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Study on the synthesis and structure–effect
relationship of multi-aryl imidazoles with
their fluorescence properties
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ABSTRACT: In this paper, 23 multi-aryl imidazole derivatives were synthesized and identified by nuclear magnetic resonance,
ultraviolet-visible and elemental analysis. At the same time, their ultraviolet-visible maximum absorption (λabmax), fluorescence
emission maximum (λemmax) and quantum yields (Фf) were measured. The relationships between the optical behaviors and
structures for these compounds were assessed. The results show that the λmax

ab and λmax
em are red-shifted and the fluorescence Фf

are increased by the introduction of electron-withdrawing substituents and the increase in the planarity of multi-aryl imidazole
molecules. The results also showed that the fluorescence quantum yields of the compounds containing two imidazole nuclei are
double the corresponding mono-imidazole nucleus compounds. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction
The discovery and development of compounds containing a
large conjugated system with specific properties is of great
interest in a multitude of areas of chemical research (1–5). Among
these compounds, derivatives based on imidazole have drawn
considerable attention due to their unique attributes (6–11). They
not only exhibit traditional fluorescent and phosphorescent
characteristics, but also excellent two-photon absorption proper-
ties (12–21). These features have already stimulated research in a
number of areas, including fundamental photophysical investiga-
tions, photographic materials, electroluminescent materials,
optical materials, three-dimensional optical data storage, two-
photon fluorescent microscopy and imaging (22–25). Meantime,
it was found that these kinds of compounds are ubiquitous in
various bioactive molecules having antiulcer, antiviral, anticancer
and antihypertension properties (26,27). Although heterocyclic
imidazole derivatives have been widely studied in chemistry,
biology and materials science, the design and synthesis of
compounds possessing a large conjugated system with high
fluorescent performances is still highly desirable (28–35).

In this study, 23 multi-aryl imidazole derivatives were designed
and synthesized as shown in Fig. 1. At the same time, their
maximum absorption (λab

max), fluorescence emission maximum
(λem

max) and quantum yields (Фf) were measured. The relationship
between the molecular structure and luminescence properties
was investigated in three aspects: seven kinds of substituents
were introduced on 2,4,5-triphenylimidazole (1a–1h) and 2-
phenyl-phenanthroimidazole (2a–2h) to examine the electronic
effects of substituents. In addition to themono-imidazole derivatives,
some compounds containing two imidazole nuclei were also
synthesized. It was discovered that the fluorescence quantum
yields of these compounds actually more than doubled than
those of the corresponding mono-imidazole derivatives. In view
of the influence of molecular rigidity on optical performances,
phenanthroimidazole compounds were also synthesized.
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Experimental

General
1H-NMR spectra were recorded using a Varian INOVA-400 spectrom-
eter. Mass spectra were recorded with a Thermo-Finnigan LCQ-
Advantage mass spectrometer. Elemental analyses were performed
with an Elementar Vario-EL-III. The melt points were obtained using
an RY-1 melting point apparatus were uncorrected. The ultraviolet-
visible (UV-vis) spectra and the fluorescence spectra were recorded
with a Schimadu UV-3150 spectrophotometer and a Schimadu
F-4500 fluorescence spectrophotometer respectively.

4-(diphenylamino)benzaldehyde was synthesized according to
the literature (36), aldehyde was distilled before utilization and the
other materials were commercially available AR grade chemicals.
Synthesis and characterization

1: In a 100 mL round-bottomed flask fitted with an efficient reflux
condenser were placed 4 mmol of benzil, 12 mmol of aldehyde,
2.46 g of ammonium acetate and 30 mL acetic acid. The reactants
were magnetically stirred and refluxed for 3 h. Then the mixture
was poured into ice water and solid precipitated out, which was
filtered, washed with water and ether and dried under reduce
pressure. The crude product was purified by flash column chroma-
tography on silica gel eluted with ethyl acetate/dichloromethane
(1 : 10) to give the product 1a–1h.

1a: White crystal (yield 87%) m.p. 280~282°C; 1(400 MHz,
CDCl3, TMS) δ: 7.31~7.37 (m, 6H), 7.54 (d, J = 7.2 Hz, 4H), 7.94
Wiley & Sons, Ltd.



Figure 1. The structure of compounds 1–8 and 10.
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(d, J = 7.6 Hz, 2H), 8.09 (t, J = 8.0 Hz, 3H); MS (ESI) m/z: 296.1
(M++1). Anal.calcd for C21H16N2: C 85.11, H 5.44, N 9.45; found
C 81.16, H 5.42, N 9.42.

1b: White crystal (yield 73%)m.p. 233~235°C; 1H-NMR (400MHz,
CDCl3, TMS) δ: 2.32 (s, 3H)7.30 (d, J = 7.2 2H), 7.92 (d, J = 7.6 Hz, 4H),
8.07~8.11 (m, 6H), 8.17 (d, J =7.0 Hz, 2H); MS (ESI) m/z: 311.2
(M++1). Anal.calcd for C22H18N2: C 85.13, H 5.85, N9.03; found C
84.98, H 5.70, N 9.33.

1c: White crystal (yield 73%), m.p. 227~228°C; 1H-NMR (400MHz,
CDCl3, TMS) δ: 3.76 (s, 3H), 6.88 (d, J = 8.4 Hz, 2H),7.29~7.35(m, 6H),
7.58 (d, J = 7.4 Hz, 4H), 7.81 (d, J = 8.9 Hz, 2 H); MS (ESI) m/z: 327.3
(M++1). Anal.calcd for C22H18N2O: C 80.55, H 5.84, N 8.70; found C
80.96, H 5.56, N 8.58.

1d: Yellow crystal (yield 82%), m.p. 240~242°C; 1H-NMR (400
MHz, CDCl3, TMS) δ: 7.29~7.32 (m, 6H), 7.60 (d, J = 7.6 Hz, 4H),
8.31~8.33 (d, J =7.8 Hz 2H), 8.42 (d, J =8.0 Hz, 2H); MS (ESI) m/z:
342.2 (M++1). Anal.calcd for C21H15N3O2: C 73.89, H 4.43, N12.31;
found C 73.69, H4.23, N 12.70.

1e: Yellow crystal (yield 55%) ; m.p. 245~247°C; 1H-NMR (400
MHz, CDCl3, TMS) δ: 7.46 (d, J =8.0 Hz, 4H), 7.54 (dd, J1 =7.2 Hz, J2
=15.2 Hz, 4H), 7.83 (d, J =7.6 Hz, 2H), 7.90 (dd, J1 =7.4 Hz, J2 =16
Hz, 2H), 8.21 (d, J = 7.8 Hz, 2H), 8.96 (s, 1H); MS (ESI) m/z: 341.1
(M++1). Anal.calcd for C22H16N2O2: C 77.63, H 4.74, N 8.23; found
C 77.02, H 5.03, N 9.58.

1f: White crystal (yield 63%) m.p. 295~297°C; 1H-NMR (400 MHz,
CDCl3, TMS) δ: 7.29 (d, J = 7.2 Hz, 2H), 7.42 (d, J = 8.0 Hz, 4H),
8.22~8.29 (m, 6H), 8.42 (d, J = 8.0 Hz, 2H); MS (ESI) m/z: 321.2
(M++1). Anal.calcd for C22H15N3: C 82.22, H 4.70, N 13.08, N 13.20;
found C 81.82, H 4.98.

1g: White crystal (yield 84%). m.p. 240~242°C; 1H-NMR (400
MHz, CDCl3, TMS) δ: 7.27~7.40 (m, 6H), 7.54 (d, J = 7.2 Hz, 4H),
7.94 (d, J = 7.6 Hz, 2H), 8.09 (d, J = 8.0 Hz, 2H), 10.02 (s, 1H);
MS (ESI) m/z: 325.1 (M++1). Anal.calcd for C22H16N2O: C 81.46,
H 4.97, N 8.64, O 4.93; found C 81.43, H 4.50, N 8.66 O 4.94.

1h: White crystal (yield 75%) m.p. 258~259°C; 1H-NMR (400
MHz, DMSO, TMS) δ: 7.04 (t, J = 8.4 Hz, 4H), 7.10 (t, J = 7.2 Hz,
4H), 7.30~7.42 (m, 10H), 7.50 (d, J = 7.2 Hz, 4H), 7.97 (d, J = 8.4
Hz, 2H); MS (ESI) m/z: 462.1 (M+–1). Anal.calcd for C33H25N3: C
85.50, H 5.44, N 9.06; found C 85.46, H 5.43, N 9.11.
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2: Compounds 2a–2h were prepared with the same proce-
dures as 1 by reacting 4 mmol of phenanthraquinone with 12
mmol of aldehyde.
2a: White crystal (yield 90%) m.p. >300°C; 1H-NMR (400 MHz,

CDCl3, TMS) δ: 7.52 (t, J = 8.0, 1H), 7.56~7.72 (m, 4H), 7.75 (t, J = 7.8
2H), 8.32 (d, J = 8.4 Hz, 2H); 8.55 (d, J = 8.0 Hz, 2H); 8.85 (d, J = 7.8
Hz, 2H); 13.4 (s, 1H); MS (ESI) m/z: 294.2 (M++1). Anal.calcd for
C21H14N2: C 85.69, H 4.79, N 9.52; found C 85.48, H 4.47, N 10.05.
2b: White crystal (yield 82%) m.p. >300°C; 1H-NMR (400

MHz, CDCl3, TMS) δ: 2.19 (s, 3H), 7.40 (d, J =7.6 Hz, 2H),
7.60~7.71 (m, 4H), 8.17 (d, J =7.0 Hz, 2H), 8.22 (d, J = 7.8 Hz, 2H),
8.81 (d, J = 7.4 Hz, 2H); MS (ESI) m/z: 309.2 (M++1). Anal.calcd
for C22H16N2: C 85.98, H5.52, N 9.50; found C 85.69, H 5.23, N 9.08.
2c: White crystal (yield 73%); m.p. >300°C; 1H-NMR (400MHz,

CDCl3, TMS) δ: 3.73 (s, 3H), 7.38 (t, J =8.4 Hz, 2H), 7.49~7.55 (m,
4H), 8.46~8.50 (m, 4H), 8.71 (d, J =8.4 Hz, 2H); MS (ESI) m/z:
325.1 (M++1). Anal.calcd for C22H16N2O: C 81.46, H 4.97, N 8.64;
found C 81.61, H 5.24, N 8.70.
2d: Pink crystal (yield 62%); m.p. >300°C; 1H-NMR (400 MHz,

CDCl3, TMS) δ: 7.65 (d, J =7.6 Hz, 2H), 7.75 (t, J =8.4, 2H),
8.35~8.42 (m, 6H), 8.62 (d, J =8.0 Hz, 2H); MS (ESI) m/z: 340.2
(M++1). Anal.calcd for C21H13N3O2: C 73.65, H 4.23, N 12.60;
found C 74.33, H 3.86, N12.38.
2e: Yellow crystal (yield 55%) m.p. >300°C; m.p. 238~240°C;

1H-NMR (400 MHz, CDCl3, TMS) δ: 7.70 (d, J = 7.2 Hz, 2H),
7.82~8.12 (m, 6H), 8.19 (d, J = 8.0 Hz, 2H), 8.91 (d, J =8.0 Hz,
2H), 11.04 (s, 1H); MS (ESI) m/z: 339.1 (M++1). Anal.calcd for
C22H14N2O2: C 78.09, H 4.17, N8.28; found C 71.22, H 4.68, N 8.01.
2f: Yellow crystal (yield 63%) m.p. >300°C; 1H-NMR (400 MHz,

CDCl3, TMS) δ: 7.57 (d, J =7.2 Hz, 2H), 7.66 (d, J =8.4 Hz, 2H),
7.83~7.89 (m, 6H), 8.95 (d, J =7.6 Hz, 2H); MS (ESI) m/z: 320.2
(M++1). Anal.calcd for C22H13N3: C 82.94, H 4.10, N 13.16; found
C 82.31, H 4.92, N 12.77.
2g: Yellow crystal (yield 82%). m.p. 268~270°C; 1H-NMR (400

MHz, DMSO, TMS) δ: 7.69 (t, J = 8.4, 2H), 7.78 (t, J = 7.2 Hz, 2H),
8.14 (d, J = 8.4 Hz, 2H), 8.53 (d, J = 8.4 Hz, 2H), 8.60 (d, J = 7.2
Hz, 2H), 8.88 (d, J = 8.0 Hz, 2H), 10.10 (s, 1H); MS (ESI) m/z:
321.1 (M+–1). Anal.calcd for C22H14N2O: C 81.97, H 4.38, N 8.69,
O 4.96, found C 82.00, H 4.36, N 8.70, O 4.90.
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2h: White crystal (yield 63%) m.p. >300°C; 1H-NMR (400 MHz,
DMSO, TMS) δ: 7.12~7.16 (m, 8H), 7.39 (t, J =7.2 Hz, 4H),
7.64~7.66 (m, 2H), 7.73(d, J = 8.0 Hz 2H), 8.20 (d, J =8.8 Hz, 2H),
8.52 (d, J = 8.0 Hz, 2H), 8.86 (dd, J1 = 8.4Hz, J2 = 8.8 Hz, 2H);
MS (ESI) m/z: 462.4 (M++1). Anal.calcd for C33H23N3: C 85.87, H
5.02, N 9.11; found C 85.85, H 5.07, N 9.08.

3: In a 100 mL round-bottomed flask fitted with an efficient
reflux condenser were placed 1.26 g of benzil (6 mmol), 0.27 g
of 1,4-benzenedicarboxaldehyde (2 mmol), 2.46 g of ammo-
nium acetate and 30 mL acetic acid. The reactants were mag-
netically stirred and refluxed for 6 h. The reaction was
monitored by the thin-layer chromatogaphy analysis. After
the reaction was complete, the mixture was poured into ice
water and solid precipitated out, which was filtered, washed
with water and ether, dried under reduced pressure. The
crude was purified by flash column chromatography on silica
gel and eluted with ethyl acetate/dichloromethane (1 : 10) to
give a yellow crystal (yield 71%). m.p. >300°C; 1H-NMR (400
MHz, DMSO, TMS) δ: 7.33 (t, J = 7.2 Hz, 4H), 7.44~7.48 (m,
8H), 7.52 (d, J = 7.2 Hz, 4H), 7.57 (d, J = 7.2 Hz, 8H), ,12.75
(s, 2H); MS (ESI) m/z: 515.2 (M++1). Anal.calcd for C36H26N4: C
84.02, H 5.09, N 10.89; found C 84.04, H 5.10, N 10.86.

4: Compound 4 was prepared with the same procedures as 3
by reacting 6 mmol of phenanthraquinone with 2 mmol of 1,4-
benzenedicarboxaldehyde. Yellow crystal (yield 60%). m.p.
>300°C; 1H-NMR (400 MHz, DMSO, TMS) δ: 7.67~7.78 (m, 8H),
8.52 (t, J = 7.2Hz, 4H), 8.60 (d, J = 7.9 Hz, 4H), 8.90 (d, J = 8.2
Hz 4H), 10.59 (s, 2H); MS (ESI) m/z: 510.2 (M++1). Anal.calcd
for C36H22N4: C 84.68, H 4.34, N 10.98; found C 84.62, H 4.37,
N 11.01.

5: Method A: Compound 5 was prepared by refluxing 4 mmol
of phenanthraquinone with 2 mmol of 1 h and 2.46 g of ammo-
nium acetate in 30 mL acetic acid for 6 h (yield 67%). Method B:
Compound 5 was prepared by refluxing 4 mmol benzil with 2
mmol of 2 h and 2.46 g of ammonium acetate in 30 mL acetic
acid for 6 h (yield 72%). Yellow crystal m.p. >300°C; 1H-NMR
(400 MHz, DMSO, TMS) δ: 7.33~7.43 (m, 6H), 7.48 (t, J = 7.6 Hz,
2H) 7.55 (d, J = 6.8 Hz, 2H), 7.59 (d, J = 7.6 Hz, 2H), 7.67 (t, J =
7.6, 2H), 7.78 (t, J = 7.8, 2H), 8.31 (d, J = 8.4, 2H), 8.42 (d, J =
8.4, 2H), 8.88 (dd, J1 = 8.4 Hz, J2 = 8.0 Hz, 2H); MS (ESI) m/z:
513.2 (M++1). Anal.Calcd for C36H24N4: C 84.35, H 4.72, N 10.93;
found C 84.29, H 4.74, N 13.97.

6: In a 250 mL round-bottomed flask fitted with an efficient
reflux condenser were placed 0.44 g of 1,2-diaminobenzene
(4 mmol), 1.09 g of 4-(diphenylamino)benzaldehyde (4 mmol)
and 100 mL methanol. The reactants were magnetically stirred
and refluxed overnight. Then the mixture was poured into ice
water, and solid precipitated out, which was filtered, washed with
water and ether, dried under reduce pressure. The crude was
purified by flash column chromatography on silica gel and eluted
with ethyl acetate/dichloromethane (1 : 3) to give a white crystal
(yield 77%). m.p. 278~280°C; 1H-NMR (400 MHz, DMSO, TMS) δ:
7.06 (d, J = 7.6, 2H), 7.15 (m, 8H), 7.36 (t, J = 8 Hz, 4H), 7.56 (s,
2H), 8.07 (d, 2H), 12.78 (s, 1H); MS (ESI) m/z: 362.3 (M++1). Anal.
calcd for C25H19N3: C 83.07, H 5.30, N 11.63; found C 83.10, H
5.26, N 11.64.

7: Compound 7 was prepared with the same procedures as 6
by reacting 0.44 g of 1,2-diaminobenzene (4 mmol) with 1.30 g
of 1 h (4 mmol). After regular work-up, a yellow crystal was
obtained (yield 68%). m.p. >300°C; 1H-NMR (400 MHz, DMSO,
TMS) δ: 7.23 (dd, J1 = 2.8 Hz, J2 = 3.2 Hz, 2H), 7.75 (m, 6H), 7.59
(m, 6H), 8.31 (dd, J1 =8.4 Hz, J2 =12.4 Hz, 4H), 12.9 (s, 1H), 13.0
Copyright © 2013 Johnwileyonlinelibrary.com/journal/luminescence
(s, 1H); MS (ESI) m/z: 413.2 (M++1). Anal.calcd for C28H20N4: C
81.53, H 4.89, N 13.58; found C 81.52, H 4.86, N 13.62.

8: Compound 8 was prepared with the same procedures as 6
by reacting 0.44 g of 1,2-diaminobenzene (4 mmol) reacted with
1.29 g of 2 h (4 mmol). After regular work-up, a yellow crystal
was obtained (yield 61%). m.p. >300°C; 1H-NMR (400 MHz,
DMSO, TMS) δ: 7.26 (d, J = 5.2 Hz, 2H), 7.68~7.79 (m, 6H), 8.42
(d, J = 8.4, 2H), 8.51 (d, J = 8.4 Hz 2H), 8.63 (dd, J1 = 8.4 Hz, J2
= 16 Hz 2H), 8.89 (t, J = 7.6 Hz, 2H), 13.11 (s, 1H), 13.63 (s, 1H);
MS (ESI) m/z: 411.2 (M++1). Anal.calcd for C28H18N4: C 81.93, H
4.42, N 13.65; found C 81.98, H 4.40, N 13.62.

10: In a 250 mL round-bottomed flask with a reflux condenser,
0.7 g of carbazole (4 mmol), 1.1 g of potassium tert-butoxide (10
mmol) and 100 mL dry DMF were placed. The reactants were
magnetically stirred and heated to 110°C for half an hour. Then
0.5 g of 4-fluoro-benzaldehyde was added to the mixture. The
reaction continued for 36 h and then the mixture was poured
into ice water, and extracted with dichloromethane. The crude
was purified by flash column chromatography on silica gel,
and eluted with dichloromethane/n-hexane (1 : 2) to obtain
the 4-N-carbazolylbenzaldehyde (yield 84%). Yellow crystal, m.
p. 278~281°C, 1H-NMR (400 MHz, DMSO, TMS) δ: 7.25 (m, 4H),
7.49 (m, 4H), 7.72 (d, J = 7.2 Hz, 2H), 7.85 (d, J = 8.8 Hz, 2H),
8.28 (d, J = 7.6 Hz, 2H) 8.48 (d, J = 8.4 Hz, 2H); 13.14 (s, 1H) MS
(ESI) m/z: 360 (M++1). Anal.calcd for C25H17N3: C 83.18, H 5.161,
N 11.73; found C 83.54, H 4.77, N 11.69.
Spectra measurements

The fluorescence quantum yield was measured by a simple
method. One μg/mL quinine sulfate was dissolved in 0.05 mol/L
H2SO4 solution as the standard solution (Фfstd = 0.55), the sample
concentration was 2 × 10–6 mol/L.

The fluorescence quantum yield can be calculated in accordance
with the following formula:

Φfx ¼ n2x
n2std

� Fx
Fstd

�Astd

Ax
�Φfstd

where n is the refractive index of the solution, F is a fluorescent
integral area, A is the absorbance; nx is 1.44 as chloroform, nstd using
1.34 as the literature values (37). As the fluorescence excitation
wavelength is the cross-point of the UV-vis absorption curves
of the sample solution and standard solution, Astd and Ax can
be ignored.

Results and discussion

Synthesis

The condensation o-dicarbonyl compounds with aldehydes and
ammonia or ammonium acetate in acetic acid is commonly used
for the formation of the imidazole ring (9), we chose this strategy
for the preparation of the 19 imidazoles. Benzil and benzalde-
hydes were condensed to provide multi-aryl imidazoles 1a–1h
in good yields. As for the phenanthroimidazole derivatives, we
substituted benzil with phenanthraquinone, and using the same
procedure, the multi-aryl imidazoles 2a–2h were obtained
(Fig. 2).

However, the reaction of benzil with 1,4-benzenedicarboxaldehyde
under the standard reaction condition afforded a mixture of
Luminescence 2014; 29: 540–548Wiley & Sons, Ltd.



Figure 2. Preparation of compounds 1 and 2.
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compound 1g and 3 as competitive products. Two analogous
competitive products 2g and 4 were also observed in the reac-
tion of phenanthraquinone and 1,4-benzenedicarboxaldehyde
(Fig. 3).

The ratio of these two competitive products was affected by the
ratio of substrates and reaction time evidently. When benzil was
treated with 3 equiv of 1,4-benzenedicarboxaldehyde for 3 h, 1g
was isolated as the main product. However, 3 became the major
product when the ratio of benzil and 1,4-benzenedicarboxaldehyde
was inversed and the reaction time was extended to 6 h. Similarly,
either compound 2g or 4 could be isolated as the main product
by varying the reactant ratio through the condensation of
phenanthraquinone and 1,4-benzenedicarboxaldehyde under
similar conditions.

With 1g and 2g in hand, subsequent reaction of 1g with
benzil provided pure compound 3, and the reaction of 2g with
phenanthraquinone gave compound 4. In addition, condensa-
tion of 1g with phenanthraquinone or 2g with benzil provided
compound 5 (Fig. 4).

As benzimidazole derivatives are extensively prepared by the
reactions of organic acids or aldehydes with 1,2-diaminobenzene
(7,13), 2-(4-diphenylaminophenyl)benzimidazole 6 was prepared by
Figure 3. Preparation of com

Luminescence 2014; 29: 540–548 Copyright © 2013 John
refluxing 4-(diphenylamino)benzaldehyde with 1,2-diaminobenzene
in methanol. In a similar fashion, 1g and 2g were treated with
1,2-diaminobenzene to produce 7 and 8, respectively. By using
4-N-carbazolylbenzaldehyde (9) as the aldehyde intermediate,
compound 10 was also prepared by the same strategy (Fig. 5).
The optical properties

UV-vis absorption and fluorescence spectra for compounds 1–8,
10 were measured. Their maximum absorption wavelength
(λmax

ab ), maximum emission wavelength (λmax
em ) Stokes shift (△λ)

and fluorescence quantum yield (Фf) are shown in Table 1.

The optical properties of substituted multi-aryl imidazole
compounds. The UV-vis absorption and fluorescence spectra
of 1 and 2 were shown in Fig. 6. From this figure, we can see that
the impact of electron-donating substituents such as –CH3, –OCH3

on the UV-vis and fluorescence spectra was not significant.
However, with electron-withdrawing substituents such as –NO2,
–COOH and –CHO, the λmax

ab and the λmax
em of compounds 1 and 2

were red-shifted and the Фf increased too. Impressively, the nitro-
substituted multi-aryl imidazole compounds such as 1d and 2d
pounds 1g, 2g, 3 and 4.

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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Figure 4. Preparation of 3–5.

Figure 5. Preparation of compounds 6–8 and 10.
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can even absorb visible light and emit red fluorescence with λmax
ab

red-shifted by 82 and 91 nm respectively and λmax
em red-shifted by

154 and 162 nm respectively. As for the formyl substituted com-
pounds such as 1g and 2g, the λmax

ab s were red-shifted by 53 and
60 nm, respectively and the λmax

em s were red-shifted by 68 and 64
nm, respectively, whereas the Фf increased by 103% and 78%
respectively when compared with non-substituted multi-aryl
imidazole compounds.
Copyright © 2013 Johnwileyonlinelibrary.com/journal/luminescence
To explain the effect of electron-donating substituents and
electron-withdrawing substituents on the multi-aryl imidazoles,
we carried out calculations on the energy levels of the frontier
orbitals. We have done the theoretical calculation for 1–10 using
Kohn–Sham density functional theory with the 6-31G basis set
and RID-B3LYP-FC functional. The orbital energy values are
shown in Fig. 7. From the figure, we can see that –CH3, –OCH3

substituents raise the energy levels of the HOMO orbital and
Luminescence 2014; 29: 540–548Wiley & Sons, Ltd.



Table 1. The spectroscopic data of 1–8 and 10

No. λmax
ab /nma λmax

em /nmb Фf No λmax
ab /nma λmax

em /nmb Фf

1a 308 399 0.32 2a 313 402 0.40
1b 306 385 0.38 2b 317 395 0.40
1c 301 395 0.40 2c 311 405 0.45
1d 390 553 0.25 2d 404 564 0.21
1e 344 432 0.38 2e 369 437 0.33
1f 342 419 0.42 2f 368 435 0.55
1g 361 467 0.65 2g 373 466 0.71
1h 355 411 0.57 2h 369 419 0.68
3 356 426 0.69 4 364 445 0.81
5 352 436 0.82 6 357 426 0.65
7 353 426 0.71 8 372 434 0.80
10 331 391 0.74
aSolution: CHCl3, concentration: 2 × 10-6 mol/L.
bSolution: CHCl3, concentration: 2 × 10–7 mol/L using quinine sulfate as standard.

Figure 6. The ultraviolet-visible absorption (2 × 10
–6

mol/L; CHCl3 solution) and fluorescence spectra (2 × 10
–7

mol/L CHCl3 solution) of 1 and 2.
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LUMO orbital. However, the energy level of LUMO orbital is
raised more than the HOMO orbital, thus actually making the
energy gap larger than before. In sharp contrast, electron
withdrawing groups such as –NO2, –COOH and –CHO substitu-
ents actually lower the energy levels of both orbitals. As the
energy level of LUMO is lowered more, the energy gap
Luminescence 2014; 29: 540–548 Copyright © 2013 John
between the HOMO and LUMO orbitals becomes smaller, mak-
ing the electronic transition much easier; hence, the λmax

ab is
red-shifted. Others who have carried out quantum chemical
calculations on many large π-conjugated compounds also
concluded that the introduction of electron-withdrawing sub-
stituent is in favor of electronic transitions because of the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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Figure 7. Orbitals energy values of (a) 1, 3 and 7, and (b) 2, 4 and 8.

Figure 8. The ultraviolet-visible absorption (2 × 10
–6

mol/L; CHCl3 solution) and
fluorescence spectra (2 × 10

–7
mol/L CHCl3 solution) of 1a, 2a and 3–8.
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reduction of the HOMO and LUMO energy gap (38). For 1h and
2h, the bond length of C–N between the –NPh2 and benzene is
calculated to be 0.142 nm, which suggests the existence of a
hyperconjugation effect (standard bond length: C–N: 0.147 nm,
C=N: 0.127 nm (38)). The resultant electron delocalization can
raise the HOMO and lower the LUMO, which leads to the red-
shift of λmax

ab .

The optical properties of multi-aryl imidazole and multi-aryl
double imidazole compounds. The UV-vis absorption and
fluorescence spectra of 1a, 2a, 3–8 are shown in Fig. 8. When 3,
4, 5, 7 and 8 were compared with mono-imidazole compounds,
the double imidazole compounds have a red-shift of λmax

ab by more
than 44 nm and λmax

em by more than 27 nm. Furthermore, the
introduction of imidazoles on the phenyl ring of multi-aryl
imidazoles leads to a double increase of Фf.. In particular,
compounds 4, 5 and 8, which have the 9,10-phenanthroimidazole
structure, show excellent fluorescent properties with Фf of more
than 0.8. The calculation result indicated that the larger π
conjugated system can decrease the LUMO energy level
substantially (Fig. 7).

The influence of multi-aryl imidazole molecular planarity on
the spectroscopic properties. For all the synthesized imidaz-
oles, density functional theory was used to simulate and optimize
their structures. The adjacent phenyl rings in the 4, 5 positions of im-
idazole deviate from the imidazole ring plane in the aryl-imidazole
compounds due to the steric effects. The C–C bond connecting
the two adjacent phenyl ringswas designed to form a rigid structure
to increase the multi-aryl imidazole planarity. The dihedral angles α,
β between each benzene ring and imidazole ring, the λmax

ab , λmax
em , Фf

and energy gap are shown in Table 2.
As shown in Table 2 the dihedral angles α, β are between

25.78 and 40.69° in free rotatable phenyl imidazole compounds
such as 1, 3, 7, but they are only 0~0.17° in the bonded phenyl
Copyright © 2013 Johnwileyonlinelibrary.com/journal/luminescence
imidazole compounds as 2, 4, 8. This enhancement of the
planarity and rigidity of aryl-imidazole compounds can lead to
expansion of the π electron delocalization conjugation and
decrease of the energy gap between HOMO and LUMO, thus
resulting in the increase of Фf and the red-shifts of λmax

ab and λmax
em .

Therefore, it can be concluded that the introduction of chemical
bonds to prevent the substituents’ rotation can increase the pla-
narity of the conjugated system and improve the efficiency of
luminescence.

However, the data of 10 is somewhat unexpected. Compared
with 6, λmax

ab and λmax
em of 10 were blue-shifted by 26 nm and

35 nm, respectively. Quantum chemical calculation results
indicate that the introduction of C–C bond to combine the two
benzenes as a carbazole subunit actually reduces the two
benzene dihedral angle from 67.7° to 0.01°, but the dihedral
angle of the carbazole and benzene ring is actually increased
from 38.9° to 52.7°. The C–N bond length from carbazole to
benzene is 1.42 nm, which is closer to the value of the C–N bond
rather than C=N. It means the steric effect is the major influence
in 10 rather than the σ–π hyperconjugation. The enhanced
distortion results in the increased energy gap between the HOMO
Luminescence 2014; 29: 540–548Wiley & Sons, Ltd.



Table 2. The dihedral angles and spectroscopy data

Compounds ∠α ∠β λmax
ab /nm λmax

em /nm Фf △E

1a 27.95 35.3 308 399 0.32 3.42
2a 0.8 0.9 313 402 0.40 3.36
3 56.7 52.2 356 426 0.69 2.96
4 0.6 0.6 364 445 0.81 2.84
7 31.4 38.6 353 426 0.71 2.98
8 0.9 0.1 372 434 0.80 2.93
6 38.9 29.2 357 426 0.65 3.11
10 52.7 52.7 331 391 0.74 3.21

Figure 9. The molecular structure of (a) 6 and (b) 10. (c) The ultraviolet-visible absorption and fluorescence spectra of 6 and 10.
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and LUMO and the blue-shift of the spectrum. The molecular
structures, UV-vis absorption and fluorescence spectra of 6 and
10 are shown in Fig. 9.

Conclusion
Twenty-three multi-aryl imidazoles were synthesized and the
relationship between the imidazole structure and fluorescent
properties was investigated. The effects of electronic properties of
substituents, molecular planarity and double imidazole structure
on the λmax

ab , λmax
em and the Фf were explored. The results show that

multi-aryl imidazoles with the strong electron-absorbing group –
NO2 can absorb visible light and emit red fluorescent light, and
the Фf can be more than doubled with the strong electron-
absorbing group –CHO or by the introduction of the double
imidazole structure. The multi-aryl imidazoles with 9,10-
phenanthroimidazole structure give high fluorescent quantum
yields above 0.8. These structure–activity relationship studies for
the fluorescent performances of multi-aryl imidazoles could be
helpful for further development of highly efficient luminous devices.
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