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The different fluorescence behavior caused by the excited state proton transfer in 3-hydroxy-4-pyridylisoquinoline
(2a) compound has been theoretically investigated. Our calculation results illustrate that the 2a monomer in tetrahydrofuran
solvent would not occur proton transfer spontaneously, while the 2a complex in methanol (MeOH) solvent can undergo
an asynchronous excited state intramolecular proton transfer (ESIPT) process. The result was confirmed by analyzing the
related structural parameters, infrared vibration spectrum and reduced density gradient isosurfaces. Moreover, the potential
curves revealed that with the bridging of single MeOH molecular the energy barrier of ESIPT was modulated effectively. It
was distinctly reduced to 4.80 kcal/mol in 2a-MeOH complex from 25.01 kcal/mol in 2a monomer. Accordingly, the ESIPT
process induced a fluorochromic phenomenon with the assistant of proton-bridge. The elucidation of the mechanism of
solvent discoloration will contribute to the design and synthesis of fluorogenic dyes as environment-sensitive probes.

Keywords: DFT/TDDFT, fluorochromic, excited state intramolecular proton transfer, methanol bridge

PACS: 82.39.Jn, 31.15.ee, 87.15.ht

1. Introduction

Excited state intramolecular proton transfer (ESIPT), as
one of the most elementary processes, has been widespread in
biological and chemical reactions.!!=3l ESIPT is the relocation
of the proton in the excited state, generating a proton trans-
fer tautomer. [4-0] Usually, dual fluorescence can be observed,
and one is from the normal emission and another is due to
the tautomeric emission with large Stokes shift.[’-"1 Molecules
with these unique properties have been developed and ap-

[10

plied in laser dyes,['”) luminescent materials,!'!) molecular

(121 and fluorescent probes.['>!%1 The control and

15]

switches,
regulation of the ESIPT process still faces huge challenges. !
It has long been known that the ESIPT reactions were sen-
sitive to the surrounding solvent environment, which can
be regulated by the interactions between solute and solvent

molecules. 1618

Isoquinoline is a nitrogenous aromatic compound,!
which has important application value in the fields of organic

(201 Tsoquinoline derivatives are typ-

luminescence materials.
ical bifunctional molecule with both proton donor and ac-
ceptor groups.>!l It has always been one of the significant
research directions for organic synthesis workers.?”) Gomez
Pinheiro et al. synthesized a new isoquinoline derivative 3-
hydroxy-4-pyridylisoquinoline (2a) mildly, with the features
of solvatochromic and acidochromic.!?*! In their experimen-
tal studies, it can be noted that only a single emission was

observed in the tetrahydrofuran (THF) solvent, while dou-

DOI: 10.1088/1674-1056/abf131

ble emission of 2a was obviously observed in the methanol
(MeOH) solvent. The 2a system showed significantly sensitive
emission characteristics to the solvent effects. These type of
fluorosolvatochromic compounds laid a promising foundation
for the development of solvent-sensitive fluorescent probes.
However, the reason for this different fluorescent phenomenon
is still unclear.

Herein, we investigate the proton transfer process of 2a
complex in MeOH and compare it with the monomer form
in THF. According to the protonation of the solvent, 2a sys-
tem was divided into monomer form and hydrogen bonded
complex form.>*l The geometric parameters were analyzed to
characterize the nature and strength of hydrogen bonds (HBs)
in 2a monomer form and complex form. The formation and
fracture of HBs were analyzed by calculating infrared spec-
trum (IR). And the type of interaction intuitively was visually
shown by using the reduced density gradient (RGD) isosur-
face. The electron density distribution was drawn by fron-
tier molecular orbital. In addition, the potential energy curves
were scanned to reveal the feasible transfer channels. More-
over, further explanation of the transfer mechanism of the dou-
ble HBs system formed between MeOH and 2a was investi-
gated.

2. Theoretical calculation method

All the theoretical calculation was based on the Gaussian
09 program suite.>] The geometric of ground-state (So) and

*Project supported by the National Basic Research Program of China (Grant No. 2019YFA0307701), the National Natural Science Foundation of China (Grant
No. 11874180), the Young and Middle-aged Scientific and Technological Innovation Leaders and Team Projects in Jilin Province (Grant No. 20200301020RQ).
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the excited-state (S;) with B3LYP[?8291 functional and TZVP
basis sets*32] were optimized by using the density functional
theory (DFT) and time-dependent DFT (TDDFT) theory. (26,271
In order to accurately simulate the effect of MeOH on the ES-
IPT process of the 2a system, the explicit solvent model was
selected to calculate the 2a-MeOH complex, which was co-
ordinated by a MeOH molecule via two HBs.[3330] The ef-
fect of protonation of solvent on 2a system was simulated
based on the polarizable continuum model (PCM) using the
integral equation formalism variant (IEFPCM).7-381 In addi-
tion, to clarify the characteristic of intra- and inter-molecular
HBs, the non-covalent interactions (NCI) analysis was exe-

39,40

cuted by Multiwfn program.[3*49 The potential energy curves

were scanned along the stretching direction at a step of 0.1 A.

3. Results and discussion
3.1. Optimized geometric structures

The optimized geometry structures of 2a and 2a-MeOH
complex (enol and keto forms) in Sg and S; states are shown
in Fig. 1. For 2a monomer form in THF, the intramolecular
HB can form between the proton donor (—OH) and the pro-
ton acceptor (-N-) located in the aryl isoquinoline.!*!! While
in MeOH solvent, the nitrogen and hydroxyl groups on 2a
molecule coordinate with an explicit solvent molecule form-
ing a complex with the formation of two intermolecular HBs.
We have labelled the specific atoms associated with proton
transfer to facilitate the observation of structural parameters.
In addition, the geometric parameters of enol form are shown
in Table 1. For 2a-E form, uniquely, the intermolecular HB
H;---Nj, where proton transfer can occur, increased from
2.113 A t0 2.198 A, and the bond length of O1—-H; decreased
from 0.977 A to 0.973 A, upon excitation to the S; state. The
variation of parameters demonstrated that the proton on the hy-
droxyl group is less likely to break away, and it would be more
stable than Sy state. Further, the prolonged intramolecular HB
is not conducive to the ESIPT process.

In the case of 2a-MeOH-E form, the coordination inter-
molecular HBs are labeled as HB; (O,-H;---0O3) and HB,
(03-H3---Nj), which form a proton-bridge.*?! Comparing
with the Sy state, the bond length of O,—H; and O3—-Hj3 are
both increased from 0.989 A to 1.005 A and 0.979 A to
0.982 A, respectively. The H, and H3 atoms show a tendency
to move away from the donor. The intermolecular HB; and
HB, are shortened from 1.761 A to 1.665 A and 1.981 A to
1.954 A, respectively. The narrow of HB; and HB; in the
S state indicate that the interaction between 2a and MeOH is
intensified which may stimulate the ESIPT process./*3! As a
result, by comparing the distance between the hydrogen atom
and the donor in the monomer and complex, it can be known
that the proton is more likely to depart from hydroxyl in 2a-
MeOH complex, and therefore undergo ESIPT process. 4]
Furthermore, in 2a-MeOH keto form, two new intermolecu-
lar HBs emerge in the S state, labeled as HB3 (O3—H; --- O3)
and HB4 (N—Hj3 - --O3). The appearance of tautomer proves
the occurrence of ESIPT process through MeOH-bridge.

enol D — keto

H, H,

01(’, o . :’1 )\N*u»
20008~ 00

¢
2a-E 2a-K
\(b b
Os@_H ‘\;o
HB:."’ » * H?\ "Haa
H,¢ HB, HB;:  “gH,
02% Nz'* 0, /&q;}

2a-MeOH-E

Fig. 1. The optimized geometries of 2a and 2a-MeOH calculated at the
B3LYP/TZVP theoretical level.

Table 1. Bond lengths (A) and angles (°) associated with hydrogen bonding of 2a monomer and 2a-MeOH in the Sy and S; states.

2a-E 2a-MeOH-E
O;-H; Hi---Nj 8(0,—H,-Ny) O,-H, Hy---O3 O3-Hj; H3-- N, 6(0,~H,-03) 0(03—Hy--Ny)
So 0.977 2.113 84.35 0.989 1.761 0.979 1.981 164.1 140.1
Si 0.973 2.198 80.46 1.005 1.665 0.982 1.954 164.3 137.8

3.2. Infrared vibrational spectra

Monitoring the movement of O—H group stretching vibra-
tion in IR spectrum can characterize the change of the corre-
sponding HB intensity. The calculation results of the IR spec-
tra of the 2a monomer and 2a-MeOH complex in the Sy state
and the S; state are shown in Fig. 2. For the monomer, the
stretching vibration frequency of O;—H; move in the direc-
tion of greater wavenumber shows blue-shift. It is difficult for

the detachment of proton as the stretching vibration requires
more energy. Then after the formation of 2a-MeOH complex,
the O,—H group in the ground state shows a significant red
shift to 3296 cm~! from 3688 cm™! in 2a monomer. And the
red-shift further moves to 3003 cm~! when the complex is ex-
cited to the S; state. The movement of stretching vibration
frequency peaks indicates that the vibration energy required
for the O-H group is reduced, in which the proton tends to be

118202-2
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transferred away from the donor. The vibration peak corre-
sponding to the O3—H3 group in MeOH solvent has the shift
from the location of 3520 cm ™! in the Sy state to 3465 cm™~! in
the S; state. Therefore, the HB; and HB, in the excited state
have similar movement toward the smaller wavenumber. [+3] Tt
means that the bond energy is strengthened, which is consis-
tent with the conclusions drawn from the previous molecular
structure parameters. Compared with the monomer, the com-
plex exhibits proton movement reaction, and it becomes easier
after being excited to the S; state. It can be concluded that the
bridging by MeOH molecular has significant facilitate effects
on the ESIPT process in 2a system.

(a) — s,
3688 So
>
=
n
o
]
_E 3632
&
3500 3600 3700 3800
Wavenumber (cm™1)
(b) — S,
—S
3003 3296 0
>
IS
k7
5 3465
= 3520
&
3000 3200 3400 3600

Wavenumber (cm™1!)

Fig. 2. The calculated IR spectra of 2a monomer (a) and 2a-MeOH complex
(b) in the Sp and S; states.

3.3. Electronic spectra and frontier molecular orbitals

The electronic transition properties in the first two excited
states of 2a monomer and 2a complex are presented in Ta-
ble 2. The vertical excitation energy of 2a monomer and 2a
complex are in good agreement with the experimental absorp-
tion in THF (355 nm) and MeOH (354 nm),!?3! respectively.
It verifies that the function and base set used in the calculation
are appropriate. Moreover, the transitions from Sg to S; cor-
respond to the maximum oscillator strength for both monomer
and complex structures. Therefore, only the Sy — S| transition
is investigated in this paper.

Front molecular orbitals are used to describe the charge

redistribution and transfer characteristics of excited states as
depicted in the Fig. 3. The transition from the highest oc-
cupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) corresponds to a distinct 7—7* type
feature, for both monomer and complex form. The charge dis-
tribution shifts from hydroxyl to N atom in these two systems,
makes the hydroxyl more acidic and the isoquinoline becomes
more basic.[%] These acid-base changes can promote the oc-
currence of proton transfer process. It is worth noting that
there is almost no charge density on the MeOH molecule, in-
dicating that the methanol molecule is still in the ground state
while only the 2a molecule was electronically excited.*”! Fur-
thermore, by comparing the LUMO in the two systems, it
can be found that the charge distribution on hydroxyl are sig-
nificantly reduced in the 2a-MeOH complex than that in the
2a monomer. The pyridine ring is twisted, and the change
of structure leads to the different optical properties.*3! This
also proves that the addition of MeOH molecule makes the 2a
molecule more prone to proton transfer.

Q
—
9 9
9 9 9

LUMO

'd
&
2a
X X
d ]

—) <
9
2a-MeOH

Fig. 3. The HOMO and LUMO orbitals of 2a monomer and 2a-MeOH com-
plex structures.

3.4. Non-covalent interactions analysis

The non-covalent interactions (NCI) provide conditions
for identifying the interaction and understanding the corre-
sponding intensities.*’! The electron densities p(r) analysis
and the reduced density gradient (RDG) isosurfaces visualiza-
tion is one of the methods.>®! In addition, the second largest
eigenvalue of Hessian matrix of electron density A;(r) was
also demanded. The interaction exhibits attractive if A,(r) is
less than zero and displays repulsive if A, (r) exceeds zero. The
relevant functions are shown as below:

1 Vp(r
RGD(r) = 2(3752)1/3 |p(ll"))(4/)3| ) 1
Q(r) = sign (A2 (r)) p (r). )

The scatter diagrams of the RDG(r) value versus the Q(r)
value of 2a and 2a-MeOH are mapped out in Fig. 4. The
value of the function represents in different colors according
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RDG (arb. units)

Table 2. Calculated electronic excitation energies (nm) and corresponding oscillator strengths (OS) of 2a monomer and 2a-MeOH complex.

strong attraction Van der Waals interaction strong repulsion

Fig. 4. The RDG scatter diagrams and corresponding isosurfaces of 2a and 2a-MeOH for enol forms at Sp and S; states.
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to the color gradient bar below, and clearly presents the dif-
ferent NCI types. Therefore, we can not only know the oc-
currence area of weak interaction, but also can distinguish the
type of interaction intuitively. For the 2a monomer, there is
a red disk between oxygen and hydrogen atoms correspond-
ing to the positive value about 0.023 in the scattergram. After
being excited to the S state, the interaction corresponding to
the peak position of scattered points is still strong repulsion. It
clarifies why it is difficult for the monomer form to undergo a
proton transfer process. However, for 2a-MeOH complex, the
elliptic plates at the junction of 2a and MeOH show blue color
which represent strong hydrogen bond interactions. It can be
seen that the blue color is deep upon excitation to the S; state.
In addition, the dark blue and light blue pieces correspond to
HB; and HB,, respectively. The value of HB; spike shifted
from —0.041 in the Sy state to —0.052 in the S; state, and
the value of HB; spike in the shifted from —0.03 to —0.032
in the S; state compared with the Sy state. The color differ-
ence and spikes shift of the HBs describe the enhancement
of intramolecular interactions upon excited into the S; state.
And these results, once again, emphasize that the involving of
MeOH effectively promote the ESIPT process and keep highly
consistent with the above discussions.

3.5. Potential energy curves

The protic solvent effect on the ESIPT process can be re-
vealed by constructing the potential energy curve. The molec-
ular energy of Sp state and S; state in two solvents was calcu-
lated with the variation of hydrogen bond distance, as shown
in Fig. 5. The 2a monomer form has one pathway from pro-
ton donor (O-H) to proton acceptor (-N-) since aprotic sol-
vent THF can neither provide protons nor break intramolec-
ular HBs. The energy along the O—H bond in 2a shows that
the barrier was 31.41 kcal/mol in Sy state and reduced to
25.01 kcal/mol in S; state. Therefore, the proton transfer re-
action is difficult to occur for both Sg and S; states. !

As a typical solvent with both proton donor and recep-
tor, enables 2a to undergo ESIPT process assisted by MeOH
molecule. The potential transfer channels of 2a-MeOH were
considered to have three types which were depicted alongside
the energy curves.’?! The stepwise mechanism is discussed
firstly. The proton transferred from solute 2a to solvent MeOH
(type 1) or from solvent MeOH to solute 2a (type 2), each pro-
ton transfer process occurs sequentially. The other pathway
follows concerted mechanism in which proton transfer pro-
cess occurs simultaneously along HB; and HB; (type 3). For
type 1-3 pathways, the energy barriers are 11.47, 12.19, and
11.81 kcal/mol in the S state, respectively. The relatively high
energy barrier makes proton transfer process hardly occur in
the Sy state.>3] While in the S; state, the barrier was reduced
to 4.8, 6.83, and 6.42 kcal/mol, respectively. Obviously, the
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N YA °90-9.0-0-0-0-0
12;19 kcall/mol ) ) ) ° °| .
1.0 12 14 16 1.8 20 2.2
Proton transfer coordinate (A)
(@) o types o5
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Fig. 5. The potential energy curves of 2a monomer (a) and three potential
pathways of 2a-MeOH complex, (b) type 1, (c) type 2, (d) type 3, at So and
S, states.
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type 1 stepwise mechanism seems to be an easier barrier for
the proton transfer reaction. The H, atom on the isoquinoline
departs in the first step, transfers to the MeOH along the inter-
molecular HB; and then following the H3 atom moves to the
O, atom via the intermolecular HB;. As a consequence, with
the aid of a bridge composed by single MeOH molecule, the
proton transfer energy barrier was effectively reduced. And
the ESIPT process was successfully implemented through the
sequential type reaction channel.

3.6. Absorption and emission spectra

The corresponding absorption and fluorescence spectra of
2a and 2a-MeOH are shown in Fig. 6. The simulated compu-
tation of absorption peaks at 359 nm and 342 nm stay closely
aligned with the experimental data (355 nm and 354 nm), >
respectively. For 2a monomer, two emission peaks are ob-
tained by optimized structure which correspond to the 2a-E
and 2a-K states. As a matter of fact, only one emission was
detected in experiment. These are consistent with the previous
scanning result of the potential energy curves and the proton
cannot transfer according to the high energy barrier. In addi-
tion, the computation peak of the 2a monomer in the E state at
407 nm is in accord with the single emission at 401 nm. As a
result, the single fluorescence peak in THF solvent is ascribe
to the 2a-E form.

(a) —— (2a-E—Abs)
—— (2a-E*¥*—Em)
— (2a-K*—Em)

141

L.2r (355) (401)
359 407 529

1.0

0.8

0.6

Intensity (norm)

0.4

0.2

400 600 800
Wavelength (nm)

(b) —— (2a-MeOH-E—Abs)

1.4r —— (2a-MeOH-E*—Em)
— (2a-MeOH-K*—Em)

(398) (519)

342 423 516

124 (354)

1.0F

0.6

0.4r

Intensity (norm)

400 600 800
Wavelength (nm)

Fig. 6. The calculated absorption and fluorescence spectra of 2a monomer (a)
and 2a-MeOH complex (b) forms (data in brackets are experimental values).

While in the MeOH solvent, after photoexcitation, there
are two emission peaks at 423 nm and 516 nm which sep-
arately coincident with the experimental data 398 nm and
519 nm.!>3! According to the scanned potential energy curve,
as the solvent molecular involved in the reaction, the 2a-
MeOH complex possesses an ESIPT process in sequential way
after excitation. Thus, the first fluorescence meets with 2a-
MeOH-E* (enol from in S; state) and the dual fluorescence
is derived from the tautomer 2a-MeOH-K* (keto from in S;
state). In conclusion, the bridging effect of MeOH promotes
the occurrence of dual emission of 2a system.

4. Conclusion

In summary, we have theoretically investigated the fluo-
rescence changes induced by methanol bridge based on ES-
IPT reaction in 2a system. After bridging by MeOH molecule,
the OH bond stretching vibration frequency spike has a blue-
shift in 2a monomer and it turns into a red-shift in 2a com-
plex upon excitation. The charge distribution on the hydroxy
of 2a dramatically decreased, indicating that proton can be
easily deviated. And RDG analysis shows that the participa-
tion of MeOH changed interaction from strong repulsion into
strong mutual attraction. These results prove that the bridg-
ing of MeOH is completely indispensable for the ESIPT pro-
cess. Upon photo-excitation, the barrier of proton transfer is
25.01 kcal/mol for 2a monomer while it drops to 4.80 kcal/mol
for 2a-MeOH complex. The significantly decrease of the ES-
IPT barrier will contribute to the ESIPT process effectively.
Concurrently, the mechanism of ESIPT in 2a-MeOH has been
carefully clarified that the transfer began from 2a molecular
via stepwise reaction channel. As a consequence, the active in-
volvement of the MeOH bridges a viable pathway for the ES-
IPT process and results in fluorochromic phenomenon. These
unique characteristics provide valuable guidance for control-
ling ESIPT processes and designing and synthesizing similar
molecules to improve the performance of luminescent materi-
als in the future.

References

[1] Karas L J, Wu C H, Ottosson H and Wu J 12020 Chem. Sci. 11 10071
[2] Zhang Y J, Yang HY, MaH L, Bian G F, Zang Q G, SunJ W, Zhang C,
An Z F and Wong W'Y 2019 Angew. Chem. Int. Ed. Engl. 58 8773
[3]1 Sun CF, LiY, LiB, Han J H, Zhou Q, Yin H and Shi Y 2020 J. Mol.
Lig. 297 111937

[4] Chrayteh A, Ewels C and Jacquemin D 2020 Phys. Chem. Chem. Phys.
22 854

[5] Yang G, Chen K F, Wang G and Yang D P 2020 Chin. Phys. B 29
103103

[6] Stasyuk A J, Chen Y T, Chen C L, Wu P J and Chou P T 2016 Phys.
Chem. Chem. Phys. 18 24428

[7]1 Zhang X, HanJ H, Li Y, Sun C F, Su X, Shi Y and Yin H 2020 Chin.
Phys. B 29 038201

[8] LiY Z, Sun CF, Song P, Ma F C, Kungwan N and Sun M T 2018 Sci.
Rep. 8 10089

[9] LiuZ Y, HuJ W, Huang T H, Chen K Y and Chou P T 2020 Phys.
Chem. Chem. Phys. 22 22271

118202-6


http://dx.doi.org/10.1039/D0SC02294B
http://dx.doi.org/10.1002/anie.v58.26
http://dx.doi.org/10.1016/j.molliq.2019.111937
http://dx.doi.org/10.1016/j.molliq.2019.111937
http://dx.doi.org/10.1039/C9CP06261K
http://dx.doi.org/10.1039/C9CP06261K
http://dx.doi.org/10.1088/1674-1056/aba9bb
http://dx.doi.org/10.1088/1674-1056/aba9bb
http://dx.doi.org/10.1039/C6CP05236C
http://dx.doi.org/10.1039/C6CP05236C
http://dx.doi.org/10.1088/1674-1056/ab6d50
http://dx.doi.org/10.1088/1674-1056/ab6d50
http://dx.doi.org/10.1038/s41598-018-28429-3
http://dx.doi.org/10.1038/s41598-018-28429-3
http://dx.doi.org/10.1039/D0CP03408H
http://dx.doi.org/10.1039/D0CP03408H

Chin. Phys. B Vol. 30, No.

11 (2021) 118202

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]

Suzuki N, Suda K, Yokogawa D, Kitoh-Nishioka H, Irle S, Ando A,
Abegao L M G, Kamada K, Fukazawa A and Yamaguchi S 2018 Chem.
Sci. 9 2666

Zhang Z 'Y, Chen Y A, Hung W Y, Tang W F, Hsu Y H, Chen C L,
Meng F Y and Chou P T 2016 Chem. Mater. 28 8815

Mondal A, Mukhopadhyay S, Ahmmed E, Banerjee S, Zangrando E
and Chattopadhyay P 2020 J. Phys. Chem. C 124 18181

Li M D, Wong N K, Xiao J, Zhu R, Wu L, Dai S Y, Chen F, Huang G,
Xu L, Bai X, Geraskina M R, Winter A H, Chen X, Liu Y, Fang W,
Yang D and Phillips D L 2018 J. Am. Chem. Soc. 140 15957

Wu L, Sedgwick A C, Sun X, Bull S D, He X P and James T D 2019
Acc. Chem. Res. 52 2582

Dong H, Yang H, Zhao J, Liu X and Zheng Y 2021 J. Lumin. 231
117840

Yin H, Zhang Y M, Zhao H F, Yang G J, Shi Y, Zhang S X A and
Ding D J 2018 Dyes. Pigments 159 506

Zhao J F and Jin B 2021 J. Lumin. 232 117800

Wu F, Lin L, Li X P, Yu Y X and Zhang G L 2008 Chin. Phys. B 17
1461

Yuan Z, Cheng R, Chen P, Liu G and Liang S H 2016 Angew. Chem.
Int. Ed. Engl. 55 11882

Hariharan P S, Mothi E M, Moon D and Anthony S P 2016 ACS Appl.
Mater. Interfaces 8 33034

Gherasim C, Airinei A, Tigoianu R, Craciun A M, Danac R, Nico-
lescu A, Isac D L and Mangalagiu 112020 J. Mol. Lig. 310 113196
Chrzanowska M, Grajewska A and Rozwadowska M D 2016 Chem.
Rev. 116 12369

Gomez Pinheiro G E, Thmels H and Dohmen C 2019 J. Org. Chem. 84
3011

Raucci U, Chiariello M G and Rega N 2020 J. Chem. Theory. Comput.
16 7033

Frisch M J, Trucks G W, Schlegel H B, et al. 2009 Gaussian 09 (Gaus-
sian, Inc., Wallingford, 2009)

Stratmann R E, Scuseria G E and Frisch M J 1998 J. Chem. Phys. 109
8218

Sukpattanacharoen C, Salaeh R, Promarak V, Escudero D and Kung-
wan N 2019 J. Mol. Struc. 1195 280

Lee C, Yang W and Parr R G 1988 Phys. Rev. B 37 785

[29]
[30]
[31]
[32]
[33]

[34]
[35]

[36]
(37]

[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]

(471
[48]

[49]
[50]
[51]
[52]

[53]

118202-7

Zhou Q, Du C, Yang L, Zhao M, Dai Y and Song P 2017 J. Phys. Chem.
A 121 4645

Hohenberg P and Kohn W 1964 Phys. Rev. 136 B864

Schifer A, Horn H and Ahlrichs R 1992 J. Chem. Phys. 97 2571
Chaihan K and Kungwan N 2020 New J. Chem. 44 8018

Marenich A V, Cramer C J, Truhlar D G, Guido C A, Mennucci B,
Scalmani G and Frisch M J 2011 Chem. Sci. 2 2143

Zhou P W and Han K L 2018 Acc. Chem. Res. 51 1681

Han J H, Cao B F, Zhang X, Su X, Diao L H, Yin H and Shi Y 2020 J.
Mol. Lig. 306 112894

Yang D, Jia M, Zhang Q and Wang Y 2020 J. Lumin. 219 116913
Scalmani G, Frisch M J, Mennucci B, Tomasi J, Cammi R and
Barone V 2006 J. Chem. Phys. 124 094107

Marenich A V, Cramer C J and Truhlar D G 2009 J. Phys. Chem. B 113
6378

Johnson E R, Keinan S, Mori-Sanchez P, Contreras-Garcia J, Cohen A J
and Yang W 2010 J. Am. Chem. Soc. 132 6498

Lu T and Chen F 2012 J. Comput. Chem. 33 580

Du C, Zhou Q, Zhang M, Song P and Ma F 2019 J. Phys. Org. Chem.
32 ¢3901

Sinha V, Govindarajan N, de Bruin B and Meijer E J 2018 ACS Catal-
ysis 8 6908

Xu L, Zhang T J, Zhang Q L and Yang D P 2020 Chin. Phys. B 29
053102

LiH,MaL N, Yin H and Shi Y 2018 Chin. Phys. B 27 098201

Yin H and Shi Y 2018 Chin. Phys. B 27 058201

Cao B F, LiY, Zhou Q, Li B, Su X, Yin H and Shi Y 2021 J. Mol. Liq.
325115272

Sun CF, Cao BF, Yin H and Shi Y 2020 Chin. Phys. B 29 058202
Dong H, Zhao J, Yang H and Zheng Y 2019 ACS Appl. Bio Mater. 2
3622

Silvi B 1994 Phys. Rev. Lett. 73 842

Koch U and Popelier P L A 1995 J. Phys. Chem. 99 9747

Dong H, Zhao J, Yang H and Zheng Y 2018 Org. Chem. Front. 5 1241
LiH, Xin C, CaiJ X, Yuan B S, Wei Z and Jin G Y 2020 Org. Electron.
81 105678

Song Y, Liu S, Lu J, Zhang H, Zhang C and Du J 2019 Chin. Phys. B
28 093102


http://dx.doi.org/10.1039/C8SC00066B
http://dx.doi.org/10.1039/C8SC00066B
http://dx.doi.org/10.1021/acs.chemmater.6b04707
http://dx.doi.org/10.1021/acs.jpcc.0c04603
http://dx.doi.org/10.1021/jacs.8b10235
http://dx.doi.org/10.1021/acs.accounts.9b00302
http://dx.doi.org/10.1021/acs.accounts.9b00302
http://dx.doi.org/10.1016/j.jlumin.2020.117840
http://dx.doi.org/10.1016/j.jlumin.2020.117840
http://dx.doi.org/10.1016/j.dyepig.2018.07.032
http://dx.doi.org/10.1016/j.jlumin.2020.117800
http://dx.doi.org/10.1088/1674-1056/17/4/052
http://dx.doi.org/10.1088/1674-1056/17/4/052
http://dx.doi.org/10.1002/anie.201606381
http://dx.doi.org/10.1002/anie.201606381
http://dx.doi.org/10.1021/acsami.6b11939
http://dx.doi.org/10.1021/acsami.6b11939
http://dx.doi.org/10.1016/j.molliq.2020.113196
http://dx.doi.org/10.1021/acs.chemrev.6b00315
http://dx.doi.org/10.1021/acs.chemrev.6b00315
http://dx.doi.org/10.1021/acs.joc.8b03272
http://dx.doi.org/10.1021/acs.joc.8b03272
http://dx.doi.org/10.1021/acs.jctc.0c00782
http://dx.doi.org/10.1021/acs.jctc.0c00782
http://dx.doi.org/10.1063/1.477483
http://dx.doi.org/10.1063/1.477483
https://doi.org/10.1016/j.molstruc.2019.05.113
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1021/acs.jpca.7b04051
http://dx.doi.org/10.1021/acs.jpca.7b04051
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1063/1.463096
http://dx.doi.org/10.1039/D0NJ01304H
http://dx.doi.org/10.1039/c1sc00313e
http://dx.doi.org/10.1021/acs.accounts.8b00172
http://dx.doi.org/10.1016/j.molliq.2020.112894
http://dx.doi.org/10.1016/j.molliq.2020.112894
http://dx.doi.org/10.1016/j.jlumin.2019.116913
http://dx.doi.org/10.1063/1.2173258
http://dx.doi.org/10.1021/jp810292n
http://dx.doi.org/10.1021/jp810292n
http://dx.doi.org/10.1021/ja100936w
https://doi.org/10.1002/jcc.22885.
http://dx.doi.org/10.1002/poc.3901
http://dx.doi.org/10.1002/poc.3901
http://dx.doi.org/10.1021/acscatal.8b01177
http://dx.doi.org/10.1021/acscatal.8b01177
http://dx.doi.org/10.1088/1674-1056/ab8208
http://dx.doi.org/10.1088/1674-1056/ab8208
http://dx.doi.org/10.1088/1674-1056/27/9/098201
http://dx.doi.org/10.1088/1674-1056/27/5/058201
http://dx.doi.org/10.1016/j.molliq.2020.115272
http://dx.doi.org/10.1016/j.molliq.2020.115272
http://dx.doi.org/10.1088/1674-1056/ab7ea1
http://dx.doi.org/10.1021/acsabm.9b00477
http://dx.doi.org/10.1021/acsabm.9b00477
http://dx.doi.org/10.1103/PhysRevLett.73.842
http://dx.doi.org/10.1021/j100024a016
http://dx.doi.org/10.1039/C7QO01076A
http://dx.doi.org/10.1016/j.orgel.2020.105678
http://dx.doi.org/10.1016/j.orgel.2020.105678
http://dx.doi.org/10.1088/1674-1056/ab3434
http://dx.doi.org/10.1088/1674-1056/ab3434

	1. Introduction
	2. Theoretical calculation method
	3. Results and discussion
	3.1. Optimized geometric structures
	3.2. Infrared vibrational spectra
	3.3. Electronic spectra and frontier molecular orbitals
	3.4. Non-covalent interactions analysis
	3.5. Potential energy curves
	3.6. Absorption and emission spectra

	4. Conclusion
	References

