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Abstract The intramolecular proton transfer process

and optical properties of a series of derivatives of

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

have been studied. The effects of electron-donating and

-withdrawing substituents on the intramolecular proton

transfer and optical properties in the S0 and S1 states have

been investigated to find out the relationships between

them and the Hammett substituent constants (dp). The

statistically valid linear correlations are observed between

the dp and the ionization potential (IP), electron affinity

(EA), the relative energies (DE) and the direct energy

barriers (DEd) of the intramolecular proton transfer reac-

tions, and the optical properties of HOXD and its

substituted derivatives. The kabs, kfl, and kph of the elec-

tron-withdrawing substituted derivatives have batho-

chromic shifts, while the corresponding values of the

electron-donating substituted derivatives show hypso-

chromic shifts compared with the parent compound

HOXD. A successful tuning in the emission color was

achieved: the emission wavelength was substituent dp

dependent, providing a powerful strategy for predicting

the optical properties of novel electroluminophores.

Keywords Excited-state intramolecular proton transfer

(ESIPT) � Substituent effects � UV–Vis and fluorescence

spectra � 2-(2-Hydroxyphenyl)-5-phenyl-1,3,

4-oxadiazole (HOXD)

1 Introduction

The excited-state intramolecular proton transfer (ESIPT)

phenomenon has provoked massive interest [1–13] to the

photophysicists and photochemists because of the huge

potential in it since the studies of the fluorescence of

methyl salicylate. 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 a tautomerization 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 [14]. Organic

luminophores that undergo ESIPT are usually character-

ized by abnormally large fluorescence Stokes shifts (6,000–

12,000 cm-1) resulted from the reorganization of the

charge distribution of the tautomerization [15, 16]. This

property makes these molecules very attractive due to

potential utilities in fluorescence sensors [17–19], laser

dyes, organic light emitting diodes (OLEDs) [20–23], UV

filters [24], and molecular switches [25, 26].

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

is an example of a molecular system that undergoes ESIPT

to yield an excited keto form from the original enol form

and emits quite strong ESIPT fluorescence [20, 23]. The

schematic singlet and triplet potential curves in Fig. 1

describe the luminescence and protons transfer processes in

HOXD (R = H) and its derivatives. The derivatives of
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HOXD are ideal model compounds for studying the effects

of substituents on the luminescent and ESIPT reaction

characteristics, because the proton-donor and -acceptor

parts are clearly separated [27–29]. Moreover, the triplet

phosphorescence emission of the enol forms [20, 23] raises

the electroluminescent efficiency that is demanding for

electroluminescence materials of OLEDs in flat panel

display technologies. Furthermore, substances containing

an oxadiazole fragment (both low molecular weight and

polymers) are promising materials for the constructing

of OLEDs [30], both as electron-transporting and

hole-blocking layers [31–33] and as light-emission layers

[34, 35].

Experimental and theoretical studies of HOXD and its

several derivatives by Doroshenko et al. [27, 28] revealed

that the fluorescence properties can be tuned from a com-

plete quenching of the phototautomer emission up to a

considerable quantum yield with the introduction of elec-

tron-donating substituents either in the proton-donating or

in the proton-donor moieties. Gaenko et al. [29] studied the

relative effect of substituents with different electron-donor

capabilities on the proton-acceptor moiety of HOXD at the

high-quality level. In our previous report [36], we per-

formed a theoretical study on O/‘‘NH’’- and O/‘‘S’’-

substituted derivatives of the HOXD to investigate the

substituent effects on the intramolecular protons transfer

processes, the rotational processes, and the optical

properties.

There have been many reports on the effects of the

skeleton and the substituent groups of molecules on the

luminescent and ESIPT reaction characteristics, yet general

relationships between the luminescent and ESIPT reaction

characteristics and the chemical structure have hitherto not

been revealed. Clarification of the relationships between

the chemical structure and the luminescent and ESIPT

characteristics are of great value in chemistry (e.g.,

molecular materials, probes, sensors, and tracers) and

materials science (e.g., optoelectronics), since such rela-

tionships allow us to design novel OLEDs and sensors

molecular materials with ESIPT and high electrolumines-

cent efficiency characters.

In this work, we reported some results of an extensive

investigation of the intramolecular proton transfer reaction

and optical properties from theoretical point of view for

HOXD system. To investigate the substituent effects, a

series of derivatives with electron-donating or -withdraw-

ing substituents on the phenyl ring of HOXD, as shown in

Scheme 1, have been designed. The substituents are con-

sidered with the Hammett sigma para constants (dp) values

ranging from electron donor such as –OH (dp = -0.37) to

strong electron acceptor (e.g., –CN, dp = 0.66). We

investigated the effects of electron-donating and -with-

drawing substituents on the intramolecular proton transfer

properties in the ground (S0) and first singlet excited (S1)

states to find out the relationships between the ESIPT

reaction properties and the dp. Furthermore, we explored

the optical properties of the substituted derivatives at the

TD-DFT level with the aim to get the relationships between

the optical properties of the substituted derivatives and

the dp.

2 Computational methods

All calculations discussed in this work are carried out by

means of the GAUSSIAN 03 package [37]. On the basis of

our previous successful calculation for HOXD [36], the

geometry optimizations for S0 states were performed using

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

uration interaction with single excitations (CIS) [38]

method was employed to optimize the geometries for S1

and T1 states. All geometry optimizations were performed
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Fig. 1 Proton transfer and luminescence processes in HOXD and its

derivatives. A, F1, and P denotes the absorption, fluorescence, and

phosphorescence spectra of Enol forms, respectively. F2 denotes the

fluorescence spectra of Keto forms
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Scheme 1 Geometries of Enol (E) and Keto (K) forms of HOXD and

its derivatives, along with the dp values of substituents (in

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

same level were performed for the obtained structures. All

real frequencies have confirmed the presence of a local

minimum, while one imaginary frequency indicated the

existence of a transition state.

To introduce the dynamic electron correlation, single-

point energy calculations for the ground and excited states

have been done at the DFT and TD-DFT [39–41] level,

respectively, with B3LYP, Becke’s three-parameter func-

tional, and with nonlocal correlation provided by the LYP

[42] expression, using the 6-31?G(d,p) basis set. Absorp-

tion, fluorescence, and phosphorescence spectra were cal-

culated at the TD-B3LYP/6-31?G(d,p) level based on the

optimized geometries in S0, S1, and T1 states, respectively,

which has been proved to be efficient in providing proper

optical properties [43–46]. The radiative rate constants

were also calculated. The hybrid method (denoting as

single point calculation//optimization 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 [47, 48] or optical properties for LED materials

[43–46, 49–54].

In our previous work [36], the geometry optimizations

for the excited state of HOXD were also carried out at the

TD-B3LYP/TZVP level by TURBOMOLE 5.7 [55] pro-

gram suite. The optical properties were predicted at the

TD-B3LYP/TZVP level based on the optimized excited

states geometries. Our 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]. To the contrary, the TD-B3LYP/6-31?G(d,p)//CIS/6-

31G(d) method provided a correct energy ordering with the

available 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

this work, we perform the geometry optimizations for the

excited states of HOXD and its substituted derivatives at

the CIS/6-31G(d) level.

The ionization potential (IP) and electron affinity (EA)

for the Enol (1E) forms of HOXD and its substituted

derivatives were calculated as described in the following

equations:

IP ¼ EðMþÞ � EðM0Þ
EA ¼ EðM0Þ � EðM�Þ

where the E(M0), E(M?), and E(M-) are the total energy of

the neutral, cationic, and anionic forms of HOXD and its

substituted derivatives at the B3LYP/6-31?G(d,p) level,

respectively.

3 Results and discussion

3.1 Substituent effects on the electronic structures

and properties of the substituted derivatives

To investigate the effects of different substituents on the

phenyl ring of HOXD on the electronic structures and

properties of the substituted derivatives, a diverse set of 15

substituted HOXDs have been considered. The properties

of the different electron donors or acceptors can be nicely

summarized in terms of the dp [57], one of the most widely

used means for the study and interpretation of reactions

mechanisms and properties of organic compounds [58–68].

A positive value of dp indicates that the substituent group is

electron-withdrawing in nature; on the other hand, a neg-

ative value implies the electron-donating nature of the

substituent. The dp values are taken from the compilations

of the dp by Hansch and Taft [58]. All the calculations were

made for the molecules in gas phase. It is worth to note that

the experimental dp values were obtained initially in polar

solutions, which perhaps causes the systematic deviations

for the data points corresponding to substituents. However,

statistically valid linear correlations at least can be

observed between the electronic structures and/or proper-

ties and their dp.

The introduction of different electron-donating or

-withdrawing groups for the parent compound HOXD leads

to the change of the electronic structures and properties for

its derivatives. The IP and EA are important properties for

organic dyes used in OLEDs, and the light emitting

materials should have a small IP and large EA [30, 31, 69].

The IP and EA values of HOXD derivatives are plotted

as a function of the dp in Fig. 2. The IP and EA of the 1E

electron withdrawingelectron donating
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8

Fig. 2 Ionization potential (IP) and electron affinity (EA) versus dp

for HOXD and its substituted derivatives at the B3LYP/6-31?G(d,p)

level
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forms for HOXD and its substituted derivatives are col-

lected in supplementary Table SI. The results displayed in

Fig. 2 reveal that the linear correlations (correlation coef-

ficient: r = 0.90 and 0.98; slope: q = 0.55 and 0.94 for IP

and EA, respectively) are observed between the IP/EA and

dp, indicating that the trend in the substituent effects can be

qualitatively understood in terms of the electron-donating

or -withdrawing character of the substituents. One can also

find that both the IP and EA increase with the increasing

electron-withdrawing abilities of the substituent (i.e.,

higher value for dp). The IP and EA of electron-with-

drawing (-donating) substituted derivatives are larger

(smaller) than those of HOXD. It suggests that the electron-

donating (-withdrawing) groups favor the decrease

(increase) for the IP and EA. Furthermore, the comparison

of line slopes indicates that groups exert stronger influence

upon EA than IP, i.e., the increase in EA with dp is sig-

nificantly steeper than that of IP.

3.2 Substituent effects on the intramolecular proton

transfer reaction properties of the substituted

derivatives in S0, S1, and T1 states

The relative energies (DE) (energies differences between

products and reactants), the direct (DEd), and reverse (DEr)

energy barriers for the protons transfer of 1K ? 1E in S0

states and 1E* ? 1K* in S1 states of HOXD and its

substituted derivatives are summarized in supplementary

Table SII. The DE, DEd, and DEr in S0 and S1 states are

plotted in Fig. 3a and b as a function of dp, respectively.

For the strongest electron-donating groups, p-NMe2 and

p-NH2 (dp = -0.83 and -0.66), their estimated rate con-

stants of the ESIPT reactions are very small and the protons

transfer reactions are very slow [27, 29]. So, we exclude

them from this system.

Inspection of Fig. 3a reveals clearly that 1E forms are

much more stable than 1K forms (DE \ -0.58 eV), indi-

cating that both electron-withdrawing and -donating sub-

stituents stabilize the 1E forms relative to their 1K forms.

Moreover, the line slopes of DE, DEd, and DEr are only

-0.044, -0.0064, and 0.037 eV/mol, respectively, suggest-

ing that the substituent effects do not significantly affect

the DE, DEr, especially for DEd compared with those of

HOXD. Therefore, the protons transfer processes 1K ? 1E

of both electron-withdrawing and -donating substituted

derivatives can take place easily though low energy barri-

ers or barrierless processes. To the contrary, the reverse

protons transfer processes in S0 states are difficult to occur

for both electron-withdrawing and -donating substituted

derivatives as HOXD. Following trend is observable from

Fig. 3a: both DE and DEd slightly decrease while DEr

slightly increase with the increasing electron-withdrawing

abilities of the substituents, indicating that the high elec-

tron-withdrawing (-donating) abilities of the substituents

slightly increase (decrease) the stabilities of 1E forms

compared with their 1K forms; furthermore, the protons

transfer processes in S0 states involve high DEr and slightly

negative values of DEd. The slightly negative values of DEd

suggest that the B3LYP method slightly underestimates the

energy barriers of the protons transfer processes. It was

also recently reported that the B3LYP method provides

negative energy barriers for radical addition reaction [70].

electron withdrawingelectron donating
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∆Ed = − 0.0064δp − 0.062
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r = 0.91
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r = − 0.90
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Fig. 3 The interaction energies (DE), direct (DEd), and reverse (DEr)

energy barriers for the intramolecular protons transfer processes of

HOXD and its substituted derivatives versus dp (a) in S0 state at the

B3LYP/6-31?G(d,p)//HF/6-31G(d) level and (b) in S1 state at the

TD-B3LYP/6-31?G(d,p)//CIS/6-31G(d) level
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Therefore, the large endothermicity and high DEr impose a

restriction on the occurrence of the reverse protons transfer

processes 1E ? 1K in S0 states for all compounds. How-

ever, the protons transfer processes will occur easily

through a very low energy barriers or barrierless processes.

Comparing the results shown in Fig. 3a with 3b, one can

find that the introduction of different electron-donating or

-withdrawing group to the HOXD leads to similar trends of

the DE, DEd, and DEr in S1 states compared with those in

S0 states. A careful inspection of the results displayed in

Fig. 3a and b confirms the expectation. Both DE and DEd

linearly decrease substantially with the increase of elec-

tron-withdrawing abilities of the substituents compared

with those in S0 state with the line slopes of -0.33 and

-0.25 eV/mol, respectively. The DEr in S1 states slightly

increase with the increase of electron-withdrawing abilities

of the substituents as those in S0 states with the line slope

of 0.073 eV/mol. The dependences of DE and DEd on

substitutions in S1 states are remarkably more significant

than those of DEr. Therefore, by substituting electron-

withdrawing (-donating) groups, the DE and DEd decrease

(increase) and the DEr increase (decrease) in S1 states,

compared with those of HOXD, respectively.

The endothermic reverse protons transfer processes
1E ? 1K of all derivatives in S0 states become exothermic

ESIPT processes 1E* ? 1K* in S1 states (DE \ 0). The

reverses of the stabilities of the 1E* and 1K* forms are found

because of the loss of aromaticity in the excitation processes,

which favor the ESIPT reactions. One can find that the DE

values of electron-withdrawing substituted derivatives in S1

states are more negative than those of electron-donating

substituted derivatives (Fig. 3b). This indicates that the sta-

bilizing effects of the electron-withdrawing substituents on

the 1K* forms are stronger than those of electron-donating

substituents compared with their 1E* forms. Therefore, the

stabilities of 1K* forms increase by strong electron-with-

drawing groups and decrease by strong electron-donating

groups compared with their 1E* forms, respectively.

Comparing the DEd in S1 states and the DEr in S0 states

shown in Fig. 3a and b, the DEd in S1 states decrease

substantially while the DEr in S0 states increase slightly

with the increasing electron-withdrawing abilities of the

substituents. The line slopes of the DEd in S1 states and the

DEr in S0 states are -0.25 and 0.037 eV/mol, respectively.

Thus, each ESIPT process of all derivatives can take place

easily through an exothermic process and a lower energy

barrier. Moreover, the ESIPT processes of the electron-

withdrawing substituted derivatives take place more easily

than those of the electron-donating substituted derivatives

through the very low energy barriers. However, the reverse

ESIPT processes of the electron-withdrawing substituted

derivatives will occur more difficultly than those of the

electron-donating substituted derivatives.

3.3 Substituent effects on the absorption, fluorescence,

and phosphorescence spectra of the substituted

derivatives

The schematic singlet and triplet potential curves describe

the luminescence and proton-transfer processes in HOXD

and its derivatives, as shown in Fig. 1. Initially, the mole-

cules are in the 1E forms in S0 states. Upon photoexcitation,

ESIPT occurs, the protons transfer from 1E* to 1K* forms in

S1 states. Later, the 1K* return from S1 to S0 states

(1K* ? 1K) through fluorescent emissions. Finally, the

protons transfer from 1K to the starting 1E in thermal

processes in S0 states to finish the cyclic four-level photo-

physical scheme (1E ? 1E* ? 1K* ? 1K ? 1E). Further-

more, the 1K* can also transit to the excited triplet states of

the keto forms (3K*) through the intersystem crossing

(ISC). For molecules with ESIPT property, it was found that

the ESIPT facilitates the ISC [71]. Subsequently, if enol

forms (3E*) are more stable than 3K* forms, 3K* forms will

take place the reverse protons transfer in T1 states to form
3E* forms. Eventually, phosphorescences of 3E* forms will

be observed (1K* ? 3K* ? 3E* ? 1E) [71].

The absorption corresponds to the excitation of 1E forms

from S0 to S1 states. So the kabs are calculated at the

TD-B3LYP/6-31?G(d,p) level based on the optimized

geometries of 1E forms in S0 states. The fluorescent

emission bands characterized by high Stocks shift values

are attributed to the emissions of 1K* forms formed by

ESIPT. The phosphorescence emission bands are attributed

to the emissions of 3E* forms because all the 3E* forms of

HOXD and its derivatives are more stable than their
3K* forms. Therefore, the kfl and kph are calculated at the

TD-B3LYP/6-31?G(d,p) level based on the optimized

geometries of 1K* and 3E* forms in S1 and T1 states,

respectively.

It is well known that solvent effects differently tune the

absorption and emission wavelengths. We select HOXD

and the derivatives with strongest electron-donating and

-withdrawing substituents (e.g., –OH and –CN, dp = -0.37

and 0.66) in this study to investigate the solvent effect for

optical properties of this kind of compounds using the

polarized continuum model (PCM) [72]. On the basis of

the optimized structures (S0, S1, and T1), we predicted the

optical spectra for HOXD and its derivatives (R = CN and

OH) in CH2Cl2 solvent taking into account both nonequi-

librium and equilibrium solute-solvent effects [73] at the

PCMTD-B3LYP/6-31?G(d,P) level. The calculated max-

imum wavelength kabs, kfl, and kph in nonequilibrium and

equilibrium solvations in CH2Cl2 solvent are listed in

supplementary Table SIII. The results displayed in Table

SIII show that the introduction of the solvent effects in the

TD-DFT calculations does not significantly affect the kabs

values. The deviations of kabs in CH2Cl2 and in gas phase

Theor Chem Acc (2009) 124:331–338 335
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are \4 nm in nonequilibrium solvation, the corresponding

deviations in equilibrium solvation are estimated to be

2–10 nm, the difference between nonequilibrium and

equilibrium results being\6 nm. The kph values of HOXD

and the derivative with strongest electron-donating group

(R = OH) in CH2Cl2 taking into account of both non-

equilibrium and equilibrium solute-solvent effects have

hypsochromic shifts (11 and 55 nm), while the corre-

sponding value of the derivative with strongest electron-

withdrawing substituent (R = CN) shows bathochromic

shift (35 nm) compared with the kph values in gas phase.

To the contrary, the kfl values of HOXD and its derivatives

in CH2Cl2 taking into account of solvent effects show high

hypsochromic shifts, which are estimated to be 8–75 nm in

nonequilibrium salvation and 14–67 nm in equilibrium

salvation, respectively, compared with the values in gas

phase, particularly the highest hypsochromic shift is

observed for the derivative with strongest electron-with-

drawing substituent (R = CN). Inspection of Table SIII

reveals clearly that high electron-withdrawing (electron-

donating) ability of the substituent increases (decreases)

the hypsochromic shifts of kfl value compared with its kfl

value in gas phase. Nevertheless, the introduction of the

solvent effect in the TD-DFT calculation leads to larger

deviation of kfl for HOXD from the experimental data [18].

As PCM calculation is very time consuming for such large

molecule, hereafter, we will not consider the solvent effects

in the TD-DFT calculations.

The calculated absorption (kabs), fluorescence (kfl), and

phosphorescence (kph) spectra at the TD-B3LYP/6-

31?G(d,p) level based on the HF/6-31G(d) (for kabs) and

CIS/6-31G(d) (for kfl and kph) optimized geometries are

summarized in supplementary Table SIV. The kabs, kfl, and

kph are plotted as a function of dp, as shown in Fig. 4. The

results are worth noting that the kabs, kfl, and kph linearly

increase with the increase of the electron-withdrawing

abilities of substituents. All the kabs, kfl, and kph of the

electron-withdrawing substituted derivatives have batho-

chromic shifts, while the corresponding values of the

electron-donating substituted derivatives show hypsochro-

mic shifts compared with those of HOXD. Furthermore, all

the line slopes of kabs, kfl, and kph are positive, indicating

high electron-withdrawing ability of the substituents

increase the bathochromic shifts values of kabs, kfl, and kph

for the electron-withdrawing substituted derivatives, while

high electron-donating ability of the substituents increase

the hypsochromic shifts values of kabs, kfl, and kph for the

electron-donating substituted derivatives compared with

those of HOXD.

The line slopes of kabs, kfl, and kph are 40.54, 132.0, and

54.57 nm, respectively. The line slope of kph is higher by

14 nm than that of kabs, indicating that the substituent

effects on the kph are stronger than those on the kabs. The

line slope of kfl (132.0 nm) is higher by 91 and 77 nm than

those of kabs and kph, respectively. The comparison of line

slopes indicates that substituent effects exert stronger

influence upon kfl than kabs and kph, i.e., the increase in kfl

with the increasing dp is significantly steeper than those of

kabs and kph, respectively. Hence, the sensitivities of the kfl

to substitutions are significantly higher than those of the

kabs and kph, respectively. Thus, a powerful tuning in the

absorptions and emissions can be achieved: the absorptions

and emissions wavelengths are the dp of the substituents

dependent, providing a powerful strategy for prediction of

the optical properties of novel electroluminophores.

Especially, it is very interesting that the line intercepts

of kabs and kfl (i.e., pristine HOXD for dp = 0) are 315 and

481 nm, respectively. The results are both in excellent

agreement with experimental results (315 and 475 nm,

respectively) [18], with the maximum deviation being

\6 nm. The line intercept of kph (555 nm) is in good

agreement with the calculated data (543 nm) in [36],

although there is a larger deviation of kph from the

experimental data (481 nm) [18].

The substantial effects of the substitutions pattern on the

optoelectronic properties of substituted derivatives of

HOXD prompted us to rationalize the data in terms of a

Hammett-type linear radiative rate constants kf and natural

radiative lifetimes sr relationship. We utilize Einstein’s

spontaneous emission transition probability relation [27,

29, 74, 75]:

kf ¼
f m2

1:5

where kf is the radiative rate constant (in s-1), m is the

transition wavenumber (in cm-1), and f is the corre-

sponding oscillator strength. The inverse of kf yields the

electron withdrawingelectron donating

0.0 0.80.4-0.4
δp

λabs= 40.54δp + 315  
         r = 0.92

λ (nm)

λfl = 132.0δp + 481 
         r = 0.96

λph = 54.57δp + 555 
           r = 0.93

300

400

500

600

Fig. 4 Maximum absorption (kabs) of 1E forms, fluorescence (kfl) of
1K* forms, and phosphorescence (kph) of 3E* forms for HOXD and its

substituted derivatives versus dp at the TD-B3LYP/6-31?G(d,p) level
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natural radiative lifetime, sr [76]. The kf and sr of HOXD

and its derivatives are summarized in supplementary Table

SV.

The values of kf are plotted in Fig. 5 as a function of the

dp. The sr versus dp is shown in supplementary Fig. SI.

A linear correlation (r = -0.96) is observed between kf

and the dp. The electron-donating (-withdrawing) substituents

cause increase (decrease) in substituted derivative’s kf

compared with that of HOXD. The electron-donating

substituents cause decrease in substituted derivative’s sr,

whereas electron-withdrawing groups increase sr compared

with that of HOXD. Hence, the Hammett analysis provides

a valuable tool to predict the kf and sr of substituted

derivatives.

4 Conclusions

The statistically valid linear correlations are observed

between the IP, EA, the DE, DEd, and DEr of the protons

transfer processes, and the kabs, kfl, and kph of HOXD and

its substituted derivatives and the dp. The following con-

clusions can be drawn. (1) The linear correlations are

observed between the IP and EA of the substituted deriv-

atives and the dp, indicating that the trend in the substituent

effects can be qualitatively understood in terms of the

electron-donating or -withdrawing character of the sub-

stituents. (2) For the protons transfer reactions, the sub-

stituent effect has little effect on the DE, DEd, and DEr of
1K ? 1E compared with those of HOXD in S0 states. The

reverse protons transfer processes in S0 states are difficult

to occur for both electron-withdrawing and -donating

substituted derivatives as HOXD. To the contrary, the

protons transfer processes of both electron-withdrawing

and -donating substituted derivatives can take place easily

though low energy barriers or barrierless processes. In S1

states, both the DE and DEd linearly decrease substantially,

while the DEr increase with the increasing electron-with-

drawing ability of the substituents for ESIPT processes of
1E* ? 1K* compared with those of HOXD. Therefore, the

ESIPT processes of the electron-withdrawing substituted

derivatives occur more easily than those of the electron-

donating substituted derivatives through very low energy

barriers. To the contrary, the reverse ESIPT processes of

the electron-withdrawing substituted derivatives will occur

more difficultly than those of the electron-donating

substituted derivatives. (3) The kabs, kfl, and kph of the

electron-withdrawing substituted derivatives have batho-

chromic shifts, while the corresponding values of the

electron-donating substituted derivatives show hypsochro-

mic shifts compared with those of HOXD. Furthermore, the

substituent effect on the kfl is stronger than those of kabs

and kph, respectively. (4) A correlation is found for

substituted derivatives between kf and sr and the dp of

substituted derivatives. The emission color can be tuned by

substituents, providing a powerful strategy for prediction of

the optical properties of novel electroluminophores.
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