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Abstract The alternating copolymerization of hydroxyalkyl vinyl ethers and dialkyl maleates is investigated by conventional radical
polymerization and reversible addition-fragmentation chain transfer polymerization (RAFT). The influence of comonomer structure, comonomer
feeding ratios, and monomer concentrations on the copolymerization and the copolymer structure have been investigated systematically. With
2-hydroxyethyl vinyl ether (HEVE) and dimethyl maleates (DMM) as comonomers, a well-defined alternating copolymer is prepared with M,,=3400
and M,/M,,=1.93 up to 71.6% monomer. The alternating sequential chain structure of the copolymers has been proved by both NMR and matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The experimental reactivity ratios and theoretical
calculated highest occupied molecular orbital and the lowest unoccupied molecular orbital of vinyl ethers and alkyl maleates support that these
monomer pairs have tendency to form alternating copolymers. With 2-cyanopropan-2-yl N-methyl-N-(pyridin-4-yl)carbamodithioate as the RAFT
agent, the molecular weight of HEVE and DMM copolymer increases with the monomer conversion, demonstrating a controlled radical
polymerization feature with well-controlled molecular weight and relatively narrower molecular weight distribution. With alternating copolymer
of HEVE and DMM as macro-CTA (M,=5200 and M,,/M,=1.46), both the chain extension with HEVE and DMM (M,=10400 and M,,/M,=1.72) and

block copolymerization with vinyl acetate have been successfully achieved (M,=8500 and M,,/M,=1.52).
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INTRODUCTION

The radical polymerization has been widely used in the mass
production of industrial polymers due to its simple process and
competitive cost. More than 50% of the annual output of the
world synthetic plastics are produced by radical polymerization
process, such as low-density polyethylene, poly(vinyl chloride),
polystyrene, polyacrylates, and polyvinyl acetate. However,
there are some vinyl derivatives, such as vinyl ethers and higher
a-olefins, are hardly undergo radical homopolymerization due
to the steric or electron effects.”! For example, the addition
products of the radicals with vinyl ethers (o-radicals) are highly
reactive and unstable due to the adjacent alkoxy group
(electron donor) lack of resonance stability.”3! Thus, the vinyl
ether radical readily takes place unfavorable side reactions, such
as B-scission and frequent hydrogen abstraction.*”! As a
result, vinyl ethers are hardly proceeded via radical
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homopolymerization to produce high molecular weight
polymers 246!

Considering their electron-rich nature, 57 poly(vinyl ether)s
of high molecular weights are mainly prepared by cationic
polymerization. The living cationic polymerization of alkyl
vinyl ethers, first reported by Higashimura et al® in 1984,
have been successfully applied in synthesis of poly(vinyl
ether)s with well-defined architectures.[! Recently, the stereo-
regular polymerization, a true breakthrough, of cationic poly-
merization of vinyl ethers was reported by Leibfath et al.'%11
Nevertheless, cationic polymerization is intolerable to the po-
lar groups, such as hydroxyl and carboxyl groups. In addition,
cationic polymerization always requires harsh reaction condi-
tions, for instance, high purity of reactants and inert environ-
ment, which limit its industrial development.

In terms of mechanism, as long as the electron density of
the —C=C— of vinyl ether can be adjusted, it is possible to
realize the radical homopolymerization of vinyl ether. After
continuous efforts, some achievements have been made on
the radical homopolymerization of vinyl ethers in recent. For
example, at pH=10.02, the radical homopolymerization of
poly(oligoethylene glycol methyl vinyl ether) was demon-
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strated a highest M,, ever of 6600 and 7% conversion. In
2016, Sugihara et al.l5! synthesized poly(hydroxyvinyl ether)s
using dimethyl 2,2"-azobis(isobutyrate) as an initiator via bulk
polymerization. Among them, poly(2-hydroxyethyl vinyl
ether) was produced with M,=26400 (M,,/M,=2.23) and in
high yield (275%). In 2019, a radical homopolymerization real-
ized by complexation with LiOH in aqueous solution or hy-
drogen bonding in bulk polymerization has been
introduced.'2 The m complexation of —C=C— with proper
hydrogen bond and Li* is the key to the free radical polymer-
ization of vinyl ethers. In our recently work, we prepared a
surface-grafted brush layer of poly(vinyl ether)s directly by
UV-assisted radical grafting polymerization with CH;OLi as a
mediator.'3 Moreover, we also realized a direct, thermally ini-
tiated radical homopolymerization of vinyl ethers mediated
by lithium salts CH;OLi and Lil.l'¥ Although it has been
proved that vinyl ethers are capable of free radical homopoly-
merization through the mediation of lithium salt or hydrogen
bond, molecular weight and conversion of homopolymeriza-
tion of vinyl ethers are still to be improved.

As a typical electron donor, vinyl ethers are easily to form
charge-transfer complex (CTC) with electron acceptors to pro-
duce alternating copolymers. Hao et al.l'*] reported that the
copolymers of isobutyl vinyl ether (IBVE) and maleic anhyd-
ride (MA) were completely alternating and the proportion of
the cis linkage configuration at the cyclic MA unit was
48%+4% in all copolymers regardless of the polymerization
condition. Ha et al.l'® found that both copolymers were made
of completely alternating monomer unit sequences and that
the proportion of cis linkage configuration at the cyclic MA
units was 45% and 47% in the copolymers of 2-chloroethyl
vinyl ether-maleic anhydride and n-butyl vinyl ether-MA re-
spectively. Maleates, 1,2-disustituted ethylene derivatives
with electron-withdrawing groups, are typical electron ac-
ceptors and non-radical homopolymerizable monomers.l'7-191
It makes them have potential to substitute maleic anhydride
which copolymerizes with electron-rich monomers such as
styrene, vinyl ethers, furan and 2-methylfuran to prepare al-
ternating copolymers by radical copolymerization.20-221

Considering the poor control of polymerization degree and
molecular weight distribution of polymers by conventional
radical polymerization, reversible deactivation radical poly-
merization (RDRP) has become a robust tool in macromolecu-
lar architecture design. Nowadays, the widely applied RDRPs
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mainly include nitroxide-mediated polymerization (NMP),[23]
atom transfer radical polymerization (ATRP),24-26] reversible
addition-fragmentation chain transfer (RAFT).[27-291 Among
them, RAFT is applicable to broad monomers and tolerant to
functional groups. Zhang et al.B% synthesized poly(styrene-
alt-maleimide isobutyl POSS) copolymer by RAFT polymeriza-
tion. Alternating RAFT copolymerization of styrene and
maleic anhydride with molecular weight distribution (M,,/M,,)
as low as 1.19 has also been studied for a long time.B" Lee
et alB2 synthesized poly(vinyl acetate-alt-dibutyl maleate)
(PVAc-alt-PDBM) copolymer by RAFT polymerization using
xanthate as mediator. In 2017, Sugihara et al.33 prepared
poly(HEVE-co-VAc) and alkali-hydrolyzed poly(HEVE-co-VA) by
RAFT radical copolymerization. Puts et al.34 realized radical
copolymerization of tetrafluoroethylene and IBVE in dimethyl
carbonate, with O-ethyl-S-(1-methyloxycarbonyl)ethyl
xanthate as RAFT agent.

In this contribution, we studied the radical copolymeriza-
tion of vinyl ethers and dialkyl maleates by both convention-
al radical and RAFT polymerizations. The formation of hydro-
gen bonding among hydoxyalkyl vinyl ethers can signifi-
cantly improve the homopolymerization reactivity and the
hydroxyl groups in the copolymer chains offer post-polymer-
ization reactivity. The polymerization experiments were car-
ried out with different vinyl ether monomers, including 2-hy-
droxyethyl vinyl ether (HEVE), 4-hydroxybutyl vinyl ether
(HBVE) and IBVE, and maleates such as dimethyl maleate
(DMM), diethyl maleate (DEM) and dibutyl maleate (DBM)
(Scheme 1). All the copolymers of hydroxyalkyl vinyl ethers
and maleates have alternating sequential structures. The im-
pacts of the monomer feed ratio, solvents, monomer concen-
tration and other factors on the copolymerization of vinyl eth-
ers and maleates were systematically investigated. With the
successful synthesis of alternating copolymers by convention-
al radical polymerization, the RAFT copolymerization of vinyl
ethers and maleates was also exploited with 2-cyanopropan-
2-yl N-methyl-N-(pyridin-4-yl)carbamodithioate as a mediator.
The results demonstrated that the molecular weights of co-
polymers increased linearly with the monomer conversion
and remained relatively narrow molecular weight distribu-
tion. In addition, we demonstrated block copolymerization
with vinyl acetate (VAc) using poly(HEVE-alt-DMM) macro-
molecular chain transfer agent (macro-CTA). A novel alterna-
ting copolymer of vinyl ethers and dialkyl maleates with facile
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Scheme 1 Monomers of vinyl ethers and maleates used in the study.
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method and tailoring structure reported in this contribution
offers an option how to use the 1,2-disustitued ethylene to
prepare high value functional/reactive polymers. And these
copolymers are expected to find applications in polyureth-
anes, adhesive and low VOC coating formulations.

EXPERIMENTAL

Materials

2-Hydroxyethyl vinyl ether (HEVE, 298.0%, Macklin), 4-
hydroxybutyl vinyl ether (HBVE, 298.0%, Macklin), isobutyl vinyl
ether (IBVE, stabilized with KOH, >99.0%, TCl), dimethyl maleate
(DMM, 298.0%, Macklin), diethyl maleate (DEM, 296.0%,
Aladdin) and dibutyl maleate (DBM, 297.0%, Aladdin), 2,2-
azobisisobutyronitrile (AIBN, 299.0%, Macklin), benzoyl peroxide
(BPO, 297.0%, Alfa Aesar, recrystallization), dimethyl carbonate
(DMC, 299.0%, Macklin), ethanol (299.7%, Fuyu Fine Chemical),
methanol (299.7%, Fuyu Fine Chemical), isopropanol (IPA, 2
99.7%, Damao Chemical Reagent), methyl tert-butyl ether
(MTBE, 299.0%, Fuchen Chemical), 2-mercaptoethanol (BME, =
99.0%, J&K Chemicals), thioglycolic acid (TGA, 99.0%, J&K
Chemical), isoamyl acetate (99.0%, Fuchen Chemical),
tetrahydrofuran (THF, HPLC grade, MREDA), chloroform-ds;
(CDCl3, 99.8% D, Macklin, with 0.1% TMS), acetone-dg (C3D40O,
99.8% D, Macklin, with 0.1% TMS), (methyl sulfoxide)-ds (DMSO-
dg 99.8% D, Macklin, with 0.1% TMS), 2-cyanopropan-2-yl N-
methyl-N-(pyridin-4-yl)carbamodithioate (97%, HPLC grade,
Sigma-Aldrich), vinyl acetate (VAc, 98%, Macklin) were used as
received.

Conventional Radical Copolymerization

The conventional radical copolymerization of vinyl ethers and
maleates was carried out at 65 °C with equal molar ratio and 30
wt% total monomer concentration, 1.0 wt% AIBN (on total
monomers) as initiator and DMC as solvent. All reagents were
added to a single-neck round-bottom flask and immersed in a
preheated oil bath. For example, the reactant was conducted
under stirring for 12 h to obtain the sample. After
polymerization, the copolymers were precipitated with MTBE.
The as-prepared copolymer was dried in a vacuum oven for
subsequent characterization.

RAFT Polymerization

For comparison, the types and concentrations of monomers,
initiator and solvent are consistent with those of conventional
radical polymerization. Furthermore, all the reactants, for
example, 1.16 g of HEVE (13.22 mmol), 1.90 g of DMM (13.22
mmol), 99.7 mg of RAFT agent (0.39 mmol), 21.7 mg of AIBN
(0.13 mmol), 7.2 g of DMC (70 wt%), and 3.1 g of isoamyl
acetate, [HEVE]y/[DMM]/[RAFT agent]y/[AIBN],=100/100/3/1,
were introduced into a flask. Then, oxygen was removed by
three freeze-pump-thaw cycles, and finally the flask was filled
with argon and immersed in a preheated oil bath. The reaction
was conducted with stirring at 65 °C. The polymerization was
quenched via rapid cooling in an ice-bath and exposure to air
after the desired reaction time. After polymerization, washed
with MTBE, ethanol and methanol for several times, then
copolymer product was separated from the solution. The as-
prepared copolymer was dried in a vacuum oven for
subsequent characterization.

Synthesis of Block Copolymers Using Macromolecular
RAFT Agent (Macro-CTA)

Macro-CTA obtained by RAFT radical copolymerization was
mixed with AIBN and VAc in a flask. The typical contents for
poly(HEVE-alt-DMM)-b-poly(VAc) are as follows. VAc (0.33 g, 3.85
mmol), poly(HEVE-alt-DMM) macro-CTA (M,=5200, 0.2 g, 38.46
pmol), AIBN (2.53 mg, 15.38 pmol), 0.77 g of DMC (70 wt%), and
0.31 g of isoamyl acetate, [VAc]y/[poly(HEVE-alt-DMM) macro-
CTA]y/[AIBN],=100/1/0.4, were introduced into a flask. Then,
oxygen was removed by three freeze-pump-thaw cycles, and
finally the flask was filled with argon and immersed in a
preheated oil bath. The reaction was conducted with stirring at
65 °C. The polymerization was quenched via rapid cooling in an
ice-bath and exposure to air after the desired reaction time.
After polymerization, washed with MTBE, ethanol and methanol
for several times, then copolymer product was separated from
the solution. The as-prepared copolymer was dried in a vacuum
oven for subsequent characterization.

Copolymer Characterizations

The number-average molecular weight (M) and molecular
weight distribution (M,,/M,) were assessed by a PL-GPC50
instrument (GPC) equipped with two polystyrene gel columns
PLgel 5 um MIXED-C columns in series and a PL refractive-index
detector using tetrahydrofuran as eluent. The "H-NMR and '3C-
NMR spectra were performed with a Bruker Avance Il NMR
spectrometer operating at 600.13 MHz ('H frequency) in CDCls,
C3D¢0 and DMSO-dg at 25 °C. The 'TH-NMR (600.13 MHz, C5D¢0,
ppm) of the copolymers with initial feed ratio of HEVE/DEM=1/1
and HEVE/DBM=1/1 is reported in Fig. S5 (in the electronic
supplementary information, ESI): (a) 4.02 (—OCH,CH;); 3.44
(—CH,CH—OCH,CH,0H); 2.30-3.14 (—CH—CH—); 1.46-2.20
(—CH,CH—); 1.16 (—OCH,CHs); (b) 3.97 (—OCH,CH,CH,CHs);
344 (—CH,CH-OCH,CH,0H); 231-3.18 (—CH—CH—);
1.75 (—CH,CH-); 154  (—OCH,CH,CH,CH,); 1.31
(—OCH,CH,CH,CH3); 0.85 (—OCH,CH,CH,CH;). To determine
the monomer conversion of conventional copolymerization by
gas chromatography (GC),** isoamyl acetate used as the
internal standard should also be added. GC analysis was carried
out on a GC-2014 (Shimadzu) gas chromatograph equipped
with an RTX-1 capillary column (30 m x 0.25 mm x 0.25 ym) and
a hydrogen flame ionization detector (FID), using nitrogen as
carrier gas. Figs. S1 and S2 (in ESI) are the calibration curves of
monomers (the peak area ratio of each monomer to isoamyl
acetate in GC chromatograms). Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was acquired with an AB Sciex 5800 mass spectrometer with a
nitrogen laser (A=337 nm) operated in the positive linear mode.
Dissolved about 2 mg of the copolymer in 1 mL of THF and put
it into a vial. The solution for MALDI-TOF MS analysis was
obtained by mixing 2,5-dihydroxybenzoic acid matrix (10
mg/mL), and copolymer solution ina 1/1 (V/V). Then, 1 L of the
mixture was analysed on MALDI-TOF MS in the positive-ion
mode.

RESULTS AND DISCUSSION

Alternating Radical Copolymerization of Vinyl Ethers
and Maleates
In order to understand the copolymerization of HEVE and DMM,
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a series of reactions with different initial monomer feed ratios,
[HEVE],/[DMM],=0.8/1, 1/1, 1.2/1 (W/W), were carried out with
1.0 wt% AIBN, 70 wt% DMC as solvent, at 65 °C for 12 h. Fig. 1(a)
presents the overall monomer conversions versus
polymerization time. The kinetic curves of the copolymerization
of HEVE and DMM demonstrate a typical radical polymerization.
The monomer conversions increase sharply at the early stage
(time less than 6 h) and then showed a levelling-off (from 6 h to
12 h). The highest overall monomer conversion was achieved at
the equal monomer molar ratio. Electron donor/acceptor
monomer pairs are easier to form CTCs when the feeding ratio is
1/1. The initial monomer feeding ratios also have some
influences on the molecular weight of copolymers (Fig. 1b).
With the increasing HEVE/DMM initial feeding ratio, the
molecular weight of copolymers also increases. When the
fraction of electron-donating monomers in the reactants
increases, the interaction between electron donors and electron
acceptors strengthens, which enhances the electron-accepting
capability of DMM and thus improves the alternating
copolymerization reactivity of HEVE and DMM. As a result, the
molecular weight of the copolymer increases.

The copolymers were characterized by NMR and MALDI-
TOF MS to further verify whether they are alternating copoly-
mers. Fig. 2(a) shows 'H-NMR spectrum of the copolymer of
HEVE and DMM with initial monomer feed ratio of 1/1. The
broad peak at 3.22-4.21 ppm (1, 2, 3, 6 and 8) is ascribed to
the —OCH; of DMM, —CH—, —CH,0— and —CHO— of
HEVE unit, respectively. The composition of the copolymer
could be calculated by the area ratio of —CH— of DMM (5
and 7) and the —CH,— (4) of HEVE in the backbone. The ra-
tio is 1.04/1, very close to the theoretical 1/1 of alternating co-
polymer. The 13C-NMR spectrum of copolymer with 1/1 initial
feed ratio is shown in Fig. 2(b). The signal around 74.38—80.24
ppm (1) is attributed to the —CH— of HEVE backbone, and
the region of 70.44-73.71 ppm (2 and 3) belongs to the
—CH,— which is on the side groups of HEVE unit. Besides,
the carbon peaks of —CH,— and two —CH— on the main
chain correspond to 32.24 ppm (4), 38.53-45.24 ppm (5),
5041 ppm (8) in Fig. 2(b), respectively. The peaks at

1859

peaks at about 51.58 and 60.99 ppm, respectively. This is
mainly because the two pendants of DMM which are affected
by the ether bond of HEVE. The heteronuclear single
guantum coherence (HSQC) spectrum of the copolymers with
initial feed ratio of HEVE/DMM=1/1 and 'H-NMR spectra of co-
polymers with different initial monomer feed ratios are
shown in Figs. S3 and S4 (in ESI). There is no observable differ-
ence of the related chemical shifts, it can be inferred that dif-
ference of monomer ratio has no effect on the composition
and sequential structure of the copolymer. It further supports
that the copolymers of vinyl ethers and maleates are alternat-
ing.

The MALDI-TOF MS spectrum of the copolymer
(HEVE/DMM=1/1) is represented in Fig. 3(a). A series of
products with the molecular weight difference of 232.21 Da
which is very close to the HEVE and DMM (232.24 Da) can be
observed. For example, when the degree of polymerization of
the copolymer is 10 (n=10), the theoretical molecular weight
of the oligomer (with alternating composition) should be
23224 Da (n=10). The experimental value is 2428.65 Da,
which is 106.25 Da more than the theoretical value. This
106.25 Da difference is the sum of the —(CH3),C(CN)— of the
fragment of initiator AIBN and the polymer attached a K*
cation.3%! The error between the measured molecular weight
and theoretical molecular weight of polymer fragments at dif-
ferent polymerization degrees is +0.08 Da, indicating that the
measured results are considerably accurate. Simultaneously,
the interval between adjacent fragments is near 88 and 144,
respectively, which is just close to the theoretical molecular
weight of HEVE and DMM monomer units. Fig. 3(b) displays
the results of copolymers prepared with HEVE and DMM feed
ratios of 0.8/1 and 1.2/1. A similar result could be observed.
This indicates that the variation in the initial feed ratio does
not change the alternating structure of the produced copoly-
mers. In case of the same polymerization mechanism, copoly-
mers of different maleates (DEM and DBM) and vinyl ethers
(HEVE and HBVE) also have alternating structure (please refer
to Figs. S5 and S6 in ESI).

The composition of the copolymer is largely determined by

170.08-175.22 ppm correspond to 6 and 9, while 7 and 10 the monomer reactivity ratio and the reaction
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Fig. 3 (a) MALDI-TOF MS spectrum of copolymer with initial monomer feed ratio of HEVE/DMM=1/1 (molar ratio); (b) MALDI-TOF MS
spectra of copolymers with different initial monomer feed ratios: (I) HEVE/DMM=0.8/1; (Il) HEVE/DMM=1.2/1; and (lll) HEVE/DMM=1/1.

temperature.’371 The relative reactivity is the ratio of the self-
growth rate constant to the cross-rate constant of the co-
monomer. Although the instantaneous composition of the
copolymer cannot be determined directly, the composition of
the copolymer at a low monomer conversion could be ap-
proximately taken as the instantaneous composition of the
copolymer. By changing the monomer feed ratio, the com-
position of residual monomers in the solution at low conver-
sion is determined by gas chromatography. The copolymer
composition could be calculated with the monomer concen-
trations. Then the relative reactivity can be calculated by Fine-
man-Ross empirical method (Eqgs. S1-54 in ESI).38]

Fig. S7 (in ESI) shows the results of relative reactivity. After
fitting the experimental data, it was calculated that r;(HEVE)
=0.11%0.07, r,(DMM)=0.24+0.10, and the product of r; x r, =
0.026 is close to 0. When the product of r; and r, equals 0, the
polymerization tends to alternating copolymerization.3%! The
r; and r,, also support that HEVE and DMM is an alternating
copolymerization.

Copolymers with alternating structure (-DADADA-) can
usually be obtained by binary molecules mixed stacking of
CTC composed of m-electron donor (D) and m-acceptor (A).140
To elucidate the copolymerization mechanism whether HEVE

and DMM can form a hybrid molecular complex between
donor and acceptor (D-A complex) with partial CTC
character,#'-44 the molecular geometries and electronic
density distributions are simulated using density functional
theory (DFT) at the B3LYP/6-31G (d) level using Gaussian 09
software package in Fig. 4. The highest occupied molecular
orbital (HOMO) as an electron donor represents the ability to
donate an electron and the lowest unoccupied molecular or-
bital (LUMO) acts as an electron acceptor which accepts an
electron.s] The HOMO and LUMO energy levels of HEVE are
—5.88 and 1.14 eV, respectively, which indicates that HEVE is
an excellent electron donor. Meanwhile, the gap between the
HOMO and LUMO of HEVE monomer is large, which also
means it has high chemical stability, and difficult to homo-
polymerize.[6-491 Similarly, DMM is also an appropriate elec-
tron acceptor which is difficult to homopolymerize too. Ac-
cording to the frontier molecular orbital theory proposed by
Fukui,#0! the electrons flow from the HOMO of molecules A,
and A, to each other's unoccupied LUMO, causing the forma-
tion and fracture of chemical bonds. Only when the energy of
HOMO of molecule A, (or A,) is close to that of LUMO of mo-
lecule A, (or A;), the electron flow is easy to occur when
chemical reaction takes place. While for HEVE and DMM, the
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electron flow direction is illustrated in Fig. 4. When two
monomers are calculated in the same plane, it can be ob-
served that the charge density is mainly accumulated on the
electron donor in the HOMO(B) and on the electron acceptor
in the LUMO(B). HOMO(B) and LUMO(B) are reduced by the
influence of another molecule respectively, which indicates
that the ability to donate electron or accept electron is en-
hanced.

The molecular electrostatic potential surface (MEPS) indic-
ates the charge transfer effect of molecules and the electro-
philic and the nucleophilic sites in the molecules where
chemical reactions take place.*>4#8l Fig. 5 shows the 3D MEPS
of the monomers, calculated by the DFT method (B3LYP) and
basis set (6-31G, d) for geometry optimization. The MEPS con-
tour plots were extracted from the total self-consistent field
density. The color schematic for the MEP surface (a) is as fol-
lows: blue for electron-rich (negative charge), red for elec-
tron-deficient (positive charge), and green for neutral (zero
potential). For easy distinction, the color schematic for the
MEP surface (b) is the opposite. In Fig. 5(a), the negative
charge region attributed from the —OH group of the donor.
From MEPS of DMM, in Fig. 5(b), the positive charge is mainly

9

<

HOMO

concentrated at —C=C— and —CH; groups. These results
also support the stronger electron donor ability of hydroxy
vinyl ethers than alkyl vinyl ethers.5% It further demonstrates
the alternating structure of poly(HEVE-alt-DMM).

Effects of Reaction Parameters on the
Copolymerization of Vinyl Ethers and Maleates

Effect on monomer conversions

Copolymerization of vinyl ethers and maleates at different
reaction conditions is presented in Fig. 6 and Table S1 (in ESI).
Fig. 6(a) plots the relationship between reaction conversions
and initiator concentrations. Except at 0.5 wt% AIBN (on total
monomers), the monomer conversions increase monotonously
with the evolution of the polymerization and tend to levelling-
off at long reaction time which is consistent with a typical
radical polymerization. The final yields of copolymerization also
increase with the initiator concentration increasing. When the
amount of AIBN is greater than 1.5 wt%, the initiator
concentration has little effect on the final yields of the reaction,
which are close to 90%. Fig. 6(b) shows the effect of the
monomer concentrations on the yields. With the increase of
monomer concentrations, the conversion rates of the reactions
are significantly improved. When the monomer concentrations
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Fig.4 Donor (D), acceptor (A) and two monomers blending (B) localized HOMO and LUMO are shown. HOMO-LUMO gap (AE,,.,) is also
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Fig.5 Molecular electrostatic potential surface (MEPS) of (a) HEVE and (b) DMM.
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are low (10 wt% and 20 wt%), the polymerization yields are less
than 10%. At the lower monomer concentrations, the initiator
concentrations in the reactants are also low, and the
conversions of the reactions are greatly affected. When the
monomer concentration is 70%, the copolymerization was very
fast and almost completed within 1 h. This is mainly because the
monomer concentrations are high, the viscosity of the reactant
is high at the later stage and makes the diffuse of the monomers
and propagating chains difficult.

Fig. 6(c) compares three vinyl ethers, namely HEVE, HBVE
and IBVE. The overall yields of polymers decrease in the order
of HEVE, HBVE and IBVE. The copolymerization of IBVE is
much lower than those of HEVE and HBVE. Both HEVE and
HBVE have hydroxyl groups which increase the electron den-
sity of vinyl ether and could form hydrogen bonds to boost
the polymerization reactivity, comparing with IBVE.51214 The
difference between HEVE and HBVE conversion is mainly due
to the steric hindrance of the pendant groups. HEVE pos-
sesses a smaller steric hindrance and thus leading to a higher
monomer conversion.['4

As shown in Fig. 6(d), the differences of DMM, DEM and
DBM are relatively small. This is due to the alky groups of dif-
ferent maleates have no significant difference in the electron
effect and the reactivity of the monomers. The small differ-
ence is due to the steric hindrance. In the case of long alkyl
substituents of maleates, the molecular chains of copolymers

synthesized with vinyl ethers and maleates possess large con-
figuration (steric hindrance), which hinders the addition of
maleates to the chain propagating species. Therefore, the
conversion of maleates with long alkyl chains is lower than
that of lower maleates.

Effect on molecular weight

Table 1 summarizes the effect of the concentration and type of
radical initiators, chain transfer agents, and solvents on the
molecular weights of the produced copolymers. The results
indicate that the initiator concentration has little effect on the
molecular weight of the produced copolymers. The molecular
weight of copolymer with BPO as initiator is smaller than that of
AIBN at the similar reaction conditions. With the rise of the
reaction temperature, the effect of side reactions, such as
coupling and disproportionation terminations, is also increased.
Thiol chain transfer agent has a certain effect on the molecular
weight, but it is not as effective as the IPA and ethanol.

Fig. 7 shows the changes of molecular weight and molecu-
lar weight distribution of copolymers synthesized in different
solvents (monomer concentration and initiator concentra-
tion are 30 wt% and 1.0 wt%, respectively). Obviously, under
the similar conditions, the reaction was sensitive to the type
of solvent. When the solvents were DMC, ethanol and IPA, the
molecular weights of the copolymers were 13400, 8100 and
4200, respectively. The molecular weights of the copolymers
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Table 1 Experimental conditions, molecular characteristics of the alternating copolymers.

Entry M, M, Mi/M;  Time (h) Temperature (°C) Initiator Solvent CTA Conv. (%) M, M,/My,
1 HEVE DMM 11 12 65 1%AIBN DMC / 73.7 13400 1.93
2 HEVE DMM 11 12 65 5%AIBN DMC / 88.1 13500 1.55
3 HEVE DMM 11 12 65 10%AIBN DMC / 89.1 13000 1.58
4 HEVE DMM 11 12 80 1%BPO DMC / 721 8500 1.51
5 HEVE DMM 11 12 65 1%AIBN DMC 4%BME 78.4 9600 1.48
6 HEVE DMM 11 12 65 1%AIBN DMC 4%TGA 78.9 7600 1.61
7 HEVE DMM 11 12 65 1%AIBN Ethanol / 82.2 8100 143
8 HEVE DMM 11 12 65 1%AIBN IPA / 75.1 4200 1.23
M, between vinyl ether and solvent reduces the electron-donat-
M, JM,) ing capability of the vinyl ethers significantly. For the reasons,
the OH-VE electron donating capability is weakened and the
molecular weight of the copolymer decreases.
4200 RAFT Radical Copolymerization of HEVE and DMM
IPA (1.23) RAFT agent and poly(HEVE-alt-DMM) prepared by RAFT radical
copolymerization were analyzed by 'H-NMR (Fig. 8). The RAFT
agent exhibited signals attributable to the methyl protons (1)
due to the R group of RAFT agent, the methyl directly
8100 connected to nitrogen in Z group (2), and protons on pyridine (3

Ethanol (1.43)

15 20 25 30
Elution time (min)

Fig.7 GPC traces of copolymers with the initial ratio of 1/1.

obtained in alcohols were lower than those obtained in DMC.
At first, the chain transfer constants of the solvent in the or-
der of IPA>ethanol>DMC. The second, the amount of effect-
ive hydrogen bond between molecule and solvent signific-
antly determines the extent of reaction.l33! OH-VEs and alco-
hol solvents (ethanol and IPA) are easy to form intermolecu-
lar hydrogen bond, which reduces reactivity of the growing
radical. Meanwhile, the formation of hydrogen bonding

and 4) (the peak at 1.56 ppm belongs to water in CDCly). Firstly,
the "H-NMR spectrum of poly(HEVE-a/t-DMM) prepared by RAFT
radical copolymerization (Fig. 8b) is consistent with that of
copolymer prepared by conventional radical polymerization
(Fig. 2a) from 1.44 ppm to 4.00 ppm. This indicates that the
copolymer prepared by RAFT polymerization has the similar
alternating  structure  with the conventional radical
polymerization. Secondly, in Fig. 8(b), the signal at 8.81 ppm
attributes to the protons of pyridine moiety which was
originated from the RAFT agent. The copolymers prepared by
RAFT polymerization are typically terminated with RAFT agent.
The interval values between adjacent fragments in Fig. S9 (in
ESI) are respectively similar to the theoretical molecular weights
of HEVE and DMM monomers. Combine Fig. S8 with Fig. S9,
when the polymerization degree of the copolymer is 12 (n=12),
the theoretical molecular weight of the copolymer is 2786.88
Da, and the experimental value is 3148.16 Da, which is 361.28
Da more than the theoretical value. The difference of 361.28 Da
is the sum of the —(CH3),C(CN)— fragment of the initiator AIBN
or the R group of RAFT agent, the structure of the RAFT agent

a b HO5
4 10 1112
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5 ! N1C 6 8§‘<S 1712
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Fig.8 (a) "H-NMR spectrum of the RAFT agent; (b) "H-NMR spectrum of the HEVE and DMM copolymer prepared by RAFT copolymerization.
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other than the R group, Na* and a HEVE unit. It can be
concluded that the copolymer with alternating structure was
successfully prepared by RAFT polymerization.

Fig. 9 and Table S2 (in ESI) show the time-conversion curve
of typical examples, the M, and M,,/M,, of the copolymers as a
function of monomer conversion, molecular weight versus
time and kinetic curve of copolymerization. The time-conver-
sion plot shows that HEVE was consumed at a close rate with
DMM during the copolymerization as exactly as their reactiv-
ities in free radical copolymerization (Fig. 9a). As a whole,
when the reaction proceeded for 24 h, the conversion
entered a plateau and no longer increased significantly. Fig.
9(b) shows that the experimental M,, values are in direct pro-
portion to the total monomer conversions. The M,,/M,, value
increases with the conversion but as a whole remains in a
controlled narrow range. The GPC evolution curves are all un-
imodal and consistently shift to a higher molecular end (Fig.
9¢). Fig. 9(d) shows that the RAFT copolymerization of HEVE
and DMM fits the first-order kinetic characteristics well. All the
results verify that the use of 2-cyanopropan-2-yl N-methyl-N-
(pyridin-4-yl)carbamodithioate as a RAFT agent successfully
achieved controlled/living radical alternating copolymeriza-
tion of HEVE and DMM. The effect of solvent on the RAFT co-
polymerization was also investigated (Fig. S10 in ESI). In DMC
and ethanol, the M, of obtained copolymers increased with

the monomer conversions but in IPA. This is also related to
the higher chain transfer constant of IPA.

Chain Extension and Block Copolymerization Using
Poly(HEVE-alt-DMM) as Macro-CTA

To further demonstrate the fidelity of the poly(HEVE-alt-DMM),
the chain extension and block copolymerization of VAc were
conducted with poly(HEVE-alt-DMM) as macro-CTA (M,=5200
and M,,/M,=1.46). The GPC traces of the final products of both
chain extension and block copolymerization move towards
higher molecular ends compared with poly(HEVE-alt-DMM)
macro-CTA (Fig. 10). The GPC elution curves are unimodal peaks,
without evidence of low molecular weight fraction
corresponding to the macro-CTA supported the high
reinitiating efficiency and high end-group fidelity of the
poly(HEVE-alt-DMM) macro-CTA. To the chain extension,
molecular weight increased to M,,=10400, and M,,/M,=1.72. The
increasing of M,,/M,, is mainly due to the relatively poor control
of the RAFT agent on the copolymerization of HEVE and DMM.
The block polymerization showed a significant molecular
weight increase (M,=8500) and a very slight increase of
M, /M,=1.52. Fig. 11 shows the H-NMR spectrum of the
poly(HEVE-alt-DMM)-b-poly(VAc). Chemical shift at 443 ppm
(11) is attributed to VAc repeating units supported the
successful preparation of the block copolymer.
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Fig. 10 GPC traces of (a) macro-CTA and block polymer, (b) macro-CTA and chain extension polymer.
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CONCLUSIONS

The alternating copolymerization of vinyl ethers and maleates
are studied by conventional radical and RAFT polymerizations.
In particular, the alternating structure of copolymer was
demonstrated by NMR, MALDI-TOF MS and the monomer
reactivity (r;(HEVE)=0.11£0.07, r,(DMM)=0.24+0.10, and the
product of r; X r, = 0.026). DFT calculations supported that HEVE
and DMM have the nature of electron donor and acceptor to
form alternating copolymer. The parameters of experiment such
as monomer feeding ratio, monomer type, monomer
concentration and others were used to analyse the influence on
the copolymer structure. In addition, RAFT copolymerization of
HEVE and DMM was developed using 2-cyanopropan-2-yl N-
methyl-N-(pyridin-4-yl)carbamodithioate as an efficient RAFT
agent. Poly(HEVE-alt-DMM) possessed a narrow molecular

weight distribution range (M,=5200 and M,,/M,=1.46). With the
poly(HEVE-alt-DMM) as macro-CTA, both the chain extension
with HEVE and DMM (M,=10400 and M,/M,=1.72) and block
copolymerization with VAc were successfully synthesized
(M,,=8500 and M,,/M,=1.52). This study provides a method for
preparing and tailoring various copolymers of hydroxyalkyl vinyl
ethers and alkyl maleates. In addition, it also offers a strategy
how to exploit the 1,2-disustitued ethylene in synthesis reactive
polymers.
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