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Abstract : The proton transfer coupled charge transfer in the excited

state of

6-amino-2-(2'-methoxyphenyl)benzoxazole (6A-MBO) were investigated, using the

time-dependent density functional theory with IEFPCM model by choosing n-heptane

and dichloromethane (DCM) as solvent. The primary bond length and angles, the

frontier molecular orbitals, absorption and fluorescence spectrum and the potential

energy curves in the ground and excited state were calculated. The simulated ab

spectra were found to accord with the experimental data, which suggested

sorption
that the

calculated method is valid. And the fluorescence spectra show a normal Stokes shift,

which gradually became larger with increasing the solvent polarity. This indicated that

the charge transfer process taking place in the 6A-MBO upon photo-excited. The

calculated frontier molecular orbitals confirmed the fact that the intramolecula

r proton

transfer was promoted by charge transfer and redistribution. From the construction of

two abrupt veers on the excited-state potential energy curves of 6A-MBO

in both

n-heptane and dichloromethane (DCM) solvent, it can be concluded that the ESIPT of
6A-MBO cannot happen in the excited state, only charge transfer occurred by photo

excitation.
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1. Introduction

N.J.Turro has pointed out that the study of photochemical concentrates on chemical behavior
and physical process of the electronic excited-state molecules [1]. It is easy for the
excited-state molecules in the high energy and unstable state to release energy and then back
to the relatively stable ground state in various ways. These behaviors of the excited state
molecular were known as the deactivation process, in which the excited-state molecules
release energy, and it could occur within a single molecule and also between the molecules [2].
It is worth to mention that hydrogen bonding play an important role in these processes. In the
past decades, studies of hydrogen were mainly concentrated in the thermodynamic
properties of hydrogen and the nature of the bonding issue [3-6]. With Han et al proposing
the excited-state hydrogen bond dynamics [3,4,7-12,23,25,52-54], it attracted more and more
attention in both theoretical and experimental ways. The studies mentioned above further
explain the luminescence materials fluorescence or phosphorescence emission problems
[12-16], intermolecular and intramolecular charge transfer [17-27], excited state proton
transfer [28-30], intersystem crossing [14-16] and so on. The explore of these problems would
facilitate physical chemists in understanding the essence of the hydrogen bonds by studying
the interaction between light and hydrogen bonding, and help organic chemists design more
kinds of stable and efficient luminescent material. Excited state proton transfer (ESPT) is an
important reaction of photochemical and light physical process, and a hot topic in the field of
dynamics. The target molecular could produce isomers after the proton transfer. This feature
of the target molecular attracted researchers to design, and applied to light-emitting diodes
(leds), laser fuel and ultraviolet filter [31-35], etc. Charge transfer is another important topic in
biological, chemical and physical fields. Photo-excited charge transfer reaction is the basis of
the solar energy conversion, widely applied in the field of solar cells [36-40]. As a result, the
theoretical and experimental researches on proton and charge transfer are continuous.
6-amino-2-(2"-hydroxyphenyl)benzoxazole (6 A-HBO) and its derivative which are typical
intramolecular proton transfer dye show remarkable changes in the ESIPT process and
correlated spectroscopy, due to it has both proton donor (-OH) in the phenol part and the
proton acceptor (-N=) in the benzazole ring. It has been studied comprehensively by Cukier
group and Gutierrez group from theory and experiment; they studied the problem of couple
proton and electron transfer from different perspectives [41-44]. However,
6-amino-2-(2-methoxyphenyl)benzoxazole (6A-MBO) as a kind methoxy derivative of
6A-HBO did not attract a lot of attention. Only Alarcos et al. researched the subtle
associations between intramolecular proton transfer and charge transfer; it showed that
6A-MBO cannot undergo an ESIPT process [42]. To understand the behavior of 6A-MBO
better, we study the excited-state charge and proton transfer mechanisms of 6A-MBO in
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theory.

This paper explored proton transfer or charge transfer of 6A-MBO occurred in the excited
state in both n-heptane and DCM solvents. Base on density functional theory (DFT) and
time-dependent density functional theory (TDDFT) methods with B3LYP gradient corrected
function and TZVP basis set; we optimized the configurations of So and S: states, and
analyzed the frontier molecular orbitals (MOs), absorption and fluorescence spectra, and
potential energy curves. The data reveals the details of 6A-MBO in the ground state and
excited state.

2. Computational details

For this theoretical study, all the structure optimizations of 6A-MBO were based on Gaussian
09 suit of program [45]. The detailed ground and excited states geometric optimization
employing the DFT and TD-DFT methods, respectively. Becke’s three-parameter (B3) hybrid
exchange functional [46] and Lee-Yang-Parr (LYP) gradient corrected function (B3LYP) [47,48]
was selected with the DFT and TD-DFT. Polarization functions (TZVP) basis set was used ,
which with the triple-E valence electrons quality, after testing the basis sets. Based on the
polarizable continuum model (PCM), the n-heptane / dichloromethane (DCM) was selected as
the solvent during our calculation, using the integral equation formalism variants (IEFPCM).
The geometric optimization of 6A-MBO in the So and S: states without constrain any atoms,
bonds and angles. The vibration frequency was calculated to confirm the local minimum by
the absence of an imaginary mode. The potential energy curves (PECs) were structured by
fixing the distance of N...H bond in a series values at a step of 0.1 A, the potential curves of
the So and Si states have been scanned and analysis. Fine quadrature grids 4 were used.
Diagonalization of the Hessian decided the harmonic vibrational frequencies of the So and S
states [49]. The excited state Hessian was calculated, using default displacements of 0.02 Bohr
and central differences, by numerical differentiation of the analytical gradients [50]. Using the
gradients of the dipole moment determined the infrared intensities.

3. Results discussion

3.1 Geometric structure of 6A-MBO

The geometric structure optimization of 6A-MBO was obtained based on the DFT and TDDFT
methods with the B3LYP function and TZVP basis set. The n-heptane/dichloromethane (DCM)
was selected as the solvents during our calculation, using the IEFPCM model. The stable
structure of 6A-MBO was shown in Figure 1, and the relevant data was listed in the Table 1.
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From these data in Table 1, we can see that, for 6A-MBO in the n-heptane solvent form, the
bond length of C2-Hso and Ns...Hso bond were 1.0866 A and 2.4921 A in the So state, then
changed to 1.0890 A and 2.4382 A in the Si state, respectively. For 6A-MBO in the DCM
solvent form, the bond length of C2-Hzo and Nis...Hso changed from 1.0913 A and 2.7831 A in
the So state to 1.0908 A and 2.5436 A in the S: state, respectively. Obviously, the length of
Ns...Hso bond was shortened, while the length of C27-Hso bond had no significant changes.
Furthermore, we calculated the 8(C27-H...Ns ) angle of 6A-MBO, from the So to the S state, the
angle changed from 97.2676° to 98.3115° and from 109.6739° to 114.8956° in the n-heptane and
DCM solvent, respectively. These changes, including the increase of bond angles and the
shortening of the bond length, indicated the intramolecular hydrogen bonds were
strengthened in the S1 state, which also would promote the occurrence rate of the ICT and the
ESIPT. In addition, there were more significant changes of the bond length and bond angle in
the polar solvent. As a result, the intramolecular hydrogen bond of 6A-MBO was markedly
enhanced in the excited state, and the changes of 6A-MBO geometric structure were larger in

the polar solvent.

Table 1 The calculated bond lengths (A) and angles (°) of 6A-MBO in the So and S: states based on the DFT
and TDDFT methods, respectively.

Solvent n-heptane DCM
Electronic state So Si So Si

C27-Hao 1.0866 1.0890 1.0913 1.0908

Ns...Hso 2.4921 2.4382 2.7831 2.5436
0(C27-Hzo...Ns) 97.2676 98.3115 109.6739 114.8956

Figure 1: Optimized structures for 6A-MBO based on the BALYP/TZVP theoretical level.

3.2. Electronic spectrum

Alarcos et al have measured the experiment value of the steady-state spectrum of
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6A-MBOJ[42], while the theoretical study was not included. Based on the
TDDFT/B3LYP/TZVP basis sets, we calculated the steady-state absorption and fluorescence
spectrum of 6A-MBO, the n-heptane and dichloromethane (DCM) were selected as the
solvent, the results shown in the Figure 2. We chose 300-6000nm wavelength range to display
our spectral details. We can see the absorption peaks were located in the 355nm and 343.6nm,
respectively, in the n-heptane and DCM solvent (see in Figure 2 (a) and (b)). The results of the
absorption spectrum were in accord with the experimental data (327nm in n-heptane and
330nm in DCM) [42], which suggest that the calculated method is feasible. The peaks of the
fluorescence spectrum occurred at 406.8nm and 431.2nm in the n-heptane and DCM solvent,
separately. These calculated fluorescence spectrum data show a normal Stokes shift, which
are in agreement with the experiments (385nm in the n-heptane solvent and 413nm in DCM
solvent[42]). In addition, the variation ranges of the spectral Stokes shift were also consistent
with the experimental values. There is a larger Stokes shift in DCM solvent than that in the
n-heptane solvent in both theoretical and experimental calculation. Obviously the Stokes shift
grows larger with the solvent polarity increase, which indicated that there was
photo-excitation intramolecular charge transfer (ICT) process in the 6A-MBO. Just as some
paper suggested that the solvent polarity played a critical role in the process of intramolecular
charge transfer (ICT) [51-54]. We will further confirm the intramolecular charge transfer (ICT)
in the section 3.3 in detail.
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Figure 2: The absorption and fluorescence spectral of 6A-MBO in the (a) n-heptane and (b) DCM solvent, base
on the the TDDFT / B3LYP / TZVP basis sets.

3.3 The frontier molecular orbitals (MOs)

The frontier MOs are able to help uncover the excited state characteristics [55-60]. We
displayed the MOs of 6A-MBO in Figure 3, to further research the feature of charge
distribution before and after photo-excitation, then explored the evidence of the excited state
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intramolecular proton transfer. Based on TDDFT / B3LYP / TZVP theoretical level, we
calculated the electronic excitation energy (nm), oscillator strengths and a series of data of
6A-MBO, listed in Table 2. The analysis of CI and oscillator strengths indicated that the first
excited state of 6A-MBO was in step with the orbital transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Therefore,
Figure 3 demonstrates HOMO and LUMO orbitals only. It is clearly that the HOMO is of ©
orbital characteristic,c while the LUMO is of m* orbital characteristic, so from HOMO to
LUMO transition is m-rt* type. Electron distribution delocalized on different parts of the
6A-MBO for HOMO and LUMO. In detail, from HOMO to LUMO, the charge density around
O atom of phenolic group is decrease, at the same time, the increase of negative charge
distributed in N atom was obvious. From the viewpoint of Mulliken’s charge distribution,
these changes of charge density lead to strengthen the N...H bond, as mentioned before, the
length of N...H bond got shorter in the excited state. Obviously, after the photo excitation, the
charge transfer occurred.

HOMO LUMO

HOMO LUMO
(b)
Figure 3: Frontier molecular orbitals (HOMO and LUMO) of 6A-HBO in n-heptane(a) and
DCM(b).
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3.4. Potential energy curves (PECs)

In order to further explore whether excited state intramolecular proton transfer has occurred
in 6A-MBO, we studied the potential energy curves in the ground and excited states. The
n-heptane and dichloromethane (DCM) were still selected as the solvents, and used DFT
/TDDFT / B3LYP / TZVP theoretical level to calculate, this levels have been proved to be
reliable by previous study in providing the potential energy curves. We fixed the N...H bond
in a series of values to construct the potential energy curves (as shown in Figure 4), the length
of the N...H bond shorten in a step of 0.1A. The ground potential energy curves showed that
energy monotonically increase with the shortening of N...H bond in both n-heptane and DCM
solvent. There is no stable point in the ground state potential curves, which means that proton
transfer process couldn’t happen in the ground state. The PECs in Sistate were very strange,
for 6A-MBO in n-heptane form, energy increased 19.12kcal/mol with the shortening N..H
bond, it’s worth to note that while the length of N...H bond shorten to 1.44 A, the energy
reached the maximum and then fell sharply, it decreased to the minimum at 1.29A, and then
suddenly reverse to increased again. The unusual excited state potential curves also occurred
in the DCM solvent, the energy grew firstly along with the N...H bond shortening, it had
grown 19.44kcal/mol at the distance of N...H bond shorten to 1.44 A, reaching the maximum,
then reversed to drop 25.38kcal/mol sharply, at 1.04 A reached the minimum reversed again.
Although there were two minimum points in the PECs of 6A-MBO in the excited state, in
both n-heptane and DCM solvent, and the barrier was lower than that in the ground state, the
energy barrier in the excited state were still large, and the two unusual veers occurred in the
potential energy curves in the excited state suggested that the molecular state was not stable.
Therefore, we suspect that 6A-MBO could not realize excited state intramolecular proton
transfer in both n-heptane and DCM solvent. Seems to come to the conclusion that, both in
the ground and excited state, the polarity of solvent scarcely affect the potential energy of
6A-MBO, and the 6A-MBO cannot realize excited state intramolecular proton transfer.

4. Conclusion

In summary, in order to explore the proton transfer or charge transfer occurred in the
6-amino-2-(2"-methoxyphenyl)benzoxazole (6A-MBO ) upon photo excitation, we chose DFT /
TDDEFT/ B3LYP / TZVP theoretical level, calculated the molecular geometric structure, the
frontier molecular orbitals, electronic spectrum and the potential energy curves. The changes
of primary bond length and angles proved that the intramolecular hydrogen bond was
strengthened in the excited state. Through the analysis of calculated absorption and
fluorescence spectra, which was in good agreement with the experimental data, we found the
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fluorescence spectra show a normal Stokes shift, and the Stokes shift grow larger with the
solvent polarity increase, which indicated that photo-excitation intramolecular charge transfer
(ICT) process occurred in the 6A-MBO dye. Then we further explored the possibility of the
charge transfer or proton transfer in the excited state specifically. The calculation of frontier
molecular orbitals provided intramolecular charge transfer and redistribution by photo
excitation with evidence, which promote the intramolecular proton transfer. However, the
unusual excited-state potential energy curves data indicated that proton transfer cannot occur
in the excited state. Thus, we concluded that the ESIPT of 6A-MBO cannot happen by photo
excitation, only charge transfer occurred in the excited state.

Table 2. The calculated electronic excitation energy (nm), oscillator strengths and the corresponding
compositions of 6A-MBO in n-heptane and DCM solvent at TDDFT / B3LYP / TZVP theoretical level. H: the
highest occupied molecular orbital (HOMO), L: the lowest unoccupied molecular orbital (LUMO).

Solvent A(nm) f Composition CI(%)
355.1 0.7112 H—L 98.62%
H-1—-L 82.47%
n-heptane
297.42 0.0275 H—L+1 7.53%
H—L+2 5.18%
343.71 0.6926 H—L 99.15%
DCM H-2—L 21.23%
280.03 0.0029 H—L+1 71.65%
H—L+2 2.75%
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Figure 4: Potential energy curves of the ground and excited states for 6A-MBO in(a) n-heptane and (b) DCM
solvent with the N...H bond shorten.
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