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Abstract

Oligo(2,5-thienylene-ethynylene)s [OTE] are a class of conjugated oligomers with a high shape-
persistence as rigid rods, which give these “molecular wires” interesting properties in materials
science. The synthetic approach to OTEs is based on iterative Sonogashira-Hagihara reactions
and possible end-cappings with certain functional groups or sub-structures. Special attention is
focused on systems with terminal donor—acceptor substitution DAOTEs which exhibit an
unusual absorption behavior. Increasing numbers of repeating units lead in OTEs to a convergent
bathochromic effect; on the contrary, hypsochromic shifts can be observed for DAOTEs with a
strong push—pull effect.
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1. Introduction

Conjugated oligomers and polymers attract increasing attention because of their interesting
properties in materials science.'! Among the variety of applications, semiconductive,
photoconductive, electroluminescent, nonlinear optical, photorefractive and sensor systems play
a prominent role."
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Whereas the number of publications on arylene-ethynylenes 1 is legendary, relatively little is
known about the hetarylene-ethynylenes 2 and 3.
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1

Scheme 1

The oligomers 2 (n>2) containing pyridine, pyridazine, pyrimidine, triazine and tetrazine
rings are, to our best knowledge, unknown. A dimer (n=2) was reported for compounds 2 with
pyrazine rings® and a polymer chain 2, which contains pyridine rings.>* In series 3, the systems
with X=NR and O (n>2) are unknown. Most of the studies have been on oligo(2,5-thienylene-
ethynylene)s [OTE] 3 (X=S), [which can also be called oligo(2,5-thiophenediyl-1,2-
ethynediyl)s], and the corresponding polymers [PTE].>*

2. Synthesis of Oligo(2,5-thienylene-ethynylene)s
The Sonogashira—Hagihara reaction™ represents the method of choice for the preparation of
OTEs and PTEs."™ More than 95% of all known compounds of these types were synthesized

with this Pd- catalyzed coupling reaction, which is superior to other C(sp”}—C(sp) couplings
such as the Stephens—Castro process.*®
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Scheme 2 shows the catalytic circle of the Sonogashira—Hagihara reaction. When Pd*" is
used, for example as Pd(PPh;),Cl,, a primary reduction to Pd(0) has to take place. Dialkynes, as
oxidation products, are then minor by-products. Pd(0) is inserted into the C—Hal bond of R'-I or
R'-Br (R' = thienyl). The co-catalyst Cul generates from R*~C=CH (R* = thienyl) a copper
acetylide, which provokes a transmetallation. The next step in the circle consists of the cross-
coupling to yield R'C=CR?. Complexed Pd(0) and HI (or HBr) are formed. The acid is trapped
by the present base (Et;N). Triphenylphosphine serves as ligand L for the Pd complexes.

The relatively rigid conjugated OTE chains 3 (X=S) soon become (n>4) insoluble unless
solubilizing side chains are attached. Therefore, alkyl,'"'>!#!81921723:252831533 1 17 a1kcoxy®* or
alkylsulfanyl®* groups are normally attached to one or both free positions of the thiophene rings.
Apart from OTEs with (substituted)- thienyl and/or free or protected ethynyl end-groups, some
systems with special end-groups have been investigated: benzene,”'~'** fluorene,” fullerene,
Saldehyde, ™ ester,”" thioester,”' 1,3,4-oxadiazole,”* 2,2": 6',2"-terpyridine.*’*

We were mainly interested in the synthesis of push—pull substituted OTEs, which bear an
electron- donor group, D, on one end and an electron- acceptor group, A, on the other end of the
conjugated chain. Therefore, we conceived a convergent and coupled synthetic strategy.
“Coupled” means that certain donor- substituted OTE chains (D= OCH3, SC;,H»s) can be reacted
with different acceptor components (A= CHO, NO;) in the final end-capping step. Scheme 3
shows this concept.*”*
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The chain- extension consists of an alternating sequence of coupling reactions (4 +5 — 6, 7
+ 5 — 8, etc.) and deprotection reactions (6 — 7, 8 —, etc.). Due to solubility problems, the
starting compound is always the donor substituted system 4. Compound 5 is the chain- extension

ISSN 1551-7012 Page 60 ©ARKAT USA, Inc.



Issue 5™ Eurasian Conference on Heterocyclic Chemistry ARKIVOC 2009 (ix) 57-69

component which increases the number of the repeating units from »n to n+1, and 10 or the
corresponding bromo- compound is the end-capping component. In the present case, the
monodisperse OTEs 12-20 listed in Table 1 were prepared.” >’ The compounds with 2.2-
dicyanovinyl end-groups were obtained from the corresponding aldehydes by condensation
reactions with malononitrile. With increasing numbers, n, of repeating units the yields of 12—
16,”” 17,° and 18-20,’® decrease. The preparations were stopped at n=4.5 because the solubility
then becomes very low.

Table 1. Oligo(2,5-thienyleneethynylene)s [OTE]

D—+ C,H,S— C= C—+ Si(CH3); 12,18,

n
D— C4st_ C = C__ H 13, 19,
°n
D— C4st_ C=C—+ C4HZS_H 14,
°n

D__ C4st_ CE C__ C4HZS_ CHO 15,
°n

D} CyHyS— C= C4- CHS—NO, 16,20 and
n

D—F CyHyS— C= C CiHyS— CH== C(CNy) 17,
n

The numbers in parenthesis represent the yields (%) of the final preparation steps according
to Scheme 3: 12-16°7, 17°%, 18-20°%.

End- D OCHs; OCH; OCH; OCH; OCH; OCH; SCipHys SCioHas  SCioHos
groups (A) C=CSi C=CH H CHO NO, CH=C C=CSi C=CH NO,

(CHs3)3 (CN), (CHj)s

n= 1 12a 13a 14a 15a 16a 17a 18a 19a 20a
(57) (98) (60) (59) (76) (93) (87) (89) (82)

2 12b 13b 14b 15b 16b 17b 18b 19b 20b

(82) (88) (56) (55) (88) (94) (95) (93) (64)

3 12c¢ 13c 14c 15¢ 16¢ 17¢ 18c 19c¢ 20c¢

(88) (99) (52) (57) (83) (89) (47) (89) (48)

4 12d 13d 14d 15d 16d 17d 18d 19d 20d

(86) (89) (41) (49) (71) (62) (66) (93) (37)
5 12e 13e 14e 15e 16e 17e
(68) (82) (30) (37) (48) (38)

When compound 5 of Scheme 3 is deprotected and then subjected to the Sonogashira—
Hagihara reaction conditions, a mixture of oligomers results.** However, the chain lengths are
short, unless solubilizing side chains are attached to the thiophene ring. When the same
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procedure was applied to 2-ethynyl-3-hexyl-5-iodothiophene, a polymer was obtained for which
n=56 and M,/M;=1.9 was reported."® An analogous polycondensation was achieved with 2-
bromo-4-(3,5-di-tert-butyl-4-hydroxyphenyl)-5-ethynylthiophene.'” In addition to these AB
types of polycondensation, AABB cases can be realized."™ Scheme 4 demonstrates such a
procedure. Due to the lack of symmetry of the components 21 and 22 (point group C), the
obtained polymer 23 is regio-irregular.”> On the contrary, the components 24 and 25 (Ca; or Cay
symmetry) yield a regio-regular chain 26.'®

CeH13 CeH13 CeH13
GRSy
| S I R S SR N
21 (AA) 22 (BB) 23 M
CeH13 CeH13
/ \ / \
I S = S = S = s, =
\ / \ /
24 (AA) H13CG 25 (BB) H13C6
B CeH13 7

24 + 25 1) / \ P |)Songgash|ra-
-1 s S 3 Z Hagihara

reaction
\ / conditions®3®

Scheme 4

At the end of this Section we should mention that connected OTE chains,13 branched OTE
systems,*' star-shaped OTE structures,* and even cyclic OTEs have been reported.*
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3. UV/Vis Absorption and Fluorescence

Normal (i.e., not push—pull substituted) OTEs show long-wavelength absorption bands, which
exhibit a bathochromic- and a hyperchromic- effect with increasing length of the conjugated
chains (increasing numbers 7 of repeating units). Table 2 summarizes the Anm,x values and the log
g values of the OTEs 12, 13 and 14.

Table 2. UV/Vis absorption maxima of 13a—e, 12a—e and 14a—e in CHCl;

13 Anax log & 12 Amax log & 14 Amax log &

/ nm / nm / nm
1 a 289 4.08 a 297 4.17 a 329 443
2 b 352 4.35 b 359 4.35 b 373 4.49
3 ¢ 386 4.60 c 389 4.54 c 393 4.67
4 d 394 4.73 d 399 4.78 d 405 4.82
5 e 407 4.75 e 407 4.84 e 414 4.86

Similar results were found for the series 21*' and 22*' shown in Scheme 5. The longest of
these “wires” reach — in the energetically favorable zig-zag conformation '— a length of more
than 10 nm. Both series exhibit a typical saturation phenomenon. The An.x values of the
fluorescence of 22 show a much smaller red-shift with increasing numbers 7, than does the
absorption (measurements in CH,Cl,).

C,H;
/ \ 21 a b ¢ d e
Qt. n 1 2 4 8 16

n+1 \

OHC CHO

22 a b c d e
n 0 2 4 6 8

A: A, [nm]364 425 431 442 444

F: A ,.[nm]536 539 542 544 544

Scheme 5
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Some time ago we suggested an empirical algorithm (equations 1 and 2) based on
exponential functions, which allows the determination of the limiting values 4., of absorption and
fluorescence for increasing numbers of repeating units (n—>0).""* The parameters a and b,
respectively, have to be optimized on the basis of the measured Anax (7). Normally, four data
points are sufficient for an accurate prediction of A.

According to first- and second- order perturbation theory, the convergence of A(n) is due to
different bond lengths (different resonance integrals) in the conjugated chain. Torsions along the
chain accelerate the convergence. Hyperbolic approximations for A, with Am.x as function of

n”' with n”' =0 furnish too high 1., values."***
E (n) = Ex+ (E; — Ep)e™™™V (1)
A (1) = os — (Ao — A1) ) )
necL = In(le — A1) b + 1 (3)

The term AE = (E\—E.) gives an answer to the question of, “how much is an absorption or a
fluorescence shifted, when going from the very first number (n=1) of the oligomer series to the
infinitely long chain”. The effective conjugation length, ngcp (equation 3), gives an answer to the
question how long a defect-free part of a conjugated polymer chain has to be, in order to match
the maximum red-shifted absorption or fluorescence.

Figure 1 illustrates the saturation phenomenon for an oligo-(2,5-thienylene-vinylene) series
23.% For comparison, the weak push—pull series 20 is shown as well. The latter series has a
much smaller AE of 0.11eV compared to 1.38eV of 23, and a much lower effective conjugation
length ngcr=4 compared to npc =15 for 23.

DAOTE:s, as well as other donor—acceptor substituted oligomer series, obviously exhibit a
different behavior."" Figure 2 reveals that the normal bathochromic effect of conjugated
oligomers for increasing numbers # is reversed when a strong push—pull effect is present. Such a
hypsochromic effect for increasing size of the chromophore is unexpected and needs an
explanation.

Figure 3 shows a schematic diagram for the long-wavelength electron transition. The
HOMO-LUMO energy difference AE, corresponds, according to Koopman's theorem, to the
difference of ionization potential, /P, and electron affinity, £4. When the HOMO and LUMO are
represented by one-electron functions, the energy for the electron correlation EC has additionally
to be considered for the energy gap between the first excited singlet state S; and the ground-state
So. The term EC can be expressed by the Coulomb repulsion integral J and the exchange integral
2 K (Figure 3).
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Figure 1. Convergence of the Am.x values of the absorption of 23 (CH,Cl,) and 20 (CHCl;) with
increasing numbers 7.
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Figure 2. Absorption maxima of the oligomer series 14, 15, 16, 17 and 20 in CHCls.
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Figure 3. Schematic diagram for the energy of the long-wavelength electron transitions Sp<=S;
(absorption and fluorescence).

The terminal donor—acceptor substitution of a conjugated chain D-n—A, as well as the
extension of the chain (higher numbers of repeating units n), reduce the value of AE,, which
causes a bathochromic shift. The So—S; transition (charge transfer band) is connected to an
intramolecular charge transfer ICT, which lowers the electron density on the donor side and
increases it on the acceptor side. Consequently the repulsion integral J is decreased. Due to the
negative sign of J in the equation for AE (Figure 3), decreasing J- values lead to a hypsochromic
effect. Since the exchange integral 2K has a minor impact (J>2K), the crucial question is, which
of the two opposite effects prevails. The general answer, is that an overall hypsochromic effect is
only possible when donor groups and acceptor groups of high strength are present. This is the
case in the series 16 and 17. Moreover, quantum mechanical calculations reveal that beside the
HOMO and LUMO other bonding © orbitals and antibonding n* orbitals have to be considered
for the So—S; transitions." The longer the conjugated chains are, the more important is the
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participation of these “next” orbitals, who normally diminish the ICT. The charge-transfer band
then loses more and more its charge-transfer character with increasing numbers, n, of repeating
units. The interference of other orbitals explains also the increasing absorption intensity with
increasing chain length. A strong ICT over a wide distance for the HOMO—LUMO transition
would otherwise cause a decreasing overlap density and therefore a decreasing band intensity.

4. Summary and Outlook

Alternating application of Sonogashira—Hagihara reactions and deprotection reactions provides
an effective and reliable strategy for the preparation of uniform oligo-(2,5-thienylene-
ethynylene)s [OTE]. The largest monodisperse OTEs have a length of more than 10 nm. The
corresponding Pd- catalyzed polycondensations of AB- or AABB- type serve for the formation
of PTEs, provided that solubilizing pendants are attached to the thiophene rings. Although
rotations about the C(sp)—C(spz) bonds in OTEs and PTEs can occur, the compounds have a
distinct - conjugation, which is expressed in a large bathochromic shift of the long-wavelength
absorption maxima Am.x for increasing numbers n of repeating units. The convergence limit A,
lies in solution between 375 and 460 nm. Push—pull substituted systems [DAOTE] show an
intramolecular charge transfer (ICT) in the electron excitation Sp—S;. The ICT, and the red-shift
caused by it, decrease by increasing the numbers of repeating units. The overall effect of A1, can
be bathochromic [Amax(77+1)>Amax(n)] or hypsochromic [Amax(n+1)<Amax(7)]. The latter case is
realized in DAOTEs which have a strong push-pull effect. Such molecules with an extended
conjugation have a high polarization and yet a high transparency in the visible region. This
property predestines them for applications in non-linear optical (NLO) devices. First studies**"’
reveal that such oligomer series have a maximum first hyperpolarizability, g, for a certain chain
length (n’) and a steadily increasing second hyperpolarizability y(n). Further interesting
applications of OTEs and PTEs can be expected in sensor techniques, as molecular wires in
nanotechnology, in light-emitting diodes (LED), and field- effect transistors (FET).
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