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Structure-controlled intramolecular charge transfer in asymmetric 
pyrene-based luminogens: Synthesis, characterization and optical 
properties
Ze-Dong Yu,a Jing-Yi Cao,a Hua-Long Li,a Guang Yang,a Zeng-Min Xue,a Lu Jiang,a Jia-Ying Yu,a 

Chuan-Zeng Wang,*a,b Xiang-Yu Liu,c Carl Redshawd and Takehiko Yamato*b

Full-color emitting materials have been widely studied driven by their promising potential application in fluorescence 
imaging and optoelectronic devices. In this paper, the synthesis and charactization of four asymmetric D-A type pyrene-
based luminogens 2 is presented. The experimental results revealed that this type of pyrene derivative possesses tunable 
optical properties by introducing D/A groups at the 1-, 3-positions and k-region (5-position) of the pyrene core. Wide 
emission bands from deep blue (429 nm) to yellow (567 nm) were obtained in different solutions or states. Combined with 
the theoretical calculations, this work provides an efficient strategy to develop pyrene-based full-color photoelectric 
materials.

Introduction
Although many scientists tend to specialize in just one field, no 

matter which study one pursues, other areas will have to be utilized 
in order to fully understand the implications of certain trends and 
conditions at both the micro and macro levels. This is very true for 
the field of organic optoelectronic materials.[1-3] There are many 
influencing factors among the structure-function relationships, such 
as solvent effects, substituent effects and site-effects, and these 
can be used to adjust intramolecular charge transfers (ICT) and 
intermolecular interactions.[4] 
In recent years, donor/acceptor-π-acceptor/donor (D/A-π-A/D) type 
organic materials have been utilized in organic photovoltaics (OPV) 
cells,[5-6] organic light-emitting diodes (OLEDs) [7-8] and organic field 
effect transistors (OFETs).[9] This interest is mainly attributed to the 
ability to tune the optical properties of molecules based on the ICT 
theory.[10-13] Generally speaking, there is an efficiency strategy to 
obtain full color emission materials by employing the D-A unit since 
these types of structures are beneficial in narrowing the band gap 
between the highest occupied molecular orbitals (HOMOs) and 

lowest unoccupied molecular orbitals (LUMOs).[14-18] However, to 
date, fully comprehending the structure-property relationship 
remains a valuable and challenging topic in materials science.
As a peri-fused polycyclic aromatic hydrocarbon (PAH), pyrene has 
been investigated comprehensively due to its advantages, such as 
excellent electron accepting nature, high thermal stability and 
multiple functionalization and derivatization sites.[19] Compared to 
the more established functionalization at the 1-, 3-, 6-, 8-positions 
(Scheme 1a, 1b),[20,21] chemical modification at the K-region (4-, 5-, 
9-, 10-positions) is more difficult to achieve because of regio-
selectivity and purification issues (Scheme 1c).[22-24] In this context, 
the construction of pyrene-based D-π-A systems is challenging but 
highly required. The Müllen group employed the concept of D-A 
substitutions to constructed two double D-π-A pyrene derivatives in 
the K-region at the pyrene core, and provided an efficient strategy 
to tune the optoelectronic properties.[25] Subsequently, a series of 
D-A pyrene derivatives with unusual properties, such as red-to-NIR 
or white-light emission, were synthesized by introducing D-A 
substitutions at the 2-, 7-positions (Scheme 1d).[12, 26-27] The 
significant contributions to the HOMO−1/LUMO+1 orbitals endow 
the systems with properties that make them promising candidates 
as full-color displays and emitters.[28] In recent years, controllable 
regioselective approaches to obtain dipolar functionalization at the 
K-region (5-, 9-positions) and active sites (1-, 3-positions) of pyrene 
have been presented (Scheme 1e).[29,30] Adjustable photophysical 
properties were displayed, which can be ascribed to the efficient 
intramolecular charge transfer.[31] 
However, mono-, or multi- symmetrical substitution patterns 
accounted for the vast majority among the current work reported 
on D-A pyrene derivatives.[19,23,32] Thus, the synthesis of 
asymmetrical D-A pyrene-based emitting materials is still a 
challenging research given the high symmetry of active-sites at the 
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pyrene core. For precisely this reason, the design and synthesis of 
asymmetric luminogens has become a hot topic in pyrene 
chemistry.[33] Niko and co-workers explored asymmetrically 
tetrasubstituted pyrenes with surprising photophysical properties 
and potential applications as environmentally responsive probes.[34] 

The design and synthesis of asymmetrically 1,3-disubstituted 
pyrene derivatives along the short axis provides a new synthetic 
strategy by employing a two-step bromination reaction.[35] 

 Scheme 1 Schematic representation of reported D-π-A type pyrene patterns.

Recently, two mechanochromic luminogens with intriguing 
emission behavior were synthesized by introducing D-A groups at 
the 1-, 3-positions and k-region (5-position) of the pyrene core.[36] 
Herein, the efficient strategy to construct asymmetric D-A type 
pyrene luminogens was further confirmed, and four asymmetrically 
D-A pyrenes 2 functionalized along the long axis were synthesized 
(Scheme 2). The optical properties of the luminogens 2 were 
systematic discussed and combined with theoretical calculations, 
the interesting structure-property relationships indicate that the 
mentioned methodologies have potential for the synthesis of full-
color emitters. 

Br

R

R

[PdCl2(PPh3)2]

CuI, PPh3
Et3N/DMF (1:1)

24h, 100℃

1 2a:R = OMe (45%)
2b:R = CN (71%)
2c:R = CHO (22%)
2d:R = N(Me)2 (21%)

Scheme 2 Synthetic route to compounds 2.

Results and discussion

Synthesis of luminogens 2a–d

The synthetic procedures for luminogens 2a-d are shown in 
Scheme 2. Briefly, 7-tert-butyl-1, 3-diphenyl-5-substituted pyrenes 
were synthesized from 7-tert-butyl-1,3-diphenyl-5-bromopyrene 

1[30] as starting compound by a Sonogashira coupling reaction in 
reasonable yields. All compounds were fully characterized by 1H/13C 
NMR spectroscopy and high resolution mass spectrometry (Figures 
S1–8, ESI‡). As one of the few synthetic strategies for asymmetrical 
luminogens substituted at the 1-, 3-positions and k-region (5-
position) of the pyrene core, their photophysical properties also 
further stimulated our research interest.

Photophysical properties

The UV absorption of luminogens 2 was recorded in dilute 
solutions and emission behavior was investigated in solution and in 
the solid state; the detailed parameters are present in Table 1. 
Specifically, the UV absorption spectra of these four luminogens 2a-
d in dilute CH2Cl2 is depicted in Fig. 1, and similar absorption bands 
with slightly red-shift from 2a to 2d were observed. 

There are mainly two sets of strong absorption bands peaking in the 
297–338 nm and 386–391 nm range. The high-energy absorption 
bands with a shoulder peak are assigned to the π-π* transition from 
the extended π system between the substituent aryl ethynyl/phenyl 
groups and the pyrene core. The low-energy absorption band 
centered at 386–391 nm with equivalent intensity compared to the 
that mentioned above, may be ascribed to the ICT transition from 
the aryl ethynyl moiety to the pyrene core.[31] To verify these 
results, further investigation of the absorption behavior was 
performed in different solvents (see Figures S9–S12 in the 
Supporting Information). A certain amount of red shift (2–9 nm) 
was observed for 2 on going from the nonpolar solvent cyclohexene 
to the polar solvent dimethylformamide (DMF), which indicates that 
ICT behavior exists in this D-A pyrene-based system.

Page 2 of 7New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

Table 1 The photophysical properties of D-A pyrene-based luminogens 2.

Comp. abs (nm) sol[a]
em (nm)

Sol[b]/solid

HOMO

(eV)[c]

LUMO

(eV)[c]

ΔEg

(eV)[c]

FL
[d]

Sol/solid

2a 297,320,388 434 / 492 -4.93 -1.72 3.21 0.76/0.06

2b 303,328,386 468 / 483 -5.29 -2.23 3.06 0.74/0.04

2c 304,328,389 509 / 519 -5.23 -2.25 2.98 0.39/0.02

2d 299,338,391 510 / 494 -4.69 -1.62 3.07 0.78/0.02
a 1 × 10–5 M in CH2Cl2, λabs is the absorption band appearing at room temperature. 
b 1 × 10–7 M in CH2Cl2, λex is the fluorescence band appearing at the shortest wavelength. 
c DFT/B3LYP/6-31G* using Gaussian. 
d Absolute quantum yield (± 0.01–0.03)

 

Fig. 1 Absorption spectra of 2a–d in CH2Cl2 (spectrometric grade, 
concentration 1 × 10 –5 M)

To aid in the interpretation of the structure-property relationships, 
the systematic emission properties of the luminogens 2 were 
studied in solution and in the solid state (see Fig. 2). As shown in 
Fig. 2A, the four luminogens 2 exhibited distinct emission 
properties, and a large red-shift (83 nm) was observed from 2a to 
2d, which mainly was attributed to the gradual increased 
intramolecular charge transfer. More specifically, the difference of 
the para substituted moieties on the terminal phenyl plays an 
important role in adjusting the emission properties. In the 1,3-di-D-
5-A asymmetric system, the para substituents either increase or 
decrease the electron-withdrawing ability of the phenylalkynyl 
group. As a weak electron-donating group, the methoxy group 
weakens the electron-withdrawing ability of the phenylalkynyl 
moiety, and results in weakened ICT behavior. Thus, compound 2a 
exhibited almost monomer emission with maximum emission at 
434 nm.[37] The ICT emission state plays a minor role in this dilute 
solution. In sharp contrast, in the other three luminogens, emission 
maxima centered at 468 nm for 2b, 509 nm for 2c, 510 nm for 2d, 
and large red-shifts were observed benefiting from the strong 

electron-withdrawing groups (–CN, –CHO) and strong electron-
donating group (–N(CH3)2). These results indicate that ICT emission 
states are formed for these monomers in dilute solution.[38,39] All 
emission behavior show that the asymmetric D-A type design 
strategy is highly efficient to tune the emission properties of 
pyrene-based materials in solution.

To evaluate the performance of the materials and interpret the 
emission behavior, analysis of the detailed solvatochromic effects in 
different organic solvents (cyclohexane, 1,4-dioxane, 
tetrahydrofuran (THF), dichloromethane (DCM) and 
dimethylformamide (DMF)) with various polarities and absolute 
fluorescence quantum yields (ΦFL) was performed. As shown in Fig. 
2C and Figures S13-S15, more obvious solvatochromic effects were 
observed for the emission spectra versus the absorption spectra. As 
mentioned above, compound 2a displays a slight bathochromic-
shift (about 6nm) on moving from cyclohexane to DMF, while 
significant red-shifts (50 nm for 2b, 61 nm for 2c, 131 nm for 2d) 
were present. Taking 2d as an example, the luminogens 2d 
exhibited obvious color changes from deep blue in cyclohexane 
(CIE: x=0.14, y=0.07) to yellow in DMF (CIE: x=0.45, y=0.53); results 
are presented in Fig. 2D under a UV light (365 nm) as a inset. This 
further indicates that luminogens 2 are modifiable, tunable 
fluorescent materials. What’s more, all compounds, except for 2c, 
exhibit high quantum yields (greater than 70%). Because of the 
presence of the strong electron-withdrawing group (–CHO), 
compound 2c presents low quantum yield (39%), which may be 
ascribe to the low electron transition probability. On the whole, 
these are exciting results for the D-π-A system with a noteworthy 
intramolecular charge transfer. Subsequently, the emission 
properties in the solid state were studied (see Fig. 2B). Interesting 
phenomena are present which different from the effects noted in 
diluted organic solutions. The maximum emission peaks for 
luminogens 2 centered at 483–519 nm are in the order 2b < 2a < 2d 
< 2c, inconsistent with the electronegativity of the para substituted 
moieties on the terminal phenyl. Meanwhile, the value of ΦFL is 
lower than 10% in the solid state, which may be attributed to the 
intermolecular interactions in the aggregated state. Most likely, 
excimer emission plays a dominant role because of the π-π 
interactions and dimer overlap between adjacent molecules.

Page 3 of 7 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ARTICLE

Please do not adjust margins

Please do not adjust margins

 

Fig. 2 Emission spectra of fluorophores 2 in CH2Cl2 solution (A) and in the solid state (B); solvatochromism effect of emission spectra (C) and 
CIE 1931 chromaticity diagram (D) for 2d. (Inset: Fluorescent photographs of 2d in cyclohexane, 1,4-dioxane, THF, DCM and DMF, 
respectively).

To illustrate this luminescence mechanism in diluted solution and in 
the solid state, the concentration effect was investigated in 
dichloromethane at room temperature. Taking 2a for example, Fig. 
3A shows the fluorescence emission spectra of compound 2a at 
different concentrations from 5 × 10–8 M to 1 × 10–3 M. Clearly, on 
increasing the concentration, the emission intensity and maximum 
emission wavelength are also changed. Overall speaking, the 
emission peaks remain almost constant while the emission intensity 
was slightly increased within the concentration increases to 5 × 10–6 
M, and when increased ten-fold to 5 × 10–5 M, the emission 
intensity increased sharply to the maximum with a significant red-
shift. The emission intensity gradually decreased upon increasing 
the concentration from 5 × 10–5 M to 1 × 10–3 M, and is 

accompanied by a continuous red-shift up to 452 nm. 
Understandably, as shown in Fig. 3B, persistent red-shift (the point 
of blue star) was observed on account of the greater aggregation in 
the solid state on the basis of concentration effects.[40, 41] Compared 
to the emission behavior in dilute solution, the excimer emission 
plays a dominant role with the intensification of aggregation. Both 
2b and 2c also present similar emission properties in line with the 
formation of molecular aggregates. However, 2d displayed a 
marked difference for its maximum emission wavelength with 
obvious blue-shift in the solid state. This may be ascribed to the 
transformation of the packing arrangement and molecular 
configurations in the different states.[42] 
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Fig. 3 A: Effect of concentration on the fluorescence emission spectra of 2a recorded in DCM at room temperature; B: Plots of maximum 
emission wavelength (red circle) and emission intensity (black circle) in different concentrations.

Theoretical explorations were carried out in to verify the influence 
of the intramolecular charge transfer on the optical properties in 
this asymmetrical D-A system at the B3LYP/6-31g-(d) level.[43, 44] As 
expected, the para substituted moieties on the terminal phenyl 
basically determined the distributions of their lowest unoccupied 
molecular orbital (LUMO) and highest occupied molecular orbital 
(HOMO). As depicted in Fig. 4, the electron-donating/withdrawing 
substituents play a vital role to tune the HOMO-LUMO energy gap, 
and further to achieve structure-controlled synthetic strategy in 
asymmetrically pyrene-based materials. Specifically, the electron-
donating groups (–OMe, –N(CH3)2) can provide an obvious 
contribution to HOMOs, on the other hand, the electron-
withdrawing groups (–CN, –CHO) have a significant effect on the 
LUMOs, then tailored energy gap was obtained. Thus, the donating 
or withdrawing-electrons ability for the para substituted moieties 
influence the photophysical properties as the major cause.

Fig. 4 Frontier-molecular-orbital distributions and energy levels 
diagram of 2 by DFT calculations.

Experimental
All reactions were carried out under a dry N2 atmosphere. 1H NMR 
(400 MHz) and 13C NMR (100 MHz) spectra were recorded on a 
WJGS-037 Bruker AVANCE Ⅲ 400 NMR spectrometer with SiMe4 as 
an internal reference: J-values are given in Hz.

Materials

Solvents were Guaranteed reagent (GR) for cyclohexane, 
tetrahydrofuran (THF), dichloromethane (CH2Cl2), acetonitrile 
(CH3CN), and dimethylformamide (DMF), and stored over molecular 
sieves. Unless otherwise stated, all other reagents were obtained 
commercially and used without further purification.

Synthetic procedures

Synthesis of 7-tert-butyl-1,3-diphenyl-5-bromopyrene (1)

The compound 1 was synthesized from 7-tert-butyl-1,3-
diphenylpyrene with the corresponding equiv. of Br2 in the presence 
of iron powder. The detailed synthetic steps have been reported in 
previous work.[30] 1H-NMR spectrum of this precursor is fully 
consistent with the published spectra. 

Synthesis of 7-tert-butyl-1,3-diphenyl-5-arylethynylpyrenes (2a–
2d)

The series of compounds 2a–2d were synthesized from 1 with the 
corresponding aryl alkyne by a Sonogashira coupling reaction.

Synthesis of 7-tert-butyl-1,3-diphenyl-5-(4’-methoxyphenyl- 
ethynyl)pyrene (2a)

A mixture of 1 (100 mg, 0.2 mmol), 4-methoxyphenylacetylene (40 
mg, 0.3 mmol), PdCl2(PPh3)3 (12 mg, 0.02 mmol), CuI (7.6 mg, 0.4 
mmol), PPh3 (8 mg, 0.03 mmol) were added to a degassed solution 
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of Et3N (5 mL) and DMF (5 mL). The resulting mixture was stirred at 
100 °C for 24 h. After it was cooled to room temperature, the 
reaction was quenched with water. The mixture was extracted with 
CH2Cl2 (2 × 50 mL), the organic layer was washed with water (2 × 30 
mL) and brine (30 mL), and then the solution was dried with MgSO4, 
and concentrated under reduced pressure. The residue was 
recrystallized from CH2Cl2: Hexane = 1:4 to give 2a as a yellow solid 
(48.7 mg, 45%). M.p. 241–242 °Ϲ; 1H NMR (400 MHz, CDCl3): δH = 
8.86 (s, 1H, pyrene-H), 8.47 (s, 1H, pyrene-H), 8.26 (s, 1H, pyrene-
H), 8.18 (d, J = 9.2 Hz, 1H, pyrene-H), 8.04 (d, J = 9.2 Hz, 1H, pyrene-
H), 7.95 (s, 1H, pyrene-H), 7.71 – 7.45 (m, 10H, Ar-H), 6.96 (d, J = 6.9 
Hz, 2H, Ar-H), 6.86 (d, J = 6.9 Hz, 2H, Ar-H), 3.83 (d, J = 1.5 Hz, 3H, 
OMe), 1.64 (s, 9H, tBu) ppm; 13C NMR (100 MHz, CDCl3) δC = 159.81, 
149.51, 140.97, 140.84, 137.88, 137.32, 134.07, 133.19, 131.31, 
130.74, 130.63, 129.40, 129.29, 128.54, 128.43, 127.87, 127.65, 
127.43, 127.39, 127.14, 124.96, 124.92, 123.30, 122.96, 121.16, 
120.76, 115.58, 114.21, 94.61, 87.14, 55.39, 35.44, 31.96 ppm; FAB-
MS: m/z calcd for C41H32O 540.2453 [M+]; found 540.2449 [M+]. 

A similar process using 4-cyanophenyl acetylene, 4-
formylphenylacetylene, 4-N,N-dimethylphenyl acetylene, was 
followed for the synthesis of 2b, 2c, and 2d, respectively.

7-tert-Butyl-1,3-diphenyl-5-(4’-cyanophenylethynyl)pyrene (2b) was 
obtained as a yellow floccule solid (The residue was purified by 
column chromatography eluting with a 1:2 CH2Cl2/Hexane mixture, 
76.1 mg, 71%). M.p. 310–311 °Ϲ; 1H NMR (400 MHz, CDCl3) δH = 1H 
NMR (400 MHz, CDCl3) δH = 8.78 (s, 1H, pyrene-H), 8.53 (s, 1H, 
pyrene-H), 8.28 (s, 1H, pyrene-H), 8.19 (d, J = 9.3, 1H, pyrene-H), 
8.05 (d, J = 9.3, 1H, pyrene-H), 7.97 (s, 1H, pyrene-H ), 7.80–7.45 (m, 
14H, Ar-H), 1.64 (s, 9H, tBu) ppm; 13C NMR (100 MHz, CDCl3) δC = 
148.66, 139.69, 139.53, 137.59, 136.70, 131.18, 131.05, 130.42, 
130.34, 129.84, 129.64, 129.52, 128.89, 128.47, 128.32, 127.55, 
127.42, 126.86, 126.63, 126.53, 126.49, 125.73, 124.22, 124.04, 
122.19, 119.65, 118.30, 117.55, 110.50, 91.88, 91.65, 34.40, 30.88 
ppm; FAB-MS: m/z calcd for C41H29N 535.2301 [M+]; found 535.2301 
[M+].

7-tert-Butyl-1,3-diphenyl-5-(4’-formylphenylethynyl)pyrene (2c) 
was obtained as an orange solid (recrystallized from Hexane: CH2Cl2 

= 2:1, 24 mg, 22%). M.p. 278–280 °Ϲ; 1H NMR (400 MHz, CDCl3) δH = 
10.04 (s, 1H, CHO-H), 8.82 (s, 1H, pyrene-H), 8.54 (s, 1H, pyrene-H), 
8.28 (s, 1H, pyrene-H), 8.18 (d, J = 9.3, 1H, pyrene-H), 8.04 (d, J = 
9.3, 1H, pyrene-H), 7.97 (s, 1H, pyrene-H), 7.91 (d, J = 8.1, 2H, Ar-H), 
7.81 (d, J = 8.1, 2H, Ar-H), 7.68 (t, J = 8.3, 4H, Ar-H), 7.55 (m, 6H, Ar-
H), 1.64 (s, 9H, tBu) ppm; 13C NMR (100 MHz, CDCl3) δC = 191.45, 
149.71, 140.80, 140.63, 138.55, 137.72, 135.48, 132.16, 131.39, 
130.75, 130.72, 130.59, 130.04, 129.78, 129.52, 128.69, 128.61, 
128.48, 127.92, 127.69, 127.58, 127.52, 126.86, 125.25, 125.07, 
123.28, 123.22, 120.84, 119.64, 93.58, 92.61, 35.47, 31.95 ppm; 
FAB-MS: m/z calcd for C41H30O 538.2297 [M+]; found 538.2297 [M+].

7-tert-Butyl-1,3-diphenyl-5-(4’-N,N-dimethylphenylethynyl)pyrene 
2d was obtained as a yellow solid (recrystallized from hexane:CH2Cl2 
= 4:1, 23 mg, 21%). M.p. 240–241°Ϲ; 1H NMR (400 MHz, CDCl3) δH = 
8.89 (s, 1H, pyrene-H), 8.45 (s, 1H, pyrene-H), 8.25 (s, 1H, pyrene-
H), 8.16 (d, J = 9.3, 1H, pyrene-H), 8.03 (d, J = 9.3, 1H, pyrene-H), 
7.94 (s, 1H, pyrene-H), 7.69 (m, 4H, Ar-H), 7.61–7.53 (m, 6H, Ar-H), 
7.53–7.46 (m, 2H, Ar-H), 6.77–6.70 (m, 2H, Ar-H), 3.02 (s, 6H, Me), 

1.64 (s, 9H, tBu) ppm; 13C NMR (100 MHz, CDCl3) δC = 148.34, 
139.99, 139.88, 136.51, 136.08, 131.82, 131.67, 130.25, 130.21, 
129.69, 129.58, 129.38, 128.30, 127.51, 127.45, 127.34, 126.77, 
126.56, 126.30, 126.27, 126.23, 123.83, 123.69, 122.24, 121.78, 
120.26, 110.93, 94.97, 85.43, 39.23, 34.37, 30.91, 28.68 ppm; FAB-
MS: m/z calcd for C42H35N 553.2270 [M+]; found 553.2270 [M+].

Conclusions
In summary, four asymmetric D-A pyrene-based luminogens with 

tunable and excellent photophysical properties were designed and 
synthesized. Systematic investigation and evaluation based on the 
experimental measurements and theoretical calculations were 
performed. A series of multi-color luminescent materials with 
reasonable yield and stability were afforded by fine-tuning the para 
substituents at the terminal phenyl. High quantum yields in 
solutions (almost all are greater than 74%) suggests such 
compounds have promising application potential. Moreover, these 
results indicated that the construction of asymmetric D-A structures 
is an efficient and feasible strategy to achieve efficient full-color 
emission materials. 
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