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Abstract

Dynamics of excited state intramolecular proton transfer (ESIPT) and solution phase fluorescence properties of 4-methyl-2,6-diformyl
phenol (MFOH) and its derivative, 4-methyl-2,6-diacetyl phenol (MAOH), have been monitored by nanosecond time correlated single photon
counting and femtosecond transient absorption techniques. Time evolution of the transient absorption data reveals that both the compoun
undergo an ultrafast proton transfer, yet with a significantly slower rate constant of aboutl#%s ! compared to the other intramolecularly
hydrogen bonded systems reported recently. This is explained on the basis of large skeletal rearrangement necessary for the proton transfel
occur. The ultrafast ESIPT process is followed by rapid intramolecular vibrational relaxation (IVR) with a time constant of few picoseconds
before fluorescence emission occurs from the proton transferred keto structure in the excited state potential energy surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction relatively weak intramolecular hydrogen bond, perturbation
from polar especially protic environments may modify the
Proton transfer reactions play a central role in a number of ESIPT dynamics, which may either be prohibited within the
chemical and biological processgs-5]. Molecules under-  excited-state life span or proceed with a prerequisite of (pro-
going excited state intramolecular proton transfer (ESIPT) tic) solvent reorganization. The number and nature of the
are also proposed to have several technological importanceresulting conformers differ with the individual system under
like ultraviolet (UV) stabilizef6], sources for tunable lasers consideration depending on its hydrogen bonding strength
[7], for information storage and optical switchifig], etc. and other physical properties of the solvent medium. How-
Moreover, ESIPT reactions can be used efficiently as a probeever, the basic picture remains the same, i.e., the proton (or
to study the binding sites and conformations of proteins more strictly, hydrogen) moves very fast (within the range
[9-10]and also to explore the hydrophobic nanocavities like from pico to femtosecond time scale) from the donor to the
cyclodextring11-12] acceptor atom in a six (or five) membered hydrogen bonded
The primary feature common to the most ESIPT sys- system[13-14] due to the complete reversal oKpin the
tems is the extreme rapid rate of proton transfer through aexcited state compared to the ground state. A number of
pre-existing strong intramolecular hydrogen bond under exci- recent ultrafast laser experiments with diverse techniques
tation in the gas phase as well as in non-polar solvents wherehave been reported on ESIPT that gives direct access to exper-
environmental perturbation is negligible. For molecules with imental measurement of the proton transfer rftés17]
The majority of ESIPT rates those have been determined
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(2’-hydroxy phyenyl) benzothiazole (HBT) in dichloroethane studied by steady state and time resolved fluorescence and
[18], ~100fs for 2-(2-hydroxy, B-methyl phenyl) benzo-  also with femtosecond transient absorption spectroscopy.
triazole in non-polar solventd 9] and less than 300fs for
[2,2-bipyridyl] 3,3-diol [20]. More recent experiments by
Neuwahl et al[21] reported less than 50 fs limit of the ESIPT 2. Experimental
of [2,2-bipyridyl] 3,3-diol. Recent results with 30fs time
resolution pump probe spectroscopy on the proton transfer of ~ Synthesis and purification of 4-methyl-2,6-diformyl phe-
HBT in cyclohexane reveals that about 33 fs after the excita- nol (MFOH, I) and 4-methyl-2,6-diacetyl phenol (MAOH,
tion the molecule adopts a keto configuration and about 20 fsII) has been described elsewh#2-33] The compounds
later, the potential minimum of the keto form is achieved were repeatedly recrystallized from ethanol and dried before
[22]. Ernsting et al[23] reported 116 15fs time constant  use. Spectroscopic grade (99.9+%) cyclohexane and chlo-
for the conversion of enol form of 2,5-bis’{Benzoxazolyl) roform were received from Aldrich Chemical Co. and used
hydroquinone to the corresponding keto form in tetrahydro- without any further purification.
furan. Femtosecond dynamics of double proton transfer in  Steady state absorption and fluorescence spectra of the
7-azaindole dimer has also been reported by several groupsiilute solution ¢5x 10~>moldn3) of the compounds
[24—26]and found to occur within few hundreds of femtosec- were recorded in JASCO UV-vis (model 7850) and Perkin-
onds. Elmer MPF 44B spectrometers, respectively. Emission spec-
Measurement of ESIPT rates for the systems involving tra were corrected for spectral sensitivity of the instrument.
oxygen as proton donor and acceptor are relatively less. Fem+luorescence quantum yielgs) measurements were per-
tosecond fluorescence depletion studies on methyl salicylateformed by comparing the fluorescence intensity, integrated
(MS) report 60t 10fs for the proton transf¢27]. Ernsting over the whole range of emission frequencies, with that of
and Dick[28] calculated ESIPT rate constant from the line methyl salicylate ¢r =0.02 in cyclohexane) using quinine
shape of jet cooled emission of 3-hydroxyflavone (3-HF) as sulphate as a standaipk(= 0.51)[34]. The transient fluores-
7.4x 10t s~1. However, recent ultrafast pump-probe studies cence lifetimes were measured using time-correlated single
on the dynamics of 3-HF reveal ESIPT time of 35 fsin methyl photon counting technique with an SP-70 nanosecond spec-
cyclohexane and acetonitrile, whereas 60 fs time constant hasrometer (Applied Photophysics Ltd.) based on nitrogen flash

been reported in ethanf19]. lamp or using a CW mode-locked Nd:YAG laser system, as
The sixmembered intramolecularly hydrogen bonded sys- described beforf80,31]
tems 4-methyl-2,6-diformyl phenol (MFOM),and its deriva- The details of femtosecond transient absorption set-up

tive, 4-methyl-2,6-diacetyl phenol (MAOHI) are prototype  were reported elsewhej@5—36] The laser system consisted
exampleslftig. 1, for structures) showing ESIPT phenomena of a hybridly mode-locked, dispersion compensated fem-
[30,31] However, no report on the dynamics of proton trans- tosecond dye laser (Coherent, Satori 774) and a dye amplifier
fer for these systems is available. Measurement of ESIPT (Continuum, RGA 60-10 and PTA 60). The dye laser (gain
dynamics will unravel the mechanism of this fast process in dye Pyridine 2 and saturable absorber DDI) was pumped with
these particular systems as well as the dynamic behavior cara cw mode-locked Nd:YAG laser (Coherent, Antares 76S).
be compared with other ESIPT systems. In this present paper,The sample was excited by second harmonic (360 nm) of the
we report the dynamics of solution phase ESIPT and subse-fundamental (center wavelength 720 nm) at a repetition rate
guentrelaxation process in these systems atroom temperaturef 10 Hz. Residual part of the fundamental output was focused
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Fig. 1. Steady state absorption (solid line), fluorescence emission (scattered points) and excitation (line + symbol) spectra &f MEQWAQOH (1) in
cyclohexane. The structures of the two compounds are also given in respective panels.
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ina 1 cm RO cell to generate femtosecond supercontinuum X=H (MFOH,I)

probe pulse. The pump and probe pulses were focused on the =CH; (MAOH. )
sample at magic angle (54)%o avoid any anisotropic contri- CH, °
bution. A computer controlled translational stage was used to

change the time delay between the pump and the probe pulse. X < BO s X
Transient spectra were obtained by averaging over 200 pulses o

and analyzed by an intensified multichannel detector (Prince- X O /O X 0 H/O
ton Instruments ICCD-576) as a function of probe delay time. H

The time resolution of the transient absorption measurement

system better than 200 fs as discussed bgf¥E The tem- a, Enol b, Keto
poral resolution of the detection system was checked by the Scheme 1.

rise and decay of the transient absorption op @citation

at 360 nm) that have no rise component and a decay compo-
nent of few hundreds of femtoseconds. The pulse width was
determined in such a way to simulate the dynamic response
of CS. The spectra were corrected for the intensity variation
and time dispersion of the supercontinuum.

Concentration of the samples for transient absorption
spectra was kept8 x 10~% moldm3. A circular variable
attenuator was used to reduce the intensity of the pump pulse
and also the sample solution were allowed to flow through i
a 2mm flow cell using a magnetic gyre pump (Microp-
ump, 040-332) during the transient absorption measure-
ments to avoid any sample damage. It was further confirmed 0 100 200
by comparing the steady state absorption profile before
and after the transient experiments. Rise and decay curves
at a fixed wavelength were measured with a photodiode- Fig. 2. Typical fluorescence decay profile (dotted points) @f cyclo-
monochromator (Japan Spectroscopic, CT-10) combination.hexa”e fitted with a single exponential function (splid Iine): Time resolu-
The one-wavelength rise and decay curves were analyzeqtlon=Q.166nschanne}.Instrumentresponsefunctlon (IRF) is also shown
by a non-linear least-square iterative convolution method In the figure.
described previousli35]. All the measurements were car-
ried out at 294+ 2 K. previously foro-hydroxy benzaldehydf88,39] and also in

the present systenfi31], at low temperature matrices in both
the cases, are not considere®theme As these conformers

log (counts)

1 1 1

1 1
300 400 500

Channel number

3. Results and discussion are not observed spectroscopically at room temperature.
3.1. Steady state absorption and emission properties 3.2. Nanosecond time resolved fluorescence
measurements

Steady state absorption and emission properties of MFOH
(I) and MAOH (IT) have been measured in both cyclohexane  The decay profiles of the tautomer emissiorl @ndII
and chloroform at ambient temperature together with their were determined using time correlated single photon count-
emission quantum yieldgg). The absorption band maxima  ing technique in both the solventSig. 2 shows a typical
for both the compounds are found to be at 350 nm. However, decay profile of in cyclohexane and@iable 1collects all the
the emission spectra show a large Stokes shifted broad bandjecay times. The observed fluorescence decay profiles were
at 535 nm fod and that fodI at 520 nm. Some representative convoluted globally using the software provided by Photon

spectra are shown fig. 1 The solvent has almost no effect Technology International Inc. and found to be single expo-
on the steady state absorption and emission properties for

bothI andIlI. The observed Stokes shift 0880 cnt for I
and~9340 cnt! for II suggest that the structural geometry
of the emissive excited state is significantly displaced from
that of the ground state. Based on our previous reports, theSystem Solvent or (S KR HNR
350 nm absorption and the Stokes shifted emissiohaofd a0's™H aoPsh
II could be attributed to enola) and proton transferred keto-  MFOH @) Cyclohexane ~ 0.11 1.2 9.1 74
(b) tautomer Scheme }, respectively30,31] Itis to be noted Chloroform 0,08 1.1 '3 8.4
here that the possible formation of other rotamers originated VAOH (I)  Cyclohexane ~ 0.06 ~ 0.9 6.6 10.4
by the torsion of the respective substituted groups, observed Chloroform .06 0.7 8.6 134

Table 1
Fluorescence properties bandll in different solvents
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nential in all the cases. The goodness of the fit was judged3.3. Femtosecond transient absorption measurements
by reduced chi—sqare(ﬁ) and Durbin—Watson (DW) param-

eters[40]. Table lalso shows the rate constants for radiative

Fig. 3 shows the time evolution of transient absorption

(xr) and non-radiativexyr) emission processes calculated spectra of~10-* mol dm2 solution ofI in cyclohexane at

using the relations in Eq1).

different probe time delays after excitation by femtosecond

It is observed that the rate constant for the non-radiative pulse at 360 nm. Both the compounds show similar transient

processeskr) is about an order of magnitude larger than spectral properties in the solvents studied here. The time
the rate constants for the radiative processg$. (So, it can evolution of transient absorption spectra can be divided in
be assumed that non-radiative decay process predominates ithree different regions. Initially, a very broad band appears
the deactivation of the excited state of these compounds. Itisin the spectral region of 400-560 nm. With time, the shape
also interesting to note the higher value®k in of the transient absorption spectra is changed and a rela-
tively narrower band in the range of 420-500 nm (with a peak
position at about 460 nm) stays even upto the time delay of
500 ps. Moreover, within a time delay of 1 ps between the
pump and the probe pulse, a negative absorption appears at
II compared td in both the solvents. It has been reported pre- ~560 nm. It is also seen that the transient absorption inten-
viously for similar intramolecularly hydrogen bonded methyl sity at 460 nm grows upto few picoseconds and then starts

F
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R ST 9F)
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salicylate (MS) that the increase in non-radiative decay rate decaying in nanosecond time scale.

constant is caused by the large amplitude out-of-plane vibra-

The initial broad band is believed to be due to the tran-

tion of the benzene ring including the intramolecular hydro- sient absorption of the initially excited enol structugg (

gen bond with the carbonyl groyp1,42] Recent ab-initio

Scheme }Lbefore ESIPT occurs. Recently, we have reported

calculation result and normal mode analysis on a series ofthe appearance of broad transient spectra from the initially

substituted derivative dfindeed confirms the above predic-

excited species in similar ESIPT systems like salicylede-

tion [43]. neaniline (SA)[36,44] and 2-(2,4-dinitrobenzyl)pyridine
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Fig. 3. Variation of transient absorption spectra of MFAMHitf cyclohexane at different time delay of the 360 nm pump and supercontinuum probe pulse.
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(DNBP)[45]. Ultrafast ESIPT from this initially excited enol  assignment of the new band at 420-500 nm region to the
structure causes a band at 420-500 nm region after a fewproton transferred formis substantiated while considering the
picoseconds from the proton transferred keto tautorher ( following points. The intensity of transient absorption in this
Scheme ). Stimulated emission appears in the form of neg- wavelength range grows upto few picoseconds and then starts
ative transient absorption at around 560 nm, which is very decaying in hanosecond time range. In a typical adiabatic
close to the steady state fluorescence emissidsBH nm) ESIPT cycle, the only growing step in the excited state is
of the ESIPT product in these solvents. The change in spec-the formation of keto tautomeb] from the initially excited

tral shape of the stimulated emission and transient absorptionstate of enol structura, Also the appearance of stimulated
indicates that the presence of vibrational relaxation processemission around the same time range in the similar spectral
after the proton transfer occurs. This prediction is supported position as observed fdrandll in steady state fluorescence
by characterization of the stationary points for different con- measurements indicates the formation of ESIPT tautomer.
formers of MFOH [) by semi-empirical calculation reported To understand the dynamics of the ESIPT, the change in
previously[46] that showed that the adiabatic ESIPT from the transient absorption with time was measured at the maxima of
enol tautomerg) results about~-5000 cnt! excess vibra- S, < S absorption of tautomer (460 nm). The time domain
tional energy in the frn*) surface of the keto formky). absorption profiles could be reproduced well by fitting the
Relaxation of the vibrationally “hot” proton transferred state experimental points with a sum of three exponential (one rise
to the vibrationally “cold” state at the minimum of the keto and two decay) functions E{R) as judged by the statistical
potential well is manifested by the change in spectral shape ofparameters like reduced chi—squauéXand visual inspection

the transient absorption and/or stimulated emisskog. ). of the distribution of weighted residuals.

The presence of vibration relaxation after initial ESIPT is

also confirmed by the time domain measurements of tran- 2 t

sient absorption described below. A@) = Z“" exp (_l_) @)

Although time evolution of transient absorption spectra i=0

does not provide any straight forward evidence forthe ESIPT  One of the representative decay curves is showfign5s
phenomena considering the similar spectral position of the andTable 2displays all the fitting parameters fbandII in
S < S; absorption of the excited enol and keto tautomer, different solvents. The measurements were done in two dif-
ferenttime windows (8 ps and 50 ps) to isolate different decay
components with precision. The ultrafast rise component was
ESIPT . obtained from the smaller time window measurement and it
~200 fs Excited . . . .
T state was kept constant in the longer time window data to iso-
m / late the intermediate decay. The longest time component in
4 / these fitting procedure4, Table 2 was always kept constant
/ , to the fluorescence decay time measured by time correlated
4 / ~5000 cm single photon counting (TCSPC) technique. All the measure-
""* ¢ ments show a ultrafast rise component&00 fs (forT) and

A

IVR, ~2ps

uondiosqy

8auaasaion|4
Residuals
B2

Experimental data
.............. Pulse profile
—— Simulated data

Absorbance

0 2 4 6 8
a, Enol b, Keto Time/ps

Fig.4. Schematicview of ESIPT phenomenaand corresponding time param-Fig. 5. Kinetics of transient absorption measured at 460 nm for MAIDH (
eters for the compounds studied. Shaded block arrows indicate transientin chloroform. The distribution of weighted residuals is shown in the upper
absorption at different time delay after excitation. panel.
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Table 2 role of skeletal vibrations in the ESIPT reaction of HBT. It
Fitted parameters for the kinetic data measured at 460 nm transient absorpyyas shown that the proton transfer initiates with hydrogen
tion of 'andIl in different solvent$ chelate ring contraction by in-plane bending of the whole

System Solvent w1 (fs) (@) 72 (ps) @) 73 (nsP (as) molecule and the new equilibrium of proton transferred
MFOH ()  Cyclohexane 18040.9)  2.7(0.64)  1.2(0.36) geometry results at a critically shortened non-bondeeNO
Chloroform  225¢0.85) 2.9(0.55)  1.3(0.49) distance. In view of the above results, it can be argued that
MAOH (II) Cyclohexane 25040.9)  1.90(0.30) 0.9(0.7) significantly slower rate of proton transfer in the investigated
Chloroform  300¢1.0) 1.25(0.32) 0.7(0.68) systems make them unique and the presence of a barrier in the
@ values in parenthesis are the pre-exponential factors associated with eactproton transfer pathway indicates the probability of ESIPT
decay time. to be less than unity for each individual skeletal approach.

b Decay times kept fixed during the fitting procedure as obtained from

_ : The time domain measurements corresponding to stimulated
time resolved fluorescence measurements (see text for details).

emission (560 nm) results only a single exponential decay in
both the cases dfandIl, which is very close to the respective
~250fs (forIl) corresponding to the rate of intramolecular fluorescence decay time of the keto tautorb@rThe rise part
proton transfer. Recently, femtosecond time-resolved mea-corresponding to ESIPT could not be detected at this wave-
surement on the ESIPT of 1-hydroxyanthraquinone (1-HAQ) length due to very poor signal to noise ratio of the transient
in toluene reported similar time constant for proton transfer signal.
(~260fs)[47]. However, in a more recent paper, the same  The ‘relatively’ slow proton transfer in these systems can
group measured the ESIPT dynamics of 1-HAQ to be about further be justified by looking at the appearance of stimulated
120fs with fluorescence up-conversion technique using two emission inFig. 3. The stimulated emission in the transient
photon excitation[48]. They discussed the mechanism of absorption spectra for these systems is originated due to
ESIPT of 1-HAQ in the same line to that reported previ- the formation of keto tautomebj resulting after ESIPT. In
ously for 1,8-dihydroxyanthraquinone by Arzhantsev et al. Fig. 3, it is seen that there is no trace of stimulated emission
[49]. The unique ESIPT mechanism in these anthraquinoneeven in the time delay of 0.5 ps between the pump and probe
derivatives involve the collapse of initially excited Franck- pulse indicating the ESIPT as@atively slow process.
Condon state to a delocalized state which encompass both The intermediate time component of few picoseconds
the keto and enol eigenstates in thep®tential energy sur-  (Table 2 in both the compounds ascribed due to the vibra-
face with few tens to hundreds of femtoseconds. Also, as notional relaxation process of the hot proton transferred keto
significant difference inthe ESIPT dynamics is observed with tautomer b) which is also manifested by change in transient
isotopic substitutio47] and almost instantaneous appear- absorption spectral shape (discussed before). The time
ance of tautomer-type fluorescerjd8] led them conclude a  evolution of transient absorption spectra may be originated
barrierless proton transfer mechanism in these systems.  due to several reasons. Among these, the following three
In a previous paper, we have reported the construction of are mostly important (a) decay originated from the internal
potential energy surface (PES) for ESIPT in MFOH theoret- conversion (IC) of the higher excited electronic state, (b)
ically [46]. Estimation of different vibrational levels and the cooling process of the vibrationally unrelaxed state through
corresponding eigenfunctions supported at the ground andintramolecular vibrational redistribution (IVR), and (c)
excited PESs using the Fourier-Grid Hamiltonian (FGH) excess energy transfer to the surrounding solvent medium
method showed that Franck-Condon excitation from the through an intermolecular mechanism. Both of the first two
S state would take the systemimost over the barrier and  processes are known to occur within a few picoseconds
eventually into the potential well representing the tautomeric for large organic molecules in solution, whereas, the last
(b) form. However, proton transfer from the ena) potential phenomenon occurs with a relatively longer time scale (ca.
well to keto b) form by tunneling could not be overruled 5-50 ps), depending on the solvent and the excess vibrational
completely and FGH-based complex coordinate rotation energy{53,54] However, for the ESIPT systems likandII,
calculation estimates a tunneling rate constantb®'!s—1. we can neglect the first possibility because the proton transfer
The measured ESIPT rate is faster by an order of magnitudeoccurs from the first excited enol form to the keto form (S
and indicates the importance of over-barrier transfer in and §, respectively irFig. 4). So, the time dependent tran-
the § surface. However, it is important to note here that sientabsorption spectral change during early time delay may
the measured ESIPT times reported here are substantiallype regarded as due to the intramolecular vibrational redis-
slower than ESIPT in 3-HF reported recer®@]. In 3-HF, tribution (IVR) of the hot proton transferred keto tautomer
ESIPT occurs through a five-membered hydrogen bondedtowards the formation of vibrationally cold state. Similar
ring in contrast to a six-membered chelate ring in the presentIVR process has also been reported recently for other ESIPT
systems. So, it can be presumed that the geometry of thesystems like 2-(2hydroxyphenyl)benzothiazole (HBT95]
hydrogen bonded ring has a substantial effect on the rate ofand hydroxyanthraquinone derivativg4d7—49] In large
proton transfer. Recent high level ab-initio calculations have molecules likel andII in solution, the density of vibronic
indeed confirmed this predictid®0,51] In some of their states is very high and the dissipation of excess vibrational
elegant workg22,52], Riedle and coworkers analyzed the energy within few picoseconds is understandable.
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4. Conclusion [18] (a) F. Larmer, T. Elsaesser, W. Kaiser, Chem. Phys. Lett. 148 (1988)
110-124;
Excited state intramolecular proton transfer of MEQM ( (b) T. Elsaesser, F.drmer, W. Frey, Inst. Phys. Conf. Ser. 126 (1991)
543-545.

and its derivative, MAOH.KI) have been studied in fem'. 19] C. Chudoba, E. Riedle, M. Pfeiffer, T. Elsaesser, Chem. Phys. Lett.
tosecond to nanosecond timescale by femtosecond transient ~ 263 (1996) 622.

absorption and time resolved fluorescence measurementg20] D. Marks, H. Zhang, M. Glasbeek, J. Lumin. 76-77 (1998) 52-55.
Ultrafast ESIPT occurs at abott200fs in1I followed by [21] F.V.R. Neuwahl, P. Foggi, R.G. Brown, Chem. Phys. Lett. 319 (2000)
an IVR component of about 2.8 ps before undergoing fluo- __ 157

. 22] S. Lochbrunner, A.J. Wurzer, E. Riedle, J. Phys. Chem. A 107 (2003
rescence decay from the excited state of proton transferreo[ ] 10580 Y (2003)

keto structure. The corresponding time constantdfare [23] N.P. Ernsting, S.A. Kovalenko, T. Senyushkina, J. Saam, V. Farztdi-
in the range o~250fs and 1.5 ps, respectively. The rela- nov, J. Phys. Chem. A 105 (2001) 3443.
tively longer ESIPT time constant in these six membered [24] S. Takeuchi, T. Tahara, Chem. Phys. Lett. 347 (2001) 108-114;

hydrogen bonded chelate systems compared to the reporte? S. Takeuchi, T. Tahara, J. Phys. Chem. A 102 (1998) 7740.
. . 25] D.E. Folmer, L. Poth, E.S. Wisniewski, A.W. Castleman Jr., Chem.
corresponding five membered analogue, 3-hydroxy flavone Phys. Lett. 287 (1998) 1

(3HF), is ascribed due to the necessity of large skeletal motiono¢) T. Fiebig, M. Chachisvilis, M. Manger, A.H. Zewail, A. Douhal, I.
during the proton transfer process. Gracia-Ochoa, A. deLa Hoz Ayuso, J. Phys. Chem. A 103 (1999)
7419.
[27] J.L. Herek, S. Pederson, L. Benares, A.H. Zewail, J. Chem. Phys.
97 (1992) 9046.
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