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Abstract 

This research presents a method to prepare a new class of This research presents a 

method to prepare a new class of polydiacetylenelZnO nanocomposites for sensing 

applications. The ZnO concentrations are varied from 5, 9, 17, 33 and 50 wt%. ZnO 

nanoparticles function as substrates for self-assembling of 10, 12-pentacosadiynoic acid (PCDA) 

monomers in an ordered arrangement. After UV irradiation to induce polymerization, blue 

colored poly(1 0, 12-pentacosadiynoic acid) (PPCDA)/ZnO nanocomposites can be prepared. 

The colorimetric responses of the nanocomposites to temperature, pH, types and 

concentrations of solvents are rather different compared to those of the pure PPCDA vesicles. 

While the pure PPCDA vesicles exhibit irreversible color transition at -80°C, the 

nanocomposites show two steps reversible and irreversible color transition upon increasing of 

temperature. The reversible process ranges from room temperature to 140°C and the 

irreversible process occurs over 145°C. For colorimetric response to pH, it is found that pure 

PPCDA changes from blue to red at pH of 8 while the nanocomposites exhibit the color 

transition from blue to purple at pH higher than 12.5. Study of the response to solvents show 

that the addition of alcohols into pure PPCDA vesicles causes the transition from blue to red 

color at 45 vol% ethanol and 35 vol% isopropanol. For nanocomposites, a chromic transition 

from blue to red color is not observed but the absorption spectra exhibit the decreasing of blue 

phase intensity with increasing alcohol concentrations. 
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'IJ 
~U~ 1 mnn(;1 Yl~~(1 0, 12-bYl'WI?l:;b~"1f:;1(;1~1rJ'W1'W~mb~:](;1) (PPCDA)b'J~:]b~~~'lbI?l1m-J"'l1n 

10, 12-bYl'WI?l:;b~"1f:;1(;1~1rJ'W1'W~mb~:](;1 (PCDA) 12 
, , " 

lUVl2 b~~'l~~1'lbbU'J bilayer "lJ~'lYl~~1(;1~:;b"1f-Yi~'Wb'J~:]b~~bb~:;~~u1imnU~rJ'W~"'l1n':I1~'W 

btl'Wbb(Mbd~';hmn~~,"l1 pH 13 

lU~ 3 mnI?l1rJ~bb~:;~mj'ru:;b~~'l~~1'l"lJ~'ltj'~~~nj;J~~"lJ~'lYl~~1(;1~:;b"1f'Vl~~'Wflum~Jl1~'W1b'W 

"lJ~'l ZnO 13 

lU~ 4 Jl1Yl"'l1m'Vl~U~ TEM bb~(;1'l~n~ru:;mm~:;"'l1rJl?i''Jbb~:;"lJ'W1(;1"lJ~'l~~Jl1~:]'l~~~n1"1f~~H1'W 

'l1'W~~rJ (n) n1~'l"lJmrJ 18,500 bYl1 bb~:; ("lJ) n1~'l"lJmmVl1nu 59,000 bYl1 19 

.IJ "".. ~ ~ ~ <V ~ " 
~u'Vl 5 "lJ'W1(;1bb~:;m~m:;"'l1rJ"lJ'W1(;1~'Wl1~"lJ~'l~1nb"lJ'J'W~~rJ"1f'l~~~n b"1!(;1 b'W'W1"lJ"'llfl b~~~'Wbb~'J 
'IJ q 

20 
, " 

~UVl6 ~bUnl?lnm~(;1(;1n~'Wbb~'l"lJ~'l~1nb"lJ'J'W~~rJ:]'l~~~n1"1f(;11'W~1"lJ~(;11~~~'Wbb~'J
'IJ 'IJ 

~j;J1'Wmm~~'l ~'JrJYJ~ bl?l~f"lJ'W1 (;1 0,8 1~b~n~ I?l~ 20 

lU~ 7 "lJ'W1(;1bb~:;m~m:;"'l1rJ"lJ'W1(;1~~Jl1~"lJ~'l~1~~:;~1rJ PPCDA b'J~b~~ (ZnO 0 wt.%), 

bb~:;~1~~:;~1rJtj'~(;1~nj;J~~ PPCDA b'J~ b~~ nU~'WJl1~'W1b'W"lJ~'l:]'l~~~n1"1f ~ ~ bI?l1m.,lb(;1rJH
q 'IJ q 

m~1ru:]'l~~~n1"1f~ 5 9 bb~:; 17 wt. % 24 

~U~ 8 irufi1'W~'Vlm"'l1n AFM "lJ~'l (n) PPCDA b'J~b~~ bb~:; ("lJ) tj'~(;1~nj;J~~ PPCDA b'J~b~~ 
III cUI q III 

n'J~'WJl1~'W1b'W'jj~'l:]'l~~~n1"1f~ ~m~1ru:]'l~~~n1"1f~ 17 wt.% 24 
q 

~m~1ru:]'l~~~n1"1f~ 17 wt.% (n) n1~'l"lJmrJ 4,000 bYl1 bb~:; ("lJ) n1~'l"lJmrJ 10,000 bYl1 25 

~U~ 10 b~~'l~~1'l"'l~Jl1~"lJ~'l (n) PPCDA b'J~b~~ ("lJ) ~'WJl1~"lJ~'ltj'~(;1~nj;J~~ PPCDA b'J~b~~
'lJ q q q ClJ 

nU~'WJl1~'W1b'W"lJ~'l:]'l~~~n1"1f~~m~1ru:]'l~~~n1"1f~btl'W 17 wt.% ~n1~'l"lJmrJ 195,000 bYl1 
q 

, 
bb~:; (~) Vln1~'l"lJmrJ 500,000 bYl1 25 

~U~ 11 ~bUnl?l~1m~(;1(;1n~'Wbb~'l~~ruVlJl~~~'l"lJ~'l~1~~:;~1rJ PPCDA b'J~b~~ (ZnO 0 wt.%)
III III q ClJ 

bb~:;~1~~:;~1rJtj'~ (;1~ n j;J~~ PPC DA b'J ~ b~~ nU~'WJl1 ~'W1b'W"lJ~'l:]'l ~~~n1"1f ~~m~1 ru:]'l ~~~n1"1f ~ 
q 'IJ q 

5 9 bb~:; 17 wt,% 26 

"lJ~'l (n) ~1~~:;~1rJ PPCDA b'J~b~~ bb~:; ("lJ) - ('l) ~1~~:;~1rJtj'~~~nj;J~~ PPCDA b'J~b~~nu 

~'WJl1~'W1b'W~j~'l:]'l~~~n1"1f~ ~m~1ru:]'l~~~n1"1f~ 5 9 bb~:; 17 wt.% 1?l1~~1~U 
q 

31 
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E,j~ 13 mn,j~rJkl~b~tl~n1n~~~rut-1.1Jn"'l1n~rut-1.1Jni1tl'l"'lkl~'1~rut-1.1Jn 100 °C "lltl'l 

(n) ~1~~:::~1rJ PPCDA b'J~b~~ bb~::: ("ll) ~1~~:::~1rJi~(11~mJ~~ PPCDA b'J~b~~riUtlklJl1~kl1bkl 
• 'lJ • 

32 

• I.J , do, .,;.. .. '1 • I ... <11 ... 

Eu'Vl 14 (n) mm1~m'J~~kl ru 1?l1bbt-1kl'l'Vlbn(11n1~~(11n~klbb~'1~'1~(11 (/\'maJ bb~::: ("ll) butln"llkll?l 

.I.J ':i .. .. ... 
n1nu~rJkl~ (%CR) "lltl'l~1~~:::~1rJ PPCDA b'J~b~~ (ZnO 0 wt.%) bb~:::~1~~:::~1m~(11~n~~~

• 'lJ 

PPCDA b'J~b~~riUtlklJl1~kl1bkl"lltl'l:.D'Ifltltln1"1l~~m~1ru:.D'Ifltltln1"1l~ 5 9 bb~::: 17 wt.%• 
d Q 6. Q. Q.iJ"..c:S Q. 

b~tl~n1nY'l~~rut-1.1J~"'l1n~ru~.1J~t-1tl'l"'lklf:l'l~rut-1.1J~ 100 °C 32 

~,j~ 15 b~~'1~~1'1bb~:::in'jj'ru:::ikl~'J"lltl'l PPCDA b'J~b~~ bb~:::i~(11~n~~~ PPCDA b'J~b~~ 
'lJ • 'lJ 

>

riUtlklJl1~kl1bkl"ll tl'l:.D 'I fltltln1"ll(111kl~1 33• 

, >

~,jVl17 in'jj'ru:::n1~~(11~rJ'Il'i'J"lltl'l PPCDA 1kl~1 bb~:::1kli~(11~n~~~ PPCDA b'J~b~~riU 
'lJ ''lJ 

34 

, 
biJtlbijkll'i'J~'1"'lkl~'1tlrut-1Jlni1tl'l"lltl'l (n) ~1~~:::~1rJ PPCDA b'J~b~~ bb~::: ("ll) - ('I) ~1~~:::~1rJ 

• 'lJ 

E,j~ 19 ~b,jnl?l~1n1~~(11n~klbb~'1bb~:::~"lltl'lYJ~~ PPCDA b'J~b~~1klb~'Vl1nof"lltl'l PYA ~~rut-1.1Jnl?h'l137 

~,j~ 20 (n) - (~) ~b,jnl?l~1n1~(11(11n~klbb~'1"lltl'lYJ~~i~(11~n~~~ PPCDA b'J~b~~riUtlklJl1~kl1bkl 
cu ClJ q cu q 

"lltl'l:.D'Ifltltln1"1l~klb~'Vl1nof"lltl'l PYA ~m~1ru:.D'Ifltltln1"ll~ 5 9 bb~::: 17 wt.% 1?l1~~1~U 

bb~::: ('I) ~"lltl'lYJ~~i~~~n~~~~~ru~.1Jnt?i1'11 
~,j~ 21 b,jtl~bi]kl!?ln1n,j~rJkl~"lltl'lYJ~~ PPCDA b'J~b~~ (ZnO 0 wt.%) bb~:::YJ~~i~(11~n~~~
'lJ ''lJ 

bntl~1kln1~1i1m1~~tlkl1kl·ll'J'I~ru~.1Jni1tl'l~'1~ru~.1Jn 160°C 38 

~,j~ 22 ~b,jnl?l~1n1~(11(11n~klbb~'1bb~:::n1n,j~rJkl~bntlb~~fi1~'J1~bUklbU~"lltl'l (n) ~1~~:::~1rJ 
'lJ 'lJ 

PPCDA b'J~b~~ bb~::: ("ll)  ('I) ~1~~:::~1rJi~~~n~~~ PPCDA b'J~b~~riUtl~Jl1~klrlbkl"lltl'l 

:.D'Ifltltln1"1l~ ~m~1ru:.D'Ifltltln1"ll~ 5 9 bb~::: 17 wt.% 1?l1~~1~U 42 

E,j~ 23 Y'l~~m~~n1n,j~rJkl~b~tlb~~fi1m1~bUklbU~"lltl'l~1~~:::~1rJ PPCDA b'J~b~~ 

bb~:::~1~~:::~1rJi~(11~n~~~ PPCDA b'J~ b~~riUtlklJl1~kl1b kl"lltl'l:.D'Ifltltln1"1l ~ ~m~1ru 
• 'lJ • 

:.D'Ifltltln1"1l~ 5 9 bb~::: 17 wt.% (n) b,jtl~bi]kl!?ln1n,j~rJkl~ (%CR) bb~::: ("ll) fi1~'J1~m'J~~kl 

ru ~1bbWW'l~bn(11n1~~(11n~klbb~'1~'1~(11 (Ama) 43 

~,j~ 24 ~b,Jnl?lnn1~(11(11n~klbb~'1bb~:::n1n,j~rJkl~"lltl'l~1~~:::~1rJ PPCDA b'J~b~~ 
'lJ 'lJ 

38 

45 

http:b~tl~n1nY'l~~rut-1.1J~"'l1n~ru~.1J~t-1tl'l"'lklf:l'l~rut-1.1J
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lU~ 25 (n) - (~) ~HUnf;lnn'l~~i?1n~'Wbb~..:I"1Jtl..:l~1~~:;~1tJi~~~n~~~ PPCDA b'J~b~~nU 
tl'4Jl1~'W1L'W"1Jtl..:lon..:l~tltln1"l!~ ~m~1ruon..:l~tltln1"l!~ 5 9 bb~:; 17 wt.% f;l1~~1~U 

bb~:; (..:I) ~"1Jtl..:l~1~~:;~1tJi~~~n ~~~I b~tl b~~ ~'J1~1 b~~~'W"1Jtl..:l btl'Vl1'Wtl~bb~:;1tlL"l!L~~Yn'Wtl~ 46 

lU~ 26 ~1~'J1~tJ1'J~~'W ru ~1bb~'W..:I~bni?1n'l~~i?1n~'Wbb~..:I~..:I~i?1"1Jtl..:l~1~~:;~1tJ PPCDA b'J~b~~ 
(ZnO 0 wt.%) bb~:;~1~~:;~1tJi~~~n~~~ PPCDA b'J~b~~nUtl'4Jl1~'W1L'W"1Jtl..:lon..:l~tltln1"l!~ 

.do ~ "".. ~.. .d ~ ""''' ~ ~ ~ 'Vlu~~1ru"l!..:I ~tltln b"l! i?1 5 9 bb~:; 17 wt. % bdJtl b"'~Un'lm~:;f;l'W"nn (n) btl'Vl1'Wtl~ ("1J) btl b"l! b~~~1'Wtl~ 47• 
• l.d • I .. "'.. • l.d ";';j ~ "" 

~u'Vl 27 butln"l!'Wf;ln'lnu~tJ'W1;'l"1Jtl..:l~1~~:;~1tJ PPCDA b'J·t;'lb~~ (ZnO 0 wt. %) LL~:;~1~~:;~1tJ
" 
i~~~n~~~ PPCDA L'J~L~~nUtl'4Jl1~'W1L'W"1Jtl..:lon..:l~tltln1"ll~~m~1ruon..:l~tltln1"l!~ 5 9 bb~:; 

17 wt.% b~tl1~fun'l~m:;~'W'"l1n (n) btl'Vl1'Wtl~ ("1J) 1tlL"l!L~~~1'Wtl~ 47 

~U~ 28 (n) - ("1J) ~bUnf;lnn'l~i?1i?1n~'Wbb~..:I"1Jtl..:l~1~~:;~1tJi~i?1~n~~~ PPCDA b'J~b~~nU 
'lI qJ q cu 

(~) ~"1Jtl..:l~1~~:;mtJi~i?1~n~~~ b~tle.h'Wn'l~1~~'J1~~tl'W~tlru~Jlij~tl..:l'"l'W~..:Itlru~Jlij 100°C 
q cu q qJ q cu 50 

lU~ 29 (n) - ("1J) ~bUnf;l~1n'l~~i?1n~'Wbb~..:I"1Jtl..:l~;~i~~~n~~~ PPCDA b'J~b~~nUtl'4Jl1~'W1L'W 

"1Jtl..:lon..:l~tltln1"l!~ ~i1m~1ruon..:l~tltln1"ll~ 33 bb~:; 50 wt.% f;l1~~1~U bb~:; (~) ~"1Jtl..:l~;~iMl 

~n~~~ b~tle,h'Wn'l~1~~'J1~~tl'W1'W-rl'J..:I~ruVfJJij~tl..:l'"l'W~..:I~ruVfJJij 160°C 50 

lU~ 30 bUtlfb.n'W(;]n'lnU~tJ'W~"1Jtl..:l~;~i~~~n~~~ PPCDA b'J~b~~nUtl'4Jl1~'W1L'W"1Jtl..:lon..:l~tltln1"l!~ 
~i1m~1ruon..:l~tltln1"l!~ 33 bb~:; 50 wt.% b~tl~1'Wn'l~1~~'J1~~tl'W1'W-rl'J..:ItlruVfJlij~tl..:l'"l'W~..:I. " 
tlru~Jlij 160 °C 51. " 

bb~:; (~) ~"1Jtl..:l~1~~:;~1tJi~i?1~n~~~ b~m~'1n1n~~~1~'J1~btl'WbU~." 52 

~U~ 32 (n) - ("1J) ~bUnf;l~1n'l~i?1"'n~'Wbb~..:I"1Jtl..:l~1~~:;~1tJi~i?1~n~~~ PPCDA b'J~b~~nu cu cu q III 

tl'4Jl1~'W1L'W"1Jtl..:lon..:l~tltln1"l!~ ~i1m~1ruon..:l~tltln1"ll~ 33 bb~:; 50 wt.% f;l1~~1~U 

bb~:; (~) ~"1Jtl..:l~1~~:;~1tJi~i?1~ n ~~~ b~tl b~~~'J1~ b~~~'W"1Jtl..:l btl'Vl1'Wtl~ bb~:;1tlL"l!L~~~1'Wtl~." 53 



o
1. 'lJ 'VI'lJ1 

bD'WtJ'Cli?jl'1~'J"'ltJi?l (sensing materialst
2

) btitl'l"'l1 ntJ'Cli?j"llili?lti'n rl'Jl~ 'Cl1~ IH11'WnI~l'1tl1J'Cl'Wtl'l ~tl nI ~ 
b,j~rJ'Wbb,j~'1"lJtl'l~'1 bb'J i?l~tl~bi?lrJ ~tlU~ b~ 1~ 1 m:;~'W1~ bD'Wtlrll'1 ~ ~'1n r;l'Jtlrl 1'1 nI ~':n~ 11-il bD'WtJ'Cl i?l 

q q 

, ~ 

l'1~'J"'ltJi?l'Cllnrln~1tlbm~n~~'JIlIYiYlnrl'Jl~bD'W~~ b"ll'W b~tl1'Jf'Cl bb~:;bbUrlYl~rJ Escherichia coli bD'W 
q 

• I" I 

~'W bi?lrJtJ'Cl i?l~.w'lYl'WI'Cl'W1"'l1'Wn~~\!~tlYitl~1i?lbbtlb"1lVi~'Wb'J~h~~ ~'1 bD'Wtl'Wlll rl1 'W~:; r;}U'W1 b 'Wb~ l'1~"lJtl'l'Cl1 ~ 
qq. 

, ~ 

1'Wn~~rltl'W"'l bn l'1Yitl~ b~tlfYl'ClI~I~(l bl'11rJ~ 1~41rJ1'WV,1 bb~:::vh1~ bn i?l n~::;u'J'WnI~Yitl~ b~tl1n"1Ii'W1~~lrJ 
q 'U 

bi?lrJn1~'Ulmb'Cl'lfJ-;;l 'Cl~U~ b~'W"lJtl'lYitl~1i?lbbtl b"1IVi~'Wb'J~ b~~~vh1~n nl~v'1~11-n1'W'I1'W~1'11 ~1 n ~lrJ~tl 

rl'JI~'ClI~I~(l1'Wn IH,j~tJ'W~"'l1 n ~JI b~'W1,j bD'W~ bbi?l'l bntltlrl1'W'ClIlI'J::; bb'J i?l~tl~~ bbl'1n ~1'1 n'W~1tl bn i?l nI~ 
'U 

~1tl b~~'ClI~UI'1"llili?l b~I1t11'W~::;UU(3} ~'1"'l1 n'Cl~llil r;}'1 n~I'Jti'vh1~'t!n~Ym 1 ~1 'Cll'1fn bb'W'J ~i?l~"'l::;v'IYitl~ 

1i?l bb tl b"1lVi~'Wb'J~ b~~~I,j~::;'tJ n I?lbD'Wb"1l'Wb"1Itlfb~tll'1~'J"'ltJi?l~ ru~JJ~ 'ClIHrln bb~:::'ClI~~'JIlIYi ~1'11 ~'Cl'W1"'l 

"'l1 n'lI'W~r.ltJ~ tJ 1'W~ 11~n n 1~~ n~1 b~tl~~'W1 'Cl~ U~"lJ'eJ'IYitl ~1i?l bbtl b"1lVi~'Wb'J~ b~~1 ~n 

rl'Jl ~'ClI~ 1~(l1 'Wnl ~l'1tlU 'Cl'Wtl'l ~tl~'1 bb'J i?l~tl~~ b~1 ~ 1 n ~::;~'W1'W~:; r;}U ~ bbl'1 n ~ l'1tltl n1,j b"ll'W bn i?l n 1 ~ 
q 

I I I" I 

b,j~tI'W~Yltl ru~ll~ bb~ ::;/~1tl 1"11 ml~ bD'Wn~i?l-bU'ClYl 'Cl'l~'W,...1tl ~1~'1 ~1tll'1tlU'Cl'Wtl'l ~tlm~1 rur;l'J.;l1 
q 'U 'U 

~:::~ 1t1 bbl'1 n ~1'11,j"'l1 nYitl ~1i?l bbtl b"1lVi~'Wb'J~ b~~ bD'W~'W ~'1 Yi U~1~fi nI~wd'l~n,j ~:;~i'lfiIlIYi1 'Wn 1 ~ 

,jfU,jN'Cl~llil"lJtl'lYitl~1i?l bbtl b"l!Vi~'Wb'J~ b~~ 'Cl1~1~(l.;l11~bi?ltl nl~,j fu b,j~ tI'Wbrl N'Cl~I'1i'lI'1 brln"lJtl'lb"ll~I'1• 

'CliU~'Wfi::;b~mbbUU ~'eJbti'eJ'I ~'1.;l11~'Cl m'W:;"lJtl'l~ b~ n l'1~tl'Wbb~::;n1~i?li?ln~'Wbb'Cl'l bn i?ln1H,j~tJ'Wbb,j~'1 bb~:;
'U 

~'1I:.J~1 ~ bn i?l nI ~b,j~tI'W~('W1'W~:; r;}u~ bbl'1 n ~1'1 n'W1,j tlrl l'1hn l'11 ~~fi n 1 ~ti'n rl'J l~iU~tl'W1 'Wni ~ 
~ , 

~'1 brln:;i'Cl1 nD'Wtlrl 1'1~1 n bb~:;~1 bD'W~tl'l1~'Cllnrln r;l'l ~'WYlnn rll bb Yi'l~ n ~'JtJ 

n1nl'11tJ~Yitl~1i?lbbtl b"1lVi~'W1'W~,j"lJtl'ltJ'Cl i?l~ n 1:.J'Cl~ bD'W~n~fin1~~tl'l1'Wn1~~~'WI'Cl~llil"lJtl'lYitl~ 
'U • 'U 

1i?l bbtl b"l!Vi~'Wb'J ~ b~~ b~ tl1~'11 'W bD'W b"l! 'Wb"l! tl f~::; r;}U b~ b~ n ~1~n n 1 ~l'1'eJU 'Cl 'Wtl'l ~tl ~'1 n~::; ~'W1'W~:;r;}U ~ 
q • 

, ,~ 

bbl'1n~I'1tl'eJn1,j~'1'ClI~I~(l.;l11~bi?ltJ nIH~~tl'Wlll rl'Wl b'W"lJtl'l b~~::;'eJtln1"11 r;lbYltl1~ bn i?l bD'WtJ'Cl i?l~n 1:.J'Cl~~'W 
• q 'U 

(;]'J'eJrll'1'11'W~r.ltl ~ tJ 1'W~ 1 1~ bbn nI nl'11t1 ~tJ'Cl i?l ~ n I:.J 'Cl ~ "lJtl '1Yi tl ~1i?l bbtl b"l!Vi~'Wbb~::;tl'Wlll rl'W 1 b'W"lJtl'l 
q 'U q 

6Jj~ntl'W1i?ltltln1"11 r;l (Si02)(6) bi?ltl'eJ~lllrl'Wl b'W"lJtl'l6Jj~ ntl'W1i?ltl'eJn1"l1r;l"'l::;.;lIV1lJl~ bD'Wbi'l~ bYi~ l'1 (template) 



• • b~'el"l1'JtJufuUJ''11"1'J1l-J ~1l-J1 J't;) 1'Wn1J'~i?1 ~tJ'I!?l'J 1~ b'el'l"lJ'el'l bl-J b~ n~ 1i?1 bb'el b"ll Vi~ 'Wl-J'el'W'el bl-J'elf ~'1%n1 J'ti' 

~1l-J1J'mI?l1tJl-J~'W1~~1tJ J''Ji?1bh bb~:;~1nl"1~~Hbu'W~1J'~'1~'Wih11"11hibb'VNl-J1n~n~'JtJ 
mn~l-J'el'W1l11"1'W1 b'W"lJ'el'l b~'VI:;'el'eln1"1l r?lb~'el1~ bn i?1 bU'W'r~ i?1~ n ~~l-J~'el~1~1 bb'el b"llVi~'tJrlU'el'W1l11"1'W1 

q q III q 

'i' "" ~ ~ ~ (7) ~ "'" ~ ~ ~ (8) d ~I .,l "'" ...,..,l ""'~ " 
'el'41111"1'W1 b'W"lJ'el'l"ll'lI"1'el'eln b"lli?1 (ZnO) bb~:; b'Vlb'Vlb'WtJl-J bi?1'el'eln b"lli?1 (Ti02) "ll'lbu'W~1J''Vll-J~l-JUI?l'Vli?1 b'Wi?11'W 

n1J'~i?1onuf'l~r.l~ bb~:;'el'41111"1'W1b'W"lJ'el'lb'VI~n'el'eln1"llr?l b"l1'W bbl-Jnt!1'Vll9l (Fe30 4)(9) ~~~l-J'Liil"1'J1:1HU'W 

bb:IJb'VI~n bU'W~'W mh'I hri1?l1l-J'"l1 n mJ'~mj'1 ~'W1"1~1'11'W~~tJ~ eJ1'Wl-J1tJ'I1:IJ~u n1nI?l1tJl-JtJ~ i?1~ n ~~l-J"lJ'el'l 
• 'IJ 

b'W"lJ'el'l~'1 ~'el'el n1"11 r?l bi?1tJufu bU~tJ'W'ell?ln~'J'W"lJ'el'l~'el~1i?1 bb'el b"llVi~'Wbb~:;~'1 ~'el'el n 1"ll r?l bb~:;l11 n1 J'~ mj'1 

~ ~ ~nJ'J'l-Jn1nU~ tJ'W~"lJ'el'ltJ~ t1l~ n ~~l-J~ bI?l1tJl-J1~ b~'el1~fU n1J'J'U n'J'W'"l1 n~'1 nJ':;~'W1l1tJ'W'el n 1~ bbri 

'el nJ'VIllil 1"1'J1l-J bU'WnJ'i?1-b U ~ "1llJ~1 bb~ :;1"1'J 1 m ~l-J~'W"lJ'el'l!?l'J l11 ~:;~ 1 tJ ~'11"11 i?1~ 1tJ~ i?1 ~ n ~~ l-J"1llJi?11'VI:IJ~ 
q cu q cu 

bl?l1tJ l-J 1~'"l :;~~ l-Jml n 1 J'1?l'elU~ 'W'el'll9l'el~'1 n J':;~'W1l1tJ 'W'el n~ bbl?l n 19l I'llU'"l1 n~ 'el~1i?1 bb'el b"ll Vi~ 'Wb 'J~ b~~~1:IJ ~ • 
" 

'el'W1l1 1"1'W1 b'W"lJ'el'l~'1 ~'el'eln1"ll r?l'elrJ1'WJ':;UU bb~:;{n1u~ n1J'~W-J'W1~l-JU~1 'Wn1J'I?lJ''J'"ltJi?1"lJ'el'ltJ~ i?11'Wn~l-Jt! 
q cu cu q q 

1. b~'elbI?l1tJl-JtJ~ i?1~ n ~~l-JJ':;'VI~1'1~'el~1i?1'el:;b"ll'Vl ~~'WnU'el'W1l11"1'W1b'W"lJ'el'l ZnO ~1'V1fU mJ'I?lJ''J'"ltJi?1~ 
• 'IJ • 

.,l d' 
~1l1'J :;'VlJ''WbbJ''1l-J1 n"lJ'W• 

2. b~'elbI?l1tJl-Jyj;l-JU1'1"lJ'el'ltJ~ t1l~n~~l-JJ':;'VI~1'1~'el~1i?1'el:;b"ll'Vl~~'WnU'el'41111"1'W1b'W"lJ'el'l ZnO 1'WbbUU 

19l1'11 b~'el1~b'VIl-J1:;nUmnJ11uuJ':;tJnI?l1~l9l'el1U 

1.3 "ll'fl'Ub"lll?ln1'a~~tI 

1. bl?l1tJl-J bb~:;~mj'1~l-JU~'Vl1'1 mtJll1~ bb~ :;~l-Jml b~'1 bb~'1"lJ'el'l~'el~1i?1 bb'el b"llVi~'Wb'J~ b~~~~'el'W1l11"1'W1• 
b'W"lJ'el'l~'1 ~'el'el n1"11 r?lbU'Wbbn'W bi?1tJ bmtJu bVltJunU~l-JU~"lJ'el'l~'el~1i?1 bb'el b"llVi~'Wb'J ~ b~~~1:IJ~'el'41111"1'W1b'W"lJ'el'l 

~'1 ~'el'eln1"1l r?l'elrJ1'WJ':;UU
'IJ 



tlhn rubb!l~ n!l ~!l~ bb~:;m ntl~tI'l,lbbtl~'1 ~1 pH ~(;)tI bmmJ bVlmJ nu~ ~ ~m'nJ"1l!l'l~!l~1(;)bb!l b"1lVl~'Wb'J~ 

b~~~1~n!l'W1l1 ~'W1~'W"1l!l'lon'l ~!l!l n1"11 ~!ltJ1'WJ':;uu
q ~ 

';j b~J'1:;~'Cl~u1h~'1 mtlll1~ bb~:;b~'1 bb'Cl'l"1l!l'li'Cl~~ bl?l1mJ1~~i'Jm'VI~U~ laser light scattering, 

AFM, SEM, TEM, UV-vis spectrophotometry 

'VI (;)'Cl!lU m J'l?l!lU'Cl'W!l'l ~(;)tI mntl~tI'W~ b~!l rJ n m':;~'W~'JtI ~'J1~~!l'W ~1 ~'J1~ b1J'Wm'(;)-bU'Cl bb~ :;1?l'J 
~ q 

o ~ 

'VI1~:;~1mb!l~n!l~!l~ 

bl?l1t1~YJ~~~!l~1(;)!l:;b"1lVl~'Wb 'J'Clon b~~ bb~ :;i'Cl (;)~ n l!J'Cl~~!l~1(;)!l:;b"1lVl~won'l n!l!l n1"1l ~ 
q ~ 

... .... 
1.5 'VIt]ti{)bb~~bb'lJ'J~'J13J~1Pl 

~!l~1(;)!l:;b"1lVl~'Wb'J'Clen b~~ biJ'W!l'41l1 ~1'WJ':;(;)1J'W1 ~'Wb~ l?lJ'''1l!l'l'Cl1 J'1'Wn~~ ~!l'W~ bn l?l~!l~ b~!lf~'1n 

'Cl~ul1 b~'W~!l ~'J1~'Cl1~1J'rJ1 'Wm ntl~tI'W~1~ b~!l!ltJ1 'W'Cl1l1'J:;bb'J (;)~!l~~ bbl?ln 1?l1'1 n'W~1-!l bn (;)mJ'~u nu 
~ 

b~~'Cl1J'U1'1-nU(;) b~11tl1'WJ':;uu ~'1fDl1 n'Cl~miifvl11~'I!n';j'VItJ1 ~1'Cl l?lfn bb'W'J ~ (;)~fDl :;~1~!l~1(;)!l:;b"1lVl~'Wb 'J'Cl 

en b~~~1tlJ':;~ n l?l1~ b1J'W'W1 ~'Wb"1l'Wb"1l!lfb~!l l?lJ''JfDli(;)'Cl1J'1?l1'11~'Cl'W1 fDl 

~!l~1(;)!l:; b"1lVl~'W'Cl1~1J'rJ bl?l1t1~1~fDl1 n mnn (;)~!l~ b~!l1n"1l-i'W"1l!l'l1(;)!l:; b"1lVl~'W~!l'W!l b~!lfb~!l 
, ," 

1~fubb'Cl'ltl~1l1t11~'Cl1l1'J:;Vl b~~1:;'Cl~ ~(;)tI~!l~1(;)!l:;b"1lVl~'Wb'J'Clen b~~Vl bl?l1t1~1~fDl :;n~~rl b~'Wb~~ ~1~fu 
~ 

1'W'I1'W';j~tlifb~!l n H 1 0, 12-b~'Wl?l:;~~"1I:;1(;)!l1t1'W1'W~ nbb!len (;)(PCDA) ~'1 bU'W~~'11'W1(;)!l:;b"1lVl~'W~tl (;)~ 

1~fu ~'J1 ~Uti ~I bb~ :;'Cl'W1fDl~1~ 1 H biJ'W!l tJ 1'1 ~1 n b ti!l'l fDl1 n 'Cl1~ 1 J'rJ bl?l1t1 ~1~mJ1 'WJ'tl"1l!l'l b'J 'Clen b~~ ~'1 

, " , 

~ ~ 


m':;fDl1t1 1?l'J!ltJ1'1'Cl~1 b'Cl~!l1'W~11~~(;)tl1~nJ':;u'J'Wm J''el~ l?lJ'1 ~"1IUn~'1 b~~1 :;'Cl~VlfDl :;~11tlH bU'Wb"1l'Wb"1l!lf 


J':;(;)U~~ b~ n~ (;)'1 bb'Cl (;)'11'WJ'tl~ 1 
q ~ 

T 


PCDA PCDA vesicles PPCDA vesicles 

d .,j 'i' ~ o:'i' "" "" (10)
"11'1 bl?lJ'tI~fDl1n 1 0, 12-b~'Wl?l:; b~"1I:; b(;)!l1t1'W b'W!lnbb!l"1l(;) (PCDA) 



b~mJn~ LL~'l L~'e)~'e)~l~'e):;L"l!Vl~'WlMun1nu m'W"ln~'1m':;~'W":;LU~tJ'W"l n~~l ~'WdJ'W~ LL~~ 
b~tJ":;~ ~hm1~ ~n~'WLL~'1~l-J1n~ ~~'lI'e)'11U LLUU~vh LL'Cl:;~ LL~'1'e)tJ~ ~'l1l-ltJ1'l ~~'W1J1:;mrn 64CJ LL~:--

~ q ~ ~ 

540 'W1b'WLl-l~1~1l-l~1~U b~tJn'Clln1'WmHu~tJ'W~L~'e)1~~um1~'e)'J~'W'e)'1~'e)~'1m':;~'WL1J'W~'Clm"ln 

b~1'11ub'll~in'll'e)'1~'e)'W"Ln~~'e)~Ll-l'e)fLn~mHU~tJ'WLLU'Cl'1 L"ll'W Ln~mn'll-ln~Wl'W"lI'e)'1b"ll~l'1 Vl~Vl1'1m1 
"" q 

~tJ'1I?l'l LU~tJ'WLLU'Cl'11u L1J'W~'W 9'1v'h 1 ihn ~~'l1l-l Lfi'W~~ltJb'll~in LL'Cl :;~'1 ~'Cl1ihn ~mHu~tJ'WLLU'Cl'1b~1'1 

1U';'W ~'1tf'W9'1v'h1i1~r:n'W:;"lI'e)'1~L~n~1'e)'W (electronic states) LL'Cl:;m1~~n~'WLL~'1Ln~mHU~tJ'WLL1J'Cl'1
" " 
~'1 ~'Cl1i1 Ln ~mHU~tJ'W~';'W tJnl?l'l'e)tJ1'1 L'li'W mHu~tJ'W~"lI'e)'1~'e)~l~'e):;L"l!Vl~'WL~'e)~ mHU~tJ'WLLU'Cl'1 

, 
~'lll-lL1J'Wm'~-~l'1 ~'1LL~~'11'WIUVi 2 

'"11 n~ in n11~1'1 ~'Wn1 HU'~ tJ'W LLU 'Cl'1 LL 1'1 n 1:;v'i 1~~'W~'l'll'e)'1 L'l ~~ L~'Clt..i1":;~'1 ~ 'Cl ~'e)~l-lU~ n11 

LU~tJ'W~ 1'Wn11P1 n~1d',,:;v'i1 n1H~l-l'e)'l1[l1~'W1b'W'lI'e)'1 ZnO L~111J1 'WLLn'Wn'Cl1'1'l1'e)'1 L'l~~ L~'Cl ~'1 LL~~'11'W 
lU~ 3 ~'1LL1'1m':;v'i1~mn,;'WJ'W":;~~'Cll?i'e)1~'W111m{'lI'e)'1~~ side chain LL'Cl:;t..i1,,:;v'i11ihn~~'Clm':;VlU1u. 
n11v'i11i1L'l~~L~'ClLn~mHU~tJ'W~~~[l1'l:;~'j''WLL1'1l-l1n';'W L'li'W ~'e)rn~[ll1~'1';'W LL'Cl:; ~ pH ~'1';'W LL'Cl:;

~ q 'iI 'lJ 'II 

L~'e)v'i1n11P1 n~l~l-lU~'lI'e)'11'~ ~'Cl n ~ ~l-l1'W1U LLUU'lI'e)'1~11'Cl:;'Cl1 tJ LL~'l ,,:;v'i 1 n11 L~1tJl-l LL'Cl:;P1 n~l ~l-lU~ 
q " " 

'lI'e)'1~~l-lU1'11'~~~n ~~l-l~'ltJfjfil?i1'1~1 L~'e)1i1 ml-l 1:; nu mnl11uu1:;tJn ~'-n l?i'e) lu 

, 
PCOA znO 

o 
~HO 

HO -"" 

--.-.-- 

j..,,;;:' .......... ,;..- w _ .... _ 'ttJ.-:.. ..,. _ ~ ~ ... " ~
!;I: 

, 

~~ 2 b~1'1~r1'1LLUU bilayer 'lI'e)'1~'e)~1~ 

'e):; L"l!Vi~'WL'l~:n L~'Cl LL'Cl:;~ l-lllii m HU~tJ'W~ 

"lnJ1~'WL1J'WLL~'1L~'e)v'hm'lL~l-lfh pH 



1.6 ,j'l::b!J"lI,Jv1Fl1tpl~1~::1~~'IJ 

1M'~ f?J~ n e.J~lJ~'f)~1[?l bb'f) b"llYl~lJb'"J~ b~~~iJ'fl'l~Jl1FllJ1blJ"lJ!l'l"D'I r)'f)'f) n1"ll r;)bUlJbbnlJ~'1iJ~lJU~ 

bVllJ1:::~lJ~1'I~f1Jth:::tJn ~1lJb'Vl rl b lJb~~n1~~~'"J"'li[?l
q 

~ ~, 

1lJ'I1lJ~r.ltltlvi1n1n~1t1lJ~I~~:::~1t1 PPCDA b'"J~ b~~1lJ~1"lJr.l~1!l'f)'f)lJbb'~h Yl rl'lllJb~lJ~lJ 0.5 

~~~blJ~1f b[?ltliJ%n1m~:::.fflJ~'f)lJ ~'1;i 

1. ~1lJ'"J(1.m~:::i'l PCDA b[?ltlHmlJlru PCDA 0.0019 nflJ 

2. ~1 PCDA 1t1~:::~1t11lJrl~'f)b~YI'f)flJ bb~:::n~!l'l~1lJ1lJ~'f)lJ~~b~'f)f"lJlJ1~ 0.451lJbrlnlJ~~ 

3. ~:::bVltl rl~'f)b~YI'f)flJ!l'f)n~'f)ruVlJl~t1~:::lJ1ru 70 !l'l M1 b"ll~ b~t1~ "'l:::Ui PCDA ~n rl'l1lJU1~'Vli 
q 'U q 

I "!V i.I 

4. e.J~lJ PCDA Ylu1~'Vlfinu~1"lJr.l[?l1'f)!l'f)lJbb~'"J b~t1HmlJlru~1"lJr.l~1'f)'f)!llJbb~'"Jb'Vhnu 10 
q 

~~~~~~ "'l1mflJ~11t1'ei~~nb"lliln~~'"Jmrli'f)'1 ultrasonic bath (Elmasonic, D-78224) ~~ruVl.IJ~ 75

80 !l'lM1b"ll~b~t1~ bUlJb'"J~1 30 lJ1Yl 
, ~ ~ 

5. ~1~1nb"lJ'"JlJ~!ltlYl b~1t1lJ1~ I?l'lYl'l1~1ihiilJ"'llJ~'1!l ruVlJl~~'f)'1 bb~ :::bnu1lJ~biilJdJlJb'l~1 1 ~lJ 
q 'U 'U 

6. ~1~1nb"lJ'llJ~'f)t11t1~1lJn1~ll.1mb~'1t1~ bUlJb'"J~1 5 lJ1Yl bb~'"J n~'f)'1 ~1lJb"ll~~b~~~~ b~!lf"lJlJ1 [?l
'U 'U 

, " 
0.81lJbrlnlJ~~ "'l:::1~~1~~:::~1t1 PPCDA b'"J~b~~ViiJ~~1b~lJ 

2.2 n'l::'IJ'J'W n1'lblPl~m.J~1'l~::~1!J-r~ lPl~n eJ~:I.J PPCDA b'J~ bA~n'IJ'el'lJ1l1Fl'W1b'W"lI'el~:n~~'el'eln1"l1~.... . 
1lJ'I1lJ~r.ltl;i~1 n1n~1t1lJ~1~~:::~1t1i~ [?l~ n (:.J~lJ PPCDA b'"J~ b~~ nU'f)uJl1 rllJ1 blJ"lJ'f)'1"D'I r)!l!ln

q 'U "i( 

" ,
1"ll[?l1lJ~1"lJ~~1'f)'f)'f)lJbb~'"J b[?ltlHrl'l1lJb~lJ~lJ"lJ'f)'1 PCDA bUlJ 0.5 ~~~blJ~1f bb~:::t1fubtl~t1lJmlJ1ru"lJ!l'l 

"D'Ir)'f)'f)nhr;)dJ'W~'f)t1~::: 5 917 33 bb~::: 50 b~mflV1't!n"ll'f)'1 PCDA ~'1~n1m~:::.fflJ~'f)lJ~'1;i 

1. ~1lJ'"Jrubb~:::i'l~'l'We.J~lJ~:::VI~1'1 PCDA bb~:::e.J'I"D'Ir)'f)!ln1"ll~1'W'el~~1~'llJ(;]I'11 

2. ~1 PCDA 1t1~:::~1t11'Wrl~!lb~YI!lflJ bb~:::n~!l'l~1'W1'W~'f)'W~~b~!lf"ll'W1~ 0.45 1lJtrlnlJ~~ 
11 I I 4' 

"'l1mrlJ~:::bVltlrl~'f)t~YI'f)flJ'f)'f)nYl'f)ruVlJl~t1~:::lJ1ru 70 !l'lMlb"ll~b~t1~ "'l:::1~ PCDA YliJrl'"J1lJu1~'Vlfi 
q 'U q 

" 3. ~1e.J'I"D'I r)'f)'f) n1"ll r;)e.J~lJ nU~1"lJr.l[?l1!l!l!llJbb~'"J bb~:::~11t1'el~~~1t"lliln~~'"Jtlt~~u (Ultrasonic 

TM ~I oC:iI d 8! ~ .Q ~ 1 ~ oQ Q,." .d Q
liquid processors, Vibra-Cell VC 505) bu'Wb'l~1 5 'W1'Vl b~!l bVle.J'I"ll'lrl'f)'f)n "ll~bn~n1m~:::"'l1t1~'"J'Vl~ 

I .. 11 I 

4. e.J~lJ~1nb"lJ'"JlJ~'f)t1"D'Ir)'f)'f)n1"llr;) nu PCDA Ylu1~'Vlfi "'l1n'l!'W~11t1'ei~~~1t"lliln~~'"Jmrl1!l'l 
q 

ultrasonic bath (Elmasonic, D-78224) ~'f)ruVlJl~ 75-80 !l'lM1b"ll~b~t1~ bU'Wb'l~1 30 lJ1Yl 
q 'U 



, " " 
5 . tl1~1nb"lJ,)'W~'elrJi~ (?)~ n t:.J~:hJVl b[?]1rJ:hJ1~t?l~'Vi~1~b~ bii'W"'l'W~~'el ru~Jli:j~'el~ bb~ :;bnlJb'W~ bii'WbU'W 

q~ q ~ ~ 

b,)~1 1 "" r1'W 

6. 'i),1mb~~rJ~~1nb"lJ,)'W~'elrJi~(?)~nt:.J~:hJbu'Wb,)~1 5 'W1Vl bb~')n:i''el~~1'Wb"ll~~L~~Yj~b[?]'elf"lJ'W1(?)
~ q qJ \J 

2.3 ~UJ~"lI'tI.:j PPCDA b'J~ b~~ bb~~-r~ (?)~ mnUJ PPCDA b'J~ b~~ n'U'tI'U1'l1 F'l't.11L'U"lI'tI.:j:a.:j~'tI'tI n 
.~ . 

1'll~ 

~1m:i'~n'\j'1bmrJlJbVirJlJ~:hJlJ~(;j1~1 "lJ'el~ PPCDA b,)~bA~ bb~:;i~t?l~nt:.J~:hJ PPCDA b,)~bA~nlJ 
, " 

'el'4Jl1F'l'W1L'W"lJ'el~"D~~'el'eln1"llC;)VlihB:hJ1ru"lJ'el~"D~~'el'eln1"llc;)dJ'W~'elrJ~:; 5 9 17 33 bb~:; 50 L(?)rJtl1~,rn L(?)rJ 

" ~n'\j'1~:hJlJ~(?h~l (?)~il 

"D~ ~'el'eln1"ll ~~ b[?]1rJ:hJ1~:hJ1 ~n'\j'1"lJ'W1 (?) bb~ :;m:i'n:i':;"'l1rJ"lJ'W1 (?)'el'4Jl1 F'l ~')m 'Vl F'lilfl laser light scattering 

(Mastersizer 2000, Malvern Instruments) 

tl1~1:i'~:;~1rJ PPCDA b,)~ bA~ bb~:;~1:i'~:;~1rJi~ t?l~ n t:.J~:hJ PPCDA b,)~ bA~ nlJ'el'4Jl1f1'W1 L 'W"lJ'el~ 

"D~ ~'el'el n1"ll ~~ b[?]1rJ:hJ1~~rJ (?)~~lJ'Wbb~'W"D~ n'el'W~~1f1,)1:hJ~:;m (?) bb~,) i~b~ bb~~~~ ruwJi:j~'el~ bb~')~~tl1hJ 

~n'\j'1~ru~1'W';j'Vlm~,)rJn~'el~"'l~'Vl:i':i'P1,rbblJlJbb:i'~'el:;[?]'el:hJ (Atomic Force Microscope, AFM) (SP13800N
~ , 

Nanoscope II, Seiko Instument Inc., Japan) bb~:;n~'el~'1~'Vl:i':i'P1,r~d~n[?]:i''el'WbblJlJ~'el~n:i'1(?) (Scanning 

Electron Microscope, SEM) (JEOL JSM 6400) 

" " "D~~'el'eln1"llC;)~rJ (?)~~lJ'WlJ'Wn1(?)'Vl'el~bb(?)~ "'l1 n,r'W'Vi~1~b~ bb~~ bb~')'Il1hJ~ n'\j'1LflN ~~1~'1~Jl1 F'l"lJ'el~'el'4Jl1 r1 

b~m~,)rJn~'el~"'l~'Vl:i':i'P1~b~n[?]:i''el'WbblJlJ~'el~~1'W (Transmission Electron Microscope, TEM) (JEM, 

2100) 

http:F'l't.11


• • 

PPCDA LI"J~ LFi~ rlU'el,,*Jl1 rl'kl1 h.l"1l'fl\l8]\! rl'fl'fl n 1"Jl ~ ~l"Jmrli'fl\l UV-VIS Spectrophotometer (Specord S 

100 B, Analytik Jena) b(?ltJ~(?l'Cl1~~:;~1tJ~~'fl\ln1~~m~1th:;~.J1ru 4 ~~m~l?W 1~~\l1'W quartz cuvette 

LL~b-w111J1'(?l,"hn1~(?l(?ln~'WLL'Cl\l1'W"rll"J\!rlI"J1~tJ1I"Jrl~'W 300 ~\l 800 'W1b'WL~(?l~ b(?ltJHJ1"11r.r(?lh'fl'fl'WLL~1"J
'U 

dJ'W blank 

2.4 n1'afijm~1~HI~n'a'a~n1'abU~tI'\J~"lI'e:I~~1'a~::'tntl PPCDA b'J~b~~ bb~::~1'a~::~1tJr~ j;1~ n ~~3J . .~ 

PPCDA b'J~ b~~ n'IJ'e:I'\J!l1 !Ol'\J11'\J"lI'e:I~:a~~'e:I'e:I n1'1.1 I?! ~'e:I~~n'a::~'\J!l1t1'\J'e:ln 

'", , 
~(?ln~'WLL'Cl\l~l"Jmrl1'fl\l UV-VIS Spectrophotometer (Specord S 100 B, Analytik Jena) Y\~n1~~(?l~\l 

'" , '" 
~:;tJtJVI~'WL~tJ'W-W1Y\'Cl1~1nl rll"JtJrl~'flruVlJl~il~ 1'Wn1~Yl(?l~'fl\li1H'Cl1~~:;~1mh:;~1ru 4 ~~~~(?l~ 1~1'W 

q q q IU 

, '" 
quartz cuvette LL~:;Yhn1~~mnn1~(?l(?ln~'WLL'Cl\l1'W'llI"J\lrlI"J1~ml"Jrl~'W~\lLLt?l 250 ~\l 800 'W1b'WL~(?l~ b(?ltJ

'U 

'" H-W1"11r.r(?l1'fl'fl'fl'WLL~I"JLU'W blank 

rltJ'fl '4Jl 1 rl'Wrlb'W"1I'fl\l8]\l rl'fl'fln1"Jl ~ Ln'fl LtJ~tJ'WLLtJ~\l ~1 rl1"J1~ Lu'Wn ~(?l-LtJ'Cl b(?ltJ';j Lrl~1:;~'Cl~tJ~n1~~(?l n~'W 

LL'Cl\l1'W'llI"J\!~ L'fl"ll 6 ~\l 13 ~l"JmYlrlUrl UV-VIS Spectrophotometry (Specord S 100 B, Analytik Jena) 
, '" '" 

1'W'llI"J\!m1~ml"Jrl~'W~\!LLt?l250 ~\! 800 'W1b'WL~(?l~ LL~:;1~-W1"11r.r(?l1'fl'fl'fl'WLL~I"JLu'W blank b(?ltJHb"JlL~tJ~lel 

(?l~'fl n1"Jl ~tJttJ~1 rl1"J1~ LU'WLtJ'Cl"1l'fl\!'Cl1~~:;~1tJ 

rltJ'fl'WJl1 rl'W1 b'W"1I'fl\!8]\l rl'fl'fl n 1"Jl ~ Ln'fl L~~ ~I"JYh ~:;~1tJ L~11tJ1'W~:;tJtJ b(?ltJ ~I"JYh~:;~1tJ~HYl (?l'Cl'fl'u1'W• '" ,
\!1'W';jr.rtJi1~'fl L'flYl1'W'fl~ LL~::::1'flb"JlbYl~Yl1'W'fl~ LL~:;Yl(?l'Cl'fltJY\rlI"J1~L~~~'W1'W'llI"J\l~'fltJ~:; 5 ~\l 90 b(?ltJ 

,'" '" 
m~1(?l~ b(?lm~~~I"JYi1~:;~1tJY\~'fl\!n1~Yl(?l'Cl'fltJrlt\l~:;~'fltJ~:::: 5 b(?ltJm~1(?l~ 1Oj1mr'WYi1n1~L"1Ith"l'W~I"JYi1 

, '" 
~:;~1tJ LL~:;'Cl1~~:;~1tJy\Yi1 n1~Yl (?l'Cl'fl1J~I"J~ ~I"J LU'WLi1'fl L~m rl'W LL~::::1'(?l n1~(?l (?l n~'WLL'Cl\l ~l"JtJ LYl rlUrl UV-VIS 

'U 



, " 
Spectrophotometry (Specord S 100 B, Analytik Jena) 1'W·lh-.lf)'J13-JtJ1'Jf)~'Wl?l-.lbb!?l 250 n-.l 800 'W1b'W 

" b3-J!?l~ b(1)t1H1J1"11r.l(1) 1ililil'Wbb~'J b1J'W blank 

" " ilnh~ i:J1fin1nb~:;i'W!?lil'W1'Wn1n!?l1t13-J(;)-.lil 

, " 
b'W"1Iil-.l:n-.lrlililn1"ll~ YhJ13-J1OJ:n-.lrlililn1"ll~biJ'W~iltl~:; 5 917 33 bb~:; 50 b(1)t11J,"),I,nJn !?l13-J7jfin1~1'Wi'J~il 

3 .3 bb~:; 3.4 !?l13-J~1 (;)U 
" , 

2 . b!?l1m..J~I~~ :;~It1'Wil~bU~ bbil~ nilf]il~1'W1JI"11r.l(1) 1ililtl'Wbb~'JYl f)'JI3-J b~3-J~'W~iltl~:; 10 b(1)t1 

J1V1Un"1Jtl-.l"1ltl-.l bb~-.l b(1)t1Y1 1 n1 ~ stirred 'W~il3-J nu1~ f)'J13-J~tl'Wbbri eN'Wil~1'J U~ bbil~ nilf]il~~il OJVlfln , " 
, , " 

th:;3-J1OJ 80 il-.l fi11 b"ll~ b~t1~ b1J'Wb'J~1 1 -D'J b3-J-.l b~il1~eN'Wil~1'JU~ bbil~ ntl f]il~~:;~1t11'W1J1"11r.l(1) 1tltltl'W 

"1Itl-.l:n-.lrliltln1"ll~m3-J1!?l~ 3 n~~~!?l~ ~~3-Jb~lnU~I~~:;~It1'Wtl~1'JU~bbtl~nilf]il~m3-J1!?l~ 3 n~~~!?l~ 

bb~:;f)'W~'Jmb'Vl-.lf)'Wbb~bVl~n (magnetic stir bar) biJ'Wb'J~11 .r'Jb3-J-.l 

'" '" I I 

4 . b'Vl~-.l"'l1'Wb'W1:;b~il"1l'W1 (1) b~'WeJ1'Wfi1'WUn~1-.l 4 b"ll'W~ b3-J!?l~ "'l1 nU'Wbfiu1~1'WYlfJ (1)Ylil n,lVIfln~il-.l" , " 
, " " 

"'l'Wn~:;"r1-.l1J1~:;bVltlililnhJ"'l'WVl3-J (1) b(1)t1H~:;t1:;b'J~1th:;3-J1 bW 5 ~'W "'l:;bn (1)blJ'WvM3-J~'W 

5. l?l(1)VJ~3-JblJ'WbbeJ'W~bVI~t13-J~'W~1 "1I'W1(1)n~1-.l 12 n~~b3-J!?l~ tJ1'J 40 n~~b3-J!?l~ 

2.5 .2 n1'd~n'l!t1 n1'd(;\'el1J~'LJ 'el.:lIPi'el'el tlcI'VIJ1 
~

ij"ll'el.:lVJ~a.J PPCDA L'Ji L~~ LL~~VJ~:J.I:r~ (;\. . 
~mJ~:J.I PPCDA L'JiL~~ n1J'el'LJJ11 ~'LJ1b'LJ"lI'el.:l=B.:I ~'el'el n1'1!~ b(;\!J1L~'d1~~~:J.IWinI'd(;\(;\ n~'LJLL~.:I 
~. ~ 

1'W"ll'J-.lf)'J13-JtJ1'Jf)~'W 250 n-l 800 'W1b'Wb3-J!?l~ ~'Jm'Vlf)Uf) UV-VIS Spectrophotometry (Specord S 100 
, " 

B, Analytik Jena) b(1)t11-ii glass slide blJ'W blank ~-.li'W!?lil'Wnln!?l1mJbb~::;'Vl(1)~ilUn1~!?lilU~'Wil-l!?lil 

~bWVI.1Jn"1lil-lVJ~3-J PPCDA b'J~ b~~ bb~:;VJ~3-J~~ (;j~ n~~3-J PPCDA b'J~ b~~ nUil'4fllf)'W1b'W"1Iil-l:n-l rlililn1"ll~ 



• • 

1. ~1~~3-J PPCDA b'J~h~~ bb~::;~~3-J1'~(?)~m.J~3-J PPCDA b'J~h~~nu'fl'WJl1fl'l..l1b'W"lI'fl'l~'1~'fl'fln 
q 'IJ q 

"
, 
1"111?l "lI'W1(?)n~1'1 12 ~~~b3-Jl?l~ m'J 40 ~~~b3-Jl?l~ VlbI?l1~3-J~'W1~1?l13-J%m~1'W~'J~'fl 3.5.1 'J1'1~'1U'W glass 

slide "lI'W1 (?) b~~'J n'W bb~::;~'Wb'Vl~~'fl'W1~~~'J'W~'Jbb~::;~h~ b~'fl~ (?)~~3-J1'~"l~ n t:.J~3-J1~~(?)'fl~u'W glass 

slide 1~ 

3. ~1~~3-J1'~"l~nt:.J~3-J~tJ~::;nu~'1u'W glass slide 1tJ'flu~~ruVl.1J~ 40 'fl'lf011b"1l~b:n~~ bll'Wb'J~1 5 

'W1Vl bb~'J~11tJ~mj'1~3-J~m~(?)(?)n~'Wbb~'1 "'l1nJ'Wb~3-J'flruVlJl~m~'flu1~~'1~'Wfli'l~::; 5 'fl'l f011b"1l~ b:n~~ 
'U q 'U qj 

b(?)~'flU~~3-J~ bb!?l~::;~ruVl.1J~ bll'Wb'J ~1 5 'W1Vl bb~ ::;~11tJ ~ mj'1~3-J~ m~~ (?) n~'Wbb~'1 vl1 b-d'Wtl1tJ"'l'W~'1 

" " 
1'W'I1'W~r.l~t11~bI?l1~3-J1'~ (?)~ n t:.J~3-J PPCDA b'J~'h~~ nu'fl 'WJl 1 fl'W1 b'W"lI'fl'l~'1 ~'fl'fl n 1"11 I?l vl'l1'W~tJ"lI'fl'l 

q III q III 

'fln1"11l?ldJ'W 5 9 17 33 bb~::; 50 wt.% bb~::;~mj'1~3-J'~mntJ~~'W~b~'flrln~um'W"'l1n~'1n~::;~'WJl1~'W'fln
'IJ • 

1~bbri ~ruVl.1J~ fl'J13-J bll'Wn~(?)-bU~ "ll'W(?) bb~::;fl'J13-J b~3-J~'W"lI'fl'l!?l'Jvl1~::;~1~ 'W'fl n"'l1 ntliJ'I ~n~1~3-Ju1i~'W1 
1~bbri -lruj1'W~'Vlm "lI'W1 (?)bb~::;mm~::;"'l1~"lI'W1 (?)'fl~Jl1fl bb~::;bfl~'1~~1'1~::;~Ub3-J b~~~ b(?)~vl1m~~n~1 

bm~u bVl~unu PPCDA b'J~ b~~u1~'Vli~hJ1~ b~3-J'fl'WJl1 fl'W1 b'W"lI'fl'l~'1 ~'fl'fln1"111?l~'11tJ1'W~::;uu ~'1"'l::; 
" n~1'J~'1~1~~::;b~~ (?)"lI'fl'l t:.J ~ n1 ~~r.l~ bb~ ::;n1~~ bfl~1::;it:.J~ n1~~r.l~1'W~'J~'fl !?l'fl1tJt1 

3.1.1 '6UJtwi'VI1..:1n1t1111'V'l 

"'l1nn1~~1t:.J'I~'1~'fl'fln1"111?l3-J1~n~1-lruj1'W~'Vlm ~n~ru::;n1m~::;"'l1tl!?l'Jbb~::;"lI'W1(?)'fl~Jl1flb~m 

~'Jm'Vlfl'Wfl Transmission Electron Microscopy ~U~1'fl~Jl1fl'W1b'W"lI'fl'l~'1~'fl'fln1"11I?l~Hn~n~ru::; 

ltJh'l"ll'fl'l'fl~Jl1 fl bll'W'Vl~'1 n~3-J n mm~::;"'l1~ !?l'J"lI'fl'l'fl~Jl1 fl'fl~1'1~~1 b~3-J'fl bb~::;n"ll'W1 (?)"lI'fl'l'fl~Jl1 fl b~~'J 

'fl~1'W-d'J'ItJ~::;3-J1ru 20 ~'1 200 'Wrlb'Wb3-Jl?l~ b(?)~n"ll'W1(?)'fl'WJl1flb'tl.~~tJ~::;3-J1ru 50 'W1b'Wb3-Jl?l~ ~'1bb~(?)'11'W~tJ
'IJ • 'IJ 

d 
'Vl4 

, ", 
d~'fl~1~ 1 nb"lI 'J'W~'fl ~~'1 ~'fl'fl n 1"11 (?)1'W~1"l1r.l(?) 1'fl'fl'fl'Wbb~ 'JVl ~1 'Wm ~~~ I?ln b"1l'Wn;~'J ~b~ ~U3-J 1 

vl1 n1~~n~1"l1'W1(?)bb~::;mm~::;"'l1~"lI'W1 (?)"lI'fl'l'fl'WJl1fl~'1~'fl'fl n1"111?l ~'Jm'Vl fl'Wfl Laser light scattering• 

http:bb!?l~::;~ruVl.1J
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~1nb"lJ'J'W~'fltJ~ eJTWn1~fi'(;'J"lJ'W1 (;'J~'JtJ~fin1~m''fl'':) eJ1'Wb"J!~~b~~yjml?l'flfon'W1 (;'J 0.8 1:J.Jbrln:J.J l?l~ bti'fl":)"'l1 n 
OJ 

VI~..:) n1~m''fl'':) ~1nb"lJ'J'W~'fltJ8]..:) rl'fl'fl n1"J! ~U"'l:;1~~ 1nb"lJ'J'W~'fltJ~1~ bb~ (;'J..:)~..:) n 1~n'fl'WJl1 rl~:;~1J'W1b'W~n 
q 

b'Vlrlu'rl laser light scattering 1~ ~":)~'fl":)'fl1~m'Vlrlu'rl UV-VIS Spectrophotometry -n'JtJ1'Wn1~~brln:;~ 

b(;'JtJ'Vl1n1~~ brln:;Vl1'W-n'J":)rl'J1:J.Jm'J rl~'W 250 - 800 'W1 b'Wb:J.J l?l~ ~":)"'l1 n n1~~ n'MTv-nJr11 n1~(;'J(;'Jn~'Wbb~":)~
OJ 

~..:)1'W-n'J":)rl'J1:J.Jm'Jrl~'W 280 ~..:) 400 'W1b'Wb:J.Jl?l~ ~":)bb~(;'J..:)1'Wl1J~ 6 bb~(;'J":)~":)n1~~(;'Jn~'Wbb~..:)1'W-n'J":)r.!~ ~..:) 

btl'W~:J.J1J~ b~'W"lJ'fl..:)8]..:) rl'fl'fl n 1"J! ~ bb~ (;'J..:)1 ~ b~'W~1n'fl'WJl1 rl'W 1 b 'W"lJ'fl..:)8]..:) rl'fl'fl n1"J! ~'fltl1'W~1nb"lJ'J'W~'fltJ1~~ 
q OJ 

~1J~ 4 Jl1Y'l"'l1nb'Vlrlu'rl TEM bb~(;'J..:)~n'Mru:;n1m~:;"'l1tJ~'Jbb~:;"lJ'W1(;'J"lJ'fl":)'fl'WJl1rl8],,:)rl'fl'fln1"J!~~H1'W
OJ q 

":)1'W~r.i'tJ (n) n1~":)"lJmtJ 18,500 b'Vl1 bb~:; ("lJ) n1~":)"lJmmVl1n1J 59,000 b'Vl1 
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• ,d 	 "" <r 1 ~ 0" ov 1 " 
~u'Vl 5 "lI'W1(;lbblfl::;n1m~::;'"l1t1"l1'W1(;l'el'W1l1'"'''lI'el'l~1m''ll')'Wlfl'eltl'1!'l'"''el'tJn '1!(;l ~'W'W1"l1'"l(;l 'el'el'el'Wbblfl'J 
~ 	 q 

ri'el'W~1'Wn1~m'el'l~)r;)t1YJlflbl?l'elf"ll'W1(;l 0 , 813-Jt,",n3-Jl?l~ 

2l 
c:: 
ro -e 
o 

2 

1l 1
<l: 

O+-~~--~~~--r-~_r~--+_~ 

250 350 450 550 650 750 

Wavelength (nm) 

~tl~ 6 ~btlnl?l~1n1~(1)(;l n~'Wbb~'l"ll'el'l~1nb"ll')'Wlfl'eltl~'l ~'el'eln1'1!(;l1'WJ1"l1r.i(;l1'el'el'el'Wbb~,) ~ ~1'Wn1~ 
~ 	 ~ 

·;hn1~~n~1"l1'W1(;lbblfl::;n1~m::;'"l1t1"l1'W1(;l"ll'el'l'el~1l1'"' ~')tIb'Vl,",U,", laser light scattering 1~l!-Jlfln1~ 

~b,",n::;~V)'l~tl~ 7 t(;ltl~'!J~1il"ll'W1(;l'el'W1l1'"'m::;'"l1t1'eltJ1'W_rl'J'l 40 n'l 300 'W1t'Wb3-Jl?l~ bblfl::;I"hnlfl1'l"ll'el'l 
~ 	 q ~ 



L~~nU'el~111~'t.nb'W"lI'el'l:Ji'lrl'el'eln1'll(;)5 9 LL~::: 17 wt.% i11"i1Lvl1nu 110 115 116 LL~::: 121 'W1b'WL3-JI?W 

1?113-J~1!?lU ~'1~:::'Y'lU~1 n1n~3-Jlli3-J1 ru"ll'el'l'el'4111 ~'W1b'W"lI'el'l:Ji'l rl'el'el n 1'll (;)~'11'W1'~ ~ ~ n c.J ~3-J ~'1 c.J ~1~ 

. ~ ~ 

'el'W111 ~i1"l1'W1Vll~ ru~'WLYl1:J'I L~ niJ'el1:J Lvl1tr'W 
~ 

3.2.2 

'1rl'el'eln1'll(;) i1luh'lLu'W'Vl~'1n~3-J i1"l1'W1!?1'el~111~'el~1'W-rl'J'IU~:;3-J1ru 100 ~'1 300 'W1b'WL3-J~~ bVl1:J"lI'W1Vl 

'el'4111~"lI'el'l1'~~~nc.J~3-J PPCDA L'J~L~~nU'el~111~'W1b'W"lI'el'l:Ji'lrl'el'eln1'll(;) 17 wt.% i1"lJ'W1!?11vt'1!n~1 

"lI'W1!?1'el'4111~"lI'el'l PPCDA L'J~L~~L~niJ'el1:J !?l'lLL~!?I'Il'WlU~ 8 'W'eln~1nU Ld'el~n'jj'1~ru~1'W~'Vlm"ll'el'l1'~~ 
~nc.J~3-J PPCDA L'J~L~~nU'el~111~'W1b'W"lI'el'l:Ji'lrl'el'elnh(;) 17 wt.% ~'Jm~i'el'l Scanning Electron 

Microscope (SEM) b!?l1:Jl~rh~'1"l1m1:J 4,000 bVI1 bb~::: 10,000 bVI1 !?l'lLL~!?I'Il'WlU~ 9 (n) bb~::: ("lI) 

~13-J~1!?lU 'Y'l'U~1'el'4111 ~i1luh'l btl'W'VlN n~3-J i1 n1m~:::~11:J t?i''J'elti1'1~~1 L~3-J'el LL~:::i1"l1'W1!?1'el~111~'el~ 
1'W-rl'J'Iu~:::3-J1ru 150 ~'1 300 'W1b'WL3-J~~ ~'1~'el!?l~~'el'lnUn1~~n'jj'1~'Jm'Vl~U~ atomic force 

microscopy 'W'eln~1nUtJ'I'Y'lU~1"l1'W1!?1'el'4111~"lI'el'l1'~~~nc.J~3-J PPCDA L,)~ L~~ nU'el'4111 ~'W1b'W"lI'el'l:Ji'lrl'el 

'eln1'll(;) 17 wt.% ~~n'jj'1~1m~i'el'l AFM LL~::: SEM 'el~1'W-rl'J'I"lI'el'l"ll'W1Vl'el'4111~~~n'jj'1~1m'Vl~U~ laser 

light scattering LYl1:J'ILLI?i"ll'W1!?1'el'4111~~L~nn~1 100 'W1b'WL3-J~~ 1~m~~13-J1Hl~'1bn~1~i!?lL~'W~1n 

L~i'el'l AFM bb~::: SEM ~1~f'U1'~!?I~nc.J~3-J~i1'el~~1~'J'W"lJ'el'l'el'W111~'W1b'W"lI'el'l:Ji'lrl'el'eln1'll(;) 5 bL~::: 9 wt.% 
• 'lJ • 

~1nn1~HL'Vl~U~ Transmission Electron Microscopy 1'Wn1~~n'jj'1b~N~~1'1'1~111~"lI'el'l 

'el'4111~L~m PPCDA L'J~L~~ LL~:::'el~111~"lI'el'l1'~~~nc.J~3-J PPCDA L'J~L~~n'U'el~111~'W1b'W"lI'el'l:n'lrl'el'eln . ~ 

1'll(;) 'Y'l'U~1'el~111 ~L~1:J'J"lI'el'l PPCDA L'J~L~~i1lUh'lLtl'W'Vl~'1 n~3-J 1111:Jl'Wb~N~~1'1Unni.) btl 'W btl'el 

L~mn'W hJi1~n'jj'ru:::~ b~'jj'bn!?l~'W bL~:::i1"l1'W1!?1"l1'el'l'el'W111~b~mU~:::3-J1ru 180 'W1 b'Wb3-J~~ !?l'l bb~ !?I'll'W~u~ 
• 'lJ 

10 (n) ~'J'Wb~~'1~~1'1'1~111 ~"lI'el'l'el~111 ~ L:Ji'lU~:::n'el'U PPCDA b'J~ b~~ n'U'el~111 ~'W1b'W"lI'el'l:Ji'l rl'el'eln1'll (;) ~ 
~ 

rh~'1"l1m1:J 195,000 bVI1 'Y'l'U~1b~N~~1'11111:Jl'Wi1~n'jj'ru:::~'el'Wn'Wbu'Wi'W b!?l1:Ji1 PPCDA bn1:::'el~'U'W~'J 



~'fl'l'fl'4Jllfl'l.nb'W"lJ'fl'l:n'lr1'fl'fln 1en~ ~'1bb~ IM1'WlU~ 10 ("lJ) bb~:;b~'fl~IOlIHWI~ rhi'l"lJmrJ~'1~'W~ 500,000 

bvh ~'1bbMl'l1'WlU~ 10 (fl) IOl:;~Ufl'Jll-Jbbl;]n!?lI'1'flrll'1-ni?lblOl'W~:;VI~I'1U1b'Jru"lJ'fl'l PPCDA bb~:;u1b'Jru"lJ'fl'l 

'fl'4JlI fl'Wl b 'W"lJ 'fl'l:n 'I r1'fl'fl n 1en ~ ~'1 bn i?llOll n fl'J 1l-J bbl;] n !?l1 'I "lJ'fl'l fl'Jll-J VI 'WI mj'W~ b~ n 1;]~'fl'W1'Wb~~"lJ'fl'l~1 ~ 

U~::;bJl'Vl'fl'flfbbnUn (organic) bb~::;~'W'fl'flfbLnUn (inorganic) bi?lrJ'lJ1L'Jru~vhViU~'fl~JllrJ1'WIOl:;dJ'W'lJ1b'Jru 

"lJ'fl'l'fl'4ll1fl'Wl b 'W"lJ'fl'l:n'l r1'fl'fln 1en~ bb~:;«i?l'fl'fl nl-JI1Ol:;b'\J'Wu1b'J ru"lJ'fl'l PPCDA ~'11Jn n!Jin~ru:;bfl~'1~~I'1 
~ '" I I ,., 

bU'W-n'W'flrll'1-ni?lblOl'W bi?lrJ~:;rJ:;'lAI'1~:;VI~I'1-n'W'fl~1'W"ll'J'IU~:;l-Jlru 4 ~'1 6 'Wlb'Wbl-Jl;]~ ~'11"11Vl1~itiJfl'Jll-J 

1n~b~rJ'In'lJ1"11 d-spacing "lJ'fl'l PPCDA ~'1'11'W':3r.lrJ"lJ'fl'l Yu Gu bb~:;flru:;(49) ~lrJ'II'W1~~liJI"11bVhn'lJ 4.7 
, " 

'WI b'Wbl-Jl;]~ n1~I;]~'JIOl~Ubfl~'1~~I'1Vl bu'W-n'W11'W1'~(;)~ne.J~l-Jbb~ i?l'lHh~'W~1 PPCDA iJ n1~r.li?l~rJ'II?l'J'flrll'1 
" , , 

bu'W~:;dJrJUl-Jln~'Wbn'flbn1:;U'W'fl'4Jllfl:n'lr1'fl'fln1en~bi?lrJVI~mfu'fln:n~Vl head groups "lJ'fl'l PPCDA bni?l 

nl~r.li?l ~rJ'I 1?l'J'fl rl 1'1 L1J'W~::; dJrJ 'lJ bb~:; biJ'W~::;'WIU b~rJ 'J n'W ~'1 e.J ~1~ bn i?l fl'Jll-J LLI;] n !?l1'1"lJ'fl'l fl'J1l-J VI 'WI bL'IJ 'W 

~ b~n 1;]~'fl'W~:;VI~I'1'lJ1b'J ru~'fl'l head groups n'lJ'lJ1b'J ru"lJ'fl'lb"ll;I'1~u~::;n'fl'lJ ~'JrJVI~bb'fl~~~ l-J1 n~'W ~'1 

unn!Jin~ru:;bfl~'1~~I'1bU'Wi'W1 "lJ'fl'l PPCDA ~'Wl-Jlu'We1'J"lJ'fl'l:n'lr1'fl'fln1en~ 

3.2.4 

Spectrophotometry b~'flH1'Wn1~':3 bfl~I:;,r~"lJ'fl'l~I~~:;~lrJ PPCDA b'J~ b~~ bb~:;~I~~:;~lrJ1'~ (;)~n e.J~l-J 


PPCDA b'J~ b~~ nU'fl'WJllfl'Wl b 'W"lJ 'fl'l:n 'I r1'fl'fln1en ~~LI;]1rJl-J1~ bb~::;~n~1 n1~r.li?l~rJ'II?l'Jbb~::;~::;rJ::;fl'fl'WIOlbnl;]

q ~ 

(conjugation length) "lJ'fl'l~lrJ b"ll~'fl~ bl-J'flf ~'1~Il-JIHl~IOlI ~ruI1~IOlI n 1"11 fl'Jll-JrJI'J fl~'W~1?l1 bbVl'IJ'I n1~ 

~i?ln~'Wbb~'1~'1~i?l (AmaJ 1'W~ bU n I;]n n1 ~~i?ln~'Wbb~'1 ~1 ~1 bbVliJ'I"lJ'fl'l bbrJU n1 ~~i?l n~'Wbb~'1 (absorption 
..d ..d I dI Q ~ d c! JI I 

band) 'fl~'Vlfllfl'Jll-JrJI'Jfl~'W~'1ml VI~'flb~rJmln1nni?l red shift IOl:;bb~i?l'lrJ'In1n~l-J"lJ'W"lJ'fl'l~:;rJ::;fl'fl'W~ 

bn 1;]~'fl'l~lrJ b"ll~'fl~ bl-J'flf bb!?l ~1 ~1 bb VliJ'I"lJ'fl'l bbrJU n1~~i?l n~'Wbb~'1U ~1 n!J~ fl'J1l-JrJI'J fl~'W~1 n~1 Vl1'fl 

b'J~b~~nU'fl'4Jllflknb'W"lJ'fl'l:n'lr1'fl'fln1en~ ~LI;]1rJl-J~'JrJml-Jlru:n'lr1'fl'fln1en~bU'W 5 9 bb~:; 17 wt.% ~'1bb~i?l'l 

1'WlU~ 11 ~'lJ~I~lbbVliJ'I~bni?lnl~~i?ln~'Wbb~'1~'1~i?l"lJ'fl'l~I~~:;~lrJ PPCDA b'J~b~~ unn!J~fl'JIl-JrJI'J 
, , , 

"" ~ • I "" '" "" ~fl~'W 636 'WI b'Wbl-J I;]~ bb~:;u~1 n!JrJ'fl i?l n1~~i?l n~'Wbb~'1 (vibronic band) 'Vlfl'JIl-JrJI'J fl~'W 590 'WI b'Wbl-J I;]~ 

I " '" I 

~'1 bU'W~ bun 1;]~1 n1~i?li?ln~'Wbb~'1"lJ'fl'l b~~~\n b~'W yh1~l-J'fl'l b~'W~I~~:;~lrJiJ~~1 b~'W bn'fl~IOlI~rul~ bun 
'lJ 

I;]nn1~~i?ln~'Wbb~'1~'fl'l~I~~:;~lrJ1'~ (;)~n e.J?ll-J PPCDA b'J~h~~ nU'fl'4Jllfl'Wl b'W"lJ'fl'l:n'lr1'fl'fln1en~ 5 9 

bb~:; 17 wt.% IOl::;~U~I~lbbVI'IJ'I~bni?ln1~i?li?ln~'Wbb~'1'l\\'1~i?l bb~:;bbrJU vibronic b~'fl'W1U'flrl1'W~lbLVI'IJ'I~<tI Vq) q qJ 

I iI I I 

fl'Jll-JrJI'J fl~'W~'1~'WVl1'flLn i?l red shift bi?lrJfl'Jll-JrJI'J fl~'W ru ~1 bbVliJ'IYl Ln i?l n1~i?li?ln ~'WLL~'1~'1~i?liJI"11 
qJ <tI cu q 

Lvhti'u 643 'Wlb'Wbl-Jl;]~ bL~::;U~ln!JbbrJU vibronic ~fl'JIl-Jm'Jfl~'W 593 'Wlb'WLl-JI;]~ bb~i?l'l1~b~'W~I~lrJb"ll 



",~n~nb~:i''1~~I'1 bUkl~klD!:fi~~U~klD!:b~tJ'J bbUU I?l'fl bti'fl'l"ll'fl'l PPCDA b'J~ b~~1kl1'~ ~~ neJ~~nn1:i' 
~ .~ 

{~~tJ'I 1?l'J'flrl1kl:i'!:kllUb~m nkl~1 nikl 'Cl'l eJ~Hhn~n1n~~ikl"ll'fl'l:i'~U~~'flkl"'l Ln In"ll'fl'l PPCDA 1kll'~~ 
~ ~. 

~neJ~~bri'flLmtJUbVltJUnU PPCDA L'J~L~~~u1~'Vli ~'1.yhHhn~ red shift ikl bLiJ~I"'l::bn~ red shift hi 
~ . 

" " ~lmrniilnl~ kl'fln"'llni1~'1y.jubbClUnl:i'~~n~klLL~'1L~n1 Vl~'Jl~tJ1'J~~klth::~lru 675 kllbklL~In:i' 1kl 

~1:i'~::~ltJ1'~(;)~neJ~~ PPCDA L'J~L~~nU'fl'41l1~kllbkl"ll'fl'l"D'Ifl'fl'flnb"1l!?15 9 bb~!: 17 wt.% unn.Dikl~1 

~ bun 1n:i'1 n1:i'~~ n~klbL~'1"ll'fl'l~I:i'~::~ltJl'~ (;)~ n eJ~~ PPCDA b'J~ b~~ nU'fl'41l1 ~kllb kl"ll'fl'l"D'I fl'fl 

'fln1"1l!?15 9 bb~:: 17 wt.% bL~~'1LLClUn1:i'~~n~klbb~'1~bL~U~lnn~I~LUnln:i'I"ll'fl'l~I:i'~::~ltJ PPCDA b'J~ 
~ 

d ~ i.I t... ..::!iI J r4V I "" tr
b~~ "11'1 b~tJU n In bL~ 'J ~'J 1~ n'Jl'1"ll'fl'l bLClU nl:i'~ ~ n ~klbL~'1"'l ~"llkl'fl~ n U~'1 LL'J ~~'fl~"ll'fl'l b~:i'b~~'fl:i' 

(chromophore) ~1~'1 bb'J~~'fl~"ll'fl'lb~:i'b~~'flfn~'Jl~ bDkl:i'::bUtJU ",1'fl{~ ~tJ'I 1?l'Jbu1kl~ M'Vll'1 L~mnkl "'l~ 
" ,

'Cl'leJ~1i.1 bbClUn1:i'~~ n~klbL~'1n ~'Jl~ LL~U c;1'1t!kln1:i'Vl~I:i'~::~ltJ1'~ ~~ neJ~~ PPCDA L'J~ L~~ nU'flkllll~ 
~ q" q 

~'1 LL'J~~'fl~ b~tJ :i''flU b~:i'b~~'flf 'fll~ b"1l;I'1 n n1:i'{~ ~tJ'I 1?l'J'flrll'1 bUkl:i'::djtJU~1 n n~I"ll'fl'l~1 :i'~::~ltJ 

PPCDA L'J~L~~ 
" " kl'fln"'llni1~'1y.junl:i'~~n~klLb~'1Vl~'Jl~tJ1'J ~~kl 375 kllbklb~ In:i' 1kl~ bU n Inn"ll'fl'l~I:i'~::~ltJl'~ ~ 

~ . 
~neJ~~ PPCDA b'J~b~~nU'fl'41l1~kllbkl"ll'fl'l"D'Ifl'fl'fln1"1l!?117 wt.% ~'1bb~~'1n'ln1:i'n'fl'41l1~klrlbkl"ll'fl'l"D 

'I fl'fl'fln b"1l !?1'fl~1kl:i'::UU Lti'fl'l"'l1 n'fl'41l1 ~kllb kl"ll'fl'l"D'I fl'fl'fl n b"1l !?1~I~I:i'Cl ~~ n~klf'l~~~~'1'fl~1kl-n'J'I ~'Jl~ 
tJ1'J~~kl 280 n'l 400 kllbklb~ln:i'b~ 'flrll'1hiilnl~1kl~I:i'~::~ltJ1'~~~neJ~~ PPCDA L'J~b~~nU'flkllll~. .~ 

klrlbkl"ll'fl'l"D'Ifl'fl'flnb"1l!?15 bb~!: 9 wt.% hJbb~~'1~bUnln:i'In1:i'~~n~klf'l~~~ i'lii'm"'lLti'fl'l~I"'lln"D'Ifl'fl'fln 
b"1l ~1kl:i'::UUn ~'Jl~ L~~~kl~ 1 v'h 1i.1 ~'Jl ~ b~~"ll'fl'l n1:i'~ ~ n~klf'l~ fl~'flrl1kl :i'~c;1U~ ~1~1 n Lri'flb VltJUrlU 

~ 11 ~ 

ml~ b~~"ll'fl'l n1:i'~ ~ n ~klbb~'1 ~'1 ~ ~ ",1'fl'fll"'l Ln ~"'l1 n f'l ~tJ~"'l1 n bL", ~'1 ih bU~Lb~'11n n n:i'~'Vluhlb~kl'flHIlI ~ 
cu CIJ q 'lJ "l 

kllbkl"ll'fl'l"D'Ifl'fl'flnb"1l !?1~'flrl1kl~I:i'~!:~ltJ1'~ ~~ n eJ~~ ~'1Vil1i.1hiLL~~'1 n1:i'~~n~klLL~'11kl-n'J'ItJ~ bbl?l"'ll n~ 
cu qCU cu" 

LUnlnnn1:i'~~n~klLL~'1 (:i'U~ 11) :i''J~n'ln1:i'~b~n::ieJ~nl:i''Vl~~'fl'l'''llnL'Vl~U~ laser light scattering 
~ " 

AFM SEM LL~:: TEM (:i'U~ 7 - 10) LL~~'11i.1b~kl~ln'flkllll~kllbkl"ll'fl'l"D'Ifl'fl'flnb"1l!?1'flrl1kl:i'::UU
'" . '" 



0 50 100 150 200 250 300 

Particle size (nm) 

old 	 """ """ 
~ 
J'u'Vl 7 "lJ'kl1 (;lbb'6'l~ n1mJ'~iOl1t.J"lJ'kl1 (;l'el 'kl.fl1 rl"lJ'el\l~1 J''6'l~'6'l1t.J PPCDA b,)~ brl'6'l (ZnO 0 wt. %) bb'6'l::: 

q 

~1J''6'l:;'6'l1t.J~~Cil~n e.J~~ PPCDA b,)~ b~'6'l nU'el"J.fl1rl'kl1 b 'kl"lJ'el\l~\I r1'el'elnh ~ ~ b[;l1rmb(;lt.J't1ih..rt~1bk! 

~\lr1'el'elnh~ 59 bb'6'l::: 17 wt.% 

,• .. • • 
.. .. -	 ." • .. .. ., 	 • 

~: 
" 

• • • • 	 • '" 
<Xl 

... ~ 

~ 

III .. 	 • • .. ... ,...' 

.. .. .' 
-

.. , 
• 

~ 

. } 
• 
~ .. 10 

! 
• • - • • .. 

• ~1 
• v 

"•• • " 	 .. ,.
" '" •• 	 .. 

• ~ • , 	 ".-. 	 • 
N 

• .. "1 ~ ..~ • 	 .r 
~ 

~••• = - .... .. ~ ~. 

• • • 0 

o 	 2 4 6 8 10 o 2 4 6 8 

[nm] 12.21 0 .00 [nm] 12.70 

(n) 	 ("lJ ) 

14 

12 

10 

-::oR0 
'-' 8 
Q) 

E 
::J 6 '0 
> 

4 

2 

0 

-ZnO 0 wt.% 

-0- ZnO 5 wt. % 
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(n) 	 ("11 ) 

J',j~ 9 iruiil\l~'V1tJ1fOjln SEM "1I'el'ltJ~Vl~ne.J~~ PPCDA L'J~L~~nU'el\l!llf01\llb\l"1l'el'l :n'lfl'el 
\J d.8 q CIJ 	 q 

'eln1"l!vl~ili~lru:n'lfl'el'eln1"l!vl17 wt.% (n) nl~'I"JJtJ1tJ 4.000 Lvii LL~~ ("11) nli'l"1ltJ1tJ 10,000 

Lvii 

1 50nm 

, 

LL~~ (f01) ~nli'l'ntJ1tJ 500,000 Lvii 
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ZnO 17 wt.% 

300 400 500 600 700 800 
Wavelength (nm) 

lD~ 11 ~LDnl?lnn1~~{?)n~klLL~\l~~ru"'.lJij~!l\l"1J!l\l~'I~'tl:;'tl'lU PPCDA L'J~L~'tl (ZnO 0 wt.%) 

LL'tl:;~'I~'tl:;'tl'luf~ "l~mJ~~ PPCDA L'J~ L~'tl ntJ!l'4/l'lflkl'lbkl"1J!l\l:n\lr1!l!ln1'l1 ~~m~'I ru:n\lr1!l!ln 

1'l1~ 59 LL'tl::: 17 wt.% 

3.3.1 n1-a(;l'£lU~'IJ'£l.:l~'£l'eHlA'l..ulij"lJ'£l.:l~1-a~::"ntl PPCDA b'J~b~~ bb~::~1-a~::~1t1-r~(;l. .~ 

~mJ~3J PPCDA b'J~ b~~ nU'£l'IJJl1A'lJ1t 'IJ"lJ'£l.:l:a.:l~'£l'£ln1'l!~ 
~ . 

djmJ'I~'I~'tl:;'tl'lU PPCDA L'J~L~'tl LL'tl:;~'I~'tl:;'tl'luf~{?)'tlni:J~~ PPCDA L'J~L~'tlntJ!lkl/l'lflkl'lbkl
, 'lJ , 

"1J!l\l:n\lr1'e)!ln1'l1~ ~m~'Iru:n\lr1!l!ln1'l1~dJkl 5 9 LL'tl:; 17 wt.% ~LI?l1u~1~ ~'Iv'hn1~~mnn'lnD~Ukl~ 

Ld!l1~ ftJ n'l m ~~~klb{?) Un1 ~LD~UklLLD 'tl\l!l ru",/lijlkl-n'J\l!l ru",/l ij ~'e)\l ~ \l 100 !l\l PI 'I L'lI 'tl L~U~ ~tJ~'I~ 
q q '\J q III 

~ , 
!lru"'/lij~!l\l ~'I~'tl:;'tl'lU PPCDA L'J~ L~'tl n~~'1 L~kllDl'l nn1~-l\l Ln I?l ~'JU I?l'l LD'ch LL'tl:; d'1!l1 Lfln~,xn1 ~ 

• 'lJ 

{?){?)n~klLL~\l1~i:J'tlr?l\lLL~{?)\llkl~D~ 12 (n) b{?)U~tJ(;]'ILL"''Il\ln1~{?){?)n~klLL~\l~\l~{?)~f1'J'I~m'JfI~kl 636 kl'lbkl 
qJ \J III III q 

L~I?l~ LL'tl:;Dnn!]LLrltJ vibronic ~m'l~m'JfI~kl 590 kl'lbklL~I?l~ ~\lLtlkl~LDnl?l~'In1~~{?)n~klLL~\l"1J!l\lL~~ 

~J''I L~kl Ld!l~ ru"'.lJij L~~(kl m'l ~ L~ ~"1J!l\l LLtltJ n'l ~~ (?) n ~klLL~\l"1J!l\l Lyj ~ ~J''I L~kllDl ~'tl (?)'tl\l ~!lU11kl 

Q Q,.- '" ~.d.d ~ J'
"1Jru:;L{?)mnklfl'J'I~ L"1J~"1J!l\l LLtltJ n'l~{?){?) n'tlklLL~\lVl m'l~m'J f1'tlklD~:;~'I ru 540 kl'l b klL~ I?l~ IDl~L~~"1Jkl LL'tl~ 

'lJ 

Ld!l-l\l Lnl?l~'JU I?l'l LD~'IIDl~~tJ~'I~'I~'tl :;'tl'lU PPC DA L'J~ L~'tl IDl :;~!lU1 LD~UklLtlkl~lJ'J\l~'In(kl r?l\l LL~ {?)\l1kl 
I I I '" 

~DVl13 (n) d'j!ll~m'l~~!lklL~~~kllDlkl!lru"'/lij~\l n~'I 64 !l\l PI 'I L'lI'tl L~U~ ~ LD n I?lnn1~{?){?)n~klLL~\l"1J!l\l
cu c q 'U \J IlJ 

~'I~'tl:;'tl'lU PPCDA L'J~ L~'tl Ln (?) n1nD~UklLLD'tl\lmh\l L~kl1~i(?) LlDlkl b{?)U ~'ILL"''Il\l~ Ln {?)n1~{?){?)n~klLL~\l
'lJ 



," , 
bb(;)..:J L(;)rJ~IJ'~::;~lrJ PPCDA b,)~b~~ bn(;)n1niJ~mJb~~'"lln~hJlb~'WbihJ~bb(;)..:J'e:lt.il..:J~~'lJJ'ruV1'e:lru\W~ 

~ cu q cu 

"lJ'e:l..:J"'~rnf'lJ'e:lnon~~b~'e:l~J'::;"'~I..:J head groups "lJ'e:l..:J PPCDA b,)~b~~bn(;)nlnbl?ln'e:l'e:ln L-rl~I..:J~biJ'W",~ 

bb'e:l~~~bn (;)nlnrl~'e:l'W~'e:lt.il..:JJ',){;) b~,) ~..:J ~~1~'e:l'e:lfuvr~1~ (TC-orbital) bn (;)n1J'U{;)'e:l'e:ln'W'e:lm::;'WI'lJ Yh1~ 

TC ~bii n 1?lJ''e:l'W~LrlJ'..:J~~I..:J L-rl",~n~n~'Wfi::;~~~'lJ~'Wfi::;b~m bb'lJ'lJ I?l'e:l bti'e:l..:J brl~'e:l'W~1aJ ~ ::;{;)') n ~..:J ~~1~ J'::;rJ::;
'IJ 

..J' .., ".l' ..... "~,,.., .l'~ 
rl'e:l'W'"lbnl?l~{;)~..:J '1l'e:l..:J,)I..:J~~..:J..:JI'W"lJ'e:l..:J HOMO bb~::; LUMO n,)I..:J"l/'W 'e:lb~nl?lJ''e:l'WI?l'e:l..:J ~'lI~~..:J..:JI'W~ln"lJ'W~'W 

'IJ 

I I '" , 

rl,)l~m,)rl~'WV1~'Wn~1 ~..:J ~~1~bn (;)n1niJ~rJ'W~"lJ'e:l..:J PPCDA b,)~b~~ btl'W~ bb{;)..:J (12) 

b~'e:l~n'jj'I~~~nn~n1niJ~rJ'W~~~ru"'JJ~ I?lI..:Jl "lJ'e:l..:J~IJ'~::;~lrJt)~~~n ~~~ PPCDA b,)~ b~~n'lJ 
'e:l~lllrl'WIL'W"lJ'e:l..:Jon..:J~'e:l'e:ln1"l!c;) ~m~lruon..:J~'e:l'e:ln1"llc;) 5 9 bb~::; 17 wt.% 1~ ~biJnl?lnn1J'~{;)n~'Wbb~..:J r;l..:J 

bb~(;)..:J1'WJ'iJ~ 12 ("lJ) (rl) bb~::; (..:J) 1?l1~~hr;l'lJ bb~::;n1J'biJ~rJ'W~"lJ'e:l..:J~IJ'~::;~lrJt)~(;)~n~~~ bb~{;)..:Jr;l..:JJ'iJ~ 13 
cu qCU cu 

, " 
("lJ) '"l1 n ~~ n1J'VI (;)~ 'e:l..:J~'lJ~1 n'l J'biJ~ rJ'W~"lJ'e:l..:J~1 J'~::;~lrJt)~ (;)~ n ~~ ~vr..:J"'~ (;)n rl,)l~ rl~lrJ rl~..:J n'W~1 n 

q 'IJ 

L{;)rJ~'lJ~1 b~'e:l~ru"'JJ~ b~~{'W ml~b~~"lJ'e:l..:J bb~'lJnlJ'~(;) n~'Wbb~..:J"lJ'e:l..:J b~~~JI b~'W~ (;)~..:Jd-'e:lrJl 'e:lt.il..:Jhri 

1?l1~ b~'e:l'e:lru"'ll~b~~{'W~..:J 74 'e:l..:JP11b"l!~b~rJ~ ~..:Jbtl'W'e:lru"'lln~~IJ'~::;~lrJ PPCDA b,)~b~~bn{;)n1J'
q cu q cu 

biJ~rJ'WbbiJ~..:J'e:lt.il..:J~ln L(;)rJrJ'e:l (;) n1J'~(;) n~'Wbb~..:J~..:J~{;) b~'e:l'W1iJiJJ'1 n!J~ rl,)l~m') rl~'W 588 'WI L'Wb~(;lJ' ti'W 

bb~{;)..:J1~ b~'W~11'W~IJ'~ ::;~lrJt)~ ~~ n ~~~ ~'e:l..:JH~ru"'JJn~..:J n~I~IJ'~::;~lrJ PPCDA b,)~ b~~iJJ'::;~lru 20 

'e:l..:J P11 b"l!~ b~rJ~ 1'Wn'lJ'~'"l::;Yn1~ bn (;) n'ln~'e:l'W~1 bb",tJ..:J"lJ'e:l..:JrJ'e:l{;)n'lJ'(;) (;) n~'Wbb~..:J~..:J~ {;)'e:lt.il..:J b~'W1~i(;) b'"l'W 
'IJ 'OJ q 

I I '" I I 

bb~::;d~'e:l b~~~ ru"'JJ~~'W'"l'W~..:JiJJ'::;~1 ru 94 'e:l..:J P11b"l!~ b~rJ~ rJ'e:l (;) nlJ'~{;)n~'Wbb~..:J ~..:J~ (;)b~'e:l'W1iJ'e:l~V1 rl,)l~ 

m') rl~'WiJJ'::;~lru 580 'WI L'Wb~l?lJ' ~..:Jbn'e:l~..:J bn 1?l'"lln I?llbiJ~I'"l::;b~'W~I~IJ'~::;~lrJt)~ (;)~n~~~ PPCDA 
q 'IJ 

b,)~ b~~n'lJ'e:l~lllrl'WlL'W"lJ'e:l..:Jon..:J ~'e:l'e:ln1"l! c;)iJJ'1 n!J btJ'W~aJ')..:J'e:l~'lI~~ r;l..:Jbb~{;)..:J1'WliJ~ 13 ("lJ) 

b~'e:l~'"lIJ'rul~lrl,)l~m,)rl~'W ru ~lbb",tJ..:J~bn{;)n1J'~{;)n~'Wbb~..:J~..:J~{;) ()"'maJ ~~ru"'JJ~~~In1J' 
VI (;)~'e:l'lJ"lJ'e:l..:J~IJ'~::;~lrJ PPCDA b,)~ b~~ bb~::;~IJ'~::;~lrJt)~{;)~n ~~~ PPCDA b,)~ b~~ n'lJ'e:l'Wlllrl'Wl L 'W"lJ'e:l..:J 

q 'IJ q 

on..:J~'e:l'e:ln1"ll c;) 1~ ~~ ~..:Jbb~ (;)..:J1'WliJ~ 14 (n) L{;)rJ~'lJ~1 ~1 "'-max "lJ'e:l..:J~IJ'~::;~lrJ PPCDA b,)~ b~~ (ZnO 0 

wt.%) '"l::;~'e:lrJl ~{;)~I~..:J~Id-'e:lrJl ~,)rJ'eil?ln~'e:l'W~I..:Jrl..:J~ '"llnml~m,)rl~'W~~~'W~ 636 'WIL'Wb~I?lJ'~ 
Qi,t .d.cS.c:.. IV d ~~ J I " IQ

'e:lru"'Il~"''e:l..:J '"l'Wb~'e:l~..:J'e:lruVlll~ 60 'e:l..:JP11b"l!~b"llrJ~ 'e:lmln1niJ~rJ'Wb~~~b~~"lJ'W'e:lm..:JJ',){;)bJ',)~ln rll 
q cu q cu 

I I , i.- I I 

"'-maxbrl~'e:l'W'"llnrl,)l~m,)rl~'W 618 'WIL'Wb~l?lJ' ~1'e:l~Yi 542 'WIL'Wb~l?lJ' '"llmr'Wbl1'e:lb~~~ruVlJJ~I?l'e:l1iJ 
I '" I I 

'"l'W~..:J 94 'e:l..:JP11b"l!~b~rJ~ '"l::;~'lJ~11aJilnlniJ~rJ'Wb~~~bn{;)~'W~nl?l'e:l1iJL{;)rJ~1 "'-maxrl..:JV1V1 542 'WIL'Wb~l?lJ' 

http:biJ~rJ'WbbiJ~..:J'e:lt.il
http:nlnrl~'e:l'W~'e:lt.il
http:bn(;)n1niJ~mJb~~'"lln~hJlb~'WbihJ~bb(;)..:J'e:lt.il


I I I I 11 

~iJ~1~1 Amax bhJ~'W'fl~Yl!Ol,)1~m,)!Ol~'WU~~~1ru 643 'W1b'WL~(9]~Yl~ru~JJi1il'fl'l r.l1mr'W~1 Amax ~'fltJ1 

~~~1~'l~')tJ'el(9]n~'fl'W~1'l!Ol'l~ Ln'fl'flru~lli1 L~~~'W L"ll'WL~tJ')niJ~1~~~~1tJ PPCDA L,)~L~~ LL~IOl~Ln ~ 
q 'lJ 

n1nLJ~tJ'WLyJ~~mh'l~,)~H~')~~ru~JJi1~'ln~1 80 'fl'lP11L"l!m~tJ~ b~tJ Amax "lJ'fl'l~1~~~~1tJi~~~ne.J~~ 

PPCDA L,)~L~~niJ'fl'W1l1!Ol'W1b'W"lJ'fl'lon'l~'fl'fln1"l!r;l5 LL~~ 9 wt.% IOl~L!Ol~'fl'W1Ol1n~!Ol,)1~m')!Ol~'W 610 'W1 
q 

b'WL~(9]~ 1LJ'fl~~!Ol,)1~m'J!Ol~'W 583 'W1b'WL~(9]~ 1'W"lJru:;~ Amax "lJ'fl'l~1~~~~1tJi~~~ne.J~l-1 PPCDA L'J~ 

L~~niJ'fl'W1l1!Ol'W1b'W"lJ'fl'lon'l~'fl'fln1"l!r;l17 wt.% IOl~L!Ol~'fl'W1Ol1n!Ol'J1~m'J!Ol~'W 620 'W1b'WL~(9]~ 1LJ'fl~~ 587 
q 'lJ 

'W1 b'WL~ (9]~ LL~~Ln'flL~~~ru~JJi1~'fl1LJ~iJ~1 Amax ~1~1~bl~ ~~1~'l1~~ n ~'l LL(9] n~1'l1Ol1 n~~~m~~"lJ'fl'l 

~1~~:;~1tl PPCDA L'J~L~~ ~~1 Amax 1Ol:;!Ol'l~~~'l1Ol1mn~n1nLJ~tJ'WLyJ~~ Ln'flL~~~ru~JJi1IOl'W~'l 94 

"'" '1 .....I.d.,J .1 'i' d "'" ,
'fl'lP11L"l!~L"l!tJ~ /\'max "lJ'fl'l~1~~~~1m~~~ne.J~~unn!J'Vl!Ol'J1~m,)!Ol~'Wu~~~1ru 580 'W1 b'WL~(9]~ "l!'l~!Ol1 

LL(9]n~1'l1Ol1n Amax "lJ'fl'l~1~~~~1tJ PPCDA L,)~L~~~~ru~JJi1L~tJ'Jn'W~'lLJ~~~1ru 40 'W1b'WL~(9]~ 

Ln'flViIOl1~ru1nnyJLLJ'flfL~'Wl9ln1nLJ~tJ'W~ (%CR) ~'flru~Ili1~yhn1~'Vl~~'fliJl'W~LJ~ 14 ("lJ) 1Ol:; 
q 'lJ 'lJ 

PPCDA L'J~ L~~ niJ'fl'W1l1 !Ol'W1 b'W"lJ 'fl 'Ion 'I ~'fl'fl n1"l!r;l'fl~1'li~ LIOl'W~'lLL~'flru~Ili1LJ~:;~1 ru 35 'fl'l P11 L"l!~ L~tJ~ 
q q 'lJ 

~'W1LJ b~tJ~1~~:;~1tJi~~~ n e.J~~ PPCDA L,)~ L~~ niJ'fl'W1l1!Ol'W1b'W"lJ'fl'lon'l~'fl'fln1"l! r;l1Ol:;~'fl'lH'flru~Ili1~~'l
q III q q III III 

n~1~1nl'Wn1~YhlilLn ~n1nLJ~tJ'W~1'W~:;(?)iJL~mn'WniJ~1~~:;~1tJ PPCDA L'J~ L~~ L"ll'W l'Wn1~Yhlil 

Ln~n1nLJ~tJ'W~1LJ 60 LLJ'flfL~'Wl9l (~ 60%CR) ~1~~:;~1tJi~~~ne.J~~~n'fl'W1l1!Ol'W1b'W"lJ'fl'lon'l~'fl'fln1"l!r;l
q 'lJ q 

1'W"ll'J'l~ru~JJi1il'fl'l~'l~ru~JJi1LJ~~~1ru 50 'fl'lP11L"l!m~tJ~ ~1~~:;~1tJ PPCDA L'J~L~~ 1Ol:;~'fltJ1 Ln~n1~ 

LLJ~tJ'W~1LJ~'JtI'el(9]n ~'fl'W~1'l !Ol'l~ LL~ Ln'fl'flru~Ili1~'l~'W'el(9]n n1nLJ~m.!~ L~~i'W b~tJ'el(9]~1n1nLJ~tJ'W~
q 'lJ 'lJ 


..::!JCJ~ ..::::. dl q.d~..::::. dl


L~~"lJ'WL~'J'Vl''l~l'W"ll'J'l~ru~JJ~ 65 bl'l 70 'fl'lP11L"l!~L"l!tJ~ LL~:;L~'flL~~1lru~JJ~~'Wr:l'lLJ~:;~1ru 75 'fl'lP11 

L"l!~L~tJ~ %CR L~~i'W1LJ'fl~~~1~'l~~~LJ~:;~1ru 92 LLJ'flfL~'Wl9l ~'l~'fl1~~1 Ltl'W'flru~Ili1~~1~~:;~1tJ
III cu q q III 

I I I 11 

PPCDA L,)~ L~~ Ln ~n1~LLJ~tJ'W~ Ltl'W~ LL~'l'fl~1'l~~iJ~ru LL~:;Lij'flLVi~'flru~Ili11il~'l~'W~'W~'l'flru~lli1 94 
III q III ~ q III 

11 I 11 I 

u'W (%CR LJ~:;~1ru 92 LLJ'flfL~'Wl9l) ~1~~~~1tJi~~~ne.J~~n~1 %CR 'fl~Yl 30 LLJ'flfL~'Wl9lLYhu'W Lijm11 

n1n~~'flru~Ili1~'W~'l 94 'fl'lP11L"l!~L~tJ~ 1Ol:;~iJ~1~1~~~~1tJi~~~ne.J~~n~1 %CR ~'l~~ ~LJ~:;~1ru
q III q III cu q 



t)~ C9l~ n eJ~lJ PPCDA b'J ~ bl~hH1U'el~1l1 f)~1 b~'lJ'el'l~'1 ~'el'el n 1"ll (P)1Oj :;un n!) dJ~~aJ'J'I'ellJ'jjlJ~ bn'el 

b1JhJUbYltiU %CR 'lJ'el'l~I~~:;~'l1t1t)~(p)~neJ~lJ PPCDA b'J~b~~nU'el~1l1mJ1b~'lJ'el'l~'1~'el'eln1"ll(p) ~ ." . 
mlJl ru'el~1l1 f)~1b~'lJ'el'l~'1 ~'el'el n1"ll (P)!?II'1 n~ 1Oj:;'I"lU~I~I~~:;~It1t)~ C9l~ neJ~lJ~n'el~1l1 f)~1b~'lJ'el'l~'1 ~'el 

'eln 1"11 (P)lJl n n~IIOj:;~'el'lH'elru~lln~'1 n~1 b~ nU'eltl1~n1~vhHhn(p)n1nu~t1~~1~~:;v1U b~t1'J n~ b-d~ ~ . "''' 

1~~1nln~lJ'ei'1?l~1 ~'J~'lJ'el'l'el~1l1 f)~1b~'lJ'el'l~'1 ~'el'el n1"1l (P)1Oj :;-d'J tI b~lJi~~tj'J1~n1 ~~ (P) bn1:;bb~:;r.r(P) ~t1'1 r;l'J• 

'lJ'el'l PCDA lJ'el~'elblJ'elf ~'1eJ~l~f)'JllJ~~I"lJ'el'li~ PPCDA 1~t)~(p)~neJ~lJb~lJ~~bb~:;nn1~r.r(p,~t1'1." 
~ ~ , 

r;l'J'elth'l biJ~~:;biJtlUlJl n~~~'JtI v1'1'1!~~I~~:;~It1t)~ '1~n eJ~lJYln'el~1l1 f)~1b~'lJ'el'l~'1 ~'el'el n1"ll(P) 17 wt.% 

~'1 bU~t1~~~'el ru~1l n~'1 n~1 b~n U'eltl. "''' 
"" ~ d ~ ~ov ~ d' ,"" d' ~... '1 d ~ 

b(P)t1Unl?lbb~'JblJ'el~I~ b(P)~Uf)'JllJ~'el~lJl n'lJ~ lOj:;f)'eltl1 bn(p) blue shift 'lJ~ ~~f)'el /\'max lOj:;bf1~'el~ bU 

~f)'JllJtI1'Jf)~~~~I~'1 v1'1,r~lOjlnnnyj1~lu~ 14 (n) 1Oj:;'I"lU~lrh "'max 1~-d'J'Ibbm~'1bu~-d'J'Iri'el~~IOj:; 
bn (P) n1~bU~t1 ~byj ~ n ril~ (P)U'elti ~'1'elth'l!?l'el b ti'el'l n1 nu~ t1~~1~-d 'J'I ii'~'1 ri'eltl1 b U~ t1~bbU~'11U'elth'l 

I .d .d.Q 4 d i.I d ~ J .d ~ tJev .Q..:::J J tJ cf'.Q ~40' 

I?l'el b~'el'l "ll'l bn (P)1Oj1 n nlnf)~'el~'Vl'lJ'el'l b"li"lJ 1'1'Vl b'l"l :W"lJ~blJ'el b(P)~U'elru~1l:W'Vl ~\I'lJ~ ~\I eJ ~1~'el'el ~'lJ'Vl~ b'l"l'lJI\1~'J~. " " 
bn(p)n1:i'U(P)'el'eln~'el m:;~I'lJ li11~f)'Jl:W bU~:i':;~I'lJ'lJ'el\l'el'elfu~~1'I"lU'eltl~'1'elth\l bU~~:;'lJ'lJ :i':;t1:;f)'el~1Oj bnl?l 

" 
~\I~(P)~'1 bn'el bmtl'lJ b Yitl'lJf)'JllJi~'lJ'el\l nnyj1~-d'J'I bbmii''lJ'el'l~I:i'~:;~It1 PPCDA b'J~ b~~ nU~I~~:;~It1 
t)~ (p)~n eJ~lJ PPCDA b'J~ b~~ n'lJ'el~1l1 f)~1 b~'lJ'el\l~\I ~'el'eln 1"11 (P) 1Oj:;'I"l'lJ~I~I:i'~:;~It1t)~ (P)~ n eJ~:W PPCDA 

q IU q q qJ 

~ , 
b'J~b~~n'lJ'el'41l1f)~lb~'lJ'el\l~\I~ 'el'eln1"11(p)~\1 3 'ei'l?ln~'J~ nf)'Jl:wi~u'eltln~1 ~'el "'max ~(P)~\I~'JtI'ei'l?lnYl 

~ln~I"lJ'el\l~I:i'~:;~It1 PPCDA b'J~bfi~ b-d~b~t1'Jn'lJml:wi~"lJ'el\lnnyj %CR (:i'U~ 14 ('lJ)) 1~-d'J\I 
" , ~ ~ 

1.lru~.lJn b~t1'J n~ ~\I'I"l ~ ~ n :i':i'lJ v1\1 n~I'J~I:WI~~'elfi'lJIt11~~'JtI~m~ru:;Yl~tj'J'lJ'el\l~\I ~'el'el n1"11 (P)1~UI bb~:; 

'ei'~I?l:i'mtl1'lJ'el\l PCDA n'lJi~tj'J'el~1l1 f)~\1 ~'el'eln 1"11(P) b(P)t1Un ~bb~'J~tj'J'lJ'el'l'el~1l1 f)~1b~'lJ'el\l~\I ~'el'eln 1"11(P) 

1~ti'llOj:;U:i':;n'el'lJ~'JtlmJ Zn-OH Zn-OH2+ bb~:; Zn-O- v1\1bb~(P)\l1~:i'U~ 15 b(P)t1'ei'l?ln~'J~'lJ'el'l~aJb~~Iii'
" "''' 

~ , 
~~'eltlnuril'V;b'el'jj"lJ'el\l~I:i'~:;~It1 ~lrilY1b'el"1lU'eltln~1 7 Yltj'J'lJ'el'l~\I~'el'eln1"11(p)IOj:;nmJ Zn-OH bb~:; Zn

" " I 1I '11 I 

OH2+ 'el~bU~~'J~:Wln b~'el\llOjln1~'11~';jr.rtlUH~I:i'r;l'l~~~'el PCDA :W'el~'elblJ'elf ~\lnf)'Jl:WbU~m(P)'el'el~'el~ 

v1\1,r~bn'elbI?l1t1:W~I:i'~:;~It1t)~ (P)~ neJ~:W PPCDA b'J~ b~~ n'lJ'el~1l1 f)~1b~'lJ'el'l~\I ~'el'eln 1"11 (P) lOj:;vh1~n~aJ 
q " q qJ 

Zn-OH bb~:; Zn-OH2+ 'eltl~tj'J'lJ'el\l~\I ~'el'el n1"11(P)bU~~'J~lJl n ~\leJ~1~ PCDA :W'el~'elblJ'elf~\ln~aJ f)lfu'eln 
, " " ~ 

on~'el~Yl head groups ~llJl:i'~~(P)bnl:;'lJ~Yl~tj'J"lJ'el\l'el~1l1 f)~1b~'lJ'el\lon\l~'el'eln1"ll (p)1~ ~'JmbN ~\I~(P)'VlI\1 

1yjvh bb~:;vr~fi:;1eJb(P)nlOj~ v1\1bb~ (p)\l1~:i'U~ 16 bti'el\llOjln1~t)~(p)~ n eJ~:wn~\I ~'el'eln1"11(p)vh~UI~ bu~iu~
" ." 

bl?l:i'1?l PPCDA ~\I~llJl~r;l~(P)bn1:;bb~:;!?I'elbUwi~1 ~~1U'elth\lbU~:i':;biJtI'lJ v1\1bb~(P)'11~lU~ 17 ~\llOjlnlll'1"l 
TEM (:i'U~ 10 (f))) 1Oj:;'I"l'lJi~'lJ'el\l PPCDA 1wr~(p)~mJ~lJ1J:i':;lJlru

qJ 
6 i~ PPCDA 1~t)~(p)~neJ~lJbn'el

qJcu q q 

bmtlUbYltl'lJn'lJ PPCDA 1~ti'l bb'~h~'1nn1:i'r.r(P) ~t1\1 r;l'J 'eltl 1\1 bU~:i':;biJtI'lJlJln~~ t"li~I\1 bn (p)n1nf)~'el~~1~ 



tJ I I I 

til n~ 'W .,,'h1 ihn (;l n 1 ~U (;l"lJ 'el-:J'el'elfU~~1 Y1Vl ~ lt1L"1IVI~nVl in~ ~-:J ~~l-:J b1j 'W ~'W fi ~ A~~U~'Wfi ~ b~ tJ 'J 
. " 

'U 

bbUU~'elbtj'el-:J{J'eltJ n~l ~-:J,r'W~l~~~~ltJr)~(;l~mJ~~ PPCDA b'J~ b~~ nU'el'Wlll~'WlL'W"lJ'el-:J~-:J~'el'eln1"11c;l~-:J
• 'U • 

tJ I I I 

'W'el n"'ll n~1'Wm ~'Vl (;l ~'elU m ntJ~tJ'W~ d:J'elHifu m m~~~'W"'ll nmUVlllntJ-:JY1U n ~~u'J'WmntJ~tJ'W 
q • 'U 

0

~ bbuu~'Wn~u1~bn (;l~'W1'W~l ~~:::~ltJr)~ (;l~ n ~~~ PPC DA b'J~ b~~ nU'el'Wlll ~'W~IL'W"ll'el-:J~-:J~'el'eln1"11 c;l~'JtJ
q 'U q 

~"lJ'el-:J~1 ~~~~lt1r)~ t?l~ n ~~ ~ A'eltl1 bn (;l n1 ntJ~tJ'W~ n~U"'ll n~~h-:J'el~"1I~~ biJ'W~yh b~'el b£j'W~'J~-:Jn-:J 

'elr;uVllln~'el-:J "'ll n nl~r)(;lAl m ~(;l(;l n~'Wbb~-:J"lJ rw~~muVllln~ (;l ~l~-:J~l bb~'J 1"l1'W'J rwbiJ'W %CR "'l~Y1U~l 
q cu cu q cu 

%CR "lJ'el-:J~l~~~~ltJr)~t?l~n~~lJ PPCDA b'J~b~~nU'el,,*lll~'W1L'W"lJ'el-:J~-:J~'el'eln1"Jlv1 5 9 bb~~ 17 wt.% 

b~'elb£j'W(;]'J~-:J~l bn'elU"'l ~~'el'W'VlU biJ'Wb~'Wb~tJ'J n'Wnu b~'el1~ml~~'el'Wi'W1tJ v1-:Jbb~ (;l-:J1'W~tJ~ 18 ("lJ) (~)
'U 

bb~::: (-:J) ~l~~l~U 1'W"lJrw~~ % CR "lJ'el-:J~l~~~~ltJ PPCDA b'J~b~~ b~'elb£j'W(;]'J~-:J~lilAlbiJ'W 0 ~-:Jbb~(;l-:J 

1'W~tJ~ 18 (n) ~-:Jbb~(;l-:J~l~l~~:::~ltJ PPCDA b'J~b~~hHJm~btJ~tJ'W~bn(;li'W J'W~'elilm:;U'J'WnlntJ~tJ'W
'U 

~ bbUU ~'Wn~uhl1~J'Wb 'el-:J 
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-
' 93 .8 'c 

Q) 
u 

-e 
o 
II> 

c:( 

0.30 

~ 0.20 

0.10 

350 450 

-26YC 
-31.2 'c 
-35.4 'c 
-40.4 'c 
-44.6 'c 
-49.1 'c 
-540 'c 
-59.2 'c 
-64.0 'c 
-70.0 'c 
-74.4 'c 
-80.6 'c 
-84.8 'c 
-90.2 'c 
--- 93.8 ' C 

550 650 750 

Wavelength (nm) 

(n) 

0.40 -r----------------, 
-26.3 'c 
-31.2 'c 
-35.4 'c 
-40.4 'C 

0.30 	 - 44.6 ' C 
-49.1 'C 

Q) -54.0 'C 
u -59.2 'C c: 
<0 -64.0 'C 
-e 0.20 -70.0 ' C 
o 
II> -74.4 'C 
..0 -80.6 'c 
c:( -84.8 'C 

- 90.2 ' C 
0.10 	 - 938 'c 

0.00 +----'--+----'--+----'---i----'-----':::p==-

350 450 550 650 750 

Wavelength (nm) 

Q) 
u 
c: 
<0 

-40.4 'C 
0.30 -44.6 'C 

-49.1 'c 
-54.0 'c 
-59.2 'c 
-64.0 'c 

-e 0.20 -70.0 'c 
o 
II> 
..0 
c:( 

-74.4 'c 
-80.6 'c 
-84.8 'c 
- -90.2 'c 

0.10 - 93.8 'C 

0.40 -r---------------, 
-26.3 'c 
-31 .2 'c 
-35.4 ' C 

350 450 550 650 750 

Wavelength (nm) 

("lJ ) 

0.30 -r----------------, 
-26.3 ' C 
-31.2 'c 
-35.4 ' C 
-40.4 'C 
-44.6 'c 
-49.1 'c 

Q) 
0.20 -54.0 'c 

u -59.2 'c 
c: 
<0 	 -64.0 'c 

-70.0 'c-e 
o -74.4 ' C 
II> -80.6 ' C ..0 

-84.8 'c 
c:( 0.10 90.2 'c 

0.00 +----'--;----'--+-----L-+----'---t===.I 

350 450 550 650 750 
Wavelength (nm) 
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j 
70°C 80 °C 90 °C 100 °C 70°C 80 °C 90 °C 100 °C 

Temperature Temperature 


(n) ("lJ) 


Zl.l~ 13 n1nl.l~m.!~ Lnllnn1n~l_J~ru'\.11Jiir.nn'Qru'\.11Jii~'tl'l~uii'l~ru'\.11Jij 100 °C '1111'1 (n) 


~1~~:::~1tJ PPCDA L'J~h~~ LL~::: ('11) ~1~~::~1tJ1'~~~mJ~l_J PPCDA L'J~L~~ 


rl1J1J'l.F11f1U1LU'1Ill'l~'1~lllln1"ll rn 


630 

E 
.s. 
E 

-< 580 
-9- ZnO 5 wt. % 

-0- ZnO 0 wt. % 

--Zn09wt.% 
-0- ZnO 17 wt. % 

100 -r----------------, 

80 

60 

40 

20 

-0- ZnO 0 wt.% 
-<>- ZnO 5 wt. % 
--ZnO 9wt.% 
-o-ZnO 17wt.% 

O~~~;-~~~~~_+~+-~ 

20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100 

Temperature ('C) Temperature (DC) 

(n) ("lJ) 

zl.l~ 14 (n) ~1f1'J1l_Jm'JfI~U ru ~1LL'\.1U'l~Ln(1ln1~~(1ln~ULL~'1~'1~(1l (Amax) LL~:: ('lI) Ll.lllhiDu~ 

n1nl.l~t1u~ (%CR) "lJ1l'l~1~~:::~1t1 PPCDA L'J~L~~ (ZnO 0 wt.%) LLfl::~1~fl:::fl1t1i~f?l~n~~l-J 

PPCDA L'J~L~~rl1J1l'lfll1f1U1LU"lJ1l'len'l~1l1lnhrn ~ml_J1ruen'l~1l1ln1"llrn 5 9 LL~:: 17 wt.% Ldll~ 
, 

Clio ..:::. ...::.'1I.dl _ 

n1~L~l_J'Qru'\.11Jl-J~1n~ru'\.11Jl-J'\.11l'l~U[)'1'qru'\.11Jl-J 100 °C 
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, ~ 

nJVl15 tf'lN~~1,:jLL~:;~m~ru:;Yh.l~,)"lJ'e),:j PPCDA L,)~L~~ LL~:;t)~~~ne.J~~
~ .~ 
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PCDA 
r #F

monomer 

#F m #F 

H 0 "" OH OH2 OH 


H-6/ ...... \-I 
 J I 
(j) 

I I 
Water interface ZnO Interface 

nJ~ 17 ~m~ru:;n'lJ'4'(?)~tJ':!~,)"lJtl.:! PPCDA L-W,l1 bb~:;1'W1'~(?)~neJ~~ PPCDA b,)~b~~n1J
~ .~ 

tl '4111 r1'W1'l'W"lJtl.:!O].:! ~tltln1'll i?f 

(n) 100....-----------------, ("lJ) 80....----------------, 

0:: 
U 
:Ii:o 

80 

60 

40 

-0- Heating 

-0- Cooling 60 

0:: 
U 40 
:Ii:o 

20 

-o-Heating 

~ Cooling 

20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100 

Temperature (oC) Temperature (DC) 

(r1) 80.-----------------, (.:!) 80 

60 

40 

20 

-o-Heating 

-v- Cooling 

0::0:: 
UU 
:Ii:o?f!. 

60 

40 

-0- Heating 

~ Cooling 

20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100 

Temperature IC) Temperature (DC) 

ltJ~ 18 btJtlfb-n'W~n1ntJ~tJ'W~ b~'tliin'ln~~'flruVlJJn'"l1n'flruVI.1Ji:h~tl.:!n.:! 100 °C bb~:;b~tlb~'W~,) 
~.:!'"l'Wn.:!'tlruVllln~tl.:!"lJtl.:! (n) ~1J'~:;~1tJ PPCDA b,)~b~~ bb~:; ("lJ) - (~) ~1J'~:;~1tJ1'~(?)~neJ~~

q qJ q " 
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Lti'tl\l'"l1nn1~U1 PPCDA L'l~hfi~ LL~:;rj~~~n~~:w PPCDA L'l~Lfi~riU'tl'4Jl11"1'l.l1bkl"ll'tl\l~\l~'tl'tln 

1'l1 ~1kl~Ll"ll'tl\l~1~~:;~1t1hl1-ii\l1klil~'tl~1 n ~:W1 n:W1t1 'tl1Vi 'tl1t1 m~1-ii\l1kl LL~:;1"1'J1:W L~~t1 ~1klm nLl~t1kl 
'" q , ., , 

~ Lil'tl\l'"l1 n Ln ~ n1~ln n In:;n'tlkl''ll'El\l'tlklJl1 1"11kl~1~~:;~1t1 kl'tl n'"l1 n\J'tl ru ~Jlij~\l ~ ~Vl'"l :;~1:W1~Clrj~m~ 
q q \J 'U q 

LL~'"l1 n~~ m~~ n'lj'1 m~ln'tlU~kl'tl\l ~'tl~ru~.lJij"ll'tl\l~1~~:::~1t1rj~~~n~~:w PPCDA L'J~ Lfi~n1J'tl'4Jl1r1kl1 

bkl"ll'tl\l~\l~'tl'tln1'l1;' Y4U~I~1 ~~:;~It1 rj~ ~~n ~~:w~ilLLkl'JH~:W~~1 :W1HI Ln ~m nLl~t1kl~ ~'tl1Ll1~~n ~1 L~:W 
q", ., 

~ru~.lJij~\ln~1 94 'tl\lM1L'lI~Lentl~ (?)\l,rkl~\lilmnln1t1:w~~:w PPCDA L'J~L~~ LL~:;~~:wrj~~~n~~:w 
, ., 

PPCDA L'J~L~~ri1J'tl'4Jl1r1kl1bkl"ll'tl\l~\l~'El'tln1'l1;' Vlm:W1ru~\l~'tl'Eln1'l1;'Lukl 5 9 LL~:; 17 wt.% ~kl b~t11-ii 

Y4'tl~1'JU~LL'tl~ nml'tl~ (PVA) LUklL:W'Vl1'ni v'h 1 ~~1:W1~Cl ~n~1Y4~~ m~:wm~L,J~t1kl~1~~~ru~.lJn~\l~kl 

LL~:; 20 '"l1nm~'Vl~~'El\lY41J~1~~:W PPCDA L'J~Lfi~ ilY4rl~m~:wnlnLl~t1kl~LL1J1Jerklni'JhJ1~ ;\l 
rI~1t1r1~\ln1JY4~~n~~:W"ll'tl\l~1~~:;~It1 PPCDA L'J~L~~ LUkl'tlri1\l:W1n (?)\lLL~~\l1kllLl~ 19 b~t1~ 

" ~ru~.lJn~'tl\l ~~:w PPCDA L'J~ Lfi~ Lln n!] LiJkl~U1 L~kl LL~:;~1LL~'l.l\l nl~~~ n~klLL~\l~\l~~"lI'tl\l~LLln ln~1 
.di ,el.d .J"::::' JQ.J II 

m~~~ n ~ klLL~\l 'tltl'Vl 1"1'J 1:W tII'J rI ~klLl~:;:w 1 ru 640 kllb kl L:W ln~ L:W'tl LY4:w'tl ru ~Jl:W"ll kl rI'J 1:W L"lI :W"ll'tl\l m~ 
'U 'U q 'U 

I ,II I I 

~(?)n~klLL~\lVlrl'J1:wm'J rI~kl1kl-D'J\l\J'"l:;~ ~~\l 1kl"ll ru:;VlI"1'J1:W L~:W"ll'tl\l m~~ ~ n~klLL~\l1kl-D'J\l rI'J 1:wm'J rI~kl 
'" '" 
490 ~\l 540 kl1bklL:Wln~ ;\lLtJklrl'Jl:wm'JrI~kl"ll'tl\lL~~~LL~\l'"l:;L~:W~kl '"lklm:;vf\lLn'tlL~:w'tlru~Jln~\l 70 

q '" 

, " 
LVi:w'tlru~Jlij1~~\l n~1 70 'tl\l ~1 L'lI~ Lentl~ '"l:;Y4U~Ir1'J1:W L~:W"ll'tl\l m~~ ~ n~klLL~\l"ll'El\l L~~~\n L~kl'"l:;~~

q III q,J IlJ 

I I I " I 

~1~\l'tlri1\l ~'J ~ L~'J 1kl"ll ru:;Vl rI'J1:W L~:W"ll'tl\l m~~ ~ n~klLL~\l"ll'tl\l L~~~ LL~\l LVi:W~\l~kl'tlU1\l ~'J ~ L~'J L-Dklnkl ;\l
'" '" ., " , 

1kl-D'J\l~ru~.lJij\J~~:wLl~1n!] LtJkl~ LL~\l kl'tl n'"l 1 n\JiJ\lY41J~1~~:W PPCDA L'J ~ Lfi~ Ln ~m nLl~t1klL~~'"l1 n~ 
", ,uri ~klLtJkl~ LL~\l'Elri1\l~:WU~ruVl'tl ru~JlnLl~:;:W1 ru 90 'tl\l ~1 L'lI~ Lentl~ b~t1il ~1LLl'tlfL~kl[;]mnLl~t1kl~~\l ~\l 

CU fill CU qJ 

96 LLl'ElfLsnkl[;] (?)\l LL~ ~\l1kl~Ll~ 21 ;\l'tlru~Jlij~v'h1~ Ln ~mnLl~t1klL~~~'Elri1\l~:wu~ru1kl~~:w~il ~1~\l 
<u q 'lI "U \J 

n~1'tlru~Jln~"i111~Ln ~mnLl~t1klL~~'tlri1\l~:wu~ru1kl~I~~:;~1t1 PPCDA L'J~Lfi~Ll~:;:Wlru 15 'El\lM1 
q '" '" 

q 4 .J d.cJiI .d " c.Q. I Q"

L'lI~L'lItI~ 'lI\l'tl1'"l Ln ~'"l1 n mnrl~'tlkl'Vl'Vl'llI~\l"ll'tl\lb:W L~ n~ L:w'tl'tltl1kl~ Cl1kl:::"lI'tl\l LL"lI\l kl'tl n'"l1 nkl'tl1'"l Ln ~'"l1 n 
q '" 

~~"lI'tl\l~klfi:;1ub~n'"lkl~~~~:;~~1\l~~mf1J'tln~~~ head groups "lI'tl\l PPCDA riu~~1urM'tln~~"lI'tl\lY4'tl 
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" I" I 

~n'Ju~ bb'il~ n'tl~'tl~ (;)'1'1l'u~'1~'tl'lH'tlruVlJliJV1~'1~Ub~ nU'tlrJ b vhl'vl11 ~ bll(;) n1 ~v'h~lrJvrUfi::;L~L(;)nlOlulU 
• 'II 'II 

~I'" .... .1.,1 "31.1' 
Y'i~lJbb~::;bn(;)n1nu~rJUi'l"lJU 

Zu~ 20 bb~(;)'1~~~n~~lJn1nu~rJu~"lJ'tl'l~~lJi~~~m.J~lJ PPCDA b'J~b~~nU'tl'4JllrlUILU"lJ'tl'lon 

'1rl'tl'tlnL"lIC?1 ~mlJlruon'lrl'tl'tlnL"lIC?1bUU 5 9 bb~::; 17 wt.% IOl1nn1~'Vl(;)~'tl'l~U~1 ~~lJi~~~m.J~lJ PPCDA 

b'J~ b~~ nU'tl'4JlI rlU 1 L U"lJ 'tl'l on 'I rl'tl'tln L"lI C?1bb~ (;)'1~ ~ ~ n ~~lJ n1~bU~ rJU~ 2 ~::; (;)U L(;)rJ ~::;(;)Ubb~mb~ (;)'1 

~ ~~ n~~lJ nl ~bU~rJU~ bb UU erun ~uL~lu-rl'J'I~ ruVl.1JiJ~'tl'l ~'1'Q ruVl.1JiJU~::;lJl ru 140 'tl'l PlI b"ll~ b~rJ~ 
II ," I I I 

lOll n'll'udj'tl~ruVl.1JiJ~'1~UIOl::;bll (;)~~ ~ n~~lJn1nu~rJu~ bbUU erun~uhJ1~ bn'tlYiI n1~'tlU~~lJ-r~ ~~n ~~lJV1 

~ruVl.1JiJU~::;lJlru 100 'tl'lPllb"ll~b~rJ~ ~~lJi~~~n~~lJIOl::;bU~rJUbUU~~h'l'tllJ"lIlJ~ (;)'1bb~(;)'11UZU~ 20 

('I) ~'1rl~hrJnU~"lJ'tl'l~I~~::;~lrJi~ ~~n~~lJ b~'tlL~fUrl'JllJ~'tlU~~ruVl.1JiJU~::;lJl ru 90 'tl'l PlI b"ll~ b~rJ~ bbt;l 

b~'tl~~lJ-r~(;)~n~~lJb~U~'J~'11OlU~'1'tlruVlJliJ~'tl'l~~lJIOl::;bU~rJU~n~ULUbUU~Yh b~'tlVilOll~rul ~bUn(;1~1
q~ q ~ 

100 'tl'lPllb"ll~b~rJ~ ijrJ'tl(;)n1~f;J(;)n~Ubb~'11u-rl'J'Irl'JllJm'Jrl~U 490 ~'1 540 UILUblJ(;1~ U~ln!)'tl~i'JlJnu 

bYl~~,f1 b~U bb~ (;)'1 ~'1 n1nu~rJu~ bbUU erun~uhJ~lJ\l~ru ~'1hJ~llJlnli'l bn(;lL~ ~'JrJ(;llbU~1 ~1V1f'J~ 
bUn(;1~In1~(;)(;) n~Ubb~'1~'tlruVlJliJ 100 'tl'l PlI b"ll~ b~rJ~"lJ'tl'l~~lJ-r~ (;)~ n~~lJ~ijmlJl ruon'lrl'tl'tlnL"lIC?1bUU 9 

III q cu q III 

~~lJ-r~~~n~~lJ~ijmlJlruon'lrl'tl'tlnL"lIC?19 bb~::; 17 wt.% ijn1nU~rJU~bY1rJ'I 2 bU'tlfb~U~bVh,fu (;)'1 

bb~ (;)'11U~U~ 21 b~'tl b~lJ'tlruVlJliJlUn1~'tlu~~lJl~mnU-rl'J'I'tlruVlJliJlJl nn~1 100 'tl'l Pllb"ll~ b~rJ~IOlU~'1 
III q CU III q cu 

, , '" 
~'1 bn'tlVilOll~rul1Ol1 n~ bun (;1~1 n1~(;) (;) n~Ubb~'11Ol::;~U~1 rl'JllJ b ~lJ"1J'tl'l n1 ~(;) (;) n ~Ubb~'1"lJ'tl'l bYl~ ~il1 ~U~ (;)~'1

'lJ 'II 

I I I " 

1U"lJru::;b~mnUrl'JllJb~lJ'iI'tl'ln1~(;) (;)n~ubb~'1V1rl'JllJm'Jrl~ulu-rl'J'I 490 ~'1 540 UILUblJ (;1~IOl::;bVilJ~U 
'" , , 

'lJ 

VI~'11Ol1 n'll'Ubn'tl bVilJ'tl ruVlJliJ~'1 n~1 140 'tl'l PlI b"ll~ b~rJ~ IOl::;~U~I~ bUn(;1n n1~(;)(;) n~Ubb~'1"lJ'tl'l~~lJ-r~ (;)
q III III III q 

, '" 
~n~~lJ bn(;)n1nU~rJUbbU~'1'tltll'1 b~UL~i(;)blOlU L(;)rJr1'JllJ b~lJ"lJ'tl'l n1~(;) (;) n~Ubb~'1"lJ'tl'l bYl~~~1 b~U~ (;)
'II 'II 

~1~'1'tltll'1lJl n 1 U"lJ ru::;~r1'J IlJ b~lJ"lJ'tl'l nl~(;) (;) n ~Ubb~'1"lJ'tl'l bYl~~ bb(;)'1 n ~U b~lJ~'1~U'tltll'1lJl n ~'1 b~'tl 
'lJ 'II 

i'l bn (;1 ~'JrJ (;11 bU~I1Ol ::;~U~1~ ~lJ -r~ ~ ~ n ~ ~ lJU~1 n!) bUU~ bb(;)'1'tllJ ~ lJ bb~::; b~'tl~ ~lJ b~U 1?l'J ~'1 ~'1 

~ruVl.1JiJ~'tl'l ntT'Irl'lU~1 n!) bUU~ b~lJ'tl~ bb~ (;)'1 ~'1~ ~~ nnlJ n1nu~rJu~ bbUU erun~uhJ1~'iI'tl'l~~lJi~ ~ 
, 

Q q. I Q 

~n~~lJ'Vl'tlruVlJllJ~'1n'J1140 'tl'lPllb"ll~b"llrJ~ cu q III cu 

IOl1nnl~~nMlbU'tlh~u~n1nu~rJu~ (;)'1~U~ 21 IOl::;~U~1 ~1 %CR 'iI'tl'l~~lJi~(;)~n~~lJ
'lJ ''11 
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L,,!!'€lL;tI~ LL'€l~fii %CR 'lJ~'lYJ'ifl-Ji~f?l~mH'aJ PPCDA L'J~Lfi'€lnu~~llifl'l,ntkl'lJ~'lon'lr1~~n1"!!~ 9 LL'€l~ 17 

wt. % Ln~U~~LtJkll'tkltJ~~rul-l1li1~intJi 1 00 ~'ll'ti L"!!'€l L;E.I~ LL~ ~'l1ihilkl~'lnlJLtJ~m.!~ LLuutrklniu1~
" . " 

~tli'l~ l-J\!1ru ~'l~fi1Jltl1~tJi fl 'Jil-J'f~kllkl'll'J 'l~ rultlJ i1;1vlil ~tflNltJ'lJ'tNt "li~i'l Ln~ nlntJ~ tlklLLtJ '€l'l L'llkl 

Ln~nlnfl~~kl~'lJ~'lteri~i'l ,,;~,~Vi l't'Vli'lnl14'~ ~tI'lI'l'J LtJ~tlklLLtJ'€l'l1tJ L1Jkl~kl ~'l ~'€l1~~~mv1'€l1~Ui'l~'Jkl 

iJ~I'l'J 9'1 Ln ~nl11Un'Jklfl'Jil-J Ltlkl1~kliU'lJ~'l~itlt"li"'in~i:1vrkl1j~fi ~iUvrklD~L~tI'J LLUU!?i~ Lti~'l vii1~ 
'lJ 

Ln~nlntJ~tlkl~:tkl LL!?iLti~'l~imr'lhhn~nl1LL[;ln~~n'lJ~'lvrklDde:Jt~H~kl~L~~m~"'tJi'l head groups 

9'lvlil~Ln ~nlntJ~tlkl~ LLUU trklniu1~L~~YJil-Ji~ f?l~n~~l-JLUkll'l'J'€l'l~'l~ ruWJi1~~'l LL'€l ~L~'tl'I:nYJ'ifl-J L~i 

'elU~~ruWJi1~'l:tkl~kln'l 140 ~'ll'tiL,,!!'€lL;tI~ YJ'ifl-Ji~~~n~~l-J PPCDA L'J~Lfi'€lnu~~iflklitkl'lJ~'l;'lr1~ 
~n1"ll ~Ln ~nlntJ~tlkl~ LLUU trklniu1~ LL!?ihj~ l-J\!1ru t~tI~~ Ln~nl1trklniu LLUUhJ~l-J\!1rum n~klL~~ 
~ru"'JJi1n11~UYJ'ifl-J~'l:tkl LL'€l~L~~ L~l-J~ru"'JJi1n11~uYJ'ifl-Ji~f?l~n ~~l-Jl~~'l:tklLtlkl 145 ~'l Pli L"ll'€l L;tI~ 
vrklDde:Jt~n~kl~L~~m~",tJi'l head groups Ln~nlJLL[;ln~~n 9'l1tJvli'€litlfl'Jil-JLtlm~dJtlu'lJ~'lt'll~i'l 

LL'€l!:~itlt'll",in vlil~ L~klt'V11tlL~l-J:tkl~tli'lmn 9'1 ~l-J Ln~nlHtJ~tlkl~ LLUU «klniuhJ1~:tkl ~'l LL~~'1l~ 

~ru"'.lJi1~'l:tkl t~tI %CR i:1fii~'l~~~~ru"'.lJi1160 'el'll'ti L"!!'€l L;tI~ ~'lLtJkl~ ru"'JJi1~~'lntJi~ru"'.lJi1n11 
LtJ~tlklL'rJ~~tli'l~l-J\!1ru'lJ~'lYJ'ifl-J PPCDA L'J~Lfi'€l n'ltJ1!:mru 70 ~'lPliL,,!!'€lL;tI~ 

-35·C 
0.12 -40·C 

- 50·C 
-60·C 

Q) 
u -70·C 
~ O.OB 
.c -BO·C 
0 
<f) - 90·C 
.c « - 100 ·C 

160 ·C0.04 

O~~-+__~~~~~~W~~ 35 DC 50 DC 70 DC 80 DC 100 DC 160 DC 
350 450 550 650 750 


Wavelength (nm) Temperature 


ltJ~ 19 ~ LtJn[;l1inl1~~n~klLL~'l LL'€l~~'lJ~'lYl'ifl-J PPCDA L'J~ Lfi'€llklLl-J'Vl1ni'lJ~'l PVA ~1;jru"'.lJi1 

!?ii'll 
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0.15.,-------------------, 0.08 

-35 ·C 

0.12 -100 ·C 
0.06 

-120 ·C 
~ -140 ·C ~ffi 0.09 c 
-e - 145 ·C 

~ '" 0.04g "- 160 ·C <J) 


~ 0.06 -" 

<{ 

0.02 
0.03 

o+-~-+_~-+_~-+_~Mm~~ 

-100 ·C 
0.06 

0.02 

o~~+-~~~~~~~ 
350 450 550 650 750 

Wavelength (nm) 

I ' 

! IfIII 
i II ~ I ~ I' 

I I~ Ii 
I' 

35 ac 100 ac 140 ac 145 ac 160 ac 
Temperature 

(-1) 

, 

dU~ 20 (n) - (fI) ~HUnl?ld1mdlnlnn~'Wbb~'l'IJ'El'lYJ~l_J1'~In~ni:J~l_J PPCDA b'J~hfi~nu'El'W111f1'Wlb'W 
'iI <U 'I'll 'I 

'IJ'El'l"li'l~'El'Eln1"l!1n''Wbl_J'Vl1nan'IJ'El'l PVA ~ml_Jlru"li'l~'El'Eln1"ll~ 5 9 bb~::; 17 wt.% l?l1l_J~I~U bb~::; ('1) 

~'IJ'El'lYJ~l_J1'~ In ~n i:J~l_J~'ElruVllll1l7il'l1
q'il 'I 'iI 

350 450 550 650 750 
Wavelength (nm) 

(n) 

0.08 .,-------------------, 

-35·C 

350 450 550 650 750 

Wavelength (nm) 

30 50 70 90 110 130 150 170 

Temperature ee) 

,pJ~ 21 bU'Elfb~'Wl?lmdbU~tJ'W~'IJ'El'lYJ~l_J PPCDA b'J~hfi~ (ZnO 0 wt.%) bb~::;YJ~l_J1'~~~ni:J~l_J 

PPCDA b'J~bfi~nU'El'41l1f1'Wlb'W'IJ'El'lan'l~'El'Eln1"l!~ ~mmruan'l~'El'Eln1"l!~ 5 9 bb~::; 17 wt.% bn'El~I'W 

md1~fI'Jll_J~'El'W1'W"ll'J'l~ruVl.IJl1~'El'l(hQruVl.IJl1160 ac 



• • 
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'"l1 nn1~~m~1'V'1 ~~ n~nJ n1n tl~t1'W~ ~'JtlIWI btl~1 bb~::;";j brl ~1::;"r~ :lJu1i n1~~ i?l n~'Wbb~'l ~'JtI b'Vl r1ilrl 

UV-VIS Spectrophotometry "II!)'l~'W~::;~1t1 PPCDA b'J~b~~bb~::;~1~~::;~1t1r)~"l\lne.J~:IJ PPCDA b'J~ 

b~~nU!)'W1l1r1'W1L'W"II!)'l:n'l~!)!)n1"l!r;l ~nm:IJ1ru:n'l~!)!)n1"l!r;ldJ'W 5 9 bb~::; 17 wt.% bn!)1~fun1m~::;~'W 

Li?ltl n1n~:IJ~1~~::;~1tIL"l! b~tI:IJ1el i?l~!)n1"l! r;l~'l1tlb~!)tlfu~hrl'J1:IJ bU'WbU~ 'V'IU~1'V'1 ~~ n~~:IJ n1ntl~t1'W~ 
"II!)'l~1~~::;~1t1 PPCDA b'J~ b~~ bb~::;~1~~::;~,'ltIi~ i?l~n e.J~:IJ PPCDA b'J~ b~~ nU!)'W1l1 r1'W1 L'W"II!)'l:n'l~!)

• 'll • 

!)n1"l! r;lbiJ'Wn~::;u'J'Wn1~cr'WniuhJ1~ bn!)vh n1~L~:IJ~1~~:;~1t1L"l! b~tI:IJ1el i?l~!) nh"'~'l1tll'W~1~~::;~1t1 

PPCDA b'J~L~~ ~n~hYh!)"l!~:IJ~'W 6.35 ~'lnrl'J1:IJbu'Wn~i?l'tl!)'W1 '"l'W~hYh!)"l!"II!)'l~1~~::;~1t1 PPCDA 
I I tJ iI I 

L'J~b~~btl~t1'WLU'W 7 ~"II!)'l~1~~::;~1t1 PPCDA L'J~L~~'"l::;btl~t1'W'"l1n~,J1b~'WbU'W~,J1L~'W!):IJ~'J'l bb~::;Lii!) 

';j LrI~1::;"r~btln(;l~1n1~i?li?l n~'Wbb~'l ~'l LL~ i?l'l1'W~tl~ 22 (n) '"l::;'V'IU~1t1!)i?l n1~i?l i?ln~'WLL~'l~'l~i?l~r1'J1:IJtI1'J 
cu cu cu cu q 

r1~'W 640 'W1L'Wb:IJ(;l~~i?l~'l Lb~::;ntl!)i?lm~~i?ln~'Wbb~'lb~n1 ~r1'J1:IJtI1'JrI~'Wtl~::;:lJ1ru 540 'W1L'Wb:IJ(;l~ 
.1 d' .d .1'" ,"" ~" d' "" , .1 .. "" 
u~1n!]"II'W:lJ1 Lb~::;b:IJ!)u~Url1'V'1b!)"l! bt-l~'l"ll'W'"l'Wf:I'l 8 '"l::;'V'IU'J1~bun(;l~1n1~~i?ln~'Wbb~'lbni?ln1~ 

btl~t1'WbbU~'l!)th'l:IJ1 n Li?ltl rI 'J1:IJ b~:IJ"II!)'l m~i?l i?l n ~'Wbb~'ll'W"lf 'J'l r1'J1:IJtI1 'J r1~'W 640 'W1L'Wb:IJ (;l~ ~ i?l ~1~'l 
'll 

tJ I I I 11 

,J1 b~'WbU'W~ bbi?l'l 1'W~UVl 23 (n) '"l ::;'V'IU~1 bu!)fL:n'W1?ln1nu~t1'W~ bYi:IJ~'W!)tJ1'l~'J i?l b~'J1'W"lf'J'lY1 b!)"l! 7 ~'l 8 
'll 

':::'J' ~ d Go'IQ '" J I~Q trCS tr ~irQ I

Li?lm'V'l:IJ"II'WU~::;:lJ1ru 75 bU!)n"l!'W(;l bb~::;b:IJ!)U~Url1'V'1b!)"l!lt-1~'l"ll'W(;l!) bU!)n '"l::;'V'IU'J1bU!)n"l!'W(;ln1nU~t1'W
'll 

~ b~:IJ~'W!)tJ1'li?l!)Lti!)'lbb~::;b~:IJ~'W~'l~ i?l~'lU~::;:lJ1ru 95 bu!)fb:n'Wi?l~Yh!)"l! 12 Li?ltln~1n1'Wn1nu~t1'W~ bni?l 
'll • 

'"l1n1eli?l~!)nhr;l1.!)!)!)'W (OH-) 1,J~'lLU~(;l!)'W1Oj1nt-l~r11fu!)n:n~~ head groups "II!)'l PPCDA ~'le.J~1~ 

~'Wfi::;1elLi?ln'"l'W~b~!):IJ~::;t-I~1'l head groups 'lI!)'l PPCDA bni?lmnL(;ln!)!)n bb~::;bni?lbbNe.Jim::;t-I~1'lrl1f 

u!)n:n b~ (;l1'tl'tl'tl'W (-COO-) ~'tltJ~i?l n'W~n ~'JtI ~'lvh1~bni?l r1'J1:IJ1~ bU'W~::;bUtlU'lI!)'l L"lf~1'l ~'l e.J~1~ n1~ 
'll 

iJ'tltl~'l bb~::;vh1~~::;t1::;r1!)'W'"l bn (;l'll 'tl'l ~1 tIL"lft-lin~ i?l~'l ~'l e.J~ i?l'tl~ m'W::;'lI'tl'l~ b~ n (;l~!)'Wbb~ ::;vh 1 ~ bn i?lm~ 
'll 

bU~t1'WbbU~'l ~1bbWW'l'll'tl'l~ bU n(;l~:IJ n1~i?l i?ln~'Wbb~'l'll'tl'lL:IJ b~n~1utT'l r1'J1:IJtI1'JrI~'W~i'Wn~1 ~'lYl11~b~'W 
'll • 

~1~~::;~1t1 PPCDA b'J~ b~~ bU'W~ bbi?l'l bn'tl1~~um~~um'W'"l1 n n1n~:IJ~1~~::;~1t1L"l! b~tI:IJ1eli?l~'tln 1"l!r;l~ 
1"11 r1'J1:IJ bU'WbU~~ bt-l:IJ1 ::;~:IJ(14 ) 

~:IJ~'W~'ln~1~1~~::;~1t1 PPCDA b'J~b~~b~niJ'tltl Li?ltlI"11Y1b'tl"l!~:IJ~'W'lI'tl'l~1~~:;~1t1i~i?l~ne.J~:IJ PPCDA 
'll ''ll 

b'J~b~~nU'tl~1l1r1'W1L'W'lI'tl'l:n'l~'tl!)nhr;l ~m:IJ1ru:n'l~'tl'tln1"l!r;l5 9 bb~::; 17 wt.% nl"11b'Yl1nu 6.706.44 

bL~::; 7 .08 (;l1:IJ~1~U bn'tlufuI"11Y1b'tl"l!1~b~:IJ~'W'"l'W~'lY1b'tl"l! 12 ~'lbU'W1"11Y1b!)"l!~~1~~::;~1t1 PPCDA b'J~ 

b~~n bU'tlfL:n'W1?ln1nU~t1'W~'"l1 n~yh bU'W~ bbi?l'l~'l~~ i?l 'V'IU~1~'lI'tl'l~1~~::;~1t1r)~ i?l~ nt.J~:IJ PPCDA b'J~ 
cu q q cu 

http:6.706.44
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'" , , 
b~~ n'IJ'e) '4Jl 1 rlt.11 L\J"!J'e)\I=B\I rl'e)'e) nben 1Plvi'\I 3 'el(;]J'I~'J\J tJ\I rl\lUJ'1 n!J bU\J~yh bi1'e)i\l bn (;] ~'JtJ 1P11 blhh bb[;ibi1'e) 

~IOlIJ'nJl~b,JnlPlJ'In1J'(?J(?Jn~\Jbb~\l1\JJ'u~ 22 ("lI) (rl) bb~::: (\I) IOl:::'Vl'IJ~lrl1n1J'(?J(?Jn~\Jbb~\I"lI'e)\lb~~~yh
~ ~ ~ 

~ (?J~\I b~'e)rhVi b'e)"ll b~:I-J~\J bb~:::b~'e) b~:I-J rhVi b'e)"ll"ll'e)\I~IJ'~:::~ltJi~ (?J~ n e.J~:I-J PPCDA b'J~ b~~ n'J'e)\JJllrl\J1. .~ 

L\J"lI'e)\I=B\lrl'e)'e)nl"ll1Pl ~~hB-:l-JlnJ=B\lrl'e)'e)nl"J!1Pl5 9 Lb~::: 17 wt.% lUIOl\J~\lrh 12.50 12.60 bb~::: 12.70 

m:I-J~1 t?l'IJ IOl:::'Vl'IJn1 J'b,J~tJ \JbbU~\I"lI'e)\I~ bU n (;]J'1 n1 J'(?J
'U 

(?J n~\JLb~\I bn (?Ji\J'e)ti l\1i(?J bIOl\J L(?JtJIOl :::'Vl'IJ~ltJ'e) (?J n1J' 

(?J (?J n~\JbL~\l1\J-n'J\I rl'Jl :l-Jm'J rl~\J 640 \J1 L \Jb:I-J (;]J'~ (?J ~1 ~\I:l-JI:I-J1 n bL~ :::~tJ'e) (?J n1J'(?J(?J n~ \Jbb~\l1\J-n'J\I rl'Jl:I-J 
~ 'U 

, '" 
m'J rl~\JUJ'::::l-J1 nJ 540 \J 1 L \Jb:I-J (;]J'UJ'1 n!J~\J:l-J1 L(?JtJ~ rl'JI:I-J~\I"lI'e)\ltJ'e) (?J 1n~ b~tJ\I n'IJ rl'Jl :I-J~\I"lI'e)\ltJ'e) (?J n1 J' 

.d .d .J.d y" ". ·=:11.9 
(?J (?J n~\JLb~\l1\J-n'J\I rl'Jl :l-Jm'J rl~ \JUJ'::::l-J1 nJ 640 \J1'i:\Jb:I-J 1Pl J' "J!\I b:I-J'e)i\l bn 1Pl (?J'J tJ 1P111Ol :::bVl\J'JI~1 J'~ :::~ltJ :I-J'el 
'U 

i~ (?J~ n e.J ~:I-J ~ n 1 J'bU~ tJ \J~'e)ti ~UJ'::::l-J1 nJ 40 bu'e)hon\Ji?l ~\I bb(;] n l?l1 \lIOl 1 n rl1 n1 J'b U~ tJ\J~ ~\I~ (?J"lI'e)\I
q CIJ CIJ CIJ q 

~1J'~:::~ltJ PPCDA L'J~L~~UJ'::::l-JlnJ 50 b,J'e)hon\Ji?l \J'e)nlOllntfb~'e)bmtJ'lJbv]tJ'lJrhViL'e)"ll~,yh1~~IJ'~:::~ltJ 

~:l-Jbn(;1n1J'bu~tJ\J~1\JlU~ 23 (n) IOl:::'Vl'IJ~I~IJ'~:::~ltJi~~~ne.J~:I-J PPCDA b'J~L~~n'IJ'e)'4Jllrl\JI'i:\J"lI'e)\I=B 

\lrl'e)'e)nl"J!IPl~~'Ln(?Jn1J'bU~tJ\J~~rhVib'e)"ll 12 i\Jlu 1\J"lInJ:::~~IJ'~:::~ltJ PPCDA L'J~b~~ ~:l-JbU~tJ\J~ 
I '" I I 

'e)til\1i(?J blOl\JV] rhVi b'e)"ll 7 ~\Jlu ~\I~1 bVl (;]v]~IJ'~:::~ltJi~(?J~ n e.J~:I-J PPCDA L'J~ b~~ n'IJ'e)\JJllrl\J1 L \J"lI'e)\I=B
q q CIJ q 

\lrl'e)'e)nl"lllPlbn (?J n1J'bU~tJ\J~~rhVi L'e)"ll~~\ln~1 !l11Ol bU\Je.J~:l-JI1Ol1 n n1J'r.l (?J ~tJ\I [;]'J"lI'e)\I PPCDA 'IJ\J~'J"lI'e)\I=B
~ 

'" '" , 
\lrl'e)'e) n1"J! lPl'e)til\1 LU\JJ':::LiJtJ'IJ bb~:::~ n1 J'~tJ\I~'e)\Jn\Jbu\Ji\J1L(?JtJi\J"lI'e)\I PPCDA V]'e)~ ~1\J1\J~ (?J ~ n1J'u (?J 

'" bn1:::n'lJ'Vi\J~'J"lI'e)\I'e)'4JlI rl\J1 L \J"lI'e)\I=B\I rl'e)'e) n1"J! lPl'e)til\1 LL ~\I bbJ'\I~ n ~'JtJ ~11~ ~'e)\IHb"J! L~tJ:l-Jlel (?J J''e) nben IPlb~1 

lu~luDmm~~'J"lI'e)\I PPCDA 1 \Jm:I-J1 nJ~:l-J1 ni\J b~'e)1~ bn(?J n1 J'J''IJ m\Jrl'Jl:I-J LU\JJ':::\JI'IJ"!J'e)\I~ltJborl 
VI i n~mrl N ~'fI\1 bU\J~\JD::: rl ~ i'IJ~\JD::: L~tJ 'J bL'IJ'IJ l?l'e) Lti'e)\I ~\I ~'e)\I~1 n1 J'U f'lJ'~ b'e)"ll"ll'e)\I~ 1 J'~:::~1 tJi~ (?J 

~ . 
.oS .... U.J cj

IOl\llOl:::bn(?Jn1J'b ~tJ\J~ 

b~'e) bmtJ'lJbV]tJ'IJ~1 J'~ :::~ltJi~ (?J~ n e.J~:I-J PPCDA b'J~ L~~ n'IJ'e)\JJlI rl\J1 b \J"lI'e)\lon\lrl 'e)'e) nben 1Pl~~ 
• 'U • 

bU~tJ\J~·ihn~I~IJ'~:::~ltJ1'~~~ne.J~:I-J~~m:I-JlnJ=B\lrl'e)'e)nl"ll1Pl5 bb~::: 9 wt.% b~niJ'e)tJ (lU~ 23 (n)) b(?JtJ 

r a tr .J Q cv ..d.Q ~ tr 1 tr .d
bU'e)J'b"J!\J(;]n1J'bU~tJ\J~"lI'e)\I~IJ'~:::~lm~(?J~ne.J~:I-J Yl:I-Jm:I-JlnJ"J!\lrl'e)'e)n "ll(;1 5 bL~::: 9 wt.% 'e)tJYlUJ'::::l-JlnJ. "~ 

I '" I I I I 

n1 J'LU~ tJ \J~ Lbrl bVi tJ\I 5 bU'e) hon \Ji?lL4rh'l!\J Vl1'e) bi1 'e)~IOlIJ'nJ IV] bU 'e) fbon\J i?ln1J'bU~ tJ \J~v] Lvii n\J L-n\JV] 

20%CR IOl :::~'e)\lUf'IJrlIVi b'e)"ll"ll'e)\I~IJ'~:::~ltJ1'~ (?J~ n e.J~:I-J~~l.B-:l-J1 nJon\lrl'e)'e) n ben 1Pl17 wt. % 1 ~~ rllVi L'e)"ll.~ 
UJ'::::l-JlnJ 12 . 61\J"lInJ:::~Uf'IJrlIVib'e)"ll"ll'e)\I~IJ'~:::~ltJ1'~(?J~ne.J~:I-J~~m:I-JlnJ=B\lrl'e)'e)nbenIPl5 bb~::: 9 wt %.~ . 

1~~rlIUJ'::::l-J1 nJ 12.2 fiLn (?J n1J'bU~tJ\J~~J':::t?l'IJ b~tJ'J n\JLL~'J ~\I'Vl ~ ~ nJ'J':l-Jt?l\l n ~1'J!l11Ol'e)fi'IJltJl~~1 

m:I-JlnJ"lI'e)\lon\lrl'e)'e) nl"J!~~~:l-Jlnn~1 IOl:::,yh1~~~\J~~'J1~'i::I-J b~ n~ PCDA b~I:I-JIU(?Jbn1:::Lb~:::r.l(?J~tJ\I[;]'J• 

I 
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Lih~j~LutJul~mnn~l 9'l~1l'l1.jjL"l!L~tJ~lel(?1jllnl"l!cP1L~lhJv1ltlDmm~e1'J PPCDA L~~mn~'W mjv1l 

1ii~lj~~~ltJ1'~(?1~n~~~~iJmmru"D'lr11l1lnl"l!cP117 wt.% Ln(?1mjLtl~tJ'W~ 9'l~1l'l1.jjrhY1 Lll"l!~'ln~l 
.'" 'IJ 

L~llYi"lljrulrilf)'Jl~m'Jf)~'W ru lP'hLLVI11'l~Ln(?1mj~(?1n~'WLL~'l~'l~(?1 (AmaJ ~rilY1Lll'l!lPll'l1 ~ 

v1lmj'V1(?1~llu1'Wltl~ 23 ('lJ) "l~'V'jU~lril Amax 'lJll'l~lj~~'ClltJ PPCDA L'J~L~'Cl "l~UltJ~lLLWW'llltll'l 

j'J(?1L'f'J"llnf)'Jl~m'Jf)~'W 640 'W1L'WLW11j ~llltl~f)'Jl~m'Jf)~'W 537 'WrIL'WL~(;]j L~lltl~UrilY1Lll'l!"lln 7 
'IJ 

" , '" I I 

L1J'W 8 l-l~'l"llntr'Wd11ltl~UrilY1Lll'l!1ii~'l~'W ril Amax "l~iJrilf)'lV1 Li1llYi"lljrulril Amax "lJll'l~lj'Cl~'ClltJ 

1'~ ~~n ~~~ PPCDA L'J~ L~'Cl rlUll'4!llf)'W 1 L 'W'lJll'l"D'lr1lllln1"l! cP1"l~'V'jU~l ijril Amaxf)'l~ll~~f)'Jl~m'J f)~'W 

tlj:::~lru 640 'W1L'WLMllj ~'V1nrilY1Lll'l!~v1lmj'V1(?1~llU tJm~'W~lj~:::~ltJ1'~(?1'Cln~~~ PPCDA L'J~Lfi'Cl. ." 
rlUll'4lllf)'W1L'W"lJ1l'lon'lf'l1l1lnl"l!cP19 wt.% ~'V'jU~lL~lltlfurilY1Lll'l!1iHl'l 12.6 ~lLLWW'l~Ln(?1mj~(?1n~'W 

~'l~ (?1"l~ L~ll'Wmll~~ ml~m'Jf)~'Wtlj~~lru 538 'WlL'WLW91 j LL'Cl:::L~lltl~U ril1iiL~~~'Wtl'lril~'l~(?1~ 
~l~ljCltl~ulJl~ll 12.78 'V'jU~llPil LLl-lti'l~Ln(?1n1j~(?1n~'W~'l~ (?1tJ'l f)'l1l~~1 LLWW'l L~~ ;'l~lLl-lIPJ~hl'V'ju 

., 
'V'j~~mj~~'ln~l'Jm'W~lj'Cl:::'ClltJ1'~ l1l"jn ~~~ PPCDA L'J~ Lfi'ClrlUll'4ll1f)'WlL'W'lJ1l'lon'lf'l1l1lnl"l!cP15 LL'Cl::: 

17 wt.% J'W 1l1"lLtill'lm"llnrilY1Lll"l!~'l~(?1~~lmjCltl~ul~flll 12.50 LL'Cl::: 12.70 l1l1~~l~U ;'llll"ltJ'l
'IJ • 

hjCi'l~ (?1~"l~ Ln(?1 n1jLtl~tJ'W~l LL l-lti'l"lJll'lriln1 j~(?1 n~'WLL~'l~'l~(?1 UlJ~l"l~L~~~lj'Cl:::'ClltJL"l! L~tJ~lel(?1jll n 

l"l!cP1~ijml~ L~~;;'W~'ltl'l 1 0 L~'Cllf'Cl'lhl LL~'Jnl1ll~ 'Wlln"llnlf;;ll~lrl(?1"lJ1l'l'i.ltlnmr~1.jj(1lj'J"l1'(?1rilY1 Lll'l! 

lll"liJ ~~ ~'JtJ mh'lhnl1ll~ L~llYi"ll jrul"ll nnnyj n1j(?1(?1n~'WLL~'l'V'jU~liJ LL'W'J LU~~"l:::Ln (?1n1jLtl~tJ'W
'" 

(n) 0.30 

Q) 0.20 
u 
c 
.0 '" 
0 
.0 '" 
« 0.10 

pH 
-6.35 
- 7.01 
-8.07 
-9.02 
-1003 
~ 11.01 
-12.02 
- 13.00 

0.00 +---'---+-----'----...,~~~~_..-.J 
350 450 550 650 750 pH

Wavelength (nm) 
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lU~ 22 ""LUn"l'nmd~i?ln~'\.lLL""-.1LL~:::mnU~UW~L~'ElL~l.Jfi1f1'l1l.JdJ'\.lL1J""'lJ'El-.1 (n) ""1d~:::~1t1 
PPCDA L'l~h~~ LL~::: ('lJ) - (_.1) ""1d~:::'i;ntlrJ""i?l\jmJ""l.J PPCDA L'l~L~~n1J'El'I¥11f1'\.l1L'\.l'lJ'El-.1 on 

_.1~'El'Eln1"Jj~~ml.J1ruon_.1~'El'Eln1"l!~ 5 9 LL'Cl::: 17 wt.% (?l1l.J~1~1J 

('lJ) 

pH 
- 6.70 
- 7.02 
-8.07 

0.30 

(lJ 
u -9.12c 

- 10.03-E 0.20 
o - 11.05 

D '" - 12.00 
<l: -12.32 

-12.500.10 

0.00 +---'--t---'----II--'---t--'----f=---.l 

350 450 550 650 750 

Wavelength (nm) 

(fI) 0.20,.---------------, 

pH 
-6.44

0.15 -8.12 
-9.28~ 

c -10.03ro 
-11 .05~0.10 
-11.97 

D '" -12.60 
-12.78 

<l: 

0.05 

0.00 +---'--t--.........---I-.........--t---.,;::=--t------' 


350 450 550 650 750 

Wavelength (nm) 

(_.1) 0.20,.---------------, 

pH 
-7.08 

0.15 -7.99 
-9.05(lJ 

u 
c -9.98 
ro 

-11.12~ 0.10 
-12.01 

D '" -12.52 
-12.70 

<l: 

0.05 

0.00 ~=~===:;::::::::::S~....._J 
350 450 550 650 750 

Wavelength (nm) 

6.70 

10.03 11.05 12.00 12.32 12.50 
pH 

11.05 11 .97 12.60 12.78 
pH 

11.1212.01 12.5212.70 
pH 

http:12.5212.70
http:11.1212.01
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EtJ~ 23 ~~~n~nJn1ntJ~U\l~L~'e)L~~~II"lIYl~LU\lLU~"1l'e)'I~I~~:::~IU PPCDA b'J~h~~ LL~::: 

~1~~:::~lutf~l1l~n~~~ PPCDA L'J~L~~nU'e)\l1111"l\llb\l"1l'e)'Ion'l~'e)'e)n1"llr;1 ~m~lruon'l~'e)'e)n1"llr;15
• 'IJ • 

~ -l .J' 0 ~ '" • Id "" '" '" 
~~nl~'YIl1l~'e)'I b\l·&'l'J\l\lIOl:::'YI1n1UJn'l!tI~~(;]m~~n1nlJ~m.!~"1l'e)'I~I~~:::~IU PPCDA b'J~LI"l~ 

bb~:::~I~~:::~lutf~l1l~n~~~ PPCDA L'J~L~~nU'e)\l1111"l\l1 b\l"1l'e)'Ion'l~'e)'e)n1"ll r;1 ~m~lruon'l~'e)'e)n1"llr;1LU\l.'" . 
5 9 LL~::: 17 wt.% L~'e)1~fun1~mn'J\llOlln~hvh~:::~IU~'e) L'e)'YI1\l'e)~ bL~:::1'e)b"llb~~~I\l'e)~ ~1"l'JI~b~~~\l 

~I'1"1 bl1lmf'l Ln(;] n1 ntJ~U\l~ ~'JU (;]1 btJ~h bb~:::';jLl"ln:::,x~~~ n1~r:ll1ln~\lLL~'I ~'JU L'YII"lUI"l UV-VIS 

Spectrophotometry lOll n nl~~ n'l!tl~ U~I"llUl1l LL~ :::1"l'J1~ b~~~\l"1l'e)'I ~'J~I~ :::~IUiJ ~~ ~'e) n1 ~LtJ~U\l~"1l'e)'I 

~1~~:::~IU PPCDA L'J~L~~ (?)'Ibb~l1l'l1\l~tJ~ 24 (n) LL~::: ("1l) IOlln~tJ~ 24 (n) b~'e)L~~m~lru"1l'e)'Ib'e)'Vl1 
'" 'IJ ", , 

\l'e)~ 1\l~I~~:::~IU PPCDA L'J~ L~~ 1"l'J1~ L~~"1l'e)'I LbrlUn1~l1ll1ln~\lLL~'I"1l'e)'I b~~~\l1L~\lY1I"l'JI~m'JI"l~\l 
'IJ 

tJ~:::~lru 635 \l1b\lL~ (;]~~ 11l~'I ~'e)U11\l"1l ru:::L~m n\lbbrlU nl~r:ll1ln~\lbb~'I"1l!l'lL~~~ bbl1l'l 1\l'lh'lwJI~m'J 
4.d .c! ,J' j.I, I ~ 

1"l~\l490 rl'l 540 \llb\lL~(;]~ IOl:::L~~"1l\llOllnn1~~'ILn(;]l1l'JumbtJ~IIOl:::~U'JI~I~~:::~IU PPCDA L'J~bl"l~ 

LtJ~U\lbU\l~lJ'J'I~ln~\l b~!lL~~L'e)'YI1\l!l~~lnn~1 35 btJ'e)fL~\l(;]111lum~I(;]~IOl:::~U~I~ILb'\.nJ'I~bnvJnI~ 
11l11ln~\lLL~'I~'I~l1lLtJ~m'!lOllnl"l'Jl~m'JA~\l 635 \llb\lL~(;]~ ~1!l~~I"l'JI~UI'JI"l~\l 537 \llbk!L~(;]~ (?)'I
qJ qJ q cu 

LL~l1l'l1k!EtJ~ 26 (n) bl1lU~~I~~:::~IU PPCDA b'J~L~~tJ~ln!l~lJ'J'I LL~:::L~'e)b~~m~lruL'e)'YI1k!'e)~LUk! 45 

LtJ'e)fb~k!l1ii:l1lUm~I(;]~~k!1tJ 1Ol:::~U~I~I~~:::~IU PPCDA L'J~L~~ LtJ~U\lLUk!~LLl1l'l L~!l~IOlI~ruI1Ol1n~ 
LtJn (;]~In1~l1ll1ln~k!LL~'IIOl:::~U~1 LLrlU nl~11l11ln~k!LL~'I1k!-rl'J'Iml~m'J I"l~\l 640 \l1bk!b~ (;]~~ l1l~'IIOlk!bn'e)U 

'IJ '" 

" G'"'.::J..o=I .dI t=J J. ~ .d -CIt

LUk!~k!U ~ b~U'ILLrlUn1~r:ll1ln~\lLL~'I1\l-rl'J'I"1l!l'l b~~~LLl1l'ltJn n!l"1l\l~1 L'YIIk!\l LL~::: b~'e)~IOlI~rullOll n nn~ 
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Amax1tJl'I.J~ 26 (n) '"l:::~1J~1~1bb"'oJ'l~bn~m:i'~~n~tJbb~'l~'l~~rhtJ'"l1n~f1'J1~m'Jf1~tJ 537 tJ1btJb~ll?l:i' 
~1'e)ti~f1'J1~m'J f1~tJ 495 tJ1btJb~l?l:i' 

" 
bri'e)b'I.J~tJtJ~hvh~:::~nmUtJL'e)b'1lb~:i'~1tJ'e)~ ~U~1~1:i'~:::~1tJ PPCDA b'J~d~)~I?l'e)u~tJ'e)'lI1l'e)L'e)b'1l 

b~:i'~1tJ'e)~L~L'Jn~1b'e)'Vl1tJ'e)~ '"l1nnn~m:i'~~n~tJbb~'l1tJ:i''I.J~ 24 ("11) '"l:::~U~1bri'e)~'J1~b~~~tJ"1I'e)'lL'e)b'1l
" " 

b~:i'~1tJ'e)~1tJ~1:i'~:::~1tJ PPCDA b'J~ b~~~1nitJ f1'J1~ b~~"1I'e)'lbbt:lUm:i'~ ~ n~tJbb~'l"1l'e)'l b~~~J'1 b~tJ~ 
" 

d dl ~ .,.,":'.J'd",~~~ "I ~ 
f1'J1~m'Jf1~tJ 490 t:l'l 540 tJ1 btJb~I?l:i'~ f11b~~"1ItJ b~'e)bl?l~ ~'e) b'1l b~:i'~1tJ'e)~~'l btJ~1:i'~:::~1tJ PPCDA b'J'C'l 

b~~~1nn~1 30 b'I.J'e)~b:ntJI?l1~tJm~11?l:i''"l:::~U~1~1bb",oJ'l~bn~m:i'~~n~tJbb~'l~'l~~~1tJ'"l1n~f1'J1~m'J
" 'II • 

f1~tJ 635 tJ1btJb~I?l:i'~1'e)ti~m1~m'Jf1~tJ 497 tJ1btJb~l?l:i' ~'lbb~~'l1tJ:i''I.J~ 26 ("11) bb~:::~1:i'~:::~1tJ 
" " 

PPCDA b'J~ b~~ ~~ b'I.J~tJtJ~ bUtJ~ bb~'l bri'e) bmtJU bYltJum~1 ru~'J';h~:::~1tJ~H1tJm:i'~11~~1:i'~:::~1tJ 
," , 

PPCDA b'J~ b~~ bn ~ mn'I.J~tJtJb~~~'"l1 n~tJ1 b~tJbUtJ~ bb~'l'e)ti1'l~~\l:i'ru '"l:::~U~1 m:i'b'I.J~tJtJb~~~'e)ti1'l 

~~U:i'ru'"l:::bn~itJbri'e)b~~lb'e)'Vl1tJ'e)~1tJm~1ru 50 b'I.J'e)~b:ntJI?l1~tJm~11?l:i' bb~:::bri'e) b~~L'e)b'1lb~:i' ~1tJ'e)~1 tJ 
" 

m~1ru 45 b'I.J'e)fb:ntJI?l1~tJm~11?l:i' ~'lbb~~'l1tJ:i''I.J~ 27 b~tJM:::U'JtJn1n'I.J~tJtJ~~bn~itJbri'e)L~fum:i'.. 
n:i':::~tJ'"l1m'e)'Vl1tJ'e)~",1'e)L'e)b'1lb~:i'~1tJ'e)~"1I'e)'l~1:i'~:::~1tJ PPCDA b'J~b~~ butJm:::u'JtJn1:i'irtJn~uhi1~• 
~'l~1 b"'I?l~~11~~1:i'~:::~1tJ PPCDA b'J~ b~~ bn ~ mn'I.J~tJtJ~ b ti'e)'l'"l1 n b~ b~ n~"1I'e)'l b'e)'Vl1tJ'e)~",1'e)L'e) b'1lb~ 

:i'~1tJ'e)~~mm~{~~tJ'l~'Jb~tJ,rtJ"'~Le:!~:i''e)n:.D~b~1'''1'''~f11~U'e)n:.D~~ head groups "1I'e)'l PPCDA 
, '" , 

btl'e)'l'"l1niJ f1'J1~ butJi'J b ",ij'e)WltJ bb~ :::,rtJmJ b'e)-vi~"1I'e)'l b'e)'Vl1tJ'e)~",1'e)mJb~:i'Vi~"1I'e)'lL'e)b'1lb~ :i'~1tJ'e)~~'l bUtJ.. .. 

b~'e)~:i':::"'~1'l head groups ';h1~b"1l~1'lU~'l'e)bb~:::bn~ m:i'{~ ~tJ'l~'J'e)ti1'lL~bUtJ:i':::biJtJU ~'le.J~1~'e)'e)~ 

Uvl~L~ bn ~ n 1:i'U ~'e)'e) n tJ'e) n :i':::tJ 1U ';11 1 ~ 1t ~ b~ n I?l:i''e) tJ~ ~ 1tJb"1l",~n~ iJ ~tJfi:::~ ~ ~U~tJfi:::b~tJ 'J 
" 

l.d 4.d~ I 'I '" a 'I 'V ~ ~J (15) oQ

bbUUI?l'e)btJ'e)'lbf1~'e)tJ'Vl ~~~:::~'Jn ~'le.J~ b"':i':::tJ:::f1'e)tJ'"lbnl?l~~~'l bUtJ~1b"'l?l b"'bn~n1n'I.J~tJtJ'C'l"1ltJ" . 

bb~~'l1tJ:i''I.J~ 25 b~tJ'"l1 n m:i'i'l bnl?l ~'JtJ 1?l1 b'I.J~1~U~1 bri'e)b~~ b'e)'Vl1tJ'e)~",1'e)L'e) b'1lb~:i'~1tJ'e)~~'lL'l.J1tJ.. 
~1:i'~:::~1tJi~ ~~ n e.J~~ PPCDA b'J~ b~~ nU'e)tJfl1 f1tJ1 btJ"1I'e)'l:.D'l ~'e)'e) nI'll (?)~'l bbl1l 10 ~'l 90 b'I.J'e)~b:ntJI?l1~tJ... . " 

m~11?l:i' ~"1I'e)'l~1:i'~:::~1tJi~"l~ne.J~~ PPCDA b'J~b~~nU'e)~fl1f1tJ1btJ"1I'e)'l:.D'lr)'e)'e)nL'1I(?)fi'lf1'l butJ~yh bbl1l 

~m'"l'"l1'l~'l bri'e) b~~m~1 ru b 'e)'Vl1 tJ'e)~'"1'e)L'e) b'lib~:i'~1tJ'e)~~ b~~~'lL'I.J bb~:::bri'e)~ b~:i'1:::tfm:i'~ ~n~tJbb~'l 

"1I'e)'l~1:i'~:::~1tJi~~~ne.J~~ PPCDA b'J~b~~nU'e)tJfl1f1tJ1btJ"1I'e)'l:.D'l~'e)'e)nL'1I(?) 5 9 bb~::: 17 wt.% 1tJ:i''I.J~ 
q cu q cu 

25 (n) ("11) bb~::: (f1) 1?l1~~1~U '"l:::~U~1f1'J1~b~~"1I'e)'lbbt:lUm:i'~~n~tJbb~'l~'l~~~f1'J1~m'Jf1~tJ'I.J:i':::~1ru 
640 tJ1btJb~ m~ ~~'l'e)ti1'l11l'e) bti'e)'l1?l1~ f1'J1~ b~~~tJ"1I'e)'l b'e)'Vl1tJ'e)~",1'e)L'e) b'1lb~:i'~1tJ'e)~~ b~~itJ b~tJL~ 

http:b'1lb~:i'~1tJ'e)~~'lL'l.J1


45 

unn!J£Jll~n1~~~n~'WLL'i'1'1"11ll'lLyJ'i'1~LL~'11'W"rl'J'IWJll-Jtn'J 490 ~'1 540 'W1L'WLl-J1?ld LLiJ~::1~~'Jll-JL~l-J~'W 

"1111'1 Lllvn'W1l~Vl11l11lL"liLYi~Yil'Wll~'i'1'1~'1 90 LUllh.;n'Wl?l1~£Jml-Jll?lnL~'Jnl?lll-J ~'1'i'11 LVlI?l~'i'11~~::~I£Ji'i'1 ~ 
" q q 

~n ~'i'1l-J PPCDA L'J~ L~~n'lJll'\.Fl1~'W1L'W"1Ill'l"D'Ir11l1ln1"lir?1 hj Ln~n1nU~£J'W~ L~1l1(M'lJn1dn~::~'W~lmll 

vn'W1l~Vl11l11lL"liLYi~Yil'Wllmf'W ~~I£J~~'1n'lJn1~l?lll'lJ'i'1'Wll'l!?lll~'Jll-J LtJ'Wm~-L'lJ'i'1 L~£J1l1~ LtJ'W~~l-Jl~ln 

n1 ~4'~ L1£J'I (;]'J1l £11'1 LtJ'W~::LiJ£J'lJLL~::~ll'Wn'WVI ~1£J,f'W"1Ill'l PPCDA 'lJ'W~ 'J "1111 '1"D'I r11l1l n1"li r?1 L~£J,f'W"1Ill'l 
PPCDA ~1l~~h'W1'W~ ~i:in1~U~ Ln1::n'lJ~'W~'J"1Ill'l1l'l¥11 ~'WlL'W"1Ill'l"D'Ir1lllln1"li r?1ll£1l'1 LL ~'1 LLN~ n ~'J£J ~1 
1~~1£JL"li~I'1 LLf'l::~I£JL "liVii n~il~'Wfi::ri'i'1i'lJ'Yr'Wfi:: L~£J'J LL'lJ'lJ!?lll L~ll'lij~lllln'Wll m::'W 1'lJ 1~tnni'W LLiJ~1 

" 

head groups "1111'1 PPCDA Ln~n1~LLl?lnlllln LL!?l1l1~hJi:i LLNm::~Il-J1 nYill~~::~11~1l1lfij~f'l1YiLn~n1~ 

ij~lllln'Wll m::'Wl'lJLL~:: Ln~n1nu~£J'W~1'W~~ ~ L~ll~1 m~Yi~lll?lril~'Jll-Jtn'J ~~'W ru I?lI LLVlti'l~ Ln ~ n1~ 
q 

~~n~'WLL'i'1'1~'1~~ (tU~ 26) LL~::LUllfL':nw91n1nU~£J'W~ (IU~ 27) Lm£J'lJLV\£J'lJn'lJml-Jlruj;J'J~I~::~I£J~ 

L~l-J~'11U ~'1hjYi'lJn1~LU~£J'WLLU~'11'W'i'11),~::~I£Ji'i'1f?l~n~'i'1l-J PPCDA L'J~h~~n'lJ1l'l¥11~'W1L'W"1Ill'l"D'Ir1 

1l1ln1"lir?1 

0.30.-----------------, 

-O%v/v 
-50/0v/v 
-10%vlv 
-15%vlv 
-20%vlv 
-25%vlv 
-30%vlv 

8 0.20 

--35 %vlv 
-40%vlv 

~ 
51 - 45%vlv 

- 50%vlv 
.a 
« 0.10 

55 %vlv 

0.00 +---'---+_~-+--,==;~_~--.J 

350 450 550 650 750 
Wavelength (nm) 30 35 40 45 50 55 

Ethanol concentration (%v/v) (n) 

0.30 -O%v/v 
-5%v/v 
-10%vlv 
- 15%vlv 
-20%vlv 
- 25%vlv

8 
~ 0.20 - 30%vlv 

- 35%vlv 
-40%vlv51 

.a - 45%vlv« - 50%vlv 
55 %vlv0.10 

0.00 +----'---+-~__t_:::::.."""'"'I~---t----1 

350 450 550 650 750 

Wavelength (nm) 

("11) 

0 5 10 15 20 25 


30 35 40 45 50 55 

Isopropanol concentration (%v/v) 
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(n) 

0.20 

!'l 

~ 
~ « 0.10 

0.00 

Ethanol 

-0 %v/v -10 %vlv 

-20 %vlv -30 %vlv 
- 40 %vlv ... 50 %v/v 

-60 %vlv -70 %vlv 

-60 %vlv -90 %vlv 

350 450 550 

-O%v/v -10 %vlv 

-20 %v/v -30 %v/v 

- 40 %v/v  50 %vlv 

- 60 %v/v  70 %vlv 
-60 %v/v -90 %vlv 

Wavelength (nm) 

('lJ) 0.40 

0.30 

l'l 
c: 

£ 0.200 

~ 
0.10 

0.00 

350 450 550 650 

(r1) 

0.30 

!'lc: 

-e'" 0.20 

~ 
0.10 

0.00 

0.20 

!'l 

J0.10 

0.00 

350750 

0.40 

0.30 

g 
co 
-e 

0.205l 
~ 

0.10 

0.00 

350750 

0.40 

l'l 0.30 

£ 
c: 

0 
VJ 0.20 
~ 

0.10 

0.00 

750 350 

650 

Wavelength (nm) 

-O%v/v -10''('vlv 

- 20 %v/v - 30 %vlv 

- 40 %\11'11 . -- 50 %v/v 

- 60 %v/v - 70 %v/v 
- 80 %vlv - 90 %vlv 

350 450 550 650 

Wavelength (nm) 

(-1) I-I -I -I 

Isopropanol 

-O%v/v -10%v/v 
- 20 %v/v - 30 %v/v 

- 40 %'11/'11 ..- 50 %v/v 

- 60 %v/v -70 %vlv 

-60 %vlv -90 %v/v 

450 

-O%vlv -10%vlv 

- 20 %vlv - 30 %vlv 

-40 %vlv .. - 50 %v/v 

-60 %vlv -70 %v/v 

- 60 %vlv - 90 %v/v 

450 

-O%vlv -10%v/v 

- 20 %vlv  30 %vlv 
- 40 %vlv _.. 50 %vlv 

- 60 %vlv -70 %v/v 

- 80 %vlv  90 %v/v 

450 

550 650 

Wavelength (nm) 

550 650 

Wavelength (nm) 

550 650 

750 

750 

750 

Wavelength (nm)

I-I I-I-I- I ~I-I 

0 10 20 30 40 0 10 20 30 40 

181~1- 1 -1-1 I~I -I -I - I~ I 

50 60 70 80 90 50 60 70 80 90 

Ethanol concentration (%v/v) Isopropanol concentration (%v/v) 

lU~ 25 (n) - (r1) ~LUn~nn1:i'~~n~'WLL~'h'l'lJlh'l~1:i'fl~fl1£J1'~~~n~~l.J PPCDA L'l~L~fln1J1l1f1l1r1 

'W1b'W'lJ1l-1'B-1~1l1lnl'l1~ ~mmru'B-1~llllnl'l1~ 5 9 LLfl~ 17 wt.% ml.J~1!K1J LLfl~ (-1) ~'lJ1l-1 

~1:i'fl~fl1£J1'M1fl n ~~l.J L~ll L~l.Jr1'l1l.J L~l.J~'W'lJ1l'lLllVl1'Wllfl LLfl~lllb"Jfbv'l:i''V'l1'Wllfl 
qqJ 
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670.-------------------------~ 670.-------------------------~ 

620620 

-o-ZnO 0 wt.% E -0- ZnO 0 wt. % E 
c::-<>-ZnO 5 wt.% --;; 570 -<>-ZnO 5 wt.%~ 570 ..-u-ZnO 9 wt.%E E -u-ZnO 9 wt.%-<-< -o-ZnO 17wt.% -o-ZnO 17 wt.% 

520520 

470+-~~r_~_+--~_r~--~~~ 470+-~~~~_+--~_r~~~~~ 

o 20 40 60 80 100 0 20 40 60 80 100 

Ethanol concentration (%v/v) Isopropanol concentration (%v/v) 

(ZnO 0 wt.%) bb~::;~I~~::;~ltJf~~~ne.J~~ PPCDA b'Jih~~n1J'e)~lllrl't.nL'W"1I'e)'1~'1~'e)'e)nl"1lr;1 ~ 

m~lru~'1~'e)'e)nl"1lr;15 9 bb~::; 17 wt.% b~'e)l~~1Jn1m~::;~'Wr.nn (n) b'e)'Vll'W'e)~ ("11) l'e)L"1lLyj~yjl'W'e)~• 

100 

80 

60 
cc:: 
u 
;,R
0 

40 

20 

O' 

-o-ZnO 0 wt.% 

-<>- ZnO 5 wt. % 
-u-ZnO 9 wt.% 

-o-ZnO 17 wt.% 

100 


80 


60 

-0- ZnO 0 wt. %cc:: 

u -<>-ZnO 5 wt.%;,R
0 

-u-ZnO 9 wt.% 

-o-ZnO 17 wt.% 

20 

0<, 

40 

0 20 40 60 80 100 0 20 40 60 80 100 

Ethanol concentration (%v/v) Isopropanol concentration (%vlv) 

f~~~ne.J~~ PPCDA b'J~b~~n1J'e)~lllrl'W1L'W"1I'e)'1~'1~'e)'e)nl"1lr;1 ~m~lru:n'l~'e)'e)nl"1lr;15 9 bb~::; 17 

wt.% b~'e)l~~1Jn1m~::;~'Wr.nn (n) b'e)'Vll'W'e)~ ("11) l'e)L"1lLyj~yjl'W'e)~. 

http:b~'e)l~~1Jn1m~::;~'Wr.nn
http:b~'e)l~~1Jn1m~::;~'Wr.nn
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'"l1 n n1~~ mj'1~ ~ ~ m~~ n1niJ~t1'lJ~"llT.l'ltJ~ r?J~ n i:-J~~ PPCDA L'J~ L~~ nUm~[l1 r1'lJ1 t 'lJ"llT.l'lon'l ~T.l 
T.ln1"1lr?l ~m~1ruon'l~T.lT.ln1"llr?l5 9 LL~:; 17 wt.% L~T.l1~fUn1~~un'J'lJ'"l1n~ruVlJJij r1'J1~LU'lJm(?)-LU~ 

"llll(?)LL~:;r1'J1~ L~~~'lJ"llT.l'l r;i'JVi1~:;~1t1 ~U~ ~~m~~ n1niJ~t1'lJ~~'!.l1~'lJ1'"l L-rl'lJ L~T.l1~r1'J1~'fT.l'lJLLritJ~ r?J 

~n i:-J~~ PPCDA L'J~ L~~ nuT.l '4fl1 r1'lJ1 t 'lJ"llT.l'lon'l ~T.lT.l n1"11 r?l '"l:;~U~1 Ln (?) n1~LiJ~t1'lJ~~'Q ruVlJJij~~'I n~1 

PPCDA L'J~ L~~~1n LU'lJ~'lJ rei'I?ln~'J'lJ"llT.l'lon'l ~T.lT.l n1"11 r?l~ L~~~'I1iJ1 'lJ PPCDA L'J~ L~~ fiLU'lJif'"l~t1V1~'I~ 

'"l:;~'1 i:-J~ ~T.ln1niJ~t1'lJ~"llT.l'ltJ~ r?J~n i:-J~~ r;i'lJ'lJn1~Vl (?)~T.l'l1 'lJ~'J'lJti'~'I ~ m~n~ ~ ~ n~~~ n1niJ~t1'lJ~"llT.l'l 
tJ~(?)~ni:-J~~ PPCDA L'J~ L~~ nuT.l 'lJfl 1 r1'lJ1 t 'lJ"llT.l'lon'l ~T.lT.ln1"ll r?l t(?)t11-iim~1ruon'l ~T.lT.ln1"ll r?l~~'I~'lJLU'lJ 33 

q 1U q IU 

L~T.l~n'jj'1~~ ~n~~~ n1niJ~t1'lJ~"llT.l'l~1~~:;~1t1tJ~ r?J~ n i:-J~~ PPCDA L'J~ L~~ nUT.l'4fl1 r1'lJ1 t'lJ"llT.l'l 

on'l~T.lT.ln1"11r?l33 LL~:; 50 wt.% t(?)t11~r1'J1~'fT.l'lJ'"l1n~ruVlJJij~T.l'l~ 30 T.l'l,",1L"ll~L~t1~ '"l'lJ~'I'QruVlJJij 100 

T.l'l,",1 L"ll~ L~t1~ '"l:;~U~ ~ ~n~~~ n1niJ~t1'lJ~~ r1~1t1 r1~'In'lJ~1 n r;i'l LL~ (?)'I1'lJliJ~ 28 ~'I'"l1 n n1~i'l Ln I?l ~'JtI 

1?l1 LiJ~1~U~1 L~T.l1~r1'J1~'fT.l'lJLLri~1~~:;~1t1tJ~ r?J~n i:-J~~ PPCDA L'J~ L~~ nUT.l'4fl1 r1'lJ1 t 'lJ"llT.l'lon'l ~T.lT.l n 

" 
1"11r?lvl'l 2 rei'l?ln~'J'lJ'"l'lJ~'IT.lruViflij 100 T.l'l,",1L"ll~L~t1~ ~"llT.l'l~1~~:;~1t1tJ~(?)~ni:-J~~ PPCDA L'J~L~~nU 

q IU q I\J 

" , 
T.l'lJfl1 r1'lJ1 t 'lJ"ll T.l'lon 'I ~T.lT.ln1"ll r?lvl'l 2 rei'l?ln~'J'lJ iT'I r1'1il~yh LL~:;L~T.l~Lrln:;~n1~(?) (?) n~'lJLL~'I ~'JmVl r1llrl. ~ 

I .d ~ J i.I .diI ~of.i 
UV-VIS Spectrophotometry '"l :;~U'J1 L~T.l~ ruVl.1J~~'I"ll'lJ r1'J1~ L"ll~"llT.l'l LLriU n1~~ (?) n ~ 'lJLL~'I"llT.l'l Lvi ~~'lJ1 

L~'lJ~ r1'J1~tI1'J r1~'lJiJ~:;~ 1 ru 640 'lJ1 t 'lJL~(;l~ ~(?)~'I ~T.ltl1 t(?)t1hJiJn n!JtlT.l (?) n1~~(?) n~'lJLL~'I~'I ~(?)~ 
"'" .ct 'i' ""'?I. 1 .dI •• 1 ~ J .:- ~ " 

r1'J1~tI1~r1~'lJ 490 Cl'l 540 'lJ1b'lJLl-JI?l~ "ll'lLu'lJ~Lun(;lnn1~~(?)n~'lJLL~'I"llT.l'lLY'i~~LL(?)'I"ll'lJl-J1 '"l'lJn~:;Vl'l bVi 

r1'J1~'fT.l'lJ~'I~ ruVlJJijiJ~:;~ 1 ru 100 T.l'l ,",1 L"ll~ L~ t1~ '"l :;~UtlT.l(?) n1~~ (?) n~'lJLL~'I L~n1 ~ r1'J1~t11'J r1~'lJ 
1J~:;~1 ru 540 'lJ1 t 'lJL~ I?l~ r;i'lJ'lJL~T.lVi1 n1~Vl (?)~T.lU~T.l ruViflij~'I~'lJ~'IVi 1 n1 ~LI?l1t1~YJ~~tJ~ (?)~ ni:-J~~ 

q III ClJ q 'U 

PPCDA L'J~L~~nUT.l'lJfl1r1'lJ1t'lJ"llT.l'lon'l~T.lT.ln1"1lr?l~m~1ruon'l~ T.lT.ln1"llr?l33 LL~:; 50 wt.% t(?)t11-ii~T.l~l'J• 

ll~ LLT.l~ nT.le:JT.l~LU'lJL~Vl1neD LL~:;~ n'jj'1~ ~ ~ n~~~ n1niJ~t1'lJ~ t(?)t1,J1YJ~~ L~1T.lu1'lJLI?l1T.lU~'QruVlJJij~1'11 
1'lJ-rl'J'I 35 T.l'l,",1L"1l~L:ntl~ '"l'lJ~'I 160 T.l'l,",1L"1l~L~t1~ 1~i:-J~r;i'lLL~(?)'I1'lJliJ~ 29 LL~:; 30 '"l1nn1~~n'jj'1 

~U~1YJ~~tJ~(?)~ni:-J~~ PPCDA L'J~L~~nUT.l'lJfl1r1'lJ1t'lJ"llT.l'lon'l~T.lT.ln1"llr?l33 LL~:; 50 wt.% LL~(?)'I. .~ 

~~~n~~~n1niJ~t1'lJ~~r1~1t1r1~'InuYJ~~tJ~r?J~ni:-J~~~ilm~1ruon'l~T.lT.ln1"1lr?l5 9 LL~:; 17 wt.% LU'lJ 
I f.i f.i I 

T.lth'l~1n t(?)t1~ ~~m~~ n1niJ~t1'lJ~iT'I r1'1 LU'lJ 2 i'lJ i'lJmmL~ (?)'I~ ~ ~ n~~~ n1~LiJ~t1'lJ~ LLUuer'lJn~u1~ 

1'lJ-rl'J'IT.lruViflij~T.l'l ~'IT.lruViflijiJ~:;~1 ru 140 T.l'l ,",1 L"1l~ L~t1~ ~'I'"l1 n n1~i'l Ln(;l ~'JtlI?l1 LiJ~1~U~1 YJ~~ 
q 'U q '" 



49 

Vi'U~1llr;l'U n1 ~(?l (?l n~lJll'Cl\lhl f1'elm'I.J~rJlJll'I.J~\lhJIOl1 n~'elruVl.n ij ~\lll'Cl (?l\l1lJ~'I.J~ 29 ll~:;lnm:h n1~ 
cu q cu ClJ 

~1lJ'Jrun~1'rh'I.J'elh;nlJ(;]n1n'I.J~rJlJ~1lJ~'I.J~ 30 9:;Vi'U~1f11 %CR "ll'el\lYJ;~i'Cl(?l~ne.J'Cl~~nm~1ru:n\lf1'el.. ... 

I II I '1-' I I, 

bb'U'Uhj'Cl~'U~ru ~\l f11 %CR 1lJ-rl'J\lil9:;bVi~~lJ'elrh\lI?i'el bil'el\l bl~:;b~'el bVi~'elruVl.nij1lJn1~'el'JYJ;~1 biJlJ 145.. . .. 

, ~ 

'eln1"l!1Pl33 bb~:; 50 wt.% bn(?ln1n'I.J~rJlJbb'I.J~\l'elr11\li(?lb9lJ b(?lrJf1'J1~b~~"ll'el\ln1~(?l(?ln~lJlb'Cl\l"ll'el\lb~'Cl~tl1.. 

bb'Cl(?l\l1lJl'I.J~ 29 (n) bb~:; ("ll) bn'eli\lbnIn91nIn1b'I.J~19:;Vi'U~1YJ;~i'Cl~~ne.J'Cl~'I.J~1n!JltllJ~ll(?l\l'el~~~bl~:; 

13Jnn1n'I.J~rJlJ~ bn (?l~lJbn'elYJ;~ bUlJ[;j''J ~\l ~\l~ruVl.IJij~'el\l~\l bb'Cl (?l\l ~\lVi ~~ n~~~ n1n'I.J~rJlJ~ bb'U'U e4lJn ~'U 
13J1~"ll'el\lYJ;~i'Cl~~ne.J'Cl~ PPCDA b'J~b~~n'J'el'4.n1f1lJ1blJ"ll'el\l:n\l~'el'eln1"l!1Pl33 bb~:; 50 wt.% ~\l~ruVl.IJij 

I I I iI I iI 

~ ~~ bn (?l n~:;'U'JlJn1~b'I.J~rJlJ~ bb'U'U e4lJn~'U13J1~ilbiJlJ~ ruVl.IJij b~rJ'J nwi'U~ bn (?l~lJ1lJYJ;~i'Cl ~~ n e.J'Cl~ 

PPCDA b'J~b~~~nm~1ru:n\l~'el'eln1"l!1Pl5 9 bb~:; 17 wt.% bn'elVi91~ru1n~1~n1n'I.J~rJlJ~9:;Vi'U~1 f11 

%CR b~~~lJ'elr11\l~'J(?lb'h~1n1lJ-rl'J\l~ruVl.IJij 140 ~\l 145 'el\lP\1b"l!~b8JlrJ'Cl VI~\l91n,rlJf11 %CR 9:; 

l~~~lJ~m~nU'elmn'el'elruVl.n~h~~~lJ b(?lrJn f11'Cl\l'Cl(?l~'elruVl.nij 160 'el\lP\1 b"l!~ b8JlrJ'Cl b-rllJb~mn'U1lJYJ;~
q \I III q q cu 

i'Cl~~ne.J'Cl~ PPCDA b'J~b~~n'U'el'4.n1rl'l..nblJ"ll'el\l:n\l~'el'eln1"l!1Pl5 9 U~:; 17 wt.% 
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(n) 0.20 

0.15 

Ql 
u c 
co .c 0.100 
~ « 

0.05 

0.00 

("1l) 

0.12 

Ql 
u 
c 
co 0.08 
.c 
0 
I/) 
.c « 

0.04 

0 

-40°C 

-50°C
I-"Oil

-60°C 

- 70°C 

-80° 

- 90°C 

-100°C 


350 450 550 650 750 
Wavelength (nm) 

-30°C 
- 40°C 
- 50°C 
- 60°C 
- 70°C 
- 80°C 
- 90°C 
- 100°C 

350 450 550 650 750 

Wavelength (nm) 

(')0 I I I- I I I I I 
Temperature (C) 30 40 50 60 70 80 90 100 

ltJ~ 28 (n) - ('11) ~utJnlnnmj~(;1n~'WLL~'l'1l!l'l~lj'C1::;'C11rJi~(;J~m.J~l-J PPCDA L,)~LR'C1nU!l1fTllf'l 

'l.nt'W'1I!l'l;'lf'1!l!ln1"l1c;1 ~ihJjl-Jlru;'lf'1!l!ln1"l1c;133 LL'C1::; 50 wt.% lnll-J~ltKU LL'C1::; (fl) ~'lI!l'l 

~lj'C1::;"'l1rJl'~(;1'C1ne.J~l-J d~!l~1'Wmj1i1fl,)1l-J'f!l'W~!lru'l-lllnil!l'lr.mn'l!lru'l-Uln 100°C 
qCU q cu q cu 

0.05 0.08
('11) 

-35°C 
(n) 

0.04 -100°C 
0.06-130 °C 

Ql
Ql u-140°C cg 0.03 coco - 145°C .c.c 

~ 0.04 
.c 

- ·160°C0 
«1i

I/) 

0.02 

0.02
0.01 

0 0 
350 450 550 650 750 350 450 550 650 750 

Wavelength (nm) Wavelength (nm) 

Temperature (0C) 

I 


35 100 140 145 160 


ltJ~ 29 (n) - ('11) ~LtJnlnn~lj~(;1n~'WLL~'l'1l!l'lYhfl-Ji~(;J~ne.J~~ PPCDA L,)~LRfHlU!l1fTllfl'Wlt'W 

"1l!l'l'i'lf1!l!ln1"l!c;1 ~ihRmruan'lf1!l!ln1"11c;133 LL'C1::; 50 wt.% lnll-J~ltKU bL'C1::; (fl) ~'lI!l'lYJ~l-Ji~(;J 

'C1ne.J~l-J bn!l~1'Wmj1i1fl'Jll-J'f!l'W1'W-ri'J'l!lru'l-lllnil!l'lr.mn'l!lru'l-llln 160°C 
CIJ q cu q cu 

-35°C 
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100 

80 

60 
a:: 
u 
~ 0 

40 

20 

-0- ZnO 33 wt% 

-<>- ZnO 50 wt. % 

30 50 70 90 110 130 150 170 

Temperature (,e) 

:i'i.J~ 30 b,J'elfb:hJ(;]n1ntl~mJ~"1J'el.:)YJ~l-J1'~~~nm~~ PPCDA b'J~b~~n'IJ'el'WJ)1f1"nb'W"1J'el.:)en.:)~'el
cu q ClJ q 

I I I II 

rh~b'el'l!~l-J~'W'eluVi.yh'el'l! 7 d:J'elv'hn1~t1f'IJrh~b'el'l!1~~':);'WIOl'Wn.:)V1b'el'l! 11 Yl'IJ~1 ~1~~~~1t6~~~n(:,J~~
~ ClJ q~ 

"1J'el.:)en':)~'el'eln1'1!~ 33 bb~~ 50 wt.% ~':)bb~~.:)1'W~t1~ 31 (n) bb~~ ("1J) 1?l1~~1~'IJ IOl::;Yl'IJ~1f1'J1~lb~l-J"1J'el':)n1~
'lJ 

~~n~'Wbb~':)"1J'el':) bYl~~u"1 b~'W~ ~~.:) b~ nU'elm~'elrhV1 b'el'l!b~l-J{'W b~£jhitl~1 n{] bb~'IJ n1~~~n~'Wbb~':)"1J'el':)bYl~ 
~bb~.:)~m1l-Jm'Jf1~'W1'W·lh.:) 490 n.:) 540 'W1b'Wbl-Jl?l~ bb~~':)~1hibn~n1~ij~'el'eln'W'elm~'W1'IJ"1J'el':)'el'elHh1~ 
'I • I I" "" 

1YlVi~1£jb"1lVl~nVii1bf1~':)~~1':) bU'W~'WD::;ri~~'IJ~'WD::; b~m bb'IJ'lJI1l'el b\l'el.:)~.:)hi bn ~n1ntl~£j'W~;'W vi':)U'el11Ol
'lJ 

~'W~'J b~mn~n1~~~~£j.:)I1i'J'elU1':)bU'W~::;dj£j'IJbb~~~£j,:)I1l'eln'Wbu'W-i'W1 {'W1t1 ~1£jb"1l~1':)~':)bn~n1~U~'el'eln 
'W'el n ~~'W1'IJ1~£j 1 n {'W ~ 11il'el'elfu vi ~1Ylhi bn ~ n 1 ~ij ~'el'el n'W'el n ~~'W1 'IJ ~~£j::; f1'el'W1Ol b n I?lhJ i1 n1 ~ 

, , " 
'lJ 

btl~£j'Wbbtl~.:) ~.:)hibn~n1ntl~£j'W~;'W 
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(n) 

0.20 

Q) 0.15 
0 
c 
<II 
.c 
(; 

0.10 .c'" « 

0.05 

0.00 

("lJ) 
0.12 

1
pH

1 
pH 

70317011 -8.05-8.05 -- -9.02~ 0.08-9.08 c 
<II -9.95-9.97 .c 
(; -11 .04-11 .0 
.c '" « 

0.04 

0.00 

350 450 550 650 750 350 450 550 650 750 
Wavelength (nm)Wavelength (nm) 

nJ~ 31 (n) - ("lJ) ~btJn[;lnn1~~~n~'lJbb~'1"lJ'el'l~I~~:;~It1~~~~n~/M.J PPCDA b,)~b~~rl'lJ'elWllfl
'U IU q ClJ q 

'lJIL'lJ"lJ'el'l:n'l~'el'eln1'llr?1 ~ijm~lru:n'l~'el'elnhr?133 bb~:; 50 wt.% m~~IV)'lJ bb~:; (fl) ~"lJ'el'l 

~1~~:;~It1~~~~n~~~ bri'el.yhn1n~~rhfl,)l~bU'lJb'lJ~q.., 

(fl) 

pH 

"'llnn1~~mj'IYi~~m~~ n1ntJ~tI'lJ~"lJ'el'l~I~~:;~It1~~ ~~ n ~~~ PPCDA b,)~ b~~ rl'lJ'el'4Jllfl'lJl 

L'lJ"lJ'el'l:n'I ~'el'eln1'll r?1~ijm~1 ru:n'l~'el'el n 1'llr?133 bL~:; 50 wt. % Lri'el1~f'lJn1 ~~'lJm'lJ"'l1 n(;]').yh~:;~It1~'el L'el 

'Vl1'lJ'el~ Lb~:;1'el L'll LYi ~Yi 1 'lJ'el ~ ~ fl ') 1 ~ b~ ~ ~ 'lJ1?11'111~ ~ ~ V)'1 bb~ ~'11'lJltJ~ 32 "'l1 n ~ ~ n 1 ~'Vl ~~'el'l Yi'J~1 
~ .d.Q.JQcv.o:::;l IVIV .Q.Q.CV 

Yi~ [;lm~~ n1 ~[;l'el'lJ~'lJ'el'l'VI bn ~"lJ'lJ~~ n'lj'ru:;b(?)tI') n'lJ~1 ~~ :;~lt1')~ ~~n ~ ~~ PPCDA b') ~ bfl~ n'lJ'el'4JlI fl'lJl 

L'lJ"lJ'el'l:n'l~'el'eln1'll r?15 9 bb~:; 17 wt. % L~tI"'ll n nl~i'l Ln [;l~')tI[;l1 btJ~I"'l:;Yi'lJ~1 Lrim~~ b'el'V11'lJ'el~~1'el1'elL'll 

LYi~YiI'lJ'el~~m~lru 10 ~'1 60 btJ'elfb-n'lJ[;l1~tlm~I[;l~~'11tJ1'lJ~I~~:;~It1~~~~n~~~ PPCDA b,)~L~~q .., 

" 
rl'lJ'elWllfl'lJl L 'lJ"lJ'el'l:n'l~'el'elnhr?133 bb~:; 50 wt. % ~"lJ'el'l~I~~:;~It1~~ ~~ n ~~~~'1~'el'l'ei[;ln~')'lJ"'l:;~'1 fl'l 

q q .., 

LU'lJ~yh'eltJ bbl?1~"'l :;"'lI'1~'1 m~m~1 ru"lJ'el'l b'el'VII'lJ'el ~~1'el1'elL'll LYi ~YiI'lJ'el ~~ L~~:f'lJ bb~ :;Lri'el';) bfl n:;~n1 ~ .., 

~ ~ n~'lJLL~'1Yi'lJ~1 bri'elm~1 ru"lJ'el'l b'el'V11'lJ'el~~1'el1'elL'llLYi ~YiI'lJ'el~ L~~:f'lJ fl,)l~ b~~"lJ'el'l n1~~ ~ n~'lJbb~'1"lJ'el'l.., .., 
'V I I I 

L~~~-W1 b~ 'lJVl fl') l~tll ') fl ~ 'lJ tJ ~:;~1 ru 640 'lJ1 L 'lJb~ [;l ~"'l:;~ ~ ~ '1'el tJ 1'11?1'el b il'el'l L~ tlhjtJ n n!) bLbl'lJ n1 ~ 

~~n~'lJbb~'1"lJ'el'l b~~~LL(?)'11wn')'1 fl,)l~m,)fl~'lJ 490 ~'1 540 'lJ1L'lJb~ [;l~ LL~(?)'11ih~'lJ~I'el'elHJ~~1 Yihi bn~ 
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PPCDA ~'el~~'1'W1'W~ (?)lJ n'1 ~U (?) Ln'1~ nU~'W~'.l"1J'el'l'el~ll'1 ~'W '1 b'W"lJ'el'l"D'I ~'el'el nLon ~'elth'l LL~'1 LL~'1~ n ~'.l[J ~'1 
vh1~~'1~~~~'1[Jtj'~(?)~mJ~l-J PPCDA L'.l~L~~nU'el'Wll'1~'W'1b'W"1J'el'l"D'I~'el'eln1"D~ 33 LL~~ 50 wt.% hlL'n(?).'" . 

-10 %vlv

l 
-O%VIv 

-20%vlv 
-30 %vlv 

350 

-40 %v/v 
-50 %vlv 
-60 %vlv 

550 650 

Wavelength (nm) 

750 

o 10 20 30 40 50 60 

Ethanol concentration (%v/v) 

b'W"lJ'el'l"D'I~'el'eln1"D~ ~lJml-J'1ru~'1~'el'eln1"D~ 33 LL~~ 50 wt. % 1?l'1l-J'ih~u LL~~ (~) ~"1J'el'l~'1~~~~'1[J 

tj'~ (?)~ m.J~l-J L~'el L~l-J ~,)'1l-J L~l-J~'W"1J'el..:l L'el'Vl'1'W'el~ LL~~1 'el b"Db'YW'r~ '1'W'el~ 
• 'IJ 

Ethanol 

0.12..,------------------,
(n) 

~ 0.08 
c 
(IJ 

e 
Sl 
.D 
<t: 0.04 

0.00 
450 

(,J) 

0.08 
-10 %v/vrO%'N-20 %v/v 

Q) 
u -30%v/vr::: 
(IJ -40 %vlve 

-50 %v/vSl 
~ 0.04 - 60 %v/v 

0.00 

350 450 550 650 
Wavelength (nm) 

(~) 

750 

0.12 

0.04 

0.00 
350 450 550 650 750 

0.16 

0.12 

~ 
r::: 
(IJ 

~ 0.08 
<f) 

~ 

0.04 

0.00 
350 

o 10 20 30 40 50 60 
Isopropanol concentration (%v/v) 

-10 %v/vrO%'N
-20 %vlv 
-30 %v/v 
-40 %v/v 
-50 %v/v 
-60 %vlv 

450 550 650 750 

Wavelength (nm) 

Isopropanol 

=~;:;:;v 
-20 %v/v 
-30 %v/v 
-40 %v/v 
- 50 %v/v 
-60%v/v 
1 


Wavelength (nm) 
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" 

1'W'l1'W~r.rrJlJ1~.yh n1n(;J1m.Jrj'~~~ n(:J~aJ PPCDA L'J~ LA~ rlUt'lW11r1'W1 b'W"lJt'l'l~'lr1 t'lt'lnLonr;f b~rJ." . 

~U n'J'W'"l1 n~'l n~:;~'W1l1rJ'Wt'l n 1~LLri t'l b\.,!'VIIli'J r1'J1aJ LiJ'Wn~~-Lu~ "IIU~ LL~:;A'J1aJ L~aJ~'W"llt'l'l I'l'JVi1~:;~1rJ. . " 
, " 

~'l~1aJ1~t:lMtJ(:J~1~~'llJ• 

t'lW11A1'V1nJn~1t'l'W1l1A"llt'l'l PPCDA L'J~LA~u1~'VliL~niJt'lrJ b~rJt'l'W1l1r1"llt'l'lrj'~~~n(:J~aJij PPCDA Ln1:; 
q Q.I q q q 'leu 

" ,
t'l~u'W~'J"llt'l'lt'l'fll1 A'W1b'W"lJt'l'l:n'l r1t'lt'l n 1"11 r;f LL~:; PPCDA ijin'lj'b\.,!:;~t'l'Wrl'WLiJ'W-n'W ~'l LLI'l n ~1'l'"l1 n 

br1~'l~~1'l"~1l1 A"lJt'l'lt'l'41l1 r1 L~m PPC DA L'J~ LA~u1~'Vti~ijin'lj'b\.,!:;1l1rJ1'WbAN~~1'ltJ~1n!) dJ'WLtlt'l 

"llt'l'l~'l r1t'lt'l n 1"11 r;fL~t'l'W1tJt'ltl1'W~1 LL'VIti'l~ A'J 1aJm'J r1~'W~'l~'WL~t'l LmrJU LVirJUrlU ~1LL'VIti'l~ Ln~n1~ 
" " 

" ~~n~'WLL~'l~'l~ ~"llt'l'l PPCDA L'J~ LA~ 'Wt'l n'"l1nlJtj~~~n(:J~aJ PPCDA L'J~ L~~ rlUt'l'W1l1 r1'W1 b 'W"llt'l'l:n'lr1t'l 
CIJ cu q q ClJ q 

t'ln1"11 r;ftJ'l LL~ ~'l LLt:lUn1~~ ~ n~'WLL~'l~LLAUaJ1 n n~1 LLt:lUn1~~ ~ n~'WLL~'l"lJt'l'l PPCDA L'J~ LA~ ~'lLL~ ~'l1 ~ 
" " 

, " 
L~'W~1 PPCDA Vi Ln 1:;t'ltlU'WYl'W~'J"lJt'l'lt'lW11 r1'W1b'W"lJt'l'l:n'l r1t'lt'l n 1"11 r;fij n1~r.r~ ISm1'l'Jt'ltl1'l LiJ'W~:;LUrJU" . 

4. L~t'l~1~~:;~1rJtj~~~ n (:J~aJ PPCDA L'J~L~~ rlUt'l'W1l1r1'W1 b 'W"lJt'l'l:n'lr1t'lt'l n Lonc;i'1M'un1m~:;~'W
q cu q q 

'"l1 nt'lb\.,!'VIllij~ L~aJ~'W'"l:;Ln ~ n1ntJ~rJ'WLiJ'W~~'J'lt'laJ"IIaJ~~t'lb\.,!'VIIli'JtJ~:;aJ1 b\.,! 90 t'l'l P\1 L"1Im~rJ~ LL~:;ij
q cu CIJ q CIJ 

~~~m~aJn1ntJ~rJ'W~LLuu~'Wniu1~ 1'W"llb\.,!:;~~1~~:;~1rJ PPCDA L'J~ LA~ LtJ~rJ'WLiJ'W~LL~'lt'ltl1'l 

~aJu~ru~t'lb\.,!'VIllijtJ~:;aJ1b\.,! 75 t'l'l P\1 L"lfm~rJ~ b~rJ1~Ln~n1ntJ~rJ'W~LLuu~'Wniu
" . " 

5. L~t'l~iaJrj'~~~n (:J~aJ PPCDA L'J~ LA~rlUt'l'41l1r1'W1b'W"lJt'l'l~'lr1t'lt'ln Lonc;i'1~~Un1m~:;~'W'"l1n 

t'lb\.,!'VIIli'J'"l:;Ln (;ln1ntJ~rJ'W~ LiJ'W 2 ~:;~U b(;lmn (;l n1ntJ~rJ'W~ LLUU ~'Wniu1~1 'W-n'J'lt'l b\.,!'VIIli'J~t'l'l ~'l 
q ClJ q cu 

t'lb\.,!'VIllijtJ~:;aJ1b\.,! 140 t'l'lp\1L"lfm~rJ~ LL~:;LtJ~rJ'W~ LLuu~'Wniu1~1~~t'lb\.,!'VIllij 145 t'l'lP\1 L"lf~L~rJ~~'W1tJ 
q CIJ q ClJ 

http:W'l1'W~r.rrJlJ1~.yh
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b~~ riu!l'¥l1 r1't.11 b't.l"1l!l..:!:n..:! r1!l!l n1sn i?l1:J.J bn i?l n1ntJ~tJ't.l~ bbl?l~U~1 rI'.l1:h1 b~:I.J"1I!l..:! bbrtU n1~~i?l n~'t.lbb~..:!"1I!l..:! 

byj~~,f1 ~'t.l~i?l~..:! 1?l1:I.Jm:I.J1ru"1l!l..:! b!l'Vl1't.l!l~ bb~:;1!lb"lfb~~~1't.l!l~~ b~:I.J('t.l 1't.l"1lru:;~~1~~:;~1tJ PPCDA 
r I II' I 

u1~'VlfibtJ~tJ't.l~lOnn\11 b~'t.lbU't.lbbi?l..:!Vl rI'.11:I.J b~:I.J~'t.l"1l!l..:! b!l'Vl1't.l!l~ bb~:;1!lb"lfb~~~1't.l!l~ bU't.l~!ltJ~:; 45 bb~:;
q 

1. ~ m~n1't.lb"B..:!~ n~..:! 1:J~"1I!l..:!m:I.J1 ru:n..:! r1!l!ln1"lf r;fl?l!lrl'J1 :I.J'VI't.l1"11!l..:!-i't.l PPCDA bb~:;r1'J1:I.J bU't.l 

~:;bijtJU"1l!l..:!~1tJb"1l~!l~ b:I.J!lf 

2. ~n'Jj'1~ ~ ~nn:I.J n1n1J~tJ't.l~"1I!l..:!~1~~:;~1tJ~~ i?l~n I:J~:I.J PPCDA b'J~ b~~ ri1J!l'4Jl1 r1't.l1 b't.l"1l!l..:! 

:n..:!r1!l!ln1"lfr;fb~!l1~fun1~n~:;~'t.l~1n~'J~1~:;~1tJ"lfUi?l~'t.l
q 

3. ~ n'Jj'1~ ~ ~nn:I.J n1ntJ~tJ't.l~"1I!l..:!yj~:I.J~~ i?l~ n I:J~:I.J PPCDA b'J~ b~~ riU!l'4Jl1 r1't.l1 b't.l"1l!l..:!:n..:!r1!l 

!ln1snr;f b~!l1~fun1m~:;~'t.l~1 n r1'J1:I.J bU't.lmi?l-bU~ "lfUi?lbb~:;r1'J1:I.J b~:I.J~'t.l"1l!l..:! ~'J~1~:;~1tJ
q 
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This contribution introduces a versatile method to prepare a new class of polydiacetylene(PDA)-based 
material. ZnO nanoparticle is used as a nano-substrate for spontaneous assembling of diacetylene mono
mer. 1 0.12-pentacosadiynoic acid. on its surface. An irradiation of the organized assemblies by UV light 
results in PDA/ZnO nanocomposites with deep blue color. Strong ionic interaction and hydrogen bonding 
at the ZnO surface restrict the dynamics of alkyl side chains and promote the PDA ordering. which in turn 
drastically affects its thermochromic behaviors. We have found that the PDA/ZnO nanocomposite exhib
its two-steps color transition upon increasing temperature. The first transition of the nanocomposite in 
aqueous suspension. causing the color change from blue to purple. occurs reversibly at ~90 0c. The tran
sition temperature shifts to ~ 1 00 °C when the nanocomposite is embedded in polyvinyl alcohol matrix. 
Further increasing temperature to 145°C induces the second transition. which causes irreversible color 
change from purple to red. 

© 2011 Elsevier Inc. All rights reserved. 

1. Introduction 

Polydiacetylene(PDA) is one type of conjugated polymers that 
has received tremendous attention from scientific community in 
the past few decades. This is mainly due to its color-transition 
property when subjected to external stimuli such as heat. mechan
ical stress, biomolecules. alcohols, surfactants and other chemicals. 
rendering it to be utilized in sensing technology [1-191. To realize 
its full potential. large amount of works have been carried out. 
seeking for method to manipulate the color-transition property 
of PDA. One of the very efficient approaches is the chemical mod
ification of PDA side chains. which in turn affects the strength of 
intra- and interchain interactions [16.20-291. However. this 
method inevitably involves complicate synthetic procedures and 

* Corresponding authors. Addresses: Research Unit of Advanced Ceramics. 
Depanment of Materials Science. Faculty of Science. Chulalongkorn UniverSity. 
Bangkok 10330. Thailand (N. Traiphol): Laboratory of Advanced Polymers and 
Nanomaterials. Depanment of Chemistry and Center for Innovation in Chemistry. 
Faculty of Science. Naresuan UniverSity. Phitsanulok 65000. Thailand (R. Traiphol). 
Fax: +66 55 261025. 

E-mail addresses:Nisanarc.T@chula.ac.th (N. Traiphol). here..nopparat@hotmail. 
com (N. Rungruangviriya). runayaponp@gmail.com (R. Potai). RakcharCt@nu.ac.ch 
(R. Traiphol). 

requires expensive chemicals and/or catalysts. In this contribution. 
we introduce a simple approach to manipulate color transition of 
PDA by utilizing ZnO nanoparticle as a nano-substrate for self
assembling. Strong interaction between carboxylic head groups 
of PDA side chain and active groups at ZnO surface is a key factor 
that drastically alters the color-transition behavior of PDA/ZnO 
nanocomposite. This new class of nanocomposite exhibits an inter
esting two-steps reversible and irreversible thermochromism. 

The main chain of PDAs constitutes of an alternating ene-yne 
conjugated backbone. The side chains can be modified by attaching 
to various functional groups. depending on their utilization. One of 
the most studied PDAs constitutes of side chains with polar head 
and nonpolar alkyl tail. This type of PDA tends to form bilayer ves
icle in water where the head groups preferably interact with the 
polar medium (see Fig. 1) [1.2.4.5). The unperturbed PDA vesicles. 
in which the side chains arrange in an ordered fashion, exhibit a 
deep blue color [1.2.30.311. The increase of temperature promotes 
the dynamics of side chains. which eventually breaks the hydrogen 
bonds at the surface of PDA vesicles [1.5,27.32.33). The high mobil
ity of side chain at elevated temperature reduces the planarity of 
1t-orbital arrangement along the conjugated backbone. resulting 
in the decrease of conjugation length [1.5]. The PDA at this stage 
absorbs relatively higher energy and appears red or purple to 
naked eyes. 

0021-9797/$· see front matter © 2011 Elsevier Inc. All rights reserved. 
doi:1O.1016/j,icis.2011 .01.028 
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Fig. 1. Structure of (left) pure polydiacetylene (PDA) vesicles and (right) PDA/ZnO 
nanocomposites in water. The difference of interfacial interactions in the two 
systems drastically affects themochromic behaviors. 

The thermochromism of PDA vesicles with carboxylic head 
groups is normally an irreversible process. Dne can tune the col
or-transition temperature of PDA vesicles by controlling the 
strength of interactions between side chains {1.5.21.22.271. This 
is accomplished by varying length of side chains and type of the 
polar head groups. When the interactions of side chains are strong 
enough. the color transition can occurs in a reversible fashion 
[1.21.25.27.28.341. Comprehensive studies by Kim's group demon
strate that the increase of hydrogen bonding and 7[-7[ interaction 
at the surface of PDA vesicles results in a reversible thermochro
mism [1.271. In other examples. the head groups are stitched to
gether by using chemical linkers [21.281 or silica networks 
[26.35]. In these systems. the increase of temperature causes an in
crease of side chain dynamics but the head groups are still bound 
together by strong interactions or chemical bonds [1]. Therefore. 
the side chains and conjugated backbone of PDA can reverse back 

to original conformation upon cooling. It is clear that the interac
tion at the surface of PDAs is a crucial factor that dictates their col
or-transition behavior. 

In this study, we take a step forward to manipulate the color
transition behaviors of PDA by using a simple approach. The PDA 
monomers and ZnD nanoparticles are simply co-dispersed in an 
aqueous medium, assisted by ultrasonication. Spontaneous assem
bling of the monomers, driven by ionic interaction and hydrogen 
bonding. takes place at the surface of ZnD nanoparticles. An irradi
ation of the assembly by UV light results in the topopolymerization 
of PDA. which coats on ZnD nanoparticles as illustrated in Fig. 1. 
We observe a drastic change of color-transition behaviors in the 
system of PDA/ZnD nanocomposite. 

2. Experimental 

The monomer, 1O.12-pentacosadiynoic acid (PCDA). and ZnD 
nanoparticles are commercially available at Fluka and Nano Mate
rials Technology (Thailand). The poly(PCDA)/ZnD nanocomposites 
were prepared as followed . PCDA monomer was purified by dis
solving in chloroform and then filtered by 0.45 ~m pore size nylon 
membrane to remove polymerized materials. The chloroform sol
vent was slowly evaporated at ~50 0c. ZnD nanoparticles were dis
persed in deionized water by using probe sonication for 5 min. The 
suspension of ZnD nanoparticles in water was added into the puri
fied PCDA monomer. The concentration of PCDA monomer was ad
justed to be about 0.5 mM while the ratios of ZnD/PCDA were 
varied from 5 to 17 wt.%. The mixtures were sonicated at 75
80°C for 30 min to co-disperse the monomers and ZnD nanoparti
cles into water medium. The assembling of PCDA onto ZnD surface 
was allowed to take place by keeping the suspension in refrigerator 
(~4 °C) for ~16 h, which resulted in a cloudy suspension. The poly
merization of poly(PCDA) was carried out by irradiating with or
dinary UV light (.l. ~ 254 nm. lOW) for 5 min. The samples were 
filtered through a 0.8 ~m pore size cellulose membrane to remove 
large aggregates. The pure poly(PCDA) vesicles were prepared by 
using the same procedure but without adding the ZnD nanoparti
cles. The pH of all samples ranges from about 6.5 to 6.7. It is impor
tant to note that pure poly(PCDA) vesicles do not form in the 
aqueous suspension of poly(PCDA)/ZnD nanocomposites as indi
cated by results from the temperature-dependent UV/vis absorp
tion measurements (see discussion below). 

The absorption spectra were measured by using Analytik Jena 
Specord S100 equipped with water-circulating variable tempera
ture unit. Temperature of the samples was measured by placing 
a thermocouple directly into the aqueous suspension. The variable 
temperature measurements of all samples were performed at the 
same time to reduce instrumental errors. The colorimetric re
sponse (%CR) was calculated according to the equation; %CR = 
[(PBo - PB)/PBo] x 100. For irreversible thermochromism. PB was 
calculated from A640/(As40 + A640 ), where A S40, A640 were the 
absorbance at 540 nm and 640 nm. respectively. For the reversible 
thermochromism. the AS40 was replaced by absorbance at 580 nm 
(AS80) in the calculation. The PBo value was calculated at the initial 
temperature. 

The morphologies of pure poly(PCDA) vesicle and poly(PCDA)/ 
ZnD nanocomposite were investigated by transmission electron 
microscopy (TEM, Tecnai 12, D291) and scanning electron micros
copy (SEM, LED 1455 VP). The size distribution of particles was 
measured by laser light scattering (Malvern Mastersizer 2000 
equipped with solid state laser ,\ =466 nm). The FT-IR spectra of 
pure poly(PCDA) vesicle and poly(PCDA)/ZnD nanocomposite films 
were measured in ATR mode (Perkin Elmer Spectrum GX). The 
films were prepared by drop-casting on clean glass slides and dried 
in vacuum oven over night. 
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Fig. 2. Illustration of hydrogen bonding and ionic interaction between -COOH and 
-COO- groups of PDA and Zn-OH and Zn-OH, groups at the surface of ZnO 
nanoparticle. 

Films of pure poly(PCDA) vesicle and poly(PCDA)/ZnO nano
composite in poly(vinyl alcohol) (PVA) (Aldrich) were prepared 

as follows. Solutions of the nanocomposite (or vesicle) are mixed 
with 10 wt.% aqueous PYA solution in 1: 1 ratio and stirred for 
1 h. The mixed solutions are poured into a Petri dish and dried at 
room temperature for 5 days. The samples are kept in the dark dur
ing the drying process. The dried films are peeled of the Petri dish 
and cut into the size of 1.2. x 4 cm. 

3. Results and discussion 

3.1 . Morphologies and optical properties 

It is known that surface of ZnO nanoparticles in aqueous 
medium constitutes of Zn-OH. Zn-OH~ and Zn-O- groups (see 
Fig. 1) [36-38J. The ratio of these species varies with pH of 
solution. At acidic pH. the ZnO surface is mostly populated by 
Zn-OH. Zn-OH~ groups [37.38]. Therefore. the acidic 10.12-penta
cosadiynoic acid (PCDA) monomers in aqueous suspension of ZnO 
nanoparticles are expected to spontaneous assembling onto the 
ZnO surface. driven by ionic interaction and/or hydrogen bonding 
(see Fig. 2). The Zn-OH. Zn-OH~ groups behave as anchoring sites 
for the carboxylic and carboxylate head groups of PCDA. The strong 
interfacial interactions promote molecular ordering of the PCDA 
monomers. which in turn affects the dynamics of side chains and 
conjugation length of the resultant poly(PCDA). In this study. the 
ratios of ZnO/PCDA monomer are varied from 5 wt.% to 17 wt.%. 
We note that these numbers does not necessary reflect the actual 
ratio of ZnO in the nanocomposites because the uncoated ZnO 
nanoparticles may still be presence in the system. However. it is 
not necessary to separate the uncoated ZnO nanoparticles because 
they do not exhibit color transition upon increasing temperature. 

The interaction at the surface of ZnO nanoparticle is explored by 
utilizing infrared OR) spectroscopy. Fig. 3 illustrates IR spectra of 
drop-cast films of poly(PCDA) vesicle and poly(PCDA)/ZnO nano
composite. The films show v,(CH2 ). vas(CH2 ) and va,(CH3 ) at 2848. 
2918 and 2954 cm- 1

• respectively [33.39J. The bands around 
1690-1620cm-1 and 1460-1410cm-1 detected in the spectrum 
of poly(PCDA) vesicle are aSSigned to hydrogen-bonded carbonyl 
stretching of -COOH head group and methylene SCissoring c5(CH2 ) 

3000 2950 2900 2850 2800 1850 1650 1450 1250 

Wavenumber (em-') Wavenumber (em-') 

Fig. 3. Fr-IR spectra of drop-cast films of (bottom) pure poly(PCDA) vesicle and (top) poly(PCDA)/ZnO nanocomposite. The samples are in blue phase. 
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Fig. 4. (a) TIM image ofZnO nanoparticles. (b) Particle size distribution of pure poly(PCDA) vesicle and poly(PCDA)/ZnO nanocomposites in aqueous suspensions. The ratios 
of ZnO are (-) 0 wt.%. (- -) 5 wt.%. (- . -) 9 wt% and (- .. -) 17 wt.%. (c) SEM image of poly(PCDA)/Zn017% nanocomposite. 

of side chain, respectively. The spectrum of poly( PCDA)/ZnO nano
composite constitutes of new peaks at 1538 and 1396 cm- I

, corre
sponding to antisymmetric vas(COO) and symmetric vs(COO) 
stretching vibrations. respectively, of carboxylate anion [391. This 
observation supports the ionic interaction between the carboxylate 
head and Zn-OH; group illustrated in Fig. 2. A new peak at 
1725 cm- 1 is also observed in spectrum of the nanocomposite. This 
indicates the existence of -COOH groups, which somehow do not 
form hydrogen bonds with their neighboring groups [27J. 

The morphologies of ZnO nanoparticles, pure poly(PCDA) vesi
cles and poly(PCDA)/ZnO nanocomposites are investigated by 
using TEM and SEM. Samples for TEM and SEM measurements 
are prepared by dropping aqueous suspensions of the materials 
on TEM Cu grid and polished silicon wafer. respectively. The diam
eter of ZnO nanoparticles revealed by TEM ranges from about 
20 nm to 200 nm (see Fig. 4a). The diameter of pure poly(PCDA) 
vesicles and poly(PCDA)/ZnO nanocomposites measured by laser 
light scattering ranges from about 40 nm to 270 nm (see Fig. 4b). 
It is also observed that the nanocomposites exhibit slightly larger 
size compared to that of the pure poly(PCDA) vesicles. However, 
we do not expect significant increase of particle size of the nano
composites because the ZnO nanoparticles. also exhibiting large 
size distribution, are incorporated into the center cavity of poly(
PCDA) vesicles. The SEM image illustrated in Fig. 4c detects spher
ical shape particles with diameters consistent with the results 
obtained from the laser light scattering technique. The increase 
of ZnO ratio hardly affects size distribution of the nanocomposites. 

Absorption spectra of pure poly(PCDA) vesicles and poly(PCDA)/ 
ZnO nanocomposites in aqueous suspension are illustrated in 
Fig. 5. The spectrum of poly(PCDA) vesicles exhibits a typical peak 
at 638 nm with broad vibronic shoulder at 590 nm. The absorption 
spectra of poly(PCDA)/ZnO nanocomposites shifts to lower energy 
region. The red-shift of }'max and vibronic band to 643 nm and 
593 nm, respectively. indicates the increase of conjugation length 
of poly(PCDA) in the nanocomposites [401. Although the red-shift 
is small, the absorption spectra measured from three synthetic 
batches of nanocomposites show a consistent result. Additional 
low-energy band is also observed at ~675 nm. This is attributed 
to the presence of poly(PCDA) with relatively long conjugation 
length in the nanocomposites. The spectra also exhibit a sharper 
pattern compared to that of the poly(PCDA) vesicles. Width of a 
band in absorption spectrum depends on local surrounding of 

rigid solid matrices and/or the decrease of temperature can reduce 
the variation of local surrounding, which results in the narrowing 
of absorption band. Therefore. the detection of sharp absorption 
band of the nanocomposites indicates the increase of local ordering 
of the poly(PCDA) chromophores and their surrounding. The 
absorption spectra of poly( PCDA)/ZnO nanocomposites also exhibit 
a rise of absorbance in the high-energy region. A clear peak at 
375 nm is observed in the spectrum of poly(PCDA)/Zn017% nano
composites. indicating the presence of ZnO in the system. 

The local structures of poly(PCDA) vesicles and poly(PCDA)/ZnO 
nanocomposites are further revealed by TEM as illustrated in Fig. 6. 
The TEM image of poly( PCDA) vesicle shows spherical particle with 
featureless internal pattern. The structure of poly(PCDA)/ZnO 
nanocomposite is rather different. The TEM image in Fig. 6b reveals 
that poly(PCDA) coats on surface of ZnO nanoparticle. The high 
magnification image in Fig. 6c shows a clear contrast between 
poly(PCDA) and ZnO regions. Interestingly, the poly(PCDA) also 
exhibits a well-defined layered structure. The spacing between 
these layers ranges from about 4 nm to 6 nm. This value is close 
to the d-spacing of layered structure of poly(PCDA) in thin film de
tected by small angle X-ray scattering (d = 4.7 nm) [42]. It is impor
tant to note that the electron projection of poly(PCDA) layers 
coated on a spherical ZnO substrate may result in the variation 

350 450 550 650 750 

Wavelength (nm) 
chromophores [411. The chromophores surrounded by mobile 

FIg. 5. UV/vis absorption spectra at 25·C of pure poly(PCDA) vesicles andand/or disorder segments experience large variation of local elec poly( PCDA)/ZnO nanocomposites in aqueous solutions. The ratios of ZnO are (1)
tric field. which leads to the increase of statistical distribution of owt.%. (2) 5 wt.%. (3) 9 wt.% and (4) 17 wt.%. The spectra are shifted vertically for 
the electronic transition. The incorporation of chromophores into presentation. 
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FIg. 6. TEM images or (a) pure poly(PCDA) vesicle and (b and c) poly(PCDA)/ZnO 17% nanocomposite. 

of the d-spacing values in TEM image. The periodicity of poly(
PCDA) coated on ZnO surface persists up to six layers correspond
ing to film thickness of about 26-30 nm. The detection of layered 
structure in the nanocomposites indicates the increase of poly(
PCDA) ordering. We believe that the organization of carboxylic 
head groups into ordered structure enhances the contrast of elec
tron density with alkyl side chains, allowing the detection by 
TEM. The high ordering of poly(PCDA) in the nanocomposites is 
consistent with the sharpness of their absorption spectra in Fig. 5. 

3.2. Reversible thennochromism in aqueous suspension 

The absorption spectra of poly(PCDA) vesicles and poly(PCDA)/ 
ZnO nanocomposites change systematically upon increasing tem
perature as illustrated in Fig. 7a and b. In first stage, the increase 
of temperature causes a gradual blue-shift with slight drop of 
absorbance while the spectrum pattern is hardly affected. The de
crease of )'max is attributed to the increase of side chain dynamics, 
which causes partial twisting of 1t-orbitals [1.32). The less planarity 
of 1t-orbital arrangement reduces the extent of 1t electron delocal
ization along conjugated backbone of poly(PCDA) (i.e. decrease of 
conjugation length). It has been obselVed that the isolated chain 
of a well-known conjugated polymer, poly(2-methoxy-5-(2'-ethyl
heyloxy)-l.4-phenylenevynylene), responds to the increase of 
temperature in a similar manner [40.43.44]. Rate of the blue-shift, 
corresponding to slope of the plot between ).max and temperature, 
was also found to depend on magnitude of local confinement of the 
chromophores. The restriction of side chains and chromophores 
under high confinement leads to the decrease of blue-shift rate 
upon increasing temperature [40.43]. In this study, it is clear that 
the 2max of poly(PCDA) absorption spectrum decreases at higher 
rate compared to the systems of poly(PCDA)/ZnO nanocomposites 
(see Fig. 7c). This obselVation indicates the increase of local con
finement of poly(PCDA) chromophores in the nanocomposites, 
consistent with the increase of chain ordering as revealed by TEM. 

The absorption spectrum of poly(PCDA) vesicles changes 
abruptly when the temperature is increased above ~65 0c. The 
blue-shift of }'max from 620 nm to 543 nm corresponds to the color 
transition ofpoly(PCDA). A complete transition to a red phase takes 
place at ~74 0c. At this condition, high thermal energy causes the 
breaking of hydrogen bonds between the carboxylic head groups, 
allowing high mobility of alkyl side chains [1,27.321. The delocal
ization of 1t electrons along conjugated backbone is interrupted 
due to the high extent of 1t-orbital twisting. The color transition 
of poly(PCDA) vesicles is irreversible. The color-transition behavior 
of the poly(PCDA)/ZnO nanocomposites is rather different. Increas

ing the temperature to 74°C does not induce the abrupt color tran
sition. We also do not detect any additional peak at ~540 nm at 
this temperature, indicating that pure poly(PCDA) vesicles do not 
exist in our sample. The abrupt change of 2max from 620 nm to 
588 nm is obselVed at ~85 °C (see Fig. 7c). Further increasing tem
perature to ~94 °C causes a blue-shift of )'max to ~582 nm, where 
aqueous suspension of the nanocomposites appears purple. The 
obselVation of an isosbestic point in Fig. 7b indicates a transition 
between two distinct electronic species in the system. The plots 
of colorimetric response (%CR) of poly(PCDA) vesicles and poly(
PCDA)/ZnO nanocomposites as a function of temperature are illus
trated in Fig. 7d. A clear increase of color-transition temperature is 
obselVed in systems of the nanocomposites. [n addition, the co [or 
transition of po[y(PCDA)/ZnO nanocomposites occurs in a revers
ib[e fashion. The reversible process takes place within a few sec
onds upon cooling to room temperature. The reversibility can be 
repeated for more than 10 heating and cooling cycles (see 
Fig. 7e), indicating high thermal stability of the nanocomposites. 
The complete color reversibility during multiple heating-cooling 
cycles also indicates that pure po[y(PCDA) vesicles do not exist in 
aqueous suspensions of the nanocomposites. We note that the col
or reversibility of the nanocomposites still remains after the sam
ples are kept in ambient conditions for more than 4 months. 

The increase of ZnO ratio in the preparation of nanocomposites 
appears to cause slight increase of the transition temperature. 
Fig. 7d shows that the po[y(PCDA)/Zn017% nanocomposite exhibits 
highest transition temperature. We believe that the increase of 
ZnO ratio provides higher surface area for the assembling of PCDA 
monomers. This should affects the thickness of po[y(PCDA) layers 
in the nanocomposites and the ordering of polymeric chains, which 
lead to the slight variation of their colorimetric response to tem
perature. However, more detailed investigation, which is currently 
being carried out in our laboratory, is required to explore this issue. 

Previous studies have demonstrated that strong interaction be
tween head groups of PDA is a key factor for achieving a reversible 
thermochromism. Large amount of works have dedicated to 
chemical modification of the head groups which have provided 
rather satisfactory results. Thermoreversible PDA assemblies with 
wide range of transition temperature have been synthesized 
[1,16,21,22,25,27,28.34]. However, this approach inevitably in
volves complicate synthetic routes and requires a time consuming 
purification process. Another approach, which receives much less 
attention, is the addition of foreign materials or molecules to 
strengthen the interactions between head groups of PDA. Gu et al 
demonstrated that the insertion of poly(vinylpyroJidone) into 
bilayers of poly(PCDA) promoted additional hydrogen bonding 

http:1,16,21,22,25,27,28.34
http:40.43.44
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Fig. 7. Absorption spectra of (a) pure poly(PCDA) vesicle and (b) poly(PCDA)/Zn017% nanocomposite in aqueous suspension. Arrows indicate the change of absorption 
spectra upon increasing temperature. The poly(PCDA) exhibits irreversible color transition while the color transition of the poly(PCDA)/ZnO nanocomposites occurs in a 
reversible fashion. (c) Plots of A.m.. of absorption spectra and (d) colorimetric response (%CR) as a function of temperature. (e) Change of%CR during heating-cooling cycles 
between 25°C and 90 0c. Symbols are for (0 ) pure poly(PCDA), (0 ) poly(PCDA)/Zn05%, (~) poly(PCDA)/Zn09% and (0) poly(PCDA)/ZnOl7%. 

with the polymeric side chain and resulted in a reversible thermo
chromism [42]. The transition temperature (~85 °C) and absorp
tion pattern of the purple phase are similar to our system, The 
bridging of head groups by using metal ions provides similar result 
[39]. Itoh et al utilized layered double hydroxide (LDH) nanosheets 
as a substrate for the assembling of poly(PCDA) carboxylate head 
groups [45]. The poly(PCDA)/LDH hybrids exhibited a reversible 
color change. arising from strong ionic interaction at the interface. 
In our system, the reversible thermochromism of poly(PCDA)/ZnO 
nanocomposites is attributed to the increase of interfacial interac
tions of polar head groups with ZnO surface as illustrated in Fig. 2. 

In addition. the high ordering of poly(PCDA) chains in the system 
also restricts the side chain dynamics at elevated temperature 
and allows the backbone to relax back to original conformation 
upon cooling to room temperature. It is important to note that 
the approach similar to our study was previously utilized to pre
pare PDA/Si02 and PDA/Ag nanocomposites [46,47]. It was shown 
that the presence of Si02 nanoparticles promoted the assembling 
of monomers at the nanoparticle surface. However. the color- tran
sition behaviors of PDA/Si02 nanocomposite were hardly affected 
compared to those of pure PDA vesicle while the PDA/Ag nanocom
posite exhibited a red phase. Therefore. type of the metal oxide or 
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metal nanoparticles is a very important factor that affects the col
or-transition behavior of the nanocomposites. 

3.3. Two-steps thermochromisms in poly(vinyl alcohol) matrix 

It has been known that the utilization of poly(PCDA) vesicles in 
aqueous suspension often encounters several problems including 
color stability and the precipitation of particles. One way to over
come these obstacles is to immobilize poly(PCDA) vesicles into so
lid state matrices [2J. This also allows their utilization in a wider 
range of applications. The sol-gel method has been applied for 
introducing poly(PCDA) vesicles into silica networks [48-50J. The 
procedure known as polyelectrolyte multilayers has also been used 
to encapsulate poly(PCDA) vesicles in different kinds of polymer 
matrices 151-53 J. Recently. a method involving simply blending 
with other polymers such as poly(vinylpyridine) [54J, poly(vinyl
pyrolidone) 142] and polyvinylalcohol(PVA) 155] is introduced. This 
approach is rather simple and provides a homogeneous film. 

In this section, the poly(PCDA) vesicles and poly(PCDA)/ZnO 
nanocomposites are fabricated into thin films by using PVA as a 
matrix. These blended films allow the investigation ofthermochro
mic behavior at higher temperature range. The films were an
nealed at different temperatures for 5 min and then cooled down 
to room temperature where their absorption spectra were mea
sured. Fig. 8a and b illustrates absorption spectra of poly(PCDA) 
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vesicles and poly(PCDA)/ZnO nanocomposites in PVA matrix, an
nealed at temperatures ranging from 35°C to 160°C. The increase 
of annealing temperature causes irreversible change of poly( PCDA) 
color similar to the behavior in aqueous suspension. However, the 
absorption spectra indicate a complete color transition from blue 
to red phase at about 90°C, which is about 15 °C higher than that 
of the aqueous suspension. This observation is attributed to the 
reduction of segmental dynamics in solid state matrix, consistent 
with the previous study [55]. 

The thermochromism of poly(PCDA)/ZnO nanocomposites in 
PVA matrix is rather interesting. We observe that the nanocompos
ites undergo color transition at two distinct temperatures. The first 
transition takes place at about 100°C, where the sample turns from 
blue to purple color. Similar to the behavior of their aqueous solu
tions, the purple color completely reverses to blue color upon cool
ing to room temperature (see Fig. 8d). The absorption spectrum at 
room temperature ofthe film annealed at 100°C is almost identical 
to that of the pristine sample (see Fig. 8b). Further increasing 
temperature from 100°C to 135 °C causes slight change of color 
but the degree of color reversibility appears to gradually diminish, 
indicated by an increase of absorbance in high-energy region 
(A. < 550 nm). At 140°C, a new absorption band with A.m•• at 
~540 nm grows significantly while the band at ~640 nm simulta
neously drops. A complete irreversible transition occurs above 
145°C where the samples turn to red color. The thermochromic 
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Fig. 8. Absorption spectra of (a) pure poly(PCDA) and (b) poly(PCDA)/Zn017% nanocomposite embedded in polyvinyl alcohol (PVA) matrix. The spectra were measured at 
room temperature after the films were annealed at different temperatures indicated in the plots. (c) The irreversible colorimetric response (%CR) of (0 ) pure poly(PCDA) and 
(0) poly(PCDA)/Zn017% nanocomposite as a function of annealing temperature. (d) Photographs of poly(PCDA)/Zn017% nanocomposite in PVA film taken at different 
temperatures and also after cooled down to room temperature. 
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Fig. 9_ Ff-IR spectra of drop-cast film of poly(PCDA)/ZnO nanocomposite. The samples are in blue and red phase. 

behaviors of poly(PCOA) vesicles and poly(PCOA)/ZnO nanocom
posites in PYA matrix are summarized in Fig. 8e. The %CR value 
of the nanocomposites is almost zero when the annealing temper
ature is below 100°C, corresponding to complete color reversibil
ity. The increase of %CR value at the annealing temperature 
above 100°C indicates the decrease of degree of color reversibility. 
The gradual increase of %CR value from 100°C to 140 °C is attrib
uted to the large size distribution of the nanocomposites. It has 
been shown that the smaller poly(PCOA) vesicles exhibit faster col
orimetric response to external stimuli [561. In our system, the 
smaller poly(PCOA)/ZnO nanocomposites probably change color 
at lower temperature range. To further investigate the effects of 
particle size on color transition of the nanocomposites, one re
quires ZnO nanoparticles with narrow size distribution. This topic 
will be a subject of our future study. At 145°C, the irreversible col
or transition of most nanocomposites occurs. We note that the 
absorption pattern of the red form of the nanocomposites is very 
similar to that of the pure poly(PCOA) vesicles . This implies the 
similarity of conjugated backbone conformation in the two 
systems. 

The IR spectroscopy is utilized to explore the change of local 
interactions in poly(PCOA)/ZnO nanocomposite, responsible for 
the irreversible color transition. Fig. 9 illustrates IR spectra of 
drop-cast film of the nanocomposite in blue and red phases, 
measured from the same sample. The transition to red phase is 
achieved by annealing at 150°C in vacuum oven for 5 min. 
The vS(CH2 ) (2848 cm- I

), v..(CH2 ) (2918 cm- I
) and vas(CH3 ) 

(2954 cm- I
) of both phases are detected at the same location, indi

cating that the alkyl side chains keep all-trans conformation during 
the transition. If the gauche conformation forms, one would expect 
the vs(CH2 ) and vas(CH2 ) to shift to the higher wavenumber [57]. 
However, the alkyl side chains may undergo phase transition, 
which in turn causes small reorganization of conjugated backbone 
as suggested by earlier study [39]. The band around 1690
1620 cm- 1 shifts to 1710 cm- 1 in the red phase, corresponding to 
the breaking of hydrogen bonds between carboxylic head groups 
[27]. The bands of asymmetric vas(COO) and vs(COO) stretching 
vibration of carboxylate anion are still detected at the same wave-

number. However, new bands at 1590 and 1426 cm- I emerge in 
the spectrum of the red phase. It was reported that the IR peaks 
of carboxylate anion shift to different regions when the nature of 
interactions with metal ions is altered [391. Therefore, the new 
peaks at 1590 and 1426 cm- I are assigned to the vas(COO) and 
vs(COO) of carboxylate anion, which interacts with ZnO surface 
in different manner. This result indicates that partial rearrange
ment of carboxylate anion at the ZnO surface takes place during 
the irreversible transition. 

At this point, we propose the mechanism for two-steps thermo
chromism as follows. The increase of temperature to 100°C pro
motes the dynamics of alkyl side chains but strong interactions 
between head groups and surface of ZnO limit their movement. 
The partial twisting of rr-orbitals occurs through out the entire 
chain but the ordering of poly(PCOA) backbone in the nanocom
posite largely remains. Therefore, the complete relaxation back to 
the original conformation can take place upon cooling to room 
temperature. The increase of temperature to 145°C breaks the 
hydrogen bonds between carboxylic heads and partially disrupts 
interfacial interactions at ZnO surface, causing more distorted 
structure of conjugated backbone. The increase of entropy is too 
great, prohibiting the color reversibility. 

4_ Conclusion 

We demonstrate a simple method for preparation of new class 
of poly(PCOA)-based materials constituting of ZnO nanoparticle in 
the core. Strong interfacial interactions and the increase of molec
ular ordering in the poly(PCOA)/ZnO nanocomposites drastically 
alter their thermochromic behaviors. We have found that the 
nanocomposites exhibit two-steps reversible and irreversible color 
transition at two distinct temperatures. The reversible process 
takes place at about 90°C and 100°C in aqueous suspension and 
PYA matrix, respectively. The nanocomposites are very stable, 
allowing complete color reversibility after more than 10 heating
cooling cycles. The second transition, an irreversible one, is 
detected at higher temperature region. The change to red color of 
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the nanocomposites in PYA matrix occurs at about 145°C. Our 
preparation method for the poly(PCDA)/ZnO nanocomposites is 
rather simple and cheap compared to the chemical modification 
of poly(PCDA) itself. This approach offers a new route for control
ling colorimetric response of poly(PCDA) to external stimuli, which 
in turn expands their utilization in wider range of sensing applica
tions. We are currently exploring other types of inorganic nanopar
tides that could be used as nano-substrate for the assembling of 
poly(PCDA). 
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Abstract 

This contribution presents a simple method to prepare polydiacetylene(PDA)/ZnO nanocomposites, 
which can be utilized as active materials in sensing technology. The ZnO nanoparticles, which constitute of 
Zn-OH2+, Zn-OH and Zn-O' groups at their surfaces, function as nano-substrates for self-assembling of 
diacetylene monomers, 10, l2-pentacosadiynoic acid (PCDA), in aqueous medium. Photopolymerization of 
the assemblies yields poly(PCDA)/ZnO nanocomposites with core-shell structure. Strong interactions 
between the active groups at ZnO surface and carboxylic head groups of poly(PCDA) promote chain 
ordering and reduce segmental dynamics of poly(PCDA) in the nanocomposites. The existence of strong 
interfacial interaction drastically affects the colorimetric response behavior of the nanocomposites upon 
exposure to external stimuli. The poly(PCDA)/ZnO nanocomposites change color from blue to purple upon 
increasing pH to ~12.6 while the color transition from blue to red of pure poly(PCDA) vesicles takes place 
at pH~8. The addition of ethanol into aqueous suspension of pure poly(PCDA) vesicles causes color 
transition when the ethanol concentration is above -45 %v/v. However, the addition of ethanol up to 90%v/v 
into aqueous suspension of the nanocomposites hardly affects their color. 

Key words: 	Polydiacetylene, Nanocomposites, Color transition, Conformation transition, Interfacial effect, 
pH sensor 

Introduction 

In recent years, the development of conjugated 
polymers as sensing materials has gained much 
attention from scientific community, particularly 
the polydiacetylene (PDA).(I-14) PDA vesicles are 
spherical organic nanoparticles with cavity in the 
center. This class of material has been known to 
exhibit many interesting properties. The uniqueness of 
PDA vesicles is the color-transition behavior from 
blue to red when exposed to environmental perturbations 
such as the increasing of temperature or pH, addition 
of alcohols or surfactants, binding with ions or 
biomolecules.(l·7,13-19) Therefore, PDA vesicles 
have a potential for being utilized as nano-sensors. 

One of the well-known diacetylene monomers, 
frequently used to prepare PDA vesicles, is the 
10,12-pentacosadiynoic acid (PCDA). Its structure 

consists of hydrophillic head group and hydrophobic 
tail. The dispersion of PCDA in water, assisted by 
ultrasonication, leads to the formation of bilayer 
vesicies.(1-2, 4-6) Poly(PCDA) vesicles can be easily 
prepared by UV light irradiation of the monomeric 
vesicles. The unperturbed poly(PCDA) vesicles 
posses relatively long conjugation length and exhibit a 
deep blue color. The perturbation of poly(PCDA) 
vesicles by external stimuli causes the rearrangement 
of alkyl side chains and hence induces conformational 
transition ofconjugated backbone,o-5,20) The distortion 
of conjugated backbone results in the decrease of 
conjugation length (i.e. wider HOMO-LUMO energy 
gap). The perturbed poly(PCDA) can exist in different 
colors such as purple and red, depending on the 
magnitude of the perturbation. 

To control the colorimetric response ofPDA 
vesicles or assemblies upon exposure to external 
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stimuli, one can utilize different approaches. Some 
specific designed molecules can be inserted into layers 
of PDA assemblies and behave as receptors.(I·4.6,15.16,21) 

The binding of receptor molecules to ions, biomolecules 
and other desired materials induces color transition of 
PDA assemblies. The colorimetric response of PDA 
assemblies can also be controlled by structural 
modification. It has been demonstrated by many 
research groups that the modification of head 
groups can have major impact on color-transition 
behaviors.(I·13.17.19.22.29) The increase of interactions 

between head groups causes the increase of 
transition temperature. In some cases, where the 
interactions between head groups are sufficiently 
strong, the thermochromic transition occurs in a 
reversible fashion.(I.I3.19,24,26) The bonding ofhead groups 
by chemical linkers also provides PDA assemblies 
with reversible thermochromic behavior.(18.27.29) 

Although the aforementioned approaches 
are rather efficient, the chemical modification inevitably 
involves complicate synthetic methods and requires 
time-consuming processes. One of other attractive 
approaches utilizes foreign materials to strengthen 
the interactions between the head groups of PDA 
assemblies and hence alter their color-transition 
behaviors. Different materials have been used such 
as polymers(Gu et aI., 2008 ; Wu et aI., 2009), cations 
(Huang et aI., 2005), layered double hydroxide 
nanosheets(Itoh et aI., 2005) and Si~ nanoparticles. (33) 
In this research, we present a simple method to 
prepare new class of PDA/ZnO nanocomposites. 
The ZnO nanoparticles are used as nano-substrates 
for self-assembling of PCDA monomers on their 
surface (see Figure 1). We have found that the 
existence of strong interfacial interactions in the 
nanocomposites largely alters their colorimetric 
response upon exposure to external stimuli. 

Materials and Experimental Procedures 

PCDA monomer (Fluka) and ZnO nanoparticles 
(Nano Materials Technology, Thailand) are commercially 
available. The preparation of pure poly(PCDA) 
vesicles was as followed. The PCDA monomer 
was purified by dissolving in chloroform and then 
filtered through a 0.45 11m nylon membrane to 
remove polymerized materials. The chloroform 
was slowly evaporated by heating at -50°C in 
water bath. Deionized (D!) water was added into 
the dried film of PCDA monomers to yield a 
concentration of 0.5 mM. The sample was 
sonicated at -80°C for 30 minutes to disperse the 
monomers into aqueous medium and then kept in 

refrigerator (-4°C) over night. The cloudy suspension 
of PCDA vesicles was irradiated by ordinary UV 
light (/",-254 nm, 10 watts) for 5 minutes. The 
samples were filtered through a 0.8 11m cellulose 
membrane to remove large aggregates. The obtained 
poly(PCDA) vesicles exhibited a deep blue color. 
Similar procedure was used to prepare poly 
(PCDA)/ZnO nanocomposites. However, the ZnO 
nanoparticles were pre-dispersed in DI water, 
assisted by probe ultrasonication for 5 minutes, 
before adding into the dried film ofPCDA monomers. 
Weight ratios of the added ZnO nanoparticles were 
5,9 and 17wt%. We note that these numbers do not 
necessari Iy indicate the actual weight ratio of ZnO 
in the nanocomposites. The· pH of nanocomposite 
suspensions ranges from about 6.5 to 6.8. Figure 1 
summarizes the processes that occur during each 
step of the preparation of the nanocomposites. 

Figure 1. 	 Schematic for the preparation of poly (PCDA)/ 
ZnO nanocomposites dispersed in water. 

The size distribution of ZnO nanoparticles 
was explored by using Transmission Electron 
Microscopy (TEM, Tecnai 12, D291). The morphology 
and dimension of pure poly(PCDA) vesicles and 
poly(pCDA)/ZnO nanocomposites were investigated 
by using intermittent contact Atomic Force Microscopy 
(AFM, SPI3800N Nanoscope II, Seiko Instrument 
Inc., Japan). The cantilever with pyramidal shape 
Si3N4 tip was used. Samples for TEM and AFM 
measurements were prepared by dropping the 
aqueous suspensions on Cu grid and polished silicon 
wafer, respectively. The samples were left to dry in 
clean atmosphere under ambient conditions. 

The absorption spectra of pure poly(pCDA) 
vesicles and poly(pCDA)/ZnO nanocomposites were 
measured by using UVNis spectrophotometer (Specord 
S 1 OOB, Analytik Jena). The pH of suspensions was 
varied by adding NaOH aqueous solution. Ethanol 
was added into the systems by using a micropipette. 
The magnitude of colorimetric response (%CR) was 
calculated according to the equation; %CR = 

[(PBo-PB)/PBo] x 100, where PBo is the initial 
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percent blue before exposure to external stimul i 
and PB is the final percent blue after exposure to 
external stimuli. The PB value was calculated from 
A64()I'(A540+A&tO), where A540, A&to were the absorbance 
at 540 nm and 640 nm, respectively. The PBo value 
was calculated at the initial condition. 

Results and Discussion 

Morphology and Size Distribution 

It has been known that the surface of ZnO 
nanoparticles in aqueous suspension constitutes of 
Zn-OH, Zn-OH/ and Zn-O' groupS.(34.36) At low pH 
region, the ZnO surface is mostly populated by Zn
OH and Zn-OH/ group. Therefore, the acidic 
PCDA monomers with carboxylic head groups are 
expected to anchor on the ZnO surface via ionic 
interaction and/or hydrogen bonding (see Figure 1). 
The irradiation of the assemblies by UV light 
results in poly(PCDA)/ZnO nanocomposites where 
polymeric layers coat on the ZnO nanoparticle. 
The outer surface of nanocomposites constitutes of 
hydrophilic layer of carboxylic groups, which 
favorably interact with aqueous medium. It is 
important to note that the number of poly(PCDA) 
layers in the nanocomposites can be higher than 
two layers. 

The TEM image of ZnO nanoparticles is 
illustrated in Figure 2. The ZnO nanoparticles exhibit 
spherical shape with relatively large size distribution. 
The diameters of primary particles range from 
about 20 to 200 nm. The topography AFM images 
of pure poly(pCDA) vesicles and poly(pCDA)/ZnO 
nanocomposites are illustrated in Figure 3. It 
appears that the shape of pure poly(PCDA) 
vesicles is not spherical. Their height is also quite 
small, less than 12 nm. This observation is 
attributed to the interaction between AFM tip and 
soft vesicles, which may cause the deformation of 
shape and flatten the vesicles. The diameters of 
pure poly(PCDA) vesicles range from about 40 to 
200 nm. The morphologies and size distribution of 
poly(PCDA)/ZnO nanocomposites are similar to 
those of the pure poly(PCDA) vesicles. The 
variation of ZnO ratios in the preparation of the 
nanocomposites hardly affects their size. The TEM 
image of the nanocomposites reveals layers of 
poly(PCDA) coated on ZnO nanoparticles.(37) The 
thickness of polymeric layers is about 25 to 30 nm, 
corresponding to about 6 layers of the poly(PCDA) 
chains. 

Figure 2. TEM image of ZnO nanoparticles. 
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Figure 3. AFM topography images of (a) pure poly(pCDA) 
vesicles and (b) poly(pCDAYZnO nanocomposites 
on silicon wafer. 

Colorimetric Response to pH 

The UVNis absorption spectra of pure poly 
(PCDA) vesicles and poly(pCDAYZnO nanocomposite 
aqueous suspensions measured upon increasing pH 
are shown in Figure 4. The unperturbed state of the 
vesicles and nanocomposites exhibits maximum 
absorption band (Amax) at ~640 nm with vibronic 
shoulder at ~590 nm, corresponding to a deep blue 
color. We also observe that the full width at half-height 
maximum of absorption peak of the nanocomposite 
is much smaller than that of the pure poly(PCDA) 
vesicles. This indicates higher ordering of 
backbone and alkyl side chains of poly(PCDA) in 
the nanocomposites. Detailed discussion on this 
issue is given in our previous report.(37) 
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Figure 4. 	 Absorption spectra of (a) pure poly(PCDA) 
vesicles and (b) poly(PCDAYZnO nanocomposites 
in aqueous suspensions measured at different pH. 
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The addition ofNaOH into aqueous suspension 
of pure poly(PCDA) vesicles causes the growth of 
new peak at 540 nm while the peak at 640 nm 
simultaneously drops (see Figure 4(a». At pH~8, 
new absorption bands at ~540 nm and ~500 nm are 
clearly observed. An isosbestic point is detected at 
~550 nm, indicating the transition from two distinct 
electronic species. Further increasing pH hardly 
affects the pattern of absorption spectrum. The 
poly(PCDA) vesicles at this state exhibit a red 
color. The colorimetric response of poly(pCDA)/ZnO 
nanocomposites to the increasing of pH is rather 
different. The color transition takes place at much 
higher pH. The increase of pH to ~12 hardly affects 
the pattern of absorption spectrum. The growth of 
new peak at ~540 nm is detected at pH ~12.6, 
corresponding to the formation of the red phase. 
However, large fraction of the blue phase (A~40 run) 
still remains in the system at this condition. The 
nanocomposite at this state exhibits a purple color. 
The other nanocomposites prepared by using 
different ratios of ZnO nanoparticles shows color 
transition at similar pH range. The results are 
summarized in Figure 5 where the colorimetric 
response (%CR) is plotted as a function of pH. The 
sharp increase of the %CR indicates the color 
transition while the %CR value corresponds to 
magnitude of the color change. We also observe 
that the increase of ZnO ratio causes slight increase 
of pH required for inducing the color transition. 
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Figure 5. Plots of %CR upon increasing pH of aqueous 
suspensions of (0) pure poly(PCDA) vesicles, 
(0) poJy(pcDAYZn05%, (6.) poly(pcDAYZn09% 
and (0) (poly)PCDAlZnOI7% nanocomposites. 

The mechanism for the color transition of 
pure poly(PCDA) vesicles and poly(PCDA)/ZnO 
nanocomposite is proposed in Figure 6. The carboxylic 

head groups of unperturbed poly(PCDA) vesicles 
interact with their neighbors via hydrogen bonds. 
At this initial state (i.e. blue phase), the side chains 
arrange in an ordered fashion and the conjugated 
backbone possesses relatively long conjugation 
length. The increase of pH by adding NaOH into 
aqueous suspension of pure poly(PCDA) vesicles 
drastically alters the interactions between their 
head groups. The OH- ions can abstract protons 
from the acidic heads and transform the carboxylic 
group into the carboxylate one. The strong ionic 
repu lsion between the negatively charged head 
groups causes the rearrangement of side chains and 
hence induces the distortion of conjugated backbone. 
The planarity of n-orbital arrangement in the 
distorted backbone is reduced significantly, which 
in turn disrupts the conjugation of n electrons 
(i.e. decrease of conjugation length). The HOMO
LUMO energy gap of the perturbed poly(PCDA) 
vesicles becomes wider, resulting in the electronic 
absorption in higher energy region. The vesicles 
exhibit red color at this state. 
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Figure 6. Proposed mechanism for color transition of 
(a) pure poly(PCDA) vesicles and (b) poly 
(PCDA)/ZnO nanocomposites upon addition 
of OH- ions. The color transition of pure 
poly(PCDA) vesicles occurs at pH -8 while 
the nanocomposites change color at pH -12.6 
(see text). 

The mechanism for the color transition of 
poly(PCDA)/ZnO nanocomposite is similar to that 
of the poly(PCDA) vesicles. However, the inner 
layer of poly(PCDA) chain strongly anchors to the 
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surface of ZnO via ionic interaction between 
carboxylate head and Zn-OH/ group. The FT-IR 
measurements in our previous report confirm the 
existence of this type of interfacial interaction.(37) 
The addition ofOH- ion into aqueous suspension of 
the nanocomposites mostly affects the interaction 
between head group of poly(PCDA) chain at the 
outer layer (see Figure 6(b» . The van der Waals 
interaction between the alkyl side chains of the 
outer and inner layers of poly(PCDA) chains is an 
opposing force that maintains the planarity of 
conjugated backbone. The perturbation at the head 
group must be sufficiently strong to overcome the 
overall interactions between side chains and hence 
causes the distortion of conjugated backbone. 
Therefore, it requires higher concentration of OH
ions (i.e. higher pH) to induce color transition of 
the nanocomposites. We also suggest that the inner 
layer of poly(PCDA) in the nanocomposites does 
not change color as indicated by the results from 
UV/vis absorption measurements. It is unlikely that 
the Off ions can penetrate through the 
hydrophobic layer of poly(PCDA) chain into their 
head groups at the surface of ZnO nanoparticles. 

Colorimetric Response to Ethanol 

The absorption spectra of pure poly(PCDA) 
vesicles and poly(PCDA)/ZnO nanocomposite 
measured upon addition of ethanol are illustrated in 
Figure 7. At low concentration of ethanol , the 
absorption pattern of pure poly(PCDA) vesicles is 
hardly affected. The systematic decrease of 
absorbance is due to the dilution. A growth of new 
peak at -540 nm is detected when the ethanol 
concentration is higher than 20%v/v. A drastic 
change occurs in the concentration range of 40 to 
50%v/v where the suspension turns from blue to 
red color. The absorption spectrum of the red phase 
constitutes of peaks at - 540 nm and - 500 nm. The 
addition of ethanol into aqueous suspensions of 
poly(PCDA)/ZnO nanocomposites hardly affects 
their absorption spectra. It is clear from Figure 7(b) 
that the increase of ethanol concentration up to 
90%v/v does not induce color transition. The 
comparison of colorimetric response of pure poly 
(PCDA) vesicles and poly(pCDA)/ZnO nanocomposites 
are illustrated in Figure 8. The plots of%CR versus 
ethanol concentration detect a sharp increase at 40 
to 50%v/v in the system of pure poly(PCDA) 
vesicles. The %CR values of the nanocomposites 
slightly increase at ethanol concentration of 90%v/v. 
This result shows that the incorporation of ZnO 

nanoparticles into the core of poly(PCDA) vesicles 
causes the increase of color stability upon exposure 
to alcohol. 
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Figure 7_ 	 Absorption spectra of (a) pure poly(PCDA) 
~esicles and (b) poly(PCDAymO nanocomposites 
m aqueous suspensions measured upon addition 
of ethanol. 
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Figure 8. 	Plots of %CR upon addition of ethanol into 
suspensions of (0) pure poly(PCDA) vesicles, 
(0) poly(PCDAym05%, (L'1) poly(PCDAY Zn09% 
and (0) poly(pCDA)/ZnO 17% nanocomposites. 

The molecule of ethanol constitutes of 
hydrophilic head and hydrophobic tail similar to 
the structure of normal surfactants. The addition of 
ethanol into aqueous suspension of poly(PCDA) 
vesicles perturbs the organization of head group 
and alkyl side chain as illustrated in Figure 9(a). 
The ethanol molecules can swell the outer layer of 
poly(PCDA) vesicles, which in tum breaks the 
hydrogen bonds between carboxylic head groups. 
When magnitude of the swelling is sufficiently 
large, the rearrangement of side chains occurs 
leading to the distortion of conjugated backbone: 
The strength of inter- and intrachain interactions 
within the layers of poly(PCDA) dictates the 
quantity of ethanol required for inducing the color 
transition. For pure poly(PCDA) vesicles, the 
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presence of -50%v/v of ethanol in the system 
causes color transition from blue to red. In the 
systems of poly(PCDA)/ZnO nanocomposites, the 
swelling of ethanol at the outer layer is expected to 
occur in a similar fashion (see Figure 9(b». However, 
strong ionic interaction between carboxylate heads 
and Zn-OH2+ groups at ZnO surface strengthens 
layered structure of the poly(PCDA). The van der 
Waals interaction between alkyl side chains of the 
inner and outer layers also resist the distortion of 
conjugated backbone in the outer layer. Therefore, 
the presence of -90%v/v of ethanol in aqueous 
suspensions of the nanocomposites still does not 
induce color transition of poly(PCDA). However, 
the swelling of other solvents or surfactants may cause 
color transition of poly(pCDA) in the nanocomposites. 
This issue is currently being carried out in our 
laboratory. 
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Figure 9. Proposed mechanism for color transition of 
(a) pure poly(PCDA) vesicles and (b) poly 
(PCDA)/ZnO nanocomposites upon addition 
ethanol. The color transition of the pure poly 
(PCDA) vesicles occurs at ethanol concentration 
of about SO%v/v while the nanocomposites 
do not change color upon addition of ethanol 
up to 90%v/v (see text). 

Conclusions 

In this research, we present a simple method 
to prepare poly(PCDA)/ZnO nanocomposites with 
core-shell structure. The incorporation of ZnO 
nanoparticles into the core of poly(PCDA) vesicles 

strengthens their layered structure, which results in 
the increase of color stability upon exposure to OR 
ion and ethanol. TIle nanocomposites exhibit color 
transition at much higher pH compared to the system 
of pure poly(PCDA) vesicles. The addition of ethanol 
does not induce color transition. Our preparation 
method of the nanocomposites is very simple and 
inexpensive. In addition, it does not require a time
consuming purification process. This approach offers 
a new route for controlling the colorimetric response 
behavior of polydiacetylene-based materials to external 
stimuli, which is important for the development of 
nano-sensor technology. 
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Abstract 
Polydiacetylene vesicles are spherical organic nanoparticles with cavity in the center. This class of material 

has been known to exhibit many interesting properties [1]. For example, the polydiacetylene vesicles change 

color from blue to red upon increasing temperature or pH [2,3] . The addition of some molecules or ions also 

causes the color change [4]. Therefore, polydiacetylene vesicles have a potential for being utilized as 

nanosensors. In this contribution, we introduce a method to prepare new class of polydiacetylene vesicles, 

containing metal oxide nanoparticle in the core. The incorporation of the metal oxide nanoparticles is expected 

to affect the dynamics of functional group and side chain, which should influence the optical properties of the 

polydiacetylene vesicles. The diacetylene monomer 10, 12-pentacosadiynoic acid (PCDA) and ZnO 

nanoparticles were used to prepare the hybrid vesicles. The weight ratios of the PCDA and ZnO were varied 

from 1 :0, 1: I, 2: 1, 1 :2. The uv/vis absorption spectra of blue form of the hybrid vesicles shown in Figure I 

constitute of peaks at about 370 run, 580 nm and 640 run. The absorbance at 370 run, which increases with ratio 

of the ZnO, confmns the incorporation of the metal oxide nanoparticles into the vesicles. The morphology of 

polydiacetylene vesicle and hybrid vesicle was investigated by utilizing atomic force microscopy (AFM). The 

AFM topography images shown in Figure 2 reveal that the vesicles exhibit spherical shape with diameters 

ranging from 100-300 nm. In addition, the diameter of the hybrid vesicles appears to be larger than that of the 

pure vesicles. The structure and dimension of the vesicles were also characterized by transmission electron 

microscopy and laser light scattering techniques. The colorimetric response of the hybrid vesicles to external 

stimuli, including temperature, pH and the addition of alcohol, was examined. We have found that the hybrid 

vesicles exhibit rather different optical behaviors compared to that of the pure vesicles. 
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Figure 1 Absorbance spectra of blue fonn of PPCDA and PPCDA/ZnO hybrid vesicles 
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Figure 2 AFM topography images of (a) PPCDA vesicles and (b) PPCDA vesicles/ZnO nanohybrid (1: 1) 
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CI 

This contribution inlroduces a versalile mCLhod 10 prepare a new class of polydiacclylcne(PDA) based malerial. 


n.J.!loparticles are used as nano-SUhSlTalCS, which ullow spoul.aneous assembling of diacelylene monomer. 10, 12

sadiYlWic acid (PCDA), on Iheir surface. An irradiation or the organized assemblies by UV light results in 


ZoO rumOCOll1jIDSileS, which exhibil a deep blue color. The colurimetric respon~cs of the nanocompositcs to 


::.1:1 stimuli are rather dilTercnr compared to those of Ihe pure PDA vesicles. \Vhile the increase of Icmpcralllre 


irreversible color tmmiLion of pur~ PDA \'esicles at abolll 80 ·C, Ihe PDAfZnO nnnocomposites exhibit two

wcsible and irreversible thermochromi~ms. The first Iransilion lakes place re\'ersibly at about 100 "C where the 


banges from blue [0 purple. Fur1uer incre~ing Icmperarure to 145"C induces second color transition to red color, 


occurs in an irre....ersible rashion. The colorimetric response of the nanocomposilCs to pH is also dilTerent from 


hav;or or pur<: PDA \'esicles. While the incre.,se of pH to about 8 causes color transition of pure PDA vcsicles, the 


tranMlilln oflhc nanocompositcs occurs al much higher pH, aboul 12.6. The invesligation by lTal\~lJti:ision electron 


copy detects highly orgonized PDA chains in the nanocomposiles, which is probably responsible for the 


;-rep:mey of their coillrimciric respouses. 
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1=== -I 
figurr I SchemAtic stlUelUre of (top) pure PDA vesicles and (bottom) PDA/ZnO n.nocomposilcS :lOd Lht'ir l'olorimelric 

n~"s to Icmpemiure 

~tywords : Polydiocdylcne. Nnnocompositcs. Colorimetric sensors, Reversible Ihenllochromism 
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