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The evolution of a primary excited electronic state of 2-hydroxyaxorpholinomethyl)naphthalene (HMMN)

and 7-hydroxy-84{-morpholinomethyl)quinoline (HMMQ) in liquid solutions has been followed with a time
resolution of 200 fs by detecting the emerging transient-Wigible absorptions and stimulated emissions.
The primary state lies about 7000 chmbove the state;SThe spectral changes in the case of HMMN in
n-hexane are attributed to vibrational relaxation, because intramolecular proton transfer (i.e., formation of the
excited zwitterionic formz*) does not take place and effects due to dielectric polarization of the solvent
could be ruled out. A similar vibrational relaxation has been observed in the case of HMMN in tetrahydrofurane.
The Z* state of HMMN emerges in tetrahydrofurane, but only from a comglex,S} of the excited enol

form (E*) and a solvent moleculeS| and certainly not from the vibrationless Sate ofE*. The transferable
proton in{E*,S} is simultaneously involved in an intramolecular and an intermolecular H-bond. HMMN
behaves in a similar fashion as in tetrahydrofurane, when the former is dissolved in 1,4-dioxane. In the case
of HMMN in acetonitrile, the evolution of triplet staté§Z*,S} can be seen in addition to a quasistationary
singlet staté{ Z*,S} 1. The intersystem crossing from the singlet into the triplet manifold of states proceeds
from Y{z*,S} states above the vibrationless stdf&*,S};. The triplet state formation is attributed to the
weaker intermolecular H-bond involved in the comp{e&,S} whenS= CH;CN. Dielectric polarization of

the solvent is of no significance in promoting the intramolecular proton transfer compared to the specific
solute-solvent interaction in the compléE*,S}. The protonated morpholino group in tAe* form of HMMN

is kept fixed by an intramolecular H-bond in all the cases. In the case of HMMQ, only its solution in
tetrahydrofurane has been studied. The rate constant for the conversionZsffren of HMMQ into the
excited keto K*) form has been determined, as well as the rate constant for the relaxation of the latter into
the ground-state keto fornK}. The rate constant for the conversion of the fdtraf HMMQ into the ground-

state enol form (through rotational Brownian motion of the protonated morpholino group) has also been
determined. Spectral broadening arising from the motion of the protonated morpholino grouZirfdha

of HMMQ has been observed in accordance with previous simulations.

Introduction OH group to the N atom in the morpholino ring, resulting in a

Time-resolved spectroscopic studies of photoinduced proton ZWwitterionic form? The photosensitive part of HMMN is a
transfer processes have revealed several aspects of the meci-hydroxynaphthyl group, whose OH group becomes a stronger
anisms involved in liquid-state intramolecular proton transfers Proton donor than in the ground state when it gets into an excited
over relatively short distances. The mechanisms are quite electronic singlet stattThe morpholino group may then accept
complex and involve active participation of the solvent and the proton, but it does so only when HMMN is dissolved in a
proton tunneling through hydrogen bonds, as, for instance, in polar solvent. It is not yet clear how the polar solvent assists in
the case of photoexcited 7-azaindole and the ground state ofthe transfer of the proton within photoexcited HMMN. Two
the keto tautomer of 7-hydroxyquinoline (7-HQ) dissolved in possibilities are worth considering, namely formation of a
alcohols!?2 The two cases mentioned are examples of several complex either between a solvent molecule and the excited
cases in which proton tunneling through H-bonds became solute or through interaction of the latter with the electric field
evident from the observed temperature-independent kinetic arising from the dielectric polarization it induces in the solvent.
isotope effect on the rate constant for the proton transfer. Long- The present study aims at eliminating one of these possibilities
distance proton transfers are expected to be even more complexand at finding similarities with the known behavior of the
than in the case of short distances, because the proton, besideghotoexcited enol form of HMMQ.
having to detach from the source and attach to the target, has Replacing the CH group in position 8 of the ring system of
to be transportepl on a carrier over a large distance through thez-hydroxynaphthol yields the molecule 7-hydroxyquinoline. The
bulk of the medium. . same substitution converts HMMN into the molecule 7-hydroxy-

The molecule 7-hydroxy-8\tmorpholinomethyl)naphthalene g marpholinomethylquinoline (HMMQ). This molecuie was
(HMMN) may exhibit a photoinduced proton transfer from the designefl to serve as a model offering the possibility for in-

*To whom all correspondence should be addressed. depth experimental studies of long-distance proton transfer in
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systems in which the source and the target are not connecteddetected in real time even with the improved time resolution,
as, e.g., in an alpha-helix peptide structtiley a chain of but relevant information could be acquired in the case of
hydrogen bonds. HMMN. Similar information could not be obtained in the case
Adiabatic excited state intramolecular proton transfer (ESIPT) of HMMQ, because the transient spectral bands appearing in
from the OH group to the morpholino’s N atom can be observed Successive stages of thg tautomerization process are seve_rely
in the case of HMMN only when it is dissolved in a polar broadened and overlapping. The merit of the HMMQ study is
solvent35 and in the case of HMMQ when it is dissolved in that the time scale of the ground-state reverse tautomerization
either a nonpolar or a polar solvét:12 In the case of solutions ~ °f HMMQ could be revealed.
of HMMQ in polar solvents or in 1,4-dioxane, the first ESIPT ~ We first present the study concerning the solution of HMMN
step is followed by rotational Brownian motion of the protonated in n-hexane because ESIPT does not take place in this case.
side group, which enables delivery of the proton at the N atom We then present the study of the solutions of HMMN in
in the quino]ine ring and results in formation of the excited tetrahydrofurane and in 1,4-di0xane because in these cases the
keto form of HMMQ. The fluorescence spectrum of HMMN  stationary fluorescence reveals substantial contributions from
in an alkane consists of a single band, that arises from the excited?0th the excited enol form and the excited zwitterionic form.
enol form’ with its maximum at 363 nm. The fluorescence Subsequently, we consider the solution of HMMN in acetonitrile
spectrum of the solution of HMMN in methanol or acetonitrile because its stationary fluorescence spectrum is dominated by
is dominated by a band, arising from the 2_naphth0|ate ion in the eXC|ted ZWItteI’IOFIICfOI‘m F|na”y, we discuss the Study of
HMMN formed adiabatically through ESIPT. This band has its the solution of HMMQ in tetrahydrofurane.
maximum at 417 and 422 nm in the cases of HMMN in
methanol and acetonitrile, respectivéfy.The fluorescence  Experimental Section
spectrum of HMMQ in alkanes shows a band with maximum
at 417 nm with a shoulder at 380 nm. The main band and the
shoulder arise from the excited zwitterion, formed adiabatically
through ESIPT, and from the excited enol form, respectively.

2-Hydroxy-1-(N-morpholinomethyl)naphthalene (HMMN) and
7-hydroxy,8-(N-morpholinomethyl)quinoline (HMMQ) were
prepared and purified as described previodsly-Hexane,
. A tetrahydrofurane, and acetonitrile were of spectroscopic quality
A third band appeatrs at the red side in the fluorescence spectrum, - W{:re used as delivered. Sodium was added to the solvent

of ';MMQ Whﬁ.n g isd diS.SON?d in hpolar .so(ljveknts for in ¢ 1,4-dioxane, which was then boiled in a refluxing apparatus
1,4-dioxane. This band arises from the excited keto form of - geyeral hours until it had to be used. It was then distilled

HMMQ, which is formed adiabatically from the excited pofore yse. The solvents used did not show any (linear)

zwitterion®10:41 absorption in the UV and visible wavelength range covered.
Previous studies revealed how solvents act in the catalysisThe solutions were not deoxygenated. Absorption spectra were
of the multistep, photoinduced endteto tautomerization of recorded on a Perkin-Elmer Lambda 2 YVis Spectropho-
HMMQ.5>7-12 These studies provide reaction schemes (Figure tometer.
1) and other useful information concerning the conversion | the pump-probe studies a laser system has been used
process. Two forms of HMMQ are in the ground state when \hich consists of a c.w. modelocked Titanium Sapphire laser
the solvent contains proton acceptoB, (lamely a bare form  ggcillator (Coherent, model MIRA) followed by a regenerative
with an intramolecular H-bond and a complex in which the |gger amplifier operating at 1 kHz repetition rate (B. M.
proton in the intramolecular H-bond is also H-bondedstadt Industries, model ALPHA 1000). Optical pulses generated as
has been concluded that only the latter exhibits photoinducedthe third harmonic of the amplified laser pulses were used for
enol-keto tautomerizatio®? It seems that both forms are the primary excitation of the sample. These pulses in the pump
converted to a zwitterionic form by proton tunneling, which  peam had a total energ§g) of about 500 nJ and a wavelength
proceeds only before vibrational relaxation of the excess energyof 266 nm. The main 266-nm laser beam was split into a
deposited with the excitatiof?.It has been suggested that part reference pump beam, used to deterntineand an actual pump
of the excess energy in the complex wiliis used to break the  peam. Wavelength-tunable optical parametric generators (OPGSs)
intramolecular H-bond and to set the protonated side group into and amplifiers (OPAs) were pumped by pulses emerging from
rotational Brownian motion. However, the processes involved the BMI ALPHA system to generate pulses for probing the
in the detachment of the proton from the OH group in the excited evolution of the excited sample. The beam emerging from the
state of HMMQ could not be observed directly with the time OPG/OPA system (B.M. Industries) was also split to obtain a
resolution of 5 ps available at the time. The ground-state reversereference probe beam and an actual probe beam. The probe
tautomerization leading from the ground-state keto form to the beam was polarized at magic angle (3% With respect to the
original enol form could not be observed in the case of HMMQ, polarization of the pump beam, and its intensity may be
although this process could be followed in great detail on a considered too low to excite detectable two-photon fluorescence
microsecond and submicrosecond time scale in the case of theof the solutions. The pump and probe beams were nearly
photogenerated keto tautomer of 7-HQ in alcoifdttere we collinear; they entered the cylindrical sample cell (1 mm path
report a time-resolved spectroscopic study with improved time length; 50 mm diameter) perpendicular to its windows and were
resolution intended to verify the suggestion concerning the off axis with respect to the cylinder axis, while the cell rotated
requirement of excess energy for detaching the proton from its at high speed along the latter axis. In this manner, effects of
initial site. UV-laser pulses of about 200 fs duration have been sample decomposition could be avoided, because eachpump
used to generate the primary excited state of HMMN and probe pulse pair investigated a fresh portion of the sample. The
HMMQ with energy exceeding that of their vibrationless lowest absorption spectra of the samples showed no change after
excited singlet state. The evolution of the primary excited singlet completion of the measurement. The induced change in optical
state has been monitored by means of time-resolved absorptiorabsorbanceAA(4,t), was determined from the attenuation of
spectroscopy at a number of selected wavelengths in the visibleeach probe pulse transmitted through the sample and detected
region of the spectrum. The proton transfer succeeding thewith photodiodes responding linearly. The timg élapsed
optical excitation of HMMN and HMMQ was too fast to be between primary excitation and probing was varied by means
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at different wavelengthshA;(t) was normalized with respect O — O — O -
to Ep. The optical alignment of pump, probe, and reference 1 2 3 4

beams was kept fixed in series of recordings which were o
compared, and it was verified thBp remained constant while P
t was scanned. The probing covered the wavelength region %
between 460 and 807 nm. An indication of spectral changes o .
with time was obtained by plottind\A(A), which represents ‘('T)’ i
AA(LY) at the discretel’s for various specified times. Two- @@ . @@ ©
color, two-photon absorption by neat liquid 1,4-dioxane was
used to determine the cross correlation between pump and probe 5 6
pulsel® Timet = 0 was defined as the time when the maximum Fingll’(fE 1 SEthCtgrES 0]‘: m\q&us fOthQS_Otf HM'}"Q IandHHtl)\/IMc’i\%’
; ; : enol formsE and E* o with intramolecular H-bond;2,
in the two-photon absorption appears. The width of the probe zwitterionicformsZ andZ* of HMI\?IQ immediately afterintramolecular
pulsgs d.ependedlon the wavelength, but the cross Correlat'orbroton transfer irE and E*, respectively;3, zwitterionicforms Z and
function just mentioned had always a width of less than 450 fs, 7+ of HMMQ after a 180 rotation of the morpholino groupt, keto
which means that the width of the probe pulses was less thanformsK andK* of HMMQ; 5, enol formsE and E* of HMMN with
400 fs. intramolecular H-bond;6, zwitterionic forms Z and Z* of HMMN
The lifetime of the fully relaxed fluorescent state was maintain_ing anintramolecul_ar H-bond afteintramolecular proton
determined either by correcting published values for deoxy- transfer inE andE*, respectively.
genated solutions for quenching by oxygen, or by detecting the
time dependence of the fluorescence with a streak camera after

of an optical delay line. In this manner the absorbance change 9

at fixed wavelength A) is obtained as a function of time,
AA;(t). The value ofAA,(t) at fixed t was averaged over a
)

sufficiently large number of pumpprobe pulse pairs to achieve

excitation wih a 4 ps/300 nm laser pulse. The fluorescence 0.015+ —=—-23ps
guenching by oxygen has been determined experimentally, when —»—-09ps
necessary, by comparison of the fluorescence intensity prior and —v—-0.2 ps
after deoxygenation of the solution. l —+—2ps

The neat solvents 1,4-dioxane and tetrahydrofurane exhibit 4 —+—6.4ps
two-photon absorption (TPA) consisting of simultaneous ab- —x—12.4ps
sorption of a photon from the pump and probe beams. The 0.010 4

quantity AA;(t) is determined from the intensity change of the
probe beam in this TPA process, and its shape is taken to
represent the shape of the response functigpd®(he pump-
probe detection system. The experimentally determined function AA
AA;(t) of the photoexcited solution is the superposition of
R;(t) and the convolution &t) of R,(t) and the absorbance
changeAA;(t) arising from absorption by transient molecular 0.005
species. The functiom;8) was simulated as the convolution of
R(t) and a sum of exponential functions pfwith the latter
representingAA;(t). The time resolution achieved in this
manner is expected to be equal to half the width of the probe
pulse, i.e., not worse than 200 fs.

The optical delay line used offers a maximum delay of 1 ns.

The delay was extended, when needed, to several nanoseconds  0.000 e

by displacing the delay line along the direction of the incoming . : . : . : . :

probe beam to increase its path length without disturbing the 400 500 600 700 800
alignment. Pinholes were used to define the alignment. %/ nm

Results and Discussion Figure 2. Evolution of the transient absorption spectrum of the solution

1. Solution of HMMN in n-Hexane.1l.a. Features of the ~ Of HMMN in n-hexane.

Transient Absorption SpectrumHHMMN is photochemically a in the period before the time marked in this figuretas —0.2
simpler system than HMMQ. Because solutions of HMMN in ps. The features oAA((1) seem to consist of the red edge of a
n-hexane exhibit only fluorescence from the enol form, their band,AAg, in the blue part and a bandAg, in the red part of
photoinduced transient absorptiodsiy;(t), may be attributed the spectrum. Relatively large magnitudes &4 (1) can be

to optical transitions from excited states of the enol form. observed (Figure 2) at 480, 680, and 807 nm. The initial
Excitation of 266 nm with the laser pulse prepares molecules absorptions below 680 nm diminish in time, while absorptions
in the second excited singlet statg Bheir excess energy above above this wavelength are increasing. Roughly speaking, the

the vibrationless lowest excited singlet state, AEgy, is shape of the band\Az changes slightly after termination of
subsequently dissipated by the environment, presumably afterthe excitation process. The shape of the red edgefgfchanges
electronic relaxation into;SIn the case of HMMN im-hexane, during the excitation process, but later, its evolution may be
AEq is estimated to be about 7740 chn considered to indicate either a uniform blueshift or an attenuation

The features ofAA(4) are shown in Figure 2 for various of the band. In principle, solvent reorganization around the
values oft. The pump process with the UV laser pulse proceeds excited solute may cause a time-dependent spectral shift of the
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transient absorption bands and therefore contribute also to the
features of the fast kinetics. The effect could arise only from
the anisotropy of the polarizability, @Ehexane. In the case of 0.010 -
an isotropic polarizability, the effect would vanish. It is A =480 nm
worthwhile to estimate an order of magnitude of a band shift,
Ao, arising from coupling of the reaction fiel&, of the solvent

to the molecular dipolesy; and u¢, of the initial and final
electronic state involved in the transition. In the case of the 3

nonpolar solvent-hexane, the shifho, arising from Onsager’s A =680 nm
el AR MWMWMWWMWW«WNWNM
_ 1 (*=1) , 2
Ao = hca3(n2 + 2)(AMI ;uf) (1) 0.005 L
A =807 nm

whereh, ¢, a, andn are Planck’s constant, the velocity of light,
the cavity radius for the solute, and the refractive index of the
solvent, respectively. Because bagtandus have finite values
and are not expected to exceed a magnitude of, say, 25 D units, L
the value ofAc is much less than 1 cmwhena is as small as

3 A. The apparent shift okAg after completion of the excitation

process is about 700 crh and cannot arise frondipole—

reaction fieldinteraction. The modification of the shape/fg

during the excitation process can be attributed to electronic g.gog rMJ
relaxation into the state;Swhile the excitation is going on,

whereby the energiEg is being redistributed among vibrational 0 20 40
modes of the state;SThe subsequent change in the appearance
of AAg may be explained as a uniform attenuation by assuming t/ ps

that all molecules in the state 8ave their vibrational modes
unexcited, with the exception of a single mode. The excess
energy in the state;Ss released and dissipated by the solvent,
presumably in single quantum jumps. Denote the excited . i .
vibrational mode byQg and its fundamental wavenumber and observed time profileAA,(t) at the various wavelengths. They
nth wave function in thgth electronic state byjs and Qjgn have been expressed as
respectively, wherg refers to either the staieor f mentioned m
above. Consider transitions in whiéBig, changes int2sm. — - -
If og ~ o, then the simultaneous substitution of, eBign AR Z gexpkt) + aexpiy
.- =1

by Qign-1 and Qim by QfB”]il Ieave_s the transition energy withm=1,2,0r3 (2)
nearly unchanged, but modifies the intensity by a fa&gr 1
= Wign | Lem@Risn-1 | Lem-1[4 over a spectral range of  where the first terms account for the fast processes and the last
aboutog cm™. When several vibrational modes are excited in term represents the decay of the relaxed excited enol form in
the § population, the spectral changes in the course of the its state & The ratioa/k; can be considered to be a measure of
vibrational relaxation become very complex and are not expectedthe weight of thgth component in the representation. Table 1
to resemble those observed ARs. The evolution ofAAg is lists the parameters in the representatioAs(t) at a number
slightly different from the development &fAg after termination of wavelengths.
of the pump process. At the very red edge, the intensity is Table 1 shows that the fast kinetics varies with wavelength
increasing slightly as time progresses. This can be attributed toand that not more than two exponentials are required to
the difference between the final electronic states of the two reproduce it. Note:k, > k;. The fast components inA(t)
electronic transitions. The displacement of the mQgemay correspond to a decay (positieg between 460 and 700 nm
be quite different for the latter two states, and the frequency of and a growth (negativg) of AA;(t) above 720 nm. The values
the mode may change also. A maximum may be encounteredof the parameters in the representation of the recorded signals
in the Franck-Condon factor as the vibrational relaxation AAzx(t) andAAza(t) are not very significant, because the signals
proceeds. At any rate within a selected time window, the bands are nearly constant in the time range covered after termination
AAg and AAr must reveal the same kinetics. of the laser excitation pulse. However, the signs of these

1.b. Time Dependence of the Transient Optical Absorptions. parameters are trustworthy. The rate constknésdk, needed
Figure 3 shows the time dependence\#;(t) at 480, 680, and  to represent the signalsAsso(t) and AA4s(t) are significantly
807 nm in the case of a solution of HMMN in-hexane. larger than those for the other wavelengths. This can be taken
Stimulated emission contributes to the magnitudeAd(t) as evidence that the state @ntributes also to the latter signals,
between 460 and 500 nm. Figure 3 reveals clearly that fast because the other wavelengtisandk, do not vary much. This
processes are running in the first 10 picoseconds; these fasiobservation is in accordance with the suggestion made above,
processes are then followed by a rather slow one. This slow that the bandg\Ag and AAgr must reveal the same kinetics.
process can be identified with the decay of the fully relaxed A simple mothet+daughter relation between the primary
lowest excited singlet state of the enol form of HMMN. Its decay excited-state population and the fully relaxed excited-state
rate constant will be referred to &s, and its magnitude has  population would need only two exponential functions to fit
been determined experimentally to be 0:36.(° s1. At least AAr(t). Taking into account that vibrational substructure is not
three exponential functions are required to reproduce the resolved, that each sublevel carries a different transition

Figure 3. Time dependence of the transient absorptions of the solution
of HMMN in n-hexane at 480, 680, and 807 nm.
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TABLE 1: Kinetic Parameters for HMMN in n-Hexane

A [nm] 16 &y ki [10%2s7Y] 10% & k.[10%2s7Y] 10 a k [10°s7Y]

460 1.38+ 0.1 0.10+ 0.01 1.7£0.1 0.49+ 0.06 11.24+0.01 0.36 0
480 1.43+£ 0.05 0.140+ 0.006 3.35: 0.2 1.44+ 0.1 8.34+ 0.007 0.36: 0
500 0.56+ 0.01 0.045+ 0.005 2.09t£ 0.04 0.61+ 0.02 8.11+ 0.02 0.36£ 0
520 0.46+ 0.04 0.079+ 0.009 1.3+ 0.04 0.59+ 0.04 6.97+ 0.009 0.36£ 0
540 0.73+ 0.03 0.058+ 0.006 1.43+ 0.05 0.56+ 0.04 4.84+ 0.02 0.36 0
560 1.13+0.02 0.072+ 0.003 1.6+ 0.04 0.71+ 0.04 4.94+ 0.01 0.36+ 0
580 1.224+0.03 0.078t 0.004 1.6+ 0.06 0.75+ 0.06 4.26+ 0.01 0.36 0
600 0.66+ 0.03 0.077+ 0.005 1.04t 0.04 0.63+ 0.05 3.91+ 0.007 0.36: 0
620 0.51+ 0.03 0.061+ 0.01 1.01+ 0.06 0.63+ 0.08 4.70+ 0.02 0.36 0
640 0.48+ 0.02 0.051t 0.007 0.91+ 0.03 0.51+ 0.04 4,53+ 0.02 0.36+ 0
660 0.28+ 0.06 0.12+ 0.03 0.67+ 0.08 0.8+ 0.2 5.05+ 0.008 0.36t 0
680 0.60+ 0.08 0.13+ 0.02 0.7+0.1 1.0+ 0.4 7.89+ 0.01 0.36+ 0
720 too weak too weak too weak too weak too weak too weak
740 —0.30+ 0.03 0.82+ 0.02 6.38+ 0.02 0.36+ 0
780 —0.634+ 0.03 0.086+ 0.005 —5.54+0.01 4.1+ 0.9 5.8+ 0.01 0.36+ 0
807 —0.59+ 0.15 0.107+ 0.004 —5.01+ 0.07 6+ 4 5.374 0.007 0.36: 0

probability in the optical absorption, and that the relaxation rate

constant varies among the sublevels, the kinetics of the fast 0.015 4 = -13ps

process is not expected to be uniform as a function of ‘ —v—02ps

wavelength, and that it can be represented by a sum of merely —%—19ps

a few exponential functions. The need for only two exponential ] —e—57ps

functions to represent the fast kinetics can be considered _sz'z ps

evidence that at the end of the excitation process, most of the

excess energyAEy is stored in about two quanta of a single 0.010 - l '

vibrational mode, as suggested above. The excitation pulse is v

populating the state ;S and there is spectral evidence for \

electronic relaxation fromS8o S during the excitation process. %

For these reasons, it is reasonable to assume that at the end ofAA ) * \\ ?

the pulse the excited-state population consists predominantly * *3*4/ x

of enol-type solutes in the statg, Svith the excess energy of X"

about 7000 cm! stored in a high-frequency accepting mode  0.005 \v

Qa like a C—H or O—H stretching vibration. This assumption

implies that redistribution of vibrational energy iniS causing

conversion of the whole ;Spopulation into an Spopulation

through modeQ, only. If the fundamental wavenumber, of

Q. satisfies 2000 cmt < g, < 3000 cntl, thenQ, does not

get excited with more than 3 quanta. Of course, the n@gle 0.000 - - - gy E_gE -

mentioned above has to be identified with the mQie

2. Solution of HMMN in Tetrahydrofurane. 2.a. Features

of the Transient Absorption Spectrunt.he induced absorptions ———————

AA(A) of the solution of HMMN in tetrahydrofurane are shown 450 500 550 600 650 700 750

in Figure 4. The excitation process precedes the time marked A/ nm

ast = 0.2 ps in this figure. Within this period, features of the
transient absorption spectrum can already be seen over the whol
wavelength region at= —0.6 ps. In the regiod < 600 nm,

the maximum magnitude &A1) is observed at = —0.2 ps.
For—1.3 ps<t < —0.2 ps (period 1), the spectral changes can
be attributed to relaxation of the states prepared directly by the or from a complex involving the latter. The band; has nearly
pump pulse, as in the case of HMMN in-hexane. The reached its maximum intensity at the end of period 3, and its
magnitude ofAA(1) below 520 nm drops slightly for-0.2 < intensity grows just a bit more between G2 < 22 ps (period

t < 0 ps (period 2). This observation is evidence that the TPA 4). This means that the excited zwitterion of HMMN is not
contribution by the solvent is absent after O ps, because in  formed predominantly fronk* in the state §

the subsequent interval9t < 0.2 ps (period 3), the magnitude 2.b. Time Dependence of the Transient Optical Absorptions.
of AA(X) in the region 480< 1 < 560 nm, AAg, drops Figure 5 shows the time dependence\#,(t) at 480, 640, and
uniformly, similarly to the change afAg in the case of HMMN 720 nm. Two-photon absorption by the solvent clearly contrib-
in n-hexane. Therefore, the changesAiAg in period 3 in the utes toAA;(t) at 480 nm, but not at 640 and 720 nm. Sikce
present case can also be attributed to vibrational relaxation ofand Z* are being interconverted rapidly compared to their
the enol form of HMMN in the state ;SFaint features of a  decay? they decay collectively. The rate constant for their
band around 640 nm\Az, can be observed as early bs collective decayk., has been obtained from the decay of the
—0.6 ps, i.e., during the pump process; these features develodluorescence and entered as a fixed-rate condtarib the

into an intense band later. Because a similar band does notrepresentation oAA;(t) given in eq 2.

appear in the case of HMMN in-hexane, the intense band can An example of such a representation is presented in Figure
be attributed to absorption by the excited zwitterionic fain 6. The parameters in this representation are listed in Table 2
of HMMN, formed adiabatically from its excited enol forgr for all probe wavelengths. Note agairk, > k;.The rate

?—igure 4. Evolution of the transient absorption spectrum of the solution
of HMMN in tetrahydrofurane.
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TABLE 2: Kinetic Parameters for HMMN in Tetrahydrofurane

de Bekker et al.

A [nm] 1Ca ki [10*?s7Y 10, ko [10*2s7Y 108 a. k. [10°s™Y
480 1.47+ 0.06 0.07+ 0.01 4.6+0.2 0.98+ 0.07 5.3+ 0.03 0.31+0
520 0.71+ 0.06 0.07+ 0.01 2.0+0.1 0.69+ 0.08 5.6+ 0.03 0.31+£ 0
540 0.16+ 0.03 0.05+ 0.03 1.6+ 0.2 1.1+0.1 6.07+ 0.04 0.31+0
560 —0.44+0.03 0.07+ 0.01 6.56+ 0.02 0.31+ 0
580 —1.08+0.01 0.13+0.01 6.95+ 0.01 0.31+0
600 —1.36+ 0.02 0.17+0.01 6.39+ 0.01 0.31+ 0
620 —1.71+0.05 0.19+0.01 11.92+ 0.01 0.31+0
640 —0.97+0.19 0.40+ 0.06 —114 15 42403 12.73+ 0.01 0.31+ 0
660 0.80+ 0.09 0.04+ 0.02 -0.9+0.3 0.80+ 0.41 10.1+0.1 0.31+0
680 1.35+ 0.02 0.09+ 0.01 7.15+ 0.01 0.31+ 0
720 2.05+ 0.03 0.13+0.01 6.75+ 0.01 0.31+0

A= 640 nm 0.013 - data
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Figure 5. Time dependence of the transient absorptions of the solution Figure 6. Experimental and fitted time dependence of the transient

of HMMN in tetrahydrofurane at 480, 640, and 720 nm.

constantk; andk, for A = 640 nm andl = 660 nm will be

absorption of the solution of HMMN in tetrahydrofurane at 640 nm.

nm (0.07 x 10'2 s71), which do not differ much from those
found at 460 and 480 nm in the case of HMMNrirhexane.

ignored in the discussion, because they are not very accurateThe value ofk; at 620 nm indicates a path along whigh is
apparently as the consequence of overlap of a decaying and &enerated from its precursor at a much faster rate than is
growing band which have about equal rate constants and weightencountered in the relaxation within the bafds. This path

in the representation. The valueslgfin the range 48 1 <
540 nm (band\Ag) do not differ much from those obtained in
the bandAAg in the case of HMMN inn-hexane. Therefore,
the bandAAg can also be attributed in the present case to
absorptions by botlE* in the state § carrying vibrational
excitation, and by the initially prepardsgf in the state & The
changes in the bandAg with time can also be attributed in
this case to electronic relaxation of fdllowed by vibrational
relaxation of the emerging statg.S

The component in the kinetics with rate constigntanishes
outside the bandAg, unlike the case of HMMN im-hexane.
This means that the contribution &* to AAy(t) at these

is most likely the consequence of a ground-state equilibrium
between the bare form @& and a compleXE,§ of E and a
solvent molecules, which are both being excited by the pump
pulse. Specific solutesolvent interactions have previously been
shown to affect the spectral location of the fluorescence bands
of HMMN in hydrogen-bonding solvenfsThe new aspect is
that these specific interactions already exist when HMMN is in
its ground state.

The growth component at 58& A < 620 nm can be
attributed to a conversion ¢£*,S} into {Z*,S} which is much
faster than the vibrational relaxation Bf in n-hexane. Because
the bare formE* must also exhibit absorptions in the red part

wavelengths is negligible compared to contributions from other of the spectrum, the absorptions in the range 880 < 720
types of species. Obviously, these strong absorptions in thisnm (bandAAg) are expected to show a decay wiih~ 0.07 x

region must be attributed @*. Disregardingt = 640 nm and
A =660 nm, the largest value &f is found at 620 nm (0.1%
102 s71), within the bandAAz, arising fromZ*. This value is
nearly 3 times larger than the valueskefat 480, 520, and 540

102s71, at least ifE* is dominatingAA;(t) there. Since a decay
with k; = 0.13 x 102s71 (equal to the value df; in the growth

at 580 nm) is observed at 720 nm, the absorption at this
wavelength must be dominated bi*,S}. The absorptions in
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Figure 7. Evolution of the transient absorption spectrum of the solution ) . ) )
of HMMN in 1,4-dioxane. Figure 8. Time dependence of the transient absorptions of the solution

of HMMN in 1,4-dioxane at 500 and 640 nm.

the red arising fron{ E*,S} are denoted asAgsto distinguish  TABLE 3: Kinetic Parameters for HMMN in 1,4-Dioxane

them from those in the red bardhr of the solution im-hexane. P p—
The complexe§E,§ and{E*,S} must be considered to have A Inm] 10 ki [10757 10a K [10°s™]
the proton of the OH group participating simultaneously in two 480 192+0.05 033001 575001 0340
hydrogen bonds, one an intramolecular H-bond with the N atom 500 0.71+0.08  0.16+0.03  4.80+0.02  0.34+0
. . . 520 1.8+0.1 0.64+ 0.06 5.02+ 0.01 0.34£ 0
in the morpholino group and the other an intermolecular H-bond 555 0614005 025+003 542+001 034t 0
with S The particular role of such complexes in photoinduced 580 —2.23+009 019001 8.11+0.02 0.34+0

proton-transfer processes has been demonstrated in the case of600  —2.654+0.08 0.18+0.01 9.514+0.01  0.34+0

HMMQ.6 620 —1.91+0.05 0.19+0.01 9.45+0.01 0.34+ 0

. . . . 640 —1.32+0.05 0.18+:0.01 8.91+0.01 0.34+0
. As mentloned' above, forms involvirg* andZ* are bemg 660 —9+ 20 161+ 005 908001l 0340
interconverted with rate constants larger thanThe conversion 680 —-094+02 1.0+ 0.2 7.45+0.01 0.34+0

of bare E* into Z* does not seem to involvgE*,S} as an 3.b. Time Dependence of the Transient Absorptiofsthe
intermediate in the time range covered, because in that caseyqutions of HMMN in 1,4-dioxane, the signalsA;(t) have a
the decay of\Ag (i.e., 480= 4 < 560 nm) would have to match  1pa contribution from the solvent for all the probe wavelengths.
the decay at 720 nm._The_lnterconver§|on must be direct and Figure 8 shows the large contributions from TPA at 500 and
about as fast as the vibrational relaxationf 640 nm, which appear as a sharp peak at the beginning. After
3. Solution of HMMN in 1,4-Dioxane. 3.a. Features of the  the contribution from TPA is eliminated in the signals, the
Transient Absorption Spectrunt-igure 7 shows the evolution resulting AA;(t)’'s are represented as a sum of exponential
of AA(4) with time in the case of the solution of HMMN in  functions (Table 3).
1,4-dioxane. At time = —0.5 ps, when the pump process has  Whereas two exponential functions were needed to represent
already been terminated, there are, in contrast to the case othe fast component in the kinetics at the blue part of the spectrum
HMMN in tetrahydrofurane, barely any features visible of the in the two previous cases, a single exponential is now sufficient
bandsAAg and AAg attributed toE* in the case of HMMN in  throughout the whole wavelength region. This means that the
n-hexane. However, at that time the features of the band arisingdifference betweerk; and k, is not large enough to be
from Z*, i.e., AAz, are already clearly observable in the region distinguished kinetically when several species contributep
550 = 4 = 620 nm, as in the case of HMMN in tetrahydro- An average value ok; and k. then emerges in a single-
furane. exponential function for the fast kinetics. Such a situation
A rather large increase ihA(4) appears throughout the becomes even worse when one of the species is dominating
whole wavelength region in the perieegD.5 <t < 1.1 ps. Itis AA;, in the region, as may happen when either bBrer
followed by a decrease below 550 nm and a further increase complexeq E,§ are predominantly excited by the pump pulse
between 550 and 680 nm. The band which has then developedas a consequence of a larger extinction coefficient. The
in the latter region is much broader than the band in the sameabsorptions b¥*(S,), E*(S1), { E*(S1),S, and{ E*(S,),S may
region, in the case of the solution in tetrahydrofurane. This broad overlap in the blue part of the spectrum, i£s 520 nm, and
band can be considered as the superposition of the baAgds this must be considered to be the reason for the variatida of
and AArs, which are closer together in the present case. in the bandAAg.
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Figure 10. Expected ordering of molecular orbital levels and electronic
state levels of HMMN and its anion.
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?/ bare formE* does not get converted into a zwitterion in the
solution in 1,4-dioxane, one may conclude that solvent dielectric
polarization is of no significance in promoting the intramolecular

0.002 1 proton transfer compared to the specific soltgelvent interac-
tion in the compleX E*,S}.

i In contrast to the central band in the region 620 < 640

nm, the absorptions at both the blue and the red side of the
region are time-dependent beyone 0.3 ps. This means that

T . . . . . . .
0.000 '\I—FI/'\./I/. et T the species causing these absorptions are kinetically discon-
—————— T ——— nected from{ Z*, CH3CN} as soon as their common source has
450 500 550 600 650 700 750 800 been exhausted. The absorptions at the blue and red sides of

%/ nm the region 620< A < 640 nm are arising from a single type of
species, because the kinetic behavior is the same at both sides.
Figure 9. Evolution of the transient absorption spectrum of the solution  This species is most probably a species in an electronic triplet

of HMMN in acetonitrile. state. Taking into account that triplet states have not been
In the range 55C< 1 < 640 nmAA; is growing with rate emerging from eitheE* or {E*, S} in the case of solutions in

constantk;, which has a constant value of about 029102 n-hexane, tetrahydrofurane, and 1,4-dioxane, the absorptions at

s Lin this range. This value may be interpreted as the magnitudethe red and blue sides of the central band of the solution in

of the rate constant for the conversion{ &*(S;),S into {Z*,S}, acetonitrile are attributed to triplet stat§*,CH3:CN} of the

and it implies that this process is as fast as in the case of thecomplex ofZ* with CH3CN, which are still relaxing into the

solution in tetrahydrofurane. The largest valuekpfs 1.61 x vibrationless lowest triplet stat§ Z*,CH3CN};. The reasons

10" s~1. This value is accompanied by an unreliable value of for invoking triplet states abové{Z*,CH3CN}; are that no

a; and is found in the growth oAAseo, Which is not followed photodecomposition is involved and that a relaxed triplet state
by a fast decay. At 680 nm the representation is more reliable in acetonitrile has a decay rate constant of about413f s1

and indicates a single component in the fast kinetics, which when it decays predominantly as the result of quenching by
grows withk; = 1.0 x 102 s 1 and has an error of about 20%  dissolved oxyge#? while the observed spectral changes proceed

in a;. The growth of a contributiodAgrs from {E*(S,),S to in the picosecond time domain. Apparently, sparbit coupling
AA; in the rangel = 660 nm is expected to be followed by a is stronger between a generated singlet stp##,S}x above
relatively fast decay associated with the conversiofE3{(S,),S the vibrationless first excited singléfz*,S}, state and the

into {Z*,S}. Therefore AA, in the rangel = 660 nm must be manifold of 3{Z*,S} states whergis a CHCN molecule than
attributed to the absorption baridiz of bareE*, and one must ~ whenSis atetrahydrofuraneor 1,4-dioxanenolecule. The state
attributek; at 680 nm to the relaxation &*(S,) into E*(S,) Y7* Sty is the common source for producid§z*,S}; and
and conclude thaE*(S;) does not get converted inf*. triplet states’{ Z*,S}. There is no knowledge available which
4. Solution of HMMN in Acetonitrile. 4.a. Features of the enables us to choose between a vibrationally excited substate
Transient Absorptions.Figure 9 shows that in the whole of Y{Z*S}; and the second excited electronic singlet state
wavelength region, the intensity AfA(1) is growing only before Y z* S}, for the identification of{ Z*,S} x. Among the solvent
t = 0.3 ps, in the case of the solution of HMMN in acetonitrile. molecules just mentioned, GEIN makes the weakest H-bod
Thereafter AA; does not change anymore in the region 620  with the O atom of the naphtholate ion #t. Efficient spin—
A < 640 nm, although decay can then be observed clearly at all orbit coupling requires coupling of the lowetzz*) state of
other wavelengths. Both the height and the position of the the naphtholate ion iZ* to one of its3(nz*) states, and this
maximum at 620 nm remain fixed from= 0.3 ps on. This depends strongly on the energy gap between these states. The
maximum appears in the same region as the maximum of thesmallest energy gap and strongest sqorbit coupling are to
band attributed to the compléx*,S} in the case of the solution  be expected wheBis a CHCN molecule. This reasoning is
in tetrahydrofuran; therefore, it too must be attributed to such supported by the ordering of molecular orbitals (MOs) and
a complex in the present case. Note, however, the striking electronic-state energies presented in Figure 10. The lewvels
difference between the time dependencies of this band in theandz* in this scheme refer to the highest occupied and lowest
two cases. The quasistationary character of the band in theunoccupiedr-type MOs, respectively, and levelrefers to the
present case means that the band is affected neither byMO available for the pair of nonbonding electrons on the O
vibrational relaxation nor by relaxation of the dielectric atom of the OH group in neutral HMMN. Two pairs of
polarization of the solvent, because these effects would extendnonbonding electrons of the deprotonated O atom in the anion
beyondt = 0.3 ps. Taking into account the conclusion that the of HMMN occupy MOsn; andn,, which are linear combina-
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TABLE 4: Kinetic Parameters for HMMN in Acetonitrile

A [nm] 1Ca ki [10*2s7Y] 10° &, ko [10*2s7Y 10% ag ks[10%?2s7Y 10 a k. [10° s
480 0.49+0.05  0.08+0.03 -13+35 1.6+ 0.8 12435 1.1+ 05 4.25+ 0.05 0.26+ 0
500 3+ 20 0.003+ 0.028 —945 2.24+0.2 4+1 0.69+ 0.08 2.2+ 20 0.26+ 0
520 0.46+ 0.07 0.10£ 0.03 —21+£135 15+1.0 18+ 134 1.2+ 0.95 4.99+ 0.03 0.26£ 0
540 0.3£0.1 0.12+ 0.06 —-154+73 154+ 1.0 11+ 72 1.1+ 1.0 5.25+ 0.02 0.26+0
560 1.4+ 1.0 0.6+ 0.2 —18+2550 2+ 125 1242550 24+ 165 5.91+ 0.01 0.26+ 0
580 —0.394+ 0.02 0.054+ 0.008 —23+59 3.7£1.2 21+ 59 5.0+ 2.6 6.61+ 0.02 0.26+ 0
600 —2+16 0.003+ 0.022 —7+6 2.38+0.05 9.66+ 16 0.26+ 0
620 -9+ 281 0.001+ 0.028 —12+ 35 1.6+ 0.9 7+ 35 1.2+1.0 16+ 281 0.26+£ 0
640 —0.22+ 0.04 0.05+ 0.03 —30+ 400 15+13 24+ 400 1.3+1.4 6.32+ 0.05 0.26£ 0
660 0.8£0.3 0.49+0.11 -114+14 3.5+1.6 9+ 14 8+13 5.444+ 0.01 0.26+0
680 1.0+1.4 0.01+ 0.02 —10+ 23 1.5+ 0.6 6+ 20 1.0+ 0.6 3+1 0.26+0
720 0.6+ 0.09 0.09+ 0.02 —-7+11 21+ 04 3+3 0.9+ 0.3 3.56+ 0.03 0.26+ 0
760 0.62+ 0.08 0.36+ 0.04 —3.1+0.5 2.3+0.1 24+0.3 0.26+0
within the period of laser excitation and remains constant
0.008 - A=600 nm thereafter in the time range covered.
The representation of the time dependencAAf(t) as a sum
I of exponential functions has not been as successful as in the
previous cases (Table 4). The result is not satisfactory at several
wavelengths with either two or three exponential functions in
0.006 |- the representation of the fast kinetics. Based on the assignment
of the blue and red part of the spectrum to absorptions by the
A =500 nm lowest 3{Z*,S}, this is not surprising, because in addition to
- the fixed value ok_ for the decay of thé{Z*,CH3CN}, state,
AA the decay rate constaki for the decay of{Z*,CH3CN} ; must
0004 L =720 nm be introduced and assjgned a fi>§ed value. This has not been
done, because the fitted functions would not have been
trustworthy when at least six adjustable parameters (two rate
L constants and four pre-exponential coefficients) were involved.
5. Solution of HMMQ in Tetrahydrofurane. 5.a. Features
of the Transient Absorption SpectrumAcetonitrile was not
0.002 |- chosen as solvent for HMMQ so that we might avoid the
formation of triplet states which occurred in the case of the
L solution of HMMN. Tetrahydrofurane was preferred over 1,4-
dioxane as solvent for HMMQ, because the excited keto form
of HMMQ emerges in much higher yield when tetrahydrofurane
0.000 - is used. The evolution akA(1) of HMMQ in tetrahydrofurane
1 . L . L , L during the first 45 ps after laser pulse excitation is presented in
o 10 20 30 Figure 12. To assign the absorptions in the various regions of
t/ ps the spectrum, it is useful to bear in mind that photoexcitation

of solutions of the enol fornk of HMMQ in tetrahydrofurane
leads to fluorescence from excited zwitterionic forms between
400 and 500 nm and fluorescence from the excited keto form
between 545 and 670 niRecall also that the first UM visible
absorption band of the ground-state keto tautomer of 7-hydroxy-
quinoline in 2-propanol has its maximum at 420 Arfthe
ground-state keto form of HMMQ may therefore be expected
to have its first UV-visible absorption band in the same
wavelength region, because the chromophoric system is the

Figure 11. Time dependence of the transient absorptions of the solution
of HMMN in acetonitrile at 500, 600, and 720 nm.

tions of the degenerate Spybrid atomic orbitals of this atom.
The strong fluorescence from all forms of HMMN indicates
that their lowest excited singlet state i$(a*) state. Because
MO n, lies above MOnN, the energy gap between states
(np %) or 3(ny 7*) and statel(zzr*) is smaller than the gap
between state¥n z*) or 3(n 7*) and Y(zz*). same.

4.b. Time Dependence of the Transient Absorptiohsthis For A < 500 nm, the intensity is negative in the beginning
particular case, the time dependence of the depolarization of,ecause of the contribution of stimulated emission. At tirse
the transient absorption has been studied over a range of 30 p$ g ps, the spectrum is broad and rather featureless, with a not
at two wavelengths, by detection with probing light polarized yery pronounced maximum in the intensity around 600 nm. This
either parallel or perpendicular to the polarization of the opservation is in contrast with the relatively sharp band around
pumping light. The initial anisotropies of the transient absorp- 640 nm, attributed t&* type species, in the case of the solution
tions at 480 and 600 nm have been found to decay with a of HMMN in tetrahydrofurane. The difference may be attributed
common time constant of about 20 ps. The magnitude of this to a rigid structure ofZ*, kept fixed by intramolecular
time constant indicates that the depolarization is caused not byH-bonding, in the latter case and a protonated morpholino group
fast intramolecular processes, but by overall rotation of the in the z* form of HMMQ which is subjected to rotational
excited solute. The time dependenceAd;(t) of the solution Brownian motion. The various positions taken by the proton
of HMMN in acetonitrile is shown in Figure 11 fot = 500, on the morpholino group relative to the electronically excited
600, and 720 nm. No TPA contributions from the solvent are aromatic moiety in HMMQ yield different spectra and cause
observed in this case. The absorption at 600 nm is generatedspectral broadening, due to variation of the interaction between
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y ) ) ) ~of HMMQ in tetrahydrofurane at 480 nm.
the two subsystems. The observed broadening provides experi-

mental support for the procedure, introduced in simulations of

the photoinduced tautomerization of HMMQ, in which the
electron distribution of the excited chromophoric part of the
molecule is adapted to the position of the protonated morpholino 0010
group’-16 As time proceeds the spectrum sharpens gradually,

and att = 45 ps a narrower band can be seen around 550 nm.

The sharpening can be attributed to the buildup of the keto form

: | A =460
K*, whose spectrum is not expected to be strongly dependent Wmnm

on the position of the morpholino group, because the two
interaction subsystems are now electrically neutral. 0.005
5.b. Time Dependence of the Transient AbsorptioRggure
13 shows a typical time dependence of the transient absorptions AA
of a solution of HMMQ in tetrahydrofurane for the probing
wavelength of 480 nm. The sharp peak at the beginning of the
signal arises from two-photon absorption by the solvent. 0.000
Immediately after this peak disappears, the signal starts to
become negative in contrast to the solution of HMMN in Mo nm
tetrahydrofurane.The reason for this behavior is that both
transient absorption by and stimulated emission fromzhe
form of HMMQ are contributing to the signal. This did not
happen in the case of HMMN in tetrahydrofurane, because the 4 q55 L
fluorescence band of th&* form of HMMN is much more to
the blue, i.e., outside the region of the probing wavelengths.
The figure offers no sign of the conversion Bf into a Z*, T S T T S SN
even after numerical elimination of the TPA contribution. This 0 500 1000 1500 2000 2500 3000

means that the former process is too fast to be resolved with t/
the available time resolution. The figure reveals clearly that a psS

relaxation process is proceeding on a time scale extendingrigure 14. Time dependence of the transient absorptions of the solution
beyond 50 ps. This process can be observed in the whole visibleof HMMQ in tetrahydrofurane at 460 and 600 nm.

part of the spectrum, but it is seen most clearly at wavelengths

below 500 nm. Its time dependence is displayed on a much with a rate constark equal to the one involved in the growth
longer time scale in Figure 14, where the induced absorptions of the stimulated emission at 600 nm (frofiK*,S}). This

at 460 and 600 nm are shown together as a function of time. observation reflects the conversion of the zwitterionic famn
This figure shows clearly that in the time intervakOt < 375 of HMMQ into its keto formK* resulting from the rotational
ps, the stimulated emission at 460 nm (frfgt, S} ) is decaying Brownian motion of the protonated morpholino group. The
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Figure 15. Experimental and fitted time dependence of the transient
absorption of the solution of HMMQ in tetrahydrofurane at 600 nm.

signal at 600 nm in the figure starts to decayofie@xponen-
tially) aroundt = 375 ps and continues to do so, with rate
constankg, until it has disappeared at abdut 2000 ps, while

the signal at 460 nm grows at the same rate in the time elapsed

J. Phys. Chem. A, Vol. 105, No. 2, 200409

6. Conclusion

In the systems HMMN and HMMQ, excited 2-naphthol is a
weaker proton donor compared to excited 7-hydroxyquinoline,
this weakness slowed the proton transfer to the morpholino
group considerably and enabled the observation of several
processes preceding ESIPT in HMMN. Previously, attention has
been drawn to the advantages HMMQ offers in the experimental
study of the influence of solvent-imposed friction on the motion
of reactants in liquid solutions. Until now, comparison between
experiment and theory has had to be restricted to the rotational
Brownian motion of the protonated morpholino group in excited
HMMQ. Such a process can now be observed in the case of a
ground-state molecule, namely the ground-state keto form of
HMMQ. This work opens the field for further experimental
studies on the influence of solvent-imposed friction on the
retautomerization of ketoHMMQ in its ground state. The
comparison between experiment and theory or simulation can
then be performed in a more reliable manner, because the
solute-solvent interactions can be calculated quite easily in the
case of the ground-state solute. Note that the ground state
retautomerization of HMMQ starts within a few nanoseconds
after the excited state of the enol form has been prepared.
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