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HIGHLIGHTS

ATRP of styrene type monomers were achieved at low temperatures.
• Controlled
of 4-MeOSt provided polymers rather than oligomers.
• ATRP
of polystyrene was gradually enhanced by lowering the temperature.
• Stereospecificity
• A series of novel SaBOX ligands exhibited high activity at low temperature.
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A series of side-armed bisoxazoline (SaBOX) ligands have been designed and prepared, which exhibited high
activity under (SARA) ATRP conditions even at low temperatures. Notably, both polymerization rate and controllability on molecular weight (MW) were significantly improved by using 4-MeOSt as monomer instead of
styrene under the conditions in this work, which is significantly different from the previous reports that only
oligomers were produced in the conventional ATRP of 4-MeOSt due to the presence of cationic species.
Systematic studies indicated that SaBOX ligand enabled the low polymerization temperature, which is necessary
to suppress the cationic polymerization process and produce high MW polymers rather than oligomers during the
ATRP of 4-MeOSt. Meanwhile, the highly active SaBOX ligand guaranteed the high polymerization rate and good
controllability. Moreover, by employing these SaBOX ligands, the controlled ATRP of styrene and substituted
styrenes could be successfully achieved at low temperatures (−30 °C–25 °C), producing polymers with molecular
weights close to theoretical values and relatively narrow molecular weight distributions (Đs = 1.2–1.5). More
notably, the triad syndiotacticity (rr) of polystyrene was gradually enhanced from 48% to 62% by lowering the
polymerization temperature, which demonstrated that the stereospecificity could be tuned in ATRP of styrene
for the first time. The improved syndiotacticity and the subdued side reactions indicated the superiority and
necessity of the polymerization at low temperature for ATRP in some aspects.

1. Introduction
Generally, high reaction temperatures (≥80 °C) are necessary for
ATRP of styrene type monomers to maintain a sufficiently large propagation rate. One of the most extensively studied systems is the
polymerization of styrene conducted at 110–130 °C with CuX/(dNbpy)2
as the catalyst [1]. The reaction temperature can be lowered to
80–90 °C with the use of a more efficient catalyst, such as CuBr/
PMDETA [2]. Under these conventional conditions, the polymerization

∗

of styrene and styrene monomers with electron-withdrawing (EW)
substituents can proceed well with good controllability. However, for
the styrene monomers bearing electron-donating (ED) substituents, the
polymerization rate is slow and the controllability is poor [3]. And the
polymerization of 4-MeOSt, which contains a strong ED substituent,
gave only oligomers under conventional ATRP conditions, probably
because of the formation of cationic propagating species via the heterolysis of the dormant C–Br or the oxidation of free radicals by Cu(Ⅱ)
species [4]. On the other hand, higher stereospecificity has been
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achieved in the ATRP for simple monomers such as methacrylates and
(meth)acrylamides, via employing specific solvents (bulky fluorinated
alcohols) [5], additives (bulky Lewis acids) [6] or catalysts (side-armed
bisoxazoline (SaBOX)/copper complex) [7] at relatively low temperatures, while the stereospecific ATRP of styrene type monomers has been
seldom reported [8].
ATRP at low temperature would be advantageous and necessary in a
few aspects, as thermal crosslinking, chain transfer, thermal self-initiation, as well as other side reactions occurred less readily [9] and
higher stereoregular polymers were produced at low temperature
[5–7]. Therefore, the highly active and compatible catalytic system for
low temperature ATRP has been extensively explored and are very
limited. Recently, as an optimized approach of conventional ATRP, Cu
(0)-RDRP [10] (Cu(0)-involved reversible deactivation radical polymerization, typically referred to as either single electron transfer (SET)
LRP or supplemental activation and reducing agents (SARA) ATRP) was
reported for the polymerization of acrylates, methacrylates and vinyl
chloride at ambient temperature or lower temperatures, which produced ultrahigh molecular weight and/or highly syndiotactic polymers.
Nevertheless, the conventional ATRP or Cu(0)-RDRP of styrene type
monomers at low temperatures is still a significant unsolved problem.
For instance, Dhamodharan et al. conducted the SET-LRP of styrene
mediated by copper catalyst at ambient temperature, however, the
polydispersity (PDI) of the resultant polystyrene was broad (around
2.50) [11]. Very recently, Hawker's group reported the controlled
polymerization of styrene via (SARA) ATRP. Nevertheless, no conversion of monomer was detected in 36 h when lowering the temperature
to 40 °C [12a]. The groups of Coelho and Zhu reported the polymerizations of styrene at room temperature under (ARGET) ATRP and
(SARA) ATRP conditions, respectively, in which the polymerizations
proceeded slowly furnishing conversions around 10% in 40 h [12b,c].
As we all know, there has been no report about conventional ATRP or
Cu(0)-RDRP of styrene and substituted styrenes at ambient temperature
and lower temperatures (< 0 °C) to produce polymers with good controllability and improved syndiotacticity so far, probably due to the
lack of highly active and compatible catalytic system.
Previously, we developed a kind of SaBOX ligands, which exhibited
high activity in (SARA) ATRP of methyl methacrylate (MMA). The
polymerization temperature could be lowered to −60 °C and highly
syndiotactic PMMA was produced [7a]. As a further study, we have
recently explored the low temperature (SARA) ATRP of styrene and
some substituted styrenes (Scheme 1) by employing this kind of highly
active SaBOX ligands. Very controlled polymerizations were realized at
low temperature (−30 °C ∼ room temperature), which is necessary to
provide polystyrenes with enhanced syndiotacticity and the polymers of
4-MeOSt rather than oligomers for the first time. Herein, we reported
the results in details.

sluggish, achieving a conversion of 27% in 48 h. L2 was a more inefficient ligand for the ATRP of styrene. The conversion was only 10%
in 48 h and the MW distribution was even broader (Đ = 2.6) by employing L2 as the ligand. Unexpectedly, the ligands with alkyl substituents L3 and L4, which were not efficient in the ATRP of MMA [7],
achieved higher polymerization rate, giving conversions of 40% and
42% in 48 h, respectively. However, the MW distributions of the resultant polymers were still broad (Đ = 1.7–1.9). Mediated by L5, the
ATRP of styrene exhibited a relatively high rate with a conversion of
41% in 48 h and a better controllability (Đ = 1.4). For comparison, the
two commonly-employed ligands with high activity, Me6TREN and
PMDETA were also utilized in the ambient temperature ATRP of styrene
(runs 1 and 2). However, the conversions were lower than 20%, and the
molecular weights were much higher than theoretical values and the
MW distributions were very broad (Đs = 2.0–2.4). Based on above results, the indane-BOX is optimal as the ligand scaffold for ambient
temperature ATRP of styrene.
Next, the further study was focused on the side arm strategy to
achieve higher polymerization rate and better MW controllability.
Firstly, we employed two SaBOX ligands with two pendant phenyl
(L5a) or cyclohexyl (L5b) groups, which were reported before (Scheme
1). Similar with the ATRP of MMA previously reported by our group
[7a], there is no obvious change in both polymerization rate and controllability by substituting L5 with L5a. By contrast, both the polymerization rate and MW controllability were improved by using L5b as
the ligand instead of L5. The conversion was 44% in 48 h and the MW
distribution was relatively narrow (Đ = 1.3). Besides, the measured Mn
closely approximates the theoretical value. The results of styrene
polymerizations mediated by L3 and L4 indicated that the introduction
of alkyl groups to the ligands seemed to be beneficial for the performance. This might be due to that the alkyl group enhanced the solubility of catalysts in a system with weak polarity. Therefore, we designed three new ligands (L5c, L5d and L5e, Scheme 1) by introducing
linear alkyl chains with different length as side arms. As shown in
Table 1, compared to L5b, the newly designed ligands indeed achieved
faster polymerization rate and comparable controllability in the polymerizations of styrene. The conversions were 48%, 50% and 50% in
48 h by employing L5c, L5d and L5e, respectively. The MW distributions were 1.4–1.5. A linear first-order kinetic plot and an agreement
between experimental and theoretical MW proved a controlled polymerization for the ATRP of styrene that was conducted at room temperature using L5d as the ligand (Fig. 1).
2.2. The ATRP of Substituted Styrenes at Ambient Temperature Employing
Typical BOX Ligands
As two typical substituted styrene monomers, 4-bromostyrene (4BrSt) and 4-methylphenylene (4-MeSt) were polymerized by employing
ligands L0, L5, L5b and L5d, respectively, in order to correlate electronic effect of the monomer with polymerization rate and controllability in the chosen system. Different from the polymerization of
styrene, L5b was more efficient than L5d for the polymerizations of
these two substituted styrene monomers, probably due to the varied
polarity of the reaction system employing different monomers. When 4MeSt was used as the monomer instead of styrene, the polymerization
rate was slower (achieving a conversion of 45% in 69 h) and the MW
distribution was broader (Đ = 1.5) by using L5b as the ligand. By
contrast, 4-BrSt with an electron-withdrawing (EW) substituent led to a
faster polymerization rate and a good controllability compared with
styrene, giving a conversion of 53% in 39 h and producing polymers
with narrow MW distribution (Đ = 1.3). These results are consistent
with the previous reports and due to that an EW substituent increases
the energy of the dormant species P-X by destabilizing the partial positive charge of the carbon at the chain end and consequently decreases
the bond dissociation energy of C-X [3].
In order to analyze the retained chain ends precisely by MALDI-TOF

2. Results and discussion
2.1. The ATRP of Styrene at Ambient Temperature Employing Various BOX
Ligands
The highly active ligand is the key issue for exploring the low
temperature effect on ATRP of styrene type monomers. Thus, we firstly
investigated the scaffold effect of common ligands on the ATRP of
styrene at ambient temperature (25 ± 2 °C) under the commonly used
(SARA) ATRP conditions (elemental copper as the reducing agent, 2bromopropionitrile (2-BPN) as an initiator and CuBr2/BOX as the catalyst). The results are summarized in Table 1, which clearly showed
that the structure of BOX scaffold had a significant influence on the
polymerization rate and controllability. All the polymerizations were
conducted for 48 h to avoid significant vitrification at high conversion.
Employing L0 as the ligand, the polymerization proceeded mildly,
giving a conversion of 38% in 48 h and producing PS with broad MW
distribution (Đ = 1.9). The polymerization mediated by L1 was
2
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Scheme 1. Ligands and Monomers Employed in Current Work.

MS and 1H NMR, polymers with low MWs were prepared using ligand
L5b or L5d (Supplementary Table S1). The 1H NMR spectra (Fig. 2 and
Supplementary Figs. S1–2) of polystyrene, poly(4-MeSt) and poly(4BrSt) indicated the presence of bromo-terminated chains
(δ = 4.34–4.64 ppm for CH(Ph)Br, δ = 4.37–4.66 ppm for CH(4-MePh)
Br, δ = 4.12–4.52 ppm for CH(4-BrPh)Br, respectively, in CDCl3) [13],
characteristic of chains obtained through an ATRP mechanism. The
MALDI-TOF spectrum (Fig. 3) of polystyrene showed three families of
peaks. The main and tiny peaks correspond to analytes having the
formulas
CH3CH(CN)(Sty)nCH = CH(Ph)Ag+
and
CH3CH(CN)
(Sty)n+1CH]CH(Ph)K+, respectively. As vinyl-terminated end-group
resonances are not observed in the NMR, it was believed that these
species correspond to bromo-terminated chains that have undergone a
dehydrobromination process upon contact with the silver salt [13]. The
other set of peaks match the molecular formula CH3CH(CN)
(Sty)nCH2CH(Ph)BrK+, namely the dormant chains formed during
ATRP with the potassium ions. Similarly, the MALDI-TOF spectrum of
poly(4-MeSt) shows two families of peaks (Supplementary Fig. S3). The
main peaks correspond to the molecular formula CH3CH(CN)(4MeSt)nCH = CH(4-MePh)Ag+. The other set of peaks match the species
having the molecular formula CH3CH(CN)(4-MeSt)nCH2CH(4-MePh)

Table 1
The ATRP of styrene at ambient temperaturea.
Run

Ligand

Conv.b

Mn,

1
2
3
4
5
6
7
8
9
10
11
12
13

Me6TREN
PMDETA
L0
L1
L2
L3
L4
L5
L5a
L5b
L5c
L5d
L5e

15
18
38
27
10
40
42
41
40
44
48
50
50

1.70
2.01
4.09
2.95
1.18
4.30
4.51
4.40
4.30
4.72
5.13
5.34
5.34

theory

(103)

Mn,

c
GPC

7.78
15.4
9.28
47.1
34.5
7.57
9.60
7.56
8.22
6.40
7.32
6.74
7.56

(103)

Đc
2.4
2.0
1.9
1.8
2.6
1.9
1.7
1.4
1.6
1.3
1.5
1.4
1.5

a
Reaction conditions: n(M):n(BPN):n(CuBr2):n(Ligand):n(Cu(0)) = 200:2:1:2:4,
n(M) = 5 mmol, at ambient temperature (25 ± 2) oC, THF (0.1 mL) was employed
as the solvent to prepare the catalyst solution, 48 h.
b
Monomer conversion measured by 1H NMR.
c
Number-average molecular weights and polydispersity indices determined
by GPC at 25 °C in THF vs. narrow PS standards, Đ = Mw/Mn.

Fig. 1. (a) First-order kinetic plot as well as (b) evolution of MW and Đ (Mw/Mn) as a function of conversion for ATRP of styrene employing L5d as the ligand at
ambient temperature.
3
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Fig. 2. 1H NMR spectrum (CDCl3, 25 °C) for PS with a low polymerization degree (run 1 in Table S1).

Fig. 3. MALDI-TOF mass spectrum of PS with a low polymerization degree (run
1 in Table S1). ●: CH3CH(CN)(Sty)nCH = CH(Ph)Ag+, ■: CH3CH(CN)
(Sty)nCH2CH(Ph)BrK+, ▲: CH3CH(CN)(Sty)n+1 CH]CH(Ph)K+.

Fig. 4. GPC traces of (a) poly(4-BrSt) homopolymer (Mn = 3370, Đ = 1.5); (b)
block copolymer poly(4-BrSt)-b-poly(4-MeSt) (Mn = 8227, Đ = 1.4).

BrK+, namely the dormant chains with the potassium ions. To demonstrate the presence of an active end group, a poly(4-BrSt) homopolymer (Mn = 3370, Đ = 1.5) was employed as macroinitiator for
chain extension with 4-MeSt as the monomer at 60 °C under the similar
polymerization conditions mentioned above for 42 h. A clear shift in the
MW and a final Mn of 8227 as well as a low dispersity value (final
Đ = 1.4) were observed by GPC, demonstrating high end group fidelity
of the resultant poly(4-BrSt) (Fig. 4). These results manifested that all
the polymerizations of styrene, 4-MeSt and 4-BrSt proceeded in ATRP
manner.

high conversion of 61% in 2.5 h and producing polymers with high MW
(Mn = 7.97 × 103, Đ = 1.2). This seemed that the stability of the secondary radical might have a much more important influence on the
activation rate (Scheme 2). Because a possible extra contributing
structure, drawn as radical I, provided additional stabilization for the
radical generated by dissociation of C-X [14]. Therefore, the polymerization rate was much faster than that for styrene. Another possible
reason is that cationic active species existed in the system, and the
polymerizations partially proceeded via cationic mechanism. By contrast, Me6TREN and PMDETA gave much lower conversions of ca. 20%
over a much longer period of time, and their control over MW were very
poor under the same conditions (runs 13–14).
In order to understand the mechanism for the polymerization of 4MeOSt, we analyzed the structure of the resultant polymer in details
and found the structure of poly(4-MeOSt) was much different from
those of the polymers mentioned above. The 1H NMR spectrum of poly
(4-MeOSt) indicated the presence of bromo-terminated chains
(Supplementary Fig. S4, δ = 4.09–4.37 ppm for CH(4-MeOPh)Br in
CDCl3) [13], characteristic of chains obtained through an ATRP

2.3. The Polymerization of 4-MeOSt under (SARA) ATRP Conditions
According to previous reports, the conventional ATRP of 4-MeOSt,
which bears a strong ED substituent on the para-position of styrene
monomer, only gave oligomers, probably because of the formation of
cationic propagating species via the heterolysis of the dormant C–Br or
the oxidation of free radicals by Cu(Ⅱ) species [4]. To our surprise, the
polymerization of 4-MeOSt was very fast and the controllability was
good by the CuBr2/L5b catalytic system (run 11 in Table 2), giving a
4
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(4.09–4.37 ppm) [13]. Besides, as shown in Fig. 5a, the MALDI-TOF MS
spectrum of the polymer showed two set of peaks having the formula H(4MeOSt)n+1CH]CH(4-MeOPh)H+ and H(4-MeOSt)nCH = CH(4-MeOPh)Ag+, respectively. These results confirmed that nearly all the polymers
were produced via the mechanism of cationic polymerization at 60 °C due
to the H+ transfer process. While, the polymerization of 4-MeOSt at ambient temperature was mild and the conversion reached to 67% in 6.0 h.
The molecular weight (Mn = 9.20 × 103) was close to the theoretical value
and the molecular weight distribution was narrow (Đ = 1.2). As mentioned
above, the 1H NMR and MALDI-TOF MS analysis indicated that at ambient
temperature, the poly(4-MeOSt) was mainly produced via ATRP mechanism
(Supplementary Figs. S4–5). Further lowering the polymerization temperature to 0 °C, the MALDI-TOF MS and NMR analysis indicated that the
poly(4-MeOSt) components produced via cationic polymerization were almost negligible (Supplementary Figs. S7 and S9). The monomer conversion
gradually increased with polymerization time and the molecular weight of
the polymer gradually rose with the increase of monomer conversion.
Moreover, the molecular weight distribution of the polymer remained very
narrow (runs 3–6, Table 3). The first-order kinetic plot was linear and the
molecular weights agreed with the theoretical values, presenting the characteristics of controllable polymerization (Supplementary Fig. S10). When
the polymerization was conducted at −20 °C, the MALDI-TOF MS analysis
of the resultant poly(4-MeOSt) (Fig. 5b) showed only one set of peaks
matching the molecular formula CH3CH2OOCCH(Ph)(4-MeOSt)nCH = CH
(4-MeOPh)K+, which correspond to polymers produced by the initiation of
EBPA in an ATRP manner. In addition, the 1H NMR spectrum of the
polymer indicated the presence of bromo-terminated chains
(Supplementary Fig. S8, δ = 4.09–4.37 ppm for CH(4-MeOPh)Br in CDCl3)
[13], while no signals corresponding to vinyl-terminated end-group were
observed (5.73–6.11 ppm), indicating that nearly all the polymers were
produced via ATRP mechanism. These results demonstrated that the low
polymerization temperature enabled by SaBOX/Copper catalysts is necessary to suppress side reactions, such as transfer reaction and cationic
polymerization, during ATRP of 4-MeOSt to produce polymers with controlled MWs.
We also studied the temperature effect on the stereospecificity for
the ATRP of styrene. As shown in Table 3 and Fig. 6, the polystyrene
produced by L5d at 60 °C possesses the rr value of 48%, which was
analyzed and calculated according to literature [15], while the polymerization at ambient temperature provided polystyrene with a higher
rr value of 51% (Supplementary Fig. S11). Surprisingly, the polymerization temperature for styrene could be lowered to −30 °C by the
employment of the novel SaBOX ligand L5d and the syndiotacticity was
further improved with the rr value gradually increasing to 62% (Fig. 6
and Supplementary Figs. S11–13). At the same time, the molecular
weight distribution was narrow (Đ = 1.2), indicative of the excellent
controllability of the polymerization. These results were very unusual,
as nearly no conversion of styrene was detected in 90 h at 0 °C when
Me6TREN and PMDETA were employed as the ligands (runs 13–14).
Different from the previous report [15a], the above results showed that
the stereochemistry could be tuned in the radical polymerization of
styrene for the first time.
As discussed above, the investigations about the SaBOX ligands
enabled low temperature ATRP demonstrated the advantage or necessity in some respects, such as reducing side reactions and improving
stereoregularity.

Table 2
The ATRP of substituted styrene monomers at ambient temperaturea.
Run

Monom.

L

t (h)

Conv.b

Mn,

1
2
3
4
5
6
7
8
9
10
11
12
13
14

4-MeSt

L0
L5
L5b
L5d
L0
L5
L5b
L5d
L0
L5
L5b
L5d
Me6TREN
PMDETA

69
69
69
69
39
39
39
39
36
5.0
2.5
7.0
116
67

34
37
45
40
45
47
53
47
24
44
61
50
20
21

4.15
4.51
5.45
4.86
8.37
8.74
9.84
8.74
3.35
6.04
8.32
6.84
2.82
2.95

4-BrSt

4-MeOSt

theory

(103)

Mn, GPCc (103)

Đc

13.1
7.15
9.56
8.57
12.9
11.4
10.8
9.71
26.4
5.55
7.97
5.39
8.57
9.51

1.9
2.0
1.5
1.6
2.0
2.4
1.3
1.5
2.2
1.2
1.2
1.2
1.6
1.7

a

Reaction conditions: n(M):n(BPN):n(CuBr2):n(Ligand):n(Cu(0)) = 200:2:1:2:4,
n(M) = 5 mmol, at ambient temperature (25 ± 2) oC, THF (0.1 mL) was employed
as the solvent to prepare the catalyst solution.
b
Monomer conversion measured by 1H NMR.
c
Number-average molecular weights and polydispersity indices determined
by GPC at 25 °C in THF vs. narrow PS standards, Đ = Mw/Mn.

Scheme 2. Plausible Mechanism for the Radical Polymerization of 4-MeOSt.

mechanism. However, the signals corresponding to vinyl-terminated
end-group were observed at 5.73–6.11 ppm, resulting from transfer
reactions [4]. This is characteristic of chains obtained through a cationic polymerization mechanism. We also employed MALDI-TOF to
analyze the structure of poly(4-MeOSt). Considering that the initiator
BPN has a very similar molecular weight with the monomer 4-MeOSt,
we employed EBPA (ethyl α-bromophenylacetate) as the initiator to
prepare the sample (Mn = 5433) for an accurate analysis. The MALDITOF spectrum (Supplementary Fig. S5) of poly(4-MeOSt) showed three
families of peaks. The two main peak groups matched the molecular
formulas CH3CH2OOCCH(Ph)(4-MeOSt)nCH2CH(4-MeOPh)BrK+ and
CH3CH2OOCCH(Ph)(4-MeOSt)n+1CH]CH(4-MeOPh)Na+, which correspond to polymers produced by the initiation of EBPA. The
other peaks correspond to analyte having the formula H(4MeOSt)n+2CH]CH(4-MeOPh)K+, confirming that a small amount of
polymers were produced via cationic polymerization, namely by the
initiation of H+ formed during chain transfer process.
2.4. The Temperature Effect on ATRP of Styrene and Substituted Styrene
Monomers
With these highly active ligands in hand, we subsequently investigated
the temperature effect on ATRP of styrene type monomers. Firstly, we
conducted the polymerizations of 4-MeOSt at different temperatures
(−20–60 °C) under the similar conditions mentioned above. As shown in
Table 3, using EBPA as the initiator, the polymerization of 4-MeOSt at 60 °C
proceeded very quickly and achieved a high conversion of 72% in 0.5 h by
the ligand L5b. However, the resultant polymer possessed a molecular
weight much lower than the theoretical value (Mn = 5.91 × 103) and the
molecular weight distribution was relatively broad (Đ = 1.6). The 1H NMR
spectrum of the polymer (Supplementary Fig. S6) indicated the conspicuous
signals ascribed to vinyl-terminated end-group (5.73–6.11 ppm) but the
absence of peaks corresponding to bromo-terminated chains

3. Experiments
3.1. Polymerization
All polymerizations were set up and performed under an atmosphere of oxygen-free, dry argon using standard Schlenk-line techniques
or inside a nitrogen-filled glovebox. In an ampule equipped with a
magnetic stirrer bar, a mixture of CuBr2, ligand and Cu(0) powder in
solvent was stirred at room temperature for 2 h under the atmosphere of
5
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Table 3
The (SARA) ATRP at different temperaturesa.
Run

Monomer

L

T (oC)

t (h)

Conv.b (%)

Mn,

1
2
3
4
5
6
7e
8
9
10
11
12
13
14

4-MeOSt

L5b
L5b
L5b
L5b
L5b
L5b
L5b
L5d
L5d
L5d
L5d
L5d
Me6TREN
PMDETA

60
25
0
0
0
0
−20
60
25
0
−20
−30
0
0

0.5
6.0
15
25
40
50
100
28
48
90
100
142
90
90

72
67
17
26
39
49
21
89
50
33
17
17
trace
trace

9.90
8.56
2.52
3.73
5.48
6.82
3.06
9.40
5.34
3.57
1.90
1.90
−
−

St

theory

(103)

Mn,

c
GPC

5.91
9.20
2.87
3.58
5.28
6.51
3.16
9.00
6.74
5.61
4.85
3.51
−
−

(103)

Đc

rr/mr/mmd (%)

1.6
1.2
1.2
1.2
1.2
1.1
1.2
1.3
1.4
1.5
1.2
1.2
−
−

−
−
−
−
−
−
−
48/40/12
51/40/9
54/37/9
56/38/6
62/32/6
−
−

a

Reaction conditions: n(M):n(Initiator):n(CuBr2):n(Ligand):n(Cu(0)) = 200:2:1:2:4, n(M) = 5 mmol, THF (0.1 mL) was employed as the solvent to prepare the
catalyst solution, Initiator = BPN for monomer styrene and Initiator = EBPA for monomer 4-MeOSt.
b
Monomer conversion measured by 1H NMR.
c
Number-average molecular weights and polydispersity indices determined by GPC at 25 °C in THF vs. narrow PS standards, Đ = Mw/Mn.
d
Tacticity determined by13C NMR.
e
THF (0.34 mL) was employed as the solvent.

Fig. 5. MALDI-TOF mass spectra of poly(4-MeOSt) produced respectively at 60 °C (a) and −20 °C (b) by L5d (runs 1 and 7 in Table 3). ●: H(4-MeOSt)nCH = CH(4MeOPh)Ag+, ■: H(4-MeOSt)n+1 CH]CH(4-MeOPh)H+, ▲: CH3CH2OOCCH(Ph)(4-MeOSt)nCH = CH(4-MeOPh)K+.

Fig. 6. Quaternary carbon spectral assignments of the polystyrenes produced by L5d/copper catalyst at 60 °C and −30 °C (runs 8 and 12 in Table 3), according to the
literature [15] (1, 1, 2, 2-Tetrachloroethane-d2, 80 °C).
6
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nitrogen. Then, the catalyst mixture was cooled to a certain temperature for 20 min if necessary. After that, monomer and initiator were
added into the ampule. The ampules were placed at a certain temperature. After stirring for the allotted period of time, an aliquot
(0.05 mL) was removed and quenched with CDCl3 (0.5 mL). Conversion
was determined by integration of the monomer vs. polymer resonances
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4. Conclusions
In summary, the current work successfully realized the very controlled ambient temperature (SARA) ATRP of styrene and substituted
styrenes, whatever the substituent is strongly electron-withdrawing or
electron-donating for the first time by the employment of highly active
SaBOX ligand, which was shown to proceed with living characteristics
(linear evolution of molecular weight with conversion, relatively
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Notes
The authors declare no competing financial interest.
Acknowledgment
The authors are grateful for financial support by Shanghai Sailing
Program (18YF1429000), the National Natural Science Foundation of
China (21690072, 21672237), the Chinese Academy of Sciences
(QYZDB-SSWSLH016) and the National Key Research and Development
Program (2016YFA0202900) as well as the Science and Technology
Commission of Shanghai Municipality (17JC1401200).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.polymer.2019.121630.
References
[1] a) J.-S. Wang, K. Matyjaszewski, Controlled/"Living" radical polymerization.
Halogen atom transfer radical polymerization promoted by a Cu(I)/Cu(II) redox
process, Macromolecules 28 (1995) 7901–7910;
b) K. Matyjaszewski, T.E. Patten, J. Xia, Controlled/“Living” radical polymerization. Kinetics of the homogeneous atom transfer radical polymerization of styrene,
J. Am. Chem. Soc. 119 (1997) 674–680;
c) K. Matyjaszewski, J. Xia, Atom transfer radical polymerization, Chem. Rev. 101

7

Polymer 178 (2019) 121630

X.-Y. Wang, et al.
and copper wire, Macromolecules 43 (2010) 9682–9689;
d) D. Konkolewicz, Y. Wang, P. Krys, M. Zhong, A.A. Isse, A. Gennaro,
K. Matyjaszewski, SARA ATRP or SET-LRP. End of controversy? Polym. Chem. 5
(2014) 4396–4417;
e) C. Boyer, N.A. Corrigan, K. Jung, D. Nguyen, T.-K. Nguyen, N.N.M. Adnan,
S. Oliver, S. Shanmugam, J. Yeow, Copper-mediated living radical polymerization:
atom transfer radical polymerization and copper(0) mediated polymerization: from
fundamentals to bioapplications, Chem. Rev. 116 (2016) 1803–1949;
f) L. Bai, L. Zhang, Z. Cheng, X. Zhu, Activators generated by electron transfer for
atom transfer radical polymerization: recent advances in catalyst and polymer
chemistry, Polym. Chem. 3 (2012) 2685–2697;
g) T.E. Patten, K. Matyjaszewski, Copper(I)-Catalyzed atom transfer radical polymerization, Acc. Chem. Res. 32 (1999) 895–903;
h) B. Li, B. Yu, Q. Ye, F. Zhou, Tapping the potential of polymer brushes through
synthesis, Acc. Chem. Res. 47 (2014) 2390–2396;
i) R. Hu, N.L.C. Leung, B.Z. Tang, AIE macromolecules: syntheses, structures and
functionalities, Chem. Soc. Rev. 43 (2014) 4494–4562.
[11] S.H. Subramanian, R.P. Babu, R. Dhamodharan, Ambient temperature polymerization of styrene by single electron transfer initiation, followed by reversible
addition fragmentation chain transfer control, Macromolecules 41 (2008) 262–265.
[12] (a) R. Whitfield, A. Anastasaki, V. Nikolaou, G.R. Jones, N.G. Engelis,
E.H. Discekici, C. Fleischmann, J. Willenbacher, C.J. Hawker, D.M. Haddleton,
Universal conditions for the controlled polymerization of acrylates, methacrylates,
and styrene via Cu(0)-RDRP, J. Am. Chem. Soc. 139 (2017) 1003–1010;
(b) P.V. Mendonça, J.P.M. Ribeiro, C.M.R. Abreu, T. Guliashvili, A.C. Serra,

J.F.J. Coelho, Thiourea dioxide as a green and affordable reducing agent for the
ARGET ATRP of acrylates, methacrylates, styrene, acrylonitrile, and vinyl chloride,
ACS Macro Lett. 8 (2019) 315–319;
(c) L. Zhou, Z. Zhang, Z. Cheng, N. Zhou, J. Zhu, W. Zhang, X. Zhu, Fe(0) powder/
CuBr 2 -mediated “Living”/Controlled radical polymerization of methyl methacrylate and styrene at ambient temperature, Macromol. Chem. Phys. 213 (2012)
439–446.
[13] E.L. Grognec, J. Claverie, R. Poli, Radical polymerization of styrene controlled by
half-sandwich Mo(III)/Mo(IV) couples: all basic mechanisms are possible, J. Am.
Chem. Soc. 123 (2001) 9513–9524.
[14] R.W.H. Berry, A.J. Ludlow, R.J. Mazza, Free radical polymerisation studies of 4substituted styrenes .1. The Reactions of 2-Cyano-2-Propyl Radicals with Styrene, 4Methoxystyrene and 4-Methylstyrene, Macromol. Chem. Phys. 198 (1997)
1579–1595.
[15] a) L.M. Smith, M.L. Coote, Effect of temperature and solvent on polymer tacticity
in the free-radical polymerization of styrene and methyl methacrylate, J. Polym.
Sci., Part A: Polym. Chem. 51 (2013) 3351–3358;
b) M. Jouffroy, D. Armspach, D. Matt, K. Osakada, D. Takeuchi, Synthesis of optically active polystyrene catalyzed by monophosphine Pd complexes, Angew.
Chem. Int. Ed. 55 (2016) 8367–8370;
c) J. Yuan, J. Zhao, F. Song, W. Xu, Y. Mu, J. Chen, Z. Zhang, Chiral nickel(II) and
palladium(II) catalysts bearing strong electron-withdrawing fluorine groups:
synthesis, characterization and their application in catalytic polymerization for
ethylene and styrene, Appl. Organomet. Chem. 28 (2014) 484–494.

8

