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Abstract: New type of “turn-on” fluorescent sensor for Cs ion was developed using a composite of blue-emissive con-
jugated polymer (CP) and graphene oxide (GO). Ethylene glycol units were introduced to the side chain of CP, which
could interact with Cs ions. The CP and GO formed a stable, nonfluorescent composite, because of hydrophobic and -
7 interactions between them. In the presence of Cs ions, the CP was released from the CP-GO composite because of
higher affinity of Cs ions with ethylene glycol units in the CP. Such a weaker interaction between CP and GO led to the
recovery of initial blue fluorescence of the CP. The degree of fluorescence restoration would be a measure of the con-
centration of Cs ions. Thus, fluorescence “turn-on” from CP-GO was attributed to the presence of Cs ions.

Keywords: conjugated polymers, graphene oxide, Cs ion detection, fluorescence, sensors.
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(atomic absorption spectroscopy, AAS),* o] A& A= (ion-
selective electrode),” = A%Ee=vF A HE27] (inductively
coupled plasma mass spectroscopy, ICP-MS)Z-2° g = 74
D3k #Ao] 7hssAINE, FA R AL RHAIRE 11
she TS 7S Qlo, Bk A st g4 #4517 ¢
b AEo] ol =] k7
grs] APu = AT FolA AEHA SeolE F=A
(ethylene glycol derivative)-} Z2h-2- o] Z(crown ether)?t
< f71EE o] &at] Alg ol 2 AN FedAE
AZEshs A7 ol FAyEHJTE @l FefolFelu
Ak oHZe} 22 f7ES 72 Uo SAleke AHAad
A7F AP F91aet Adtehe §4J0] 7] wiieel Bt
AAl AEel 7hssivhe S 2L vk B3 follA o
BALe] Al Aol 2do] 7hssie] Alke Aol
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Fols} AT SAll= B3PS B2 G slE ol A

of wpe} thFe WA SHLAES MY oR HEde
AT B! ojgal Feto]Ze] vk ©9)7t 6-97
A gl Alg ool AeHor Agtels slom dEA
o, thEZA O = 24-crown-8°] AT}

F71EE ol &3 Alg ol ZAE 98l f71=¢] B 5
4 T Rl 9% HiskE o] &ste] Alg ol2S HAshE
F3F AA7F AFE L YN IR F, Sst At
(conjugated polymer, CP)®| A= Th¥gH Zofol|A o] Fof
A3l 1om 37 CPe] 735, ATt g Al o0 v st
of A =4 vk Mg =EIE 3 2o m dHA Qlof
Tt =2 ES HEsket wilg- a3 oln > gk the
HAHIE TEA 8 ¥skE olgste] 1A 23 HE
T AA AHE R F Advks Aol oA B Al
ool 2 ZHgE W ok 7P S8l ARSEl= W
2 A= Al Fgo] A= "-9 3  (turn-off) Al=FolH, &
<& o] AZ wi-¢- AR o] AUk ¥ wskE
ol-§5+ A W F AEH I el STkl 9-2(tun-
on) AlA= go] F7IBIER Bl-03 AlX BT ¥do] ¢

TEgh ol2f sk H-2 Wh2lo] AXE Alxsl] el 2 &
AFO] = (graphene oxide, GO)7} &3 AlA] H-ofol] 2} AR
HATE? GO= 2EjHo] AkstEo] o= EAlsle 4
old, 71AIA 443 B Edo] Solslo] tpfet AT
ofol| A EE-=3 QlE], AlXREoPl M= 7] We
Erole 54E o83 A7 Wol JPH ALY GO=
71&3ke] &94d A (hydrophobic interaction)yS gA & 4
AL, E3] GO FHol| 3 Edo] =T 75, FFEZ0]
WE3le 9e &3 Sl “quencher”d &S 31,
olglgt 545 ol&al ¥ ¥sE st H-2 FF Al
8] 7R % Fo] o] &=t *

2 Aexe, Mg ol AR 9% 34 |- Al
ME Axstz] 21l CP-GO HAAIE ARE-8Isith ARSE CP
= Al ol Mgz om Agkelr] fsix CP ArkEel Al
& ol2s A% 7 J= vlEPEH 2| (tetracthylene
glycol, TEG)’1E =3It A8 CP-GOE GO2| ¥4
A 502 18l CPe] ¥Fo] &FH EE EXISH
ol2]gt w|dF CP-GO7F A& =<l Alg o=l =&4
H CPY ZARKER! TEGO Allg o]0] 41208 Hos=
gl GOSE CPZF A¥o] sl A™ CP7F GO2| xHell
A Br]=A] Fo) oell Wl GOl 9]3l] AFEAY CPe
Ll FFo] tA] 7k ©-2 AlA AJ2ES o]8-3l Al
& ol AT

|
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7171. 'HZ} BC NMR &=HEZH-& Bruker DRX-300 £37]
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£ AHgste] Ao (=712 AAAT), UVivis &=
HEHL Perkin Elmer Lambda 365 375 AR5l =
Aottt B S EHS A= F=ZE Fdow g
Varian Cary Eclipse &3 715 AH&-3to] 42 FTIRS
Bruker Tensor 27 #3715 AH&stSith Y AEA(EA)S
Thermo Scientific®] FLASH 2000 ©]-838}e] #4951,
GPCE °|&3 CPo| EAH%F 342 971719 YLI100=
A3t

ME H Alek. GOLFT A (M1-M3)="Y o] d+-<]
FAHEE Fsted AT Tetraethylene  glycol
monomethyl ether, diethylene glycol monomethyl ether,
tetrakis(triphenylphosphine)palladium(0y Sigma-Aldrich®] 4]
Tske] AR5 TE BromineS Junseioll Al - 51 o.M,
hydroquinone-> Samchun Pure Chemical Co. Ltd| A ¢
sto] gAIgle] ARSIt

TCP(Tetraethylene Glycol-Conjugated Polymer)2| &
g 100 mL 3+ Z2F2==9] M1(0.504 g, 0.90 mmol)Z} 1,4-
benzenediboronic acid bis(pinacol)ester(0.330 g, 1.0 mmol)E
THFS} E54 &3 010 mL)el %<1 5, 2 M K,CO; 5
SN (5 mLyZ aliquot 3363 718l of=<2 712 slollA o]
EHES 70°CA 40 AIZF FF WRIAIA W85k ATE. wE
o] T4 ¥, Ao g YT o] WhEEHES wEkEol
ol AHE ATt o] APES AHste] A& F FHF
S} w2 Al H AL At sholl A2l AxAZT
(032 g, 75%). '"H NMR: 7.71 (s, 4H), 7.12 (s, 2H), 4.17
(m, 4H), 3.82-3.49 (m, 36H), 3.35 (s, 6H) "“C NMR:
1504, 136.7, 130.6, 129.1, 116.64, 71.8, 70.7, 70.6, 70.5,
704, 69.7, 69.1, 59.0; FT-IR (KBr pellet, cm™): 2885 (C-
H), 1487 (C=C), 1108 (C-O-C). Anal Calcd for Cs;Hy,O:
C, 63.81%, H, 7.85% Found: C, 60.8%; H, 8.05%.

DCP(Diethylene Glycol-Conjugated Polymer)2| &&.
100mL 37 ZgF2=3] M2(0.346 g, 0.90 mmol)<} 1,4-
benzenediboronic acid bis(pinacol)ester(0.330 g, 1.0 mmol)E
THFS} E54 &3 &nl(10mL) =21 ¥, 2 M K,CO;
LN (5 mL)Z aliquot 3362 7151 o}=2L 72 FollA] 9]
EFES 70°ClA 40A7F FF WHIAIA W) 34
HA & TCPe 5Y3HeH0.19g, 71%). '"H NMR: 7.68 (s,
4H), 7.09 (s, 2H), 4.16 (m, 4H), 3.95-3.42 (m, 20H), 3.39
(s, 3H), 3.35 (s, 3H), *C NMR: 150.4, 129.1, 116.7, 71.9,
70.7, 69.8, 69.2, 59.0; FTIR (KBr pellet, cm™): 2887 (C-H),
1485 (C=C), 1109 (C-O-C). Anal Calcd for Cy,HxO4: C,
68.02%; H, 7.27%; O, 24.71%. Found: C, 60.3%; H, 6.4%.

OCP(Octyl-Conjugated Polymer)2| &&. 100 mL 3+
Zet2~=) M3(0.448 g, 0.91 mmol)3} 1,4-benzenediboronic
acid bis(pinacol)ester(0.330 g, 1.0 mmolyS THF9} &7 &
g guj(10mL)ol %2 ¥ 2M K,CO; &N (5 mL)3
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aliquot 3362 F7lsle] of23L 7k slella] o] EES 70°C
oA 40A17F Bt WHHAIA WSSt 3|42 TCPe}
FYSTHEE 023 g 38%). 'H NMR: 7.71 (s, 4H), 7.10
(s, 2H), 3.99 (m, 4H), 1.75 (m, 4H), 1.41 (m, 20H), 0.88
(s, 3H) ®C NMR: 1504, 129.1, 116.7, 719, 70.7, 69.8,
69.2, 59.0; FTIR (KBr pellet, cm™): 2852 (C-H), 1469
(C=C), 1209 (aromatic C-H). Anal Calcd for C;HyO,: C,
82.14%; H, 10.57%. Found: C, 78.72%; H, 6.76%.

TCP-GOQ| M=.* Z22F¥ &2 mLyl TCP(0.8 mg)E =
ol 84S GO(0.6 mg)7} H-42HE SF~(10 mL)ell 7Tk
Tip sonicatiorS ©]-&3t] F &AL 50 & EFAZ &,
QAR 7]E o] &34 14000 rpmollA] 158 FoF AAES
il st 35aloith. SRt NeeS ARl A
star A4l HES 3 WSt AAES 3)4sta, 3
T AHELS FHT AAtste] Basiin

MiE o2 ZX| A&, TCP-GO &9 (3 mL, ol|gh&-E=3.7)
o 6x10* M| T3t F&ol &K', Na', Cs', Zn™,
Cu*, Co*, SPMYE 718k TCP-GO2| F4H3ls #&s
Atk Al ol&S A 3x10° M7HA] BEE WA 7|
TCP-GO &l 7tsle] dwHsls st e 43
< Zysiaict. F@wst A 9 242 415 nme] FE9d
oA BRI, BE FF A2 A Ao g3t

CPs= &227] AEY WS ol&slo ZAxkE HdoPrt t&
3T FERE FHIR LA, TCP, DCP, OCP= THEFA|<
M1, M2, M35 717t o]-83l3ith. M1, M2, M3& ZH7ke] 2
A 725 o2 AAls e, 2ol CPE 2 M K,CO;
|z ey FulE Arkste] whe 5, wghEol| A7
3L HERE, oAlE MRS AR 7Ax38HTH(Scheme 1). TCP
ArkEe] MRS she M1 EHIEg} gl 2ol
Z(tetraethylene glycolyS X3St -0|H, DCP2] M2& tf
ololddl FE}o]Z(diethylene glycol)S PIA]9tO.Z OCP2)
M3 SE7](octyl groupys 7HAIZL = TEA|olt). oA ¢
Arke FRIT 2P7) OE 35R CPE AAlste] S ol
© AT Al ol Al rlA= 9 ERls] ¢
grolm, Alg o] 7P F17ksk TCPE ©]-&3ste] &3 Al

OR _ OR
= R R Qf POD)LKCO; | — e
Br—, —Br =+ B—, 8 - A, W .
g A gt AW
RO RO
M1, M2, ar M3 TCP, DCP, or OCP

R - {OH,CH;0),CH; M1 TCP
CH,CH,OCH, M2 DCP
(CH,)sCH; M3, OGP

Scheme 1. Synthesis of CPs.
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Figure 1. Absorption (solid) and emission spectra (dotted) of TCP
(m), DCP (@) and OCP (A) in chloroform.

A ATE AYsIAT). 7 CPE 9454, FTIR, NMR 553
71& o83l 318 F2E BASINOH, UV, 33 B3]

2 olgsle] 3} 54 LR GPCE o] g3te] 7}
CPel o7 BAFM)S AT AT, TCPE 146x10°,

=
o TCP, OCP, DCP®] UVe} &3 2HAER S SRR =
of 3743 A= Figure 19 WAt @3 SFEGHA
TCPE 417 nm, DCPE 410 nm, OCPE 430 nmollA ] &
B 7 AN e 2 9lom, Al7EA] CPrt 38t
2 BAo] wig- FARIATE fARSE ¥ 9b3E Hol= o]
fre 3%/ CP7E ZAKE Aolst sk 27t 77) b2
A E, FARE] HdA7|2 o]FoZl CPo]7] wf&e] PL &
HAEGER ollg} UV 2 ERE fALSISH o] 3ER2
CP SollA Al ol A8 4 & ZARES 7% TCP
£ o]&3tq Alg ol A AFS st

Al o] Aol AH&- TCP-GO E3HA| A|z0] A4
= GOE XPS¢ SEME o]&-3fed #4135 TCP-GO &3
A= FTIRE ol&3le] #4E 3Ith XPSE ol&-3t] 4
3 A3}, Gooll EAI3R= C 1s I3} O 1s FAE 284.59F
533 eVollA] &<15}9) 2™ (Figure 2(a)), SEM °]U|XE GO
B4 W4 FHE gl en, 7]+ 122 pme] Atk
(Figure 2(b)). TCP= 7]-8mfoll 7 &=L GO= =l
Habo] Z 7] wjitel, o] e F &vjE F BE &
Fol] ARg-sfof st} Aot Sufjol z}z} EA)|5H= TCO9}
GOE &§tstd &vizk S&27F vehr] wel tip
sonication® = ZFsHA| wykslH A 28-S ol-8sie] TCP
£ GO el =9J313dth. DCPH OCPE SUE WS o
g3l] GO ol =Yske AES ¥aysit). #AlzE TCP-
GO H3:= FTIRS ©]-83)
o] TCP-GO AZ7} A8 AL Fols)
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Figure 2. (a) XPS spectrum; (b) SEM image of GO; (c) FTIR spec-
tra of GO, TCP and TCP-GO.

Blue-emissive TCP

Formation of nonfluorescent
TCP-GO composite
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AIA 16873} 1229 cmolA] IR HI=E BRR16191TL, TCP—*
C-He} C-0-C2] IR HM=E 28859} 1108 cm1°ﬂH }
t}. TCP-GO &&= TCPSH GO2l IR =S
A7) Wz, o] BA1S niEeZ H3HA| 7} Sé*o% ﬁ% -i#
91513 th(Figure 2(c)).

Alg ol A= GOt Wak=E717k © E‘& A%t & sl
2] AL o] L3le] BIAE vhE o] kel AFo

2 74% TCP-GO HHAE M olo= 77t & ﬂé%—
o] Al o] A UﬂﬂL]*«] a4 o]tk (Scheme 2). G
7IAIRE G o] i 3PS Sk §40] oA Oyél
Ao g4 —g—*rslt 22 & gL webA TCP-
GO E3AI7E FAEH GOl EAE TCPE] Fdo] Al
734 TCP-GO H3A7F A=, o1& AlF ol =&
AI7I™ TCPO] ZARER] TEGZ17F Al ol Adsiel GO
ok TCPe] &5+d Aol A=A oFshs, Go2l %1
oA TCP7F fr2l=o] TCP] el &do] wd=w M4 o]

< A5k W2 AA 98s i)

TCP-GO E3HA7F Alg o]29ll :=Z=]o] TCP7t AlF ©l
23 Ao = 13 TCP7} GOL| EHA FE=He AL
SEMC.2 #z&lgit. TCPLF E3HA 3437 A5+ GO<J
xHo] A gEhxlon, &gk GO2 EH (Figure 3(a)°]
TCPe} HAAIE A stHA AR X ThFigure 3(b)). =5
TCP E?M oJ3ted TCP-GO E3HAIS] Azl FHo] Alg o]
2 =& F oA B ol Al ol2d =& o] %
TCP7} TCP-GO H&A| elE EAlsh= 7ol obd, TCP7}
GO THoAM f2ld ez Hslshes GO 1 e Hils
HEste] FRIsI3T)

TCP GO EA o vkt 55 OlL‘:g =ZAIAX TCP-

]_

F

=GRS A ol tE A9H X9 e 1

&‘Eu, Elggs o] o) H]ste] AA ¥4 01 Z7}F= Ah(Figure
4(a), (b)). TCP-GO EHA7} Al o] Lo =ZEd T2 F
Fol23= g2A ggo] IA F7shH, oF 450% = B
F 7F=7F 7Rk sHAIRE, Al o] 28 AlQg e =
& 0] 259 ALolE TCP-GO EFHA|7} Zo] Hojx &

Release of TCP from TCP-GO composite
to turn-on the fluorescence

Scheme 2. Schematic illustration of Cs ion sensing mechanism with TCP-GO composite in ethanol-water solution.
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Figure 3. SEM images of (a) GO; (b) TCP-GO; (c) TCP-GO after
exposure to Cs ions.

o] WakA| Ut TCP= 743t A 38 WEshe 3
st Exo] 9lom o] 3l WS Al o] =% TCP-
GO HEFA7} Alg ol TCP A kel dszhgol o)
TCP-GOZF A o] ka4 TCP7} GOl FHoA 25
w, o] wf 2FEJE TCPe| ¥go] tr| S71sl7] wizelth.
Flgure 40| A g1 TCP-GOL] A8l 4]l gdwsi= Al
ol A7} 7FsE AME AT o] 7Fseithe AS
9413]6‘}13% , TCP] AArlzo] FasH eale A on|gh
o}, I3 B2 AlX ] EXO] FH &g AlF7) ekslarl AlA]
o} Wkgsh= 4 SN FF A7 sl vER=
AFE o] 8 ¢ A7) wiEell, TCP-GO &34 9] thr o]
2 HAE2 UVEA 33 ¥iske & P_i A A= 7Fs
3, TCP-GO EFA ] AlF ol =&A1%] A]EOW s
7dek A2 ggo] IS Ak(Figure 4(c)). SHAIRE, TS &
& o] 2o =FH A5 Afolle ¥FF W3t AY gle
< g9t g FRlo] 73l AL, TCP-GO H3HA| 7t A&
|20l dejd o=z 71-33laL o= 3 AR Fall HA
L=
TCP-GO 5@A 9] Alg o] #A "= 3
Fote] glalr| fste] Alg o9 wxol we JEwst
él?.ﬂ% Z18Y 3 th(Figure 5). Alf ol X+ Hd 3x10°
2 ARsom F gl vEE s, oyt v
«l Hh; o]0l =F% TCP-GO H3A|9] ¥4 ~HEH ¥
312 v o2 Hu) Wg apgelx 3 HsE A8 1=
2 WA ol ek A =2 HE AES(limit of
detection, LOD)E &4t A3} Alg o]l tgt TCP-GO2
LODE 3.8x10°Mo]ATHLOD=30/m, c: 3A1& 21%9] *
TR}, m: A 7187)).
TCP-GO HYAE ARE-gh Alg ol A= TCP BARE
o] =YE TEGZ|¢} Mg o]} F5 gl 9fal TCP}

PO

O
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)
of»

= TCP-GO
2501 A —e—TCPGO+K"
L8 A TCP-GO+Cs*
a ——TCP-GO + Na*
—o- TCP-GO + Zn2*
i'; —o— TCP-GO + Cu?*
100k / “a  —&TCP-GO +Co®’
\ o TCP-GO + 52°

200+

180 +

Fluorescence intensity (arb. unit)
»

I | - - o =)
400 450 500 550
Wavelength (nm)

(a)

(I-1, /1, at 415 nm

AL blank K cs® Na® zn® cu® o s

Metal ions

(b)

(c)

Figure 4. (a) Changes in fluorescence spectra of TCP-GO in H,O-
EtOH (7:3 v/v) solution in the presence of various metal ions
(6x10*M); (b) relative fluorescence intensity of TCP (0.64 mg)-GO
(0.4 mg) in the presence of various metal ions (6x10™* M); (c) pho-
tographs of TCP-GO in the presence of metal ions under ambient
(top) and UV light (365 nm, bottom).

GOZF Aol ofslel #&E TCP 3 Z71ol 7|k}, o]
213t TEGZ|9} Ml o]27F doatg-o] J&S vwshr] <
3led, EG7]9] Zo]7t the Cpe} 4A7) & o] Folx CPol
ek Al ol 23 daagell tiste] ALk
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3 e 5x107M
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@ ~—4x10% M
2 80 —o—6x10% M
‘D Agx10tm
e o1 %10 M
g 40 3
E —o—3Ix10°M
S

o 5 H'\JH'_'*“T:;-.
E = —_
™ U 1 1 1
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Wavelength (nm)
(a)

10
8t /'

/.

4t Equation y=a+b°
¢ Waight Inairurrsan

: Resicual 1050887

Sum of 4

Ifloat415nm

2F ~n Adl. R-Squ 088102
r P
D ) ) B Slope ars UQC-112l
0 5 10 20 40 60
[Cs ions] (x 10°M)
(b)

Figure 5. (a) Changes in fluorescence spectra; (b) plot of relative
fluorescence intensity of TCP (0.64 mg)-GO (0.4 mg) composite in
the presence of various Cs ion concentrations.

EG HHEEHe1e] J3ke gR1sh] 918 TCPot the RigT
E Zh=, & teldgd 2gtelE77F Y€ DCPE 34
o, ole HlED g Felo]E R}l Fo vkt
2 7R A glon, oju] Ry E Alg o]eS Agshs H4
Zol| Bt Ze Fxo|th!! EG YHEET]o)] Q= Atk o3t
P 57 S8l Bz o]Fojx] e SErE A
Aol =% OCPE sttt 72+ Sl TCP-GO
Az w9} FUS WA o2 GOE o83l B9l DCP-
GO, OCP-GOE A3t F H3AE TCP-GO E§HA ol
Aol FLst 27N Alg o]l tisk Held S X8
g Ax, T B3A B g4 ol29 TR dHglel 3%
W37 F VERA] 23k th(Figure 6).

A=t BG HHEEHSE o83l M o8 ZAIs] $18t
o] EGe| Zo| -l w2 54 Afe] EAlstIof sttt o]
E RO E, Alg o8 A flsliA= TCPol| =44
TEG ZAREe] Aol7t 78 Adtsioith.

(1)1, at 415 nm
ha

0 i g

L blank K° Cs* Na® Zn™ Cu* Co™ SrF

[
=3

Metal ions
(a)

11
QNN o TES S SIS SR S

1% blank K Cs° Na' Zn® Cu®™ Co™ S*

(1), at 420 nm
(%]

Metal ions
(b)

Figure 6. Fluorescence intensity of (a) DCP-GO; (b) OCP-GO in
the presence of various metal ions (6x10* M). CP 0.64 mg; GO
0.4 mg.

4 =

WA A F s AlE o] A S8l &
Al wEA} 7|9 §.2 s AAME ISATE TCP Z2AL
<ol =93t TEGZ = AMle o3 dss-8-0= sl TCP-
GO 2gHA|9] AgS oFslr)7) 1, o]2 <18 TCP7F GOolA
W) E= A3E AAh Alg o3 941721 o8
o]t TCP2] {22 sled GOl 2J3] 3= TCP2
78k A gsgo] Hold GOZ oluA| o]Fo] dojuix] &
A =m FFo] BdEE WAUF 7uket B2 FF Al
Aolt}, FA 2g TCP= 732402 T3] GOst 4
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