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Abstract

Project Code: MRG6080164

Project Title: The Development of Tin(ll)-macroinitiators for The Controlled

Synthesis of High Molecular Weight Polyesters

Investigator: Dr. Wanich Limwanich
Faculty of Sciences and Agricultural Technology, Rajamangala

University of Technology Lanna

E-mail Address: Wanich.lim@gmail.com

Project Period: 2 April 2017 — 2 April 2019 (2 years)

Polylactides and polylactones, the well known biodegradable polyesters, are
generally utilized as starting materials for biomedical and packaging applications. They
are synthesized by ring-opening polymerization (ROP) of cyclic esters such as L-lactide
(LL) and ég-caprolactone (¢-CL). The key to achieve control polymerization and high
molecular weight of these polymers is highly effective initiators. Among these, tin-
containing compounds such as tin(ll) octoate (Sn(Oct),) and tin(ll) alkoxides (Sn(OR),)
are considered as reactive initiating systems in the ROP of cyclic esters. In our research
group, the liquid tin(ll) n-butoxide (Sn(OnBu,) was successfully synthesized for the first
time and patented. It acted as a powerful initiator that produced high polymerization rate
and molecular weight polymers. However, it was very sensitive to moisture that limits
the utilization for the industrial applications. Therefore, the effective route to overcome
the limitations of liquid Sn(OnBu), was introduced. Liquid Sn(OnBu), was converted to
novel tin(ll)-macroinitaitors (SnLL and SnCL) that still reactive in the ROP of LL and é&-
CL. The SnLL and SnCL macroinitiators were prepared from the ROP of LL and &-CL
with 4.0 and 8.0 mol% of liquid Sn(OnBu), initiator and assigned to SnLL4, SnLLS8,
SnCL4 and SnCL8. The functional groups, chemical structures, molecular weights and
thermal properties of tin(ll)-macroinitiators were investigated by furier-transform infrared
spectroscopy (FTIR), proton nuclear magnetic resonance spectroscopy ('H-NMR), gel
permeation chromatography (GPC), differential scanning calorimetry (DSC) and thermo

gravimetric analysis (TGA). The kinetics and thermodynamics of ROP of &-CL initiated by



these tin(ll)-macroinitiators were completely investigated by non-isothermal DSC technique.
The synthesized SnLL macroinitiators were more reactive at lower temperature range than
SnCL macroinitiators. The reactivity of tin(ll)-macroinitiators in the ROP of &-CL was
determined in the following order: SnLL8 > SnLL4 and SnCL8 > SnCL4. The important
kinetic parameters were determined and utilized for predicting the polymer synthesis
conditions. The efficiency of the synthesized tin(ll)-macroinitiators in the synthesis of poly(L-
lactide) (PLL), poly(&-caprolactone) (PCL) and poly(L-lactide-co-&-caprolactone) (PLC) was
also investigated by the bulk polymerization. Tin(ll)-macroinitiators produced very high
molecular weight PCL and PLL with number average molecular weight (Mn) > 1.0X10°
and molecular weight distribution (MWD) < 1.9. Moreover, SnLL4 macroinitiator produced
the highest PCL with MH of 6.3X10°. The effectiveness of all tin(ll}-macroinitiators and
the conventional initiating systems of Sn(Oct), and Sn(Oct),/n-butanol (Sn(Oct),/nBuOH)
in the synthesis PCL was also investigated and compared. The synthesized SnLL4
macroinitiator produced higher molecular weight PCL than those of Sn(Oct), and
Sn(Oct),/nBUOH.  Furthermore, the mechanism of the ROP of cyclic esters with the
synthesized tin(ll)-macroinitiators was proposed through the classic coordination-insertion

mechanism.

Keywords : Ring-opening polymerization, &-Caprolactone, L-Lactide, Kinetics,

Macroinitiator
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ﬂi:mﬂé’mmﬁwﬁfﬂimaqa (MWD) Taiwadilasngaanzilalasinaiiaiaainaliati
lasanInn#l (GPC)

2. 3ammaaas
= s
2.1 MIla3sNNanaLNDS
g . o v a £ <
oy lzaau-anlwsuanlnu (e-CL) (Sigma, 99.0%) azpnvilwuIgntlasninau
v a ' ) { a £ o
muldanzgyyiniea o gunnd 60 °C feuldau las e-CL Nvgndazlanwuiy
voawalalifid gunaninlslunanau e-cL ldusasliluzud 1 dmiuuea-uan’ing
v a 5 PN { o & &
(LL) (CMU, 99.5%) azpn¥linignslasmianwanluiefia azfiaaiiuds 3 a3 anuu
inInTadiiausnndn LL sanannalvinazans wadtiuan LL flalauasldaniie
FIMAf 45 °C awnEnIhninved LL a9 ansuwinaiiundn LL lusiadunas
neldannzgyyinianeuldou anwuzaendn L Aldandundnla 10as
o ¥ a £ o {
nazuaum Il LL uianTlduaaslilugud 2



= < & & ol < o
3‘1]“ 1 NITUIUNINABNAUDLNDT E-CL LLa:Qﬂﬂimﬂl‘ﬂumiﬂamtuua@mm@m

Crude LL

Re-crystallized in " .
dry ethyl acetate Flsation Vacuum dry

{three times)
Purified LL 5

P o & v a £ = o
Ui 2 nazwaumavhaenawaed LL Wiu3gnlasmyanu@n n1ansas uazmsaumuld

8NNEFYYIMA

2.2 nsdatazRaITSaAn(l) suuuaalas

é’a%t‘%uﬁu(ll) wuuuales masaessnldandjisenszning waa-uan'ng (LL)
wia 1ou/lmmau-alwsuanlnu (E-CL) AudSSufindn tdu-Danen'las (Sn(OnBu),)
TReV8INET 9G35 Sn(OnBu), TRATBIAMIFTINNTAFIATIER la1NUAToNIzM I
fu(l) aaalsd (Sncly) latefianiin (Et,NH) uaz idu-Gamuas (nBUOH) mudEmsfing
e l3luansauas Meepowpan uazame [1] §235ufndl) wwunnalasildlumuisoil
sanIniasowlaannUizen LL wia &-CL USunm 2 g iU Sn(OnBu), THavasnal lag
v‘iwmsm%wamaﬂu%é’aﬁLtﬁamﬂléfuwmmﬁmaattﬁavluIWSLﬁ]uiuﬂeiaamuqu
UTTINANA (Control atmosphere glove box) wazlianudaduuas Sn(OnBu), WinAu 4.0
uaz 8.0 mol% Iﬂﬂﬁwmséﬁmswzﬁﬁqquﬁ 130 °C 1Juiia1 5 wif Lﬁaéuqﬂﬂﬁﬁ?m

aldarsSunuuunalasvasfu(l) tdu-inenloaia lraau-alwsuanlnu (SncL4



Wae SnCL8) wazfin(ll) tdu-danenlod/uaa-uaning (SnLL4 uaz SnLL8) NTLLIUANT

Faamziariisufingl) uuuuales atnsielduaaslilugli 3

Liquid Sn(OnBu),
(Method of
* Meepowpan et. al. [1])

11z United States Patent
Mecpowpan ef al
Purified LL Purified CL o eI

711 Applowen CHLANG MAT UNTVIRSTTY
Chasmg Mot (T

(kept under vacuum)

:'; Solid tin(ll)-macroinitiator Liquid tin{ll) n-butoxide
SnLL
5% i e }o—sa—of I e R
L CHy n S &y a

Convert to
macroinitiator

of |
sncL,
2 3 [ 2
ﬂ':ﬂ‘f*‘ﬁ;-{-ﬁ ~E— CHLEH,LHCH,CH, 1 0-3a-0 £ CH,CH,CH.CHCH,— & -O}C"ﬁ“:‘“l‘“‘
m m

2z
-

UM 3 UNUNIWBENIIIBURAINTZLINMIRIATIEAAIENTU( wusuaalas

2.3 MILIUDNAANHHLIANIZYBIAIILINN(I) wuyunalas

A a v aa a & & a €

WalaTaud3Eunu(l) uuuuualaInIuTuaan 2.2 NUUIINITIATIEERY
Waidudna glaslasnaiiaySonmuanaiuduniae swnlnsslnd (FT-IR) lasia3es
Bruker Tensor 27 spectrometer L@ 8¥i1N133LATIZA PTI98 VATY 400 — 4000 cm”
NnURAIMITIeTsAlaTsaInnalrasdissuainanlameiialusaeu-iaade§
wunndnislauuudaidnlnsalnt ("H-NMR) lasldia3a9 Bruker Avance 400 NMR
spectrometer laald CDCI, Lu@Ivi1aza 1y AiIn1331AT1ERNAND 400 MHz wazld

& a a & A e o o Y a  a
T™MS Lﬂuﬁ']ill'lmii']uﬂ']ﬂﬂlu uaﬂmuaa’mmﬂuﬂmﬁam%ﬂmdm EQQHIWLWNL@]N

[
A en o '

mﬂﬁﬂmsu’auanqmé’num:mmwaaﬁﬁfémﬁo@ialﬂu giawldvinsienssing
Wastwanizuasadsuindulasmaiarunuadnlnsalnd (Raman) lagldiadas
T64000 JOBIN YVON HORIBA spectrometer %8n31n4 69 1dh1n15310 3129 51wein
Iml,aqamaaéi'ﬁﬁuﬁu(ll) wuuusalaslasmafiaaawediatulasanlninn (GPC) lag
1’5’Lﬂ‘§a¢] Water e2695 gel permeation chromatography wagld THF Wudvinazay waz
Idwedalaswdumsnisaigin Ll,a:v‘hmﬁLﬂﬁ:ﬁqmauﬂ'ﬁmamwu%aumaaﬁa%t‘éuﬁu

any wopunalaslasmafiadninaswdoasunuiisaassiuad (DSC) laultia3as Perkin



Elmer DSC-7 uazinaslunmiansnawlads (TGA) lauldiaias Perkin Elmer TGA-7
Fnsumsiensidsmaita DSC axlfinminuesasaaetne 8-10 mg lagvinnnyda
mié’aaﬂwaﬂumngmﬁw wiTaldain ansurinnslianuienuianssiedng
97N 20 — 200 °C 7 damn1sbianuten 10 °C/min nmeldussenmavasiulasian 7
§amm3lna 20 mUmin dm3unsiassddomadia TGA axldinminuasansaasng
8-10 mg T,@aﬁwmi%'amié'hamaaﬂum@azgﬁtﬁw udrTlaliaiin aniwrinnslwain
$auunaIei081991n 60 — 600 °C 71 sasINsIRANNTaN 20 °C/min Meldussene

aaslulasian Ndamnslna 20 mLmin

S s aaa a o a
2.4 msEnweannamansuazgamnamansuaslisemedwalsisuwuuuia
wvastaylzaau-anlnsuanlnulagimaia Dsc

n1sasegauaEInInlunsialjisewediwe lsistunuuilass (ROP)

> Aaa

2949 £-CL Aua33ufn(l) wwuwualasiadsuduun sansarinldodsmnaiilayls
nafia non-isothermal DSC lasl4ia%as Perkin Elmer DSC-7 lagi3uannsuan €-CL
U5t 2 g U35 SnLL Tudu 1.0 %wiw #50633158 SnCL 1Twd% 2.0 %wiw 1u
halafiuis aniuinmIninesnan 5 wifl udrsevinnmstivesnanysunm 8-10 mg
aﬂum@a:gﬁtﬁw uirdlaliaiin aniurinnnslwanufeuurivesnauain 20 °C f9 200
°C m 803IN7MAANTaN 5.0 7.5 10.0 wuaz 12.5 °C/min I@]ﬂvlsjﬁmigryﬁﬂﬁ'mﬁﬂmaa
a3ietng moldusssmelulasauisasnisia 20 mUmin ansiuwinnnsasiagey
ﬂﬂitﬁmﬁwaaﬂﬁﬁ%miwamiﬁwmﬂﬁmw%uﬂ%@ﬁamLLrimséha:m uazenadngly
nagaudsinaiia 'H-NMR dwiunsdnsinalnlunsifedjisowedwalaodu §ide
alddragnaflannmislienufeulasmafio DSC o sas1Msliauian 10 °Cimin
Tuinmsiensilasseamaeidiomaiia "H-NMR

2.5 N13F9ATIEHA uaznIstsuanamansmzianizaasnadaylraan-arlniuan
Tnw) uazwad(waa-uaning) iunadiwalsisswuuuiadlaslanu(l) wuuusalas
Juasisadfasen
Lfia;ﬁﬁ'ﬂmmﬁawqﬁnsmmﬁﬁuﬂﬁﬁ%m ROP 184 &-CL 7i3i5ulanea35ui

() wouuwalasansg sandadrlanalnlunisaifed fAseuss mnfuﬁ%%’ﬂﬁﬁwms
°n@aauﬂi:'ﬁﬂ’%mwmaaﬁﬁﬁuﬁu(ll) wouuwalaslumssaeszinedwesdauinnis
nasouanuiulyldlunnihd3dud §ase W lFd s loniase awsunsdauaned
wad(ay lraan-anlnsuanlnu) (PCL) uaz wad(uaa-uan'ng) (PLL) sunsarinlalas
MIMEY E-CL Wi LL U501t 4 g HUGT3I5W SnLL waz SnCL wuuuaalasinnududu
0.050 0.075 0.100 0.150 W&z 0.200 %wiw lualanwnaNwwIa 10 mL Aeldussenme

uiiglulasiaulu Glove box (LABCONCO) anuusinnisaziaudsinlduasludns



ihiugalen (Silicone oil bath) ﬁqm%gﬁ 150 °C 1{luiam 48 $2lug Wansuimuaian
imedwefinanilinazaslunsalswesy udvinsanaznanluwmuesiin nses ui
1 PCL #ia PLL Aldluvinnseunmeldannizguannia o gomadl 50 °C aunszna
ihwines mﬂffmhwaaLuﬂ%ﬁﬁ%’qmﬁwﬂlﬁlﬂmﬁmﬁﬂimaqa KAETNNTATZANLAIVDI
ﬁmﬁﬂimaqa (Molecular weight distribution, MWD) daeinadia GPC lauld THF 1Tuan

inazany

2.6 N13d91A3129 uazdivanamanrmzianizyainad(waa-uanind-la-tayly
aau-anlnsuaninm) drwnedwa lnsfweuuiadlaalgnwi) vuuwsalas uwan
'%L’%'Nﬂf]ﬁ'%m

WaR(UaR-Uan Ma-la-at/lraau-alnsuaninu) (PLC) a1an3n&9LATzH Lo lae
nsuay LL uaz &-CL ludasan 50:50 uas 70:30 laslua Au@aSi3u Snlld Ay
Wudu 0.100 %ww luanadunanauia 10 mL meldussonmeaudalulasiauly Glove
box (LABCONCO) mnfuﬁﬂmﬁﬂmmLLé’aﬁﬂlJajuaalua’wﬁwﬁuéﬁaiﬂu (Silicone oil
bath) ﬁqmvxgﬁ 150 °C 1flwtaan 48 $2lus leasudinuaaitwedwainaniiun
szaeluanalinasy udmianazneuluamuesiiu nses udh PLC Aldldvims
suneldanizgyinia m gannil 50 °C IunIENIIMIneI ntuiweawe i
é’amiﬂ:ﬂmﬂmﬁwﬁhimaqa Lmzmsm:mUﬁwaaﬁwﬂfﬂiuLaqa (MWD) drenadia
GpPc lasld THF Wuavinazans uazvinnsamaseulassaianaeilasinaiia °c-
NMR laglt cDCl, 1uarvinazany

2.7 mswSsuiisulseansSanaasar3isuiinl) uuuusalas dw(l) eanlnian fin
3 A A 3 A [ a
() eanlnanndn-danwaa uazin(l) taw-imanlad lwn1sdoiasizvineapay

loaan-alnsuaninm) iiwwadiwa lsisdwuuniias

A em o =

ma;dmammmﬂizﬁw%mwmaoﬁﬁﬁuﬁu(ll) wouuaalasengg lunssaaness
wodwasiudFAsomedwe laimduuuudad mnuugideldinndouiioy
UssanTnnwaasadSuadssaiingl wwuuaalas fudsSeiiiuidsuldlaemluldun
Au( aanlnian (Sn(Oct),) Wz Sn(Oct),t8u-T1n1uaa (nBuOH) lasausavinldlas
MIMEN E-CL USumh 4 g TUG5158 SnLL4 SnCL4 Sn(Oct), W38 Sn(Oct),/nBuOH #i
A0l T U 0.050 0.075 0.100 0.150 LAZ 0.200 %w/w luUIAAUNANIUIA 10 mL
neldussormaufalulasiaulu Glove box (LABCONCO) ansiurinnisdlaziaunda
ﬁw"lﬂﬁmo’ludnﬁwﬁ'u%mﬂu (Silicone oil bath) ﬁqmﬂqﬁ 150 °C 1flwnan 48 T2l 1ila
asuiuantweiwafinaiunazasluasaliwedy udriinisanaznaulumm

uaaiiu nia udi PCL Aldluvinsaumaldanizayyinie o guwnd 50 °C



AUNITNIUIAUNAIN U W ALY ai’ﬁé’aLﬂiﬁ:ﬁﬂﬁﬂﬂ%ﬁﬁﬁﬁﬁn‘[mmqﬂ LN

nazadzanhninluana (MWD) Muinaiia GPC lavld THF Wudavinazae

3. Han1Inaaad uaz"‘m’usnﬁnan'ﬁwﬂa aJ

3.1 Msdad warnstsuanamANEMzIaNIZEa9a 31 5HAN(I) uwuuaalas

v '
v A wm v o a (%

TwawideifadndaananazuddywifsanumsldnuvesszuniiEa SnOnBu),
a A & evaa AdAa ' o & a &a
sievesnan SaduddGunfianuiashg uszmansnlilunsdenzinafiomnain
fvmiinluianagsled ue Sn(OnBu), Tliavaswa iafivsnindannudu uazeanfian
i IFuen uazfivinmIildlinu landidodasnsaon Sn(OnBu), siiavaiinas
@ R e aa »aa a A c & A A ' a
Inaaduaisiduaistudndl) wuaales Saduvasudsdalimdiosnindesandian
X a4y ., . . . v o A
wazauan Mnuldine uazaradrazaniniluldnuldasauigaannnsw
laglawizadnids gamwnITunaIa@ndanw uazwadwaiminaunng idelduaas
' , A @ = ~ o a o aa A
uHuAnasnssRgnuTWSsufisulasiainennaaiivesal3isu Sn(OnBu), e

Vo9 uasfinll) uuuunalaslugui 4

Liquid tin(Il) n-butoxide
CHyCH,CH,CH; — 0 —Sn—0— CH,CH,CH,CH, |||||||||’ Difficult to handle and utilize

<~ Solid tin{l1)-macroinitiator
SnLL, o °
CH,CH;CH,C Hz-{-o —c —?N—}»O—Sn—l}—(—CH—Ié —o‘}-cn,cuicn,cu,
CHy'm CHy n

i ooyt handi
Stable to moisture

SnCL,

a2 @
CH,C HzGHzC"h—{-o —C—CHyC H;cn?cuzcai}o- sn-o{c H3CHCH CHyCHy — G~ 0~ CH,GH,CH;CHy
m ‘m

w

3Uf 4 ununnagninevaslaseainimainiizesaasian Sn(OnBu), THATBIANT UaZ

A35NAITENARI) suuuwNalas (SnLL was SncCL)



F3GuAud) wwuuwales fusnLesun leandsensening e-CL wie LL fuas 5w
Sn(OnBu), THATDILHAR? ;ﬁ%’ﬂ"lﬁﬁmﬁm‘%wmaawauimmﬁq &-CL w3a LL YSunm 2
N33 W8z Sn(OnBu), TRATBIWAINAINTNTH 4.0 uaz 8.0 mol% aslulidaniuks
muldusismevasufialulasianlundasniuguusssinie (Control atmosphere glove
box, LABCONCO) mnﬁf’uﬁwmiajw"hé’aaalua’nﬁﬂﬁu%ﬁiﬂu o gD 130 °C 1ilu
A1 5 Wil Lﬁa??uq@lﬂg’jﬁ%ma:‘lﬁ@?ﬁﬁumemaiﬂwaaﬁu(ll) du-tmenlodiaylo
Aau-mIWsLanlny (SnCL4 uaz SnCL8) uazfin(ll) tdu-tnenlod/uaa-uanlng (SnLL4
Wae SnLL8) §188IaNHmeIINMEnINa9631587n(l) uuuunalas "Lﬁl,l,am'lugﬂ"?’i 5
Werinnsdsamsiaassufingl) uouuualasiadedn mnfu;ﬁ%’ﬂ"[ﬁﬁﬂﬂﬁmuaﬂ
Qmé‘ﬂHmzmww:madﬁﬁﬁuﬁaﬂdnLﬁaaﬁuhﬂwmﬂﬁﬂ FT-IR uaz 'H-NMR §1M3UNA
mﬁLﬂiﬂ:ﬁﬁgﬂaﬁﬁumao@‘i’a’%lﬁf‘uﬁu(ll) wuuuualaslasmnadfia FT-IR "LéfLLam’Lugﬂﬁ 3

(b))

184 SnCL4

o I (L [
L

0.5

Transmittance
o =] =]
Sk b
L L ,;Iar
Transmittance
< - -
o (=] 5]

0.0+ 0.4 T T T
4000 3600 3200 2800 2400 2000 1600 1200 80D 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400

Waverumber (cm') Wavenumber {cm)

'
a

311 6 FT-IR s1Unna (KBr) 183633130 SnLL (a) uaz SnLL (b)

PMNANIINARINLINFURILAATNVIAITINNIRIUIINFY Y1489 Sn-O-
Sn bond Indriy 750 cm™ ugasfianiainnzndun (Aggregation) sznitsluianazasan

'
a

FEuUjAsen lavgidoataniviininnizngunuiiissndunininizngunin



intermolecular force 'lai1% chemical bonding wazditunivasFy Y1 TFUINY
Waritudu g Iauaasluannf 1 waz 2 nammaassfi ldfianalndidosiuaniiasues
Meepowpan ussamiz [1] F9ldinIdaased Sn(OnBu), Tha89%A87 wazldBuguny
WanTulasinadia FT-IR :INHANITNARBINY Sn-O-Sn stretching fUStame 740 cm™ @4
gaandaInUNaNIMAneIf ldannudseil Lﬁaﬁﬁmiﬁuﬁuﬂgﬂaﬁ%’uuﬁ's danlavinig
’imm:ﬁﬁgﬂaﬁ%‘waaﬁﬁﬁu SnLL4 uaz SncL4 iimdnlanldinafia Raman-R lag

Raman aunnawasaiiizuainaldusasliluzud 7

19199 1 FY 10 FT-IR s11Aasuuasaisian SnLLd uaz SnLL8

nsduzIng T Wave number (cm™)
O-H stretching 3328 — 3848 (s)
C-H/CH3; stretching 2994 (w)
C=0 stretching 1756 (s)
C-H/CH3 bending 1464 (w), 1368 (m)
C-O stretching, acyl-oxygen 1195 (s)
Sn-O-Sn stretching 760 (w)

WUNBLAG: s = strong, m = medium, w = weak

19199 2 FYY I FT-IR s1AasuuaIaasisn SnCL4 uay SnCL8

miﬁ"mmmyzﬁaﬁ%'u Wave number (cm™)
CH,,CH; stretching 2994 (w)
C=0 stretching 1727 (s)
CH,,CH; bending 1476 (w), 1357 (m)
C-O stretching 1295 (m)
C-O-C stretching 1244 (m)
COO stretching 1175 (m)
Sn-O-Sn stretching 730 (w)
Sn-O stretching 452 (w)

WUNBLAG: s = strong, m = medium, w = weak

NHan1INaaadlugdfl 7 wudl Raman sunnizasaadisudnngayyim
@W1z289 Sn-0 Naandulusig 150-400 cm™ [2] wanaNHEIWURY Y MWAUT 988

289 Sn-0-Sn U31IT4 750 em™” waaeihardiany firuununalasiedoulddmanenga



o a o o A < )
ﬂumaﬂmaqa (Molecular aggregation) ULItWNBTE Sn-O 6N Fahandunamnannls
A & & A . @ { o ' A
Sn(OnBu), mucﬂ*’naammLﬂummaﬁumﬁmnm:mg&mwaﬂmaqaﬁmmwummmLL%@
‘vxé’aﬁnﬂﬁ?Lﬂswzﬁmgﬂaﬁ%’uuﬁa ;ﬁ%’m:ﬁﬁmﬁLﬂﬁ:ﬂmda?ﬂamamﬁ“ﬂaaé’ﬁﬁuﬁu

(I wuusualasmeamadia "H-NMR da'ld

” .l'ﬂ'-I |
i [ {
_;‘JI \-\N'\“’ U snle \w) \

T T T T T T T T
100 200 300 400 500 600 70O 800 900 1000
Wavenumber {cm’')

SnCL4

Raman intensity

Eﬂﬁ 7 Raman 81UnN51989673158 SnLL4 uaz SnCL4 wuuLualas

ﬁnﬂmﬁLmﬂ:ﬂﬂwa%amaLﬂﬁmaaﬁﬁﬁf'uﬁu(ll) wuuuualas lasnadia 'H-
NMR namsnaaaslduansliluzui 8 uaz 9 :mnnamnasaslugiil 8 wuinddyaym
triplet 989 methyl proton (-CH,) ‘lu‘ﬂgﬂmﬂ butoxy (-O(CH,);CH3) 1 0.90-0.95 ppm (h)
uanmnﬁﬂ'&wuﬁzyzywm doublet 189 methyl proton (-CH,) Badaalswaduaning uas
methylene proton (-CH,-) ¥84 butoxy chain end %5249 1.50-1.70 ppm (b d f uaz g)

Eﬁyfyﬂm quartet 183 methine proton (-CH-) ﬁaﬂaﬂﬁu Sn-O0 ﬂn@mmwuﬁl 4.35 ppm (a)

U U
=

§IUFTYTY 1™ quartet 789 methine proton (-CH-) fidanuaandiauvasansldwaduanlne
gﬂmaawuﬁ 5.15 ppm (c) 31n "H-NMR mﬂﬂmﬁ”ﬂugﬂﬁ 8 AWIDAWIHAIANNL
analglagiszann (Approximate chain length (L)) 28469358 SnLL4 uaz SnLL8 lalag
mahmsaanzingtans (End group analysis) TaglFaumsh (1)

|
Lo =TC (1)

h

o 1, uaz 1, fe Alusnauduiinavessygmdunis ¢ usz h Tugﬂﬁ 8 INWANIT
FUWIAWLANAN L 189673130 SnLL4 uaz SnLL8 feriiy 126.0 uaz 58.2 awgey
WEAIIIAMNENIT8 SLL4 uaz SnLL8 ) L-lactyl unit (-OCH(CH)CO-) i@axsari
Uszanns 126 uaz 58 WigAWAG



a @ c 9y e 1 gn

SN O—CH-C—0—CH—C-0CH;CH,CH,CHy
¢ T

bdfg

311 8 "H-NMR (400 MHz) 71Una5u8969350 SnLL4 uaz SnLL8 AFIATzHannad

walsrtueuuidadsuad LL AU 4.0 uaz 8.0 mol% Uad Sn(OnBu),

M H-NMR 81Unasupa9d75i30 SnCL4 waz SnCL8 ﬁuamlugﬁﬁ
9 WuFyIMVEINY1I Y ool dmnno triplet 189 methyl proton (-CHs) Tuny
a1y butoxy (-O(CH,);CH3) ‘ﬁl 0.90-0.95 ppm (n) z?zyzyﬂm multiplet 183 methylene
proton (-CH,-) aa9aeld PCL ‘ﬁl 1.20 — 1.65 ppm (b, ¢, d, g, h, i, |, m) ﬁryn_;’lm triplet
289 methylene proton (-CH,-) Miiandeniuasuafianisueues PCL uaz \Fandeny
Sn-0 71 2.30 (e, j) waz 3.65 (e, k) MUSIGU uanmnﬁé’zyty'lmmaa methylene proton (-
CH,-) TWiandenueandianvasasld PCL gﬂmwwuﬁ 4.25 ppm (f) 30 'H-NMR
mﬂﬂ@%’ulugﬂﬁ 9 FWTOR I L 289693150 SnCL4 uaz sncLs llasldauns

'
a

n(2)

I
Lo = T )

o 1, unz 1, e AlUsnanduiinaoIfy QI ma IR f U8z n 1u3ﬂ'ﬁl 9 IINKWANT
AIUIUNLI6T L 289675150 SnCL4 uaz SnCL8 ferinfiy 38.6 uaz 18.6 AuGL
NEaMINaasINLINdannudutuas Sn(OnBu), Ruduluduaaunissoaneian
s5unfiauualas donarinlarnsaslguvesdisSurfiaunalasiadonldanss
wanNHINNaNITHATRdIIafia FT-IR uaz 'H-NMR mmsna@ﬂvleﬁwﬁﬁﬁu



SnLL uaz SnCL Agaiamzsiladonsdusinmiiiash (Active site) 189Wus Sn-O alu
Tassaadaiazlinarld snLL waz SncCL SansfianudashlumsBuljisomediue
T tulalunonss é’afu;ﬁ%’aﬁmmwzmmmw SnLL uaz SncL udasisuriia
wualay ?’nvxﬁ"vwaﬁma"hm%’ml,umﬂmwaqLLaﬂ"lmTﬂ‘%aLLaﬂIﬂu"L@TEfia;ﬁ%'ﬂa:ﬁﬂmi
aTIRaUMELINAiia DSC da'ld

abcue?ll!nnlngklmn
Sn O{CH;CHPCHch‘—CHz—C—O—CH,CH;CH;CH,CH_—,—C}-OCHzCH;CH)CHg
n
2

b.edghilm

| ' "
sncLe S\ . ) L (.

SnCL4— LA—J

100.00 487 b

T T
45 40 35 30 25 20 15 10 05
& (ppm)

'
a o

311 9 "H-NMR (400 MHz) &1n@3u83633138 SnCL4 uaz SnCL8 Afseziannned

walsrtuweuuidadsued &-CL nU 4.0 Waz 8.0 mol% 289 Sn(OnBu),

uaﬂmﬁamﬂmﬁmiw:ﬁéfﬁﬁuﬁu(ll) wuuuNalasiemadia FT-IR Raman-IR
uaz "H-NMR ;ﬁ%’ﬂﬁﬁwmﬁLﬂﬁ:ﬁé’ﬁlfs"uﬁu(ll) wuuuualas drsnaiia Gel
permeation chromatography (GPC) L‘ﬁlmau Lﬁammaaumﬂ’nuUﬂaaﬂﬂiﬁﬁmadﬁ’ﬁféu
G5 5uAnal) wouunalasiasaseild nanienziaamadia oPC lasusanlslu
a13797 3 mnwamimaaawu’jwmﬁmﬁﬂmﬂqamaaﬁﬁl,'%'uﬁu(ll) wuuuNalas fen
Wududaldanududuues Sn(OnBu), ha8ad e‘fmLﬂuﬁmﬂﬂﬁﬁmﬂﬁluﬂﬁﬁ%mmaﬁ
welsdusuuidarsveslsadnieamasissulaslanssananlsd [3, 4] Fonanmanes
flatnnuseandasniumaiia "H-NMR



@139 3 dhwinluanaeds dnansznedivasihninluans (MWD) uaz%iana

WwasaauafTuTaIa I TNAR3) wwuualas

A23138 M. ° M .. ° |MwD® | L°

n,GPC n,NMR

SnLL4 6.6X10° | 7.5X10° 1.69 53
SnLL8 4.2x10° | 3.9%x10° 1.66 26

SnCL4 8.3x10° | 4.7x10° 1.75 41

SnCL8 4.4x10° | 2.0%x10° 1.50 19

2 wanmafia GPC lagld THF udrze uazvmafisuanaspiulaswedaledn
® waninaita 'H-NMR
¢ anmaia H-NMR uazlfzunsn (1) waz (2)

mnfu;ﬁ%’ﬂﬁﬁwmﬁme:ﬁauﬁamamw%wméfﬁlﬁ%'uﬁu(ll) wwuuwalasi
w3sn'ldlapmaiia DSC uaz TGA nnislarntanlasinafia DSC 289675158
SnLL uaz SnCL wuukNAlAs o 8aT1ATlRauTan 10 °C/min "l@ﬁ”uamvlﬂugﬂﬁ 10
mﬂwamswmaolugﬂﬁ' 10(a) WUNGA35% SnLL4 Uz SnLL8 wupuualasdagmngd
nsasuaniuzuta (Glass transition temperature, T,) U35zu1m 47.5 uaz 36.7 °C
uaﬂﬁ]’mﬁ?ﬂi’]ﬂ DSC FﬁLLaﬂdquﬁﬁﬂ’]iLﬁ(ﬂNﬁﬂ (Crystallization temperature, T.) 183
SnLL4 uaz SnLL8 ﬁqmmgﬁﬂﬁ:mm 77.5 U8z 79.7 °C WATWUIN SnLL4 uaz SnLL8 il
qm%gﬁmﬁmawmmwﬁﬂ (Crystalline melting temperature, T,,) WD 159.4 LAz 144.8
°C mudey dwiuwanianasaslugy 10(b) WU3169558 SnCL4 uaz SnCL8 wuuuae
13 §i6n T,, iU 56.8 waz 48.7 °C NNANIINARBINLINGN T, V89 SnLL waz SnCL
e lnfmAuanudn T, 209nad(was-wanng) (PLL) uazwad(arloaau-anlwsuanlnm)
(PCL) Afmsnenulnwdsefidiuan [5] HAMTIATIZRABINATA DSC WUiien T,
waad3EuTn(l) LmuLmﬂiﬂsﬁmﬁuﬁumwﬁwﬁfﬂiuLaqa

FnTuMTIensddiamaiia TGA ;ﬁfﬁ'ﬂ"lﬁﬁwms‘lﬁmw‘s”aml,ﬁﬁa'%lféw SnLL
WAz SnCL LuuuaAlaATINA 20 — 600 °C  8ATNNTIHANNTEH 20 °C/min ATAIWANTIH
anufoulaginaiin TGA 289673158 SnLL uaz SnCL ‘lﬁLLﬁﬂleﬂuEﬂﬁ 11 INHANTT
‘ﬂmaﬂugﬂﬁ' 11(a) WUI1625150 SnLL4 wae SnLLS ﬁ@i'}qmﬂgﬁmiaawﬁa
(Degradation temperature, T,) 114539 200 — 300 °C wonanniigawuiniminues snLL4
arannIdandasfidhnin SnLL8 mﬂwamsmaaolugﬂﬁ 11(b) WUGA3158 SnCL4 ua
SnCL8 fien T, Tuta9 250 — 370 °C waswuininmiinues SnCL4 azaaaisnsaith
141 SnCL8 91nHan1Inanasuaasiifininda55y SncL wuuuualasiiwiosninns

AMNTauNINNI1 SnLL twzinlaseaiievas SnCL memﬂ‘[mﬂs:ﬂau"l,ﬂﬁ’aw%im
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31110 nmmIianaieulasinaiin DSC 284673158 SnLL (a) Waz SnCL (b) LUy

wualas os aan3ldanuFan 10 °Cimin

——SnlLL4
——5nLL8

(a)

Weight % (%)

——SnCL4
——5nCL8

(b)

T
150 200

r T
250 300
Temperature (°C)

400

150 200
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500

sun 1 anwmsiianuSeulasinafia TGA 189033158 SnLL (a) Wag SnCL (b) WUy

wualas o aansliauTan 20 °C/min



3.2 miﬁnmaa%wamam%’ u,a:qnmwaﬂmm‘waawaﬁma‘limﬁ’mmuL?Jmamaa

ol lzaan-alnsuanlnundsalasiin() vuvusnalaslaamaia DSC

3.2.1 MIANHIIABNAAIFAILALINATRA non-isothermal DSC
Lﬁaﬁwmiﬂwaﬂﬂmé'ﬂwmwaaﬁﬁﬁuﬁu(ll) BUULNAlATFBMARAGNS mﬂuﬁ
Bousaauin ;ﬁ%’ﬂﬁﬁ’mﬁﬂ@aauﬂszﬁﬂ%mwmﬁﬁlmﬂg‘jﬁ‘%mmmﬁﬁﬁuﬁu(ll) (STLT
wnalasfiasonldlunedwalsatuuuuidlans (ROP) vas e-CL Tauldinadia Differential
scanning calorimetry (DSC) ;ﬁ%’ﬂﬁﬁﬂﬂ’mﬁanl’ﬁ%mﬂﬁm’]&ﬁammu Non-isothermal
Wasnniiwisfiifanuazainuazsaiss inafia bsc llwmaitafiawisaldlunis
faaunisiiadfiserwedfiwe lsiotuuuuilaas (Ring-opening polymerization, ROP)
°uaa"l,snﬂ'ﬁﬂLaamaﬂé’lmmia@mumﬁﬁauﬁLﬂ'§Uul,l,ﬂaa"lﬂﬁqm%gﬁ%"’sanm@haG]
\Warn1sasraiadn Heat flow (dH/dT) °7imaaaﬂmmﬂﬂf]ﬁ%mwaama"lsun’ﬁ’m:
sansamsaamMItialfizen (dadh) uszduonainainanioimu (a) ta nyvng
ABAN3ou DSC 91N ROP w89 &-CL 7i3i5wlag SnLL4 uas SnLL8 fsamilwaiw
fau 5.0 7.5 10.0 Uaz 12.5 °C/min "lﬁLLam"Lﬂugﬂﬁ 12 PINHANITNARBINLTUE DL
gamslianuien dnarildnuwvasnsaieaiuian (Exotherm) nein uazidon

o ad X A4 v @ ae da '
"Lﬂw’meqnmgu‘ﬂgwumaa@ﬂaaqﬂmwmarmumiﬁﬂammnau [6, 7]

gz (a) . 5.0 “Cimin (b)
5.0 “Cimi
mn 504 7.5°Cimin
88
= 7.5 “Cimin _ 4_0-%
= 84+ ] 10.0 “Cimin
= =
5 $ '
. z 30
8.0+ 9 i =3
% 10.0 oc”'"'“ T 12.5 “Cimin
125 "Cimin
T el g 2.04
724 104
Exo
[T . . ——— ot
180 200 220 240 250 280 300 140 160 180 200 220 240 260 280
Temperature ("C) Temperature ("C)

' '
Aa A

317 12 nyvin1satsAluTan DSC 3N ROP 289 &-CL N3i3ulay SnLL4 (a) uaz

SnLL8 (b) LNt 1.0 %wiw faasm3lwaanuen 5.0 7.5 10.0 uaz 12.5 °C/min

MNHANINARBINYINTEULIEY SnLL muniBul iAo mediualasduuoy
\answad e-CL asfidszaninwiflasnnaansndidul jAonmeldanzildluns
naaasle uaﬂmni{mmsmaaﬂugﬂﬁ 12 ugasliiiudi snLLs Fanwdashninnin
SnLL4 Lﬁ;admﬂ polymerization exotherms Lﬁ@%ﬂwﬁ’mqmﬂﬁﬁﬁﬁﬂﬂ’h ™ AANMTIH

AMNTauldnInu [6, 7] iavinsduniiniadrdammaialjisenazaunsndiuimen



vauawafnauaisu () ledudusimunsalflumauioumsdninldvesjism
wadwalawtuld nIWauFNRREIERIINakaLNasAauIaTY AU aundl #1m3U
ROP 289 &-CL 15:5uTas SnLL4 uaz SnLL8 Asasn1sliAusan 5.0 7.5 10.0 uas
12,5 °Cimin lsiuamalsluzui 13

(@) (b}

W

]
. 06 RE

=o=— 5,0 "C/min g
—8— 7.5 Cimin
—d— 10.0 “Cimin 0.4
—k— 12.5"Cimin

1.04

08+

—0— 5.0 "Cimin
—8— 7.5°Cimin
—t— 10.0 "Cimin
—ir— 12.5 “Cimin

@

0.4

0.2+ 024

0.0 il s : - - - T 0.0 iy —

160 180 200 220 240 260 280 300 320 160 180 200 220 240 260 280 300
Temperature (°C) Temparature (C)

31U 13 nnusaInuFNRBETERIINouaLeIAawaTTU (@) Mugmnndl dnTy
A o

ROP 289 &-CL 71515010y 1.0 %w/w 189673150 SnLL4 (a) waz SnLL8 (b) fieaTnsli
AMNTAK 5.0 7.5 10.0 Uaz 12.5 °C/min

ﬁnﬂNami“mﬂaaawmfm’wauama%auna%ﬁ’m%’u ROP 183 &-CL ﬁ%ﬁ&llﬂﬂ

Y Y d a_ & { o o Y A &
SnLL4 e SnLL8 ﬁ]zL"D’]ELﬂE‘] 1 ﬁaqm%gugwmﬁaam’m’]ﬂ%m’]mamwumu [6]

'
o [ !

wanaNftauanawasnouafTui iy ROP vag &-CL W353ulay 1.0 %wiw 18962
3150 SnLL8 2z lng 1 ﬁqm%gﬁ(ﬁlm'h SnLL4 o4 8 3MTIRANNTamaIny waadls
Windnd §iTen ROP 984 e-CL A313ulan SnLLs il uuazfugaldiiainin snLLs
TaomldudrdannafaUjizon @ad @ldnnnadia Dsc inazgnifiouliaglugy

. a o & o I3 & o o
°1Jadmmwammazﬂon‘ﬁumamauaLuaiﬂaunai“ﬁu [8] (ﬂx‘lLLﬁﬂGl%ﬁ?JﬂqTﬂ (3)

L kM@ @)

A A ' A o a Aaa AL o a A & o
lasfl k(T) Ao frasNdannafieU fAsonuiugmngd waz o) fe Neardusasuaus
& & o < & 1 a 1Y
wasnauastu laanlulunsaaunaaaasan k(1) a5 8 UUNUAIBFNNITVD

Arrhenius leasugaslugunisfi 4) (9]

K(T) = Aexp[—RE—_T_j ()



lasf A E, uaz R fa unalaasanudvainsasn (Frequency factor) AMWaINURanuiwe
(Activation energy) WazAAINVBILAR (Universal gas constant) @18&1aU 3NNHBUAINS

wnuen k(1) uawnsi @) v luluaunsi 3) aldaumsii 5)

= Aexp( j f(a) (5)

dt

gun13danfiusasluaunisi (5) inazgninldlFulusniaz Isothermal waz Non-
isothermal #1%3U&N122 Non- |sothermaIﬁJ sdasthanaannsidanuson (ﬁ) VNI
Fodusasluaunsi (6) ftin o anzdanmilianuiaunsd sunsf (5) s
L°u?.lulvxag‘l,ugﬂawmﬂmmLLam"Luaumsﬂ @)

aT

'BZE (6)

ple Aexp[ j f(a) "

Pnmsfneasunamaas (Kinetics) laoialy anwiashlunmifiedfisoves
Gt wia da3suufAsonlu RoP vaslmadniesnasmusnmaSouiioy
dlaslFdwasaunanuiiug (Activation energy, E,) {338 ldvinnsifSouifioud £, @
nsdaninldvesdjisenefwe lsimtudrsgnulaslditlelonouieitunes
(Isoconversional method) [6] 33 aaNTnATIRREUNNTUUTARYBIAN E, NUsauaaies
AounasTula Swisdimunindsuanivanugdugdensesdfizemefiwe laaguld i
Lﬂuﬂﬁﬁ%m"ﬁtummﬁm (Single step) W38 nanuAaw (Multiple step) tHuen [4] 3y
naTaninasuitoalolanauiiassunanued Friedman (Friedman differential
isoconversional method) 33tz lldmssznnmemndiasnansla g douaasluaunis
7 (8) [10]

da E..
(dtJ =In(A, f(a))- o7 ®)

a,i

o o o o ' o o A o o .
lasFanwnia1fes o fa AMU0IAILLT T vouaIDIAEWIBTTUNGI 9 uaza1as | Aa
Taya o dasnisldainuiaulag uananitlelonauiiaituuaaas Friedman
anziIan ldimaudsuifisudayansduwimnivitleloneuwnaitunanyas Kissinger-

Akahira-Sunose (Kissinger-Akahira-Sunose isoconversional method, KAS) [11, 12] 35%



daduitdunsinsalelonauiiastunaa (Integrated isoconversional method) 35 lalas
ABUIBTTUUEAVBI KAS 5]'61Lﬂuﬁ%miﬁ'}mmﬁﬁmwgnﬁaa uaziilufifionldnuagng
uwsnanolunsdmwamdn £, 35z ldnsdssnnmdmandiamaasaes Muray uas
White (Murray and White mathematic approximation) [11-13] w89 KAS azi1ilw
AMUFNRHEIZAI9 INBIT?) AL 1T donsasluaanisf (9)

T? E RT

n{ﬁj _ n{M}E ©)
.

fmiunastuayunantnasssiduiaslarinsdmamed £, laol#itlals
AaWLIBSTUREATEY KAS [11, 12] 3T lelonanirastunaanad KAS ﬁﬁugmmaa
anuFuRUELBIFUuATITzRIdanmIlRa T (8) uazdinandusasgmngd (1/7)
Fauaaslugums () i E, luduaaudns g vasmedwe lsisdumunsom ldainanudm
Y2INIWRDANTINTEWING In(B/T2) N1 1000/T ™ NaUBLNEIABWIATTUAS g NI DB

KAS §%150 ROP 2189 &-CL #35u1ae SnLL4 uaz SnLL8 Vl@TLLam"Lﬂugﬂﬁ 14

11.0 10.8

a (b)
(a) T )
10.84 106
10.6 .
10.4 4
- * 08 |
= 10.4 4 07 | =
2 <06 | = -
_IE * 05 ‘I; 10.24 -
10.2 v 04 ’
* A 03 ¥
100 . 02 wod
9.8 —_— 9.8 r - r r T
1.75 1.80 1.85 1.80 1.95 2.00 205 1.80 1.95 2.00 205 2.10 215 2,20
1000/T (K') 1000/ (K'Y

311 14 nevlusaIaMAFNRRTIZAIN - In(BT?) b 1000/T uATlalansuieiTunen

Aa A

289 KAS § 1350 ROP 284 &-CL 7i513ulan SnLL4 (a) waz SnLL8 (b)

PMNHANTINARDIANVEY £, NF1w1asle b NanaluasAauIaTTwe 9d1nIy
ROP 289 &-CL fi35ulan SnLL4 uaz SnLL8 lduaasliluzud 15 é1 £, ndwamldan
Flalonaunastunaauad KAS o Nanaluasnauilasiua99uad ROP 989 &-CL 7
35ula8 SnLL4 f1g9n77 SnLL8 ugaIINBAIINNIAA ROP Uend1nin SnLL8 3n3U#
o ' o ' o X o { a
15 gawuinuwiliuvesdn £, asiiuinaunanaliainaniaite tasanlunafials
o v & A A A a & o A Aaa a
wruiuuUadazlanuniiovesvesnsafiinanaramsdninllvesd jisewefiwals
v o & . o v a aaa { o £
i GInudsasnaTniaannafiadjisnaasniionauaimeinouna Fiugedn
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37U 15 NTINUEAIAMURNAUTIZNIIE E, uaz vauainaTnauiiaiTh §1m3u ROP

209 &-CL 7i55uTas SnLL4 uas SnLL8

FnSUNIAszuUAI3 50 SnCL wuuuaales ;ﬁ%’ﬂﬁﬁwmsmaauﬂs:ﬁﬂ%mw
189673150 SncL 1w ROP was &-CL laglfinafin DSC iwdigafuszuy SnLL 9N
MInaaedf oW InszanTaines SnCL azdnin SnLL ilasaniflavinnimasey
lawld sncL ﬁﬁmﬂm‘ﬂ'u‘ﬂ'mamﬁ'uﬁh SnLL (1.0 %w/w) polymerization exotherms ﬁvl,ﬁ

s

a & B a o ' o & awma
mmulwmaqmﬂqmaumago LLR&VLNR&JHiﬂi (Incomplete exotherms) A9tWHITLIN

AMTANANNLTNTUUEI SNCL 111 2.0 %w/w Lm:vl.@i"wamiﬂmmﬁdgﬂﬁ 16

30 40
5.0°Cimin (@ 5.0 “Cimin ®)
35+
259 7 5°Cimin
3.09 7.5°Cimin
E 20 =
H 10.0 “Cimin 3 259
3 — J— = a
. E3 10.0 “Cmin
B ~ / |
£ 151 ) N / 2 20 — —
= K i / - ~
3 12.5 “Cimin / § 15 N/
1.0 12.5 "C/min AW,
1.0
05 0.5
00 y . . . : T 0a . ! : ) : ;
150 180 200 220 240 280 280 300 160 180 200 220 240 260 280 300

Temperature (°C) Temperature {(“C})

gﬂﬁ' 16 n31MN13ATLAI1LToU DSC 310 ROP 189 &-CL #315ulay SnCL4 (a) uaz

SnCL8 (b) 1% 2.0 %wiw Ndamnmslwanuien 5.0 7.5 10.0 uaz 12.5 °C/min

PNNANNINARBINUIN polymerization exotherms 11d3a1n ROP w183 £-CL 7i313u

{ o ad & { o @ > a &
I(ﬂf;] SnCL4 ez SnCL8 %Lﬁau"lﬂmmoaqmﬂqwﬁgwu Lﬁaamwmﬂﬂmmiamwmu



\w@Asanunatiues SnLL 9N polymerization exotherms f1ldan3Ufl 16 aanInduwim

Auauawainawiaiiu (o) lduszlduaaslilugua 17

(a) (b)

0.8+ 0.8+

064 —0— 5.0 “Cimin 064 —0—5.0"Clmin

- —8— 7.5 Cimin - ——7.5"Clmin
—d— 10.0 "Cimin A—10.0 Tm‘?"
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o

31U 17 nnusaIaNNFURUTIzniINauawaTaauIaiTu (o) Nuamnnd § 1wy

9 U

o

ROP w83 &-CL 71315u1as 2.0 %wiw SnCL4 (a) uas SnCL8 (b) Asasn1sbiainuian
5.07.5 10.0 uaz 12.5 °C/min

INNANIINARBINLINAINBUELNESAaWIBSEIMTL ROP 289 £-CL 7i3i5ulay
SnCL4 uaz SnCL8 az1dlnd 1 ﬁqm%qﬁga"ﬁvmﬁ'aé’mwmﬂﬁmm%amﬁu%u
EudeaiunTdlues SnLL wenaniiAuenalnasnouiastud iy ROP vas &-CL i
35wula 2.0 %wiw 189673158 SnCL8 2z lng 1 *ﬁ'qmﬁgﬁ@i']ﬂfh SnCL4 8631113
kanusomdaiwuansliiiuit sncLe fanudeshluns3BulfAzen ROP vas &
CL g9n1 SnCL4 mﬂﬁ?u;fﬁﬂﬁﬁﬁmiﬁﬂmmm E, lavlditlalonaunniastwnaavas
Kissinger-Akahira-Sunose (KAS) [11, 12] saugaslugunn (9) f1 E, Adwandldanis
284 KAS Vl@ﬁ”l,l,amvl,ﬂugﬂﬁ 18
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311 19 nnusasaNuFIRUTIzR N mNasAauaTTU wazdamaiiaUisen Ay
amnni &1%30 ROP w84 &-CL A55ulay 1.0 %ww V89625158 SnLL (a, b) uaz
2.0 %w/w 289673153 SnCL (c, d) M aaTIliaNNTan 7.5 °C/min

3.2.2 msﬁnmqmwwamamﬁmmﬂﬁﬂ non-isothermal DSC

nuanInasasluRItafiman ;ﬁ%’aﬂi:aumwéwL%ﬁ]'lumil,m%wé'ﬁﬁ'uﬁu
() wuuunalas wazsaIndAnsaaunamaasaslisewediwe laiatuuuudans
(ROP) 289 &-CL l¢f %a;ﬁﬁ'ﬂwudﬂumnﬁ@ﬂﬁﬁ%mwaama"lil,sn%'wuaa £-CL U3 5w
Ay wouuualas 61 E, °1Jaaﬂﬁﬁ%ma@amﬁamwvﬁwﬁmaaﬁuﬁ: sn-0 lud3i5u
Lﬁ'ugq%u uanmni’f@‘iaﬁ“ﬂﬁﬁwmiﬁﬂwuﬁwLﬁwLﬁ'mﬁ'uia%lamoqmﬂwamam%
(Thermodynamic) lag'ldvinmswamnanmnandiamaasiuands aanIndszynaliny
1nafa non-isothermal DSC &

FNTUNIIANBINIIGUANAAIFAT (Thermodynamics) HAdnldianTBau
Lﬁmﬁ'nmiﬁﬂmqmﬁwama@%mao ROP 289 &-CL 35ulanda3i5ulav-1du-Dafiafin
(V) tdu-Tamenlad (nBusSnonBu) laslfinadia Isothermal DSC [7] NNHILAINGA
ﬂmnﬁ%’ummmﬁ'}mmﬁ’;LLﬂimaqm%wamamﬂ@T i adulngt wazidunialliy

TudueIn1Tiiaan11enI1uETU (Activation entropy and enthalpy, AS” Uaz AHY) W6



ags laieanwlunmsfaeudfiserlasnaila Isothermal DSC lHaandoutanin Aenn
ac & LYY o o 1 a ° o
lwouwideiamegIdpazrinsimwiannisinafiianansalalunmsamwinauys
o ' ' & a & o
aenannlaagvazainuarsiaisadelin laaldinaia Non-isothermal DSC Tuilagiiu
oA o A K A [ & a & v
ldfiinidpdnsiipinugmanwamaniues ROP sadlaafniemnaiariing Sedush uaz
amz [14] ldvinsdinsguwnacaniuas ROP vasuaa-uaning (L-actide, LL) 315
UgAsnlasdin(l) sanlnien (Sn(Oct),) Taunafia Isothermal DSC uaz 'H-NMR $2um%
aaa a o a &£ v o
Ujisomedwelaatuiiadunisldaniiz isothermal waz@audin1sgmnnamans
o @ v @ &a a
aansam ldinnisldmanuduiuvaswaniainanzanga (M) lasdnddn M,
A £ A d o a { ' o '
anfinduangmn)inltlunidiansiwadwed ienmud M, munIadiuame

mawaeuudasasnanlngd (As) ldasunsi (10)

AS :AT—H—RT In[M],, (10)

lasfl AH #a nswldsuudasouniatvasl fAsowadiwelaadu uas 7 fe
g udadalsfiannuiseasndndeadddnalunimididiudsdeudriuiu
wananit Chrisholm wazame [15] lénsawisarumsdszanmendandsiududdmny
ROP w89 LL 7i35wlagfin(v) danenloduuudisg lasldinafiia H-NMR eswiin
fwimenasnaa (k) lFazaaunsaduItain AS* uaz AH* BadIgnznTudTulaan
MINGaANTINTZWING —Ink/T 7L 1/T 61 AS” Asuwamlddmsy ROP 289 LL M55ula
Auv) sananlodluaudspidandnay (210 J mol" Ky dngsndrauaasliifinin
amq:mﬁw’fi%'maas:umawﬁnﬁtaﬁUsmwﬁgamn udatnglsAaunwisaasnals
inafia "H-NMR lunsdaaudjizondedaiwmaiiadlfinaaganlunssuime
WIS UNA IR TUAZ A AR TR

é’aifulumu?5ﬂﬁﬂm:;ﬁﬁ'ﬂﬁaamiﬁﬁ]:ﬁwmawmimaﬂtﬁmmam%ﬁumlﬁal"ﬁ’lu
nIdwImd@LINIgURNaEaTEIWIL ROP 284 £-CL AUFISENAR() wwuLNe
Tasldadn9saisy Wesanaauds AS” uaz A Sadluariduaniae (State function)

Y
o o 2 o

muuﬂm:gnﬂ'ﬁ’jaﬁwmlﬁama:ﬁ'wﬁu fo weuawas (M) uazda3i5u () CERPEL O Y
fa ama:mww‘ﬁ%’mmiwuauamaita:é’ﬁéuﬂﬁﬁ‘%m (Transition state, TS) nniiu
am3dvldszgndngufaniosnymdsulyss Non-isothermal DSC Tusudinilazld
Syansol MI[M-]” 1az P unw wonaluas é’a’%ﬁ}uﬂﬁﬁ%m FN1ENIIBTTUIZHIN
NauaNauAzAI3EN uazwedwed audey autudfATersznitonenawed wazda

35umuldgnziUsannainazaoamansadowldasgunisas Ui



M- —> P

M +1

MNMeunfianneu [16] daudinisgurnamaa i miunniaan N Iug
TURINNINN 1INNIRITU AN ANATBIFN1IENTIUTTU (K*) Innaamaaiids
afi@ (Statistical mechanics) 1 K* §w3udfizenszninsuanaiuas uazaisisuiieiia

Wuagniznudsuaansam ldanaunsi (1)

.. Q ( Ea)
K™= exp| ——= 11
Q,0, RT (11)

P + & & fa o ™~ A o &
lapfen Q° Qy uaz Q Ao WerdduwrifTudedSunasvassniiznudadu vanaiwes
wazd 13Nl jATorarndray Weriinisiar s Wi dunniftulugdaasnisau
(Vibration) N334 (Rotation) LazN1TLARA®A (Translation) F1UNTNNIAIAINGATY (k)

Ieidsaumsh (12)

kT Q° E
k= /cB——exp[——a] 12
h QuQ L RT i

: e a £ , . . < e
lasf k& @a ﬂmuﬂi:ﬁﬂﬁmim@mu (Transmission coefficient) (I@ﬂ‘ﬂ’avlﬂm’mu 1) [16]

k, Ao Anasfiuadlumaine (Botzmann's constant) ez h fia ANAINTEILNWAIR (Plank’'s

constant) Fmsunuandandslusumsi (1) avlulugunss (12) asle
k= K—; K* (13)

A ' A [ a A It % o Y
wama:zm@a ﬂ"lﬂﬂiLﬂaﬂuLLﬂﬂdWﬂN"I%aEﬁ&‘lladﬂ‘U‘Uﬁ (AG ) mmsmmmm"l@mﬂammi
7 (14)

AG” =-RTInK” (14)

Warnmsunuaiawdsannaunsn (14) adldluaumsf (13) aldzumsswiuns
FMUIMANAT k AIURAILUENNNTA (15)

Ky T AG”
k=x—L—exp| - 15
" h xp( RT ] (%)



PMNUBANMITUNUAT AG* IauNNTA (15) §28 AG = AH” - TAS” aldanuaunus

I k AS Uaz AH? asuaasluaunIn (16)

k—KKB—TEX AR ex AS” (16)
h P RT P R

@
A e o o 1

Tuawddnil fAduaziinen k fugasliluganisi (16) lodszgndlalunmsduam
FrudsiuiugdniL ROP 289 &-CL Au@sBudindl uunuuales fdnmeidomaiie
non-isothermal DSC ﬂmz;ﬁﬁ'ﬂﬁﬁwmﬂmum K(T) fiugaslugunisfi (3) droaunsi
(16) a:"l,@?aumﬂmiﬁmmmIﬁuﬂﬁﬁnmmﬁ"sthvmqmﬁmmam%ﬁam’azmnu%’u
299 ROP 289 &-CL ldasuaaslugunisi (17) Lﬁaﬁwmﬁagﬂaumiﬁ' (17) 22EW1T0
AWIAN AH* LAz AS* ldannalnutu wazaadaseInIIWAMNFUNUTIZAI14

In((de)BldT)a; NU 1/Tay

da )Tkl | AHT As®
In(dTﬂjm—ln{f(a) b } nT — 5 (17)

a,i

N A em o o & o %o | e &
aunmfl (17) Agissaaudasduanamunini ldlidwmmeddudimaaunaemans
2YIFAIENTIBTTUVES ROP 189 &-CL laadesiaiiilaiisunumnadia Isothermal
DSC 4az 'H-NMR n13#1aun13h (17) ld1damasfiansazadraafIny Friedman
isoconversional method [10]

mnmmﬂu%auﬁmuaaﬂmmﬂgﬂﬁ 12 ez 16 mmmﬁﬂﬂg&ﬂﬁﬁﬂmm@hﬁa
LLﬂimqqm%wamamﬂ@T Tasvinnsduirsdduniatlnudue (Activation enthalpy,
AH) uazidulnstiiusiud (Activation entropy, AS”) lasanduaunisii (17) laaf3dbaz
A o A AA o a aaa .

Wanlfgunnd o yaffidasiniaiind fATo1g9ga (Maximum rate) N3 W Uaa 4
ANUFNWHTILWIN In((da)B/dT) N0 1/T, §1w3U ROP 2184 &-CL 7i3i3nlanaa3i5uiin(l)

wunuwalasiduaadliluzun 20



0.0

<0.4 4

L]
-0.8 4
= SnlLL4
- A SnLL8
& 4 SnCL4
L)

In(AdadT))
o
-

SnCL8

-2.4 T T T T T
1.7 18 19 20 21 22 23

1000/T (K

gﬂﬁ 20 NWLEAIANMUFNRHEIZWING In(da)BldT) U 1/Te (FNMNIA (17)) § M5 ROP

289 &-CL M35ulasaSiSusin(l) uuuuualas

n3Uh 20 ;ﬁ{fﬂwudwnﬁwmﬁﬁmwLﬂmﬁumaﬁﬁ Taufd1 R? > 0.95 uas
gansndwaman AH uar AS” &3y ROP 109 &-CL #35ulasdasBudinl) wuy
uwualasld dauaaaluarsnef 4 anuan1InasasnuiaInd I wIBa Il Mg Un
o = o A em o o o £ A ° )
waenaildagnanilasandusunngidvldnasasaaulasduin Semanninldle

a Ao da & . v oA
luﬂ"liaﬁlﬁUﬁdLﬁﬁUiﬂ"l‘W‘Uﬂdﬁﬂ?’l:ﬁ'ﬂi?%‘lj‘ﬁ%ﬁLﬂ(?‘l‘l]%it'ﬂ’ﬂx‘mEJ%EJL&JE]%T‘I‘U@]’JSL?SJ

Ugnsen’le

@13197 4 61 AH uaz AS” &3 ROP 189 &-CL 133ulandasBudin(l) uuuuuea

lasAn1aninaiia Non-isothermal DSC

o AH¢a As¢a
N
(kJ/mol) (J/mol.K)
SnLL4 90.5 -79.0
SnLL8 48.1 -146.5
SnCL4 101.4 -54.3
SnCL8 571 -134.2

2 dwrmanaunIn (17)

91Na397 4 wudrdn AH” 19l §Assmedwelnatuuuniiiansas e-cL
353lay SnLL4 > SnLL8 waz SnCL4 > SnCL8 uaadin ROP 1849 &-CL 755ulay SnLL4
W8T SNCL4 FaanslEnasnulunsaignienudtuannnnit wsInariliaanny



GEHEREIREEES wonaNilTzun@sisu snLL azlid1 AH” @1ndn SncL waasiinis
guEnEnIWETuas ROP 189 &-CL i35ulan SnLL iadwldianingr3En sncL
%aﬁmmaa@ﬂﬁaaﬁuﬂa;‘J]amaaauwamaﬁﬁﬁwmmi@ﬂuﬁﬁaﬁ 3.2.1 dleviins
Rarsandr AS” wuin e AST §wSu ROP 289 e-CL 735w lasdi35ufiu(l) wuuuwe
Tasranuaiien@iaay (Negative value) U§AINENIENTIUSTUVES E-CL AUFISEURAN(I
wwuunalasianylddussndoud WaeillalloININYDIINIENTIUT TGS (High order
transition state) LRXWLINAN AS” §%30 ROP 104 &-CL #3150la SnLL4 > SnLL8 uas
SnCL4 > SnCL8 uaadinUSu1tua9nNmse Sn-0 ﬁﬁagluﬁﬁﬁuﬁu(ll) WUUKNALATRHE
AolFHEINMWTBIENIENIINETY (a5 maas Sn-0 anssazdinarliauEanTD
TunslasasiutusznitanoualuafuasWus: Sn-0 Ba9da35uLGATaARY danarnly

s o o &
LD IMWYBIENIENTIUTTUAARY Lmzﬁwawmgamu

3.3 nsdnnalnnisiiedfnssnadwalsinduw

Mé’amn‘ﬁ';ﬁ%ﬂ"lﬁﬁwms?mmﬁawqammmﬁﬁuﬂﬁﬁ%mmaaﬁﬁﬁuﬂﬁﬁ%mﬁu
(1) wouuwalasfigsaeiduly ROP 2849 &-CL lasandutdayansanunamans uazgm
ANBFNTAT g”?ﬁ'ﬂwuiwﬁﬁﬁlu SnLL usz SnCL wunuwalasidamzinnamunsnssu
U5 ROP 209 &-CL o ﬁnﬂﬁu;ﬁ%’ﬂﬁﬁﬂmiﬁﬂmﬁaﬂavl,ﬂlumﬂﬁ@ﬂﬁﬁ%m ROP
289 £-CL P35uAN( uuuuaalas Imy;ﬁ%’ﬂ"[ﬁ'ﬁﬁmﬂ’mﬂgmwaﬁLuaﬁ(ﬁvl,@i"mnﬂ’ﬁﬁwwa
suwalsiwdulas DSC Adasmislianuion 10.0 °C/min svmsdnnzilassainems
wiilag H-NMR uaz H-NMR sidnnaesdistranadwengname#ain ROP a9 &-
cL f55uTandn53150 SnLL4 mema‘[ﬂﬂﬁuam"l,ﬂugﬂﬁ 21 ﬁ]’]nwamiwmaﬂuzﬂﬁ 21
iiapwuinlusslguas PCL flosfusznaufiunaneasisu SnLL4 "H-NMR sidnasuvas
A3 PCL ﬁeﬁytyﬂm multiplet ¥83 methylene proton ﬁa%iaﬂfqﬁ.lﬁuﬁ: Sn-O (-Sn-O-CH,-)
1 3.65 ppm (a,m) %uﬂu@hLmua‘ﬁ'%%'mmﬁﬁ%mwa§Lua"liLm%'uLﬁ@mumﬂmsnéh
(Insertion) va3nawaLNasdn lUlunus: Sn-0 mao@"fﬁﬁmﬂﬁﬁ%mmemﬂiﬂs wenanil
fawudrnnnislinnaiaulasinaiia DSC U3 AaTuadsauysalinmziasIany
Sk triplet 289 methylene proton ﬁafﬂﬁ"uaan%mumawyjm%ﬂaﬁamaaa’mieﬁ PCL (-
COO-CH,-) ﬁl 4.15 ppm (f) LLa:E?Ig W triplet W84 methylene proton ﬁ'a@ﬁum%u an
veInyaiuafiavasanuls PCL (-CH,-COO-) # 2.30 ppm (e,j) wANINNATIATIINY
17y 1o multiplet 910 methylene proton iU Blsusznsluasls PCL Tuzas
LaRARTN 1.30 — 1.60 ppm (b,c,d,g,h,i,I,n,0) ﬁatfumﬂwamimaaaﬁand’nﬂﬁﬁ%m ROP
w83 &-CL A550Tan SnLL wuvunalasinazifiadiunalnlasasdimdu-duiasndu
(Coordination-insertion mechanism) LwdatuszuLdiEuUFAT lansdananlodifing

Nenunau 17, 18] mufidiaualuzui 22 nalndindnisuduainnislaaasaiugu



3211914 £-CL NUWHBE Sn-0 U89023150 SnLL uuyuualas nuunaandianidany
prAaN0d Sn Azt Asefvsnmaivefiaasuandinarinldiianinlasass
FunsInuszLada-00nT1aw (Acyl-oxygen bond cleavage) nunaanallaiNLaIU?
zunsnandn ldassdunisnuse Sn-0 uiaziddswliilualFSunvene (Propagating
specie) MMNUUTBAWNNITUNVENBVaIF8]T (Propagation step) aztAacuNA tNLAEINH
o o o AA e P '
lagmsunsnalrvaduanaluas lUiInus: Sn-0 va9tEduraene aTuaawnIuNTee
o X v -
molsifaduauyalazldwaieylvasu-anlwiuanlnu) (PCL)

a @ ¢ O e f gn

Sn-0—CH—C— 0—CH—=C~OCH,CH,CH,CHa
1 i T
CHs CHs n b'.d"f.g
b’ d' 2

J ac /N

abc.dagf h'ig:kﬁmnop
Sn o—CHchZCHchZCH2—C—O—GHgCHQCHQCHZCHg—C}{O—CH—C—}-OCH;CH?CHECH3
: ¥ iCHy Y
z L
e, b,c,d,g,h,i,l,n,0
—

e M -

T T v . ——
55 50 45 40 35 30 25 20 15 10 05
& (ppm)

Eﬂﬁ 21400 MHz "H-NMR ﬁl,l]ﬂ“/]i’]“llﬂﬂ(;l”ﬁﬁlll SnLL4 LL‘U‘LILLllﬂIﬂi LS ﬂE@] PCL “?IVI,GT

210 non-isothermal DSC Wadiualsisduuas &-CL NT15u1as 1.0 %wiw 28462315
SnLL4 a4 8a3 M5 IHEAN3a1 10.0 °C/min



[+] o]
n
CH,CH;CH;CH;-(O—C-?H+O—§n— cH-ICI—O}CH;CH,CH,CHJ
Cuyn S cH, n
o
I
c

U
& Coordination

o] o o]
n "
CHsCHzCH:CHz—{o—c— I‘.I)H—)- 0—8n—0—CH;CH;CH;CH,CH,~C —0-(—.:”—'&; —o}crl,cu,c HaCHy
cyn i e, n

l Insertion
9 0 0 0
CH,CHQCH,CHz-EU—C-fTIH—}(O—C — CH,CH,CH,CH,C H?—}o —Sn —O{CH?CH?CH?CHQCHQ—C—D}PICH-C —O}CHZCHZCHZC Hy
CHy m M CH, n

l Propagation

Wﬂsno W
N WPt PCL

35U 22 na'lnlaoashiutu-8uainTudIniu ROP 284 £-CL A5i3ulanaa313u SnLL

BRMGIGH

aenwnHanImasadluiiton 3.2 uaz 3.3 A ldvinsdnsaaunamand
gounwaaas uazna lnvasdisewafwalaotuuuudaisves e-CL ATGulanda3isw
a c & & da @ o o 2a o ° a a
fiu(in unuuwalaseierwdunSouies lusravdeldfiTbaziinmasendszininm
28901330 AR(1) suuuNalasiunsaazinedcey loaau-anlwsuanlnu) (PCL) wad
(waa-uan'lng) (PLL) uazwad(uaa-uana-la-iadlraau-anlwiuanlni) (PLC) fnuna
a o o & = = = P v aa a o
awalsrunuutad nudadSoufsudssiniainuesdiTiauandl) wuuualas nu
sruusBulisonmiunfoaldlunisssanzdwefomnaindesaais lan1sdainiwn
(Conventional initiating systems) 154 fins(ll) 8anlnian (Sn(Oct),) wazfin(ll) aanlnien

(Sn(Oct), )tdu-T1muaa (nButanol, nBuOH)



[ I'd 1 5 a 14
3.4 M3FATITA uaznIsUsuanamansmzanizaasnadaylraan-arlniuan
Tnu) wad(waa-uanind) uazwad(waa-uanina-la-taglzaau-anlnsuaninu)

aaa

' a o o & o a
dwwadwa lsiwsunuuiiaalaalsin(l) vuuusalasiwaiizaljisen

3.4.1 MmIdaanzd uazn1siuenqmanemzianzaasnad(laylrasn-alniuan
' o o & o aa

Tnw) dunadwa lsidunuuiiaslaslsiu) vuuusalasilua3iSul)nsen
Wafldunmuilangdnssun1i3Gudjiten ROP 283 e-CL MiiGulandriiFuiin
(n wunuwalas lasnyliemzidayansaaunanand uazgunwaman i laluiadad
3.2 vafindnlanalnlumafiad fisen iaded 3.3) anuudiselavinniimaseu

a a v aa a [ & a el
UszAnsanaesdisuiindl) uwuuualaslunsdsenzdinediweisaiunmasey
anuduldldlumahd@Eud §iten ldlduslomt fidvazinsdancsinefiwed
' a o v ¢f < [ &a @ o a a6
rnwaRiue s TunuuTadsalunssuinmIsaneAndnannainazaedunss
laofidnldGuvihnsdsenzined(ay loaau-alwsuanlnu) (PCL) lasnana &-CL
USu1m 4 g NUAL33N SnLL waz SnCL wuukualasiianududulvinny 0.050 0.075
0.100 0.150 W&z 0.200 %w/w luuranunanawa 10 mL Ameldussanmeaudalulasian
mulu Glove box (LABCONCO) 1nuwinnistlazaaudati ldiuasludraindudilon
(Silicone oil bath) NigmanDal 150 °C 1uiaan 48 1109 aaTumnuaan 48 Taludas
¢ poL sllanzanfiansaznamonmoduveudifrniuaziniesdeuasuaaslugii 23
nnuninedwasinabuazasluassliwefuuavinnsanaznaulwaniuaaiinas
Y A a £ Ao < ) < a P = A em o '
ldpcL Audgn lasfisnsaenmonmwidwdulovesuddunimilsn Safidsaai
- [ o v At . C . o £
wadwaifdaTzA ldazlininluanafigindt 5.0x10° drat19zas PCL u3gndi
faaneiannmsly sniLd waz SnCL4 unuuwalanduai3isnufiserlduaasliluzua
24 uaz 25 aud1au MnuwIIpldnmdienddniminluana uszdinInszasa
s o a a LA o P
vasihminluana (MWD) uazilafidudnaninuas PCL uignindianzvldlasinada
GPC uaznam ez lanunuliluansei 5

}~‘ I'. L

0,050 %ow/w 0.075 %w'w 0100 %w/w 0150 %w/w 0200 %w'w

317 23 waR(ay lwasu-mlnsuaninu) sfianzafidasz#ain ROP a3 £-CL 7135y

lapda3i5u SnLL4 unuunalasfianadududnsg o gmn)l 150 °C 1aan 48 Tala



. A = %
0.050 %w/w 0.075 %w/w 0.100 %w/w 0.150 Y%w/w 0.200 Y%w/w

{ a P £d o ia a
3UN 24 wod(iav/ lwaau-mIwiuanlnu) U3gNTNFATIH9IN ROP 284 &-CL 1330

lapda3i5w SnLL4 unuunalasfianadudud1sg o gmn)l 150 °C 1aan 48 Tala

KEXEY

0.050 Yew/w 0.075 Yow'w 0.100 Yow/w 0.150 %ow'w 0.200 Yow/w

{ a P LA o in a
31 25 wad(ad losau-anlwiuaninu) mqm‘ﬁaamﬁ:ﬁmﬂ ROP 284 &-CL 113638

lap@a3i5u SnCL4 uwupuwalasfinnadududnsg o ganpdl 150 °C 1an 48 Talu

n1519% 5 @hﬁ,mﬁfﬂ‘[maqmaﬁy @hmimm’mﬁwaaﬁwﬁfn‘[maqa (MWD) uaz

< a a a La o
weSifudnanfavainafar loaau-alnsuanlnu) uSgndfidaanziann ROP vas &-
CL 7135ulau@3i50 SnLL4 uaz SnCL4 uwubuwalas o gun)i 150 °C 1aan 48 Tl

o ad m
AL e M, oc® | Mo * | MWD? | % yield®
0

0.050 | 6.3%10° | 1.1%x10% | 1.65 78

0.075 | 2.6X10° | 4.2x10° | 1.58 88

SnLL4
0.100 | 15%10° | 2.7x10° | 1.73 90
0.150 | 1.3%10° | 2.2x10° | 1.76 82
0.200 | 6.6x10* | 1.0x10° | 1.52 90
0.050 | 7.1x10* | 8.8x10* | 1.24 65
sncLa 0.075 | .1x10* | 1.0x10° | 1.70 81

0.100 | 1.4x10° | 2.3x10° | 1.66 66
0.150 | g.2x10* | 1.1x10° | 1.72 75
0.200 | 1.3x10° | 2.1x10° | 1.66 94




@ waninafia GPC lawld THF 1ludae wssvimafisuanasgiulasnedalasn
® PBaunmaaswedwain ldnasanmianazneulwamues usmiwmsumlaanaz

FyYIMAImhWIineIn

nnmsdeneideyanlasunlnnnillasinaiia GPC §ATuwuind3isy
SnLL4 U8z SnCL4 LLmJLLuﬂIﬂs%’ﬂLﬂuﬁﬁﬁuﬂﬁﬁ’%m“?iﬁﬂs:ﬁﬂ%mwgamﬂ Wnzdiaw
Faahlunsifadfisorasuaadludinvasnisdinimaiudimsaaunamans uazds
sansnldlunmsndanediammesitiminluanagsld 9ana1msd 5 wudidsdu

va

snLL4 9zl PCL N@sinstnluianafigendn sncL4 las PCL AdsAT Iz lafiiwin

'
a

Imaqamﬁﬂmﬁwmu (M) LLazﬁWﬁnIuLaqamﬁﬂmﬁmffﬂ (M,) gangaiiany
6.3%10° waz 1.1X10° audey uazanazildlunmssanneiladofifudnaniavos
PCL ayj"l,u"ﬁ’;a 66 — 94% uaﬂﬁ]'mf:ﬂ'awuiw{wﬁfﬂiuLaqamaa PCL 2z1find widaninw
T uasa3Euanas 3, 6] Faludsinuldlasa i luwedwe lsatuuuudarsvesls
ASNLEENES LazA1 MWD 289 PCL ﬁé’al,ﬂﬁw“lﬁa%ﬂwﬁua 1.24 — 1.76 waadl¥iAnIN
gynsfidfAemaudiasina3Niadu (Transesterification) Aaduiinitey Tasirezuns
mnmiﬁ‘lﬁqmwﬁﬁlumséﬁmﬁ:ﬁﬁ g4 wazlFalunsdaenziuu neammenas
SINUINGIBBUTIUL SnLL muquﬁwﬂfﬂ‘[maqa"L@Tﬁﬂjﬁ:‘uu SnCL %é’amnﬁmm‘*ﬁaga
Aeafudsr AT wueasi3isn SnLL uas SnCL uuvusalaslunssonsed PCL fiuwe

v A o

fwalawfuuwuuiadudy §Adeldvinisasssevlasiaitaniueiivas PCL U3gni
f9ta3e9 ldlagimadia 'H-NMR @28819289 'H-NMR sLnns1ves PCL U%q‘ﬂ'f;ﬁ
faemzinmsld sniLa WudadGud jisenldusadliluzui 26

1n3U7 26 {ATuaranuFya s multiplet veswidulusnanlumels PCL ua:
widatsdanenlaodlusas 1.30-1.60 ppm (bcdghiilno) §5y 1ok triplet 289
methylene proton fidiafiuA1Suafian fuausasaals PCL i 2.30 ppm (e,) ¥y o
multiplet 289 methylene proton ﬁa@ﬁuaaﬂ%wumamgﬂmﬂmrﬂeﬁﬁ 3.65 ppm (a,m) 39
FUYIMAING T FIURUI a,m ATIINLLRNIZ PCL AidaiAT12%a 0 SnLL4 fiaanw
\Fudu 0.200 %wiw Wi1zdn PCL fidaiamsiann snLLd Aenuidududugfanolafion
anamAamIvadidyyrsvssngdaoililinodygimdinanlunsdes snLLs il
AT 0.050 Waz 0.075 %wiw HANANALIATIIWUFTYY T triplet VB methylene

a o &

proton fiagidanuarivafiasandiaulusslusisls PCL 1 4.15 ppm (f) uazdmygo
quartet 184 methine proton fisnananeldwaduaning 5.15 ppm (k) #1%50 PCL 7
FILATILHRAN SnLLA NANNENTU 0.200 %wiw a’mwamiﬂmmﬁvlﬁ‘lugﬂﬁ 26 139
o ' o ' AvL:y a a @ o I Y
wudduma sy a1 9 ldanninefia 'H-NMR fanusaaasasnulaseainsuas

PCL A&1ATIZA A



ahcdegfﬂhijg kgmnop
H O—CH_EH:CH‘CHchE-C-O—CHﬁH,CH;CH,CH;—C}(-O-CH—(‘. OCH,CH;CH,CH;

1
X CHy ¥
| 2

f ol pcdgh,
Line
K

I

JUn

52 51

0.20%w/w

0.10%w/w L L-JJ

0.05%wiw L ) L-—»"J

T T T T T T T J
55 50 45 40 35 30 25 20 15 10 05
8 (ppm)

3‘1]17; 26 400 MHz "H-NMR &iUnn31wed PCL U%qﬂéﬁﬁami’wﬁmn ROP w84 &-CL #i

350lauaa5158 SnLld wuuuualasfanudud w19 m g i 150 °C 1181 48
Tl

3.4.2 nsanwnd3suiisudszAnsnnaesdasisafinl) nuuunalas AudlI35a
djisefin() aanlnian (Sn(Oct),) waziw(l) aanlntanioun-ianinaa
(Sn(Oct),/nBuOH) Tumsdsasvinad(ar/loaau-alnsuaninu)
mﬂwamswﬂaaﬂu*fhiaﬁ'N'mm;ﬁ%’aﬁs:auNaéwﬁalumsﬁ%mﬁ:ﬁ PCL
mfwwﬁnimaqaga (M, > 1.0X10°%) uwadwalsiotuuuutadlaslshua) wuuunalas
Hudsduufise lusdudannily adnlavinaSoud pusEANEnIWY0IaI35
Au(l) wuuusalasiuszuo3SulAsoduitonlilasm U lunsdaa et PoL
1dun Auqy aanlnian (Sn(Oct),) wazfiu(l) aanlnian (Sn(Oct),)du-Tinuaa (n-
Butanol, nBUOH) §33tldvinn13daia st POL lasvinmsnaw &-CL USum 4 g Auda
3158 SnLL4 SnCL4 Sn(Oct), 4@z Sn(Oct),/nBUOH A NLENTuIMARY 0.050 0.075
0.100 0.150 W&z 0.200 %w/w luuanunanawa 10 mL Melaussomeauda lulasian
a8l Glove box (LABCONCO) mﬂfuﬁﬂmiﬂmmLLé”’Jﬁ”n"LiJﬁjwaaludwaﬁﬂﬁue‘ﬁﬁiﬂu



(Silicone oil bath) NigmanDal 150 °C 1uiaan 48 Tlud aasumnuaan 48 Talusas

Ao

¢ PCL piaazandanyauenImoldureudsfuniuaziniossan LEWEEINUHNANT

nasadlunidan 3.4 @TaaL'mmaa‘wa'ﬁLua%ﬁmﬂgm"l,ﬁl,l,amvl,ﬂugﬂﬁ 27

[1]= 0.050 0.075 0.010 0.015 0.020 %wiw

ot g

i 27 dhathanad(ieylvaau-anlwsuanlnu) silanzafisaasziain ROP a1 &-CL

'
a

5150 landa3i5u0§A5mene 9 fianuidudu 0.050 0.075 0.100 0.150 WAz 0.200 %wiw
a4 gaunpdl 150 °C 11 48 213: (a) Sn(Oct), (b) Sn(Oct),/nBUOH uae (c) SnLL4

). ea

Wathwawafinanil (UM 27) mazmoluasalsneiuudiimsanaznaulw

« o P £ Ao « o = a A a @

muanbuwazld PCL 13gnT lasfiansaeminmonwidudulovasudifunafimilods
{ o { o { a L o wmw v o R £y '

waasliluzuf 28 wasandld PCL AUIandudadiasldvinnismdnsiminluiana ¢

MWD lagmaiia GPC wazldsiumunanisnaasd i lua1nn 6 3na17199 6 wuinen

iminluanaadslasdiuan uaziiwin (Number average (M,) and weight average
a LA o ' '

(M,) molecular weight) 284 PCL uTgNn3fi&91a31z%a1n SnLL4 waz SnCL4 fidngandn

szuvsisul§isennfonltlesnaly (Conventional initiating systems) Tagianizasngds

' ¥
aAa o o

@233 SnLL4 wununalasld PCL Al ndnluanafigsfia 6.3x10° udadnslsf

A% %yield V89 PCL AF9LATIzANNATENAR(I uuvuualasiuuisgniizldrdinin
Sn(Oct), Uaz Sn(Oct),/nBuOH a133ziiNauIannmsilassasvasmsisuuuuualas
nfawralnguinilaifiouiy Sn(Oct), waz Sn(Oct),/nBuOH diHainl@n1IAILQY

aaa

o M o & v . a  Ldeo @ . o
ﬂgmmm"lmnﬂmu I@]F.li’J&JLLﬂ'J Y%yield 483 PCL Uii*Zﬂﬁ“?lﬁdLﬂi’W%ﬂLﬂﬂau"ﬂ’Ngd



'
o '

UanNINAA1T MWD 289 PCL nInNaflAdindt 2 ugasiisemnudosinaidiatu

o Xy,
vadwliunn

[I1 = 0.050 0.075 0.100 0.150  0.200 %/wiw

gﬂﬁ 28 matinad(arlvaau-anlwsuanlnm) ﬁﬁmu%qwﬁﬁﬁ'ammzﬁmn ROP 284 &-
cL #i53uland3isud §Asundnag Aiaauidudu 0.050 0.075 0.100 0.150 uaz
0.200 %wiw ™ an T 150 °C 1381 48 F11w4: (a) Sn(Oct), (b) Sn(Oct),/MBUOH (c)
SnLL4 uaz (d) SnCL4

AInwuIIBaInanUsuanadusalunmavamnaasud e ingl) souuwe

Aa a a o & a e 9 o a
lasnfduantawgslunisdsansdinadiommasidesaaisldniedinin laod
dazdnininlddeslunirszoustujisorfiienldlasnaly (Conventional initiating

systems) ludaudaldgidpazininanssdaanzinedwaa-uaning) (PLL) lanld

o A a

gn1znssatesRasanuny PCL laglda@rsGujasenfindl uuuuwealas ELL



#89N1TNIILINALENITOFILATZA PLL ﬁﬁﬁmﬁfﬂimaqagﬂmUI’EGT’;’%L’%M%(II) Wuy

wualasldwsala

M19197 6 mﬁmﬁfﬂimaqamﬁﬂ mmsnszmnéﬁmaaﬁﬁﬁﬁniutaqa (MWD) Lag
a a A Lo

weSiFudnaniavaiwaf(ay loaau-mlniuanlnu) uigndfidianziann ROP vas &

cL 155ulau@23130 SnLL4 SnCL4 Sn(Oct), WAz Sn(Oct),/nBUOH th amnnd 150 °C

1287 48 T3

“REIETT (%v[:w) My’ | Mygoe® | MWD® | % yield®
0.050 |6.3%x10° |1.1%x10° | 1.65 78
0.075 | 2.6X%10° |4.2x10° | 1.58 88
SnLL4 0.100 1.5X10° | 2.7x10° 1.73 90
0.150 | 1.3x10° | 2.2x10° | 1.76 82
0.200 |e.6x10* |1.0x10° | 1.52 90
0.050 | 7.1x10* |8.8x10* | 1.24 65
0.075 |6.1x10* | 1.0x10° | 1.70 81
SnCL4 0.100 1.4X10° | 2.3%x10° 1.66 66
0.150 | g.2x10* | 1.1x10° | 1.72 75
0.200 | 1.3x10° | 2.1x10° | 1.66 94
0.050 | 6.3%x10* | 1.2x10° | 1.91 89
0075 |65%10* | 1.2x10° | 1.81 89
Sn(Oct), 0.100 6.4X10* | 1.2X10° 1.84 89
0.150 | 4.4x10* | 8.7x10* | 1.98 88
0.200 | 53x10* |1.0x10° | 1.96 89
0.050 | g.9x10* | 1.2x10° | 1.69 92
Sn(Oct)/ 0.075 |6.3%x10* |1.1x10° | 1.82 88
PBUOH 0.100 | 7.0x10* |1.2x10° | 1.71 89
0.150 | 59x10* | 9.3x10* | 1.58 95
0.200 | 15x10* |2.9%x10* | 1.89 84

@ waninafia GPC lawld THF 1ludae wssvihmafisuanasgiulasnadalasn
b PBaumaaswedwain ldnasainmianazneuluamues usmiwmsuniglasniiaz

FYIMAIRIAINAIN



o ¢ ' Y a ¢ 1 a
3.4.3 N1IFILATIEH u,a:mfuanfgmanHm:mmwaawaa(l,l,aa-l,mnvlﬂﬂ) HIBNaa

.
v aa

o . ®)
walsidunuuiiadlaalsini) vuuusalasilua3iSal)nsen

A o

wasnfdideldnaseudszdntansasdiTisufin wununalas lunis
Aa ¥ o v wm o o

faamzdt POL fifldminluanagiuds §idnaziniimanssdaamzinaf(uos-uan
Iné) (PLL) TanlFanznsdnansiidoiiuiy oL lanlFaasBud §Asodu) uuy
wualas fiapldvinmadaaned PLL lasyimansuues-uaning (LL) J3anm 4 niuny
§75150 SnLL4 uaz SnCL4 fianuidudwirinty 0.050 0.075 0.100 uaz 0.200 %wiw bu
Pranunavwa 10 mL mMeldussonmaudalulasiaunaislu Glove box (LABCONCO)
a’mﬁf’uﬁ’lmsﬂmmLL&T’Jﬁ']vlﬂgjuaaluéwﬁwﬁuﬁﬁiﬂu (Silicone oil bath) 'ﬁ'qmﬁﬁﬁ 150
oc {lwaan 48 12l Wensuimuaiian 48 Talusezld PLL ﬁﬁmﬂg@ﬁﬁé’numzma
moiluvasudsdrnussindssson niwiwedwafmaniiunazansluasalswasuuda
Ansanaznawluunmuaatduasle PLL ﬁu’%qw’ﬁiﬂﬁmamﬁ'um'iéfamﬁ:ﬁ PCL lag
PLL fifatA312¥an SnLL4 Sanwaenenmoniwdwdulgrasndsdonfmisn du
PLL A&91A312%91n SnCL4 Januwmeidunsdan mnifmﬁﬁ’ﬂﬁﬁﬂmsmﬁhﬁmﬁﬂ
luiana MWD 2a9 PLL u%qw%ﬁé‘amﬁ:ﬂﬂmmﬂﬁﬂ GPC lenan1inasasaduaadli

4:!'
AN 7

M990 7 @hﬂimﬁfﬂ‘[maqmaﬁm @hmimm’mﬁwaaﬁwﬁfn‘[maqa (MWD) Lz

a a a Lo ia a
weiidudnaninvasnaf(uaa-uaning) u3gninduamziain ROP vo4 LL M3Gulay
#3150 SnLL4 WAz SnCL4 wuuuualas amuni 150 °C 1281 48 a9

o m
23138 - M, oc® | M, | MWD® | % yield”
0

0.050 | 7.1x10* | 8.6%x10* | 1.22 62
SnLL4 0.075 8.8X10* | 1.2x10° | 1.34 80

0.100 | 58x10* | 9.8x10* | 1.68 89
0.200 | 1.0x10* | 1.7x10° | 1.69 95

0.050 | 9.3x10° | 1.1x10* | 1.17 43
SnCL4 0075 | 97x10° | 1.2x10* | 1.19 45
0.100 | 1.1x10* | 1.3x10* | 1.24 61
0.200 | 1.3x10* | 1.7x10* | 1.28 80

2 wanmaiia GPC lagld THF 1udaze ussvimaifisuanaspiulaswedaledn
b Banaweswedwasnldnasainmianaznanlwamues usrhumssumeldsniz

GOTLTRUREEVBRVATGEX G



v
o

PNHANTNARDIUANTIA 7 WUIENTORILATIZA PLL ﬁﬁmﬂﬁﬂimmqaga >

5.0x10%) lelasmsld snLLg HudSi3uUfATen ROP 984 LL iuwafiwelsioduiuy
ad wananil PLL Aigstasnzildann SnLLd ﬁﬁmﬁfﬂimaqa Laz%yield ‘ﬁ'gaﬂjw
SnCL4 [ul@igniun1s8aiae PCL (a131991 5) uanmnft;ﬁ%’aﬂ'awmwm MWD 284
PLL figaiameilafidrdinin PcL ;ﬁ%’ammm’muﬁ@mﬂmiﬁuauamai’ LL fau
jashlunsifaljisomedwelaoduannni e-CL udadnslsfionn PLL Adnanewld
ﬂ'&mﬁﬁmﬁfﬂimaqaﬁﬁ'w PCL ﬁaﬁ?ﬂw:Lﬁ@mﬂmiﬁl’ﬁgm%gﬁlumié’aLﬂiﬂ:ﬁﬁ"ga LAz

) o =~ ° v a o o
T lumsdnamziuin Gorailiifanssanadinisanuiauaas PLL

3.4.4 M3d9azd uazn1TLvuana@AnNEMzIaNIzYaNad(Laa-uan nd-la-tag
lraau-anlnsuaninu) drwnadwalswtwuuuiadlanalgan) suvusalasin
F33n§Asn

Mé’m’mﬁ;ﬁ%’ﬂﬂimummﬁ’]L%ﬁ]‘lumi&'&mi’]:ﬁ PCL uaz PLL thuwadiualses
Fuuuuliaduas &-CL ua LL lagld SnLLd uaz SncL4 ud3BuufRzeud §ideld
fmanagauanadululdlunsldassaiu) wussalaslumsssanzilanedios
maserinsnanaluas £-CL uaz LL HIBaA12@8AwAUA1TRILATIEH PCL WAz PLL
lawdAdnldvininasasdsanzinedwaa-uanlnd-la-tadloaau-arlninaninu)
(PLC) lagldqasiuvasnanatuasluilaszning LL da £-CL iy 50:50 uaz 70:30 lag
lua laofidoazfianisnaw LL uaz &-CL Tuanatunanlasiiininsumingy 4
NN ENE3EN SnLL4 Waudn 0.100 %wiw 11l luwaatunanawia 10 mL
moldussmeudalulasiannnslu Glove box (LABCONCO) antiurinmsilaniauda
siluguasludrashiugalom (siicone oil bath) gl 150 °C 1uaan 48 $1lus 1l
asunuam 48 T lusazld PLC wﬁmgwﬁﬁé’nwm:mammi‘ﬂmamﬁaﬁmn NN
¥ PLC Aldwazansluaaalsnasuudrvinnsanaznanlwaniueainezle pPLc
U%qﬂ’ifmmﬁmﬁ'umié’dmiﬁ:ﬁ PCL uaz PLL Tapaannisnanaswudn PLC 71163
anwaetiuneian ﬁattamalu;ﬂﬁ 29 FsugasliiAuinaasisaing wwusualasanaas
Timanzsugmiumahldldlunsssemedlanedioanaiszning LL fiu &-CL anntin
Wadwle PLC u’%qﬂ'ﬁ‘ﬁﬁdLﬂswmﬂlmﬂﬁwmﬁLﬂiﬂ:ﬁmi{mﬁfﬂimLaqa wazd1 MWD
Tamadia GPC TldnamInanasasugasluanii 8



(a) PLC50/50 (b) PLC70/30

L o ¢

317 29 wad(uas-uan'ng-la-adlwaau-a1lwiuanlnu) sauigninguaszhain

ROP 289 LL uaz &-CL 1353ulaud350 SnLL4 1udu 0.100 %wiw m gmngil 150 °C
1 48 Talws: (a) PLC50/50 waz (b) PLC70/30

@13197 8 dniwsinlaanaais din1snszansdizasinininluana (MWD) uaz

¢ & & a a & & A L o &
woiiGudnandavainad(uaa-uan ind-la-iay/losau-a1lwiuanlnu) Lignsndaanzy
970 ROP 289 LL uaz &-CL N35ulanea3138 SnLL4 1dudn 0.100 %wiw ti 9oyl
150 °C 1181 48 T4

woAlNas M .| M ..°| MWD | % yield®

n,GPC w,GPC

PLC50/50 1.5%X10* | 2.3x10* | 1.53 68
PLC70/30 1.3%X10* | 2.1x10* | 1.61 80

2 ywanmafia GPC lagld THF Wuaire wasvhmaifisuanasgiulaswedaledn
b 3 Suravasnafiwainldnasannisanaznanlsiuniuaa wddumsaumeldzniig

GOTLTRURLEVBRVATGEX G

PINHANTNARIN 16 WUTF7TI5N SnLL4 aNaNTaHEa PLC ﬁﬁﬁmﬁfﬂimaqaﬁw

N31 PCL waz PLL waninitaaniunadinainlagslan MWD 1.53-1.61 GaAgsuaadl
& 4 o A | aaa & aa o a &£ A o R o a
WwuihdindiljisemanudiesnaiNiatuiiotn mm@l'ﬂmiwmﬂuﬂiuLaqamaawaa

AV o @ o I3 o A o ea o A

mas*n"lmﬂaumommwuﬂmwm:mﬂmqm%gaﬂumimmswwﬂga wazlfiiauiu 9
TamanzandnsussuuNauaLNes LL LwiaL'm"ljﬁmuﬁﬂ'@mﬁﬂ'swﬁﬂLﬂuﬁaﬂ’ﬁqmugﬁ
@ A v aa < v aa Aaa A o o o
lun13duazdngs wsza1315u snLl wunuualandudidsudjAsenad dqls
A o ¢d o a A ° v 1 aaa a & v o Ny Aa
panndnsduanzifidninlensszlinarildujisonfedulddrann uazldldwed
WasauaaInng mi"amﬂﬁ;j’%%'ﬂvl@ﬁ”ﬁwmﬁLﬂswzﬁmﬁmﬁnimaqa LazA1 MWD 283



PLC Adatasnzilduda mm’fmﬁ%ﬂﬁﬁnmﬁmsw:ﬁﬁﬂmaai”’mmamﬁmaa PLC #
Fuazile TudadinTziasdisznauvadansls (Composition) PLC 1ilanuzaaadad
fusasuvedvauNasiulanialy lasardumadia anfuan-13 fnfosunnuanis
TsuuuganInsalnd (PC-NMR) Aaurinnsienzdlassaanaaiiavedlanafiwes
PLC #AdnldldFyanmol LL waz Cap unw lactidyl unit waz caproyl unit luanald PLC
funanuouawas LL uaz &-CL é’mam‘lugﬂﬁ 30 uaz *C-NMR atnansnvas PLC la
LLﬁﬂdeﬂuEﬁﬁ 31

i 0 9
.rvvv_(~0—CHchchchzCHz—C%O—?H—C—O—CH —ca—ww‘
1
X

CHs CHy Y
Cap LL

gﬂﬁ 30 lassanainfiagnadnavad PLC uad caproyl waz lactidyl unit

LLL
CapCapCap
: LCapCap
(]
: : CappapL CalpLL
' | LCapL LLCap !
H h P L
PLC70/30
PLC50/50
I ! I N I ' 1 r T ' 1
174 173 172 171 170 169

& (ppm)

311 31 100 MHz*C-NMR sidnnaaswed(waa-uanina-la-tar/loaau-anlnsuanlnu)
mﬁau%qw%ﬁé’amm:ﬁmn ROP 284 LL kaz &-CL N358lasdq5i5u SnLLd 1 ludu
0.100 %w/w T4 @TANH 150 °C 1981 48 Talud



o g

mnwamsmaaﬂugﬂﬁ' 31 {IauwuhayImues “C-NMR §11iu PLC50/50 §
anulndlAsInuNuITevas Nalampang Lazamue [19] uanmrﬁtpﬁﬁ’mﬂ'ﬂﬁﬁwmﬁmﬂzﬁ
fya1a C-NMR ﬁ"lﬁ‘lugﬂﬁ 30 laun1siaeiiB9aiia (Statistical analysis) @14
nan1539ef lamoeullusnisuves Nalampang uazams [19] lasAduazviing
fumnausaaislasiwauned lactidyl (P, ) uaz caproyl (Pc,,) unit lasléaunis
1 (18) uaz (19) AWy

Ie _1 ILLL-'—(ILLCap-'_ICapLL)/2
LL = &
2 (ILLCap + ICapLL) 12+ ICapLCap

(18)

e _ CapCapCap
Cap — |

+ I LCapCap

+1 (19)

CapCapL + ILCapL

lavfl | fia dBufiniazes PC-NMR siUnasuanadunisvasdnyyiment gluzUa 30

wannigsmunsaSouisunudianueiadslasduinved lactidyl uaz caproyl

ada o o P

unit Twn3@AINNINTZNL@ MUY random G9RUNTA (20) uaz (21)

k+1)

IR _( 20
T (20)
&, =k+1 (21)

laofl k TevinAy [Capl[L] MNBUazaINNIDAIWIUANANTVBIN1T§Y (Degree of
randomness, R) lusolawadinasldaiuaasluauniin (22) lasidr R W1 lnd 0 uaas

o '

ndaaunsdenuvasntrsdrlulanefwesisiiuuuulavdanlanadines (Diblock
copolymer) udignen R W lnd 1 ugasindraunsdenuzasniisdlulanefiweseziin
WuUgY (Random copolymer)

IR

_ Cap

Ie

Cap

(22)

o

fausdng 9 ldannmsRansanneaia q:"iﬁ]ilvl,ﬁ hmsnunuBluensei o



A131911 9 MINATNLANIERAFINSY PC-NMR s1Unns1zad PLC NRILATITHAIN ROP
289 LL waz &-CL N33ulauad3i5u SnLld wiudu 0.100 %w/w gmnni 150 °C 10

48 1w

wolwas | f,° | F.° | F.° | Fo.'| R

PLC50/50 0.5 0.8 4.98 1.85 0.68
PLC70/30 0.5 0.9 8.88 1.71 0.65

2 gasnulasluazad LL lunauawasia  ° dasulasluavas LL lusalslanefiwes
¢ anueniadslasduinwed lactidyl unit ¢ anupiafslasdwinwes caproyl unit

e oA A '
NIV ENﬂ’ﬁﬁ;&l

nRan1 i1t lua13ef 9 wuindasulesluaves LL lussolswadwas
Aautradenuuandsanuanawasilasudu uaaslwiduiigsGafing) wwuwualas
"L;immmmuquéwé’umsrﬁwiaﬁwawmwgﬂumﬂfﬁ pLC l¢f wonanndiganuinlu
PLC70/30 azlidnanusnived LL lusnelsuinnin PLC50/50 annsdwiaedn R wuin
Tawoswadmsgosden R dawlunig 1 w1nnn ugesirenuiussdoulusnsls PLC
Aaudnadn %amaa:dwa@iaqmamﬂ'&mamm%aﬂﬁ WAz PLC70/30 azdanuidu
suflgunnnnin PLC50/50 Lanttas mﬂﬁ?u;ﬁ%’ﬂﬁﬁ’m’ﬁﬁﬂmauﬂ'ﬁmam’m%@umaﬂﬂ
woaasrssaslagldinaiia DSC lagazvinmslianudauain 30 °C - 200°C dusan
n3kiaINNTan 10 °C/min mﬂﬁ?uﬁwmsaﬂqquﬁaomﬂ 200 °c 'lUe 30 °C drdam
M3 Buda 10 °C/min udavinnnslanufauassfians 30 °C — 200 °C drodanasle

anwiau 10 °C/min lekan1Inanasaszli 32 uaz 33

0.4
0.2+
_ 004
=g
=
< 0.2
B
§ 044 e
N nldo
J U
08 —— PLC50/50
—— PLCT70/30
0.8
-1.0 T T T T T T
40 80 80 100 120 140 180 180

Temperature (°C)

31 32 W DSC Y9 5IHANTanasIN 1 29 PLC50/50 was PLC70/30 th 6@

mybEanuTan 10 °C/min



ﬁnﬂmmiﬂmm’lugﬂﬁ 32 Wy PLC vi9masfian T, atjlug14 55-60 °C
wenanit PLC70/30 fswuinen T, U3eN1ne 125 °C udnIdaad PLC50/50 laiwuen T,
uaaain PLC50/50 lisnansaiiananldnasannizuiwmssaenziluawised aniu
ijaﬁwmia@qmmgﬁuﬁ PLC ﬁmaummammugszﬁﬁmaa wuin PLC mama sl
susaiianinananznaeumadld mntwdernislianuteusnefinitanuinla
wodwasnosaslimunsonfananld wazlinuRavainiganiansanuioulas @
LLﬁ(ﬂﬂuEﬂﬁ 33 ugaaLfinin PLC mimasfissanziladanuliiusSounalaseat
9 wazwadiwasildinasfisnwmeiu random copolymer udnsdinas PLC70/30 a2

anudusadovluanalguinnin PLC50/50 @nas

0.4

0.2 4

0.0 4

0.2

Endo

Heat flow (Wig)
=
£
L

—— PLC50/50
—— PLCT0/30

-1.0 T T T T T T T
80 80 100 120 140 160 180 200

Temperature (°C)

Eﬂﬁ 33 nyW DSC madmﬂﬁmw%uﬂ%ﬁ 2 289 PLC50/50 waz PLC70/30 th 86131

mslkanusan 10 °C/min
4. syiuanisnaaad

4.1 M3daAA UAZNILILBNAANHIZIANIZYBIAIILINTI(I) uwuuuaalas

mﬂwami"n@aaaﬁwmmmma;ﬂﬁdw ;ﬁﬁ?ﬂﬂs:auNaéwﬁﬂumim‘%wﬁa

a A

FEnAsndu() wwuusalanfidszdninwglunedwa lnatuunuiatsvesloadn

daaa

osmasindisewediwe lsissuniidia (Living polymerization) 623130 in(Il) wuy
& o v aad a a a
wnalasiiuuwinnislunmsunladywivas@dsuninl) iu-Damenlodoiavasinas

'
1% o o o

flagniauwualdnulunguidvasfie uazdisswuiaaTiufing) wwuwualasd

U

D.

v A

a@ag%muﬂi:mﬂﬁuﬁ
(1) snansaldnuldatieazain wasifiusns 13 lauwn
) swanazmsludiiazaedunid uaznauaweildadnianysal

(@) Sahgsmwnennuiangs



(4) HiafigInweoaanTIaulazANUTUR
uanmﬂﬁ;ﬁﬁ'ﬂﬁﬁﬂmiﬂdmﬂqmé’nﬁm:mm:maaé’ﬁﬁuﬁu(ll) wuuunalase
gn9suysaidasinaiia FT-IR Raman-IR 'H-NMR GPC DSC uaz TGA 91nn13U9uan
o @ ' 2 o i v aa a o A o A =
ATANBIAZAINA1IFITEWLINEITEUAR(I) wuvunalasdiaslinuse Sn-0 Ndeshids
el jitomediwe litunuseuaiwaidenionasld nufnydeiduuaz
TassaFimaaiiannusaaadasnulasiaineasmSisuindl) wwuuialas

42 minpRawnamans uazgmunamansvasnadwe lsirsuuuuilaeas
1o lzaan-arlnsuanlnundisaulaanun(l) uuuunalaslaamaia DSC
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gonavhliiiansdavnsmadhil fisenszninsuenawes nuUSIMWWD: Sn-0 289
v aa ° o a aaa a o o A ' v aa
a3sushlweasmaiad jisowedwe lsirtudias Ssllanuuandrainalsse
a A A a aaa o S A A = R
Sn(OnBu), Thav8dMAY WiasuLTENU S tndugslivwaluanafiinnidsmana
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Sn(OnBu), SnLL macroinitiator
;2 .o
CH;CH,CH,CH, =0 —Sn—0—CH,CH,CH,CH, CHyCHCH,CHy — 0 — G — CH— O —Sn—0-—CH-C — 0+ CHyCHyCHyCH,
X FEA i A
®-0-Sn-0-@

( E) 0-Sn-
07"
Bulky and steric C“J ) q:
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nnnTienzidayanisaaunaaaailasinadia non-isothermal DSC Wuin
anuiashuasdidBuiingl) wwuunalaslu ROP 289 e-CL fdreuasdalyil: snLLs <
SNLL8 uaz SnCL4 < SnCL8 wazea3i3u SnLL ﬁmm’jaa"hﬁgan'j'] SnCL ﬁdﬁ;ﬁ%ﬂﬂ’l@l
FiezfinanneIuuAnanIiuLas conformation 31319 LL fiu €-CL Saiilaidlaasudas
naeillu repeating unit 209FI33ULLLLNATAT PINMINLNIUITIUNTIN [20, 21] Rt
Wi LL 928 conformation WUU twist boat %Gﬁwﬁdd’mﬁgdﬂ’h &-CL 715 conformation
WUU chair ﬁdLLﬁﬂdIu;ﬁiﬂﬁ 35 Gorazdanariali@asise snLL Sarndaslalunns
Waddisoawedwalsieguuinnia SnCL 9NNIsAIUITAINAII U BN NI UG (E,)
gnsunedwelnotuuuuidaisves oy loaau-alniuaninu A5Sulasfingil) wwuuue
Tas lavdtlalonounastunantas KAS wuinen £, va9dfAsonfisdudait snLLs
(32.4 - 34.8 kdJ/mol) < SnLL4 (54.9 - 69.2 kd/mol) ILa e SnCL8 (39.3 - 45.0 kdJ/mol) <
SnCL4 (48.3 — 65.6 kJ/mol)
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i XQ
0.0 o, /7/
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H H

&-CL LL
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Conformation
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gﬂﬁ 35 LNATWaENHNBUEAd conformation YadNanalues £-CL uaz LL [20, 21]
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A
(48.1 kd/mol) < SnLL (90.5 kd/mol) waz SnCL8 (57.1 kd/mol) < SnCL4 (101.4 kd/mol) 4
uaadliiAninlunsiiaan1en I wdTuszning &-CL nu SnLL8 azldwasanuiasnin
SnLL4 uaz SnCL8 Tdwasnutasnin SnCL4 #nTuadulnstnusiug (AS*) AdulIm
@& nIu ROP 289 &-CL A35ulasfiudl) wwuunalasiidrauadda’lud: SnLLS (-146.5
Jimol.K) < SnLL4 (-79.0 Jimol.K) 48z SnCL8 (-134.2 J/mol.K) < SnCL4 (-54.3 J/imol.K)
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Reaction coordinate
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Ring-opening polymerization of cyclic esters using tin{Il)}-macroinitiators:
Kinetics, mechanism and high molar mass polymer synthe

w
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Abstract

Polylactides and polylactones, the well known biodegradable polyesters, are generally
utilized as starting materials for biomedical and packaging applications. They are synthesized
by ring-opening polymerization (ROP) of ¢ :rs via coordination-insertion mecha
Ihe key to achieve control polymerization and high molar mass polymer 1s highly effective
initiators. Among these, tin-containing compounds such as tin(Il) octoate (Sn(Oet)z) and
tin(II) alkoxides (Sn(OR):) are considered as reactive initiating systems in the ROP of eyelie
esters, In our research group, the liquid tin(II) n-butoxide (Sn(OwBua) was successfully
synthesized for the first time and patented. It acted as a powerful initiator that produced high
polymerization rate and molar mass polymers. However, it was very sensitive to moisture
that limits the utilization in the industry. Therefore, the effective route 1o overcome the
limitations of liquid Sn(OnBu): was introduced. Liquid Sn(OnBu)- was converted to novel
tin{Il-macroinitaitors that were still reactive in the ROP of s-caprolactone (#-CL) and L-
lactide (LL). The polymenzation kinetics was firstly investigated by the non-isothermal
differential scanning calorimetry (DSC). From isoconversional analysis, the activation energy
(E,) for the ROP of £-CL increased with increasing macroinitiator chain length. The efficiency
of tin(Il)-macroinitiators in the synthesis of high molar mass poly(e-caprolactone) (PCL) and
poly(L-lactide) (PLL) was mvestigated via bulk polvinerization. T'i(Il}-macroinitiators produced
very high molar mass PCL and PLL with number average molecular mass (M,) > 1.0x10" and
polydispersity index (PDI) < 1.9, Furthermore, the mechanism of the ROP of cyclic esters with
the synthesized tin(Il)}-macromitiators was proposed through the coordination-insertion
mechanism.

Keywords: ring-opening polymerization: macroinitiator; e-caprolactone; L-lactide; DSC
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3. Synthesis of high molar mass polymers using Sn{ifj-macroinitiators
Afser obtaining e netcs informabon from DSEC technique, we frther investigate the catahtc
of SnLL and SaCL n the sysahsia of polyli-caprolacions) (PCL)
v poly(Lnctice] PLL]
Sod PCL an Bustraind in Fig. 4 and 5, mmoluu-rmwt:mps molsculas waight distri-
MWD}, and. and PLL Tabie 1

5 108 mesal Table 1: wwwwhm
PCL and PLL froen bullc
|mcgnm_man4@q=-mm

oot the Bquid En{i] n-butomide (S0
organc sohents, high ROP rate and lww molecular
Mam RIS, Kow Sxypen Brel roisLUTe Malsy, SHTEu 19 VEze BN MORCLr I5-
regmilorn 48 kighicanoornirision. Fig. 4. Physical appearance of crude
Tharafire, the goal of this wark is o aversome thess problems by designing the mors Dlad "?,:h", MW:,W‘ Mcﬁ",f,;
stable Vquid Sa(OnBu), using the concept of Dving ring-cpening polymerization by o Sabid maorcinkiator,
\ verting SniGnBul, fo ihe macrolnitiators. We expoct fhat the designed masromitiators
‘have sone advantages Uz‘"\‘::e’,ﬁ.&',amnﬂ' 20 ﬂ"au.“' o use. [ sty h
©an effectively control e polymer of cyehs esters, {iv) they an produce the high
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ABSTRACT

The ring-opening polymerization (ROP) of racemic-lactide (rac-LLA) initiated by the
synthesized tri-z-butyltin(IV) #-butoxide (#Bu,SnO#zBu) was investigated for first time by
proton- and carbon-13 nuclear magnetic resonance spectroscopy (‘H- and "C-NMR).
The polymerization of rac-LLA with #7Bu,SnO#Bu and tin(Il) octoate (Sn(Oct),) was conducted
under bulk condition. The synthesized #Bu,SnO#Bu showed high moisture-oxygen stability
and solubility in the molten rac-LLA. The "C-NMR spectra of poly(rac-ILA) obtained from
nBu.SnOzBu and Sn(Oct),were slightly different indicating the different stereochemistry
of synthesized polymers. The probabilities in forming of a new isotactic dyad (P) and the
average block length of L-lactyl units (I.) in poly(ra~-LLA) obtained from #Bu,SnO#zBu was
higher than Sn(Oct),. From the results, the preferentially isotactic and heterotactic poly(rac-1.A)
were obtained from #Bu,SnO#Bu and Sn(Oct),, respectively. The polymerization mechanism
of rac-I.A with the synthesized #Bu,SnO#Bu and Sn(Oct), initiating systems was proposed
through the well-known coordination-insertion mechanism.

Keywords: Racemic-lactide, stereoselective, ring-opening polymerization, tributyltin alkoxide,
Tin(1l) octoate

1.INTRODUCTION

Polylactides such as poly(L-lactide) (PLL),
poly(D-lactide) (PDL) and polylactides
stereocomplex (Sc-PL) have become the most
interested biodegradable polyester in the
recent years due to their various applications
and the increasing of world’s environmental

awareness [1-3]. Polylactides are generally
synthesized by ring-opening polymerization
(ROP) of lactides catalyzed by organometallic
compounds [4] and organic catalysts [5].
The tin-containing compounds such as tin(11)
alkoxide (Sn(OR),) [6] and tin(II) octoate
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(Sn(Oct),) [7] act as effective initiating systems
for producing the high molecular weight
polylactide. Most previous works [6, 7]
have mainly focused on the synthesis of
polylactides with controllable of molecular
weight because it is commonly known that
molecular weight plays an important role in
various properties of polymer. In addition
to molecular weight, steroregularity or
tacticity is also a crucial factor that affects the
properties of polymer. In the last five years,
many researchers have paid the attention
to the stereoselective ROP of racemic-lactide
(rac-LLA) using various organometallic
initiators which contain different metals
center such as Zn [8], Al [9, 10], Ti [11, 12],
and In [13]. These initiators produce vatious
stereochemistry of poly(rac-LLA) via solution
polymerization.

Zoltowska ¢t al. [8] reported about the
ROP of rae-1LA using diehtylzinc (Et,Zn)/gallic
acid (GAc) and Et,Zn/propylgallate (PGAc)
as catalytic systems. These systems produce
the predominantly isotactic, disyndiotactic
or atactic poly(rac-LA) depending on the
reaction conditions. The stereosequences
of poly(rac-LLA) was analyzed by carbon-13
nuclear magnetic resonance spectroscopy
(PC-NMR). These catalytic systems not
only control molecular weight of polylactide
but also stereochemistry. Bian ez a/. [9]
studied the stereoselective ROP of 7ae-1LA
using aluminum chiral anilido-oxazolinate
complexes as initiator in the presence of
alcohol co-catalyst. These complexes produce
poly(rac-LA) with stereochemistry ranging
from isotactic to heterotactic. Deivasagayam
et al. [11] used various titanium(IV)
i-propoxide complexes based on various
aminodiol ligands for controlling the
stereochemistry of poly(rac-LLA). The results
showed that the racemic-aminodiol ligand
gave the partially heterotactic poly(rac-LA).
Furthermore, all titanium(IV) complexes
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produce atactic poly(rac-LA) via bulk
polymerization. Gao ¢ al. [14] used the
titanium complexes which contained N,
N-bidentate phenanthrene derivatives
(R = Pr, CH, and 2,6-Pr,C H)) to control
the stereochemistry of poly(rac-LLA). Their
results demonstrated that the titanium
complexes with 2,6-/Pr,C H, shows the
highest stereoselectivity in the ROP of 7ae-LA.
Furthermore, this complex produces the
partially heterotactic poly(rac-LLA). Recently,
Wang ef al. [15] studied the stereoselective
ROP of rac-LA using zinc complexes with
tridentate chiral aminophenol proligands.
Most of these complexes produce isotactic
enriched poly(rac-LA).

Interestingly, there is a report about
the sterecoselective ROP of cyclic esters
initiated by organotin initiators. Kricheldorft
et al. [16] reported the preparation of
syndiotactic poly(f-D,L-hydroxybutyrate)
(poly(B-D,L-HBu) by the ROP of B-D,
L-butyrolactone (BL) initiated by butyltin
trimethoxide (BuSn(OMe),), dibutyltin
dimethoxde (Bu,Sn(OMe),) and tributyltin
methoxide (Bu,SnOMe). They found that
the polymerization temperature affects
the stereoselectivity of initiator and the
completely atactic poly(-D,L.-HBu) was
obtained at 100 °C. Nowadays, it is
well-known that Sn(Oct), is the most
widely used initiating system in the ROP
of cyclic esters [1, 7, 17]. Sn(Oct), reacts with
alcohol or hydroxyl impurities and reversibly
converts to tin(ll) mono-alkoxide (OctSnOR)
and di-alkoxides (Sn(OR),) before initiates
polymerization. This conversion results in
the formation of octanoic acid (OctH) which
can act as the retarder in the ROP of cyclic
esters. Although Sn(Oct), produces high
polymerization rate and molecular weight of
polyester, its stereoselectivity in the bulk
ROP of rae-LA is still not clear. The reversible
reaction of Sn(Oct),, OctSnOR and Sn(OR),
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may cause the difficulty in the stereocontrolled
ROP of rac-LA. Recently, we successfully
synthesized the tri-z-butyltin(IV) #-butoxide
(#Bu,SnO#Bu) that can be utilized as a true
initiator in the ROP of &-caprolactone (e-CL)
[18] and L-lactide (L.L) [19]. This synthesized
#Bu,SnOzBu initiator has some advantages
such as: (i) easy to handle due to its high
oxygen-moisture stability, (i) synthesized
from simple synthesis process and (iii)
completely soluble in cyclic ester monomers.
However, the stereoselectivity of the
synthesized #7Bu,SnO#Bu initiator in ROP
has
before. Therefore, it is very important for

of lactides not been described
us to investigate and understand the
stereocontrolled ability of this initiator
in ROP of racr-1LA. The obtained information
will be useful for designing the biodegradable
polymeric materials because their
microstructure (isotactic, syndiotactic,
heteretactic and atactic) certainly affects the
biodegradation process and thermal property
of poly(rac-LLA) [20-22].

To this end, we aim to investigate the
stereocontrolled ROP of rac-LA using
our synthesized #»Bu,SnO#Bu initiator by
bulk polymerization. We expect that the
synthesized #Bu,SnOzBu can be used to
control the sterecochemistry of poly(rac-LLA)
due to: (i) the presence of three butyl groups
reduces the coordination ability of lactide
monomers with reactive center (Sn-O) which
can increase the stereoregularity of the
poly(rac-ILA) and (ii) #Bu SnO#zBu initiator
contains only one Sn-O active center
(mono-functional) that limits the coordination
with monomer. We also expect that the
synthesized #Bu,SnO#Bu should show the
higher stereoselectivity than the conventional
initiating system of Sn(Oct),.

Therefore, this work is the first report
on the ROP of ra-LLA using the high steric

hindrance nBu SnO#zBu initiator. The
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stereoselectivity of #Bu,SnO#Bu is firstly
benchmarked with the conventional
initiating system of Sn(Oct), via bulk
polymerization using 'H- and "C-NMR
techniques. Furthermore, the polymerization
mechanism of the ROP of rac-ILA with both
initiating systems is also investigated and
discussed.

2. MATERIALS AND METHODS
2.1 Materials Preparation

L- and D-lactide (LL and DL) were
synthesized from L- and D-lactic acid
(LLA and DLA) (Archer Daniels Midland
(ADM), 88.0%) and purified by recrystallized
three times in dry ethyl acetate (Sigma-Aldrich,
99.5%). The crystallized LL and DL were
filtered by vacuum filtration and dried at
55 °C in vacuum oven until constant weight
was reached. The purified lactides were kept
in dry round bottom flask under vacuum
condition before used. Racemic-lactide (rac-1LA)
was accurately prepared by mixing LL and
DL in the equimolar ratio of 50:50 mol%.
Tin(Il) octoate (Sn(Oct),, Acros Organics,
98%) was purified by vacuum distillation
before use. Tri-z-butyltin(IV) #-butoxide
(nBu,SnOnBu) was synthesized according
to the method described in our previous
study [18].

2.2 Synthesis and Characterization of
Poly(rac-lactide)

Under nitrogen atmosphere in the glove
box (LABCONCO), 4 g of racrlactide with
0.1 mol% of #»Bu,SnOxBu or Sn(Oct),
was weighed in dry round bottom flask.
The reaction flasks were immersed in
pre-heated silicone oil bath at 120 °C for
24 h. The obtained crude poly(rac-LA)
was purified by dissolving in chloroform
and precipitated in cold methanol. The purified
poly(rac-LLA) was dried in vacuum oven at
55 °C until constant weight was reached.
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The chemical structure and stereochemistry
of poly(rac-LLA) was analyzed by proton-
and carbon-13 nuclear magnetic resonance
spectroscopy (400 MHz '"H- and 100 MHz
C-NMR) using a Bruker Avance 400 NMR
spectrophotometer. Chloroform-d, (CDCI,
Sigma-Aldrich) with tetramethylsilane (TMSj
was used as solvent in NMR analysis.

PR
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2.3 Theoretical Consideration

Kasperczyk [22] proposed a method that
can be used to identify the stereochemistry
of poly(rac-LLA) based on the probability
of generating a new bond by combining
isotactic dyads initially preformed rac-LA
molecules. The chain growing from the ROP
of rac-LLA is illustrated in Scheme 1: 1 and s
represent as the isotactic and syndiotactic
dyads, respectively [23].

v 5888

o

Scheme 1. The simple illustration for the growing chain of poly(ra-LLA) from the ROP of

rac-LLA modified from literature [23].

From Scheme 1, P and 1-P, are the
probability of forming a new i-dyad and
s-dyad, respectively. This P value can be
determined from the tetrads and hexads
intensities of "C-NMR spectrum as listed in
Table 1. When 0 <P< 0.5, the polymerization
proceeds through the syndiotactic pair
addition. If the P, is in the range of 0.5-1.0,
the polymerization follows isotactic pair

addition. Therefore, the value of P, can be
used to determine the stereochemistry of
poly(rac-1LA) or the stereoselectivity of a given
initiating system. From statistical analysis
of PC-NMR spectrum, the average length
of L-lactyl units (L) in poly(rac-ILA) chain
can be determined from Eq. (1) [23].

A @

Table 1. The probabilities to form #-ades in polymer chain obtained from the ROP of

rac-ILA as a function of P, [23].

Tetrads iil isi sii sis

Ratio P(P+1)/2 (1-P)/2 P(1-P)/2 P(1-P)/2 (1-P)*/2

Hexads iil isiii, 1iisi iiiis, iisii, siiii ~ iisis, siiis, sisiii isisi sisis
Ratio P(1+P)/2 P(1-P)/2 P1-P)/2 P(1-P)*/2 (1-P)*/2 (1-P)’/2

3. RESULTS AND DISCUSSION

The synthesized tri-z-butyltin(IV)
n-butoxide (#Bu,SnO#Bu) is a colotless liquid
and completely soluble in molten rac-LA
monomer. The identification of #Bu,SnO#Bu
structure has been previously described in our

work [18]. After complete characterization of
nBu SnOznBu structure, it is utilized as initiator
for the ROP of rac-LLA. The 'H-NMR
spectra of the poly(rac--LA) synthesized by
7nBu, SnOzBu and Sn(Oct), systems are
illustrated in Figures 1 and 2, respectively.
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Figure 1. 400 MHz "H-NMR spectrum of the poly(rac-1LA) synthesized from the ROP of

rac-LA initiated by #Bu,SnO#Bu.
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Figure 2. 400 MHz '"H-NMR spectrum of the poly(ra--LLA) synthesized from the ROP of

rac-LLA initiated by Sn(Oct),,.

The spectra of poly(rac-LLA) obtained
from both initiators show the multiplet signal
of methine and methyl protons around
5.15 (b, ¢) and 1.55 ppm (d, e, f, h, i),
respectively. Furthermore, the spectrum
of poly(rac-LLA) obtained from Sn(Oct),
(Figure 2) shows a higher intensity of the
peaks around 5.20 ppm than that of
nBu.SnOzBu. This may be contributed
from the different stereochemistry of

poly(rac-LLA) chain. To further investigate
the stereochemistry of poly(rac-LLA), the
PC-NMR is used to support the results
obtained from "H-NMR. The "C-NMR
spectra of the poly(rac-LA) synthesized by
#Bu SnO#Bu and Sn(Oct), initiating systems
are illustrated in Figures 3 and 4, respectively.
Overall, the spectra of both poly(rac-LLA)
show the sharp doublet signal of methyl
group (CH,-) connected to methine carbon
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(-CH-) at 19 ppm (f, g). The sharp doublet
signal of methine (-CH-) proton is found at
69 ppm (b,d). Furthermore, the moderate
intensity of multiplet signal of carbonyl
(-CO-) group is found around 169 ppm
(a, ¢, ¢). When the spectra were expanded,
it is found that they are slightly different.
The expanded signal of methine and carbonyl
group of the synthesized poly(rac-LA)
from 7Bu,SnOzBu and Sn(Oct), are illustrated
in Figures 5 and 6, respectively.

I T T I T T T
180 160 140 120 100 80 60 40 20 0 -20
& (ppm)

Figure 3. 100 MHz "C-NMR spectrum of
the poly(rac-LA) synthesized from the ROP
of rac-L.A initiated by #Bu SnO#Bu.

bd Lo

180 160 140 120 100 80 60 40 20 0
& (ppm)

Figure 4. 100 MHz "C-NMR spectrum of

the poly(rac-LA) synthesized from the ROP

of rac-LLA initiated by Sn(Oct),.
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nBu,SnOnBu

69I,0
3 (ppm)
Figure 5. 100 MHz "C-NMR spectra of the
expanded methine signal for the poly(rac-LA)
synthesized from the ROP of ra¢-LA initiated
by Sn(Oct), and #7Bu,SnO#Bu.
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Sn(Oet),

b
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T T 1
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Figure 6. 100 MHz “C-NMR spectra of the
expanded carbonyl signal for the poly(rac-LA)
synthesized from the ROP of rac-LA initiated
by Sn(Oct), and #7Bu SnO#Bu.

The results from Figure 5 show the
different relative tetrads intensity of the isi

of poly(rac-LA) obtained from Sn(Oct), and
#Bu SnOzBu initiators. This clearly indicates
that the stereoregularity of poly(rac-LA)
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obtained from both initiating systems is

to isi peak of poly(rac-LLA) obtained from
#nBu,SnO#nBu is higher than Sn(Oct),.

2075

The tetrads intensities, P, [ and tacticity of
the synthesized poly(rac-LLA) are summarized
in Table 2.

Table 2. The tetrads intensities of "C-NMR spectra of the poly(rae-LA) synthesized from the
ROP of rac-L.A initiated by Sn(Oct), and #Bu SnO#Bu.

Initiators Tetrads intensities (%o) P, L, Tacticity
ssi sss isi iss  sis, iis, sii, iii
Sn(Oct), - - 31.2 - 68.8 040 33 Heterotactic
7nBuSnOnBu - - 28.6 - 71.4 0.60 5.0 Preferential isotactic

From Table 2, it is found that the
nBu,SnOnBu produces the preferentially
isotactic poly(rac-LA) due to the higher
and the value of P, = 0.6. Furthermore,
the Sn(Oct), produces the heterotactic
poly(rac-LA) because the intensity of the isi
et al. [8] reported the expanded methine signal
of PC-NMR spectrum of poly(rac-LA)
synthesized from diethylzinc (Et,Zn)/
poprylgallate (PGAc) initiating system. They
found that this initiating system produces
the disyndiotactic poly(rac-LA) due to the
similar which is different from Sn(Oct), found
in our work. From tetrads intensity analysis
(Table 2), it is found that the values of L,
(determined from Eq. (1)) of poly(rac-LLA)

obtained from Sn(Oct), and zBu SnO#Bu are
3.3 and 5.0, respectively. This demonstrates
that #Bu,SnO#Bu produces longer isotactic
chain length of L-lactyl unit than Sn(Oct),.
For more detail in the stereochemistry
of poly(rac-LLA), we also analyzed the carbonyl
signal of "C-NMR spectrum in the hexads
level. The expanded carbonyl signal of
BC-NMR spectra of the synthesized
poly(rac-LLA) from both initiating systems are
displayed in Figure 6. The results show
peak of poly(rac-ILA) obtained from Sn(Oct),
is lower than #Bu,SnO#Bu, suggesting the
higher irregularity of L- and D-lactyl unit in
poly(rac-LLA) chain. The hexad intensities,
P, L. and tacticity of the synthesized
poly(rac-1LA) are summarized in Table 3.

Table 3. The hexad intensities of "C-NMR spectra of the poly(ra-LA) synthesized from the
ROP of rac-LA initiated by Sn(Oct), and #zBu,SnO#Bu.

Initiators Hexads intensities (%o) P L, Tacticity
iiii  isiid, iiisi 1iiis, iisii, siiii  iisis, siiis, sisil  isisi
Sn(Oct), 27.0 13.0 21.0 21.0 18.0 0.40 3.3 Heterotactic
nBuSnOxBu  29.0  15.0 24.0 18.0 140 049 3.9  Preferential

isotactic
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From statistic considerations of both
tetrad and hexad intensities of "C-NMR
spectra, it is found that #Bu SnO#Bu
and Sn(Oct), initiating systems produce
the preferential isotactic and heterotactic
poly(rac-LA), respectively. The results obtained

Chiang Mai J. Sci. 2018; 45(5)

from Table 3 demonstrate that #Bu,SnO7Bu
produces longer average chain length of
L-lactyl units than Sn(Oct), which is similar
to that of tetrad intensity analysis (Table 2).
The stereochemistry of poly(rac-LLA) can be
simply illustrated in Scheme 2 [24].

/E J . \/[R { . .koﬂ :f/-?*--o~.§~ﬁ}—{oﬁ/k--o R/ﬂ}

(0] H&_o 0__0
O~.’ O./ o OC/ xo/
L-Lactide D-Lactide
rac-Lactide

| AN

0 0 o o
M{O H?//l»__ 0 \S/uHO _\fi’/ﬂfo .fi’/J\}\

Isotactic stereoblock poly(rac-lactide)

[

Atactic poly(rac-lactide)

0.5

i o O O O]
% 0-S ./L 0 _%§//|L— 0 _mf)'l‘“' O- i‘i/’l\.\

n

Heterotactic poly(rac-lactide)

Scheme 2. The stereochemistry of poly(rac-LLA) synthesized from the ROP of rae-LA reported

in literature [24].

From obtained results, zBu,SnO#Bu is
found to have higher stereoselectivity than
Sn(Oct), that may be related to: (i) the presence
of three butyl groups of #Bu.SnO#Bu reduce
the coordination ability of ra~-LA to reactive
Sn-O center resulting in the limitation in the
approaching of monomer to active center,
(i) the Sn(Oct), contains more active site than
7Bu,SnO#Bu initiator resulting in the lower
selectivity in the ROP of ra-LA and (iii) as
described in literature [7], Sn(Oct), is not
a true initiator because it reacts with
hydroxyl- containing impurities to form the
tin(II) mono-alkoxide (OctSnOR) or tin(Il)
di-alkoxide (Sn(OR),) active species before
initiating polymerization as shown in the
following reaction. This reversible reaction
causes the difficulty on the control of
polymerization, especially stereochemistry
of poly(rac-LA).

Sn(Oct), + ...OH == OctSnOR + OctOH
== Sn(OR), + OctOH

For mechanistic consideration, the ROP
mechanism of ra-LA with the synthesized
nBu. SnO#nBu is proposed through the
classic coordination-insertion mechanism as
depicted in Figure 7. In this mechanism, the
polymerization is initiated by the coordination
of lactide monomer with reactive center
(Sn-O) resulting in the more susceptible of
carbonyl carbon of lactide ring. For the next
step, the #-butoxy group from #Bu,SnO7Bu
attacks the carbonyl carbon of lactide.
Then, the opened lactide monomer is
inserted into the initiator molecule to form
the propagating specie. The new lactide
monomers are cootrdinated and inserted
to Sn-O reactive center of propagating
specie yielding the poly(rac-LA) via the same
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mechanism. In the case of Sn(Oct),, the water
trace and hydroxyl-containing impurities
presented in the polymerization mixture can
react with Sn(Oct), and converts to OctSnOR

nBu
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and Sn(OR), before initiates polymerization
[4]. After forming of the true active species,
the ROP of rae-LLA is also proceeded through
the same mechanism to #Bu,SnO7Bu.

Bu
nBu. m
Bi
nBu” Sn O-nBu ”Bu’ n-0O- nBu
n CH& nBu O 0
CH, Coordination Insertion ”B”“Sn o OnBu
-\I/ £ — —_—
,If CH; CHj;
O
/ Propagation
nBl\J o] o]
"Bu“Sn—O R0FR OnBu
nBu” |
i CH CH
”B”‘Sn{ojos/‘i‘l 0 R OnBu ? CH ' 3
G
CHall CHy CHjlm Ok B N
s
RNge]
Preferential Isotactic poly(rac-lactide) HC™ ¢
o}

Figure 7. The coordination-insertion mechanism for the ROP of ra--LA initiated by

ﬂBu3SnOﬂBu.

4. CONCLUSIONS

The stereochemistry of poly(rac-LA)
obtained from the bulk ROP of rac-LA with
the synthesized #»Bu SnO#Bu initiator
was successfully investigated by 'H- and
BC-NMR techniques. The stereoselectivity
of 7Bu,SnOxBu was compared with the
Sn(Oct), initiating system. The spectroscopic
and statistical analysis on the "C-NMR
spectra demonstrated that the synthesized
the
preferential isotactic poly(rac-1LA) with P,
values of 0.60 (methine) and 0.49 (carbonyl)
whereas Sn(Oct), produced the heterotactic
poly(rac-LA) with P, values of 0.40 (methine)
and 0.40 (carbonyl), respectively. Furthermore,

#nBu SnOnBu initiator produced

the average isotactic block length of
L-lactyl units in poly(rac-1.A) obtained from
nBu,SnOzBu initiator was longer than that
of Sn(Oct),. Therefore, our synthesized
7nBu,SnO7Bu has  higher
stereoselectivity in the ROP of ra-LLA than

initiator

the conventional Sn(Oct), initiating system.
The results obtained from this work can be
applied to describe the stercoselectivity
of other initiators in the ROP of rac-LA or
meso-lactide (meso-LLA).
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ABSTRACT ; ' \

The catalytic performance of the no& ti;\(ll);macroinitiators (SnLL and SnCL) in the
ring-opening polymerization ( of\e-caprolactone (¢-CL) was reported for the first
time. The SnLL and SnCL @rm 'ator; were prepared from the ROP of e-CL and LL
with 4.0 and 8.0 mol%,of liquid tin(Il) n-butoxide (Sn(OnBu)2) initiator and assigned to
SnLL4, SnLL8, Sn m

synthesized minitiators were identified by FT-IR, Raman IR and 'H-NMR

SnCLS8. The functional group and chemical structure of the

te*nique‘sfFurthermore, the thermal properties of the obtained macroinitiators were
also{ana}yzed by DSC and TGA techniques. The molecular weight averages and
moleculamweight distribution (MWD) of the macroinitiators were determined by GPC
technique.lAfter complete characterization of macroinitiators, they were utilized in the
ROP of &-CL and the polymerization kinetics was investigated by non-isothermal DSC
technique. The kinetics results revealed that the rate of polymerization depend on the
macroinitiator chain length. The synthesized SnLL macroinitiators were more active at
lower temperature range than SnCL macroinitiators . The reactivity of SnLL8 > SnLL4
and SnCL8 > SnCL4. The efficiency of all macroinitiators and the conventional
initiating system of tin(Il) octoate (Sn(Oct)2) and Sn(Oct)2/n-butanol (nBuOH) in the
synthesis of poly(e-caprolactone) (PCL) was investigated and compared via bulk

polymerization at 150 °C for 48 h. The results demonstrated that SnL.LL4 acts as the most



efficient initiator in this work that produces very high molecular weight PCL with

number average molecular weight (M,) ranging from 6.2x10* to 6.3x10°. The

molecular weight distribution (MWD) of all synthesized PCL was lower than 2.0. The
synthesized SnLLLL4 macroinitiators produced higher molecular weight PCL than tin(II)
octoate (Sn(Oct)2) and Sn(Oct)2/n-butanol (nBuOH) imitating systems. Furthermore,
the mechanism of ROP of &-CL with our macroinitiators was also studied and

discussed.

K eywor ds: Macroinitiator, Tin(II) alkoxide, ¢-Caprolactone, L-Lactide, Ring-opening

polymerization, Kinetics )
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~

v

1. Introduction &

Recently, the most of researchers focus or®evelopment of initiating
systems that can be used as initiator for th@’ination-inser‘tion ROP of cyclic

esters. This mechanism has been extens’vel used, for the preparation of aliphatic
polyesters with well-defined structuC, \s\ontrolled of molecular weight and narrow
molecular weight distribution [1]. The,largewariety of organometallic compounds has
been used and studied in the s 18v0f the biodegradable polyesters [2, 3]. Various
metal carboxylate (MCQ® me:al center and R is alkyl group, systems are
utilized in the ROP%of cyelic esters for many years [4-6]. The frequently used
MCOOR is the Wl octoate such tin(II) octoate (Sn(Oct)2) [4], zinc(Il) octoate
(Zn(Oct)2) [S]Qﬂ ma&nesium(ll) octoate (Mg(Oct)2) [6]. Among them, Sn(Oct): is
fr&uentl?ﬁsed in“the ROP of cyclic esters because it can produce high molecular
weiﬂlt of polyester and provides the high polymerization rate. Furthermore, it is
commereially available and soluble in organic solvents. Moreover, Sn(Oct)2 has been
approved‘;s food additive by American Food and Drug Administration (FDA).
Nowadays, it is accepted that Sn(Oct): is not the true initiator in ROP of cyclic esters
due to the molecular weight of the synthesized polymer doesn’t depend on the molar
ratio of monomer to initiator ([M]/[1]). Sn(Oct)z will react with hydroxyl impurities or
alcohol (ROH) to form tin(Il) mono (OctSnOR) and dialkoxide (Sn(OR)2) before
initiated ROP of cyclic esters as proposed by Penzcek et al. [7]. The formation of tin
alkoxides is confirmed by the observation of alkoxide chain end of the synthesized
polymers by using MALDI-TOF spectroscopy. The highly reactive system of solid
tin(I) n-butoxide (Sn(OnBu)2) for the ROP of L-lactide (LL) was firstly reported by



Kowalski et al. [8]. They found that the initiation was fast and quantitative and the
transesterification was not observed. This system could be used to control the
molecular weight of PLL in the range of 10° — 10° with molecular weight distribution
of 1.15-1.85. The synthesized Sn(OnBu)2 produced very high rate of polymerization
with propagation rate constant of 0.5 L mol! s'. The value of Mn of 10° was
determined and seemed to be the highest Mn of aliphatic polyesters synthesized from
ROP method. However, they did not describe about the solubility of solid Sn(OnBu)2
in monomer. The low solubility of solid Sn(OnBu)2 can cause the uncontrollable of its

concentration. Furthermore, this initiator was in its aggregated state which is

considered as dormant specie. \

To overcome various disadvantages of solid‘ Sn(OR)?Anit ting system,
Meepowpan et al. [9] develop the conventional syn};esis proc::.;s of the solid Sn(OR)2
by reacting the tin(Il) chloride (SnCl2) with dicthyl amine and corresponding with
alcohol in the n-heptane media. This new synthégi procedure produces the liquid
tin(IT) alkoxides such as Sn(OnBu)2, tin(Il) n- xide» (Sn(OnHex)2) and tin(Il) n-
octoxide (Sn(OnOct)2) which can com letekand rapidly dissolved in common
organic solvents and monomers. Th iqﬁ?d Sn(OR): are highly reactive initiator in the
ROP of cyclic esters and prod igh mole\cular weight polyesters. However, there
still has some limitations W& these liquid Sn(OR): initiators such as: (i) they

process or the industri pﬁation and (ii) they must be carefully kept in the oxygen

are not stable to oxygen.and moisture resulting in the inconvenient in the utilization
b

and moisture@&co tain€r such as nitrogen gas, argon gas or vacuum condition.

Storey et.al. [10] presented the interesting idea in the overcome the low solubility of

the commercial tin(I) ethoxide (Sn(OEt)2) in lactones monomer. They converted

Sn(g

CL) and 7ac-lactide (rac-LA) with Sn(OEt)2 in toluene. The results showed that the

Et)a, to the tin(Il) macroinitiators derived from the ROP of LL, e-caprolactone (e-

macroinitiators can dissolved in monomer with more accurate initiator concentration
than solid Sn(OEt).. Furthermore, Sn(OEt):2-e-CL macroinitiator (SnCL) produced
very high molecular weight of PLL with Mn of 4.3x10° with narrow molecular weight
distribution (MWD = 1.3). However, they did not investigate the kinetics of
polymerization of cyclic esters with the synthesized tin(II)-macroinitiators. The
kinetics information is necessary to understand the catalytic behavior of initiators in
the ROP of cyclic esters. In addition, the obtained kinetic parameters are necessary

and valuable for developing the synthesis process. The obtained kinetic and



thermodynamic parameters can be used to compare the reactivity of catalyst/initiator
in the ROP of cyclic esters. The relationship of their chemical structure on the
catalytic efficiency can also be described by these parameters.

The kinetic of ROP cyclic ester monomers can be followed by various
techniques such as dilatometry [11], gravimetry [12], "H-NMR [13] and differential
scanning calorimetry (DSC) [14]. Recently, Limwanich et al. [15] reported the
utilization of DSC technique to investigate the ROP of ¢-CL initiated by tributyltin n-
butoxide (nBusSnOnBu) initiator. The kinetics and thermodynamics have been
successfully studied using this technique. The results showed the increasing of
polymerization rate with initiator concentration. The [degr KnBusSnOnBu
aggregation (n) was determined from isothermal methO(g The desemnn d n value (n=
0.92) revealed that nBusSnOnBu was in its Jaon- aggregated state under the
concentration range of 0.5-2.0 mol% of nBusSnOnBu. T ctivation parameters such
as activation enthalpy (AH?) and entropy (AS” %ed from isothermal DSC.
The value of AS* (-100.3 J.mol'.K) 1nd1cate t-the transition state of ¢-CL and
nBu3sSnOnBu had a restrict orientation 611g%;0rder). Limwanich et al. [16] also
studied the influence of tributyltin a oxide (nBuzsSnOR) chain length on the ROP of
&-CL using non-isothermal DS hnique. fhe reactivity of nBusSnOR (R = Me, Et,

%resu‘lts showed the increasing of E. values with

nPr and nBu) was comp

increasing of alkoxy chain length of initiator. Furthermore, the nBusSnOnBu produce
higher molecular \O\CL than nBusSnOnPr, nBusSnOEt and nBusSnOMe,
respectively. W se, the kinetic studies of polymerizations provide the scientist
with valuable information for process development and the prediction of optimum
reac}\on‘emperat}lres.

Therefore, the goal of this work is to overcome the limitations of liquid
Sn(OnBu)2 by applying and developing the macroinitiator concept reported by Storey
et al. [10]. We want convert the liquid Sn(OnBu)2 to the tin(II)-macroinitiators.
Furthermore, the catalytic behavior of these tin(II)-macroinitiators in the ROP of ¢-CL
will be investigated by non-isothermal DSC technique. The polymerization
mechanism of the ROP of ¢-CL with the synthesized tin(II)-macroinitiators will also

be discussed. The efficiency of the synthesized tin(Il)-macroinitiators in the synthesis

of high molecular weight PCL will be investigated via bulk polymerization.



2. Experimental section
2.1 Materials preparation

Tin(Il) n-butoxide (Sn(OnBu)2) was synthesized by the method described in
patent of Meepowpan et al. [9]. L-lactide (LL) (Chiang Mai University, 99.5%) was
recrystallized three times in dry ethyl acetate and kept in vacuum condition before
used. e-Caprolactone (¢-CL) (Acros Organics, 99.0%) was purified by distillation
under vacuum before used. Chloroform (LabScan, 99.5%) and methanol (Qrec,

99.0%) were used as received.

2.2 Preparation of tin(Il) n-butoxide/L-lactide macroinit'eztor (Sn§L)

The SnLL macroinitiators were prepared by weighingéL{él g)ywith 4.0 and
8.0 mol% of Sn(OnBu) into dry vials undef ! atmosphegev in glove box
(LABCONCO). The prepared vials were immers dmea‘[ed silicone oil bath at
130 °C for 5 min. After complete polymerizati ‘[;X, the vials were quenched in ice
bath and kept in refrigerator before used.‘Th%btained macroinitiators was assigned
to SnLL4 and SnLLS.

( N\
1

2.3 Preparation of tin(Il) n-but 78-caprolact0ne macroinitiator (SnCL)
The SnCL macrqip@ors
8.0 mol% of Sn(Oan vials under N2 atmosphere in glove box. The prepared

re prepared by weighing ¢-CL (4 g) with 4.0 and

vials were immer§ed in preheated silicone oil bath at 130 °C for 5 min. After complete
polymerizatioQ@e, tlie vials were quenched in ice bath and kept in refrigerator
beQre u\s‘eﬁ similar-to the preparation of SnLL. The obtained macroinitiators was
assipqed to SnCL4 and SnCL8. The idea for the design of macroinitiator chemical

structure-is simply illustrated in Fig. 1.
w
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Fig. 1 The simple illustration of the molecula: ign for macroinitiators used in this

work. ‘ \ e

2.4 Characterization of SnLL a Sggzlch)initiators
The functional groups LE,and SnCL macroinitiators were analyzed by
Fourier transform infrared sJR)"and Raman spectroscopy on a Bruker Tensor 27
and T64000 JOBIN ‘AQ\I\)RIBA spectrometer, respectively. For FT-IR analysis,
rd a

the spectrum asM
i;io\

was record at
N iy

mbear agnetic resonance spectrosco '"H-NMR) on a Bruker Avance 400 NMR
Ql g P Py

400 — 4000 cm™. For Raman spectroscopy, the spectrum

1000 cm™!. Their chemical structure was also identified by proton-

spe(ror;leter usfng CDCIs as solvent and operating at 400 MHz. The thermal
propertiés_of all macroinitiators were investigated by differential scanning calorimetry
(DSC) on a Perkin-Elmer DSC-7 and thermogravimetry (TGA) on a Perkin-Elmer
TGA-7. For each DSC analysis, 8-10 mg of macroinitiator was weighed into
aluminum pan and hermetically sealed. The sample was heated from 20 — 200 °C at a
heating rate of 10 °C/min under a flowing N2 gas at 20 mL/min. For TGA analysis, 8-
10 mg of macroinitiator was weighed into aluminum pan and sealed. The sample was
heated from 20 — 600 °C at a heating rate of 20 °C/min under a flowing N2 gas at 20
mL/min. The molecular weights average and molecular weight distribution (MWD) of
prepared macroinitiators were determined from Water 2695 gel permeation

chromatography (GPC) using tetrahydrofuran (THF) as eluent.



2.3 Kinetics Study by Non-isothermal DSC

The polymerizability of ¢-CL with prepared SnLL and SnCL macroinitiators
was conveniently investigated by differential scanning calorimetry (DSC) on a Perkin-
Elmer DSC-7. To prepare polymerization mixture, 2 g of ¢-CL with 1.0 %w/w of SnLL
and SnCL macroinitiators was weighed into dry vials and stirred vigorously for 5
minutes. For each DSC experiment, 8-10 mg of the reaction mixture was weighed into an
aluminum pan and hermetically sealed. The samples were heated from standby
temperature of 20 °C to 300 °C at heating rates of 5.0, 7.5, 10.0 and 12.5 °C/min without
sample mass losses under the flowing of N2 gas at 20 mL/min. The f%ion of poly(e-
caprolactone) (PCL) from DSC heating was confirmed bgr DS‘(;\secmd eating and 'H

NMR techniques. 7 v

2.4 Synthesis of high molecular weight poly( 8—capi&cz‘0ne) via bulk polymerization

The 4 g of e-CL with 0.050, 0.075, 0,100, 0,156-and 0.200 %w/w of SnLL and
SnCL macroinitiators were weighed into,dry mL round bottom flask under N>
atmosphere in glove box. The prepa@ flasks were immersed in preheated silicone oil
bath at 150 °C for 48 hours. comple;te polymerization time, the flaks were
quenched in the ice lflt‘ﬁng‘

chloroform and prec%ated in ‘eold methanol. The obtained white solid polymers
A%

e obtained crude polymers were dissolved in

were dried at 45 °C in um-oven until constant weight was reached. The molecular
weights avera@{}MWD of polymers were determined by a Water €2695 gel GPC
u%g THE-as eluent:

\]

3. Results and discussion

2

3.1 Synthz;is and characterization of SnLL and SnCL macroinitiators

The Sn(OrnBu)2/L-lactide (SnLL) and Sn(OnBu)2/e-caprolactone (SnCL)
macroinitiators are synthesized from the ROP of LL and &-CL initiated by 4.0 and 8.0
mol% of Sn(OnBu)2. The physical appearance of the prepared SnLL and SnCL
macroinitiators is pale yellow solid. The functional groups of the synthesized
macroinitiators are firstly analyzed by the FT-IR technique. The FT-IR spectra of the
SnLL and SnCL macroinitiators are illustrated in Fig. 1. The spectra of both SnLL
and SnCL macroinitiator show the characteristic peak of Sn-O-Sn bond around 750

cm’! suggesting the molecular aggregation of active center. Furthermore, the spectra



of SnCL4 and SnCL8 show the stretching of Sn-O around 450 cm™. The results close
to the FT-IR spectra of tin(II) alkoxides reported in patent of Meepowpan et al. [9].

The full FT-IR vibrational assignments of all macroinitiators are summarized in Table

1 and 2.

07

] (a)
06 SnLL4

0.5

04
{ snLL8

0.3 \
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N S,
F@l Fil" -IR%spectra (KBr) of the synthesize SnLLL (a) and SnCL (b) macroinitiators
frm{ the ROP of LL and &-CL initiated by 4.0 and 8.0 mol% of Sn(OnBu)2.

=
From FT-IR analysis, it is found that the synthesized macroinitiators contain the

reactive center (Sn-O) in their chain. Furthermore, we have investigated the presence
of Sn-O active center in macroinitiators by Raman spectroscopy. The obtained Raman

spectra of the synthesized SnLLLL4 and SnCL4 is illustrated in Fig. 2.



Table 1 Infrared absorption band assignments for the SnLL macroinitiators.

Vibrational Assignments

Wavenumber (cm™)

O-H stretching

3328 — 3848 (s)

Notes: s = strong, m = medium, w = weak

C-H/CHs stretching 2994 (w)
C=0 stretching 1756 (s)
C-H/CHj3 bending 1464 (w), 1368 (m)
C-O stretching, acyl-oxygen 1195 (s)
Sn-O-Sn stretching 7604(w)
O
N\

/ 4

Table 2 Infrared absorption band assignments for &C\C}nacroinitiators.

N\
(

»

Vibrational Assignments "}, Wavenumber (cm?)
CH2,CHs stretching f \ 2994 (w)
C=0 stretching P 1727 (s)

A
CHa,CH; bending') N\, 1476 (w), 1357 (m)
C-O stretching™, 1295 (m)
C-O-Cistretching 1244 (m)
. N
mC(Wtre%hmg 1175 (m)
Q\O-Sn’ stretching 730 (w)
NS0 stretching 452 (w)

>

Notes: s = strong, m = medium, w = weak

macroinitiator shows the characteristic signal of Sn-O around 150-400 cm™ [17].
Moreover, the weak signal of Sn-O-Sn bond is found around 750 cm™ indicating the
low molecular aggregation of active center. This relates to the utilization of liquid
Sn(OnBu): as starting material for preparation of macroinitiator. The liquid

Sn(OnBu)2 has lower molecular aggregation than the solid Sn(OnBu)2 as mention in

wl’

literature [9].

The results obtained from Fig. 2 demonstrate that the spectrum of each
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Fig. 2 Raman spectra of the synthesize SnL.L4 and SnCL4 macroinws.
C ¢

After complete identification of macroinitieyﬁs functi} groups, the chemical
structures of them are analyzed by 'H-NMR technique. The 'H-NMR spectra of the
synthesized SnLL and SnCL macroinitiators a mated in Fig. 3 and 4,
respectively. The 'H-NMR spectra of SnLL r&k}initiators (Fig. 3) show the triplet
signal of methyl chain end of butoxy glgupNSZ ppm (a). The sharp doublet of
methyl group is found around 1.50- @m (b, c, d). Furthermore, the quartet signal

5.15\ppm (e). The quartet signal of methine

of methine proton is observe un
from LL monomer is not o@rv uggesting the complete polymerization is obtained
under the condition usédhinthis,work. From 'H-NMR spectra shown in Fig. 3, the
approximate chain%g (L)\f SnLL macroinitiators can be determined from Eq. (1).

NN

\ - Loy == (D
( ;
(

where I. and I; are the intensity of peak ¢ and / of the spectra shown in Fig. 3. The

>

results show that the L values for SnLL4 and SnLL8 macroinitiators are 126.0 and
58.2, respectively. This indicates that the SnLL chain length decreases with increasing

Sn(OnBu)2 concentration.
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Fig. 4 400 MHz 'H-NMR spectra of the synthesize SnCL macroinitiators from the
ROP of ¢-CL initiated by 4.0 and 8.0 mol% of Sn(OnBu)..

In the case of SnCL macroinitiators, the spectra (Fig. 4) show the multiplet
signal of methyl chain end from butoxy group at 0.92 ppm (n). The multiplet proton
of methylene group of PCL is found at 1.20-1.65 ppm (b, c, d, g, h, i, 1, m).



Furthermore, the triplet signal of methylene group connected to carbonyl carbon of
PCL chain and Sn-O bond are found at 2.30 (e, j) and 3.65 ppm (e,k), respectively.
Finally, the triplet signal of methylene groups adjacent to oxygen atom of PCL chain

are found at 4.25 ppm (f). The L values of SnCL macroinitiators can be determined by
Eq. (2).

1
Lo =7 @)

n

where /r and /n are the intensity of peak f and n of the spectra o\xin Fig. 4. The
determined L values for SnCL4 and SnCLS8 macroigitiatQ are 386 and 18.6,
respectively. From spectroscopic results, the chaipf}ength of macro?hitiators can be
controlled by adjusting the initial concentration of liqui (OnBu)2. Moreover, it is
important that the chain length of SnLL seems to %er than SnCL due to the higher
reactivity of LL monomer than ¢-CL. From.the résults“obtained from FT-IR Raman-
IR and 'H-NMR analyses, it is found t the prepared SnLL and SnCL
macroinitiators contain the reactive Q:O\bond which can further initiate the ROP of
LL and e-CL. \ \

After complete ir@m%naraeterization, the GPC technique is utilized to
determine the molecular-weightssaverage and molecular weight distribution (MWD)
of all macroinitiatcﬁas own'in Table 3. From chromatographic analysis, it is found
that the molécular weight of the synthesized SnLL and SnCL macroinitiators

the P‘of cyclic esters [8, 18].
yche

e



Table 3 The molecular weights average and molecular weight distribution (MWD) for

the synthesized SnLLL and SnCL macroinitiators.

Macroinitiators M,? M MWD? L
SnLL4 6.6x10° 1.1x10* 1.75 53
SnLLS8 4.2x10° 7.0x10° 1.50 26
SnCL4 4.4x10°3 7.4x10° 1.69 41
SnCL8 2.1x10° 3.5x10° 1.66 19

? Determined from GPC technique using THF and eluent at 35 °C

Next, we have investigated the thermal ptoperty )flx synthesized
macroinitiators by DSC cand TGA techniques.»The DSC\teating, curves of the
synthesized SnLL and SnCL macroinitiators at a ing rate of 10 °C/min are
depicted in Fig. 5. From Fig. 5(a), the DSC hea&s for SnLL4 and SnLL8
show the glass transition temperature (7%) aro 47.5%and 36.7 °C. Furthermore, the
DSC curves show the crystallization exot]‘erm\f Snl.LL4 and SnLLS8 around 77.5 and
79.7 °C. The crystalline melting temperatures (7m) of SnLL4 and SnLL8 are 159.4
and 144.8 °C. From Fig. 5(b), T;galues for SnCL4 and SnCL8 are 56.9 and 48.7
°C. The obtained Tm Valu§c to the value of poly(L-lactide) (PLL) and PCL

reported in literature [197. Erom DSC analysis, it is found that the 7m increase with

increasing molecular wei thacroinitiator.

QY
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Fig. 5 DSC heating curves for Q (a) End SnCL (b) macroinitiators at a heating rate
of 10 °C/min. o

For TGA ‘a &DL and SnCL macroinitiators was heated from 20 to 600
°Cata heating% of 20°°C/min. TGA curves for SnLL and SnCL macroinitiators are
d@layee‘ﬁl Fig. 6. From Fig. 6(a), SnLL4 and SnLL8 show the degradation
tem(erature (T4)"in the range of 200 - 300 °C. Furthermore, the weigth of SnLL4
decreases }lower than SnLL8. From Fig. 6(b), it is found that SnCL4 and SnCLS8
show the 7a values in the range of 250 — 370 °C. This indicates that SnCL show
higher thermal stability than SnLL. Moreover, the weigth of SnCL4 decreases slower
than SnCL8. The synthesized SnCL show a higher thermal stability than SnLL due to
the presence of methylene group (-CH2-) in SnCL chain. The obtained results
demonstrate that the weigth loss of macroinitiators depends on their molecular weight.
From TGA analysis, it is found that the macroinitiators degrade at high temperature
range indicating the flexible utilization of macroinitiators, especially for the high

temperature polymerization.
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Fig. 6 TGA curves for Sn@a) SnCL (b) macroinitiators at a heating rate of 20
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3.2 Kinetics sgxof RQP of e-CL initiated by SnLL and SnCL macroinitiators

\ A{TEBT complete characterization of SnLL and SnCL mcroinitiators, the
pol*hemzability ,of the ROP of ¢-CL with these initiators is investigated by non-
isothermal differential scannning calorimetry (DSC). Recently, we have sucessully
invsetigatgd the cataltytic performance of the synthesized tributyltin alkoxides
(nBusSnOR; R = Me, Et, nPr and nBu) [16] and the novel tin(Il) n-butyl-L-lactate
(Sn(OCH(CH3)COOnCsHo)2) [20] initiators in the ROP of e-CL using non-isothermal
DSC techgnique. The DSC kinetics results showed that the position of polymerization
exotherms depend on catalytic performance of initiator. For faster initiator, the
polymerization exotherms are observed at lower temperature range. Therefore, it is
possible to use DSC techqgnique to determine the efficiency of our new macroinitiators
in the ROP of cyclic ester. The non-isothermal DSC curves for the ROP of ¢-CL

initiated by SnLL and SnCL macroinitiators are illustrated in Fig. 7.
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Fig. 7 The non-isotherma &es for the ROP for the ROP of ¢-CL initiated by
1.0 %w/w of SnLL and 20 %why of SnCL macroinitiators at different heating rates:

(a) SnLL4, (b) sm@\s}&m and (d) SnCLS,

The, results cleaﬂy indicate that the synthesized macroinitiators can initiate the
poly eghtion of’s—CL due to they contain the reactive Sn-O bond as described in FT-
IR ard *H-NMR analyses. The polymerization exotherms obtained from SnLL8 and
SnCL8 occurred at lower temperature range than SnLL4 and SnCL4 indicating the
higher polymerization rate is obtained [15, 16]. Interestingly, the polymerization
exotherms obtained from SnLL4 and SnCL4 are broader than SnLL8 and SnCLS8
suggesting the slower propagation rate which is casused by the higher steric
interference from the longer chain length macroinitiator on coordination of e-CL with
active center. The obtained results demonstrate that the chain length of macroinitiators
affect the polymerization temperature and reaction rate close to our previous study
[16]. Furthermore, we found that the ROP of e-CL requires higher concentration of

SnCL than SnLL. At the identical concentration of macroinitiator, the polymerization



exotherms obtained from SnCL macroinitiators are not complete under the dynamic
heating. This demonstrate that the catalytic efficiency of SnCL is lower than SnLL.
From the obtained heat of polymerization, the fractional monomer conversion
can be determined from the ratio of heat released at anytime (AH:) and heat of
reaction (AHp) as described in literatures [21]. At a heating rate of 7.5 °C/min (Fig. 8),
the monomer conversion for the ROP of e-CL initiated by SnLL8 and SnCL8 close to
1 faster than SnLL4 and SnCL4. Moreover, the polymerization is occurred and

completed at lower temperature range as macroinitiator’s chain length decreased.

From the plots of polymerization rate against temperature (Fig. 8(b) and 8(d)), it is
found that SnLL8 and SnCL8 show the higher polymeri tﬁxz:te at lower
SnCL8
4

temperature than SnLL4 and SnCL4. Moreover, SnLLg and e reactive at

lower temperature than SnLL4 and SnCLA4.
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Fig. 8 Plots of monomer conversion and polymerization rate against polymerization
temperature for the ROP of ¢-CL initiated by 1.0 %w/w of SnLL and 2.0 %w/ww of

SnCL macroinitiators at a heating rate of 7.5 “C/min.



From the obtained results from Fig. 8, the dependency of activation energy
(E2) with monomer conversion is investigated by the Kissinger-Akahira-Sunose
(KAS) [22, 23]. The Kissinger-Akahira-Sunose (KAS) 1is the integrated
isoconversional method which based on a relationship of the heating rate () and the
inverse of the temperature (1/7) as shown in Eq. (3). This method was derived by

using the Murray and White approximation for temperature integral [22, 23].

(ﬂj_l [Mj_i 3)

E, RT
From Eq. (2), Ea values at various stage of polymerizati&i can be%%ined from the
slope of the plot of In(8/T%) against 1/T at dlfferent monomder conversion.
Furthermore, the 4 value can be determined from tercept of these plots. The
examples of KAS plots are illustrated in Fig. 9. IN und_that the plots resemble a
linear behavior indicating the suitability in %etermmatlon. The determined FE.
values at different stage of polymerizatior‘ arex)wn in Fig. 10. The results show that
the E. values obtained from SnLLgaN SnCL4 slightly increase with increasing
monomer conversion. This gays, be catised by the increasing viscosity of
polymerization mixture at_high recvof conversion. For SnLL8 and SnCLS, it is
found that the values of E, seem to be constant throughout polymerization. This can
be described by the Ns& amount of reactive center in system causes the high
initiation and o;bﬂtlon rate. This results in the high monomer consumption rate
and short_polymer, chain in the mixture with lower viscosity. Furthermore, the
obt 1necxresu1ts;how a similar trend in the decreasing of E, with macroinitiator chain
length (SnLL8 < SnLL4 and SnCL8 < SnCL4). The results clearly confirm that the

reducing“ef macroinitiator’s chain length can increase the polymerization rate of &-

CL.
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3.3 Mechanistic study

As reported in literatures [1-3], the metal alkoxides which contain reactive
metal-oxygen bond (M-O) initiate the ROP of cyclic esters via the coordination-
insertion mechanism. From the obtained kinetic results, it is obviously that our
synthesized SnLL and SnCL macroinitiators can initiate the ROP of e-CL due to they
have the reactive Sn-O bond in the chain. To investigate the polymerization
mechanism, the crude PCL obtained from non-isothermal DSC polymerization of -
CL initiated by SnLL4 at a heating rate of 10 “C/min is analyzed by 'H-NMR

technique as illustrated in Fig. 11.
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Fig. 11 400 MHz '"H-NMR spectra of the synthesize SnLL4 macroinitiators (a) and
crude PCL obtained from non-isothermal DSC polymerization of ¢-CL initiated by
SnLL4 at a heating rate of 10 “C/min.

The result from Fig. 11 confirms the incorporation of SnLL4 into PCL chain.
The 'H-NMR spectrum of crude PCL show the triplet signal of methylene proton
connected to Sn-O bond (-Sn-O-CHz-) at 3.65 pm (a,m). This indicates that the



polymerization proceeds by the insertion of &-CL into the reactive Sn-O bond of
macroinitiator. Moreover, the spectrum also indicates that the PCL is successfully
synthesized due to the presence of triplet signal of methylene proton connected to
oxygen (-COO-CH:z-) of PCL chain at 4.15 ppm (f) and triplet signal of methylene
proton adjacent to carbon (-CH2-COO-) of PCL at 2.30 ppm (e,j). From this
observation, the polymerization mechanism of &-CL with SnLL macroinitiator is
proposed through the coordination-insertion mechanism as depicted in Fig. 12. The
polymerization starts with the coordination of ¢-CL with reactive Sn-O bond of SnLL.
Then, the oxygen connected to tin attacks the carbonyl carbon of e-CL resulting in the
acyl-oxygen bond scission. The opened ¢-CL inserts into SnLL axul‘es converting
to propagating species. The propagation is occurred ViaGle similardmechanism by the

insertion of ¢-CL into propagating species. After }pmplete propagation step, PCL is

formed. (\ h
N\
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Fig. 12 The coordination-insertion mechanism for the ROP of ¢-CL initiated by SnLL
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3.4 Synthesis of high molecular weight PCL via bulk polymerization

After obtaining the information about the polymerizability of the synthesized
macroinitiators, we further investigate the catalytic performance of SnLL and SnCL
macroinitiators in the synthesis of poly(e-caprolactone) (PCL) via bulk
polymerization. The bulk polymerizations of ¢-CL with 0.050, 0.075, 0.100, 0.150
and 0.200 %w/w SnLL and SnCL macroinitiators are conducted at 150 °C for 48 h.
After complete polymerization time, the crude PCLs are purified by dissolving in
CHCIs and precipitated in cold methanol. From the results, the physical appearance
of all purified PCLs is white solid. The example of physical appearance of the
synthesized PCL from SnLL4 macroinitiator is displayedfin Fi .\”‘Fhe molecular
weight averages, molecular weight distribution (MWD), (g’ystalline nielting temperature
(Tm), Y%conversion (%a) and %yield of purified PCL are summ:;ized 11 Table 2.

- 3
L2l

0.050 %w/w 0.075 %w/w 0.100 %w/w 0.150 %w/w 0.200 %w/w

N\

Fig. 13 The physical{p:arances of purified PCL obtained from the ROP of &CL

initiated by 0.0505,0.07 OBO, 0.150 and 0.200 %w/w of SnLL4 macroinitiator at

150 °C for 48 by
N

( P‘om the results, it is found that both of SnLL and SnCL macroinitiators
produce thigh molecular weight PCL with A, ranging from 6.2x10* to 6.3x10°.

- 4
Moreover, SnLLL4 is considered as an effective initiator in this work that produces the

highest molecular weight PCL (M, = 6.3x10° and M , = 1.1x10°) with high %yield.

The results show that the molecular weight of PCL mostly depends on the
concentration of macroinitiators. The SnLL4 macroinitiator seem to be the most
efficient initiator due to its control ability of polymer molecular weight and the

polymerization rate.



Table 2 Number average molecular weight (M), weight average molecular (M ),

molecular weight distribution (MWD), crystalline melting temperature (7m),
%conversion (%a) and %yield of PCLs obtained from bulk polymerization of &CL
initiated by SnLL and SnCL macroinitiators at 150 °C for 48 h.

Initiating [1] — . — ) '
M M a - 0 0
Systems (Yow/w) n w MWD T, %a’ | % yield

0.050 | 7.1x10* | 8.8x10* | 124 | 627 | 963 | 65.0
0075 | 6.1x10* | 1.0x10° | 1.70 | 62.5.| 98.9 | 81.0
SnCL4 0.100 | 1.4x10° | 2.3x10° | 1.66~ /| 632 |'96.7 | 65.5
0.150 | 62x10* | 1.1x105 | 1.72 "63.4 | 964 | 748
0200 | 1.3x105 | 2.1x10° /1. 5995 94.1 | 93.8
0.050 | 5.3x10* | 7.8x10* é\'ézﬂ 85.1 | 653
0.075 | 4.8x10* | 9.0x1 96 7625 | 929 | 83.0
SnCLS 0.100 | 4.2x10* 7.i><1q3 152 | 632 | 967 | 615

0.150 | 3.7x10* [.5.1x10* ™\, 138 | 63.4 | 972 | 7238
0200 | 32x10*1] 4810 | 150 | 599 | 983 | 91.8
0.050 6.f SN 1.1x10° 1.65 62.7 | 88.1 | 77.9
0.075 {2.6x10° | 42x10° | 1.58 | 62.5 | 949 | 875
SnLL4 0.100WM\L.5%10° | 2.7x10° | 173 | 632 | 98.7 | 90.3
(ggo 18x10° | 22¢10° | 176 | 634 | 992 | 815
0

0 6.6x10* | 1.0x10° 1.52 59.9 | 993 90.0
o, __‘_‘0.050' 6.1x10* | 1.0x10° 1.68 61.0 | 85.1 91.3

\ A} 0.075 6.3x10% | 1.2x10° 1.90 61.5 | 92.9 93.0
gnLLS 0.100 8.8x10* | 1.8x10° 1.99 62.2 | 97.7 95.0
s 0.150 7.5x10% | 1.4x10° 1.88 62.4 | 98.2 93.8

0.200 9.5x10* | 1.7x10° 1.75 60.9 | 99.3 93.8

®*GPC measurements in THF at 35 °C calibrated with polystyrene standard.
®Determined from DSC technique at a hating rate of 10 °C/min. “Determined from 'H-
NMR technique., ‘Amount of polymer formed after precipitation in methanol.

Under the synthesis condition used in this work (Temperature = 150 °C and
Time = 48 h), we benchmark the performance of our synthesized macroinitiator with
the conventional initiating system of tin(Il) octoate (Sn(Oct)2) and tin(II) octoate/n-

butanol (Sn(Oct)2/nBuOH). The Sn(Oct)2 has been known as the effective initiating



system for producing biodegradable polyesters in the industry. From the results, we
choose our SnLL4 macroinitiator to compare with the conventional initiating systems.
The physical appearance of PCL obtained from the ROP of &CL initiated by those of
Sn(Oct)2, Sn(Oct)2/nBuOH and SnLL4 initiating systems is depicted in Fig. 14. The
molecular weight averages, MWD, Tm, %a and %yield of purified PCL obtained from
Sn(Oct)2, Sn(Oct)2/nBuOH and SnLL4 initiating systems are summarized in Table 3.

0.050 %w/w  0.075 %w/w 0.100 %w/w 0.150 %w/w 0.200 Y%w/w

Fig. 14 The p%??cal appearances of purified PCL obtained from the ROP of &CL

inmated‘0.0SO, 0.075, 0.100, 0.150 and 0.200 %w/w of various initiating systems at

ISOﬁC for 48 h: (a) Sn(Oct)2, (b) Sn(Oct)2/nBuOH and (c) SnLL4 macroinitiator.



Table 3 Number average molecular weight (M), weight average molecular (M ),

molecular weight distribution (MWD), crystalline melting temperature (7m),
%conversion (%a) and %yield of PCLs obtained from bulk polymerization of &CL
initiated by Sn(Oct)2, Sn(Oct)2/nBuOH and SnL.LL4 macroinitiator at 150 °C for 48 h.

Initiating 1]
Systems (Yow/w)

0.050 | 6.3x10° | 1.2x10° | 191 | 604 | 99.4 | 8838
0075 | 6.5x10° | 12x10° | 181 | 620 | 993 | 885
Sn(Octl | 0100 | 64x10° | 12x10° | 184 ] 595 1\996 | 892
0150 | 44x10° | 8.7x10° | 1987 | 6904 904 | 878
0200 | 5.3x10° | 1.0x10° j/F96 (| (383, |99.6 | 88.5

0.050 6.9x10* | 1.2x10° 69\'62.2 99.3 91.8
2

0.075 | 63x10* | L1x10° | N.82 |958.0 | 99.4 | 87.5

M,* M,* | MWD® | Tw | %a® | % yield

S;éggl)j/ 0100 | 7.0x10° | 1210\ adh | 592 | 99.6 | 89.0
0.150 | 5.9x10* | 9.3x10%] 58 | 60.7 | 993 | 95.0

0200 | 1.5x10%(| 2'9x10* | 1.89 | 59.7 | 992 | 84.0

0.050 | 6.3%T05 [ 1.1I%0° | 1.65 | 62.7 | 88.1 | 77.9

0.075 é 42x105 | 158 | 62.5 | 949 | 87.5

SnLL4 0.10075/\1.5%10% | 2.7x10° | 173 | 632 | 98.7 | 90.3

0.150, | 13x10° | 22x10° | 176 | 634 | 992 | 8L
0.200

O 6.6x10* | 1.0x10° 1.52 59.9 | 99.3 90.0
L 4

N
aG& measurements in THF at 35 °C calibrated with polystyrene standard.
bDe(emdined from DSC technique at a hating rate of 10 °C/min. ‘Determined from 'H-

NMR technique., ‘Amount of polymer formed after precipitation in methanol.
e

The results from Table 3 clearly demonstrate that our synthesized SnLL4
macroinitiator effectively produce PCL with higher molecular weight than
conventional initiating systems. SnLL4 macroinitiator shows a better control of PCL
molecular weight. Moreover, the MWD values of the synthesized PCL are lower than
conventional initiating systems. After obtaining the information about the utilization
of SnLL macroinitiator in polymer synthesis, we also investigate the chemical
structure of the synthesized PCL from the ROP of &-CL with SnLL4 macroinitiator by
"H-NMR technique. The examples of "H-NMR spectra of purified PCL obtained from



the ROP of &CL with different concentrations of SnLL4 macroinitiator are depicted

in Fig. 15.
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Fig. 15 The 400 Nﬁz spectra of purified PCL obtained from the ROP of &-
CL with diffeWoncentrations of SnLLL4 macroinitiator at 150 °C for 48 h.
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\ ”l\‘le speetra show multiplet signal of methylene (-CH2-) and methyl (CH3)
proton areund 1.4-1.8 ppm (b, ¢, d, g, h, i, 1, n, o, 1, s, t). Moreover, the triplet signal
of methyl‘c'me proton connected to carbonyl carbon of PCL chain is also found at 2.30
ppm (e, j). The weak triplet signal of methylene proton connected to Sn-O and
butoxide end group is found at 3.54 ppm (a, m). The triplet signal of methylene proton
adjacent to the carbonyl oxygen PCL chain is found at 4.10 (f). Furthermore, the
characteristic peak of methine (-CH-) quartet signal in the end group of PCL is

observed at 5.15 ppm (k). This k peak confirms that the macroinitiator incorporates

into the PCL chain.



4. Conclusions

The novel tin(I)-macroinitiators derived from liquid Sn(OnBu). were successfully
synthesized and characterized. From FT-IR, Raman-IR and 'H-NMR analyses, the
synthesized SnLL and SnCL macroinitiators contain the reactive Sn-O bond which can
further initiates the ROP of ¢-CL. The polymerizability of our synthesized SnLL and
SnCL macroinitiators with e-CL was firstly investigated by non-isothermal DSC
technique. From DSC kinetics analysis, it was found that SnLL and SnCL
macroinitiators initiate the ROP of ¢-CL at the temperature range of 160 — 300 °C. The
obtained E. values from KAS isoconversional method for the ROP of ¢-CL with SnLLS8
(32.4 - 34.8 kJ/mol) < SnLL4 (54.9 - 69.2 kJ/mol) and SnCL8 (5}\5.0 kJ/mol) <
SnCL4 (48.3 — 65.6 kJ/mol). From the bulk polymerization, tlk‘SnLLil produced PCL
with the highest number average molecular wefg/ 6.5x10°" Furthermore, the
synthesized SnLL4 macroinitiator was also producxmer molecular weight PCL
than Sn(Oct)2 and Sn(Oct)2/nBuOH under midentical synthesis condition. All
synthesized PCLs showed the MWD Va‘ues 1.24-1.99. The results indicate that
process for preparation of tin(Il)-magroinitiator is considered as an effective route for
synthesizing the high molecul ;/gs

polyester’ This synthetic route can be valuable and

ical, applications. The polymerization mechanism

important for bioplastic and bi
for the ROP of ¢-CL with our'synthesized macroinitiators was proposed through the
coordination-insertion ecmlism. From the results, the concept of tin(I)-
macroinitiator a)\e applied to other initiating systems and monomers that still
working ig&)u§\

N \
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