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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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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. 
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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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