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ABSTRACT: The preparation of dialkyl-substituted poly(2,5-didecyl-1,4-phenylene vinylene) (PDDPV) by the Horner-Emmons poly-

condensation is described. Its performance in an organic light-emitting diode (OLED) device architecture is compared with devices

prepared from the analogous dialkoxy-substituted poly(2,5-didecyloxy-1,4-phenylene vinylene) (PDOPV) and the corresponding

alkyl-alkoxy-substituted alternating copolymer. Additionally, the structure, stability, electrochemical, and optical properties of the

PPVs were characterized by gel permeation chromatography, thermogravimetric analysis, NMR spectroscopy, cyclic voltammetry, UV-

Visible spectroscopy, and fluorescence spectroscopy. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41162.
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INTRODUCTION

Conjugated polymers have been the focus of numerous studies

because of their attractive electrical conductivity, nonlinear opti-

cal response, and electroluminescent and photoluminescent char-

acteristics.1–3 Due to these valuable properties, conjugated

polymers have been widely investigated for use as active compo-

nents in electronic and optoelectronic devices (e.g., light-

emitting diodes, light-emitting electrochemical cells, photovoltaic

cells, field-effect transistors, optocouplers, and optically pumped

lasers in solution and in the solid state).4–9 In particular, the

poly(p-phenylene vinylene) (PPV) family of conjugated polymers

is especially important, owing to their environmental stability

and their outstanding photoluminescence and electrolumines-

cence. The addition of selected substituents along the polymer

backbone of PPV derivatives can give rise to emissions ranging

from green to red light. For example, a soluble PPV with alkoxy

side groups, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene

vinylene] (MEH-PPV), emits at red-shifted wavelengths when

compared with simple PPV, which emits light at 580 nm (yellow

light).10 Since 1990, exhaustive studies of the electro-optical

properties of PPV and its derivatives have been performed,

spurred by the finding that the unmodified neutral state of PPV

can be used as a light-emitting layer for organic light-emitting

diodes (OLEDs).11 Currently, a major objective of OLED research

centers on the development of light-emitting polymers with both

high emission efficiencies and long operation lifetimes, which are

intimately related to device performance and reliability.12,13

In an OLED, a thin film of light-emitting material is sand-

wiched between a cathode and an anode, one of which must be

semi-transparent to allow the emission of light from the under-

lying organic layer (see Figure 1). Frequently, glass substrates

coated with indium tin oxide (ITO) are used as the anodes,

while electropositive metals with low work functions, such as

Al, Ca, Mg, or In, are used as the cathodes, providing efficient

electron injection.14 Commercialization of these devices is

severely limited by the rapid rate of photo-oxidation of the
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light-emissive polymer under operational conditions, which

deteriorates device performance and ultimately device operation

lifetime.13 Working devices, such as flat-panel displays employ-

ing blue OLEDs have been plagued by limited lifetimes in the

range of 1,000 h at constant voltage, which is markedly lower

than the typical lifetimes of LCD- or plasma-based flat-panel

displays.15

Another concern is related to their extended conjugation length

and enhanced electron delocalization; conjugated polymers in

OLED devices are highly susceptible to photooxidation by singlet

oxygen during device operation.16,17 Furthermore, the presence of

electron-donating alkoxy groups on the phenyl rings lowers the

oxidation potential of the polymers (vide infra), which plausibly

further enhances the oxidative degradation of their relatively frag-

ile conjugated backbones. Specifically, Cumpston and Jensen pro-

posed that the presence of alkoxy groups promotes the 1,2-

cycloaddition of singlet oxygen to the vinyl bonds of the polymer

backbone, leading to the oxidative cleavage of the polymer chain

as shown, for example, in Figure 2.16–18

Overwhelming evidence suggests that both the degradation of

the electroluminescent polymer and oxidation of the electrodes

are culprits of device failure.14,15 Strategies to frustrate these

processes to improve device operation lifetime and performance

are generally centered either on the modification of the electro-

des or the transport layer. Consequently, recent studies have

focused on varying the composition of selected OLED layers to

improve the active lifetime; specific examples include doping

the hole-transport or hole-injection layer of the device,19,20

which markedly enhances performance, but fails to address the

issue of photooxidation of the light-emitting material. As shown

in Figure 2, the photooxidation of PPVs gives rise to polar

functional groups, such as carbonyls, acids, esters, and alcohols,

along with chain scissions and crosslinks that compromise the

inherent properties of the polymers, including their dielectric

properties and transparency. Consequently, alternative strategies

have sought to block the photodegradation process via inhibi-

tion with chain-breaking acceptors, chain-breaking donors, UV

absorbers, metal deactivators, stoichiometric decomposers, cata-

lytic peroxide decomposers, and excited-stated quenchers.21

In addition to addressing issues related to component stability

and increasing overall device operation lifetime, research has

also focused on the development of new polymers to control

the color of the emitted light and improve the efficiency of

emission. While a wide variety of poly(arylene vinylene)s have

been synthesized and used in OLED device architectures, three

synthetic approaches—Gilch polymerization, Wessling precursor

elimination, and Wittig polycondensation—are predominantly

used for their preparation.22–24 Two major concerns associated

with the former, and increasingly popular route, are the for-

mation of (1) insoluble gels and (2) polymers with saturated

defects. In contrast, we have found that an appropriately

designed Horner-Emmons coupling affords defect-free con-

jugated polymers with respectable molecular weight

characteristics.25,26

While the majority of synthetic efforts have targeted soluble

PPVs with alkoxy substituents attached to the phenyl rings,

which are ubiquitous in polymer-based OLED devices, our

research seeks to prepare soluble PPVs with alkyl groups

attached to the aromatic rings. As noted above, the absence of

strongly electron-donating alkoxy groups is likely to reduce the

rate of oxidative degradation and thus enhance device perform-

ance and operation lifetime.14 Moreover, the introduction of

Figure 1. Standard OLED structure.

Figure 2. Proposed mechanism for the oxidation of alkoxy-substituted PPVs.16,17
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two additional oxidizable benzylic hydrocarbon moieties per

aromatic ring is expected to provide additional improvement to

device performance and operation lifetime. In particular, these

additional oxidizable positions can serve as sacrificial oxidant

scavengers without loss of conjugation.

To this end, we report here the preparation of dialkyl-substituted

poly(2,5-didecyl-1,4-phenylene vinylene) (PDDPV) and compare

its structure, optical properties, electrochemical properties,

and performance in a device architecture to the analogous

dialkoxy-substituted poly(2,5-didecyloxy-1,4-phenylene vinylene)

(PDOPV) and the corresponding alkyl-alkoxy-substituted alter-

nating copolymer (PDDPV-alt-DOPV) (see Figure 3).

EXPERIMENTAL

Instrumentation
1H NMR spectra were recorded using either a JEOL ECA-500 or

a JEOL ECX-400P spectrometer. The data were processed using

Delta NMR data processing software. The corresponding spectra

are provided in Figures S1 to S14 of the Supporting Informa-

tion. Chemical shifts are reported in d (ppm) relative to internal

standards chloroform-d1 (CDCl3) and tetrahydrofuran-d8 (THF-

d8), purchased from Cambridge Isotope Laboratories. Chemical

shifts for 1H NMR were referenced to d 7.26 for CDCl3 or to d
3.58 for THF-d8. 13C NMR spectra were recorded using a Gen-

eral Electric QE-300 spectrometer (300 MHz) and the data

processed using NUTSNMR Utility Transform Software (Acorn

NMR). Molecular weights and polydispersities were determined

by gel permeation chromatography (GPC) in THF relative to

polystyrene standards, giving the number-average molecular

weights (Mn) and the weight-average molecular weights (Mw) of

the polymers. The samples were injected at a flow rate of 1 mL/

min through a series of two Waters Styragel HR 5E (7.8 3

300 nm) columns equipped with a Waters 410 differential

refractometer and Waters 996 photodiode array detector. No

effort was made to correct the molecular weights for differences

in the Mark-Houwink coefficient and exponent. The data were

analyzed using Waters Millennium 2010 Chromatography Man-

ager GPC software (version 2.0). UV-Vis spectrophotometry

with baseline corrections and normalizations was performed

using an 8453 Agilent UV-visible system. Fluorescence spectra

were recorded in THF using a Perkin Elmer LS 45 Lumines-

cence spectrometer. Thermal gravimetric analysis of polymers

and copolymers were measured on a TA Instruments 2050 ther-

mogravimetric analyzer (TGA) instrument with a heating rate

of 10�C min21. Cyclic voltammetric (CV) measurements were

performed in acetronitrile (CH3CN) with 0.1M tetrabutylam-

monium hexafluorophosphate (TBAPF6) as the supporting elec-

trolyte at a scan rate of 100 mV/s. Platinum wires were used as

the counter electrode, silver/silver ions (Ag in 0.1M AgNO3

solution, from Bioanalytical Systems, Inc.) were used as the ref-

erence electrode. The measurement was performed under a slow

bubbling of nitrogen gas at room temperature.

MATERIALS

1,4-Dichlorobenzene (1), 1,3-bis(diphenylphosphino)propane

nickel(II) chloride [NiCl2(dppp)], 1-bromodecane, bromine,

copper cyanide (CuCN), potassium tert-butoxide (1.0M solution

in THF), diisobutylaluminium hydride (DIBAL-H in toluene),

paraformaldehyde, 33% hydrobromic acid in HOAc, triethyl-

phosphite, 9,10-diphenylanthracene, quinine sulfate, 1,2-dichlor-

obenzene (ODCB), and hydroquinone were purchased from

either Acros or Aldrich Chemical Co. and used without further

purification, unless otherwise noted. In synthetic preparations,

diethyl ether and tetrahydrofuran (THF) were acquired from

Aldrich Chemical Co. and dried by distillation from CaH2

under nitrogen. Anhydrous dimethyl sulfoxide and anhydrous

dimethylformamide (DMF) were purchased from Aldrich

Chemical Co. and used as received. Column chromatography

was performed using silica gel (Merck, 250–430 mesh). Fused

quartz microscope slides were purchased from AdValue Technol-

ogy. For the preparation of the devices, CleviosTM PEDOT : PSS

was purchased from Heraeus Precious Metals. Tris(8-hydroxy-

quinolinato)-aluminum (Alq3; sublimed) was acquired from

Luminescence Technology Corp. and lithium fluoride (LiF;

anhydrous) was purchased from Sigma-Aldrich, while the

1.0 mm diameter aluminum wire (99.999%) was purchased

from Kurt J. Lesker Co.

Device Fabrication and Measurements

The devices were fabricated on indium tin oxide (ITO) pat-

terned glass with a sheet resistance of 15 X/sq. After solvent

cleaning, the substrates were treated with reactive ion etching

(RIE). PEDOT : PSS filtered through a 0.45 mm syringe filter

was spin-coated at 2000 rpm for 1 min and baked at 120�C for

1 h to remove water. Polymer solutions (10 mg/mL in ODCB)

were stirred overnight at 40�C and for 1 h prior to spin coat

application at 100�C. The solutions were filtered through 0.45

mm syringe filters, spin-coated on the device surface at

700 RPM for 90 s, and baked at 70�C overnight before cathode

deposition. Thin films of Alq3, LiF, and Al were deposited using

a thermal evaporator (Cooke Vacuum Systems Inc.) at a base

pressure of 2.0 3 1026 torr. The devices were tested without

encapsulation using a Keithley 236 source meter, working with

a customized version of SpectraWin 2 software and a PR-650

SpectraScan spectrophotometer.

Figure 3. Chemical structures of the three conjugated polymers.
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Synthesis of Monomers and Polymers

Scheme 1 illustrates the strategy used to prepare dialkyl-

substituted poly(2,5-didecyl-1,4-phenylene vinylene) (PDDPV).

1,4-Didecylbenzene (2). In a 1000 mL three-neck flask, 20.18 g

(0.8301 mol) of magnesium turnings and 200 mL of dry diethyl

ether were combined. An addition funnel containing 100 mL

(0.479 mol) of 1-bromodecane was attached, and approximately

5 mL was added to initiate the reaction. The solution was kept

at a low boil while the rest of the 1-bromodecane was added

dropwise over 1 h. Afterwards, the mixture was refluxed at

45�C for 45 min and then cooled to 0�C. A solution of 44.1 g

(0.300 mol) 1,4-dichlorobenzene 1 and 0.57 g (1.1 mmol) of

[NiCl2(dppp)] in 200 mL dry diethyl ether was transferred by

cannula into the freshly prepared Grignard solution. The

brownish colored mixture was stirred vigorously until the

diethyl ether started to boil. To aid stirring, an additional

300 mL of dry diethyl ether was added and the suspension was

then refluxed for 6 h and stirred overnight at room tempera-

ture. The cooled mixture (0�C) was carefully quenched with

600 mL 2M HCl and the aqueous fraction was extracted with

diethyl ether. The combined ether layers were washed with

water, sodium bicarbonate solution, and brine, and then dried

over Na2SO4. After evaporating the solvent, the product was

obtained by vacuum distillation at 180�C to give a light yellow

crystalline solid (86.07 g, 80%). 1H NMR (400 MHz, CDCl3): d
0.87 (t, J 5 6.4 Hz, 6H, CH3), 1.20–1.35 (m, 28H, CH2), 1.55–

1.62 (m, 4H, b-CH2), 2.55 (t, J 5 7.8 Hz, 4H, a-CH2), 7.08 (s,

4H, aromatic).

1,4-Dibromo-2,5-didecylbenzene (3). To a chilled solution

(10�C) of 0.14 g (0.55 mmol) iodine in 15.0 g (41.8 mmol) of

2, 30.0 g (188 mmol) bromine dissolved in 30 mL CH2Cl2, were

added dropwise within 2 h and under rigorous exclusion of

light. After 20 h at room temperature, 20% KOH solution was

added carefully until the red color disappeared. The aqueous

layer was decanted and the organic layer was washed with water

and brine, and then dried over Na2SO4. After evaporating the

solvent, a light yellow solid 3 was obtained, which was recrystal-

lized in ethanol (19.20 g, 89%). 1H NMR (400 MHz, CDCl3): d
0.87 (t, J 5 6.9 Hz, 6H, CH3), 1.22–1.39 (m, 28H, CH2), 1.51–

1.60 (m, 4H, b-CH2), 2.62 (t, J 5 8.3 Hz, 4H, a-CH2), 7.34

(s, 2H, aromatic).

2,5-Didecylterephthalonitrile (4). Under argon, 12.00 g (23.24

mmol) of 1,4-dibromo-2,5-didecylbenzene 3 and 7.00 g (78.2

mmol) of fresh CuCN were placed in a 250 mL round bottom

flask. After the addition of 150 mL of dry DMF, the suspension

was refluxed for 3 days. The solution was cooled to room tem-

perature and poured into a flask containing 300 mL of 25% aq.

NH3 to precipitate the product. The product was washed with

25 mL of 25% aq. NH3 and 200 mL of water. The remaining

material was extracted in a Soxhlet apparatus with acetone

(300 mL) for 12 h. The solvent was evaporated to yield a light

yellow solid (6.84 g, 72%). 1H NMR (400 MHz, CDCl3): d 0.87

(t, J 5 6.8 Hz, 6H, CH3), 1.21–1.40 (m, 28H, CH2), 1.61–1.69

(m, 4H, b-CH2), 2.81 (t, J 5 7.8 Hz, 4H, a-CH2), 7.53 (s, 2H,

aromatic).

2,5-Didecylterephthalaldehyde (5). Under argon, to a solution

of 4.10 g (10.0 mmol) 2,5-didecylterephthalonitrile 4 in 25 mL

toluene, 25 mL (38 mmol) of a 1.5M solution of DIBAL-H in

toluene was added dropwise for a period of 60 min. After

warming the solution to 65�C, the mixture was stirred for 18 h,

cooled to 0�C and hydrolyzed with 100 mL of a MeOH/water

solution (40 : 60). The suspension was poured into 150 mL of

Scheme 1. Strategy Used to Prepare Polymer PDDPV. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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2M HCl and stirred for 1 h to dissolve the aluminum salts. The

aqueous layer was extracted with diethyl ether and the resulting

organic layer was dried over Na2SO4. The solvent was evapo-

rated to give the product as a yellow powder. The crude product

was filtered through silica gel (petroleum ether : chloroform, 1 :

2, as the eluent). Compound 5 was obtained as a light yellow

powder (2.04 g, 49%). 1H NMR (500 MHz, CDCl3): d 0.87 (t,

J 5 6.9 Hz, 6H, CH3), 1.21–1.34 (m, 24H, CH2), 1.34–1.41 (m,

4H, CH2), 1.58–1.64 (m, 4H, b-CH2), 3.02 (t, J 5 8.1 Hz, 4H,

a-CH2), 7.71 (s, 2H, aromatic), 10.35 (s, 2H, –CHO).

1,4-Bis(bromomethyl)22,5-didecylbenzene (6). A 100 mL

cylindrical high pressure glass vessel equipped with a magnetic

stirring bar was charged with 4.00 g (11.2 mmol) of 2, 24 mL

of acetic acid, 1.22 g (40.5 mmol) of paraformaldehyde, and

4.84 mL of 33 wt % hydrobromic acid in acetic acid. The

resulting mixture was heated with stirring at 110�C for 7 days.

Additional hydrobromic acid solution and paraformaldehyde

were added twice during the course of the reaction. 30 mL of

water was added to precipitate the product. After filtering, the

white solid was dissolved by heating in diethyl ether and hex-

anes (4 : 1) and was transferred to a separatory funnel. After

washing with water, saturated NaHCO3 solution and brine, the

resulting organic layer was dried over magnesium sulfate. The

solvent was removed under vacuum, and a yellow solid was

obtained. The product was recrystallized twice in hexanes to

give the yellow powder of 6 (3.40 g, 56%). 1H NMR (400 MHz,

CDCl3): d 0.86 (t, J 5 6.8 Hz, 6H, CH3), 1.21–1.39 (m, 24H,

CH2), 1.40–1.51 (m, 4H, CH2), 1.75–1.82 (m, 4H, b-CH2), 3.98

(t, J 5 6.4 Hz, 4H, a-CH2), 4.51 (s, 4H, CH2Br), 6.83 (s, 2H,

aromatic).

1,4-Bis(diethylphosphonate)22,5-didecylbenzene (7). A mix-

ture of 6 (3.00 g, 5.51 mmol) and triethylphosphite (4.60 g,

27.7 mmol) was stirred at 160 �C for 12 h. The unreacted

triethyl phosphite was removed by vacuum distillation at 175 to

180�C. A total of 3.60 g of white solid was obtained (yield:

99%). 1H NMR (500 MHz, CDCl3): d 0.85 (t, J 5 6.9 Hz, 6H,

CH3), 1.20 (t, J 5 6.9 Hz, 12H, -OCH2CH3), 1.20–1.37 (m,

28H, CH2), 1.48–1.55 (m, 4H, b-CH2), 2.59 (t, J 5 8.0 Hz, 4H,

a-CH2), 3.11 (d, 4H, J 5 20.1, CH2P), 3.89–4.10 (m, 8H, -

OCH2CH3), 7.07 (d, J 5 1.2 Hz, 2H, aromatic).

Poly(2,5-didecyl-p-phenylene vinylene) (PDDPV). The didecyl-

terephthalaldehyde 5 (0.99 g, 2.4 mmol) and monomer 7 were

dissolved in 50 mL of anhydrous DMF under argon. To this solu-

tion, potassium tert-butoxide (1.34 g, 11.9 mmol) was added. The

reaction mixture was stirred overnight at 80�C under nitrogen.

The polymer was precipitated from 200 mL of methanol, and the

resulting suspension was centrifuged. The supernatant was deca-

nted, and the polymer residue was redissolved in a minimum

amount of THF. The crude polymer was then successively repreci-

pitated from methanol, 2-propanol, and pentane to remove

oligomers and small-molecule impurities. The final product was

dried under vacuum to afford the polymer PDDPV as a bright

yellow-green solid (0.59 g, 65%). 1H NMR (500 MHz, CDCl3): d
0.82–0.87 (m, 6H, CH3), 1.20–1.48 (m, 28H, CH2), 1.62–1.72 (m,

4H, b-CH2), 2.74–2.80 (m, 4H, a-CH2), 7.23 (peak obscured by

residual CHCl3), 7.41 (2H, aromatic). 1H NMR (500 MHz, THF-

d8): d 0.82–0.88 (m, 6H, CH3), 1.18–1.48 (m, 28H, CH2), 1.62–

1.72 (peak obscured by residual THF), 2.74–2.84 (m, 4H, a-CH2),

7.28 (s, 2H, vinylene), 7.44 (2H, aromatic). 13C NMR (75 MHz,

CDCl3): d 14.1, 23.2, 26.7, 26.8, 29.9, 30.1, 30.2, 30.3, 32.4, 122.5,

126.0, 128.8, 140.6.

Scheme 2 illustrates the strategy used to prepare the dialkoxy-

substituted poly(2,5-didecyloxy-1,4-phenylene vinylene) (PDOPV).

1,4-Bis(decyloxy)benzene (9). A white solid 9 was obtained

(32.43 g, 83% yield).27 1H NMR (400 MHz, CDCl3): d 0.87 (t, J 5 6.9

Hz, 6H, CH3), 1.21–1.38 (m, 24H, OCH2CH2CH2(CH2)6CH3), 1.39–

1.46 (m, 4H, OCH2CH2CH2R), 1.74 (quintet, J 5 6.9 Hz, 4H,

Scheme 2. Strategy Used to Prepare Polymer PDOPV.
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OCH2CH2R’), 3.88 (t, J 5 6.9 Hz, 4H, OCH2R"), 6.81 (s, 4H,

aromatic).

2,5-Bis(bromomethyl)-1,4-bis(decyloxy)benzene (10). To a sus-

pension of 9 (14.80 g, 37.88 mmol) and paraformaldehyde

(5.68 g, 189 mmol) in acetic acid (125 mL) was added HBr

(16 mL, 33 wt % in acetic acid) all at once. The mixture was then

added to a pressure vessel and heated at 60 to 70�C for 5 h. After

cooling to room temperature, this suspension was poured into

water. The precipitate that formed was filtered and then dissolved

in hot chloroform. The resulting solution was reprecipitated from

methanol to give 10 (19.0 g, 87%) as a white solid after filtration,

which was then dried under vacuum. 1H NMR (400 MHz,

CDCl3): d 0.86 (t, J 5 6.8 Hz, 6H, CH3), 1.21–1.38 (m, 24H, -

OCH2CH2CH2(CH2)6CH3), 1.43–1.51 (m, 4H, OCH2CH2CH2R),

1.79 (quintet, J 5 6.4 Hz, 4H, OCH2CH2R0), 3.93 (t, J 5 4.6 Hz,

4H, OCH2R"), 4.51 (s, 4H, CH2Br), 6.84 (s, 2H, aromatic).

1,4-Bis(diethylphosphonate)-2,5-didecyloxybenzene (11). A

mixture of 10 (6.50 g, 11.3 mmol) and triethylphosphite

(11.20 g, 67.41 mmol) was stirred at 150�C for 12 h. The

remaining triethyl phosphite was removed by vacuum distilla-

tion. A white solid was obtained which was dried under vacuum

(7.40 g, 95%). 1H NMR (500 MHz, CDCl3): d 0.87 (t, J 5 7.4

Hz, 6H, CH3), 1.22 (t, J 5 7.5 Hz, 12H –OCH2CH3), 1.25–1.35

(m, 28H, CH2), 1.39–1.45 (m, 4H, CH2), 1.75 (quintet, J 5 8.1

Hz, 4H, CH2), 3.21 (d, J 5 20.1 Hz, 4H, CH2P), 3.90 (triplet,

J 5 6.9 Hz, 4H, CH2), 4.01 (dquint, J 5 7.2 Hz, 1.7 Hz, 8H),

6.90 (d, J 5 1.7 Hz, 2H, aromatic). 3.89–4.10 (m, 8H, -

OCH2CH3), 7.07 (d, J 5 1.2 Hz, 2H, aromatic).

2,5-Bis(decyloxy)benzene-1,4-dialdehyde (12). The final prod-

uct was a yellow solid (1.33 g, 59%).28 1H NMR (400 MHz,

CDCl3): d 0.87 (t, J 5 6.8 Hz, 6H, CH3), 1.21–1.39 (m, 24H,

OCH2CH2CH2(CH2)6CH3), 1.42–1.49 (m, 4H, OCH2CH2CH2R),

1.82 (quintet, J 5 7.8 Hz, 4H, OCH2CH2R’), 4.07 (t, J 5 6.4 Hz,

4H, OCH2R"), 7.42 (s, 2H, aromatic), 10.51 (s, 2H, CHO).

Poly(2,5-didecyloxy-p-phenylene vinylene) (PDOPV). PDOPV

was prepared following a procedure similar to that of PDDPV.29

The dialdehyde 12 (0.0684 g, 0.153 mmol) and monomer 11

(0.1003 g, 0.1452 mmol) were dissolved in 40 mL of anhydrous

DMF that was degassed under nitrogen. To this solution, potas-

sium tert-butoxide (0.86 g, 0.76 mmol) was added. The reaction

mixture was stirred for 24 h at 100�C under argon. The poly-

mer was precipitated from 200 mL of methanol, and the result-

ing suspension was centrifuged. The supernatant was decanted,

and the polymeric residue was redissolved in a minimum

amount of THF. The crude polymer was then successively repre-

cipitated from methanol twice, isopropanol, and hexanes, to

remove oligomers and small-molecule impurities. The final

product was dried under vacuum to afford the polymer

PDOPV as a red solid (0.054 g, 84%). 1H NMR (400 MHz,

CDCl3): d 0.84–0.88 (m, 6H, CH3), 1.25–1.53 (m, 24H, CH2),

1.45–1.66 (m, 4H, CH2), 1.77–1.91 (m, 4H, b-CH2), 3.95–4.09

(m, 4H, a-CH2), 7.15 (d, J 5 12 Hz, 2H, trans-vinylene), 7.45

(s, 2H, aromatic). 13C NMR (75 MHz, CDCl3): d 14.1, 23.2,

26.7, 26.8, 29.9, 30.1, 30.2, 30.3, 32.4, 122.5, 126.0, 128.8, 140.6.

Alternating Copolymer, Poly(2,5-didecyl-p-phenylene vinylene-

alt-2,5-didecyloxy-p-phenylene vinylene) (PDDPV-alt-DOPV).

This polymer was prepared as illustrated in Scheme 3. To a stirred

solution of didecylterephthalaldehyde 5 (0.15 g, 0.36 mmol) and

monomer 11 (0.24 g, 0.36 mmol) in 20 mL of DMF at 80�C under

nitrogen was added 0.20 g (1.8 mmol) of t-BuOK. The reaction

mixture was stirred overnight. The resulting orange product was

precipitated from 100 mL of methanol and the suspension was cen-

trifuged. The supernatant was decanted and the residue was redis-

solved in a minimum amount of THF. The crude polymer was

reprecipitated successively from methanol, 2-propanol, and pen-

tane. The final product was dried under vacuum to afford an

orange solid (0.13 g, 46 %). 1H NMR (500 MHz, CDCl3): d 0.83–

0.89 (m, 12H, CH3), 1.17–1.52 (m, 52H, CH2), 1.55 (m, 4H, b-

CH2), 1.61–1.71 (m, 4H, b-CH2) 1.84–1.91 (m, 4H, b’-CH2), 2.71–

2.79 (m, 4H, a-CH2), 4.08 (m, 4H, a’-CH2), 7.12 (s, 2H, aromatic),

7.36 (d, J 5 12.0 Hz, 2H, trans-vinylene), 7.44 (s, 2H, aromatic).
13C NMR (75 MHz, CDCl3): d 14.1, 22.7, 26.2, 26.3, 29.34, 29.6,

29.6, 29.67, 30.3, 31.4, 31.9, 69.6, 96.0, 122.5, 125.45, 126.7, 151.1.

RESULTS AND DISCUSSION

Monomer and Polymer Synthesis

Two PPV homopolymers along with an alternating copolymer

were synthesized to act as the light–emitting chromophores in

the active layer of an OLED. The chemical structures of the

Scheme 3. Strategy Used to Prepare Copolymer PDDPV-alt-DOPV.

Figure 4. 300 MHz 1H-NMR spectrum of poly(2,5-didecyl-1,4-phenylene

vinylene) (PDDPV). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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homopolymers and the associated alternating copolymer are

depicted in Figure 3. The substitution pattern (decyl/decyloxy

side chains) in the homopolymers and the alternating copoly-

mer were varied in order to tune the wavelength of light emis-

sion with a goal of creating an emission in the blue to orange/

red wavelength region. Additionally, the substitution of the

decyl side chains in place of the decyloxy side chains provides

an opportunity to determine if the change in structure at the

benzylic position of the side chains affects the resistance to oxi-

dation for these conjugated polymer systems.

Synthesis of Poly(2,5-didecyl-1,4-phenylene vinylene) (PDDPV).

The synthetic procedure utilized to successfully prepare our

polymers is based upon recent research by Lee and co-workers

demonstrating the benefits of the Horner-Emmons route to pre-

pare soluble light-emitting aryl-vinylene conjugated poly-

mers.25,26 The Horner-Emmons polycondensation reaction of

dialdehydes with bisphosphonate esters is convenient and inex-

pensive. Although reports that the ADMET polymerization pro-

cedure appears to afford the desired materials, this method

requires air-free conditions and an expensive transition metal-

based polymerization initiator.30 And while the Gilch route can

generate polymers with a higher molecular weight and some-

times with lower polydispersities than the polymers generated

by the Horner-Emmons route, the Gilch method is not as con-

sistent in producing defect-free structures; for example, occur-

rences of saturation along the polymer backbone are

common.22–25

Our attempt at obtaining the optimum conditions for preparing

these polymers can be seen with the Horner-Emmons route

shown in Scheme 1. While this procedure assists in the produc-

tion of a consistent polymer, specific steps were taken to ensure

an adequate product yield possessing both a high molecular

weight and a low polydispersity. The reaction mixture was

treated with an excess of potassium tert-butoxide under con-

trolled conditions, which was then stirred for 24 h. Additionally,

the product was purified by a series of reprecipitations, working

with several solvents, as described in the Experimental Section,

with product isolation by centrifuge.

The 1H-NMR spectra of the final polymerized product, PDDPV,

shows two broad signals in the aromatic region at 7.41 ppm and

7.23 ppm corresponding to aromatic protons and trans-vinylene

protons in a conjugated system, respectively, as shown in Figure

4. There is no sign of dialdehyde proton resonances at around

10.50 ppm, which would be characteristic for one of the mono-

mers, indicating its absence. The product peak at 2.77 ppm is

from the chemical shift of the a-methylene protons. Importantly,

no saturated defects are observed at �3.1 ppm.23–25

Synthesis of Poly(2,5-didecyloxy-1,4-phenylene vinylene) (PDOPV).

Scheme 2 shows the synthetic route used to prepare PDOPV.

Figure 5. Absorption spectra of PDDPV, PDOPV, and PDDPV-alt-DOPV

prepared by Horner-Emmons polymerization. Samples were dissolved in

THF (1.5 3 1025M) and recorded at room temperature.

Table I. Summary of Reaction Yields, Molecular Weights, and Optical Properties

Polymer Yield (%) MW
a (g mol21) Mn

a (g mol21) PDIb UV-Vis kmax (nm) FL kmax (nm) QYe (%)

PDDPV 65 8,700 5,200 1.7 380c, 385d 496c, 507d 57

PDOPV 84 5,700 3,500 1.6 465c, 485d 535c, 582d 34

PDDPV-alt-DOPV 46 19,700 8,800 2.2 440c, 470d 510c, 543d 44

a Mw 5 weight-average mol. wt.; Mn 5number-average mol. wt.
b Polydispersity index (PDI) 5 Mw/Mn.
c Absorption (UV-Vis) and fluorescence (FL) maxima on 1.5 3 1025M solutions in THF.
d Absorption (UV-Vis) and fluorescence (FL) maxima on 1.5 3 1025M solutions on quartz slides spin coated from 5 mg/mL solutions in O-DCB.
e Photoluminescent quantum yield in THF relative to 9,10-diphenylanthracene and quinine sulfate. Alternate molecular weight data for samples used in
TGA and CV measurements can be seen in the Supporting Information.

Figure 6. Film absorption spectra of PDDPV, PDOPV, and PDDPV-alt-

DOPV prepared by Horner-Emmons polymerization. Samples were dis-

solved in ODCB (1 mg/mL) and spin coated on quartz slides.
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Decyloxy-substituted benzenedialdehyde 12 was synthesized

according to procedures found in the literature.28 Another

monomer, diphosphonate 11 was synthesized in one step from

the dibromide 10, in almost quantitative yield. The Horner-

Emmons reaction was also used to synthesize PDOPV under

the same conditions as PDDPV. The formation of this polymer

was confirmed by 1H NMR and 13C NMR, and by GPC.

Synthesis of the Alternating Copolymer, Poly(2,5-didecyl-1,4-

phenylene vinylene-alt-2,5-didecyloxy-1,4-phenylene vinylene)

(PDDPV-alt-DOPV). The synthetic strategy simply involved the

same condensation procedure for the copolymer as the poly-

mers, combining 2,5-didecylterephthalaldehyde 5 with 1,4-bis(-

diethylphosphonate)-2,5-didecyloxybenzene 11 in anhydrous

DMF making use of the Horner-Emmons reaction as shown in

Scheme 3. The same precautions and processing methods used

for preparing PDDPV were utilized in the preparation of the

alternating copolymer. The formation of PDDPV-alt-DOPV,

poly(2,5-didecyl-1,4-phenylene vinylene-alt22,5-didecyloxy-1,4-

phenylene vinylene), was confirmed by 1H NMR, 13C NMR,

and GPC.

Molecular Weight Measurements. The data in Table I show the

molecular weights of the polymers generated by the Horner-

Emmons reaction. The low molecular weights are indicative of

the poor solubility of the polymers. After multiple filtrations to

attain processable solutions for the GPC, only the low molecu-

lar weight portions were analyzed by the instrument. The alter-

nating copolymer had improved solubility so larger polymer

chains could be detected. All samples had comparable polydis-

persities to those produced by the Gilch method in DMF.31

Additional information regarding the molecular weight data can

be found in the Supporting Information.

Absorption and Fluorescence Spectra. UV-Vis absorption and

fluorescence spectra for the polymers were acquired with dilute

solutions in THF under equivalent conditions for comparison.

Figure 5 shows the UV-Vis absorption spectra of the three poly-

mers prepared by the Horner-Emmons polymerization, PDDPV,

PDOPV, and PDDPV-alt-DOPV. The major band in the spectra

can be attributed to p-p* transitions of the conjugated back-

bone.32 The numerical values of the absorption maxima from

THF solutions are given in Table I. It is worth noting that

PDOPV exhibited a greater kmax value than PDDPV (465 nm

vs. 380 nm, respectively), suggesting a diminished conjugation

length for the latter polymer. This blue shift, however, can be

rationalized on the basis of the weaker electron-donating alkyl

groups on the phenyl rings of PDDPV compared with the

stronger electron-donating alkoxy groups for PDOPV; corre-

spondingly, kmax for PDDPV-alt-DOPV appears at 440 nm.33

As expected, the absorption spectra in Figure 6 taken from thin

films deposited on quartz slides are very similar to the solution-

based measurements, with red shifts due to increased interchain

interactions in the solid state.

Figure 7. Fluorescence spectra of PDDPV (excitation at 380 nm), PDOPV

(excitation at 465 nm), and PDDPV-alt-DOPV (excitation at 440 nm) in

THF (1.5 3 1025M) at room temperature.

Figure 8. Film fluorescence spectra of PDDPV (excitation at 385 nm),

PDOPV (excitation at 485 nm), and PDDPV-alt-DOPV (excitation at

470 nm) on quartz slides spin coated from solutions in ODCB (1 mg/mL).

Figure 9. TGA thermograms of PDDPV, PDOPV, and PDDPV-alt-DOPV.

Table II. Thermal Stability of the Polymers

Polymer TGA Td (�C)

PDDPV 425

PDOPV 394

PDDPV-alt-DOPV 406

TGA measurements were taken on samples with similar optical properties
and higher molecular weights.
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Figure 7 shows the fluorescence (FL) spectra of PDDPV,

PDOPV, and PDDPV-alt-DOPV in THF obtained upon excita-

tion at 380 nm, 465 nm, and 440 nm, respectively. The emission

band of PDDPV appears at 496 nm while that of PDOPV, with

its markedly stronger electron-donating groups, is substantially

red-shifted to 535 nm. Reasonably, the emission band of

PDDPV-alt-DOPV appears in between at 510 nm. All three

polymers show discernable shoulder bands that are red-shifted

by �30 nm from their corresponding maxima, which is consist-

ent with the vibronic coupling of excitons.34 In Figure 8, a red

shift is observed in the film-based FL spectra, which might be

due to increased interchain interactions in the solid state.35

The quantum yield of each polymer was calculated relative to

9,10-diphenylanthracene and quinine sulfate because their emis-

sion spectra have the best spectral overlap to minimize varia-

tions in the detector response. Nevertheless, since the amount

of overlap varies for each derivative, some variation could not

be eliminated. The results given in Table I, and illustrated in

Figure S15 in the Supporting Information, show that PDDPV

has the highest quantum yield at �57%. All the values are

within the ranges found in literature for similar structures.36–39

Thermal Analysis. The thermal properties of samples with sim-

ilar optical properties and higher molecular weights were eval-

uated by means of TGA by heating the samples at a rate of

10�C min21 under an atmosphere of nitrogen. The data

obtained are illustrated in Figure 9 and summarized in Table II.

All three polymers possess good thermal stability, with decom-

position temperatures (Td, as defined by the extrapolated onset

of weight loss) ranging from 394�C to 425�C, with no signifi-

cant weight loss at lower temperatures. The decomposition tem-

perature of PDDPV is much higher than that of PDOPV,

indicating that the alkyl chains enhance the thermal stability of

this PPV-based polymer relative to that of the more common

alkoxy-substituted derivatives. The enhanced thermal stability of

the new PPV derivatives will perhaps lead to reduced rates of

degradation of the EL emissive layer during the operation of the

corresponding OLED devices.34

Electrochemical Properties. Cyclic voltammetry (CV) was

employed to investigate the electrochemical behavior of samples

with similar optical properties but higher molecular weight, as

well as estimate the LUMO energy level of the materials. The

oxidation process for such polymers is clearly discernible by CV

and is directly associated with the conjugated structure of the

Figure 11. Current density-voltage characteristics of PDDPV, PDOPV,

and PDDPV-alt-DOPV in ITO/PEDOT:PSS/Polymer/Alq3/LiF/Al devices.

Figure 12. Electroluminescent spectrum of PDDPV, PDOPV, and

PDDPV-alt-DOPV OLED devices fabricated with a configuration of ITO/

PEDOT:PSS/Polymer/Alq3/LiF/Al.

Figure 10. Cyclic voltammograms of PDDPV, PDOPV, and PDDPV-alt-

DOPV, obtained under bubbling argon.

Table III. Electrochemical Properties of PDDPV, PDOPV, and

PDDPV-alt-DOPV in Solid Films in the Absence of O2

Polymer
Eox

(V)
HOMO
(eV)

UV
Edge
(nm)

EG
(eV)

LUMO
(eV)

PDDPV 1.75 26.15 487 2.55 23.60

PDOPV 1.20 25.60 563 2.20 23.40

PDDPV-alt-DOPV 1.50 25.90 495 2.51 23.39

CV measurements were taken on samples with similar optical properties
and higher molecular weights.
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polymer. However, the reduction process is usually irreversible

and poorly defined. This behavior may be associated with poly-

mer defects or traces of impurities.40 For our analysis of the

electrochemical properties of these polymers, films of the poly-

mers were deposited on a Pt electrode and were analyzed only

in the positive direction in a 0.10 M tetrabutylammonium hexa-

fluorophosphate (TBAPF6) solution of anhydrous acetonitrile.

We structured our experiment in this manner because only

onset potentials of the oxidation process were of interest and

because one of the research objectives—that of improving

device operation lifetime—is tied to such oxidative processes.

Additionally, when the reduction potentials were analyzed,

erratic behavior was observed due to irreversible oxidation. We

utilized a system in which bubbling Ar into the solution of

TBAPF6 was intended to exclude atmospheric O2.

Figure 10 shows cyclic voltammograms of all polymers during

the oxidation process. The LUMO energy level of polymers can

be calculated from the onset oxidation potential (Eox(onset))

and the low energy absorption edge of the UV spectrum with

the value in eV shown in eqs. (1) and (2).32,41,42

HOMO eVð Þ5–jEox14:4j (1)

LUMO eVð Þ5HOMO–EUV edge bandgapð Þ (2)

In these equations, Eox is the onset oxidation potential, and

EUV edge is the absorption edge of the UV spectrum in units of

electron volts (eV). The HOMO energy level of PDDPV,

PDOPV, and PDDPV-alt-DOPV are 26.15 eV, 25.60 eV, and

25.90 eV, respectively. The low-energy edge of the UV-Vis

absorption spectra (konset) can be used to estimate the energy

gap (EG) using eq. (3).32

EG eVð Þ51240=konset (3)

The energy gaps for our polymers range from 2.20 to 2.55 eV.

The LUMO energy levels can be estimated using the HOMO

from the electrochemical data and the bandgap from UV-Vis

data. Table III summarizes the HOMO, LUMO, and EG values

of PDDPV, PDOPV, and PDDPV-alt-DOPV. From Table III,

we find that the HOMO and LUMO of PDDPV are much lower

than those of the other two polymers. The energy gap of

PDOPV is 2.20 eV, which is consistent with values for other

dialkoxy derivatives obtained from the literature (i.e., 2.1 eV).42

One can observe from this system that the oxidation potential

decreases with the attachment of alkoxy groups on the phenyl

ring in the polymer chain. It is known that lowering the oxida-

tion potential favors hole-injection, which provides an advant-

age for EL applications.43 However, the oxidation potential of

PDDPV is significantly higher than PDOPV and PDDPV-alt-

DOPV. This can be explained with a conclusion that PDOPV is

more readily oxidized as compared with PDDPV, implying a

more stable emissive layer on OLEDs for the latter.

Device Studies. Light-emitting diode devices were fabricated in

order to test the electroluminescent characteristics of the poly-

mers, and to determine their viability for use in organic optoe-

lectronic devices. On the basis of the band gap/energy level of

the polymers, the ITO/PEDOT : PSS/polymer/Alq3/LiF/Al con-

figuration was found suitable for our device architecture. Figure

11 compares the current density–voltage (J–V) characteristics of

the devices. The current onsets are within an acceptable range

of estimated band gap (0.5 eV).44 PDOPV and PDDPV-alt-

DOPV exhibited an EL turn-on voltage (defined as the voltage

applied which produces 1 cd/m2) at 4.0 V and PDDPV at

5.0 V.45 Previous studies suggest that aggregation between con-

jugated polymer chromophores produces turn-on voltage differ-

ences.46 Such aggregation, while advantageous for good carrier

transport through the film, is also conducive to the formation

of interchain excimers and polaron pairs, which reduce the

luminescence efficiency.

The electroluminescent spectra are shown in Figure 12. The

electroluminescent maxima are similar to the photoluminescent

maxima (Figures 7 and 8). The alternating copolymer exhibited

Figure 13. Luminance-voltage characteristics of PDDPV, PDOPV, and

PDDPV-alt-DOPV in OLED devices fabricated with a configuration of

ITO/PEDOT:PSS/Polymer/Alq3/LiF/Al.

Table IV. Electroluminescent Characteristics of OLEDs Containing PDDPV, PDOPV, and Their Alternating Copolymer

Polymer
Turn-on
voltagea (eV)

EL brightness
max (cd/m2)

Max efficiency
(cd/A)

kmaxEL (nm)
at 8 V)

1931 CIE
Chromaticity
(x, y) at 8 V

PDDPV 5.0 101.0 0.116 508, 76 0.31, 0.58

PDOPV 4.0 1300 0.725 560, 88 0.49, 0.51

PDDPV-alt-DOPV 4.0 223.0 0.164 584, 84 0.58, 0.42

Device configuration: ITO/PEDOT:PSS/Polymer/Alq3(30 nm)/LiF(8 nm)/Al(80 nm).
a With electroluminescence at 1 cd/m2.
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the highest radiance at 8.0 V, a result that might be attributable

to solubility differences; PDDPV was the least soluble of the

three polymers and produced thinner films. All three polymers

reached a maximum luminance and began to dim as voltage

was increased to 12 V (see Figure 13). This phenomenon might

arise from increased charge leakage at the pixel edge where the

Alq3 was thinnest. All devices exhibited an external quantum

efficiency (EQE) of less than 1% due to the high current density

(see Figure S16 in the Supporting Information). This measure

of device performance can also be affected by charge leakage. A

summary of the electroluminescent properties is given in Table

IV, including CIE chromaticity coordinates.

Finally, one of the goals of this investigation centered on the

use of the new polymeric components to enhance the active

lifetimes of the devices, we have yet to establish definitively

whether this objective has been met. We note, however, that a

preliminary study using a more primitive device architecture

suggests that the radiance of devices derived using PDDPV is

more robust than that of devices derived from the other two

polymers (see Supporting Information Figure S17). Future stud-

ies will explore this issue in greater detail.

CONCLUSIONS

Didecyl-substituted, didecyloxy-substituted, and didecyl-

substituted alternating with didecyloxy-substituted PPV polymers,

PDDPV, PDOPV, and PDDPV-alt-DOPV, respectively, were suc-

cessfully synthesized by using an inexpensive and simple synthetic

route, the Horner-Emmons polycondensation reaction. This

approach afforded polymers with high molecular weights and low

polydispersities. The presence of decyl and decyloxy side chains

improves the solubility of the polymer and the ability to incorpo-

rate these polymers into devices. The associated 1H NMR spectra

exhibited peaks in the aromatic region corresponding to the aro-

matic and alkene protons, confirming the successful assembly of

the conjugated polymer chain. UV-Vis absorption spectra and fluo-

rescence spectra showed that PDOPV absorbed and emitted light

at longer wavelengths than PDDPV and PDDPV-alt-DOPV. In

addition, all three polymers exhibited good thermal stabilities, los-

ing less than 10% of their weight on heating to approximately

400�C, which offers advantages under operational voltages.

Organic-light emitting devices were fabricated from the synthesized

polymers with a goal of achieving good emission of light under

applied voltage. The study of these devices revealed that PDDPV

possessed the highest turn-on electric field. We believe that our ini-

tial examination of the new PPV polymer structures indicate that

they are promising candidates for LED applications.
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