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In this study, within the framework of density functional theory (DFT) and time-dependent DFT (TDDFT)
methods, we theoretically investigated the novel system 2-phenylimidazo[4,5-b]pyridine (PIP) with
respect to the dynamical behavior of its excited state in methanol (MeOH) solvents. Herein, two
hydrogen-bonded networks have been discussed between PIP and MeOH, and it has been found that
two MeOH connected to PIP (PIP-2MeOH) should be the best arrangement in both Sy and S; states.
Investigations on the electronic spectra of PIP-2MeOH have verified this point. Via analysis of hydrogen
bond wires and corresponding infrared (IR) vibrational spectra, we have found that N1-H2---O3 of PIP-
2MeOH undergoes the biggest change upon photoexcitation that reflects the tendency of the excited
state intermolecular proton transfer (ESIPT) process. According to the results of our theoretical potential
energy curves along different coordinates, we confirmed that ESIPT reaction should occur along the
hydrogen bond wire N1-H2---O3 first. After the ESIPT reaction, proton transfer of PIP-2MeOH-PT*
could proceed via intersystem crossing (ISC) process from S; state to T, state with a negligible energy
gap 0.031 eV. Due to this non-radiation process, the fluorescence peak of PIP-2MeOH-PT* could be
quenched. Our study not only explains previous successful experiment, but also proposes a new excited

Received 28th May 2017
Accepted 22nd June 2017

DOI: 10.1039/c7ra05976k

Open Access Article. Published on 06 July 2017. Downloaded on 1/12/2026 6:47:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

The excited state intermolecular proton transfer (ESIPT) reac-
tion is the initial event of numerous photophysical and photo-
chemical processes existing in nature, and it is crucial in
chemistry.’”® In addition, because of the transient property of
the ground state, molecules undergoing ESIPT have been used
in several applications. As is well-known, the basic photo-
chemical and photophysical principle of ESIPT is that ESIPT
molecules possessing proton donors (O-H or N-H) and accep-
tors (carbonyl oxygen or aromatic nitrogen) may undergo the
ESIPT process upon electronic excitation.®® Generally, ESIPT
reactions could result in a corresponding balance between enol
and keto tautomers, stimulating a dual emission and large
Stokes shifts.”™> Moreover, two fluorescence bands are observed
and a broader range of the steady-state emission can be covered,
making these ESPT molecules suitable for optical
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state dynamical mechanism for the PIP system.

chemosensors, white-emitting OLEDs, material chemistry, and
UV filters, among other applications.™>¢

A molecule containing a proton donor and acceptor in close
proximity might undergo ESIPT. On the other hand, if the
groups involved in the proton transfer are far from each other or
do not have appropriate geometry to form an intramolecular
hydrogen bond, these molecules undergo ESIPT process with
the assistance of other molecules (generally solvent molecules)
with both hydrogen-bond accepting and donating abilities. This
kind of reaction occurs because solvent molecules act as bridges
between proton acceptors and proton donors.””"** In addition,
microenvironment is a key factor for maintaining normal cell
metabolism and abnormal changes in the microenvironment
might lead to cytopathy.**** Recently, as a kind of biologically
active system, 2-phenylimidazo[4,5-b]pyridine (PIP) has been
tested to be an inhibitor for Aurora-A, Aurora-B, and Aurora-C
kinases®**® that have been certified to be good probes for
microenvironments.** Krishnamoorthy and co-workers experi-
mentally synthesized and investigated PIP and its analogues.
They found that a single-emission phenomenon could be found
just in a polar protic methanol (MeOH) solvent, which is
different from that of PIP analogues (2-(4'-N,N-dimethylamino-
phenyl)imidazo[4,5-b]pyridine (DMAPIP-b) and 2-(4'-N,N-dime-
thylaminophenyl)imidazo[4,5-c]pyridine (DMAPIP-¢)).3*3
Therefore, the excited state dynamical mechanism of PIP is
different from that of the abovementioned two molecules.

This journal is © The Royal Society of Chemistry 2017
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Krishnamoorthy and co-workers mainly focused on PIP
analogues, and they lost sight of PIP in their previous study. In
effect, detailed study of PIP is very meaningful not only in bio-
logical aspects, but also in photochemical and photophysical
fields. Moreover, since PIP is similar to DMAPIP-» and DMAPIP-
¢, can the proton transfer process also exist in the excited state?
If this is the case, why the second fluorescence could not be
detected? Furthermore, it is well known that spectroscopic
techniques, such as steady state absorption and fluorescence
spectroscopy and time-resolved fluorescence spectroscopy, can
only provide indirect information about some photochemical
and photophysical properties.*’~** The specific mechanism still
depends on quantum chemical calculations.

To further understand the excited state reaction mechanism
of PIP in a MeOH solvent, herein, a detailed quantum chemical
computational investigation has been adopted to study the PIP
systems. As mentioned in ref. 34, the structures of PIP in MeOH
are shown in Fig. 1. Based on the fundamental chemical
structure stability, we speculated that hydrogen bond wire for
PIP with one MeOH or two MeOH molecules might be stable;
moreover, three or more components could be too soft to retain
the stability of the structures. Thus, two types of compound
modes have been considered in this study (i.e. PIP-MeOH and
PIP-2MeOH). We put forward a new excited state mechanism
for PIP molecules based on the density functional theory (DFT)
and time-dependent density functional theory (TDDFT)
methods. The rest of our study has been organized as follows:
the next section describes the theoretical method; Section 3
shows the results and discussions of PIP calculations including
geometry analyses, infrared (IR) vibrational analyses, electronic
spectra, charge redistribution, and mechanism analysis; and

PIP-2MeOH PIP-2MeOH-PT

Fig. 1 The optimized structures for PIP-MeOH (PIP combined with
one MeOH molecule) and PIP-2MeOH (PIP combined with two MeOH
molecules) systems in methanol (MeOH) solvents. For the sake of
description, we have labelled sequence numbers on relevant atoms
involved in hydrogen bond wires. Dark grey: C; white: H; red: O; and
sapphire: N.
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finally, the last section summarizes and provides the conclusion
of this study.

2. Theoretical method

In this study, all the quantum chemical calculations have been
performed via density functional theory (DFT) and time-
dependent density functional theory (TDDFT) methods using
the Becke's three-parameter hybrid exchange function with the
Lee-Yang-Parr gradient-corrected correlation functional
(B3LYP)***® in combination with the triple-{ valence quality with
one set of polarization functions (TZVP)* basis set in the
Gaussian 09 program.®® MeOH has been selected as a solvent in
our calculations based on the polarizable continuum model
(PCM) wusing the integral equation formalism variant
(IEFPCM)**** that considers a solute in a cavity of overlapping
solvents (with an average area of 0.4 A) with apparent charges to
reproduce the electrostatic potential caused by the polarized
dielectric within the cavity. All initial geometries for PIP-MeOH
and PIP-2MeOH complexes were generated from the standard
geometrical parameters by minimization, without any
constraints for symmetry, bond length, bond angle, and dihedral
angle, to obtain the true minima based on DFT and TDDFT. IR
vibrational frequencies were calculated at the same level to
confirm the absence of imaginary modes. The calculations of
vertical excitation energies were also performed from the ground-
optimized structures based on TDDFT with IEFPCM (MeOH),
and our theoretical calculations predicted six low-lying
absorbing transitions. To illustrate the excited state mecha-
nism for the PIP system, all stationary points along the reaction
coordinate were scanned by constraining optimizations to obtain
thermodynamic corrections in the corresponding electronic
states.*®” Zero-point energy corrections and thermal corrections
to Gibbs free energy were also carried out according to harmonic
vibrational frequencies. The energies of intermolecular hydrogen
bonds were calculated using the counterpoise method (basis set
superposition error (BSSE)) of Boys and Bernardi.*®

3. Results and discussion

3.1. Analysis of the structures

As abovementioned, all structural optimizations of corre-
sponding molecular configurations were obtained based on
DFT and TDDFT/B3LYP/TZVP theoretical levels in both S, and
S; states. Atomic coordinates of all optimized structures
involved in this study are provided in ESL{ For the sake of
presentation, we have labelled the order numbers on corre-
sponding atoms involved in the hydrogen bond wires (see
Fig. 1). In addition, some staple parameters of these intermo-
lecular hydrogen bonds for the PIP-MeOH and PIP-2MeOH
systems are listed in Table 1 and Table 2, respectively. Herein,
according to the AIM theory (mainly based on the analysis of
electron density at the specific point (p(r))), identification of
a critical point (CP) and the existence of a bond path in equi-
librium geometry are necessary and sufficient conditions for
assigning an interaction between two primary atoms.*>*
Moreover, the AIM analysis of the title compounds ensures the

RSC Adv., 2017, 7, 34034-34040 | 34035
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Table 1 The theoretical primary bond lengths (A) and bond angles (°)
involved in hydrogen bonding wires for our optimized PIP-MeOH and
PIP-MeOH-PT forms in both Sq and S, states

PIP-MeOH PIP-MeOH-PT

Electronic state So S: So S:
N1-H2 1.016 1.018 1.955 1.961
H2-03 2.088 2.054 0.980 0.978
O3-H4 0.978 0.978 1.984 2.050
H4-N5 1.985 1.987 1.026 1.020
6(N1—H2—O3) 132.7 134.3 146.8 148.8
6(037H47N5) 149.5 148.4 139.0 137.7

Table 2 The theoretical primary bond lengths (A) and bond angles (°)
involved in hydrogen bonding wires for our optimized PIP-2MeOH
and PIP-2MeOH-PT forms

PIP-2MeOH PIP-2MeOH-PT

Electronic state S, S: So S: T,
N1-H2 1.031 1.032 1.810 1.828 1.923
H2-03 1.813 1.806 0.992 0.989 0.981
O3-H4 0.986 0.986 1.753 1.770 1.774
H4-05 1.759 1.756 0.987 0.985 0.984
O5-H6 0.989 0.989 1.744 1.790 1.765
H6-N7 1.840 1.837 1.042 1.035 1.037
6(N1—H2—O3) 170.4 171.0 170.2 171.1 168.9
6(03*H4705) 165.0 165.1 163.2 163.1 162.2
6(05—H6—N7) 170.4 170.2 174.1 173.8 176.7

presence of an appreciable interaction between the concerned
atoms. The relevant AIM topological parameters involved in the
optimized geometries demonstrate that the p(r) values at the
bond critical point (BCP) of PIP-MeOH and PIP-2MeOH
systems are close to 0.04 a.u. (the maximum threshold value
proposed by Popelier to confirm the presence of hydrogen
bonds®*>*). In addition, the corresponding V> p. values are in
the range 0.02-0.15 a.u.>**® Therefore, we can confirm that all
these intermolecular hydrogen bonds should be formed for
both PIP-MeOH and PIP-2MeOH.

For the PIP-MeOH complex, note that the length of the
hydrogen bond (H2---03) is shortened from S, state (2.088 A) to
S, state (2.054 A), with the bond angle 6(N1-H2---03) increasing
from 132.7° to 134.3°. It demonstrates that the hydrogen bond
(N1-H2---03) should be strengthened upon photoexcitation. On
the contrary, H4---N5 is elongated from 1.985 A to 1.987 A
together with the decrease of §(0O3-H4:--N5) from 149.5° to
148.4°, which reveals that this hydrogen bond is weakened. That
is to say, if ESIPT occurs in the PIP-MeOH system, the proton
should transfer along N1-H2---O3 first.”’-** Moreover, turning
to the PIP-2MeOH system, on similar analysis, we found that
the hydrogen bond N1-H2---O3 undergoes the greatest change
among the three hydrogen bond wires. Thus, the ESIPT reaction
should occurs first along this hydrogen bond wire.

It is well known that IR vibrational modes of molecules con-
nected by hydrogen bonds could be considered as another
determinant to detect variations in the excited state hydrogen
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bonds.** Therefore, theoretical IR vibrational spectra were used
in this study to reveal the effects originating from photoexcita-
tion (Fig. 2). Note that our theoretical stretching vibrational
frequency of N1-H2 for PIP-MeOH shows a red-shift of 22 em ™"
from the S, to S, states, whereas that of O3-H4 shows little
change. For the PIP-2MeOH complex, IR vibration of N1-H2
shows the biggest red-shift from the S, state (3197.9 cm ™) to the
S, state (3169.1 cm™ ') among the three hydrogen bond wires. All
these variations in hydrogen bonds for PIP-MeOH and PIP-
2MeOH confirm that protons should first transfer along the N1-
H2---03 hydrogen bond in both PIP-MeOH and PIP-2MeOH in
the event of an ESIPT reaction. In addition, based on the calcu-
lation of hydrogen bond binding energy via basis set superposi-
tion error (BSSE),*® we have found that the binding energy (23.61
keal mol ') for PIP-2MeOH in the S, state is more stable than
that for PIP-MeOH (10.58 kcal mol *). Thus, we hypothesize that
two MeOH molecules will be more suitable for PIP since two
MeOH molecules render the PIP complex to be more compact.

3.2. Electronic spectra and charge redistribution

To further inspect the influence of the photoexcitation process,
the corresponding theoretical electronic spectra are displayed
in Fig. 3. Note that our calculated absorption peaks for PIP-
MeOH and PIP-2MeOH are obtained at 302.7 nm and 301.9 nm,
respectively, which are in line with the experimental results.**
Moreover, our simulated fluorescence peaks for PIP-MeOH and
PIP-2MeOH are obtained at 377.1 nm and 376.9 nm, respec-
tively, which are also in agreement with the experimentally
obtained 378 nm.** Thus, we not only conclude that the theo-
retical level used in this study is reasonable and feasible for the
system, but also confirm that both these structures are
reasonable. Which structure is better has been discussed in the
Section 3.3.

In addition, to qualitatively further study charge redistribu-
tion upon photo-excitation, the frontier molecular orbitals
(MOs) have been discussed in this section. Herein, based on our
calculated results, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
are shown in Fig. 4 since these two orbitals are mainly associ-
ated with the transition from S, to S; states. It can be clearly
seen that the distributions of PIP-MeOH and PIP-2MeOH are
almost the same. Undoubtedly, the S; state involves a dominant
T-T*-type transition from HOMO to LUMO, which is in agree-
ment with previous results.* In fact, note that there is almost no
charge located around N5 of PIP-MeOH and N7 of PIP-2MeOH
in HOMO orbital, while charge is observed at these sites in the
LUMO orbital. It demonstrates that the S; state is the charge-
transfer state. The change in electron density at N5 of PIP-
MeOH and N7 of PIP-2MeOH could directly affect intermolec-
ular hydrogen bonds. This kind of redistribution of charge
transfer indicates a tendency for the ESIPT reaction.’”*

3.3. Mechanism analyses

It is well known that potential energy curves should be a kind of
conventional method to solve problems associated with excited
state behavior;”" therefore, we theoretically constructed

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The theoretical IR spectra of PIP-MeOH (a) and PIP-2MeOH (b) structures in MeOH solvents in the spectral regions of corresponding

chemical bonds in both Sg and S; states.
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Fig. 3 The calculated absorption and emission peaks for both PIP-MeOH (a) and PIP-2MeOH (b) complex in MeOH solvents based on TDDFT/

B3LYP/TZVP theoretical levels.

potential energy curves to further study in detail the excited state
mechanism for the PIP system in MeOH solvent (Fig. 5). The
constructed potential energy curves of both S, and S; states are at
the step of 0.05 A along with corresponding bond lengths.
Herein, it is noted that the correct ordering of the closely spaced

PIP-MeOH-HOMO

PIP-2MeOH-HOMO

Fig. 4 View of frontier molecular orbitals (HOMO and LUMO) for both
PIP-MeOH and PIP-2MeOH systems.

This journal is © The Royal Society of Chemistry 2017

excited state might not be expected to be accurately yielded based
on the TDDFT method, whereas some previous studies show that
this method could be reliable to provide qualitative energetic
pathways for studying the ESIPT processes.®* In Fig. 5, three
kinds of possible ESIPT conditions for both PIP-MeOH and PIP-
2MeOH complexes have been considered (i.e., stepwise proton-
transfer manner along with ambilateral hydrogen bond wires
and synchronous pathways). Obviously, for PIP-MeOH, the
ESIPT reaction could not occur along the O3-H4---N5 hydrogen
bond wire and the so-called synchronous pathway along both
N1-H2---O3 and O3-H4---N5. The best path for ESIPT is along
the hydrogen bond N1-H2---O3 with a moderate potential energy
barrier of 11.72 kcal mol " in the S, state. By contrast, a lower
potential energy barrier (9.97 kecal mol ™) exists in the S; state for
PIP-2MeOH to complete the ESIPT process. Moreover, under the
other two manners, the potential energy barriers are much lower
than that for PIP-MeOH. Combined with the hydrogen bond
energies, we confirmed that two MeOH solvent molecules are
more reasonable for connecting with the PIP system rather than
one MeOH molecule, as mentioned in a previous study.**

It is, however, difficult to judge whether ESIPT occurs at
a barrier of 9.97 kcal mol " although according to thermody-
namic Boltzmann distribution, ESIPT reactions can occur
under this condition. In this case, we theoretically optimized
the proton-transfer in PIP-2MeOH-PT* with an energy of
—858.63014221 hartree in the S; state. Unexpectedly, the
emission peak at about 392.1 nm was calculated using a large
oscillator strength of around 1.174 based on the TDDFT/B3LYP/

RSC Adv., 2017, 7, 34034-34040 | 34037
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along O5-H6---N7 for PIP-2MeOH; (f) synchronous shortening of H2:--O3 and H6---N7 bond lengths along N1-H2:--O3 and O5-H6---N7 for

PIP-2MeOH.

TZVP theoretical level. Why was this second fluorescence not
mentioned in previous experiments? We speculated that it must
involve a non-radiation path. While further investigating this,
we surprisingly found that the triple (T;) state of PIP-2MeOH-PT
was optimized to be —858.63150605 hartree. As shown in Fig. 6,
the gap between S; and T, states is just 0.031 eV (0.855 kcal
mol "), and this low energy gap might result in the intersystem
crossing process from S; to T;.”® Then, the undetected phos-
phorescence with a 0.0016 oscillator strength in the previous
experiment should be emitted back from T; back to S, state.
Therefore, to date, we have successfully explained previous
experiments and concluded that excited state dynamical
mechanism for PIP coupled with MeOH is as follows: two MeOH
molecules combine with a PIP molecule, forming PIP-2MeOH
in the S, state. Upon photoexcitation, PIP-2MeOH is excited to
the S; state with a fluorescence peak at 377 nm; subsequently,

S, state
PIP-2MeOH-PT* 0.855 kcal/mol
(0.031 eV)
T, state
.

4
PIP-2MeOH-PT ¢
SO state

Fig. 6 The probable excited state non-radiative mechanism for the
PIP—2MeOH system.

34038 | RSC Adv., 2017, 7, 34034-34040

the ESIPT reaction occurs first along the hydrogen bond wire
N1-H2---03, forming PIP-2MeOH-PT* in the S, state. Then, due
to the intersystem crossing process, S;-state PIP-2MeOH-PT*
turns to the T, state in a non-radiation way back to the S, state.

4. Conclusions

In this study, we theoretically proposed a new excited state
mechanism for the PIP system in MeOH solvents based on DFT
and TDDFT methods. We confirmed that two MeOH solvent
molecules should connect with PIP forming PIP-2MeOH rather
than one MeOH molecule combining to form PIP-MeOH. The
theoretical electronic spectra of PIP-2MeOH confirmed the
previous experimental results. The strengthened intermolecular
hydrogen bond wire and corresponding charge redistribution
provide the possibility for ESIPT reaction. By constructing
potential energy curves, we confirmed that the ESIPT process
should first occur along the hydrogen bond wire N1-H2---O3.
After the ESIPT process, the S;-state PIP-2MeOH-PT* proceeds
the intersystem crossing to the T, state, with a small energy gap
0.031 eV. Hence, the fluorescence of PIP-2MeOH-PT* is
quenched, which should be the reason that only one emission
peak has been reported previously.**
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