvent complex. 

Finally,, in chapter 8, we present picosecond fluorescence and depolarization studies of 

twoo derivative compounds of porphycene. These compounds have four nitrogen atoms in the 

innerr core of the molecule. Two of the nitrogen atoms are bonded to hydrogen atoms. From 

time-dependentt fluorescence anisotropy measurements, a fast tautomerization process, where 

thee two hydrogen atoms are exchanged among the nitrogen atoms in the inner core, is inferred 

forr one of the compounds. In the other compound, no such tautomerization process is 

observed.. The results are related to the differences in the distances between the inner core 

nitrogenn atoms in the various porphycene derivative compounds. 
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Chemischee reacties, waarin een proton of een waterstof atoom zich van een moleculaire 

donorr naar een acceptor verplaatst, behoren tot de meest voorkomende en meest belangrijke 

inn de chemie en de biologie. De proton overdrachtsreactie kan worden gezien als een 

tautomerisatiee proces, waarbij de posities van een of meer protonen (of waterstof atomen) 

binnenn het molecuul veranderen. In veel gevallen is de meest stabiele tautomere structuur in 

dee aangeslagen toestand anders dan die in de grondtoestand. Foto-excitatie, door middel van 

eenn laser puls, veroorzaakt een redistributie van de elektronen binnen het molecuul. Voor hele 

kortee laser pulsen kunnen de kernbewegingen de laser-geïnduceerde plotselinge verandering 

inn de elektronenverdeling niet adiabatisch volgen: de impulsieve foto-excitatie brengt het 

molecuull in een niet-stationaire toestand. Het relaxatie proces dat volgt kan grote amplitude 

protonn bewegingen in gang zetten, met als gevolg een andere stabiele tautomere structuur in 

dee aangeslagen toestand. In het algemeen zijn proton overdrachtsreacties te verdelen in twee 

groepen:: (i) intramoleculaire proton overdrachtsreacties, die binnen één enkel molecuul plaats 

vindenn en (ii) intermoleculaire proton overdrachtsreacties, waarbij andere moleculen, vaak 

oplosmiddelmoleculen,, bij de reactie zijn betrokken. 

Recentee vorderingen op het gebied van de laser technologie stellen ons tegenwoordig in 

staatt om moleculaire processen, die plaatsvinden op een tijdschaal van enkele femtoseconden, 

tijdsopgelostt te volgen. In de fluorescentie metingen, die in dit proefschrift worden behandeld, 

wordenn moleculen door middel van een zeer korte laser puls aangeslagen. Voor een 

emitterendee aangeslagen toestand, kan het tijdsverloop worden gemeten. Door analyse van de 

spectroscopischee data kunnen details met betrekking tot het mechanisme en de dynamica van 

dee te bestuderen chemische reactie worden verkregen. In het bijzonder is onze aandacht 

gerichtt op de bestudering van de proton overdrachtsreacties in de aangeslagen toestand van 

enkelee moleculaire model systemen. 

Dee proton overdrachtsdynamica in drie verschillende moleculaire systemen werden 

bestudeerd,, (i) In (2,2'-bipyridylj-3,3'-dial, afgekort als BP(OHb, vindt een dubbele proton 

overdrachtt in de aangeslagen toestand plaats. De diënol tautomeer gaat over in de diketo 

tautomeer.. Na de relaxatie van de aangeslagen toestand naar de grondtoestand vindt de 

omgekeerdee reactie plaats. Twee mechanismen zijn voor de dubbele proton overdracht in de 
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aangeslagenn toestand bestudeerd: een simultane dubbele proton overdracht met een 

karakteristiekee tijd korter dan 300 fs. en een twee-staps proces, via een mono-keto 

intermediair,, met een karakteristieke tijd korter dan 300 fs voor de eerste stap en 10 ps voor 

dee tweede stap. Dezelfde resultaten zijn ook voor enkele derivaten van BP(OH): verkregen, 

(ii)) In üipyrido [2,3,-a:3\2 '-ij  carbazole, afgekort als DPC. werd een intramoleculaire proton 

overdrachtt in protonische-oplossingen gevonden. Wij laten zien dat de reactie alleen voor 

"cyclische"" complexen van opgeloste- en oplosmiddelmoleculen plaatsvindt. Dezelfde 

resultatenn worden voor enkele derivaten van DPC gerapporteerd, (iii) In derivaten van 

porphycenee werd een tautomerisatie proces, bestaande uit een dubbele proton overdracht, 

doorr middel van fluorescentie depolarisatie metingen bestudeerd. De invloed van het 

oplosmiddel,, de temperatuur, de excitatie-energie, en deuterering op de proton 

overdrachtsreactiess in deze systemen werd onderzocht. 

Hoofdstukk 1 bevat een korte inleiding tot proton overdrachtsreacties. De mechanismen 

vann intramoleculaire en de intermoleculaire proton overdrachtsreacties worden bediscussieerd 

alss ook enkele details aangaande de spectroscopische metingen en de computer simulaties. 

Hett hoofdstuk wordt met een overzicht van eerder werk, aangaande de moleculaire systemen 

diee in dit proefschrift worden behandeld, afgesloten. 

Inn hoofdstuk 2 presenteren we de details van de experimentele technieken en de 

experimentelee opstellingen. Ook wordt ingegaan op enkele details van de tijdsopgeloste 

fluorescentiee depolarisatie metingen. 

Dee dubbele proton overdrachtsdynamica in foto-geëxciteerd BPfOHb wordt in hoofdstuk 

33 beschouwd. De reactie mechanismen in protische en a-protische oplossingen worden 

vergeleken.. In a-protische oplosmiddelen wordt geen invloed van de aard van het 

oplosmiddel,, de temperatuur en deuterering gevonden. Er wordt geconcludeerd dat de proton 

overdrachtsreactiee in foto-geëxciteerd BP(OH)2 bevorderd wordt door vibratiebewegingen 

vann vele atoomkernen in het molecuul. In protische oplosmiddelen echter wordt de dubbele 

protonn overdracht wel gehinderd door de formatie van complexen tussen de opgeloste- en 

oplosmiddell moleculen. De reactiesnelheid voor de mono- naar de diketo tautomere vormen 

blijktt afhankelijk van de oplosmiddel viscositeit te zijn. 

Inn hoofdstuk 4 wordt de invloed van de excitatie-energie op de proton 

overdrachtsdynamicaa behandeld. De opbrengst van de twee-staps proton overdrachtsreactie 

blijktt te worden bevorderd als het excitatie kwantum wordt vergroot. Hieruit wordt afgeleid 

datt een barrière in het diênol-monoketo reactiepad aanwezig is. De grootte van de barrière 

wordtt op 600 cm"1 geschat. Andere verval mechanismen, zoals IVR. worden ook behandeld. 
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Hoofdstukk 5 bestaat uit twee delen. In het eerste deel presenteren we een studie van 

protonn overdrachtsdynamica van derivaat verbindingen van BPfOH)? met enkele en dubbele 

methylgroepen.. We vinden dat de proton overdrachtsdynamica van de dubbele gemethyleerde 

verbindingenn gelijk is aan de proton overdrachtsdynamica van BP(OH);-. De enkele 

gemethyleerdee verbinding geeft een lagere opbrengst voor de twee-staps proton 

overdrachtsreactiee vergeleken met BP(OH);>. Dit wordt toegeschreven aan de rol van 

vibrationelee toestanden die een andere proton overdrachtsmechanisme bevorderen. Het 

tweedee deel van hoofdstuk 5 bevat een studie van BP(OH);> in twee verschillende sol-gel 

omgevingen.. In het algemeen geldt dat de proton overdrachtsdynamica van BP(OH)T in de 

sol-gell gelijk is aan de dynamica gemeten in oplossing. Echter kleine verschillen tussen 

BP(OH)22 in vloeibare oplossing en in een sol-gel werden gevonden. Bijvoorbeeld, de emissie 

spectraa van BP(OH)2 in de sol-gel zijn een klein beetje naar het blauw verschoven ten 

opzichtee van in de oplossing, en de mono- naar diketo proton overdracht voor BPCOH)? in een 

sol-gell is sneller. De verschillen werden toegeschreven aan solvatatie effecten die zich in de 

sol-gell niet voordoen. 

Inn sommige derivaten van BP(OH)? bleken alleen enkele proton overdrachtsreacties op te 

treden.. Dit wordt in hoofdstuk 6 bediscussieerd. In één van de derivaten, waar één enkele 

hydroxyll groep aan de bipyridyl helft zit. is slechts een enkele proton overdracht binnen het 

molecuull mogelijk. In een tweede derivaat is een sterke elektron zuigende groep aan de 

bipyridyll groep van BP(OH)2 gesubstitueerd. Bij dit molecuul lijkt dubbele proton overdracht 

eenn mogelijkheid te zijn, maar werden alleen bewijzen voor de enkele proton overdracht 

gevonden. . 

Eenn studie naar oplosmiddel-assisterende proton overdrachtsdynamica van DPC en 

enkelee derivaten wordt in hoofdstuk 7 beschreven. Met behulp van fluorescentie metingen, 

uitgevoerdd voor deze verbindingen in protische oplossingen, werd geconcludeerd dat er twee 

snellee proton overdrachtsreacties bestaan. De eerste vindt plaats met een tijdsconstante van 

-0.55 ps en de tweede met een tijdsconstante van 6 tot 10 ps. In dit hoofdstuk wordt betoogd 

datt alleen "cyclische" complexen van opgeloste en oplossingmiddelmoleculen bij de proton 

overdrachtt betrokken zijn. Een stralingloos verval met een tijdsconstante van ongeveer 30-

1000 ps wordt toegeschreven aan "geblokkeerde" complexen. Deze complexen doen niet mee 

aann de proton overdrachtsreactie. Resultaten met gedeutereerde monsters doen vermoeden dat 

err een thermisch geactiveerd proton/deuteron tunnelingsproces in het foto-geëxciteerde 

"cyclische"" complex plaatsvindt. 
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Tenslotte,, in hoofdstuk 8 worden de resultaten behandeld van een tijdsopgeloste studie 

vann de fluorescentie en depolarisatie, op picoseconde tijdschaal, van twee afgeleide 

verbindingenn van porphycene. De moleculaire structuur van de betreffende verbindingen is 

gekarakteriseerdd door vier stikstof atomen in de binnenring van het molecuul. Twee van de 

vierr stikstof atomen zijn met waterstof atomen in een trans configuratie gebonden. Uit onze 

tijdsopgelostee fluorescentie depolarisatie metingen kon worden geconcludeerd dat voor één de 

derivatenn een snel tautomerisatie proces plaatsvindt, waarbij de twee waterstof bindingen 

wordenn verbroken en de waterstofatomen overspringen naar de twee andere stikstof atomen in 

dee binnenring. Bij de andere verbinding bleek zo'n tautomerisatie proces niet op te treden. De 

resultatenn werden gerelateerd aan de verschillen in afstand tussen de stikstof atomen in de 

binnenringg van de verschillende porphycene verbindingen. 
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