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ABSTRACT: Well-defined amphiphilic block copolymers of poly(vinyl acetate) (PVAc) and péliqylpyr-
rolidone) (NVP) were synthesized by cobalt-mediated radical polymerization (CMRP)NVRepolymerization
initiated by poly(vinyl acetate) end-capped by the cobalt(ll)acetylacetonate complex met the criteria of controlled
polymerization, i.e., first-order kinetic iINVP, increase of the molar mass with tN&P conversion, and narrow
molar mass distribution. Therefore, the length of the two blocks can be tuned by the [VAc]/[Ce]acat)he
[NVP]/[PVAC] ratios for the synthesis of the macroinitiator and the polymerization of the second monomer,
respectively. These amphiphilic PVAEPNVP block copolymers were easily converted into the double hydrophilic
PVOH-b-PNVP counterparts by selective methanolysis of the PVAc block. These two types of copolymers were
prone to self-association into micelles in appropriate solvents.

Introduction Recently, Matyjaszewski et al. tried to extend the cobalt-

Controlled radical polymerization (CRP) was developed in Mediated radical polymerization techniqueNwP 1* However,
the recent past as an answer to the steadily increasing demanéhe control of this polymerization was not as good as that one
for new materials with controlled properties. This concept is Of VAc more likely because of the lower deactivation rate of
indeed a valuable strategy to provide a large range of polymersthe ANVP growing chains by the cobalt complex (cobalt(ll)
with well-defined molecular characteristics (length, composition acetylacetonate; Co(acak)Nevertheless, statistical PVAmD-
and architecture), under non very demanding conditiohs.  PNVP copolymers were prepared in a controlled manh@his
Although, the CRP of most vinyl monomers is very effective, Paper aims at reporting for the first time the synthesis of well-
that one of non conjugated monomers, such as vinyl acetatedefined amphiphilic PVAd-PNVP block copolymers by CMRP.
(VAc) and N-vinylpyrrolidone (NVP), is more challenging but  Initiated by a PVAe-Co(acac) macroinitiator, the polymeri-
worthy. Indeed, poly(vinyl acetate) (PVAc) is involved in major  Zation of NVP is controlled. Moreover, methanolysis of the
applications, such as adhesives and paints, and its hydrolyzed?VAC block is an easy way to prepare a novel class of
version, poly(vinyl alcohol), is the hydrosoluble synthetic biocompatible double hydrophilic PYOBH-PNVP block co-
po|ymer produced on the |argest scﬁ@o|y(viny|pyrro|idone) polymers. These two families of diblock COpOIymerS are prone
(PNVP) is also an extremely attractive polymer because of its t0 self-assemble into micelles, in water for the amphiphilic
high solubility in water and organic solvents, complexation PVAC containing copolymers and in organic media for the
capability and excellent biocompatibiliyRecently, effective ~ double hydrophilic block copolymers.
controlled radical polymerization of VAc were developed such gyperimental Section

as degenerative-iodine transfemacromolocul_ar deS|gr_1 via Materials. Vinyl acetate (VAc) &99%, Acros) was dried over
interchange of xanthate (MADIX)organotellurium-mediated  ¢aicjum hydride, degassed by several freeze-thawing cycles before
living radical polymerizatiorfs and cobalt-mediated radical  peing distilled under reduced pressure and stored under argon.
polymerization (CMRP) via cobalt porphyrihand cobalt(Il) N-Vinylpyrrolidone (Aldrich) was degassed by several freeze-
acetylacetonate complext¥sCMRP of VAc was successfully  thawing cycles before being distilled under reduced pressure and
carried out both in bulk and in aqueous dispersed mEdiad stored under argon. Toluene was distilled from sodium benzophe-
used to prepare high molar mass PVAc, PVAc containing block none complex, _Whereas anisole (Ald_rich) and dimethylformamide
copolymersi? and solid substrates, such as fullerene, grafted (OMF) were dried over molecular sieves. All the solvents were
by PVAc13 Today, few systems can impart control to the radical 9€gassed by bubbling argon for 30 min. ‘2a2obis(4-methoxy-
polymerization ofN-vinylpyrrolidone. Good control was re-  2-4-dimethyl valeronltgle) (V-70) (Wakko), cobali(ll) acetylaceto-

rted for a chain transfer process based on xanthhtes nate (Co(aca) (>98%, Acros), potassium hydroxide (KOH),
port ster p b.16 . ' 2,2,6,6-tetramethylpiperidine 1-oxy (TEMPO) (98%, Aldrich),
dithiocarbamaté$ and trithiocarbonateS>*® Synthesis of 1o, amethyidisiloxane (HMDS) (Aldrich, NMR purity) were used
PNVP-b-PVAc copolymers by MADIX was also briefly a5 received. Membrane Spectra/Pore (cutoff : 66BED0 Da) was
reportedt*® A group-transfer technique that involves organos- used for dialysis.

tilbinel” and more recently organobismuthine compodhis Characterization. *H NMR spectra of the PVAc macroinitiators
another valuable approach for the control of &P poly- were recorded at 298 K with a Bruker spectrometer (250 MHz) in
merization. CDCls. (D; = 2's, 16 scans, 5 wt % of polymefH NMR spectra

of PVAc-b-PNVP and PVOHbB-PNVP were recorded with the same

*To whom correspondence should be addressed. Telephone: 32-4-Spectrometer at 353 K in DMS@s and D,O, respectively.D; =
3663465. Fax: 32-4-3663497. E-mail: christophe.detrembleur@ulg.ac.be.5 s, 32 scans, 5 wt % of polymer).
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Size exclusion chromatography (SEC) of poly(vinyl acetate) was and 11.7 g of a slightly yellow PVAb-PNVP block copolymer
carried out in THF (flow rate: 1 mL mirt) at 40°C with a Waters was collectedM, sec= 51 000 g/molM,,/M, = 1.35. BeforelH
600 liquid chromatrograph equipped with a 410 refractive index NMR analysis, samples were dried in vacuo 2oh at 170°C. 'H
detector and Styragel HR columns (four columns HP PL geib NMR (250 MHz, 353 K, DMSOds) 6 (ppm) : 4.79 (m, 1H, €—
1P, 104, 13, and 1@ A). Polystyrene standards were used for OCOCH; PVAc), 3.72 and 3.56 (1H, l8&-NCO PNVP), 3.16 (2H,
calibration. Size exclusion chromatography (SEC) of poly(vinyl CH,—NCO— PNVP), 2.20 and 2.09 (2H;-NCOCH,— PNVP),
acetate)-poly(N-vinylpyrrolidone) was carried out in dimethyl-  1.92 (3H,—OCOH; PVAc), 1.9-1.3 (—-N—CH,—CH,—CH,—
formamide containing 25 mM LiBr (flow rate : 1 mL mi#) at CO— and—CH,—CH—NCO- of PNVP, CH,—CH—OCOCH; of
55 °C with a Waters 600 liquid chromatrograph equipped with a PVAc). The molar mass of theN¥P block was calculated from
410 refractive index detector and four Waters Styragel columns theH NMR data of the diblock ant¥1, of the PVAc macroinitiator
[HR 1 (100-5000), HR 3 (506-30000), HR 4 (5006500000), determined by NMR: PVACc(11300)-PNVP(33900). Cobalt con-
and HR 5 (2006-4000000) (7.8x 300 mm)]. Poly(methyl tent determined by ICRP= 293 ppm. Further purification of the

methacrylate) standards were used for calibration. copolymer by filtration of a solution in methanol through silica
Infrared spectra were recorded with a Perkin-Elmer FT-IR decreased the cobalt content to 22 ppm.
instrument from 4000 to 600 cth PVAc-b-PNVP copolymers were The same general procedure was repeated by changing temper-

dissolved in CHCI, and solvent-cast on a NaCl disk, whereas ature,NVP conversion and molar mass of the PVAc macroinitiator.
PVOH-b-PNVP copolymers were mixed with potassium bromide General Recipe for the Synthesis of PVOHs-PNVP Block
and compressed before IR analysis. Copolymers.In a 200 mL round-bottom flask, a solution of PVAc-
Inductively coupled plasma mass spectrometry (ICPMS) was (11300)b-PNVP(33900) (4 g) in methanol (p.a. 150 mL), was
carried out with a spectrometer Elan DRC-e Perkin-Elmer SCIEX. added with a solution of potassium hydroxide (2 g) in methanol
Samples were prepared by dissolving a small amount (30 mg) of (50 mL, p.a.), degassed by of bubbling argon for 10 min and stirred
polymer in 5 mL of HNQ (65%). This solution was heated until  at room temperature. After 20 h, part of the methanol was eliminated
complete dissolution and then diluted with 50 mL of bidistilled under reduced pressure, and the residual P\BGFNVP solution
water at room temperature. (30 mL) was diluted by bidistilled water and dialyzed against water
Dynamic light scattering (DLS) was performed on a Malvern through a Spectra/Pore membrane (cutoff : 668000 Da) in order
CGS-3 equipped with a HeNe laser (633 nm) at an angle of 90  to eliminate methanol, potassium hydroxide and methyl acetate
A bath of filtered toluene surrounded the scattering cell, and the residues. The aqueous solution of PVGHNVP was finally
temperature was controlled at 256. The polydispersity index (PDI) lyophilized, and a fluffy and colorless PVOBHPNVP (2.6 g) was
was defined as the,/T';? ratio, whereu, is the second cumulant  recovered.
andT’y is the first cumulant. The DLS data were also analyzed by 14 NMR (250 MHz, 353K, BO), 8 (ppm): 3.85 (1H, G—OH
the CONTIN routine, a method based on a constraint inverse PVOH), 3.58 and 3.42 (1H, i€-NCO PNVP), 3.10 (2H, Gl,—
Laplace transformation of the data, which gives access to a sizeNCO— PNVP), 2.20 and 2.10 (2H-NCOCH,— PNVP), 1.81 (2H,

distribution histogram for the aggregates. _ ~N—CH,—CH,—CH,—CO—PNVP), 1.6-1.3 ((H,—CH—OH of
General Recipe for the Synthesis of Poly(vinyl acetate)  pyAc and—CH,—CH—NCO- of PNVP). The molar mass of the
Macroinitiators End-Capped by Cobalt(1l) Acetylacetonate. Co- PVOH block was calculated from théd NMR spectrum of the

(acac) (0.363 g, 1.42 mmol) and V-70 (1.42 g, 4.60 mmol) were diblock andM, of the INVP:PVOH(5600)b-PNVP(33900). Cobalt
added into a round-bottom flask capped by a three-way stopcock content determined by ICR 348 ppm.

and purged by three vacuurargon cycles. After addition of PVOH-b-PNVP block copolymers with different compositions
degassed vinyl acetate (30 mL, 28 g, 370 mmol), the reaction 5,4 molar masses were prepared by the same procedure.

mixture was hgated at 3¢ under s}irring. After 56 h, the viscosity . Micellization of the PNVP Containing Diblock Copolymers.
of the medium increased substantially, and the monomer converslonpoIyrneric micelles consisting of a hydrophobic PVAc core and

was estimated gravimetrically (conversien45%). The residual ydrophilic ENVP shell were prepared in water. Typically, 0.01 g

. h
monomer was evaporat_eq_under reduced pressure, and the pmlf)f a PVAch-PNVP copolymer was dissolved in 1 mL of methanol,
poly(vinyl acetate) macroinitiator was stored under inert atmosphere.foIIOWed by the dropwise addition of 10 mL of bidistilled water.

Mn,sec = 11 500 g/mol;My/My = 1.13. My nwr = 86.09x [3 x The mixture was stirred at room tem
g W ! perature for 24 h and passed
(—~CH—OCOCH, PVAC)/(~OCHs, V-70)] = 11 300 g/mol. Cobalt through a 1.Qum filter before analysis by dynamic light scattering

content was de.t?Fmi”ed _by |(_::P 5672 ppm. (DLS). Solutions of PVAd-PNVP with a PVAc block shorter than
PVAc macroinitiators with different molar masses were prepared 12.0 K were passed through a Qun filter.

by the same recipe, merely by changing the [VAC)/[Co] ratio. Polymeric micelles with a PVOH core and &P shell were

General Recipe for the Synthesis of PAc-b-PNVP Block . : :
S prepared in methanol. Typically, 0.01 g of copolymer was dissolved
Eolplog(%erfmgrﬁ PVA_c—l(ll%(gl(;: a??n rc:}iﬂcr?h'/lnm_atlorlgvggg’é“éz d in 1 mL of bidistilled water, followed by the dropwise addition of
- 9 n.SEC”~ 9 wen 10 mL of methanol. The mixture was stirred at room temperature

into a 100 mL round-bottom flask, that was purged by three for 24 h and then passed through a a2 filter before analyzis by
vacuum-argon cycles before addition of 15 mL a dry and degasseddyn‘,m]iC light scattering (DLS). Solutions of PVOHPNVP with

anisole/toluene (9/1 : v/v) mixture. After complete dissolution of
PVAc, distilled and degasséadtvinylpyrrolidone (15 mL, 15.6 g) gszn?gltgrlmk smaller than to 6.0 K were passed through a

was added. A first sample was picked out and used as a reference
for the monitoring of the monomer conversion. The reaction
medium was stirred in a thermostated bath atQOAfter 6 h, the
medium was highly viscous, and the polymerization was terminated A series of well-defined poly(vinyl acetate) macroinitiators
by addition of a solution of TEMPO (0.5 g of TEMPO in 5 mL of  with a molar mass in the 5K25K range, were prepared by
degassed toluene). Stirring was maintained at room temperaturepyk cobalt-mediated radical polymerization (CMRP), as re-

overnight. The monomer conversion was determinedbMR  4req elsewhere (Table 1% Typically, the vinyl acetate
in DMSO-ds based on thélVP resonance at 4.3 ppm (two olefinic = 1,y merization was initiated by V-70 at 3€ in the presence
protons) with respect to the resonance at 4.8 ppm characteristic of f | | h | of th
PVAC (—CH,—CH(OAc)—) used as an internal referende\P of cobalt(ll) acetylacetonate (Co(acgc)The control of the

conversion= 65%). polymerization, assessed by reasonable agreement between the
After elimination of the residual monomer and solvents under €xperimental and theoretical molar masses and quite narrow
reduced pressure at 3C, the PVAcb-PNVP block copolymer molar mass distribution, results from the mediating role of the
was dissolved in THF, precipitated into cold diethyl ether, filtered, cobalt complex. From a mechanistic point of view, it was
and dried in vacuo. This purification step was repeated two times, recently reported that VAc bulk polymerization conducted in

Results and Discussion
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Table 1. Synthesis of the Poly(vinyl acetate) Macroinitiators End-Capped by Co(acacjvith Polymerization at 30 °C

Cobalt-Mediated Radical Polymerizatiorv113

PVAc time convr? M t° Mn.nmg? Mn.se€
macroinitiator [VAcH[Co]o/[V-70]o? (h) (%) (g/mol) (g/mol) (g/mol) Mw/Mp ff
1 115/1/3.3 74 49 4850 5600 6000 1.10 0.86
2 115/1/3.3 79 52 5150 5900 6600 1.28 0.87
3 230/1/3.3 56 45 8900 11 300 11 500 1.13 0.79
4 406/1/3.3 27 56 19 600 24300 23600 1.17 0.81

a|nitial concentrations? Determined gravimetrically after elimination of the residual monomer in vacuo &C40Calculated from the initial [VAc]/
[Co] ratio and the monomer conversichvi, nwr = 86.09x [3x (—CH—OCOCH;, PVAC)/(—OCHs, V-70)]. ¢ SEC with PS standards.f = Mn t/Mn nuR.

Scheme 1. Preparation of Amphiphilic PVAch-PNVP and Double Hydrophilic PVOH-b-PNVP Block Copolymers by Cobalt-Mediated

Radical Polymerization (CMRP)

/N/[/\r]/ TEMPO W TEMPO
/{/\r]/ Co(acac), 1) NVP

MeOH

R

OAc 2) TEMPO

R = -C(CH,)(CN)-CH,-C(CH,),(OCH,)

Table 2.NVP Polymerization Initiated by a PVAc—Co(acac) Macroinitiator at Different Temperatures 2

PVAc-b-PNVP before purif. PVACh-PNVP after puriP

T t convrf Mp sed My sed Mn,NMR,mvPE M, th,mve

entry (°C) (h) (%) (g/mol) Muw/Mp (g/mol) Mw/Mp (g/mol) (g/mol)
1 30 8 80 37 200 141 40 100 1.37 34700 14 000
2 20 8 78 36 200 1.35 38200 1.27 34 400 13500
3 6 88 87 38400 1.40 41200 1.34 36 000 15300

a[PVAc—Co 1] (0.18 mmol, 1 g, 5600 g/molNVP (28.1 mmol, 3 mL), 3 mL anisole/toluene (9/1) mixtubélhe copolymer was precipitated three
times in cold diethyl ethe Determined by*H NMR (see Experimental Sectior) SEC calibrated by PMMA standardsDetermined by'H NMR (see

Experimental Section).

30°C,
8h,
80%

the presence of cobalt complexes and an excess of V-70 is a
degenerative chain transfer process, whereas this mechanism
turns into a reversible-termination process by cleavage of the
Co—C bond when amino compounds that coordinate the cobalt
complex, are adde¥.

The poly(vinyl acetate) macroradicals were directly recovered
by elimination of the residual monomer in vacuo and stored at
—20°C under inert atmosphere. The pink color testified to the
persistence of the active cobalt complex at the chain end, which
is no longer the case when the chains are exposed to air. These

6°C,
88h,

87% |

PVAc chains are thus potential macroinitiators of the CMRP
of the same monomer or not. In this work, attention was paid
to N-vinylpyrrolidone (NVP) with the purpose to prepare not
yet reported well-defined PVAb-PNVP amphiphilic copoly-
mers and the PVOH-PNVP double hydrophilic counterparts
by methanolysis of the PVAc block. (Scheme 1)

Synthesis of Poly(vinyl acetate)s-poly(N-vinylpyrrolidone)
Copolymers. CMRP of N-vinylpyrrolidone initiated by PVAc
macroinitiators was investigated under different experimental
conditions. Whenever the €¢C bond is cleaved in the presence
of NVP, the released poly(vinyl acetate) radicals can initiate
the NVP polymerization, whose the propagation might be
mediated by the cobalt complex.

The first experiment was carried out at 30, which is the
ideal temperature for the CMRP of VAc. However, as mentioned
in the introduction, deactivation of theNWP growing chains
by Co(acagyis less efficient than that one of the PVAc chalfis.

One reason might be the competitive complexation of the cobalt-

(I1) acetylacetonate by the carbonyl group of tR&P units,

Elution time

Figure 1. SEC chromatograms of the three PVB&NVP block
copolymers prepared by resumption of &P polymerization by the
same PVAe-Co macroinitiatorl (5600 g/mol, dotted line) at different
temperatures (Table 2). The chromatograms were recorded before
purification.

case of NVP homopolymerization initiated by V-70 in the
presence Co(acag)because of the low decomposition rate of
the initiator at these temperatures.

The [NVP]/[PVACc] ratio was kept constant in the experiment
carried out at different temperatures with the same macroini-
tiator. Copolymerization data are listed in Table 2, and the SEC
chromatograms are shown in Figure 1.

At 30 °C, the polymerization rate was quite high and the
medium was rapidly viscous, consistent with previous observa-
tions for the homopolymerization dfivP by CMRP!® The
monomer conversion, determined By NMR analysis ofNVP

which shifts the equilibrium between dormant and active species with PVAc as an internal reference, was 80% after 8 h. The

toward the active species, as pyridine déEEemperature was

polymerization rate was quite comparable at°@) and much

then decreased in order to restore a more favorable position oflower at 6°C at which a monomer conversion in the 80% range

this equilibrium. Experiments were conducted at °ZD and
6 °C, respectively, which would not have been possible in the

needed a much longer period of time. Nevertheless, the block
copolymerization was effective whatever the temperature, as
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Table 3.NVP Polymerization Initiated by a PVAc—Co(acac) Macroinitiator at 20 °C?

PVAc-b-PNVP before purif

PVACch-PNVP after purif

time convrf Mn,sed Mn,sed Mn NMR,AavP® M th v

entry (h) (%) (g/mol) Mw/Mp (g/mol) Mw/Mp (g/mol) (g/mol)
1 2 32 21 000 1.35 23 600 1.25 14 700 5600
2 4 50 27 100 1.36 29 300 1.29 21400 8700
3 6 67 33800 1.37 37800 1.31 31700 11 600
4 8 78 36 200 1.35 38200 1.27 34 400 13500

a[PVAc—Co 1] (0.18 mmol, 1 g, 5600 g/molNVP (28.1 mmol, 3 mL), 3 mL anisole/toluene (9/1), at 0. ® The copolymer was precipitated three
times in cold diethyl etherc Determined by*H NMR (see Experimental Sectiorf)SEC calibrated by PMMA standardsDetermined by'H NMR (see
Experimental Section).

1.8 40000
. L6 =
g 141 £ 3000 ] %
2 12 ?
= 1 :
E 0.8 5 20000 1
< 06| s ot
3 o4l 10000 | e

02 1 1 ,,/"/

(IR A— — 0 K- :

0123456789 0 20 40 60 8

a) time (h) b) conversion (%)

Figure 2. (a) Plot of In(NVP]o/[NVP]) vs time and (b) dependence of molar mass of tN&P block (M, nvr) On NVP conversion, for thé\VP
polymerization initiated by the PVAeCo macroinitiatorl (Mnnvr = 5600 g/mol) at 20C. The dotted line shows the dependence of the theoretical
molar mass of the IRVP block on the monomer conversion.

4h,

8h, 50% 2h,
78%

AN

illustrated by the SEC chromatograms for the PVAc macroini-
tiator and the three copolymers collected at quite a comparable
NVP conversion (Figure 1). The elution peak for the macro-
initiator is completely shifted toward higher molar masses for
the copolymers before purification, leaving very few unreacted
PVAc chains behind. The reproducibility of the three syntheses
is quite remarkable, and the polydispersity of the P\bARNVP
copolymers is reasonably lowM(,/M, ~ 1.35-1.40), and
slightly lower than that of homo WP and PVP-co-PVAc
random copolymers by CMRP with Co(acat)Consistent with
the SEC data, the molar mass of th§\WP block, determined >
by IH NMR and reported in Table 2, is essentially independent Elution time
of the temperature at similalVP conversion. Moreover, a  Figure 3. SEC chromatograms of the PVA€o macroinitiatorl
substantial discrepancy is observed between the theoretical anﬁogfds"r_‘r‘?‘) aﬂd PVAG-PNVP copolymderg bprfepared .f‘.at 20C. h
the experimental molar masses of tHéVP blocks determined co?)ol(;m)ers.e chromatograms were recorded before purification of the
after repeated precipitations. The partial fractionation of the
copolymer, in line with a lower polydispersity after precipitation, - macroinitiator (1.35 vs 1.10). Although it cannot definitely be
might be an explanation without precluding that not all the precluded that the residual peak of the PVAc is due to
macroinitiator chains initiated thilVP polymerization. irreversible termination, only a very faint tail persists on the
In order to know whether the NWP blocks are growing  Jow molar mass side at higher monomer conversion, which
according to a controlled process or not, a series of independeniseems to indicate a slow initiation of tth&/P polymerization
copolymerization experiments were conducted at°€0and by the PVAc macroinitiator compare to the propagation. An
stopped at different polymerization times. TEP conversion  explanation might be the formation of PVAc chains end-capped
and the molecular parameters of the copolymers, before andby a primary alkyl cobalt adduct (CHOAGCH,—Co), as result
after purification, are listed in Table 3. of head-to-head monomer addition followed by radical deactiva-
Kinetics of theNVP polymerization initiated at 2€C by the tion. Activation of this Ce-C bond might be too slow at 2@
PVAc—Co(acacy was first order in monomer as assessed by for block copolymer with low polydispersity to be prepared.
the linear dependence of In([M[M]) on time (Figure 2a), which This hypothesis is consistent with the stability of the cobalt
indicates that the radical concentration is constant during the carbon bond, that drastically decreases from a primary carbon
polymerization. Consistent with a controlled polymerization, the to an increasingly substituted carb®m similar behavior was
molar mass of the RVP block increased with the monomer reported for the organotellurium-mediated radical polymerization
conversion (Figure 2b). Figure 3 shows a substantial shift of of vinyl acetate® Moreover, in contrast to the preparation of
the original chromatogram of the PVA€o(acac) macroini- the PVAc macroinitiator, the MP polymerization occurs in the
tiator toward higher molar mass in agreement with the formation absence of an external radical source, whereas coordination of
of a PVAch-PNVP block copolymer. At 329VP conversion, the cobalt by the pyrrolidone units could favor a reversible-
all the macroinitiator chains were not consumed and the termination mechanism rather than a degenerative chain transfer
copolymer polydispersity was higher than that of the PVAc- process. A change in the polymerization mechanism of the two

Y 32%
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Table 4. Synthesis of PVAd-PNVP Block Copolymers with Different PNVP Chain Length?

PVAc-b-PNVP before purif PVACcbk-PNVP after purif
t convrf Mn.sed Mp sed Mn,NMR, AvP® M th v
entry [NVP)/[PVAC] (h) (%) (g/mol) Mw/Mp (g/mol) Mw/Mp (g/mol) (g/mol)
1 84 4 61 17 800 1.32 21700 1.20 14 600 5700
2 168 6 67 33800 1.37 37 800 1.31 31700 12 500
3 280 4 65 42 200 1.34 43800 1.34 37800 20200

apVAc—Co(acac) 1 (5600 g/mol, 1 g)NVP/anisole/toluene (5/4.5/0.5 v/v), at 2G. ® The copolymer was precipitated three times in cold diethyl ether.
¢ Determined by"H NMR (see Experimental Sectiorf) SEC calibrated by PMMA standardsDetermined by*H NMR (see Experimental Section).

Table 5. Synthesis of PVAd-PNVP Block Copolymers with Different PVAc Macroinitiators @

PVAc-b-PNVP before purif PVACcbh-PNVP after purif
t convrf Mn.sed Mp sed Mi, NMR,ANVPS M th, vp
entry Mn,NMR,PVAC (h) (%) (g/mol) Mw/Mn (g/mol) Mw/Mn (g/mol) (g/mol) wt % VP
1 5900 6 72 41500 1.40 45 800 1.34 25000 13200 80
2 11 300 6 65 50 300 1.37 51 000 1.35 33900 22900 75
3 24 300 6 67 87 900 1.49 86 400 1.49 60 100 50 600 71
4 24 300 1 25 46 100 1.32 47 700 1.29 15 700 18 900 40

aPVAc—Co(acac) 2, 3 and4 (5 g), NVP (140 mmol, 15.6 g, 15 mL), 15 mL anisole/toluene (9/1), a@0P The copolymer was precipitated three
times in cold diethyl ether® Determined by*H NMR (see Experimental Sectiorf SEC calibrated by PMMA standardsDetermined by*H NMR (see
Experimental Section).

poly(vinyl alcohol). Therefore, amphiphilic PVAG-PNVP
block copolymers prepared in this work are typical precursors
of novel double hydrophilic PVOH-PNVP copolymers (step

2, Scheme 1), provided that the pyrrolidone subunits remain
untouched. In this respectNW'P is known to resist hydrolysis
except under severe conditions (strong bases in mol&rPP
above 200°C).22 Moreover, it was confirmed in this work that
homo MVP was unaffected by the conditions used for the
methanolysis of the PVAc block, i.e., potassium hydroxide in

> methanol at room temperature. IR aftd NMR analyses of
Elution time PNVP before and after treatment are provided as Supporting
Figure 4. SEC chromatograms for the PVAc(24308PNVP(60100) Information??
copolymer (full line) and the PVAeCo macroinitiator (dotted line). Figure 5 confirms that the methanolysis of the PVAc(24300)-
(Table 5, entry 3) b-PNVP(60100) copolymer (Table 5, entry 3) under the

aforementioned conditions results in the complete disappearance
comonomers might also contribute to the broadening of the of the IR absorptions typical of PVAc €0 stretching at
molar mass distribution. 1738 cmrl), whereas the absorptions characteristic biVP
That the growth of the RVP block is reasonably well  persists (€O stretching at 1667 cm), in agreement with the
controlled was confirmed by another set of experiments in which formation of a fully hydrolyzed PVOH-PNVP block copoly-
the [NVP]/[PVAC] ratio was changed and the same monomer mer. Additional evidence was found in the NMR spectra of the
conversion was targeted. The same macroinitiator being usedoriginal PVAcb-PNVP copolymer and the final hydrosoluble
the length of the RVP block was expected to change, which  PVOH-b-PNVP counterpart recorded at 353 K in DMSifgand
was actually the case (Table 4). Indebf, of the ANVP block D0, respectively (Figure 6). The simultaneous disappearance
was increased by 2.2, when thé\[P]/[PVAc] ratio was two of the PVAC signals (ac), particularly the signal b at 4.79 ppm
times higher (from 84 to 168). A further increase of this ratio (CH—OCOCH;), the appearance of the signals typical of PVOH
by 3.3 (from 84 to 280) resulted in a smaller increasaViin (CH—OH at 3.85 ppm) and the persistence of th/P (d—h)
(by 2.6) than expected. Partial fractionation during precipitation confirmed the selective hydrolysis of the PVAc block.
in diethyl ether might however perturb the calculatioMfpwe A range of PVOHb-PNVP copolymers were accordingly
and account for some apparent discrepancy. prepared by methanolysis of the PVAePNVP copolymers
Finally, PVAc macroinitiators with different chain lengths |isted in Table 5. The molar mass of the PVOH block was
were used to initiate th&lVP polymerization and to prepare calculated from théH NMR spectrum of the diblock anhl,
well-defined PVAch-PNVP block copolymers with different  of the unaffected RVP block (Table 6). The agreement between
molar masses and compositions, which is crucial when specificthe PVOH molar mass determined B NMR and the
properties are desired (Table 5). theoretical value in the case of complete methanolysis of the
A diblock copolymer with a RVP block of M,, as high as acetate groups indicates that the methanolysis is at least as
60100 g/mol was successfully prepared, with however a higher extensive as 95%.
polydispersity (1.5), which more likely results from the un-  Finally, all cobalt-mediated radical polymerizationsh¥P
avoidable tail on the low molar mass side due to irreversible were quenched by an excess of TEMPO in order to displace
termination reactions and/or inactive PVAc macroinitiator chains the cobalt complex from the chain end and purify the PVAc-
(Figure 4). b-PNVP copolymers, as reported previously for PVIRE.
Synthesis of Poly(vinyl alcohol)b-poly(N-vinylpyrroli- Although not complete, the displacement reaction was confirmed
done) Copolymers.Basic hydrolysis of poly(vinyl acetate) in by the drastic loss of cobalt measured by inductively coupled
methanol is the traditional technique for preparing hydrosoluble plasma (ICP) analysis. For example, the cobalt content of the
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Figure 5. Infrared spectra for the original PVAc(24300)PNVP(60100) before and after methanolysis of the PVAc block.
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Figure 6. *H NMR spectra at 353 K for the original PVAc(24300)PNVP(60100) (Table 5, entry 3) in DMS@s and the final PVOHs-PNVP

(Table 6, entry 3) in RO after selective methanolysis of the PVAc block.

Table 6. Synthesis of PVOHb-PNVP Block Copolymers by Selective
Methanolysis of PVAch-PNVP

entry PVAch-PNVP (g/mol) PVOHb-PNVP (g/mol)
1  PVAc (5900)b-PNVP (25000) PVOH (2900p-PNVP (25000)
2 PVAC (11300)b-PNVP (33900) PVOH (5600p-PNVP (33900)
3 PVAc (24300)b-PNVP (60100) PVOH (11900p-PNVP (60100)
4 PVAc (24300)b-PNVP (15700) PVOH (13400p-PNVP (15700)

PVAc macroinitiator (Table 1, entry 3) was estimated to be

solution in methanol through silica. The residual cobalt content
decreased from 293 to 22 ppm. This purification effort will be
continued in the future.

Solution Behavior of Poly(vinyl acetate)b-poly(N-vinylpyr-
rolidone) and Poly(vinyl alcohol)-b-poly(N-vinylpyrrolidone)
Copolymers in Solution. Micellization of amphiphilic block
copolymers in a solvent selective of one constitutive block is a
well-known phenomenon with great potential in the design of

5672 ppm whereas only 293 ppm of metal was detected in thea drug delivery system. For instance, amphiphilic derivatives

PVACc(11300)b-PNVP(33900) copolymer after treatment with
TEMPO. As expected, a slightly higher concentration of cobalt
residues was measured in the corresponding PVOH(5600)-
PNVP(33900) copolymer (348 ppm) as a result of the loss of
the ester groups. The complexation capabilities¥/P might
explain that the elimination of cobalt is not quantitative for the
PNVP containing copolymers. Moreover, the copolymer PVAc-
b-PNVP was further purified by filtration of a copolymer

of poly(vinylpyrrolidone) were investigated as drug cariérs
and stabilizers of liposomes in viv® Micellization of the two
types of block copolymers synthesized in this work (Table 6)
was investigated by dynamic light scattering (DLS).
Whenever a dilute solution of the PVAEPNVP diblocks
in methanol was added dropwise with water at room temper-
ature, micellar aggregates were formed with a quite narrow size
distribution (Figure 7). The polydispersity was in the 0:07
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Figure 7. Size distribution of PVAd-PNVP and PVOHB-PNVP micelles formed in water and methanol, respectively.

0.12 range. For the three copolymers, in whiddVP is the

paratively shorter hydrophilic block (PVAc(2430B6)PNVP-

in the steric repulsion of theNR/P blocks in the micellar shell,

further26 Moreover, the quite low polydispersity (0.07) strongly

Thus, a large amount of methanol was added to an aqueous
major block (76-80 wt %), the size of the micelles increases solution of the diblock copolymers. As soon as PVOH started
with the molar mass from 72 to 133 nm. The mutual repulsion to precipitate at the appropriate content of methanol in water,
of these solvated WP chains in the shell is responsible for a micelles were formed with a narrow size distribution, except
strong curvature of the core/shell interface and thus for the for the block copolymer with a shorter PVOH block (2900
spherical geometry. Surprisingly, the copolymer with a com- g/mol). In this case, the distribution is broad (polye.0.41),
more likely because the solubility of PVOH decreases slowly
(15700)) leads to micellar aggregates with a diameter as highwith the addition of methanol and the smooth phase separation
as 186 nm. This figure must be compared to 133 nm for the that occurs leads to ill-defined cotshell structures. Another
diblock with the same PVACc block (24300 g/mol) and a much striking observation is the drastic reduction of micellar size
longer VP one (60100 g/mol). An explanation might be found shown by the PVAc(24300)-PNVP(15700) (diameter=

186 nm) upon methanolysis of the PVAc block [PVOH(13400)-
which is lower for the shorter blocks. As a result, the curvature b-PNVP(15700); diameter 89 nm]. This might merely reflect

of the core-corona interface lower and the micelles can grow the substantial decrease in the molar mass of the copolymer as
result of the PVAc conversion into PVOH.

suggests the formation of monodisperse objects, which is usually .
the case for spheres and also possible for vesicles, whereas th&onclusions

polydispersity of cylinders is commonly much higher than 0.2.
Although the PVOHB-PNVP block copolymers are double

selective for one block, e.g., in methanol selective fbivVIP.

This paper reports for the first time the synthesis of well-

defined poly(vinyl acetatef-poly(vinylpyrrolidone) block co-
hydrophilic, they can form micelles in an organic solvent polymers by the cobalt-mediated radical polymerization. It was
shown indeed that the polymerizationNivinylpyrrolidone was
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effectively initiated by PVAc macroinitiators and controlled as
assessed by the first-order kineticsNWP and the increase of
the molar mass of theNR/P with the monomer conversion.

Therefore, the length of the two blocks can be merely tuned by

the [VAc]/[Co(acac)] and the NVP]/[PVACc] ratios for the
synthesis of the macroinitiator and the polymerization of the

Macromolecules, Vol. 40, No. 20, 2007

S. Z.Macromol. Rapid Commur2002 23, 1049-1054. (f) Stenzel,
M. H.; Cummins, L.; Roberts, G. E.; Davis, T. P.; Vana, P.; Barner-
Kowollik, C. Macromol. Chem. Phys2003 204, 1160-1168. (g)
Stenzel, M. H.; Davis, T. P.; Barner-Kowollik, @hem. Commun.
2004 1546-1547. (h) Simms, R. W.; Davis, T. P.; Cunningham, M.
F. Macromol. Rapid CommuR005 26, 592-596. (i) Theis, A.; Davis,

T. P.; Stenzel, M. H.; Barner-Kowollik, G2olymer2006 47, 999—
1010.

second monomer, respectively. The reverse experiment that (8) kwak, Y.; Goto, A.; Fukuda, T.; Kobayashi, Y.; Yamago, S.

consists in initiating the polymerization of VAc by aNNP
macroinitiator was disregarded because CMRMNWP is not
under a control good enough for yielding very effective
macroinitiators. The amphiphilicity of the PVAmPNVP
copolymers was confirmed by micellization in water. Upon
hydrolysis of the PVAc block of these copolymers, double
hydrophilic PVOHb-PNVP copolymers of well-defined struc-
ture and composition were collected. Finally, driven by the
insolubility of PVOH into methanol, these diblocks self-
assembled into micelles in this solvent.
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