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rH)~~3-lil'hjl1rlrhL,HI~I'lt)'lJ~U~HfiiJ1'rlrhb~tJ\l~::~n~1V'!Jb,aW~1i)i 1ttJRlIbtHflili n1'a\l~\f1tJ~t) .mJ1 U~~L"!I~~b~t)b'W~~ 
'tIUm~mb~m'IJ~vul'IJ~I'le:lu 

~ 
b~emr;'l n 6 'IJ~cJ'w1'lJd'\l1€J'W~:i1Al md'ul1'lJd'\l1€J'W~'1 ~ lnl(;lvH .:a'l'IJd':;n€Jum€J 1~'l-hIUVl~6€J(;l6~:W1yJ16br;'l:;'l1~1V!L'W'Vl'l'HJ~ail 'Vl€Jffl" , 

l\l1'WBL'Vl'eJ'f'l1flbyJ'W) cl1'VI1UL'1!fl~b~m~~.:j66UUblJ'Vl1'W€Jflb~8m.:j 
(Effect of transition metals on the electrical conductivity response of dPPVlzeolite Y composites toward 

ketone vapors) 

~ 
m'l~m~lB'Vl5~(;\'1J€J,j1~'VI:;'Vld'1'W~i'W~€Jfm\l1€JtJ(;l'WB'l'Vl1,j1yJYl1'1J€J'Il;;1~,L~,j'IJd'~ nBtJd:;V!')l'l d PPVlZeolites Y .f1l81;( 

;;1.f1l1:;lm:;L'VI8'lJB'IRb\l1'U 

(Effect of transition metals on the electrical conductivity response of dPPV!Zeolite Y composites toward 

ketone vapors) 

, .;
IDlJjIL3. 

;;1lJ~ b;a,j nfl'Vl 1,:]1yJYl1'lJ€J.:jl;;1~ b'il'ltJd':; nBU'1lUVl1~1~d'L"iJfl'1J€J,jvi€Jfll'~tJB'U'1J'W1Vl'W1b'WLlJ\l1d''tlUVle.JtI'Ivi €J'VIm8iwltJ L ~flm~'W lVl8 

rln~lB'Vl5~fl'1JB.:jei'\l1d'1~1'Wfll1iJml~Bfll1lJn11':] B'Vli5~~'lJB'I(;l'W1lJlyJYl1 LL~~B'Vl5""~~'1JB,jBru'VIi1iJ, " 
(Electromechanical properties of multi-walled carbon nanotube!gelatin hydrogel composites: Effects of aspect 

ratios, electric field, and temperature) 

~ 
:S'Vl5~~'1JB'I~m:'lru'Vl1,j~ru\i1'W1'Vlm'1J €J'I~€J~ L€JVi~'Wl~B €J nil'Vll€J~'W~€J m'lflltJfliJ m'ltJfl~'\J~€J8 m'1l'U~ f1dVlLtJ'Wl'11Bn~l n 

~ , 

~€J~LiJBfe.Ji:lm:;viw;m~LBVi~'Wl~€JBn'lil'VllB;;''W (PEDOT) Lb~:; LL€Jfl~L'W\l1'1filVll!l'lVld'L~~ 

(Electrically controlled release of benzoic acid from poly(3,4-ethylenedioxythiophene)/alginate matrix: 

Effect of conductive poly(3,4-ethylenedioxythiophene) morphology) 
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1J'VIA~~ tJIlJ'ct1lvJ tJ 

b~8 bL~ m 'IJ~tJ'W1'IJ'i\il8'W~ljl'il nl'itJl1'IJ'i\il8'W~.:j~1 nlr1~ b~.:j'IJ'i:; n8'Um81~vl'IJD~~ b86'1b'€l:wlyj1bb~:;off~1yj btJ'VI~8~(~ib'VI8{f) 

l\Jl'WBb'VI8fofffllvM r;11V1-r'Ub"1l~,h.;ffm~~.:jbb'U'Ub:W'VI1'W8~1~ tJ \Jl'i.:j 

l~~ b~.:j'IJ'i:; nfJ'U b~8 bb~ n bU~tJ'W1U'i\Jl8tJ~n b\Jl~ tJ:W~l n15V1citJVJ~:W~"ltJ\Jl';n;i1~:;mtJ1~ tJvll n 1 'immmtJ1~vh{j~~ 
!.B (;1 bB:W1vJ1 (ZSM-5) b-Vltl'Uoff~1vJbtJ'VI~8~ (Bb'VItJfm\il'WBb'VItJfoff~1yj'W) VI~tJ S-PEKES 1(;1~,b~.:j'IJ'i:;n 8'U~jj'IJ~:IJ1rumtJ1f1vl 

'lJu~~btJ(;1bB:w1vJlb'Vhtl'U 10 b'IJtJfb~'W\Jl1(;1tJ'IJ~:IJ1\Jl'i ii(;1:w'U'11b'tl.:jn~~~ .:jl'W1~tJ.n~n'ctlB'VITI~~'/JtJ.:jeJ\Jl'i1~ltJ'i:;vdl.:j Si ~eJ. 
Al bb~:;'IJ~lJlru'/JmmeJ1~vl'IJ'i1~~beJ(;1bBjJ1vJ1 ~eJnl'itJl1u'i\JltJ'W nl'i~hJ~ltJ'/JtJ-:)btJ'VI1'W8~ (;1:w'U'11b~~n~ bb~:;rnl:Wb(;1~tJ'i~eJ 

rnl:W~eJ'W'/JeJ.:jlMlb'tl.:j'IJ'i:;ntJ'Ub~€Jb\~m'IJ~tJ'Wl'IJ'i\JleJ'W l~m'VIfli1fl FTIR, TGA, LCR meter bb~:; Gas Chromatography 

~.:jAru(;1lJ~b·v'lcil'd~:;~m'IJ~tJ'UbVitJ'Utl'U S-PEKES 'U~~'VI~bb~:; Nafion 117 

1J'VIri'®~tJ[)l'\:11 eJ.:jnq'ct 

High proton conductivity ZSM-5/sulfonated poly(ether ketone ether sulfone) (S-PEKES) composite proton 

exchange membrane for using in direct methanol fuel celL 

Composited proton exchange membranes consisting of ZSM-5 embedded in sulfonated poly 

(ether ketone ethersulfone) (S-PEKES) are fabricated by solvent casting technique in a dispensed zeolite 

polymer solution. Composite membraneswith ZSM-5 content up to 10% v/v exhibit good mechanical 

properties. The influences of Si/Al and amount of the ZSM-5 on the proton conductivity, methanol 

permeability, physical properties, and thermal stability of the membranes are investigated. The composite 

membranes are characterized by HIR, TGA, LCR meter, and GC techniques . The important properties of 

the composite membrane are compared with the pristine S-PEKES and Nafion 117 membranes. CBV 

2314/S-PEKES composite membrane with 2% v/v ZSM-5 content shows the highest selectivity <'.12 x 

10-5 S.cm -3. 

b'IJ~~b~eJbi'jii'-H1 'U'U bt.JYJ1)'Hl~1~.tJm1 (DMFC) ~ U'lJi'j ~'Hl'lJYJ~ bbYJtJ11V1~-!llV1aJ~t.h(;1tJ1'1 IV1EJ~ll.J1'i .~~llJl 
'IJ'i:;tJn\Jl1<ffbU'WbbVl"'-:)1~\~~.:J-:)1'WlueJ'lJn'irul'il.:j" b'titJ l'V1'il'1~vl A8:W~lb\JleJf b'lJ'WIJ1'W 1~tJih~mb~m'IJ~tJ'W1'IJ'i\Jl8'W (PEM) ~ • • I 

bU'WYl,hmB~b:WBfB~[)1tJ1'W vllV1,j'l~bU'W~l'iBb~n1'VI'i1~vllv1EJ:u~ru~:W~tJtJ:W1Vl1'IJ'iI'lB'W~1'Wbb~:;{JB.:JtltJnl'i'1ilJ~1'W'/J8.:J 
blJ'VI1'W8f1 l~tJ1'Wtl~~u'W.nb~mbflm'IJ~tJ'W1'IJ'i\JleJ'W~lj'/J1EJl'W'vfeJ-:)l'lm~AeJ b'W'I'l~BB'W (Nation) bb\Jllj<ffm~CJ'/J8.:jb'WvJ~jB8'W A8 

ljfi 1m 'i'ii:W~l'W'/J€J-:)b:WVll'WeJfI~.:j bbfl:;hl(;11:1J1'iC1H.:Jl'W~ ~ ruVIJJii~-:) bbfldhlfll~.:J 1'W.:jl'W1~EJd~.:ji~'Wl b~€Jbbfl m 'IJ~EJ'U 
't'IJ'i\JlB'W'lJtI~1 VlliV\ljl'ilnl'itJl1 'IJ'iI'lB'W~-:) b~~£J'iIlJ~\JlBrnl:W~B'W~ bbfl:;'ilAl~n 

~ln.:Jl'Wl~EJ~~l'W ljnl'i~~'Ulb~mbflm'IJ~tJ'Wlu'il'leJ'W (PEM) VI~ltJ'IJ'i:;b[)'VI L'ti'W b'IJBivJ~88~b'W'VI ~lfb~tJfI 
" 

vJ~8eJ~b'W'VI 'WeJ'Wyj~BeJ~b'WVI b~m~Bn~l'W1'IJ'iI'lB'We-.J(;1:wmVlb'Ur1 bbfl:; b~m~tJ n~l'W'lJUVllMlb~.:j'IJ'i:; neJ'U IVlm~m~eJn~l'U 
'1Ji1Vl'WeJ'WvJflBB~b'WVI~:;ljr11EJhlVl~mu'WVllim~1 'i:lJ1?tn b'li'U o/lfllvJb'W'VI~eJ~B:;1~'W€ib'VIBfA1I'l'W ~.:JiJri1 nl'itJl1'IJ'il'leJ'W~L~tJ:W 

" " 
'i !l;JyY~b1'J:J~fJ~ ~lJ tJ hVVl b'VI eJf1lJ~§llfo1~n~~ b~ ~ b~ fJ n ~l:J1'IJ'i!ll tJ:J 'VI1~bflii ~b~ ::; 'VI1.:JfI !l 1 ~.J'rfJ\l &i ~fl11lJ b U\lQ\l!l\! ~rrn:w 
bb ~-:)bb'i-lL~-:)nfl&ib~mJ bbfl:;ihlA1AtJ'W.ul-:)~n LfjtJb'IJ~tJ'U bVitJ'U tl'U Nafion 

1'W-:)1'W1~CJdvllnl'ii~'Wlb~mbflnLt1~f.I'W1'IJ'i\iltJ'W~lnl(;1Vl,b'd.:J'IJ'):; n8'U ~ijr11:Wl'iC11'Wnl'ibb'!l.:J,)'Wtl'U b~B bbfl n b 'IJ~ tJ'W 

1'IJ'i\JlB'W~ln Nafion ~11.:J'/JltJmlJYf8-:)l'lfl1Vll~CJljAlnl'itJl1'lh\JleJ'Wr1.:Jn11 ij nl'i'1ilJ~1'W'/J8.:JbtJ'VI1'WtJfI~ln11 bbfl:;ljfl11:W
'U 

b~~tJ'i~tJ(;11'i bflijbbfl:;fl11lJ~tJ'Wr1.:Jn11 b~emflmt1~~'U1 'IJ'il'l8'U\ll n Nafion 1~C1'IJ'i:;~.:JA"1JtJ,m'U1~EJdfiEl nl'itJlmtJ1f1vl 
~ , 

'IJ{j~~hm!bBlJhH (ZSM-5) :Wlbl'l~CJlJbU'W~El~Ib:WtJ1b'8~'IJ'i:; nB'U b~tJb~:Wr1lJ~nl'itJl1t1'iI'lB'W'/JB'l b~mb~m'IJ~mjl 'IJ'i\JleJ'W 
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1\1lEJvhn1dptf),I!llB'VI5'rl(;1'lJel '3'ei'(Jldl~1'Ud~vr:h..:J Si ~B Al ~~(;1~tJ~lJlru'lJ8'l ZSM-s1'Ul~\1lb~..:JtJd~nmJ~ii-B'{11'\Ih'U'.~'rlel~ 
(B b'VI8{~1(Jl'UB~'VI8{rli(;11~'lJ) \1 '~el S-PEKES btJ'UbDB~'U vh n1d~'lJdtJl~\1lb~..:J1.Jd~nel'lJ~~ ~~11~'1EJ15\1~BYJG1lJ1M(1)1Vh

" 1 

.fj~mtJ lrltJnl:m-'1l-J S-PEKES ~d".;;~'U-K£llyJb'lJ-K'lJbyhn')J Q.661(1)EJ1i1'Ylfl1Jfl LCR FTJR TGA GC 11Jnld"1 bfld"l.;;Y1f] OJ"3Jmi 
~..:J\1lJ\1l'lJel..:Jl~\1l~:a..:JtJd~nB'lJ~~n~111\1lmtJ~EJ'U~ViEJ'lJn'lJ S-PEKES bb(;1~ Nation 117, 

3.1 ~n~1~'Uflil~~"~d"1'lJd1lJ-1iBlJ{1~~tnnu:n'U1~EJ d"llJ~..:Ji..:J~mfl~B~bbn';m"~~ldbflii
" 

3.2 ~..:Jbfldl~"''rlB~ (Bb'VIB{A1(Jl'lJBb'VIB{oij'{1L9fJ'U) \1~B PEKES ~b,,~-B'(;11~b'lJ'VI'rlB~ (Bb'VIB{A1(Jl'lJB~'VIB{oij'"1~'U) \1~B 

S-PEKES b~mJ1n PEKES ~d~~'lJbb,,~-B',,19fJb'U'VI 0 .6 6 ~..:Jbfldl~"'L\1lEJlJ8'UmlJB{6'1B..:J'lJij\1l fiB 4, 4'­

dichlorobenzophenone bb"~ bisphenol S e.Jl'UtJi]iHm nucleophilic 1\1lfJlJB'UmlJB{~'16'1B..:J~ne.J~lJ1'U(1)1Vh"~"lEJ 
1~~~VJ§l'ff51Yh;Jn1'!f~ ,bbr~L'VI~B1J~b51~~&1~ l)J ~~\J)§1 b~EJ~fll{'lJB~ 'U(Jl !11FJ1~1Jdd .mn1~1'U1(JlWil\l 1~·1.t-!'1 PfKfS ~ln~'lJ1Jl11l 
rli"1~b\J'tl'U (Sulfonation) L\1lEJm\1loij'"YJ1~m-iilJ-ii'U b~"~(Jln(Jl~flB'U1,~Jl~b~'l ~b"~~'UdtJYJ~lJL\1lEJn1d\1~BYl~lJL\1lEJ1m\1l blJVJ(;1

" 
rli(;19fJ8n1'1j~ 

3.3 b(Jl~EJlJ(1)18~1..:Jl~\1lb~..:JtJd~flB'lJd~'VIil'l~lB1m'1't1ij\1l~bmHBlJ19fJ1\1~B ZSM-S) bb(;1~ i{1h~b'U'VI'rlB~ (Bb'VIel{fi
1 

L(Jl'lJBb'VIB{i(;1L~~ 'lJ) b~B1bfldl~"'flru~n~ru~ bQ'rll~L~W bfl~B'IiJel1bfldl~"''VI1'11'V1mf'11~(Jlf, 
3.4 fl~~tflfld..:J6'1h:j'VI1..:Jbflii~lm'VIfliifl Fourier Transform Infrared Spectrophotometry (FTIR) ~ru6'1lJ'I1~ 

f'l11lJb6'1~m'VI1.:Jfl11lJ1el'UJi'1EJ Thermogravimetric Analysis (TGA) r11fl l d'th1tJd(JlB'U1\1lmfl~B..:J LCR meter r11n1d;lJ 

P.h'lJ'lJel..:JblJ'VI1'Uel(;1L\1lmfl~B..:J Gas Chromatography (GC) ~ru6'1lJ1.N\b~..:Jn{11\1lEJ Universal Testing 

4.1 n1dl~ml~\11\1lm'VIfl'IJ.fl FTIR 

FTIR 6'1 ~tJfl(Jldl'Uel..:Jb~mb(;1mtJ~EJ'U1tJd(Jlel'U't1D\1ll~~b'B..:JtJd~nB'lJ~iJ.mellml't1ij\1l~bB'H8lJ19fJ1 (ZSM-S) ~iJ5~ldlci1'U, 
'j~Vf11.:J Si ~B Al bVlln'lJ 23 SO 80 bb(;'l~ 280 btJ'U~1'lJe.J~lJ 4 btJB{b~'lJmMtJ~lJ1(Jl'j bb(;1~ S-PEKES ~d~~'lJi{11~b'lJ'VI 
~vhn'U 0.66 bb6'1\1l.:J1'U'jtJ~ 1 'fJ'lJn1d~~'lJel'l\1jjl~~delfl'8" 1'U'1!1..:J 3700 - 3200 cm'! bb{1~n1d~\1l'Uel'l\1:JV1..:Jni'U'UB~ S­

"" " 
PEKES l'lJ'1!1.:J 1800 - 400 cm'! 

30r-----------------------------~ 

4000 3000 2000 1000 

Wavenumber (em" ) 

S-PEI<ES membrane OS - 066) 

cav 2314 (s.rAl • 23)1S-PEJ<ES CO'nl)()I,te "",-,lbmne (4l1ovlll) 

cav 5524G (SoIA! =5O)lS-PEI<ES """"""'lAO moml>".,,,, W"vlv) 

C6V801 4 ($<IAj - 80jI -PEKES~t __an (4l1ov I 

cav 28014 (SoJAI ' 280)!S·f'EI<ES C<lmpOOIIe _ (4" vlv) 
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4.2 f11'jlbml::;'VI1~m'VlAijA TGA 

b'Vl€l~hJbbmlJ'tJ€I~b~tJbb~nhh\J)€I'W:Uln Nation 117, S-PEKES bb~d'GI~b'tl~th::;n€l'U'j::;'VI';h~ ZSM-5 bb~::; S-PEKES, 
~fnla.Jb~mJ'lJ 'UeJ~ ZSM-5 4 L'\.J eJ ib~'W\Jl1Vj.tJ'\.J~lJ lm ~ei'\Jl'jl~l'W'j::;'VIll~ Si ~eJ Al byhn'U .23 5.0 8.0 LL'l~ .28.0 bbGlVj,,1'W 

'jtJ~ 2 Nation 1171'W~'Wbb'jm"i'U f11'j?l~1~(I)11'W'lb;J"ru'VI.fl:iJ 25.0 O~ 4.0.0 eJ~l'llb"1Jm;~?l1'W,r'W~?I€I~bnVj;'W~ 4.0.0 B;Jf'11
v ~ ~ 

b'llm~~?1 ~1'W SPEKES 'f'j'Uf11'jGlm~(I)11'W~'Wbb'jn~·1h:j~ru'VI1Jii~~ru'VI1J:iJ~.:ln11 3.0.0 B.:ll'llb"1Jm~~?I bb?l\11.:lm'j'VI~\11BBn 
'UB~m~i~hJijn f11'j~~Jl'VIun1'W~'W~?lB'I~'1i1.:lBru'VI.fliJ 42.0 O~ 45.0 B~l'llb"1J~b'l1~?I bbGl\11.:lf11'j?lm~(I)l'UB.:llA'j'lG1~l.:l'VI~n, " 
S-PEKES ~1'V1-r'Ub'Vl€J11lJbbmlJ'tJB~1G1\11b'8.:ltJ'j::;nB'\J'j~'VI ';h~ ZSM-5 bb~~ S-PEKES bb(;y\11'lO'lm'jb(;Y~tJ'j~tlmllJ{tl'W(;y;Jn11 , " 
bdmtJ~~'UbYi~'Un'Ub'VlB1llJbbn'JlJ'1JB;J Nafion 117 bb~~ S-PEKES l~~m'j?lfll~(I)J'Vll'lrnllJ~B'W'1JB~lMlb'8'1tJ'j~nB'Ub'~lJ~ 
'1il'l~ru'VI1J:iJ~'ln11 4.0.0 €I'1l'llb"1Jm;~(;Y bb?l~'10;Jm'j?l~1~(I)l'UB~ S-PEKES bb~~m'j?lfll~(I)l'Vll.:lrnllJ~B'W'llB;J1G1~b'8'1 

tJ'j~nB'Ub~lJ?I;J~'WB~l;JlJlfl bdm~lJei'\Jl'jl~1'W'J::;'VI 1 1'l Si ~eJ All\11~Bru'VI.fl:iJm'j?lfll~(I)ltJ'l~lJlru 6.0.0 B'll'llb"1J~b~~?I 
~ ~, 

4l-l~'W lG1~b'il'ltJ'j::;nB'U'l~'VI11'1 ZS M-5 bb~~ S-PEKES ijrnllJb61~~WmmllJ~B'W?I~fl11 Nafion 1171~~l?1\11b'8~'\.J'j~flB'U, '" 
4l'lflr;illiimllJb(;Y~m'Vll'lmllJ~eJ'W~~'1lJlfl bb~~1~b~BlJ61~1~1'W'1il"l~ru'VI1J:iJ 25 D'I 12.0 eJ'lf'11b"1J~b;~?I ~'1b'VIlJl::;~1'VI-r'U1i 
l'WltJ'lbbmlJtJ'j~~flii DMFC, 
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Temperature (oC ) 

- - - - - - NaCion 17 membrll/le (OS. I 0) 
S·P£KES membmne (OS · 0.66) 

- - - - - CBV 23" (S4IAI " 28YS-PEXES oompo$ito montbrano (4%vJv) 
- - - - - - .. CBV 552~G (SIlAi a 5OyS·P('KES composlle l"'efIlbtone (4%v ) 
---­---­ - - CBV 80 1" (S4IAI = 8Oys.PEXES OOl\"4>OSite membrane (4%vJv) 
- --­ - CBV 2801 4 (SliAi .. 2801lS-PEKES composito mcmb<anc (4 '1t.vtv) 

4.3 f'hfm,,!l1'\.J'l\1lB'W'UB'Il?1\11b'8'1tJ'l~flB'Ul\11CJm'llbA'll~~~lmA~B-l LCR meter, 

r11f11'lth 1 tJ'l\llB'W (cr) dJ'WfJru?llJmh~lrY'I!'tJB'I b~mb~flbtJ~~'W1tJ'l\J)B'W ~'1d'j'W(I)ltJ'I'UBfltJ'l~~'Vl~.fl1WlJB"l 

PEMFC bb~~ DMFC l~tJfhfl1'ltJlltJ'j\llB'W (cr) 'llB'I S-PEKES ~'l~41'Ui~l~b'W'Vl .0.66 bb~::;r11m'ltJlltJ'j\J)B'W (cr) '1JB"llG1~ 
b'E 'ltJ'j~nB'\J'j::;'VI11'l ZSM-5 bb~~ S-PEKES ~ei'\1I'l1~1'W)~Vf11'l Si lJleJ Al bVllnu 23 5.0 8.0 bb~~ 28.0 ~BruVf.fl:iJ~B"l iirh. " 

• '" -3 -4 -2 -4 -2 _1. -2 
b'VllflU 8.45 X 1.0 ± 5.75 X 1.0 , 1.35 X 1.0 ± 1.53 X 1.0 , 1.31 X 1.0 ± 4 . .0.0 X 1.0 , 1..07 X 1.0 ± 4.73 X 

IG-l; bW~ 7.81 X 10-
3 

± 2.93 X 1.0-4 S/cm \llllJ&1141U ~'llb~\11'l1'W)tJ~ 31V1~rri:1vn'il'ltJ):!lleJU):!'VI~1'l ZSM-5 lb~:! 5­" , 
PEKES ~e)\1I'll~l'W)~'Vdl"l Si (})B Al '1JeJ'l ZSM-5 b'vhnu 23 Vf~eJ CBV 2314 iJrl1fll'ltJl1tJ'l\llB'W?I.:J'Vii:11111I11tJ?I"lfl11 

'" " 
Nafion 117 tJ)~lJlru 1.24 lvh bb~~?I~fl11 S-PEKES tJ'l~lJlru 1.6.0 bvh bb~ ~ l?1~l'il,:jtJ'l~fl€JU)~Vf11'l ZSM-5 bb~~ S­" . 

PEKES ~iiei'(>l)1~1'W)~'VI11.:J Si IJlB Al ~1 ~::;ijr11fll)tJll'\.J'l\J)B'W~.:J btJ'We.J~lJl\lln?l.fl1'f'jmllJbtJ'W~1~~lfl11 
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SifAJ ratio 

o 4% C6VI$-PEK S ~tte meml)rane I 

\JlnBYI~~'1J€J"llrhJ1ru ZSM-51iJ1~lilb:a"llh~n€JtJ'tJ'l~n€J'U':i~VrJl"l ZSM-5 bb~~ S-PEKES ~€JAlf)1'l1111'tJ'l(1l€J'W 

~.m~V1.:!l'W'l'tJ~ 4 ~tJ'il1~V1b'B~'tJ'l~n€J'U':i~Vlil~ ZSM-5 bb~~ S-PEKES ~ii'tJ~:lJ1ru ZSM-5 ~iiei'mlal'W'l~Vlil~ Si ~B AL" , 

-4 -2 .l. -2 -4 ·3 ·4 -3 
3.16 X 10 ,1.35 X 10 ± 1.52 X 10,1.10 X 10 ± 2.52 X 10 , 9.47 X 10 ± 3.06 X 10 bb~~ 7.30 X 10 

± 5.15 .x 10-4 \9)l:lJ"h~tJ 1"'V1b;B~'tJ'l~nBtJ'tJ'l~flBtJ':i~Vlil~ ZSM-5 bb~~ S-PEKES iirilf)1'l1111'tJ'lOlB'W6'1~~"'V1 b~BH , " , 
ZSM-5 bvllntJ 2 b'tJB{b~'W\9)1V1~'tJ~:lJ1\11'l1V1EJiiAlf)1'l1111'tJ'l\1lBiJ6'1"nil Nation 117 'tJ':i~:lJ1ru 1.61 bvll LL~~6'1~flil 

" " 
SPEKES LJ':i~:lJlru 2.08 Lvll 
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CBV 231 4 content (%v/v) 

a N.oflOn 117 membr_ 
o S·PEKES (OS 0.66) mombranc 
-- CBV 23 141S-PEKES COO1posdU mcmbt81lO 

'lU~ 4 ri l f11)1111U)\JlB'W'1JB.:jL~mL~mb'tJ~m.Jl'tJ'J\JlB'W~1f1 S-PEKES, Nation117 bL~d~V1b:a"l'tJ)~flBtJ'J~Vlil.:j ZSM-5" , 
(CBV2314) LL~~ S-PEKES ~m:lJlru'1JB"l ZSM-5 ~l"n'W 
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4.4 fhm':i~lJ~l'\.J'1Je:J'ILlJVll'lJ€l(l 

m':i~lJ~l'lJ'1Je:J'I LlJVll'lJe:Jfl LtJ'lJUf1:jlVll~1r1f1:j'1J e:J-l DMFC 1~ ~JJfl'il:;.;glJ~ l'lJ'ill fl~-l bLe:Jl'lJ~m ~\mf11Vl~ Vll H\f\Iile.J(I L~~ 
~€l~t1!b~m1JVll'lJeJmLfl~flliltJ':i~~Vl5illV: '1Ju'l DMFC (l)l'n:j~ 1 bbG1~.:jri l fll':i~h.!~1'lJ'1J€l'lblJVll'lJe:Jfl1IiltJ<Vllm':ilbf1':il~'I<i~ 
~ruVi~iJ 27 €l-l~lL'11flL~tJG1 rilm':i'l1lJ~l'J'1J€l'I Nafion 117 SPEKES Lbfl~i'G1~L~\I'li':i~fltl'U'lh~fle:Jm~Vi'h:l ZSM-5 Lbfl~ S-

ci !lJ I • I I t.J CII I I 4J ·6 -7 -8 
PEKES VlBmlG11'lJ':i~Vlll\l Si (l)e:J Al LVllfl'U 23 50 80 1.1.(1:; 280 lJf11LVllfl'U 1.41 x 10 , 1.03 x 10 , 7.85 x 10 bL{l~ 

6.34 x 10.
8 

em2/5 \IlllJ~l~'U rilfll':i:jlJ~1'lJ'1J€l.:jLlJVll'lJtlfl'1JtJ'Ii'G1~ t.~.:nJ':i:;flB'UtJ':i~fle:Jm~Vil1\l ZSM-5 LLfl~ S PEKES ij, ­

ril~lfll1 Nafion 117 tJ':i~lJ l ru 18 LYll Lb{l~~lflll SPEKES tJ':i~lJlf)..I 1.32 LYll 

~lVl-r'U8Vl5'\'jfl'1Je:J\I ZSM-5 l'le:Jril m':i'11lJ ~l'lJ'1JB-lLlJVll'lJe:Jfl'1Je:J\!i'G1~,b~\ltJ':i~fleJ'UtJ':i~ fle:Jm~Vill-l ZSM-5 bL{l~ S­

PEKES '\'j'Ull i'~lilb~-ltJ':i~fle:J'U~ijtJ1mrutJ1mru ZSM-5 Lyiln'U 246 8 t.Lfl~ 10 t.tJe:J~ L~'lJ(I)1IiltJtJ1mm ijriw/lln'U, 
8 8 8 8

8.32 x 10- , 7.86 .< 10. , 7.27 X 10. LLfl:; 5.26 x 10. em2/5 \IlllJ~l~'U 1IiltJrilfll':i'1ilJ~1'lJ'tJe:J-lLlJVll'lJ€lfl{lIil{l'lL~e:Jijfll':i 
binlJ ZSM-5 LDeJ-l'ill flllJLfl flfl'1JB\lLlJVl "I'lJBflt:lfllilliloif'U bLfl:; flfltJ~ n'lJ~';ltJqrB1m11'lJ'1Jru:;~ bflV1fll':i bt. '\'j~ 

" '" '\J \i 

ZSM-5) bbfl:; S-PEKES 

PEM composi Ie S,/AI Zeolile Thickness Melhdnol PrOlon Membra"" Tell$ile Young's modu lus EIong.1lion .1 
(h/ll) (on) permeability conductivity "'Iectivity >lrt'nglh (MPa) break 

(on' ·s-') (S·em- ') (.·S ·on- ') (MP.) (~) 

Nafion 117 membran< (OS = I.O) 0 0 0.0200 1.4 IE- 06 1.09£ - 02 7.72E + 03 28.4 100 329.2 
S-PEK£S membran< (OS = 0.(6) 0 0 0.0278 I.OlE- 07 &45E - 03 8.16E + 04 7.94 ± 025 16266.87 ± 7554 6.91 ± 0.46 
CBV 23 I 4/S-PEKES composilC m<mbranc 23 0.0286 8.12E-OS 1.76E-02 2. 12E + 05 1724 ± 0.73 21378.65 ± 162.95 531 ± 022 
CBV 2l14/S-PEXES composite mcmhunc 23 4 0..0]14 7.86E - 08 135E- o.2 1.71E + 05 3 1.78 ± 0. 15 28557.35 ± 237 4.87 ± 1.1 0. 
( BV 2314jS-PEJ<ES eomposile membr.ne 23 6 O.oJ27 7.27E - 08 1.I 0E - 02 152£ + 05 5352 ± 1.71 36124.91 ± 116 4.73 ± 0.48 
CBV 23 I 4/S-PEKES composi.. membrane 23 8 0.0329 6.45E - 08 9.47E- Ol 1.47E 05 76.88 ± 0.90 41857 ± 224 1117 ± 022 
CBY 21 I4/S-PEKES compositl> membrane 23 10 0.0330 S.27E- 08 73OE-03 1.39£+ 05 82.66 ± 0.50 47644 ± 288 ]55 ± 0.74 
(BV5524C/S· PEKES compositr membrane 50 4 0.0327 7.74£ - 08 I.3 IE- 02 1.69£ 05 29.44 ± 0.18 273 11 ± 265 432 ± 0. 1I 
CBYSO 14jS-PEKES composile membrane 80 0.0128 752E - 08 1.07E - D.2 1.4]E + 05 302 1 .± 059 26548.± 31 9 3.95 ± 057 
CBV 280 14/S-PEKES composite lTIembrane 280 0.0147 6..14E- 08 7.8 IE-0] 1.21E + 05 3222 ± 039 30884 ± 169 455 ± 0.17 

5. ~~UeJ~nTWI\9l~i)"l 

\ll'U1~I:J-dtJ':i:;G1'Uml~~lL~'ill'lJfll':iL\Il~~lJL~mL~ fl btJ~ I:JtlltJ':i (I) B'lJ 'ill fli'~~ b~\ltJ ':i:; fl Bm:;Vll1\l'll1Bl,n1-trij(jl'll b BG1, 
bSlJhH 'V1~B ZSM-5 bb~~oif{llyjb'lJVl'\'jtJ~ (BbVlB~Al\JI'lJBbVlB~oiffl1yj'lJ) Vi~tJ S-PEKES yjijmlm~~tJ':iVll'lf1J l~~eJ'lJG1\1 

" 
biiB-l'illm~~G1fll~1Ji'1~ .. ruVifliJG1\1fll1 400 B\I~lG1 b'11m'llm'l l~tJ ZSM-5 -dlm~lJril fll':it!l 1 tJ':i\JIB'lJ b~mtJ~tJ'UbYitJ'Un'U 

~ "" 
SPEKES bL{l:; Naflon 117 ~-lrilfll':i1.1l1tJ':i\lle:J'lJbLtJ':ier'UmlJ'ii'\Il':i l ~1'lJ':i:;Vill\l Si \lleJ Al bLfl:;U1lJlru'1J eJ \I ZSM-5 'lJ€lfl'illfl~ 
rilfll':i'1ilJ~l'U'1JB\I blJVll'lJe:J{l'tJB\li'G1~,b~-ltJ':i:; fle:J'UtJ':i:;fle:J'U':i~Vill.:j ZSM-5 bbfl:; S-PEKES flV1(1'1e:J ~ l\llJlflb~mVi~'Un'U S­

PEKES b6":; NaFion 117 biie:J.:J'illfl ZSM-5 -U~'1Jll\lfll':i LL'\'ji'1JB.:jblJVll'UB~ l~tJi'G1~b'il.,'jtJ':i:;flB'U~~ ZSM-5 ('ii'\JI':il~J'lJ, 
':i:;Vlll\l Si I'lB Al bvhn'U 23) tJ~lJlru 2 btJe:J~b~'lJIJi1(jltJtJ~lJlm~flb~BmviB1·b't.tJ'lJb~mLflmLtJ~tJ'lJltJ':i\llB'lJ LiiB\i'illflij 

G1lJ'\m~~~lVl-r'U fll':i1off\il'lJ1'lJb'llfl~b~B b'\'j~\I bb'U'U blJVll'lJB{l1~tJ\Il':i\l1~eJ~1.:)ijtJ':i:;~Vl~fIl~ 

http:36124.91
http:membr.ne
http:28557.35
http:21378.65
http:16266.87
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1JYJ rl®~ El ilJ't:rlrnEl 

nT~l'lm!I1€i'VI5'Vl~'UEl.:!1~'VI::;'VI11'U~i'U~El mltJ'1€J'UG1'UEl.:J'VI1.:!1V'J<i11'U€J.:!1G1~ b:ri.:J1J/::; n€J111::;VI11.:J dPPVlZeolites Y mEllWi 
G1f111::;1€JI::;b'VIEl'UEl.:!ml>l'U 

l?l~b~.:!'\:h :m€J'Ud~'VI11.:J'Vlu~'VlldlYltb~t! bill~1). (poly(p-phenyLene vinylene Vf~€J dPPV) ~e.il'Un1dHhJ 
bb~::;il€Jl~vi11El (Zeolite Y) ~e.il'Uml~~mlJ~ll'wmlbb~m'\J~mil€J€J€J'U btJ'Uml'\J1'U'\J1.:!~i1mlb~€JmhbYn::; bb~::;fi1rm:IJ 
1€J.:!111'Ufl111>l€J'UG1'U €J.:!'Utl.:!lMl, l~El'VI~G1€J'U1'U1:;'U'U~"':IJ~G1 n'U1€J1::; bVI El'U€J.:!ml>l'U~~1.:Jn'UG11:IJ'1fiJ~ f)€J €J:;~11>l'U b:IJVl ~ 
b€JVl~i'ill>l'U (MEK) bb~~ b:IJVl11€J1'llD1Vl1AbI>l'U (MIBK) 1~Elvhfl11 bb~m'\J~El'U1tl€J'U'U€J.:J~1€J1~vi11El VI~€J NaY n'U1~'VI:; 

2 2 2'VI'l1'U~-a''U'1fiJ~'\J'l:5~'U1nG11:IJ'1fiJ~ A€J Cu + Ni + ~b'\Jtl'h~'U\limlbb~m'\J~El'U1ElElEl'U 80 btJ€J{b~'U~ lvWfl1'lPifl'!~l, + bb~:5 Fe

B'VI5'Vl~'UEl.:!'1fiJ~'lJEl.:!l~'VI:;'VI)l'U~i'U'1fu~tJ):; ~'U1f1 Ei'VI5'Vl~'U€J.:!'1fiJ~'UEl.:J1m:; bVlEl'U~Nml>l'U bb~:; B'VI5'Vl~'Uel.:!m1:IJ b-iilJ ~'U'UEl 'I, 
1€J'l::; b'VI El'U€J'I l'il1>l'U ~1 m.J~ fl1'l'VI ~~ €J'I 'Vl'U11 80CuNaY :Wi'll nl 'l I>l€J'UG1'U€J.:! ~elm:;bbG11V'J<i11bb(;l:;rl1f1 '.l1:IJ1€J.:!11t 'Ufl1 'l 

tJ)€J'UG1'U€J':!~€Jm:;bbG11V'J"I~1~.:!~~ b~€Jvhm'l'VI~G1€J'Ul~EJ"'lJ~G1 n'U1€J'l:; b VlEl'U€J':!€J:;~ll>l'U ~mll.Jb.u:IJ.u'Ubvl1n'U 30,000 ppm 

1'U'VI 1.:! f1~'U n'U 80~eNaY iii'll nl'lI>l€J11?1'U €J'I~El n):5 bbG11 V'J ~~l bb~:5rll f111:IJ1€J.:!111'U m 'l 1>l€J'UG1'UEl.:! ~el m::; lbG11V'J~~1~1G1~ 
b~€J.:!~l flbb 'l':!~.:J~~'l:;'VI11.:Jl\Pl'l.:!?I~wtl€J.:!il€Jhl'vl11 EJ n'U1€J€J€J'U'1fiJ~tJ'l:;~'U1f1 bb(;l:; b~B bl>l~mHtJ'Uli.'l~ l'1i.:!th:; n 1)'U):;'VI1l.:! 

" " 
80CuNaY bbfl:5 dPPV 'Vl'U1l lG1~,bfl.:!'\J 'l:; n €J 'U~':! n" 11:W I'll fl1 'lI>lEl'UG1 'U El.:! ~El n):; bbi.'l1 V'J<i11 bb~:;f'llf11l:IJ 1€J.:J111'U fl1) 

\f1€J'U G1'U€J.:!I1i€J m::; bbG11 V'J<i11i.'1.:! M) b~€Ji;;':IJ~G1 n111€J)::; b 'VIEJ'U€J.:!€J::;i/ibtJ'l'U bb~ ::;:Wrll ~1?1~ b~ €J"':IJ~?I n'U1€J)::; b'VI EJ'UEl.:! MIBK" , , 
'U El n ~1nt11i.'l~b:ti.:!'\J 'l::; n El'U~.:! n "11 eJ.:JG1llJ1)fll>l El'U i.'I'U El.:! ~€Jm::; bbi.'llV'J<i11~ f11 1:IJ b.u:IJ-iltJ'U El.:!1€J)::; b'VI El'U€J.:! €J ::;~11>l'U(;l ~~.:! btJ 'U 

5 ppm 

llVlrl®~€Jmj;~~ 

Effect of transition metals on the electrical conductivity response of dPPV/Zeolite Y composites toward 

ketone vapors 

Doped poly(p-phenylene vinylene) (dPPV) is mixed with modified zeolite Y to improve the 

selective and sensitive response of zeolite Y toward three different ketone vapors (acetone, methyl ethyl 

ketone, and methyl iso-butyl ketone), which are known as the toxic components. Zeolite Y (Si/Al 5.1, 

Na+) or NaY is ion exchanged with transition cations, Cu2+, Ni2+, and Fe2+, at 80% cation exchanged to 

prepare 80CuNaY, 80NiNaY, and 80FeNaY. In this work, the effects of transition cations, ketone vapor type, 

and ketone vapor concentration are systematically investigated. The highest electricaL conductivity 

response and sensitivity toward acetone vapor at the vapor concentration of 30,000 ppm is obtained with 

80CuNaY, whereas 80FeNaY shows the Lowest vaLues due to the eLectrostatic interaction between the 

zeolite framework and the cation. dPPV is mixed with 80CuNaY and exposed to the three ketone vapors. 

The eLectricaL conductivity response and sensitivity of the composites toward acetone exhibits the highest 

VaLues, whereas v\lifh MIBK ffiey snow ffie Lowesf vaLue. Affe( mixing of 80CuNaY wiffi dPPV, ffie iiiiRim u'm 

vapor concentration toward acetone vapor decreases from 9 to 5 ppm. The response of the composite is 

irreversible as evidenced by Fourier transform infrared and atomic force microscopy techniques. 
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lJfiVj'lj'Y1i-l€linll"l dJt.I1:.JfilJi~if1 nldl<ffe.J~\Il.nru"tJ'S~ bi1Vlml'l'Sb~tJlJ bbfi~ml/l'HfliJ ~-l n€ll\1\n~bLf1~Y1'1j bbfi~1€l 

d~bVltJ'1J€l-l~i'SLfliJ ~-lt!'U ~-liJmilJ')lu'U1'Uf1T'i~~'UT)~~~~llJl'St;)1m'Unldl/l'Sd~i'~bbn6'lVj~ bbfi~l€ld~ bVltJ'!J€l-l6'l1dbflij h1'. 
ijnl'SI/l€l'U~'U€l-l'1J€l-ll~ ~6'I-l~'U bbfi~ijfll1lJ6'lllJl'S t;)1'Unldb~€l mhbYll~'lJ€l-l16'1~~~ dllJvY-lIJl'UVl'U1'Unl'St:-J~I/l~l l~tJiji'~~

'I '\J 'I 'I ~ 

VlmtJ'!JiJVl~t;)f1l<ffbu'U16'1~1'Unl'Smd~1~bbn6'l b'tf'U YleJ~blJeJ4L111r !v1! 16'1~~ijdYl<;'U bbfi~lfiVl~eJeJf11"!J~ 
'U 'I 'I 'lI ~ 

ileJlmii (Zeolite) bU'U16'1~'!JiJVlVl~-l~:ihYl<;'U ~-l-wtJllHb'iJ'Ul~~1'Unldl'l'Sl~lVlbbf1~€l~l-lbbYl~VlmfJ b'!l'U Zeolite X 
I '\J ~ , 

Zeolite Y ZSM-5 bbfi~ Mordernite b~eJ-:I~1f116'1I'lbVl"ld iJf'Jru?llJ'U~l'Unld~~'II'Ubbn~ bbfi~nldb\,fJf1bbti~~~ bb~€l~l-lbt~ 
mlJ ileJlm1EJ-lfl-liJAl nlTt.h1yjVll~~l ~-l1~mGnldtJ1'UtJ1-lAl nl'S1.1l1 yjvhtJeJ-lil€llfiYi 1~ fJtJ1'U btJ~m.Jel\Oldl~d'U'S~Vlil-l 
Si ~eJ Al 1~tJf1ldL11'illeJlfiYilJl~l'Um~'lJd'Uf1l'S bbfi f1b tJ~tJ'U1€l€l€l'U bLfi~ f1l'Sb\ll~tJlJ bu'U16'1~L~-ltJ'S~ f1eJ'Utl'U'tm~bll€l4L1ihlVll. 

m~'lJd'Unl'Sbbfi f1btJ~tJ'U1€l €l€l'U'1J€l.:lileJlmh tl'U ul\1lVl1ielfiflllml Vl1€l ul\1lVl1iei'fiflllmldHVl LL~~l~VI~Vl'Sl'U'1l'll'U 
( 1 'lI , ;'li u . 

bU'U1Gf1wYilm'Uf1l'StJ-r'UtJ1-lAI f1ld\Ol€l'U~'UeJ-l bbfi~Alfll1lJieJ-lld1'Uf1l'Sl/leJ'U?I'UeJ.:I'1JeJ-lm€ll~Yi dllJV1-l f11dL11m eJlfiYiVi~I'U 

m~'Ud'Uf1l'SLbfif1bbtJ~tJ'UleJ€l'UlJlt:-J~lJtl'UYl€l~blJeJiL111yjV11 bU'Uf1ldb~lJAl nl'SL111yjYh'1J€l-l~1eJlfiYi bYleJ bYillnl'Sl/leJ'U?I'U€l.:l 

~eJbbn~Vj~ bbfi~l€l'S~bVltJ'1J€l.:l?lI'SbfliJ 

Yl€l~Yll'SlYJiJ1~'U l1Ul~'U (Poly(p-Phenlene Vinylene») Vl1€l PPV bU'UYl€l~blJ€l4hhhl.yh'!Ju~Vld.:l ~.:IUf.JlJlibutl 

l?1~l/ld1~1~bbn?l b~€l-l~lf1 PPV ijAlf1WI1l1yjV11~-l lj~ll'U~bii':)f1~~~ iifldllJb?lOf.J'S~€l6'l1'Sbflii bb~~~.:Ibfldl~v1~lfJ €l~1.:)1 'S , " 
nl/lllJ O.:lbb~il PPV iiAlnl'SL1ilyjYh~?I.:I bb~~-lfl.:)ijAlf1ldb~Bf1,)lbYll~~eJbl.n~ LL~~Alf1ld~~'II'UbLn~~l ~1f1-l1'U1~fJ~~l'U 

" " 
lJl 1'l'U11 f1l'S b\Jl~fJll bu'Ul?1~ bii.:ltJd~ f1€l'lJd~Vlil.:1'ill€llmX bbfi~Yl€l ~ blJ€l 4'1111yjV11 bU'U·1G~~1mm~lJ?llJlliinld b~ €l mi1 b Yll~ 
~emni.'l rllf1l'SVlVl'll'tJbbni.'l Lb~~Alf1l'SL111yjV11 '1J€l'l')~~\Jl'S1~1~bbn~" ,. 

4'" ..t. "" • I'; 1 v 'I ~ .., 2+ 2+ 2+!:l'l l' .;
-ll'Ul~f.J'U Vllf1ldl"lf1~lm~'U1'Uf1l'Sbbfif1bu~f.J'U €l€l€l'UmtJLfiVl~Vldl'U"!J'(j'U Cu Ni bb~~ Fe 'U€l.:l"!JL€l ~Vl111:J bYl€l 

L~lJrilf1ld'l111yjV11'U€l-:J'ill€l1~Yil11:J mfJl~?lml~1€l'S~ bVI tJ'1J€l-lm\Jl'U 1~tJ~f1'1jlBVl5Ylfi'1J€l-l'!JiJ~lfiVl~V1'SI'U'1li'U bbfi~ml lJ 
b'IJlJ'IJ'U'1JeNl€ld~bVlf.J'UeJ.:IA1\1l'U?lllJ'1lU~ fieJ eJ~~l\Jl'U b:\.J'VimeJVl~m\Jl'U (MEK) bb~~ IJ.J'V1~l€ll'll{hVi~A1\Jl'U (MIBK) 

lJ€l'UeJblJ"€l1 Vl1eJ p-Xylene-bis(Tetrahydrothio-Phenium Chloride) ~-lbml~v1~If1 a,a'-Dichloro-p-Xylene 

bbfi~ Tetrahydrothiophene 'VhtJiJn'~fJ1Yl€l~blJ€lbb'lli'Ul'U~€l'U~flJflJlnll"\~1lruVlJJil 180 €lilf'llb'!J~b~tJ?I bUU'S~tJ~b1~1 6 

.ff11lJ-l ~~1~t:-J-l PPV :iJ~f1'1jru~i1bVl~€l.:l?lilil ~1f1t!'Uvilf11dl~tJl~tJb~lJ?ll'S"~~1f.Jf1d~'II"YJ1~f1b'IJlJ'lJU 18111~li vi 
el\ll':i16h'UllJ~d~Vlil~ :Welumllelitlbb~~?lld~~€I1!'Jf1':iVlifiYJ1~f1 1:100 l~eJ~ dPPV ~iJ~f1~ru~b~)1.J~J'wmwh 

b~ll~Tm~mtJ CuCl2 NiClz ~b~~ FeS04 ~iJml11b'IJll'IJU 0.1 llJfn4 fi-l1'Um€llfiYi118 5 f11lJ ~1f1t!'Um'Umh-:l 
~mdeJ-lbU'Ud~f.J~n~l 24 -B'11:\.J-:J ~€lruVli1il 25 €l.:Jl"\lb'1l~b~f.J~ m€l.:J~€ll~Yil1tJ bbfi~~I-l~lfJJlf1~'U 5 f1f-l. " 
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Q V ~ J .
3.2 3 OJ')L\ll·Wl.nfl~I.'tl"DmmJ dPPV Zeolite Y 

e.JfllJ dPPV n'lJ ~tll~viJ1CJ ~'~l'vh(,'jih~Lth..d!lfl1rl~m~tl.:Jl'Ulfl~L:a.nh:;n€l'lJ l~CJihJ~lJ1ru'lJ€l.:J dPPV LtJtl 10 

L tJ€l1 L.jj'UI}1'1~CJtJ~lJ1I}1'l ~)1 mT'Uvll OJ'l~'U'ltJlfl\i1 L'il(jtJd':; neJ'lJ~'l n~lJ~JCJOJd'el\i1~"1'UbLljV1lJv1'~ LL d'(jel\i1 6 nb(;1'WJ(l)'U" , 

llml:;vi'vf'U~ e:J J~JCJ Sorotomatic-1990 l\i1CJVll'lJ'Ul~'lJeJW'tf:l'U m'1:;vf'U~~J'lJeJ"~eJl(;1~J1CJ VllltJtl{l~'UIIl'lJeJ'lOJd', " , 
ll~mtJ~CJ'Ul€ltl€l'U~JCJ Atomic Adsorption Spectrometer (Spectra A300; Varian) V1~'il'U'1rl'j'''fI~lWmlrl:W~JmVlfl'Wfl 
Fourier Transform Infrared Spectrophotometry (FTIR) I}1'j'J'ilfleJ'lJ~n~ru:;Vll'1~ru.i!1'U1VlCJ1~JEJm;'tl'l'1~Vll'1U 

[ib~f'lmPJ'U ll'lJU~~l'Iml\i1 (Scanning Electron Microscope; Hitachi, SU151O)) l~r11OJ'j'U11yjvh~Jmf'l~PJ'l Voltage 

supplier (Keithley, 6517A) 

1}11'j'1'l~~ 1 llfl~'1 nl'lllml:;vi'-ueJlJfHb(;1:;r11nl 'lUl l 'fh~ l'lJeJ.,~l eJl(;1~'Jl CJ~~ l'Unl'j'~\i1 lltJ 'j'l~CJn'l:;'\.J'J'Unl'j'
" 2 

llGl m tJ~CJ'U1erileJ'U~'JEJl~VI:;Vldl'U~off'U 3 'If'W\i1 fi eJ Cu2+ Ni + ll(;1:; Fe2+1~mtJ€lw~'Um~EJllJ(;1'lJeJ'Il€leJtl'U'lf'W\i1\J'l:; ~'\.J'Jn 
2 2 2 

'lJeJ.:J Cu + Ni + m'1:; Fe + iJr11lYlln'lJ 79 84 ll~:; 90 \1l1lJ"'1~'IJ l~eJ1-tld':;CJ:;nml'Unl'm(;1mtJ~CJ'Ul€leJ€l'U 24 -B''JllJ 'I 

Sample Percent Mole of Cdtionic Median Port; Surface Ared 

Sample Code Cation EN Radii (A) Width (A) (m 2IQ) O.ir(S/Cm) 

Zeolite Y (Si/AI =5. 1. NaY 100% Na' 0.93 1.16(Na", 7.4875 ! 0.34 617.0:!: 7.0 2.50 ' 10'; ~ 
Na·) (Na") 2.51 • 10'5 

Zeolite Y (Si/Al =5.1. 80Cu aY 79 0 Cu~ , 21% 0.93 1.16(Na"). 7.092 :t 0.04 526.0!: 2.0 5.67 ' 10,3 !: 
Na· , Cu~ " ) Na" (Na"). 0.87(Cu=-) 7.08 ' 10,5 

1.372 
(Cu~ " ) 

Zeolite Y (Si/AI =5.1. 80NiNaY 84" Niz· .1 6% 0.93 1.1 6(Na" ). 7.656 !: 0.03 506.0:! 6.0 3.51 < lO,3 :!: 

Na· , Ni:+) Na" (Na" ). o83(Ni:") 1.1 5 < 10'" 

1.367 

• 

( NI~" ) 


Zeolite Y (SilAI =5.1 . 80FeNaY 90'>0 Fe:". 10% 0.93 116(Na" ). 7.326 ! 0.39 535.0 :!: 4.0 2.44 ' lO,3 :t 

Na". Fe:") Na" a" ), 0.75(Fe:", 1.66 . 10.5 

1.292 
(Fe=-) 
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(a) (b> ..... 

(c) 

~tJvll ~m;ru~Y11.:J~runuiYltJ1: (a) dPPV ~n1~~'tJt.mJ 5000X (b) 80CuNaY ~n1~.:j'tJtJ1~ 5000X ~~~~ (e) 
~ ~ 

dPPVJ90]80CuNaY .yjnl~.:j'tJtJ1~ 5000X. 

~lf1'itl~ 1 b~i:1~~~m;ru~Y11.:j~ru~11.J1Y1 ~ 1 'tJtl~ dPPV Zeolite Y(80CuNaY) bb~~1'i:1~L<a~t1'i~ntl'lJ" ... , 
clPPVJ90]80CuNaY 1~ ~ ~f1i;ru~ Y11.:j ~ru j'i1 t!1Y1 ~ 1'tJ tl ~ dPPV Zeolite Y(80CuNaY) bb~:;l'i:1~b:a.:JtI'i~ntl'lJ• 
dPPV _[90180CuNaY ii~n1!lru~dJt!d1m~mnt! 

\J11'il.:j~ 2 bbi:1~.:jfh Inductions time (Ti) bb~~ Recovery time (Tr) 'tJtl.:j'1J1B1m1';11~ LL~d'G'\Vlbil.:JtI'i~ntl'lJ 
dPPVJ90180CuNaY ;~fh induction time 'tJB.:l 80CuNaY 80CuNiNaY NaY bb~~ 80FeNaY b~tl~lJ~G'\tl'lJ1tl'i~bVl~ 
'tJtl~ml'lt!~mllJb-iJlJ-iJt! 30,000 ppm vi~ruVl.IJjJ 25 B.:jl'11b'/l~b;a~1:l Ul:l~m1lJ~t! 1 m'W'lfl'lv'1 bVlln'lJ 38 ± 1, 40 ± 1, 

42 ± 2 bb~~ 45 ± 1 t!lVi \J11lJrl1~'lJ bb~~iJfh recovery time bVlln'lJ 31 ± 2, 32 ± 1, 27 ± 2, Lb~~ 38 ± 1 tllVi 

1'l1lJ"1~'lJ ;.:j~'lJ';h 80CuNaY iJfh inductions time uB~vi~~ L~eWil1n Na+ bUt! eJ"'f111mhiJ~t1'i~~'lJ1n ~~iJfi1 
, IV ~, 2+ d o:;;t , , Cl.I 2+ CII I .....d 'QJ 

ELectronegativity (EN) bYl1fl'lJ 0.93 I'llfl11 Cu 'IJ.:jlJA1 EN bYl1n'lJ 1.372 bb~~ Na lJl"I1 EN t!tl~Y1~~bYlln'lJ 0.367 

~lVlr'lJ NaY iJfil Recovery time UeWvi~~btJtlt:.J~lJ1~lflfil EN 1~~ Na+ iJfil EN bVlln'lJ 0.93 iifilUtltJfl'ilfl1 EN 'tJtl.:J 

Cu2+ ~.:liifil EN bVlltl'lJ 1.372 Ni 
2

+ iifil EN bVlln'lJ 1.367 bb~~ Fe 
2

+ iifil EN bVl1n'lJ 1.292 \J11lJ"l~'lJ l~~fil EN ~1 
~.:je,m1~fl1'ibn~eJ'WI'l'ifmJ1'i~Vll1.:J~1'WviiJA')llJ1B.:j1 1 tl'lJ 1B'i~LVl~'tJB~6'll'ibfliJvifl11lJb-iJlJ-iJ'W~1 ~.:jtTt! 80CuNaY ~-3bVllJ1~ 
6ilVl-r'lJ 111hJ1.m'Wf11'ifii n1!l1BYI"5~~'tJB'l'1lD~'tJB.:j1m~ bVl~'tJB.:lm\ll'W bb~~t1~lJlruA')llJb'!llJ'!l'W'tJB-:J dPPV ;-:Jfh Induction 

time 'tJtl.:j 80CuNaY b~tl~lJ~G'\tl'lJ1tl)~LVltJ'tJtl~ tl~~ll'l'W MEK bb~~ MIBK ~mlm'!llJ.v'W·UB-:J1tl'i~bVl~ 30,000 ppm 

wh tl'lJ 38 :!- 1,35 ± 2 bLfI~ 18 ± :z 'W1Vi \llllJrll~'lJ ~bfl~ rh Recovery time Lvhtl'lJ 31 :+c 2, 13 ± 1 bb~~ 12 ± 2 'W1Vi 

1'l1lJ"1~'lJ rh Induction time bb~~ Al Recovery time ~t!tl~n'lJ'tJtll~'tJtl-:JtlJL~~~'tJtl-:Jml'lt! ;.:jtlJb~~~viii'tJt!1~LRflfll1 
i:11lJ1'imbYl'Jfl~1t!lA'J-:JG'\~1~'tJtl~ mB1m111tJ1~~1~fll1 bb~~1-tlL1m1'Wfm~~i('lJ bb~~f11'JA1~i('lJ'Wl'Wnl1 ~.:j(i1tl-:Jb'!lL1mtll'W 

" 

http:n1~~'tJt.mJ
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I'Il'il':}.yj 2 fOil Induction times bb~~ fOil Recovery times 'lJeJ.:}iL1l1m1JltJ.yj~TWf1l'i~\9ibb'lh dPPV bb~d'~~b~;jtJ'i~fl1l'lJ 
dPPV J90]SOCuNaY 

Induction Time, Tj (min) at the Recovery Time, Tr (min) at the 


Vapor Concentration of Vapor Concentration of 


Sample Ketone 10 30 300 3000 30,000 10 30 300 3000 30,000 

Sample Code Type ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Doped PPV dPPV Acetone 15 ± 

0.3 

15 ± 

0. 6 

18 ± 

0.8 

20 ± 

0.5 

35 ± 

0.2 

11 :!: 

0.1 

11 ± 

0.2 

3 ± 

0.5 

13 ± 

0.2 

20 ± 

1.0 

Zeolite Y (SilAl 5. 1. Na~ ) NaY 22 :!: 

0.5 

27 : 

1.0 

34 : 

0.8 

42 : 

2.0 

0 : 

3.0 

12 :!: 

2.0 

20 :!: 

0.3 

27 : 

2.0 

Zeolite Y (Si/AI 5. 1. Na· . Cu~" ) 80CuNaY 19 :!: 

.0 

20 :! 

1.0 

21 ± 

3.0 

23 ± 

2.0 

38 :!: 

1.0 

10 :!: 

4.0 

15 ± 

1.0 

18 :!: 

2.0 

23 ± 

4.0 

3 ± 

2.0 

Zeolite Y (Si/AI 5.1. Na· . i2- ) 80NiNaY 21 : 

1.0 

23 ± 

0 

29 :!: 

2.0 

40 :!: 

1.0 

16 :!: 

1.0 

16 ± 

2. 0 

23 ± 

1.0 

32 ± 

1.0 

Zeolite Y (Si/Al 5. 1. Na-. Fe~- . 80FeNaY 24 ± 

2. 0 

29 :!: 

2.0 

36 :!: 

2.0 

45 ± 

1.0 

9:!: 

2. 0 

21 :t 

1.0 

25 : 

2.0 

38 :!: 

.0 

10%vlv of dPPV _Zeolite Y 

(Si/AIS.l. Na" . Cu» 

dPPV_(90 

80CuNaY 

15 ± 

2.0 

16 ± 

1.0 

18 ± 

0. 8 

18 ± 

2.0 

36 ± 

1.0 

10 ± 

0.5 

12 :!: 

1.0 

12 ± 

2.0 

25 ± 

1.0 

26 :!: 

2. 0 

Doped PPV dPPV MEK 12 ± 

1.0 

13 ± 

2.0 

18 ± 

1.0 

32 ± 

2.0 

9: 

1.0 

9 ± 

2.0 

10 ± 

1.0 

11 ± 

2.0 

Zeolite Y (Si/AI 5.1. Na". Cu 2 . ) 80CuNaY 16 ± 

1.0 

17 ± 

2.0 

20 ± 

1.0 

35 :!: 

2.0 

11 ± 

1.0 

11 ± 

3.0 

11 ± 

1.0 

13 : 
1.0 

10%vlv of dPPV Zeolite Y 

(Si/Al5 .1 . Na". CuZ" ) 

dPPV_[90j 

80CuNaY 

13 ± 

1.0 

15 :!: 

2.0 

18 :!: 

1.0 

31: 

1.0 

9 ± 

1.0 

10 : 

0.5 

10 :!: 

1.0 

12 ± 

2.0 

Doped PPV dPPV MIBK 9:!: 

1.0 

10 :!: 

1.0 

10 :!: 

2.0 

12 :!: 

0.5 

6 ± 

2.0 

6 ± 

1.0 

9 ± 

1.0 

10 :!: 

1.0 

Ze olite Y (SiJAI 5.1. Na· . Cu~ - ) 80CuNaY 16 ± 

1.0 

16 ± 

2.0 

17 : 
1. 0 

18 ± 

2.0 

9 ± 

2.0 

10 :!: 

1.0 

12 :!: 

1.0 

12 :!: 

1.0 

10%vlv of dPPV _Zeolite Y 

(SilAl 5.1. a" . Cu 2. ) 

dPPV-.l90j 

80CuNaY 

15 ± 

0.5 

15 ± 

2.0 

16 :t 

20 

7 ± 

2.0 

6 :!: 

0. 7 

9 :1: 

2.0 

11 :t 

1.0 

11 :t 

2.0 

f1l'i(J)eJtJ~t.!€l,:}\PlBfl'i~IJ,~lW~l LL"~ml:i.deN1J1t.!f1l'i(J)€l'\d~t.!B\l \PleJfl'i~ ~L~lW~~l'lJeJ':} SOCuNaY 80ClolNiNaY NaY 

bb~::; 80FeNaY bb~Vl.:}1t.!'itJ.yj 3 IJ,i;l::;1'I1'i1.:j.yj 3 il1l1m,hltJ 'VI~1l NaY .yj~1t.!fl'i~m'tJflTmi;lmtJ~tJt.!11l1lt.!~,:ltJ Cu
2 
+ Ni

2 
+ 

" 
Ib"::; Fe2+ .yjijtJ~lJlrufll'ibbi;lmtJ~tJ'tJ11l1l1lt.! 80 btJ1l{ b<ii'tJ(I)1VltJl:i.J~ QflUl:i.Jlbmt.!f)l'i~fl~lr.J~'lJ1).:j'1J{j\9ili;l'VI::;'VI 'i 1 'tJ'Ii if'tJ .yj 

flJllJb-ii:i.J'lJ1l.:}11l'i::;b'VItJ'lJ1l':}eJ~'81(J)'tJ 30,000,3000,300, 30 Ib~~ 10 ppm lVltJr)lfl1'iI'l1l'IJ~'tJ€l.:}IJi1ln'i~bb~1vNhU1).:} 

SOFeNaY NaY SOCuNiNaY b661::; SOCuNaY bdmr:i.J~~n'IJ11l'i::;b'VItJ'lJ1),:m::;'81(J)'tJ.yjijmlJ.H-ii:i.J-ii'tJ 30,000 ppm bVlln'IJ 1.49 
.<1 ·6 -4 ·s . <1 .~ ·4 .'i 

X 10 · ± 2.16 x 10 ,3.23 x 10 ± 9.95 x 10 ,4.62 x 10 ± S.06 x 10 bb61~ 6.74 x 10 ± 2.04 x 10 Slcm 
o ... ~ , '1 '1 '1..1.~ '... -Ol ·02 ·011Jl1:i.Ji;llVl'IJ bb61::;lJfllfIJ1:i.J11l'l J~t.!f1l 'i (J)1l'lJG'I'tJ1).:J (J) 1)fl'i::;bb~ ll'V'llb'VIlfl'IJ 2.3S x 10 ± 1.66 x 10 ,2.64 x 10 ± 2.05 
2 1 2 j 

x 10. ,3.53 X 10. ± 1.93 x 10. bb"::; 5.00x10· ± 2.20 x 10.
2 I'IllJ~l~'lJ 1~tJr)1f1l'i(J)1l'lJ~t.!1l.:J\JieJfl'i::;1wYhbtJ'i~t.! 

\.I'i 'I n'lJ fl1'ib¥1:i.J~'tJ'lJ€l'l'lJ'tJ1(i11eJeJeJ'tJ"t1{j\9itJ'i::;~mn biieJ'I~ l ntJ'i~~'lJln.yjiJ'lJ'tJl(i1b'VI'1l~~i;lVlbb'i\l~\I~(i1'i::;'VI'jl'111l1l1l'tJ"t1\j(i1tJ'i~ ~ 
mfln'lJiL1l1~'I111tJ btJ'tJr.Ji;l1Vfbil(i1fl1'ibfl~1l'tJ~'U1l\lltJ'i(J)1lt.!~l'tJlf1'j\l~h~'U€l\l ~11l1i;l'l1Jlm¥1:i.J~t.! l\11tJ'Ut.!l(i11'f'\iJ'U1l\ltJ'i~~, 

2+ 2+ 2+ .~, V Q V 4 ct ~I Q.I I 

'lJJfl'lJ1)'1 Fe Ni bL61::; Cu lJA lb'VI l fl'lJ 0.75, 0.S3, bb~~ 0.S7 1l.:}~(J)'i1llJmlJm\9i'lJ "1l\l SOCuNaY :i.JAlfl1'j(J)1l'lJ~tl1l~'VI 

http:10.,3.53
http:IJ,i;l::;1'I1'i1.:j.yj
http:bb~Vl.:}1t.!'itJ.yj
http:I'Il'il':}.yj
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!>OOX I 0'" 

0

•500x1O'" 
0 
A 


";- 400x I0'"
E... 
~ ... 
C 300x 10-h'" 
0 
Q. 

" 
~ 

200x I0'" 

I OOx I 0-" 

80CuNaY 
80Ni:'tlaY 
Na Y 
80FeNaY 

0 

Ix 10° IOxlOO IxlOJ IOxIOJ 

vapor concentration (ppm) 

atJ~ 3 ~lf11WlBU(;1'Wil'l~ilrhf11')thl~Yh'1Jil'l 80CuNaY 80CuNiNaY NaY ll~::; 80FeNaY ~il~lJ~i:1nU1il,)::;lVl~'1Jil;Jil::;'il 
llJl'W~~frnlJlolJlJ.u'W 30,000, 3000, 300, 30 lb~::; 10 ppm ~~ruVlJJil 25 il'lV'11l'1JmC(j~i:1 bl~::;AdllJvi''W 1 Ud')mf11V'1 

m,)l'l~ 3 ~1f11,)lJltJUi:1'WtJ;J~il~1f11')t111~V'11lb~::;~lAlllJlil;J111'Wfll,)lJlilUi:1'Wil;J~tJl"hf11')t111~Yh'1JtJ;J dPPV ilil1m1':n~ 
~~l'Wf11')vi'~lbth bb~d'i:1(9)b'B'l'lJ,)::;f1ilU dPPVJ90l80CuNaY 

Minimum vapor 
Sample Chemical Vapor Response (S/cm)8 Sensitivity" Concentration (ppm) 

80FeNaY Acetone 1.49 x 10- 04 ± 2.16 x 10- 06 2.38 X 1O - Q1 ± 1.66 x 10-02 18 
NaY Acetone 3.23 x 10- 04 ± 9.95 x 10- 05 2.64 x 10­ 01 ± 2.05 x 10-02 14 
80NiNaY Acetone 4.62 x 10- 04 ± 8.06 x 10- 06 3.53 x 10-01 ± 1.93 x 10­ 02 12 
80CuNaY Acetone 6.74 x 10- 04 ± 2.04 x 10- 05 5.00 x 10- 01 ± 2.20 x 10­ 02 9 
80CuNaY MEK 1.56 x 10- 04 ± 1.88 x 1O-Cl3 2.64 x 10-01 ± 5.25 x 10- 02 18 
80CuNaY MIBK 1.07 x 10 - 04 ± 2.75 x 10­ 06 1.88 x 10-01 ± 5.59 x 10-04 20 
dPPV Acetone 9.76 x 10- 02 ± 2.05 x 10- 02 4.41 ± 8.02 x 10- 01 5 
dPPV MEK 3.17 x 10 - 02 ± 8.68 x 1O­ Cl3 1.96 ± 1.83 x 10­ 01 7 
dPPV MIBK 1.66 x 10- 02 ± 1.47 x 10- 04 1.00 ± 9.95 x 10- 03 9 
dPPV -l90j80CuNaY Acetone 1.1 6 x 10- 0 1 ± 4.74 x 10­ 03 4.98 ± 1.53 x 10- 02 5 
dPPV -l90j80CuNaY MEK 4.97 x 10- 02 ± 5.30 x 10- 03 2.51 ± 5.72 x 10- 02 7 
dPPV -l90j80CuNaY MIBK 2.41 x 10- 02 ± 2.07 x 10- 04 1.70 ± 1 . .03 x 10­ 02 10 

" The response and sensrtivity of gas sensing materials at vapor concentration of 30000 ppm 

')tJ~ 4 lli:1~;J(i'lAlllJ~lJ~'Wih::;Vll1'l~1 f11')lJlilUi:1 'W il'l ~tJ f1J::; lb;;11 ~Yll nUmllJ lolJlJolJ'W'1JtJ'11il ')::; bVlti'1Jil'l AbIJl'W;;11lJ 
~ 

'1J ij~ ~tJ il::;'illlJl'W MEK ll~::; MIBK '1Jil'l 80CuNaY (~'lJ~ 4a) dPPV (~'lJ~ 4b) ll~::; dPPVJ90J80CuNaY (~'lJ~ 4c) ~ 
tl~JVlJJil 25 tJ'IV'11b'1Jmi1itJ~ A11~vi''W 1 U'l'Wlf11V'1 bl~~yjmllJ bolJ'W'1JtJ'llil1~bVltJ~1~1n'W Au 30,000, 3000; 300, 30 bb~t 
10 ppm ;'l~1f11,)lJltJUi:1'WtN~tJf1J::;lli:11~Yh'1Jil'l 80CuNaY Jl1~hntJ,)::;lVl~'1JtJ'ItJ::;<ahl'U MEK bl~::; MIBK ~iJmllJlolJlJolJ'W 

Q I IV -4 -5 -4 -5 -4 -6I 

30,000 ppm lJAllVllf1U 6.74 x 10 ± 2.04 x 10 , 1.56 x 10 ± 1.88 x 10 bb~::; 1.07 x 10 ± 2.75 x 10 

IJllml1vi'u bb~::;~lAdllJltJ'I111'Wf11,)V1tJU;;1'Wil'l~tJf1J::;bbi:11v1V11'1Jil..j 80CuNaY Jl1~lruilJ::;bVlti'1JtJ;JtJ::;'1illJl'W MEK bl~::; MIBK 

l~m~tJ~1'Wf11'J~lJ~(;1nu1tJ,)::;bVl~~iJmllJbolJlJolJ'W 30,000 ppm iJ~w,hlu 5.00 x 10-
1 

± 2.20 x 10. 
2
,2.64 X 10. 

1 
± 

5.25 x 10
2 bl~::; 1.88 x 10.

1 
± 5.95 x 10'- IJlllJ6'l1vi'U ~'1bb;;1~.:Jt'WJ'lJ 4a bb{;l::;m,)l.:J~ 4 t~~~lf11,)lJltJU;;1'WtJ'l~tJ

~ 

m::;bb;;11~V11lb~:;filA11lJltJ'l111'Wf11,)lJltJUi:1'Wil..j~ilf1J::;bb;;11~V11'1JtJ.:j 80CuNaY ~'Wil~nU'1J'Wl~llJb~~~'1JtJ.:J1tJ'):; bVlti ~lV1-rU 
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lil,)~LqMJ~m~b(;1~(;1'tJ'W11'11V1~ ~~bL'mn;~~I'lJb.ul1tJi.'lJ1m.:j?lh:J'UeJ.:j~1eJ1m111 fJ l~fJl n ;.:jeJ~~1(1J'lJij'tJ'lJ11'11~b(;1~{lbVhnu 
0.524 'lJ11'lJb~m iJ'IJ'lJII'1Vlb~nn1 1'tJ'lJI~ll~b(;1n(;1'IJeJ.:j MEK ~.:jiJ'U'lJ11'11~b(;1n(;1bVllnU 0.667 'lJ11'lJb~(1J') bb(;l~ MIBK ~'l iJ 'IJ'lJ11'1, , 
1l.Jb(;1~(;1 b'~lnU 0.828 'lJ11'lJb~(1J') ~'l~'lJ fhm,)\1If)U?I'lJeJ.:jl~(;1~rilmll.deJ.:j111'lJm,)\1IeJu?I'lJeJ"~eJm~ bb?ll 'V,!vh'tJv'l 80CuNaY 

iJril?l'l~?ll'1b~eJ~I'lJm,)~~~?lnu1eJ,)~bVlfJ'lJeJ.:'IeJ~~1(1J'lJ bL(;1~ iJril~I~?ll'1b~eJ~I'lJm,)~~~?lnu1m~bVlCJ'lJeJ.:'I MIBK" , , 

~lmLJ~ 4b rilm')(1JeJU?I'lJeJ.:'I~eJm~bb?l1vh~I'IJeJ.:'I dPPV L~eJ~I'lJn1,)~l.J~?lnu1eJ')~bVlCJ'UeJ.:'I v~~1(1J'lJ MEK bb(;1~
" 2 2 2 3

MIBK ~fl11~b';;~';;'lJ'UeJ'lleJ,)~bVlfJ 30,000 ppm bvhnu 9.76 x 10. ± 2.05 x 10. , 3.17 X 10. ± 868 x 10. bL(;1~ 
1.66 x 10.

2 
1: 1.47 X 10-4 \J1ll.J~I~U bb(;1~rilfl11~iv-lll1'lJn1,)lfIvU?I'lJB'l~vm:m?lli"l0h'UeJ" dPPV b~B~I'lJn1,)~~~?lnu 

1eJ')nVlfJ'UeJ'I eJ~~1lf1'lJ MEK Lb~~ MIBK ~ml~b';;l.J.u'lJ'1JeJ.:'I1eJ')~bVlCJ 30,000 ppm bVllnu 4.41 ± 8.02 x 10.
1

, 1.96 ± 
-1 -3 0 v 

1.83 x 10 Lb(;1~ 1.00 ± 9.95 :<. 10 \Jll~{lII'1U 

~ I n ')LJ~ 4c Lb?ll'1.:'1 G'lf\lll.J~m~''lJ~,)~Vlil "ri I nl ')(1JeJ U?I 'lJ eJ.:'I ~eJ n ')~ bb?l l 'V~VlI'UeJ 'I1?l1'1 b:a'lLJ')~ n eJ'J " , 
dPPV [90]80CuNaY nu fI1l~ L';;~.u'lJ'1Jv 'I1v')~ bVIE! 1~1 fJ rh nl'H,leJU?I'lJ eJ 'I Il1B n ')~ bb~1~VlI'tJeJ 'I l?l 1'1 b:a "LJ ')~ n vU- , 
dPPV_[90]80CuNaY b~mh'lJfll,)~l.J~?lnu1eJ,)~bVlfJ'UeJ.:'I eJ~:a1lf1'lJ MEK bb~~ MIBK ~ml~b,;;~.u'W'UeJ"lv,)~bVlfJ 30,000 

I CL.I -1 -3 -2 -3 -2 -G 0 Q.J I 

ppm bVllflU 1.16 x 10 ± 4.74 x 10 , 4.97 x 10 ± 5.30 x 10 bL{l~ 2.41 x 10 ± 2.07 x 10 (1J1~~II'1U bb{l~f\1 

fr:n~1€l-l111'lJm,)(})eJU?I'lJv-lll1eJm~ bb?l1'l'IVl i 'UeJ "116'11'1 b:a "ILJ ')~ fI eJ U dprv [90]80Cu NaYb~ eJ ~ i'W f11 ')~~ ~?Inu1eJ 'i~ bVlfJ'U eJ", ­

eJ~~tlfl'lJ MEK Lb(;1~ MIBK ~ml~b';;~';;'lJ'UeJ\l1eJ,)~bVlE! 30,000 ppm bVllnu 4.98 ± 1.53 x 10. 
2
,2.51 ± 5.72 x 10.

2 bb{l~ 
-2 0 Q.J 

1.70 ± 1.03 x 10 lfIl~ml'1U 

.11 r;::=============;-----i 

.1. 

.OS 

~! 

~ .00 

l, ..... 
. 01 

o dr'\" d&lNI 1(11.... 1'1.,.."' 
• dPPVd.r1.. ~U: Kn~...... ,-u"s.." "i
a lII.rl'\' d. rt•• Milt..: C"pel_r(' a'" ..",.. , 

, 

,/"1'/ 

, 0 ' 

1" 10' IOfh(l O" Ix(O' IIXIO' IObIO' Ix l ll IOxI " 11OX 1" IJ(I~ IOx,.­ t8Ox IO' Ixl" 

\ . por ('CfO""tn t" (ppm) 

(a) 80CuNaY (b) dPPV 

100>11" l x iI)' IOX I&l' I OO)( I O~ )xl Q'l' 

(c) dPPV _[90]80CuNaY 

~tJvi 4 rilfl1')(PIeJU?I'lJeJ,:j~eJriln1')t111~Vll'IJeJ'l (a) 80CuNaY (b) dPPV (c) dPPVJ 90]80CuNaY bdeJ~:W~1:11v')~ vvlfJ 
'1JeJ-3eJ~;al(1J'lJ MEK bb(;1~ MIBK ~flJI~b';;~.u'lJ 30,000, 3000, 300, 30 bb~~ 10 ppm ~~ruVlJJlJ 25 eJ'l!'1lb'11millml bL~~ 
fnl~\il'lJ 1 U,),)fJ1f11~ 
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~l'i)£h.:J NaY 80FeNaY 80NiNaY bb~:; 80CuNaY Qm11l,.J11it'lJfl1j~fl'l!llB'Yl5~"''1J'i).:JfI11lJ~'lllJ'll'lJ'1J'i).:J1'i),)~bVl8 

'tJ'i)~\fi'l';h",~,ntJ l'lJ'n.J~ 3 bU'lJfl1jbb~(jI~flTilJ~UW'lJ5j~VI';h~ri1fl1j~BtJa'lJB~\1l'i)m:;Lb~1'tl.w1 ntJ 1'i11m'lllJ'll'U'IJ'i).:Jl tl 
" 

j:; bVl8'1J'i).:J~'bv11~:;r;n8'1J'i).:Jii'i)1(;1vl118~iim1lJbb~fl ~1~ n'lJ'1J'i);Jl'i) 'i) 'i)'lJ'tlij(jl\J 'j:; ~m fltJ'lJIf1 j ~~ ~1 .:J'1J'i).:J;rr'i)1m'h18 4 'ljtJ(jI 

b~'i)f111lJb'lllJ'll'lJ'IJ'i)~1'i)j:; b Vl8'!J'i)~1Ji'1v11(;1:;(;118(;l~(;1~ 'il:;~.:J r.m;h1oXI'll fl1j~'i)tJ G1'lJ 'i)~ Lb(;1:; 1'1 1m1lJ-J B;J111'lJfl1'j~'i)tJ G1'U B'I ~ €J 

fI 'j~ bb?ll'Vh~l (;1.:J 1~8ri1 fI11lJ b 'lllJ'll'lJ'1J'i).:J1'i)'j~ bVl8'1J'i)'I 'i) ~oali9l'lJ~u'i)8~~~~v111-Xiif11j \JlBUG1'lJ€J'I \ii'i) flj:; bbG11 'I'~Y11'1J€J.:J, 
80CuNaY 80NiNaY NaY bb(;1~BOFeNaY b'VhntJ 9 12 14 bb(;1~ 18 ppm \Jl1lJJ1I'i'tJ~.:Jbb~~;Jl'lJ\Jl1j1~~ 3 

'illfWJ(;lfl1'j'Yl~(;1'i).:J~U-J1 80CuNaY b~mrller~ntJ1€Jj~bVl8'1J'i)'1'i):;~n~'lJ~A1111bilJ'll'Ub'VhntJ 30,000 ppm iiri -, 

fl1j~'i)UG1'lJ'i).:J~€J m~ bb~l'tl.w1bb(;1~fi1m1lJ-Jtl.:J11~tl fl1'j~'i)tJG1'lJ'i).:J ~€J m~ bbG11'tl.w 1~.:J~~\1l b~'i) b\J~8tJ LYifJtJntJ BONiNaY" , 
NaY bb(;1:; BOFeNaY r;11V1-rtJj;J(;1'!J'i).:JfI11lJb'lllJ'll'lJ'1J'i).:J1€J'j:;bVl8 1Ji'1€J~1.:J BOCuNaY ~lm'jt;1~'i)U~'lJ€J'I~€Jri1fl1'j1..h1'tlVl1~ 
fI11lJb'lllJ'll'lJ'1J€J.:J1'i)j:; bVlfJ'1J'i);j'i):;~n\Jl'lJti''i)8~~~b'VhntJ 9 ppm bb(;l:;b~m\Jl~8lJLU'Ul~~b:a.:J\J'j:; fl'i)tJntJ dPPV v111oX~llJ1jt;1 
1'lJfl1'j~tltJG1'U'i).:J~'i)m:;bbG11'tl.w1~fI11lJ b'lllJ'1Jtl.:Jtl:;'iil~'lJbvl1 titJ 5 ppm B'Yli5~(;1'1J'i).:J'tlij~'1J€J'I1m~bVl8'!J'i)'1ffi\Jl'lJ (€J~'ll1\Jl'lJ 
MEK lh(;l~ MIBK) ~tJ"h l~\1lb'B.:J\Jj~fl€JU d PPV [90]80CuNaY b~eJ~lJer~titJ1'i)j~ bVl8'1JeJ'IeJ:;'ll1~'lJiJfi1fl1'j\Jl'i)UG1'lJeJ.:Jbb(;1~, ­

"ilFrJ1lJleJ.:J 1 itWll~~eiUt'l'lJB.:J~€Jri'j:;bbi.'11"IJvhG1~~i.'1\il BfrvY.:J dPPV eJ.:Ji!lllJ1'jt;1-cii8 b~lJfhri1'j(?jeiUi!lUei.:J~eiri~~ bL~l'tlVl1" , 
l b(;1~rhm1lJ-J'i).:J111'lJfl1'j~€JtJ~'lJ€J.:J~€Jn'j~bbG11'tl.w11oXtiu 80CuNaY Bfl~lfJ 

1!Vlrl®~'i)m':n1V1fJ 

t'llJu'1i b'B'I fl~Vl1.:J1'tl.w1'1J'i).:Jlt'1~ b'B ,nh~ fl 'i)U'!Ji1~1~1~ jb'il(;1'1J€J.:Jvl eJ fl1 {U'i)'lJ'!J'lJ1~'lJ11'lJ blJ \Jl 'j'tlU\1l e-nJ'Ivl €JVI(;118i'lJtitJ b'il"" 1 ~'lJ 
1(j18~fl'l!llBVl5'\'m'1Jtl.:Jei'm1~1'lJm1lJ tJ11~€Jm1lJfl11.:J B'Yl5~(;l'1J'i).:JG1'lJ1lJ1'tl.w1 bb(;l~BVl5~"'1Jtl'ltlruVlillJ, " 

v11 fl1'j~ fl'l!ll BVl5'Vi(;1'1JeJ.:J ei'(?j'j 1~1'm11lJ tJ 11~tlfl11lJ n11 .:J'lJtl~vl tlfl1{tJ 'i)'tJ '1J'U 1 \1l'lJ11 'lJblJ~'j'!Jij~ j;J,J.:JvltlVl(;118i'U 

5V15~(;1"lJtl.:J~'lJ1lJl 'tl'l';h bb(;l~B'Yl5v':~'1J'i).:Jtl ruVlilij ~tlt'llJU(lh'B~fl~'Yl1.:J1'tl.w1'1J'i)'11~\1l b~'1\J 'j~ fl €JU'tlij~1~1\1l'jL 'il(;1'1JINvl 'i). " , 

fl14u'i)'lJ'!J'lJ1(j1'lJ11'lJLlJm'tliJ~j;Ju.:Jvl'i)Vlm8i'lJtitJb'il~(;l1~'lJ "tJu-J1Fi1ei'ml6i1'lJfl11lJ811~'i)A11lJfl11'1~'I~\1l'1J'i).:Jvl'i)f11{tJ1l'U 
'U'u1\1l'lJ11 WlJ m'tl ij~ r.J ,J~vi €I VI (;l18i'lJ '011 oXiJri llJ tl \1l ~~ ~ (;11\Jl'1JeJ'Il~~ b'B~\Jj~ fl BUii1~ii1(j1 b~ eJv11 fl1'jVl~ t'leJtJil181~ 

" , \I " 

t'I'lJ1lJ1'tlVl11\1181~\11b~.:J\J'j~fleJtJ'tlij~1~1\11'jb'il~'1JeJ'IvlBfl1{tJ eJ'lJ"lJ'lJ1\11'lJ11'lJLlJ~'j'1Jij\11 e.J,J'Ivl'i)Vlm 8i'lJnu b'il (;lm&]'lJ~i1\J"imru, 
'1Jtl'lvleJfl1{UeJ'lJ'U'lJ1\11'lJ11'lJblJ\Jlj'tl\J\1lj;J,J'IY]'i)Vlm8i'lJbvhtitJ 0.01,0.1, 0.5 bb(;l~ 1 b\J'i)~b~'lJ~1\1lmJ"imm ~'Ib'il"''''l\Ji'U'tlij\11 
1~1\11'jb'il(;1iim1lJ-JeJ.:J111'Uf11'j~eJtJG1'U'i)'I'1J'i)~lMl~fl11lJb'lllJ'1JeJ'I~'U1lJ1'tl~1 800 11(;11l1~€JlJG1~hlJm bvl1 titJ 0 .69, 1.23, 

0.94, O.Bl bL(;1~ 0.47 mlJr;h~tJ 'il1nj;J(;lfl1'jVI\11(;1B'I~U-J1 vleJFl1{ue:n'!'!J'Ul(j1'U11'lJblJm'1Jij(jlj;J,J"y]eJVJmCJ.&'U~llJ1jm~lJ 
m1lJ~lm'j"l 'Uf11 'j 1 ~(;111 'j'11'U'i);JVllJfll'iu'i) fliB" f11'ji"ln'l!ll BVl5~G1'1J'i);J'i) ruVliljj l'im:'1lJU&]b'B;J flG1'Yl1'11'tl~l'1JeJ'Ilt'1(j1 L'B'I 

~ " 'lI " 

u'j~fleJu'1Jij(jl1~1~jb'ilG1'1J'i)'1vieJfl1{tJ'i)'U'!J'U1\11'U11'UblJm'tlij\11 e.J,J-!lY] 'i)VlG118i'lJtitJ b'il(;1G11&]'U~~ruVlJJlJ~;Jbb~ 30 ~'I 90 €J;J~1 
b~G1 b'll8~ ~Ul1~f1&im'j:Wf\1'l\l1'i)U6'I'UeJ .:J'1JeJ;JrillJeJ\11~L'! bb 'j~ bU'i)'UbLD'l L tJ'lJ6'I llJ,th.:J1\118~'lJ 'i) ~I tiU'i) ruVliliJ1'Uf\1 'j'Yl \ilL'! 'i)U LL(;l~

"I , ~ • " 

f\1J'Yl\11"''i)Ufl1jL~EJ-!l'1J'i);Jl~\1) f\1'j~fl'l!l18'YlIT~(;1'1JeJ'l6'l'U1lJh ·jYh\iim:; fJ~fl1'jbB8.:J (Deflection distance) LbG1~LLJ-!l~bn(jl~'U 
'il1fl f\1'j bBEJ'l (dieLectrophoresis force) It'1~L~'lU'j~fI'i)U'tlij~1~1\11'j b'il(;l'1J'i)'lvl'i)f11{U'i)'U'1J'U1(j1'lJ11'lJLlJ m'1fij(jlj;J11\1vl'i)VlG1 18 

-#'lJnUb:VG1G11~'U b~'i)1t'1(j1eJ~'il18111l~'lJ1lJ1'tl.w1j~VI-J1.:J~lBb"fl1VI'j \1l l~(jI'ilnfi \ilfl1'j bB8.:J b'lll~~lmfl Lfl\11'ill flbL 'j~~\1\11 \1l 
, ~ , '\) \J 

'j~VI-J1\1~1~ L(;1f11'Yl'j\11 bLG1~VllJfl1{tJeJflra(;lil181'lJIm'lt'l{1'1"lJ'i)'1b'ilG1(;11~'lJ
OJ 

http:bU'lJfl1jbb~(jI~flTilJ~UW'lJ5j~VI';h~ri1fl1j~BtJa'lJB~\1l'i)m:;Lb~1'tl.w1
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')JY] B® f) UIl1'l:!J8'1 OQ'l:! 

Electromechanical properties of multi-walled carbon nanotube/gelatin hydrogel composites: Effects of 

aspect ratios, electric fieLd, and temperature 

The effects of multi-waLled carbon nanotube (MWNT) aspect ratio, eLectric fieLd strength and 

temperature on the eLectromechanical properties of MWNT/gelatin hydrogel composites were 

investigated. The highest aspect ratio of MWNT provides the composites with the highest dynamic moduli 

under eLectric fieLd. The MWNT/gelatin hydrogeL composites of 0.01, 0.1, 0.5, and 1 vol.% and the pure 

gelatin hydrogel possess the storage modulus sensitivity vaLues of 0.69, 1.23, 0.94, 0.81 and 0.47, 

respectiveLy, at 800 V/mm. The resuLts can be interpreted in terms of the enhanced polarizability 

between the carboxyL groups of geLatin under the presence of MWNT The effect of temperature on the 

electromechanical properties of MWNT/geLatin hydrogeL composites investigated between 30 °C and 90 °C 

snows mfee distind fegimes of fempefatufe-oependerif st:6fage moduLus oenaviot. In me defleCfion 
testing, the effects of electric field on the deflection distance and the dielectrophoresis force of the 

MWNT/geLatin hydrogeL composites were aLso investigated. MWNT/gelatin hydrogel composites 

suspended in the silicone oiL between electrodes, respond rapidLy with a deflection toward the anode 

site, indicating the attractive force between anode and the polarized carboxyl group as the gelatin 

structure possesses negative charges. 

Vf~1~h:tm{~ijOJ'j\TiBtI?I'\.m.:)lIiu1Ylvh (Electnuactive j9E>lymers; EAPs) Qo';Jj.nl<ffLLo~iinww~tn6'h'\il-r'l1 
tb:; tJ n\Jl1.ij!:w'VImfJ 1 ~lJLJ ~lmhwdLJ ':)JLJJl1LJ66B n'llL€Jb(JlB{ (Actuators) B6"f11V1'j~~iifll1lJ~~'VI~LJ (Complaint 

eLectrode) ~LJfJLJii (Robotics) '1JLJJlJLJOJ'jtJil~tJ"e:JfJm (Drug release) b'ULJ~LJ 1~1~'jb~muLJ1?1I'l~mA'j'l?l~J':)~b'VIlJl:; 
ri1'V1-r'U01'j'W~LJJbULJ'We:J~blJ eJ {~iiOJ 'j \TiB'U?lLJ e:J.:) IliB1vh~l (ELectroactive poLymers; EAPs) 6~ e:J'I"\JJ n ?lJlJ 1 'jf\lileJ'U?lLJ e:J'I 

6bil~bfi~fI1'JerLJn~'U b~eliiOJ'j(JlB'U?lLJel.:)~'wi~Lf1 b'liLJ ~ru'VI.IJij pH f1'J1lJbb ~'16L 'J'I'lJeJ'I1BBelLJ bbil:;?lLJ1lJ1 Ylfll b~ilm~'W 
'lJtJ~l~lmb~ilb~LJ'WB~hlJ B{~iif11 'j\JlB'U?lLJ eJ.:) IliB1YlVi1'lJtJ~'VI~'1 LtJLJ'WB~hlJB~th:; 6.flV11 tJ'j~LJ ?lt1~ ~1OAtlm b~LJ~1 nalil') 

1~ fJ15n1'jVl1'1f111lJ~eJLJ (ThermaL) bbil:;1~1mlil'll?! (HydroLysis) JllEJ n'j~'VI~€Jb 'U?I b~ilil1~LJ~ n111lJlH'11LJe:J ci1 '1 

n11'1'I.Il1'11LJV11'1OJ'jbbVlV18 b'liLJ OJ'jtJil~tJ"BEJEJ11?1~ri1'V1-r'UtI~'U1~6be.Jil bb,,:;oiA'l:Ub~mVifJlJ 6ULJ~'W Bcivlhtl(1]1:!J 6~ilm, 
(l)LJiifll1lJ\l\'lLJV11LJIIi e:J OJ 'jil:;"1 fJt11~1 ii?ilJ,r~6il'l n"~l L~m U1 EJ'Ub ViEJ'U t1'U'WBi) L:utl {a'! LmJ:;~y(111tI ;'16 u'U-timlJ n~ 
'lJ1)'11~l~'jL~"1 LJfI1'jtJ'j:; ~om<ff'llLJ6ULJ'Wtli) 6:UB{viiifl1'j (1]eJ'U?iLJeJ '1IllB1 'tJvh ~'1JLJ ~16ULJ~e:J.:)ii fll'H?I~lJfI11:JJ6b~':) bb'j '1'IJB'I 

6~"m~'W1~1~'J6~"1~fJfI1'jy\'11Vl6fil'ln1'j6~tl:U'IJ11'1V11'1 bflii (ChemicaL crosslinking) 'VI~e:J OJ'jH?l1'j~lL~lJb~ m?l~:UrmlJ 
Lb~'1LL 'j.:) (Filler) fI1'J 6~e:J:U'IJ11'1V11'16f1i1 6ULJOJ'JtJ-r'UtJ'J'I?I:U~Vl1'1A11lJ~tlLJ 6b":;?I:U~bil'lO" ;.:) b ULJ OJ'J bfil'l~Wj:;V11':) bAi1 

'j:;vrh~'VI~'i4.:J niLJ~i1rm:Ule:J'Il11LJOJ'jbil~tJnf)~ mV1~'1Lflij'IJe:J'I?l1fJ1'111lJL" ~"'lJtl'lL~"m ~LJ LJ tl n ~1 nd n 1'j111vleJfl1 f'U tlLJ 

'lJLJ1\i1'W11LJLlJm'1ftJl'I~ii'.:Jvlel'VlmCJ~LJ :U1H\ULJ1?1~ 
1 
6?1~lJfIlJ:U6b~'1bb 'j'l ?l1lJ1'jt;)b~:ualJ,r~L;.:Jn" bbil:;al.J'u~Lil~nflV1l'll 'tJvh 

'lJtl'lb~"m~LJ'1f~\i11~1I;m~" 6~tl'l~1f1vlBfl1{'UtlLJ'lJLJ1I'1LJ11LJb:U\Jl'j'1f tJ~e.Jii''1vl€l'VImEJ~LJilm1:U b-ti1t1LJ1~t1'U1~l'Ili'j'jlJ"IJ1~, 
(Biocompatibility) bbil:; iiri1alJ~b~.:Jn"~~ l~EJvlBfl1{'UBLJ'lJLJ1\i1LJ11LJblJm'1ftJ~e.Jii''1vl tl'VI" 1fJ~LJ 6 ;JLJla\il 6?1~:U 6b "j '1~ fJ tl~ 
Lt fJlJri1'V1-r'U'W tl~h:u e:Ji~1 nli'j'J:U'lJ1~ eJ'IfI'Iij f11'j~~LJ1clJ'VI-r'UtJ'j:;fJ,n\Jl1otl1 LJ.:J1LJ~1LJ 1'U1 m~'W b'1le:J{ (Biosensor) b6il~ 
~tJmruBbilflVl'jBtJA"IJtJ~vhiVlJ.:Jibil1'W (BioeLectronic materials) bULJ\liLJ 

11ilf\tJ'J:; ?I.:JA'lJB.:J"'lLJ1~tld 6'~ B~n'l:!l?i:U~b:a"l f1flVl1~1 yj,,;~ l'IJB'Il?1~ b'tl'ltJ 'j~ n tl'U'1ftJ~1~t~'j b~"'ll€m., tl fl1{'U tlLJ. , 
'lJLJ1 VI LJ11LJblJ~'j'lj'U~~ii''1vltl'VI''lEJiLJ n'U L~"m~LJ ri1'V1-r'UtJ'j:; EJ nQl1i\ULJ b6~ n'lJ 6 B b\Titl flLJviLJfJLJ ii'VI~eJ" tJ n 'j ru B 6" 1"1 VI 'j Btl 1"1 ~ 

" 'U 'I 'i 

ii'IJLJ1~6~ m:;~'Ul:UA'jBLJ ~:We.J"lllm1lJ~VlJ'I1'tJ'~l ?llJ~Vl1~m1:U~e:JLJ ?I:u,r~f11'j1'VI"Vl1~1~'l¥11'llB-:Jl?1I'1L:a-.ltJ'j:;ntl'U"IJtJ~
I 

1~1\i1 'J b~fl'IJ B'Ivl tl A1 {'Utl 'W'lJLJ 11'1 LJ 11LJ 6lJ (Jl'j'1ftJl'I ~ii'''lvl tl'VIm EJ ~LJ n'U b~" fl1 ~LJ 1~ fJ ~ n'l:!l BVl5'W "'lJtl ~m1lJ b-tilJ-tiLJ'lltl'lvl B 



19 

1 

rn1um..!'tJ'lJ1V1'U1L'ULlJm'tJUV1j;,JU':I'Vl eJ'VI 61 1CJi'U el(J)'jl~'J'UmllJEJ1'J~€JA'JllJ ni\:J'1JeJ'lvleJA11ueJ'U'1J'U1V1'U1L'ULlJ (J)'j'tJUV1 j;,JU'lvl eJ 

'VImCJ~'U G'1'UllJ1Wyh bb61:;eJru'VIfllJ , " 

l?ll'J b<il'l'lJ 'j:; n€Ju'tJuV11~LV1 'j b~"'1J€J'lvl eJfll {UeJ'U'1J'Ul V1'U1L 'ULlJ m'1l'WV1 j;,JU'lvl €J'VI 611tJiwlU b ~"m~'U LV1CJ:u'lJ~lJ1ru 
~V1~'J'ULV1CJ'lJ~lJ1(J)'j'1J€J'lvleJA1{U€J'U'1J'U1V1'U1L'UblJ\Il';j'1lUV1j;,JU'lvleJ'VImCJi'U~m~mn~'U bvllnU 0.01, 0.1, 0.5 bb":; 1 LV1CJ 

L\Il~EJlJLtJ'UG'11'J b\iJ'J'\J"€JCJ"!JeJ'lvleJA1{UtI'U'1J'U1V1'U1L'UblJl'l'J'llUV1j;,JU'lvltl'VIm CJ~'U 1'tiG'11'j"V1 bL ';j'l~'l~'J SDS 'ci'JCJ1'Ufll'Jm:;~lfJ 
;('J LY;ml11'lJj;,JG'1lJnUG'11'j":;"lm~"m~'U1'U1.hn~'U n'J'Uh1b'li'ln'Uvitlru'VIfllJ 40 eJ'lf'!lL"lJflb;aCJ~ btJ'U'j~tJ~b'Jm 2 .ff'JllJ..'l ~'U 
j;,J~lJbtJ'Ubtrm~tJ'Jn'U bL~'JLVl~'J'Uj;,JG'1lJvi1~"..'l1'U~l'UL~l~ b~€J~"l?1~'n yf}litVf~'J'Uj;,JG'1lJb~(J);('JvieJru'VIflil 25 €J':)f'!lL"lJ"b;aCJ~, " 
~~1~bbe.J'U1~1mb\l"'1JeJ'll~V1 b<il'l'lJ'J~ neJUvl€JA1{um..!'1J'U1V1'Ull'UblJl'l'J'1lUV1j;,JU':)vleJ'VImCJi'Unu b\l"611~'U lV1CJmUAlJA'JllJ'VI'Ul. , 

fll'JlbA'jl:;'v\?llJ'tMb;a'l n"Vll'l1 w'i'h mt'ICJ fll'JVlV1G'1€JU~'JmA~eJ'lTIeJilb\J)€J{ (Rheometer) bY;eJ~ m~nrillJ€JV1iKG'1 bb'j 'l 
" 

b~eJ'UmCJ1(l)mllJb'li'lJG'1'UllJ1Wyhm:;bbCl\1l'J'l bb"~eJru'VIfljJ nW1V1 b~lJ~'JCJn1'j'VI1~'J'li?llABmG'1~n (Visco-elastic regime) 

~'llVfril~b'VIlJl~G'1lJ1'U'lh'l 0.10 b'lJ€J{b~'U~'1JeJ'lA~llJb~~CJV1 (Strain) \llm1'UVlV1?1€J1Jn1'J\IltlUG'1'U€J':) bifi..:ln"Vll.:J1 w'i'hmCJ hl 
ifW1lI1~"!~1 0 n.:J 800 b"l'itnmmablJ\ll'1 vimlJ'VIflil 300 Lf'l~1'U bb~~VlV1?1€JtJn1'j\ll8U?I'UeJ'lb;a'ln61Vll'l1WthmCJ1(l)~ru'VIflil

, 'U '1 'tI 

300 ()'l 380 bA"1'U vi?l'UllJ 1w'i'h 0 bb"~ 800 1'J"ii~eJil"~blJ\Il'j 

fllWI~G'1eJUn1'JbBCJ'l'lJeJ'll?l~mCJl(l)?I'UllJ 1 w'~11~ bn'U 600 1'J~ii~€Jil"i1 blJ(J)'J ~nVlV1?1€JUl~tJn1'j'Jl.:j~'U'll'U1'U 

bb'\J'J~r.:)lVf~''U ,n'U~mb'1J'J'U''eJCJeJ~i.'U1.ild!'U:a~lA'U bb":;eJ~';j:;Wll.:j~iL~n1Vl'J~Vl€J'l bbl'1'lvivh'l n'U 30 il~~ blJ\Il'J ~':)LbG'1~.:Jl'U~'lJV1 

0 1 iJtulIIl .,011100 

CkfiK"led 

IDC Power supply f 
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4.1 e.J~fll'iVW1(;1€l~(;1lJUWifll'i\9l€l'lJ(;1tJ€l-!l b;a.:l n~Vl1.:!1Yh~1'1J€l,r1(;1~ b:a-:J'\.Jd~ n€l'lJ'11DVll~1Vl'i b\J~'1J€l-:JvI€lrl1{'lJ€ltJ'1JtJ1Vl1.J11tJ 

blJm'11DVle.J'W.:Ivlmm1EJitJn'lJb\J~m~tJ 

~1 1 m'jfllAYl®(;1mJn1A'llmJ(;1tJ€l.:lb;a.:!n~Yl111yj~lb\\JlJi]fl'i1J'1J€J.:Ib'@'11~itJ'l1'Uil~lVJ'ib\J~bL~d'(;1l!lb'B11Jd~nmJ'l1DVJle11Vl'l 

~\J kl'l1il1v1 tl fl 1'11IiltJ'1J1.J10tJ111J'I1'U 0 e.J'W,n1m'm1WntU}\; b\J ~ fill ~tJ 

fll'iYlVl(;1€l'lJdbtJtJfll'i~m~lfll'iAtJ'i'll'1J€l.:li'(;1Vlfl1EJ11li'(;1tJ1lJlyjyh lVlEJfll'i~lEJ?l1.J1lJlyj·;h 800 11~ii~e:Jij~~blJ\9l'i boV1 
'\J ., 

~~'tJ.:!ltJYln'l 500 itJ1Vi bb~lVhfll'i~Vl\ll1lJ~llJ€lVl"(;1bb'i':!bU€JtJ e.J~fll'iYlVl(;1€J'lJ ~':!bb(;1Vl.:!1m'll~ 2 'f:I'lJ';h A1lJ€JVlG\'(;1bb'i,:jbU€JtJ
'U • I 'U V ~ 

'tI€J-:J b\J~m~tJ'lJDVll~lVl'ib v~ bb~d'(;1Vlb:a.:l'll 'i~ n €l'lJ'1lDVlle1lVl 'i b v~'1Jtl':)vI€J fl1 {'lJ€JtJ'1JtJ1VltJ11tJblJ \9l'i'11DI1l e.J'W.:!vI €J'VIm tJ-itJn'lJ 

b>j~~i~tJb~lJ~tJbnti1fii'l~lEJt'11.J1lJ1~Yh 800 b~(l)(;)tiJ"~blJ~'l bbil::AiiJ€iI1iG\'Gibb'l':!ba€li.J~l1iil,:jbn€i~i.JilJ1ViYi i b tJti 0 li,, ;j
'\J 

~€JiJ~~blJ\9ld b~€l'lv1n(;1tJ1lJ1yjVh'Y111tXbnVlfll'il 'f:I"1 hi (PoLarize) '1J€l'l'VI~fl11'lJ€ln~~ (CarboxyL group) 'lJ'\,!(;11tJhi 
1lJb&1~~ bb&1:;bnVlfll'i~Vlb~tJ.:IlIllmEJ1Ili'bb'i':)bU€ltJ'1Jru:;YlI1l(;1€l'lJ 'Y111tX~tJ':)ltJi1fl11lJbb~':!lJ1n~tJ bb~:;bn€l~Vl(;1tJ1lJ1 yjvh"." btJtJ 0 

b~~~€Jii&1~blJm ft1lJ€JVlG\'(;1bb'i"'b~mJ'1J€l"'b\J"m~tJ'lJDVll~LI1lWil&1 i1ft1~11l~,:j bvl1 n'lJfilft1lJ€lI1lG\'(;1 bb 'i.:l bQ€ltJb~lJlli'tJ n~11A€J 
'\J '\J 

b\J"m~tJ'lJDI1l1~LVl'i b\J~ (;11lJ1'im-rr1~(;1ml:;~'" (Steady state) b~m11f)1'im~~tJl'1]tJ(;1tJ1lJ1yjVhbVitJ'lflf':)b~EJ] bb\>lrl1 

lJ€l~G\'(;1bb'i':lbU€ltJ'1J€l."i'(;1~ b -tl'l'll'i:; n€l'lJ'11DI1l1~111l'ib\J(J'1J€l'lvl€lfl11'lJtltJ'1JtJ1Vl1.J11tJblJ\9l'i'IJUI1le.J'W,:)vI€l'VI(J1tJ~tJn'lJ b\J~fill ~'\,! .Ji'l1ll1 

€l~1.:)~ii'll~lJ1ru'll€J",vI&111'lJ€ltJ'lItJ1VltJ11tJ'11iJVle..J'W"lvl€J'VI(J1tJ~tJ O.1bb(J:; 1 b'll€J1bo\i'\,!\9l1VltJ'll~lJ1\9l'i iifh~Vl"':)l~bvl1n'lJft 1ft1 

lJ€JVlG\'(;1 bb'i-:J b~€ltJb~lJlli'tJ b~€l':!\J1 n fll'i\1lnfl1'l'1J€J.:!n1'l1 'f:Ifilll 'ii (PoLarize) ~bnl1l\J1nm'ibfll~n~lJntJ'1J€J-:JvI€lfl11'lJ €J'U'1J1.J1VltJ1 
'\J • 

ltJblJm'lJDVle.J'W'lvl€l'VI"lEJitJ bb~'1(;1~ b'ii-:J'll'l:; n€l'lJ~.:!n~1')rJ.:!fl.:)(;11lJ1'imoV1~M111~D-:J (Steady state) bntl'Y11f)1'im:;~tJ 
~]tJ~1.J1lJ1vHh ~'lbL~ 5 flf,:j~tJ1'll bb6'lVl,:ji1i'(;1~~'l n~11ii6'llJmn1'lf)tJ'J'll b~lJ~~ ~'l(itlll'1i1 bDtJflru~lJU~~~~tl f)1 'l. " . 

1.1••5 

1.1e+5 ' 

t9 1."+5 ..wi 
1.2a+S 

11. 

:) 
~ 

1.0.·5~ 
•at 8.0.+4
! 
0 

@. 8.0.'" 

b 
".0.." 

2.0.+" 

0.0 

o 2000 l1OOO 

TIme(.) 

o p," gelatin hydrogel 
o 0.1 voI'%MWNT (2100~gelalln hydrogel 
6 t voI%MWNT (2100)lgelatJn hydtogel 

'lt1~ 2 fll'i\ll€l'lJ(;1tJ€J'lb:a.:!n~Yl1.:!lyjvhbb'lJ'lJi]fl'i11 mEJ11li'?ltJ1lJlyjvh 800 11~;j~€lij"~blJ\ll'i ~"ru'VIJ1iJ 300 bfl"itJ bb~~ 
" 'i '\J 

fll1lJ~ 100 b'ib~tJ'I..l~€li1.J1Vi 'IH).:! b\J~m~tJ'lJuVll~lVl'i b\J~ bL~:;i'6'lVl,b~.:J'll'i~ m)'lJ'l1iJVll~1mb\J"'U€J'lvl€Jr111'lJ eJtJ'UtJ1VltJll'\,! 
" blJ\ll'i'11UVle.J'W.:!vI tl'VI~1 tJ<fftJ n'lJ b V ~~1~itJ 

mailto:m'jfllAYl�(;1mJn1A'llmJ(;1tJ�l.:lb;a.:!n~Yl111yj~lb\\JlJi]fl'i1J'1J�J.:Ib'@'11~itJ'l1'Uil~lVJ'ib\J~bL~d'(;1l!lb'B11Jd~nmJ'l1DVJle11Vl'l
http:b:a-:J'\.Jd
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~ 

4 1 2 CH1'lJtEmUlmrJiilbb~:;e1®'D,humJlJtJ1J~eJm1lJ051'l'lJeN't1€Jrll{1Jt]U'U'UJ®'UJ1u"Ilul'1>-J'l1wi€)'\JjmtJiu ®mUJj'@ 

b~ 'l mwmlYJ'vhlJeJ.;r)'fl\1J bii11h:; omJ'lIu®lftl® 'i bvWIJ€J 1't1 €Jfl1{U €JU'lJUJ®ull u"Ili1® >-J'l11't1 tJVl m tJiunlJ bV0~~ 

B'VI5~~'U eJ" ei'(I) 'i J ,hum JlJ tJJ'J~eJfl1JlJ 011'l'lJeJ~'t1eJflJ{UeJU'lJU1I'1Ul1U'llUI'1>-J'l1'l't1 eJVl~JtJ-5U ~lJ ei'mJ ~ 'JU mJ lJ tJJ 'J 

~eJmJlJ011'l b't11nu 470, 749, 1200 bb~:; 2100 ~eJfllJU~h;a~0fi1V11'llrJii l'lJeJ ·:r)'fll'1b;a'llh:;oeJU'llUI'110'1I'1WJ~'UeJ'l't1eJ, 
fll{UeJU'lJUlI'1Ul1UblJ(I)'i"llUI'1>-J'l1-:J't1eJVlmtJiunu b;]~m~U ~(;\UllJ1rJyh 0 ~.:J 800 1'J~ii~eJij~~'hlJm <K'I bbfll'1'11U'itJ~ 3 ~..'l 

'IJ 

\bfll'1.:JmJlJ61lJ'WUt5'i:;Vl':lJ~1"11lJ€ll'1~flbb'i..'l bQeJu'UeJ..'llfll'1 bb~:;fl'JllJleJ~litUf)J'i(l)eJUfl'UeJ..'l'lJeJ~lfll'1~m~'UllJ1rJiil ~'tJil 1"11 

mW1GYfl bb'i 'lbQeJU'lJeJ ..'llfl~ bbfi1:; 1"11~nlJ18..'ll 'J'lJ'il'lf)J'j ~€lUflU1N'lJ8..'llflY1 b~lJ~'U b~eJlJ f)J 'ib11m)~'i1,bUrn1lJ tJl'J~eJmllJ"q , 
01\:I'lJeJ'l't1eJfl1{UeJU'lJU1Y1Ul1UblJm'llUY1>-J'l1..'l't1'ilVlmtJiu bb~:;flUllJ1rJiiJ b~'il..'l;]10 f)J'jbflY11~~J1'j'1l (Polarize) 'lJeJ-:JVllJ 

" 
fll{UeJO~~ (Carboxyl group) d'J UVl~bb'VIuv1UUflltJ1'1i1lJb~~'1l'lJ€l"b;]~m~u bVl tim1111~bn~11'11~'1l1lJb~u'Vl (Dipole 

moments) mtJ1ulfll'1 bb~:;vh1~bnl'1bb'l..'l'l:;vr:lJ..'lflJtJ1'IJ1lJmo~'UeJ..'l b;]fjmiliu ~..'l>-Jfj1,Xf)J'i bfl~eJU~'lJ€l..'lflJtJl'IJ'1lJ bG10fjG1(;)G1-:J 

lbl.1:;1flY1lJfl11lJbb~..'llJJ~~'U ueJO;]ln.Q V~Uil ~fl11lJleJ..'l1'J'lJ~..'lf)l)(I)'il'IJflueJ..'l'lJeJ'llflY1 b~1J~Ub~ eJ b~lJ ei'mJG1'Juml~ fJl'Jl11€l, , 
fl11lJ 011..'l'lJeJ..'l't18flJ{U€lU'lJ'U1Vl'U 11U'llUI'1>-JU..'lvl'ilVlmtJiu b ~€l.:J;]1 Ovl 'ilfll{U eJ'U'lJU1Vl'U11UblJ (I)'i"llUY1 >-J'l1.:J't1 eJVl'1l1 tJ~uv1lJ 
ei'\>l'll~'JUfl'JllJfJ1'J~'ilmllJ 011.:JlJJ 0 011;]:; bnVlbb 'i.:JVl~eJei'U(I») n~em:;Vlll~~b'lJeJ.:J't1eJrll{u eJU'lJ'Ull'1'UJ1U'lIUVl >-J'l1.:J't1'ilVlG11 tJ 
" ' 

iunul{]mfl~€lbU'il.:J~..'lOll 

a 3 8 
12 0 eA

1.·...' g C D 

g I 
l! 

i 
~ 

n 
f 000 

Q~ 0 Q 0$~ .... ~ ~ 0 Da
0 0 

• 
.. 

0 

" l " 
1..-+3 ", 

10 

.. 
.. !:. 

!;!• b 
<l 

" 

to .00 '000 
EIecIrlc: field Itrengtll (V/mml 

0 • . t~fl"".4(1 "'0'. ·1I1 "' '' l r o •. ,,,,",, I'_1.40'.1G'•• fI'I ~'" 

, 6 Lh~11.... .acr .. cr• • t&" " " A 

: ~::::~·~<::r:·M·;:~':'~ I 
I a .. I....rI!i. IIJIIl."cr.G'• • cr..tMl.,.. J 

A .. '¥IOftI. I'... . 471O'... cr.. ..! .. ,.. 

v " ' ,"",tUfI .ACI'fO". .. C' • • ,a.,.. 

',jtJ~ 3 B'VI5~G1'lJeJ.:Jei'ml~'JUmllJtJl'J~'ilfl'JllJnlJ.:J'lJeJ.:JvieJfl11ueJ'U'lJU11'1'U11U'lJi1~>-J'l1.:J't1€lVl~ l tJiu ~'ilf1 JlJ'ilVl ~(;'! bb'i 'I bO €l'..J 
~ ~ 

'lJeJ.:Jlfl~ bb'1l:;fl'JllJl'il.:J1'J'lJ'il-:J f)1'i(l)eJUflUeJ'I'lJ€l.:Jlfl1ilbl1'illJf)1) 1~mllJb-iilJ'lJeJ-:JflUllJ1rJiil~l.:Jnu, , 

~'1l'U8.:JmllJb.uu.vU'lJ'il.:J't1'ilfll{UeJ'U'UU1I'1Ul1UblJ\91'i'lJUVl>-J'l1.:J't11lVl~ltJiu ~eJflj.J'U~b:a'l 0G1V11.:J1 rJiil'lJeJ.:JlflVj b~h 
t1'i:;n1lu'1JuI'11ftlmb\l~'lJ'il.:j't1'ilfl l 1ueJU'lJU1~1.Jl1UblJ \>l'i'll'i1I'1e.J'l1,'j't11lVlG11tJiui\\jb;]"~1~'U bbfll'1,'j~'1'itl~ 4 ~Ull f11~'J1lJ 

" 
l'il.:Jb'lJeJ.:Jf)1'iilleJUfl'UeJ.:J'lJeJ.:Jl(;'!Vj ~mJlJboUlJ-ii'U'U€l.:J't1eJ~J{U'ilU'tJ'U1\91Ul1U'llUY1>-J'l1.:J't11lVlG11tJiu b't11 flU 0, 0,01, 0,1, 0,5 

bb~~ 1 btJ1l{b~'U(I)1VltJtJ~m(Jm-M:l!~'Ub~'ilm1lJ b-iilJ'lJ'il.:JflU1lJ 1 v! ¥h iJ r11 b~lJ~U BO~..'l f)1)b"~lJmllJ b-iilJ-iiU'lJeJ.:J't1'il m {U €lU 

'lJU1 ~UJ1U'lIUI'1>-J'l1.:J't1'ilVlmtJiu;]10 0 ~.:J 0.1 tJ'il{b~uii1l'1tJtJ~m(l)) v1fl,)llJb-iilJ'lJ€l.:J?lUllJ 1 rJiil 800 b~ii~'ilij~~blJm 
~.:J>-J,,1~1"11lJ'ilVl~flbmbQ'ilU b~lJ:ff'..J;]10 82,507 btJ'U 223,600 tJJflfll'1l mh~hn(l)llJ f)1'ib~lJrnllJb-iilJ-iiU'IJ'il.:J't1€lflJ{'IJ€lU

\) 

'lJ'U1VlUl1U'll'i1Vl>-J'l1.:J't1'ilVlmtJiubtJ'U 0.5 bbfi1~ 1 tJeJ{b~'Uii1l'1tJtJ~m(l)'i vhl~~llJeJ~~flbb 'i-:JbQeJ'U'lJeJ.:JlflVl'1lVlG1.:J b~1l..'l\l10
'IJ , 

http:I'_1.40'.1G
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'U1lJlru'U€l'lvl€lfn1'U€l'U'!J'Ul\il'lJl1'U'lJU\il~,rWiEl'VI~l~~'U~:lJ1 n1'UVll1~ b1'1 \il nl'm~ n b yj~'i~'VI11'lvlElm1'U E1'U'U'Ul\il'Ul1,.!blJcm 

'UU\il~,r'lvlEl'VImtl~'Un'Jb'l~~l~'U'1liJ\il'l~\il'ib~~ 

i~f 
i 

1.+5 

i if ~ 
, i 

0 t ~ 

y ~ 


£ ~ 

~ 

10 100 1000 

Electric field strength (VImm) 

o PUN IIIII!ln hydrogel 
o 0.01 ""''II. MWNTfgellln IIydrogoI 
A 0.1 ....% ~7111lltin "r<fOogo1 

." 0.5 \101% _NT/IIIIIUn "r<fOogo1 
o 1 ""'% MWNT~I.Un "r<fOogo1 

':iuv1 4 B'Il5'Y'W'UEI.:JfllllJ b-tllJoU'U'UEI'IvlBfll1'JEI'U'U'Ul\il'Ul1'UblJ\Jl'i'lJ1j\il~,r;jvltJ'VImtl~'U IJitJr11mllJ~1'1'UtJ'IlJtJ\ilGi'~ bb'i;j b~ E1'U 
~ ~ 

b~lJ~'Un'J~ b'U~ tJ'Ubb'U~'1'l'U'UB'I1~\il, b~tJijrm1~l"lTllJb-iilJ'UEI'I~'UllJ1yjYh~l.:J n'U 

'll fl fl1 'i~ mn~lJ,j'~ b.;a;j fl~'Vll;j1 yjyh'lJ €I 'I b'l~ ~1 ~'U'lJU\illv1\il'i b"iil~bL~d~\il, b.;a.:jU'i ~ fltJ'J'1liJ\il1e11\il'ib~~'U E1'1vltJ 

fIl1'UEI'I.J'U'Ul\il'W11'UblJ\Il,)'lJU\il~11'1'1i El 'VImtl~'Wn'Ub'l~~'"!;)'U ~tJru'VIjl:ih~'VI11.:J 30 Q.:J 90 tJ.:JY'llb'1fm"ilm'l Vl'Jll r1wtJ\ilGi'~ , " ~ 

bb'i.:J bUeJ'U'UtJ.:Jl~\il bb~~r11ml lJlJil.:J'UtJ"lJtJ\ilGi'~ bb 'l"bUeJ'Ub~lJ~'UfluyjbtJ~EJ'UbbtJ~.:I1tI'UeJ.:l1~\ilbbU.:JtJeJflbU'U 3 'lil.:J ~.:J bb~ \il.:J1'U'i'U 
, "I " 'U 

~ 5 ~.:Jl'U'1il.:lbb'ifl ~eJru'VIJl:ih~'VI11.:J 30 ~.:J 40 eJ'IY'llb'1f~b;EJG'I bU'Wfll'l~\il~'1'UeNr11lJtJ\ilGi'mb'l.:JbilEl'Ubb~~r11lJB\ilGi'G'lIJ,'i.:lbUeJ'U
'I \J 'tI \J 

'UB ·r)G'I\ilbb~~r11fllllJ~1.:J'UtJ'IlJB\ilGi'~bb'l'lbUB'Ub~lJ~'Un'U~btJ~~'U bb'U~'11'U'UeJ.:J b'l~~l ~'U'lJU\il1v1\il 'i b ~~ b d tJ;j ~1 n b~B€I ru'VIJlij 
,, 't "I \I 

b~lJ~'Uvh1~Gi'n~ru~1m;j~fl'l'UB'I b~~6l1 ~'U~mm'l~11 .:Jli.Jb~ ~~ btJ'Ubni!iEn~llJb~'Ub1'1\il f1l'l bbEJ fl1'U€l ~1 'UGi'fl~ru~'U\il bb 'J'U~lJ 
1\ilEJ'lil'l ~ru'VIJJ:ii'l~'VI11.:l 40 ti.:l 50 tJ"Y'll b'1f~ bili EJ~ b D'Uf1l'l b ~lJ~'U'lJB.:Jr11lJB~Gi'~ bb 'l.:l bPtJ'W'UB'I b'l6l6l1~'U'lJU\ill~l\il 'lb'l6l 

bdeJ.:JlJl'llnfll'ib~tJlJ'Ull .:J~P\ru'VIJlijb~ml.:l~'U ~.:I~~1~bn\ilrnl lJhibtJ'U'i~btiEJ'U'UeJ"~l tJhillJb(;l fl6l b~lJ~'U ~.:Jvll1~bn \il bb 'i.:J 
~ \I 'U " 

fll'l'VI\il4i'l (Retractive Force) bb~~ l'U'lil'1~\ilv'htl~p\ru'VIJlij'l~'VI11" 60 ().:J 90 tJ'IY'llb'116lbiStlG'I bU'Ufll'i6l\il~'1'U€l"r11lJeJ\ilGi'~ , q 'U \I 

II 'l'lbutJ'U'UeJ.:Jb"iil6l6l1@)'U'1lD\il1eJ1\il'lb"iil6l bdEl'l"iill fl~~ru'VIJ,l il dv'h1~b1'1\il fll'lbbtJ fI'U€l"~ltJ1'1fLlJ b6l ~6l'UB'I b"iil~m i11'U"1Ju\ill!'ll\il'lb'l~ 

mailto:l'lbutJ'U'UeJ.:Jb"iil6l6l1@)'U'1lD\il1eJ1\il'lb"iil6l
http:MWNT~I.Un
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p..,. to'aln ~ (0' Pa. 10CIracIIII• I• 0.1 """"" _NT/go'a8n ~ (0' h . I-II 

0 "-go""" hyc*ogoI I_go moduI.. _ ) I 
D 0.1 """"" _NT/toto." ",..., (_ go _ .._~ 

'atl~ 5 UYl5'WG'l'Uel~mllJ boVlJoV'W'Uelwi elf11~'Uel'W'U'Wl ~'W 111.J'[j'W~ mr~'Vimml ~~'W~elrillJel~"'i1 bb1~ b5el'W'Utl~1i1~ bbm~rilmllJ 
'Ii 'Ii , 

~l.:J'1Jtl~lJel~"'i1 bb 1.:JbUtl'Wb~lJ~'Wn'U~bLJ~ ~'Wbbtli;l.:J1LJ bb,,~rilmllJ-ltl~1d'Uel.:J f111\Jltl'Ui1'Wtl.:J'1Jtl.:Jli1~~tl ru'Vii1iJ~l;j '1 n'W 
, "I \ 'U I 

~G'lf111Y1~i1tl'Uf111b€itJ.:J'1Jtl.:J~'W.:Jl'Wm~l~i1'WllJh 'lYJlhhn'U 600 b{;jtii~eliJfl~blJ(J\1 ~elru'Vii1iJ1~'Vi-l1.:J 30 {l.:J 40 
, '\J 

tl.:Jmb'1lG'H~tJi1 'W'U-ll djelli1~el~im~l~i1'UllJ1vlYJ11~'Vi-l1.:J~dU b~f11Yl1~ li1~ bn~f111b~EmoVl~~d'lJ')f1 ~.:J 1J.i1~.:J1'W1LJ~ 6 
"I '{j q '\.I \t 

b~tl.:J~ 1 f11f11.:Ji1~1.:J'Vl1"1bflij'Uel.:J b\l~fl1&i'WLJ1~ f1el'U~dtJ'Vi~fll~'Utl f1~G'l (CarboxLy group) (itl-l1b'u'Wf1~lJ~iHlb~ nm€J'W 

'Vi'W1bbtl'W (ELectron rich) bbfl~bn~1'Wfl11wl!i'W (PoLarization) ~~'Vhl\1bn~bb1.:J~"I~~1~'Vi-l1.:JlJ1~~~~1.:Jn'W (ELectro­

attractive force) 1~'Vi-ll.:J~'W.:J1'WbbG'l~~dYl€J"Ibb~.:J bb1.:J~bn~;'W'vll1\11i1~bn~f111bBmboVl~~dUb~f11'Vl1Vl~flf1b~tJf1-l1bb1.:JlVl~ 
, 'Ii \j 

b~f11'Vl1h"l~~i1 (DieLectrophoresis force) 

a 

b 

c 

'a'llvi 6 f111bBtJ.:J'lJel"l1i1Vl L;a.:j'll1~ nel'U'IJ'WVll~1Vl1b~~'1J€J.:j'Vielf11{'U tl'W'U'W 1~'W11'WblJ\Jl1'[j'W~~'t1.:J'Viel'Vifl1tJ~'Wn'U b~G'lG'l1 (li'W" , 
m~Hii1'W1lJlvlYJ1 600 bG'lii~€JiJfl~blJ~11 



24 

1. 

w 

12 

_ 	 10 

1 , 
:! 
~ •.I! 
0 

2· 

6.0.-2 

3.0.·2 

2..0.-2 . ~.... 
• . 0.·2 

0.0 

(II) 	
2 2 ~ 

qi 	~ 
~ 2~ 2 

~ 

~ 

~ ~ i 
~ 

a ~ ~ c 
~ i 

~ 
~ 

tl0 l:i 
II

0 

coa .. ..'" 
100 200 300 .... tGO 100 100 

Elecll'lc: tleld (V/mm) 

0 Oo"'"~ a 	 0.1 ¥IDI'% MWHTIGtldn hIJdrOJIIl 
1 ....... WWNTlOoIotn_,'" 

(b) 	 i 
~ ~ t 

~ 
0 

~ ~ i 
C 	 II a 

IItl 	 ~ a 
00 	 Q 0 

c "ZI 
§ 

OOQ Y 0 '" " '" 	 '" 

100 200 lOO 500 100 100 -Electric: tleld Imm) 
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0 	 D.. woI% lIWHT/GeLdft hydtogel.. 	 1 ~1iIIWNlJGI1"n "r*a9t1 

1tmJ~ 8 dJ'Unl~~mi1€i'VlTI~~'UeJ.:)mllJbilJ'1JeJ':)!:\'W1lJ1v1Vh ~'lJ';hdjeJrnllJb'tllJ'UeJ':)!:\'W1lJ1v1vhb~lJ~'U G1,:)t:.J~1~ 
" d~8:;nl~bBtJ':)bb~:;bf)~bb~':)b~lJ!:\':)~'U bllB':)'illflb~eJrnll-Jb 'tllJ'UeJ':)!:\'UllJ1v1<Wlb~lJ~'U ~.:)t:.J~1~bf)~1Vlb~"LlJ b~'U'V1 Lb"~b~m1~ 

" 
b'1l-B''U1'Ui'~VlL~lJ~'U ~'lt:.J"h1LtlVl nl~ bBtJ'l bb"~U~ 'l~lJlflfl11 LVl8btJ~8LJ bVi8m:;'Vdl'lb'ilGl"1~'U'1JijVl1~bVl~b'il" bb"~i'!:\Vl b~':), 	 , 
tJ~~ fleJLJ'1JUVl1~bVl~b'il"'UeJ'lvieJfll~LJeJ'U'U'U1Vl'Ulb'UblJm'1Ju~t:.J1J'lvim·'im tJiWlLJ b'il"" 1~'U ~LJ11 i'~~b'll'lth~ fleJLJ'1JUVl1eJbVl ~ 
b'il"'1JeJ~vieJfll~LJeJ'U'U'Ul~'U1L'UblJ~~'llUV1t:.J1J.:)vimllmtJiwlLJ b'ilGl"l~'U bnVlnl~ LBtJ'l bb"~ bb ~'l~ bn V1fll tJ1'U~'U'll'U'ill fl fl1 ~ bB fN 

"'lfl11b'il"Gl 1 ~'U'lJU~ 1~b~~b'ilGl blleJ-l'il1 flvieJfll~LJeJ'U'U'U1~'U1b'ULlJm'llUV1t:.J1J'lvieJ'V!m tJ b~lJnl~1~m1WIJ-B''U1'U~'U'l1'U 
'U 

'ill n fl1 ~~n~l B'VlTI~ Gl'UeJ ·rei'~~l~",l'UrnllJ tIl",l ~ eJ rn llJ fll\:j'1J eJ 'lvi eJ Y'1l1LJ eJ 'U'U'U 1~'U11'U blJ ~d'lJU~ t:.J 1J'lvi eJ'V!" 1 tJi'U 

fI11lJb'tllJ'!l'U'!JeJ'lviBY'1l1LJeJ'U'U'U1Vl'W1b'UblJ~~'llDV1t:.JU.:)vieJ'V!m8i'U ~eJ nl~~eJLJ"'UeJ.:j b'8 .:j flGl'Vll~1v1<Wl m tJ11ii'~'W1lJ1v1<Wl bbGl:; 

eJru'V!flij ~"ILJ11 nl~ btJ~tJ'UULlGl'lAllJeJVl~~ bb ~ ~ bi5eJ'UbnVl~'UflltJ1'U~'U'l1'Ub~vv~1'U~j)TJ:;m:;Iii''U lvltJAllJeJVlcrmL~.:jb5m.J 
~'l~'U~~eJ~'IJ.:jl'UeJ~flltJ11ii'mllJb'tllJ'UeJ'l~'W1lJ1v1V11~'l~'U bb"~AllJeJ~cr!:\ bb~.:j b~eJ'UGl~!;1,:j b~B~'U,:j l~B~flltJ11ii'fl ~'V!.!Jij~~'l~'U 
'UeJfl\llflihm,:j"~l'l'Vll'l bflij'UeJ'l b'il"Gll~)'U El'l~'lt:.J"1~tJ ~~'l ~eJnl ~ ~eJLJ" 'U eJ'l'Vll'l1 v1vh bLGl::: f1",lllJ ~eJ'UB n ~",ltJ 1f1 ~'l ~h:J'UeJ':) 
b'ilGlm~'ULl~:::fleJLJ~",ltJ'V!~l'n~LJVfl~Gl (Carboxyl group) 'il:::~'ll:m1~bn~1Vl1~"LlJb~'U'v'ibb,,:::ijnl~~eJLJ~'UeJ'lb'tl'lfl"'Vl1'l1~'I~l 

~~ Bn~'l fl1~ b<;ilJvieJY'n{\j eJ'U'1J'U1Vl'U11'U blJ m'llij~t:.JU'lvieJ'V!Gll tJi'U ~llJl~ flm:::Ill'U1\1bnVl nl ~~eJLJ ~'UeJ'l~ ~1 tJ bb"~~",lV1 b~",l 
lJ1 fl~'U L~tJ~ nl~b~lJvieJfll~LJ eJ'U'U'Ul Vl'UlbtI blJ ~~'1Jij~ t:.JU'lviB'V!Gll tJi'U~ei'ml~",l~rnllJtIl",l~BfI",lllJ fll\:J'Uv'lvleJfll {LJ v'U 
'U'Ul~'U11'UblJl?l~'1JUV1 CJu~vieJ'V!m tJ~'U~'lfl11 ~ llJl~flfld :::~'U1~bnV1 nl~@)eJLJ!:\'UeJ'l~~l tJ bb"~~",lV1 bh!Jlflfl111'U~",l'U'UeJ'l 
nl~l3ifl'\:l1fl1dbBtJ~'UV.:j~'U.:j1'UmtJ11ll~'UllJ1v1~1 'tJ1~b~'U11nldbfiV1b~m1~ L'1l-B''UflltJ1'Ui'~V1G1.:jt:.J"L~8m'l~eJ~~tJ~ nl~ bBtJ'l 

'UeJ,:ji'~Vl LL,,~i'!:\V1'il::: bnV1nl~LBmlJlfl~'Ub~BmllJ b'tllJ~'UllJ1vl~l"'l~'U .x'ldb'il"m&i'U'1Ju~1eJbV1~ b'il" El'l bL"~'l~lJ~nldfi'U 
, , 	 " 
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§f1'Y~ 4 


1mB®tJ ElilJ,\:nlylCl 

B'Vl5'W~'1JEl'l~n'\jru'Vl1'l ~ru~l'Wl'VlCJ1'1J El 'l'W El ~ IElVi ~'WlVl El El n~ 'VllElYJ'W ~El n11fI1UrPJf111tJ~VltJ~ El £J CJ1'1JUVl m Vl LU'W1'1J Bmnn 

'WEl~UJEl~e.J~lJ1~V!~1'l'WEl~IElVi~'WlVlElEln~ 'VllElYJ'W (PEOOT) II~:; IIEl~~I'WI'I'1JuVllellVlwil~ 

f111Pl m~l~n'\jru:; f111A1U~lJf111tJ~VltJ~El£JCJ1m£J11'1~'W1lJ1vJVl1'1JEl.:J'WEl~ IlJEl~e.J~m:;V!~l,:j~\lEl~ IElVi~'WlVl ElEl n~l 'Vl 

lElYJ'W~~lJ£J1'l1UV1 f11V!b U'W1'1J ~ fl bb/;l:; 8 ~~ b'Wl'll~llil~ I~,,'tluV!l~llil ~ I~ /;l h1£Jv11 fl11~ fl'\j1 B'Vl5'W/;l'1J8,:j 81'111 ~1'U'tIEl'l6111 I~EllJ 
'1J11'l '1J'W1IilEl~mf'l'tleJ'I'WEl~ IElVi~'WlIilEleJfl~'VllElYJ'W bL/;l:;tJ~lJ1ru'1JEl.:)m:;LL~1vJVl1 ~El n~In f111tJ ~liltJ~El £J II~ :;tJ1:;ii'Vl5.fll'W 

1'Wf111Ib~1~~1'W'1JEl.:Jm'1j'wlil fl11il I'U'Wl'llBfl 'W'U~lri1 Diffusion scalling exponent (n) '1JEl'lfll1tJ~liltJ~El£JCJ1'(1'iJVlI 'U'Wl'1JB n 

bbel~~rie:J'U'Ii'1'11h~\fhNn'U 0.5 ;.:ri-1lJ i EJ~'Iiiri~lfif11~tJii~tJ~mJbb'Uu Oiffiusion controlled mechanism V!1il Fickian 

diffusion tJ 1:;~'Vl5mv: f111 II'W~~ l'W'1JEl'l £J l'tlUVl b'U'Wl'll B n ~1'W'W El ~ IlJ El ~e.J61lJ1:;'I,11 ':)'WEl~ IElVi~'WlV! El El fl~ 'VllElYJ'W (PEDOT) 

bb/;l:;LLEl/;l~1'UI'I'llDVll"lVl11~~~Vl~':) l~eJii nl'~1~lJtJ1lJ1ru~11 I~EllJ1£J'I ~'I ""'Vl.:t1 'W~tJ~ 5 I~El'l~lfltJ1lJ1ru6111L~EllJltJ'I~ 
" 

I~lJ;'W~':)e.J"1~mllJ611lJl'Hll'Wf111mlJJ1't1eJ,:j'WEl~LlJeJ~e.J"'m:;V!~1'1'W eJ~ leJVi~'UlVlEl El fl'1l1 'VllElYJ'W (PEDOT) "":; "eJ~~ b'W(?l 

'111J\ill!l"lVl<H~/;l~Vl"'I bb":;~'W~'Wm£J1'Wb~~ii'tJ'Ullilb~fl ~'I,1\.JtJ1lJ1rutJ1U'W~eJl'W1"lVl11~"ElEl nlJ1~':)~Vl"'I~ltJ ,,~:; IJm~lJ 
tl1lJ1rum:;bb611vJVll ;;i'le.J~1Vitl1:;i!1'Vl5m'Wf11~IL'W1eJ1'W'tJEl.:tm'tluV!lu'Wl'll~m~lJ;'W I~El'l~ln III 1':)e.J~n~ln~l'11UVlblfll 'VlVl 

'WEl n~ln~ tJ1:;~'Vl5m'W f111 bb'W~ eJ l'W'tJEl'l tn'1:l'WVl bU'Wl'1lB neJ1'U'WEl~ IlJEl1~"'l.Jd:;vh ':)'WEl~ LtJ'Vi~'W1Vl eJ eJ n~ 'Vll ElYJ'W"''I61 Vl b~ El 
'\J ", 

1JVJ5Vl tluill1:tJB4bq1:1 

ELectrically controLLed reLease of benzoic acid from poLy(3,4- ethylenedioxythiophene)/alginate matrix: 

Effect of conductive poly(3,4-ethylenedioxythiophene) morphology 

A druS !.oaded conductive polymer/hydrogeL blend, benzoic acid-loaded poLy(3,4 

ethylenedioxythiophene/aLginate (BALoaded PEDOT/Alg) hydrogel, was used as a carrier/matrix for an 

eLectricaL stimuli transdermal drug delivery system (TOOS) The effects of cross-Linking ratio, PEDOT 

particle size, and electric fieLd strength on the release mechanism and the diffusion coefficient (D) of BA 

were examined by using a modified Franz-diffusion cell. The diffusion scaling exponent value of BA is 

close to 0.5 which refers to the diffusion controLLed mechanism, or the Fickian diffusion as the BA release 

mechanism. The 0 increased when there Was a decrease in the cross-linking ratio due to the tneshsize­

hindering effect. When increasing electric field strength, the 0 of BA-loaded PEDOT/ALg hydrogel increased 

because the cathode-BA- electrorepuLsion, electroinduced alginate expansion, and PEDOT 

electroneutralization simultaneously occurred. The highest 0 belonged to a blend with the smallest 

PEDOT particle and highest eLectricaL conductivity. The 0 of BA was a function of the matrix mesh size 

except when drug size/mesh size was Lower than 2.38 x 10-3, where 0 of BA became mesh size 

independent as the matrix mesh size was extremeLy large. Thus, the fabricated conductive poLymer 

hydrogel bLends have a great potentiaL to be used in TOOS under electrical stimuLation. 
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2. U'Vl'lll 

'J~'U'Uih~~tnL.ul~~l~ rntJii1\J1(1U'J~~~riL¥i BUB~ tl'UllJ1\1'tnmntJ(J)1)~'Vl11~rn)~~~l'Um tJ1'U~l~rntJrimJv1tn ~~ " , 
1u~~B1m~'Vl1B~1'Uv1 L D'ULlh'VllJ1 tJ1.'Urn)-rm~n L~Bt ~rn'J-rn'\:11LnVlUd~~'Vl5mV'l~~~VI U'1'1u'U)~'U'Urn)ul~.:Jtn:n'Vli;ntJi5'\j, , 

~~ rndUl~.:Jtn~l'U~l'Vl11.:J bD'U1IT'Vl~.:Jm~-r'UrmlJ~1.J1.'1 L-deN'll nhjriB1.~LnVl~11lJL~'UU1V1IJiB~thtJ 'Vlam~tJ'I n l'J(1nVIl(;lltJ 
" '\J 

~B.:Jtllv1'Vll.:JLiWi1.JB l'Vll'JLL(;l~(J)'U 611lJl)(1m'U~lJ rn)U(;lVl'\.J~BtJ tll10~1 tJ L 'li'U b~BI'1B.:J rn)'VltJVltll ~llJl'J(1i1i'lLL~'ULb'\.J~BBn, , 
'11 n~h'Vl11.:J bb~b-dB.:J'11noiJB~1 tlVl'1JB.:Jrn)'lilJ~l'U~B'I ~l'Vlu-:Jv1l:\.JtJBlJ1~611)~'U'Vl1B~-:J bbU(;lnU(;lBlJLoiJl~~l-:J10~ltJ VIl1.Vi 

u)~~Y1~mV'lt'tJr11'J-rni!fl(;lVla" ~~~ll~-:J~B~i)l~tJwh'li'1CJ'\llnmtJ'tJ1lnm~~'Unld;lJ~l'U'1JB-:Jn1~l'U~1'VlU" ~~md1il, 
m~ bb611'V'I-WlbD'U15'Vl'd'lYi'tiltJ~1'U~lJrn'J;lJ~1'U'1Jtl~tll ~l'Ue:h'Vl11~mtJtl'1rn) L'\.J~tJ'UbbU(;l.:J m~ LL~ (Current) 'Vl1B, 
bb )"~'U1'V'I-rh (voltage) 'Vi11~bnVlmllJ~1~f'in~Yi~1'l'V'Ivh ~-:J(:.J~lViijrn)b~~B'UYi~B.:J1BBB'U~1"~d':llJ.x"tll1'U)~'U'U 1[11V1) 

b'l(;l bD'W161V1'tltlVl'Vl.[j~Yitlm..J1m'Urn)~l'U~lJrnd'\.J(;lVlU~mltn b -dB-:J\lln 1[11V1'J L'1mU'U161V1Yi611lJ1'Jfl'UllJ(J)';Mi1.U611da~(;lltJ
" 1 

~1"~ b'l1'U tll VI~tl 61T~a~mtJUyJL'V'Itl{ LLa~~llJ1'J(1\J\tlLJ61'UB.:J~B~"m~~'U~l"'l b'liU l'V'1-wl ~"~1.J~'lt1lna1nrndlJ1;Jj(J)dl'U 
1G1V11~lV1)b'l(;llJ1 1 ~'Urn)m'U~lJrn)'\.J(;lVlU~BtJ til ;fi"bbB(;l~b'U\J\bU'UV'lB~ blJB{1~lV1)b~a'tltlVl'Vli!.:JYiijmllJ611lJl)(11urn'J LoiJl, , 
tl'U161V1'Vll~'1l1mV'l l:\.JriB 1 ViLi'iVimllJb DU~'\:1~B~l.:J rn) LL(;j~:nmllJ161 1'U~l'Ul~tJ~baB n 1 ilY~B~blJtl1ul1'V'Ii~lfi m'm~\btlYia'U 
1V1BBn~'VllBYJ'U'lJ'UlVI 'U1L'UblJ\J\dlJ1(:.J~lJ tl'U bLBa~b'U\JI lV1tJ1ilbU'UbtlB~1.J~l'Vl-r'U'\.J(;jVl'\.J~BtJ tll'tltlVl mVi b'U'Ul'l1B n 1\J1(1'\.J)~G1.:J~, 
'1JB.:J ,11'Ul~tJ dbtJ 'U n 1 d?'1 n~1 n a 1(;l n 1 )U(;lVlUG'i BtJ tJl'1Jtl-:JV'lBi;'i blJB1(:.J61lJ)~'Vl~1.:JV'lB~ blJ B{u11'tl-Wl bb(;l~'V1tl ti blJ B11[1LVI db'1(;l 

~l'Vl-r'U~l'U~lJrndU(;lVl'\.J~BtJ'1JB-:JmVlb'U'UL'l1Bn (Bensoic acid) mtJl~G1'UllJ1'V'I-rh 

3.1 i'ln~lrl1.J~11bl.a~dl'U)llJoiJBlJab~tJltl'U.:Jl'Jl~tI )llJ.x'l~'l~eJb~~B'lbbfhLa~~ldLfllj
'\J 

3.2 b\JI1t1lJ(:.J~lJtna'l1.'U'V1B~LBV1a'UlVltlBn~1 'VlLBYJ'U (PEDOT) lVi tJ'VI 1'.1 VI LBYia'U1V1 BBn'il1'VlLtlYJ'UlJB'UeJb:!JB{ (EDOT) 

(;j'l1'U~1)(;l~mtJbbBlJl'Ub11t1lJbutl488n;l.VI~ab'tl\J\ (APS) bba~tn'tluVlb'U'Ul'l1ambB~VI (Benzoic acid) 1'U,J1n~'U 'iJ1mrUnl'U 

bU'UbDU):;tJ:;nm 72 offlL:!J-:J Y11 n1d~'Ub'VI~tJ'lv11tJml:!J b~161.:J b¥iB bbtl n'V1B~ blJB{BB n'lln~lda~mtJ Y1lrn),h:l01tJblJ'Yll
'\J 

'UBabba:;B~~hrLJ bLa:;B'Ubl.Vi-:J0':ltl~B'U~~1f111n1flYi8ru'VI.n:iJ 60 i)':]l'Ilb'tlaL'iltl61 b,j'U':i~tJ:;n(;ll 24 off':lLlJ'I 
~ 'tgtP'~ ~ 'tI 

3 .3 L\JI~mm61:!Jtll(;l.:]1'UV'l8~Ll.m1(:.J~m~vil"V'l8~L8Yia'UlVl'i)Bn'ill'YllB bb(;l~bL'i)(;l~L1.J\JI'tltlVl1[11V11b'1(;l lV1tJb\JI~tJlJ 

61l':ia~mtJbL'i)(;l~b'U\JIYiiimllJboiJlJoiJ'U 4 bU'i){L~'U!Il1V1t1'\.J~lJl!1l':i b~'i)lJ'lJl1.:J01tJ1'l1 b~tJ:!J1Btl'i)U L~lJl~B~bBYia'U1V18'i) n;l.'YllB 

r~'U Yi~1'Urnd(:.JG1l.JtJl(;j-:J1u Y11rn'J~'U'JLJ1vltJiITrn'J'VI~'i)01mLll~lJ~ 'i)'ULLVi'lYiBru'VI.niJ 40 B.:Jfllb'l1(;jb'ilm'fbD'U'J~tJ:;nm 72 
" , '\J 

offll:!J-:J 'l~HiYMlJ'1J8-:J'V18iiblJB{(:.J~lJd:;vil':]'V1'i)~b'i)V1~'U1V1B'i)n;l.'Yll'i)o/!'U LLa~bl.Ba~b'U!Il'tluVl1~1V1'JL'1(;j 
3.3 lb~'Jl~v1~:!J~'Yll'1b~ii'lJ'i)'1'V1B~L'i)V1~'U1V1'i)'i)n;l.'Vl1'i)~'U Yi~l'Urnd(:.J~lJtn 01tJ Fourier Transform Infrared 

Spectrophotometry (FTIR) 61lJ~'Yll"ml1JL~~tJd'Yll'1mllJ~'i)'UJi'18 Thermogravimetric Analysis (TGA) ~lJ~'VI1 ,'j 

iKru~1'Ul'YltJl01EJnG\'B,,~a'Yl'l'Jl'ltJBba~\J\'J'i)'W bb'U'U~tl.:JmlV1 (SEM) bb(;l~~lJ'U"in1'Jul1'V'IYh01tJb~~'i)'1 Custom build two­
~ , 

point probe 

3.4 ~n'\:1ru~ n1dU(;l~U~BtJCJ1~ln'W'i)~b:!J81(:.J~lJd~'Vl1 .., nri)~b8Yi~'W1V1B8n'1l1'Yl18~'U Lba~ bb'i)a~ b'U1'l'(JtlVl1[1lV1'J b'l(;j 

~niiimn01t1~'\.JnJru "Modified Franz Diffusion cell" \i1,,~u 

http:B.:Jtllv1'Vll.:JLiWi1.JB
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DONORCOMP~II 1---
ELECTRODE 

1 I 
______~ 

HYDROGEL) ~t
I\IEl\iBR..o\NE 'SIi • 
(NYLON NIT) /" ... SAMPLING PORT 

\"~TIR. OUT ) RECEPTOR COMPARTMIHT 
( (BUFFER SOLtmONpH 5.5) 

J WATERJECKET 

] 

37 'c WATER IN) I SRAR-HEAD MAGI\£IlC 

4.1 e.J[;1 n1'l"1bfIJ1~"hrn'clru~"'ru~l'l..e.lYlm'1JB'I;'jfI~hBYi~'W1~€JBn~Y1LBW'W 

~m m~Y1'U'1JB'ItJ~lJ1ru~l 'l €J €I n;a b~'Wvllllmrn~ru~'"ru~P'W1Y1 m'1J€J'I~€J~b€JVi ~'U1~ €I €I nCJ1Y1L €JW'Ue.J i;1lJ en 

;;1n~ru~Y11'l~ru~1'W1Y1!'Jl';'1tJ'l~ n€J'U~lfJ'1J'Wl~ bb[;1~ ~tJ~l.:J'1J€J.:J€J'limA~ €J~ b€JYi~'W1~€J €I n~Y1LBw'We.J"lJen'!!u~ b'U'Wb'1J 

B n bbB~~~G1.:J bA'l"1~Vl1'U~ml~mllJboUlJoU'W'1Jm!;11'l"B€I noa b~'Wvlvtlm'Wn1'l"G1.:J bfIJ1~1-111l1.:J fl'W ~.:JbL?l~'11'W~tJ~ 2 €J'limA~ €J~ b€J 

Vi~'U1~€JBn<J1Y1b€JW'Ue.J!;1lJen~G1.:Jb'i'I'll~il~iJ'1J'Ul~ 220 'U1L'WblJm bb[;1~;;1n~ru~~tJ~l'1€J'limA~B~b€JVi~'W1Vl€J€J n~1Y1bBW'I..l 

e.J~lJenbtJ~fJ'U"illmb'U'U11~'\.J~1'l (irreguLar; ~tJ.yj 1a), ;;1n'=tru~A~lCJe.J[;1'l"li.'lb'U€J{~ (raspberry; ~tJ~ lb), bb[;1~;;1n'=tru~A~lCJ 
tJ:tn11.:J (corqLliform; ~tJ~ lc) b~€Jmll:JboUlJoU'W'1JB'I~I'j€JBn;bVl'Wvlb~lJ~'W"illn 0.15, 0.30, kbn~ 0.45 hml{ \i\llJ~I~U 
b~ B.:J"illntJ~lJ1ru~ l'j B€J niB bVl'Uvl~.:Je.J[;1I11€JtJ~lJl run l'l bb\1ln 1l11btJ'WbbAYllBB B'Ub 'l~r1fl'1JB'llJ€J'WB blJ€J {bLfl~ e1\11'll b~l1'Wnl'l 

bn~tJiJ n~en~B~ blJB1'j b'1!-tl'W bVlCJ b~€J!;11'jBB n~ b~'WvlbV;lJ~'Wvh1VitJ~lJ1runl'j bL\1Inll11bU'WbbflYl1ml€J'Wb'j~r1(;1'1J€J ~Wl'WBblJ €J { 

bbfl~e1mlb~l1'WnTHnVltJiJn~CJlViB~blJ€J1'j b'll-tl'Wb~lJ~'W ~.:Je.J(;11ViB'limflVi€J~b€JVi~'U1~€J€Jn~Y1b€JW'I..le.Ji.'IlJen'lJUVl bU'Wb'1!B n 

U.B«a~~G1.:Jbfl'l1~Vll~ii'!J'U1Vlb~n[;1'1 ~'lB'UmflviB~ b€Jvl~'U1Vl€J€Jn~lY1L€Jw'We.Ji.'IlJen~6¥~ Lf! ':il~~"ill n A11:!J biflJif'U'U eN i.'!1 ':i€J €J n'8, 
b~'Uvl 0.30 LlJ[;11{iJ;;i'n'=tru~'1J€J'l€J'limflf!~lm'Imli.'!b'U€J{·~ (~tJ~ 2b) bbfl~iJ'U'W1Vlb~n~~ (70 'Wlb'UblJ\i\'l) bblll€J~l'lhn~~ 
fllllJbiflJif'U'1J€J'Ii.'!1':i€J€Jn~b~'UvllJ1nnl1 0.45 L:!Jm4 'Y1r1Vibi')~ii'flb"v'1\111BBB'WVl~mfllb()l€JnBB€J'W1'WtJ~lJ1ru~l.J1 mn'U1tJ ~'1 
1€J iJ€J'W~~n~11~'le.J[;11ViLi1Vlf11'l'l1lJIl11fl'W'U€J.:JB'limflViB~ bBVi~'W1~B€Jn~Y1LBW'We.Ji.'!:!J en nfl 1 fJ LtJ 'U;;1n'=tru~fl ~1 fJtJ~ n l-r.:j~iJ 
'1J'W1VllVlqjmimfl1Vl 

http:WtJ~lJ1ru~l.J1
http:Y1b�JW'I..le.Ji
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4.2 e.J~fIl1ibflJl:;~G'llJ'U1\fIl1L111yjY11'1Jtl~~tl ~ btlVi~'U1~ tltl n~'V11tlYl'Ue.JG'llJEll~'U~ b'U'U1'll8n bbtl'1iVl 

rmL1llyjY11'1Jtl~~tlabtlVi ~'U1Vl tltl n'iil '1'11 tlYl'Ue.J G'llJ EJ 1'1J'U~ b'U'U1'llB n bbtl'lJ~~'U tl ~ n'U'1J'U 1~'1Jtl~~ tlii btlVi~'UlVl tl tl nolll'1'1 

1tlY!'U~G'I:m1 ~~m~ r\1l :I:J~;;:I:J;;'U<tJtl~~1 1tlBn~~Vl'Uvl rhm'l'il11yjY11 ~~~'U~~ tl<tJ'U l~B1imr1 Y! B~beJYl~'U1Vl tl un ~1vll ElYJ 'Ut:-I ~~J 
Ell b~n"~ I,~B~~l n~11~iltl1imfl'U'Ul~ b~ n~:;il~'U~~lVl1'U fIl1 bfl~tl'U~'Utl~8 b~n mB'Umn~'U ~'l e.J~1~fIl1L111yjvh'UB'l?!11 

b~lJ?!'l~'U 1~EJAlfll1L111yjY1 1 <tJB'l~B~btlVi~'U1~BBn~1'V11BYJ'Ue.J~lJEllb'Vhn'U 95.64 10.65 bb~:; 2.78 S/cm b~eJvi'ln11e.JG'llJ 
'Ii 

Ell~'l1'U~tl~btlVi~'U1~BeJn~'V11tlYl'U~ij<tJ'U1Vl tl'Ufllfl'U'U l~b~n (S-PEDOT) ~ eJ~ beJVi~'U1VleJB n'ii1'V11BYl'U~il~fl'\~H1J:; m.Jill fl, ; 

fl~lCJtJ:; fIl1.:J (C-PEDOT) 1,6":; ~eJ~ beJVi~'U1~ tltl n'ii1'V11tlYl'U~il'tJ'W1Vl tl11fllfl'tJ'W1VllVlq! (L-PEDOT) (JIl:l.ni'l\i{'U bbMl--11'W 

(JIldl .:JVi 1 

(JIldl'l~ 1 '1J'Ul~eJ~fllflbb~:;AlmdL111yjY1 1'1Jtl.:J~tl~ beJVi~'U1~ tlB n~'V11tlYl'Ue.J?!lJEJl 

drug.to ded P T part ide ite (nm) lectrica1 onductivay ( Icm) 

B ·loaded ·PED T 71 _ 4 95.64 ± 5.52 
BA-Ioadcd :· PE OOT 1 ~± 4 10.6 ± .86 

B -loaded ·PEDOT 2 ± 7 2.7 ± 4.35 

4.3 l bml:;~fIl1tJ"VltJ~BCJCJl'1lil~b 'U'W1 'llBn Lbtl~Vl~l n'lm~ LlJeJ~e.J?!:lJJ:;VI'il'l~B~ 6BVi~'W1~tl tl n~'V11eJYl'U Lb~:; bb eJ~ ~ 

L'U(JI'tJij~1111~Jb~~ 

1'Um1~mn f1~lf1f1ldtJ~~tJ~BCJCJl'tJ'U~ b'U'W1'1l8f1 bbtl~~ ~ln~eJ~blJtl1e.J?!lJJ~VI'h~~tl~6eJVi~'U1~eJvf1~ 'V11BVl 'U 

bb~:; LbB~~b 'W(JI'IJ'UVllv1Vldb~m tJ~lJlru'UB'lCJ1'tl'U~b'U'U1'lJ8mbtl~~l'Ua blJtl~e.J?!lJd:;Vl11~~tl~ btlVi~'W1~ tl tl f1~1 'V11 tlYl'U bb~:; bbtl~ 

~ b'UIll'IJ'U~1111Vl1b~m'Vhn'U 95.4 ± 5.1 , 93.8 ± 7.8, b b~:; 94.1 ± 6.3% 1'U~eJ~blJeJ1e.J?!m:;~~11'l~tlabeJVi~'Ul Vl eJeJn'ii1'V1 

lBYJ'U~il'!J'Wl~eJ11fllA'1J'Ul~ L~n (S-PEDOT) ~eJ~beJVi~'U1VleJeJn~'V11BYl'U~ij~n13ru:;tl'4.fl1AA6\'lEJtJ:; f1l1.:J (C-PEDOT) bb~:; 
"{eJ~ beJVi~'Ul~tleJn~l'V11eJYJ'U~ij'U'W1VleJ11mA'U'U1VilVlq! (L-PEDOT) n'UbbeJ~~ b'W1ll'1l'U~1111~d b~"(JIllJG'il~'U 

4.4 C-J~'1Jtl~m:; bb?!1yjY11 ~eJ n~In f1l'ltJ~~tJ~~tJ~ tlCJ Ell 

n~1n fIldtJ~~tJ~mWl'1l'U~b 'U'U1'll8mbeJ~~~ln~eJ~blJeJ1e.J?!m :; Vl11 'l 'l~ eJ ~ btl Vi ~'Ul~eJ eJ n'iil'V11tlYl'U bL"':; bbeJ ~~iL 'U III 

~'UVlleJ1Vldb~" QnibAdl:;vl1~tJAVlbU'Ufh Diffusion scaLling exponent (n) 1VlEJrh n A eJ A11 :lJ i'U<tJeJ.:Jmlyj~~~eJ(JI 
1:;W11'l lo~ MlMa n'li Log time ~'lbb?!Vl~l'U~tJ~ 2 Lb~:;Al n 'lJ tl~~tl~ bl.itl1C-J?!m:;'\'rh-1~tl~btlVi~'Ul~eJtln~l 'V11tlYJ'U 66":; 

bbtl~~b'WIll'IJ'W~1111Vl1b~~ ~tJ~mrum:;bb?!1yjvh 0 h;w) U":; 1 h;wl ~'U11Al n ijAltl~1:;VI';h~ 0.41 (l.:J 0.58 ~.:JAtl'U.rrl 'l.., 
1n~bAtJ~n'U 0.5 ~~?!tl~fldru bb?!~'l11 f11JtJ~~tJ~eJEJ'Utl.:JtJl'1l'U~b'U'U1'll8flbbtl~~bU'Ubb'U'U Diffiusion controLLed 

mechanism VI~tl Fickian diffusion 

. 2~---------------------------. 

0 .0 o .·: ~:i. · · !: t~~.:.::·::·:· ~ ; ~'1)~ 
T. . ." §..i 

c·· f . . ! .'r.. 
-.6 

- -----­
o S-PEDOT/A4:...0.J 
A S-PEDOT/AIL.0.7 
~ S-PEDOT/AIILL3 

-1.1l -5 0.0 .5 1.1) 15 ".0 

log time (log h) 

atJvi 2 mllJ~1J~1'Wth:;vdl.:J Log M/Ma n'U Log time '1Jtl.:JfllJtJ,,~tJ~mJtJ1'1l'U~b'U'Ul'lliimbeJ~~~ln~B~hlJtl1e.JG'llJJ~vil'l 
~tlii btl Vi ~'Ul~tltln~l 'V11tlYl'U LL":; bLeJ~ ~h'U1ll'IJij~1~lVl1L~" 
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~t1vi 3 t1~lJlrunl'ltl~~t1~eJtltn'llU~LtJ'Ub'118 mL€l'ii~"<ill n~eJ~ Ll.jeJie-J~lJ'l~vr:h--'lYfil~ L€lV1~'Ul~eJeJnmV1beJ~'U LL~~LbeJ~~b'U~ 
'llij~l"'b~Jb"<il~ viLlm~l--'ln'U 
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Electric field 'itrcngCh (V) 

wvi 4- tJ~lJlrufll'ltl""~tJ~eJ tl tn'llU~W'U1'11 Bm\eJ'Il~'ill n-YleJ~ blJtl1m"l-JJ:;vr:il--'l~OObeJVi~'Ul~eJ eJ n;J1v11eJ~'U bb~:; bbW~t'U(!)
" 'llU~lvb~'lL"<il~ ~t1·1lJlrum:;LL~1'tJ."h~l-:Jn'U 

4. 5 t:-J~'1J€l-:J'lffi·:nBlJlM1l'l L~€llJ1tl-:J~eJnl'ltl~~tlci€ltltn"<iJln~eJFiblJeJ1 t:-Jt'1lJ'l::vh':!~eJ~ LeJVi~'U1~eJeJnm'VlleJ~'U 
bb~:;bLeJ~~L'U(Jl'llU~10b~'lb"<ili;'l 

"<ill nfll'li'1 m~l fll'ltJ~~tl~eJtl tn'llUVl btJ'U1'11B n LLeJ'Il~"<ill n~eJ~ LlJ€lit:-Jt'1lJ'l~vil--'l~eJ~LeJV1~'UlVleJeJnmV1btJ~'U LL~:: LL tJ~ 

~ b'U(!)'IluVll!JbVl'lb"<il~ flltl1~8V1~":~'1Jmtl~lJlru~l'lb~eJlJbtl.:! ~tJlltl'l:: ~V16ill~ n l 'l bb ~~~l'U'UeJ-:J tll'll'W~ btJ'Ub'lJB n~l'U~tJ~ 
blJ€lie-J~m::'Vlll-:J~€l~L€lY\~'U1~eJeJn'inV11eJ~'U bL~:: bb€l~~ b'U\9l'llU~1!J1Vl'l b"<ili;1 ~Vl ~--'l djeJljfllW~lJtl1lJlru~l'l b~eJlJltJ.:! ~.:! 
bL~~.:J1'U'ltlvi 5 L~1N"<ill mJ~lJl ru~l'lb~eJlJltl--'lvi byjlJ~'U~':!e-J~1~rnllJ~llJl'lt;)1'Ufll'lmlJ,Jl'U€l'l'WeJ~ blJ eJie-J t'1:lJ 'l:: 'Vlll'l'W eJ~ LeJ 

'IJ 
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Mesh size <Angstorm) 
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.-c... D v§ CR III E = 0 V -

<J D "s C R al E -= I V 
-o@-- D \'s mesh site al E = 0" 
--<F-- 0 "s mesh size al E = I \' 

k-R +=====:::;=====:::;:=====::;==--.------.---1 
.4 .6 8 1.0 !.2 1.4 

Crosslinkinr ratio lncro!lslillker/nmollomer' 

~tJv1 5 fm'tJI.b~\11-:Jmll.J~l.J~~'l.!lh~vrh:)mll.J~1l.Jl'Jt:lt'l.lf11'JLLVd'1Jv-:JEJ1'llU\11b\J'\.J1'1lBmLv'U\11 \11f)~v~Ll.Jvi~~:lJd~ovh..j~v~ 
bv-v1~'l.I1\11BBf)<n'Vl1BVJ'\.J bb"~bbB!;l~L'l.I(9)'!1U\il1~1\ildb\1!;l~ml.Jlruf11'Jb~Bl.J'1JJ1..jllil..jA''\.J 

4.6 S'Vl5~!;l'1JB-3'/JU\11'1JB-:J~1€ib~A1m\il\llB f) 1)t!(;l\ilt!~ mm 1\11 f) LL~'\.J Ei'(;l~ b'W(9)1.,.1\il)L\1" 

f11'J~f)'cl1~"'UB-:)'llU\11'1JB-:).rrJ€ib~n1Vl'J\ilt\ilt'J11-:Jbb~'l.I€ib~f)1'Vl'J\il'llU\ilbbAt Vl'J\il Vt~B'!1'ij\il LbBt 'W\il(;l-:J\J'\.Jbb~'l.I~Bi1 Ll.JB{ 

mm~~Vt')l..j~B~ bB-v1~'l.I1\ilB il n~1 'Vl1BVJ'l.I bb!;l~ bbB"~b'\.J(9)'!1'ij\il1~1\il'Jb\l(;l btJ~t'J'UbVit'J\JA''Uf)'Jru1:WHn'J~1.b~1y,lyh1'Wf)1'J 

t!"\ilt!~Bt'JEJ1'll1J\ilb'U'\.J1'1lBnLbB.;;J\il ~(;lf11'J~f)'cl1~\J';ht!~l.J1ruf)1'JLb~~~l'\.J'1JB..j EJ1l.J1 f)~~\il b~Bti~JB b~ n 1 Vl'J\il'!1'W\il bbrl1Vl'J\il, 
Jl-:J\J'l.Ibb~'l.Ib\1(;l bb~\il-3Iil-!l~tJ~ 6 b ~B-:J\11f)ijf)1'J~~1-:J bb 'j'-!I~~f)d~Vt'h~t!'j'~ ~"\J'1JB-!l81A''U.frJB b~ n 1 'Vl'J\ilIil'l.l81BB n\11 f)d~\J\J 
'1Jru~~tJ~l.Jl run1'j'bb~~~l'l.1'1JB-:J81ii'Bt'J~~\ilb~Bt i~18b~ n 1 'Vl'J\il'/.lU\il bbv1'l.I\il11'1\J'l.Ibb~'Wb\1" b~B..j\ll nijf11'J~~l'1 Lb 'j'..j~..j\il\il, 
'J~Vt11-:Jt!'J~v(;l\J'1JB'I en A'\Jt!'j'~ \1\JJn'1JB..j~18 b~ n 1 Vl'J\il~'1\il\il811it'l.I'J~'U\J 

~ 

• , '\J 

4Tr===============~------------~~.. f 80% ,...... o E =0.00 V 

-~ E "" 1.00 \' (cathode) 
E = 1.00 V (anode) 

E 
T::f .' 1 

I .....1" 
1'" 

~ . .... 
. .. 2"' 24%l ··-'- ­.

l ....... .. 0'... ..9. . ... ... ~. 17% 
-c .j' "2 ~.= = .,. .... .Q.c:z .: ::::::: .. ~" .......G' ....
E 
<.J' 0" ~-< .... ,:::: ::::::0 ...... · . 

O~--r--~--~-----.--,---~-~ 

0.0 .4 .h .8 1.0 1.2 1.4­

Time ln (hI /2) 

-atlvi 6 ml'tJbb~\il'lmll.J~l.J'w'l.llh~Vl11'1t!1l.J1ruEJ1~tJ"\ilt!~Bt'JBBn\11n bb~'W~eJ~ bl.m{~~l.J'j'~Vl11'1~eJi1 beJ-v1~'l.I1\ilBB n~1'VllB 
'\J 

tJ'l.I LL"~bbeJ"~L'l.I(9)'ll'ij\il1~1\il'j'L\l,, A'\J~):;'j':;LJ"lllil'1 'l 

http:1Jru~~tJ~l.Jl
http:bb"~bbB!;l~L'l.I(9)'!1U\il1~1\ildb\1!;l~ml.Jlruf11'Jb~Bl.J'1JJ1..jllil..jA


31 

'ill f1~\J~ 7 'VfU11\J'l::~vf5m~ f1l'Hb~~'1J€l--1 en'1ltJ~ bLJ'Ub'I1B mb€l~~ 'ill f1~€l~ b:l,J€l1e.J~mtVi11--1~ €l~b€lVi~'U1~€l€lf1~ 
1Vlb€lfj'U~iJ'1J'Ul~€l~mA'1J'Ul~ b~ f1 (S-PE DOT) bb1:'1:: bb€l1:'1 ~b'U\il'lltJ~1~1~'l b'il1:'1iJ \J 'l::~Vl6m~f11'l bb'\!d'1J€l--1en'lltJ~m~ buu1'llB f1 

~~~~ b~€l'l'ill f1~€l~ b€lVi~'U1~€l€ln'lil.VlL€lYJ'U~iJ'lJ'Ul~€l11mA'lJ'Ul~L~f1 (S-PEDOT) iJ'lJ'Ul~€l11mAL~ f1~'l~ ({'l e.J1:'1h~bi,)~ f11'l 

~1~b€l'UBb1:'1A(I)'l€l'U1J\~1~ vh1~iJfi1f11'ltJl1¥Jvh?t--1~?t~" ,

Se 

b ) : 
I 

~ '------ '+ " O 
I .I: , 
I 

I 

" t
J 

,·"; ,, 
0 ... + ­c · " 0 ., 


• 
..... .I

I 
, . 

I " 
J " 

. ·0-- So I'FOOT" ' I,,) : . I \' 
• "1" C· I'EUOT/ lit E~ " 
-- 0 -- I... ...:..OTIAI&-I.. - I v
' . ''' rt ., lnalt _1: ., 1161 

, A . 
I '" 

"~ I ' ,."'~ 

. ~ .".'::"""" " '1 
I • -'''''-. ...... I ", 

5e~ +---~--~---r--~--~----~--~~ 

,0010 .001 : J)020 JI025 .00 u ,0035 -'~O JI04S .on () 

Drug Siz.cJ:\lrsh sil.e (ltd/I;) 

~~ 7 \J'l::~Vl5m~nl'm~~'lJtl 'W14jU~~LJ'Ul'l1B m~€li1i~ 'illmheJ "LJ~€l~~l.J€lie.J,nJ'l::1;h~~tl~teJVia'U1~tl€l n~1Vl1€lyJ'U L,G'l:: 

bb€l"~L'U(Jl'1fU~1!'11~'lb'il1:'1 ~'1J'Ul~'lJ€l--1~€lih€lVi~'Ul~€lBn'lil.Vl1BYJ'U~1--1n'U 

~€l~b:IJB1e.J(\mtVi11--1~€l~iLBVi~'Ul~BBn'lil.Vll€lYJ'U (PEDOT) bb~tbb€l1:'1~ b'U(I)'1fU~1~b~'lb'il1:'1~lVi~'lJl~~mLJA:lJf)1'l. . 
\J~~\J~mWl'1lU~ bLJ'UL'llB mb€li1i~ ?in~l~~&i n'l'l:IJ nl'l\J1:'1 ~\J~ €l~ bb1:'1:: \J'lt ~Vl5m~ f)1'l\J1:'1 ~\J~B~ en B'U b~ €l--1:1J1'ill n 

8Vl5~1:'1'lJ€l'l\J1:1J1ru~1'lb~B:IJ'1JJ 1 --1 'lJ'Ul~'lJ€l--1~€l~h€lVi~'Ul~€lBn~Vl1€lYJ'U (PEDOT) \J~:IJ1rumt bb~l¥J~ 1 bb1:'1t '1fU~'1J€l--1~J 
~b~A1V1'l~ 1~~nG'llnf11'l\J~~\J~€l~en'1ltJ~bLJ'U1'1l~mb€l~~btJ'UbbLJ'lJbb'lJ'lJ Diffiusion controlled mechanism Vi~B Fickian 

diffusion \J1lJ1ruf11'llJ;w~e,h'U"!m.,ml~l'UW€l~ b:lJi),~e.J?lm~ :~11--1~€l~hBV\~'U1~ €l €l n'1l1Vl1BYJ'U (PEDOT) bb"~ bt€lo~bU(l)'1lij~ 

1~1~'l b'il1:'1 byj:IJ~'Ub~€liJ fm~~\J~lJ1rui:ll'l b~ B:lJ1m ujmyj:IJ\J~lJ1rumt bb?f1¥J~1 ~.:J e.Jo1~\J~:IJ1 runl'~\J1:'1~\J~ B~ ~ 1 'iJ 1n~B~ 
b:IJ€l1e.J?I:IJ'lt1;hW~€l~hBV\~'U1~€l€l n~lVlLBW'U (PEDOT) nUbb€l1:'1~b'U\?l'1ftJ?ll~1~'lb'iJ1:'1L~:IJ~;J~'U \J~:IJ1ruf)1'l bb~~~l'U'lJB;Jen 
~1'U~B~b:IJB1e.J?fm~v!1;J";1€l fj LBVi~'Ul~BB n'lil.Vl1BV~'U~iJ'lJ'Ul~B11[l1 A'1J'Ul ~ b~ n (S-PE DOT) bb1:'1:: bbB1:'1 ~ b'U(I)'1ftJ~1~1?l'l b'il1:'1iJ 

Fh~;J~?I?l b~eJ'l'illnVm~beJVi~'UhHleJn'lil.Vl1eJYJ'U~iJ'1J'Ul~€l' JmA'1J'Ul~b~n (S-PEDOT) iJ'V'U1~eJ'UmAb~n~?I~ "",CJ1:'1hH1Al 
'\j ~ "1 ' i' 

fIl'l\Jl1¥J~VI--1~6'1~ bb~::\J"a:IJlrufll'lbb~~~e-.il'U'lJ€l~m:IJl f1~6'1~ b~€ll<d~JB b~nlVI'l~'1l{j~ bbA1VI';i~Jl~LJ'UbbeJ'W b'il1:'1 b~B~ 'il l nil fIl'l" . ,
~1'l.:Jbb)"'e.J~m~~11'1\J'l~ ~~LJ'lJ€l~mnLJ~JB b~ n1Vl'l~v1'Um€lBn'ill m~LJLJ 

ri.M...l. 
[1] P.L. Antonucci, AS Arico, p, Creti, E. Ramunni , V, Antonucci, Solid State lonics 125 (1999) 431-437. 

[2] L. Carrette, KA Friedrich, U, Stimming, Fuel Cells 1 (2001) 5-39. 

[3] J. Rozi'ere, D.J. Jones, Annu. Rev. Mater. Re s. 33 (2003) 503-555. 

[4] J. Ramirez-Salgado, Electrochim, Acta 52 (2007) 3766- 3778, 

[5] S, Smitha, S. Sridhar, AA Khan, J. Membr. Sci. 259 (2005) 10-26. 

[6) V. Tricoli, F. Nannetti , Electrochim. Acta 48 (2003) 2625-2633. 

[7] D,H. Son, R,K. Sharma, YG. Shul, H. Kim, J. Power Sources 165 (2007) 733- 738. 



32 

[8J X. Li, E.P.L. Roberts, S.M. HoLmes, V. ZhoLobenko, Solid State lonics 178 (2007) 1248-1255. 

[9J J Wang, X. Zheng, Z Wu, B. Zheng, Z. Jiang, X. Hao, B. Wang, J Power Sources 178 (2008) 9-19. 

(10J E. SenguL, H. Erdener, R.G. Akay, H. YuceL, N. Bac, I. ErogLu, Int. J Hydrog. Energy 34 (2009) 4645- 4652. 

[11] S. Changkhamchom, A Sirivat, PoLym. Bull. 65 (2010) 265-281. 


[12J Z. Wang, H. Ni, C. Zhao, X. Li, T. Fu, H. Na, J PoLym. Sci. B PoLym. Phys. 44 (2006) 1967-1978 


[13] S. Vetter, B. Ruffmann, I. Buder, S.P. Nunes, J Membr. Sci. 260 (2005) 181-186. 


[14] L. Unni i<.rishnan, S.K. Nayak, S. Mohanty, G. SarkheL, PoLymer PLast. TechnoL. Eng. 49 (2010) 1419-1427. 

[15] S.D. MikhaiLenko, K. Wang, S. KaLiaguine, P. Xing, G.P Robertson, M.D. Guiver, J Membr. Sci . 223 (2004) 


93- 99. 


(16J S. Changkhamchom, A Sirivat, PoLymer PLast. TechnoL. Eng. 52 (2013) 70-79. 


[17] P. Mukoma, B.R. Joosteb, H.c.M. VosL, J. Membr. Sci . 243 (2004) 293-299. 


[18J Y. Wan, KAM. Creber, B. PeppLey, V.T. Bui, J Membr. Sci. 280 (2006) 666- 674. 


[19] J Wang, J. Liao, L. Yang, S. Znarig, X. Huang, J. Li , J Memb( Sci. 415-416 (2012) 644-653 . 

~2 
[lJ Heeger, A; Diaz-Gracia, MA Solid-State Mater Sci 1998,3, 16. 

[2] Pirsa, S.; Alizadeh, N. Sens Actuator, B 2012, 168, 303. 

[3] Benvenho, A R. V.; Li, R. W c.;Gruber, J Sens Actuators, B 2008, 136, 

173. 


[4] Yung, Y. S.; Jung,W; TuLLer, H. L.; Ross, C. A Nano Lett. 2008, 8, 3777. 


[5J Vijaya, J J; Kenedy, L. J.; Sekaran, G.; Bayhan, M.; WiLliam, M. Sens Actuator, 


8 2008, 134, 604. 


[6J Urbiztondo, M. A.; PeraLta, A.; PeLLejero, I.; Sese, J; Pina, M. P.; Dufour, I.; 


Santamaria, J Sens Actuator, B 2012, 171 - 172, 822. 


[7] Satsuma, A; Yang, D.; Shim izu, K. I. Microporous Mesoporous Mater 2011, 


141, 20. 


[8]Varsani, P ; Afonia, A; WiLliams, D. E. ; Parkin, I.; Binions, R. Sens Actuator, B 


2011, 168, 475. 


[9J Tang, L.; Li, Y.; Xu, K. ; Hou, X.; Lv, Y. Sens Actuator, B 2008, 132,243. 


[10J Gao, J F.; Van, D. X.; Huang, H. D.; Zeng, X. B.; Zhang,W Q.; Li, Z. M. J PoLyrn 


Res 2011, 18, 2239. 


[11J Ayad, M. M.; Hefnawey, G. E. ; Torad, N. L. J Hazard Mater 2009, 168, 85. 


[12J Chang, C. J; Lin, C. K.; Chen, C. c.; Chen, Y. c.; Kuo, E. H. Thin Solid FiLms 


2011, 520, 1546. 


[13] Hung, S. T.; Chang, C. J; Hsu, C. H.; Chu, B.H .; Lo, C. F.; Hsu, C. c.; Pearton, 

S. J; HoLzworth, M. R. flit J Flydtogeri Energy 2012, 37, 13783. 

[14] Auerbach, S. M.; Carrado, K. A. ; Dutta, P. K. Hand Book of ZeoLite Science 


and TechnoLogy; CRC Press: Boca Raton, FL/Marcel Dekker: New York, 


2003. 


[15J Ruangchuay, L.; Srivat, A; Schwank, J React Funct PoLym 2004, 61 , 11. 


[16] Ruangchuay, L.; Srivat, A. Schwank React Funct PoLym 2008, 68, 1646. 


[17] Thongchai, N.; Kunanuruksapong, K.; Niamlang, S.;Wannatong, L.; Srivat, A. 


Wongkasemjit, S. MateriaLs 2009, 2, 2259. 


[18J Chanthaanont, P.; Sirivat, A. e-Polymers 2012, 19, 1. 




33 

[19J Arvand, M.; Ansari, R.; Hevdari, L. Mater Sci Eng, C 2011,31, 1398. 

[20J Shannon, R. D. Acta Crystallogr, Sect A: Cryst Phys, Diffr, Theor Gen Crystallogr 

1976,32,751. 

[21J Li, K; Xue, D. J Phys Chem A 2006, 110, 11332. 

[22J Ji, X.; Yao, W; Peng, J; Ren, N.; Zhou, J; Huang, Y Sens Actuator, B 2012, 


166-167,50. 


[23J Yang, P.; Ye, X.; Lau, C; Liu, X.; Lu, J Anal Chem 2007, 79, 1425. 


[24J Li, X.; Dutta, P. K. J Phys Chem C 2012, 114, 7986. 

[25J Wessling, R. A.; Zimmerman, R. G. U. S. Patent 1968, 3, 40l. 

[26J Ahlskog, M.; Reghu, M.; Noguchi, 1.; Ohnishi, 1. Synth Met 1997, 89, II. 

[27J Kamonsawas, J; Sirivat, A.; Niamlang, S.; Hormnirun, P.; Prissanaroon-Ouijai, 

W Sensors 2010, 10,5590. 

[28J Thuvvacha6soati , K.; Ch6ftani:lti6hf, D. ; Sirivat, A.; Rujiravanif , R.; SChwaiik, J. 

W. Mater Sci Eng B 2007, 140, 23. 


[29J Soontornworajit, B.; Wannatong, L.; Hiamtup, P.; Niamlang, S.; Chotpattananont, 


D.; Sirivat, A.; Schwank, J Mater Sci Eng B, 2007, 15, 78. 


[30J Kamonsawas, J; Sirivat, A.; Hormnirun, P. Int J PolymMater Polym BioMater 


2013, 62, 583. 


[31J Kamonsawas, J; Sirivat, A.; Hormnirun, P. J Polym Res 2012, 19, I. 


[3~]. Yimlamai, I.; Niamlang, S.; Chanthaanont, P.; Kunanuruksapong, R.; 


Changkhamchom, S.; Sirivat, A. lonics 2011, 17, 607. 


[33J McKeen, J C; Davis, M. E. J Phys Chem C 2009, 113, 9870. 


[34J Wasastjerna, 1. A. Acta Soc Sci Fenn 1923, 1(38), l. 


[35J Urbiztondo, M. A.; Pellejero, I.; Villarroya, M.; Sese, J; Pina, M. P.; Dufour, I.; 


Santamaria, J Sens Actuator, B 2009, 137, 608. 


[36J Florian, 1.; Kubelkova, L. J Phys Chem 1994, 98, 8734. 


[37J Pandv, A. G.; Fripiaf, 1. J Langniuit 1998, 14, 3788. 


[38J Biaglow, A. I.; Gorte, R. J; David, W J Phys Chem 1993, 97, 7135. 


[39J Martins, A. V. G.; Berlier, G.; Bisio, C; Coluccia, S.; Pastore, H. 0.; Marchese, 


L. J Phys Chem C 2008, 112, 7139. 


[40J Fameth, WE.; Gorte, R. J Chem Rev 1995, 95, 615. 


[41J Boekfa, B.; Pantu, P.; Prosbt, M.; Limtrakul, J. J Phys Chem, C 2012, 114, 1506l. 


[42] Hoost, T. E.; Laframboise, K. A.; Otto, K. Catal Lett 1996, 37, 153. 

~3 
[1] 1. Okano, Y.H. Bae, H. Jacobs, SW. Kim, Thermally on-off switching polymers for drug permeation and 


release, J Control. Release 11 (1990) 255-265. 


[2J H.M. Zareie, E.V. Bulmus, A.P. Gunning, AS Hoffman, E. Piskin, V.JMorris, Investigation of stimuli­


responsive copolymer by atomic force microscopy, Polymer 41 (2000) 6723-6727. 


[3] 1.G. Park, A.S. Hoffman, Synthesis and characterization of pH- and/or temperaturesensitive hydrogels, J. 


Appl. Pdlyni. SCi. 46 (1992) 659-671. 


[4] S.Y. Kim, H.S. Shin, Y.M. Lee, CN. Jeong, Properties of electroresponsive poly(vinyl alcohoL)/poly(acrylic 


acid) IPN hydrogels under an electric stimuLus, 1. Appl. PoLym. Sci. 73 (1999) 1675-1683. 




34 

[5] SJ Kim, K.J. Lee, S.I. Kim, Y.M. Lee, TO. Chung, S.H. Lee, ELectrochemicaL behavior of an 


interpenetrating poLymer network hydrogeL composed of poLy(propyLene gLycoL) and poLy(acrylic acid), J. 


Appl. PoLym. Sci. 89 (2002) 2301-2305. 


[6] S. Kaewpirom, S. Boonsang, ELectricaL response characterization of poLy(ethyLene gLycoL) macromer 


(PEGM)/chitosan hydrogeLs in NaCl soLution, Eur. PoLym. J. 42 (2006) 1609-1616. 


[7] S.J. Kim, S.J Park, 11. Kim, M.S. Shin, S.1. Kim, Electric stimuli response to poLy(vinyL aLcohoL)/chitosan 


interpenetrating poLymer network hydrogeL in NaCl soLutions, J Appl. PoLym. Sci. 86 (2002) 2285-2289. 


[8] T Tungkavet, N. Seetapan, D. Pattavarakorn, A Sirivat, Improvements of eLectromechanical properties 


of geLatin hydrogeLs by bLending with nanowire polypyrroLe: effects of electric field and temperature, 


Polym. Int. 61 (2012) 825-833. 


[9] X.J. Yang, P.J Zheng, Z.O. Cui, N.Q. Zhao, Y.F. Wang, 1<.0. Yao, SweLling behavior of elastic properties of 


gelatin gels, Polym. Int. 44 (997) 448-452. 


[10J TH. Nguyen, B.T. Lee, Faoficafion and cnaraderizafion of cross-liiiked gelatin 


electro-spun nano-fibers, J. Biomed. Sci. Eng. 3 (2010) 1117-1124. 


[11] S.B. Ross-Murphy, Structure and rheology of gelatin gels: recent progress, Polymer 33 (1992) 2622­

2627. 


[12] T. Tungkavet, D. Pattavarakorn, A Sirivat, Bio-compatible gelatins (ALa-GLy-Pro-Arg-GLy-GLu-4Hyp-GLy­


Pro-), J Polym. Res. 19 (2012) 9759-3. 


[13] A Fraczek, E. Menaszek, C. Paluszkiewicz, M. Blazewicz, Comparative in vivo biocompatibility study of 


single- and multi-wall carbon nanotubes, Acta Biomater. 4 (2008) 1593-1602. 


L14] J. Chlopek, B. Czajkowska, B. Szaraniec, E. Frackowiak, K. Szostak, F. Beguin, In vitro studies of carbon 


nanotubes biocOmpatibility, Carbor) 44 (2006) 1106-1111. 


[15] H. Li, D.QWang, H.L. Chen, B.L. Uu, L.Z. Gao, A novel gelatin-carbon nanotubes hybrid hydrogel, 


Macromol. Biosci. 3 (2003) 720-724. 


[16J S. Haider, S.Y. Park, 1\. Saeed, B.L. Farmer, SweLling and eLectroresponsive characteristics of ~eLatin 


immobilized ontomuLti-waLLed carbon nanotubes, Sensors Actuators B Chem. 124 (2007) 517-528. 


[17] S. Chatterjee, M.W. Lee, S.H. Woo, EnhancedmechanicaL strength of chitosan hydrogeL beads by 


impregnation with carbon nanotubes, Carbon 47 (2009) 2933-2939. 


[18J X. Tong, J. Zheng, Y. Lu, Z. Zhang, H. Cheng, SweLling and mechanical behaviors of carbon 


nanotube/poLy(vinyL aLcohoL) hybrid hydrogeLs, Mater. Lett. 61 (2007) 1704- 1706. 


[19] Z. Guo, P.J Sadler, S.c. Tsang, Immobilization and visualization of DNA and protein on carbon 


nanotubes, Adv. Mater. 10 (1998) 701-703 . 


[20J R.A. MacdonaLd, B.F. Laurenzi, G. Viswanathan, P.M. Ajayan, JP. Steqemann, CoLLagen-carbon 


nanotube composite materiaLs as scaffoLds in tissue engineering, J Biomed . Mater. Res. A 74 (2005) 489­

496. 


[21] T. Sato, HWatanabe, i<.. Osaki, Rheological and dielectric behavior of a styrene-isoprene-styrene 


tribLock copoLymer in n-tetradecane. 1. Rubbery-PLastic-Viscous transition, MacromoLecuLes 29 (1996) 


6231-6239. 


[22] S.P. Timoshenko, J.N. Goodier, Theory of ElastiCity, McGraw-HiLL, Auckland , 1970. 


[23] JH. Lehman, M. Terrones, E. MansfieLd, K.E. Hurst, V. Meunier, EvaLuating the characteristics of 


m LilfiwaLl carboii hanofuoes, Carbon 49 (2011) 2581-2602. 


[24] Q. U, Y. Li, X. Zhang, S.B. Chikkannanavar, Y. Zhao, AM. DangeLewicz, L. Zheng, S.K. Doorn, Q. Jia, D.E. 


Peterson, P.N. Arendt, Y. Zhu, Structure-dependent eLectricaL properties of carbon nanotube fibers, Adv. 


Mater. 19 (2007) 3358-3363. 




35 

[25J C Du, N. Pan, Carbon nanotube-based supercapacitors, NLB 4 (2007) 569-576. 

[26] D. Chattopadhyay, I. Galeska, F. Papadimitrakopoulos, A route for bulk separation of semiconducting 


from metallic single-wal l carbon nanotubes, J. Am. Chem. Soc. 125 (2003) 3370-3375. 


[27] P.R. Bandaru, Electrical properties and applications of carbon nanotube structures, J. Nanosci. 


Nanotechnol. 7 (2007) 1-29. 


[28] H. Dai,WWong, CM. Lieber, Probing electrical transport in nanomaterials: conductivity of individual 


carbon nanotubes, Science 272 (1996) 523-526. 


[29] R. Rastogi, R. Kaushal, SK Tripathi, AL. Sharma, I. Kaur, L.M. Bharadwaj, Comparative study of carbon 


nanotube dispersion using surfactants, J. Colloid Interface Sci. 328 (2008) 421-428. 


[30J C Richard, F. Balavoine, P. Schultz, TW Ebbessen, C Mioskowski, Supramolecular self-assembly of 


lipid derivatives on carbon nanotubes, Science 300 (2003) 775-778. 


[31J M.R. Ayatollahi, S. Shad lou, M.M. Shokrieh, M. Chitsazzadeh, Effect of multi-walled carbon nanotube 


aspect ratio on mecnanical and electrical properties of epoxy5ased nanocomp6sifes, polym. Test 30 


(2011) 548-556. 


[32J M.P. Manoharan, A Sharma, AV. Desai, MA Haque, CE. Bakis, K.W Wang, The interfacial strength of 


carbon nanoflber epoxy composite using single fiber pullout experiments, Nanotechnology 20 (2009) 1 5. 


[33] WJ. Boo, L. Sun, G.L. Warren, E. Moghbelli, H. Pham, A Clearfield, H.J. Sue, Effect of nanoplatelet 


aspect ratio on mechanical properties of epoxy nanocomposites, Polymer 48 (2007) 1075-1082. 


[34J T Shiga, Deformation and viscoelastic behavior of polymer gels in electric fields, Advances in Polymer 


Science, Springer-Verlag, Berlin, 1997. 134. 


[35] K. Prashantha, J. Soulestin, M.F. Lacrampe, P. Krawczak, G. Dupin, M. Claes, Masterbatch-based multi ­


walled carbon nanotube filled polypropylene nanocomposites: assessment of rheologica l and mechanical 


properties, Compos. Sci. Technol. 69 (2009) 1756- 1763. 


[36] G.A. Evingur, O. Pekcan, Temperature effect on elasticity of swollen composite formed from 


polyacrylamide (PAAm}-multiwall carbon nanotubes (MWNTs), Engineerin~ 4 (2012) 619-624. 


[37] R. Kunanuruksapong, A Sirivat, Poly(p-phenylene) and acrylic elastomer blends for electroactive 


application, Mater. Sci. Eng. A 454-455 (2007) 453-460. 


[38J A Bigi, S. Panzavolta, K. Rubini, Relationship between triple-helix content and mechanical properties 


of gelatin films, Biomaterials 25 (2004) 5675-5680. 


[39J AN. Fraga, R.J.J. Williams, Thermal properties of gelatin films, Polymer 26 (1985) 113- 118. 


[40] S. Krause, K. Bohon, Electromechanical response of electrorheological fluids and 


poly(dimethylsiloxane) networks, Macromolecules 34 (2001) 7179-7189. 


[41] B. Liu, TM. Shaw, Electrorheology of filled silicone elastomers, J. Rheol. 45 (2001) 641-657. 


[42] S. Niamlang, A Sirivat, Dielectrophoresis force and deflection of electroactive poly(p­


phenylenevinylene)/polydimethylsiloxane blends, Smart Mater. Struct. 17 (2008) 1-8. 


[43J W Kunchornsup, A. Sirivat, Physically cross-linked cellulosic gel via 1-butyl-3-methylirnidaLOlium 


chloride ionic liquid and its electromechanical responses, Sensors Actuators A 175 (2012) 155-164. 


[44J K. Petcharoen, A Sirivat, Electrostrictive properties of thermoplastic polyurethane elastomer: effects 


of urethane type and soft hard segment composition, Curr. Appl. Phys. 13 (2013) 1119- 1127 


~ 
[1] Keleb, E.; Sharma, R. K.; B Mosa, E.; Z Aljahwi, A-A Int. J. Adv. Pharm. Sci. 2010, 1,201-211. 

[2] Shingade, G. M.; Quazi, A; Sabale, P. M.; Grampurohit, N. D.;Gadhave, M. V.; Jashav, S. L.; Gaikwad, D. D. 

J. Drug Delivery Ther. 2012, 2, 66-75. 



36 

[3J Latheeshjlal, L.; Phanitejaswini , P.; Soujanya, Y.; Swapna, U.; Sarika, V. ; Moulika, G. Int. J. PharmTech Res. 

2011,3,2140-2148. 

[4] Dixit, N.; Bali, V.; Baboota, 5.; Ahuja, A.; Ali, J Curro Drug Delivery 2007, 4, 1- 10. 


[5] Zorec, B.; Preat, V.; Miklavcic, D.; Pavselj, N. Pregledni Clanek 2013,82,339-359. 


[6] Khan, A.; Yasir, M.; As if, M.; Chauhan, I.; Singh, A. P.; Sharma, R.; Singh, P.; Rai, S. J Appl. Pharm. Sci. 


2011 , 01,11-24. 


[7] Green, R. A.; Baek, S.; Poole-Warren, L. A.; Martens, P. J Sci. Technol. Adv. Mater. 2010, 11,1-13. 


[8J Gupta, P.; Vermani, K.; Grag, S. Drug Discovery Today 2002,7, 569-579. 


[9] I\im, S.-J; Yoon, S.-G.; Lee, S.-M. ; Lee, J-H.; Kim, S. I. Sens. Actuators, B 2003, 96, 1-5. 


[10] Qiu, Y.; Park, K. Adv. Drug Deliver. Rev. 2001 , 53, 321-339. 


[11 ] Kim, D.-H.; Abidian, M.; Martin, D. C J Biomed. Mater. Res., Part A 2004, 71, 577- 585. 


[12] Luo, X. ; Cui, X.-T. Electrochem. Commun. 2009, 11, 402-404. 


[13] Ge, J. , Neofytou, E.; Cahill, T. J.; Beygui, R. E; Za te, R. N. ACS Nano 2012, 6,227-233. 


[14J Oh, S.-G.; 1m, S.-S. Curro Appl. Phys. 2002, 2, 273-277. 


[15J Pasparakis, G.; Bouropoulos, N. Int. J Pharm. 2006, 323, 34-42. 


[16J Paradee, N.; Sirivat, A.; Niamlang, S.; Prissanaroon-Ouajai, W J Mater. Sci. : Mater. Med. 2012, 23, 


999-1010. 


[17J Peppas, N. A.; Wright, S. I. Eur. J Pharm. Biopharm. 1998, 1, 15-29. 


[18JWells, L. A.; Sheardown, H. Eur. J Pharm. Biopharm. 2011, 79, 


304- 313. 


[19J Canal, T.; Peppas, N. A. J Biomed. Mater. Res . 1989, 23, 1183-1193. 


[20] Chan, A. W.; Neufeld, R. J Biomaterials 2009, 30, 6119-6129. 


[21J Korsmeyer, R. W; Gurny, R.; Doelker, E.; Buri , P.; Peppas , N. A. Int. J Pharm. 1983, 15,25-35. 


[22J Pradhan, R.; Budhathoki, U.; Thapa, P. Kathmandu Univ. J Sci., Eng. Technol. 2008, 1, 55- 67. 


[23J Higuchi, T. J Pharm. Sci. 1963, 52, 1145-1149. 


[24] Reichling, J; Landvatter, U.; Wagner, H.; Kostka, K.-H.; Schaefer, U. F. Eur. J. Pharm. Biopharm. 2006, 64, 


222- 228. 


[25] Hayashi, S.; Kimura, N. Bull. Inst. Chem. Res ., Kyoto Univ. 1966, 335- 340. 


[26J Paradee, N.; Sirivat, A. Polym. Int. 2014, 63, 106 - 113. 


[27J Yang, Y.; Jiang, Y; Xu, J; Yu, J Polymer 2007, 48, 4459-4465. 


[28J Choi, J W; Han, M. G.; Kim, S. Y.; Oh, S. G.; 1m, S. S. Synthetic Metal 2004, 141, 293-299. 


[29] Xiao-hong, G.; Guang-hao, C; Chii, S. J. Environ. Sci. 2007, 19,438- 443. 


[30] Kowalewska, S.; Miecznikowski, K.; Makowski, 0.; PaLys, B.; Adamczyk, L.; Kulesza, P. J J Solid State 


Electrochem. 2007, 1023-·1030. 


[31J MuelLer, M.; Fabretto, M.; Evans, D; Hojati-Talemi, P.; Gruber, C; Murphy, P. Polymer 2012, 53, 


2146-2151. 


l32J Dispenza, C; Presti, C L.; Belfiore, C; Spadaro, G.; Piazza, S. Polymer 2006, 47, 961-971. 


[33J Hezaveh, H.; Muhamad, I.-I. Carbohydr. Polym. 2012, 89, 138-145. 


[34] Thakur, A.; Wanchoo, R. K.; Singh, P. Chem. Biochem. Eng. Q. 2011, 25, 471-482. 


(35] Huang, Y.; Zhang, B.; Xu, G.; Hao, W. Compos. Sci. Technol.2013, 84, 15-22. 


[36] Niamlang, S.; Sirivat, A. Int. J. Pharm . 2009, 371,126-133. 


[37] Murdan, S. J. Controlled Release 2003, 92, 1-7. 


[38] Kantaria, S.; Rees, G. D.; Lawrence, M. J. J. Controlled Release 1999, 60, 355-365. 




37 

[39] Gordon, G. w.; Geoffrey, M. S.; Leon, A.P. K.; Peter, R. T. Conductive Electroactive Polymers: Intelligent 

Polymer Systems, 3rd ed .; CRC Pres s: Boca Raton, FL, 2009; P 220. 

[40] Juntanon, K.; Niamlang, S.; Rujiravanit, R.; Sirivat, A. Int. J. Pharm. 2008, 356, 1-11. 

[41] Lira, L. M.; Cordoba de Torresi, S. I. Electrochem. Commun. 2005, 7, 717-723. 

[42] Li, Y.; Neoh, K. G.; Kang, E. T. J. Biomed. Mater. Res., Part A 2005,73,171-181. 

[43] Chansai, P. ; Sirivat, A.; Niamlan~, S.; Chotpattananont, D.; Viravaidya-Pasuwat, K. Int. J. Pharm. 2009, 

381,25-33. 



38 

Solid State (onics 

High proton conductivity ZSM-S/sulfonated poly( ether ketone ether 
sul fone) (S-PEKES) composite proton exchange membrane for using in 
direct methanol fuel ell 

S. Changkhamchom. A. SiriVJl * 

ARTICLR INFO A BSTR A C T 

1. Inlrodu.aion 

OirKt mrthJnoI fud cdl (DMFC) ne: roJlly hJufimflCl .xIV.IIl rs 
owrOlht:r prOlan r han mrmbr~nr ru~1 crlls ( PEMFCs )du~ 10 

iu low elUl. ~nd C'~ of handlin, ~nd stor4lr. 10n"0vrr. it ~s 
nOi require rr-<llug.ng. Lhr m~lhJnol un br fl'd ditf'ctly 10 Lhr 
Anode And [)/\ FC un produce elraridl'yimml'di.lIrly. DMFC ~so 
pon.cssorslhr VAnt r olit. hi$hfr m~'1Ydcrmty perunil W)lulTllt 
in compArison looLhcrh~tn .f~ ..,ilJ 11).11 hIHnr.xl~ sub­
SUnt ial interrS! U.ln aIIernJl iw energy sourer for ~pplieJl ions in 
various portabr dtvicrs such U mob~r pho ...... and 1~1Dp 12~ 

II polymer el troIytt membrane (PE/. ) is.1 solid polymer rln:· 
lrulyu- rnrrrill~nc used in boIh PEMFC and OMI{ H~Vfr. PEM re· 
quirn 5Of1\r specific proprnirs; iI hJs 10 be ~n cJloctriul insulalor 
which ~Io, only prOions 10 pus Ilvough And acts u a ~rrif'r 
apin Ihe fud aouovcr. Currenlly u~ PE 1 is Nmon produad 
by Duponl; il is .l sul£onatN letraOuoroclhylene ionomcr cArrying 
Ihr .ruIfonie lcid roup Along Lhe poIymrr b.xkbone. Nafion h ex· 
erDenl promn conductivity in Ihr ruDy h)"dr It'd stolle Howt'wr. II 
still hJs high mrl hJno lpermrabiity andunnol br used .. hi h lem· 
pellllUte bet\Vftn 80.1l1d 100'C funhermorc. il iswry cxprnsivr 
12~ The ch.Jllrn ~s (or fun hrr dtwlopmcnt 01 rEM ;arC! hi h prolon 

01 
.U ~ f ... .: H {; l(,11 1221 

4)2014D ",II.V All" • '6'lwd 

conductivity ~nd tht'rm~1 st~bi lity. low CD ;!nd low m~Lh.1n 
prrmr-abr lity. 

In rrcrnl )Tars.. thut" arf! m~rry lyprJ of Pf.M dC!Wlop~: 
poIyb~nlDmiduolrs. po lyphrnylqui1oulinrs. pol p'lt~nyll!'ne 

ox.idt"). poly (ph('rryll!'nc s ulfide). poIy(<lryl ethrr sulfonr)s. poly(.aryl 
elher Iretonr )s. polyphosph.1m:nn. t'lc. Therf! haw h«n m.arry routes 
10 i1CINlI: proc.onconduaivity such gr~l1ing funaionlll roup~ 

t hJ IC.IIl mndua pro!ons. dim: I polyme rization ofsu roN ted mono­
met. polyl'Jll!'rblrnds.. ~nd composite mrmbranrs 13~ "~ny rnrarch 
works focuson flbriuting mmpasilf' membrane wiLh high procOl'l 
conduel1v.ly by modiryin thr mrmbTlnc composition Lhroujlh 
addi filers.. Adding an inolj;anic inlO thr pol)fTlum.. rtx is Upttl· 
I!'d 10 rcduccmeLh., permeability.m inO'r cproton conduaivhy. 
to m.1inuinwalrr .. h ' h tetnpft'aru r • .and to inal!' mKh.aniul 
proprnirs I"~ In Ih is CDnIUI. Lhc inCDrporation of i101'g;.Jnic fillers 
such u uolitel. inru Ihr sulfanAied poIymfr matrix. ' one of many 
routM 10 formcomposill: proconcJ<ChJ n rmembrane: The incorpo­
ration ofa zrolite. in a suitable poI)fTlcr matrix. can olffr sC'\--er.lI.xl · 
v~nla ps: proper mix.'1: 0 fibrs.llld polymer AI a rnoJlocul<lr 1rA'1 
provides hi h~r rnrchJniC.J1 s1.1bil ity Lhan a pristine polyme r mem· 
bran r ; lIle Prolon conduC'lor p.Jnidrs can provide pAlhw~ on Lhe 
surfuc (or proton tT.lnspon. 1I hiih surf.J1Z are" ollhe fillrralso 
help 10 Ina 5C the prOlon co nduc 0vily IS~ 

In Ihr J"VIOUJ work. thr prolon conductivilyofthc composie 
membra"",,, burdon lltdl~ fillrlS<:mbC'dda:l i1 Halionwu fabrielt · 
f!d Two rururalz~li" werc~ KJIoctt'd i~nie lillrrs: dl.JbOlZiu 
~nd dinopl1lohte. The p~scnDr o f I hrse zrolilrs ~rrC!C~ proton 

http:rnrchJniC.J1
http:sC'\--er.lI.xl
http:conduel1v.ly
http:hIHnr.xl
http:rr-<llug.ng
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ItJ 

con&.lcrivily. m~th~nol pcrm~~bihty. • lOd ~IKdvi ly of Ihe mem ­
br.anrs 161. Thr u~lf- humjdirylt"4; polymer rlrarolytt! mrmbr~ne 
wu f'lbriClwd by incorporiJlin z~itr HY- ruppon~ PI pulictrs 
inlo ~fion. which wU.lbllt 10 nuiruin Ihr wal1! r li!vd inlick Ih .. 
mernbr",nr dUl' ID thezrollc hygrmcopic propmy 171. Furthermor~. 
the ~ri« of zltO/ile Al N.lfion I I 1 mrmb~neJ w~re srud ird. for 
o 4R: 100....d drcn!uin methanol ~rmrabilily.u much as 86% 
IS~ Thuy~wm of zroIirrs 3A. 4A.SA. nx. mocknilr. and HZS -5 
incorpor.altd inlo chilOSlln nutriJC were .alJOSl udiNI ; Ihr hydropho­
bic z~il pre !11~ Ihr mrlhanol dilTu ·on . whrreu Ihe hyd_ 
philic noliles incruse thc mrlNnol pcrme.lbHilY 19 ~ Su lfon.ll~ 
poly(elher ethu krloncI' on.. of tht' c.andid.lIe5 for PE t. .Ind Ihe 
.addillon of uohl c beta has brtn shown 10 Improw the prOlon 
conduclivilY of Ihis ~rrm. Thr hightl'1 conducl ivity brlot"4;t'II 10 
I h .. z~il" btl. 5PEEK composite mernbrarw h4vin • a SiOllAbO 
mio orSOal 10 wtJ: loading I 101. 

ThI' IRllh:arionoflhis Y.O/"k Ii lodtwloplhe IlC'Vd prOIonexcha!l;~ 
ml'!lTbrme which can (J)mp~cwilhlhr mmmrn:u l N.JtionmcrnbrJnr 
by h.wi~ hi h~ prOlOn con&.lcrivity. Io_r methmol p~Qbilily. 
h · h chemical and Ihrrm.ll lIAbi lity . .I.nd Io\'~r co th.ln JlOn In 
th is w«k.lhe objective · 10 t'xploiIlhr molr<uLJr 'rvin, proprrrin 
of lhe ZSM-S 2rdirc ID in01!dJe Ihr pro\onconducri\,ty_The .. rrcu of 
Si~ AI 0 r.tio and zrolllr contcnl were invu rig,JIrd. Tht' S-PEKES 
wuuwd as Ihe polym&'r m ..~ whcrr Ihr syIIIlzshrd procus hu 
b«n tSUbI \ihl'll I'Ist'whcrr I I I ~ The S-PEKES v.; Ih J sui bnoWion dq;1H 
or Cl.66 was chasm 10p~p.ln! thuDmpositr mrmbrm The ZSM-S 
zml il \rlh dlli rml 5i AI r.wios were 1Drd.lS lhe incrg.lnic lilrrs .. 
various voIumr prral'lLJ#:l. AD mmpGitr mrmbunn _n! f.bricalm 
by lIOIvcnl C.l5ti~ ThI' irlhrnce of the mo1r<:uI.a r · on the w .... r 
upukr (S). th~.1I and mrch.,ical propmics.. prOlOn conductivity. 
~nd nwl h;lllol pcrml'OIbility of I hI' membr<1nH WAS chu~curizrd 

.. nd comp.l~ with thOW of Ihr priJline S-PEKES .nd N.lion 1 I 7 
membr~nt"s.. 

2.1. Miltma.ls 

Nafion I I 7 \-.as pun:hawd from EI IrOChrrn Inc. Buphrnol S or 
.. ... ·-dic hlorobrl'lZoph~nonc md -l4 --ru lfonyldiphe nol (9&-99~ 

Aldrich ) were Int'll ~s Ihe monoml'rJ. CDncl'nlral~ sulfuric .od 
( Univ.u . 98 WI.J). JOdium c: hlo rick (Uni\·",. 99.91) . <111.11 sod ium 
hydroxide (Univ.lr. 97S) wen! uwd as rKrivl'd . Tolucne (Fis hN­
ScirntiflC ~S). poussium c~rb01'\lle ( Rimc~I'-ftAI'I\ - lOla) 
~nd dimethyl sulfoxick ( Rlrdf'I-dI!-Hul\ 99.SS) WUI' u~ as 
rKl'ivl'd . Dimcthyl sulfoltidr wn plfih.wd from R( I Lilbson 
limitd. ZSM-5 zroIiln: CBV 2314. (BV S524G. CBV SOl 4, .nd CBV 
280 14 whichh~ 51"" or23. so. SO_~nd Iso. rt5pccri~ly_ as the inor­
J;m ir fill'lS were pun:h.ued from Zmlys ntrrN tional_AI 0(ZSM-5 zr ­
oIi urein thr.llTlmonium ion form.mdlhr s:pcdfic surf«e;nilS ( ) 
orZSM-S zroIil ~!1.' 15trd ht!l'l!': C 2314ss.ai,.!lSm l (VB SS2~ ss.a 
is42S rr? (VBSOI .. ss.a I< 42Sm1• mdCW 2801.. is 400 nr 

2.2.5 II:ms ofpoJy(t:Jhrr "~onr nNr su/j",t ) (PfJ(fS) ar.d sufOIdN! 
poIy(ttM kl'lalU/Nr su/jtmrJ (>PEKES) 

801h PEKES oJnd S-PEKES allhe d"Sn! o f s ulfonalion of 0.66 
wc,,~ syn l miz~ following Ihr prnti01n1y rrpon~ work I I I ~ s­
PEKES wu synlhnizrd by us ing two SI~nit"4; monomers; ","' ­
d ,chlorobrnmphrnonl' ;and bis phenol S via Ihe nud~phihc no­
m~tic rubSlitudo n n!.lcrion 

ThI' ru lbnation proass \ as catrird OUIIO uDch the suronic acid 
croup inlO Ihr PEKES backbonc. F_ ,r~ms or the PEKES powder woU 
vi ouslysli rrt'll in50ml~!1Ir.Jwd H,so. ( )_ ;aI2S ~ 2'Cfor 

84 h. Thel\ the polym&'r soI.mon W3J p~pilOll~oncruJhed icr_ The 
whitl' ntilrr-likr solid w obu..ed_ ThI' suspe~ion was Idl br 12 h 

41 room Ir mpUalurl'_ The n. Ihe prccipilllll' wu lillNed .Ind 
w.uht'll stvr rallimrs wilh de - ioniz~ w;aler unlil. ~ulrdl pH 
wu obuinrd. The obgin~ S-PEKES wu d rit'll under V.lCwm ~I 
60 . ( far 24 h_ 

One ~m of mix:ru!1.' wu dissolvl'd in 30 ml dim!! hyl sufoxidr 
(OMSO ) with vipous Jlirri~ for 12- Ulh unrillhr po!ymrr ...iDns 
\ II" hom rllrOUs and thl! mokml..- sieve .u dispcned evmly. 
Compositr prOIonuchJn rmrmbrme5_reptl1l.1f'tdby~ 111 cut· 
i~ viJ Ihe incorpor;ation or -n: v vofdifel1'nI Si /AI ZSM -5zmliu~s: CBV 
2314, CBV 552.;G.( BV SOI4. mdCBV28014 with Ihr S ~ r.. ios of23. 
50. SO. olnd ISO. lHJ)«riw:ly. il1lo thr solution of Ihr su lfonJlrd 
poIy(~~ ~onr"lhrr !Ulfonrl (SoJ'fJCES) with the sulfonalionckglN 
of 0.66. ud!~Iurion \ CUI on ;a p~rid· h ~nd krp I.. room I c:mper­
ature for 12 II. follO\Wd bydryi .. 80 'Cfor 2 cIolys unckr a V.ilCUJItl_ 

The mmpcrg IE mmlbr<I!lI! w, th Ihr I11DSIlIJ it.1bIl' Properliroi y,gs~1I'cIld 

II) furthrr!I'Udy Ihr dKl ofzeoli I .. mnrl!nI v~.yq tem 2 10 lOS vlV 

2.4. 1. rolm~ acmform rr.fr.:rrrd sp: py (FTIR) 
ThI' FTlR ~PKU3 oft he prminl! S~F.J(ES. -n: ~ orCBV21l", CBV 

SS2~. CBV SOl4.. ;and CBV 2SOl .. S-I'EKES mmposirr mrmbrann 
err DUn. usi~.a Th~mo NiCDlr Ii xus670 FTIR ~er. .. nd 

thl' b.w::\yound INtlri.1l W spcaronic-,~ck Klk ThI' OJlC~tioncon­
"'rion~ Ihr v.ovrn urnIlt' r r.l~t'or4()()O.-.t()() c m • u nck r thr~Do 
sorprim mockv.;lh 12 lUlU" alHDl.aionof %4 c m 'III~ 

2.4.2. 1Mm"~ bma"or 
Atherm~rrdricmalyzrr{TGA) (l'I!rkin E\rner/TGA7) _ s uw 

10 in\Htiptr Ihe drgr.d.II ion tr IJlIX ~NrC of.ll canpog I' proIo n e x­
ch.llt"4;c membr.Jrrs: NJlf'ion I 17. prisline S.PEKES: v or(BV2314_ 
CBV 5524C;. CBV SO I4.. ~nd CBV 2S014)S-PEKES QJt'!lpo!Sitr mernbr.JrrJ. 
BcIWrftl SoO ;and IQ.O 't"4; sampJrs well' hearl'd flQrn 50 10 800 'C ill .. 
r...,o fl O 'C ,minunckrN, .mnmphc~ 112 ~ 

1.4...1 Warnu.ll'*r (l' 
ThI' 4% v o fZSM-5'S-PEKESmmpositr mcmbran with v.arious 

Si/AI ralios wt:re dried in an ovm.. O'C for 24 h. Thftl. thl' mem­
brm _11' soakrd indr-imiztd w..rr 41 room Il'mpc~tun! r. 24 h. 
remOlit'd from I hr w.llr r. CJlidly dry-wiped by.n oIbIorbenl p~r 10 
remOW' any wrfAce rmilltn. and invnediatrly ""'i!;h~lo~rrni'll' 
thrir wr l m ( .f ....}. ThI' poI~rr rnrmbr.lllC'l \';~r Ihrn drird.ill 
100 'C for 24 h .Ind weighed ~gain 10 cklamnl' their dry I'I\U.IU 

(Atml_ ThI' woltrr upl.1kes vm-e mQ5Uf~ in lriplic .... and alcul.-ed 
by u~ing Ihr followin rqwrion lUI 

Thel\ the composllr mc:mbr.Jnr wilh the hi!;hltst W~1Er upukr (%) 
\Y 1I'IfllCd 10 funher srudy Ihr dTeC'l of zroIilt: amtrnl ~ v'vl. 

20404_Pntmn conducm..1I)' (o J 
The prOIon CDIlurivily.orr oflhr rmn impon<ll1l proprrtif'S or 

PEM. lhe prolon m nducrivity v;akJrsoflhe pri.i1ine S-PEKES. Nallon 
11 7 0li'l.11 olD m mposirr prOlOn eJt.Chany mcmbr3nt'S _rc: mc:lSU!!"d 
byan Agiltnl E49BOA lCR I11Crrr .. a N: poIrnliol of I .Ind inlhe fl1'­
quency g bt",,"n 20 Hz and 2 "".H1.~127::t I .( .and SOS RH. ThI' 
impedJras ofall mrrnbr.lnrs wen mruun:d by.l Oirlecmc Test fix ­
ture ( ilrnL 1601518); a IWO rlrarock probr_ First. tht' mtmbran..s 
wcrr krd in W:Ol£rfor 24 h.lhm ",;pccI off the ~>I: \YJlr r v.;th tis ­
sur papcr ~nd imped;anr mt.mJrrd 31 room lemper.. ure .al SOl RH. 

http:0li'l.11
http:I'I\U.IU
http:drgr.d.II
http:INtlri.1l
http:plfih.wd
http:Miltma.ls
http:10p~p.ln
http:Ihrrm.ll
http:Sulfon.ll
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Thr dirK1ionofth~ l\Yoelearodrs Is ,)/ong lhr membr.ml'lm&lh. The 
w~lzrUPQkr (')of lhr mrmbr~nrs\Y4Jc.JlruI.Jtrd fmm the mrlhod 
pl?viously r~ponrd /1<11. Thr conduaiviry v~kJn (0 ) of .III samplrs 
wl!re calcublrd fromlhr irnlXd.Jnad.l1.1. Ulin& th ' <quarion 

o -dj RS. (2) 

wh«c" is Ihr proron corducliviy (S/em), d is the mrmbr..,e thick ­
ne~ (e m). S is thr membr~ne rurfur .....3 in mnuCl \ Ith r leamdc 
(enr)• .md R is tM lui~.mOP ".tIich an ~d ..rivrd from the low in­
Irrsra oflh~ hi!;h fr'rqurncy SoI'ITIi-<irdr on.t mmplu imprda na 
planewilh Ihr Rf' (Z) or Z· uisllS~ Thr imp .. d.tnaofe~ch ~mplr 
wou me;u\l~ for 3 timc-s IDcnsurr d.-~ I?prcdJcibilily. T hr prolDn 
concSuclivilirs of the 'IS v v of ZSM ·S,'S · PEt.'ES eomposilr mrm· 
bl1lnn with vlriOtB Si 'A! r~riQS wn-e mm~mI ",;1 h Ih .. prisl in.. s­
PEKES,md Naron I J7 mrmbranr. And the composilr mrmbr.Jne 
wilh thl' hi hen proronconduaivily YoQS leard 10 funhrol00Y 
IhrdTl'ClOfz filuonl~nr (' v ). 

lAS. fManolptrmroldty (P) 
The mm~ilt mrmbr.Jnr mrlhanol perm"lbDirics wcrr drl« ­

mintd by Uling the cwo mmpartmcnl dll"lnion crlUI pl!!viaus iy I!! ­
ponrd 116~ The com~mnml A (VA - 250 mI) \\QS fiOrd with ~ 
solIII ion of mrlh.mol (2.S mol 1.). Th.. mm~nmrnl B(V. =2SO mI ) 
wolSfiDtd wilh dc-ian iztd wain-. Thr mrrmrane\' d.lmptd~twrm 

lhe 1\\0 eom~nmrnlS. Thr sokltions in Ihet\\O mm~nmrnlS WMT 

m harWcdy stirml during thelXrI1Ir.tmn IXriods.. Thr soilllions in 
comparunCnlS /\ and B were sampltd during thrJir limN \'fhrre th" 
melh..,d din-1M<! ~ ' ng Ihm~hlhemftTlbnlne dur ID Ihr mrthaool 
mnccmr..umdlfln!'lCl! ~I\W«Il1 hccanp.lnmml./\.nd themmpm­
mtf'l B1171. Thr ~ hanoi pmnt'illion in Ih .. rt.'arivi'l: mmpartmcnl U 

~ fllllclionof timr "tU alcubtrd by. 

P(CITf'/S) _~
A - .. - ( .. , 

where Pis thrm~hanol penneabDky. CAand Caare thrmrlhanoi mn­
er rll1l lions in the comp.lnmm IS A<l nd B rr-sprclivdy. is the slope or 
lhe m~runol mncmtulion Ir.Jdirnl in thrmm~nmrnl B.~" iJlhe 
IIOIIIITW: of the won in thecan~nmml B.l~nd A~n: the t/'Jickrrss 
~nd Ihr area of. mcmbr~" I!!sptCtiwiy_ The ~hanol CDna'nlr~rions 
weI!! mmswtd by using oil g.Js chromolio ~hy (Pr21 00) finM with a 
Ihrrma! mnducliviry drleclor (TCO ): ~lunol sokJllon ( I rool't ) w.u 
Uft;iS.In IIItrm,)/ sund.trd. 

2"-6. !,rlrar.JCIJJ pl'Optrces 
Tltns il" s lrrn Ih. elong~tion ~I brra\:, ~nd Young 's modulus 

werf' mtuuml ( Lloyd. UTM) for all composilf' mrmbranl's: thr 
eomposilf' mrmbroln"s oo\YNn pris tinf' S-PEKES wilh CBV 2314. 
(8\1 SS24G. CB\lSOlol."nd CBV 28014., All mm1brolnes~re previ­
ously rquilibrarrd in Woller for 24 h ~nd .11 room IrmperalUre as 
mips (60rml.IOrml,02mm). Theg.J rlrnSlhwJsJOmmand 
... e russ:hrad speed of 100mIT\.'ltW n w;u UN Thr mf',;:Jsunrnrn IS W«'l'f' 
run.l room ~mprr.JlUre and .11 50s RH_For r.ach repon ~ta JIOIIlt. 
Ihrrr samp/rswur mrarurtd. and the awrage vollur w.tS calculiJlo:I 
d rd n:ponPd. 

1.1. 1Ot:nrT ITO r:!{am -ifmntd spimUUqI)' ( FTIR ) 

• 
FnR spt<tr. or thr compolilr p-olon rxchang membr~nti. 

conliSi ing of 4S v·'\! ofZSt. ,5 ,vih vuious SPA I r,lIio s{ CBV 2314 . 
CBY SS2<IG . (8\1 8014., ,Jnd CBV 28014 \Yilh the Si,lA! r.-Ias of 23. 
so. 80. olnd 280. rHpNl iwly) and the high~ sulfo~lrd S-PEKES 
(OS _ O.66).1!! shown in A l.and comp~~ wilh th.Jloftllr p-is ­
lint' PEKES ThrFnR s ptClr.J c:o nl1rm thr rxisuU1Cf'ofthrhydrogrn 

)let< "-"./fiJ I ,,0141161 ''''' 16.) 
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bards formrd bttwl'f'n Ihr S-I'f.KES moI«u1rs md ZSM -S lI!Olilcs . 
The broadbJnd ord romp 'Ir mm'lbranes Jppr.:II:S in thrwol\O'num­
~r I3n I! of 3700-3200 em J "'.. ID thr slITlching 01' lhr hydroxyl 
J7ClUp. The Olhrr FTIR spKtrJ pula.. <lppr.Jrin:; in the w~vmum~r 
r~n E of 1 SOO-4 00 em ' . indiCllI" various chl1l'Ulcristic pr.ksof 
S-PEKES funa.on~lroups a.l rrpontd in our previous work III ~ 

Thr intf'nsilyvaluu or Ih~ hydroxyl crura<:ltristlC peaks ue in 
Ihr ordrr ofCBV 231 (.'S-PEKES > CBV OI4{S-PEKES >(B\I SSl.CV 
S-PEKES " pr~l illt' S-PEKES" aN 2.80 1<I,IS-I'EKES which mrrupond 
to the St 'A! r.uiosof23. SO, 5O.0, and 180. I!!sp«livrly. The in(J)l"PO­
r~lion or ZSM-S leotile inlo Ihl! S-Pf.KES I1l.llriJ[ increases Ihr 
hydr~en-bonding inlet'3clions brl''oftn the hydroxyl lrouPS on the 
surf.J1rofztolilC! and the su"onc .JddJ7ClUPof thr S-Pf.....'ES. TI'a5.,)/1 
Ihe mrnpclSilC! mrmbr"nrs ~ hi:J!«'I' inlr~ry oflhe hydroxyl 
srre rchin lX.Jk rf!dlive 10 the p-i me S-PEKES. WIth thr l'JOCrplion of 
the C8\I 2801 'S-PEKES composu mrmbr.lnt' dur loth" ponrna: of 
sitiGl-.llwnina in zror .... Thr hiafllS! SUA! r"';o belon~ ID CBV 2.8014 
(Si lA! '" 280 ). Thii ZSM·S si'owslhr highr'SI hydrophobiciry on wdl. 
Thus.. hydrogm-bondin& .n1«'1'.JCtion brlVoftn thr h)'dltlll)'l rcqls on 
the surfier of zeol ilr ..,CS lhe sulfonic acid groups of the S· PEKES i1 
drcrsK'1l 

Thr X1d inlrnskyol'l~ zroIin: M.JCI!incrcJSCS wilh the inaanrlll 
orSiAlroliio.indic.lmgthegron~rhydr m-bondin inl lilaion l9~ 
Thrmor... tllr ~ group inlr~ry of lhr mn:.,-as:iIc mrmbr.r.rs IS 

highrr tha n lru Ior the S-PEKES mrmbra ne. 

The lhrrmogmmsof N.JIion I J7 ~dS-I'EXES. lhr O>mpasile plt>lon 
cxcha ~r mrmbr~ cOMist in& 01' <3 v/V of2S1.~S with various SUA! 
r.arios ((8\'231<1, CB SS24G. CBV SOI4. ~ ellv 2.8014 wah the Si'AI 
roliiosof 23,50. 80. md 280. respa1ively) and the h' hIS! ulfon.-td 
S-KKES (DS '" 0,,66) .II!! sho\vn in A~ 2. Thr (henna! stabiJiy ofNafion 
117 membr.nr pmwnes Ihe roost inr(rior dq;r.~lion Irmpt! r~· 

lurf'. h first drg.J~lionSlrpO<DJr:sMound 250(28) '( .mcSthr S«­

ond Sltp we' hi loss 'HI 00I0O 'C Whcrcu" t hr first sr.p ~il;hl loss 
or Ihe pristine S-I'EKES rntmbr~c sranS.JbO\.'I' 300·C. ~pl'fimring 
lhe sulfooc acid group splinin -ofT. The JirCond ep w~ig.hllossoc­

cursal42o-1SO 'c. I!!plTSotntin thf' dr&rold~tion IrmprDlurrsofS­
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PEKES bolClcbonr which arr r~1 lrd with ou, p",vious v.o,k 116~ All 
ZSM·S, >-PEI(ES C~il mrmbr.vln show hihrr Ihrnnal "abaiy 
than both Nation 117 MId pri.stine S·PEKES. Ihr major w~ ' hI Ion 

LJ ofaDcumposil' membr....rrs JCIft~r«lO "( which m nt'SpondJ 
10 Ihr S·PEJ(ES m.»n chain ~Jlion. Espc!'CiaBy.lhr CBV 21ii01~ ;S­
PEJ(ESmmposilr mrmbl3ne. with thr hi h«t Sl,iAlntio. has.n ex· 
lTrmrly hi h drgrad.. ion lrmprGlhl", around 6OO ' C. Thr ~m.Jinin 
«l ofCBV 231-\ >- PEKES and CBV280 14,&l'EKES (anposie mr m­
bums.., lhr CN' brmalion oflhr sulfon.lIn:1 poIymr' membr.lne iI· 
Kif. It is not tht zroile.ln summary. all7.SM·ScS·PEKEScompOJi~ 
mrmbranH haw hi h IhrrrnJl stbliry 0Vf!:I .IlCmpr'Jllft ,a~l' or 
25-120·C. and lrus arc ;!pplicablr ro,use in lhr or. R: oIppliC.Hion , 
Th ' ~l is CDnSl trnl wilh previous work which sImvrd HUI thr 
lhermal Nbiliryan br rnh<1ncrd by Ihr inlrnn ecular'and im GIn»­
l!'CUb, hydrogm-bondi~s 118 ~ 

3.3. WarlY' uplDn (t) 

Thr w..cr uptakr (S) valurs orthr prinine S·PEKES (OS - o.66 ) 
and Ihr 4'\ v!v ofmmpositr mcmbrallB mm' Iin, of >-PEKES (OS ­
0.66l andeBV 2314 {SIAl '"' 23). (BV SS24G (Si AI '" SO ), CBV 801.01 
(Si AI SO). and CBV 2801.01 (St/AI _ 280) .11 mom ~mPl' r"lre 

(V 'q Nr hawn in Fe. 3. Thr w.cr upgkr (S) villur of lhr pristine 
S-PEKES membr.Jllf"Ul 0.66 OS is 20.44 ::: 19at Whrrc:u the lSM ·5, 
S·PEKES compCll'i~ mrmbrMlcs pODHS Ihr' rrr uplR (S) vakln 
ofUl ::: 2..111. 36.80 ~ 1431.31.28 ::: 2911..nd 17..38 ± 1.62S. 
mmspondi lothe sysInnsof(BV23I4.(BV 5S204G.CBV 801,4. and 
eBV28014. ~PKlimy. Thrdioct of2rOlitronw.. 'uptal;rd"PmdJ 
on lhr hydrophitidry of2rOlilf', ... wt-ich aID"", Si IAl , .. io induas 
h ' br, hydrophSiciry. Thr addition of ZSM-S wit h a 10Yi Si AI '''10 

(23 ) folCiltlil thr mrmbr.lnr to adsorb mOl? W~lrr lhm tht pri inr 
S·PEKES. whut lhr wah!, duster an br I! ' Iy trappn:l in thr zroiilr 
par~ Thr highe' Si'AI rJlioin lhr canp05ar membrane: I dJ loa dr· 
ar in W.1lrr upg~ (S) brc.Iuw the mrmbr~nrs brmml." mo,e hy. 
drophobic ~nd do nOl p ",frrcnIially adJCrbw~le' molKull5.. 

All- .. shO\ thl! eff«l ahcolkemnlrnl (Sv v}on rhr ,va If' , UP' 
lakt (ll oflhe mmpasile mrmbr.lnt Thecompasile rnrmbrane 
rami r.gofS.PEKES (OS ... 0..66) .andCBV lll4 (Si/AI- 23) isSt' · 
Icclrd hur for runhrr stUdydlJt 10 l IS hi~rSl \Ya~r upu~ (S} 

T 
! 

! )5 I 
•.. 

)0 1 

=­

;0 i 
f 

o 

""11br W.,u . " ,"' • 
..-.~...""" :w.d ""' ~ t 
UlAG - 501( 11010 . 
errtpf':f,r:,lr'r :n ·c ~ 

<1rnon lhrcompositr mrmbr.an . AI variousZ M·S conlrnls. the 
2. 4.6. 8.~nd 10l v./ vCB 231 .....S·PEKEScompo<il£ mrmbrane pas. 
Sl' Ihr wUr , uptlkr (S) valurs o f Jti! .Tl % I. .. 3.27 ± 2.31 S. 
34.54 :t o.95S, 21.96 _ 1.73S. and 17.45 % 1.2:a. rrs pccti Iy. 
Thus. rhr addilion or ZSM·S _dkrm Ihe ,mOlly I awaIt! W:Ua' due 
10 l IS hydrophobir propem("1.. 

3.4 /'rl)Jl)n t'tl1ldUrtMIY ( (J J 

fl S reprur nlS Iht' PrOlon mnductJvilirs of Ihr priSlinr s.. 
PEKES ( OS "" Q66). the -IS v of mmpositr mrmbr:Jnucongstin 
of~EKES ( OS - 0.66) and(S 2314 ( Si/AI - 23). CBV SS2"C ( Si, 
AI _ SO l. CBV 8014 (Si AI "- 80), andeS\' 28014 lSi AI_ 280 ) .11 
room IrmprralU'r.lht'y~J lhr va lurs of .c; , 10 % S.75 . 
10 ' . US. 10 )::: 1.53 • 10 '.1.31 > 10 l ± ~OO > 10 ", Hl7 • 
10 ) % ~n , 10 ' , and 7.81 ,10 ' ::: 2.93 . 10 " S'em '.IHPrc· 
lively Thr CBV 231.01. S·PEKES composilr mrmbune POSsrsRS thco 
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hi ht'Sl prolon conduaivily valIX which is 1 24 and 1.60 limes 
hi~r IhJIIlhost: or N.rmn 117 and S-PEKES. ",spcaionly. The lOY 
SPAI rallO ZSM·S r~cilit.llcs in In(feasing ,he pro:on condunivi'y 
AI a highcrSi.AI r.aio.a IoYRr in ProlDn amdunivity ist'xpMrd 10 

bcobl<1inrd due lothe incrcmrnllnhydrophobiciry. ThiHcsull is dJ · 
rcc tly cScpencScnl on the watrr upuJ.:c (S) or lhr composite mrm · 
brancs; Ihc mrrrbrant Ihal can hold more walcr mo lKUlcs will 
provide the b.mrr prolon lunspon a~bililyvia the vehicle rnKh· 
aniun in the rorm or hydronium ion. " OROWI'. the prOlOn can gm· 
crally mow via I hr hopping rnrchanisrn alons thc sulronic JTOUPs 
ofS-f'EKES. 

Thc .. freCl ofZSM·5amounl (S vj v ) wilhin the composite: procon 
uchangc mcrrbrancs an thl! prolan m nductiviry is invrsn a!rd 
nUL Ag. 6 ~O\'n the prolon conduClivint'J of Nallon 117 and the: 
priSlincS·PEKES (OS ", 0.66 ) whi<:h po_u thc valucs or U19 • 

~'r--------------------------------------' 

01. 

rI CI O 

'2 

-1 § 
_~--------r-------------~----'---~ 

o 

10 l % 139 . 10 ' . -45, 10 ) % 5 .75· 10 · S·ern ' . rupNtivclY. 
For thr CXIITIpQSItc mnnbrlncs cornism oI'S-PEKES (OS "" 0.Ei6) Jnd 
(BV 2314 (S' A! ~ 23) .II the ZSM· 5CDnlrnB 01'2. -4..6 . &. and lOS v.'" 
.II room trmpuaturc. lhcy pouns the va lurs of 1.76 . 10 l:!: 
1.61 , 10 ' . I.lS • 10 > % 152 . 10 ' . I . I~ • 10 ' :: :t52 . 10 ' . 
9.47·10 '% 1,06 , 10 ·.and730, 10 ' % 5.15,10 '."'~\l!. 
Iy. The CBV 2)I,,-,S-PEKEScompositr m~mbranr with 2S • v zroIitr 
CDnlm l pos:sr the hi h I proIon conduaiviry vallll' which arc 
1.61 lind 2.08 tim h' rthJIIlhasr NarlOn 117 .-rndS-PEKES. r pee. 
livdy H r. the prtllOn CDflducti';rydrora sv.1lh a IWghcr ZS ,"S 
con1m L This isconsistrnl v.1lh thr GK:llrulth~w.ltrr up~ (S) orlhe 
cornPOSIlr mrmbrJ8r dra1 with lhc ina\'rnrlll ofSi AI r a riD. as, he 
mrmbrantS c:amOl hold much w.xcr du~ CD thrir hydrophobiciry. The 
protOn lun pan p",rerllbly 1.D:n pi within the S·PEl<FS bulk pb.ur 
instrad of I he ZS .... 5 ph .1 nd lhb Phmorncnon prodIus I he reduc· 
lioo in the proIDll CDflducliny. 

t. lruml O'tIIUJV't r ' the major IJrOI*m in thr DMR: ~plic:ationJ; 
methanol pcrmcatr usayl~hthrl'lcalOl)Cemcmbr~nt rrvrnlhe 
anodr and pa.un lh h Ihc polyrntr draralytl! rncrnbrllnr CD the 
C.llln:ll' 'cScorthr DMfC. Au alCE.cxa: VI' mdhanol ClOSS­

ova-ofany PEt.! nOl onIyw thr ml'I hand furl bul M1Ddccre I he 
efficimeyin Iurlcd lpcrlorm.n:rl2~ Tlible I ~sthemdhandpcr· 
meabilft ' (P) ohl proc O!Xch~1 manbr.lncsal thr rctnpel3tures 
or27 'c'The rnrlhanol perrnrDlilitsor Nafion 117, prislinr S-PEKE.S 
(OS - Q.66) . and I he 4S viv cornposilc m«mbrancs CXlhJistirc of S­
PEKES (OS _ Q.66}.lnd CBV23 I" (5 A! - 23). CBV SS24G (Si, A! 
SO). C '8014 IStA! = SO).4nd CBV 2:8014 lSi ~ '" 2:80) .11 roomtcm­
per.Jlurc pcISIrS thc a1ursof 1.41 • 10 ' .1 .03 • 10 7.7.s5 . 10 • . 
7.1'3 , 10 - .752 .. 10 .6..34 .. 10 crrr·s ' . rC'~iwly.A! I mm­
p itc mnnlr...lYs~ Iowa- maNnoi p~lbiliti than the pOs· 
tinc So-PEMES and thry drr utremrly lo_r than IN t or Ihe Nation 
1 I 7 manbr.. nc. Thr ~ _thanol pcn1Y.lbiliry brlo~ CD CBV 
2314 'S·PF.xES cornposilC mnnb"IIle whQfiC v.lklc is 1.32 tim lower 
than tholl 01 So-PE ME 5 and IS timrs Iov.c:r thdll th.. or Nation 117. In 
sunvnary. thr mrth.lIrCII permCibUy rnomronicJlyctrcIu \vil h i~ 
creasing 5iA! ralio. 

The dTro orzroIi tr CDrIlrI1l (S v," ) \'Ii !hi n Ihecornposil~ prOlOn rJ[ ' 
chan m«mbrlncs on thr mC'! hanoi penn bUy ' inllt' . l~ next . 
The CBV 231 .. So-PEKf.5composir membrane ' RiccII'd tot bric.m~lhe 
rnrmbrancullhe zroIiuDntrnrsof2 .-4.. 6,8. and lOS vN. They pos' 
st:s:s the' m<!hand pcrmubaity vaklcs of .12 . 10 &. 7.J16 .. 10 -. 
7.n 10 .6.06 .. 10 . and 5.26 . 10 'ern1·s '. JpKtiwly.A 

There rore:. the mflhanol pc:rrnrJbotity dccrcue wilh the addition or 
ZSM· 5 1rOI1L The trlI n5porl p rocnl ofmrtha nol ' rnJ in Iy bJJ(d th 
mC'lrunol dlfrusiviry. The rnclhaml moi«urs iU"r prdt'rt'llIiaily 
adsolb ,)nd IT~u1 wi hin I he zroliI.s d ..-inl thr dilTu1ion IIIr-cq;h 
Ihrmrrrbrane The tr.Ipp mol III indua thr dd.ly in thr mahanol 
dwrumnl9~ 

Thrmanbrancst:ll!ctlvty ' thl'l3liobetwtrnlheprO!Onconduaiv­
iry MId Ihe mrthanol ptrmcabiliry. shown in T~r I. The hi ht5l 
rnrrnbrancsclectivaybrlon IOlhe2S vCBV 2314'S-PEKEScompos­
IlrmrmbuncwlWch haslhevaklror2.12 . 10 s ·S·cm .Thismm­
poUr mt'mbrolnc ' thus the ITIDSI sukabll! ror usi~ in 1M ",rwl 
DMR: olppia tionul.... to irs optimilrd rod emcirncy. 

AD mrdunic'" propcrticsof~I composite manbrancul room Irm­
~raru", (n 'q and 50S RH Jlrr Ihown in Tablc I. The Irnril! gn,~, 
rlonption ~I b~<1Ic..4nd YOU!l's modulus o r all mcmbgncs wrrt' Noll· 
UlI~ by rnrans orlhutand.d felt in lhe s.ane mcthodwththrprc";· 
OUS \loOI'k I16~ The 11' nsi Ito Jtrm hi.or I he cornpasi tr mcmbr.-rncs al 2 . 
4. 6, .and I"'viV. rorCBV21l", 'S,PEKESlXimposilr rnombrancs. <lIrr 
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17.24. 31.78 5352. 76.8S.~rd 82..66 "~~ns~vdy- TiwY"'" higtwr 
Ihanltw v~lur of rhr p.-isrirw S-PEJ(ES mtmbDrw by raaorsof 2. 4. 7. 
9..S...d 10 timrs.. rtspeCDveIy. Al l CB\I n 141S.r£KES ~Il! mrm­
branes sholY ITAJd1 hi Ivr tmsir !l1l!~hHndYCU1i:"s maSuku. with 
the IOI-..,r ~Io,,«al'ions ~I bll!ak I run ItDR of the prisI inr S-I'EKES ard 
Nalion 117 mrmbranr The romposit\' mrmbr~nrs in a ll ~rm': 
(8'1214. CB\I S52AG. CB\I 014. ..dCBV 280\<4.15.J>f.KES wlIh4h of 
ZSM ·5 mow Itw CDITlp;lcblc mrchanic",1 propft1 thus Ihe SPAI 
r~riodOH 1101 ~fTKt Ihe mccll.Jmcal ~rtin. All c:ompolile mem­
brarrs all: Ihus IDon and of high strrngth; Ihey nexiblc rnoUih 10 

br usa!.u PEM in ... OMR: TIm. the addition of rhr ZSM..S z lie~· 

nWicanlly impmw:s the mcc Il.J nical SIJl!1 h of IIv m . In ltv prrxn t 
work. all c:omposill! proIon cxdungr mrmbrancs (PEOO 'Zrilllt\' ) 
mowhi;h II!nsie II!nglm in the ra I! of 17.24-82..66" PHrd Ihr 
Youn s mldulus In ltv r~ of 2O.ooo-lS.ooo~, Pol. which arr u · 
lR'mrly h ' hrr Ill.Jn tho.w oflhr llJlbnalrd pol t'ltwr ctha kClone ) 
and poly(rthrr rltvr kelorw·all· bcnzimidazok! ) th.. Wang rI al. ", . 
ponrd in 2012 \191 IIl.J I rhr ir nwmtnnes po53I!'SK'II Ih~ Ien 'Ie SlII!nglh 
of21.S--3ol6" I'~ ...d lhl! Young's mldukuof62.....753 MPOI. 

Tiw ZSM·S~.J>f.KES a>mpc:l5k mc:mbr.Jnu show h"h Ih!!rmalst~ 
bility. b &IX the ~Tadati II!mpimllU r~ SU.rts "'I abo 400 'C.. 
Thr waa upul,r (1Q of Ihr composh mrmbr~rw first inae.ur-und 
th~dra~ withlhcin~mrr1lorSiAl r.Jljolndl.htam Mofze­
oIir dur ID i s hydrophobicity. The ZSM -S zroIil tvlps 10 inarJ..l ltv 
proron concb:rivity n: latiW' 10 tht' pnSlin .. S-PEKES .and Nation 117 
membr..u. for the "fTKtS or ltv Si lAl ratio ~nd lcoilt mntrnl on 
1M proton ronduC1lVllY.ltv samr Irndrncyocrurs.s WlIh the ,'QlI!r 
upuu (Sl. ~r. th.. mflll.Jnol prrmmbil ili orallcomposlll! 
mmlbr...15 invcstiprd ...~ IT1IChlol'/~th.., IheS.rEXP541nd N.J1ion 
117 mrmbr.anc:. dur 10 thr hinckll!d methanol fMion . Tht n v 
ell... 2314 ~PEKES a>I11p05iIe mrmbcne ' w:ircll!d 10 br thr proIOI'I 

M<dlr.ur t """ .... 
(, ·s,cm-'t =""'" .-

)(101'. 

17l1"QJ lIlA 
1.1 ~Oo 1910 :!: (lZS 

1 1.1 ~05 17.14:!: (l11 
1~ - (U l..71t +et. 1111::QU 
Ilct. - (U 1 ~'cr. 1Ul:t 1 11 
'lA1l - QJ 14'11: ..05 .:t(l 

7.- - OJ +0 au,~%Q..50 
Ull - IU -(I) .&tC % lUI 
UI1l - 02 1 +0 )WI :!: 
tJllL - 0.1 1 La. ~05 Wl:t CLti 

rlldul\:~ mc:mbDnr candid.r dur 10 irs mcmbanr lI'l«rivity and u 
th.. hi hrst _ong ag I hr c:nmposiI.. me mbr.an . atrd 
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dPPV was mix~ with the L 

21473 (2 0112) 

,,\ IUH \I..... 1'1l1]' \Il \Till \ 

l'ynlb,' .. I .. of 1'1'\ ;IIHllJol)11I I·Jo,· ...... 

Th<' ynd\c,..., I PI'Y ... pn'1'an."<l vuo!he W ing roUI~" :S 
Th Q~'"~ichl m-p-"y! nc IAldnch. 51 inllC!'im. Gemmnl and 
I",",ahydrot ' ph n (AlJrich) YiC'fC raw mal<'rial~ 10 

ynl hcsizc the ,..,,)-knc-b' Icll"ilhydrothi~ph ni um chloride) 
monon~r" Th<' pclymeri.f.d\ion p w. induced by 
I mt pn:= rpolynw:r PPVw. obtain..-.tfhyhcatinslhcpre. 
CUJ'!iO' polyn r In the vacuum o,'m I I ~,It. l!l Adding 
lhesoluli noll M ulfuric.tidallh mol rati oll: IOO(P1)V 
re~aling UJ\i~ and ullunc add to the polymer powder and I"" 
c1wngt' in Ihe poIyrr r lor irom brighl ~ 1I0w I blad. brown 
wa r.-.:d. which indical lh rom I daring p 

'/11" (' allou· [ \fball" .. l'ron·.... 

1'r,' pOl ..Olllou 01 111'1'\ 7.(·olllh· \ 1" ' /1,·\ 

I II \1{ \ ( :Tt l{ll, \TIU\ or 1'1'\, dl'l'\. nn 
( : n\IJ>()~m : 

EU :(;rHI C \I , IA,\lH I ~m n"\ \\11 Till : F/,O\\ G \S 
lII ~n :I:'''O\ ~\ sn:" 

,\ , 'olm urrher CKeithkry. 6517AJ was connccl\!d to • 
c 10m-mad\! tv>'1>-poinl probe 10 Il'l(' 'llre!he clt'CfriGJlconduc­
Ih·ilyofthe 'ngma! ria~ und r the condition of alr,J ,. 
,"Ind ch 'mical vapors when- th ' " It.! Yi "ri.,d, and the cur­
rl'fU W.1 mcasur.,d, 1l>c t'l !rical ronducth ty was G1lcul..1l.,d 
lAin swell below: 

a Cl/KVrj ( I ) 

whel\' I i !nr me 

http:G1lcul..1l
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TABLEI~__~~~~~~~~~~~~ __________________________________~"" 
An!!yticaJ OMII and EJect.ricaI Conductivity of IIodifMd ZeofiW Y 

Fe nI 

Sample 
~ 
Code 

Mole 01 
Calion EN 

CaIJonc 
RGI (A) 

ModianPo<. 
WtdIh (A) 

Surlloe 
At_ 1m' o. (SIan) 

~V NaV 100% 0.93 (N.­ ) U6( 74875 :1. 034 617.0 t: 7.0 2..50 ~ 10' :t 
(So'AJ 51.N 'j 2':'1 .( 10' 
UoIaV 80CuN V ~0J1. t.1 ). 7.00'1 ::: O.G.! 526.0 :2.0 S.67 , 10 3 :t 
(SflAJ S.', 
~y 

', eu1 ) 

DI aV 
21.... a 

Si N; . 
0.81(CV' ) 
1.1 }. 7.656 t 0.00 506.0 :: 6.0 

7.08, 1~ 
3.51 • 10 · ± 

(Se'AJ 5I,H.'. W 
z..oIite V 

) 
8Of'4.>N V 

16"'. 
90"1. Fo1- . 

O.89tN!2') 
1.16(NII J, 7.326 _ 0.39 5$.0 i: 4.0 

1.15 " fO~ 
2.44 fO~ % 

(s.'AJ S.l,N. '. F .) 100000Na' 0 .75(i'e7· ) 1.66 . fO' 

,.:here .la . nducth'il' 
t t anl,a 

, bdon- " t onI, and a-... 
lrical rondllCtivity under cht'm; 

Cli \R \ Cn.Rll \ T In' OF dr·I,\ . "1)1111"11 :11 I.I .m .rn : 
l . \ '" n~ nnll·u"rrl: 

n-l:' t. 

1111 ; TDII'OW \ .1. IU .....I·U':'I,; (II /,I(III.IT. : l "I' 
('U\lI'O:,ITI:"; 

21473 (30 12) 
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(II) (h) 

(r) 

FIGURE 1. Morphology 01 dPPV. lIOCuNaY powdc.ra • .nd dPPV~aY 1XITlpC»' $ ,~" 01 dPPV. {a) cIPPV alII magn~ 01 
5000" (b)80CuNaY 8la ~bon5000A.and(c)cfPPV..IIIOJ8OCufqY a ~1J()J\0I6000~ . 

t ~tf ~H ~ ~ t t. tt.~ ~ 
\ , ' p' ...,.~. 1'" 

t ~tt .~t 
~~ 1tt' ~.l ~,,' 

t t 

-00' the I n r induct; 

h,: h 

CIIOO Fe" Ni " eu" 

eN 1.292 Ll67 1.372 

14..... 0.1. o. o. 
f.llill 

("I 


FIGURE 2. EJec:ronic orb' Is 01 Fe: ' . " , ,.nd Ctl · . 


erea. du to the . \·"lIabl Iil'l' site prop,m _ coo in thcCOOl' 
posit )! m. Othtt Icc! nl' tr how , inu1ar uI 11 ' 11 -Sl 

21473 (4 01 2) 

dPPV is mn.-cd wlIh uN.aYat th rilt/oof 10'li. PI'\'. nd eA­

posed to acct ne \-apc!r allhc \';) r ooocr:nlralHm flO, ppm. 
'C. and I 1m Th induction IiI1ll' of dPPV.ftlO uNa¥ . 

36± I, and thcreco\'Cr}' tunc 26 ± I. rmlxin fdPPVwith 
the u 'aY malJ'ix, too illdudion and the recovery lime dt'­

http:powdc.ra
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TABLE II 
r.clIclion Ind RIICOYIH'yTlmM 01 Mocl "-d Zeol_ V. dPPv. Ind C~oll1M • 

Induc:ton I n.l. " (min) [1t 1ht Vapor Conc8llrallon of Reco'I8fY Thne. T, (1lIIIl) 81 the Vopor CoIIeen.lIllon 01 

SlIfl'1)Ie 
Sample 

Cole 
KelOne 
T)pe to ppm 30 ppm 300 ppm 

3000 
ppm 

30.000 
ppm 10 ppm 30 ppm 300 ppm 

3000 
ppm 

30.000 
ppm 

Cqled PPV dPPV Acebre 15 j. 0 .3 15 i 0.6 t8 .t O.a 20 1. O.!> ~ .!. 02 11 t o. 1 II ;t; 0 .2 t3 J: 05 13 J: 02 20 1 1.0 JJ 
In 

~ ZeOlIte V (SirAI 6. t . tIe· ) NaY 22 :t; 0.5 21 1. t .O 34 i: 0.8 42 .l 2.0 10 .t 3.0 12 J: 2.0 20 i 0.3 21 :t 2.0 (fl 

~ 
-..I... ZeoltIe ViSVA I 5. 1. 1~8 · .Cu2 ) 

Zeolite Y (SilAI5. I, Ne· . tJit· ) 
aOCuNaV 
80N1NnV 

19 .1 1.0 20 .l 1.0 
21 .l 1.0 

21 ± 3 .0 
23 .t 1.0 

23 t 2.0 
29 * 2.0 

~ J. 1.0 
40 J: 1.0 

10 J. 4 .0 t S .l 1.0 
16 .i; 1.0 

ta .J. 2.0 
16 1. 2.0 

23 
23 

.t " .0 

.to 1.0 
3 t :t 2.0 
32 J: 1.0 ~ 

u; 
~. 

ZeoIfte V (SI'AI 5.1, No ' . Fe2+) 
10re;.....v of dPPII_ZIloI~ Y (SirAI 

aO~NaY 

dPPV.J9Ol IS .!. 2.0 
24 ± 2.0 
16 * 1. 0 

29 J, 2 .0 
18 i O.& 

36 1. 2.0 
18 .t 2.0 

45 .1 1.0 
36 .1. 1.0 10 1; 0.5 

19 J: 2 .0 
12 .l 1.0 

2 1 :to 
12 1 

1.0 
2.0 

25 ..t. 2.0 
2$ 1; 1.0 

38 :t 1.0 
26 i: 2.0 

~ 
»0 

'"- :.. I. Na+, Cu") 
Doped PPV 
ZeClrt &YeSI'.A.lS . I, Na ' . 0,,:. ) 

80c0NaY 
dPPV 
800JNaY 

MEK 12 J: 1. 0 
IS .l 1. 0 

13 J: 2.0 
11 * 2.0 

18 J. 1.0 
2O .t 1.0 

32 J. 2.0 
3$ ;i 2.0 

9 i: 1. 0 
t t J. t.O 

9 i: 2.0 
11 ;t 3.0 

to J: 
I I :t 

1.0 
1.0 

11 J: 2.0 
t3 J: 1.0 

~ 
('), 
m 

10 ......V 01 dPr", ZeOlite Y (Sl1<1 dPPV-I9O) 13 J. 1.0 15 *: 2.0 18 . 1.0 3 1 .t 1.0 9 J: 1. 0 10 .l 05 to .t 1.0 12 .t 2.0 
S. t. Na ' , CII ' ) 800JNaY 

Cq)ed PPV dPP'II I,' 16K 9 t 1.0 10 .t 1.0 . 0 j 2.0 12 :t o.!> 6 .t 2 .0 6 1. t oO 9 .l 1.0 10 I: 1.0 
Zecble Y (SilAI 5. I. No' . OP ' ) 80QlNaY IS ± t.O t6 .1. 2.0 t7 :t t.O t8 :1. 2.0 9 j 2.0 10 l. 1.0 12 '" 1.0 12 '" 1.0 
10'lii.1f'v of oPPV..leo11l:) Y CSI/AI dPPV-,901 t S J. O.S t!> .t 2.0 16 i 2.0 t 7 t 2.0 6 .1. 0. 7 Ii 1: 2.0 \I .l; t oO \I %. 2.0 

S. r. Il a ' , CoP ") 800JNaY 

.;:,. 
co 
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~I'" r.:====::-----------, 
o
• 
•
o 

-~ 4 II '" 

'!:c 

~ 3... 10"' 


2 11 0"' 

o 

~c.. ~ \' 

Ih I t' I t .I" 1", l t' hi 10. 10' 10' 

r roll« afn.li a (ppm. 

RGURE 3, E*-ical ocndUClMr)' r pan_ oIlhe NaY, BOCuN Y. S<»I Y, and 8OFeN,aY oodet lloe~ 1l>p05Uf8 1112S"C. I aim. II vapor 
conoentnlllonI 01 30,000. 3000. 300. 30. and 10 Al"'­

TABLE "I • 
ReaponM and s.naitivity oIl1oc1ified Z~ Y. cSJPV. end Compoeu. 

L'-'nunwpor 
Concenlnmon (ppm) 

2.38 A 10 0 :I: 1.66 • 10 a<:l 18 80f Y A.cetont I A9 , 10 04 .:; 2, 6 10 

O1emicaJ VIJfXX 

A 

fQY 
80tI tillY 
~JlY 

~Y 
eocunay 
dPP'I 
dPPV 
dPPV 
dPPV~j8OCut Y 
dPPV.Jg()J8OCutU Y 
dPPV~uNJlY 

Aceklna 
~ 
~tlfW 

MEK 
MIBK 
AcoIOIW 

EK 
BK 


Aoetclne 

MEK 
MIBK 

3.23 ~ 10 04 :I: II,QIS ~ 10 os 
462 A 10 04 :i 8,06 . 10 
6.74 , 10 00 :i 2,04 • 10 CIS 

1.56 , 10 "" :i 1.88 , 10 It! 

1.D7 • 10 04 :t 2.7S • 10 08 

976 > 10 QI! :I: 2.05 , 10 ~ 
317 " 10 :I: 8.68 • 10 03 
166 " 10" or:P :I: 1.47 • 10 114 

1.16. 10 01 .:: 4.74 , 10 ." 
• 97 , 10 or:P :I: 5.30 .. 10 .., 
2 1" 10 o:! _ 2.07 , 10 001 

2.64 " 10 01 :t: 2.os • 10 
3.53 ~ 10 .11 i: .93 " 10 
5.00 > 10 0' ~ 2.20 , 10 ... 
2.64 " 10 .11 ± 5.25 10 
1.88 • 10 OJ ± 5.59 10 1M 

4.41 _ B.02 ~ 10 II' 
1.96 :1: 1.83 • 10 01 

1.00:i 9.95 ' 10 II! 

4.98 :1. 1.53 < 10 lit 

2.51 :I: s.n 10 " 
1.70 - 1.03, 10 II: 

14 
12 
II 
18 
20 
5 
7 
II 
5 
7 
10 

11m IU;'I'U\:o-I : ur ZU'UTl~ \ . 111'1'\ . \\1) 
CO\U'u..;rn:s 

[ n.·..1 elf Tra11..11 Ion «:.111011,.. 

21473 (6 of 2) 
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.-
•
*1)10' •II .... 

-'*"

•,,,* 

~ 

'e "! ...I I 

! ..." 
or. 

(a) 0 -uKaY (b) dPPV 

... 

•AO ~~~~~----__--~~~~________~ 

h Ill" l it'l l" 

(c) dPPV_[90]80CuNaY 

R GURE 4. Eio<:tr'aI cand IMpOOISC! 01 (a)8OCuNaY. (b) dPPV• .rid ee) dPPV-1901BOCuNaY undo< _ClOO. MEK. and 1,1 K.J<pO&Ules al 

2S'C. tam. aJ vapor COOOIIf1lIIlIio aI 30.000. 3(0), 300. 30. and 10 ppm. 

moAO\' 

IcnlWlIi 
1 ... -o Wli 

lb.' t:II (,1 I of "('luIH'l~l)(' 

Figun> ~ shm • the p lot bel", n I\:"S 

crntT ti~ Ippm of u:-:.1Y IR . 4.)). dWV (Fi _ ';b). and 
dI'PV4 U \ IV (Pig. 4<:, under a('l.'t n , ~I 
ill _5'C. I aim. nd a l the " apar CX>nct'f'ltroJll 

•JO, and 10 ppm 
1"hc ei."C1ri I rondoctiVlly rc:spo of' U 'ilY und aa" 

lone, -IEK. and MIS" exposure al the v.)por C OC'I'nlratlon f 
, ppm 6.74 til :I: 2.~ .. \0 • I. .. 10.)0 :I: I. " 

lit • and I. I " 10 3< ± 2.75 10 . resp«ti\"('ly. The clNtri­

21473 (7 12) 
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b \i Iv inaeilSi.' by 

of the ICClrlGll conJuclhily 

2147!3 S 0/ 12) 

Fig.4 lUI '.l ' • 

uNaY It\OllriX a l Ihe ral io of 

,'n I enhance 1M n:s nse 


lL illY. ~m1nimum porconrenlrnf "" in which rom· 

can respond re furlher rcducro 10 ppm \ lonr), 


TABl£ IV 
WIn~ .C~----------------------------------~• 

t.\Jnrmom 
Vapor 

P. 1E'fUD Meflod 
Vapor 
type 

C<JRlennbOn 
(ppm) Rc -Y LCRmelM D. P 20 LJandOuna 

<ANaY let. ~ 0.43 
(2010) 

23 
Cu-ZSM·5 Qa.\ OM P 0.1 24 
Co-8EA LCRmclar Et1MoI 66 35 
~nIne OCM P&e:henoI 11 
dPPV490) 2-l'IlIt1Iprobe Aoeklne 5 Tbis_ 
SOCuNaY wori< 

..oown in FIg. -Ie and 

1\\I:"'m. \TI\(, '1111 : \ll:\t. It)\S (If' UISUKIlI]I 
\(;1:10\[ \ U'O\l 
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12 
II leW_'., btf'IIWP 1Ihi.ow "po..r.. 

10 

8 
(11_ ,,. 
(1 , ,O HI. o 

I:: 
(ll ll SO cl1I 

" 6 (4 ,1l 10<111 

• ( ' ''.tOO ' 111of I I lu IN IbOO " . 1 
" 

(1111 U c"' 
< ( I )OIl 

"'''' 11 \ anff' ac"f'tOIMf\POMn' 

o 

1000 1000 


w. , n.mMr(Cm", 

RGUJ:lE S. rnA!IpC!Wa 01 ~.Y eJCPOMd to ace;one 1 the.-apor ca'lCenaaD::ln 0130.000 ppm (BI I>P P'~ 011 un and at r _ 2S"C). 

8 f ! 

6 

I: 
\

ol--~--~-------J\-..\.."'>--~ 

3000 2000 1000 


\\'.\~ nllrubc-r(cm- I ) 


RGUR.E 6. FTIA &p«h 01 dPPVjOO]8OC aY e~1O~:one at the ''apOf conoenua:ion 0130.000 ppm ( • \he pruwre 0/1 and 
r 2S'C). 

-Inlctu in Ihe dPIJV chain .JU7· 3l Th~ inl£l"actlon ' cI rl · 
irrr,·cn.ibk. 
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(a) 

/H H 

00000 0 \'s/ \rl \ / \ / \ I0\ / \ /0 
/\ SiSI SIAlS4 

/ \ / \ /\ /\/\/\ 
(b) 

v 
ot

If,C ... 'CII, (­
11 ,(. / ' 11 

, 


d 

FIGURE 7. 1n1Ml~ bet__tor. 'o-.po< and ta) BOCuluY and fb) dPPV..{90)BOCuN Y. 

dcctron of the carbon~.f group of lhe act'! n mof<.culc lam­
Iv. IN:- Cltion .llong the dP,,,1 !rurtU"-'. ullin!) In greater 
flL'galh ' charg co nd ln 10 higher Icctrirol n.dudi\"· 
i~' when C)(JlOiSed I !he arelonc \' apor.:..27 D 

21473 (1001 2) 
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B('fort' ac('tone nposur(' .\ft('r acetone exposun> 

Phase 

00 

(0) 125 "c. S3Jllple bias -8 (b) AI 25 °C. Sample bias -8V 

. 2~~----------------------------------~ 

·.lZ 

.36 l----_-===;:::::===::;::==:.....J 
1.5 0.0 .S 1.0 

DlslaDff (nm I 

lo:TT 

(c) 

RGURE 8. ERA phaM II'Mg8S oI la)dPPV -IOOJ8OOu Y beJora PpCISln. (b) dlnlg aoet<::ne e.>pCl6Ute. and Ie) degr .. of dwges genemed on 
dPf'V 19OJ!(ICur Y LnIer ~ V 01 ~ KfOU .,. ..~Io rejllCt\­

I (;OlldIlSiolls 

21473 (1 \ o112) 
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10 ppm. Th irTt"\'crsible inl('racti n bl"Iwren tile 1lC'!i, 'c il ,1fld 
lhe a.cctOIle \"i1PO 'idmcro by Ih FllR pcclrum nd AFM 
In...-fuuque. 

The aUl hors \\ uld Ilk I II wledge Ih fuunck11 up· 
po from the C nducth' an,.! E!CC'I row Polymers Re­
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Elect romechanicaJ properties of multi -waJled carbon nanotube/gelatjn 
hydrogel composites: Effects of aspect ratios, electric fie ld, 
and temperature 

Th.l\ arch.li Tungkavel·. Nispa Seelapan b. D.llcMnee PalUvarakorn ' . AnuVJI Sirival··* 

ARTI CLE INFO ABSTRACT 

I . Inlnlduaion 

Erar~ai\4: polymrrs (EAPs) hM: b«nccninuously urilizrd and 
d bped br 2~ra/ .tpp1a1lon5 mdl.ls rrmdr..Jiu .lC11J.I IDr. com­
pI.~r1d('ClJ"odE.roboDall'lddnJgrdm H)i (!li5.l promis' 1NIl'­

rUlstn.It'I\.IR ror thr ~ilpmtr1 orEAPsma: il ~ I"I!Wmbk 
r ponw subJKIIO rxlrrrol timuJi such 1~1nflC'121U~ 1.2~ pH 13L 
ionic Sln,.;th 14.51 .tnd rl mc fid ds 16-81 Grbtin is ont' I)'Jl'" of 
I1ydr'o!J!Is orEAPi; iI is.t biqldymrricl' IOU: in drn~ rrom.tn rna Icola-
en by thcmul and h)drolyzi~ pr "'ithrilllrracid or It is 

subie as a lim. ol ~L a ~ wmpas.1Ir 191 l!a::a1M ~latin po.w s 
nm';lTlITIIlI1D!: 001)'. biodq;r bilily. biommp;l baily. bicwctivily w 
Q)I"IlII'lfrnal olvd.mility'- rd.-i\4:ly 10\'1 mst. it has brm ,vidrly usm in 
the ma:lial fid:hsuch drug dr Iimy. \wund ~.tnd .lrtirlci<li 
mLGd 1101 Usually. d .uin · proclJCLd by drNlUn!1; .1 rururdy 
drn~ mb~n in a 'DImon Ihrooghritho- lI'Iolcidicor basr proassal 
h' h Irmpclllnn in which the lTiple-hdix !OJetUrr is spill 10 IlIni10m 

b:p,dub I lou.. ""'" .lI)11. 10. 
C8.S_l,C lI)l'-.k A' lo •.....-.d 

mil Stnnlft. Durina: rhr d fonni~ prO(l5>;.t1 the If'ITlpf'CIIUR'.t1tlUnd 
40 "( .Ihr ~latin I3n£1omchain in a '-.ami aqurous sokltion u~1i ot 
dlsaclrr-order lTansaion no lhe CDi - hrlix WUClI.WI: whrn (IlOiId 1111 
How r. d.-in uhibiu poor w~r rGi~c:r otnd bw nxchmJC.J1 
propt'ItiM; wile n0Jlllfl0IINw; Ih syntbrtic" pdymm;. I.ht5r Im I its ;. 
bluppliUlion m FM 112~ Thftcf~ jJ'blin n ID be ~infoRZd tI­

Ih~r thlllU h chm>ia l crosslinking or U!:i~ JOmf' fWlrr m.eri.l l~ 

Chrmicdl OOl:llinlcin& ~nNnor:s thermll otnd rr«hanial proprnirs 
Ihm h covalC:r1 bonm brMf'm Ihr r~<IIl iv1: sidr roups in gd.. in 
molrallrs. H rwr. this pnxru pres;c:r1S I hr ~sidwl cn:m:linblg 
~ ru INilrOlllID 1000c ' drdTi 11 "......'NTurrcho!cnlOmhll'lt:rlhr 
mrdlanial~nd dalrOl1ll'ch.tnial pmpcrti in lhr gdJltl hydr el Ill'­
ColU!r theyanpruvidl' thrbicmmp,;ri)i6tyotndp:a1 m«h..aalpltlpC!l"· 
lies.. In Ihr previ0t6 IWrb. F~ark II Jl.ltJl ~ponrd thaI nVNTs 
inducrd rapid ti~ rcgmel3tion procr Nrvrrthr the biommpaD­
bili1yofJ.M'NTs drprndcdon Ihdrsizc. lh.lpr.I~~ndchcmialllJr· 
r.loe. ChIopt'k II oi L 1141 rtpOrtai tNl MWNTs pones.xd gOtld 
biocompalibi l ily ID Ihr oelJJlUdi ( fibrobl.l:ru II'Id ~l . The 
l.IS('ormulti,-.gD cabol'HllI'IDI\Ibe ( MWN1) U.lrdnfOltrmf'r1 in "btin 
Ius bl!ftl stlldird I¥ U CI aI. 115~ They mdit'tl Lltin willi "".....'NTs thai 
un br rl'llbfddrcl lII'I.lddJ~ loenlunce Ihr m hll'lial propcrtirs 
of the ~btin h)dJMcl. H..'o- CI aI 1161 irwrsli <Ird thHwr8i!1; of 
MWNfi\J:blin hydrq;., I<XIITlPa;i\lS. MWNfmuld m.tmin the subilil)' 

http:l.IS('ormulti,-.gD
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[ 1 

1n\"fSIig;afllllllrrmsofMWNTmncmu..t:ion ~nd.Bp«l r~o. C'lKtric 
!irk! Wl"ngtlund ImlIXt3llft. 

IDC Power upply 

--; 
d 

'''' Udo 'X~.... oIe...l'puc..,....d .. ..."., u..d rlec~_ ... 
:Jr ..",pta. 

or thramposill:S wilhoul onsslinlcil"4: ~"III dur 1011r hydrophobic 
,,[ret oI"thr p.. WNT. Urboo I\JIlIllUbM (oos) ~Il' ~n MtrolCtM- kmn of 
arbon. (OI'Isisting orconcrl1lTic cytindrrs or""~it I¥r 10 IJ~phrnr 
cylindr3. 00 diama ft'S~~ S'N10-Ih.Jn mnwl1lion~ ca rbon or gI fi­
bell &out IOOOtilTll:S.. By. Nnonilrupoo r~Qu~ eMr 1000. Thr 
stJUaural dIarolCIrri iaof( NTult' higl! aspect 13 0 , hilh mrfllr ~ 
and l'x«lrnl m lunic.1l. ('rcn1c.11 and th('rrn~ propr rti rs.. Thr 
M\VNTs. USC'dto tlltuncr thr rnrchanic.1l propm:i of ahl'r h)d ds.. 
tu,~ been prMous:ly inv~1J7. IS~ Ol.1nt"fj ('I ~1.J171 snJdIed 
Ih~ rnrchJllcl stmlgth ofetilOQll h)dm 15Wih carbon nanoluiles 
(CS.Olf).ThrOOI ~NTprovklrdlhr If'Urmrctunic.ll !lTtIIJ;J.h 
th.., thr aos.'!Iinkrd CS hydrogd. TOI"4: ('I at I IS! inVC'Sl ig,atrd arbon 
runorube,lpoIy(';nyl.ll ol) hydnlg!llo('ntunc.r llr mrctunbl prop­
eni ofthr I1ydrosd and found ltullh~ 05 ....uOn'lPVA h)dr I f:l( . 
hibitrd llr improv~ Ic:nsiir momdus. b!mill! rtl"4:lh.1nd strain ;a 
brrak I7j 78.A 94.n ....d 12.7l. rrspc:ctillr ly. TlrR'forc- WNTs ..... 
nalrlll·promisingoft., fon::inllmJlr ri.1 1s for biopoIymrn; Ih.. h~ 
been dtWlopcd 10 5e\O!t3lapplic.ltions such u bilstmor Ilg~ .1nd bio­
r IKIronic mJtrri.J Is 1210~ 

Throbjrcti\-ed ri~ionlslOdrm-minrllrclocmmt'CNn­
leal pmpmrsol" IftI!D-W~1rd arbon runatubr l'brin h)drogrl com­
pasi atrOin~ .... anima:: SUlfacunl (i.e.. nti.m dodrcylsulfu ) u 
CI ndicIm! m.nri.m for acrw tor in robcu or micro-dfYicr TIr r Irctric.1l 
p mprni thrrmal p prnir and I! IrctrorhrologiGII pro pr niC'S wn' 

l.M1rl 
~ 'e(J'lolckn " du~..tJ'. .andean 
(M"'·n.~ 

2. Exprril1Yn .... 

1.1. ~farma!< 

<A: b IrI ( TYJlI' EI. bcMnr skin ) i nd JadJurn doda:ylsui r..e (SOS )Wo-I! 
pur~ (rom SilJl1a-AIdr>::h (Sinpporr ) .md 1Db~ Otmlir (lndi.1 ). 
re ()E'CtM-ly. V.vious mull~w~lrd arbon nanoru (MWNTs . 
>95 wt.X plriry). .zs purdt.. rn:rn hlphm<lllo T«hnoqy Co. , lUI.. 
Olin.. ~ spmfird di.tmC'lInor l-Io. 10-210. 2IO-3o. .. nd lO-SO nm. 

Thr 1'iNIIOIlmlrrractiOlllofMWNTswo-eo.ol.o.l. 05. and I volS 
in which M..... NT w"'mes wo-r comp.JtM wi h thr '100M ofleI.. in. 
Thr "1\ Ts (0.00061; 0.D063: 0.032: 0 .063 g J \wrr di p«nrd in 
10 ml aqurous medium IiIlrd wih 50s (-Q.Ol ) 17j.a lTmsoniulor 
(Elrru. S 7OH, 0 18224) .. 30 "(.50160 H4 ISO W. ~nd IS min. Tlrn 
cutin (-2..lW g) W.1Sdll30l1.ed in dlmllrdw~~r (20 mI: pH _ 6A0) 

~I 40 '( 2 h by rrugnCl ic stirrII Finally. rwo sol.. ions _rr \vdl· 
mixed al 40 ' CowmiGhl thltlllgh m~rieSlirri loobUin mixlUll'"s 
with uious MWNT; ... .1rin voIumc fr~ctions of01l1. 0.1. as..and 
1'101.1 Tlrn thr DWons werc pou~ inlo~t.ridislrslo obU., IIr 
MWNT. rial in hydro ... compasiln: through :.Dlotcnl asti~ The 
h)droscl compmlrs \~rc .IIIO\wd 10 SlCI1 r in is 4 ,~ ..1 2S -c, TIr 
Ihickn of hydr Icomposirs w Mlou I 1.64 nwn 

Truc drnsity of r.1Ch mull i-w~1cd arbon nanorubes ( ~VNT) wu 
mC'.1nnd I7j .1 g,u pycnom- r (Tho-mo Nicol«. rXUi 670) wtich 
wuoperatrd '" He pI allnMplvre (20 pgl.11 2S .( \';lh a pu~in 
p Slimr of 1 min. Thr trUI! drnsiryofM\, mmsum! Il'"prMrdly'lNTw 
20tim 10obUinllr..JYrm rvo1lur .. ndthrstandnddcvi.Jtion. 

Thr clectrical mnduaivity mUSlftmC'1II (Krihry. ~odrl soogn) of 
thr MWNT film ~mpl wu mC' __rd ... 25 "C • .and IIv lixllft 
COmiit~ of IWO probH llul mJdr conua with Ih Strf~a of thl! 
MWNT film umplrs.. Thr 161 1ix1l6C wu connrcted 1011r pow<:r 
fOUI'CC (Keithlty. Modrl 6S17A) 10 pplya coruun l voIuge fOUra: 
Jnd(or Il'"adingllr tnl.IIt.n rur~11I. Thuppl~voll3!i:c mdthucsU' 
13nl rurTl!llI _t"<! uSl'd 10 drlumint' el«t.riul condua ivity of the 
MWNT film ~mplrs I7j the following Eq. ( I ): 

I , I 
o -j;-R,I-iCI II ) 

wlrrr 0 IS the sprcific conductivity (S on~ p ' IIv spocific IHislivay 
(n an). I is the sprdmrn thiclrnr.u (em). R. is Ihe shttl frutivity 
(n ). , is IIr mC'oUUtM Cl.lrmra (A). K ' thr grornrtric corrraion (.1C1Dr. 
oInd V ' IIv applied vol IV). 

Scmnin d«tron mit:mgTaphS_ffOUkrn wih ol lumin rl«lron 
microsc:opr (SEAt. S-ISOO. HilOlchl Tokyo. J~~n) 10 drtrrmine Ih~ 
tn)(ph ogy And siIno(IIr MW NT in ~ pcM"dr r txm. ~mnr .,IaI in. 
~nd 1\Vf\lT ,dnin composics;a V.1rious MWNT concmlT..ons.. TIr 
crm:s· srClon rniaog....phsof I~rin and MWNTj dAtin composiles 
wtnobuincd byusinganaa:do-.tionvol~r 0(10 kif Wllh m nifica­
rions of EO 000 limN.. SEr. imJEing ",frwur (S£).iAA)RE 521 ) wu 
USC'd 10 prontr rubr diJl1Yll:f, 

Thr topology md ph.asr irru "01" JPKimtm WI'Sf! oblain~ 6-om 
Ihe ~lDmic fonr mit: tmCDPY (MM. PMk ~rm. XE·l()()} wlr~ irTlilge~ 
Wft'Cl.akenin llr non<onl.JCl1l1DClR v.·i1h Ihrcnl r (NS£.I4-Cr.... ) 
I.3ppi .al i s(.In rale 0( 0.25 Hz. The clret roSlatie forer nKr~e 
( EFM) wudell'Tmlllrd ~I s\i;nal ~mplirudr 0£5 V. and fUn slm of 
1.25 . I2SJm l. f..Jch~mplew SlC.1Ilncdall\'lVlr· hllr\'ds.abovt! 

http:W.1Sdll30l1.ed
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thr su rf~c.lnth~fil'll rvd. tip 5QIInrd Ihuun lOobiain thr IOPol­
ogy im < in IhI! non<onIilCl .1 modr in rt:'Sponw 10 the van drr 
W~1s foras. Thr ord scan WlS amm OLI by mromJrin 1hr tip­
S1rf.lll:edl .w:eas a fflU_oflhr d ITQSUlicfonr.Thechill'p'di !2 ribu­
rion ~nd Ihrdcgr ofch~t ~r.. t'd wr~obt;rin from the' ElM 
IMinique. 

A mdl rhmmfl<r ( Rhroml'Uic Scirnrilic. ARES) was um:lto srudy 
Ihr tloclTomrxlunic.a1 pmpe ni of rhl! WNT I'!tin h)'dro'.:rl 
compcn:ies. Thly, <re fitit'd ,.nh4 CU5lDm-buil topper p.Jr~Dd purr 
fixru~ of JO.mm diarnrlrr. ADC vollll r wu ~plird" the rlKtric 
firld strrngth o f 800 Vimm umg a DC powrr ru pply (Im:tek . 
GK.8216A). Ffit.. a lroin rep I wasoperorrd lodflrnnrne the 
rubblr stuin for rnrmJriog lOCI e moduklS (G') in the linr.r vism­
r l.JStie !l'Pmr. Tht appropri.-.l! str";n sdrl nninftl to brO.IOI for 
both ~ utinh)CImgr landthr M....'NT datinh)CImgrlrornposUs. 
Prior to Ihe rrmpoDI p .lnd th f~C'ncy sw«p IrSt. samples 
Wt~ prt'Shr..-ftl au law frrqurn<y (01) II r;d ) and ~ IrwlSlr.lin 
(0 101) with Ihr applia bon of d«tric fidd (BOO VJm m) for 15 min 
10 rnsurc the fonnal-ion of rqu itibriurn polarizali:ln. In both exprri · 
mrn l3. the spmmrns wr~ mruurrd as functions of rlr<1nc firld 
~l~nJth (0-800 V,mm) ~nd trmper.tturl! ( 30-80 'c). Thr brndin 
behn;or and thr dir l IfOphDrts' forer wn-e inwSt jg41rd undrr 
appJird rlr< mc fidd f(ren~ lis betwt'f'n 0 and 600 V/ mm s.mp!t:'S 
we~ gripprd belween c:opper purrs and immavd in .1 ITa nsp..-rnI 
ch.1mber cOnI" ning polydirnrthylsilounr (PDt. So viscmity 100 cSl ) 
(ushO'oIlll in Ag. I ). The inPUI e lroric r1rld st~ogthwaJ plQVidrd by 
~ DC pO'o'nr lU pply (Gold Sun 3000. GI'S lOO3D)eonnrxtrd to .1 h ' h 
\IOIage power supply (Gamma High Vo k e. UC5-JOP). which can 
ddi'~r various e l IJic fidd rrm ths from 25 to 600 V/mm. Thr 
al1'CUnt ofddlrction of the Pu~ 1111 in and MWNT r utin hydm~1 
c~es .. the spt'dlic d«t ric f.rld t ~n Ih . drJicri!m by Ihe 
p.amrtCl~ (et/. and 9). A vieiro remrdr r (Sony. HMldram HR I ) wu 
IMd tD r«XIrd thr isp! mrnl ofthr pLft ~utin ~nd r. \,NT d.1Dn 
hydrog~ I co mposi The brneli ng dlsun125 of t hr com pasi IFS v~rl! 

mClUJ~ tom a Soon 1m ( ~t.l"'0.3) pmgnm. 
Thr diel IfOphorrtic forer (F. ) on thr u rnplrs W,)S calcu .... ftl 

t~h thr t.. ic horizonl .1l btu b.una col'l1imng of thr e lastIC 
fora (F. ). thr rmy fon:e..rd the buoyincy fora sOOwn in Eq. (2) 

whr~ m is the m 0/'sampli!: ( ., is t hr l!I'.n;ty c:D/1Sl;InI (9.8 rn.'S'). 
I'l thrddl . n i Ir.P iH hedmsity oflklid. Vis thr\lOlumroflhr 

d ' plJ«d lkIid. and F. is Ihr lu i lin!; dutic fora ( In our erpf'ri· 
rnrnl.lherbuit: bra canbf'C:alruil bythdolbwin Eq. {11l21.22t 

dEl 
( l )F'-7 

whr~ EistheYoung"uTloduluswhlch isrqual to 2G'( 1 ~ 1JinwhichC' 
is the hrdf modulus (I.ll:e n m be G (ro :: I QrI!s)) ind I is thr 's 
r.Jtio. which ' ~ 10 1 f2 br .JD Incom~bIt S4 mp1e.1 is Ihr r:nomf!IlI 
oflnrrtla 1]1\'( 12115 the lhicm of specrmm. 'v ls thr widlb o/'SJX'Ii. 
rnrn..d· Ihr drf1roion elimnce.~nd/' thrr~ ofspKWntn. 

rubes (MWNTsj 

CNr.actrmucsofMl,'JNTs..-e !Umrrurizrd inT.bIr I. Tnr dcnsi~ 
of four 1WNTs '" 2.143 =O.IS. 2.I.o :t: Q.IQ. 2.110 ::I: O. l l. and 
2.103 :: 0 .10 g/cm'. indq>rndrlll ofdifTInnl pecr Qtiov~ lunOur 
rnr.lStnd true drl'l1ityV~JurH~ nnilar tOlhr VAW (-2.IIl.'cm)u 
~onrd by Lrmun e l.oll l23l 
~ aVl!~ diarnrrrrs of thr rubes.. moos J)«I r.ltiOJ as 

rnrutJrf'd by SEM lire 9 ...7 :: 159. 18. :: OAl. 27JJ9 : Q.1Q.~nd 

~.6l ::: 1 5 nrn. which all! con . Il!nI with Ihr supp!1t-r matrrial 
specificalion. 

The spt'dfie conductivity values of WNTs art appnnimate ly 
3237.2 161. Im. and l69l s,cm (with sund.1rd drvia lions of 240. 
328. 195., ind I ~ Ste m) . resp«t iw ly as shown in T~blr l Thus. 
thr c l«trical conduo lvity of the lowrsr asp«! r .. lio pmsesses the 
smallest \laluebrQu~rlr<rronsc:annollrolll CrT d in the pad n, 
brt\Oftn MWNTs 124.2S~ Thr smalrr diamc r n .. norubr promDl e1l 
bettef paclrin and e nhelnas th e r l«t ria l conductivity 126~ Fo r 
typical si n 1f' ·waUrd coill'bon nanoll.rbn. the sprcific rl«trlc:al 
conduc tivi ty is or the or~r o f 10 -IO'S 'c m 127). Ilai Cl i ~L 1281 
r~ponm that thr e irariQ I conduc tivity of M\\'NTu l ~JTj)j~nttrm­
pl'r~rurr is brlwrcn 1250 ~nd 83ll S an 

http:horizonl.1l
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32. !II 1ph~ of poi:lnn h}d tf and M\-vNT'p'i:lnn hyd""tf 
l'IIl1lJOSUS 

Thr ~esenr.lli~ M\VNT 1Md was MWNT (3-10 MIl. providi 1M 
~Jl)KI ,.1Iio0(2l00 for rW!;; ilS . ~mon in ~ geal., hydltlogcl Thr 
MWNT h.u Ih~ hightSt a~pea raio which can indua tilt higrcsi 
t'ru~Jm,.:n1 ~nd bundlin IhlUU ITOOg n drr W~~\S 129~ Cron· 
SKlionrd SCoJllni~ I!irctron miCRlSr~tts oflM gd.1lin ~pl ~nd 
~ sm- sha\·lTlInFi<;.2 .. 0.IoJIldl • .s !WNT~ltlltm nifiu­
tionsd60KoIOdlOKhc.Jllbe nlhatllt ;!\VNTsh \/umodEQldy 
uniform dilPmion in Ihl! p:btin h)drvgd ~llow ;!\ NT calC:mlJ:llion 
(0.1 vd~ "';lhlhraidoftlltwrlJct.lnl.owq; 10 Ihunnttionofhydrt>­
phdloiccNinofSDSmolra* ....<U ndllltsurnaof nVNTs llOpn AI k 
and C'. tilt dispe~ion of "'WNT .. hi h concmU3 tion ( I ~-d.s) is n:lJIin­
1y poor bculI'r oft hr cIiffiru ky in obtlllli han t'11i!'OUS dtspc ion of 
I vo~ P.1\VNT in &I:Iam soUiondut Ihl! bQ; VoIO der W~lunr.IC· 
tion fon:rs bel\W<:n \/NT rroIKl.*s. 

Thtlopolo oIOdlhr phul!ch edsurf.1cl!oflhl! "'..... t,ff , cblin 
hyd~1 cx)lnpMilcs \ftrl! al10 inve.s1i~led by Ihe EFM pha~ 

me.:lSUfrmrnl ,1S shown in Rs. 3. Thr topology of Ihr purr grl~rin 
hydro e l,and Ihr 0 .1 <lnd I voI..l ~"'NT, I!lalin hyd~t'l rompos­
iII'S withoul riroroc<ll chugt' ~rr shown in Fi" 3a-c. FIJ. 3a she 
Ihr moolh surfut' of Ihr purr grl.Jrin hyde r l.I a nanOlC<llr. II 
micro raph of Ihr 0.1 vol .% MWNTigrlalln hydrogel mmposilr 
shows a II -di ribuled and randomly·ali ned M ...NT by Iht' 
mKllaniul "irri~ forct' as shown in FI" 3b. On Ihr contnry, 
fi 3c drmon.str<llrS lilt <lgglomrr<ll IOpoiog of 1 voU P. v.'NT ' 

elalin hyd~t'l compmlltS.. FIg. 3a'-<' s hows Ihr phur chuged 
i~r of lhr purr gditin hydroct'l ilnd tht''' WNT rlarin h .rl 
(J)mpo$h . Tht' Ima ~t'lChibii th~ charge dis trib .. iom vilhin tht' 
malrri~ls whtr.. Ihr light arru indialr Ihe: pl?St'na of the: 
~"flIoi~'t' c harg rll£r.JIrd btl\Wt!n Ihrprobe lip oIOdlhr m .. t'rUIs. 
Thr drg lu' of alfrdctivc ch<lrge: &rnrroll rd on thr purr ,runn 
hydr rl dnd Ihr \WNT. d.lIin hydro rl composiln is shown in 
Fi 4. IIo!hofO.1 dnd I 1101.% " WNT/ grl.. in hydr~1 CIlmposilH 
PQSSt'SS IhI! d 1H5 of olIlrdOIWch<lQ;r ,ener,Urd oflOI and lOGS 
rnp«tivrly, v~ILIH which ;are: rr..~r lhan Ih.1l o ft lit PUC(' ..Ia lin 
hydr()grl. 
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33./. Timrd~ndmao/cJt;, dtcrmdwol~lClJllt'SpolN' 
n.: fl'mpoml r~~ ofllr ~I:el~in and the M\YNT e l.in 

hydrosd compOililtS (0.1 voI.S and 1 vol.s 1\YNT ) w im stiprd 
unda- Ihe ~pp~rd c:lrctric field IlTmgth or800 V/rTm.H !hc:el«tric 
field \IIU swildlrd on <1I1d 01' atrmlldy. n.: lemporOli c rumctrriSlia 
ofm_rUlswe~ mr-'lnnd in !he: linear visaldaJlic nogimc:<ill ~ main 
ofO.I~ <1I1dfrcquc:ncyor 100 lad.'s.. Rg Ssh Ihc: SID< ~ moduh\ 
(C' ) oC!he pull! tl:ttin and ofllr :!\VNT c:btinh)drog I c:ompa>irrs 
du ri'l: !he:tirnc -.ftplrsts unde r the e:lrclTic field For !he p UR' eI~tin 
h)d ~lwlrntheelc:arirlirldis~chtdon~l800 V,mm.G' mrne· 
diiltdy inause:.;and rdpiclly ~ hrs <iI dy-mrr \CIkJc: as [be dipolr 
mOlTll!IlI within !he: ~ltrUls .11£ induad. As Ihc: e lraric field is 

virdlrd off. G' decn.1llH InSI<1I1C1neolulycku.r ID ill on inal v,'i lt.r 
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which an be rdi rrrd ID <iI revl'lSilk' ~ltri<ilL In mnlra for both 
\VNrIjJ1ll11in hydrogel ex>rnpoSilH (0.1 w1.s and 1 wU; " "\'NT}.G' 

dtctUYS i~rnY1lchingofT !heelrCl ric fidd bul it do nol r~r 
10 Ilrir ~iNI valu Tlrse cNr.;aCkrillia Indic~ e Ih.alllrrr ..rr 
some lHidur~ mamtlllSdUl: IDIhc:<iI lomI!'r~ricf1Soflhe ~1\VNT. 

3J.2. EfJrm 0/d!ant:fi.."d.ll~rh andIZrptt:l rmo aI dinr<Jntdzr d 
propmvs af f\IfNT.td.nn yd Icomposers 

EJftCI of M'VNT .uptO rlII ins (470. 7<10. 1200• .;and 21 OO) on !he 
c 1rcITorn«h.1nita! prepa-ti or0.1 vol.S M\YNT d.1tin hydr1 I c0m­

posites was rll'1l inYMiglllrd in IIr rm~l: of 0 ID V, mm. Fig. 6 
ShOM the SlOO ~ modukls rrs-pon~ (AO) .;and !he ora ~ modukJl 
X05Iliviry (AC' 'G-J of !hHOmpoSites vs.. rk<:r ric field SI~ngllul <iI 
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Electric I\oId .~ C\IMw1J ­
0 "".. ..._""'_ 
a .~01 'f'11C111% 1IIfW'1iCI1tt 1 . . .. "~. 
I> . . . ...~~ ...­
q U ...",-'! _ 

o '''''''MWIfI'''_ '-' 
r.. 7. t.!culCIJMr!i":.I!101l oi ,MW , I hJl) m ~ Sb ~ :&:. .11 
y-.a.n:JtII,~" frldJt:a'I'~-s : '\,IJI'1IIIIif'~.1 Xlrrm. thd:a. U:.40rrm..ClWll 
.r_.~ 0I100:~")O "C). 

frrqumcyo( 100 rold ~ mil ofQ.IOl.arvi ~ .lrmptY~rurt or30 'C 
It c..m brS«n t!\;ltAC .rviAC·'(;·. oI'Q.I volS 1WNT datin ~I 
mmposiu5 incRU~ with incRUilg p~ r~io of "'WNT arvi with 
incrusi!1g of"iraTie fi~1d st~~h n Ihe- polariz..llion is n('ull!! on 
arboxylgmupsonlhr ebtin idtchail. lhrdipolrmommL Iradil 
10 in~rmolf'OJlar inlrr<ICllons 11 2~ The- malll R.uon is Ihr hightr 
r ponsrw~illl:R_of t\'1Nr ~t'CI roidoisbl!durlOthI! ron r 
irvrfolCialfora b~ thr nZlOlube arvi thl' matrix dut toa highrr 
surf.u um 131 ~ Of thI! Mlonmr-mollJix ilrr.maion 112~ 

Ayatol.lhi el aI 131 1Rpor1td thr rnrchanial propl!fri 01' rpoxyi 
Q.S wLl \'r'NT al variOUl Up«Ol ratios (-4Ss, SSS. 71S. ....d 1(00). 
Bolhofthr moduUsol'f'1 idy~rvi Ihr I milutn'!1gthoflhr SoIrrtp 

.ncr withlncreuin of.!p«1 ratio. \;JnohoJr.llltHlIl2 1 ~pon 

that M VNTwitha smallrrdLuTrlD'l'wrnd<l1l1nrl r inlD'f..Jao wilh 
the poIymrr mall1x duCIO Ihr hlStrr1Ul1lJa.v oflhe l\lnorutr. 800 
4:1 Al (331studitd thl' rff«l of I1OInoplatftl't slrunu~ on rrrchJnka l 
proprrtit!s 0( t'pDXY NIlOCDlTlpoS.In. Th cy found t hJt thr l.vga SUTfia: 
Area incrcawd thI! modulus of tpoxylZrP-1 000 I1'brivc 10 than lhal of 
('poxy,'ZrP-l00. 

33J. El«1 of m rraC'J.rdlDn onrlrroum«harJcul pr~1tS ofAfWNT 
, ..11m hyd n>t7p)SUS 

Tl'rdT rofMWNTconcrnrr~ononlhrriN:tTornrd\Jnic;al pt'OptY ­

riH o f"'W NT , fbrin hydrosl'1 rom il s wn sruditd ~ 3O·C wilh 
thr 1'1 nie !irld srn~h v.vyi,. bC'lw nO and 00 V/ rnm. Rg. 7 
shO\'{s thr SIDra ~ modulus r pon~ (AG'. '" _ 100 r~d,>S) 0( thr 
~ebmul vJl'ious MWNT m ..rntsoro. QDI.OJ ,o..s arvi 1 volS.. t£. ' in­
am nonlinrarlywith illCTusingeiN:tTlt: !irld srrefl!:th. With illl:R<lS­
i!1gMWNTconcrnlT3lionfmmOtoQ.I vol1. t£. ' il~ ti'om 507 
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J~ Il u.c: oI<1X1<rl&D""" 01 M\V'{i ( 21(r)l «tch._. 
fIWJd.Aa. .1e {~ ) ~ IlDtIItCflP"1"':It !~lr.d 
1 t.«J ......O lu..e..dtOqU.."'y 01 1 '><l" V 

to 223 6OOP" al 'Ill appbtdelraric Mid ll~ th 0(1iOO V ITm. f1rthrr 
illCTmS4! in Ihr \\'NT mncrnlT3rion (Ol a.s~rvi 1 ~"OI .s) r~s 10 a /I!"­

dua.ion oft£.'. lnlD'rsnnllly. t£.' oI'lhr 1 M\'JNTj d.-in hydroJr:l 
compoue 15 inferior wh('n comp;artd to Ihr pure ,rblin hydrogl'L 
Table 2limltr.!Jor modulus wm:iti~ty (t£.'/G'.} v.1u o(lhrw 
malCri.tls al VAnous M..'INT conlents. As MWNT cortaltlrarion in ­
cn\I.5G. the indue dipole manml inauwsundrrl trapplit!driN:tTic 
fidd strt'!1gl h I~ I dur 10 Ihr l'Ilruncrd poI<lriz.abilfly of the arboxyl 
groups of ria rin cha im: u rvitr Ihr PInrncr or MWNT. Tl'r maxi I'IU1l 

AC' and AC'/C'o aR found in the 0.1 voI l: ~ WNT, elatin hydrq;rl 
COmpoRt. H rver. as the n'INT conlCnr ' h ' hrrlrun 0.1 YOI ,S, 
AC' dl'cre;uel, As Ihr hi h I MWNT eoncmtration 0( 1 voL\:_ AG' 
undr r Ihe applitd rlraric Add diminiYots mer Ihr matrrbl presum­
ably consis-u of tht' plw;c RJ)..... tion bl!lWCm the h~tl and the 
MWNT aulorntrOlion asPRVlOUSIy obtrrwd illhr SEM ima t' arvi 
lopobgy Rrl.a (1ft R~ 2r .nI le). 

A}OlOlbhi ('I aI_l ll l fourvi thr simibr brruvior in thai the You",'s 
mockJIus and rhr 1l:l1.Illr sm,.;th o(cpoxy, MWNT composirs inm 
wih incJt';Isl~ 01' WNT. H~ all hr high". M..... NT concrntr.ltion 
oro..s ,·AX. Ihr rnrchilllical propcnirsdtarawdduo: 10 Ihr r(KI 0( 

a~Jomrl3tim_ Pr h.Jntha 1'1 al IlSI rqxlrtm Ihr optimum rnrchArw::aI 
proptni ormulri-wallrd czbon l\loonj)e !ilt'd poIyprop)'lmr 1\101)­

mmposilt. 2wt.S M\VNTw<lSlheOJllimumconcrltlution lornhma 
thr modulus d IhI' mrnpolirr. due 10 I.hr di ptYS' n.n! thr disuibWon 
ofirvilYidUJI n.on ~s ill hr matrix. Eving... arvi Mun 1361" udit'd 
the- d;all icity modulus of pol}Ocrybmid(' (PMm) 'muI6-wai Ird arbon 
nanonmr (MWNT). Tl'r ~Lutk moduka of P~ \','NT inaustd 
wkh incn:.uil;; ofMWNT mnctmalion 1(tn1~~rvi Sriv.­
137 I rtponrd a lirnibr cITra ror poly(p-phrnylme}/ocrylic tbSlOmC'r 
blmdrd. Thr stDrOQ;t modulus R ponR (t£..) of poIYU>1lhrnylme)/ 
~crylic d,JSl~rblrndrd "~ with incrmsill poIy(p-phrnylrnr ) 
concrm.ldon. 
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3.3,01. Elm ofrhr opc'mMg "qH1'CIClIl' 

The elrc:lromrChlniQI propmirs of IhP purr " I.IIin ""d th 
1WNT. rlatin hydnlg I aompolill's wIn in\C'~liplrd all hP lrmpeQ­

Ion rm bf!W«n lOand 00 -c. The relUk shows IhJl slaa maS ... 
Ius .11 800 V nom (C1 and stora r mo4Jkn lupomr (AC') or the 
compaglt5 uhibi thIN ,upon r .mrs as shown in Fi a. Wilh in­
crrasi~ lempn-.IIure frvm 30 10-40 'c. C· orlhP PO'" tlalln hydrC¥'1 
dl.'CfT_s boc.llJlt I hP I riplr-hela Slrucrurr is spil to the random co~ 
stlUClun! 138~ AI the Irmpe-aru", rmgt of 40-50 'C . C' inc",urs 
~in with rrmpr,arurr. JlcmrdUll: 10 the classica l network Ihrory 
l22las rrmpn-alureincre.l w LhPrlllropyor d IncrtaW~lhJl lCldin 
10 mort ~rrllCti..r rorc~ Howt'W'f further incrrur in rrmprralure 
( from 60 to 9O'C) Iuds 10 a dtcrt in C· s lncr o. ... mino add blod:: 
or the rUun chlin' isolalrd .11 a Itmprr41Urt dOlI(' 10 the low­
Irmpt I1IIUrt ;1 tranSfion 0( 120 'C l)9l Similarelrc:lTomechanic. 
proprrti a~ obsrrwd durin,the SoJrrc trmprr... In! ran r ror th" 

twnddl 
.. nh 

1W «Xl !iOO 600 

• 76 • 
L • J I 

I b b 

0.1 volS MWNT 'gd.1tin hydro d compos:irr, lhP ~I 0( rripl.... hehll 
II ruCl lire dt' rururalion {30-40 'C)and th" lo we r trlJlp(!"arurt Ius 
lunmon In-npe-allR (-~ 'q orLhP mmpo5irr could be rrt:amaS 
due to the mhJncrd pdariubil~ orlhe Glrbo<yl p5 in IhP ;d.llin 
chains. The ob",ined rrmll indicait's Ih.11 the dtclmmKh""ical~­
l pomes or the MI.."NT/ datin hydros,,1 mmpDlirt5 arr lirgely m­
p-ovcd in Irrm or AC' dut' 10 th" PI"",nc" o r MINNT AI any 
Irmpn-.1rurrs ludird. C· __ and AG' arr higherthan lOOse ortht 
purr Iltlatinhydrogtl becalM MI.VNT;!CIS ",inforud partideund 
enhances Ihe pol.triz.a~iy in the ~.trin chains under the t'lrc:tric lirk:l, 

3.,t Ile1ltmoD f ,!WNl7gtiann Iry 

The brndi~ brhavior of the purr ;elatin ~nd all M\VNT d~," hy­
drogel romposilts is <hown in Fig. ~-<. RalJlts how thai .. II or th~ 
umpl brnd ;rd the ..ncdr 'dr (pDLiilivun..vF) UrDrlhe in/lll­
encr of tht! r ln:tric fidd s\l?n Ih or600 'lmm dot 10 the altr.tctiw 
fOlre brl\\ftr\ the polanzaS carbonyl roup ofh)dRll:r l W the ""cdr 
Yde. The poUriution orlheurbonyl crouPS can be rd('ITaSIO.1Slhe 
eire! roph~1C bchn;or which gt'ntral Iht' ~Iivrch~ on ther 

rOJps. As highculeaTicfidd s""~lh iupplird, stron~r pole rna­
nYI'IIUrt nrr:llrdlt' .~ toa h ' herd ~O(ckfl«tion. Thr port' 
dllin.O.1 voI.% WNl) dain. .. nd I vol .:l ~VNT .. litin h~ Is 

SIan 10 delleCl "I lowe r c noul dtclric /itld srrr~mof 100 V nvn. 
100 Wmm. "nd 2SO V/ rnm. rrspl'lJiwly. The 0 I voI.:I MWNTf l.IIin 
hydrogd compaU!' e<hibits the grratcsr drn«tion V.allrS rrlJII 10 
other samp le-s.. Th e deglN orddlecr:io n ( ) of 0.1 voI.% ""WNT gdal in 
hydrogrl cOlTlpOSiIt" hi her than the pure gdatin hydrogt'l dot 10 
Iht hi,;htr ilmounl of pobriubitily from " ""'NT. ~ Coni 111 _ tht' 
1 voI~ ~VNT gdatin hydroyl composite shows A I .. sspr drnrcrion 
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r ponsr Ihan the othrr IWO sampln&le to 100 h ' h p.lnide a>rfrn~ 
140~ TIlt inGIction times oflh6r s.ampit'sof ckllMion rcsponsr ~ 
ubulattd il T~blr 1. TIlt in&laion Ime ' Ih time whi:h i5 r~rt'd 
for thr SMTlpIe todf:1leo lOWardthrINmwndisL1Ila'in Ihelnnuena: 
of~pplit'd eiN:nic fiddSlrr~. AI 0(11'£ SilmplfSstudiPCIuhibii [ 
ddlraion rrsponJe which is one of I1'£ importanl faours ilr ~lWtor 

applicMion. F 100- b hO\ 11'£ ddlecrion disuIKH and the 
dirlectrophorcsis forus (F. ) ofthe pure dAin and the ~.'NT dalin 
hydrog I compete under elrclric field 11Trl1l:lh. The ckllecrion 
d ' lanas and 11'£ didrarophoruis forcnofthac' matcri.JIJ: bKomr 
I~trwith ina'Q I", drcuic liekj strtl1l:lh. AI el !Tic fidd srrcl"(i;th 
of600 V/nvn. F.of tk purr dAin hydr d.o.l voI.1M\\'NT • boo. 
~nd 1.0 voI~ "WNT 1.11 il h ('I composites .lit' 0.036. 0.D39. 
and 0.031 N. rrspmMIy. The F. ofo.l voI.S M\\ T tlatin hydroWI 
rompos:ir is Ihr hisJIt siner such a compositr holS a highrr.-.mount 
of poIarizt'd n;rnocubt: Coni rn I llul e rNI a ~er an r.raiw with 
the anock side. Ha\ wr. the 1 voI.S MWNT r utin h)dms;rl mmpDS­
ilu~ .JIO\·~rF.Ih.lnlhrpurq;d.1lilando.l \01 .% "'-'lNT., am 
h)d rovl mrnposi tr clJr 10 Iht p.Jrticlr me hindrana 1-1 1~ 

In Ihr pre";ous works.. Niaml..... ~nd S'rNal lUI inwst~tPCI 
dirlrctrophon's' forer and ddlrction ofpoly(p-phrnylrllf:Vinylcne)/ 
poly'llimrthylsikwnt' b1rnds (PP\I,l"OMS). TIlt did rropllon5is ron:r 
.l.nd the ~ of cknraion of Ihr Pl'Vll"OMS fil-ns inc~~1ed wilh 
incrus;ingclrclric 6r1d SI It:~lh. l{1.nchomsup.and Si ri14I \43) repon 
th~ didrarophorrsiJ ~ rer: of eduro gd und..,r ther d~ctric fil'kj 
:l~ngth be-lWcm 0 Jnd 5SO Y mm. AI 500 Y/ mm, IhercdulOlC' grl 
showf'd Ihe ditlrclTopilOR':S' fon:e of 4.~ N "nd drf\rction ;I",lr • 
...... rrsptaMly. TungkM:1 crl.aL 1St rrportt'd thediclrarophorfiis 
ror .at E -600Y nmofO.1 ~'OIS.nd 1 voI.%nm n-l'py d<lil 
hydros~ 10 bt: 6.60 ~nd 1.60 mH. rtSpt'CIivrly , incc the 1 voI.% 
n....O\virr·l'py hAS Slrong pos~ i\C char es INI oou..tna thCR of 
n "~chM"g in dam struCIlft and Ihr t'fIr<:t of sterie hindrmcr. 
Prtch.!rorn .nd Sirivoll 144/ !II udit'd the dielrd rophon:sis fon:e ol 
thtrmopLutie poIytn'thanc el.1stamrr (Tl'E-PU). TPE.·PU ~nt'r.rtrd 
the hishu l dirlraropt-crnis fol'Cl' (-43 pH) and ckll lion dimner 
(10 mm) .at dKnic 6rldstr..~ofSOO'mm.1n Ihis k.0.1 .% 
M\\ T crt.. in hydrogd mrnposile provide the grutrst drnraion 
di.slana;ll 14..50 mm .and th.. maximum didf'OTopbolt'lis fon:r ol 
0.039 

4. Cone bsIoos 

This w orkprrwru thr ..lNtromrdlmici1l proprrti Ihrdyn.J1nic 
SIOr l' mDCIuIi (C' ) and tht' bmdll~ me.uu~me.. of purr ,rlam;lnd 
M..Vm dAin~lmmpcII!'IlI5 f....monsofelrcmelirldstrrngth 
olnd trm~Qtult'. Whrn tk tlKlrie firld \\Qs"ppli • the poI¥iution 
genrr<lt'd in gtbtin chain was rurthC!l' rnhancrd by the p~ncc of 
MWNT and illlb:t'd Vr.ltrrt"IKITO>t:Itic inll!Jaction. B h ofthr SII¥ e 
mDCIulusrr POfl5(' (t.O ) nilhr or,,§! mDduIussensiliviy(lIG';C} 
i ncre~ with inmuilgclKlric lirkj l1~""h up ID 800 mm. Thl" 
nwrimurn t.G· "nd AG' C. _It' 2..l4 , lOS P and 1.25. rrsp«Iiwly. 
for thr 0.1 1.% MW T el..atin hydr(Y.!rl mmpos:itr. fOr th" tlli lof 
Irmpcr.atult'. both Co;rnd l!I;' uhibitrd thrtr bt:ha..i<n bt:IWNn 30 
"nd 90 "C. From thl! ckll tion mrasunmmL Ihe ddlecnon disUncr 
"nd Ihr dirlKtropt-crres' forer (F.) of I.he prr.. latin "nd 0.1 voI..% 
and 1 voIX ""'-'INT d.mn trydRlgelcompo5ilrs ilcR'olSt'd with inOl' • 
il1l: dtClTic fir Sll1.'nl;Jh. TIlt 0.1 voI.s /'~"'NT dolO" hydrogel 
m mposile exhibitrd the gre.. ckflraiDn rtlSponscr; whrrr.ti thl' 
I \-Ol.S wm bmh)drogdmmposir sl!O\wdthrbwtslckflrcOOn 
diu.mcc and F.due 10 Ihr p.lrticit ne hindrarx:r. 

The JUlhors would like 10 JeknowlPCIgt Ihr financial s upports 
from the Conductiw ~nd E1rclToao ivt' Polymers Reruch Unil of 
ChulJlongkom University; Ihl' TNilJlnd Resurch Forn:l (TRF) ; !he 
R~OJI Thai Ga."('rnmrnt; lhe 90th Anniwrs~ry of Chulalongkom 
Uniwrsily Fund ( R~chad~h' t'ksomphOl. Endowme.. Fund ); The 
Prlrolrwn and Perochemial CoDe r (Pf'(); Chub lqkornUnivPr · 
shy; and Ihe Doclor.JI Scholuship from Ibe Th"iund Gr~duale 
Institule of Soencr and Technology (TG/51) ( TG-n-o~S3-003Dl. 
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Electrically Controlled Release of Benzoic Acid from Poly(3A­
ethy1enedioxythiophene)/Atginate Matrix: Effect of Conductive 
Poly(3,4-ethylenedioxythiophene) Morphology 
Nopluw31l Paradee .100 Anu\'.u Sirh'at* 

Olndoal\'ty .lOd E1rroo.ro". Polymu IW t.lilch not. 1'bt Pdl(lItwn and PtllOJu:rlllal CcD.~, o.ublonglom Unr.8Uy. 
B.,",lol. 10lJO, n.. ~ .nd 

'"1"1:1101 1-'" 
<9 c.n:.v-.t .. . ' 

l-n8lO ........ . 
.... l.W1, t .. " 

C" n ' ....... 1 ' 

• Lon'" ,.-" 

rtICH< und.. ~'pIltd dUlo .. .-Id ~Q""t tho h.ngt lho 
SllUdUl't of the polt."." ... dun tho dou ,at::lJt .oIly In 
re pon« I lho tlt<lli pOltnwL I'l«tromanoaly ceo­
trolltd dN rtlt_, us.rn l oo.:iutll'" poly_r, hlos b.n uud 
In dr-ug relQjlt It. A (X)f'Odo lns. poly,.,.., mposed 

of l onjolglt.d p<>1yrnt, hloIn, "h"h a n promote K-dKtron 
dtlooLlrI'IS >Ion the pol)-~' b.>oc:lbone ~ CIOninbutt to 

• INTAODUCTlON 

T~mdt,rNl drug dtL~ry ~ Itm (TOO ) " ~ ,outt fo, 
mnspOfbng dr,,&> Ihrough lho n ~nd Inlo th•••a.oI>lory 
>y> ltl\\. Thae ~ rn.Iny.;J I'OI~ (0. Ql.1~ TOOl' such ~ by 
f..nng lho firsl p> ~bb on, dtaeulng In OO"'tnlnlJOO< 
of drug on blood, dt ~.lg ldo elli. .....1 u r«luang 

Iwtoons of drggon blood H ...ve', the dtll\ cry o(drugs \u 
tho Lro " riOSlJ ocl~d dut 10 I..oph~ n>lure of d.u, ~d 
moIolC~. doug to .... IodOphort I ""t of lb .. methfXk 

<d 10 .nh.lOa .rag ~.... tuloon ik.r th. ton by >P1"~ns 
an .1«11'.::101 pOlm~L ThJ .,,« Iy Inu ii, both IMud 
MId un-Ionoz«l dou~ • Indud.. h.gh moltN... a hi such ~5 
ptptodt I" IlIt.. .."I oIosonutlt<llidt .... 

Hydro tI I on. d_ of poIymt ...b-.:l _101«1 drug 
relt~ m>loOCt Tht pIIr..oI ~nJ chtmoal ro ~roI..o'l/. 

~00t >n rrodut" • h)-JrophoL f'C'lymu. h)doug.1 by 
(X)f'OYtr'll"!! tJ", koblt poly.... , dUlns ..10 an In~kJblt 

poIy~, nt"''t'Jr ' " ~ dtj uhobolJng "'.'''g hoh. ..oo 001 
" ••', OIho. am IlOlHroui .ondr\Jl)ns ~ tol .lIta hydrogtl 
\I01ui1W! h>ng<: lanptr:a lur pH. 1M... (X)f'OCtntr:>lOOn. SiO"'UII 

mp ItoM, lnd altmll tI~ rial to01\uL.O.10 HOIOhl!r, 
hydr- tl nOl >Ol ....altnl m>ter ..J for ropOOM un<lt. 
a«lJ~ tomulldut 10tJ\ud.. "tlyl"" tlt<.'l nQlroOOua"lIy 
01 tho l>Oiy",", O' nutru.II 

S!rmuillil-Itporulw h)-drogtk o. mnl h~drogtls un 
pUlmlr.ally ~ uS«! lor tht dt 10I,",<n1 of onIl-oI<d d"'$ 

atro condox lr"I't. ndr. , ~ poltmtrs Inboo<d ""th 
do 'I.re prip>otd ... h ~ 00 nduar,t ubJtr.lllt 10 on1'l 

nous p>lt~m$ loll wpts, .00 drug ,.Ia "plY 1dy 
ntroled und". lfPlotd d~an'll au tall 0. pOltnl ..1 

lIn>LlI.o.I1 Gt il . L l prtp.>otd l lrrl\Uh·re~0IIl1't m"t". 
ioo il...,ncal doug dtLwoy. PoIY(D,L-Ix1o< .dd}-co·(gI)'toi 
.oco1)! .... poI) tth)-Ito. o.r;ldt )-h-pol,{D,I--IJIChC • <I) ... (glt · 
ooL -"'od )l ..... uwd ... tho h)-do~tl INlJU cOll:>b ..td .. th 
roly'J')IIO\t (PPy) Nnop>rlJda Io.<ltd ..~lb R) an 01 

<h....'n booro ... tho moda dru.l.. Tht mano\:.aI S}nlhiSlS 
pcodUCltd "sltndy ch..~ I roacan ~.tly c:b;v-gid 
<hunooubo ro Inc:orpor.llltd InlO th~ PPy nmop>O\Idt 11w 
drugs In PI'} n.lOop ... ,..!t ..-yre li* I I""t\t01l tho W1\< ilia:! 
..<le.u.. (,0m lho h doogtl ..ithoul .n .....plltd tlt<1r 1>tId. 
Under ..,plltd .ltan 6t1d, the UOf 11>" .a,JoUd upon 

II«d..... IJ«-r:nk. 2A, lOll 

Rrr.<d, J""" 19, 2014 
Poblo"'~ J 16, 2014 

9l6J . ... ,u...c:J"I 
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lYilu<tJon, ..ilIJ~ Iht aud.tbon ,.... 00 n rouJd pr ()c, Ih t 

re It_ cI d.t uno nrboo..,. 'Tht lmOOl'l I cI dnrg rd""") Incruud 
..-.I>., .t>-1I", ,ltru.. >1 p()Cmwl 1\ 

In Ih ..ark, pol .\4-eIh)4~ntdr Ih phdle) PEDOT) 
..... Jt-daJ.as ~ conduebW poly,nt, (Clr ~ drug ubW.ll .....d 

bkndtd ..'Ilh ~ h)dr d btCllU cI Njl ondixll"ty In Ih. 
doped 'Ul~" ~O>l" A1g )...b .. ll b.J& bJO)a)ll'If'JI~.irty, 
no.. 001)'. .and I~"p c"":y, " u>Cd. the hrJr .1rl...'1\.iI1U. " Th, o!"t<tr-.e of !hi .. I twly the ,d.JM 
_duIU m o( a CIr1'lbined 00.1..."", rolpnt'lh)-dr .J 

Itln .&> PEDOT/ a!t;ln.lt, PEOOTI AIg) h)Jro .J I , 

cool101ltd ..It_ cI btnl,Ol ~ d uoo" , ."pII,d .lta n fidd 
Tht ult_ pro"lt ~nd , .Iuw hntlld i btn7Ol< x from 
bltnd blnlS .. tn! , ....""bjt.lted klstd on Iht tift 0 1 tbt 11\.I1n.r. 

"",;I> 'U, PEOOT p.rbdt "-t, .... d ,ltell": dd II,," th. 

• EXPERIMENTAl. SECTlON 

Materials. AI "'. d dr ....... &Jil "~A! ) from brolA'" 
"'~t, ~;Hth)I.....ed", thropht ... (EDOT), btnx()O( ..... 1d (BA), 
..d 2.(N·rnorpho~no ) ... /un. 1f... 01< lUd (MES) monol1) . 
drat ..n. pun:~J from . llu-AIJnch I aa .. a ,l\.iInx, 
monoID", I1'IOdtJ dnrg. .nd b..rr", SC>"'"00, ... ~<1".Iy. 

urn hllnJe dr~dr.... (C~:·H,O) ,,~ u d. • 10'&­

Lnklng ~tnl .".1 rwduud ' 01 Api F b.ho<m. Amrnorown 
~ro.,..u.r.l' ( ) .. pun.h .I from Q!tc uld UStd. ~n 

d.ung 1",I).lIIO'. A~loot, methono~ .aod d..nMyJ wlfoud. 
O"'ISO ) "'et p..etuud (rarn Lah!.cm_ 

S,nthesis 01 Benzoic Addoloaded PoIy(1.4-ethyl. 
eneclo~) (BA-loaded PEOOT). BA-Ioad~ 

PEDOT .. ~ prq,...d by dropp..S EDOT mooOlntr 1n1O. 
","'oon th'" orua ItJ cI A and SA dr "ed., drdlrd 
_t!, thal II .. tJr red for" 2 h. ",. prep.lI'allOn of PF.DOT 
1'-» bdb .. ""out BA ..· Ie., I the po t J"II"'CIrl 0 1 BA· 
Io.dtd PED T Gapt thol thr saUl"," bd'ore dop.. E.O 
monorn.. o~)' con ltd cI A Tht 010. of "'''''0 
In fonnld Ir«1'l ytlOlo 10 g,«n, thrn blut 10 cbrl hIIrlt 
cbm, Ih.lt ..,,~ Tbt rru<it.M:I .... sq>M.altJ 'Oll'l drt '''''''It 
by ""'~ "In g" s.p ...... on ~OO .. aJ .. th rntth~oI ."d 
Xdorrt sd.. rOn nwthonol:&don. " ' . ). ~I"', the 
produet... dn..! III • ncuu,n o""n .1 tIJ (or 1>1 h. Tht 
BA·load..! PEDOT Flld .1 moo dopmg 1t",,1 ( 'nobr 
EDOT:moI.. clAPS), "''trt ) ,~I,,'S,ud by '>r"''' lInounts cI 
APS noted In Tablt J_ 

T abl, 1_ ("o n.lliloo of )II lho< ' BA·I"".dtJ PEOOT ~I o.lS 
I cI roo ~nd 0" M of BA 

<1 ....... ( 01 mar, olAf'S) AI':': 


1:1 0.1\ 

hI ~ 

U 0.", 

Preparation of Benzoic Addoloaded Po!y(3,4· ethyl. 
e nedioxythiophenellAlglnale Hydrogel (BA-loade d 
PIDOTlAlg ). N.·A!g ldutJon ... ,Ih 0... wI ,.. prtpartd 
b)- d oIm'S -•. A! po..J.. 10 d IJled .. .alt!. Th"" BA-IolJtd 
PEDOT pa..dtr (' mg) ..... addaJ 10 Iht "a-A\! "'!lon 
uod.:r In ocdt, I ·lIn CaO! .. " .arliitd 

",UIII lJ,nns 1I ••'" 0 .Lnl..~ 
•• nl..ng .,...l/ md 0 1 uron.: .od 

mononur lInll ) : , . o.i, 1.0, .....1 1.3- Exh sdUIJon ..~ 
I on lo • mold .nd dntd II 40 · ~ , 71 h 10 ob!.o., Iht 

homostntoo BA· Io..dtd PED T / Al11.}dr • d tlrrd ~.mou 
.:r ~nbo IlIIr "'rlh. ,'I> Ih BlISS cI ~ mm. 

SA-loaded PEOOT Olara Ctie rizatlon. • (unc:barul 
roups cI the BA-I~ed PED P bclt ...." IdtnUie:! 

I1I-lng • Fou"t"I~n foom " ' r"'td pa.110s.:op (FTIR: 
""nno 'I Irl, Nt.lllJi67O). 'Tht ~ruClr1'ld.'.. "" up III 

~ rpoon mode 1lI-' K.Br .. tbt hxlLground rmt....I ..,1h ~ 
U. a ... sdwoo crt _ n ', :ond \it '''g Ibt .. w .... mbt, 

aIlS' ot I. 

'Tht thrrrn>l htluv"'r of BA-Ioldtd PED p.> 1t It ..u 
cum.,aJ u~mg a Ownnogr _In an.ojy-l'" (T ;A; Pw 
nF.Imot" TGA7).. All .ilum"",n P"" wU lD..dtd ",th s..mplrs 
( - I rug)."" du~. cI rn:.u ,,".lIS rn ~lJgJltd Wldt, 
<auogtn alJl'lO~btrt f,CIr1'l 30 10 900 JI • bt"'rn nit clIO 

Itn1II. 
'Tht moo pl\oIo 

san",n da bon IrJ y ( EM: H,uchr, 54 ) ..hid) 
...... o~ctaJ In ~n a tla.uoo .dug. cI ,S kV and ~ 
rn;o~.)"'t.ron cI 1 L 

E1t'" I I ronduC\rvlty f I bt BA..foadtd PED T " 1 

mtalweJ by "'lIlg • I .....buil... -po..1 probe onntatd 
..... h.n t1a.lJoll'ltl" lK",thle), f dtJ 6 I7A ). ...-bad> wile:! 
the ,00uge and 'e dtd I'" Q;lI"'I:J\L Tht V.n dO' P..... 
_thod .. u UStd I" 411r1\.i1( lho< ,milO hod the I..e. 
Ohm ' eg'_ 1bt 1...... Oh""" '"C:g,mt. ..h.a. on IN o f 
.pplrtd ,-oIu .nd rt "'unt Ilr"rtnl, " 1~"'I<Yll'ltd 10 Ibt 
d.<1a:: " <OIIdrxlJ\\ty f BA· loldtd PEnOT US i ng "l I: 

1(1 =- =-- . ---­
(J R, X r K X \ ' X I ( I ) 

SIan }" , lilt i~ 
re "I)vty !l m), R, I '''''.it'''.. ), (n ), 1, I"" 
melWrai Cllfftnl (A). K I tht gllO,.....tn · <lOIrtClJOn (aaor 

~S3 10 '). "lS Ihe ."pI",d .~.ge (V), • ..:1 , " tbt rt'''' 
Ih.l.nCb m). 

PEDOT/Algin ate Hydrogel (f>EOOT/ AIg -Hydrogel) 
OlarollCle rizatlon. Tht rnoltcub , ,,'t hi bel\Ottn a -I., 
.\Ie) .. 00 Ow _ • Size . ) <01 rtbliS I thr rtlt_ bot""""" 01 

Ih. drug ~nd tI t ph) ,01 poo~r11t h)-dr gd .. ec 
dtlennllled. A h)-Jrotf"1 umplt "1 .nm..-ud ,n M bulltr 
~~wClrl (PH ) after II .....~d .n .. and h'1'I~'''', A/"ltr 
Ow h)-dr- (I It '" oltn I" <qurLboun I r .by, ...... 
..c btd In :lII al.J hq>unt~. lin. La t/y, lbt mplr.. dr ,eJ 
'" 40 ' In u cwm O,tn~, d.y , Ihtn .... Ivd ..., ..00 
htpCancs 0 ... mort "n~ \,,,,rO~ "~y'6hts ..crt u.ll'd I 
dtltnnlllt Ihe polyrrw••darnt f~ClJorr . 

Tho< , ..~ alcubltd by Ow F1 RMIlt' <qWl",n .. 
folio.. In eq 2: I ~ 

(if)1n J - u,.l + ~ +.( ~YJ2 _ ::a _ _ 

1, M . "l.., I(u-:., / u,.,)' I ' - as(u, J~,)J ( 2) 

.. Iv ... M. , lho< numb" 'A'~~ molt lIbr ....,y.. of Ibt 
po~mt, btf_ ro~ lrL'"i (M.. ,. 4~ I~J), U " Ibt 
'1" ,oIarnr cI A!l- [I = 0.60 on /g of AI '-, lS Iht 
mobe .0"'_ 0 V, '" mol l Ithi "JI.. I u" Ibt
.0"'''''' (,&l.IOn oj' Ow po~_' reblOtd 1.11 u,.' Ibt\00"'_ f, In • 

lIOn o(th. pol 1'1 ., a ..-oIltn UrI ~OO lhe Floty 
pol)-mt, -.soI""1II Int ..odlDn p» tierJI') lor A1g 0.<17) . 

Tht • "b d...umln~ \4m ~'1 :"" 

-....... 
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(1J 

,,1>t11' C. ,s Iht Flo.)' clun.:;l~n IJC raoo (C." 27..H);· ' t> th~ 
c:llbon- bon bond It~th oi ~ munom.,.. Wl~ (/ '" I 
A),>D I. monOfnot. molKul¥ "~'lI>l (AI, " I g/rnoI),Xl 
;and '. IS lhor male.uIu .. 'i.\hI ~"" ~n C<OiU·hn 

Preparation of MES Buffer pH 5.5. A IE buiit. 
~bon ..-u Itcud 10 mubrt blllNft din. MES alutlon 0. 1 

M .>I p H ) ,,~ prep....~ .ltId pOU/~ . oI the '''"plo, 
d~mlw. 0(. modl"'d Fr.ill.t·Otf IOn all 

Spectrophotometric Analysis of Drug. nw mUlmum 
.t.w'1'lIOn .. ;r.ilhngth of SA.. .nv~lJ~ed USII'Ig • UVI 
\ 'lSblt ptClropho t mdtr (UV·TE I ' Mrole M200). Th. 
aotNnct ,.w• .>I th~ pt;d: ..·.,e\tngth o(BA nespondtd I 
W BA <on~nt.~..on, thll> BA bbo3lJon Ill" ".,..e crale.1. 

AClU Il Drug Content. nw _Iwi MnOunl "BA In the SA· 
Io~d PWOT.. dda,-ni...,d by d ~~ ~ BA· kxldtd 
PED IT (Q.6 .n .. mL o ( O~ O. NUl, lhi s.oilllJon (OS 
mL) oi BA·IOldtd PEOOT ., OM " ~dtd t ~ MES 
buff... lubon (0 mL). 1"ht ~nolllll oiSA.n thor M>lulion ,,0\\ 

dtl•• mlO,d by the UV '. bit .pot IJllI1\ puu (.1 the 
....;r.elmgths oi 2.32 nm ), .. IIIch "trtt .lUOO:II.od "th tho 
c;,li>nllOn curw ,n orda I dtlton... Iht ",twl drug 
(X)ftl.nt . 

Drug Release Studies . M td Ihnz.<J.lus.oo cds" a. 
uL«Il IUdy W 01 on elSA (fOIIISA·I""dtd PEDOT/ A\! 
II);Jr<>g.b ..s iho..." 10 Rpt I . A d.fb,on a. OO"Ilf'QI..d el 

1..0 Olmpc..ent d~rnbc. ... l ... q">lOl >nd 00_ b.mbt~. 

nw I1'Citplll< du~, ,, Iilltd ..;Ib MES built. so~lIOn (pH 
) .ltId ~pI.1 :7 .L l · "... • brill! ".>Itr m.h. Tht 

donor (Otnl'0lll!nt,,~ .".p~ 10 ... nbocnl con.1.lJon Tht SA· 
IoMitd PEDO'T/A\; h)Jro I iOlmplt .... plxtd Cl\'a > nylon 
noel mesh • " US ovn'), "1IIch,, 011 lOp of tho ItO/plnr 
c:h.mbt,. 1"hr ~c;a ~'uablt far SA dr/fuuon .. .s 1 1 em'. Th~ 
MES b<.iJ.. soiallon .... lllred thr h<>ul tho upallncnl t r 
of h.od e.nt OIIUCI .. Ihor UuplClr chlmba. An , JaInC 
f)tld now eltCIJlcaI ""ILl is el0, OJ) I, OAS, as, Q.8, ..,d 11) 
V).. ~ppbtd on tho sur':- cl W 11);.1. .L n)-Ion noel, .od 
buI1a soiwon vu MI OII .n cJlhodt tltarode tNl ".IS 

connt(!td 10 ~ po"a lUpply (KEIr HLEY II V Sou e 
M.la). The dr""'IOO oi SA 0>(\1(".1 ..h .....1 ~ d through 
the poiy"",,' 1N1n:f ..,J n)lM ntl ..10 tho soiutJOII. A umplt 
lQ.1 ml) ,,» Illm not al pee";, lJrnes ;aId repl>Ccd ..~th ' ruh 

916S 

buff., alwon JI .., <'1..ul vallimo'. nw Jr-ug ...,.,1lIII ,,~s 
dtl.n....,td by. UV 'i iblt jpa:lJopbOlQmtlcL'· 

Release Characteristics o f BA from SA-toaded 
PEDOT/Alg Hydrogel. 11>t lei. _due...", o( BA " 
ludrtd by the Ko -)"'-P~I'P modtl !h<lOo', in tq 

.. ,11.U ..1l1ch .>pbon lhi drug rttlto\\< II m tht poltmtllC 
~Itm. 1"ht 11ft""" oi d:'1i 1?1t••d IOU bllN ..'IIh lhi 

Kor"UlW)'/, - Ptp!'U modtl,U > 1'0.... b .n IJme: 

~ = I:t ' 
M~ 

"htl1' A 1M ..... Iht f.-.:llOn ofthrdrugule:a J alJmt,.L.1! 
W lrncll( nlUnt (Ilnll cllT "). and" ... th.dllf 011 ..... 
er:poncnt f()J drug rclau, ..-t.ch as ....<1 I Iw I~n 

dr,ltunl I1'luw ~~Iunti1l"4.. Fw~rm«., H hr· .qwllOll 
ho"" on e'l ~ - .ndrCII.e tho fndlOn oi drug rtlt_ (rom 

W tn.1I n.....<1 ... prt'POIIJ~1 II) I ht sqWl'f .001 oi talloe. 

M, ., l 
- '", I:, 
M .. ( ~ ) 

.. horre M . .. nd M" ;ac Iht cl drug . de:a~ allht 11_, 
«jwllo ,..,<I ..1i U 11_, ".!pt.-1J1Ie • .andJ.,. I ~ Hrgu.:III 
<.OnlUnl (unft 01 IT "). Th" Hrg"d" <qll'lll'ln <<<re ponds 10. 

p1f1Jcui.>r Coli< o f .q " ..'hm" pee "'lwl It) O.s. 1(lht 
HI~chl drug I1'IU!ot "~. FICb.wl otJu IOn ) Ii ..,~~J, ~n a 
plot of" M .. . ;nu;- " - ..18 bt. lJ.oIght.nt .. Ih ~:slopt of 
J.,.. 

n.. olblon otffiailnl of th~ SA lhor PEDOlT/Alg 
hydro',k '" .!cL1l:lltd from > ~.., plol ~'" n drug 
.lCcumublJon .nd lhor "!WrY loot o( 11m< _or0rt: 10 Iht 
H.~chl ;!(julh"n ...... «j 6:" 1.0 

DI )"l
AI. "" 2y\ ­( 

Jr 

.. hor l't M\ th.;ann unI 0 1 dr "iI rcl",,~d (g). A u the doI1U>10II 

;a .. ( , - ). c;. . the I1~LIl dIU llColnlJ.....,.. •. lhor byd~ • 
Icm }, .oJ D the driU.(II'I Itnt clthe drug (crn-' ). 

• RESUl1S AND DlSCUSSION 
SA· loaded PEDor Q\araaeri:zatlon. F.gure Z. iho.. Iht 

FTIR ptelU oi BA, PECOT, ~nd BA-li;MitJ PEDOIT. 1"ht 

pt.l& oi SA ... ) \S.oo 1100 an • can bt r.Ja rrd 10' I hor 
O- H .od =O,~nd 1"ht ~nu:nt ...g pt.>l. .ppo;a a 
900- 1 011 ".. F r th~ PEDOT p.llde )ntht 1lhI 
..1t00u1 SA, .!Irttlch..g 01 r.tinokbl lrUI.l_ 11 I~ Iblaphme 
n.~.nd IIdaon oftht thlOphene'l1 .ore rr_nt..d u pal> 
.>I 1519 ;all! 1356 un " ..hid. on .,....ed (rom tho, - c c:w 
C= resp«tr..It. nw pe>u a 1!D6 ~nd 10 em I .J .. 10 

thor >lrel 118 ,a,.,.lJOn of tht C - O- C bond ... Iht EDOT. 
1"ht p..u 9 , 843 • .od 700 In • an bt ("''td 10 .... lhi 
C- bond III the th 10 pivot n l>go .., 'The lhs«pt IDn puu 0 I 
SA-I~td PEDOT .v. , ...hr 10 tho~ el PECOT C I". 
ptal: ~I I 2 on I .tppw , .. luc.h ~ndJC.:IIt ~ Jlo,\.Oloo 
Jollltd PEDOIT. ThIS pak I< IJened 1.0 &\ Ihe aoo.)bu 
group (COO ) o( SA, ..iuch InlalC ..,th PEOOT. 
F.. thtnnor<, th. lhi."".••.b..'Y 0 BA·Jo~~ PECOT "'. 
....""'..td ....ng ITGA. nw thdmogum II o ... n ID F>g11lC !b. 
TIw do; n1p(> 1I101l It l'''f.rnlUic 0 ( BA "'",,~d up ... 11 
nw PECOT s.hOlO-ed .dt""npo5l1J00 Ilmp"rallll' oi 210 
... ~ dop.>n1 d<g.ladollOn oi SO, 2 {rom AP , lrld Iht 
.cgl OlI bt"' ••n 10, I ..2.0 · C the 1)Ol~m tr b1 on. 
.itga<UtIDn "" • .1. Th. dteo mpo ",on lempl!ntUl1' of 
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-, 	 a \ ·IW..m;.d ' .'I)4"f'( 
/'1 110 1 
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:u 

Fipr~ :!.. ( . ) AI. . Oft .l1hrcJ opc<m ...00 (b) ~n,,..,rtn; 
1.~ ""'V""'" of IIA, 1't:DOT, ...00 8A I I'COOT_ 

SA-Io.aded PE.DOT 3hiled 1021 S (o r Iht OOpNl I .and \20­
460 for the pol f/f IxIdbo"". FuttbtIOlOl~ !Iv oil "",.1 
ch.~t In IlwnNl ubll "'1' CO I"4'l ....ed by II\O~qng 
eN, lol>lU , W"'ing IN! ~ ling SA ..ith PEDOT .u SA­
loud PED T on. , ed hajler th~ , unce. Th .." .. hd 
fnlm tht tltm uti InlnJdIOO lit", en the :lrbmtblt ­
!1oup of SA ¥ld the p u..1y duo d PEnOT ts» u",,,..., 
by FTIR JoI 1 2 an I,'"'. 

Tht BA-Io.ldtd PEDOT n.anop;>o ud. .1 ""nous APS 
mDCcn\nllc.u !halo' VMJO'" p¥bC1t ~Ild lIUI'f:$, 1 
heM n In FI IY Tht p..,ult Il of BA·lo.>ded PE.DOT .lI. 

220 nm li lY ub I "'''''< L-PE.OOT ). 71 U pbcny11m 

"8S'«rwI;!l. 'or. ( ·PEI)OT ) , ~nd 10 nrn CX!r1l1 ~ nn 
hlp. (epE-DOT) . Thty "u.e S}'l'IlhiSl d by 0.1 OJO, ~nd 

0.4 I of APS COf\.xmUIlOO , r p",,,,.Iy. The SA-Ioa1ed 
PEDOT ..... lIClt IUS ,.nd N~'" gIY;j( dr.1 .. Ith APS 
conccnlnlloo, 11'1 ..hach • ¥ted ok!.an il...g .....JoIG< 

.ae.:IJI'S lhe: rJol. of paiyOlftIUJon ~nd PEDOT pol)-..... I I< 
O\.lOn lrnounl .IS silo .. ..., on F~u.. 4. In the ....1 a<p, EDOT l< 

.t ~~.~ · I . 
a I!' 

/ 

.< • ' \ 

. ) e. 
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.. 

Rprrt 4.1'~ _"'.l.UMIII<'CIw.ru<m el 8A Io¥.I...! I'I))oT. 
(. ) mOT ... mo_ .. t.,. AP'> • 1»11 ru!.oc:.l. (~) 
FDOT ...... 1..Jx:.!o form "" d.., JlIb."'I"<I1U ' .... <kr ... 
1W:..d . ...00 ( ) I'COOT ........ <!.opcJ by I>n:;n". JQIL 

o..o:I ...d by AP I !>till_ EDOT ""on , ..to 1 .. +.ch form 
EDOT d . lVl'$ \u l"Oton""oo ~~ dtp")lO~\.IO,,, ~~~a"ltlt. 
Tht' pr .. ~.,IICI I~d I pol),.-IU ~nd 10 oo\.>in PEDOT. 
F..lIly. the polynwllud PEDOT I dop«l by th~ OIlO~n 
.. !Iv t:...ra4)lll.'0f\5.~H Tht' U1.I(I\II . .... coo611:twd by Fn R 
."d T GA (Flgw~ 4b), 

A g r<:>lt l ~llWlUni o f PEDOT pojt llV n u\.lO ,,, ,~ dUl' 10 • 
haght r AP " c:onc""IJ ""on aUII~ ~ li on ...1t.:1R)rtpU ..c 

i~1£Ij"L&J 
.. . . .. . 

d " tDOT .1 nn AI C'OI>UIl1AtIOl"J . l ' ) O. l ~ M, (\0) 0 M, md « ) o .•~ l 

~.n, 
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( ~ bd ..~n PEDOT polr.-I calIOn • ...I.,.. It~ng I ~ 
VII 'II It. fQl\Jd~ 'PL On th~ acho h~l(1. • h~h.:r APS 
conCCnlnllOn (>O ~\ M) tiNneo Ihr Al l! It unle ...... IOftI 

ci APS, ..i> oJ, gOltrat t$ the ~ol" dfed ( Ihr oeItdl <> 
ftf'UkN< ru ction. Th I Ihr ,... Ihr "8310_12001'1 01 
PEDOT p...,,,1. ft ulr.\g '" ~ I~g'" fQ .1t!,1t W e th. 
Ctl..I~ lorm lup... 

T able :! ...,.. tht . d~hon hlp ,,",t\ottn ~ltctJlc.U co n­
ducll>'lty .nd SA· Io:od.td PEDOT fQ rt .,1t lilt . 'Tho "Klnal 

T.a,l t 2. P,ulIle u ~nd E1~CtrlClI Condua.ll.il of BA· 
Lo;ad.«d PEDOT ...d A;;hI" BlOunl o ( &nwlc Acid In 
PFDOT 

.w PfJ)(1r h:Jt•• (_) .....so...... ,-) 
M ....w P'fDO'l" 11 =4\ "'"' =\.\2 
IIA .It.! C FfJ)OT 1 =4\ IOMo =\.66 
M .w L-IfDOT !lU :: 1"' 2.13 = \ \ 

conJud.mty ."ues .~ 9.).64, IOo6$, .nd 2. Ian (0. SA 
Io>dt<l PEDOT, .PEDOT, ...d J...PEDOT • • tJp"""""Iy. 
E1tctJ la CIOn'" "I)' ",ansa u the fQ rt ldt SI deauus 
,,",au. the nulltr p»1.Jde "LC hu • h'Sho lUff..::o: .ftl fo. 
dectlon 10 InJ1lft ., M>d thus hlght. dKlnol condu(1J\IIty:" ..1:J 

Mort .., th., tltct nol nJllCI"'~)' of SA·lowd "·PEDOT 
IS Io"'tr th .... lhal o f BA"Io~tdS·PEDOT bK"'~ tht 
c.JI.ILform h.l~ IS .. ft "'Ilrom PEDOT p»b ~~' ~'lIOn 
...tadl ~ • Ia...e . utf.u .v~••nJ g. e.all:r rrH P_ 1'0 , 
"«'tron I InJ1l.fu, thus <j,duc., tlKWn .nobt~ty.a 

PEDOT/AIg HyQ>ogel Characterization. Tht PEDOT/ 
Alg h)dtog.. .. .. t p",~ftJ II n OOl oOl$-le.u.g Ulto. (0 
o..s, 0.7, 1..0, ...d I ) .001 \"U1OUS PEDOT p» "d. ui ...d 
">pel ( PEDOT, CoPED , .nd L·rEDOT). 'Tho ,( f. md: 
cilh. PEDOT / Ala h)d~1i "'llI~ "~~Ial to dl...;aa., .u 
Ihr po us lJu Chlrt of Ihr h)d a "" h .u>d .. iIhoul 1'~.d 
d«trlC ad The I( fe lnd • :cr~ br ... ;1\ • 10",.. a .Lnltng 
nl:lO ""' • Ibtft Ii ~ Iongt r AIg Innd "",,,",ven a ·L"'" 
...d us.., ._. "'!.:>ld ",.I..'S btha"OII , .. h h I 1"000«.1 
.u ~ Io.. o=r a -~nlu .oJJlIJl~ ., I ts ~oo~.' 'Tho ~• 
.... J .{ .. ~OU! at< tn ~Id ck euc ",11Ol PEOOT " .. "d«os .... 
~td 10 th. AIg hydr .1 Ihr pft~~"on 01 the PED I 
AI · hydrOS.1 btca~. Iht PEDOT/ AIg h)dtOSti l moot ,,~d 
tlwl the Alg hydtogc:l "'. I th••>1 lmg PEDOT fQrtJuo:s 
ft lnet.,S dI ..n mo~_nI ond ~1""1JOn; thus, Iht PEDOT! 
Alg. h)dr~.1 Ul 1>-.. I. {",.B.. ....1 ~ mull., mull. • 
'" uI! u<rT ht .{ ci ~ AI h)J "~It b""".tn 641 ..,d 
.\31 A;I\ ... <lteln 1....ld "en th o f 0 \' ~od ,,", t\o etn 1~77 
Mid JS87 A .1 .n dedi fidd IItn~h 01 1 V .. lh.....n 1ft 

Fpt S. Tht .{ 01 PEDOT/ Alg ~ tI ~ .. bt""'un 171 
ond 26'..6 A ;II .It", .. ftdd tltngth of 0 V d bet'" etn 
I' .nd 910 A JI on .1.., 1n hdd lI enj/.lh of I V. 1M, • 
tnJo=r >pplltd .. ltetn, btld l:cr~r th.n .bOIl ... th no .IKIn< 
~Id ,pphal. Tht de.. bl c:ld ;l/f...u Al8 W" cp»l IOn 

tIv ugh the '" ulUQI .It. II orepul ". (0 • btt\own the 
ntg~\O!1)' ch.vgtd .1 ..Wck M>d ntg~""1y ch..god c ~bor)IJiI' 

p In ~ Aig JlruclW<" SCK olIltd ·.I... tn>","'ad Aig 
C~ll11)n·. 'Tho -: 01 Ihr PEDOT/ Alg h)dro I Inc ."olUS 
""ill dta<",..s PEDOT ~rt lClt C, dut to moe. f",. IlObn. 
iOJ .. . 1", ~rptlun. 

Rel~as~ Charact~r istics 0( SA fro m BA-Loaded 
PEDOT/Alg Hydrog~1. In ordt . 10 ludy Iht . ....5< 

mtdu",." 01 SA from ~ BA-Io>dal PEDOT / Alg h d.ogt~ 
Ihr ..:=1 • mou QI of BA ...<IIlun th til.> dr-og" .s.vnplt .. 

X1M 
..) 	 ~"DfJl ' IJ: ' 1 \ 

(.rr001"AIa ( - , \ 
' ~"'II()TI\'" r • \ 

I ,,-".onr'Alc.f - I ' 

·' 

\II Of' 

:s. " " .. 
:.....0) 

~.. 
~ 

-:; 

(~ro"T .... {.~' 
LP{lIOTW (-, \ 

'''' , .4 
.<.rossllnk.lo; rado tn............,IIl_."..J 

ripuc 
u""" u 

. lcsh.2 of l'IJ)QT/~hrW d .... 
• d C"C1JX i d J .-..:ngth of 0 ""'" I V 

y ......... """• • 

dtl~nn..od lIS. ~n:mu o(tht SA.rnounll"'eunb ...b",. 
I Ihr bUnl . u.dr Io~td the SM...dtd PEDOT/Alg 
~It 'Thoxtwlamounlso( BA ml ht """It ....t9 "::!: 

1. 9.\. .nJ 9-1.1 J: 6.J lor th. SA-Io>dtd 5-PEDOT, 
· PED , lnd L-PEOOT/ AI h}d. " , ,~ pt(lJ~1 . 
Effect 01 Electric Field 5tcength. Tht ftlt_ .n«h.lnl>.m 

ci 81. h om ~ SA-I dtd PEDOT/ AI h)~ .I .."U ....!y~td 
USI/>g. tht d.ft"ll\.IOn sa."S .-'F.-nl (,,) from eq -I. Th." ~olI... 
II Ihr s10p0: 1 tht " ci tht plot btl""Ol l"t " f',1,, ) ond 
10 Ia'nt. CFIi"~ 6 ). Tht "."ut of tht BA-Io.Itd PEOOT I 

II.·
'" 

, 	 , .n:OOIlA",""." .. ' .r-.J)fl 1 tAla..'." 
• '.'[OOT"Io..I~' 

., f) It ,, 

'" 11"'1'-1 b) 

M~C 6. 11. , of los f" ....... 1 taDe of bc:r.7 .>ad , d.. ......d 
'om ' --'RNJ 1y CJ ImlcJ "'1'IJX>T /Al hydmp4." dcrtnc ' dd ,.,..r.-..h of I \ ' 

AIg h)JrOS~h .rt !.babltd In Table J.nd " .1 aUl...: r.1d 
>In!n~hI () O;and 1 V" p«lJoitly. TIlt ",lues Oft ,,",t\oetn 
0.-11 .00 O. , ..hoJ>.ft qUIIr 10 ' 100 In both CUeI, th,u 
tho ~It_ of SA l it" dll1uslO n conIJoIltd mu:h ..... sm or I~ 
F,,1J1n Qj ~on.!l Tho: PEDOT / Alg b)drogd .ocl • • 
Jrtl. .. oo h>nlt •. M>d BA II . d~ m..anly b Iht difuSion 
_dunism ~ ru;'POIltd by I~ , ..d ",S belt...,,_ ' 

11...- .mounl 01 SA ",It .d (.om ~ BM...dtd PEDOT / 
A\I h)d. "I e.a_ le.adlly up I I h aMo 11»111 'PI"-ht 
«j...~brL<m_ Plotting th. ,."1."",, ci BA ~, • IUncbOll oIlht 
~rt . I uf lont "" .1....... rd~on.bp .. the llI' I I h. 
In Figure i.. ","Ih Iht.a, n 01 ¥l .It<!r u. dd Ihr RA 
molt It .ft S • ...Iwly , "".D,d ' i>1l'I the 8 .... Io~td 50 
PEDOT I AIg h)dro~d unta the moudl ci M .a~....d rt..:!vi 
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T 3ble 3. Rclusc: lo:1nell r ....mcters OI.od the UDC.... RcSft on ""'Udil Ob",lnoJ rrom Filling 1M Drug Rd.u" E.!per men",1 
D .... 

a 

• " " 

,. pmor 
~ 11~ cI .. .. .. k,l.1>-) ... 

ON (''IiI o.~" o.~ I~ OS7<6 OA 0. 11 0:9 \1.11 

Q~ 0 IJ.A\ 1»7 OS W76 0.«> 0. OSW7~" 0. 7 GAol o.u I.... o.u 0.971' 011 

10 U.&:! .....1 0.'iI!I (\Yo (UI 

II Oil o.t l 0.\16 OS 11 

OS ", 

0." 

T.lbl..... USC: Kln.1i P.anmd trs . nd the U nn. Rcgrt>Slon ""'UO; ObUined (rom f il ling t he Drug Rclusc: ElIptrlmtnL>l 
0 .... ~t ..n D c trl F,. 1d St '<Dgtb or I " 
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I.G<S 0..\1 o.W 0 517 16 

111' 0. 1 \1 0. 0 1..1 
10 1 0\1 G.W 0'1\ 
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the .:q>~'on 01 h)drog<l I'nllIU, .. Lugt, m6h I~, ......d .. 
ron cspoodrn rnQe.urt .. tIw BAdIiJUSIOn. ' 6 UJI • tIw o!iKIl 

.n~th eoN"'.,. the , d~s-t 0 BA ~ II I"ov'.d;:; .. 
Irongotl , ..:IudlOn I .....ClJon o f lbe BA-Io:adtd PEOOT .. 

mowo In A 'ur. 7b. e PIDOT "'.-0 rn tIw w:ltrced (enD Ii 
",od d .,d aJfIl .... aed v.. • It'dron "1",,"on ""dt, <It<:Il" 
ri.ld, Ihr &IW.S iqUenl1\\ SA 0 III of nelll ..... dd PEDOT" th 

f ltsur eltdro.~ bWldrll£ Illerxllon, Induc ..!-....'?'a dIUf f 
rd~..." cd 'PIDOT dtcllorcut ... bz;¥J(l... •.i 

II zr , 11w D or. h )Sltm ... MCUiI.<I"d r,OIo lbe Ilpt o f tbe 

a 
Q H'l}Idlfl "'1""I0I"l, "hid> I tht plot be", ea, r, ..nd 

~ ftglU lha.. the D el8.\ ...o~U> wllb lnat....s dKI,.. 

n-IIZ,,-II I 

pn 7. (. ) """""'" of h:n. '" .,.,.1 rd.'""'" (rom ~ I'IOOT' 
~(l. h •.u ~, d «tn< ~ld ....,..,!Iw (lo) Rd~__n of IC .lad ivm /IA ~ 1'f.1X1T /Alg d ru:der 

"'" d «"ll"lC 6~J d. 

tquil Ibn um. Mtlfi'O"l'r, tho .mounl of SA ",It.l\.<d f,om th~ 
SA·Io~td PEDOT/ AIg h)droSd " hrghtr .. ~ .an ina~s-t 
... d«1 n f Id IUngth cathode In • dcoOl raft uprewIU • 
nt~"'''' Nrgtd ~ltarodr ). Tht e/t<:11 lirld <D....ltS tht 
drIVllg fOCd 10 tnl...n~ tIw BA drifltili)n rom tIw dtctro­
npu Nt forot bet ..""n tIw rwg3lrwly Jurg<d BA .00 th. 
ntg;alJ\lt1y <Nrg.d .ltctnxlt, so-c.dltd· .dh~-BA deCl.ro­
rtpukJon·, ... sho ..." .n F.IW "b. In ..ddlbon, tht tl«tn 
iitld .1;0 eoll.,. tit roincbced AI elp.intlon, .. hieb p..,&.ras 

~ 
P e 01<1 (~ f f 
~ 
;; J1('. ' .t r-
E t ~ 

; I ~ ; . 5 - I .J 
rIi 
t: ~ 

I, ' ~ '·"001 JQ i .. ( ' .rfl)OT 
I·PIOOT 

n" II 

MPUC S. 1>CIiJ ~ar:n' of b..".,. .au.! i 1'l:1)()T/Alg 0 .­
r '"U1DU.' 1'1:DOT pu IJdc "oft _ ..., eIretn< fir U . : It.. 

ri.ld ll<Dgth (E =0- 1 V Jt tIw cur",.. o f O- tl.2S ~A) JlI\iIo, 
thodt as ;II' eltarodt ( I~JilJW !..rge) ... th. dono , .,.,,­

lnaeu...s.lrct nL ri.ld U-rngth produces &JUlt, .mode - BA 
d.ClJo<tpul "", f. ilJtl'l!. the drlLs,OO ri BA f,om I'" 
polylnt' m¥,o.. Farthr,mtlIt, tIw patr t "u of PEDOT 
.rif ... u I'" D ofBA unde, ..pplred .1.:&1 f..1d. n,. D .1 . .... n 
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.appL,d d,m 6dd 1tr.nglb of SA-badolJ PEnOT '- lb. 
hi ltSl '';lW, ~ 1000~d b lilt SA-Io.lidtd C·PEDOT. ..,tI lI.t 
aA-Ioodtd L-PEDOT, .;,spt<tJHI . TIlt rNll.. PEDOT 
p»lJd~ .~ uhi>,u htglw. eI..:lncol onduclNlry tho... the 
b.g<fp:w It Ii~ 1M mducestlt",oo 10 IJ .... ;(<< m(u ~ y 
~ Jill ,Itru &rid IS ~I'pli«l. hnl\ d)'t ,,'¥ Iud"d foo ,u 
lek.- d1.. .><1a 61J under ~pplltd dt!<:lnc &rid (I; " -0.1 V) 
Hom 0 uI'D.·.nlerp.lltIJ11I\g polrllli.1.n • . ~o1y•• bl'tud. 
(PANI- PMM) no!f\\ tl I')' ltD ...d Ton.li. • Th. · fn..n 
",It IJIldt••ltm j Iield... gfe.llil lI~n wilhout .n cl..:tn 
&rid btallilt lhot re:!uctd PANI h1ru O'~I.d m.... fru
""'.,lfnt ".Ib,.. h)drogtl Ibatfoot, dttl. IOnlilt u' .... . n 
.,oe.;ed" """llto'nOle, htpat.... "\If~'4Iu«l f...dul .. 
(rom rei I')'rrol. ,cit "nyI1kohol) ..iIh .app••d at<tr.. laid 
(F. =I mA) by It rl.l" TIlt .-nOOnl ol'htp"'l\ n!le;oJfd "''lS 

,>Ur I""" " ... h 110 ..,pllI!d .kan 6t.Id Tha. ,,~r. kllr,..1 

(.ad rs III "it..h .ltdn 6e1d canlroa .d~l\~ h1.ged drug 
declJophou re.aUlOJ, dNg doped CiOflduru•• polyrnt. 
~duruoo ruellO.., m~ ~ up.... n, 1nd 1\ c> .d o. 
dt _J pH dot 10 H' IIlIgr"'lOn I""'l td lilt .mode.... 

Eff~ct o f Cross·Unking Rat.lo , Th. ,wounl of SA r.lt;ud 
dta~~ "iIh In .,'\\ -Ionmg . '»'&0 11 hO\A'l\ .n 
FIit"'t 6) b«.al ' .""Ia- mall ~I ~ hlgllt . ou·Lnb'\l 
OlIO Ie uIt in 1 mula f'lIbW:1 Y ('" SA 10 01l."" lb. &<><IIJod 
-mesh 	 ' ll!:.honddl\g tif«I".·& 

In Frgulll 9, lb. a ·Lnl.'l1g 121.10 ....d .".. h 'll!:.11 lb. 
dtCh IC dd IJ'm th\ of 0 1nd I V .1IJKI Ib~ D cI SA from lb. 

-1,,(1 	 t • .." 
1. · \ t-- --......---~----.....---'1 

.~ Ie· ' 

S ... ­ ....... ~ 

~ k~ 9 -~ - - - - - -~~~~ 
" ~ 
.~ O,, (lt a. [- O \ 

~ Ie.' 
_ 4­ . 

l) " 

I) " 

( Rat t .. I , . 
erdI n .t 1_-t \ 

- ..... . tl ' ''' _'''~ •. lr • • \ 

b I " 11 I * 
C , ti"lIn~lnx ro llo 1,".rnlbll.k~""IJ_"lIW1" 

JiJllllc9. 0&:.""" ~t of bm d f om '>PIl>QT/ Al ... 
• fu 01\ 0( ""'"1.u. "!: 01.10 .n.lIl1" ... ., d..:z" £.. lh t""8 
0(0.-1 I \' 

SA·Io.d«l S.PEOOT / Alg h)drogft3. nIt D of SA deat '" 
..iIh atOtt1 n rojl;-ll\bnS e"" bu..,jIt Ib~ mot h It... 

hand.el\g .tIt" rdlnls SA doi Oft. In ~ddIbOl'l . Ih.! D o{BA 
unda .ltdn fitiJ. bioi:! Iblln th11 ",tholll .I«tn tidd 
btau lilt Cltho&! - BA tI«UOftp '.on. tltalOl\du.td A~ 
""f"lJl 10 lIld PEDOT d«IJOI'I<UI~ III IOn "'. oe..ld '" ~n 
d«UL htld II ",pllltJ. ..0 

Effect of Electrode PoLu ity. Thot unow'd of SA .du,e 
md lb. D uOOft cothodt ... gl'l!Jllft Ib"" th11 of no opplll!d 
de.;u.. Jidd. -Ind undolr modt (P0llc'U. • .:II",? ) .a\ o!IeclJodt .n 
Ih.! doooo p.lIt. ~ ho"." III F,&l:I' 10. T'-. lb. o!I.rulC fiad 
unda .1IhoJ. pba.d 001 h)do~.1 ,coer.llC:S lilt athodt - BA 
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" · •. oo \. 
• - 1.00 \ « ~ . hodtl 
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!I' 
t ' o · 

e 
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• 
.) 

(' 0 b I": t..a 

n Jlk" '1 (hilI 

Rpuc 10. ""-Itto O( '-'oo<.><:oJ n:lrurd \ IYCUOt' 'Alg 0 .­
It ..I d. ,,'.JJ~ft o onJI V ..1Ilo 1a ....... 

~Io~or I • 

d.CIIO«P"'''''''', "it"" mh1ncc:s SA do~lOn from lb. BA· 
Ioldtd PEnOT/ AI hydrogel On lb. odwt home!. tilt .on 
cI SA ...<taJd.d .. holll lb. 100dt ,Joctlod. pI. d on lilt 
hydoOS" btaus.< I I ",.11", 1n d..:IJOiImt1lw ' • be""etn 
Iht P<lI"w,1y dUr'gtd .""1100. lind lb. nt "Jolowl durgtd SA 
I'I! ultmg a\ ru nded SA doli. on.-

Thot log- Io plot oIlht D ~ • b ncllOn Iht r.JIJo cI drug 
,'u 0\ tr rnt It ofh,ulll a uOO« Iht ~Iecln fitld 1e~1b 

01' 0 ~nd I V ~I .r ho .." In F'g"'" II. TIlt lrIl\& 
"'"POntnl, m, C1n bt dtr.rm.ntd ".om ~q 7: 

"bt~ D II lilt dolTl4lOn rot It'" cI Iht dr-ug; D. IS tilt 
dtl\t on .a; nl.ll ~ wry <fIU1 drug . ,,~; "" II lb. drug .u 

A); IS lb. ~pp.""1 m",h /Au ot lilt h)dr .~ md m ' i 

Iht JQJ.-.g opoo,~' 
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QlItr tlta""n Inns(er (Of IIv ",a. on IQ ()I'I c/ SA-bdtd 
P£OOT. On IIw other h...d. Oa.ul '" .... ~ studied the f) c/ 
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