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ABSTRACT: The paper reports the generation of a carbon-center radical (R•) from an alkyl 

iodide (R-I) via a halogen bonding catalysis using pyridine N-oxide (PO) catalysts. The use of 

this catalysis in organocatalyzed living radical polymerization was systematically studied over a 

series of substituted POs. A more electron-donating substitute led to a higher catalytic activity, as 

experimentally observed and theoretically supported by DFT (density functional theory) 

calcuation. Notably, the polymerization was induced and controlled not only by thermal heating 

but also photo irradiation. The polymerization was compatible with several functional monomers 

and afforded block copolymers.  
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INTRODUCTION 

Halogen bonding (R–XY) is a non-covalent interaction between an electron-accepting halogen 

(X) and an electron-donating group (Y).1,2 The strength of the interaction depends on X and Y. 

Halogen bonding has attracted attention in crystal engineering3 and supramolecular chemistry.4,5 

Our research group was the first to utilize a halogen bonding of an alkyl iodide (R−I) and an 

organic catalyst (Y) to reversibly generate the alkyl radical (R•) from R−I.6-11 Exploiting this 

novel organocatalysis, we developed an organocatalyzed living radical polymerization that uses 

an R–I as an initiator (initiating dormant species) and an organic molecule as a catalyst (Scheme 

1a). Living radical polymerization is a powerful method for synthesizing polymers with 

predictable molecular weights, narrow molecular-weight distributions, and well-defined 

structures.12-23 

The catalysts in the organocatalyzed polymerization included tertiary amines,7 iodide anion (I–

),8,9,11 and azido anion (N3
–).10 The dormant species (polymer–I) and the catalyst are supposed to 

form a halogen-bonding complex (polymer–Icatalyst). The complex subsequently reversibly 

generates the propagating radical (polymer•) (Scheme 1a). We term this polymerization 

reversible complexation mediated polymerization (RCMP).7,8 Attractive features of RCMP 

include the use of inexpensive compounds, ease of operation, and applicability to a range of 

polymer design, which are beneficial in practical applications. Among the mentioned catalysts, 

the ionic catalysts (I– and N3
–) exhibited much higher catalytic activities than the neutral amines, 

because of the higher electro-donating ability of I– and N3
–. However, owing to no substituent on 
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these anions (I– and N3
–), there is no possibility to manipulate their catalytic activities 

electronically or sterically. 

Based on this background, in the present work, we employed ionic pyridine N-oxide (C5H5N
+-

O－) (PO) and its substituted derivatives as catalysts (Schemes 1b and 1c). PO catalysts are ionic, 

and the O– moiety can coordinate iodide.24-26 The catalytic activity is able to tune by altering the 

substituents of PO, which is a unique feature of PO catalysts over the previous ionic catalysts. 

PO catalysts are also more favourable in practical application for their good solubility in non-

polar monomers, whereas the previous ionic catalysts have limited solubilities in non-polar 

monomers. 

Herein, we report a systematic study on the use of various PO derivatives (Schemes 1c) as 

RCMP catalysts. This is the first halogen bonding catalysis using PO and its derivatives to 

generate R• from R−I in organic chemistry. The systematic study revealed significant effects of 

the substituents on this catalysis. Synthetically, PO is attractive for its ease of derivatization, 

enabling tailored design of the catalysts with different catalytic activities and solubilities. A 

further notable aspect is that the polymerization can be induced and controlled not only by 

thermal heating but also photo irradiation, as will be described below.  
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Scheme 1. (a) Reversible Activation in RCMP, (b) Synthesis of Polymer, and (c) Structures 
and Abbreviations of Studied Catalysts and Results of MMA Polymerizations.  
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RESULTS AND DISCUSSION 

Experimental Proof of the Generation of R• from R−I with a Substituted PO Catalyst. A 

radical trap experiment8,27 was performed to demonstrate the generation of R• from R−I using 4-

methoxypyridine N-oxide (MeO−PO, Scheme 1c). We heated 2-iodo-2-methylpropionitrile 

(CP−I, Scheme 1b, 20 mM) as an R−I, MeO−PO (20 mM) as a catalyst, and 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO, 80 mM) as a radical trap in a mixture of toluene-d8 

(90%) and acetonitrile-d3 (10%) at 70 oC. The mixture of toluene-d8 (dielectric constant ε = 2.4) 

and acetonitrile-d3 (ε = 37.5) is a model of methyl methacrylate (MMA) medium (ε = 7.9). If 

CP−I reacts with MeO−PO, the generated radical CP• is trapped by TEMPO, thereby yielding 

CP−TEMPO. Figure 1 shows the 1H NMR spectra of the reaction mixture. After 1 h, new peaks 

appeared and matched those of the pure CP−TEMPO independently prepared. After 5 h, the 

extent of the reaction of CP−I to CP−TEMPO was 85% with an error range of 80-90%. Because 

MeO−PO is a (weak) base, it can promote the elimination of HI from CP−I as a side reaction. In 

the studied case, 15% of the elimination product (methacrylonitrile) was observed for 5 h (Figure 

1). These results clearly demonstrate the generation of R• from R−I using MeO−PO, which is a 

main reaction, and also show a presence of the elimination reaction as a side reaction. In the 

absence of TEMPO, the reaction was reversible. Exploiting the reversible nature, we utilized PO 

and its derivatives as catalysts for RCMP. 
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Figure 1. 1H NMR (300 MHz) spectra of the solution of CP-I (20 mM), MeO-PO (20 mM), and 
TEMPO (80 mM) heated at 70 oC for 0, 1, and 5 h. The solvent was a mixture of toluene–d8 and 
acetonitrile-d3 (9/1). 

 

Polymerizations of MMA with a Series of Substituted PO Catalysts. Table 1 (entries 1-14) 

and Scheme 1c summarize the results of the polymerizations of MMA using various PO catalysts. 

A mixture of MMA (monomer) (90 wt%, 8 M), CP–I (initiating dormant species, 80 mM), a 

catalyst (20 mM), and I2 (1 mM) in toluene (10 wt%) was heated at 70 °C for 12 h. Scheme 1c 

shows the structures and abbreviations of the studied PO catalysts and the number-average 

molecular weight (Mn) and dispersity (Đ = Mw/Mn) of the obtained polymer, where Mw is the 

weight-average molecular weight. Toluene was added for better solubility of the PO catalysts. I2 

was added to increase the deactivation rate and thereby lower the Đ value.  

For para-substituted POs (Table 1 (entries 1-6) and the first line in Scheme 1c), the monomer 

conversion (for 12 h) increased in the order of nitro (0%)  hydrogen (0%) < phenyl (14%) < 



 7

methyl (27%) < methoxy (42%) < dimethylamino (69%) substituents. As a clear trend, a stronger 

electron-donating substituent brought a higher catalytic activity because of the increased electron 

density on the O－ moiety and the thereby enhanced halogen bonding. With phenyl, methyl, 

methoxy, and dimethylamino-substituted POs, the Mn value agreed well with the theoretical 

value (calculated with [MMA]0, [CP–I]0, and monomer conversion) (Table 1 (entries 3-6)), and 

the Đ value was as low as 1.15-1.25, demonstrating a good control of polymerization.  

The orientation of the substituent was important. For the methyl substituent, while the para-

substituted PO (4-Me-PO) gave 27% monomer conversion for 12 h (Table 1 (entry 4)), the meta- 

and ortho-substituted POs (3,5-Me2-PO and 2-Me-PO) gave no polymerization (Table 1 (entries 

7 and 8)). This would be because the meta-orientation is less effective to increase the electron 

density of the O－ moiety (electronic effect) and the ortho-substitution gives steric hindrance at 

the O－ moiety (steric effect). Quinoline oxides with extended aromaticity (IQO, QO, Me-QO, 

and MeO-QO) led to less catalytic activities than POs due to the delocalization of the electron 

(less electron density on the O－ moiety) (Table 1 (entries 9-12) and Scheme 1c).  
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Table 1. Polymerizations of MMA.  

Entry Catalyst 
Target 

DPa 

[MMA]0/[CP-I]0/ 

[catalyst]0/[V65]0/[I2]0 

(mM)b

T 

(oC)

t 

(h)

Conv

(%)
Mn (Mn,theo

c) Đ 

1 NO2-PO 100 8000/80/20/0/1 70 12 0 – – 

2 PO 100 8000/80/20/0/1 70 12 0 – – 

3 Ph-PO 100 8000/80/20/0/1 70 12 14 1500 (1400) 1.25 

4 4-Me-PO 100 8000/80/20/0/1 70 12 27 3000 (2700) 1.16 

5 MeO-PO 100 8000/80/20/0/1 70 12 42 4400 (4200) 1.15 

6 Me2N-PO 100 8000/80/20/0/1 70 12 69 6900 (6900) 1.20 

7 3,5-Me2-PO 100 8000/80/20/0/1 70 12 0 – – 

8 2-Me-PO 100 8000/80/20/0/1 70 12 0 – – 

9 IQO 100 8000/80/20/0/1 70 12 16 1600 (1600) 1.33 

10 QO 100 8000/80/20/0/1 70 12 0 – – 

11 Me-QO 100 8000/80/20/0/1 70 12 0 – – 

12 MeO-QO 100 8000/80/20/0/1 70 12 0 – – 

13 PRD-PO 100 8000/80/20/0/1 70 12 73 7800 (7300) 1.21 

14 PPD-PO 100 8000/80/20/0/1 70 12 79 8400 (7900) 1.23 

15 Me2N-Ph 100 8000/80/20/0/1 70 12 0 – – 

16 PPD-PO 100 8000/80/20/5/1 60 6 90 9200 (9000) 1.15 

17 PPD-PO 200 8000/40/20/5/1 60 5 90 18200 (18000) 1.29 

18 PPD-PO 400 8000/20/20/5/1 60 5 83 35000 (33000) 1.39 

19 PPD-PO 100 
8000/80/20/0/0 

(photo irradiation) 
rt 10 79 7900 (7900) 1.09 

20 PPD-PO 200 
8000/40/20/0/0 

(photo irradiation) 
rt 11 76 15000 (15000) 1.12 

21 PPD-PO 400 
8000/20/20/0/0 

(photo irradiation) 
rt 12 66 28000 (26000) 1.20 

22 PPD-PO 100 
8000/80/20/0/0 

(photo irradiation) 
rt 

2 h  

5 
84 8400 (8400) 1.23 

23 none 100 
8000/80/0/0/0 

(photo irradiation) 
rt 10 0 – – 

24 PPD-PO 30 8000/267/20/0/1 70 3.5 63 1800d (1900) 1.12d 

25 PPD-PO 30 
8000/267/20/0/0 

(photo irradiation) 
rt 3.5 55 2000d (1700) 1.16d 

aTarget degree of polymerization (DP) at 100% monomer conversion (calculated by [MMA]0/[CP−I]0). 
bAddition of 10 wt% toluene (90 wt% monomer). cTheoretical Mn calculated with [monomer]0, [CP−I]0, 
and monomer conversion. dAfter purification (for the subsequent 1H NMR analysis). 
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Among the mentioned 12 catalysts, the dimethylamino-substituted PO, i.e., 4-

dimethylaminopyridine N-oxide (Me2N-PO) (Table 1 (entry 6) and Scheme 1c), exhibited the 

highest catalytic activity. This result motivated us to study cyclic dialkylamino-POs, i.e., 4-

(pyrrolidin-1-yl)pyridine N-oxide (PRD-PO) and 4-(piperidin-1-yl)pyridine N-oxide (PPD-PO) 

(Table 1 (entries 13 and 14) and Scheme 1c). PRD-PO and PPD-PO are not commercially 

available but were easily synthesized via a one-step reaction of 4-chloro-PO with pyrrolidine or 

piperidine with a good yield (90%) (Supporting Information).28 The ease of their synthesis is an 

attractive aspect for extensive use. Figure 2 (filled symbols) shows the full polymerization 

behaviours for the three catalysts (Me2N-PO, PRD-PO, and PPD-PO). These catalysts showed 

similar polymerization rates, as the monomer conversion reached 69-79% in 12 h. In all cases, 

the Mn values agreed well with the theoretical values and the Đ values were small 

(approximately 1.2) from an early stage of polymerization, indicating a sufficiently fast 

activation (catalytic) process (Scheme 1a). It should be noted that the six-membered PPD-PO is 

readily dissolved in non-polar monomers and showed a superior solubility compared with the 

previous ionic catalysts (I– and N3
–).  

The experimentally observed higher catalytic activity of PPD-PO than that of the non-

substituted PO was supported by density functional theory (DFT) calculation (Scheme 2). We 

calculated the Gibbs free energy change (G) from the reactants (MMA-I and catalyst) to the 

corresponding products (MMA• and catalystI•), where MMA-I is methyl 2-iodo-2-

methylpropionate as a model of polymethacrylate-iodide. The G value was much smaller for 

PPD-PO (116.1 kJ/mol) than that of PO (128.3 kJ/mol), being consistent with the experimental 

result. 
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Figure 2. Plots of (a) ln([M]0/[M]) vs t and (b) Mn and Mw/Mn vs conversion for the MMA/CP-
I/catalyst/I2/(V65) systems (70 or 60 oC): [MMA]0 = 8 M; [CP-I]0 = 80 mM; [catalyst]0 = 20 mM; 
[I2]0 = 1 mM; [V65]0 = 0 or 5 mM in toluene (10 wt%). The symbols are indicated in the figure. 
The experimental conditions are given in Table 1 (entries 6, 13, 14, and 16). 

 

Scheme 2. Gibbs Free Energy Change for Reactions of MMA-I with PO and PPD-PO. 
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In the previous study, neutral tertiary amines such as tributylamine were used as effective 

catalysts.7 Because Me2N-PO, PRD-PO, and PPD-PO also contain a tertiary amine as well as a 

PO moiety, we studied their reference compound without the PO moiety, i.e., dimethyl aniline 

(Me2N-Ph) (Table 1 (entry 15) and Scheme 1c). No polymerization took place with the reference 

compound, meaning that the catalytic site of the three PO catalysts is the O－moiety. The 

previously studied tributylamine contains three alkyl groups, while Me2N-Ph contains two alkyl 

groups and an aromatic group. The aromatic group delocalizes electrons and reduces the electron 

density of the amine moiety, which would lead to no catalytic activity of Me2N-Ph.  

Increase in the Polymerization Rate and Higher Molecular Weights. While PPD-PO was 

an efficient catalyst, the polymerization rate (Rp) was rather low; namely, the monomer 

conversion reached 79% after a relatively long time of 12 h at 70 C (Table 1 (entry 14) and 

Figure 2, filled circles). An effective way to overcome the slow polymerization was the addition 

of a small amount of an azo initiator, 2,2'-azobis(2,4-dimethylvaleronitrile) (V65) (Table 1 (entry 

16) and Figure 2, open circles). Azo initiators are often used to decrease the deactivator 

concentration and hence effectively increase Rp in other living radical polymerizations.23,29 As 

Figure 2 shows, the addition of V65 (5 mM) dramatically increased Rp even at a lower 

temperature of 60 °C. The addition of a small amount of V65 did not significantly affect Mn or Đ 

despite the significant increase in Rp. The monomer conversion reached 90% in a relatively short 

time of 6 h at the mild temperature of 60 °C. The accelerated polymerization rate at the later 

stage of polymerization (Figure 2, open circles) is ascribed to the gel effect (high viscosity). The 

small Đ values achievable at high conversions are highly attractive in practical use. Higher 

degrees of polymerization (DPs) were also attained. We targeted DPs of 200 and 400 at 100% 

monomer conversion and obtained low-dispersity (Đ = 1.29–1.39) polymers with high monomer 
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conversions (83–90%) in a reasonably short reaction time (5 h) up to Mn of 35,000 (Table 1 

(entries 17 and 18)).  

Toluene was used as a solvent in the polymerizations. To check if the halogen bonding is 

affected by the solvent, we carried out an experiment using an ester solvent, i.e., ethyl acetate, 

which is structurally more close to MMA. Similar results were obtained with the use of toluene 

(entry 16 in Table 1) (monomer conversion = 90%, Mn = 9200, Đ = 1.15 for 6 h) and the use of 

ethyl acetate (monomer conversion = 93%, Mn = 11300, Đ = 1.26 for 6 h) in the same condition 

but using the different solvents. These results suggest that the halogen bonding is not affected by 

these solvents. We used a small amount of I2 (entry 16 in Table 1). Compared with the system 

with I2, the absence of I2 resulted in a higher polymerization rate and a slightly higher Đ value 

(monomer conversion = 92%, Mn = 9200, Đ = 1.20 for 5 h (not 6 h)), as expected.  
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Figure 3. (a) UV-vis spectra of pure CP-I (blue dotted line), pure PPD-PO (orange dashed line), 
and a mixture of CP-I and PPD-PO (green solid line) in MMA. (b) Plot of ln([M]0/[M]) vs t for 
the MMA/CP-I/PPD-PO system (room temperature): [MMA]0 = 8 M; [CP-I]0 = 80 mM; [PPD-
PO]0 = 20 mM in toluene (10 wt% of MMA). (c). Plots of Mn and Mw/Mn vs monomer 
conversion for the same system.  

Photo Polymerizations. The polymerization was able to control by not only thermal heating 

but also photo irradiation (Figure 3 and Table 1 (entries 19-22)). The halogen bonding complex 

(polymer–Icatalyst) photochemically dissociates to generate polymer. Figure 3a shows the 

absorption spectra of pure CP-I (blue dotted line), pure PPD-PO (orange dashed line), and a 

mixture of CP-I and PPD-PO (green solid line), where the medium was MMA in all cases. Pure 

PPD-PO and the mixture of CP-I and PPD-PO showed almost identical absorption spectra tailing 

to 430 nm. No distinct peak for the complex (CP–IPPD-PO) was observed, indicating that the 

complex has a similar absorption to that of pure PPD-PO in this particular case. 
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We carried out the polymerization of MMA (8 M, 100 eq) with CP-I (80 mM, 1 eq) and PPD-

PO (20 mM, 0.25 eq) under LED (light emitting diode) irradiation (380-550 nm) at ambient 

temperature (20 oC). Figures 3b and 3c and Table 1 (entry 22) demonstrate the temporal control 

of the polymerization. The LED light was turned on for 2 h and off for 1 h in a repetitive manner 

for five cycles. When the light was turned on, the system was switched “on” and the 

polymerization smoothly proceeded in all cycles. When the light was turned off, the system was 

immediately switched “off” and perfectly no polymerization occurred in the dark. The Mn and 

dispersity were also well controlled. This system is an excellent photo-switchable polymerization. 

Without a catalyst (PPD-PO), no polymerization took place under the irradiation (Table 1 (entry 

23)). Under continuous irradiation, we obtained low-dispersity (Đ = 1.09–1.20) polymers with 

Mn up to 28000 using the PPD-PO catalyst (Table 1 (entries 19-21)). Other PO catalysts were 

also effective for the photo polymerizations of MMA (Supporting Information (Figure S5)).  

Chain-End Fidelity. Using 1H NMR (Supporting Information (Figures S6 and S7)),30 we 

analysed the chain-end of the PMMAs obtained in a thermal condition (Mn = 1800 and Đ = 1.12 

after purification (Table 1 (entry 24) with monomer conversion = 63%)) and a photo condition 

(Mn = 2000 and Đ = 1.16 after purification (Table 1 (entry 25) with monomer conversion = 

55%)), where PMMA is poly(methyl methacrylate). The polymer obtained in the thermal 

condition possessed 59% iodide and 41% lactone at the growing chain end (with  5% 

experimental error). The lactone chain end is generated via an ionic side reaction.31 (The small Đ 

value (1.12) of this polymer indicates that the accumulation of the lactone chain end polymer 

was significant at a later stage of polymerization.) In contrast, the polymer obtained in the photo 

condition possessed 98% iodide with an error range of 93-100%. The side reaction was 

significantly suppressed probably because of the decreased temperature (70 oC and 20 oC for the 
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thermal and photo conditions, respectively). These results demonstrate moderate and almost 

quantitative iodide-chain-end fidelty in the thermal and photo conditions, respectively.  

Table 2. Polymerizations of Functional Methacrylates Using PPD-PO. 

 

Entry Monomera R-I 
Target 

DPb 

[M]0/[R-I]0/[PPD-

PO]0/[V65]0/[I2]0 

(mM)c
 

T 

(oC)

t 

(h)

Conv 

(%) 
Mn

d (Mn,theo
e) Đd 

1 BzMA CP-I 100 8000/80/20/5/1 70 4 95 16000 (17000) 1.15

2 BMA CP-I 100 8000/80/20/5/0 60 7 80 10000 (11000) 1.35

3 LMA CP-I 100 8000/80/20/5/0 60 10 82 18000 (21000) 1.29

4 TFEMA CP-I 100 8000/80/20/5/0 60 8 80 12000 (13000) 1.32

5 PEGMAf CP-I 100 8000/80/20/20/0 50 9 87 27000 (26000) 1.40

6 HEMA CP-I 100 8000/80/80/20/1 50 1.5 84 36000 (11000) 1.49

7 DMAEMA CP-I 100 8000/80/20/5/0 50 12 86 9200 (14000) 1.46

8 BzMA PMMA-Ig 50 8000/160/20/5/1 70 3.5 84 10000 (12000) 1.16

9 PEGMA PMMA-Ih 50 8000/160/20/40/1 50 10 64 13000 (14000) 1.21

10 MMA PPEGMA-Ii 100 8000/80/20/5/1 70 4 86 32000 (29000) 1.36

aBzMA = benzyl methacrylate, BMA = butyl methacrylate, LMA = lauryl methacrylate, TFEMA = 2,2,2-
trifluoroethyl methacrylate, PEGMA = poly(ethylene glycol) methyl ether methacrylate, HEMA = 2-
hydroxyethyl methacrylate, and DMAEMA = (dimethylamino)ethyl methacrylate. bTarget degree of 
polymerization (DP) at 100% monomer conversion (calculated by [monomer]0/[R−I]0). 

cAddition of 10 
wt% toluene (90 wt% monomer) for entries 1-5 and 7-10 and no addition of solvent (in bulk) for entry 6.  
dPMMA-calibrated GPC values. eTheoretical Mn calculated with [monomer]0, [R−I]0, and monomer 
conversion. fMolecular weight of monomer = 300. gPMMA-I is poly(methyl methacrylate)-iodide with Mn 
= 4700 and Đ = 1.09. hPMMA-I with Mn = 4200 and Đ = 1.10. iPPEGMA-I is poly(poly(ethylene glycol) 
methyl ether methacrylate)-iodide with Mn = 20000 and Đ = 1.21. 
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Table 3. Photo Polymerizations of Functional Methacrylates Using PPD-PO.a 

Entry Monomerb R-I 
Target 

DPc 

[Monomer]0/[R-
I]0/[PPD-PO]0/[I2]0 

(mM)d 

t  

(h)

Conv

(%)
Mn

e (Mn,theo
f) Đe 

1 BzMA CP-I 100 8000/80/20/0 7 83 14000 (15000) 1.15

2 BMA CP-I 100 8000/80/20/0 9 93 13000 (13000) 1.13

3 TFEMA CP-I 100 8000/80/20/0 10 75 13000 (13000) 1.21

4 PEGMAg CP-I 100 8000/80/20/0 10 91 29000 (27000) 1.22

5 HEMA CP-I 100 8000/80/80/1 4 70 19000 (9100) 1.43

6 DMAEMA CP-I 100 8000/80/20/0 7 90 13000 (14000) 1.17

7 BzMA PMMA-Ih 50 8000/160/20/0 10 82 8800 (9100) 1.10

8 DMAEMA PMMA-Ii 50 8000/160/20/0 7 77 8000 (9500) 1.18

9 MMA PPEGMA-Ij 100 8000/80/20/0 5 91 24000 (25000) 1.28

10 DMAEMA PPEGMA-Ij 100 8000/80/20/0 5 86 27000 (29000) 1.33

aLED irradiation (380-550 nm) at ambient temperature (20 oC). bBzMA = benzyl methacrylate, BMA = 
butyl methacrylate, TFEMA = 2,2,2-trifluoroethyl methacrylate, PEGMA = poly(ethylene glycol) methyl 
ether methacrylate, HEMA = 2-hydroxyethyl methacrylate, and DMAEMA = (dimethylamino)ethyl 
methacrylate. cTarget degree of polymerization (DP) at 100% monomer conversion (calculated by 
[monomer]0/[R−I]0).

 dAddition of 10 wt% toluene (90 wt% monomer) for entries 1-4 and 6-10 and no 
addition of solvent (in bulk) for entry 5. ePMMA-calibrated GPC values. fTheoretical Mn calculated with 
[monomer]0, [R−I]0, and monomer conversion. gMolecular weight of monomer = 300. hPMMA-I is 
poly(methyl methacrylate)-iodide with Mn = 1900 and Đ = 1.15. iPMMA-I with Mn = 3500 and Đ = 1.12. 
jPPEGMA-I is poly(poly(ethylene glycol) methyl ether methacrylate)-iodide with Mn = 16000 and Đ = 
1.16. 

 

Functional Methacrylates. The polymerization was amenable to a variety of functional 

methacrylates under both thermal (Table 2 (entries 1-7)) and photo conditions (Table 3 (entries 

1-6)). The tables summarize the polymerizations of hydrophobic and hydrophilic methacrylates 

with benzyl (BzMA), butyl (BMA), lauryl (LMA), 2,2,2-trifluoroethyl (TFEMA), poly(ethylene 

glycol) (PEGMA), 2-hydroxyethyl (HEMA), and (dimethylamino)ethyl (DMAEMA) groups 

using the PPD-PO catalyst. Low-dispersity (Đ = 1.13–1.49) polymers were obtained with high 
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conversions (70–95%) in all cases. These results clearly demonstrate the high monomer 

versatility of the PPD-PO catalyst.  

 

 

Figure 4. GPC chromatograms before (dashed lines) and after (solid lines) the block 
copolymerizations in Table 2 (entries 8-10) and Table 3 (entries 7-10). 

 

Block Polymerizations. Exploiting the living character, we performed block polymerizations 

(Tables 2 (entries 8-10) and Table 3 (entries 7-10)). We synthesized macroinitiators under photo-

irradiation because of the high iodide-chain-end fidelities. Using purified PMMA-iodide 

(PMMA–I) macroinitiators (Mn = 4700 and Đ = 1.09 and Mn = 4200 and Đ = 1.10), the thermal 

polymerizations of BzMA and PEGMA yielded hydrophobic-hydrophobic and hydrophobic-

hydrophilic block copolymers, i.e., PMMA-b-PBzMA (Mn = 10000 and Đ = 1.16) and PMMA-

b-PPEGMA (Mn = 13000, Đ =1.21) (Table 2 (entries 8 and 9)), where PBzMA is poly(benzyl 



 18

methacrylate) and PPEGMA is poly(poly(ethylene glycol) methyl ether methacrylate). A large 

fraction of the macroinitiator chains extended to block copolymers (Figures 4a and 4b), 

demonstrating the high block-efficiency. We also synthesized a PMMA-b-PPEGMA in the 

opposite order. Starting from a purified PPEGMA–I macroinitiator (Mn = 20000 and Đ = 1.21), 

PMMA-b-PPEGMA (Mn = 32000 and Đ = 1.36) was successfully obtained in the polymerization 

of MMA (Table 2 (entry 10) and Figure 4c). The photo polymerization was also effective for the 

second block (Table 3 (entries 7-10) and Figures 4d-4g), yielding PMMA-b-PBzMA, PMMA-b-

PDMAEMA, PMMA-b-PPEGMA, and PPEGMA-b-PDMAEMA with low Đ values (1.10-1.33), 

where PDMAEMA is poly((dimethylamino)ethyl methacrylate). These results demonstrate the 

applicability of this system to a range of block copolymer design, including hydrophobic-

hydrophobic, hydrophobic-hydrophilic, and hydrophilic-hydrophilic block copolymers. 

 

CONCLUSIONS 

PO and PO derivatives efficiently catalyzed the generation of R• from R-I and RCMP. A more 

electron-donating substitute led to a higher catalytic activity, as experimentally observed and 

theoretically supported. PPD-PO showed the highest catalytic activity and good solubilities in a 

range of monomers, are amenable to various functional monomers, and afforded well-defined 

block copolymers. The polymerization was induced and controlled by both thermal heating and 

photo irradiation using various PO catalysts. PO derivatives are easy to synthesize, which is 

attractive in tailored design of catalysts.   
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