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Full Paper: Poly(methyl methacrylate)— polycaprolac-
tone (PMMA/PCL) microheterogeneousbeads were
synthesizedby suspensiorpolymerizationstarting from

methyl methacrylate(MMA) monomerand PCL, which

was synthesizd by ring-opening polymerization of &-

caprolactonaising ZnCl, asinitiator. The resultingpoly-

merwasfully characterizedy *H and**C NMR, differen-
tial scanningcalorimetry (DSC), gel permeationchroma-
tography(GPC)anddynamicmechanicathermalanalysis
(DMTA). The size distribution and morphology of the
resulting beadswere investigatedby optical microscopy
and scanning electron microscopy (SEM). Moreover

blendsof PMMA beadsand PCL in differentproportions
werepreparedandthe morphologyof the films wasexam-
ined by optical microscopy The low compatibility
betweenPMMA and PCL was clearly evidencedthrough
theseexperiments.

SEM micrograph of PMMA/PCL beadscontaining
10.9%PCL (sampleB).

Microheterogeneuspolymersystemsreparedy
suspensiomolymerizationof methylmethacrylaten the
presencef poly(e-caprolactone)

GustavoA. Abraham,®2 Alberto Gallardo! Antonell Motta? Claudio Migliaresi? Julio SanRomant

! Departamentale QuimicaMacromolecularinstituto de Cienciay Tecnologa de Polimeros,CSIC,Juandela Cierva3,

28006,Madrid, Spain

2|nstitutode Cienciay Tecnologa de Materiales(INTEMA), UNMdP-CONICET Av.J.B.Justo4302,7600,Mar del Plata,

Argentina

3 Dipartimentodi Ingegneriadei Materiali, Universitadi Trento,Via Mesiano77,38050,Trento, ltaly

Intr oduction

Bone cemen, widely usedin orthgpedicsfor the fixation
of joint prosthees,is mostly madeby conpletingin situ
thepolymerization of methylmethacylate (MMA) , added
with PMMA powde, spherich beadswith diametergan-
ging from appraimately 10 to 100 micrometers,and by
usingbenzoylperxide andtertiary aminesascatalst. It
wasalsoreportedthe useof amineswith low toxicity, such
asdimethylaninobenzylalcohol(DMOH).! The addition
of PMMA to themonomeyusudly in theweightratio 2:1,
is neead in orderto reducepolymerizationtempenture
and volume shrinkage occuring during polymerization,
while adjustingthe cemen viscosty andreacton kinetics.
PMMA beads,n fact, partialy dissole in the monomer
so that at the end the cemen is a blend of poly(methyl
methacylate) bead includedin a matrix of the newly-
formedPMMA polymer. Beadscontentandsizedistribu-
tion playsamajorrole in thecontrolof thecementeacton

kineticsandproperties,and,in this sensethe suspasion
polymerizationmethodleadsto thefabricatian of polymer
particleswith appropria¢ sizeandshaye thatcortributeto
form auniform paste.

Although PMMA basedbore cement haswidesprad
use, the literature reports contrastng opinions aboutits
responsibity in causirg the failure of animplanted pros-
thesis,mainly in the caseof hip prosthesg/?

Efforts for improving the mectanical properties of
bone cemeits have focused in different directions,
enhancingexisting cemers rather than developingnew
cementsThe modification of PMMA wastried for yeass.
Some attempts were directed towards polyurethanes
basedn poly(etherglycol)sasmodifiers >4 The useof a
lower modulus cemen as matrix materid basedupm
poly(ethyt methacylate)® andpoly(butyl methacrylag)®
have been other alternaive apprachesto modify the
propertiesof this material
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Tab.1. Compogtion, averagediaméer, stirring rateandyield of the synthesizedeads.

Sample Initial solution Average Stirring rate Yield? Compositio®  Theoetical
diameter ——————  composiion®
rpm % wt.-% _

pm wt.-%

PCL PCL

A MMA 14.2+ 8.6 600 60.0 - -

B MMA + 10%PCL 58.0+ 28.6 600 86.7 10.9 9.1

C MMA +20%PCL 136.4+ 63.8 600 99.8 16.8 16.7

D MMA + 30%PCL 129.0+ 835 600 99.9 235 23.1

E MMA + 15%PCL 210111 1000 45.4 16.6 13.1

¥ Valuerelativeto beadsproduction(in somecasedower thanthe polymerizationyield becaus®f the foamformation).

' Determing by NMR.
9 Definedasweightof PCL by 1009 of beads.

Polycapolactane (PCL), which has proven to be a
goodmoadifier of poly(vinyl chloride)!” wasinvestigaed
in the preparationof PCL/PMMA crosslinked polymes
via con@ntratedemusion polymerizationmetod

It hasbeenalso reportedthe formation of crosslinled
copolymes and semi-irterpenetating or interpenetrating
polymer netwoks in reactive blends of PCL/MMA 19
andPCL/PHEMA systeng'!! by usingperoxide initiators
asradcal source.In this paper we presentthe synthess
and extensive charaterizaticn of PMMA/PCL micro-
heterogeeousbeadsobtaned by suspensiompolymeriza-
tion. The morphology of the beads,visualized by scan-
ning electrax microsc@y (SEM), is shownanddiscussed
Such beadscould be of interestfor the formulation of
MMA basedbone cemens with improved toughnes.
This matteris being investigatedat present.

Experimental part

Materials

e-Caprolactone (Merck-Schuchardt) was distilled under
vacuum,zinc chloride (Probus)Wwasdried undervacuumdur
ing 24 h andtoluene(Merck) was usedasreceived.Methyl
methacrylate 99% (MMA) was purchasedfrom Acros
Organicsand usedwithout removingthe stabilizer poly(vi-
nyl alcohol) (PVA, ERT Spain) (M, = 50000, 99% hydro-
lyzed) was usedas suspensioragentandrecrystallizedben-
zoyl peroxide(BPO)from Flukaasradicalinitiator.

Synthesi®f polycapolactone

In a previouswork we havereportedthe synthesiof PCL by

ring-opening polymerization of e-caprolactonewhich was
successfullyperformedby usingZnCl, asinitiator in toluene
solution*? Briefly, anhydrousZnCl, was first dissolvedin

toluene under stirring and e-caprolactonewas then added,
monomet/initiatormole ratio 60: 1. The flask wasimmersed
into a thermostatedheatingbath at the solventboiling tem-
perature(110°C). The productwas collectedafter 72 h and

the polymerwasisolatedby pouringinto a excesof ethanol,
filtered and exhaustivedrying at vacuum(reactionyield =
97%).Theresultingpolymershoweda M, = 45000.

Preparationof PMMA-PCLbeadsand PMMA-PCLfilms

Differentpercentageof PCL (i.e., 10, 15,20 and 30% wt/wt
of monomer)were first dissolvedin methyl methacrylate
(509g) under vigorous stirring. The initiator (1.5% wt/wt)
was then dissolvedin the mixture. Polymerizationwas car
ried out by suspensin polymerizationmethodin a 250 mL
three neck flask fitted with a mechanicalstirrer, nitrogen
inlet and condenserDistilled water 2% poly(vinyl alcohol)
solution (100 mL) was first introducedinto the reactor as
suspengn agent, heatedto 65°C (reaction temperatue),
stirredat 600 rpm andflushedwith nitrogenfor 10 min. The
reactivephasg(MMA/PCL andinitiator) wasintroducedinto
thereactorin a stepwisethe reactionwascarriedout at this
temperatue for 4 h, andthentemperaturevas increasedo
80°C allowing the polymerizationreactionto be completed
after 2.5 h. The reaction product, spherical beads, was
exhaustvely washedwith wateranddried undervacuumfor
24 h. Sampleswithout PCL werealso preparedThe stirring
rate as well as the concentrationof the suspensioragent
were also varied in order to investigatethe effect of these
parameteron the polymerizationyield and final composi-
tion. Tab.1 showsthe experimentakonditions,composition
andyield of thesynthesizedbeads.

PMMA/PCL blendswere alsopreparedwith a wide range
of PCL content.Therefore PMMA beadsand PCL weredis-
solvedin boiling dioxane,a mutual solvent. The resulting
homogeneus solutionwas usedto obtainfilms with differ-
ent compositionsof PCL (i.e., 0, 20, 40, 60, 80, 90 and
100%)by solventcastingontoglassplates.Thesefilms were
dried at roomtemperaturaindervacuumto removethe resi-
dual solvent and ready to be examinedby optical micro-
scopy

Methods

Differential scanningcalorimetry (DSC) experimentswere
carriedout in a Mettler DSC30calorimeterequippedwith a
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controlledcooling accessoryTwo scanswere performedby
usinga 10°C/min heatingrateanda 320°C/min cooling rate
(quenching)betweenruns. Thermogramswere obtainedin
therange—100to 200°C undernitrogenpurge. The sample
cell waspreviouslycalibratedwith indium. The glasstransi-
tion temperaturgT,) wastakenatthe onsetof thetransition.
!H and *C NMR spectrawererecordedin a Varian XLR-
300 NMR spectrometepperatingat 75.5 MHz for *C and
300 MHz for 'H measurement®ll spectrawere obtainedat
room temperaturefrom 5% (wt/v) CDCl; solutionsfor H
analysisand 25% (wt/v) for 3C analysis,usingin this casea
delaytime betweerpulsesof 2 s.
Molecularweightdistributionsweredeterminecby usinga
PerkinElmergel permeatiorchromatograptequippedwith a
refractive index detectorseries200. A setof 10* A, 16 A
and500 A, 300x 7.5 mm i.d. PL-gel columnsconditioned
at25°C wereusedto elutethe samplesf 10 mg/mL concen-
tration at 1 mL/minHPLC-gradechloroform flow rate. The
weight-average(M,) and numberaverage (M,) molecular
weightsweredeterminedusinga calibrationcurvewith poly-
styrenestandards.
DynamicalmechanicathermalanalysisitDMTA) wasper
formedin a MKII instrument(Polymer Laboratories,UK).
Single cantilever bending experimentswere carried out in
the rangeof —100to 150°C at the constantheatingrate of
3°C/min, the strainwas 64 um andthe frequencywasfixed
at 1 Hz. In comparisa, testshave beenalso performedon
samplesmolded by using commercially available PMMA
beads,and namely Plexidon M449, by Rohm, Germany
(viscosity number 145-175 ml/g). Rectangularspecimens
12 mm wide, 1.6 mm thick, and a spanlength of 12 mm
were used.Optical and scanningelectronmicrographswere
obtainedby usingan eclipseE400optical Nikon microscope
(usingpolarizedlight anddarkfield) anda scanningelectron
microscopgSEM) Cambridge440 Leika Stereoscarrespec-
tively. For SEM, specimensveregold coatedprior to exam-
ination, andimagesrecordedon a computerfor further ana-
lysis. The size distribution of the microspheresvas deter
minedby measuringhe averagediameterof the particlesby
meansof a cameraNikon FDX-35 coupledto the optical
microscope.The size and size distribution datawere aver
agedafterdeterminatiorof the parametersf up to 100 parti-
clesrandomlydistributedin differentimages.

Resultsand discussion

Beadscharacterization

PMMA based beadswere synthegzed by suspengin
polymerization as describedin the Experimenté part.
Materiak loaded with polycaprdactonefrom 0 to 30%
wt/wt of monomerwere preparel coverirg the range of
composiions of practical interest Higher PCL contents
werehardly dissolvedor remairedinsduble in the mono-
mer. The composiion of the synthegzed polyme's was
deternined by *H NMR. Fig. 1 shows the spectraof PCL
and sampes A to D. The percentile composiion of
PMMA and PCL presentin samplesB, C and D was
approimately the same as the theoretical one. This

45 40 35 30 25 20 15 10 05 0.0

8 (ppm)

Fig.1. 300MHz *H NMR specta of the synthesizedpolymers:
samplesA, B, C D, andPCL.

meansthat the incorporation of PCL into the bead was
complete The observéion of sigrals of the monomer
indicates the presenceof a smal amount of residual
monomer which deceaseswith the PCL cortent. °C
NMR specta (not shown here)gavethe typical signds of
bothpolymers.

Molecular weight distributions measuredoy GPC are
shownin Fig. 2. The chromatogamsreveal a two-modal
distribution, corresponthg to both PMMA and PCL
phasesconfirming againthe incorporaion of the polyca-
prolactoneto the PMMA matrix in the beads.The area
underthe PCL trace is in agreenentwith the amaunt of
PCL incorporatednto the beadsasdeternined by decmn-
volution and analysis of the two resultingcurves.It was
reportedthat PCL, in the presenceof radicals, can be
crosslinled. A very small fraction remaired insolule in
CHCI; suggesting that a crosslinked graft copolymer
could be producel by the formation of PCL macroradi
cals in the presenceof the peroxde initiator and then
givenrise to graftedcopolymersasit hasbeenpropcsed
in this referenceMoreower, whenthe peroxide concenta-
tion is increasedup to 40% wt/wt) the extension of the
crosslinkng reactioncan be augmeted, with a resultirg
decreasén crystallinity.™
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Fig.2. GPCchromatogrens: (—) sampleA; (- - -) sampé B;
(---)sampeC;(-+ - -)sampeD; (- - - ) PCL.

Fig. 3 shows optical micrographsof the differentsam-
plesandits corresponihg size distribution profiles. The
averagediameer of the beadsclearly increaseswhen
PCLis incorpoiated.Moreove, thereis a highersizedis-
persionwhen PCL load increasesleadng in the caseof
sampleD (30% of PCL) to a multimodal profile in the
sizedistribution which is in agreemehwith the SEM ana-
lysis andcould be relatedwith the segregatin of this two
low compatible polymers.Thesebiggerbead arenot the
mostappr@riate for the propsedusein the cenment pre-
parationbut the size distribution canbe adjustedby vary-
ing the stirring rateasit canbe seen for sampe E.

SEM picturesof the bead arereportedin Fig. 4. Mor-
phology paterns are quite complex as a result of com
plexity of the MMA suspe@sion polymerizationand PCL
melting-aystallization. In fact, the resulting morphology
is the effect of severalphenomenathatoccurin sequene,
proceedngthe MMA polymerizaion in presencef PCL.
In the initial steps,droplds of the reactantsolution of
PCL in methyl methacylate monomer are dispersedin
the medum. As the polymeriation proceed, poly-

Fig.3. Opticd micrographs( x 40) and size distribution of
sampesA to E.

(methtyl metacrylatg is formed and the homogaeous
soluion of MMA/PCL becomesa more conceitrated
soluion of MMA/PCL/PMMA. The progres of thereac
tion gives a very concentated solution of thesethree
componentsand at a given ratio the PCL chairs are not
compatible with the polymerized PMMA chainsgiving
rise to the segregationof the patticles in microdomains.
This is cleaty shown in the SEM micrographs corre-
spording to samplesB, C andD in Fig. 4. The resultis
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Fig.4. SEM micrographsof beads:a) sampleA; b) sampé B;
¢) sampleB; d) sampé C; e) sampleD.

the formation of beadswith a morphobgy deternined by
the presenceof the PCL, which at the readion tempea-
ture (65°C) is beyond the melting point of the polymer
Theinterpretaion andthe descripton of this phenonenon
would requirea series of experimers quite complexand
time consuming, thatwill bethe objectof afurtherpubli-
cation.

Thermalproperties

The microheterogaeous morphobgy of beadscan be
demongtatedby DSCandDMTA analysis. DSC therno-
gramsshowed anexothermpeak(at 120°C) associatdto
the polymerization of the residud monomer This peak
was, of couse,not obsened in the second scan(Fig. 5).
The melting heat(AH,,) of the PCL incorporatedinto the
beadsincreasedvith the PCL conent, whereasthe melt-
ing temperatureof PCL in the blerd did not exhibit a sig-
nificant differencecompaedto pure PCL. The degee of
crystallinity (X)) of PCL was calculted taking into
accountthe value of 16.9 kJ/mol of repeding units com
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Fig.5. DSCthermogams(secom run) of sampésA, B, C, D,
andPCL.

puted for 100% crystallinity reported for PCL! As
shownin Fig. 6, were the crystallinity degreeof PCL in
the blends is reportedwith respect to the pure PCL crys-
tallinity, the value of X. dependson the PCL contentand
slightly increasesvith it. The glasstransitiontempeature
(Ty of the amaphousfraction of PCL was observate
only for the pure polymer at —62°C, while the T4 of
PMMA was easily deted¢able at 107.6°C for the pure
polymer The smal decrase of the T, values of the
PMMA phasen samplesortaining PCL (B, C andD) is
indicative of a very small conpatibility with PCL,
PMMA andPCL beingsegregate in two phaseslin fact,
the analysis of the T values is one of the mostpowerful
criteriato checkthe compatibility of polymeric systens.
Dynamical mechanich thermal curves are shown in
Fig. 7 and 8. The effect of the PCL incorporatedin the
beadss observel in the decreasingf the bendingstorage
modulus (E’) at the melting tempeature of PCL phase
and the presace of a slight transition visible at about
—60°C, associatedo T, of PCL (Fig. 7). Thesefacts indi-
catethat the molten PCL actsas a plastiizing phasein
the glassymatrix of PMMA. The bendingloss modulus
(E") curves(Fig. 8) show this effect more cleaty with
increasing PCL concentation. Commecial PMMA
exhibitedcleartransitionsat abaut 10 and89.5°C (if cal-
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Fig.9. Opticd micrographsof films preparedfrom PMMA/
1000 PCL blends a) 40% PCL ( x 40); b) 60% PCL ( x 200); c) 80%

PCL ( x 200):d) 100%PCL ( x 200).

or 5 culated at E” peaks)whereasour PMMA beads(sample
: : : : : : : : A) displayel the sametransitonsbeingthe seond oneat

-100 -50 0 50 100 lower tempeature (77.7°C). Sampes contining PCL,
Temperature (°C) suchasB andC, showedthe presenceof the above men
Fig.7. Bendigstoragemodulus(E") asafunction of témpera- tionedtransitions.In particulat the lower glasstransition
ture:(- - - ) commeréal PMMA; (—) sampeA,; (- - - -) sampe  temperatureof the sampes B, asdetectedoy the E” curve
B; (- - -) sampe C; (- - - -) sampleD. peak could bethe effect of mectanicalplasticizaton due
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to amoreintimatedistribution of liquid PCL (PCL melts
duringthetestat around60°C) in the PMMA, dependng
on the initially more homayeneousdistribution of the
solid PCL within the blerd; finally, in sampe D a third

transition, associatd to the melting of PCL, is observed

at55.5°C.

Morphologyof blends

Finally, the low compatibility betweenPMMA and PCL
wasalsovisualizedfor the blends preparedstating from
polymerized components. Optical microgrags cleaty
evidencedthe morphology of the differenr PMMA/PCL
blends(asseenin Fig. 9a, b, andc). The blendsexhibited
PCL domans with a typical spheruitic structure
immersedin a glassymatrix of PMMA. The spherultic
morphobgy of PCLis finally showael in Fig. 9d.

Conclusions

We hawe obtained PMMA/PCL beadsof contolled size
and distribution by suspensin polymerization of solu-
tionsof PCLin MMA usingberroyl peroxideasinitiator.
The increasein PCL conponentleadsto a higher bead
sizeandto a highersizedispersionFromDSC,GPCand
DMTA experimens, we can concludethat the bead are
formed by a microheteogeneos two phasesystem evi-
denchg the low compatibilty of the two polymers.SEM
analysis showed the complex structure of the beads pro-
duct of the natue of the polymerizaion conditions and
comporents.

As this mateial is of interestas partial replacenent of
the solid phasein PMMA-basedbore cenment formula-
tions, further studiesarebeing carriedoutin this way.
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