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Theoretical study on the relationship between the position of the
substituent and the ESIPT fluorescence characteristic of HPIP∗
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The influences of the substituent base position on the excited state intramolecular proton transfer fluorescence prop-
erties were explored in 2-(2′-hydroxyphenyl)imidazo[1,2-a]-pyridine (HPIP) and HPIP’s derivatives (5′Br-HPIP and 6′Br-
HPIP). And the density functional theory (DFT) and time-dependent DFT (TD-DFT) methods were used to calculate the
molecule structures. The calculated results showed that the influence of 5′Br-HPIP on the fluorescence intensity is stronger
than that of 6′Br-HPIP. The fluorescence emission peak of 5′Br-HPIP occurred a blue shift compared with HPIP, and 6′Br-
HPIP exhibited an opposite red shift. The change of the fluorescence emission peak was attributed to the decrease of the
energy gap from 6′Br-HPIP to 5′Br-HPIP. Our work on the substituent position influence could be helpful to design and
develop new materials.
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1. Introduction
Fluorescent organic materials have been attracting con-

siderable interest in various application fields because their
benefit properties, such as sensibility,[1–5] good specificity,[6,7]

wide range of linear analysis, and easy to handle.[8–11] A
huge number of organic molecules exhibit excited state in-
tramolecular proton transfer (ESIPT) properties. ESIPT
is a light induced ultrafast phenomenon that the proton
transfers from the donor to acceptor portion upon optical
excitation.[12–20] A large Stoke shift can be observed in
the ESIPT process.[21] Through special photo-excitation, the
molecule with ESIPT characteristics usually shows a dual flu-
orescence phenomenon.[21,22] The fluorescence peak gener-
ated before the proton transfer is called normal fluorescence,
and that derived after the proton transfer is named ESIPT
fluorescence.[23] The characteristics of ESIPT fluorescence
are closely related to the molecule structure.[24–27] Most or-
ganic molecules all show effective ESIPT fluorescence and
have a high quantum field in fluid solvent.[28] Moreover, with
the progress of experiment, the method of changing the ES-
IPT characteristic by modifying the structure of the origi-
nal molecule has also been applied in many fields in recent
years.[29,30] Besides, many researches proved that both inter-
molecular and intramolecular interactions could influence the
ESIPT process.[31,32] The enhancement of the hydrogen bond
strength will promote the intramolecular ESIPT process. Upon
the photo-induce process, the electron densities of the proton
donor group and acceptor group will reduce and increase, re-

spectively. Therefore the transfer process will be facilitated in
the S1 state.[33–36]

Recently, an organic luminescent material, the 2-(2′-
hydroxyphenyl)imidazo[1,2-a]-pyridine (HPIP) has been at-
tracting considerable attraction. As a representative member
of pyridyls family, HPIP is well known for its special fluores-
cence property. Unlike many organic molecules, HPIP usu-
ally shows weak fluorescence in solvent. In Yasuhiro et al.’s
study, they summarized that the conical intersection (CI) led
to the weak quantum yield of fluorescence in solution.[37] In
Swatain et al.’s study, they synthesized various HPIP deriva-
tives (HPIPs), compared the effects of 5′-substituded HPIPs
and 6′-substituded HPIPs on the molecule properties, and
found that different substitution position influenced the ESIPT
fluorescence emission peak’s red or blue shift.[38] However,
the relationship between the position of the substitution group
and the fluorescence intensity is still unclear.

In the present work, we investigate the HPIP, 5′Br-HPIP,
and 6′Br-HPIP molecules theoretically aiming at exploring
the ESIPT process, the property of intramolecular hydrogen
bonds, and the dynamic behaviors of the three compounds.
Hereinto, the structures of the three molecules in S0 state and
S1 state are optimized by the density functional theory (DFT)
method and the time-dependent DFT (TDDFT) method, re-
spectively. The primary hydrogen bond lengths of the three
compounds are calculated. In addition, the infrared (IR) vibra-
tional spectra in ground-state and excited-state, absorption and
emission spectra of the three molecules are studied. Moreover,
the reduced density gradient (RDG) function, frontier molecu-
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lar orbitals analysis (FMOs), and potential energy curve (PEC)
of the three molecules are also investigated.

2. Method
In this work, the related calculations were completed on

the Gaussian 09 program suit.[39] For making the theoretical
value consistent with the experimental one, we used differ-
ent functions (B3LYP, M062X, Cam-B3LYP, and PBE0) to
calculate the ground-stated property of the compounds. The
geometrical framework of the compound was optimized by
the DFT method in ground-state and the TDDFT method in
excited-state, respectively.[40–42] The tetrahydrofuran (THF)
solvent with integral equation formalism variant of polarizable
continuum model (IEFPCM) was used in theoretical arith-
metic. The calculation of the non-covalent interactions by
RDG function was executed using the Multiwfn program.[43]

Chemcraft software was exploited to visualize the RDG in a
real place.[44]

3. Results and discussion
3.1. Optimized geometric structure

To analyzed the intramolecular hydrogen bond interaction
of the three molecules, we optimized structures of HPIP, 5′Br-
HPIP, and 6′Br-HPIP by B3LYP/6-31G(d) in ground-state and
excited-state. The energy of S1 state was the lowest of all ex-
cited states, the structure of S1 state was the most stable struc-
ture in all excited-state structures. So we optimized the struc-
ture at S1 state of the three molecules. And the structures of
three molecules are displayed in Fig. 1.
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Fig. 1. Optimized structures of (a) HPIP, (b) 5′Br-HPIP and, (c) 6′Br-
HPIP in S0 state and S1 state, with C atoms (black), H atoms (gray), O
atoms (red), N atoms (blue), and Br atoms (crimson).

The bond lengths of HPIP, 5′Br-HPIP, and 6′Br-HPIP in
ground-state and excited-state are shown in Table 1. The bond
length of O1–H1 · · ·N1 in HPIP changed from 1.01 Å in the
S0 state to 1.99 Å in the S1 state, and the bond length of N1–
H1 · · ·O1 decreased from 1.64 Å in the S0 state to 1.01 Å in

the S1 state. Moreover for 5′Br-HPIP, the bond lengths of
O1–H1 · · ·N1 and N1–H1 · · ·O1 changed from 1.02 Å, 1.63 Å
in ground-state to 1.93 Å, 1.01 Å in excited-state, respec-
tively. For 6′Br-HPIP, the bond lengths of O1–H1 · · ·N1 and
N1–H1 · · ·O1 transformed from 1.02 Å, 1.90 Å in S0 state to
1.65 Å, 1.02 Å in S1 state, respectively. From the results, the
intramolecular hydrogen bond interaction between N1 and H1

was enhanced in S1 state for the three molecules. The phe-
nomenon indicated the occurrence of ESIPT process.

Table 1. Calculated important bond lengths (Å) for the optimized
structure of HPIP, 5′Br-HPIP, and 6′Br-HPIP in ground-state (S0) and
excited-state (S1).

O1–H1 · · ·N1 N1–H1 · · ·O1

HPIP
S0 1.01 1.64
S1 1.99 1.01

5′Br-HPIP
S0 1.02 1.63
S1 1.93 1.01

6′Br-HPIP
S0 1.02 1.65
S1 1.90 1.02

3.2. Absorption and emission spectra

Table 2 shows the experimental[38] and theoretical ab-
sorption peaks of HPIP, 5′Br-HPIP, and 6′Br-HPIP. The theo-
retical values were calculated by different functions (M062X,
B3LYP, CAM-B3LYP, and PBE0) with 6-31G(d) basis set.
From the results, the values of B3LYP were in good agree-
ment with the experimental ones,[38] and affirmed the depend-
ability of our computational method. In addition, the corre-
sponding oscillator strengths of two excited-states for the three
molecules were also calculated. The oscillator strength in S1

state was 0.35, 0.36, and 0.34 for HPIP, 5′Br-HPIP, and 6′Br-
HPIP, respectively. And the oscillator strength in S2 state was
0.004, 0.003, and 0.020 for HPIP, 5′Br-HPIP, and 6′Br-HPIP,
respectively. The results displayed that the S1 state oscillator
strength was stronger than the S2 state oscillator strength. The
transition S0→S1 of the three molecules was considered in the
present system.

Table 2. Experimental and theoretical arithmetic absorption peaks (nm)
of HPIP, 5′Br-HPIP, and 6′Br-HPIP by different functional methods.

HPIP 5′Br-HPIP 6′Br-HPIP
B3LYP 327.63 326.91 340.79
Exp.[38] 341 333.5 341
M062X 283.35 285.60 285.79

CAM-B3LYP 286.70 288.10 288.06
PBE0 395.47 399.91 558.82

The calculated emission spectra of the three molecules
are shown in Fig. 2. The calculated value was in accor-
dance with the experimental one.[38] In addition, HPIP, 5′Br-
HPIP, and 6′Br-HPIP showed dual fluorescence emission. The
near-UV emission belonged to normal fluorescence, and the
other one was assigned to ESIPT fluorescence.[38] The nor-
mal fluorescence emission regions of the three molecules were
similar.[38] And for the ESIPT fluorescence emission peak,
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5′Br-HPIP showed a blue shift compared with HPIP, and 6′Br-
HPIP occurred an opposite red shift. Moreover, different sub-
stituent position could influence the ESIPT fluorescence in-
tensity. The fluorescence intensity of 5′Br-HPIP was 11.84%
higher than HPIP’s fluorescence intensity, and 6′Br-HPIP was
3.02% higher than HPIP in fluorescence intensity. The results
indicated that different substituent position could influence the
ESIPT fluorescence properties.
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Fig. 2. Theoretical fluorescence emission spectra of HPIP (black line),
5′Br-HPIP (red line), and 6′Br-HPIP (blue line). The arrowheads rep-
resent the experimental value of the emission peak of HPIP (black),
5′Br-HPIP (red), and 6′Br-HPIP (blue), respectively.[38]

3.3. Frontier molecular orbitals analysis

As we know, FMO analysis is an significant way to gain
the charge distribution changes in molecule at the excited

transition.[45] Table 3 shows the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the three molecules in S1 state. The π charac-
ter of HOMO and π∗ character of LUMO appeared in the
three molecules. This result presented the ππ∗-type feature
of the transition from S0 to S1 state. The charge transfer from
HOMO to LUMO of the three molecules was analogous. From
HOMO to LUMO, the density distribution of O1 atoms de-
creased and the density distribution of N1atoms increased in
the three molecular structures. The results indicated that the
electronegativity of N1 atoms was stronger than that of O1

atoms. The interaction between N1 and H1 was strengthened
which caused the occurrence of ESIPT process. The calculated
results showed that the energy level of HOMO was −1.96 eV
(HPIP), −2.04 eV (5′Br-HPIP), and −2.22 eV (6′Br-HPIP).
Moreover, the LUMO energy level was −4.56 eV (HPIP),
−4.72 eV (5′Br-HPIP), and −4.65 eV (6′Br-HPIP), respec-
tively. Furthermore, the energy gaps of the three molecules
followed the order 5′Br-HPIP (2.68 eV)>HPIP (2.60 eV)>
6′Br-HPIP (2.43 eV), which corresponded to the change of
ESIPT fluorescence emission peak in Fig. 2. Moreover, the
energy gap of 5′Br-HPIP was larger than that of 6′Br-HPIP,
indicating that 5′substituent position showed a stronger influ-
ence on the ESIPT fluorescence property than 6′substituent
position.

Table 3. Frontier molecular orbitals (HOMO and LUMO) of HPIP, 5′Br-HPIP, and 6′Br-HPIP structures.

HPIP 5′Br-HPIP 6′Br-HPIP

HOMO

LUMO

3.4. Non-covalent interactions analysis

Yang et al. advanced a way to imagine non-covalent in-

teractions in real space, which could explore hydrogen bond

characteristics.[46,47] The analysis of electron density (ρ(r))

and the reduced density gradient (RDG) isosurfaces could ex-

hibit different types of interaction and relative intensities in

real space. The RDG function can be expressed as

RDG(r) =
1

2(3π2)1/3

|∇ρ (r)|
ρ (r)4/3 . (1)

Moreover, found in Bader’s atoms in molecules theory,[48] the
second largest eigenvalue λ 2 of the Hessian matrix of electron
density and ρ(r) can be connected in

Ω (r) = sign(λ2 (r))ρ (r) . (2)

The λ2 > 0 acts for bonding interactions and the λ 2 < 0
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represents anti-bonding interactions. The Ω(r) negative value
stands for hydrogen bond interaction. And the Ω(r) is posi-
tive for the steric repulsion interaction. The Ω(r) approach-
ing to zero means van der Waals interaction. The scatter dia-
grams of Ω(r) in HPIP, 5′Br-HPIP, and 6′Br-HPIP versus the
RDG are plotted in Fig. 3. In S0 state, the contour value is set
as 0.1 for the three molecules, and the spike peak is situated
between −0.06 and −0.07. The results showed that the in-

tramolecular hydrogen bond interaction is similar in the three

molecules at S0 state. Moreover, the contour value is set as 0.1

in S1 state for the three molecules. The spike peak of 5′Br-

HPIP (−0.031) and 6′Br-HPIP (−0.035) occured shift rela-

tive to HPIP (−0.033). The results of non-covalent interac-

tions greatly supported the fluorescence emission peak results

in Fig. 2.
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Fig. 3. Plots of Ω(r) versus RDG for (a) HPIP, (b) 6′Br-HPIP, and (c) 5′Br-HPIP framework in S0 state and S1 state, as well as the assignment
of each spike by gradient isosurfaces.

3.5. IR spectrum

Infrared vibration spectrum could be used to analyze
the proton transfer process by the peak shift of the relevant

hydrogen band. Figure 4 displays the calculated IR spec-

tra of HPIP, 5′Br-HPIP, and 6′Br-HPIP. The range of spec-

trum in ground-state and excited-state was from 2000 cm−1
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to 4000 cm−1. As shown in Fig. 4, the vibration frequencies
of H–O group in HPIP, 5′Br-HPIP, and 6′Br-HPIP at S0 state
were 2853 cm−1, 2813 cm−1, and 2907 cm−1, respectively. In
S1 state, the vibration frequencies revealed obviously stretch-
ing vibration of N–H, and the vibration frequencies of N–H
group in HPIP, 5′Br-HPIP, and 6′Br-HPIP at S1 state were
3583 cm−1, 3552 cm−1, and 3500 cm−1, respectively. For
HPIP, 5′Br-HPIP, and 6′Br-HPIP, the original stretching vibra-
tion peak (H–O) disappeared, and the new stretching vibration
peak (N–H) was explored in the S1 state. In the results, the
new vibration peak indicated the ESIPT process occurrence in
HPIP, 5′Br-HPIP, and 6′Br-HPIP structures.
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Fig. 4. Calculated IR spectra of (a) HPIP, (b) 6′Br-HPIP, and (c) 5′Br-
HPIP in different electronic states. Blue and red lines stand for S0 state
and S1 state, respectively.

3.6. Potential energy curve and mechanism analysis

The potential energy curve (PEC) can intuitively reveal
the process of proton transfer at the S0 state and S1 state of
compounds.[49–52] The potential energy curves of HPIP, 5′Br-
HPIP, and 6′Br-HPIP in S0 and S1 states are described in

Fig. 5. In the S0 state, the potential barrier was 7.53 kcal/mol
for HPIP, 9.41 kcal/mol for 6′Br-HPIP, and 6.90 kcal/mol for
5′Br-HPIP. And the three molecules in S1 state almost had
no energy barrier. The high energy barrier in S0 state indi-
cated that the intramolecular proton transfer (IPT) process can
not occur in S0 state spontaneously, and through the photo-
excitation to S1 state, the low energy barrier proved that the
ESPIT process in S1 state more easily occurred than that in S0

state. The results indicted that the IPT process was initiative
for the three molecules in S1 state.
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Fig. 5. The potential energy curves of the S0 state and S1 state for (a)
HPIP, (b) 6′Br-HPIP, and (c) 5′Br-HPIP.

4. Conclusion
In summary, we theoretically calculated the ESIPT prop-

erties of HPIP, 5′Br-HPIP, and 6′Br-HPIP. All theoretical val-
ues were consistent with the experimental ones. The IR spec-
trum in S1 state showed a new N–H peak and the original O-
H peak disappeared, which proved the occurrence of ESIPT
process. Judging from the results of FMOs, the excited state
intramolecular charge transfer (ICT) could influence the ES-
IPT process. The potential energy curve in S1 state had no
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barrier which indicated that the PT process was spontaneous.
From the fluorescence emission spectrum, the ESIPT fluores-
cence intensity of the three molecules followed the order 5′Br-
HPIP>6′Br-HPIP> HPIP. In addition, the ESIPT fluorescence
emission peaks of 5′Br-HPIP and 6′Br-HPIP manifested a blue
shift and a red shift compared with HPIP, respectively. The dif-
ferent energy gaps of 5′Br-HPIP and 6′Br-HPIP could cause
the change of the fluorescence property. And the results of
non-covalent interactions corroborated to the results of fluo-
rescence spectrum greatly. Our research on the substituent po-
sition influence could be beneficial to design and develop new
materials.
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