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Abstract: We report a synthesis of water-soluble poly(p-phenyleneethynylene)(PPE) copolymers containing 2,1,3-ben-
zothiadiazole for cell imaging. The polymers showed emission ranges from blue to red fluorescence according to their
benzothiadiazole contents in the backbones. One of the nonionic groups, oligo(ethylene glycol) unit was incorporated in
the side chain of the polymers to enhance water-solubility of the polymers. Carboxylic acid groups were introduced at
the end of the oligo(ethylene glycol) unit for the specific interaction with cells. As aresult, specific cell imaging was suc-
cessfully accomplished using the red-emitting, water-soluble conjugated polymers containing benzothiadiazole.

Keywords: poly(p-phenyleneethynylene), water-soluble conjugated polymers, cell imaging, fluorescence.
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Poly(p-phenyleneethynylene)l <=8

s} .

2o FAs ZEAE F, poly(p-phenyleneethynylene)
(PPE)= A o2 48 T4 Wl EdM =2 g &

A7t Bol o] FojA AL rh % spA|ut, PPEY

FAg) AR A FARE Fx| o3 2544
402 733 37 (aggregationyd S 2EL ojA FEAE
Foslrlel ojgdwo] AApTh WA E =M= PPEY
TNt EAte] S-S WAIste] oA E Al
flate] W7|gh vlo]2A4 719l S| (elgd 2EE)s =Y
H PPEY 784 B8 IRAE FAsT

B T3t 2EAL 7 FAA St W 54
S 7t7] flsted A W ©@9lE EAF FARE] =Y st
o, =3] wlzspololriololz(benzothiadiazole, BT) G=412
o]Fox] TreEgA| o] w9l Aupg Jorie] vhFst gl s
eRd = 716, gt o = 24  o) gzt F =4 7
F71E FHA] 2 vpo] AIA 23 Fof| Wol SEE| 3 Ut} 7
T 84 FAlst Al FE BN PR WEah, o]
E AE o|nAo AEE A 2F e AE 5 AAEE
oA A o8 WAk A AhLe - (autofluorescence) >
2 8l G FAst el FA Pt pHsE] L
slthes wo] Ark® wgk thite] 84 T3} At
= A JoolA B g &o] vlg- Yopr s HE
SHAIZE 7] wiiel, o1& S5 A= A g 8
3 Flst aEare] el gk HAlo] ol AL Sl

meba 2 =RoAs FAst AL ok ojnd &
ofe]] o] 88 4= AEF, Al H]o] 2971 S| ("
d IS EYst] 784 SAS FoIsilar, Wxse]
oftfololEE T}
BB T B L
&8 2= 784 3o aRAE AT e g
PPEA Fois} EAb= 4§t oflgl f7]8mjodM =
Zh o} Qe AR T FA WEEAS
73 A3t 2R Akl =98 7l=E4 417](COO0H)
= A2 5ol4 ¥ T F e vA] #5719} 85t
Aol 7Fsatlen, o2 st Follst Ayt £74 Al
EB AE)} dex oz Agsk= Al olwd S 3

ST},
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7171 & Alek P TEFA|e} aiEAle] 2= Vaianit
9] Inova 40022 'H NMR(400 MHz)S =743sle] 2249519
o} UV-vis 35 2 EZL Vaiakte] Cay 5008 =43}
fov, 3 ~HEYS JAFAe] A A& Photon
Technology International AF2] QuantaMaster4/20052 37 5}
Atk ¥ A7 Z49LS Olympus BX51E o] &-3lSich. wt

Fosh A Pt AL ol 1

ol H BE AE 9 A9 Ao} oAz 2eA
Tkl 53 A glo] ARg-skdiTh FAlol ARg-E 3t
T Millipore Ate] S/718 ARS-stod A3ttt

gt M. 1,4-Bis(1,3-bis(3,6,9-trioxadecyl)-2-glyceryl)2,5-
diiodobenzene (1): 500 mLe] 27 E2f==19] 2,5-diiodohy-
droquinone(1.19 g, 3.28 mmol)3}+ 1,3-bis(3,6,9-trioxadecyl)-2-
glycerol-2-toluenesulfonate(4.07 g, 7.55mmoal), potassum
carbonate(3.17 g, 22.97 mmol)E ¥ %, DMF(200 mL)°
B3llal3iTh. oF 80°CE 5 F 2487F 11 vhE-S Rt
Ao 2rs WY &, ¢kl gujE S

}A)7)2, 2
azvhzaele Ak, Ao A Ackl4g, 5
£ 43%). 'H NMR(O0MHz, CDCly): & 681(s 2H,
aromatic), 4.34(m, 2H, akoxy), 3.75(m, 4H, dkyl), 3.54-
3.30(m, 48H, akoxy), 3.24 (m, 12H, akoxy) ppm.
4,7-Diethynyl-2,1,3-benzothiadiazole (2): 100mL<] 2
T ZE2=39 4,7-dibromobenzothiadiazole(1 g, 3.40 mmol)2
triphenylphosphing(63mg, 0.24mmol)S Y& % triethyl-
amineg &% YATH ¥kg ZEpAAE of=2 VRAE A
3laz, 1.25mL(8.84 mmol)2] trimethylsilylacetylene vlo]=
2938 ARS8k Ylth Cul(d mg, 0.02 mmol)<} triphe-
nylphophine paladium(0) (14 mg, 0.02mmol)S 7= ¥l
th 0°CE 255 &9 oF A W &, ARoR W7t
g5, S 8] AL diethyl ethers 7R o=
A AmrtEaa 2 gAlste] 37] Solld EHYe =t
A RS AJTHEFE 079, 70%). ©]S ZHE 100mL
27 T AE {71 5, e (30mL)S Yol dEe A
Z3}3L, potassum hydroxide(0.7 g)= WHEA Z71shd v
of A2 YR oM Ao ® uHTt A2oA 124]7F
Wt whg § gl ¢hdd] SAIZTH e S22
oj=g} Fite] 111 AyjN o g A ARvEINIE 53
sto] Qx| e HFANES AATH0.39, & 52%). 'H
NMR(400 MHz, CDClj): & 7.65(d, 2H, aromatic), 3.06 (s,
2H, akyl) ppm.
(2,5-Diiodo-1,4-phenylene)bis(oxytrioxadodecanoic
acid) (3): 200mL 3+ Zg2==°] 2,5-diiodohydroguinone
(0595 ¢, 1.64 mmol)Z 13-O-p-tosyl-4,7,10,13-tetraoxadodec-
anoic acid tert-butyl ester(1.77g, 4.1 mmal), potassum
iodide(0.15g, 0.88mmol), potassum carbonate(1.59, 11
mmol), 18-crown-6(0.92g, 35mmo)E %<& ¥, DMF
(4omL)ell g3t ATE °F 100°CE 2 & o2 7k
Whg SekaAr AR FEE 4847 E)F w5 Skt
FeoR s WY §, 8] BulE SN, A
CH,Clol o Zd ARvET9 & GA|ste, F2e] o
AL Atk B3715 AAG7] S8, 4 AAE oA
CH,Cl,(40 mL)ell =<1 3 trifluoroacetic acid(30 mL)E %7}

BTk oF 2412k Bk ALY Whe-S AT F, BUE F
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WA7)3 A AzekEaEE YAslel, 2] R
2 THO5Lg, & 40%). 'H NMR(400MHz, CDCly): &
11.98(s, 2H, acid), 7.08(s, 2H, aromatic), 4.31(m, 4H, dkoxy),
3.75(m, 4H, akyl), 354-3.38(m, 20H, akyl), 2.74(m, 4H,
akyl) ppm.

1,4-Bis(1,3-bis(3,6,9-trioxadecyl)-2-glyceryl)2,5-
diethynylbenzene (4): 100mL 37 Z 2= 1(317g,
2.89 mmol)4} trimethylsilyl acetylene(0.94 mL, 6.65 mmol),
]2 THREmL)e} diisopropylaming(4 mL)S- €U} of=
2 AR 9 ZgA3E 2$ 3, tiphenylphospine
paladium(ll) dichloride(9.8 mg, 0.014 mmol)<} copper iodide
(26 mg, 0.014 mmol)& F7t=2 L3t} 1247k HkS- 5 o))
£ s Az o, vgdl S=2eto|=e ohA] &3)st
Ak FRTE F WU FES sIloH, rkvlg deolER
=5 A old ofAEo] ES} wgkEZ-o] 151 H71-&
2 A ARntETvE GAste] ofF& A A=
< UGS 179, 61%). ©l5 100mL 27 FERAE &
721 &, THRQOmL)9} wl&-&(10mL)S 3., potassium
hydroxide(0.3 g, 528 mmol)E 23t} 47 B2t 2ol A]
HhgetaL, §lE s AT AEE IAIE wEd
ZRgol|ud A& F, FFTE T ¥ F=9L, vkdle
Ao ER E& A|AGNH, ol ofMH|o| ES} meE
41 W&o EFNE AMgsle] A AmmET IR A
ste ¥R ZA0] HF AHES AATH0.29, T 13.3%).
'H NMR(400 MHz, CDCl,): & 6.81(s, 2H, aromatic), 4.34(m,
2H, dkoxy), 3.75(m, 4H, akyl), 3.54-3.30(m, 48H, akoxy),
3.24(m, 12H, akoxy), 3.06(s, 2H, akyl) ppm.

PPE-BT,2 &&}: 50mL Schlenk Z2}2=ef 2(1.1mg,
6.2x10°mmol), 3(24mg, 0.031 mmol), 4(25.5mg, 0.028 mmol)
E Y3, DMR(5mL)2} diisopropylaming(DIPA, 25mL)E
Yo o ol2 ykAg uke Zel3E F35AL, copper
iodide(0.059 mg, 3.1x10°mmol) 2} triphenyiphosphine palladium
(0) (0.358mg, 3.1x10°mmol)ys F71= EAct. 75°ColA 60
AIZEREE & 420 ® 2s Ul &, 80 ebds] S
ANAT oS &% FRT Foli, oz FH
(Eppendorf tube)ellA] L4 #2lgh &, #2=F 12000-140009]
AEE QA WHFEO R 481 7F Bt FA 83Tt 7St st
A A X FHF =S EATH0.0489, & 79%). *H
NMR(400 MHz, CDCly): & 10.0-11.0(m), 7.65(m), 6.81(m),
6.79(m), 4.34(m), 4.11(m), 3.79(m), 3.75(m), 3.54-3.30(m),
3.54-3.30(m), 3.24(m), 2.40(m) ppm.

PPE-BT,s2| &&f: 50mL Schlenk Z&}2==9 2(4.2 mg,
0.0229 mmoal), 3(35.3mg, 0.0458 mmal), 4(20.4mg, 0.0229
mmol)2 ¥3lth. DMF(G ML) DIPAQR5mL)YE Y& &, o}
231 7kAE Wk ZEaE S8t Copper iodide(0.66
mg, 5.7x10°mmol)$} triphenylphosphine paladium(0) (1.08

Zan, 413949 A63, 20154

mg, 5.7x10°mmol}& 5712 €At} o]l 4L PPE-BTy,
7359} 20H(57 mg, & 50%). 'H NMR(400 MHz, CDCly):
6 10.0-11.0(m), 7.65(m), 6.81(m), 6.79(m), 4.34(m), 4.11(m),
3.79(m), 3.75(m), 3.54-3.30(m), 3.54-3.30(m), 3.24(m), 2.40
(m) ppm.

PPE-BTs2 &g} 50mL Schlenk E2k2~=) 1(78.4 mg,
0.0879 mmal), 2(16.1 mg, 0.0879 mmol), 3(135.4 mg, 0.1758
mmol)}S 21th. DMFG ML) DIPAQR5SmL)E ¥ &, o}
23 7t2E vke ZE23 5 F4 3519t} Copper iodide
(0.16 mg, 8.7x10*mmol)<} triphenylphosphine palladium(0)
(101 mg, 8.7x10*mmol)}E F7I= Yt} ols} 342 PPE-
BTy A9 Zth53mg, & 78%). '"H NMR(400 MHz,
CDCly): 8 10.0-11.0(m), 7.65(m), 6.81(m), 6.79(m), 4.34(m),
4.11(m), 3.79(m), 3.75(m), 3.54-3.30(m), 3.54-3.30(M),
3.24(m), 2.40 (M) ppm.

MIZ O[O|&l, ¥Ho] ojvlo s )3k Fej2 Sajo|= 7]
Al PPE-BTs= 1-ethyl-3-3-dimethylaminopropyl carbodii-
mide/N-hydroxysulfosuccinimide(EDC/sulfo-NHS) 9} 7o) ¥
o IRAE FH& EEfol= FHe FEAZ] $, B A2
17 (markenZ Y& % CD20S PPE-BTy2| 71284 4t 7]
o} RESAIATE®R Z0)|9) EDC/sulfo-NHSE F30] 28219}
2] HEE-S 30wRtel] ool om, Axd fel 71EE
B AlxSt T A7t HANE Gzl oF 247F &<k A8t
of wjgstint. el 71l ehds] FAEA] o4e M gl
PPE-BT52l AIAE 8l SH-= Ak A& sl en, o
£ 3% A oR AFsiith

Ay o 2

EN

A 1, 2, 3, 49 A PPE-BT, o] 3 v ¢
£ Scheme 17} 2o etk @Al 7|12 1 uE Wiy
o2 A PN, 38R T ZEHE(0) vl
2=7Hx 2k 7129 (Sonogashira coupling) ¥H8-5- Eate] &
ZJEATHH* L2 PPE-BT, O] ©HgA| 74 HIES Table
19 e ATE. ZH2ke] ARl AR a2 ekE e T (GPC)
£ st #AE sk sislod, BE A 23
sk TRl 19 49] 713 HAkEol| 71/1ste] ARkl &
sl =2 EARFo] SA AN, A1 12000-140002] A
EZ Q2 HHFEo 2 FAEY] wjitol], oF 1400091 st
B BAES dAE F Qith BE I8 A 2FS
dE 2 &3S Bon, DMFe DMSO9}F -2 =4
S galldo] EhoH, FHT 52 FHdAE &
o= Q124 7hsst FF G288 HATE AR AARE o
gl SEE ©9E 2he dEAe] 9P R I EA = AA
Ao 25/3E 2 He, ol H7Ig ojdd SEE vt
B o7F AR AEA FARES AR a st it

T
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of, Hlol 9 AN B AE olug S-S 1% HAe] 2AL
2 2R SETEE 2 Ak e 71 284 B
o5} TRAT} E3] 2 Qe PoleA E ol LA
PPE-BT, 234K 203 91 glol, ol o, B3t 4714
HEAG B o3 FANH A, F 05H $5A82
24N 4 9k,
i el o S8 4] slel ude 5
ol 27k SSAATE F 5 AL ) AR A

HO R0 I
1
NN NN NN
\_// \_// \ /)
trimethylsilylacetylene KOH
Br i f Br palladium(0), Cul NS ™= i f = TMS ethanol i f -
2
/ARYERVARVEAR)
)[L/(/\ K,CO3, Kl O O O O COOH
OTs 18 -crown-6 TFA
I +8u0 /ﬁ\/ —_— |
CH,Cl,
LO P R COOH

!rlmethylsnlylacetylene
pa I ladium(0), Cul

; f =TS T ethanol methanol ;f —

Scheme 1. Synthesis of monomers.
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Scheme 2. Synthesis of PPE-BT,.

Table 1. Molar Feed Ratios of Monomers for PPE-BT,

(unit: %)
Polymers 1 2 3 4
PPE-BT,o - 10 50 40
PPE-BT - 25 50 25
PPE-BTs, 25 50 25 -

FHe 79 3 mLelH, & F3A27E 1 emel o]t} A7t
Al AEA PPE-BTy, PPE-BT, PPE-BTo SR/
DMSO §-919] uvel 9% ~HEHS Fgure 17} 200 212t
yEeRdct Zhzke] SRR} PPE-BT, = S/ &9 oA &+
ZH0o7 oF 300-320 nm G ol|A42] phenylenesthynyleneS]
-’FQ} 400-550 nm G oA wlzAfolotttololEe] 5
Btk Za W dixstolotrtololEe] ghgfo] Soldrs
T NS F v BE U= HZE (redshift)s1 ™, PPE-
BT PPE-BTsol HtlErude] 2teol= oF 120 nmv/lA]
UERsTE o= WlzsololttololZe] Jhgo] Aiat FARE
q]oﬂ soEE AAA Q1 MEA (bandgap)e] RoAl= Ao
2, 3 AARES] R EE GFA] 717F A3 Sl 9

& 82, WizsolofrielolEo] XA} WA ATL slof, Hs}
ol%5o] S7t8}] wHEOWrF’S A Erobgs) vl 2

AL FARE el WlzstolofrtololEe] o] Frigtel wh

2 FHuWEa= L FZESR= AL KA o= PPE-
BT} PPE-BTs2 FHtlSubge] 2polel oF 120 nmi.th

Normalized Absorbance

300 400 500 600 700

Wavelength (nm)

(a)
2
3 —0—PPE-BT, |
c
9 —e—PPE-BT,,
[ -
° —~—PPE-BT,
(8]
c
[0]
(6]
(%]
o
(o]
S t
L
el
0]
N
©
£
2 1 1

400 500 600 700 800
Wavelength (nm)
(b)

Figure 1. (a) Absorption; (b) fluorescence spectra of polymers in
water. Excitation wavelength: 400 nm for PPE-BT,, and 527 nm for
PPE-BT,s and PPE-BTx,.
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Figure 2. (a) Absorption; (b) fluorescence spectra of polymers in
DMSO. Excitation wavelength: 405 nm for PPE-BTy, and 470 nm
for PPE-BT, and PPE-BTx,.

Table 2. Photophysical Properties of PPE-BT,

Absorption Emission o}
Polymers  Solvent (nrrﬁ)) () (%)'a
H,O 313, 400 454 36

PPE-BT
DMSO 317, 405 463, 598 5.8
H,O 315, 466 622 46

PPE-BT.5
MSO 318, 460 597 52
H,O 320, 527 632 14

PPE-BTs,
DMSO 319, 487 598 5.6

#Quantum yields (&) were determined using rhodamine B in ethanol
(65%) as the reference.

o AR ¢k 160 nme] HWEa 2Jo)E He] =) 3
4 TRAES DMSO £ HolNE Z5 ol 0ol
FAR: ol Wzstolobtiololae] o Holylel meh Aol
Foubs ApgEaigel Ut HTESE AL o
M B SOk WS A9, A ZEI T Ao

BT}, ol 2R Bl THA}e] S4)do] DMSO
off ulal £ fdof, A} S5e] dofr] wlEolH, o]
3l yEALY 238 BApr) g A Aol o8] 3 &

Zan, 413949 A63, 20154

- Jinsang Kim - ©]

)
ofy

(a) (b)

Figure 3. Photographs of PPE-BTy, PPE-BT,, and PPE-BTs
(from left to right) in (8) agueous; (b) DMSO solutions under UV

irradiation (365 nm). [PPE-BTx] = 2.00x10° M.
#o] WolAE AE BelTky UuA YrkIe 2t v

2k HhErabdat HopiEay 2 oA 888 4uElske]
Table 20 YFERKRITE

A27A] BAE 482 Tolsl FEAR= HA @ =) 3

& 2P 284 Fsh IRA} ThRolglon] 0 A
22 2T 184 gl i o 390} A,

sto] 58 7FsAdol RAUTHT £ =il

o2
Y
t:o{r
o N
o
oft TN

Hilshs 7—%“ FE 7 PPEBTx S HIF W& G ;q
o 2L QAT 71 BALe) 23el] gehs YA a8 %

e Bylon, setomn SRS A s1sE Wy -‘E—*é%
Hol3 QJrk® e} gole] Fg ARL Figure 3 Lreh
o™, JEAL o] wizsoloprololge] gkl meh v
ks E‘HE%B Zhe 784 933 TSt RAE AlEE A

£
i

ﬁ} TEAR] PPE-BTgeS FARSS 71254 At
Hlo] @ 9] olql7] Hi= spo](thiol)7]
o] 7Fs38 A& o83, PPE-BTwS FAZ AR
BAlzo] ez M oln A& ?@L} ok A Y=
A Eol sk g-glo FollM= W A7} 2Est
= < sh= zlo] BAIRES} TH| o]t
AolHAME AAZR] HASES FA=BAIEZ I T
HgFe] et FRE A7) L8]
| AE A Joh® IR} Akl EAlse 7IEEA
2719 w-gAl S o] &-3le] PPE-BTsS oFul7]7F el &
HE fEl 718l R 5, PPE- BTSO ArLEe] 7he] 7}
282 A7]9} EDC/sulfo-NHS RHS-2- 53le] B Al 9] v}
7131 CD20 w4 npA B whgale] S Sefol=o
=¥ PPE-BTol #2561t 282 SEfo]=5 B A X
oF TH|Z7} &gt =) A 3, 307 wiFeiint. &
54 A4S AASY] fletd, SRR 4 2 AlA 5+ 3
g} olu|A & AW HEgtow, 1 ARl PG MR on]A] A}
21 Figure 4o YERHATE 23} dnjAd oz Adspd BA|
o} T AXE BF & ol 7183 BEA Afo=
FH| EAlete AS GRIsHAAIRHEE Stolw|A)), &3
7do2 A Aoll= B AR PPE-BT2| 44 @3]
FsisHl A= AT o= aEAlel] CD20 P 7 EYE o],

o WN
i}
¥o
2

& (i it
o

rj\g

o § oF o to N
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Poly(p-phenylenesthynylene)l 584 5

Positive B cell
SUDHL4

Negative T cell
SUDHL4

Optical images

Fluorescence images

Figure 4. Optical and fluorescence images of B (upper) and T cells
(bottom) using PPE-BTs.

CD20 w7 ¢} B ME7F Aol 2lste] B M) PPE-BTy,
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