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|dentification of Emitting Molecular Species by Time-
Resolved Fluorescence Applied to Excited State
Dynamics of Pigment Yellow 101

Seung Noh Lee,? Jaeheung Park,® Manho Lim*® and Taiha Joo™

Time-resolved fluorescence (TRF) with a resolution higher than the periods of vibrations may provide the
vibrational spectrum of an emitting species by directly recording the vibrational wave packet motions in
time. We applied high-resolution TRF to investigate the excited-state dynamics of pigment yellow 101
(P.Y.101). The TRF spectra of P.Y.101 in dichloromethane showed that upon photoexcitation of the enol
isomer, dynamics occur in S, state to form a product in two time constants at 30 and 140 fs. TRF signals
were modulated due to the vibrational wave packet motions in the excited states, which provided the
vibrational spectra of the emitting species. Depending on the emission wavelength, two different
vibrational spectra were evident. With the help of theoretical calculations, the two spectra were assigned
to the enol and keto isomers of P.Y.101 in the Si state, leading to the conclusion that P.Y.101 undergoes
ultrafast excited-state intramolecular proton transfer (ESIPT) with a quantum yield close to 1. Visible-

pump infrared-probe transient absorption spectra were recorded to corroborate this conclusion.

1. Introduction

Electronic transitions of polyatomic molecules in liquid are
generally characterized by a broad featureless band that
represents superposition of vibronic transitions consisting of
progressions in Franck-Condon active vibrations. Each vibronic
transition undergoes line-broadening processes of time scales
ranging from femtoseconds to nanoseconds.! The line
broadening processes and vibronic structures can be decoded via
time-resolved spectroscopies such as transient absorption
(TA),23 3 pulse photon echo peak shifts (3PEPS),%* and time-
resolved fluorescence (TRF),5 to provide the structure and
dynamics of a molecule in a specific electronic state. TRF has a
unique advantage over TA and other nonlinear spectroscopies
that are based on molecular resonances, as a TRF signal comes
from the excited state exclusively. By tuning the probe
wavelengths longer than the first ground state absorption, TA
may also probe the excite state exclusively through the excited
state absorption.® The time resolution of a TRF apparatus,
however, is usually not high enough to provide molecular
information of the emitting species through the vibronic
structures that can be attained by resolving the coherent nuclear
wave packet motions.

Excited state intramolecular proton transfer (ESIPT) has
been employed as one of the model systems for studies of the
proton transfer dynamics.”1° In an ESIPT reaction, a proton
migrates from the donor (usually a hydroxyl group) to an
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acceptor (usually a nitrogen or oxygen atom) in an electronic
excited state to form a keto isomer with an intramolecular
hydrogen bond. In general, ESIPT is ultrafast occurring in less
than 100 fs to result in absence of emission from the reactant, the
enol isomer, which in turn results in a large Stokes shift ranging
from 6000 to 10000 cm™.” Some ESIPT molecules may form
intermolecular hydrogen bonding with solvents or impurities
such as water, which may then produce a strong enol
emission.1%12

2,2'-Dihydroxy-1,1’-naphthalazine, known as pigment
yellow 101 (P.Y.101), is a fluorescent dye used for mass
coloration of viscose.'®'* It forms two six-membered ring
structures via intramolecular hydrogen bonding as shown in
scheme 1, which may enable ESIPT. The dynamics of P.Y.101
in the excited (Si) state have been reported previously.!5-7
Lorenz et al. reported in a visible pump/probe TA study that upon
photoexcitation of P.Y.101 in dichloromethane, a major part of
the excited state population undergoes radiative relaxation to the
ground state, and to a minor extent undergoes ESIPT to become
a keto isomer.®> A minor part of the keto isomer undergoes
further conformational dynamics to the cis-isomer in the S; state.

O‘H OIﬂ

Scheme 1 ESIPT scheme of P.Y.101 from trans-diol to trans-keto.
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For P.Y.101 in solid state, quantum mechanical calculations
showed that n-n* is the lowest energy transition with high
oscillator strength,'21316 and a TA study showed that part of the
enol isomer undergoes ESIPT without trans-cis isomerization.16

In this work, we measured TRF of P.Y.101 in
dichloromethane to investigate the dynamics in the excited state.
ESIPT typically occurs much faster than 100 fs, which can result
in an impulsive excitation of the product vibrational modes.!8-24
By employing TRF at a high enough time resolution, we
attempted to identify the emitting chemical species through the
wave packet motions in the excited states as well as to reveal
their dynamics. A visible-pump infrared-probe TA (IRTA) study
was also presented to corroborate our conclusion.

2. Materials and methods

The light source for the TRF measurements was a home-made
cavity-dumped Ti:sapphire laser operating at a repetition rate of
350 kHz. The laser spectrum was tuned to generate 25 fs pulses
at 800 nm. Pump pulses at 400 nm were generated by the second
harmonic generation in a 50 um thick BBO crystal. Details of the
femtosecond TRF apparatus utilizing non-collinear sum
frequency generation (SFG) and a Cassegrain reflector were
reported previously.?®> The TRF spectra (TRFS) were measured
without resorting to the conventional spectral reconstruction
method. The detection monochromator, phase matching angle of
the BBO crystal for the SFG, and the gate delay, which
compensates the group velocity dispersion due to the sample
cuvette and collection optics, were scanned synchronously.®
Time resolutions (full width at half maximum, FWHM) for the
TRF and TRFS were estimated by the SFG between the gate
pulse and the Raman scattering from the solvent to be 50 and 80
fs, respectively. Picosecond TRF was measured by the time
correlated single photon counting (TCSPC) method. Details of
the TCSPC apparatus providing 60 ps (FWHM) time resolution
by employing a single photon silicon avalanche photodiode
(id100-50, ID Quantique) were reported previously.?8

Details of the visible-pump infrared-probe TA apparatus with
a 64-element HgCdTe detector were described elsewhere.?” The
light source was an amplified Ti:sapphire laser system
(Hurricane, Spectra Physics) generating 110 fs pulses at 800 nm
at 1 kHz. A home-made optical parametric amplifier was used to
generate mid-infrared pulses. Infrared detection was performed
across the 1400 to 1700 cm-! region, which corresponds to the
N-H bending and C=0 stretching frequencies of the keto isomer.
The time resolution was 180 fs.

Stationary absorption and emission spectra were measured
by a UV-Visible spectrophotometer (S-3100, Scinco) and a
fluorometer (Photon Technology International), respectively. A
CCD (RTE/CCD-128-HB, Roper Scientific) detector with laser
excitation was also employed for the fluorescence spectra
measurement.

P.Y.101, dichloromethane, and toluene were purchased from
Sigma-Aldrich at the highest purities, and used without further
purification. For the TRF measurements, a 3 mM solution of
P.Y.101 in dichloromethane was prepared in a 100 pm
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pathlength fused silica flow cell. Photodamage of the sample was
minimized by shaking the flow cell. For the IRTA experiment,
the sample solution was loaded in a home-made spinning cell.
The sample cell was rotated sufficiently fast so that each laser
pulse excited a fresh volume of the sample. All measurements
were carried out at ambient temperature (24+1 °C).

Theoretical calculations were performed using the Gaussian
09 quantum chemistry calculation package.?® Density functional
theory (DFT) and time-dependent DFT (TDDFT) with a 6-31G
basis set were used for the calculations of the ground and excited
states, respectively. Since significant charge transfer is involved
for the ESIPT process of P.Y.101, the BHLYP hybrid functional
which has a 50 % Hartree—Fock exchange was used to remedy
the charge-transfer problem in TDDFT.7?® Vibrational
frequencies from the DFT calculation were scaled by literature
values; 0.948 for below 500 cm™ and 0.924 for above 1000
cm-1.30 Excited state vibrational frequencies from TDDFT in the
1400—1700 cm* region were scaled by 0.912, chosen arbitrarily
to match the infrared absorption bands. Displacements and the
reorganization energies for the vibrational modes between two
relevant electronic states were calculated as described in the
literature.3!

3. Results and discussion

3.1 Stationary Spectra

The absorption and fluorescence spectra of P.Y.101 in
dichloromethane do not exhibit the mirror image, which implies
that the structures of the ground and excited states are different
(Fig. 1). The Stokes shift calculated from the absorption and
fluorescence maxima at 411 and 512 nm, respectively, is 4800
cm L. The Stokes shift is much smaller than that of typical ESIPT
molecules such as 2-(2'-hydroxyphenyl)benzothiazole (HBT)
and  10-hydroxybenzo[h]quinoline  (HBQ), where the
fluorescence from the enol isomers are absent because of the
ultrafast ESIPT.?2 In fact, the 512 nm band was assigned to
fluorescence from the enol isomer.13%5 In that case, the shoulder
at 550 nm in the fluorescence spectrum is most likely due to a
vibrational progression. If this is true, then the ESIPT of P.Y.101
must be much slower than the population relaxation of the enol
isomer due to the unfavourable energetics or conformation for
ESIPT including the possibility of intermolecular hydrogen
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Fig. 1 Absorption (solid line, left axis) and fluorescence (dashed line, right axis)
spectra of P.Y.101 in dichloromethane.
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bonding with the solvent.!! The fluorescence spectra of P.Y.101
in dichloromethane, toluene, and their water-saturated solutions
(data not shown) were identical, indicating that the effect of
solvent polarity is negligible and that the possibility of
intermolecular hydrogen bonding with solvent is insignificant.

3.2 Time-Resolved Fluorescence

3.2.1 TRF SPECTRA. Stationary fluorescence from the enol
isomers of HBQ and HBT is absent, because the ESIPT rates are
ultrafast, much faster than 100 fs.20-22.32.33 However, TRF is
capable of capturing the fluorescence from the enol isomers of
HBQ and HBT.?? Analogously, provided that P.Y.101 undergoes
ultrafast ESIPT, the 512 nm band should arise from the keto
isomer, and the enol fluorescence is expected to appear at
approximately 470 nm. The dynamics in the excited state in
general can be best examined by TRFS because a TRF signal at
a fixed wavelength is affected by spectral relaxation processes
such as solvation and vibronic relaxation as well as population
relaxation.

Fig. 2 shows the TRFS measured at several time delays.
Instrument limited rise was observed for the first 50 fs over a
broad spectral range from 440 to 580 nm, although the rise at the
high frequency side is slightly faster. The intensity of the high
frequency side then decayed quickly over the first ~300 fs, and
then somewhat slowly at later times. After approximately 1 ps,
the TRFS is similar to the stationary fluorescence spectrum of
P.Y.101, and the intensity decays in tens of picosecond time
scale while the shape is mostly uniform.

Time-resolved area-normalized emission spectra (TRANES)
can often be a useful way to illustrate the overall dynamics.3435
It has been well established by mathematical analysis that
TRANES can be used to examine the number of emissive states
in TRFS. Analogous to the isosbestic point in absorption spectra,
an isoemissive point in TRANES indicates the presence of two
emissive species. The TRANES obtained in the current work
displayed an isoemissive point at 503 nm, indicating that two
emitting species existed following the photoexcitation (Fig. 2b).

To assign the two emitting species (states) observed in the
TRFS, molecular conformations in the ground state first needed
to be considered. Pl6tner and Dreuw applied DFT calculations
and reported that several different molecular conformations are
possible in the ground state, including trans-diol (Scheme 1),
trans-keto (Scheme 1), trans-diketo, cis-diol, and cis-keto.®
Among these isomers, trans-diol is the lowest in energy by 2000
cm- compared to the next lowest-energy isomer, which could be
cis-diol or trans-keto. Therefore, trans-diol should be the only
significantly populated isomer in the ground state, and the
chemical species created immediately by the photoexcitation,
which emits in the 440—-510 nm region, should be trans-diol in
the Si state. Because the TRANES observed in the current study
clearly showed that the initial photoexcited state quickly
converts to a different species (state), we should assign the
fluorescence band at 500—570 nm to an isomer other than trans-
diol, even though trans-diol was reported to be the lowest-energy
isomer in S; manifold.'” We propose that the fluorescence band
at 500—570 nm arises from the trans-keto isomer. In fact, in our

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) TRFS and (b) area normalized TRFS. The three thick lines are TRFS at -50
fs (black), O fs (red), and 50 fs (blue). Following the directions of arrows, times are
100 fs, 200 fs, 300 fs, 500 fs, 1 ps, 2 ps, 3 ps, 5 ps, 10 ps, 40 ps and 80 ps. TRFS
were 3 points smoothed for easy reading. (c) Fluorescence spectra of the enol and
keto isomers obtained by decomposition of the TRFS.

TDDFT calculation, where the molecule was restricted to be
planar, the energy of the trans-keto isomer lies 150 cm™ below
that of trans-diol in Si. Isomers other than trans-diol and trans-
keto were reported to be significantly higher in energy by at least
2000 cm in the excited state.!” It should be noted that double
proton transfer cannot take place, since trans-diketo is ~2000
cm* higher than trans-keto in S1.1” Note also that it should take
much longer than the population relaxation time (~1 ps) of the
trans-diol for the N—N bond to rotate by 180° to become a cis
isomer. Hereafter, the trans-diol and trans-keto isomers are
simply called the enol and keto isomers, respectively.

TRFS can be decomposed into two parts, the enol and keto
fluorescence spectra. The TRFS at extended time (80 ps) was
assigned to the fluorescence spectrum of the keto isomer, and
the enol spectrum was obtained by subtracting the keto spectrum
from the TRFS at 100—300 fs (Fig. 2c). Amplitudes of each part
of the spectrum were obtained from TRFS and fitted to a sum of
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Fig. 3 Amplitudes of the enol (blue) and keto (red) fluorescence from TRFS.

exponentials (Fig. 3). Fluorescence of the enol isomer decays by
two time constants at 140 fs (84 %) and 2.3 ps (16 %), whereas
the keto fluorescence rises by 50 fs and decays biexponentially
by 3.3 ps (14 %) and 64 ps (86 %). The femtosecond components
may reflect the ESIPT rates. Due to the limited number of data
points and the lower time resolution for the TRFS measurement,
however, the femtosecond time constants were not well
determined in the TRFS, and we will not use these numbers for
the discussion of the ESIPT dynamics. Detailed discussion on
the ESIPT dynamics will be made in the next section using the
TRF results.

The 64 ps time constant can be assigned to the population
relaxation time of the excited keto isomer to the ground state, as
it represents the ground state recovery (see section 3.3). Origins
of the other two picosecond components are not certain. The 2.3
ps decay of the enol isomer may reflect the ESIPT dynamics or
the internal conversion of the enol isomer to the ground state. A
corresponding rise of the keto fluorescence was not observed,
which contradicts the former, and picosecond ground state
recovery also was not observed (see section 3.3), which
contradicts the latter. Regardless, a small part of the excited enol
isomer survives for a few picoseconds, which allows for
observation of the vibrational wave packet motion of the excited
enol isomer. Lorenz et al. reported a TA study of P.Y.101 in
dichloromethane in the visible region with a time resolution of
150 fs.'> From the global analysis, they extracted five time
constants of 150 fs, 4.7 ps, 63 ps, 500 ps, and infinity. Among
these, 150 fs and 63 ps were the two dominant components,
which agrees with the present experiment. They interpreted that
the 150 fs time constant reflects the initial spreading of the
Franck-Condon wave packet to populate mostly the enol isomer
and to a minor extent the keto isomer, and the 63 ps time constant
reflects the radiative decay of the enol isomer.1®

3.2.2 TRF AT SELECTED WAVELENGTHS. To scrutinize the
ESIPT rates and the wave packet dynamics, TRF was measured
at selected wavelengths. We first obtained the survey TRF in
picosecond time resolution by TCSPC (Fig. S1, ESI).
Picosecond TRF signals are nearly the same at all wavelengths
from 470 to 550 nm, and decayed mostly by a single exponential
of time constant 67 ps.’® A small amplitude (2 %) 860 ps
component is also present, and its amplitude increases at longer
wavelengths.

The femtosecond TRF was measured at selected wavelengths
(Fig. 4), and the results were nonlinear least square fitted to a
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Fig. 4 TRF of P.Y.101 in dichloromethane measured at selected wavelengths.
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sum of exponentials (Table 1). At 470 nm, where the
fluorescence from the enol isomer is expected to be dominant,
the TRF decays mostly by 33 and 160 fs. A small 1.2 ps
component is present along with the 67 ps component, which is
attributed to the keto fluorescence extending to 470 nm as
evident from the picosecond TRF. At longer wavelengths, TRF
rise by ~30 fs. At 500 nm, the rise seems to be faster and this was
possibly due to the interference from the wave packets. At 550
nm, it rises by two time constants at 30 and 150 fs, which are
similar to the TRF decay at 470 nm. At 580 nm the rise is slower
and appeared to be a single exponential with a time constant of
86 fs, which is similar to the average of the two rise time
constants at 550 nm. The slower rise at 580 nm may have been
caused by the vibronic relaxation, although the TRFS indicate
that the effect may not be significant. Because the ESIPT
reaction is accompanied by a dipole moment change of 1.02 D,’
the TRF at 580 nm, which is at the red edge of the keto
fluorescence spectrum, may have also been affected by solvation
dynamics. The dipolar solvation times of dichloromethane
determined by the Stokes shift of coumarin 153 are 144 fs and
1.02 ps.3” Note that the 1> component in TRF should be
interpreted as the excited-state population dynamics, not as the

Table 1 Results of the nonlinear least square fits to a sum of exponentials for
the TRF signals at fixed wavelengths. Negative amplitudes indicate rise.

Am) A u®) A ) Ar ta(ps)  Ad T (ps)Y
470 0.54 35 0.39 140 0.04 1.2 0.03 67
500 -1 20 0.58 130 0.06 2.0 0.36 67
530 -1 34 0.24 120 0.76 67
550 -0.83 30 -0.17 150 0.03 13 0.97 67
580 -1 86 1 67

Y Fixed to a value obtained from an extended time scan.

This journal is © The Royal Society of Chemistry 2012
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solvation dynamics, because the 140 fs component also occurred
in the TRFS as an intensity change, not a frequency shift. It
should also be noted that TRFS measurements of the enol
fluorescence contains the 2.3 ps decay. By taking into account
the TRF and TRFS results, we concluded that the ESIPT rate of
P.Y.101 in dichloromethane can be characterized by two time
constants at 30+10 and 140£20 fs. It is not clear if the origin of
the t3 component, which also appeared in the TRFS, is part of
the ESIPT or other dynamics occurring in the enol and keto
isomers in the excited state, including conformational dynamics
and internal conversion from Si to the ground state.

3.2.3 WAVE PACKET DyNAaMICS. Modulations of the TRF
signals were observed and appeared to vary at different
wavelengths (Fig. 4). An impulsive excitation, for example, a
Franck-Condon transition by a short pulse of light creates
coherent nuclear wave packets whose amplitudes are
proportional to the electron-nuclear coupling (Huang-Rhys
factor). It has also been well established that an ultrafast
chemical reaction can act as an impulsive excitation of the
vibrations of the product.'®2* These vibrational wave packet
motions appear as modulations in TA and in TRF signals.
Because fluorescence from an excited state is detected in TRF, it
follows that a TRF signal comes from the chemical species in the
excited state. In a TRF experiment, the detection wavelength can
also be tuned to either the reactant or product fluorescence to
selectively detect each chemical species. In a TA experiment,
however, an oscillation may originate in general from the wave
packet motions in the ground and excited states of the reactant
and products, and therefore it cannot be assigned to a specific

Amplitude (norm.)

580 nm

1 | 1 1
0 100 200 300 400
Frquency (cm™)
Fig. 5 The oscillation spectra in TRFs at different detection wavelengths obtained
by LPSVD method.

500
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Table 2. Oscillation frequencies (cm™*) from TRF obtained by LPSVD
method and their assignments to the normal modes of P.Y.101 enol and keto
isomers in the excited states.

Mode" 500 nm 530 nm 550 nm 580 nm Calc.”
va 37 45 47 35 (35)
% 125 123 122 123 (124)
Vio 155 158 163 160 (155)

vir (vig) 354 355 350 (356)

* Numbers in parentheses are associated with the excited keto isomer.

state or chemical species,®° unless the TA signal is shown to
originate from only one transition.

The oscillation frequencies were obtained by employing both
the Fourier transform of the residual of the exponential fits (Fig.
S2, ESI) and linear prediction singular value decomposition
(LPSVD) methods.*%4? Although the two methods produced
essentially the same results, we used the LPSVD method since it
gives correct amplitudes of the oscillations. Because of the
varying phase for each vibrational mode, application of the
Fourier power spectrum is required where the amplitudes are not
scaled properly. The oscillation spectra from the TRF at different
wavelengths are shown in Fig. 5, and the frequencies are listed
in Table 2. At 500 nm, three peaks are evident at 37, 155, and
354 cm, and the spectrum changes gradually to a single peak at
123 cm™ as the detection wavelength increases. Combined with
the TRFS and the theoretical calculations described below, we
assigned the spectrum at the short wavelength (500 nm) to the
vibrations of the enol isomer in the S; state and the spectrum at
the long wavelength (580 nm) to the vibrations of the keto isomer
in the S; state. For the intermediate wavelengths, the spectrum is
a sum of the two contributions. The oscillation spectrum for the
TRF at 470 nm could not be obtained reliably partly due to the
rapid decrease of the TRF intensity by ESIPT. However,
significant oscillation amplitudes are expected, based on the
observed enol fluorescence spectrum (Fig 2c). The reason for the
very weak modulation at 470 nm is attributed to the detection
wavelength being near the centre of the enol fluorescence
spectrum. A TRF (and TA) signal intensity is least sensitive to
the wave packet motion when detected at the centre of the
fluorescence peak, because modulation of the TRF signal arises
from the oscillation of the centre frequency of the fluorescence
spectrum as a function of time by the wave packet motion.

The coherent vibrational wave packets created in the product
potential energy surface (PES) can provide critical information
on the reaction mechanism and molecular dynamics as
demonstrated for the ESIPT of HBQ and HBT.'%22 The coherent
vibrational wave packets on the product PES can be best
calculated once the full excited-state PES is known. Schriever et
al. constructed the S; PES and performed classical dynamics
simulations to extract the vibrational modes that would be
coherently excited as a result of the ultrafast ESIPT reactions for
HBQ and HBT.% Higashi and Saito used the multi-configuration
Shepard interpolation method to construct the PES and
performed molecular dynamics simulations to calculate the
vibrational excitations in the product keto isomer of HBQ.*® De
Vivie-Riedle et al. presented a more efficient method for the
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Fig. 6 Calculated reorganization energies for the So — S; transition of the enol
isomer (blue), and transition from enol S; to keto S; (red).

determination of the active modes in vibronic wave packets
through the normal-mode analysis along the reaction path.** Kim
and Joo calculated the reaction Huang-Rhys factors (RHRF) by
the projection of the displacements between the reactant and
product onto the normal modes of the product by assuming
instantaneous chemical reaction.?? Excellent agreement between
theories and experiments has been reported for the ESIPT of
HBT and HBQ, although the role of hydrogen remains
controversial 324345

We have calculated RHRF to obtain the oscillation spectra of
the enol and keto isomers from TRF. The oscillation spectrum
for the enol isomer can be calculated from the displacement
between the enol ground and enol excited states. For the keto
isomer, the displacement between the ground enol and excited
keto isomers was calculated to produce the spectrum. Molecular
structures and vibrational spectra were calculated by DFT and
TDDFT methods using the BHLYP functional. Local minima for
both enol and keto excited states were observed, which indicates
a finite barrier for the ESIPT, with the keto isomer present 150
cm below the enol isomer. Displacements between the two
relevant structures were calculated and projected onto the normal
modes of the final states to obtain the RHRF. Within the Condon
approximation, the modulation amplitude is determined by the
magnitude of the fluorescence centre frequency swing, which in
turn is proportional to the vibrational reorganization energy. To
compare the theoretical calculations to the experimental results,
the corresponding vibrational reorganization energies (Avib. =
hod%/2) were calculated (Fig. 6), where & is the projection
amplitude, S = 8%2 is the Huang-Rhys factor, and o is the
vibrational frequency (also listed in Table 2).

The absence of high frequency (>400 cm™) vibrations are
apparent on the TRF oscillation spectra (Fig. 5). The upper
frequency limit that can be observed in the experiment may be
determined by two factors: the time resolution of the experiment
and the ESIPT rate. Because of the finite time resolution, an
oscillation of frequency o is attenuated by a factor exp(—c2w?%/2),
where o is the standard deviation of the instrument response
function assuming Gaussian. For the present experiment, the 300
cm ! vibrational mode was attenuated by a factor of 2, and the
415 cm ! mode by a factor of 4. The TRF of the enol isomer was
limited only by the experimental time resolution, since the
Franck-Condon transition is essentially instantaneous. For the

6 | J. Name., 2012, 00, 1-3

keto isomer, however, it is not straightforward to determine the
limiting factor, since it is reaction mechanism dependent. For the
purely statistical (Markovian) dynamics, wave packets for the
vibrational mode having periods shorter than the ESIPT time
cannot be created. However, for a reaction that can be described
by the ballistic motion along the reaction coordinate such as the
ESIPT, wave packet motions with periods shorter than ESIPT
time could still be observed. Since the major component of the
ESIPT dynamics (30 fs) is faster than the instrument response,
we expect that the effect of the finite ESIPT rate is minor, if any,
for the upper frequency limit.

All of the frequencies observed in the experiment displayed
nonzero reorganization energies from the calculations. More
importantly, these are the only vibrational modes having nonzero
reorganization energies below 400 cm-t, which demonstrates the
validity of the theory. The 155 and 354 cm! modes are present
in both experiment and calculation for the enol isomer which
demonstrated excellent agreement between the theory and
experiment, although the amplitude of the 354 cm! mode in the
calculation is smaller than that observed in the experiment. The
37 cm'! mode is prominent at short wavelengths implying that it
arises from the enol isomer, yet it is absent in the calculation.
The 123 cm! mode is prominent in the long wavelength spectra
and is present only in the keto isomer, again demonstrating
excellent agreement between theory and experiment. The overall
agreement between the experiment and calculation is excellent.
Furthermore, it demonstrates that TRF with high enough time
resolution used in combination with theoretical calculations can
be utilized for the identification of the emitting chemical species
through the wave packet motions in the excited state, an attribute
that is normally unavailable in fluorescence spectroscopy. A
similar concept has been demonstrated with femtosecond
stimulated Raman spectroscopy (FSRS),*¢ and recently applied
to the excited-state intermolecular proton transfer of pyranine.*’

All four modes listed in Table 2 are in-plane vibrations. For
the barrierless ESIPT by the skeletal deformation model, in-
plane skeletal vibrations that shorten the O—N distance will be
excited preferentially in the product PES.3 The vz mode, which
is the only vibration observed for the keto isomer, shows
significant shortening of the O—N distance and suggesting that
the ESIPT of P.Y.101 IS consistent with the skeletal deformation
model.

3.3 Time-Resolved Infrared Spectra

We have shown that P.Y.101 in dichloromethane undergoes
ESIPT by two time constants at 30 and 140 fs. Moreover, we
demonstrated that TRF at high enough time resolution in
conjunction with the theoretical calculation can be exploited for
the identification of the emitting species through the vibrational
spectrum obtained from the wave packet motion in time. The
vibrational spectrum thus obtained is weighted by the Huang-
Rhys factors between the two relevant states, which greatly
assists the molecular assignment. To corroborate the
conclusions, we also performed infrared transient absorption
(IRTA) measurements.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 IRTA spectra of P.Y.101 in dichloromethane at 0.56 ps (black), 17.8 ps (red),

56 ps (green), 178 ps (blue), and 1 ns (magenta). Top figure shows the stationary

IR spectrum.

1450 1700

Fig. 7 shows the IRTA spectra of P.Y.101 in
dichloromethane following excitation at 400 nm. The time
resolution of the IRTA experiment was not high enough to
resolve the ESIPT process directly. The spectra were measured
for the frequency region corresponding to C=0O and C=C
stretching and N—H bending. In this region, frequencies of a
vibrational mode for the ground enol, excited enol, and excited
keto isomers are significantly different, unlike the skeletal
vibrations in the low frequency region. The stationary infrared
spectrum of P.Y.101 in this frequency region shows four major
peaks at 1467, 1579, 1606, and 1625 cm (Table 3). Following
the photoexcitation, these peaks show instrument limited bleach
that persists for a 1 ns time window of the IRTA measurement.
At the same time, broad and nearly featureless induced
absorption bands in the 1420-1570 cm region were also
observed. The 1606 and 1625 cm™ peaks of the ground enol
isomer approximately correspond to the C=N stretching modes.
The C=N bonds in the excited state weaken considerably to a
bond order of ~1.5,7 and the vibrational frequencies downshift
to ~1480 cm. Therefore, the induced absorption bands in the
1420—1570 cm™ region can be assigned to the infrared
absorption bands of the excited enol and keto isomers.

Both bleach and the induced absorption bands decrease in
tens of picoseconds indicating ground state recovery. However,
the ground state recovery is not complete even at 1 ns, and ~25%
of the bleach remains along with several induced absorption
bands. An IRTA and nanosecond laser flash photolysis study of
P.Y.101 in the solid state has been reported previously by Staudt
et al.’® In that work, the bleach at 1625 cm™ lasts for 50 ps,
indicating that it comes from the dynamics in the ground state
though the structure of the species was not identified. In addition,
the 1650 cm band (marked * in Fig. 7) did not appear in the
solid state IRTA spectra, which implies that it may be related
with a conformer such as the cis-keto or cis-enol isomer.

To obtain the dynamical information, we first fitted several
regions of the IRTA data to a sum of exponentials. All regions
of the IRTA data except the 1650 cm* band can be described

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 Top to bottom, DAS of T = = (blue), DAS of t = 62 ps (magenta), calculated
infrared absorption spectrum of excited keto (green), excited enol (red), and
ground enol (black) isomers. Bleach bands (®) and induced absorption bands (O)
are listed on the DAS of © = 62 ps.
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Table 3. Infrared absorption bands in 1400—-1700 cm™ region.

DAS? Ic. Ic. Ic.
Mode” IR (63 rst) Gsaeﬁol E)Eaeﬁol Egak(t:eto

Vos 1467 -1467 1461

ves (Vos) +1474 1457 1466

Vo7 (Ve7) +1506 1498 1502

Vag (Veo) +1528 1527 1529

Vaos (Vioz) +1570 1574 1571
Vg 1579 —-1580 1576
Vio2 1606 -1606 1616
V104 1625 -1624 1630

Y Modes in parenthesis correspond to the excited keto isomer.

2 + and — signs represent induced absorption and bleach, respectively.

very well by two time constants: one at 62+6 ps, which can be
regarded the same as the 67 ps time constant in TRF, and one
much longer than 1 ns. The 1650 cm band shows a 240 ps rise
that may be related to the conformational dynamics, but further
interpretation was beyond the scope of the current work. We
have also performed a global analysis to obtain the decay
associated spectra (DAS).*® Although we tried several different
multi-exponential models, a bi-exponential model with time
constants of 62 ps and infinity (>> 1 ns) provided satisfactory
results and are consistent with the first analysis by exponential
fits. A tri-exponential model produced time constants of 58 ps,
180 ps, and infinity with marginal decrease of the reduced y?2
value. The DAS of t = 58 ps was identical to the DAS of t = 62
ps in the bi-exponential model, and the DAS of © = 180 ps and
infinity added up to give the DAS of t = infinity in the bi-
exponential model. Since a time constant of 180 ps was not
observed in any spectral region of the IRTA, we determined that
the bi-exponential model is more appropriate.

Fig. 8 shows the DAS of t =62 ps and infinity and calculated
infrared absorption spectra of the ground state enol, excited state

J. Name., 2012, 00, 1-3 | 7
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enol, and excited state keto isomers. Frequencies of all major
bands are also listed in Table 3. The DAS of T = 62 ps is quite
similar to the IRTA spectrum obtained at 0.56 ps (Fig. 7). The
DAS consists of four bleach bands and four induced absorption
bands marked by the filled and open circles, respectively. The
frequencies of the four bleach bands are, of course, the same as
those of the stationary absorption bands, and they match well
with the calculated infrared absorption spectrum of the enol
isomer in the ground state. Although the induced absorption
bands in the 1420—-1570 cm™ region of the IRTA spectra are
broad and nearly featureless, several induced absorption peaks
can be identified in the DAS of T = 62 ps. The induced absorption
bands at 1474, 1506, 1528, and 1570 cm™ match well with the
calculated infrared absorption spectrum of the excited keto
isomer. However, the calculated infrared absorption spectra of
the excited enol and keto isomers are too close to each other for
us to confirm the absence of the excited enol isomer from the
IRTA results alone. The fact that the bleach and the induced
absorption peaks are time-independent (other than the 62 ps
population relaxation) strongly suggests that all the dynamics
including ESIPT is complete at 0.56 ps. This is consistent with
the TRF results, where the ESIPT occurs in two time constants
30 and 140 fs.

4. Conclusions

In this study, we presented time-resolved fluorescence (TRF)
analyses of P.Y.101 in a dichloromethane solution. The TRF
spectra over the entire emission wavelength and their area
normalized representation showed that P.Y.101 undergoes
ultrafast conversion from the initial photoexcited state to a
different chemical species (or state) by two time constants of
30+10 and 140+20 fs, and possibly a third time constant of 2.3+1
ps. Such dispersive kinetics, that is, dynamics that cannot be
characterized by a single rate constant, are frequently observed
for chemical reactions in the liquid state.*® In conjunction with
the quantum chemical calculations, we concluded that this
conversion is due to the excited state intramolecular proton
transfer (ESIPT) process from trans-diol to trans-keto isomer. To
positively identify the chemical species involved in this process,
TRF were obtained with the highest time resolution at the
fluorescence wavelengths corresponding to the two emitting
states. Emission wavelength dependent vibrational spectra were
obtained from the modulation of the TRF signals, which result
from the wave packet motions on the excited state potential
energy surfaces. All the wavelength dependent vibrational
spectra can be represented by a sum of two spectra. With the help
of quantum mechanical calculations, the two spectra were
assigned to the vibrational spectra of the excited enol and keto
isomers. Therefore, we were able to identify the two chemical
species responsible for the emissions, and confirmed the ESIPT
of P.Y.101. Time-resolved mid-infrared spectroscopy was also
employed to corroborate the conclusion. At present, the time-
resolution of the TRF experiment was limited to 50 fs, which
limited the upper frequency of the vibrational spectrum to ~ 500

8 | J. Name., 2012, 00, 1-3

cm-L. Further improvement on time resolution will be required to
acquire the vibrational spectrum over a wider frequency range.
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