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Owing to the importance of excited state dynamical relaxation, the excited state intramolecular proton transfer (ES-
IPT) mechanism for a novel compound containing dual hydrogen bond (abbreviated as “1-enol”) is studied in this work.
Using density functional theory (DFT) and time-dependent density functional theory (TDDFT) method, the experimental
electronic spectra can be reproduced for 1-enol compound. We first verify the formation of dual intramolecular hydrogen
bonds, and then confirm that the dual hydrogen bond should be strengthened in the first excited state. The photo-excitation
process is analyzed by using frontier molecular orbital (HOMO and LUMO) for 1-enol compound. The obvious intramolec-
ular charge transfer (ICT) provides the driving force to effectively facilitate the ESIPT process in the S1 state. Exploration
of the constructed S0-state and S1-state potential energy surface (PES) reveals that only the excited state intramolecular
single proton transfer occurs for 1-enol system, which makes up for the deficiencies in previous experiment.

Keywords: excited state intramolecular proton transfer, potential energy surface, intramolecular charge trans-
fer, infrared vibrational spectra

PACS: 31.15.ee, 31.15.ae, 31.15.es DOI: 10.1088/1674-1056/ab4042

1. Introduction

As one of the most fundamental non-covalent weak inter-
actions, hydrogen bond exists anywhere in our natural life. In
the past few decades, more and more researches have been de-
voted to investigating the hydrogen bonding interactions.[1–3]

In fact, hydrogen bond can be represented in the X–H· · ·Y
form, where X and Y denote the atoms having high electroneg-
ativity and small radius, such as O, N, F or the like. When the
hydrogen atom forms a covalent bond with the electronega-
tive atom, the shared electronic pair is biased towards another
electronegative atom. That should be the simple explanation
for the formation of hydrogen bond.[1–3] Among the various
chemical reactions, the proton transfer (PT) is a characteris-
tic process in chemical and biological acid-based neutraliza-
tion reactions. Based on the excitation of light, the initial hy-
drogen bonding intensity makes a difference, which becomes
favorable for the excited state intramolecular proton transfer
(ESIPT) process.[4–9] Since Weller first reported ESIPT in the
middle of the last century,[10] this kind of chemical reaction
has attracted lots of attention. Since Han and coworkers put
forward a novel excited state hydrogen bonding strengthen-
ing mechanism,[11–16] the dynamical behaviors about excited
state hydrogen bonding interactions have been strongly attrac-

tive. Essentially, the ESIPT mechanism has become a hot
research topic in excited state relaxations currently. Particu-
larly, the rapid charge recombination and unique dual emission
phenomenon endow ESIPT compounds with extensive appli-
cations, such as molecular switches, laser dyes, fluorescence
chemosensors, UV filters, etc.[17–28]

It cannot be denied that most of chemical and biologi-
cal systems exhibit multiple hydrogen bonding interactions.
Therefore, the case about ESIPT process involved in single hy-
drogen bonding wire is not enough to imitate the biological be-
haviors. Therefore, to further explore the excited state behav-
iors along with multiple hydrogen bonds, one pays attention to
the excited state single or double proton transfer reaction along
with double hydrogen bonds since this kind of case should
be the most fundamental way to further investigate multiple
proton behavior in future.[29–35] For example, Krishnamoor-
thy et al. theoretically explored the double excited state in-
tramolecular proton transfer behavior for the novel 3,5-bis(2-
hydroxyphenyl)-1 H-1,2,4-triazole (bis-HPTA).[29] The new
type of sequential proton transfer is referred to as proton trans-
fer triggered proton transfer mechanism.[29] Tang et al. elab-
orated the intramolecular proton relay behaviors and confirm
the undergoing ESDPT reaction process.[30] Song et al. com-
pared the intermolecular dual hydrogen bonding effects for
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3-hydroxyisoquinoline dimer and acidity compound.[31] They
clearly clarified the detailed intermolecular dual PT behaviors.
In addition, as a classical chemical system, 7-azaindole dimer
has been explored by Crepo-Otero et al. in detail.[32] Accord-
ing to their simulated results, Crepo-Otero et al. presented that
the stepwise mechanism is not consistent with the topography
of the excited state.[32] As a whole, the investigation about
ESPT reaction along with multiple hydrogen bonds is very
important,[33–35] which plays a role in helping researchers to
gain a more in-depth understanding of multiple proton behav-
iors in excited state.

Very recently, Reis et al. designed and synthe-
sized a novel intramolecular dual hydrogen bond com-
pound dimethyl-2,2’-(3,3”-dihydroxy-[1,1’,4”,1”-terphenyl]-
4,4”-diyl)(4 S,4’S,5 S,5’S)-bis(5-methyl-4,5-dihydrooxazole-
4-carboxylate) (abbreviated as “1-enol” according to Ref. [36],
based on which the excited state dynamical process of this
molecule has been explored. Experimentally, they measured
the steady-state absorption and emission spectra in differ-
ent solvents, and confirmed the ESIPT behavior of 1-enol
compound via the dual emission peaks. They attributed the
behaviors of first excited state to the double ESIPT reac-
tion. Even though some simple simulations have been car-
ried out, the solvent effects were not considered in the the-
oretical process.[36] In fact, direct information about the ge-
ometrical relaxation upon the photoexcitation and the transi-
tion state geometry is difficult to obtain from the experimental
spectroscopic manners.[37–42] And it is worth mentioning that
the ab initio excited state calculations can provide the miss-
ing information and in-depth insight into the mechanism of
clear excited state behaviors. And it cannot be denied that
none of some suggested mechanisms in experiment is usually
completely correct and sometimes they are problematic.[43–49]

Therefore, further theoretical study for validating the mech-
anism could provide guidance for developing novel ESIPT
compounds.

In this present work, therefore, we mainly pay attention
to the excited state dynamic behavior for 1-enol compound
by using theoretical simulation manner. We show the corre-
sponding structures for 1-enol compound in Fig. 1. Here in
this paper, 1-spt and 1-dpt denote the single proton-transfer
1-enol and the double proton-transfer 1-enol forms, respec-
tively. According to the density functional theory (DFT) and
time-dependent density functional theory (TDDFT) method,
we comprehend the detailed mechanism and clarify the funda-
mental aspects concerning the different electronic states and
structures involved in the ESIPT reaction. Particularly, we
clarify that the excited state intramolecular single proton trans-
fer (ESISPT) mechanism rather than the double ESIPT process
contributes to the 1-enol system.

N3

N6

H2

H5

O1

O4

1 enol

1 dpt 1 open

1 spt

Fig. 1. Relative structures for 1-enol, 1-spt, 1-dpt, and their non-hydrogen
bonding 1-open forms, where dual intramolecular hydrogen bonds are re-
ferred to as O1–H2 · · ·N3 and O4–H5 · · ·N6 for 1-enol configuration, respec-
tively.

2. Theoretical methods

In this work, all calculations about structures and the
stable energy for 1-enol system and its tautomers have been
performed by using Gaussian 09 program.[50] And accord-
ing to the DFT and TDDFT method with the Becke’s three-
parameter hybrid exchange function combined with the Lee–
Yang–Parr gradient-corrected correlation functional (B3LYP)
as well as the triple-ζ valence quality with one set of po-
larization functions (TZVP) basis set,[51–54] we perform the
quantum chemical simulations. To consider the solvent ef-
fect (DMSO) adopted in previous experiment,[36] in this work,
we select the integral equation formalism version of the po-
larizable continuum model (IEFPCM).[55,56] The ground state
structures for all the structures involved in this work are op-
timized by using the DFT method, and the vibrational fre-
quencies at the optimized structures are calculated by using
the same DFT method to verify that the optimized configura-
tions correspond to the local minima on the S0-state potential
energy surface (PES). Then, the photo-excitation process and
corresponding charge redistribution are calculated by using the
TDDFT method based on the optimized S0-state 1-enol struc-
ture. The first singlet excited state of each tautomers is relaxed
by using the TDDFT method to obtain its minimum energy
geometry. The frequency calculations of selected excited state
minima are also calculated to verify that they correspond to the
local minima on the S1-state PES. No constraints are imposed
on symmetry, bond length, bond angle and dihedral angle in
the simulation of geometry optimization. The PES of S0 state
and the PES of S1 state are constructed each as a function of
hydroxide radical length in a range from 0.9 Å to 2.1 Å in
steps of 0.1 Å based on DFT and TDDFT method coupling
with B3LYP/TZVP level in DMSO solvent, respectively.

The self-consistent field (SCF) convergence threshold of
energy for each of S0- and S1-state optimizations is set to be
10−8 (default setting is 10−6). The harmonic vibrational fre-
quencies of S0 and S1 states are determined by the diagonal-
ization of Hessian matrix. Excited-state Hessian matrix can be
obtained by numerical differentiation of the analytical gradi-
ents via central differences and default displacements of 0.02
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Bohr. And the infrared intensities are determined by the gra-
dients of the dipole moment.

3. Results and discussion
The 1-enol possesses dual intramolecular hydrogen bonds

and a symmetrical structure. Therefore, we can locate three
kinds of structures (i.e., 1-enol itself, its single proton-transfer
1-spt form, and its double-proton transfer 1-dpt form) in S0

and S1 states (Fig. 1). For convenience, we name the dual in-
tramolecular hydrogen bonds O1–H2 · · ·N3 and O4–H5 · · ·N6

for 1-enol system, respectively. In the process of investigating
the possible correlation of the electronic potential with hy-
drogen bonding effect, we calculate the electrostatic potential
surface, and the results are shown in Fig. 2. The regions of
the negative electrostatic potential (denoted by red) are usu-
ally used to identify the hydrogen bonding acceptor sites. On
the contrary, to describe the hydrogen bonding donating moi-
eties, the regions of positive potential (denoted by bluish) are
prominent. It can be clearly found that the negative electro-
static potentials for O1 and O4 atoms lead the intramolecular
dual hydrogen bonds O1–H2 · · ·N3 and O4–H5 · · ·N6 to form
for 1-enol. To further reveal the intramolecular interactions in

Fig. 2. Total electron density isosurface map with molecular electronic
potential (MEP) for 1-enol structure, where values are selected from
negative (red) to positive (blue): −0.05 a.u.–0.05 a.u.
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Fig. 3. RDG versus sign(λ2)ρ as well as low-gradient (s = 0.50 a.u.)
isosurface (lower panel) for ground-state 1-enol system. Interactions
can be seen below corresponding RDG (red: steric effect; blue: hydro-
gen bonding effect; green: VDW effect.).

the real space, we also calculate the reduced density gradient
(RDG) and the sign(λ2)ρ since they are a pair of very im-
portant functions for exploring weak interactions by using the
NCI method. The corresponding results are shown in Fig. 3.
The lower panel shows the low-gradient isosurface for 1-enol.
Obviously, the spikes located in the dashed rectangular frame
correspond to the hydrogen bonding interactions in the ground
state. Moreover, we also consider the non-hydrogen bonding
1-open form, since the non-hydrogen bonding form can serve
as a kind of comparison. In our calculation results, the bond
length O1–H2 and O4–H5 for 1-open form are both 0.9663 Å
in the ground state, whereas they become 0.9869 Å for 1-enol
configuration. It further confirms the formation of dual hydro-
gen bonds O1–H2 · · ·N3 and O4–H5 · · ·N6 for 1-enol in the S0

state.
The most important geometrical parameters (i.e., bond

lengths and bond angles) involved in hydrogen bonding moi-
eties for 1-enol, 1-spt, and 1-dpt forms are listed in Table 1. It
is obvious that the 1-enol configuration is symmetrical, and the
bond lengths and bond angles of symmetrical parts are equiv-
alent. Specifically speaking, the lengths of O1–H2 and O4–H5

bond of 1-enol in the ground state are both 0.9869 Å and elon-
gated to 0.9971 Å in the first excited state. While for hydro-
gen bonds H2 · · ·N3 and H5 · · ·N6 for 1-enol structure, it can
be found that they are shortened from S0-state 1.8159 Å to S1-
state 1.7924 Å. Meanwhile, the bond angles ∆ (O1–H2 · · ·N3)

and ∆ (O4–H5 · · ·N6) are also increased slightly from 145.9◦

to 148.5◦ in the first excited state. All these changes of ge-
ometrical parameters demonstrate that the dual intramolecu-
lar hydrogen bonds O1–H2 · · ·N3 and O4–H5 · · ·N6 of 1-enol
are strengthened in the S1 states.[11–16] In fact, even though
the amplitude of variations is not very large, they are enough
to affect the excited state dynamical behaviors for chemical
systems.[57–62] For the case of excited state hydrogen bonding
interactions and relative dynamics, it has to be mentioned that
infrared (IR) vibrational spectrum is a very important manner
to explore and compare the similarities and differences of hy-
drogen bonds between S0 and S1 states.[11–16,57–62] Therefore,
in this work, we also perform the quantum chemical simula-
tions about IR vibrational spectra by referring to the hydrogen
bonding moieties. As shown in Fig. 4, the conjunct vibrational
region of O1–H2 and O4–H5 stretching vibrational modes for
1-enol in S0 and S1 states are displayed. One can find that the
theoretical O1–H2 and O4–H5 stretching modes are both lo-
cated at 3252 cm−1 in the S0 state, while they are downshifted
by 86 cm−1 from 3252 cm−1 to 3166 cm−1 in the S1 state. It
further confirms that the dual intramolecular hydrogen bonds
O1–H2 · · ·N3 and O4–H5 · · ·N6 should be strengthened in the
S1 state.[11–16,57–62]
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Table 1. Simulated bond distances (in unit Å) and bond angles (◦) involved in hydrogen bonding moieties for 1-enol, 1-spt, and 1-dpt
forms in both S0 and S1 states based on the DFT/TDDFT method in DMSO solvent, respectively.

1-enol 1-spt 1-dpt

S0 S1 S0 S1 S0 S1

O1–H2 0.9869 0.9971 1.7739 2.0191 1.7723 1.8012
H2–N3 1.8159 1.7924 1.0361 1.0189 1.0364 1.0321
O4–H5 0.9869 0.9971 0.9870 0.9878 1.7723 1.8012
H5–N6 1.8159 1.7924 1.7946 1.7943 1.0364 1.0321

∆ (O1–H2–N3) 145.9◦ 148.5◦ 130.3◦ 120.9◦ 130.3◦ 128.4◦

∆ (O4–H5–N6) 145.9◦ 148.5◦ 145.9◦ 146.6◦ 130.3◦ 128.4◦

3000 3100 3200 3300 3400
0

0.5

1.0

1.5

2.0

IR
in

te
n
si

ty
/
1
0

4

Wavelength/cm-1 

 S0

 S1

3166

3252

Fig. 4. Our theoretical IR spectrum of O1–H2 and O4–H5 stretching vi-
brational modes for 1-enol structure in S0 and S1 states based on DFT and
TDDFT methods, respectively.

Furthermore, it cannot be denied that hydrogen bonding
energy should be a more effective and visual physical quantity
to check the variation between S0 and S1 states. Therefore,
we also calculate the hydrogen bonding energy in S0 and S1

states for 1-enol system. Hydrogen bonding energy is calcu-
lated by subtracting the energy of 1-open configuration from
the energy of 1-enol structure. In fact, it is imperative to em-
phasize at this stage that the estimation of the intramolecular
hydrogen bonding energy according to the energy difference
between the 1-enol and 1-open configurations produced by the
rotation of the twist angle supports the assumption of no other
geometry effects as a result of the rotation for hydroxyl O–H.
Even though the assumption is perhaps inadequate for simu-
lating the intramolecular hydrogen bonding energy, previous
work has proved the feasibility of this method for comparing
bonding energy approximately.[62–64] The simulated hydrogen
bonding energy of 1-enol in the S0 state is about 8.35 kcal/mol,
while that of 1-enol in the S1 state is 12.17 kcal/mol. Thus, we
can confirm that the hydrogen bonding does strengthen in the
first excited state, which provides the possibility for the ESIPT
process.

Table 2. Theoretical electronic excitation energy (λ nm), correspond-
ing oscillator strengths ( f ) and corresponding compositions of 1-enol
configuration in DMSO solvent for three different transtions.

Transitions λ /nm f Composition Percentage/%

S0→ S1 339 1.9635 H→ L 98.93
S0→ S2 303 0.0105 H-2→ L 82.25
S0→ S3 286 0.0035 H→ L+1 77.26

To examine the effects originating from photo-excitation
process, the vertical excitation process from the S0-state opti-
mized 1-enol configuration is also calculated by using TDDFT
with the six low-lying absorbing transitions in DMSO solvent.
For convenience, the simulated electronic transition energy
values, relative oscillator strengths and compositions of first
three transitions are listed in Table 2. It can be found clearly
that the absorption peak of the first transition (S0→ S1) is cal-
culated to be at 339 nm, which is in good agreement with the
experimental result (332 nm).[36] At least, it can be confirmed
that the TDDFT/B3LYP/TZVP theoretical level is enough to
describe the 1-enol system. In addition, to qualitatively dis-
cuss the change of charge redistribution in the photo-excitation
process, the theoretical frontier molecular orbitals (MOs) of
1-enol are also simulated, and displayed to further elaborate
the properties of electronic excited states (Fig. 5). It is clear
that the first excited state mainly has the ππ∗-type-character
with the transition from the highest occupied molecular or-
bital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). From Table 2, it should be noticed that the HOMO–
LUMO transition possesses a very large oscillator strength
(1.9635), which means the evident absorption in previous
experiment.[36] Here, we just show the HOMO and LUMO or-
bitals in the present work, since this transition almost includes
the entire percentage (i.e., 98.93%). That is to say, the tran-
sition from HOMO to LUMO can be adopted to describe the
excited state property of the transition S0 → S1. The higher
transitions (i.e., S0 → S2, S0 → S3 or others) are not consid-
ered in this work, since the oscillator strengths of them are too
low. Particularly, the S0→ S3 and higher transitions should be
in the dark states. For the HOMO–LUMO transition, one thing
should be noted that different parts could be located in range
from HOMO to LUMO. Here, we mainly pay attention to the
shifted moieties involved in the dual intramolecular hydrogen
bonds (O1–H2 · · ·N3 and O4–H5 · · ·N6). Although none of the
variations in O1–H2 and O4–H5, and N3 and N6 is very ap-
parent, the quantitative proportions of the occupation are ob-
viously different. The contribution proportions of O1 and O4,
and N3 and N6 on the HOMO are around 4.27% and 3.98%
for 1-enol, while their corresponding contribution proportions
of the same atoms change to around 2.54% and 5.15% on the
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LUMO orbital. That is to say, after the excitation, the driv-
ing force could be induced via increasing electronic densities
around proton acceptors N3 and N6 moieties, which facilitates
the proton transfer reaction for 1-enol system in the first ex-
cited state.

LUMO

HOMO

Fig. 5. Corresponding frontier molecular orbitals (HOMO and LUMO)
for 1-enol system based on TDDFT/B3LYP theoretical level.

Even though the tendency of ESIPT can be revealed via
the above-mentioned analyses, the detailed mechanism is lack-
ing. In fact, the double ESIPT process mentioned is question-
able since the energy of the stable 1-dpt form in the first ex-
cited state is higher than that of the 1-spt form although the
solvent was not considered in Ref. [36]. Therefore, in this
part, we mainly focus on the detailed ESIPT mechanism for 1-
enol system. Based on DFT//TDDFT/B3LYP/TZVP level in
DMSO solvent, we construct potential energy surfaces (PESs)
for 1-enol system in S0 state and S1 state, with O1–H2 and
O4–H5 bond lengths fixed. Here, we should mention that al-
though previous work has reported that the TDDFT theoreti-
cal level cannot be provide the sufficiently accurate ordering
of closely space excited states, theoretical results have shown
the reliability of this method to offer qualitative energetic path-
ways for ESIPT behaviors.[41–49] Specifically, the constructed
PESs of S0 and S1 states are realized through fixing O1–H2

and O4–H5 ranging from 0.9 Å to 2.1 Å in steps of 0.1 Å (see
Fig. 6). As shown in Fig. 6(a), it can be clearly seen that the
potential energy increases with the elongation of O1–H2 and
O4–H5 bond lengths. That is to say, the forward proton trans-
fer process cannot occur in the ground state for 1-enol system.
While in the S1 state, it is obvious that the optimized S1-state
1-dpt form is the most unstable one with the highest poten-
tial energy. In other words, it is difficult for the excited state
intramolecular double proton transfer to occur in the 1-enol
system. Since the potential energy barrier is the best evidence
to judge whether the excited state double proton transfer oc-
curs. In addition, we further calculate the potential energy
barriers. Because the synergetic double proton transfer occurs
from 1-enol to 1-dpt along the diagonal line of Fig. 6(b), we
find that high potential energy barrier is about 9.318 kcal/mol.
While from 1-enol to 1-spt, the forward potential energy bar-
rier is low (2.075 kcal/mol). It means that the excited state
intramolecular single proton transfer pathway is easier than

the synergetic double proton transfer way. In addition, we also
consider the stepwise double proton transfer case. The po-
tential energy barrier from 1-spt to 1-dpt is calculated to be
6.497 kcal/mol, while the reversed potential barrier (i.e., from
1-dpt to 1-stp) is 1.924 kcal/mol. That is to say, even if the
second step proton transfer occurs from 1-spt to 1-dpt, most of
the 1-dpt species can return to the 1-spt one. Therefore, we can
confirm that only the excited state single proton transfer occurs
in the 1-enol system although it possesses two intramolecular
hydrogen bonds.
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Fig. 6. constructed potential energy profile for S0 and S1 states for 1-enol
system, with O1–H2 and O4–H5 bond distances fixed, obtained by DFT and
TDDFT methods, respectively.

4. Conclusions
In this work, we theoretically explore the excited state

intramolecular double hydrogen bonding interactions and ES-
IPT behaviors for the novel 1-enol system. Comparing the
geometrical parameters and corresponding IR spectra of hy-
drogen bonding moieties of 1-enol in both S0 and S1 states,
we verify the strengthening of dual intramolecular hydrogen
bonds for 1-enol in the first excited state. After investigat-
ing the charge distribution and charge transfer resulting from
photo-excitation process, we present that the increased elec-
tronic densities around proton acceptors play an important role
in attracting hydrogen proton. That is to say, the driving force
for ESIPT process can be produced by charge redistribution.
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Further, we construct the PESs of both S0 and S1 states each
with an ESIPT pathway. Based on the PESs, we confirm the
excited state intramolecular single proton transfer mechanism
for 1-enol system. Our work could let researchers have an in-
depth understanding of the excited state behaviors involved in
multiple hydrogen bonding interactions, and also figure out the
detailed ESIPT mechanism for the novel 1-enol system. We
expect that this work could play a role in paving the way for
revealing and developing novel applications based on 1-enol
molecule in future.
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