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SUMMARY: OL-ChIoromethyla—methyl-BpropionoIactone (CMMPL) has been copolymerized véttapro-
lactone (CL) using a wide range of feed compositions and aluminium triisopropoxide'P&&s an initia-

tor. Random copolymers of CMMPL with CL were obtained. The pendant chloromethyl groups of the copo-
lymer were converted to quaternary ammonium salts by reaction with pyridine, resulting in an increased
hydrophilicity of the copolymers.

Introduction vides a way to obtain functional polyesters. The func-

Aliphatic polyesters have been widely used as biomedic(I:{Pnal groups of the copolymer usually should be_ pro-
materials and environmentally degradable thermoplagQCted' and need to be deprotegted after C(_)polymerlzatlon.
tics™®. The homo- and copolymers of lactide and otheﬁve havg reporte_d on a new k'nd of functional polyester
lactones such as polylactide, poly(lactideglycolide) y the ring-opening polymerization @E_chlorqmethyla-
and polycaprolactoneso-lactide) are among the well methgl lpropionolactone (CMMPL) using different cata-
known biodegradable synthetic polymers which hav@/Stsl ) P(_CMMPL? has a very h'g_h crystallln!ty ‘de poor
been studied for many yedkst has also been known that solupmty in organic solvents, WhICh makes it difficult to
random copolymerization is a useful method to prepar@oq'fy thls.polymer. In this article, CMMPL was copoly-
new materials, whose properties are different from thos’EIerIZEd with CL to afford random copolymers, Whoge
of the parent homopolymers, and sometimes are the avglgr)d.ant ch_loromethyl groups we.r_e.allowed to react with
age of them. Copolymerization dt-caprolactone (CL) pyridine to increase the hydrophilicity of the copolymers
with lactide (LA), and/or glycolide (GL) yields biode- (S¢heme 1).

gradable and biocompatible polyesters with different che-

mical and physical propertig®. Since aliphatic polye-

sters generally do not have many pendant function@xperimental part

groups (other than end groups) to allow further chemical

modification altering their properties such as hydrophiliMaterials

city or tc_J conjugate with drugs an_d b_iogctive residues, th&-chloromethyla—methyl-BpropionoIactone (CMMPL) was
application of these polyesters is limited. In the recefrenared as reported in our previous p&pett was dried
past, novel aliphatic polyesters containing functional persyer CaH, and freshly distilled under reduced pressure prior
dant groups have been studied continuoti$ly Copoly- to copolymerization.&Caprolactone (CL) was purchased
merization of functional monomers with CL or LA pro- from Aldrich, and distilled over Caflinder reduced pressure
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prior to use. Aluminium triisopropoxide[Al(O'Pr)y], titan-
ium(1V) butoxide[Ti(OBu),], dibutyltin dimethoxide[Bu,Sn
(OMe)] and stannousoctoate [Sn(Oct}] were purchased
from Aldrich, and distilled under reducedpressurebefore
use. 1,3-Dichlorotetrabutyldistannoxanend 1-ethoxy-3-
chlorotetrabutyldistannoxangere preparedaccordingto lit-
eraturéf). o-Dichlorobenzenewas distilled under nitrogen
over4 A molecularsievesandusedto dissolvethe abovecat-
alysts. All other chemicalswere purchasd from Beijing
ChemicalReagentCo. andusedwithout further purification.

Copolymerization

Bulk copolymerizationwas carried out with 0.05 mol-% of
catalystrelativeto the monomerfeed.A mixture of a certain
amountof CMMPL, CL and catalystin o-dichlorobenzene
wasputinto a previouslyflamedanddry argon-pugedglass
tube. The tubes were degassedor 10min and sealedin
vacuum.After a certainreactiontime, the tubewasallowed
to cool to room temperatureand opened.The reactionmix-
ture was dissolvedin chloroform,thena mixture of diethyl
ether and hexane(1/3, v/v) was addedto precipitate the
copolymerasa white solid. The copolymerwasfurther puri-
fied by reprecipitatioranddriedin vacuumat 50°C for 48 h.

Reactionof pyridine with the pendantchloromethylgroups
of thecopolymers

Thecopolymer(0.5 g) wasdissolvedn 2 mL of pyridine,and
thereactionwascarriedout at 110°C for 1 h. The copolymer
wasrecoveredy precipitationfrom amixtureof diethylether
andhexang1/4,v/v). The copolymerwasfurther purified by
reprecipitationin a mixture of diethyl etherandhexane and
driedin vacuum(0.1mmmHg)at50°C.

Characterization

H NMR spectrawererecordedon a Bruker ARX-400 spec-
trometeroperatedat 400MHz. Compositionsof copolymers
were determinedby *H NMR from the relative intensity of
the methylene signal of P(CMMPL) at 3.7ppm and the
methylenesignal of PCL at 4.0ppm. CDCl; was usedas a
solventand tetramethylgane was usedas an internal stan-
dard. The numberand weight averagemolecularweightsof
copolymerswere determinedby gel permeationchromato-
graphy (GPC). The GPC measurementsvere carried out
with tetrahydrofuran(THF) asan eluent(1.0 mL/min) using
a Waters 510 pump, a WatersU6 K injector, three Waters
UStyragelcolumns(1CF, 10, 500 A) in series,and a Waters
401 differential refractometerThe columnswere calibrated
with polystyrenestandardsDifferentialscanningcalorimetry
(DSC) measurementa/ere performedon a ShimadzuDSC-
50 at a heatingrate of 10°C/min. Dynamic contactangles
(DCA) of the copolymerswere determinedusing distilled
water at 25°C by a Cahn dynamic contactangle analyzer
(DCA-322). The samplesfor the DCA determinationwere
preparedaccordingto the following processPolymersam-
ples were dissolved in chloroform (0.1g in 25 mL of
CHCL). A long coverglasswasdippedinto the solutionand
lifted at a constantspeedto allow a thin film of the copoly-

471

mer to form evenlyon the surfaceof the glass.The samples
wereair dried for 1 day andtreatedin vacuofor another6 h
atroomtemperatue to removetracesof solvent.

Resultsand discussion

Copolymerizatiorof CL and CMMPL

In generaljt is had to getrandomcopolymes of 4-num-
bered ring lactonessuchas Bbutyrolactoneand six- or
larger numbereding esterssuchasCL, LA andGL due
to their differencesn monomerreadivity 18, In the case
of ring-openirg polymerization, different catalystsmay
resut in differert propagtion mechaisms, which
chargesthe reactivity ratios of the cyclic esters.There-
fore, for the synthess of a random copolyesér of
CMMPL with CL, the selecton of a suitable catalyst is
crucial. Six cataysts, including AI(O'Pr), Ti(OBu),,
Bu,Sn(OMe), Sn(Oda),, 1,3-dichlootetratutyldistannox-
ane and 1-ethoxy-3-chorotetralutyldistannoxane were
tested The expaiments were conduced by using these
catalstsunderthe following conditions:[CMMPL]/[CL]
= 0.156(mole ratio), [M]/[Cat] = 2000 (mole ratio), T =
130°C, time = 4 h. Therestlts reveded thatthe composi
tion of copolymes obtainedby using Al(O'Pr); asa cata-
lyst wascloseto the feedratio, while its melting tempera
ture (T.) and fusion enthalpy (AH;) were the lowest
amamg the resulting copolymers.This indirectly suggests
thatrandomcopolymeization might havetakenplaceby
using Al(O'Pr); asa catalyst.

Subseqantly, the copolymerizaton of CL and
CMMPL was carried out at differenttemperauresusing
Al(O'Pr); asa catalyst. The resultsindicatedthat the con
tent of CMMPL units in the copolymes increasedwith
decreasingpolymerization tenperaturesWhen the poly-
merization temperaturewas raisedto 160°C, the copoly-
mercomposiion wasvely closeto thefeedratio.

Basedon the resultsabove, the bulk copolymeization
of CL and CMMPL was corductedunderthe following
conditions: [MJ/[AI(OPr)] = 2000 (mole ratio), T =
160°C, t = 10 h. Theresuts aresummaizedin Tab.1. It
canbe clearly seenthat the compositiors of the resultirg
copolymers are closeto their correspnding feed ratios
ove awide rangeof feedratios.Mearwhile, the polymer
yields gradualy decresewith increasimg CL ratio in the
feeds. This might be causedby the relatively high poly-
merization temperatue, which favoursthe chain-trarsfer
readion of CL-endedchains.As aresult, productswith a
low molecularweight might be lost during the reprecpi-
tation purification process Moreover, the higherthe CL
ratio in the feed the higherthe possilility of CL-ended
chan-transferreactons, which in turn resultsin lower
polymer yields and relativdy higher molecular weights
andlower polydispersiies of the purified copolymer
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Tab.1. Copolymeization of CMMPL and CL usingAl(O'Pr); asa catalyst.(Copolymeriation condition: [M]/[AI(O 'Pr)] = 2000

(moleratio), 160°C, 18 h)

No. CMMPL (in Yield CMMPL T/ C T/ °C M MO M0
mol-%)infeed in% (in mol-%) %
in copolyme
. 10»4
C-0 100 87 100 -17.° 220.5 35.7 - -
C-1 90 93 80 -17.8 217.2 30.3 - -
C-2 80 80 68 -19.07 187.3,150.4 45.6 0.23 0.62
C-3 70 89 62 -43.4 167.2,134.1 35.0 0.24 1.25
C-4 60 79 53 —46.8 151.8,116.8 15.0 0.49 1.29
C-5 50 67 49 —-47.0 108.6 24 0.39 1.59
C-6 40 66 38 —48.9 37.7 8.9 0.75 1.56
C-7 30 58 28 —-49.1 40.1 14.3 0.58 2.22
C-8 20 42 20 -52.7 42.1,46.7 35.2 1.02 1.87
C-9 10 37 13 —60.2 46.6,49.7 56.2 0.92 1.79
C-10 0 57 0 -72.5 64.3 89.6 1.54 3.1

@  Determinal by the peakratio of 3.7 ppm (PCMMPL) and4.0 ppm (PCL)in *H NMR spectra.

b Obtaine from the secoml scan.

9  Determing by GPCanalysisin THF; for C-2, C-3, only the solublepartsweremeasued.
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Fig.1. DSC profiles of P(CMMPL-o-CL)s. (The numbers
correspondto the copolyme numbersin Tab.1. The second
scanwas conductedafter the melt sampé being quencled in

liquid nitrogen)

Fig. 1 shows the DSC profiles of the copolymerslisted
in Tab.1, andtherelatedresuts arealsolisted in Tab.1.
P(CMMPL) is a highly crystalline polymer, which melts
at about 2205°C. With increashg CL contents in the
copolymes, the melting temperatues of the copolymers
decrese, and the melting peaks becomebroader When
the molar content of CL andCMMPL in the copolymeris
almostequal (i. e. for sampe C-5), the melting cannot be
observedcleaty, andthe melting enthalpy becomesrery
low. This resut shows thatan amorphos copolymerwas
obtainedwhen50 mol-% CL unit waspresat. It thus can
be concudedthat copolymerizaton of CMMPL with CL
affords copolymes with very low or no crystallinity. It is
worth mertioning thatthe T, of the copolymes with high

CMMPL contents (sample<C-0, C-1 andC-2) could only
be observedrom the secondscan,when the melt sampes
were quickly quenchedin liquid nitrogen. Single T,
valueswereobservedor all the copolymes, andtheyare
intermediatedbetweenthat of the parent homomlymers
indicating that random copolymerizaton might have
taken placeunderthe presentcorditions.

Reactionof pyridine with the pendantchloromethyl
groupsof the copolymers

In principle, pendan chloromehyl groupson the copoly-
mer chaincanreactwith atertiary amineto form quatern
ary ammonum salts and thus the hydrophilicity of the
copolymerscanbeimproved.As an exanple, copolymer
C-8 (20 md-% CMMPL) was readed with pyridine,
resuting in sample MC-8. Fig. 2 andFig. 3 showthe FT-
IR and *H NMR spectraof MC-8, respectivéy, which
undoubted) evidencethe formation of the pyridinium
sdt. This canbe seenclearly from the THNMR spectrum
of MC-8 asshown in Fig. 3. After modification of C-8 by
pyridine, the charateristic peaksof pyridine in MC-8
appearedat 7.9ppm, 8.5ppm and 8.8 ppm, and other
peals of C-8 did not charge. From the intensitiesof the
chamcterigic peaksof pyridine and the methykene pro-
tons nextto the carlbonyl group of CL unit, the content of
pyridine in MC-8 was deternined to be equal to the
amaunt of CMMPL in the preairsor C-8. It is thuscon
cluded that almost all perdant chloromethyl groups of
CMMPL in the copolymercan be convered to pyridi-
nium saltsunder the presentcondiion. Besides,a slight
deceaseof the molecula weightwasobservedfterreac
tion, that is, from 1.0 X10* (M,) and 1.8 X10* (M,,) of
sample C-8to 7.5 X10°(M,) and1.7 X10* (M,,) of sampe



Ring-openimy copolymerizatiorof ...

3437
MC-8
Cc-8
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber in cm™
Fig.2. IR spectaof C-8andMC-8

MC-8. This may be attributed to a slight degradabn of
the copolymersduring the madification process

Hydrophilicity of the copolymerdefore andafter
modificaton

In order to explore the hydrophlicity of the resultirg
modified copolymers,the dynamic contactangke (DCA)
of MC-8 wasmeasued using distilled waterat 25°C. The
advancingangle(@a, contactirg angk in immersion and
receding ande (Qr, contading angle in emersia), are
usedto chaiacterizethe hydrophlicity of the polyme
membranesurface The advancingandrecealing anglesof
C-8, C-10 (PCL) and MC-8 samplesarelisted in Tab.2.

g
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Tab.2. Advandng andrecedinganglesof C-10,C-8 andMC-8
measuredy DCA usingwaterat 25°C

| C-10(PCL) c-8 MC-8
0, 80° 79° 69°
7] 62° 50° 41°

It canbe see that both copolymer C-8 and PCL (C-10)
had relatively high and similar advancingandes. This
indicatesthat they are both hydrophobicin nature.When
the chloromethyl groups in copolymerC-8 were reacta
with pyridine to form pyridinium salts, both the advan-
cing and receding angkes of the modified copolymer
deceasedabout10°. This resultindicates thatthe forma-
tion of quatenary ammonum saltson the side chan of
P(CMMPL-co-CL) increass the hydrophlicity. It also
impliesthattherearepossililities to conjugatebio-active
resduesvia similar quaernisationreactons.

In condusion, CMMPL hasbeensuccestully copoly-
merized with CL using a wide rangeof feed ratios and
using Al(O'Pr); asaninitiator. The DSC resultsshowthat
whenequalmoleratios of CMMPL andCL arepresenin
the copolymer an amaphousrandomcopolymercan be
obtained. The pendam chloromethyl groupsof the copo-
lymer can be quantiftively convertel to quatenary
ammaium saltsby reactionwith pyridine. This provides
a new way to increasethe hydragphilicity aswell asto
conjugate bio-active residueson the side chairs of the
biodegradale polymers.
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Fig. 3.

H NMR spectraof C-8andMC-8
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