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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 
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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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