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Cyclopentyl Methyl Ether as a Green Solvent for ReversibleAddition Fragmentation Chain Transfer and Nitroxide-Mediated
Polymerizations†
Carlos M. R. Abreu,a Pedro Maximiano,a Tamaz Guliashvili,b Julien Nicolas,c Arménio C. Serraa and
Jorge F. J. Coelho*a
Cyclopentyl methyl ether (CPME) was successfully used as an environmentally friendly alternative to regularly employed
organic solvents (e.g., tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), dichloromethane (DCM) and dimethylformamide
(DMF)) for the reversible-addition fragmentation chain transfer (RAFT) polymerization and nitroxide-mediated
polymerization (NMP) of vinyl chloride (VC) and styrene (S). Methyl acrylate (MA) and vinyl acetate (VAc) were also
successfully polymerized via RAFT using CPME. The kinetic data showed a linear increase of the molecular weight with the
monomer conversion for both polymerization methods. The kpapp data obtained in CPME were in range of values reported
for THF, DMSO, DCM and DMF, while the final conversions were higher. The polymer samples were comprehensively
characterized by 1H nuclear magnetic resonance spectroscopy (1H-NMR), 31P-NMR, matrix-assisted laser desorption
ionization time-of-flight mass spectroscopy (MALDI-TOF-MS) and size exclusion chromatography (SEC). The “livingness” of
the PVC macroinitiators prepared by RAFT and NMP were confirmed by chain-end characterization and successful
reinitiation experiments. The data presented here prove that CPME is an excellent green substitute to avoid the use of
toxic solvents for RAFT and NMP.

Introduction
Reversible deactivation radical polymerization (RDRP) has
revolutionized the field of macromolecular synthesis. On this
matter, it is now possible to synthesize tailor made (co)polymers
with controlled molecular weight, topology, architecture and
functionalities.1-6 The most popular RDRP methods are: atom
5-7
transfer radical polymerization (ATRP),
nitroxide-mediated
2,8
polymerization (NMP)
and reversible addition-fragmentation
transfer polymerization (RAFT).3,4,9-12 The intense research efforts of
the scientific community during the last two decades on their
2,10,13,14
mechanistic understanding
enabled to expand the range of
monomers to be controlled and to establish new reactions
conditions that can be implemented in large scale production.
Although polymerizations in bulk and in dispersed media have been
widely studied, solution polymerizations only received very little

attention despite their numerous advantages (e.g., low viscosity of
the reaction medium, possibility to dilute the reaction medium and
15-17
avoid the gel effect, broad variety of solvents, etc.).
Even
though water is the ideal solvent in terms of nontoxicity, very few
examples of monomers/polymers are water-soluble. Therefore,
alternative “green” organic solvents are highly desirable. The
continuous search to find eco-friendly solvents for RDRP methods
18-21
22-28
water/alcohol mixtures,
ionic
resulted in the use of water,
29-34 35 36
liquids
. . presents several important features that are
particularly relevant. It is highly hydrophobic and presents a good
stability in acidic and basic conditions.36 Moreover, it leads to a low
formation of peroxides as by-products, results in negative skin
37
38
sensitization, gives no genotoxicity or mutagenicity and is
approved by the Toxic Substances Control Act (TSCA) and the
36,39
European List of Notified Chemical Substances (ELINCS).
CPME is
therefore very appealing to circumvent the toxicological drawbacks
commonly associated with the use of DMSO, DMF, DCM and THF,
which are very effective solvents for homogeneous RDRP methods
15,40-43
44-46 39
of hydrophobic monomers such as VC
and S.
. Here, we
demonstrate that CPME is a suitable (nearly universal) solvent to
perform RAFT and NMP of VC and S as well as RAFT of MA and VAc,
.

Experimental section
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Materials
VC (99.9%) was kindly supplied by CIRES Lda, Portugal. MA (Acros;
99% stabilized), S (Sigma-Aldrich; + 99%) and VAc (Sigma-Aldrich; +
99%) were passed over a basic alumina column before use to
remove the radical inhibitors. The BlocBuilder alkoxyamine (99%)
was
kindly
supplied
by
Arkema.
Cyanomethyl
methyl(phenyl)carbamodithioate (CMPCD) (Sigma–Aldrich, 98 %), 2(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT)
(Sigma–Aldrich, 98 %), Trigonox 187-W40 (40 % water and
methanol emulsion of diisobutyryl peroxide - DIBPO), deuterated
tetrahydrofuran (d8-THF) (Euriso-top; 99.5%), deuterated
chloroform (CDCl3) (Euriso-top; + 1 % tetramethylsilane (TMS)), 2(4-hydroxyphenylazo)benzoic acid (HABA) (Sigma–Aldrich, 99.5%),
CPME (Sigma-Aldrich, inhibitor-free, anhydrous, +99.9%), methanol
(Labsolve, 99,5%), hexane (Fisher Chemical, 95%), and polystyrene
(PS) standards (Polymer Laboratories) were used as received.
Azobisisobutyronitrile (AIBN) (Fluka, 98 %) was recrystallized three
times from ethanol before use. High-performance liquid
chromatography (HPLC) grade THF (Panreac) was filtered (0.2 µm
filter) under reduced pressure before use.

Techniques
1

31

400 MHz H-NMR spectra and P-NMR of samples were recorded
on a Bruker Avance III 400 MHz spectrometer, with a 5 mm TIX
triple resonance detection probe, in d8-THF and CDCl3 with
tetramethylsilane (TMS) and diethylphosphite (DEP) as an internal
standard respectively.
The chromatographic parameters of the samples were determined
using a size exclusion chromatography set-up from Viscotek
(Viscotek TDAmax) equipped with a differential viscometer (DV) and
right-angle laser-light scattering (RALLS, Viscotek), low-angle laserlight scattering (LALLS, Viscotek) and refractive index (RI) detectors.
The column set consisted of a PL 10 mm guard column (50 × 7.5
mm2) followed by one Viscotek T200 column (6 µm), one MIXED-E
PLgel column (3 µm) and one MIXED-C PLgel column (5 µm). A dual
piston pump was set with a flow rate of 1 mL/min. The eluent (THF)
was previously filtered through a 0.2 µm filter. The system was also
equipped with an on-line degasser. The analyses were performed at
30 °C using an Elder CH-150 heater. Before injection (100 µL), the
samples were filtered through a polytetrafluoroethylene (PTFE)
membrane with 0.2 µm pore. The system was calibrated with
narrow PS standards. The dn/dc value was determined as 0.105 for
SEC
PVC and 0.185 for PS. Molecular weight (Mn ) and dispersity (Ð =
Mw/Mn) of synthesized polymers were determined by triple
detection calibration using the OmniSEC software version 4.6.1.354.
For the MALDI-TOF-MS analysis, the PVC samples were dissolved in
THF at a concentration of 10 mg/mL. HABA (0.05 M in THF) was
used as matrix. The dried-droplet sample preparation technique
was used to obtain 1/1 ratio (sample/matrix); an aliquot of 1 µL of
each sample was directly spotted on the MTP AnchorChip TM

600/384 TF MALDI target, Bruker Daltonik (Bremen Germany) and,
before the sample dry, 1 µL of matrix solution in THF was added and
allowed to dry at room temperature, to allow matrix crystallization.
External mass calibration was performed with a peptide calibration
standard (PSCII) for the range 700-3000 (9 mass calibration points),
0.5 µL of the calibration solution and matrix previously mixed in an
eppendorf tube (1/2, v/v) were applied directly on the target and
allowed to dry at room temperature. Mass spectra were recorded
using an Autoflex III smartbeam1 MALDI-TOF-MS mass
spectrometer Bruker Daltonik (Bremen, Germany) operating in the
linear and reflectron positive ion mode. Ions were formed upon
irradiation by a smartbeam1 laser using a frequency of 200 Hz. Each
mass spectrum was produced by averaging 2500 laser shots
collected across the whole sample spot surface by screening in the
range m/z 400-10000. The laser irradiance was set to 35-40%
(relative scale 0-100) arbitrary units according to the corresponding
threshold required for the applied matrix systems.

Procedures
The VC polymerizations were carried out in a 50 mL glass highpressure tube equipped with a magnetic stir bar. In the kinetic
studies each point represents a single experiment.
Typical procedure for the RAFT polymerization of VC in CPME at 42
°C with [VC]0/[CMPCD]0/[Trigonox]0 = 250/1/0.2
A 50-mL Ace Glass 8645#15 pressure tube, equipped with a bushing
and a plunge valve, was charged with a mixture of CMPCD (66 mg,
0.29 mmol), Trigonox 187 W40 (25 mg, 0.058 mmol) and CPME (5.0
mL) (previously bubbled with nitrogen for 5 min). The
precondensed VC (5 mL, 73 mmol) was added to the tube. The
exact amount of VC was determined gravimetrically. The tube was
sealed, submerged in liquid nitrogen and degassed through the
plunger valve by applying reduced pressure and filling the tube with
nitrogen about 20 times. The valve was closed and the tube reactor
was placed in a water bath at 42 °C ± 0.5 °C under stirring (700
rpm). After 24 h, the reaction was stopped by plunging the tube
into ice water. The tube was slowly opened, the excess VC was
distilled, and the mixture was precipitated into 250 mL of methanol.
The polymer was separated by filtration and dried in a vacuum oven
until constant weight, yielding 3.66 g (69.8 %) of PVC (MnSEC =
11500, Ð = 1.51).
Typical procedure for the RAFT polymerization of S in CPME at 60
°C with [S]0/[DDMAT]0/[AIBN]0 = 222/1/0.5
A mixture of DDMAT (59 mg, 0.16 mmol), AIBN (13 mg, 0.08
mmol) and CPME (2.0 mL) (previously bubbled with nitrogen
for 5 min) was placed in a Schlenk tube reactor. S (4.0 mL, 35
mmol) was added to the reactor that was sealed, by using a
glass stopper, and frozen in liquid nitrogen. The Schlenk tube
reactor containing the reaction mixture was deoxygenated
with four freeze-vacuum-thaw cycles and purged with
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nitrogen. The reactor was placed in an oil bath at 60 °C with
stirring (700 rpm). During the polymerization, different
reaction mixture samples were collected by using an airtight
syringe and purging the side arm of the Schlenk tube reactor
1
with nitrogen. The samples were analyzed by H NMR
spectroscopy to determine the monomer conversion and by
SEC, to determine the MnSEC and Ð of the polymers (trx = 49 h,
SEC
conv = 84%, Mn = 16000, Ð = 1.09).
Typical procedure for the “one-pot” chain extension experiment
from a CTA-terminated PVC
A 50-mL Ace Glass 8645#15 pressure tube, equipped with a bushing
and a plunger valve, was charged with a mixture CMPCD (99 mg,
0.44 mmol), Trigonox 187 W40 (38 mg, 0.087 mmol) and CPME (3.0
mL) (previously bubbled with nitrogen for 5 min). The
precondensed VC (3.0 mL, 44 mmol) was added to the tube. The
exact amount of VC was determined gravimetrically. The tube was
sealed, submerged in liquid nitrogen and degassed through the
plunger valve by applying reduced pressure and filling the tube with
nitrogen about 20 times. The valve was closed, and the tube reactor
was placed in a water bath at 42 °C under stirring (700 rpm). After 5
h, the reaction was stopped by plunging the tube into ice water.
The tube was slowly opened and the excess VC was distilled. The
monomer conversion were determined gravimetrically (58.6 %),
SEC
and the Mn = 4200 and Ð = 1.54 were determined by SEC. CPME
(18.0 mL) (previously bubbled with nitrogen for 5 min), Trigonox
187 W40 (31 mg, 0.07 mmol) and the precondensed VC (18.0 mL,
262 mmol) were added in the medium without any purification of
the previously obtained PVC-CTA macroCTA. The tube was sealed,
submerged in liquid nitrogen and degassed through the plunger
valve by applying reduced pressure and filling the tube with
nitrogen about 20 times. The valve was closed, and the tube reactor
was placed in a water bath at 42 °C under stirring (700 rpm). The
reaction was stopped after 48 h by plunging the tube into ice water.
The tube was slowly opened and the excess VC was distilled. The
monomer conversion were determined gravimetrically (41.8 %),
and the MnSEC = 17300 and Ð = 1.53 of the resulting extended PVCb-PVC were determined by SEC.
Typical procedure for the NMP of VC in CPME at 42 °C with
[VC]0/[BlocBuilder]0 = 250/1
A 50-mL Ace Glass 8645#15 pressure tube, equipped with a bushing
and a plunge valve, was charged with a mixture of BlocBuilder
alkoxyamine (111 mg, 0.29 mmol) and CPME (5.0 mL) (previously
bubbled with nitrogen for 5 min). The precondensed VC (5 mL, 73
mmol) was added to the tube. The exact amount of VC was
determined gravimetrically. The tube was sealed, submerged in
liquid nitrogen and degassed through the plunger valve by applying
reduced pressure and filling the tube with nitrogen about 20 times.
The valve was closed and the tube reactor was placed in a water
bath at 42 °C ± 0.5 °C under stirring (700 rpm). After 24 h, the
reaction was stopped by plunging the tube into ice water. The tube

was slowly opened, the excess VC was distilled, and the mixture
was precipitated into 250 mL of methanol. The polymer was
separated by filtration and dried in a vacuum oven until constant
weight, yielding 3.30 g (63.1 %) of PVC (MnSEC = 12000, Ð = 1.54).
Typical procedure for the NMP of S in CPME at 80 °C with
[S]0/[BlocBuilder]0 = 222/1
A mixture of BlocBuilder alkoxyamine (60 mg, 0.16 mmol) and
CPME (2.0 mL) (previously bubbled with nitrogen for 5 min)
was placed in a Schlenk tube reactor. S (4.0 mL, 35 mmol) was
added to the reactor that was sealed, by using a glass stopper,
and frozen in liquid nitrogen. The Schlenk tube reactor
containing the reaction mixture was deoxygenated with four
freeze-vacuum-thaw cycles and purged with nitrogen. The
reactor was placed in an oil bath at 80 °C with stirring (700
rpm). During the polymerization, different reaction mixture
samples were collected by using an airtight syringe and
purging the side arm of the Schlenk tube reactor with nitrogen.
1
The samples were analyzed by H NMR spectroscopy to
determine the monomer conversion and by SEC, to determine
the MnSEC and Ð of the polymers (trx = 166 h, conv = 71%, MnSEC
= 13500, Ð = 1.09).
Typical procedure for the “one-pot” chain extension experiment
from SG1-terminated PVC
A 50-mL Ace Glass 8645#15 pressure tube, equipped with a bushing
and a plunger valve, was charged with a mixture of BlocBuilder
alkoxyamine (167 mg; 0.44 mmol) and CPME (3.0 mL) (previously
bubbled with nitrogen for 5 min). The precondensed VC (3.0 mL,
43.7 mmol) was added to the tube. The exact amount of VC was
determined gravimetrically. The tube was sealed, submerged in
liquid nitrogen and degassed through the plunger valve by applying
reduced pressure and filling the tube with nitrogen about 20 times.
The valve was closed, and the tube reactor was placed in a water
bath at 42 °C under stirring (700 rpm). After 10 h, the reaction was
stopped by plunging the tube into ice water. The tube was slowly
opened and the excess VC was distilled. The monomer conversion
were determined gravimetrically (52.2 %), and the MnSEC = 4300 and
Ð = 1.55 were determined by SEC. CPME (18.0 mL) (previously
bubbled with nitrogen for 5 min) and the precondensed VC (18.0
mL, 262 mmol) were added in the medium without any purification
of the previously obtained PVC-SG1 macroinitiator. The tube was
sealed, submerged in liquid nitrogen and degassed through the
plunger valve by applying reduced pressure and filling the tube with
nitrogen about 20 times. The valve was closed, and the tube reactor
was placed in a water bath at 42 °C under stirring (700 rpm). The
reaction was stopped after 48 h by plunging the tube into ice water.
The tube was slowly opened and the excess VC was distilled. The
monomer conversion were determined gravimetrically (47.2 %),
SEC
and the Mn = 23600 and Ð = 1.61 of the resulting extended PVCb-PVC were determined by SEC.
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Results and discussion
In a previous publication from our group, CPME was used for the
39
first time in the SARA-ATRP using CuBr2/ligands (e.g., Me6TREN,
TPMA, bpy, PMDETA and TREN). The poor solubility of metal
complexes in CPME required the addition of co-solvents (e.g., H2O
and EtOH). For RAFT and NMP, it was considered to use CMPE as
the only polymerization solvent.

RAFT polymerization in CPME
Preliminary RAFT polymerization experiments were conducted
using MA with DDMAT as chain transfer agent (CTA) in CPME for a
DP of 222. The results presented in Fig. 1 and Table 1 (entry 1) show
a first-order kinetics with respect to MA, a good agreement
between theoretical and determined molecular weights and low Ð
values below 1.1, indicating an excellent control of the
polymerization even up to high conversions (~ 95%). These
observations allowed us to conclude that CPME is a solvent
compatible with RAFT systems.

of functionality were minimized. S polymerizations (in bulk or in
solution) usually require high temperatures (typically in the range of
70 to 110 °C) to reach reasonably high conversions and to overcome
44
vitrification and potential catalyst solubility issues. With CPME
and using RAFT, it is possible to reach high monomer conversions
(>95%) at 60 °C. This feature is particularly relevant because high
temperatures (especially above 60°C) can induce S
autopolimerization reactions (by thermal self-initiation) on the long
term and result in a loss of molecular weight control (which also
SEC
48
contributes for Mn, deviation from theoretical values). . RAFT
polymerization of S usually takes place in a DMF solution or in
44
bulk. Our results demonstrate that the use of CPME is an excellent
green alternative, allowing a rate of polymerization similar to that
49,50
of systems in DMF and slightly better than bulk polymerizations.
Therefore, CPME can replace DMF for the synthesis of well-defined
PS.

Fig. 2 RAFT polymerization of S in CPME at 60 °C mediated by
DDMAT using AIBN as conventional initiator. (a) Conversion vs. time
SEC
th
and ln[M]0/[M] vs. time. (b) Mn and Mw/Mn vs. Mn . Reaction
conditions: [S]0/[DDMAT]0/[AIBN]0 = 222/1/0.5; [S]0/[CPME] = 2/1
(v/v).
Fig. 1 RAFT polymerization of MA in CPME at 60 °C mediated by
DDMAT using AIBN as conventional initiator. (a) Conversion and
SEC
ln[M]0/[M] vs. time. (b) Number-average molecular weight (Mn )
and dispersity (Mw/Mn) vs. theoretical number-average molecular
th
weight (Mn ). Reaction conditions: [MA]0/[DDMAT]0/[AIBN]0 =
222/1/0.5; [MA]0/[CPME] = 2/1 (v/v).

The ability to polymerize S in CPME under identical experimental
conditions was then evaluated. The resulting kinetic plot (see Fig. 2
and entry 2 in Table 1) reveals a linear relationship between
ln[M]0/[M] values and time, and a nearly perfect match between
experimentally determined Mn values and theoretical ones together
with Ð values of about 1.1, indicating a perfect control. In this
respect, the actual RAFT system seems to approach the ideal living
polymerization conditions much better than the previouslyreported SARA-ATRP counterpart.44,46,47 Although low Đ values were
also obtained by SARA-ATRP, a loss of chain-end functionality at
high monomer conversions was observed, leading to a deviation of
MnSEC from the theoretical ones,44 with an increase in Đ. This is not
observed here, thus indicating that side reactions leading to a loss

To demonstrate the versatility of this approach, VC polymerization
in CPME was then investigated at a temperature of 42°C (based on
15
a previous publication from our research group). CMPCD was used
as CTA and Trigonox was selected as a conventional initiator.
Conversely to S, the plot of ln([M]0/[M]) vs. time for VC (Fig. 3)
appears to have two distinct linear zones. However, this behavior
15
has already been reported in other RAFT polymerizations of VC,
and can be attributed to a difference in the rates of initiation by
Trigonox-generated radicals, and reinitiation by the radical leaving
groups •CH2CN formed during the pre-equilibrium reaction of the
RAFT mechanism. The apparent polymerization rate constants in
CPME are slightly higher than those calculated in the previous work
15
using THF as a solvent. Higher conversions were obtained at the
end of the reaction, while the level of control over the molecular
weight appears to remain the same (with 1.8 > Đ > 1.5 and a good
SEC
th
agreement between Mn and Mn ).
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Fig. 3 RAFT polymerization of VC in CPME at 42 °C mediated by
CMPCD using Trigonox as conventional initiator. (a) Conversion and
SEC
th
ln[M]0/[M] vs. time. (b) Mn
and Mw/Mn vs. Mn . Reaction
conditions: [VC]0/[CMPCD]0/[Trigonox]0 = 250/1/0.2; [VC]0/[CPME]
= 1/1 (v/v).

In addition to MA, S and VC, VAc was also tested using the
CMPCD/Trigonox RAFT system (see Table 1, entry 3). An almost
complete VAc conversion was achieved in less than 3 h, and the low
Đ value obtained by SEC analysis confirmed the growth of welldefined PVAc chains.

Table 1 Kinetic parameters obtained for RAFT polymerizations in CPME with different monomers. Conditions: reaction temperature = 42
°C; [Monomer]0/[Solvent] = 2/1 (v/v)
Entry

[M]0/[CTA]0/[I]0

kp

1

a

[MA]0/[DDMAT]0/[AIBN]0 = 222/1/0.5

2

a

3

app

-1

(h )

th

-3

SEC

-3

Time (h)

Conv. (%)

Mn × 10

Mn

× 10

1.328

2

93

21.1

24.5

1.06

[S]0/[DDMAT]0/[AIBN]0 = 222/1/0.5

0.035

49

84

17.2

16.0

1.08

Đ

[VAc]0/[CMPCD]0/[Trig.]0 = 100/1/0.5

-

2.3

99

8.7

9.0

1.18

4

b

[VC]0/[CMPCD]0/[Trig.]0 = 250/1/0.2

0.185

24

70

12.4

11.5

1.51

5

b

[VC]0/[CMPCD]0/[Trig.]0 = 100/1/0.2

-

5

59

4.5

4.2

1.54

6

b

[VC]0/[CMPCD]0/[Trig.]0 = 1000/1/0.2

-

48

34

22.7

17.7

1.72

a

b

Reaction temperature: 60 °C. [Monomer]0/[Solvent] = 1/1

In conclusion, the results presented in Table 1 confirm the
robustness and the versatility of the RAFT polymerization in
solution using CPME as solvent. The system allows the synthesis of
different polymers in a wide range of molecular weights, while
exhibiting a very high level of control that is better or at least
similar to other reported solution polymerization systems (,10 ,10 12
15
and ).

protons (a, b and c), corresponding to those found previously for
PVC (SI, Fig. S1) are also present in this spectrum, thereby
confirming the presence of chain-end functionalities (from the RAFT
agent) in the PVAc chains. This conclusion is consistent with the
very good control over the molecular weight that has been
observed (Table 1, entry 3).

Structural analysis of the RAFT-derived polymers
1

The structure of CTA-terminated PVC chains was determined by HNMR spectroscopy and MALDI-TOF-MS analysis. Both 1H-NMR
spectrum (SI, Fig. S1) and MALDI-TOF-MS spectrum (SI, Fig. S2)
confirmed the well-defined structure predicted for the PVC
chains.15
In addition, the structure of the RAFT-derived PVAc was also
1
studied by H-NMR (Fig. 4). The signals of the PVAc main chain, d
and e (at 1.9 – 2.7 ppm and 4.2 – 4.8 ppm, respectively) were
51
identified. Furthermore, the characteristic signals of CMPCD
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1

Fig. 4 The H NMR spectrum in THF-d8 of PVAc-CTA (Mn
= 1.18) obtained in Table 1, entry 3.

SEC

= 9000; Ð

th

SEC

Fig. 6 SEC traces of the PVAc-CTA (convVAc = 99%, Mn = 8700, Mn
= 9000, Ð = 1.18) macro-CTA (right curve), and the PVAc-b-PVC
(convVC = 51%, Mnth = 41100, MnSEC = 30200, Ð = 1.59) block
copolymer (left curve).

Evaluation of the RAFT-derived polymer livingness
The living nature of the polymers was confirmed by carrying out
successful chain extension experiments using PVC (Table 1, entry 5)
and PVAc (Table 1, entry 3) as macro-CTA (Fig. 5 and 6). As shown
in Fig. 5, a complete shift of the SEC trace during the “one-pot”
chain extension experiment was achieved. Molecular weight of the
starting PVC-CTA (convVC = 59%, Mnth = 4500, MnSEC = 4200, Ð =
1.54) has shifted toward higher molecular weight (convVC = 42%,
th
SEC
Mn = 23800, Mn = 17300, Ð = 1.53). Also, a PVAc-b-PVC diblock
copolymer (convVC = 51%, Mnth = 41100, MnSEC = 30200, Ð = 1.59)
th
was synthesized from a PVAc-CTA (convVAc = 99%, Mn = 8700,
SEC
Mn = 9000, Ð = 1.18) was synthesized (Fig. 6). The structure of
this block copolymer was confirmed by 1H NMR (SI, Fig. S3).

th

SEC

Fig. 5 SEC traces of the PVC-CTA (convVC = 59%, Mn = 4500, Mn =
4200, Ð = 1.54) macro-CTA (right curve), and the “one-pot”
th
SEC
extended PVC (convVC = 42%, Mn = 23800, Mn = 17300, Ð = 1.53)
(left curve).

NMP in CPME
For the NMP of S and VC, the BlocBuilder alkoxyamine, based on
the nitroxide SG1, was selected. It is one of the most potent
alkoxyamines developed so far and its use has conducted to
significant advances in the control of bulk/solution and emulsion
polymerizations, and the preparation of complex and functionalized
polymer architectures.2
The NMP of S using this alkoxyamine is usually performed in bulk at
2,52-54
to enable
high temperatures; between 90 and 120 °C,
reasonable polymerization rates. However, this range of
temperatures is not fully compatible with the use of CPME (boiling
point is 106 °C), unless a high pressure glassware is employed. In
this context, a preliminary experiment of S polymerization was
carried out at 60 °C. However, as expected, the polymerization was
extremely slow as no polymer was formed even after 94 h. The
temperature was then increased to 80 °C but the reaction
proceeded rather slowly (Fig. 7). Nevertheless, all the expected
features of a RDRP system (e.g., first-order kinetic with respect to
monomer conversion, linear increase of Mn with monomer
conversion, good match between MnSEC and Mnth values and low Đ
values decreasing with monomer conversion) were obtained with a
level of control comparable to that reported for NMP of S using
BlocBuilder at higher temperatures.53-55 The use of a temperature
lower than those reported in the literature may also contribute to a
good control over the polymerization due to a lower rate of S
autopolymerization, similarly to what was earlier discussed with
RAFT. Therefore, despite temperature limitations resulting in slow
reactions, the very good control achieved over the polymerization
of S validates the use of CPME as a solvent in the field of NMP.
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Fig. 7 NMP of S in CPME at 80 °C initiated by SG1-based BlocBuilder
SEC
alkoxyamine. (a) Conversion and ln[M]0/[M] vs. time. (b) Mn and
th
Mw/Mn vs. Mn . Reaction conditions: [S]0/[BlocBluider]0 = 222/1;
[S]0/[CPME] = 2/1 (v/v).

Fig. 8 NMP of VC in CPME at 42 °C initiated by SG1-based
BlocBuilder alkoxyamine. (a) Conversion and ln[M]0/[M] vs. time. (b)
SEC
th
Mn and Mw/Mn vs. Mn . Reaction conditions: [VC]0/[ BlocBuilder]0
= 250/1; [VC]0/[CPME] = 1/1 (v/v).

The NMP of VC initiated by the BlocBuilder alkoxyamine in DCM or
DMSO was recently proposed, and the results pointed out that a
temperature of 42 °C provided the best compromise between a
40
descent polymerization rate and a good control. Based on this
work, the NMP of VC was investigated with CPME as the solvent.
The kinetic data show a first-order kinetic (Fig. 8a) and a good
SEC
th
agreement between Mn and Mn values (Fig. 8b). The Đ follow
those obtained in DCM under identical experimental conditions,
approaching 1.5 at the end of the reaction,40 which suggests a
similar level of control. However, the rate of polymerization in
app
CPME (kp = 0.042) was ~20% higher than that reported using DCM
app
(kp = 0.036),40 which stresses another advantage of replacing
DCM and DMSO by CPME.

The influence of the monomer concentration in the reaction
medium was then investigated for VC, by adjusting the
monomer/solvent ratio and stopping the reaction after 24 h (Table
2, entries 1–3). It appears that a decrease in the [VC]0/[CPME] ratio
from 1/1 (entry 1) to 1/2 (entry 3) has a deleterious effect on the
final monomer conversion, which is caused by a change of the
reaction medium (polarity and/or viscosity) upon dilution, as
16,56
previously observed for different NMP systems.
Conversely,
when the [VC]0/[CPME] ratio increases from 1/1 (entry 1) to 2/1
(entry 2), dispersity increased slightly (1.54 vs. 1.69), similarly to
solution NMP of oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) in ethanol.56 With VC, the same observations were made
40
in DCM system.

Table 2. NMP of VC initiated by the BlocBuilder alkoxyamine at 42 °C, using CPME as a solvent under different experimental conditions.
th

-3

SEC

[VC]0/[BlocBuilder]0

[VC]0/[CPME] (v/v)

Time (h)

Conv. (%)

Mn × 10

1

250/1

1/1

24

63.1

11.1

12.0

1.54

2

250/1

2/1

24

58.1

10.3

11.1

1.69

3

250/1

1/2

24

42.3

7.8

8.5

1.59

4

100/1

1/1

10

52.2

3.8

4.3

1.55

5

1000/1

1/1

48

54.0

36.3

32.3

1.53

Finally the NMP system proposed here was further tested for
different target DPns. Once again DPn values of 100 and 1000 were
tested and compared with a DPn of 250 (Table 2, entries 1, 4 and 5).
The results not only confirm the reduction of polymerization rate as
DPn increases but also the excellent control all across the DPn range
tested.

Structural analysis of the NMP-derived polymers
The evidences of the well-defined structure of the PVC were
1
obtained by H NMR spectroscopy (SI, Fig. S4). The spectrum shows

Mn

× 10

-3

Entry

Đ

the expected peaks and in particular those from the starting
alkoxyamine, thus proving the chain-end functionalization, in
agreement with those reported in the literature for NMP-derived
40
PVC prepared in other organic solvents.
The end-group fidelity of the synthesized PVC was probed by
31
performing P NMR spectroscopy, which is a convenient and pretty
accurate method for determination of the living chain fraction (LF)
by quantifying the presence of the phosphorus-containing SG1
nitroxide end-group using diethyl phosphite (DEP) as an internal
57,58
reference.
The PVC-SG1 spectrum reported in Fig. 9 gave a LF of
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Conclusions
In conclusion this work reports the use of CPME for the NMP and
RAFT polymerizations of VC and S as alternative to THF, DCM,
DMSO and DMF. This eco-friendly solvent allowed also the RAFT
polymerization of VAc and MA. The structures of the obtained
polymers were confirmed by 1H-NMR, 31P-NMR, MALDI-TOF-MS and
the living character was confirmed by successful chain extension
experiments. The results proved that CPME is a suitable “green”
solvent to be employed in two of the most popular RDRP methods.
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