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A kinetically protected pyrene: molecular design, 
bright blue emission in the crystalline state and 
aromaticity relocation in its dicationic species 

Akinobu Matsumoto,a Mitsuharu Suzuki,a Daiki Kuzuhara,a Junpei Yuasa,a Tsuyoshi 
Kawai,a Naoki Aratani*a and Hiroko Yamada*a,b               

Abstract: Sterically congested tetraarylpyrenes exhibited 
emission in both solution and the solid state. The 
monocationic species of pyrene 1 could be isolated because 
of the reasonably protected system. The aromaticity of 1 
relocates from the biphenyl part to the naphthalene unit 
upon two-electron oxidation. 

Pyrene derivatives are in general highly emissive and find many 
applications in optical sensors, nonlinear optics, and light emitting 
diodes.1 We have recently succeeded in preparing blue-fluorescent 
pyrene-anthracene hybrid which was generated in-situ by photo-
irradiation of its non-luminous diketone form in polymer matrix.2 A 
well-known problem with pyrene systems is that their emission in the 
solid state is effectively quenched because of the formation of self-
aggregation via π-π stacking.3 A parent pyrene emission is pure blue to 
permit readily exploitation as an emissive material in organic light 
emitting diodes (OLEDs); however its tendency to form face-to-face 
dimers in the excited state constitutes a severe problem. Many research 
groups have attempted to enhance the emission of pyrene in the solid 
state by modifying its molecular structure.4 Tetraphenylpyrene (TPPy, 
Scheme 1) is highly fluorescent (Φ ∼ 0.9) in solution,5 but the organic 
light-emitting field-effect transistor devices have been shown to exhibit 
electroluminescence with an external quantum efficiency of only 0.5%.6 
Sterically congested mesityl substituents can prevent undesirable face-
to-face π-stacking, so that self-quenching is impeded to permit efficient 
emission in the solid state.7 In reverse, aggregation-induced emission 
(AIE) is one of the most elegant strategies for making solid-state pyrene 
emissive.8 The molecules are non-emissive when dissolved in a good 
solvent but become highly luminescent when aggregated in a poor 
solvent. In solution, the active rotations of the Ph groups at the 
periphery non-radiatively deactivate its excitons. In the aggregate state, 
however, the rotational restriction effectively blocks the non-radiative 
channel and hence makes pyrene highly emissive.8  
 Here we report synthesis and photophysical properties of a series of 
peripherally substituted pyrene derivatives, 1,3,6,8-(tetranaphthalen-1-

yl)pyrene (1), 1,3,6,8-(tetraanthracen-9-yl)pyrene (2), and 4,5,9,10-
(tetranaphthalen-1-yl)pyrene (3) to investigate the effect of bulky 
substituents at the periphery of the pyrene on their photophysical and 
electrochemical properties. We are intrigued to learn how its 
photoluminescence in solution and the solid state depends on the 
peripheral attachment. In addition to the facile synthetic accessibility by 
Suzuki–Miyaura cross-coupling, the bulky aryl rings were a priori 
anticipated to contribute to the improvement of the redox stability of 
pyrene derivatives.  
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Scheme	
  1.	
  Sterically	
  hindered	
  pyrene	
  derivatives.	
  

 Synthesis of tetraarylpyrene 1, 2 and 3 is shown in Scheme 2. 
Borylation of 1,3,6,8-tetrabromopyrene (4) by nickel catalyzed 
coupling reaction9 gave 1,3,6,8-tetraborylpyrene 510 as a crystalline 
solid in 74% yield. This compound serves as a versatile platform in the 
synthesis of tetrasubstituted pyrenes. Slow vapour diffusion of toluene 
into a chloroform solution of 5 afforded crystals suitable for X-ray 
diffraction analysis (Fig. S19).† Coupling of 5 with 1-bromo-4-
mesityloxynaphthalene (6) furnished 1,3,6,8-tetrakis(4-mesityloxy-
naphthyl)pyrene (1) in 32% yield. The structure of 1 was characterized 
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by mass spectroscopy and 1H and 13C NMR spectroscopy (ESI).† 
Compound 2 was obtained from the coupling reaction of 5 with the 
corresponding bromoanthracene 711 in 40% yield. Similarly, compound 
3 was obtained from the coupling reaction of 812 with 9 in 18% yield. 

 
Scheme	
  2.	
  Synthesis	
  of	
  naphthalene-­‐	
  and	
  anthracene-­‐linked	
  pyrene	
  derivatives.	
  
Reaction	
  conditions:	
  a)	
  HBpin,	
  NiCl2(dppp),	
  b)	
  6,	
  K3PO4,	
  Pd	
  cat.	
  and	
  c)	
  9,	
  K3PO4,	
  Pd	
  
cat.	
  Bpin	
  =	
  3,3,4,4-­‐tetramethyl-­‐1,3,2-­‐dioxaborolanyl,	
  Mes	
  =	
  mesityl.	
  

 
Fig.	
  1.	
  Crystal	
  structures	
  of	
  1,	
  2	
  and	
  3:	
  a)	
  top	
  view	
  and	
  b)	
  side	
  view	
  of	
  1,	
  c)	
  top	
  
view	
   and	
   d)	
   side	
   view	
   of	
   2,	
   and	
   e)	
   top	
   view	
   and	
   f)	
   side	
   view	
   of	
   3.	
   Solvent	
  
molecules	
   and	
   mesityloxy	
   groups	
   in	
   the	
   side	
   views	
   are	
   omitted	
   for	
   clarity.	
  
Thermal	
  ellipsoids	
  represent	
  50%	
  for	
  1	
  and	
  3,	
  and	
  20%	
  for	
  2.	
  

 The structures of 1, 2 and 3 were unambiguously confirmed by 
single-crystal X-ray diffraction analysis (Fig. 1).†13 Each pyrene core 
unit is perfectly planar and does not form face-to-face stacking owing 
to the peripheral aryl groups. The naphthyl units in 1 are considerably 

tilted (64°) from the orthogonal arrangement. The anthryl units in 2 and 
naphthyl units in 3 are almost perpendicular to the core pyrene (83° and 
84°, respectively) owing to the steric hinderance. 
 UV-vis absorption and fluorescence spectra of 1, 2 and 3 in toluene 
along with pyrene are shown in Fig. 2a. Compared to the parent pyrene 
(λmax = 337 nm), 1 exhibits distinctly red-shifted and broader absorption 
(λmax = 372 nm), suggesting the electronic communication between the 
pyrene and naphthyl units. It is found that the peripheral anthracene 
units for 2 have absorption occurring at longer wavelength than the core 
pyrene. The vibrational structure of fluorescence of 3 may indicate its 
electronically unperturbed pyrene nature. The fluorescence quantum 
yields of 1 and 3 in toluene are 16 and 9%, respectively, thus the 
position of substituents affects the fluorescence properties. The 
fluorescence of 2 comes from anthracene units (Φ = 65%). To 
understand their electronic features, MO calculations of the model 
compounds 1', 2' and 3' (mesityl groups were replaced by methyl 
groups) were performed at the B3LYP/6-31G(d) level using the 
Gaussian 09 package14 (Fig. S16). At a glance, the HOMOs of 1' and 3' 
are localized on the pyrene unit, while that of 2' is localized on the 
anthracene units. The difference of the intramolecular interaction in 1 
and 3 was also confirmed by cyclic voltammetry (CV). The CV of 1 in 
CH2Cl2 displayed two reversible oxidation potentials at 0.63 and 0.81 V 
(versus Fc/Fc+ ion couple, Fig. S12). On the other hand, that of 3 
exhibits an oxidation potential at 0.80 V as a quasi-reversible wave.  
 To investigate their solid state properties, fluorescence spectra and 
fluorescence quantum yields of the single crystals of 1, 2 and 3 have 
been measured (Fig. 2b). The peak fluorescence wavelengths of the 
crystalline state are at 469, 469 and 404 nm, which are longer than 
those observed in solution, thus indicating intermolecular interactions 
and packing effects of 1-3 within the crystalline state. The florescence 
quantum yield of 1 in the solid state (37%) is much higher than that in 
solution, thus 1 exhibits AIE effect.   
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Fig.	
  2.	
  a)	
  UV-­‐vis	
  absorption	
  and	
  fluorescence	
  spectra	
  of	
  1-­‐3	
  along	
  with	
  pyrene	
  in	
  
toluene.	
   b)	
   Solid	
   state	
   fluorescence	
   spectra	
   of	
   1-­‐3.	
   Inset:	
   A	
   photograph	
   of	
  
crystals	
  of	
  1-­‐3	
  under	
  irradiation	
  with	
  a	
  hand-­‐held	
  UV	
  lamp	
  (365	
  nm).	
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 The reversible oxidation found for 1 encouraged us to investigate 
the ability of 1 for the generation of cationic and dicationic species.15 
The oxidation of 1 was carried out with SbCl5, which is known as a 
powerful oxidation agent. The UV-vis-NIR absorption spectra are 
depicted in Fig. 3. For 1, the strong band at 372 nm incrementally 
disappeared, whereas new bands in the NIR region arose (major band at 
1570 nm) after addition of 40 equivalents of SbCl5. The formation of 
the radical cation was assumed, because an unpaired electron was 
clearly detected by ESR spectroscopy (Fig. S17). The stable cationic 
species was precipitated from the CH2Cl2 solution, to enable the 
isolation of 1•

+ as an ionic salt. The absorption spectrum of this salt is 
practically the same as that of the electrochemically oxidized 1 at 0.8 V 
(Fig. S15). The half-life period of 1•

+ upon exposure to air was 
measured to be more than 50 h, indicating the stable radical cation. 
Upon further addition of SbCl5 (320 eq.), 1•

+ was further oxidized to the 
formation of the dicationic species resulting in the appearance of NIR 
band at 1253 nm (Fig. 3a), and the disappearance of ESR signals. In 
order to check the aromaticity of the charged species, we performed 
NICS(0) calculations for 1, 1•

+ and 1••
2+ by DFT method (B3LYP/6-

31G(d)). By the electronic system rearrangement upon the oxidation, 
the bond lengths at C4-C5 and C9-C10 in 1 become longer and those at 
C3a-C4, C5-C5a, C8a-C9 and C10-C10a become shorter, being close to 
naphthalene. Eventually the aromaticity of the pyrene (larger negative 
NICS(0) value) relocates from the biphenyl part into the naphthalene 
unit upon the two-electron oxidation (Fig. 3b). This concept, to the best 
of our knowledge, is without precedent in the literature. 
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Figure	
  3.	
  a)	
  UV/Vis/NIR	
  absorption	
  spectra	
  of	
  1,	
  1•+	
  and	
  1••2+	
  formed	
  under	
  the	
  
oxidation	
  with	
   SbCl5	
   in	
  CH2Cl2	
   at	
   room	
   temperature.	
  b)	
  Bond	
   lengths	
   (in	
  black)	
  
and	
  NICS(0)	
  values	
  (in	
  red)	
  at	
  the	
  selected	
  positions	
  of	
  1,	
  1•+	
  and	
  1••2+	
  based	
  on	
  
the	
  DFT	
  calculations.	
  Aromatic	
  circuit	
  is	
  drawn	
  in	
  blue	
  for	
  guidance.	
  

 In conclusion, we report herein that the pyrenes functionalized by 
sterically hindered aryl groups do not undergo close π-stacking leading 
to solid-state emission properties that parallel those in the solution state. 
Sterically hindered pyrene 1 underwent two-electron oxidation with 
SbCl5 to give the persistent pyrene dication. We will show that such 
molecular systems lend themselves to application as pure-blue emissive 
materials in OLEDs in near future. 
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