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ABSTRACT

Recently, poly (lactide) (PLA) and poly (e-caprolactone) (PCL) and their copolymer have attracted more atten-
tion in the fields of surgery, sustained drug delivery and tissue engineering’>". These polymers have shown
their potential applicationsin avariety of fields because of their biodegradability, biocompatibility and perme-
able properties. Poly (e-caprolactone) showslow melting temperature (T _~60°C) and high decomposition tem-
perature (T, = 350°C) and degrades very slowly dueto its high hydrophobicity and crystallinity. It isknown that
block copolymerization allows combination of the chemical properties of the main components and physical
properties of theresulted copolymers can be tailor made by adjusting the molecul ar weights and the composition
of the congtituting blocks. Though severa strategies have been used for preparation of PLA and PCL, the
particular convenient method to synthesize these polymersisthe ring opening polymerization (ROP) of lactide/
lactonesand their functionally related compounds. The ring opening polymerization of |actide and -caprol actone
give polymers with wider spectrum of properties than the polymers synthesized by copolymerization of the
corresponding hydroxyacids. Such ring opened copolymers yield tough polymers with properties from rigid
thermoplasticsto elastomeric rubbers. The resulting hompolymres were characterized by *C NMR, Size exclu-
sion chromatatography (SEC), Infrared spectroscopy (IR), Differential scanning calorimetry (DSC) and MALDI

ToF-MS. © 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

Intherecent year, thereareenormous catdystshave
been used for the polymerization of lactide and other
lactones™. Somestudiesof variablecatadyst haved so
been carried out. These catalysts are absolutely non-
toxic, because they have been used and no adverse
effect hasbeen observed in polymeric product. Poly
lactide (or poly lactone) polymer prepared using such
catalyst does not requireto be purified from the cata-
lystsprior to amedical (implantation of variousbody
parts and other accessories) or pharmaceutical appli-
cation. Thewidely used catalyst such assaltsor com-
plexesof duminum, tin or lanthanideionsfor the poly-

merization of lactidesor lactones, do not meet theabove
requirements. Zinc metal or itsderivativewas consid-
ered asapotential catalyst for lactidesor lactones po-
lymerization. Severd difficultieshavea so been encoun-
tered. Zincmeta or zinc contai ning compound hasbeen
studied by several research groupswith mixed results.
Basic compound such as zinc oxide or carbonatefa-
vorspartial racemization of L-lactide and termination
steps. Useof diethyl zinc catayst during polymerization
of lactide and | actones has caused technical problem
becauseitishighly moisture sensitiveand sdf-inflam-
mable liquid. Zinc powder is removed from the
polylactonesby ultrafiltration. Therearesomelitera-
turereportsabout theuse of organo zincin polymeriza


mailto:asutoshpandey2@gmail.com

190

Homopolymerization L-lactide and D,L-lactide

MSAIJ, 6(4) December 2010

Full Poper =

H OH
Zn(CH;C00), + m

N (0]

\

H
L-proline/D-proline

Methanol l Triethylamine

O
/1

Zn(Pro),
Zinc prolinate
Catalyst A = Zn(L-pro),
Catalyst B = Zn(D-pro),

Figurel: Synthesisof catalysts

tion of lactideand lactones, but nothingisknown about
thetoxicity of thelegend, which doesnot belongto the
human metabolism. Although numerousamino acidsand
their derivativesbe ong to thehuman metabolism, zinc
satsof amino acidshaverarely been used as catalysts
for the polymerization of lactides and lactones.
Recently, poly (lactide) (PLA) and poly (e-
cgprolactone) (PCL) and their copolymer haveattracted
moreattentionin thefields of surgery, sustained drug
delivery andtissueengineering®”. Thesepolymershave
showntheir potential applicationsin avariety of fields
because of their biodegradability, biocompatibility and
permeebl e properties. Poly (e-caprolactone) showslow
melting temperature (T _~60°C) and high decomposi-
tion temperature (T, = 350°C) and degrades very
dowly duetoitshigh hydrophobicity and crystdlinity. It
isknown that block copolymeri zation alowscombina
tion of the chemical propertiesof themain components
and physica propertiesof theresulted copolymerscan
betailor made by adjusting the molecular weightsand
the composition of the constituting blocks. Though sev-
eral strategieshave been used for preparation of PLA
and PCL, the particular convenient method to synthe-
sizethese polymersisthering opening polymerization
(ROP) of lactide/lactonesand their functionaly related
compounds. Thering opening polymerization of lactide
and e-caprol actone give polymerswith wider spectrum
of propertiesthan the polymers synthesized by copoly-
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Figure2: FT-IR spectraof (A) zincL-prolinateand (B) zinc
D-prolinate
merization of the corresponding hydroxyacids, which
have been reported in theliterature. Such ring opened
copolymersyield tough polymerswith propertiesfrom
rigid thermopl asticsto € astomeric rubberd®d, with ten-
slestrengthsrangingfrom 0.6to 48 Mapand so eon-
gation*®, The larger reactivity of lactide over e-
caprolactone leads to copolymers that are blocky,
where the block lengths depend on the starting co-
monomer composition, catd yst™ and polymerization
temperature. The copolymer of pureL-lactidewith e-
caprolactone obtained by ROP contributesflexibility
behavior because of the e-caprolactone segment and
high crystalinemelting pointsfrom PLA blocks. Many
metal complexes(e.g. Al L8 Mg, Fel*sl, Son2®]
and Or*! havebeen used asinitiator/catdyst inthe ROP
of cyclicester. B-diketiminato ligandshaveemerged as
oneof themost versatileligandsand theseligands are
readily tunableto accessderivativescontainingarange
of substituentsaround ligands skel eton(#,

A highly efficient initiator (complexation of zincwith
[-diketiminato ligands) for thering opening polymer-
ization of | actides and e-caprol actone has been stud-
iedi®,

zincmetd or zinc containing compoundswerestud-
ied by severa groups?*?!, with mixed results. Zinc
oxideor carbonatefavorspartia racemizationof L, L-
lactide and termination steps. Diethyl zincisahighly
moisturesendgtiveand saf-inflammableliquid. Whichis
inconvenient for up scaling and technical productions
of polylactides. zinc powder needsto beremoved by
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Figure3: Homopolymerization of L, L-lactideand D, L -lactide

ultrafiltration. Zinc bis (2,2-dimethyl-3,5-heptane-
dionate) give high molecular weights, but nothingis
known about toxicity of theligand, which doesn’t be-
long to the human metabolism.

Zinc L-lactate posses severad useful and promising
properties, but poly (L-lactide) with amolecul ar weight
100,000 can seemingly not to be obtained with thiszinc
st Thepresentwork highlightson zincsdtsof amino
acids. Although numerous amino acidsand their de-
rivativesbel ong to the human metabolism, zinc salts of
proline have never been used as catal ystsfor the poly-
meri zation of lactidesand e-cgprolactone. Zinc prolinate
was sel ected because of itsbiocompatibility in com-
parison with other reported catalyst. Therefore, zinc
salts of L-proline, D-proline and were used in
homopolymerizaionof L, L-lactideand D,L-lactideand
copolymerization with other lactones, such as e-
caprolactone. Theresulting homo and copolymerswere
characterized by 'H NMR, *C NMR, Sizeexclusion
chromatatography (SEC), Infrared spectroscopy (IR),
Differential scanning caorimetry (DSC), thermo gravi-
metricanalysis(TGA) and MALDI ToF-MS.

EXPERIMENTAL

Materialsand methods

L, L-lactide, e-caprolactone, L-proline, D-proline
and zinc acetate were purchased fromAldrich sigma,
dichloromethane (DCM) and methanol were purchased
from SD-Fine Chemical India.

Synthesisof zinc prolinate catalysts

Thecatdyst zinc L-prolinatewaseasly synthesized
by stirring zinc acetate Zn (OACc), (1 equiv.), L-proline
(2equiv.) andtriethylamine (2 equiv.) inmethanol (Fig-
ure7). Thecomplex (white duggish) was precipitated

out fromthemethanolic solutionand canbeeasly iso-
lated. Zinc D-prolinate was prepared by using similar
procedure. The spectroscopic data??, the mononucl ear
zinc (prolinate), derivativesare shownto bethe pre-
vailing species. FTIR (Figure 2) also confirmed the
structure before and after the compl exation with pro-
line

C,,H,N,O,Zn (291.60), calculated, C 40.91, H
5.48, N 9.54 and found C 40.90 H 5.53 N 9.4. This
catalyst was shown possessing low hygroscopic. The
crude product wasrecrystallized and [a] ,*° = -53.68
concentration 2.59/dl inwater.

The complex wasresulted fromthereaction of zinc
acetatewith either (L or D) proline. Thetwo L-proline
moleculesare coordinated tothezinc atomviatheir N
and carboxylic O atom. Thetwo bidentateligandsare
trans with respect to each other. The zinc atom is
pentacoordinate, fifth coordination site being occupied
by the symmetry related O (4°) (symmetry code: (i) 2-
X, y-1/2, -z) of aneighboring prolinemolecules, sothat
aninfinitepolymeric chainisgenerated. The polymer
showsahelical structure alongthe 2! direction. The
zZinc coordination hereisuniqueasmost zincamino acid
complexsare hexadentate.

FT-IR showed the N-H stretching at ~3750cm’?,
C =0Oketonic (v CO) = 1590cm*and antisymmetric
and symmetric carbonyl stretching frequency at 1720
and 1350cm'*. The stretching v(CO) and vN-H bands
of L-praineafter coordinationwith zincwereobserved
at 3250 and 1550cm™. The antisymmetric and sym-
metric carbonyl stretching frequency were observed at
1550 and 1350cm respectively. The difference be-
tween the antisymmetric and symmetric sretching fre-
guenciesv(COO) wasca culated as 168cm* and found
similar to thestretching frequency of M-O bond. Simi-
larly IR spectraof zinc D-prolinate showed the fre-
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FiguredA : DSC thermogramof PLA (a) L-5, (b) L-3, (c) L-9,
(d)L-12and (e) L-13
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Figure5: C NM R spectra (500 M Hz) ar ound car bonyl (es-
ter), carbonyl (acid) and car bonyl (lactide) ar easof PL A oligo-
mersL-3,L-5,L-9,L-12and L-13

guency at 3250cm* and 1550cm . The peaksat 1680
and 1382cn! were observed dueto carbonyl antisym-
metric and symmetric stretching frequency respectively.

Characterization method
Exclusion chromatography

Molecular weights(rdative, v ,and ) and poly-
dispersity (v, / mw) weredetermined with respect to
polystyrene standards by size exclusion chromatogra-
phy onaThermo Finnigan Spectra SeriesAS300 ma-
chineat 25°C by eluting PLA solutionsof 10mg/mL
concentrationin CHCI,, with tolueneasinternal stan-
dard, through aseries of five u-Styragel columns of
poresizes10°, 104, 10°, 500, and 100 A° respectively,
and length 30 cm each. CHCI, was used asthe mobile
phase (flow rate ImL/min) and arefractiveindex de-
tector (Spectra Series RI-150) was used for detection
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Figure4B : DSC thermogram of PLA (&) L-5, (b) L-3,(c) L-9,
(d)L-12and () L-13

L-15

L-14
IV A VN

| | | | | |
174 173 172 171 170 169 16§

Figure6: ¢ NM R spectra (500 M Hz) ar ound car bony! (es-
ter), carbonyl (acid) and carbonyl (lactide) ar easof PL A oligo-
mersL-14and L-15

of different molecular weight fractions. Molecular
weightswere cal cul ated with respect to polystyrene
cdibration.

Differential scanningcalorimetry (DSC)

Differentia scanning calorimetry (DSC) measure-
mentswere performed on athermal anayzer in nitro-
gen aimosphere. The measurementswere run from—
90 to 200°C at a heating rate of 10°C/ minand at a
cooling rate of 100°C/min. Theglass- transitiontem-
perature (T g) and the crystallinity datawere recorded
from the second and first heating curves, respectively.

Nuclear magneticresonance spectroscopy (NMR)
For NMR measurements, the polymer samples
weredissolvedin chloroform-d in Smm diameter. NMR

tubesat room temperature.H NMR spectrawerere-
corded on Bruker DRX 500 MHz with 4% w/v con-
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Figure7: *C CP/MAS(300MHz) L-3and L-13

centration of solution. Thechemical shiftsin partsper
million (ppm) arereported up field with referenceto
interna standard chloroform-dat 7.25ppm. Thesample
concentration for *C NM R measurementswas 10%
by weight. Proton decoupled *C NMR spectrawith
NOE wererecorded on Bruker DRX 500 MHz spec-
trometer working at 125.577 MHz for carbon-13. A
digital resolution of 32K datapoints/ 18,000 Hz spec-
tral width was used a pul se angle of about 30 along
with arelaxation delay of 2sand 10*10* transentswere
accumulated. CDCI,, served as solvent and TMS as
interna standardfor al *C- NMR measurements. Rda
tive peak areas were proportional to the number of
carbon atoms. Peak areas were calculated by
deconvolution method using XWIN-PLOT software.

13C crosspolarization /magic angle spinning (**C
CP/IMAS)

13C CPIMAS NMR spectrawere measured with
Bruker MSL-300 NMR Spectrometer (75.5 MHz)
with C CP/MAS accessory at room temperature
(25°C). The sample powder (ca. 200 mg) was placed
inacylindrical ceramicrotor and spunat 3 KHz. Con-
tact time and repetition timewere 2msand 5srespec-
tively. Spectral width and data points were 27 KHz
and 8K, respectively. TheH fidd strength was 2mT
for both the CP and decoupling processes. The num-
ber of accumulationswas 160-200. *C Chemicd shifts
werecalibrated indirectly with reference to the higher
fiedld adamantane peak (29.5ppmrel aivetotetramethly
silane(CH,),Si). TheHartmann-Hann condition was
matched using adamantanein each case. The experi-
mental errors for the chemical shifts were within +

= Fyf] Paper
0.1ppm for broad peaks as described.
MALDI-ToFMS

MALDI-ToF MS analysis was performed on a
Kratos Kompact MALDI 1V spectrometer equi pped
with0.7mlinear and 1.4mreflection flight tubesaswell
asa337nm nitrogen laser with pulsewidth of 3ns. All
experimentswerecarried out at an accel erating poten-
tial of 20kV. In general mass spectrafrom 200 shots
were accumulated to produce afinal spectrum. The
obtained datawere smoothened to reducethe spikiness
by the average method; the smoothening filter moved
along the collected data channel s, adding together a
number of channel sand dividing by that number togive
anaveragesignd. Thissmoothening, however, did not
eiminaeor hideminor sgnasdigtinct fromthebasdine
noise. Thesamplesweredissolved in CHCI,, (Img/mL)
and mixed with matrix (15mg/mL of tetrahydrofuran)
before being dried on the sampl eplate. 4-hynohyroxy
cinnamic acid (CHCA) was used asthe matrix. The
sampleplatewasinserted in to the apparatus under a
high vacuum (10° Pa).

RESULTSAND DISCUSSION

Thezincsdtsof proline having two configurations
(L- and D-) were prepared and used as potential cata
lystsof the polymerization of L-lactideand D,L-lactide.
These catalysts showed low hygroscopic. Zinc salt of
L-proline should be compared with that of zinc D-
prolinateinterm of their structure. The catalystscan
also be recovered by dissolving product (PLA) in
dichloromethaneand preci pitating usng delonised wa
ter because catdystsarewater soluble. Zinc saltsof L-
prolineand D-prolinedried over PO, and composi-
tion wererechecked by elemental analysisprior tofur-
ther use.

General procedurefor synthesisof PLA by ring
opening polymerization

29 (0.0138 mmol) of lactide (L and D, L-lactide)
was taken for each reaction, requisite concentration of
zinc prolinate (L or D) wastaken and polymerization
wascarried out in sealed glassreactor previoudy pas-
svaedwithtrimethyl Slyl chloride Thermodynamicand
kinetic parameterswereatered to examinethelr effect
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Figure12: MALDI ToF-M Sof L-14 oligomer

onring opening polymerization. Thetypeof catdys was
adsovaried. Thereaction schemeisshowninfigure3.

Molecular weight deter mination

TABLE 1 showsthering opening polymerization
of L, L-lactide in presence of Zn (L—prolinate),. The
homopolymers (L-1 to L-5) were prepared in pres-
enceof zinc L-prolinate catalyst at varioustempera-
tures ranging from 150°C to 240°C, keeping fixed
monomer to catalyst ratio. Theyield and molecular
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905.1977
76511976
977.1955
Gag1200 1043.1916
16p2
92.1602
393 1581
10451603
1193.1848
1209.1511
1281.1505
1408.1780
1425.1364

Mass (m/z)
Figurell: MALDI ToF-M Sof L-13 oligomer
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Figure13: MALDI ToF-M Sof L-15 oligomer
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wel ght increased monotonoudy upto 195°C and there-
after became steady. Themaximum yield obtained was
93%, whichiscloseto therealistic maximum. Because
the conversion of L, L-lactide cannot be higher than
96+1% due to thermodynamic reason. PLA was pre-
pared at 195°Cin Thand showed ;. and yp, vaues
as 5100, 9200 Da and polydispersity as 1.8 respec-
tively, whichwas obtained at 675 monomer to catalyst
ratio. PolymersL-6toL- 9isshowninTABLE 2 vary-
ing[monomer]/[catayt] retios.
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TABLE 1: Effect of temperatureon ROPof L, L-lactide
AH; Tc

Polymer Temperature M, Mw Tg Tm

amples  (°C) oy @ (O) (0) (9 (°O)
L-1 150 850 2900 35.55 90.8 49.67 nd
L-2 180 3200 4200 34.12 144.13 39.63 70.08
L-3 195 5100 9200 55.15 138.99 29.69 103.29
L-4 210 4000 4600 21.31 124.93 18.38 Nd
L-5 240 3800 4600 38.76 nd nd Nd

L, L-lactide, zinc L-prolinate catalyst, [M]/[C] = 675, time of
polymerization 60 min and nd —not detected

TABLE 3 depicts polymers L-9 to L-13, which
showed the effect of polymerization time. The maxi-
mum molecular weight wasobtained at 2 h of polymer-
izationtimeat 195°C. Polymer L-3 and L-13 showed
comparativeresultsof the catalytic activity of Zn (L-
prolinate), and Zn (D-prolinate), respectively.

Theresult confirmedthat Zn (L-prolinate), ismore
reactivein comparisonto Zn (D-prolinate),. Smilarly,
catdyticactivitiesof both zinc prolinatewerestudiedin
presence of the D, L-lactide. Therewere no remark-
ableeffectsof the catalyst in the polymerization reac-
tion. Themolecular weightsof PLA polymerswerelow
with narrow distribution. The molecular weightsin-
creased fromsamples (L -L ) withtheincreasein [M]/
[C] ratio and decreased thereafter. Similar resultshave
been observed using Zn L-lactate’®” catal yzed poly-
merization of 1, 4-dioxane-2-one, polymerizing L-lac-
tatein presence of Sn(ll) Octoate?®, using highly ac-
tivezinc catalyst for the controlled polymerization of
lactide?® and a so other examples. Theresult of ZnL-
prolinate catalyzed polymerization showed the[n]. ..
increassed withincreasein[M]/[C] ratio™!. Theincrease
inthetemperatureresultedincreasein molecular weight.
Polymer L-3 showed M, and mw valuesas 5100 and
9200 Darespectively and thereafter decreased with
increasein temperatureup to 240°C.

Thermal analysis

Theresultsof thermal characterization are shown
inTABLE 1to TABLE 3 and thermograms are also
showninfigure4A and 4B. T, varied from 21.31to
55.15°C for the polymers prepared with Zn (L-
prolinate),. Themeltingtemperature T _ of thepolymers
prepared withthe Zn (L-prolinate), catal ysts (catal yst
A) increased from 110°C to 142.2°C, whereas poly-
mer (L-13) prepared in presence of the Zn (D-

= Fyl] Peper

TABLE 2: Effect of [M]/[C] ratioonthepolymerization (ROP)
reaction of L, L-lactide

Polymers M]/[C] Mn MW Tg Tm AH;  Te
samples e g (G Q) Qg (°C)
L-6 337 4000 4700 3166 13151 221 1022
L-7 405 4300 4900 35.15 132.09 23.0 1035
L-8 506 4400 6200 4228 139.28 20.7 98.3
L-3 675 5100 9200 55.15 14599 31.7 103.3
L-9 1013 3400 8400 47.74 14489 304 99.2

Asall polymerization were conducted at 195°C, monomer: L,
L -lactide, catalyst: zinc L-prolinate and polymerization time:
60 min

prolinate), showed T and T as51.6°C and 79.1C
respectively. PLA prepared in presence of Zn (L-
prolinate), resulted lessracemization reactionin com-
parisonwith Zn(D-prolinate),. The T ; obtainedin case
of D, L-lactate polymerization using Zn (L-prolinate),
impartslower T, than Zn (D-prolinate),. Thedegree of
crystalinity caculated from powder patternsistypically
between 45 to 65% except for few samples.

Nuclear magneticresonance spectroscopy (NMR)

BCNMR hasbeen utilized asauseful tool for de-
termining the number average molecular weight, m
quantitetively. Besdesend group andysis, thistechnique
hasalso usedin other quantitativeandysisfor determi-
nation of residual L-lactic acid, lactideformed dueto
unzipping of chain ends®Y. *C NMR has also been
used to study the crystalli zation and morphol ogy™?, and
for direct observation of stereodefects in poly (L-
lactide)®®. In the present study, *C NMR wasused to
determinetheend groups, residual lacticacid, lactide
and stereosequence of poly (lactic acid) sin PLA
samples. For this purpose, the PLAswere prepared
by changing various parameters such ascatayst con-
centration, polymerization time, reaction temperature
vaiationetc, andareshowninTABLE 1to TABLE 3.
The spectrum of L-3, L-5, L-9, L-12 and L-13 are
depicted infigure 5. The peaks appearing from 169.23
to 169.70ppm are due to ester carbonyl groups and
peaksarising from 172.9to 173.4ppm aredueto car-
boxylic acid end functional groups. The accuracy of
DPn estimatewas samein two consecutive NMR mea:
surements. Thereisapesk at 167.2ppmisduetolactide
in the polymers and calculated for samplesasL- 12
and L-13 are 1.2 and 0.8 respectively.
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TABLE 3: Effect of reaction timeon polymerization ROP) of lactide

Sr.no.  Lactide Catalyst Time(Min)  Maere MW epey To°C) Tm(°C) AH{(J/g) Tc(°C)
L-10 L-LA  Zinc L-pralinate 30 4500 6500 16.24  110.02 15.26 68.77
L-11 L-LA  Zinc L-pralinate 0 4500 6600 49.75 133.69 17.09 nd
L-12 L-LA  Zinc L-prolinate 120 3600 6900 4429 14221 15.60 96.45
L-13 L-LA Zinc D-prolinate 60 2500 5800 51.67 79.11 6.91 nd
L-14 D-LA  ZincL-prolinate 60 1500 2700 20.65 Nd nd nd
L-15 D-LA  Zinc D-prolinate 60 1341 2500 37.44 Nd nd nd

[M1/[C] = 675 and polymerization temperature 195°C

Figure 6 showsthe*C spectraof L-14 and L-15.
The peaks arising from 169.13 to 169.72ppm and
168.9t0168.7 (L-16)ppm appearing are due to ester
carbonyl groups. The peaks arising from 172.9 to
173.4ppm are dueto carboxylic acid end functional
groups. Therewasapeak at 167.9 (L-14) and 167.3
(L-15)ppm duetolactidein the polymersand was es-
timated 2 %.

13C crosspolarization /magic anglespinning (13C
CP/IMAS)

The 13C NMR spectrum of L-3 and L-13 are
showninfigure?. Thepeaksat 109.1 and 110.5ppm
may be attributed due to C-2 carbon of the complex
catalyst structure.

MALDI-ToF-M S

MALDI-ToF-MS has been employed for the de-
termination of molecular weights and the nature of end
group. Using ring opening polymerization reactions, only
low-molecular weight oligomersand high molecular
weight PLA can beprepared. Therefore polymerspre-
pared during thisstudy were subjectedto MALDI-ToF
MSanadysisand are shownin Figures 8-13. Polymer
L-3 (Figure8), showed pesksranging from 689to 1840
Dacorresponding to sodiated adduct molecular ions
H-[O-CH (CH3) CO-]n-OH-Nat+ (mass=72n + 18
+23); nfound to bevarying from 9to 25, 23 being the
mass number of sodium. The seriesranging from 490
to 1497 Dacorresponding potass ated adduct molecular
ions of type H-[O-CH (CH3) CO-] n OH-K+.

Figure 9 depictsthe MALDI-ToF mass spectrum
of theL —5. As expected, the MALDI-ToF mass spec-
trum of thesampleshowsaseriesof intense molecular
ion peaks ranging from a mass of 618 to 1769 Da,
which areassigned to sodiated adduct molecular ion of
the type H-[O-CH (CH,) CO-] OH-Na'. Thereis

another seriesrangingfrom 706 to 1498 Da, which are
corresponding dueto the potassi ated adduct molecular
ions, denoted by the structure H-[O-CH (CH,) CO-] |
OH K*. The peaksranging from 784 to 1215 Dacor-
respond to oligomersof the structureH-[O-CH (CH,)
CO-], OCH,CH,, withamolecular mass 72n+46+23.
The MALDI-ToF spectrum of theL-9 and L-13 are
presented infigure 10 and figure 11. Themost intense
peak of theL-9 ranging from 617 to 1626 Da, corre-
spond to doped sodiumions of the linear oligomers
with amassof 72n+18+23 (nvaluesvariesfrom8to
22). Thecorresponding linear polymer doped with po-
tassumionscan dso seeaspeaksof mass 72n+18+39.
Figure 11 depictsthe M ALDI-ToF spectrum of L-13.
Themost intensepeaks, arisingintheregion from 545
t0 1425 Da, correspond tolinear oligomers, doped with
sodiumions(nvariesfrom7to 19).

The doped potassiumion that appearsin the same
regionisalso of linear oligomers. The peaksranging
from 599 to 959 Da, correspond to cyclic oligomers
doped with sodiumions (nvariesfrom8to 13). The
doped potassiumionsthat appear inthe sameregion
aredso of thecyclicoligomers. Thisconfirmsthat few
macrocyclic oligomerswerepresent inthissample. The
peaksranging from 1283 to 1427 Da, corresponding
to linear oligomerszipped with catal yst moleculewith
sodium massof 72n+36+23 inthemiddle. The peaks
are of the HO-(-CH(CH,)COQO)n-Zn-O-Zn-
O(COCH(CH_)n-OH-Na" typethat islinear polymer
molecules. Figure 7.12 presentsthe MALDI-ToF mass
spectrum of sample L-14. The oligomers contained
chainsterminated by OH on one sideand COOH on
theother. The MALDI ToF spectrumisdominated by
aseries of intense peaks ranging from amass of 560
Dato amassof 1497 Da, corresponding to oligomers
doped with K*ions of type H-[O-CH (CH,)CO-]_
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OH-K*(mass = (72n +18+39); nvaluesvarying from
7 to 20 were detected, 39 being the mass number of
potassum.

The peak ranging from 545 to 1553 Da corre-
sponding to oligomers doped with Na“ions of type
H-[O-CH (CH,) CO-] OH-Na*(mass = 72n
+18+23), nvauesvaryingfrom 7 to 21 were detected,
23 being the mass number of sodium. Thereis an-
other seriesranging from 573 to 861 Da correspond-
ing to oligomers doped with Na" ions of type H-[O-
CH (CH,) CO-] OC_H.-Na" (mass= 72n+46+23),
nvauesranging from 8to 11 were detected, 23 being
the mass number of sodium. This peak most likely
appears in the spectrum because of the presence of
impurity ethanol , which reacted during polymerization
and formed chain ends of PLA. The peaksranging
from 779 to 1427 Dacorresponding to anew struc-
tural formula, HO-[CH (CH,) CO-] Zn-O-Zn-
(OCO-CH-CH,)-OH. These chains have residual
catalyst attached in the middl e of the polymer chain.
Thisresult confirmed that asmall amount of catalyst
dissociates during polymerization reaction. Figure 13
showsthe MALDI spectrum of polymer L-15. The
most intense peaks belonging to this series, corre-
sponding to oligomers doped with Na* ions of type
H-[O-CH (CH,) CO-], OH-Na* (mass =
72n+18+23); nvaluesranging from 7 to 20 were de-
tected, 23 being the mass number of sodium. These
peaks of linear oligomers doped with potassiumions
that appear in the sameregion are also observed.

CONCLUSION

Thestructureand propertiesof |ow molecular weight
PLA oligomersand L, L- LA-g-caprolactone copoly-
mers produced by ring opening polymerization were
determined in term of the nature of the catalyt, poly-
merization time, and temperature. Results showed that
linear PLA oligomerswith jy, 2900-3400 Da, canbe
prepared with zinc (L-prolinate), catalyst. Thefailure
to obtain high molecular weight polymersin bulk can
be attributed to the competitive formation of small
amount of macrocycles. A small part of catalyst disso-
ciate during the course of polymerization. Lessracem-
ization reaction was occurred in presence of Zn (L-

= Fyl] Peper

prolinate), than Zn (D-prolinate),. Thecatalyst struc-
tureof Zn (L-prolinate) ,and Zn (D-prolinate), remains
intact after polymerization, showninL-3andL-14 *C
solid-state NM R confirmed the presence of catalystin
theL-3and L-14 polymers.
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