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ol x| A& &= (Energy Storage System; ESS) 2] 3t £ <l Redox
Flow Battery (RFB)¥ o]xt@ xojt} * o]x}pdx|= 3wl 211 vl g &

T = AAely. RFB &

ok

ARFAA G 2o FAs] AAE

HAS B oyAE AEHzH o7 AFE3tE. RFBE A4 fuel cell,

pump, electrolyte tank® T/ %o At} (Figure 1).

” | ﬂ

membrane

electrode

electrolyte
tank

pump
power source/load

Figure 1. RFBY #A4 &



WA electrolyte tankel A& o] &= Al A (electrolyte) ©] pumps
23] fuel cell2 &2 S0zttt AA (cel) = %=+ (positive electrode;
cathode), 2= (negative electrode; anode), ¥ 2% (membrane) O &
TAEHA Qo AAE FdE dajdso] Z2 d=elA Ak HbEsS
st A7)y Ao A} wES dov|il vrA] £335l9 electrolyte
tank® & &t} o]#H 3 RFBE A UolA At&x& Asfde] xgy =
T 7HA getF o] Abshd e wbgol gSiA AAE Fa wron oy
Astan wEIFTS AAEEHE 38 Fo wE gk FH52 RFB7F
ZAQ8 1 FolA Zn (zinc) 9 Br (bromide) 7} £9]7+ @ A& Zn—Br

RFB2} A st} (Figure 2).

S ———————

A
|

Br,

catholyte

ANODE MEMBRANE CATHODE

Figure 2. Zn—Br RFB fuel celld +A4%



Zn—Br RFB+= 1970dd) W8 7125 7] Al#ske] 3 kWh, 10 kWh,
20 kWhz Hx 1 3715 sk 1990d% 98 7999 7
Electric Power Company°lA+ 4 MWh® Zn—-Br RFB system©]
WHEolH o A+ ZBB Energy Corporation, RedFlow Ltd, Premium
Power Ltd 9 7IdelA @@ /s A8 Fojoh’ FJgdoz=
FFekA HHA st e Zn—-Br RFBE o3 22 Aol it

N2 AAe w9

of\

=9 &AE7t FoF 656 ~ 75 Wh/kgolets 2

¢

dqur Wxg 7oz dgFsel golstth Hojth>’ mak 1.82

Vel =2 cell voltage, 80%°] ¥3st= A as&, wigz] 9

SHAIRE ol gt ol EelxE E7etal Zn—Br RFBY 7bg & @A
A7) A (self—discharge) &°] Hth= Zo|t}.”® Zn—Br RFBE 3 A
Sl Zn?t7h Zn2 @L®E s FAl SFolA 2Br 7 Bro®
Abstelth wglE Bl Al S el Znyt Zn®TE O AtgE I FA

kLo A Bro7} 2Br & ¥t} (Scheme 1).

discharge
Anode: Zn = = 7Zn?t + 2e -0.77 V vs. S H.E.
charge
discharge
Cathode: Bro, + 2¢ = >  92Br 1.05V vs. S.H.E.
charge
Scheme 1. Zn—Br RFB9] % - 93 w82



Zn—Br RFBelA o]&atE AAAlE 42 dEyF H=Ewlo]l= (QBr;
RN'Br) o] x5 7kxth dnbdor de#x Sl dixded FHAs
N—methyl—N—ethyl—pyrrolidinium bromide (MEPBr)7} ¢low o]e
F7}38Fo] N—methyl—N—ethyl—morpholinium bromide (MEMBr), N—

ethyl—N—propylpyrrolidium bromide (EPPBr), 2—methyl—N—

ethylpyridinium bromide (2—MEPyBr) $% &Al3tt} (Figure 3).% 971

(D ()

N Br N
/N SBr
N-methyl-N-ethyl-prolidinium bromide N-methyl-N-ethyl-morpholinium bromide
(MEPBT) (MEMBT)
(2 (.
+ +
N -
/ Br Br NK
N-ethyl-N-propylpyrrolidium bromide 2-methyl-N-ethylpyridinium bromide
(EPPBT) (2-MEPyBTr)

Figure 3. €& 3 A5 +x



Asfi elA FAl= oA Jle Bre AL complexE  ©] F0
polybromide? & E}E o]Zt}. ClI” (chloride), Br~ (bromide) &< I~

(iodide) &} & 8 =ZA3stE (halide; X)S Lewis base? <3 Fa

o
off

st2 Al F2} (halogen; Xo)+ Lewis acid® 9&S 3F9] polyhalide 2]
TX2E oFE 5AES AYZ "o ool dgt thks ATt

olFofA L Qlth® 1 FelAE 53] polyiodided A¥E AIEE

F-8kth. B3 polymeric anion® FEE 2Zt7] 98 LdRbHo=w
polybromide”} ¢} Se (selenium), Sb (stibium), Pt (platinum) 5 ¢
2 942539 g4 AT YR HudHs FAGTE A=
polybromide= %4 Yk FHSE WY, S A, wHZE 82
alkene® A ® A< bromination¥} 2 A s T thUHA

FastA olgHx AsdE BFIIL ol W ATE AR

el Asfeel 4 FAHE polybromide complexel et ATE shoick

(Figure 4).
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Raman spectrometer
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o. 23 9 vz

o

B oA F3s Raman EFHE = %9 polybromide

of Tetraethylammonium Polybromides'® 314 sample 9TE
Zauagn.?t 3o e AA AE o Broold WAEE Bre JAE
Tetraethylammonium bromide (EtuNBr)e] 9 &3 (1.0 ~ 5.0 eq.) &

W& Al AT (Figure 6).

- ABBry. “. -
"‘-Um{n‘- ,!2_0:3;(-

T ol

%

——

225 25 3 4 5

1 125 15 175 2
Figure 6. Tetraethylammonium bromide®] Br; 71A& 9ZEE 9-3A 2

e} 231
Fo| 2%



FaAg oAM= Bre ZlAle] &5 o] o] M Tetraethylammonium
polybromide® Raman #3712 733t 2 Br.9 9o st
AHAEHS B3P Y (Figure 7). T3 NAA (Neutron Activation
Analysis) & FA43 dAHE £olEF AAsE F3I  polybromide
Tx2E ASEAT (Table 1). °lg< FT¢ A¥, Bres 1.0 eq.
FZAH S wo] Brs (tribromide) 7} X od AW Br,9] T &Fo] Eold 4=
polybromide®| complex %o+ Brp9 ®#x7F 5718t 5.0 eq. 7}

H0e wol= Bro 7} YEGT 1 7] & e

Et,NBrs
(163 cm- 1)

Et,NBrs Et,NBr;

. (253 em™) (270 cm™Y)
/\ - |/

=2 1.25

l

——r

/

/\_/\—/ \\ 15

Raman intensity (a.u.)

100 150 200 250 300
Raman shift (cm™)

oft
off
ik
it

Figure 7. Tetraethylammonium bromide®] Br: 7]AZE

HF8-A1A A& Raman AFHEHS!
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Table 1. Tetraethylammoium bromide®| complex® Bry EX&}o] o3t

NAASY AF Fd#Hg % FX7

x in (CH,CH,)4NBr,

Bry/(CH3CH)4NBr Brwt %
molar ratio (by NAA) expected NAA results
1.00 656+1.5 3.0 3.10(2.91-3.32)
1.25 673+1.5 3.5 3.35(3.13-3.59)
1.50 70.7+1.5 4.0 3.93(3.66—4.23)
1.75 726+1.5 4.5 4.31 (4.01—4.66)
2.00 728+1.5 5.0 4.36 (4.04—4.71)
225 T44+£1.5 5.5 4.73 (4.38—-5.13)
2.50 78.5+1.5 6.0 5.95(5.45-6.52)
3.00 81.0£1.5 7.0 6.94 (6.32—7.68)
4.00 83.0+£2.0 9.0 7.95(6.94—9.23)

2 Ao BEA ofnle] Fxe wgt tekd FHA FRE A
A olE dxste 2o #HAE ddete AdE skt
Aol zAE=ZH pyrrole A9 MEPBr, morpholine A9

MEMBr, pyridine A€ 2 1-Ethylpyridin—1—ium bromide (EPyBr),
imidazole Al¥ ¢ 1-Ethyl-3—methylimidazolium bromide (EMImBr),
18 E gAst YA 4L AE FFRY NN N-Trimethylethan—
aminium bromide (TMEABr) & A}F&3}F3th.

7 AAd Usl DAl BES /FOE Fe] Brog BFUE F9laalh
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Fgole] wob Qi AAY ¥E7 gvn FABE Brd FURAL

Gzl meh AAe BHE £330 47E B
wol Welsh Aolgth UMAOR B FE/ W wow §3
AA7F AREA ggem e Brd BEdAr 3l nAw

AAEEAT. 2 dAFelH= OA EEe 1A FHE ALY 59

o
|\
o
ol
ol

e
k)

polybromideE 780 nm 32 #o]lAE AFE35F9] Raman
Ramand =43t & E=3 I 3o+ Brs, Brs (pentabromide),
Br;~ (heptabromide), Bry~ (nonabromide)? ®-$27} v}eEpwETH
polybromide® RuNTo] 3d1gs= 4z Ry ol Fxo uwat
Ho] Raman shiftgtel <zre] #o]E Hlth * B AT A3 A

AFR3E 43 O RE o] FERE A$oE Bri v 9 160 cm oA

ofz
o
Ak
)
i
o
i
a
oy
o

1o
oz
oft
o
i
°
i,
sl
e
o
oft
ofz
o
Ak
1o
X
~
rlr
fub)
)

Zol5ol %7t A9 Abebdld. EF Brs 9k Brr = 77 g ee)

TEEA Al FUE Bref FEFol xobdel wel Brsool sidets oF

i

253 cm el FE Briol @t o 270 cm” 7AW ol A
TrE7t A2 sAAE As B 5 AW ol& Brs ¢ Brr & A%

Broo] @&Fel wet & ez EAst7] Btk F polybromide’t A

r
ol

At Yok AYztEh =3I G=o] 1A H9H Brg /b Rl
o] oF 254 cm '¢F 282 cm el BSE7F £ AR ZEH S Holx

°F 174 cm™ 'l A A7) FEA W& FHo B4t 4 Rl



(1) MEPBr 0.1 M
pyrrole A2 MEPBr+ 24| 0.1 M ti8] Br.2 @&o] 0.5 ~ 6.0 eq.
A we] WA fFTol AR AFEHT] AFSAT. HA ] FTE

Raman®® =438 A3, 159.58 cm '9A] Brs o agdsts B¢

A
X

7
Bot (Figure 8a). 3 Brpd W&ol molda4x HAa Al7|7
Zol59 5o AAE AAHEH= HUY F=EFA 6.0 eq. A= FH7

78 AbebAl e

1.0 5

0.8

o
»
1

Normalized Intensity
o
IS
1

o
N
1

0.0 : o I , I
100 200 250
(a) Raman shift (cm”)

Figure 8. (a) MEPBr 0.1 M¢J| Br; (0.5 ~ 6.0 eq.) S Y% F APH 7

%9 Raman A2FEH (b) (a)Y Br3 ¢ Raman Intensity ratio
() @9 FUFE (d Brz (7.0 eq.) ¢ T AAHE 1A Y
Raman A EH

13



Raman 2A~#E

Ay A Brs ¢ Bry o] @4 EAst= 589

Raman IntensityE 1.00% 7|53 3 ol tjn|ste] el = Bry 9

2229 Raman

(Figure 8b).

o)
ZojEE= A

0.40
0.35—-
0.30—-
0.25—-
0.20-
0.15——

0.10

Relative Peak Intensity (~160 cm™"/ ~270 cm™)

0.05 -

0.00 -

IntensityE Bro @ &el] disl YeErH T8 xoltt

Br:2 W&ol EolZA+= Bry 9 Raman Intensity”7}

AT

(b)
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T3 Broo]l 0.5 eq. F7MEAS wlol yEhd 25552 cm 'E$-7 9
AA7F AA o]F o] Broo @aFo] Huhel 6.0 eq. oA Q 266.61 cm™!
A =2A o2 olgskith Wk Brs ¢ Brr 7F €4 £Astal Stk

AZrE Tt (Figure 8c).

——0.5eq

255.52
256.00
256.48

o
©
©
1

Normalized Intensity

0.96

— T
256 264
) Raman shift (cm™)
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Bro2 7.0 eq. #H7ISRS W #5o nAZE HYvdH olE
Raman®® Z3sixd <o 253 ~ 270 cm ‘oA 3z YeElEd
Zogrt ¥ ME ZgAd BIdo (Figure 8d). zHzF 254.07 cm ¥
282.04 cm™'Z Z#HA F 9 E9EE Bro 98 UERH FAC

17211 em™tell A oFabAl W %o F987t 3 yebEkt

254.07 282.04
Lo
0.8 4

>
>
=
9
< 0.6
e
(0]
N
g i
£
5 0.4-
=z
1 172.11
0.2 - i
0.0 4
L I L | L I L I ¥ 1
100 150 200 250 300 350
. -1
(d) Raman shift (cm)
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Raman &% A& siEHs7] f&l 44 iz Add 52
Aziste Ads A WA (Figure 9). 7 Bre @&l sidsh=

ut

A7FE steady state current 2o thdste] 5 Wl Br:o T:EE

il

Tote] HES olFE= HAgES AT, MEPBr 0.1 Mol Bra2
Fd F AANYE 55 W Br:9 529 99 U4E pBrogt A1

°|% Brp W&ol uwet yed TgzeM 7 i HE ke =

32

o} 1.211 2 pKeqi 2.0 ~ 3.5 eq. oA YEY ™ Bri ¢ Brs 7}
SHA £A5+= A2 BHAr. TS 0.994 9 pKegr 4.5 ~ 6.0 eq.

oA Yetm Brs ¢F Bre 7F @4 EAlsts Ao 2 Bl

____________________ pKegr = 1:211

——————————————————————————————————————————————————————————————————— pKeq2 =0.994

0.8 -

CBrz(aq.)/CMEP+(aq.)
Figure 9. pBrz (MEPBr 0.1 Mol tH]3}% Br.S FYI & AANE #F
W Bref %9 959 d)7F BFS FFe WY

(B 4¥e FEATA WYl £BFHAL)



(2) MEPBr 0.3 M

A MEPBr 0.3 M tiH] Brz9] @&o] 0.3 ~ 4.0 eq. & w2 W] elA
ol AAdH7] ANAsd Tt ©] 55 Ramane® =748 A3, 160.55
cm 'elA Bri ol slgatE 2927 Btk (Figure 10a). ®3F Bry9

FRFol wotAeH A Fol50 5ol AR AHE A FHY

1.0 S —0.3 eq
AN ——04eq
d 78 \\\ ——05eq
/ \ ——1.0eq
0.8 + 1.5eq
—2 0 &
> J —25eq
= ——3.0eq
§ 0.6 1 ——3.5¢eq
= 4.0eq
©
5] 1
.N
©
€ 04
[S)
z
0.2 4
0.0 j=——t ’ . T LR S
100 200 250 350
. -1
(a) Raman shift (cm™)

Figure 10. (a) MEPBr 0.3 M¢ll Brz (0.3 ~ 4.0 eq) S T4 & A4
%9 Raman A2¥EH (b) (a)9 Brs3 ¢ Raman Intensity
ratio (c) (a) FUHEHE (d) Brz (5.0 eq.) T F AAE 1

A Raman AFEHY
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Raman A~#HEZ A3A Brs & Bry o] &4 &A= 5219
Raman IntensityE 1.00% 7]F3F &, o]o] tju]sle] e E Bri 9
2929 Raman Intensity®E Br: B3] da vedl 1gxzo)ctt
(Figure 10b). Br:9] w9&o] o2 4+= Bri ¢ Raman Intensity”7}

== S & F AU

0.7 5
06 - *
R
BN
\

Relative Peak Intensity (~160 cm™/ ~270 cm’')

0.1 o\

0.0 H

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
(b) Br, eq.
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T3 Breol 0.3 eq. #H7FEHAE wel yebd 255.04 cm B399
AA7F Hap o)lFste] Broo 2ol FHuiel 4.0 eq. dlAE 267.09 cm!
7HA ol Estltk. wekA Brs ¢ Bre 7F @A EAlsta lvka Az

(Figure 10c¢).
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——25eq
2 1.00 + P <P ) ——3.0e¢eq
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e

| v v !
252 261 , 270
(c) Raman shift (cm™)
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Bro& 5.0 eq. 7SS W #3Fo A HIAEH olE
Raman®® Z3sixd <o 253 ~ 270 cm ‘oA 3z YeElEd
Zogrt ¥ Az Zegd ®QY (Figure 10d). zHzb 255.04 cm™ '3
282.04 cm™'Z Z#HA F 9 E9EE Bro 98 UERH FAC

174.04 cm™tell A oFahAl W £ F9E7t $A YEbE

282.04
1.0 4 l
255.04

0.8 4
=
2
2
C
= 0.6 -
[}
N
©
=
o 0.4 -
Z

0.2 171.04

0.0 -

1 5 ] A} I L} I T I L) I
100 150 200 250 300 350
(d) Raman shift (cm'1)
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(3) MEPBr 0.5 M
27 MEPBr 0.5 M ti¥] Bro2 @&o] 0.1 ~ 4.0 eq. & w2 oA
ool dAZ AAFH7] AFsSTh ©o] F5& Ramanl® Z743 A,

} 29t (Figure 11a). ¥3h

N

160.06 cm™" o4 Brs ol sidsls 252
Bry9] @@o] EoAFE WA FolEo KTl AAR AHH= Hd
FEA 4.0 eq. A= FFE7F AL Abgbslh. T3 Breo] @@l 0.1
~ 0.2 eq. & wWel Brs 9 Brs & 582 AZIE 1.002 7]F3

ARG Bry 9 &2 AVIZF | AA e

1.0

o
[oe]
1

Normalized Intensity
o o

i o

| 1

0.2

T T T T T T T 1
100 150 200 250 300 350
(a) Raman shift (cm™)

Figure 11. (a) MEPBr 0.5 M9]] Br: (0.1 ~ 4.0 eq)S FY& T AL

%9 Raman A% EH (b) (a)9 Br3 ¢ Raman Intensity

R

ratio (c) ()9 FdF& (d) Brz (5.0 eq.) FY & HAE
A2 Raman AFEH
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Raman A~#HEZ A3A Brs & Bry o] &4 &A= 5219
Raman IntensityS 1.0 %2 7]F3F & o]o] thu]ste] YEFU}E= Brs 9
2929 Raman Intensity®E Br: B3] da vedl 1gxzo)ctt
(Figure 11b). Br29 w@&o] o2 4+= Bri ¢ Raman Intensity”7}
o= 2 B F 3 0.1 eq. 9 0.2 eq. & 715 B89 Raman

Intensity B.t} =t}

1.2 -

1.0 4 \
] &
0.6 - \

52 - \.

Relative Peak Intensity (~160 cm™'/ ~270 cm™)

0.0 +

(b) Br, eq.
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EE Brol 0.1 eq. A7FEARE Wl vehd 253.59 cm e

AA7F AA o]5 o] Broo @aFo] Huhl 4.0 eq. oA = 266.61 cm™!
744 oSttt wekA Brs @F Bry 7F @4 EAlst vk AgzbEo

(Figure 11¢).

—0.1¢eq
1.04 —0.2eq
S < —0.3eq

——15eq

1.00

intensity

0.96 -

2%2 l 2€IS1 ' 2;0
(c) shift (cm™)
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Bro& 5.0 eq. 7SS W #3Fo A HIAEH olE
Raman®® Z3sixd <o 253 ~ 270 cm ‘oA 3z YeElEd
Zogrt ¥ Az Zegd ®QY (Figure 11d). zHzb 253.59 cm™ '3
282.52 cm'Z2 Z#A F A9 E9EE Bro 98 UERH FAlC

174.52 cm™ o] oFabAl WS Eo B9alsh @7 erge

251'59 28252
1.0 4 l
0.8 4
=2
2
9
< 0.6
ko]
N
©
£
5 0.4 -
=z
17452
0.2 l
0.0 —
L | Y | £ | ] | 4 |
100 150 200 250 300 350
d) Raman shift (cm™)
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(4) MEMBr 0.1 M

morpholine A2 MEMBr+ A 0.1 M td] Brp:o @&o] 1.0 ~

v}

9.0 eq. ¥ wWe] WA fFFol AAE AAHHT AlRsSATH o
%<& Raman®o® =A% A, 160.54 cm ')A Bri o 3s|@ste=
B8 7F Btk (Figure 12a). Bra8 @@o] Hold4% Ax Fol59]
Fool AAZ A= Hd F=FAd 9.0 eq. oAM= FETE A9
Abeb L.

1.0 S

0.8

o
o
1

o
»
1

Normalized Intensity

0.2

0.0 4 ' >

; . , ' , . ; ,
100 150 200 250 300 350
(2) Raman shift (cm™)

Figure 12. (a) MEMBr 0.1 M¢] Brz (1.0 ~ 9.0 eq) & FY& %
AMAE %9 Raman A2FEH (b) (a)2 Brs ¢ Raman

Intensity ratio (c) (a) 8 EHFE
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Raman

Raman IntensityE 1.09% 7|+

A dH e
=

=3
1=

Ay A Brs 2t Bry o]

iy

h

@A EAFE B3

%, ool el et Bry o

%29 Raman Intensity® Bry T&el disl vebd g8 zojtt
(Figure 12b). Br:9] 9ol o2 4+= Bri ¢ Raman Intensity”7}
FoeEs= AL B 5 o
®
020 /
= P
S
¢ ®
" 0.154 o/\
(5]
8 PY
z
2
[7]
2 0.10-
E Y
X
: \
S [ )
(0]
i
£ 005- e
2 L .
S~
0.00 , | . | |
0 2 4 6 8 10

(b)
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T3 Breo] 1.5 eq.

9217k A2 o) % 3to] Bro

74 o] § 3tk wWek A Brso ¢k Brr 7b @ EAjEkaL

(Figure 12c¢).

4s9e

o] veEld 257.93 cm &9 9

ko] Hulel 9.0 eq. I = 268.54 cm !

o]

Ack Azte

—

9 —1.0eq
—15eq
—20eq
1.02 25eq
0 OWW v ON OISO N O 3.0eq
@ oMo 0 A~ O O o) ——35eq
L N OB MO WG N~ 00 40
D DOW © OO ©OO© © OO Ueq
3Y NNN N NN NN AN —45eq
> 50eq
='1.00 4 ot AN :
2 Z2a W NP~ S ——55eq
EJ / »’v"!” N !!/ N —6.0eq
= | //\ % ———6.5eq
o ' / ——7.0eq
-g X/ 75eq
T 0.98 - 4 / ——80eq
1S v/ ’ 8.5eq
—_ /
(] // / \ ——90eq
=2 N v \
0.96 - /
/
0.94 -

252
(c)

1 1
261 270
Raman shift (cm™)
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(5) EPyBr 0.1 M

pyridine A€ ¢ EPyBr+= 24 0.1 M thH] Breo @=o] 0.5 ~ 17.0

eq. & W WM FFol AAR AFHEHT] ATt o] e
Raman® 2 =743 A3, 160.54 cm 'olA Brs ol aidsts 5927}
Bt (Figure 13a). E3F Brpo @@o] Folds= FA &ol=9]
Ao Bro g% 17.0 eq. oI & &7k A Abekzidh
1.0 4 —— 05eq — 1.0eq
—— 15eq — 20eq
—— 25eq — 3.0¢eq
35eq —— 4.0eq
—— 45¢eq 5.0eq
— 5506q — 6.06q
0.8 4 —— 65eq — 7.0eq
—_— 750 — 8.0/6q
—— 85eq — 9.0eq
95eq ——10.0eq
2 10.5eq 11.0 eq
‘D ——11.5eq — 12.0 eq
$ 0.6 - ——125eq 13.0 eq
e 13.5eq ——14.0eq
— ——145eq 15.0 eq
B ——155eq —— 16.0 eq
N ——165eq 17.0eq
©
£ 0.4 -
[e)
=z
0.2 1
0.0 4——r I T 1
100 200 250 350
(a) Raman shift (cm™)

Figure 13. (a) EPyBr 0.1 M¢] Brz (0.5 ~ 17.0 eq)= FH% & AHE
%92 Raman A2¥EH (b) (a)9 Br3z ¢ Raman Intensity
ratio (¢) ()9 FUHE (0.5 ~ 6.0 eq.) (d) ()9 FH&

(6.5 ~11.5eq.) (e) (@9 FhFE (12.0 ~17.0 eq.)
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Raman A E® ZA¥o)A Brs 9 Brs ol 37 EAsts #9289
Raman IntensityE 1.00% 7|53 3 ol tjn|ste] el = Bry 9
2929 Raman IntensityE Br. 2% dia] vEeRd 28 3xzo)t
(Figure 13b). Br:9 @&o] o2 4+= Bri ¢ Raman Intensity”7}
ZoEE AL E £ k. 2.0 ~ 6.0 eq. oA E FAsA AT

6.0 ~17.0 eq. o= A9 H=3F #2 71},

0.25

.\/ i
T 020 e
[&]
o
~
N
l
€ 0.15-
3 Y
Z 4
=
[%2]
§ 0.10 2
<
; \
®
&
2 005 "
5 0097 !
i .‘o\.
000-0%0-0.0900000%¢0000000
0.00 L I T I T I T I T I T I T ' T I T I
0 2 4 6 8 10 12 14 16 18
(b) Br, eq.
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T3 Breo] 0.5 eq. #7FEAE el dERY 257.93 cm &9 9

AX7F A=F olE3dted Broo @EFo]l Huhel 17.0 eq. oA &= 272.88 cm!

—

kA o)tk wekA Brs ¢ Brr 7 @A EAsta dota ¥

(Figure 13c—e).
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(c) Raman shift (cm™)
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Brzol 474 @& ool HAlS wWl #Fol 1AV WU °E A=
gE=7 EPyBro] Afols RE M #F350] A dHE A3
A7k ZA L <Fell tinlgto] Breol #HEst HolY] wiite]l AL
polybromideE #A3IA X3t P2 Breo| 714 dH 2 dAsH= Z o]

A& U} Brool W&ol 9.0eq. d wiE 71A7F ®olw 270.00 cm ™!

olFelM F-e gkel YEREH

1.004 S — 65¢q
— 7.0e€q
— 75€q
8.0 eq
’ 8 8 8% & > & —— 85eq
© © ~ K~ ~ N~ ~
>
= 1.000 = ——10.0 eq
@ <<
§ /| l ‘\‘:‘" \‘/ —:11(138 22
C .
= / ——115eq
Q g \
N
T /
=
2 0.996 — " \
0.992 - /
T I T

I I
267 270 273
(d) Raman shift (cm™)
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Broo] @#o] 14.0 ~ 17.0 eq. 9 WA= & dol Hopsle=
Aol dhulskgle W Breol 23 Holglvh webd g2 e] 9147}

LA o]t AHAEY das HolA gkt (Figure 13e).

—12.0eq
—125¢q
1.008 - ; 13.0eq
13.5eq
——14.0eq
145 eq
——15.0eq
% 3 8 K &% {§ R ——155¢eq
= R R EERE & ——16.0 eq
= N N N NN NN ——165eq
2 1.000 |l —170eq
N /’/’ ‘\
©
: 74 |
S (/
= $\ \
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s \
T T T 1
276 280
. -1
(e) Raman shift (cm™)
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ZA el diulste] Breol #axgh ElE Fobqlrl AlFste 9.0 eq.
o] 42 Raman AFEH A oF 310.00 cm 'Fol AAAM Kol &
& F%87F v (Figure 13a). #A 2 AE3ste] polybromide&
FA A Fatal Fol = Breol 309.04 cm oA YElYE=dl (Figure

14), ol 7] Brs 9 Bro 9 8529 AAN dehbs Ao Azar,

309.04

1.0 -

Br

0.8

o
(o)}
1

Normalized Intensity
o
~
1

0.2

0.0 5

¥ 1 Y 1 ' | d I K 1
100 150 200 250 300 350
Raman shift (cm™)

Figure 14. Brz9 Raman A2¥EH
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(6) EMImBr 0.1 M
imidazole A¥2 EMImBr= 2] 0.1 M ti®] Bre.o @zo] 0.5 ~

10.0 eq. & W9

o

A FZFol AAE AAHZ] AAsATE o]
%< Raman2 2 Z43% Ay, 159.10 cm 'oflA Brz ol dFs=
2527 Bt (Figure 15a). %3 Brp9 @&o] Eold4= HA
Zo 5 Tl qAZ BPHE= HAd T 10.0 eq. A= w57t

78 AbebAl e

1.0 A

0.8 -

o
»
|

Normalized Intenity
o
~
1

0.2 S

T T T T T T T T ]
100 150 200 250 300 350
(2) Raman shift (cm™)

Figure 15. (a) EMImBr 0.1 M¢) Brz (0.5 ~ 10.0 eq.) S 4% & AA
H ¥%° Raman 2A2FEZH (b)) @2 Br: ¢ Raman

Intensity ratio (c) (a) & U
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Raman

Raman IntensityE 1.09% 7|+
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(Figure
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Relative Peak Intensity (~160 cm’/ ~270 cm™')
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=
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g7 =Aste T2

T, ool tineto yEhuE Bram 9

Raman IntensityE Br: 2% dia] vEeRd 28 3xzo|t}
15b). Br29 % #Ho] ZolA+= Bry ¢ Raman Intensity”Z}
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T3 0.5 eq. oA e 256.97 cm B89 A7 Hx o] Fato]

Br.9 ©@&o] Hrjel 10.0 eq. olME 271.91 cm '7HA £=xHo®
ol%stity. wetA Brs 9 Bro 7F @4 EAstn vn AR
(Figure 15c¢).
=— 0i5'eq
—_— 1.0 eq
— 15¢€q
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T N TO®0 N O © = NOTOND = e
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(7) TMEABr 0.1 M

1EE FAhsa A &S AE 7 x Al9S TMEABre &4 0.1 M
iu] Breol @EFo]l 1.0 ~ 6.0 eq. & wWe] WA FFo] HAZ
A= 7] A &sAT o] %55 Ramano® ZA3 A3, 159.10 cm™!
ol Brs o dlFseE g7t Bt (Figure 16a). E3F Brof
AeE FAa 2050 5ol AR A= Hd FHA

6.0 eq. M= &7k A Abebsldh
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|
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y | ' | Y | % I v |
100 150 200 250 300 350
(a) Raman shift (cm'1)

Figure 16. (a) TMEABr 0.1 M| Brz (1.0 ~ 6.0 eq) & T4 & A4=
%9 Raman A% EH (b) (a)9 Br3 ¢ Raman Intensity

ratio (c) ()¢ &
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Raman A~#HEZ A3A Brs & Bry o] &4 &A= 5219
Raman IntensityE 1.00% 7]F3F &, o]o] tju]sle] e E Bri 9
2929 Raman IntensityE Br. 2% dia] vEeRd 28 3xzo)t
(Figure 16b). Br:9] @&o] o2 4+= Bri 9 Raman Intensity”7}

s A% B & Atk
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Relative Peak Intensity (~160 cm’'/ ~270 cm’™")
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0.00 —

(b) Br, eq.
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T3 Breol 1.0 eq. #H7FEHAE wel yebd 259.86 cm 'E$E 9
AR7F A ol F ko] Breo] @Eke]l Hull 6.0 eq. °lAE 266.61 cm™!
7k ol Fetith. wekAl Brs &k Bro 7F @A EAe vt FH AT

(Figure 16¢).
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4

Figure 17. MEMBr 0.1 M9 Brs (0.5 eq.) FY3H §=0] AAHAHR ¢S

O
o

Figure 18. Bro& FYT & 30 A7 2 w9 A
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(1) MEPBr 0.1 M

(a) (b) (©)

Figure 19. MEPBr 0.1 M9l Br: & Y3ty AAE 59 IA

(a) 2.5 eq. (b) 5.0 eq. (¢c) 7.0 eq. (LA F=9 %)
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Table 2. MEPBr 0.1 Mol 4¢3 Brqo Wt AP §=9 23 (mL)

Entry Br, (eq.) Bry (mL) Org. (mL)
1 0.5 0.052 0.025
2 1.0 0.103 0.100
3 1.5 0.155 0.200
4 2.0 0.206 0.300
5 2.5 0.258 0.400
6 3.0 0.309 0.400
7 3.5 0.361 0.400
8 4.0 0.413 0.400
9 4.5 0.465 0.500
10 5.0 0.516 0.500
11 5.5 0.567 0.500
12 6.0 0.619 0.600
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(2) MEPBr 0.3 M

= () ()

()i

Figure 20. MEPBr 0.3 M¢|| Br:& 3t Y 359 A

(a) 0.5 eq. (b) 3.5eq. (c) 5.0 eq. (LA FF9 S
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(3) MEPBr 0.5 M

(a) (b)

Figure 21. MEPBr 0.5 M9l Br: & Y3l AAE 59 A

(2) 1.0 eq. (b) 4.0 eq. (c) 5.0 eq. (LA =9 IA)

2
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(4) MEMBr 0.1 M

(a) (b)

Figure 22. MEMBr 0.1 M9l Br:& 39 AAXE 559 A

(a) 2.0 eq. (b) 5.0 eq.
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(5) EPyBr 0.1 M

(b)

(a)

Figure 23. EPyBr 0.1 M9 Br:2 FY3le] NI §39 FA

(a) 3.0 eq. (b) 15.0 eq.

et
rlj
il
oy
=

Do

o

el H7te EPyBro] <Fell whnlsto] 3} ALEi7t
FUEE ZA ¢} polybromides B384 Xdtil @2 Breol 714l

=

2 HAsE Aol A& Y (Figure 23b).
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(6) EMImBr 0.1 M

(a) '

Figure 24. EMImBr 0.1 M¢] Br:= T3l A

i,
=
ol
1o
o2
o

(a) 0.5 eq. (b) 9.0 eq.
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(7) TMEABr 0.1 M

(a) (b)

Figure 25. TMEABr 0.1 M°| Br:S 9359 BAE {39 $4

(a) 1.0 eq. (b) 6.0 eq.
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=
it
r

A=A A Fx & F7F<2A Redox Flow Batteryi o] x}zl=|o]t},
olg]3t RFB& AA WleA AbgH & dajde] x3ee= F 7k 33

Zol AEa9 wgel dad ARE Fi won oUAE A

o
e

ok, 2ol 58 Fol we theFd FRY RFBF EASY

rig

Z oA Zn9 Bro] o3t AAE Zn—Br RFBE} Ao}, o] 7}

@de 349 Wl Brl 4ol Brol 44y ool wie e
2o he Bste] Znoiol Absh - B9 WS el A/ PAE furEh
1% Ay sl e AsjA] 4% dRE BRvo|=e T

A= ZHAE Asde]  Hrpgor. H7EeE ZFAl= Brod A s}
polybromideE & A gtt}.

T ATedM s FRASES x5 Sefsts el ©]&%:= Raman

g

FHE o] &3t polybromide complex TFxE detsgltr. A=

M

2ge Aadel FA BEE JFo B 9B Wz 3w
ol met YHE fFS BANAG. AAL AA A Tzl u

pyrrole A9, morpholine A¥, pyridine A4, imidazole A4, 18 =

AL QA e Az
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A5 o] FEA HAl FEE VISR Y Bree 94 TEH
FAFAT. ok 20 AIZE 2ol mRbeke] mbge] 5ol AEHAS

ol o5 ddZYstd Fs= T HA EAJL 4a dERE

re
1>
oo
K3
>,

Ir

5
2
ko
s
&
2
oy
=
1o
Jo
O[Nv
o
o
ofo
=)
2
)

Al dE el fFTol APHEE IFY HA= 47 €A 9 (Table 3)
Raman 3 A= FASHA YES S, ¥4 o2 Bry = °F 160

em A e F91E Brool 9ol HoldiE aw Eed

wohe Brodl 9ol Eobgel we Brsol @t o 253 cm”!
AAFE Brrol sREE °F 270 cm A WSl Weld B9t
B SAAE AE B F 99k o2 Fd4 Brs 9 Bro b @

ez Z=A3%7] Ht} F  polybromide’} A4 EA3F= Ao

i

EPyBr 0.1 M9 7%
Az EAAG. H7kE A kel thulsto] Breo]l #E 3t ¥ o] 9l
el Ak polybromideE d/d38kA Xakal @ Breol 71A FEE

=18
=

0%
ol

F= 7ol #EFHAY. Breo @Eo] 9.0 eq. & wWHFE ZIAV}
Holm 270.00 cm o] o® H9l o))
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=

MEPBr 0.1 M¢ ZA-fel= G4 e f5o el 1= 3= 47
stk 2kt Bry YEFel sldsl= dFE steady state current
Ao tigdstel 5 Wel Breo vEE Tote]l IS olFE HAES
HAsgH 2.0 ~ 3.5 eq. oI YEUE pKeqiix Brs 8 Brs 7F @
ZA3E 7ol pKege 4.5 ~ 6.0 eq. oA YEFYY Brs 9 Brr 7}

A=A g

Table 3. FAE FFo| AA FHZ Folgl= Br:8 Hd 3%F3}

I 99 Br: Y% (mL)

Entry QBr & molarity Br, (eq.) Org. (mL)
1 MEPBr 0.1 M 6.0 0.619
2 MEPBr 0.3 M 4.0 1.237
3 MEPBr 0.5 M 4.0 2.063
4 MEMBr 0.1 M 9.0 0.931
5 EPyBr 0.1 M 9.0 0.931
6 EMImBr 0.1 M 10.0 1.035
7 TMEABr 0.1 M 6.0 0.619

( " EPyBre ZA$+= f<5°l aAZ HAA 7] wiEel Bre ZIA7E
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v. 4

nt

1. 297171 &4 Ak

(1) A&717

'"HNMR A#EHL Varian—500 (500 MHz 'H), "C NMR A~#HE#H2
Varian—400(100 MHz '°C) ®#7AZHE <dojxth. NMR &WlZi=
DMSO—-dsE AF£3Ft}. chemical shift+= ¥ +E 2 <l tetramethylsilane
(TMS) . Z2HE ppmTgE 7|=39 29 dHo]gE= chemical shift
multiplicity (s—singlet, d—doublet, t—triplet, m—multiplet), coupling
constant (Hz), integration® <o =2 7]=3}% . High Performers
Liquid Chromatography (HPLC)+= Hewleet Packard Series 1100

Edolr columne Poroshell 120 HILIC (2.1 x 100 mm, 2.7 g¢m)<

>
=
ofo
ol

PRk A=EA7] (MS)+= Agilent Technologies 6130 R4S
AF£-3Fo] electrospray ionization (ESI) ® e 28] fdojfHom m/z=
NEHAY. AAAE £+ 'H NMR, C NMR, MSZ <&t}
Raman spectrometeri= Thermo scientific DXR Raman Microscope
2aS AgEPgon 780 nme Laser® High—resolution Grating=

ZH0 2 &),
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(2) AleF

SAMCHUNe®| A G-q]3ste] o] FA glo] At&st o S/HT

2.

HE&of] AFg" g9 AekS  Sigma—Aldrich, TCI, Junsei,

rlr

34}

48 A8

A

(1) A9 74

N—methyl—N—ethyl—pyrrolidinium bromide (MEPBr)
+
Br
/ N— [CAS 69227-51-6]
100 mL & vte Z8} A3 1—methylpyrrolidine (10.63 mL, 100

mmol), bromoethane (8.9 mL, 120 mmol), ethyl acetate (20 mL)Z&

il

Yotk Ad2elA 6 AlRE st wRETE et of3E Sa A E 1A

L

5 %

A

ethyl acetate® o8] W HoJFAtt. A stoA &uj& &
A ASF] kM 1A (18.6 g, 96%) S At} 26

MS (ED) m/z= 114 (M"). 'H NMR (500 MHz, dmso—ds) & 3.52 — 3.35

(m, 6H), 2.97 (d, /= 2.0 Hz, 3H), 2.07 (dd, /= 5.3, 4.0 Hz, 4H), 1.31

- 1.24 (m, 3H). '*C NMR (100 MHz, dmso—ds) & 63.26, 58.63, 47.31,

21.49, 9.40.
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N—methyl— N—ethyl—morpholinium bromide (MEMDBr)

()

B
S\Br [CAS 65756—41—4]

100 mL &+ ®¥Y Z8fA~ 39 4—methylmorpholine (17.5 mL, 160

mmol), bromoethane (23.5 mL, 320 mmol), ethyl acetate (20 mL)Z

dolth, 7Y ddsta 40 ColA 72 AlzF o wwrdich 7ot
oAE F& AHE TLAE ethyl acetate® g W AAFAT. 74

sl &

=)
il
ol

= ¢hds] =@y AlASte] sk 1Al (24.3 g, 72.3%) =

At “
MS (E) m/z= 130 (M"). 'H NMR (500 MHz, dmso—ds) & 3.92 (t, J =

9.1 Hz, 4H), 3.52 (dd, / = 14.6, 7.3 Hz, 2H), 3.44 — 3.36 (m, 4H), 3.10

(d, /= 5.9 Hz, 3H), 1.25 (t, /= 7.3 Hz, 3H). **C NMR (100 MHz, dmso—

ds) & 60.25, 59.70, 58.84, 45.79, 7.37.

1—-Ethylpyridin—1—ium bromide

=

NS

+
N
@r

[CAS 1906—79—-2]
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100 mL S vlet Zg-AFo] Pyridine (40.3 mL, 0.50 mol),
bromoethane (74 mL, 1.0 mol), ethyl acetate (40 mL)E ¥t}

FFYAE AAstal 30 CTeolA 72 AlzE FeF wHrgth %

& gl ek ARE
23 YA E TAE ethyl acetate® oJg] ®W Ro]Fh 7hel dheoA
LS 943 B AASFe] kM 1A (59 g, 62.8%)F ATt 12

MS (ED m/z= 108 (M"). 'HNMR (500 MHz, dmso—ds) 6 9.13 (s, 2H),

8.61 (tdd, /= 4.3,2.9, 1.4 Hz, 1H), 8.17 (t, /= 6.6 Hz, 2H), 4.65 (qd, J
=7.3,3.7 Hz, 2H), 1.55 (t, /= 7.3 Hz, 3H). **C NMR (100 MHz, dmso—

ds) & 145.86, 145.02, 128.49, 56.64, 16.87.

1—-Ethyl—=3—methylimidazolium bromide

(N Br~

) [CAS 65039-08—-9]

100 mL T vte Z8kA~ 39 1—methylimidazole (24 mL, 300 mmol),

bromoethane (30 mL, 400 mmol), ethyl acetate (20 mL)E Y3t}

Ao 72 A7F EeF wubdich 7ol o3 E &

Of
e

AdE IAE ethyl

acetate® of2] W Aot A9t selld WS s e AAsk

= =

SFeEA 114 (56 g, 98%) = AT}
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MS (ED) m/z= 111 (M"). 'HNMR (500 MHz, dmso—ds) & 9.16 (s, 1H),
7.81 -7.78 (m, 1H), 7.72 — 7.69 (m, 1H), 4.20 (q, /= 7.3 Hz, 2H), 3.85

(s, 3H), 1.46 — 1.37 (m, 3H). *C NMR (100 MHz, dmso—ds) & 136.71,

123.94, 122.40, 44.53, 36.19, 15.64.

N,N,N—Trimethylethanaminium bromide

|
_ N

87
100 mL &+ vty Z2kA~ 39 trimethylamine (28 % in water; 50 mL,
215 mmol), bromoethane (35 mL, 322.5 mmol), ethyl acetate (50 mL) &

Stk AeelA 72 AZE Fb wnkgt BEZW R £35S sk

oy
A/

ol
ol
=2
>
e
ftlo
2
X
3%
v
oy
2
2
=)
i
off
:(I>l=4
o

AE JAS ethyl acetate =
ofg] M AoAFRh 7t shellA SulE ¢hds] wel Al ASke] SFEA 1A

(34.6 g, 95.8%) = At}

MS (ED) m/z =88 (M").'H NMR (500 MHz, dmso—ds) & 3.42 — 3.26
(m, 2H), 3.02 (d, /= 2.3 Hz, 9H), 1.33 = 1.18 (m, 3H). ¥C NMR (100

MHz, dmso—ds) 6 61.06, 51.93, 8.61.
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(2) Raman #3314

General Procedure

al

As ¥

Ab gl 20 mLok #

o

50 mL &< dvte E2A 39 0.5 M

SIA s M

U 3

=
T

kel g el

= A 2=

Bl’z

FA] ol

t}. Capillary tube©l

3l
P

=

affl

S
=

1A A7 Raman sample

ol slide o

T3
P
Tl
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1) MEPBr 0.1 M

General procedure® #2 HWH o

MEPBr 388 mg (2 mmol) S ¥t} Bro.g FYsta

&

t}

o

tlo

oA wREFTE. 24 <]

}

23k} (Table 4).

=T o

tjH] gt Bry

Table 4. MEPBr 0.1 M| 9% Bre9 @33 £33 (mL)

Entry Br, (eq.) Bry (mL)
1 0.5 0.052
2 1.0 0.103
3 1.5 0.155
4 2.0 0.206
5 2.5 0.258
6 3.0 0.309
7 3.5 0.361
8 4.0 0.413
9 4.5 0.465
10 5.0 0.516
11 5.5 0.567
12 6.0 0.619
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2) MEPBr 0.3 M

General procedure® #Z2 WH O 7 0.5 M A £ 20 mLol

MEPBr 1.164 g (6 mmol) & ¥ +t}. BroS F

rl
Ol
Lo
Ll
2
\\)
(@)
>
o~

<ol wREE T ZA o] FEel tinld Brf 9EE FU¥S v=

2okt (Table 5).

Table 5. MEPBr 0.3 M| 9% Br:9 @%Fd £33 (mL)

Entry Brs (eq.) Bry, (mL)
1 0.3 0.093
2 0.4 0.124
3 0.5 0.155
4 1.0 0.309
5 1.5 0.465
6 2.0 0.619
7 2.5 0.775
8 3.0 0.929
9 3.5 1.083
10 4.0 1.237
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3) MEPBr 0.5 M

General procedure®} #&

MEPBr 1.94 g (10 mmol) S ¥3lth. Br.s F¢3taL

&

t}

o

tlo

o N wursTh A

}

2okt (Table 6).

=T

tjH] gt Bry

Table 6. MEPBr 0.5 M| 9% Br:9 @%Fd £33 (mL)

Entry Br, (eq.) Br, (mL)
1 0.1 0.052
2 0.2 0.103
3 0.3 0.155
4 04 0.206
5 0.5 0.258
6 1.0 0.516
7 1.5 0.773
8 20 1.031
9 25 1.289
10 3.0 1.547
11 3.5 1.805
12 4.0 2.063
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4) MEMBr 0.1 M

ofo

General procedure® #2 W o2 0.5 M &4k £ 20 mLel ZHA

—|~
o,
kit

MEMBr 420 mg (2 mmol) & Y3t Broe FYsta ¢F 20 Azt

o

f2olA Wbk ZAlel divjdd Br.o dEE FUFS o

mlo
_V\_l‘

2okt (Table 7).

Table 7. MEMBr 0.1 M¢ll F¢Y3% Br:2 3233 F3 (mL)

Entry Br, (eq.) Br, (mL) Entry Br, (eq.) Br, (mL)
1 1.0 0.103 10 5.5 0.567
2 1.5 0.155 11 6.0 0.619
3 2.0 0.206 12 6.5 0.671
4 25 0.258 13 7.0 0.723
5 3.0 0.309 14 7.5 0.775
6 3.5 0.361 15 8.0 0.827
7 4.0 0.413 16 8.5 0.879
8 45 0.465 17 9.0 0.931
9 5.0 0.516
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5) EPyBr 0.1 M

General procedure® #2 W o2 0.5 M &4k £ 20 mLel ZHA
EPyBr 376 mg (2 mmol)< ¥t Bros TYst oF 20 Al A%
Aol wREATH  ZA o] wXef tiH]gt Br:d @R FUFS

Uha 3 Z3kth (Table 8).
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Table 8. EPyBr 0.1 Mol 43 Bred 323 F3 (mL)

Entry Br, (eq.) Br, (mL) Entry Br; (eq.) Bry (mL)
1 0.5 0.052 18 9.0 0.931
2 1.0 0.103 19 9.5 0.983
3 1.5 0.155 20 10.0 1.035
4 2.0 0.206 21 10.5 1.087
5 2.5 0.258 22 11.0 1.139
6 3.0 0.309 23 11.5 1.191
7 3.5 0.361 24 12.0 1.243
8 4.0 0.413 25 12.5 1.295
9 4.5 0.465 26 13.0 1.347
10 5.0 0.516 27 13.5 1.399
11 5.5 0.567 28 14.0 1.451
12 6.0 0.619 29 14.5 1.503
13 6.5 0.671 30 15.0 1.555
14 7.0 0.723 31 15.5 1.607
15 7.5 0.775 32 16.0 1.659
16 8.0 0.827 33 16.5 1.711
17 8.5 0.879 34 17.0 1.763
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6) EMImBr 0.1 M
General procedure® #Z2 W o=z 0.5 M A £ 20 mLe ZHA

EMImBr 382 mg (2 mmol) S ¥t Br:2 T35t ok 20 A7 %=

&

o

oA wREPT. ZAAS] Fxel uiHF Breo] W¥EHE FUAZFS

t}

tlo

o Zdtk (Table 9).

Table 9. EMImBr 0.1 M| 9% Brqo F33d F3 (mL)

Entry Br, (eq.) Br, (mL) Entry Br, (eq.) Bry (mL)
1 0.5 0.052 11 5.5 0.567
2 1.0 0.103 12 6.0 0.619
3 1.5 0.155 13 6.5 0.671
4 20 0.206 14 7.0 0.723
5 25 0.258 15 7.5 0.775
6 3.0 0.309 16 8.0 0.827
7 3.5 0.361 17 8.5 0.879
8 4.0 0.413 18 9.0 0.931
9 4.5 0.465 19 9.5 0.983
10 5.0 0.516 20 10.0 1.035
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7) TMEABr 0.1 M
General procedure®} £ WHO=Z 0.5 M &4k £ 20 mLell #A

TMEABr 336 mg (2 mmol) & Yt} Bros T3kl ¢F 20 Al A&

o

ool A mukglvh ZACl Ee Br.el @@d F9%

t}

mlo
_V\_l‘

flo

2okt (Table 10).

Table 10. TMEABr 0.1 M| F¢3F Breo] F3¥E £33 (mL)

Entry Brs (eq.) Br, (mL)
1 1.0 0.103
2 1.5 0.155
3 20 0.206
4 25 0.258
5 3.0 0.309
6 3.5 0.361
7 4.0 0.413
8 4.5 0.465
9 5.0 0.516
10 5.5 0.567
11 6.0 0.619
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Abstract

A study on the complexes of quaternary ammonium
bromide and bromine in the electrolytes

of Zn—Br battery

Da young Jung
Department of Chemistry
Graduate School of

Sungshin University

Redox flow battery (RFB) is a secondary battery for energy storage.
RFB stores and releases energy by exchanging electrons from the
oxidation—reduction reaction of two chemical materials in the
electrolytes of the battery. There are several kinds of RFBs which are
composed of two chemical materials in the electrolytes of the battery.

Zn—Br battery has zinc and bromine as active chemical materials.
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Bromine (Br2) is generated from the oxidation of bromide (Br~)
when Zn—Br battery is charged, and is dissolved in the electrolytes.
However, due to the low boiling point and the low water solubility of
bromine, toxic bromine can be vaporized. Moreover, bromine dissolved
in the electrolyte can cross—over the membrane to react with zinc
electrode causing self—discharge. For these reasons, quaternary
ammonium bromides (QBr) which can complex with bromine are added
into the electrolytes.

The complexing agents (QBr) capture bromine molecules in the
electrolyte to form quaternary ammonium polybromides (QBry). It is
known that halides such as bromide and iodide tend to form polyhalides.
A large number of studies on polyhalides, especially polyiodides, have
been published while studies on polybromides are rarely reported.

In this thesis, the ammonium polybromides generated from QBr and
bromine molecules in the electrolytes of the Zn—DBr battery are studied
by using Raman spectrometer. QBr of 0.5 M H2SO4 solution at different
concentration was treated with various equivalents of bromines. As a
results, organic phase of ammonium polybromide (QBrx) was produced.
Subsequently, it was separated and analyzed by Raman spectrometer.
Electrochemical test was carried out on this organic phase.

1

In Raman spectra, the peak for tribromide was observed at 160 cm™
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and it became smaller and finally disappeared as more equivalents of
bromine was added. The peaks of pentabromide and heptabromide
were indistinguishable from each other. They appeared from 253 cm~
''to 270 cm™ ! as a single peak moving towards longer wavenumber
(270 cm™!) as the amount of added bromine increased. It seems that
pentabromide and heptabromide exist together in the organic phase.
This was further supported by electrochemical test of the organic
phase. In addition, the electrolytes at different SOC (State of Charge)
were prepared and the resulting aqueous and organic phases were

visually examined.
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Appendix

I. &A1 34

Parameter Value

1 Thie 170511-#1-DMS0

2 Comment Std proton

3 Origin Yarian +

4 Spectrometer wnmrs -

5 Solvent dmso N Br

£ Temperature 0.0 / \

7 Pulse Sequence =2pul

8 Experiment o

3 Number-of Scans 16

10 Spectrometer 500.02

Frequency

11 Spectral Width 80128

12 Lowest Frequency -996,2

13 Nucleus H

14 Acquired Size 16415

15 Spectral Size 65536

T T T T T T T T T T T T T T T T
14 13 iz 1 D 3 8 4 (pﬁpm) 4 3 2 1 0 -1
: 1
Figure 26. "H NMR spectrum of MEPBr
Parametar Value
1 Title 20170518 DY_01
2 Comment STANDARD FLUDRINE PARAMETERS
3 Origin Varian
4 Spectiometer mercury +
5 Solvent dmso -
6 Temperature 5.0 N Br
7 Pulse Sequence 32oul / \
8 Experiment 1
9 Number of Scans 200
10 Spectrometer Frequency 100.60
11.5pectral Width 51256
12 Lowest Frequency -1497.8
13 Nucleus 13C
14 Acquired Size 17538
15 Spectral Size 65536
» it
T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 60 50 a0 kil 20 10 0

a0
11 Tpprn]

Figure 27. **C NMR spectrum of MEPBr
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Pararneter
Title
Cornment
Origin
Spectrometar
Solvent
Temperature
Pulse Sequerice
Experiment
Mumber-of Scang

0 Spectrometer Frequency 500,02

Walue
170511-43-DM30
Std proton
Yarian®
wnmrs
dmso
30,0
s7n0i
10
16

11 Spectral Width amz.g.

12 Lowest Frequency -996.5.

13 Nucleus H

14 Acquired Size 16415

15 Spectral Size £5536

i
T T T T T T T T T T T T T T T T
14 13 12 1 1o 9 g 7 B 5 4 3 2 1 0 =1
f1 {apm)
: 1
Figure 28. "H NMR spectrum of MEMBr
Parameter Value O

1 Tite 20170518.0Y_03
2 Comment STANDARAD FLUDRINE PARAMETERS
3 Origin Narian
4 Spectrometer mercury +
5 Solvent dmso N Br
& Temperature 250
7 Pulse Sequence s2pul / \—
8 Experiment =]
9 Number of Scans 200
10 Spectrometer Frequency, 100.60
11 Spectral Width 25126.6
12 Lowest Frequency —1497.8
13 Nucleus 1ac
14 Acquired Size 17583
15 SBpectral Size 65536

LA S SR AL M M W Pt me

T
230

T T T
2200 210 200

T T T T T
1800 180 1700 160 150

T
140

T T T T T T T , T T T r T T T
130 1e0 110 160 S8 80 70 B0 D 46 30 20 0 0 -0
1 {ppm}

Figure 29. *C NMR spectrum of MEMBr
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Parameter Valug /
T Tite TTOE15-45-DMSD |
2 Comment Std proton
3 Origin Varian WV
4 Spectrometer vamrs N
5 Balvent dmso =
6 Temperatre 30.0 @r
7 Pulse Sequence 89pul
B Expefimant 10
9 Mumber of Scans 16
10 Spectrometsr Frequency 500,02
11 Spectral Width 8028
19 Lowest Frequency; —095.7
13 Nucleus TH
14 Acquired Size 16415,
15 Spectral Sze 65636
——
T T T T T T T T T T T T T T T T T T T T T T T T T T T
1358 125 11.5 10.5 65 90 85 80 75 70 65 B0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -05
11 {ppm}
: 1
Figure 30. "H NMR spectrum of EPyBr
Parameter Value /
1 Title 20170518_DY_05 |
2 Corment STANDARD FLUORINE PARAMETERS +
3 Origim‘_ Marian N
4 Spectrometer mercury _
5 Solvent dmso Bl'
6 Termperature 25,0
7 Pulse Sequence s2pul
8 Experiment iD
9 MNumber of Scans 142
10 Spectrometer Frequency 10060
11 Spectral Width 251256
12 Lowsst Frequency -1497.8
13 Mucleus 13C
14 Acquired Size 17555
16 Spectral Size 65536

T T T T
2300 220z 200

T T T T
1800 180 170 1600 150

T
140

T
130

T
1200

110
{1 tppm)

T
1000

0.

a0

70

B0

50

40

Figure 31. *C NMR spectrum of EPyBr
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Parameter Walue
1 Tite 170511-#23-DMS0 +/
2 Comment Std protan -
3 Origin Marian N Br
4 Spectrameter YNMPS / »
5 Solvent dmso
6 Temperature 0o N
7 Pulse Sequence scpul
8 Experiment o}
‘9 Numberof Scans 16
10 Spectrometer Frequency 500,02
1 Spectral Width a01z2.g.
12 Lowest Frequancy -895 5.
13 Nucleus ™
14 Acquired Size 16415
15 Spectral Size F5536
k S U R—
T T T T T T T T T T T T T T T
4 13 12 1" 1 g 7 B 4 a 2 1 [t} =1

Figure 32.

Parameter
Title
Comment
Qrigin
Spectrometer
Solvent
Temperature
Pulse Sequence
Experiment.
Number.of Scans
10 Spectrometer Frequency
11 Spectral Width
12 Lowest Frequency
13 Nucleus
14 Acquired Size
15 Spectral Size

@ o o oo

Value
20170518_DY_23
STAMDARD FLUORINE PARAMETERS
WYarlan
mercury
dmso
260
=2pul
1o
1a0.

100,601
261256
=1497.8

43C

17588
EE536

'H NMR spectrum of EMImBr

AR A TN AL

wmwvnwww

T T T
230 (2200 210 zoo

T T T T T
180 180 1v0 180 1BO

T T T T

T T T T

T T T T N - T T
Tz0 1100 100 90 ao 70 60 &0 40 an 20 10 -10

f1 (ppm)

Figure 33. **C NMR spectrum of EMImBr
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Parameter
Title
Comment
Crigine
Spectrometer
Solvent
Temperatirs
Pulse Sequence
Experiment
Number of Scans
0 Spectrometer Frequency
11 Spectral Width
12 Lowest Frequency
13 Nucleus
14 Acquited Sizé
15 Spectral Size

[

Value

T70511-4MEW-DM SO
Std proton
Varian
wnmrs
dmso
300

s2pul

1

18

50002
a0zs
—996.7

™H

16415
68596

—N—

Br

T T
105 10,0 85 9.0

85 80 75 FO 6.5

Figure 34.

T T T T T T T T T T T T

50 55 50 45 40 35 30 25 20 1.5 10 05 00 -05 -0
i {ppm)

'H NMR spectrum of TMEABr

Parameter Value |

T Tite 201705180 _new N+

3 Gomment STANDARD FLUORINE PARAMETERS -1

3. Origin Varian =

& Specvomoter mercury Br

5 Sotvent dmso

6 Temperaurs 5.0

7 Pulse Sequenice a2oul

B Experiment D

9 Mumber of Scans 10

10 Spectrometer Frequency 100.60

11 Spectral Width 251256

12 Lowest Frequency  —1437.8

13 Nucleus 120

14 Acquired Size 17533

15 Spectral Size B5536

- T T r T T ‘ y r y T : T ; T : r . r y T : ‘ r T
230 220 210 200 190 180 170 160 150 140 {30 120 110 100 S0 B0 70 50 S0 40 30 20 0 0 -0

1 (ppm)

Figure 35. 13C NMR spectrum of TMEARBr
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