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Abstract The 1,8-Dihydroxydibenzo[a,c]phenazine (DHBP)
is chosen to investigate the relationship among the extension
of m-conjugation framework, excited-state proton transfer
and the Stokes shift. The IR spectra, bond and angle analy-
ses show that the two intramolecular hydrogen bonds in
DHBP molecule are both significantly strengthened in S,
state. The proton donor methanol molecule can inhibits the
hydrogen bond strengthening in S, state. The increment of
m-conjugation framework effectively decreases the Stokes
shift and promotes the proton transfer. The potential energy
surfaces of DHBP indicate that the reverse double-proton
transfer can spontaneously happen in S, state, and the double
proton can easily transfer for its relative low potential energy
barrier in S| state.

Keywords ESDPT - IR and electronic spectra - Potential
energy surface - The Stokes shift - NBO charges

1 Introduction

Excited-state proton transfer (ESPT) refers to proton(s)
migration induced by photo-excitation combined with dras-
tic structural change and electron redistribution, which will
provide unique fluorescence emission and large Stokes shift.
These characters make the ESPT molecule been widely used
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in many physical and biological systems, such as fluores-
cence sensors [1], laser dyes [2], UV filters [3], molecular
switches [4] and LEDs [5]. Recent developments in chem-
istry and physics have heightened the need for clear and
comprehensive explanation of excited-state proton transfer
mechanism [6-8] and the influence factors on Stokes shift
[9, 10]. A vast number of attempts have been made since
the excited-state proton transfer (ESPT) phenomenon was
first observed in the characteristic experiment with methyl
salicylate by Weller and co-workers [11]. Taylor et al. [12]
found that the 7-azaindole dimer has different tautomer in
ground and first excited states, which is the first recorded
example of concerted biprotonic transfer. Martinez et al. [13]
proposed that the strong bathochromic fluorescence shift of
10-hydroxybenzo-[h]quinoline (HBQ) can be explained by
ESIPT process. Lischka et al. [14] concluded a sequential
proton transfer mechanism after carefully investigating the
double-proton transfer reaction in [2,20-bipyridyl]-3,-30-
diol. Then, the potential energy surface was used to investi-
gate the double-proton transfer process of 7-azaindole dimer
system by Ando et al. [15] It was not until the end of the 20th
century that people began to realize the fundamental role
of weak interaction in proton transfer process [16, 17]. The
hydrogen bond, as one of the most important weak interac-
tions, has attracted great attention [18-21] owing to its direc-
tional character in many photo-physical and photo-chemical
reactions, especially in the excited-state intra- and inter-
molecular proton transfer process. In an investigation into
excited-state hydrogen bond, Han et al. [22, 23] found the
intermolecular hydrogen bond strengthening phenomenon
after photo-excitation. Recently, the DFT and TDDFT meth-
ods were used by Zhao et al. [24] to optimize the phenol-
borane-trimethylamine complex in ground and electronically
excited states, and they found that the excited-state hydrogen
bond strengthening can facilitate the proton transfer process
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effectively. Through analyzing the potential energy sur-
face of 3-hydroxyisoquinoline (3HIQ), which is calculated
in the same methods, a new double-proton transfer mecha-
nism was clearly proposed by Zhao et al. [25]. Although
extensive researches have been carried out on proton trans-
fer process, few investigators have been able to draw on any
systematic research into excited-state proton transfer mecha-
nism and the influence factors on Stokes shift. Recently, the
1,8-Dihydroxydibenzo[a,c]phenazine (DHBP) that contains
two intramolecular hydrogen bonds was demonstrated exper-
imentally by Piechowska et al. [26]. In their seminal study,
compared with the corresponding 10-hydroxybenzo[h]qui-
noline, the emission spectrum of the m-expanded phena-
zine analogues was weaker but displayed a characteristic
bathochromic shift into NIR region. In the present work, the
excited-state intramolecular proton transfer mechanism and
the influence factors on Stokes shift were mainly proposed.
Due to the sufficient accuracy of DFT and TDDFT methods
proved in the previous studies [22-25], the DHBP molecule
and its derivatives were optimized throughout this work with
DFT and TDDFT methods. The configurations 1 and 2 (as
shown in Fig. 1) are setting for comparison to investigate the
influence of m-conjugation framework. The DHBP-O mol-
ecule was adjusted with hydroxyl groups rotated to avoid the
formation of intramolecular hydrogen bonds. The IR spectral
shifts were monitored to predict the changes of intramolecu-
lar hydrogen bonds. The electronic spectra, frontier molecu-
lar orbitals, NBO charges [27-30] and potential energy sur-
faces also been presented.

2 Computational details

In this work, all the electronic structure optimizations
were performed using the Gaussian 09 program [31]
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package at the popular Becke’s three-parameter hybrid
exchange functional with Lee—Yang—Parr gradient-cor-
rected correlation (B3LYP) [32-35] in ground state and
long-rang corrected B3LYP (CAM)-B3LYP [36-38] in
excited-states with the standard 6-314++G(d,p) level.
Several functionals have been tested in this work, among
them, the B3LYP and CAM-B3LYP can provide relative
accurate results within a shorter machine hour. Some
previous investigations on ESPT [19-21, 23-25] also
confirm the sufficient flexibility of B3LYP and (CAM)-
B3LYP functionals with 6-314++G(d,p) level. In order
to be consistent with the previous experiment, toluene
was chosen as the solvent based on the integral equation
formalism variant of the polarizable continuum model
(IEFPCM) [39-41]. The ground state configurations
were fully optimized without any constraint of bonds,
angles and dihedral angles. The vertical excitation ener-
gies were calculated by TDDFT method with IEFPCM
based on ground state optimized structures. The theoreti-
cal calculation provided six low-lying absorbing transi-
tions and the S, state geometries were optimized without
constraint on the strength of the ground state equilib-
rium geometries. All the local minima geometries were
confirmed without any imaginary modes in the vibra-
tional analysis and calculation. Meanwhile, the potential
energy surfaces were scanned in both S, and §, states
with a series of fixed O,;—H,, and O,5—H,4 bond lengths
in constrained optimizations and frequency analyses.
Harmonic vibrational frequencies in S, and S, states
were determined by diagonalization of the Hessian. The
excited-state Hessian was obtained by numerical differ-
entiation of the analytical gradients using central differ-
ences and default displacements of 0.02 Bohr [42]. The
infrared intensities were determined by the gradients of
the dipole moment [43].
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3 Results and discussion

3.1 The optimized geometric structures and infrared
spectra

In the present work, the intramolecular hydrogen bonds
were numerically labeled with I, II and III for bet-
ter description. From Table 1, it is easy to note that the
(O-H); and (O-H); both lengthen from 0.968 A (Sp) in
DHBP-O to 0.997 A (Sy) in DHBP, indicating that the dou-
ble intramolecular hydrogen bonds have been formed in
DHBP molecule in ground state. After photo-excitation,
in DHBP molecule, the hydroxyl groups both lengthen
to 1.042 A and the bond angles 8o-n..ny1, n change from
148.0° (Sy) to 151.4° (S)). The intramolecular hydrogen
bonds I and II also clearly shorten to 1.545 A 1), which
could be conceivably concluded that the intramolecular
hydrogen bonds I and II in DHBP are both strengthened
after photo-excitation. For DHBP-S molecule, the bond
length (O---H); changes from 1.575 A (Sp) to 1.669 A )
and the bond angle 8.y _ny changes from 145.1° (S) to
141.7° (S,), indicating that the intramolecular hydrogen
bond I is weakened in §; state. The bond length of (H. N)j
changes from 1.708 A (S,) to 1.671 A (S,) and the 80-H.-N)
1 changes from 148.1° (S, to 150.2° (S,), implying that
the intramolecular hydrogen bond II is strengthened after
photo-excitation. The energy of the double intramolecular
hydrogen bonds in DHBP molecule is 26.89 kcal/mol in
ground state and 36.81 kcal/mol in first excited state, which
further confirm the hydrogen bond strengthening phenom-
enon in §,; state. Moreover, one methanol molecule was
added to investigate the influence proton donor molecule.
The intermolecular hydrogen bond III, which is formed
between DHBP and methanol molecule, slightly weaken

from 1.912 A (S,) to 1.902 A (S,). The intramolecular
hydrogen bond I changes from 1.663 A (S) to 1.479 A (S))
and that in position II has a slighter change from 1.633 A
(Sy) to 1.518 A (S8)). The clear comparison indicates that
the addition of methanol may inhibit the hydrogen bond
strengthening after photo-excitation. In order to set a quite
spectacular contrast, the configuration 1 and 2, which con-
tain different number of benzene ring, were cut out from
DHBP molecule. As is shown, the intramolecular hydro-
gen bonds are 1.725 A (C1) and 1.709 A (C2) in ground
state. Compared with that in DHBP molecule (1.668 A),
the intramolecular hydrogen bond has visibly strength-
ened with the increment of m-conjugation framework. Due
to the vibrational modes of functional groups involved in
the hydrogen bonds are closely related to the hydrogen
bond strengthening and weakening, the calculated O-H
stretching vibration spectra of configuration 1, 2, DHBP
and DHBP+MeOH in S, and S, states are presented in the
Supporting Information. The vibrational peaks of hydroxyl
groups in DHBP molecule are both located at 3126 cm™!
(Sp) and 2414 cm™! (S 1)- The large redshift suggests that
the intramolecular hydrogen bonds are both strengthened
after photo-excitation. Moreover, that in configuration 1
and 2 are located on 3233 cm™! (S;) and 3177 cm™! (S,),
respectively. It is clearly seen that the vibrational spectra
redshift with the increment of w-conjugation framework,
which further confirm the conclusion we got above. The
participation of methanol molecule makes the spectra have
different changes in the same molecule, which redshift
from 3093 cm™! (S,) to 2056 cm™! (S,) in position I and
much weaker redshift from 2960 cm™! (Sp) to 2252 cm™!
(S)) in position II. The notable comparison indicates that
the methanol molecule can inhibits the hydrogen bond
strengthening in S, state.x

Table 1 Calculated bond

lengths (A) and angles (°) in (O-H),  (N--H); (O-H)y (N---H)y S0+ So-rNm (N---H)y
ground and first excited state, DHBP
respectively Sy 0.999 1.668 0.999 1.668 148.06 148.02
s, 1.042 1.545 1.042 1.548 151.56 151.41
DHBP-S
S, 1575 1.061 0.996 1.708 145.1 148.1
S, 1.669 1.053 1.013 1.671 141.7 150.2
DHBP-D
S, 1538 1.073 1.538 1.073 144.5 144.5
S, 1.674 1.046 1.674 1.046 140.9 140.9
DHBP-D
S, 0.968 0.968
DHBP+MeOH
S, 1.001 1.663 1.008 1.633 148.19 148.67 1.912
S, 1.067 1.489 1.049 1.518 152.44 151.90 1.902
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Fig. 2 Frontier molecular
orbitals (HOMO and LUMO)
of DHBP and DHBP+MeOH;
the NBO charges (excited state
shown in the bracket)
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3.2 Frontier molecular orbitals and electronic spectra

The first excited state of DHBP, DHBP-S, DHBP-D,
DHBP-+MeOH, configuration 1 and 2 are fully optimized
by TDDFT/CAM-B3LYP/6-31++G(d,p) based on the
ground state optimized geometric conformations. The fron-
tier molecular orbitals (FMOs) [44, 45] can provide essen-
tial information of the molecule properties in excited states
and the nature of excited-state configuration can be further
investigated by charge transfer analysis. According to our
calculation, the S, — S, transition for DHBP molecule is
calculated to be 436 nm with the large oscillator strength
of 0.3909, while the S, — S, transition is calculated to
be 379 nm with the oscillator strength of 0.0001. As for
DHBP+MeOH, the photo-excitation is also mainly from
S, state to S, state. Therefore, only the HOMO and LUMO
orbitals combined with the NBO charges are presented in
Fig. 2. The relative data of configuration 1 and 2 were pre-
sent in the Supporting Information.

The DHBP molecule clearly shows 1 character for the
highest occupied molecular orbital (HOMO) and n* char-
acter for the lowest unoccupied molecular orbital (LUMO),
with a predominant wm*-type transition from HOMO to
LUMO. Much of the current literatures on hydrogen bond
indicate that the electron located on the hydrogen bond
group, such as O-H group and N atom, can directly influ-
ence the intramolecular hydrogen bonds. In DHBP mole-
cule, the electron is mainly located on hydroxyl groups in
ground state and on N atoms in first excited state. It can
be reasonably deduced that the charge transfer is primarily
from electron donor O—H group to the N atoms along the
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intramolecular hydrogen bond upon photo-excitation. As a
result, the intramolecular hydrogen bonds (O-H---N); and
(O-H---N),; are both strengthened, which may further trig-
ger the proton transfer. The participation of methanol mol-
ecule also slightly decreases the electronic density on the
hydroxyl group in position II, which means it will inhibit
the charge transfer from hydroxyl group to nitrogen atom
which caused by photo-excitation. As for configuration 1
and 2, the extension of m-conjugation framework has no
visible influence on the characteristic functional group. In
addition, the natural bond orbital (NBO) charges can be
presented for detailed investigation on the charge redistri-
bution. In configuration 1, the negative charge distributed
on the O atom of hydroxyl group decrease from —0.558
(Sp) to —0.525 (S)) together with that increment on the N
atom from —0.280 (S,) to —0.311 (S,). The charge on the
O atom decrease from —0.519 (S,) to —0.450 (S,) and that
on the N atom increase from —0.342 (S;) to —0.399 (S)) in
configuration 2. In BDHP molecule, a similar variation ten-
dency also be found, which both decrease from —0.531 (S;)
to —0.508 (S;) on the O atoms and increase from —0.335
(Sy) to —0.407 (S;) on the N atoms. It can be noted that the
electron density on N atoms enhanced with the increment
of m-conjugation framework in S, state. And the increment
of electron density on nitrogen atom can enhance the intra-
molecular hydrogen bond and promote the proton transfer.
As for the DHBP+MeOH, the participation of methanol
molecule makes some different influence. In position I, the
charge on the O atom decrease from —0.554 (S;)) to —0.511
(S)) and that on the N atom increase from —0.326 (S to
—0.413 (§)). In position II, the charge on the O atom have
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Table 2 Stokes shift, electronic
absorption and emission energy

(nm) calculated by TDDFT/
CAM-B3LYP/6-314++G(d,p)

slight abnormal increase from —0.618 (S,) to —0.621 (S))
and that on the N atom also increase from —0.2740 (S,) to
—0.356 (S)). It can be deduced that the proton donor meth-
anol molecule can inhibits the excited-state hydrogen bond
strengthening in S state.

The Stokes shift, electronic absorption and emission
energy were present in Table 2 and the corresponding
electronic spectra were present in the Supporting Informa-

l-enol  1-keto 2-enol 2-keto DHBP DHBP-S DHBP-D DHBP + MeOH
Absorption 396 443 436 426
Emission 452 635 517 647 486 522 602 488
Stokes Shift 56 239 74 204 50 86 166 62
16
15
oﬁ
's 14
o
kS
g 13
o
i)
8 12

tion. The calculated absorption peak of DHBP is located at
436 nm, which is in good consistent with the experiment
data at 429 nm [26]. The calculated normal fluorescence
peak is located at 486 nm. The good agreement between the
calculated data and experimental results indicates that the
calculation method is reliable enough to describe this sys-
tem. The participation of methanol molecule significantly
increases the fluorescence intensity, but barely change the
absorption and emission peak position. The fluorescence
peaks of DHBP-S and DHBP-D molecule are located at
522 and 602 nm, respectively. In configuration 1, the pro-
ton migration creates a large Stokes shift about 239 nm,
while that in configuration 2 is decreased to 204 nm. It
also can be note that in DHBP molecule, and the single
proton transfer only produces a Stokes shift of 86 nm and
the double-proton migration make it change to 166 nm.
The reasonable prediction can be got that the extension of
m-conjugation framework can decrease the Stokes shift cre-
ated by the proton migration.

3.3 Potential energy surfaces

In order to clearly reveal the excited-state intramolecular
proton transfer mechanism, the geometrical structures at
both ground and first excited states were optimized with
a series of fixed O—H bond lengths. The potential energy
surfaces for DHBP molecule are scanned with varying
the (O-H); and (O-H);; bond lengths from 0.99 to 1.69 A
in steps of 0.1 A in S, state (Fig. 3) and 1.04-1.74 A in
steps of 0.1 A in S, state (Fig. 4). Various methods have
been introduced to measure the proton transfer process,
among them, the TD-DFT/CAM-B3LYP method is reli-
able enough to describe the excited-state proton trans-
fer process. The zero-point energy is chosen under the
minimum energy of S, and S, state PESs, respectively. In
order to demonstrate the potential energy surface more
clear, the energies of the four minimum points are listed
in Table 3.

N\

11
1.0
1

14 15 16
Distance of O,.-O,,

Fig. 3 Isocontour potential energy surface (2D) in ground state for
DHBP molecule with fixed O-H distance (Kcal/mol)
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5.500
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11 12 13 1.4 1.5 16 1.7

Distance of O, -O,,

Fig. 4 Isocontour potential energy surface (2D) in first excited state
for DHBP molecule with fixed O-H distance (Kcal/mol)

As is shown in Fig. 3, the DHBP (marked as A), DHBP-
S (marked as B, C) and DHBP-D (marked as D) are located
at the four minima coordinate points. And the relative
coordinate points are A (0.99, 0.99 A), B (1.57, 0.99 A),
C (0.99, 1.57 A) and D (1.61, 1.61 A). The relationship
of the four minima potential energies can be described as
Ep > E- = Eg > E,. The potential energy barriers in both
ground and excited states are also presented in Table 4. The
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Table 3 Relative potential
energy (Kcal/mol) of the stable

configurations in ground and So

first excited states

DHBP DHBP-$ DHBP-D
So s, So S,
Energy 0 68.78 7.34 64.88 14.43 65.39

Table 4 Potential energy barriers (kcal/mol) among these stable con-
figurations on S, and S, state PESs

So S

D— A 0.27 A—BorC 0.45
D—-BorC 0.18 BorC—D 3.07
BorC— A 0.13 A—D 2.46

70

7 ’ - \m
| barrierless

50

Energy (kcal/mol)

40_- —=—13
)} —o—18,
30 Abs. Flu.||——2s,
1 S |—¥—285,
20 -

barrierless

T T T T T T T T T
1.0 1.2 1.4 16 1.8

Distance of O-H (A )

Fig. 5 Potential energy curves of configuration 1 and 2 in both S,

and S, states
Lowe:
Excited

st
State

Fig. 6 Excitation and relaxa-
tion process

Energy(kcal/mol)

proton transfer form point A to point D is an endothermic
process with a relative high-energy increase, which means
that the proton can not spontaneously transfer from A to
D in ground state. The reverse proton transfer potential
energy barriers among these points are also calculated and
presented: 0.27 kcal/mol separates point D from point A,
0.18 kcal/mol from point D to point B (or C) and 0.13 kcal/
mol from point B (or C) to point A. Hence, it could con-
ceivably be concluded that the double reverse proton trans-
fer can spontaneously happened stepwise or concertedly in
ground state due to its exothermic process and relative low
potential energy barrier.

In first excited-state PES, the coordinates of the four
minima points are A (1.04, 1.04 A), B (1.67, 1.01 A), C
(1.01, 1.67) and D (1.67, 1.67 A) with the energy rela-
tionship E, > Ep > Eg = E(. The potential energy barrier
between point A and point D is 2.46 kcal/mol, while that is
0.45 kcal/mol from point A to point B (or C) and 3.07 kcal/
mol from point B (or C) to point D. Moreover, the double-
proton transfer process from point A to point D is an exo-
thermic process. Due to the relative low potential energy
barrier from point A to point D, the double proton most
likely transfer concertedly in S, state. In order to investi-
gate the influence of m-conjugation framework on proton
transfer process, the potential energy curves of configura-
tion 1 and 2 in both S, and S states are scanned with the
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O-H bond length fixed at a series of values. It can be found
that with the increment of m-conjugation framework, the
energy rise is much lower in configuration 2 in S state (see
Fig. 5).

If we take the molecular system as a whole, the excita-
tion and relaxation process can then be summarized and
shown in Fig. 6. The ground state DHBP molecule can
be photo-excited to the lowest excited state, with low bar-
rier and concertedly (or stepwise) double-proton transfer
to form DHBP-D molecule. After the DHBP-D molecule
relaxed to the ground state, the reverse double proton can
transferred stepwise or concertedly to form DHBP mol-
ecule. Taken together, these results provide important
insights into the relationship between hydrogen bond and
proton transfer, which is the hydrogen bond strengthen-
ing after photo-excitation can promote the proton transfer
effectively.

4 Conclusion

In the present work, the configuration 1,2,1,8-Dihydroxy-
dibenzo [a,c]phenazine (DHBP) and its isomers are fully
optimized by DFT method in ground state and TD-DFT
method in first excited state in toluene with IEFPCM. The
bond and angle analyses indicate the intramolecular hydro-
gen bond strengthening phenomenon after photo-exci-
tation. It also found that the increment of m-conjugation
framework can visibly enhance the intramolecular hydro-
gen bond. The IR spectra analysis of hydroxyl group can
further prove the conclusion we got. Moreover, the fron-
tier molecular orbitals and NBO charges are presented and
discussed in detail. It is found that the electron is mainly
transferred from hydroxyl group to pyridine-type nitro-
gen atom along the intramolecular hydrogen bond upon
photo-excitation. The extension of m-conjugation frame-
work increases the negative electron located on the nitro-
gen atom and then promotes the proton transfer. The Stokes
shift created by proton migration is decreased with the
extension of m-conjugation framework. In the end of this
work, the potential energy surfaces of DHBP molecule are
scanned with varying O-H bond lengths in both ground
and first excited states. It is found that the double-proton
transfer may not happened in the ground state due to the
whole reaction is endothermic and the DHBP molecule is
the most stable configuration. But the reverse double-pro-
ton transfer from DHBP-D molecule to DHBP molecule
can spontaneously happened stepwise or concertedly due
to its exothermic process and relative low potential energy
barrier. After photo-excitation, the double-proton transfer is
relative easily happened in concertedly or stepwise due to
its relative low barrier from DHBP to DHBP-D. The dif-
ference between ground and excited states may propose

that the strengthening of intramolecular hydrogen bond can
promote the proton transfer effectively.
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