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CHAPTER1

INTRODUCTION

1.1 Statement of Problem

The behavior of amphiphilic block copolymers in solvent is one of the most
interesting topies in palymer science. They can form particles with various shapes
depending on solvent polarity, pH, ﬂenuenh'ﬂlmn and temperature [1]. Structure
design can be utilized in drug or gem;;gn-:apsulatiun application. In addition, the
micelle shape in ;till-uxlpfn can be varied from spherical shape, connected rod by pll
change [2]. hﬁut!c.‘fnrmalinn having itydﬁphilic block on the shell and inner
hydrophobic polylaetide blocks aecurs in ﬁm:u_,us solution,

Amphiphilic block copolymers having biocompatible and biodegradable
hydrophobic aliphatic polyester blocks have received the attention and are promising
materials for medical apﬁﬁtmﬁnns such asmtrnl]:rd release polymer vehicle, gene
delivery carrier, self-assembled micro and nanoparticle and polymeric micelle [3].
Poly(L-lactide) or PLLA (Figure 1.1) is a biodegradable and biocompatible polyester
which has high miechanical strength, high crystallinity, hydrophobicity and excellent
molding properties. To construct the structure of amphiphilic PLLA-based
copolymer, & number of hydrophilic polymers were introduced such as polyethylene
glycol (PEG) and poly(N-isopropy] acrylamide).

0
(J'\rc: 3;]
Figure 1.1 Poly(L-lactide) or PLLA

Highly hydrophilic and hydroxyl-functional linear polyglycidol is among the

interesting blocks to introduce in polylactide. The copolymer from the combination



L]

of linear polyglycidol (PG) and PLLA was first reported by Sunsaneeyametha [4]. At
that time, linear PG was synthesized through benzyl protecied glycidol and
copolymerized with PLLA before catalytic hydrogenation to deprotect the benzyl
group. The resulted copolymer had very low mnlc::.ulir weight. An improvement of
methodology to synthesize PLLA-PG block copolymer was therefore needed.

1.2 Objective

The aim of this thesis was to synthesize linear di and triblock copolymers of
linear PG and PLLA, The copolymier structure was determined by NMR, GPC, MS
and DSC. Bissolution behavior of the Euw}mlem was alse studied in order to
evaluate their pﬁlﬁiblﬁamp]ﬂpiﬂ!in p:ﬂp&lic‘s-

1.3 Scope of the Investigation

Sequential investigation was carried out as follows,

l. To synthesize linear poly(ethoxyethyl glycidyl ether) (PEEGE) from 1-
ethoxyethyl glycidyl ether (EEGE) using potassium tert-butoxide as an
nitiator.

2. To synthesize the block copolymer of PEEGE and PLLA by ring opening
polymerization using PEEGE as initiator and stannous (II) 2-

ethylhexanoate as catalyst.
3. To deprotect ethoxy ethyl ether at the EEGE group in PEEGE block

4. To determine structure of the resulting polymers by nuclear magnetic
resonance spectroscopy (NMR), differcntial scanning calorimetry (DSC)
and malecular - welghts,  determinations by matrix  assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF-
MS) and gel permeation chromatography (GPC)



AU INENIneINg
ARIAN TN INAE



CHAPTER 11

THEORY AND LITERATURE REVIEW

2.1. Block copelymer synthesis of polyester 5]

Up to now, there are several methods to synthesize block copolymer. One
simple method is a reactive tﬂnminﬁ that two homopelymers are mixed at high
temperature. Intermolecular transesterificalion reaction is subjected in the block
structure produetion. However, this wa;{ is limited 1o the extent of polymer due to an
amount of ‘ﬁ:t:nnﬂﬁcu.dﬂ: transesterification,

The second method is sequential addition of monomer. When monomer A is
run oul after polymerization completion, then a monomer B is added to continue
polymerization. Congequently, AB or BAB block copolymer is received. The extent
of this method are the reaction Wndiliuﬂ.,:‘_llﬁ;;j;ur-: of monomer and the addition
order. The reaction must undergo "Ii\fingf"ilio!}(-lm:ri?minn condition. It means the
initiation step is sufficiently faster than ‘Ihé:;‘mﬁﬁn step and propagation step is
required to/be faster than termination. So, growing chain of polymer associates with
initiator, andfufther contiiué propagalion step when more menomer is added.
Moreover, those two monomers must have similar reactivities so that the later
monomer must react in propagation step. In addition, the addition order must be
considered. For example, in case of e-caprolactone (g-CL) and LLA block
copolymer with tin. (11} octoate (Sn{oet):)-as catalyst.and ethanol as initiator, £-CL
was polymerized first. Otherwise, the copolymer formed randomly if LLA is
synthesized first.

The third method is atom trmansfer radical polymerization (ATRP). ATRP has
been wsed 1o prepare AB diblock; ABA triblock and most recently ABE triblock
copolymers. To date, the technique has been used to create block copolymers based

on polystyrene and various polyacrylates. However, it is possible to synthesize a so-



called macroinitiator by other polymerization mechanism (anionic, cationic, etc.) and
use this in the ATRP of vinyl menomers. Some examples are poly(N-(2-
hz.'dm.‘:!._'pmp}']}nu:'llmr.r}rIﬂmidt}-bupotﬂ[lim:imﬁdq]-bvpnI}'E_’N-I[E-hydru}:yprup}'l}l
methacrylamide [6], paly(N-isopropyl ﬂ.ﬂ}‘lﬂi‘ﬂmq}-ﬁ@ﬁl}'{nfL-tﬂtlidﬂ [7], poly(2-
hydroxyethylmethacrylate)-b-poly( D, L-lactide) [8]

An altemative method is a combination or condensation reaction of two
telechelic Fﬂl;lfm1 that 15 pmpulrmin_rs or macromers with functional end groups.
The functional end groups are immﬂjgmcd by either functional initiator or end-
capping of livfng palymers or both, ﬁ: n_utsta.nding advantage of this method are
WO monoemers ﬂm ate not able to wpdrr;l'erizc can be incorporated in a copolymer.
The structure and end groups of ﬁﬁpﬁlﬁem_cﬂn be quantitatively and qualitatively
controlled. Somé examples are paiyelh;ﬂcr;E'.—b—pﬂ]}r{D.,L-lactidt—cnvglycniide] [9].
methoxy-polyfethylene glycol)-b-poly{caprolactone-b-lactide) [10].

2.2. Ring opening polymer synthesis {ROE}ZE, l

Ring opening polymerization is aniiﬂnij:;-_gha;n polymerization consisting of
initiation, propagation and termination. The outstanding characteristic is only
monomer adds to-the growing chains in propagation. Unlike step polymerization,

monomer does not react with monomer and species larger than monomer do not

TTEoR

Scheme 2.1 Ring-opening polymerization (X is a heteroatom such as oxygen) ,

react with each other.

The ring Opening reaction can be performed cither as a bulk polymerization
or in selution; emulsion’, or dispersion, A catalyst or ifitiator is necessary 10 start the
polymerization. Under rather mild condition, high-molecular weight aliphatic

polyester of low polydispersity can be performed in short periods of ime. Problem



associated with condensation on, such as the need of exact
stoichiometry, high rnactmn m e removal of low molecular weight
by-products are exclu ‘

JFPe anption: s ed species which is
subsequently attacked by 'a ‘ results in a ring-opening of the
positively charged § nugh an Sl > P -. ,} H onic polymerization
is difficult to control and ¢ ."'I. esters are formed.

EH'?':

L 58D

~ o 1Ko

o 8 AN WY IR T

m:hnnmm (ACE) (Wuntcr ion omitted; X isa h:tl:matum]

AR SopprrumeL AR

of a negatively charged initiator on the carbonyl carbon or on the carbon atom
adjacent to acyl oxygen, resulting in a linear polyester.



----—x"Cat" + O - ----—xﬁx'—(‘m'

Scheme 2.3 AROP, X denotes heteroatom [e:g;.‘if=ﬂ or S) or group including
heteroatoms (e.g., C(OY0); cat’ means the monovalent metal (e.g., Li*, Na', K', Cs)
or onium (e.g., RN .R‘Pj cations.

The propagating speeies is negatively charged and is counter-balanced with a
positive ion. Depending on the nature of the ioni¢ propagating chain end and the
solvent, the reagting complex varies I:dlm completely ionie to almost covalent. Some
examples are pol ﬂﬂ-x |nj.rl=1-pfml1d&ne1;b—pulr[ﬂ,bhcudc] [1).

One of the best controlled methods leading to high molecular weight polymer
is anioriic polymerization earried out ini p&iar solvent. A problem associated with
the anionic ROP is the extensive !mr:k—hi!ing and in some cases only polyesters of

low molecular 'M:iﬁ'ht are achieved.
/
f e e | ol ol
2.2.3 Coordination insertion ringnpmiu_g polymerization

s 2 hd

The pseudo-anionic REP is often ;Eﬁﬁ:d to as coordination-insertion ROP,
since the propagation 15 ﬂmuglﬂ 1o pmﬁcei hf eoordination of the monomer to the
aclive spu:lea., followed h}r insertion of the monomer into the nmat-ux} gen bond by
through an -alkoxide bond during the propagation. The reaclion is terminated by
hydrolysis forming a hydroxyl end group. With functional alkoxy-substituted
initiators, macromers with end group active in post-polymerization reactions are

produged.



_ ﬂnt}; as catalyst, (a)
complexation nong : shol P, and (b) formation of a tin-

""J-*'"‘.I'
F SN

! ' 1 nmi ype ;, n ization has been thoroughly
investigated since it ‘ma; I-defi polyesters  through living
pulynwnzahun Wlm v [ sin activity are used, block copolymer
can be fo ‘  “living’

Tin {ll}#—ﬂl hexanoate, {Flgumw commonly referred to as stannous

m&’lﬂﬁ 4 o 125

n{m:l]; 15 not the actual 1 mj since the molecular weight does not d

Rl et ORIAYRrTRN

coordinate to Sn{oct);, forming the initiating tin alkoxide complex.




O
#Fﬁi‘fJ\C\/\
8]

- e s
Figure 2.1 Chemical structure of stannous octeate, Snfoct):.

Investigations of ihe coordination-insertion mechanism have resulted in two
slightly different reaetion pathways. Kfldl:ldurf and eoworkers [12] have proposed
mechanism where thgr co-initiating alcohol functionality and the monomer are both
coordinated 1o the Sn{m}; complex duﬁng propagation. Penczek and coworkers
[13] have ptmcnlcdn mechanism where the Snfoct); complex is converted into a tin
alkoxide before mplﬂtm;mfd ring np\:&mguf the monomer.

The Sn(m.lh catalyst is a strong lmns@enﬁcallﬂn agent, and the resulting
copolymers normally have mndnnuzﬂlmlmsw:hu: An increasing in reaction
lemperature or reaclion lime imereases m:admnm of transesterification reactions.

.IJ

The ROP of Ias:lldﬂs wﬂh Em[ccr.};:ﬁ—fmrly slow and it is desirable for
economic and commereial teasons to tnq?aue the rate of polymerization. The
addition of an :qum’mlu amount u['tnphmylphusphme increases the rate and, as an

nitage, this comp: delays the occurrence of the undeqlrﬂhle back-

additional adv

biting r:aﬂiggs.

2.4; Linear polyglycidol

Glycidol is a highly reactive monomer bearing both epoxy and hydroxyl
functional groups. Both its compesition and structure favor the primary to secondary
transitions of the alkoxide active sites, aswell as the inlcrmnlmﬂa; transfers. during
base-imitiated, polymerization. . The. polymerization. of  gly¢idol has atiracted

considerable research interest in the past decade. The propagation may evoke side
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reactions. Both the anionic and cationic polymerizations of this monomer lead to

Figure 2.2 Hyp:rhranc i

In _m'ﬂ!l' i ine; é“rl,a' "' s hydroxyl group has to be
i “used silylation or
-

sp.%em has shown that ethoxy ethyl glycidyl ether obtained in a
reaction of ':,rmdu[ with ethyl vinyl ether can be polymerized by an anionic

ism 'ﬂ‘ protective :t]m:r ethyl can then be caml;- rmmwd thus
‘ ﬂll pol I

hi 1:: le polymer
unit. They
obtained linear polyglycidol “"Wn up to 30'.!}&1]

ammmmummmas
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Scheme 2.5 Synthesis of linear polyglycidol,

Dworak et ak [16] synlhcsﬁﬁd“ linear polyglycidol by firstly anionic
polymerization of l-ethaxyethyl glycidyl ether using potassium tert-butoxide in THF
as initiator and Secondly acidic hydrolysis. The result showed that the degree of
polymerization corresponded well to !h:j’i;ilial monomer Lo initiator ratio as well as
narrow the mnlamilar ‘mass. For higher molecular tw:ig!lt, even though broader
molecular mass distribution [17], marﬂiﬁﬁnn polymerization of 1-ethoxy ethyl
glycidyl ether by using partially hydrolyzed EnEb;aS catalyst was applied, followed
by acidic hydrolysis using 3 M HCI.

Bong Soo Kim el al. [18] also r.yiﬂmsi&dhumr polyglyeidol through 1-
ethoxy ethyl glycidyl ether by using sodium ethoxide or pula.smum ethoxide as
initiator, After acidic hydrolysis of acetal polymer, linear pnlygi;:ndul was obtained.

2.5. Block copolymers in solution [19]

In a solvent, block copolymer phase behavior is controlled by the interaction
between the segments of the polymers and the solvent molecules as well as the
interaction between the segments of the two blocks Af the solvent is unfavorable for
one bleck \this can lead 1o micelle formation in the dilute solution. Bamellar,
hexagonal-packed cylinder, micellar cubie and bicontinuous cubi¢ structures haveall
been observed (these are all lyotropic liquid-crystal phase, similar to those observed

for nonlonic surfactants).



Like surfactant, block copolymers form micelles above a critical
concentration. The critical micelle concentration can be located by a variety of
techniques, the most commonly used being surface tensiometry where the cme is
located as the point at which the surface tension becomes essentially independent of

concentration.

Gadzinowski-and Sosnowski [20] reported the synthesis of biodegradable/
biocompatible polyfethylene  oxide)-b-polyglycidol-b-poly(L,L-lactide) triblock
copolymer. !'-"irsjtly, .PEEh‘-paIy( I-ethoxyethylglycidol)-b-PLLA was synthesized by
4 successive anionic ping opening cﬂpﬂi}*mtﬁuﬁnn of ethylene oxide, 1-ethoxyethyl
glycidyl ether and LiL-lactide il:t‘iti':it:ed’ with potassium 2-methoxyethanolate.
Secondly, the 1-ethyoxyethyl blocking groups of l-cthoxyethyl glycidyl ether were
removed at weakly acidic onditions leaving other blocks intact. The PEO-b-PGly-b-
PLLA copolymers with a molecular weight of PLLA blocks below 35,000 were water
soluble. Above the critical micellar r,:ﬂm.:-l‘;'nlraliﬂn (ranging from 0.05 1o 1.0 g/L,
depending on the -::mgpusitiun*gf cnpullymﬁ}; copolymers formed macromolecular
micelles with a h},*d[ﬂphnb_ic PL_L& core nndhyia?philmPEI} shell.

1) AROP TS )

0  2)copolymby EEGE W olikrﬂ

VY i _oy,
3) copolym. by LLA n P 4
"I'WEEWP

Scheme 2.6 Synthesis of poly(ethylene oxide)-b-poly(glycidol}-b-poly(L,L-lactide),

Sunsaneeyametha [4] had synthesized linear block copolymer of PLLA and
EGly by cationic palymerization of benzyl glycidyl ether, using tin (1V) chloride and
copolymerization with  L-lactide  using  Sn(oct)s, following by catalytic
hydrogenation for benzyl cleavage. NMR spectroscopy revealed the esterification
linkage between two blocks. Hawever, the resulting eopolymer had low moleeular

weight
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PE.EGEwupa
cw:::s o A’ " “f ollowed. And finally, the
= ‘-'\\\
# i«\

""U
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Scheme 2.8 Synthesis of PG-b-PEO-b-PLA .,
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Jamroz-Piegza et al. [1'.-'] smlhzsm‘:d thermo-sensitive  water-soluble
pul:.rmers. poly(glycidol-co-ethyl ~glyeidyl - by the hydrophobic

was investigated. The ¢lot

Scheme 2.9 Modification

Gonil [22] sy rbran . copolymer of polyglycidol (PG)
and PLLA, and stuflied degradation of the copolymer in buffer solution pH 7.4. I
was found | ) | 0 d percentage yield of the
copolymer depended : ion time and feeding ratio and not

the amount of Sn{oct) *' ole o hydroxyl mole in PG. The

suitable condition of ROP a .u 7,-' with PG 1 roinitiator was carried out at 130°C
for 1 day in bulksusiiie=S mdi% ofSn( e obtained PLLA-b-PG showed

lower T, i,.-,;é_ A ue was in the range of 14 10 48 °C.
The copolym - 1h he hydrophilicity was

I
; ¢ l:n.':' e ‘;— polyglycidol
ANEINANINENS
e 130°C, 1.;.,. block capolymer
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Branched PLMsrmhas
cidol as a nuc:mumamrm

by ROP of LLA in bulk using linear polygly-

FWEJ’WIEJVI?WEJ’lﬂS
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CHAPTER 11

EXPERIMENTALS

3.1. Materials

All chemicals were used as received without further purification. Commercial-grade
solvents were distilled before use. Anhydrous tetrahydrofuran was prepared by
refluxing with sodium metal and benzophenone, Chemicals and their manufacturers
are L-lactic aeid 88% selution (Carlo Eri:-a}, p-toluene sulfonic acid monohydrate
(Fluka), am'llm::-ny “II} oxide (Fluka), glycidol (Fluka), ethyl vinyl ether (Fluka),
sodium hydrogen :aﬂmmle {Fluka), sodium sulfate anhydrous (Fluka), potassium
reri-butoxide (Fluka), Stannous (11) 2-ethyl hexanoate (Aldrich), tetrahydrofuran
(Labscan Asia), diethyl ether (Merck), acetic acid (Merck), chloroform-d (Aldrich),
ethanol-d4 (Wilmad), ethyl acetate (commercial grade), methanol (commercial
grade), and dichloromethane {commercial prade).

1.2, Instruments.

1.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

Proton (1H), carbon (13C), COSY nuclear magnetic reSonance analysis were
carried out by wSing Varian Mercury-400 speciroscopy operating at 400 MHZ for 1H
and 100 MHZ for'13C in selected dewterated solvent. Chemical shift (&) are reported
in part per million. (ppm) relative o’ tettamethylsilane (TMS) by using residual

protonated solvent signal as a reference.
322 Gel Permeation Chromatography (GP'C)

Gel permeation chromatograms of PLLA and copolymer of LLA and G were

obtained from Waters 600 controller chromatograph equipped with three HR
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(Waters) columns (HR1, HR3, and HR4) (MW resolving range = 100-500,000) a1 35
°C and a refractive index detector (Waters 2414). Tewrahydrofuran (HPLC grade)
was used as an eluent with the flow rate of 10 mL/min. Sample injection volume
was 50 pL. Polystyrenes (996-188.000 Da) were used as standards for calibration.

3.2.3 Matrix-Assisied Lascr i]csnrplinn lonization Time of Flight Mass
Spectrometry (MALDISTOF-MS)

Mass spectia'of PEEGE, PLLA and copolymers were acquired using Brucker
Microflex MALDI-TOF mass Spectrometer. Spectra were acquired in positive-ion
mode using nl:ﬂm.’ﬂ!'t‘tn. Sample was dissolved in THF and mixed with matrix solution
prepared from d:amhmg nhyﬂm-:yc}'lnccmnanuc acid (CCA) for PEEGE or
dithranol for PLLA and copolymer in \THF. PEG 2000 was used as a external

standard.
3.2.4 Differential Scanning Colorimetry (DSC)

Measurements were carried out on a Perkin Elmer DSC7 and measured under

atmosphere environment. -Hl:a'ti“ﬁ.g rate 0.7°C fmin from 70 °C 1o 120 °C.

3.3. Experimental sections
3.3.1 Synthesis of 1-ethoxyethyl glycidyl ether [24 |

Glyeidol (38.0 g, 0.513 mol) and ethyl vinyl ether (150 mL, 1.57 mol) were
stirred on water bath'at temperature no higher than 40 °C. Then, p-toluenesulfonic
acid monohydrate (0.75 g, 3.9 mmol) was added portionwise to prevent overheating
and bumping. The reaction was kept for 3 hours. Then, 75 mL of 10% aqueous
sodium hydrogen carbonate solution was added and transferred to a sepamting
funnel_Agueous layer was removed, The organie layer was re-extracted again with
NaHCO, solution. Trace of water in the organic layer was removed by adding
sodium sulfate anhydrous. The crude product was concentrated using rotary

evaporator and distilled under reduced pressure. The collected portion was
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determined by ('H, "C, COSY, HSQC) NMR and kept in a closed bottle in

desiccator before use.
3.3.2  Synthesis of L-lactide monomer |25]

[-lactide, a six-memberred ring dimer of L-lactic acid, was synthesized by a
two-step method as follows.

FPolycondensation

l
f | 0
o f | M « (M) HO
"HO ﬂH = n

Lactic acid 88% {55# g) and p-{p.jp:ri’ﬁu‘lfnnic acid monohydrate (5.6 g) was
placed in a iwo-neeked 1L round buﬂnm flask equipped '?-'ith reduced pressure
distillation apparatus and a thermometer. Then, the temperature was raised to 140 °C
under nitrogen alumsphere within 2 hnui;aq"ll‘.‘.'},nce the temperature reached 140 °C,
heating was continued lo 160 °C. The wmpd'mﬂ:: was maintain at to 160 °C until
water stopped distilling {appmx 3 'Imurs)."ﬁ!{l, apply vacuum to reduce pressure
down to 50-100 mbar-and maintain the mﬂiﬁm until no more water distilled
(approx. 3 hours). The residue was called low molecular weight PLLA.

Thermal decomposition

o 0._.0
4"1)'* ——— I I
n 0 0
The low molecular weight PLLA from the previous step and antimony (111)
oxide (1% by weight) was added into the round bottom flask equipped with reduced
pressure distillation apparatus and an air condenser. The mixture was rapidly heated
up to 160 “C within 30 minutes under nitfogen atmosphere, Once the temperature

reached 160 °C, high vacuum was applied and heating was continue to 220 °C. Stop

heating when no more crude product was formed at the air condenser. The crude
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LLA was recrystallized 3 times in clhyl nucl,m: The product purity was analyzed by
'"H NMR and DSC following AS . LLA was kept in a closed cool dry

EEGE

EEG

All glasswares and accessories mple, septum and magnetic bar, were
pre-dried under feduced pressure for | day before seling up the reaction. 1-
Ethoxyethyl glycidyl e 0 g, 0.22 mol) and potassium fert-butoxide (0.49 g.
2% mol initiator) psferred into a round bottom flask in a nitrogen glove box.
The reaction was perfo sdl-al 72 -

e s .
mrn:d viscous llgud,-tﬁ-m .

—‘i..,..- gen atmosphere until the product
vas determined by 1H NMR. Crude

334 ﬂlﬁpenjng copolymerization of L-lactide using PEEGE as

ﬂUﬂ‘MEJWﬁWEHﬂ"ﬁ
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All substances, glasswares, and accessories were pre-dried under vacuum for
| day before setting up the reaction. A pre-weight amount of PLLA was introduced
into each PEEGE flask under nitrogen glove box. A precisely amount of freshly
prepared Sn{oct); solution in anhydrous THF {Efﬂpl.. + 1 mL THF) was introduced
into the flasks. After the mixture was stirred, THF was removed under reduced
pressure. Then, the reaction was performed at 114<116 °C for 24 hours. The percent
conversion was determined by 'H NMR. Crude product was puri fied by dissolving in
methanol. Insoluble am'iiH’ residue was scparated by centrifugation and washed
several time by methanol, Methanol ﬁas cvaporated from the organic soluble and
soluble residug’ under reduced pressure using rotary evaporator. Product
characterization was carried out by NM[{;,.;GPC and MALDI-TOF-MS.

335 ngmtu&iun of acetal Ir.to&l: -;m poly(1-ethoxyethyl glycidyl ether)-
b-poly(L-lactide) [26]

“U{’TBWW}} ﬁmu QP\[ H\,,/L
n\rn?uf

The methanol soluble portion of poly(1-ethoxyethyl glycidy! ether)-b-poly(L.-
lactide) was dissolved in methanol (56 times the weight of PEEGE in the
copolymer). This was followed by dropwise addition of 10% aquéous acetic acid (28
times the weight of PEEGE in the copolymer). The reaction was performed for 3
hours. All Vénlv:nu; were then evaporated under reduced pressure of a rotary
evaporator. The sample was dried under reduced pressure for 2 days. Product
charactenization was carried ourby NMR, GPC and MALDI-TOF-MS.



CHAPTER IV

RESUL TS AND DISCUSSION

4.1 Synthesis of I=ethoxy ethyl glycidyl ether (EEGE)

glycidol ethyl vinvl ether EEGE
Scheme 4.1 Synthesis of 1-ethoxy ethyl giycidy! ether (EEGE),

The synthesis of 1-cthoxyethyl glycidyl ether (EEGE) was carried out by
following Fitton’s procedure [24] (Scheme 4.1). The portionwise addition of p-
Toluene sulfonie acid was critical point in the preparation in order to prevent the
mixture overflow and high volatile ethyl ﬂ[i?lﬂiwr loss. Distilled EEGE is clear and
colorless liquid with strong unpleasant odor. <

'H NMR of EEGE (Figure 4.1 and 4.2) in CDCly, 5 (ppm): 4.71 (2q, Jyu =
5.3 He, -OCH(O)YCH;), 3.76 (dd, Jigy = 3.1, 11.5 Hz, -HHC-C(0)-C, epoxide ring of
diastereaisomer A), 3,66 (dd, Juy = 3.3, 11.6 Hz, -HHC-C(0)-C, epoxide ring of
diastercoisamer B), 3.61 (qd, Jyy = 2.3, 7.4 Hz, HHC-CH; of diastercoisomer A),
3.59 (qd, Jyp = 1.7, 7.1 Hz, HHC-CHj; of diastereoisomer-B), 3.45 (gd, Jyy =
unmeasureable,» 7.0 Hz, HHC-CH; of diastercoisomer A) , 343 (gd, Jym =
unmegsureable; 7.00Hz HHC-CHy of diastercoisomer B), 349 (dd, 3 = 5.4, 6.1
Hz, -HHC-HC({O)-CH;, of diastereoisomer B), 3.36 (dd, Jiy = 5.4, 6,1 Hz, -HHC-
HC(O)-CH;, of diastereoisomer A), 3.09 (m, Jig; = n/a Hz, HHC(O)-CH-, epoxide
ring), 2.75 (2dd, Jy = 1.0, 4.6 Hz, HHC(O)-CH-, epoXide ring), 2.59 (dd, Jnr= 2.6,
5,0 Hz, HHC{O)-CH-, epoxide ring of diastereoisomer A), 2.55(dd, Jyy= 2.7, 4.9
Hz, HHC(O)-CH-, epoxide ring of diastercoisomer B), 1.27 (2d, Jyy = 5.6, 6.0
Hz,CH3;CH(0)-0-), 1.15 (2t, Jyy = 1.0, 7.0 Hz, CH,-CH2-0-)
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“C NMR of EEGE (Figure 43} in CDCly, &(ppm):99.59, 9957 (-

stretching), 1386 (m,
ngj 1253 (w, cychc

CH}. sm v .-lu-—

stretching),

ESI-MS (positive ion) (I ! __: ent: methanol, m/e (relative inten-
sity): 133.014 (1€ 59,11 k r _‘1 00.890 (15), 347.217
(7),201.119 (3 W

-“
iﬂf, W,

i’.ﬂ; e ¥
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Figure 4.3 "'C NMR spectrum of EEGE in CDCly.
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Figure 4.5 ESI-MS of EEGE (solvent: methanol).



All signals in the "H NMR spectrum was found to match all protons of EEGE
[18, 24]. However, the splitting paltems of some signals were not as expected from
the chemical structure. For example, the signalat 1.27 ppm appears as a triplet with
area ratio of 1:2:1 instead of a doublet; the signal ard.7 ppm appears as pentet with
area ratio of 1:3.2:5.2:3.2:1 instead of @ set of quatet. This observation suggested that
two sets of doublet signals overlapping cach other at 1.27 ppm and two sets of
quartets D'-'Erlﬂppi_ﬂﬂﬂﬂhhm at 4.7 ppm. In addition, the number of proton signals
from 3.8-3.3 ppm_were more ﬂlan“.:hnﬁﬂ. present in the EEGE structure. This
observation suggested that two EEGE molecules having slightly different structures
might be presentin the product, resulting in two sets of signals overlapping each
other. In addition, the number uf_,carb:;-il.,signals from "’C NMR spectra were more
than these present in the Structure, as reported by Kim e al [18]. For example,
carbon signalsat 99.59 and 99.57 ppm ége identified as carbon atoms that coupled
with the same proton having a chemical Mﬂ;ahf.? ppm from the proton NMR.

This i1s most lﬂu:ly due 1o the fm&a{i@pl‘dimmnisnmcrs of EEGE during
synthesis. The famiatimi, of the dlaslemnisnmum is shown in Scheme 4.2. The
reaction started when vinyl group was mﬁit:d becoming a planar carbocation.
Hydroxyl group of glycidel, a stranger nuu]mpiﬁkﬂmn the oxygen atom of epoxide
ring, can aftack equally upper or lower side of the carbocation plane. This attacked
carbon will become a new chiral center for the molecule, ifi,'art"hlj_tcad}r possesses a
chiral carbonjat the epoxide ring in either 5- or R- form. The obtained EEGE,
therefore, has 2 chiral carbons, consequently a mixture of 4 stereoisomers are

formed.

As shown' in Scheme 4.2, 'structure | and [V are an enantiomer pair and
structure 11 "and [l are ‘the other enantiomer pair. Seo; the ‘structure™l and Il are
diastereoisomers that, in general, give slightly different chemical shifis in NMR
analysisy, leading 1o two sets of everlapping signals. The same: situation s also
applied to structure 111 and V.
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Scheme 4. action mech: tl‘i 2 synthesis "',-‘r glycidol and ethyl vinyl

'H-H COSYh , -1) iné cated proton signals coupled,

ie, 4.71 and 1.2 145 2 and 1.15; 2.59, 2.55 and 2.75;
2.59, 2.55 and 3.09; 27#3 : Elandlﬂﬂ'lﬁ&md]ﬂ?']?ﬁ
and 3. I* ' v 5 proton signals
m.upl I':-Tmi._- e i-signals e 4.7 and 99.59..% ¥ B o e 1 ‘ 55"? 3.19 355
and 65.' 0.8,50.7; 2.75 and 44 5,

ﬂum T’]EJ‘V]?WEJW’lﬂ‘i
ammmm mn'nﬂma 4
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Scheme 4.3 S

FI-IR speetra (Figure 4.4) indica d C-H st J of epoxy ring at 2,983
cm’! [24, 26]. Tt confi Gas chromatography
:quippad with a chirs : product purity and the
occurrence of those stere Figure 4.6 and Table 4.1, the
min with the area ratio of 2:1:1
2.6 min. Under this GC

chromatogram she
and -ﬂ q

conditic -,v 4 sterevisomers wer ﬁfﬂ peak was a
mixture © y swere so high as 99.4-
100%, :iln :d slightly pale yellow. The discol :--L!i was possibly from

comtaminated p‘-lu[ur.ne sulfonic acid. So, EEGE distillation was a must.

ﬂ‘UH’JﬂEJWTWEJ’]ﬂ'i
ammmmwnﬂmaa
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Figure 4.
Table 4.1 Pu
Entry %% Purity
99.6
| 100
1305 1T ’.;.1 "}'E 09 4
, P
i ‘ 99,8

undlsul'lﬂl | ' Ewas m
cnudmml Isothermal (90 °C), manual inject, spilt ratio 100:1, Column No 10

Fﬁ:}%} 3 %EHD WIWInS
' ' Moreover, ESI-MS spacl:mm (Figure 4.5) was determined. A mass peak of
]4‘? 075 that matched the pmt mass of EEGE; 0" {c.ulcu]ateMss g

QNG R vy sy i m el s T

[M+CH;0H+Na]". The solvent combined mass peak was able to be found in low
polar to high polar substance [27]. It is unusual that the mass peak at 133.014 was




also found because [M-13]" was not existed in mass spectrometry. It might be an

‘: ;1‘ "' Mi‘-_': “‘- ‘ F: bjFHMR. F-r-_IR'mld_ESI-
; ial fo t ion of EEGE.

pr ' .04 (q, Jym = 6.6 Hz, -

ﬁwﬂﬂ@%ﬂ%‘iﬂﬁl’lﬂ‘i

L-Lactide (LLA) was a?mm from Eﬂgw solution of L-lactic
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Table 4.2 Yield of L-lactide synthesis

Entry %eMass loss in polycondensation step %Crude vield  %LLA yield

Ll 295 56.2 26.0
L2 264 -’ 43.0 23.1

L3 203 7.0 22.5

1
|

|

From Tahl;'—‘d 2, the mus‘s loss i pﬁlymndmsaﬁan step was found to relate
with the pcrc:,glcrurié }"l,dd The high masa. loss brought about the high percentage
of crude }"Iﬂd The percent mass loss in pql,ycundmsnuun step was mainly water
from 2 sﬂurcew']"hc ﬁr:al one was walta‘"ﬂ'um E8% lactic acid solution. The second
was by-product water from the amu:l-camtyw condensation reaction of L-lactic acid.
It meant that the more pm:cnt uf the L- mﬁﬁ an:ld converted to low PLLA, the more
by-product water oceurred and the more ]ﬁﬁ‘acm mass loss was measured. The
obtained 43-57 % crude vield and 22 .5-26 ﬁrjﬁﬂlﬁ, f LLA were much lower than the
reported value of 70 % crude yield and 41 ﬁ mld of LLA [25b]. The lower yicld
was possibly because of the air condenser dmgﬁ “An extent of distilled LLA were
noticeably gnndmm:ﬂ at air condenser and fallen hm:km ﬂmmﬂm

LIA was recrystallized three times in ethyl acetate to EEEm: colorless fine
needle of LLA and then was characterized by 'H NMR, npﬂml rotation measure-
ment and purity analysis by DSC. The optical rotation of commercial available 98%
LLA at a concentration of 1 g/L in toluene at 20 °C and a wavelength of 589 nm
(T 1" sgonm) 15-285 £10 [28]. One batch of recrystallized LLA, L1, was measured by
optical rotation for purity determination. The result was -285.49, which was the

range of the specification.

Differential scanning colorimetry (DSC) was a standard measurement 1o
determine the purity of LLA following ASTM E928-03: The principle 15 based on
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van't Hofl equation that melting l'.:mpemlure range of a compound broadens when

the impurities level rises.

HLEEHEH '

peiia 3) obtained from DSC,

wuse the DSC instrument used
etide, L3 as high as
required purity of
c ymer with high

or polymerization as

The purity calcu
s -

had no ugetion o GRS et g
99,72 % was oblained i

molecular W BI‘]EL- i
discussed insection 4.4.

ﬂJ«lﬂimﬂm.mmm
nefE AR

liguid. It was noticed that all experiments gave discoloration in the reaction mixture
after the initiator, potassium rers-butoxide, was introduced into EEGE in both bulk
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and solution polymerization conditions. The reason of their discoloration phenomena
was in doubt. A possible explanation was that rerf-butoxide ion was a strong base
and might initiate side reaction 10 form unsatugated species in the reaction mixture.
The discoloration remained in EEGE even though itwas purified with diethy] ether.

4
(?;r_-\ﬂ*f\ ~.0

) 70°C 5-) >L 5
‘h?;‘__, —""EJ’ o Y u’(\[‘" o'

0. 40 :
T 'y Ao - ium

Pﬂﬂ&iu;n - —i}
tert-butoxide EEGE PEEGE

Scheme 4.4 Andonic l:ing uj:ening- palyniu@ri?,atinn of PEEGE,

During the polymerization, the reaction mixture changed from light to
viscous liquid. The percentage of monomer conversion was determined from 'H
NMR {I'-‘igurc 4.9) by correlating the peak area of the methine protons at 4.65 ppm in
the product and the proton-of epoxide i'unehmht} in the starting material at 2.76

ppm as shown in equation

%Conversion = Lirspn 100

(."l.llmn +1 :.‘-um]

After polymerization, the methine proton signals at 3.09 ppm and methylene
protons at 2.75,2.59 and 2.55 ppm of epoxide ring monomer disappeared. The
signals, for those protonssshified 1o the region) between 3.68-3.42 ppm. In ring
opening polymerization, ferf-butoxyl groupanitiated polymenzation by attacking the
CH; of the epoxide ring. In order 1o identify the ferr-butoxy end group on the
polymer product, an NMR signal at around 1.22 ppmief the nine butyl protons was
expected. Unfortunately that signal was shielded by the methyl signal of ethoxy ethyl
pendant group at 1.24 ppmi. Therefore calculation of the PEEGE molecular weight
by end group analysis was not possible. Moreover it should be noted here that, in this

synthesis step, no evidence of acetaldehyde signal was detected. It suggested that no
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occurrence of acetal cleavage was present during polymerization which comresponds

iy
ppm 1) %0

e e ain i .65 (-OCHCH3-0),
3.68-3.42 (-CHa-CIHO)-CHiaer ~O-CHa-CH3 ) 124 ACHa-C{OMH-0-). 1.11 (CH,-
. e B \,‘ ‘ ) (CH;

Tnhmj shows the reaction conditions and the
PEEGE. The eflec éwﬁamr amount on Wrmmznhun was studied by varying

Pl ith

uHEl the conversion was u 14% when the initiator was as low as DH%
l:f In wi

RN m

polymer was obiained when the initiator amount was 1.5% and lower. The polymers
were obtained when the initiator was more than 1.5% as shown in Entries PE3 to

polecular weights of
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PES. The molecular weights of PEEGE were rather low at around 4,000-6,000 Da,
and did not depend on the %initiator from 1.5-3%. An earlier study by Dworak [16]
reported that the polymerization of EEGE &t 65°C with % mole of the initiator as
low as 0.7 %mol gave PEEGE with molecular weight of 13,400 Da. In this work, it
seems that there might be some moisture in potassium fert-butoxide. Trace of water
was able to destroy. the eatalyst activity and convert potassium feri-butoxide to
potassium hydroxide and gerr-butanol which were weaker nucleophiles than butoxide
ion. Therefore at low initiator content (~194), there was probably no potassium fer-
huluxid;: to initiate the put}rmi:ﬁ?miui The purification of potassium feri-butoxide
can be carried out by sublimation at 180°%C/0.05 mmHg [29]. but the initiator was
used as received and not purificd before ysc

The presence of solvent had some influetipes bn 1 polymerization. In this
study, anhydrous THF was used as solvent for EEﬂE polymerization. The entry PE3
which was prepared from m!utiqp pﬁ!}mq;l'é.mli.-ﬁn (Table 4.3) had a lower molecular
weight (4,008 Da) than the catry PEG6 {i,ﬁﬁiﬂa} in which no solvent was used in the
polymerization. The polymerization of bmhmm:s were carried out by using the
same 2%mole of initiator. This result was accounted to moisture coming from the
solvent. So, in this ex[flérimnni, neat hlﬂk“pﬂ]‘fmi:ﬁm:m of EEGE was performed

in order to eliminate any moisture within the solvent.

Reaction temperature had significant influence on the polymerization
performance. In case of PE6 and PE7, raising the reaction temperature from 68 to 72
°C resulted in higher percentage of conversion from 95% to more than 99%. The
reason was that, al Higher temperatures, the-reactant molecule had higher potential
encrgy and energy barrier was lower. Consequently, the polymerization occurred

more than the operation at low temperature.

Reaction time had influence in the polymerization, For, example, in ¢ase of
PES, its molecular weight after 184 h of reaction was lower than that of PE6, for
which the polymenzation time was only 23 h. The reason was the occurrence of
chain wransfer reaction when the reaction time was too long. As a result, a large

number of short chain polymers were generated,
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Table 4.3 Polymerization condition and results of EEGE

%Mole Temp, Time
initiator °€%

Mu.by PDI Af,by

Entry - ¥ | b
i ¥
heo) GPC GPC MS

PEI 091 _ 70

PE2 . 5
PEY 2 136 1810
PE4 120 2,29
PES 125 2,145
PE6 122 2235
PE7 125 3,29
PES 191 122 -
121 1,690

'calculated from

AU INENIneINg
ARIAINTUAMINYAE
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q The facts were that all pol}rmﬁrimiun EEGE were prepared in small batches
while in case of PE7, it was done in big batch. The possibly reason was the
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polymerization of PE7 was prcpnred by severe pre-drying all involved glm'm (4]

um rl- 1woe  mba | aim r.-h Wm @ e aee  wm =m  ea

;ummemespwﬁmmmm uséd to determine the malecular

AR RN RHISE

higher than 600 were shown (Figure 4.12). A set of peaks with an interval of 146,
equaled to the repeat unit of EEGE, were obtained.
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Figure 4.12 MALDI TOF MS of PEEGE, Fﬁ;
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Altempt to determinEIhe Folymﬁrm:: from the mass spectrum revealed
that all PE entries, excepl for PET, w:ﬁjﬁbﬂk& series of PEEGE having two
hydroxyl end groups with a few amounts of series of {CH;];CD—.(C;H;.G,}.,—II plus a
pamssilfm-?iﬁn; For example, in Figure 4.12, the m/z of I,B??Iﬂ-‘! matched the
molecular weight of PEEGE having two hydroxyl end groups plus a potassium ion
while the m/z of 1,573.6 maiched the molecular weight of PEEGE having one tert-

butoxy end group plus potassium ion as shown below:

Structure HO+(C;3H 403):H K*

m/z calc = mass H30 + n % mass CjH O3 4 mass K

) = 18.0106 + 146.0943 n + 38.9637
=1,079.634 where n=J

atructure (CHy ) CO-(GH 0 KT

miz cale =mass CyH 00 + n = mass C;HypgO3 + massK

= 740732 4 146.0943 n + 38.9637
=1,573.98 where n = 10
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Figure 4,13 MALDL TOF MS of PEEGE, PET.
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Figure 4.14 Expanded MALDI TOF MS of PEEGE, PE7,
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In case of PET7 (Figure 4.13-4.14), three scries of mass peaks were observed.
The peak intervals of both mass series were equaled to 146, the same as other
product entries. Structure elucidation nf:‘;ié?:}xmljcs, however, resulted in two
different polymer structures. The structure of series .merc (CH3);:CO-(CyH 1403)-H
plus a potassium ion. The structure o jcnes 2 and 3 were HO-(CyH,404):-H plus a
sodium ion and a potassium ion, respectively. The intensity of series | and 2 was
about 3:2, menmngr_;hat the mole ratio of polymer having one chain end as ten-
butoxy groupo the one with ﬂihydmu'j{ end groups was about 3;2.
Table 4.4 Mas peaks series of PEEGE'}PET

e

Series | r Jeries? & ' Series 3
1573748 ° 4 1*,‘545.7:‘ _— # 1,663.8
1719.814 1918 - S 41,8008
1866.875 1,938.9 1 1957.5

The mass sP:ctmaji FE? was a sgguiﬁuq!. evidence showing that tert-
butoxide wps able to initiate the pnl}’mmnunn of EEGE. Unexpectedly, the
h:.-'drn.'-:uie dlso existed mn the system and resulie PELEGE Eﬂﬂng two hydroxyl

end gmup&. ] ;-

PE7-was used as polyether block for copolymerization with LLA. The
molecular weight used for calculation was 6,162, Because PES composed of two
types of the polyether, i.e, mono ten-butoxy and dihydroxy types, the structure of
dihydroxy PEEGE was used as a representativée model structure for BEEGE entry
PE1D for copolymerization selting up.

The . olubility test ‘i crude PEEGE was Suwidied 'in order 10 plrify (the
product, Diethyl ether was one proper solvent 1o putify PEEGE. The precipitated
solid was believed to be potassium hydroxide
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Table 4.5 Solubility test of crude PEE'.GE‘

Solvent y Result after centrifuge

Acetone W St + .

Dichloromethane w solution Mu—:l;rsnluﬁun with
B prespiae solid

Diethyl ether ¥ Cloiid solution " Cloudy solution with

4.4 Homopolym

mierizal s carr order to evaluate
polymerization conditi d the characte :

A (Figure 4 & (ppm): 5.16 (-CO(O)CH(CH;)-

of PLLA repeating unit), 4.34 (-CO 15)0H end group of PLLA), 1.58

(CO(O)CH(CHy)- of ;.ﬁ;,ﬁ__..-;‘--'l !; b 1 _(DC[CHJ}GH end group of

PLLA). ™y

A ,' ':Hu-i from NMR
unnﬁnnnd IC abl 4 it was found that
polymeri  of LLA was achieved by potassium fert-butoxide initiator as well as

Snioct);.

ﬂ‘UH’JﬂEJWTWEJ’]ﬂ'i
ammmmwnﬂmaa
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PLI1

PL2 047 115 24 786 17,09 159 :

'lmhmur

ﬂW’le‘SWEﬂﬂ'ﬁ

Molecular weight of FLLA. can be performed by "H NMR by correlating the

0 wﬁ@ﬂﬁjﬁfﬁ: eV iREE

For example, MW of PL2 calculated by NMR was
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_ (100 +1.18)x 72,0211

atogram of ¥ o s in Figure 4.16. To define
1h! end g ns of . -AE 'Ti"'ﬁ: -;F-.".'E. [ mas !‘i 5 Iro MALDI-TOF-MS

(Figure 4.17) spectralWere used: For example, m/z of the PL1 at 2489.201 matched
cither fert-butoxyl end and potassium ic :-jr', vl end group with soedium ion,

m/z calc for butoxyl end group - = ma Fnx mass C3HyO; + mass K

m/z cale ', ire i r--;-_[—l;'- 0; + mass Na

=2,439T13fu n=3

ﬂUEJ’WIEWI‘SWEJ’Iﬂ‘i
QW’]Nﬂ‘immfl’]’Jﬂﬂ’]ﬁﬂ
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Figure 4.17 MALDI-TOF MS of PLLA PLI1.

Doping polymer ‘with aliernative iomizing agent [32, 33] was used lo
distinguish either of both possible structures. As shown in Figure 4.18, the mass
peak of sodium and polassium doping are different. The dominant mass peak
abserved from spectra was matched to PLLA structure having hydroxy groups at
both ends with potassium ion. For example, m/z observed at 4,236.7 matched the
PLLA structure having two hydroxy end groups plus potassium ion (m/z of 4,234.2
when n=58), while PLLA structure having teri-butoxy end group with polassium ion
should have been presented at a calculated m/z of 4,218.2. Therefore, the PL1 was

mostly PLLA with hiydroxy at both end groups.
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Figure 4.18 MALDI-TOF MS of PLLA (F'Ll} with different doping agents; a)doped
with Na* and b)doped with K,

PLLA PL2 was analyzed by MALDI-TOF MS several times, but it gave
disordered  mass peaks., The reason was probably lmproper matrix/sample
preparation for high molecular weight sample.

4.5 Synthesis of poly(l-ethoxyethyl glycidyl ether)-b-poly(L-lactide)

O

- o Snjoct)
'I}ll._‘--_ " \I)\D 2 h-“ka\[nn}ﬂ-{__“,/‘\.ﬂ.}p
0
ﬂ\ru‘v" \ﬂ)\ 114-116°C, 24 h ﬂTfﬁf

o

PEEGE LEA PEEGE-b-PLLA

Scheme 4.5 Ring opening polymerization of LLA with PEEGE as initiator,
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This copolymenzation (Scheme 4.5) was designed such that in each
copolymerization batch, L-lactide was fixed at 7.42 mmol while the fed amount of
PEEGE was varied to be 0.12, 0.18 and 0.35 mmol. The amounts of LLA monomers
were therefore 10, 20 and 30 folds of the ﬂiil}‘dti:lx}' end groups in PEEGE.
Moreover, the amount of Sn{oct); was also varied to be 5, 10 and 15 % mole of the
hydroxyl end group of PEFGE. Each entry was named, for example, as 1/10/10,
meaning that the reaetion mixture composed of 1 mole of hydroxyl of dihydroxy
PEEGE, 10.mole of k-lactide and Snfoct); in the amount of 10% mole of hydroxyl
of hydroxy PEEGE., |

Because «Sﬂ(nﬂ}; was hfghly vtsmus liquid, the catalyst was prepared as
solution in erder to reduce error in quaﬁfilative measurement. The reported solvent
for PLLA polymerization in the hl.emlumwaa anhydrous toluene [25a] or anhydrous
THF [23]. Although toluene is non-hygroscopic, its toxicity and high boiling point
may cause problem during polymer synthesis (toluene b.p.111 °C, THF b.p.66 °C).
So, THF was chosen for preparing Sn{oct)s solution

As shown in Taﬁle’#.ﬂ three smnpjg,j]lﬁﬂmi 1/20/10 and 1/30/10, were
partially soluble in DCM, THE and mc*r,hmmhhmm temperature. The sample entry
12010 and 1/30/10 swelled up in THF while the 1/20/05 swelled up in all three
solvents, Afier repeating the copolymerization of 1/20/05, 1720410 and 1/30/10, the
same results were obtained. The swelling behavior of these three samples suggested
that cross-linking might take place in the polymer structure. A possible explanation
for this occtirrence was that the EE protecting groups in PEEGE were cleaved,
exposing pendant_hydroxyl group which were able to react with LLA monomer to
form branched or'networking structure. Consequently, the solubility of the resulting
copolymer was altered. The oceurrence of EE cleavage-was in fact observed in a trial
experiment in which PEEGE and 10%mol of Sn{oct); were placed in the same
reactioncondition-as the.copalymenzation stepedl was suspected that-trace-of waley
might be present in the copolymerization step, and was the cause of deprotection

espccial_l y in the presence of a Lewis acid Sn{oct);.
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Table 4.7 Polymerization condition and results of PEEGE-b-PLLA

le rati Solvent solubility'
TRHG.T8D % Acetal $

Entry (ﬂHufr 7 lof ,
' PEEGE:LLA)  PEEGE g CVEEE BeM THF  MeoH
1110/05 i ( p— e W ke o
1110710 = ¥

110/15

lﬂﬂﬂﬁ !l 230 + + 0
viscous liquid

'+ = soluble, Df;ﬂal soluble, - = insoluble

ﬁ*rw'mamwmm

The rest 6 entries, that were soluble in THF, were analyzed by NMR to
l:lﬂl:nmn: the mpulymmzahn‘mmrslnn as shown in Figure, 4.19, TUMR

qRA N RIS

LLA chains, in which the methine and methy] signals were shifted to 5.14 and 1.56
ppm, respectively. However, there were signals at 9.88 ppm (aldehyde, O=CH) and
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2.2 ppm (CHyC=0) from 1/10/10, 1/10/15, 1/30/05 and 1/30/15, indicating partial
acetal cleavages in these samples during the copolymerization. The percentage of
acetal cleavage was determined by comparifg the hydrogen of aldehyde (9.88 ppm)

0o 95 -89 5 0 75 70 ij L !! 0 4% 40 3 A0 2% 10 1%

Figun: 4.19'H %ﬂpﬂﬂﬂ of nnpnlymmﬁnp reaction in CDCl;.

ofhabbl

Q‘W']ﬂ\‘lﬂ‘im um'mzna 8
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4.5.1 Mﬂhannl-snluhhplrt :

Characteristic NMR s are shown in Figure 4.20-4.28
and Table B-2. \\‘ }Eﬂ

'H NMR of PEEGE-b-F CDCI; & (ppm): 5.14 (-
CO(O)CH(CH;)- ¢ ey i .‘ : *ILg )ICH(CH;)-0 of chain end
PEEGE), 4.67 | --‘fﬂ and 4.2 (pending group

-CH3-0- CQ : | q\‘;. \;Th‘ﬁ
142 {-CH i

» of PLLA), 3.68-
CU{G}CH[CH:}- of

= 1:10, with Sn{oct); 5% nel]-mCDClg

QW']MT]‘EWNW]’JV]EJ']@EJ
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Y]]

A zi"‘m*i""wm * 
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Fi 428 'H NMR l.'mm of methanol-soluble part nﬂpd] (OH of PEEGL:
LLA = 1:30, with Sn(oct); 15% mol) in CDCl; .
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From the NMR, PEEGE and PLLA, were found in the methanol-soluble
portion of the copolymerization product. This meant that it composed of PEEGE and
PLLA. If the two blocks are nmmhcr.:ln:;ﬂ,‘:n'i?& Egill be a signal shift caused by
changing of a chain end “ether™ proton nfEEGI‘.ﬁ'ﬂm 3.3-3.7 ppm to an “ester”
proton at 5.1 ppm (Figure 4.29). The esterified CH of PEEGE chain end must couple
t0 a neighbour CH; whenanalyzed by COSY technigue. The H-H COSY analysis of
the m:lhannlvsa!ubkgaﬂpglymet rt;_ucﬁlad faint coupling between signals at 5.09 and
3.70 ppm as'€howndin Eigure A-1 to A-9. This is a significant cvidence of the
success of the ROP of LLA mﬁnnmaﬁt by the chain end hydroxyl group of PEEGL
block [4]. Tn addition, wo. penh at 4. I*and 4.4 ppm were also found and defined as
methylene gmup {ﬂHy} I.h”al. mnmcE_@l 1o the lactide unit via ester linkage as
reported by Duuﬂl [}4] 'I'l'u:s: terminal methylene proups could be found at two
positions. One Was the mm'n} I::m: chain It.rn:l unit that was generated by ring-opening
pnlymcn?.aﬁnn of the @nxldc pnomer. Ej' hyd:nmd: ion. The other was possibly
pendent methy lene gmﬂup that was t"nnnql @c: the partial cleavage of ethoxy ethyl
prolecting group dlsgusscd earlier. The fmﬁﬁm crl"mﬁﬂn}*l:ne hydroxy groups from
bath positions was able tur‘mmal-: the ROP ﬂfwﬁ: monomer. The structure of two
possible CH; esterified were shown in Flgnre 4.3!] Moreover, the signal at 4.8 ppm
was found and mupl:d with 1.3 ppm (F lﬂl.'mu x»hﬂh-ll} Th-.-se two signals were
defined qs_CH and CH, of the acetal in the Prﬂnctmg group nfi:.l'nam end PEEGE
unit, respeam-'cly N

PEEGE Block PLLA blogk
Figure 4.29 Assipnment of chemical shifi (8) from 'H NMR of esterified linkage
between PEEGE and PLLA.
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In polygen2 _ , ht of product increases when
peicat il n(oct)s decreas e or m ‘  increases. However,
the molecul: fnol-solabte | ;
in Table 4.8. At fixed mol
when mole Safoct); ¥ ¥

Figure .31, | .

principle as shown
r weight decreased
nded at 15% as shown in

Table 4.8 Characterization resulls of methanol:soluble part PEEGE-b-PLLA

%

En
el weight

(GPC) (GPC) (MS)

1/10/05+, 98.1 393 Ll116
| el
1710/107 25 179 1255
11015 ﬂ?z Slightly B 81 222 1421
- liquid . -
1720005 47.52  Transparent yellow gel 11,820 .;g.:}g ~

b IRpN b3y Ik | ﬂ;ﬁm

1/30/05  87.60  Slightly orange viscous liquid 14,702 11,749 7.70, 1,197

AR SRR 1IN E TR E

1730015 72.05 tStlg,ln':ﬂtl:'e' yellow cloudy viscous 14,702 7,205 3.03 1,386
1qu
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'calculated from feed ratio as in the equation;

Molecular weight (Da)

Figure 4.31 Rel

maole ratio @GE:

To evalrxc the copolymerization performance by using NMR as a wol,

g, @ in:length, and
] m s, the area

mﬁurﬂwmm proton {4Tppm} to the ether proton (3.68-3.42 ppm} must be 1:7.
OWEVer, n.ss]mwannh’lcd the acetal proton ¥alues of all entries were lower

RSINISERISAEARE

likely that trace of water and Sn{oct); were accounted for this cleavage.




The mole ratio of PEEGE:LLA in the product was determined and compared
with the feeding mole ratio, As in the preyious paragraph, an extent of acetal
cleavage was observed, so the acetal pmmn*ﬁl_#.‘if_ppm was not represented for the
PEEGE content in the copolymer. Instead, the proions at 3.68-3.42 belonging 1o the
methine and methylene of backbone EEGE units were used to calculate the PEEGE
content in the product. The amount of LLA was identified by the methine proton of
PLLA at 5.14 ppm.

For example, the entry 1A10/S 10 1/10/15 (feeding ratio PEEGE:LLA =1:10)
Repeating unit of PEEGE determined from A . (GPC) was
6060046 =
- 41 w: v
Therefore, the uvmng#'numhﬂ: of H in the backbone (3.68-3.42 ppm) of PEEGE was
= 748 repﬁaling.uﬁil -ul’]’éﬁGE _
o] P
[

= 23?_3j5ruluns~ ¥ i \

Because the structure of PEEGE was aﬁ_ltlﬂ;d;ﬁ{lftunlain two hydroxyl end groups,

the methine proton amount of LLA was

P
e B

= 2 % 20 protons
So, the thearetical proton ratio of PEEGE:LLA = 28740 = = 7.2

The mole ratio of PEEGE:LLA found in the copolymers were lower than the
theoretical ygh:c shown in blanket. This suggested that the methanol-soluble parts
contained lower amounts of LLA units than that of the added content. In fact, homo

PLEA was found inthe methanol-insoluble.part, as discussed.in the next section.

The integration values of the methine protons-of LLA in the repeating unit
(5.14 ppm) and in the terminal umit {(4.34 ppm) were used to calculate average PLLA
chain length. As aresult, PLEA lengths inthe copolymer were rather short. For these
experiments, there was mo relation or.trend between the PLLA chain length and the

feeding mole ratio.
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Table 4.9 Characteristics of mﬂhanui-m]uble part from copolymerization of PELEGLE

and LLA as evaluated by ' H N 5&

Acetal o~ tior 7 Average Mass increase
Entry  proton ratio @ PLLAchain  dueto PLLA
[ gt ) | "mh‘ Ellmﬂﬂl’

(T 266
(] 475
110015 300
120/ 167
12000 274
120015 958
1 jrd [
13005 20. m.rf:' ,: 0.9 561
VW i, < o \
Im’lu Mg:? "J-.' |.:1 M ; "'-.3 31“
> ,
13015 "HIJ # .' 691
147 ppenld 3 I 43 ppm)

Y 1333 syl 3 1appm

5 .
{ 514 pprm * T2 4 34 ppm

| 1 i ' g Fl]
This, therefore, led to a variety of molecular chain length and possibly, homo PL
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PEEGE and LLA.Tﬁ n.lumlogmmanEEGE was also pummd for comparison.



MALDI-TOF analysis of the m:thami -soluble parts (Figure 4.33-4.38) gave
asmasaf‘pmksﬂmlhaﬂ- ,/ , equal to a repeating unit of lactic
.H n‘u/

acid, e.g, m/z at .!.w-*. B13.4, 1,741.4, 16704 and
1597.3. However, the m ich !he structure of PLLA or
PEEGE-b-PLLA ¢ parts  possibly contained
PEEGE-b-PLLA wil e acetal cleavage discussed carlier from the NMR
analysis. The re ‘ re was not identificd
cleavape inF

ized in three group

as shown T : 10 irst gre i 1}\ \‘” f!m-BuD-FEEGErb
PLLA plus a potassium fon, The second F‘ E\ a series of HO-PEEGE-b-
PLLA plus a potassium ion. The last grou AW : of undefined structure
polymer thal possi tained I 1 extent of acetal cleavage
discussed earlier fom NMR analysis.

ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂ‘i
ammmmwnﬂmaa
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Figure 435 MALDI-TOF MS spectra of methanol soluble part copolymer (OH of
PEEGE: LLA = 1:10, with Sn{oct); 15% mol) [bottom-expanded spectrum].
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Table 4.10 Interpretation mass of methanol-soluble PEEGE-6-PLLA

Mass peak  Interpretated

4.5.2 Malh:nul—mmluhl: part

ul ‘E&E“’ﬁ”%ﬂ‘ﬂ“ﬁ’%ﬂ Lk e
N TR TR

" PEEGE), 4.67 (-OCH cu,}ﬂ n[' n:p:atlng unit PEEGE), 4.4 and 4.2 (pending
3.68-3.42 (-CHy-CH(CH,-0-)-0-, -O-CH,-CH3 of PEEGE), 1.56 (CO(O)CH(CH;)-




of repeating unit PI..I...&] 1.41 {GG{GJCH(CH,J- of repeating unit PEEGE),1.3 (-
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Figure 4.42 'H NMR_ speetrum of methanol-insoluble part copolymer (OH of
PEEGE: LLA =1230 )y 15% Cl

nart of nhl:almd polymers are
the copolymerization

inso “ luble properties.
I
sted that these solid part
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contained PEEGE and PLLA or its copolymer having long PLLA block. H-H COSY
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Table 4.11 Characterization results of psthano -insoluble part PEEGE-b-PLLA

M, PDI M
(GPC) (GPC)  (MS)

1/10/05

11010 2.62 2,025
1/10/15

1/20/05 > S
1/20/10 = .
120015 2.42 -
1/30/05 7.53 -
1/30/10 - .
1/30/15 ; 3 231 2,109
'Reddish brown T olid residue in 1/10/15 that
were insoluble in methanal ver, they were nol analyzed

because of their sma

it should be { " 4 oup in PEEGE

block SEpmen!

‘ll somewhat o “'j
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PEEGE and LLA as eval
Mass increase

Entry  proton due to PLLA

FEX segment
1110710 2,105
120715 1,973
17305 1,532
1/30/15 2,278
Clapedl 33388 b ppit T a7 ppm)
13338 pp P8 14op ]

1 (Figure 4.4 methanol-insoluble parts had the
highest peak at a retention time shorter than that of the methanol-soluble part. It
meant these insoluble parts had a | of high molecular weight

=
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Figure 4.43 GPC of methanol-insol  from the copolymerization between
PEEGE and LLA. |

insoluble part from 1/10/10 and
4.45). They showed two series
| 7 uthannl-anluh]e part. The mass

 firs giched PLLA having
1929.303 matched

MALDI-TC 7
1/30/15 were representativel

of mass peaks al higher mas

series, 88 2aks the s: j those found in the
methanol-soluble part and did not cm]y match the structure PEEGE-b-PLLA
copolymer. ThE reasen that the structure Was'not identified was from the fact that

mm:mﬁ ST AT

m=r structure,
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Figure 4.44 MALDRI-TOF MS$ specira of methanol-insoluble part copalymer (OLL of
PEEGE: LLA = 1:10, with Sn{oet); 10% mol) [bottoms expanded spectrum)],



135

£ 323
(]
AR

AEItdNE

pakiatt
il
APNAS

[
Frrael
L]

T

[k 1]

Figure 4,45 MALDRI-TOF M$ spectra of methanol insoluble part copalymer (Ol of
PEEGE: LLA = 1:30, with Sn{oe1); 5% mal) [bottom- expanded spectrum |,



76

4.6 Acetal deprotection of PEEGE

i was carried out in order 1o determine

: ly(glycid @cn,&n. & (ppm): 3.76-
3.50 (-CH-CH(CH °G repeating unit), 1.98 (OH of PG repeating unit),

L 19((CHj)s-

Figure 4, 6.1

ained linear PG was yellow liquid. It was soluble in THE but
suluhle in walf and methanol. The coupling between signals at 3.7 and 1,98 ppm

ﬁm‘iﬂﬁ’l g
b8 huothyl & ~OH (1.98

pm] Moreover, it was found a phngbﬂmnpmksmﬂﬂppmmdllg m.

awmﬂwﬁwﬁﬂwﬂ Y




2.0 .8 20 1.5 .

]
LN YGMU]J in CD;OD,

lar weight was not
_phase. MALDI-TOF
fes of peaks that had
s shown in Figure 4.48
Weight was 1,866 with

and interpréted in Table 4.13. 'nmnumhcramg:mu
PDlof 1.15. &
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Table 4.13 Mass peaks interpretation of PG

(ert-BuO-PG + Na | ten-BuO-PG+K | HO-PG+Na HO-PG + K
10593 10753 10793 1,0933
11333 11493 L1513 11673
1,207.4 1,223.3 1,225.3 1,241.3

4.7 Acetal depratection of methanol-soluble PEEGE-6-PLLA to PG-b-PLLA

“‘uk\fg?"{j’)\o"}'n _ wﬁymﬁ L T ﬂ?{ ot o
{:-T{E‘_,_,f- L o ©

Scheme 4.7 Acetal deprotection of PEEGﬂPLL&,

Y

The deprotection of neetal pmtacﬁug'gfﬁup was carried out as shown in
Scheme 4.6. Because 10% agueous acetic acid solution was used to remove the
acetal protecting group in PEEGE blocks in the copolymers, a large volume of
methanal was needed to homogenize organic and aqueous phases. The amounts of
methanol and aqueous acetic acid solution required were based on the weight of
PEEGE in the copolymers. The weight ratio of PEEGE in the copolymer was
estimated from the feeding ratio. The obtained products were pale yellow viscous

liquid,

As shown in Figure 449, the NMR signal of methine at 4.7 ppm indicated
the present of acetal group remained in the product after the deprotection of
methaneol-soluble PEEGE-b-PLLA. It was found that only two.entrigs, 1/1/05 and
1/10/10 were successfully deprotected while entries 1/10/15, 1720015, 1/30/05 and
1/30/15 were not. The reason for incomplete removal was accounted for the high
PLLA weight ratios in the copolymers. Because the copolymer entnies 1/20/15,
1/30/05 and 1/30/15 had high ratios of PLLA in the copolymer, the methanol-water
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mixed solvent was not ble. o ubilize the two components completely.
Consequently, acetal ¢ ‘ / pleted.

And the - sull “ o

.Flh] 4. 1 ra L AL 1GS 0 ‘A; >‘l olg "w VI||- I methanc 7"' juble p E'-E'PLLA-

DAY
i ﬂ’l J E‘;';E )m\w s

di/10/5s  86.1 0 Tra =99
di/10/10 828 | C sid >99
di/i0ns 90 - cloudy y 236
412015 838" Cloudyyellowvis 19.8
dI/30/5 814 | Transpatent orang 294
diB015 934 Shightlycloudy ye 28.8
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ner (PG-4-PLLLA)in CDCL

Figure 4.49'H

'H NMR ¢ LLA in CD;0D, &(ppm): 5.18 (-CO(O)CH(CHy)- of
LLA repeating unit), 4.91 # 2, solve 2 (-CO(O)CH(CH4)OH end group
of PLLA), (-CH3-CH{CH3-0-)-C peating unit), 3.30 (CD,0D,

integrating end chain CH ufPLLApnmusad & 4.34 ppm as one proton. Then,

kb v i-t Il

RTAIISN TN

The results as well as those from MALDI-TOF-MS are shown in Table 4.14.
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Table 4.15 Characterization uf‘dq:rmmd methanol-soluble PEEGE-b-PLLA

M
S U1

(MS)

copolymer
H”:’
= / R)of  (pa)

Entry % Yie

d1/10/05 1241 107

aiono  s2af S84l N 1206 1.08

HCOSY NN is (Fi .x\u /10/05 and
d1/10/10 revealed a low-intensity coupled signal between the peak at 5.05 and 3.7
ppm which were the evidences of conjugation bet eenthe LA and FEGE blocks.
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Sulsgyamfﬁ iiries d nd d

shown in Tnhl: 4.15. PG-b-PLLA enl‘.r.ms dlle.n"S and d1/10/10 were partially

ﬁ'u]nulh:rmpa]ymw:dmunﬁ ThPGmb:rmnw:dﬁ'mnﬂmmpnlymnr
mixture by precipitation in THF, while homo PLLA can be precipitated by MeOH.
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Due 1o the time limit and small of sample residue, the mentioned purification

mmmmt,hﬂmm. Ormnec |

S\\!//

of deprotecte j“ al reom temperature (30 °C)

Table 4.16 Solubility e

mer entry d1/10/5 was
investigation. Molecular
d1/10/05 (Figure 4.52) was
than methanol-soluble part
btained molecular weight was the

2,268 Da. (PDI=215)
weight distribu
uni-modal. The mol A
of PEEGE-b-PLLA entry d1/10/5. Ho
result of THF-soluble part of polyme

unuhﬂnﬂnrll?n net M NmW MW nNm MoK HE WD
Erravon tme

0 wwﬂmﬁﬁwgﬂﬁﬂ
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PG-b-PLLA entry 1/10/05 and 1/ ]Da"lﬂ were characterized by MALDI-TOF
mdctemuneﬂwsmmumfF \‘ , in which three series groups were
d in Table 4.16. The mass

obtained in both entrics *\’i T‘,g.fj// of lactic acid.

interval in each series
Table 4.17 Interpretation mass peak of -.*1,_—.". :

= R
1.065.1, ... wiBuO POb P |

1,067.1, ...
1,069.1, ..

LOTLE
10738, ...

Group 2 :
1,077.1, ...
1,079.1, ...

Group 3 :
1,021,179
1,025. 1% =

-l

mln conclusion, the obtained polymers mntaiﬁuﬂn]"ﬁ.«ba
PLLA,, HD-P(‘-'«&&L&, and polymers Wﬂd:f ined structure.

ﬂ‘UH’JﬂEJWTWEJ’]ﬂ'i
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Fipure 4.53 MALDI-TOF MS spectra of copolymer PG-b-PLLA d1/10/05 [bottom-

expanded spectrum),
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

Linear polyglycidol-b-poly(L-lactide) or PG-b-PLLA was prepared from ring
opening copalymerization between poly(1-cthoxyethyl glycidyl ether) (PEEGE) and
LLA monomers/in the presence of Sn{ect), catalyst, followed by ethoxy ethyl
deprotectiony The mole ratio of PEEGE and LLA was varied from 1:10, 1:20, 1o
1:30. The copolymerization was performed at 110-120°C for 24 hours. Two types of
polymer products with difference in MeOH solubility were obtained.

The methanol-soluble pan were PEEGE-b-PLLA eopolymer as charactenized
by NMR and MALDI-TOF-MS. Estcriﬂcaﬁﬁﬁ_,bﬂwun PEEGE chain end and LLA
unit was evidently found by the NMR uﬂthe;r MS peak senes. The molecular
weight of the methanol-soluble cupnl;-'n'.tﬂﬁni wide distribution, indicating that the
copolymerization was non-living. Mass spectrometer revealed that the number
average molecular weight of PG-5-PLLA was about 1,200 Da, and pointed out that
their structures ma:chﬁ:l tert-BuO-PGy-b-PLLA, and Hn'PEFF&_'ELLhn as well as a
number of polymers with undefined structures. The methanol-insoluble parts were
found to mestly consist of homo PLLA and undefined structure polymers. Although
the obtained PG-b-PLLA was soluble in MeOH, it was not completely soluble in
walerat room temperatire (—30°C).
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5.2 Future directions
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Figure : -H € oluble part copolymer (OH of
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APPENDIX B

Table B-1 Purity

% Arca  ADERTTAC dele] D K 1/f=  (ABCAY
percent md ) "y (mW) =Td+DE (ABCAY (ADEA)

10 B.7672
12 7.3060
14 62622
16 54795
18 4 8707 4 8707
20 43836 4 3835
22 3.8851 39851
24 36530 36530
26 3.3720 3.3720
28 31311 3131
30 2.9224 2.9224
32 2.7397 2.7397
34 158 1035 72, 369 25786 25786
36 161.44¢ 4 = i 369.5570 24353 2.4353
38 170416 o 369.5888 2.3071 2.3071

40 385 965985125 /8 ] 3696259 2 21918
42 ' T ® i 20874
1.8925
1.8059
1.8262
1.7534

%H of sample (J/g) = ]W 256

ﬂUﬂﬂmﬂjﬁﬂ’]ﬂ‘i

S, Slope of indiurd (MW/K) = -26.98~

AN AR | R 118 6

Results Te (°C) =96.85

%ePurity (Method A) =99.72



Table B-2 Integration proton of methanol-soluble part copolymer PEEGE-b-PLLA

13

8,

o i
ppm = =

g 2
5.14 100 100
4.79 24 5.0
4.67 6.1 359
4.34 2334 104
3.7-34 1500 3189
1.56 3429 3304
1.49 81.8 42.1
1.26 375 117.8
1.16 37.6 1354

9

i
I
j||.
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AR TUAMINYIAE



114

Table B-3 Integration proton of methanol-insoluble part copolymer PEEGE-b-PLLA

8, ppm

a.l4

4.79

4.67

434

3734

1.56

1.49

1.26

1.16
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