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The compound 4-methoxy-2,5-bis(phenyliminomethyl)-phenol representing a group of recently synthesized new photochromic Schiff bases,
as been studied by transient absorption and time-resolved fluorescence measurements in femto- and picosecond time domains. Two different
onformers of the keto tautomer, decaying with the time constants 480 and 110 ps, have been detected. The first one is created within 50 fs, and the
econd one – exceptionally slowly – with the time constant of about 10 ps. The fast route occurs in the planar system, and the slow one involves
he rotation around the C C bond between the central phenyl ring and the phenylimino group, leading to the metastable photochromic form. For
he first keto conformer the evidence of fast vibrational relaxation taking place on the time scale of several hundreds of femtoseconds is observed.

2005 Elsevier B.V. All rights reserved.

eywords: Excited state intramolecular proton transfer; Photochromism; Schiff bases; Ultrafast laser spectroscopy

. Introduction

The aromatic hydrogen bonded Schiff bases represent a spe-
ial group of molecular systems in which two interesting phe-
omena occur: the excited state intramolecular proton transfer
ESIPT) and photochromism, being of great interest from the
cademic point of view as well as because of their various appli-
ations [1–3]. Recently, much progress has been made in the
nderstanding of the ESIPT reaction. The analysis of transient
bsorption measured in the visible and infrared spectral ranges
f probing wavelength together with detailed theoretical calcu-
ations indicate that the proton transfer occurs in the time range
p to 100 fs for a large class of molecules with intramolecular
ydrogen bonding [4–10]. The proton transfer time constants
ere determined on the basis of rate equation analysis as the

ise time of the signal from the proton-transferred form [4–6]
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or from the time delay of the instantaneous rise of that signal
[7,8,10]. The time scale of ESIPT correlates very well with the
half-period of the observed oscillatory components in the mea-
sured signals [5,7–10] identified as the low frequency skeletal
vibrations of molecules.

In Schiff bases not only the ESIPT reaction takes place
upon excitation, but at least two transient species are observed:
the keto tautomer exhibiting largely bathochromically shifted
fluorescence, and the long lived photochromic transient in
the ground state, created from the electronically excited
keto form after structural changes. Earlier, we have stud-
ied the photophysics of salicylideneaniline (SA) [11], the
best known photochromic Schiff base [12–19], and a much
larger molecule, bis(salicylidene)-p-phenylenediamine (BSP)
[20]. Both molecules were observed to undergo an extremely
fast proton transfer reaction, with characteristic times within
50 fs.

In the present work we focus our attention on the recently syn-
thesized Schiff base, 4-methoxy-2,5-bis(phenyliminomethyl)-
phenol (BPHMe) [21], shown in Scheme 1. It is a monomethoxy-
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.10.001
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Scheme 1. Formulae of the molecules studied or discussed in this paper.

derivative of the bis(phenyliminomethyl)hydroquinone (BPH),
which is isomeric to BSP. However, unlike BSP, here the pro-
ton donating OH substituents are localized in the central phenyl
ring. There are at least two reasons why we are interested in the
monomethoxy derivative of the BPH and not on BPH itself. The
first is that as shown earlier [14,15] in symmetric Schiff bases,
like BSP and BPH, the proton transfer reactivity is localized on
only one salicylidene subunit, so the monomethoxy-derivative
represents well the primary system, and the second is that for the
monomethoxy-derivative much stronger fluorescence and tran-
sient absorption signals are observed making the results much
more reliable [21]. The aim of the present study was to resolve
the ultrafast stages of the early events leading to the creation of
the keto tautomer and – eventually – to photochromic form.

The stationary absorption and emission spectra of BPHMe
together with time resolved transient absorption from nano- to
microsecond time scale were measured in acetonitrile (ACN) as
a polar, aprotic solvent [21]. In the above work the decay time
of the keto tautomer and the creation of the ground state of the
photochromic transient was equal to about 0.3 ns (close to the
limit of the temporal resolution of the apparatus). The lifetime of
the latter was measured as about 1.2 ms. In our work we combine
the data of transient absorption in femto- and picosecond time
range with the picosecond time-resolved fluorescence in ACN
in order to investigate the mechanism, dynamics and efficiency
of ESIPT reaction and keto tautomer formation.
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[26,28,30]. Similar results were recently obtained for some
derivatives of BBHQ [37]. However, in the recent femtosec-
ond transient absorption studies of BBHQ in tetrahydrofuran the
ESIPT reaction with the time constant of 110 fs was observed
[35], together with the modulation of the signal by low frequency
vibrational modes, characteristic of ultrafast proton transfer
reactions [8–10]. Although for BBHQ the strong arguments in
favour of the single proton transfer mechanism of tautomer-
ization were delivered in the first publications [22,30,31,34],
recently the existence of a double-proton transferred state in
the isolated BBHQ molecule was suggested [36]. Therefore,
the photophysics of “BBHQ family” of molecules is not fully
understood and established yet.

2. Experimental

BPHMe was synthesized as described in [21] and additionally
recrystallized from a mixture of hexane and methylene chloride.
All measurements were performed at room temperature in dried
ACN (for fluorescence, Merck, or anhydrous, Aldrich). The con-
centration of BPHMe was of about 1× 10−4 M.

The equipments for stationary and time-resolved measure-
ments were the same as described in our previous papers [11,20].
Briefly, the stationary UV–vis absorption spectra were measured
with a UV–VIS-550 (Jasco) spectrophotometer. The steady-state
fluorescence emission spectra were recorded with a FS900 spec-
t
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In some respect BPHMe is structurally similar to the widely
tudied system, 2,5-bis(benzoxazolyl)hydroquinone (BBHQ),
ossessing also in its framework a hydroquinone fragment
22–36], as shown in Scheme 1. BBHQ is a rare example of
SIPT compound, in which the dual fluorescence was mea-
ured in nonpolar solvents at room temperature [22,25,28–31]
nd after cooling in supersonic jets as well [23,32]. Interest-
ngly enough, the short-wavelength enol fluorescence was not
bserved in van der Waals complexes and in low temperature
atrices of noble gases [24,27,32]. The time resolved fluores-

ence measurements of BBHQ in n-heptane on the pico- and
anosecond time scale revealed the exceptionally low rate of
ntramolecular proton transfer of the order of 1010 s−1. More-
ver, the equilibrium between the enol and keto tautomers,
esulting from efficient back proton transfer, was observed
rofluorimeter (Edinburgh Instruments) with a laser as an exci-
ation source. The fluorescence excitation spectra were recorded
ith a modified MPF-3 (Perkin-Elmer) spectrofluorimeter [38].
his spectrofluorimeter was also used to measure the fluores-
ence quantum yields (φF), using quinine sulfate in 0.1 N sulfu-
ic acid as the standard (φF = 0.53) [39]. The apparatus used for
ime-resolved emission measurements (time correlated single
hoton counting, TCSPC) and for the transient absorption mea-
urements was described in details earlier [40,41]. The repetition
ate of the laser system for the time-resolved emission measure-
ents (Ti:sapphire) was set at 4 MHz providing pulses of about
ps duration. The excitation wavelength was set at 400 nm, and

he experiments were carried out at the magic angle conditions.
he temporal resolution of the spectrofluorimeter was about 1 ps

40], and the spectral resolution was 8 nm.
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The repetition rate of the laser system for the transient absorp-
tion measurements (Ti:sapphire) was set at 1 kHz, providing
pulses of about 100 fs duration. The probe beam was the white
light continuum generated in a 2 mm rotating calcium fluoride
plate. The thickness of the flowing sample was 2 mm, the pump
pulse energy was 20 �J, and the FWHM of the pump beam diam-
eter at the sample was 0.75 mm. The pump pulse wavelength
was set at 400 nm. The measurements were performed at the
magic angle conditions. All the spectra analyzed were corrected
for chirp of white light continuum [42]. The pump-probe cross
correlation function unaffected by the cell thickness was deter-
mined from the two-photon absorption in a very thin (150 �m)
BK7 glass plate; its FWHM is 150 fs. The real instrumental
function used for the convolution with the kinetic exponential
functions was determined separately for each wavelength, tak-
ing into account the cell thickness, and hence the dispersion of
the delay between the pump and the probe pulses (originating
from different group velocities of pump and probe pulses in the
sample) [43]. For example, the FWHM of the instrumental func-
tion at the probe wavelength 650 nm is broadened to the value
of 250 fs. The transient absorption signals, originating from the
pure solvent, were subtracted from the data collected [44]. The
transient absorption measurements were performed in the spec-
tral range of 330–730 nm and the temporal range of 0–100 ps.
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transition S1←S0 (�, �*). The emission spectrum (excitation
wavelength λexc = 400 nm) is corrected for the sensitivity of the
detection system. The dominant signal is the emission from the
keto tautomer with a characteristic large Stokes’ shift, but the
short-wavelength emission from the primary excited enol form
can be also detected (see inset in Fig. 1). The possibility that
the short-wavelength emission might originate from the noise,
the solvent itself or solvent impurities has been excluded by the
subtraction of the spectrum measured in the same experimental
conditions in pure solvent. The fluorescence quantum yield of
the keto tautomer is 1.8× 10−2. The ratio of short-wavelength
emission intensity (λ < 500 nm) to the long-wavelength emission
intensity (λ > 500 nm) is 6× 10−4. Unfortunately this extremely
week emission spectrum of the fast decaying enol form cannot be
reliably extracted from the tail of the long-wavelength fluores-
cence of the keto tautomer. The fluorescence excitation spectra
were performed for the long-wavelength emission and they are in
a very good agreement with the long-wavelength part (>380 nm)
of the absorption spectrum. The relative intensity of the excita-
tion spectra is significantly lower than in the absorption spectrum
for the transitions to higher electronic states (<380 nm), which
was also observed for previously studied Schiff bases [11].

3.2. Time-resolved fluorescence
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. Results

.1. Stationary absorption and fluorescence

The stationary absorption, emission and fluorescence exci-
ation spectra for BPHMe in ACN are shown in Fig. 1. The
bsorption spectrum is presented in the scale of the rela-
ive intensity I of the absorbed light, I = 1–10−A (where A
s the absorbance) to permit a comparison with the fluores-
ence excitation spectra. The absorption band with a maximum
t 24 600 cm−1 (εmax = 18 500 M−1 cm−1) is assigned to the

ig. 1. The absorption, fluorescence (λexc = 400 nm) and fluorescence excitation
pectra of BPHMe (c = 1× 10−4 M) in ACN. The absorption spectrum is pre-
ented in the scale of the relative intensity of the absorbed light. The inset shows
he 100 times magnified short-wavelength emission from the primary excited
nol form. The fluorescence excitation spectra were the same for the other obser-
ation wavelengths in the long-wavelength emission range (λobs > 570 nm).
Dynamic emission measurements of BPHMe in ACN were
erformed for a number of emission wavelengths (λem) in the
hole spectral range of emission. Because of the presence of
aman lines originating from the solvent, the measurements
ere performed for λem > 460 nm. The results of the two-
r three-exponential fits are summarized in Table 1. For the

able 1
summary of kinetic parameters obtained by TCSPC method for the fluores-

ence of BPHMe in ACN

(nm) a1
a τ1 (ps)b a2

c τ2 (ps)d a3
c τ3 (ps)d χ2

64 1.00 <1 <0.01 900± 500 – – 0.95
00 1.00 4 <0.01 480± 300 – – 0.96
50 0.72 8 0.18 448 0.10 92 0.98
60 0.45 15 0.37 490 0.18 144 1.04
75 0.14 14 0.69 485 0.17 160 1.00
90 −0.3 11 0.81 483 0.19 126 1.05
00 −0.9 9 0.84 484 0.16 130 1.01
10 −0.4 11 0.87 482 0.13 104 1.06
15 −0.9 9 0.86 483 0.14 106 1.02
20 −0.2 11 0.89 484 0.11 122 1.01
30 −0.3 11 0.87 484 0.13 104 1.03
40 −0.9 6 0.87 485 0.13 128 0.98
50 −0.9 6 0.88 485 0.12 131 1.05
75 −0.9 7 0.86 484 0.14 114 1.02
00 −0.9 6 0.87 485 0.13 118 1.03
25 −0.9 7 0.86 485 0.14 113 1.08
50 −0.7 7 0.87 484 0.13 96 0.99

he sum of amplitudes of decay components (positive amplitudes) is normalized
o 1.

a ±0.01 (for λ≤ 575 nm); ±0.4 (for λ≥ 590 nm).
b ±5 ps.
c ±0.01.
d ±4 ps, except 464 and 500 nm.
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short-wavelength emission kinetics (λem = 464 nm) the major
part of the decay was identical to that of the instrument response
function, hence the time of this decay was beyond the tempo-
ral resolution of the spectrofluorimeter used (<1 ps). For longer
wavelengths (>550 nm), two components of the long decay times
were obtained, equal to about 480 ps (major component) and
110 ps (minor component). The spectra associated with these
two components are very similar. Besides, the third much shorter
one of about 9 ps (± 5 ps) was found: in the range of 500–575 nm
it was present as the decay time (positive amplitude a1), while
for λem = 590 nm and longer wavelength it became a rise time
(negative amplitude a1). The pre-exponential factors in Table 1
were normalized so that the sum of the amplitudes of decay
components (positive amplitudes) is equal to 1. For λ > 580 nm
the component of instantaneous increase with amplitude (1 + a1)
indicates that at least in some fraction of molecules the proton
transfer reaction takes place in the ultrafast time scale. However,
the fitting procedure revealed that the amplitude of the rise com-
ponent and the rise time itself are strongly correlated with the
“time zero” [27]. This is the reason why it is difficult to detect
the short rise components [45]. The necessity of fitting the zero
time origin is caused by the zero time drift (see Section VII.C in
Ref. [40]). Thus, the ratio of the amplitudes of the slower (9 ps)
rise time and the instantaneous (<1 ps) rise time (−a1/(1 + a1)
for λem > 575 nm) is uncertain. Fig. 2 presents the exemplary
data at λ = 615 nm. The kinetic data were analyzed in terms of
t
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Fig. 2. The representative time resolved spontaneous emission data of BPHMe
(c = 1× 10−4 M) in ACN at λem = 615 nm (λexc = 400 nm). (a) Presents the
weighted residuals distributions and χ2 values for different fits assuming: one-
exponential decay (1 exp, 471 ps), two-exponential decay (2 exp, 487 and 178 ps)
and two-exponential decay with one-exponential rise (3 exp, 483 ps, 106 and
9 ps). (b) Presents the kinetics of the measured emission (open points), the best
fit (black and white line) and the instrument response function profile (dotted
line). For the sake of clarity the instrument response function was shifted to
the left by 150 channels. One channel in the detection system corresponds to
0.61 ps.

Fig. 3. Transient absorption spectra at selected delay times for BPHMe
(c = 1× 10−4 M) in ACN with the excitation of 400 nm. The arrows indicate
the temporal changes of the spectra. For comparison the transient absorption
spectrum of BBMP measured 150 ps after the excitation (from Ref. [31] after
the renormalization) is shown as open points.
em
hree possible fits: monoexponential decay, biexponential decay,
nd biexponential decay with one exponential rise. Both the
eighted residuals distributions and χ2 values (1.35, 1.13 and
.03, respectively) clearly support the existence of three different
omponents in the time-resolved emission. The reproducibility
f the fits was checked by several independent measurements for
elected wavelengths. The possibility that the rise component is
ue to the solvation can be excluded because the fitted rise time
onstant does not show any systematic changes with increasing
avelength.

.3. Transient absorption

The transient absorption (�A) data for BPHMe in ACN are
btained from the spectra taken at about 90 different delay times.
he reproducibility of the spectra was checked in three indepen-
ent measurements. Fig. 3 presents exemplary spectra taken at
elay times of −1, 0, 1.5 and 30 ps. To analyze the data, convo-
utions of two- or three-exponential decay with the instrumental
unction were fitted to the experimental kinetics recorded. The
ts were performed every 5 nm in the whole spectral range
except for the range of 390–405 nm, disturbed by the pumping
eam of 400 nm scattered in the direction of detection). Fig. 4
resents the kinetic curves for the most representative selected
robe wavelengths.

Within the time of the instrumental function the amplitudes of
he following bands rise: the ground state depopulation (GSD) in
he spectral range below 430 nm (negative signal), the transient
bsorption in the spectral range from 430 to 600 nm (positive
ignal, with a maximum at 537 nm and a pronounced shoul-
er in the short-wavelength region) and the stimulated emission
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Fig. 4. Examples of the kinetic curves of the transient absorption signals for
BPHMe in ACN, and the fits in the short (a) and long (b) time scale. The values
of the fitted parameters (one-, two- or three-exponential functions convoluted
with the instrumental function) are the following: 410 nm (circles): A1 =−0.015,
τ1 = 10 000 ps; 480 nm (diamonds): A1 = 0.006, τ1 = 0.62 ps, A2 = 0.035,
τ2 = 450 ps; 570 nm (triangles): A1 =−0.018, τ1 = 0.26 ps, A2 =−0.018,
τ2 = 10.2 ps, A3 = 0.081, τ3 = 450 ps; 650 nm (stars): A1 = 0.002, τ1 = 0.65 ps,
A2 = 0.004, τ2 = 7.2 ps, A3 =−0.016, τ3 = 1500 ps.

for wavelengths longer than 600 nm (negative signal), shown in
Fig. 3. The GSD band corresponds to the ground state absorp-
tion of the primary enol form, while the stimulated emission
occurs at the spectral region of the keto tautomer fluorescence.
Both bands are modified by the presence of the strong transient
absorption band between them. The instantaneous increase of
the keto emission indicates that at least in some fraction of the
molecules the proton transfer reaction takes place in the ultra-
fast time scale. Taking into account the temporal duration of our
instrumental function we can only estimate the upper limit of
this process as 50 fs (for longer rise times the increase of the
keto emission would not be instantaneous). The same results
were obtained in our previous studies of the molecules from the
SA family [11,20].

Within the experimental error, the GSD signal remains con-
stant in time (see kinetics for 410 nm in Fig. 4), which suggests
that all excited molecules are transferred to the keto form with
no indication of the return to the ground state of the primary enol
form within first 100 ps after excitation. For wavelengths shorter
than 400 nm the interplay between GSD and transient absorp-
tion together with lower signal to noise ratio made it impossible
to obtain reliable kinetic fits.

The evolution of the transient absorption and the transient
gain spectra in the short time range (up to ∼30 ps) proceeds
on two time scales: hundreds of femtoseconds (average value
500± 300 fs) and single picoseconds (average value 10± 5 ps).
The faster component is observed as a decrease in transient
absorption signal in the spectral range of 450–510 nm and as
an increase in both, the absolute values of transient absorption
in the range of 540–595 nm and stimulated emission for wave-
length >630 nm (see Figs. 3 and 4a). Moreover, the spectral
evolution of the transient absorption band is also accompanied
by the time-dependent red shift of its maximum from 537 to
551 nm with similar time constants. The kinetic component of
several picoseconds is observed as an additional increase in
the transient absorption (540–595 nm) and stimulated emission
(>630 nm) signals (see Figs. 3 and 4). The faster component
could not be resolved in the time resolved fluorescence mea-
surements, but the value of the longer one (10 ps) is in a very
good agreement with the values of the shorter component in
spontaneous emission (described in the previous section). In the
further evolution (up to 100 ps) of transient absorption signals,
a small decrease is observed, in agreement with the average
value of the fluorescence decay time of the keto tautomer (about
400 ps = (0.8× 480) + (0.2× 110) ps). Such a decrease is also
observed in the stimulated emission signal. The decay time con-
stant fitted for particular wavelength (650 nm) in Fig. 4 is longer
than expected, but it is probably due to the insufficient signal
t
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o noise ratio and too short time window. On the contrary, the
SD signal does not show any recovery, which suggests that

ll or almost all of excited molecules are transferred to the long
ived (1.2 ms) ground state of the photochromic form. It should
e also noted that it is impossible to distinguish the two 110
nd 480 ps components (observed in the spontaneous emission
inetics) in the transient absorption data because the transient
bsorption experiments are carried out only up to 100 ps and the
ignal to noise ratio is worse than in the fluorescence TCSPC
xperiments.

. Discussion

First, we wish to discuss the temporal changes of the transient
bsorption spectra proceeding on the short time scale. We assign
he 500 fs component observed in the evolution of the transient
bsorption to the fast vibrational relaxation of the hot S1 state
f keto form, created after ultrafast (<50 fs) excited state proton
ransfer. This assignment is based on the observation of spectral
arrowing and a shift of the maximum of the transient absorption
ignal, which are characteristic of such process. Indeed, in the
entral spectral range (540–595 nm) increase on the intensity
s observed, while in the wings of the transient absorption band
he signal decreases with the 500 fs time constant. In the short
avelength wing these changes are directly visible, while the

ong-wavelength wing is disturbed by the presence of stimulated
mission band (the decrease in the transient absorption signal
s correlated with the increase in the gain intensity). The strong
vidence of vibrational relaxation is also consistent with the fact
hat the molecules under study are excited with relatively large
mount of vibrational energy excess ∼3500 cm−1 (excitation
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400 nm). On the other hand the spectral narrowing and the
shift of the transient absorption band were not observed when
the molecules from “SA family” were excited at the longest
possible wavelength [11]. However, these features were present
when the excitation wavelength was much shorter [17]. In that
case, the time scale of the spectral changes was also hundreds
of femtoseconds. On the time scale of several hundreds of
femtoseconds also the solvation dynamics might occur, which is
manifested as a decrease in the blue part of the emission signal
and an increase in the red part. However, in BPHMe such a mech-
anism does not explain the decrease in the transient absorption
signal in the short wavelength region 450–510 nm (which would
mean the increase in the blue part of the stimulated emission
signal).

The longer component of the duration of about 10 ps is man-
ifested as an additional rise in both the transient absorption and
stimulated emission signals as well as an increase in the sponta-
neous fluorescence intensity from the S1 keto state. Therefore,
we attribute this 10 ps component to the creation of the second
conformer of the keto tautomer in its S1 state. The alternative,
more commonly assumed explanation of the 10 ps component
might be the solvent assisted vibrational cooling of the hot S1
keto state. However, such a process should be accompanied by
the spectral narrowing of the bands and is not consistent with
our data since the 10 ps decay is absent in the short-wavelength
wing of the transient absorption band and in the long-wavelength
p
e
s
i
w

t
t
s
p
i
1
i
e
c
e
s
c
t
t
s
1
(
t
d
b

d
(
t
m

goes ESIPT reaction and its structure resembles that of a half
of the BBHQ molecule (see Scheme 1). In the short-wavelength
part of the emission (from the enol form of HMPO) a very fast
100 fs decay was observed, which corresponded to the <1 ps
decay of BPHMe at 464 nm. In the spectral range between
the enol and keto emission, the existence of a longer decay
for HMPO (two components of 300 fs and 3 ps) correspond-
ing to our 10 ps decay for BPHMe (from 500 to 575 nm) was
detected. Finally, there was a bi-exponential increase (150 fs
and 6 ps) in the emission intensity of the keto form of HMPO,
while in our case the rise time component of about 10 ps was
observed for the wavelength of 590 nm and longer. The authors
of Ref. [46] interpreted their results as the evidence of two tra-
jectories along which the proton transfer evolves: the ultrafast
route corresponded to the barrierless mechanism between the
planar structures of enol and keto form, while the slower pro-
cess involved the twisting motion of two heterocyclic moieties
of the HMPO molecule [47]. We think that such an explanation
should be also valid in our case. Thus, the planar and twisted
conformers in the S1 keto state of BPHMe have one common
precursor, which is the planar enol structure.

In conclusion, we propose the following deactivation scheme
(Scheme 2). After the excitation of the planar enol form of
BPHMe two competing processes occur on the ultrafast (<50 fs)
time scale: the proton transfer (in which the planar keto con-
former is created) and the twisting motion in the enol form. We
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art of the emission spectrum (see Table 1). Moreover, the pres-
nce of two keto conformers with similar emission spectrum is
trongly supported by the existence of two decay components
n time resolved fluorescence measurements, 480 and 110 ps,
hich cannot be explained by the vibrational cooling.
There are three possible schemes of photoexcitation and deac-

ivation involving the existence of two keto conformers. First,
he two different conformers might already exist in the ground
tate of the primary enol form: in one of them the excited state
roton transfer occurs in the ultrafast time scale of 50 fs, and
n the second conformer the proton transfer is much slower,
0 ps. However, the existence of only one initial enol structure
s indicated by the good agreement of the stationary fluorescence
xcitation spectra with the absorption spectrum. The theoretical
alculations for BBHQ molecule also predict two keto conform-
rs in S1 state (planar and skewed), while the only stable enol
tructure is the planar one [32,36]. Another possibility is the
reation of the second keto conformer from the first one in the
ime scale of 10 ps. Such a scheme, however, does not explain
he features observed in the time-resolved spontaneous emis-
ion measurements: the two long decay components (480 and
10 ps) and the 10 ps decay in the spectral region 500–575 nm
between the enol and keto emission bands). The third explana-
ion, which we consider the most probable one, is based on two
ifferent routes of excited state proton transfer reaction, and will
e discussed below in more details.

Analysis of the wavelength dependence of the parameters
escribing the kinetics of the spontaneous emission signals
Table 1) reveals many similarities with the recent results of
he up-conversion measurements of 2-(2′-hydroxyphenyl)-4-
ethyloxazole (HMPO) in p-dioxane [46]. HMPO also under-
hink that the twist takes place around the C C bond between the
entral phenyl ring and the phenylimino group (see Scheme 2),
n analogy to HMPO [47]. The proton transfer process is mani-
ested as the instantaneous increase in the stimulated and spon-
aneous emission signals of the keto tautomer. In the twisted
nol much slower proton transfer with the rate constant of about
10 ps)−1 takes place, leading to the twisted keto conformer. It is
ccompanied by the 10 ps decay of the spontaneous emission in
he spectral region 500–575 nm (emission from the twisted enol
otamer is bathochromically shifted with respect to the planar
ne), the additional 10 ps rise of the stimulated and spontaneous
missions of the keto form as well as the additional increase in
he transient absorption at the maximum of the keto band. In the
ransient absorption kinetics the amplitudes of the slower pro-
ess are 15–25% of the total amplitudes, and the contribution of
he 110 ps minor component in the long fluorescence lifetimes
s similar. Therefore, it is highly probable that the lifetime of
he dominant planar keto conformer is 480 ps while the twisted
eto conformer decays with the time constant of 110 ps, both
eading to the photochromic form. The twisted keto conformer
s better prepared for the creation of photochrome, which is the
rans-keto transient with the 180◦ rotation around the consid-
red C C bond (see Scheme 2) [21]. Thus, the lifetime of the
wisted keto conformer is shorter than the lifetime of the planar
ne.

Now we would like to relate our measurements of BPHMe to
he results of similar molecular systems. To our knowledge, in
o other photochromic Schiff bases two different rise times of
he keto tautomer emission have been found (only the decays).

oreover, the lifetimes of the S1 states of the keto tautomers
f BPHMe are more than an order of magnitude longer than
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Scheme 2. Proposed deactivation scheme of BPHMe.

the corresponding lifetime of the BSP molecule (10.5 ps [20]),
which belongs to the “SA family” (see Scheme 1). The probable
explanation is that the internal hydrogen bond in the BPHMe
molecule is localized in the central phenyl ring and might be
stronger than in BSP [21]. Therefore, the keto tautomers of
BPHMe are more stable than that of BSP assuming that the
main deactivation channel of S1 keto state in these molecules
are structural changes (including the creation of photochromic
form).

It is worth noting that the transient spectrum of keto form of
BPHMe is similar to the corresponding absorption state of the
monometoxy derivative of BBHQ (BBMP) [30,31] (see Fig. 3).
Also, the radiative rate constants of the keto tautomers are com-
parable in both molecules, which also supports the close analogy

of these two systems. Of course, in BBMP the photochromic
transient cannot be created and the deactivation of the S1 state
of keto form takes place only via the slower channel of internal
conversion.

The relatively slow proton transfer process in one of the con-
formers of BPHMe resembles the exceptionally low values of
this reaction rate reported for BBHQ and BBMP [26,28,30].
Having in mind the recent report on a much faster ESIPT reaction
observed for BBHQ in tetrahydrofuran (110 fs, [35]), we would
like to propose the explanation of this controversy based on our
studies of BPHMe. The temporal resolution of the instruments
used for measurements described in Refs. [26,28,30] was of the
order of picoseconds, while the studies reported in Ref. [35] were
performed only up to 3 ps. Thus, perhaps in the molecules of the
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“BBHQ family” compounds also two competing proton transfer
processes take place, like in BPHMe: the ultrafast, observed in
Ref. [35], and a slower one, seen in Refs. [26,28,30].

5. Conclusions

The time-resolved transient absorption and emission mea-
surements on the pico- and femtosecond time scale as well as the
stationary absorption and emission measurements of BPHMe
molecule in ACN are presented. Two different conformers of
the keto tautomer of this molecule are created: the first one
within 50 fs, and the second one with the time constant of about
10 ps. For the first conformer the evidence of fast vibrational
relaxation taking place on the time scale of several hundreds
of femtoseconds is demonstrated. All molecules are transferred
from the initial excited enol form to two keto tautomers which
decay with the time constants of 480 and 110 ps. The most prob-
able explanation is that these two conformers are the products
of two different routes of the excited state proton transfer reac-
tion. The investigated molecule is structurally closely related to
two widely studied systems: “SA family” of Schiff bases and
“BBHQ family” of hydroquinones. The similarities and differ-
ences in the photophysics of BPHMe and these systems are also
discussed.
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[25] A. Mordziński, W. Kühnle, J. Phys. Chem. 90 (1986) 1455–1458.
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11] M. Ziółek, J. Kubicki, A. Maciejewski, R. Naskręcki, A. Grabowska,
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