
!"#$%&"'()*+&(),-.(/01#$*2%3%4(5)67&*5)0"2614"'7&*
&*6%.0&%6"#$8) 

9"6:"6"*;)'-6)21)

DOI: dx.doi.org/10.14314/polimery.2016.413

<06)/.#.)'()=*!"#$%&'()*+,&-.(/01(")/21-.(*)3+4."50(60+.7/2+,#$89(2("14+):14+(2(9)4)*)3+4."&(4.#1%"$-
31:&(N,N;/+4.#$3)14+:).#$3&(<=>?!@?!A()"12(2("14+):14+(2(%)*)3+4."&(B.2'1/:.6)(4.#1%"$31:&(N,N-di-
4.#$3)14+:).#$3&(+(4.#1%"$31:&(.#."&(4):)4.#$3)0.6)(/+<63+%)3&(.#$3.:)0.6)A(<=>?!@?!;co;=>@C?!AD(
%#5".(,$:#.2)01:)(4.#)/E(F:1-*+."0("/2.GHI(J$2:1821-E8(*")4+.:+.(9$/")/$:14+82:.(<

h
R

90°A(B1/1:)(2189)-
01:+1()#"2$41:$89(*)3+4."50(0(")2*&,28213:+%189()"61:+82:$89(+(0(0)/2+.I(K%".L31:)(#1%M.(0*'$0(*N(
+(#.4*."1#&"$(:1(*)#.:8-1'(2.#1(+(

h
R

90°(:1:)82E,#.%(#$89(*)3+4."50(0(")2#0)"189(0)/:$89I

<>%&"*24?#.%&)O(%)*)3+4."(60+.7/2+,#$D(2189)01:+.(*)3+4."50(0(")2#0)"2.D(0*'$0(*ND(#."4)82&')LPI

9)$"@(%6*%A*5)0$"#614"0)*/0"6*#%3%415)6/*('*/%4?0(%'/

B:/06"#0=(Q9+,(*1*."(/.,8"+B.,(#0)(%+:/,()R(,#1"(*)3$4.",(0+#9(9)4)*)3$4."(1"4,(41/.()R(N,N;/+4.#9$314+:);
.#9$3(4.#918"$31#.(<=>?!@?!A(1:/(0+#9("1:/)4(8)*)3$4."(1"4,()R(N,N;/+4.#9$314+:).#9$3(4.#918"$31#.(
1:/(/+<.#9$3.:.(63$8)3A(4.#9$3(.#9."(4.#918"$31#.(<=>?!@?!;co;=>@C?!AD(09+89(0.".(,$:#9.,+2./(via(S8)".(
T",#H(4.#9)/I(N$/")/$:14+8("1/++(0.".(/.#."4+:./(1:/(#9.(B.91U+)"()R()B#1+:./(*)3$4.",(+:()"61:+8(,)3U.:#,(
1:/(+:(1V&.)&,(,)3&#+):,(0.".(,#&/+./I(Q9.(.W.8#()R(*N(1:/(#.4*."1#&".():(#9.(2.#1(*)#.:#+13(1:/(9$/")/$-
:14+8("1/++()R(*)3$4.",(*1"#+83.,(0.".(13,)(+:U.,#+61#./I

C)1&%6-/=(,#1"(8)*)3$4."D(,)3&#+):(B.91U+)"D(.W.8#()R(*ND(#9."4),.:,+#+U+#$I

?1%")82E,#.82%+(60+.7/2+,#.(#)(#1%+.D(0(%#5"$89(%+3-
%1(3&B(0+.3.('1G8&8950(9)4);(3&B(%)*)3+4."50(*)'E82)-
:$89(-.,#(2(-./:$4D(8.:#"13:$4(.3.4.:#.4(X("/2.:+.4I(
Y/2.G( *)3+4."&( 60+.7/2+,#.6)(4)M.( ,#1:)0+P(0+.3)-
R&:%8$-:$(20+E2.%(41')82E,#.82%)0$I(?)M.(B$P():(#1%-
M.(")2B&/)01:$(<:*I(*)*"2.2(21,#),)01:+.(/.:/"$4."&D(
&,+.8+)01:.6)(4+%")M.3&(3&B(*)3+4."&(,+3:+.(")261'Z2+)-
:.6)([\X]^AD(8)(*")01/2+(/)(&2$,%1:+1(,#"&%#&"(60+.7-
/2+,#$89(#$*&(F"/2.G;*)0')%1HI(_+.%10$(*"2$*1/.%(,#1-
:)0+E(#1%+.(*)3+4."$(60+.7/2+,#.D(0(%#5"$89(.3.4.:#$(
,#1:)0+E8.(0:Z#"2.(+:182.-()//2+1'&-E(2(")2*&,28213:+-
%+.4(:+M(82ZLP(2.0:Z#"2:1(X("14+):1I(J(B+)#.89:)3)6++(
+(0(4./$8$:+.(-.,#(8)"12(0+Z%,2.(21+:#.".,)01:+.(#1%+-
4+(,#"&%#&"14+D(2.(0263Z/&(:1(+89(,*)/2+.01:.(0$%)-
"2$,#1:+.(-1%)(:1:)%):#.:."50(2/)3:$89(/)(#"1:,*)"#&(
+(&013:+1:+1(,&B,#1:8-+(82$::$89(B+)3)6+82:+.([̀ Xa^I(

=)3+<4.#1%"$31:(N,N;/+4.#$3)14+:).#$3&A( <=>?!-
@?!A(:13.ME8$(/)(6"&*$(*)3+%1#+):50(0$%12&-.(82&')LP(
21"50:)(:1(*ND(-1%(+(#.4*."1#&"Z([b^I(c.(0263Z/&(:1(#.(
0'1L8+0)L8+(*)3+4."$(60+.7/2+,#.(4.#1%"$31:&(N,N-di-
4.#$3)14+:).#$3&(<>?!@?!A(8+.,2E(,+Z(/&M$4(21+:#.-

".,)01:+.4(:1&%)0850(+(,E(B1/1:.(4I+:I(-1%)(:)L:+%+(
%01,50(:&%3.+:)0$89([dX\e^(+(3.%50([aD(\\̂ D(1(#1%M.(-1%)(
41#."+1'$(1:#$B1%#."$-:.([\f^I

g./:$4+(2(*)/,#10)0$89(*1"14.#"50(0*'$01-E8$89(
:1(*)#.:8-13:.( 21,#),)01:+.(:1:)82E,#.%(=>?!@?!(
-.,#( +89( ")24+1"( +( ")2%'1/(")24+1"50I(Y)24+1"$(:1:)-
82E,#.%(/)(21,#),)01G(B+)4./$82:$89D()*+,1:.(0(3+#.-
"1#&"2.D(20$%3.(4+.,282E(,+Z(0(21%".,+.(hXfee(:4([\]^I(

C0+.7/2+,#.(%)*)3+4."$()(9$/")R)B)0$4(0:Z#"2&(
+(9$/")T3)0$89("14+):189D(82$3+()(,#"&%#&"2.(F"/2.G;*)-
0')%1HD(*"2$*)4+:1-E(,0)-E(B&/)0E(4+8.3.(&R)"4)01-
:.(0(*")8.,+.(,14))"61:+218-+(3+:+)0$89D(14TT3)0$89(
%)*)3+4."50(B3)%)0$89D(/31#.6)(#.M(82Z,#)D(89)P(:+.*)-
*"10:+.D(,E((:12$01:.(4+8.314+(-./:)82E,#.82%)0$4+(
[\`^I(?1%")82E,#.82%+(60+.7/2+,#.( #$*&(F"/2.G;*)0')-
%1H(4)6E(0$,#Z*)01P(0(")2#0)"189(0)/:$89(21"50-
:)(-1%)(*)-./$:82.(41%")82E,#.82%+D(-1%(+()"61:+2)01P(
,+Z(0(0+Z%,2.(,#"&%#&"$( 3&B(0$,#Z*)01P( -./:)82.L:+.(
0()B$/0589( R)"4189( [f^I(N$/")R)B)0.( 82ZL8+( %)*)3+-
4."&(60+.7/2+,#.6)(4)6E(2B3+M1P(,+Z(/)(,+.B+.(#0)"2E8(
"/2.G( 16".61#&( )/,.*1")01:$( )/( L")/)0+,%1( %)"):E(
0$%12&-E8E(*)0+:)018#0)(/)(0)/$([fD(\hD(\a^I(J(0$:+-
%&(16".618-+(4)M.(#1%M.(*)0,#1P(,#"&%#&"1(0+.3)"/2.:+)-
01D(210+."1-E81(0(,0)+4(0:Z#"2&(21"50:)("/2.:+.D(-1%(
+("14+):1(41%")82E,#.82.%([\aX\i^I(c.0:Z#"2:1(01",#01(
#1%+.6)(16".61#&(&#0)"2):1(2(9$/")T3)0$89("14+):(-.,#(
2/)3:1(/)(&#"2$41:+1(216".6)01:$89(,#"&%#&"(0(")2-
#0)"2.I

jkl_.:#"&4(?1#."+1'50( =)3+4.")0$89( +(JZ63)0$89( =)3,%+.-(
!%1/.4++(m1&%D(&3I(?I(_&"+.;n%')/)0,%+.-(]`D(`\;d\i(c1B"2.D(
.;41+3O(B4.:/".%o84*0;*1:I./&I*3I
pkl?1#."+1'(2101"#$(0(1"#$%&3.(B$'(*".2.:#)01:$(*)/821,(n.%8-+(
=)3+4.")0.-(hdI(c-12/&(m1&%)0.6)(=Q_9.4(0(C/1G,%&D(%#5"$(
)/B$'(,+Z(0(/:+189(f\Xfh(0"2.L:+1(fe\h("I

                                     2016, 61D(:"(a  413



414 =Kqr?@Ys(fe\aD(61D(:"(a

n14))"61:+218-1(14TT3)0$89(*)3+4."50(60+.7/2+-
,#$89(0(")2#0)"189(0)/:$89(4)M.(2189)/2+P(,14)+,#-
:+.([feXff^(3&B(*)/(0*'$0.4(82$::+%50(2.0:Z#"2:$89I(
="2$%31/.4(82$::+%1(2.0:Z#"2:.6)(4)M.(B$P(*"2.%")-
82.:+.(#20I(%"$#$82:.6)(,#ZM.:+1(4+8.3+218-+(<CMCAD(8)(
4)M.( 21*)82E#%)01P( *")8.,(4+8.3+218-+( [\a^I( Y50:+.M(
24+1:1(#.4*."1#&"$(")2#0)"&(4)M.(0*'$01P(:1()"61:+-
218-Z(41%")82E,#.82.%(60+.7/2+,#$89(0(")2#0)"2.I(g.M.-
3+(41%")82E,#.82%+(,E(#."4)82&'.D(#)(*):+M.-(/)3:.-(%"$-
#$82:.-(#.4*."1#&"$(")2*&,28213:)L8+(<LCSTA(*)3+4."$(
60+.7/2+,#.(4)6E(+,#:+.P(0(")2#0)"2.(-1%)(*)-./$:82.(
41%")82E,#.82%+(3&B(2.(0263Z/&(:1(,05-(14TT3)0$(891-
"1%#."(4)6ED(*)/)B:+.(-1%(3+:+)0.(%)*)3+4."$(14TT3)-
0.D(&3.61P(4+8.3+218-+(#0)"2E8(16".61#$I(=)0$M.-(LCST 
%)"):1(*)-./$:82.-(41%")82E,#.82%+(&3.61(%&"82.:+&D(
0*'$01-E8(:1(24:+.-,2.:+.(-.-(")24+1"50D(4)M3+01(-.,#(
"50:+.M(16".618-1(/)(0+Z%,2$89(,#"&%#&"([ffD(f]^I(n*),5B(
,14))"61:+218-+(*)3+.3.%#")3+#50(213.M$("50:+.M()/(*N(
")2#0)"&I(m1(,%&#.%(24+1:$(*N(")2#0)"&(+(20+E21:$4+(
2( #$4(*")8.,14+( *")#):)01:+1t/.*")#):)01:+1( 6"&*(
R&:%8$-:$89( 0( '1G8&89189( "14+):D( 41%")82E,#.82%1(
4)M.(24:+.-,21P( 3&B(20+Z%,21P(,0)-.(")24+1"$D(0(21-
3.M:)L8+()/(#$*&("14+):(<*)3+%01,(82$(*)3+21,1/1AD(13.(
#1%M.(#0)"2$P(0+Z%,2.(,#"&%#&"$([f]^I(

n$:#.21(*)3+4."50(60+.7/2+,#$89(21(*)4)8E(:)0)-
82.,:$89(4.#)/(*)3+4."$218-+( %):#")3)01:$89( +( M$-E-
8$89()"12(891"1%#."$,#$%1( #1%+89(,#"&%#&"(B$'1(*"2./-
4+)#.4(*"18(0+.3&(6"&*(B1/1082$89([\XaD(d^I(J(0+.3&(
*"18189(2189)01:+.(#1%+89(41%")82E,#.82.%(0(")2#0)-
"189D("2&#&-E8.(:1(+89(*)#.:8-13:.(21,#),)01:+.(-1%)(:)-
L:+%50( ,&B,#1:8-+( 1%#$0:$89( B+)3)6+82:+.( :+.( 2),#1')(
-./:1%(0$,#1"821-E8)(0$-1L:+):.D(BE/7(B$')(*)4u1:.I(
_2Z,#)(:+.(*)/101:)(+:R)"418-+()(#$4D(82$(0(")2#0)"2.(
2:1-/)01'$(,+Z(+2)3)01:.(41%")82E,#.82%+(60+.7/2+,#.D(
82$(+89(16".61#$I(

_.3.4(#.-(*"18$(B$')(2B1/1:+.(-1%(,#"&%#&"1(89.4+82-
:1(*)3+4."50(60+.7/2+,#$89()"12(B)/78.(2.0:Z#"2:.(
0*'$01-E(:1(+89(2189)01:+.(0(")2#0)"2.I(

D!EFG*HIFJKBHD!BLMB

;"0)6(">1

?.#1%"$31:(.#."&(4):)4.#$3)0.6)(/+<63+%)3&(.#$-
3.:)0.6)A(<>@C?!D(ih(vAD(\Df;/+893)")B.:2.:(<ii(vAD(
\D\D`DbD\eD\e;9.w14.#$3)#"+.#$3)#.#"14+:1( <N?Q@Q!D(
ib( vAD( B")4.%( 4+./2+<rA( <_&x"D( iiIiii( vAD( B")4.%(
(4+./2+<rrA(( <_&x"2D( ii( vA( )"12( *)M$0%1( 9)/)031:1(
>&3B.88)y,(?)/+T./(@163.y,(?./+&4( <>?@?A( 2),#1-
'$(21%&*+):.(0(n+641(!3/"+89(+(&M$#.(B.2()82$,2821-
:+1I(?.#1%"$31:(N,N;/+4.#$3)14+:).#$3&(<>?!@?!D(
ii(vA( 21%&*+):)(0(?."8%( +( /.,#$3)01:)( *"2./( &M$-
8+.4I(!8.#):(<iiDh(vA(+(.#1:)3(<iiDd(vA(21%&*+):)(0(T"-
4+.(=K_9I(>)(*"2$6)#)0$01:+1(")2#0)"50(0)/:$89(
0$%)"2$,#1:)(T3#")01:E(<eD\(z4A(0)/Z(/.-):+2)01:EI(
J1"#)LP(*N( ")2#0)"50(&,#131:)(*)*"2.2(/)/101:+.(
h;*")8I(")2#0)"50({KN(3&B(N_3(<=K_9AI(

<1'0)."*2%3%4(5)67&*+&(),-.(/01#$

n$:#.21(9)4)*)3+4."50(60+.7/2+,#$89(4.#1%"$31:&(
N,N;/+4.#$3)14+:).#$3&( <=>?!@?!A( )"12( %)*)3+4.-
"50(B.2'1/:$89(4.#1%"$31:&(N,N;/+4.#$3)14+:).#$3&(
<>?!@?!A( +(4.#1%"$31:&( .#."&(4):)4.#$3)0.6)(/+-
<63+%)3&(.#$3.:)0.6)A(<=>?!@?!;co;=>@C?!A(2),#1'1(
)*+,1:1(0.(082.,:+.-,2$89(*&B3+%18-189([feD(f\̂ I(=)3+4."$(
60+.7/2+,#.()#"2$41:)(,#),&-E8(*)3+4."$218-Z(")/:+%)0E(
2(*"2.:+.,+.:+.4(1#)4&(<!QY=A(4.#)/E(F:1-*+."0("/2.GHD(
#1%(-1%(#)(*)%121:)(:1(,89.418+.(!I(g1%)(41%")+:+8-1#)"(
+( "50:)82.L:+.("/2.G(60+12/(0$%)"2$,#1:)(,+3:+.( ")2-
61'.2+):$(*)3+<1"$3.:)()%,+:/)3A(<=!"KwAI(g.,#(#)(*)3+4."(
)(\ee;*")8I(,#)*:+&(")261'Z2+.:+1D(3+82B)0)(L"./:+.-(41,+.(
4)3)0.-((

n
M (|(f\(eee(6t4)3(+(/$,*.",-+(Mw/Mn(|(fD\bI(g./:1(

41%")82E,#.82%1(210+."1(L"./:+)(fd(6"&*(f;B")4).,#")-
0$89(2/)3:$89(/)(21+:+8-)01:+1(*")8.,&(!QY=([feD(f\D(f ^̀I(

;)0%-1*:"-"N*

?1,$(4)3)0.( <MnA( +( ")2%'1/$(41,(4)3)0$89(0$-
2:1821:)( 21( *)4)8E( 89")41#)6"1R&( M.3)0.6)( <C=_-
;?!qqnA( 2( ".R"1%#)4.#".4( "5M:+8)0$4( <}:;fe\e( Yr(
JC@(>"I(x&".,A()"12(/.#.%#)".4(0+.3)%E#)0.6)(")2*"1-
,21:+1(L0+1#'1(<>!Jm(N@q@Kn(T"4$(J$1~(Q.89:)3)-
6+.,AI(g1%)(R12Z("&89)4E(21,#),)01:)(/+4.#$3)R)"414+/(
<>?�A(2(/)/1#%+.4(h(4?(")2#0)"&(q+x"I(!:13+2Z(0$-
%):$01:)(0(#.4*."1#&"2.(`h(�_I(n2$B%)LP(*"2.*'$0&(
*"2.2(%)3&4:Z(0$:),+'1( \( 843t4+:I(c1,#),)01:)(:1-
,#Z*&-E8$(2.,#10(%)3&4:O(*".%)3&4:1(CY!?D(CY!?(
\ee(�D(CY!?(\eee(�(+(CY!?(]eee(�(<=)3$4."(n#1:/1"/(
n."U+8.AI(="2./(*)4+1"14+(")2#0)"$(T3#")01:)(T3#"14+(
2(4.4B"1:E(2(*)3+<#.#"1�&)").#$3.:&A(<=Q�@A()(L"./:+-
8$(*)"50(eDf(z4I(>)(1:13+2$(0$:+%50(*)4+1"50(&M$#)(
)*")6"14)01:+1(!nQY!(h(<J$1~(Q.89:)3)6+.,AI(x1/1-
:+1(4.#)/E(C=_;?!qqn(*)20)3+'$(:1(0$2:182.:+.(1B-
,)3&#:$89(01"#)L8+(41,$(4)3)0.-(*)3+4."50I

J,*5'82$::+%+(21'141:+1(L0+1#'1(*)3+<1"$3.:)()%,+:-
/)3&A(<=1"KwAD(3+:+)0.6)(=>?!@?!(+(3+:+)0.6)(=>@C-
?!(0$2:1821:)(0(:+.213.M:$89(*)4+1"189(0(/+4.#$-
3)R)"414+/2+.(<>?�AD(0(#.4*."1#&"2.(`h(�_(21(*)4)8E(
".R"1%#)4.#"&("5M:+8)0.6)(n@_;]e\e(/:t/8(JC@(>"I(x&-
".,I( J1"#)L8+( +:%".4.:#&( 0,*5'82$::+%1( 21'141:+1(
L0+1#'1(*)3+4."50(0$:),+'$()/*)0+./:+)O(

g

cm

d

d 3

1490,
c

n

PArOx

=







,  

g

cm

d

d 3

0560,
c

n

PDMAEMA

=







 

 
 
i  

g

cm

d

d 3

0730,
c

n

PDEGMA

=







. 

r:%".4.:#(0,*5'82$::+%1(21'141:+1(L0+1#'1(</n/dcA(
*)3+4."&(60+.7/2+,#.6)(2("14+):14+(2(9)4)*)3+4."&(
2),#1'()B3+82):$(2("50:1:+1O

 
PDMAEMA

DMAEMA

PArOx

PArOx
c

n
w

c

n
w

c

n








+








=

d

d

d

d

d

d
( <\A

1(2("14+):14+(%)*)3+4.")0$4+(2("50:1:+1O



=Kqr?@Ys(fe\aD(61D(:"(a  `\h

 
PArOx

PArOx
c

n
w

c

n
+ +








=

d

d

d

d

PDMAEMA

DMAEMA
c

n
w 









d

d

  
( <fA
 

PDEGMA

DEGMA
c

n
w 








+

d

d

6/2+.O(wPArOx( X( &'14.%(41,)0$( "/2.:+1D( (wDMAEMA( X(
&'14.%( 41,)0$( >?!@?!( 0( 41%")82E,#.828.D(
 wDEGMA(X(&'14.%(41,)0$(>@C?!(0(41%")82E,#.828.D 

d

d

c

n

PArOx

=







X(+:%".4.:#(0,*5'82$::+%1(21'141:+1(L0+1#'1(

"/2.:+1(=!"KwD(
d

d

c

n

PDMAEMA

=







X(+:%".4.:#(0,*5'82$::+%1(

21'141:+1(L0+1#'1(=>?!@?!D(
d

d

c

n

PDEGMA

=







X(+:%".4.:#(

0,*5'82$::+%1(21'141:+1(L0+1#'1(=>@C?A. 

m1(*)/,#10+.(0+/4(1N(m?Y([f\̂ ()B3+821:)(2101"#)LP(
>@C?!(0(60+12/189(%)*)3+4.")0$89(=>?!@?!;co-
;=>@C?!I

=)4+1"$(/$:14+82:.6)(")2*"1,21:+1(L0+1#'1( <>qnA(
0$%):1:)( 21( *)4)8E( 6):+)4.#"&( x"))%91U.:( xr;fee(
2.(,*)31"$2)01:$4(0(*'1,282$7:+.(*+):)0.-(L0+1#'.4(
)(/'&6)L8+(R13+(�(|(a]fDd(:4(&2$,%+01:$4(2(31,."1(N.-
;m.(]h(4JI(n#),)01:)(8$R")0$(1&#)%)".31#)"(x"))%91-
U.:(=_r(xr;ieee(!Q(>+I(K#"2$41:.(R&:%8-.(1&#)%)".318-+(
1:13+2)01:)( 21( *)4)8E( 136)"$#4&( _KmQrmI( =)4+1-
"$( 0$%):$01:)( /31( %E#1( ie�D( 0( #.4*."1#&"2.( fh( �_I(
Y)2%'1/$( ")24+1"50(41%")82E,#.82.%(0$"1M):)( -1%) 

2

2

Γ

µ ( <6/2+.( Γ( -.,#( L"./:+E( 01"#)L8+E( ,2$B%)L8+( ".31%,1(; 
8-+((�D(1(µ2(-.-(/"&6+4(4)4.:#.4AI(J1"#)L8+(#.()#"2$41:)(
4.#)/E(%&4&31:#50I(Y)2*&,28213:+%+(T3#")01:)(*"2.2(
,#"2$%10%)0$( T3#"( 4.4B"1:)0$( )( 0+.3%)L8+( *)"50(
eD\(z4(<J91#41:(r:#.":1#+):13A(0(%)4)"2.(314+:1":.-I(
Y)2#0)"$(*"5B.%(T3#")01:)(*"2.2( ,#"2$%10%)0$(T3#"(
4.4B"1:)0$()(0+.3%)L8+(*)"50(eDf(z4(<J91#41:(r:-
#.":1#+):13A(B.2*)L"./:+)(*"2./(*)4+1"14+I(

J1"#)LP( *N( ")2#0)"50( 0)/:$89( %)*)3+4."50(
60+.7/2+,#$89( 4+."2):)( 21( *)4)8E( 0)/),282.3:.6)(
*N;4.#"&(_=;`e\( 2( 2.,*)3):E( .3.%#")/E( ,2%31:E( #$*&(
@=n(T"4$(@34.#"):I

Q.4*."1#&"$(24Z#:+.:+1( <TcpA(*)3+4."50(60+.7/2+-
,#$89(0$2:1821:)(21(*)4)8E(*)4+1"50(#"1:,4+#1:8-+(
")2#0)"50(0("5M:$89(#.4*."1#&"189I(n#),)01:)(,*.%-
#")R)#)4.#"(��;�rn(g1,8)(�h]e(2(#."4),#1#)01:E(%&0.-
#E(?./,):(?Q_;=\I(>)(21*+,&(0+/4(&M$#)(*")6"14&(
n=@_QY!(?!m!C@YI(Q"1:,4+#1:8-Z(0)/:$89(")2#0)-
"50(*)3+4."50( <c = 1 g/dm3A(4+."2):)( *"2$( /'&6)L8+(
R13+(bee(:4I(J1"#)L8+(Tcp(0$2:182):)(-1%)(#.4*."1#&"$D(
0(%#5"$89(#"1:,4+#1:8-1(0$:),+'1(he(v(

=)#.:8-1'( 2.#1( ")2#0)"50( *)3+4."50(4+."2):)( 21(
*)4)8E(c.#1,+2."1(m1:)(cn(ie(<?13U.":(r:,#"&4.:#,AI(
=)4+1"$( /31( %1M/.-( *"5B%+(0$%):$01:)( #"2$%")#:+.D(
0(-./:)"12)0$89(%1*+31":$89(%&0.#189D(1( -1%)(0$:+%(
*"2$-4)01:)(01"#)LP(L"./:+E(2(#$89(*)4+1"50I(

JOMKCK*9BHBP*K*KDQ*I;RJKSMKS

D$"6"20)61/012"* %06.15"'1#$* 2%3%4(5)67&* +&(),-

-.(/01#$*(*(#$*."#$%&"'()*&*6%.0&%6"#$*

_91"1%#."$,#$%Z()#"2$41:$89(*)3+4."50(60+.7/2+-
,#$89(*"2./,#10+):)(0(#1B.3+(\I(K#"2$41:)(/01(")/21-.(
60+12/D(2("14+):14+(2(9)4)*)3+4."&(4.#1%"$31:&(N,N-
;/+4.#$3)14+:).#$3&( <=>?!@?!AD( "5M:+E8.( ,+Z(41,E(
4)3)0E(<MnA()"12(,#)*:+.4(*)3+4."$218-+("14+):(<DPramA(
<#1B.31(\D(*"5B%+(NC\XNC]A()"12(2(%)*)3+4."&(B.2'1/:.-
6)(4.#1%"$31:&(N,N;/+4.#$3)14+:).#$3&(+(4.#1%"$31:&(
.#."&(4):)4.#$3)0.6)(/+<63+%)3&(.#$3.:)0.6)A(<=>?!-
@?!;co;=>@C?!AD("5M:+E8.(,+Z(2101"#)L8+E(*")8.:#)0E(
>@C?!()"12(Mn(<#1B.31(\D(*"5B%+({C\;{C`AI(

J'1L8+0)L8+( 9$/")/$:14+82:.( *)3+4."50( 60+.7-
/2+,#$89(/.#."4+:&-E(+89(21,#),)01:+.(0(")3+(:)L:+%50(
,&B,#1:8-+(B+)3)6+82:+.(1%#$0:$89I(c1(*)4)8E(*)4+1-
"50(4.#)/E(>qn(2B1/1:)(2189)01:+.(&2$,%1:$89(*)-
3+4."50(0(")2*&,28213:+%189()"61:+82:$89D(-1%(+(0(L")-
/)0+,%&(0)/:$4D(0(#$4(+89(16".618-Z( +( -.-(213.M:)LP(
)/(01"&:%50(L")/)0+,%1(<*N(+(#.4*."1#&"$AI(J$4+1"$(
:1:),#"&%#&"(60+.7/2+,#$89(B1/1:)(0(18.#):+.D(%#5"$(
0$%12&-.(,+3:.(*)0+:)018#0)(21"50:)(/)("/2.:+1(-1%(
+("14+):D()"12(0(")2*&,28213:+%189(,.3.%#$0:$89D(0$-
%12&-E8$89(*)0+:)018#0)(-./$:+.(/)("14+):(X(0(0)-
/2+.D( .#1:)3&( )"12( 0( *)M$08.( /)( 9)/)03+( %)45".%(
>?@?I(J$:+%+(2.B"1:)(0(#1B.3+(fI(c.(0263Z/&(:1(*)-
#.:8-13:.(0$%)"2$,#1:+.()#"2$41:$89(60+12/(-1%)(:)-
L:+%50D(+,#)#:.(B$')(2B1/1:+.(2189)01:+1(#1%+89(60+12/(
0(4./+&4(,#),)01:$4(/)(.%,*."$4.:#50(B+)3)6+82-
:$89(;(*)M$08.(/)(9)/)03+(%)45".%(>?@?I(m13.M$(#&-
#1-(212:182$PD(M.(0(3+#."1#&"2.(B"1%&-.(/1:$89(:1(#.41#(
2189)01:+1(*)3+%1#+):50(0(*)M$0%189(X(:10.#(B1/1:+1(
&%'1/50D(%#5".(41-E(B$P(,#),)01:.(0(L")/)0+,%&(,#),)-
01:$4(/)(.%,*."$4.:#50(B+)3)6+82:$89D(*")01/2):.(
,E(-./$:+.(0(0)/2+.(3&B(B&R)"189I(c.(0263Z/&(:1()B.8-
:)LP("5M:.6)(")/21-&(B+),%'1/:+%50(+(,)3+(0(*)M$08.(#1-

T*"*:*)*4*"**UV*D$"6"20)61/012"*%06.15"'1#$*3%4(5)67&*+&(),-

-.(/01#$
T*"*:*4*)**UV*D$"6"#0)6(."0(%'*%A*%:0"(')-*/0"6*3%415)6/

n$4B)3(
*"5B%+

DPram
1A MnGPC-MALLS

BA 
g/mol

Mw/Mn

dn/dc 
843/g

c101"#)LP(
>@C?!8A 
(v(4)3I

NC\ \d 100 000 \Dai eDed` -

NCf bi ]be(eee \Dh` eDeah -

NC] id `he(eee \Dd` 0,063 -

{C\ 46 230 000 fDbe eDed] 11

{Cf h\ fh`(eee fDah eDed] 20

{C] b\ ]he(eee fD]i eDebf 30

{C` 43 226 000 fDhh eDeba 40

1A(KB3+82):.(2(Mn(0$2:182):.6)(4.#)/E(C=_;?!qqnI
BA MnGPC-MALLS(0$2:182):.(0(>?�(4.#)/E(C=_;?!qqnI
8A(KB3+82):1(:1(*)/,#10+.(0+/4(1N(m?YI
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%+.(B1/1:+1()%121'$(,+Z(:+.2BZ/:.(/31(*"10+/')0.-()8.:$(
,#"&%#&"(#0)"2E8$89(,+Z(0(")2#0)"2.I

KB3+82):)( "50:+.M( /'&6)LP( %):#&")0E( "14+):(
0,2$,#%+89()#"2$41:$89(41%")82E,#.82.%(2(81'%)0+8+.(
")2*"),#)01:$4+("14+):14+D(4:)ME8(,#)*+.G(*)3+4.-
"$218-+("14+.:+1(<DPramA(*"2.2(eDfhf(:4(</'&6)LP(-./:.-(
*)0#1"21-E8.-(,+Z(-./:),#%+(4):)4."$82:.-(210+."1-E8.-(
/01(1#)4$(0Z631(0(,2%+.3.8+.(4):)4."&(0+:$3)0.6)(
[fh^AI(

J(*"2$*1/%&(*)3+4."50(60+.7/2+,#$89(2("14+):14+(
2(9)4)*)3+4."&(>?!@?!(<NC\;NC]D(#1B.31(\AD(-1%(+(#$89(
2( "14+):14+(2(%)*)3+4."&(>?!@?!( +(>@C?!(<{C\-
;{C`D( #1B.31( \A( :1-4:+.-,2.( ")24+1"$(41%")82E,#.82.%(
,#0+."/2):)(0(18.#):+.I(=)"50:&-E8(24+."2):.(01"#)L8+(
*")4+.:+1(9$/")/$:14+82:.6)(<

h
R

90°A(:1:),#"&%#&"(0(18.-
#):+.(+()B3+82):.-(/'&6)L8+(%):#&")0.-("14+):(81'%)0+8+.(
")2*"),#)01:$89('1G8&8950(4)M:1(,#0+."/2+PD(M.(=>?!-
@?!(0$,#Z*&-E(0(")2#0)"2.(-1%)(+2)3)01:.(41%")82E-
,#.82%+I( m1#)4+1,#( =>?!@?!;co;=>@C?!(4)6E( B$P(
)B.8:.(0(")2#0)"2.(-1%)(*)-./$:82.(82E,#.82%+(3&B(-1%)(
:+.0+.3%+.(16".61#$(%+3%&(2(:+89I(J1"#)L8+(

h
R

90°(0(")2*&,2-
8213:+%189(,.3.%#$0:$89D(0$%12&-E8$89(*)0+:)018#0)(
#$3%)(/)("14+):D(,E(0+Z%,2.(:+M(#.()#"2$41:.(0(18.#):+.D(8)(
L0+1/82$()(16".618-+(41%")82E,#.82.%(0(#$89(")2*&,28213-
:+%189I(m1#)4+1,#(

h
R

90°(0.(0,2$,#%+89(")2*&,28213:+%189(
,.3.%#$0:$89(<0(0)/2+.(*)(B.2*)L"./:+4(")2*&,282.:+&D(
.#1:)3&(+(*)M$08.(>?@?A(,E(/)(,+.B+.(2B3+M):.D(8)(L0+1/-
82$()(#$4D(M.(82E,#.82%+(2189)0&-E(,+Z(0(:+89(*)/)B:+.I(
g./$:+.(*)3+4."$(2("14+):14+(2(%)*)3+4."50()(4:+.-,2.-(

2101"#)L8+(>@C?!(<{C\(+({CfD(#1B.31(fAD(*)(B.2*)L"./-
:+4(")2*&,282.:+&(0(0)/2+.D(#0)"2E(/01(")/21-.(82E,#.%I(
="10/)*)/)B:+.(,E(#)(*)-./$:82.(41%")82E,#.82%+(+(0+Z%-
,2.(16".61#$I(=)/)B:.(2189)01:+.()B,."0)013+(082.L:+.-(
#1%M.(+::+(B1/182.([dX\e^D(21"50:)(0(*"2$*1/%&(*)3+4.-
"50(60+.7/2+,#$89(2("14+):14+(2(9)4)*)3+4."&(>?!-
@?!(-1%(+(2(%)*)3+4."50(>?!@?!;b;[4.#1%"$31:(<63+-
%)3(9.%,1.#$3.:)0$Â ()("5M:.-(3+82B+.("14+):(<)/(b(/)(bfA(
+(/'&6)L8+("14+):(<DPram(|(\eX\eeAI(=)(")2*&,282.:+&(B.2-
*)L"./:+)(0(0)/2+.D()B,."0)01:)(21"50:)(*)-./$:82.(
41%")82E,#%+(-1%(+(+89(16".61#$I(

Y)2%'1/$(")24+1"50(0,2$,#%+89()#"2$41:$89(0(*"1-
8$(*)3+4."50(60+.7/2+,#$89D(:+.213.M:+.()/( ")2*&,2-
8213:+%1D(0$"1M):.(-1%)(

2

2

Γ

µ
D(4+.,282E(,+Z(0(21%".,+.(eDfXeD]I(

J3>1&* 3Q* '"* ."#$%&"'()* 2%3%4(5)67&* +&(),-.(-
/01#$*&*6%.0&%6"#$*&%-'1#$

J(8.3&(2B1/1:+1(0*'$0&(*N(:1(=>?!@?!()#"2$-
41:.(*)3+4."$(")2*&,2821:)(B.2*)L"./:+)(0(0)/2+.D(
1(*N(&,#131:)(*)*"2.2(/)/1:+.(/)(")2#0)"&()/*)0+./-
:+.-( +3)L8+(h;*")8I( ")2#0)"50({KN(3&B(N_3I(m1,#Z*:+.(
4.#)/E(>qn(B1/1:)(

h
R

90°( +(")2%'1/$(")24+1"50(60+12/(
0(")2#0)"2.I(J$:+%+(*)/1:)(0(#1B.3+(]I(C"&*$(14+:)0.(
0(82E,#.82%189(*)3+4."&(0(L")/)0+,%&(%01L:$4(&3.-
61-E(*")#):)01:+&I(n#)*+.G(,*")#):)01:+1(-.,#(213.M:$(
)/(01"#)L8+(01"#)L8+(*{(6"&*(14+:)0$89I(J(*"2$*1/-
%&(*)3+4."50(60+.7/2+,#$89(210+."1-E8$89(>?!@?!(
*{(|(bXd([dD(i^I

<#$)5"0*B
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J(L")/)0+,%&(%01L:$4D(#"2.8+)"2Z/)0.(6"&*$(14+-
:)0.("14+):(,E(81'%)0+8+.(,*")#):)01:.I(K/*$891:+.(
.3.%#"),#1#$82:.(*)4+Z/2$(:1'1/)01:$4+(/)/1#:+)("1-
4+):14+(60+12/(*)0)/&-.(+89(")28+E61:+.D(8)(,%&#%&-.(
20+Z%,2.:+.4(")24+1"50(82E,#.82.%I(J(L")/)0+,%&(13-
%13+82:$4D(:+.,*")#):)01:.(6"&*$(14+:)0.(0('1G8&-
89189(=>?!@?!(:+.()/*$891-E(,+Z(.3.%#"),#1#$82:+.D(
8)(*)0)/&-.(,%'ZB+1:+.('1G8&8950(:1(,%&#.%(#0)"2.:+1(
,+Z(0+E21G(0)/)")0$89(*)4+Z/2$('1G8&8914+(+(0(".2&3-
#18+.(24:+.-,21:+.(")24+1"50([b^I(J*'$0(*N(:1(%,2#1'#(
+( ")24+1"$(41%")82E,#.82.%(=>?!@?!(*)%121:)(:1(
,89.418+.(xI(

J*'$0( *N( :1(
h
R

90°( )#"2$41:$89( =>?!@?!( -.,#(
0+/)82:$(0(*"2$*1/%&(NC\XNC](<#1B.31(]AI(=)/)B:.(
213.M:)L8+( )*+,1:)( #1%M.(0( 3+#."1#&"2.(/31(*)3+4."50(

2( "14+):14+( 2( %)*)3+4."&(B3)%)0.6)( �;%1*")31%#):&(
+(>?!@?!()"12(*)3+.,#")0$4("/2.:+.4([\\̂ D(1( #1%M.(
/31(*)3+4."50(2("14+):14+(2(=>?!@?!(+( "/2.:+.4(
2(9+*.")261'Z2+):.6)(*)3+.#."&([a^I(K#"2$41:.(0("14189(
#.-(*"18$(41%")821,#.82%+(NC\XNC](0"12(2.(20+Z%,21-
:+.4(01"#)L8+(*ND(24:+.-,21-E(,0)-.(")24+1"$()%I(/0&-
%")#:+.I(J(81'$4(B1/1:$4(21%".,+.(*N()B,."0)01:)(
4):)4)/13:$( ")2%'1/( ")24+1"50I( ="2$( *N( *)0$M.-(
\]Dh()B,."0)01:)(0$#"E81:+.( ,+Z( 82E,#.%(=>?!@?!(
2(")2#0)"&I(

J(")2#0)"189(*)3+4."50(2("14+):14+(2(%)*)3+4."50(
B.2'1/:$89(>?!@?!(+(>@C?!(<{C\X{C`D( #1B.31(]AD(
0*'$0(*N(:1( ")24+1"$(41%")82E,#.82.%(B$'(B1"/2+.-(
2')M):$(:+M(0(")2#0)"189(=>?!@?!I(?1%")82E,#.82%+(
%)*)3+4.")0.()(4:+.-,2.-(2101"#)L8+(>@C?!(0("14+)-
:189(<{C\(+({CfD(#1B.31(]A(#0)"2E(0(")2#0)"2.(%01L:$4(
/0+.(*)*&318-.(82E,#.%D(:1#)4+1,#(0(")2#0)"2.(21,1/)-
0$4(#$3%)(-./:E(*)*&318-ZI(g.,#(#)(/)B"2.(0+/)82:.(:1(
"$,I(\D(%#5"$(*)%12&-.(")2%'1/(

h
R

90°(:1(*"2$%'1/2+.(*"5B%+(
{C\(0(")2#0)"189()("5M:$4(*NI(m1(#.-(*)/,#10+.(4)M:1(
,E/2+PD(M.(60+12/$({C\(+({Cf(0(%01L:$4(*N(0$,#Z*&-E(
0(")2#0)"2.(21"50:)(-1%)(*)-./$:82.(41%")82E,#.82%+(
-1%(+(-1%)(16".61#$I

=)-./$:82.(41%")82E,#.82%+({C\(+({Cf(:+.2:182:+.(
24:+.-,21-E(,0)-.(")24+1"$(2.(02"),#.4(*N()/(f(/)(bD(:1(
,%&#.%(82ZL8+)0.-(/.*")#):18-+(6"&*(14+:)0$89D(*)/)B-

T*"*:*)*4*"**WV*X6%5()'()*$1-6%-1'"5(#.')*Y hR
90°Z*'"'%/06?20?6*:"-"'1#$*3%4(5)67&*+&(),-.(/01#$*&*67['1#$*6%.3?/.#."4'(2"#$

T*"*:*4*)**WV*Q1-6%-1'"5(#*6"-((*Y hR
90°Z*%A*0$)*/0"6/*('*-(\)6)'0*/%4@)'0/

n$4B)3(*"5B%+ >'&6)LP(%):#&")01(
"14+):1AD(:4

h
R

90°D(:4

18.#): 0)/1BA .#1:)3 >?@?

NC\ `Dh bDe \hDe \`Dh \fDh

NCf \iDi iD` \iDe \hDe \iDh

NC] f`Db \`Dh ffDh 21,2 20,1

{C\ 11,6 13,6 bDa�(]]Dh 21,3 f`Dh

{Cf \fDi 14,1 aDd�(]eDh fiDe 26,3

{C] \bDi 14,4 \iDh 20,0 20,0

{C` \eDd 14,2 \dDd \dDh \dDe

1A(KB3+82):.(/31(81'%)0+8+.(")2*"),#)01:$89("14+):I
BA(J$2:182):.(*)(B.2*)L"./:+4(")2*&,282.:+&(60+12/$(0(0)/2+.I

<#$)5"0*9

T* "* :* )* 4* "***]V* X6%5()'()* $1-6%-1'"5(#.')* Y hR
90°Z* '"'%/06?20?6* :"-"'1#$* 3%4(5)67&* +&(),-.(/01#$* &* 6%.0&%6"#$* &%-'1#$*

&*."4)['%^#(*%-*3Q
T*"*:*4*)**]V**Q1-6%-1'"5(#*6"-((*Y hR

90°Z*%A*0$)*/0"6/*('*"_?)%?/*/%4?0(%'/*%A*-(\)6)'0*3Q

n$4B)3(*"5B%+
h
R

90°D(:4

*N(�(f *N(�(` *N(�(a *N(�(b *N(�(d *N(�(i *N(�(\e *N(�(\\ *N(�(\f *N(�(\]

NC\ f\Dd 20,4 \bD] - \hDe 12,2 - - 10,0 -

NCf fhDe 24,0 feDh - \iDe \hD] - - \fDh -

NC] fiDe faDh 23,6 - ffDh \dD` - - 16,3 -

{C\ \fDf�(feD` iDh�(ffD` iDh�(fbD\ bDa�(]]Dh - \dDa \iD` fhDa f`Dd fbDe

{Cf iDd�(f\Dh iD`�(fiDb aDd�(]eDe aDd�(]eDh - 14,6 21,3 ffDi fhDf 26,3

{C] 22,1 20,2 20,1 \iDh - 13,3 13,1 13,2 13,6 \`Dd

{C` \`Dh \`Dd \aDd \dDd - iDh 10,0 iDf 10,3 \eDb
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`1/V*UV*`%.2>"-*36%5()'(*$1-6%-1'"5(#.'1#$*Y hR
90°Z*5"26%#.a/0)#.)2*CbU*Y&16"[%'1*3%36.).*6%.2>"-*('0)'/1&'%^#(*6%.36"/."'("Z*

&*6%.0&%6.)*&%-'15*Yc*c*U*5+d#5], T*c*We*fDg*h*c*ijfZg*36.1*3Q*67&'15=*"Z*Wgeg*:Z*kglg*#Z*igjg*-Z*UWgj
m(+V*UV*H(/06(:?0(%'*%A*0$)*$1-6%-1'"5(#*6"-((*Y hR

90°Z*%A*/0"6/*CbU*Y)n36)//)-*"/*('0)'/(01*&)(+$0)-*-(/06(:?0(%'Z*('*&"0)6*/%4?0(%'*Yc = 1 

5+d#5], T*c*We*fDg*h*c*ijfZg*"0*-(\)6)'0*3Q*@"4?)/=*"Z*WVeg*:Z*kVlg*#Z*iVjg*-Z*UWVj

a) c):Z -Z

:+.(-1%(0(*"2$*1/%&(=>?!@?!I(m1#)4+1,#(")24+1"$(
16".61#50(*"2$(#1%+4(02")L8+.(*N(20+Z%,21-E(,+ZD(8)(,&-
6."&-.D(M.(:1(,%&#.%(/.*")#):18-+(+(20+E21:.-(2(#$4(82Z-
L8+)0.-(&#"1#$('1/&:%&D(*"2.01M1-E()//2+1'$01:+1(4+Z-
/2$82E,#.82%)0.(+(82E,#.82%+(#0)"2E(0+Z%,2.(,#"&%#&"$I(

J(")2#0)"189(13%13+82:$89({C\(+({CfD()B,."0)01:)(
-./:E(*)*&318-Z(:1:)82E,#.%D()(")24+1"189(4:+.-,2$89(
:+M(16".61#$()B.8:.(0(")2#0)"189(%01L:$89I(Q1%+.(21-
89)01:+.(,&6."&-.D(M.(:1,#E*+'1(2:182:1(&#"1#1('1/&:%&(
6"&*(14+:)0$89(+('1G8&89$("14+):(2182Z'$(,+Z(,%'ZB+1PD(
82.6)( 0$:+%+.4( -.,#( 24:+.-,2.:+.( ")24+1"50I( Q$3%)(
-./:1(*)*&318-1(:1:)82E,#.%( -.,#(0+/)82:1(*"10/)*)-
/)B:+.(/31#.6)D(M.(B1"/2)(41'.(")24+1"$(*)-./$:82$89(
,%'ZB+):$89(60+12/(,E(*)21(21%".,.4(4+."213:)L8+(,#)-
,)01:.-(4.#)/$I(J(")2#0)"189()(*N(*)0$M.-(d(*"2.01-

M1-E(9$/")R)B)0.()//2+1'$01:+1(4+Z/2$82E,#.82%)0.I(
!6".61#$(2182$:1-E(,+Z(F,%3.-1PHD(#0)"2E8(0+Z%,2.(,#"&%-
#&"$I( K*+,1:.( *)0$M.-( 2189)01:+.( 41%")82E,#.82.%(
=>?!@?!;co;=>@C?!(2(4:+.-,2E(2101"#)L8+E(>@C-
?!(0("14+):189(0(213.M:)L8+()/(*N(")2#0)"50(0)/-
:$89(*"2./,#10+):)(:1(,89.418+.(_I(

?1%")82E,#.82%+(=>?!@?!;co;=>@C?!()(2101"-
#)L8+(>@C?!(0("14+):189("50:.-(]e(v(4)3I(<{C]D(#1-
B.31(]A(2189)0&-E(,+Z(0(L")/)0+,%&(%01L:$4(*)/)B:+.(
-1%(41%")82E,#.82%+(=>?!@?!I(J"12(2.(02"),#.4(*N(
/)(�(i(01"#)L8+(

h
R

90°(24:+.-,21-E(,+ZD(:1#)4+1,#(0(21%".-
,+.(*N(|(iX\](*"1%#$82:+.(,+Z(:+.(24+.:+1-EI(J(*"2$*1/-
%&( 82E,#.82.%( =>?!@?!;co;=>@C?!( 2( :1-0+Z%,2E(
2101"#)L8+E(>@C?!D("50:E(`e(v(4)3I(<{C`D(#1B.31(]AD(
01"#)L8+(

h
R

90°(20+Z%,21-E(,+Z(2.(02"),#.4(*N(0(L")/)0+-

<#$)5"0*D



=Kqr?@Ys(fe\aD(61D(:"(a  `\i

,%&(%01L:$4D(1(0(21,1/)0$4D(*)/)B:+.(-1%(/31(*"5B%+(
{C]D(24+.:+1-E(,+Z(#$3%)(:+.2:182:+.I(J$:+%+(#.(0,%12&-E(
:1(#)D(M.(0+Z%,21(2101"#)LP(>@C?!(0(*)3+4."2.(60+.7-
/2+,#$4(21*)B+.61(16".618-+(0(L")/)0+,%&(21,1/)0$4I(
J1"#)()/:)#)01PD(M.(")24+1"$(0,2$,#%+89(B1/1:$89(:1-
:),#"&%#&"(0(")2#0)"189(0)/:$89(*)2),#1-E(0(21%".,+.(
%+3%&/2+.,+Z8+&(:1:)4.#"50D(8)(-.,#(8.89E(*)ME/1:E(/31(
+89(21,#),)01G(0(4./$8$:+.([\]^I

J3>1&*0)53)6"0?61*'"*."#$%&"'()*2%3%4(5)67&*
+&(),-.(/01#$*&*6%.0&%6"#$*&%-'1#$

x1/1:+1(0$%121'$D(M.(*)3+4."$(60+.7/2+,#.((>?!-
@?!(( 0$%12&-E( #."4)82&')LP( #$3%)( 0( ")2#0)"189(
)(*N(|(\]I(=)/)B:.(2189)01:+.()B,."0)01:)(0(*"2$-
*1/%&('1G8&8950(=>?!@?!(,282.*+):$89(:1(R&3.".:+.(
_60([fa^D(%#5".(0(L")/)0+,%&(%01L:$4(*"2.,#101'$(".-
16)01P(:1(24+1:$(#.4*."1#&"$D(:1#)4+1,#(0(01"&:%189(
13%13+82:$89(#."4)82&')LP()/2$,%+01'$I(g.,#(#)(,*)0)/)-
01:.(B"1%+.4('1/&:%&(6"&*(14+:)0$89(0('1G8&89189(
=>?!@?!(0(L")/)0+,%&(21,1/)0$4D(8)(&4)M3+0+1(
+89(,%'ZB+1:+.(,+Z([bD(fb^I(J1"#)L8+(Tcp(*)3+4."50(60+.7-
/2+,#$89(NC\D(NCf(+(NC](0$:),2E()/*)0+./:+)(hhDhD(
he( )"12( fd( �_I(J( ")2#0)"2.( )( ,#1'$4(*N(01"#)L8+(Tcp 
413.-E(0"12(2.(02"),#.4(MnI(=314*."(+(0,*5'*"I([bD(fb^(
B1/13+(0*'$0(3+82B$(+(/'&6)L8+("14+):D(Mn()"12(*N(:1(
#."4)82&')LP( 41%")82E,#.82.%( 9)4)*)3+4.")0$89(
>?!@?!I(!&#)"2$(8+("50:+.M(21)B,."0)013+(24:+.--
,21:+.(,+Z(01"#)L8+(Tcp(2.(20+Z%,21:+.4(,+Z(Mn(0(")2#0)-
"189()(*N(�(dI( g./:1%(:+.213.M:+.()/( 3+82B$( +(/'&6)L8+(
"14+):( :1-0+Z%,2$(0*'$0( :1(01"#)LP( Tcp( *)3+4."50(
60+.7/2+,#$89(=>?!@?!(41D(0./'&6(1&#)"50D(01"#)LP(
*NI(J(*"2$*1/%&(*)3+4."50(60+.7/2+,#$89(>?!@?!(
)("5M:.-(3+82B+.("14+):(,#0+."/2):)(2:182:.(24:+.-,2.-
:+.(Tcp(2(�de(/)(�]e(�_(:1(,%&#.%(20+Z%,2.:+1(*N(2(b(/)(
\e([fb^I(K#"2$41:.(+()*+,1:.(0(:+:+.-,2.-(*"18$(%)*)3+-
4."$(=>?!@?!;co;=>@C?!(:+.(0$%12$01'$(#."4)-
82&')L8+(0(81'$4(B1/1:$89(21%".,+.(*ND(*)4+4)(M.(21-
"50:)(*)3+4."$(>?!@?!D(-1%(+(>@C?!(-E(0$%12&-EI

J3>1&*3Q*'"*3%0)'#o">*.)0"*2%3%4(5)67&*+&(),-.(-
/01#$*&*6%.0&%6"#$*&%-'1#$*

J1"#)L8+(*)#.:8-1'&(2.#1(")2#0)"50(0)/:$89(B1/1:$89(
*)3+4."50(60+.7/2+,#$89(0(213.M:)L8+()/(*N(*"2./,#10+)-
:)(:1("$,I(fI(=)#.:8-1'(2.#1(-.,#(4+1"E('1/&:%&(*)0+."289-
:+)0.6)(:1:)82E,#.%(+(,+3:+.(213.M$()/(*N(")2#0)"&I

J,2$,#%+.()#"2$41:.(*)3+4."$(60+.7/2+,#.(:+.213.M-
:+.()/(,%'1/&(89.4+82:.6)("14+):(0$%12&-E(,*1/.%(*)-
#.:8-1'&(2.#1(0"12(2.(02"),#.4(*N(")2#0)"&I(J1"#)L8+(
*)#.:8-1'&(2.#1(:1:)82E,#.%(%)*)3+4.")0$89(0(")2#0)-
"2.()()%".L3):.-(01"#)L8+(*N(,E(4:+.-,2.(:+M(:1:)82E,#.%(
9)4)*)3+4.")0$89D(8)(-.,#(*"10/)*)/)B:+.(,*)0)/)-
01:.()B.8:)L8+E(:+.-):)0.6)(>@C?!(0("14+):189I(

J(L")/)0+,%&(%01L:$4(*)#.:8-1'(2.#1(:1:)821,#.%(
-.,#(/)/1#:+D(*):+.01M(6"&*$(14+:)0.(0(#1%+4(L")/)-

0+,%&(41-E('1/&:.%(/)/1#:+I(J"12(2.(02"),#.4(*N(6"&-
*$(14+:)0.(,E(/.*")#):)01:.(+(*)#.:8-1'(2.#1(413.-.D(
),+E61-E8(01"#)L8+(&-.4:.(*)(*"2.%")82.:+&(*&:%#&(+2)-
.3.%#"$82:.6)I(J,2$,#%+.(B1/1:.(*)3+4."$(891"1%#."$-
2)01'$(,+Z(&-.4:$4+(01"#)L8+14+(*)#.:8-1'&(2.#1(0(")2-
#0)"189()(0$,)%+89(01"#)L8+189(*NI(Q1%+.(2189)01:+.(
)B,."0)01:)("50:+.M(0(*"2$*1/%&(3+:+)0$89( '1G8&-
8950( =>?!@?!( ,282.*+):$89( :1( *)0+."289:+( =@Q(
[fd^(+(#'&4182):)(#)("),:E8ED(0"12(2.(02"),#.4(,#ZM.:+1(
-):50(KN-D(1/,)"*8-E(#$89(-):50(:1(/.*")#):)01:$89(
'1G8&89189( =>?!@?!I( �-.4:.( 01"#)L8+( *)#.:8-1'&(
2.#1(0(L")/)0+,%&(21,1/)0$4()B,."0)01:)("50:+.M(
0(*"2$*1/%&(*)3+4."50(60+.7/2+,#$89( 2( "14+):14+(
2(%)*)3+4."&(>?!@?!(+(4.#1%"$31:&(<63+%)3&()3+6)-
.#$3.:)0.6)A( <K@C?!D(Mn |( `bh( 6t4)3A( [fi^I( !&#)"2$(
#'&4182$3+( #1%+.( 2189)01:+.( ,%'ZB+1:+.4( '1G8&8950(
=>?!@?!(+(+89()//2+1'$01:+.4(2(,.64.:#14+(K@C-
?!(21(*)4)8E(0+E21G(0)/)")0$89()"12(*)31"$218-E(
82E,#.82.%(0)/$(*)/(0*'$0.4(=K@C?!([fi^I

JMKI<CK

?.#)/E( !QY=( )#"2$41:)( fd;"14+.::.( *)3+4."$(
60+.7/2+,#.()(,#"&%#&"2.(F"/2.G(*)0')%1HD(210+."1-E8.(
9$/")R)B)0$D( ,+3:+.( ")261'Z2+):$( "/2.G(2(=!"Kw()"12(
/01(")/21-.(9$/")T3)0$89("14+):(BE/7(2(9)4)*)3+4.-
"&(>?!@?!(3&B(2(%)*)3+4."&(B.2'1/:.6)(>?!@?!(
+(>@C?!I(cB1/1:)( 2189)01:+.(0,2$,#%+89()#"2$41-
:$89(*)3+4."50(0(")2#0)"189I(

n.3.%#$0:)LP(")2*&,28213:+%1(-1%(+(,%'1/("14+):(41(
0*'$0(:1(")24+1"$(82E,#.%(*)3+4."50(0(")2#0)"189I(
J(")2*&,28213:+%&(0$%12&-E8$4(0$,)%+.(*)0+:)018-
#0)(21"50:)(/)("14+):(-1%(+(/)("/2.:+1D(=>?!@?!(,E(
)B.8:.(-1%)(*)-./$:82.(41%")82E,#.82%+D(1(=>?!@?!-
-co;=>@C?!(-1%)(:+.0+.3%+.(16".61#$I(J(")2*&,28213:+-
%189(,.3.%#$0:$89D(0$%12&-E8$89(*)0+:)018#0)(#$3%)(
/)("14+):D(0,2$,#%+.(")/21-.(41%")82E,#.82.%(0$%12&-
-E(#.:/.:8-Z(/)(16".618-+I(

2 4 6 8 10 12 14

-60

-40

-20

0

20

40

60

P
o

te
n

cj
ał

 z
et

a,
 m

V

pH

 HG1
 HG2

 HG3

 K G1

 K G2

 K G3

 K G4

`1/V*WV*!"4)['%^p*3%0)'#o">?*.)0"*'"'%#.a/0)2*%06.15"'1#$*3%-

4(5)67&*+&(),-.(/01#$*%-*3Q*6%.0&%6?
m(+V*WV*H)3)'-)'#)*%A*0$)*.)0"*3%0)'0("4*%A*%:0"(')-*/0"6/*3%41-

5)6/*'"'%3"60(#4)/*%'*3Q*%A*/%4?0(%'



420 =Kqr?@Ys(fe\aD(61D(:"(a

m1( 2189)01:+.( *)3+4."50(0( ")2#0)"189(0*'$01(
"50:+.M( *NI( J1"#)L8+(

h
R

90°( :1:),#"&%#&"( =>?!@?!(
24:+.-,21-E(,+Z(/0&%")#:+.(:1(,%&#.%(02"),#&(*N(2(f(/)(
\f( +( 20+E21:.-( 2( #$4( /.*")#):18-+( 6"&*( 14+:)0$89(
0( "14+):189I( m1#)4+1,#( 0( *"2$*1/%&( %)*)3+4."50(
=>?!@?!;co;=>@C?!( 0*'$0( *N( -.,#( 213.M:$( )/(
+3)L8+( :+.-):)0.6)( >@C?!(0( "14+):189( 82E,#.82.%I(
?1'1( 2101"#)LP( >@C?!( *)0)/&-.D( M.( 0( ")2#0)"2.(
)( L")/)0+,%&( %01L:$4(0$,#Z*&-E( -./:)82.L:+.( *)-.-
/$:82.(41%")82E,#.82%+( -1%( +( +89( 16".61#$D( :1#)4+1,#(
0(L")/)0+,%&(21,1/)0$4(#0)"2E(,+Z(:+.0+.3%+.(16".61-
#$I(J1"#)L8+(

h
R

90°(:1:),#"&%#&"(=>?!@?!;co;=>@C?!(
210+."1-E8$89(*)0$M.-(]e(v(4)3I(>@C?!(0("14+):189(
0( 21,1/)0$4( 21%".,+.( *N( 24+.:+1-E( ,+Z( :+.2:182:+.(
8)(,&6."&-.D(M.(>@C?!(21*)B+.61(16".618-+(*)3+4."50(
60+.7/2+,#$89(/)(0+Z%,2$89(,#"&%#&"I(=>?!@?!(0$-
%12$01'$(#."4)82&')LP(#$3%)(0(")2#0)"189()(*N(|(\]D(
82$3+(0(L")/)0+,%&D(0(%#5"$4(6"&*$(14+:)0.(,E(81'%)-
0+8+.(2/.*")#):)01:.I(J"12(2.(02"),#.4(/'&6)L8+("1-
4+):(0(41%")82E,#.828.(01"#)L8+(Tcp(4131'$I(m1#)4+1,#(
=>?!@?!;co;=>@C?!(0(81'$4(B1/1:$4(21%".,+.(*N(
:+.(0$%12$01'$(#."4)82&')L8+I(

K#"2$41:.(0$:+%+(0,%12&-ED(M.(*)3+4."$(60+.7/2+,#.(
=>?!@?!()"12(=>?!@?!;co;=>@C?!(4)6E(B$P(0$-
%)"2$,#1:.(-1%)(:)L:+%+(,&B,#1:8-+(1%#$0:$89(B+)3)6+82:+.I

qrQ@Y!Q�Y!

[\̂ ( �)+#(xIrID(q./."."(!IO(Chemical Reviews Wjji, 109D(hif`I(
( 9~*Ott/wI/)+I)"6t\eI\ef\t8"ieeeadV
[f^( c9)&(sID(N&1:6(JID(q+&(gI( +( +:IO(Advanced Materials 

WjUj, 22D(`habI(
( 9~*Ott/wI/)+I)"6t\eI\eeft1/41Ife\eee]ai
[]^( C1)(NIO(Macromolecular Rapid Communications WjUW, 

33D(bffI(9~*Ott/wI/)+I)"6t\eI\eeft41"8Ife\feeeeh
[̀ ^( g):.,(?I;_9ID(Y1:6."(?ID(q.")&w(gI;_9IO(Bioconjugate 

Chemistry Wjj], 14D(bb`I(
( 9~*Ott/wI/)+I)"6t\eI\ef\tB8efee`\R
[h^( q+&(NID(�1"".33(nID(�9"+89({IO(Journal of Controlled Re-

lease Wjjj, 68D(\abI(
( 9~*Ott/wI/)+I)"6t\eI\e\atne\ad;]ahi<eeAeef`b;i
[a^( n&:(�ID(g+1:6(CID(J1:6(sID(�&(sIO(Colloid and Polymer 

Science WjUU, 289D(abbI(
( 9~*Ott/wI/)+I)"6t\eI\eebt,ee]ia;e\e;f]\`;b
[b^( =314*."(�I!ID(n$:1#,89%.(_9I�ID(?1-.0,%+(!I=I(+(+:IO(

Polimery WjUq, 59, 66. 
( 9~*Ott/wI/)+I)"6t\eI\`]\`t*)3+4."$Ife\`Ieaa
[d^( C.)"6+)&(QI{ID(�14U1%1%+(?ID(=1#"+8%+),(_InI(+( +:IO(

Biomacromolecules Wjjq, 5, 2221. 
( 9~*Ott/wI/)+I)"6t\eI\ef\tB4e`ibhh.
[i^( C.)"6+)&( QI{ID( �14U1%1%+( ?ID( =9$318#)&( qI!ID(

(=1#"+8%+),((_InIO(Biomacromolecules Wjje, 6D(fiieI(
( 9~*Ott/wI/)+I)"6t\eI\ef\tB4ehe]eb0
[\e^( =1T#+({InID(?1,#")$+1::)*)&3),(mI=ID(=9$318#)&(qI!ID(

=1#"+8%+),(_InIO(Biomacromolecules WjUU, 12D(\`adI(
( 9~*Ott/wI/)+I)"6t\eI\ef\tB4\e\`e\`
[\\̂ ( c9)&(gID(J1:6(qID(?1(gI(+(+:IO(European Polymer Journal 

WjUj, 46D(\fddI(
( 9~*Ott/wI/)+I)"6t\eI\e\at-I.&"*)3$4-Ife\eIe]Iee`
[\f^( �+&( �ID(J1:6(>ID(J1:6( YI( +( +:IO(Biomacromolecules 

WjU], 14D(\abdI(
( 9~*Ott/wI/)+I)"6t\eI\ef\tB4`ee]]\b
[\]^(?1"%)U,%$( @ID( x11B&";_)9.:( NID( @3/1";x))8%( !I(

+(+:IO(Journal of Controlled Release WjUW, 161, 446. 
( 9~*Ott/wI/)+I)"6t\eI\e\at-I-8):".3Ife\\I\fIef\
[\ ^̀( m.0%)4.(CIYID(?))".T.3/(_9ImID(x1%."(CIYI(+( +:IO(

Angewandte Chemie UiiU, 103D(\febI(
( 9~*Ott/wI/)+I)"6t\eI\eeft1:6.I\ii\\e]ei`h
[\h^( c9)&(sID(s1:(>IO(Chemical Communications WjjiD(\\bfI(
( 9~*Ott/wI/)+I)"6t\eI\e]itxd\`hae_
[\a^( N):6(NID(?1+(sID(c9)&(sI(+(+:IO(Macromolecular Rapid 

Communications Wjjr, 28D(hi\I(
( 9~*Ott/wI/)+I)"6t\eI\eeft41"8Ifeeaeebhf
[\b^(?1+(sID(c9)&(sID(s1:(>IO(Macromolecules Wjje, 38D(dabiI(
( 9~*Ott/wI/)+I)"6t\eI\ef\t41eh\]bb$
[\d^( Y1/)0,%+(?IYID(n9&%31(!ID(U):(x."3.*,89(NI(+(+:IO(An-

gewandte Chemie International Edition Wjjr, 46D(\fahI(
( 9~*Ott/wI/)+I)"6t\eI\eeft1:+.Ifeeae]de\
[\i^( =+88)(!InID(s14..:(xID(!221"):+(KID(_.)3�:(?IO(Che-

mical Communications WjUU, 47D(]defI(
( 9~*Ott/wI/)+I)"6t\eI\e]it_e__eh`bf{
[fe^(?.:/".%(xID(n+.")G(�ID(q+B."1(?I(+(+:IO(Polymer WjUq, 55, 

`hh\I(9~*Ott/wI/)+I)"6t\eI\e\at-I*)3$4."Ife\`IebIe\]
[f\̂ ( ?.:/".%(xID(n+.")G(�ID(�$4.'%1;?+1"1(rI(+(+:IO(Bioma-

cromolecules WjUe, 16D(]fbhI(
( 9~*Ott/wI/)+I)"6t\eI\ef\t18,IB+)418IhBeei`d
[ff^({)01382&%(!ID(?.:/".%(xID(�$4.'%1;?+1"1(rI( +( +:IO(

Polymer WjUW, 53D(ha\iI(
( 9~*Ott/wI/)+I)"6t\eI\e\at-I*)3$4."Ife\fI\eIeff
[f]^({&8%3+:6(>ID(J$8+,%(!IO(Journal of Polymer Science Part 

A: Polymer Chemistry WjU], 51D(fideI(
( 9~*Ott/wI/)+I)"6t\eI\eeft*)31Ifaaia
[f ^̀( {)01382&%( !ID( �1:/.:/"+.,,89.( !ID( Q"2.B+8%1( xI(

+(+:IO(Journal of Polymer Science Part A: Polymer Chemi-
stry Wjji, 47, 1120. 

( 9~*Ott/wI/)+I)"6t\eI\eeft*)31If]ff`
[fh^( N+.4.:2(=I_ID(q)/6.(QI=IO(S=)3$4."(_9.4+,#"$HD(_Y_(

=".,,(Q1$3)"(1:/(�"1:8+,(C")&*D(x)81(Y1#):(feebD(,#"I(hI(
[fa^(>1+(nID(Y1U+(=ID(Q1:(_INID(Q14({I_IO(Langmuir Wjjq, 20, 

dhaiI(9~*Ott/wI/)+I)"6t\eI\ef\t31e`ddfa,
[fb^(=314*."(�I!ID(Y&**.3(?ID(n894132(!I(+(+:IO(Macromo-

lecules Wjjr, 40D(d]a\I(
( 9~*Ott/wI/)+I)"6t\eI\ef\t41eb\fe]B
[fd^(�89+/1(@ID(�$141(sID( r%1/1(sIO(Langmuir Uiiq, 10, 

\\i]I(9~*Ott/wI/)+I)"6t\eI\ef\t31eee\a1e]b
[fi^(N&1:6(�ID(�+1)(sID(q1:6(?IO(Macromolecular Research 

WjUW, 20D(hibI(
( 9~*Ott/wI/)+I)"6t\eI\eebt,\]f]];e\f;eedf;a


