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a b s t r a c t

Three new building blocks containing the electron-donor fused-ring motifs carbazole, dithienosilole
(DTS) and dithienopyrrole (DTP) and the 2,20:60,200-terpyridine electron-acceptor motif were designed
and synthesized. Directed by transition metal ions, the self-assembly of the building blocks triggered
polymerization to form the corresponding metallo-supramolecular polymers PCzTPY, PSiTPY and
PNTPY, respectively. The UVevis absorption maxima of the building blocks occur at long wavelengths
(351, 368 and 430 nm for CzTPY, SiTPY and NTPY, respectively), which arises from intramolecular charge
transfer (ICT) transitions. However, the absorption maxima of their corresponding metallo-
supramolecular polymers are clearly red-shifted (to 394, 431 and 509 nm for PCzTPY, PSiTPY and
PNTPY, respectively), which is caused by the incorporation of the transition metal ion into the backbones
of the target polymers. Based on the above strategies, the resulting metallo-polymers exhibit reduced
energy gaps, which are 2.07, 1.97 and 1.56 eV for the PCzTPY, PSiTPY and PNTPYmetallo-supramolecular
polymers, respectively.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past few decades, the design and study of p-conjugated
organic semiconductors has attracted increasing attention. One of
the important advantages of organic/polymer semiconductor ma-
terials is that the levels of their frontier orbitals and energy gaps of
the organic and polymer molecules can be tuned easily by molec-
ular design; consequently, the resulting photoelectronic and elec-
trochemical properties can be finely tailored. Presently, conjugated
polymers with alternating electron-donating (D) and electron-
accepting (A) units along the same backbone have become espe-
cially useful in optoelectronics, such as OLEDs [1], photovoltaic
devices [2], chemical sensors [3], field-effect transistors (FETs) [4],
and NLOs [5]. Such donoreacceptor organic/polymers exhibit
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narrow energy gaps and strong dipoles resulting from intra-
molecular charge transfer (ICT). Further, these molecules possess
the ability to span the optical absorption spectrum across the
visible and near-IR range. The strength, nature and type of the
donor and acceptor motifs heavily influence the energy levels of the
frontier orbitals; hence, the optical and electronic properties of the
organic light-emitting, light-absorbing and semiconducting mate-
rials. Although many studies exist concerning the synthesis, prop-
erties and the relationship between structure and properties, many
phenomena in such pushepull systems of D/A materials have not
been sufficiently clarified, and a broad understanding of the elec-
tronic and photophysical properties and energetic alignment of the
frontier orbitals remains unclear.

Electron-rich units such as triphenylamines [6], carbazole [7],
benzodithiophene [8], dithieno[3,2-b:20,30-d]silole (DTS) [9e11],
and dithieno[3,2-b:20,30-d]pyrrole (DTP) [12e15] and their de-
rivatives have been developed as donor units in D/A polymer ma-
terials. One approach to their synthetic modification is to introduce
fused aromatic units into the conjugated backbone, which results in
materials that exhibit enhanced carrier mobilities, delocalized p-
conjugated organic and polymer semiconductors and reduced
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energy gaps. Among the electron-rich units, carbazole, dithieno
[3,2-b:20,30-d]silole (DTS) and dithieno[3,2-b:20,30-d]pyrrole (DTP)
contain fused planar tricyclic systems and possess low-lying LUMO
energy levels and enhanced carrier mobilities. Further, because of
their good molecular planarity and their capacity to be easily
modified, the introduction of these fused-ring donor motifs into
various p-conjugated polymeric and molecular materials is desir-
able for providing high carrier mobilities, enhanced fluorescence
and reduced band gaps [16e18].

2,20:60,200-Terpyridine and its derivatives are well-studied,
though they remain fascinating because of their outstanding
favorable geometry and because they can be used in metal-
lomacrocycles [19], terpyridine-ruthenium(II) complexes for their
photovoltaic performance [20], and supramolecular materials and
chemistry [21e23]. Interest in supramolecular polymers (SP), in
which the monomeric building blocks are held together via non-
covalent interactions, such as hydrogen bonding, metal coordina-
tion, electrostatic interactions, hydrophobic interactions and pep
interactions, has been stimulated because of the vast of progresses
in modern supramolecular chemistry [24]. The so-called metallo-
supramolecular polymers, which are based on metal-ligand coor-
dination, have recently made rapid progress in supramolecular
systems and materials [25,26]. The introduction of metal ions into
the backbones of the supramolecular polymers results in some very
interesting photophysical and electrochemical properties. At the
same time, pyridine rings, especially terpyridine, can be used as the
electron-withdrawing units, and monomeric building blocks
incorporated with 2,20:60,200-terpyridine can be used to generate
D-A p-conjugated organic/polymers materials [27,28].

Based on the above considerations, we report herein the details
of the synthesis of novel building blocks based on p-conjugated
2,20:60,200-terpyridine. Using Suzuki coupling reactions with Pd-
catalysts, the electron-acceptor p-conjugated 2,20:60,200-terpyr-
idine was coupled with the electron-donor moieties carbazole, DTS
and DTP, which have good molecular planarity because of their
fused-rings, to synthesize the monomeric building blocks CzTPY,
SiTPYandNTPY, respectively (Scheme 1). Directed by the transition
metal ion Zn2þ, three new donoreacceptor metallo-
supramolecular polymers were synthesized via self-assembly
polymerization under moderate conditions (Scheme 2). The ef-
fects of the D-A molecular structures and the transition metal ions
on the photophysical, electrochemical properties and the energy
gaps of the resulting metallo-polymers were fully investigated in
this paper.

2. Experimental section

2.1. Synthesis of the monomeric building blocks and metallo-
supramolecular polymers

2.1.1. 3,30,5,50-tetrabromo-2,20-bithiophene (1)
To a solution of 2,20-bithiophene (2.78 g, 16.7 mmol) in the

mixed solvent of glacial acetic acid (20 mL) and CHCl3 (23 mL) at
0 �C was added dropwise bromine (9.8 g, 61.3 mmol) in 20 mL
CHCl3. The mixture was stirred at room temperature overnight and
then heated under reflux for 24 h. After cooling to room tempera-
ture, 50 mL of 10% KOH aqueous solution was added, followed by
extraction with CHCl3. The organic layer was dried over anhydrous
MgSO4 and the solvent was removed by evaporation. After
recrystallization from ethanol, colorless crystals were obtained
(7.50 g, 93%). 1H NMR (CDCl3), d (ppm): 7.04 (s, 2H).

2.1.2. 3,30-dibromo-2,20-bithiophene (2)
Compound 1 (25.00 g, 51.8 mmol) was added to a refluxing

dispersion of zinc powder (13.00 g, 0.3 mol) in a mixing solution of
150 mL ethanol, 30 mL water, 60 mL glacial acetic acid and 5 mL
3 M HCl. After refluxing for an additional 6 h and then cooling to
room temperature, the mixture was filtered and washed three
times with ethanol. The solvent was then removed by evaporation
and water was added. The mixture was then extracted with diethyl
ether and then dried over anhydrous MgSO4. The solvent was
removed by evaporation, and the crude product was recrystallized
in hexane to afford colorless crystals (14.54 g, 86.3%). 1H NMR
(CDCl3), d (ppm): 7.41 (d, J ¼ 5.5 Hz, 2H), 7.09 (d, J ¼ 5.0 Hz, 2H).

2.1.3. N-dodecyldithieno[3,2-b:20,30-d]pyrrole (3)
A mixture of 2 (7.50 g, 23.3 mmol), NaOtBu (5.38 g, 56.0 mmol)

and BINAP (1.45 g, 2.2 mmol) in 65mL dry toluenewas purged with
N2 for 30 min. A catalytic amount of Pd2dba3 and dodecylamine
(4.54 g, 24.5 mmol) were added to the above mixture and the re-
action mixture was stirred and heated under reflux overnight. After
cooling to room temperature, water was added to the mixture. The
mixture was extracted with diethyl ether and then dried over
anhydrous MgSO4. The solvent was removed by evaporation. The
crude product was purified by silica gel column chromatography
(hexane) to give the product as a light yellow oil (6.69 g, 82.6%). 1H
NMR (CDCl3), d (ppm): 7.13 (d, J ¼ 5.0 Hz, 2H), 7.00 (d, J ¼ 5.5 Hz,
2H), 4.20 (t, J¼ 7.0 Hz, 2H), 1.86 (m, 2H), 1.30e1.24 (m, 18H), 0.88 (t,
J ¼ 6.5 Hz, 3H).

2.1.4. 2,6-Dibromo-N-dodecyldithieno[3,2-b:20,30-d]pyrrole (4)
To a solution of 3 (3.15 g, 9.1 mmol) in 300 mL THF was added

NBS (3.23 g, 18.1 mmol) at 0 �C. Water was added after the solution
was stirred for 2 h. The mixture was extracted with CH2Cl2, dried
over anhydrous MgSO4, and the solvent was removed under
reduced pressure. The crude product was recrystallized from
CH2Cl2/methanol to give light yellow crystals (3.71 g, 81.2%). 1H
NMR (CDCl3), d (ppm): 6.91 (s, 2H), 4.08 (t, J ¼ 7.0 Hz, 2H), 1.80 (m,
2H), 1.28e1.24 (m, 18H), 0.88 (t, J ¼ 7.0 Hz, 3H).

2.1.5. 3,30-dihexylsilylene-2,20-bithiophene (5)
2.2 M n-BuLi in hexane (7.32 mL, 16.2 mmol) was added drop-

wise to a solution of 2 (2.49 g, 7.7 mmol) in anhydrous THF (55 mL)
under vigorous stirring at �78 �C. The mixture was then stirred
at�78 �C for 1 h. Then, a solution of dichlorodihexylsilane (2.50mL,
8.1 mmol) in THF (100 mL) was added dropwise. The reaction
mixture was stirred at �78 �C for an additional 5 h. The mixture
was allowed to warm to room temperature overnight with stirring.
The reaction mixturewas quenched and a saturated aqueous NH4Cl
solution was added. The mixture was extracted with diethyl ether
and then dried over MgSO4. The solvent was removed by evapo-
ration, and the crude product was purified by silica gel column
chromatography (hexane) to yield a light yellow liquid (1.84 g,
66.6%). 1H NMR (CDCl3), d (ppm): 7.19 (d, J ¼ 4.5 Hz, 2H), 7.05 (d,
J ¼ 4.5 Hz, 2H), 1.41e0.85 (m, 26H).

2.1.6. 5,50-dibromo-3,30-dihexylsilylene-2,20-bithiophene (6)
To a solution of 5 (0.26 g, 0.7 mmol) in 10 mL DMF was added

NBS (0.28 g, 1.6 mmol) in one portion. The mixture was stirred at
room temperature for 10 min, and then water was added. The
mixture was extracted with diethyl ether. The combined organic
phase was washed with water and dried over MgSO4. The solvent
was removed, and the product was purified by silica gel column
chromatography (hexane) to afford a green liquid (0.31 g, 89.1%). 1H
NMR (CDCl3), d (ppm): 6.99 (s, 2H), 1.34e0.88 (m, 26H).

2.1.7. 2,7-Dibromo-N-octylcarbazole (7)
To a solution of 2,7-dibromocarbazole (1.63 g, 50.0 mmol) in

10 mL DMSO were added 1-bromooctane (1.45 g, 75.0 mmol) and
5 mL of a 50% NaOH solution. The mixture was stirred at room
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Scheme 1. Synthesis and molecular structures of the terpyridine-based monomeric building blocks CzTPY, SiTPY and NTPY.
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temperature for 4 h. The reaction mixture was extracted with
diethyl ether and then dried over MgSO4. After evaporation of the
solvent, the resulting crude solid was purified by silica gel column
chromatography (hexane) to obtain a white solid (1.77 g, 81.3%). 1H
NMR (CDCl3), d (ppm): 7.83 (s, 2H), 7.46 (d, J ¼ 2.0 Hz, 2H), 7.31 (d,
J ¼ 8.0 Hz, 2H), 4.28 (t, J ¼ 7.0 Hz, 2H), 1.83 (m, 2H), 1.50e1.20 (m,
8H), 0.86 (m, 2H), 0.82 (t, J ¼ 7.0 Hz, 3H).
2.1.8. 2,7-Bis(p-(2,20:60,200-terpyridine-40-yl)phenyl)-N-
octylcarbazole (CzTPY)

The intermediate 40-(4-pinacolatoboronphenyl)-2,20:60,200-ter-
pyridine (8) was synthesized according to published methods [29].
To a mixture of 7 (0.50 g, 1.2 mmol) and 8 (1.03 g, 2.4 mmol) in
50 mL THF was added a solution of sodium carbonate (0.88 g,
8.34 mmol) in 5 mL H2O. The solution was purged with N2 for
30 min and then a catalytic amount of Pd(dppf)Cl2 was added. The
mixture was refluxed for 36 h. After cooling to room temperature,
the mixture was extracted with CH2Cl2 and washed with water,
dried over with MgSO4 and concentrated via rotary evaporation.
The crude product was purified by silica gel column chromatog-
raphy (petroleum ether/acetone, 2:1 v/v) to give the product as a
white solid (0.834 g, 81.2%). 1H NMR (CDCl3), d (ppm): 8.82 (s, 4H),
8.76 (d, J ¼ 5.0 Hz, 4H), 8.69 (d, J ¼ 8.0 Hz, 4H), 8.22 (d, J ¼ 8.0 Hz,
4H), 8.18 (d, J ¼ 8.5 Hz, 4H), 7.93e7.88 (m, 8H), 7.69 (s, 2H), 7.58 (d,
J ¼ 8.5 Hz, 2H), 7.38 (m, 2H), 4.48 (t, J ¼ 7.0 Hz, 2H), 1.99 (m, 2H),
1.50e1.39 (m, 8H), 0.95 (m, 2H), 0.84 (t, J ¼ 7.0 Hz, 3H). 13C NMR
(CDCl3):d 156.29, 155.98, 149.82, 149.15, 142.88, 141.60, 138.37,
136.89, 128.04, 127.74, 123.84, 123.79, 122.18, 121.40, 120.78, 118.68,
118.60, 107.24, 77.26, 77.01, 76.75, 43.14, 31.82, 29.21, 27.37, 22.62.
Anal. Calc. for C62H51N7: C, 83.28; H, 5.75; N, 10.97. Found: C, 83.02;
H, 5.51; N, 10.80.
2.1.9. 5,50-bis(p-(2,20:60,200-terpyridine-40-yl)phenyl)-3,30-
dihexylsilylene-2,20-bithiophene (SiTPY)

Compound SiTPYwas prepared following a similar procedure to
give the product as yellow crystals (72.1%). 1H NMR (CDCl3),
d (ppm): 8.79 (s, 4H), 8.75 (d, J¼ 4.0 Hz, 4H), 8.69 (d, J¼ 8.5 Hz, 4H),
7.95 (t, J¼ 7.5 Hz, 4H), 7.89 (t, J¼ 7.0 Hz, 4H), 7.75 (d, J¼ 4.0 Hz, 4H),
7.46 (s, 2H), 7.38 (d, J ¼ 8.0 Hz, 4H), 1.42e1.11 (m, 20H), 0.89 (t,
J ¼ 7.0 Hz, 6H). 13C NMR (CDCl3), d (ppm): 156.01, 155.86, 149.50,
149.42, 149.17, 136.92, 136.88, 127.85, 126.33, 126.08, 124.02, 123.87,
121.48, 121.42, 118.59, 118.55, 77.29, 77.04, 76.79, 33.08, 23.12, 16.18.
Anal. Calc. for C62H56N6S2Si: C, 76.19; H, 5.78; N, 8.60. Found: C,
76.94; H, 5.47; N, 8.41.
2.1.10. 2,6-Bis(p-(2,20:60,200-terpyridine-40-yl)phenyl)-N-
dodecyldithieno[3,2-b:20,30-d]pyrrole(NTPY)

Compound 10 was prepared following a similar procedure to
give the product as an orange-red solid (75.6%). 1H NMR (CDCl3),
d (ppm): 8.80 (s, 4H), 8.76 (d, J¼ 4.0 Hz, 4H), 8.70 (d, J¼ 8.0 Hz, 4H),
7.97 (d, J¼ 8.5 Hz, 4H), 7.90 (t, J¼ 7.5 Hz, 4H), 7.80 (d, J¼ 8.5 Hz, 4H),
7.38 (d, J ¼ 7.0 Hz, 4H), 7.37 (s, 2H), 4.28 (t, J ¼ 7.0 Hz, 2H), 1.97 (m,



Zn2+

PF6
-, NMP

N

N

N N

N

N

Zn2+

n
2PF6

-

N

N

N

N

N

N

Ar

Ar

=
S S

N

C12H25

N

C8H17

PCzTPY
S S

Si
C6H13 C6H13

Ar

PSiTPY PNTPY

Scheme 2. Synthesis of the donoreacceptor metallo-supramolecular polymers PCzTPY, PSiTPY and PNTPY.

F. Li et al. / Dyes and Pigments 132 (2016) 142e150 145
2H), 1.28e0.92 (m, 18H), 0.85 (t, J ¼ 7.0 Hz, 3H). 13C NMR (CDCl3),
d (ppm): 156.26, 155.94, 149.47, 149.14, 149.08, 136.96, 136.94,
127.77, 125.58, 123.91, 123.88, 121.47, 121.43, 118.45, 118.40, 115.05,
77.32, 77.07, 76.82, 51.04, 47.45, 31.95, 30.50, 29.67, 29.37, 27.11,
22.72, 14.17. Anal. Calc. for C62H55N7S2: C, 77.39; H, 5.76; N, 10.19.
Found: C, 78.21; H, 5.58; N, 10.07.

2.1.11. Synthesis of the metallo-supramolecular polymers PCzTPY,
PSiTPY and PNTPY

The metallo-polymers PCzTPY, PSiTPY and PNTPY were ob-
tained through similar methods. A typical polymerization process is
described for the synthesis of the polymer PCzTPY. To a solution of
the monomer CzTPY (0.0896 g, 0.1 mmol) in NMP (10 mL) was
added Zn(OAc)2$2H2O (0.022 g, 0.1 mmol). The reaction was
allowed to proceed at 105 �C for approximately 20 h. An excess
saturated methanol solution of KPF6 was added and stirred for
30 min at 105 �C. After cooling to room temperature, the reaction
solutionwas poured into methanol (100 mL). The precipitates were
filtered off and washed with methanol, resulting in a solid yellow
polymer (yield 94.0%).

2.2. Characterization

All reagents and chemicals were used as commercially supplied
unless otherwise noted. 1H and 13C NMR spectra were measured
using a Bruker AV500 spectrometer. Chemical shifts are quoted in
parts per million (ppm) with tetramethylsilane (TMS) as the in-
ternal standard. Inherent viscosities were measured in NMP at
30 �C using an Ubbelohde viscometer. UVevis spectra were recor-
ded on a HITACHI U-4100 UVevis spectrophotometer, and PL
spectra were recorded on a HITACHI F-4600 fluorescence spectro-
photometer. The electrochemical cyclic voltammetry (CV) was
performed on an Autolab PGSTAT 204 (Metrohm, Switzerland) with
a standard three-electrode cell at a scan rate of 100 mV s�1. The
system consists of a platinum disk as the working electrode, plat-
inum wire as the auxiliary electrode, an Ag/AgCl electrode (satu-
rated KCl) as the reference electrode and tetrabutylammonium
hexafluorophosphate (0.1 M) in acetonitrile solution as the sup-
porting electrolyte. The solutions were deoxygenated by sparging
with argon for 10 min prior to each measurement.
3. Results and discussion

3.1. Synthesis and characterization of monomers and
supramolecular polymers

A selective debromination reduction of 3,30,5,50-tetrabromo-
2,20-bithiophene (1) with zinc powder as the catalyst was per-
formed to give compound 2. The resulting compound was treated
with dodecylamine with Pd2dba3 as the catalyst under basic con-
ditions to obtain compound 3. After brominationwith NBS in a THF
solution, the brominated compound 2,6-dibromo-N-dodecyldi-
thieno[3,2-b:20,30-d]pyrrole (4) was obtained. In another experi-
ment, the intermediate compound 2 was treated with 2.0
equivalents of n-BuLi in THF at �78 �C and cyclized with dichlor-
odihexylsilane to produce compound 5. This compound was then
brominated with NBS to give 5,50-dibromo-3,30-dihexylsilylene-
2,20-bithiophene (6). 2,7-Dibromo-N-octylcarbazole (7) was easily
obtained from 2,7-dibromocarbazole in good yield. The monomeric
building blocks CzTPY, SiTPYandNTPYwere synthesized by Suzuki
coupling [30,31] between 40-(4-pinacolatoboronphenyl)-2,20:60,200-
terpyridine (8) and the corresponding dibrominated compounds
2,7-dibromo-N-octylcarbazole (7), 5,50-dibromo-3,30-dihex-
ylsilylene-2,20-bithiophene (6) and 2,6-dibromo-N-dodecyldi-
thieno[3,2-b:20,30-d]pyrrole (4), respectively, in refluxing
anhydrous THF after stirring for 36 h. All of these building blocks



Table 1
The physical properties of the metallo-supramolecular polymers.

Polymer hinh
a (dL/g) Yield (%) Tg (

�
C) Td (

�
C)

PCzTPY 1.29 94 169.7 408
PSiTPY 0.92 88 167.4 414
PNTPY 0.87 83 170.3 432

a Inherent viscosity measured in NMP at 30 �C using an Ubbelohde viscometer.

F. Li et al. / Dyes and Pigments 132 (2016) 142e150146
are soluble in a wide range of common organic solvents such as
dichloromethane, chloroform and tetrahydrofuran. Under moder-
ate conditions and directed by the transition metal ion Zn2þ, the
monomeric building blocks CzTPY, SiTPY and NTPY polymerized to
form the metallo-supramolecular polymers PCzTPY, PSiTPY and
PNTPY, respectively (Scheme 2). The resulting polymers can be
simply purified through washing in methanol. The polymerization
of the monomeric building blocks can be confirmed through the
distinct 1H NMR spectra of the monomers and polymers. As seen in
Fig. 1, after polymerization, the characteristic peaks of the terpyr-
idine moiety shift downfield and the peaks broaden [32,33].
Further, their inherent viscosities were characterized using an
Ubbelohde viscometer in an NMP solution to estimate the degree of
polymerization of the resulting metallo-supramolecular polymers.
The polymers exhibit inherent viscosities that range from 0.87 to
1.29 dL/g at 30 �C (Table 1). The thermal stability of the resulting
polymers was investigated with thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The TGA analysis re-
veals that the onset temperatures Td of PCzTPY, PSiTPY and PNTPY
are 408, 414 and 432 �C, respectively, and the Tg of the resulting
polymers are at about 170 �C (Table 1), which indicate that the
metallo-polymers are stable enough for applications in optoelec-
tronic devices.
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Fig. 1. 1H NMR spectra of the monomeric building blocks CzTPY, SiTPY and NTPY in
chloroform-d and the supramolecular polymers PCzTPY, PSiTPY and PNTPY in DMSO-
d6 at 298 K.
3.2. Optical properties

Fig. 2 shows the absorption spectra of CzTPY, SiTPY and NTPY in
a dilute dichloromethane solution and the solid PL spectra. The
corresponding data are summarized in Table 2. In solution, all three
building blocks display pep* transitions within a similar short
wavelength range with maxima centered at 284, 280 and 278 nm
for CzTPY, SiTPY and NTPY, respectively. Additionally, all of the
building blocks exhibit broad absorption bands at long wave-
lengths, which appears to originate from strong intramolecular
charge transfer (ICT) transitions from the electron-acceptor to
electron-donor moieties [34,35]. In contrast to the absorption at
short wavelengths, the absorption at long wavelengths of the
building blocks exhibit strong differences, and the maxima are
centered at 351, 368 and 430 nm for CzTPY, SiTPY and NTPY,
respectively. Compared to CzTPY, the large red shifts of the ab-
sorption maxima of NTPY (~79 nm) and SiTPY (~17 nm) arise from
the stronger electron-donating ability of the DTP and DTS units in
NTPY and SiTPY than the electron-donating ability of the carbazole
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Fig. 2. UVevis absorption spectra of CzTPY, SiTPY and NTPY in a dilute dichloro-
methane (10�5 mol L�1) solution (a) and solid-state photoluminescence spectra and
photographic images of the fluorescence (b).



Table 2
Photophysical and electrochemical properties for the monomeric building blocks CzTPY, SiTPY and NTPY.

labs,max
a [nm] lem,max

b [nm] Øc lem,max
d [nm] HOMO [eV] LUMO [eV] Egelece [eV]

CzTPY 284, 351 415 0.32 427 �5.55 �2.76 2.79
SiTPY 280, 368 478 0.25 481 �5.47 �2.76 2.71
NTPY 278, 430 497 0.13 506 �5.06 �2.74 2.32

a,b In a dilute dichloromethane (10�5 mol L�1) solution.
b The excitation wavelength is 330 nm.
c Determined against quinine sulfate in 0.05 M aqueous H2SO4 (F ¼ 0.546) as a standard.
d In the solid-state, and the excitation wavelength is 330 nm.
e Eg

elec ¼ electrochemical band gap (LUMO�HOMO).

F. Li et al. / Dyes and Pigments 132 (2016) 142e150 147
unit in CzTPY. As shown in Fig. 2 (b), the building blocks CzTPY,
SiTPY and NTPY exhibit blue, yellow green and orange photo-
luminescence, respectively. The PL maxima of CzTPY, SiTPY and
NTPY in solid state are 427, 481 and 506 nm, respectively, exhib-
iting slight red-shift compared with that in chloroform solution,
which are 415, 478, and 497 nm for CzTPY, SiTPY and NTPY,
respectively (Table 2). With the increase of electron-donating
ability, the obvious red shift of PL is consistent with the results
from UVevis spectroscopy. In addition, broad emission peaks and
long tails extending to ~700 nm were observed, suggesting that
there is a high probability that these building blocks will aggregate
in the solid state.

The absorption spectra and PL spectra of the target metallo-
supramolecular polymers in thin films are shown in Fig. 3, and
their corresponding data are summarized in Table 3. All three
metallo-polymers exhibit similar absorption bands related to pep*
transitions of the conjugated backbones at short wavelengths, and
the absorptionmaxima in film are 340, 336 and 338 nm for PCzTPY,
PSiTPY and PNTPY, respectively. Distinct intramolecular charge
transfer (ICT) transition absorptions at long wavelengths are
observed. In contrast to the pep* transitions, the absorption bands
resulting from ICT transitions depend heavily on the electron-
donating ability of the donor and electron-withdrawing ability of
the acceptor moiety in the main chain of the resulting metallo-
polymers. The electron-donating properties of the donors have a
strong effect on the absorption bands of the target metallo-
supramolecular polymers. The introduction of a strong electron-
donor unit into the polymer backbone containing Zn-terpyridine
moieties causes a red-shifted absorption band. As shown in Fig. 3,
PCzTPY, PSiTPY and PNTPY possess ICT transition absorption
maxima at 394, 431 and 509 nm, respectively, which demonstrates
an increasing red shift as the electron-donating ability of the
electron-donor units increases in the order carbazole, DTS and DTP,
respectively. In moving from the monomeric building blocks to the
corresponding zinc ion-directed supramolecular polymers, the
absorption maxima from the ICT transition red shift 43, 63 and
79 nm for PCzTPY, PSiTPY and PNTPY, respectively. The sharp red
shifts arise from the incorporation of the transition metal ions into
the backbones of the resulting metallo-polymers, which enhances
the electron-deficiency ability of the terpyridine moieties
compared to the free terpyridine moieties in the monomeric mol-
ecules CzTPY, SiTPY and NTPY. Consequently, in sharp contrast to
the monomeric building blocks, the colors of the resulting metallo-
polymers PCzTPY, PSiTPYand PNTPYare yellow, orange and purple
black, respectively (Fig. 3(c)). Moreover, the corresponding photo-
luminescence colors of PCzTPY, PSiTPY and PNTPY are yellow,
orange-yellow and wine, respectively, and the PL maxima in film
are 443, 553, and 586 nm. Clearly, designing the D-A structures via
the introduction of electron-donating units and the interaction of
the transition metal ions with the terpyridine moieties enables
greater control of their photophysical properties. Further, the
photoluminescence quantum efficiencies of the polymers PCzTPY,
PSiTPY were 0.36 and 0.17, respectively, whereas the photo-
luminescence intensity of the polymer PNTPY was very weak
(0.06).
3.3. Electrochemical properties

Cyclic voltammetry (CV) was employed to examine the elec-
trochemical properties of the monomeric building blocks and their
corresponding zinc ion-directed metallo-supramolecular polymers
and to determine their highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energies (Fig. 4).
All of the polymers exhibit both oxidation and reduction waves,
which reflects the presence of both electron-donating and
electron-accepting units in the conjugated backbone of the poly-
mers. All of the building blocks and the three polymers displayed
reversible reduction processes under scanning at negative poten-
tial, whereas the oxidation processes for CzTPY and SiTPY were
irreversible/quasi-reversible. However, the oxidation processes of
NTPY and PNTPY exhibit good reversibility at positive scanning.
The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels of the building
blocks and polymers are estimated from the onset of the oxidation
and reduction curves, respectively [36], and the data are listed in
Tables 2 and 3. The LUMO energy levels of the building blocks
CzTPY, SiTPY and NTPY are determined to be �2.76, �2.76
and �2.74 eV, respectively. Clearly, the identical terpyridine
electron-withdrawing units within the building blocks cause the
similar LUMO energy levels. The LUMO energy levels of the corre-
sponding metallo-polymers are �3.43, �3.47 and �3.51 eV for
PCzTPY, PSiTPY and PNTPY, respectively, and it is clear that there
are no obvious differences among them. The LUMO energy levels of
the polymers are lower than that of the corresponding building
blocks because of the introduction of electron-withdrawing metal
ions into the main chains of the polymers. Therefore, the ICT is
favorable and becomes enhanced, which is consistent with the
results from UVevis spectroscopy. Additionally, the HOMO energy
levels of the monomeric building blocks and the corresponding
polymers are similar because the monomeric molecules and the
backbones of the polymers contain identical electron-donating
moieties. As seen in Tables 2 and 3, the HOMO energy levels of
the building blocks are �5.55,�5.47 and�5.06 eV for CzTPY, SiTPY
and NTPY, respectively, and the HOMO energy levels of the poly-
mers are �5.55, �5.44 and �5.07 eV for PCzTPY, PSiTPY and
PNTPY, respectively, which are consistent with the order of the
electron-donating abilities of the donor moieties in the monomeric
building blocks and the metallo-polymers: carbazole < DTS < DTP.
It should be noted that, compared with the energy gaps of the
monomeric molecules, the reduced energy gaps of the polymers
(i.e., 2.07, 1.97 and 1.56 eV for PCzTPY, PSiTPY and PNTPY,
respectively) result from reducing the energy of the corresponding
LUMOs (Tables 2 and 3 and Fig. 5). Furthermore, the polymer
PNTPY exhibits the lowest energy gap (1.56 eV), which arises from
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Fig. 3. UVevis absorption spectra (a) and photoluminescence spectra(b) of the polymers PCzTPY, PSiTPY and PNTPY in film, and the appearances and photographic images of the
fluorescence of the polymers (c).

Table 3
Optical and electrochemical properties of the metallo-supramolecular polymers PCzTPY, PSiTPY and PNTPY.

Polymer In CHCl3 Film HOMO [eV] LUMO [eV] Egelec e [eV]

labs,max [nm] lem,max
a [nm] Øb lmax [nm] lem,max

c [nm] Egopt d [eV]

PCzTPY 348 478 0.36 340, 394 443 2.38 �5.50 �3.43 2.07
PSiTPY 296, 406 517 0.17 336, 431 553 2.21 �5.44 �3.47 1.97
PNTPY 284, 461 567 0.06 338, 509 583 1.90 �5.07 �3.51 1.56

a,cThe excitation wavelength is 330 nm.
bDetermined against quinine sulfate in 0.05 M aqueous H2SO4 (F ¼ 0.546) as a standard.
dOptical bandgap Eg

opt was determined from the onset of the absorption spectra of the thin films.
eEg

elec ¼ electrochemical band gap (LUMO�HOMO).

F. Li et al. / Dyes and Pigments 132 (2016) 142e150148
two sources: one is the introduction of a strong electron-donating
fused planar DTP donor unit, which is capable of increasing the
HOMO energy level of the resulting polymer, and the second is the
introduction of the transition metal zinc ion into the backbone of
the resulting polymer, which lowers its LUMO energy level.
4. Conclusions

In conclusion, three new donoreacceptor monomeric building
blocks based on the fused electron-donating units carbazole, DTS
and DTP, namely CzTPY, SiTPY and NTPY, respectively, were syn-
thesized by the Pd-catalyzed Suzuki coupling reaction and well
characterized using a variety of techniques. Under moderate con-
ditions, the donoreacceptor metallo-supramolecular polymers
PCzTPY, PSiTPY and PNTPY were obtained via a zinc ion-directed
self-assembly polymerization. With the increase of the electron-
donating abilities of the donors incorporated into the backbones
of the target metallo-polymers, the absorption maxima arising
from ICT transitions clearly red shift to 394, 431 and 509 nm for
PCzTPY, PSiTPY and PNTPY, respectively. Further, the reduced
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energy gaps of the metallo-supramolecular polymers are 2.07, 1.97
and 1.56 eV, respectively. These results demonstrate that the dual
combination of introducing a strong electron-donating fused moi-
ety to the polymers plus the coordination of the 2,20:60,200-terpyr-
idine electron-withdrawing unit with a transition metal ion is an
effective approach to tune the photophysical properties of metallo-
supramolecular polymers, including absorption properties, lumi-
nescence color, energy gap, LUMO and HOMO. Moreover, the
resulting polymers possess highly pure and narrow energy gaps
and are thus promising materials for use as high carrier mobility
materials and novel polymer solar cells. Further modifications to
the building blocks of the metallo-supramolecular polymers and an
investigation of their performance are currently underway.
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