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ABSTRACT: Chemical modification ofr-hydroxym-isopropylestertelechelicPrO—PCL—OH, 1, and o,w-
dihydroxytelechelic HO-PCL—OH, 4, poly(e-caprolactone) (PCL), synthesized from ring-opening polymerization
using La(OPr); or Sm(BH,)3(THF)s, allows the synthesis of the correspondindgpromoester end-functionalized
polymersiPrO—PCL—Br, 2, and B—PCL—Btr, 5, respectively. This direct procedure consists in an esterification

of the hydroxy group(s) ofiL and 4 using 2-bromoisobutyryl bromide. These bromopolyesend 5 have
subsequently been used as macroinitiators to synthesize, via atom transfer radical polymerization of methyl
methacrylate (MMA), the new set of di- and triblock polyestpolyacrylate copolymers PCh-PMMA, 3, and
PMMA-b-PCL-b-PMMA, 6, respectively. All (co)polymers are well defined as characterized by NMR and size
exclusion chromatography analyses. In addition, the thermal properties of copoB/amel6 have been investigated

by differential scanning calorimetry. The self-assembly of triblock PMBRCL-b-PMMA, 6, copolymers into
nanoparticles has been investigated by dynamic light scattering, atomic force microscopy, and optical microscopy
techniques.

Introduction on the chain end(s) of the first isolated polymer. Prefunction-

Block copolymers have received extensive attention from alization of th? fir;t monomer prior to its dual polymerization
. . - . is another option in this last procedure.

academia and industry because of their remarkable ability to )
spontaneously assemble into nanoscale polymeric architec- FOr the synthesis of polyestepolyacrylate block copolymers,
tures!2 Amphiphilic block copolymers, composed of a hydro- We have been investigating both strategies starting with poly-
philic block chemically bound to a hydrophobic one, have (€-caprolactone) (PCL)and poly(methyl methacrylate) (PMMA)
attracted increasing interest as polymeric micelles in pharma- &S models. First, the living characteristic of the polymerization
ceutical applications ranging from sustained-release technologies?f CL initiated by rare earth alkoxide or borohydride derivatives
to gene delivery-® However, such amphiphilic block co- that we established |_nth_e previous studies prompted us to study
polymers, specifically composed of biocompatible polymers, the block copolymerization with MMA>"18 However, such a
remain nowadays undevelop&dio that end, we are elaborating Pathway remained unsuccessful. Similarly, MMA polymeriza-
polyester-polypeptide-based diblock and triblock architec- tion followed _by CL ad_dmon, using these same initiators, did
tures to design novel drug-delivery systefn¥ For this same not allow us in preparing the desired PGIPMMA copoly-
purpose, we are now extending our research to polyester Mers:
polyacrylate copolymers. Indeed, such copolymers are of interest We next investigated the second three-step strategy involving
as support for controlled drug delively:14 As a first approach, the synthesis of PCLs, their chemical functionalization, and their
we have focused our initial investigations on typical monomers subsequent copolymerization with MMA. This particular ap-
as models, namely-caprolactone and methyl methacrylate, proach relies on the availability of the valuable monohydroxyl-
prior to considering other hydrophobic polyester associated to and especially dihydroxyl-terminated PCLs synthons, which
hydrophilic acrylate blocks. we have developed and have otherwise already chemically

Synthetic pathways to gain access to block copolymers follow func’gipna_lized. Indeed, we _reported recently_on the chemical
two general strategies. One traditional approach relies upon themodification ofa-hydroxy w-isopropyltelecheli¢PrO-PCL—
sequential block copolymerization using a two-step route, ©H.1, ando,w-dihydroxytelechelic HO-PCL-OH4, polyesters
provided that the first polymerization is a living reaction and t0 amino end-functionalized analogu#arO—PCL—NH; and
given that both monomers can be polymerized via the same H2N—PCL—NH,, respectively’. These aminopolyesters were
chemical process. The second way to prepare block copolymersthen successfully used as macroinitiators to access the new
involves a three-step method. First, one polymer has to be Piomacromolecular diblock and triblock polyestgmolypeptide
polymerized, then it should be appropriately postfunctionalized copolymers, PCIb-PBLG (PBLG= poly(y-benzyl L-glutamate))
before being used as a macroinitiator for the second monomerand PBLGb-PCLD-PBLG. Herein, we report on the chemical
polymerization. The transformation sequence can take placeModification of these hydroxyl-functionalized PClisand 4,

directly on the active propagation center of the first block or Prepared from ring-opening polymerization (ROP) of CL using
La(OPr); or Sm(BH,)3(THF)3,15717 to the bromo-terminated

PCLs and their subsequent use as macroinitiators for the atom
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et Organomtlliques, Campus de Beaulieu, 35042 Rennes Cedex, France. copolymers have been prepared, with such a set of PMMA/
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Figure 1. 'H NMR spectra in CDGl of PCLgs—OH, 1, PCLos—Br, 2, and PClgs-b-PMMA 195 3.

PCL analogous copolymers being obtained here for the first (O)} O(CH,)sOH, HO-PCL-OH= PCL-OH,, 4, polymer samples
time. We thoroughly characterized these copolymers by NMR, were synthesized and characterized according to reported pro-
kinetics, and thermal analyses and also examined the self-cedures>/

assembling behavior of the triblock copolymers. IH NMR of 1: 6 = 5.10 (quintuplet, 1H, 6(CHs)y); 4.15 (t,
(2n+ 2)H, CH,0); 3.72 (t, 2H, ®&,0H); 2.39 (t, (1 + 4)H, C(O)-
Experimental Section CHy); 1.71 (m, (4 + 8)H, CH,CH,CH,); 1.48 (m, (21 + 4)H,

Materials. All manipulations were performed under inert CHCH,CHy); 1.31 (d, 6H, CH(®l3),) (Figure 1)."H NMR of 4
atmosphere using standard Schlenk and vacuum line technlques(3 4.05 (t, (I+2)H, CH,0); 3.62 (L, 4H, G1.0H); 2.30 (¢, (1
Solvents were thoroughly dried and deoxygenated by standard . 2H: C(O)3H2); 1.64 (m, (4 + 8)H, CHCHCHz); 1.38 (m,
methods and distilled before use. CR@las dried over a mixture (2" + 6)H, CHCHCH;) (Figure 2).
of 3 and 4 A molecular sieves. Methyl methacrylate (MMA) was Instrumentation and Measurements.*H (400 MHz) and'3C
dried and stored over CaH2-Bromoisobutyril bromide, NEt (100 MHz) NMR spectra were recorded in CRG@n a Bruker
CuBr, and pentamethyldiethylenetriamine (PMDETA) were used Avance DPX 400 at 23C and were referenced internally using
as receivediPrOC(0O)(CH)sO{ C(O)(CH,)sO} nC(O)(CH,)sOH, iP- the residualtH and *3C solvent resonances relative to tetrameth-
rO—PCL-OH = PCL-OH, 1, and HO(CH)sC(O} O(CH,)sC- ylsilane ¢ = 0).
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Figure 2. 'H NMR spectra in CDGl of PCLs;—QOH;, 4, PCLs,—Brz, 5, and PMMAss-b-PCLs-b-PMMAs,, 6.

Average molar mass\,) and molar mass distributiomv,/M,) P(e-CL)/[Int. P(e-CL) + Int. (e-CL)] using the methylene group in
values were determined from chromatogram traces recordedthe a-position of the carbonyl (B,C(O), 0 = 2.39-2.30 ppm)
on a size exclusion chromatography (SEC) instrument (Varian) in for CL and by gravimetry for MMA. o
tetrahydrofuran (THF) at 20C (flow rate of 1.0 mL min?) Number average degrees of polymerizatibPn were deter-
equipped with a refractive index detector and three TSK mined from !H NMR analyses; the values resulted from the
HXL columns G2000, 3000, and 4000. The polymer samples integration ratio of the main chain (OGHnH) signal at = 4.15-
were dissolved in THF (2 mg mt). All elution curves were  4.05 ppm relative to the end group methylene proton i, 4H)
calibrated with polystyrene standardl, secvalues of PCLs (PCkt signal atd = 3.72-3.62 ppm.

OH,; and PCHBryp) were calculated using the correction coef- The composition of PCIb-PMMA, 3, and PMMAb-PCLb-
ficient previously reportedMn sec= Mn,secraw dax 0.56)1%718:20 PMMA, 6, copolymers was determined by NMR using the methyl
M secvalues of PMMA block(s) in the copolymers were calculated group signals ath = 4.15-4.05 ppm (®,0) for PCL andd =
using the correction coefficient established from PMMA standards 3.69-3.49 ppm (OGl3) for PMMA.

(Mnsec = Mnsecraw datax 0.90). Molar mass values of block Tacticity of MMA was determined using the singlet for CH-
copolymers were thus determined from SEC using the correspond-(CH3z)C(OOMe) até = 1.10-1.03 (3/6nHa, mr) and 0.92-0.85

ing_correction coefficient and composition of each blotk, ec
= Mn,SECraW dataX 0.56 x CompPCL) + ( Mn,SECraw dataxX 0.90 x

ComppMMA)). )
Monomer conversions were calculated fréhh NMR spectra

(3/6mHsyn rr) and one of the doublet fork;C(Me)(COOMe) at
0 = 2.12-2.04 ppm (1Hs0, mmn).

Differential scanning calorimetry (DSC) analyses were performed
on a Perkin-Elmer DSC-7 apparatus under nitrogen in the temper-

of the crude polymer samples from the integration (Int.) ratio Int. ature range-70 to 150°C with a heating rate of 16C min=1.
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Figure 3. 3C NMR spectrum in CDGlof PMMAGs4-b-PCLs-b-PMMAs,, 6.

Scheme 1. Synthesis of the Diblock PCb-PMMA, 3,
Copolymer from PCL—OH, 1
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Synthesis of Bromoester End-Functionalized PCLsChemical
Modification of PCl=-OH, 1, to PCL—Br, 2. Toluene (50 mL) and
triethylamine (NE$, 421 uL, 3.02 mmol) were added to PCL
OH, 1, (M, = 10700, 3.6 g, 0.34 mmol). After cooling to°C,
2-bromoisobutyril bromide (228L, 1.8 mmol) was added and the

flask was shielded from light. The temperature was then raised to

room temperature, and the contents were stirred for 18 h. After
filtration (removal of NE$Br precipitating byproduct), the filtrate
was dried, dissolved in Ci&l,, precipitated from MeOH, and
finally dried and analyzed. The bromoester-functionalized polymer
was recovered in about 90% yield after purificatiéd. NMR of
2: 0 = 5.10 (quintuplet, 1H, 6(CHy),); 4.25 (t, 2H, ¢,0C(O)-
CMeyBr); 4.15 (t, (2 + 2)H, CH,0); 2.39 (t, (2 + 4)H, C(O)-
CHy); 2.03 (s, 6H, OC(0O)C(H3).Br); 1.71 (m, (4 + 8)H,
CH,CH,CHy); 1.48 (m, (2 + 4)H, CH,CH,CHy); 1.31 (d, 6H, CH-
(CHa),) (Figure 1).

Chemical Modification of PCEOH,, 4, to PCL—Br,, 5. The
same procedure as described for the synthesi® fodbm 1 was

followed using PCE-0OH,, 4 ( M, = 12 500, 3.8 g, 0.30 mmol).
The bromoester-functionalized polymer was recovered in about 90%
yield after purification.!H NMR of 5; 6 = 5.30 (residual Cht

Cly); 4.18 (t, 4H, G1,0C(O)CMeBr); 4.08 (t, (21 + 2)H, CH,0);
2.31(t, (D + 2)H, C(O)Hy); 1.94 (s, 12H, C(O)C(83).Br); 1.67

(m, (4n + 8)H, CH,CH,CHy); 1.40 (m, (d + 6)H, CH,CH,CHy)
(Figure 2).

Typical MMA Polymerization: Synthesis of PCL-b-PMMA

Block CopolymersPCL—Br, 2 (M, = 10 700, 1.5 g, 0.14 mmol),
CuBr (20 mg, 0.14 mmol), and PMDETA (28., 0.14 mmol) were
placed in toluene (30 mL) in a flask. After cooling tG, MMA
was added with a buret (4.47 mL, 42 mmol) and the reaction then
maintained at 8C°C for 7 h. After removal of copper (neutral
activated alumina/THF), the recovered polymer was then dried,
dissolved in CHCI,, precipitated from MeOH, and finally dried
and analyzed. PMMA homopolymer (negligible amount,%) was
removed from the diblock upon dissolution of the copolymers in
acetone, in which PMMA is insoluble. The diblock copolymer
was isolated in about 60% yieltH NMR of 3: ¢ = 5.38 (residual
CH.Cl,); 5.09 (quintuplet, 1H, E(CHa),); 4.27 (t, 2H, ¢,OC-
(O)CMe—PMMA); 4.15 (t, (1 + 2)H, CH,0); 3.69 (s,
3mH, OCH3); 2.39 (t, (D + 4)H, C(O)Hy); 2.12-1.98 (m, 2nHiso
+ a, CHaiso + aC(Me)(COOMe)); 2.03 (s, 6H, OC(O)CtE).);
1.90 (s, 2rHsyn CH,syrC(Me)(COOMe)); 1.71 (m, @ +
8)H, CH,CH,CH,); 1.48 (m, (2 + 4)H, CH,CH,CH,); 1.31
(d, 6H, CH(M3)2); 1.29 (s, 3nHiso, C(CH3)isoC(OOMe)); 1.10
(s, anHa, C(CH3)aC(OOMe)); 0.92 (s, BHsyn C(CHg)syrC-
(OOMe)) (Figure 1)13C NMR of 3 is identical to that o6 (Fig-
ure 3).

Synthesis of PMMA-b-PCL-b-PMMA Block Copolyméerke
same procedure as described for the synthesi3 wbm 2 was
followed using PCE-Br,, 5 ( M, = 12 500, 1.3 g, 0.10 mmol).
PMMA homopolymer (negligible amount 1%) was removed from
the triblock upon dissolution of the copolymers in acetone, in which
PMMA is insoluble. The triblock copolymer was isolated in about
77% vyield.'H NMR of 6: 6 = 5.38 (residual CkLCly); 4.15 (t,
4H, CH,0C(0O)CMe—PMMA); 4.08 (t, (2 + 2)H, CH,0); 3.49
(s, 6BmH, O®3); 2.30 (t, (4 + 2)H, C(O)THy); 2.04-1.88 (m,
2mHiso + a, CH,iso + aC(Me)(COOMe)); 1.95 (s, 12H, OC(O)C-
(CH3),); 1.78 (s, InHsyn CH,syrC(Me)(COOMe)); 1.67 (m, (@

+ 8)H, CH,CH,CHy,); 1.38 (m, (2 + 6)H, CH,CH,CH,); 1.20 (s,
unidentified); 1.17 (s, ®Hiso, C(CHs3)isoC(OOMe)); 1.03 (s,
6mHa, C(CH3)aC(OOMe)); 0.85 (s, BiHsyn C(CHz)syrC(OOMe))
(Figure 2).13C NMR of 6: 178.4, 178.2, 178.0, 177.1, 173.7
(PMMA—-C(0O)O, PCL-C(0)O); 77.2 CDClg); 64.3 (PCL-
OCHy); 54.6 (PMMA—CH,C(Me)(COOMe); 51.9 (PMMA-C(O)-
OCHy); 45.0, 44.7 (PMMA-CH,C(Me)(COOMe)); 34.3 (PCE
CH,CO); 28.5, 25.7, 24.7 (PCECH,CH.,CH,); 18.9, 16.7
(CH,C(CH3)(COOCH)) (Figure 3).

Preparation and Characterization of Particles. Polymeric
nanoparticles from the triblock copolymers were prepared by
dissolving the copolymes in THF (100 mg L%, 5 mL), a good
solvent for both blocks, followed by its dropwise addition (20 mL
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Scheme 2. Synthesis of the Triblock PMMAb-PCL-b-PMMA, 6, Copolymer from PCL —OH,, 4
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Table 1. Polymer Features of PCI=-OH, 1, and PCL—Br, 2
PCL-OH, 1 PCL—Br, 2

Mn sec o _ Mn nmg? Mn the M sec o _ Mn nmg?

run (g mol%) Muw/MpP DPn° (g mol%) (g mol%) (g moly) Muw/MpP DPne (g mol%)
1 3350 1.1 29 3380 3400 3300 1.2 29 3440
2 6600 1.1 58 6690 6800 7200 1.2 63 7320
3 9500 1.1 83 9540 9600 9400 11 83 9600
4 10 700 1.4 94 10 790 10 800 10 700 14 95 10970

aSEC values of the precipitated polymer samp¥ddolar mass distribution values calculated from SEC chromatogram trablesnber average degree
of polymerization determined froAH NMR analysis.4 Molar mass values determined frdid NMR analysis and calculated froBPn x 114+ 59 (OPr)
+ 17 (OH)/80 (Br).® Theoretical molar mass values calculated frisfsgc (PCL—OH) — (17(OH) + 80(Br)).

Table 2. Polymer Features of PCl=-OH,, 4, and PCL—Br3, 5

PCL—OHy, 4 PCL—Brz, 5
Mn sec o _ Mn nmr? Mn the Mn sed o _ Mn nmr?
run (g mol?) Mu/MP DPn® (g mol?) (g mol?) (g mol?) My/MP DPn® (g mol?)
1 3600 1.1 32 3680 3700 3600 1.1 32 3810
4 12 500 1.4 109 12 460 12 600 12 500 15 109 12 590

aSEC values of the precipitated polymer samp¥ddolar mass distribution values calculated from SEC chromatogram trabesnber average degree
of polymerization determined frodH NMR analysis.9 Molar mass values determined froitd NMR analysis and calculated froBPn x 114+ (2 x 17
(OH))/(2 x 80 (Br). ® Theoretical molar mass values calculated fritsec (PCL—OHz) — (2 x 17 (OH)) + (2 x 80 (Br)).

h=1) to a solution of water (5 mL) at 23C under stirring. The HS) equipped with a HeNe laser source (633 nm). Samples for
residual THF was then removed by evaporation under nitrogen at imaging by atomic force microscopy (AFM) analyses were prepared
ambient pressure and temperature. The resulting solution was therby deposition of aqueous suspension of the above copolgrorr
diluted 20 times. a mica substrate. Practically, one drop of a dilute aqueous
The hydrodynamic diameter of the PMMACL-PMMA suspension (5 mg1!) was deposited on axt 1 cn? freshly cleaved
particles was determined by dynamic light scattering (DLS) in water mica substrate. Samples were analyzed after complete evaporation
at a 90 angle at 20C on a MALVERN apparatus (Zetasizer 3000 of the solvent at room temperature. The AFM image is shown as
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Table 3. PCL-b-PMMA, 3, Copolymers Features

PCL—Br MMA B compositiof  _ _ _

Mnse@ [PCL-Brle® [MMA]o [MMA]o conversioA Mpmed PCLIPMMA Mnse¢ DPn9 Mo tacticity® (%)
run (g mol1) (mmolL™%) (mmolL1) [PCL—Br]o (%) (g mol1) (%) (g moY) Mw/M, PCL-PMMA (g mof?) rr—mr—mm
1 9400 5.8 507 87 20 11 450 80:20 11 200 1.2 —a0 11 260 66-34—6
2 10700 7.3 2320 317 55 28100 33:67 32000 1.2 -394 30 360 58-36—6
3 10700 10.0 2264 226 60 24 300 34:66 30 750 12 -8B 29 060 62-33-5

a SEC values of the precipitated polymer samples (Tablé [BCL—Br]o = [Br]o. ¢ Determined byH NMR analysis ¢ Calculated fromV, sec(PCL—
Br) + [MMA] o/[PCL—Br]o x 100 x Conversion (MMA).® Molar mass values determined from SEC using the corresponding correction coefficient and
composition of each blockMolar mass distribution values calculated from SEC chromatogram tréesnber average degree of polymerization determined

from IH NMR analysis." Molar mass values determined frotd NMR and cal

Iculated fronDPnpc, x 114 + 59 (OPr) + DPnpmwa x 100+ 80(Br).

Table 4. PMMA-b-PCL-b-PMMA, 6, Copolymers Features

PCL—Br, MMA ~ compositiof DPP ~
Mnse@ [PCL—Brjo® [MMA]o [MMA]¢ conversiof Mugmed PCLPMMA Mpsed PMMA— Mnnwr  tacticitye (%)
run (gmolY) (mmolL™Y) (mmolL™1) [PCL—Bro (%) (g mol?1) (%) (g molY) Mw/Mp8 PCL-PMMA (g mol1) rr—mr—mm
1 3600 55 613 111 70 11370 23:77 25100 1.2 —82-54 14610 57%35-8
2 3600 2.5 890 356 77 31010 11:89 44 200 1.3 -132-133 30330 5#35-8
3 12500 0.8 467 584 30 30020 35:65 59 300 1.6 —909-99 32390 5%34-9
4 12500 0.7 891 1273 40 63 420 17:83 96 850 1.3 -2B39-258 64190 5834-8

aSEC values of the precipitated polymer samples (Tabl& 2)PCL—Br;]o =
+ [MMA] o/[PCL—Br3]o x 100 x conversion (MMA).€ Determined fronrtH NMR
correction coefficient and composition of each blogkiolar mass distribution

[Br~]o. ¢ Determined by gravimetry Calculated fronM,, sec (PCL—Br»)
analysis.f Molar mass values determined from SEC using the corresponding
values calculated from SEC chromatogram tr‘amsnber_average degree

of polymerization determined froAtd NMR analysis. Molar mass values determined frdid NMR and calculated fror®Pnpcy x 114+ DPnpumva x 100

+ (2 x 80 (BN)

PMMA ,,-b-PCL,,-b-PMMA] ,, PCL,,-Br,

e

R ——
—_—

"ll 15 Time (nin) 20 25

Figure 4. SEC traces of PGi—Br,, 5, and the corresponding triblock
PMMA 135b-PClLs-b-PMMA 133, 6.

recorded. Polarized optical microscopy images were (otherwise)
obtained using a Leitz optical microscope equipped with a camera
(SONY) in combination with a Mettler-Toledo FP2 hot stage. The
films were obtained after cooling from the melt at 10 K mion

a glass plate.

Results and Discussion

A. Chemical Modification of Hydroxyl-Functionalized
PCLs PCL—OH, 1, and PCL—OHpy, 4, to Their Respecitve
Bromo Analogues PCL-Br, 2, and PCL—Br,, 5. Monohy-
droxyl- and dihydroxyl-functionalized PCLs, PCL-OH, and
PCL-OH,, 4, were synthesized by ring-opening polymerization
(ROP) using La(@r); and Sm(BH)3(THF); as initiators,
respectively, according to previously described procedures
(Schemes 1 and2§-18 These well-established processes allow
a quantitative and controlled polymerization of CL within
specific conditions thereby offering, within less than 15 min in
THF at 21°C, well-defined mono- and dihydroxy polymers
(Tables 1 and 2). NMR characterizationloénd4 depicted, in
particular, the typicalCH,OH signals aty = 3.72-3.62 ppm
(*H) and 6 = 32.4 ppm {3C) confirming the hydroxyl-
terminated PCL structures (Figures 1 and 2).

These hydroxyl macroligandd. (4) were then chemically
modified to the corresponding bromo analogue PCLs, PCL
Br, 2, and PCL=Bry, 5, respectively, in order to be used as
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Figure 5. M, vs [MMA]/[PCL—Bry, for (a) PCLb-PMMA and
(b) PMMA-b-PCL-b-PMMA (Tables 3 and 4).

500 1500

macroinitiators for the preparation of the acrylate block via atom
transfer radical polymerization (ATRP) (Schemes 1 and 2).
Quantitative esterification of the hydroxyl end group(s) to the
bromoester function(s) was performed using 2-bromoisobutyryl
bromide in presence of NEtThe polymer molar mass and
molar mass distribution stayed constant after chemical treatment
showing that the main PCL chain remains unaltered (Tables 1
and 2).!H NMR analyses confirm the presence of the ester end
group(s) through the disappearance of the origin@H,OH
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Figure 6. DSC plots of diblock copolymers: (a) Petb-PMMA
and (b) PClosb-PMMA 165
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Temf)nerature (°C;n

triplet signal of1 and4 (6 = 3.72-3.62 ppm) along with the
appearance in botl2 and 5 of the methyl groups of the
bromoester-OC(O)C(MH3).Br at 6 = 2.03-1.94 ppm and of

the methylene protor-CH,OC(O)C(Me}Br atd = 4.25-4.18
ppm, other peaks being assigned to the protons of the PCL chain
(Figures 1 and 2). This procedure is a simplified adaptation of
the one described by Chen for making P€Br and of that by
Fraser for the preparation of bipyridine (bipy)-linked (PEL
Br), from the bis(monohydroxyl PCL) macroligand H®CL—
bipy—PCL—OH.2122The present results demonstrate that both
PCL hydroxyl end groups of the,w-dihydroxy-functionalized
PCL have been simultaneously and successfully transformed

Heat Flow (mW/g)

PMMA,,-5-PCL,,-5-PMMA,, )

15t cycle 66°C

67°C

into the bromo analogues. In addition, the alkoxy end group of Exo U'B
iPrO-PCL—-OH, 1, remains unaffected during the OH/Br
modification, as shown by the appropriate integration of the

[y 1
Temperature (°8) o

signals of—C(O)OH(CHg3), até = 5.10 and 1.31 ppm (Figures

1 and 2). These bromo-functionalized PCL macroinitiators
PCL—Bry;,, 2—5, then afforded a smooth access to the
polyester-polyacrylate block copolymers.

B. Polymerization of MMA from PCL —Bry,, Macroini-
tiators: Synthesis and Characterization of PCL-b-PMMA and
PMMA-b-PCL-b-PMMA CopolymersThe reported syntheses
of PCL/PMMA block copolymers can be gathered into three
general routes. First, the block copolymerization of MMA with
CL has been described via coordinationsertion polymeriza-
tions using an aluminoxane or an alkyl samarium initiator or
via enzymatic route$®-26 The second approach involving two
mechanistically distinct polymerization techniques, namely, ROP

Heat Flow (mW/g)
§

:

PMMA 3,-b-PCLy,-b-PMMA, 5, d

75°C
15t cycle

82°C

and ATRP, requires a dual/heterofunctional initiator bearing two Exo 1‘}'1',
distinct reaction sites; usually a hydroxyl group for the polym-

% [)
Temperature (°C)

Figure 7. DSC plots of triblock copolymers: (a) PMM#b-PCLios

erization of the cyclic ester monomer and either a bromide or b-PMMAg, (b) PMMA2sg-0-PCLiogb-PMMA 555 (€) PMMAs,-b-PCLsr

a nitroxide for that of the acryla®:3! In this latter procedure,

b-PMMA54, and (d) PMMA_;g;g—b-PC|_3,2-b-PM'\/1;]_33H 6.
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shift to higher molar mass region after the ATRP and thus
confirm efficient initiation by the bromePCLs2 and5. The
symmetric peak and the narrow molar mass distribution of the
copolymers both support the absence of residual homopolymers
in the final products. In addition, no homo PCL was obtained
during the extraction process highlighting that the ATRP did
not affect the polyester chain. Molar mass data obtained from
SEC for all PCI=PMMA copolymers were measured versus
polystyrene standards. While the molar masses obtained from
SEC analysis for the diblock copolymerdl{sec3 = 11200)

are in good agreement with the ones calculatédfeo 3 =
11450, Table 3), those obtained for the triblock copolymers
(Mn,sec6 = 25 100) are always significantly higher than the
expected valuedM heo6 = 11 370, Table 4). ThiM, sedMn theo
divergence arises from the difference in the hydrodynamic
volumes of the triblock copolymers and of poly(styrene)
standards of the same molar mass and also from the different
hydrodynamic volumes between di- and triblock copolymers.

Figure 8. AFM phase image of a deposit on a mica substrate of an Suych largeiM, sec values have been observed in other poly-

aqueous suspension obtained by nanoprecipitation of the triblock

copolymer PMMAg-b-PCLyogb-PMMAgg, 6.

acrylate copolymer&41
The real molar mass of PCLPMMA block copolymers was

both ROP and ATRP are always performed stepwise except indetermined by"H NMR analysis. The molar mass of the first
the case of the established direct one-step pathway from 2,2,2-block PCL=Bry, 2 or 5, was measured by SE®lfsec2 =

tribromoethanol using Al(®r); and [NiBrR(PPh),].2” Finally,
the chemical modification reaction(s) of the, eventually active
or isolated, first synthesized polymer block into a macroinitiator

9400,My/M;, 2 = 1.1; M sec 5 = 3600,M,/M, 5 = 1.1) and
was found to be in agreement with the molar mass determined
by NMR (Mnnmr 2 = 9600; My nwr 5 = 3810). The second

for the second monomer polymerization represents (represent)olock was polymerized and the resultant copolyier 6 was
the last strategy. Usually in these latter cases, the PCL block isisolated and similarly analyzed by SE®l{sec3 = 11 200,

made first and it is either chemica#f?2-3¢ or photochemi-
cally3”38 transformed. All these literature reports describe the
synthesis of diblock PClb-PMMA or PMMA-g-PCL. How-
ever, no PCE-PMMA analogous di- and triblock copolymer
sets may be synthesized from any of these procedures.
MMA was polymerized by ATRP from theert-bromoester-
functionalized PCEBry2, 2, 5. The reaction was carried out
at 80°C in toluene fo 7 h in thepresence of Cu(l) and the
multidentate ligand pentamethyldiethylenetriamine (PMDETA)
used as a cataly3?. The resulting copolymergPrO—PCL-b-
PMMA—-Br = PCL-b-PMMA, 3, and B-PMMA-b-PCL-b-
PMMA—Br = PMMA-b-PCL-b-PMMA, 6, were isolated after
precipitation in methanol (Schemes 1 and 2). Diblock and
triblock copolymers of various compositions in each segment ¢
were synthesized by varying the ratio of the MMA to the
bromo—PCL initiator3 or 5 (Tables 3 and 4). The composition
of the diblock PCLb-PMMA, 3, copolymers varies from lactone
rich to acrylate rich type (Table 3), whereas the composition of
the triblock PMMA©-PCL-b-PMMA, 6, remains richer (at least
twice as much) in acrylate segments (Table 4). Typieaand
13C NMR spectra of PCL.sOH 1 and4 and PCLs-Br 2 and5
with the corresponding assignments are shown in Figutes 1
NMR spectra of the copolymeBsand6 show the disappearance
of the characteristic originat CMe,Br signal {H (—CMe;Br)
0 = 2.03-1.94 ppm) thereby highlighting that the end function-
(s) of both polymer and5 has (have) efficiently polymerized
MMA. While some PCLb-PMMA copolymers have already
been reported, the triblock copolymer PMMAPCL-b-PMMA,
6, represents, along with PMMA-PCL—bipyridine-PCL-b-
PMMA,?? the only copolymer associating two PMMA to a

Mw/Mn 3 = 1.2;Ms,sec6 = 25 100,Mw/Mn 6 = 1.2) and NMR
(Manvr 3 = 11 260;Mnnmr 6 = 14 610). Calculation of the
theoretical molar mass from the ratio of monomer to initiator
initial concentrations and MMA conversion gives valul, {eo

3 = 11 450; M theo 6 = 11 370) that are in close agreement
with those determined by NMR for both the di- and triblock
copolymers. However, the molar mass values obtained from
SEC are, in the case of triblocks, nearly twice the actual values,
supporting that the SEC protocol overestimates the true molar
mass of the PMMAB-PCL-b-PMMA copolymers by a factor

of 2. This is not the case for the diblock copolymers, with the
proportion of PMMA relative to the whole copolymer being
much lower than that in the triblock. Also, for both diblock
and triblock synthesisVl, (Mnnmr, Mnsed increased linearly

in proportion to the [MMA}/[PCL—Bry2]o while the narrow
molar mass distribution remained constavi§(M,, average value

for 3= 1.2 and for6 = 1.35) over the whole range of catalytic
concentrations (Figure 5). This verifies that the growth of the
second block by ATRP is consistent with that observed in a
controlled and “living” process.

Differential scanning calorimetry (DSC) curves of the co-
polymers of various compositions (PMMA:PCL) are presented
in Figures 6 and 7. The thermograms (first heating cycle) of
the diblock copolymers3, PClgge-b-PMMA2, (0.25:1) and
PClgsb-PMMA 195(2.1:1) alternatively rich in PCL and PMMA,
respectively (with similar tacticity), exhibit a melting temper-
ature specific to the PCL blocK = 50°C, AH =27.7 J g!

(top trace) andly, = 60 °C, AH = 44.25 J g! (bottom trace)
of Figure 6). No glass transition temperature is observed for
PCL at —60 °C or for PMMA at 116-130 °C. During the

central polyester segment. The significant advantage of our second heating cycle tHg, of PCL could only be detected at

procedure is that it affords both di- and triblock analogous
copolymers, such a unique couple of copolymers being highly
desirable and valuable, for instance, as biomaterials.

Size exclusion chromatography (SEC) elution curves of the
copolymers, illustrated for the triblodkin Figure 4, show the

58 °C (bottom trace) for the copolymer having the greatest
polyester content, PGk-b-PMMA,. This latter T, is 8 °C

higher than that of the first run with a weaker melting enthalpy
most likely because the PCL crystalline structures, which have
been destroyed during the first melting run, do not grow back
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Figure 9. Optical micrograph images taken under crossed polarizers of a film obtained after heating the triblock copolymesoP@Méy-
PMMA, 6.

to the same extent during the short heating time of the secondPMMA 135-b-PCLs-b-PMMA 133 has the greatest amount of
run. This also suggests that the greater the amount of PMMA PMMA relative to PCL (8.3:1), the PMMA glass transition
the more difficult it is for the PCL to self-organize upon cooling temperature could not be observed, similar to what was noted
down. with the other PCL-short triblock copolymer PMMAb-PCLs,-

DSC curves of the triblock copolymers of various composi- b-PMMAs, (3.4:1) (Figure 7c,d).
tions are gathered in Figure 7. The copolymer having the All these thermal analyses results strongly suggest that both
smallest amount of PMMA relative to the PCL block (1.8:1), the ratio of PMMA to PCL and the length of each block in
PMMAgg-b-PCLiogb-PMMAgg, only displays, on both heating  combination with the intrinsic crystallinity of each polymer type
cycles, a melting endotherm at-583 °C specific to the PCL plays a determinant role on the overall behavior of the
segment; this transition appears at a temperature lower than thatopolymers.
observed for PCL homopolymers, highlighting that the crystal- C. Polymer Particles of PMMA-b-PCL-b-PMMA. To
lization process of PCL is disturbed most likely as a result of determine the influence (especially of the crystallinity) of both
the incorporation of PMMA into the copolymers (Figure 7a). type of blocks forming a copolymer on the overall organization
These thermograms differ from those of the diblock copolymers of the copolymer is important in order to adjust the final
with segments of similar relative size, P&ib-PMMA 195 (2.1: properties of the particles formed in the context of drug-delivery
1). This thus highlights significant structural differences between applications:® Nanoprecipitation is a general method that allows
a diblock and a triblock architecture, which clearly do not behave the preparation of nanoparticles in aqueous medium from
similarly. When the the PCL block is kept constant, an increase hydrophobic systems such as PCL or poly(L-lactobe-
in the PMMA content (4.7:1) still allows the melting temperature glycolide)#2-4° This requires two miscible solvents, one being

of the PCL block to be observed; in PMM#-b-PCL;ogb- a good solvent of the copolymer and the other a nonsolvent.
PMMA 256 the PCL exhibits &, at 60°C in the first heating Particles of the triblock copolyméd were thus obtained using
cycle AH = 1.2 J g, bottom trace) and at 44.2% in the THF as the solvent and water as the nonsolvent. The copolymer

second cycle (top trace, Figure 7b). Similar to what was noticed solution was added dropwise ta®, and the particles formed
with the diblock copolymers (Figure 7a,b), increasing the almost immediately along with the formation of a milky
amount of PMMA prevents the crystalline structures of the PCL suspension. Upon getting in contact with water, the solvent drops
block, which have been destroyed during the first melting run, divide themselves into smaller entities into which water then
to grow back to the same extent during the short heating time diffuses more easily, ultimately leading to aggregation of the
of the second run. ThAH melting enthalpy is lower for the  polymeric chains and therefore to their precipitatiéf
PCL-smaller copolymer (1.2 J ¢ for PMMA 25¢-b-PClLyog-b- The solution self-assembling behavior of the PMNIARCL-
PMMA 2sg 5.3 J g1 for PMMAgg-b-PCLyogb-PMMAgg, Figure b-PMMA copolymers was investigated by measuring the
7). In addition, increasing the length of each PMMA block on hydrodynamic diameter by dynamic light scattering (DLS).

going from PMMAgg-b-PCL;ogb-PMMAgg to PMMAsgb- The triblock copolymers display particle sizes in the range
PCLyogb-PMMA ,55 allows the glass transition of PMMA to  250-300 nm. The sizes of the nanospheres increase with the
be observed during the second heating cycle at®@@-igure relative amount of CL in the triblock copolymer. Formation of
7D0). such large objects most likely results from the reduced solvation

The copolymers having the smallest PCL block length ability of the shorter PMMA segments, which thereby cannot
(-PCLsz), PMMASs4b-PCLsrb-PMMAS, (3.4:1) and PMMAss aggregate into closer packed particles.
b-PCLs;2-b-PMMA 133 (8.3:1), display a weak and broad transi- Deposits on a mica substrate of an aqueous suspension
tion for the Ty, of the PCL block (67 and 82C, respectively, obtained by nanoprecipitation of the triblock copolyréevere
Figure 7c,d). In these two copolymers, no melting endotherm analyzed by atomic force microscopy (AFM) (Figure 8). All
is observed for the PCL block on the second heating cycle; only four triblock copolymers synthesized (Table 4) were similarly
a slight inflection of the slope is recorded (66 and°T at a investigated. The images obtained from all triblock copolymers
temperature that is higher for the copolymer with the largest 6 show a quite spherical morphology composed of particles
content of PMMA, PMMA 33b-PClLs>-b-PMMA 133 This un- 190-280 nm, exhibiting a PMMA inner core surrounded by
derlines again the influence of the PMMA block on the PCL outer PCL corona as illustrated in Figure 8 with the copolymer
organization, which moves less freely in the presence of larger PMMA gg-b-PCL;0gb-PMMA g9 (the soft PCL segments appear
amount of PMMA and thus is not as crystalline as in the case darker than the stiff and brighter PMMA blocks). The morphol-
with less PMMA around. Although the triblock copolymer ogy of the same copolymer PMMA&PCL;oePMMAgg Was also
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investigated by optical microscopy (Figure 9). The micrograph (12) Li, Y.-Y.; Zhang, X.-Z.; Cheng, H.; Zhu, J.-L.; Cheng, S.-X.; Zhuo,

exhibits a typical Maltese cross due to a spherulitic structure. 13 Eﬁ Mscxmﬁ!hRip'a .Cﬂmﬁ“j'?iohizé lj’li_ 13&% ool

This supported the crystalline nature of the triblock copolymers ¢ )Rgs%OOS 15 307 g e o AL oLy S0, WL RACromor

as observed by DSC. (14) Shanmugananda, M. K.; Zhang, Q.; Remsen, E. E.; Wooley, K. L.
Polym. Mater. Sci. Eng2001 84, 1073-1074.

(15) Palard, I.; Schappacher, M.; Soum, A.; Guillaume, SPdlym. Int.
2006 55, 1132-1137.

Conclusion

Novel PMMA—PCL multiblock copolymers were synthesized
by using bromopolyesters, initially synthesized by ROP of PCL,
as macroinitiators for the ATRP of MMA. Combination of these
two well-controlled processes affords well-defined copolymers
of a wide array of composition, ranging from polyester rich to
polyacrylate rich as well as from diblock to triblock copolymers
(especially) PCLh-PMMA, 3, and PMMAb-PCL-b-PMMA,

(16) Guillaume, S. M.; Schappacher, M.; SoumMacromolecule2003
36, 54—60.

(17) Palard, I.; Soum, A.; Guillaume, S. NMlacromolecule2005 38,
6888-6894.

(18) Palard, I.; Soum, A.; Guillaume, S. I@hem. Eur—J. 2004 10, 4054—
4062.

(19) Barros, N.; Schappacher, M.; Dessuge, P.; Maron, L; Guillaume, S.
M. Chem—Eur. J.2007, in press.

6. Both the PMMA:PCL ratio and the size of each constituting (20) Kricheldorf, H. R.; Rost, SMacromolecule2005 38, 8220-8226.
block significantly influence the properties of the copolymers (21) Chen, Y. M.; Wulff, G.Macromol. Rapid Commurg002 23, 59~
as highlighted _especially by thermal analyses. These COpo_IymerS(ZZ) Johnson, R. M.; Fraser, C. Macromolecule004 37, 2718-2727.
represent a unique set of PCL/PMMA analogous di- and triblock (23) wu, B.; Lenz, R. W.; Hazer, BMacromoleculesl999 32, 6856
copolymers, of which the triblock self-assembling behavior has 6859.

been studied in detail for the first time. Self-assembling of (24) Yamashita, M.; Takemoto, Y.; Yasuda, Macromoleculed 996 29,

triblock copolymerss leads to the formation of particles, and
the size of the particles as determined by DLS (2800 nm)

1798-1806.
(25) zZhou., J.; Villarroya, S.; Wang, W.; Wyatt, M. F.; Duxbury, C.
Thurecht, K. J.; Howdle S. MMacromolecule2006 39, 5352-5358.

J.;

increases with respect to the PCL content. The morphology of (26) De Geus, M.; Schormans, L.; Palmans, A. R. A.; Konig, C. E.; Heise,

these same triblock copolymers examined by AFM showed quite
spherical particles of diameter ranging from 190 to 280 nm and @7

spherulitic structures, which was further confirmed by optical
microscopic analyses. Substitution of the MMA block(s) by (a)
potentially hydrophilic acrylate unit(s) as well as tuning the
properties (crystallinity, biodegradability, etc.) of the hydro-
phobic polyester moiety by varying its nature will allow for

A. J. Polym. Sci., Part A: Polym. CherR006 44, 4290-4297.
Mecerreyes, D.; Moineau, G.; Dubois, Praiee, R.; Hedrick, J. L;
Hawker, C. J.; Malmstnm, E. E.; Trollas, MAngew. ChemInt. Ed.
1998 37, 1274-1276.

(28) Hawker, C. J.; Hedrick, J. L.; Malmétrg E. E.; Trollas, M.;
Mecerreyes, D.; Moineau, G.; Dubois, P.r@lee, R.Macromolecules
1998 31, 213-219.

(29) Wang, W.; Yin, Z.; Detrembleur, C.; Lecomte, P.; Lou, Xiaiee,
R. Macromol. Chem. Phy002 203 968-974.

further investigations on the self-assembling behavior of such (30) Mecerreyes, D.; Trollas, M.; Hedrick, J. Macromoleculesl999

amphiphilic systems into nanopatrticles. Biomaterials derived
from these copolymers will find applications as drug-delivery
vehicles or in tissue repatt-14
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