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ABSTRACT: A series of chiral, substituted conjugated polymers containing the cyclopertteg21b']dithiophene

unit were synthesized: poly(cyclopenta[hB,4-b']dithiophene)s, poly(thieno[3,Blthiophenealt-cyclopenta-
[2,1-b:3,4b']dithiophene)s and poly(thiopheradt-cyclopental2,1s:3,4-b']dithiophene)s. The polymers were
prepared by a Stille-coupling reaction and their (chir)optical properties were investigated in solution as well as
in film. UV —vis and fluorescence spectroscopy indicated that the polymers are present as rigid, highly conjugated
strands in solution. Although the homopolymers (poly(cyclopentd§&3 4-b']dithiophene)s) do not self-assemble

in solution as well as in film, the alternating copolymers (chirally) stack upon transition to nonsolvents and solid
state. The (chir)optical properties in film appeared to depend on the annealing conditions: initially, the chiroptical
response increases, but at higher temperatures, the Cotton effects irreversibly disappear. Moreover, the CD spectra
of films of poly(thieno[3,2b]thiophenealt-cyclopenta[2,1b:3,4-b'ldithiophene)s with chiral substituents on the
thieno[3,2b]thiophene moiety appeared to be a superposition of two effects, which had a different annealing
dependency. In poly(thiopheradt-cyclopenta[2,15:3,4-b']dithiophene)s, only chiral exciton coupling was found

to be present.

Introduction Chart 1. Structure of the Polymers
R. R

Substituted poly(cyclopentadithiophene)s (PCPDTSs) and their
derivatives constitute a promising class of solution-processable, R R
low band gap conjugated polymers. These materials are based j z_/
on the rigid nature of cyclopenta[2/13,4+']dithiophene N Y
(CPDT) and can be regarded as fused-ring analogues of poly- S § ~n
(3-alkylthiophene)s (P3ATs) and structural analogues of poly-  P(CPDT), P(CPDT*) P(TT-CPDT), P(TT-CPDT*),
fluorenes (PFs). Regioregular P3ATs (HT-P3ATs) show a P(TT*-CPDT), P(TT*-CPDT*)
unique macromolecular self-assembly into semicrystalline,
ordered domains upon transition from solution (random coils)
to films (aggregates). As a consequence, these materials have
demonstrated great potential as active layers in various applica- PN
tions in microelectronics and electro-opticélso the macro- —RorR'= { /\)\/\/L
molecular and supramolecular behavior of substituted PFs has  P(T-CPDT), P(T-CPDT%) *
been the subject of many studies. PFs are known to show a
broad variety of structures in the condensed state, including charge carrier mobilitiesu( ~ 8 x 1075 c?/(V s)) were
nematic liquid crystalline mesophases and crystalline ptases. measured for these materils.
Also alternating copolymers of fluorenes and other aromatic ¢ js an intriguing fact that PFs readily self-organize into
moieties, such as thieno[3{gthiophene, have been prepared. o qereq states, while their structural analogues, PCPDTS, do
These materials possess highly ordered, liquid crystalline q; 5ggregate in nonsolvents and solid state. Nevertheless, in
morphologies in solid state as well. order to apply CPDT-based polymers as charge transport
Dialkyl-substituted PCPDTs were shown to be highly con- materials in electronic devices, efficientstacking between the
jugated £max ~ 560—590 nm) with a relatively low band gap  polymer strands is indispensable. Since the rate-limiting step
(Eg ~ 1.8 eV)*> This is in contrast with PFs, which are for charge transport is interchain hopping, this process is
characterized by rather poor conjugation lengthg.{~ 380 maximized by closer-stacking’
nm) and relatively high band gapEg(~ 3.3 eV)? For dialkyl- Several approaches to overcome the problem of excessive
substituted PCPDTs, it has been shown that the absorptionsteric hindrance in dialkylated PCPDTs have been developed.
spectra in good solvents are nearly identical to the absorption rirst, monosubstitution instead of disubstitution was investi-
spectra recorded in poor solvents and films (no bathochromic gated. In monoalkyl-substituted PCPDFsstacking is present,
shift is observed). Because of an out-of-plane arrangement ofand as a consequence, relatively high conductivities (up to 300
the substituents on the polymer backbone, these polymers cannog/cm) were reportetiThese polymers, however, proved to have
self-assemble into ordered structufels a consequence, poor g poor solubility. Second, alkenyl-bridged PCPDTSs, which have
an in-plane arrangement of the substituents onto the polymer
* Corresponding author. E-mail: guy.koeckelberghs@ backbone, were develop&dhey show significant bathochromic
chem.kuleuven.be. shifts (up to 80 nm) upon transition from solution to solid state.
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Scheme 1. Synthesis of the Cyclopenta[2}t3,4-b']dithiophene Table 1. Yield, Molecular Weight, Polydispersity, and
Monomers Electrochemical Data of the Polymers
R_R MnP/10°
polymer yield/% g-mol~ PDP EyV EV EuldV
S —RBr. KOMLKL > S P(CPDT) 81 121 14 047 028 038
1S § 20 °S P(CPDT¥) 75 736 18 055 029 042
1) -BuLi NBS P(TT-CPDT) 83 90.8 26 046 032 0.39
2) Bu3SnCl DMF P(TT-CPDT*) 84 59.8 39 049 0.34 0.42
Et,0 P(TT*-CPDT) 68 43.3 31 043 0.36 0.39
R_ R R_R P(TT*-CPDT*) 74 12.3 70 057 034 045

P(T-CPDT) 55° 120 20 070 035 053
N\ 7\ /\ P(T-CPDT*) 56 210 22 069 044 057
Bu;Sn S 3 SnBuj; B S 4 S Br

¢ S ) a Of then-hexane-soluble fractio®.Determined by GPC in THF toward
polystyrene standard$Of the chloroform-soluble fraction.
NN
—R- { M mL) are given in parenthesis. Films for BWis and CD experi-
* ments were prepared by spin-coating from chloroform solution
(1500 rpm, 10 s).
. L . Cyclopenta[2,15:3,4-b'dithiophene 1),%¢ 4,4-dioctylcyclopenta-
It was shovx_/n that extensiva-stacking is present in these [2,1_{:3,2 Jo']diEhiophene]E),SC2I,06-dibr§2no-4,4-diogylgyclgpenta-
materials. Finally, very recently, an alternating copolymer of [2,1-b:3,40]dithiophene 4),5¢ 2,5-di(trimethyltin)-3,6-dioctylox-
dialkyl-substituted CPDT and benzothiadiazole was con- ythieno[3,2b]thiophene §),1! (353 9-(+)-2,5-di(trimethyitin)-
structed? Although the copolymer was amorphous, the material 3,6-di(3,7-dimethyloctyloxy)thieno[3,Blthiophene §*),11 2,5-di-
exhibit the ability to self-assemble into a lamellar superstructure. (trimethyltin)thiophene &),'? and §)-(+)-1-bromo-3,7-dimethyl-
It has provided functionally desirable OFET performance octané?® were synthesized according to literature procedures.
characteristics with mobilities up to 0.17 &V s), when Synthesis of (,35)-(+)-4,4-di(3,7-dimethyloctyl)cyclopenta-
solution deposited® [2,1-b:3,4-b'|dithiophene (2*). At 0 °C and under argon atmo-

: . : : . sphere, grinded KOH (1.00 g, 17.8 mmol) was added in portions
In this work, we report the synthesis and chiroptical behavior == = 2L = o0 (1.00 g, 5.60 mmol), 9-(+)-1-bromo-3,7-

of CPDT-based alternating copolymers which have the ability dimethyloctane (3.10 g, 14.0 mmol), and Kl (25.0 mg, 1500l)

to aggregate in nonsolvents and solid state. Two different i, pmSo (25 mL). After overnight stirring at room temperature,
aromatic moieties3,6-dialkoxy-substituted thieno[3thiophene  the solution was cooled in an ice bath and water (25 mL) was added.
(TT) and thiophene (Fywere used as comonomer. For com- The crude compound was extracted with hexanes and extensively
parison, dialkyl-substituted PCPDTs were synthesized as well washed with water and a saturated JOH solution. After being
(Chart 1). The (chiral) aggregation of the polymers was dried over anhydrous MgSQthe solvent was removed in vacuo.
investigated using circular dichroism (CD) spectroscopy. For The crude compound was purified by column chromatography
that purpose, also chiral polymers were prepared. By the best(siliga gel; eluent: hexanes) and isolated as a clear oil.

of our knowledge, this is the first example of optically active, Y'ezlod: 4.96 g (77%). o
CPDT-based polymers. Throughout the manuscript, the asterisk [®lp = + 3.60 degdm™mol™*L (c = 2.0 in dichlo-

: : romethane).
() denotes the chiral substituent. IH NMR (CDCl): 0 = 7.12 (d, 2H,J = 4.6 Hz), 6.91 (d, 2H,

, , J= 4.6 Hz), 1.82 (m, 4H), 1.46 (m, 2H), .3 (m, 12H), 0.93
Experimental Section (M, 4H), 0.83 (d, 12H), 0.78 (m, 2H), 0.74 (d, 6H).

Reagents and Instrumentation.All reagents were purchased 13C NMR (CDCk): 6 = 158.2, 136.7, 124.6, 121.8, 53.2, 39.4,
from Aldrich Chemical Co., Acros Organics, Merck, Fluka, and 37.0, 35.1, 33.2, 31.4, 28.1, 24.8, 22.9, 22.8, 19.8.
Avocado. Reagent grade solvents were dried and purified by MS: m/z = 459.3 (M) (calcd 458.9).
distillation. Synthesis of 2,6-di(tributyltin)-4,4-dioctylcyclopenta[2,1b:3,4-

Gel permeation chromatography (GPC) measurements were doné']dithiophene (3). At 0 °C and under argon atmosphetd3ulLi
with a Shimadzu 10A apparatus with a tunable absorbance detector(1.40 mL, 2.10 mmol, 1.5 M in pentane) was cannulated into a
and a differential refractometer in tetrahydrofuran (THF) as eluent solution of2 (403 mg, 1.00 mmol) in dry diethyl ether (50 mL).
toward polystyrene standardd- nuclear magnetic resonance The reaction was stirred for 15 min at room temperature and
(NMR) measurements were carried out with a Bruker Avance 300 BusSnCl (0.60 mL, 2.21 mmol) was added via syringe. After
MHz. UV—vis and CD spectra were recorded with a Varian Cary overnight stirring at room temperature, the solution was concen-
400 and a JASCO 62 DS apparatus, respectively. Cyclic voltam- trated in vacuo. The crude compound was redissolvedhaxane
metry was performed on a Princeton Applied Research PARSTAT and the solution was filtered to remove the precipitated salts. The
2273, equipped with a standard three-electrode configuration. A solvent was removed via rotary evaporation and the crude com-
Ag/AgCl (3 M NaCl) electrode served as a reference electrode and pound was isolated as a yellow, viscous oil, which was used without
a Pt wire and disk as counterelectrode and working electrode, further purification.
respectively. The measurements were done in acetonitrile with ~ Yield: 971 mg (99%).
Bu;NBF,; (0.1 M) as the supporting electrolyte under argon IH NMR (CDCl): 6 = 6.90 (s, 2H), 1.80 (m, 4H), 1.58 (m,
atmosphere. Therefore, the solution was purged with argon for 30 12H), 1.34 (m, 12H), 1.61.3 (m, 32H), 0.99 (m, 4H), 0:81.0
s. Ferrocene was added before each run as an internal standardm, 24H).
The Fe(ll/Il) couple of ferrocene was observed at 0.45 V (scan  13C NMR (CDCk): 6 = 160.4, 142.4, 135.9, 129.8, 52.2, 37.9,
rate= 50 mV/s). For the measurements, a polymer film was drop 32.0, 30.2, 29.5, 29.4, 29.2, 27.4, 24.8, 22.8, 14.3, 13.8, 11.0.
casted on the Pt disk working electrode. The DSC measurements MS: m/z = 980.7 (M") (calcd 980.9).
were performed on a Perkin-Elmer DSC 7 apparatus. The fluores-  Synthesis of (&,3S)-(+)-2,6-di(tributyltin)-4,4-di(3,7-di-
cence measurements were done on a PTI Photon Technologymethyloctyl)cyclopenta[2,1b:3,4-b']dithiophene (3*). Compound
International apparatus. The samples were excited near the absorp3* was obtained fron2* (459 mg, 1.00 mmol), following a similar
tion wavelength and the quantum yields were determined using procedure as described f8r After removal of the salts, the crude
secondary method8.The optical rotations were measured with a compound was isolated as a yellow, viscous oil, which was used
polAAr 20 apparatus; the solvent used and concentration (in g/100 without further purification.
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Scheme 2. Synthesis of the Polymers

R R R R R R
4 \; 2/ N + 4 \; 2/ ) Pd(PPh;), ! \; Z/ 3
BusSn g 3 SnBu; B S P g~ ~Br DMF/toluene S s~ 15

P(CPDT), P(CPDT*)

* S

R R
RO R_ R
S
Me;Sn 7 )—SnMe; + NN Pd(PPhs),
S B s~ . s~ ~Br DMF/toluene
5 Hhr 40

P(TT-CPDT), P(TT-CPDT¥),
P(TT*-CPDT), P(TT*-CPDT¥)

R_ R R_R

Me3Sn\®/SnMe3+ I\ Pd(PPhy),
\ /) B S Br  DMF/toluene
4
6

P(T-CPDT), P(T-CPDT*)

Yield: 1.03 g (99%). was achieved using KOH as base in DMSO. The distannylated
[0J® = + 2.60 degdmimol-L (¢ = 2.0 in dichlo- monomers3 and 3* were prepared by dilithiation df and2*
romethane). respectively, usingt-BuLi, followed by quenching with

'H NMR (CDCl): 6 = 6.89 (s, 2H), 1.81 (m, 4H), 1.58 (m,  BusSnCl. The tin compounds are oils which could not be
12H), 1.47 (m, 2H), 1.34 (m, 12H), 1.3 (m, 24H), 0.8-1.0 purified by column chromatography (since destannylation

(m, 36H), 0.74 (d, 6H). 14 ' :
R (COCl S = 1604125 1350, 1205 520 30, SEPUSH Tl ey wero lfcnty e afer eato
37.1,35.2,33.2,31.7,29.2,28.1, 27.4, 24.9, 22.9, 22.8, 19.9, 13.9, :

11.0. accomplished using-bromosuccinimide (NBS) in DMF.
MS: miz = 1036.4 (M) (calcd 1037.0). The synthesis of the polymers is depicted in Scheme 2. All
Synthesis of (3,3 S)-(+)-2,6-dibromo-4,4-di(3,7-dimethyl- polymers were synthesized by a Stille cross-coupling reaction
octyl)cyclopenta[2,1b:3,4-b']dithiophene (4*). A solution of 2* of distannylated and dibrominated monomers. In order to be

(2.29 g, 5.00 mmol) in dry DMF (50 mL) was shielded from light  able to investigate the chiroptical properties of the polymers,
ang ;)rouglh(; gnder alr)gon atmgzpr(ljere. (f\(tf])N-brorrl_osucc[nltmlde chiral polymers were prepared as well.

.87 g, 10.5 mmol) was added and the reaction mixture was N .
allowed to reach room temperature and was further stirred overnight. gfterr] polymerlz_atlon,sall ﬁ?I¥mers W?re \;vashed W'tg aceté)net
After diluting the solution with diethyl ether, the organic layer was 2"dfn-heéxane using a Soxhiet apparatus (o remove byproducts
thoroughly washed with water, a saturated NaH@6lution and ~ @nd low-molecular weight oligomers. Finally, the polymers were
dried over anhydrous MgSOThe solvent was removed in vacuo, extracted with chloroform, precipitated into methanol and dried.
and the crude compound was purified by column chromatography Except forP(CPDT) andP(T-CPDT), however, all polymers

(silica gel; eluent= hexanes) and isolated as a yellow oil. are soluble im-hexane and therefore, timehexane fraction of
Yield: 2.47 g (80%). these polymers was precipitated into methanol and dried. The
[a]? = + 4.53 degdmLmol>L (c = 2.1 in dichlo- structure of all polymers was confirmed Byl NMR spectros-

romethane). copy (see Supporting Information). DSC analysis, finally,

'H NMR (CDCl): 6 = 6.92 (s, 2H), 1.76 (m, 4H), 1.48 (M,  jngicated that, although not for all polymers clear thermal
2H), 1.0-1.3 (m, 12H), 0.94 (m, 4H), 0.84 (d, 12H), 0.79 (M, 2H),  ransitions were observed, none of the polymers show a

0.75 (d, 6H). o o
15C NMR (CDCh): 6 = 156.0, 136.5, 124.6, 111.2, 55.0, 39.3, crystallization peak below 25%C. The glass transitions of the

36,9 34.9 33.1 31.3 28.1 248 22.8 22.8 19.7. polymers vary between 150 and 240. All polymers did not
MS: miz = 616.1 (M") (calcd 616.6). degrade below 250C. _ _
Synthesis of the Polymers.A general procedure was as Yield and GPC Analysis.The yields and molecular weights

follows: A solution of distannylated monomer (3@énol), dibro- are summarized in Table 1. High yields (581% after Soxhlet

minated monomer (30@mol), and Pd(PPf4 (17.4 mg, 15.Qemol) extractions) were obtained. The molecular weights were deter-

in dry toluene (9 mL) and dry DMF (9 mL) was purged with argon  mined by GPC in THF toward polystyrene standards. At first

for 0.5 h and then gently refluxed for 40 h. After the solution was inspection, they seem very large. However, as will be shown,

cooled down to room temperature, the polymer was concentratedthe polymers adopt a planar, rigid conformation in solution.

and_fpodurgd igto me:hantol. 'I;_he polymerwas filter_edloﬁ an(z further Therefore, the hydrodynamic 'volumes of the polymers and the
urifie oxhlet extractions using successively acetare, ' . .

Eexane, a)r/1d chlorofornThe chIoroforr?w-squbIe frac%/ion (or the standards (polystyrene) differ S|gn|f|car1tly and, as a conse-

n-hexane-soluble fraction in the case of complete solubility in duence, the value of the molecular weights determined must

n-hexane) was concentrated and precipitated into methanol. Finally, b€ put into perspective. It has, for instance, been shown that

the polymer was filtered off and dried. GPC typically overestimates the molecular weights of polymers
which adopt a rigid-rod-like conformation if polystyrene
Results and Discussion standards are usédl.
Monomer and Polymer Synthesis.The synthesis of the Electrochemical Behavior.The potential of the peak anodic

CPDT monomers is displayed in Scheme 1. Dialkylatioiof  current Ey,) and peak cathodic currerid) of films, drop casted
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Table 2. Optical Data of the Polymers in Solution and Film

Amaxin solution/nm

CHCl3 Amaxin film/nm
CHCI3/CH3OH (1/9)

polymer neutral oxidizet neutral neutral oxidized EgleV
P(CPDT) 588 1029,>2000 574 578 994> 2000 1.83
P(CPDT¥) 588 1053,>2000 579 581 102552000 1.84
P(TT-CPDT) 612 968,>2000 604, 646 596 954,>2000 1.79
P(TT-CPDT¥) 611 967,>2000 601, 648 591 943,>2000 1.80
P(TT*-CPDT) 571 951,>2000 586 593 92632000 1.79
P(TT*-CPDT¥) 572 929,>2000 583 588 92632000 1.79
P(T-CPDT) 588, 629 998, >2000 591, 624 573 961,>2000 1.83
P(T-CPDT*) 586, 621 1020,>2000 587, 626 572 1001,>2000 1.85

a By addition of a concentrated NOBBolution (in chloroform)? By exposure to NOBJ(in acetonitrile).¢ Optical band gap in filmd Two absorption
maxima are observed (see Figure 1).

from chloroform solution onto the Pt working electrode, were 250004 A —— P(CPDT)

measured using cyclic voltammetry. It is worthwhile to note —— P(CPDT*)
that the Ep, value shifts to a lower potential after the first 20000+ —— P(TT-CPDT)
oxidation and back reduction cycle, indicating the formation of < — P(TT-CPDT¥)
a more conjugated system. TEg. value remained the same. _Ig 150004 — P(TT*-CPDT)
After the second scan, the position and also the shape of the g P(TT*-CPDT*)
voltammograms remained roughly unchanged. Therefégg, = 10000 _::g:g::g;i)

andE,c were determined from the second scan. The oxidation
processes of all polymers were quasi-reversible. The half-wave 5000+
potential E1» = (Epa+ Epo)/2) was independent of the scanning

rate, and the oxidation and back-reduction could be repeated

several times without significant change in the voltammogram. 300 400 500 600 700 800
TheE;; values ofP(CPDT) andP(CPDT?*) are respectively Wavelength (nm)
0.38 and 0.42 V. For these polymers a second (broad) oxidation
was observed dp,~ 0.85 V. The onset of the oxidation wave 25000+ B —P(CPDT)
was ~ 0.35 V. From this value, the HOMO level can be — P(CPDT¥)
calculated at- 4.78 eV6 Interestingly, the alternating copoly- 50000 — P(IT-CPDT)
mers based on TT and CPDT hakg, Epc, and Ey, values ~ — PIT-CPDT*)
. . P - —— P(TT*-CPDT)
which are approximately the same as those of the CPDT- § 15000- P(TT*-CPDT*)
homopolymers Ky, ~ 0.5 V, Epc ~ 0.3 V, andEy; ~ 0.4 V). = P(T-CPDT)
The same trend is observed fbhax in @ good solvent (see i 10000+ — P(T-CPDT¥)
below). This observation indicates that the electronic properties «

of these alternating copolymers and the homopolymers do not 5000-
significantly differ. The alternating copolymers from the less
electron-rich thiophene moiety and the (a)chiral CPDT have

higherEp, Epe, andEy» values. The onset of the oxidation wave 0300 400 500 600 700 800
was found at~0.50 V and the HOMO levels were calculated Wavelength (nm)
at —4.93 eVv16 R

Chiroptical Properties in Solution. The UV—vis data are 607 ¢ ,\;"'
summarized in Table 2. Representative-t\s and CD spectra —— P(CPDT*)
in good and poor solvents are shown in Figure 1. All polymers _ 407 ——rp(rr-cPOTY) |
show already a strong conjugation in good solvent (chloroform) g — P(IT*CPDT) |
as evidenced by their rather highax values (571625 nm). 5 201 —— P(IT*CPDT¥) | \
In chloroform, no CD effects are observed. Upon addition of a 2 — NT-CPDT)
nonsolvent (methanol), no or small bathochromic shifts are 2 " N, ]
observed. This observation confirms that the polymers are 4 20 N\
already present as highly conjugated rods in good solvents and ] “\_.
only slightly further planarize and possibly stack upon addition
of a nonsolvent. Interestingly, a clear vibronic fine-structure 407 . — T . )
appears for the copolymersP(TT®)-CPDT®) and P(T- 300 400 500 600 700 800
CPDT®))), while the homopolymerdA(CPDT®))) show a less Wavelength (nm)

pronounced fine-structure in poor solvents. The difference Figure 1. UV —vis spectra of the polymers in (A) chloroform and (B)
between the homo- and copolymers becomes more clear in theira chloroform/methanol mixture (1/9) and C) CD spectra in a chloroform/

CD spectra: In poor solvents, no CD effect is observedor ~ methanol mixture (1/9)(= 30 mg/L).

(CPDT¥). This observation confirms that 4,4-dialkyl-substituted exciton coupling of chirally stacked, coplanar polymer straids.
PCPDTs do not aggregate in poor solvents. On the otherhand The gaps values @ans = Aele) of P(TT*-CPDT), P(TT*-
except folP(TT-CPDT*) —the chiral copolymers show bisignate CPDT¥*), andP(T-CPDT*) are 9x 104, 5 x 1073, and 5x
Cotton effects in a nonsolvent mixture (chloroform/methanol 1074, respectively, which are typical values for chiral exciton
(1/9)). These bisignate Cotton effects can be ascribed to chiralcoupling of conjugated polymers in poor solvents.



Macromolecules, Vol. 41, No. 3, 2008 Chiroptical Properties 595

A Table 3. Emission Data of the Polymers in Chloroform
0,64 —— Before annealing Stokes
——100°C / 1 min polymer AedNM  Len/nm  fwhmecmt  shiftt/em™  ©¢/%
3 ——160°C/ 1 min P(CPDT) 578 653 1293 1693 1.1
= 0.4 ——200°C/ 1 min P(CPDT¥) 578 651 1217 1646 1.0
2 A} ——260°C/ 1 min P(TT-CPDT) 560 638 1051 666 6.5
8 P(TT-CPDT*) 560 641 983 766 7.1
2 P(TT*CPDT) 561 628 1621 1589 13
< 02 P(TT*CPDT* 562 636 1107 1760 7.0
P(T-CPDT) 578 624 1235 981 3.8
P(T-CPDT¥) 576 624 1288 1039 2.9
0.0 . i i : . aFull width at half-maximum of the emission barftDifference between
300 400 500 600 700 800 the spectral positions of the banthximaof the absorption and emission.
) ¢ Measured toward cresyl violet perchlorae{ = 621 nm,®; = 0.54 in
1 Wavelength (nm) methanol)d These polymers have Anax ~ 610 nm and an additional
1B shoulder~570 nm in U\V+-vis. ® These polymers have fnax ~ 570 nm
—— Before annealing and an additional shoulder600 nm in UV-vis.
8 ——100°C/ 1 min . . o
—160°C/ 1 min an interesting tool to probe the rigidity of the polymer
5 ———200°C/ 1 min backbone: the broadness of the fluorescence peak (fwhm
d 44 . ] R . . . L
> ——260°C / Imin and the Stokes shift decrease with increasing rigidity. The
5 fwhmen, of the polymers are on the order of 1600600 cnT?,
& 04 which are typical values for conjugated polymers with a rigid
= structure in good solvent8.The same trend is present for the
-4 Stokes shifts: rigid polymers show small Stokes shifts (typical
2000 cnt),2® while polymers which adopt a flexible conforma-
-8 . : : : . tion (random coils) show large Stokes shifts (typical 5600
300 400 500 600 700 800 6000 cnT1).20 From the narrow emission peaks and the small
Wavelength (nm) Stokes shifts, it can be concluded that all polymers are present
Figure 2. (A) UV—vis and (B) CD spectra of an annealed film of &S rigid (planar) structures in chloroform. I__ow quantum yields
P(CPDT¥). (1—13%) were determined toward cresyl violet perchlorage, (
= 621 nm,®; = 0.54 in methanol). This standard was chosen
Because chiral exciton coupling is artermolecular effect, as a reference since ifs,, matches closely with those of the
it must be concentration dependent. Therefore, we first have polymers.
studied the solvatochromism fB(TT*-CPDT*) using different Chiroptical Properties in Film. Representative U¥vis and
chloroform/methanol mixturesc(= 30 mg/L) (Figure 1, CD spectra-before, during, and after annealingf the chiral

Supporting Information). This indicates that starting from 60% polymers are displayed in Figure-8. Upon transition from
methanol, the polymers start to aggregate, as evidenced by thesolution to film no or only slight bathochromic shifts are
appearance of bisignate Cotton effects. Next, the concentrationobserved, which can be explained by the fact that the polymers
dependence of the CD effect was investigated in a chloroform/ are already planarized in solution. The optical band gaps were
methanol (4/6) mixture, in which spectra intermediate between calculated from the onset of the absorption band and appeared
those in pure chloroform and chloroform/methanol (1/9) were to be approximately 1.80 eV.
obtained, (Figure 2, Supporting Information). A clear concentra-  As is the case in poor solvents, no CD effect was observed
tion dependence of the bisignate Cotton effect was observed.for P(CPDT*) in film (Figure 2). It is clear that this polymer
This proves that the CD effect iatermolecular in nature and  does not (chirally) aggregate under any conditions. However,
excludes the possibility of @ntramolecular chiral conformation  the copolymers do show circular dichroism (Figures63 and
(for instance a chiral, helical backbone). The significant dif- the intensities of the CD bands increase by annealing. Interest-
ference in CD intensity of the three chiral alternating copolymers ingly, the Cotton effects of the TT-copolymeR(TT—CPDT*),
of TT and CPDT can be explained by the fact that all three P(TT*-CPDT), and P(TT*-CPDT*)) decrease in intensity
chiral alternating copolymers adopt (slightly) different supramo- above a certain temperature 160 °C) and this disappearance
lecular structures, with corresponding different CD spectra. This wasirreversible If the sample was again heated to, for instance
difference in CD intensity was also observed in, for instance, 100°C, no Cotton effect appeared. After annealing at 160
chiral poly(phenyleneit-bithiophene)¥® and chiral poly(3,6- maximumgapsvalues of 1x 1073 and 2x 103 were achieved
dialkoxy-TT-alt-3,6-dialkyl-TT)s!! for P(TT-CPDT*) andP(TT*-CPDT), respectively. A maxi-
From the observed chiroptical properties, it is clear that both mumgapsvalue of 3x 1072 was obtained foP(TT*-CPDT*)
homopolymers and alternating copolymers of 4,4-dialkyl- after annealing at 100C. Except for P(TT-CPDT*), the
substituted CPDTs adopt a highly conjugated, planar conforma-disappearance of the Cotton effects is accompanied by a
tion in good as well as poor solvent. The homopolymers do decrease of the vibronic fine-structure. The same phenomenon
not aggregate in solution, which can be ascribed to an out-of- was observed if the samples were stored: after storing the films
plane arrangement of the substituents onto the polymer back-for a couple of days at room temperature, the Cotton effects
bone, preventingz-stacking. In the alternating copolymers, disappear, although no (visible) degradation had taken place.
however, (chiral) aggregation is possible. This is in agreement This suggest that for these materials a CD silent, probably less
with the proposed self-organization of alternating copolymers ordered structure is the thermodynamically most stable structure.
of CPDT and benzothiadiazofe. It is important to emphasize that the (chiral) supramolecular
Fluorescence Solution emission data in chloroform for the order, as indicated by the presence of bisignate Cotton effects,
polymers are summarized in Table 3. The polymers show relates tanesacale order and does not, therefore, conflict with
emission between 624 and 653 nm. Fluorescence is particularlythe absence afhacrcscale order as suggested by DSC.
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P(TT*-CPDT). Figure 6. (A) UV —vis and (B) CD spectra of an annealed film of
P(T-CPDT*).

Another intriguing feature is thehapeof the CD spectra.
The Cotton effects of films ofP(TT-CPDT*) are clearly chiral TT unit P(TT*-CPDT) and P(TT*-CPDT*)) do not

bisignate at all temperatures. This corresponds to chiral excitonshow a clear bisignate Cotton effect. The CD spectra seem to
coupling of chirally stacked polymers strands, analogous to the be a superposition of two spectra: a bisignate Cotton effect,
situation in nonsolvents. However, the copolymers with the arising from exciton coupling and a second CD effect. Since
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Figure 7. Presentation (calculated with hyperchem) of the stacking(@CPDT®)) (left) and P(TT®*)-CPDT®)) (middle and right).

both effects are likely to have different origins, their temperature absorption maxima are summarized in Table 2. The blue color
dependence can be expected to be different as well. For instanceof the neutral solution/film is lost on doping and the doped
if P(TT*-CPDT) is annealed at 100C, the chiral exciton solution/film becomes transparent. Remarkably, the oxidized
coupling seems to be the dominant factor, giving rise to a polymers show a highélmax in solution than in film. This was
relatively clean bisignate Cotton effect. However, by heating also observed imN-alkyl-substituted poly(dithieno[3,B:2',3 -
the sample to 200C, the second effect becomes more important d]pyrrole)s and can be explained by the restricted mobility of
and the bisignate shape disappears. The same trend is observetie polymer backbone in filf? Indeed, oxidation is ac-
for P(TT*-CPDT*) : by annealing at 100C, a clear bisignate =~ companied by planarization (to stabilize the positive charge)
Cotton effect is present, while at 20, the CD spectrum and the required change in macromolecular structure (planariza-
becomes less intense and the bisignate shape disappears. Aton) is more restricted in film than in solution. It is interesting
240°C, even a monosignate effect is observed. Clear bisignateto note that iodine-doped films of PCPDTSs tend to spontaneously
Cotton effects were also observed fT-CPDT*). Here no dedope relatively fast (in the order of minuté&yyhile NOBF-
evidence for the existence of a monosignate effect was found.doped films of all polymers remained oxidized for extended
Upon annealing the bisignate Cotton effect increases. After periods of time (at least several hours to days).
annealing at 250C, thegdapsvalue is 3x 1073,

While the origin of the bisignate Cotton effect is cleahiral Conclusion

exciton coupling of chirally stacked polymer strahfisthe In conclusion, we have prepared chiral, substituted ho-
origin of the second (monosignate) CD effect is unknown. mopolymers of 4,4-dialkylcyclopenta[2}i3,4-b']dithiophene
Interestingly, it is only present in the copolymers with the chiral 5nq alternating copolymers of 4,4-dialkylcyclopenta[B;3;4-
TT unit. One possible explanation might be that the alternating b']dithiophene and a second aromatic group, i.e., (a)chiral 3,6-
copolymers of TT and CPDTP(TT®)-CPDT®)) adopt a gjalkoxythieno[3,25]thiophenes and thiophene. The polymers
macromplecular chiral (helical) co_nformation, as is also.the caseere synthesized by a Stille-coupling reaction. s and
in substituted poly(fluorene)?é.Thls conformation requires a  flyorescence spectroscopy indicated that all polymers are present
twist from coplanarity between the alternating TT and CPDT 55 rigid, highly conjugated strands in solution. Although the
units. This twist may be induced by the (chiral) substituent homopolymers (poly(cyclopenta[2tt3,40']dithiophene)s) do
located on the TT unit. In that case, the presence (absence) ohot aggregate in solution nor in film, the alternating copolymers
a chiral, helical backbone conformation depends on the presencqchirally) stack upon transition to nonsolvents and solid state,
_(absence) of chiral substituents on _the TT moiety. Conseq_uently, as indicated by UWvis and CD spectroscopy. The (chir)optical
in that case, the second (monosignate) Cotton effect is only properties in film depend on the annealing conditions: initially,
present when a chiral TT* moiety is incorporated. ~ the chiroptical response increases, but at higher temperatures,

Itis clear that, although both homopolymers and alternating at which they attain the lowest-energy state, the Cotton effects
copolymers of substituted CPDTs adopt a planar, highly jrreversibly disappear. In films of the thienothiophene-containing
conjugated conformation, only the copolymers can (chirally) copolymers with chiral substituents on the thienothiophene unit,
aggregate. As already mentioned, steric hipdrance, resulting fromipne cD spectrum is a superposition of chiral exciton coupling
an out-of-plane arrangement of the substituents on the polymerang another contribution. The presence of (chiral) aggregation
backbone ofP(CPDT®)), prevents the stacking. If, however,  of the copolymers is explained by the possibility of two polymer
an additional aromatic unit is incorporated in a regular way, as chains to closely approach due to the creation of additional space
in alternating copolymers, this second unit creates some Spacgy the incorporation of the second aromatic moiety.
which the substituents of a CPDT unit of another polymer strand
can occupy. This allows two polymer strands to approach closely  Acknowledgment. We are grateful to the Katholieke Uni-
and stack. This is visualized in Figure 7. In the casé>(F- versiteit Leuven (GOA), the Fund for Scientific Research
CPDT®), all substituents are located on one side of the polymer (FWO—Vlaanderen), Toyota Motor Company Europe, and the
chain and two chains can easily approach and stack. In the case\jr Force Office of Scientific Research, Air Force Material
of the TT-copolymers R(TT®)-CPDT®))), the TT-moieties  command, USAF, under Grant No. FA8655-07-1-3004 for
create additional space for the substituents on the CPDT-unit,financial support. G.K. is a postdoctoral fellow of the Fund for
again allowing two chains to approach and stack. Scientific Research (FW©Vlaanderen).

Oxidation Behavior in Solution and Film. All polymers
can easily be oxidized in solution as well as in thin film using Supporting Information Available: Figures showing the U¥
NOBF, as the oxidant. The ease of oxidation can be correlated vis and CD spectra demonstrating the influence of the chloroform/
with the electrochemical behavior of the polymer. The oxidized methanol ratio ofP(TT*-CPDT*) , concentration dependence of
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the UV—vis and CD spectra d?(TT*-CPDT*) in a poor solvent
mixture, absorption/emission spectra of all polymers in solution
(chloroform), representative solution and solid state oxidation
spectra, CV spectra of all polymets] NMR spectra of all polymers
and!H and3C NMR spectra of all new compounds. This material

is available free of charge via the Internet at http://pubs.acs.org.
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