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Abstract : In this study, homo and copolymers of 2,2,6,6-tetramethyl-4-piperidyl methacry-
late(TMA) and synthesized styrene derivative, 2,2,6,6-tetramethylpiperidine-4-vinylbenzyl
ether(TVBE) were obtained by radical polymerization and oxidized to produce corresponding
polymer radicals. The polymer radicals were mixed with carbon black, binders and coated onto
Al current collector. The battery performance is then characterized by fabricating coin cells.
As results, the polystyrene based organic radicals show lower oxidize efficiency and discharge
capacity than methacrylate based one. However, the former shows better capacities from dis-
charge experiments performed at 60°C which suggests a possible way to overcome the high
temperature fade out of performance in usual organic radical batteries. Also as expected, an
excellent C-rate performance is observed in all the cells consisted of organic polymer radicals.
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ZEjAA GAE IS 9lEl 2,2,6,6-tetramethyl-
4-piperidinol(TEMPOL, 95.0%, TCI)3} 4-
chloromethyl styrene(CMS, 90.0%, TCIyS AMH&-3}5
o wEelmdo)lEA HFAIA 2,2,6,6-tetramethyl-

4-piperidyl methacrylate(TMA, 98.0%, TCIy= i
ste] STt WAl e FulEE NaH(60%
dispersion in mineral oil, Aldrich), #lZ2% FF/FAl
21 1% THFE AHESIATH 39€ Do) &
2 AA o AElZ(99%, Samchun)9} A7} AH
(0.063~0.200 mm, Merck) ©]8-3ith. A} F3t
S A% THF<%, 2,2-azobisisobutyronitrile(AIBN,
98.0%, Junsei)oll o3 MAIEYC™ n-32H99%,
Samchun)oll AAEAT. e 182 o X
3o U)FZ2MEH(99.8%, Daejung)s SwjE3+ 3-
chloroperbenzoic acid(77.0%, Aldrich)e] 7}ell <3|
YAt L A ko] EFEAZE (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO, 99.9%,
TChHE AMEsISITh T3 M5 AZRE 98] =HdA=
FHEE-e(Super P), FIRICI 2 Z2jgshd e (PVdF,
534,000 g/mol, Aldrich), "W Z+= N-WE3 &=
(NMP, 99.5% Samchun)S AME-SI3ATE ZEjA] T
A e vt Ak WAl Halz 7] (dropping
funnel) 7} A4€ 27 Fek2=o| TEMPOL
15 g(95.4 mmoly& Y3l 7Z THF 80 mLell £+ 3]
S3A1Z] T, NaHE 24 g B3 24 B9)7] A=
&M 3AIZE o] wHIAIZIT) SRR A F
FAZ) CMS 13.5 g(88.4 mmol)S A% THF 80 mL
of ¢kds] &A1 &, HsPduw7] FAE o]8-sted
27 Sekadol 3 WEA "ojreE F 2447 5
QF WHIAIZITE, 9 F olEopHIO|E : pFAt (2 :
8 viv) & (eluent)O 2 A7l ZH AZvlEI
o] BHAA BAES FES FH, AZAA =T
Y e 2,2,6,6-tetramethylpiperidine-4-
vinylbenzyl ether(TVBE) AAES 82% & &=
AAck. ZFEAF FANHSS ot Ak SRS Sl
250 mLo] 27 Fepade] ©EHA| 5g8 Wi 7Ax
THF 80 mLell &322 =, A4 F97] = 357
AlA wRksl. 223 7AAI2] AIBN 0.05 g2 7%
THFo €3] 88A17]13L FA1E ol8ste] HolE
o2 AP oY uiX(bath) kA 70°C, 24417 5
W-AIA dsidiTt. del B ¥ A 3
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% o FE&2 AUtk P A3k v
th. HeZuy] X7t AdH 2 EEReIe| X
FEA 3¢S YW YFE2der 50 mLol] $3)
AR -, A E97] FEE awkeitt AkskARl
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ek 50 mLell 8siA17]aL At 7] FAE o]&-at
of 29 Fekaae] gk e "ojmelE H, 6r%F
HRSAAFETH 02 Na,COsE f3iA7] E3}rg
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MgSO2 8-S 3] AAsIaL 7A=xsle] F249
A 2EA BEE oF 4% FEE ATk ZEA
goz-g o]gs A9l Axe vhed 2k g
IEA}F 0.045 g, THEE 0.09 g, PVdF 0.015 g[2=F
H](%) = 30:60:101% 22} YoJF5L oF 3 mLe] NMP
of A 83| T3t SElElE ARsAT. A=
b E2Els dFrE FAA0.02 mm) o FoiF
3 oEYACIHE ©]&ste] 7 90 um= =" S}
3 80°C HFLEA 124]7F Bt A= 3Tt o
T Az" AFE o]8ste] CR 2016 IJAZ A=}
st AxE A g F53 HEESe] 2=
oz AR Hs|HeRZE= EC/DECB/T, viv),
LiPFs 1M ARS-3I3AT). 2 dAlelA Xsidl EA7
< o33 2o O 3 Aol e
FA ('"H-NMR, Bruker DPX, 500 MHz) Z4<&
3 T 2 2 FEEA 29 HEg AL
ATh FEE ZEA] EF EAS dolrr] 93] Al
2} FAF 4 F A (Differential Scanning Calorimetry,
DSC, Q20, 24 % 20°C/min, 2%=H$] -90~140°C)

& E27](Thermogravimetric Analyzer, TGA, %
24 % : 20°C/min, N, E97HE ARE-st] 4313
oh. =S yEARe] B [AEES Gotry] sl 2
2] A 7 A A B33 A (UV-vis spectroscopy, Perkin-
Elmer Lambda 35, 300~1000 nm)& ©°]&3dly &%
T2 233 FAE 2ER] Exge AR}
A2 vE 2 9(GPC, JASCO HPLC 2000 series,
40°C, 1 mL/min, THF)E ©]&-3l] &3ttt 2|
o A 54 Hrhe wiEE F3 7] (Battery
Cycler system, WBCS3000)Z AR&-3}31t).
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CMS, TEMPOL¥ 3 AAdE< 'H-NMRE#}E
Fig. 201 s Jelidedl, 7.2 ppmeld vEhE
CMS WA vE 2 12ppmellA YERFE TEMPOL
HEr|e] EAYIrt AAENE eSS B 5 9
o} T3 CMSeF TEMPOL EA4¥ =19 4 EH|E
ol g3le] AEME Alxle A3, FFHo=m 1112 F
ol YIS T & o) o=z 4
TVBES} TMA TgAE &8s st 249 &
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3-chloroperbenzoic add

dichloromethane

poly(TVBE-co-TMA) polymer radicals

Fig. 1. Procedures for the synthesis of TVBE monomer,
poly(TVBE-co-TMA) and its polymer radicals.
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Fig. 2. '"H-NMR spectra of 4-chloromethyl styrene(a),
2,2,6,6-tetramethyl-4-piperidinol(b) and synthesized
TVBE(c) in CDCl;.

FAE s eH, AEHE Fels] {8l 'H-
NMRS =4, Fig. 39 YeRITE. o2 TVBE
o] 54719l 0-CH<, -CH,-O-, CH(aromatic) 25|
Z¥z} 3.8 ppm, 4.5 ppm, 6.2~7.3 ppmelA YEFS
, TMAS] £47]1¢1 O-CH<:= 5.0 ppmolA] Yeh}
AL ged 4 k. FIZ PR-1 4ZS TMA
GEZ3H¢l PTMA®] 2, PR-5 MZ< TVBE 2
Ml PTVBE o|t}. wgha] Z-2he] 543717}

o

| ot A =2 SUe & & e, ol
978 AERE BuFo 2N 7F IR FEA|
ZANE AAE 4 ok 2 A5 Table 19 Ve
Wtk thget F59A 298 ] S8 TMA
o} TVBE?] AXF EHE 100:1, 75:25, 50:50,
2575, 0:1002 ZAE o, 'H-NMR AAF A3 7}
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Intensity (a.u.)

Chemical shift (ppm)

Fig. 3. '"H-NMR spectra of synthesized poly(TVBE-co-
TMA) measured in CDCl;.

Table 1. Compositions and Molecular Weights of
Poly(TVBE-co-TMA)s

Calculated Observed
Run TMA TVBE mol%* ME
mol% wt% mol% wt% TMA TVBE (g/mol)
PR-1 100 100 0 0 100 0 26,500
PR-2 75 71 25 29 73 27 29,200
PR-3 50 45 50 55 43 57 22,800
PR-4 25 22 75 78 19 81 34,300

PR-5 0 0 100 100 0 100 48,500

Calculated by 1H-NMR
® Estimated by GPC using PS as standard samples at 40°C in
THF

ZF 100:1, 73:27, 43:57, 19:81, 0:1002.2 YEFY,
T SIS AEnet HEE LA o5
AR Alolof] E QA7) Ho|x] gkt o]#g Ax}
= g vegagdelEr] e vkt o S%
3] WEo = dddd. 3, e By =2 ¥
THAS] BAFS GPCE SAssen FHed £4
2o 22,800~48,500 g/mol &) M2 AAE AL
o2 SHE ZEAE &ufd &A1zl = A
SIAA gz 8718 Zhe LEAE dAgkeiith
TAHOE 22,6,6-tetramethylpiperidine 2-8-71= 3-
chloroperbenzoic acid®}e] W2 %3] TEMPO I+
oz AstE e, oS & lstr] fAste] UV-vis
spectroscopyS =731ed Fig. 4o YeRfQct =
TEMPOS| HESA Uz 450 nmolA F3=S
UERH, & Aol AMEE BE EAE o] g
X FZE e ok 3 UESA gogE
o dekeS FRle] 28l == 99.9%2] TEMPOE
7IFEAR st % FEE WA, e =9 I
AN E 9T A4S vla B8k Fig. 40 $ o

—— TEMPO(100%)
--------------- PR-1-1(87%)
—-eeee- PR-2-1(81%)
-------- PR-3-1(76%)
- - - - PR4-1(68%)
————— PR-5-1(61%)

Absorbance (au)

T
400 450 500 550
Wavelength (nm)

Fig. 4. UV-vis spectra of polymer radicals in 0.05 mM
THF solution at 25°C.

Enthothermic reaction

Temperature(°C)

Fig. 5. DSC curves for polymer radicals at a scan rate of
20°C /min.

ERAS. 2 A, S Hgkgol 61~87% = Tk
A Yehv= S & F dedl, TMAS 9553
Al PTMA(PR-1-1)9I4 7 =2 87%<] ozt
Aghgo] A3 TVBES g3ko] 71842 3}
Ho 7 7HAsle] PTVBE(PR-5-1)91A 74 ¥
61%7F SIS ol8e dak= TMAZF©] 43}
wk-go] 423k vhH | TVBEOME gr)zze] #gho]
A Gt AL ondo T3 g AR
TEMPOL &) %7} 95%2 @& A% olf39 &
gty ddE. 348 YES o iz
Fre)Hol 2% (T)e DSCE 53t SA=o] Fig. Sell
etk el ZdEolE A dEFEAA
PTMA(PR-1-1)2] T, &= ¢ 36°CelA &= =4,
PMMA[poly(methyl methacrylate)]7} 105°CE HIL%|
3 E s 2 A A 7R g a2
2F Fade] ZURRE 2 4de 23S F U o
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Fig. 6. TGA thermograms for polymer radicals in
nitrogen atmosphere.

oA ZEJRIAIG ] o] SRR T AXE] 5
7Fsted TVBEZ} 81 mol%ollM = 45°CE 1),
ol7} PTVBE(PR-5-1)°lX+= dnkAQl Z2E2l+
FAFEE 93°Ce] T, 2 BT vk AdEow 35
GAelA TVBES] $F57= L2 Ts7H= A
A"ty B 4§ ok T3 Fig 60 vERd AAH,
2 AgeA] s 2EA g 200°C 7%
walEA] o g et AElE Blen, gigk 250°C
NAFE FEAE oS & F Utk 2L oF
350°Ce] %ol PTMA(PR-1-1)7} 2F 70 wt%2]
ALRAE BoFEd vis] TVBEZF H7H 3538
o] ZF Het 50%2] FARATE ERlEY] HESL
Aol T7HES & 4 Utk 53] TVBEY $hao]
S7FEFE olgjgt dXdo] et ZERA IE
A EQE] A9 47 Aol Hojd Wakse] X
3He]7) o= At

oz I4E ZEAE 43 {7 g A
AZ AZste] 25°C, 3~4 VEZIIA 1 C-rate2 HIE]
2] Z4H(CC, CV-charge)s A5l A= Fig. 7
o] JeERiRITE. PTMA(PR-1-1)¢] 3% Z7]olE o|&
B 111 mAh/goll 38-sHARE AfelZ 7t S7F
G55 AAS] THadte] 505 Alo]EollA 80 mAh/g
2 BFHA ol Ade W] HMmAdo] F38] ¥
2 IR Aggo] T e Fil 2 Y F
7Yal7] wiEoz Azbec, T3 FulgA 2EldA 9
Shgo] SEFE ARH o e §YEAS B
F3L &, TMATE] TVBEQ] #Al&o] =37, gt
Z Aggo] EA ¥7] W] 22 FAZ o
Hojx= = grze] FFo] o= olf7t 9l
o} st Ae et TVBEAIES] it 2]
ZoM= TMAAIES A 35S HofEtia
2 5 ok S0 whE Agke] Hale obgHoew
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Fig. 7. Discharge capacities of organic radical batteries
with cycling in Li/polymer radical half-cell using
electrolytes consist of EC/DEC(3/7, v/v) and 1M LiPF,.
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T - ; T T
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Fig. 8. Voltage profiles of Li/polymer radical half-cell at
25°C.
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2 E9% PR-2-1, PR-3-190A 973 AgHA EA
< T F Ak AEANA AFHUA T L0l A]
o] Sk E R HuZ AxdA sidsor & &
Aotk B AFMs g3 SAdo] /e 2Ej-A
22 UL SYTozH o|E s|dstaal 3
ot} AR R 60°C o] oA AL Axst
o SHEAS HrkelRer A3E Fig. 99 YR
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Fig. 9. Temperature dependence of cycling performance
(3.0-4.0V) of a Li/polymer radical half-cell at the 1C rate.
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20+
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Fig. 10. Cycling performance of Li/polymer radical half-
cell at 25°C.

ZHo] Fko] 243, AFF O R e 25°C LS Ko
o}, SR FHEES 31291 60°C oA AAE g
Aol wel g#o] AN HElTEH o] EA|
Bo}h ZAFo] A2 S B & ) ole Ax
= WIS =Yd me dRsigge] S0t T,
of 7Ilgk BAA Y 7 g AHEE Fukge] oA
oAl AlE e F US Folth AT RE {7

WREARS Hrtsislen A3E Fig 109 eI
ot FAE AAE o]&3te] 0.5C14 100C7FA] =32F
Aoz A%e Ay 7] wlEo] A Fig. 7004 Bk
dalA APt ek 27 A9
43t S AZHE Corate?] 57
e Ago] ezt st &3
o] g3l HojdE 20C ogelA 100C7HAl= C-
rate’} S7FI= &%) o7t AA EeS ¢ & AU

E Ao M = 2,2,6,6-tetramethylpiperidine 2H8-7]
& 7= ZEH Alge] @A TVBEE FdstaL
Hela ol E AL TdFA] TMA oF T3
EXZse thdet 249 AT 34 7HsEe 2
AFAG. £ AseS o83t 2,2,6,6-
tetramethylpiperidines UES4 @to|Z2 Aest 4
#}, TVBE®] ©553HAolA 61%2] W& Aghes o
i), =3 3 AN W3S TVBEY =92
A 28R o] T 988 228 FE
T des AABKL. f7] U AAEA H@E
F3l TVBEZ} 23 AR oA g3yt Bzk= ARt
Z ExEel 7]k Aoz dAdEm Q3]3 60°C AL
=
T

oM TMA tiH] 9538 E48 2o
TS 20CAA 100C7HA Y] &R E &7k}
A YeptA] @&9ker, §7] Fud HAe 943

S54SR F A
HAtel 2
o] =2 20159% FR@EH)e] AYew =

AFATEe] X PS wol FaE ATY(No. 2011-
0007056).
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