
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

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


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 
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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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