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Abstract: An electron-donating−accepting (D−A) molecule, namely, 4-(1-(4-(9H-carbazol-9-yl)phenyl
)-1H-1,2,3-triazol-4-yl)benzo[c][1,2,5]thiadiazole (BT-SCC) containing carbazole as the donor moiety
and benzothiadiazole as the acceptor moiety is prepared. Single-crystal X-ray structure analysis
elucidated the multiple intermolecular interactions, such as hydrogen bonds, CH . . . π, and π . . . π
interplays. Interestingly, the aggregation-induced emission phenomenon is observed for BT-SCC
featured with enhanced fluorescent quantum yield from diluted solution of CH2Cl2 (Φ = ca. 0.1)
to CH2Cl2/hexane mixed solutions or solid states (Φ = ca. 0.8). Finally, aggregates of BT-SCC are
obtained through precipitating from hot and saturated solutions or solvent-vapor methods and
the aggregating morphologies could be easily controlled through different preparation methods.
Fabulous cube-like micro-crystals and nanospherical structures are obtained, which is established
by the synergistic effects of the multiple non-covalent interactions, endowing potential utility in the
field of optoelectronic devices.

Keywords: benzothiadiazole; aggregation-induced emission; ICT molecule; self-assembly; D−A molecule

1. Introduction

Intramolecular charge-transfer (ICT) molecules, which are usually featured with an
electron-donating (D) and an electron-accepting (A) moiety linked through π-conjugation [1],
have been drawing considerable attention for their potential use in photoelectric devices,
such as fluorescent sensors [2], dye-sensitized solar cells [3], organic light emitting diodes [4]
and nonlinear optical materials [5,6]. The D or A units are the critical building blocks for ICT
molecules. 2,1,3-benzothiadiazole is an typical electron-accepting building block with fused
and π-extended structure. Due to its excellent optoelectronic properties, it has been widely
applied to construct various organic semiconductors for different purposes, e.g., organic
photovoltaic materials, organic light emission materials, organic field effect transistor materi-
als, and covalent organic frameworks [7–22]. The successes of these benzothiadiazole-based
materials are partially beneficial from the electron-accepting properties of benzothiadiazole
and the resultant ICT effects. Therefore, synthesis of benzothiadiazole-based ICT molecules
has been an interesting topic for a long time. In another aspect, copper(I)-catalyzed 1,3-
dipolar cycloaddition of the terminal azides and alkynes, namely click reaction, is an efficient
and feasible route toward triazole bridges. The afforded five-membered 1,2,3-triazole ring
is a versatile and readily available linkage that has been applied to extend the conjugation
of diverse aromatic systems [23,24]. Meanwhile, the triazole is a suitable functional group
to form hydrogen bond for self-assembly [25]. In this work, a kind of ICT molecule, namely,
4-(1-(4-(9H-carbazol-9-yl)phenyl)-1H-1,2,3-triazol-4-yl)benzo[c][1,2,5]thiadiazole (BT-SCC)
was synthesized, in which the electron-donating carbazole unit and the electron-accepting
benzothiadiazole are linked with a triazole ring forming through click reaction to accomplish

Processes 2021, 9, 1094. https://doi.org/10.3390/pr9071094 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-4124-184X
https://doi.org/10.3390/pr9071094
https://doi.org/10.3390/pr9071094
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9071094
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9071094?type=check_update&version=1


Processes 2021, 9, 1094 2 of 8

a D−A molecule with extended conjugation. BT-SCC could be easily driven to aggregate in
highly uniform cube-like micro-crystals and spherical architectures with high morphological
and chemical purity. Interestingly, this compound exhibits a significant aggregation-induced
emission (AIE) effect. We expect that these constructed microstructures will be potentially
useful in electronic and photonic devices.

2. Materials and Methods
2.1. Experimental Equipment and Theoretical Calculation

UV-vis spectra were performed on Hitachi U-3010 spectrophotometer (Chiyoda-ku,
Tokyo, Japan). The fluorescence spectra were measured on Hitachi F-4500 spectrophotome-
ter. Single crystal structures were characterized on ST-Saturn724+ spectrophotometer. SEM
images were taken from Hitachi S-4800 microscopes at an accelerating voltage of 10 kV or
15 kV. Density functional theory (DFT) calculations were performed using the Gaussian 09
program [26] with the B3LYP exchange-correlation functional. All-electron triple-ξ valence
basis sets with polarization functions (6-31G (d)) are used for all atoms [27,28]. Geometry
optimizations were performed with full relaxation of all atoms.

2.2. Synthesis

The solution of compound 4-(trimethylsilylethynyl)benzo[c][1,2,5]thiadiazole (232
mg, 1.0 mmol) in 20 mL THF was added to 2 mL n-Bu4NF, (1 M soln. in THF) at 0 ◦C
under N2 atmosphere. After 10 min, 9-(4-azidophenyl)-9H-carbazole (284 mg, 1.0 mmol),
sodium ascorbate (40 mg, 0.2 mmol), and CuSO4 (16 mg, in 5 mL H2O) were added to
the mixture. The mixture was stirred at room temperature (rt) under N2 atmosphere for
6 h. The solvent was concentrated under vacuum, and the residue was then diluted with
CH2Cl2. The resultant solution was washed with brine, and dried over anhydrous MgSO4,
filtered and concentrated under vacuum. The crude product was then purified by column
chromatography on silica gel with CH2Cl2/PE (1:2) to afford BT-SCC as a solid (176 mg,
52%). 1H NMR (400 MHz, CDCl3): δ 7.34 (m, 2 H), 7.46 (m, 4 H), 7.78 (d, J = 7.5 Hz, 1 H),
7.81 (d, J = 8.4 Hz, 2 H), 8.05 (d, J = 8.8 Hz, 1 H).8.16 (d, J = 8.7 Hz, 4 H), 8.70 (d, J = 7.0
Hz, 1 H), 9.34 (s,1 H); 13C NMR (100 MHz, CDCl3): δ 154.5, 151.0, 143.1, 139.7, 137.3, 134.8,
129.1, 127.4, 125.3, 125.0, 122.8, 122.1, 121.0, 119.6, 119.5, 108.6; HRMS (EI, m/z): [M+] calcd.
for C26H16N6S: 444.1157; found: 444.1163.

3. Results and Discussion

Starting compounds 1 and 2 were subjected to classic Sonogashira coupling reaction
to afford compound 3 (Scheme 1). Then, target compound BT-SCC was obtained by copper
(I) catalyzed 1,3-dipolar cycloaddition. High-quality bulk single crystals of BT-SCC were
obtained by slow diffusion of n-hexane into a CH2Cl2 solution at rt. The crystal structure
of BT-SCC was found to be triclinic with space group P-1 (a = 7.2734 Å, b = 12.313 Å,
c = 14.076 Å, α = 68.5◦, β = 76.3◦, γ = 73.4◦). The single crystal structures and packing
diagrams of BT-SCC are shown in Figure 1. The phenyl group is twisted 47.7◦ from the
plane of the carbazole unit, while the carbazole unit is nearly coplanar to 1,2,3-triazole
ring (Figure 1a). As is well-known, the hydrogen bond is one of the most important
interactions influencing the crystal architecture and supramolecular self-assembly. In BT-
SCC, a number of intermolecular C8-H8 . . . S1 (2.99 Å), C10-H10 . . . S1 (2.95 Å), C14-H14 . . .
N4 (2.56 Å) interactions are found (Figure 1b). These are short intermolecular contacts with
distances smaller than the sum of van der Waals radii. Meanwhile, the aromatic CH . . .
π interaction was observed between benzothiadiazole moiety and neighboring hydrogen
atoms of phenyl ring with the distances 2.87 Å. Furthermore, π . . . π stacking from the
electron-rich carbazole ring to nearby 1,2,5-thiadiazole played a significant role for the
formation of this head-to-tail crystal packing structure (Figure 1c).
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The absorption spectrum (λabs = ~326 nm) of BT-SCC is attributable to the π→π* transition 
of the benzothiadiazole unit [29] and a featured absorbance band at 360 nm, indicating the 
ICT from the carbazole moiety to the benzothiadiazole group [30]. It exhibited a weak 
fluorescent quantum yield (Φ) of ca. 0.10 (reference to quinine sulfate in 1 M H2SO4) with 
maxima emission at 546 nm. The observed large Stokes shift (Δλ = 220 nm) implies a pos-
sible conformational change upon photoexcitation. Due to the D−A structure of BT-SCC, 
emission from a photoexcited ICT can also account for this evident Stokes shift [11]. 

Scheme 1. Synthetic route of BT-SCC.

Processes 2021, 9, x FOR PEER REVIEW 3 of 8 
 

 

nyl ring with the distances 2.87 Å. Furthermore, π…π stacking from the electron-rich car-
bazole ring to nearby 1,2,5-thiadiazole played a significant role for the formation of this 
head-to-tail crystal packing structure (Figure 1c). 

N
S

N

Br

N
S

N
N N

N

H Si

N
S

N

Pd(PPh3)2Cl2  CuI
+ Si

(1)

(2)

N

BT-SCC

n-Bu 4N
F41

2
3

4

N

N3

 
Scheme 1. Synthetic route of BT-SCC. 

 
Figure 1. Crystal structures of BT-SCC (a); hydrogen bonds contacts in adjacent molecular (b); and 
intermolecular C-H…π, π…π interaction (c). 

The photophysical properties of BT-SCC in CH2Cl2 solution were shown in Figure 2. 
The absorption spectrum (λabs = ~326 nm) of BT-SCC is attributable to the π→π* transition 
of the benzothiadiazole unit [29] and a featured absorbance band at 360 nm, indicating the 
ICT from the carbazole moiety to the benzothiadiazole group [30]. It exhibited a weak 
fluorescent quantum yield (Φ) of ca. 0.10 (reference to quinine sulfate in 1 M H2SO4) with 
maxima emission at 546 nm. The observed large Stokes shift (Δλ = 220 nm) implies a pos-
sible conformational change upon photoexcitation. Due to the D−A structure of BT-SCC, 
emission from a photoexcited ICT can also account for this evident Stokes shift [11]. 
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π, π . . . π interaction (c).

The photophysical properties of BT-SCC in CH2Cl2 solution were shown in Figure 2.
The absorption spectrum (λabs = ~326 nm) of BT-SCC is attributable to the π→π* transition
of the benzothiadiazole unit [29] and a featured absorbance band at 360 nm, indicating
the ICT from the carbazole moiety to the benzothiadiazole group [30]. It exhibited a weak
fluorescent quantum yield (Φ) of ca. 0.10 (reference to quinine sulfate in 1 M H2SO4) with
maxima emission at 546 nm. The observed large Stokes shift (∆λ = 220 nm) implies a
possible conformational change upon photoexcitation. Due to the D−A structure of BT-
SCC, emission from a photoexcited ICT can also account for this evident Stokes shift [11].

To further understand the absorption spectrum, a time-dependent density functional
theory (TD-DFT) calculation was carried out to BT-SCC at the B3LYP/6-31G (d) level
of theory. As shown in Figure 3, the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of BT-SCC were separated. The molecular
orbital density of the HOMO is mainly located on the carbazole subunit, whereas the
LUMO level is primarily localized on the benzothiadiazole moiety, as shown in Figure S1,
Supplementary Materials. The major absorption band in the solution peaked at 326 nm can
be assigned to the HOMO to LUMO+1 with the highest oscillator strength of 0.288. The
weak absorption in the solution at 350–400 nm can be assigned to HOMO−2 to LUMO with
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smaller oscillator strength of 0.171, indicating the good consistency between experimental
and theoretical results.

Processes 2021, 9, x FOR PEER REVIEW 4 of 8 
 

 

 
Figure 2. Absorption spectra (left, black line) and fluorescence (right, red line) of BT-SCC in CH2Cl2 
solution (2.0 × 10−5 mol L−1). 

To further understand the absorption spectrum, a time-dependent density functional 
theory (TD-DFT) calculation was carried out to BT-SCC at the B3LYP/6-31G (d) level of 
theory. As shown in Figure 3, the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of BT-SCC were separated. The molecular orbital 
density of the HOMO is mainly located on the carbazole subunit, whereas the LUMO level 
is primarily localized on the benzothiadiazole moiety, as shown in Figure S1, Supplemen-
tary Materials. The major absorption band in the solution peaked at 326 nm can be as-
signed to the HOMO to LUMO+1 with the highest oscillator strength of 0.288. The weak 
absorption in the solution at 350–400 nm can be assigned to HOMO−2 to LUMO with 
smaller oscillator strength of 0.171, indicating the good consistency between experimental 
and theoretical results. 

 
Figure 3. Energy diagrams and frontier molecular orbitals of BT-SCC calculated at the B3LYP/6-
31G(d) level of theory. 

Similar to the ICT compounds previously reported [31], BT-SCC in the good solvents 
(CH2Cl2, CHCl3, and THF etc.) gave weak photoluminescence signal. However, the 
nanostructure suspensions in hexane or solid state were good emitters. Using a poor sol-
vent of hexane and a good solvent of CH2Cl2 and based on the same operation parameters 
and the same concentration, we studied the relationship of the fluorescence emission in-
tensity and the ratio of hexane/CH2Cl2 mixture to gain an insight into the fluorescence 
enhancement process (Figure 4a). Hexane was added to the BT-SCC/CH2Cl2 solution con-
tinually and the concentration (2.0 × 10−5 M) was kept unchanged. The photoluminescence 

Figure 2. Absorption spectra (left, black line) and fluorescence (right, red line) of BT-SCC in CH2Cl2
solution (2.0 × 10−5 mol L−1).

Processes 2021, 9, x FOR PEER REVIEW 4 of 8 
 

 

 
Figure 2. Absorption spectra (left, black line) and fluorescence (right, red line) of BT-SCC in CH2Cl2 
solution (2.0 × 10−5 mol L−1). 

To further understand the absorption spectrum, a time-dependent density functional 
theory (TD-DFT) calculation was carried out to BT-SCC at the B3LYP/6-31G (d) level of 
theory. As shown in Figure 3, the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of BT-SCC were separated. The molecular orbital 
density of the HOMO is mainly located on the carbazole subunit, whereas the LUMO level 
is primarily localized on the benzothiadiazole moiety, as shown in Figure S1, Supplemen-
tary Materials. The major absorption band in the solution peaked at 326 nm can be as-
signed to the HOMO to LUMO+1 with the highest oscillator strength of 0.288. The weak 
absorption in the solution at 350–400 nm can be assigned to HOMO−2 to LUMO with 
smaller oscillator strength of 0.171, indicating the good consistency between experimental 
and theoretical results. 

 
Figure 3. Energy diagrams and frontier molecular orbitals of BT-SCC calculated at the B3LYP/6-
31G(d) level of theory. 

Similar to the ICT compounds previously reported [31], BT-SCC in the good solvents 
(CH2Cl2, CHCl3, and THF etc.) gave weak photoluminescence signal. However, the 
nanostructure suspensions in hexane or solid state were good emitters. Using a poor sol-
vent of hexane and a good solvent of CH2Cl2 and based on the same operation parameters 
and the same concentration, we studied the relationship of the fluorescence emission in-
tensity and the ratio of hexane/CH2Cl2 mixture to gain an insight into the fluorescence 
enhancement process (Figure 4a). Hexane was added to the BT-SCC/CH2Cl2 solution con-
tinually and the concentration (2.0 × 10−5 M) was kept unchanged. The photoluminescence 

Figure 3. Energy diagrams and frontier molecular orbitals of BT-SCC calculated at the B3LYP/6-
31G(d) level of theory.

Similar to the ICT compounds previously reported [31], BT-SCC in the good solvents
(CH2Cl2, CHCl3, and THF etc.) gave weak photoluminescence signal. However, the nanos-
tructure suspensions in hexane or solid state were good emitters. Using a poor solvent of
hexane and a good solvent of CH2Cl2 and based on the same operation parameters and the
same concentration, we studied the relationship of the fluorescence emission intensity and
the ratio of hexane/CH2Cl2 mixture to gain an insight into the fluorescence enhancement
process (Figure 4a). Hexane was added to the BT-SCC/CH2Cl2 solution continually and
the concentration (2.0 × 10−5 M) was kept unchanged. The photoluminescence intensity
increased gradually by raising hexane content. At the same time, the emission peak shows
a blue shift with the increase in the hexane, while their absorption spectra were fairly
insensitive to the change of the fractions of mixture solution.
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The gradually enhanced fluorescence emission of BT-SCC/CH2Cl2 solution upon
adding a poor solvent of hexane could be explained in terms of the intermolecular effect.
BT-SCC consists of carbazole moiety as the donor and benzothiadiazole as the acceptor.
In the good solution state, the carbazole moiety can rotate freely [32] and charge transfer
may occur, leading to the low radiative relaxation processes [33]. In the poor solution
state or solid state, their intramolecular rotations are greatly restricted by surrounding
molecules. The excited species will be less deactivated by the intramolecular rotations [34].
Since the hexane solution is a poor solvent for BT-SCC, the molecules must have been
aggregated when the content of hexane is high in the mixture solution. Thus, when the
content of hexane increased, the molecules resided in a less polar environment, but their
intramolecular rotations are physically restricted to lead to a blue shift color in emission
(from light yellow to blue) and enhancement in emission intensity, which is a typical AIE
system [35], as shown in Figure 4b.

Assemblies of well-defined supramolecules with different sizes, shapes, morphologies
and functions are the results of cooperative intermolecular interactions, for example, hydro-
gen bond, π-π stacking, van der Waals contact, and dipole–dipole attraction [36]. Meanwhile,
the self-assembly process is affected by many parameters, particularly the concentration and
temperature [37]. The crystal growth inhibitors include surfactants and macromolecules,
and they can also be added to alter the nanostructure morphology and crystal size [38].
In this work, well defined micro-crystals of BT-SCC were obtained by refluxing saturated
solution of BT-SCC in THF and cooling at rt. The precipitates were observed to be “cubic”
superstructure assemblies (Figure 5a,b). Beyond the solution processing methods, a solvent-
vapor annealing technique was applied to construct different morphology on substrates.
A drop of BT-SCC in THF/hexane (1:1) solution (4.0 × 10−3 M) was drop-casted on the Si
substrate. After evaporation of the solution at rt, BT-SCC molecule tends to assemble into
0-D nanosphere (Figure 5c,d). By these simple methods, BT-SCC molecules were constructed
into well-ordered and stable micro-sized superstructures without any additives, such as
surfactant, catalyst, or template, indicating good self-assembly properties, which could be
mainly attributed to the strong intermolecular interactions.
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4. Conclusions

An intramolecular charge transfer (ICT) molecule named BT-SCC was synthesized and
utilized to tune molecular aggregate structures by self-assembly technology. The resulting
controlling aggregate structures show uniform microcrystals and nanosphere. The single
crystal structure was also studied, indicating multi-intermolecular interactions, such as
hydrogen bond and π-π stacking. Another notable phenomenon is that this compound
becomes a good emitter in solid or molecular aggregations, leading it to potential uses in
optical devices.
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