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The excited-state intramolecular proton transfer of 2-(2’-hydroxyphenyl)benzoxazole dye in different solvents is in-
vestigated using ultrafast femtosecond transient absorption spectroscopy combined with quantum chemical calculations.
Conformational conversion from the syn-enol configuration to the keto configuration is proposed as the mechanism of
excited-state intramolecular proton transfer. The duration of excited-state intramolecular proton transfer is measured to
range from 50 fs to 200 fs in different solvents. This time is strongly dependent on the calculated energy gap between the
N-Sg and T-S; structures in the S; state. Along the proton transfer reaction coordinate, the vibrational relaxation process
on the S; state potential surface is observed. The duration of the vibrational relaxation process is determined to be from

8.7 ps to 35 ps dependent on the excess vibrational energy.

Keywords: proton transfer, vibrational relaxation, femtosecond transient absorption spectroscopy, quantum

chemical calculations
PACS: 78.47.J-, 82.53.Ps, 82.53.Uv, 87.15.ag

1. Introduction

As one of the most important and fundamental photoin-
duced reactions, excited-state intramolecular proton transfer
(ESIPT) is a type of photo-tautomerization of a molecule that
includes a hydroxyl group, proton donor and a neighboring
proton acceptor.'!! Dyes undergoing ESIPT have been applied
in many fields, > for example as fluorescent chemosensors
and probes,!"19 Jaser dyes,!!!"?l UV photostabilizers,!3]
promising components for photoswitches!!*!3] and organic
optoelectronic materials.['%!1 Following photon absorption,
ESIPT dyes are widely acknowledged to undergo apparent ge-
ometrical reorganization and then present large Stokes shifts.
Generally, the ESIPT process derives from the initial Sg struc-
ture (enol) and goes back to the same state through a four-level

22-26] 1 this reaction, the excited enol and keto forms

reaction.
in the S; state emit short- and long-wavelength fluorescence,
respectively.

It is well known that 2-(2’-hydroxyphenyl)benzoxazole
(HBO) dyel*’?8 and its analog dyes such as 2-(2'-
(HBT)[2301  and  2-(2'-
hydroxyphenyl)benzimidazole (HBI)B!*? have suitable
geometries for ESIPT. The duration of the ESIPT pro-
cess has been reported as being on the sub-picosecond

timescale.[27-28:33-35]1 Dye to the ESIPT effect, HBO and its
136,37
s

hydroxyphenyl)benzothiazole

analog dye ! have been widely used to produce biolog-
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ical probes and white-light-emitting materials.****!1 More-
over, the introduction of HBO dye into double-stranded DNA
can be used to detect a double stranded environment.[*?! At
present, it is known that HBO dye should be an excellent
nonlinear optical material for high-speed and high-sensitivity
optical switching devices owing to the ESIPT effect following
absorption of the pump pulse rather than a thermal effect.*3]
HBO dye and its derivatives have been widely researched
with regard to ESIPT and/or coupled intramolecular charge
transfer (ICT).3>*3-41 It was proposed that intramolecular
and intermolecular hydrogen bonds contribute to ESIPT and
intermolecular proton transfer with solvents, respectively. The
timescale of ESIPT was measured by Romesberg and co-
workers to be shorter than 170 fs.38% Dynamics simulations
of the ESIPT reactions of HBO dye were carried out under the
conditions of gas phase and hydration clusters.*>! The results
showed that the simulated duration of the ESIPT reaction of
HBO dye ranges from 28 fs to 193 fs, and that differences in
the duration are due to different initial structures. However,
there is still a lack of a direct experimental evidence to con-
firm the ESIPT time constants simulated in gas and hydrated
clusters. On the other hand, dual emission of HBO dye is not
shown in all solvents. The long-wavelength emission has con-
sistently been considered as the fluorescence from the S; state
of the keto tautomer®®3°2] and, although contentious, the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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short-wavelength emission is considered as fluorescence from
the S; state of the anti-enol form or syn-enol form. Moreover,
although the differences in the lifetimes of the S; state of the
keto tautomer in different solvents are often discussed the dif-
ferences in ESIPT dynamics and their causes have not been
discussed in detail.

In this work, ultrafast femtosecond transient absorption
(fs-TA) spectroscopy technology and global fitting were em-
ployed to clarify the ESIPT process and the following ultrafast
radiative and nonradiative dynamics of HBO dye in cyclohex-
ane, 1,4-dioxane and ethanol. Moreover, quantum chemical
(QC) calculations were performed to analyze the excited state
dynamics. Three fs-TA spectral bands and three lifetimes were
obtained in the fs-TA experiments. The QC calculations were
carried out to explain the dynamics of ESIPT and vibrational
relaxation (VR). Based on the novel experimental and theoret-
ical results, dual emission of short and long fluorescence was
clearly assigned, and a more detailed ESIPT diagram is pro-
vided.

2. Experimental and theoretical methods
2.1. Experimental method

HBO dye and solvents (cyclohexane, 1,4-dioxane and
ethanol) were purchased from Sigma. With purity higher than
99%, both the solute and solvents were used without further
purification. All measurements were performed at room tem-
perature and fresh samples were used for each measurement.
The concentration of HBO dye in solvents was set as 1 mM.

A UV-vis spectrometer (INESA, L6) was used to record
the steady absorption spectra in a 1 cm quartz cell and a spec-
trometer (Princeton, SpectraPro 2500i) was used to record the
fluorescence spectra in a 1 mm quartz cell.
record the fs-TA spectra was based on the Ti:sapphire fem-
tosecond laser system and has been described in detail in pre-

The setup to

vious works. 53341 Briefly, the seed beam of the femtosecond
laser was generated by a commercial Ti:sapphire oscillator and
then amplified to output a fundamental pulse (1 kHz, 1 mlJ,
35 fs and 800 nm). The 800 nm femtosecond pulse was di-
vided into two beams. One beam with energy of about 4 pJ
was focused on a 1 mm CaF, plate to generate a broad-band
continuum to obtain signal and reference beams as a probe
pulse. The other beam had a higher intensity and was sent to a
home-built non-collinear optical parametric amplifier (NOPA)
system to generate a pump pulse at a wavelength of 344 nm. A
small part of the second beam was also split to generate contin-
uum for the signal of the NOPA system. A 400 nm femtosec-
ond pulse was generated by a beta barium borate (BBO) crys-
tal through second-harmonic generation of the 800 nm fem-
tosecond pulse and used to amplify the signal pulse at the de-
sired 660 nm pulse. An excitation pulse with a wavelength of
344 nm, the energy of which was about 0.6 pJ at the sample
position, represented the harmonic generation of the 800 nm

and 660 nm pulses by the BBO crystal. The NOPA pulses
were temporally compressed to give the minimum pulse width,
which was completed by prism gratings. The geometry and
polarization between the excitation and signal pulses were set
as ~ 4° and the magic angle, respectively, with the reference
beam transmitting through the sample at a different spot. The
delay time between the probe and pump beam was realized
and monitored by a linear translation stage. A spectrometer
(Princeton, SpectraPro 2500i), equipped with a CCD camera
(PI-MAX, 1024 x 256 pixel array) was used to detect the fs-TA
spectra. The optical Kerr gate method was used to measure the
instrumental response function, which is typically better than
100 fs at wavelengths shorter than 500 nm, and a little longer
at a wavelength of 650 nm.

2.2. Theoretical method

All QC calculations were carried out using the
Gaussian16W. !5 PBE1PBE method with a 6-311G(d,p) basis
set was used to optimize the geometries of the Sg and S; states
of HBO dye in the gas phase, cyclohexane, ethanol and 1,4-
dioxane. Vibrational frequencies were analyzed to confirm the
stationary points. The energies of the ground and excited states
were calculated using the PBE1PBE function at the optimized
structures of the S¢ and S; states. The Boltzmann distribu-
tion of different configurations in the Sy state was also found
according to the energy of the Sy state of different configu-

5.6 Using the polarizable

rations using the program Molclu
continuum model with the integral equation formalism, a self-
consistent reaction field was used to consider the effect of the
bulk solvent dielectric, which is expected to affect the geome-

tries and energies of the ground and excited states.

3. Results and discussion
3.1. Configurations in the Sy and S; states

As shown in Fig. 1, the Sy state geometry of HBO dye
was optimized in the gas phase and three solvents, starting
with enol and keto structures and ending only with enol forms,
where the enol forms have local minima and no virtual fre-
quencies. In the Sy state, there are four enol configurations
of HBO dye: 1, syn-enol; 2, anti-enol; 3, anti-enol open; 4,
syn-enol open (shown in Fig. 1(a)). The calculated energies
and Boltzmann distribution of the four configurations in gas
and solvents in the Sy state are listed in Table 1. The results
show that the normal syn-enol form, denoted as the N-S¢ struc-
ture, has the lowest energy. The normal syn-enol form in the
So state is most stable, the population of which is dominant
whether it is in the gas phase or solvents. Compared with the
Boltzmann distribution in the gas phase, cyclohexane and 1,4-
dioxane, the distribution in ethanol is different. The results
show the proportion of anti-enol form is not zero but still very
small, indicating that the anti-enol open structure may exist
but its probability is very small.
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Table 1. The energy difference AE related to the energy of the most stable configuration and the Boltzmann distribution of different configurations of
HBO dye in the ground state in gas and different solvents at room temperature.

Gas Cyclohexane 1,4-dioxane Ethanol
Configuration
AE Boltzmann AE Boltzmann AE Boltzmann AE Boltzmann
(kcal/mol) distribution (%) (kcal/mol) distribution (%) (kcal/mol) distribution (%) (kcal/mol) distribution (%)

Syn-enol 0.00 100.00 0.00 100.00 0.00 100.00 0.00 99.99

Anti-enol 6.52 0.00 6.19 0.00 6.52 0.00 5.67 0.01
Anti-enol open 11.76 0.00 10.48 0.00 10.81 0.00 8.73 0.00
Syn-enol open 12.62 0.00 11.11 0.00 11.47 0.00 8.90 0.00

Optimization of S; state geometry was also performed on
syn-enol and keto structures in the gas phase and solvents. The
symbols N-S; and T-S; are used to refer to the optimized S
state structure of syn-enol and keto forms (shown in Fig. 1(b)),
respectively. The energy of the S| state of the T-S; structure
is slightly lower than that of the N-S; structure, as listed in
Table 2. This indicates that the keto tautomer is more stable
than the syn-enol form in the S state. Since the keto tautomer
of HBO dye in the Sy state has no local minima, it is unsta-
ble and can easily return to the normal syn-enol form in the
Sp state. 3343471 In Table 2, AE; and AE, represent the energy
gaps of the N-Sg and N-S; structures, respectively, compared
with that of the T-S; structure in the S; state. It is found that
AE| and AE, possibly stand for the ability for the ESIPT pro-
cess and excess vibrational energy, respectively.

[ ¥ 9 2 2 9 2L 2 1 ‘o
> ’ Y 2 9
9 9 29 o _ 0o 22 959%° 9o
», “‘a 9703 5@ 99’ 49 29 i: .a pateyo
>-9 .J‘JJ f‘ .J“J JH %% > .J“
P )Y [ 2] ° JO d s 5

1 (Syn-enol) 2 (Anti-enol) 3 (Anti-enol open) 4 (Syn-enol open)
(a) Configures of HBO at the S, state
s 9 9 2 9, 9
29 8,9 29 9 9
'3 20 29 Lg S PV
e 09,9, 23 09 2
3 2 3 3 9 ,‘ 9
Syn-enol Keto
(b) Configures of HBO at the S, state

Fig. 1. Optimized configurations of HBO dye in the gas phase in the Sy state
(a) and the S state (b).

For convenience, only the frontier molecular orbits were
calculated in the gas phase. Figure 2 shows three molecular
orbits of the N-Sy and the T-S; structures. Calculated results
show that the S; state of the N-Sy structure has a large transi-
tion strength and is dominated by the 56 <— 55 transition with
an energy of 4.0342 eV. The S, state of the N-S; structure
mainly corresponds to the 56 <— 54 transition, the transition
strength of which is much weaker than that of the S; state.
The 55 and 56 orbits belong to 7 and 7* orbits and correspond
to the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), respectively. Conse-
quently, it is determined that the excitation to the S; state of
the N-Sj structure is strongly allowed with the dominant tran-
sition from HOMO to LUMO, while the excitation to the S;
state is weaker with the transition from HOMO-1 to LUMO.
The frontier molecular orbits of the N-S; structure were also

calculated in the same way as that of the N-S¢ structure. The
results are similar to that of the N-Sy structure. As shown in
Fig. 2, due to the structural reorganization, the molecular or-
bits of the T-S; structure are quite different from those of N-Sg
structure.

Table 2. The vertical energies (eV) of the S and S; states of the N-Sp, N-S,
and T-S; structures of HBO dye in gas and different solvents. AE} = S;(N-
S0)—S1(N-S1), AE; = S1(N-S1)—S1(T-Sy).

Structure
Solvent AE, AE)
N-Sg N-S; T-S;
Gas So state  0.0000 0.2173 0.8817
S| state 4.0342 3.8314 3.6537 0.3805 0.1777
Sostate  0.0000 0.2057 0.7908
Cyclohexane
Sy state  3.9709 3.7658 3.5844 0.3865 0.1814
So state  0.0000 0.2618 0.6657
Ethanol
Sy state  4.0187 3.6351 3.4566 0.5621 0.1785
. So state  0.0000 0.2095 0.7786
1,4-gioxane
Sy state  3.9822 3.7571 3.5758 0.4064 0.1814

56, LUMO

‘ 55, HOMO
9 9
9
" 54, HOMO-1
"~ Mo
]

N-S, structure

T-S, structure

Fig. 2. Frontier orbitals in the gas phase: HOMO-1, HOMO and LUMO of
HBO dye at equilibrium geometries of the N-Sq (left) and T-S; (right) struc-
tures. Calculations were performed based on the PBE1PBE method with the
6-311G(d,p) basis set.

3.2. The assignment of long- and short-wavelength fluores-
cence

Figure 3 depicts the steady absorption and fluorescence
spectra of HBO dye in cyclohexane, 1,4-dioxane and ethanol.
At wavelengths longer than 300 nm there are two absorption
peaks which are a small blue shift with the increasing polar-
ity of the solvents. The peaks at 332 nm and 320 nm were
assigned to the syn-enol and anti-enol open tautomer of HBO
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dye, respectively.*341 The Boltzmann distribution of differ-
ent configurations of HBO dye in the Sg state shows that the
proportion of syn-enol form in the gas phase and three solvents
is almost 100%, which indicates that the syn-enol form is ab-
solutely dominant. So, the 320 nm peak could not be assigned
to the absorption of the anti-enol open form. It may be due
to higher excited states or the S state with higher vibrational
energies.

The steady fluorescence spectra of HBO dye in cyclohex-
ane and 1,4-dioxane show a strong and broad band around
510 nm. This long-wavelength fluorescence band with a
large Stokes shift can be consistently assigned to the emission
from the excited keto form transferred from the excited syn-
enol.’%21 The long-wavelength fluorescence, with strong
intensity and large Stokes shift, proves an easy and effec-
tive process for ESIPT. The long-wavelength fluorescence of
HBO dye in ethanol is blue shifted to 495 nm compared with
that in 1,4-dioxane and cyclohexane. Furthermore, the short-
wavelength band around 390 nm in ethanol is much weaker
than the long-wavelength band, and was previously assigned
to the emission from the excited syn-enol tautomer or excited
anti-enol open tautomer. 38:43-01

However, the excitation wavelength of 344 nm used in
this experiment is located at the absorption edge of the syn-
enol form. It is indicated that the syn-enol form of HBO dye
is most easily excited here. Consequently, we assign the short-
wavelength fluorescence to the emission from the S; state
of the syn-enol form. This viewpoint is also supported by
the phenomenon in the fs-TA spectra in which the decay of
the short-wavelength stimulated emission (SE) signal is dis-
tributed to the rise of the long-wavelength SE signal.

1.4
—— HBO in dioxane
. l2r —— HBO in ethanol 48
Zz —— HBO in cyclohexane g
g 1.0f 2
3 2
: o
—c% 0.8F &
~ e
.g 0.6 E
£ =
2 0.4
5 £
2 ool z
= .
0, 1 - - 1 1 1 .
250 350 450 550 650 750

Wavelength (nm)

Fig. 3. Steady absorption and fluorescence spectra of HBO dye in 1,4-
dioxane (blue), ethanol (green) and cyclohexane (red). Fluorescence
spectra were measured upon excitation at 344 nm.

3.3. The ESIPT dynamics

The fs-TA spectra of HBO dye at delay times within 30 ps
and 500 ps are shown in Figs. 4(a) and 4(b), respectively. The
fs-TA spectra were recorded from 380 nm to 750 nm upon ex-
citation at 344 nm, and three broad bands were observed. The
red, first band of positive signal with wavelength shorter than

450 nm is attributed to excited state absorption (ESA1). The
blue, second band of negative signal from 450 nm to 620 nm
is from SE. The red, third band of positive signal with wave-
length longer than 620 nm is assigned to ESA2. Obviously,
all the three bands are completely attenuated to zero within
500 ps.

(a) 500 | | 0.025
& | 0.015
g |  EsA2 |
E 1110.005
> | |
=
g | —0.005
| 10015
(b) | 0.025
B | o015
© |
E | 10.005
g |
> |
o | —0.005
fa
| 1-0.015
(©)  0.030
0.025
wn
= 0.020
S
£ 0.015
[}
]
°  0.010
&
5 0.005
Q
—
A 0
—0.005
_0010 1 " 1 " 1 " 1 " 1 " 1 " 1 "
400 450 500 550 600 650 700 750
Wavelength (nm)
(d)
fa
o
<
s
T
s}
]
Q
S
& PRI}
g Delay time (ps)
— {
o i
z /
(0):2 R 1 R 1 R 1 R L X L
0 100 200 300 400 500

Delaytime (ps)
Fig. 4. Broad fs-TA spectra of HBO dye in 1,4-dioxane at 0 ps—500 ps
(a) and 0 ps—30 ps (b). The decay-associated difference spectra (DADS)
and the corresponding lifetime (c) and the time profiles at the selected
wavelengths (d).
In order to accurately analyze the dynamics of HBO dye
observed in the fs-TA spectra in 1,4-dioxane, singular value

decomposition analysis and global fitting were performed on
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the two-dimensional data matrix, which outputs three DADS
components with lifetimes of 90 fs (71), 28 ps (72) and 159 ps
(13), shown in Fig. 4(c). The longitudinal coordinates of
DADS are the pre-exponential factors of the related lifetime
components and present the relative contribution at each wave-
length. There is more than one spectral component at some
wavelengths since the signals originating from different states
overlap at some wavelengths.

The temporal behavior of the ESA1, SE and ESA?2 signals
is described by the decay of typical wavelengths of 400 nm,
530 nm, and 730 nm, respectively. In Fig. 4(d), the fitted de-
cay curves match well with the experimental traces, indicating
that the results of global analysis are credible. The fs-TA spec-
tra, DADS spectra and time profiles of HBO dye in ethanol and
cyclohexane are shown in Figs. S1 and S2, respectively. The
global fitted time constants of HBO in three solvents, as well
as the polarity and viscosity of solvents, are list in Table 3.

Table 3. The polarity, viscosity and time constants of HBO dye in cyclo-
hexane, ethanol and 1,4-dioxane.

Solvent Polarity  Viscosity 71 (ps) T (ps) w3 (ps)
Cyclohexane 0.1 1.0 0.20£0.02 35+6 265+10

Ethanol 43 1.2 0.05+0.01 8.7+4 12848
1,4-dioxane 4.8 1.5 0.09+0.01 2844 15948

The long-wavelength emission with strong intensity and
broad bandwidth of the keto tautomer reasonably indicates that
it is easy to experience the ESIPT process — from the syn-enol
form to the keto tautomer in the S state (Fig. 5).384301 The
159 ps blue component of DADS, shown in Fig. 4(c), is dom-
inant, including positive signals of wavelengths shorter than
450 nm or longer than 620 nm, and negative signals of wave-
lengths between 450 nm and 620 nm. The three areas corre-
spond to ESAT1, SE and ESA2 bands of the broad fs-TA spec-
tra of HBO dye in 1,4-dioxane, shown in Figs. 4(a) and 4(b),
respectively. Since the peak of the SE band is in accordance
with the steady fluorescence, it is indicated that the component
of several hundreds ps derives from the S; state of the keto
tautomer.>°! The ESA1 and ESA2 bands could be assigned to
the S; — Sy and S — S;, absorption of the keto tautomer.

In Figs. S1 and S2, the delay times of 128 ps and 265 ps
are assigned to the S; state lifetimes of the keto tautomer in
ethanol and cyclohexane, respectively. Glasbeek concluded
that the S; state lifetime of the keto form decreases with de-
creasing solvent viscosity and increasing solvent polarity.>°!
In this work, the S state lifetime of the keto tautomer of HBO
dye was measured to be from 128 ps to 265 ps in different sol-
vents. It is seen that the lifetime of the keto tautomer shows
an obvious contrary trend to the solvent polarity, which is in
accordance with the results of time-resolved fluorescence!*8!
and femtosecond fluorescence upconversion.>®! However, it
is a little unusual that the lifetime of the keto tautomer in 1,4-
dioxane is somehow longer than that in ethanol. This is pos-

sibly due to the intermolecular hydrogen-bond interaction be-
tween ethanol and N or O atoms of HBO.8! Moreover, we
did not observe the phenomenon that the S; state lifetime of
the keto tautomer decreases with decreasing solvent viscosity.

Sy

Keto

Syn-enol

Fig. 5. Schematic diagram of the ESIPT dynamics of HBO dye. The Franck—
Condon excitation is presented by the blue arrow. The short-wavelength
emission from the syn-enol form is confirmed and is very weak because of
the barrierless ESIPT process. The VR process existing in the S; state po-
tential and the long-wavelength emission from the keto tautomer is strong for
the ultrafast ESIPT process. Because of the unstable structure, the keto form
returns to the syn-enol form easily in the S state.

As listed in Table 2, the energy of the T-S; structure in
the S; state is about 0.2 eV lower than that of the N-S; struc-
ture and the duration of ESITP process is on the femtosecond
scale. This theoretically and experimentally illustrates a bar-
rierless S potential and an ultrafast ESIPT process of HBO.
The barrierless ESIPT process promotes the keto fluorescence
and quenches the enol fluorescence. This is supported by the
fact that no obvious or strong short-wavelength steady fluo-
The 90 fs
black component of DADS has a remarkable negative signal
before 420 nm. This short-wavelength SE band is not obvi-
ously shown in Fig. 4(a) because it is overlapped and sub-
merged into the ESA1 band. The pre-exponential factor of

rescence can be observed in the three solvents.

the black component is contrary to that of the blue compo-
nent, indicating that the attenuation of the short-wavelength
SE band contributes to the appearance of the long-wavelength
SE band. This shows that the decay of the state assigned to the
black component results in a rise of the state assigned to the
blue component. Consequently, the black component could
be assigned to the S; state of the syn-enol configuration, and
the duration of 90 fs should be assigned to the ESIPT process,
which was inferred as 170 fs owing to the limit of the instru-
mental response function.>%!

The 0.05 ps and 0.20 ps components are assigned to the
ESIPT process in ethanol and cyclohexane, respectively. The
ESIPT time in 1,4-dioxane and ethanol is obviously shorter
than that in cyclohexane. The energy gap AE; between the N-
So and T-S; structures in the S; state in cyclohexane, ethanol
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and 1,4-dioxane is 0.3865 eV, 0.5621 eV, and 0.4064 eV,
respectively, and the corresponding ESIPT time is 0.20 ps,
0.05 ps, and 0.09 ps, respectively. It is concluded that the
duration of the ESIPT process decreases with increasing en-
ergy gap AEj. The higher the energy gap AE|, the steeper the
potential energy surface of the S; state. The steepness indi-
cates the ease of the ESIPT process, wherein ethanol solvent
environment provides a higher AE; to promote a faster ESIPT
process.

3.4. VR process

According to the timescales of the red component in
Fig. 4 and Figs. S1, S2, the corresponding process could be

138501 shown in Fig. 5. The behav-

assigned to the VR process,
ior of the red DADS spectra is different in the three solvents.
The pre-exponential factor of the red DADS spectrum in 1,4-
dioxane is opposite to that of the blue DADS spectrum, while
the pre-exponential factor of the red DADS spectrum in cy-
clohexane is synonymous to that of the blue DADS spectrum
and that in ethanol is much more complex and irregular. These
phenomena show a complicated VR process.

The energy gap AE, between the N-S; and T-S; struc-
tures in the S; state may represent the excess vibrational en-
ergy on the S; state potential. The excess vibrational energy
could dissipate by intramolecular or intermolecular interac-
tions. The more greater the excess vibrational energy, the
longer the time needed for the VR process. In ethanol, the
excess vibrational energy is 0.1785 eV and the duration of the
VR process is 8.7 ps, whereas the excess vibrational energy
in both 1,4-dioxane and cyclohexane is 0.1814 eV and the du-
ration of the VR process is lengthened to 28 ps and 35 ps,
respectively. Compared with timescale of VR in cyclohex-
ane and 1,4-dioxane, that in ethanol is significantly reduced.
Consequently, in ethanol, the VR process not only occurs in
intramolecular systems but also may occur in intermolecular
systems. Intermolecular interaction may due to the interaction
between solvents and the N or O atoms of HBO. Moreover, ac-
cording to the Einstein formula, the theorical lifetime of the S;
state of the keto form can be calculated as T = 1.5/(f x AE?).
The Sy < Sp vertical transition energy/strength of the T-S;
structure is 2.7945 eV/22539.7 cm~! and 0.3172 in ethanol,
giving a keto lifetime 6.31 ns. The theorical lifetime is much
longer than the experimental data of 128 ps. This indicates that
there may exist some nonradiative processes such as internal
conversion and external conversion.

4. Conclusion

The ESIPT dynamics of HBO dye in three solvents were
investigated by ultrafast experiments combined with theoret-
ical calculations. The calculated results show that only four
enol configurations exist in the Sq state, and the Boltzmann

distribution shows that the syn-enol form is absolutely dom-
inant. In the S; state, however, enol and keto forms are ob-
tained and the dominant keto fluorescence shows an easy ES-
IPT process. The ESIPT process occurs within 50 fs—200 fs
and strongly depends on the energy gap AE| between the N-
So and T-S; structures in the S; state. The VR process has
also been observed and takes 8.7 ps—35 ps in different sol-
vents. The VR process is obviously dependent on the excess
vibrational energy AE;. The S; state lifetime of the keto form
following the ESIPT process depends on the polarity of the
solvent. This work yields a physical principal and clear mech-
anism for the photoinduced ESIPT dynamics in HBO dye, and
provides theoretical guidance for the design and implementa-
tion of optical switching devices.
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