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Abstract The intramolecular proton transfer process,

rotational process, and optical properties of 2,5-bis(2-

hydroxyphenyl)-1,3,4-oxadiazole have been studied. The

effects of solvents were considered using the polarized

continuum mode. The calculated results revealed that the

high energy barriers inhibit the proton transfers for bis-enol

(BE) forms (BE1 and BE2) in S0 states. The single proton

transfers for BE forms in S1 states can take place through

low energy barriers and exothermicity, while the corre-

sponding processes are not feasible in T1 states due to

endothermicity. The proton transfers for enol–keto (EK)

forms (EK1 and EK2) are difficult to occur in S0, S1, and

T1 states because of the high energy barriers and large

endothermicity. The rotational processes of both

BE1 ? BE2 and EK1 ? EK3 are feasible in S0 states,

while difficult in S1 and T1 states because of the high

energy barriers. The rotational process of both

EK1 ? EK2 and BK1 ? BK2 are difficult to occur in S0,

S1, and T1 states. Furthermore, 1EK1* in S1 state can

undergo ISC to the T1 state PES of 3EK1*, which may be

the reason that the excited state intramolecular proton

transfers can facilitate ISC to T1 states and subsequently

enhance the electroluminescent efficiency. The normal

small Stokes shift emission can be assigned to 1BE1* form.

The large Stokes shift emission can be assigned to the
1EK1* form, which was formed by the single proton

transfer in S1 state. In T1 states, the 3BE1* form shows

phosphorescence emissions both in gas phase as well as in

solutions. Our results give good supplementary explana-

tions for experimental results at the molecular level.
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1 Introduction

The photoinduced excited-state intramolecular proton

transfer (ESIPT) phenomenon, which is observed in a wide

range of organic molecules, has generated tremendous

interest to the photo-physicists and photo-chemists because

of the huge potential in it [1–8]. ESIPT usually occurs in

molecules with functional groups linked by a hydrogen

bond; the charge redistribution consequent upon excitation

alters the acid–base properties of these groups, leading to

proton transfer along the hydrogen bond in the tautomer-

ization process. The ESIPT process is normally extremely

fast occurring within the subpicosecond time scale which

falls within the range of the period of low-frequency

vibrations. Organic luminophores that undergo ESIPT are

usually characterized by abnormally large fluorescence

Stokes shifts (6,000–12,000 cm-1) due to the reorganiza-

tion of the charge distribution of the tautomerization [9,

10]. This property makes these molecules very attractive
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due to potential utilities in fluorescence sensors [11–13],

laser dyes, organic light emitting diodes (OLEDs) [14–18],

UV filters [19], and molecular switches [20, 21]. There are

some theoretical investigations for ESIPT phenomena at

the semi-empirical and ab initio levels [22–31].

2-(2-Hydroxyphenyl)-5-phenyl-1,3,4-oxadiazole (HOXD)

and its derivatives are examples of molecular system that

undergo ESIPT to yield excited keto forms from the original

enol forms and emit quite strong ESIPT fluorescence

[32–34]. Moreover, the triplet phosphorescence emissions

of the enol forms [12, 14] raise the electroluminescent

efficiency, which is the demand for electroluminescence

materials of OLEDs. Furthermore, substances containing an

oxadiazole fragment (both low molecular weight and

polymers) are promising materials for the construction of

OLEDs [35], both as electron-transporting and hole-

blocking layers [36–38] and as light-emission layers

[39, 40]. Doroshenko et al. [32, 33] performed experimental

and theoretical studies of HOXD and its several derivatives

to find the substituent effects on the fluorescence properties.

Tong et al. [13] reported that HOXD and 2,5-bis(2-

hydroxyphenyl)-1,3,4-oxadiazole can be used as fluores-

cence sensors for H2PO4
- and F- sensing. Gaenko et al.

[34] studied three substituted HOXDs with the substituents

being N,N0-dimethylamino, methoxy, or a phenyl group

conducted at the ab initio level. In our previous report [41],

we performed a theoretical study on O/’’NH’’ and O/’’S’’-

substituted derivatives of the HOXD to investigate the

substituent effects on the intramolecular proton transfer, the

rotational processes, and the optical properties. However, to

the best of our knowledge, no detailed study of the various

species of 2,5-bis(2-hydroxyphenyl)-1,3,4-oxadiazole (see

Scheme 1) in their ground (S0), first singlet excited (S1),

and the lowest triplet (T1) states which contribute to

photophysics has been reported so far to explain its

absorption and emission spectra.

In this work, we reported the results of an extensive

investigation of the intramolecular proton transfers and

rotational processes in the S0, S1, and T1 states on the

different tautomers and rotamers of 2,5-bis(2-hydroxy-

phenyl)-1,3,4-oxadiazole to find out the nature of actual

species that exist in the system under different environ-

ments. Furthermore, we studied the optical properties at the

TD-DFT level and the effects of solvents with the aim to

get an in-depth explanation of the experimental results. The

various tautomeric and rotameric species involved in the

2,5-bis(2-hydroxyphenyl)-1,3,4-oxadiazole system and

their interrelationships are shown in Scheme 1, along with

the atom numbering, where cis–bis–enol (BE1) and trans–

bis–enol (BE2) are denoted as BE forms; cis–enol–keto

(EK1) and its rotamer (EK2), and trans–enol–keto (EK3)

are denoted as EK forms; cis–bis–keto (BK1) and its

rotamer (BK2) are denoted as BK forms.

2 Computational details

All calculations discussed in this work were carried out by

the GAUSSIAN 03 package [42]. On the basis of our

previous successful calculation for HOXD [41], the

geometry optimizations for S0 states were carried out using

the ab initio Hartree Fock (HF) method, while the config-

uration interaction with single excitations (CIS) [43]

method was employed to optimize the geometries for S1

and T1 states. All geometry optimizations were performed

using the 6-31G(d) basis set. Frequency calculations at the

same level were carried out for the obtained structures. All

real frequencies confirmed the presence of a local mini-

mum, while one imaginary frequency indicated the exis-

tence of a transition state. To introduce the dynamic

electron correlation, single-point energy calculations for

the ground and excited states have been carried out at the

DFT and TD-DFT levels, respectively, with B3LYP, using

the 6-31?G(d,p) basis set.

Absorption, fluorescence, and phosphorescence spectra

were calculated using the TD-B3LYP/6-31?G(d,p) method

based on the optimized ground and excited states geome-

tries, respectively. To investigate the influence of solvents

on the relative stability and optical properties for the var-

ious energy states of the molecular systems in polar (ace-

tonitrile: dielectric constant 36.64) and non-polar (toluene:

dielectric constant 2.379) solvents, we performed the

polarized continuum model (PCM) [44, 45] calculations at

the DFT and TD-DFT levels to give a comparison of the

absorption and emission spectra in solution (toluene or

acetonitrile) and gas phase. The natural radiative lifetimes

both in gas phase and solutions were also calculated. The

hybrid method (denoting as single-point calculation//opti-

mization method), such as DFT//HF or TD-DFT//HF or

TD-DFT//CIS has been proved to be an efficient approach

in predicting energy parameters [46, 47] or optical prop-

erties for LED materials [40, 48–54].

Although the TD-DFT methods in general are better

than CIS methods in explaining structures, energetics, and

reactivities of molecules in various electronic states, the

CIS methods provide acceptable approximations to give

results which are quite close to the experimental data for

the compounds under investigation. In our previous work

[41], the geometry optimizations for the excited state of

HOXD were also carried out at the TD-B3LYP/TZVP level

by TURBOMOLE 5.7 [55] program suite. The optical

properties were predicted at the TD-B3LYP/TZVP level

based on the optimized excited states geometries. The

calculated results revealed that the TD-B3LYP/TZVP

method failed to provide a correct energy ordering with the

available experimental result for the T1 state. It was also

found that TD-DFT method systematically underestimates

the energy of charge-transfer excited states [56]. On the
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contrary, the TD-B3LYP/6-31?G(d,p)//CIS/6-31G(d)

method provides a correct energy ordering with the avail-

able experimental result for the excited states (S1 and T1).

Furthermore, the TD-B3LYP/6-31?G(d,p)//CIS/6-31G(d)

method performs better in predicting the kfl and kph for

HOXD compared with the experimental data. Hence, in the

present work, we perform the geometry optimizations for

the tautomers and rotamers of 2,5-bis(2-hydroxyphenyl)-

1,3,4-oxadiazole at the CIS/6-31G(d) level.

3 Results and discussions

3.1 Intramolecular proton transfers

3.1.1 Geometrical parameters

The main optimized geometric parameters of BE, EK, and

BK forms in S0 and S1 states are presented in supplementary

Fig. SI. Species I exhibits C2V symmetry in the S0 state,

which is corroborated by the frequency calculation. The

geometries of other six species were fully optimized with-

out any symmetry constraints. The origin of the geometric

difference introduced by excitation can be explained, at

least in qualitative terms, by analyzing the change in the

bonding character of the orbital involved in the electronic

transition for each pair of bonded atoms [57]. It is useful to

examine the frontier molecular orbitals (FMOs) of the

compounds under investigation. The qualitative molecular

orbital representations of the highest occupied molecular

orbitals (HOMOs) and the lowest unoccupied molecular

orbitals (LUMOs) for the seven species in S0 states are

shown in supplementary Fig. SII. When the HOMO ?
LUMO transition involves the loss of the bonding character

of a bond (or the gain of anti-bonding character), the bond

concerned is lengthened and vice versa. In all cases, both

the HOMO and LUMO have p symmetry. The S0 ? S1

excitation process can be mainly assigned to HOMO ?
LUMO transition, which corresponds to a p ? p* excited

singlet state. We compared the different geometrical

parameters involved in proton transfers processes. The

structural parameters displayed in supplementary Fig. SI

reveal that the S0 ? S1 excitation affects the p densities of

the C–C bonds constituting the chelate ring (HOCCCN) (for

atoms labeling, see Scheme 1). For BE1 ? BE1*, both the

C2–C3 and C8–C9 inter-ring bonds are shortened by

0.06 Å, while the C3–C4, C9–C10, N1–C2, and N7–C8

bonds are elongated by 0.04, 0.04, 0.06, and 0.06 Å,

respectively. For BE2 ? BE2*, the C2–C3 and C8–C9

inter-ring bonds are all shortened by 0.04 Å, while the

C3–C4, C9–C10, N1–C2, and N7–C8 bonds are elongated

by 0.02, 0.02, 0.03, and 0.03 Å, respectively. Similar phe-

nomena are found for EK forms, except for a lengthening of

the C8–C9 bond slightly. On the contrary, the C2–C3 and

C8–C9 inter-ring bonds for S0 ? S1 excitation of BK forms

are elongated. The C9–C10 and N7–C8 bonds of BK1 are

elongated while the C9–C10 and N1–C2 bonds of BK2 are

shortened. Changes in the bond lengths in the excited states

with respect to their ground state geometries can be ascribed

to the changes in bonding character.
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3.1.2 Electron density redistribution and the changes

in acid–base properties of the groups

It is well known that the main driving force of ESIPT

reaction is the increase of the excited state acidity of the

proton donor moiety and the excited state basicity of the

proton acceptor group. Such changes in protolytic proper-

ties can be ascribed to the excited state redistribution of

electron density in the molecules capable of the proton

phototransfer reaction [58–60]. Figures 1 and 2 show the

electrostatic surface potentials in S0 and S1 states for BE

(BE1 and BE2) and EK (EK1, EK2, and EK3) forms,

respectively. The electrostatic surface potentials for BK

forms in S0 and S1 states are presented in supplementary

Fig. SIII. Inspection of Fig. 1 reveals clearly that the

excitations of the electrons from S0 to S1 states lead to the

electronic densities flow mainly from the two phenolic

rings to the heterocycle ring for BE1 while from the one

(left) phenolic and oxadiazole rings to another (right)

phenolic ring for BE2. The BE forms feature an inverse

electron density distributions in S0 and S1 states for the

locations of the oxygen atoms of hydroxy groups and

nitrogen atoms of oxadiazole rings. Such a pronounced

difference in the electrostatic surface potentials can trigger

a modification of the acid–base properties of the groups. In

terms of acid–base interactions this results in an increase of

the acidity of the hydroxy group (the proton donor), and,

correspondingly, an increase in the basicity of the oxadi-

azole ring (the proton acceptor) [37, 38]. The increase in

the acidity and basicity of the hydroxy group and oxadi-

azole ring could also be predicted from the changes of

charges on the hydroxylic oxygen atoms and the nitrogen

atoms of oxadiazole ring, DqO and DqN [37]. The values of

DqO5, DqO11, DqN1, and DqN7 for BE1 are 0.013, 0.013,

-0.004, and -0.004, the corresponding values for BE2 are

0.073, 0.012, -0.08, and -0.146, respectively (see

Table SI in supplementary). Such coordinated changes of

acid–base properties of the groups, connected to one

another by an intramolecular hydrogen bond, constitute the

driving force of the excited state proton transfer reaction.

The increases of the acidities of the hydroxy groups and the

basicities of the oxadizole rings for the BE forms favor the

proton transfers from 1BE* to 1EK* forms in S1 states.

There will be the increase in the acidities for the protonated

heterocycles and basicities of the ketonic rings after the

relaxation of the EK forms from S1 to S0 states through

fluorescent emissions. Those favor the reverse proton

transfers from EK forms to the starting BE forms in S0

states to finish the cyclic four-level photophysical scheme

(BE ? 1BE* ? 1EK* ? EK ? BE).

For EK forms (EK1, EK2, and EK3), the electronic

densities flow mainly from the phenolic and protonated

heterocycle rings to ketonic rings, as shown in Fig. 2. One

can find that the changes in the electronic densities and

charges on the hydroxylic oxygen atoms and the nitrogen

atoms of oxadiazole rings upon excitations increase the

basicity of nitrogen in oxadiazole rings, while decrease

the acidities of the hydroxy groups of phenolic rings for the
1EK* forms (see Table SI in supplementary), which hinder

the proton transfers from 1EK* to 1BK* forms in S1 states.

Thus, it can be expected that the processes of the second

proton transfers from 1EK* to 1BK* forms are more dif-

ficult than the processes of the first proton transfers from
1BE* to 1EK* forms in S1 states.

In the case of BK forms, the trends of electronic den-

sities flow for BK1 and BK2 are similar to those in BE2

and EK1, respectively, as shown in supplementary

Fig. SIII.

Fig. 1 Electrostatic surface

potentials in S0 and S1 states for

BE. Regions of higher electron

density are shown in red and of

lower electron density in blue
(values in atomic units)
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3.1.3 Energy parameters

Figures 3 and 4 present relative energies (in kcal/mol) for

proton transfers and rotational processes in S0 and S1 states

in the gas phase. The corresponding values in T1 states are

presented in supplementary Fig. SIV. The results displayed

in Fig. 3 show that the BE and EK forms are much more

stable than EK and BK forms, respectively, which are

ascribed to the existence of two aromatic phenol rings in

BE forms and one aromatic phenol ring in EK forms, while

no aromatic phenol ring in the BK forms. It is worth noting

that the proton transfer processes in S0 states involve high

direct energy barrier (DEd
#) and relative energies (DE)

(energies differences between products and reactants)

because of the loss of aromaticity along these processes

from BE to EK and EK to BK forms. Furthermore, the

slightly negative values of reverse energy barrier (DEr
#)

suggest that B3LYP method slightly underestimates the

energy barriers of the proton transfers processes. It was

also recently reported that the B3LYP method provides

negative energy barriers for radical addition reaction [61].

Within the limits of the method, the large endothermicity

and high DEd
# impose a restriction on the occurrence of the

proton transfer in S0 state for each species. However, the

reverse proton transfer will occur easily through a very low

energy barrier or a barrierless process.

Comparing the results shown in Figs. 3 with 4, one can

find that the endothermic proton transfer processes from

BE to EK in S0 states become exothermic in S1 states. The

DEd
# values of 1BE1* ? 1EK1* and 1BE2* ? 1EK3* in

S1 states are lower than those in S0 states by 11.9 and

13.9 kcal/mol, respectively. However, for the second pro-

ton transfer processes, as expected, the decrease the acid-

ities of the hydroxy groups of phenolic rings for the 1EK*

forms upon excitations hinder the proton transfers from
1EK* to 1BK* forms in S1 states. The DE values of both
1EK1* ? 1BK1* and 1EK2* ? 1BK2* in S1 states exhibit

high endothermicities as in S0 states. The corresponding

DEd
# values are similar to those in S0 states. It suggests that

both 1EK1* ? 1BK1* and 1EK2* ? 1BK2* are difficult

to take place in S1 states. The general observations from

Fig. 4 suggest the ESIPT processes can take place easily

through lower energy barriers in S1 states for 1BE* forms

(1BE1* and 1BE2*), while the ESIPT processes of 1EK*

forms (1EK1* and 1EK2*) are difficult to occur in S1 states

because of high values of DEd
# and endothermicities.

In T1 states, the DE values of 3BE1* ? 3EK1* and
3BE2* ? 3EK3* are 0.4 and 1.5 kcal/mol, which are

lower than those in S0 states by 15.3 and 18.1 kcal/mol,

respectively. The corresponding DEd
# values are 9.2 and

8.7 kcal/mol, and the DEr
# values are 8.8 and 7.2 kcal/mol.

For 3EK1* ? 3BK1* and 3EK2* ? 3BK2* processes, the

DEd
# values are similar to those in S0 and S1 states and the

DE values exhibit high endothermicities (see Fig. SIV in

supplementary). Therefore, the proton transfer from BE to

EK and EK to BK processes are difficult to occur, while the

reverse proton transfer processes EK to BK can take place

in T1 states.

Fig. 2 Electrostatic surface

potentials in S0 and S1 states for

EK. Regions of higher electron

density are shown in red and of

lower electron density in blue
(values in atomic units)
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3.2 Rotational processes

Table 1 presents the relative energy and dipole moment of

each species in S0, S1, and T1 states in gas phase as well as

solvated (in toluene and acetonitrile) conditions. As shown

in Table 1, BE1/BK1 is more stable than BE2/BK2,

respectively, and EK1 is the most stable among EK forms

in S0 state. Furthermore, the DEd
# values of BE1 ? BE2,

EK1 ? EK3, EK1 ? EK2, and BK1 ? BK2 in S0 states

are 11.4, 10.0, 29.3, and 33.8 kcal/mol, respectively (see

Fig. 3). It suggests that the rotational processes of

BE1 ? BE2 and EK1 ? EK3 can occur, while

EK1 ? EK2 and BK1 ? BK2 are difficult to occur in S0

states.

In S1 and T1 states, the DEd
#, DEr

#, and DE values of

BE1* ? BE2* and EK1* ? EK3* are larger than those in

S0 states. The DEd
# values of BE1* ? BE2* in S1 and T1

states are 19.3 and 16.8 kcal/mol, and the corresponding

values of EK1* ? EK3* are 18.9 and 10.4 kcal/mol,

respectively. For EK1* ? EK2* and BK1* ? BK2*, the

high energy barriers of the rotational processes in S0 states

become high endothermic barrierless processes in S1 states.

The DEd
# and DE values of 3EK1* ? 3EK2* and

3BK1* ? 3BK2* in T1 states are lower than those in S0

states and are larger than those of BE1* ? BE2* and

EK1* ? EK3* in T1 states, respectively. Hence, the high

energy barriers and/or endothermic processes inhibit the

rotational processes in S1 and T1 states.

On the basis of the results described above, one can

conclude that the rotational processes of both BE1 ? BE2

and EK1 ? EK3 are feasible in S0 states, while difficult in

S1 and T1 states because of the high energy barriers. The

rotational process of both EK1 ? EK2 and BK1 ? BK2

are difficult to occur in S0, S1, and T1 states.

3.3 Potential energy surfaces crossing

With the aim to explore the mechanism for the high endo-

thermic barrierless rotational processes EK1 ? EK2 and

BK1 ? BK2 in S1 states, we performed the reaction paths

and energy profiles of these rotational processes in their S0,

S1, and T1 states. One internal degree of freedom (a dihedral

angle N7–C8–C9–C10; see Scheme 1) as the driving coor-

dinate was selected and the other internal coordinates were

0

20

40

60

80

 Proton transfer processes
 Rotation processes

R
la

tiv
e 

E
ne

rg
y 

(k
ca

l/m
ol

)

BE1 BE2

EK1
EK3

EK2

BK1

BK2

TS1 TS2

TS3

TS4

TS5

TS6

TS7

TS8

0.0

15.7

29.7

20.2

55.0

41.4

11.4

13.7 18.7

40.3

50.8

25.7

45.0

75.2

0.6

Fig. 3 Relative energies (in

kcal/mol) for proton transfers

(light magenta) and rotational

(light cyan) processes in S0

states in the gas phase. TS1-4

are donated the transition states

of proton transfers processes of

BE1 ? EK1, BE2 ? EK3,

EK1 ? BK1, and

EK2 ? BK2, respectively.

TS5-8 are donated the transition

states of rotational processes of

BE1 ? BK2, EK1 ? EK3,

EK1 ? EK2, and

BK1 ? BK2, respectively

80

90

100

110

120

 Proton transfer processes
 Rotation processes

R
la

tiv
e 

E
ne

rg
y 

(k
ca

l/m
ol

)

BE1

BE2

EK1

EK2

EK3

BK1

BK2

TS1

TS2

TS3

TS4

TS5 TS6

81.0

87.1

80.7

93.9

85.6

108.2

115.5

86.8

91.3

104.2

111.9

100.3 99.6

Fig. 4 Relative energies (in

kcal/mol) for proton transfers

(light magenta) and rotational

(light cyan) processes in S1

states in the gas phase. TS1-4

are donated the transition states

of proton transfer processes of
1BE1* ? 1EK1*, 1BE2* ?
1EK3*, 1EK1* ? 1BK1*, and
1EK2* ? 1BK2*, respectively.

TS5-6 are donated the transition

states of rotational processes of
1BE1* ? 1BK2* and
1EK1* ? 1EK3*, respectively

356 Theor Chem Acc (2010) 126:351–360

123



optimized in S0 states at the HF/6-31G(d) level. On the basis

of the optimized structures, the single-point energy calcu-

lations have been carried out at the B3LYP/6-31?G(d,p)

and TD-B3LYP/6-31?G(d,P) levels to obtain the S0, S1,

and T1 states energy values for each of the rotational con-

formers (rotamers), respectively. This method provides

acceptable approximations to give results, which are quite

close to the experimental findings [27, 62]. Figure 5 shows

the simulated energy profiles of the rotational processes of

EK1 ? EK2 in S0, S1, and T1 states. Inspection of Fig. 5

reveals clearly that it contains a potential energy surface

(PES) crossing (geometries where multiple electronic states

are exactly degenerate) between S1 and T1 states, which is

located in the zone corresponding to the position that the

ketonic ring is almost perfectly perpendicular to the

protonated heterocycle plane (e.g., torsion angle

hN7–C8–C9–C10 = 90�). The investigation of a mechanism of

a photochemical reaction involves a characterization of the

regions where the potential energy surface (PES) crossings

occur. These regions are where fast internal conversion or

intersystem crossing (ISC) are expected to take place

[63–65]. For the energy values of 1EK1* and 1EK2* are

higher than those of 3EK1* and 3EK2* by ca. 22 and

30 kcal/mol, respectively, the 1EK1* in rotational process

of 1EK1* ? 1EK2* in S1 state could undergo ISC to the T1

state PES of 3EK1* and 3EK2*, particularly to PES of
3EK1*. This may be the reason that the ESIPT can facilitate

ISC and subsequent enhancement of T1 state excitation.

This phenomenon can be observed in the case of
1BK1* ? 1BK2* (see Fig. SV in supplementary).

3.4 Electronic transition

We summarized the calculated results of vertical excitation

energies along with available experimental data in Table 2.

In gas phase, the absorptions (kabs = 313 nm) correspond

to the excitation of BE forms (BE1 and BE2) because of

they being the most abundant and stable species in S0 state

(see Table 1). After the photoexcitation of the BE forms

(BE1 and BE2) to the lowest excited singlet states 1BE*

forms (1BE1* and 1BE2*), the 1BE1* and 1BE2* forms can

transfer their protons of the phenolic rings to the nitrogen

atom (N1) of oxadiazole rings and form the 1EK1* and
1EK3* forms, respectively. Hence, the short-wavelength

emission can be assigned to the emissions of 1BE1* and
1BE2* (kfl = 362 nm) and the long-wavelength emission

band characterized by high Stokes shift value is attributed

to the emission of 1EK1* and 1EK2* forms. For 1EK1* is

more stable than 1EK2* by 7 kcal/mol and its kfl value is

similar to that of 1EK2*, we give the kfl values of 1EK1*

in gas phase and solutions as representatives of the long-

wavelength emissions in Table 2. In general, larger oscillator

strength corresponds to larger experimental absorption

coefficient or stronger fluorescence intensity. From Table 2

one can find that the f values of absorptions for BE1 and

BE2 forms are larger than 0.5. The f values of emissions for
1BE1* are larger than 0.77, while the corresponding f

values of 1EK1* are larger than 0.2. It suggests that the

BE1, BE2, and EK1 show the intensive spectrum in gas

Table 1 Relative energies E (in kcal/mol) of different species in gas phase as well as solvated (in toluene and acetonitrile) conditions in S0, S1,

and T1 states and dipole moments l (in debye) of different species in S0, S1, and T1 states

Species S0 S1 T1

E l E l E l

Gas C6H5CH3 CH3CN Gas C6H5CH3 CH3CN Gas C6H5CH3 CH3CN

BE1 0 -3.9 -9.0 3.8 81.0 74.8 71.1 3.7 58.2 54.7 50.0 3.9

BE2 0.6 -3.8 -9.7 2.7 87.1 80.2 75.8 2.6 61.4 57.5 52.4 2.7

EK1 15.7 9.8 2.26 4.8 80.7 75.9 70.8 5.1 58.6 54.7 49.7 4.6

EK2 29.7 21.6 10.6 4.0 93.8 86.4 77.7 4.0 64.3 60.2 53.4 3.2

EK3 20.2 14.2 6.6 4.4 85.6 80.3 75.0 4.8 62.9 58.9 53.7 4.2

BK1 41.4 34.1 24.6 3.4 108.2 99.9 91.7 3.6 79.2 73.0 65.2 3.7

BK2 55.0 45.8 33.7 3.8 115.5 106.7 95.9 3.7 81.2 77.5 68.3 3.5
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Fig. 5 Plot of total energy as a function of torsion angle (N7–C8–C9–

C10) for rotational process of EK1 ? EK2 in the S0, S1, and T1 states
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phase as well as solvated (in toluene and acetonitrile)

conditions. Furthermore, 1EK1* can also transit to 3EK1*

through the ISC. For the molecules with ESIPT property, it

was found that the ESIPT facilitates the ISC [66]. Conse-

quently, phosphorescence emissions of 3EK1* should be

observed. However, 3EK1* may take place subsequently

the reverse proton transfers to form 3BE1* forms in T1

states because of the low energy barrier and exothermicity

(see Fig. SIV in supplementary). Hence, phosphorescence

emissions correspond to the 3BE1*.

The radiative lifetimes of seven species have been esti-

mated by using the Strickler and Berg relationship [67, 68]

s ¼ 1

kr

¼ ES0�S1

0:667n2fE3
S1�S0

Here, kr is the radiative rate constant, n is the refractive

index of the solvent used in the experiments (the n values

of toluene and acetonitrile are 1.4941 and 1.3441, respec-

tively), f is the oscillator strength, ES1–S0 and ES0–S1 are the

vertical fluorescence and absorption transition energies,

respectively, in cm-1 units. The results are listed in sup-

plementary Table SII. According to our calculations, we

can draw a qualitative conclusion that the fluorescence

emitting times of 1EK* forms are longer than those of
1BE* forms both in gas phase and solution. It indicates that

deactivation process is competitive with ISC. Before

fluorescence emitted, the excited 1EK1* forms execute

quick ISC when all the other conditions cooperate.

Subsequently, the 3EK1* can take place in the reverse

proton transfers to form 3BE1*. As a result, the 3BE1* can

emit phosphorescence, which can enhance the electrolu-

minescent efficiency that is the demanding for electrolu-

minescence materials of OLEDs in flat panel display

technologies.

3.5 Effects of solvents

The photophysical properties of 2,5-bis(2-hydroxyphenyl)-

1,3,4-oxadiazole has been reported to be very sensitive to

the nature of the solvent, and large differences have been

observed in polar and non-polar solvents [13]. On the basis

of their optimized structures in gas phase, we also calcu-

lated the DE, DEd
#, and DEr

# for the proton transfers and

rotational processes in toluene and acetonitrile solutions

(see Figs. SVI–SXI in supplementary).

For the rotational processes, the DE, DEd
#, and DEr

#

values of BE1 ? BE2, EK1 ? EK2, EK1 ? EK3, and

BK1 ? BK2 in S0, S1, and T1 states both in toluene and

acetonitrile solutions are decreased compared with those in

gas phase, respectively. Furthermore, the DE, DEd
#, and

DEr
# values in toluene are larger than those in acetonitrile.

Therefore, all the rotational processes will take place easier

in toluene and acetonitrile solutions than those in the gas

phase; particularly in acetonitrile solution (see Figs. SVI–

SXI in supplementary). For the proton transfers processes,

the DE and DEd
# values of the 1BE* ? 1EK* both in tol-

uene and acetonitrile solutions are increased slightly

compared with those in gas phase (deviation within

2.5 kcal/mol), while the corresponding values of the second

proton transfers processes 1EK* ? 1BK* both in toluene

and acetonitrile solutions are decreased slightly compared

with those in gas phase, with the maximum deviation being

\7 kcal/mol. This suggests that 1EK2* ? 1BK2* and
1EK1* ? 1BK1* processes in S1 states can hardly take

place in toluene and acetonitrile solutions as those in gas

phase.

The calculated dipole moments show that the EK forms

are more polar than those of BE and BK forms both in S0

and S1 states (see Table 1). It appears to have a great effect

on the polarities of 1EK* forms than on those of 1BE* and
1BK* forms in S1 states. Thus, 1EK* forms are solvated

more strongly than those of other forms in S1 states.

Therefore, it is difficult for the second proton to transfer

from oxygen atom of the right phenolic ring to nitrogen

atom of oxadiazole ring for 1EK1* and 1EK2*

(1EK1* ? 1BK1* and 1EK2* ? 1BK2*) in polar sol-

vents. The species 1EK1* has the largest value of dipole

moment (5.06 D) and lower energy in S1 state among the
1EK* forms in this study. Therefore, the species 1EK1* can

be solvated strongly by acetonitrile and are the most

Table 2 Calculated absorption (kabs), fluorescence (kfl), and phos-

phorescence (kph) wavelengths (in nm) and their oscillator strengths

(in the parentheses) in gas phase as well as solvated (in toluene and

acetonitrile) conditions, along with available experimental data of

2,5-bis(2-hydroxyphenyl)-1,3,4-oxadiazole

Gas Toluene Acetonitrile

kabs 313 (0.52), 310 (0.50) 317 (0.67), 315 (0.65) 313 (0.64), 312 (0.60)

kfl 362 (0.77), 455(0.20) 374 (0.94), 444 (0.33) 368 (0.91), 422 (0.35)

kph 517 513 508

Expa 365b, 500b 365c, 436c

a Experimental results were taken from Ref. [13]
b The values are the experimental kfl in toluene
c The values are the experimental kfl in acetonitrile
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abundant and stable species in S1 state among the 1EK*

forms.

Therefore, the short-wavelength bands with normal

small Stokes shift values both in gas phase and solvents can

be assigned to the emission of BE form 1BE1*. The long-

wavelength bands are characterized by high Stokes shift

values and may be attributed to the emission of the 1EK*

form 1EK1*, which formed by the proton transfers in S1

state. The fluorescence spectra of other 1EK* forms (1EK2*

and 1EK3*) may overlap with that of 1EK1* substantially.

The 3BE1* can emit phosphorescence.

On the basis of their optimized structures in S0, S1, and

T1 states in gas phase, we predict the absorption and

emission spectra in toluene and acetonitrile solutions

taking into account solute–solvent effects at the PCM-TD-

B3LYP/6-31?G(d,p) level (see Table 2). The results

displayed in Table 2 reveal that there is drastic displace-

ment of kabs, kfl, and kph when solvent effects are taken into

account for high dipole moments species (EK1). Further-

more, the TD-B3LYP method provides very good predic-

tions for the short-wavelength emissions of 1BE1* both in

toluene and acetonitrile solutions. The results are all in

excellent agreement with experimental results [13], with

the maximum deviation being \9 and 3 nm, respectively.

However, for the long-wavelength emission of 1EK1*, the

TD-B3LYP calculations show poor performances for pre-

dicting the kfl for 1EK1*. It is known that standard TD-DFT

calculations show poor performances for charge-transfer

electronic transitions [69, 70]. Other researchers [71, 72]

have noted that the TD-B3LYP method does not correctly

describe the delocalized excited states with charge-transfer

component. The poor performance of the TD-B3LYP

approach may be due to insufficient flexibility in the

functional. More exhaustive investigations are needed

before firm conclusions can be drawn.

4 Conclusions

In this article, we have studied the ground and excited-state

behavior of the 2,5-bis(2-hydroxyphenyl)-1,3,4-oxadiazole

in polar and non-polar solvents. The following conclusions

can be drawn. (1) The rotational process of BE1 ? BE2 and

EK1 ? EK3 are feasible in S0 states while difficult in S1

and T1 states because of the high energy barriers. The rota-

tional processes of 1EK1* ? 1EK2* and 1BK1* ? 1BK2*

are difficult to occur in S0, S1, and T1 states. Furthermore,
1EK1* in S1 states can undergo ISC to the T1 state PES of
3EK1*, which can take place in the reverse proton transfers

to form 3BE1*. Consequently, 3BE1* can emit phospho-

rescence, which can enhance the electroluminescent effi-

ciency. (2) High energy barriers inhibit the proton transfers

for BE to EK in S0 states. The proton transfers for BE to EK

in S1 states can take place through low energy barriers

and exothermicity, while the corresponding processes are

not feasible in T1 states due to endothermicity. The proton

transfers for EK to BK are difficult to occur in all elec-

tronic states because of the large endothermicity and high

energy barriers. (3) The normal small Stokes shift emis-

sions both in gas phase and solvents (non-polar and polar)

can be assigned to 1BE1* form. The large Stokes shift

emissions in gas phase and solvents can be assigned to

the 1EK1* form, which was formed by the single proton

transfer in S1 state. (4) In T1 states, 3BE1* shows emis-

sion phosphorescence both in gas phase as well as in

solutions.
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