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Abstract: Dendrimer-like poly(ethylene oxide)s (PEOs) were synthesized by an iterative divergent approach
combining anionic polymerization of ethylene oxide from multi-hydroxylated precursors and branching
reactions of PEO chain ends. Partial deprotonation of the hydroxyls (<30%) and use of dimethyl sulfoxide
as solvent proved crucial for a “controlled/living” polymerization of ethylene oxide at room temperature.
These sequences of reactions allowed us to prepare a dendrimer-like PEO up to the eighth generation
with a molar mass of 900 000 g mol~* and 384 external hydroxyl functions. All samples from generation 1
to 8 were characterized by *H NMR spectroscopy, light scattering, and viscometry. The evolution of the
intrinsic viscosity versus the generation number of these dendrimer-like PEO is similar to that of regular
dendrimers.

Introduction guest interaction3energy and electron transfeand surface
modification?

It is well-documented, however, that a distinction should be
made between “regular” dendrimers and hyperbranched poly-
mers, although both exhibit similarities not only from a structural
viewpoint (Figure 1) but also regarding their overall properties
in solution or in bulk?23 The former species are prepared in a
stepwise fashion by repeating a sequence of coupling/modifica-
tion reactions and exhibit a perfectly defined architecture with

into globular structures, these highly branched macromolecules® degree of branching equal to unity. In contrast, hyperbranched

exhibit unique properties and have been extensively investigatedpOIymerS are generally synthesized in one-pot procedures from

. S . . : . AB,-type monomers, where A and B are antagonist functional
for a wide range of applications, including catalySksiplogical
molecular recognition, where dendrimers can engage in-host groups. These architectures are characterized by a much lower
' degree of perfection (much higher polydispersity compared to

T Ecole Nationale Supiure de Chimie et de Physique de Bordeaux. dendrimers and degree of branching generally ranging from 0.5

As stated by Flory, “architecture is a consequence of special
atom relationships and just as observed for small molecules,
different properties should be expected for new polymeric
architectures™ Such a pervasive statement has certainly inspired
the efforts witnessed in the past two decades toward the.
synthesis of tree-like macromolecular structures such as den-
drimerg and hyperbranched polymetsBecause of the high
connectivity of their repeating units, which in turn shape them

*Emory University School of Medicine. o to 0.6). Alternate synthetic developments have been, however,
1) Ellgryigsgrmuples of Polymer Chemistrornell University Press: Ithaca, proposed toward better controlling both the branching pattern
(2) For reviews on dendrimers, see for instance: (a) Hawker, &tkJ Polym. and the molar mass distribution in hyperbranched polyrers.

Sci. 1999 147, 113. (b) Fischer, M.; Vgtle, F. Angew. Chem., Int. Ed. ; : ;
1999 38, 884. (c) Roovers, J.. Comanita, Bdy. Polym. Sci1999 142 Dendrimers share with hyperbranched polymers properties

179. (d) Majoral, J.-P.; Caminade, A.-NChem. Re. 1999 99, 845. (e) such as a high solubility and a low viscosity. As illustrated in

Grayson, S. M.; Frehet, J. M. JChem. Re. 2001, 101, 3819. (f) Inoue, . .
K. Prog. Polym. Sci200Q 25, 453, (g) Frehet, J. M. J.- TomaliaD. A.1n  Figure 1, another common feature of both dendrimers and

Dendrimers and Other Dendritic PolymerSréchet, J. M. J., Tomalia, D. hyperbranched polymers is the presence of a repeating unit of
A., Eds.; John Wiley & Sons Ltd.: New York, 2001.

(3) For reviews on hyperbranched polymers, see for instance: (a) Kim, Y. H. monomeric size between the branching points, which implies
J. Polym. Scj. Part A: Polym. Chem1998 36, 1685. (b) Hult, A.; the absence of chain entanglement. Compared to the numerous
Johansson, M.; Malmstno Adv. Polym. Scil1999 143 1 (c) Voit, B. J. .

Polym. Sci.Part A: Polym. Chen200Q 38, 2505. (d) Jikei, M.; Kakimoto, ~ €xamples of regular dendrimers and hyperbranched polymers,
M.-A. Prog. Polym. Sci2001, 26, 1233. (e) Sunder, A.; Heineman, J.;

Frey, H.Chem. Eur. J200Q 6, 2499. (f) Sunder, A.; Heinemann, J.; Frey, (5) (a) See for instance: Zimmerman, S. C.; Wendland, M. S.; Rakow, N. A;;
H. Chem. Eur. J200Q 6, 2499. (g) Gao, C.; Yan, DProg. Polym. Sci. Zharov, |.; Suslick, K. SNature2002 418 399. (b) Stiriba, S. E.; Frey,
2004 29, 183. H.; Haag, RAngew. Chem., Int. E@002 41, 1329. (c) Ong, W.; Gmez-

(4) See forinstance: (a) Knapen, J. W. J.; van der Made, A. W.; de Wilde, J. Kaifer, M.; Kaifer, A. E.Chem. Commur2004 1677.

C.; van Leeuwen P, W. N. M.; Wijkens, P.; Grove, D. M.; van Koten, G. (6) See for instance: (a) Venturi, M.; Balzani, ¥. Am. Chem. Sod.999
Nature1994 372, 659. (b) Oosterom, G. E.; Reek, J. N. H.; Kamer, P. C. 121, 6290. (b) Gilat, S. L.; Adronov, A.; Fohet, J. M. JAngew. Chem.,
J.; van Leeuwen, P. W. N. MAngew. Chem., Int. E@2001, 40, 1828. (c) Int. Ed.1999 38, 1422. (c) Frehet, J. M. JJ. Polym. Sci., Part A: Polym.
Fischer, M.; Vatle, F. Angew. Chem., Int. EAL999 38, 884. (d) Zhao, Chem.2003 41, 3713.

M.; Crooks, R. M.Angew. Chem., Int. EA.999 38, 364. (e) Astruc, D.; (7) Tully, D. C.; Wilder, K.; Ffehet, J. M. J.; Trimble, A. R.; Quate, C. F.
Chardac, FChem Re. 2001, 101, 2991. Adv. Mater. 1999 11, 314.
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Figure 1. Representation of different tree-like macromolecular structures: (a) “regular” dendrimer; (b) hyperbranched polymer; (c) dendrigrafscertrbore
polymer; and (d) dendrimer-like (star) polymer.

only a few branched architectures consisting of true oligomeric/ be viewed as dendrimers with macromolecular size generations
polymeric segments between the branching points have been(Figure 1): they indeed share with “regular’ dendrimers a
described in the recent literatut&liscellaneous denominations  number of common features, including the presence of a central
such as comb-burst polymetsarborescent graft polymet8, core, a precise number of branching points, and outer terminal
dendrigrafts'® polymers with dendritic branchint,and den- functions, differing only by the size of the generation. The term
drimer-like polymer¥ have been proposed by authors who “dendrimer-like star polymers” was coined by Hedri@kput
synthesized these architectures. Such branched polymers comthe synthesis of such architectures was first contemplated by
bine, in principle, some of the features of linear polymers such our group in 1995 in a report where we showed that polymeric
as crystallinity and chain entanglements with those of dendrim- chains could be connected between branching points regularly
ers, in particular a high number of functional end groups. distributed within a dendritic structufé.Following a similar
From a synthetic point of view, these branched polymers with divergent approach, we recently described the synthesis of
true polymeric segments between the branching points areamphiphilic dendrimer-like copolymers based on poly(ethylene
obtained by combination of “controlled/living” polymerization — oxide) and polystyrer€and/or poly(acrylic acid) chain§.The
technique® with selective branching reactions. Idendrigraft same divergent strategy was adopted by the Hedrick group, who
and ‘combburst’ cases, a “graft-on-graft” approach based on derived an entire array of dendrimer-like polyestéand related
the deactivation of linear “living” chains onto functional core—shell copolymers composed of polylactone chains in the
macromolecular backbones was followed, the linear chains inner part and polymethacrylic blocks at the outer sHeflercec
becoming the grafts, and so on. As a matter of fact, branching and colleagues followed a similar synthetic methodology for
points were introduced randomly in these structures. In contrast,the synthesis of dendrimer-like polymethacrylates of third
“dendrimer-like star polymetsre synthesized by repeating two  generatiort? starting from multifunctional initiators suitable for
elementary steps, controlled/living chain polymerization from
multifunctional precursors and chain end functionalization, to (14) Six, J.-L.; Gnanou, YMacromol. Symp1995 95, 137.
create at least two initiating sites per arm and from which upper (15) %H?Eg)“'Aﬁaof'g‘_’;‘%tE&GDr_‘;aggghmﬁ;gcmrg'mglg‘émégggggg%ﬁ%_
generations could be grown. Dendrimer-like star polymers can (c) Francis, R.; Taton, D.; Logan, J.; Mas&e; Duran, R. S.; Gnanou, Y.

Macromolecule2003 36, 8253.
(16) Hou, S.; Chaikof, E. L.; Taton, D.; Gnanou, Macromolecule2003 36,

(8) Teerstra, S. J.; Gauthier, Mrog. Polym. Sci2004 29, 277. 3874.
(9) Tomalia, D. A.; Hedstrand, D. M.; Ferrito, M. $acromoleculesl991], (17) (a) Trdlsas, M.; Atthoff, B.; Claeson, H.; Hedrick, J. lJ. Polym. Sci.,
24, 1435. Part A: Polym. Chem2004 42, 1174. (b) Tidisas, M.; Atthoff, B.;
(10) (a) Gauthier, M.; Mber, M. Macromolecules1991 24, 4548. (b) Claesson, H.; Hedrick, J. L.; Pople, J. A.; Gast, A.NFacromolecules
Hempenius, M. A.; Michelberger, W.; Mer, M. Macromolecule€997, 200Q 33, 6423.
30, 5602. (c) Grubbs, R. B.; Hawker, C. J.; Dao, J/;dhet, J. M. JAngew. (18) (a) Hedrick, J. L.; Titlsas, M.; Hawker, C. J.; Atthoff, B.; Claesson, H.;
Chem., Int. Ed. Engl1997, 36, 270. (d) Schappacher, M.; Deffieux, A. Heise, A.; Miller, R. D.; Mecerreyes, D.; t#me, R.; Dubois, Ph.
Macromolecule00Q 33, 7371. (e) Li, J.; Gauthier, MMacromolecules Macromoleculesl998 31, 8691. (b) Trdisas, M.; Claesson, H.; Atthoff,
2001, 34, 8918. B.; Hedrick, J. L.Angew. Chem., Int. EA.998 37, 3112. (c) Hedrick, J.
(11) (a) Knauss, D. M.; Al-Muallem, H. A.; Huang, T.; Wu, D. Macromol- L.; Magbitang, T.; Connor, E. F.; Glauser, T.; Volksen, W.; Hawker, C.
ecules200Q 33, 3557. (b) Knauss, D. M.; Al-Muallem, H. Al. Polym. J.; Lee, V. Y. Miller, R. D.Chem. Eur. J2002 8, 3309. (d) Stancik, C.
Sci., Part A: Polym. ChenR00Q 38, 4289. (c) Knauss, D.; Huang, T. M.; Pople, J. A,; Titlsas, M.; Lindner, P.; Hedrick, J. L.; Gast, A. P.
Macromolecule2003 36, 6036. Macromolecule2003 36, 5765.
(12) Trdlsas, M.; Hedrick, J. LJ. Am. Chem. S0d.998 120, 4644 (19) (a) Percec, V.; Barboiu, B.; Grigoras, C.; Bera, T.JXAm. Chem. Soc.
(13) (a) Webster, OSciencel991, 251, 887. (b) Matyjaszewski, KJ. Phys. 2003 125 6503. (b) Percec, V; Grigoras, C.; Kim, H.<Il. Polym. Sci.,
Org. Chem.1995 8, 197. Part A: Polym. Chem2004 42, 505.
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the copper-catalyzed controlled radical polymerization of methyl arborescent PE®% in the recent literature. Hybrid block
methacrylate, they used multipurpose compounds serving ascopolymers comprising linear or star-like PEO chains and rigid
irreversible chain terminators and multifunctional re-initiators or flexible dendrons were also derived, with a view of
to introduce their branching points. As for Hadjichristidis and developing unique stimuli-responsive micellar properties in the
colleagues, they followed a convergent approach to assemblesubmicrometer size range, by self-assembly in solution or in
anionically dendrimer-like copolymers of styrene and isoprene bulk 3! Polyester dendrons were also attached to three-arm PEO
using a dual-functional compound as the branching agent andstars to produce branched water-soluble hybrid polymers used
trichloromethylsilane or tetrachlorosilane as the central €bre. as scaffold for drug carriefs.
Recently, Hirao and colleagues also proposed a convergent On the other hand, dendritic polyethefsolyols with physical
approach involving coupling reactions of living anionic poly- properties analogous to those of highly branched PEG (water
(methyl methacrylate)s and functionalization of chain ends to solubility, high loading capacity, biocompatibility, high molar
derive dendrimer-like polymethacrylate-based syst&ms. massesywere also described. For instance, regular dendritic
We wish to report here a versatile synthetic strategy affording polyethers with terminal hydroxy groups were obtained by
dendrimer-like poly(ethylene oxide)s (PEOs) by a divergent convergent synthes#,and hyperbranched polyglycerols were
approach. Our interest in such materials is motivated by the prepared by ionic ring-opening multibranching polymerization
potential application of branched PEO in biomedical and of OH-containing heterocycles (glycidol or 3-ethyl-3-(hydroxy-
pharmaceutical areas. PEO, often referred to as PEG for poly-methyl)oxetane) in a divergent wa$.
(ethylene glygol), exhibits specific properties such as chemical As mentioned above, our group reported the synthesis of
stability under basic or neutral conditions, water solubility, non- miscellaneous dendrimer-like polymers including a second
toxicity, ion-transporting ability, and presence of functional generation dendrimer-like PEO that was derived by combination
group(s) for the attachment of biologically active molecdfes.  of both convergent and divergent methei3he latter synthe-
In addition, the non-recognition of PEG by the immune system ses, however, suffered from a few disadvantages, including poor
(PEG is “invisible” to macrophages) allows its circulation in yields and aggregation phenomena of alkoxides during the
the human body for a prolonged time (“stealth” effédtfzor polymerization of ethylene oxide, which prevented us from
instance, the therapeutic efficacy of a protein can be improved growing chains beyond the generation number 3.
by attaching it to PEG (PEGylation reaction), in vivo stability Here we describe a novel and versatile synthetic approach to
of the PEG-conjugated derivative being increased and its high molar mass dendrimer-like PEOs up to generation number
degradation being prevented by the protection offered by PEG. 8, comprising not less than 384 peripheral hydroxy functions.
Thus, PEGylation of biologically active molecules increases their
water solubility and their stability against enzymatic degradation
and facilitates their pharmacological administratfn. Materials. Ethylene oxide (EO) (Fluka, 99.8%) was distilled over
In addition to these biomedical applications, PEG is also well- SCdium into a buret. Diphenylmethylpotassium (DPMK) was prepared

known as an efficient and inert support for liquid-phase organic as described .prev'ous&].-he concentration of DPMK V\ias dete":'ned
synthesig by titration with acetanilide and was equal to 4510~ mol mL

1,1,1-Tris(hydroxymethyl)ethane (Aldrich, 99%) and all PEO precursors
The main limitation of all these applications, however, lies \yere dried by freeze-drying from a dioxane solution. Dimethyl sulfoxide

in the fact that low molar mass linear PEG precursors with a (DMS0, Aldrich, 99%) was distilled over Catprior to use.

limited attachment capacityone or two reacting sites depending Synthesis of PEOG1(OH). In a 500 mL four-neck flask equipped

on the chemical nature of the end grotase generally with a magnetic stirrer, an inlet, and three graduated burets containing

employed. The solution might be to arrange PEG chains into a

branched architecture carrying many reactive sites: better (29 Jker C. 3 Chu, . Pomery, P. 3./ Hil, D. JMacromoleculed 996

performance than for linear homologues was observed both in(30) (a) Lapienis, G.; Penczek, Bacromolecule200Q 33, 6630. (b) Lapienis,

Experimental Section

G.; Penczek, 3. Polym. Sci., Part A: Polym. Cher®004 42, 1576. (c)
biomedical gppllcatlpns and in the use of guch multifunctional Walach, W.; Trzebicka, B.; Justynska, J.. Dworak,Palymer2004 45,
PEGs as high-loading soluble suppditdt is therefore not 1755.
.. . . . ](31) (a) Gitsov, |.; Wooley, K. L.; Frehet, J. M. JAngew. Chem., Int. Ed.
surprising that studies have been dedicated to the synthesis o Engl. 1992 31, 1200. (b) Gitsov, I.; Frehet, J. M. JJ. Am. Chem. Soc.
functionalized star-like PEO’§, hyperbranched PEGg, or 1996 118 3785. (c) Frehet, J. M. J.; Gitsov, |.; Monteil, T.; Rochat, S.;

Sassi, J.-F.; Vergelatti, C.; Yu, [@hem. Mater1999 11, 1267. (d) Luman,
N. R.; Smeds, K. A.; Grinstaff, M. WChem. Eur. J2003 9, 5618. (e)

(20) Chalari, I.; Hadjichristidis, NJ. Polym. Sci., Part A: Polym. Chei2002 Gillies, E. R.; Jonsson, T. B.; Fehet, J. M. JJ. Am. Chem. So2004
40, 1519. 126, 11936. (f) Duan, X.; Yuan, F.; Wen, X.; Yang, M.; He, B.; Wang, W.
(21) Matsuo, A.; Watanabe, T.; Hirao, Macromolecule2004 37, 6283. Macromol. Rapid Commur2004 205, 1410.
(22) (a) Merrill, E. W. InPoly(ethylene glycol) Chemistry: Biotechnical and  (32) lhre, H. R.; De Jesus, O. L. P.; Szoka, F. C/chet, J. M. JBioconjugate
Biomedical ApplicationsHarris, J. M., Ed.; Plenum Press: New York, Chem.2002 13, 443.
1992; p 199. (b) Harris, J. M., Zaplisky, S., Ed®oly(ethylene glycol): (33) (a) Jarayaman, M.; Feket, J. M. JJ. Am. Chem. S0d.998 120, 12996.
Chemistry and Biomedical Application&CS Symposium Series 680; (b) Ihre, H.; De Jesus O. L. P,; Teteet, J. M. JJ. Am. Chem. So@001,
American Chemical Society: Washington, DC, 1997. 123 5908. (c) Grayson S. M.; Fmbet J. M. JJ. Am. Chem. So200Q
(23) Woodle, M. C.Adv. Drug Delivery Ren. 1998 32, 139. 122 10335. (d) Cho, B.-K; Jain, A.; Nieberle, J.; Mahajan, S.; Wiesner,
(24) Roberts, M. J.; Bentley, M. D.; Harris, J. Mdv. Drug Delivery Re. U. Macromolecule2004 37, 4227.
2002 54, 459. (34) (a) Sunder, A.; Hanselmann, R.; Frey, H.7INaupt, R.Macromolecules
(25) (a) Greenwald, R. B.; Pendri, A.; Bolikal, D. Org. Chem1995 60, 331. 1999 32, 4240. (b) Sunder, A.; Mbaupt, R.; Haag, R.; Frey, H.
(b) Borona, G. M.; Ivanova, E.; Zarytova, V.; Burcovich, B.; Veronese, F. Macromolecule00Q 33, 253. (c) Sunder, A.; Tik, H.; Haag, R.; Frey,
M. Bioconjugate Chem1997, 8, 793. (c) Ooya, T.; Lee, J.; Park, K. H. Macromolecule200Q 33, 7682. (d) Magnusson, H.; Malmstrg E.;
Controlled Releas003 93, 121. Hult, A. Macromol. Rapid Commuril999 20, 453. (e) Bednarek, M.;
(26) Dickerson, T. J.; Reed, N. N.; Janda, K.Chem. Re. 2002 102, 3325. Biedron, T.; Helinski, J.; Kaluzynski, K.; Kubisa, P.; Penczekyl@cromol.
(27) (a) Reed, N. N.; Janda, K. @rg. Lett.200Q 2, 1311. (b) Fishman, A.; Rapid Commun1999 20, 369. (f) Magnusson, H.; Malmstno, E.; Hult,
Elmi Farrah, M.; Zhong, J.-H.; Paramanantham, S.; Carrera, C.; Lee-Ruff, A. Macromolecule®001, 34, 5786. (g) Xu, Y.; Gao, C.; Kong, H.; Yan,
E. J. Org. Chem2003 68, 9843. D.; Luo, P.; Li, W.; Mai, Y. Macromolecule2004 37, 6264.
(28) See for instance: Taton, D.; Saule, M.; Logan, J.; Duran, R.; Hou, S.; (35) Hou, S.; Taton, D.; Saule, M.; Logan, J. L.; Chaikof, E. L.; Gnanou, Y.
Chaikof, E. L.; Gnanou, YJ. Polym. Sci., Part A: Polym. Phy2003 41, Polymer2003 44, 5067.
1669 and references therein. (36) Normant, H.; Angelo, BBull. Soc. Chim. Fr196Q 354.
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DMSO, ethylene oxide, and DPMK, the anhydrous trifunctional
precursor 1,1,1-tris(hydroxymethyl)ethane (0.36 g, 3.0 mmol) was
dissolved in dry DMSO (120 mL) under a slight nitrogen overpressure.
A solution of DPMK in THF (2.7 mmol) was slowly introduced; the

delay extraction, and a reflector. The MALDI mass spectra represent
averages over 100 laser shots. This instrument operated at an accelerat-
ing potential of 20 kV. The polymer solutions (10 g% were prepared

in THF. The matrix solution (1,8-dithranol-9(10H)-anthracenone,

orange-red color was lost as the alkoxides were formed. The solution dithranol) was dissolved in THF. The polymer solutionyR) was
remained homogeneous and took a yellowish color. Ethylene oxide mixed with 20uL of the matrix solution, and 2L of a sodium iodide

(10.2 mL, 0.21 mol) was then added. The solution was stirred &€30

solution (10 g L* in methanol) was added to favor ionization by cation

for 48 h. The alkoxides were deactivated by adding a few drops of a attachment. The final solution (AL) was deposited onto the sample

concentrated solution of HCI in methanol. The solution was concen-
trated and precipitated with an excess of diethyl ether. After the first
precipitation, as DMSO was still present in the polymer, the latter was
re-precipitated twice in a large excess of diethyl ether from a
dichloromethane solution. The yield was 90% after three precipitations;
M, = 2900 g mot! as determined byH NMR in DMSO-ds (400
MHz).

Synthesis of PEOG1(allyl}. To a solution of tetrabutylammonium
bromide (135 mg, 0.42 mmol) and NaOH (1.68 g, 42 mmol) in 1.7
mL of water were added PEO-G1(OH}.1 g, 4.2 mequiv) and THF
(4 mL). After the solution was stirred for 30 min at 30, allyl chloride
(3.4 mL, 42 mmol) was added undeg.N'he solution was kept for 24
h at 50°C under vigorous stirring. The volatiles were removed and

target and allowed to dry in air at room temperature. The detection
was done in the reflector mode.

Viscositieswere measured in methanol at 26 with a Ubbelohde
viscometer. The solvent flow time was 218 s. Huggins and Kraemer
plots were used to determine the intrinsic viscosities.

Dynamic light scatterindDLS) experiments were performed using
an ALV laser goniometer, which consists of a 22 mW HeNe linear
polarized laser with 632.8 nm wavelength and an ALV-5000/EPP
multiple tau digital correlator with 125 ns initial sampling time. The
samples were kept at constant temperature (2€£9 during all
experiments. The accessible scattering angular range varied from 40
to 150C. The solutions were introduced into 10 mm diameter glass cells.
The minimum sample volume required for the experiment was 1 mL.

the residues extracted with dichloromethane. The solution was dried The data acquisition was done with the ALV Correlator Control
and concentrated. The product was obtained by precipitation with excessSoftware, and the counting time varied for each sample from 300 to

cold diethyl ether (3.4 g, 85%JH NMR (dppm, CDCL): 6.03-5.79
(m, 3H, AH=CH,), 5.33-5.11 (m, 6H, CH=CH,), 4.01 (d, 6H, OCEl,-
CH=CH,), 3.64 (PEO, broad peak), 0.91 (s, 3H4).

Synthesis of PEO-G1(OHj. To a solution of PEO-G1(allyd)(3.4
g, 3.4 mequiv &C), N-methylmorpholineN-oxide (1.2 g, 10.2 mmol)
in acetone (4.5 mL), distilled water (4.5 mL), atedt-butyl alcohol (1
mL) was added 20QL of a 4 wt % OsQ solution in water under N
The mixture was stirred for 24 h at 2C. After removal of the organic
solvents, the residue was extracted with,CH and concentrated. The
solution was precipitated in cold diethyl ether. The product (3.1 g, 90%)
was isolated after drying in a vacuum at room temperafiteNMR
(Oppm DMSO-dg): 4.61 (d, 3H, CH®1), 4.45 (t, 3H, CHOH), 3.50
(PEO, broad peak), 0.83 (s, 3HHg).

Synthesis of PEOG2(OHj. To a two-neck 250 mL flask charged
with the dried precursor PEO-G1(OH()1.9 g, 3.6 mequiv OH) was
added dry DMSO (60 mL) under vacuum. DPMK (1.1 mmol) was
introduced at—20 °C, the temperature was slowly raised to room

600 s. Millipore water was thoroughly filtered through Quth filters

and directly employed for the preparation of the solutions. All the
solutions showed a monomodal distribution with a translational diffusive
mode. The hydrodynamic radiu&{) could be calculated from the
diffusion coefficient using the Stoke<€instein relation.

For atomic force microscopgAFM), a dilute solution (0.01 wt %)
was spin-cast on a k 1 cn? freshly cleaved mica. Samples were
analyzed after complete evaporation of the solvent at room temperature.
All AFM images were recorded in air with a Dimension microscope
(Digital Instruments, Santa Barbara, CA), operated in the tapping mode.
The probes were commercially available silicon tips with a spring
constant of 40 N/m, a resonance frequency in the-Z¥ZD kHz range,
and a radius of curvature in the @5 nm range.

Results and Discussion

Synthesis of Dendrimer-like PEOs.Our previous attempts
to prepare dendrimer-like PEOs met with synthetic difficulties

temperature, and the solution was stirred. The flask was again chilled, associated with the aggregation of the multiple alkoxides carried
and about 10% of the EO (4.5 mL, 90 mmol) was added. After this by each dendritic moleculé:16 Although the anionic ring-

addition, the system was stirred for 12 h at room temperature and the
rest of the monomer was added. The polymerization was carried out at

room temperature for 3 days. The alkoxides were deactivated with

opening polymerization (AROP) of ethylene oxide (EO) is free
of side reactions and follows a living path, this aggregation

methanol. The solvent was distilled under vacuum, and the polymer Ph€nomenon prevented us from preparing samples beyond the

(5.8 g) was obtained by double precipitation with diethyl ether from a
dichloromethane solutioftd NMR (dppm, DMSO-dg): 4.65 (s, 6H, ChH+
CH,0OH), 3.50 (PEO, broad peak), 0.83 (s, 3H;4).

Characterization. *H NMR spectra were recorded on a Bruker AC
400 spectrometer. The molar masses were determinsz@gxclusion
chromatography(SEC) with tetrahydrofuran (THF) as eluent (1 mL/
min) at 25°C, a refractive index detector (Varian RI-4), and a PSS
column (8 x 300 mm, 5um). Comparison was made with a second
SEC apparatus fitted with three TSK-gel columns (.80 cm, 5
um, G 2000, 3000, and 4000 HR with pore sizes of 250, 1500, and
10 000 A, respectively) and a refractive index (RI) detector (Jasco, RI-
1530) with DMF as eluent (0.7 mL/min). Both SECs were calibrated
using linear polystyrene or linear poly(ethylene oxide) samples, with

third generation. AROP of EO, indeed, involves primary
propagating alkoxides whose tendency to self-aggregate is well-
known37:38 Depending upon the metallic countercation that is
associated, aggregation can be alleviated and the reactivity of
these alkoxides modulated (the higher the ionic radius of the
metal, the higher the reactivity of the propagating alkoxides:
Na" < KT < Cs"). Aggregation is responsible for the sluggish
polymerization of EO, which proceeds through a minute
concentration of active non-aggregated alkoxides in equilibrium
with non-reactive aggregated ones. When multiple alkoxides
are used as initiators, the possibility exists that the equilibrium
between reactive and inactive species shifts toward the latter

no significant difference observed between the two types of standards.ones and no polymerization occurs atft’ This is why polar
The absolute molar masses of PEO were calculated using a multianglesolvents such as tetrahydrofuran (THF) are preferred to apolar

laser light scattering (MALLS) detector (Wyatt Technology, ASTRA

Software) connected to the SEC line. The/(lt) values of samples

were assumed to be that of linear PEOn/(t) = 0.062 cni g~
MALDI-TOF mass spectrometwyas performed using a Micromass

TofSpec E spectrometer equipped with a nitrogen laser (337 nm), a

ones like toluene to minimize the aggregation of alkoxides.

(37) Boileau, S.Comprehensie Polymer SciencePergamon Press: Oxford,
1989; Vol 3 p 467.

38) Hsieh, H. L.; Quirk, R. PAnionic Polymerization. Principles and Practical
Applications Marcel Dekker Inc.: New York, 1996.
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Scheme 1. Exchange of Protons between Dormant and Active Species during the AROP of EO (Rex > Rp)
Rex = ke [0K'][OH]

R,=k, [OK'][EO] R, =
propagating species  dormant species
Another way to avoid multiple alkoxides just precipitating in C HO  DMSO

the form of a solid lump is to deprotonate only partially the ol . b
multihydroxylated precursors and take advantage of the fast doc CH;—C HﬁOCHzCszAOCHzclHCHZOIﬂ3

exchange of protons between active alkoxides and dormant A E‘d{

hydroxylated species (Scheme 1), as shown by Flory in £840. s s ews oo 2

In this case, the extent of aggregation is limited, and because =711 — i T
5 2 1

the rate of exchangéy{,) is much faster than that of propagation B
(Rp), the synthesis of PEOs with accurate control of molar R
masses and OH end-group functionality, exhibiting in addition N N CH3*C{CHZ€OCH2CHZ*OCH2CH CH]3
narrow molar mass distribution, can normally be achieved. These

conditions work for low generation dendrimer-like PEOs but # = &« &% =& 5 J

failed to produce higher generation samples because aggregatior}\ y s : I
could not be efficiently curbed. Ho T

A new strategy was thus developed to overcome the difficul-
ties encountered previously and gain readily access to PEO-
based dendrimers of higher generations. The synthetic scheme ;\
contemplated relied on the reiteration of the two steps of AROP & s % & & s @ 4 4 4
of EO from multifunctional precursors and the chemical — 1 e
modification of the PEO chain ends, the latter sequence of Chemical Shift
reactions being carried out to introduce the branching points Figure 2. *H NMR spectra of PEOG1(OH)A, DMSO-ds), PEOG1(allyl}
and multiply by two the number of initiating sites for the next (B, CDCk), and PEOG1(OH)(C, DMSO-ds).
generation to grow (Schemes 2 and 3).

The first step of the synthesis thus involved the preparation ides, all three arms grew at the same F8€.The obtainment
of star-shaped PEOs with a precise control of their size and of PEOG1(OH} with a very low polydispersity index and
functionality. We turned to a commercially available reagent, excellent control of their molar masses confirmed the living/
namely 1,1,1-tris(hydroxymethyl)ethan®),(as a trifunctional controlled character of AROP of EO under these conditions. A
precursor and synthesized hydroxy-ended three-arm PEO starstypical*H NMR spectrum recorded in DMS@ of such a three-
denoted PEOG1(OH) The three hydroxyls oflL were first arm PEO star is shown in Figure 2. The signal of the terminal
deprotonated with a solution of diphenylmethylpotassium hydroxyl protons (CHOH) appears at 4.6 ppm, and the methyl
(DPMK). To prevent a too strong aggregation of propagating protons of the core are clearly detected at 0.8 ppm.
alkoxides, dimethyl sulfoxide (DMSO) was chosen as the  Next, the three end-standing hydroxyls of these PEOG14OH)
solvent for polymerization instead of THF, because of its more gi4,s were derivatized into twice as many hydroxyl groups. In
dissociating properties at room temperature and the much hlghe our previous work, we resorted to a branching agent containing
rate of propagation it implies. A potential problem associated two geminal OH groups, protected in the form of a ketal ring,

with the use of DMS.O’ howeyer, IS the_ occurrence of chgm to modify the termini of the PEO branches under the conditions

transfer of propagating alkoxides to this solvent, a reaction £ 2 Will ion. Aft final f hvdrolvsi ied

known to yield “dimsyl” carbanions (CHSO)CH-) that are of a Williamson reaction. After a final step of hydrolysis carrie
out under acidic conditions, two geminal hydroxyls could be

capable of initiating polymerizatio#:%° In other words, the -
larger the concentration of propagating alkoxides in the medium, relgased a_t the.end of egch PEO éf*m\lthoug_h functlonlng
satisfactorily, this “branching” method proved inappropriate for

the higher the probability of forming linear chains by their chain i ) )
transfer to DMSCH the growth of generations higher than 3 because the two geminal

Bearing this in mind, the extent of deprotonation of hydroxyls alkoxides generated after deprotonation tended to precipitate
by DPMK was limited to a minimum value, and the amount of N THF and remained inactive. We therefore reinvestigated the

DPMK was adjusted to deprotonate only 30% of the hydroxyls branching reaction of the PEO chain ends. A simple two-step
of the trifunctional precursor for the growth of the first Sequence of reactions based on the use of commercially available
generation. Such an approach was followed systematically for reagents was developed (Scheme 3). This procedure of chemical
the subsequent generations to grow. Due to the rapid exchangeénodification of hydroxyl groups was first described by Haag
of protons between dormant hydroxyls and propagating alkox- and colleagué8in the case of their dendritic polyether polyols,
and it was adapted here to the case of multiarm PEO stars, as

a b C
CH; C~ECH2<0CHZCH@0H]3

(39) Flory, P. JJ. Am. Chem. S0d.94Q 62, 1561.
(40) Quirk, R. P.; Lizarraga, G. MMacromol. Chem. Phy00Q 201, 1395.
(41) Jannasch, FRolymer200Q 41, 6701. (42) Haag, R.; Sunder, A.; Sturhb&-F.J. Am. Chem. So@00Q 122 2954.
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Scheme 2. Overall Synthetic Strategy toward Dendrimer-like PEOs?

HO OH
i) DPMK ii) NaOH/H,0; g,
HO DMSO TBAB/THF;
OH \7 % :I(::);Ic?hlonde i)
[, —_— —= HO\ OH
i) NMO;
HO H OF ||| [eky PEOG2(OH),
PEOGI(OH); HO OH
OH OH
H()Mél\ (Op~arOH
i), ii) and iii) HO. OH
———
—.
TG HO an
PEOG3(OH),,
HO OH
OH
O trifunctional core HO
wnene PEO chains
OH
(O branching points H OH
HO
HO OH
HO™"
i), ii) and iii) H OH
—
—_—T
—_—
HO
HO o

HO

aDetails of the branching reactions (ii) and (iii) are shown in Scheme 3.

Scheme 3. Branching Reaction onto PEO Arm Ends Involving
Steps (i) and (iii)

i) NaOH/H,O:
TBAB/THF; V.
50°C /
Qe OH - QO
UL/
iii) OsOy:
NMO; OH

r.t.

_ = Q>0 OH

follows. First, allyl chloride was reacted with PEOG1(Qlit)

Because of the respective position of these two hydroxyls at
the arm ends, precipitation of the initiating sites could be avoided
upon deprotonation, a uniform growth of novel PEO chains
being observed as discussed below. The effectiveness of this
two-step branching reaction was monitored By NMR
spectroscopy and by MALDI-TOF mass spectroscopy. Figure
2 shows théH NMR spectra of the three-arm PEO derivatives,
PEOG1(OHjy, PEOG1(allyl}, and PEOG1(OH) respectively.

The peak around 0.8 ppm due to the methyl protons of the star
core was taken as a reference for integration. After the treatment
with allyl chloride, a complete disappearance of the terminal

OH protons can be clearly noted, while the protons characteristic

a mixture of water and THF, in the presence of a phase-transferof the allylic double bonds of PEOGI1(allyljare detected

catalyst (TBAB), affording a three-arm PEO star, denoted
PEOGZ1(allyl}, with allylic end groups. The latter star compound
was in turn submitted to a bis-hydroxylation reaction using ©9sO
andN-methylmorpholineN-oxide in a mixture of acetone, water,
andtert-butyl alcohol. This allowed us to obtain three-arm PEO
stars, denoted PEOG1(O4ijhat were end-functionalized with

between 5 and 6 ppm. When comparing the intensity of the
peaks due to the-CHgz protons of the core with that corre-
sponding to the allylic protons of the chain end$H(&CH—
CH,— and CH=CH—CH,—), a 1:2:1 ratio is obtained, in very
good agreement with the expected values, attesting to a
guantitative functionalization. After the treatment with QsO

primary and secondary hydroxyl groups at each arm (SchemeandN-methylmorpholineN-oxide, both protons of primary and

3).

secondary hydroxyls of PEOG1(OH{HOCH,—CH(OH)—
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Figure 3. From the top MALDI-TOF MS of PEOG1(OH) PEOG1(allyl}, and PEOG1(OHR)

Scheme 4. Growth of Two PEO Branches from a Branching Point

CH;— and HOCH,—CH(OH)—CH,—, respectively) can be Containing a Primary and a Secondary Hydroxyl

distinguished and the allylic protons completely vanish. This DPMK
attests to a quantitative bis-hydroxylation step. (30%)

MALDI TOF mass spectroscopy proved also powerful for o O—CHy—CH—CH,OH DMSO svwonr O—CHy~CH—CH,OH
monitoring the branching reaction. Figure 3 shows the MALDI- Su OK*

TOF mass spectra of PEOG1(QHPEOGL1 (allyl}, and PEOG1- N/
(OH)s. In all cases, a single distribution is observed with a peak- __© oo O—CHy~CH—CH,OH
to-peak mass increment of 44.05 g mglcorresponding to the

kex

WO—CHZ—?H—CHZO'K“'

| oo
molar mass of one EO unit. The distribution obtained could be O\§Hz GH2
perfectly accounted for, taking into account the molar mass of LEC Ml on
the chain ends and that of the core. The peaks, indeed, appeared "
at mz = 44.05 + Mem + 23, wheren is the degree of > s O—CH-CH—CH,0
polymerization, 23 the molar mass of the sodium ion generated I (')\ —l‘kﬁj
during the ionization process, aMiermi the molar mass of the ?Hz
end groups and the cor®lerm; is equal to 120.15 for PEOG1- HzC\O
(OH)s, 240.34 for PEOG1(ally$) and 342.39 for PEOG1(OHl) L«%&‘
For instance, the peak appearing at 2873.8 corresponds to a PEO
star of total degree of polymerization of 62 for the three arms.
These results bring further evidence that PEOG1Qieuld The dendrimer-like PEO sample of second generation was
be quantitatively modified and the branching points selectively obtained after 48 h of reaction in near-quantitative yields, with
introduced at the arm ends of three-arm PEO stars. the polydispersity index (PDI) revolving around 1-65.15. Its

The same sequence of reactions (i), (i), and (i) was then experimental molar mass, determined'byNMR as explained
repeated starting from PEOG1(QHjsed as precursor. Again, below (M, = 9000 g mot?), is close to the theoretical value
only 30% of the OH groups carried by PEOG1(QHY)ere (M, = 8400 g mot?).
deprotonated using DPMK. From a practical viewpoint, EO was  Thus, the choice of DMSO as a solvent in combination with
added dropwise over several hours. Such conditions permitteda low degree of titration of hydroxyls provides the best
the uniform growth of PEO chains from the two types of conditions for performing the AROP of EO with no visible
hydroxyls carried by the branching points (Scheme 4). formation of aggregates. In contrast, insoluble aggregates were
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Figure 4. ™H NMR spectrum of PEOG2(OlYA, DMSO-ds), PEOG2(allyl} (B, CDCk), and PEOG2(OH), (C, DMSO-ds).
Table 1. Data for Dendrimer-like PEOs
Mn (heora Mn NMRb Mn SEC THF Mn SEC DMF Mn MALLS THF
PEO x10° x10° x10° (PDI) x10° (PDI) x10° (PDI) OHe
PEOG1 2.80 2.90 3.40 (1.08) 6.40 (1.04) 4.74 (1.18) 3
PEOG2 8.40 9.00 9.00 (1.09) 18.5 (1.05) 11.0 (1.13) 6
PEOG3 20.5 2310 18.0 (1.08) 34.9 (1.05) 24.0 (1.18) 12
PEOG4 39.9 485 35.0 (1.09) 50.4 (1.05) 46.1 (1.16) 24
PEOG5 80.4 100 45.0 (1.09) 74.7 (1.07) 90.2 (1.19) 48
PEOG6 185 27 65.0 (1.15) 115 (1.13) 211 (1.10) 96
PEOG7 410 401 d 163 (1.18) 419 (1.08) 192
PEOGS8 852 929 d 243 (1.28) 650 (1.18) 384

aTheoretical molar mass obtained by gravimefrZalculated by*H NMR us

ing the peak of methyl protons as a referefialculated by*H NMR on

(PEO)Gy(allyl)s x 2”1 (n = 4—8) using the double bond as a referertBEOG7 and PEOGS could not be analyzed by SEC in THF because of interactions

of these two samples with the chromatographic supgdrheoretical value.

formed when THF was used instead of DMSO, and a longer
time was required to reach completion in THF (15 days
compared to 2 days in DMSO), after which only 30% of the

hydroxyls were deprotonated.

TheH NMR spectrum of the second generation dendrimer-
like PEO, denoted PEOG2(O§lwas recorded at 400 MHz in
DMSO-ds to quantify the terminal hydroxyls. This spectrum
revealed all the expected signals, including the signal of the
methyl protons of the core at 0.8 ppm, that of the terminal

hydroxyls (CHOH) at 4.6 ppm, and the peak due to the protons
of ethylene oxide units around 3.5 ppm (Figure 4A). The
integration ratio of the these signals provided us with an
estimation of the molar mass of this PEOG2(@Idgndritic
sample (see Table 1), using the following equation:

I 4
M. = 3.5ppn‘(

" I0.8 ppn‘(3
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G5 G4 G3 Next, the growth of successive generations was also moni-
o, | G2 a1 tored using a multi-angle laser light scattering (MALLS) detector
fitted at the outlet of the SEC columns with THF as eluent (see
Table 1). Our aim here was to access the absolute molar masses
of the prepared dendrimer-like PEOs. For these analyses, the
dn/dc values of these PEO samples were taken to be identical
to the value reported for a linear PEO of high molar mass: d
dc = 0.062 cni g1, that measured for a sixth generation sample
being very close to 0.062 ¢hy~1. Except for low molar mass
species, that is, for the two first generations, an excellent
agreement can be observed between absolute values of molar
masses delivered by MALLS and the expected ones. In contrast,
~— values obtained for low molar mass samples may be slightly
6 ' 7 ' 8 ' 0 ' overestimated because the intensity of the LS response is
Time (Min.) proportional to the produd¥ic, whereM is the molar mass and
Figure 5. SEC traces (THF, RI detector) of dendrimer-like PEOs from C the concentration of the solution, and therefore less sensitive
generations 1 to 6 (see also Table 1). to low molar mass species. For instance, the MALLS/SEC of
PEOG2(OHy was rather noisy. For this reasa,, values of
G?GB\GSGA the first generations of dendrimer-like PEOs drawn fréh
~00 G3 NMR characterization (from G1 to G3) are certainly more

G2 reliable; in contrast, molar masses determined by the MALLS/
SEC characterization for higher generations (from G4 to G8)
are more trustworthy (see Table 1). For these samples, indeed,
the peak at 0.9 ppm was too weak to be used as the internal
reference. Nevertheless, molar masses of dendrimer-like PEOs
from G4 to G8 could be estimated from the allylic protons
‘ ‘ appearing at 5.2 ppm, using the following formula:
N s w——— — g5 pprld
— M. = =2
" I5.2 ppmlzy
26 ) . 28 30 32

Elution Time (fin.) wherey is the number of terminal allylic functions (24 for G4,
Figure 6. SEC traces in DMF of dendrimer-like PEOs from generations 1 48 for G5, etc). In such a case, it should be stressed that an
8. assumption was made that all the dendrimer-like PEOs contained
the expected number of branches and that all OH groups were
derivatized into allylic ones.

In no case could a side population be detected in the MALLS/
SEC traces. In particular, no visible intermolecular aggregates
of dendritic PEOs taking the form of a shoulder or a separate
. ) peak in the SEC traces could be seen. A typical MALLS/SEC

As discussed above, PEOG2(QH)as subjected to the 406 is shown in Figure 7, confirming the monomodal shape
sequence of reactions (ii) and (iii). The transformation of the ¢ the distribution observed by RI detector from Figures 5 and
six primary hydroxyls of PEOG2(OH)into 12 peripheral g another way to account for the well-defined character of these
hydroxyls in two steps (six primaryt- six secondary OH)  dendritic PEOs is to plot the cumulative mass fraction of each
obtained after allylation and bis-hydroxylation reaction with sample as a function of the molar mass. This is represented in
OsQ; was checked byH NMR. These data are presented in  Figure 8, where the molar masses were obtained by MALLS/
Figure 4B,C, respectively. SEC in THF for dendrimer-like PEOs from generation 2 to

For the purpose of an accurate characterizatioHbjlMR, generation 7. The observation of almost vertical lines in each
the PEO arms grown generation after generation were limited case is indicative of very narrow molar mass distribution for
to the size of oligomers (Dfper arm~ 25). Samples generated each of these dendritic PEO species.
under these conditions and characterizedHbNMR all exhibit For instance, a dendrimer-like PEO of generation 8, carrying
molar masses very close to the targeted values. As shown inup to 384 OH functions at the periphery and exhibiting a molar
Figure 5, the SEC traces of the different generations of dendritic mass of approximately 900 000 g mélcould be obtained with
PEOs with THF as eluent reflect monomodal and narrow molar no major difficulty (Table 1). All these facts substantiate the
mass distributions (polydispersities were lower than 1.15) free idea that well-defined dendrimer-like PEO samples of high
of any side population. This indicated that the transfer of generation were obtained by a chemistry involving AROP of
alkoxides to DMSO, if existing, was negligible since linear EO and selective branching reactions.
chains of lower molar mass were not detected in these SEC Characterization of the Size and Shape of Dendrimer-

traces. These results were confirmed with DMF as the eluentlike PEOs. An accurate means to evaluate the degree of
for SEC (see Table 1 and Figure 6). compactness of these dendrimer-like PEOs is to investigate their

x 44.05

22 24

wherels s ppmis the integration of the peak due to the protons
of ethylene oxide units (C}CH,O) appearing at 3.5 ppriy.g ppm

is the integration of the peak due to the methyl protons of the
core at 0.8 ppm, and 44.05 is the molar mass of one ethylene
oxide unit.
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Figure 7. LSISEC trace in THF of dendrimer-like PEOG6(QkI3hown in three dimensions at different angles as a function of the elution volume (low
angles at the back of the figure).
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Figure 8. Cumulative mass fraction as a function of the molar mass obtained by MALLS/SEC in THF of dendrimer-like PEOs from generations 2 to 7.

intrinsic viscosity ], a function of their molar mass. Dendri-  of Log [#] could be observed for dendrimer-like PEOs of higher
grafts are known to behave as globular objects, and their intrinsic generations, but the trend exhibited by the Lg{\s Log M
viscosity is independent of their molar mass, whereas regular curve, which tends to flatten asincreases, indicates that such
dendrimers exhibits a bell-shaped curve for thej} yersus a maximum is likely shifted beyond the eighth generation. Such
molar mass variatiof3819Since f] is proportional to the ratio a profile of [], and thus the profile density, is unique when
Vu/M, whereVy is the hydrodynamic volume, such a peculiar compared to all other branched systems synthesized so far.
variation slightly mirrors the different dependence of hydrody-  Dynamic light scattering (DLS) experiments were performed
namic volumes and molar masses with the number of genera-on aqueous solutions of dendrimer-like PEO samples of the
tions grown one after the other. The intrinsic viscosity of our seventh generation. From the analysis of the normalized intensity
dendrimer-like PEOs was determined at*®5in methanol as autocorrelation functio©(q,t), whereq is the scattering vector,
solvent (Figure 9). As expected, their Log] [versus LogM the zaverage diffusion coefficienD, can be determined and
profile is strikingly different from those observed for regular used to calculateRy on the basis of the Stoke&instein

star polymers or other branched architectures. The peculiarequationRy = kT/6nD,, wherey is the solvent viscosity and
profile of Log [y]—which also represents the reciprocal of the kT the Boltzman energy factor. TH, value was determined
hydrodynamic densityfor these dendrimer-like PEOs is remi- using the cumulant and CONTIN method (Figure 10). A
niscent of that reported for regular dendrimers of lowest unimodal and narrow size distribution is observed independently
generations. Unlike the latter structures, however, no maximum of the scattering angle considered, which suggests that PEOG7-
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Figure 9. Evolution of Log 7] versus LogM of dendrimer-like PEOs
from generations 1 to 8, eight-arm PEO stars and linear PEO (data from
ref 28).
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Figure 10. Dynamic light scattering on PEOG7(Ofd) in water.

(OH)192 adopts a spherical shape in solution. Rg value of
20.2 nm was found. In addition to DLS, the same PEO sample

to synthesize these highly functionalized hydrophilic materials
relies on an iterative divergent method combining the “living”
anionic ring-opening polymerization of ethylene oxide and chain
end functionalization/branching reactions that were repeated
several times. To reach that goal, the conditions best suited to
polymerize ethylene oxide from multifunctional hydroxylated
precursors were thoroughly investigated. Partial deprotonation
of the hydroxyls (below 30%) was found to be crucial for a
successful polymerization of ethylene oxide at room temperature
using DMSO as a solvent. Under such conditions, near-
guantitative yields were obtained and aggregation of propagating
alkoxides could be prevented. The straightforward introduction
in two steps of 1,2-propanediol units as branching points at chain
ends also contributed efficiently to the success of these
syntheses.

The reiteration of these three elementary steps afforded
dendrimer-like PEOs up to the eighth generation, carrying 384
hydroxyl end groups. Following such a strategy, not only could
the size of each generation be varied but also high molar mass
dendrimer-like samples could be obtained in a few steps.
Characterization of these dendrimer-like PEOs in solution
revealed an extremely narrow size distribution of their molar
masses; these samples behave as solvated spheres whose density
is unevenly distributed from the core to the periphery.

Such well-defined functionalized branched PEOs should meet
requirements such as solubilizing properties, mechanical proper-

of the seventh generation was analyzed by static light scatteringties, biocompatibility, dimensional stability, and presence of

(SLS). From the intensities measured, a Zimm plot could be

functional groups for attachment of molecules with specific

drawn (Figure 11) which yielded a mass-average molar massproperties. These dendrimer-like PEOs are currently modified

of 400 000 g moatl, in rather good agreement with the value
determined by MALLS/SEC. SLS gavezaaverage radius of
gyration Ry) of 32 nm for that particular sample. TH&/Ry
ratio of 1.6 found indicates that PEOG7(Qkpbehaves as a
loose sphere that is hydrodynamically draining in water. Finally,
this sample could be directly visualized by atomic force
microscopy (AFM) using a tapping mode: a spherical particle
can be clearly seen with an average diameter of 40 nm, in
accordance with values obtained by DLS.

Conclusion

The main objective of this study is to propose an easy access

to well-defined dendrimer-like PEOs. The strategy contemplated
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to be used for the recognition of specific molecules and more
generally for biomedical applications. Work is also in progress
to design new branching reagents with the aim toward func-
tionalizing the interior of these dendrimers with macromolecular
generations.
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