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d inexpensive ionic liquid,
1-phenyl-3-methylimidazole diphenyl phosphate,
as an efficient phosphorus-based ligand for
copper-catalyzed reverse atom transfer radical
polymerization of methyl methacrylate

Xiao-hui Liu, * Qian Zhu, Yan-guang Zhang, Qiu-yan Zhang, Chen Ding and Jun Li

Ligands play a vital role in atom transfer radical polymerization (ATRP) in solubilizing the transition-metal salt

and adjusting the redox potential of the metal center. In general, nitrogen ligands work particularly well for

copper-mediated ATRP, while phosphorus-based ligands are rarely used due to less effectiveness.

Therefore, this work aims to explore for the first time a facile, simple, and inexpensive ionic liquid (IL),

1-phenyl-3-methylimidazole diphenyl phosphate ([Phmim][Ph2PO4]), as an efficient phosphorus ligand

for CuBr2-mediated reverse ATRP. The key to success is ascribed to stronger complexation of the IL

ligand with the catalyst and higher solubility of the resulting complex. The polymerizations proceeded in

a controlled/“living” fashion, as evidenced by first-order kinetics, linear evolution of molecular weights

with monomer conversion, and narrow molecular weight distributions. Effects of various experimental

parameters—solvent, reaction temperature, IL, and molar ratio of CuBr2/[Phmim][Ph2PO4]—on the

polymerization were investigated in detail. Furthermore, 1H NMR analysis confirmed the halogen-

containing chain-end functionality of the resultant polymer.
Introduction

Atom transfer radical polymerization (ATRP) has attracted
considerable interest over the past twenty years because it can
easily synthesize vinyl polymers with well-controlled molecular
weights, narrow molecular weight distributions, and functional
end-functionalities.1–5 Normal ATRP proceeds via a redox
process where an alkyl halide is activated by a transition-metal
catalyst, generating the corresponding alkyl radical and the
transition-metal complex in its higher oxidation state.6–9 One
serious disadvantage of ATRP is the air sensitivity of transition-
metal complexes in their lower oxidation states.10 Reverse ATRP
was developed to overcome the above drawback. It has two
advantages in comparison with normal ATRP: a conventional
radical initiator is used instead of an organic halide, which is
generally toxic and expensive, and the transition-metal complex
in its higher oxidation state is air-stable.11

Generally, ligand plays key role in solubilizing the transition-
metal complex and in adjusting the redox potential of the metal
center for appropriate reactivity in a ATRP process.12 Generally,
nitrogen ligands work particularly well for copper-mediated
ATRP but phosphorus-based ligands are rarely used ATRP due
ng, State Key Laboratory of Separation

ianjin Polytechnic University, Tianjin

u.cn

28
to less effectiveness. Ionic liquids (ILs) have drawn signicant
attention in the past few years. They have unique properties,
such as low vapor pressure, non-ammability, and good solu-
bility to transition-metal catalyst. Particularly, they are used as
alternative for reaction media, extraction solvent for separation
and recovery, and particularly used as ligand for ATRP.13–16

To date, there have many studies on ILs as reaction media or
ligand for ATRP.17–26 The use of 1-butyl-3-methylimidazolium
hexauorophosphate ([C4mim][PF6]) as solvent for copper(I)-
mediated ATRP of methyl methacrylate (MMA) was rst re-
ported by Carmichael et al.27 This report opened an avenue to
the preparation of well-dened polymers by ATRP with IL as
ligand. Particularly, IL as ligand instead of expensive nitrogen
compounds for copper-catalyzed ATRP systems is possible.
Matyjaszewski's group investigated copper(I) and iron(II)-cata-
lyzed normal ATRP of MMA with various ILs as ligands.28 These
ILs with 1-alkyl-3-methylimidazolium ([Rmim], R represents an
alkyl group) as cations contained different anions such as Cl�,
Br�, CO3

�, AlCl4
�, [(C4H9)2PO4]

�, and etc. Furthermore, Lai's
group explored the [Hmim][RCOO] used as ligand, ethyl 2-
bromoisobutyrate/CuBr as the initiating system for normal
ATRP of MMA.29,30 However, all of above mentioned copper-IL
catalyzed systems were used for normal ATRP. To the best of
our knowledge, only Zhou's group31,32 and Chen's group33 had
used IL as solvent for copper(II)-catalyzed reverse ATRP. The ILs
in these polymerization systems generally used expensive
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 1H NMR spectrum of [Phmim][Ph2PO4]. Reaction conditions:
[MIM]0/[Ph3PO4]0 ¼ 1 : 1, reaction time ¼ 10 h, T ¼ 150 �C.
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anion, such as PF6
�, BF4

�, and an organic ligand was usually
required. Thus, it is curious to us why copper(II)-catalyzed
reverse ATRP with IL as ligand was rarely reported.

The aim of this work is to prove the feasibility of the appli-
cation of a novel IL, 1-phenyl-3-methylimidazole diphenyl
phosphate ([Phmim][Ph2PO4]) as efficient phosphorus ligand
for copper(II)-catalyzed reverse ATRP of MMA. Controlled/living
polymerization characteristic were conrmed by kinetic studies
as well as GPC and 1H NMR analyses.

Experimental
Materials

MMA (99%) was washed with 5% NaOH and distilled water
several times to remove the inhibitor, and freshly distilled
under reduced pressure aer drying over Na2SO4. 2,2-Azobisi-
sobutyronitrile (AIBN) was recrystallized twice from ethanol
prior to use. Dimethyl sulfoxide (DMSO, 99%), toluene (99%),
and tetrahydrofuran (THF, 99%) were dried over Na2SO4 before
use. Cupric bromide (CuBr2, 99%, Aladdin), copper sulfate
pentahydrate (CuSO4$5H2O, 99%), cupric nitrate trihydrate
(Cu(NO3)2$3H2O, 99%), cupric acetate monohydrate (Cu(CH3-
COO)2$H2O, 99%), 1-methylimidazole (MIM, 99%, Aladdin),
and triphenyl phosphate (Ph3PO4, 99%) were used as received
without further purication.

Synthesis of [Phmim][Ph2PO4]

Triphenyl phosphate (32.63 g, 0.1 mol) and 1-methylimidazole
(8.24 g, 0.1 mol) was added into a ask in sequence. Then the
mixture was charged with nitrogen before sealed, and placed in
an oil bath at 150 �C for 10 h. Finally, the obtained mixture was
washed with petroleum ether three times to remove the
unreacted triphenyl phosphate. The synthetic route of [Phmim]
[Ph2PO4] is shown in Scheme 1. Yield: 39.78 g (90 wt%). Element
analysis: C 64.70%, H 5.18%, O 15.67% (calculated); C 58.76%,
H 5.58%, O 14.02% (found). In addition, the 1H NMR spectra of
[Phmim][Ph2PO4] is presented in Fig. 1. The signal at 3.56–
3.95 ppm is attributed to the protons of methylene group (CH2,
peak a) in imidazole, and the signals at 6.72–7.65 ppm are
attributed to the protons of benzene (CH, peaks b–f).

Polymerization

A typical polymerization procedure is as follows. MMA, CuBr2,
AIBN, [Phmim][Ph2PO4], and THF with a predetermined molar
ratio were added into a dry Schlenk tube. Then the tube was
immersed in liquid nitrogen for one minute. Subsequently, the
Scheme 1 Synthetic route of [Phmim][Ph2PO4].

This journal is © The Royal Society of Chemistry 2017
mixture was subject to three freeze–pump–thaw cycles to
remove oxygen, charged with nitrogen, and sealed. The tube
with the reaction mixture was placed in an oil bath at the pre-
determined reaction temperature. Aer a desired polymeriza-
tion time, the polymerization mixture was cooled by ice water,
exposed to air, and the content was then diluted with THF to
achieve a homogenous solution. The polymer was then precip-
itated into a large excess of distilled water. The nal polymer
was separated by ltration, and dried under vacuum at 60 �C
until a constant weight. The monomer conversion was deter-
mined gravimetrically.

Characterization
1H NMR spectra of PMMA samples were recorded on a Bruker
300 MHz nuclear magnetic resonance (NMR) instrument using
CDCl3 as the solvent and tetramethylsilane (TMS) as the
internal standard at ambient temperature. The number-average
molecular weight (Mn,GPC) and PDI values of poly(methyl
methacrylate) (PMMA) samples were determined by gel
permeation chromatography (GPC). The GPC system contains
a Waters 510 HPLC pump and Waters 2414 RI detector using
threeWaters Ultrastyragel columns (500, 103, and 105) in THF at
a ow rate of 1.0 mL min�1. The columns were calibrated by
PMMA narrow standards. Elemental analysis was performed on
an elemental Vario EL cube spectrophotometer with an 80 bit
autosampler and a “purge-trap” adsorption analytical column.

Results and discussion
Copper-catalyzed reverse ATRP of MMA utilizing 1-phenyl-3-
methylimidazole diphenyl phosphate ([Phmim][Ph2PO4]) as
the ligand

As mentioned previously, ILs are not efficient ligands for cop-
per(II)-catalyzed reverse ATRP of MMA. Therefore, we rst
reasoned the feasibility of IL as phosphorus-based ligands
ligand for Cu(II)-catalyzed reverse ATRP. Two phosphate-anionic
IL ([Bmim][DBP] and [Phmim][Ph2PO4]) and a common halogen
RSC Adv., 2017, 7, 45022–45028 | 45023
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Fig. 2 Kinetic plots of ln([M]0/[M]) versus reaction time for reverse
ATRP of MMA in THF. Reaction conditions: [MMA]0/[AIBN]0/[CuBr2]0/
[Phmim][Ph2PO4]0¼ 200 : 1 : 2 : 4, [MMA]0¼ 9.4mol L�1, MMA/THF¼
1 : 1 (v/v), T ¼ 70 �C.
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IL ([Bmim][Br]) were examined, and the results are presented in
Table 1.

Obviously, with a common and simple IL 1-butyl-3-
methylimidazole bromine ([Bmim][Br]), the polymerization
only gives 50% monomer conversion within 25 h (entry 1).
Besides, the measured molecular weight value (Mn,GPC ¼
20 500) of the resultant PMMA is much larger than the theo-
retical one (Mn,th ¼ 5300), and the PDI value is as high as 1.79.
These results indicate that the polymerizations have not any
differences in molecular dimensions compared with the
conventional radical polymerization except that it is retarded by
CuBr2.34 Instead, with phosphate-anionic IL, i.e., [Bmim][DBP]
and [Phmim][Ph2PO4], the rate of polymerization enhanced
greatly (entries 2 and 3). At the same time, the difference
between measured molecular weight values and theoretical
ones decreased considerably. The decreasing rule is also re-
ected in the PDI results. Particularly, [Phmim][Ph2PO4]
provided the fastest rate of polymerization (95 monomer
conversions aer 25 h) and the highest control of the radical
polymerization of MMA with the measured Mn,GPC very close to
theoretical Mn,th and low PDI of 1.27 (entry 3). This may be
ascribed to the fact that there exists much stronger complexa-
tion of [Phmim][Ph2PO4] with Cu(II) compound compared with
[Bmim][Br], followed by [Bmim][DBP], and thus the increased
solubility of catalytic system will avail the function of reverse
ATRP process. As a result, [Phmim][Ph2PO4] is the optimal
ligand for reverse ATRP under investigated conditions.

The polymerization catalyzed with CuBr2/[Phmim][Ph2PO4]
in presence of AIBN as the radical source was investigated in
detail to follow the evolutions of molecular weight and PDI
values. The CuBr2–[Phmim][Ph2PO4] catalyzed reverse ATRP of
MMA was rst performed with [MMA]0/[AIBN]0/[CuBr2]0/[IL]0 ¼
200 : 1 : 2 : 4 in THF at 70 �C. The monomer conversion and
ln([M]0/[M]) versus reaction time are plotted in Fig. 2. Clearly,
a quasi-linear semilogarithmic kinetics is observed, suggesting
that the propagating radical concentrations remained almost
unchanged during the polymerization process. Additionally,
there is a certain deviation from linearity, suggesting the pres-
ence of unavoidable termination or transfer reactions for
radical polymerization. It is also noted that there is an induc-
tion period of 8.5 h at the beginning of polymerization.35 This
indicates that the polymerization needs some time to decom-
pose AIBN and establish a dynamic equilibrium between the
Cu(I) and Cu(II) species.36,37 Besides, the inhibition caused by
a high concentration of high valence copper at the initial stage
or the incomplete degassing of oxygen may also lead to
a lengthened induction period.
Table 1 Effect of ILs on reverse ATRP of MMAa

Entry ILs Conv. (%) Mn,th (Da) Mn,GPC (Da) PDI

1 [Bmim]Br 50 5300 20 500 1.79
2 [Bmim][DBP] 85 9100 16 100 1.39
3 [Phmim][Ph2PO4] 95 10 100 15 800 1.27

a [MMA]0/[AIBN]0/[CuBr2]0/[IL]0 ¼ 200 : 1 : 2 : 4, [MMA]0 ¼ 9.4 mol L�1,
time ¼ 25 h, MMA/THF ¼ 1 : 1 (v/v), T ¼ 70 �C.

45024 | RSC Adv., 2017, 7, 45022–45028
The Mn,th of PMMA obtained from reverse ATRP can be
calculated based on the following equation:38

Mn;th ¼ ½MMA�0 � Conv:�MMMA

2½AIBN�0ð1� e�kdtÞ
where [MMA]0 and [AIBN]0 correspond to the initial concen-
trations of MMA and AIBN, respectively. Conv. is the monomer
conversion.MMMA is the molecular weight of MMA. The value of
kd refers to decomposition rate at 70 �C, and t corresponds to
the reaction time. Fig. 3 illustrates that the molecular weight
(Mn,GPC) values of the polymers increased linearly with mono-
mer conversions. Meanwhile, the PDI values (1.25–1.46) of the
obtained PMMA samples remained low throughout the poly-
merization process. However, a certain deviation from linearity
is observed, implying that there were unavoidable termination
or transfer reactions. The result can be clearly seen in the cor-
responding GPC curve of the polymers (Fig. 4). The curves are
Fig. 3 Evolution of Mn (— theoretical) and PDI with monomer
conversion for reverse ATRP of MMA in THF. Reaction conditions:
[MMA]0/[AIBN]0/[CuBr2]0/[Phmim][Ph2PO4]0 ¼ 200 : 1 : 2 : 4, [MMA]0
¼ 9.4 mol L�1, MMA/THF ¼ 1 : 1 (v/v), T ¼ 70 �C.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Evolution of GPC traces for reverse ATRP of MMA in THF at
different monomer conversions: 16%, 39%, 64%, 76%, 85%, and 92%.
Reaction conditions: [MMA]0/[AIBN]0/[CuBr2]0/[Phmim][Ph2PO4]0 ¼
200 : 1 : 2 : 4, [MMA]0 ¼ 9.4 mol L�1, MMA/THF¼ 1 : 1 (v/v), T ¼ 70 �C.
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nearly narrow and symmetrical. Moreover, the traces of the
obtained typical polymers shi toward shorter elution time,
indicating the increase of Mn,GPC with monomer conversion.
Nevertheless, the GPC traces are not symmetrical at higher
yields, and the molecular weight distribution curves and PDI
values do not gradually decrease, indicating a partial loss of
control over the polymerization. Therefore the results suggest
that the CuBr2–[Phmim][Ph2PO4]-catalyzed reverse ATRP of
MMA possess the controlled/“living” radical polymerization
characteristics of ATRP.37
Effect of solvent

The effect of various solvent on CuBr2–[Phmim][Ph2PO4] cata-
lyzed reverse ATRP of MMA was studied. As shown in Table 2,
for the polymerization conducted in bulk, the monomer
conversion reached 95% within 16 h (entry 1). The measured
molecular weight value (Mn,GPC ¼ 13 000) is very close to the
theoretical one (Mn,th ¼ 11 400). However, the measured PDI
value is as high as 1.42. For the polymerization conducted in
THF, the polymerization yielding 95% monomer conversion
aer 25 h (entry 2). The measured Mn,GPC ¼ 15 800 is slightly
higher than the theoretical Mn,th ¼ 10 100. Particularly, the
measured PDI value (PDI ¼ 1.27) is the lowest among the
investigated reaction medias. For the polymerization conducted
Table 2 Effect of solvent on reverse ATRP of MMAa

Entry Solvent Conv. (%) Mn,th (Da) Mn,GPC (Da) PDI

1b Bulk 95 11 400 13 000 1.42
2 THF 95 10 100 15 800 1.27
3 Toluene 96 10 200 13 000 1.42
4 DMSO 26 2800 2600 1.40

a [MMA]0/[AIBN]0/[CuBr2]0/[Phmim][Ph2PO4]0 ¼ 200 : 1 : 2 : 4, [MMA]0
¼ 9.4 mol L�1, time ¼ 25 h, MMA/solvent ¼ 1 : 1 (v/v), T ¼ 70 �C.
b Reaction time ¼ 16 h.

This journal is © The Royal Society of Chemistry 2017
in toluene, the polymerization achieved 96% monomer
conversion within the same time (entry 3). Meanwhile, the
measured molecular weight value Mn,GPC ¼ 13 000 match with
theoretical one Mn,th ¼ 10 200. However, the measured PDI
value is slightly high (i.e., 1.42). For the polymerization con-
ducted in DMSO, the monomer conversion only reach 26%
within 25 h, and both the measured Mn,GPC ¼ 2600 was low
(entry 4), but the measured PDI value (PDI ¼ 1.40) is relatively
high. To sum up, though bulk and toluene systems can yield
fast rates of polymerizations (95% and 96% monomer conver-
sions) and the measured PDI values reached up to 1.42. The
obvious difference of the polymerization results may be attrib-
uted to the disproportionation reaction of the generated acti-
vator Cu+ for DMSO.39 For toluene, a nonpolar nature did not
exhibit excellent solubility for the catalyst system. Therefore,
THF is the optimal solvent for the investigated systems, as evi-
denced from the results that the corresponding polymerization
obtained 95%monomer conversion, and produced well-dened
PMMA with controlledMn,GPC (15 800) close toMn,th (10 100) as
well as the lowest PDI value (1.27).
Effect of [AIBN]0/[CuBr2]0/[IL]0

For an ideal reverse ATRP, it is necessary to use an appropriate
molar ratio of catalyst/ligand to obtain a high control of the
polymerization.40 For the sake of comparison, the control
experiment, the conventional free radical polymerization of
MMA in absence of the CuBr2 or IL was rst carried out at 70 �C.
The polymerization results are summarized in entries 1–3 of
Table 3. For the conventional radical polymerization in absence
of CuBr2 and IL, the monomer conversion reached 91% within
10 h (entry 1). The measured molecular weight value Mn,GPC ¼
35 300 is much larger than theoretical one Mn,th ¼ 13 500, and
the PDI value is as high as 1.56. Likewise, for the polymerization
system free of CuBr2, the monomer conversion reached 88%
within 10 h, and the measured Mn,GPC ¼ 33 400 is much larger
than theoretical Mn,th ¼ 13 100, and the PDI value is 1.87
(entry 2). Finally, the polymerization with only CuBr2 is greatly
retarded of inhibited, yielding a low monomer conversion of
35% within 31 h as well as a low polymer molecular weight of
5600 and a high PDI value of 1.72 (entry 3). Therefore, the blank
conventional radical polymerizations in presence of CuBr2 or IL
cannot proceed via reverse ATRP process and were out of
control under the investigated reaction conditions.

Alternatively, effect of [CuBr2]0/[IL]0 on the polymerization
was investigated under similar reaction conditions. For entries
4–6, and 9, the molar ratio of [CuBr2]0/[IL]0 is 1 : 2. The poly-
merization reached 88% and 91% monomer conversion within
25 h for [AIBN]0/[CuBr2]0/[IL]0 ¼ 1 : 0.5 : 1 and 1 : 1 : 2, respec-
tively (entries 4–5). For [AIBN]0/[CuBr2]0/[IL]0 ¼ 1 : 2 : 4, the
polymerization gived 95% monomer conversion within 25 h
(entry 6). Decreasing [AIBN]0/[CuBr2]0/[IL]0 down to 1 : 4 : 8, the
polymerization yield 98% conversion within 25 h (entry 9). Thus
lowering the molar ratio of [AIBN]0/[CuBr2]0/[IL]0 can slightly
enhance the monomer conversion. The same rule can be seen
from the evolution of the molecular weight and PDI values with
different [AIBN]0/[CuBr2]0/[IL]0 values, as shown in Table 3,
RSC Adv., 2017, 7, 45022–45028 | 45025
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Table 3 Effect of molar ratio of CuBr2 to IL on reverse ATRP of MMAa

Entry [MMA]0/[AIBN]0/[CuBr2]0/[IL]0 Time (h) Conv. (%) Mn,th (Da) Mn,GPC (Da) PDI

1 200/1/0/0 10 91 13 500 35 300 1.56
2 200/1/0/4 10 88 13 100 33 400 1.87
3 200/1/2/0 31 35 3600 5600 1.72
4 200/1/0.5/1 25 88 9400 19 100 1.32
5 200/1/1/2 25 91 9700 16 300 1.27
6 200/1/2/4 25 95 10 100 15 800 1.27
7 200/1/2/6 25 94 10 000 21 600 1.39
8 200/1/2/8 25 92 9800 17 100 1.37
9 200/1/4/8 25 98 10 400 25 200 1.38

a IL: [Phmim][Ph2PO4], [MMA]0 ¼ 9.4 mol L�1, MMA/THF ¼ 1 : 1 (v/v), T ¼ 70 �C.
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Fig. 5 and 6. With a high [AIBN]0/[CuBr2]0/[IL]0 value of
1 : 0.5 : 1, the corresponding PDI value is 1.32. With the
decrease of [AIBN]0/[CuBr2]0/[IL]0 down to 1 : 1 : 2 and 1 : 2 : 4,
the corresponding PDI values remain 1.27. Further decreasing
the molar ratio of [AIBN]0/[CuBr2]0/[IL]0 to 1 : 4 : 8, the corre-
sponding PDI value increased up to 1.38. In case of molecular
weight, with the [AIBN]0/[CuBr2]0/[IL]0 of 1 : 2 : 4, the measured
Mn,GPC ¼ 15 800 is the closest to theoretical Mn,th ¼ 10 100
among the four catalytic systems i.e. the initiator efficiency is
the highest (Fig. 6). For entries 6–8, the monomer conversion
decrease with increase of the amount of IL ([CuBr2]0/[IL]0 ¼
2 : 4, 2 : 6, and 2 : 8). With a molar ratio of [CuBr2]0/[IL]0 ¼ 2 : 4,
the measured Mn,GPC is close to theoretical one, and the PDI
value (1.27) is the lowest among three polymerizations. There-
fore, all these results indicate that selecting a suitable molar
ratio of [CuBr2]0/[IL]0 ¼ 2 : 4 is extremely important for reverse
ATRP of MMA.
Effect of reaction temperature

Reaction temperature was also investigated in order to
reduce polymerization duration and improve the control of
Fig. 5 Dependence of conversion and PDI on the molar ratio of
[CuBr2]0/[Phmim][Ph2PO4]0 for reverse ATRP of MMA in THF. Reaction
conditions: [MMA]0/[AIBN]0¼ 200 : 1, MMA/THF¼ 1 : 1 (v/v), [MMA]0¼
9.4 mol L�1, T ¼ 70 �C.

45026 | RSC Adv., 2017, 7, 45022–45028
molecular weight and PDI. For the temperature of 60–80 �C,
the polymerizations yielded higher monomer conversions
than 90 �C aer 25 h (entries 1–3 in Table 4). However, when
the temperature increased up to 90 �C, a lower monomer
conversion of 75% within 25 h is observed (entry 4). The
decrease in rate of polymerization is attributed to the high
primary radical concentration at the start of the polymeri-
zation and the accompanying relatively fast rate of biradical
termination, leading to the insufficient supply of reactive
radicals at the later stage of polymerization.41 Concerning the
control over the molecular weights at four investigated
temperature, the polymers of higher molecular weight higher
than 14 000 were all obtained, and the difference between
measured molecular weight value and theoretical one tended
to enlarge with the increase of reaction temperature. Never-
theless, more attention should be paid to the inuence of
reaction temperature on the PDI. Clearly, a lower tempera-
ture of 60 �C or higher temperatures of 80 and 90 �C will
increase the PDI results. Comparatively speaking, 70 �C is an
optimal temperature to provide a low PDI value of
1.27 together with a higher monomer conversion and
controlled molecular weight of polymer.
Fig. 6 Dependence of Mn,GPC and initiator efficiency (f) on the molar
ratio of [CuBr2]0/[Phmim][Ph2PO4]0 for reverse ATRP of MMA in THF.
Reaction conditions: [MMA]0/[AIBN]0 ¼ 200 : 1, MMA/THF ¼ 1 : 1 (v/v),
[MMA]0 ¼ 9.4 mol L�1, T ¼ 70 �C.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Effect of temperature on reverse ATRP of MMAa

Entry Temperature (�C) Conv. (%) Mn,th (Da) Mn,GPC (Da) PDI

1 60 94 9400 14 300 1.38
2 70 95 10 100 15 800 1.27
3 80 95 9500 26 900 1.32
4 90 75 7500 10 700 1.31

a [MMA]0/[AIBN]0/[CuBr2]0/[Phmim][Ph2PO4]0 ¼ 200 : 1 : 2 : 4, [MMA]0
¼ 9.4 mol L�1, time ¼ 25 h, MMA/THF ¼ 1 : 1 (v/v).
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Chain-end functionality

The structure of PMMA obtained at 16% monomer conversion
(Mn,GPC ¼ 3800, PDI ¼ 1.25) via CuBr2–[Phmim][Ph2PO4] cata-
lyzed reverse ATRP with [MMA]0/[AIBN]0/[CuBr2]0/[Phmim]
[Ph2PO4]0 ¼ 200 : 1 : 2 : 4 is characterized by 1H NMR tech-
nique. As exhibited in Fig. 7, the chemical shi at 0.65–
1.25 ppm was reasonably assigned to the protons of methyl
protons (CH3, peak b). The chemical shi at 1.33–2.10 ppm was
attributed to methylene protons (CH2, peak a) in the main
chain. The chemical shi at 3.48–3.71 ppm was attributed to
methoxy protons (OCH3, peak c). Moreover, the chemical shi
at 3.74–3.84 ppm corresponded to the protons of OCH3 adjacent
to the bromine atom (peak d), proving the presence of the
containing-halogen end group, CH2CCl(CH3)(COOCH3), which
is consistent with the literature reports.42 The Mn,NMR (3100)
value can be calculated from the ratio of the methylene protons
(peak a) to the terminal ones (peak d), which is very close to the
Mn,GPC (3800), indicating that the PMMA is end-capped by Br
with high delity. Thus the radical polymerization of MMA
mediated by CuBr2–[Phmim][Ph2PO4] follows the reverse ATRP
mechanism.
Fig. 7 1H NMR spectrum of PMMA obtained from reverse ATRP of
MMA in THF. Reaction conditions: [MMA]0/[AIBN]0/[CuBr2]0/[Phmim]
[Ph2PO4]0 ¼ 200 : 1 : 2 : 4, [MMA]0 ¼ 9.4 mol L�1, MMA/THF ¼ 1 : 1
(v/v), reaction time ¼ 9 h, monomer conversion ¼ 16%, T ¼ 70 �C.

This journal is © The Royal Society of Chemistry 2017
Conclusions

Facile, simple, and inexpensive ionic liquid (IL), 1-phenyl-3-
methylimidazole diphenyl phosphate ([Phmim][Ph2PO4]), has
been successfully used as efficient phosphorus ligand for CuBr2-
mediated reverse ATRP. The results show that IL provided the
optimal controlled/living nature, as evidenced from ideal rate of
polymerization, well control of molecular weight and PDI
values, and bromine-containing chain-end delity conrmed by
1H NMR spectroscopy. Varied experimental parameters
including solvent, reaction temperature, IL, and molar ratio of
CuBr2/[Phmim][Ph2PO4] were tested to improve the control of
the polymerization. Thus we believe that the facile, inexpensive,
and simple catalytic system, the combination of phosphate IL
and high-valence copper compound, provides a simple and
efficient approach to reverse ATRP reactions of various vinyl
monomers.
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