Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Ingenious modification of molecular structure
effectively regulates excited-state intramolecular
proton and charge transfer: a theoretical study
based on 3-hydroxyflavone
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Harnessing ingenious modification of molecular structure to regulate excited-state intramolecular
proton transfer (ESIPT) and intramolecular charge transfer (ICT) characteristics holds great promise in
fluorescence sensing and imaging. Based on the 3-hydroxyflavone (3HF) molecule, 2-(2-benzolb]
furanyl)-3-hydroxychromone (3HB) and 2-(6-diethylamino-benzolblfuran-2-yl)-3-hydroxychromone
(3HBN) were designed by the extension of the furan heterocycle and the introduction of
a diethylamino group. The analysis of important hydrogen bond length, frontier molecular orbitals,
infrared spectra, and potential curves have cross-validated our results. The results indicate that proper
site furan heterocycle extension and diethylamino donor group substitution not only shift the
absorption and emission spectra to the red but also effectively modulate the excited-state dynamic
behaviors. Strengthened ICT characteristics from 3HF to 3HB and to 3HBN make the occurrence of
ESIPT increasingly difficult due to the higher energy barriers, which indicates that the ESIPT and ICT
processes are competitive mechanisms. We envision that our work would open new windows for
improving molecular properties and developing more fluorescent probes and organic radiation
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improve these properties. Fortunately, Chou and his colleagues
in previous studies have demonstrated that the addition of 4'-

1. Introduction
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Flavones and related compounds of the flavonoid group are
widespread in plants' and their importance is not limited to the
survival of plants in the natural environment. They can effec-
tively protect photo-sensitive biological targets such as DNA,
proteins, polymers and phospholipids.>*” More importantly,
flavone compounds have a broad range of therapeutic applica-

dialkylamino group on the B-phenyl ring of 3HF can greatly

Table 1 Calculated absorption peak values (hm) with different func-
tional methods and experimental (Exp.) data in toluene solvent for 3HF,
3HB, and 3HBN structures

tions such as reducing agents, hydrogen-donating antioxidants, MO062X CAM-B3LYP B3LYP PBEO Exp.?
active against cancers, tumors and cardiac problems and having
low systemic toxicity.*® These extensive applications are closely ~ 3HF 313 318 354 343 343
related to their intrinsic physical characteristics. A large b 333 344 392 378 364
. phy . ou 8¢ 3uBN 392 381 478 455 446
number of studies regarding excited-state intramolecular
“ See ref. 24.

proton transfer (ESIPT) and intramolecular charge transfer
(ICT) processes have been reported in different systems."** As
a representative member of the flavones family, 3-hydroxy-
flavone (3HF) is well known for its characteristics of ESIPT and
ICT processes.”™ However, the absorption maximum in the
near UV region and narrow fluorescence emission wavelength

Table 2 Calculated the oscillator strengths () in first two excited-state
and corresponding frontier molecular orbital transitions (MOs) of 3HF,
3HB, and 3HBN structures are listed

Transition f MOs
scope for 3HF greatly restrict its applications as probes in
molecular and cellular biology and in nanoscale sensor tech- 3HF So = 51 0.54 H-L
nologies. Therefore, it is urgent to look for effective methods to So = Sz 0.00 H-4-L
3HB So = Sy 0.83 H-L
So = S, 0.03 H-1-L
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Fig. 1 Optimized geometric structures of 3HF, 3HB and 3HBN in the ground-state and excited-state.

change the electron density distribution and affects ICT
dynamic process.””** Klymchenko et al have synthesized
experimentally the structures of 2-(2-benzo[b]furanyl)-3-
hydroxychromone (3HB) and 2-(6-diethylamino-benzo[b]furan-
2-yl)-3-hydroxychromone (3HBN) based on the simple 3HF
structure.””* And they have elaborated that the introduction of
furan heterocycle on 3HF derivatives showed stronger fluores-
cence emission and longer emission position. However, the
underlying causes for the effect of changing functional groups
on ICT dynamic process, and the internal connection between
ESIPT and ICT processes of 3HF remain unclear.

In our work, we substituted 2-(2-benzo[b]furanyl) for 2-
phenyl and introduced diethylamino group to form 3HB and
3HBN structures separately based on original 3HF structure.
The attention is focused on analyzing the regulation of
absorption and emission spectra by structural changes and
exploring the relationship between ESIPT and ICT dynamic
processes of 3HF, 3HB and 3HBN molecules. Achieving
absorption and fluorescence spectra shift toward the desired
direction and understanding the dynamic relationship between
ESIPT and ICT processes are valuable for the future molecular
design and the modulation of dynamic progress.

2. Computational methods

All the calculations presented were accomplished depending on
the Gaussian 09 program suite.”® The hybrid functional PBEO
was performed in current system and it was composed of 25%
Hartree-Fock exchange and 75% PBE.””*° In fact, a number of
functionals, including B3LYP, PBEO, CAM-B3LYP, M062X were

29590 | RSC Adv., 2018, 8, 29589-29597

tested before designating functional, among which the PBEO
functional provides the most satisfactory agreement with
experimental results. The triple-{ valence quality with one set of
polarization functions (TZVP) was used as basis sets.** The
geometric configurations of the 3HF, 3HB, and 3HBN were
optimized using the density functional theory (DFT) method in
the ground-state and the time-dependent DFT (TDDFT) method
in the excited-state, respectively.’>*” The TDDFT method has
become a very useful tool to analyze the hydrogen bonding in
the excited-states of the hydrogen-bond system theoreti-
cally.®®**" In the optimized structures, vibrational frequencies
were analyzed to obtain thermodynamic corrections and to
confirm the structures were minima (no imaginary frequency).
Considering that the experiments were implemented in toluene
solvent, the solvent corrections were also taken into account in
all computations. The integral equation formalism variant of
polarizable continuum model (IEFPCM) with radii and cavity-

Table 3 Calculated important bond lengths (A) for the optimized
structure of 3HF, 3HB and 3HBN in the ground-state (Sg) and in the
excited-state (S; and S})

3HF 3HB 3HBN

Se Si S§ S S S S S 8

H,-0, 0.979 1.011 —  0.978 0.999 —  0.977 0.992 —
C,=0, 1.234 1257 — 1232 1256 —  1.235 1.259 —
H,-0; 1.946 1.734 —  1.984 1.817 —  1.985 1.841 —
C,=0, — — 1271 — — 1262 — —
H,-0, — — 0979 — — 0980 — —

H;-0, — — 1996 — — 1992 —  —

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Plots of function value 1 versus function value 2 for 3HF, 3HB and 3HBN conformations in the ground-state and excited-state, as well as
the assignments of each spike by gradient isosurfaces.

dispersion-solvent-structure terms in Truhlar and coworkers' investigate non-covalent interactions using the Multiwfn

SMD solvation model for toluene was carried out.*”** The program.*>* Chemcraft software was exploited to visualize the
reduced density gradient (RDG) function was introduced to RDG in a real place.*® Potential energy curves have been

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 29589-29597 | 29591
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performed beginning from normal to tautomer form, con-
straining the bond strength O-H and optimizing all other
coordinates at every scan point. The transition state (TS) search
was performed and verified by just only one imaginary
frequency of energy second derivatives (Hessian) matrices.*

3. Results and discussion

3.1 Electronic excitation energies and optimized geometric
structures

Based on Salaeh et al. 's theoretical research on the ESIPT
process of 3HF molecule under different polar solvents at the
B3LYP/TZVP level, solvation effect and more functionals (PBEO,
M062X, B3LYP and CAM-B3LYP) were selected to ensure the
validity of the calculation for our studied system.'® The elec-
tronic excitation energies of different functional were calculated
and corresponding results are shown in Table 1. The results
indicate that the PBEO functional keeps the most satisfactory
agreement with experimental results.”* Therefore, the PBEO
functional was adopted in our whole calculation process. The
oscillator strengths in first two excited-state and corresponding
orbital transitions of 3HF, 3HB and 3HBN at PBEO/TZVP level
are presented in Table 2. The S, — S, transitions correspond to
the maximum oscillator strength of 3HF, 3HB, and 3HBN
structures. On the contrary, the S, — S, transitions for these
three structures have small oscillator strengths. Therefore, only
the S, — S, transitions of 3HF, 3HB and 3HBN and their
molecular orbitals are considered in current system.

The optimized lowest energy geometric configurations of
3HF, 3HB and 3HBN in the ground-state (S,) and the first
excited-state (S;) are shown in Fig. 1. Some crucial bond length
parameters for these three stable structures are listed in Table 3.
For 3HF, the bond lengths of O,-H; and C;=0; are increased
from 0.979 A and 1.234 A in the S, state to 1.011 A and 1.257 A in
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Fig. 3 Plotted normalized emission spectra of 3HF, 3HB and 3HBN in
toluene solvent. Black wavelength values stand for theoretical simu-
lation results and numbers in brackets represent experimental values
(see ref. 24).
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the S; state. The intramolecular hydrogen bond (IMHB) O,-
H; -0, length is decreased from 1.946 A in the S, state to 1.734
A in the S, state. Moreover, for 3HB structure, the bond lengths
of 0,-H;, C;=0, and O,-H; -0, change from 0.978 A, 1.232 A
and 1.984 A to 0.999 A, 1.256 A and 1.817 A, respectively. For
3HBN, the bond lengths of O,-H;, C;=0,; and O,-H;---O, from
0.977 A, 1.235 A and 1.985 A change to 0.992 A, 1.259 A and
1.841 A. Based on the above analysis of bond length, the IMHB
was significantly strengthened in the S; state compared with
that in the S, state for these three stable structures. Further-
more, it should be noted that the intramolecular hydrogen
bond lengths for these three structures in the S; state were
increased from 1.734 A for 3HF, 1.817 A for 3HB and to 1.841 A
for 3HBN. This phenomenon indicates that the modifications of
molecular structure decrease the strength of excited-state
IMHBs.

3.2 Non-covalent interactions analysis

An approach developed by Yang et al. to visualize non-covalent
interactions in real space could be adopted to investigate
hydrogen bond properties.*>*® Different interaction types and
corresponding intensities can be clearly displayed by electron
density (p(r)) and their reduced density gradient (RDG) iso-
surfaces analysis. Herein, the eqn (1) of RDG function can be
expressed as

L [Ve(r)l

KO S g

(1)

Furthermore, based on Bader's Atoms in Molecules theory,*
the second largest eigenvalue A, of Hessian matrix of electron
density and p(r) can be contacted in the eqn (2)

Q(r) = sign(22(r)p(r) (2)

Herein the eigenvalue 4, > 0 and A, < 0 stand for bonding and
anti-bonding interactions, respectively. The sign(2,(r))p(r) is
large and negative value stands for attractive interaction like
hydrogen bond interaction. In contrast, sign(2,(r))p(r) is large
and positive value means the anti-bonding interaction like
steric repulsion interaction. The sign(,(7))p(r), nearly zero
value, means van der Waals interaction. Herein, scatter

3HF 3HB 3HBN

| LUMO

HOMO

<

Fig.4 Frontier molecular orbitals (HOMO and LUMO) of 3HF, 3HB and
3HBN structures.
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diagrams in 3HF, 3HB, and 3HBN of the Q(r) value (function
value 1) versus the RDG(r) value (function value 2) are plotted in
Fig. 2. The contour value is set as 0.5. For 3HF, the spike peaks
almost located at —0.03 in S, state and —0.05 in S, state are
observed and they have been confirmed to be the hydrogen
bond interactions. Furthermore, the spike peak occurs left shift
in the S; state compared with the S, state proved intramolecular
hydrogen bond interactions are strengthened. For 3HB and
3HBN structures, the hydrogen bond interaction type and S;
state strengthen trend were further proved. By comparison, the
strength of hydrogen bond interactions in the S, state is similar
since the spike peaks are close to —0.03 for these three struc-
tures. Compared with the spike peak of 3HF (—0.05) in the S,
state, the spike peaks of 3HB and 3HBN located in —0.04 and
—0.037, respectively. The spike peaks occur right-shift indicates
the hydrogen bond interaction of 3HF was stronger than 3HB
and 3HBN structures. The results of non-covalent interactions
greatly corroborate to the above-mentioned hydrogen-bonding
length analysis results.

3.3 Absorption and emission spectra analysis

Klymchenko et al. have measured the absorption and the
emission spectra of 3HF, 3HB and 3HBN using Cary 3 Bio
Spectrophotometer and Quanta Master spectrofluorometer,
respectively.” The calculated absorption peaks of three target
molecules at PBEO/TZVP level occur remarkable red-shift from
3HF (343 nm) to 3HB (378 nm) and to 3HBN (455 nm), achieving
a leap from ultraviolet (UV) to visible (VIS) band (see Table 1).
Such a significant red-shift can be explained by the orbital
transition energy gaps. The calculated results show that the
energy level of highest occupied molecular orbital (HOMO) is

-0.05¢-2
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elevated from 2.19 eV (3HF) to 2.34 eV (3HB) due to the exten-
sion of furan heterocycle. The lowest unoccupied molecular
orbital (LUMO) energy level is pulled down from 6.41 eV (3HF)
to 5.36 eV (3HBN) for the introduction of electron-withdrawing
group (dialkylamino). Therefore, a conclusion can be drawn
that the rise of HOMO orbital energy level and the decrease of
LUMO orbital energy level effectively reduce the energy level gap
between them and induce the red shift of the spectra.

For exploring the effects of chromophore length and electron-
donor ability on the positions of emission spectra, simulated
normalized emission spectra of 3HF, 3HB and 3HBN structures
in toluene solvent are shown in Fig. 3. Upon photoexcitation to
the S;, only the 528 nm Keto* fluorescence emission peak is
observed for 3HF in toluene solvent, which can reasonably be
explained through a fast proton transfer channel between normal
and tautomer forms.*® For excited-state 3HB and 3HBN struc-
tures, two fluorescence emission peaks are observed simulta-
neously. The Enol* form fluorescence peak is 428 nm for 3HB
and 500 nm for 3HBN, which is in accordance with experimental
results (414 nm for 3HB and 508 nm for 3HBN). Besides, the
Keto* form fluorescence is 567 nm (3HB), and 623 nm (3HBN),
which is also in agreement with the experiment peak values
547 nm and 613 nm, respectively. Therefore, as the molecular
structure changes from 3HF to 3HB and to 3HBN, the emission
spectra were greatly shifted to the red region.

3.4 Frontier molecular orbitals analysis

It is known to all that charge transfer deriving from photoexci-
tation could reasonably describe the nature of electronically
excited-state dynamic behavior.**** In order to have a clear-cut
description of charge distribution and charge transfer, the
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Fig. 5 The molecular electrostatic potentials of 3HF, 3HB, and 3HBN in the ground-state and excited-state.
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HOMO and LUMO of frontier molecular orbitals (FMOs) of 3HF,
3HB, and 3HBN structures are displayed in Fig. 4. The 7 char-
acter of HOMO and the m* character of LUMO can be seen
clearly, which indicates S, — S; transition is belong to
predominantly wm* type transition. For 3HF, 3HB, and 3HBN
structures, the charge transfer of significant sites involved in
intramolecular hydrogen bond is analyzed. As seen in Fig. 4,
conspicuous charge transfer phenomenon both in the HOMO
and in the LUMO is observed from 3HF changes to 3HB and
3HBN whereas the charge transfer direction of two orbitals is
opposite. Specifically, when the molecular structure changes
from 3HF to 3HBN along with the charge in the HOMO is
transferred from phenyl ring on the left to diethylamino site
located on the right. It is interesting that the exact opposite
transition happens in the LUMO. After molecular orbitals from
HOMO transition to LUMO, the electron densities of hydroxyl
moiety decrease and that of the acceptor O atom increase for
these three structures. As a consequence, obvious intramolecular
charge transfer leads to the H atom of hydroxyl moiety more
acidic and the O atom of carboxyl group more basic. Therefore,
the qualitative variation of the basicity/acidity is a strong proof
for the occurrence of ICT process of target molecules.

3.5 Electrostatic potential analysis

A close inspection of the charge distribution over the atoms
involved in intramolecular hydrogen-bond directly provides
a window towards examining the ESIPT process. The electrostatic
potential (ESP) pictures in the ground-state and excited-state of
3HF, 3HB, and 3HBN are drawn in Fig. 5. The color changes from
red, green to blue delegate the increasing of ESP, which is closely
connected with the changes of electron density. The red and blue
regions stand for negative ESP and positive ESP, respectively. For
3HF, the negative charge distribution on O atom of O-H moiety
decreases from 0.251 in the S, state to 0.238 in the S; state,
whereas the O atom of C=0O moiety increases from 0.381 to
0.392. Furthermore, similar charge change trend also was found
both in 3HB and 3HBN structures. To be more specific, for 3HB
and 3HBN structures, the charge density of donor O in the O-H
moiety was decreased from 0.217, 0.223 in the S, state to 0.209,
0.220 in the S; state, respectively. Meanwhile, the charge density
of acceptor O in C=0 moiety was increased from 0.370, 0.379 in
the S, state to 0.386, 0.394 in the S; state, respectively. Therefore,
the conclusion can be drawn based on above ESP analysis that
the capabilities of electron-withdrawing group (C=O0) and
electron-donating group (O-H) were strengthened in the S, state
compared with those in the S, state for these three structures.
Such strengthen effectively shortens excited-state intramolecular
hydrogen bond distance and leads to the proton transfer
processes are easier to proceed in the S; state than S, state.

3.6 Infrared spectra analysis

Infrared (IR) spectrum is an effective tool to analysis intra- and
inter-molecular hydrogen bond strengthening or weakening
through an electronic spectral red-shift or blue-shift.>** As
shown in Fig. 6, the IR spectra of different electronic states of
3HF, 3HB, and 3HBN structures are depicted. Obviously, two

29594 | RSC Aadv., 2018, 8, 29589-29597
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stretching vibrational peaks connected to intramolecular
hydrogen bond were interested for 3HF, 3HB, 3HBN structures.
For 3HF, C;=0; and H,-O, stretching vibrational peaks change
from S, state 1709 cm ™~ to S, state 1663 cm™* and from S, state
3567 cm™ ' to S; state 3057 cm ! respectively. Meanwhile, the
similar red-shift trend also was found in 3HB and 3HBN
structures. Compared with the S, state, the 51 cm ™" red-shift for
C;=0; and 351 cm ' dramatic red-shift for H,-O, were found
in the S, state for 3HB. Similarly, the 44 cm ™" red-shift for C;=
0, and 254 ecm™* red-shift for H;-O, were found for 3HBN. So
conspicuous red-shift as a result of photoexcitation indicates
that the intramolecular hydrogen bond in the excited-state was
strengthened for these three structures, which further demon-
strated above discussion regarding bond length and non-
covalent interactions. After excited-state intramolecular proton
transfer process, the tautomer species were formed, the new
intramolecular hydrogen bonds replace original intramolecular
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Fig. 6 Calculated IR spectra of the 3HF, 3HB, and 3HBN in different

electronic states. Black line, red line and blue line stands for Enol, Enol*
and Keto* form of IR spectra, respectively.
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hydrogen bonds. The new stretching vibrational peaks C,=O0,,
0,-H, for 3HF, 3HB and 3HBN are explored. Therefore, it is
reasonable to say that the analysis of IR spectra indirectly
depicts the occurrence of ESIPT process of 3HF, 3HB and 3HBN
structures. The detailed ESIPT process is analyzed in the
following Potential energy curve section.

3.7 Potential energy curves and mechanism analysis

To gain more insight into the intramolecular proton transfer
mechanism, the potential energy curves for 3HF, 3HB, and
3HBN structures in the S, and S, states are constructed and
shown in Fig. 7. In the S, state, the potential barrier is
12.38 kcal mol™* for 3HF, 13.62 kcal mol™! for 3HB, and
13.49 kecal mol " for 3HBN respectively. Obviously, it is difficult

1.34 kcal/mol
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Fig. 7 The potential energy curves of the ground-state and excited-
state for 3HF, 3HB, and 3HBN structures.
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to proceed intramolecular proton transfer spontaneously in the
ground-state due to the higher energy barriers. After vertical
excitation to S, state, the potential barrier is 1.34 kcal mol " for
3HF, 2.75 keal mol ™" for 3HB, and 4.98 kcal mol™* for 3HBN
respectively. Lower excited-state barriers demonstrate that
trigger ESIPT process for 3HF, 3HB and 3HBN is relatively easy.
Furthermore, for the reverse ESIPT process, the potential
barriers decrease from 10.56 kcal mol " to 8.76 kcal mol " and
to 4.72 kecal mol~ " with the structure changes from 3HF, 3HB
and to 3HBN, which indicates that 3HBN structure easier to
occur reverse ESIPT process compared with 3HF and 3HB
structures. Meanwhile, a phenomenon should be noticed that
the potential energy barriers of forward ESIPT get higher along
with the strengthened ICT from 3HF to 3HB and to 3HBN.
Therefore, ESIPT and ICT processes are competitive mechanism
in current research system.

4. Conclusion

In summary, we theoretically investigated the characteristics of
intramolecular hydrogen bonds and dynamic behaviors of
excited-state intramolecular proton transfer and intramolecular
charge transfer for 3HF, 3HB, and 3HBN structures. The
calculation results demonstrated that proper site furan
heterocycle extension and diethylamino donor group substitu-
tion based on 3HF structure effectively modulated the absorp-
tion peak values from UV to visible band. Moreover, the
fluorescence emission wavelength of 3HB and 3HNB structures
exhibited strong red shift compared with the original 3HF
structure. More importantly, as the structure changes from 3HF
to 3HB and to 3HBN, intramolecular charge transfer charac-
teristics got increased accompanied with higher energy barriers
of excited-state intramolecular proton transfer. This observa-
tion leads to a conclusion that excited-state intramolecular
proton transfer and intramolecular charge transfer processes
are competitive mechanism. Therefore, reasonable structure
design achieved the control of excited-state dynamic behaviors
in the current system. We envision that our work would provide
paradigmatic guidance for designing and developing new
fluorescent sensors and organic radiation scintillators.
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