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Atom transfer radical polymerization (ATRP) of styrene was carried out at 105°C and a Monte Carlo simula-
tion was employed to model the system. The variations of monomer conversion, the initiator concentration,
average molecular weight, and molecular weight distribution were evaluated as the reaction proceeded.
According to the results obtained, for similar reaction time, monomer conversion is higher when gel effect is
taken into account. Also, the concentration of initiator suddenly drops at the initial stages of polymerization, and
finally reaches zero. In addition, in the presence of gel effect, bimolecular termination rate constant decreases
during the polymerization. Moreover, number- and weight-average molecular weights linearly rise as the poly-
merization progresses; this also is a confirmation to the living nature of the polymerization. Finally, the molec-
ular weight distribution of polymers synthesized narrows at high monomer conversion. In effect, polydispersi-
ty index decreases from about 2 (at the onset of polymerization) to around 1.3 (towards the end of polymeriza-
tion).
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÷†‹•|ø†ÿ ¶±Î• ‹ú Þ†° °Ö}ú ¬° ºŒýú|¶†²ÿ ¶†² ô Þ†° ô øî|Ÿñýò ìÛ†¬ü±

…¶}×†¬û º~û ‹±…ÿ …›³…ÿ ì©}éØ ô…Þñ¼ ¬° ›~ôë1 „ô°¬û º~û …¶•.

¬° Æõë �éýí±º~ó â±…ð±ôÿ ¶†ì†ðú ‹ú Æõ° Ú†‹ê {õ›ùþ …Ö³…ü¼

ìþ|ü†‹~. …üò …ì± ‹ú º~– ÷†‹• ¶±Î• …̈}}†ï °… Þ†ø¼ ìþ|¬ø~ ô „ó °…

ô…‹·}ú ‹ú �~ü~û ð×õ® ìþ|Þñ~. ¬° …üò ¤†è• ÷†‹• ¶±Î• …̈}}†ï …² ìÏ†¬èú

)41( ì¥†¶Œú ìþ|ºõ¬:

Þú ¬° „ó x|€ ¬°›ú {Œ~üê ô ìÛ~…° ct
0k¬° ›~ôë1 „ô°¬û º~û …¶•.

øî|Ÿñýò ìÛ†¬ü± A|€ B| ô C| ‹ú Þíà ìÏ†¬èú )51( ì¥†¶Œú ìþ|ºõð~:

{œ±‹þ

ìõ…¬  |

…¶}ý±ó )99% <( …² ¶}õó �±º~û ‹† „èõìýò ̈ñþ̃ ÎŒõ° ¬…¬û º~û ô �̧ …²

¨»à Þ±¬ó ¬° ìœ†ô°– Þé·ýî øý~°ü~ ²ü± Ö»†° Þ†ø¼ ü†Ö}ú {ÛÇý±

º~ )Co56 ¬° gHmm53(. ‹±…ÿ ¤Ù̄ ø± ðõÑ …Þ·ý~Þññ~û ì¥éõë€

‹±ìý~ ì̧ ))I( rBuC|€ 89%( ‹† …¶}ýà …¶ý~ º·• ô ºõ ¬…¬û º~û ô �̧

…² ¾†Ù º~ó ô º·• ô ºõ ‹† …{†ðõë ô ̈»à|¶†²ÿ …¶}×†¬û º~.

…{ýê „è×† ‹±ìõ…ü³ô‹õ{ý±…– )BiBE|€ 79%( ô "N€"N€N€N€N|-

�ñ}†ì}ýê|¬ÿ|…{ýéò|{±ÿ|„ìýò )ATEDMP|€ 99%( �̧ …² ̈†èÀ|¶†²ÿ ‹†

°ô½ {ÛÇý± ‹ú Þ†°â±Ö}ú º~. …² „ðý·õë )99%( ô {}±…øý~°ôÖõ°…ó )FHT|€

99%( ðý³ ‹~ôó Îíéý†– ›†ðŒþ ̈†¾þ …¶}×†¬û º~. {í†ï ìõ…¬ ì¥¿õë

º±Þ• hcirdlA‹õ¬ð~.

¬¶}ã†û|ø†

‹±…ÿ {Ïýýò ìÛ~…° ¬°›ú {Œ~üê ô øî||Ÿñýò °¶î ðíõ¬…° ¶ýñ}ýßþ€ °ðä|ðã†°

â†²ÿ N0986-tneligA| ô ‹±…ÿ {Ïýýò ì}õ¶È Î~¬ÿ ô ô²ðþ ô²ó

ìõèßõèþ ô {õ²üÐ „ó °ðä|ðã†° ́ë {±…ô…ÿ ECNQILLA 0002 sretaW|

‹ú Þ†° â±Ö}ú º~.  |

°ô½|ø†

{ùýú �éþ …¶}ý±ó ‹ú °ô½ �éýí±º~ó °…¬üß†èþ …ð}Û†ë …{î

‹±…ÿ {ùýú �éþ|…¶}ý±ó …‹}~… ìÛ~…° g|6413/0 …² rBuC| ‹ú Îñõ…ó Þ†{†èý³ô°

Öé³ …ð}Û†èþ ‹ú °…Þ}õ° ºý»ú|…ÿ ¬ô›~…°û …Ö³ô¬û º~. ¶�̧€ ô°ô¬ÿ|ø†ÿ

ìõ…¬ °…Þ}õ° ‹ú ô¶ýéú ¬°�õ½|ø†ÿ æ¶}ýßþ ‹·}ú º~. …üò ì±¤éú ‹†ü~ ‹†

¬Ú• Þ†Öþ øí±…û ‹†º~€ Ÿõó ¤ýò …ðœ†ï ô…Þñ¼ ðŒ†ü~ …ìß†ó ô°ô¬

…Þ·ýµó ‹ú ì¥ýÈ ô…Þñ¼ ô›õ¬ ¬…º}ú ‹†º~. ¶�̧€ ì¥ýÈ ô…Þñ¼ ¶ú

ì±{Œú Î†°ÿ …² …Þ·ýµó º~û ô ‹† â†² ̈ñþ̃ ðý}±ôó́ �± º~. ²ü± ›õ

ðý}±ôó́ Lm 05 ìõðõì± …¶}ý±ó ‹ú øí±…û Lm1 „ðý·õë )…¶}†ð~…°¬ ¬…̈éþ

CG( ‹ú ì¥ýÈ ô…Þñ¼ …Â†Öú º~. ¶�̧€ Lm64/0 …² ATEDMPÞú

ðÛ¼ èýã†ð~ °… ¬…º•€ ‹ú ô¶ýéú ¶±ðä ‹ú ì¥ýÈ ô…Þñ¼ …Â†Öú º~.

ì©éõÉ ¤†¾ê �̧ …² øî|²¬ó ‹ú ì~– nim51€ ‹ú Îé• {»ßýê

Þí�éß̧ Öé³ …ð}Û†èþ ‹† èýã†ð~ )ATEDMP/rBuC( ‹ú ì¥éõèþ øíãò ‹†

°ðä ¶Œ³ °ôºò {Œ~üê º~. �̧ …² „ó€ Lm3 „Ò†²â± …{ýê „è×†

‹±ìõ…ü³ô‹õ{ý±…– ‹ú ì©éõÉ ô…Þñ¼ …Â†Öú º~. ‹ú Îé• {»ßýê

Þí�éß̧ Öé³ …ð}Û†èþ ‹† ¬°›ú …Þ·†ü¼ ‹ý»}± ‹† èýã†ð~ ìõ›õ¬ ¬° ì¥ýÈ

ô…Þñ¼ )ATEDMP/2rBuC( °ðä ì¥éõë øíãò …² ¶Œ³ °ôºò ‹ú

n+1 ncedb +n nt t
k

P +X-M Y/L P M Y/L+HX• ⎯⎯⎯→ )81(

gel 0 2 3
tc tc

L
k ( ) k exp[ 2(Ax Bx Cx )]

mol.s
= × − + + )91(

3

2

3

A 2.57 5.05 10 T

B 9.56 1.76 10 T

C 3.03 7.85 10 T

−

−

−

= − ×

= − ×

= − + ×

)02(

›~ôë 1 -÷†‹•|ø†ÿ ¶±Î• …¶}×†¬û º~û ‹±…ÿ ¶†² ôÞ†° PRTA| …¶}ý±ó.

ì±›Ð ìÛ~…° �†°…ì}±

]03€92[

]13[|

]03[|

]13[|

]13[|

]13[|

]23[|

]23[|

Þ†° ¤†Â± 

Þ†°  ¤†Â±

Þ†° ¤†Â±

54/0

|)T|/00831-( pxe|501*91/2|

701*1/1

)T|/0193-( pxe|701*552/4|

|)T|/859-( pxe|901*28/3|

|)T|/7736-( pxe|601*13/2

4-01*0/1|

301*36/1|

1|

10/0|

10/0

)1-s1-lomL( tcak

)1-s2-lom2L( mrehtk

)1-s1-lomL( tcaedk

)1-s1-lomL( pk

)1-s1-lomL( ct
0k

)1-s1-lomL( Mrtk

)1-s1-lomL( adeck

)1-s1-lomL( bdeck

)1-L lom( 0]M[

)1-L lom( 0]XR[

)1-L lom( 0]L/Y t
nM[

n+1 n+1ceda
n nt t

k
P X+X-M Y/L P +X-M Y/L+HX⎯⎯⎯→ )71(
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ìÇ†èÏú �éýí±º~ó °…¬üß†èþ …ð}Û†ë …{î …¶}ý±ó ‹† ¬° ðË± â±Ö}ò …÷± ́ë ‹ú °ô½ ºŒýú|¶†²ÿ ìõð• ... ì¥í~ ðœ×þ ô øíß†°…ó

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î ô ¬ôï€ ºí†°û 1€ Ö±ô°¬üò -…°¬üŒù»• 8831 

ì©éõÉ øíãò ‹ú °ðä ¶Œ³ {ý±û {Óýý± ü†Ö•. ‹† °¶†ð~ó ¬ì†ÿ ì¥ýÈ

ô…Þñ¼ ‹ú Co501 ô…Þñ¼ º±ôÑ º~. ‹† …Ö³…ü¼ ¬ì† ô ÒéË• Þí�éß̧

Öé³ …ð}Û†èþ ‹† ¬°›ú …Þ·†ü¼ ‹ý»}± ì¥ýÈ ô…Þñ¼ Þ†ìç_ ð†øíãò º~.  |

{Ïýýò ì»©¿†–

‹±…ÿ {Ïýýò ìÛ~…° ¬°›ú {Œ~üê ô øî|Ÿñýò °¶î ðíõ¬…° ¶ýñ}ýßþ …² °ô½

°ðä|ðã†°ÿ â†²ÿ )CG( …¶}×†¬û º~. ‹~üò {±{ý� Þú ¬° ²ì†ó|ø†ÿ

ì}×†ô– …² ì¥}õü†– °…Þ}õ° ðíõðú|‹±¬…°ÿ º~ ô ‹† °ô½ CG| ìÛ~…°

…¶}ý±ó ô…Þñ¼ ð~…¬û )ìõðõì± ìõ›õ¬ ¬° ì¥ýÈ( …ð~…²û|âý±ÿ º~. ìÛ~…°

¬°›ú {Œ~üê …² {Û·ýî ÒéË• ìõðõì± {Œ~üê º~û ‹ú �éýí± ‹± ÒéË• …ôèýú

ìõðõì± ‹ú ¬¶• „ì~.

‹±…ÿ {Ïýýò ì}õ¶È Î~¬ÿ ô ô²ðþ ô²ó ìõèßõèþ ô {õ²üÐ „ó …² °ô½

°ðä|ðã†°ÿ ́ë {±…ô…üþ )CPG( …¶}×†¬û º~û …¶•. ‹~üò {±{ý� Þú

ðíõðú|ø†üþ ¬° ²ì†ó|ø†ÿ ì}×†ô– …² ì¥}õü†– °…Þ}õ° ‹±¬…º• ô ô²ó

ìõèßõèþ ô {õ²üÐ „ó ìÏýò º~. …² „ó ›† Þú ðíõðú|ø†ÿ ̈±ô›þ …² °…Þ}õ°

ìÛ~…° ²ü†¬ÿ Þí�éß̧ Öé³ …ð}Û†èþ ì̧| ¬…°ð~€ ‹±…ÿ ›éõâý±ÿ …² „¶ý� ¬ü~ó

¶}õó|ø†ÿ ¬¶}ã†û CPG| ðý†² ‹ú ̈†°ž|¶†²ÿ üõó ì̧ …² ðíõðú|ø†¶•.

‹ñ†‹±…üò€ ðíõðú|ø† ¬° ¤çë {}±…øý~°ôÖõ°…ó ¤ê º~û ô …² ¶}õó ¶ýéýß† ô

¶�̧ „èõìýò ̈ñþ̃ ÎŒõ° ¬…¬û º~ð~. ‹~üò {±{ý�€ üõó ì̧ ›Ž̄ ¶}õó

º~û ô ì¥éõë �éþ …¶}ý±ó ¬° {}±…øý~°ôÖõ°…ó …² ¶}õó ̈†°ž º~.

ð}†ü� ô  ‹¥™  |

¬° ºßê1 ð}†ü� ºŒýú|¶†²ÿ ô {œ±‹þ ‹±…ÿ {Óýý±…– ¬°›ú {Œ~üê ‹† ²ì†ó

„ô°¬û º~û …¶•. ‹† {õ›ú ‹ú ºßê€ ‹† Þ†ø¼ ÒéË• ìõðõì± ¬° ²ì†ó|ø†ÿ

�†ü†ðþ ô Þ†ø¼ …¤}í†ë ¬¶}±¶þ °…¬üß†ë|ø† ‹ú ìõðõì±€ °ôð~ …Ö³…ü¼ ¬°›ú

{Œ~üê ‹† ²ì†ó {Óýý± Þ±¬û ô ºý� {Óýý±…– Þ†ø¼ ìþ|ü†‹~. ìÇ†‹Ü ð}†ü�€

ìÛ~…° ìõðõì± ì¿±Ù º~û ‹† ¬°ðË± â±Ö}ò …÷± ́ë ‹ý»}± …² ¤†è}þ …¶• Þú

¬° ºŒýú|¶†²ÿ Ö±…üñ~ �éýí±º~ó …üò �~ü~û ¬° ðË± â±Ö}ú ð»~û …¶•. ¬èýê

…üò …ì± Þ†ø¼ º~ü~ ô…Þñ¼|ø†ÿ …̈}}†ï ô ‹±ô² �~ü~û ̈õ¬ º}†Ž|¬øþ

…¶• Þú ‹†Î™ ì¿±Ù ¶±üÐ|{± ìõðõì± ìþ|ºõ¬. øî Ÿñýò€ ð}†ü�

ºŒýú|¶†²ÿ ¬…°…ÿ …ð¥±…Ù …² ¬…¬û|ø†ÿ {œ±‹þ …¶• Þú ‹† ¬° ðË± â±Ö}ò …÷±

ë́ ìÛ~…° …ð¥±…Ù Þí}± …¶•. ¬èýê …üò …ì±€ ð†¬ü~û â±Ö}ò …÷± Æõë ²ðœý± ¬°

ºŒýú|¶†²ÿ …¶•€ ²ü±… ‹† ¬° ðË± â±Ö}ò …÷± Æõë ²ðœý±€ ²ðœý±ø†ÿ ‹† ô²ó

ìõèßõèþ ‹ý»}± Ú†‹éý• …ðœ†ï ô…Þñ¼ …̈}}†ï Þí}±ÿ ¬…°ð~ ô ìþ|{õ…ðñ~ ¬°

ô…Þñ¼ °º~ º±Þ• Þ±¬û ô ¬°›ú {Œ~üê °… …Ö³…ü¼ ¬øñ~.

ºßê2 {Óýý±…– ÒéË• „Ò†²â± °… ‹† ²ì†ó ð»†ó ìþ|¬ø~. øí†ó|Æõ° Þú

¬° …üò ºßê ì»†ø~û ìþ|ºõ¬€ ÒéË• „Ò†²â± ¬° …‹}~…ÿ ô…Þñ¼ ‹ú

¶±Î• Þ†ø¼ ü†Ö}ú ô ‹ú ¾×± ð³¬üà ìþ|ºõ¬. …üò …ì± ð»†ó|â± º±ôÑ

°º~ øî ²ì†ó …Þ±̃ ²ðœý±ø† ¬° …‹}~…ÿ ô…Þñ¼ ô ¬èýéþ ‹± ì†øý• ²ð~û

�éýí±º~ó …¶•.

¬° ºßê3 °ôð~ {Óýý±…– ÷†‹• ¶±Î• …̈}}†ï ‹† …Ö³…ü¼ ¬°›ú {Œ~üê

ð»†ó ¬…¬û º~û …¶•. ìÇ†‹Ü ð}†ü�€ ‹† …Ö³…ü¼ ¬°›ú {Œ~üê ‹ú ¬èýê ‹±ô²

�~ü~û ́ë ÷†‹• ¶±Î• …̈}}†ï Þ†ø¼ ìþ|ü†‹~ ô ‹†Î™ {Óýý± ¬° ¶ýñ}ýà

ºßê 2 -{Óýý±…– ÒéË• „Ò†²â± ‹± ¤·� ¬°›ú {Œ~üê.

ºßê 1 -{Óýý±…– ¬°›ú {Œ~üê ‹† ²ì†ó.
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ô…Þñ¼ ìþ|ºõ¬ Þú …üò …ì± ¬° ºßê|ø†ÿ 3 ô 4 Þ†ìç_ ì»ùõ¬ …¶•.

¬° ºßê4 {Óýý±…– ì}õ¶È Î~¬ÿ ô ô²ðþ ô²ó ìõèßõèþ ‹† ¬°›ú

{Œ~üê …°…̂ú º~û …¶•. ‹† {õ›ú ‹ú ¬…¬û|ø†ÿ ºŒýú|¶†²ÿ ì»†ø~û ìþ|ºõ¬€

ì}õ¶È Î~¬ÿ ô ô²ðþ ô²ó ìõèßõèþ ‹† ¬°›ú {Œ~üê °ôð~ ¾Ïõ¬ÿ ¬…°¬

Þú ¬° ¬°›ú {Œ~üê|ø†ÿ Þî ºý� {Óýý±…– ð·Œ• ‹ú ¬°›ú {Œ~üê|ø†ÿ

²ü†¬ Þí}± …¶•. ¬èýê …üò …ì± ìþ|{õ…ð~€ Þ†ø¼ º~ü~ ô…Þñ¼|ø†ÿ …̈}}†ï

‹ú ¬èýê ôÚõÑ …÷± ́ë ¬° ¬°›ú {Œ~üê|ø†ÿ ²ü†¬ ‹†º~. ô…Þñ¼|ø†ÿ …̈}}†ï

…² ðõÑ {±Þý�€ Þú Æþ „ó ¬ô ²ðœý± ¬° ¤†ë °º~ ‹† ‹±̈õ°¬ ô Ÿ·Œý~ó

‹ú üà ¬üã± …̈}}†ï ìþ|ü†‹ñ~€ ðý³ ‹†Î™ …Ö³…ü¼ ð†âù†ðþ ¬°›ú �éýí±º~ó

ìþ|ºõð~. øî|Ÿñýò€ ô²ó ìõèßõèþ �éýí± {õèý~º~û ‹† ¬° ðË± â±Ö}ò

�~ü~û ́ë Þ†ø¼ ìþ|ü†‹~ Þú …üò …ì± ¬° ìÛ†ü·ú ‹† �éýí±º~ó °…¬üß†ë „²…¬

°ôð~ Îß̧ ¬…°¬. ¬° ¬°›ú|ø†ÿ {Œ~üê Þî ‹† {õ›ú ‹ú …üò Þú ¬° ¶†ì†ðú

�éýí±º~ó �~ü~û ́ë ô›õ¬ ð~…°¬€ ìñ¥ñþ ô²ó ìõèßõèþ ‹† ô ‹~ôó ¬° ðË±

â±Ö}ò …÷± ́ë ‹± øî ìñÇŒÜ …¶• ô …ðÇŒ†Ý ìñ†¶Œþ ðý³ ‹† ¬…¬û|ø†ÿ {œ±‹þ

¬…°ð~. øî|Ÿñýò€ ðíõ¬…° {Û±üŒ†_ ̈Çþ ì}õ¶È Î~¬ÿ ô²ó ìõèßõèþ ‹†

¬°›ú {Œ~üê {† ¬°›ú|ø†ÿ {Œ~üê ð·Œ}†_ ²ü†¬ ð»†ó …² ì†øý• ²ð~û

�éýí±º~ó ¬…°¬ ô °º~ øî|²ì†ó ²ðœý±ø†ÿ �éýí±ÿ °… …² °…û ÖÏ†ë º~ó

ðõ‹}þ ì±…Þ³ Òý±ÖÏ†ë ð»†ó ìþ|¬ø~. ‹† {õ›ú ‹ú ð}†ü� ì»†ø~û ìþ|ºõ¬€

ì}õ¶È ô²ó ìõèßõèþ ¬° ¤†è}þ Þú …÷± ́ë ¬° ðË± â±Ö}ú ð»~û€ ‹ý»}±

…¶• Þú ¬èýê „ó ¶±Î• …ð}»†° Þî ¬° �éýí±º~ó °…¬üß†èþ ²ð~û …¶•.

øî|Ÿñýò€ ¬° �éýí±º~ó °…¬üß†èþ ²ð~û ‹ú Îé• ô›õ¬ ô…Þñ¼|ø†ÿ

…̈}}†ï …² ðõÑ {±Þý�€ ô²ó ìõèßõèþ ²ü†¬ øñã†ìþ ‹ú ¬¶• ìþ|„ü~ Þú

ìÛ~…° ô…Þñ¼ …̈}}†ï ¬° ì¥ýÈ ‹ý»}± ‹†º~ ô …üò …ì± øñã†ìþ …{×†Ý

ìþ|…Ö}~ Þú …÷± ́ë °« ð~ø~.

ºßê5 -…èØ ìñ¥ñþ {Óýý±…– º†̈À �±…Þñ~âþ °… ‹† ¬°›ú {Œ~üê

ð»†ó ìþ|¬ø~. ¬° ¬°›ú|ø†ÿ {Œ~üê Þî º†̈À �±…Þñ~âþ ìÛ†¬ü±

‹³°å|{±ÿ ¬…°¬ Þú ¬èýê …üò …ì± ìþ|{õ…ð~ Î~ï {œ³üú Þ†ìê „Ò†²â± ¬°

è¥Ë†– …ôèýú ‹†º~. ‹† â̄º• ²ì†ó ‹† {õ›ú ‹ú ÖÏ†ë º~ó ðõ‹}þ ì±…Þ³

ºßê 3 -{Óýý±…– ÷†‹• ¶±Î• …̈}}†ï ‹† ¬° ðË± â±Ö}ò …÷± ́ë.   |

)…èØ()Ž(

ºßê 4 -ðíõ¬…° {Óýý±…–: )…èØ( ì}õ¶È Î~¬ÿ ô )Ž( ì}õ¶È ô²ðþ  ô²ó ìõèßõèþ ‹† ¬°¾~ {Œ~üê.   |
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ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î ô ¬ôï€ ºí†°û 1€ Ö±ô°¬üò -…°¬üŒù»• 8831 

ÖÏ†ë€ øíú °…¬üß†ë|ø†ÿ {õèý~º~û …ìß†ó °º~ �ý~… ìþ|Þññ~ Þú …üò …ì±

¶Œ� °º~ øî ²ì†ó ²ðœý±ø† ô ¬° ð}ýœú °¶ý~ó ‹ú ¬°›ú �éýí±º~ó

ìÏýñþ ìþ|ºõ¬. ¬° ð}ýœú€ º†̈À �±…Þñ~âþ ‹† …Ö³…ü¼ ¬°›ú {Œ~üê

Þ†ø¼ ü†Ö}ú ô ìÛ~…° „ó ‹ú 1 ð³¬üà ìþ|ºõ¬. øî|Ÿñýò ì»†ø~û ìþ|ºõ¬€
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