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ABSTRACT

Chapter 1. Synthesis and Characterization of Organosilicon based
Electrolytes for Lithium-Ion Batteries Application

Koh Kyungkuk
Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

Lithium-ion batteries (LIB) as secondary rechargeable batteries are used in various
electronic devices, such as mobile phones, portable computers and others. LIB as a
renewable energy in electric vehicles and energy storage system (ESS) exhibits a
potential application. However, to overcome the required performance for electric
vehicles and ESS, the safety and energy density issues should be solved first. To solve
these problems we designed and synthesized compounds. These compounds has many
advantages for safe electrolytes in lithium-ion batteries. The advantages is high flash
point, high conductivity at low-temperature, non-hydrolyzable and the cycling
performance test of a full cell that utilized the compounds of functionlized silane
electrolyte solvents showed similar result as a reference cell in lithium-ion batteries. In
order to improve the safety of energy storage devices, much effort has been devoted to

developing safer electrolytes such as solid electrolytes and ionic liquids.
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ESS(Energy Storage System), E2 £ 0 20H0 A2 USO{(Picture 3)
J=0AM Lithium lon Battery2 &

(g

RotEEE D oA 2= £ &5 KIE(Picture 4,Table 1A HE2ES JHXLD YO
Lithium lon BatterySl A L RAQAN L2 KARI} Ss| XA=0|CH 4P

12 HE &23 & X0l HIghA &8, 8¢,
4

Ol

Battery

Primary battery Secondary battery |
Lithium Battery @ Lead Acid Battery

Alkaline Battery 11
w Ni-MH Battery

Carbone Zinc Battery
@ Lithium lon Battery

Silver Zinc Battery

Zinc air Battery

Picture 2. BattérySJ e

Consumer
Electronics

Electric Vehicles
(EV, HEV, PHEV)

R 0

Fv

Energy Storage System Defence / military
(ESS) applications

Cellular phone

Picture 3. Lithium lon BatteryQl = ZAHd
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Nominal Voltage 2V 12V 3.7V

Cycle Life 500 500 1,000
(80% capacity )

Self Discharge 5% 30 % 5%
(% per month at 25 )

Power Density 180 W/Kg 1,000 W/Kg 2,000 W/Kg

Table 1. Secondary Battery2Ql 4 XX
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1.1 Lithium lon Battery2 R&ERA

1.1.1 Cathode (ZX=)

A=22 X A (HH)VBENNH T2 Soll &2 dNE 2ot =8 229
S EtS0l E0ULH & &30/t REL. BHHZ 38 UE o2 dAE
Sl ChAl | MEiZ2 =220 MetEICH B8 Ld=20 MAUHAME =& da=2
HHElclel S &= MYS BHoles 9 o, 239 SFRZ= S
@1 LCO, NCM, NCASt A& ZXQl MO =28l RXEQl LPF X2 L= = UL
(Table 2) &4 F=x2 A2 2|&0/20| 2XHA2Z 0|Sct= YA Amd +
22 228l 2X9 df 2[&0/=20] U2 =2 Olsote XOIEE ZQICH. 2Xt
X =HI|0l= LCOJH XSS HsHY =HO0| 20 ==2 AISEZJAKXICH, 2007
E 0l 2Xt &X2 20t 2 & oHEMd A4S 2ol NN 2 UHA &) U=
Cathode
T= Lco NCM NCA LMO LPF
=X LiCoO, Li[Ni,Co,Mn]0O, | Li[Ni,Co,AllO, LiMn,0, LiFePO,
- S ES [ Ehs = 228 1=
T=
i,."b g
x| 145 mAh/g 120 mAh/g 160 mAh/g 100 mAh/g 150 mAh/g
ISy 3.7V 36V 36V 40V 3.2V
= 24 249, Z00" | k! S
+E =8 g =8 e =8
7t4 25~28 $/Kg | 20~23 $/Kg ~21 $/Kg 8~9 $/Kg ~20 $/Kg
Table 2. Cathodel &EF % &5 XE
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=MOI0Y, Sollh ESSE, &HIIXdE SUE 2x Xz AEHLD U= & 2O0ICH
LMoS| B2 UHE &= =Z0l blof 8XSE0l 2II 20l NCMt 2E Blegge &
8ot Mg Xne AU 2x M %It BIotH o= =& ot
dds U322 NHEELD UL LPF= JJtk ME8otl etEdl =ZH0| E2U
= 22N MIWCE HES ol 2ol A7 oiXiD ACH.©7
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1.1.2 Anode (83)

At
S

=)
)

4 of

2 CHAI

=
=

}

X

RJ
0l

(HO

RO
=

KJ
o

fulJ

00

)

o

It

ol
K
]

Kl

fall
H

HEUAN=E 532

& 2 0

—

—

2l |

[

3

&0t elg0l=0l

2|

=

o

}

k=1
—

Igl

PN
=

PS
[

= Ol

ot |

0o

electrolyte interphase (SEI)

(s

HIte OlsS X

el

o}
<
4r
fo

ol
1
o0

4dr
o

<
)
Ju

Uk
K0

t2 AWMl 2 =Py

3)

=)

(

QUCEH.
20| 372 mAh/g
BatteryJt & &F°| Battery

UG PN

=
o

0]
Lithium lon Batterylll &=3& 0 A5l
oA

—

—

',
A E &

|

(=)

—1 o120
==

ULH.
ZEOILE ItE2 ATHe

A
ESS, EV,

oy
A
ol
K

L

n0
00

0

OFOII A & =20F

=
—

FOXH table 32+ 201 &M Odd

o

=
=

o)

m

<
_l__

OF
R0
ol
)

=AY ddlz &Mt 0

F

S
[uetd

=k & 4.4042 2I&01=20] BtSOtH LixSis EEHZ X
LiCe EEHZ MEZO ULH.

—

[a—

2 TH

ol
RO

KO
J)

ATHECH 108H OlAH(4200 mAh/g)

ol Ael2 AToF 1

Bz St

=
[—

t

J

JEXID UCH

Ju

0l
Rr
)

0

K

ol

U
()

RO
ol

J

J
o2

RO
KO0

ol

Y

n0
00

=
=)

&= AHOIS
Battery S&A|

Jt23F &0

=<

al

f

2

el

=
.

= Ch.

f

el 230l WXEHA

[¢]

=
SH2 XA

o

A
T o

P

g% 4~5HH01
H S=0A

0l

|

S
A

Cl
ael2 AW

—

—

ol =01 Wt=2H 2400 = Chs ZOICH.

o

%-A

J

o1

D

-

<0

g

D

b1 &2

Al SEI(Solid Electrolyte Interphase)

[e}
20
oll

H

b

wi
U

0l

=)

m
el

-
o

oJ

Ol
KO
E]

nr
ol

INSRCESS

o
=

Collection @ chosun



ot et XH 24
X ALOIS

9

=
o

EE[EN

0o+ SEl
=0 &

=
o

[

g

o

o SEl

3

o

e D =-
o

I

=l

A
=

ol

[

[e]

il A0l

Table 3. Anode2|

AE

DI ES
.l
Ct.
Anode

0l

O LEA

=
(=}

70
o 3
Ro hil ni0
ar o oo
- [
noE ol
o 3K
ol
L
0 0
%0 ur
[=]
L <+
T ol
™~ Ko
o
g Z|18[28|lel g
b o|lo|® |0 e o
c | <
e | B
EEIRT0R:
2] M= ® 8|8
~NlE | x| X Qe | =
7 |5|8[2|2(8|E8Y2|8x|S
“liglwlw 238 e
Q.2 00| ®
ES|vwi|x
= K
HJ

~
I
z

KJ
i

gHoz o

otk Oddd DAl

LI=0IE 3D
Jdelld U0l

’

e

o

g

M=

!

2
[=]

oI
=8

oD

ol

_‘]O_

Collection @ chosun



1.1.3 Separator (22/a)

Separator
g3t §4 : 50 B4 7|EX
— EI"‘I)" L“g
= pm 10~25
715327 nm 10 ~ 500
== -
NEE % 30 ~ 60
. " == sec/100mL < 650
- T
- =d 4k o > 350
ARAE Mpa ~ 100
Z7 - Principles and Applications of Lithium Secondary Batteries
TE OjMictEgn2x Al Sz O E 712 22
(microporous polymer membrane) | (Non-woven fabric mat) | (Inorganic Composite Separator)
e oS A kN g PR SclSHE AE + M2
(E2lojojE,
PTFE(Polytetrafluoroethylene), = Moo=z ol
(Polyethylene, Palypropylene) PVDF(Polyvinylidene difluoride)) IEAERE + MY
e E2 02 Ty, AU 71534 =2 0|2VLL, R 2SS =2 gy
o HE 225 25, $2 8 a4y 7152 37| =Fo| 50 HEnpdo] 24, HEH =5
Argot7| o2, THZEHEO 5.

Table 4. Separator? 24 JIEX2 &F & FHE
Zcl22 Lithium lon BatteryOlA &J|ststX BtE0le 06K 2= AMOIKX
gt =0 2R c&0l2e 0ls =25 M3otH 2cle 23 3
& =2 U= MR S8 9g= AU UCH olHet Fg2 Lithium lon
2, otdd Y otMA el Lithium lon Battery2l =1
2 THOICH. &2e2l22 10 ~ 500 nm AtO1S J|E AJIE JHAl

0
=24 DS X20ICH. M Lithium lon Batterylll A3 HU= 2

= OIMIC 9t
2 ZEc|2adl® A Z(Polyethylene, Polypropylene)E OI20 &l OIMICISE DEX
g ol (Microporous Polymer membrane) OICH. OIMICIESA D2 HBY e A
AlQH HENQL SAIY EEHZ LIS QUCEH
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1.1.4 Electrolyte (HaH&A)

doilde 2d=0 5= M0z cl&0l2s dEote Ol AT dgs st
d2 8lCH Ol=2e dde DXL U= &

g csg8l EM=2 0F0HHM UCH. 2I&ES2=2= LIiPF6, LiBF4,

A2 YA
LiAsF6, LiCl04 SOI UCH. OAF IJt&E 0l AIE2&= 2I&E2 LiPF6 O0l0 LiPF6
= A0l MEotH 028 E &It =10, Lithium lon BatteryOliM RESS & &
COIXl g= ZEOI JAXNE HHOZ 02 =20 2ol A Jt==20H otH HF
NHAE MHAIIH HFOtA= MollE EMUe| =Zoff BtE= =Gt Lithium lon
BatteryS SAIAIZIE &0l ACt.12H
2| & ¥ ( Lithium salt)
5 = X (MwW) =S80 =lEE(0) O|2ZHEE (mS/em)
in PC in EC/DMC
LiPF, 151.9 200 80 5.8 10.7
LiBF, 93.9 293 100 3.4 4.9
LiAsFg 195.9 340 100 5.7 11.1
Liclo, 106.4 236 100 5.6 8.4

Table 6. Lithium salt 88 ¥ S4
elg g9 dielg EoF= Z2MZ2= EE Carbonate HE0l =2 ALE
OH BEFE= JI2E0M(122™ HE2UIOIE) EC, PCYt EXEM(LHE St
OMC, DEC, EMC S0l /U2H JI=2E0MHY EXEMME S0t ALESHCE.

ol
AN

0
S

HI0IE)
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210l ( Solvent)

&

Ethylene carbonate
(EC)

S

L’

Wo

0

£
=

Propylene carbonate
(PQ)

,{ :L:o cj:}—

0 0
\OJ\O/ /\OJ\O/\

Dimethyl carbonate
(DMC)

Diethyl carbonate
(DEC)

gL
:)“o a";“-'
J L’

" ‘-j‘\,,/\.

(o]

Ao

Ethyl methyl carbonate
(EMC)

Picture 8. Carbonate HE dol&E =Z0HS S8
8 2o 2 (MwW) [ S=d ()| B3 (¢) | 9 (C) HE (n) SHE (£)
S Sy EC 88 36.4 248 143 1.90 89.8
PC 102 -48.8 242 116 253 64.9
DMC 90 46 91 16 0.59 3.1
HES
DEC 118 -43 126 25 0.75 28
EMC 104 -53 107 239 0.65 30
Table 7. Carbonate HE HHZE E0 4
Jlggil(neld JIEHI0IE)S 2R =2 |KAss JIXD UN 28 88 =
2ol S0z g 228 AME = AKX BT =0+ Mol WA 2l
E0I229 WE 0l AMZ £ Q0N EZII ¥2 EXZ0H(EE IIEUHIOIE)S
S0t AEstCh. =2 O XMIGI 2Y6tH 2ls0I22 ZdiAldle E0He =
EMd2 0|2 322 2eAIAHAFE= o FEALI =010t o+, 2l&2 0ls2
foff 2 ExIt SR8t SH0IL 8 &)t =2 ZElile 8%t =04 24
JF U B0 E2 2lle K820 €I 20 E&Es Hl=22 8ot At=
oHOF =& OIRNMEEE P& & £ UCH. L 8 A=23 SH& SMHE 2
2l=2 R ¥2 2gdEN SI1Y Ol 20 A 242 JIXLD /Y 1
20 S=CAHL 2 -HEHA SA2S 20t Lithium lon BatteryOl £4H0| MAS
— 15 —_
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1.2 Lithium lon Battery &S &¢l

'8 ' ' ™

v[-Cumzﬂt Discharging Charg i.ng Current ]

Cathode Cathode

\_ - Separator i e, \_ - Separator * P,
Picture 9. Lithium lon Battery &S22| RAIE
Cathode, &S
Discharge
Li,.,CoO, + xLi* + xe- —><Ch_ LiCoO,
arge
Anode, 423
Discharge
. '+ -
C,Li, _><T C, + xLi* + xe
arge
Overall, T 4| g2 Al
Dlscharge
Li;,Co0, + C Liy —— LiCoO, + C,
1-x 2 X Charge
Scheme 1. Lithium lon Battery &tSI-23 BISAl
Lithium lon Batterye =1 8= 2&2 &3-=3 BIS2=Z SISiHXE H
JHHXRIZ HEAIDI= LS EXI0ICH. &tgt & Ht30lgt 8S= AHOI0I & At
Olsez d0li= BHSO0ICH. CHAl 2ol MAE 242 F0| &30l dXE 2=

=13
StCh. Olcish &tot-2H3 BHE0AM 2IS0I20 22l dXE &

Z2= &30/t
SH2 et = F. Lithium lon

02
Jy
>
o
]
o
O
el
$Q
Z o
=
P
g
y
ne
0z
il

s20z ®

=S =

A
) WA lé,”S(Discharging)S S20M &
— ‘]7 —_
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3oz MES S 01S5He! & (Discharging) HEOl BH=EIRIA Lithiun lon
e +

BatteryE XA oiCt 116171
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1.3 Lithium lon Battery2l =g W&

Il
ne
>
in

1.3.1 Lithium lon Battery =& W&

Cathode Anode
Separator and liquid electrolyte:

Battery temperature increases Fires, explosions

Stage 2: Heat accumulation and

Stage 1: The onset of overheating gas falona® proceas

Stage 3: Combustion and explosion

YF Y FUCZ AV MY mmp BFAWNAESE LY e Aot Zy
Picture 10. Lithium lon Battery StHY =g ¥

S At2I0A 22 =0F0A AFEEZl= Lithium lon Battery2l =2 Atll= O

2 ASIE 014%0ICH. Olelst Lithium lon BatteryQ Zg AN o LOIEH
A 3HAHZ LS 2] 2 UL 1HHleE AR ggoz ol ug 2t
He € S A SEUE AL CZ 3¢H = A4t =L WHOICH Olest
HEE MREHSZ Ls0 Z4AHEH M8 12 AR Iz 2 ug

O B2 3K = & IOl UCEH. = M Lithium lon Battery 0= &, It
S 02l M24H0HA 485 = Dendrite2 QI 22|20 =492 018 It
HMFI MHED NMFZ Qo L0l MIle= SO LIEtHC. & BM=Z
Lithium lon Battery 010t =2 2&0 ==DHL ARH SH2=2 HEJIIt &

= O LIEHHCH OHXIZE22 Lithium lon
Battery2l M= X &AM b 429 Lithium lon BatteryOilAl NS
b M4 W&FE Qo 2S00l 4Il= SHIOF UCH. 0leld WEHQ 30K 0l%
& Lithium lon BatteryOlAl S0l LOLIA &S Lithium lon Battery2 =Y
DFFOI 2CHH & FHI OtA SN0l LOLIA S0 28AHel € SH OtA

SEUHO Z 4IHXIQ BF20l LOoiL =cr e

0x
N
kJ
=
Il
HU
o
Qb
oS
> MY
=
0z
S
rr
fol
)

[la]
>0
i
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>
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HiCH
E -

nr

=2 HEO 2/ sel 234

SEl #4824 = LF, Li,CO; , ROCO,Li, (CH,0CO,Li), and ROLi ) * (CH:0CO:Li}s ———= LisCOy+ CaHy+ COx+05 Oy
\—'—’ { J 90°C OJ4OR HIEI0] WAL Thak 7IM B Lk g

1
HHYEY = HEHE|

« S20|M 2| ST} MU (=20)0| ShEHE HiS

2Li+ C3HyO03 (EC) ——»  Li,COs+ CsHy
ILi+ CHgO; (PC) —— = Li,CO; + CiHy }# E=L
2Li + C3HgO3 (DMC) —=  Li;CO;3 + C,Hg

+ 130 °C O| #0O| M Z2|% &%) (PE/PP)7t SHLE 35 Ll

+ 180 °C O| & Y= 0M LiCoO, 7t E8ll £l 2zt ¥ S} gt
Li,Co0; —» xLiC00; + 1/3(1 - x)Co;0, + 1/3(1 - )0,
C030y ——» 3C00 +0.50,

Co0 —» Co+0.50,

2
W
J2
=]
A}
>
I
W
2
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05 Bz S=0AM 220 ==
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0 A= 3301 2el¥e=z EoH Jo o= UA
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% 11.22 Lithium lon BatterySl dAQ Zg 2ol NS H4HE 2= QUC}.

(=3
o
3

melt
Separator
Big SEI
=
Overcharging
Cell crush pXpesed

Temperature Cathode Liquid
further increases

decompose, electrolyte
oxygen combustion

released

Hll

IE

Picture 11. Lithium lon Battery StHY =g ¥
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1.3.2 Lithium lon Battery Z& Al

kJ
>
W
He
o
Ja

X

(4

2|02 OJXFHX|(uHE{2]) T &ix Aj Sl

HEPINEY
R T e

AU ARA BT 200641 8Y~108 « SHAITIX), HHE{2 4 K| g el R
el (£ 14029) - LE7 miEtt Y 22Walg ol oE
- QIS ESS SIXIAID HOIZEAL RIS,
20199 68 AHE(R] AlAR e
AMY| &40 cligt 2 oM 0|8

ofn
Ju
Hr
In
I
ng
x
ki

ORI X{EIEIRIESS) 20174 S8- 2019 128

AR 5 2%0 ASgiEii| OjE ABBECHP S § 0] §0 28
| - AR O 21 28, ESS BHS(S00 80-90%S AR B
- RE LB XS TR KATR),
SUEVEURE  comdsE-0mA1y | 2HHiER| 4US EY eI agos
e @157 813 W8 Hs 4 XIS

« plriixt HiE(R] T 218 A

Picture 12. Lithium lon Battery S AlD Aldl & &

M Lithium lon Battery2l =2 WA CHst &YHo e B2 &M
Lithium lon Batterydl A& U= 202 & Al AHHIE HIAlGtLD &

OIF =g 2012 H2I5t0 AS5HALE.
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1.3.2.1 &t BHA LE7 =& Atell

2016 8 2420l 2HAl =E7 8 S H FY AtIIF &d4ok 0 2016 8
2;

302 T M Al HM F& ALLIF 20B20 M BHMe B9 SO HeE
SEUA S20 E0le UM a2t 2HIF MIIEJACH. 1O 0l HE =
2 OADDF oD FAA(DIGE SIS E)0IAM=E 2016E 9 82 “JILHOIA ZAl
CE7E AU Ao 21 =32 : REXNT ¥ RS 2ot A0
ot 0l0 add=s 8E cl2S dotbU2L 1X 22U 2k 22 =
s & AAECZ & AHJF dOUEA 20168 108 112 2HAl =E78 H

SAI1012 ZZGHRULE.

2EA| mET 2

2|5 o2 bfEj2|e] 7=

J il'

EX : 2dspi
Picture 13. A4 A SE7 S A0 SAYE [ts

1 0= &443I0A=E 20178 1@ 2320l =2 Q0 CHotH =4 2 HGHAT
HEDINA = 22 A HEZAR B HEZAS] 2010l G20 A HMEZAS 2=
thEfelel QLEXE 2 2AH2 22 S3H0| s =T HE0H0 g2 L2HA
BHE 21O DEE= el 832 2H0l 28 2ENA FHH0l ZHA =E79
=g Jeloletd ZHot¥, B HMIZALl 22 238 W b3z 2 8&
SJ10F 23 HOIZe 2elUsS £10 L S3JI1MM2 EF6L €2 digelol
Me Z9 HOIZI DIRE 20| B0l =2 AtDOF ot EHEHAL
- o3 -
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1.3.2.2 8D NHSX =L Atdll
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1.3.2.3 ESS (Energy Storage System) =& Atdl

N N ey

B e
nclu |)| 1GBT ocxx |7| (Emsery

e 2
)
=

PCS HYE{2|

TSHE] il i .
Mgz 8< B2 zap | SRS | A g
e SHAER oA | 17vwh T 1782 | 159
A s | FIRZEAR) | 12MWh 5 1852 | 239
Gy =2 22 o E 5 1862 |88
it E BRI i) 190Mh L 18615 | 9o
B EfRR ERIR o) ET L 18712 | 509 ZAE
| Es == o 9.6MWh S 18.721 | 309 | BVbew s Be
HEE OpopIA| 330 N 5 18728 | 309 | ZRiAt B30l =3

ESs &3} H|E (2018.12 7|&)
Z 125370 & 1670 1.2%
Picture 15. ESS &Xl 24 & 3 Lol K=

ESS(Energy Storage System)2l ¥ &2l Lithium lon Batterydt HAZE U
H ZL Al I 2 3z HE &0l Il 20188 JIE 125390 = 1602l ESS
g =
=

(Energy Storage System) &XIJF ZE5I¥ LD 0l 1.2%° =2 EEZ Z2st=
A HUEA SHESZ 2IAg D QALH. 0l ZEY AtdsE HESHH Al

HolE noble HEgXNE AN 40X == 2H4M UCH H Bl Als =€
(e]]]

(RAAS)22 22+ &0 M &

e
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it
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?
E’._
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tu
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wn
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Energy Storage System) &X| ZHHXtQ| £Fo|2
2lE SHOZ Qlol 2% &4 Al =210 =01 &E
b g8E 0 =2 Clof S0l MALE JtHd D
BF26I0 Lithium lon BatteryJdt Z&0] LOLIAHLE Al

=
=otH T8 ud=
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1.3.2.5 & XEH =& Atell

el A

=Ll (2015~2018) | O = (2015~2017)
1974 20007 O] 4

EER R FERT T i L
Spople]u] Skt X - TAEHES

£B 292 ON(+-= <3

Picture 17. & XIS 3HFH Mo 22 & AlD &0l

ZI20 XSS AE0l ROIXNEA HXFEHS F2 AL Ol UCH

=
o
ro

Zdh AtDe=E A 30K Q2 LM UL H BHE BS32It o
= MS2 AIZ2ot0 HE g HSHEN Z20l UM F BME= 0L
N SEOILL SAIt SEE M3 CHLE Z2E0l LOoLE Z20l U OtRIZ2
2 ARE S0l 2o Lithium lon Batterydt &&E 0 =20l HHCD A
o UCH
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1.4. Lithium lon Battery =& Al) 22Xl i & Organosilicon st&t= ClXHQl

Lithium lon Battery2l =% AtDE ZXotI|l foiMd= A 3JtX =2O0FIA
SA0HOF SHCH. R B 2S3I2DF el= Lithium lon Battery?l B2 AE30t
A &2H E20M AHotD ot M A2AE Soll 2SS Lithium lon Battery2t
SotE 2= U ot S YHMZ Lithium lon BatteryE A8 =20 EsSotD
20 ZXIotX 21 M0l 2= & Lithium lon Batterye Zc1E MIAGHH
SN0l LOLEA 2&2H AFEXDL 22lote St WSS AAGHE 2 OS2
= Ol &I3SH Lithium lon Battery2l XNGHE EO0i0F LD20A SZ0| &
LEXI &2 ot M20AMS DendriteE MAGIX 2LH ot= oHNEH MoHE &
JHE D MeWME Z2HESIE X 22D Lithium lon Batteryldl &S Jisst &l
E0E 4ot ?IoHA Organosiliconlil JIsd H&88JI5S T2ot0 CIXAtloH
Ct.
Organosilicon-based electrolytes
« Z27|2 Cyano, Fluorine, PEO, Cycle carbonate & X &g
— N =) Hcc 57t
—r mm) - ¥ EOHEO] LRI WS RIDE WY T,
— ™
) mm) - 52 S (Melting point) 2 47| TH|3} X,
—O0.__ .o

X
—
=

-

SEI(Solid-Electrolyte Interphase ) layer 2 34
I3t =2 MEE Qs = 4N & :g.'g

lore

1

O

-
o]
=

{To - .

Picture 18. Organosilicon0l &8t &EJ|0 Ois St
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Organosilicon HolE S4H2 20t2)| ol 0oI2FEZZ=, LSV(Linear Sweep
X =

Voltammetry), CH2SH ZXAHNAMSE Coin Cell &-2& A&, Coin Celllt Pouch
A

celle ME =-&¢d& &
Organosilicon0l EZ2L &
S & Lithium lon B

_31_
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2. Experimental Section

2.1 Generals
2 AEo M2 standard vacuum line Schlenk techniquesS Aot 4ot
SH 2= sEg=E g4d2 0t=22 of0AM A H:otACH. Chlorodimethylsilane,
Chlorotrimethylsilane, Triethylsilane, Lithium aluminium hydr ide,
Karstedt’ s Catalyst, Allyl bromide, Allyl Cyanide, Diethylene glycol
monomethy!| ether, 4-vinyl-1,3-dioxolan-2-one, Chloroacetonitrile® Sigma -
AldrichOlAd  FSIAS0  FIOHE FHHM A0l AFSSHACH. HF  (Hydrogen
fluoride) J.T.BakerOlA =RoIHD THF (tetrahydrofuran), Chloroform, MC
(Methylene  chloride),  EA(ethylene  acetate)= 2% Ot=22  Gl0ll
sodium/benzophenone2 ALESIH 24A12F Ol& S F A2l = RPAEHE ALZ6HA
Ct. 322 NMR =242 Bruker AC-300 MHz spectrometer 'H-NMR, 300.1 MHzZt
BC-NMRQl 75 MHzZ OI35tRUCt. Chloroform-d= 24h SO CaH,2 WEHSI &0
£ HMHStD ALSSHACH. NMR peak 3t&tX O|=2 part per million (& ppm)
2 XA SCH MoilE MEN ERet 2I&S2 LiPFs= Sigma -AldrichOfl =
OHotd  AlE23t D EC(Ethylene  carbonate), OMC(Dimethyl  carbonate),
DEC(Diethy! carbonate) 25 EnchemAl HMIZZE AlZ3aIUCH. Coin Cell HZEEsE 2
S glove boxCHOIA HIZEdIR D 2= LiCo0, S=22 Graphite AIESoIFM 22!
vacumm ovenOlAl 100C2t 80C2 20U A 12A12F S A X5t =22 M HGHULCE
HBe!H PVOF,CMC/SBR &=&IH  Super-P &EEX Al foil, Cu foil &l
PP(Polypropylene)E AtESIALCE. Pouch cel 12 & 2=22 NCM:Super-P:PVDF,
S208 =0 :Super-P:SBR/CMC, =2c2I2USZ Celgard(PP, HAIZNOZ XU
H ARSHCL MOHBINA MAESHICH. lon conductivity S&E Conductivity
meter (LAB 960, SI ANALYTICS) &HI2+ Thermomether (TX1001, Yokogawa)E Ol &dt
04 30C ~ -30C MtXI2 lon conductivityE =&doIUCH. Linear Sweep
Voltammetry (LSV) =& AI&DIJ| (Parstar4000, AMETEK) D& &H=2=2 2l&

=%, =22 H=2A0/0, HHYEICZ Mz d== AMEGIALL.

A
-
O

Mo o

ol
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2.2.1 Organosilicon 24

| Mg |
—si—Cl 4 Br— —_— I —sSi
ﬁ N THF | e
4
J Karstedt’s cat J
\Ivﬁz + = ™~—N TP - \IL;FJ\ ~—CN
2
_ Karstedi's cai _ ur _
—S—H ¢ =TSN - S—" NN > s N
A_ THF H_ Isopropyl alcohol, 0 "C _‘
1 A F
3
—ao
/I/ B Ko AN NN
b G e
o THF, reflux
|./|a..
H
Karstedt's cat ) o
|..n.._.1= + 0/)0 = - |u_._|\\//\\ TN TN N
THF
)| I
|
|J/|c
N\
m_.|\\../\=f(\\/o.\//\:./ - . |m__|\\/\\c/.\\./o\>z/\ g
M Isopropyl alcohol, 0 °C —_n
1
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LiAIH, _ 0 0
|m_*|\\//\c/\\fc\z/\=,f ——————— |mm_|\)/.\ NN NN

M_ THF, RT, 1h e

”u/].c
|m__l\\f/f\\ﬁ_<\/r,0\\}/\\ﬁ_/ + r/u Karstedt's cat .r!. \|\\/ \)zf,.\\ﬂ/\\./a.e

v_H |./la/. THF g /J,.\ N P

5

Karstedl's cat ImMI\\/{(\ ./.\\.//O\\f/z\\ ~

I,q_.l\/\o/\/o\/\o/ + \JM o —— /|N
o

_ Karstedt's cat |m__|\\\//\\0f1\\\/r0\x/\ O//
|m_|\\)/(\o/\\llo\.)/(\0/ + ="~ s

i
7
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_ N,
—si—H + VHc
b o

1=
o

Karstedt's cat

Karstedt's cat J

T

THF

THF \\ ._/

_ ] HF
Im_.,_ o
e | Isepropyl alcohol, 0 *C

Karstedi's cat J

P
o

_
nel O
9

_35_

Collection @ chosun



2.2 Synthesis of Organosilicon

2.2.1 Synthesis of 2-(Trimethylsilyl)acetonitrile (1)

250 mL 2 S2HtEc2rAA0 reflux 22 &XIot] activated granular Mg
(33 mmol, 0.80 g)1t magnetic stirring bar& 210 2Zr2olHA flame dryingE 3
B BISAI2ICH A290Z KX Al2I S0l 0H(dry THF 21 mL 2 dry benzene 21

mL)2t  chlorotrimethylsilane (33 mmol) 22l bromoacetonitrile (30 mmol,
2.0m)= €10 OI=22 olUlA 24A12F 88 WEE AI2ICH A222Z KX A2l &

AcONa/AcOH bufferEH 22 BtSE Quenching AIZ2ICH. diethyl ether& €1 R2
E2 F &t = diethyl ether 2t bufferE® 12|10 NaHC032Z Work up &t S

Al FIIESE 20 MgSO4E 0|0t =22 HH = G4 glass filterE 0|&0tN

[w

filter & Z0E HMASCH. Vacuum distillation A4 &==8t colorless oil
productE <LRUACH. LAHE 2-(Trimethylsilyl)acetonitrile 1H-NMRZF 13C-NMR
spectroscopyS OlE3t0! &OIGHACH. 1H NMR (300 MHz, CDCI3) & 1.74 (s, 2H),
0.23 (s, 9H), 13C NMR (75 MHz, CDCI3) & 121.88, 8.21, 9.82.

2.2.2 Synthesis of 4-(Triethylsilyl)butanenitrile (2)

250 mL JtXl €el S22 HtY EtA 30 Allyl cyanide (0.15 mol, 10 g)t
magnetic stirring bar ZJ2lX) dry THF (100 mL)E €10 Ol=2 GtUIAM 1022t
Bt SHCH. Karstedt’ catalyst (0.13 mmol)E E=Ch. triethylsilane (0.13 mol,
15.76 g)& &Al2IXIE 0/80t0 &S| drop wise AlI|1] 24A12 A20AM WEHA|
2ICtH. EO0H(THF)E HMXAH = vacuum distillation Al &=8t colorless oil
productE <LRUACH. LAHE 4-(Triethylsilyl)butanenitrile 1H-NMRZF 13C-NMR
spectroscopyE 0l=2ot0d &latCH. 1H NMR (300 MHz, CODCI3) & 2.33 (t, 1H),
1.63 (m, 1H), 0.91 (t, 9H), 0.65 (m, 1H), 0.51 (m, 6H). 13C NMR (75 MHz,
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COCI3) &119.9, 21.08, 20.66, 11.20, 6.70, 3.03.
2.2.3 Synthesis of 4-(Chlorodimethylsilyl)butanenitrile

250 mL JHXl &gl Z2tA30l Allyl cyanide(0.12 mol, 8.05 g)2 magnetic
stirring bar el dry THF (100 mL)E €1 Ot=22 &tolA 1022 Wit &t
Karstedt’ catalyst (0.1 mmol)& <&=CH. Dimethylchlorosilane (0.1 mol, 9.6
g)E &elXE 0/25t0 HAS| drop wise AIZILD 24A12F 2004 wet AI2ICEH.
S0H(THF)E M2 & vacuum distillation Al &==8t colorless oil productE
HACH. LEO{&  4-(Chlorodimethylsilyl)butanenitrile  1H-NMR2t  13C-NMR
spectroscopyS O0IS5t0f Z0QIGHACH. 1H NMR (300 MHz, CDCI3) &: 2.40 (t,
2H), 1.78 (m, 2H), 0.96 (m, 2H), 0.42 (s, 6H).

2.2.4 Synthesis of 4-(Fluorodimethylsilyl)butanenitrile (3)

250 mL ORI el S2  HtY E24AAN magnetic  stirring  bar 2t
Isopropy lalcohol 1000 mLlE 0C=2 SXNStH  4-(Chlorodimethylsilyl)
butanenitrile (0.039 mol, 6.30 g)& <1 3022+ wEt AIZICI. Hydrogen
fluoride (0.129 mol, 5.4 g)E AeIXE 0/E5tH ®AS| drop wise AlIZID 0T
SXSHH 4A12F St wBk AI2ICH  A=20M 6AI2F wBr  AI2ICH.  SO0H
(Isopropylalcohol)E& M4 & vacuum distillation Al ==£=8t colorless oil
productE L/ACH. L&A 4-(Fluorodimethylsilyl)butanenitrile  1H-NMRI}
13C-NMR spectroscopyE Ol =004 &QIGHACH. 1H NMR (300 MHz, CDCI3) &: 2.34
(t, 2H), 1.71 (m, 2H), 0.79 (m, 2H), 0.19 (d, 6H). 13C NMR (75 MHz, CDCI3)

§: 119.5, 20.11, 19.12, 15.78, -1.8.
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2.2.5 Synthesis of Diethylene glycol allyl methyl ether

250 mL 2+ S2HtYEZctA 0 magnetic stirring bar®t dry THF 40 mL 12|31
diethylene glycol monomethyl ether (0.083 mol, 10 g)& €1 0C RISt wet
ANZICH 2 XAIZE S 01&36H0 KOH(0.166 mol, 9.2 g)2 &Sl 20 wdt Al
F.OI22 ololA dropwise ZH2 0l allyl bromide (0.107 mol, 13 g)2 THF 30 mL
3022t dropwise AIZICH. reflux2tE HZAIF 30AI2F St SF 0B Al
Aa2o2 258 KRAAIZI U3 64 glass filterE O0IZ06tH filter & &
HIHSICH. EA(Ethy| Acetate)?t ZSF+E OIS0t work up=S Xl&st RI|
F8t F MgS04E 0I80otH === HMIH = G4 glass filterE
filter & Z0E HMASCH. Vacuum distillation A4 &=8t colorless oil
productE <AL, L AHE Diethylene glycol allyl methyl ether 1H-NMR}
13C-NMR spectroscopyE OI=6t0 &QIGHACH. 1H NMR (300 MHz, COCI3) &: 5.86
(m, M), 5.10 (m, 2H), 3.96 (d, J = 3Hz, 2H), 3.54 (m, 8H), 3.32(s, 3H). 13C
NMR (75 MHz, CDCI3) & :134.82, 117.06, 72.18, 71.89, 70.61, 70.52, 69.37,
58.95.

[

[m]

[ 1
. I
> K

[ ]
prm

mo

Ol

2.2.6 Synthesis of 12-Chloro—-12-methy|-2,5,8-trioxa—12-silatr idecane

250 mL JHXI gl S22 ZS&A30 Diethylene glycol allyl methyl ether
(0.112 mol, 17.9 @)@ magnetic stirring bar J2ld dry THF (100 mL)E ¥
o222 ololAd 1082t WEt ot Karstedt’ catalyst (0.1 mmol)S <=L,
dimethylchlorosilane (0.1 mol, 9.6 g)& &lglXIE 0/&act0d &S| drop wise
A0 24A12F &20M wWeH AI2ICH. SO0H(THF)E HMAH = vacuum distillation
ANFH Z==8t colorless oil productE LUCH. LAHE 12-Chloro-12-methyl -
2,5,8-trioxa—12-silatridecane 1H-NMRZ} 13C-NMR spectroscopyES O|=20ct({ &0l
StACH. 1H NMR (300 MHz, CDCI3) &: 3.51 (m, 13H), 1.66 (m, 2H), 0.82 (m,
2H), 0.39 (s, 6H). 13C NMR (75 MHz, CDCI3) &: 73.30, 71.95, 70.64, 70.54,
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70.04, 59.00, 23.14, 15.10, 1.50.
2.2.7 Synthesis of 12-Fluoro—12-methy|-2,5,8-trioxa—12-silatridecane (4)

250 mL O €8l 2 HY  Ec2kA3A0 magnetic  stirring  bar 2t
| sopropylalcohol 100 mLE otz = Xl ot 12-Chloro—12-methy!| -
2,5,8-trioxa-12-silatridecane (0.0392 mol, 10 g)& €11 30&2F WeEt Al2IC}.
Hydrogen fluoride (0.1294 mol, 5.49)E A&l XE 0/E3t0d &S| drop wise Al
110 0C FRAISHH 4AI12F SO WEE AI2ICH. &20M 6AI2F Wit AI2ICH. S0H
(Isopropylalcohol)E MH %= vacuum distillation Al &==8&' colorless oil
productE€ <AL, LAHE  12-Fluoro-12-methyl-2,5,8-trioxa-12-silatridecane
TH-NMR2t 13C-NMR spectro scopyES O0IE6t0d EQIGHACH. 1H NMR (300 MHz,
COCI3) &: 3.58 (m, 8H), 3.42 (t, J =6 Hz, 2H), 3.35 (s, 3H), 1.64 (m, 2H),
0.66 (m, 2H), 0.18 (d, J = 9 Hz, 6H). 13C NMR (75 MHz, CDCI3) &: 73.63,
72.01, 70.67, 70.57, 70.10, 59.07, 22.72, 12.63(d, J = 14.25 Hz), 1.53(d, J
= 15Hz).

2.2.8 Synthesis of 12-Methyl-2,5,8-trioxa-12-silatridecane

250 mL JtXI €8l S2 utY Z2tA 30 magnetic stirring bar2b THF 80 mL
2l 12-Chloro-12-methy!|-2,5,8-trioxa-12-silatridecane (0.0419 mol, 10 g)
10 1022 WEHSHCH LiAIH4 (0.0461 mol, 18.46 mL)E &AlglXE 0/25t0f A
drop wise AI2I1D 1AIZ2E SO gt AIZICH. E0H(THF)E XMHGHLD EA(Ethyl
Acetate)2t E2F+E O0I25t0 work up=2 AI&otD RIISES FHE F MgS04E Ol

20t =2 HH = G4 glass filterE 0|20t filter & SME M AHSHLE.

o gL |J

I

Vacuum distillation Al &==%8' colorless oil productE &RUCH. LAHX
12-Methy|-2,5,8-trioxa-12-silatridecane 1H-NMRZt 13C-NMR spectro scopyE Ol
2ol =I5t CH. 1H NMR (300 MHz, CDCI3) &: .78 (m, 1H), 3.53 (m, 8H),
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3.36 (t, J =6 Hz, 2H), 3.30 (s, 3H), 1.55 (m, 2H) 0.50 (m, 2H), -0.01 (d, J
= 3 Hz, 6H). 13C NMR (75 MHz, CDCI3) &: 73.82, 71.87, 70.59, 70.46, 69.94,
58.91, 24.29, 9.96, -4.70.

2.2.9 Synthesis of 12,12-Dimethyl-2,5,8-di(trioxa—12-silatridecane) (5)

250 mL JHXl €8l S22 HtY Zc2tA 30 magnetic stirring bar2t Diethylene
glycol allyl methyl ether (0.045 mol, 7.6 g) ZelX dry THF (100 mL)E €1
Ol2=2 otolA 1022+ W ot Karstedt’™ catalyst (0.045 mmol)E <&CH.
12-Methy1-2,5,8-trioxa-12-silatridecane (0.045 mol, 10 g)E &l2lXIE 0|&5dt
O E&ES| drop wise AIIILD 24A12F A=20AH w8t A2ICH. SOH(THF)E HAH =
vacuum distillation AlZ4 ==&t colorless oil product& &UCH. LAH&A 12,
12-dimethy|-2,5,8-di(trioxa-12-silatridecane) 1H-NMRZ 13C-NMR spectro scopy
£ 0/=256t0 ZQIGHACH. 1H NMR (300 MHz, CDCI3) &: 3.52 (m, 8H), 3.32 (m,
5H), 1.48 (m, 2H), 0.38 (m, 2H), -0.12 (s, 3H). 13C NMR (75 MHz, CDCI3) &
74.28, 71.85, 70.55, 70.43, 69.91, 58.90, 23.80, 10.74, -3.75.

2.2.10 Synthesis of 5,5-Dimethyl-9,12,15-trioxa-5-silyl-1,3-dioxolan-2-one (6)

250 mL JtXl e S2 Hte ZcetA 30 magnetic stirring baret Vinylethylene
carbonate (0.045 mol, 5.13 g) 12l dry THF (100 mL)E €1 Ot==2 SIOIA
1022t W ol Karstedt’ catalyst (0.045 mmol)E € =Ch. 12-Methyl-2,5,8
—-trioxa—12-silatridecane (0.045 mol, 10 g)& A2IXIE 0|25t &A3| drop
wise Al9ID 24Al2F A20AM w8t AIZICH. S0H(THF)E MM = vacuum
distillation AlH  &==8t colorless oil product& &AUCH. S0
5,5-dimethy|-9,12,15-Tr ioxa-5-si lyl-1,3-Dioxolan-2-one TH-NMR 2+ 13C-NMR
spectro scopyE OI26+0{ EeIstHCH. 1H NMR (300 MHz, CDCI3) &: 4.62 (m,
H), 4.49 (t, 1H), 3.56 (m, 8H), 3.37 (m, 5H), 1.62 (m, 3H), 0.47 (m, 3H),
-0.02(d, 6H). 13C NMR (75 MHz, CDCI3) &: 155.18, 78.64, 74.01, 71.85,
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70.55, 68.83, 58.92, 28.06, 23.74, 23.23, 14.02, 10.58, 8.64, 0.09, -3.89.
2.2.11 Synthesis of 5,5-Dimethyl-9, 12, 15-tr ioxa-5-si |ahexadecanenitrile (7)

250 mL JtXl €8l S22 HtY Zc2tA 30l magnetic stirring bar2 Allyl cyanide
(0.045 mol, 3.02 g) 12l dry THF (100 mL)E €1 Ot=22 otoIA 1022 Wt
ot Karstedt’ catalyst (0.045 mmol)S ==L, 12-Methy!-2,5,8
~trioxa-12-silatridecane (0.045 mol, 10 g)E &l&lXIE 0|835t0{ &S| drop
wise A1) 24A12F AR20AH w8t A2ICH. SOH(THF)E HMXH = vacuum
distillation Al =28t colorless oil productE ZUCt. L& 5,5-dimethyl
-9,12,15-trioxa-5-silahexadecanenitrile 1H-NMRt 13C-NMR spectro scopyE Ol
20t0 EOoIotACH. 1H NMR (300 MHz, CDCI3) &: 3.52 (m, 8H), 3.33 (m, 5H),
2.27 (t, 1H), 1.51 (m, 3H), 0.58 (m, 1H), 0.41 (m, 2H), 0.07(d, 6H). 13C NMR
(75 MHz, CDCI3) &: 119.64, 74.00, 71.75, 70.34, 69.80, 58.79, 23.64, 23.13,
20.35, 14.59, 13.91, 10.55, -0.01, -3.95.

2.2.12 Synthesis of 12,12-Diethyl-2,5,8-trioxa-12-silatetradecane (8)

250 mL JtAl €8l 2 Y Z2tA 30 magnetic stirring bar2t Diethylene
glycol allyl methyl ether (0.045 mol, 7.6 g) 2elx dry THF (100 mL)E €2
Ot=2 GtolM 10&2t wWet 3t1) Karstedt’ catalyst (0.045 mmol)E <E=Ct.
triethylsilane (0.045 mol, 5.23 g)& A &lXIE 0|2t &3] drop wise Al

10 24A2F A200AH Wt AIZ2ICH. S0H(THF)E K24 = vacuum distillation AlA
&8t colorless oil productE ZRUCL. LAHE 12,12-Diethyl-2,5,8-trioxa -
12-silatetradecane 1H-NMRZ} 13C-NMR spectro scopyS O|&Eotd =QIGHULCH. 1H
NMR (300 MHz, CDCI3) &: 3.53 (m, 8H), 3.34 (m, 5H), 1.51 (m, 2H), 0.85 (t,
9H), 0.44 (m, 8H). 13C NMR (75 MHz, CDCI3) &: 74.55, 71.89, 70.61, 70.48,
69.95, 58.90, 23.80, 7.25, 6.90, 3.05.
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2.2.13 Synthesis of 4-[2-(Chlorodimethylsilyl)ethyl]-1,3-dioxolan-2-one

250 mL JtXl el S2 HteY ZcetA 30 magnetic stirring bar et Vinylethylene
carbonate (0.045 mol, 5.13 g) 12l dry THF (100 mL)E €1 0Ot=22 oHollAl
1022+ mA=l; ot Karstedt’ catalyst (0.045 mmol ) S =0,
Dimethylchlorosilane (0.045 mol, 4.26 g)E &lglXIE 0I5t HAG| drop
wise Al9ID 24A12 A20AM wmPH AIZICH. S0H(THF)E HMH = vacuum
distillation AlH  &=8t colorless oil product& &AUCH. S0HA
4-[2-(Chlorodimethylsilyl)ethyl]-1,3-dioxolan-2-one 1H-NMRZ 13C-NMR spectro
scopyE 0/ S0t =QI5HALE.

a

2.2.14 Synthesis of 4-[2-(Fluoromethylsilyl)ethyl]-1,3-dioxolan—2-one (9)

250 mL  OJHXl €& S22 HtY  SctA3A0 magnetic  stirring  bar @t
Isopropylalcohol 100 mLE 0C=Z S XIGtH 4-[2-(Chlorodimethylsilyl)ethyl]
-1,3-dioxolan —2-one(0.039 mol, 8.14 g)% = 3022 W8t AI2ICH. Hydrogen
fluoride (0.1294 mol, 5.49)E Al2lXIZE 0lEotd &S| drop wise AlI21] 0C
SXIGHH 4AI2F SO Wbk AI2ICH  AR20M 6AI12F wet AIICH.  S0H
(Isopropylalcohol)E M4 & vacuum distillation Al ==£=8t colorless oil
productE <LRUCH. LOHE  4-[2-(Fluoromethylsilyl)ethyl]-1,3-dioxolan-2-one
TH-NMRZF 13C-NMR spectro scopyE OISot0d EOCIGHACE. 1H NMR (300 MHz,
COCI3) &6: 4.68 (m, 1H), 4.51 (t, 1H), 4.07 (t, H), 1.79 (m, 24), 0.71 (m,
2H), 0.23 (d, 6H). 13C NMR (75 MHz, CDCI3) &: 155.20, 78.28, 68.90, 26.99,
10.54, -1.57, -1.77.
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2.2.14 Synthesis of 4-[2-(Triethylsilyl)ethyl]-1,3-dioxolan—2-one (10)

250 mL  OJHXI ¢l

Vinylethylene carbonate (

=2 e E2A30 magnetic  stirring

o o

.045 mol, 5.13 g) 2l dry THF (100 mL)E &1

ol22 SlollA 1022t W8t ol Karstedt’ catalyst (0.045 mmol)E ¥ =CF.
triethylsilane (0.045 mol, 5.23 g)& A2XIE 0|26t ® &S| drop wise Al3|
1) 24A2F A20A weEH AZICH. Z0H(THF)E HMXH = vacuum distillation Al

/\Aé

Eapa=ly colorless oi | product& AL,
4-[2-(Triethylsilyl)ethyl]-1,3- dioxolan-2-one  1H-NMR1}  13C-NMR
scopyE 0|Eaot0d ZOIGHACEH. 1H NMR (300 MHz, COCI3) &: 4.62 (m, 1H),
(t, H), 4.04 (t, H),

MHz, COCI3) &: 155.32, 78.89, 68.95, 28.11, 7.19, 4.91, 2.88.

;
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2.3 Electrolytes M x

Reference &oHZ& M Z= glove boxUl A 1M LiPFg EC:DMC:DEC = 3:3:4 (v/v/v) <
HE2 HXGIH 24A12F S0 WEGIR D Organosilicon dAHEQS HR A %2
EC:DMC:DEC = 3:3:4(v/v)E M0l 5 wt%, 10 wt%, 15 wt%, 20 wt%2l Organosilicon
S8ott LiPF6 1M SHE HIGH0 24A12F W BHSH AHESHICE.

U
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2.4 Coin cell M=

L =l ) ) — Laa)

electrolyte Cathode electrolyte

— e T b b — =

Separator Gasket electrolyte Spacer + Anode

— e — B — B
Spring Cap Press

Figure 1. Coin cell HIE 2H¥

Coin cell MIZE <ol glove box CHOIAl Coin cell caselll HZE= electrolyte
£ 0.04 g2 <21 cathodeE case S20U E=Ct. CHAl electrolyteE 0.06 g=

21 separatorE Y€1 11 <0l Gasket2 =22l F electrolyte 0.06 g2 €1
2

K

=
spacer+ anode E=CH. springS =2l caps ¢l FAMl €=I/E2 0|25t &
ol coin cel |2 HIXGIUCH. H=XE A2 OHFIE <o 8AI2E SO glove box

Ct.

r

0l
o

LHOlA 22 = HIES2 ME 3 A
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2.5 lon conductivity &4

Circulator

Figure 2. ®dll& lon conductivity &

Glove box CHOIAM MIZ= HMolE S 0/26+0 Organosilicon sHEE2 &2
A20 A2 lon conductivity@ 30C ~ -30C JHXI2l lon conductivitye =
1) Thermomether (TX1001, Yokogawa)E OIZ23dl0d =& 2L 0lA 302012

2l = SdotRUb.
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2.6 LSV(Linear Sweep Voltammetry) =4

Organosilicon AXHOI [ME &I|gts oHEA HILE 2o Glove box SHOIA A
A= MOlE=S 0I5t Organosilicon Stgt= &&F0 M2 Linear Sweep
== A d22 #2010 HE &

d= 2HE32 10 mm Alg 2= 25TC &g #2242 3~ 7V
O

345 4 A% 74 LSV N@zd
A8 43 A I 37y
ARAF BF sholo]

EETE e 2WEE 10 mV/s

Table 8. Linear Sweep Voltammetry =& XA
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(a) Ms{ey, M= uiz| (b) LSV AI®ZIZI, 2H212] a2

(c) AEHESHZHA|ME &3 {d) Linear Sweep Voltammetry ¥

Figure 3. Moil& Linear Sweep Voltammetry &3
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2.7 Coin cell ¥ Pouch cell SERAE &4

10

nio

Figure 4. Coin cell % Pouch cell EE&
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3z (1 W
sl kA el
Ho.mNo.mNo,._kIL HO.EOI_._AI_._
Ko Eo
e e
Nd Nd
o =
Ao o
O | X
s =
|| Q 2
dn | m =
O | O A ©
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o
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o | Q
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rlEl=l=

Table 9. Coin cell

Y

w0
00
Kl

iy

o0

o)

K

i=ig==ge]
04 Organosilicon 10l 5, 10, 15, 20% &

=)

Organosilicon 1

=
S

2
SXE

2 dJd
= L

H 30C ~-30C ~30C WAl 1

0

YRNES <

I.

cycle =& Agl H20A9 =-

5C

oJ
T

ol

ur

0l
kil

M
gay

2402 6 cycle
Organosilicon 1 &t&

2t

=
=

(5, 10, 15.20%)S JIXl= HHE S coin cell

H0.2C ~ 5C Dt

0

S8 20t A
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2.7.2 Pouch cel| &-2%4& &
Figure 5. XM=& Pouch cell
Pouch cellQ HIZE XH2 2 : 10 Ah, X% : L175 x W8 x H70, &= : NCM
:Super—P:POVF, S=2: =™ :Super—P:SBR/CMC, =cl2 : Celgard, &aoll& 1M LiPF6
in EC:DMC:DEC(3:3:4)+ Organosilicon 10l 5 w% &8 =& Pouch cellS MZES
Ol H&EES AL MOHHINA MESHACEH. M= ZIH& Pouch cellll -
SN g2 SE2 A20AN S-28d 52 10 ZH2=Z ot 100 cycle 2 -
& E2Y RS2 58 A8 5 848 552 10 2H22Z 30T ~-30T ~ 15T IHAl
T 2H2=Z 6 cyclet! &-2LHoIH S RAS2 SHGIUL

o
c
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2.7.3 Pouch cell 112 S-4& eS|
Pouch cell2l HIZE X242 && : 10 Ah, Xl== @ L1756 x W8 x H70, &= : NCM
:Super-P:POVF, 8=: S™:Super-P:SBR/CMC, &Zcl% : Celgard, MaoilE 1M LiPF6
in EC:DMC:DEC(3:3:4)+ Organosilicon 10l 5 w% && &ZIO& Pouch cellS XMIZ
= 40C2 2 2II0 Pouch cell2 3AIZ2t St X Al2I & SHEXAH 1C,
cut off 4.1V, X 1082, ¥&XA 1C, 2.7 V X 102 3003 Et=5tH 13
dMdESe iHl 3008 2SS HIE SHotUL.
2.7.4 Pouch cell D20IMS = AIE
pouch cel 12 MZE X222 & : 10 Ah, XlI== : L175 x W8 x H70, &= : NCM
:Super-P:POVF, 8=: S™:Super-P:SBR/CMC, &Zcl% : Celgard, MaoilE 1M LiPF6
EC:DMC:DEC(3:3:4)+ Organosilicon 10l 5 w% && =& Pouch cellS HA
S N20Me =24 AIEsS oM A2 25T 2 0M 2&AM35] S&E pouch
cellS 5C/min2 =E2 85CHHA &ASAZI = 8T 3AI2t S |X AMAUS
M &3t & ZL0l U=X SZOIRULE.
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3. Results and Discussion

3.1 lon conductivity &4 &4

SkA

S & OrganosiliconZ 1M LiPF6 in EC:DOMC:DEC = 3:3:4 (v/v/v)0i
Ol FSOHE HSHZE 2l lon conductivity2 30TC ~

1]
ol

Organosilicon® 5 wt% =&
-30C MtXIS =&AL,

2E°C 30°CHEE(mS/ecm) | 20°CHEE(mS/cm) | -20°CHEEZ(mS/cm) | -30°CHEE(mS/cm)
Reference 10.16 8.7 2.87 2.08
1 10.06 8.63 3.19 2.22
2 9.85 8.32 3.m 2.19
3 9.62 8.25 2.97 2.25
4 9.42 8.45 3.13 2.26
5 9.12 7.89 2.93 2.10
6 9.05 7.86 2.91 2.14
7 9.21 8.03 2.94 2.18
8 9.57 8.21 2.97 2.25
9 9.49 8.43 3.32 2.33
10 9.46 8.25 2.98 2.13

Table 10. Organosilicon St&=20| Z&& HMMZE lon conductivity

71 2Dt 30CH M reference(IM LiPF6 in EC:DMC:DEC = 3:3:4)= 10.16 mS/cm2
S LIEFLHRA LD OrganosiliconOl ESEIHEA MoHES B reference 20k 25
2 lon conductivityE JIR2LE -20C OlF 0 A= Organosilicon0l S& & &l
MoHE 2SIt reference2CH =2 lon conductivityE LIEtLI= S&2 2L
Olefst &&= S0l Organosilicon0l E&TZH& MoiESl 2 MM =& 0l
2dEEE UEHHACE. =3l Organosilicon 18] < 30CUHAS reference?t Hl
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Jm

T o my¥ o0x

=5t g2l 10.06 mS/cme EH4S E L. Organosilicon 12 AL
OZ Li 0|29 0S4 =0l= S cyano Z&J|9 S0l =
PN

0] 225t UEIY 22 = %= UL 0|48 22 Organosilicon 12 E4

J

O ZOtE 10X Organosilicon 12 &0l 2 lon conductivitye

wW
(@]
O
14
|
wW
(@]

i) -
W i
124 ., - Y
i 7. {
- vl 7 b o - #
= 10{* >\l .3 * = 3.0 /2
= - B /2 & = %, / /
=] \ %4 > N
R N i £ N 2
v‘él -‘g' 2.5 ‘\‘\\ g £
5 64 B \‘\’/’/
5 = < .
= = \ P
= = ey
E + ~ B 5
) O 2.0
2] —
30 25 20 10 0 -10-20-30-20-10 0 10 20 25 30 20 3o 20
Temperature(°C) Temperature(°C)

TF2]: mS/m

30°C 25°C 0°C -20°C -30°C

Ref. 12.11 11.17 6.64 3.05 2.13
5 wt% 11.67 10.76 6.45 3.16 2.24
10 wt% 11.29 10.43 6.19 3.15 2.26
15 wt% 10.88 9.81 6.08 3.16 2.25
20 wt% 10.24 9.29 5.75 3.15 2.23

Figure 6. Organosilicon 12 && 0l E lon conductivity

21 2Dt 30CH M reference(IM LiPF6 in EC:OMC:DEC = 3:3:4)= 12.11 mS/cm<

22 UEHURID Organosilicon 101 5 wt%, 10 wt%, 15 wt%, 20 wt% 2| lon

conductivitye 22+ 11.67, 11.29, 10.88, 10.24 mS/cm2 lon conductivityS LI

EtLi= sas BACH £ 0T ~ -20C0lA= Organosilicon 101 5 wt% S
w

t% ~ 20 wt%h SESHE MoHE N BIoh == lon conductivity

=
o
%
= 0

-

SolgtR 2 OlAAQl |on conductivityE JHAl= Organosilicon 12| &
M LiPF6 in EC:DMC:DEC = 3:3:4(v/v/v)+ Organosilicon 1(5 wt%)&=S &0l

o <2
HI
O
o

22110
[w]

Ol
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3.2 LSV(Linear Sweep Voltamm

St
=

=EGES,

Organosilicona

OrganosiliconE
5 wt%h

Voltammetry)E =AoIULCEH.

=
=

etry) S4 =24
M LiPF6 in EC:DMC:DEC = 3:3:4 (v/v/v)Oll
&old  StSO & MoHESl  LSV(Linear  Sweep

HShES Y 1M LiPF6 in EC:DMC:DEC=3:3:4(v:v:v) +Organosilicon 5wt%
45V 3,49
48V 6, 7
50V 10
53V 1, 2
56V 58
6.5V Reference

Table 11. Organosilicon

I
£

I reference(IM LiPF6 i

amoox

LIEFHLHRACH. Lithium

rz

o

Organosilicon 10| 5 wt% =
N ASH

o

[—

gtS XD S0 5 wi%,
SotALt.
|

)

VoltammetryE =
wt%), 5.35(20 wt%

9
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LIEFLHRA D Organosilicon 5 wt% E&H%

lon conductivity

SIetE20| & & NoHE Linear Sweep Vol tammetry

10

HI

-

toln

n EC:OMC:DEC = 4

—

<

rz

3:3
QGRS

lon Battery2l &&

A0
< oY
o 10
0 »~
HI o

z 12 rn

ol

Lot A20M
15 wt%, 20 wt%

),

=
IT

ol

reference2t Hl

|'

10 wt%, gtefil [HE Linear Sweep

5.25 V(10 wt%), 5.31(15



O dF gt0| MAsote 2 LI JtE OIAXCl Linear Sweep Voltammetry
— M LiPF6 in EC:DMC:DEC =
4(v/v/v)+Organosilicon 1(5 wt%)& S EOIGHALE.

o
!

U2 Organosilicon 19]
13

0.4
— Ref.
— S5wt%
{1 — 10wt%
:E\ — 20wt%
E
E 024
[4D)
=
=
@]
0.0 - 2 e
i 4 5 & 7

Potential(V, Li/Li")

Figure 7. Organosilicon 19 &20ll & &oHE Linear Sweep Voltammetry
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Jm

o 24

HL

3.3 Coin cell &-%4& SHSXE

AT & OrganosiliconS 1M LiPF6 in EC:DMC:DEC = 3:3:4 (v/v/v)0l lon

conductivity@ Linear Sweep Voltammetry2l £4&0| £& Organosilicon(1, 2, 6,

7, 10) 5 wt% &6t coin cellS MG 100 cycle 2EHRAESS =oAL
_— 130 .
[=1 )
Lo, ﬁ—==__
—
E 120
A
>'} st o,
e i (cycle/ 1%, %)
= Ref| 145.50 | 97.30 | 96.01 | 95.27 | 94.71 1
% 1 [144.70| 97.62 | 96.42 | 94.67 | 92.74 2
> 60F| 2 |130.28| 95.69 | 93.17 | 91.26 | 89.35 6
> 6 |122.03| 94.94 | 91.98 | 89.35 | 86.74 7
'g: 7 |135.07| 90.96 | 85.74 | 76.57 | 72.67
'a 10 | 120.60| 99.69 | 98.37 | 97.70 | 96.79 10
o OF
=
N
0 [ [ [ 1 [']
0 20 40 60 80 100

Cycle
Figure 8. Organosilicon 5 wt% Ol Z&LZIH& coin cell S-Ud 2HRAES

2 Z1 reference coin cellQ AL =J|220| 145.50 mAh/g0l2 100 cyclell
S

=. 4t

SN 2R S0| 1 cycledl dlol 94.71%E UEHHACH. Organosilicon 10| 5

o
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wt% EESEOHE NMoHEO EEIAHJU= coin cell2 B =J/E0] 144.70

mAn/g0l ] 100 cyclell =-28™ ZHKRAIZ0| 1 cyclell HIdH 92.74%E LIEHHSA
© 0 Organosilicon 201 5 wt% Z&tZlH{& MoHE Ol Z& U= coin cel 12 &
£ =J|E8S0| 130.28 mAh/g0l12 100 cyclell & 2N SR X &0l 1 cycledl Hl
o 89.35%, Organosilicon 601 5 wt% EE&EEZHE HGHEO ZEEZHU= coin

celle &#L =JI2Z0| 122.03 mAh/g0l2 100 cyclel =-24d 22K XS0l
86.74%, Organosilicon 701 5 wt% Z& T & MGHAO| Z& T
o
TT

=3 coin cell2
AL =IJ|ISZ0| 135.07 mAh/g0l2 100 cyclel &= -8 2%

XN&0l 72.67% Ot
X&2=2 Organosilicon 10 Ol 5 wt% Z&T & HMIHEOl ZE

cell &L =JISE0| 120.60mAh/g0l) 100 cyclel =-2%& EEONE=10
96.79%S ESQIoIHCH. =3l Organosilicon 10l 5 wt% Z&E X HR =I|I220]
144.70 mAh/g, 100 cycle &-2%U&d SR XIES0| 92.74%2 reference 2t =J|E
0l 0.8 mAh/g, 100 cycle & -&4H™ ESERXE0| 1.97% ZS U222 HOl Hl=xst

Of
=

ds2 22 =016t/ 1D Organosilicon 1021 22 =JI&EZ 120.60 mAh/g, 100
cycle & -YHH SRS B6.7% 2= ZIIZHL2 reference ECH 24.9 mAh/g
&2 Z2 ds= UEHUHAXIS 100 cyclell -4 SHRANEE reference
coin cel |2t 2.08% =& &Hs2 UEHUHRULH. A9 2z £8 E4ds =20
Organosilicon 12 &gt &- 248 250 HE EERAEs8 SE= SEolJ| ?ct
4 Organosilicon 12| &&= 5 wt% ~ 20 wt% DAl Z&ZOHE coin cel € M=
otA D MZEZIUE coin cellE& &-2& =& 1COHIM 100 cyclel & - &N &
SANESE =JotD 22 0.2 ~ 5C ~ 0.2C =242= 5cycle & & 45 cyclel =-
g EHRISS STORUCH
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-=— Rell *  15wita
— — S, —e— 20w% sy 8% 3rI8
50 160 S s (cycle/1st, %)
= (mAh/g)
g 25th | S0th | 75th | 100th
=140
= Ref, 139.6 97.3 | 963 | 952 | 938 |
2 ——— |
{="
- e ——— 5 wt% 138.9 976 | 964 | 947 | 927 |
(]
= 10 wt% 135.3 9.5 | 952 | 934 | 918 |
¥
£ toe 15 wis% 1317 957 | 938 | 919 | 905 |
i 20 wtth 128.8 954 | 931 | 912 | 896 J
lll 2‘(1 4‘0 (1’[! K[ll 1O
Cycle
— Rel. v 15w
*- Swi¥ & 20w
- 5 i) ran Corate ' SRR B (%)
= 140 (
E 9 | e || 1c | 2c | 3¢ | 5c
il
2
9 \ Ref, 1402 | 100 | 98 | 98 [ 95 | 95 | 92
(=9 ) |
] o0pq” T Trhbaay
S 1904 \ $0000000009000¢ 5 wish 1389 | 100 | 98 | 98 | 95 | 95 | 91
%JD S0 TrYY
_:;E *e00e 10 wi% 1359 | 99 |98 | 97 [ 95 | 95 | 90
2 ¢/s €2 1C 2¢ 3¢ 5 1€ €2 Cf5
A 15 wt% 1323 | 99 | 97 |96 | 93 | 93 | 89
20 wt% 1293 | 99 |97 |96 | 91 | 91 | 88
100 T T T T |
0 10 20 30 40

Cycle

Figure 9. Organosilicon 12 &1 S-24d Z50 ME S -Yd SHRAS

Organosilicon 12| & OE = -4d E2EFAN=E =8 21 reference coin

cel It Organosilicon 101 5 wt%, 10 wt%, 15 wt%, 20 wt%Q =J|s% 21

139.6, 138.9, 135.3, 131.7,128.8 mAh/g2l Z 12 100 cycle & -2&N SHFA S
0] 93.8, 92.7, 91.8, 90.8, 89.6%E LIEIH 20 Organosilicon 12 &0l =0t
& Oet =)IS3) 5 248 SEHRANE0| Lotlle BSS =0IoHACH. Eot
Organosilicon 1 2 & &-94d™ £&0 g = -4d 2FRANs8 =8 23

reference coin celllt Organosilicon 101 5 wt%, 10 wt%, 15 wt%, 20 wt% 2 =
Jl2g A 140.2, 138.9, 135.9, 132.3, 129.3 mAh/gl ZIE LIEIWCH =-
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g™ =& E 0.2C ~ 5C ~ 0.2C MX HE HE sERIAS82

Organosilicon 12 &&l &-2&™ =EJ1 SIHEN et S 20| ZLO0tkle d=

BRSO £5| Organosilicon 101 5 wt% coin cell2 &S reference coin cel |1t
I ES0AM 1.3 mAh/g X0 S-2& HEIF 2 5CHIA 1% XHOIJF UKXIBH I}
Xt

SHOIBIHCH. S8t Organosilicon 10 &&0 W2 coin cell
22RXs S42 202D X Organosilicon 19 &&s 5
ESCHE coin cellE HZXGIHLD HEZOHE coin cel S

30C ~ -30C ~ 30C =H2=Z 6 cycle M 10 =2 &-2d

ok

N

=
L]

(S
[\ ]
(=]

Specific capacity(mAh/g)

A T Y Uyt v v e

—a— Ref v 15 wt%
——Swt% —¢—20wt%
—A— 10 wt%

[}
I
1
I
I
1

o
(@]

CRR = 35t / gth

e iy

Figure 10.
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Cycle

Organosilicon 12 20 HE M2 =-24d SHRAS
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=3 Z1 30T ~ -15CIHAI= reference coin cell0l Organosilicon 10| HE& g
& coin cell0ll HIoH 2 =JIISE=S AL UK -30°COIAl reference coin
cell2 31%2 82dRI= FXID {204 Organosilicon 101 5 wt%, 10 wt%, 15
wt%, 20 wt% EEEZIH& coin cel |2 &S 22 50%, 44%, 23%, 5%2 E2ERX =S

= UEHUHACH. 0ld8t Z2UHE SdHA Organosilicon 101 5 wt%, 10 wt% ZEEHE O]
& 30C

&l coin cell2 A - OlA reference coin cell BO =2 EEFANs=S I
N ASS =olotF D -30CUHAN =-2& 0= -30C ~ 30THHAKX2 reference
coin cell EERA=2 EH 82 A=22 8450 30C ~ -30C 2CF EH& A

S =2 = UL+ olHe H= Solil -30CUM2l reference coin cel |2 &-Y& =
Ol coin cell LHROIAM HoHEOl ZHIZHAM coin cel 0l HIBIXE F= 2A2=
Ol &SI 10l ot Organosilicon 101 5 wt%, 10 wt%Jt Z&E & coin cel <
322 -0CUHME 5-2d2 ol 1 01F SYRANES FAote 212z 20
coin cell LHROA HMOHEOl Z2ESIEIX 220t coin cellOfl CIOIKIE =X &%=
Aoz WA, de2 & 98 228 Xs 58 &4&8= 3ol Organosilicon 10|
5wth ZZEIHE coin cellOl JtE Ol4Ho M2 & Y& ESRANESS AL
Aqod M0 =25 S-2& Al coin cell0l HIOIXIE =X %= ZUE LIE

LHACE.

_—
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M
o~

ML

3.4 Pouch cell &-94d 2232XE8 S4

lon

S & OrganosiliconE 1M LiPF6 in EC:DMC:DEC = 3:3:4 (v/v/v)Oll
conductivity, Linear Sweep Voltammetry, coin cell & -&& RIS S

2 Organosilicon 12 5 wt% E&0t0 Bt= NMOHE =S &S Pouch cel 1= MM
2AAIA 2/ MAGHH - 88 =& 10 2422 100 cyclel & &

S e=IIAIBIIENAIEHEAZUNAM AlSdEAS 22lotl) d8AE

Jh

ICTC

Korea Testing Certification

A A —II.
AI a =2 4
AMM ¥E 1 72018-13239
News gy 2 gz s
HEES (25 £ 2) ColM offel 2HS2 1008 BusHO] ‘
yugzs au
1.8 11 A, cut off: 4.1 V or 60 min ‘
2. 2 : 10 min
2omrt o
N 3YH 1A 27V =k
4. %30 510 min
5. 1-4% 100 3| Bsiol 1 3] WH 82 chl 100 &
wa gzl ug Dot
|
# AIEAR

AME A AME AR

KA PS10-06 (Rev.2) Page:2 of 2

Figure 11. Organosilicon 5 wt% ol &Z 0| E& &= Pouch cell - LN EHFRAE AE
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CHHl 100 cycle &-%4H& 0| S22 =8et 210 99.5%

=& 23 1 cycle S e
cte RS2 SOCIoHALCE. coin cel IOl BISHH pouch cell0 =2 -%&
Ed2ANE2 UEHH/A2O0 1 0IF= coin cellll MZ Al glove boxOlM &&
HEGIE2 A8 S0l MHES 20IL =2 /AX & H2 BHa0 oM 2
NIt Za45HXICH, pouch cell2l 2R XNs3t SESZ FIMH&te B 101 HMEE
B2 =2 EYRAES ZWUE LIEHHULCH
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=

S

3.5 Pouch cell M2

SN SHRXAE

Jm

o 24

ML

M LiPFg in EC:DMC:DEC = 3:3:4 (v/v/v)0ll Organosilicon 1S 5 wit% &&06t0{ ot
E MoHE S HSHSH Pouch cel IS MOHHI SIAMOIA 21F MZESIFD M20AS =
SN 2HRAS2 S22 SHGIOA MESH Figure 4 EXIE 0|60 585
Ct.
1400 3 —m— Ref
E —A—1 (5wt%)
1200
z =
>, 1000 l
= | 15°C
(3]
g 800
P~ 0°C
© 600
&
= 400
@ -15°C
N A
© 200
@ -
|
o : :
20 30 50
Cycle

Figure 12. Organosilicon 5 wt% Ol
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ESE & Pouch cell N2 & YW EHFRXE
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=& Z1 30C ~ 0C MtKl= reference pouch cel 10l O £ & Y& ESRAE
= LIEFHEXICE -15COIA reference pouch cel 12 B = -YHA2 AMHSL=2E S
SA&E0 =223 =EHE= ZES 20l10 ALt Organosilicon 1€ 5 wt% =8tot
o OHE MoHE S &S Pouch cell2l 22 2FE EHRANESB2 ULEUHE S
SOIGIRACEH. E£8F & JHCl Pouch cell 25 -30C&Z RAEH=E S22 5-24&0| &
OILEXI &% THAl -15COIMS & -2 MM S reference pouch cell2 2 &
HotH =- 2822 SAS0l LHEHLAT &2 %10 Organosilicon 12 5 wt% =80t
OLE MO&EES HESH Pouch cel 12 < 2EGHH &-94d 2HRANEBS FAdts
NS EOIotALCE. 0l 22 0C ~ -15COHI M2l Organosilicon 1= 5 wt% E& & 0]
& pouch cell0] 28N & 2HARIES8 FEUHA £E2 852 UEIHS =26
Ct
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3.6 1=20Me &-L™ Pouch cell EHRAE S4 =4

ML

M LiPF6 in EC:DMC:DEC = 3:3:4 (v/v/v)Oll Organosilicon 12 5 wt% &&ot0{ ot
E Mol = EES Pouch cel 0l D20UAM2 =-88 SR8 4 42 fld
OtcHel Figure 132 Loz SRI|AHEIIENAEAARRNN AEHENHE 220t

i
ng @

10 88K ULCE.

IcCTC

Korea Testing Certification

AlE 2 2t

HHM ¥Z : 12018-09775

NS gy 2 7lE =] Az

1. (40 £ 5) TO| 2R Y70l AEES 342t 014
|t ‘
2. Bez0|M 7 HEE offel B U WY 20|
w2t 3008 &-YHsto| YHBYS &Y
AolZ A8 1 %?j $1 AQ O, cut off: 41V 0 o786 ‘
2. %l 1 10 min
3.8H 1 A00Q, 27V
4. %2 : 10 min ‘
5
"

o
ox
(-
o

1~45 300 8 eH=te 1 8 W 8 ofEl 300 3

LEEE] ‘

Total of Cycl Capacity of Charge | Capacity of Discharge Cycle Life ‘
otal cle
g @n an %)
1 1.194 8 1.151 7 100
300 1.074 6 1.058 0 91.86 ‘
(B Mg ‘
A PS1006 (Rev.2) Page:2 of 3

Figure 13. Pouch cell D2UIANS & -Y4E SUSXS AELEA
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I EEO0I

= 1,151.7
1,058 mAh2=Z 91.86%2 =
A
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3.6 D20 A2 Pouch cell ZE& AlE&

M LiPF6 in EC:DMC:DEC = 3:3:4 (v/v/v)0ll Organosilicon 1 st&t2

o
(@]
=
I
i

ot Bt= MolES EEE Pouch cel IS L20IAM 23 & F20| £Hst=XE Ot
c Figure 142 2 eI AEIERASAFEUNA AMSEHAE 2ot o

NS 2UC

ICTC

Korea Testing Certification

MY 2

MM EZ : T2018-09961

ANEEs gy 4 71E ANz
Al
1. (25 £ 5) €O FURE0|N HHstE 2MF| FHE LHAS
23 £= ¥8 aF o“ 220 &t |
2. 2E9| 258 (85 £ 5) TR (5 £ 2) T/mind| {2

I2AE d&AIICH o4 gig
3. ©H2E 0] 2Z0IM 3412t S AW & A|@ES FESIC |

N
= v

nz
o
o b
It
3
=2
£
°
L=
]
o

* ABEY 2 AR
|1, Az

Al B0 AlE %, U3t U B0 WA %S |

2. A=

—
I R

AA| PS10-06 (Rev.2) Page:2 of 3

Figure 14. D20IA2 Pouch cell BE AIE@HAA
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JIZ2 reference pouch cell2 B Figure 142t 22 X122 8THAM 3AIZE =
Of SXIE AH2 pouch cell0] 20 Q2HA s Y Z0| doLi= Sas 2
RUCH. Organosilicon 12 5 wt% E8otd 2t= MolE =S E&st Pouch cel 12 AIE
AN 2Dt 85COHIAM 3AI2E S KX Al2! F0 & Pouch cell0l= OlA0l 2SS
SHOIGHCEH. O] Z2dt2 ool D=2UMe et Al J< Organosilicon 1 L& &
SoHZEZ Lithium lon BatteryE MEE 2SR L20AS tELEdsE &2 = U
=2 oottt
g9 -
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4. Conclusion

=2 A0 A= Lithium lon Battery2l D20AM2 CHAAEDNN MSUHAL AN O
Z2J|(cyano, Fluorine, PEQ, cycle carbonate) groups

Organosilicon 1 ~ 102 &4otRUCE. &84 ZIH& Organosilicon Stet=2l

MO|gt&E™ SRS XZAGHI| {50 IM LiPF6 in EC:DMC:DEC = 3:3:4 (v/v/v)Oll

OrganosiliconE E&6t0 TalES M=E & &2 2L H20 A2 lon conductivit

!

yet LSV(Linear Sweep Voltammetry)E =&olC. 2 213 cyano groups I
Organosilicon 10| Jt& Ol&a&EQl MO|gtstd EHZ2 JIAE &0oACH. 1 0l

= %2 B2 02T IF =2 cyano groupE JHAILD U204 Organosilicon
=

SIet=20] JIND U= HHd EHN L2 freezing pointE 216 OlAE QI ™D
oIt EMES UEE £ QAULD MAZHELCH Oldst £E2 HI|sEE S48
JIXl= Organosilicon 12 & X =FSke| )

| Lithium lon Batterydl &5t S
?Ioi coin celldt pouch cell2 HI&EGIH LD coin celll & -8 &
&2 =E5tI| 2AoH glove box 2tUIA 1M LiPF6 in EC:OMC:DEC = 3
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6. Spectrum
6.1. '"H-NMR and "*C-NMR spectroscopy

Figure 15. "H-NMR spectra of 2-(Trimethylsilyl)acetonitrile.
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Figure 16. BC-NMR spectra of 2-(Trimethylsilyl)acetonitrile.
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Figure 17. "H-NMR spectra of 4-(Triethylsilyl)butanenitrile.
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Figure 18. C-NMR spectra of 4-(Chlorodimethylsilyl)butanenitrile.
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Figure 20. *C NMR spectra of 4-(Fluorodimethylsilyl)butanenitrile.
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Figure 22. "H NMR spectra of Diethylene glycol allyl methyl ether.
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Figure 23. "H NMR spectra of 12-Chloro-12-methyl-2,5,8-trioxa-12-silatridecane.
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Figure 24. *C NMR spectra of 12-Chloro-12-methyl-2,5,8-trioxa-12-silatridecane.
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Figure 25. "H NMR spectra of 12-Fluoro-12-methyl-2,5,8-trioxa-12-silatridecane.
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Figure 26. 'H NMR spectra of 12-Fluoro-12-methyl-2,5,8-trioxa-12-silatridecane.

_80_

Collection @ chosun



| ] = ENCESAIAZSREFANENEN LEERE AEEAEY =5
3 - T | Aeadeiee e g defote g e o

T 2T - o1 g iR e e e '\,

EYRTE
]
ol

T . e —— —i) - -
LY} =¥ -] B b3 B o 0.8

&
™

an 38
1 ippmi

Figure 27. "H NMR spectra of 12-Methyl-2,5,8-trioxa-12-silatridecane.
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Figure 28. "H NMR spectra of 12-Methyl-2,5,8-trioxa-12-silatridecane.
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Figure 29. "H NMR spectra of 12,12-Dimethyl-2,5,8-di(trioxa-12-silatridecane).
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Figure 30. "H NMR spectra of 12,12-Dimethyl-2,5,8-di(trioxa-12-silatridecane).
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Figure 31. "H NMR spectra of 5,5-Dimethyl-9,12,15-trioxa-5-silyl-1,3-dioxolan-2-one.
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Figure 32. "H NMR spectra of 5,5-Dimethyl-9,12,15-trioxa-5-silyl-1,3-dioxolan-2-one.
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Figure 33. "H NMR spectra of 5,5-Dimethyl-9,12,15-trioxa-5-silahexadecanenitrile.
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Figure 34. "H NMR spectra of 5,5-Dimethyl-9,12,15-trioxa-5-silahexadecanenitrile.
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Figure 35. "H NMR spectra of 12,12-Diethyl-2,5,8-trioxa-12-silatetradecane.
/—\SI |i\_.ﬁ"/o S g T

R T A T
S8 8 s 88 FE

w0 an 2 o s 80 55 3 2 ao ) an L 20 L J L -5

Figure 36. "H NMR spectra of 12,12-Diethyl-2,5,8-trioxa-12-silatetradecane.
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Figure 37. '"H NMR spectra of 4—[2—(Fiuoromethylsilyl)ethyl]—1,3—dioxolan—2—one.
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Figure 38. "H NMR spectra of 4-[2-(Fluoromethylsilyl)ethyl]-1,3-dioxolan-2-one.
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Figure 41. "H NMR spectra of 4-[2-(Triethylsilyl)ethyl]-1,3-dioxolan-2-one.
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Figure 42. "H NMR spectra of 4-[2-(Triethylsilyl)ethyl]-1,3-dioxolan-2-one.
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ABSTRACT

Chapter 2. Piezochromism and Solvatochromism Fluorescence

Behavior of Benzene Derivatives

Koh Kyungkuk

Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

In this research, we synthesized benzene derivativees and analyzed properties of
Piezochromism and Solvatochromism. All the synthesized benzene derivativees have
donor-7T-donor structures, and we applied Triphenylamine and Phenylcarbazole with
donor group. We synthesized with dimer, trimer and tetramer shapes. However, to
overcome the required performance for electric vehicles and ESS, the safety and energy
density issues should be solved first. All the synthesized benzene dervativees have
properties of Piezochromism and Solvatochromism. In the case of Solvatochromism, we
observed that as the number of donor groups increases, the wavelength shift of
Photoluminescence gets longer due to polarity. In the case of Piezochromism, after we
applied filter paper and pressure, we measured the changes of wavelength shift of
Photoluminescence. As the results, we also observed that as the number of donor
groups increases, the wavelength shift of photoluminescence affected the wavelength

shift of solvatochromism, which got longer.
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1. Introduction

=
2 MAHIZ20] MEolH MHE=
g2 MIJIE HIEZ £ Ae KRS ZE= Thermochromism,  Photochromism,

Electrochromism, Vapochromism, Solvatochromism, Piezochromism & Ct&Fst R0l
0l RUCH. [2] 0l

A S SEE

roh

PSR 22 d=2s8 010K, Sd =25 24X, S2=
(]

= ==
1 JACH.(Table 1)

Phenomena Sitmulus Applications
Photochromism Light Ophtalmic lenses, Novelty printing, Security printing,
Cosmetics, Optical data storage, Memories and Switches,
Sensors
Thermochromism Heat Thermochromic pigments, Temperature indicators and
Thermometers, Security and Novelty printing
Electrochromism Electrical current Windows, Mirrors, Displays
Solvatochromism Solvent polarity Analysis, Sensors, Monitoring of polymers and
polymerisation
Piezochromism Pressure Security printing, Pressure sensors

Table 1. Chromism S70 & Kol L S8

2 = Solvatochromism, Piezochromism2 232 &2 AR ZIHXLD UL,

/o [

Solvatochromisml &2 Z0 2X2 =24 &0 Ot ZZIMEO0| 0lsdte &4t

= °2|0|&tCh. 0|28t SolvatochromismS Eenergy bondZ2 & HoIH Figure 122

e & UCH

wx

_89_

Collection @ chosun



Negative Vapor phase Positive
S et TN
’r\ > ~ s &
3 "~ = Excited State
E hv,, hv,, hv,
=
L
- " -~—L— Ground State

Increase in transition energy (Shift to lower Wavelength)
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Figure 1. Solvatochromism2l energy band diagram

Olefst A2 OlAIZ Figure 28 2™ Z0He =24%TJt =0t&2+%= ground state
?t excited state® band gapOl =O0HXI S red shiftotl 2&=J}

o
COIRI4Z 2 OO0l blue shift 8l SAS 2 £ . P

x
[l
e
=

)
=)

Solvent B.P (°C) M.P(*C) Density Solubility in H,0(g/100g) Relative polarity
Hexane 69 -95 0.655 0.0014 0.009 = “‘ :“"
Toluene 110.6 -93 0.867 0.05 0.099
THF 66 -108.4 0.886 30 0.207
Chloroform 61.2 -63.5 1.498 0.8 0.259
Methylene chloride 39.8 -96.7 1.326 1.32 0.309
Acetone 56.2 -94.3 0.786 - 0.355
DMF 153 -61 0.944 - 0.386
H,0 100 0 0.998 - 1 v

Figure 2. 2019 JIx E4
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Ol&tol s FH o 28 20l QoA m-stacking0l LHUA S -
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Figure 4. 28t 2oz 0I5t 2AF 2t Interaction H3H OlAl

_92_

Collection @ chosun



/’-z
!
N
U
Ve
ul

f | % High Pressure

H-aggregation J-aggregation

Figure 5. 28t 2o Z 0I5t band gap energy B3t GlAl

= 2X2 CH---m interactionOl

& EAJt loose OtHl m-stacking = &

$0

Ch822= m-m-interaction0] 20HY =
SA0 20HY = U= 2L E Ikle §Z
L grinding = MPa HE9 &S It m-stackingOl SIO{XID C-H - 1

interactionO| LIEFLIAH &/™H &2 MAOQ] H AWM HIESZ 0lsctAH = L.

gl

S w;:&

Q_‘_.&‘)HQ\ c‘j) Low Pressure —my—Qﬁ_C} j

Figure 6. &2 &=o2 QI8t interaction B3t Ol Al

_93_

Collection @ chosun



OIZ Xl Piezochromisme W& Hist= 2JtK SEHE JHAILD UL <& OH

2 Gpa Ol&2S 2= Jtoi=H = X2h m-stackingOl ZoHXIHA = X2+S] At
01t = BOIXIA &1 energy band gapOl &O0tAM & OHE0 EIIE Zo=z
22AGHH D OS2 S8 X219 2XN0AME E2 &2 WPa 3E2o &S It
OotHl El®H 206lcd m-stackingOl ARSHXIA =0 A 2kl AFOIDF O ZO0{ XA &
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=2 AR0AM=E /AWM 2008t Solvatochromism, Piezochromism S&2 S A0 Of
X2 /= Donor-m—-Donor +%& FXIH Benzenes=S corex ot 200, 30H, 40HE

Donor group2 =2 Triphenylaminelt Phenylcarbazoles = Z06t0 CIAQIGtD &

=

0x

OISR LCH. 24 Solvatochromism S22 SAot DA S§HEHAHE 2E2 U-VisE

i

HotR D S0HE PL spectrum, S0HE Quantum yieldE =& D filter paper
Ol 2ZEGIH SAIAIH 2000 2 22 IIE 0ls2 ZQI6HRICH. Piezochromism

=
o 242 ZR filter papertii RESIH &Itz SRS Jiol L OIEHM

]

=t015+1) Ocean Optics&HIE 0|60 PL spectrumE Z&EGIULC.
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2. Experimental Section

2.1. Generals

2 A& 2 standard vacuum |ine Schlenk technigues OIZ3dlHCH ZE &

gou

=
o &2 ArdtUlIM AEZ2 XHSIACH. 1,4-Bis(bromomethyl)benzene, 1,3,5-
Tris(bromomethy!l)benzene,  1,2,4,5-Tetrakis(bromomethyl)benzene,  Triethyl
phosphi te, 4-(Diphenylamino)benzaldehyde, N-(4-FormyIphenyl )carbazole,
Potassium tert-butoxide, MgS0, 2 &= 2= BtS==2 AldrichUlA 28t =,
FOotEel HH S0l AFESIUCH. N-hexane, Toluene, Tetrahydrofuran (THF
Chloroform, Methylene  chloride, Ethylene  acetate (EA), Acetone,
Dimethylformamide(OMF)2 OCIE Sl PGt ALSOIACH. &E ST AIEL
= Z0i2! Toluene, THF, N-hexane, Methylene chloride, N,N-dimethylformamide
(OMF), Chloroform2 Fisher &3 AtHIAl HPLC gardeE ot =IOt HX

20| AL23IS 20 NMR GIOIE{= Bruker AC-300 MHz spectrometer ('H NMR, 300.1

3

o

~

MHz and '*C NMR, 75 MHz)E OIE5t04 2RUCt. Chloroform-d= CaH,2 otF S0t
WEAIZ|D, 2 SFotD P02 €2 =, 2AI12F WEHAIAH ZSHCZ 2 SF
SIALCH. Stst™  0|S2 parts per million (ppm) 22 EBEoIA2H,
tetramethylsilane2 g2 0.00 ppm2Z J|ESIH 2 0EC. & AHEEE

9
rr
£ ¥
>

:

UV-vis spectrometer (UV-2401 PC, Shimazu)Z =&otFLCH. Z0HUl =0t

g

STH =Z°2 Photoluminescene (PL)S&E fluorescence spectrophotometer
F-7000 (F-7000FL, HITACHI)Z =&otCH. ZEW LU &82 =JotI|l S
Absolute PL Quantum Yield Spectrometer (C11347-01, HAMAMATSU PHOTONICS K.K.)
£ 0I20otH =ZHGtUACH. Filter papertl DEEIOHA BIMREX S2Q
Photoluminescene (PL)=A& O0cean Optics S2000 spectrometer (Ocean Optics,
Inc., Dunedin, FL, US)Z Light-Emitting diode Amax = 400 nmOilA =&SIALE.
Solvatochromism, Piezochromismel B1AHsS &OIGHI| 2I6H UV-lamp(365 nm)S OIS

otod AtElS ESoHRALE.
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2.2. Synthesis of Benzene Derivatives

2.2.1 Synthesis of 1,4-Bis(diethoxyphosphinylImethyl)benzene (1)

250 mL EctA 30 1,4-Bis(bromomethyl)benzene (12.0 g, 45.5 mmol) 2t Triethy
| phosphite (22.7 g, 137.0 mmol)2 €1 OI=22 GlUIA 185CZ 6AI2F SOt &
S WUAIZICH &2o2 2&E el 3022t Wet = vacuum distillation Al
H Triethyl phosphiteE M8t S 0l Methylene chloride0l =@l S MgS0,2 0l=
ot =22 MAHAIZICH. Methylene chlorideE HMIH8H & n-hexane2=Z M=ot
=438t white crystalline solidE ZRUACH. L& 1,4-Bis(diethoxyphosphinylme
thy|)benzene 'H-NMR1} ™C-NMR spectroscopyE O350 2QI5HACE.

2.2.2 Synthesis of 1,4-Bis(4-diphenylaminostyryl)benzene (T2)

250 mL ZctA 30 1,4-Bis(diethoxyphosphiny Imethyl)benzene (6.0 g,15.86 mmo
)2t 4-(Diphenylamino)benzaldehyde(9.54 g, 34.89 mmol)el) THF 90 mLE <
1D 0CZ KRAXASIHM 3022+ WEHAIZICH. tBudK (7.12 g, 63.44 mmol)S €10 0T
Z SAGHHAM 1A SO WBHAIZICH. 4222 KRXISHHA 12A12F S0 WAl
ICt. 8822 20 2SS SZAII|L] THFE HAHAIZICE.  Methylene chloride
=1 work up ¥ Methylene chlorideS8t Z2lAIZICH. 2T & Methylene chlo
rides0l MgSO,= €10 === HMAHAIZICE. Methylene chlorideE M2 = column
chromatography (MC:Hx = 1:4)3t01 &===5t yellow solidE ZACH. L& 1,4-Bi
s(4-diphenylaminostyry|)benzene 'H-NMRZ} '*C-NMR spectroscopyZ O|23t0 &0l

otALh.

r\U
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2.2.3 Synthesis of 1,4-Bis(4-dipheny|-9H-carbazol-9-y|)benzene (PC2)

250 mL ZctA 30 1,4-Bis(diethoxyphosphiny Imethyl)benzene (6.0 g,15.86 mmo
)2t N-(4-FormyIpheny!)carbazole(9.53 g, 34.89 mmol)lelX) THF 90 mLE £
0CZ RAGHHA 3022+ WEHAIZICEH. tBuOK (7.12 g, 63.44 mmol)2 €1 0C=&
SXGHHM 1AI2E S WEHAIZICH. &222 RXGHHAM 12A12F S0t WEHAI2!
Ct. SF+E 20 EtS2 SZ A2 THFE MAHAIZICH.  Methylene chloride &
1 work up = Methylene chlorideZ2t Z2lAIZICH. ZclZI &l Methylene chlori
deZ0ll MgS0,.2 €10 === HMAHAIZICH. Methylene chlorideE KM = column ¢
hromatography (MC:Hx = 1:4)Gt04 ==& bright yellow solidE ZACt. FHE
1,4-Bis(4-dipheny|-9H-carbazol-9-y|)benzene 'H-NMRZ} 'SC-NMR spectroscopyZS
Ol=20t0 =QlotACt

2.2.4 Synthesis of 1,3,5-Tris(diethoxyphosphinyImethy!)benzene (2)

250 mL EZ2tA3 0 1,3,5- Tris(bromomethyl)benzene (12.0 g, 33.62 mmol ) 2*
Triethyl phosphite(27.93 g, 168.1 mmol)S 21 Ol=22 dl0A 185TZ 12Al2¢
SO B2 NUAIZICH Aoz 25 E Uell 3022 wet & vacuum distillat
ion AlIZH Triethyl phosphiteE HMIJH& S0l Methylene chloridedil =@l S MgS04
£ 0180t =2= HMAHAIZICE. Methylene chlorideE 2XM3dl MHEt & ==&t
white viscous oilS ZUCH. EOHE 1,3,5-Tris(diethoxyphosphinylmethy!)benze
ne 'H-NMRD} "C-NMR spectroscopyE Ol =250 2QI5HRACEH.
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2.2.5 Synthesis of 4,4,4-[1,3,5benzenetriyltri-(1E)-2, 1-ethenediyl1tris[N,N-dipheny!]-
Benzenamine (T3)

250 mL ZctA30 1,3,5-Tris(diethoxyphosphinyImethy|)benzene (6 g,11.35 mm
ol)2t 4-(Diphenylamino)benzaldehyde(10.23 g , 37.45 mmol) 12l0 THF 100 mL
E 210 0CE RXAoIHA 3022+ wEHAI2ICH. tBUOK (5.09 g, 45.4 mmol)2 €1
0CZ SXGHHM 1AI2E St WBHAIZICH, AR2=Z KRXISHHA 12A12F S 1)
BEAIZICH. S8+8 20 2tS2 SZAI11] THFE HMAAIZICE.  Methylene chlor
ide €1 work up = Methylene chlorideZ8t 2clAIZICH. 22l & Methylene
chlorideZ 0l MgSO,.& €1 =2 MHAIZICE. Methylene chlorideE M = co
lumn chromatography (MC:Hx = 1:3)3t0d =%8t yellow solidE Z/UACH. 2O &
4,4 4-[1,3,5-benzenetriyltri-(1E)-2, 1-ethenediy!]tris[N,N-dipheny|-Benzenami
ne 'H-NMRZ} "C-NMR spectroscopyE O|Z35t0 &QI5HCEH.

2.2.6 Synthesis of 1,3,5-tri((E)-4-(9H-carbazol-9-y!)styryl)benzene (PC3)

250 mL ZctA30 1,3,5-Tris(diethoxyphosphinyImethy|)benzene (6 g,11.35 mm
ol)2t N-(4-Formylphenyl)carbazole(10.23 g ,37.45 mmol)2l2D THF 100 mLE <&
1D 0CZ |XotHAM 3022t WEHAIZICH. tBudK (5.09 g, 45.4 mmol)E2 €1 0T
2 [AGHHAM 1A S0 WBHAIZICH. 4222 KRXISHHA 12A12F S0 WBtA|
Ct. E8+E 20 BtS82 SZAII1] THFE HMAHAIZICE.  Methylene chloride
=1 work up ¥ Methylene chloride &2 Zc2lAI2ICH. E2IEHA Methylene chl
orides0ll MgS0.= €10 === HMAHAIZIC. Methylene chlorideE HXH = colum
n chromatography (MC:Hx = 1:4)Gt0{ =5t white solidE &RUCt. SAH&A 1,3,5
—tri((E)—4—(9H—carbazo|—9—y|)styryl)benzene H-NMRZ '*C-NMR spectroscopyE
O0l=23t0d =QIoHRULC.

v

r
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2.2.7 Synthesis of 1,2,4,5-Tetrakis(diethoxyphosphonomethy|)benzene (3)

250 mL EctA30 1,2,4,5-Tetrakis(bromomethyl)benzene (12.0 g, 26.68 mmol)
@t Triethyl phosphite(29.25 g, 176.08 mmol)E €1 Ot==2 GIOIA 185TC=Z 18
A2t S0t 28 WEHAIZICH A&=222 2&E UWeld 3022t W8t = vacuum dist
illation AlA Triethyl phosphiteE MO8t S0l Methylene chloridedil =¢Q!
MgSO,= 0IZ3t0 =2 MHAIZICH. Methylene chlorideE & &3l MHet & &
25t white viscous oilg LUCH. LAHE 1,2,4,5-Tetrakis(diethoxyphosphonome
thy|)benzene 'H-NMR1} ™C-NMR spectroscopyE Ol €501 20QI5HHCY.

2.2.8 Synthesis of 4,4,4,4-(1,2,4,5-benzenetetrayltetra-2,1-ethenediyl)tetra
kis[N,N-dipheny|]-Benzenamine (T4)

250 mL EctA 30 1,2,4,5-Tetrakis(diethoxyphosphonomethy | )benzene(6 g,8.84
mmol )2t 4-(Diphenylamino)benzaldehyde(10.63 g ,38.89 mmol) 2l THF 100 mL
E €10 0Cc2 KXIHA 30228 WEHAI2ICH. tBuOK (7.93 g, 70.72 mmol)=
D 0CE RANSHHA 1AI2E St WHHAIZICH. 4222 KRXISHHAM 12A12F SOt
WEHAIZICH, S84+8 20 9SS SZAMIILD THFE NMIHAIZICH. Methylene chlo
ride 210 work up = Methylene chloride&dt Z2lAI2ICH. E2lEH& Methylene
chlorideZ0ll MgS0,2 €10 === N HAIZICE. Methylene chlorideE HMH = co
lumn chromatography (MC:Hx = 1:3)Gt04 &==8t yellow solidE ZACH. L&
4,4,4,4-(1,2,4,5-benzenetetrayltetra-2, 1-ethenediy|)tetrakis[N,N-dipheny|]-B

enzenamine 'H-NMRZ} "C-NMR spectroscopyE 0I5t &QI5HRALY.

iy
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2.2.8 Synthesis of 1,2,4,5-tetrakis((E)-4-(9H-carbazol-9-y|)styryl)benzene
(PC4)

250 mL EctA30 1,2,4,5-Tetrakis(diethoxyphosphonomethy|)benzene(6 g,8.84
mmol) 2t N-(4-Formylphenyl)carbazole(10.62 g ,38.89 mmol) 12l22 THF 100 mLE
2 0C2 SXotHAM 3022t WEFAZICH. tBudK (5.09 g, 45.4 mmol)2 €1
0CZ RAIGHHAM 1AI2E SCF WEHAIZICH. ARC=2Z RXIGHHAM 12A12F St W
AMZICH &8+ E0 BtS2 EZAI2112 THFE HMAHAIZICE. Methylene chlorid
e 21 work up ¥ Methylene chloride &8t ZelAlI2ICt. =22I&H& Methylene ¢
hlorideZ 0l MgSOs MIHAAIZICEH. Methylene chlorideE HMH = col
umn chromatography (MC:Hx = 1:4)3t0d ==&t white solidE ZJACH. LAHE {1,
2,4, 5-tetrakis((E)-4-(9H-carbazol-9-y|)styryl)benzene 'H-NMRZ} '*C-NMR spectr

oscopyE 0|&Zotd ECIGHILCEH.

L

3

—
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o
O
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o
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2.3 Characterization of Benzene Derivatives for Solvatochromism and Piezochromism

A g

o UV-Vis absorption

=
S 010l 2129 URSIES==pS

PhotoluminescenceE =

| stgt=22 10ppm S

-7000FL, HITACHIE AtES

ot ®lol &

-~
o
2+2to| HIMS X 3te==2 100ppm

Figure 8. UV-Vis Spectrophotometer (UV—2401 PC, Shimazu)

Figure 9. Fluorescence Spectrophotometer (F-7000FL, HITACHI)
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2.3.2 Solvatochromism properties S& 28!

STEEA T2, T3, T4, PC2, PC3, PC4 =t&=22l Solvatochromism S4= =E6t1)
X+ T2, T3, T4, PC2, PC3, PC4 stet=2= &EO0H(Hexane, Toluene, Tetrahydrofuran,
Chloroform, Methylene chloride, Acetone, N,N-dimethylformamide)Oll 100ppm =&
2 =0 82= MAet = 4242 LHMES SHoOIUU. Lot MEeE 822 01=6t¢

SO0 2 B A =22 =3Ho6H)| fAdol Absolute PL Quantum Yield Spectrometer

&85
(C11347-01, HAMAMATSU PHOTONICS K.K.)E 0I&5t0 =&ALt

iy |

i" M easmwernent of reference | [ Phat chimdnescend e | B Himber of gt anited a¢ phetolm descerce from sanple
L (b for querts celle) J |__uamhmn vidd Fhmbe of phots ahworbed by ampd
@ Excited light
- [relerence)
{ Tlexnmranvent of sanple «I Exelted lionl
| (qarts celk oadniving smpk solbim) | z 1 ".-II arki.,
J! Lminescencs ligh!
= [smmpla)
‘|. ‘./|7
; 01 0 500 700
| Laloiavm of e lmn'.".l’u .u:l':nuu-. |Iﬁtr*1;: "
| phobdonines cance quanbonyidl

& Excitation lighl on rélerence and samplé and
pholsduminséscencs apachnum meEasuramant sxample

Figure 10. Photograph and principles of absolute PL quantum yields measurement system
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Sst, filter paperOl T2, T3, T4, PC2, PC3, PC4 3tgt== DESIY D DE LN
I filter paperOl Hexane, Toluene, Chloroform, Methylene chloride, Acetone,

N,N-dimethy!|formamideS = Alot0 Ocean Optics(Amax = LED 400nm)E 0|25t

PL spectrum Hi3IE =& GISICH.
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2.3.3 Piezochromism properties & 28
SEEE &l T2, T3, T4, PC2, PC3, PC4 S&=22 Piezochromism S22 =&6t0AX
T2, T3, T4, PC2, PC3, PC4 slet=2= IDEHOIF LD DEIONHA
gy &ote ¢=) HEo ¢4™Eg Jisto
3E sHoIRUC

filter paperO
aluk M0l
[}

filter paper®l 0.98 MPa(
Ocean Optics (A max = LED 400nm)S 0lE6+0d PL spectrum ©ist

Figure 11. Ocean Optics S2000 spectrometer=Z Light-Emitting diode
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3. Results and Discussion

3.1 UV-Vis absorption/Photoluminescence properties

SHEH& T2, T3, T4, PC2, PC3, PC4 Stef=2l
V-Vis absorptionidt PhotoluminescenceE =& oIRUL.
=29 sk

&2o s&E

CZ 10 pom SE2 XF0| XASA2M Photoluminescence =X

[
T
=
w
QO
o
[90]
o
=
©
—
o
S
J
02
=
N

(a) i — (b)
—— PC4
3 S|
Lt 8
| = c
2 = |
whed e
o o
- -
o o
(73] 72
Q2 =]
< <
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm)

Figure 12. UV-Vis spectrum (a) T2, T3, T4 (b) PC2, PC3, PC4 =&
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— PC2
—_— PC3
— PC4
[72] (7]
c c
(] v L
£ =
- -
o o |
300 400 500 600 700 800 360 460 560 600 760 800
Wavelength (nm) Wavelength (nm)
Figure 13. PL spectrum (a) T2, T3, T4 (b) PC2, PC3, PC4 =&
T2 T3 T4 PC2 PC3 PC4
Amax 408 nm | 378 nm | 388 nm | 374nm | 344 nm | 362 nm
PL,ax 498 nm 444nm 509 nm | 450 nm | 416 nm | 467 nm
Table 1. UV-Vis spectrum, PL spectrum wavelength &
=8 Z0 T2, T3, T4 &2 zUS IHES AR 2+2F 408, 378, 388 nm IIH&
£ JIALD USH ZO LEMES JS 498, 444, 509 nmz =SEEJU LD PC2,
PC3, PC4 =2&2| zliss &S &S 374, 344, 362 nm WES JHXN1D USH
L ZOES B2 450, 416, 467 nmel IHE S LIEFLHRUACEH. Triphenylamine &
2J|E Z&ole T &= Phenylcarbazole &Z2J|E Z&ol= PC SIEES
uf ine2 JIALD U= Feg=2=0 s+IHE ¢ 22nE

dAZ IXle= 2
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3.2 Solvatochromism properties

A EI0& T2, T3, T4, PC2, PC3, PC4 St&f=22| Solvatochromism S&= 2A 6t
M dm=E T2, T3, T4, PC2, PC3, PC4 ==  ZE0H(Hexane, Toluene,
Tetrahydrofuran, Chloroform, Methylene chloride, Acetone,

N,N-dimethy|formamide)Oll 100ppm sE=2 =0 PL spectrumS =&ot0 &€& I 0l

T2 PL T3 PL
max max
m— Hx (472 nm) e Hy (436 nm)
m— Tol (489 nmy) - e Tof (443 nM)

N ——THF (444nm)
\  ——CF (453nm)
— MC (465 nm)

= THF 490 nm)
m— CF (496 nm)
e MC (498 nimi)

PL Intensity
PL Intensity

400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

—Hx (460 nm)
Tol {502 nm)

——— THF (509 nm)
m——CF {312 nm)
MC {516 nm)

PL Intensity

400 450 500 550 600 650 700
Wavelength (nm)

Figure 14. T2, 73, T4 2& E0H0l E Solvatochromism PL spectrum &
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PL Intensity

=—THF (450 nm)
e CF (450 nm)
—AC (451 nm)

PL Intensity

PC3 PL
max

e H 3% (398 M)
Tol (409 nm)
e THF (416 i)
= CF (422 nm)
e MIC (425 i)

350 400 450

Wavelength (nm)
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400 450 500 550 600

Wavelength (nm)

——Hx (433hm)

\\ —— THF (467 nm)
Y ==———CF (470 nm)
§ =N (476 nm)

PL Intensity

PC4 PL
!

Tol (464 nm)

550 600

Wavelength (nm)
Figure 15. PC2, PC3, PC4 =& E0HOl 2 Solvatochromism PL spectrum &
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70 70
60 60 |
50 50 [
/g _—~
= 40 § 40 |
S S’
< <
< 30 < 30}
20 20 |
10 10 |
ol . . 0
T2 T3 T4 PC2 PC3 PC4
Figure 16. T2, T3, T4, PC2, PC3, PC4 S0H H3t0l ME = OH & 0ls &2
Low Polarity High Polarity
D % Hexane Toluene THF CF McC DMF
T2 50.6 67.4 76.6 60.2 72.4 72.8 78.3
T3 25.1 52.4 64.7 40.9 63.9 51.5 56.2
T4 15.5 58.6 70.3 43.3 46.9 42.2 62.4
PC2 65.5 73.3 82.7 81.0 91.4 59.2 84.0
PC3 13.1 54.1 56.0 59.4 66.2 43.5 70.3
PC4 24.0 60.7 62.1 57.3 55.0 36.1 62.5

Figure 17. T2, T3, T4, PC2, PC3, PC4 Absolute PL Quantum Yield
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Figure 18. T2, T3, T4, PC2, PC3, PC4 Solvatochromism & & A&

Hx Toll THE _&AMC LAC DMF Hx Toly THF |CF ME (AC PMF Hx (dol [FHF [CE MC JAC DMF

G

Hx Tol THF CF MC AC DMF Hx Tol THF CF MC AC DMF

Hx Tol THF CF MC AC DMF

Figure 19. T2, T3, T4, PC2, PC3, PC4 S0 & At
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=& Z1 T2, T3, T4, PC2, PC3, PC4 25 polarityldt &2 SE0H0IA= SHIHES 2
S B0 Polaritydlt =2 S0HUHME ZTEUAN ZZole a2 SHGIULH 01d
st 842 SolvatochromismOil A LIEtLI= S&tt S2st 84S LIEHHD JSH E
LAZEBUAE RA0A EHE Polaritydt =2 S0HL+S band gap0l SOIKIHA &
Mo LAMEO| BHote SAN Z2ZADIE LO0Kle a2 Eligiass S32

OIGIARCt. Polarity BNl HE T2, T3, T42l =Of &

= 24 [e)
2 IHANS| HHSI2F2 212 36 nm, 48 nm, 67 nm Ol Triphenylamine &&J|JF S0

r

Uol

(et =0 22 OHE 01s0l HAl= &2 EoI6t ) PC2, PC3, PCAT OFEDIIXIZ
Polarity B30l & =0 2 IES HalzE 228 18 nm, 29 nm, 46 nmOlOd

SOte0ll et =0 &2 & 01801 AHXl= S401 Sot

0
0
[©]
>
<
Q
QO
=
o
QO
N
o
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3.2 Piezochromism properties &3

SHT& T2, T3, T4, PC2, PC3, PC4 3t&'=2°| Piezochromism E4S =246t0X

T2, T3, T4, PC2, PC3, PC4 Stet== Tetrahydrofuran®l =04 100ppm SH=2 2= O
filter paperOl DESID A20 M dry AI2ICH. Dry ZIO{& filter paper0ff &
£ D}t Ocean Optics(Amax = 400 nm)S O|26+0{ & IOI&9 H3lE =H0lst
L.

e T3 Before (524 nm)

e T2 Before (510 nm)
e T3 After (507 nm)

— T2 After (495 nm)

PL Intensity
PL Intensity

450 500 550 600 650 700 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

T4 Before (543 nm)
—T4 After (520 nm)

PL Intensity

450 500 550 600 650 700

Wavelength (nm)
Figure 20. T2, T3, T4 2& Piezochromism & PL spectrum =3
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450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
— PC4 Before (511 nmj
e PC. After (500 nm)
=
=
(1]
c
L]
=
'
o
450 500 550 600 650 700
Wavelength (nm)
Figure 21. PC2, PC3, PC4 2& Piezochromism % PL spectrum =&
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M loose StAH -1
g M m-stackingOl HXIH EISHA C-H--

IHEO0l HItE £ 2 0lsots 2
max = 400 nm) &HIJt 400nm Ol 5t
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4. Conclusion
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