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Intramolecular proton transfer in 4-methyl-2,6-diformyl phenol and its
derivative studied by femtosecond transient absorption spectroscopy
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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 compounds
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ndergo an ultrafast proton transfer, yet with a significantly slower rate constant of about 4–5×1012 s−1 compared to the other intramolecula
ydrogen bonded systems reported recently. This is explained on the basis of large skeletal rearrangement necessary for the prot
ccur. The ultrafast ESIPT process is followed by rapid intramolecular vibrational relaxation (IVR) with a time constant of few pico
efore 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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. Introduction

Proton transfer reactions play a central role in a number of
hemical and biological processes[1–5]. Molecules under-
oing excited state intramolecular proton transfer (ESIPT)
re also proposed to have several technological importance

ike ultraviolet (UV) stabilizer[6], sources for tunable lasers
7], for information storage and optical switching[8], etc.
oreover, ESIPT reactions can be used efficiently as a probe

o study the binding sites and conformations of proteins
9–10]and also to explore the hydrophobic nanocavities like
yclodextrins[11–12].

The primary feature common to the most ESIPT sys-
ems is the extreme rapid rate of proton transfer through a
re-existing strong intramolecular hydrogen bond under exci-

ation in the gas phase as well as in non-polar solvents where
nvironmental perturbation is negligible. For molecules with

∗ Corresponding author. Tel.: +91 364 272 2634; fax: +91 364 255 0486.
E-mail address: smitra@nehu.ac.in (S. Mitra).

relatively weak intramolecular hydrogen bond, perturba
from polar especially protic environments may modify
ESIPT dynamics, which may either be prohibited within
excited-state life span or proceed with a prerequisite of
tic) solvent reorganization. The number and nature o
resulting conformers differ with the individual system un
consideration depending on its hydrogen bonding stre
and other physical properties of the solvent medium. H
ever, the basic picture remains the same, i.e., the proto
more strictly, hydrogen) moves very fast (within the ra
from pico to femtosecond time scale) from the donor to
acceptor atom in a six (or five) membered hydrogen bo
system[13–14] due to the complete reversal of pKa in the
excited state compared to the ground state. A numb
recent ultrafast laser experiments with diverse techni
have been reported on ESIPT that gives direct access to e
imental measurement of the proton transfer rates[15–17].

The majority of ESIPT rates those have been determ
involve the systems where nitrogen acts as proton acc
The examples include the ESIPT time of 160±20 fs for 2-
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.07.002
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(2′-hydroxy phyenyl) benzothiazole (HBT) in dichloroethane
[18], ∼100 fs for 2-(2′-hydroxy, 5′-methyl phenyl) benzo-
triazole in non-polar solvents[19] and less than 300 fs 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
of [2,2′-bipyridyl] 3,3′-diol. Recent results with 30 fs time
resolution pump probe spectroscopy on the proton transfer of
HBT in cyclohexane reveals that about 33 fs after the excita-
tion the molecule adopts a keto configuration and about 20 fs
later, the potential minimum of the keto form is achieved
[22]. Ernsting et al.[23] reported 110±15 fs time constant
for the conversion of enol form of 2,5-bis (2′-benzoxazolyl)
hydroquinone to the corresponding keto form in tetrahydro-
furan. Femtosecond dynamics of double proton transfer in
7-azaindole dimer has also been reported by several groups
[24–26]and found to occur within few hundreds of femtosec-
onds.

Measurement of ESIPT rates for the systems involving
oxygen as proton donor and acceptor are relatively less. Fem-
tosecond fluorescence depletion studies on methyl salicylate
(MS) report 60±10 fs for the proton transfer[27]. Ernsting
and Dick[28] calculated ESIPT rate constant from the line
shape of jet cooled emission of 3-hydroxyflavone (3-HF) as
7.4×1011 s−1. However, recent ultrafast pump-probe studies
on the dynamics of 3-HF reveal ESIPT time of 35 fs in methyl
cyclohexane and acetonitrile, whereas 60 fs time constant has
b
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studied by steady state and time resolved fluorescence and
also with femtosecond transient absorption spectroscopy.

2. Experimental

Synthesis and purification of 4-methyl-2,6-diformyl phe-
nol (MFOH, I) and 4-methyl-2,6-diacetyl phenol (MAOH,
II) has been described elsewhere[32–33]. The compounds
were repeatedly recrystallized from ethanol and dried before
use. Spectroscopic grade (99.9+%) cyclohexane and chlo-
roform were received from Aldrich Chemical Co. and used
without any further purification.

Steady state absorption and fluorescence spectra of the
dilute solution (∼5×10−5 mol dm−3) of the compounds
were recorded in JASCO UV–vis (model 7850) and Perkin-
Elmer MPF 44B spectrometers, respectively. Emission spec-
tra were corrected for spectral sensitivity of the instrument.
Fluorescence quantum yield (φF) measurements were per-
formed by comparing the fluorescence intensity, integrated
over the whole range of emission frequencies, with that of
methyl salicylate (φF = 0.02 in cyclohexane) using quinine
sulphate as a standard (φF = 0.51)[34]. The transient fluores-
cence lifetimes were measured using time-correlated single
photon counting technique with an SP-70 nanosecond spec-
trometer (Applied Photophysics Ltd.) based on nitrogen flash
l , as
d

t-up
w ed
o fem-
t plifier
( ain
d with
a 6S).
T f the
f rate
o used

F cattere
c espect
een reported in ethanol[29].
The six membered intramolecularly hydrogen bonded

ems 4-methyl-2,6-diformyl phenol (MFOH,I) and its deriva
ive, 4-methyl-2,6-diacetyl phenol (MAOH,II) are prototype
xamples (Fig. 1, for structures) showing ESIPT phenom
30,31]. However, no report on the dynamics of proton tra
er for these systems is available. Measurement of E
ynamics will unravel the mechanism of this fast proces

hese particular systems as well as the dynamic behavio
e compared with other ESIPT systems. In this present p
e report the dynamics of solution phase ESIPT and su
uent relaxation process in these systems at room tempe

ig. 1. Steady state absorption (solid line), fluorescence emission (s
yclohexane. The structures of the two compounds are also given in r
amp or using a CW mode-locked Nd:YAG laser system
escribed before[30,31].

The details of femtosecond transient absorption se
ere reported elsewhere[35–36]. The laser system consist
f a hybridly mode-locked, dispersion compensated

osecond dye laser (Coherent, Satori 774) and a dye am
Continuum, RGA 60-10 and PTA 60). The dye laser (g
ye Pyridine 2 and saturable absorber DDI) was pumped
cw mode-locked Nd:YAG laser (Coherent, Antares 7
he sample was excited by second harmonic (360 nm) o

undamental (center wavelength 720 nm) at a repetition
f 10 Hz. Residual part of the fundamental output was foc

d points) and excitation (line + symbol) spectra of MFOH (I) and MAOH (II) in
ive panels.
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in a 1 cm H2O cell to generate femtosecond supercontinuum
probe pulse. The pump and probe pulses were focused on the
sample at magic angle (54.7◦) to avoid any anisotropic contri-
bution. A computer controlled translational stage was used to
change the time delay between the pump and the probe pulse.
Transient spectra were obtained by averaging over 200 pulses
and analyzed by an intensified multichannel detector (Prince-
ton Instruments ICCD-576) as a function of probe delay time.
The time resolution of the transient absorption measurement
system better than 200 fs as discussed before[37]. The tem-
poral resolution of the detection system was checked by the
rise and decay of the transient absorption of CS2 (excitation
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 CS2. The spectra were corrected for the intensity variation
and time dispersion of the supercontinuum.

Concentration of the samples for transient absorption
spectra was kept∼8×10−4 mol dm−3. A circular variable
attenuator was used to reduce the intensity of the pump pulse
and also the sample solution were allowed to flow through
a 2 mm 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
by comparing the steady state absorption profile before
and after the transient experiments. Rise and decay curves
a ode-
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Scheme 1.

Fig. 2. Typical fluorescence decay profile (dotted points) ofI in cyclo-
hexane fitted with a single exponential function (solid line). Time resolu-
tion = 0.166 ns channel−1. Instrument response function (IRF) is also shown
in the figure.

previously foro-hydroxy benzaldehyde[38,39] and also in
the present systems[31], at low temperature matrices in both
the cases, are not considered inScheme 1as these conformers
are not observed spectroscopically at room temperature.

3.2. Nanosecond time resolved fluorescence
measurements

The decay profiles of the tautomer emission ofI andII
were determined using time correlated single photon count-
ing technique in both the solvents.Fig. 2 shows a typical
decay profile ofI in cyclohexane andTable 1collects all the
decay times. The observed fluorescence decay profiles were
convoluted globally using the software provided by Photon
Technology International Inc. and found to be single expo-

Table 1
Fluorescence properties ofI andII in different solvents

System Solvent φF τF (ns) κR

(107 s−1)
κNR

(108 s−1)

MFOH (I) Cyclohexane 0.11 1.2 9.1 7.4
Chloroform 0.08 1.1 7.3 8.4

MAOH (II) Cyclohexane 0.06 0.9 6.6 10.4
Chloroform 0.06 0.7 8.6 13.4
t a fixed wavelength were measured with a photodi
onochromator (Japan Spectroscopic, CT-10) combina
he one-wavelength rise and decay curves were ana
y a non-linear least-square iterative convolution me
escribed previously[35]. All the measurements were c
ied out at 294±2 K.

. Results and discussion

.1. Steady state absorption and emission properties

Steady state absorption and emission properties of M
I) and MAOH (II) have been measured in both cyclohex
nd chloroform at ambient temperature together with
mission quantum yields (φF). The absorption band maxim

or both the compounds are found to be at 350 nm. How
he emission spectra show a large Stokes shifted broad
t 535 nm forI and that forII at 520 nm. Some representat
pectra are shown inFig. 1. The solvent has almost no effe
n the steady state absorption and emission propertie
othI andII. The observed Stokes shift of∼9880 cm−1 for I
nd∼9340 cm−1 for II suggest that the structural geome
f the emissive excited state is significantly displaced f

hat of the ground state. Based on our previous reports
50 nm absorption and the Stokes shifted emission ofI and
I could be attributed to enol- (a) and proton transferred ket
b) tautomer (Scheme 1), respectively[30,31]. It is to be noted
ere that the possible formation of other rotamers origin
y the torsion of the respective substituted groups, obse
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nential in all the cases. The goodness of the fit was judged
by reduced chi-sqare (χ2

R) and Durbin–Watson (DW) param-
eters[40]. Table 1also shows the rate constants for radiative
(κR) and non-radiative (κNR) emission processes calculated
using the relations in Eq.(1).

It is observed that the rate constant for the non-radiative
processes (κNR) is about an order of magnitude larger than
the rate constants for the radiative processes (κR). So, it can
be assumed that non-radiative decay process predominates in
the deactivation of the excited state of these compounds. It is
also interesting to note the higher value ofκNR in

κR = φF

τF
; κNR = (1− φF)

τF
(1)

II compared toI in both the solvents. It has been reported pre-
viously for similar intramolecularly hydrogen bonded methyl
salicylate (MS) that the increase in non-radiative decay rate
constant is caused by the large amplitude out-of-plane vibra-
tion of the benzene ring including the intramolecular hydro-
gen bond with the carbonyl group[41,42]. Recent ab-initio
calculation result and normal mode analysis on a series of
substituted derivative ofI indeed confirms the above predic-
tion [43].

3.3. Femtosecond transient absorption measurements

Fig. 3 shows the time evolution of transient absorption
spectra of∼10−4 mol dm−3 solution ofI in cyclohexane at
different probe time delays after excitation by femtosecond
pulse at 360 nm. Both the compounds show similar transient
spectral properties in the solvents studied here. The time
evolution of transient absorption spectra can be divided in
three different regions. Initially, a very broad band appears
in the spectral region of 400–560 nm. With time, the shape
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
∼560 nm. It is also seen that the transient absorption inten-
sity at 460 nm grows upto few picoseconds and then starts
decaying in nanosecond time scale.

The initial broad band is believed to be due to the tran-
sient absorption of the initially excited enol structure (a,
Scheme 1) before ESIPT occurs. Recently, we have reported
the appearance of broad transient spectra from the initially
excited species in similar ESIPT systems like salicylede-
neaniline (SA)[36,44] and 2-(2′,4′-dinitrobenzyl)pyridine

F
ig. 3. Variation of transient absorption spectra of MFOH (I) in cyclohexane at d
ifferent time delay of the 360 nm pump and supercontinuum probe pulse.
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(DNBP)[45]. Ultrafast ESIPT from this initially excited enol
structure causes a band at 420–500 nm region after a few
picoseconds from the proton transferred keto tautomer (b,
Scheme 1). Stimulated emission appears in the form of neg-
ative transient absorption at around 560 nm, which is very
close to the steady state fluorescence emission (∼535 nm)
of the ESIPT product in these solvents. The change in spec-
tral shape of the stimulated emission and transient absorption
indicates that the presence of vibrational relaxation process
after the proton transfer occurs. This prediction is supported
by characterization of the stationary points for different con-
formers of MFOH (I) by semi-empirical calculation reported
previously[46] that showed that the adiabatic ESIPT from the
enol tautomer (a) results about∼5000 cm−1 excess vibra-
tional energy in the S1(ππ*) surface of the keto form (b).
Relaxation of the vibrationally “hot” proton transferred state
to the vibrationally “cold” state at the minimum of the keto
potential well is manifested by the change in spectral shape of
the transient absorption and/or stimulated emission (Fig. 4).
The presence of vibration relaxation after initial ESIPT is
also confirmed by the time domain measurements of tran-
sient absorption described below.

Although time evolution of transient absorption spectra
does not provide any straight forward evidence for the ESIPT
phenomena considering the similar spectral position of the
S ←S absorption of the excited enol and keto tautomer,

F
e
a

assignment of the new band at 420–500 nm region to the
proton transferred form is substantiated while considering the
following points. The intensity of transient absorption in this
wavelength range grows upto few picoseconds and then starts
decaying in nanosecond time range. In a typical adiabatic
ESIPT cycle, the only growing step in the excited state is
the formation of keto tautomer (b) from the initially excited
state of enol structure,a. Also the appearance of stimulated
emission around the same time range in the similar spectral
position as observed forI andII in steady state fluorescence
measurements indicates the formation of ESIPT tautomer.

To understand the dynamics of the ESIPT, the change in
transient absorption with time was measured at the maxima of
Sn←S1 absorption of tautomer (460 nm). The time domain
absorption profiles could be reproduced well by fitting the
experimental points with a sum of three exponential (one rise
and two decay) functions Eq.(2) as judged by the statistical
parameters like reduced chi-square (χ2

R) and visual inspection
of the distribution of weighted residuals.

A(t) =
2∑

i=0

ai exp

(
− t

τi

)
(2)

One of the representative decay curves is shown inFig. 5
andTable 2displays all the fitting parameters forI andII in
d dif-
f ecay
c t was
o nd it
w iso-
l nt in
t nt
t lated
s ure-
m

n 1
ig. 4. Schematic view of ESIPT phenomena and corresponding time param-
ters for the compounds studied. Shaded block arrows indicate transient
bsorption at different time delay after excitation.

F (
i pper
p

ifferent solvents. The measurements were done in two
erent time windows (8 ps and 50 ps) to isolate different d
omponents with precision. The ultrafast rise componen
btained from the smaller time window measurement a
as kept constant in the longer time window data to

ate the intermediate decay. The longest time compone
hese fitting procedure (τ3, Table 2) was always kept consta
o the fluorescence decay time measured by time corre
ingle photon counting (TCSPC) technique. All the meas
ents show a ultrafast rise component of∼200 fs (forI) and

ig. 5. Kinetics of transient absorption measured at 460 nm for MAOHII)
n chloroform. The distribution of weighted residuals is shown in the u
anel.
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Table 2
Fitted parameters for the kinetic data measured at 460 nm transient absorp-
tion of I andII in different solventsa

System Solvent τ1 (fs) (a1) τ2 (ps) (a2) τ3 (ns)b (a3)

MFOH (I) Cyclohexane 180 (−0.9) 2.7 (0.64) 1.2 (0.36)
Chloroform 225 (−0.85) 2.9 (0.55) 1.3 (0.45)

MAOH (II) Cyclohexane 250 (−0.9) 1.90 (0.30) 0.9 (0.7)
Chloroform 300 (−1.0) 1.25 (0.32) 0.7 (0.68)

a Values in parenthesis are the pre-exponential factors associated with each
decay time.

b Decay times kept fixed during the fitting procedure as obtained from
time resolved fluorescence measurements (see text for details).

∼250 fs (forII) corresponding to the rate of intramolecular
proton transfer. Recently, femtosecond time-resolved mea-
surement on the ESIPT of 1-hydroxyanthraquinone (1-HAQ)
in toluene reported similar time constant for proton transfer
(∼260 fs) [47]. However, in a more recent paper, the same
group measured the ESIPT dynamics of 1-HAQ to be about
120 fs with fluorescence up-conversion technique using two
photon excitation[48]. They discussed the mechanism of
ESIPT of 1-HAQ in the same line to that reported previ-
ously for 1,8-dihydroxyanthraquinone by Arzhantsev et al.
[49]. The unique ESIPT mechanism in these anthraquinone
derivatives involve the collapse of initially excited Franck-
Condon state to a delocalized state which encompass both
the keto and enol eigenstates in the S1 potential energy sur-
face with few tens to hundreds of femtoseconds. Also, as no
significant difference in the ESIPT dynamics is observed with
isotopic substitution[47] and almost instantaneous appear-
ance of tautomer-type fluorescence[49] led them conclude a
barrierless proton transfer mechanism in these systems.

In a previous paper, we have reported the construction of
potential energy surface (PES) for ESIPT in MFOH theoret-
ically [46]. Estimation of different vibrational levels and the
corresponding eigenfunctions supported at the ground and
excited PESs using the Fourier-Grid Hamiltonian (FGH)
method showed that Franck-Condon excitation from the
S0 state would take the systemalmost over the barrier and
e eric
( l
w ed
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c
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a r in
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t tially
s
E nded
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h te of
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i r
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role of skeletal vibrations in the ESIPT reaction of HBT. It
was shown that the proton transfer initiates with hydrogen
chelate ring contraction by in-plane bending of the whole
molecule and the new equilibrium of proton transferred
geometry results at a critically shortened non-bonded O···N
distance. In view of the above results, it can be argued that
significantly slower rate of proton transfer in the investigated
systems make them unique and the presence of a barrier in the
proton transfer pathway indicates the probability of ESIPT
to be less than unity for each individual skeletal approach.
The time domain measurements corresponding to stimulated
emission (560 nm) results only a single exponential decay in
both the cases ofI andII, which is very close to the respective
fluorescence decay time of the keto tautomer (b). The rise part
corresponding to ESIPT could not be detected at this wave-
length due to very poor signal to noise ratio of the transient
signal.

The ‘relatively’ slow proton transfer in these systems can
further be justified by looking at the appearance of stimulated
emission inFig. 3. The stimulated emission in the transient
absorption spectra for these systems is originated due to
the formation of keto tautomer (b) resulting after ESIPT. In
Fig. 3, it is seen that there is no trace of stimulated emission
even in the time delay of 0.5 ps between the pump and probe
pulse indicating the ESIPT as arelatively slow process.

The intermediate time component of few picoseconds
( bra-
t keto
t ient
a time
e ated
d hree
a rnal
c (b)
c ugh
i (c)
e dium
t two
p onds
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p (ca.
5 tional
e
w nsfer
o (S
a n-
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b edis-
t er
t ilar
I SIPT
s
a
m ic
s ional
e

ventually into the potential well representing the tautom
b) form. However, proton transfer from the enol (a) potentia
ell to keto (b) form by tunneling could not be overrul
ompletely and FGH-based complex coordinate rota
alculation estimates a tunneling rate constant of∼1011 s−1.
he measured ESIPT rate is faster by an order of magn
nd indicates the importance of over-barrier transfe

he S1 surface. However, it is important to note here
he measured ESIPT times reported here are substan
lower than ESIPT in 3-HF reported recently[29]. In 3-HF,
SIPT occurs through a five-membered hydrogen bo

ing in contrast to a six-membered chelate ring in the pre
ystems. So, it can be presumed that the geometry o
ydrogen bonded ring has a substantial effect on the ra
roton transfer. Recent high level ab-initio calculations h

ndeed confirmed this prediction[50,51]. In some of thei
legant works[22,52], Riedle and coworkers analyzed
Table 2) in both the compounds ascribed due to the vi
ional relaxation process of the hot proton transferred
automer (b) which is also manifested by change in trans
bsorption spectral shape (discussed before). The
volution of transient absorption spectra may be origin
ue to several reasons. Among these, the following t
re mostly important (a) decay originated from the inte
onversion (IC) of the higher excited electronic state,
ooling process of the vibrationally unrelaxed state thro
ntramolecular vibrational redistribution (IVR), and
xcess energy transfer to the surrounding solvent me
hrough an intermolecular mechanism. Both of the first
rocesses are known to occur within a few picosec

or large organic molecules in solution, whereas, the
henomenon occurs with a relatively longer time scale
–50 ps), depending on the solvent and the excess vibra
nergy[53,54]. However, for the ESIPT systems likeI andII,
e can neglect the first possibility because the proton tra
ccurs from the first excited enol form to the keto form1
nd S′1, respectively inFig. 4). So, the time dependent tra
ient absorption spectral change during early time delay
e regarded as due to the intramolecular vibrational r

ribution (IVR) of the hot proton transferred keto tautom
owards the formation of vibrationally cold state. Sim
VR process has also been reported recently for other E
ystems like 2-(2′-hydroxyphenyl)benzothiazole (HBT)[55]
nd hydroxyanthraquinone derivatives[47–49]. In large
olecules likeI andII in solution, the density of vibron

tates is very high and the dissipation of excess vibrat
nergy within few picoseconds is understandable.
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4. Conclusion

Excited state intramolecular proton transfer of MFOH (I)
and its derivative, MAOH (II) have been studied in fem-
tosecond to nanosecond timescale by femtosecond transient
absorption and time resolved fluorescence measurements.
Ultrafast ESIPT occurs at about∼200 fs in I followed by
an IVR component of about 2.8 ps before undergoing fluo-
rescence decay from the excited state of proton transferred
keto structure. The corresponding time constants forII are
in the range of∼250 fs and 1.5 ps, respectively. The rela-
tively longer ESIPT time constant in these six membered
hydrogen bonded chelate systems compared to the reported
corresponding five membered analogue, 3-hydroxy flavone
(3HF), is ascribed due to the necessity of large skeletal motion
during the proton transfer process.
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