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Abstract

Atom transfer radical polymerization (ATRP) is one of the most effective methods to polymerize
a variety of monomers in a living fashion, yielding polymers with predetermined molecular weight and
narrow molecular weight distributions and with well-defined structure. Moreover, because of its radical
nature, ATRP is tolerant to many functionalities in monomers leading to polymer with functionalities
along the chains. Therefore, ATRP technique is recently applied to develop various polymers, which is
suitable for different applications. This review article describes the fundamental of ATRP and provides
examples of polymeric materials synthesized successfully by ATRP.

Keywords: Atom transfer radical polymerization, block copolymers, graft copolymers, functional
polymers

∫∑§—¥¬àÕ

‡∑§π‘§æÕ≈‘‡¡Õ‰√‡´™—π·∫∫·√¥‘§Õ≈™π‘¥¡’°“√¬â“¬Õ–µÕ¡ (atom transfer radical polymerization,

ATRP) ®—¥‡ªìπ‡∑§π‘§∑’Ë¡’ª√– ‘∑∏‘¿“æ¡“°∑’Ë ÿ¥‡∑§π‘§Àπ÷Ëß ”À√—∫°“√ —ß‡§√“–ÀåæÕ≈‘‡¡Õ√å®“°¡ÕπÕ‡¡Õ√åå

À≈“¬™π‘¥ ‡∑§π‘§ ATRP ¡’≈—°…≥–‡ ¡◊Õπ‡ªìπ≈‘ø«‘ËßæÕ≈‘‡¡Õ‰√‡´™—π (living polymerization) ∑”„Àâ

æÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå‰¥â¡’πÈ”Àπ—°‚¡‡≈°ÿ≈µ“¡°“√§“¥§–‡π (predetermined molecular weight)

°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫ ·≈–¡’‚§√ß √â“ß·πàπÕπµ“¡µâÕß°“√ (well-defined structure) πÕ°®“°

π’È‡π◊ËÕß®“°°“√√‘‡√‘Ë¡ªØ‘°‘√‘¬“ (initiation) ¢Õß‡∑§π‘§ ATRP ‡ªìπ·∫∫·√¥‘§Õ≈∑”„Àâ‰¡à«àÕß‰«µàÕ¡ÕπÕ‡¡Õ√å

∑’Ë¡’À¡Ÿàøíß°å™—π ®÷ß “¡“√∂„™â„π°“√ —ß‡§√“–ÀåæÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿàøíß°å™—π∫π “¬‚´à (functional polymers)

‰¥âÕ’°¥â«¬ ¥—ßπ—Èπ„πªí®®ÿ∫—π®÷ß¡’°“√„™â‡∑§π‘§ ATRP  ”À√—∫æ—≤π“æÕ≈‘‡¡Õ√åÀ≈“°À≈“¬™π‘¥´÷Ëß¡’§«“¡

‡À¡“– ¡°—∫°“√π”‰ª„™âª√–‚¬™πå„π¥â“π∑’Ë·µ°µà“ß°—πÕÕ°‰ª ∫∑§«“¡ª√‘∑√√»πåπ’ÈÕ∏‘∫“¬∂÷ßÀ≈—°

æ◊Èπ∞“π¢Õß‡∑§π‘§ ATRP √«¡∑—Èß· ¥ßµ—«Õ¬à“ß¢Õß«— ¥ÿæÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå‰¥â‚¥¬„™â‡∑§π‘§ ATRP
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¢—Èπ√‘‡√‘Ë¡ªØ‘°‘√‘¬“ (initiation) „Àâ‡°‘¥¢÷ÈπÕ¬à“ß√«¥‡√Á«

‡æ◊ËÕ„Àâ§«“¡‡¢â¡¢âπ¢Õß “¬‚ à́æÕ≈‘‡¡Õ√å∑’Ë°”≈—ß

‡µ‘∫‚µ (growing chains) §ß∑’Ë·≈–ªÑÕß°—π‰¡à„Àâ

 “¬‚´àæÕ≈‘‡¡Õ√å∑’Ë°”≈—ß‡µ‘∫‚µÀ¬ÿ¥‡µ‘∫‚µ‚¥¬„Àâ

·√¥‘§Õ≈∑’Ëª≈“¬ “¬‚ à́‡°‘¥ªØ‘°‘√‘¬“·∫∫º—π°≈—∫‰¥â

(reversible reaction) °—∫ “√∑’Ë∑”Àπâ“∑’Ë‡ªìπ·§ªªîôß

‡Õ‡®πµå (capping agent) ‡™àπ Õ–µÕ¡Œ“‚≈‡®π

(halogen atom) ·≈–‰π∑√Õ°‰´¥å·√¥‘§Õ≈ (nitroxide

radical) ‡ªìπµâπ (Matyjaszewski, 1996; Shipp

et al., 1998; Greszta et al., 1994) °“√§«∫§ÿ¡

¥—ß°≈à“«¡’º≈„Àâ‡∑§π‘§ CRP ¡’≈—°…≥–‡ ¡◊Õπ‡ªìπ

≈‘ø«‘ËßæÕ≈‘‡¡Õ‰√‡´™—π

æÕ≈‘‡¡Õ‰√‡´™—π·∫∫·√¥‘§Õ≈™π‘¥¡’°“√¬â“¬

Õ–µÕ¡ (ATRP) ‡ªìπ√Ÿª·∫∫Àπ÷Ëß¢Õß‡∑§π‘§ CRP

´÷Ë ß ‡ πÕ‚¥¬ Matyjaszewski (Wang and

Matyjaszewski, 1995a, 1995b; Gaynor et al., 1996)

·≈– Sawamoto (Kato et al., 1995) ·§ªªîôß‡Õ‡®πµå

 ”À√—∫‡∑§π‘§π’È§◊Õ Õ–µÕ¡Œ“‚≈‡®π ATRP ‡ªìπ

‡∑§π‘§∑’Ë§«∫§ÿ¡°“√‡µ‘¡À¡Ÿàøíß°å™—π‰¥â¥’ „™â‰¥â°—∫

¡ÕπÕ‡¡Õ√åÀ≈“¬™π‘¥ ‡™àπ  ‰µ√’π (Wang and

Matyjaszewski, 1995b; Matyjaszewski et al.,

1997) Õ–§√‘‡≈µ (Davis et al., 1999) ·≈–‡¡∑“§√‘‡≈µ

(Haddleton et al. , 1997) æÕ≈‘ ‡¡Õ√å∑’Ë‰¥â

®“°‡∑§π‘§π’È¡’°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫

(Wang et al., 1999a) πÕ°®“°π’È¬—ß‡ªìπ‡∑§π‘§∑’Ë

∑πµàÕ§«“¡™◊Èπ·≈– ‘Ëßªπ‡ªóôÕπÕ◊Ëπ Ê ‰¥â¥’°«à“

æÕ≈‘‡¡Õ‰√‡´™—π·∫∫‰ÕÕÕπ‘° ·≈–‚¥¬∑—Ë«‰ª

Õÿ≥À¿Ÿ¡‘ ”À√—∫°“√‡°‘¥ªØ‘°‘√‘¬“Õ¬Ÿà„π™à«ß 80 - 120

Õß»“‡´≈‡´’¬  (Zhang et al., 1999) ‡∑§π‘§ ATRP

®÷ß‡ªìπ∑’Ëπ‘¬¡»÷°…“°—πÕ¬à“ß°«â“ß¢«“ß·≈–„™â‡ªìπ

·π«∑“ß ”À√—∫æ—≤π“«— ¥ÿæÕ≈‘‡¡Õ√å™π‘¥„À¡à Ê

®“°¡ÕπÕ‡¡Õ√å∑’Ë¡’Õ¬Ÿà

À≈—°æ◊Èπ∞“π¢Õß‡∑§π‘§ ATRP

‡∑§π‘§ ATRP „™âµ—«√‘ ‡√‘Ë¡ªØ‘°‘√‘¬“ª√–‡¿∑

Õ—≈§‘≈‡Œ‰≈¥å (RX) ·≈–¡’ “√ª√–°Õ∫‡™‘ß ấÕπ

¢Õ ß ‚ ≈À–∑√ “π ‘́ ™— π ‡ ªì π µ— « ‡ √à ß ªØ‘ °‘ √‘ ¬ “

∫∑π”

æÕ≈‘‡¡Õ‰√‡´™—π·∫∫·√¥‘§Õ≈ (radical poly-

merization) ‡ªìπ«‘∏’∑’Ëπ‘¬¡ ”À√—∫°“√º≈‘µ«— ¥ÿ

æÕ≈‘‡¡Õ√å„π∑“ßÕÿµ “À°√√¡ (Matyjaszewski,

1996; Shen et al., 2000) ∑—Èßπ’È‡π◊ËÕß®“°¡’¢âÕ¥’°«à“

‡∑§π‘§Õ◊ËπÀ≈“¬ª√–°“√ ‰¥â·°à  “¡“√∂‡°‘¥ªØ‘°‘√‘¬“

æÕ≈‘‡¡Õ‰√‡´™—π°—∫‰«π‘≈¡ÕπÕ‡¡Õ√åÀ≈“¬™π‘¥

 ¿“«– ”À√—∫°“√‡°‘¥ªØ‘°‘√‘¬“µâÕß°“√‡æ’¬ß°“√

ª√“»®“°ÕÕ° ‘́‡®π ∑πµàÕ§«“¡™◊Èπ·≈– ‘Ëßªπ‡ªóôÕπ

Õ◊Ëπ Ê ‰¥â¥’ ªØ‘°‘√‘¬“‡°‘¥„π™à«ßÕÿ≥À¿Ÿ¡‘∑’Ë∑”‰¥â

 –¥«° §◊Õ Õ¬Ÿà„π™à«ß 0 - 100 Õß»“‡´≈‡ ’́¬  Õ¬à“ß‰√

°Áµ“¡æÕ≈‘‡¡Õ‰√‡´™—π·∫∫·√¥‘§Õ≈¡’¢âÕ¥âÕ¬‡√◊ËÕß

°“√§«∫§ÿ¡πÈ”Àπ—°‚¡‡≈°ÿ≈ æÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå

‰¥â¡’°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈°«â“ß ·≈–‰¡à “¡“√∂

°”Àπ¥‚§√ß √â“ß∑’Ë·πàπÕπ¢Õß “¬‚ à́æÕ≈‘‡¡Õ√å

°“√º≈‘µæÕ≈‘‡¡Õ√å∑’Ë¡’‚§√ß √â“ß·πàπÕπ

µ“¡µâÕß°“√ ‡™àπ ∫≈ÁÕ°·≈–°√“ø∑å‚§æÕ≈‘‡¡Õ√å

(block and graft copolymers) æÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿà

øíß°å™—π √«¡∑—ÈßæÕ≈‘‡¡Õ√å∑’Ë¡’πÈ”Àπ—°‚¡‡≈°ÿ≈µ“¡

°“√§“¥§–‡π·≈–°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫

®–„™â‡∑§π‘§æÕ≈‘‡¡Õ‰√‡´™—π·∫∫‰ÕÕÕπ‘° (ionic

polymerization) (Szwarc and Beylen, 1993; Hsieh

and Quirk, 1996) Õ¬à“ß‰√°Áµ“¡ æÕ≈‘‡¡Õ‰√‡´™—π

·∫∫‰ÕÕÕπ‘°µâÕß∑”∑’ËÕÿ≥À¿Ÿ¡‘µË”¡“°·≈– ¿“«–

 ”À√—∫°“√‡°‘¥ªØ‘°‘√‘¬“µâÕßª√“»®“°§«“¡™◊Èπ

πÕ°®“°π’È¡ÕπÕ‡¡Õ√å∑’Ë “¡“√∂‡°‘¥ªØ‘°‘√‘¬“

æÕ≈‘‡¡Õ‰√‡´™—π·∫∫π’È‰¥â¡’®”π«ππâÕ¬ ·≈–°“√

„™â¡ÕπÕ‡¡Õ√å∑’Ë¡’À¡Ÿàøíß°å™—πÕ“®∑”„Àâ‡°‘¥ªØ‘°‘√‘¬“

¢â“ß‡§’¬ß∑’Ë‰¡àµâÕß°“√

«‘∏’ —ß‡§√“–ÀåæÕ≈‘‡¡Õ√å∑’Ë§àÕπ¢â“ß„À¡à´÷Ëß„™â

 ”À√—∫ —ß‡§√“–ÀåæÕ≈‘‡¡Õ√å∑’Ë¡’‚§√ß √â“ß·πàπÕπ

æÕ≈‘‡¡Õ√å∑’Ë¡’πÈ”Àπ—°‚¡‡≈°ÿ≈µ“¡°“√§“¥§–‡π·≈–

°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫ √«¡∑—ÈßæÕ≈‘‡¡Õ√å

∑’Ë¡’À¡Ÿàøíß°å™—π §◊Õ ‡∑§π‘§æÕ≈‘‡¡Õ‰√‡´™—π·∫∫

·√¥‘§Õ≈™π‘¥¡’°“√§«∫§ÿ¡ (controlled radical

polymerization, CRP) (Matyjaszewski, 1996; Shipp

et al., 1998) À≈—°æ◊Èπ∞“π¢Õß‡∑§π‘§π’È §◊Õ §«∫§ÿ¡
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( ;M L  Lt
z

m m = ≈‘·°π¥å) ¢—ÈπµÕπ¢Õß°“√‡°‘¥

ªØ‘°‘√‘¬“‡√‘Ë¡®“°‚≈À–∑√“π´‘™—π (M t
z ‡™àπ Fe2+,

Cu2+) ´÷Ëß‡ªìπ»Ÿπ¬å°≈“ß¢Õß “√ª√–°Õ∫‡™‘ß ấÕπ

·≈–Õ¬Ÿà„π ∂“π–∑’Ë¡’§à“ÕÕ° ‘́‡¥™—πµË”‰ª¥÷ßÕ–µÕ¡

Œ“‚≈‡®π (X) ®“°Õ—≈§‘≈‡Œ‰≈¥å‰¥â‡ªìπÀ¡ŸàÕÕ° ‘́‰¥ ǻ

∑’Ë ‚ ≈À–∑√ “π ‘ ™— π¡’ §à “ Õ Õ° ‘́ ‡ ¥ ™— π Ÿ ß ¢÷È π

( )XM Lt
z+1

m  °—∫·√¥‘§Õ≈∑’Ë«àÕß‰«µàÕ°“√‡°‘¥

ªØ‘°‘√‘¬“ (R●) ·√¥‘§Õ≈ R●  “¡“√∂‡°‘¥ªØ‘°‘√‘¬“

æÕ≈‘‡¡Õ‰√‡´™—π°—∫¡ÕπÕ‡¡Õ√åÀ√◊Õ∑”ªØ‘°‘√‘¬“°—∫

Õ–µÕ¡Œ“‚≈‡®π∑’Ë¡’æ—π∏–Õ¬Ÿà°—∫‚≈À–∑√“π´‘™—π

‰¥â‡ªìπÀ¡Ÿà∑’Ë‰¡à«àÕß‰«·µàæ√âÕ¡®–‡°‘¥ªØ‘°‘√‘¬“

(dormant species , RX) ·≈–‚≈À–∑’Ë¡’§à “

ÕÕ°´‘‡¥™—πµË”Õ’°§√—Èß (√Ÿª∑’Ë 1 ¢—Èπ√‘‡√‘Ë¡ªØ‘°‘√‘¬“)

 ”À√—∫¢—Èπ·ºà¢¬“¬ “¬‚ à́ (propagation) ®–§≈â“¬

°—∫¢—Èπ√‘ ‡√‘Ë¡ªØ‘°‘√‘¬“‚¥¬°√–∫«π°“√∑’Ë ‡°‘¥¢÷Èπ

‡°’Ë¬«¢âÕß°—∫§«“¡ ¡¥ÿ≈√–À«à“ß°“√‡°‘¥À¡Ÿà∑’Ë

«àÕß‰«µàÕ°“√‡°‘¥ªØ‘°‘√‘¬“ (Pn
●) ·≈–À¡Ÿà∑’Ë‰¡à

«àÕß‰«·µàæ√âÕ¡®–‡°‘¥ªØ‘°‘√‘¬“ (PnX) (√Ÿª∑’Ë 1

¢—Èπ·ºà¢¬“¬ “¬‚´à) (Davis et al., 1999; Coessens

et al., 2001) °√–∫«π°“√¥—ß°≈à“«π’È‡°‘¥¢÷ÈπÕ¬à“ß

√«¥‡√Á«·≈–§«“¡ ¡¥ÿ≈¢ÕßªØ‘°‘√‘¬“®–∂Ÿ°§«∫§ÿ¡

„Àâ§àÕπ‰ª∑“ß¥â“π∑’Ë‡ªìπÀ¡Ÿà∑’Ë‰¡à«àÕß‰«·µàæ√âÕ¡

®–‡°‘¥ªØ‘°‘√‘¬“À√◊Õ§«∫§ÿ¡„ÀâÕ—µ√“°“√‡°‘¥‡ªìπÀ¡Ÿà

∑’Ë«àÕß‰«µàÕ°“√‡°‘¥ªØ‘°‘√‘¬“¡’§à“πâÕ¬°«à“Õ—µ√“°“√

‡°‘¥‡ªìπÀ¡Ÿà∑’Ë‰¡à«àÕß‰«·µàæ√âÕ¡®–‡°‘¥ªØ‘°‘√‘¬“

(ka
o< kd

o  ·≈– ka < kd ) ‡æ◊ËÕ∑”„Àâ§«“¡‡¢â¡¢âπ

¢Õß·√¥‘§Õ≈µË”¡“° Ê ´÷Ëß¡’º≈„Àâ °“√À¬ÿ¥

ªØ‘°‘√‘¬“°“√‡µ‘∫‚µ¢Õß “¬‚ à́æÕ≈‘‡¡Õ√å·∫∫ Õß

‚¡‡≈°ÿ≈ (bimolecular termination) ‡°‘¥¢÷Èπ‰¥â¬“°

°“√§«∫§ÿ¡§«“¡ ¡¥ÿ≈¢ÕßªØ‘°‘√‘¬“„π√Ÿª∑’Ë 1
„Àâ‰ª∑“ß¥â“π∑’Ë¡’°≈ÿà¡∑’Ë‰¡à«àÕß‰«·µàæ√âÕ¡®–‡°‘¥
ªØ‘°‘√‘¬“¡“°°«à“·√¥‘§Õ≈∑”‚¥¬§«∫§ÿ¡§«“¡‡¢â¡¢âπ
¢ÕßÀ¡Ÿà XM Lt

z+1
m „π√–∫∫„Àâ‡¢â¡¢âπ¡“° Ê

·≈–‡≈◊Õ°„™âÀ¡Ÿà XM Lt
z+1

m ∑’Ë¡’§«“¡«àÕß‰«µàÕ
ªØ‘°‘√‘¬“ Ÿß ‡™àπ „™â “√ª√–°Õ‡™‘ß´âÕπ¢Õß
§Õª‡ªÕ√å (II) °—∫≈‘·°π¥å™π‘¥ 2, 2'-‰∫‰æ√‘¥’π
(2, 2'-bipyridine) À√◊Õ ‡æπµ“‡¡∑‘≈‰¥‡Õ∑‘≈’π
‰µ√‡Õ¡’π (pentamethydiethylenetriamine) ·≈–

‡≈◊Õ°„™â¡ÕπÕ‡¡Õ√å∑’Ë¡’Õ—µ√“°“√·ºà¢¬“¬ “¬‚´à™â“

‡™àπ  ‰µ√’π (Matyjaszewski, 2003)

«— ¥ÿæÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå‚¥¬‡∑§π‘§

ATRP

‡∑§π‘§ ATRP ‡ªìπ‡∑§π‘§∑’Ë¡’ª√– ‘∑∏‘¿“æ¡“°

∑’Ë ÿ¥«‘∏’Àπ÷Ë ß∑’Ë  “¡“√∂„™â „π°“√ — ß ‡§√“–Àå

æÕ≈‘‡¡Õ√å∑’Ë¡’‚§√ß √â“ß —́∫´âÕπ (Matyjaszewski

et al., 1999) æÕ≈‘‡¡Õ√å∑’Ë¡’‚§√ß √â“ß·πàπÕπ

(Jankova et al., 1998) ·≈–æÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿà

øíß°å™—π∑’Ëµ”·Àπàßµà“ß Ê ¢Õß “¬‚ à́ (Coessens

et al., 2001) «— ¥ÿæÕ≈‘‡¡Õ√å∑’Ë®–°≈à“«∂÷ßµàÕ‰ªπ’È

‡ªìπæÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå‰¥â‚¥¬„™â‡∑§π‘§ ATRP

´÷Ë ß∫“ß™π‘¥Õ“®¡’°“√ —ß ‡§√“–Àå¡“°àÕπ¥â«¬

‡∑§π‘§Õ◊Ëπ·µà ¿“«–∑’Ë„™â„π°“√∑¥≈Õß¬ÿàß¬“°¡“°

°«à“‡∑§π‘§ ATRP

æÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿàøíß°å™—π

æÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿà∑’Ë«àÕß‰«µàÕ°“√‡°‘¥ªØ‘°‘√‘¬“

À√◊ÕÀ¡Ÿàøíß°å™—πÕ¬Ÿà∫π “¬‚ à́®—¥‡ªìπæÕ≈‘‡¡Õ√å∑’Ë‰¥â

√—∫§«“¡ π„®¡“°‡π◊ËÕß®“° “¡“√∂‡°‘¥ªØ‘°‘√‘¬“

°—∫¡ÕπÕ‡¡Õ√åÀ√◊Õ “√™π‘¥Õ◊Ëπ Ê µàÕ‰ª‰¥â ‡™àπ

æÕ≈‘‡¡Õ√å∑’Ë¡’Õ–µÕ¡Œ“‚≈‡®πÕ¬Ÿàµ√ßª≈“¬ “¬‚ à́

Figure 1. The mechanism of ATRP (Davis
et al., 1999).
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 “¡“√∂∑”Àπâ“∑’Ë‡ªìπµ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“ ”À√—∫‡∑§π‘§

ATRP „π°√≥’°“√ —ß‡§√“–Àå∫≈ÁÕ°À√◊Õ°√“ø∑å

‚§æÕ≈‘‡¡Õ√å ‚¥¬‡√’¬°µ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“¥—ß°≈à“««à“

ç·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å (macroinitiator)é (Coessens

et al., 2001) πÕ°®“°π’È¬—ß¡’°“√π”æÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿà

øíß°å™—π‰ª„™â„π°“√º≈‘µæÕ≈‘‡¡Õ√åº ¡·∫∫‡°‘¥

ªØ‘°‘√‘¬“ (reactive blending) (Malz et al., 1999)

√«¡∑—Èß¡’°“√„™âæÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿàøíß°å™—π°—∫ß“π∑“ß

¥â“π‰¡‚§√Õ‘‡≈Á°∑√Õπ‘° (microelectronic) ·≈–

«— ¥ÿ»“ µ√å (materials science) (Kim et al., 1995;

Premachandran et al., 1997)

Malz et al. (1999)  —ß‡§√“–ÀåæÕ≈‘ ‰µ√’π

∑’Ë ¡’ª≈“¬ “¬‚´à ‡ªìπÀ¡Ÿà §“√å∫Õ°´‘≈‘°·Õ´‘¥

(carboxylic acid) À√◊Õ À¡Ÿà·Õπ‰Œ‰¥√¥å (anhydride)

‡æ◊ËÕ„™â„π°“√∑”æÕ≈‘‡¡Õ√åº ¡·∫∫‡°‘¥ªØ‘°‘√‘¬“

§≥–ºŸâ»÷°…“∑”°“√‡ª√’¬∫‡∑’¬∫‡∑§π‘§∑’Ë„™â ”À√—∫

°“√ —ß‡§√“–Àå√–À«à“ß‡∑§π‘§«‘≈‡≈’¬¡ —πÕ’‡∑Õ√å

(Williamson ether synthesis) ·≈–‡∑§π‘§ ATRP

æ∫«à“‡∑§π‘§·√°¡’ªØ‘°‘√‘¬“¢â“ß‡§’¬ß (side reactions)

‡°‘¥¢÷Èπ¡“°À√◊Õ¢—ÈπµÕπ„π°“√∑”„Àâº≈‘µ¿—≥±å∑’Ë‰¥â

¡’§«“¡∫√‘ ÿ∑∏‘Ï§àÕπ¢â“ß¬ÿàß¬“° ·µà ”À√—∫‡∑§π‘§

ATRP ÷́Ëß„™â 4-(1-‚∫√‚¡‡Õ∑‘≈) ‡∫π‚´Õ‘°·Õ ‘́¥

[4-(1-bromoethyl) benzoic acid] À√◊Õ 4-(‚∫√

‚¡‡¡∑‘≈) ø∑“≈‘° ·Õπ‰Œ‰¥√¥å [4-(bromomethyl)

phathalic anhydride] ‡ªìπµ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“π—Èπ

®–„ÀâæÕ≈‘ ‰µ√’π∑’Ë¡’À¡Ÿàøíß°å™—πÕ¬Ÿà∑’Ëª≈“¬ “¬‚ à́

µ“¡µâÕß°“√ (√Ÿª∑’Ë 2 ·≈– 3)

æÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿàøíß°å™—πÕ’°™π‘¥Àπ÷Ëß∑’Ë¡’°“√

 —ß‡§√“–Àå¢÷Èπ‡æ◊ËÕ„™â ”À√—∫°“√∑”æÕ≈‘‡¡Õ√åº ¡

·∫∫‡°‘¥ªØ‘°‘√‘¬“ §◊Õ æÕ≈‘‡¡∑‘≈‡¡∑“§√‘‡≈µ∑’Ë¡’À¡Ÿà

¥â“πª≈“¬‡ªìπø∑“≈‘°·Õπ‰Œ‰¥√¥å (phthalic

anhydride) (Moon et al., 2002) ´÷ËßæÕ≈‘‡¡Õ√å

¥— ß°≈à “«πÕ°®“°®–¡’À¡Ÿàøí ß°å™—π ”À√—∫‡°‘¥

ªØ‘°‘√‘¬“·≈â«¬—ßª√–°Õ∫‰ª¥â«¬À¡Ÿà∑’Ë¡’ ¡∫—µ‘∑“ß

ø≈ŸÕÕ‡√ ‡´πµå∑’Ë “¡“√∂µ√«® Õ∫‰¥â·¡â∑’Ë§«“¡

‡¢â¡¢âπµË” ‚¥¬°√–∫«π°“√ —ß‡§√“–Àå„™âµ—«√‘‡√‘Ë¡

ªØ‘°‘√‘¬“∑’Ëª√–°Õ∫¥â«¬‰¥‡∑Õ‡™’¬√’∫‘«∑‘≈ø∑“‡≈µ

(di-t-butyl phthalate) ∑”ªØ‘°‘√‘¬“æÕ≈‘‡¡Õ‰√‡´™—π

°—∫‡¡∑‘≈‡¡∑“§√‘‡≈µ·≈–¡ÕπÕ‡¡Õ√å∑’Ë¡’ ¡∫—µ‘

ø≈ŸÕÕ‡√ ‡´πµå·≈â«®÷ßπ”æÕ≈‘ ‡¡Õ√å∑’Ë ‰¥â´÷Ë ß¡’

πÈ”Àπ—°‚¡‡≈°ÿ≈µ√ß°—∫∑’Ë§”π«≥‰¥âµ“¡∑ƒ…Æ’·≈–

°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫ (M Mw n/ < 1.26)

Figure 2. Synthesis of carboxylic acid terminated polystyrene by ATRP (Malz et al., 1999).

Figure 3. Synthesis of anhydride terminated polystyrene by ATRP (Malz et al., 1999).
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‰ª∑”ªØ‘°‘√‘¬“‰æ‚√≈‘´’  (pyrolysis) ‡æ◊ËÕ„ÀâÀ¡Ÿà

¥â“πª≈“¬‡ªìπø∑“≈‘°·Õπ‰Œ‰¥√¥å

Garamszegi et al. (2003)  —ß‡§√“–ÀåæÕ≈‘ -

‰µ√’π∑’Ë¡’À¡Ÿà¥â“πª≈“¬‡ªìπÀ¡Ÿà‰∑ÕÕ≈ (thiol) ÷́Ëß

‡ªìπ∑’ËµâÕß°“√„™âß“π∑“ß¥â“π«— ¥ÿ»“ µ√å (Prema-

chandran et al., 1997) ªØ‘°‘√‘¬“°“√ —ß‡§√“–Àå‡√‘Ë¡

®“°°“√‡µ√’¬¡æÕ≈‘ ‰µ√’π∑’Ë¡’À¡Ÿà¥â“πª≈“¬‡ªìπ

‚∫√¡’π (PS-Br) ‚¥¬„™â 1-øïπ’≈‡Õ∑‘≈‚∫√‰¡¥å

(1-phenylethyl bromide) ‡ªìπµ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“·≈–

π”æÕ≈‘‡¡Õ√å∑’Ë‰¥â‰ª∑”ªØ‘°‘√‘¬“°—∫‰∑ÕÕ≈¬Ÿ‡√’¬

(thiolurea) „π‰¥‡¡∑‘≈øÕ√å¡“‰¡¥å (dimethylfor-

mamide) ‰¥â‡ªìπæÕ≈‘ ‰µ√’π∑’Ë¡’À¡Ÿà‰∑ÕÕ≈¥â“πª≈“¬

(PS-SH) ∑’Ë¡’πÈ”Àπ—°‚¡‡≈°ÿ≈Õ¬Ÿà¿“¬„µâ°“√§«∫§ÿ¡

°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫·≈–‡ªÕ√å‡´Áπµå

¢ÕßÀ¡Ÿàøíß°å™—π∫π “¬‚´à Ÿß (µ“√“ß∑’Ë 1)

∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å

„πªí®®ÿ∫—π∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å¡’§«“¡ ”§—≠
‡æ‘Ë¡¡“°¢÷Èπ‡π◊ËÕß®“°¡’°“√π”‰ª„™âª√–‚¬™πå„πß“π
À≈“¬ Ê Õ¬à“ß ‡™àπ „™â‡ªìπ “√≈¥·√ßµ÷ßº‘«
(surfactants)  “√¬÷¥µ‘¥ (adhesives) ‡∑Õ√å‚¡æ≈“ µ‘°
Õ‘≈“ ‚µ‡¡Õ√å (thermoplastic elastomers) ·≈–
 “√™à«¬º ¡ ”À√—∫æÕ≈‘‡¡Õ√åº ¡ (compatibilizers)
(Hadjichristidis et al., 2002)

∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å™π‘¥·Õ¡øîøî≈‘° (amphi-
philic block copolymers) À√◊Õ∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å
∑’Ë¡’∑—Èß ¡∫—µ‘™Õ∫πÈ” (hydrophilic property) ·≈–
‰¡à™Õ∫πÈ” (hydrophobic property) ®—¥‡ªìπ∫≈ÁÕ°
‚§æÕ≈‘‡¡Õ√å∑’Ë ”§—≠™π‘¥Àπ÷Ëß‡π◊ËÕß®“°¡’§«“¡
 “¡“√∂„π°“√®—¥‡√’¬ßµ—«°—π‡Õß (self assembly) „Àâ

Õ¬Ÿà„π≈—°…≥–°≈ÿà¡°âÕπÀ√◊Õ‰¡‡´≈≈å´÷Ëß¡’·π«‚πâ¡

 ”À√—∫°“√„™âß“πÀ≈“¬¥â“π ‡™àπ  “√≈¥·√ßµ÷ßº‘«

(Liu and Armes, 2001)  “√§«∫§ÿ¡°“√ àßºà“π

µ—«¬“ (drug delivery devices) (Rosler et al., 2001)

 “√‡æ‘Ë¡§«“¡‡ ∂’¬√ ”À√—∫°“√°√–®“¬µ—«¢Õß

Õπÿ¿“§ (dispersion stabilizer) (Gibanel et al., 2002)

‡ªìπµâπ Wang and Yan (2001) „™â‡∑§π‘§ ATRP

 —ß‡§√“–ÀåæÕ≈‘ ‰µ√’π ∫≈ÁÕ°æÕ≈‘‡¡∑“§√‘≈‘°·Õ´‘¥

(PS-b-PMAA) ∑’Ë‰¡à “¡“√∂ —ß‡§√“–Àå‰¥â®“°‡∑§π‘§

≈‘ø«‘Ëß‰ÕÕÕπ‘°æÕ≈‘‡¡Õ‰√‡´™—π °√–∫«π°“√

 —ß‡§√“–Àå‡√‘Ë¡®“°°“√‡µ√’¬¡æÕ≈‘ ‰µ√’π·¡§‚§√

Õ‘π‘™‘‡Õ‡µÕ√å ´÷Ëß “¡“√∂√‘‡√‘Ë¡ªØ‘°‘√‘¬“æÕ≈‘‡¡Õ-

‰√‡´™—π°—∫‡∑Õ‡™’¬√’∫‘«∑‘≈‡¡∑“§√‘ ‡≈µ‰¥â ‡ªìπ

æÕ≈‘ ‰µ√’π∫≈ÁÕ°æÕ≈‘‡∑Õ‡™’¬√’∫‘«∑‘≈‡¡∑“§√‘‡≈µ

‡¡◊ËÕæÕ≈‘ ‰µ√’π∫≈ÁÕ°æÕ≈‘‡∑Õ‡™’¬√’∫‘«∑‘≈‡¡∑“§√‘‡≈µ

ºà“π°“√‰Œ‚¥√≈‘ ’ „π ¿“«–∑’Ë¡’°√¥‰Œ‚¥√§≈Õ√‘°

®–‰¥â‡ªìπæÕ≈‘ ‰µ√’π∫≈ÁÕ°æÕ≈‘‡¡∑“§√‘≈‘°·Õ´‘¥

∑’Ë¡’°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫ (1.14 <

M Mw n/ < 1.32) Jankova et al. (1998)

 —ß‡§√“–Àå‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å¢ÕßæÕ≈‘ ‰µ√’π

∫≈ÁÕ°æÕ≈‘‡Õ∑‘≈’π‰°≈§Õ≈∫≈ÁÕ°æÕ≈‘ ‰µ√’π

(PS-b-PEG-b-PS) ÷́Ëß‰¡à “¡“√∂„™â ‡∑§π‘§

æÕ≈‘‡¡Õ‰√‡´™—π·∫∫·Õπ‰ÕÕÕπ‘°„π°“√ —ß‡§√“–Àå

‚¥¬‡√‘Ë¡®“°°“√‡µ√’¬¡æÕ≈‘‡Õ∑‘≈’π‰°≈§Õ≈·¡§‚§√-

Õ‘π‘™‘‡Õ‡µÕ√å (√Ÿª∑’Ë 4) ‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å

∑’Ë‰¥â¡’‚§√ß √â“ß·πàπÕπª√‘¡“≥¢ÕßæÕ≈‘ ‰µ√’π

„π∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å„°≈â‡§’¬ß°—∫§à“µ“¡∑ƒ…Æ’

·≈–°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈·§∫ (µ“√“ß

∑’Ë 2)

2,200
4,500

17,500

Table 1. Molecular weight of polymer prepared by ATRP (Garamszegi et al., 2003).

PS-Br PS-SH Degree (%) of
functionality

M
w

M
w
/M

n
M

w
M

w
/M

n

1.16
1.17
1.14

2,000
5,000

21,500

1.19
1.15
1.25

..

95
95

                 -
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∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å™π‘¥·Õ¡øîøî≈‘°Õ’°™π‘¥

Àπ÷Ëß∑’Ë¡’ºŸâ π„®»÷°…“°—π¡“°‰¥â·°à™π‘¥∑’Ëª√–°Õ∫

¥â«¬æÕ≈‘‡Õ∑‘≈’πÕÕ°‰´¥å ‡π◊ËÕß®“°√Ÿª·∫∫°“√®—¥

‡√’¬ßµ—«°—π‡Õß‡ªìπ∑’Ëπà“ π„®∑—Èß„π ¿“«– “√≈–≈“¬

·≈–∫—≈§å (Yu et al., 1998; Forsteret al., 2001;

Xu et al., 1991) πÕ°®“°π’È¬—ßæ∫«à“∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å

∑’Ëª√–°Õ∫¥â«¬æÕ≈‘‡Õ∑‘≈’πÕÕ°‰´¥å “¡“√∂„™â‡ªìπ

 “√°”Àπ¥√Ÿª·∫∫¢Õß°“√°àÕ‡°‘¥‚§√ß √â“ß√–¥—∫

π“‚π ‡°≈¢Õß«— ¥ÿª√–‡¿∑´‘≈‘°“ (structure

directing agents) Õ’°¥â«¬ (Zhao et al., 1998;

Yu et al., 2001) Mahajan et al., (2003)  —ß‡§√“–Àå

æÕ≈‘‡Õ∑‘≈’πÕÕ°‰´¥å∫≈ÁÕ°æÕ≈‘‡Œ°´‘≈‡¡∑“§√‘‡≈µ

(PEO-b-PHMA) ¥â«¬‡Àµÿº≈∑’Ë«à“∑—Èß PEO ·≈–

PHMA ¡’Õÿ≥À¿Ÿ¡‘‡ª≈’Ë¬π ∂“π–§≈â“¬·°â« (glass

transition temperature, Tg) µË”°«à“Õÿ≥À¿Ÿ¡‘ÀâÕß

´÷Ëß°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕß§åª√–°Õ∫∑’Ë¡’ Tg µË”„π

 “√°”Àπ¥√Ÿª·∫∫¢Õß°“√°àÕ‡°‘¥‚§√ß √â“ß√–¥—∫

π“‚π ‡°≈¡’§«“¡ ”§—≠µàÕ°“√æ—≤π“√Ÿª√à“ß¢Õß

‚§√ß √â“ß√–¥—∫π“‚π ‡°≈„Àâ‡°‘¥¢÷ÈπÕ¬à“ß ¡∫Ÿ√≥å

(Simon et al., 2001) πÕ°®“°π’È∑’ËÕÿ≥À¿Ÿ¡‘ Ÿß°«à“

Tg Õß§åª√–°Õ∫¢Õß∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å∑’Ë¡“®“°

°≈ÿà¡‡Õ ‡∑Õ√å¢Õß‡¡∑“§√‘≈‘§·Õ´‘¥¡’°“√‡§≈◊ËÕπ∑’Ë

„π∑‘»∑“ß∑’Ë‡ªìπ√–‡∫’¬∫ (Kulik et al., 1994)

«‘∏’°“√ —ß‡§√“–Àå¢Õß Mahajan et al., (2003)

‡√‘Ë¡®“°°“√‡µ√’¬¡æÕ≈‘‡Õ∑‘≈’πÕÕ°‰´¥å·¡§‚§√

Õ‘π‘™‘‡Õ‡µÕ√å (PEOBr) ‚¥¬‡∑§π‘§æÕ≈‘‡¡Õ‰√‡´™—π

·∫∫·Õπ‰ÕÕÕπ‘° (√Ÿª∑’Ë 5) ·≈–„™â‡∑§π‘§ ATRP

 ”À√—∫ —ß‡§√“–Àå∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å (√Ÿª∑’Ë 6)

‚¥¬∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å∑’Ë‰¥â¡’°“√°√–®“¬πÈ”Àπ—°

‚¡‡≈°ÿ≈·§∫ ( M Mw n/  < 1.19)

∫≈ÁÕ°‚§æÕ≈‘ ‡¡Õ√å ®“°¡ÕπÕ‡¡Õ√å „π

°≈ÿà¡Õ–§√‘≈‘° (acrylic monomers) ‡ªìπ∫≈ÁÕ°

‚§æÕ≈‘ ‡¡Õ√åÕ’°™π‘¥Àπ÷Ë ß∑’Ë‰¥â√—∫§«“¡ π„®

‡π◊ËÕß®“°¡’≈—°…≥–‡©æ“–„π‡√◊ËÕß¢Õß —≥∞“π«‘∑¬“

·≈– ¡∫—µ‘‡™‘ß°≈ πÕ°®“°π’È¡ÕπÕ‡¡Õ√å„π°≈ÿà¡

Õ–§√‘≈‘°¡’À≈“°À≈“¬™π‘¥ ¥—ßπ—Èπ°“√‡≈◊Õ°„™â

Table 2. Characteristics of the PS-b-PEG-b-PS triblock copolymers (Jankova et al., 1998).

PS content in PS-b-PEG-b-PS (%)

Cl-PEG-Cl
Cl-PEG-Cl
Br-PEG-Br
Br-PEG-Br

Macroinitiator Polymerization M
w
/M

n
Theory 1H NMR GPC

Bulk
Solution
Bulk
Solution

1.29
1.28
1.36
1.42

83
58
84
48

91
67
87
55

90
58
85
41

Figure 4. Synthesis of amphiphilic PS-b-PEG-b-PS triblock copolymers (Jankova et al., 1998).
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¡ÕπÕ‡¡Õ√å∑’Ë‡À¡“– ¡®–∑”„Àâ “¡“√∂æ—≤π“«— ¥ÿ

æÕ≈‘‡¡Õ√åµ“¡∑’ËµâÕß°“√‰¥â ‡™àπ ∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å

™π‘¥ ABA ‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å°√≥’∫≈ÁÕ° A ‡ªìπ

‡¡∑“§√‘‡≈µ ·≈–∫≈ÁÕ° B ‡ªìπÕ–§√‘‡≈µ  “¡“√∂

„™â‡ªìπ‡∑Õ√å‚¡æ≈“ µ‘°Õ‘≈“ ‚µ‡¡Õ√å·≈– “√¬÷¥µ‘¥

(Shipp et al., 1998) Moineau et al. (1999, 2000)

„™â‡∑§π‘§ ATRP „π°“√ —ß‡§√“–Àå‰µ√∫≈ÁÕ°

‚§æÕ≈‘‡¡Õ√å¢ÕßæÕ≈‘‡¡∑‘≈‡¡∑“§√‘ ‡≈µ∫≈ÁÕ°

æÕ≈‘πÕ√å¡Õ≈∫‘«∑‘≈Õ–§√‘‡≈µ∫≈ÁÕ°æÕ≈‘‡¡∑‘≈

‡¡∑“§√‘‡≈µ (PMMA-b-PnBA-b-PMMA) ÷́Ëß¡’

 ¡∫—µ‘‡ªìπ‡∑Õ√å‚¡æ≈“ µ‘°Õ‘≈“ ‚µ‡¡Õ√å ∫≈ÁÕ°

‚§æÕ≈‘‡¡Õ√å¥—ß°≈à“« “¡“√∂ —ß‡§√“–Àå‰¥â‚¥¬

‡∑§π‘§æÕ≈‘‡¡Õ‰√‡´™—π·∫∫·Õπ‰ÕÕÕπ‘°·µà¢—ÈπµÕπ

°“√ —ß‡§√“–Àåª√–°Õ∫‰ª¥â«¬ 4 ¢—ÈπµÕπ·≈–

‰¡à “¡“√∂‡√‘Ë¡®“°¡ÕπÕ‡¡Õ√å™π‘¥πÕ√å¡Õ≈Õ–§√‘‡≈µ

‚¥¬µ√ß (Tong et al., 2000) §≥–ºŸâ»÷°…“®÷ß π„®

»÷°…“∂÷ß‡∑§π‘§ ATRP ÷́Ëß∑”‰¥â –¥«°°«à“‚¥¬

°√–∫«π°“√ —ß‡§√“–Àå¡’‡æ’¬ß 2 ¢—ÈπµÕπ ¢—ÈπµÕπ

·√°º≈‘µæÕ≈‘πÕ√å¡Õ≈∫‘«∑‘≈Õ–§√‘‡≈µ·¡§‚§√-

Õ‘π‘™‘ ‡Õ‡µÕ√å∑’Ë¡’À¡Ÿàøíß°å™—π∑’Ëª≈“¬∑—Èß Õß¥â“π

‚¥¬„™â‰¥‡Õ∑‘≈ ‡¡‚´-2,5-‰¥‚∫√‚¡Õ–¥‘‡ªµ (diethyl

meso-2,5-dibromoadipate) ‡ªìπµ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“ ·≈–

¢—Èπ∑’Ë 2 „Àâ·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å‡°‘¥ªØ‘°‘√‘¬“

æÕ≈‘ ‡¡Õ‰√‡´™—π°—∫‡¡∑‘≈‡¡∑“§√‘ ‡≈µ‰¥â ‡ªìπ

Figure 5. Synthesis of macroinitiator PEOBr (Mahajan et al., 2003).

Figure 6. Synthesis of PEO-b-PHMA diblock copolymer by ATRP (Mahajan et al., 2003).



173«“√ “√‡∑§‚π‚≈¬’ ÿ√π“√’ ªï∑’Ë 11 ©∫—∫∑’Ë 3, °√°Æ“§¡-°—π¬“¬π 2547

Õ–§√‘≈‘°‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å µ—«‡√àßªØ‘°‘√‘¬“

 ”À√—∫‡∑§π‘§ ATRP ∑’Ë Moineau et al. (1999,

2000) ∑”°“√»÷°…“ª√–°Õ∫‰ª¥â«¬ 1. ‰¥‚∫√‚¡∫‘ 

(‰µ√øïπ‘≈øÕ øïπ)π‘‡°‘≈ (II) [NiBr2-(PPh3)2]

2. §Õª‡ªÕ√å (I) §≈Õ‰√¥å/4,4'-‰¥-(5-‚ππ‘≈)-2,

2'-‰∫‰æ√‘¥’π [CuCl/dNBipy] ·≈– 3. §Õª‡ªÕ√å

(I) §≈Õ‰√¥å/§Õª‡ªÕ√å (II) §≈Õ‰√¥å/4,4'-‰¥-

(5-‚ππ‘≈)-2, 2'-‰∫‰æ√‘¥’π [CuCl/CuCl
2
/dNBipy]

§≥–ºŸâ»÷°…“æ∫«à“µ—«‡√àßªØ‘°‘√‘¬“™π‘¥∑’Ë 2 ·≈–

3 ¡’º≈„Àâ√–¬–‡«≈“„π°“√ —ß‡§√“–Àå —Èπ≈ß

°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈¢ÕßæÕ≈‘ ‡¡Õ√å∑’Ë

‰¥â·§∫·≈–· ¥ß ¡∫—µ‘¢Õß‡∑Õ√å‚¡æ≈“ µ‘°Õ‘≈“ -

‚µ‡¡Õ√å∑’Ë¥’°«à“°“√„™âµ—«‡√àßªØ‘°‘√‘¬“™π‘¥∑’Ë 3

Matyjaszewski et al. (2000a)  —ß‡§√“–Àå ABA

‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å∑’Ë¡’ A ‡ªìπæÕ≈‘‡¡∑‘≈‡¡∑“§√‘‡≈µ

·≈– B ‡ªìπæÕ≈‘πÕ√å¡Õ≈∫‘«∑‘≈Õ–§√‘‡≈µ¥â«¬‡∑§π‘§

ATRP ‚¥¬‡√‘Ë¡®“°æÕ≈‘πÕ√å¡Õ≈∫‘«∑‘≈Õ–§√‘‡≈µ

·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å‡™àπ‡¥’¬«°—∫ Moineau et al.

(1999, 2000) ·µà„™â‰¥‡¡∑‘≈ 2,6-‰¥‚∫√‚¡‡Œæ‡∑π

‰¥‚Õ‡Õµ (dimethyl 2,6-dibromoheptanedioate) ‡ªìπ

µ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“·≈–§Õª‡ªÕ√å (I) §≈Õ‰√¥å/

1,1,4,7,10-‡Œ°´“‡¡∑‘≈‰µ√‡Õ∑‘≈’π‡µµ√“¡’π

(1,1,4,7,10-hexamethyltriethy lenetetramine) ‡ªìπ

µ—«‡√àßªØ‘°‘√‘¬“ Matyjaszewski et al. (2000a) ‡ª√’¬∫

‡∑’¬∫≈—°…≥–¢Õß‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å∑’Ë‰¥â®“°

«‘∏’°“√ —ß‡§√“–Àå∑’Ë¡’°“√·¬°·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å

ÕÕ°¡“®“°√–∫∫°àÕπ∑’Ë®–π”‰ªæÕ≈‘‡¡Õ‰√‡´™—π°—∫

‡¡∑‘≈‡¡∑“§√‘‡≈µ·≈–°“√ —ß‡§√“–Àå·∫∫∑’Ë‰¡à¡’°“√

·¬°·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å·µà‡µ‘¡‡¡∑‘≈‡¡∑“§√‘‡≈µ

°—∫µ—«‡√àßªØ‘°‘√‘¬“≈ß‰ª„π√–∫∫‡≈¬ æ∫«à“‰µ√∫≈ÁÕ°

‚§æÕ≈‘‡¡Õ√å∑’Ë‰¥â®“°«‘∏’°“√‡µ‘¡‡¡∑‘≈‡¡∑“§√‘‡≈µ

≈ß‰ª„π√–∫∫‡≈¬¡’°“√°√–®“¬πÈ”Àπ—°‚¡‡≈°ÿ≈

·§∫·≈–§«“¡¬“« “¬‚´à¢Õß∫≈ÁÕ° A  —Èπ°«à“

∫≈ÁÕ° B µ“¡≈—°…≥–¢Õß‡∑Õ√å‚¡æ≈“ µ‘°Õ‘≈“ 

‚µ‡¡Õ√å (Legge et al., 1987) πÕ°®“°π’È

‰µ√∫≈ÁÕ°‚§æÕ≈‘ ‡¡Õ√å∑’Ë ‰¥â· ¥ß ¡∫—µ‘ ‡ªìπ

‡∑Õ√å‚¡æ≈“ µ‘°Õ‘≈“ ‚µ‡¡Õ√å„π™à«ßÕÿ≥À¿Ÿ¡‘°«â“ß

 ”À√—∫‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å®“°¡ÕπÕ‡¡Õ√å„π

°≈ÿà¡Õ–§√‘≈‘°∑’Ë —ß‡§√“–Àå¥â«¬‡∑§π‘§ ATRP ·≈–¡’

·π«‚πâ¡„π°“√„™â‡ªìπ “√¬÷¥µ‘¥π—Èπ —ß‡§√“–Àå¢÷Èπ
‚¥¬ Yamamoto et al. (2002) ·≈– Martin-Gomis

et al. (2003) ‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå‚¥¬

Yamamoto et al. (2002) §◊Õ æÕ≈‘Õ–§√‘≈‘°·Õ´‘¥
∫≈ÁÕ°æÕ≈‘∫‘«∑‘≈Õ–§√‘‡≈µ∫≈ÁÕ°æÕ≈‘Õ–§√‘≈‘°·Õ´‘¥

(PAA-b-PBA-b-PAA) °“√ —ß‡§√“–Àå‡√‘Ë¡®“°°“√

º ≈‘ µ æ Õ ≈‘ ∫‘ « ∑‘ ≈ Õ – § √‘ ‡ ≈ µ ∑’Ë ¡’ À ¡Ÿà øí ß °å ™— π
∑’Ëª≈“¬∑—Èß Õß¥â“π (Br-PBA-Br) ·≈–π”‰ª

æÕ≈‘‡¡Õ‰√ ǻµàÕ°—∫‡∑Õ√å‡™’¬√’∫‘«∑‘≈Õ–§√‘‡≈µ‰¥â

‡ªìπ∫≈ÁÕ°¢ÕßæÕ≈‘‡∑Õ√å ‡™’¬√’∫‘«∑‘≈Õ–§√‘ ‡≈µ
∑’Ëª≈“¬∑—Èß Õß¥â“π ‡¡◊ËÕπ”‰µ√∫≈ÁÕ°‚§æÕ≈‘‡¡Õ√å

∑’Ë‰¥â‰ª„Àâ§«“¡√âÕπ ≥  ¿“«–∑’Ë¡’°√¥‡ªìπµ—«‡√àß

ªØ‘°‘√‘¬“®–‰¥â ‡ªìπæÕ≈‘Õ–§√‘≈‘°·Õ´‘¥∫≈ÁÕ°
æÕ≈‘∫‘«∑‘≈Õ–§√‘‡≈µ∫≈ÁÕ°æÕ≈‘Õ–§√‘≈‘§·Õ´‘¥

πÕ°®“°π’È Yamamoto et al. (2002) ¬—ß»÷°…“∂÷ß

º≈¢Õßª√‘¡“≥Õ–§√‘≈‘°·Õ ‘́¥„π‰µ√∫≈ÁÕ°‚§
æÕ≈‘‡¡Õ√å·≈–§«“¡¬“« “¬‚´à¢Õß·µà≈–∫≈ÁÕ°∑’Ë¡’

µàÕ ¡∫—µ‘°“√‡ªìπ “√¬÷¥µ‘¥·≈–æ∫«à“‰µ√∫≈ÁÕ°
‚§æÕ≈‘‡¡Õ√å∑’Ë¡’Õ–§√‘≈‘°·Õ ‘́¥ 21 ‡ªÕ√å‡´Áπµå·≈–

¢π“¥ “¬‚´à¢Õß PAA/PBA/PAA ‡∑à“°—∫ 11K/84K/

11K · ¥ß ¡∫—µ‘°“√‡ªìπ “√¬÷¥µ‘¥¥’∑’Ë ÿ¥ Martin-
Gomis et al. (2003)  —ß‡§√“–Àå·≈–»÷°…“ ¡∫—µ‘

‡™‘ ßøî ‘° å¢ÕßæÕ≈‘∫‘«∑‘≈ ‡¡∑“§√‘ ‡≈µ∫≈ÁÕ°

æÕ≈‘∫‘«∑‘≈Õ–§√‘‡≈µ∫≈ÁÕ°æÕ≈‘∫‘«∑‘≈‡¡∑“§√‘‡≈µ
(PBMA-b-PBA-b-PBMA) ‚¥¬‡√‘Ë¡®“°°“√

 —ß‡§√“–ÀåæÕ≈‘∫‘«∑‘≈Õ–§√‘‡≈µ∑’Ë¡’À¡Ÿàøíß°å™—π∑’Ëª≈“¬

∑—Èß Õß¥â“π (Br-PBA-Br) ‡™àπ‡¥’¬«°—π°—∫
Yamamoto et al. (2002) ·≈â«®÷ßæÕ≈‘‡¡Õ‰√´å

µàÕ°—∫∫‘«∑‘≈‡¡∑“§√‘‡≈µ ‡¡◊ËÕ§≥–ºŸâ»÷°…“π”‰µ√-

∫≈ÁÕ°‚§æÕ≈‘ ‡¡Õ√å∑’Ë ‰¥â ‰ª«‘ ‡§√“–Àå§à “≈Õ 
·∑π‡®πµå (loss tangent, tan δ ) æ∫«à“¡’·π«‚πâ¡

„π°“√„™â‡ªìπ “√¬÷¥µ‘¥

°√“ø∑å‚§æÕ≈‘‡¡Õ√å

°√“ø∑å‚§æÕ≈‘‡¡Õ√å‡ªìπ«— ¥ÿæÕ≈‘‡¡Õ√å∑’Ë
 “¡“√∂ª√—∫‡ª≈’Ë¬πµ—«·ª√∑’Ë‡°’Ë¬«¢âÕß°—∫≈—°…≥–
‚¡‡≈°ÿ≈‰¥âÀ≈“¬µ—«·ª√ ‰¥â·°à ™π‘¥¢ÕßæÕ≈‘‡¡Õ√å
∑’Ë‡ªìπ “¬‚´àÀ≈—° (main chain) ·≈–‚ à́°‘Ëß (side
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chain) °“√°√–®“¬µ—«¢Õß‚ à́°‘Ëß §«“¡Àπ“·πàπ
¢Õß‚´à°‘Ëß ·≈–¢π“¥¢Õß “¬‚´àÀ≈—°·≈–‚´à°‘Ëß
 ‘Ëßπ’È∑”„Àâ°“√„™âª√–‚¬™πå¢Õß°√“ø∑å‚§æÕ≈‘‡¡Õ√å

¡’À≈“°À≈“¬ ‡™àπ º≈‘µ«— ¥ÿæÕ≈‘‡¡Õ√å∑’Ë¡’§«“¡

µâ“π∑“πµàÕ·√ß°√–·∑° Ÿß (high impact polymers)

‡∑Õ√å‚¡æ≈“ µ‘°Õ‘≈“ ‚µ‡¡Õ√å ‚§æÕ≈‘‡¡Õ√å™π‘¥

·Õ¡øîøî≈‘° ·≈– “√™à«¬º ¡ ”À√—∫æÕ≈‘‡¡Õ√åº ¡

‡ªìπµâπ (Borner and Matyjaszewski, 2002)

Hong et al. (2001)  —ß‡§√“–ÀåæÕ≈‘‰Õ‚´∫‘«∑’π

°√“ø∑åæÕ≈‘‡¡∑‘≈‡¡∑“§√‘‡≈µ (PIB-g-PMMA) ·≈–

æÕ≈‘‰Õ‚´∫‘π∑’π°√“ø∑åæÕ≈‘ ‰µ√’π (PIB-g-PS)

‚¥¬„™âæÕ≈‘‰Õ‚´∫‘«∑’π‚§æÕ≈‘æ“√“‡¡∑‘≈ ‰µ√’π

‚§æÕ≈‘æ“√“‚∫√‚¡‡¡∑‘≈ ‰µ√’π†{poly[isobutene-

co-(p-methylstyrene)-co-(p-bromomethylstyrene)]}

‡ªìπ·¡§‚§√Õ‘π‘™‘ ‡Õ‡µÕ√å ”À√—∫√‘‡√‘Ë¡ªØ‘°‘√‘¬“

æÕ≈‘‡¡Õ‰√‡´™—π°—∫ ‰µ√’πÀ√◊Õ‡¡∑‘≈‡¡∑“§√‘‡≈µ

°√“ø∑å‚§æÕ≈‘‡¡Õ√å∑’Ë —ß‡§√“–Àå¢÷Èπ¡’°“√ª√—∫

‡ª≈’Ë¬π —¥ à«π¢Õß‚§¡ÕπÕ‡¡Õ√å‡æ◊ËÕ„Àâ‰¥â°√“ø∑å

‚§æÕ≈‘‡¡Õ√å™π‘¥∑’Ë¡’ª√‘¡“≥æÕ≈‘‰Õ‚´∫‘«∑’π∑’Ë¡’

 ¡∫—µ‘§≈â“¬¬“ß (rubbery polymer) ¡“°°«à“À√◊Õ

πâÕ¬°«à“ª√‘¡“≥æÕ≈‘ ‰µ√’πÀ√◊ÕæÕ≈‘‡¡∑‘≈‡¡∑“-

§√‘‡≈µ∑’Ë¡’ ¡∫—µ‘·¢Áß§≈â“¬·°â« (glassy polymer) ‡¡◊ËÕ

§≥–ºŸâ»÷°…“«‘‡§√“–Àå§à“ Tg ¢Õß°√“ø∑å‚§æÕ≈‘‡¡Õ√å

∑’Ë‰¥â¥â«¬‡∑§π‘§ DSC (differential scanning

calorimetry) æ∫«à“¡’ Tg  Õß§à“ ÷́Ëß∫àß™’È«à“¡’°“√·¬°

‡ø „π√–¥—∫‰¡‚§√ (microphase separation) ‡°‘¥¢÷Èπ

°“√·¬°‡ø „π√–¥—∫‰¡‚§√· ¥ß„Àâ‡ÀÁπ«à“ “¡“√∂

π”°√“ø∑å‚§æÕ≈‘‡¡Õ√å∑’Ë‰¥â‰ª„™â‡ªìπ‡∑Õ√å‚¡æ≈“ µ‘°

Õ‘≈“ ‚µ‡¡Õ√åÀ√◊Õ«— ¥ÿæÕ≈‘‡¡Õ√å∑’Ë¡’§«“¡µâ“π∑“π

µàÕ·√ß°√–·∑° Ÿß

°√“ø∑å‚§æÕ≈‘‡¡Õ√å®“°‡∑§π‘§ ATRP ∑’Ë¡’

·π«‚πâ¡„π°“√„™â ‡ªìπ “√™à«¬º ¡ ”À√—∫

æÕ≈‘‡¡Õ√åº ¡À√◊ÕæÕ≈‘‡¡Õ√å§Õ¡‚æ ‘∑‰¥â·°à

æÕ≈‘‡Õ∑‘≈’π‚æ√æ‘≈’π‰¥Õ’π‡∑Õ√åæÕ≈‘‡¡Õ√å°√“ø∑å

æÕ≈‘‡¡∑‘≈‡¡∑“§√‘‡≈µ (EPDM-g-PMMA) ∑’Ë

 —ß‡§√“–Àå¢÷Èπ‚¥¬ Wang et al. (1999b) °√“ø∑å

‚§æÕ≈‘‡¡Õ√å™π‘¥π’È¡’°“√æ¬“¬“¡ —ß‡§√“–Àå¡“°àÕπ

¥â«¬‡∑§π‘§Õ◊Ëπ·µàº≈∑’Ë‰¥â‰¡à¥’π—° (Chung et al.,

1994) Wang et al. (1999b) ‡√‘Ë¡°“√ —ß‡§√“–Àå

¥â«¬°“√π”æÕ≈‘‡Õ∑‘≈’π‚æ√æ‘≈’π‰¥Õ’π‡∑Õ√åæÕ≈‘‡¡Õ√å

‰ª∑”ªØ‘°‘√‘¬“°—∫‡ÕÁπ‚∫√‚¡ —́° ‘π‘‰¡¥å (N-bromo-

succinimide) ‰¥â‡ªìπæÕ≈‘‡Õ∑‘≈’π‚æ√æ‘≈’π‰¥Õ’π

‡∑Õ√åæÕ≈‘‡¡Õ√å∑’Ë¡’À¡Ÿà‚∫√¡’πµ‘¥∫π “¬‚´à‚¡‡≈°ÿ≈

(EPDM-Br) ´÷Ëß∑”Àπâ“∑’Ë‡ªìπµ—«√‘‡√‘Ë¡ªØ‘°‘√‘¬“

°√“ø∑å‚§æÕ≈‘‡¡Õ‰√‡´™—π°—∫‡¡∑‘≈‡¡∑“§√‘‡≈µ

µ“¡‡∑§π‘§ ATRP Matyjaszewski et al. (2000b)

 —ß‡§√“–ÀåæÕ≈‘‡Õ∑‘≈’π°√“ø∑åæÕ≈‘ ‰µ√’π (PE-g-PS)

·≈–æÕ≈‘‡Õ∑‘≈’π°√“ø∑åæÕ≈‘‡¡∑‘≈‡¡∑“§√‘‡≈µ

(PS-g-PMMA) ‡æ◊ËÕ„™â‡ªìπ “√™à«¬º ¡ ”À√—∫

æÕ≈‘‡¡Õ√åº ¡¢ÕßæÕ≈‘‡Õ∑‘≈’π ‚¥¬‡√‘Ë¡®“°°“√

‡µ√’¬¡æÕ≈‘‡Õ∑‘≈’π·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å®“°ªØ‘°‘√‘¬“

°“√‡µ‘¡ (addition reaction) §≈Õ‚√Õ–´‘µ‘°·Õ´‘¥

(chloroacetic acid) À√◊Õ 2-‚∫√‚¡‰Õ‚´∫‘«∑‘√‘°

·Õ ‘́¥ (2-bromoisobutyric acid) ‡¢â“°—∫À¡Ÿà

Õ‘æÕ°´’¢ÕßæÕ≈‘‡Õ∑‘≈’π‚§‰°≈´‘¥‘≈‡¡∑“§√‘‡≈µ

[poly(ethylene-co-glycidyl methacrylate)]

(√Ÿª∑’Ë 7) ·¡§‚§√Õ‘π‘™‘‡Õ‡µÕ√å∑’Ë‰¥â‡°‘¥ªØ‘°‘√‘¬“

°√“ø∑å‚§æÕ≈‘‡¡Õ‰√‡´™—π°—∫‡¡∑‘≈‡¡∑“§√‘‡≈µ

À√◊Õ ‰µ√’π¥â«¬‡∑§π‘§ ATRP (√Ÿª∑’Ë 8) πÈ”Àπ—°
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Figure 7. Synthesis of macroinitiators (Matyjaszewski et al., 2000b).
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and characterization of amphiphilic
poly(ethylene oxide)-block-poly(hexyl
methacrylate) copoly mers. Macromol.
Chem. Phys., 204:1,047-1,055.

Malz, H., Komber, H., Voigt, D., Hopfe, I., and
Pionteck, J. (1999). Synthesis of functional
polymers by atom transfer radical
polymerization. Macromol. Chem. Phys.,
200:642-651.

Martin-Gomis, L., Fernandez, M., de la Fuente,
J.L., Madruga, E.L., and Cerrada, M.L.
(2003). Physical properties of PBMA-b-
PBA-b-PBMA triblock copolymers
synthesised by atom transfer radical
polymerization. Macromol. Chem. Phys.,
204:2,007-2,016.

Matyjaszewski, K. (1996). Controlled radical
polymerization. Current Opinion in Solid
State & Materials Science, 1:769-776.

Matyjaszewski, K., Patten, T.E. and Xia, J.
(1997). Controlled/ “Living” Radical
Polymerization. Kinetics of the
Homogeneous Atom Transfer Radical
Polymerization of Styrene. J. Am. Chem.
Soc., 119(4):674-680.

Matyjaszewski, K., Miller, P.J., Pyun, J.,
Kickelbick, G., and Diamanti, S. (1999).
Synthesis and characterization of star
polymers with varying arm number,
length, and composition from organic and
hybrid inorganic/organic multifunctional
Initiators. Macromolecules, 32:6,526-
6,535.

Matyjaszewski, K., Shipp, D.A., McMurtry,
G.P., Gaynor, S.G., and Pakula, T. (2000a).
Simple and effective one-pot synthesis of
(meth)acrylic block copolymers through
atom transfer radical polymerization.
J. Polym. Sci.: Part A: Polymer Chemistry,
38:2,023-2,031.

Matyjaszewski, K., Teodorescu, M., Miller, P.J.,
and Peterson, M.L. (2000b). Graft
copolymers of polyethylene by atom
transfer radical polymerization. J. Polym.
Sci.: Part A: Polymer Chemistry, 38:2,440-
2,448.

Matyjaszewski, K. (2003). Controlling polymer
structures by atom transfer radical
polymerization and other controlled/living

``

radical polymerization. Macromol. Symp.,
195:25-31.

Moineau, G., Minet, M., Teyssie, P., and Jerome,
R. (1999). Synthesis and characterization
of poly(methyl methacrylate)-block-
poly(n-butyl acrylate)-block-poly(methyl
methacrylate) copolymers by two-step
controlled radical polymerization (ATRP)
catalyzed by NiBr

2
(PPh

3
)

2
. Macro-

molecules, 32:8,277-8,282.
Moineau, G., Minet, M., Teyssie, P., and Jerome,

R. (2000). Synthesis of fully acrylic
thermoplastic elastomers by atom transfer
radical polymerization (ATRP).
Macromol. Chem. Phys., 201:1,108-1,114.

Moon, B., Hoye, T.R., and Macosko, C.W.
(2002). Synthesis and application of
fluorescently labeled phthalic anhydride
(PA) functionalized polymer by ATRP.
Polymer, 43:5,501-5,509.

Premachandran, R., Banerjee, S., John, V.T.,  and
McPherson, G.L. (1997). The enzymatic
synthesis of thiol-containing polymers to
prepare polymer-CdS nanocomposites.
Chem. Mater., 9(6):1,342-1,347.

Rosler, A., Vander meulen, G.W.M., and Klok,
H.-A. (2001). Advanced drug deliverly
devices via self-assembly of amphiphilic
block copolymers. Advanced Drug
Delivery Reviews, 53:95-108.

Shen, Y., Zhu, Sh., Zeng, F., and Pelton, R.H.
(2000). Atom transfer radical
polymerization of akyl methacrylates
using T-triazine as ligand. Macromol.
Chem. Phys., 201:1,169-1,175.

Shipp, D.A., Wang, J.L., and Matyjaszewski, K.
(1998). Synthesis of acrylate and
methacrylate block copolymer using atom
transfer radical polymerization.
Macromolecules, 31:8,005-8,008.

Simon, P.F.W., Ulrich, R., Spiess, H.W., and
Wiesner, U. (2001). Block copolymer-
ceramic hybrid materials from organically
modified ceramic precursors. Chem.
Mater., 13(10):3,464-3,486.

Szwarc, M., and Beylen, M.V. (1993). Ionic
Polymerization and Living Polymer.
Chapman & Hall, New York, p. 12-24.

Tong, J.D., Moineau, G., Leclere, Ph., Bredas,

..

` Ề
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