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Position-dependent hexaarylbenzene AIEgens: synthesis, 
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With the development and exploration of photoelectric materials, the design of tunable and high luminescence efficiency 
materials remains a challenge. As a promising candidate, AIE luminogens have shown significant advantages. Herein, two 
tetraphenylethene-fused hexaarylbenzene derivatives with strong electron-withdrawing groups (–CN) were synthesized. 
Both compounds exhibit obvious AIE-active properties with reasonable αAIE =If water (f water = 99%)/ITHF (517 for p-TPE-HAB and 9 
for o-TPE-HAB). p-TPE-HAB, and high photoluminescence quantum yields were recorded to be 62.8% for p-TPE-HAB and 
35.3% for o-TPE-HAB). The position-dependent emission behavior indicates that this hybridization strategy may be used for 
the design and fabrication of AIEgens with tunable and controllable photophysical properties. 

Introduction 
In the past two decades, luminogens with aggregation-
induced emission (AIE) attributes have received 
extensive attention and seen rapid development due to 
their outstanding advantages in chemosensing, 
bioimaging, optoelectronics, and stimuli-responsive 
systems.1-4 The family of AIE luminogens (AIEgens) is 
constantly growing with the synthesis of multiple types 
of AIE systems, such as small molecular AIEgens,5 AIE co-
crystals,6,7 AIE polymers,8-10 and metal-complex 
AIEgens.11-13 Small molecular AIEgens are still the focus 
in aggregate science due to their accurate and simple 
structures, interpretable luminescence mechanism and 
structure-property relationships.3 A series of 
prototypical AIEgens, including hexaphenylsilole (HPS),14 
tetraphenylethene (TPE),15 and 10,10′,11,11′-
tetrahydro-5,5′-bidibenzo[a,d][7] annulenylidene 
(THBA),16 have opened up new avenues for the 
exploration of their wider potential by evading the 
notorious aggregation-caused quenching (ACQ) effect in 
the solid state. Subsequently, more types of AIEgens 
have been developed as building blocks for functional 

materials, such as tetraphenylbenzene,17 
tetraphenylpyrazine,18 polyarylpyrrole.19 

For traditional luminophores, such as polycyclic 
aromatic hydrocarbons (PAHs), the ACQ effect is the 
biggest obstacle to the development of potential 
applications.20 In this context, a more efficient and 
popular strategy was established by decorating the PAH 
core with an AIE unit, whereupon a reasonable 
luminescence efficiency is achieved both in solution and 
in the solid state. 21,22 Moreover, the combination of 
different AIE units results in even more interesting and 
fascinating optical properties, such as 
mechanochromism, thermochromism, and 
chronochromism.23-25 Propeller-shaped AIEgens should 
be considered the most favored candidate because of 
the active intramolecular rotation in dilute solution and 
restricted motion in the aggregated state. The effect of 
rotational freedom on photophysical properties 
becomes an important feature for exploring the 
luminescence mechanisms in different aggregated 
states.26 
In the present work, a novel hybridization strategy 
combining intramolecular charge transfer (ICT) 
effect was performed, and two nonplanar AIEgens 
were designed by employing TPE and 
hexaphenylbenzene (HPB) building blocks (see 
Scheme 1). Meanwhile, the strong electron-
withdrawing group (–CN) was also introduced as a 
charge-regulating group. The optical properties of 
these two AIEgens were systematically investigated 
by experimental and theoretical methods. The 
significant position-dependent emission behavior 
allows for interesting structure-property 
relationships that deepen our understanding of the 
mechanism. 
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Scheme 1. Chemical structures of p-TPE-HAB and o-TPE-HAB. 

Results and discussion 
Synthesis and characterization  

The synthetic procedures for the two AIEgens p-TPE-HAB, o-TPE-HAB 
and precursors are outlined in Scheme S1. Firstly, formation of the 
HPB framework by a Diels-Alder reaction required the 
cyclopentadienone derivatives 3. This in turn was synthesized by the 
base-catalyzed condensation of the benzil derivatives and dibenzyl 
ketone shown in the scheme. The Diels-Alder reaction of 3 and 4,4'-
(ethyne-1,2-diyl)dibenzonitrile was followed by spontaneous loss of 
carbon monoxide27 to give precursor 4 in good yield (> 80%) under 
reflux conditions. The synthesis of partial raw materials is shown in 
experimental section, and other reagents were obtained 

commercially and were used without further purification. All 
compounds were characterized by 1H and 13C-NMR spectroscopy, 
and high-resolution mass spectrometry (Figs. S1–S7, ESI†). 
Photophysical properties 

The photophysical properties of p-TPE-HAB and o-TPE-HAB in dilute 
solutions (THF) and in the solid are depicted in Table 1. As shown in 
Fig. 1, different emission behavior was observed with emission 
maxima centered at 402 nm for p-TPE-HAB and 387 nm for o-TPE-
HAB in dilute THF solution. Both luminogens displayed an obvious 
red-shift compared with single component TPE (λem = 350 nm) and 
HPB (λem = 334 nm), respectively,28 which may be attributed to the 
influence of the communication of both π-systems by the efficient 
energy and charge transfer from TPE moieties to the HAB core 
decorating with –CN groups.29  

Table 1. The photophysical properties of p-TPE-HAB and o-TPE-HAB. 

Compounds λem(nm) 
sol[a]/solid 

ΦFL
[b] (%) 

sol[a]/solid ΦFL
[c] (%) HOMO[d] 

(eV) 
LUMO[d] 

(eV) 
ΔEg

[d] 
(eV) 

αAIE
[e] 

p-TPE-HAB 402 / 495 1.2 / 35.5 62.8 −5.30 −1.66 3.64 517 

o-TPE-HAB 387 / 502 0.7 / 8.5 35.3 −5.33 −1.69 3.64 9 

a 1×10–7 M in CH2Cl2, λem is the fluorescence band appearing at the shortest wavelength; b Absolute 
quantum yield (±0.01−0.03); c Absolute quantum yield in a water/THF mixed solvent system (fw = 
99%); d DFT/B3LYP/6-31G* using Gaussian; eαAIE = If water (f water = 99%)/ITHF. 
 

Closer inspection of the emission spectra of the two luminogens in 
dilute THF solution reveals that the emission maximum of p-TPE-HAB 
(λem max = 402) is red-shifted relative to o-TPE-HAB (λem max = 387), 
which can be ascribed to the difference in the co-planarity in these 
two molecular systems due to the effects of the substituents.30 In 
sharp contrast, distinct emission behavior was observed for these 
two luminogens in the solid state compared to dilute solution. A large 
red-shift of p-TPE-HAB at 495 nm and o-TPE-HAB at 502 nm was 
recorded, respectively. In general, the above-mentioned emission 
behavior with a significant red-shift can be attributed to the 
synergistic effect of through-space charge transfer (TSCT)31, 32 and 
the different molecular arrangements. The luminogen o-TPE-HAB 
exhibited a red-shift of 7 nm compared to p-TPE-HAB in the solid 

state, which may be ascribed to a more significant TSCT effect in the 
o-TPE-HAB molecular system. Specifically, a shell-like intermolecular 
donor-acceptor (D-A) type behavior is presumed in the ortho-
substituted molecular structures; two adjacent TPE groups of one 
molecule may hold a moiety of another molecule. The fluorescence 
quantum yields (ФFL) were measured in dilute solution and in the 
solid state. As shown in Table 1, both luminogens exhibit low 
emission efficiency in dilute organic solution (1.2% for p-TPE-HAB 
and 0.7% for o-TPE-HAB, respectively). On the other hand, higher 
photoluminescence quantum yields were observed (35.5% for p-TPE-
HAB and 8.5% for o-TPE-HAB), which is largely due to the restriction 
of intramolecular rotation (RIR) mechanism based on the twisted TPE 
and HPB units. 
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Fig. 1. Emission spectra (B) for luminogens p-TPE-HAB and o-TPE-
HAB in THF solution (solid line) and in the solid state (dash line), 
respectively. 

To further interpret the emission mechanism, a study of the 
solvatochromic effects in different organic solvents of various 
polarities (cyclohexane, 1,4-dioxane, tetrahydrofuran (THF), 
dichloromethane (DCM) and dimethylformamide (DMF)) was 
conducted. The solvatochromic effects for all compounds basically 
supported our interpretation of the ICT effect.33 As shown in Fig. 2, 
the two luminogens exhibited similar emission behavior in different 
organic solvents, and dual emission properties were observed in low 
polarity solvents, while a singlet emission peak was recorded in high 
polarity solvents. Meanwhile, a red-shift of the maximum emission 
peak was observed. The almost identical value of the red-shift of the 
maximum emission peak (37 nm for p-TPE-HAB and 38 nm for o-TPE-
HAB) on increasing the polarity can be attributed to the similar ICT 
effects in both molecular systems. 

 
Fig. 2. Solvatochromism effect of emission spectra for p-TPE-HAB and o-TPE-HAB in solvents with varying polarity. 

In view of the AIE characteristics of the TPE and HPB derivatives, 
further investigation of the emission behavior of p-TPE-HAB and o-
TPE-HAB in their aggregated state was performed. Specifically, the 
emission behavior of p-TPE-HAB and o-TPE-HAB in THF/H2O mixtures 
were recorded, and both molecules were unsurprising found to be 
AIE-active materials. As shown in Fig. 3A, the emission behavior of o-
TPE-HAB in THF/H2O mixtures exhibited a slight red-shift from 389 
nm to 406 nm and quenching on increasing the water fraction (fw) 
from 0% to 70%, which may be attributed to the increased solvent 
polarity.21 In the process of increasing water fraction from 70% to 
99% or even higher, the emission intensity exhibits a rapid 
enhancement of approximately 9-fold (αAIE = 9), which is mainly 
attributed to the restriction of intramolecular rotation (RIR) 
mechanism.34 Meanwhile, a small red-shift of maximum emission 

wavelength was observed upon increasing the fw from 0% to 70%, 
while a distinct red-shift from 408 nm to 501 nm was evident at the 
turning point fw = 80%. A slight blue-shift was recorded in water-
dominated solutions (90% < fw <99%), which may be ascribed to the 
difference in the intermolecular interactions for the different 
aggregated states.35,36 On the other hand, the AIEgen p-TPE-HAB 
presents similar photophysical properties for the emission intensity 
and maximum emission wavelength (Fig. S8, ESI†). Moreover, p-TPE-
HAB possesses a higher αAIE value of 517, which can be attributed to 
the effects of the substituents. The results of both AIEgens are also 
consistent with the above mentioned photoluminescence quantum 
yields. 
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Fig. 3. (A) The fluorescence spectra of o-TPE-HAB in mixed H2O/THF solutions (1 × 10–6 M); (B) Plots of maximum emission wavelength and 
emission intensity at different water fractions (0–99 vol%) for o-TPE-HAB. 

Density functional theory (DFT) calculations were carried out to 
evaluate the structure-activity relationship of the position-
dependent hexaarylbenzene AIEgens and the electron delocalization 
at the B3LYP/6-31G* level.37, 38 The energy levels and frontier-
molecular-orbital distributions of their LUMO and HOMO are 
depicted in Fig. 4. For the AIEgens p-TPE-HAB and o-TPE-HAB, similar 
frontier-molecular-orbital distributions and energy levels, especially 
for energy gaps (ΔEg), were observed, and the LUMOs are mainly 
localized on the central C6 ring and the strong electron-withdrawing 
–CN substituents of the phenyl groups. Meanwhile, the HOMOs are 
almost completely distributed over the entire TPE units. The 
separated HOMO and LUMO distribution for both AIEgens confirmed 
our previous interpretation of the solvatochromic effect and ICT 
behavior in this type of hexaarylbenzene AIEgens. All results 
including the theoretical and experimental data indicate that this 
type of AIEgens exhibits competitive and tunable photophysical 
properties, such as luminescence efficiency, and are white-light 
emitting materials with dual emission bands. 

 
Fig. 4. Frontier-molecular-orbital distributions and energy level 
diagram of p-TPE-HAB and o-TPE-HAB by DFT calculations. 

Experimental 
General procedures 
1H NMR spectra (400 MHz) were recorded on a Nippon 
Denshi JEOL FT-300 NMR spectrometer with SiMe4 as an 
internal reference: J-values are given in Hz. UV-vis spectra 
were recorded on a Perkin Elmer Lambda 19 UV/VIS/NIR 
spectrometer. Mass spectra were obtained on a Nippon 
Denshi JMS-01SA-2 spectrometer at 75 eV using a direct-
inlet system. Gas–liquid chromatograph (GLC) analyses were 
performed by Shimadzu gas chromatograph, GC-14A; 
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silicone OV-1, 2 m; programmed temperature rise, 12 °C 
min-1; carrier gas nitrogen, 25 mL min-1. 

Experimental details 
1,3-Bis(4-bromophenyl)propan-2-one (1a): A solution of 4-
bromophenylacetic acid (5.0 g, 23 mmol) in dichloromethane was 
added dropwise to a mechanically stirred solution of 
dicyclohexylcarbodiimde (DCC: 2.4 g, 12 mmol) and N,N-
dimethylaminopyridine (DMAP: 0.71 g, 0.58 mmol) in 
dichloromethane (40 mL). The reaction was allowed to proceed 
overnight under an argon atmosphere at room temperature. The 
reaction mixture was filtered to remove dicyclohexylurea, and the 
filtrate was subjected to rotary evaporation. The product was 
purified by column chromatography with 10% ethyl acetate/hexane 
as eluent (2.2 g, 53% yield). 1H NMR (400 MHz, CDCl3): δ =7.44 (d, J = 
8.2 Hz, 4H), 7.01 (d, J = 8.1 Hz, 4H) and 3.68 (s, 4H) ppm. 
2,5-Bis(4-bromophenyl)-3,4-diphenylcyclopenta-2,4-dienone (3a): 
A solution of KOH (0.05 g, 0.89 mmol) in ethanol (2 mL) was added 
dropwise into a mixture of 1,3-bis(4-bromophenyl)propan-2-one (1.0 
g, 2.7 mmol) and benzil (0.57 g, 2.7 mmol) in 20 mL ethanol. The 
solution was refluxed for 20 min, and then cooled to 0°C. The 
resulting precipitate was collected by filtration and washed with 
EtOH to obtain a dark crystal solid (1.30 g, yield 89%). 1H NMR (400 
MHz, CDCl3): δ = 7.37 (d, Ј = 8.4 Hz, 4H, BrPh-H), 7.28 (d, Ј = 7.8 Hz, 
2H, Ph-H), 7.19 (t, Ј = 7.5 Hz, 4H, Ph–H), 7.10 (d, Ј = 8.4 Hz, 4H, BrPh-
H), 6.90 (d, Ј = 7.6 Hz, 4H, Ph-H) ppm. 
Synthesis of compound 3b 
A solution of KOH (0.05 g, 0.89 mmol) in ethanol (2 mL) was added 
dropwise into a mixture of 1,3-bis(4-bromophenyl)propan-2-one (1.0 
g, 2.7 mmol) and benzil (0.57 g, 2.7 mmol) in 20 mL ethanol. The 
solution was refluxed for 20 min, and then cooled to 0°C. The 
resulting precipitate was collected by filtration and washed with 
EtOH to obtain a dark solid (1.18 g, yield 81%).1H NMR (400 MHz, 
CDCl3): δ = 7.34 (d, Ј = 8.5 Hz, 4H, BrPh-H), 7.27 (m, 6H, Ph-H), 7.19 
(m, 4H, Ph–H), 6.79 (d, Ј = 7.6 Hz, 4H, BrPh-H) ppm. 
Synthesis of compound 4a: The solution of compound 2 (360 mg, 
0.66 mmol) and 4,4'-(ethyne-1,2-diyl)dibenzonitrile (152 mg, 0.66 
mmol) in diphenyl ether (3 mL) was refluxed for 7 h under protection 
of Ar2, and then the reaction was cooled to room temperature. The 
crude product was purified by column chromatography on silica gel 
(hexane/CH2Cl2, 1:2) to give the product as a light-yellow solid (414 
mg yield 84%). 1H NMR (400 MHz, CDCl3): δ= 7.23 (d, J = 8.1 Hz, 4H), 
7.03 (d, J = 8.3 Hz, 4H), 6.90 (d, J = 6.2 Hz, 10H), 6.76 (s, 4H), 6.63 (d, 
J = 8.3 Hz, 4H). 
Synthesis of compound 4b 
A solution of compound 2 (360 mg, 0.66 mmol) and 4,4'-(ethyne-1,2-
diyl)dibenzonitrile (152 mg, 0.66 mmol) in diphenyl ether (3 mL) was 
refluxing for 7 h under protection of Ar2, and then the reaction was 
cooled to room temperature. The crude product was purified by 
column chromatography on silica gel (hexane/CH2Cl2, 1:3) to give the 
product as a white solid (399 mg yield 81%).1H NMR (400 MHz, 
CDCl3): δ= 7.19 (d, J = 8.2 Hz, 4H), 7.04 (d, J = 8.4 Hz, 4H), 6.91 (m, 
10H), 6.76–6.71 (m, 4H), 6.66 (d, J = 8.4 Hz, 4H). 
Synthesis of compound p-TPE-HAB 
A mixture of 4a (0.1 mmol, 75 mg), 4-(1,2,2-
triphenylvinyl)phenylboronic acid (0.25 mmol, 115 mg)，Pd(PPh3)4 

(12 mg), toluene (10 mL) and EtOH (5 mL) were combined in a 50 mL 

round-bottomed flask. K2CO3 (100 mg) was added to 10 mL distilled 
water and then poured it into the round-bottomed flask. Under 
nitrogen protection, the resulting reaction mixture was heated at 90 
°C for 24 h. The reaction mixture was extracted, filtered and dried 
(MgSO4). The reaction mixture was subject to column 
chromatography and recrystallization to obtain a light yellow solid in 
65.1% yield (81 mg); Mp 164–165 °C; 1H NMR (400 MHz, CDCl3): δ = 
7.19 (d, Ј = 8.3 Hz, 8H), 7.13–7.05 (m, 24H), 7.01 (m, 12H), 6.93 (d, Ј 
= 8.2 Hz, 4H), 6.89–6.84 (m, 8H), 6.80 (m, 8H) ppm. FAB-MS: m/z 
calcd for C96H64N2 1245.5103 [M+]; found 1244.5093 [M+]. 
o-TPE-HAB was obtained as a white solid by column 
chromatographed over silica gel from CH2Cl2/hexane (2:1, v/v), 
(yield, 59.3%) using the same method as for p-TPE-HAB. Mp 154–155 
°C; 1H NMR (400 MHz, CDCl3): δ = 7.19 (d, J = 8.2 Hz, 4H), 7.13–7.00 
(m, 40H), 6.98 (s, 4H), 6.89 (m, 12H), 6.81–6.77 (m, 4H), 6.57 (d, J = 
8.6 Hz, 4H); FAB-MS: m/z calcd for C96H64N2 1245.5103 [M+]; found 
1244.5127 [M+]. 

Conclusions 
In summary, two position-dependent hexaarylbenzene AIEgens with 
electron-withdrawing groups were prepared and investigated. Both 
AIEgens exhibited tunable emission behavior in different aggregation 
states, especially for their luminescence efficiency in the solid state. 
A competitive photoluminescence quantum yield up to 62.8% for p-
TPE-HAB was obtained. Moreover, theoretical calculations indicated 
that the energy value of HOMOs and LUMOs for p-TPE-HAB and o-
TPE-HAB are responsible for the differences in the solvatochromic 
effect, ICT behavior and luminescence efficiency. Overall, these 
results provide a novel hybridization strategy by employing different 
AIE units to design and construct nonplanar AIEgens  
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