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For a few carbazole-related compounds in alcoholic solution, photoinduced-sstltent proton-transfer
dynamics are studied by means of femto- and picosecond fluorescence transient measurements. The investigated
compounds show two emission bands, Bheband (band maximum between 25 500 and 23 000 that

had previously been attributed to the normal schgelvent complex and thie, band (band maximum between

17 200 and 14 400 cm) that had previously been ascribed to the sohs®lvent complex in its tautomeric

form. Our data show that thié; band fluorescence decay contains two fast decay components (the first of
these has a time constant between 0.6 and 0.9 ps, the second has a characteristic time between 6.0 and 11 ps)
and a slower decay component with a time constant between 50 and 150 ps, depending on the compound and
the solvent. Thd-; band shows a fast biexponential rise, which occurs at the same rate as the fast initial
decay of the=; band emission, followed by a slow decay of about-32380 ps, depending on the compound

and the solvent. The fast decay and rise components & thedF, band emissions, respectively, are discussed

as being characteristic of the intermolecular double proton transfer within two distinct “cyclic” sslolteent
complexes. The slower decay component<%860 ps) in theF; band emission is attributed to the decay of

the “blocked” solute-solvent complex that does not exhibit intermolecular proton transfer. In deuterated
small-molecule alcohols, deuteron transfer is found for one cyclic sokdlvent species only. Its transfer

rate appears to be temperature-dependent. The results are suggestive of a thermally averaged deuteron tunneling
process in the cyclic solutesolvent complex.

1. Introduction 7-azaindole in alcoholic solution, however, the proton-transfer
rate is drastically reduced-?° The slowing of the proton
transfer has been related to a rearrangement of the solvent
molecules prior to the proton transfer; viscosity appears to be
an important rate-determining parameter! Similarly, for
[2,2'-bipyridyl]-3,3-diol** and 3-hydroflavon&-37 in protic

In recent years, the study of excited-state intermolecular
proton transfer has received considerable attertiéhExcited-
state proton-transfer reactions are usually initiated by photoin-
duced 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 reacting solute. For solvents, the rates of the d_ouble_ proton-transfer processes were
example, 7-hydroxyquinolié-17 and 7-azaindolé25 show also found to be solvent-wscosny-depender.lt. .
phototautomerization only in protic solvents. In the case of  Solvate structures have been termed “cyclic” and “noncyclic”
7-azaindole complexed with alcohol, a single solvent molecule OF “blocked”32t In the cyclic complex of the solutesolvent
bridges the two molecular sites between which the proton is molecules, the solute molecule is hydrogen-bonded in a cyclic
transferred. For 7-hydroxyquinoline, the distance between the configuration to a single solvent molecule (see e.g., Figure 1).
reacting sites is |arger, and two solvent molecules or a po|ymeric Simulations have shown that, for CyCliC structures, very efficient
matrix are involved in the proton-transfer procéss? and fast proton-transfer reactions can be expettédterna-

The rate of the reaction can vary considerably among the tively, the solvate may involve hydrogen bonding between the
different systems studied. It has been found for the 7-azaindole Solute molecules and a chain of solvent molecules in a noncyclic
dimer in the gas phase that the proton-transfer rate is in theStructure or blocked configuratiGi The chain may consist
(Sub)picosecond ran@é?l Similar rates have been observed of awide Variety of solvent Conﬁgurations. In the blocked form,
for 7-azaindole dimers dissolved in aprotic solutiéf333For proton transfer is hampered, and a rearrangement of the solvent

molecules in the chain is needed to promote the proton
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Normal cyclic complex Tautomeric cyclic complex a study of the temporal behavior of the bands characteristic of
the normal and tautomeric forms of the solutes. The influence
of temperature and deuteration on the intermolecular proton-
transfer dynamics is also studied. Finally, results of semiem-
pirical calculations of ground and excited-state energies and the
electronic charge redistribution leading to tautomerization are
presented and related to the experimental results.

2. Experimental Section

Synthesis of the compounds DPC, PQ, TPC, and PC has been
described elsewhefé#2Spectrograde quality ethanol (Merck),
1-propanol (Fluka), and decanol (Aldrich) were used as solvents
without further purification. Deuterated ethanol was purchased
from Aldrich.

Steady-state absorption spectra were recorded by means of a
Shimadzu UV-240 spectrophotometer. The steady-state fluo-
rescence spectra were measured using the emission spectrometer
described previousl{2 The emission spectra were corrected for
the wavelength-dependent sensitivity of the monochromator
photomultiplier detection system.

Two pulsed-laser setups were used for the measurement of
the fluorescence transients: a regeneratively amplified Ti:
sapphire laser system with upconversion detection for the time
span of 150 fs-100 ps and a picosecond laser system with time-
correlated single-photon-counting (TCSPC) detection for the
time range of 15 ps5 ns. The systems have been described in
detail previously*344In the femtosecond laser system, excitation
was accomplished by laser pulses1Q0 fs) from an OPA
system in the range of 3#B50 nm 0.1 xJ/pulse). An
attenuated part of the fundamental beam (800 nm) was led

TPC RI through an optical delay line and focused, together with the

Figure 1. Scheme of the 1:1 solute-alcohol complex for DPC, PQ, pump-pulse-induced fluores.cence, onto a 1-mm thick BBO
PC, and TPC, in both the normal and tautomeric forms. crystal (type | phase-matching condition). The upconversion
signal (at the sum frequency of the fluorescence and the

tetrahydropyrido-[2,3]carbazole (TPC), and pyrido[2,3]- fundamental of the femtosecond laser) was focused on the

carbazole (PC¥® For the schematic structures of these mol- entrance slit of a monochromator and photodetected by means
ecules, see Figure 1. Two emission bands, with band maxima©f @ photomultiplier. The time resolution of the upconversion
at 24 500 and 14 800 crh, are observed for DPC dissolved in  experiment, as deduced from the fwhm of the cross-correlation
1-propanol, whereas DPC shows only one emission bandsignal of the gating and OPA laser beams, is approximately
(peaking at 25 500 crd) when dissolved im-hexane. The band 150 fs. To avoid detection of kinetics due to reorientational
at 24 500 cm? has been assigned to “normal” DPC (in which motions, the gating beam was polarized at a magic angle with
no proton has been translocaté#Y.he band at 14 800 cm is respect to the excitation beam.
attributed to the tautomer, formed after proton transfer (see top In the picosecond fluorescence setup, photoexcitation was
panel of Figure 1). At low temperatures DPC also showed fixed at 322 nm by means of picosecond pulses of about 7 ps
phosphorescence with a band maximum near 19 000"&m (fwhm autocorrelation trace) and 25 nJ at 3.7 MHz. The
In a comparative study of the emission spectra of PQ, TPC, fluorescence emitted from the sample in a direction perpen-
and PC on one hand and model molecules for the “tautomeric” dicular to the excitation beam was focused onto the entrance
form on the other hand, Kyrychenko et8kconcluded that also  slit of a monochromator outfitted with a multichannel-plate
for these molecules the (low-energy) second-band emissionphotodetector. A linear polarizer was inserted in the detection
originates from the tautomeric form. It was also concluded that pathway to detect at magic-angle conditions. The instrumental
the phosphorescence originates from a blocked complex of theresponse time was about 17 ps (fwhm).
molecule with the solvent molecules. In similar studies by del ~ The temperature dependence of the fluorescence transients
Valle et al?® for PQ and its methylated derivative compound, in the range from 170 to 300 K was studied using the picosecond
it was proposed that, in protic solvents, PQ exists in two forms, fluorescence setup. The quartz cuvette containing the solution
one of which promotes excited-state double proton transfer was mounted inside a home-built nitrogen flow cryostat outfitted
catalyzed by a solvent hydrogen bridge, whereas the otherwith regulated temperature control. The temperature was
mainly gives rise to solvation relaxation in the excited state and measured with a thermocouple attached to the cuvette holder.
subsequent normal fluorescence. All calculations were performed with the SPARTAN 5.0
In this paper, we focus on thiynamicsnvolved in the fast software packet. The initial geometry of the molecule was
excited-state intermolecular proton-transfer processes for theoptimized for minimum energy by molecular mechanics cal-
molecules DPC, PQ, TPC, and PC in protic solvents. Femto- culations using the Merck force field. The result of this
and picosecond fluorescence measurements are reported for theptimization was employed as input data for RHF/PM3 semiem-
reactants in various protic solvents. Details concerning the pirical calculation®® for further optimization of the molecular
dynamics of the intermolecular proton transfer are obtained from structure. Optimization was ended once default criteria for
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Figure 2. Steady-state fluorescence spectra of DPC (solid line), PQ 0 10 20 30 0 10 20 30
(dashed line), TPC (dotted line), and PC (dashaatted line), dissolved Time (ps) Time (ps)

in ethanol.

I Figure 3. Fluorescence transients of DPC (in 1-propanol) detected at
convergence were reached. For the optimized molecular struc-,o wavelengths indicated. (a) TransientsFoemission band and (b)

ture, excited-state energies and charge distributions weretransients foiF, emission band. Solid lines are best fits to multiexpo-
obtained after configuration interaction (Cl). In the latter, the nential functions specified in text convoluted with the system response
basis set configurations consisted of excitations from the sevenfunction.

highest-occupied SCF molecular orbitals (HOMOSs) to the seven

lowest-unoccupied molecular orbitals (LUMOS). cence upconversion measurements, detected at the wavelengths
of the F; and theF, band emissions of DPC in 1-propanol, are
3. Results presented in Figure 3. The time behavior of the two emission

bands is quite different. When detection is within #eband
(Figure 3a), the fluorescence transient consists of an instanta-
neous rise followed by a decay on the picosecond time scale.
After deconvolution with the system response function, the
decay detected at 443 nm could be best fit to a triexponential
decay function

3.1. DPC. The continuous-wave (cw) absorption spectrum
of DPC in protic solvents has been reported by Herbich &t al.
The lowest absorption band for the molecule dissolved in ethanol
has its maximum at 28 800 crh The absorption bands are
shifted slightly to the red as the polarity of the solvent increases.
The emission spectrum of DPC varies depending on the solvent.
In aprotic solvents, the emission spectrum consists of a single _ - ,
emission band having a maximum near 25 500~ &nThis (Fy, ) = Ay(Fy) exp[-try(Fy)] + Ax(Fy) exptz,(Fy)] +
emission band is labele. In protic solvents, two emission Ay(Fy) exp(-titg(Fy)] (1)
bands are observed, thg band (in ethanol, its maximum is at
25 060 cntl) and theF, band, positioned to the red with respect in which 7,(F;) = 0.8 & 0.5 ps,72(F1) = 6.0 + 1.0 ps, and
to the F; band (in ethanol, its maximum is at 15 100 cin 73(F1) = 170+ 10 ps. It appeared that fitting to a biexponential
The absorption and emission band positions for the solute function gave a less good fit (in particular because the initial
dissolved in ethanol are summarized in Table 1. Figure 2 showsfluorescence intensity could not be fully simulated), whereas
the cw emission spectrum for DPC dissolved in ethanol. fitting with a multiexponential function containing more than

Previously, the emission results have been explained on thethree components did not yield better fits. Thus, we limit
basis of a solvent-mediated intermolecular proton transfer for ourselves to fitting to a triexponential function. Table 2
DPC in the excited staf®. The F; band emission has been summarizes the characteristic times thus obtained forFthe
assigned as the radiative decay of the initially excited state, while band emission of DPC dissolved in various alcohols. For
theF, band has been attributed to the tautomeric form after the detection wavelengths lower than 440 nm, the relative weights
excited-state double proton transfer (see scheme in Figure 1).of the three components are also indicated. Transients detected
The proposed scheme is corroborated by the results of semiemwithin the F, emission band (Figure 3b) initially exhibit a rise
pirical calculations’® component followed by a decay. After deconvolution with the

We have measured the time dependence oFthend theF, system response function, the transient fit a triexponential
band emissions. Typical transients in the femtosecond fluores-function of the form
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TABLE 2: Time Constants for the F; and F, Emission Bands of DPC in Various Alcohols

F, band R band
DPC dissolved in 71(F1) (ps) 72(F1) (ps) 73(F1) (ps) 71(F2) (ps) 72(F2) (ps) 73(F2) (ps)
methanol 0.7 (0.21) 7.0 (0.56) 75 (0.22) 0-70(38) 7.0 £0.62) 150 (1.0)
ethanol 0.7 (0.23) 7.0 (0.40) 77 (0.17) 0-70(4) 7.0 (0.6) 178 (1.0)
1-propanol 0.8 (0.28) 6.0 (0.36) 170 (0.36) 0-85) 6.0 0.5 206 (1.0)
decanol 0.9 (0.40) 7.0 (0.34) 700 (0.26) 0-9X41) 7.0 (0.59) 330 (1.0)
methanold 9.0 (0.65) 20.0 (0.35) 99(—1.0) 207 (1.0)
ethanold 8.5 (0.60) 45 (0.40) 9.5(—1.0) 306 (1.0)
acorresponds tap.
[(Fy 1) = A(Fp) exp[=t/T,(Fy)] + Ay)(F,) exp(—tity(F,)] + a F -band b F -band
AfF2) exp(UT(F] (2) o
3 DPC

Whererl(Fz) =0.84+0.5 pS,‘L’z(Fz) =6.0+1.0 ps, and73(|:2)

= 206 + 10 ps (cf Table 2). Experimentally, the longer decay
time, 3, was reproduced in the fluorescence transient measure-
ments by means of the TCSPC setup, using a time window of
5 ns.

It is noted that the 0.8- and 6.0-ps decay components in the
F1 band match the two rise times of the band. Following the
assignment of Herbich et &, that theF; emission is due to
the initially excited normal form and thE, emission to the
tautomeric form, we will argue in section 4 that, for DPC in
1-propanol, the kinetics of proton transfer in its excited state
are given by the time constants and 7, and thus can be
resolved in time. Here we note simply that the proton-transfer
time constantsg; andr, (cf Table 2) are within the upper limit
of about 10 ps estimated for the first proton-transfer step in
7-hydroxyquinoling® but they are much faster than the proton-
transfer time of 226 ps for 7-azaindole in 1-propatfol.

For DPC dissolved in methanol, ethanol, and decanol, quite

similar fluorescence transients were measured. From the best

fits to eqs 1 and 2, the values for the characteristic decay and
rise times listed in Table 2 were obtained. The tinmeandr
(characteristic of proton transfer, see section 4) at room
temperature are again found to be near 0.8 and 7.0 ps,
irrespective of the nature of the solvent.

Using deuteratedalcoholic solvents, the fluorescence tran-
sients slowed down. Typical transients measured for DPC
dissolved in protonated and deuterated methanol at room
temperature are displayed in Figure 4 (upper panels of a and
b). The results for the best-fit values of the time constants for
DPC in deuterated methanol are included in Table 2. Note that,
now, only a biexponential (instead of a triexponential) decay
(with characteristic timesp andts) is observed for the transients
detected at th&; emission wavelengths.

At lower temperatures; andz, for DPC inprotonatediquid
1-propanol is not noticeably affected (within the limited time

e

10 15 20 25 30
Time (ps)

10 15 20 25 30
Time (ps)

5

0 s 0

Figure 4. Fluorescence transients for DPC, TPC, and PQ dissolved
in protonated ethanol (filled diamonds) and deuterated ethanol (open
circles). (a) Detection at thie; emission band and (b) detection at the
F» emission band. Solid lines are best fits to function indicated in text
convoluted with system response function.

In protic solvents, two emission bands are observed. In ethanol,
the F; band has its maximum near 23 500 @mand theF,
band emission peaks at 16 050 @mFigure 2 displays the cw

resolution of the picosecond TCSPC experiments). The long- emission spectrum for TPC dissolved in ethanol. Previously,
time componentsrs(F1) and z3(F»), are found to increase as the F; band has been attributed to emission from the initially
the temperature is lowered. For example, at a temperature ofexcited state, while th&, band was assigned to the tautomer
210 K, we findz3(F1) = 510+ 20 ps andr3(F2) = 410+ 20 formed after the double proton transfer (see scheme in Figure
ps. Indeuteratednethanol, however, the influence of temper- 1).39

ature ontp is appreciable. When the temperature is lowered, The time dependence of both bands was measured. The
7p is found to increase. An Arrhenius plot of In3) against fluorescence transients of TPC in 1-propanol are similar to those
1/T for DPC in deuterated methanol is included in Figure 5. described in the previous sections. The results for the time
Also, the longer decay components slow down. For example, constants of TPC in various alcohol solvents as obtained from

at 190 K, the decay time becomes(F;) = 710+ 20 ps.

3.2. TPC.The lowest absorption band for TPC dissolved in
ethanol has a maximum near 28 550 ¢mThe cw emission
spectra of TPC are similar to those of PQ and DPC. In aprotic
solvents, only a single emission band, labeked exists. In
acetonitrile, the emission band maximum is near 23 000'éh

the fittings (performed as before) are collected in Table 3. The
typical times forry andr, are 0.8 and 10.0 ps, respectively.
The eventual decay of thE; and F, emissions occurs with
values forrz(F;) of about 36-130 ps and fors(F2) of about
140-300 ps, depending on the solvent. Typical fluorescence
upconversion transients for TPC in ethanol, 1-propanol and
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2 As for DPC, we have measured the time dependence of the
F, and theF; band emissions for PQ. Transients obtained in
> the femtosecond fluorescence upconversion measurements for
DEC ip MeOD PQ dissolved in 1-propanol, detected at wavelengths within the
F; and theF; bands, are very similar to those of DPC presented
in Figure 3. For detection within thie; band, the fluorescence
transient of PQ consists of an instantaneous rise followed by a
decay on the picosecond time scale. Fitting the transients to a
triexponential decay function, in a fashion similar to that
mentioned in section 3.1, we obtain the time constants presented
in Table 4. For detection wavelengths below 430 nm, the relative
weights of the three components are included in the table.

TPC in MeOD

In(z," /ps™)
=

-Sp TCinE0D 7o Transients detected within tife emission band exhibit initially
‘ . ' a biexponential rise, with time constants equal to the decay
0.004 0.005 constants of th&; band, followed by a decay of several hundred
picoseconds. The longer decay timegF1) and r3(F2), were
/T (K'l) determined by measurement of the fluorescence transients with

. . L . the fluorescence TCSPC setup using a time window of 5 ns.
Figure 5. Plot of In(1/p), with 7p in picoseconds, versusTl(with T
in Kelvin) of DPC and TPC in deuterated methanol and TPC in _ N deuteratecethanol, at room temperature, as for DPC and
deuterated ethanol. TPC, theF; band decay of PQ is biexponential with a value

for the rp time of approximately 2630 ps; theF, band shows
decanol are displayed in Figure 6. Table 3 includes the relative a rise of 26-30 ps followed by a decay of approximately 250
weights of the various rise and decay components. 300 ps. Figure 4 shows a few illustrative transients for PQ
In deuteratednethanol and ethanol at room temperature, the dissolved in protonated and deuterated ethanol at room tem-

F, band decay of TPC is biexponential withr@value of about perature. When the temperature is decreased, the same behavior
20-30 ps, theém, band shows a rise with the same time constant, @S for DPC and TPC was observed. Only for the deuterated
followed by a decay with a time constami(F»), of about 206- solutions could a change in the proton-transfer rate be resolved
240 ps. Figure 4 shows a few illustrative transients for TPC With the TCSPC picosecond setup. An increase in the longer
dissolved in protonated and deuterated ethanol at room tem-decay timeszs(F1) andz(F2), is found as the temperature is
perature. When the temperature is decreased, only for thedecreased. At 190 K, for PQ in protonated ethanol we have,
deuterated solutions could a change in the deuteron transfer rat@3(F1) = 290 + 20 ps, 73(F2) = 550 & 20 ps. At the same
be resolved with the TCSPC picosecond setup. In Figure 5, temperature, for PQ dissolved in deuterated ethanol, we find
Arrhenius plots for the time constant, Ina) versus 1T, for 73(F1) = 1150+ 20 ps. . .
TPC in deuterated methanol and ethanol solutions are presented. 3-4. PC.The lowest absorption band of this molecule has a
Also, an increase in the longer decay tinag(F>), is found as maximum near 29 4OQ cM. The_emlssmn spectrum consists
the temperature is decreased. At 190 K, for TPC in protonated Mainly of one band with a maximum at 23 400 chfor the

ethanol, we haves(F1) = 150+ 20 ps andrs(F2) = 250+ 20 molecule dissolved in ethanol. A second, much weaker, emission
ps. At the same temperature, for TPC dissolved in deuteratedband, with a maximum near 14 440 chhas been reported
ethanol, we findrs(F1) = 500 & 20 ps. by Kyrychenko et af® This band is just barely noticeable in

The influence of the excitation wavelength on the fluores- the cw §m|33|on spectrum of PC pre.sented in Figure 2.
cence time dependence was also investigated. At excitation 1n€ time dependence of tirg emission band was measured

wavelengths ranging from 310 to 350 nm, the fluorescence for PC dissolved in methgnol, et_hanol,_l-propanol anql decanol.
kinetics remained unchanged. This is in contrast to the situation Th€ fluorescence transients fit a single-exponential decay

reported for 7-azaindole dimers in the gas phase for which the function with the characteristic decay times as listed in Table
proton-transfer time was found to vary with the excitation °- Bécause of its low intensity, the temporal behavior offthe
wavelengtH® band emission could not be measured.

3.3. PQ.The cw absorption and emission spectra of PQ in
protic solvents have been discussed by Kyrychenko ®taid
by del Valle et al® The lowest absorption band of PQ dissolved |t is recalled that th&; andF, band emissions, observed for
in ethanol has its maximum at 30 100 tinAs in the case of ~ ppC, PQ, and TPC in alcoholic solution, originate from the
DPC in aprotic solvents, the emission spectrum of PQ consists photoexcited molecules before and after the solvent-mediated
of a single emission band labelBg In acetonitrile, for example, double proton transféf In section 3, it was shown for all of
the emission maximum is centered at 25 850 &nin protic the investigated molecules that the time constantsnd o,
solvents, two emission bands are observed, Rhéand (in that are typical of the initiaF;-band decay turn out to be equal
ethanol, the band maximum is at 25 500 ¢jrand theF, band to the time constants that characterize the biexponential rise of
at lower energy (in ethanol, the band maximum is at 17 200 the F, band emission. Evidently, the times and 7, are
cm ). The data are summarized in Table 1. Figure 2 shows somehow related to the proton-transfer process. The question
the cw emission spectrum for PQ dissolved in ethanol. then arises whether the finding of two times; (and 72)

As for DPC, the emission bands have been related to solvent-automatically implies a two-step intermolecular double proton-
mediated intermolecular proton transfer in the excited state of transfer process. The answer is negative. This can be deduced
PQ3940TheF; band emission has been assigned as the radiativefrom the biexponential fast decay in thg band emission (with
decay of the initially excited state, while tfe band has been  time constants; andz,). Neither in a simple one-step nor in a
attributed to the tautomeric form obtained after the excited- two-step mechanism would a biexponential decay behavior for
state double proton transfer (see scheme in Figure 1). theF; band emission be expected: both mechanisms would give

4. Discussion
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TABLE 3: Time Constants for the F; and F, Emission Bands of TPC in Various Alcohols

F; band

R band

TPC dissolved in

71(F1) (PS)

72(F1) (PS)

73(F1) (PS)

71(F2) (ps) 72(F2) (ps) 73(F2) (ps)

methanol
ethanol
1-propanol
decanol
methanold
ethanold

acorresponds tap.

0.9 (0.19)
0.8 (0.35)
0.7 (0.48)
0.7 (0.46)

11.0 (0.45)
11.0 (0.37)
10.0 (0.30)

8.5(0.32)
19.0% (0.50)
34.0:(1.0)

a F -band
. (TPC)

solvent: ethanol

b

F,-band

(TPC)
° 28
8 9

o

o

solvent: ethanol

solvent: propanol

solvent: propanol

30 (0.36)
50 (0.28)
58 (0.20)
133 (0.21)
35 (0.50)

solvent: decanol

o9,

solvent: decanol

0 10 20
Time (ps)

Figure 6. Fluorescence transients of TPC in different alcoholic
solvents. (a) Detection at 460 nm and (b) detection at 620 nm. Solid
lines show best fit to multiexponential functions specified in text

30 0

10 20 30

Time(ps)

convoluted with the system response function.
rise to a single decay step for the initially excited species and Vent-, and temperature-dependent. The short lifetime of the

thus lead to a single-exponential decay of fadand emission.
Because this is not found experimentally, we infer that the
double-exponentidF; band decay (and the concomit&iatband
rise) must reflect the concurrent presence of two distinct selute
solvent species that may differ slightly in structure, but that
each give rise to a single double proton-transfer timeafd
77). It is noted in passing that, for DPC, PQ, and TPC, the

11.0 £0.7)
11.0 £0.6)
10.0 {-0.5)
8.5 (-0.58)
185(—1.0)
34.0:(-1.0)

138 (1.0)
157 (1.0)
187 (1.0)
300 (1.0)
205 (1.0)
240 (1.0)

0-9)(30)
0-80(44)
0-70(46)
0-70(42)

For the fluorescent molecules studied, excited-state proton
transfer is accomplished through hydrogen bonding to nearby
solvent molecule&3°In cases in which the probe molecule is
hydrogen-bonded to a single solvent molecule at two sites (see
scheme in Figure 1), the solutsolvent complex is cyclic.
Generally, in the cyclic configuration, the proton-transfer process
is optimized. Another possibility would be that the solute is
hydrogen-bonded to a chain of solvent molecules in a noncyclic
structure, i.e., a blocked configuratiéfAl The chain may then
involve a wide variety of solvent configurations. In some
instances, a conversion between the blocked and cyclic forms
is a determining factor in the proton-transfer ré€?By means
of molecular dynamics simulations, Mente and Marongelli
calculated that, in ethanol, the fraction of complexes in a cyclic
position is much higher for DPC than for 7-azaindole. Similar
conclusions were reached by Kyrychenko e¥®dbr PQ. As is
evident from Tables 25, the proton-transfer times; andt,
are only very slightly dependent on the alcoholic solvent or its
viscosity. Thus, in line with the behavior predicted from the
calculationg1-3we propose for DPC and its related compounds
that only configurations that, prior to excitation, are already in
the cyclic configuration, are involved in the proton-transfer
process. Note that, in each of the two structurally slightly
different species, there is a single proton-transfer time (given
by 71 or 75), as manifested by the synchrondusdecay and-,
rise. Thus, in each of the species there is just one excited-state
proton transfer. Most likely, therefore, the two protons that are
transferred in the excited state of the two structurally slightly
different species are translocated concurrently, and no interme-
diate state is involved. This is in contrast with 7-hydroxyquino-
line, in which the creation of an intermediate state is repoited.

The decay component of tHg band fluorescence with the
characteristic times(F1) is attributed to the decay of blocked
complexes. The magnitude of(F1) is probe-molecule-, sol-

excited state of the blocked conformation is representative of
an efficient nonradiative decay out of the fluorescent state, and
thus, proton transfer in this configuration remains unobserved.
It is remarkable that this short decay is observed only in protic
solvents and only in compounds that possess both proton-donor
and proton-acceptor groups. Assuming similar oscillator strengths
and spectral positions for the absorption and fluorescence from

tautomerization process differs from that discussed very recently the blocked and cyclic configurations, the relative concentration

for 7-azaindole (7-Al) in nonpolar solventsFor the latter

of the blocked configurations is estimated a&s(F1)* r3(F1)]/

molecule it was found that, at room temperature, sequential as[A1(F1)*71(F1) + Ax(F1)*72(F1) + As(F1)* 73(F1)] (ref 46). With

well as concerted double proton transfer occurs. However, in the values for the weight factors given in section 3, we thus
the case of 7-Al a pronounced probe- and detection-wavelengthobtain values of 0.72, 0.83, and 0.65 for the relative concentra-
dependence for the kinetics was found in the transient absorptiontion of the blocked configurations of DPC, PQ, and TPC,
and femtosecond fluorescence transient measurements, respecespectively, in methanol. These values are of the same order
tively. In the fluorescence transient measurements for the probeof magnitude as those reported elsewl#i#e note in passing
molecules investigated in this paper, a wavelength dependencehat the cyclic and blocked forms do not interconvert during
for 7; andt,, representative of excited-state nuclear dynamics, the excited-state lifetime. If this occurred, then there would be

could not be resolved.

only one decay time for both species, instead of the measured
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TABLE 4: Time Constants for the F; and F, Emission Bands of PQ in Various Alcohols

F1 band R band
PQ dissolved in 71(F1) (ps) 72(F1) (ps) 73(F1) (ps) 71(F2) (ps) 72(F2) (ps) w3(F2) (ps)
methanol 0.6 (0.14) 6.0 (0.46) 41 (0.39) 0-60(36) 6.0 (0.64) 170 (1.0)
ethanol 0.7 (0.19) 9.0 (0.56) 76 (0.24) 0-70.62) 9.0 (0.38) 230 (1.0)
1-propanol 0.7 (0.16) 7.0 (0.37) 87 (0.47) 0-70(46) 7.0 £0.5) 270(1.0)
decanol 0.9 (0.37) 9.0(0.23) 300 (0.40) 0-90(66) 9.0 ¢0.34) 413 (1.0)
methanold 19.(0* (0.50) 32 (0.50) 2390(—1.0) 245 (1.0)
ethanold 32.0¢(1.0) 50 (0.55) 32.9(—-1.0) 327 (1.0)
acorresponds tap.
TABLE 5: Time Constant for the F; Emission Band of PQ TABLE 6: Atomic Distances and Molecular Energies as
in Various Alcohols Calculated by the Semi-Empirical Methods Mentioned in the
PC dissolved in 7p (PS) Text _
methanol 15 energies (kcal/mol)

distances (A)

ethanol 30 _ e VY Cl (groundCl (excited
propanol 50 r(N1—0) r(N,—0O) HOMO LUMO state) state)
. ] DPC normal  2.76 2.75 —8.14 —0.80 20.7 82.6
71 Or 7 time constants, on one hand, angF;) time constant tautomer 2.67 277 —757 —1.71 46.5 80.9
on the other hand. PQ normal  2.76 2.75 —8.47 —0.59 —19.6 37.0
As illustrated in Figure 5, the excited-state proton-transfer tautomer 2.68  2.78 —7.85 -1.49 72 387

. TPC normal 276 275 -825-055 -335 24.9
times when deuterated methanol and ethanol are used show & = iomer 268 278 —759 —144 -9.0 216

temperature dependence. Several possibilities for the interpreta-pc  normal  2.77 276 —8.09 —0.80 —4.2 55.1

tion of this temperature dependence can be considered. For  tautomer 2.67 2.78 —7.48 —1.62 19.6 44.6
instance, one might consider that the orientation of the solvent

molecule with respect to the solute in the cyclic complex proton-transfer time at lower temperatures is expected. However,
undergoes some adjustment in order to facilitate the proton/as mentioned in section 3, a temperature dependenag tor
deuteron transfer. In this instance, one can imagine that ther, could not be resolved for the undeuterated solutions, dfr
viscosity of the solvent would be of influence to the reorientation 1z, is increased by a factor of 3 to 4 whé@n= 190 K (similar
dynamics. However, although the viscosities of deuterated andto the deuteron case, although the increase factor is usually much
undeuterated ethanol are slightly differEritheir ratio, 7, = smallef®), then at 190 K, a maximum value for the proton-
nolnw, at room temperature, is always smaller than 1.13 (ref transfer time of about 15 ps (for DPC in protic ethanol) is
47)], this ratio is too small to account for the slowing of the expected. With the TCSPC setup (used in the fluorescence
deuteron-transfer process by more than a factor 4 in going fromtransient experiments at the lower temperatures), this time
the protonated to the deuterated solution. Alternatively, tunneling constant is just at the edge of the experimenta| time reso]ution,
might be considered for the discussion of the decrease in theang thus, it may well be that the temperature effect in the
proton-transfer rate in deuterated ethanol. Specifically, deutera-yndeuterated ethanol solution could not be resolved. Another
tion of t_he solvent would affect the deuteron transfer rate in feature supportive of the idea that the proton-transfer rate is
the cyclic complex. The thermally averaged deuteron-tunneling gyetermined by tunneling is the finding that and 7, in the

rate would become smaller as the temperature was lovféféd. protonated solvents are solvent-independent.

This would qualitatively explain why the values of the In@)/

data points in Figure 5 show a decrease with an increasing value we .have a}lso performed some simulations of the .structure
of 1T, of a 1:1 cyclic complex of the solutesolvent system in the

The data points in Figure 5 show Arrhenius behaviorTor ground state, us_ing the geometry optimi_zation method of RHF/
> 220 K, but at lower temperatures there is a deviation from PM3:% As mentioned above, the experimental data show that

this behavior. This is not uncommon for tunneling systéffg the proton-transfer rate for the 1:1 cyclic solvate does not change

We therefore consider that the data points can be fit to a function With the choice of the protic solvent. Thus, for the sake of
of the fornf8 simplicity, in the calculations, the model solvent molecule in

the complex was chosen to be methanol. It was verified that,
In(k) = (—E/ksT) + In[A*Q(T)] (3) when the methanol molecule is replaced by 1-propanol, the
simulation results were not affected. For the cyclic 1:1 solvates

whereQ; is the tunneling correction function. For a parabolic 0f DPC, PQ, and PC, the calculations predicted planar molecular

barrier,Q; is given by structures, as expected for conjugated systems. Geometry
optimization calculations were performed for both the normal
Q(T) =[x ul/[sin(Y,*u)] (4) and tautomeric forms (see Figure 1) of DPC, PQ, TPC and PC.

The calculated distance between the oxygen atom of the solvent
whereu = hv/keT andv; is the imaginary frequency of the ~molecule and the nitrogen atoms i(fdnd N, of the solute
barrier4s molecule for both the normal and tautomeric species are

The best fits of the experimental results for DPC and TPC to presented in Table 6. When the structures of the considered
eq 3 appear as the drawn curves in Figure 5. These fits yield, complexes in the normal and tautomeric forms are compared,

for DPC in methanol, an activation energy Bf = 9.7 kcal/ it is noted that the distance between theatbm and the solvent
mol and an imaginary frequency of = 6.9 x 103 s™! and, oxygen atom decreases by about 0.08 A and the distance
for TPC in methanol, an activation energy Bf = 7.7 kcal/ between the Matom and the solvent oxygen atom increases
mol and an imaginary frequency ofy = 5.8 x 10 s, by about 0.02 A. From this, it is inferred that the proton transfer

Likewise, also for nondeuterated alcohols, a slowing of the may be accompanied by a slight reorientation of the solvent
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TABLE 7: Calculated Charges at Positions N and N, studied chromophores, then the electronic charge distribution
charge N charge N S would adiabatically adjust to the movements of the protons. One
might intuitively expect a correlation between the proton-transfer
rate and the amount of electronic charge redistribution. Indeed,
the calculated smaller extent of the electronic redistribution as
manifested byo for TPC is in line with the experimentally

ground excited ground excited excited
state state state state state

DPC normal 0.348 0.512 —0.086 —0.191 0.703
tautomer —0.164 —0.003 0.486 0.251 —

PQ  normal 0337 0474 -0.097 —0239 0713 determined lower rate of excited-state tautomerization in this
tautomer —0.175 —0.098 0.405 0.229 — molecule in comparison with DPC and PQ. It should be added,
TPC normal 0.350  0.415 —0.098 —0.202 0.617 though, that other factors such as molecular size or the presence
tautomer —0.162 —-0.130  0.394  0.232 — of nearby excited states should also be taken into account when
PC  normal 0.266 ~ 0.465—0.085 —0.215 = 0.680 such a rate-structure relationship is considered.

tautomer —0.225 —0.024 0.539 0.287 — - L . L .
For similar activation energies for proton tunneling in cyclic

complexes of TPC, DPC, and PQ, the excited-state proton
transfer in TPC is predicted to be slower than those of DPC or
PQ. This prediction is borne out by the experimental results.

molecule, thereby making the proton transfer, in fact, a
multidimensional process.

The driving force for the proton-transfer process becomes
apparent from the results of Fhe energy calculations. Restricteds  conclusion
Hartree-Fock energy calculations were performed for DPC, PQ,
TPC and PC, each in the normal and tautomeric forms. The In previous studies of the molecules under investigation, it
energies of the corresponding HOMOs and LUMOs are had been proposed, on the basis of their spectroscopic behavior
presented in Table 6. For each of the molecules considered,in aprotic and protic solvents, that the andF. band emissions
the energy of the HOMO of the normal form is lower than that originate from different species: tt& band is characteristic
of its analogue for the tautomeric form. The opposite is found Of the normal form of the solutesolvent complex and thg;
for the energies of the LUMO, for which the energies in the band is due to the tautomer form of the cyclic sotuselvent
normal form are higher than those in the tautomeric form. The complex. The time-resolved experiments presented in this paper
calculations indicate that, in the ground state, the normal form provide independent additional evidence for the model. Whereas
is lower in energy, and thus, in alcoholic solution, this form is the F1 band emission shows a picosecond biexponential decay
dominant. In the excited state, the tautomeric form is stabilized [ with time constants(F1) andz(F1)], the F> band emission
with respect to the normal form, thus leading to tautomerization. Shows a fast biexponential rise, with the same time constants.
Results of Cl calculations confirm this picture. The Cl energies It has been argued that there are two distinct selstdvent
of the ground and lowest excited states are included in Table cyclic species in which the two protons at sitesdnd N\ are
6. For each molecule, the ground-state configuration energy in transferred simultaneously. (A dark intermediate of extremely
the normal form is considerably lower than that in its tautomeric short lifetime, much less than 500 fs, is unlikely.) For the two
form. With the exception of PQ, the energy of the tautomer in Species, the proton-transfer timeg#ndr,) could be determined
its first excited state is lower than for the normal species in the (Tables 2-5). The time-resolved experiments also provide
first excited state. It is remarked that, as the basis set of excitedevidence for the existence of a longer-lived noncyclic species
configurations in the CI calculation is increased, the excited- [with a lifetime of z3(F1)], not involved in a fast excited-state
state energy of the tautomeric form is decreased even more proton-transfer process. This species is associated with the
Thus, the CI calculations also show that, in the ground state, blocked solute-solvent form. Finally, the proton-transfer rate
the normal form is lower in energy, and thus, in alcoholic (1/rp) for the probe molecules in deuterated solvents was found
solution, this form is dominant. In the excited state, the to be slightly temperature-dependent. It was discussed that the
tautomeric form is stabilized with respect to the normal form, temperature effect is indicative of a thermally averaged proton-
thus leading to tautomerization. Previous calculations reported tunneling process in the cyclic complex. The results of semiem-
elsewhere yielded similar conclusiof$s® It should be added, pirical calculations suggest a slight modification of the structure
however, that the quantitative agreement between the ClI resultsof the cyclic complex as the double proton transfer takes place.
and the experimental optical transition energies is rather poor,
although the calculations predict similar absorption energies for ~Acknowledgment. The research was financially supported
the DPC, PQ and PC molecules. Thus, the calculations areby the Council for Chemical Sciences of The Netherlands
valuable for qualitative purposes only. Organization for Scientific Research (CW-NWO). One of us
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