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Abstract

Synthesis of an asymmetric tadpole-shaped alipbapolyester consisting of a paty¢aprolactone) ring and
two poly(L-lactide) tails was reported for the first timersEi a high molecular weight cyclic PCL macroirtitia
(M, = 31,000) was prepared by intramolecular photaetioking of "living" chains. Polymerization aflactide
was resumed by the tin dialkoxide containing magetes, thus making the targeted tadpole-shapedipester
available. A preliminary investigation of the cigflization of these copolyesters was carried outiffgrential
scanning calorimetry and polarized optical micrgsco
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1. Introduction

Because the macroscopic properties and potenjidicagions of synthetic polymers directly dependtioair
molecular structure, the design of the molecularatteristics of the chains, including the architee
(e.g., mono-/pluri-macrocyclic, hyperbranched, staaped, comb-shaped and dendrimeric) is of prime
importance [1-3].

At the time being, only a limited effort has beavdted to the synthesis of tadpole-shaped polyrtiaus,
macrocycles substituted by either one [4-7] or side chains [6,8-11]. Most of them are syntheslzed
cyclization of a linear precursor, according to twain strategies. A first approach relies on thedi
cyclization of a duly substituted linear precur€®cheme 1). For example, a difunctional couplingragY—
R—Y) can be reacted with, e.g., a four-araBAstar-shaped polymer, whose arms A are end-cappadyboup
X reactive towards Y (Scheme 1, route A). In a bgsis reported by Ma, A was polybutadiene and B was
polystyrene [8]. A one-arm tadpole-shaped copolywas also prepared by cyclization of a linear preau
capped by a reactive group Y at one chain-end aadrg a mutually reactive group X along the ct{&icheme
1, route B). This strategy was implemented by [@effiet al., who synthesized macrocyclic poly(chéingl
vinyl ether) substituted by one polystyrene taiinfrlinear poly(chloroethyl vinyl ethef-polystyrene
copolymer [4]. Whenever two reactive groups X aeated along a preformed polymer (Scheme 1, royta C
two-arm tadpole-shaped copolymer is formed by dagphith a difunctional compound Y—R—Y. For
example, Tezuka et al. prepared a two-arm tadgweed poly(THF) by this strategy based on eleditinst
interactions followed by covalent fixation [6]. énless direct two-step strategy, a macrocycleafopmed and
substituted by a functional group X, followed bwaegon with a linear chain end-capped by a compidarg
functional group Y (Scheme 1; route D). Itoh etraported the synthesis of tadpole-shaped polystyby
grafting a carboxyl end-capped poly(styrene) omte amine containing cyclic polystyrene [5]. An aitstive
relies on a "grafting from" technique rather thantloe aforementioned "grafting onto" technique. ldgyret al.
synthesized two-arm tadpole-shaped poly(isopre3ig)yf anionic polymerization of isoprene initiatled a
dianionic macrocycle, that was prepared by cydliradf dianionic linear poly(isoprenyl Li) chainy &,2-
bis(isopropenyl-4-phenyl) ethane (Scheme 1; ro)td Be same strategy was extended to styrene [10].
Nevertheless, all these strategies require thézeyin of linear precursors under high dilutiomdiions in
order to prevent polycondensation from competingizgtion.

Although aliphatic polyesters have great potemtiahe biomedical field because of biocompatibjlity
biodegradability and good mechanical propertiesrid]lexample of tadpole-shaped aliphatic polyessers
known, at least to the best of our knowledge. Tisk aims at reporting the controlled synthesiseri-
crystalline macrocyclic polgfcaprolactone) (PCL) with two semi-crystalline p@Nactide ) tails (PLLA), thus
combining permeability and high flexibility of PGind rapid biodegradability and high tensile strbraft
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PLLA. The general strategy is illustrated in Schehj&l]. Remarkably, no linear precursor is invahin any
step of the synthesis. The ring-opening polymeionadf cCL is first initiated by 2,2-dibutyl-2-stanna-1,3-
dioxepane (DSDOP) [12], followed by the sequeniymerization of approximately 15 units @f1-
acryloxyethyl)e-caprolactoneoAsCL). The macrocyclic polgtcaprolactone) chains are then stabilized by
intramolecular photocross-linking in non-highlywut#d solution (~0.5 wt%). Because the dibutyl fislbxide

is unaffected by the UV cross-linking, polymeripatiof L-lactide can be directly initiated, with the fortioa of
two PLLA chains attached to the ring in the cloggnity to each other. In contrast to traditionabpedures, this
strategy is very well-suited to the synthesis ghhinolecular weight macrocycles because an inciegabe
chain length does not decrease the probabilitntodimolecular cyclization.

Scheme 1. Possible routes for the synthesis of tadpole-stigmlymers.
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2. Experimental section
2.1. Materials

(1-Hydroxyethyl)e-caprolactone was synthesized according to Chfegtogt al. [13]e-CaprolactonesCL)
(Aldrich) was dried over calcium hydride at roommfgerature for 48 h and distilled under reducedsumesjust
before useL lactide was purified by recrystallization (thrémés) from dry toluene and dried in vacuo at room
temperature for 24 h. 2-Dibutyl-2-stanna-1,3-dicxep (DSDOP) was synthesized as reported in thatdixe
literature [14]. Benzophenone (Aldrich) was pudfigy sublimation at 40 °C in vacuo and further ditigy
azeotropic distillation of toluene. Toluene (Ald1j©9.5%) was dried over sodium benzophenone astitleti
under nitrogen.

2.2. Preparation of a-(1-acryloyloxyethyheaprolactone (aACL)

A solution of acryloyl chloride (2.3 mL, 2.58 g,.88nmol) in 20 mL of CHC1, was added dropwise to a
mixture of (1-hydroxyethylx-caprolactone (4.1 g, 25.9 mmol) andNE{4.0 mL, 2.88 g, 28.5 mmol) in 40 mL
of CH,C1, at 0 °C. Then, the temperature was slowly increéageto room temperature under stirring for 16 h.
After filtration, the solution was washed with deied water (1 x 50 mL), saturated aqueous Naki@& 50
mL) and deionized water (1 x 50 mL). The organiagghwas dried by anhydrous MgSOzt, filtered, ard th
solvent was eliminated under reduced pressukeCL was finally purified by elution through S;O
(EtOAc/Hexane, 2:3). The yield was 84% (4.63 g).1R28 {/c=0), 1637 {/c-0), 1618 (c=c) cmi’.

2.3. Synthesis of tadpole-shaped copolyester (Szgm

In a typical experiment, 2.0 mL ofCL (18 mmol), 11.5 mL of dry toluene and 0.4 mLaoDSDOP solution
[0.2 M in toluene] were sequentially added intarevpusly flamed glass reactor with a syringe tigtoa rubber
septum. After 2 h at 40 °C, 0.30 gaAeCL (1.4 mmol) in 2 mL of toluene was added to thaator, and the
reaction temperature was increased to 60 °C. Z&fter3 mL of the reaction mixture was picked ou an
hydrolyzed into the parent linear copolyester foaracterization. The solution of the living cygticecursor was
cooled down to room temperature under nitrogenedddth a benzophenone solution (2.0 mg, 11.4 pmol,
0.5 mL toluene), and finally diluted with dry tolue until a polymer concentration of 0.5 wt%. Thatusion was
UV irradiated (350-420 nm, 1000 W) at room tempamafor 120 min. After part of the solvent was ewated,
half the solution was hydrolyzed by a few dropsodtic acid (1 M in toluene), the polymer was gr#ated in
cold heptane, recovered by filtration and driegtacuo for characterization. The second part oftiation, i.e.,
the macroinitiator 2 (0.0325 mmol), was added itolution of 0.6 g-lactide (4.17 mmol) in dry toluene (5
mL) preheated at 60 °C. After stirring at 60 °C 4dn, the polymerization mixture (concentration v&56) was
added with acetic acid (1 M in toluene), precigithin methanol, collected by filtration and driedvacuo.

2.4. Characterization

Size exclusion chromatography (SEC) was performétHF at a flow rate of .0 mL mihat 40 °C with a
Hewlett-Packard 1090 liquid chromatograph equippild a Hewlett-Packard 1073A refractive index datec
and styragel columns (HP PL gel 5 um; pore sizejf1¢f, 1, and 18 A). Polystyrene (PS) standards were
used for calibration and, for the sake of comparistth linear PCL, the experimental molecular wésgivere
converted by the following equatiokt,(PCL) = 0.259 ¥M,(PS)}°"*[18]. *H NMR spectra were recorded in
CDCI3 with a Brucker AN 400 apparatus at 25 °Cf@#ntial scanning calorimetry (DSC) was carrietwith
a TA 2010 DSC thermal analyzer calibrated with umdi Samples of 5-8 mg were encapsulated in aluminum
pans, cooled down to -90 °C and heated up to 20& ZC10 °C/min rate. Polarized optical micrograpfikin
polymer films (prepared by solvent casting) wersestied with a ZEISS Axioplan microscope equippeith i
hot stage and a digital camera (Ikegami). The sasnpkre heated up to the melting temperature @t°&€/Anin
rate, maintained at this temperature for 3 minthet cooled at 10 °C/min down to 120 °C for thednPLLA
to crystallize and then down to 40 °C for crysration of cyclic PCL to be observed.

3. Results and discussion
3.1. Synthesis of the cyclic PCL macroinitiator
The strategy shown in Scheme 2 relies on the sgigtleé macrocyclic PCL by ring-opening polymeripatiof

lactones £CL andoAcCL) initiated by a cyclic tin(1V) dialkoxide. Thecaordingly preformed macrocyclic
polyester is then stabilized by the intramolecplantocross-linking of the pendant unsaturationd tethe
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growing site. The detailed information can be foetebwhere [11] and in Supplementary data. Neviedkethe
synthesis of the monomer(1-acryloyloxyethyl)e-caprolactonedAcCL) which is at the origin of the
intramolecular cross-linking step (Scheme 2), latsheen reported so far. Briefly, (1-hydroxyeths)-
caprolactone was synthesized freroaprolactone by Christoffers' procedure [13] ($086). The alcohol was
then esterified by acryloyl chloride in the presen€ triethylamine (Scheme 3). The lactone wasfigarby
elution through silica and collected with a yiefd88%. This lactone is very sensitive to radicalypterization
and must be stored in toluene at -20 °C. *Hh&IMR spectrum shows two diastereoisomers in aB8i8lar
ratio, as testified by two multiplets at 2.75 ppndat 2.95 ppm, respectively, assigned to-tgH—CO
protons (Fig. 1). This assignment was confirme@byCOSY NMR (Fig. 2). The diastereoisomers were not
separated and used as such in this work (Scheme 2).

The macrocyclic PCL used in this work contains 28Q units and 8.8 unsaturations, that remained urifiedd
by the UV treatment (cfr infra)My nmr = 27,500M, sec= 20,500M/M,= 1.4) (Table 1). The thermal
properties of the cyclic polyester and the lineaurterpart were analyzed by differential scanniagrimetry
(DSC) at a heating rate of 10 °C/miy.andT,, were recorded during the second heating run (T2bl€he
degree of crystallinity. = [AH/ AHpc "] x 100 was calculated from the experimental mglénthalpy with
AHpc’ = 136.4 J/g for the 100% crystalline PCL [15]. Gyation of PCL M, = 27,500) has only a minor effect
onT,, in contrast to the important impact on crystaliian. Indeed, the melting temperatufg)(decreased by 7
°C and the degree of crystallinit}{J] by at least a factor of two (Table 2).

Fig. 1. *H NMR spectrum fosAsCL.
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Fig. 2. 2D COSY spectrum feAsCL.
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Table 1 : Molecular characteristic features of linear angclic polyesters, and tadpole-shaped and triblock
copolyesters

Samples Mn.tr Mn.nMR Mn,sec MwMn Fco®
PClLinear 25,600 27,500 24,000 1.40 1
P CLmacrocyclit 25,600 27,500 20,500 1.40 1
Tadpole-shaped 43,500 44,500 24,500 1.40 0.67
Triblock PLLA-b-PCL-b-PLLA 44,000 42,000 31,000 1.40 0.67
PLLAinea 9000 8500 9000 1.04 0

l:CL = (DPa-caprolactony(DPa-caprolactone"’ DR_-Iact\de)-

3.2. Synthesis of polytaprolactone) tadpole-shaped with two paljéctide) tails

In order to synthesize a two-tail tadpole-shapetd/PCLA copolymer, the solution of the macroinitiat®d was
concentrated, followed by the addition af-tactide solution in dry toluene. The polymerizatimixture
(concentration: 25 wt%) was stirred at 60 °C fdr @ptimized conditions). Th#d NMR spectrum for the
tadpole-shaped copolymer (comparison of Fig. 3AWig. 1) clearly shows new peaks at 5.09-5.18 ppm
typical of the protons f for the-lactide units. A peak of low intensity at 4.3 ppan be assigned to the —
CHOH end-group of the PLLA chains, whereas the pé&kéappm for the PCL end-group (-HgOH) has
completely disappeared, in agreement with the aede®sumption of the-lactide polymerization. The-
lactide conversion was 90% as calculated fromntensity of the signals at 5.09-5.18 ppmifdactide and at
2.25 ppm foeCL. The average polymerization degree was accoldgaiculated for each tail (QPjactige = 59,
Mnvr = 8500). Moreover, the absence of transesterifinaeaction was confirmed BC NMR spectrum (Fig.
3B). Indeed, the expanded carbonyl region showspwaks at 173.5 ppm for cyclic PCL and at 169.5 figym
the two PLLA tails. This observation of the PCL dd_A homodiads without any additional signal is
consistent with the coexistence of "pure" macrdcyRCL and linear PLLA tails. It is also worth nagi that the
peak at 3.6 ppm assigned to thd,OH of the macroinitiator 2 disappeared completggruthe resumption of
the lactide polymerization, consistent with a hiigitiation efficiency.

The SEC trace (Fig. 4) was shifted towards sh@ligion times, while keeping the polydispersityend
unchangedNl,/ M,=1.40). The apparent molecular weight was actuatlyeasedNl, sec= 24,500), compared
to the macrocyclic precurso¥f sec= 20,500M,,/M,= 1.40). It can, thus, be concluded that the polyrnagion
resumption is effective and that tadpole-shapeg(paaprolactone) with two PLLA tails of a tunable dgim can
be readily prepared.
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Table 2: Physical properties of linear and cyclic polyestesnd tadpole-shaped and triblock copolyesters

Samples Ty’ [°C] (PCL) T’ [°C] X:” [%] T [°C] X:” [%] T’ [°C]
(PLLA) (PCL) (PCL) (PLLA) (PLLA)

PCliinear -59.5 - 49.0 51.0 - -

P CLimacrocyclit -57.0 - 215 44.0 - -

Triblock PLLA-b-PCLb- -59.0 - 46.5 51.0 30.5 134.5

PLLA

Tadpole-shaped -56.5 - 18.5 39.0 9.5 1325

PLLAnea - 34.0 - - 11.5 148.0

4Ty and T, measured during the second heating run at a 10iACAte.

® X = (AHWAHpc®) x 100 for homo-PCLX ™ = [AHW/ (WeLia X AHpLa%)] X 100, XP = [AH/(WecL X AHpc 9] x 100 for the tadpole-
shaped copolyester, whekél, is the actual melting enthalpye 4 andWe, are the weight fractions of PLLA and PCL in th@alyester,
respectively (NMR analysish\Hpc° (136.4 J @) [15] andAHp4° (93 JgY) [17] are the melting enthalpies for 100% cryaallPCL and

PLLA, respectively.

Fig. 3. 'H (A) and**C (B) NMR spectra for a tadpole-shaped copolyester.
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Fig. 4. SEC traces for cyclic polyester after UV treatm@)t and tadpole-shaped copolyester (b).
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Fig. 5. DSC traces from the cooling (A) and second heg)guns for linear PCL (a), macrocyclic PCL (b),
tadpole-shaped copolyester 3 (c), linear triblodk @nd linear homo-PLLA (e).
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In order to confirm that tin alkoxides remain unnfiedl by the UV treatmentCL was polymerized by DSDOP
and analyzed by SE®A} = 27,500M,/M,, = 1.4). The living chains were then UV irradiated enthe
conditions used for the intramolecular cross-ligkaf theaAsCL containing macrocyclic PCL. Finally, a
second feed ofCL was added to the polymerization medilj.increased up to 41,000 in line with the
theoretical value of 44,000, and the polydispenmstyained unchangei(,/M,= 1.4). Clearly, tin alkoxides
tolerate UV irradiation.

For the sake of comparison, a linear poly(LbACL-b-LLA) triblock copolymer M, nwr = 42,000M/M=
1.40; E-caprolactone= 0.67) was synthesized by sequential ring-opepoigmerization oECL andL-LA initiated
by DSDOP, according to Kricheldorf's procedure (€ab [16]. Linear poly(-lactide) M, nur = 8500;M,,/M,,
= 1.04) was also prepared by ROR_déctide initiated by DSDOP.

The thermal behavior of tadpole-shaped copoly&s{&cheme 2) was compared to cyclic PCL (precursor)
linear PLLA and linear triblock P(LLA-¢CL-b-LLA) by differential scanning calorimetry (DSC)i¢f- 5). The
polyesters were first heated above the melting exatpres (200 °C), and then cooled down to -90t°Crate of
10 °C/min. The cooling traces are shown in Fig.)5@\crystallization peak is observed for the magwadic
PCL 2 at 15.0 °C, whereas only a very faint pea83atC is observed for homo-PLLA of quite a compiea
molecular weight,, = 9000). Two crystallization peaks are observei3atC and 83 °C for the triblock
copolymer. When the tadpole-shaped copolyestasrisarned, no crystallization is detected anymarasistent
with a much slower crystallization for the macrday®CL as a result of the grafting of two PLLA am

All the samples were then heated from -90 °C &tQ/0min, and the DSC traces are shown in Fig. 5(B).
Expectedly, a melting endotherm is clearly obseffeedhe cyclic PCL (44 °C), whereas PLLA, whiclddiot
crystallize significantly during cooling, crystaiés at 85.0 °C followed by melting at 148 °C. Aitambehavior
is observed for the cyclic PCL in the tadpole-shibpapolyester. Indeed, the crystallization thatrbd occur
during cooling, is observed during heating at -’C5followed by melting at 39 °C. The melting teznature of
cyclic PCL is thus decreased by 5 °C as a resuli@PLLA grafting. Although crystallization of PL.could
not be observed during both the cooling and thémgateps (possibly because of a too low contéRLAA in
the copolyester), a small melting endotherm waglesl at a much lower temperature (132.5 °C) coetptr
homo-PLLA (148 °C). In parallel t®,,, the crystallinity degree for cyclic PCL and PLlis\also decreased as a
result of incorporation into the tadpole-shapedhigecture (Table 1). It thus appears that the &ierce of two
crystallizable constitutive components in the cgpster has a mutually detrimental impact on their
crystallization. Finally, onlyl, of the cyclic PCL could be observed by DSC, whiemained unaffected by
grafting of PLLA (Table 1).

In contrast to the tadpole-shaped copolyestercystallization of the triblock copolymer is obsedvduring
cooling from the melt and no longer during the rieedting step. Moreover, the melting temperaturtefPCL
(51 °C) and PLLA (134.5 °C) blocks of the lineablinck copolymer is slightly higher and their degef
crystallinity is much higher compared to the tadpshaped copolyester (46.5% vs. 18.5% for PCL &n6%3
vs. 9.5% for PLLA) (Table 2). As a rule, the tadpshaped architecture has a direct impact on the
crystallization of the constitutive components.

Although a detailed analysis of the crystallizatadrihe tadpole-shaped copolyesters is beyondadbyeesof this
paper, the isothermal crystallization of PLLA aDI’Z was observed by polarized optical microgragig
compared to that of the tadpole-shaped copolyéisseéat 120 °C and then at 40 °C. The samples were
previously heated at 180 °C for 3 min. At 120 °Gnio-PLLA crystallizes much faster than the PLLASan
the copolyester, with the formation of banded splitess that result from the periodic twisting obaring
lamellae. Under the same conditions of temperaintetime, the spherulitic growth of the low contehPLLA
tails in the copolyester is quite a problem. Oréyndritic-type crystallites are observed, which isay
preliminary step in the spherulite formation (F6d\). These crystallites serve as templates focyotic PCL
crystallization at 40 °C, as illustrated by Fig..6B
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Fig. 6. Polarized optical micrographs for isothermally stgllized (A) tadpole-shaped copolyester, first 20
°C and then at 40 °C (B), (C) homo-PLLA (at 120.°C)

A

4. Conclusion

Synthesis of asymmetric tadpole-shaped aliphapolyesters consisting of a PCL ring and two PLLHAstavas
reported for the first time. A cyclic PCL macroiatbr was prepared by sequential polymerizatiosGif and a
few units ofaAeCL, followed by intramolecular photocross-linkiril@esumption of the-lactide polymerization
gave rise to the targeted tadpole-shaped copolyésteontrast to the classical methods of synthesi
macrocycles that rely on the cyclization of linehains, cyclic precursors are prepared in this viagrkving
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ring-opening polymerization initiated by a cyclio(fV) dialkoxide followed by covalent fixation byhotocross-
linking of pendant unsaturated units. This metteothus well-suited to the synthesis of predictduidga
molecular weight macrocycles [10]. In addition lbe polymerization of-CL andaAeCL, that one of -lactide

is living, which allows size and composition of tiaglpole-shaped copolyesters to be extensivelydtune
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