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Qo Hjdd 7|0 SE 2 2 X372 E Q5 A 2-& AAPLY (EL) 128211 poly(m-silylphenyl-p-phenylene-difluorovinylene)
(m-SiP-PPDFV)+& GILCH polymerization ®Hof oJ3f A E ). o] & L8R = w3 22 (ITO/PEDOT/polymer/Ca:Al)2]
light-emitting diodes (LEDs)o)| A EL 2350 & AL8-5| 1 TF. m-SiP-PPDFV+= Ayax = 452 nm 591 0] 4] PL 23332 LR
131, Ainax = 497 nm F] 0| A &2 0] EL 9F4-8- LrERY QLT 2252} 9] current-voltage-luminance (I-V-L) EA o A=4.0V A
Lo A5 227 Ag | 7] AJAFSEATE LR ARe] AL 218t e & F7HA 7]+ m-SiP-PPDFVE ¢ 7] 98l m-SiP-PPV O] BL=
u]d 7o) TS B2 27)2 wBkAT, o] 2 olsto] 24 TEOIA vl U e o] A OHYE S Ler itk PPV G4
Sofl 4] elojuh vl el |9 AShiS-S W B B0 B A T AnkE 74 31 Qo] 2440] A SPYE S 4] A7)
o} oyl A=, Kk HYStE PPV R A S 7] flall, R e27]7F riddlr] o] =90 4= 52 HolFaL Qloh

FHOF: A, A WA, APg A, PPVs

ABSTRACT. New electroluminescent polymers with fluoro groups in vinylene units, poly(m-silylphenyl-p-phenylene-difluoro-
vinylene) (m-SiP-PPDFV) have been synthesized by GILCH polymerization. These polymers have been used as the electroluminescent
(EL) layers in single layer light-emitting diodes (LEDs) (ITO/PEDOT/polymer/Ca:Al). m-SiP-PPDFV shows PL around Amax=452 nm
and green EL around Amax =497 nm. The current-voltage-luminance (I-V-L) characteristics of the polymers show turn-on voltages
of 4.0 V approximately. Two fluoro groups were introduced on every vinylene units of m-SiP-PPV to give m-SiP-PPDFV in an attempt
to increase the electron affinity of the parent polymer, and the devices show an increased color stability even with vinylene units.
The color stability is attributed to the electron-withdrawing effect of the fluoro groups, which protect vinylene units from oxidation
in PPV derivatives. We believe that fluoro groups can be introduced in vinylene units in order to attain excellent stability of PPV
derivatives.

Keywords: Electroluminescence, Polymer light-emitting diodes, Color stability, PPVs
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B & AT, B O] A} = X} G $-of e
°|= PPV F A 59 24 A= AL R Al Holdl
TP PPVE 71 ZA 07 she U2 RS el
v 2l 7] o] Hlof &fgh 4k} kg2, AL e A= AFE-H]
| H gV & AR EYo g & eyl 7t 2R Y 7| =2 W3t
A7l Aoz 2 oA Uk Singlet oxygen} vl
7]19] o]F A Atofof| A Yof U= o] g4t Hkg- o = Qls,
IEALS] FH Zol 5 Fol= Helo] Bl LEAY AHES
A "

PPV 54|50 9Jo|A] SFA] 218-7] 2} L2 electron-rich
groups-> B2l 2-8-7] 2] A}o]l Singlet oxygen®] 37} H]
&2 F7HA 71 b, ik o] Gl o5 A o] At
I = 9} 3PALS] HE-S-2- W3] 3= electron-withdrawing groups
o me PPve] EghE uddsY AFES ZAHA7
oh.” 2 2ol i dally] o] ER 02 2878 =9 & PPV £
= A1Q1 Poly(p-phenylene difluorovinylene)s (PPDFVs)+= 0]
ALY FAE} BRG] tigt M =5 FTHAI7 = ALEA
24 e ok ujdd 2g7)o] HReE ARE
S QJa o] gz, 2.0 27]0k 29| ATAS Afol9] ] 5
urelo] ofa) SR nEY Fgzte) AnEA LEAD
of W) ZHg2lo] ofat £ g THaS U 4 Qs W A
ElRelol 2 gohinxt whet.” o) o] §5 2 shAf u el A
8710140) B0 27]0) oJere w2 ATel) Aol B
< PPDFV =450 7= $ich

ol oA, viEdl 24-87]0 EF =75 =Y
PPV =4 o] O3t T U5 o]-83 PLEDs S ARE-5}0q, A4
AEE A7) 913 LS X 11 3}14} glo}. Poly(m-silylphenyl-
p-phenylene-difluorovinylene) (m-SiP-PPDFV)E- 433} 3L,
PPV f-LeA| 5ol 23k niddl 24-87]9] 4tehE |61
913l LEDs 2xAtof] ARE-E] i}, o] o) w2 At Anke} 3t
7, m-SiP-PPDFVE- 0] &3} Ax}=, 229 2 7|7} =9 K]
-2 PPV F-ie A o] A Ko} 20 nm 7 = Tl ©]-5-3F 500 nm
of| A o] =4 S LFER Qi o]’ A= At A E] o A]
o EA4T ¥ 7] 5 AtStoll et PPDFV 5= 4] 9] QHg A d ol &
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H= AloFS: AldrichARe] Al &5 ARg-sF et AR -8
L 19l & 27 glo] AR&-5}9ict. 'Hand °C NMR spectra &
Varian Gemini-200 (200 MHz)} Varian Gemini-500 (500 MHz)
spectrometer = Z}2} 0] ©@aFA| 25 8F215} %1 1L, chemical
shiftss= TMS & 7|2 & 3131 ppm T 2 YEFY AT UV
spectrat= Varian CARY-5E UV-vis spectrophotometer=2 =
gk, AT EAHE= polystyrene & 7| E= R & gel

Ao

o 71

permeation chromatography (GPC)&E-A] ¥ o 2 =435} ).
PLED+= indium tin oxide (ITO)& A 2] g+ %, poly(3,4-
ethylene dioxythiophene): poly(styrene sulphonate) (PEDOT:
PSS)2- spin-coating ¥ 0. & FE3F & 140 °Cof A baking
3 SHA%E AT ERE glove box o) A] spin-coating®H 0 2 H
gala, upxuko & Al (100 nm)E 23 (~107 torr)ol| A 22}
3t 2AE ARt A F-A U542 Keithley 237 source
measure unitS ARE-5lo] =431 EL spectra> Photo
Research PR-655 spectrascan colorimeter2- AF-8-5}o] =745}

oAt

(3-bromophenyl)(dodecyl) dimethyl silane (3)2] g4

1,3-Dibromobenzene (1) 25.0 g (105.9 mmol)2 THF 100 mL
of] =21 & -78 °C o] 4] 1.6 M n-buthyllithiume 23] H7}
3t &, 2A|17F 5oF wHIgke). Chlorodimethyldodecylsilane
(2) 25 g(105.9 mmol)2 -78 °Col| A H A 3] =713+ 3 24A] 7t
ok A 2olA] IUHAZITH HOl §9) 0.2 Whe-8 S35
cthyl acetate & AH-5}0] 227 5, 0.8 7] Golo] Gl
s 57T A7 = A IRaES T A=ntEdg =
E5to] QA EL Halatelth 35.4 ¢ (92.2 mmol, 87%) <]
Ew A= Aglrh. FT-IR (KBr pellet, cm™) 3760, 3581,
2936, 1648, 1564, 1458, 1215, 836, 773; 'H-NMR (300 MHz,
CDCl5) § (ppm) 7.59 (s, 1H), 7.49 (dd, 1H, J=1.2, 8.1Hz), 7.41
(d, 1H,J=7.2 Hz), 7.23 (d, 1H,J=7.8 Hz), 1.26 (s, 22H), 0.89
(s, 3H, J= 6.3 Hz), 0.25 (s, 6H); "C-NMR (75 MHz, CDCl5)
S (ppm) 142.99, 136.21, 131.84, 131.75, 129.46, 122.98, 33.59,
32.03,31.69,29.79, 29.76, 29.68, 29.46, 29.37, 23.82, 22.78,
22.74, 15.56, 14.16, -3.10.

Mo o

3-(dodecyl(dimethyl)silyl)-2',5'-dimethyl-1,1"-biphenyl

(5) 9 4

2-Bromo-p-xylene (4) 15.2 mL (110.6 mmol)2} magnesium
3.3 g(138.3 mmol)2 THF &-ufjof] ¥-& & 40 °Coj| A 24A] 7k
%o} wHks}lo] Grignard reagentE THST) o] 2 A gtEo) 2]
Grignard reagentA]| 2F-2 (3-bromo-phenyl)-dodecyl-dimethyl-
silane (3) 35.4 g (92.2 mmol)-& 100 mL THFo]| 1=<] g-ufjof|
Z78] FH7FAIZL 5, 40 “Col| A 24417t 9% aykgtet. HCL
o002 HF-3-& £ ASH S diethyl ether 150 mL (3 x 50 mL)
2 E ARt 25T 5, B §7] 89 s Ay 5
Fot = A7 = AAE ARES B ARUEDY S 55
o] MAES Ealstth 32.3 ¢(78.9 mmol, 71%) SFeH&E2
At FT-IR (KBr pellet, cm™) 3886, 3728, 3612, 1743,
1690, 1543, 1522, 1226, 1110, 783, 688; 'H-NMR (300 MHz,
CDCls) 6 (ppm) 7.49 (s, 1H), 7.47 (s, 1H), 7.46 (d, 1H, J=1.5 Hz),
7.41(dd, 1H,J=6.9,7.5Hz),7.31 (d, 1H,/J=7.8 Hz), 7.18 (d,
1H,J=7.8 Hz),7.09 (d, 1H, J=7.2 Hz), 2.37 (s, 3H), 2.24 (s,
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3H), 1.26 (s, 22H), 0.91 (s, 3H, J = 6.3 Hz), 0.25 (s, 6H);
PC-NMR (75 MHz, CDCl:) & (ppm)142.10, 141.19, 139.46,
135.18, 134.36, 132.23, 131.87, 130.56, 130.23, 129.47, 127.86,
127.34,33.57,31.92,29.67, 29.65, 29.58, 29.33, 23.90, 22.68,
20.90, 19.96, 15.75, 14.05, -2.95; HRMS (m/z, EI") caled for
CasHa4Si 408.3218, found 408.3213.

2,5-bis(bromomethyl)-3'-(dodecyl(dimethyl)silyl)-1,1'-

biphenyl (6)2] &4

3-(Dodecyl(dimethyl)silyl)-2',5'-dimethyl-1,1'-biphenyl (5)
30.1 g (73.5 mmol)= CCly (120 mL)o]] 521 > NBS 28.8 g
(161.6 mmol)Z 4 7F5t 3 Ao A 1A17F 52300 W =44
ot ofl A AHIA I TR W55 F A 5kaL WE S 3 5 o o
AE S/t 5 A7 A AdRes g A=0tEDY
2 250 YAHEL Balshet). 14.2 g (25.1 mmol, 34%)
= N2 At FT-IR (KBr pellet, cm™) 3850, 3739,
3528, 3479, 1686, 1649, 1563, 1515, 1221, 769, 671, 'H-NMR
(300 MHz, CDCl3) & (ppm) 7.61 (s, 1H), 7.55 (d, 1H,J=6.9 Hz),
7.53(d, 1H,J="7.8 Hz), 7.43 (d, 1 H, J= 6.6 Hz), 7.42 (s, 1 H),
7.41(dd, 1H,J=2.1,5.7Hz),7.30 (d, 1H,J= 1.8 Hz), 4.51 (s,
2H), 4.42 (s, 2H), 1.26 (s, 22H), 0.91 (s, 3H, J = 6.3Hz), 0.25
(s, 6H); "C-NMR (75 MHz, CDCls) & (ppm) 142.88, 140.17,
138.76, 138.04, 135.53, 133.94, 132.92, 131.53, 130.97, 129.25,
128.49, 127.73,33.58, 32.69, 31.92, 31.58, 29.69, 29.68, 29.65,
29.60,29.35, 23.89, 23.80, 22.69, 15.69, 14.11, -2.96; HRMS
(m/z, EI") caled for CasHaoBr,Si 564.1428, found 564.1426.

o |6 e

3-(dodecyl(dimethyl)silyl)-2',5'-bis(fluoromethyl)-1,1'-

biphenyl (7)9] g/

2,5-Bis(bromomethyl)-3'-(dodecyl(dimethyl)silyl)-1,1'-
biphenyl (6) 13.2 g (23.2 mmol)-& THF (20 mL)of| =91 &
1.0 M2] TBAF 51.14mL (51.1 mmol)S A 7|3} 3 40 °Cof| A]
39) Fob Wbtk B2 A7kl w2 S A% 3, diethyl
cther= F&3ich o] 27 & §7] §49] §H4E A F FF
o 3 A7) Al ARES B ARUETYEE Bl
B ES 225kt 4.4 g(9.89 mmol, 42%) 2] T A S
Atk FT-IR (KBr pellet, cm™) 3866, 3749, 3612, 3474, 1680,
1532, 1448, 1205, 773, 678; 'H-NMR (300 MHz, CDCl3) &
(ppm) 7.62 (d, 1H, J=7.5 Hz), 7.54 (d, 1H, J="7.2 Hz), 7.46
(d, IH,J=6.6 Hz), 7.43 (s, 1H), 7.36 (dd, 1H, J= 1.5, 3.0 Hz),
7.33(d, 1H,J=1.8 Hz), 5.45 (d, 2H, J=47.4 Hz), 5.31 (d, 2H,
J=48.3 Hz), 1.26 (s, 22H), 0.91 (s, 3H, J= 6.3 Hz), 0.25 (s, 6H);
C-NMR (75 MHz, CDCls) & (ppm) 142.77, 140.14, 138.65,
137.05, 134.29, 134.06, 132.89, 129.85, 129.43, 129.01, 127.63,
127.37,85.19, 83.48, 33.56,31.92, 29.67, 29.64, 29.59, 29.34,
29.32,23.86,22.68, 15.64, 14.11, -3.02; HRMS (m/z, EI') calcd
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for C2sH42F,Si 444.3029, found 444.3025

2,5-bis(bromo(fluoro)methyl)-3'-(dodecyl(dimethyl)silyl)-

1,1"-biphenyl (8)2] 34

3-(Dodecyl(dimethyl)silyl)-2',5'-bis(fluoromethyl)-1,1'-
biphenyl (7) 4.4g (9.89 mmol) & CCls (120 mL)of 591 =
NBS 3.55 g (19.98 mmol)2 & 7}5F & Al20o A 1A]7F F<¢t
300 W ulAlSg ool 4| wHIAXIT}, Wh-g-& 45l HE| S
T o NS F SR T A7 = A ARES AR
EOg2E E5to] YAAES BEalsks). 4.66g (7.73 mmol,
78.17%)2] =1 oWz 2 A i ch. FT-IR (KBr pellet, cm™) 3866,
3739, 3654, 1690, 1564, 1512, 1215, 1078, 783, 688; 'H-NMR
(300 MHz, CDCls) & (ppm) 7.95 (d, 1H, J= 8.1 Hz), 7.64 (d,
1H,J=7.8 Hz),7.59 (dd, 1H,J=1.2,7.2 Hz), 7.51 (d, 1H, J =
8.7Hz),7.48 (d, 1H,J=7.8 Hz),7.45 (d, 1H,J=47.4 Hz), 7.41
(s, 1H), 7.37 (s, 1H), 7.21 (d, 1H, J=48.9 Hz), 1.26 (s, 22H),
0.91 (s, 3H, J=6.3 Hz), 0.25 (s, 6H); "C-NMR (75 MHz, CDCl;)
d (ppm) 140.76, 140.36, 139.84, 138.138, 136.92, 133.93,
133.61,129.21, 128.02, 127.51, 126.63, 124.89, 92.54,91.31,
33.55,31.91, 29.68, 29.66, 29.64, 29.59, 29.34, 29.32, 23.88,
22.68, 15.63, 14.09, -2.99; HRMS (m/z, EI') caled for CagHay
Br2F,Si 600.1240, found 600.1231.

poly(m-silylphenyl-p-phenylenevinylene) (m-SiP-PPV) (9)

o] 34

2,5-Bis(bromomethyl)-3'-(dodecyl(dimethyl)silyl)-1,1'-
biphenyl (6) 500 mg-2- THF 100mL]| 40 °Cofl A} 321 3, 1.0 M
9] potassium fert-butoxide-2 &3] A7} A| 7| AL 24X 7 &
o Ao A IREAIZITE 500 mLo wgk-Zof Whg-Eotaa
3] "oljme] As FAEAIT dL A shekeS A
ZA1A 65 mge] AEAE AU

Synthesis of poly(#-silylphenyl-p-phenylene-difluorovin-

ylene) (m-SiP-PPDFV) (10)2] 34

2,5-Bis(bromo(fluoro)methyl)-3'-(dodecyl(dimethyl)silyl)-
1,1'-biphenyl (8) 500 mg= THF 100 mLoj| 40 °Coj| 4] <1
3 1.0 M 9] potassium tert-butoxide-2 2 23] H 7} A| 7] 31 24
At E ]t A 2ol A JREAIZI T 500 mL 2] HghE&of -5
YEs s olme] A BT F2 1A 3het
== AERAA 65 mge] ALEARS AT

=}

Z4 -_'I—E

21

4

Scheme 10| A= kst 1B X}21 m-SiP-PPV &} m-SiP-
PPDFV 9] M- H o]2211 9t} A A 922 1,3-dibromo-
benzene (1)Z} chlorododecyl dimethylsilane (2)-2 THF -1}
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Scheme 1. Synthetic route for m-SiPh-PPV and m-SiPh-PPDFV

Stof 4] n-butyllithium-2 AHg-5ho] At ¥h-3-of ofsf -dst
At o] F A s A o] 2l (3-bromophenyl) (dodecyl) dimethyl
silane (3)2 Grignard A] 2k A1-8-3}9] p-xylene (4)3} 23t
2.0} 2]3) 3-[dodecyl(dimethyl)silyl]-2',5"-dimethyl-1,1"-bip-
henyl (5)& &&= Ut o] hek& 5= 25347171 Sl
CCly - stof| A NBSL} ¥4 (300 W) S AR5 2,5-bis
(bromomethyl)-3'-[dodecyl(dimethyl)silyl]-1,1'-biphenyl (6)
2h=m-SiP-PPV 1220 A S A5 4= Qloh. tha-2TBAF
£ AHESE] SR 2.2 o] 9] ZeA A ek-gof ofsf BHE
ohd slehEe S FRES AAFIL o] shetES HhA CCl
Guljstoll A NBS<} w2 (300 W) S AHg-5ko] HZ31 A1 A
m-SiP-PPDFV 9] TH&FA] 21 2,5-bis[bromo(fluoro)methyl]-3'-
[dodecyl(dimethyl)silyl]-1,1'-biphenyl (8)= 42 4= 31 t}. o]
A S A2, 24417L, 0 °C, THF &-1jj3}of| A] potassium
tert-butoxide”} AF-&-%] o] Gilch 182} 8} HH-2-0f| 2] 3} m-SiP-
PPV&} m-SiP-PPDFV & A E] Q1 T}, o] I BA-E-2 chloro-
form, tetrahydrofuran (THF), dichloromethane, chlorobenzene
3742 §7]Gulol & = A4S 74 1 Ik THE §ul 5t
o A] polystyrene = 7|& 2.2 AFE-3F GPCo| &3}, m-SiP-
PPDFV 9] number-average molecular weight (M,)2} weight-
average molecular weight (M,,)+= 1.72] PDI (poly dispersity
index, My/My) 7 vFE 2. 2 31 11,0007} 20,0000 2 =7 =
?lt}. Differential scanning calorimetry (DSC)£} thermo gravi-
metric analysis (TGA)o] 9]3f] o] LEA}S] G AAEE =

\ /
O Si~(CHz)11CHa
Té \ :
n

\ /
Q Si-(CH2)11CH3

Mg , Ni(dppp)Cl

\/
Q Si-(CHz)11CHg

5

NBS

_ >

ccly

THF

\/
Q Si-(CHz)11CHg
Br

0
Br F

8

\ /
O Si—(CHy)11CHs
F
W
£ in

10 (m-SiP-PPDFV)

NBS

- >

CCly

t-BuOK

Table 1. Electrochemical potentials and energy levels of the poly-
mers

optical band HOMO®  LUMO® d
olymers a Eo (V
poly gp' V) V) (eV) ™)
m-SiP-PPV 2.58 -5.75 -3.17 0.95
m-SiP-PPDFV 2.89 -6.43 -3.54 1.63

*Optical energy band gap was estimated from the onset wavelength
of the optical absorption. *Calculated from the oxidation potentials.
‘Calculated from the HOMO energy levels and E,. Onset oxida-
tion and reduction potential measured by cyclic voltammetry.

2 8k 4= 91 2lTh. 30 ol A] 430 °C71R] 9] 2= G o) 4] S5 =
DSC+= 86 °C9] glass transition temperature (7,)S LEF A
11, 5% A 7F 74~ of] t)-3-8}= decomposition temperature (7y)
£346°C =2 S =t

Table 16141 224l 4 M 2 AL T84 5] el
W= S UreRRIT TEate) A7]skeby BA4L cyelic
voltammetry (CV) 2 5-E] 2% &|+= oxidation potentials} ab-
sorption edges 28| 27 &= o ] band gape]l &]sl 274
Ft}. CV= acetonitrile2 81 2 tetrabutylammonium tetra-
fluoroborate (BuyNBF4)< 0.10 M5 = & 3-8 0]-23}4]
of= 3L 7| A5tol| Al 20l A4 100 mV/s&] A7 & 2 43
Foh W AT VB R FE S| working electrode =

A3} a1, Pt 2}o] o] @} Ag/AgNOsZ =2 counter electrode

Journal of the Korean Chemical Society



H 7)o &
1.2
(A) —— UV (in film)
PL (in solution)

—— PL (in film)
=
8
_é\
(2]
C
2
£

1 1 1 _
300 400 500 600 700

Wavelength (nm)

1.2
(B) —— UV (in film)
PL (in solution)
—— PL (in film)
S
8
=
77}
c
i)
£
0 0 C 1 1 1
300 400 500 600 700

Wavelength (nm)

Fig. 1. UV-vis absorption and photoluminescence emission spectra
of m-SiPh-PPV (a) and m-SiPh-PPDFV (b) in THF solution at a con-
centration of 1 x 10” mol/L and solid thin film.

¢} reference electrode 2 A28}t FC/FC' redox system
ol o} &} 2 A E Ag/AgNO; reference electrode?] of | =] 2|
L 4.8 eV 0|11, HOMOH| & (Enomo = -[Eonser]” + 4.8) €V)
2lof| oJgf| gt 4= ‘3}‘:} 0] & o]-g-5}09, oxidation onset potential
=R o] o3& L& 4= 91 a1, m-SiP-PPDFV 9] highest occupied
molecular orbital (HOMO) ¥l 1} lowest unoccupied mole-
cular orbital (LUMO) @™, o =] sHE=74-& 6.43 eV, 3.54 ¢V,
2.89 eV Urehd}.

m-SiP-PPDFV ] 3 &} ulsgbof hgt B4 THF 4of
stofl Al BE Aol A 2AFE|QITh THFS] e 1x 10°M
2 1A EQ T, 18X} YEL AL oj|A] o-dichlorobenzene
(ODCB) 12 o -3t0] 2231 3o 28} A2, Fig. 1
© m-SiP-PPV3} m-SiP-PPDFV 9] 549} g AslE 2L
uﬂa}uh:} m-SiP-PPVE] F2= AHMEH O 425 nmE LFeh]
31, m-SiP-PPDFV ©] Z-4= 23 £ .2 362 nmoi| 4] 2 o) 542
Ul Slch. m-SiP-PPV I} m-SiP-PPDFV 9] 75 g-oH ALgljo]
Ae] Eo kst 1E Aeoll o] e TAL ulaA| ek
Wt} m-SiP-PPV Y] PL AHIE .0 2ol X[ o] 4] 482 nm,
22 pestol A 523 nme] Fo HS Lehy 3L, m-SiP-
PPDFV 9| PL A8 E 2 -8-H AJefjof| A 472 nm, E -5 el 5}
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Fig. 2. PL emission spectra of m-SiPh-PPV (a) and m-SiPh-PPDFV
(b) after the different exposure times with white light in air.
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Table 2. Device performance characteristics of devices with the configuration of ITO/PEDOT/CzCNPFVs/Ca/Al

polymers turn-on voltage® (V) voltageb V) current densityb (mA/cmz) luminance® (cd/mz) LEmax (cd/A)
m-SiP-PPV 4 7 445 180 0.04
m-SiP-PPDFV 4 6 447 216 0.05
*Voltages required to achieve a brightness of 1 cd/m’. "Measured under the condition of maximum brightness. ‘Maximum luminescence
efficiency.
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