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ABSTRACT: Homopolymerizations and block copolymerizations of vinyl acetate (VAc), vinyl pivalate
(VPv), and vinyl benzoate (VBz) by reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion have been studied. Polymerizations of VAc initiated with 2,20-azobis(isobutyronitrile) (AIBN) at 60 �C
using two different xanthate RAFT agents C2H5OC(dS)SR (R=-CH(CH3)CO2C2H5 (1) and-CH(CH3)-
O2CC(CH3)3 (2)) were examined to elucidate the dependence of the polydispersities of the resulting polymers
on the RAFT agent leaving group R. RAFT agent 2, in which the leaving R-group mimics a growing vinyl
ester polymer chain, consistently yields poly(vinyl acetates) having broader polydispersities than those
synthesized using 1 (Mn=3.6-14 kg/mol and Mw/Mn=1.15-1.33). While VPv exhibits similar controlled
polymerization behavior to VAc, RAFT homopolymerizations of VBz mediated by 1 indicate this electron-
deficient vinyl ester requires higher temperatures to effect controlled polymerizations to yield polymers
having Mn=4-14 kg/mol and Mw/Mn=1.29-1.53. Chain extension reactions from xanthate-terminated
vinyl ester homopolymers with VAc, VPv, and VBz proceed with variable efficiencies to furnish block
copolymers that microphase separate in the melt state as determined by small-angle X-ray scattering.

Introduction

The development of inexpensive, degradable polymeric mate-
rials with tunable physical properties that retain the versatile
attributes of well-known commodity polyolefins is a major
challenge in modern polymer science.1 One motivation for this
goal stems from recent government mandates specifying that a
minimum weight fraction of both packaging materials and
durable goods be comprised of (bio)degradablematerials in order
to mitigate long-term landfill waste.2,3 Well-known biodegrad-
able polymers, such as poly(lactide) and poly(3-hydroxyalkano-
ates), exhibit limited thermal stability under melt processing
conditions4 (e.g., injection molding and extrusion), and their
mechanical toughness is limited.5 These limitations have ham-
pered their widespread used beyond packaging and food contain-
ers applications.6,7 The dearth of robust, economically produced,
degradable polymers amenable to widespread applications man-
dates the continued development of newmaterials with improved
physical properties that degrade in the environment.

Vinyl ester polymers, exemplified by poly(vinyl acetate), are
well-known materials used in commodity applications as
adhesives, paper coatings, chewing gum bases, and biomedical
materials.8 By virtue of their economical production by
palladium-catalyzed oxidative coupling of ethylene with car-
boxylic acids or transesterification of carboxylic acids with
vinyl acetate, a wide variety of vinyl ester monomers are
available on commodity scales.9 Polymers derived from these
monomers exhibit a variety of physical and chemical proper-
ties, including their known degradability through ester side
chain hydrolysis to yield carboxylic acids and poly(vinyl
alcohol);10 the latter polymer degrades by a variety of me-
chanisms in the environment.11,12 In spite of this accessible
degradation pathway, the all-carbon backbone of these

polymers renders them thermally stable and amenable to melt
processing for potentially broad applications.

Derived from conventional free radical polymerizations,
knownpoly(vinyl esters) are structurally heterogeneousmaterials
exhibiting broad molecular weight distributions, variably
branched macromolecular architectures, and physical properties
that depend sensitively upon their exact structures.8,13 Access to
new degradable vinyl ester homopolymers and block copolymers
with tunable properties requires the development and optimiza-
tion of controlled polymerization methodologies for this class of
monomers. Advances in this arena may enable the generation of
new, degradable pressure-sensitive adhesives and thermoplastic
elastomers, based on design principles discovered in the devel-
opment of traditional styrenic and diene derived thermoplastic
elastomers.14

Recent progress in controlled free radical polymerizations
has afforded access to new classes of well-defined macromole-
cules having precise architectures, compositions, and chain-end
functionalities from a wide variety of monomers.15 Controlled
reversible addition-fragmentation chain transfer (RAFT) poly-
merizations16-18 of vinyl acetate mediated by xanthates19-21

and dithiocarbamates22 and cobalt-mediated radical poly-
merizations (CMRP)23-26 were recently reported to furnish
well-defined homopolymers with relatively narrow polydispersi-
ties (Mw/Mn=1.14-1.6). The accepted degenerate transfer
mechanism of RAFT polymerization mediated by xanthates
(Scheme 1) has been the subject of numerous theoretical27-31

and experimental studies.19,29,32,33 Only a few extensions of this
convenient synthetic methodology to other vinyl esters are
known,16,34,35 and vinyl ester block copolymers are unknown.

In order to explore the vinyl ester monomer palette as a new
platform for the synthesis of polymers having tunable physical
properties that are also degradable, we have studied the RAFT
homopolymerization and block copolymerization of a subset of
vinyl ester monomers. Herein, we report the results of RAFT*Corresponding author. E-mail: mahesh@chem.wisc.edu.
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homopolymerizations and block copolymerizations of vinyl
acetate (VAc), vinyl pivalate (VPv), and vinyl benzoate (VBz)
in the presence of two different RAFT agents, in order to assess
potential pitfalls associated with the syntheses of their block
copolymers. We report the synthesis of the first relatively mono-
disperse vinyl ester block copolymers, along with details of the
efficiencies of these block copolymerization reactions as a func-
tion of the sequence of monomer addition. Finally, preliminary
data demonstrate that these poly(vinyl ester) block copolymers
microphase separate in the melt to yield well-ordered morphol-
ogies at modest molecular weights.

Experimental Section

Materials. Ethyl 2-bromopropionate, potassium O-ethyl
xanthogenate, ethanol, and hexanes were purchased from
Aldrich and used as received. 2,20-Azobis(isobutyronitrile)
(AIBN, Aldrich) and V-40 (Wako Chemicals USA) were both
recrystallized from methanol prior to use. Vinyl acetate (VAc),
vinyl pivalate (VPv), and vinyl benzoate (VBz) were purchased
from Aldrich. VAc and VPv were fractionally distilled at
ambient pressure from calcium hydride immediately prior to
use. VBz was first purified by fractional high-vacuum distilla-
tion, followed by reactive purification in a subsequent step by
heating with AIBN (10 mg/100 mL) at 75 �C for 20 min to
initiate polymerization, followed by distillation at reduced
pressure. Xanthate 1

19,21 and 1-chloroethyl-2,2-dimethylpro-
panoate36 were synthesized according to literature procedures.

1H NMR spectra were recorded on both Varian Unity Inova
500 and Bruker AC+ 300 spectrometers and were referenced
relative to the residual protiated solvent peaks in the samples.
13C NMR spectra were obtained at 125 MHz using the Varian
Unity Inova 500 spectrometer. Elemental analysis was
performed at Columbia Analytics Laboratory (Tuscon, AZ).

Size Exclusion Chromatography (SEC). SEC analyses were
performed using a Viscotek GPCMax System equipped with
twoPolymerLaboratoriesResipore columns (250mm�4.6mm)
and four Viscotek detectors including a differential refract-
ometer, two angle light scattering module (7� and 90�), a four-
capillary differential viscometer, and UV/vis detector. Tetrahy-
drofuran (THF) was used as the mobile phase at 30 �C with a
flow rate of 1.0 mL/min. A conventional calibration curve was
constructed based on 10 narrow molecular weight distribution
polystyrene standards with Mn = 580-377 400 Da (Polymer
Laboratories, Amherst, MA), which was then subjected to

Mark-Houwink conversion to generate an equivalent calibra-
tion curve for poly(vinyl acetate); Mark-Houwink parameters
were obtained from the literature.21 The refractive index incre-
ments dn/dc for poly(vinyl pivalate) and poly(vinyl benzoate)
were determined by subjecting a single polymer sample to SEC
analysis at several different concentrations and measuring the
refractive index response at the peak molecular weight. The
refractive index increment was then calculated as the slope of the
linear fit of the detector response versus concentration curve
assuming that the refractive index of THF at 30 �C is nTHF=
1.406. At 30 �C in THF, the refractive index increments are
dn/dc=0.076 L/g for poly(vinyl pivalate) and dn/dc=0.131 L/g
for poly(vinyl benzoate). These values were used to calculate the
absolute molecular weights for PVPv and PVBz using SEC-
LS, while Mw/Mn were calculated using polystyrene standard
calibration.

SAXS. Synchrotron small-angle X-ray scattering (SAXS)
measurements were performed at the 5IDD beamline of the
DuPont-Northwestern-Dow Collaborative Access Team
Synchrotron Research Center at the Advanced Photon Source
(Argonne, IL). Experiments employed a beam energy of 16 keV
(λ=0.7293 Å-1) and a 8.002 m sample-to-detector distance.
Two-dimensional SAXS patterns were recorded on a MAR-
CCD detector (133 mm diameter active circular area) with
1048� 1048 pixel resolution. Samples were heated to the desired
temperature in a Linkam DSC and allowed to equilibrate for
5 min before data collection (typical exposure times ∼2 s).

Laboratory SAXS measurements were performed in the
Materials Science Center at the University of Wisconsin;
Madison. Cu KR X-rays generated by a Rigaku Micromax
002+ microfocus source were collimated using a Max-Flux
multilayer confocal optic (Osmic, Inc.) followed by passage
through three collimating pinholes to reduce the final beam
diameter to less than 0.5 mm. Samples were mounted in a
vacuum chamber and heated using a Linkam hot stage with a
10 min equilibration time (typical exposure times ∼ 3-5 min).
AGabriel X-ray detector (150mmdiameter active circular area)
was used to record 2D-SAXS patterns at a sample-to-detector
distance of 2.015 m. The sample-to-detector distance was cali-
brated using a silver behenate standard (d=58.38 Å).

Synthesis of 1-(Ethoxycarbonothioylthio)ethyl 2,2-Dimethyl-
propanoate (2). Potassium O-ethyl xanthogenate (4.05 g,
25.1 mmol) was slurried in 20 mL of ethanol at 22 �C in a
50 mL round-bottom flask equipped with a stirbar. 1-Chlor-
oethyl-2,2-dimethylpropanoate (4.00 g, 24.2 mmol) was added,

Scheme 1. Initiation, Initialization, Propagation, and Degenerate Transfer Steps of RAFT Polymerizations Mediated by Xanthates
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and the reaction was allowed to stir for 12 h. Removal of the
solvent by rotary evaporation yielded a yellow oil with a white
precipitate. The resulting residuewas redissolved in diethyl ether
and passed through a column of basic alumina (15 cm � 5 cm
diameter) to yield a clear, yellowoil upon removal of the ethereal
solvent. To ensure complete removal of any solid matter from
this oil, the purified product was filtered through a 0.20 μm
filter. 1H NMR (300MHz, CDCl3, 22 �C): δ (ppm) 6.82 (q, 1H,
J=6.60 Hz), 4.23 (q, 2H, J=7.16 Hz), 1.32 (d, 2H, J=6.60 Hz),
1.11 (s, 9H), 0.91 (t, 3 H, J=7.16 Hz). 13C NMR (500 MHz,
CDCl3, 22 �C): δ (ppm) 210.47, 176.01, 77.51, 69.66, 38.46,
19.44, 13.06. Anal. Calcd for C10H18O3S2: C 47.97, H 7.25, S
25.61. Found: C 48.04, H 7.66, S 25.00.

RepresentativePolymerizationProcedure. 1 (102mg, 0.46mmol)
and AIBN (7.6 mg, 0.046 mmol) were dissolved in freshly distilled
vinyl acetate (20 mL, 220 mmol). Aliquots of this solution (5 mL)
were placed in 10 mL glass ampules, degassed by three freeze-
pump-thaw cycles on a vacuum line, and then sealed under
vacuum. The sealed reactions were immersed in a 60 �C oil bath
and run for the designated times, followed by removal of the
ampules from the oil bath, and cooling under running water to
terminate the polymerization. Polymers were isolated by precipita-
tion in stirred hexanes (600mL) and subsequent vacuum filtration.
In order to remove any traces of monomer from the polymers,
the solids were freeze-dried in vacuo at room temperature from
benzene. Monomer conversion was measured based on isolated
polymer yields.

Representative Block Copolymer Synthesis (PVPv-b-PVAc-1).
1 (46.1 mg, 0.21 mmol) and AIBN (3.8 mg, 0.023 mmol) were
dissolved in freshly distilled vinyl pivalate (21.2 mL, 143 mmol)
such that [1]=9.9 mM and [AIBN]=1.1 mM. The reaction was
sealed in a flask, degassed by freeze-pump-thaw cycles (3�),
and heated to 60 �C for 3 h. The reaction was removed from the
heating bath and cooled under running water to terminate the
polymerization. Excess vinyl pivalate monomer was removed
under reduced pressure, and the resulting solids were freeze-
dried from C6H6 in vacuo. PVPv-RAFT agent: Mn=14.8 kDa
(SEC-LS),Mw/Mn=1.28 (PS Standards).

PVPv-RAFT agent (0.5 g, 0.034 mmol) was dissolved in VAc
(6.3mL, 68.3mmol); residualAIBNpresent in themacro-chain-
transfer agent was used as the sole source of initiator. The
reaction was degassed by freeze-pump-thaw cycles (3�),
sealed, and heated to 60 �C for 3.5 h. The reaction was removed
from the heating bath and cooled under running water to
terminate the reaction. Excess vinyl acetate monomer was
removed by rotary evaporation. The resulting solid polymer
was freeze-dried from C6H6 in vacuo. Mn,NMR=24.8 kg/mol
(50.4 mol % VAc composition from quantitative 1H NMR
integrations of the acetate and pivalate resonances), Mw/
Mn=1.33 (against PS standards in THF at 30 �C).

Results

Leaving Group Effects in VAc Polymerizations. Bulk
RAFT homopolymerizations of VAc initiated with 10 mol
% 2,20-azobis(isobutyronitrile) (AIBN) at 60 �C were per-
formed in the presence of xanthates 1 and 2 in order to
explore the effects of the S-alkyl leaving group on the course
of the polymerization (Scheme 2). Xanthate 1 bears an
R-enoyl S-alkyl leaving group and is known to mediate
controlled VAc polymerizations.19 Previously unreported
xanthate 2 was designed to have an R-acyloxy leaving group
that mimics the poly(vinyl ester) chain, in order to probe
RAFT agent initialization effects37,38 and potential pro-
blems associated with chain extension reactions for vinyl
ester block copolymerizations. Xanthate 2 was synthesized
in two steps from commercially available starting materials
as shown in Scheme 3 via chloroethyl pivalate by analogy
to previously reported procedures.

In accord with previous reports by Stenzel et al., we
observed short inhibition periods at the beginning of poly-
merizations mediated by 1, during which no polymer is
formed.21 These inhibition periods were quantified using
the nonzero intercept of monomer conversion versus time
plots (data not shown). The duration of the inhibition period
sensitively depends on the purity of both the xanthate19 and
the VAc monomer, which we fractionally distilled from
CaH2 prior to use; passage of the VAc monomer through a
basic alumina column generally yielded irreproducible in-
hibition periods. The inhibition periods observed for both 1
and for 2were both negligible, indicating that the degenerate
interchange equilibrium critical to RAFT polymerization is
readily established in reactions with both RAFT agents in
spite of the different S-alkyl leaving groups.

Both 1 and 2 mediate the controlled polymerization of
VAc at 60 �C usingAIBN initiation ([RAFT]=21.3mMand
[RAFT]:[AIBN]=10:1), evidenced by the linearity of the
number-average molecular weight (Mn) versus monomer
conversion plots (Figure 1). Size exclusion chromatography
(SEC) analyses against poly(styrene) standards using
Mark-Houwink correction demonstrate that the resulting
polymers have polydispersity indices Mw/Mn=1.20-1.35
and that the polydispersity decreases with increasing mono-
mer conversion as expected based on previous reports (see
Supporting Information Figures S1 and S2 for primary
SEC data).21 The close agreement between the theoretical
Mn (indicated by the dashed lines in Figure 1a,b) and the
experimentally observedMn indicates that competitive chain
transfer to monomer or to polymer is negligible under these
reaction conditions. Lower polydispersities are consistently
observed for reactions mediated by 1 as compared to 2. This
polydispersity trend results directly from differences in the
S-alkyl leaving groups that affect the initialization of each
RAFT agent in these reactions (Scheme 1).

Vinyl Pivalate (VPv) Homopolymerizations. On the basis
of the results of VAc polymerizations mediated by RAFT
agents 1 and 2, we studied the homopolymerization of vinyl
pivalate in the presence of 1/AIBN due to the ease
of synthesis and purification of this chain transfer agent.
Bernard et al. previously studied the polymerization of
vinyl pivalate in the context of star polymer syntheses.34

Polymerizations of VPv freshly distilled from CaH2 with
[VPv]:[1]:[AIBN]=307:1.0:0.10 ([1])=22.0 mM) at 60 �C

Scheme 2. RAFT Polymerization of VAc Mediated by 1 and 2

Scheme 3. Synthesis of Xanthate 2
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yielded PVPvwith absoluteMn=2.6-10.6 kg/mol from light
scattering with Mw/Mn=1.19-1.47 against polystyrene
standards (see Supporting Information Figure S3 for pri-
mary SEC data). Substantial inhibition periods were
observed for this monomer (tinh=63 ( 37 min), likely a
result from impurities present in the monomer and the chain
transfer agent. The linear plot of Mn versus monomer
conversion and close agreement with the theoretically pre-
dicted Mn confirms the controlled nature of these polymer-
ization reactions (with negligible competing chain tran-
sfer reactions), for which the molecular weight distribution
narrows with increasing monomer conversion (Figure 2).

By taking into account the differences in the bulk mono-
mer concentrations associated with VPv and VAc, compar-
ison of the slopes of monomer conversion versus time plots
for VPv andVAc under comparable RAFT agent andAIBN
concentrations allows quantitative comparison of the poly-
merization behavior of these related vinyl alkanoate mono-
mers. On the basis of a second-order rate law for chain
propagation in bulkmonomer at lowmonomer conversions,
the rates of RAFT polymerization of VPv and VAc are
comparable (within 10%) in spite of the substantially differ-
ent steric demands for these two monomers.

Vinyl Benzoate (VBz) Hompolymerizations. Successful
RAFT homopolymerization of VBz in the presence of 1/
AIBN sensitively depends on monomer purity and reaction
temperature. In order to achieve reproducible polymerization

kinetics, VBz monomer was fractionally distilled under
vacuum from CaH2 followed by reactive distillation from
AIBN above 60 �C; the monomer was distilled from a
polymerization reaction to minimize potential impurities that
could affect the reaction kinetics. The polymerization is
severely retarded by 1 at 60 �C, as evidenced by small increases
in the absolute Mn and polydispersities with increasing reac-
tion times (Table 1). Furthermore, the observed absolute
molecular weights were much higher than the theoretical
molecular weights Mn,thy calculated from the expression

Mn;thy ¼ p½VBz�
½1� MWVBz þMW1

where p is the percent monomer conversion, [VBz] is the
monomer concentration, MWVBz is the monomer molecular
weight, and MW1 is the molecular weight of RAFT agent 1.
On the basis of the hypothesis that polymerization retardation
stems from slow fragmentation of the tertiary carbon-cen-
tered radical Int-1 (Scheme1) resulting frompolymeryl radical
addition to 1 and thus slow rates of radical interchange,38,39

we explored the temperature dependence of the polymeriza-
tion of VBz with 1/AIBN. Using 1/AIBN at 70 �C resulted in
slightly faster polymerization rates with broader polydisper-
sities that increased with increased reaction time; again,
discrepancies between the theoretical and observed molecular
weights were pronounced. Increasing the temperature further
to 75 �C results in controlled polymerization of VBz
confirmed by linear Mn versus time plots in the range Mn=
7.2-9.7 kg/mol and decreasing polydispersities Mw/Mn=
1.29-1.38 (Figure 3a); however, the observed molecular
weights deviate substantially from those expected theoretically.

Polymerizations of VBz mediated by 1 were also con-
ducted at elevated temperatures using 1,10-azobis(cyclohex-
ane-1-carbonitrile) (V-40) as the initiator in order to
optimize the reaction conditions. Given that xanthate chain
end fidelity in RAFT polymerizations depends critically on
having only a small concentration of initiating radicals in the
polymerization reaction,16 we opted to use V-40 since it has a
longer half-life at higher temperatures (t1/2=10 h at 88 �C)
compared toAIBN.BulkVBzpolymerizations initiatedwith
V-40 at 80 �C yielded polymers exhibiting time-dependent
increases inMn andMw/Mn=1.41-1.45 (Table 1). Increas-
ing the polymerization temperature to 88 �C resulted in fast,

Figure 1. Mn versus monomer conversion plots for bulk RAFT poly-
merizations of VAc at 60 �C initiated by AIBN: (a) with [VAc]:[1]:
[AIBN]=493:1.0:0.10 ([1]=21.3mM)and (b) 2with [VAc]:[2]:[AIBN]
=493:1.0:0.10 ([2]=21.3 mM). The dotted lines indicate the theoretical
molecular weight calculated based on isolated polymer yields.

Figure 2. Absolute Mn versus monomer conversion plot for RAFT
polymerization of VPv at 60 �C with [VPv]:[1]:AIBN]=307:1.0:0.10
([1] =22.0 mM). The dotted line indicates the theoretical molecular
weight based on isolated polymer yields.
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controlled polymerizations exhibiting linearMn vsmonomer
conversion dependences in the rangeMn=4.0-14.3 kg/mol
and decreasing polydispersities as a function of monomer
conversion (Mw/Mn=1.29-1.55; see Supporting Informa-
tion Figure S4 for primary SEC data). The theoretical
Mn values calculated from the monomer conversion agree
quite well with those obtained from SEC-LS analyses
(Table 1 and Figure 3b), demonstrating that the polymeriza-
tion proceeds with no appreciable barriers to RAFT agent
initialization and negligible competitive chain transfer to
monomer or to polymer.

Vinyl Ester Block Copolymers. Sequential RAFT poly-
merization of different vinyl esters provides rapid access
to well-defined and previously unknown vinyl ester block
copolymers with relatively narrow molecular weight distri-
butions (Scheme 4). Pairwise block copolymerizations of
VAc, VPv, and VBz were explored in order to probe the
efficiency of various macro-RAFT agents in mediating
controlled chain extension reactions of different monomers
(Table 2).

Poly(vinyl pivalate-block-vinyl acetate) (PVPv-b-PVAc)
copolymerswere synthesized by sequential block copolymer-
ization reactions starting with either VAc or VPv mono-
mers. For example, bulk homopolymerization of VPv at
60 �Cmediated by 1/AIBN ([VPv]:[1]:[AIBN]=618:1.0:0.10)
yielded a xanthate-terminated PVPv with an absolute mole-
cular weight Mn=14.8 kg/mol and Mw/Mn=1.28 (22.5%
conversion) as determined by SEC with light scattering
detection. Employing this xanthate-terminated PVPv as
a macro-RAFT agent for chain extension with VAc at
60 �C ([VAc]:[PVPv]=2026:1) using AIBN furnished PVPv-
b-PVAc-1 diblock copolymer with 50.4 mol % VAc incor-
poration (6.8% monomer conversion) as assessed by quan-
titative 1H NMR analysis of the isolated polymer (Table 2).
SEC analysis of PVPv-b-PVAc-1 (Figure 4a) demonstrates
the quantitative conversion of the parent PVPv to a unim-
odal block copolymer (with calculated Mn,NMR=24.8 kg/
mol and Mw/Mn=1.33 from SEC against polystyrene stan-
dards). Chain extension of the same PVPv macro-RAFT
agent with [VAc]:[PVPv] = 2794:1 at 60 �C with AIBN
yielded PVPv-b-PVAc-2with 52.6mol%VAc incorporation
(1.8% VAc conversion), total Mn,NMR=23.7 kg/mol, and
Mw/Mn=1.43 from SEC against polystyrene standards.
These two experiments demonstrate that variation of the
monomer to macro-RAFT agent ratio and control over
monomer conversion enables the systematic synthesis of
block copolymers of comparable compositions with variable
polydispersities. Results of the sequential RAFT polymer-
ization of VAc followed by VPv are also shown in Table 2,

Table 1. Vinyl Benzoate RAFT Bulk Homopolymerizations Mediated by 1 at Various Temperatures

initiatora Trxn (�C) trxn (h) % convb Mn,thy (kg/mol)c Mn,SEC-LS (kg/mol)d Mw/Mn
e

AIBN 60 1 0.66 0.50 2.7 1.19
AIBN 60 2 1.8 1.0 2.9 1.28
AIBN 70 1 4.3 2.0 3.4 1.39
AIBN 70 2 7.0 3.1 4.5 1.45
V40 80 1 6.1 3.1 3.7 1.46
V40 80 2 18.1 8.7 8.6 1.42
V40 88 1 11.4 6.0 5.8 1.53
V40 88 2 25.3 13.0 11.3f 1.39

aReaction conditions: [1]=22.0 mM and [1]:[initiator]=10:1. bPercent monomer conversion was measured based on isolated polymer. cMn,thy =
MWVBzp[VBz]/[1]+MW1, where MWVBz and MW1 are the molecular weights of VBz and 1, respectively, p is the percent monomer conversion, and
[VBz] is the monomer concentration. dAbsolute Mn determined from SEC with light scattering detection. eDetermined using SEC with polystyrene
standard calibration. fEnd-group analysis by 1H NMR gives Mn,NMR=12.3 kg/mol.

Figure 3. (a) Mn (against PS Stds) for VBz RAFT polymerization at
75 �C initiated with AIBNwith [VBz]:[1]:[AIBN]= 327:1.0:0.10 ([1] =
22.0 mM) and (b) absolute Mn versus conversion plot for VBz RAFT
polymerization at 88 �C initiated with V-40 with [VBz]:[2]:[V-40]=
309:1.0:0.10 ([1]=23.4 mM). The dotted lines indicate the theoretical
molecular weight calculated based on isolated polymer yields.

Scheme 4. Block Copolymers Synthesized by RAFT Polymerization
Using 1
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indicating that the polydispersities of the resulting copoly-
mers do not depend on the monomer addition sequence for
VPv and VAc.

On the basis of the optimized results for VBz RAFT
homopolymerizations, we examined the block copolymer-
ization of VBz with VAc and VPv, respectively. Successful
block copolymerization of VBz and VAc can be achieved by
synthesizing either block first with onlymodest differences in
the polydispersities of the resulting copolymers under opti-
mized conditions (Table 2 and Figure 4b). Consistent with
our optimized conditions for VBz homopolymerizations, the
block copolymerization of VBz from a xanthate-terminated
PVAc requires a higher reaction temperature to facilitate
efficient, quantitative, and controlled chain extension to
produce a diblock copolymer; similar reactions carried out
at 60 �C were slow and yielded copolymers with very broad
molecular weight distributions. Contrary to these results, the
block copolymerization of VBz andVPv proved problematic
due to the limited solubility of the initial homopolymer
blocks in the bulk monomer used for chain extension.
Attempts to grow PVBz blocks from a PVPv macro-RAFT
agent using either AIBN or V-40 initiation resulted in multi-
modal polymers, and SEC analyses show substantial
amounts of the unreacted macroinitiator (Table 2). Rever-
sing the direction of copolymer synthesis by growing VPv
from a xanthate-terminated PVBz was hampered by the lack

of solubility of PVBz in VPv monomer. Chain extension of a
PVBz macro-RAFT agent having an initial Mw/Mn=1.42
with VPv using benzene as a cosolvent (49% VPv v/v) at
60 �C using AIBN yielded a PVBz-b-PVPv diblock copoly-
mer with a polydispersity much broader than that of the
parent homopolymer (Mw/Mn=1.85). Attempts to further
optimize block copolymerizations of VBz and VPv failed to
yield materials with narrow molecular weight distributions.

Morphological Studies.Diblock copolymers self-assemble
into various microphase-separated morphologies at the nan-
ometer length scale that balance the interfacial tension
between the chemically dissimilar homopolymer blocks
and the entropic elasticity of the polymer chains.40,41 While
the phase behavior of monodisperse diblock copolymers
with Mw/Mn<1.15 is well-understood both theoretically42

and experimentally,43 studies of the effects of broadening the
molecular weight distribution on block copolymer phase
behavior are relatively new.44-46 Vinyl ester block copoly-
mers were characterized by small-angle X-ray scattering
(SAXS) in order to assess their potential to microphase
separate in the melt state. Synchrotron SAXS analysis of
themonodisperse diblock copolymer PVPv-b-PVAc-1 estab-
lishes that this polymer melt microphase separates at 160 �C
into a hexagonal morphology with a high degree of long-
range order, evidenced by the appearance of six reflections at
q*, 2q*, q*

√
7, 3q*, q*

√
12, and q*

√
13 in the azimuthally

integrated SAXS patternwith a structure factor extinction at
q*

√
3 (Figure 5a). PVPv-b-PVAc-2 also melt microphase

separates at 150 �C into a hexagonal morphology with a high
degree of long-range order according to lab source SAXS
measurements, in spite of a slightly broader overall copoly-
mer polydispersity (data not shown). On the basis of the near
symmetric molar composition of the polymers and the
expected high degree of chain stiffness of the PVPv asso-
ciated with the steric bulk of the pivalate side chains,
we assign these microphase-separated block copolymer
morphologies as cylinders of PVAc in a matrix of PVPv.
Temperature-dependent SAXS analyses of quiescent melts
did not reveal any order-order or order-disorder transi-
tions at temperatures up to 240 �C. We also investigated the
melt morphology of the unimodal and relatively polydis-
perse PVBz-b-PVPv listed in Table 2 and found that it
microphase separates into a lamellar morphology at 150 �C
evidenced by observed scatteringmaxima at q*, 2q*, and 3q*
(Figure 6); the order-disorder transition temperature

Table 2. Poly(vinyl ester) Block Copolymers Synthesized by Sequential RAFT Polymerizations

initial block block copolymer

entry Mn (kg/mol)a Mw/Mn
b Mn,total (kg/mol)c Mw/Mn

b mol fractionc morphologyd

PVAc-b-PVBz 5.0 1.25 24.9 1.33 0.704 dis
(60 �C, AIBN) (80 �C, AIBN)

PVBz-b-PVAc 11.3 1.39 17.1 1.34 0.471 dis
(75 �C, AIBN) (60 �C, AIBN)

PVPv-b-PVAc-1 14.8 1.28 24.8 1.33 0.504 Hex
(60 �C, AIBN) (60 �C, AIBN)

PVAc-b-PVPv 5.6 1.24 14.9 1.23 0.538 dis
(60 �C, AIBN) (60 �C, AIBN)

PVBz-b-PVPv 7.1 1.42 14.8e 1.85 0.565 Lam
(75 �C, AIBN) (60 �C, AIBN)

PVPv-b-PVBz 14.8 1.28 35.0b 2.93f n.d.g n.d.g

(60 �C, AIBN) (75 �C, AIBN)
PVPv-b-PVBz 17.1b 1.25 49.8b 2.24f n.d.g n.d.g

(80 �C, V-40) (88 �C, V-40)
aAbsolute Mn from SEC analysis with light scattering detection, with reaction temperature and initiator listed in parentheses. bDetermined using

SEC calibrated using polystyrene standards. cMn,total was calculated using the molar composition the block copolymer determined by quantitative
1H NMR in conjunction with the Mn of the initial block; the reaction temperature and initiator are listed in parentheses, and [macro-RAFT] =
2-19 mM in bulk monomer. dDetermined by SAXS at 160 �C. eBenzene cosolvent was added so that [VBz]0 = 3.3 M. fMultimodal according to
SEC analysis. gNot determined.

Figure 4. Overlays of SEC traces of poly(vinyl ester) diblock copoly-
mers synthesized by sequential xanthate-mediated block copolymeriza-
tions initiated withAIBN: (a) PVPvmacro-RAFTagent derived from 1
and the resulting diblock copolymer PVPv-b-PVAc-1 and (b) PVBz
macro-RAFT agent derived from 1 and the resulting PVBz-b-PVAc.
(See Table 2 for molecular parameters.)
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for this material is also in excess of 240 �C according to
temperature-dependent SAXS analyses. The remainder of
the block copolymers listed in Table 2 exhibited only low-
intensity correlation-hole scattering47 indicative of melt
disorder at 150 �C.

Discussion

Successful RAFT polymerization and block copolymerization
of vinyl esters depends heavily on the purity of the monomer.
While previous work established that chain transfer agent purity
greatly influences the kinetics of RAFT polymerizations,19 the
present studies reveal that monomer purification is another
important parameter that must be controlled in order to achieve
reproducible and predictable polymerization kinetics. In previous
reports of vinyl ester RAFT homopolymerizations, monomers
were purified by passage through basic alumina to remove
hydroquinone that was added as a free radical polymerization
inhibitor. The known batchwise variability of the inhibition
periods associated with conventional free radical vinyl acetate
polymerizations8 in the absence of exogenously added inhibitors
suggests that vinyl ester feed streams are inherently contaminated
with impurities that quench free radical polymerizations.48 This is
not surprising in view of the hydrolytic instability of these
monomers that produces a carboxylic acid and acetaldehyde,
the latter of which is known to be a potent chain transfer agent in
these polymerizations.49 This inherent impurity necessitates
stringent monomer purification by fractional distillation or
reactive purifications in order to achieve predictable vinyl ester
polymerization results.48,49 The level of impurities present in the

vinyl ester feedstocks employed in the present work were below
the limits of detection of gas chromatography and other available
analytical methods.

Xanthates 1 and 2 both mediate RAFT homopolymerizations
of VAc with quantitatively different results that provide critical
insights into potential problems in the synthesis of poly(vinyl
ester) block copolymers. AIBN-initiated RAFT polymerization
of VAc in the presence of chain transfer agent 1, bearing an
electrophilic R-enoyl S-alkyl leaving group, provides PVAc
homopolymers with narrower polydispersities than those ob-
tained with 2, which bears an S-alkyl leaving group thatmimics a
growing poly(vinyl ester) chain end. After RAFTagent initializa-
tion, i.e., replacement of the initial S-alkyl leaving group with a
growing polymer chain end, the electronic structures of the
resulting xanthate-terminated chains are similar and the poly-
merizations proceed analogously. Therefore, the observed differ-
ences in the polydispersities in polymerizationsmediated by 1 and
2 likely originate from the different leaving groups in these chain
transfer agents and their initialization behaviors (Scheme 1). The
lower polydispersity values associated with 1 are consistent with
a combination of faster polymeryl radical addition to the
xanthate to yield Int-1 and faster RAFT agent initialization by
productive fragmentation of Int-1. Comparison of the 13C NMR
chemical shifts in C6D6 of the xanthate carbons indicates that 1
(δ 212.4 ppm) is slightly more electrophilic than 2 (δ 210.5 ppm),
which may facilitate more efficient trapping of the vinyl acetate
chain ends to afford lower polydispersities at early reaction times.
Computational studies by Matyjaszewski and Poli support the
notion that fragmentation of the R-enoyl radical leaving group is
more thermodynamically favorable than the fragmentation of the
R-acyloxy carbon-centered radical required for initialization of
2.25 Therefore, we conclude that the observed polydispersities of
vinyl ester block copolymers synthesized by sequential RAFT
polymerizations may be inherently limited by the structure of the
resulting macro-RAFT chain transfer agent that resembles 2.

Vinyl ester monomers exhibit variable reactivities that corre-
late with the structure of the parent carboxylic acid from which
they derive. Both VAc and VPv polymerize readily with a high
degree of control at 60 �C when initiated with AIBN, consistent
with the similar electronic structures of the propagating free
radical chain ends in both reactions. Polymerizations of VBz at
60 �Cproceeded sluggishly and resulted in low levels ofmonomer
conversion, although VBz homopolymerizes at these tempera-
tures in the absence of 1. Additionally, there were large discre-
pancies between the theoretical and experimentally observed
molecular weights of the isolated polymers. Performing these
reactions at elevated temperatures resulted in faster VBz poly-
merizations, better agreement between the theoretical and ob-
served molecular weights, and relatively narrow polydispersities
(Mw/Mn∼1.3-1.6). These observations taken together suggest
that retardation observed at low temperatures derives from slow
fragmentation of tertiary carbon-centered radicals Int-1 and Int-2
formed by addition of a propagating vinyl benzoate chain to the
RAFT agent (Scheme 1). Previously reported theoretical and
experimental studies of RAFT polymerization have provided
substantial evidence that these intermediate radicals may exhibit
long lifetimes and may serve as radical sinks by virtue of their
kinetic stability toward termination reactions.50 Furthermore,
RAFT agent capture of the propagating chains is imperfect, thus
allowing some high molecular weight polymer chains to be
produced; a similar type of “hybrid behavior” was previously
observed in cumyl dithiobenzoate-mediated RAFT polymeriza-
tions of methyl methacrylate.51 At higher temperatures, the rate
of fragmentation increases to enable productive degenerate
interchange and fast chain propagation evidenced by close
agreement between the experimentally observed and theoretical
Mn values. This observation is consistent with previous work

Figure 5. Two-dimensional synchrotron SAXS pattern of PVPv-b-
PVAc-1 (Table 2) at 160 �C (inset) and the azimuthally integrated
intensity profile as a function of the magnitude of the scatter-
ing wavevector q (Å-1). Peak labels indicate the expected positions
for reflections associated with a hexagonal morphology with
q* = 0.0291 Å-1.

Figure 6. Azimuthally integrated intensity profile and two-dimensional
lab source SAXS pattern (inset) for a polydisperse PVBz-b-PVPv
(Table 2). Peak labels indicate the expected positions for reflections
associated with a lamellar morphology having q*= 0.0268 Å-1.
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demonstrating that higher reaction temperatures tend to increase
the rates of radical interchange relative to the rate of monomer
propagation resulting in improved polymerization kinetics.39 The
broader polydispersity indices observed at elevated temperatures
are consistentwith a lower chain transfer rate constant associated
with 1 for VBz relative to that for VAc. The decreased efficiency
of VBz radical chain interchange likely stems from two effects:
(i) decreased rate of radical addition to the xanthate to form
Int-1 and Int-2 due to the more electron deficient character of the
R-benzoyloxy radical chain end in VBz polymerizations relative
to the more nucleophilic R-acetoxy radical chain ends in VAc
polymerizations and (ii) slow fragmentation of stabilized carbon-
centered radicals Int-1 and Int-2 due to the presence of two
electron withdrawing R-benzoyloxy substituents bound to the
sulfur atoms.

Chain extension reactions of xanthate-terminated vinyl ester
homopolymers with different vinyl ester monomers proceed with
variable efficiencies, establishing the viability of block copolymer
syntheses by sequential monomer addition reactions to yieldmelt
microphase-separated materials. Block copolymerizations of
VAc with either VPv or VBz produce diblock copolymers with
narrow molecular weight distributions independent of the order
of block synthesis, indicating that monomer crossover reactions
are highly efficient. On the other hand, attempts to produce
diblock copolymers of VBz and VPv using either PVPv or PVBz
macro-RAFT agents yielded multimodal and polydisperse block
copolymers, respectively. We attribute these results to the low
macro-RAFT agent concentrations employed in these reactions
due to the limited solubilities of the macro-RAFT agents in the
bulk monomers. These vinyl ester block copolymers melt micro-
phase separate at modest molecular weights, as indicated by
preliminary temperature-dependent SAXS measurements. Our
initial studies indicate that PVPv-b-PVAc diblocks are relatively
strongly segregated, since these materials remain microphase
separated at temperatures up to 240 �C. The observed micro-
phase separation of PVPv-b-PVAc-1, PVPv-b-PVAc-2, and
PVPv-b-PVBz indicate that block polydispersity does not inhibit
long-range ordering of these copolymer melts, consistent with
previous reports on the phase behavior of polydisperse diblock
copolymers.44

Conclusion

We have described the syntheses of a new class of microphase
separated block copolymers derived from vinyl ester monomers
using xanthate-mediated RAFT polymerizations. Our studies
have demonstrated that a high level of monomer purity is
essential for predictable and reproducible controlled polymeriza-
tions of these monomers to yield relatively monodisperse homo-
polymers bearing xanthate termini. Comparisons of vinyl acetate
homopolymerizations in the presence of a RAFT chain transfer
agent bearing an R-enoyl leaving group against one bearing an
R-acyloxy leaving group, similar to a growing vinyl ester polymer
chain end, demonstrated the inherent limits of controlled block
copolymerization achievable using poly(vinyl ester) macro-
RAFT agents. Optimization of the RAFT polymerization of
vinyl benzoate showed that propagating radical chain ends
bearing electron withdrawing substituents require elevated tem-
peratures in order for the rates of degenerate interchange to be
fast enough for efficient and controlled polymerization reactions.
Xanthate-terminated vinyl ester homopolymers can act as
macromolecular RAFT agents for the block copolymerization
of vinyl esters such as vinyl acetate, vinyl pivalate, and vinyl
benzoate with varying efficiencies. Temperature-dependent
SAXS analyses demonstrate that these block copolymers melt
microphase separate with high degrees of long-range order.

Studies of the melt-phase behavior and mechanical properties
of these new degradable polymers are currently in progress.
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