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Abstract: An achiral and chiral poly(dithieno[3,2-b:2’,3’-d]pyrrole) (PDTP), substituted with 

a gallic acid derived moiety, was prepared by a Stille-coupling and the supramolecular 

behavior in solution was studied. In a good solvent (THF), the polymers are present as 

unordered, highly conjugated, rigid rod-like strands. Upon addition of a nonsolvent (hexane) 

or in toluene, the polymer strands adopt a helical conformation in contrast to previously 

reported alkyl-substituted PDTPs, which aggregate by decreasing the solvent quality. The 

folding and unfolding process was investigated by probing the UV-Vis and CD intensities at 

different wavelengths and temperatures. Based on these experiments, it could be concluded 

that the helical folding and unfolding is a single-step process. The PDTP could also be 

oxidized and re-reduced and thus, in principle, a molecular solenoid can be obtained. 
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Introduction 
The last few decades, a lot of effort has been devoted to the development of synthetic 

helical polymers and oligomers. These systems are not only of interest as mimics of complex 

natural systems, but they can also be used as a (chiral) scaffold to align chromophores, 

sensory functions, catalytic sites etc..
1,2a-c

 

Also conjugated polymers and oligomers can adopt a helical conformation. The formation 

of this helical conformation is often governed by secondary interactions, such as hydrogen 

bonding, solvophobic interactions, π-stacking, lone pair repulsions and chalcogen-chalcogen 

interactions. Some examples of helical polymers and oligomers constitute substituted cis-

transoid poly(acetylenes)
2
, oligo(m-phenyleneethynylenes),

3
 oxazoline-functionalized 

poly(thiophene)s.
4
 Unfortunately, most of these polymers exhibit a limited conjugation 

length. 

On the other hand, most poly(thiophene)s and their derivatives, for instance 

poly(dithieno[3,2-b:2’,3’-d]pyrrole) (PDTP),
5
 are highly conjugated polymers. PDTPs show 

high conjugation lengths (λmax ~ 550 nm), they can easily be oxidized and they remain 

oxidized for prolonged periods of time. Substitution with sufficient bulky alkyl groups 

renders them soluble.
5e,f

 In good solvents, alkyl-substituted PDTPs are present as rigid, rod-

like molecules, which stack upon decreasing the solvent quality or by transition to the solid 

state. Finally, if chiral substituents are employed, the polymer chains stack in a chiral way.
5d, f

 

Chiral conjugated polymers which can relatively easily be doped (oxidized), can be 

considered as the molecular counterpart of a solenoid. A first approach for the development of 

chiral polymer conductors consists of chirally stacked, dopable conjugated polymers.
5d, f, 6

 A 

second strategy, in which the relationship between chirality and conjugation is stricter, is the 
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construction of chiral, helical polymers with a stable oxidized state. This has, for instance, 

been accomplished in poly(anilines) and PEDOT derivatives, which are chirally wrapped 

around a chiral template during polymerization.
7
  

A particularly interesting group for (chiral) helical induction is a tri(alkyl)-substituted gallic 

acid moiety. The combination of space confinement, π-stacking and Van der Waals 

interactions favours a helical conformation, while the presence of chiral substituents, together 

with proper space confinement and the rigidity of the benzene moiety, results in an efficient 

discrimination of the two enantiomeric helices.
8 

A very nice example of this approach is 

found in poly(ureidophthalimide)s.
9
 Another asset of this group is its ability to increase the 

solubility of the polymers in common organic solvents. 

In this manuscript, (a)chiral gallic acid-functionalized PDTPs (Figure 1) are prepared. It is 

investigated whether the introduction of a gallic acid moiety can induce a helical 

conformation in these polymers. Moreover, the folding and unfolding process is investigated 

into detail by UV-Vis and CD spectroscopy. Finally, the oxidation of the polymers is studied, 

demonstrating that these materials can indeed be considered as molecular solenoids.  
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Figure 1. Structure of the polymers. 

Experimental Section 

Reagents and instrumentation 

All reagents were purchased from Aldrich Chemical Co., Acros Organics, Merck, Fluka and 

Avocado. When necessary, reagent grade solvents were dried and purified by distillation. 
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Gel permeation chromatography (GPC) measurements were done with a Shimadzu 10A 

apparatus with a tuneable absorbance detector and a differential refractometer in 

tetrahydrofuran (THF) as eluent towards polystyrene standards. 
1
H and 

13
C nuclear magnetic 

resonance (NMR) measurements were carried out with a Bruker Avance 300 MHz. UV-Vis 

and CD spectra were recorded with a Varian Cary 400 and a JASCO 62 DS apparatus 

respectively. The DSC measurements were performed on a Perkin-Elmer DSC 7 apparatus. 

Optical rotation was done on a Polaar 20, the concentration (in g/100 mL) and solvent are 

given in parenthesis. Cyclic voltammetry was performed on a Princeton Applied Research 

PARSTAT 2273, equipped with a standard three-electrode configuration. A SCE (3 M KCl) 

electrode served as a reference electrode and a Pt wire and disk as counter and working 

electrode. The measurements were done in acetonitrile with Bu4NBF4 (0.1 M) as the 

supporting electrolyte. Ferrocene was added before each run as an internal standard. The 

Fe(II/III) couple of ferrocene was observed at 0.416 V (scan rate = 50 mV/s). For the 

measurements, a polymer film was dropcasted on the Pt disk working electrode. 

7 was prepared according to literature procedures.
10

  

Synthesis of the monomers 

Synthesis of 3,4,5-tri(octyloxy)nitrobenzene (2a) 

A suspension of SiO2 (10.2 g, 170 mmol) and HNO3 (65% in H2O, 16.5 mL) was stirred for 

10 min. Then, 1,2,3-tri(octyloxy)benzene (1a) (53.0 g, 115 mmol) was rapidly added. After 

15 min at room temperature, the suspension was filtered. The filtrate was concentrated in 

vacuo and added drop wise to cold (0°C) MeOH. The precipitate was filtered and washed two 

times with cold MeOH. Since the product melts near room temperature, the product was 

dissolved in CH2Cl2 and the solvent was removed by rotary evaporation, leaving pale yellow 

oil. 

Yield: 29.8 g (51%). 



 5 

1
H NMR (CDCl3):  = 7.47 (s, 2H), 4.03 (m, 6H), 1.70-1.91 (m, 6H), 1.48 (m, 6H), 1.29 

(m, 24H), 0.88 (m, 9H).  

Synthesis of 3,4,5-tri(octyloxy)aniline (3a) 

SnCl2 (89.0 g, 470 mmol) was added to a refluxing solution of 2a (29.8 g, 59.0 mmol) in 

500 mL EtOH/EtOAc (1/1). After being refluxed for 2 h, the reaction mixture was allowed to 

cool down and poured in aqueous NaOH (1 L, 5 M). CH2Cl2 (300 mL) was added and the 

organic layer was isolated. The remaining aqueous layer was again extracted with CH2Cl2 

(300 mL). The combined organic layers were dried over MgSO4 and after filtration, 

concentrated in vacuo. Purification of the crude product by column chromatography (SiO2, 

CH2Cl2/EtOAc (95/5)) afforded a white solid. 

Yield: 12.4 g (44%). 

mp: 74-75 °C (lit 73-74 °C). 
11b 

1
H NMR (CDCl3): δ = 5.91 (s, 2H), 3.90 (t, 4H), 3.84 (t, 2H), 3.45 (s, 2H, br), 1.64-1.83 (m, 

6H), 1.45 (m, 6H), 1.28 (m, 24H), 0.88 (m, 9H). 

Synthesis of 3,4,5-tri((S)-3,7-dimethyloctyloxy)aniline (3b) 

The same procedure as described for 3a was followed, starting from 3,4,5-tri((S)-3,7-

dimethyloctyloxy)nitrobenzene (2b) (27.5 g, 46.5 mmol). 3b was isolated as yellow oil. 

Yield: 9.00 g (34%). 

1
H NMR (CDCl3): δ = 5.92 (s, 2H), 3.81-4.01 (m, 6H), 3.25 (s, 2H, br), 1.76-1.91 (m, 3H), 

1.61-1.74 (m, 3H), 1.44-1.61 (m, 6H), 1.24-1.38 (m, 9H), 1.08-1.21 (m, 9H), 0.91 (m, 9H), 

0.86 (d, J = 6.4 Hz, 18H). 

Synthesis of N-[3,4,5-tri(octyloxy)phenyl]dithieno[3,2-b:2’,3’-d]pyrrole 
(4a) 

A solution of 7 (3.00 g, 9.30 mmol), NaOtBu (2.16 g, 22.5 mmol), Pd2dba3 (0.220 g, 0.234 

mmol) and DPPF (0.519 g, 0.936 mmol) in dry toluene (15 mL) was purged with argon for 10 

min. Then, 3a (4.50 g, 9.60 mmol) was added and the mixture was refluxed until completion 



 6 

of the reaction (TLC-monitoring, SiO2, CH2Cl2/hexane (50/50)). Then, (after 7h) the solution 

was allowed to cool down and water was added. The aqueous layer was extracted with Et2O. 

The combined organic layers were dried over MgSO4 and, after filtration, the solvents were 

removed by rotary evaporation. Finally, the crude product was purified by column 

chromatography (SiO2, CH2Cl2/hexane (50/50)) and was isolated as a colorless oil, that 

slowly crystallizes to a white solid. 

Yield: 5.10 g (86%). 

mp: 32.9-34.7 °C. 

1
H NMR (CDCl3):  = 7.17 (d, J = 5.5 Hz, 2H), 7.14 (d, J = 5.5 Hz, 2H), 6.75 (s, 2H), 3.99  

(m, 6H), 1.88-1.73 (m, 6H), 1.48 (m, 6H), 1.30 (m, 24H), 0.88 (t, 9H). 

13
C NMR (CDCl3):  = 153.9, 144.3, 136.5, 135.3, 123.5, 116.6, 112.4, 101.9, 73.7, 69.4,  

32.0, 30.5, 29.7, 26.2, 22.8, 14.2. 

MS: m/z = 640.7 (M
+
). 

Synthesis of (-)-N-[3,4,5-tri((S)-3,7-dimethyloctyloxy)phenyl]dithieno[3,2-
b:2’,3’-d]pyrrole (4b) 

The same procedure was followed as described for the synthesis of 4a, starting from 3b 

(4.00 g, 7.20 mmol). The product was isolated as colorless oil. 

Yield: 2.70 g (52%). 

 20

D = -4.21 deg.mL.g
-1

.dm
-1

 (c = 1.4 in THF). 

1
H NMR (CDCl3):  = 7.17 (d, J = 4.6 Hz, 2H), 7.14 (d, J = 4.6 Hz, 2H), 6.75 (s, 2H), 4.02 

(m, 6H), 1.81-1.95 (m, 3H), 1.45-1.80 (m, 9H), 1.10-1.40 (m, 18H), 0.96 (m, 9H), 0.87 (m, 

18H). 

13
C NMR (CDCl3):  = 153.9, 144.2, 136.6, 135.3, 123.4, 116.6, 112.3, 101.8, 71.9, 67.6, 

39.4, 37.6, 36.4, 29.9, 28.1, 24.8, 22.7, 19.8. 

MS: m/z = 725.1 (M
+
). 
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Synthesis of 2,6-diiodo-N-[3,4,5-tri(octyloxy)phenyl]dithieno[3,2-b:2’,3’-
d]pyrrole (5a) 

At 0°C, NIS (990 mg, 0.440 mmol) was added to a solution of 4a (0.128 g, 0.200 mmol) in 

CHCl3 (2 mL). After stirring for 15 min, the mixture was allowed to warm to room 

temperature. The reaction was monitored by TLC (eluens: CH2Cl2/hexane (50/50)). After 2 h, 

another portion of NIS (9.90 mg, 0.0440 mmol) was added. The mixture was stirred for an 

additional 2 h and a solution of NaHSO3 in H2O (10 mL) and CH2Cl2 (20 mL) was added. 

The aqueous layer was seperated extracted with CH2Cl2 (20 mL). The combined organic 

layers were washed with H2O and dried over MgSO4. After filtration and removal of the 

organic solvents by rotary evaporation, the crude product was purified by column 

chromatography (SiO2, CH2Cl2/hexane (50/50)) to obtain a viscous oil. 

Yield: 0.140 g (78%). 

1
H NMR (C2D2Cl4):  = 7.26 (s, 2H), 6.60 (s, 2H), 3.95 (m, 6H), 1.80 (m, 6H), 1.47 (m, 

6H), 1.27 (m, 18H), 0.87 (m, 9H). 

13
C NMR (CDCl3):  = 154.0, 143.3, 137.3, 134.4, 121.5, 120.8, 102.5, 73.8, 71.4, 69.6, 

32.0, 30.5, 29.5, 26.3, 22.9, 14.3. 

MS: m/z = 892.4 (M
+
), 765.8 (M

+
-I). 

Synthesis of (-)-2,6-diiodo-N-[3,4,5-tri((S)-3,7-
dimethyloctyloxy)phenyl]dithieno[3,2-b:2’,3’-d]pyrrole (5b) 

The same procedure as descibed for 5a was followed, starting from 4b (0.300 g, 0.410 

mmol). The product was isolated as colorless oil. 

Yield: 0.280 g (71%). 

 20

D  = -4.03 mL.g
-1

.dm
-1

 (c = 1.2 in THF). 

1
H NMR (C2D2Cl4):  = 7.18 (s, 2H), 6.54 (s, 2H), 3.91 (m, 6H), 1.78-1.92 (m, 3H), 1.44-

1.76 (m, 9H), 1.09-1.39 (m, 18H), 0.86 (m, 9H), 0.78 (m, 18H). 
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13
C NMR (CDCl3):  = 154.3, 143.5, 137.6, 134.7, 121.7, 121.1, 102.7, 72.3, 71.7, 68.2, 

39.7, 37.8, 36.7, 30.2, 28.4, 25.1, 23.1, 20.1. 

MS: m/z = 976.4 (M
+
), 849.9 (M

+
- I). 

Synthesis of 2,6-di(trimethyltin)-N-[3,4,5-tri(octyloxy)phenyl]dithieno[3,2-
b:2’,3’-d]pyrrole (6a) 

At 0 °C, a solution of 4a (0.640 g, 1.00 mmol) in dry Et2O (40 mL) was purged with argon 

and t-BuLi (1.40 mL, 2.10 mmol, 1.5 M in pentane) was added drop wise, resulting in the 

formation of a white precipitate. The mixture was allowed to reach room temperature and, 

after stirring for 15 min, a solution of Me3SnCl (0.438 g, 2.20 mmol) in dry Et2O (5 mL) was 

added. The initial white precipitate disappeared and initially a yellowish, clear solution was 

obtained, from which another white precipitate formed. After stirring at room temperature for 

1 h, the solvents were removed. Hexane was added and the mixture was filtered, hereby 

removing inorganic salts. The crude product was precipitated in MeOH at -78 °C and filtered 

off. It melts near -15 °C, leaving viscous oil at room temperature. 

Yield: 0.820 g (85%). 

1
H NMR (CDCl3):  = 7.14 (s, 2H), 6.78 (s, 2H), 4.01 (m, 6H), 1.83 (m, 6H), 1,49 (m, 6H), 

1,26 (m, 24H), 0.89 (t, 9H), 0.39 (s, 18H). 

13
C NMR (CDCl3):  = 153.8, 147.2, 136.7, 135.8, 122.3, 119.2, 102.5, 73.8, 69.6, 32.0, 

30.5, 29.5, 26.2, 22.8, 14.2, -8.0. 

MS: m/z = 966.6 (M
+
), 640.7 (M

+
-Sn2C6H16). 

Synthesis of (-)-2,6-di(trimethyltin)-N-(3,4,5-tri((S)-3,7-
dimethyloctyloxy)phenyl)dithieno[3,2-b:2’,3’-d]pyrrole (6b) 

The same procedure was followed as described for 6a, starting from 4b (0.500 g, 0.690 

mmol). The product was isolated as pale yellow, viscous oil. 

Yield: 0.630g (86%). 

 20

D  = -8,49 deg.mL.g
-1

.dm
-1

 (c = 1.4 in THF). 
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1
H NMR (CDCl3):  = 7.15 (s, 2H), 6.79 (s, 2H), 4.03 (m, 6H), 1.89 (m, 3H), 1.50-1.79 (m, 

9H), 1.08-1.40 (m, 18H), 0.95 (m, 9H), 0.87 (m,18H), 0.39 (s, 18H). 

13
C NMR (CDCl3):  = 153.8, 147.1, 136.6, 136.4, 135.8, 122.3, 119.2, 102.2, 72.0, 67.8, 

39.4, 37.5, 36.5, 29.9, 28.1, 24.9, 22.8, 19.7, -8.0. 

MS: m/z = 1049.9 (M
+
), 725.0 (M

+
-Sn2C6H16). 

Synthesis of the polymers 

Synthesis of poly(N-[3,4,5-tri(octyloxy)phenyl]dithieno[3,2-b:2’,3’-
d]pyrrole) (Pa) 

A solution of 6a (96.4 mg, 0.100 mmol) and 5a (89.1 mg, 0.100 mmol) in dry toluene was 

added to a suspension of CuO (7.9 mg, 0.10 mmol) and Pd(PPh3)4 (5.8 mg, 5.0 mol) in dry 

DMF (5 mL). The reaction mixture was purged with argon for 30 min at room temperature, 

after which it was refluxed for 15 h. Upon heating, the yellow solution turned from 

fluorescent red to dark purple. After cooling, the polymer was precipitated in MeOH (100 

mL) and filtered. It was fractionated by Soxhlet extractions using subsequently acetone, 

hexane and THF. The THF fraction, being the high-molecular weight fraction, was 

concentrated in vacuo and the polymer was precipitated in MeOH. Filtration and drying under 

vacuum yielded a black solid. 

Synthesis of poly(N-[3,4,5-tri((S)-3,7-
dimethyloctyloxy)phenyl]dithieno[3,2-b:2’,3’-d]pyrrole) (Pb) 

The same procedure as described for Pa was followed, starting from 6b (105 mg, 0.10 

mmol) and 5b (97.5 mg, 0.10 mmol). 

Results and discussion 

Synthesis 

The N-substituted dithienopyrrole monomers were prepared from 3,3’-dibromo-2,2’-

bithiophene
10

 and the appropriate amines using a Buchwald-Hartwig reaction (scheme 1). The 

advantage of this approach is that variation of the substituent only requires the last step of the 
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reaction sequence to be repeated.
12

 As already stated, a tri(alkyl)-substituted gallic acid 

moiety was employed instead of (branched) alkyl groups, in order to induce a helical 

conformation. The use of chiral alkyl chains in the gallic acid moiety should ensure a 

preferred helical handedness. Furthermore, this group increases the solubility of the polymers 

in common organic solvents. For these particular amines, DPPF was used instead of BINAP, 

since this modification afforded higher yields. The desired amines 3a and 3b were 

synthesized according to a slightly modified literature procedure.
11
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ORRO

4a, 4b

1) t-BuLi / 0°C

2) Me3SnCl

NIS

CHCl3

7

S

Br

S

Br

N

SS

OR

ORRO

I I

5a, 5b

N

SS

OR

ORRO

Me3Sn SnMe3

6a, 6b

a)  R =

b) R = 

Et2O

RO

OR

OR
SiO2.HNO3

CH2Cl2

RO

OR

OR

NO2
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OR
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Scheme 1. Monomer synthesis. 

The polymers Pa and Pb were prepared using a Stille coupling (Scheme 2). A Stille 

coupling was preferred and not, for instance, polymerization using chemical oxidants, since 

(i) the former method fully excludes - coupling and (ii) higher degrees of polymerization 
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can be obtained.
5f

 The used polymerization conditions (toluene/DMF (1/1) as solvent, 

Pd(PPh3)4 as catalyst and addition of CuO) appeared to allow a high degree of polymerization 

and good yields. After polymerization, the polymers were precipitated in MeOH and extracted 

with subsequently acetone, hexane and THF using a Soxhlet apparatus. Finally, the high-

molecular fraction (being the THF fraction) was precipitated in MeOH. In this way, high-

molecular weight Pa and Pb could be prepared in 44% and 50% yield, respectively. 

N

SS

OR

ORRO

n

Pa, Pb

6a, 6b

+

5a, 5b

CuO / Pd(PPh3)4

toluene/DMF : 1/1

 
Scheme 2. Polymer synthesis. 

1
H NMR spectroscopy confirms the proposed molecular structure. A representative 

spectrum of Pb is shown in Figure 2. It is clear that no defects, nor end-groups are present, 

confirming the regular structure and high degree of polymerization. 
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Figure 2. 
1
H NMR spectrum of Pb in THF-d8. 

DSC and GPC analysis 

DSC experiments reveal that both polymers do not degrade or melt below 280 °C. For Pb, a 

glass transition was observed at 143 °C (scanning rate = 20 °C/min.). By GPC, extremely 

high molecular weights are measured (for Pa: nM  = 8.7 10
2
 kg.mol

-1
 and for Pb: nM  = 4.8 
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10
3
 kg.mol

-1
, toward polystyrene standards in THF). Then again, one must take into account 

that GPC determines the hydrodynamic volume, which is very conformation-dependant. As 

the molecular weights are determined toward polystyrene standards, which adopt a coil-like 

conformation while Pa and Pb adopt a rigid rod-like conformation in THF (as will be shown 

later), an overestimation of the molecular weight, determined by GPC, can be expected.
13

 

Therefore, also MALDI-TOF measurements were carried out. Unfortunately, only the low-

molecular weight fraction could be ionized, rendering an extremely underestimated molecular 

weight by MALDI-TOF ( nM  ~ 5120 g.mol
-1

). However, the fact that no end-groups are 

detected in the 
1
H NMR spectrum (Figure 2) indicate that the polymer is of high molecular 

weight. Indeed, if the polymers are terminated by a trimethyl tin functionalized DTP, 

trimethyl tin groups or doublets in the aromatic region, arising from a destannylated DTP 

moiety, are expected. Diiodo-DTP terminated polymer strands would give rise to an 

additional singlet in the aromatic region. None of these end-groups can be distinguished. 

Finally, high degrees of polymerization are also consistent with the high conjugation length 

(max~560 nm, see later) in THF, whereas previously prepared low-molecular weight 

poly(dithienopyrrole)s (~5 repeating units, as confirmed by MALDI-TOF) show a lower 

conjugation length (max~530 nm).
5d

 

Optical properties 

The combination of several spectroscopic techniques can be very useful for the 

determination of the supramolecular behavior of conjugated polymers. For instance, 

combined UV-Vis, CD and emission spectroscopy enabled us to demonstrate that alkyl-

substituted PDTPs adopt a strongly conjugated, rigid rod-like conformation in a good solvent 

and (chirally) aggregate upon addition of nonsolvents.
5f

 In order to be able to use CD 

spectroscopy, all optical measurements were done using the chiral polymer Pb. 
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A representative UV-Vis spectrum of Pb in THF, a good solvent for these polymers, is 

shown in Figure 3a. The comparison of the UV-Vis spectrum of an alkyl-substituted PDTP 

and Pb can be very helpful for assigning all absorption bands to their corresponding 

transitions. Therefore, also the UV-Vis spectrum of the previously reported poly(N-[1-

(octyloxymethyl)propyl]dithieno[3,2-b:2’,3’-d]pyrrole) (Palk)
5f

 is incorporated. Both 

polymers show an absorption band near 550 nm, which can be ascribed to the π-π* transition, 

located on the polymer backbone. Moreover, from the similarly high λmax, it is clear that also 

Pb adopts a highly conjugated conformation in a good solvent. Further comparison of both 

spectra reveals that the absorption at 350 nm is attributed to a (localized) transition on the 

polymer main chain as well, while the absorption at 267 nm, which is absent for alkyl-

substituted PDTPs, must originate from the gallic acid moiety, located on the side-chain.  

Emission spectroscopy is an interesting tool to probe the rigidity of the polymer backbone 

since fwhmem and the Stokes shift decrease with increasing rigidity. In THF, a small fwhmem 

and Stokes shift are observed for Pb (fwhmem = 1147 cm
-1

, Stokes shift = 1517 cm
-1

), 

similarly as for Palk, indicating that Pb also adopts a rigid structure. Circular dichroism 

(CD), finally, is a useful tool to study the chiral (supra)molecular structure, since the presence 

of Cotton effects is a direct proof for chiral (orientation of) chromophores.
14

 In THF solution, 

no CD effects are observed for Pb, indicating that there is no chiral order present (Figure 3b). 

From these experiments, it can be concluded that the gallic-acid functionalized PDTPs adopt a 

rigid, strongly conjugated conformation in good solvents, such as THF. 

The addition of n-hexane (a nonsolvent) to the THF-solution leads to a small red-shift of the 

π-π* transition in the UV-Vis spectrum (Figure 3a), indicating a (slight) increase of the 

conjugation length, probably arising from a planarization of the polymer backbone. The 

transition at 351 nm however, is unaffected by the addition of nonsolvent, although it is 

located in the main chain. This confirms that it is localized on a DTP monomeric unit and, 
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consequently, not influenced by changes in the torsion angle between adjacent units. Also the 

transition of the side-chain at 267 nm is unaffected by the solvent change. Interestingly, 

toluene (neat) provokes a similar behavior as THF-hexane (1/9) mixture. 

The CD spectra of Pb in both the THF-hexane (1/9) mixture and toluene show a bisignate 

Cotton effect with zero crossing at 284 nm, corresponding to the side-chain transition (Figure 

3b). Since bisignate Cotton effects arise from exciton coupling of chirally ordered 

chromophores,
14,15

 these results directly indicate that the side-chains are chirally ordered with 

respect to each other under these conditions. Also a monosignate Cotton effect at 353 nm, 

corresponding to the localized main chain transition, can be distinguished, showing that the 

monomeric units are part of a chiral setting. Peculiarly, no CD is observed for the π-π* 

transition. It is also worthwhile to note that, although the absolute value for the Cotton effects 

are rather small, the g–value (  ) is in the order of 10
-3

, which is a rather common value. 

In the THF/hexane mixture (1/9), the fluorescence is completely quenched (Figure 3c), 

while in toluene, a very strong fluorescence is observed. The quenching of the fluorescence in 

THF/hexane is probably due to π-stacking of the emitting chromophores of the polymer 

backbone, either intramolecularly (due to folding), or intermolecularly (aggregation), induced 

by addition of hexane, which is a non-solvent for the aromatic backbone. The emission bands 

in toluene are again narrow (fwhmem= 1292 cm
-1

) and the Stokes shifts are small (1151 cm
-1

), 

pointing at a rigid backbone. 
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Figure 3. a) UV-Vis, b) CD and c) fluorescence spectra (excitation wavelength 530 nm (THF 

and toluene) and 590 nm (THF/hexane)) of Pb in THF (c = 21.6 mg/L), toluene (c = 16.0 

mg/L) and THF/hexane 1/9 (c = 33.6 mg/L)). The fluorescence intensity I is corrected for the 

polymer concentration and refraction index of the solvent used. a) UV-Vis spectrum of Palk 

in THF (c = 16.0 mg/L).  
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It is clear that the supramolecular behavior of Pb in THF, in which the polymer is present as 

rigid, disordered rods, significantly differs from the situation in THF-hexane (1/9) and 

toluene. The presence of the Cotton effects in the latter solvents unambiguously points at the 

presence of chirality. Two possibilities now arise: either it is supramolecular (helical stacks of 

different polymer chains) or macromolecular (a one-handed helical conformation) in nature. 

In the former case, the UV-Vis and CD spectra must be concentration-dependent, while in the 

latter case, a concentration-independence will be observed. To discriminate between both, 

dilution experiments were carried out in THF/hexane and toluene (Figure 4). In this respect, 

the ratio THF/hexane was first varied, which revealed that a THF/hexane (3/7) (c = 33.6 

mg/L) displays intermediate UV-Vis and CD spectra (Supporting information, Figure S1). 

Consequently, the dilution measurements for THF/hexane were performed in this solvent 

mixture. Both in toluene and THF/hexane 3/7, only minor changes in the UV-Vis and CD 

spectra are observed over a broad concentration range (100-fold dilution), ruling out the 

possibility of supramolecular chirality in both solvents (Figure 4).  
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Figure 4. Dilution experiments of Pb in THF/hexane (3/7) (a) UV-Vis, b) CD) and toluene 

(c) UV-Vis, d) CD) 

All experimental data support the hypothesis, as mentioned in the introduction, that the 

incorporation of the gallic acid derived moiety as side-chains in PDTP gives rise to a helical 

conformation in the appropriate solvent (THF/hexane and toluene). As the polymer backbone 

adopts a helical conformation, the phenyl side-chains become helically wrapped around the 

polymer backbone, which explains the observed bisignate Cotton effect at 267 nm. The chiral 

(helical) setting of the monomeric units, on the other hand, gives rise to the monosignate 

Cotton effect at 353 nm. In general, it seems that the incorporated gallic acid derived moiety 

favours a helical conformation over aggregation. 

Since the angle between two adjacent DTP units is quite small, it can be expected that a 

rather large number of repeating units are present in one turn and that, consequently, the 

diameter can be expected to be fairly large as well. First, this can explain the red-shift in the 

-* transition, observed for the transition to the helical conformation: the torsion angle 

between adjacent monomeric units is in this conformation very small. Second, the absence of 

a Cotton effect in the -* transition of the polymer backbone can be correlated to the fact 

that the helical turn, being very wide, approximates a circle, being achiral and thus CD-silent. 

Third, the regularity of this structure can explain the presence of some vibronic side-bands in 

the UV-Vis spectra, while the small emission bands and Stokes shifts can be attributed to its 

rigidity. Finally, the difference in emission intensity between toluene and THF/hexane could 

be correlated to the ability of the solvent to interact with aromatic moieties. In this respect, 

toluene is a far better solvent than hexane and, as a consequence, the resulting helical 

conformation in THF/hexane could be more compact then in toluene, which results in 
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quenching of the emission. Therefore, these results might indicate that the helical 

conformation can be ‘fine-tuned’ by the choice of the solvent. (Figure 5).  

 

 

 

 

Figure 5. Schematic representation of Pb in THF/hexane (left), THF (middle) and toluene 

(right). 

In a broader view, substituted PDTPs constitute an archetype of how the substituent can 

govern the (supra)molecular behavior of (conjugated) polymers. If linear or slightly branched 

alkyl side-chains are used, only low-molecular weight, soluble PDTPs are obtained. The poor 

solubility of these materials can be attributed to strong π stacking. If, however, more branched 

side-chains are incorporated, the π stacking is diminished, which results in higher yields and 

molecular weights. These PDTPs adopt a strongly conjugated, rigid, rod-like conformation in 

solution and aggregate upon addition of nonsolvents. Chirality, if present, is supramolecular 

in nature (chiral aggregation). However, as mentioned above, substitution with a gallic acid 

moiety induces macromolecular chirality (one-handed helical conformation) under 

appropriate conditions. As a consequence, these findings demonstrate that the conformation 

and supramolecular structure of the polymer, which play a crucial role for the eventual 

properties and applications of the polymer – supramolecular aggregation is, for instance, 

favourable for FETs, …, while chiral sensing is typically found for helical polymers - , can be 

governed by a proper choice of the substituent, without any adaptation of the conjugated 

backbone itself. 
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A comparative UV-Vis and CD study of the (un)folding behavior 

Apart from the solvent (solvatochroism), also temperature plays an important role in a 

helix-coil transition (thermochroism).
3a,16

 The temperature-dependence of the UV-Vis and CD 

spectra of Pb in toluene, showing this transition, are displayed in Figure 6. From these 

spectra, it is clear that the polymer adopts a random-coil conformation at high temperature (T 

≥ 85 °C), while below 10 °C, it is (solely) present as chiral helices. Cooling below 10 °C or 

heating above 85 °C does not alter the spectra, indicating that the transition is completed 

within the range 10 °C ≤ T ≤ 85 °C and that the polymer is fully present as random-coils at 

high temperature and as chiral helices at low temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Temperature dependent a) UV-Vis and b) CD spectra of Pb, starting at 5°C. The 

solution was first kept at 5°C for 40 h. 
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coil transition. One might, for instance, speculate on a multi-step folding mechanism, in 

300 400 500 600 700 800
0

10000

20000

30000

40000




(L
.m

o
l-1

.c
m

-1
)

wavelength (nm)

 5 °C

 20 °C

 35 °C

 50 °C

 65 °C

 80 °C

a

Xhelix

300 350 400
-10

-5

0

5

10




(L
.m

o
l-1

.c
m

-1
)

wavelength (nm)

 5 °C

 20 °C

 35 °C

 50 °C

 65 °C

b

Xchirality, backbone

Xchirality, side-chain



 20 

which the polymer backbone is first folded into a one-handed helix, acting as a template for 

the chiral ordering of the side-chains. Alternatively, some side-chains might first chirally 

stack, forming a nucleus from which the polymer backbone folds into a chiral helix. The third 

possibility could be the formation of right and left handed helices – in racemic ratios -, which 

resolve in a second step. Finally, the helix-coil transition observed could be a single-step 

process. 

Interestingly, the folding and unfolding mechanism in these polymers can be revealed by a 

combination of UV-Vis and CD spectroscopy. Since the polymer backbone absorbs at 667 nm 

in its helical conformation while it does not in its coil-like state, probing the absorbance at 

667 nm gives direct information on the ratio of helices presented. On the other hand, it does 

not disclose anything about the chirality of the polymer backbone (enantiomeric excess of the 

helices presented), nor about the side-chain. Second, the ellipticity at 353 nm is solely related 

to the chirality of the DTP moieties, present in the polymer backbone, and it therefore probes 

the chirality of the polymer backbone (enantiomeric excess of the helices presented). Finally, 

the ellipticity at 300 nm (the positive, low energy lobe of the 267 nm absorption) originates 

from the chiral ordering of the side-chain and probes therefore the chiral stacking of the side-

chain, independently from the conformation and/or chirality of the polymer backbone. 

Therefore, the following parameters are defined: 

CH

CT

helixX
,667,667

,667,667








 , 

H

T

backbonechiralityX
,353
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chainsidechiralityX
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In which T,667 , C,667  and H,667  denote for the extinction coefficient at 667 nm at 

temperature T, the extinction coefficient of the random-coil polymer (measured at T = 85 °C) 
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and the extinction coefficient of the helical polymer (measured at T = 10 °C ), respectively. 

Likewise, H,353  denotes for the ellipticity at 353 nm in the helix-conformation (T = 5 °C). 

H,300 , finally, denotes for the ellipticity at 300 nm in the helix-conformation. As a 

consequence, helixX , backbonechiralityX ,  and chainsidechiralityX ,  represent the fraction of helices, the 

fraction of chiral helices and the fraction of chirally oriented side-chains, present at 

temperature T, respectively. 

Consequently, a plot of helixX , backbonechiralityX ,  and chainsidechiralityX ,  versus temperature can 

elucidate the folding and unfolding mechanism of this polymer. A multi-step process would 

be reflected by a discrepancy of the parameters, while three simultaneous transitions point at a 

single-step transition. For instance, if chainsidechiralityX ,  starts to increase at lower temperature in 

the cooling cyclus (coil→helix transition), this would reflect that the side-chains first pre-

organize, from which the polymer backbone folds.  

Therefore, UV-Vis and CD spectra were recorded at several temperatures ranging from 10 

to 85 °C. The data points were measured twice, starting from a freshly prepared solution, to 

ensure the reproducibility. To exclude any kinetic effects, all spectra were recorded until no 

change was observed. For the lowest temperatures in the cooling cyclus, this could take up to 

40 hours. The requirement of this long period of time can be explained by the rigidity of the 

polymer backbone (vide supra), which slows down the movement of the polymer, especially 

at low temperatures. 

Figure 7 shows a plot of helixX , backbonechiralityX ,  and chainsidechiralityX ,  versus temperature for the 

coil→helix transition (cooling) and helix→coil transition (heating). First, the spectra show 

only dependency on the temperature and not on their history (cooling or heating). This again 

confirms that no kinetic issues are involved and that each data point corresponds to the 

thermodynamically most stable situation. Second, it is clear that the coil-helix transition is a 
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single-step process, as all three parameter show, within experimental errors, the same 

temperature dependence. This is fully in line with the previously stated hypothesis that rigid 

polymers can exhibit first order (two-state) transitions at thermal equilibrium.
3b,17

 The data fit 

well in a Van ’t Hoff plot, from which ΔH
#
 = -92 kJ/mol and ΔS

#
 = -0.30 kJ/mol·K can be 

estimated for the coil→helix transition. (Supporting Information, Figure S6) It is worthwhile 

to mention that these findings do not necessarily conflict with the Zimm-Bragg coil-helix 

model (ΔG = σs
n-n0

),
18

 in which first a nucleus is formed in a first step (this contribution is 

reflected by “σ”), from which the helix propagates (this is reflected by “s
n-n0

”). In the helical 

PDTPs, the nucleus formation can expected to be negligible compared to the helix 

propagation, since, (i) the entropy change during the nucleus formation is small due to the 

rigidity of the polymer backbone (i. e. σ is small), and (ii) every nucleus gives rise to a very 

large number of helix propagations, since n (= degree of polymerization) is very large. 

Therefore, only the helix propagation is observed. 
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Figure 7. Temperature dependence of helixX , backbonechiralityX ,  and chainsidechiralityX , . a) cooling 

and b) heating. 

Apart from optical techniques, also 
1
H NMR spectroscopy can provide further evidence for 

the conformational changes. For instance, protons under or above an aromatic ring experience 

an upfield shift and, therefore, the helix formation can lower the chemical shift of some 
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protons.
3a

 A 
1
H NMR spectrum of Pb in toluene at 80 °C reveals two distinguishable signals 

for Hc’ and Hc (for the designation of the protons, see Figure 2) at 4.29 and 4.10 ppm 

respectively (Supporting Information, Figure S2), which resembles the spectrum in THF. 

Decreasing the temperature of the toluene solution and thus inducing helix formation, 

diminishes the 4.10 resonance; instead, a new signal at 3.93 ppm appears. Also, the aromatic 

Hb is slightly shifted to lower . From Figure 7, it is clear that at 80 °C Pb is fully present as a 

random coil, whereas at 25 °C the strands have adopted mainly a helical conformation with 

some unorganized parts still present. The decrease of  by helix formation can be explained 

by an increase of the angle between the gallic acid and DTP moieties (, Figure 2), which 

alters the electronic environment of these protons, which is to a large extent determined by the 

magnetic anisotropy arising from the DTP nucleus. Hc’, being located on the rotation axis of 

, is unaffected by a change of this angle.  

Apparently, the helical pitch in toluene is too large for the shift of the aromatic protons to 

be influenced by the under- and above-lying aromatic rings. In contrast, the helix is more 

‘compact’ in THF/hexane mixtures. Indeed, an 
1
H NMR spectrum in a THF/hexane 3/7 

mixture shows severe line broadening and an unresolved, very broad absorption band in the 

aromatic region (Supporting Information, Figure S4), which is in full agreement with a large 

helical pitch in toluene, but a very dense structure in THF-hexane. 

Oxidation of the PDTP backbone 

Finally, Pb was oxidized in a THF/hexane mixture (1/9), in which the polymer is thus 

present as a one-handed helix (Figure 8). The oxidation was accomplished using NOBF4 as an 

oxidant, which was preferred compared to I2, to avoid spectral interference from the I3
-
 or I5

-
 

counterion. After oxidation, the polymer was back reduced with hydrazine. The ease with 

which the polymer can be oxidized can be correlated with its low E1/2 (0.76 V), as measured 
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by cyclic voltammetry on film samples of Pb, scan rate = 100 mV/s, vs SCE (3M KCl), 

(Supporting Information, Figure S5). 

Unfortunately, the addition of NOBF4 leads to partial precipitation of oxidized polymer. 

Upon addition of hydrazine, a polymer film at the water – THF/hexane interface is formed. 

This explains the decrease in absorbance of the back-reduced, neutral state compared with the 

original, neutral state. In toluene, the precipitation is even more severe and, as a consequence, 

recording these spectra is not feasible. On the other hand, it is clear that no degradation of the 

polymer takes place, since the original shape of the spectra, both UV-Vis and CD, is restored. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. a) UV-Vis and b) CD spectra of Pb (37 mg/L) in THF/hexane 1/9 in its neutral 

(purple line), oxidized (blue line) and re-reduced (red line) state.  

Interestingly, the oxidized polymer shows no circular dichroism. For the localized main 

chain transition near 353 nm, one might attribute this to the fact that its transition is affected 
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by oxidation, or that chirality is lost. The side-chain transition absorbance, however, is less 

affected by oxidation of the polymer backbone and, as a consequence, the disappearance of 

(bisignate) Cotton effects must point at a loss of chirality. This is consistent with neutral Pb 

having a helical conformation: oxidation induces further planarization of the main chain (to 

delocalize the positive charges) and alters the (helical) conformation. The loss of the chiral, 

helical conformation is accompanied with a loss of chiral ordering of the substituents. 

Consequently, this explains the disappearance of the Cotton effects of both the main chain and 

side-chain.  

The problem of conformational changes due to oxidation could be tackled, which is done in 

an ongoing study, by using polymer films, as this restricts movement of the polymer 

chains.
5d,6c 

 

Conclusion 
In conclusion, we have prepared poly(dithienopyrrole)s (PDTPs) which are functionalized 

with a (chiral) gallic acid derivative and studied their conformational behavior in solution. 

The polymers were prepared by a Stille coupling. In good solvents (e. g. THF), the polymers 

adopt a strongly conjugated, rigid, probably rod-like conformation. In poor solvents (a 

THF/hexane (1/9) mixture or toluene) the polymer adopts a one-handed (in case of chiral 

polymers) helical conformation, which is in contrast to previously reported alkyl-substituted 

PDTPs, which aggregate in nonsolvents. The helix formed in THF/hexane is more densely 

packed than in toluene, as demonstrated by emission spectroscopy. The folding and unfolding 

of the helix was monitored by UV-Vis and CD spectroscopy and appeared to proceed via a 

single-step process. Finally, the reversal oxidation of the polymer in its helical conformation 

was studied, which revealed that the helix unfolds upon oxidation but folds back when 

reduced. Further research will focus on the chiroptical properties and conformational behavior 

in film. 
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