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Density Functional Study of Intramolecular Proton Transfer Mechanisms in
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Dithienylethylene (DTE)-based photochromic dyes are highly valued for their thermal stability and fatigue resistance.
However, conventional switching systems necessitate the utilization of UV light, which is known to be harmful to human
health. Recent experiments suggest that the switching of DTE derivatives is realized by visible-light ground-state
intramolecular proton transfer (IPT) rather than standard ultraviolet (UV) excited-state intramolecular proton transfer
(ESIPT). The present study utilizes density functional theory (DFT) to investigate these pathways. The calculated Franck—
Condon excitation wavelengths for the OH and NH configurations align with the experimental data, thereby validating the
computational level of theory. Upon the transition from So to S1, the distance between C1 and C2 increases from 1.55 A
to 1.58 A, whereas the bond remains intact. We identify a dual-pathway mechanism. The first process is a ground-state
intramolecular proton transfer (GSIPT) process (So—TS0—S'o) with a low energy barrier of 3.4 kcal/mol, which can be
driven by red or infrared light (800 nm). The second process is an excitation-state intramolecular proton transfer (ESIPT)
process (So—S1—TS1—S'1—S'), where the rate-determining excitation step requires 367 nm UV light. This theoretical
framework elucidates the mechanism by which visible light initiates C1-C2 bond opening via IPT, thereby establishing a
foundational principle for the design of all-visible-light-driven sensors for environmental monitoring.
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transfer (ESIPT), transition state, visible-light switching.

1. INTRODUCTION

Organic photochromic materials have emerged as a
promising class of novel all-photon storage materials
because of their excellent photostability, thermal stability,
and fatigue resistance [1]. These molecules achieve binary
(0,1) information storage through reversible photochemical
reactions, leveraging the spectral differences between two
isomers. They offer advantages such as high capacity and
fast response rates. Among the numerous systems,
diarylethylene, a typical P-type photochromic material [2],
exhibits significant changes in polarity, conformation, and
spectral properties during its light-induced reversible
transformation. When coupled with fluorescent signals, the
color-changing unit facilitates the construction of highly
sensitive, high-resolution, and fast-response smart systems,
which hold significant value in chemical sensing, optical
anticounterfeiting, cell imaging, and superresolution
imaging.  Dithienylethylene (DTE), a diarylethene
derivative in which benzene rings are substituted with
thiophene units (Fig. 1a), is superior to other heterocyclic
analogs in terms of photophysical properties, quantum
yields, and synthetic accessibility [3—7]. The photochromic
behavior exhibited by conventional DTE systems is derived
from a 6m-electrocyclization reaction of the hexatriene
backbone. After UV irradiation, the open-ring isomer
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undergoes conrotatory cyclization to form the closed-ring
isomer. This closed-ring isomer subsequently reverts to the
open form upon exposure to visible light. However, the ring-
closing step in standard DTE systems typically necessitates
high-energy UV light in the 300-400 nm wavelength
range. UV radiation results in suboptimal tissue penetration
and the potential to induce photodamage, thereby resulting
in critical limitations for biomedical and deep-material
applications [8, 9]. While molecular engineering strategies
(e.g., extending m-conjugation or introducing electron-
donating groups) have led to a partial redshift in absorption,
these approaches frequently compromise the switching
efficiency or fatigue resistance. Moreover, they lack
universal design principles for fully visible-light-operated
systems.

Intramolecular proton transfer (IPT) is a distinct
switching ~ mechanism  that is  distinct  from
electrocyclization. In hydrogen-bonded systems such as
salicylidene aniline, active hydrogen exists in dynamic
equilibrium between the proton donor (O—H) and acceptor
(N) sites [10, 11]. Upon photoexcitation, excited-state
intramolecular proton transfer (ESIPT) occurs when the
proton migrates from oxygen to nitrogen, thereby
converting the OH configuration to the NH tautomer
(Fig. 1 b and Fig. 1 ¢).
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Fig. 1. a—chemical structure of the hydroxyl-imine-substituted dithienylethylene (DTE) derivative investigated in this study. The
intramolecular O-H--N hydrogen bond (dashed line) and the central C1-C2 bond subject to cleavage are highlighted;
b —photoinduced switching pathway from the ground-state OH configuration (So) to the excited-state NH configuration (S');
¢—schematic illustration of ground-state intramolecular proton transfer (GSIPT) and excited-state intramolecular proton transfer

(ESIPT) processes in the DTE system

Zhu et al. demonstrated that ESIPT-generated NH
configurations exhibit significantly redshifted absorption,
enabling visible-light-driven photochromism with high
efficiency and stability [12, 13]. This strategy provides a
molecular design blueprint for visible-light-controlled
photonic switches that circumvent UV limitations [14].

The present study investigated a hydroxyl-imine-
functionalized DTE derivative that operates via a dual-
pathway proton transfer mechanism. Using density
functional theory (DFT) and time-dependent DFT (TD-
DFT), we delineate two discrete switching pathways. The
first process is ground-state intramolecular proton transfer
(GSIPT), which occurs after visible-light-induced structural
changes. The second process is conventional ESIPT, which
is initiated by UV excitation. A critical distinction between
our system and previously reported ESIPT-DTE hybrids
[12, 13] is the direct proton transfer that triggers C1-C2 o-
bond cleavage, as opposed to mere modulation of the
absorption spectra. This enables a bond-breaking switching
mechanism under mild visible/NIR irradiation. Quantum
chemical calculations elucidate the geometric evolution,
energy landscapes, and electronic structure changes during
both pathways, thereby establishing a theoretical foundation
for designing visible-light-responsive molecular switches
applicable to environmental monitoring.

2. METHODS
2.1. GSIPT/ESIPT process calculations

All quantum chemical calculations were executed via
the Gaussian 09 software package. Density functional
theory (DFT) at the B3LYP/6-31+G(d,p) level was
employed to optimize the ground-state configurations of OH
(So), NH (S), and the intramolecular proton transfer
transition state (TS0). In addition, time-dependent density
functional theory (TD-DFT) was utilized at the TD-
B3LYP/6-31+G(d,p) level to optimize the configurations of
the first singlet excited states (Si1, S'1) and the excited-state
proton transfer transition state (TS1). The polarization
continuum model (IEFPCM) was incorporated to simulate
the methanol solvent environment. According to the
findings of previous studies, the combination of the B3LYP
functional with the 6-31+G(d,p) basis set has been
demonstrated to provide optimal accuracy and reliability in
the description of the geometric structures of organic
molecules [20—24]. The validity of the optimized

configurations was confirmed through frequency analysis,
which revealed the absence of imaginary frequencies at
stable points and the presence of a single imaginary
frequency in the transition state (TS) representing the proton
transfer pathway. Additionally, the connectivity between
the transition state and the reactants/products was confirmed
via intrinsic reaction coordinate (IRC) analysis.

2.2. Energy profile calculations

To obtain more precise energy level distributions,
single-point energy calculations for the ground and excited
states were performed at the CAM-B3LYP/6-31++G(d,p)
level with long-range correction. These calculations were
based on the optimized structures described above. The
solvation environment was meticulously maintained
throughout the experiment. The implementation of the
CAM-B3LYP functional has been demonstrated to offer a
more efficacious description of the intramolecular charge
transfer characteristics and excited-state energy level
evolution. The objective of this study was to elucidate the
photochemical response mechanism of diethynylthiophenes
under visible light. To this end, we have organized energy
data for reactants, transition states, and products during the
ESIPT process and plotted potential energy surface level
diagrams. This theoretical framework, which includes both
quantum chemical and experimental components, offers a
comprehensive explanation of the photochemical response
mechanism and provides theoretical criteria for
experimental design.

3. RESULTS AND DISCUSSION
3.1. Geometric structure optimization

The geometric parameters of the ground-state (So) and
excited-state (S1) structures provide critical insights into the
proton transfer mechanism. As illustrated in Fig. 2, during
the ground-state photomolecular proton transfer (GSIPT)
process, the C1-C2 distance in the OH-configured Sy state
structure is 1.55 A, with the intermediate six-membered ring
in a closed state. For both the left and right side chains of
the S structure, the O-H distance is 1.01 A, whereas the N-
H distance is 1.66 A. This indicates a stable OH--N
hydrogen-bonding  configuration. Upon  visible-light
absorption (Sg—S; transition), the C1-C2 distance increases
to 1.58 A while maintaining bond integrity, indicating that
photoexcitation alone does not cleave the central bond. This



observation is consistent with the structural stability
requirements discussed by Myles et al. [25], where
maintaining specific bonding frameworks during electronic
transitions is crucial for multi-addressable photochromic
hybrids.

During the process of GSIPT (So—TS0—S'o), proton
migration from O to N coincides with the rupture of C1-C2
bonds. At transition state TS0, the distance between carbon
atoms C1 and C2 increases to 3.71 A, and the molecular
arms deviate from coplanarity. The product SO (NH
configuration) maintains this elongated C1-C2 distance
(3.71 A), confirming complete bond cleavage. This
switching mechanism, which involves bond breaking,
differs fundamentally from conventional DTE systems that
rely solely on 6m-electrocyclization without o-bond rupture
[26]. Proton transfer directly drives mechanical motion (ring
opening), analogous to the molecular machines described by
Zhang et al. for elastronic applications [27].

As illustrated in Fig.3, the ESIPT pathway
(S1—TS1—-S8") is represented. UV excitation to the Franck—
Condon state S is followed by rapid relaxation, yielding
the relaxed S; state. In this state, the O—H bond elongates to
1.78 A, and the H-H distance decreases to 1.04 A. This
results in the formation of an incipient N-H bond. Proton
transfer through TS1 (C1-C2 = 3.71 A) produces S'; with a
fully formed N-H bond (1.01 A) and a cleaved C1-C2 bond
(3.71 A). Subsequent radiative decay to S'o completes the
switching cycle.

3.2. GSIPT/ESIPT reaction pathways

As illustrated in Fig. 4, the energy landscape for the
complete reaction process is delineated. The Frank-Condon
excitation wavelength for the Sp—S" transition (OH
configuration) was calculated to be 367 nm, which is
consistent with the experimental value of approximately
398 nm. Furthermore, the emission wavelength of the S'1
state (NH configuration) is 593 nm, which corresponds to
the experimental observation at 600 nm. According to the
principles of thermodynamics, the closed-ring OH
configuration (So) is determined to be more stable than the
open-ring NH configuration (S'o) by 8.7 kcal/mol.
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Fig. 4. Potential energy surface for ground-state intramolecular
proton transfer (GSIPT, blue pathway) and excited-state
intramolecular proton transfer (ESIPT, red pathway) in the
dithienylethylene system. Energies are relative to So in
kcal/mol. The wavelength requirements for each
photochemical step are indicated

The energy barriers for proton transfer are remarkably
low, with values of 3.4 kcal/mol for GSIPT (So — TS0) and
3.2 kcal/mol for ESIPT (S1 — TS1). These low barriers
enable the GSIPT pathway to proceed under thermal energy
after visible-light-induced structural preorganization
(So—S1), requiring only red/NIR light (= 800 nm) for the
initial excitation. In contrast, the complete ESIPT-initiated
cycle (So—>S*o—>Sl—>TS].—> S'1—>S'o) has So—>S*o
excitation as its rate-determining step, necessitating UV
light at 367 nm. This dual-pathway mechanism explains
experimental observations: visible light triggers molecular
switching via GSIPT with C1-C2 bond opening, whereas
UV excitation follows a distinct pathway involving direct
electrocyclization without proton transfer mediation.

The distinguishing characteristic of our system is the
direct coupling between proton transfer and o-bond
cleavage under visible/NIR irradiation, a mechanism that is
distinct from that of prior ESIPT-DTE hybrids, where
proton transfer merely modulates absorption without bond
rupture [12, 13, 28]. While microwave-assisted C-C bond
formation [29] or supramolecular assemblies [30,31] have
been explored for bond activation, the present work
demonstrates a precise, light-controlled intramolecular
proton transfer pathway that triggers bond cleavage without
high-energy UV radiation.
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Fig. 2. Optimized geometries and key bond distances (A) along the ground-state intramolecular proton transfer (GSIPT) pathway: So (OH

configuration) — TS0 — S'o (NH configuration).

D(C1-C2)=3.71
Q »
« ? Ll01 <
¢ -~ X ¥ K
]6;‘% c CLAct % 1 66 1234 G2
< e ¢ ¥ @ B _fi  “urc.el25 & ©% L4
© » . é
& ° 155 U b
Sy - TS0

D(C1-C2)=3.71
»
#1718 o el @ 178
< .78 A Pz S~
U s Cloviy ¢ “3l04 #
S v i

S

Fig. 3. Optimized geometries and key bond distances (A) along the excited-state intramolecular proton transfer (ESIPT) pathway: S1 —
TS1 — S'1. Proton migration coincides with C1-C2 bond rupture at the transition state



3.3. Frontier molecular orbitals

As illustrated in Fig. 5, the figure displays the HOMO
and LUMO distributions for the proton transfer transition
states TSO (GSIPT) and TS1 (ESIPT). A comparison of the
two transition states reveals that they exhibit analogous
orbital characteristics. Specifically, the HOMO is localized
predominantly on the left thiophene-benzene arm, while the
LUMO concentrates on the left thiophene unit and the
adjacent ethylene bridge. Negligible electron density is
observed on the right molecular arm or the central C1-C2
region in either orbital. This asymmetric electron
distribution indicates that photoexcitation leads to the
formation of a charge-separated state, which in turn
weakens the C1-C2 bond, thereby facilitating its cleavage
during proton transfer. While HOMO/LUMO analysis alone
cannot prove bond rupture causality, the orbital asymmetry
supports a mechanism in which electronic redistribution
precedes and enables proton-coupled bond cleavage.

4. CONCLUSIONS

This work elucidates a dual-pathway proton transfer
mechanism in a hydroxyl-imine-functionalized
dienylethylene derivative that enables visible-light-
controlled molecular switching. Photoexcitation has been
shown to elongate the central C1-C2 bond from 1.55 A to
1.58 A without cleavage. Subsequent proton transfer
through either ground-state (GSIPT) or excited-state
(ESIPT) pathways has been demonstrated to induce bond
rupture at 3.71 A. Notably, both pathways exhibit
remarkably low energy barriers of 3.4 and 3.2 kcal/mol,
respectively. Notably, the GSIPT pathway functions under
red or near-infrared irradiation at wavelengths of 800 nm or
longer. Conversely, the complete ESIPT cycle requires UV
light at 367 nm for the initial excitation step. This system
differs from conventional diarylethenes in that it directly
couples proton migration to c-bond cleavage, eschewing the
use of electrocyclization as a primary mechanism. The low-
barrier GSIPT mechanism establishes a design principle for
visible-light-responsive molecular switches that avoid UV-
induced photodamage. These derivatives demonstrate

TS1

potential as fluorescent probes for in situ detection of water
pollutants, including heavy metal ions and organic
contaminants, in ecologically sensitive environments. The
theoretical framework presented herein provides a
foundation for the development of green, intelligent
photofunctional  materials ~ with  applications in
environmental monitoring and sensing technologies.
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