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Abstract: The density functional theory (DFT) and time-dependent density functional
theory (TDDFT) method were carried out to investigate intramolecular hydrogen bond
and intramolecular proton transfer of Bis(imino)isoindole in the ground- and
excited-state. From the analysis of IR spectra, electronic spectra and the corresponding
frontier molecular orbitals, we found that the intramolecular hydrogen bond I is
strengthened while the intramolecular hydrogen bond II is weakened in BII molecule in
the S1 state. The potential energy curve shows that the proton cannot spontaneously
transferred in the ground state because of the relative high potential energy barrier.
After photo-excitation, the strengthening of intramolecular hydrogen bond I may lower
the potential energy barrier and then promote the proton transfer.

AMS subject classifications: 74E40, 78M50
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1 Introduction

The photo-induced excited-state proton transfer (ESPT) has been extensively studied due to
its important role in physical and biological systems. Weller and co-workers [1] firstly
observed the excited-state proton transfer phenomenon of methyl salicylate in the
characteristic experiment. Taylor and co-workers [2] found that the 7-azaindole dimer has
different tautomer in ground and first excited states. Sengupta et al. [3] were used proton
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transfer theory to explained the dual fluorescence in 3-hydroxyflavone. Chou and
co-workers [4] described a functioning photo-induced proton transfer of 3-hydroxyflavone
in the excited-state occurs in less than 8ps. The hydrogen bond is found to be very important
in excited-state proton transfer process [5-9] for its good directional character. Recently, Han
and co-workers have presented a new mechanism that the intermolecular hydrogen bond is
significantly strengthened upon photo-excitation [10-14]. On the basis of the great success of
hydrogen bond strengthened theory, many phenomena such as excited-state hydrogen bond
dynamic and proton transfer (PT) reaction should be revisited.

The spectroscopic techniques can only give indirect information about the excited-state
intramolecular proton transfer, so there are still some unsolved problem about the specific
role of intra- and intermolecular hydrogen-bond interactions in the ESPT process. And the
wide use and reliable accuracy of the density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) give us a new way to study the excited state proton
transfer. In the present work, the Bis(imino)isoindole (BII) and its isomer are optimized in
the ground and excited states using the DFT and TDDFT methods at B3LYP/6-31++g(d) level
based on CPCM model in methanol. The configurations of the molecules are shown in the
Figurel. The IR spectral shifts of O-H and N-H vibrational modes in the molecules are
monitored to predict the changes of intramolecular hydrogen bond. Moreover, the electronic
spectra, frontier molecular orbitals and potential energy curves are also calculated to

investigate the intramolecular proton transfer mechanisms.

2 Computational details

All the computations were performed using the Gaussian09 program package[15] at the
popular Becke’s three-paremeter hybrid exchange functional with Lee-Yang-Parr
gradient-corrected correlation (B3LYP) [16] with the standard 6-31++G(d) level. The
6-31++G(d) basis set has sufficient flexibility to describe the system and chosen as the basis
set throughout. The geometric optimizations were performed by DFT method in the So state
and TDDFT method in the S: state. The TD-DFT method has been proved to be very useful
to describe the hydrogen bond system in the excited states. The methanol was selected as the
solvent in the calculations and the continuum polarizable continuum model (CPCM) [17, 18]
was chosen to evaluate solvent effects. These computations were performed on BII and its
isomer without any constraint of bonds, angles, dihedral angles or symmetry. All the local
minima geometries are confirmed by the absence of an imaginary mode in vibrational

analysis and calculations.
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3 Results and discussion

3.1 The optimized geometric structures and infrared spectra

The geometry optimizations of BII in the ground and excited states were performed by
destiny functional theory (DFT) and time-dependent destiny functional theory (TD-DFT)
methods at B3LYP/6-31++g(d) level in methanol based on CPCM. All the local minima both
in the So and Si states have the real frequencies. The configuration of BII and its isomer with
their corresponding molecular electrostatic potential (MEP) maps are presented in Figure 1.
Some of the most primary structural parameters are chosen to list in the Table 1. From Table
1, it is shown clearly that the O-H bond length was lengthened from 0.9858A (So) to 0.9916A
(51). Meanwhile, the N-H bond length is shortened from 1.0252A (So) to 1.0233A (S1). It also
should be noted that the bond angle do-x-nu changes from 142.42° to 145.06° after
photo-excitation, which is much closer to 180°. While the bond angle d©o-x-ny1 changes from
133.97° to 132.64°after photo-excitation. According to above evidence, it is easy to conclude
that the intramolecular hydrogen bond II is strengthened while intramolecular hydrogen
bond I is weakened after photo-excitation. The N-H bond lengths are both change from
1.0195A in the So state to 1.0233A in the Si state in the keto-BIl, which indicate that the
intramolecular hydrogen bonds are both slightly strengthened after photo-excitation.

Table 1 Calculated bond lengths (A) and angles (°) of Bis(imino)isoindole and its isomer in the So and S:

states.
BII O-H N-H O(O--H-N)I O(O-H-N)II
So 0.9858 1.0252 133.97 142.42
S 0.9916 1.0233 132.64 145.06
Keto-BII (N-H)r (N-H)u O(O-H-N)I O(O-H-N)II
So 1.0195 1.0195 129.69 129.69
S1 1.0223 1.0223 131.01 131.01

The vibrational modes of functional groups involved in the hydrogen bonds are closely
related to the hydrogen-bond strengthening and weakening [19,20]. So the calculated O-H
and N-H stretching vibration spectra of BII molecule both in the So and S: states are shown
in Figure2 (a). It can be seen that the O-H stretching vibrational frequency are located at
3472cm? in the So state and 336lcm™ in the Si state. A strong redshift about 111cm!
happened due to the intramolecular hydrogen bond strengthening after photo-excitation.
Furthermore, the N-H stretching vibrational frequencies are located at 3406cm™ in the So
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state and 3439cm in the Si state. A slight blueshift about 33cm™ happened due to the
intramolecular hydrogen bond weakening after photo-excitation. From Figure2(b), it also
can be noted that the two N-H stretching vibrational frequency are located at 3502cm! in the
So state and 3458cm in the Si state. A slight redshift about 44cm happened due to the
intramolecular hydrogen bond strengthening after photo-excitation. The vibration spectra
analyses are in good agreement with the bond and angle analysis above.

The ESP maps are based on the conventional color spectrum. The potential increases
from red to blue, which goes by an order of red < orange < yellow < green < blue. As is
shown in Figurel, for the molecule BII, the region of oxygen atom of intramolecular
hydrogen bond (O--H-N) is entirely red, which means there are mainly the negative
electrostatic potential located around the oxygen atom. In the intramolecular hydrogen bond
(O-H:~N), the negative electrostatic potential located on oxygen atom is much less. Two
different kinds of intramolecular hydrogen bonds exist in the same molecule; the potential
distribution shows difference clearly. Meanwhile, in the molecule keto-BII, the negative
electrostatic potential are mainly located on oxygen atom in the intramolecular hydrogen
bond (O--H-N). It may indicate that the intramolecular hydrogen bond influence the

potential distribution in the molecule.
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Figure 1: The configuration of Bis(imino)isoindole and its isomer with their corresponding molecular

electrostatic potential (MEP) map.
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3.2 Electronic spectra and frontier molecular orbitals

Based on the TDDFT/B3LYP/6-31++g(d) calculated level, the corresponding absorption and
emission spectra of BII are displayed in Figure 3. The calculated absorption spectrum of BII
is located at 540nm. The lowest excited state of BII and keto-BII molecules are fully
optimized by TDDFT method based on the ground state optimized geometric
conformations. The emission spectrum of BII is at 648nm while that of the keto-BII is at
676nm. The red-shift about 28nm may due to the intramolecular proton transfer and the

changes of different kinds of intramolecular hydrogen bonds.
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Figure 2: The calculated stretching vibration spectra in the So and Si states, (a) the O-H and N-H in

Bis(imino)isoindole, (b) the N-H in its isomer.
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Figure 3: The absorption spectum and emission spectra of Bis(imino)isoindole and its isomer at

B3LYP/6-31++g(d) level.
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The charge redistribution are closed related to the change of hydrogen bond, so the
Mulliken charge distribution also been presented in Figure 4 and discussed in detail. For the
intramolecular hydrogen bond (O--H-N) in BII, the charge of atom O is calculated to be
-0.7333 in the ground state and changes to -0.6628 in the Si state, the charge of atom His
decreases about 0.0055 from 0.5888 in the So state to 0.5833 in the Si1 state. Compared with
that in the ground state, the charge of nitrogen atom is less negative in the S:i state, which
implies that the intramolecular hydrogen bond (O--H-N) is weakened in the S: state. In the
intramolecular hydrogen bond (O-H--N), the charge of atom Nu is calculated to be -0.4885 in
the ground state and changes to -0.4814 in the S1 state, the charge of atom Hi changes from
0.5973 in the So state to 0.6059 in the S1 state.
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Figure 4: The Mulliken charges of labeled atoms in ground state and excited state (in parenthesis).
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The frontier molecular orbitals (FMOs) can reflect the molecular properties in the excited
states well, and the S state of BII is primarily contributed by the orbital transition from the
HOMO to the LUMO (97.9%). Therefore, only the HOMO and LUMO orbitals of BII are
discussed in detail and shown in Figure5. The frontier molecular orbitals of the keto-BII
molecule are set for comparison. And the intense transition from the So state to the Si state
for BIl is at 540nm with the oscillator strength of 0.4525. It is easy to note that the 7t character
for the HOMO and the 7t* character for LUMO, so the transition is a predominant nrt*-type
transition from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). The change of electron density in the hydrogen bond donor and
acceptor groups can directly influences the intramolecular hydrogen bonds. In addition, the
charge transfer is primarily from the O atom to the N atom along with the intramolecular
hydrogen bond upon excitation. The electron density located on the oxygen atom decreases
from HOMO to LUMO, and the density located on the nitrogen atom increases. The charge
transfer along with the O-H--N may directly strengthen the intramolecular hydrogen bond,
but the transfer along with the O--H-N weaken the intramolecular hydrogen bond inversely.
In the molecule keto-BII, the electron density located on the oxygen atoms has little change
after photo-excitation, but decrease clearly on the H-N groups. It may indicate that the
intramolecular hydrogen bonds are both strengthened in the S1 state.
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Figure 5: Frontier molecular orbitals (HOMO and LUMO) of Bis(imino)isoindole its isomer.
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3.3 Potential energy curves

In order to reveal the excited state intramolecular proton transfer mechanism more clearly,
the geometrical structures both in the ground state and the first excited state were optimized
with fixed O-H bond length at TD-DFT/B3LYP/6-31++g(d) with the CPCM solvation model
for methanol. The potential energy curves with construction though varying the O-H bond
lengths from 0.98 to 2.18 A in steps of 0.1 A and shown in Figure 6. In spite of the
TD-DFT/B3LYP method has not been proved sufficiently accurate to describe the excited
states, but the previous calculations indicated that the method is reliable enough investigate
the intermolecular proton transfer process. From Figure 6, it is easy to note that the energy
of BII in the So state decreases about 2.742kcal/mol after a potential barrier about 9.35
kcal/mol with the increase of O-H bond length. And the energy in the Si state decreases
about 3.069kcal/mol along with the increase of the hydroxyl bond length, there is only a low
potential barrier about 7.32kcal/mol. Therefore, the single intramolecular proton transfer
may not spontaneous occur in the So state, but the ESIPT is probably happen duo to the
decrease of energy and low energy barrier in the Si state. As discussed above, the
intramolecular hydrogen bond I is strengthened in the S: state, which means the hydrogen
bond strengthen may lower the energy barrier and promote the transition of proton.
Moreover, the calculated energy curve is in corresponding with the radiative transition

process, and their florescence emission peaks are located at 648nm and 676nm, respectively.
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4 Conclusion

In this work, the ground and excited states hydrogen bonding dynamics and excited-state
intramolecular proton transfer of Bis(imino)isoindole are theoretically investigated by DFT
and TDDFT methods. It is found that intramolecular hydrogen bond I is strengthened while
the intramolecular hydrogen bond II is weakened after photo-excitation. The frontier
molecular orbitals and the Mulliken charge distribution are also present to investigate the
proton transfer mechanism. It is easy to note that the charge transfer is mainly from the
oxygen atom to the nitrogen atom along with the intramolecular hydrogen bond upon
excitation. Therefore, we may indicate that the charge redistribution can directly influence
the intramolecular proton transfer. Moreover, the potential energy curves of the ground and
first excited states are scanned through varying the O-H bond length. The strengthening of
intramolecular hydrogen bond may lower the potential energy barrier in the Si state and

then promote the proton transfer.
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