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Chapterr 7 

(Sub)picosecondd fluorescence upconversion studies of 

intermolecularr proton transfer of dipyrido [2,3-a: 3\2'-i] 

carbazolee and related compounds 

Abstract t 

Forr a few carbazole related compounds in alcoholic solution, photoinduced solute-

solventt proton transfer dynamics is studied by means of femto- and picosecond fluorescence 

transientt measurements. The investigated compounds show two emission bands, the F| band 

(bandd maximum between 25,500 cm'1 and 23,000 cm"1) that had previously been attributed to 

thee normal solute-solvent complex, and the Fi band (band maximum between 17,200 cm"1 

andd 14,400 cm"1) that had previously been ascribed to the solute-solvent complex in its 

tautomericc form. Our data show that the F\ band fluorescence decay contains two fast decay 

componentss (the first of these has a time constant between 0.6 ps and 0.9 ps, the second has a 

characteristicc time between 6.0 ps and 11 ps) and a slower decay component with a time 

constantt between 50 ps and 150 ps, depending on the compound and the solvent. The F2 band 

showss a fast bi-exponential rise, at the same rate as the fast initial decay of the F\ band 

emission,, followed by a slow decay of about 150 - 250 ps. depending on the compound and 

thee solvent. The fast decay and rise components of respectively the F\ and Fj band emissions 

aree discussed as being characteristic of the intermolecular double proton transfer within two 

distinctt "cyclic" solute-solvent complexes. The slower decay component (50 - 150 ps) in the 

F]F]  band emission is attributed to the decay of the "blocked" solute-solvent complex that does 

nott exhibit intermolecular proton transfer. In deuterated small molecule alcohols, deuteron 

transferr is found for one "cyclic" solute-solvent species only. Its transfer rate appears to be 

temperaturee dependent. The results are suggestive of a thermally averaged deuteron tunneling 

processs in the "cyclic" solute-solvent complex. 



ISub)picosecondISub)picosecond studies of intermolecular proton transfer in DPC and related compounds W 

7.11 Introduction 

Inn recent years the study of excited state intermolecular proton transfer has received 

considerablee interest [1-14]. Excited state proton transfer reactions are usually initiated by 

photoinducedd changes in the electronic distribution of the reactant molecules. In protic 

solvents,, proton transfer may be facilitated by bridging of the solvent molecules to the 

reactingg solute. For example, 7-hydroxyquinoline [15-17] and 7-azaindole [18-25] show 

photo-tautomerizationn only in protic solvents. In the case of 7-azaindole, complexed with 

alcohol,, a single solvent molecule bridges the two molecular sites between which the proton 

iss transferred. For 7-hydroxyquinoline, the distance between the reacting sites is larger, and 

twoo solvent molecules or a polymeric matrix are involved in the proton transfer process [26-

29]. . 

Thee rate of the reaction may vary considerably among the different systems studied. It 

hass been found for the 7-azaindole dimer in the gas phase that the proton transfer rate is in the 

(sub)picosecondd range [30,31], Similar rates have been observed for 7-azaindole dimers 

dissolvedd in aprotic solutions [1,32,33]. For 7-azaindole in alcoholic solution, however, the 

protonn transfer rate is drastically reduced [18-20]. The slowing down of the proton transfer 

hass been related to a rearrangement of the solvent molecules prior to the proton transfer; 

viscosityy appears to be an important rate determining parameter [18-21]. Similarly, for [2,2'-

bipyridyl]-3,3'-dioll  [34] and 3-hydroflavone [35-37] in protic solvents, the rates of the double 

protonn transfer processes were also found to be solvent-viscosity dependent. 

Solvatee structures have been termed "cyclic" and "non-cyclic" or "blocked" [3,21], In the 

"cyclic""  complex of the solute-solvent molecules, the solute molecule is hydrogen bonded in 

aa cyclic configuration to a single solvent molecule (see e.g.. Figure 7.1). Simulations have 

shownn that for cyclic structures very efficient and fast proton transfer reactions may be 

expectedd [21]. Alternatively, the solvate may involve hydrogen bonding between the solute 

moleculess and a chain of solvent molecules in a "non-cyclic" structure or "blocked" 

configurationn [3,21]. The chain may comprise of a wide variety of solvent configurations. In 

thee "blocked" form, proton transfer is hampered and a rearrangement of the solvent molecules 

inn the chain is needed to promote the proton transfer [18,20], 

Recently,, intermolecular proton transfer has been studied for dipyrido [2,3-a:3\2'-/] 

carbazolee (DPC) [38] and its structural related compounds lH-pyrrolo[3,2-h]quinoline (PQ), 

7.8,9,10-tetrahydropyrido-[2,3-a]carbazolee (TPC) and pyrido[2,3,-a]carbazole (PC) [39]. For 

thee schematic structures of these molecules, see Figure 7.1. Two emission bands, with band 

maximaa at 24,500 cm' and 14,800 cm"1, are observed for DPC dissolved in 1-propanol, 



91 1 ChapterChapter 7 

whereass DPC shows only one emission band (peaking at 25,500 cm"1) when dissolved in n-

hexane.. The band at 24.500 cm"1 has been assigned to "normal" DPC (in which no proton has 

beenn translocated) [38J. The band at 14.800 cm is attributed to the tautomer. formed after 

protonn transfer (see top panel of Figure 7.1). At low temperatures DPC also showed 

phosphorescencee with a band maximum near 19.000 cm" [38J. 

"Normal""  "Tautomeric" 

FigureFigure 7.1: Scheme of the 1:1 solute-alcohol complex for DPC, PQ, PC, and TPC, in both the "normal" and 

"tautomeric""tautomeric" forms. 

Inn a comparative study of the emission spectra of PQ. TPC and PC on the one hand and 

modell  molecules for the "tautomeric" form on the other hand, Kyrychenko et at. [39]. 

concludedd that also for these molecules the (low-energy) second band emission originates 

fromm the tautomeric form. It was concluded also that the phosphorescence originates from a 
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"blocked""  complex of the molecule with the solvent molecules. In similar studies by del Valle 

etet al. [40] for PQ and its methylated derivative compound, it was proposed that in protic 

solventss PQ exists in two forms, one of which promotes excited state double proton transfer 

catalyzedd by a solvent hydrogen bridge, whereas the other form mainly gives rise to solvation 

relaxationn in the excited state and subsequent normal fluorescence. 

Inn this paper, we focus on the dynamics involved in the fast excited-state intermolecular 

protonn transfer processes for the molecules DPC, PQ, TPC and PC. in protic solvents. Femto-

andd picosecond fluorescence measurements are reported for the reactants in various protic 

solvents.. Details concerning the dynamics of the intermolecular proton transfer are obtained 

fromm a study of the temporal behavior of the bands characteristic of the "normal" and 

"tautomer""  forms of the solutes. The influence of temperature and deuteration on the 

intermolecularr proton transfer dynamics are also studied. Finally, results of semi-empirical 

calculationss of ground and excited state energies and the electronic charge redistribution 

leadingg to tautomerization are presented and related to the experimental results. 

7.22 Experimental 

Synthesiss of the compounds DPC, PQ, TPC and PC was described elsewhere [41,42]. 

Spectrogradee quality ethanol (Merck), 1-propanol (Fluka) and decanol (Aldrich) were used as 

solventss without further purification. Deuterated ethanol was purchased from Aldrich. 

Steady-statee absorption spectra were recorded by means of a Shimadzu UV-240 

spectrophotometer.. The steady-state fluorescence spectra were measured using the emission 

spectrometerr described previously [43]. The emission spectra were corrected for the 

wavelength-dependentt sensitivity of the monochromator-photomultiplier detection system. 

Twoo pulsed-laser setups were used for the measurement of the fluorescence transients: 

aa regeneratively amplified Ti:sapphire laser system with upconversion detection for the time 

spann 150 fs - 100 ps, and a picosecond laser system with time-correlated single-photon-

countingg (TCSPC) detection for the time range 15 ps - 5 ns. The systems have been described 

inn detail previously [43,44]. In the femtosecond laser system, excitation was accomplished by 

laserr pulses (-100 fs) from an OPA system in the range of 310-350 nm (~ 0.1 uJ/puIse). An 

attenuatedd part of the fundamental beam (800 nm) was led through an optical delay line and 

focusedd together with the pump-pulse induced fluorescence onto a 1 mm thick BBO crystal 

(typee I phase matching condition). The upconversion signal (at the sum frequency of the 

fluorescencee and the fundamental of the fs laser) was focused on the entrance slit of a mono-
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chromatorr and photodetected by means of a photomultiplier. The time resolution of the 

upconversionn experiment as deduced from the FWHM of the cross-correlation signal of the 

gatingg and OPA laser beams is approximately 150 fs. To avoid detection of kinetics due to 

reorientationall  motions, the gating beam was polarized at a magic angle with respect to the 

excitationn beam. 

Inn the picosecond fluorescence setup, photoexcitation was fixed at 322 nm by means 

off  picosecond pulses of about 7 ps (FWHM autocorrelation trace) and 25 nJ at 3.7 MHz. The 

fluorescencee emitted from the sample in a direction perpendicular to the excitation beam was 

focusedd onto the entrance slit of a monochromator outfitted with a multi-channel plate 

photodetector.. A linear polarizer was inserted in the detection pathway to detect at magic 

anglee conditions. The instrumental response time was about 17 ps (FWHM). 

Thee temperature dependence of the fluorescence transients in the range from 170 K to 

3000 K was studied using the picosecond fluorescence setup. The quartz cuvette containing the 

solutionn was mounted inside a home-built nitrogen flow cryostat outfitted with regulated 

temperaturee control. The temperature was measured with a thermocoupler attached to the 

cuvettee holder. 

Alll  calculations were performed with the SPARTAN 5.0 software packet. The initial 

geometryy of the molecule was optimized for minimum energy by molecular mechanics 

calculationss using the Merck force field. The result of this optimization was employed as 

inputt data for RHF/PM3 semi-empirical calculations [45] for further optimization of the 

molecularr structure. Optimization was ended once default criteria for convergence were 

reached.. For the optimized molecular structure, excited state energies and charge distributions 

weree obtained after configuration interaction (CI). In the latter, the basis set configurations 

comprisedd of excitations from the 7 highest occupied SCF MOs to the 7 lowest unoccupied 

MOs. . 

absorptionn (cm'1) emission (cm1) 

F\F\ band Fi band 

DPCC 28,800 25.060 15,100 

PQQ 30,100 25,500 17,200 

TPCC 28,550 23.500 16,050 

PCC 29,400 23,400 14,440 

TableTable 7.1: Position of band maxima in absorption and emission spectra for the indicated compounds dissolved 

inin ethanol 



(Sub)pjcosecond(Sub)pjcosecond studies of intermolecitlar prolan transfer in DPC and related compounds 94 4 

7.33 Results 

7.3.17.3.1 DPC 

Thee steady-state absorption spectrum of DPC in protic solvents has been reported by 

Herbichh et id. [38]. The lowest absorption band, for the molecule dissolved in ethanol, has its 

maximumm at 28.800 cm'1. The absorption bands are shifted slightly to the red as the polarity 

off  the solvent increases. The emission spectrum of DPC varies depending on the solvent. In 

aproticc solvents, the emission spectrum consists of a single emission band having a maximum 

nearr 25,500 cm" . This emission band is labeled F\. In protic solvents, two emission bands 

aree observed, the F\ band (in ethanol its maximum is at 25.060 cm'1) and the F2 band, 

positionedd to the red with respect to the F\ band (in ethanol its maximum is at 15.100 cm"1). 

Thee absorption and emission band positions for the solute dissolved in ethanol are 

summarizedd in Table 7.1. Figure 7.2 shows the steady-state emission spectrum for DPC 

dissolvedd in ethanol. 

FigureFigure 7.2: Steady-state fluorescence spectra of DPC (solid line). PQ ( dashed line), TPC (dotted line). PC 

(dashed-dotted(dashed-dotted line), dissolved in ethanol. 
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Previously,, the emission results have been explained on the basis of a solvent-mediated 

intermolecularr proton transfer for DPC in the excited state [38]. The F, band emission has 

beenn assigned as the radiative decay of the initially excited state, while the F2 band has been 

attributedd to the tautomeric form after the excited-state double proton transfer (see scheme in 

Figuree 7.1). The proposed scheme is corroborated by the results of semi-empirical 

calculationss [38]. 

- II  . . M i i 

00 10 20 30 0 10 20 30 

Timee (ps) Time (ps) 

FigureFigure 7.3: Fluorescence transients of DPC (in 1-propanol) detected at the wavelengths indicated, (a) transients 

forfor Fi emission band; (b) transients for F2 emission band. Solid lines are best fits to a tri-exponential decay 

functionfunction convoluted with system response function. 

Wee have measured the time dependence of the F\ and the F-i band emissions. Typical 

transientss in the femtosecond fluorescence upconversion measurements, detected at the 

wavelengthss of the F\ and the F2 band emissions of DPC in 1-propanol, are presented in 

Figuree 7.3. The time behavior of the two emission bands is quite different. When detection is 

withinn the F\ band (Figure 7.3a). the fluorescence transient consists of an instantaneous rise 

followedd by a decay on the picosecond time scale. After deconvolution with the system 
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responsee function, the decay detected at 443 nm could be best fitted to a tri-exponential decay 

function, , 

/(F1,r)=A1(F1)*exp(-;/T1(F1))+A2(F1)*exp(-//r2(Fl))+A3(f;)*exp(-//r,(F1)) ) 

(7.1) ) 

inn which t](F\)  = 0.8  0.5 ps, z2(F\) = 6.0 ps  1.0 ps and r?(F|) = 170  10 ps. It appeared 

thatt fitting to a bi-exponential function gave a less good fitting (especially the initial 

fluorescencee intensity could not be fully simulated) whereas fitting with a multiexponential 

functionn containing more than three components did not yield better fittings. Thus we limit 

ourselvess to fitting to a triexponential function. 

DPC C 

dissolvedd in 

methanol l 

ethanol l 

11 -propanol 

decanol l 

methanol-c/ / 

ethanol-̂  ^ 

Tl(F0 0 

(ps) ) 

0.77 (.21) 

0.77 (.23) 

0.88 (.28) 

0.99 (.40) 

9.0* * 

8.5* * 

F]F]  band 

TT22(F:) (F:) 

(ps) ) 

7.00 (.56) 

7.00 (.40) 

6.00 (.36) 

7.00 (.34) 

(.65) ) 

(.60) ) 

T3(F,) ) 

(ps) ) 

755 (.22) 

777 (.17) 

1700 (.36) 

7000 (.26) 

20.00 (.35) 

455 (.40) 

Ti(F2) ) 

(ps) ) 

0.77 (-.38) 

0.77 (-.4) 

0.88 (-.5) 

(0.99 (-.41) 

9.0* * 

9.5* * 

F?? band 

HFi) HFi) 

(ps) ) 

7.00 (-.62) 

7.00 (-.6) 

6.00 (-.5) 

7.00 (-.59) 

(-1.0) ) 

(-1.0) ) 

r3(F2) ) 

(ps) ) 

150(1.0) ) 

178(1.0) ) 

206(1.0) ) 

330(1.0) ) 

207(1.0) ) 

306(1.0) ) 

correspondss to lb 

TableTable 7.2: Time constants for the Fj and F2 emission bands of DPC in various alcohols 

Tablee 7.2 summarizes the characteristic times thus obtained for the F] band emission 

off  DPC dissolved in various alcohols. For detection wavelengths lower than 440 nm, the 

relativee weights of the three components are also indicated. Transients detected within the Fi 

emissionn band (Figure 7.36) exhibit initially a rise component followed by a decay. After 

deconvolutionn with the system response function, the transient fitted a tri-exponential function 

off  the form. 
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/(F:,r)-A1(F2)*exp(-r/T1(F:))+/l :(F:)
:}: exp(-//r2(F2))+A3(f :,)*exp(-//r3(F2)) ) 

(7.2) ) 

wheree T,(F2) = 0.8  0.5 ps, T2(F2) = 6.0 ps  1.0 ps and r3(F2) = 206  10 ps (<ƒ. Table 7.2). 

Experimentally,, the longer decay time. IT, was reproduced in the fluorescence transient 

measurementss by means of the TCSPC setup, using a time window of 5 ns. 

Itt is noted that the 0.8 ps and 6.0 ps decay components in the F\ band match the two rise 

timess of the F2 band. Following the assignment of Herbich et al. [38] that the F] emission is 

duee to the initially excited "normal" form and the F2 emission to the "tautomeric"' form, we 

wil ll  argue in Sec. 7.4 that for DPC in 1-propanol the kinetics of the proton transfer in its 

excitedd state is given by the time constants X\ and r2 and thus can be resolved in time. Here 

wee note simply that the proton transfer time constants, Tj and r2 (cf Table 7.2) are within the 

upperr limit of about 10 ps estimated for the first proton transfer step in 7-hydroxyquinoline 

[15],, but they are much faster than the proton transfer time of 226 ps for 7-azaindole in 1-

propanoll  [18]. 

Forr DPC dissolved in methanol, ethanol, and decanol quite similar fluorescence 

transientss were measured. From the best fittings to Equations (7.1) and (7.2) the values for the 

characteristicc decay and rise times as listed in Table 7.2 were obtained. The times X\ and r2 

(characteristicc of proton transfer, see Sec. 7.4). at room temperature, are again found to be 

nearr 0.8 ps and 7.0 ps, irrespective of the nature of the solvent. 

Usingg deuterated alcoholic solvents, the fluorescence transients slowed down. Typical 

transientss measured for DPC dissolved in protonated and deuterated methanol, at room 

temperature,, are given in Figure 7.4 (upper panels of (a) and (b)). The results for the best-fit 

valuess of the time constants for DPC in deuterated methanol are included in Table 7.2. 

Remarkk that now only a bi-exponential (instead of a tri-exponential) decay (with 

characteristicc times rD and Xj) is observed for the transients detected at the F] emission 

wavelengths. . 

Att lower temperatures, X] and x2 for DPC in protonated liquid 1-propanol is not 

noticeablyy affected (within the limited time resolution of the picosecond TCSPC 

experiments).. The long time components, T>(FI) and ^(Fi), are found to increase as the 

temperaturee is lowered. E.g., at a temperature of 210 K, we find x$(Fi) - 0 ps and 

ï?(F2)) = 0 ps. In deuterated methanol, however, the influence of temperature on TD is 

appreciable.. When the temperature is lowered, Xo is found to increase. An Arrhenius plot of 

In(l/ro)) against 1/Ffor DPC, in deuterated methanol, is included in Figure 7.5. Also, the 
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longerr decay components slow down. E.g.. at 190 K. the decay time becomes. Ti(Fi) = 710 

00 ps. 

00 5 10 15 20 25 30 0 5 10 15 20 25 30 
Time(ps)) Time (ps) 

FigureFigure 7.4: Fluorescence transients for DPC, TPC. and PQ dissolved in protonaled ethanol {filled diamonds) 

andand deuterated ethanol (open circles), la) detection is at F, emission band lb) detection is at F: emission band. 

SolidSolid lines are best fits to a multi-exponential decay function convoluted with system response function I see text). 

7.3.27.3.2 TPC 

Thee lowest absorption band for TPC dissolved in ethanol has a maximum near 28.550 

cm"1.. The steady-state emission spectra of TPC are similar to those of PQ and DPC. In aprotic 

solvents,, only a single emission band, labeled F\, exists. In acetonitrile. the emission band 

maximumm is near 23.000 cm' [39]. In protic solvents, two emission bands are observed. In 

ethanol,, the F\ band has its maximum near 23,500 cm"1, and the F2 band emission peaks at 

16.0500 cm"1. Figure 7.2 displays the steady state emission spectrum for TPC dissolved in 

ethanol.. Previously, the F\ band has been attributed to emission from the initially excited 

state,, while the F2 band was assigned to the tautomer formed after the double proton transfer 

(seee scheme in Figure 7.1) [39J. 
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-2 -2 

-3 3 

<r r 
TT -4 

-5 5 

0.0044 0.005 

1/77 (K1) 
FigureFigure 7.5: Plot of ln( I/Tp), with v» in ps. against l/T (with T in K) of DPC and TPC in deuterated methanol 

andand IPC in deuterated ethanol. 

Thee time dependence of both bands was measured. The fluorescence transients of TPC in 

1-propanoll  are similar to those described in the previous sections. The results for the time 

constantss of TPC in various alcohol solvents as obtained from the fittings (performed as 

before)) are collected in Table 7.3. The typical times for t\ and r^are 0.8 ps and 10.0 ps. 

respectively.. The eventual decay of the F\ and Fi emissions occurs with values for T?,{F\) of 

aboutt 30-130 ps and for ^(Fi) of about 140-300 ps. depending on the solvent. Typical 

fluorescencee upconversion transients for TPC in ethanol. 1-propanol and decanol are 

displayedd in Figure 7.6. Table 7.3 includes the relative weights of the various rise and decay 

components. . 

Inn deuterated methanol and ethanol, at room temperature, the F\ band decay of TPC is bi-

exponentiall  with a to-value of about 20-30 ps. the Fi band shows a rise with the same time 

constantt followed by a decay with a time constant, . of about 200-240 ps. Figure 7.4 

showss a few illustrative transients for TPC dissolved in protonated and deuterated ethanol, at 

roomm temperature. When lowering the temperature, only for the deuterated solutions a change 
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inn the deuteron transfer rate could be resolved with the TCSPC picosecond setup. In Figure 

7.55 Arrhenius plots for the time constant, ln( 1/TD) versus 1/7", for TPC in deuterated methanol 

andd ethanol solutions are presented. Also, an increase in the longer decay time. Ty,(F2). is 

foundd as the temperature is decreased. At 190 K, for TPC in protonated ethanol we have. 

T3(F|)) = 150  20 ps, ri(F2) = 250  20 ps. At the same temperature, for TPC dissolved in 

deuteratedd ethanol we find, Ti{F\) = 500  20 ps. 

TPC C 

dissolvedd in 

methanol l 

ethanol l 

1-propanol l 

decanol l 

methanol-̂ ^ 

ethanol-/̂ / 

F\F\ band 

T,(F|) ) 

(ps) ) 

0.99 (.19) 

0.88 (.35) 

0.77 (.48) 

0.77 (.46) 

19.0" " 

34.0* * 

T2(F,) ) 

(ps) ) 

11.00 (.45) 

11.00 (.37) 

10.00 (.30) 

8.55 (.32) 

(.50) ) 

(1.0) ) 

T3(f , ) ) 

(ps) ) 

300 (.36) 

500 (.28) 

588 (.20) 

1333 (.21) 

355 (.50) 

--

FF22 band 

Ti(F3) ) 

(ps) ) 

0.99 (-.30) 

0.88 (-.44) 

0.77 (-.46) 

0.77 (-.42) 

18.5* * 

34.0* * 

HFHF22) ) 

(ps) ) 

11.00 (-.7) 

11.00 (-.6) 

10.00 (-.5) 

8.55 (-.58) 

(-1.0) ) 

(-1.0) ) 

HFHF22) ) 

(ps) ) 

138(1.0) ) 

157(1.0) ) 

187(1.0) ) 

300(1.0) ) 

205(1.0) ) 

2400 (1.0) 

correspondss lo r̂  

TableTable 7.3: Time constants for the F; and F2 emission bands of TPC in various alcohols 

Thee influence of the excitation wavelength on the fluorescence time dependence was also 

investigated.. At excitation wavelengths ranging from 310 nm to 350 nm, the fluorescence 

kineticss remained unchanged. This is in contrast to the situation reported for 7-azaindole 

dimerss in the gas phase for which the proton transfer time was found to vary with the 

excitationn wavelength [30]. 

7.3.37.3.3 PQ 

Thee steady-state absorption and emission spectra of PQ in protic solvents have been 

discussedd by Kyrychenko et al. [39J and by del Valle et a/.[40] The lowest absorption band of 

PQ,, dissolved in ethanol, has its maximum at 30,100 cm'1. Like in the case of DPC, in aprotic 

solvents,, the emission spectrum of PQ consists of a single emission band labeled F\. In 
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acetonitrile.. for example, the emission maximum is centred at 25.850 cm"1. In protic solvents, 

twoo emission bands are observed, the F\ band (in ethanol the band maximum is at 25.500 cm" 

')) and the F2 band, at lower energy (in ethanol the band maximum is at 17.200 cm"1). The 

dataa are summarized in Table 7.1. Figure 7.2 shows the steady-state emission spectrum for 

PQQ dissolved in ethanol. 

solvent:: ethanol 

* ^ ^ * « « 

ilveni:: propanol 

100 20 
Timee (ps) 

300 0 

FigureFigure 7.6: Fluorescence transients of TPC in different alcoholic solvents (a) detection is at 460 nm (b) 

detectiondetection is at 620 nm. Solid lines show best fit to multi-exponential functions specified in text convoluted with 

thethe system response function. 

Ass for DPC, the emission bands have been related to solvent-mediated intermolecular 

protonn transfer in the excited state of PQ [39.40]. The F\ band emission has been assigned as 

thee radiative decay of the initially excited state, while the Fi band has been attributed to the 

tautomericc form obtained after the excited-state double proton transfer (see scheme in Figure 

7.1). . 

Ass for DPC. we have measured the time dependence of the F\ and the Fi band emissions 

forr PQ. Transients obtained in the femtosecond fluorescence upconversion measurements for 

PQ.. dissolved in 1-propanol. detected at wavelengths within the F\ and the F2 bands, are very 

similarr to those of DPC presented in Figure 7.3. When detecting within the F\ band, the 
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fluorescencee transient of PQ consists of an instantaneous rise followed by a decay on the 

picosecondd time scale. Fitting the transients to a tri-exponential decay function, in a fashion 

similarr to that mentioned in section 3.1. the time constants presented in Table 7.4 are 

obtained.. For detection wavelengths below 430 nm, the relative weights of the three 

componentss are included in the table. Transients detected within the F2 emission band exhibit 

initiallyy a bi-exponential rise, with time constants equal to the decay constants of the F\ band, 

followedd by a decay of several hundred ps. The longer decay times, z^{F\) and r3(F2), were 

determinedd by measurement of the fluorescence transients with the fluorescence TCSPC 

setup,, using a time window of 5 ns. 

PQ Q 

Dissolvedd in 

Methanol l 

Ethanol l 

11 -propanol 

Decanol l 

Melhanol-rf f 

Ethanol-t/ / 

TlC^l) ) 

(ps) ) 

0.66 (.14) 

0.77 (.19) 

0.77 (.16) 

0.99 (.37) 

19.0* * 

32.0* * 

Fii  band 

T2(F,) ) 

(ps) ) 

6.00 (.46) 

9.00 (.56) 

7.00 (.37) 

9.00 (.23) 

(.50) ) 

(-45) ) 

T3(F,) ) 

(ps) ) 

411 (.39) 

766 (.24) 

877 (.47) 

3000 (.40) 

322 (.50) 

500 (.55) 

T,(F2) ) 

(ps) ) 

0.66 (-.36) 

0.77 (-.62) 

0.77 (-.46) 

0.99 (-.66) 

23.0* * 

32.0* * 

F22 band 

T2(F2) ) 

(ps) ) 

6.00 (-.64) 

9.00 (-.38) 

7.00 (-.5) 

9.00 (-.34) 

(-1.0) ) 

(-0.8) ) 

HFi) HFi) 

(ps) ) 

170(1.0) ) 

230(1.0) ) 

270(1.0) ) 

413(1.0) ) 

245(1.0) ) 

327(1.0) ) 

'correspondss to rn 

TableTable 7.4: Time constants for the F, and F? emission bands of PQ in various alcohols 

Inn deuterated ethanol, at room temperature, as for DPC and TPC. the F[ band decay of 

PQQ is bi-exponential with a value for the rD time of approximately 20-30 ps; the F2 band 

showss a rise of 20-30 ps followed by a decay of approximately 250-300 ps. Figure 7.4 shows 

aa few illustrative transients for PQ dissolved in protonated and deuterated ethanol, at room 

temperature.. When lowering the temperature, the same behavior as for DPC and TPC was 

observed.. Only for the deuterated solutions a change in the proton transfer rate could be 

resolvedd with the TCSPC picosecond setup. An increase in the longer decay times, T3(FI) and 

T3(F2),, is found as the temperature is decreased. At 190 K. for PQ in protonated ethanol we 
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have,, T$(F\) = 290  20 ps, Ti(F2) = 0 ps. At the same temperature, for PQ dissolved in 

deuteratedd ethanol we find, Ty(F\) = 1150  20 ps. 

7.3.47.3.4 PC 

Thee lowest absorption band of this molecule has a maximum near 29,400 cm'. The 

emissionn spectrum consists mainly of one band with a maximum at 23,400 cm ' for the 

moleculee dissolved in ethanol. A second much weaker emission band, with a maximum near 

14,4400 cm"1 has been reported by Kyrychenko et al. [39], This band is just barely noticeable 

inn the steady-state emission spectrum of PC presented in Figure 7.2. 

Thee time dependence of the F\ emission band was measured for PC dissolved in 

methanol,, ethanol, 1-propanol and decanol. The fluorescence transients fitted a single 

exponentiall  decay function with characteristic decay times as listed in Table 7.5. Due to its 

loww intensity the temporal behavior of the Fi band emission could not be measured. 

PCC TP 

dissolvedd in (ps) 

methanoll  15 

ethanoll  30 

propanoll  50 

TableTable 7.5: Time constant for the Ft -hand emission of PQ in various alcohols 

7.44 Discussion 

Itt is recalled that the F, and Fi band emissions, observed for DPC, PQ and TPC in 

alcoholicc solution, originate from the photoexcited molecules before and after the solvent-

mediatedd double proton transfer [39]. In Sec. 7.3 it was shown for all of the investigated 

moleculess that the time constants, t\ and r2, that are typical of the initial Frband decay turn 

outt to be equal to the time constants that characterize the bi-exponential rise of the Fj band 

emission.. Evidently, the times T\ and Ti are somehow related to the proton transfer process. 

Thee question then arises whether the finding of two times di and ts) automatically implies a 

two-stepp intermolecular double proton transfer process. The answer is negative. This can be 

deducedd from the bi-exponential fast decay in the F\ band emission (with time constants, T] 
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andd Ti). Neither in a simple one-step nor in a two-step mechanism a bi-exponential decay 

behaviorr for the F\ band emission is expected: both mechanisms would give rise to a single 

decayy step for the initially excited species and thus lead to a single exponential decay of the 

thee F]  band emission. Since this is not what is found experimentally we infer that the double 

exponentiall  F]  band decay (and the concomitant F2 band rise), must reflect the concurrent 

presencee of two distinct solute-solvent species, that may differ slightly in structure, but that 

eachh give rise to a single double proton transfer time (Ti and ii , respectively). It is noted in 

passingg that for DPC. PQ and TPC the tautomerization process differs from that discussed 

veryy recently for 7-azaindole (7-AI) in nonpolar solvents [1]. For the latter molecule it was 

foundd that, at room temperature, sequential as well as concerted double proton transfer occur. 

However,, in the case of 7-AI a pronounced probe- and detection wavelength dependence for 

thee kinetics was found in the transient absorption- and fs fluorescence transient 

measurements,, respectively. In the fluorescence transient measurements for the probe 

moleculess investigated in this paper, a wavelength dependence for T\ and T2., representative of 

excited-statee nuclear dynamics, could not be resolved. 

Forr the fluorescent molecules studied, excited-state proton transfer is accomplished 

throughh hydrogen bonding to nearby solvent molecules [38,39]. In case the probe molecule is 

hydrogenn bonded to a single solvent molecule at two sites (see scheme in Figure 7.1), the 

solute-solventt complex is "cyclic". Generally, in the cyclic configuration the proton transfer 

processs is optimized. Another possibility would be that the solute is hydrogen bonded to a 

chainn of solvent molecules in a "non-cyclic" structure i.e., a "blocked" configuration [3,21]. 

Thee chain may then involve a wide variety of solvent configurations. In some instances a 

conversionn between "blocked" and "cyclic" forms is a determining factor in the proton 

transferr rate [ 18,20]. By means of molecular dynamics simulations Mente and Maroncelli [21 ] 

calculatedd that in ethanol the fraction of complexes in a "cyclic" position is much higher for 

DPCC in comparison with 7-azaindole. Similar conclusions were reached by Kyrychenko et al. 

[39]]  for PQ. As is evident from Tables 2 to 5, the proton transfer times, T\ and T;. are only 

veryy slightly dependent on the alcoholic solvent or its viscosity. Thus, in line with the 

behaviorr predicted from the calculations [21,39], we propose for DPC and its related 

compoundss that only configurations which, prior to excitation, are already in the "cyclic" 

configuration,, are involved in the proton transfer process. Note that in each of the two 

structurallyy slightly different species there is a single proton transfer time (given by ri or T?). 

ass manifested by the synchronous F\ decay and Fj rise. Thus in each of the species there is 
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justt one excited state proton transfer. Most likely, therefore, the two protons that are 

transferredd in the excited state of the two structurally slightly different species, are 

translocatedd concurrently, and no intermediate state is involved. This is in contrast with 7-

hydroxyquinolinee in which the creation of an intermediate state is reported [ 15]. 

Thee decay component of the F\ band fluorescence, with the characteristic time, z>(F|), 

iss attributed to the decay of "blocked"' complexes. The magnitude of r?(F|) is probe 

molecule,, solvent and temperature dependent. The short lifetime of the excited state of the 

"blocked""  conformation is representative of an efficient nonradiative decay out of the 

fluorescentfluorescent state and thus proton transfer in this configuration remains unobserved. It is 

remarkablee that this short decay is observed only in protic solvents and only in compounds 

whichh possess both proton donor and acceptor group. Assuming similar oscillator strengths 

andd spectral positions for the absorption and fluorescence from the "blocked" and "cyclic" 

configurations,, the relative concentration of the "blocked" configurations is estimated as. 

(A3(F!)
:,:r3(F|)/(A1(F1)*T,(F1)+A2(F,)*T2(F1)+A3(F1)*r3(F|))) (Ref. 46). With the values for the 

weightt factors given in Sec 7.3, we thus obtain values of 0.72, 0.83 and 0.65 for the relative 

concentrationn of the "blocked" configurations of DPC, PQ and TPC in methanol, respectively. 

Thesee values are of the same order of magnitude as those given elsewhere [39]. We note in 

passingg that the cyclic and blocked forms do not interconvert during the excited state lifetime. 

Iff  this would occur we would have had only one decay time for both species instead of the 

measuredd X\ or Tt time constants on the one hand, and z>(F|) time constant on the other hand. 

Ass illustrated in Figure 7.5, the excited state proton transfer times when using 

deuteratedd methanol and ethanol, show a temperature dependence. Several possibilities for the 

interpretationn of this temperature dependence may be considered. For instance, one might 

considerr that the orientation of the solvent molecule with respect to the solute in the "cyclic" 

complexx undergoes some adjustment in order to facilitate the proton/deuteron transfer. In this 

instance,, one can imagine that the viscosity of the solvent would be of influence to the 

reorientationn dynamics. However, although the viscosities of deuterated and undeuterated 

ethanoll  are slightly different [47] {their ratio. r/r = rfo/r}^ at room temperature, is always 

smallerr than 1.13 (Ref. 47)), this ratio is too small to account for the slowing down of the 

deuteronn transfer process by more than a factor 4 in going from the protonated to the 

deuteratedd solution. Alternatively, tunneling might be considered for the discussion of the 

decreasee in the proton transfer rate in deuterated ethanol. Specifically, deuteration of the 

solventt would affect the deuteron transfer rate in the "cyclic" complex. The thermally 
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averagedd deuteron tunneling rate would become smaller as the temperature is lowered [48,49] 

Thiss qualitatively would explain why the values of the In (l/rD) data points in Figure 7.5 show 

aa decrease with an increasing value of \IT. 

Thee data points in Figure 7.5 show Arrhenius behavior for T> 220 K, but at lower 

temperaturess there is a deviation from this behavior. This is not uncommon for tunneling 

systemss [48,49]. We therefore consider that the data points can be fitted to a function of the 

formm [48], 

ln(A)=(-£a/tBr)+ln(A*Ö,(r)) .. (7.3) 

wheree Qy is the tunneling correction function. For a parabolic barrier, Qv is given as, 

£(r)=(}<*HysmO^*»).. (7.4) 

wheree u= hVj-l k^T, and  is the imaginary frequency of the barrier [48], 

Thee best fits of the experimental results for DPC and TPC to Equation (7.3) appear as the 

drawnn curves in Figure 7.5. It yields for DPC in methanol an activation energy of £a = 9.7 

kcal/moll  and an imaginary frequency of v*  = 6.9 * 101? s'1; for TPC in methanol an activation 

energyy of Ed = 7.7 kcal/mol and an imaginary frequency of v*  = 5.8 * 1014 s ' is obtained. 

Likewise,, also for nondeuterated alcohols, a slowing down of the proton transfer time at lower 

temperaturess is expected. However, as mentioned in Sec. 7.3, a temperature dependence for 

Ti.:: could not be resolved for the undeuterated solutions. If T|,2 is increased by a factor of 

threee to four when T = 190 K (similar to the deuteron case, although the increase factor is 

usuallyy much less [48]), at 190 K, a maximum value for the proton transfer time of about 15 

pss (for DPC in protic ethanol) is expected. With the TCSPC setup (used in the fluorescence 

transientt experiments at the lower temperatures) this time constant is just at the edge of the 

experimentall  time resolution and thus it may well be that the temperature effect in the 

undeuteratedd ethanol solution could not be resolved. Another feature supportive of the idea 

thatt the proton transfer rate is determined by tunneling is the finding that Ti,2 in the protonated 

solventss is solvent independent. 

Wee have also performed some simulations of the structure of a 1:1 "cyclic" complex 

off  the solute-solvent system in the ground state, using the geometry optimization method of 

RHF/PM33 [45]. As mentioned above, the experimental data show that the proton transfer rate 

forr the 1:1 "cyclic" solvate does not change with the choice of the protic solvent. Thus, for the 

sakee of simplicity, in the calculations the model solvent molecule in the complex was chosen 

ass methanol. It was verified that when the methanol molecule is replaced by 1-propanol the 

simulationn results were not affected. For the cyclic 1:1 solvates of DPC, PQ, and PC, the 
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calculationss predicted planar molecular structures, as expected for conjugated systems. 

Geometryy optimization calculations were performed for both the "normal" and "tautomeric" 

formss (see Figure 7.1) of DPC, PQ, TPC and PC, respectively. The calculated distance 

betweenn the oxygen atom of the solvent molecule and the nitrogen atoms (N| and N2) of the 

solutee molecule for both the "normal" and "'tautomeric" species are presented in Table 7.6. 

Whenn comparing the structures of the considered complexes in the "normal" and "tautomeric" 

formss it is noted that the distance between the Nj atom and the solvent oxygen atom decreases 

byy about 0.08 A and the distance between the N2 atom and the solvent oxygen atom increases 

byy about 0.02 A . From this it is inferred that the proton transfer may be accompanied by a 

slightt reorientation of the solvent molecule, thereby making the proton transfer in fact a 

multidimensionall  process. 

DPC C 

PQ Q 

TPC C 

PC C 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Norma! ! 

Tautomer r 

Distancess (A) 

r(N,-0) ) 

2.76 6 

2.67 7 

2.76 6 

2.68 8 

2.76 6 

2,68 8 

2.77 7 

2.67 7 

r(N2-0) ) 

2.75 5 

2.77 7 

2.75 5 

2.78 8 

2.75 5 

2.78 8 

2.76 6 

2.78 8 

HOMO O 

-8.14 4 

-7.57 7 

-8.47 7 

-7.85 5 

-8.25 5 

-7.59 9 

-8.09 9 

-7.48 8 

Energies s 

LUMO O 

-0.80 0 

-1.71 1 

-0.59 9 

-1.49 9 

-0.55 5 

-1.44 4 

-0.80 0 

-1.62 2 

(kcal/mol) ) 

CI I 

(ground d 

state) ) 

20.7 7 

46.5 5 

-19.6 6 

7.2 2 

-33.5 5 

-9.0 0 

-4.2 2 

19.6 6 

CI I 

(excited d 

state) ) 

82.6 6 

80.9 9 

37.0 0 

38.7 7 

24.9 9 

21.6 6 

55.1 1 

44.6 6 

TableTable 7,6: Atomic distances and molecular energies as calculated by the semi-empirical methods mentioned in 

thethe text 

Thee driving force for the proton transfer process becomes apparent from the results of 

energyy calculations. Restricted Hartree-Fock energy calculations were performed for DPC. 

PQ,, TPC and PC, each in the "normal" and ""tautomeric" forms. The energies of the 

correspondingg HOMOs and LUMOs are presented in Table 7.6. For each of the molecules 

considered,, the energy of the HOMO of the "normal" form is lower than its analogue of the 

"tautomeric""  form. The opposite is found for the energies of the LUMO, for which the 



(Sub)picosecond(Sub)picosecond studies of intermolecitlar proton transfer in DPC and related compounds 108 

energiess in the "normal" form are higher than those in the "tautomeric" form. The calculations 

indicatee that in the ground state the "normal7' form is lower in energy and thus in alcoholic 

solutionn this form is dominant. In the excited state, the "tautomeric" form is stabilized with 

respectt to the "normal" form, thus leading to tautomerization. Results of CI calculations 

confirmm this picture. The CI energies of the ground and lowest excited states are included in 

Tablee 7.6. For each molecule, the ground state configuration energy in the "normal" form is 

considerablyy lower than when the molecule is in its "tautomeric" form. With the exception of 

PQ,, the energy of the "tautomer" in its first excited state is lower than for the "normal" 

speciess in the first excited state. It is remarked that as the basis set of excited configurations in 

thee CI calculation is increased, the excited state energy of the "tautomeric" form is lowered 

evenn more. Thus, also the CI calculations show that in the ground state the "normal" form is 

lowerr in energy and thus in alcoholic solution this form is dominant. In the excited state, the 

"tautomeric""  form is stabilized with respect to the "normal" form, thus leading to 

tautomerization.. Previous calculations reported elsewhere yielded similar conclusions [38,39], 

Itt should be added, however, that the quantitative agreement between the CI results and the 

experimentall  optical transition energies is rather poor, although the calculations predict 

similarr absorption energies for the DPC, PQ and PC molecules. The calculations thus are 

valuablee for qualitative purposes only. 

Finally,, Table 7.7 includes the Mulliken charge distribution after CI at the nitrogen 

atomm sites, N] and NJ. It is noted from the table that in the "normal" form the charge at atomic 

sitee N) increases appreciably after excitation. At the same time, the charge at atomic site N? 

becomess more negative. A similar enhanced acidity/basicity after excitation has been treated 

alsoo elsewhere [26.50]. The charge redistribution in the molecule after excitation underlies the 

protonn transfer process. Our calculations (Table 7.7) illustrate that photoexcitation results in 

ann appreciable value of Ö (i.e., the charge difference, in the excited state, of atoms N| and Ni). 

Thee calculated values for 5 are indicative that impulsive photoexcitation induces appreciable 

changess in the electronic charge distribution and that the chromophores exhibit excited-state 

protonn transfer rather than H-atom transfer. If, on the other hand, for the studied 

chromophoress excited-state H-atom transfer would be more appropriate rather than proton 

transfer,, electronic charge redistribution would adiabatically adjust to the movements of the 

protons.. One might intuitively expect a correlation between the proton transfer rate and the 

amountt of electronic charge redistribution. Indeed, the calculated smaller extent of the 

electronicc redistribution as manifested by 8 for TPC is in line with the experimentally 
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determinedd lower rate of excited state tautomerization in this molecule in comparison to DPC 

andd PQ. It should be added, though, that other factors such as molecular size or the presence 

off  nearby excited states should also be taken into account while considering such a rate-

structuree relationship. 

Chargee N| Charge N2 S 

Groundd Excited Ground Excited Excited 

state e state e state e state e state e 

DPC C 

PQ Q 

TPC C 

PC C 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

Normal l 

Tautomer r 

0.348 8 

-0.164 4 

0.337 7 

-0.175 5 

0.350 0 

-0.162 2 

0.266 6 

-0.225 5 

0.512 2 

-0.003 3 

0.474 4 

-0.098 8 

0.415 5 

-0.130 0 

0.465 5 

-0.024 4 

-0.086 6 

0.486 6 

-0.097 7 

0.405 5 

-0.098 8 

0.394 4 

-0.085 5 

0.539 9 

-0.191 1 

0.251 1 

-0.239 9 

0.229 9 

-0.202 2 

0.232 2 

-0.215 5 

0.287 7 

0.703 3 

--
0.713 3 

0.617 7 

--
0.680 0 

--

TableTable 7.7: Calculated charges at positions N/ and JV; 

Forr similar activation energies for the proton tunneling in cyclic complexes of TPC, 

DPCC and PQ, the excited state proton transfer in TPC is predicted to be slower than in the 

casee of DPC or PQ. This prediction is borne out by the experimental results. 

7.55 Conclusion 

Inn previous studies of the molecules under investigation it had been proposed, on the 

basiss of their spectroscopic behavior in aprotic and protic solvents, that the F\ and F? band 

emissionss originate from different species: the Fx band is characteristic of the normal form of 

thee solute-solvent complex and the F? band is due to the tautomer form of the "cyclic" solute-

solventt complex. The time-resolved experiments presented in this paper provide independent 

additionall  evidence for the model. Whereas the F\ band emission shows a picosecond bi-

exponentiall  decay (time constants: T\(F\) and T?(FI)), the FT band emission shows a fast bi-

exponentiall  rise, with the same time constants. It has been argued that there are two distinct 

solute-solventt "cyclic" species in which the two protons at sites Ni and NT are transferred 

simultaneously.. (A dark intermediate of extremely short lifetime, much less than 500 fs, is 
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unlikely).. For the two species the proton transfer times (Ti and T2, respectively) could be 

determinedd (Tables 2-5). The time-resolved experiments also provide evidence for the 

existencee of a longer-lived "non-cyclic" species (with a lifetime of TXFJ)), not involved in a 

fastt excited-state proton transfer process. This species is associated with the "blocked" solute-

solventt form. Finally, the proton transfer rate (1/Tb.) for the probe molecules in deuterated 

solventss was found to be slightly temperature dependent. It was discussed that the temperature 

effectt is indicative of a thermally averaged proton tunneling process in the "cyclic*' complex. 

Thee results of semi-empirical calculations are suggestive of a slight modification of the 

structuree of the "cyclic" complex as the double proton transfer takes place. 
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