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Abstract—A simple and effective strategy for synthesis of bis-dipolar trimeric OPVs (a–g) with same push–pull electron groups at the two ends
is presented. Their photophysical and electrochemical properties were investigated by UV–vis, fluorescence spectroscopies, and voltammetry
techniques. A successful tuning in the emission color was achieved and the LUMO energy level was found to correlate with the Hammett
constant of the respective substituents, providing a powerful strategy for prediction of the photoelectrical properties of the new chromophores.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Molecular semiconducting materials have been extensively
investigated for various technological functional properties
for next-generation electronic and optoelectronic applica-
tions, such as electroluminescent devices,1–4 field-effect
transistors,5 photovoltaic devices,6 electro-optic modulators,
and solid-state lasers7 in the past decade. In addition to poly-
meric materials, functionalized p-conjugated oligomers
have recently received considerable attention due to their
unique and interesting optoelectronic properties and the
need for vacuum deposition processes.8 A trend that has
recently emerged in this field is the so-called ‘oligomer ap-
proach’,9–11 in which low and intermediate molecular weight
organic molecules with high luminescence quantum yields
were synthesized to serve as the active layers in optoelec-
tronic devices such as organic light-emitting diodes (OLEDs)
and lasers. Among these functional oligomers, oligo(p-
phenylenevinylene)s (OPVs) were of particular interest
because of their stability, high luminescent efficiency, and
ease of synthesis.12,13 Recently Meijer and co-workers re-
ported that chiral oligo(p-phenylenevinylene) (OPV) mole-
cules self-assembled to form helical stacking structures in
solution.14 In addition, they reported that structural order in
the self-assembled helix significantly affects the efficiency
of energy transfer between OPVs.15 Stupp and co-workers
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investigated the use of self-assembling molecules to create
highly ordered and nanostructured films based on OPV and
silicate in one step.16 OPV was therefore an interesting target
for both organic light-emitting diodes (OLEDs) and organic
solar cells.

The development of full-color emitting devices is one of the
main challenges in optical displays.17,18 Small molecules are
considered as the candidates due to their extremely high fluo-
rescence quantum efficiencies in the visible spectrum and
ease of processing. So far, the major obstacle in the fabrica-
tion of OLED-based full-color displays is the limited avail-
ability of conjugated oligomers that span the whole visible
spectrum, while possessing similar emissive characteristics,
physical properties, and processability. In this regard, it
would be interesting and meaningful to develop new lumi-
nescent oligomers with intrinsically electronic structures
for the development of highly efficient and stable OLEDs.
To this goal, the key is to develop a synthetic methodology
to effectively adjust and control the HOMO and LUMO
levels of conjugated oligomers. Chemical modification can
often adjust the band gap of light-emitting oligomers, which
leads to effective color tuning. Herein, we reported the syn-
thesis and characterization of a series of novel well-defined
OPV trimers consisting of two symmetrical electron-with-
drawing (EWG) or electron-donating groups (EDG) attached
to the end aromatic ring to adjust the HOMO and LUMO
levels of the resulting oligomers. The two symmetrically
medial-substituted hydrophobic alkoxy chains were used to
improve the solubility of the trimers.
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2. Results and discussion

2.1. Synthesis and photophysical property

The synthesis of bis-dipolar trimeric OPVs (a–g) modified
by alkoxy group in the center aromatic ring and by same
push–pull electron groups at the two ends was effectively ac-
complished by Wittig–Honor reaction as shown in Figure 1
and described in detail in Section 4.

The photoluminescence and UV–vis absorption spectra of
the OPVs recorded at room temperature in chloroform solu-
tion are shown in Figure 1 (and SFig. 1 in Supplementary
data). The optical transitions of the OPVs shift to longer
wavelengths with increasing electron-withdrawing abilities
of end-substituent R. In regard to structure–optical property
relationship, it was found that the relativity for substituent
effect on absorption spectra, excitation spectra, and photo-
luminescence spectra of the oligomers approximately fits
the curve shown in SFigures 2 and 3. Here, the approximate
relationship between absorption, excitation values, and the
Hammett substituent19 constants (sp�R) was maintained
over the whole region of sp�R values. These results revealed
that the electronic effect of substituents on OPV3 provided an
effective tool to tune the emissions of conjugated oligomers.

The photophysical properties of OPVs (a–g) together with
radiative rate constant (krad), radiationless rate constant
(knr), krad/knr (a measure for emissivity), and emission life-
time (t) are summarized in Table 1. The lifetimes of the sin-
glet excited state (t) were determined using single photon
counting time-resolved photoluminescence. From the

Figure 1. Molecular structure of the oligomers and normalized fluorescence
spectra recorded in chloroform solutions of oligomers and emission photo-
graphs recorded in chloroform solutions with 365 nm excitation.
fluorescence quantum yields, t, krad, and knr were calcu-
lated20,21 (Table 1).

As shown in Table 1 and Figure 1, it was evident that the in-
troduction of different groups at the side and end of rod-
shaped OPVs changed the F and lem values in comparison
to those of the unsubstitutional OPV.22,23 The emission max-
imum of the oligomers spanned over 166 nm between 444
and 610 nm, and the emission profiles covered almost the
entire visible light spectra from blue and green to yellow
and red. In particular, OPV3-g exhibited a large red-shift
(108 nm) of the fluorescence emission maximum compared
with OPV3-f and a significant decrease in the quantum yield
due to a band gap decrease effected by the strong electron
pulling effect of the nitryl group. However, it was already in-
dicated by C. W. Tang that the fluorophore with nitryl group
was not suitable for OLED applications.

The solvent dependency on the emissive characteristics of
OPV3-e and g is shown in Table 2 and Figure 2. The Ff

and lem values of OPV3-g were remarkably altered with
the change of solvent polarity. In contrast, little solvent
dependency on Ff and lem values of OPV3-e was observed.
Solvent effect was also not apparently observed for the ab-
sorption spectra and excitation spectra of OPV3-e, whereas
those of OPV3-g changed quite obviously in different polar
solvents. The observed effect of the solvent polarity on the
Ff values of OPV3-e and OPV3-g could be interpreted by the
changes in their krad and knr values with changes in the solvent
polarity. The krad and knr values of OPV3-e were not so altered
by solvent polarity except in CH3OH. On the contrary, those
values were largely altered for OPV3-g with different solvent
polarities. The contrary solvent polarity effect on Ff, lem,
krad, and knr could be explained by a difference in the dipole
moment of the excited state and of the ground state. The
origin of this phenomenon is currently under investigation.

2.2. Electrochemistry

The redox properties of the oligomers were investigated by
cyclic voltammetry (CV) in acetonitrile with Bu4NPF6 as
supporting electrolyte. The results are summarized in Table
3. Oxidation and reduction potentials give information on
the relative positions of the HOMO (highest occupied mo-
lecular orbital) and LUMO (lowest unoccupied molecular
orbital). The band gaps for these compounds could be calcu-
lated from the first reduction and oxidation potentials as
shown in Scheme 1. This was in good agreement with the de-
termined band gap obtained from the onset of the absorbance
shown in Table 3.

Table 1. Photophysical property of OPVs (a–g) (measured in CHCl3)

Compd lex

(nm)
lem

(nm)
F

a
labs

(nm)
tF

(ns)
krad (s�1)
10�8

knr (s�1)
10�8

krad/knr

a 389 444 0.65 389 2.0 3.3 1.8 1.86
b 392 446 0.09 392 1.46 0.62 6.2 0.10
c 393 452 0.48 397 1.18 4.1 4.4 0.92
d 407 474 0.96 411 1.58 6.1 0.25 24.0
e 413 479 0.85 415 1.64 5.2 0.91 5.67
f 424 502 0.68 423 1.75 3.9 1.8 2.13
g 440 610 0.08 446 0.745 1.1 12 0.09

a Quantum yield (F) is measured using quinine sulfate in 0.1 M H2SO4,
fluorescein in 1 M NaOH or rhodamine 6G as standards.
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Table 2. Effect of solvent on photophysical property of OPV3-e and OPV3-g

Compd Solvent labs (nm) lem (nm) lex (nm) F (%) tF (ns) knr (s�1) krad (s�1) knrad/knr

e Toluene 413 470 416 71 2.34 1.24�108 3.03�108 2.44
CHCl3 415 479 413 85 1.64 0.92�108 5.18�108 5.63
THF 417 477 413 78 2.52 0.87�108 3.10�108 3.56
CH3CN 409 492 415 76 2.39 1.0�108 3.18�108 3.18
CH3OH 408 488 415 97 2.36 0.13�108 4.11�108 31.62

g Toluene 434 507 442 45.7 1.92 2.82�108 2.38�108 0.84
CHCl3 446 610 440 8.1 0.75 12.3�108 1.08�108 0.09
THF 424 552 452 33.8 2.47 2.68�108 1.37�108 0.51
CH3CN 437 598 432 0.06 1.80 5.56�108 3.3�105 6E-4
CH3OH 437 500 439 0.15 2.27 4.4�108 6.6�105 1.5E-3

Figure 2. Fluorescence spectra of OPV3-e and OPV3-g recorded in different solvents (6�10�6 mol/L).

Table 3. Electrochemical data and physical measurement for the oligomers

Compd Epa
3 Epa

2 Epa
1 Epc

1b Epc
2 Epc

3 HOMO (ev)c LUMO (ev) Band gapa (cv) (ev) Band gapb (UV onset) (ev)

a 1.22 0.92 �2.17 �2.55 �5.31 �2.22 3.09 3.17 (390)
b 0.93 0.71 0.52 �2.46 �4.91 �1.93 2.98 2.80 (443)
c 1.32 1.12 0.95 �2.05 �2.19 �2.55 �5.34 �2.34 3.0 2.80 (442)
d 1.29 1.02 �1.87 �5.41 �2.52 2.89 2.63 (470)
e 0.87 0.73 �1.84 �2.12 �5.12 �2.55 2.57 2.62 (473)
f 1.29 0.92 �1.69 �2.17 �2.60 �5.31 �2.7 2.61 2.53 (490)
g 1.087 �1.35 �1.86 �2.43 �5.47 �3.04 2.43 2.33 (530)

Cyclic voltammograms (CV) were performed in a solution of Bu4NPF6 (0.1 M) in acetonitrile using Glassy carbon electrode as working electrode, platinum
wire as counter electrode, and Ag electrode as the reference electrode at a scan rate of 20 mV/s at room temperature under the protection of nitrogen. Ferrocene
was used as an external standard, Ep(Fc/Fc+)¼0.4 V versus Ag. pa¼anodic peak. pc¼cathodic peak.
a Energy gap was calculated from the redox potentials.
b Energy gap was estimated from the onset of absorption edge.
c LUMO¼HOMO+energy gap.
Scheme 1. Energy level of the oligomers calculated by electrochemical
data.
In regard to structure–redox property relationship, it was
found that the first redox potential value linearly increased
with improved electron-accepting ability of end-substituent
R as shown in Figure 3, where the linear relationship be-
tween the first redox potential and the Hammett substituent
constants (sp�R) was maintained over the whole region of
sp�R values. The values of LUMO energy levels of the
compounds were determined by comparing the first redox
potential values. The similar linear relationship between
the LUMO energy levels of the oligomers and the Hammett
substituent constants (sp�R) is shown in Figure 3.

3. Conclusions

In conclusion, we succeeded in the creation of a series of
new p-phenylenevinylene oligomer fluorophores. These



Figure 3. (a) A plot of the redox potential versus Hammett substituent constants sp; (b) a plot of LUMO energy level value versus Hammett substituent
constants sp.
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oligomers showed very intense blue (a, c), cyan (d, e), green
(f), and red (g) emissions by the introduction of the appropri-
ate end-substituent groups. The photophysical and electro-
chemical properties of the compounds were investigated by
UV–vis, fluorescence spectroscopies, and cyclic voltamme-
try techniques. A successful tuning in the emission color was
achieved and the LUMO energy level was found to correlate
with the Hammett constant of the respective substituents,
providing a powerful strategy for prediction of the photoelec-
tric properties of new chromophores. In addition, contrary
solvent dependency of photophysical properties of OPV3-e
and OPV3-g, and a linear relationship between redox poten-
tial and sp�R over the whole region were also found.

4. Experimental section

4.1. Materials and instruments

Most of the chemical reagents were purchased from Acros or
Aldrich Corp. and were utilized as received unless indicated
otherwise. All solvents were purified using standard proce-
dures. Column chromatography was performed on silica
gel (size 160–200 mesh). UV–vis spectra were taken on a
Hitachi U-3010 spectrometer, and fluorescence spectra
were measured on a Hitachi F-4500 spectrofluorometer.
Cyclic voltammograms (CV) were recorded on CHI660B
voltammetric analyzer (CH Instruments, USA). The CV
were performed in a solution of Bu4NPF6 (0.04 M) in
o-dichlorobenzene at a scan rate of 20 mV/s at room temper-
ature under the protection of nitrogen. Glassy carbon elec-
trode was used as the working electrode and Pt wire was
used as the counter electrode. An Ag electrode was used
as the reference electrode. The fluorescence lifetimes were
measured on an Edinburgh Instruments Ltd FLS920. NMR
spectra were obtained on a Bruker Avance DPS-400
(400 MHz) spectrometer. Mass spectra were obtained on
Bruker BIFLEXIII spectrometer.

4.2. General procedure for the preparation of oligomers
a–g

Diphosphonate and double amount of aldehyde-terminated
aromatic ring were mixed in dry methylene chloride and
purged with argon. Then potassium tert-butoxide (2 equiv,
excess) was added, and the mixture was stirred for 2 h to
complete the reaction. The cooled mixture was diluted
with water. The precipitate was filtered and washed with
methylene chloride. After concentration on a rotary evapora-
tor, this solution was loaded onto a silica gel column and
eluted with a mixture of petroleum and methylene chloride
(1:1, v/v). This afforded oligomers as fluorescent solids.

4.2.1. Compound a. Yield: 78%. 1H NMR (CDCl3, TMS):
d (ppm) 0.88 (s, 6H), 1.09–1.45 (m, 24H), 1.52–1.54 (m,
4H), 1.84–1.86 (m, 4H), 4.05 (s, 4H), 7.12–7.16 (m, 4H),
7.23–7.25 (m, 2H), 7.33–7.35 (m, 4H), 7.45 (s, 1H), 7.51–
7.54 (m, 5H). 13C NMR (CDCl3, TMS): d 14.1, 22.7, 26.3,
29.3, 29.4, 29.5 29.6, 29.6, 31.9, 69.5, 110.6, 123.5, 126.5,
126.8, 127.3, 128.6, 128.7, 137.9, 151.1 ppm. MS m/z: 595
(M+). Anal. Calcd for C42H58O2: C, 84.79; H, 9.83. Found:
C, 84.75; H, 9.86.

4.2.2. Compound b. Yield: 64%. 1H NMR (CDCl3, TMS):
d (ppm) 0.88 (t, 6H, J¼6.4 Hz), 1.25–1.27 (m, 24H), 1.52–
1.55 (m, 4H), 1.85–1.88 (m, 4H), 3.83 (s, 6H), 4.04 (t, 4H,
J¼6.4 Hz), 6.89 (d, 4H, J¼8.3 Hz), 7.05–7.09 (m, 4H),
7.31 (s, 1H), 7.35 (s, 1H), 7.46 (d, 4H, J¼8.0 Hz). 13C
NMR (CDCl3, TMS): 14.0, 22.6, 26.2, 29.3, 29.4, 29.4,
29.5, 29.6, 31.8, 55.0, 69.3, 110.2, 121.2, 126.6, 127.6,
130.1, 130.7, 131.4, 131.5, 150.8, 150.9, 159.1 ppm. MS
m/z: 655 (M+). Anal. Calcd for C44H62O4: C, 80.69; H,
9.54. Found: C, 80.72; H, 9.55.

4.2.3. Compound c. Yield: 56%. 1H NMR (CDCl3, TMS):
d (ppm) 0.88 (t, 6H, J¼6.4 Hz), 1.25–1.27 (m, 24H), 1.53–
1.56 (m, 4H), 1.82–1.89 (m, 4H), 4.04 (t, 4H, J¼6.4 Hz),
7.04 (s, 1H), 7.08 (s, 3H), 7.38 (d, 4H, J¼8.0 Hz), 7.42 (s,
1H), 7.47 (d, 5H, J¼7.7 Hz). 13C NMR (CDCl3, TMS):
14.1, 22.7, 26.2, 29.3, 29.4, 29.5 29.6, 31.9, 53.4, 69.5,
110.5, 121.0, 124.1, 126.6, 127.6, 127.9, 131.7, 136.8,
151.0 ppm. MS m/z: 750 (M+). Anal. Calcd for
C42H56Br2O2: C, 67.02; H, 7.50. Found: C, 67.08; H, 7.46.

4.2.4. Compound d. Yield: 54%. 1H NMR (CDCl3, TMS):
d (ppm) 0.88 (t, 6H, J¼6.4 Hz), 1.23–1.28 (m, 24H), 1.50–
1.56 (m, 4H), 1.84–1.89 (m, 4H), 4.05 (t, 4H, J¼6.4 Hz), 4.36
(s, 6H), 7.11 (s, 2H), 7.14 (s, 1H), 7.19 (s, 1H), 7.55–7.59
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(m, 6H), 8.03 (d, 4H, J¼8.0 Hz). 13C NMR (CDCl3, TMS):
13.9, 29.1, 29.1, 29.2 29.3, 29.4, 31.7, 51.8, 69.2, 110.5,
125.7, 126.0, 126.6, 127.7, 128.4, 129.8, 142.2, 151.0,
166.6 ppm. MS m/z: 711 (M+). Anal. Calcd for C46H62O6:
C, 77.71; H, 8.79. Found: C, 77.65; H, 8.70.

4.2.5. Compound e. Yield: 58%. 1H NMR (CDCl3, TMS):
d (ppm) 0.88 (t, 6H, J¼6.6 Hz), 1.27–1.30 (m, 24H), 1.50–
1.55 (m, 4H), 1.85–1.91 (m, 4H), 4.07 (t, 4H, J¼6.4 Hz),
7.11–7.13 (m, 3H), 7.17 (s, 1H), 7.55 (s, 1H), 7.59 (d, 5H,
J¼8.0 Hz), 7.63 (d, 4H, J¼8.4 Hz). 13C NMR (CDCl3,
TMS): 14.1, 22.6, 26.2, 29.3, 29.3, 29.5 29.6, 31.8, 69.4,
110.3, 110.7, 119.0, 126.7, 126.8, 127.0, 127.3, 132.4,
142.3, 151.3 ppm. MS m/z: 645 (M+). Anal. Calcd for
C44H56N2O2: C, 81.94; H, 8.75; N, 4.34. Found: C, 81.89;
H, 8.80; N, 4.31.

4.2.6. Compound f. Yield: 68%. 1H NMR (CDCl3, TMS):
d (ppm) 0.88 (t, 6H, J¼6.4 Hz), 1.27–1.38 (m, 24H), 1.53–
1.57 (m, 4H), 1.85–1.92 (m, 4H), 4.08 (t, 4H, J¼6.4 Hz),
7.15 (s, 2H), 7.21 (s, 1H), 7.24 (s, 1H), 7.56 (s, 2H), 7.67
(d, 4H, J¼9.6 Hz), 7.88 (d, 4H, J¼10.8 Hz), 10.00 (s, 2H).
13C NMR (CDCl3, TMS): 13.9, 22.4, 26.1, 29.1, 29.2,
29.3, 29.4, 31.6, 69.3, 110.6, 126.7, 127.7, 130.0, 135.0,
143.8, 151.2, 191.3 ppm. MS m/z: 651 (M+). Anal. Calcd
for C44H58O4: C, 81.19; H, 8.98. Found: C, 81.22; H, 8.98.

4.2.7. Compound g. Yield: 57%. 1H NMR (CDCl3, TMS):
d (ppm) 0.87 (t, 6H, J¼6.4 Hz), 1.28–1.36 (m, 24H), 1.53–
1.58 (m, 4H), 1.86–1.93 (m, 4H), 4.08 (t, 4H, J¼6.4 Hz),
7.13 (s, 2H), 7.19 (s, 1H), 7.24 (s, 1H), 7.60–7.65 (m, 6H),
8.22 (d, 4H, J¼8.0 Hz). 13C NMR (CDCl3, TMS): 14.1,
22.7, 26.3, 29.3, 29.4, 29.4, 29.6, 29.7, 31.9, 69.5, 110.8,
124.2, 126.8, 127.0, 128.0, 144.4, 146.7, 151.5 ppm. MS
m/z: 685 (M+). Anal. Calcd for C42H56N2O6: C, 73.65; H,
8.24; N, 4.09. Found: C, 73.64; H, 8.18; N, 4.11.
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