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ABSTRACT: Mixtures of conjugated polymers and fullerenes command considerable attention for application
in organic solar cells. To increase their efficiency, the design of new materials that absorb at longer wavelengths
is of substantial interest. We have prepared such low band gap polymers using the atmegtor route, which

is based on the concept that the interaction between alternating donors and acceptors results in a compressed
band gap. Furthermore, for application in photovoltaic devices, sufficient polymer solubility is required. We
have prepared four low band gap conjugated polymers, with a bis(1-cyano-2-thienylvinylene)phenylene base
structure, and achieved an excellent solubility by the introduction of long alkoxy and alkyl side chains. The
polymers were synthesized via an oxidative polymerization. Their electronic properties were determined from
electrochemical and optical measurements, which confirm that they indeed have a low band gap. In the blend of
such a low band gap polymer with PCBM, evidence for efficient charge transfer was obtained from PL and EPR
measurements. However, bulk heterostructure solar cells made of such blends display only low efficiencies, which
is attributed to low charge carrier mobilities.

I. Introduction consisting of regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT)

|nterpenetrating networks of Conjugated po|ymers and buck- and PCBM° One of the reasons for this SpeCtaCU'ar increase,
minsterfullerene () are receiving increasing attention in the besides an optimized morphology and device preparation, is the
field of thin film organic solar cell3-4 In these devices an  lower band gap of P3HT (2.0 eV) as compared to MDMO
ultrafast photoinduced charge transfer takes place between thé®?PV (2.2 eV). It is clear now that specific electronic properties
conjugated polymer as donor and the fullerene as acceptor. Aof the polymer are necessary, and in this aspect the ability to
large interfacial area in the active layer is required since the fine-tune the energy levels of the valence band (VB) and
exciton diffusion length in polymers is only nanometers long, conduction band (CB), and hence the band 0By, (is of
and the charge transfer takes place at the doaoceptor &rowing interest. One of the most promising strategies to tailor

interface. In the second step the charges are transported to anghe energy levels of conjugated polymers is the deramceptor
collected at the electrodes. Power efficiencies of 2.9% were (g tell The central concept forming the basis of this route is

reported for bulk heterojunction solar cells made of poly- ot the interaction between alternating electron-rich donors and

[2-(3,7-dimethyloctyloxy)-5-methyloxyp-phenylenevinylene electron-deficient acce - :
- ! . - ptors will result in a compressed band
(MBMO ~PPV) and [6,6]-phenyl &3 butyric acid methyl ester gap. Furthermore, by changing the substituents of the polymer,

(PCBM)> Since one of the limiting parameters for photovoltaic the band gap can be fine-tuned. Various literature reports exist
energy conversion is the mismatch of the absorption spectrum; and gap . ) . P
of the active layer and the solar emission, the optical band gap'n which this method is used to electrosynthesize low band gap

of the polymer used is of crucial importance for increasing the POlYmers containing cyanovinylene spacers as the acceptor units
efficiency. Polymers with band gaps above 2 eV only absorh @nd thiophene derivatives as the donor. Band gaps ranging from
in the ultraviolet (UV) and the green part of the visible range. 1.1 to 1.6 eV were reported:*> However, for photovoltaic
Radiation at long wavelengths 600 nm) passes through the devices soluble low band gap polymers are needed since the
solar cell and makes little contribution to the photocurrent. conjugated polymer must be blended with a complementary
Therefore, the design of new materials that absorb at higheracceptor to achieve a bulk heterojunction. One possibility toward
wavelengths is an ongoing issue for synthetic chenfii$ts.  solubility is the use of a precursor route toward low band gap
Recently, efficiencies of 5.2% were reported for solar cells polymers®1® A drawback of this method is that precursor
polymers undergo a further conversion in thin film which can

01-* ec_(;glsgicr)a(\i};\r?daél:;g%raepéﬁjﬁagelé bZéi 83 21; Fax32 (0)11 26 83 deteriorate the quality of the film and thus the device perfor-

E . o mance. Another possibility to make conjugated polymers soluble

T Hasselt University.
*IMEC. is to introduce long flexible side chains as reported here.
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In this work we present a family of four conjugated polymers were taken continuously under a continuous flow of Nuring
based on bis(1-cyano-2-thienylvinylene)phenylene. The structurewhich the samples were in direct contact with the heating element.
consists of a central dia|k0xypheny|ene core (donor) para- Thin film electrochemical properties were measured with an Eco
disubstituted by two thiophene derivatives (donor) through a Chemie Autolab PGSTAT 20 potentiostat/galvanostat using a

cvanovinviene linker (accentor). By chanaina the thiophene ponventional three-elec_trode cell (electrolyte: 0.1 mol/L TBAPF
rr¥oiety v{e were ablt(e to t[t)me) they polymgerg electroni?: and " anhydrous CHCN) with an Ag/Ag' reference electrode (0.01

ubil ies. M h 1o k h ImoI/L AgNO;3, 0.1 mol/L TBAPF, and CHCN), a platinum counter
solubllity properties. Moreover, our approach to keep the central gjacirode, and a platinum wire as working electrode. Cyclic

core constant leads to a toolbox to create a whole range ofyo|tammograms were recorded at 50 mV/s undep atosphere,
monomers, and thus polymers, with different heteroaromatic and all potentials were referenced using a known internal standard
rings linked to this central core. The polymers were synthesized ferrocene/ferrocinium, which in acetonitrile solution is estimated
via oxidative polymerization with Feg!” Up until now, other to have an oxidation potential 0f4.98 eV vs vacuum. The
direct synthetic pathways toward low band gap materials were polymers were directly spin-coated onto the Pt working electrode.
either very difficult to handle or yielded only relatively low A Varian Cary Eclipse fluorometer was used for the photolumi-
molecular weight polymers. On the other hand, the geCl nescence (PL) measurements. Time-resolved PL spectra were

method is a well-established method to polymerize thiophene- obtained by streak camera detection after excitation with 400 nm
like monomers and continues to be the most widely used andIaser pulses (1.5 kHz2 ps) from the frequency-doubled output

. . S of a Ti-sapphire laser amplifier (Spectra Physics Spitfire). These
straightforward method to prepare polythiophene derivatives. g, qriments were performed on solutions of either the pure polymer
In this work, our main goal was to synthesize soluble, high

: - ' or a mixture of the polymer and PCBM in a 1:1 ratio by weight
molecular weight polymers and compare their electronic and and on spin-coated films (thicknes€.00 nm) prepared from these
solar cell characteristics.

solutions. A Bruker ELEXSYS E680 spectrometer in conjunction
with a split-col 6 T superconducting magnet was used for W-band
(95 GHz) light-induced electron paramagnetic resonance (LI-EPR).
These measurements were performed at 100 K using an Oxford

commercial sources (Acros, Aldrich, and Merck) and used without flow cryostat and with a Bruker cylindrical cavity which allows
further purification, unless otherwise stated. 3,4-Ethylenedioxy- OPtical access to the sample via an optical fiber. Optical excitation
thiophene, distilled under reduced pressure prior to use, and poly-as performed with the 488 nm line of an“Alaser. The results
(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) Presented here are recorded with a modulation frequency and
(Baytron P) were provided by Bayer AG. 2-Tetradecyl-2,3- amplitude of 100 kHz and 3 G, respectively, and a microwave
dihydrothieno[3,48][1,4]dioxin was kindly donated by Agfa- frequency and microwave power of 94.0795 GHz and 0.07 mW.
Gevaert N.V. Tetrahydrofuran (THF), acetonitrile, and chloroform The samples were prepared from dried drop-cast films of the 1:1
were dried by distillation from sodium/benzophenone, gattd ratio polymer/PCBM solution. Using the bulk heterojunction
P,Os respectively. Commercial Fevas purified and treated to ~ cONcept, photovoltaic devices were fabricated from a blend of the
obtain anhydrous Fe@f and was stored in a Schlenk-type flask Polymer as a donor and PCBM as an acceptor. A solution of the
under an inert atmosphere. 1,4-Bischloromethyl-2,5-higf3 ~ Polymer and PCBM in a 1:2 ratio (by weight) was prepared in
dimethyloctyl)oxy]benzene 1j, 3-octyl-2-thienylaldehyde 4, chloroform with a total concentration of 10 mg/mL. Poly(3,4-
3,4-ethylenedioxy-2-thienylaldehyds)( and 3- or 4-tetradecyl-  €thylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Bay-
2,3-dihydrothieno[3,4][1,4]dioxine-5-carbaldehydesf were syn-  tron P) was spin-coated on top of an indittm oxide (ITO) coated
thesized according to procedures previously repofeéd. gl_ass 25 Q/sq) _Whlch had been cleaned in an ultrasonic bath
Instrumentation. NMR spectra were recorded on a Varian Inova with acetone and isopropyl alcohol. Then the active layer (polymer:
300 spectrometer at 300 MHz féi# NMR and at 75 MHz foft3C PCBM blgnd) was spln;coated on thg PEDOT:PSS Iayer (about
NMR using a 5 mmprobe 1H and3C chemical shifts are reported 80 nm thick) 6 A of I|_th|um fluoride (Lll_:) and 80 nm thick Al _
in ppm downfield from tetramethylsilane (TMS) reference using electrode Weﬁre deposned_on the bIe_nd film by the_rmal evaporation
the residual protonated solvent resonance as an internal standarct ~> x 10 mba}]r. Device annealing was carried out inside a
Melting points (uncorrected) were measured on an Electrothermal 9lovebox at 120°C for 4 min. All current-voltage (—V)
IA9100 digital melting point apparatus. Gas chromatography/mass chqracterlstlcs of the photovoltqlc devices were measureq using a
spectrometry (GC/MS) analyses were carried out on TSQ-70 and Keithley SMU 2400 unit under inert atmosphere (argon) in a dry
Voyager mass spectrometers (Thermogquest); the capillary columnglovebox. A Steuerngggl solar S|mulgtor urjder AM 1.5 conditions
was a Chrompack Cpsil5CB or Cpsil8CB. DIP-MS measurements Was used as the excitation source with an input power of 100 mw
were performed at a heating rate of 30/min up to 600°C. In cm~2 white light illumination. A lock-in technique was used to
this technique the material is brought directly on the heating element Méasure the incident photon-to-current efficiency (IPCE). With this
of the probe as a thin film, and this enables to study the products technique the number of electrons produced from the cell under
that are liberated in the high vacuum 4 104 Pa) inside the short-circuit conditions is related to the number of incident photons.
spectrometer. Liberated products were ionized by electron impact. Light intensity correction was performed using a calibrated Si
Elemental analysis was performed with a Flash EA 1112 series Photodiode. The hole mobility of the polymers was measured in
CHNS-O analyzer. Analytical size exclusion chromatography (SEC) thin film field effect transistor (TF-FET) devices. The measurements
was performed using a Spectra series P100 (Spectra Physics) pumpyere performed on a top-contact parallel transistor(60 um, W
equipped with two mixed-B columns (10n, 2 x 30 cm, Polymer = 9_000y_m). It _conS|s_ted of a highly doped Si substrate on which
Labs) and a refractive index detector (Shodex) at@0THF was an isolating oxide (Sig) of 100 nm was grown thermally on one
used as the eluent at a flow rate of 1.0 mL/min. Molecular weight Side and of which the backside was covered with an aluminum
distributions are given relative to polystyrene standards. Unless 'ayer as gate electrode. The polymers were spin-coated on top of
stated otherwise, all thin films in the following characterization the oxide. Subsequently, the gold contacts (source and drain) were

Il. Experimental Section
Chemicals. All reagents and chemicals were obtained from

methods were prepared by spin-coating from a G+$6lution (10
mg/mL). UV—vis spectroscopy was performed on a Varian CARY
500 UV—vis—NIR spectrophotometer. Samples for thin film &V

evaporated on top of the device.

Synthesis. 1,4-Biscyanomethyl-2,5-bis[3'-dimethyloctyl)oxy]-
benzene (2).Finely crushed sodium cyanide (8.0 g, 0.164 mol)

vis characterization were prepared by spin-coating the polymer onto and 1,4-bischloromethyl-2,5-bis[3-dimethyloctyl)oxy]benzenelf

quartz disks. For temperature-dependent thin film-tiNs char-

(20 g, 0.041 mol) are dissolved in 100 mL of anhydrous DMF.

acterization the disks were heated in a Harrick high-temperature This mixture is heated at 1I°C for 1 h. After cooling, the mixture

cell (heating rate: 2C/min), which was positioned in the beam of

is poured in 150 g of crushed ice, upon which a brown solid

the UV—vis spectrometer to allow in-situ measurements. Spectra precipitates. The solid is collected via filtration and washed on the
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filter with hexane. Recrystallization from hexane yields an off white
solid (15.9 g, 83% yield; mp 8384 °C). *H NMR (CDCl): 6.90

(s, 2H), 4.00 (m, 4H), 3.67 (s, 4H), 1.80 (m, 2H), 1.52 (m, 6H),
1.29-1.15 (m, 12H), 0.92 (d, 6H), 0.85 (d, 12H}*C NMR
(CDCly): 149.82, 118.85, 117.68, 112.37, 67.08, 39.04, 37.08,

36.01, 29.69, 27.80, 24.52, 22.54, 22.45, 19.51, 18.49. GC MS (ElI,

m/e): 468 (M+), 328 (M+ - ClOHZO): 188 (M+ —2x C10H20).
2-(4-(1-Cyano-2-thiophen-2-ylvinyl)-2,5-bis(3,7-dimethyloctyl-
oxy)phenyl)-3-thiophen-2-ylacrylonitrile (M1). A mixture of 2

(5 g, 11 mmol) and 2-thiophenecarboxaldehyde (2.9 g, 26 mmol)

is dissolved in 50 mL of MeOH. Sodiunert-butoxide (10 g, 110
mmol) is added as a solid, and this mixture is stirred for 24 h at
reflux temperature. Upon cooling, a bright yellow solid (3.3 g, 46%
yield) precipitates, which is filtered and washed with cold methanol;
mp 109-110°C. 'H NMR (CDCly): 8.00 (s, 2H), 7.64 (d, 2H),
7.54 (d, 2H), 7.14 (t, 2H), 7.10 (s, 2H), 4.08 (m, 4H), 1.89 (m,
2H), 1.58 (m, 6H), 1.361.10 (m, 12H), 0.93 (d, 6H), 0.82 (d,
12H).13C NMR (CDCk): 150.53, 138.80, 138.15, 130.12, 129.82,
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Table 1. Polymerization Results for Polymers P+P4

time [h] M2 M2  PDA Y1P[%]  Y2¢[%]

P1 24 136000 53000 25 52 26
48 32000 5500 5.8 24 35

72 18000 5600 3.1 22 57

P2 24 35000 15000 2.3 82 91
48 43000 7000 6.2 28 80

72 7900 2500 3.2 30 85

P3 24 199000 65000 2.9 56 20
48 33000 7700 4.3 31 43

72 33000 10000 3.3 37 41

P4 24 40000 14000 3.0 76 82
48 21000 7000 3.0 14 90

72 24000 3500 6.7 18 93

aDetermined by means of SEC in THF using polystyrene standards.
b Overall yield.c Soluble polymer yield with respect to the overall yield.

Anal. Calcd for GoH112N206S,: C 74.18; H 9.68; N 2.40; O 18.23;

127.80, 124.05, 118.37, 114.09, 104.67, 67.91, 39.17, 37.29, 36.27,S 5.50. Found: C 74.64 H 9.90; N 2.06; O 8.33; S 4.89. DIP MS

29.88, 27.91, 24.69, 22.67, 22.51, 19.51. DIP MS (&E): 656
(M+), 375 (M* —2 X ClOHZO)- Anal. Calcd for QOHSZNZOZSZ: C
73.13; H 7.98; N 4.26; O 4.87; S 9.76. Found: C 73.26; H 8.38;
N 4.01; O 5.03; S 8.85. UVvis (film) Amax 344, 407 nm.
2-(4-(1-Cyano-2-(3-octylthiophen-2-yl)-vinyl)-2,5-bis(3,7-
dimethyloctyloxy)phenyl)-3-(3-octylthiophen-2-yl)acrylonitrile
(M2). MonomerM2 is prepared in an analogous way as described
for M1. Starting from2 (1 g, 2 mmol), 3-octyl-2-thienylaldehyde
(4) (1.1 g, 5 mmol) and sodiutert-butoxide (2 g, 20 mmol). After
cooling, 50 mL of water is added, and the mixture is extracted
three times with 50 mL of CkCl,. The organic layer is dried over
MgSQ,, and the solvent evaporatebll2 is obtained as a sticky
oil. After purification by column chromatography (silica, CHCI
n-hexane 1/1) a yellow oil is obtained (1.1 g, 60% yiel#§.NMR
(CDCly): 8.10 (s, 2H), 7.45 (d, 2H), 7.13 (s, 2H), 6.60 (d, 2H),
4.08 (m, 4H), 2.70 (t, 4H), 1.86 (m, 2H), 1.72.42 (br, m, 8H),
1.38-1.00 (br, m, 36H), 0.960.74 (br, m, 24H).13C NMR

(CDCl): 150.39, 148.62, 144.08, 137.67, 131.89, 128.88, 124.36,

(El, mle): 1165 (MF). UV—vis (film) Amax 334, 397 nm.

General Procedure of Polymerization. The polymers are
prepared by chemical oxidation of the monomers using feCl
according to a procedure similar to that of Sugimoto et’al.
Anhydrous FeGl (4 mmol) is suspended in 50 mL of dry CHCI
under an Ar atmosphere, to which a solution of the monomer (1
mmol of M1, M2, M3, or M4) in 20 mL of dry CHC} is added
dropwise under fast stirring. The mixture is further stirred for 24,
48, or 72 h at room temperature under an Ar flow. The dark solution
is poured into methanol (1 L), and the black precipitate is collected
on a membrane filter. The precipitate is then immersed into a 1%
v/v solution of hydrazine in methanol and stirred for 12 h. The
polymer is then collected and washed with methanol. The polymer
is than subsequently washed for 72 h by Soxhlet extractions with
methanol and acetone, after which the soluble fraction is collected
via extraction with CHQ for 24 h. The CH{ solution is then
concentrated, and precipitation into methanol yields the polymer
as a black, shining powder. The yields of the polymers are reported

118.63, 114.08, 102.98, 68.03, 39.07, 37.17, 36.19, 31.72, 31.06,in Table 1.
29.75, 29.32, 29.12, 28.81, 27.80, 24.52, 22.52 (8C), 19.47, 13.96. Polymer P1 H NMR (CDCl): 8.20-8.05 (br, 1H); 8.06-

DIP MS (El,nmVe): 881 (M") 600 (Mt — 2 x Cy0H20). Anal. Calcd
for CseHgaN2O,S,: C 76.31; H 9.61; N 3.18; O 3.63; S 7.28.
Found: C 76.46; H 10.11; N 3.01; O 3.32; S 6.61. B\is (film)
Amax 337, 392 nm.
2-(4-(1-Cyano-2-(3,4-ethylenedioxythiophen-2-yl)vinyl)-2,5-
bis(3,7-dimethyloctyloxy)phenyl)-3-(3,4-ethylenedioxythiophen-
2-yl)acrylonitrile (M3). MonomerM3 is prepared in an analogous
way as described foM1. Starting from2 (8 g, 17 mmol), 3,4-
ethylenedioxy-2-thienylaldehyd&)((6.4 g, 38 mmol), and sodium
tert-butoxide (16.3 g, 170 mmolM3 is obtained as a bright orange
solid (8.3 g, 63% vyield), which is filtered and washed with
methanol; mp 15#158°C.*H NMR (CDCly): 8.16 (s, 2H), 7.07
(s, 2H), 6.59 (s, 2H), 4.28 (m, 4H), 4.23 (m, 4H), 4.06 (m, 4H),
1.86 (m, 2H), 1.67 (m, 6H), 1.361.10 (m, 12H), 0.92 (d, 6H),
0.82 (d, 12H)13C NMR (CDCh): 150.46, 144.24, 141.33, 134.61,

7.80 (br, 2H); 7.66-7.30 (br, 1H); 7.26-7.00 (br, 2H); 7.06-6.55
(br, 2H); 4.22-3.75 (br, 4H); 2.02-1.00 (br, 16H); 1.06-0.68 (br,
18H). Anal. Calcd for GoHsoN20,S,: C 73.36; H 7.70; N 4.28; O
4.89; S 9.77. Found: C 72.45; H 8.22; N 3.76; O 5.15; S 9.13.

Polymer P2 'H NMR (CDCly): 8.20-8.05 (br, 1H); 8.06-
7.80 (br, 1H); 7.66-7.30 (br, 1H); 7.26-7.00 (br, 2H); 7.06-6.55
(br, 1H); 4.22-3.75 (br, 4H); 2.98-2.28 (br, 4H); 2.02-1.00 (br,
36H); 1.00-0.68 (br, 24H). Anal. Calcd for £Hg,N,0,S,: C
76.49; H 9.41; N 3.19; O 3.64; S 7.28. Found: C 76.01; H 9.68;
N 3.28; O 3.59; S 7.39.

Polymer P3 H NMR (CDClg): 8.2 (br m, 2H), 7.1 (br m, 2H),
4.3 (br m, 8H), 4.1 (br m, 4H), 1.9 (br m, 2H), 1.6 (br m, 6H),
1.4-1.0 (br m, 12), 0.9 (br s, 6H), 0.8 (br s, 12H). Anal. Calcd for
Cu4Hs:No0O6S,: C 68.54; H 7.07; N 3.64; O 12.46; S 8.30. Found:
C 67.17; H7.49 N 3.24; O 12.92; S 7.52.

123.82,118.94, 114.16, 113.90, 104.95, 101.19, 67.87, 65.10, 64.49, Polymer P4 'H NMR (CDCly): As this polymer comes from a
39.21, 37.20, 36.24, 29.70, 27.93, 24.57, 22.68, 22.55, 19.61. DIP polymerization of a mixture of four isomers, the material has a

MS (El, m/e): 772 (M), 632 (M" — CyoHzg), 491 (Mt — 2 x
Ci10H20). Anal. Calcd for G4HseN20sS,: C 68.36; H 7.30; N 3.62;
O 12.42; S 8.30. Found: C 68.76; H 7.51; N 3.88; O 11.85; S
8.04. UV—vis (film) Amax 348, 425 nm.

2-(4-(1-Cyano-2-(3- or 4-tetradecyl-2,3-dihydrothieno[3,4]-
(1,4)dioxin-5-yl)vinyl)-2,5-bis(3,7-dimethyloctyloxy)phenyl)-3-
(3- or 4-tetradecyl-2,3-dihydrothieno[3,4b](1,4)dioxin-5-yl)-
acrylonitrile (M4). MonomerM4 is prepared in an analogous way
as described foM2. Starting from2 (1 g, 2 mmol), 3- or
4-tetradecyl-2,3-dihydroyhieno[3 d}{1,4]dioxine-5-carbalde-
hyde 6) (1.7 g, 5 mmol), and sodiutert-butoxide (2 g, 20 mmol),
M4 is obtained as a sticky oil. After purification by column
chromatography (silica, CHgh-hexane 9/1) a yellow-orange oil
is obtained (1.7 g, 72% yieldfH NMR (CDCly): very complex
mixture of four isomers and thus very difficult to analyze in deail.

very complex spectruft. Anal. Calcd for GH11dN20sS,: C 74.30;
H 9.54; N 2.41; O 8.25; S 5.50. Found: C 73.15; H 10.12; N 1.99;
0 8.97; S 4.70.

IIl. Results and Discussion

Monomer Synthesis.Among the approaches to low band
gap polymers, the donemacceptor route has received significant
attention! The central concept forming the basis of this route
is that the interaction between a strong electron donor (D) and
a strong electron acceptor (A) gives rise to an increased double
bond character between these units, since they can accommodate
the charges that are associated with such a mesomeristA (D
< D*=A"). Hence, a conjugated polymer with an alternating
sequence of the appropriate donor and acceptor units in the main
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Scheme 1. Synthesis of the Monomers MiM4

OC,oHy,
Cl

Cl

C8H17

Scheme 2. Polymerization Reaction toward the Polymers
P1-P4

OC10H21 OC1oH21

chain may show a decreased band gap. The aryl unit with a
cyanogroup is among the most widespread electron-withdrawing
groups in organic chemistry and can be easily obtained by
applying a Knoevenagel condensatfi®f? of a thiophene car-
boxaldehydeg, 4, 5, and6) with an aromatic acetonitrile moiety
(2) in refluxing methanol containing sodiutert-butoxide, as
shown in Scheme 1. The thiophene carboxaldehydes were either
commercially available or prepared via a Vilsmeier formylation
of the respective thiophene derivatives. The aromatic acetonitrile
was prepared from 1,4-bischloromethyl-2,5-bisf3dimethyl-
octyl)oxy]benzenel) via nucleophilic substitution with sodium
cyanide in DMF. The overall yields for the monomers were
ranging between 40 and 60%. By this synthesis method four
monomers were prepared whose structures consist of a central
dialkoxyphenylene core para-disubstituted by two thiophene
derivatives through a cyanovinylene linker. The long alkoxy
chains on the central core enhance the solubility of the final
polymer. By keeping both the central core and the acceptor
strength constant, the influence of thiophenes with different
donor characteristics was studied. Furthermore, the influence
of extra solubilizing chains on the thiophene part was studied.

Polymerization. The polymers were prepared by chemical
oxidation of the monomers using Fg@kccording to a procedure
similar to that of Sugimoto et &f.(Scheme 2). This method is
very useful to prepare polythiophenes due to its simplicity and
the high molecular weights achieved. To improve the reproduc-
ibility of the polymerizations, anhydrous FeQlas freshly
prepared from commercial FeChccording to a described
procedure? HpCoi

Polymerization of the monomers has been performed using
three different reaction conditions (Table 1), deviating in the soluble fraction was eventually collected by extraction with
reaction times employed. The reaction proceeds with the chloroform. Polymerization results are shown in Table 1 where
formation of an initial dark-blue color and a subsequent black the characteristics of the different polymers from the different
precipitate. After the polymerization, the polymers contain polymerizations are summarized. The weight-average molecular
residual iron(lll) salts which can be reduced in concentration Weights M), the number-average molecular weighé), and
with rigorous purification. A first precipitation in MeOH and ~ molecular weight distribution (PD) of the polymers have been
subsequent in MeOH/hydrazine not only removes residualkFeCl determined by analytical SEC in THF using polystyrene
but the latter also dedopes the polymers. Further traces of iron-standards. The reported overall yields (Y1) were determined
(1) salts are removed by Soxhlet extraction with methanol. after extraction with acetone, and the soluble polymer yield (Y2)
During this step the polymer is also purified from unreacted indicates the soluble fraction of the polymer in chloroform.
monomer. Further extraction with acetone removes oligomeric It is clear that, for all the polymers, longer reaction times are
and low molecular weight fractions from the polymers, and the causing lower molecular weights and lower overall yields (Y1).
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Table 2. Optical Data of the Polymers P+P4 Measured Both as
Thin Film and in CHCI 3 Solution 1.0 NP a)

film CHClI3 solution

lmax j'OHSEI /‘Lmax ADHSB[

[(hm [m]  Eglev®  [nm]  [nm]  EgleV]*

P1 520 700 1.77 500 650 1.91
P2 540 720 1.72 490 600 2.10
P3 630 780 1.59 580 710 1.75
P4 570 720 1.72 560 680 1.82

Normalized Absorbance

a Calculated from the intersection of the tangent on the low energetic
edge of the absorption spectrum with the abscissa.

This is probably due to the presence of HCI in the reaction
medium, although most of the HCI, formed during the reaction,
is removed. The small amount that is left, in combination with
very long reaction times induces degradation of the polymer
chains, yielding highly dispersed, low molecular weight poly-
mers. Our attempt to increase the solubility of the polymers by
introduction of long alkyl side chainsP@ and P4) was
successful, as indicated by the high soluble polymer yield (Y2)
comprised between 80 and 93%. Another interesting fact for
these alkyl-substituted polymer?Z and P4) is that the
molecular weights are much lower and the overall yields much
higher than for the non-alkylated polymei81l(and P3). The
sterical hindrance induced by the alkyl side chains on the
thiophene units makes the monomers less reactive and cause
the lower molecular weights.

The following characterization of electronic properties has
been carried out on the samples prepared with a polymerization
time of 24 h, since they have the highest molecular weights
and the lowest polydispersities.

Optical Absorption. The electronic absorption data of the T s0 | e 700 8o 9o 1000
various polymers are listed in Table 2. All spectroscopic Wavelength [nm]
propertie_s were measured _bOth as thin film on quartz (Figure Figure 1. Normalized UV-vis absorption spectra ¢t1—P4 as thin
1a) and in chloroform solution (Figure 1b). film (a) and in CHC} solution (b).

Figure 1a shows that the absorption maximuimaf of P2
exhibits a 20 nm red shift as comparedrb. This shift is also chromic shift of the absorption maximum. This again confirms
observed for the band gap. The low energetic edge of thethat for P4 almost no additionalz stacking interaction is
absorption spectrum d?1is at 700 nm, which corresponds to  observed when going from solution to a thin film.

a band gap of 1.77 eV, while f&?2 the absorption onset is at Overall, as we expected, all four polymers show low band
720 nm, corresponding to a band gdg)(of 1.72 eV. This gaps, and by increasing the electron-releasing effect, the band
behavior is a result of the electron-releasing effect of the octyl gap of the polymers decreases freth> P2 > P3. ForP4the
chains. Apparently, the electronic substituent effect created by introduction of alkyl substituents (although electron-releasing)
the introduction of the alkyl side chains is larger than the give rise to a higher band gap comparedP® It is noteworthy
possible effect of reduced electronic interchain interactions asthat no significant degradation of the conjugated system is
well as the increased disorder in the conjugated system due toobserved in the temperature-dependentig spectrum during
sterical hindrance imparted by the octyl side chains. The effect the heating process until 228. Notwithstanding, thermal

of sterical hindrance can be seenA8 when compared t®4. stability of the conjugated system up to ZZ%324is sufficiently
Here the red shift is 60 nm. This is due to the larger interchain high for potential device applications.

distances imposed by the tetradecyl substituents attached at an Electrochemistry. Cyclic voltammetry (CV) using 0.1 M
sp® carbon which leads to a bigger decreasemo$tacking TBAPFs as a supporting electrolyte in anhydrous ACN was

0.2

——— T
300 400 500 600 700 800 900 1000
Wavelength [nm]

lized Absorbance

orvma

N

interactions in the solid state. When compari®@with P1, P3 employed to study the electrochemical behavior of the polymers
shows a bathochromic shift of 2100 nm compared”th and and to estimate their highest occupied molecular orbital
the band gap oP3is 0.2 eV lower than the band gap Bi. (HOMO) and lowest unoccupied molecular orbital (LUMO)

Here, as is also observed by comparing the optical data of poly-energy levels. The cyclic voltammograms display quasi-revers-
(thiophene) Amax = 480 nm,E5 = 1.9 eV) with poly(3,4- ible oxidation and reduction processes (Figure 2) for all the

ethylenedioxythiophenelfax = 610 nm,Ey = 1.6 eV), the polymers. Therefore, electrochemically determined band gaps
strong electron-releasing ethylenedioxy groupB®are causing  derived from the difference between onset potenti&g €

this shift. E%..— ErXY) for oxidation and reduction of polymers can be
Because of the absencesftacking in solution (Figure 1b,  deduced.
Table 2), overall, thé.max andAonsetvalues were lower than in The CV data of the various polymers are gathered in Table

the solid state although all trends mentioned above are also3. With an ethylenedioxy group incorporate@3j, a decrease
observed in solution. FoP4, when measured in solution the in band gap of ca. 0.7 eV was found on going fré¥hto P3.
optical spectrum remains practically identical to the one As expected, the reduction potentials are hardly affected by the
measured in film, with however a small (ca. 10 nm) hypso- incorporation of the ethylenedioxy groups. This suggests that
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Figure 2. Cyclic voltammograms of the oxidation and reduction
behavior of thin films ofP1-P4.

Table 3. Electrochemical Data of the Polymers P1P4

HOMO LUMO Eq

ExelVl  EmeV] [eV] [eV] [eV]
P1 + 0.850 —1.460 —5.73 —3.42 2.31
P2 + 0.573 —1.553 —5.48 —-3.35 2.13
P3 + 0.044 —1.600 —4.82 —-3.27 1.55
P4 + 0.402 —1.630 —5.34 —3.30 2.04

the reduction is mainly dominated by the presence of the
cyanovinylene linkages and that for these polymers the varia-
tions in the band gap are mainly determined by the HOMO of
the polymers. The effect of alkyl chain substitution on the
oxidation and reduction process of the polymers can also be
compared by using the values reported in Table 3.

The octyl substitution ifP2 decreases the oxidation potentials
as compared with the nonsubstituted analogli@s a result of
the increased electron-donating effect by the octyl chain. It

should be noted that the oxidation process can also be observed

visually. A color change of the films from blue to light yellow

was observed upon oxidation. Subsequently, in the reverse

process upon dedoping the color of the film returned to blue.
This observation further confirms the reversibility of the
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Al P1 P2 P3 P4 PCBM ITO

Figure 3. Energy band diagram with HOMO/LUMO levels &f1—
P4 and PCBM in relation to the work function of the common electrode
materials ITO and Al.
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Figure 4. EPR spectra (dark and light-induced) of #2PCBM blend
showing the positive polaron {and the PCBM radical (T = 100

T
3.350

p-doping process. It is clear now from these results that changingK, Zexc = 488 nm). The unusual line shape of thé $ignal results

of the substituents on the thiophene unit allows the modulation
of the HOMO/ionization potential. This should be useful to
enhance the absorption of photons in the active layer of an
organic solar cell and efficient charge collection at the elec-
trodes. Figure 3 exhibits the resulting energy band diagram in
relation to the relative energy levels of the most frequently
employed acceptor in organic solar cells, PCBM, and the
workfunction of indium tin oxide (ITO) and aluminum (Al),
which are usually applied as electrodes in polymer solar cells.
The HOMO of the polymer®3 andP4 is distinctively higher

in energy than that of PCBM. However, not the HOMO energy
levels but the relative positions of the donor LUMO and the
acceptor LUMO are important for the intended charge transfer.
The difference between the LUMO's &f1-P4 and PCBM is

in the range of 0.6 eV, which is sufficiently high to enable an
unrestricted and directed charge transfer.

Charge-Transfer ProcessesPL and LI-EPR measurements
were performed to examine the charge-transfer efficiency in
blends of these polymers (acting as a donor) with PCBM (acting
as an acceptor)P2 was used as a model system for these

from the fast passage effe€tThe Mn line indicated in the figure is
originating from the cavity.

polaron (P) signat-note that the dark polaron signal is
attributed to residual impurities present in the polymer despite
the rigorous purification. Thg values of both the polaron and
the PCBM correspond closely to those observed for an MDMO-
PPV/PCBM blend?®

The occurrence of charge transfer is confirmed by the
guenching of the PL emission (by a factor of 35) when going
from theP2to theP2/PCBM film (Figure 5a) and, correspond-
ingly, with the drastic decrease of the decay time (Figure 5b).
It should be mentioned that the PL efficiency, even in the pure
P2 polymer film, is much lower than usually observed in
MDMO-PPV. This points to a competition with an efficient
nonradiative decay process. Further, one notices the large Stokes
shift between the absorption maximum of tA2 film and the
PL emission £200 nm compared to a Stokes shift .00
nm for MDMO-PPV). Correspondingly, there is a large shift
between thd>2 emission in solution and in film, a shift which
is also not observed for the conventional polymers like MDMO-

measurements. Evidence for charge transfer from the polymerPPV. This relatively large Stokes shift indicates an important

to the PCBM in theP2/PCBM blend is found in LI-EPR
measurements, as shown in Figure 4. After illumination, the
PCBM- signal is observed, and there is a clear increase of the

configurational relaxation in the excited state.
Solar Cells. Typical |-V characteristics of ITO/PEDOT:PSS/
P2:PCBM/LIiF/Al (namedP2 device) and ITO/PEDOT:PSS/
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Figure 5. (a) Photoluminescence spectraRi in CHCI; solution and
of thin spin-coated films oP2 and of the blendP2/PCBM. For clarity,
the magnified signalxX10) from theP2/PCBM film is shown as well.
(b) Time decay (normalized) of the PL emissionR# andP2/PCBM
films. The P2 film shows a double-exponential decay with times=
~130 ps andr, = ~700 ps. The decay of the2/PCBM blend is
resolution limited by the response of the streak camera detector.

21

P3:PCBMI/LiF/Al (namedP3 device) devices are shown, both
in the dark (dashed line) and under AM 1.5 illumination (solid
line), in parts a and b of Figure 6, respectively. TR2device
performance shows open circuit voltag¥sd) of 650 mV, short
circuit currents ks¢) of 0.5 mA/cn?, fill factors (FF) of 0.42,
and a conversion efficiencyy) of about 0.14%, while th@3
device exhibits lowe¥oc (400 mV), lower FF (0.22), but much
higherlsc (1.64 mA cn1?), leading to the same value gf=
0.14%. Optimization of the device parameters by thermal
annealing shows a slight increase in the final photovoltaic
performance for thé&3 device with the following characteris-
tics: Voc = 350 mV, Isc = 1.87 mA cm?, and FF= 0.29
(gray line in Figure 6b), which results ip = 0.19%, while
annealing has not shown an improved effect onRRelevice.

Figure 7 shows IPCE spectra (black solid lines) of the
photovoltaic cells ITO/PEDOT:PSB2:PCBMI/LiF/Al (a) and
ITO/PEDOT:PS3:PCBMILIF/AI (b) with the normalized
absorption of the corresponding pristine polymer films (gray
solid lines).

The photocurrent spectrum of tiR2 device shows an onset
at about 710 nm (1.75 eV) close to the optical band gap and
exhibits a maximum of 3% at 600 nm (Figure 7a), while the
IPCE spectrum forP3 device extends its onset to higher
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Figure 6. Semilogarithmic and linear (inset) representation$-o¥
characteristics (AM 1.5, 100 mW/c&nof (a) ITO/PEDOT:PSF2:
PCBMI/LIiF/Al and (B ITO/PEDOT:PSS?3:PCBM/LIiF/Al cells before
(black line) and after (gray line) annealing. The solid line represents
data obtained under illumination, while the dashed line is measured in
the dark.

wavelength at about 780 nm (1.54 eV) with a maximum
absorption of more than 12% at 550 nRB possesses a quite
low band gap Eg = 1.59 eV), resulting in an increase in
absorption of light. As a consequence, theincreases but at
the same timeVoc is lowered. The lower band gap of the
polymer resulting from a decrease in the oxidation potential
(i.e., increasing the HOMO level) may therefore reducevibe
because th¥o¢ of polymer/fullerene-based solar cells depends
on the energy difference between the HOMO of the donor and
the LUMO of the acceptot.

The results for solar cell performance are disappointing in
spite of both the lower band gap of the polymer and the efficient
charge transfer in the blends with PCBM. Also, the electro-
chemical potentials are compatible with the requirements for
this type of solar cel, with reasonablé/oc values although
lower than in optimal devices.

The lowlsc values observed for these devices eventually point
to low mobility of the carriers. Indeed, the hole mobility in the
pure polymer films measured in a field effect transistor was
found below 108 cn?/(V s) for all polymers.

IV. Conclusions

In conclusion, the synthesis of four different soluble low band
gap polymers (1.62.0 eV) has been demonstrated. The
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Supporting Information Available: H NMR raw spectra of
monomerM4 and polymerP4. This material is available free of
charge via the Internet at http://pubs.acs.org.
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