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ABSTRACT: This contribution reports on the synthesis of defect-free styryl-substitutedpgatehylene-
ethynylene)alt-poly(p-phenylene-vinylene)s,DO- and MEH -ST-PPE,-PPV,, consisting of a 2:2riple bond

double bondatio in the main chain. A detailed and systematic comparison of their photophysical properties with
those of solely alkoxy-substituted polym@r8-PPE,-PPV,, highlighting the effect of the styryl side groups, has

been carried out. The bis(styryl) substituents act on the one hand as electron donor to the main chain conjugation
system and, on the other hand, form a separate bis(styryl)phenylene chromophore system. The resulting two-
dimensional and separate conjugation construcsTRPPE-PPV polymers is confirmed by the fluorescence
excitation anisotropy curves, which reach the value 0 around 360 nm corresponding to the absorption of the
bis(styryl) system. Thin film PL and EL spectra MEH-ST-PPE,-PPV, are red-shifted relative tHO-ST-
PPE,-PPV,, due to strongr—x interchain interactions resulting from the grafting of methoxy side groups,
potentially explaining the better EL performanceMEH- thanDO-ST-PPE,-PPV, LED device (glass substrate/
ITO/PEDOT:PSSBT-PPE-PPV,/Ca/Ag) as well as the higher intrinsic hole mobility valugge (measured

using CELIV technique) foMEH- (2.8 x 107 cn?/V+s) thanDO-ST-PPE-PPV; (1.5 x 1076 cn¥/V+s). Both

values are, however, at least 2-fold lower than thaDeB-PPE-PPV, (5.5 x 10°% cn?/V-s) due to the twist in

their conjugated backbone caused by the styryl side groups. Nevertheless, nonoptimized bulk heterojunction solar
cells of yam15 around 1% were readily designed usiMdEH-ST-PPE-PPV, as donor and PCBM as acceptor

in a 1:3 weight ratio.

Introduction nm) and 30 nm of the emission maximum (from 490 to 520

Poly(-p-phenylene-ethynylenalit-poly(-p-phenylene-vi- nm) in _d|Iute chlorpform sc?lutlon_ (Figure B. _
nylene)s (PPE-PPVs) are a class of conjugated systems com- In this con_tnbutlon, wezlnvestlgate the el_‘fect of rep_lacmg
bining the interesting intrinsic properties of both popy(- POt alkoxy side groups atfih 8-PPE-PPV; with styryl units;
phenylene-ethynylene)s (PPEs) and paiythenylene-vinylene)s  thiS results in polymers denot&T-PPE-PPV, which can be
(PPVs) into a single polymeric backbone, resulting in additional considered as two-dimensional conjugated systems due to the
structure-specific propertids# They have found so far ap-  Insaturation of the styryl units.

plications in light-emitting diode$*5-% in nonlinear opticg,and To the best of our knowledge very few examples of
in organic solar celld where they have been used either as conjugated polymers bearing bis(styryl) side groups are known
donoé~? or acceptcrd1% components. in the literature. Bunz et al. made the first report on PPE systems

decorated with various bis(styryl) units.This was followed

by a report by Egbe et al. on a bis(styryl)-containing PPE-PPV
polymer, ST-PPE,-PPV; (Figure 2), whose main chain con-
sisted of a 2:1triple bonddouble bondratio>2 In both cases

the photophysical investigations were limited on the absorption
and emission spectra and fluorescence quantum yields, in order

to 8-PPE~PPV; in the repeating unit leads to a bathochromic © elucidate the effect of the unsaturated side groups. In this

shift of 20 nm of the absorption maximum (from 450 to 470 work, in contrast, a more extensive and detailed approach
(absorption spectra, absorption coefficients, emission spectra,

fluorescence quantum yields, fluorescence anisotropy as well
*To whom correspondence should be addressed. E-mail: (D.A.M.E.) as fluorescence lifetimes and rate constants) was taken, which
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T Laboratory of Macromolecular Chemistry and Nanoscience, Eindhoven better highlights the effect of the styryl side groups on the

The properties of PPE-PPV systems consisting of a 2:2 ratio
of triple bonddouble bondand of the general constitutional
unit: (Ph—C=C-Ph-C=C-Ph-CH=CH—-Ph-CH=CH-),
are known to show a strong dependence omtimaber position
and nature of the grafted alkoxy side chains. For instance,
increasing the number of alkoxy side chains fréfRPE-PPV,

University of Technology and Dutch Polymer Institute (DPI). photophysical properties @O-ST-PPE-PPV, andMEH-ST-
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Schiller-University Jena. (Scheme 1). These studies took into consideration the solely
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Figure 1. General schematic structures of polymers dendt&PE-PPV,, 8-PPE-PPV,, andST-PPE-PPV..

Finally, 100 nm aluminum top electrodes with typical dimensions
of 2—8 mn¥ were evaporated on top of the polymer in vacuum
Ooctyl

R! R

under 10° mbar. The samples were prepared in normal atmosphere

and the films were measured in the nitrogen cryostat (Oxford

- //—( 7\ Ooctadecyl Optistat DNV) under vacuum. For CELIV experiment a variable
= = pulse generator (Agilent 33250A) and the oscilloscope (Tektronix
— TDS 754C) were used to record the extraction current transients.

octylO For triggering purposes to ensure the proper delay time between
octadecylO voltage and light pulse, a pulse and delay function generator

(Stanford DG535) was used. Nd:YAG laser (Coherent Infinity-40
ST-PPE,-PPV, 0 100) was utilized for the charge carriers photoexcitations, with a

light pulse width of 5 ns, wavelength 355 nm with energy of less
than 1 mJ per pulse. The thick films-«5 um) were illuminated

I - through the ITO side, therefore giving a possibility to prove for
Intrinsic hole mobilities of the threBPE,-PPV2 polymers have both electron and hole mobilities under different applied biases.

_been measured using charge _carrier e_xtr_action by Iinea_rly Electroluminescent Studies.The LED device (configuration:
increasing voltage (CELIV) technique. Preliminary photovoltaic 4555 substrate/ITO/PEDOT:PSI-PPE-PPV,/Ca/Ag) charac-

Figure 2. Chemical structure o8T-PPE-PPV:.

studies were subsequently performedWsH-ST-PPE,-PPV,, terization was done with a Keithley 2400 source meter, a calibrated
exhibiting an approximately twice highgroe value thanDO- photodiode and an Ocean Optics SD2000 CCD spectrometer under
ST-PPE-PPV.. argon atmosphere.

Solar Cell Studies. Solar cell fabrication and parameters
Experimental Part measurement were carried out under similar experimental conditions

Instrumentation. 'H NMR and'*C NMR spectra were obtained &S described elsewhete. ]
in deuterated chloroform using either a Bruker DRX 400 or a Bruker ~ Materials. All starting materials were purchased from com-
AC 250. Chemical shifts§ values) are given in parts per milion ~ mercial suppliers (Fluka, Merck, and Aldrich). Toluene was dried
with tetramethylsilane as an internal standard. Elemental analysesand distilled over sodium and benzophenone. Diisopropylamine was
were measured on a CHNS-932 Automat Leco or a Euro Vector dried over KOH. If not otherwise specified solvents or solution
EuroEA3000 elemental analyzer for CHNS. Infrared spectroscopy Were degassed by bubbling with argon or nitnedeh prior to use.
was recorded on a Nicolet Impact 400. Gel-permeation chroma-  transtrans-2,5-Distyryl-1,4-dibromobenzene (5was obtained
tography (GPC) was performed on a set of Knauer or on a Shimadzuin a four-step reaction starting from xylol as described in the
system using THF as eluent and polystyrene as a standard.literature and as shown in Schemé&The syntheses of 4-ethynyl-
Thermogravimetric analyses were performed in a TG 209 F1 Iris 2,5-dioctyloxybenzaldehyd€)**#and 2,5-bis(alkoxyp-xylylene-
by Netzsch under a nitrogen atmosphere in the range from 30 to bis(diethylphosphonateP)™> have been described elsewhere.
500 °C with a heating rate of 20C/min. The absorption spectra trans,trans-2,5-Distyryl-1,4-bis(4-formyl-2,5-dioctyloxyphenyl-
were recorded in dilute chloroform or THF solution on a Perkin- ethynyl)benzene (7) andranstrans-2,5-Distyryl-4-bromo-1-(4-
Elmer UV/vis-NIR spectrometer Lambda 19. Fluorescence spectra formyl-2,5-dioctyloxyphenylethynyl)benzene (8)trans,trans2,5-
were measured in dilute chloroform solution with a LS 50B Distyryl-1,4-dibromobenzené) (2 g, 4.54 mmol), 4-ethynyl-2,5-
luminescence spectrometer (Perkin-Elmer). The relative photolu- dioctyloxybenzene (4 g, 10.34 mmol), Pd(BRH{209 mg, 1.816
minescence quantum yields in solution were calculated from the x 1074 mol, 4 mol %), and Cul (34 mg, 1.81% 104 mol, 4 mol
quantum-corrected spectra according to Demas and Crosby against) were given to a degassed solution of 30 mL of diisopropylamine
quinine sulfate in 0.1 N sulfuric acid as a standafd £ 55%)12 and 80 mL of toluene. The reaction mixture was heated at810
The anisotropy spectra were calculated from the fluorescence °C for 24 hin an argon atmosphere. After the reaction was cooled
excitation spectra measured with the parallel and perpendicularto room temperature, the precipitated diisopropylammonium bro-
orientated polarizer and analyzer. The fluorescence lifetimes are mide was filtered off and the solvent removed under vacuum. The
determined from the fluorescence decay curves measured with aresidue was chromatographed on a silica gel column using a mixture
CD900 time correlating single photon counting spectrometer of toluene/hexane (10/1) as eluent. 1.90 g (4894 0.48) of the
(Edinburgh Instruments). The films were spin-casted from chlo- desired product was obtained as yellow powder alongside 1.12 g
robenzene solution. The quantum yield in solid-state was determined(33%, R = 0.70) of monobrominated compoussd
against a CEP—PPV (poly{1,4-phenylene-[1-(4-trifluorometh- 7."H NMR (400 MHz, CDC}): 6/ppm 0.771.84 (60H, CH-
ylphenyl)vinylene]-2,5-dimethoxy-1,4-phenylene-[2-(4-trifluorom-  (CHy)s—), 3.92-4.07 (8H,—CH,0—), 7.11-7.92 (20H, phenylene
ethylphenyl)vinylend]) copolymer reference whose quantum yield and vinylene H’s), 10.46 (2H-CHO). 13C NMR (100 MHz,
has been measured by integrating sphere to be?0.43. CDCl): 6/ppm 13.97, 14.01 (Ckt+), 22.54, 22.60, 25.85, 26.04,

Mobility Measurements. Sandwich-type samples were used in  28.98, 29.14, 29.16, 29.17, 29.20, 29.26, 31.70, 31-4&H,)s—
the transport measurements, where the bulk charge carrier mobility), 69.33, 69.62 {CH,0-), 91.98, 95.39 {C=C-), 110.30,
was measured in thick polymer films. The polymers were dissolved 117.42, 120.24, 122.47, 125.22, 125.25, 125.64, 126.91, 128.09,
in chlorobenzene with a concentration of 10 mg/mL. The solutions 128.17, 128.66, 128.96, 128.98, 131.05, 137.21, 137.66, 137.80
were filtered through a 0.4Bm filter before deposition by drop  (phenylene and vinylene C's), 153.82, 155.€8:(.—OR), 189.00
casting on top of pre-patterned ITO-covered glass substrates.(—CHO). FTIR: 3060 (wCpheny—H), 2922 and 2854 (s, GHand
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—CH,—), 1666 (s,—CHO), 1602 (s, €&Cgyneny), 1388 (s, CH),
1211 CphenyrOR), 970 (s, trans-CH=CH-), 738 and 693 (s,
monosubstituted benzene). UVis (CHCk) (Amax (€ in L-mol~1-
cm1)): 340.4 (77 600), 370 (67600). Anal. Calcd for,8gs06
(1049.48): C, 82.40; H, 8.45. Found: C, 82.19; H, 8.56.
8.H NMR (250 MHz, CDC}): ¢/ppm 0.69-1.77 (30H, CH-
(CHy)e-), 3.94-4.00 (4H, t3J = 6.55 Hz,—CH,0—), 7.04-7.87
(18H, phenylene and vinylene H’s), 10.39 (1H,-sCHO). 13C
NMR (63 MHz, CDCE): d/ppm 14.07, 14.12 (Ckt+), 22.61,

10-*mol) were dissolved in toluene (20 mL) with vigorous stirring
under argon and heating under reflux. Potasdientabutoxide (130

mg) was added in portions to this solution; and the reaction mixture
was heated at reflux fa2 h and 15 min before adding 5. of
benzaldehyde. After a total reaction 82 h 45 minmore toluene

(30 mL) was added and the reaction was quenched with 10%
aqueous HCI solution (20 mL). The organic phase was separated
and extracted several times with distilled water until the water phase
became neutral (pH= 6—7). The organic layer was dried with a

22.68, 25.89, 26.09, 28.99, 29.21, 29.24, 29.33, 31.75, 31.81 Dean-Stark apparatus. The resulting toluene suspension was

(—(CHp)s—), 69.27, 69.57 {CH,0-), 91.17, 94.80 {C=C-),

filtered and evaporated under reduced pressure to 20 mL and was

110.17, 117.31, 120.19, 121.37, 124.99, 125.09, 126.30, 126.92,precipitated in 400 mL of methanol. After extraction in diethyl ether
127.04, 128.29, 128.72, 128.81, 129.15, 130.24, 131.46, 131.87,and drying under vacuum, 152 mg of a dark red substance was
134.17, 134.39, 135.96, 136.81, 136.98, 139.17 (phenylene andobtained. Yield: 58%. GPC (THF)M,, = 46 600 g/mol,M, =

vinylene C’s), 153.73, 155.5XC}heny— OR), 189.14 (CHO).
FTIR: 3056 (W, Cpneny—H), 2922 and 2851 (s, CHand
—CH,—), 1677 (s,—CHO), 1603 (s, €&Cpyneny), 1386 (s, CH),
1208 Cpheny—OR), 960 (s, trans-CH=CH—), 747 and 688 (s,
monosubstituted benzene). UVis (CHCk) (Amax (¢ in L-mol~1-
cm™1)): 332.0 (55 300), 363.2 (55 000). Anal. Calcd fof#d530;-

Br (745.84): C, 75.69; H, 7.16; Br, 10.71 Found: C, 73.57; H,

7.08; Br, 10.97.
Poly[1,4-(2,5-dioctyloxy)phenylenesthynylene-1,4-(2,5-distyryl)-
phenyleneethynylene-1,4-(2,5-dioctyloxy)phenylenginylene-
1,4-(2,5-dioctyloxy)phenylenevinylene] (DO-ST-PPE-PPV,).
Bis(styryl)-containing dialdehyde (200 mg, 1.9x 10~ mol) and
2,5-dioctyloxyp-xylylenebis(diethylphosphonate) (121 mg, &9

14 200 g/mol, polydispersity index (PD# 3.23.H NMR (300
MHz, CD,Cl,): d/ppm 0.86-1.95 (octyl H's); 3.75-4.15 ((H,0);
6.84-8.01 (phenylene and vinylene H's}3C NMR (75 MHz,
CDCly): 6/ppm 13.63 CHa), 22.26, 25.70, 25.87, 25.95, 28.86,
29.06, 29.24, 31.42, 31.56-CH,—), 69.26, 69.32, 69.840H,0);
92.67 (C=C-); 110.70, 110.87, 112.43, 116.87, 122.39, 123.05,
124,52, 126.59, 127.46, 128.26, 128.42, 129.01, 137.03, 137.26
(phenylene and vinylene C's); 150.36, 151.00, 154@08,(OR).
FTIR (KBr): 3062 (W,vch); 2923 (S,vas CHy), 2854 (m,vs CHy),
2200 (W,chc), 1597 (m,Vc=c); 1202 (VS,VcarylfoR), 961 (S,VCH=

ch trans) e, UV —vis (CHCk) (Amax (€ in L-mol~t-cm™)): 340

(44 600), 366 (47 200), 467.5 (75 700). Anal. Calcd fosetG2d06)n
(1378.06): C, 83.67; H, 9.36. Found: C, 82.28; H, 9.63.
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Figure 3. 13C NMR spectrum (100 MHz, CDG) of dialdehyde7.

Poly[1,4-(2,5-dioctyloxy)phenylene—ethynylene-1,4-(2,5- caused by the styryl units lduring the cross-coupling reaction.
distyryl)phenylene-ethynylene-1,4-(2,5-dioctyloxy)phenylenei- Interestingly, the monobrominated and bis(styryl)-containing
nylene-1,4-[2-(2-ethyl)hexyloxy-5-methoxy]phenylenei- aldehyde8 opens way to the synthesis of various types of
nylene] (MEH-ST-PPE,-PPV,). Bis(styryl)-containing dialdehyde  pathochromically shifted conjugated dialdehydes as well as

7 (500 mg, 0.475 mmol) and 2-(2thylhexyloxy)-5-methoxys- ; Aarivat] ; : _
xylylenebis-(diethylphosphonate) (255 mg, 0.475 mmol) were S;br:()rrgg)cggrr:;/atlves, which can serve in further polycondensa

dissolved in toluene (20 mL) while stirring vigorously under argon -
and heating under reflux. Potassiuert-butoxide (158 mg, 1.4 The resulting polymers fron?, DO-ST-PPE-PPV;, and
mmol) was added in portions to this solution, and the reaction MEH-ST-PPE>-PPV; were obtained as dark red substances in
mixture was heated at reflux for 3 h. After this time, more toluene 58% and 96% yield, respectively, after allowido react with
was added, and the reaction was quenched with 10% aqueous HCthe corresponding bis(phosphonate efddrased on a synthetic
solution (20 mL). The organic phase was separated and extractedorocedure described elsewhébe.

several times with distilled water until the water phase became  The chemical structures of, 8, and the polymers were
neutral (pH= 6—7). The organic layer was dried with a Dean  confirmed by!H and!3C NMR, IR and elemental analysis. The

Stark apparatus. The resulting toluene suspension was filtered andlgc NMR spectrum (100 MHz, CDG) of 7 is depicted in Figure
evaporated under reduced pressure to 30 mL and was precipitate . - .
in 300 mL methanol. After extraction with methanol, then with %Dvéﬁ!;eofF&%Eﬁ-gT?ggVéj-;gé\jg NMR spectrum (63 MHz,

acetone, 480 mg of dark red substance were obtained. Yield: 96%. . ) )
GPC (THF): M,, = 100 000 g/molM, = 27 000 g/mol,M, = All the peaks can be readily assigned to the corresponding
286 000 g/mol, polydispersity index (PD# 3.74.1H NMR (250 ~ carbon atoms except in the region between 110 and 130 ppm,
MHz, CDCk): o/ppm 0.711.73 (octyl and 2-ethylhexyl H's),  where an overlapping between aromatic and vinylene carbon
3.42-4.04 (CHO— and —CH,O—); 7.03-7.88 (phenylene and  peaks is observed, complicating an individual assignment to the
vinylene H’S).le‘C NMR (63 MHz, CDC&) 6/ppm 11.35 CHg respective carbon atoms.

ethyl), 14.08 CHs hexyl), 22.65, 23.12, 24.27, 26.00, 26.19, 29.33,  The molecular weights of the polymers were determined by

30.87, 31.78CHy), 39.74 CH); 56.24 (CCH3); 69.36, 69.76, 70.07, : ;
7165 CHZO)¢922?91(:C)611)0.17 11(1_003)112_44 116.93. 122 .66 gel permeation chromatography using THF as eluent and
126.93, 127.86, 128.62, 137.46 (phenylene and vinylene C's); Polystyrene as standarddl, and M, values of 14 200 g/mol

150.60, 151.38, 151.52, 154.30eny—OR). IR (KBr): 3065 (w, and 46 600 g/mol (PDE 3.9) as well as 27 000 g/mol and
ver); 2953 (M, vascry); 2923 (S,Vascry); 2854 (M, vecry); 2202 100 000 g/mol (PDE 3.2) were est|mat9d deO-_ST-PPEz-_
(W, ve=c) 1596 (M,ve=c); 1202 (VS e, -or), 958 (S¥cr=cH trans) PPV, and MEH-ST-PPE,-PPV,, respectively. This results in
cm L. UV—vis (CHCE) (Amax (€ in L-mol~1-cm™1)): 339.6 (50 100), degrees of polymerization of11 and~21, respectively.

470.8 (82 300). Anal. Calcd for ggH11406)n (1279.88): C, 83.52; Thermogravimetry measurements carried out at a heating rate
H, 8.98. Found: C, 82.69; H, 9.11. of 20 °C/min revealed an improvement of the thermal stability

. . of approximately 30°C after replacing dioctyloxy side groups
Results and Discussion with bis(styryl) units fromO-8-PPE>-PPV, to DO-ST-PPE>-

The synthetic path t8 T-PPE-PPV,, as illustrated in Scheme  PPV,, and a decrease in the same range going fixor to
1, requires the preliminary synthesis of distyryl-containing MEH-ST-PPE,-PPV,. 5% weight loss was recorded at 329 and
dialdehyde7. Compound? is a product from the Pd-catalyzed 372 °C for O-8-PPE-PPV, and DO-ST-PPE-PPV,, respec-

Sonogashira cross-coupling reactfoorf transtrans-2,5-distyryl- tively. The thermograms of the thr&E,-PPV; polymers are
1,4-dibromobenzené) (obtained in a four-step reaction starting shown in Figure 5.
from p-xylol)1® with 4-ethynyl-2,5-dioctyloxybenzaldehyde The photophysical properties of the compounds were inves-

(6).5214 It was obtained as a yellow powder in 40% vyield tigated in dilute chloroform solution as well as in thin films in
alongside the monobrominated aldehy&ié33% yield). Both the case of the polymers. The solution absorption spectra,
compounds could be readily separated by silica gel column normalized fluorescence spectra and the fluorescence excitation
chromatography using a mixture of toluene/hexane (10/1) as anisotropy spectra of the starting material8, and10 as well
eluent. The low yield of7 might be due to steric hindrance as those of the polymeric materials are depicted in Figures 6
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Figure 4. 3C NMR spectrum (CDG| 63 MHz) of MEH-ST-PPE,-PPV..
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Figure 5. Thermogravimetry curves of the thrB®E,-PPV, polymers.
The heating rate was 2@C/min under nitrogen.
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Figure 6. Absorption spectra (absorption coefficient divided by 10
M=t cm™), normalized quantum corrected fluorescence spectra and
fluorescence excitation anisotropy spectra (dashed line, multiplied by
the factor 2) of compoundg, 8, and 10 in CHCl; solution at room
temperature.
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Figure 7. Absorption spectra (absorption coefficient per repeating unit
divided by 18 M~ cm™?), normalized quantum corrected fluorescence
spectra and fluorescence excitation anisotropy spectra (dashed line) of
polymers in CHCJ solution at room temperature.

of the longest wavelength absorption edge and of the fluores-
cence spectrum as well as the reduction of the absorption
coefficient around 425 nm. This blue shift can be ascribed to a
twist of the main chromophore system resulting from steric
hindrances generated by the styryl substituents. The acgual S
— S, (r — x*) electronic transition, located along the main
axis, appears as a shoulder (425 nm) due to an overlapping with
the absorption of the bis(styryl)phenylene chromophore system
(Ph—CH=CH—-Ph—CH=CH-Ph) around 360 nm. This as-
signment arises from the comparison of the fluorescence rate
constants according to Strickler and BekgSB),!” calculated

for different assumptions concerning the shape 5 S;
absorption band with the corresponding absorption coefficients
(Table 1), with the fluorescence rate constigribtained from

the ratio between the fluorescence quantum yiéld,and the
fluorescence lifetimeg (ki = ®¢/t). The calculatedk(SB)
values, assuming the absorption peaks either around 340 or 369
nm to be $ — S; electronic transition, are definitely too high

and 7, respectively. The corresponding photophysical data arecompared td; = ®¢/r. Similar explanation can be made with

summarized in Table 1.
The absorption spectra of dialdehyd@&sand 10 clearly
demonstrate the influence of the styryl-substitution. It obviously

compound, despite its shorter chromophore system. §s-S
S, electronic transition is also located in the low energy
absorption edge around 400 nm. Compo@nexhibits lower

shortens the conjugation along the main chromophore systemfluorescence quantum yield and shorter lifetime tiamd 10,

(OHC—Ph—C=C—Ph-C=C—-Ph—CHO) compared to the
alkoxy-substitution. This is reflected by a hypsochromic shift

resulting from enhanced radiationless deactivation due to the
presence of bromine.
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Table 1. Data from Absorption and Emission in Dilute Chloroform Solution

compound Adnme e E/PYeV  Ainm D% rb ins  kinsic  ky/nstd  k(SB)nsle  ki/ki(SB)
340 77 600 2.73 458 54 0.048 2.60 0.21 0.18 1.27 0.17
7 369 67 600 0.52 0.40
425 sh 42 700 0.098 2.1
332 55 300 2.89 447 11 0.029 0.74 0.15 1.20 0.98 0.15
8 363 55 000 0.47 0.32
390 sh 35000 0.070 2.1
10 424 57 000 2.61 468 65 0.095 1.44 0.45 0.24 0.51 0.88
0O-8-PPE,-PPV; 469 69 300 2.36 521 60 0.18 0.74 0.81 0.54 0.51 1.6
ST-PPE-PPV; 461 56 200 2.40 509 76 0.19 0.73 1.04 0.33 0.35 3.0
DO-ST-PPE,-PPV; 467 75700 2.38 523 58 0.18 0.79 0.73 0.53 0.48 1.5
MEH-ST-PPE,-PPV; 471 82 300 2.38 522 49 0.15 0.77 0.64 0.66 0.51 1.3

aMonomers T, 8, 10): absorption maxima or shoulders (sh) and their absorption coefficients. Polymers: longest wavelength absorption maxima and
their absorption coefficients, taken per repeating trigmission anisotropy at excited at the longest wavelength absorption maximum or at the shoulder
(compounds? and8), calculated withr = (I, — Glg)/(ly + G2Ip). ¢k = ®¢/z: rate constant of the fluorescence transitibk, = (1 — ®f)/z: sum of the
rate constants of the nonradiative transitiohk(SB): rate constant of the fluorescence transition according StricklerA8erg.
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Figure 8. Normalized thin film absorption (a) and emission (b) spectra of the polymers. Films were spin-casted from a chlorobenzene solution.

Compared to the monomers, the absorption spectra of the Table 2. Data from Polymer Thin Film Absorption and Emission
polymers are characterized by bathochromically shifted intense__ SPectra (Films Were Spin Cast from Chiorobenzene Solution)

and unstructured bands around 4@0 nm, due to extended EgPY FWH_'\l/If/
chromophore system along the polymeric backb&¥ePPE;- compound Adnm eV Aim  cm  Pi%
PPV, (461 nm) is slightly blue-shifted compared to tREE,- 0-8-PPE-PPV; 484 2.24 559593 3360 23
PPV, polvmer — 467—470 nm maller number  ST-PPE-PPV; 487, 510 2.19 596 2830 14
2 polymers fa = 46 0 nm) due to a smaller numbe DO-ST-PPE-PPV, 499,340,384 2.14 610 3400 24

of double bonds within its repeating unit (RU). Analogous to
the monomers, the absorption bands in the shorter wavelength
region around 360 nm iBT-PPE,-PPV3, DO-ST-PPE-PPV5,

and MEH-ST-PPE,-PPV, can be assigned to the bis(styryl)-
phenylene chromophore system (RbH=CH—Ph—CH=CH-—

Ph). This assignment is even more evident in the case of the
polymers than of the monomersand8 through the course of
the fluorescence excitation anisotropy spectra (Figures 6 and

0. _Co_ntrary_to the solely alkoxy-substit_uted compounds, th_e the excited state, as expected from higher molecular weight
emission anisotropy of the styryl-substituted compounds di- compounds

minishes and reaches the value 0 around 360 nm, corresponding The diff tered in th issive behaviiTof
to the bis(styryl) system. On the basis of this value 0, the angle PP ePFLVerences e_ncotur|1 elrg n ble eml'ff?'vf ed ‘?V' ?[

a between the transition moments of the absorptiag£SS,- turgé-emislsggﬁpsrg;:r?riri );s WZWasuriésﬁ;r:n daRNhriisafemC-
transition) and the fluorescence (S Se-transition) can be related to the 2:triple bonddouble bondratio.

estimated to be 55using the well-known Perrin equation, eq ) - - ] o
1:18 Figure 8 depicts the thin film absorption and emission spectra

of the four polymers. Thin films of approximately 100 nm were
obtained after spin-coating from a chlorobenzene solution and
drying in an oven fo 8 h at 70°C. Thin film photophysical
data are given in Table 2. As expected, there is a bathochromic
55° corresponds approximately to the angle of &xpected shift going from the solution to the thin film. This might be
between the polymer main chain and bis(styryl)phenylene due to chromophorechromophore interaction. Approximately
chromophore system. 15 nm red shift of absorption and 40 nm of emission were
No significant influence of the styryl-substituents on the obtained for the solely alkoxy-substituted polyn@8-PPE,-
fluorescence spectra, fluorescence quantum yields and fluoresPPV,. Twice as higher values were obtained for the styryl-

MEH-ST-PPE>-PPV, 497343,370 2.12 620 3400 9

basis of the ratio between the fluorescence rate constants,
®s/t and ki(SB), the effective fluorophore system is assumed
consisting of one to two repeating untsThe lower full-width-

at half-maximum, fwhmvalues (2300 cnt?), compared to
the monomers (25683000 cnt?) and the strong structuring
of the emission spectra, are indications of reduced flexibility at

r= %(3 cod o — 1) (1)

cence lifetimes is observed when comparing polym@er8- substituted polymers, namely an approximately 30 nm red shift
PPE,-PPV, with DO-ST-PPE,-PPV, and MEH-ST-PPE,- of absorption and 90 nm of emission. Similar to the solution,
PPV,, all exhibiting a 2:2 otriple bonddouble bondatio. Their the thin film main absorption band of all the polymers is
well-structured emission spectra consist ofigS Sy transition unstructured, except in the case $T-PPE,-PPV;, which

at ~520 nm and a § — S1 transition at~ 560 nm. On the consists of two peaks at 487 and 510 nm; this might suggest



7792 Egbe et al. Macromolecules, Vol. 40, No. 22, 2007

040 4

030+ .35 b)
a) o MEH-ST-PPE_-PPV.
0.25 ——DO-ST-PPE_-PPV, a O  DO.ST-PPE -E‘P\l‘ 2
—— MEH-ST-PPE,-PPV, 3 4 2
3‘ (%] 0.25 4
£ 020 -
£ =
2 o4
£ 015 3 oree
d % 0.15 4 ..l '..I.I.“.
0.10 | w L — *
.10 4 » ., .
¢ - gy,
0.054 0.05 4 .l. -"".
. 'm
-
0.00 v v r ) 0.00 T T r T v T
500 600 700 800 900 2 4 & 8 10 12 14
Wavelength / nm Voltage | V

Figure 9. EL spectra (a) and efficiency-voltage characteristics (b) of I8HPPE-PPV, polymers. LED setup was as follows: glass substrate/
ITO/PEDOT:PSSBT-PPE-PPV,/Ca/Ag.

various contributions ofH- and J-aggregate¥?’ The stronger - . . T . T
electron-donating effect of the styryl-substitutents than alkoxy- 4,50x10° | Photocurrent
substituents is reflected by an approximately 15 nm red shift Dark current
of the main absorption band of tI&¥-PPE-PPV, compounds 3.00x10°
(Aa = 497-499 nm,ELPt = 2.12-2.14 eV) relative toO-8- '
PPEx-PPV; (1a = 484 nm,E,°P'= 2.24 eV). The effect of the E 5 I
bis(styryl)phenylene chromophore system is moreover visible £ 1,50x10
through the strong absorption in the UV-region between 300
and 400 nm. In contrast to the solution behavior, the bis(styryl)- = 0,00 §
phenylene peak around 380 nm is less intense than the peal
around 340 nm assigned to the presence of alkoxy side chains
The strong hyperchromic effect of the 340 nm peak in the case
of the styryl-substituted polymerST-PPE,-PPV; and ST-

-1,50x10°

PPE,-PPV; relative to the solely alkoxy-substituted polymer -3,00x107 ¢ . . ! : L
0-8-PPE-PPV, might be an indication ahtensity borrowing 0,06 0,12 0.18
from the bis(styryl)phenylene peak. i
The thin film emission spectrum @-8-PPE,-PPV; consists Tlme [S]
of two peaks at 559 nm {$— Soo) and 593 nm (& — Soy) of Figure 10. Charge carrier extraction by linearly increasing voltage

S (CELIV) current transients inDO-ST-PPE-PPV,: Black bottom

near_ly identical intensity. A Stokes shift (.)f (_:a. 65 nm wa transient is the dark capacitive response to the applied triangle-shaped
obtained. In contrast totally unstructured thin film fluorescence \,jtage pulse, whereas the red top transient demonstrates extraction of

spectra resulted from the styryl-substituted polymers; Stokes photogenerated charge carriers. The charge carrier mobility in the
shifts of more than 100 nm were obtained in this case, volume of the film is estimated from the extraction maximum time
suggesting strong backbone conformational differences betweerfmax

ground and excited states in addition to emission from aggrega- . ) .

tions and excimer-like species. Contributions from excimer-like the photogenerated charge carrié$he idea of this technique
species would explain the lo; and the larger fwhpvalues is that after a laser pulse the photogenerated charge carriers are
(>3000 cntl) compared to the solution. The slight red shift of extracted inside the film with the applied triangle-shaped voltage
the PL spectrum ofMEH-ST-PPE,-PPV, (620 nm) and lower ~ Pulse. The charge carrier moplllty is thgq calculated directly
@; relative toDO-ST-PPE-PPV, (610 nm) is attributable to ~ from the current transient maximum positith. _
enhancedr—zx interchain interactions caused by the grafting ~ The CELIV technique has the advantage over other electrical
of the short methoxy side groups. The same trend is observedtechniques that films of a broad range of conductivities can be
in the EL spectra of both polymers recorded from LED-devices Studied, an_d th_at the carrier moblhty is measured_ directly from
of the setup glass substrate/ITO/PEDOT:ESSPPE-PPV,/ the extraction time maximum in the current transient. The only
CalAg, as shown in Figure 9a. A red shift 6220 nm was restrictipn impo_sed by the_ experimental setup (the same as it is
obtained going fromDO-ST-PPE~PPV, (le. = 584 nm, in the time-of-flight technique) is that at least one contact of
yellow) to MEH-ST-PPE,-PPV, (Ae. = 605 nm, orange).  the sample should be blockmg (partially); otherW|s¢-_3, injection
Figure 9b displays the efficiency-voltage characteristics. Higher current would overlap and hinder the current transients.
maximum luminous efficiency was obtained fMEH-ST- The very initial current step(0) (displacement current) is
PPE,-PPV, (0.18 Cd/A at 6V) than folDO-ST-PPE-PPV, caused by the geometrical capacity of the sample and can be
(0.12 Cd/A at 5V). Very low turn on voltages arali2 V were used for estimation of the sample thickness or dielectric
recorded for both polymers. The slightly better LED perfor- Permittivity of the film when the sample thickness is known.
mance ofMEH-ST-PPE,-PPV, despite its lowekb; might be The foIIowmg_ increasing extraction current is caused by the
attributable to better— interchain interactions and enhanced Photoconductivity of the sample due to the photogenerated

planarization, resulting in improveidter- as well asintramo- charge carriers. As the triangle voltage pulse continues to
lecular recombination of the electrically generated holes (positive increase, the electric field redistribution takes place inside the
polarons) and electrons (negative polardiig).higher contribu- sample and carrier mobility valugsare calculated directly from

tion of the efficiency of the recombination of injected charges, the current transients:

y, to the overall electroluminescence efficienepy, is thus

possible, knowing thape, is proportional to®; x y.20 2
The charge carrier extraction by linearly increasing voltage n= AL, 2

(CELIV) technique has been used to measure the mobility of ax
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Figure 11. (a) Incident photon to current efficiency (IPCE) curve. (b) Currertitage (—V) curves of solar cell in dark (dashed line) and under
illumination (solid line) with white light at irradiation of 200 mW/é@mDevice configuration: glass substrate/ITO/PEDOT:R&E3A-ST-PPE,-
PPV,:PCBM (1:3)/LiF/Al.

whered is the sample thicknes# the voltage rising slope  photovoltaic characteristics: open circuit volta§ec = 750
(highest voltage of the triangle pulse divided by the pulse mV, short circuit currentlsc = 3.38 mA, filling factor, FF=
duration) tmaxis the extraction maximum. The coefficient 2 used 41.5%, and energy conversion efficiency at air massilumn s
in this equation is due to the surface carrier photogeneration = 1.05%.
with strongly absorbed laser light (also thick films were used
in the experiment to ensure that the product of absorption Conclusion
coefficient and film thickness is much larger than 1). Two PPE-PPV polymeric systems, denofe®-ST-PPE-

In Figure 10, the typical CELIV current transients are shown PPV, and MEH-ST-PPE,-PPV,, bearing styryl side groups
in the dark (black lower transient) and using short laser light have been synthesized and characterized. Detailed and extensive
pulse (red top transient). The same current transients werephotophysical studies on the polymers and their luminophoric
recorded for all thre®PE,-PPV, polymers. The hole mobility  starting material3 and8 have been carried out. For comparison
was directly estimated from the current transient responses usingeason, the solely alkoxy-substituted polyr@eB-PPEx-PPV,
maximum extraction timéma. It was found to be 1.5 1076, and its monomerl0 as well asST-PPE,-PPV; were also
2.8 x 1076, and 5.5x 1076 cn?/V+s in DO-ST-PPEx-PPV;, investigated. The effects of the styryl units are 2-fold: On the
MEH-ST-PPE2-PPV,, andO-8-PPE-PPV,, respectively. The  one hand, they act as electron donor (i.e., higher donor effect
electric field at the extraction maximum was approximately 16 than alkoxy side groups) to the main chain conjugation; on the
kv/cm. other hand, they form an independehisstyrylphenylene

The dark current response were very similar for all studied chromophore system, whose angle to the main chain has been
polymers, demonstrating that the film conductivity is rather low estimated to be 55. The existence of two independent
(Maxwell’'s relaxation timer, > 100 ms), which is expected  chromophore systems iBT-PPE-PPV systems was proven
from clean, high quality undoped materials, where the equilib- through the combination of absorption spectra and fluorescence
rium charge carrier concentration is low. excitation anisotropy spectra. Stroimgensity borrowing effects

The charge carrier mobility was measured directly from the were observed in the UV region of the absorption spectra
current transient response after the laser pulse (top red transientlpetween 300 and 400 nm. Red-shifted thin film PL and EL
The delay between laser and triangle voltage pulse was 1 spectra together with improved EL performance were observed
and the laser pulse can be seen as a negative spike (at arounfbr MEH-ST-PPE,-PPV; as compared tDO-ST-PPE-PPV,,
0.06 s) in the top red current transient. Since there were no as a result of stronger—zx interchain interactions. The twist
significant dark injection even in forward bias using standard of the conjugated backone 8fT-PPE-PPV, polymers caused
ITO and aluminum electrodes, it was possible to test the mobility by the styryl side groups might be at the source of their lower
of both electrons and holes. However, due to the very low intrinsic hole mobility values compared with the solely alkoxy-
electron mobility (at least 10 times less than hole mobility) in  substituted counterpa®-8-PPE-PPV,. Nevertheless, nonop-
all studied polymers, it was impossible to experimentally timized bulk heterojunction solar cells g5 around 1% were
determine the exact value, but it can be concluded that the readily designed usindEH-ST-PPE,-PPV, as donor and
electron mobility is much lower than the hole mobility. PCBM as acceptor in a 1:3 weight ratio.

The lower mobility values for the styryl-substituted polymers
with respect to their solely alkoxy-substituted counterpart is  Acknowledgment. We are grateful to the group of Prof.
related to the twist of their conjugated backbones caused byKlaus Meerholz, Universitazu Kdn, Cologne, Germany, for
the styryl units. TheMIEH-ST-PPE,-PPV, hole mobility value carrying out the electroluminescent studies, and to the Dutch
is approximately twice as high as that@O-ST-PPE-PPV5, Polymer Institute, the FondSrfiChemische Industrie, and NWO
attributable to enhanced— interchain interactions due to the  for financial support.
grafting methoxy side chains.
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