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A series of a-free pyrylium perchlorat es were prepared by one-pot oxidation of substituted cyclopenta- 
diene derivatives in the presence of perchloric acid. A tunable fluorescence with green to red emission in
dichloromethane and green to orange emission in the solid state can be achieved by changing the aryl 
groups on 2- or 4-position of pyrylium ring. Furthermore, single crystal structures and quantum chem- 
istry calculation were conducted to understand the relationship between structures and opt ical 
properties.

� 2013 Elsevier Ltd. All rights reserved.
Organic fluorescent materials have received considerable atten- 
tion in both scientific research and practical aspects because of
their promising applications in electronic and photonic devices.1

For expansion of fluorescence-based applications , particular ly in
fields of organic light-emi tting diodes and molecula r probes, con- 
trolling emission properties of organic fluorophores has become a
hot research topic. So far, many approaches have been explored 
to tune the emission wavelength of organic molecules in solution,
such as utilizing of exogenous additives 2a–c and linking small mol- 
ecules with macromolec ule backbone.2d,e In contrast, only a few 
studies have been reported to tune emission properties of lumines- 
cent molecules in the solid state.3 As an important type of hetero- 
cyclic luminescen t compounds, pyrylium salts are used in many 
fields such as organic intermediates ,4a–c photosensitize rs,4d,e Q-
switchers,4f laser dyes 4g and organic luminophores .4h Recently,
many studies have been conducted to optimize the photophysical 
and electrochemi cal behavior of pyrylium salts. For example, the 
introduction of different electron-wi thdrawing or -donating sub- 
stituents on pyrylium ring varied quantum efficiency and tuned 
the emission properties.5 However, these studies are only limited 
to 2,4,6-tri-subs tituted-pyryliu m salts which are usually obtained 
by a lengthy stepwise manner hinging on the formation and cycli- 
zation of a 1,5-diketon e.6 In our previous work, we developed a
high-efficiency one-pot synthesis of pyrylium salts with only one 
substituent at a position (named a-free pyrylium salts) from 
polyphenyl–cyclopentadien e compounds in the presence of sil- 
ver(I) perchlorate or perchlori c acid.7 Much to our surprise, these 
ll rights reserved.

fax: +86 411 84986065.
ggl@dlut.edu.cn (G. Ning).
compounds display unique reactivity to nucleophi lic reagents.8

As a part of our continuous studies on a-free pyrylium salts, we fo- 
cus on the universality of our synthetic route and the influence of
substitue nts on the optical propertie s of a-free pyrylium salts.
Herein, we report the synthesis of a-free pyrylium perchlorate s
with tunable fluorescence emission via ring-expand ing reaction 
of triarylcyclop entadienes with different aryl substituent groups.
The influence of substituents on the absorption and emission 
behavior of products was examine d by the variation of donor 
strength and position on pyrylium ring. In addition, single crystal 
structure s and quantum chemistry calculation are conducted to
explain the relationship between structure s and optical properties.

Cyclopen tadiene derivatives were prepared according to the 
published procedure.9 Pyrylium salts 2a–2g were synthesized 
accordin g to our previously reported synthetic route in high yields 
(Scheme 1).7b,10 Their structures are well characterized by 1H NMR,
13C NMR, HRMS, MS, and X-ray single-crystal diffraction. The opti- 
cal properties of 2a–2g were investigated by UV–vis absorption 
spectroscopy (Fig. 1) and photolumin escence spectroscopy (Figs. 2
and 3) in dilute dichlorometha ne solution and in the solid state.
The maximum absorption wavelengths kAbs 

max of these compound s
are in the range of 372–457 nm (Table 1), which are caused by
p–p⁄ transition of molecula r plane. As expected , the kAbs 

max of 2a
and 2b shifted hypochro matically of 18 nm and 4 nm compare d
with that of Br-substituted 2c owing to the stronger electron-with- 
drawing effect of CF3 and F. Compare d with 2c, the kAbs 

max of 2d–2g is
bathochr omically shifted of 67, 50, 30, and 65 nm, respectivel y,
which is due to the extending conjugation in the backbone and 
the enhanced charge transfer from the pyrylium O-atom to the 
electron donating naphthyl, biphenyl, and naphthyl–phenyl groups 
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Scheme 1. Synthetic route to a-free pyrylium perchlorates from cyclopentadiene derivatives.

Figure 3. (a) Crystal photographs of compounds 2a–2c, 2f, and 2g under the 
irradiation of UV lamp (365 nm); (b) normalized PL spectra of 2a–2g in the solid 
state.

Figure 1. Normalized UV–vis absorption spectra of 2a–2g in dichloromethane at
5 � 10�5 M concentration.

Figure 2. Normalized PL spectra of 2a–2g in dichloromethane at 5 � 10�5 M
concentration.
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on 2- or 4-positio n. Compound 2d possesses the longer wavelength 
absorption than that of 2e–2f, which may be attributed to the 
retardation of electronic delocalization in 2e–2f caused by the 
more twist configurations between the pyrylium ring and a-linked
aryl groups. The photolumin escence (PL) spectra of 2a–2g in dilute 
dichlorometha ne solution showed emitting peaks at 535–680 nm
with light region from green to red (Fig. 2). The fluorescence max- 
imum wavelength of pyrylium salts shifts bathochrom ically with 
introducing electron-do nating substituents but is weakly influ-
enced by electron-accep tors. For instance, the maximum emitting 
peaks of 2c, 2e, 2d, and 2g in dichlorometha ne solution are 538,
547, 595, and 680 nm, respectively. The PL quantum efficiency
(UFL) of 2a–2g in dilute dichlorometha ne solution ranged from 
0.0125 to 0.90 (Table 1).

Then the fluorescence emission propertie s of 2a–2g in solid 
state were measured (Fig. 3). The emission of 2a–2g is in the blue 
to yellow region with the emission peaks from 469 to 580 nm (Ta-
ble 1). However , the shapes of PL spectra of 2d, 2f, and 2g are sim- 
ilar, indicating that these emitting bands should be a local emission 
from the pyrylium fragment. The photographs of crystals 2a, 2b,
2c, 2f, and 2g under illumination with UV light (kex = 365 nm) are 
shown in Figure 3a. Pyrylium salts 2a–2c emit strong blue, strong 
green, and weak yellow–green light, respectively, whereas 2f and
2g exhibit yellow emission . To investigate the properties in further 
detail, the fluorescence quantum efficiency (UFL) in solid state was 
examine d as summarized in Table 1. The pyrylium salts 2f with
biphenyl in 4-positio n exhibit a weak UFL, owing to the hindered 
rotation of single bond in 4-position which is unfavorable for quan- 
tum efficiency. In comparison, other pyrylium salts have much 



Table 1
Thermal properties, optical properties, and energy levels of a-free pyrylium perchlorates 

Compound Td/�C kabs
a/nm kem

a/nm kem
b/nm UFL

a/% UFL
b/% DEopt 

g
c/eV ELUMO

d/eV EHOMO
e/eV DEcal 

g /eV

2a 215 372 546 469 3.62 28 2.50 �4.33 �1.83 2.28 
2b 200 386 536 511 8.40 48 2.48 �4.27 �1.79 2.29 
2c 215 390 538 526 7.00 45 2.48 �4.31 �1.83 2.32 
2d 215 457 595 550 30.6 39 2.28 �4.25 �1.98 2.04 
2e 200 440 547 547 90.0 46 2.39 �4.27 �1.88 2.47 
2f 235 421 615 580 4.18 6.0 2.33 �4.29 �1.96 2.21 
2g 235 455 680 581 1.25 65 2.16 �4.26 �2.10 1.17 

a Measured in dichloromethane solution (5 � 10�5 M).
b Measured in the solid state.
c Bandgaps calculated from absorption edge: DEopt 

g = 1240/ konset.
d The LUMO energy levels were calculated from Ered values of CV curves: ELUMO = �(Ered + 4.8) eV.
e The HOMO energy levels were calculated using the equation: DEg = EHOMO � ELUMO.
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higher UFL values. Especiall y, 2g with naphthyl–phenyl on 2-posi- 
tion exhibits a highest UFL value of 65%.

To understa nd the relationship between molecular structures 
and optical properties, the crystal structure s of 2a–2c and 2g were
determined by single-crystal X-ray diffraction analysis. A summary 
of the crystallogra phic data and structure refinements is tabulated 
in Table S1 while the selected bond lengths and angles are listed in
Table S2. The thermal ellipsoid plots and packing diagrams of 2a–
2c and 2g are shown in Figures. 4–7. The asymmetric unit contains 
an independent pyrylium cation (py+) and a ClO 4� anion. There are 
C–H� � �p and p� � �p interactio ns between py+ cations. The distance 
and the angle of these interactions are tabulated in Table S3. Sim- 
ilar crystal packing structure was observed from compounds 2a,
2c, and 2g indicating the generality of these pyrylium salt mole- 
Figure 4. ORTE P drawing with 30% probability thermal elli

Figure 5. ORTEP drawing with 30% probability thermal elli
cules. As shown in Figures. 4b, 6b and 7b, the building blocks of
these structures are not monomers, but rather the dimers based 
on the C–H� � �p interactions between adjacent two molecules. Fur- 
thermore , the dimers adopt a stair-like packing mode or a kind of
distorted J-type stacking style to form molecular columns. These 
results suggested the latent relationship between emission proper- 
ties and crystal structures. Firstly, multiple C–H� � �p interactions in
2a–2c and 2g effectively reduce the vibration and rotation of mol- 
ecules. Secondly, the distorted J-type stacking in 2a, 2c, and 2g
effectively avoids the strong intermolecular face-to-face interac- 
tion (H-aggregation) which could lead to the formation of an exci- 
mer complex and non-radiative relaxation. Thirdly, the large 
distance between vertical dimers in 2a (7.73 Å), 2c (6.98 Å), and 
2g (10.41 Å) makes p� � �p interaction impossible. Therefore, these 
psoids (a) and packing arrangements (b and c) of 2a.

psoids (a) and packing arrangements (b and c) of 2b.



Figure 6. ORTEP drawing with 30% probability thermal ellipsoids (a) and packing arrangements (b and c) of 2c.

Figure 7. ORTEP drawing with 30% probability thermal ellipsoids (a) and packing arrangements (b and c) of 2g.
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three points may be used to explain the much higher UFL values of
these compounds in the solid state compared to those in solution.

To further understand the correlation between structures 
and optical propertie s, quantum chemistry computation was 
conducted. The geometri es of the molecules have been optimized 
using DFT calculations with the GAUSSIAN 09 program.11 The torsion 
angles collected in DFT calculations and single crystals of 2a–2c
and 2g are tabulated in Table S4, which can be used to explain 
the blue-shift of emission in the solid state. As shown in Table
S4, there are almost no changes of torsion angles between pyryli- 
um ring and aryl groups on 4- and 5-positio ns. However, the 
torsion angles between aryl groups on 2-positio n and pyrylium 
ring in crystal 2a–2c and 2g are 12, 27, 10, and 9�, respectively ,
which are much larger than those in single molecular state 
(1–2�). Due to the more twisted configuration in the solid state,
Figure 8. Calculated molecular orbital ampl
the maximum emission wavelength occurs with blue-shift com- 
pared to that in solution. For 2g, the blue-shift is 99 nm because 
the terminal naphthyl in 2-position is twisted out of the pyrylium 
ring by 67.9 �, which greatly decreases the degree of p-conjugati on.
Electrochem ical studies (Fig. S22) were carried out to ascertain the 
redox behavior of 2a–2g. The DEopt 

g and energy values of HOMO and 
LUMO of 2a–2g are shown in Table 1. The HOMO energy values of
2a–2g are from �2.10 to �1.79 eV and the DEopt 

g values determined 
from the absorption edge are from 2.16 to 2.50 eV which are sim- 
ilar to the DEcal 

g (1.17–2.47 eV). Compound 2g has the lowest DEopt 
g

and DEcal 
g which is attributed to the better p-conjugation of the 

4-(naphthyl)phenyl substituent. Figure 8 shows the optimized 
geometri es and the orbital distribut ions of HOMO and LUMO 
energy levels of these compounds . The electron clouds of the 
HOMOs and LUMOs are dominated by the different parts of
itude plots of HOMO and LUMO levels.
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molecules except 2d, showing the intramolecu lar charge transfer 
of these compounds.

In summary , a new class of a-free pyrylium perchlorate s was 
synthesized by one-step oxidation of cyclopentad iene derivatives 
in the presence of perchloric acid. A tunable fluorescence in solu- 
tion or in the solid state can be achieved by changing the aryl 
groups on 2- or 4-position of pyrylium ring. These compounds 
exhibited maximum emission at 535–680 nm in solution (CH2Cl2)
and at 469–581 nm in the solid state. Single crystal X-ray diffrac- 
tion analysis shows that multiple C–H� � �p interactio ns in 2a–2c
and 2g lead to the much higher UFL values in solid states. Electro- 
chemical studies showed the HOMO energy values of 2a–2g were
from �2.10 to �1.79 eV and the DEopt 

g values were from 2.16 to
2.50 eV. This new one-pot synthesis route of pyrylium salts may 
have great value for synthesis chemistry and materials chemistry.
These compounds may be promising candidates as organic lumi- 
nescent materials .
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