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o] A7t "X o)& o83t L-lactide HAFTHE X3l5th. TEALS Ael7tel BR8] fl& 0 &
F, AT, SAREE M A FuE AL o]& ol&ste] ANE PLAY STREAS IS B4
1 Edeo] ZI1eeE Aggo] By Eu) £Uo] 8 mmol/g-silicad 7390l 7Y =& EAlEES Bt}
XA S HAA FAAE FASHE o83t s A G@xAZre] SIS [A%ks 9 EAEo] FUte)
Atk R EE WA A ZulE A7) 28] vlE hexaned} tolueneS ARESIATH VX LEE WHIIAA
¥ ZlZ L-lactide ¢ AF, hexanes SW)= ARE-3IAL BA2E7) 50°CY 7490l Hes 2 Exfgo] =%

o},

i £ oL P

o, H
S

F

Abstract: In this study, the bulk polymerizations of L-lactide were carried out with triethylaluminium (TEAL), which was
supported inside of the nanopore of silica. The feed amount of TEAL in the feed, the immobilization time and tem-
perature were changed to observe the effect of immobilization condition on the polymerization performance with the sil-
ica-supported TEAL. As the feed amount of TEAL increased, the conversion of polymerization increased. The highest
molecular weight (MW) was achieved at 8 mmol/g-silica of TEAL. Hexane and toluene as solvents were employed to
investigate the effect of temperature on the immobilization. Hexane showed better efficiency of immobilization TEAL
and the immobilization temperature at 50 °C showed the highest conversion and MW.
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PLA= A7} obd A=feiAHelg] vlo|euj~E 5=

LGl AgEE B HEIEAE S AR F EelE e IEAR BEdely =l AV|Ee o vdEe] &
71 B AlZbo] Fasitt, AAke] Ak dset &5 soto] ojiisteaet =& KAl EellErt’ kA
7] fJall B2 X7 Bash Hew, o] b o TR 4 2shQl S JiE A8kl oS o83k PLA 9
0 =do] HiEEe] LY FAIE op7|FTh! mebr 7F AP 5L ok PLAS sl S8 AR Ee Sale
3 F71 AsEe] ToAl A tiFE= A, wE A Sn Al Fnj7}t 7P de] AgiskE e o] el Al, Zn,
ol A e m Bafld o e Adeld adAkl tigk % Mg 5] §55 0|83 alkoxide StgtEel et Zuje] g
Aol ekad, Ao m AR AL Ak AR LEAE Y I gdst At &ds] YL ek SnAl ol o
#42] polylactide(PLAYE 71¢] W& ALEAE tiAE 2 f71e5std=at vlasste] &2do] A wou 4 =
Je E7knA ZeleliEE FATA 7P gel AT oA EAI7F 332, ol & s A8ty flste] TRt Al, Zn,
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Alef. AR (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione
(L-Lactidey> AldrichollX] +3te] A 34 glo] ARk
3L glove box U -25°CZ A€ cooling boxol| A K33}
t}. S| 2 ARS-E triethylaluminum(TEAL)S 98- hexane
o 1 M(g-TEAL/L-hexane)Z THEo] AME-319oH, SulE
toluene® &2 A}&-8F 7-¢- oo 7 ARSIt AEl7R= Grace
davisiondllA] I8k XPO-24125 ARE-sISITh. S0l 2 AME-H
toluene(J.T.Baker)} hexane(J.T.Baker)& 24 1A sodium/
benzophenoneS ¥ 8A17F o) SFAIZl & SF6l] AR
stk SFAE <Y w A% dichloromethane(MC, J.T.
Baker)2 FAI3lo] AH&-3IITE A4 7= REDOX 4hA

A A (Fisher)2t 5A/13X FAHAH(AldrichyS SIAIA T
I 2k RS AAT § ARSI

EX|. & 4k3-2 glove box ¥ schlenk 7]&2 ©]-8-35}¢]
A4 F9 718t A HaP sttt Glove boxel Al 250 mL
schlenk flaskoll 2 2]7} 1 g2 ¥ schlenk lineS ©]-&3}¢]
A2 oA Fujel GulE B2 § UBA A=
A amksielth. 1| M2 vhe SulE AREE & 739 hexane®
Z, 4AE EuE ARE-E 739 tolueneS Sl = AME-SIR T
HF AT Z tolueneSZ 53] o] AL 40 °CollA] 14]
7k B9t JF AZ F glove box ol HASIATE Fuff F

AHFE 2, 4, 8, 16 mmoleZ, FAAZES 1, 3, 5, 1087H &
A &L= 30, 50, 70 °CE W3 AT}

PLA &g} 2 & W32 glove box ¥ schlenk 7]&S ©]&
slod A #9171 sl Z1gsItt. Glove boxollA] L-lactide
2 g& 20mL vialol Y37 schlenk lineS ©]-&3to] A4 29
718lellA FAIZH] 50 mgS EaL 130 °C2] oil bathellA] 30i
e wksk & Fehs ARSI ik 45 & MCE 0]
&t FFAE = T A methanololl AT, o]
HA A 2 FAFHE AAS] st MCell 521
alEARgde) 7k} ek IAYAES Wtk AEE T
AE NFART|Z AgE & 2 A3 o]FA A
oAl atAke] FAE yield@)= S48kl THl FUR L-
lactide 2 gol] th3h H]2 A ¥8-(conversion, %)S AXFSIATE

3 U BN, BA3FE WatersAF] Breeze ZZ 13 of|A]
RI detector(waters 2414)E5 AF&3F GPC(gel permeation
chromatography)E ©]-8-3ll #4133 th. o5 42 tetrahydro-
furan(THF, J.T. Baker, HPLCH), 35 %%+ | mL/min®]}
o ZE-2 40°Col A WatersAt2] styragel HR 4E THF
7.8x300 mm column3} styragel HR SE THF 7.8x300 mm
columne ARE-3FT}. 4] polystyrene standardE ©]-8-5t
o] calibration curve® 2H/J3H & AEsth EEA 2
DSC(differential scanning calorimetry, TA 2010)E A}-8-3}<
200 °C7HA4] 10 °C/min®] 52 &= 13} scansto] dol
(thermal history)S §lofaL 5Lst 25 WL A ThA] 10°C/
min®] 52 52 23} scanste] DSC curves Ao I3E
ZA 3 h PLAS] +ZE42 FTIR spectrometer(Thermo
Scientific, Nicholet 6700)5 ©]-8-3t3th. HAE 0] A=
A dFrE 55 FH2 inductively coupled plasma
spectroscopy(Perkin Elmer, Optima 200DV)?ll &J5l S24=0
o} ) 60 mgS FAF 10mLol| =9 & ZF52 108 3
Aste] MES FHISHI

Ay =2

AT AE PLA T ElE TEALS AMeste] Az
7hell EAAIZL F- ol & ©]8-38t9 PLAE T3t Table
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Table 1. Polymerization of L-lactide by TEAL

Yield  Conv. M, M, T
Caalyst o) (%) (@mol) (gmol) P )
SiOy/ 0.06 12.0 48000 63000 1.3 169.8
TEAL?
TEAL® 0.31 26.0 9900 13700 1.4 148.7

“Polymerization condition: L-lactide=2 g, catalyst=50 mg, temp.=130 °C,

time=30 min, catalyst synthesis condition: silica=1 g, catalyst=8 mmol,
solvent=hexane, temp.=50 °C, time=3 h, ICP analysis result=2.16 mmol-
Al/g-cat. "Polymerization condition: L-lactide=2 g, catalyst=0.07 mmol,
temp.=130 °C, time=30 min.

12 PLA SHZZ TEALS w47 JEl2 o] 8313S
o AEj7tel] gAE el o] &3S 73] FHENS
H|w&}7] 9)ek L-lactide TF4AZo]th. TEALS HAISH =
AREEE - FUA EE AR ARy v 138
BT ey B2 65000 g/molE TEALS w9 A 4
B2 ARE-ste] A PLAKTE oF 5Hf ol =2 #AlES
B} o] & B3l TEALS A SujEt XS5 Z A}
43 7 =& ExlEke] PLAVE AR EE AS Flsiith
Figure 12> Az2]7}ol] G4 TEALY] 715 BAF30lth
TEALS A2)7F 99| OHZ] 1] B 2het A%t 7=
2 Al 09 FRATo] obd <3t interactiono 2 &+HE
T27}F 7Fssith PLA % Wi7S2 454 &S &
j 2 o]83fe] YFAY] ARARZHE HHgo| JAIEo] PLAS
AekE Aoz dEA ok 13y Figure 1914 BA72
o] Al 313H=9] 4% TEALS 447] SIgE= o f vt
SIIAE 918 ATt EAISHA] @47] wide] d=EA] sietE
= thE AR J&E o] A= FAEE W &
sl =olu A7t 1l A= OH7] =2 &°] 2
oqske g Zlog HokH

=X E TEALS] PLAZZNA 2 conversiond| A = &
HAFFS Hol= A ©A Fule] B4 YAl TEALZ
H|23}4] termination BF&-0] oJH7] WlFO0 = Ate|H o|=
S0 E o] &3t thE TAEe] AL THAME FAF
st EA-& HArh ©@A] ¥ YA G2 sl 4 st
= AEAARE] 22 o] AlgHHAl F]o] termination WH3E:
7} propagation ¥H-&-E5EHT} w-g- Bropx] 7] wjEQl Ao
2 odEnt” 5559 49 TEALRE 943 749 148.7°C

o,

R_ _R R N
\Al‘l/ pl‘I R—AEJ—R
OH OH OH - c|> |/ \(lj (|)H ci> (|)H
Si0, Si0, Si0, Si0,
R=CH,CH,

Figure 1. Hydroxy group of silica and Al of organometallic alu-
minium compound reaction.
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169.8 °CE} w4 W 218 & 5 Stk Ko 59 A7 2+
o eJsl¥l TEALZ PLAS THatle ol vl S/
o ml ExpFe] TRl FAY SERE SUke A3
2 Hol gX5x] k& TEALY] 7A$ Hego] W& olf&
A73¥ PLAS] wtFo] 217] ]l o= JAeterh?

GRS E o] &3le] AAE PLAY THEALS RIS
el Ful FAZ, AT GEAREE WA K158
th BAEHE ] A% EX 2 1 AEgtel] @x€
Zujo] Al 35S Table 20 VFERAITE Ae)7tel] ©AE =
o] Al $3S 1.40-2.21 mmol-Al/g-cat® 2 ICP ¥4& 5
3l Elsisict.

AN D GRS YA T L Eu) FJHS 2
8, 16 mmol® & RISIA|A st A7 Al T2 Fnf F
o] S7Kgkel whgl 2.21914 2.07 mmol-Al/g-cat= 2F7F
2o & ApelE HolA] ettt Sl Y-S 8 mmol
2 I GAAIZRE 1, 3, 5A7ke2 WA §4% 4
I R A7) FThske mEk Al o] oz SUst o
S| Fdwol wE Wstel fAkSHAl 2 AlolE 2HA %t
o Efl FY 2 8 mmol, BRI SATEe R AL
HALEE 30, 50 °CE ¥islete] A HASu= Al T
2Fo] z}z} 1.87, 2.16 mmol-Al/g-cato] Tt AL =S o]
7] 918l Z9dA 8712 hexane thAl toluene2 ARE31] 30,
50, 70 °CollA] EniE Hdsiaich. Sl d A3 Al o>
Z}7} 1.40, 1.67, 1.57 mmol-Al/g-cat®] 2132 hexanes 81| =
olgate] FgE Fujrct W Al TS Bt olet &
n FFe} FARET BRI TS vA= olF F it
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it

Table 2. Change in Immobilization Condition of Supported
TEAL Catalyst and Results on ICP Analysis”

Al content in

Catalyst (El]ff(}l) T(‘}‘f;e T("‘gl)’ Solvent Si0,
(mmol-Al/g-cat.)
la 3 50 Hexane 2.21
2a 4 3 50 Hexane 2.19
3a 8 3 50 Hexane 2.16
4a 16 3 50 Hexane 2.07
1b 8 1 50 Hexane 2.09
2b 8 3 50 Hexane 2.16
3b 8 5 50 Hexane 2.19
Ic 8 5 30 Hexane 1.87
2c 8 5 50 Hexane 2.16
3c 8 5 30 Toluene 1.40
4c 8 5 50 Toluene 1.67
5¢c 8 5 70 Toluene 1.57

“Catalyst synthesis condition: silica=1 g, solvent=hexane.
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0.550 cPo]7] wj&ol] WS Hw o] hexaneo| Az o2 A7
7} 718 W golskA ks 17] wiEolth.

GRS HIAA Azl7lol 9X]¥ TEALS Fv= o]
23} [-lactide 5472 Table 30| VERIITE S8
130 °C, ZFA 7+ 30802 v ste] F3-2 sttt
Zuf) £ W L-lactide A A7l @XE =
o] F9ige] Z7HE H3hgo] ZUIsIN AL EAlEe S
Fl#Fo] 8§ mmold 7% 48000 g/molZ 714 ¥ EAFS
ATt o BYHS 8 mmole & A F FAA RS
SIAA IE FAFNE ol gste] FIe A FXA e
SN A 7P =2 A3he 9 BRSBTS R
P G e FERAS B8 7P =2 EAE
< H2l 8 mmol, 5A]7K(Table 2, entry 3b).2 VAL &
A2EE 30°CE 3o P4 gAFuE o83t F3
3l ZA3K(Table 3, entry 8), BAILE7} 30 °CE W& wf) A%
& 9 EA}FFo] 7hAEtATh

Zu 320l tolueneS SVl AME-SIAL PR LS WA
A FE GAFWE ol&st] T A3, 30°cd B
T3 S HolR gkom HX2&rt 50°C ol dollA] &4
S B2 Ao ARSE SUlE WA T3S A3t
tolueneX T} hexane 183 749 ¥ =2 2% 9 A%
S 2HYS IRIFIATE o= 9o ©XF B0 EQE]
5o] hexane®] BRI G/} O FoF BAHE tolueneS ARE-
39S WrTh Br) fjEo 2 FohEch SR R4S HElA|
A F4E Fuie] Al T o] & o]&ste] AAE PLAS
A v wsElS o Blsedt A Holx] e olf=

g

I

TEAL 16 mmol

TEAL 8 mmol

RI response
o

-1 4 TEAL 4 mmol

TEAL 2 mmol

——_——

8 10 12 14 16 18
Elution vlume(mL)

Figure 2. GPC curve of the PLA produced with supported TEAL
catalyst (entry 1-4 in Table 3).

Figure 16 Yebd 213 o] Gx|z70| wjet A7t W
o] §2r¥ TEAL Zv| FJe|7} thefelr] wie o2 dekec)
Figure 132} 7o Ale] &717F ©A] Fof 1, 2, 337 A
= Al A7k O7F S RATS A &L o|Hr) oFsh
interaction® 2 HA|E 97} Hol A = olgfg ¢
7= o] Wshs AlY] AR} YA Eol] FTS
Ao d/dErt. o] & Qs AR Al BXFol = o2
FAFAES Hole Ao dAdtEn. S vEAke] 44
7} Table 3914 & = 4%0] 7,8 166.2~169.9 °CE PLA ¥
Ak} vlwste] fARs

A2 s A FE SHlE o83k AAE PLA
o] &3} E4S GPC(Figures 2, 42} DSC =4 (Figures 3, 5)

ofN X

Table 3. Polymerization Results on L-Lactide Using Triethylaluminum Supported on Silica’

By Complex g ) o (gmo o ke
1 la 0.06 3.0 11000 17000 1.6 =P
2 2a 0.09 4.5 21000 39000 1.9 =P
3 3a 0.14 7.0 48000 63000 1.3 166.3
4 4a 0.31 153 33000 45000 14 170.7
5 1b 0.20 8.0 39000 46000 1.2 168.1
6 2b 0.14 7.0 48000 63000 1.3 166.3
7 3b 0.33 16.6 97000 121000 1.2 169.9
8 lc 0.11 5.6 23000 44000 1.9 166.2
9 2c 0.33 16.6 97000 121000 1.2 169.9
10 3c 0.00 0.0 - - - -
11 4c 0.22 11.1 61000 90000 1.5 166.3
12 5S¢ 0.07 3.6 20000 32000 1.6 =P

“Polymerization condition: L-Lactide=2 g, catalyst=50 mg, temp.=130 °C, time=30 min."Not determined.
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Figure 3. DSC curves of the PLA produced with supported TEAL
catalyst (entry 1-4 in Table 3).
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Figure 4. GPC curves of the PLA produced with supported TEAL
catalyst (entry 5-7 in Table 3).

< Fal ATt XSl (Table 3, entry 3)Z T
PLAS| #4125 FTIRZ #43+ 4345 Figure 60 YR
tt. PLAS] &4 #3221 C-O-C ester 23] 1180, 1211 cm™
oA Yebta, WE7]7} 1384, 1453 cm™ollA F 32 Bt}
Carbonyl7]:= 1750 cm'ol|lA =37 Yept A48 8227}
PLAYS ERI5I3Th>

z s

PLA % F|2 TEALS ©]8-314] L-lactide -5 %138
S13th TEALS #9S= o83l 7459 dej7pel &
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Figure 5. DSC curves of the PLA produced with supported TEAL
catalyst (entry 5-7 in Table 3).
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Figure 6. FTIR spectra of PLA produced with supported TEAL cat-
alyst (entry 3 in Table 3).
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st A3, 50°CAA 7Y =2 e ¢ BARE RS,
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