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Abstract

Herein, we report the synthesis of three novel thiophene monomers connected to pyrene moieties via a flexible oligo(ethylene glycol) (OEG) spacer with an oxygen -to-pyrene (T1), a flexible OEG spacer with an oxygen -to-pyrene (T2), and a rigid acetylene spacer (T3). These monomers were prepared in an easy manner from commercially available 3-bromo-4-methylthiophene and further characterized by NMR spectroscopy and mass spectrometry. Monomer T2 exhibited the absorption band at 344 nm and a strong “monomer” emission band at 375 nm typical of a 1-pyrenemethyl derivative. Moreover, T1 and T3 showed red shifted absorption bands at 352 and 384 nm arising from the pyrene substituents, namely the electron-donating oxygen to-pyrene and the extended conjugation length, respectively. These compounds exhibited a broad “monomer” emission band between 360~480 nm without excimers. Homopolymers (OHP1, OHP2, and OHP3) obtained from these monomers were partially soluble and their photophysical properties such as quantum yield and lifetime were characterized. Emission spectra of the oligomers OHP1 and OHP3 exhibited an emission band at ~500 nm, which is due to the conjugated polythiophene backbone and does not arise from intramolecular pyrene-pyrene interactions. 
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1. Introduction

In the last years, the design and preparation of novel conjugated polymers have attracted the interest of many research groups, mainly due to their unique and tunable optical and electronic properties [1,2]. Polythiophenes are one of the most studied classes of conjugated polymers [3-5] due to their outstanding opto-electronic properties and excellent environmental and thermal stability [6-8]. Their structure can be easily modified in order to improve their solubility, optical response and electrochemical behavior [9-11] by using the appropriate synthetic approaches. On the other side, pyrene is a highly emissive compound which is often employed as fluorescent label, due to its long singlet lifetime and its ability to form excimers. The most important photophysical aspects of pyrene labeled polymers and other pyrene derivatives, such as their a tendency to form excimers, have been reviewed by F. M. Winnik and others [12,13]. These features have been taken into account for the design of supramolecular systems and to investigate the structural properties of many macromolecules. The photophysical behavior usually provides essential information about the conjugation length, stacking, and the distance over which pyrene-pyrene intramolecular interactions take place [14-18]. Our research group has reported different series of conjugated polymers and well defined oligomers containing pyrene moieties [19-22]. We have investigated the influence of different parameters on the optical and photophysical properties such as the effect of intramolecular stacking [23-31]. Previously, we carried out the preparation of a series of polythiophenes bearing pyrene moieties and flexible side chains [32]. Since the obtained homopolymers showed poor solubility, the pyrene labeled thiophene monomer needed to be copolymerized with 3-alkylthiophenes to overcome this solubility issue.  

In keeping with our ongoing interest in the development of new functional materials, we aimed to design a facile synthesis of pyrene labeled monomers that could be utilized as building blocks, which make them potential materials for their application in electronic devices such as organic light-emitting diodes (OLEDs) [33], organic photovoltaics (OPV) [34], organic solar cells [35], etc. To this end, the present study investigates in detail the optical and photophyiscal properties of a new series of pyrene labeled monomers prior to their incorporation into a copolymer. These monomers were characterized by 1H and 13C NMR, and their optical properties were studied by absorption, steady-state and time-resolved fluorescence spectroscopy.  The structure of the pyrene-labeled monomers and polymers is illustrated in Figure 1.
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Figure 1. A) Monomers containing pyrene groups, B) Model compounds with pyrene moieties, C) Structures of the synthesized polymers.

2. Experimental section
2.1 Measurements

1H and 13C NMR spectra of monomers were acquired in CDCl3 solution at room temperature on a Varian Unity 300 MHz spectrometer, operating at 300 and 75 MHz for 1H and 13C, respectively. A Varian Cary Bio UV/vis spectrophotometer was used to acquire the absorption spectra of the different compounds. Solutions of the monomers and model compounds were prepared with a concentration of 1.1 to 3.2 x 10-5 M, and their absorption spectra were recorded in a 1 cm path length quartz cell in order to determine their molar extinction coefficient. A Photon Technology International LS-100 steady-state fluorometer equipped with a continuous Ushio UXL-75Xe Xenon arc lamp and a PTI 814 photomultiplier detection system was employed to record the steady-state fluorescence spectra of the molecules. The excitation wavelength to acquire the fluorescence spectra was set at abs (Table 1) for each compound. For fluorescence measurements, the solutions were diluted until the absorbance at the excitation wavelength was equal to 0.05 to prevent the inner filter effect. This corresponded to molar concentrations in pyrene derivative of less than 2.1×106 M which were dilute enough to prevent intermolecular pyrene-pyrene interactions. Fluorescence spectra were recorded with an excitation slit band width of 2 nm and an emission slit band width of 1.5 nm.  Mass spectra (DART-TOF) were acquired by using a Jeol The AccuTOF JMS T100LC mass spectrometer. Molecular weights of the oligothiophenes, were determined by gel permeation chromatography (GPC), using a Waters 2695 Instrument connected to a differential refractive index detector model Waters 2414. Measurements were performed using tetrahydrofurane (THF) as solvent against a polystyrene standard.

2.2 Chemicals
All the reagents employed in the synthesis: 3-bromo-4-methylthiophene, 1-pyrenemethanol, 1-hydroxypyrene, 1-bromopyrene, 1-trimethylsilylacetylene (TMSA), copper iodide (CuI), sodium, potassium hydroxide, imidazole, triphenylphosphine (PPh3), Pd(PPh3)2Cl2, FeCl3, N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO), acetone, methanol, triethylamine (Et3N),  and K2CO3 were purchased from Aldrich and used as received. Tetra (ethylene glycol) was dried under vacuum prior use. Chloroform, the solvent employed for the polymerizations, was distilled over calcium hydride (CaH2) to eliminate traces of water. Solvents involved in the reactions were purified by normal distillation. Distilled in glass tetrahydrofuran (THF, Caledon) was used in all absorption and fluorescence experiments.
2.3 Synthesis of the thienyl derivatives 
2.3.1 Synthesis of T1
A mixture of 3-(((2-iodoethyl)triethoxy)oxy)-4-methylthiophene [22, 32, 36] (0.25 g, 0.62 mmol), 1-hydroxypyrene (0.15 g, 0.68 mmol) and K2CO3 (0.164 g, 1.19 mmol) dissolved in anhydrous acetone (6 mL) was heated to reflux for 48 h. Then, the solution was cooled to room temperature; the formed solid was separated by filtration, dissolved in CH2Cl2 and washed with water to remove the remaining salts. The crude product was purified by column chromatography with silica gel, using a 30:70 ethyl acetate:hexane mixture as eluent. The pure product was obtained as light yellow oil (0.22 g, 0.45 mmol). Yield: 72%. 
1H NMR (CDCl3, 300 MHz, ppm) (Fig. S1): (= 8.47 (d, J= 9 Hz, 1H, Py), 7.87-8.11 (m, 7H, Py), 7.53 (d, J= 9 Hz, 1H, Py), 6.78-6.79 (m, 1H, H5), 6.08 (d, J= 3 Hz, 1H, H2), 4.45-4.49 (m, 2H,  Thioph–O–CH2), 4.02-4.07 (m, 4H, CH2–O), 3.78-3.85 (m, 4H, CH2-O), 3.70-3.75 (m, 6H, CH2-O), 2.08 (s, 3H, Thioph–CH3). 13C NMR (CDCl3, 75 MHz, ppm): (= 156.00 (Cb); 129.27 (Cc); 120.05 (Cd); 96.67 (Ca); 152.99, 131.84, 131.79, 127.37, 126.53, 126.50, 126.25, 125.94, 125.60, 125.23, 125.05, 124.44, 124.33, 121.50, 120.71, 109.65 (Py); 71.17, 70.99, 70.89, 70.86, 70.08, 69.78, 69.69, 68.83 (all OCH2); 12.88 (CH3). DART-MS [+]: (m/z 491 [(100%) M+H]+.

2.3.2 Synthesis of T2
1-Pyrenemethanol (0.16 g, 0.69 mmol) was added to a DMSO solution (7 mL) of KOH (0.05 g, 0.89 mmol); the mixture was reacted for 1 hour at room temperature to give the corresponding alkoxide. Then, 3-(((2-iodoethyl)triethoxy)oxy)-4-methylthiophene (0.28 g, 0.69 mmol) was added and the reaction mixture was stirred for 48 h. The mixture was filtered and poured into water to eliminate the DMSO, and the crude product was extracted with dichloromethane. The organic phase was dried with MgSO4, and concentrated under vacuum and the isolated product was purified by flash column chromatography in silica gel, using a 20:80 ethyl acetate:hexane mixture as eluent. The pure product was obtained as yellow oil (0.26 g, 0.52 mmol). Yield: 75%. 
1H NMR (CDCl3, 300 MHz, ppm) (Fig. S2): (= 8.41 (d, J= 9 Hz, 1H, Py), 7.98-8.21 (m, 8H, Py), 6.79-6.80 (m, 1H, H5), 6.11 (d, J= 3 Hz, 1H, H2), 5.28 (s, 2H, CH2-Py), 4.02-4.06 (m, 2H, Thioph–O–CH2), 3.69-3-81 (m, 6H, O–CH2), 3.63-3.67 (m, 8H, O–CH2), 2.07 (s, 3H, Thioph –CH3). 13C NMR (CDCl3, 75 MHz, ppm): (=155.97 (Cb); 129.26 (Cc); 119.98 (Cd); 96.62 (Ca); 131.53, 131.38, 131.34, 130.93,  129.51, 127.75, 127.51, 127.49, 127.16, 126.02, 125.29, 125.03, 124.82, 124.56, 123.67 (Py); 71.95, 70.96, 70.86, 70.77, 69.75, 69.67, 69.64 (all O-CH2); 12.82 (CH3). DART-MS [+]: (m/z 505 [(100%) M+H]+.

2.3.3 Synthesis of T3
This compound was prepared according to a similar method to that reported in the literature [37]. 1-Bromopyrene (1.72 g, 6.12 mmol) was dissolved in Et3N (20 ml), and the solution was bubbled with argon for 15 min. Then, Pd(PPh3)2Cl2 (0.085 g, 0.12 mmol), CuI (0.023 g, 0.12 mmol), and 3-ethynyl-4-methylthiophene (0.75 g, 6.12 mmol) were added to the solution under argon atmosphere. The reaction mixture was heated to 60 oC for 24 h. After that, the mixture was cooled to room temperature, concentrated under reduced pressure, and purified by column chromatography in silica gel, using hexanes as eluent. The pure product was obtained as a yellow solid (0.79 g, 2.5 mmol). Yield: 40%. 
1H NMR (CDCl3, 300 MHz, ppm) (Fig. S5): 8.66 (d, J= 9 Hz, 1H, Py,), 8.01-8.24 (m, 8H, Py), 7.64 (d, J= 3.0 Hz, 1H, H5), 7.02-7.03 (m, 1H, H2), 2.54 (s, 3H, Thioph –CH3). 13C NMR (CDCl3, 75 MHz, ppm): 139.32 (Cb); 124.11 (Cc); 129.69 (Cd); 120.92 (Ca); 131.80, 131.37, 131.25, 131.18, 128.77, 128.41, 128.18, 127.34, 126.32, 125.67, 125.64, 125.60, 124.62, 124.44, 118.06, 100.00 (Py); 90.35, 89.96 (C-alkyne); 15.34 (CH3). DART-MS [+]: (m/z 323 [(100%) M+H]+.

2.3.4 Synthesis of model compounds

The synthesis of the model compounds is illustrated in Scheme S2 and explained in detail in the Supporting Information (SI).
2.4 General procedure for the polymerization
The polymers were prepared by chemical oxidation of the monomers with FeCl3 in chloroform according to a procedure described in the literature [32]. A solution of FeCl3 (0.8 mmol) in CHCl3 (5 mL) was prepared; then a monomer (T1, T2, or T3) (0.2 mmol) solution in CHCl3 (1 mL) was added dropwise under inert atmosphere. The mixture was reacted with vigorous stirring for 24 h at room temperature; then the solution was poured into methanol (200 mL) to precipitate the product. The obtained polythiophene was separated by filtration, rinsed with methanol, dried, and reduced, washing it several times with an ammonium hydroxide solution (1 M). The polymer was obtained as a brown solid. Yield: HP1: 43%, HP2: 50%, HP3: 40%. These compounds were purified by Soxhlet extraction, using THF; after 12 h, they were filtered in a Buchner under vacuum to obtain the corresponding oligothiophenes. Yield: OHP1: 27%, OHP2: 32%, OHP3: 20%.Only their oligomeric fractions were soluble enough to be characterized by NMR.

3. Results and discussion

3.1 Synthesis
The structures of monomers and model compounds were confirmed by 1H and 13C NMR spectroscopy and mass spectrometry. The synthesis of compound T1 has been previously described [22]. Monomer T2 was prepared by treating 1-pyrenemethanol with KOH in DMSO to obtain the corresponding alkoxide, and then reacted with the corresponding iodinated tetra(ethylene glycol) oligomer. Monomer T3 was synthetized following a procedure similar to that reported in the literature [40, 41]. 
The different monomers were polymerized to give the corresponding homopolymers, which were partially insoluble in common organic solvents. The molecular weights of the soluble ones (OHP1-OHP3), were estimated by GPC, giving Mw values in the range of 2300–3600 g/mol, these oligomers contain between 4 and 11 repeat units.
In the FTIR spectra of the polymers (HP1 and HP2), the existence of the alkoxy chains was conﬁrmed by the presence of C-H stretching bands at 2850 and 2917 cm-1 due to -CH2-and-CH3 groups. Ring vibrational modes are also seen at 1591, 1442 and 1373 cm-1. The band at 1060 cm-1 can be assigned to C(ring)-O-C stretching. HP3 show two bands at 2871 and 2203 cm-1, due to the presence of -CH3 group and the triple bond -C(C-, respectively. 
 The oligomers of the soluble fractions (OHP1, OHP2 and OHP3) were characterized by 1H NMR spectroscopy. The 1H NMR spectrum of oligomer OHP1 is shown in Figure 2. We can notice that in the spectrum of OHP1, the signals corresponding to the protons (positions 2 and 5) of the thiophene monomer do not appear anymore. The aromatic signals arising from the pyrene protons can be observed at 7.55- 8.61 ppm. The signals due to the methylene protons can be observed between 3.38- 4.50 ppm, which corresponds to the aliphatic region, followed by the signals assigned to the methyl protons that appear at 2.10- 2.44 ppm.  The difference in chemical shift of these last signals is due to the different types of coupling between the thiophene rings (H-H, H-T, T-T) along the polymer backbone after the oxidative polymerization. 
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Figure 2.  1H NMR spectrum of T1 and oligomer OHP1 in CDCl3 solution, 300 MHz
3.2 Optical properties of the model compounds, monomers, and polymers
To investigate the influence of the pyrene substituents on the optical properties, we recorded the absorption and emission spectra of the model compounds MC1, MC2 and MC3. The UV-vis and fluorescence spectra were measured in diluted THF solutions (10-5 M) at room temperature. THF was selected as a solvent due to the high solubility of these compounds in this solvent. The solutions were degassed by purging with dry N2 prior to quantum yield measurements. 

The optical and phtophysical properties of compounds T1-T3 and MC1-MC3 were studied by UV-Vis absorption and fluorescence spectroscopy and the main parameters, including fluorescence quantum yield, absorption coefficients () and lifetime (() are summarized in Table 1. 
Table 1. Optical and photophysical parameters

	Compound
	Absorption[a]
	Fluorescence
	
	
	Stokes’ Shift 

	
	abs

[nm]
	 (x104)

[mol-1dm3cm-1]
	em[b]
[nm]
	f[c]
	lifetime [d]

[ns]
	a[e]
	2
	[nm]

	MC1
	352
	2.60
	383
	0.60
	1= 20.4
2= 29.1

F>f= 20.48
	a1= 0.966
a2= 0.034
	0.97
	31

	MC2
	344
	4.06
	375
	0.54
	1= 287.68         2= 78.24
F>f= 285.69
	a1= 0.965
a2= 0.034
	1.11
	31

	MC3
	358
	3.96
	383
	0.51
	1= 69.65
2= 31.23

F>f= 68.51
	a1= 0.936
a2= 0.064
	1.00
	25

	T1
	352
	2.33
	383
	0.60
	1= 20.49
	a1= 0.821
	1.06
	31

	T2
	344
	4.04
	375
	0.50
	1= 276.62
2= 107.96

F>f= 274.47
	a1= 0.968
a2= 0.032
	1.17
	31

	T3
	384
	3.76
	392
	0.54
	1= 2.93
	a1= 0.836
	0.98
	8

	OHP1
	374
	1.92
	386
	0.04
	1= 16.21

2= 51.38
3= 4.11
F>f= 17.17
	a1= 0.504

a2= 0.019
a3= 0.477
	1.19
	---

	OHP2
	348
	2.7
	386
	0.04
	1= 163.41
2= 46.55

3= 10.50
F>f= 90.21
	a1= 0.084
a2= 0.200

a3= 0.715
	1.13
	---

	OHP3
	360
	0.77
	386
	0.24
	1= 58.97
2= 12.29
3= 3.94
F>f= 16.75
	a1= 0.021
a2= 0.680
a3= 0.298
	1.09
	---

	[a] 10-5 M in THF. [b, c and d] the solutions were diluted until the absorbance (absorption band appearing at the longest wavelength) was smaller than 0.05 in order to avoid the inner filter effect, using THF degassed by bubbling of N2, measured at room temperature. [c] Fluorescence quantum yield in THF, refractive index of the solvent (1.4050 for THF). 1-pyrenebutanol was used as standard, f= 0.524 [25]. [d] Fluorescence lifetime. [e] Normalized pre-exponential factor. [f] average lifetime calculated using the expression F>= ∑i ai i2/∑i ai i


It is very well known that in pyrene derivatives the substitution in position 1 has a strong influence on both the S0→S2 and S0→S1 transition bands [39]. Figure 3 shows a well structured absorption band in the range between 300-370 nm for the model compounds MC2 and MC3, as for non-substituted pyrene, due to the S0→S2 transition of the pyrene moiety [12-13, 38]. The longest wavelength π–π* band of pyrene MC3 is bathochromically shifted by 14 nm in comparison with MC2, due to the more extended conjugation of the pyrene derivative having a terminal alkyne group. The effect of the oxygen atom linked to pyrene moiety is reflected in the bandwidths of the spectra for the same transition (S0→S2) of MC1. At 384 nm there is a well-defined band corresponding to the S0→S1 transition of pyrene, compared to MC2 and MC3; this transition band has a very low intensity at this concentration. Also, the molar extinction coefficient of MC1 decreased compared to those of MC2 and MC3 (2.60, 4.06 and 3.96 x104 mol-1dm3cm-1, respectively). 

Moreover, compound T2 showed similar transition bands due to the S0→S2 transition of pyrene like MC2. On the contrary, for T1 and T3 the band due to the S0→S2 transition is considerably broadened and less resolved, and the band at 384 nm of T1 is less intense compared to that of MC1. The bathochromic shift in the absorption spectrum of T3 arises from the extended π-conjugation [40-42]. There is a negligible influence of the spacer and the thiophene ring over the  value.
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Figure 3. Absorption spectra of: A) model compounds and B) thiophene monomers in THF solution.

The steady-state emission spectra of these pyrene derivatives were recorded in THF. Since the S0→S1 transition band of pyrene has a very low intensity, for practical reasons it is better to excite at the wavelength of the S0→S2 transition in order to acquire the fluorescence spectra [36]. Figure 4 illustrates the normalized-fluorescence spectra of the monomers and the model compounds.
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Figure 4. Emission spectra of  A) model compounds and B) thiophene monomers in THF solution
These compounds exhibited a broad intense emission band in the range between 360~500 nm, arising from the S1→S0 transition of pyrene in the non-associated state, known as “monomer emission”. These pyrene derivatives exhibited no excimer emission since the solutions were diluted with the aim to avoid any intermolecular interactions. The vibronic bands of T1 and T2 showed a negligible influence due to the presence of the spacer and thiophene ring in comparison with MC1 and MC2. However, T3 exhibited bathochromically shifted emissions (by 9 nm) and the vibronic bands were broadened compared to those of MC3, because of its extended π-conjugation. In all the cases, the fluorescence intensity was quite similar for the monomers and the model compounds. 
MC1, MC2, MC3, T1 and T2 exhibited Stokes’ shift values of 25-31 nm, meaning that the geometry of the molecules in the ground and the excited state differ significantly. Nevertheless, as expected T3, which has a rigid structure, exhibited a remarkably lower Stokes’ shift (8nm) because of the planar and conjugated geometry of this monomer. 
The fluorescence lifetimes were determined and their values are summarized in Table 1. MC2 and T2 exhibited lifetime values (() of ~287 and ~276 ns, respectively. It is very important to degassing the samples with argon in order to remove oxygen, which can significantly quench the emission. The photophysical properties arise almost exclusively from the pyrene moiety so that the oligo(ethylene glycol) spacer and the thiophene ring have no influence over the lifetime in both molecules. The same behavior was found in the MC1 and T1 (( = ~20.4 and ( = ~20.9 ns, respectively), however, T3 exhibited a shorter lifetime in the order of a few nanoseconds (2.9 ns), in comparison with MC3 (~69.7 ns).
On the other hand, the absorption spectra of the oligomers OHP1, OHP2 and OHP3 showed remarkable differences. The maximum wavelength band of OHP3 is considerably broadened, showing a cut off at 528 nm, revealing a extended conjugation length in the polythiophene backbone (Fig. 5A). 
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Figure 5. Absorption and emission spectra of the oligomers in THF solution.
To acquire the emission spectra, the oligomers solutions were excited at 374, 348 and 360 nm for OHP1, OHP2 and OHP3, respectively. Normalized-fluorescence spectra of these oligomers are shown in Figure 5B. As expected the quantum yields of the oligomers OHP1 and OHP2 exhibit a dramatic change compared to those of their respective monomers (Table 1). For instance, the quantum yield of the oligomer OHP3 decreases around 50% respect to T3. The quantum yield and lifetime of these oligomers exhibit a marked dependence on the spacer nature (pyrene-spacer-thiophene) and the presence or absence of pyrene-pyrene interactions. Compounds where there is a donor group directly linked to pyrene disturb its photophyical behavior giving short lifetimes whereas compounds where there is a CH2 linked to the pyrene unit (MC2, T2 and OH2) exhibit longer lifetimes. For the oliogomers the lifetime values are much lower than those of their corresponding monomers and the model compounds.
Fluorescence spectra of OHP1 and OHP3 show an intense emission band that apparently indicates the presence of a pyrene excimer.  This excimer-like emission is weaker than usual for these oligomers (Figure 5B). To confirm whether ​​an excimer formation was occurring, the oligomer solutions were excited at a wavelength where the pyrene monomer could not absorb (OHP1: 400; and OHP3: 430 nm), according to absorption spectra of T1 and T3 (Figure 3). The emission spectra show  similar fluorescence intensities although the oligomers were not excited at a wavelength where the pyrene moiety absorbs, thereby demonstrating that the emission at ~500 nm exclusively comes from the polythiophene backbone and is not due to excimer formation (Figure 5B inset). Nevertheless, oligomer OHP3 exhibited a bathochromically shifted emission band at 493 nm, compared to OHP1 (462 nm), resulting from the more extended π-conjugation. Hence, an excited pyrene group transfers its excess energy so effectively to the oligothiophene backbone that the excited pyrene monomer is deactivated before having a chance to encounter a pyrene in the ground state to form an excimer.
4. Conclusions 

We have succeeded in synthesizing three novel thiophene monomers bearing pyrene moieties attached via rigid and flexible spacers from 3-bromo-4-methylthiophene; these monomers were characterized by NMR spectroscopy and mass spectrometry.  Different effects were studied in the absorption and fluorescence spectra of monomers T1 and T3 in comparison with monomer T2, depending on the substituents present in position 1 of the pyrene unit (oxygen atom or acetylene group), which alters the symmetry of the molecule. All the thiophene monomers were highly fluorescent, showing solely “monomer” emission. The emission band of oligomers (OHP1 and OHP3) at ~500 nm arises from the polythiophene backbone, thereby revealing the absence of intramolecular pyrene-pyrene interactions. Thus, these oligomeric materials are very promising due to their potential applications for the preparation of soluble luminescent copolymers, using alkylthiophenes as co-monomers. Efforts aimed to develop new materials with potentially useful optical properties for the elaboration of organic optoelectronic devices.
Acknowledgements

E.G.M.E. thanks Shiva Farhangi, Michael Fowler, Wei Yi and Remi Casier for helpful suggestions in the absorption and emission data recorded. We thank María de los Ángeles Peña, Elizabeth Huerta and Miguel Canseco for their technical assistance in the characterization of the monomers and polymers. We are also grateful to PAPIIT (Project IN-100316) and CONACYT (Project 253155) for financial support. JD thanks the Natural Sciences and Engineering Research Council (NSERC) of Canada for generous funding.
References

[1] M. Leclerc, K. Faïd, Adv. Mater. 9 (1997) 1087-1094.  

[2] L. Ai, X.-H. Ouyang, Q.-D. Liu, S.-Y. Wang, R.-X. Peng, A. Islam, Z.-Y. Ge, Dyes and Pigments 115 (2015) 73-80. 

[3] J. Roncali, Chem. Rev. 92 (1992) 711-738.

[4] U. Mehmood, A. Al-Ahmed, I.-A. Hussein, Renew. Sust. Energ. Rev. 57 (2016) 550-561.

[5] T.-P. Huynh, P.-S. Sharma, M. Sosnowska, F. D’Souza, W. Kutner, Prog. Polym. Sci. 47 (2015) 1-25.

[6] A. Kaur, M.-J. Cazeca, S.-K. Sengupta, J. Kumar, S.-K. Tripathy, Synth. Met. 126 (2002) 283-288. 

[7] Y.-R. Liu, L.-H. Chan, H.-Y. Tang, J. Polym. Sci. Polym. Chem. 53 (2015) 2878-2889. 

[8] M. Scheuble, Y.-M. Gross, D. Trefz, M. Brinkmann, J.-T. López-Navarrete, M.-C. Ruiz-Delgado, S. Ludwigs, Macromolecules 48 (2015) 7049-7059.

[9] D. Výprachtický,  V. Cimrová, P. Pavlaĉková, I. Kmínek, Macromol. Symp. 268 (2008) 120-124. 

[10] S. Himmelberger, D.-T. Duong, J.-E. Northrup, J. Rivnay, F.-P.-V. Koch, B.-S. Beckingham, N. Stingelin, R.-A. Segalman, S.-C.-B. Mannsfeld, A. Salleo, Adv. Funct. Mater. 25 (2015) 2616-2624. 

[11] A. Matsumura, K. Kawabata, H. Goto, Macromol. Chem. Phys. 216 (2015) 931-938.
[12] F.-M. Winnik, Chem. Rev. 93 (1993) 587-614. 

[13] J. Duhamel, Langmuir 28 (2012) 6527-6538.

[14] D. Sahoo, P.-M.-M. Weers, R.-O. Ryan, V. Narayanaswami, J. Mol. Biol. 321 (2002) 201-214.

[15] D. Sahoo, V. Narayanaswami, Biochemistry 39 (2000) 6594-6601.

[16] F.-D. Lewis, Y. Zhang, R.-L. Letsinger, J. Am. Chem. Soc. 119 (1997) 5451-5452.

[17] L.-M.-S. Loura, A.-M.-T. Martins do Canto, J. Martins, Biochim. Biophys. Acta 1828 (2013) 1094-1101. 

[18] P. Somerharju, Chem. Phys. Lipids 116 (2002) 57-74.

[19] B.-X. Valderrama-García, E. Rodríguez-Alba, E.-G. Morales-Espinoza, K. Moineau Chane-Ching, E. Rivera, Molecules 21 (2016) 172-189. 

[20] J. Illescas, Y.-S. Ramírez-Fuentes, G. Zaragoza-Galán, P. Porcu, A. Mariani, E. Rivera, J. Polym. Sci. Polym. Chem. 53 (2015) 2890-2897. 

[21] Y.-S. Ramírez-Fuentes, J. Illescas, A. Gelover-Santiago, E. Rivera, Mat. Chem. Phys. 135 (2012) 772-779. 

[22] E. Rodríguez-Alba, J. Ortíz-Palacios, E.-G. Morales-Espinoza, M. Vonlanthen, B.-X. Valderrama, E. Rivera, Synth. Met. 206 (2015) 92-105.
[23] E. Rivera, M.  Belletête, X.-X. Zhu, G. Durocher, R. Giasson, Polymer 43 (2002) 5059-5068. 

[24] G. Zaragoza-Galán, J. Ortíz-Palacios, B.-X. Valderrama, A.-A. Camacho-Dávila, D. Chávez-Flores, V.-H. Ramos-Sánchez, E. Rivera, Molecules 19 (2014) 352-366. 

[25] G. Zaragoza-Galán, M.-A. Fowler, R. Rein, N. Solladié, J. Duhamel, E. Rivera, J. Phys. Chem. C. 118 (2014) 8280-8294. 

[26] A. Vázquez-Arce, G. Zaragoza-Galán, E. Aguilar-Ortíz, E.-G. Morales-Espinoza, E. Rodríguez-Alba, E. Rivera, Des. Monomers Polym. 17 (2014) 78–88. 

[27] M.-A. Fowler, J. Duhamel, G.-J. Bahun, A. Adronov, G. Zaragoza-Galán, E. Rivera, J. Phys. Chem. B. 116 (2012) 14689-14699.  
[28] E. Rivera, R. Wang, X.-X. Zhu, D. Zargarian, R. Giasson, J. Mol. Catal. A-Chem. 204-205 (2003) 325-332.
[29] M. Belletête, E. Rivera, R. Giasson, X.-X. Zhu, G. Durocher, Synth. Met. 143 (2004) 37-42.
[30] E. Rivera, M. Aguilar-Martínez, G. Terán, R.-F. Flores, J.-A. Bautista-Martínez, Polymer 46 (2005) 4789-4798.

[31] O.-G. Morales-Saavedra, E. Rivera, Polymer 47 (2006) 5330-5337.

[32] E.-G. Morales-Espinoza, E. Aguilar-Ortíz, A. Vázquez-Arce, E. Rodríguez-Alba, H. Vázquez-Torres, E. Rivera, Synth. Met. 199 (2015) 223-231.

[33] K.-R. Justin Thomas, N. Kapoor, M.-N.-K. Prasad Bolisetty, J.-H. Jou, Y.-L. Chen, Y.-C. Jou, J. Org. Chem. 77 (2012) 3921-3932.
[34] Q. Fan, Y. Liu, M. Xiao, H. Tan, Y. Wang, W. Su, D.Yu, R. Yang, W. Zhu, Organic Electronics, 15 (2014) 3375-3383.
[35] J.-Q. Xu, W. Liu, S.-Y. Liu, J. Ling, J. Mai, X. Lu, C.-Z. Li, A.-K.-Y. Jen, H. Chen, Sci China Chem. 60 (2017) 561-569.
[36] S. Almeida, E. Rivera, J.-M. Reyna-González, G. Huerta, F. Tapia, M. Aguilar-Martínez, Synth. Met. 159 (2009) 1215-1223.

[37] S. Roué, C. Lapinte, J. Organomet. Chem. 690 (2005) 594-604.

[38] J. Duhamel, Polymers 4 (2012) 211-239.

[39] S. Yang, A. Elangovan, K.-C. Hwang, T.-I. Ho, J. Phys. Chem. B. 109 (2005) 16628-16635.
[40] H. Maeda, T. Maeda, K. Mizuno, K. Fujimoto, H. Shimizu, M. Inouye, Chem. Eur. J. 12 (2006) 824-831. 

[41] G. Venkataramana, S. Sankararaman, Eur. J. Org. Chem. 2005 (2005) 4162-4166.
[42] K. Fujimoto, H. Shimizu, M. Furusyo, S. Akiyama, M. Ishida, U. Furukawa, T. Yokoo, M. Inouye, Tetrahedron, 65 (2009) 9357-9361.
22

_1587072021.cdx

_1587072809.cdx

_1590513094.bin

_1586984469.cdx

_1587071972.cdx

_1578476772.bin

_1578476771.bin

