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A Novel Poly(aryleneethynylene) with
Tetrathiafulvalene (TTF) Side Chains:
Synthesis, Self-Assembly, and
Electroactive Propertya
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A novel poly(aryleneethynylene), in which the main chain and the tetrathiafulvalene (TTF)
side chains are coplanar, has been prepared and characterized. The polymer can self-assemble
in tetrahydrofuran (THF) and the p-extended coplanar backbones adopt good face-to-face
stacking, which is confirmed by X-ray diffraction
(XRD) analysis. Cyclic voltammetry has revealed
that the polymer has reversible electroactive
properties. The optical bandgap deduced by
UV-vis absorption spectroscopy and the electro-
chemical bandgap are 2.03 and 2.14 eV. The
conductivities of the powder and the realigning
solid of the polymer are 6� 10�8 and 4�
10�6 S cm�1.
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Introduction

Tetrathiafulvalene (TTF) and its derivatives have attracted

intensive research interest since the discovery of the

first metallic charge-transfer (CT) complex, TTF-TCNQ

(tetrathiafulvalene-tetracyanoquinodimethane).[1] The pro-

gress in the synthesis of TTF derivatives[2] has been closely

related to the discovery of new conducting or super-

conducting materials.[3] Despite many inherent electronic

advantages of TTF derivatives, their CT complexes have

two serious problems.[4] The first is that the CT complexes

are unprocessable because of their brittleness. The second
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is that the CT complexes only behave as quasi one-

dimensional metals and conduct along their highly

ordered stacks. Combining TTF-based molecules with

linear p-conjugated polymers might be an exciting idea

to develop organic conducting materials. From the view-

point of polymer physical properties, polymers are well

known for their good film-forming property. The incor-

poration of TTF units into a polymer would improve the

processablity of the conductingmaterial. Moreover, for the

conjugated polymerwith TTF units, charge conductionwill

not only be along the stacking direction through p-orbital

overlap, the polymer backbone will also provide a con-

ducting pathway though p-conjugation.[4,5] As such, the

incorporation of donor TTF units into a conjugated

polymer could increase the dimensionality of the conduc-

tion process.

There have been some attempts to prepare conjugated

polymers with TTF units either in the main chain or in

side chains.[4,6] For the conjugated polymers with TTF in the

main chain, the strong propensity of TTFs to self-assemble

into regular p-stacking is an interesting approach to

indirectly control the long-range order of the conjugated

chains. However, for most of the reported polymers with

TTF side chains, the TTF units and the polymer skeletons

might give rise to many possible conformations. They

could only undergo partial stacking of the TTF moieties,[4a]

rather than continuous stacking of the whole molecules.[6a]

The main reason for this is that it is difficult to achieve

coplanarity between themain chain and the TTF side chains.

Herein, we report a novel poly(p-aryleneethynylene) with

TTF side chains. The p-conjugated TTF units attach to the

planar main chain by phenazine rings. So the main chain

and the TTF side chains are coplanar. In order to increase

the solubility of the polymer, flexible alkyl chains are

grafted onto the TTF units and themain chain. As expected,

the polymer could adopt good continuous stacking that

consisted of both the p-extended coplanar backbones and

the crystallinity of the long alkyl chains by realignment in

tetrahydrofuran (THF).
Experimental Part

Measurements and procedures for the synthesis and character-

ization of monomers are provided in the Supporting Information.
Synthesis of Polymer P-TTF

Diisopropylamine (2 mL) was added to a mixture of monomers 6

(0.177 g, 0.2 mmol), 7 (0.099 g, 0.2 mmol), Pd(PPh3)4 (0.012 g,

0.01 mmol), and CuI (0.002 g, 0.01 mmol) in 30 mL of THF

under an argon atmosphere. The mixture was refluxed for 48 h.

After the reaction, the resulting solution was poured into

N,N-dimethylformamide (DMF). The precipitated solid was twice
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re-dissolved in THF and re-precipitated into DMF. The product

P-TTF was separated by filtration, washed with excess methanol,

and dried under vacuum (0.082 g, 71%).

FT-IR (KBr): 2 918, 2 850, 2 206, 1 595, 1 460, 1 430, 1 203, 1 090,

775 cm�1.
1HNMR (300MHz, CDCl3): d¼9.32 (s, 2H), 9.06 (d, J¼8.2 Hz, 2H),

8.33 (d, J¼8.2 Hz, 2H), 8.04 (s, 2H), 6.98 (s, 2H), 2.81 (m, 8H), 1.66 (br,

8H), 1.26 (br, 40H), 0.88 (m, 12H).

GPC (THF): Mn ¼13000, DP¼ 12, PDI¼1.6.

(C66H78N2O2S6)n (1122.5)n: Calcd. C 70.54, H 7.00, N 2.49, S 17.12;

Found C 69.93, H 6.89, N 2.96, S 17.75.
Results and Discussion

The synthetic route for monomer 6 is shown in Scheme 1.

The starting materials, 1, 3, 5, and another monomer 7

were synthesized according to the literature.[7–10] Com-

pound 2 was obtained by modifying the reported

procedure (yield 48%).[8] By a phosphite-mediated cross-

coupling reaction of 2 with 3, the diamine TTF 4 could be

obtained (yield 35%).[11] Monomer 6 was easily obtained

by direct condensation of 4 with 5 (yield 70%). All

compounds were purified and fully characterized.

The polymer, P-TTF, was synthesized by a Pd–Cu-

catalyzed Sonogashira–Hagihara coupling reaction between

the monomers 6 and 7 as described in Scheme 1. Because of

the long flexible alkyl chains, the obtained brown-colored

P-TTF dissolved well in common solvents (THF, CHCl3,

o-dichlorobenzene, 1,2,4-trichlorobenzene, etc.). However,

when the THF solutionwas left standing for five days, solid

appeared in the solution. 1H NMR spectroscopy confirmed

that the precipitated solid was still P-TTF, and it could be

re-dissolved in THF by ultrasonification. Since the main

chain and TTF side chains are coplanar, it is assumed that

the molecules of P-TTF realign in the solution and the

p-extended coplanar backbones form continuous stacking,

which results in the precipitation of P-TTF (this was

confirmed by XRD patterns of P-TTF shown below). The

number-average molecular weight, polydispersity index,

and the degree of polymerization of the polymer powder

are Mn ¼ 13 000, PDI¼ 1.6, and DP¼ 12, respectively, as

determined by gel permeation chromatography (GPC)

calibrated relative to polystyrene standards. By realigning

in THF solution, the polydispersity of P-TTF becomes

narrow (PDI¼ 1.4), and the average molecular weight

becomes higher (Mn ¼ 16 000 and DP¼ 15). This indicates

that the polymer with a relatively small molecular weight

did not precipitate in THF solution. As such, the realigning

not only purifies the polymer, but also makes the polymer

form a structure with better continuous p-staking.

The thermogravimetric analysis (TGA) in an inert

nitrogen atmosphere revealed that the onset temperature

of weight loss of P-TTF was about 230 8C (see Supporting

Information). Differential scanning calorimetry (DSC)
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Scheme 1. Synthetic route for P-TTF. (i) NaS2, H2O, 70 8C, 1 h; CS2, 45 8C, 2 h; (ii) P(OEt)3, toluene, 120 8C, 3 h; (iii) ethanol, reflux, 3 h;
(iv) Pd(PPh3)4, CuI, i-Pr2NH, THF, reflux, 48 h.

Figure 1. UV-vis absorption spectra of P-TTF in CH2Cl2 solution and
a P-TTF film on quartz plates.
measurement of the polymer was also conducted in an

inert nitrogen atmosphere. There was no thermal transi-

tion observed below 230 8C, which indicates that the

polymer chain is so rigid that the Tg may be higher than

the decomposition temperature.

The UV-vis absorption spectra of P-TTF in CH2Cl2
solution and as a film on a quartz plate are shown in

Figure 1. There are three absorption peaks at around 300,

400, and 520 nm. In comparison with the absorption

spectrum of the polymer solution, that of the film in the

visible region becomes bathochromically shifted by about

20 nm, which indicates that in the solid film the interchain

interactions make the main chains undergo p-stacking

(also see the XRD below). This phenomenon has been

observed in other similar conjugated polymers.[12] The

optical bandgap (E
opt
g ) of P-TTF was estimated to be 2.03 eV

from its absorption edge.

The electroactive property of the polymer was investi-

gated by cyclic voltammetry (CV). Figure 2 shows the cyclic

voltammogram of its thin-film on a Pt electrode in a

0.1 M Bu4NPF6 acetonitrile solution. The polymer shows

two reversible single electron oxidation waves at about
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typical redox peaks of the TTF units.[11,13] The first

oxidation should be attributed to the bis(thioether)-

substituted half-unit, whilst the second should arise from
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Figure 2. Cyclic voltammograms of a P-TTF film on platinum
plates in an acetonitrile solution of 0.1 M Bu4NPF6 with a potential
scanning rate of 0.1 V � s�1 at room temperature and potential vs
Fc/Fcþ.

Figure 3. X-ray diffraction patterns of a powder sample of P-TTF
and the realigned solid of P-TTF which slowly precipitated from
the THF solution. Peaks are labeled with d-spacings in angstroms.

4

REa
the phenazinedithiol moieties. This assignment is justified

by the strong electronwithdrawing effect of the phenazine

moieties.[14] Moreover, the polymer has a quasi-reversible

reduction process at about �1.76 V, which could be assig-

ned to the reduction of the acceptor phenazine moieties.

The redox property of P-TTF is similar to that of other

similar TTF-fused donor–acceptor (D-A) ensembles.[11,13]

For simple conjugated polymers, the difference between

the onset of the first oxidation peak and the reduction peak

corresponds to be the electrochemical bandgap. Using the

first oxidation process for P-TTF, this bandgap value might

be approximately 1.66 eV, which is less than that

determined by UV-vis absorption spectroscopy. Skabara

et al. thought that this redox event, which evolved from

the first oxidation (attributed to the bis(thioether)-

substituted dithiol unit), was independent of the con-

jugated main chain,[14] and they suggested that the onset

of the second oxidation peak should be used in the deter-

mination of the bandgap value.[14] As such, using the onset

of the second oxidation peak to obtain the bandgap value

of P-TTF gives 2.14 eV, which is close to that determined by

the UV-vis absorption spectroscopy results above.

To investigate the crystallinity of the polymer in the

solid state, X-ray diffraction (XRD) patterns were collected

on a powder sample of P-TTF and the realigned solid of

P-TTF that had slowly precipitated from the THF solution

(Figure 3). Upon realignment in THF solution, the diffrac-

tion peaks become sharper, and the amorphous phase of

P-TTF obviously diminishes. The diffraction peak at 2u¼
2.38, which corresponds to the spacing d1¼ 38.38 Å, is

assigned to the distance between the conjugated main

chains separated by the long side chains, as reported for

other similar p-conjugated polymers with long side

chains.[15] The d2 peak is assigned to the second-order
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peak of d1 (d2¼d1/2). The effective cross section of the

alkyl chains is about S¼ 20 Å and their hexagonal-like

aggregation gives about d¼ 4.2 Å.[15] This value is in

agreement with what we observed for the peak at d3
(4.15 Å) from the polymer. The value of d4 is close to the

p-stacking distances reported for TTF-fused D-A organic

compounds, which were observed from their single crystal

structures.[11,16] Therefore, d4 is considered to be the layer-

to-layer p-stacking distance between the coplanar back-

bones. Based on these results, it is believed that by

realigning in the THF solution, P-TTF adopts good continu-

ous stacking that consists of the p-extended coplanar

backbones. Thep-stacking of the coplanar backbones could

also influence the long alkyl chains to array in order.

Because of the good continuous stacking of P-TTF,

conductivity measurements by four-probe methods were

performed on compressed pellets of the powder and the

realigned solid of P-TTF at room temperature. The con-

ductivities of the powder and the realigned solid of the

polymer are 6� 10�8 and 4� 10�6 S � cm�1. From a crystal

engineering point of view, the re-precipitated sample

should have a more ordered structure, as such it is

expected that it shows better conductivity.
Conclusion

In summary, we have prepared a novel tetrathiafulvalene

(TTF)-fused poly(aryleneethynylene) with coplanarity of

the main chain and the TTF side chains. The polymer

reveals good reversible electroactivity. The coplanarity of

the main chain and the donor TTF side chains ensures that

the polymer can adopt good p-staking in the solid state.

The self-assembly and reversible electroactive properties
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indicate that this kind of TTF-fused polymermay become a

promising active material for organic electronic applica-

tions. Further studies are in progress to optimize the

polymer with the coplanarity of the main chain and the

TTF side chains for better electronic properties.
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