
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 12:33
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Chiroptical Properties of Regioregular
Chiral Polythiophenes
M. M. Bouman a , E. E. Havinga a , R. A. J. Janssen b & E. W. Meijer a
a Laboratory of Organic Chemistry, Eindhoven University of
Technology, PO Box 513, 5600 MB, Eindhoven, The Netherlands
b Institute for Polymers and Organic Solids, University of California,
Santa Barbara, CA, 93106, USA
Version of record first published: 04 Oct 2006.

To cite this article: M. M. Bouman , E. E. Havinga , R. A. J. Janssen & E. W. Meijer (1994): Chiroptical
Properties of Regioregular Chiral Polythiophenes, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 256:1, 439-448

To link to this article:  http://dx.doi.org/10.1080/10587259408039274

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259408039274
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cryst. 1994, Vol. 256, pp. 439-448 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1994 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published under license by 
Gordon and Breach Science Publishers S.A. 

Printed in the United States of America 

CHIROPTICAL PROPERTIES OF REGIOREGULAR CHIRAL 
POLYTHIOPHENES 

M.M. BOUMAN~, E.E. HAVINGA~, R.A.J. JANSSEN~ AND 
E.W. MEIJERa* 
a) Laboraiory o f Organic Chemistry, Eindhoven Universiy of Technology, 
PO Box 513, 5600 MB Eindhoven, The Neiherlands. 
b) Institute for Polymers and Organic Solids, University of Calijornia, Sunta 
Barbara, CA 93106, USA. 

Abstract The synthesis and (chir)optical properties of a highly regioregular 
optically active 3-substituted polythiophene are reported. Using the 
McCuHough method a regioselectivity of more than 98% is found for the 
head-to-tail coupling in 3-[2-((S)-2-methylbutoxy)ethyl]polythiophene 1. 
Contrary to the small effects observed for the regiorandom analogue 2, made 
by FeCI3-polymerization, 1 shows a strong induced optical activity in its x-n* 
transition, provided the polymer is in its almost coplanar associated form. 
This association with a strong conformational rigidity, a prerequisite for a 
stable chirality from a helical structure of 1, is found in poor-solvents as well 
as in the solid state. In a good solvent like CHCl, the disordered non-planar 
structure is optically inactive in its backbone. The transfer to an associated 
form is accompanied with solvatochromism and thermochromism in 
absorption, while significant changes in fluorescence behaviour and in the 
circular dichroism spectra are observed. All techniques show fine structure in 
the almost coplanar state while all absorptions are exciton coupled, reflecting 
the Davydov splitting of the coupled excited states. 

INTRODUCTION 

Following the first reports1F2 on chiral conducting polymers in 1985, a number of 
these optically active structures has been studied in detail.3-9 The introduction of chiral 
side chains at the 3-position of polythiophenes and polypyrroles has led to conjugated 
polymers featuring high optical rotations4, up to [a]:: = 3000. Furthermore, 
enantioselective doping processes are observed upon electrochemical oxidation of the 
optically active polymer using a racemic mixture of chiral a n i o n ~ . ~ J ~  All chiroptical 
studies reported so far are dealing with regiorandom polyheterocycles and an accurate 
understanding of the chiroptical properties is lacking. 
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3-Alkyl-substituted achiral polythiophenes have been studied in detail with respect 
to their solvatochromicl1 and thermochromic12-14 behaviour. It is now well-accepted, that 
two distinct forms can be present depending on solvent and/or temperature; a 
predominantly coplanar structure (in an aggregated form) in a non-solvent or at low 
temperatures and a conformationally disordered non-planar structure in a good solvent or 
at higher temperatures. 

Recently, new polymerization techniques have been developed to yield highly 
regioregular head-to-tail 3-alkyl substituted polythiophenes.15-1' This regioregularity has 
led to polymers with enhanced crystallinity, that in turn gives rise to enhanced 
conductivities*8 up to 1000 S/cm after I, doping and polythiophenes with bandgaps as 
low as 1.7 eV have been reported.Ig The studies on regioregular polythiophenes in 
combination with our interest in chirality of optical materialsz0 prompted us to investigate 
regioregular optically active polythiophenes. In this paper the synthesis, and chiroptical 
properties of 3-[2-((S)-2-methylbutoxy)ethyl]polythiophene 1 are described. This 
regioregular polymer is compared with the corresponding regiorandom optically active 
polymer 2. The latter has been reported previously; its optical properties, however, have 
not been discussed.5 

SYNTHESIS OF OPTICALLY ACTIVE POLYTHIOPHENES 

The syntheses of 1 and 2 are outlined in scheme 1. The starting material 3- 
thiopheneacetic acid is reduced with LiAIH, to yield 2-(3-thienyl)ethanol in 89%. The 
commercially available optically pure (S)-(-)-2-methyl-l-butanol is activated as a tosylate 
for the Williamson-ether synthesis yielding the optically active thiophene 3 in 83%. 
Compound 4 is obtained by selective iodination of 3 at the 2-position using 1, in HNO, in 
a yield of 47% after destillation. Using McCullough's method, 15,16 by making the 5-lithio 
compound first, transforming it into the Grignard compound, followed by polymerization 
under the action of a catalytic amount of Ni(dppp)CI, yields the raw polymer 1. Removal 
of low molecular weight and irregular fractions is obtained by successive extractions with 
methanol and hexane. A final extraction with CHCl, hrnishes the pure regioregular 1 in 
3 1% yield. The corresponding regiorandom isomer 2 is obtained by the FeC13-oxidative 
polymerization of 3 at -20°C. In this way two samples of 2 are prepared using different 
reaction times, 3 and 20 hours, respectively, In order to remove material that is slightly 
grafted, a number of washings and extractions has been carried out. 

The molecular weight of 1, as determined by GPC against polystyrene standards, is 
estimated at M, = 16,900 g/mol, D = 1.4. NMR spectroscopy allows the determination 
of the regioregularity of the polymers. The 13C-spectrum of 1 shows that within the 
experimental error of the NMR experiment no evidence is found for the presence of 
irregular linkages in 1. The regiorandom 2 (M, = 30,000 g/mol, D = 4.4 and MI, = 

19,000 g/mol, D = 2,6) exhibits the well-known ratio of approx. 60% head-to-tail and 
40% head-to-head and taiI-to-tail linkages. 
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1. LDA 
J R  2. MgBr2.0Et2 r kR 

2 'R 
Scheme 1 

ABSORPTION AND EMISSION SPECTROSCOPY 

Absorption and emission spectra of 1 and 2 are recorded in good solvents (CHCI, 
or THF), in poor solvents (decanol-1 at room temperature and mixtures of CHC1,- 
CH30H or THF-CH30H) as well as in the solid state. The electronic absorption 
spectrum, together with the fluorescence spectrum, of 1 in CHCI, is given in figure 1. In 
CHCI, the absorption maximum for 1 is found at 445 nm and the emission of 1 is 
centered around 600 nm, while some vibronic fine structure is observed. The excitation 
spectrum of 1 in CHC1, resembles the absorption spectrum to a great extent. For 2 the 
absorption maximum is found at 427 nm, reflecting a small decrease in effective 
conjugation length by a decrease in regioregularity. These data are all in full agreement 
with data of other regiorandom and regioregular polythiophenes published beforel9-22. In 
good solvents all polythiophenes are in a random-coillike and disordered, non-planar 
state. 

Absorption spectra of cast films from CHCl, solutions of 2 exhibit only a minor shift 
of &ax compared to solution; from 427 to 438 nm and some ill-defined low energy 
features are detected. Depending on the purity of the sample the intensity of the low- 
energy features differ. The spectrum of a film of 1 (figure 2a) exhibits three major 
absorption bands at 5 12, 540 and 592 nm, respectively, in stead of one peak at 445 nm in 
a CHCl, solution. In some cases similar bands are assigned to chains with different 
effective conjugation lengths,13,23 others assign these three absorptions to vibronic bands 
of the x-x* transition.11 This fine structure is more evident in the fluorescence spectrum 
of the cast film of 1 on sapphire at 80 K (figure 2b). The emission peaks are separated by 
1300-1400 cm-1, corresponding to the C=C vibration of thiophene." The absorption and 
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Figure 1. Absorption (a) and emission (b) spectra of 1 in CHC13. For (b) an excitation 
wavelength of 488 nm was used. 

emission spectra of 1 in the solid phase at 80 K are all assigned to an associated almost 
coplanar state of the polymer, no features that can be attributed to parts of 1 that are 
disordered or non-planar are detected. It is evident that a regioregular polymer is more 
susceptible to form associated ordered structures than regiorandom polymers. The 
spectra of 2 in the solid state are interpreted as the result of polymer chains that are only 
for small portions in their associated coplanar state. 

d cl 

300 400 500 600 700 800 900 1000 

Wavelength (MI) 

Figure 2. Absorption spectrum (a) of 1 on glass at room temperature and emission 
spectrum (b) of 1 on sapphire recorded at 80 K with excitation wavelength at 488 nm. 

By using poor solvents or solvent mixtures, it is possible to obtain an associated form 
of 1 in solution and to modulate between associated ordered form and disordered from. 
These phenomena will be discussed in the context of solvatochromism and 
thermochromism. 
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REGIOREGULAR CHIRAL POLYTHIOPHENES 443 

SOLVATOCHROMISM AND THERMOCHROMISM 

Upon the addition of CH30H to the CHCI, solutions of 1 a significant 
solvatochromism is observed and at a concentration of 61% CH30H the absorption 
spectrum in solution resembles that of 1 in the solid state to a great extent, although some 
remaining absorption assigned to a disordered fraction is detected (figure 3). An isobestic 
point is found at h = 473 nm. A further increase of non-solvent gives rise to polymer 
precipitation. We found that the purity of the sample strongly influences the degree of 
well-ordered association in certain solvent combination. In some cases precipitation of 1 
occurs already at a point that considerable amounts of disordered polymer with its 
absorption at 445 nm are still present. A variety of other poor solvents, like the n- 
alkanols, or solvent mixtures, like THF-CH30H, give rise to the formation of associated 
forms of 1 in solution as well. 

0 9  

0 8  

0 7  

0 6  

0 5  d ' 0 4  

0 3  

0 2  

0 1  

0 
300 350 400 450 500 550 600 650 700 

Wavelength (nm) 

Figure 3. Absorption spectra of 1 in chloroform-methanol solutions. (x) 100% 
CHC13, (#) 55% CHC13, (+) 54% CHC13, (-) 53%CHC13, (-) 52%CHC13, (W) 

50%CHC13, (0) 47%CHC13, (+) 39%CHC13. 

Thermochromism is observed for solutions of 1 in poor solvents as well as for 1 in 
the solid state. A typical experiment showing the thermochromism of 1 in decanol is 
presented in figure 4 and resembles the data published for other 3-substituted 
p~lythiophenes.'~ Only the high regioregularity in 1 makes the thermochromic changes 
more significant than in the case of polythiophenes that are less regioregular. 

All the results presented above support the aggregation theory as presented by Wudl 
et al. for regiorandom 3-alkyI-p0lythiophenes,~ however, it is more pronounced in the 
case of a highly regioregular structure. These trends towards more significant changes in 
the thermochromism by an increase in regioregularity has been put forward recently. l4  

However, there is still much controversy on the topic of dynamics in these associated 
forms. By studying the chiroptical properties of optically active 1 we will make an 
attempt to disclose some of the unravelled features of 3-substituted polythiophenes in the 
solid phase. 
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Figure 4. Absorption spectra of 1 in decanol. (D) 20°C, (0) 40°C, (4) 60°C. ( 0 )  

SOT, (A) 90°C, (A) 100°C, ( 0 )  120°C 

CHIROPTICAL PROPERTIES 

The remote distance of the stereocenter and the x-conjugated chain enables us to 
study the chiroptical properties of 1 in great detail. The x-x* transition at A,,, = 445 nm 
of 1 in CHCl3 is optically inactive. However, upon the addition of CH30H to the CHCl, 
solution, the solvatochromism observed is accompanied by the appearance of strong 
Cotton effects in the Circular Dichroism (CD) spectra (figure 5) .  Hence, the associated 
coplanar state is observed in the CD spectra only, while in the UV/Vis spectra both the 
disordered and associated form are observed. 

600 

400 

200 
9 
E o  
-0 

n 
V 

-200 

400 

400 
300 350 400 450 500 550 600 650 700 

Wavelength (nm) 

Figure 5.  Circular Dichroism spectra of 1 in chloroform-meihanol solutions. (x) 100% 
CHC13, (#) 55% CHC13, (+) 54% CHC13, (-) 53%CHC13, (-) 52%, (D) 5O%CHC13, 
(0) 47%CHC13, (4) 39%CHC13. 
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REGIOREGULAR CHIRAL POLYTHIOPHENES 445 

These CD-spectra are interpreted as superpositions of three oscillator-coupled (exciton- 
coupled) CD bands with corresponding &ax at 512, 540 and 592 nm, respectively. 
Apparently, all three bands are exciton-coupled and exhibit first a positive Cotton effect 
followed at higher wavelength by a negative Cotton effect. The exciton coupling results 
in a Davydov splitting of coupled oscillators for all bands of the excited state S, .  

Optical Rotatory Dispersion- and CD-spectra of a solution of 1 in 40% CHCI, - 
60% CH,OH are recorded to estimate chiroptical properties of 1 in detail. From the 
ORD-spectrum an [a]::, of 140,000 is estimated for h. = 513 nm. At the sodium D-line 
the estimated [a]:& is -9000, indicating the irrelevance of reports on optical rotation at 
one wavelength for these types of molecules. From the CD spectrum a chiral anisotropy 
factor at h = 625 nm of g = -2.10-2 is estimated; an extremely high g-value for an electric 
dipoIe allowed transition. 

ORD- and CD-spectra of 1 in the solid state are similar to those found in the 
solvent mixtures mentioned above. However, the chiral anisotropy factor is in most cases 
significantly lower for the solid state. 

0.4 - 

0.3 

$ 0.2 
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0- 
300 350 400 450 500 550 600 650 700 
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-2 
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Figure 6. Absorption and Circulair Dichroism spectra of two samples of 2 in CHC13 
(a) and in CHCI3-CH30H (20% - 80%) (b) and (c). 
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ORD- and CD-spectra of the regiorandom samples of 2 in solution show similar 
phenomena. The magnitude of the effects, however, is much smaller. In the most ideal 
situation an [a]::, of 5000 and a g-value at h = 625 nm of -7.10-4 are detected for 2, 
only. The UV/Vis- and CD-spectra of two samples of 2 in CHCI, and CHCI,-CH,OH 
(20%-80%) are given in figure 6, showing that the optically active electronic transitions 
in 2 are situated at the same wavelength as in 1. This implies that the major portion of 2 is 
still in its disordered state and only a small portion is in the coplanar optically active state. 

The thermochromic transitions of 1 are investigated with CD-spectroscopy as well. 
A typical CD-experiment of a decanol solution of 1 is given in figure 7. The temperature 
range in which the disappearance of the CD effects occurs (90-1 l0.C) is very similar to 
the temperature range in which ha, shifts from 512 to 438 nm in the UV/Vis spectra. 
The optically active low-temperature phase, which has an UVNis spectrum resembling 
that of 1 in a solution of 40% CHCl, - 60% CH30H, is transformed into an optically 
inactive form at higher temperatures, showing the close resemblance between solvato- 
chromism and thermochromism. Upon cooling the optically active coplanar form of 1 
returns. The history of the sample determines the magnitude of the Cotton effects to a 
certain extent. Apparently, kinetic parameters in the association are of importance to the 
extent of induced chirality of the polythiophene backbone. Similar parameters determine 
the extent of induced chirality of 1 in the solid state. 

200 

100 
i50 T 

-200 1 

A 

-250 
300 350 400 450 500 550 600 650 700 

Wavelength (MI) 

Figure 7. Temperature dependence of the Circular Dichroism of 1. (x )  20°C, (%) 
5OoC, (+) 6OoC, (-1 7OoC, (-) 80°C, (H) 90°C, (0) 100°C, (+) 110OC. 

DISCUSSION AND CONCLUSIONS 

We have shown that significant induced optical activity in the x-x* transition of 3- 
substituted polythiophenes can be obtained, provided the substituents are positioned in a 
regioregular head-to-tail fashion. In the regiorandom structures the corresponding effect 
is significantly smaller. This strong induced optical activity is even more imposing, when 
the large distance between the stereocenter and the backbone and the small difference 
between the groups at the stereocenter are considered. Apparently, the polythiophene 
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backbone has become chiral and due to the presence of only one enantiomeric form in the 
side chain there is a strong preference for the backbone to form one chiral superstructure 
over the other. It is estimated that the difference in conformational energy for both 
diastereomeric forms is marginally small and the stable induced chirality can only be the 
result of a fiozen-in conformation. It is proposed from the chiroptical data presented 
here, that only an aggregated form with a strong conformational rigidity in the 
polythiophene backbone can adopt this stable chiral conformation; a rigidity normally 
found in crystalline phases only. Hence, microcrystallites of 1 are thought to be formed. 

The induced optical activity with its pronounced exciton coupling of all three bands 
is either the result of an intramolecular helical conformation of the backbone or the result 
of an intermolecular chiral orientation of predominantly coplanar polymer chains with a 
kind of supercoiling in the crystalline phase. Theory concerning exciton coupling24,25 does 
not unambiguously distinguish between both modes. However, it is reasonable to assume 
that supramolecular architectures are responsible for these pronounced effects. 

REFERENCES 

1 

2 
3 
4 

5 

6 

7 

8 
9 

10 

1 1  

12 

13 
14 
15 
16 

17 

R.L. Elsenbaumer, H. Eckhardt, Z. Iqbal, J. Toth and R.H. Baugham, Mol. Cryst. 
Liq. Cryst. 1985, 118, 1 1  1. 
M. Salmon and G. Bidan, J.  Electrochem. SOC. 1985,132, 1897. 
D. Kotkar, V. Joshi and P.K. Ghosh, J.  Chem. SOC., Chem. Commun. 1988, 917. 
M. Lemaire, D. Delabouglise, R. Garreau, A. Guy, and J. Roncali, J.  Chem. Soc., 
Chem. Commun. 1988,658. 
J. Roncali, R. Garreau, D. Delabouglise, F. Garnier and M. Lemaire. S’nth. Met. 
1989,28, C34 1 .  
M. Salmon, M. Saloma, G. Bidan and E.M. Genies, Electrochimica Actu, 1989, 34, 
117. 
M. Lemaire, D. Delabouglise, R. Garreau and J. Roncali, J. Chim. Phys.-Phys. 
Chim. Biol. 1989,86, 193. 
D. Delabouglise and F. Garnier, Synth. Met. 1990, 39, 117. 
M. Anderson, P. 0. Ekeblad, T. Hjetberg, 0. Wennerstrom and 0. Inganas, 
Polym. Commun. 1991,32, 546. 
J.-C. Moutet, E. Saint-Aman, F. Tran-Van, P. Angibeaud and J.-P. Utille, A&. 
Muter. 1992, 4, 5 1 1 .  
S.D.D.V. Rughooputh, S. Hotta, A.J. Heeger and F. Wudl, J.  Polym. Sci. Polym. 
Phys. Ed. 1987, 25, 1071. 
W.R. Salaneck, 0. Inganas, B. Themans, J.O. Nilsson, B. Sjogren, J.-E. Osterholm, 
J.-L. Bredas and S. Svensson, J .  Chem. Phys. 1988, 89, 4613. 
C. Roux, J.-Y. Bergeron and M. Leclerc, Macromol. Chem. 1993, 194, 869. 
C. Roux and M. Leclerc, Macromolecules, 1992, 25, 2141. 
R.D. McCullough and R.D. Lowe, J. Chem. SOC., Chem. Commun. 1992, 70. 
R.D. McCullough, R.D. Lowe, M. Jayaraman and D.L. Anderson, J. Org. Chem. 
1993, 58, 904. 
T.-A. Chen andR.D. Rieke, J Am. Chem. Soc., 1992,114, 10087. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
33

 1
8 

Fe
br

ua
ry

 2
01

3 



448 M.M. BOUMAN ET AL. 

18 R.D. McCullough, S. Tristram-Nagle, S.P. Williams, R.D. Lowe and M. 

19 
20 
21 
22 
23 

24 
25 

Jayaraman, J .  Am. Chem. SOC. 1993, 115, 4910. 
T.-A. Chen and R.D. Rieke, Synth. Met. 1993, 60, 175. 
E.W. Meijer and B.L. Feringa, Mol. Cryst. Liq. Cyst .  1993, 235, 169. 
A.O. Patil, A.J. Heeger and F. Wudl, Chem. Rev. 1988, 88, 183. 
B. Xu and S .  Holdcroft, Macromolecules 1993, 26,4457. 
E.E. Havinga, I. Rotte, E.W. Meijer, W. ten Hoeve and H. Wynberg, Synth. Met. 

I. Tonoco, Chim. Phys. 1968, 65,91. 
Circular Dichroic Spectroscopy, N. Harada and K. Nakanishi, Oxford University 
Press, 1983. 

1991, 41-43,473. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
33

 1
8 

Fe
br

ua
ry

 2
01

3 


