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In this work, the excited state intramolecular double proton transfer (ESIDPT) mechanism of 2,2’-(benzo
[1,2-d:4,5-d']bis(thiazole)-2,6-diyl)diphenol (BTAP) is proposed using density functional theory (DFT) and
time-dependent DFT (TDDFT). The changes in bond lengths, bond angles and IR vibrational spectra

associated with two intramolecular hydrogen bonds of BTAP upon photoexcitation indicate that the
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hydrogen bonds are strengthened in the excited state, facilitating the ESIDPT process. Investigation of

the constructed S;-state potential energy surface proposes that BTAP prefers a stepwise ESIDPT

DOI: 10.1039/d4ra04553]

rsc.li/rsc-advances luminescent properties of BTAP.

1. Introduction

Proton transfer is one of the fundamental processes in the fields
of chemistry, biology and physics. Since Weller discovered the
dual-emission property in salicylic acid and attributed the large
Stokes-shifted fluorescent emission to the excited state intra-
molecular proton transfer (ESIPT) mechanism, the ESIPT
process has been elaborated systematically using experimental
and theoretical methods."** It is widely accepted that the ESIPT
process occurs via a four-step photophysical scheme: (1) tran-
sition to the excited state upon photoexcitation, (2) proton
transfer with an intramolecular hydrogen bond to form a pho-
totautomer, (3) radiative relaxation to produce a large Stokes-
shifted fluorescence to the ground state, and (4) reverse
proton transfer. Owing to the unique feature of ESIPT, this
mechanism has been applied to the design of fluorescent
probes,*** bio-imaging techniques,**® white-light OLEDs*~%°
and so on.

Biological systems typically involve two or more proton
transfers, whereas most excited state intramolecular proton
transfer processes involve only a single proton transfer. In order
to mimic the proton relay in biochemical processes, there is an
urgent need to design and investigate molecular models with
excited state double or multiple proton transfer properties. In
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mechanism. Electronic spectra and frontier molecular orbitals (FMOs) are also presented to illustrate the

recent years, excited-state intramolecular double proton trans-
fer (ESIDPT) has gradually received widespread attention. G.
Krishnamoorthy et al®* performed a comprehensive experi-
mental and theoretical analysis on the ESIDPT characteristics of
a fluorescent molecule, 2,2'-(1,4-phenylenebis(1H-benzo[d]
imidazole-1,2-diyl))diphenol, which contained two 2-(2’-
hydroxyphenyl)benzimidazole unit. Zhao et al.** presented 2,5-
bis(4,5-diphenyl-1H-imidazole-2-yl)benzene-1,4-diol derivatives
bearing double intramolecular hydrogen bonds and further
elucidated the effects of chalcogen substitution on hydrogen
bond interactions and the ESIPT mechanism. Yongqing Li and
co-workers® confirmed a stepwise ESIDPT mechanism of 2,2'-
bipyridine-3,3’-diol-5,5"-dicarboxylic acid ethyl ester and
proposed a method to regulate the stepwise ESIDPT process
through solvent polarity and external electric field. Apart from
these examples, some different types of ESIDPT compounds
have been reported;**** however, the number of ESIDPT model
molecules is still limited.

In this work, we theoretically investigated the ESIDPT
mechanism of a new model molecule 2,2’-(benzo[1,2-d:4,5-d']
bis(thiazole)-2,6-diyl)diphenol (BTAP), which bears the phenol
group as the hydrogen bond donor and benzobisthiazole group
as the hydrogen bond acceptor. The geometric structures of
BTAP and its ESIPT isomers in the ground and excited states are
optimized using density-functional theory (DFT) and time-
dependent density-functional theory (TDDFT), as shown in
Fig. 1. The bond lengths, bond angles and infrared vibration
spectrum related to intramolecular hydrogen bonds are
analyzed in detail to reveal the effect of photoexcitation on
intramolecular hydrogen bonds. The potential energy surfaces
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Fig. 1 Optimized geometry structures of BTAP, its single proton transfer tautomer BTAP-S and double proton transfer tautomer BTAP-D.

in the S, and S, states are constructed to elaborate the ESIDPT
mechanism of BTAP. We also provide electronic spectra and
frontier molecular orbitals (FMOs) to illustrate the luminescent
properties of BTAP.

2. Computational details

All theoretical calculations presented were carried out using
Gaussian 09 software.** Geometry optimizations of the ground
state and excited state were performed via density functional
theory (DFT) and time-depend density functional theory
(TDDFT) methods, respectively, using Becke's three-parameter
hybrid exchange functional with the Lee-Yang-Parr gradient-
corrected correlation functional (B3LYP)**** and 6-31++G(d, p)
basis set. The incorporation of Grimme's D3 version of disper-
sion in all calculations ensures the comprehensive consider-
ation of the dispersion forces. To be consistent with the
experimental result, dichloromethane was used as the solvent
with the polarizable continuum model (PCM) with the integral
equation formalism variant (IEFPCM).* The geometry optimi-
zations were performed without constraints on bond lengths,
angles, or dihedral angles. All the local minima were deter-
mined without the imaginary modes by vibrational analysis
calculations. Based on the optimized structures, the absorption
and fluorescent spectra were calculated at the B3LYP/6-
31++G(d, p) level. In addition, to study the proton transfer
behavior of the molecule, the potential energy surface surfaces
(PESs) were scanned at S, and S; states by gradually extending
the bond lengths of O;-H, and O,-Hs, respectively, without
structural constraints.

3. Results and discussion
3.1. Geometry structure and hydrogen bond

Geometry optimization of the ESIPT isomers of BTAP molecule
in Sy and S; states was conducted using the B3LYP functional

26240 | RSC Adv, 2024, 14, 26239-26245

and 6-31++G(d, p) basis set. The optimized ESIPT isomer
structures of BTAP, BTAP-S (single proton transfer form) and
BTAP-D (double proton transfer form) in the S, and S, states are
shown in Fig. 1. Since photoexcited ESIPT behaviors are closely
related to intramolecular double hydrogen bonding interac-
tions, the effects of photoexcitation on hydrogen bonding
effects were elaborated first. All atoms involved in intra-
molecular hydrogen bonding were numbered as O;-H,---N3 and
0,-Hs--*Ng for description. Considering the symmetry of the
molecular structure, the structural changes on both sides of the
molecule were consistent.

The change of hydrogen bond strength before and after
photo-excitation was illustrated by comparing the bond lengths,
bond angles and vibrational frequency of intramolecular
hydrogen bonds in ground and excited states. Some important
structural parameters associated with hydrogen bonds are
shown in Table 1. For the BTAP form, the bond lengths of O;-H,
and O,-H; were elongated from 0.995 A (S,) to 1.000 A (S,). The
hydrogen bond lengths of H,---N; and Hs---Ng are shortened
from 1.758 A (S,) to 1.739 A (S,;), which indicated that the
intramolecular hydrogen bond in the S; state was strengthened.
The increase in the bond angles of O;-H, --N; and O,~Hs"**Ng
from 146.0° to 147.0° confirmed the enhancement of hydrogen

Table 1 The primary bond lengths (A) and bond angles 6 (°) of BTAP,
BTAP-S and BTAP-D structures in the Sq and S; states

BTAP BTAP-S BTAP-D

So S So S So S1
0,-H, 0.995 1.000 0.994 0.995 1.676 1.763
H,-N; 1.758 1.739 1.763 1.754 1.049 1.039
O4-H; 0.995 1.000 1.680 1.836 1.676 1.763
Hs-Ng¢ 1.758 1.739 1.049 1.032 1.049 1.039
6(0;-H,-N3)  146.0° 147.0° 145.9° 146.8° 137.8° 135.0°
6(0,-H5-Ng)  146.0° 147.0° 137.3° 132.6° 137.8° 135.0°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bonds in the S; state. For the BTAP-S form, compared with the
Sy state, the bond length of hydroxyl (O,—Hs) is lengthened, the
distance of hydrogen bond (Hs---Ng) is shortened, and the bond
angle (O,-H;s---Ng) of the hydrogen bond is enlarged in the S;
state. The changes in bond length and angle of the BTAP and
BTAP-S indicate that the intramolecular hydrogen bonds of enol
segment tautomers are enhanced in the S; state, meaning that
the ESIPT reaction is more likely to occur in the S; state. In
contrast, the structural changes of keto's segments in BTAP-S
(04-H,-*N3) and BTAP-D (O;-H, --N; and O,-Hj;---Ng) show
that the intramolecular hydrogen bonds are weakened in the
S, state, indicating that the reverse ESIPT prefer to occur in
the S, state.

The infrared vibration spectra analysis at the hydrogen bond
sites is also used to elaborate on the changes in the hydrogen
bond strength between the ground state and the excited state.
Herein, the theoretical IR results involved in stretching vibra-
tion of hydrogen bond sites in BTAP, BTAP-S and BTAP-D are
presented in Fig. 2. As shown in Fig. 2, the vibration frequencies
of 0,-H, (0,—H;) for BTAP are located at 3251 cm™ " in the S,
state and turn to 3152 cm ™! after photoexcitation to the S, state.
The vibration frequencies are red-shifted by 99 cm ™' when
BTAP is photoexcited from the S, state to the S; state. It means
that hydrogen bonds are enhanced, facilitating the process of
intramolecular proton transfer in the excited state. For the
BTAP-S form, the vibration frequency of O,-Hj is red-shifted by
34 cm™* from 3264 cm ™' in the S, state to 3230 cm ™! in the S,
state, which indicates that the hydrogen bond O,-H;s---Nj is
enhanced in the S; state. However, the blue-shift of 288 cm™*
occurs for H,-N; from 3017 cm ™' in the S, state to 3305 cm ™ in
the S; state, and the hydrogen bond strength O;-H,:--N; is
superior in the Sy state than in the S; state. Similarly, the stretch
vibrational frequency of N3-H, (Ng—H;) in BTAP-D is also blue-
shifted by 179 cm™" from 3004 cm ™' in the S, state to 3183 cm ™"
in the S; state, which illustrates that the intensity of the
hydrogen bond O;-H,'--N;3 (O4,-Hs-Ng) is stronger in the S,
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Fig. 2 Calculated infrared vibration spectra of BTAP, BTAP-S and

BTAP-D in the spectral region of OH and NH stretching bands in Sg and
S, states.
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state than in the S; state. In summary, the infrared vibration
analysis indicates that the proton transfer process is more likely
to occur in the excited state while the inverse proton transfer
process is more likely to occur in the ground state, which is
consistent with the analysis of changes in geometry structure
parameters.

3.2. Potential energy surfaces and proton transfer process

To illustrate the ESIPT mechanism further and to explore
whether the double proton transfer occurs stepwise or
synchronously, and the calculations of potential energy surfaces
(PESs) were performed using the constrained optimizations in
the S, state and S, state geometrical structures of BTAP along
with the fixed O;-H, bond length and O,-H; bond length. As
shown in Fig. 3, the PESs of the S, state is scanned with varying
the O;-H, and O,-H; bond lengths from 0.995 to 2.15 Ain steps
of 0.05 A. There exist four local minimum points whose coor-
dinates are located at A (1.00 A, 1.00 A), B (1.00 A, 1.70 A), C (1.70
A, 1.00 A) and D (1.70 A, 1.70 A). Owing to the symmetry of the
molecular structure, point B and point C exhibit significant
symmetrical characteristics and the energy values of the two
points are equal. It is not difficult to find that points A, B (C) and
D can approximatively represent BTAP, BTAP-S and BTAP-D,
respectively. The calculated results show that the energies of the
four local minimum points from large to small are Ep, > Ec = Ep
> E, in the S, state. Thus, the BTAP prefers to exist in the form of
an enol tautomer in the S, state. Similarly, there also exist four
stable points on the potential energy surface of the S; state,
whose coordinates located A* (1.00 A, 1.00 A), B* (1.00 A, 1.80 A),
C*(1.80 A, 1.00 A) and D* (1.75 A, 1.75 A). The potential energy
barriers among these stable configurations of the S, and S;
states are also listed in Table 2. As shown in Table 2, the
potential energy barriers in the S; state are relatively lower than
those in the S, state, indicating that the proton transfer process
is easier to occur in the S; state than in the S, state. The
synchronous double proton transfer (BTAP — BTAP-D) and the
sequential single proton transfer (BTAP — BTAP-S — BTAP-D)
are the two primary pathways for the excited state intra-
molecular double proton transfer of BTAP. The potential energy
barrier of the pathway (BTAP — BTAP-D) is 17.8 kcal mol ' and
is too high to overcome the energy barrier, hence the double
proton transfer is difficult to happen spontaneously. However,
the acceptable barrier of 7.9 kcal mol ' (BTAP — BTAP-S)
implies the possibility of proton transfer, leading to the gener-
ation of BTAP-S. Subsequently, another proton would transfer to
form BTAP-D across a mild barrier of 11.4 kcal mol ™" (BTAP-S
— BTAP-D). Therefore, it is very likely that the double proton
transfer undergoes a stepwise mechanism. Because the energies
of the four local minimum points from large to small follow Ep+«
> Ea« > Ec+ = Eg» in the S; state, the energy barrier of the reverse
proton transfer process for BTAP-D — BTAP-S (2 kcal mol ') is
lower than the one of the forward proton transfer process and
BTAP-S — BTAP (8.1 kcal mol ') is very close to the one of the
forward proton transfer process, suggesting that the proton
transfer process is reversible and the tautomers BTAP, BTAP-S,
and BTAP-D coexist in the S, state.

RSC Adv, 2024, 14, 26239-26245 | 26241
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Fig. 3 The potential energy surfaces of the BTAP system in the S and S; states and the projective plane in the S; state as functions of O;—H, and

O4—Hs bond lengths.

Table 2 The potential energy barriers (kcal mol™) in Sq and S; states
(E": reverse processes)

Eans  Esop  Esop  Exrmpr  Epropr  Eaeope
E 11.2 11.5 22.6 7.9 11.4 17.8
E 1.9 1.8 3.6 8.1 2 8.6

3.3. Electronic spectra and frontier molecular orbitals

As the result of PESs shows, there exist three tautomers BTAP,
BTAP-S, and BTAP-D in the S, state, which would emit fluores-
cence upon photo-excitation. Therefore, the absorption and
fluorescence spectra of the three molecules are simulated at the
B3LYP/6-31++G(d, p) level. The absorption spectrum is shown in
Fig. 4. The computational absorption peak value of BTAP in

26242 | RSC Adv, 2024, 14, 26239-26245

dichloromethane is 388 nm and coincides well with the experi-
mental value of 386 nm (Fig. S11). In addition, the fluorescence
spectra in dichloromethane are shown in Fig. 4. The calculated
fluorescence peak values of BTAP, BTAP-S and BTAP-D are
442 nm, 518 nm and 527 nm, respectively. The normal emission
of BTAP with a Stokes shift of 57 nm is in good agreement with
the experimental value of 403 nm. The two fluorescent emission
peaks of BTAP-S and BTAP-D are very close and overlap to form
one peak so that only one large stokes-shifted fluorescent emis-
sion peak of keto-forms at 523 nm appears in the experimental
spectrum. The perfect agreement of the spectral data demon-
strates the rationality of the simulation using the DFT/TD-DFT
methods with B3LYP functional and 6-31++G(d, p) basis set.
The charge distribution and charge transfer induced by
photo-excitation can depict qualitatively the properties of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Theoretical electronic spectra of BTAP, BTAP-S and BTAP-D in
DCM.

excited state and frontier molecular orbitals (FMOs) mainly
contributing to the Sy-S; transition, hence, the frontier MOs of
BTAP are analyzed in dichloromethane solvent to explore the
nature of the excited state. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) orbital are calculated and shown in Fig. 5. Both HOMO
and LUMO orbitals exhibit a 7 character, showing that the S, —
S, transition is an allowed wm*-type transition. Mulliken's
charge analysis is adopted for a detailed investigation of the
charge distribution over the atoms involved in intramolecular
hydrogen bonds and is used to explore the influence of charge
transfer on the excited state proton transfer process. As shown
in Table 3, the electron density on the O atom and N atom
decreases from the S, state to the S; state, and it decreases more
on the O atom for the BTAP tautomer. The negative charge of
the O, atom (O, atom) decreases from —0.679 in the S, state to
—0.670 in the S; state, meanwhile, a slight decrease from
—0.253 to —0.251 in the negative charge of the N, atom (N
atom) occurs. This evidence indicates that the intensity of the
hydroxyl group weakens and the intensity of the hydrogen bond
strengthens in the S; state for BTAP, which facilitates the ESIPT
reaction.

HOMO

Fig. 5 Frontier molecular orbitals (HOMO and LUMO) of the BTAP
form.
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Table 3 The Mulliken's charge of Oy, Hy, N3, O4, Hs and Ng atoms for
BTAP in both Sy and S, states

Atoms So S1

0, —0.679 —0.670
H, 0.560 0.560
N3 —0.253 —0.251
(o —0.679 —0.670
H; 0.560 0.560
N —0.253 —0.251

4. Conclusions

In this work, the ESIPT mechanism of 2,2-(benzo[1,2-d:4,5-d’]
bis(thiazole)-2,6-diyl)diphenol was systematically investigated
based on the DFT/TD-DFT methods. By comparing the changes
in bond length, bond angle, and infrared vibration spectrum
between the ground state and excited state, we observed
a significant enhancement of the intramolecular hydrogen
bond in the excited state, which promotes the occurrence of
proton transfer reactions. The scanned PESs show that the
potential energy barrier of the synchronous double proton
transfer is so high that the two protons cannot transfer simul-
taneously in the excited state, therefore, the BTAP follows
a stepwise ESIPT process which has a lower barrier that is easily
overcome. The spectral data obtained from theoretical calcula-
tions is consistent with the experimental ones, validating the
rationality of the theoretical simulation methods used in this
work. The FMOs and Mulliken's charge analysis exhibit that the
charge transfer upon photoexcitation enhances the proton
transfer process.
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