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Abstract: A new class of wide energy gap benzotriimidazole materials have been synthesized by a
two-step condensation reaction. All of the benzotriimidazole compounds have π-π* absorption
bands in the range of 250–400 nm. The photoluminescence (PL) quantum efficiency of each
benzotriimidazole depends strongly on the presence of electron withdrawing groups. PL quantum
efficiencies of benzotriimidazoles without electron withdrawing groups were less than desirable
(40–43%), while molecules with electron withdrawing groups displayed much stronger PL with
efficiencies in the range of 73–75%. The electron withdrawing groups shift the emission to a longer
wavelength, towards a more “true blue” color. This new class of benzotriimidazole optical materials
could be used as electron-injecting and electron-transporting blue luminescence materials for potential
organic light-emitting diode (OLED) applications.
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1. Introduction

Great effort has been spent for decades to develop new luminescent organic semiconductors for
organic light-emitting diodes (OLEDs) [1–10]. The OLED field requires organic fluorophores with
highly efficient emission that can act as hole-transporting electron donors or as electron-transporting
electron acceptors [11–20]. Useful organic semiconductors for OLEDs also possess a number of other
qualities including solution processability, charge carrier mobility, thermal stability, and well-defined
molecular energy levels. A disproportionate amount of research has focused on the development
of red and green emitting devices while highly efficient blue emitting devices receive less attention.
The large molecular energy gap necessary for blue emission often results in materials with low electron
affinities that act as poor charge transporters and limit an OLED’s efficiency. In addition, research
has also concentrated on the development of electron donor materials, which has restricted many of
the most widely-used electron acceptor materials to expensive options that are difficult to synthesize
or process.

These problems can be addressed with highly-polar heterocycle benzimidazoles. Many materials
containing benzimidazole are suitable for both emissive and charge transport layers in OLEDs.
Among benzimidazole materials, one of the most useful and extensively utilized is 1,3,5-tris(N-
phenylbenzimidazole-2-yl)benzene (TPBI) (Figure 1a) [21–24]. TPBI has a unique aromatic polycyclic
core and ring structure features, which result in high thermal stability, chemical stability, and resistance
to oxidation. TPBI and similar materials are commonly used as electron transporting, hole blocking
layers within OLED devices [23,24]. In many cases, TPBI is also employed as part of an OLED’s
emissive layer as an electron transporting host material for fluorescent or phosphorescent dye
molecules. The high electron mobility and hole blocking properties of TPBI allow the formation of
excitons in the OLED emissive layer directly adjacent to a device’s hole transporting layer. This avoids
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exciton formation at the interface of the emissive layer and the electron transporting layer which can
reduce or quench emission.

Appl. Sci. 2017, 7, 1078  2 of 9 

of excitons in the OLED emissive layer directly adjacent to a device’s hole transporting layer. This 
avoids exciton formation at the interface of the emissive layer and the electron transporting layer 
which can reduce or quench emission. 

 
(a) (b)
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TPBI’s strong performance in OLED devices derives from three distinct 1-phenyl-benzimidazole 
components. We sought to bolster the optical and electronic properties of TPBI by developing 
materials that combine three benzimidazole moieties into the highly electron-deficient, rigid aromatic 
structure of benzo [1,2-d:3,4-d′:5,6-d′′] triimidazole. We report here the synthesis and characterization 
of a family of molecules with a benzotriimidazole core and phenyl rings as pendants at the 1 and 2 
position of each imidazole ring. A variety of substituents on the phenyl pendants at the 2 position on 
each imidazole ring were compared to observe the overall effect on optical and electronic properties 
caused by slight changes to the electron density of the benzotriimidazole core. Additionally, the 
phenyl pendants add to the 3D structure of each molecule, increasing bulkiness and limiting 
molecular packing density to suppress exciton quenching of photoluminescence. These 
benzotriimidazole-based materials possess strong blue fluorescence and they are the first of their 
kind to be reported for potential OLED applications. 

The closest existing, previously-reported material to the benzotriimidazoles described in this 
work are a group of tris(aroyleneimidazole)s synthesized by Hanifi et al. [25] for use as electron-
transporting materials for organic photovoltaic applications. The tris(aroyleneimidazole)s are large 
planar molecules that promote self-assembly and they are structurally distinct from the family of 
benzotriimidazoles reported here, and do not possess their strong fluorescence. 

With a rigid aromatic polycyclic core, and its highly electron-deficient aromatic ring system, the 
benzimidizoles could be expected to lead to the formation of more conductive, and even more 
luminescent organic semiconductors as a result of the increase in the core-core attractive interactions 
which could encourage molecular stacking by design. However, up to now, no reports can be found 
that describe how to obtain such aromatic benzoimidizole materials. 

In this paper, we report the synthesis of these wide energy gap benzotriimidazole optical 
materials (Figure 1b) and their optical property studies, including UV-visible absorption spectra and 
their luminescent emission spectra. 

2. Materials and Methods 

All chemicals and solvents were purchased from commercial sources and used as received 
except where noted. Structure and purity of the final products was characterized and confirmed by 
nuclear magnetic resonance spectroscopy (1H NMR and 13C NMR), UV-VIS (ultraviolet visible) 
absorption and photoluminescence measurements. 1H-NMR and 13C-NMR spectra were recorded on 
AMX 250, AC 300, AMX 500, and AMX 700 NMR spectrometers (Bruker Bio-Spin GmbH, 
Silberstreifen, Rheinstetten, Germany). UV-VIS absorption spectra were measured by a GBC Cintra 
404 spectrophotometer (GBC Scientific Equipment (USA), Hampshire, IL, USA) using quartz cells 
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TPBI’s strong performance in OLED devices derives from three distinct 1-phenyl-benzimidazole
components. We sought to bolster the optical and electronic properties of TPBI by developing materials
that combine three benzimidazole moieties into the highly electron-deficient, rigid aromatic structure
of benzo [1,2-d:3,4-d′:5,6-d′ ′] triimidazole. We report here the synthesis and characterization of a family
of molecules with a benzotriimidazole core and phenyl rings as pendants at the 1 and 2 position
of each imidazole ring. A variety of substituents on the phenyl pendants at the 2 position on each
imidazole ring were compared to observe the overall effect on optical and electronic properties caused
by slight changes to the electron density of the benzotriimidazole core. Additionally, the phenyl
pendants add to the 3D structure of each molecule, increasing bulkiness and limiting molecular
packing density to suppress exciton quenching of photoluminescence. These benzotriimidazole-based
materials possess strong blue fluorescence and they are the first of their kind to be reported for potential
OLED applications.

The closest existing, previously-reported material to the benzotriimidazoles described in this work
are a group of tris(aroyleneimidazole)s synthesized by Hanifi et al. [25] for use as electron-transporting
materials for organic photovoltaic applications. The tris(aroyleneimidazole)s are large planar molecules
that promote self-assembly and they are structurally distinct from the family of benzotriimidazoles
reported here, and do not possess their strong fluorescence.

With a rigid aromatic polycyclic core, and its highly electron-deficient aromatic ring system,
the benzimidizoles could be expected to lead to the formation of more conductive, and even more
luminescent organic semiconductors as a result of the increase in the core-core attractive interactions
which could encourage molecular stacking by design. However, up to now, no reports can be found
that describe how to obtain such aromatic benzoimidizole materials.

In this paper, we report the synthesis of these wide energy gap benzotriimidazole optical materials
(Figure 1b) and their optical property studies, including UV-visible absorption spectra and their
luminescent emission spectra.

2. Materials and Methods

All chemicals and solvents were purchased from commercial sources and used as received except
where noted. Structure and purity of the final products was characterized and confirmed by nuclear
magnetic resonance spectroscopy (1H NMR and 13C NMR), UV-VIS (ultraviolet visible) absorption and
photoluminescence measurements. 1H-NMR and 13C-NMR spectra were recorded on AMX 250, AC
300, AMX 500, and AMX 700 NMR spectrometers (Bruker Bio-Spin GmbH, Silberstreifen, Rheinstetten,
Germany). UV-VIS absorption spectra were measured by a GBC Cintra 404 spectrophotometer
(GBC Scientific Equipment (USA), Hampshire, IL, USA) using quartz cells with path lengths of 1 cm.
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Photoluminescence (PL) spectra were taken with a C4742 streak camera system (Hamamatsu Photonics,
Hamamatsu, Japan) in fast/slow sweep mode.

3. Results and Discussion

3.1. Synthesis and Structural Characterization of Benztriimidazole Materials

A family of benzotriimidazole-based materials was synthesized using a condensation reaction
between N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine and selected acyl chlorides. The synthetic
procedure is shown below.

Appl. Sci. 2017, 7, 1078  3 of 9 

with path lengths of 1 cm. Photoluminescence (PL) spectra were taken with a C4742 streak camera 
system (Hamamatsu Photonics, Hamamatsu, Japan) in fast/slow sweep mode. 

3. Results and Discussion 

3.1. Synthesis and Structural Characterization of Benztriimidazole Materials  

A family of benzotriimidazole-based materials was synthesized using a condensation reaction 
between N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine and selected acyl chlorides. The synthetic 
procedure is shown below. 

 

Initially, condensation of N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine with a selected acyl 
chloride was carried out in a solvent of N-methyl-2-pyrrolidone in a single step. In an effort to 
improve the ratio of products, the reaction was also studied using a variety of other solvents, 
including acetic acid, acetic anhydride, and phosphoryl chloride, based on precedents from the 
literature. Despite varying the solvent, the reaction reliably produced a mixture of products with the 
desired benzotriimidazole material consisting of roughly one third of the mixture. The condensation 
reaction has competing synthetic pathways which result in roughly two thirds of the product mixture 
consisting of undesired pseudo-para benzodiimidazole. The competing condensation pathways for 
benzotriimidazole versus benzodiimidazole are depicted below. A similar problem was also 
encountered by Hanifi et al. [25] with yields of their tris(aroyleneimidazole). They reported similar 
competing reaction pathways that resulted in far more bis(aroyleneimidazole) in their product 
mixture. 

 

Initially, condensation of N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine with a selected acyl
chloride was carried out in a solvent of N-methyl-2-pyrrolidone in a single step. In an effort to
improve the ratio of products, the reaction was also studied using a variety of other solvents,
including acetic acid, acetic anhydride, and phosphoryl chloride, based on precedents from the
literature. Despite varying the solvent, the reaction reliably produced a mixture of products with the
desired benzotriimidazole material consisting of roughly one third of the mixture. The condensation
reaction has competing synthetic pathways which result in roughly two thirds of the product mixture
consisting of undesired pseudo-para benzodiimidazole. The competing condensation pathways
for benzotriimidazole versus benzodiimidazole are depicted below. A similar problem was also
encountered by Hanifi et al. [25] with yields of their tris(aroyleneimidazole). They reported similar
competing reaction pathways that resulted in far more bis(aroyleneimidazole) in their product mixture.

Appl. Sci. 2017, 7, 1078  3 of 9 

with path lengths of 1 cm. Photoluminescence (PL) spectra were taken with a C4742 streak camera 
system (Hamamatsu Photonics, Hamamatsu, Japan) in fast/slow sweep mode. 

3. Results and Discussion 

3.1. Synthesis and Structural Characterization of Benztriimidazole Materials  

A family of benzotriimidazole-based materials was synthesized using a condensation reaction 
between N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine and selected acyl chlorides. The synthetic 
procedure is shown below. 

 

Initially, condensation of N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine with a selected acyl 
chloride was carried out in a solvent of N-methyl-2-pyrrolidone in a single step. In an effort to 
improve the ratio of products, the reaction was also studied using a variety of other solvents, 
including acetic acid, acetic anhydride, and phosphoryl chloride, based on precedents from the 
literature. Despite varying the solvent, the reaction reliably produced a mixture of products with the 
desired benzotriimidazole material consisting of roughly one third of the mixture. The condensation 
reaction has competing synthetic pathways which result in roughly two thirds of the product mixture 
consisting of undesired pseudo-para benzodiimidazole. The competing condensation pathways for 
benzotriimidazole versus benzodiimidazole are depicted below. A similar problem was also 
encountered by Hanifi et al. [25] with yields of their tris(aroyleneimidazole). They reported similar 
competing reaction pathways that resulted in far more bis(aroyleneimidazole) in their product 
mixture. 

 

One commonly-reported strategy to improve the yield for the synthesis of benzimidazoles is a
two-step condensation reaction [26]. This strategy was adapted to the benzotriimidazole synthesis



Appl. Sci. 2017, 7, 1078 4 of 9

to improve the overall yield, as well as to improve the ratio of the product mixture in favor of the
desired triple-condensed product. As the initial step, three equivalents of acyl chloride were added to
N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine and stirred at room temperature in DMF (Dimethyl
Formamide) for 90 min before precipitation into water to isolate the condensation intermediate.
Cyclization of the condensation intermediate was tested in a variety of reaction conditions in an effort
to change the product ratio away from favoring pseudo-para benzodiimidazole. Solvents and reaction
temperature were varied, the intermediate was also added to the refluxing solvent to avoid slowly
heating the intermediate from room temperature in case that process was the root of pseudo-para
benzodiimidazole formation. Despite great effort to improve the yield of the benzotriimidazole, only
marginal improvements were made by utilizing the two-step condensation procedure. As a result,
larger scale reactions were carried out in a single-step condensation.

After condensation, the benzotriimidazole reaction mixture was precipitated into water and the
crude product was isolated by filtration. Small-scale reactions were purified by silica gel column
chromatography to separate the desired benzotriimidazole from the benzodiimidazole. To save time
and solvent, larger scale reactions were purified by Soxhlet extraction. The isolated yields for the six
different benzotriimidazole molecules range from 27–33%.

The six synthetic examples of benzotriimidazole materials (Figure 2) are as follows:

Appl. Sci. 2017, 7, 1078  4 of 9 

One commonly-reported strategy to improve the yield for the synthesis of benzimidazoles is a 
two-step condensation reaction [26]. This strategy was adapted to the benzotriimidazole synthesis to 
improve the overall yield, as well as to improve the ratio of the product mixture in favor of the desired 
triple-condensed product. As the initial step, three equivalents of acyl chloride were added to 
N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine and stirred at room temperature in DMF (Dimethyl 
Formamide) for 90 min before precipitation into water to isolate the condensation intermediate. 
Cyclization of the condensation intermediate was tested in a variety of reaction conditions in an effort 
to change the product ratio away from favoring pseudo-para benzodiimidazole. Solvents and 
reaction temperature were varied, the intermediate was also added to the refluxing solvent to avoid 
slowly heating the intermediate from room temperature in case that process was the root of pseudo-
para benzodiimidazole formation. Despite great effort to improve the yield of the benzotriimidazole, 
only marginal improvements were made by utilizing the two-step condensation procedure. As a 
result, larger scale reactions were carried out in a single-step condensation. 

After condensation, the benzotriimidazole reaction mixture was precipitated into water and the 
crude product was isolated by filtration. Small-scale reactions were purified by silica gel column 
chromatography to separate the desired benzotriimidazole from the benzodiimidazole. To save time 
and solvent, larger scale reactions were purified by Soxhlet extraction. The isolated yields for the six 
different benzotriimidazole molecules range from 27–33%. 

The six synthetic examples of benzotriimidazole materials (Figure 2) are as follows:  

 
Figure 2. From left to right, Tris Ph (1,2,4,5,7,8-hexaphenyl-4,7-dihydro-1H-benzo-[1,2-d:3,4-d′:5,6-
d′′]triimidazole), Tris OMe (2,5,8-tris(4-methoxyphenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-
d:3,4-d′:5,6-d′′]triimidazole), Tris tbutyl (2,5,8-tris(4-tert-butyl-phenyl)-1,4,7-triphenyl-4,7-dihydro-
1H-benzo[1,2-d:3,4-d′:5,6-d′′]triimidazole), Tris CN (2,5,8-tris(4-cyanophenyl)-1,4,7-triphenyl-4,7-
dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′′]triimidazole), TrisCN2F (2,5,8-tris(2-fluoro-4-cyanophenyl)-
1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′′]triimidazole), TrisCN3F (2,5,8-tris(3-fluoro-4-
cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′′]triimidazole). 

Synthesis of 1,2,4,5,7,8-hexaphenyl-4,7-dihydro-1H-benzo-[1,2-d:3,4-d′:5,6-d′′]triimidazole (Tris 
Ph). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g, 5 mmol) and benzoyl chloride (2.6 g, 16 
mmol) were dissolved in anhydrous N-methyl-2-pyrrolidone (30 mL). The resulting mixture was 
stirred at room temperature for one hour. The reaction mixture was refluxed for 16 h and then, after 
cooling to room temperature, was precipitated in 500 mL of water and filtered to isolate the brown 
precipitate as a crude product. The crude product was dissolved in a minimum amount of 
dichloromethane and then loaded onto a silica gel column for chromatography using 
dichloromethane as an eluent. The product was collected as a yellow/brown fraction and the volume 
of the solution was reduced by evaporation. Hexane was added to the product solution with stirring 
and a light yellow solid precipitated from the solution. The precipitate was collected as a light yellow 
solid by vacuum filtration and remaining impurities were washed away with minimal cold 
dichloromethane to leave pure 1,2,4,5,7,8-hexaphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-
d′′]triimidazole as a white solid (0.97 g, 1.48 mmol, 30% yield). 1H NMR (400 MHz, CDCl3, δ): 7.63–
7.59 (m, 2H), 7.55–7.50 (m, 3H), 7.43 (m, 2H), 7.23–7.16 (m, 3H). 13C (CDCl3, δ): 148.65, 138.17, 130.69, 
128.99, 128.92, 128.79, 128.55, 128.32, 127.94, 127.09, 126.15. 

Figure 2. From left to right, Tris Ph (1,2,4,5,7,8-hexaphenyl-4,7-dihydro-1H-benzo-[1,2-d:3,4-d′:5,6-
d′ ′]triimidazole), Tris OMe (2,5,8-tris(4-methoxyphenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-
d:3,4-d′:5,6-d′ ′]triimidazole), Tris tbutyl (2,5,8-tris(4-tert-butyl-phenyl)-1,4,7-triphenyl-4,7-dihydro-
1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole), Tris CN (2,5,8-tris(4-cyanophenyl)-1,4,7-triphenyl-
4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole), TrisCN2F (2,5,8-tris(2-fluoro-4-cyanophenyl)-
1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole), TrisCN3F (2,5,8-tris(3-fluoro-4-
cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole).

Synthesis of 1,2,4,5,7,8-hexaphenyl-4,7-dihydro-1H-benzo-[1,2-d:3,4-d′:5,6-d′ ′]triimidazole
(Tris Ph). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g, 5 mmol) and benzoyl chloride
(2.6 g, 16 mmol) were dissolved in anhydrous N-methyl-2-pyrrolidone (30 mL). The resulting mixture
was stirred at room temperature for one hour. The reaction mixture was refluxed for 16 h and then,
after cooling to room temperature, was precipitated in 500 mL of water and filtered to isolate the
brown precipitate as a crude product. The crude product was dissolved in a minimum amount of
dichloromethane and then loaded onto a silica gel column for chromatography using dichloromethane
as an eluent. The product was collected as a yellow/brown fraction and the volume of the solution
was reduced by evaporation. Hexane was added to the product solution with stirring and a light
yellow solid precipitated from the solution. The precipitate was collected as a light yellow solid by
vacuum filtration and remaining impurities were washed away with minimal cold dichloromethane to
leave pure 1,2,4,5,7,8-hexaphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole as a white
solid (0.97 g, 1.48 mmol, 30% yield). 1H NMR (400 MHz, CDCl3, δ): 7.63–7.59 (m, 2H), 7.55–7.50 (m,
3H), 7.43 (m, 2H), 7.23–7.16 (m, 3H). 13C (CDCl3, δ): 148.65, 138.17, 130.69, 128.99, 128.92, 128.79,
128.55, 128.32, 127.94, 127.09, 126.15.
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Synthesis of 2,5,8-tris(4-tert-butyl-phenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-
d′ ′]triimidazole (Tris butyl). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g 5 mmol) and
4-tert-butyl-benzoylchloride (3.14 g, 16 mmol) were dissolved in anhydrous N-methyl-2-pyrrolidone
(30 mL). The resulting mixture was stirred at room temperature for one hour. The reaction
mixture was refluxed for 16 h and then, after cooling to room temperature, was precipitated in
500 mL of water and filtered to isolate the brown precipitate as a crude product. The brown
solid was purified by silica gel column chromatography with an eluent of 20% ethyl acetate
and 80% hexane. The purified product was collected as a clear solution with blue/purple
photoluminescence and the solvent was removed by evaporation to yield the pure compound
2,5,8-tris(4-tert-butyl-phenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole as a
white solid product (1.45 g, 1.65 mmol, 33% yield). 1H NMR (400 MHz, CDCl3, δ): 7.66–7.60 (m, 2H),
7.58–7.51 (m, 3H), 7.35 (d, J = 8.8 Hz, 2H), 7.19 (d, J = 8.8 Hz, 2H), 1.25 (s, 9H). 13C (CDCl3, δ): 151.29,
148.55, 138.42, 128.89, 128.46, 127.87, 127.02, 126.00, 124.92, 34.60, 31.22.

Synthesis of 2,5,8-tris(4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-
d′ ′]triimidazole (Tris CN). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g, 5 mmol) and
4-cyanobenzoyl chloride (2.6 g, 16 mmol) were dissolved in anhydrous N-methyl-2-pyrrolidone
(30 mL). The resulting mixture was stirred at room temperature for one hour. The reaction
mixture was refluxed for 16 h and then, after cooling to room temperature, was precipitated
in 500 mL of water and filtered to isolate the yellow-brown precipitate as a crude product.
The crude product was dissolved in a minimum amount of dichloromethane and then loaded
onto a silica gel column for chromatography using dichloromethane as an eluent. The purified
product was separated from a brown impurity and collected as a clear solution with bright
blue photoluminescence. The solvent was removed by evaporation and the pure compound of
2,5,8-tris(4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole was
obtained as a white solid (1.13 g, 1.55 mmol, 31% yield). 1H NMR (400 MHz, CDCl3, δ): 7.62–7.54 (m,
3H), 7.52–7.44 (m, 2H). 13C (CDCl3, δ): 146.85, 137.43, 134.51, 131.86, 129.47, 128.96, 128.42, 127.47,
127.13, 118.57, 111.85.

Synthesis of 2,5,8-tris(4-methoxyphenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-
d′ ′]triimidazole (Tris OMe). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g, 5 mmol) and
4-methoxy benzoyl chloride (2.72 g, 16 mmol) were dissolved in anhydrous N-methyl-2-pyrrolidone
(30 mL). The resulting mixture was stirred at room temperature for one hour. The reaction
mixture was refluxed for 16 h and then, after cooling to room temperature, was precipitated in
500 mL of water and filtered to isolate the brown precipitate as a crude product. The brown
solid was dissolved in dichloromethane and filtered through a plug of silica gel to remove
the brown impurity. The resulting light yellow solution was dried by evaporation and the
resulting yellow solid was purified using silica gel column chromatography with an eluent of
20% ethyl acetate, 80% hexane. The product was collected as a clear solution with purple
photoluminescence. The solvent was removed by evaporation to leave the pure compound
2,5,8-tris(4-methoxyphenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole as a
white solid (1.15 g, 1.55 mmol, 31% yield). 1H NMR (400 MHz, CDCl3, δ): 7.61–7.58 (m, 2H), 7.57–7.50
(m, 3H), 7.38–7.33 (m, 2H), 6.73–6.69 (m, 2H), 3.75 (s, 3H). 13C (CDCl3, δ): 159.69, 148.57, 138.43, 130.35,
128.89, 128.41, 126.88, 125.73, 123.44, 113.43, 55.19.

Synthesis of 2,5,8-tris(2-fluoro-4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-
d′:5,6-d′ ′]triimidazole (Tris CN2F). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g,
5 mmol) and 2-fluoro-4-cyanobenzoyl chloride (2.94 g, 16 mmol) were dissolved in anhydrous
N-methyl-2-pyrrolidone (30 mL). The resulting mixture was stirred at room temperature for one
hour. The reaction mixture was refluxed for 16 h and then, after cooling to room temperature,
was precipitated in 500 mL of water and filtered to isolate the yellow-brown precipitate as a crude
product. The crude product was dissolved in a minimum amount of ethyl acetate and then loaded
onto a silica gel column for chromatography using an eluent of 90% hexane and 10% ethyl acetate.
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The purified product was separated from a brown impurity and collected as a clear solution with
bright blue photoluminescence. The solvent was removed by evaporation and the pure compound of
2,5,8-tris(2-fluoro-4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole
was obtained as a white solid (1.07 g, 1.37 mmol, 27% yield). 1H NMR (400 MHz, CDCl3, δ): 7.62 (t,
J = 11.4 Hz, 1H), 7.51–7.47 (m, 2H), 7.46–7.39 (m, 4H), 7.21 (dd, J = 13.8 Hz, J′ = 2.4, 1H).

Synthesis of 2,5,8-tris(3-fluoro-4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-
d′:5,6-d′ ′]triimidazole (Tris CN3F). N1,N3,N5-triphenylbenzene-1,2,3,4,5,6-hexaamine (2.0 g, 5 mmol)
and 3-fluoro-4-cyanobenzoyl chloride (2.94 g, 16 mmol) were dissolved in anhydrous
N-methyl-2-pyrrolidone (30 mL). The resulting mixture was stirred at room temperature for one
hour. The reaction mixture was refluxed for 16 h and then, after cooling to room temperature,
was precipitated in 500 mL of water and filtered to isolate the yellow-brown precipitate as a
crude product. The crude product was dissolved in a minimum amount of dichloromethane and
then loaded onto a silica gel column for chromatography using dichloromethane as an eluent.
The purified product was separated from a brown impurity and collected as a clear solution with
bright blue photoluminescence. The solvent was removed by evaporation and the pure compound of
2,5,8-tris(3-fluoro-4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-1H-benzo[1,2-d:3,4-d′:5,6d′ ′] triimidazole
was obtained as a white solid (1.14 g, 1.45 mmol, 29% yield). 1H NMR (400 MHz, CDCl3, δ): 7.68–7.62
(m, 3H), 7.57–7.54 (m, 2H), 7.41 (dd, J = 8.4 Hz, J′ = 6.6 Hz, 1H), 7.29 (dd, J = 10.2 Hz, J′ = 1.2 Hz, 1H),
7.21 (dd, J = 7.8 Hz, J′ = 1.2 Hz, 1H).

3.2. Optical Properties of Benztriimidazole Materials

The optical properties of all six benzotriimidazole compounds were measured by UV-VIS and
fluorescence spectroscopy in dichloroethane. Tris Ph will be considered the model compound which
will be compared to molecules with different electron donor substituents (Tris OMe and Tris tbutyl) and
electron withdrawing substituents (Tris CN, Tris CN2F, Tris CN3F) on the phenyl pendants. Absorption
and emission spectra for each compound are shown in Figure 3.
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Figure 3. Optical spectra of benzotriimidazole-based materials. Solid line: absorption. Dotted
line: photoluminescence.
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All of the benzotriimidazole compounds have π-π* absorption bands in the range of 250–400 nm.
These values strongly depend on the electron withdrawing character of the substituents on the phenyl
pendants. When no substituent is used, as with Tris Ph, maximum absorption occurs at 300 nm.
Very little change is observed in the absorption spectrum when electron donating methoxy substituents
are introduced with Tris OMe. Slightly electron-donating tert-butyl substituents were used to improve
solubility of Tris tbutyl, and the absorption spectrum is similarly indistinguishable from Tris Ph.

When electron withdrawing substituents are introduced into the system, there is a clear effect
on the optical properties. The absorption spectra are shifted 50–60 nm to longer wavelengths despite
the electron withdrawing phenyl pendants not being directly conjugated to the π-system of the
benzotriimidazole core. The simplest of these, Tris CN, utilizes cyano-phenyl pendants and has peak
absorption at 354 nm. A second electron withdrawing substituent was introduced with Tris CN3F,
a fluorine atom ortho to the cyano group of each phenyl pendant. This resulted in further red-shifted
the peak absorption at 362 nm. When the fluorine atom is meta to the cyano group on the phenyl
pendant, as with Tris CN2F, the observed redshift is not quite as drastic, with peak absorption at 360 nm.

Upon excitation at absorption λmax, the benzotriimidazoles that do not possess electron-withdrawing
groups exhibit violet-blue photoluminescence (PL). Tris Ph, Tris OMe, and Tris tbutyl have very similar
PL spectra with maxima at 408, 406, and 405 nm, respectively, and all three emit over the range of
350–550 nm. The full-width at half-maximum (FWHM) for the PL spectra of all three molecules is
approximately 72 nm. Conversely, the benzotriimidazoles with electron-withdrawing groups display
very strong blue PL slightly red-shifted to the range of 400–600 nm. The PL spectrum of Tris CN has
λmax of 445 nm and FWHM of 80 nm. Tris CN2F and Tris CN3F have almost identical PL spectra and
are slightly red-shifted even further from Tris CN with λmax at 453 nm and similar, slightly broadened
FWHM of 82 nm. The electron withdrawing groups shift the emission to a longer wavelength, towards
a more “true blue” color.

The PL quantum efficiency of each benzotriimidazole depends strongly on the presence of
electron-withdrawing groups. PL quantum efficiencies of benzotriimidazoles without electron-withdrawing
groups were less than desirable (40–43%) while molecules with electron-withdrawing groups displayed
much stronger PL with efficiencies in the range of 73–75%. The electron withdrawing groups on the phenyl
pendants enhance emission efficiency by pulling electron density away from the already electron-deficient
benzotriimidazole core, making a reasonable fluorophore into a very strong one. There is negligible
disparity in PL quantum efficiency between molecules with only CN on the phenyl pendants and
molecules with CN and F. The enhancement in PL quantum efficiency is likely maximized by a
single electron withdrawing group (EWG) in the para position on each pendant. The para position
on the pendants appears to be most effective at drawing electron density from the core of the
benzotriimidazole. The benzotriimidazole quantum efficiency data is summarized in Table 1.

Table 1. Quantum efficiency of benzotriimidazole-based materials.

Compound λabs max
(nm) a

λem max
(nm) a,b

∆λstokes
(nm) c Φ (%) a,d Eg (eV) e

Tris Ph 301 409 108 38.9 3.41
Tris tbutyl 302 405 103 39.4 3.40
Tris OMe 300 407 107 36.2 3.37
Tris CN 355 446 91 75.0 3.06

Tris CN2F 359 455 96 77.2 3.02
Tris CN3F 362 454 92 76.5 3.00

a CH3CH2Cl solution, 1.0 × 10−5 M; b Excited at the maximum absorbance peak; c Stokes shift = λem max
− λabs max; d Quinine sulfate used as standard (0.546 in 0.5 M H2SO4, D.F. Eaton 1998 Pure Appl. Chem.
60, pg 1107); e Band gap calculated from onset of absorption spectra. Tris Ph: 1,2,4,5,7,8-hexaphenyl-
4,7-dihydro-1H-benzo-[1,2-d:3,4-d′:5,6-d′ ′]triimidazole; Tris OMe: 2,5,8-tris(4-methoxyphenyl)-1,4,7-triphenyl-4,7-
dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole); Tris tbutyl: 2,5,8-tris(4-tert-butyl-phenyl)-1,4,7-triphenyl-4,7-
dihydro-1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole; Tris CN: 2,5,8-tris(4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-
1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole; TrisCN2F: 2,5,8-tris(2-fluoro-4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-
1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole; TrisCN3F: 2,5,8-tris(3-fluoro-4-cyanophenyl)-1,4,7-triphenyl-4,7-dihydro-
1H-benzo[1,2-d:3,4-d′:5,6-d′ ′]triimidazole.
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4. Conclusions

A new class of benzotriimidazole-based materials have been synthesized by a two-step
condensation reaction to improve overall yield and the ratio of the product mixture in favor of
the desired triple-condensed product. Structure and purity of the six benzotriimidazole materials
were characterized and confirmed by proton and carbon NMR, UV-VIS, and photoluminescence
spectroscopy. This new class of blue luminescent materials could not only be used as blue emitting
materials, but also could potentially be used as electron-injecting and electron-transporting materials
for OLED devices, in general.

The optical properties of all six benzotriimidazole compounds were measured by UV-VIS and
fluorescence spectroscopy. All of the benzotriimidazole compounds have π-π* absorption bands in
the range of 250–400 nm. The maximum absorption of Tris Ph occurs at 300 nm, while the absorption
spectrum of Tris OMe and Tris tbutyl are similarly indistinguishable from Tris Ph. Tris CN, utilizes
cyano-phenyl pendants and has peak absorption at 354 nm. A second electron-withdrawing substituent
was introduced with Tris CN3F, which resulted in a further red-shifted peak absorption at 362 nm.
Tris CN2F observed red shift is not quite as drastic, with peak absorption at 360 nm. The PL quantum
efficiency of each benzotriimidazole depends strongly on the presence of electron-withdrawing groups.
PL quantum efficiencies of benzotriimidazoles without electron-withdrawing groups were less than
desirable (40–43%), while molecules with electron-withdrawing groups displayed much stronger PL
with efficiencies in the range of 73–75%. The electron-withdrawing groups shift the emission to a longer
wavelength, towards a more “true blue” color. Those optical properties play important roles and this
new class of blue benzotriimidazole materials could be used as electron-injection and -transportation
materials similar to TPBI for potential OLED applications.
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