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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]. 
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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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