CHAPTER IV

RESULTS AND DISCUSSION

In order to incorporate the e —OH containing glycidol into PLLA,
two copolymerization schenies were . One is to add both monomers

together at once in one polyméiizationd pﬁd is to first produce one block
of homopolymer, whi \ her block of the other polymer.

In the first sch d G Were added.into the reaction mixture together
igh reactivity initiator for
copolymerization of cy : \ de [19, 20]), Al(O'Pr); (high
KN ydride and epoxide [20], and
polymenzatlon of LLA 27 8])‘ _Sﬂ}f P i or Sn(Oct), (high reactivity initiators

with various types of iffiti ‘ s *L\\Q

In the second first synthesized, followed
by ROP of LLA us 1! ct); / G as initiator and co-initiator,
respectively. Structur@f the copolymer thus'depends @the structure of PG [33-36].

The o ﬁ g, the efficiencies of
Mg(OEt),, A ‘@ ﬂ’ mﬁn m‘ﬁj tion of either LLA or G
were studled Then yﬁyiﬁ ‘ﬁd each section,
detail é(ﬁ ﬂﬁﬁﬁmi‘f y by NMR

spectroscopy. Molecular weight, physical appearance, and solubility of all products

were also investigated.
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4.1 Polymerization of LLA

'H NMR of LLA (Fig. A-1) in CDCl;, & (ppm): 5.07 (-CHCHs), and 1.71
(CHCHs), and 'H NMR of PLLA (entry 6, Table 4.1, Fig. A-2) in CDCls, & (ppm);
5.09 (-CHCH;), and 1.51 (-CHCH3). |

From Table 4.1 entries 1 | signals were observed from the NMR
spectra. PLLA was not received bot rous toluene and in bulk using
Mg(OEt), or Al(O'Pr); as an " i &ssful polymerization of LLA
using Al(O'Pr); as an-initiatorGe ttradicts  the.w ofk"by Dubois ef al. [28], which
reported that Al(Oi 3 WS erization of LLA (HW ca.
90,000) in anhydrous*oluénes@y 70.°C 11 S bossiBle
short to obtain high MW P

[ 1at the reaction time was too
I \\~ , the reaction time was limited
to 2 days in order to cofpare ‘.*’ i€ t \

Pty }t ), (entry 6) could produce high

initiating systems. Only the
bulk polymerization using'S
molecular weight PLLA with r

W

GPC
Entry % Initiator | Solvent o
0 M PDI
¢ F- o/ n
1 : 5 .
2 Mg%)lat)2 Toluene ¢ 70 & NR® o/ -
s o WideN Teadd B I WV E
9 - "

4 Al(O'Pr); Toluene 70 NR - -
S SnPhy Bulk 130 63 41447 1.5
6 Sn(Oct), Bulk 130 80 35139 1.6

"NR = no reaction (only LLA monomer remained as shown by NMR analysis).
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4.2 Polymerization of Glycidol

4.2.1 Using Mg(OEt),, Al(OiPr)g, SnPhy, or Sn(Oct); as an Initiator

Fig. A-3 shows NMR signals of G in D,0: 3.78 ppm (HOCHH)), 3.66 (-OH),
3.52 (HOCHH). 3.04 (m, CH), 2.70 (CHCHH!), and 2.60 (CHCHH'). When

linkage at 4.00-3.
Nevertheless a small
1 to 3.

and CH,CHOHCH,0-).

in the products from entries

The highest mioleghlaf Weighit obtained in this section is only 1,600-1,800
when using Sn-initiato IS quite 1ow _' en mparing to reports by others [21],

that used BF3-OEt, as the four initiators, which are

Table 4.2 M , and pliys 3 mel% initiator (100 °C, 3

days).

Entry " iti - hysical appearance
‘ T o
1 brown liquid
Q?W'l AN ﬂ"ﬁ‘m NWI‘M B ) G s
SnPhy 1796 yellow liquid
4 Sn(Oct), 1570 yellow liquid

4.2.2 Using BF3-OEt; as an Initiator

An alternate method to ring-opening polymerization of glycidol is to use

‘cationic polymerization’ approach. From the literature [21] BF3-OEt, worked well
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to produce polyglycidol with the M , as high as 6,800. In this study, effect of the
addition sequence of the reagent and the reaction temperature on polymerization

were investigated, as listed in Table 4.3.

Table 4.3 M , of PG obtained from polymerization of G using 0.06 mol% BF;-OFEt,

as an initiator, 2 days.

Molecular weight obtained

by
Entry GPC MS
Hn PDI Hn PDI
I G- BF 2849 37 867 1.03
2 G- BF, 2569 35 835 1.02
3 153G BF AR, Q,_. SR Y 3465 4.8 1328 125

4 BF3 — G (cool G, slo 2276 4.1 889 1.02

5 BF3; = G (cool G, slowly added 1687 6.3 880 1.02

_,.._,,w,:u,.' :
6  BF; > G (notkodl G, slowly , £)3350 7.4 865 1.03

V{a

*a>b=b

A typical 'H NMR ectrum of PG gntry 3 is shown in Fig. A-5. The signals

at 4.00-3.00 pﬂ %&]uﬂ %@éﬁ{jﬁ% E]ﬂcﬁ;@gonc_lo 5, i oidler

to characterize the structure of PG, PEPT and °C NMR was also q}lsed as shown in

Fig. lﬂ!\a m ?m%f’fr eE‘ialue reported
prev1ousi -2 ] as fo lows: (i) linear 1,3- 13,: CH,OH at 60.6, CH, at 68.9,

and CH at 79.2; (ii) linear 1,4-unit (L1,4): both CH at 72.0, CHOH at 68.7; (iii)
terminal unit (T): CH,OH at 62.5, CHOH at 70.3, and the CHj; at about 70.4; (iv)
dendritic unit: CH at 78.1, one CH, 70.8, and the other at about 70.4 overlapping
with a CH; of a terminal unit. Therefore it is believed that the structure of PG is
somewhat branched that occurred by two pathways; active chain end and activated

monomer mechanism, explained earlier in Chapter II.
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The molecular weight of PG obtained was analyzed by MALDI-TOF-MS.

The M,, of the products from entries 1, 3,4, and 5 calculated from MS were 800-
900 Da. PG in entry 2 has the highest molecular weight of about 1,300 Da. Variation
of addition step may also results in minor structure variation and molecular weight

of polyglycidol.

4.3 Polymerization of

Proton NMR
(PhCHH'0), 4.59 (Ph
2.80 (CHCHH'), and 2.

5 (ppm), 7.33 (aryl), 4.64
BnOCH"), and 3.21 (CH),

Proton NMR o
7.08 (aryl), 4.63-4.43 (P

-8) in CDCls, & (ppm), 7.49-
2CH(CH,0Bn)O),-).

The condition for pol Bn 1n entry 1 is the same as used by
Walatch and co-wo ers 2 cidol from ethoxyethyl
glycidyl ether (protecied: ~- ator in anhydrous THF at
65°C. It, however, % t work aring po@ner from GBn. Only the

monomer remained in tbe reaction as ana&),'zed by proton NMR, suggesting that

com s L AEHY P G s
. ammmtﬁ {IRr TR i e

reported i m many literatures. The use of BF;-OFEt, and SnCly somewhat successfully
polymerized GBn, as observed by '"H NMR. The signal for ether linkage of PGBn at
4.08-3.32 ppm was detected. Nevertheless, a large significant of GBn monomer
remained in the reaction even after 7 days. Only the polymerization at room

temperature (30 °C) for 5 or 7 days using SnCly could produce PGBn with of M,
1,427 and 1,627, polydispersity of 1.19 and 1.15, respectively.
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Table 4.4 M , and yield of PGBn obtained from polymerization of GBn using 0.8

mol% initiator.

GPC

Entry  Initiator ~ Solvent Te"‘('ffé;‘ e (E:;:) % Yield = -
1 KO'Bu L HE.
2 BF:OEf BG L
3 NC NC
4 NC NC
3 NC NC
6 SnCl, NC NC
7 NC NC
8 1,627 1.15
9 1,427 1.19
10 NC NC

NC= Notco ".%J ete PGBn and the monomer.

ci @] polymerization of
eplchlorohydrmjga m‘:@:ﬂmn Eough cationic and co-
ordmat m tion of PGBn
initiate ﬁﬂfﬁ‘%ﬁ ﬁiiﬂ:ﬁlﬁijm echanism. In

case of co-ordlnatlon mechanism, SnCly forms a hexa-coordinate complex (complex

intermediate I) with GBn as shown in Eq. 1, Scheme 4.1. The growing species in the
polymerization is “bifunctional internal oxonium ion”. The complex opens up by the
reaction with GBn as shown in Eq. 2, Scheme 4.1. The “bifunctional oxonium ion”
(A) terminates by reacting with water molecules resulting in the formation of PGBn
(a) or (b), as shown in Eq. 3, Scheme 4.2.
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0 o SNCI; ===+ ot
SnCly + H,C—CH(CH,0Bn) ———» HyC—CH(CH,0Bn) H,C——CH(CH,0Bn) (1)

(complex intermediate I)

PGBn several steps

l;-O—CH(CHZOBn)CHZO

"l
“/J O—CH,~CH(CH,OBn)
-ﬂﬂzc/—\CHCHZOBn

. H"‘h

2H(CH,0Bn)0O

Y
/OtCHz—CH(CHZOBn)
J5C—CHCH,0Bn )

Scheme 4.1 Mechanism

ﬂou(&l%ﬁﬂ{ -~0- n@m&jﬂ ‘j 3)

PGBp (a)

QRIAINTHUNAIINGAY

H[O-CH,~CH(CH,0Bn)-0O-CH,CH(CH,0Bn)]-OH

PGBn (b)

Scheme 4.2 Structure of PGBn.

From the above mechanism, the head-to-head (or tail-to-tail) and head-to-tail

segments cause the irregular orientation of monomers along the polymer chain. Also
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this leads to the formation terminal primary and secondary alcohol in the structures

of PGBn.

4.4 Synthesis and Characterization of Model Compounds

S project is tc elucidate the structure of the
Y. PO investigate how the ester linkage
between the —OH of glycidol-and | nﬁﬁde can be identified in the NMR
spectrum. Therefore, €0) unds: acetate ester of polyglycidol

One of the requirements o

and PLLA-co-glycer T ; ail of thestudy is as follows.

Proton NMR of ative of PG (PG-OCOCF3) from
PG entry 3, Table 3, 0 (ppm), 5.49-5.06 (
(CH,CH(OCOCF;)CH, (C H,OCOCF3)0),-), and 4.00-
3.00 (-(C _2CH(CH20COCF3)LJ' H(OCOCF;)CH,0),- of PG)

Trifluoroacetate-PG eme 4.3) v : g del to Iocate the chemical
shift of methine and-methylene ,to the lactic acid via ester

bonds. The 'H NMR. ignal of trifluoroacetate-PG the secondary alkyl ester

(methine proton) is at 5.2 and for ster (methylene proton) is
at 4.37 ppm (ﬂ ?ﬂoﬂgﬁsﬁﬁﬁﬁﬂi%\( spectra (Fig. A-
10). Both 51gn s coupled with CH and CH, ofithe PG unit .00 to 4.00 ppm).
Moreors. et bopt ipn bt E09¥ et favialea] @t ¢ proton of e
secondaﬁ' alkyl ester in fact coupled with the one of the primary alkyl ester. This
could be that some terminal PG units contain two hydroxyl groups. The information
from 'H and COSY-NMR spectra of PG-acetyl ester derivative (Fig. A-9 and A-10)
supported *C NMR spectra of PG (Fig. A-6) that the obtained PG contains primary

and secondary alcohols which can be changed to primary and secondary ester.

This ester derivative was also used to determine the amount of hydroxyl

chain end of the PG, by integrating the signals from proton NMR.
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CH,—OH

OH
I |
CH,—CH-CH —o)— CH,—CH-0
"6 2 2 B "(‘ 2 ‘);

(CF,C0),0

(CF;C0),0

.p
The second model compound

alcohol with three. hyd
Arvanitoyannis et '-\E;‘:_‘..__';...._

with polydispersity ol .

polymer of LLA and glycerol (GL), an
9)¢~The synthesis followed
PEEA-co-GL by GPC is 8,400

The Siﬁﬁ‘ ﬁeﬁt eﬁ bgm i and secondary alkyl
esters on the glyce . oﬁ i]) ‘iﬁ( g. A-11 and A-12) of

the model poljﬂer indicate a proton signal ofithe secondaryﬁ{‘?:llD ester of GL

(csoR U RGP Bl S

at 4.42 pﬂm, which belongs to two protons of the primary alkyl ester of GL (-CH,0-
PLLA).

ther signal is

The 'H and COSY-NMR signals of primary and secondary PG acetyl ester
derivative (Figure A-9 and A-10) corresponds with the 'H and COSY-NMR signals
of primary and secondary ester of PLLA-co-GL. These evidences are used to
confirm the position of 'H NMR signals of primary and secondary ester of branched
PLLA-co-PG.
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4.5 Synthesis of L-lactide and Glycidol Copolymers by Simultaneous Monomer
Addition

In this section, attempts were made to synthesize copolymers of LLA and G
by adding both monomers together into the polymerization vessel. Three LLA and G

molar ratios were explored; 1:1, 5:1, and 9:1. Polymerization conditions and results

///4$to47

Table 4.5 Polymerizatio t AR d g LLA:G feed mole ratio = 1:1.

of all three molar ratios are sho

Initiator 0.3-tnol% ofm 010
Temperature // ~
Time

Entry Initiator

M gﬁ\'t\i »(GPC) Physical Appearance
\

1 Mg(OEt), be (4= 322 viscous yellow liquid
2 " low’ yellow liquid
3 1,384 viscous yellow liquid
4 low? brown liquid
5 AIOPr); " rying tube K184 green liquid
6 ; ' ¢ yellow liquid
7 m glove box 88 m 5 yellow liquid
8§  SnPh, ﬂ u H‘ ﬁ EI VI 4§ ﬁ 8 ’] ﬁ:ﬂi yellow liquid
9 N, mﬂoon yellow liquid

11 Sh(Oct), glove box’ 87 low? yellow liquid

' The yield is subjected to 10 % error because of the limitation in purification.

? The copolymer was not characterized by GPC. The molecular weight is presumable
low because the product appearance was similar or less viscous when compared to the other
products in the list.

® The reaction time was 3 days.
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Table 4.6 Polymerization conditions and results using LLA:G feed mole ratio = 5:1.

Initiator : 0.3 mol% of monomer
Temperature : 120 °C
Time : 7 days
- Atmospheric i M, ;
Entry Initiator Sonteol % Yield (GPC) Physical appearance
1 Mg(OEt), vac, balloon N, , 95 1,225 white liquid
2 SnPh, va | / 1,205 yellow liquid

;‘7 ~
Table 4.7 Polymeri 0§ arn

A:G feed mole ratio =9:1.

Entry Initiator

Initiator u. / n D \\\\
Temperature
Time y 0
Agfiogp . Physical a ce
\ \ (GPC) s

1 Mg(OEt), 1,521 White liquid

2 SnPhy

945 yellow liquid

. i
In case of cop olyme (@wlar ratio using Mg(OEt),,
AI(O'Pr)s, SnPhy or Oct)z as an initiator, proton NMR spectra in Fig. A-13 and

A-14 show bo aﬂ ﬂmﬁﬂ ﬂ(ﬁ pm (CH and CH, of
PG), 4.2 ppm mp ain en PLLA). These four
initiators are tiv 0 monomers,
ARSI 18y

Considering Mg(OEt),, even though the proportion of LLA was increased to
5 and 9 folds, the molecular weights of the products remained unchanged and were
very low (~1,000 Da) (Tables 4.6 and 4.7). This observation indicates that Mg(OEt),
is really not reactive for activating the ring-opening of lactide. Only some glycidol
can polymerize as indicated by small proton NMR signals at 3.00-4.00 ppm (Fig. A-
15).
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In the case of SnPhy for 5:1 LLA:PG feed molar ratio, proton NMR spectra
(Fig. A-16) show signal of only the copolymer without G monomer left over. The
copolymer was obtained in this case because SnPh, was highly reactive for the
polymerization of LLA and moderately reactive for the polymerization of G. For the
9:1 case, LLA oligomer was the only product that could be identified, possibly

because there were much higher con

.- ﬂ A than G.
Because of the side zeaction f G and low reactivity of the tested

initiators [Mg(OEt),, AKQ "““." St molecular weight homo- and
' heric control (Table 4.5, Fig. A-

copolymers were ob
13 and A-14). It app

and G remains ambi

e copolymerization of LLA

From table 4 polymer was obtained from
the 1:1 LLA:G feed Mg(O] \l(O'Pr)3, SnPhy, and Sn(Oct), as
an initiator and 5:1 LLA g | lﬂu ..'_* : ,‘ “iniflate , all "H NMR signals were too
complicated to be assigned. ue fact that solubility of the low
molecular welght copolymer tar '7 LLA and G) were very similar. Thus

and G.
Table 4.8 exhlblts‘ 1dspt1t1es of selected polymers anal ed by NMR.

Table 4.8 Reﬂ 1'Aom the y&!ar;vz]atzl 0 and G using 0.3 mole% of
- s

q LLA:G feed molar ratio
Initiator
S| 5:1 9:1
Mg(OEt), Copolymer + G LLA oligomer or LLA oligomer or
low M , copolymer low M , copolymer
AI(O'Pr), Copolymer + G . 5
SnPh, Copolymer + G Copolymer LLA oligomer

Sn(Oct), Copolymer + G - -
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4.6 Synthesis of Block Copolymer of LLA and G

Proton NMR spectrum of entry 1 in Table 4.9 (Fig. A-17a) in CDCl;, &
(ppm); 5.36-5.05 (-CHCH; of PLLA and -CHO(COCH(CH;)O),-), 4.50-4.30
(-COCH(CH;)OH of PLLA), 4.30-4.10 (-CH,O(COCH(CH;)O),-), 4.00-3.22 (-
(CH,CH(CH,0H)O),- and (CH,CHOHCH,O)y-) of PG), 1.70-1.37 (-CHCH; of PLLA)

coupling with 4.00-3.22 (-
PG unit), 4.30-4.10 coupling
) -.L3‘ -CHCH; of PLLA), and

CHy)u- of PG coupling with -CH or

coupling with -CHCH;
CHO(COCH(CH3)0),- ©
with 1.70-1.37 (-CO

-CH, of PG unit).

Table 4.9 Reaction conditiong ar ;':_g s forl K eopolymerization of LLA and
PG (130 °C, 1 day). RO

Entry LLA:PG % % GPC
(mol)  Sn(Oct), Yield
, M, PDI
o
1 20:1 = 85 5073 24
v,
2 20:1 g ow liqui 95 4961 22

3 40:1 10€ & yellaw/solid 95 7,077 24

4 40: lﬂ uﬂ ’] ‘VI H m@ﬂﬁ’] ﬂ i 95 7,482 2.4
qinadn piaihiniek 1 TT (T

6 0:1 20 white solid (soluble in MeOH) 70 11,545 3.2

white solid (insoluble in MeOH) 5 18,344 29

' Mol% of SnOct, was based on the total content of hydroxyl group in PG.
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Proton and COSY NMR were used to identify the PLLA-b-PG copolymer
(entry 1 from Table 4.9). The proton spectrum shows signals (Fig. A-17 a and A-21)
that are the ester derivative of PG, i.e. primary and secondary alkyl ester signals
from 5.30-5.06 and from 4.02-3.77 ppm, respectively. The COSY spectrum reveals
that both signals coupled with proton at the ether segment of PG (3.77-3.28 ppm).

From these two evidences, the ester li between the glycidol and lactide unit can

be confirmed.

The molecular wei ﬁs 1-6, Table 4.9) increases as

At high LLA fe {0/(60: e A% 6, two types of white solids
. From the molecular weight
data, it is possible that le: PLLA-co-PG having a longer
PLLA segment than the 1-s61uble ¢opolymer. Proton and COSY-NMR of the
main and by-product of PLLA“caP(G are exhibited in Fig. A-19, A-20, and A-25 to
A-28. The other produ -

purification step as Vi

having different solu

Since the structure. of polyglycidelsis branching, it is expected that the

structure of ﬂﬂ PLLA-b-BG Yopbiyiél mas} e fif b fidrm) “core-shell” structure.

Nevertheless, na-'prove has been ma&ie by the tlme of completing &lys thesis.

Sl et} Kb sl INYIA

The solubility of the copolymer was compared with the monomer and
homopolymers in three solvents; CH,Cl,, MeOH, H,O (Table 4.10). It was found
that PLLA-b-PG copolymers obtained can be dissolved in both CH,Cl, and MeOH.
It is interesting that the solubility of this block copolymer is the combination of each
block which is PLLA (sol. in CH,Cly/ insol. in MeOH) and PG blocks (sol. in
MeOH/ insol. in CH,Cl,).
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Table 4.10 Comparison between solubility of branched PLLA-co-PG (from table
4.9) and the reactants (LLA, PLLA, and PG).

Monomer or polymer Soluble in

CHzC lz Methanol Hzo

LLA

PLLA

PG

PLLA-co-PG

+ Soluble

- Insoluble

4.7 Copolymerization o

A proton NMR spéctyimn-of the: ’GBn in Table 4.11 (Fig. A-29)
reveals several signals as fo er ). (aryl), 5.21-4.99 (CHO-PLLA and
CHCH; of PLL/ ;;_ . (CH,O-PLLA), 3.62-3.26
(CH,CH(CH;0Bn)O),an:

To confirm the gopolymer structure trifluoroacetate group was used to cap

two hydroxmﬁ:ygﬂ ﬂnﬁﬁm ﬁﬁen analyzed by proton

and COSY- 32). The spectra shows signals of secondary

R I A T e

PGBn unit located at 3.68 to 3.11 ppm. These, therefore, indicates that PGBn
contains both primary and secondary hydroxyl end groups.

From NMR spectra of PLLA-co-PGBn in Fig. A-29 and A-30, the signals of
secondary alkyl ester [-CEOC(O)CH(CH;;)O-] from 5.21 to 4.99 ppm and primary
alkyl ester [-CH,OC(O)CH(CH3)O-] from 3.89 ppm to 3.62 ppm corresponds with the
primary and secondary ester signals of PGBn acetyl ester derivative (Fig. A-31 and
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~ A-32). From these evidences, linear PLLA-co-PGBn was successfully synthesized
with M ,=1,768 and PDI = 1.58 (Table 4.11).

After deprotection of the benzyl group, 'H and COSY NMR spectra (Fig. A-
33 and A-34) of linear PLLA-b-PG copolymer (86.3 % 'yield, M, = 1,184, PDI =
1.85) was obtained. It is confirmed b disappearance of the benzyl signal at 7.34-
7.09 (aryl) and 4.53-4.35 pp “-x.."" { ‘ NMR of the linear copolymer (in
CDCl;) shows peaks as follows: 5. 1 -PLLA and -CHCH; of PLLA),
4.00-3.83 (-CH,0-PLLAY"3'83:3:43 ({CH %o-)n) and 1.69-1.42 (-CHCH;

of PLLA) (Fig. A-33). The SY spactrum of line: r PLLA-b-PG copolymer (Fig.
A-34) also indicates thatglle pfotor e couples with the proton signals
in the ether segment frog B3 Lol couplmg is the same as that

found from the charaeférizdtion of PI,l. Axcc A-30).
ﬂﬂ _.'

Table 4.11 Copolymerizafion dﬁj%
,r"' -

weight (by GPC) of LLA and

PGBn. P
LLA:PGBn  Sn(Oct Ve PLLA-b-PG

(g/2) \',« %) PGB : ‘:' = =

il ‘ 1,184 185

Y ﬁmﬁ Efﬁ%"w MGiE
AMIAIN TN INYAE
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