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Excited-state intramolecular proton transfer (ESIPT) has

been a research topic of incessant and wide interest because

of its importance in many photophysical,1 photochemical,2-4

biological processes,5,6 and a wide range of application, such

as fluorescence molecular probes,1 luminescent materials,1

and advanced polymer devices for lasing, optical storage,

and electroluminescence.7 5,8-Dihydroxy-1,4-naphthoquinone

(DHNQ) is one of the simple and ideal molecules for the

theoretical elucidation of the photophysical and photo-

chemical processes occurring near the lowest excitation

energy. It is quite intriguing to elucidate the molecular orbitals

located near the HOMO and LUMO levels in conjunction

with specific photochemical processes, and to estimate the

intramolecular hydrogen bond strength on the basis of the

MO. Ground-state intramolecular proton transfer was studied

before, indicating that there are double minima, and the

energy to cross over the barrier separating the double minima

is found to be high.8

The main research goals of the present study are (1) to

evaluate the excitation and deactivation behaviors near the

UV absorption thresholds by means of the absorption, fluore-

scence, and fluorescence excitaton spectroscopy; (2) to

evaluate the vertical excitation energies with the time-depen-

dent (TD) DFT method which can help to make unambigu-

ous assignment of the electronic spectra; (3) finally to clarify

the molecular orbitals associated with the electronic transi-

tions and then to infer the hydrogen bond strength relevant to

the MO involved. Reliable reproduction of the electronic ex-

citation spectrum might help to assign unambiguously the

excitation, fluorescence, and fluorescence excitation spectra.

Also, the orbital population analysis can render the insight

into efficiency of proton or hydrogen transfers.

Experimental and Theoretical Methodologies

Conventional spectrometers were used to measure the ab-

sorption, fluorescence, and fluorescence excitation spectra of

a 2.0 × 10−5 M HDNQ solution in cyclohexane. The ground-

state equilibrium geometries and the vibrational frequencies

were probed by using the Kohn-Sham DFT.9 Becke's three-

parameter exchange functional10,11 and the gradient-correct-

ed Lee-Yang-Parr correlational functional (B3LYP)12 were

used with the cc-pVTZ basis set.13-16 The TD DFT method17-19

was also applied to compute the vertical excitation energies

and to elucidate the corresponding MOs with the B3LYP/cc-

pVTZ method at the various S0 geometries optimized with

the B3LYP/cc-pVTZ method. Natural population analysis

(NPA) was also performed to give a satisfactory description

of the atomic charges and the orbital populations of the

molecular wavefunctions. All calculations were carried out

with the Gaussian 09 suite of program.20

Results and Discussion

We achieved the molecular model of DHNQ in the funda-

mental state optimized with the B3LYP/cc-pVTZ method

under the tight C2v option. No imaginary frequency is found

in the frequency calculation, indicating that the structure

evaluated in the present study is a global or a local minimum.

The absorption spectrum of a 2.0 × 10−5 M DHNQ solution

in cyclohexane is shown in Figure 1, and is compared with

the simulated absorption spectrum achieved with the TD

DFT B3LYP/cc-pVTZ calculation in which 20 vertical ex-

citation energies were evaluated. It is shown in the previous

study that the TD DFT B3LYP/cc-pVTZ//B3LYP/cc-pVTZ

calculations overestimate within only 6.83 ± 5.17% the 

bands of 13 compounds containing at least one phenyl

group.21 The rms deviation is shown to be low as 0.177 eV.21

Note that the simulated spectrum shown in Figure 1(b) was

shifted to red by using a scaling factor of 0.930, the value

used previously.21 Line spreading of the oscillator strengths

was performed by using a Gaussian line shape function hav-

ing a unique full width at half maximum (fwhm) of 0.1 eV.

Note that the fwhm of 0.1 eV is arbitrarily chosen. We found

that the broad and smooth spectrum reproduced by using the

value for the fwhm mimics the experimental spectrum. Also,

note that the fwhm of 0.1 eV does not reveal a physical

meaning.

The notations for the simulated electronic absorption spec-

trum shown in Figure 1(b) refer to the states of the final

destinations for the electronic processes. Note that the ground

state is 11A1 and the number in front of the state notation

indicates the energy order. Therefore, the lowest and the

second lowest peaks (two of the three major peaks) appear-
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ing in Figure 1(b) represent 11A1 → 21A1 and 11A1 → 11B2,

respectively. Orbital population analysis was performed to

provide information about the coefficients of the molecular

orbitals which contribute mainly to the excited 21A1, 2
1B2,

and 41A1 states. The TD DFT calculation indicates that the

lowest electronic excitation corresponds to the transition

from the 49th MO to 50th MO. Note that the 49th MO refers to

the HOMO whereas the 50th MO is the LUMO. Figure 2

presents the numbering of the MO and the individual atomic

charges evaluated with the MP2/cc-pVTZ method (Fig.

2(a)), and the MO coefficients involved in the principal

absorptions (Fig. 2(b)), and also describes the corresponding

MO energies (Fig. 2(c)). Interestingly, the MOs, whose

energies lie near the nonbonding levels involve only px (in

here pπ) of the carbon atoms and the hydrogen (of the O-H

bonds) atoms. It is intriguing to observe that the MO

coefficients of the hydroxy O and H atoms can have the

same or the opposite signs relevant to the electronic excita-

tion. The coefficient referring to the micro-configuration

(not spin adapted) involving the 49th MO → the 50th MO is

found to be 0.70730, which is converted to 1, indicating the

100% contribution from the pertinent singlet configuration.

Note that if we want the percentage contribution from the

pertinent singlet configuration, we must square the coeffi-

cient and multiply it by 2 to give 100%. During the transition

of the 49th MO → the 50th MO, the signs of the coefficients

of the px orbitals related to the O-H bond are not changed,

which might imply that the O-H bond strength is not weaken-

ed. We presume that the signs of the O-H and O…H MO

coefficients determine the intramolecular proton or hydrogen

transfer efficiency. This kind orbital population analysis may

be informative as to the efficiency of the intramolecular

proton or hydrogen transfer.

One of the three major absorptions involves 11A1 → 21B2,

attributable to the electronic transition from the 45th MO to

the 50th MO with the 73.0% contribution. Figure 2(b) also

describes the 45th MO. One of the three major absorptions

includes 11A1 → 41A1, arising from the electronic transition

from the 47th MO to the 51st MO with the 90.2% contribu-

tion. Figure 2(b) also reveals the 47th and 51st MOs.

When we excited the molecule at 460 and 510 nm corre-

sponding to 11A1 → 21A1, the lowest excitation process, the

excited singlet species emits slightly red-shifted fluorescence

whose spectral shape is found to reveal the mirror image.

When we excited the molecule at 380 nm corresponding to

11A1 → 11B2, whose oscillator strength was calculated to be

extremely low, the fluorescence intensity turned out to be,

however, extremely high. It is intriguing to observe the long-

range tail of the fluorescence ranging to 700 nm (Fig. 3(a)).

Why does this happen? This is presumably because the

excited state intramolecular energy transfer involving the

11B2 → 21A1 transition occurs, which in turn emits the

fluorescence. What happened if we excited the molecule at

270 nm? We observed fluorescence spanning three regions

corresponding to the fluorescence decays involving the 21B2

→ 11A1, 1
1B2 → 11A1, and 21A1 → 11A1 relaxations. These

events can be taken as an indication of the occurrences of the

energy transfers competing with those of the corresponding

fluorescences.

In an attempt to confirm the mechanistic interpretation of

the fluorescence decay processes, we also measured the

fluorescence excitation spectra by using the same solution.

We found the fluorescent channels emitting the 610- and

670-nm fluorescences when we excited the molecules in the

wavelength spanning 250-600 nm. The fluorescence effici-

Figure 1. Absorption spectrum measured in a 2.0 × 10−5 M 5,8-
dihydroxy-1,4-naphthoquinone solution in cyclohexane is compared
with the simulated absorption spectrum calculated with the TD
DFT B3LYP/cc-pVTZ//B3LYP/cc-pVTZ method. (a) Absorption
spectrum. (b) Simulated absorption spectrum achieved with the
TD DFT B3LYP/cc-pVTZ method. The peak assignments refer to
the final states.

Figure 2. Atomic charges predicted by the natural population
analysis with the MP2/cc-pVTZ method and the molecular orbitals
near the nonbonding level. (a) The atomic charge and the
numbering. (b) The MO revealing the individual coefficients. (c)
The MO energy levels.
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ency turns out to be relatively great when we excited the

molecule at ≈ 500 nm. This implies that the 21A1 fluorescent

states are attained mainly via the excitation from the 11A1

state. We also observed a minor channel involving the 11A1

→ 11B2 → 21A1 → 11A1, which was initiated by the photo-

absorption at 350 nm (Fig. 3(b)). We also observed another

minor channel initiated by the absorption of a UV photon of

≈ 290 nm, which leads to the 11A1 state via the 11A1 → 21B2

→ 21A1 → 11A1 consecutive photophysical process.

We observed fluorescent channels emitting the 460- and

490-nm fluorescences, which might be attained by absorbing

the ≈ 400-nm photon (Fig. 3(b)). It is interesting to observe a

direct photophysical process involving the 11A1 → 11B2 →

11A1. This direct fluorescence decay involving the 11B2 →

11A1 process may not conform to the Kasha rule, which

states that photon emission occurs in appreciable yield only

from the lowest excited state within a given spin multipli-

city.22 A minor channel initiated by the absorption of the

≈ 265-nm photon (Fig. 3(b)) leads to the 460-nm fluore-

scence, which presumably occurred via the 11A1 → 31B2 →

11B2 → 11A1 photophysical process.

It has been clarified in a literature that natural population

analysis (NPA) developed by Reed et al. is an alternative to

conventional Mulliken population analysis (MPA), seems to

better describe the electron distribution in compounds of

high ionic character.23,24 A previous study by Collins et al.

also indicates that the MPAs seem to give an unreasonable

physical picture of the charge distribution in compounds

having high ionic character.25 The atomic charges of the H-

bonded hydrogen atom are found to be much larger than

predicted by the Mulliken population analysis. Comparative

experimental studies are necessary to clarify the efficiencies

of proton and/or hydrogen atom transfers in conjunction

with the analysis of the relevant molecular wave functions.

Conclusions

The TD DFT calculation indicates that the lowest elec-

tronic excitation corresponding one of the three major peaks

is the transition from the 49th to the 50th MO. One of the

three major absorptions involves 11A1 → 21B2, attributable

to the electronic transition from the 45th MO to the 50th MO.

The MOs, whose energies lie near the nonbonding levels,

involve only px (in here pπ) of the carbon atoms and the

hydrogen atoms involving only the hydrogen bonding.

When we excited the molecule at 460 and 510 nm, the

excitation energies of which correspond to 11A1 → 21A1, the

lowest excitation process, the resulting excited singlet

species emits slightly red-shifted fluorescence. It is also found

that the fluorescence spectral shape reveals the mirror

image. The decay channels emitting the 610- and 670-nm

fluorescences were found when we excited the molecule in

the wavelength range from 250 to 600 nm. The fluorescence

efficiency was great when we excited the molecule at  ≈ 500

nm. The fluorescence decay channel involving 11B2 → 11A1

is found to be correlated with mainly 11A1 → 11B2. We also

observed a minor channel involving the 11A1 → 11B2 →

21A1 → 11A1 process, which was initiated by the photo-

absorption at 350 nm. We also observed a minor 11A1 →

21B2 excitation channel (by absorbing 290 nm) leading to

the 610- and 670-nm fluorescences. The observation of the

sizable red-shifted fluorescence implies the occurrence of

the excited state energy transfer involving the 11A1 → 21B2

→ 21A1 → 11A1 photophysical process. We observed

another fluorescent channels emitting the 460- and 490-nm

fluorescences, which might be attained by absorbing the

≈ 400-nm photon via the 11A1 → 11B2 → 11A1 process. A

minor channel initiated by the absorption of the  ≈ 265-nm

photon leads to the 460-nm fluorescence decay channel via

the 11A1 → 31B2 → 11B2 → 11A1 photophysical process.
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