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Abstract: The excited state intramolecular proton transfer (ESIPT) mechanisms of
bis-phenol possessing C: symmetry of 10-hydroxybenzoquinoline (2HBQ-a) have been
investigated based on the time-dependent density functional theory (TDDFT). A new
ESIPT mechanism of concomitant single and double ESIPT process has been proposed,
which is different from the one proposed previously (Piechowska et al. |. Phys. Chem. A.
2014, 118, 144). The phenomenon of hydrogen bond strengthening was verified based
on primary bond lengths, angles and the IR vibrational spectra. The calculated vertical
excitation energies based on the TDDFT method reproduced the experimental
absorbance and fluorescence emission spectra well. Three stable structures of 2HBQ-a
tautomerization have been founded in the Si state. Intramolecular charge transfer based
on the frontier molecular orbitals demonstrated the indication of the ESIPT reaction.
The constructed PESs of So and S1 states based on keeping the O-H distance fixed at a
serious of values have been used to illustrate the ESIPT process. The values of potential
barriers among these stable points in the Si state are less than 10 kcal/mol, which infer a
concomitant single and double proton transfer mechanism. Based on the new ESIPT
mechanism, we further explained the phenomenon of fluorescence quenching

reasonably.
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1. Introduction

Excited-state intramolecular proton transfer (ESIPT), as one of the most important
elementary reactions in chemistry and biology [1-7], is the pioneering work of Weller et al. [8,
9]. A new kind of investigation, the unique observation of methyl salicylate in the field of
photochemistry, was envisaged in the middle of the last century [8, 9]. Since then, extensive
studies on proton transfer (PT) reactions were performed both experimentally and
theoretically [10-16]. PT occurs in molecules containing both acidic and basic groups that
may rearrange in the electronic excited state via transferring a proton or hydrogen atom. The
strong and fast reorganization of the charge distribution derived from tautomerization
makes these molecules very attractive towards the design and use of fluorescence sensors
[17-22], laser dyes and LEDs [23, 24], UV filters [25-27], and molecular switches [28, 29]. In
effect, the excited state intra- or inter- molecular proton transfer is one of the simplest
examples of a hydrogen bond reaction that occurs in electronically excited state. Recently,
the hydrogen bonds between donor and acceptor in excited state upon photo-excitation have
been researched based on the time-dependent density functional theory (TDDFT) by Han
and co-workers theoretically [30-35]. That is to say, to further study the PT mechanism, DFT
and TDDFT methods have been the primary tool to clarify fundamental aspects concerning
the different electronic states and structures.

10-Hydroxybenzo[h]quinoline (HBQ), as an important reagent in the preparation of
optical filter agents, has been payed attention to for a long time [36, 37]. The excited-state
intramolecular proton transfer (ESIPT) of HBQ is a prototypical reaction in solution [38-45].
The enol form of HBQ is stable in the So state, which converts from the enol to the keto form
rapidly following photoexcitation. Takeuchi et al. reported the rate of ESIPT and the decay
times of subsequent coherent vibrational motions in cyclohexane based on the pump-probe
transient absorption spectroscopy firstly [38]. The ESIPT rate was about 25 fs and the decay
time of a vibrational mode was at about 250 cm, which was faster than the decay times of
higher-frequency modes [38]. Subsequently, Takeuchi et al. proposed that the mode at 250
cm was correlated with the ESIPT reaction. Similar experimental results were also reported
by Schriever et al. [39]. Chou et al. reported the dynamics of excited-state intramolecular
enol-keto proton-transfer HBQ based on steady-state absorption and fluorescence
spectroscopy, femtosecond fluorescence up-conversion combining with pump-probe
transient absorption experiments in detail [40]. Various PH dependent ESIPT dynamics of
HBQ have been investigated in aqueous solution [41], which demonstrated the charge
transfer between hydroxyl oxygen and benzoquinolinic nitrogen acting as a driving force for

the proton transfer reaction. Robert et al. reported the influence of organized media of HBQ
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based on the fluorescence probe technology in aqueous solution [42]. Higashi et al.
investigated the ultrafast ESIPT reaction of HBQ based on the electronically embedded
multi-configuration shepard interpolation method [43]. Subsequently, Lee et al. reported an
active role of HBQ manifesting no isotope dependence implying complete passive role of the
proton [44]. In brief, the study about ESIPT reaction of HBQ has been adept currently.
Recently, an owning bis-phenol C2 symmetry of 10-hydroxybenzoquinoline (2HBQ-a shown
in Figure 1), a new synthetic molecule, has been used to investigate the ESIPT process in
toluene solvent reported by Piechowska et al. [45]. Steady-state and time resolved
fluorescence measurements were adopted demonstrating a single proton transfer process in
S1 state [45]. However, spectroscopic techniques, such as steady-state absorption
spectroscopy, fluorescence spectroscopy and the time resolved fluorescence spectroscopy,
provide only indirect information about photophysical proterties. In fact, there are some
questionable points worth investigating deeply. For this kind of C2 symmetry structures,
whether the double proton transfer was more likely to happen rather than the single proton
transfer. In addition, the Fluorolog 3 fluorometer (SPEX Inc.) has a restriction that the
emission detection range is only 450-840 nm [45]. Therefore, in order to get a clear and
detailed picture of ESIPT mechanism, in the present work, a theoretical investigation has
been adopted to study both the So and the S: state of molecular relevant to the transfer
mechanism based on the DFT and the TDDFT method, respectively. The configurations of So
state and Si state were optimized, and further vertical excitation energies, IR vibration
spectra, the frontier molecular orbitals and homologous So and Si states potential energy
surfaces (PESs) were calculated and analyzed to provide the direct information of the ESIPT
process.

2. Computational Details

In the present work, all the theoretical calculations presented here were accomplished based
on the DFT and TDDFT methods with Becke’s three-parameter hybrid exchange function
with the Lee-Yang-Parr gradient-corrected correlation functional (B3LYP) [46-52] as well as
6-31+G (d) basis set by Gaussian 09 programs [53]. The TD-DFT method has become a very
useful tool to research the hydrogen bonding in the excited states of the hydrogen-bond
system theoretically [30-35, 54-59]. Because the experiments were conducted in a solvent, in
all calculations the solvent effect (toluene) were based on the Polarizable Continuum Model
(PCM) using the integral equation formalism variant (IEF-PCM) [60-63]. The geometries of So
and Sistates for the 2HBQ-a, 2HBQ-b and 2HBQ-c were optimized without constrain of
bonds, angles and dihedral angles. Vibrational frequency calculations have been used to

analyze the optimized structures to confirm that these structures corresponded to the local
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minima on the So and S1 PESs (no imaginary frequency).The calculations of vertical
excitation energies were also performed from the ground-optimized structures based on
TDDFT methodology with IEF-PCM, and our theoretical calculations predicted the six
low-lying absorbing transitions. The Soand Si1 PESs of the 2HBQ-a have been scanned by
constrained optimizations and frequency analyses to obtain the thermodynamic corrections
in the corresponding electronic state, and keeping the O1-H2 and Os-Hslengths fixed from
0.69 to 1.99 A.

Fine quadrature grids of size 4 were employed. The self-consistent field (SCF)
convergence thresholds of the energy for both the ground state and excited state
optimization were set at 108 (default settings are 10°¢). Harmonic vibrational frequencies in
the ground and excited state were determined by diagonalization of the Hessian. The
excited-state Hessian was obtained by numerical differentiation of the analytical gradients
using central differences and default displacements of 0.02 Bohr. The infrared intensities

were determined from the gradients of the dipole moment [52].

3. Results and discussion

3.1 Optimized Structures

In order to consider all possible structures involved in the proton transfer process, we
optimized out three stable structures. Both the So state and the Si state structures of the
2HBQ-a, 2HBQ-b and 2HBQ-c were obtained at the B3LYP function with 6-31+G (d) basis set

level of theory (seen in Figurel), with a subsequent vibrational frequency analysis to ensure

Table 1: The calculated primary bond lengths (li) and angles (°) of 2HBQ-a, 2HBQ-b and2HBQ-c in the So
state and Si1 state based on the DFT and TD-DFT methods, respectively.

2HBQ-a 2HBQ-b 2HBQ-c
Electronic state  So S1 So S1 So S1
O1-H2 0.999 1.035 1.595 1.708 1.622 1.708
H2-N3 1.695 1.585 1.059 1.044 1.054 1.041
O4-H5 0.999 1.035 0.997 1.008 1.622 1.708
H5-N6 1.695 1.585 1.707 1.667 1.054 1.041
O0(O1-H2-N3) 147.1° 150.3¢ 142.7¢ 140.4° 141.6° 142.7¢

0(O4-H5-N6) 147.1° 150.3° 146.8° 140.4° 141.6° 142.7°
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the validity of the stationary points. The toluene solvent was selected in the IEFPCM model
insuring consistency with the experiment [45]. In addition, some fundamental structure
parameters (primary bond lengths (1&) and angles) of these three stable structures have been
shown in Table 1. To describe more clearly below, We labeled a serial numbers from 1 to 6
on the atoms connected to the hydrogen bonds. It is worth noting that the calculated lengths
of O1-Hz, H>-Ns (H2--N3), Os+-Hs and Hs-Ne (Hs--Ne) of 2HBQ-a structure are 0.999, 1.695,
0.999 and 1.695 A in the So state, respectively. However, in the Si state, these bond lengths are
changed to be 1.035, 1.585, 1.035 and 1.585 A. The variable-length O1-H2 and Os-Hsbands as
well as variable-short H2-Ns and HsNe indicate that the two intramolecular hydrogen
bonds are strengthened in Sistate. Moreover, the bond angle 6 (O-H-N) changes from 147.1°
in the So state to 150.3° in the S1 state, which also can be used as one of the indications of
hydrogen bond strengthening. In effect, the hydrogen bond strengthening or weakening can
also be revealed based on monitoring the spectral shifts of some characteristic vibrational
modes involved in the formation of hydrogen bonds [30-35, 54-59]. Figure 2 revealed the
vibrational spectra of 2HBQ-a in the conjunct vibrational regions of the O-H stretching
modes, which demonstrates that the intramolecular hydrogen bonds Oi-Hz:+Ns and
Os-Hs:-Ne induces a large red-shift of O-H stretching frequency in the Si state. In the So state,
the calculated O-H stretching vibrational frequency is located at 3162 cm, whereas it is
located at 2535 cm™ in the Si state. The large red-shift of 627 cm™ could be concluded due to
the effect of the excited-state intramolecular hydrogen bonds O:1-Hz--Ns and Os-HsNe. It

further indicates the two intramolecular hydrogen bonds are strengthened.

3.2 Electronic spectra and Frontier Molecular Orbitals (MOs)

The calculated electronic spectra (absorption and emission spectra) of these three stable
¥

2HBQ-a 2HBQ-b 2HBQ-c

Figure 1: The optimized structures of the ground state for 2HBQ-a, 2HBQ-b and 2HBQ-c at
TDDFT/B3LYP/6-31+G (d) level. Red: O; Gray: H; Blue: N; Aqua: C.
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structures were displayed in Figure 3 based on the TDDFT/B3LYP/6-31+G (d) level. It should
be noted that the absorption hump of 2HBQ-a is located at 434 nm, which agrees well with
429 nm based on the experiment [45]. The emission hump was calculated at 482 nm. The
bathochromic-shift of 48 nm corresponding to absorption peak can be ascribed to the Stokes
shift. Moreover, due to another emission hump of 722nm reported based on the experiment
[45] and they assigned it to the fluorescence peak of 2HBQ-b. In order to verify the
theoretical calculations adopted is reasonable and effective, we found the emission hump of
2HBQ-b was located at 720 nm that is in good agreement with the experimental result [45].
On the contrast, a fluorescence peak of 869 nm was founded based on the stable structure
2HBQ-c, which was not reported by experiment. It should be attributed to the restriction of
the Fluorolog 3 fluorometer (SPEX Inc.), which just has an emission detection rang of
450-840 nm [45]. On account of the accurate theoretical calculations, the emission peak of 869
nm really exists; the single proton transfer in Sishould be questionable [45]. Therefore, it is
necessary to restudy the ESIPT mechanism of 2HBQ-a chromophore in detail. In fact, the
ESIPT process of this chromophore may be two pathways: One is the single ESIPT process,
the other is the double ESIPT process. If the potential barrier between 2HBQ-a and 2HBQ-c
is too high to cross, the single ESIPT occurs. If the potential barrier between them is lower
enough to cross, the double ESIPT may occur.

Figure 4 displays the calculated frontier molecular orbitals (MOs) of the 2HBQ-a in
toluene solvent to depict the nature of the electronically excited state. Only the highest
occupied molecular oribital (HOMO) and the lowest unoccupied molecular oribital (LUMO)
were shown here, since just these two orbitals are referred to in the S: state with the large
oscillator strength of 0.3873. The m character for the HOMO as well as the n* character for
LUMO could be seen from Figure 4 clearly. That is to say, a dominant mtrt*-type transition
could be assigned with the 97.6% composition from HOMO to LUMO. In addition, the
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Figure 2: The calculated IR spectra of 2HBQ-a at the spectral region of both O-H stretching bands in So and
S1 states at TDDFT/B3LYP/6-31+G (d) level.
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electron density of the hydroxyl moiety decreases and the N atom increases after transition
from the HOMO to LUMO. That is to say, the intramolecular charge transfer is involved in
the Si1 state and the intramolecular hydrogen bonding (O:-H2-"Ns and Os-Hs-Ne) can be
influenced based on the change of electron density in the hydroxyl moiety directly.
Therefore, the Si state ESIPT process could occur due to intramolecular charge transfer.

3.3 Potential energy surfaces

In order to reveal the detailed mechanism of the ESIPT process in the 2HBQ-a chromophore,
all the So state and S1 state geometrical structures with fixed O1-H2 and Os+—Hs bond lengths
have been optimized at the DFT/B3LYP/TZVP level with the IEF-PEM solvation model of
toluene. The constructed PESs in the So and Si states as functions of the O1-H2 and Os—Hs
bond lengths ranging from 0.69 to 1.99 A among the 2HBQ-a structure are shown in Figure 5,
respectively. Even though the correct ordering of the closely spaced excited state can not
expected to be sufficiently accurate to yield based on the TDDFT method, previous
calculations have demonstrated that the method could be reliable to provide qualitative
energetic pathways for the proton transfer process [64-66]. The symmetrical PES of the So
state is shown in Figure 5(b) with four minimum points. The coordinates of these points are
A (0.99 Ii, 0.99 A), B (0.99 1&, 1.69 A) and C (1.69 A, 1.69 A), respectively. In fact, the A point
is the most stable and the C point is least stable among these minimum points, which
demonstrates that A point is favored in So state. After excitation, the 2HBQ-a chromophore is
excited to the Si state. In effect, it should be noted that the PES is also symmetrical (seen in
Figure 5(a)) and four minimum points in the S1 PES were found. In fact, due to the
symmetry of S1 PES, we only show three minimum points in this figure (A, B and C). The
coordinates of these points are A (0.99 A, 0.99 A), B (0.99 A, 1.69 A) and C (1.69 A, 1.69 A),
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Figure 3: The calculated electronic spectra of 2HBQ-a, 2HBQ-b and 2HBQ-c in toluene solvent at
TDDFT/B3LYP/6-31+G (d) level. The corresponding experimental values are given in the parentheses.
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respectively. The calculated results demonstrated that the sizes of these potential energy
relationship are: Ec (the potential energy of the C point) < Es < Ea. In other words, the
2HBQ-c structure is the most stable and 2HBQ-a is the most volatile among these minimum
points in S1 state. That is to say, the ESIPT process is willing to happen in the Si state. To
verify whether the single ESIPT process or the double ESIPT process would happen, we
compare the potential barriers among these minimum points. The calculated results
manifest that it is an almost no barrier process from A point to B point. And from A point to
C point, it needs to cross thel.61 kcal/mol potential barrier. From B point to C point, it needs
to cross the 3.42 kcal/mol potential barrier. Even though from A point to B point is a no
barrier process, these calculated values of the potential barriers are not too large. Therefore,
both the single ESIPT and double ESIPT processes could occur in the Si state. In addition, in
order to consider more comprehensive, the reverse proton transfer potential barriers among
these minimum points were also calculated in the Si state. From B point to A point, it needs
to cross about 7.05 kcal/mol. And from C point to A point, it needs to cross the 7.6 kcal/mol.
From C point to B point, it needs to cross the 0.55 kcal/mol. That is to say, the reverse proton
transfer processes could also occur in Si state. Therefore, we conclude that both the single
ESIPT process and double ESIPT process are likely to happen. So we infer the ESIPT process
of this chromophore as followed: After photo-excitation, the 2HBQ-a chromophore turns to
the Si1 state with the A point structure. Due to the small potential barriers, it either transfer
one proton forming 2HBQ-b structure along the hydrogen bond, or it transfer both protons
forming 2HBQ-c structure along both the two hydrogen bond (O:-Hz--N3and Os-Hs--Ne).
The red shift in the emission spectra could be ascribed to the concomitant single ESIPT
process and double ESIPT process properly.

—

HOMO LUMO
Figure 4: The calculated frontier molecular orbitals HOMO and LUMO for 2HBQ-a at
TDDFT/B3LYP/6-31+G (d) level.
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4. Conclusion

In summary, we have investigated the new excited state proton transfer mechanism of
2HBQ-a chromophore based on DFT/B3LYP/6-31+G(d) calculation level in detail. Hydrogen
bond strengthening of 2HBQ-a, based on primary bond lengths and IR spectra, could
facilitate the proton transfer process effectively. In addition, the intramolecular charge
transfer, based on the MOs, also accelerated the Si state ESIPT process. In fact, three kinds of
stable structures of 2HBQ-a chromophore tautomerization were founded, which is different
from the one proposed previously [45]. We have inferred the third structure (2HBQ-c)
existing in the Si state theoretically, which is the deficiency in the experiment [45]. And
further we proposed a new proton transfer mechanism based on the constructed PESs of the
So state and Si state. Less than 10 kcal/mol potential barriers among these excited-state
minimum points demonstrated a concomitant single and double ESIPT mechanism. Based

on the new ESIPT process, the phenomenon of fluorescence quenching could be explained
reasonably.
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Figure 5: The constructed PESs on the So and S: states as functions of the Oi-Hz and Os-Hs lengths both from
0.69 to 1.99 A among the 2HBQ-a structure. (a) Sistate PES; (b) So state PES. The blue and red arrows

indicating the direction of the S1 state proton transfer.
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