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ABSTRACT: A series of 3,6-dinonylthieno[3 J@lthiophene-based polymers containing either-bjthiophene,
thieno[3,2b]thiophene, or ethynylene spacer units were synthesized by Stille and oxidative coupling reactions.
Their electronic properties were studied by Yvis absorption and fluorescence spectroscopies in solution and

in the solid state and compared to poly(3,6-dinonylthienof8tRiophene). The introduction of these spacers led

to a substantial red shift in the longest wavelength of absorption, indicating that these modifications restore, to
a significant extent, the planarity of the system resulting in increased conjugation. Model compounds representing
the basic structural unit of each polymer were synthesized, and computations were performed to understand the
role of the spacer in dictating the conformation of the polymer backbone.

Introduction H
N S~—S

Semiconducting organic polymers have been extensively 7NN w
studied due to their remarkable optical and electrical propérties. s s
Thiophene-based polym@rs$ hold particular interest owing to dithieno[3,2-b:2",3-d]pyrrole - thieno[2,3-b]thiophene
their good environmental stability, processabilitand small s s
band gap$:?® In particular, poly(3-alkylthiophene)s, (P3AT)s, \ / WA
have been successfully employed as the active layer in organic Sz S

field effect transistors (OTFT)10-13 Although P3ATs have thieno[3,4-blthiophene  thieno[3,2-blthiophene
displayed good properties, these materials possess low barriers o ] . ' o

to deplanarization that could result in a decrease in conjugation'94re % dparlt'a"y planarized thiophene-based building blacks for
and solid-state orderiny. The incorporation of partially pla- conjugated polymers.

narized fused thiophene-based units into the polymer backbone
represents a promising approach toward improving conjugation
and optimizing solid-state properties. For example, the polym-
erization of dithieno[3,2:2',3 -d]pyrroles (Figure 1) results in
highly fluorescent polymers with reduced band g&p$.Poly-
thiophenes containing thieno[2tthiophene units display good 1 2
charge carrier mobility/ and the polymerization of thieno[3,4-
bjthiophene results in stable low band gap conducting polyHiets.

In addition, polymers and copolymers based on thienof,2-
thiophene have been studied, but the inclusion of these fused
units into a polymer backbone results in poor solubility which
hinders characterization and processabffity3

The introduction of alkyl chains into a polymer generally
increases solubility which facilitates purification and charac-
terization; however, in some cases steric interactions with alkyl
substituents have a negative impact on conjugation due toFigure 2. Chemical structures of poly(3-nonylthieno[&Rhiophene3*
decreased backbone planarity. We previously described thegl),Ips?lg(g,_6-dinflitﬂylthie[gogjfﬁ]_thi%pher;eg;(FZJ)C,)Ili)/f(JéyggiZﬁi]r?)i/tlhi[gpggP-

i i _ i i -yl-3,6-dinonylthieno[3, iophene) 8), ,6- -[2,2bi-
e e bobmer oo, RSB . ot erts B

. . SR " ,5-diylethynylene) §).

The incorporation of one or two nonyl chains into fhgosition
of thieno[3,2b]thiophene units to produce poly(3-nonylthieno-
[3,2-bjthiophene) 1) and poly(3,6-dinonylthieno[3,Blthiophene)
(2), respectively (Figure 2), results in polymers that drastically
differ in solubility and conjugation. Polyme? has excellent
solubility compared to polymet, but the conjugation o2 is
limited due to the increase in repulsive interactions caused by

the incorporation of an additional alkyl chain to the polymer
backbone. The strategy explored here is to introducé 2,2
bithiophene, thieno[3,®}thiophene, and ethynylene spacers to
reduce the steric interactions between adjacent 3,6-dialkylthieno-
[3,2-bJthiophene units, thus restoring planarity and conjugation
of the polymer backbone. Indeed, alternating copolymers of
thieno[3,2b]thiophene and 2;2bithiophene have recently been

* Corresponding author. E-mail: matzger@umich.edu. reported incorporating side chains on either the féfseal
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Scheme 1. Syntheses of Polymers-3
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ence of catalytic Pd(PRh in toluene yields polyme4. The dark

transport characteristics were observed. Considering the currented product obtained during the synthesig tias limited solubility
interest in OTFTs based on fused thiophene units and theirin THF, and the molecular weight of this soluble fractiorMs =
remarkable device performance, the continued study of the 9482,Mw = 6709. Polymeb was obtained from the reaction 6f

fundamental properties of these types of polymers is warrante

Here we report the syntheses and characterization of 3,6-

dinonylthieno[3,2b]thiophene-based polymers containing'2,2
bithiophene, thieno[3,®}thiophene, and ethynylene spacers

d with bis(tributylstannyl)acetylene under Stille conditions as de-

scribed for polymer4. The molecular weight of polymeb
determined by GPC i8, = 57 955,M,, = 121 950, indicating
improved solubility relative to polymer3 and4.

To explore the planarity and conformation of the monomer units

(Figure 2). The effect of the introduction of each spacer between in the backbone of polyme&s-5, the corresponding model subunits

dialkylated thieno[3,2]thiophene in the polymer backbone is

were synthesized by Stille coupling (Scheme 2). Didewhich

studied in order to understand their role in determining the serves as the model compound for polyrevas synthesized from
electronic properties of these materials. The optical properties compound and 2-(tributylstannyl)thieno[3,Bjthiophené® under

of these polymers were studied in solution and in the solid-

state and compared to polym2rIn addition, model subunits

of these polymers were synthesized and used, in conjunction
with computations, as well-defined models to gauge the extent

of conjugation and planarity of the monomer units in the
polymer backbone.

Preparation and Characterization

The synthesis of polyme8 was targeted from the oxidative
coupling of 3,6-dinonyl-2,5-bithiophen-2-yl-thieno[3pthiophene
(7) (Scheme 1). To produce this monomer, 2,5-dibromo-3,6-
dinonylthieno[3,2b]thiophene 6), prepared by the bromination of
3,6-dinonylthieno[3,B]thiophene?* was coupled to 2-(tributyl-
stannyl)thiophene under Stille conditions. PolyrBevas obtained
as a red solid with good solubility in hot toluene, allowing
purification by Soxhlet extraction; however, the solubility of this
polymer in THF at room temperature is limited leading to an
underestimation of the molecular weight by GPC analysls €
3430,M,, = 4210)%"

Polymers4 and5 were prepared by Stille coupling 6fwith the

Stille conditions. Compoun@ was obtained from the lithium
halogen exchange @ followed by the addition of methanol (see
Supporting Information). Model compouritD was prepared by
cross-coupling with bis(tributylstannyl)acetylene.

Optical Properties

The electronic properties of polymeBs-5 were studied by
UV —vis and fluorescence spectroscopies and compared to
and?2; these data are listed in Table 1. Polyridras a longest
wavelength absorption maximump{,y) at 359 nm, which is
88 nm blue-shifted relative to polymér (447 nm). This blue
shift in Amax Of absorption is a direct consequence of the
introduction of the second alkyl chain into the polymer
backbone, leading to increased steric repulsion between alkyl
substituents and sulfurs on adjacent rifgThese repulsive
interactions are also present in polyngbut they are reinforced
in polymer2 by the introduction of the additional alkyl chain
causing a more dramatic deplanarization of the polymer
backbone. The introduction of conjugated spacers into the
polymer backbone reduces these unfavorable interactions as

appropriate stannyl compounds (Scheme 1). The cross-coupling ofillustrated here for 2,2bithiophene, thieno[3,Bjthiophene, and

6 and 2,5-bis(trimethylstannyl)thieno[3tgthiophené® in the pres-

ethynylene units.
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Table 1. Longest Wavelength of Absorption and Emission Maxima

.E His of Polymers 3-5 and Reference Compounds in CHG Solution and
| Thin Film
g. CaHw S n_.— P
b Amax €Mission
E sHv; polymer structure Amax absorption (nm) (nm)
8 CeHig S - solution thin film solution
= s ln S
5 s Yar 2 2 5447
S % - A S 47 484 581 (sh)
c Cattee n CoHre S ni2
T S oH1o
270 320 a0 420 470 520 670 M I sy
2 o S WY 3597 3627 486>
wavelength (nm) CoHe S lni2
Figure 3. UV—vis absorption spectra of polymeBs-5 in CHCl3 M\ s oo
solution. 3 VTN s 453 481 556
e ST W, 524 (sh) 599 (sh)
&} CaH1g
g N\ s 550
2 4 Y U 446 478 591 (sh)
] " I;
(1]
® e 492 52
WA
f: 5 S 463 544 (sh) 558 (sh)
= n
E CoHig
<] s A\ 29 29 29
g 1, 456 526 570
CeHis
350 450 550 650 750
wavelength (nm) interactions are the same 4nand1. When an ethynylene unit
Figure 4. UV—vis absorption spectra of polymess-5 as thin films. is incorporated between dialkylated thieno[B]thiophene units

(polymerb), the result is a red shift of thig,ax of absorption of
104 nm relative to polymeR. In the solid state polymeb
- displays an absorption peak at 492 nm and a shoulder at 544
nm. The fluorescence spectrum shows an emission peak at 522
nm and a shoulder at 558 nm. Polynidras the smallest Stokes
shift in the series which can be attributed to the less sterically
hindered spacer unit that leads to a more planar conformation
(vide infra) of the polymer in solution relative to polyme3s
n and4 with a correspondingly smaller change in conformation
between ground and excited state. On the basis of these data,
the introduction of all spacer units into the target polymer
wavelength (nm) backbone results in greatly superior conjugation compared to
Figure 5. Fluorescence spectra of polymers5 in CHCI; solution. 2. This is mainly attributed to the fact that in polymes5
the steric interactions between alkyl chains and the spacer cause

absorption of 453 nm (Figure 3), corresponding to a 94 nm red a smaller de;viation _from plana_rity tr_lan the steric interactions
shift relative to2. A further red shift inimax of absorption of ~ P€tween adjacent dialkylated rings in polynger

28 nm is observed upon a transformation from solution to the ~ To further elucidate the effect of each spacer on the optical
solid state (Figure 4). The fluorescence spectrum for polymer properties of these materials, U¥is and computational studies

3 shows an emission peak at 556 nm and a shoulder at 599 nnef model subunits were performed. Thgax of absorption of
(Figure 5). However, when a more rigid and planar thieno[3,2- compounds/, 9, and10 and appropriate reference compounds
bjthiophene spacer unit is integrated in polyrdgthe Amay Of are summarized in Table 2. The longest wavelength of absorp-
absorption is 446 nm in solution and 478 nm in the solid state, tion is greatly influenced by the number of-bonds in
corresponding to a bathochromic shift of 87 nm in solution and conjugation; therefore, these model subunits are divided into
116 nm in solid state relative to polym@r The fluorescence  two groups according to the number of conjugatethonds
spectrum of4 features an emission peak at 550 nm and a present in the system. The model subunits of polyrdeasd
shoulder at 591 nm. Despite having a lower molecular weight, 2, compounds9 and 11, respectively, have six:-bonds in
polymer3 has a slightly smaller optical band gap than polymer conjugation but differ im.max of absorption. Compountil has

4, suggesting that the 2:Bithiophene spacer unit leads to a the shortestlmax of absorption of this group due to severe
more conjugated polymer than the corresponding thieno[3,2- deplanarization caused by the repulsive interactions between
bthiophene spacer unit in polymér It should be noted that  adjacent dialkylated rings. DFT calculations (B3LYP/6-31G*)
polymers4 andl, isomers that vary only in the position of the of 10 different torsion angles for the methyl analogueg,d,

alkyl chains, show similakmax 0f absorption in solution of 446 10, and11 were examined to determine their minimum-energy
and 447 nm, respectively. This indicates that in these systemsgeometry and the energy barrier for adopting a planar confor-
the conjugation of both polymers is dictated by the deviation mation (Figure 6). The use of methyl groups in place of nonyl
from planarity caused by the interactions between alkyl chains chains gives a reasonable approximation of molecular confor-
and sulfurs on the adjacent thieno[&hiophene ring; these  mation while simplifying the calculations greatly. The use of

normalized emission

475 526 575 625 675 726

Polymer 3, with a 2,2-bithiophene spacer, has Aax of
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Table 2. Longest Wavelength of Absorption of 7, 9, 10, and
Reference Compounds in CHG Solution

. h max.
model subunit structure m-bonds in absorption
conjugation (nm)

solution

s CoH1g
\ 7\ s oHhe 24
1 CQHWS{S\W 6 296
S

CoHig

S CoH1e
Yaur
9 6 336
S
Figure 8. Solid-state structure of compoufidllustrating two views:

S
12 % 6 353 (a) parallel and (b) perpendicular to the 3,6-dinonylthienof;2-
S
Vs

thiophene plane.
[

oH1g

7 SCH\ /S\ @ 7 333 (13).28 The model subunit for polyme3, compound?, has a
M s Amax that is 20 nm blue-shifted relative t3, which is the
13 Q\m\@ 7 37328 unsubstituted analogue @f This demonstrates that the incor-
Y/ poration of the alkyl chains i causes some deviation from
< g e planarity; support for this notion is found in DFT calculations
10 oHe 8 <% (" 7 387 where the methyl analogue @fis destabilized by 0.5 kcal/mol
CaHle S when planarized from its minimum-energy torsion angle 0140

Moreover, a torsion angle of 161s observed in the single-
. ) ) crystal structure o7 determined by X-ray diffraction (Figure
2,2-.b|'gh|opher.1e and thleno[3m{h|ophene spacers reduce; the 8). The longesti.max Observed in this group (seven conjugated
steric interactions between alkyl chains and sulfurs on adJacentn_bondS) corresponds to compout@, the model subunit for
rings, and the use of the ethynylene spacer completely removes,q\ymer5, which has an absorption peak at 387 nm, and at its
these repulsive interactions. Notably, computations predict thatplanar conformation the analogue I is destabilized by only
decreasing the number of sulfur to alkyl chain steric interactions ( gg kcal/mol with a minimum-energy torsion angle of 160
from two (as in polymer2) to one (as in polymers and4) The increased conjugation of compouh@ can be explained
reduces the barrier to planarization by significantly more than ,y he addition of the ethynylene spacer unit between dialkylated
half. Upon planarization from its minimum-energy conforma-  hieno[3,2bjthiophene units. A less sterically demanding ethy-

tion, the methyl analogue df1 is destabilized by more than  hvjene spacer unit maintains the planarity of the system,
5-fold compared to the methyl analogue ®©tFigure 6). This resulting in increased conjugation.

can be attributed to two major factors: (1) compo@ias an
attractive thienyl G-H---S interaction that is lost upon alkyl
chain introductiof and (2) in9 the angle between thieno[3,2-
b]thiophene rings can be adjusted to accommodate the steric A series of dialkyl-substituted thieno[3f}thiophene poly-
interactions between alkyl chains and sulfurs on adjacent rings mers incorporating 2;2ithiophene, thieno[3,B}thiophene, and
(see Supporting Information, Figure S2). Consequently, oligomer ethynylene spacer units were synthesized and compared to
9 has aimax 0f 336 nm (Figure 7), which corresponds to a red monoalkylated and dialkylated thieno[3Rhiophene polymers.
shift of 40 nm relative td. 1. The unsubstituted dimer of thieno- The introduction of these spacing units leads to improved
[3,2-b]thiophene 12) has the longestmax of absorption (353 planarity and conjugation as demonstrated by a red shift,in

nm) of this group, indicating that any alkyl substituent leads to relative to poly(3,6-dinonylthieno[3,Blthiophene). This sug-
some deplanarization, and this assertion is supported by DFTgests that dialkylated thieno[3I#thiophene can be used as a

Conclusion

calculationg* building block for semiconducting polymers but that a spacer
The second group of oligomers contains sewebonds in unit is needed to reduce steric interactions between adjacent
conjugation and is composed of compouridsand 10 and dialkylated rings in order to obtain a more planar backbone

reference compound 2,5-di(2-thienyl)thieno[®]hiophene conformation.
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