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Abstract. 9,10-Dihydroxybenzo[h]quinoline (1), a 10-hydroxybenzo[h]quinoline (2) derivative, was synthesized and characterized by 1 H NMR, 13 C NMR, UV–vis and fluorescence spectra, and single-crystal X-ray
diffraction. Compound 1 possesses an intramolecular six-membered-ring hydrogen bond, from which excitedstate intramolecular proton transfer (ESIPT) takes place from the phenolic proton to the pyridinic nitrogen,
resulting in a proton-transfer tautomer emission of 650 nm in dichloromethane. Its molecular geometry in the
ground state has also been calculated using density functional theory (DFT) at the B3LYP/6-31G** level and
compared with its crystal structure. Results show that the optimized geometry can well reproduce the crystal
structure. Furthermore, both absorption and emission spectra of 1 and 2 were calculated using time-dependent
DFT (TD-DFT) calculations, and were in good agreement with the experimental results.
Keywords. 9,10-Dihydroxybenzo[h]quinoline;10-hydroxybenzo[h]quinoline; ESIPT; X-ray diffraction; density functional theory calculations.

1. Introduction
The excited-state intramolecular proton transfer
(ESIPT) reaction of 10-hydroxybenzo[h]quinoline (2)
has been investigated1 ,2 using the femtosecond fluorescence up-conversion technique (scheme 1). The ESIPT
reaction generally involves transfer of a hydroxyl (or
amino) proton to an acceptor such as an imine nitrogen
(or a carbonyl oxygen) through a pre-existing hydrogen
bonding configuration.3 –6 The resulting proton-transfer
tautomer possesses considerable differences in structure and electronic configuration from its corresponding
ground state, i.e., a large Stokes shifted S1 →S0 fluorescence (the prime sign denotes the proton-transfer tautomer). This unusual optical property has found many
important applications. Typical examples include probes for solvation dynamics7 –9 and biological environments,10 ,11 fluorescence microscopy imaging,12 photochromic materials,13 near-infrared fluorescent dyes,14
non-linear optical materials,15 chemosensors16 –19 and
organic light emitting devices.20 –23 In an effort to
expand the scope of 10-hydroxybenzo[h]quinolinebased chromophores available for designing systems
for fluorescent dyes and organic optoelectronic materials, this research reports the synthesis of a derivative
9,10-dihydroxybenzo[h]quinoline (1) as well as its
∗ For
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X-ray structure, optical and electrochemical properties and complementary time-dependent density
functional theory (TD–DFT) calculations. The results
offer the potential to synthesize 10-hydroxybenzo[h]quinoline derivatives with extended molecular
architectures and photophysical properties.

2. Experimental
2.1 Chemicals and instruments
Starting materials such as 10-hydroxybenzo[h]quinoline, 3-chloroperoxybenzoic acid (MCPBA), dichloromethane were purchased from Merck, ACROS and
Sigma–Aldrich. Column chromatography was performed using silica gel Merk Kieselgel si 60 (40–63
mesh). Spectroscopic grade of all solvents such as
cyclohexane (CH), diethyl ether (DEE), dichloromethane (DCM), acetonitrile (ACN), and methanol
(MeOH) were used after proper distillation.
The FT-IR spectrum of the title compound was
recorded in the 4000–400 cm−1 region by a Nicolet
Magna II 550 FTIR spectrophotometer using KBr pellets. 1 H and 13 C NMR spectra were recorded in CDCl3
on a Bruker 400 MHz. Mass spectra were recorded
on a VG70–250S mass spectrometer. The absorption
and emission spectra were measured using a Jasco
955
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Scheme 1. ESIPT mechanism of 2.

V-570 UV–Vis spectrophotometer and a Hitachi F-4500
fluorescence spectrophotometer, respectively. Lifetime
studies were performed with an Edinburgh FL 900
photon-counting system with Spectra Phys Tsunami
laser as the excitation source. Data were analysed
using a non-linear least squares procedure in combination with an iterative convolution method. Emission decays were analysed by the sum of the exponential functions, which allowed partial removal of the
instrument time broadening and consequently renders
a temporal resolution of ∼30 ps. Single-crystal X-ray
diffraction data were collected on a Bruker Smart
1000CCD area-detector diffractometer. Cyclic voltammetry (CV) was performed with a CH instruments at
a potential rate of 200 mV/s in a 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPF6)
in dichloromethane. Platinum and Ag/AgNO3 electrodes were used as counter and reference electrodes,
respectively.
2.2 Synthesis and characterization
2.2a Synthesis of 9,10-dihydroxybenzo[h]quinoline
(1): A solution containing 2 (500 mg, 2.56 mmol) and
75% MCPBA (663 mg, 3.84 mmol) in CH2 Cl2 (30 mL)
was stirred at room temperature for 12 h and then
filtered. The filtrate was washed with 10% NaHSO3
(30 mL) and saturated NaHCO3 (2×30 mL), dried
(MgSO4 ), and concentrated to a brown solid. The crude
product was purified by silica gel column chromatography with eluent (hexane: ethyl acetate = 4:1) to give
1 (81 mg, 15%). Brown parallel-piped-shaped crystals
suitable for the crystallographic studies reported here
were isolated over a period of 5 weeks by slow evaporation from a chloroform solution. Characterization
data: 1 H NMR (400 MHz, CDCl3 , in ppm):δ15.07 (s,
H1 ), 8.80 (dd, J 1 = 4.6 Hz, J 2 = 1.5 Hz, H2 ), 8.25
(dd, J 1 = 8.0 Hz, J 2 = 1.5 Hz, H4 ), 7.76 (d, J =
8.9 Hz, H5 ), 7.58 (dd, J 1 = 8.0 Hz, J 2 = 4.6 Hz, H3 ),
7.49 (d, J = 8.9 Hz, H6 ), 7.44 (d, J = 8.4 Hz, H7 ),
7.39 (d, J = 8.4 Hz, H8 ), 6.07 (br, H9 ). 13 C NMR
(100 MHz, CDCl3 , in ppm):δ148.22, 144.59, 144.53,

143.13, 136.13, 129.24, 128.26, 126.89, 121.83,
121.12, 118.29, 117.44, 115.94. MS (EI, 70 eV): m/z
(relative intensity) 211 (M+ , 16), 181 (100); HRMS
calcd. for C13 H9 O2 N 211.0633, found 211.0629.
2.2b Crystal structural determination: A single
crystal of the title compound with dimensions of
0.60 mm × 0.58 mm × 0.17 mm was selected. Lattice constants and diffraction intensities were measured
with a Bruker Smart 1000CCD area detector radiation
(λ = 0.71073 Å) at 297(2) K. An ω-2θ scan mode was
used for data collection in the range of 2.43 θ 
26.04◦ . A total of 5398 reflections were collected and
1923 were independent (Rint = 0.0207), of which 1453
were considered to be observed with I > 2σ (I) and used
in the succeeding refinement. The structure was solved
by direct methods with SHELXS-9724 and refined on
F 2 by the full-matrix least-squares procedure with
Bruker SHELXL-97 packing.25 All non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen atoms refined with riding model position parameters isotropically were located from difference Fourier map and added theoretically. At the final
cycle of refinement, R = 0.0429 and wR = 0.1235
(w = 1/[σ 2 (Fo2 ) + (0.0826P)2 + 0.2836P], where
P = (Fo2 + 2Fc2 )/3). S = 1.060, (/σ )max = 0.000,
(/ρ)max = 0.258 and (/ρ)min = −0.181 e/ Å3
were observed. Crystallograhic data for the structure
reported in this article have been deposited in the Cambridge Crystallographic Data Center with a supplementary publication number of CCDC 949279. Copies
of these information can be obtained free of charge
from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336 033; e-mail:
deposit@ccdc.cam.ac.uk).
2.3 Computational methods
The Gaussian 03 program was used to perform ab initio
calculation on the molecular structure.26 Geometry
optimizations for compounds 1 and 2 were carried out
with the 6-31G** basis set to the B3LYP functional.
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The hybrid DFT functional B3LYP has proven to be a
suitable DFT functional to describe hydrogen bond.27
Vibrational frequencies were also performed to check
whether the optimized geometrical structures for both
compounds were at energy minima, transition states,
or higher order saddle points. After obtaining the converged geometries, the TD-B3LYP/6-31G** was used
to calculate vertical excitation energies. Emission energies were obtained from TDDFT/B3LYP/6-31G** calculations performed on S1 optimized geometries.

3. Results and Discussion
3.1 Synthesis and characterization
Scheme 2 shows the synthetic route for 1 and its crystal
structure. Hydroxylation at 9-position of 2 was carried
out by the reaction of 2 with 3-chloroperoxybenzoic
acid (MCPBA), giving 1 in a yield of 15% after
purification.2 The structure of 9,10-dihydroxybenzo[h]quinoline (1) can be verified by the presence of only
seven signals (three doublets of doublets and four doublet signals) at δ 7.3–8.9 ppm in the 1 H NMR spectrum, which indicates that hydroxylation at C-9 position of 2 was achieved. Assignment of each proton was
also carried out through chemical shift and coupling
constant (see 2.2a). To confirm its structure, a single
crystal of 1 was obtained from a chloroform solution,
and the molecular structure was determined by X-ray
diffraction analysis. Furthermore, its X-ray structure is
compared with that of 2.28
3.2 Hydrogen bond studies
Dominance of an enol-normal form for 1 and 2, namely
the intramolecular hydrogen-bond formation between
O(1)–H and N(1), is firmly supported by a combination of 1 H NMR and X-ray single-crystal analyses. In
the 1 H NMR studies, existence of a strong hydrogen
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bond between O(1)–H and N(1) is evidenced by the
observation of a large downfield shift of the proton
peak at δ > 14 ppm (in dry CDCl3 ) for both compounds
1 (15.07 ppm) and 2 (14.86 ppm). Hydrogen bonding
energy (E in kcal/mol) of 1 and 2 can be empirically calculated by introducing Schaefer’s correlation,29
expressed as δ = (−0.4 ± 0.2) + E, where δ is
given in parts per million for the difference between
chemical shift in the O–H peak of 1 and 2 and that
in phenol (δ 4.29). Accordingly, the hydrogen-bonding
energy is calculated to be 1 (11.18 ± 0.2 kcal/mol) >
2 (10.97 ± 0.2 kcal/mol). Note that the substitution of
the hydrogen atom at the 9-position in 2 by an electrondonating hydroxyl group, forming 1, seems to increase
the acidity of phenol (O(1)–H) through an inductive
effect. As a result, 1 exhibits a small downfield shift
of the O(1)–H proton, and hence, a stronger hydrogen
bond relative to 2.

3.3 X-ray crystal structures
Compound 1 crystallizes in the space group C2/c with
Z’ = 1, whereas the closely related compound 2 crystallizes with Z’ = 2 in the space group Pbc21 (table 1),
where the pattern of hydrogen bonding clearly rules
out any possibility of additional crystallographic
symmetry.30 The ORTEP diagram of 1 is shown in
scheme 2. The complete molecule is nearly planar, as
indicated by the key torsion angles (table 2). Maximum
deviations from the mean plane through the non-H
atoms are 0.072(1) Å for atom C(10) and 0.068(1) Å
for atom O(1). Dihedral angle between the terminal
ring planes is 5.1(2)◦ , which is slightly larger than that
in 2 (2.3(2)◦ ). Compound 1 possesses an intramolecular O–H· · ·N hydrogen bond,31 ,32 which generates
an S(6) ring motif. Dihedral angle between the mean
plane of the S(6) ring and the mean plane of the pyridine ring is 2.70(2)◦ . This, together with 2.5656(16) Å
of O(1)· · ·N distance and 148◦ of O(1)–H(1A)· · ·N,

Scheme 2. Synthetic route and crystal structure of 1 (red and blue dashed lines denote
intramolecular O–H· · ·N and O–H· · ·O hydrogen bonds, respectively). Non-IUPAC atom
label is used for the convenience of 1 H NMR assignment.

958

Kew-Yu Chen et al.
Table 1.

Crystallographic data for compounds 1 and 2.

Compound
Chemical formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (◦ )
β (◦ )
γ (◦ )
Volume (Å3 )
Z
Dcalc (g cm−3 )
μ (mm−1 )
F000
Crystal size (mm3 )
θ range (◦ )
Index ranges
Reflections collected
Independent reflections (Rint )
Refinement method on F 2
GOF on F 2
R1 [I > 2σ (I)]
wR2 [I > 2σ (I)]
R1 (all data)
wR2 (all data)
Residual (e Å−3 )

1

2

C13 H9 NO2
211.21
Monoclinic
C2/c
11.2583(10)
10.3079(9)
16.7990(15)
90
94.790(2).
90
1942.7(3)
8
1.444
0.099
880
0.60 × 0.58 × 0.17
2.43–26.04
−13h13
−12k9
−16l20
5398
1923 (0.0207)
Full-matrix least-squares
1.060
0.0429
0.1235
0.0564
0.1372
0.258 and −0.181

C13 H9 NO
195.21
Orthorhombic
Pbc21
4.6530(4)
15.1910(10)
26.902(2)
90
90
90
1901.5(2)
8
1.364
0.695
816
0.35 × 0.20 × 0.15
19.35–37.54
0h5
0k16
0l29
1312
1312 (0.0000)
Full-matrix least-squares
1.213
0.0383
0.0767
0.0559
0.1128
0.117 and −0.131

Table 2. Comparison of the experimental and optimized
geometric parameters of 1 (Å and ◦ ).
X-ray

DFT

Bond lengths (Å)
O(1)-C(1)
O(2)-C(2)
N-C(11)
C(1)-C(13)
C(3)-C(4)
C(5)-C(13)
C(8)-C(9)
C(12)-C(13)

1.3638(17)
1.3661(18)
1.3322(19)
1.4109(19)
1.374(2)
1.4158(19)
1.399(2)
1.4441(19)

1.3577
1.3604
1.3288
1.4132
1.3865
1.4213
1.4084
1.4476

Bond angles (◦ )
C(11)-N-C(12)
O(1)-C(1)-C(2)
C(1)-C(2)-C(3)
C(4)-C(5)-C(6)
C(9)-C(8)-C(7)
C(8)-C(12)-C(13)

118.62(13)
117.73(13)
120.37(14)
121.76(13)
123.04(14)
120.34(12)

119.47
115.64
120.43
121.60
123.04
119.97

◦

Torsion angles ( )
C(1)-C(2)-C(3)-C(4)
C(6)-C(7)-C(8)-C(12)
C(9)-C(8)-C(12)-C(13)
N-C(12)-C(13)-C(5)

0.4(2)
−1.5(2)
−177.26(12)
−177.73(11)

0.1
−0.1
−179.98
−179.99

strongly supports the S(6) ring formation. Parameters
of the hydrogen bond of 1 (table 3) are slightly different from those of 2 (2.562(5) Å of O(1)· · ·N distance
and 138(3)◦ of O(1)–H(1A)–N). Moreover, there is a
weak intramolecular O–H· · ·O hydrogen bond33 in 1
(2.7332(16) Å of O(2)· · ·O(1) distance and 108.5(19)◦
of O(2)–H(2A)–O(1)), forming an S(5) motif, which
leads to an increase in the O(1)–N distance as compared to that of the compound 2 (see above). In good
agreement with these observations, the 1 H NMR spectrum (in CDCl3 ) revealed a significantly downfield signal at δ 15.07 ppm (H(1) of S(6) ring) and an upfield
signal at δ 6.07 ppm (H(2) of S(5) ring), giving a clear
indication of two different hydrogen bonds. In addition,
Table 3.
D–H· · ·A

Hydrogen-bond geometry (Å).
D–H

H· · ·A

D–H· · ·A

D–H· · ·A

O1–H1A· · ·N
0.82
1.84
2.5656(16) 148
O2–H2A· · ·O1 0.90(3) 2.31(2) 2.7332(16) 108.5(19)
O2–H2A· · ·O1a 0.90(3) 2.07(3) 2.8463(17) 145(2)
a

Symmetry code: −x+1, y, −z+1/2.
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Figure 1. Part of the crystal structure in the unit cell of 1, showing the formation of a
cyclic centrosymmetric dimmer (left) built from paired O–H· · ·O hydrogen bonds (blue
dashed lines) and formation of the dimer built from π ···π interactions (right). Cg1 (yellow
circles), Cg2 (blue circles) and Cg3 (green circles) are the centroids of the N/C8-C12,
C1-C5/C13 and C5-C8/C12/C13 rings, respectively.

the bond-length and angle patterns of 1 are typical,
the long C(12)–C(13) bond (1.444(2) Å) and the short
C(6)–C(7) bond (1.342(2) Å) support the results of
the studies results of the studies on o-phenanthroline.34
Values of geometrical parameters are very close to
those determined for 2 (C(12)–C(13) = 1.442(6) Å and
C(6)–C(7) = 1.347(7) Å).
The principal feature of the crystal structure is hydrogen bonding; each H(2A) atom acts as a bifurcated
donor and each O(1) atom acts as a bifurcated acceptor.
Two inversion-related molecules are linked by pairs of
O–H· · ·O hydrogen bonds35 ,36 to form a cyclic dimer
of R22 (10) ring system (2.8463(17) Å of O2· · ·O1

distance and 145(2)◦ of O(2)–H(2A)–O(1), figure 1).
Furthermore, there is also substantial π · · · π stacking37
in 1, which links a pair of molecules into another type
of dimer (figure 1). Pertinent measurements for these
π · · · π interactions are: centroid–centroid distances of
3.6604(9) and 3.6822(9) Å, and offset angles of 18.4
and 21.5◦ (figure 1). The closest contact distances are
C(10)· · ·C(13) of 3.352(2) Å and C(8)· · ·N of 3.438
(2) Å. This stacking of dimers leads to the formation
of columns along the [110] direction that are connected
to one another via intermolecular O–H· · ·O hydrogen bonds, so linking the molecules into a continuous
three-dimensional framework (figure 2).38

Figure 2. Stereoview of part of the crystal structure of 1.
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Figure 3. FT-IR spectrum of 1.

stretching vibrations strongly supports that compound
1 has the enol-normal form (N) in the ground state.39

3.4 IR spectroscopy
Figure 3 shows the FT-IR spectrum of 1. Some characteristic bands of the stretching vibrations of the OH,
CH, CC, CN and CO groups were observed. The
O–H stretching modes were observed in a range of
3600–3100 cm−1 . Weak bands in the range of 3056–
3000 cm−1 correspond to the asymmetric and symmetric stretching vibrations of aromatic C–H bonds. The
characteristic region of 1430–1600 cm−1 can be used to
identify the benzo[h]quinoline ring stretch (C=C and
C=N). Another characteristic region of the spectrum
is 1150–1400 cm−1 , which is attributed to C–O stretching vibrations. The presence of O–H, C=N, and C–O

3.5 Optical properties
Figure 4 shows the absorption and emission spectra of
1 and 2 in dichloromethane. Compound 2 exhibits a
S0 → S1 electronic transition at 373 nm. The longest
wavelength absorption band of 1 (381 nm) is slightly
red-shifted relative to that of 2; this can be explained
by the fact that the addition of an electron-donating
group (hydroxy group) to the phenol ring increases the
HOMO energy level and hence decreases the energy

Figure 4. Absorption and emission spectra of 1 and 2 in dichloromethane.
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Table 4.

Summary of optical absorption and emission properties of 1 in various solvents.

Solvent

λabs (nm)a

λem (nm)

Stokes shift (cm−1 )

Cyclohexane
Diethyl ether
Dichloromethane
Acetonitrile
Methanol

43, 390
340, 385
333, 381
331, 380
334, 379

655
653
645
646
645

10374
10660
10743
10836
10881

a

961

b

× 103

5.1
6.3
9.0
7.8
1.3

τ (ns)
0.43
0.47
0.63
0.56
0.11

Measured at 2 × 10−5 M.
Determined with 10-hydroxybenzo[h]quinoline as reference.1

b

gap. As for the steady-state emission, both compounds
1 and 2 exhibit solely a long wavelength emission
(>600 nm) in dichloromethane. Figure 4 clearly shows
a large separation of the energy gap between the 0–0
onset of the absorption and emission. The Stokes shift
of the emission, defined by peak (absorption)-to-peak
(emission) gap in terms of frequency, is calculated to
be >10000 cm−1 for 1 and2 (table 4). Accordingly, the
assignment of 627 nm and 645 nm emission for 2 and1
in dichloromethane to a proton-transfer tautomer emission is unambiguous, and ESIPT takes place from the
phenolic proton O(1)–H(1) to the pyridinic nitrogen,
forming the keto-amine tautomeric species. The lack of
any enol-normal emission for 1 in a steady state implies
an ultrafast rate of ESIPT, which is strongly supported
by the femtosecond dynamics in compound 2.1
The absorption and emission spectra of 1 in different solvents of varying polarity are shown in figure 5
and the corresponding band maxima are summarized
in table 4. It can be seen that compound 1 shows
two absorption bands at 343 and 390 nm in cyclohexane, which can be attributed to the π –π * electronic
transitions. The longest wavelength absorption band
of 1 exhibits a slight blue shift upon increasing the
solvent polarity; this can be assigned to the HOMO
→ LUMO electronic transition with an intramolceular
charge transfer (ICT) character. This viewpoint can be

further supported by a theoretical approach based on
the density functional theory (vide infra). In addition,
the peak wavelengths of proton transfer tautomer emission were all observed at about 650 nm for 1 in various
aprotic and protic solvents (figure 5).
The fluorescence quantum yield and lifetime of 1 in
dichloromethane are measured to be 0.009 and 0.63 ns
(table 4), respectively, both of which are smaller than
those of 2 (0.019 and 0.92 ns). It is apparent that the
tautomer emission yield reveals a decreasing tendency
upon lowering of the emission gap. For the S1 →S0
deactivation process, the non-radiative decay rate knr
can be deduced from knr = kobs –kr , in which kobs and kr
denote the observed and radiative decay rate constants,
respectively. kr can be further deduced by kr = kobs ×
, in which
specifies the emission quantum yield.
Accordingly, knr (kr ) was deduced to be 1.6 × 109 s−1
(1.4 × 107 s−1 ) and 1.1 × 109 s−1 (2.1 × 107 s−1 ) for 1
and 2, respectively. Results indicate that the intramolecular deactivation is most probably controlled by the
energy gap law of radiationless deactivation rate.40
Additionally, quantum yield values for the proton transfer emission in aprotic solvents are higher than that in
the protic solvent (MeOH). In methanol, the measured
quantum yield is quite low (1.3 × 10−3 ); this may infer
that intermolecular hydrogen bonding plays a crucial
role in the non-radiative process in protic solvents.41

Figure 5. Absorption (left) and emission (right) spectra of 1 in various solvents.
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3.6 Quantum chemistry computation
To gain more insight into the molecular structures and
electronic properties of 1 and 2, quantum mechanical
calculations were performed using the DFT at the
B3LYP/6-31G** level.42,43 Values of bond lengths,
bond angles, and torsion angles for 1 were compared
with its crystal structural values. Table 2 compares the
experimental and optimized geometric parameters of 1.
There are no significant differences between the experimental and DFT/B3LYP calculated geometric parameters. From these results, we can conclude that the basis
set 6–31 G** is sufficient to explain the experimental
data. Figure 6 shows the highest occupied molecular
orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) of 1 and 2. The HOMO (LUMO)
in 2 is delocalized over the whole π -conjugated system. However, the HOMO of 1 is delocalized mainly
within the phenol ring, while the LUMO is mainly
on the benzene and pyridine rings. The result reaffirms the viewpoint of ICT in 1. The calculated and
experimental parameters for 1 and 2 are summarized
in table 5. As expected, both the HOMO and LUMO
energy levels of 1 are higher than those of 2.
Optimized geometric structures and the corresponding hydrogen bond lengths of enol form for 1 and 2 in
the ground (S0 ) and the first singlet excited state (S1 )
are shown in figure 7. From E to E*, we can see that
the intramolecular hydrogen bond length (red dashed
lines) decreases from 1.72 (1.77) Å to 1.61 (1.66)
Å for 1 (2). The results clearly provide evidence for
strengthening the intramolecular hydrogen bond from

S0 → S1 . Therefore, there is no doubt that the
decrease in intramolecular hydrogen bond lengths from
E to E* is a very important positive factor for the
ESIPT reaction. Note that the O(2)–H· · ·O(1) length
(blue dashed lines) does not change significantly from
E (2.085 Å) to E* (2.082 Å).
Figure 8 shows the HOMO and LUMO of enol and
keto form of 1. It reveals that electron density around
the intramolecular hydrogen binding site is mainly
populated at hydroxyl oxygen and pyridinic nitrogen
at HOMO (E) and LUMO (E*), respectively. Results
clearly demonstrate that upon electronic excitation of
1, the hydroxyl proton (O(1)–H) is expected to be
more acidic, whereas the pyridinic nitrogen N(1) is
more basic with respect to their ground state, driving
the proton transfer reaction. After the forward ESIPT
(E* → K*), electron density located on O(1) increases
while that on N(1) decreases, which shows the conspicuous intramolecular charge transfer from N(1) to O(1).
In contrast, electron density around the intramolecular hydrogen binding site is mainly populated at amino
nitrogen N(1) and carbonyl oxygen O(1) at K* (LUMO)
and K (HOMO), respectively, driving the ground-state
intramolecular proton transfer (GSIPT).
In order to explain the ESIPT properties of compounds 1 and 2, potential energy curves of the intramolecular proton transfer (i.e., the transformation from
the enol form to the keto form) at both the ground
state and the excited state were studied (figure 9 and
table 6). The full geometry optimization based on
the B3LYP/6-31G** theoretical level reveals that the
normal form of 1 (2) in the ground state is more stable

Figure 6. Computed frontier orbitals of 1 and 2.
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Table 5.
Compound
1
2
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Calculated and experimental parameters for 1 and 2.
HOMO/LUMOa

Ega

+ b
E1/2

HOMO/LUMOc

Egd

−5.20/−1.51
−5.44/−1.55

3.69
3.89

0.61
0.92

−5.28/−2.03
−5.59/−2.27

3.25
3.32

a

DFT/B3LYP calculated values.
Measured in a solution of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6 ) in dichloromethane versus SCE (in
V).
c
Calculated from EH OMO = −4.88 – (Eoxd -EF c/F c+ ), ELUMO = EH OMO + Eg .
d
Absorption maxima in dichloromethane (Eg = 1240/λmax , in eV)
b

than the tautomeric form of 1 (2) by 6.3 (10.0) kcal/mol.
It is apparent that increased phenolic (O(1)–H) acidity (hydrogen bonding strength, see 3.2) lowers tautomerization energy by stabilizing the tautomers due
to inductive effect of nearby oxygen atom O(2). Further calculations show that the corresponding protontransfer tautomer is lower in energy than the respective 1 (2) by 15.2 (16.1) kcal/mol in the excited state.
Results clearly indicate that ESIPT for both compounds
1 and 2 is thermodynamically favourable, which is

consistent with the experimental results. It is interesting to note that the comparison between the tautomerization energies of 1 and 2 does not show any
significant difference in the excited state. Moreover,
absorption and emission spectra of 1 were calculated
by TD-DFT calculations (Franck–Condon principle,
table 6). Calculated excitation (fluorescence) wavelength for the S0 → S1 (S1 → S0 ) transition is 383
(620) nm, which is very close to the experimental result
(table 4).

Figure 7. Optimized geometric structures of enol (E) form for 1 (left) and 2 (right) in the
ground (S0 ) and the first singlet excited state (S1 ) together with intramolecular hydrogen bond
lengths. Red and blue dashed lines denote intramolecular O–H· · ·N and O–H· · ·O hydrogen
bonds, respectively.
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Figure 8. Frontier molecular orbitals of 1 for E, E*, K, and K*.

3.7 Electrochemical properties
Cyclic voltammograms of 1 and 2 are illustrated in
figure 10. Compound 1 undergoes a quasi-reversible
one-electron oxidation in dichloromethane at modest potentials. Table 5 summarizes the redox potentials and the HOMO and LUMO energy levels estimated from cyclic voltammetry (CV) for 1 and 2.

It appears that the first oxidation potential is shifted
toward more negative value with the addition of
a hydroxyl group to the phenol ring, while both
the HOMO and LUMO energy levels increase. The
HOMO/LUMO energy levels of 1 and 2 are estimated to be −5.28/−2.04 and −5.59/−2.27 eV, respectively, and are in good agreement with the theoretical
calculations.

Figure 9. Potential energy curves from enol form to keto form of the compounds 1 (right) and 2
(left) at the ground state and excited state. Calculations are based on the optimized ground state
geometry (S0 state) at the B3LYP/6-31G**/ level using Gaussian 03W.
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Table 6. Selected electronic excitation energies and corresponding oscillator strengths (f ), main configurations, and CI
coefficients of the low-lying electronically excited states of compounds 1 and 2a .
Compound

Singlet

Electronic transition

1

UV–vis

2

FL
UV–vis

FL

Energy

f

S0 → S1 (N)d

3.24 eV/383 nm

0.1045

S0 → S2 (N)d

3.55 eV/349 nm

0.0265

S1 → S0 (T)d
S0 → S1 (N)d

2.00 eV/620 nm
3.46 eV/358 nm

0.1291
0.1191

S0 → S2 (N)d

3.85 eV/321 nm

0.0184

S1 → S0 (T)d

2.02 eV/614 nm

0.0941

Compositionb
H→L
H-1→L+1
H→L+1
H-1→L
H→L
H→L
H-1→L+1
H→L+1
H-1→L
H→L

CIc
0.68575
0.14694
0.66506
0.20450
0.70158
0.67894
0.18395
0.65108
0.24425
0.69112

a

Calculated by TDDFT/B3LYP/6-31G**. FL stands for fluorescence.
H stands for HOMO and L stands for LUMO. Only the main configurations are presented.
c
CI coefficients are in absolute values.
d
N stands for normal form and T stands for proton-transfer tautomer.
b

Figure 10. Cyclic voltammograms of 1 and 2 measured in dichloromethane solution with ferrocenium/ferrocene, at 200 mV/s.

4. Conclusion
A 10-hydroxybenzo[h]quinoline derivative, namely,
9,10-dihydroxybenzo[h]quinoline (1) was synthesized
and fully characterized. Compound 1 possesses an
intramolecular six-membered-ring hydrogen bond,
from which ESIPT takes place, resulting in a protontransfer tautomer emission of ∼650 nm in aprotic solvents. The geometric structures, frontier molecular
orbitals (MOs) and the potential energy curves for 1
in the ground and the first singlet excited state were
fully rationalized by DFT and TD-DFT calculations.
Computational results are found to be in good agreement with the experimental data. Furthermore, the

single-crystal X-ray structure determinations described
here have brought to light a number of interesting properties between 1 and 2 in the solid phase, including
π · · · π stacking and inter- and intra-molecular hydrogen bonding interactions. This offers the potential for
synthesizing 10-hydroxybenzo[h]quinoline derivatives
with extended molecular architectures and photophysical properties.
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