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Abstract 

Copper mediated polymerization is used to produce poly(methyl acrylate) with an average degree 

of polymerization of 10 (P(MA)10) and narrow distribution in both batch and continuous tubular 

reactors at ambient temperature. The resulting polymer solution could be stored for over a week 

while maintaining excellent activity as a macroinitiator for the further growth of poly(methyl 

acrylate) chains in both batch and semi-batch reactor systems. Low dispersities were maintained 

during the chain-extensions, conducted at ambient temperature without addition of further copper 

to the system. The polymerizations were conducted in propylene glycol methyl ether, a common 

industrial solvent, with low levels of ascorbic acid added as a reducing agent for chain extension; 

the best performance (>90% conversion with excellent control) was achieved when a fraction of 

the ascorbic acid was added to the reactor at the start of reaction, with the rest fed in a semi-batch 

fashion along with monomer. Semi-batch chain extensions of P(MA)10 with butyl acrylate, 

poly(ethylene glycol) methyl ether acrylate (PEGMEA), and butyl methacrylate as well as the 

ability to synthesis tri-block polymer were also demonstrated, as was the synthesis and subsequent 

chain extension of (PEGMEA)10. The combination of the tubular reactor to produce macroinitiator 

and subsequent semi-batch chain extension is proposed as a versatile process to efficiently produce 

block copolymers at an industrial scale.  

  

 



 

 

iii 

Co-Authorship 

This research was conducted independently by the author, under the supervision of Dr. Robin 

Hutchinson who reviewed this thesis. The project was financially supported by Nippon Paint 

(Nipsea group) of Singapore. Morgan Cooze assisted with the experimental work completed 

during the summer of 2018.  



 

 

iv 

Acknowledgements 

I would like to express my sincere gratitude to my research supervisor, Dr. Robin A. Hutchinson, 

for his continuing support, motivation, guidance and for providing opportunities to develop and 

learn. I am grateful to Queen’s University, and staff members of the Chemical Engineering 

Department; Particularly, I would like to thank, Kelly Sedore, Laurie Phillips, Elizabeth Agostino, 

Dr. Ying Zhang and Dr. Michael Cunningham for their advice and hard work in contributing to an 

environment I was proud to be a part of. I would like to acknowledge the financial support of 

Nippon paint (Nipsea group of Singapore) for this project and thank their team for facilitating my 

visit to their site in Singapore. 

I thank many student colleagues for creating a stimulating and warm social atmosphere. I am 

grateful to my group members Morgan Cooze, Dr. Nina Heidarzadeh, Maryam Agboluaje, Ikenna 

Ezenwajiaku, Nathan Barr, Amin Nasresfahani, Mingmin Zhang, and Georges Younes for their 

academic assistance and stretching my mind with lively discussions. I am truly lucky to have met 

so many incredible people. Through many extracurricular activities in the last two years I have 

met amazing people who inspired me with their creativity and interdisciplinary knowledge. 

Finally, I would like to thank my parents for all of their support throughout my life; without them 

I would not be here.  

 



 

 

v 

Table of Contents 

Abstract ..........................................................................................................................................................ii 

Co-Authorship ............................................................................................................................................. iii 

Acknowledgements ....................................................................................................................................... iv 

List of Figures ............................................................................................................................................ viii 

List of Tables ................................................................................................................................................. x 

List of Abbreviations ................................................................................................................................. xiii 

 Introduction ................................................................................................................................. 15 

1.1 Thesis Objectives ............................................................................................................................... 16 

1.2 Thesis Outline .................................................................................................................................... 18 

 Literature Review ........................................................................................................................ 19 

2.1 Introduction to SET-LRP ................................................................................................................... 19 

2.2 Ligand Compatibility ......................................................................................................................... 21 

2.3 Catalyst Compatibility ....................................................................................................................... 23 

2.4 Initiator Compatibility ....................................................................................................................... 24 

2.5 Solvent Compatibility ........................................................................................................................ 24 

2.6 SET-LRP Copolymerization .............................................................................................................. 25 

2.7 SET-LRP of Other Monomers ........................................................................................................... 26 

2.8 SET-LRP in Continuous Flow ........................................................................................................... 28 

 Copper Mediated Polymerization to Produce Low Molecular Weight Poly(methyl acrylate) 

Macroinitiator .............................................................................................................................................. 30 

3.1 Introduction........................................................................................................................................ 30 

3.2 Experimental ...................................................................................................................................... 31 

3.2.1 Materials ................................................................................................................................... 31 

3.2.2 Characterization ....................................................................................................................... 31 

3.2.3 Typical Polymerization Procedure ........................................................................................... 32 

3.2.3.1 Batch Polymerization ....................................................................................................... 32 

3.2.3.2 Copper Tube Polymerization ........................................................................................... 33 

3.2.3.3 Copper Mesh Polymerization .......................................................................................... 34 

3.3 Results and Discussion ................................................................................................................ 34 

3.3.1 Polymerization of Low Molecular Weight MA in a Batch System ......................................... 34 

3.3.1.1 Polymerization of MA in DMSO .................................................................................... 36 

3.3.1.2 Polymerization of MA in Methanol ................................................................................. 38 



 

 

vi 

3.3.1.3 Polymerization of MA in Isopropanol ............................................................................. 39 

3.3.1.4 Polymerization of MA in PGME ..................................................................................... 40 

3.3.2 Polymerization of Low Molecular Weight MA in Copper Tube ............................................. 41 

3.3.3 Polymerization of Low Molecular Weight MA in Copper Mesh Tube ................................... 44 

3.4 Conclusion ................................................................................................................................... 46 

 Chain Extension of P(MA)10 with MA ....................................................................................... 49 

4.1 Introduction........................................................................................................................................ 49 

4.2 Experimental ...................................................................................................................................... 50 

4.2.1 Materials ................................................................................................................................... 50 

4.2.2 Characterization ....................................................................................................................... 50 

4.2.3 Procedure.................................................................................................................................. 50 

4.2.3.1 Batch Chain Extension Procedure ................................................................................... 50 

4.2.3.2 Semi-batch Chain Extension Procedure .......................................................................... 51 

4.3 Results and Discussion ...................................................................................................................... 52 

4.3.1 Batch Chain Extension ............................................................................................................. 52 

4.3.1.1 Batch Chain Extension in DMSO .................................................................................... 52 

4.3.1.2 Batch Chain Extension in PGME .................................................................................... 53 

4.3.2 Feasibility Studies with Semi-Batch Operation ....................................................................... 55 

4.3.3 Improved Semi-batch Operation .............................................................................................. 58 

4.4 Conclusion ......................................................................................................................................... 61 

 Chain Extension of P(MA)10 with Other Monomers .................................................................. 62 

5.1 Introduction........................................................................................................................................ 62 

5.2 Experimental ...................................................................................................................................... 64 

5.2.1 Materials ................................................................................................................................... 64 

5.2.2 Characterization ....................................................................................................................... 64 

5.2.3 Procedure.................................................................................................................................. 64 

5.3 Results and Discussion ...................................................................................................................... 65 

5.3.1 Semi-batch Chain Extension of P(MA)10 with BA ..................................................................... 65 

5.3.2 Improved Semi-batch Operation of PMA Chain Extension with BA ...................................... 67 

5.3.3 Semi-batch Chain Extension of P(MA) Macroinitiator with PEGMEA .................................. 68 

5.3.2 Tri-block (MA)10-(PEGMEA)50-(MA)50 .................................................................................. 71 

5.4 Conclusion ......................................................................................................................................... 73 

 Copper Meditated Polymerization of PEGMEA and Subsequent Chain Extension ................... 74 

6.1 Introduction........................................................................................................................................ 74 



 

 

vii 

6.2 Experimental ...................................................................................................................................... 74 

6.2.1 Materials ................................................................................................................................... 74 

6.2.2 Characterization ....................................................................................................................... 75 

6.2.3 Procedure.................................................................................................................................. 75 

6.3 Results and Discussion ...................................................................................................................... 76 

6.3.1 Semi-batch Chain Extension of Poly(PEGMEA) Macroinitiator Solution with MA .............. 78 

6.4 Conclusion ......................................................................................................................................... 80 

 ...................................................................................................................................................... 81 

Conclusions and Recommendations ............................................................................................................ 81 

References .................................................................................................................................................... 86 

Appendix...................................................................................................................................................... 91 

A. NMR Spectra of The Initial Materials ......................................................................................... 91 

B. Conversion Calculation based on NMR ...................................................................................... 93 

I. Final Conversion of P(MA)10 in DMSO Batch system ............................................................ 93 

II. Final Conversion of P(MA)10 in Methanol Batch System ....................................................... 94 

III.  Final Conversion of P(MA)10 in Isopropanol Batch System................................................... 95 

IV. Conversion of P(MA)10-P(BA)100 in PGME Semi-batch System ............................................ 96 

V. Conversion of P(MA)10-(PEGMEA)100 in PGME Semi-batch System .................................... 97 

VI. Conversion of (MA)10-(PEGMEA)50-(MA)50 in PGME Semi-batch System .......................... 98 

VII. Conversion of (PEGMEA)10 in PGME Copper Tube System ................................................. 99 

VIII. Conversion of (PEGMEA)10-(MA)50 in PGME Semi-batch System ..................................... 100 

C. SEC Calculation......................................................................................................................... 101 

D. Pump Calibration for Chain Extension of P(MA)10 with MA ................................................... 103 

  

 

 

  



 

 

viii 

List of Figures 

Figure 2-1 Mechanisms of ATRP (on the left) and SET-LRP (on the right); X =Cl, Br,I; L= nitrogen-based 

ligand [40] .................................................................................................................................................... 20 

Figure 2-2 3D plot capturing the dual effect of Cu(0) surface area and ligand level ([Me6TREN]0/[MBP]0 

molar ratio) on the rate of reaction, as indicated by kp
app[35] ...................................................................... 22 

Figure 2-3 Universal conditions developed to synthesis acrylate, methacrylate and styrene homopolymers 

and block copolymers via Cu(0)-mediated RDRP [39] ............................................................................... 27 

Figure 3-1 NMR spectra of P(MA)10 produced in batch system using DMSO solvent with EBiB initiator 

after 140m .................................................................................................................................................... 36 

Figure 3-2 a) Molecular weight distributions and b) monomer conversion profiles of PMA synthesized in 

DMSO in batch at room temperature. Target chain lengths (DPxx) vary from 10 to 100 as set by 

MA:initiator:Me6TREN molar ratio (see Table 3-1 for details). ................................................................. 37 

Figure 3-3 Conversion vs. time profiles for MA polymerized in methanol with EBiB initiator and varying 

target chain lengths (see legend and Table 3-2) at room temperature ......................................................... 38 

Figure 3-4 Conversion vs. time for MA polymerized in isopropanol at room temperature (See Table 3-3 for 

experimental details) .................................................................................................................................... 40 

Figure 3-5 Conversion vs. time for MA polymerized in PGME (see Table 3-4 for experimental details) . 41 

Figure 3-6 Schematic of copper tube reactor used for methyl acrylate low molecular weight polymerization 

(1) 250 mL round-bottom flask containing; methacrylate, solvent, ligand and initiator (EBiB or MBP)-

[MA]0:[initiator]0:[Me6TREN]0 10:1:0.01, (2) Pharmed PBT tubing with 1.02 mm ID; (3) Ismatec Reglo 

ICC digital peristaltic two-channel pump; (4) Cu tubing (1.65 mm ID) with total volume 32 mL; (5)  

Collection vessel. ......................................................................................................................................... 42 

Figure 3-7 MWDs of P(MA) macroinitiator produced in copper tube with EBiB and further chain extension 

with MA in a batch system after 3h (see Table 3-6 for details) .................................................................. 43 

Figure 3-8 Schematic of copper mesh reactor used for methyl acrylate low molecular weight polymerization 

(1) 610 mL storage cylinder containing; methacrylate, solvent, ligand and initiator (MBP)-

[MA]0:[initiator]0:[Me6TREN]0 10:1:0.01-0.05, (2) Valve used to start feeding (3) 1/4 inch diameter PVC 

tube packed with 10 g of copper mesh, having a working volume of 23 mL (4) Ismatec Reglo ICC digital 

peristaltic two-channel pump with 1.58 mm ID Pharmed PBT tubing (5)  Collection vessel. ................... 45 

Figure 3-9 Comparison of final conversions and molecular weights of P(MA)10 macroinitiator produced in 

copper mesh and copper tube with various ligand ratio and residence times .............................................. 46 



 

 

ix 

Figure 4-1 MWDS of P(MA) macroinitiator (B0-1) after batch chain extension experiments to target DP of 

100 in DMSO (CE1-3). See Table 4-1 for experimental details ................................................................. 52 

Figure 4-2 MWDS of P(MA) macroinitiator (B0-2; B0-3) after batch chain extension experiments to target 

DP of 100 in PGME (C12-C17). See Table 4-2 for experimental details. .................................................. 54 

Figure 4-3 Semi-batch chain extension with two feed flasks ...................................................................... 55 

Figure 4-4 Polymer color in semi-batch, (A) before feeding and (B) after chain extension for 2 h ........... 57 

Figure 4-5 MWDs of P(MA) produced by semi-batch chain extension of DP10 macroinitiator solution: (a) 

SB1 as a function of reaction time (instantaneous MA conversion x also indicated in legend) (b) final 

distributions from SB4, SB5 and SB6. Experimental conditions are shown in Table 4-3. ......................... 58 

Figure 4-6 MWDs of P(MA) produced by semi-batch chain extension of DP10 macroinitiator solution by 

adding 50% of ascorbic acid at the start of the reaction, and feeding the remainder by semi-batch addition 

(SB11, see Table 4-5). ................................................................................................................................. 60 

Figure 5-1  Full process of producing macroinitiator solution and subsequent semi-batch chain extension

 ..................................................................................................................................................................... 63 

Figure 5-2 schematic diagram of the linear tri-block copolymer ................................................................ 63 

Figure 5-3 MWD of poly(MA-block-BA) copolymer produced by semi-batch chain extension of P(MA) 

macroinitiator solution synthesized continuously in a copper tube (Experiment SB-BA3; see Table 5-1 for 

further details). ............................................................................................................................................. 66 

Figure 5-4 MWD of poly(MA-block-BA) copolymer produced by semi-batch chain extension of P(MA) 

macroinitiator solution synthesized continuously in a copper mesh by adding all ascorbic acid to the reaction 

flask (Experiments SB-BA5 and SB-BA6; see Table 5-2 for further details). ............................................ 68 

Figure 5-5 MWD of poly(MA-block-PEGMEA) copolymer produced by semi-batch chain extension of 

P(MA) macroinitiator solution synthesized continuously in a copper tube (see Table 5-3 for further details).

 ..................................................................................................................................................................... 70 

Figure 5-6 SEC chromatograms showing movement and growth of polymer peak with time relative to 

PEGMA monomer peak during semi-batch chain extension of P(MA) macroinitiator with PEGMEA (SB-

PEG1, see Table 5-3 for details). ................................................................................................................. 70 

Figure 5-7 Evolution of MWDs during production of tri-block (PMA)10-(PEGMEA)50-(PMA)50 in a semi-

batch reactor ................................................................................................................................................. 71 

Figure 6-1 (a) Raw data from SEC showing overlap of PEGMEA monomer and poly(PEGMEA) polymer 

peaks of macroinitiator product produced in the copper tube polymerization of PEGMEA (b) MWDs of 

poly(PEGMEA-block-MA) material produced by batch chain extension at room temperature ................. 77 

Figure 6-2 Color of (a) poly(PEGMEA) and (b) P(MA) macroinitiator solutions produced by continuous 

polymerization in a copper tube .................................................................................................................. 78 



 

 

x 

 List of Tables 

Table 3-1 NMR and SEC analyses of Cu(0)-catalyzed batch polymerization of MA in DMSO (30 wt%) at 

room temperature. Initial reactant molar ratios of [MA]0:[Initiator]0:[Me6TREN]0 = target DP:1:0.01, 

conversions are reported after 140 min ....................................................................................................... 37 

Table 3-2  NMR and SEC analyses of MA polymerizations in methanol (30 wt%). Initial reactant molar 

ratios of [MA]0:[EBiB]0:[Me6TREN]0 = target DP:1:0.01, conversions are reported after 140 min .......... 38 

Table 3-3 H NMR and SEC analyses of MA polymerization [target chain]:1:0.01 in isopropanol  (30 wt%) 

at room temperature, conversions are reported after 140min ...................................................................... 39 

Table 3-4 H NMR and SEC Analysis of MA polymerization [target chain]:1:0.01 in PGME  (30 wt%) after 

140 min ........................................................................................................................................................ 41 

Table 3-5 H NMR and SEC analyses of P(MA) produced continuously in a copper tube at ambient 

temperature (30 wt% solvent; Me6TREN ligand)........................................................................................ 42 

Table 3-6 NMR and SEC analyses of PMA macroinitiator synthesized in copper tube using EBiB with 

residence time of 32 min and further batch chain extension (3 h reaction) with reactant ratio of 

[PMA10]:[MA]0:[Lig]0:[Asc]0 = 1:90:0.01:0.06........................................................................................... 43 

Table 3-7 NMR and SEC analyses of P(MA) produced continuously in a copper mesh at ambient 

temperature (30 wt% PGME, MBP initiator, Me6TREN ligand). Conversions are measured after three 

residence times. ............................................................................................................................................ 45 

Table 4-1 NMR and SEC analyses of methyl acrylate batch chain extension from DP10 to DP100 at room 

temperature in DMSO by addition of ligand and ascorbic acid; CE are the chain-extended polymers using 

the initial polymer B0 made in batch ........................................................................................................... 53 

Table 4-2 NMR and SEC analyses of methyl acrylate batch chain extensions from DP10 to DP100 at room 

temperature in PGME by addition of ligand and ascorbic acid, CE are the chain extended polymers using 

the initial polymer made in batch (B0) or continuously in the copper tube (CT0) ....................................... 54 

Table 4-3 NMR and SEC analyses of semi-batch two-feed chain extension in PGME with ratio of added 

[MA]0:[lig]0:[Asc]0 set to 90:0.01:0.06 based on moles of DP10 macroinitiator added to the systems. 

Reported conversions are after operation for 6 h in SB1-2, and after 3 h for SB3-7. Initial DP10 

macroinitiators were produced in copper tube with 76 and 89% conversion; with ratio of added 

[MA]0:[MBP]0:[lig]0 set to 10:1:0.01. Target amounts of MA and PGME to be added to the system were 

126 g and 55 g, respectively, for all reactions (target DP of 100, 30 wr% solvent). ................................... 56 

Table 4-4 NMR and SEC analyses of semi-batch two-feed chain extensions of P(MA10) with MA in PGME 

at room temperature, with a portion of the ascorbic acid (either 50 or 100%) added at the start of reaction. 



 

 

xi 

Reported conversions are after 3 hours of feeding and 1h holding, macroinitiator was made in copper mesh 

continuous systems (CM). ........................................................................................................................... 59 

Table 5-1 NMR and SEC analyses of semi-batch chain extensions of poly(MA10) macroinitiator with 

[BA]0:[lig]0:[Asc]0 fed at molar ratios set to 90:0.01:0.0x (see table for values) based on moles of 

macroinitiator added to the system, using a 3h feed time followed by batch hold under nitrogen. CT0 is 

initial macroinitiator solution synthesized continuously in the copper tube with =32 min and 

[MA]0:[MBP]0:[Me6TREN]0  molar feed of 10:1:0.01 with 30 wt% PGME solvent; B0 indicates 

macroinitiator produced in batch after 140 min........................................................................................... 67 

Table 5-2 NMR and SEC analyses of semi-batch two-feed chain extension of P(MA)10 with BA in PGME 

at room temperature, with all of the ascorbic acid added at the start of the reaction. Reported conversions 

are after 3 hours of feeding and 1h hold time, P(MA)10 macroinitiator synthesized in copper mesh system 

(CM-M1)...................................................................................................................................................... 68 

Table 5-3 NMR and SEC analyses of semi-batch chain extensions of P(MA10) macroinitiator with 

[PEGMEA]0:[lig]0:[Asc]0 fed at molar ratios of 90:0.01:0.0x (see table for value) based on moles of 

macroinitiator added to the system, using a 3h feed time followed by batch hold under nitrogen. CT0 is 

initial macroinitator solution synthesized continuously in the copper tube with =32 min and 

[MA]0:[MBP]0:[Me6TREN]0  molar feed of 10:1:0.01 with 30 wt% PGME solvent. ................................. 69 

Table 5-4 NMR and SEC analyses for tri-block polymer of (PMA)10-(PEGMEA)50-(PMA)50 produced by 

semi-batch in PGME. PEGMEA was fed over 3 h with ratio of [PEGMEA]0:Lig:Asc 50:0.02:0.03 including 

30wt% solvent; an extra 0.03 Asc shot was added after the feed. Subsequently, MA was fed for 1h with 

ratio of [PEGMEA]0:[MA]0 50:50 mixed with 30wt% solvent, and an extra 0.03 Asc shot added after the 

feed. ............................................................................................................................................................. 72 

Table 5-5 NMR and SEC analyses for tri-block polymer of (PMA)10-(PEGMEA)50-(PMA)50 produced by 

semi-batch in PGME. PEGMEA was fed with 30 wt% solvent over 2.5 h with ratio of [PEGMEA]0:Lig:Asc 

50:0.03:0.06; half of the Asc was mixed with macroinitiator solution before the reaction and the other half 

was fed with monomer. Subsequently, MA was fed for 30 min mixed with 0.01 ligand. 30wt% solvent 

mixed with 0.03 Asc was fed from another flask. ....................................................................................... 73 

Table 6-1 NMR and SEC analysis of PEGMEA (Mn=480 g·mol−1) polymerized to target chain length 10 

continuously in the copper tube using MBP as initiator with 30% PGME solvent and a residence time of 32 

min at room temperature. Molar ratio of [PEGMEA]0:[Init]0:[Lig]0  10:1:0.01. ......................................... 77 

Table 6-2 NMR and SEC analyses of poly(PEGMEA)10 produced in copper tube chain extension with MA 

using the standard semi-batch procedure at room temperature with PGME solvent. The total molar ratio of 

added [MA]0:[Me6TREN]0:[Asc]0 is set to 90:0.01:0.03 based on the number of moles of MBP initiator 



 

 

xii 

used to produce the macroinitiator with target DP of 10. Semi-batch results reported after 3h feed time and 

1h batch hold................................................................................................................................................ 79 

 

 



 

 

xiii 

List of Abbreviations 

BA                              Butyl acrylate 

CE                              Chain Extension 

CRP                            Controlled Radical Polymerization 

CT                            Copper Tube 

CM Copper Mesh 

DMSO                        Dimethyl sulfoxide 

EBiB                          Ethyl α-bromoisobutyrate 

EGMEA                    Ethylene glycol methyl ether acrylate 

MA                            Methyl acrylate 

MBP                          Methyl 2-bromopropionate 

MBPA Methyl α-bromophenylacetate  

Me6TREN                 Tris[2-(dimethylamino)ethyl] amine 

MeOH                       Methanol 

MMA                        Methyl Methacrylate 

MW Molecular Weight 

MWD                        Molecular weight distribution 

NMR                         Nuclear magnetic resonance spectroscopy 

PEGMEA                 Poly(Ethylene glycol methyl ether acrylate) 

PGME                      Propylene glycol methyl ether 

PMDETA N,N,N′,N″,N″-pentamethyldiethylenetriamine 

RDRP                     Reversible-Deactivation Radical Polymerization 

SB                            Semi-Batch 

SEC                          Size Exclusion Chromatography 

SET-LRP                 Single Electron Transfer-Living Radical Polymerization 

THF                        Tetrahydrofuran 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xiv 

 

 

List of Symbols 

 
%𝑓                Fraction of chains capped with the desired chemical group 

𝛼                    Mark-Houwink parameter 

𝐾                    Mark-Houwink parameter 

[M]0                       Monomer concentration 

[Init]0                    Initiator concentration 

[lig]0               Ligand concentration 

[Asc]0             Ascorbic acid concentration 

Mn                  Number-average molecular weight 

Mw                 Weight-average molecular weight 

Ð                        Dispersity 

wt%                Amount of material in mass percent 

 
  

 

 

 



 

 

15 

 

Introduction 

Reversible-deactivation radical polymerization (RDRP), also generally known as controlled 

radical polymerization (CRP), has been widely studied due to its ability to produce new materials 

that cannot be synthesized by conventional radical polymerization. By achieving a dynamic 

equilibrium between active (radical) and dormant chains,(1, 2) radical-radical termination is 

minimized such that the effective lifetime of a chain is extended to the reaction time, in contrast 

to the very short radical (<1 s) lifetimes in conventional radical polymerization. Ideally, all chains 

in CRP are initiated when reaction commences, such that chain length increases linearly with 

system conversion, and the distribution of chain lengths remains narrow (i.e., polymer with low 

dispersity Ð).(3) Thus, it is possible to synthesize block copolymers through the sequential feeding 

of monomers, as well as to modify conditions and materials to produce a range of other controlled 

architectures.(4-7) 

There are drawbacks, however, which have limited the use of CRP in commercial processes. The 

extra components required in order to mediate radical chain growth add cost and possibly toxicity, 

and may necessitate additional purification steps.(8) In addition, the extra control achieved often is 

accompanied with the expense of a reduced reaction rate. Using Cu(0) as a catalyst in the system 

has emerged as a promising technique to significantly reduce the metal concentration in the final 

product, and has been used to polymerize acrylates at ambient temperature with fast reaction rates 

and excellent control of polymer molar mass and dispersity while maintaining high chain-end 

functionality.(9) Often called “Single Electron Transfer-Living Radical Polymerization” (SET-

LRP), it is proposed that the mechanism differs from that of Atom Transfer Radical Polymerization 



 

 

16 

(ATRP), with the ligand-stabilized Cu(I) in the system instantaneously disproportionating in a 

polar solvent (a necessary component of the reaction system) to the Cu(0) and Cu(II) species that 

are believed to mediate chain growth.(9) Various forms of low-cost copper have been used as a 

catalyst source, including powders, pellets, wires,(9-12) tubing,(13) and plates.(14, 15)  

As reviewed recently by Destarac,(16) one of the emerging industrial applications of CRP is the 

production of block copolymers for use as pigment dispersants. This thesis describes the 

development of a versatile continuous process that uses Cu(0) to mediate the production of chains 

with extremely low molar mass (degree of polymerization DP=10) at room temperature that can 

be stored and then used as a macroinitiator for facile production of a range of controlled block 

polymers. The initial development focuses on polyacrylates, as the most widely studied class of 

polymers synthesized by SET-LRP.(11, 17-24) However, Cu(0) has also been used to polymerize 

methacrylates and acrylamides with narrow distribution and high end-group functionality,(3) with 

methyl methacrylate (MMA) the most commonly polymerized methacrylate. (10, 13, 18, 25-27) Thus, 

some preliminary experimentation conducted with methacrylates will also be described. 

 

1.1 Thesis Objectives 

Solvent choice is an important issue to be considered when exploring the use of SET-LRP in 

industry. Disproportionation of the CuIBr species (generated from Cu(0) surface during activation 

of the alkyl halide initiator) into nascent and extremely reactive Cu(0) nanoparticles and CuIIBr2 

requires polar solvents to maintain high end-group functionality up to high conversion.(3) Thus, 

solvent choice is limited, with most academic studies using dimethyl sulfoxide (DMSO)(10, 11, 13, 14, 

21) or water.(25, 28-32) DMSO is not a common solvent in industry due to its high boiling point (189 

oC), and most common poly(acrylate) materials are not soluble in water. As recently reviewed,(3) 
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a few researchers have conducted SET-LRP in alcohol solvents,(21, 33, 34) an approach adopted in 

the current study. In addition to the polar solvent, ligand is required to solubilize and stabilize the 

Cu species to establish good control an reaction rates in SET-LRP.(35) Tris[2-

(dimethylamino)ethyl]amine (Me6TREN) is a widely employed and commercially available 

ligand. As the ligand is an expensive component of the SET-LRP system, minimizing its usage 

becomes economically important when considering industrial application. In this study, the ligand 

to polymer chain molar ratio was reduced to 0.01, an order of magnitude lower than that used in 

most literature studies, while achieving high conversions and excellent control of chain growth.  

As well as considering the impact of solvent choice and ligand levels, this work develops an 

efficient process to synthesis block copolymers that is compatible with the current practice of 

producing acrylic polymers for application in the coatings industry by semi-batch operation. 

Rather than add Cu(0) directly to the semi-batch system, a solution containing macroinitiator 

poly(methyl acrylate) chains of length 10 is (P(MA)10) is first synthesized, either in batch (in the 

presence of copper wire) or continuously in a tubular reactor with copper walls or packed with 

copper mesh; high conversions are reached in the continuous system at ambient temperature with 

low ligand levels and a residence time of ~ 30 minutes. The macroinitiator solution can be stored 

for over a week, and used for batch and semi-batch chain extensions without purification and 

without additional copper; reasonable reaction rates and good control are achieved at ambient 

temperature by adding a small amount of ascorbic acid and additional ligand to the system. As 

semi-batch technology is commonly used in the industry, it is used in this study to produce a variety 

of di-block and triblock acrylate and methacrylate polymers. 
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1.2 Thesis Outline 

In this study a versatile two-stage process is developed to produce poly(acrylate) block 

copolymers. In Chapter 3 conditions to produce low MW poly(methyl acrylate) by copper 

mediated SET-LRP are investigated in a batch system using different solvents and initiators at 

various reactant ratios. The learnings were applied to develop a process for efficient continuous 

synthesis of poly(methyl acrylate) with target chain length 10 at ambient temperature in a copper 

tube reactor, and in a tubular reactor packed with copper mesh. In Chapter 4, it is demonstrated 

that the P(MA)10 macroinitiator solution can be activated, even after storage for several days, for 

chain extension with additional methyl acrylate monomer in either a batch or semi-batch reaction 

system. The chain extensions are conducted without additional copper by using a small feed of 

ascorbic acid as reducing agent. Investigations to overcome several challenges – solvent and 

initiator choices, achieving reasonable rates with semi-batch feeding strategy – are presented in 

this chapter, with various ratios of ligand and reducing agent examined in the effort to improve 

process efficiency. The versatility of the process is demonstrated in Chapter 5 by chain extension 

of P(MA)10 macroinitiator with other monomers such as butyl acrylate (BA) and poly(ethylene 

glycol) methyl ether acrylate (PEGMEA), and production of a tri-block material. In addition, 

PEGMEA macroinitiator was produced in the copper tube system followed by subsequent chain 

extension.  
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Literature Review 

2.1 Introduction to SET-LRP 

Free radical polymerization is widely used in industry as a robust and low-cost process to make a 

variety of random copolymer materials, but cannot be used to produce block copolymers due to 

the short chain lifetimes controlled by biomolecular radical termination. Thus, controlled radical 

polymerization (CRP) chemistries, which establish a dynamic equilibrium between active (free 

radicals) and dormant species to greatly extend chain lifetime and reduce termination, were 

developed and widely used to produce novel polymeric materials.(1, 2) Wang and Matyjasezewski 

and Sawamoto’s group(36, 37) first reported the use of a copper halide/ligand complex to mediate 

polymer chain growth via the process named Atom Transfer Radical Polymerization (ATRP). 

Currently, ATRP is widely used,(38) effective for a wide range of vinyl monomers and providing 

flexibility in terms of choice of end groups and catalyst species.(1, 2, 38, 39) ATRP mediates the 

reversible activation and deactivation of growing radicals through repeated oxidation/reduction 

cycles of a metal catalyst, with Cu(I)/Cu(II) systems most widely used. Contrasted to this 

mechanism, the Cu(0) mediated CRP of methyl acrylate (MA) using tris(2-

(dimethylamino)ethyl)amine(Me6TREN) as ligand in polar solvents was reported by Percec in 

2006.(17) Named “single electron transfer-living radical polymerization” (SET-LRP), it was 

claimed that Cu(0) is the exclusive activator of the alkyl halide initiator by an outer sphere electron 

transfer (OSET) process, and that the resulting Cu(I) species that is formed disproportionates 

rapidly into highly reactive nascent Cu(0) activating and Cu(II) deactivating species instead of 

participating in the activation of alkyl halides.(17) 
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Percec et al.(40) presented the mechanistic comparison of ATRP and SET-LRP shown as Fig 2-1. 

In ATRP, the active radical Pn and the deactivator Cu(II)X2/L species are formed through the 

transfer of the halogen atom from the PnX dormant species to the activator Cu(I)X/L via an inner-

sphere electron-transfer mechanism, where L represents the stabilizing ligand.(41) As the ATRP 

proceeds, the concentration of propagating radicals decreases due to termination, until the 

concentration of Cu(II)X2/L reaches a level when deactivation is the dominant process. The 

balance between Cu(I) and Cu(II) species in this mechanism depends on the redox potential of the 

copper complex and the persistent radical effect.(41, 42) 

In contrast,  Percec proposed that the radicals and the Cu(I)X complex in the SET-LRP process are 

formed by an outer sphere single electron transfer reaction between Cu(0) and the PnX dormant 

species.(40) Thus, the reactive catalyst is Cu(0) atomic species, and the resulting unstable Cu(I)X/L 

complex rapidly and completely disproportionates into extremely reactive Cu(0) atomic species 

(activator) and Cu(II)X2/L complex (deactivator). While SET-LRP uses Cu(0) as an activating 

species, it has been suggested that it may also play a role as a reducing agent.(8) 

 

 

Figure 2-1 Mechanisms of ATRP (on the left) and SET-LRP (on the right); X =Cl, Br,I; L= 

nitrogen-based ligand (40) 
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While the details of the mechanism remain in dispute, SET-LRP reduces the catalyst concentration 

in ATRP significantly compared to conventional reactions and provides very fast polymerization 

of acrylates, acrylamides, and vinyl chloride, often at ambient temperature.(3, 38) An oxygen-free 

environment is essential because many transition metal catalyst are easily oxidized; thus, 

polymerizations are usually conducted under a nitrogen blanket.(38) A reaction system consists of 

a metal source (usually Cu(0)), a monomer, a ligand, an alkyl halide initiator, and a solvent; in 

some cases a reducing agent is also added, important for the efficient synthesis of block 

copolymers.(39, 43) In order to yield controlled polymerization with high conversion it is important 

to pick the components wisely depending on target monomer type.(39) During the past years, SET-

LRP has been used to synthesize a wide range of poly(acrylates); polymerization of methyl 

acrylate (MA), the original monomer used by Percec, remains the most widely studied.(3, 38) 

 

2.2 Ligand Compatibility 

Me6TREN and N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA) are two commercially 

available ligands for SET-LRP which can form strong complexes with CuIIBr2 rather than with 

CuIBr, and that accelerate the disproportionation of CuIBr into Cu(0) and CuIIBr2.(3) Between these 

two ligands Me6TREN(17, 34, 35, 44-46) has been more widely studied. As first reported in 2006 by 

Percec et al.,(17) complete conversion of MA in DMSO was achieved with excellent control in less 

than 50 min in a batch reactor at room temperature using methyl 2-bromopropionate (MBP) as 

initiator at [MA]0/[MBP]0/[Me6TREN]0 component molar ratios of 222/1/0.1.  

Percec and his group(35) continued their research by investigating the effect of ligand to initiator 

ratio on the Cu(0)-wire-catalyzed SET-LRP of MA in DMSO (33vol%) at 25oC, using 

[MA]0/[MBP]0=222/1 and varying Me6TREN levels (Me6TREN]0/[MBP]0=0.01 to 1.00); in 
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addition, the Cu(0) surface area provided by 20-gauge Cu(0) wire was varied in the 1.5 mL 

reaction.(35) The 3-D plot in Fig 2-2 shows that a ligand to initiator level of 0.05 is required to 

achieve reasonable reaction rates (as reflected by the apparent propagation rate coefficient kp
app), 

with rate also increasing with increasing Cu(0) surface area. It was observed that for lower 

[Me6TREN]/[MBP] ratios (0.01 and 0.03), the polymer product exhibited a bimodal distribution 

indicative of bimolecular termination; low dispersities and monomodal molecular weight 

distributions were observed for [Me6TREN]/[MBP] of greater than 0.05. 

 

Figure 2-2 3D plot capturing the dual effect of Cu(0) surface area and ligand level 

([Me6TREN]0/[MBP]0 molar ratio) on the rate of reaction, as indicated by kp
app(35) 

 

 

The groups of Matyjaszewski(46) and Haddleton(39) have also shown that relatively small changes 

in ligand concentration can dramatically affect both chain end group fidelity and polymerization 

rate. This idea was used by Haddleton’s group,(39) who doubled the amount of PMDETA with 

respect to the initiator (from 0.18 to 0.36 equiv.) to significantly increase MA conversion (from 

62% to 98%) after 18h at 40 °C in isopropanol. (Note the much slower reaction rate of MA with 

PMDETA as ligand compared to Me6TREN; however, PMDETA was chosen in the Haddleton 

study as it was also successfully used to mediate methacrylate and styrene polymerizations.) 
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Copper mediated SET-LRP has been conducted to produce controlled P(MA) in batch with target 

chain lengths of 20,(14) 50,(39) 100,(10, 13, 23) 200,(13, 17, 21, 34, 35, 44-46) 400,(44) 11000,(17) and 22200(17) 

using DMSO(10, 13, 14, 17, 35, 39, 44-46) as the most common solvent, MBP (10, 13, 17, 34, 35, 44-46) or ethyl 2-

bromoisobutyrate (EBiB)(14, 39, 44) as the initiator, and Me6TREN as the ligand; the molar ratio of 

Me6TREN to initiator in the studies has been set to 0.01,(13, 35)0.02,(35) 0.05,(10, 35) 0.07,(35) 0.10,(17, 

34, 35, 44-46) 0.18,(39) 0.19,(14) 0.2,(21, 35, 44) and as high as 0.3-0.5(35), based on literature increasing the 

ligand ratio while keeping target chain length the same does not necessarily increase the conversion 

rate or improve control.(35) It is apparent from these studies that controlled polymerization of 

acrylates is possible over a broad range of conditions, with the rate dependent on both the available 

Cu(0) surface area and the amount of ligand used.  

 

2.3 Catalyst Compatibility 

Copper as powder,(3, 47-49) wire,(35, 50, 51) tubes,(38, 52)  and coin(14) has been used as catalyst in SET-

LRP. Studies with powder showed that decreasing particle size can increase the rate of reaction by 

increasing surface area,(3) as also observed in Percec’s study with copper wire discussed above. 

Rather than use copper wire or powder directly, Jiang et al.(51) reported the use of small “nascent” 

Cu(0) species prepared by disproportionation of Cu(I) which were extremely active for 

polymerization of methyl acrylate. Copper in wire form is most often used, as it offers easy 

preparation and removal, recyclability, facile tuning of the reaction rate and predictability.(3, 10) 

Moreover, when copper wire is used a greater control over MWDs was observed.(3) As oxidized 

copper (Cu2O) on the surface of wire or tube can lead to an induction period, the metal is often 

pretreated by an acid rinse to remove Cu2O from the surface. Percec and Nguyen(44) demonstrated 

that activated Cu(0) wire can dramatically accelerate SET-LRP of methyl acrylate in DMSO; 
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however, in nondisproportionating solvents (acetone, ethyl acetate, CH2Cl2, methyl ethyl ketone 

and MeCN) the reaction kinetics with nonactivated and activated wire were similar. In some 

studies Cu(II) was added to maintain control over molecular weight dispersity. The effect of added 

CuBr2 in Set-LRP system was investigated by Percec’s group and it was showed that the extent of 

termination decreased up to an optimal level of added deactivator, above which the extent of 

termination increases.(53) 

 

2.4 Initiator Compatibility 

In SET-LRP, methyl 2-bromopropionate (MBP) and ethyl α-bromoisobutyrate (EBiB) are the most 

commonly used monofunctional initiators for acrylate-type monomers because of their structural 

resemblance to the polyacrylate growing species.(38) Combining an experimental study with 

computational calculations, Percec et al.(38, 54) suggested that EBiB is a more effective initiator than 

MBP, as there was no deviation in the polymer molar mass from theoretical values at all 

conversions and control over the molecular weight distribution was slightly improved (Ð=1.11 

with EBiB compared to 1.17 with MBP).(54) It is also important to mention that conversions were 

the same (88.5-89%) using the two initiators at identical conditions after 34 min of reaction.(54) 

EBiB, however, provides a means to estimate chain-end functionality of  P(MA) by NMR, as 

distinct peaks can be assigned to both the initiator and Br-capped ends of the chains.(55) 

 

2.5 Solvent Compatibility 

It has been reported that a polar solvent is needed to promote the disproportionation of CuIBr 

generated during the activation of alkyl halide initiator by Cu(0) (wire or powder) into nascent and 
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extremely reactive Cu(0) nano particles and CuIIBr (Figure 2-1).(3, 56, 57) DMSO is the most widely 

used polar solvent in SET-LRP studies;(3, 47, 58, 59) however, it is not often used in industry because 

of its high boiling point which makes it difficult to be removed from the system after 

polymerization, in addition some polymers (e.g., polystyrene) are not soluble in DMSO. 

Alcohols,(33) including methanol (MeOH),(21, 60) ethanol (EtOH),(21) and isopropanol (iPrOH)(39) 

have shown compatibility with SET-LRP, sufficiently promoting the disproportionation of Cu(I) 

to synthesize polymers with narrow distribution.(3) In order to expand the scope of SET-LRP to a 

larger diversity of monomers and polymers, new solvents and solvent combinations are required 

to facilitate the synthesis of novel materials.(3) 

 

2.6 SET-LRP Copolymerization 

Cu(0) mediated radical polymerization was first used by Whittaker and co-workers(4) for 

preparation of multiblock copolymerization; purification was not required between the successive 

chain extension steps as high conversion of monomer was achieved before addition of the next 

monomer. MA was first polymerized using a 5-star core initiator, Me6TREN and CuBr2 with 

DMSO in a flask at room temperature, with additional monomer injected to the system after every 

24 h. The results showed that the amount of initial Cu(II) added plays an important role in 

maintaining control. Later, Haddleton in collaboration with Whittaker(7) optimized the reaction 

conditions in terms of Cu(II)Br2 and ligand (Me6TREN) levels, providing a facile route for 

accessing high molecular weight block copolymers at room temperature for various applications; 

P(MA100-b-EGMEA10,000) and P(MA100-b-tBA10,000-b-MA10,000) were produced, achieving high 

conversions using optimized level of ligand and Cu(II) without purification between monomer 

addition steps. However, minimizing total reaction time was not a priority in the study, with the 
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block copolymers synthesized over a several day period. A study by Luo and Zhou(61) 

demonstrated the facile synthesis of methyl mathacrylate/tert-butyl acrylate (MMA/tBA) gradient 

copolymers (poly(MMA-grad-tBA) using semi-batch copper mediated living radical 

copolymerization technique in DMF solvent at room temperature. They observed that the addition 

of an equimolar (with respect to ligand, PMDETA) amount of hydrazine hydrate to the reaction 

mixture allowed the reaction to proceed in the reagents without deoxygenating. They also 

demonstrated that it is necessary to control catalyst levels (Cu(0) powder) and reaction conditions; 

polymerization in DMF solvent was better controlled compared to DMSO and toluene at 25 °C, 

but the copolymerization in toluene at 80 °C featuring low dispersity and high yields. 

SET-LRP was also used by Bonillar and co-workers(62) to produce di- and tri-block glycopolymers 

for the first time from a glucosamine-functionalized acrylate and BA or MMA in DMF solution in 

the presence of PMDETA. Later, Haddleton and co-workers(63) used SET-LRP to produce 

glycopolymers with mannose, glucose and fucose.  

 

2.7 SET-LRP of Other Monomers 

As mentioned previously, SET-LRP has been used to efficiently polymerize acrylates, acrylamide, 

and vinyl chloride at room temperature. The success with methacrylates and styrene, however, is 

limited, as the reaction rates proved to be greatly reduced.(3, 39) An ambitious study by Haddleton 

et al.(39) attempted to develop a universal set of reaction conditions and reagents for the effective 

polymerization of acrylates, methacrylates and styrene. Methyl α-bromophenylacetate (MBPA) 

was selected as initiator, PMDETA as ligand, with CuBr2 added as deactivator to the Cu(0) catalyst 

system in isopropanol as solvent. Controlled polymerization of methyl methacrylate (MMA) was 
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conducted over copper wire at 40 °C with a reactant ratio of [MMA]:[MBPA]:[PMDETA]:[CuBr2] 

= [50]:[1]:[0.36]:[0.05] in a mixture with equal volume fractions of monomer and solvent; almost 

complete conversion was achieved in 18 h. While styrene showed zero conversion under identical 

conditions, raising the temperature to 60 °C resulted in the synthesis of polystyrene with high 

conversion and narrow molecular distribution. MA was also successfully polymerized under these 

universal conditions at 60 °C, also achieving high conversion and narrow MWD after 18 h. 

(Compare this result to the complete MA conversion with good control achieved at room 

temperature in 30 minutes using Me6TREN as ligand and MBP or EBiB as initiator, also with 

reduced ligand levels.) The various homopolymers were also converted to block copolymers by 

adding a second monomer and additional ligand at 40 or 60 °C for a further 18 or 36 h in the 

presence of copper wire, as summarized in Fig. 2-3. 

 

Figure 2-3 Universal conditions developed to synthesis acrylate, methacrylate and styrene 

homopolymers and block copolymers via Cu(0)-mediated RDRP (39) 

 

Copolymerization of MMA and methacrylic acid (MAA) by SET-LRP was investigated by Percec 

et al.(64) in MeOH/H2O at 50 °C using tosyl chloride (TsCl) as initiator. The chain extension 
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reaction was conducted using copper wire with reactant ratio of [MMA]0/[MAA]0//[TsCl] 

/[Me6TREN]0=200/20/1/0.1 and it was found that by increasing the acidic content (MAA 

monomer) in the system the propagation rate decreases. 

2.8 SET-LRP in Continuous Flow 

SET-LRP in continuous flow was first demonstrated by Chan in the Hutchinson/Cunningham 

group for the production of poly(methyl acrylate) using a copper tube to serve both as the catalyst 

source and the reactor body.(38, 52) As well as eliminating batch-to-batch variations resulting from 

non-uniform activation of the solid Cu(0) surface, continuous operation provides more consistent 

product quality and increased productivity compared to batch reactors.(10) In particular, a tubular 

reactor offers improved heat removal capabilities due to its favorable ratio of surface area to reactor 

volume. Subsequently, Burns et al. demonstrated continuous operation with 95% methyl acrylate 

(MA) conversion and excellent molar mass (MM) control in a PTFE tube containing copper wire 

in the core.(65) An important advance was made when Chan and coworkers demonstrated that the 

P(MA) produced by SET-LRP could be chain extended, also at ambient temperature, in the 

absence of additional copper surface using ascorbic acid as a reducing agent, either in batch or in 

a second continuous reactor consisting of a stainless steel tube.(10)  

The use of a copper tube as a principal reactor, while conceptually appealing, has some practical 

limitations. For example, the ratio of available surface area for catalysis (at the wall) to volume 

decreases rapidly as the diameter of the tube increases. As low solvent levels are desirable, the 

increased viscosity of the polymer solution can lead to pressure drop and/or fouling in the tube. In 

addition, while it is possible to build block copolymers in a tubular reactor through repeated cycles 

and/or introduction of new monomer at intermediate feed points,(16, 66) the approach reduces the 

flexibility to simultaneously control block lengths and conversion without constant manipulation 
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of feeding rates through the tube. Semi-batch reactor systems, in contrast, offer maximum 

flexibility in the tailoring of product compositions. Already widely used in industry, the practice 

of starved-feed operation – in which reactants are fed to the vessel at a controlled rate such that 

their instantaneous conversion in the reactor remains high – is also beneficial for temperature 

control and safety.(67-69) 
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Copper Mediated Polymerization to Produce Low Molecular Weight 

Poly(methyl acrylate) Macroinitiator 

3.1 Introduction 

As summarized in Chapter 2, Chan et al. demonstrated the use of a copper tube as both continuous 

tubular reactor and catalyst source,(52) achieving 59% methyl acrylate (MA) conversion with a 

residence time of 32 min at ambient temperature with 30% DMSO solvent and a MBP:Me6TREN 

ratio of 1:0.01 with a target chain length of 100. In this chapter, an efficient process to produce 

P(MA) with target chain length of 10 is developed, using the previous study by Chan et al.(10) as a 

starting point. A series of batch experiments were first conducted, in order to explore whether 

reducing target chain length from 100 to 10 adversely affects the system, and to explore the use of 

different solvents and initiators. As DMSO is not commonly used in industry due to its high boiling 

point, another objective is to identify an alternative solvent that can be removed easier after 

polymerization and provides comparable rates and control to DMSO systems. In addition, ethyl α-

bromoisobutyrate (EBiB) is used as initiator in order to use NMR to estimate chain-end 

functionality. After reasonable reaction conditions were found in the batch system, the 

investigation was moved to the copper tube reactor to demonstrate continuous production of 

P(MA) macroinitiator at higher conversions with low ligand levels. Finally, a packed bed system 

consisting of Cu wire mesh in a PVC tube was developed, to achieve close to 100% conversion in 

a continuous system at ambient temperature with a residence time of less than one hour. It should 

be noted that as this process development effort was underway, the P(MA) macroinitiator produced 
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in batch, in the copper tube, and in the copper mesh system was also being used for the chain 

extension studies in batch and semi-batch described in the next chapter. 

 

3.2 Experimental 

3.2.1 Materials 

Methyl acrylate (MA) (99%, inhibited by less than 100 ppm monomethyl ether hydroquinone, 

Aldrich), dimethyl sulfoxide (DMSO) (99.9%, Aldrich), 1-methoxy-2-propanol (propylene glycol 

methyl ether, PGME) (99.5%, Aldrich), isopropanol (70% in H2O, Aldrich), methanol (99.8%, 

A.C.S.), methyl 2-bromopropionate (MBP) (98%, Aldrich), ethyl α-bromoisobutyrate (EBiB) 

(98%, Aldrich), tris[2-(dimethylamino)ethyl]amine (Me6TREN) (99%, Alfa Aesar), deuterated 

chloroform (99.8 atom %D, Aldrich), tetrahydrofuran (THF) (99%, Aldrich), hydrochloric acid 

(HCl) (36.5-38%, Fisher), copper wire (1.0mm diameter, >99.9%, Aldrich), copper tube (1/8 

O.D., 0.030 wall, Mueller Industries), copper mesh (roll of 5 wide and 20 ft long, 100% copper, 

REMOPEST) and nitrogen gas (Praxair, ultra-high purity) were used as received.  

 

3.2.2 Characterization 

Nuclear magnetic resonance spectroscopy (NMR) was used to calculate sample conversions. The 

NMR spectra of MA and other monomers used in this work are contained in Section A of the 

Appendix. The reaction samples were diluted by 10 vol% deuterated chloroform. Integrated areas 

of characteristic monomer and polymer peaks were used to calculate the conversion, with details 

described in the results and discussion section. When EBiB was used as initiator, the fraction of 

chains contained terminal Br units could be estimated, using peak assignments taken from the MSc 

thesis of Oxana Shibaeva.(55) 
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Size exclusion chromatography (SEC) was used to measure the polymer molar weight distribution 

(MWD), number average molar mass (Mn) and dispersity (Ð). SEC calculations for MA and BA 

are contained in Section C of the Appendix. The polymer solutions were diluted using the same 

solvent as chosen for the experimental trial and passed through an alumina column to remove 

residual copper from the solution, and then dried under air. The dried samples were dissolved in 

THF at a concentration of 10 mgmL-1 for injection into the SEC system, which consisted of a 

Waters 2960 separation module with four Styragel packed columns HR 0.5, HR 1, HR 3 and HR 

4 (Waters Division Millipore) connected to a Waters 410 refractive index (RI) detector operating 

at 35 °C and an eluent flow rate of 0.3 mLmin−1. The instrument was calibrated with polystyrene 

(PS) standards over the range of 270–500,000 gmol−1, with the principle of universal calibration 

used to transform the results to MM values for P(MA) using (𝐾 = 11.4 × 10−5 dLg−1, 𝑎 =

0.716) for polystyrene and (𝐾 = 6.11 × 10−5 dLg−1, 𝑎 = 0.799) for P(MA).(70),(13) Although the 

use of universal calibration to find low molecular weights introduces some uncertainty, it provides 

a reliable relative measure of MMs for the experiments. 

 

3.2.3 Typical Polymerization Procedure 

3.2.3.1 Batch Polymerization  

In a 100 mL three neck round bottom flask, MA (35 g, 0.407 mol), solvent (15 g, 30 wt%) and 

Me6TREN (0.11 mL, 0.407 mmol) were combined. Copper wire (23 cm length, 1.71 g) wrapped 

around a stir bar was added to the flask. The flask was put in an oil bath maintained at room 

temperature to partially remove reaction heat. The system was then purged for 30 min with N2 

before injecting EBiB (6.09 mL,0.0407 mol) into the system to start the reaction. Samples were 

taken every 20 min, with the reaction stopped by exposure to air after 2 hours. As described more 
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fully with the results, experiments were conducted using both MBP and EBiB initiators, various 

solvents, and varying monomer:initiator:ligand ratios. 

3.2.3.2 Copper Tube Polymerization 

A copper tube system was established to synthesize the low Mw  macroinitiator continuously, with 

the increased Cu surface area accelerating the rate of monomer conversion relative to the batch 

system. The setup was based on the previous work by Chan et al.(10) that used a copper tube 

operating at ambient temperature to continuously polymerize a feed consisting of 

[MA]0:[MBP]0:[Me6TREN]0 at a ratio of 100:1:0.01 with 30 wt% DMSO as solvent: with 

residence times () of 8 to 32 min, steady state conversions of 40-60% were achieved with 

controlled Mn of 4000-5400 gmol−1. In the current study, a copper tube (3.2 mm outer diameter, 

1.65 mm inner diameter) in two equal length sections was roughly coiled for a total length of 15.24 

m to provide a reaction volume of 32 mL. The internal Cu surface was activated by pumping 

through HCl solution (1 part HCl to 5 parts solvent), followed by a solvent rinse, using the same 

solvent as chosen for the experimental trial. Reagent residence time in the tube was controlled by 

using either one or two lengths of tubing, and by varying feed flowrate, controlled with a Ismatec 

Reglo ICC 2 channel peristaltic pump. In order to allow operation for a period of five residence 

times, a feed solution consisting of MA (124 g, 1.44 mol), solvent (37.2 g, 30 wt%), EBiB (28 g, 

0.144 mol) or MBP (24 g, 0.144 mol), and Me6TREN (0.33g, 1.44 mmol) was combined in a 250 

mL flask to provide an [MA]0:[initiator]0:[Me6TREN]0 ratio of 10:1:0.01 with 30 wt% solvent. 

(This nomenclature will be used throughout the thesis, although the accuracy of the ratio is greater 

than indicated by the significant figures repeated.) The flask was purged with N2 for 1 h before a 

nominal pumping rate of 1 mLmin−1 was set, to provide the reactant fluid a residence time () of 

32 min in the Cu tube, which was initially filled with solvent. The system was operated for 160 
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min, with samples taken at intervals of 32 min. The output from the reactor was collected 

continuously for chain extension experiments after the transient period of 32 min, after which time 

stable product quality (monomer conversion, chain length) was achieved. 

3.2.3.3 Copper Mesh Polymerization 

A PVC tube with ¼ inch diameter and 101.10 cm length (32ml volume) was packed with 10 g of 

copper mesh to serve as the reactor. The system was first washed with 5% HCl solution in PGME 

and then pure PGME before running the reaction. A feed solution of 134.16 g MA, 54.96 g PGME, 

17.4 mL MBP and 0.41 mL Me6TREN were mixed and stirred in a beaker for 15 min then added 

to a 613 ml storage cylinder. After the system was purged for 30 min with nitrogen, the solution 

was fed through the copper mesh tubing with flowrate controlled by the peristaltic pump at the end 

of the reaction tube. Once packed with copper mesh, the actual volume of the tube was measured 

to be 23 mL; thus the outlet flow rate was set at 0.7 mLmin−1 to achieve the same residence time 

of 32 min as used for the copper tube. The reaction was run normally for 3 residence times, 

discarding the material from the first residence time. 

 

3.3 Results and Discussion 

3.3.1 Polymerization of Low Molecular Weight MA in a Batch System  

DMSO is a widely used solvent in copper meditated CRP however, it is not common in industry 

due to its high boiling point (189 °C) which makes it difficult to isolate the polymer. In this study, 

we investigated replacing the solvent with lower boiling alcohols. Experiments were conducted 

with methanol, isopropanol and 1-methoxy-2-propanol (propylene glycol methyl ether, PGME) 

and compared to results obtained in DMSO. The solvent level was kept at 30 wt% in all cases, as 

used by Chen et al.; this level is also commonly used in the coatings industry as a means to control 
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solution viscosity. Various target chain lengths were also synthesized in a batch system, with the 

ratio of [M0]:[I]:[L] set as [target chain length]:1:0.01 in most experiments. To make the reactions 

faster, different ratios of ligand were also tried in some cases.  

After the injection of the initiator to the system, the solution color turned to green, indicating 

copper activation and the start of reaction. For each experiment, MA conversion was measured 

using NMR. An example spectrum is displayed in Figure 3-1, with the alkene peaks (5.4-6.2 ppm) 

decreasing with conversion relative to the total number of acrylate units (monomer+polymer) in 

the system, as determined by integration of the methyl ester group located at 3.5-3.8 ppm. 

Examples of conversion calculations from experiments conducted in different solvents are 

included as supporting information in the Appendix. 

To measure the system livingness, the chain-end functionality (%f, the fraction of P(MA) chains 

capped with bromine) was also estimated from NMR analysis, a calculation that can be done with 

EBiB as initiator, but not with MBP. Peaks are assigned in Figure 3-1 according to previous 

literature[42] as follows: protons of the main chain CH2 and CH at 1.30-2.70 ppm, O-CH3 at 3.66 

ppm, proton in the alpha position of the bromine chain-end Hh at 4.2 ppm, and initiator protons Hb 

(CH2) at 4.0 ppm, Hc (CH3) at 1.2 ppm, and Ha (2CH3) at 1.14 ppm. Chain-end functionality of 

system livingness was calculated by using at least two of the following equations:(55) 

(1) %𝑓 =
𝐻ℎ

𝐻𝑏
2⁄

 ×  100 

(2) %𝑓 =
𝐻ℎ

𝐻𝑐
3⁄

 ×  100 
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     (3)  %𝑓 =
𝐻ℎ

𝐻𝑎
6⁄

 ×  100 

Figure 3-1 NMR spectra of P(MA)10 produced in batch system using DMSO solvent with EBiB 

initiator after 140m 

The functionality calculated by the three integrations had deviation up to 15%. In addition, for 

lower-conversion (< 40%) samples, the “a,b,c” and “h” peaks were not clear enough for 

functionality calculations. When ascorbic acid was used in the system (mainly in Chapter 4), peaks 

“a” and “c” were obscured such that equations 2 and 3 could not be used for functionality 

calculations. In most cases, the calculated conversions based on NMR results were in reasonable 

agreement (within 10%) of values estimated from SEC-determined average chain lengths, 

indicating that initiator efficiency was close to 100%. 

3.3.1.1 Polymerization of MA in DMSO 

Chan et al.(13) demonstrated that batch polymerization of MA in DMSO using MBP as initiator 

with copper wire reached 70-75% conversion after 180 min with [M]0:[MBP]0: [Me6TREN]0 set 

to 100:1:0.01. This condition became the starting point of the current investigation, with similar 

results achieved (entry D1 in Table 3-1) for the same target DP=100 recipe: 82% conversion after 
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140 min with Mn of 8100 g·mol−1 and Ð of 1.15. Equivalent material was produced with EBiB, in 

agreement with previous literature reporting that EBiB and MBP are equally effectively as 

initiator.(39, 71) Most importantly, the set of batch experiments in DMSO show that good control 

(Ð<1.15) is maintained as target chain length is reduced from 100 to 10 (D1-D4), with the resulting 

MWDs shown as Figure 3-2a and monomer conversion profiles as Figure 3-2b. To the best of our 

knowledge, the lowest target chain ever tried in SET-LRP system with acrylates was DP=20 by 

Becer and his colleagues using a penny copper coin.(14) However, the ligand:initiator ratio was 10 

times higher than in our experiment. 

Table 3-1 NMR and SEC analyses of Cu(0)-catalyzed batch polymerization of MA in DMSO (30 

wt%) at room temperature. Initial reactant molar ratios of [MA]0:[Initiator]0:[Me6TREN]0 = target 

DP:1:0.01, conversions are reported after 140 min 

 

 

 

Figure 3-2 a) Molecular weight distributions and b) monomer conversion profiles of PMA 

synthesized in DMSO in batch at room temperature. Target chain lengths (DPxx) vary from 10 to 

100 as set by MA:initiator:Me6TREN molar ratio (see Table 3-1 for details).  

 

Exp. Initiator Target DP Conv. %f Actual DP Mn (g mol-1) Ð 

D1 EBiB 10 81 1 % 90-97% 10.5 903 1.12 

D2 EBiB 20 762% 90-99% 19.8 1710 1.12 

D3 EBiB 100 811% 87-100% 79.2 6816 1.13 

D4 MBP 100 822% - 87.6 7541 1.17 
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3.3.1.2 Polymerization of MA in Methanol 

Polymerization of MA in methanol was slower than in DMSO (Figure 3-3), such that the 

conversions using EBiB were below 30%, as summarized in Table 3-2; in addition, the estimated 

polymer functionality was lowered. Higher reaction rates (conversions) were achieved by adding 

ascorbic acid to the system. However, ascorbic acid causes a loss of control and a higher dispersity 

when added to the Cu(0) system, as also found by Chan et al. in DMSO.(13) 

Table 3-2  NMR and SEC analyses of MA polymerizations in methanol (30 wt%). Initial reactant 

molar ratios of [MA]0:[EBiB]0:[Me6TREN]0 = target DP:1:0.01, conversions are reported after 140 

min 

 a Ascorbic acid (0.01 molar ratio to monomer) was added to the system as a reducing agent before purging. 
b Ligand ratio was increased by factor of 5,to [MA]0:[Initiator]0:[lig]0 = target DP:1:0.05   

 

 

Figure 3-3 Conversion vs. time profiles for MA polymerized in methanol with EBiB initiator and 

varying target chain lengths (see legend and Table 3-2) at room temperature 
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Exp. Temp. Target DP Conv. %f Actual DP Mn (g mol-1) Ð 

M1 25 °C 10 29 1 % 77% - small - 

M2a 25 °C 10 871% 92% 9.7 836 1.51 

M3 25 °C 20 181% 75% - small - 

M4 25 °C 50 313% 94-100% 20.2 1740 1.09 

M5 25 °C 100 321% 83-90% 34.9 3003 1.12 

M6b 25 °C 10 75% 78-85% 10.3 892 1.09 

M7 40 °C 10 20% 59% - small - 
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Some attempts were made to increase the polymerization rate in MeOH. Compared to reactions at 

room temperature, polymerization at 40 °C had almost the same conversions (M7 and M1). 

Increasing the ligand amount by a factor of five, however, resulted in a higher conversion of 75% 

(M6). Although the polymer was well-controlled, increasing ligand level is not desirable, due to 

its cost. 

3.3.1.3 Polymerization of MA in Isopropanol 

As the polymerization rate in methanol was slow and as its boiling point is quite low, isopropanol 

was selected as another candidate. In addition, it along with PGME, was suggested by Nipsea as a 

solvent that would be amenable for industrial use. Higher conversions were achieved (Table 3-3, 

Figure 3-4) in isopropanol, with good control of livingness (low Ð) narrow distribution. However, 

for higher target chain lengths, the polymer product became insoluble in isopropanol, leading to 

two phase operation and an increase in Ð (experiment I3).  

 

 Table 3-3 H NMR and SEC analyses of MA polymerization [target chain]:1:0.01 in isopropanol  (30 

wt%) at room temperature, conversions are reported after 140min 

a five times ligand was added to the system.  

Exp. Initiator Target DP Conv. %f Actual DP Mn (g mol-1) Ð 

I1 EBiB 10 80% 98-100% 10.2 877 1.14 

I2a EBiB 10 96% 96-100% 13.1 1128 1.09 

I3a EBiB 100 90% 99-100% 24.6 2121 1.42 
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Figure 3-4 Conversion vs. time for MA polymerized in isopropanol at room temperature (See Table 

3-3 for experimental details) 

 

3.3.1.4 Polymerization of MA in PGME 

Polymerizations conducted in propylene glycol methyl ether (PGME, boiling point of 120 °C) also 

proceeded to higher conversions than found in MeOH (entries P1-P4, Table 3-4). Although the 

initial rate of reaction was lower than in DMSO (compare Figure 3-5 with Figure 3-2), the final 

conversions achieved at 140 min were comparable, and excellent control was achieved for DP-10 

with the ligand:initiator ratio kept at 0.01. Once again, an increase in temperature did not improve 

the conversion achieved (P3), in agreement with previous literature,(39) although an increase in 

ligand level did (P2).  

Based upon these batch screening results, PGME was chosen as the most promising solvent for 

further study. The higher boiling point makes it more amenable than MeOH for industrial use, and 

reaction rates and conversions approach those found in DMSO, while maintaining excellent 

control even with very low target DP. 
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Table 3-4 H NMR and SEC Analysis of MA polymerization [target chain]:1:0.01 in PGME  (30 

wt%) after 140 min 

a five times ligand was added to the system b  The high Ð in P4 was caused by low molecular weight chains 

that created a small tail in the distribution 

 

 

Figure 3-5 Conversion vs. time for MA polymerized in PGME (see Table 3-4 for experimental 

details) 

 

3.3.2 Polymerization of Low Molecular Weight MA in Copper Tube  

Copper tubing was used by Chan et al.(13) as a continuous reactor for polymerization of MA with 

a [MA]0:[MBP]0:[Me6TREN]0 feed ratio of 100:1:0.01 and 30 wt% DMSO solvent at ambient 

temperature. With  varied between 8 and 32 min, steady state conversions of 40-60% and 

molecular weight of 4000-5400 g·mol−1 were achieved. In this study, a copper tubular system was 

established (see schematic in Figure 3-6) to produce low molecular weight P(MA) of chain length 

10. Experiments were conducted using both MBP and EBiB as initiator and DMSO and PGME as 

solvent. In addition, a few experiments were conducted with varying target chain lengths. 
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Exp. Initiator Target DP Temp(oC) Conv. %f Actual DP Mn (g mol-1) Ð 

P1 EBiB 10 RT 91% 94-95% 11.3 976 1.10 

P2a EBiB 10 RT 97% 91-93% 12.4 1066 1.11 

P3 EBiB 10 60 71% 93-94% 8.8 757 1.12 

P4 EBiB 100 RT 70% 93% 68.7 5909 1.40b 
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Figure 3-6 Schematic of copper tube reactor used for methyl acrylate low molecular weight 

polymerization (1) 250 mL round-bottom flask containing; methacrylate, solvent, ligand and initiator 

(EBiB or MBP)-[MA]0:[initiator]0:[Me6TREN]0 10:1:0.01, (2) Pharmed PBT tubing with 1.02 mm ID; (3) 

Ismatec Reglo ICC digital peristaltic two-channel pump; (4) Cu tubing (1.65 mm ID) with total volume 32 

mL; (5)  Collection vessel. 

The results of several experiments summarized in Table 3-5 indicated that polymerization with 

EBiB in the copper tube was much slower than with MBP, in contrast to the similar rates seen for 

the batch system. This result was not expected. A search of literature suggested that a possible 

explanation for this phenomenon is the known slower rate of radical formation with MBP when 

compared to EBiB.(71).  

Table 3-5 H NMR and SEC analyses of P(MA) produced continuously in a copper tube at ambient 

temperature (30 wt% solvent; Me6TREN ligand). 

a Conversion range found in repeated experiments.  

Exp. Solvent Initiator [MA]0:[Init]0:[Lig]0 Flow rate 

(mLmin−1) 

𝝉  

(min) 

Conversion Mn 

(gmol−1) 

Ð 

CT1 DMSO MBP 100:1:0.01 1 32 41-57% a 4981 1.30 

CT2 DMSO MBP 100:1:0.01 0.5 64 78% 6809 1.27 

CT3 DMSO MBP 10:1:0.01 1 32 63% 711 1.36 

CT4 DMSO EBiB 100:1:0.01 1 32 17% small - 

CT5 DMSO EBiB 100:1:0.01 0.5 64 30% small - 

CT6 DMSO EBiB 10:1:0.01 0.5 64 49% small - 

CT7 PGME EBiB 10:1:0.01 1 32 10% small - 

CT8 PGME MBP 10:1:0.01 1 32 74-80% a 608-754 1.190.01 

CT9 PGME MBP 10:1:0.05 1 32 89% 823 1.23 
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It was hypothesized that the faster activation rates between Cu(0) and EBiB leads to high radical 

concentrations and  a high initial rate of termination at the walls of the tube, causing loss of 

livingness and buildup of Cu(II) deactivator species. However, this hypothesis was rejected after 

a successful chain extension experiment using the polymer solution made in the copper tube with 

EBiB: although the monomer conversion from the tube was very low (~10%), the following batch 

chain extension with MA to target chain length 100 reached 59% conversion after 3 h with 

excellent control (Figure 3-7), proving that the use of EBiB in the copper tube did not result in loss 

of livingness (Table 3-6). Further investigation is needed to understand the lowered rates 

(conversions) achieved with EBiB in the copper tube, as subsequent experimentation focused on 

MBP as initiator. 

 Table 3-6 NMR and SEC analyses of PMA macroinitiator synthesized in copper tube using EBiB 

with residence time of 32 min and further batch chain extension (3 h reaction) with reactant ratio of 

[PMA10]:[MA]0:[Lig]0:[Asc]0 = 1:90:0.01:0.06. 

 

Figure 3-7 MWDs of P(MA) macroinitiator produced in copper tube with EBiB and further chain 

extension with MA in a batch system after 3h (see Table 3-6 for details) 

 

2.2 2.7 3.2 3.7 4.2
LOG (MW)

PMA in CuT with EBiB

chain ex with MA-3h

Exp. system Target DP Conv. Actual DP Mn  

(g·mol−1) 

Ð 

CT0 PMA in Copper tube  10 10% 4.0 344 1.08 

CE0 PMA Chain extension 
 

100 59% 47.0 4046 1.10 
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Use of MBP as the initiator in copper tube system with both PGME and DMSO solvent was 

successful, with both higher residence time (CT2 vs CT3) and higher ligand ratio (CT9 vs CT8) 

leading to higher conversions. Comparing the effect of target chain length in copper tube system 

(CT1 and CT3) with the same residence time, it was observed that the reaction rate is increased 

with lower target chain length, likely due to the higher ligand and initiator concentrations in the 

system. The conditions corresponding to CT8 were used repeatedly (under steady-state operation) 

to make macroinitiator for chain extension experiments (as described in the next chapter). 

 

3.3.3 Polymerization of Low Molecular Weight MA in Copper Mesh Tube   

In order to increase the conversion without increasing ligand level while keeping residence time 

less than one hour, a tube packed with copper mesh tube was used as reactor to provide more 

catalyst surface area compared to the copper tube system. The results summarized in Table 3-7 

show successful macroinitiator polymerization in copper mesh with good control over molecular 

weights distributions. Comparing the copper mesh and copper tube systems under same conditions 

(CM3 and CT8) it can be concluded that higher conversion is reached in the mesh-packed reactor 

than the copper tube, as expected with the larger surface area in copper. A residence time of 32 

min in the copper tube using a feed containing MA:MBP:Me6TREN in the ratio of 10:1:0.01 was 

found to produce P(MA) with Mn between 700-800 gmol−1 and Ð<1.2, while under the same 

condition in the copper mesh P(MA) with Mn between 800-900 gmol−1 and Ð<1.4 was achieved. 
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Figure 3-8 Schematic of copper mesh reactor used for methyl acrylate low molecular weight 

polymerization (1) 610 mL storage cylinder containing; methacrylate, solvent, ligand and initiator (MBP)-

[MA]0:[initiator]0:[Me6TREN]0 10:1:0.01-0.05, (2) Valve used to start feeding (3) 1/4 inch diameter PVC tube 

packed with 10 g of copper mesh, having a working volume of 23 mL (4) Ismatec Reglo ICC digital peristaltic two-

channel pump with 1.58 mm ID Pharmed PBT tubing (5)  Collection vessel. 

 

In an attempt to further increase the conversion, the level of ligand was raised to 0.03 and 0.05 

(CM4 and CM5) relative to initiator. While conversions and Mw both increased slightly, the 

dispersities of the polymer also may have increased slightly.  

 

Table 3-7 NMR and SEC analyses of P(MA) produced continuously in a copper mesh at ambient 

temperature (30 wt% PGME, MBP initiator, Me6TREN ligand). Conversions are measured after 

three residence times.  

a Experiments were repeated twice. 

Exp. [MA]0:[MBP]0:[Lig]0 Flow rate 

(mLmin−1) 

𝝉  

(min) 

Conversion Actual 

DP 

Mn 

(gmol−1) 

Ð 

CM1 10:1:0.01 1 23 73% 9.5 819 1.40 

CM2 10:1:0.01 0.5 46 88-90%a 9.8-10.3 848-890 1.23-1.24 

CM3 10:1:0.01 0.7 32 83-87%a 9.6-10.0 826-863 1.24-1.26 

CM4 10:1:0.03 0.7 32 90% 10.5 904 1.25 

CM5 10:1:0.05 0.7 32 94% 12.2 1054 1.36 
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Figure 3-9 summarizes the experimental conditions used to polymerize macroinitiator solution in 

copper tube and copper mesh, as well as the resulting polymer properties.  It can be concluded that 

the copper mesh reactor is a more efficient system than copper tube for macroinitiator synthesis, 

with conversions of 90 and 94% achieved with =32 min with 3 and 5% ligand, respectively, and 

also with 1% ligand and =46 min. As presented in the next chapter, chain extensions were 

successfully demonstrated using macroinitiator solution produced under a range of conditions. The 

best residence time and ligand level to achieve a target conversion for larger scale operation will 

depend on a range of factors, including ligand cost and tolerance to residual copper levels.  

 

Figure 3-9 Comparison of final conversions and molecular weights of P(MA)10 macroinitiator 

produced in copper mesh and copper tube with various ligand ratio and residence times 

 

 

3.4 Conclusion  

The purpose of the experimentation described in this chapter was to develop an efficient system to 

synthesize low MW (DP10) P(MA) in a continuous process to be used as macroinitiator for further 
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chain extension. Initial experimentation was conducted in batch, to verify that control could be 

maintained at reasonable reaction rates while reducing target chain length from 100 to 10, and to 

screen different solvents and initiators. Polymerization in methanol was found to be slow 

compared to in DMSO. As polymer solubility was found to be an issue with isopropanol, PGME 

was selected as the solvent of choice, providing polymer solubility, good control and reasonable 

reaction rates at room temperature using low ligand levels (0.01 molar ratio to chains) with both 

EBiB and MBP as initiator.  

The knowledge gained in the batch experiments was used to guide reaction conditions investigated 

for continuous production of P(MA) DP10 macroinitiator in a copper tubular reactor. As expected, 

the greater copper surface area supplied by the tube led to higher conversions achieved with 

residence times of less than one hour at room temperature. After conducting some control 

experiments with DMSO and varying target chain lengths from 10 to 100, the focus turned to 

developing process conditions with PGME as solvent. In contrast to the batch experiments, it was 

observed that EBiB led to considerably slower polymerization rate in the tubular system compared 

to MBP. Further experimentation will be required to explain this difference.  

The base-case operating conditions selected to make low molecular weight P(MA) macroinitiator 

with target DP of 10 in the copper tubular reactor is an MA:MBP:Me6TREN feed ratio of 10:1:0.01 

with 30 wt% PGME solvent, with a residence time of 32 min to provide 74-80% of conversion. 

These conditions are used routinely in the rest of this study to produce macroinitiator used for 

further chain growths. Further optimization of the system is possible depending on economic and 

process constraints. For example, an increased residence time or increased ligand amount could 

further increase conversion.  
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To increase the conversion without increasing ligand level while keeping residence time less than 

an hour, the optimized condition in the copper tube system was then applied to a tubular reactor 

packed with copper mesh to provide greater surface area. The final results showed higher 

conversions (~90%) with the same residence time of 32 min and the same reactant ratios. In 

addition, scale up to large diameter reactors will be easier with the copper mesh system compared 

to the copper tube, for which the available Cu(0) surface area to volume ratio rapidly decrease with 

increasing tube diameter. 
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Chain Extension of P(MA)10 with MA 

 

4.1 Introduction  

This chapter describes the batch and semi-batch chain extension investigations of the P(MA)10 

macroinitiator solutions produced in batch as well as in the continuous copper tube and copper 

mesh reactor systems. The chain-extensions were done without addition of further copper to the 

system by using ascorbic acid as a reducing agent. Furthermore, it will be shown that no loss in 

activity or livingness was found using macroinitiator solution that has been stored for over a week. 

Thus, the combination of a continuous reactor to produce macroinitiator and subsequent semi-

batch chain extension is proposed as a versatile process to efficiently produce block copolymers 

at an industrial scale. 

Chain extensions of the macroinitiator solution were first conducted in a batch reactor at room 

temperature with different solvents and various ligand and ascorbic acid ratios. After determining 

successful conditions for chain extension (to DP100) in the batch system, a reactor system was set 

up to conduct chain-extensions in the semi-batch reactor, with various feeding strategies 

investigated to increase conversion while maintaining good livingness.  
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4.2 Experimental  

4.2.1 Materials  

Methyl acrylate (MA) (99%, inhibited by less than 100 ppm monomethyl ether hydroquinone, 

Aldrich), dimethyl sulfoxide (DMSO) (99.9%, Aldrich), 1-methoxy-2-propanol (propylene glycol 

methyl ether, PGME) (99.5%, Aldrich), L-ascorbic acid (Asc) (99%, Aldrich), tris[2-

(dimethylamino)ethyl]amine (Me6TREN) (99%, Alfa Aesar), deuterated chloroform (99.8 atom 

%D, Aldrich), tetrahydrofuran (THF) (99%, Aldrich), hydrochloric acid (HCl) (36.5-38%, Fisher), 

and nitrogen gas (Praxair, ultra-high purity) were used as received. 

  

4.2.2 Characterization 

The characterization techniques used for analyzing chain extended samples were the same as last 

chapter. Nuclear magnetic resonance spectroscopy (NMR) was used to calculate chain extended 

sample conversions. The samples taken from reaction were diluted to 10 vol% in deuterated 

chloroform, and integrated areas of characteristic monomer and polymer peaks were used to 

calculate conversions as described in the results and discussion section. SEC analyses were also 

conducted using the methodology outlined in Chapter 3. 

4.2.3 Procedure 

4.2.3.1 Batch Chain Extension Procedure 

The P(MA) DP10 solution produced in either the copper tube, the batch system or the copper-

mesh packed bed system was used as macroinitiator for batch chain extension. In order to extend 

the chain length to DP100 in batch, additional monomer was added to a round bottom flask to 

achieve the initial ratio of [P(MA)10]:[MA]=1:90, with solvent also added to maintain its level at 
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30 wt%; no additional Cu was added to the system. After purging with N2 for 1 h, additional ligand 

and ascorbic acid were injected to the system separately to start the reaction. A series of screening 

experiments were performed to determine the amount of reducing agent (Asc) and additional 

Me6TREN ligand that is required for effective chain extension. As an example, 5 g of 

macroinitiator solution made in batch was mixed with MA (31 g, 0.36 mol) and solvent (10 g) in 

a 100 mL flask and purged with N2 for 1 h. After purging, Me6TREN (0.011 g, 0.04 mmol) and 

ascorbic acid (7 mg, 0.04 mmol) dissolved in 3 g of solvent were injected with separate syringes 

to the flask to start the reaction. The reaction proceeded for 2 h, with samples collected every 20 

min. 

4.2.3.2 Semi-batch Chain Extension Procedure 

Semi-batch chain extensions were conducted in a 500 mL round-bottom flask with magnetic 

stirring. Most reactions were conducted at room temperature, with some at 50 °C with temperature 

maintained by an oil bath on a hot plate (IKA-HS7). The reactor was charged with 20 g of DP10 

P(MA) macroinitiator solution and purged for 1 h with N2, with all other components (monomer, 

solvent, Asc, and additional ligand) added using the two channel peristaltic pump. Two feeds were 

used, as it was found that Me6TREN and Asc can react together over the time frame of the feed 

(typically 3 h). One feed flask contained solvent and ascorbic acid while the other contained 

monomer and ligand; both flasks were maintained under N2 blanket. The feed solutions were 

prepared in order to maintain solvent level at 30 wt% and to produce P(MA) of DP100, assuming 

full conversion; the amounts of Asc and Me6TREN added to the solution were set at ratios of 0.06 

and 0.01, respectively, relative to the initial amount of initiator added to produce the P(MA) 

macroinitiator. While flowrates were set to deliver the correct amounts at a constant rate over 3 h, 

the actual feed rate sometimes varied between experiments due to calibration issues. The 
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calibration procedures were improved during the study, with details provided in Section D of the 

Appendix. However, the amount of reagents delivered was always known, as calculated by 

gravimetry (weight of feed vessels before and after the experiment). For some experiments, an 

additional 1 h of reaction time was allowed in batch mode (after feeding was complete), to drive 

the reaction to higher conversion. 

 

4.3 Results and Discussion 

4.3.1 Batch Chain Extension  

4.3.1.1 Batch Chain Extension in DMSO 

Chain extensions were first done in DMSO to establish reaction conditions. As summarized in 

Table 4-1, extensions were successful using fresh macroinitiator solution produced the same day 

(CE1-CE3), as well as after a day of storage (CE4-CE6). While reaction proceeded with only 

ligand (CE1) or ascorbic acid (CE2) added to the system, reaction rates were higher when both 

were added (CE3). In all cases, the low dispersity of the polymer and the clear separation of the 

polymer MWDs from that of the macroinitiator (Figure 4-1) shows good control over the system. 

 

 

 

 

 

 

 

Figure 4-1 MWDS of P(MA) macroinitiator (B0-1) after batch chain extension experiments to target 

DP of 100 in DMSO (CE1-3). See Table 4-1 for experimental details 
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Table 4-1 NMR and SEC analyses of methyl acrylate batch chain extension from DP10 to DP100 at 

room temperature in DMSO by addition of ligand and ascorbic acid; CE are the chain-extended 

polymers using the initial polymer B0 made in batch 

  

4.3.1.2 Batch Chain Extension in PGME 

After demonstrating successful chain extension in DMSO, the reaction was tried in PGME solvent. 

As summarized in Table 4-2, several experiments were performed to find suitable levels of 

ascorbic acid and ligand, with the highest conversion achieved with [MA]0:[Me6TREN]0:[Asc]0 

90:0.01:0.06 relative to the concentration of P(MA) macroinitiator in the batch. Chain extensions 

were conducted using various macroinitiator solutions produced in batch (B0-2, B0-3) and 

continuously in the copper tube (CT0). A high MW tail measured for B0-3 did not affect the 

reactivity of the macroinitiator or the control during the chain extension reaction (Figure 4-2).  

The influence of macroinitiator solution storage time on its reactivity during chain extension was 

also explored with this set of experiments. The results indicate that storage does not adversely 

affect MW control, but does have an influence on rate: after a week of storage 90% conversion 

was still achieved in 2 h (CE16), but conversions were reduced to 50-60% with storage times of 

10 days (CE17). 

 

Exp. Storage 

time 

[MA]0:[EBiB]0:[lig]0:[Asc]0 Time 

(min) 

Conversion Functionality Mn 

(gmol−1) 

Ð 

B0-1 - 10:1:0.01:0 140 91% 86-95% 980 1.11 

CE1 - 90:0:0.01:0 120 69% 87-93% 6945 1.05 

CE2 - 90:0:0:0.01 120 78% 94-100% 7243 1.09 

CE3 - 90:0:0.01:0.01 120 84% 87-91% 7245 1.10 

CE4 24h 90:0:0:0.01 120 83% 84-98% 7979 1.09 

CE5 24h 90:0:0.01:0 120 72% 93-97% 6616 1.05 

CE6 24h 90:0:0.01:0.01 120 91% 94-100% 9041 1.07 
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Table 4-2 NMR and SEC analyses of methyl acrylate batch chain extensions from DP10 to DP100 at 

room temperature in PGME by addition of ligand and ascorbic acid, CE are the chain extended 

polymers using the initial polymer made in batch (B0) or continuously in the copper tube (CT0)

 

 

Figure 4-2 MWDS of P(MA) macroinitiator (B0-2; B0-3) after batch chain extension experiments to 

target DP of 100 in PGME (C12-C17). See Table 4-2 for experimental details. 

 

 

 

 

Exp. Storage 

time 

[MA]0:[Init]0:[lig]0:[Asc]0 Time 

(min) 

Conversion Functionality Mn 

(gmol−1) 

Ð 

B0-2 - 10:1:0.01:0 140 91% 90-96% 907 1.11 

CE7 24h 90:0:0:0.01 120 15% - - - 

CE8 24h 90:0:0:0.02 120 15% - - - 

CE9 24h 90:0:0.01:0 120 22% - - - 

CE10 24h 90:0:0.01:0.01 120 38% 93% 3655 1.12 

CE11 - 90:0:0.02:0.01 120 37% 74-100% - - 

CE12 - 90:0:0.01:0.02 120 51% 73-100% 5310 1.09 

CE13 24h 90:0:0.01:0.04 120 72% 75-100% 7592 1.09 

CE14 48h 90:0:0.01:0.06 120 84% 78-100% 8129 1.29 

CE15 48h 90:0:0.01:0.07 120 78% 74-100% 6072 1.16 

B0-3 - 10:1:0.01:0 140 75% 90-93% 741 1.87 

CE16 7 days 90:0:0.01:0.06 120 91% 94-100% 9348 1.15 

CE17 10 days 90:0:0.01:0.06 120 53% - 4049 1.14 
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4.3.2 Feasibility Studies with Semi-Batch Operation 

A system consisting of a reaction flask and two feed flasks was established to perform semi-batch 

chain extensions, as shown in Figure 4-3. Material was fed to the reactor at constant rate over a 

fixed time to achieve a target chain length of 100, with the component amounts measured to deliver 

a final ratio of [MA]0:[Me6TREN]0:[Asc]0 of 90:0.01:0.06 relative to the macroinitiator chains 

added to the vessel as an initial charge, while maintaining 30 wt% PGME. P(MA)10 macroinitiator 

synthesized in the tubular reactor system with PGME solvent and MBP initiator was used as the 

starting material for this set of experiments.  

 

 

 

 

 

 

 

 

Figure 4-3 Semi-batch chain extension with two feed flasks 

 

The amounts of Me6TREN (added to the MA feed) and Asc (added to the PGME feed) were set to 

provide final molar ratios of 0.01 (for Me6TREN) and 0.06 (for Asc) relative to the number of 

macroinitiator chains after full addition of the feeds was complete. While the optimized ratios may 

be different for semi-batch operation, these levels of ligand and reducing agent (chosen based on 

the batch chain extension study) provided excellent control of chain growth at reasonable rates, as 

summarized in Table 4-3.  
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Table 4-3 NMR and SEC analyses of semi-batch two-feed chain extension in PGME with ratio of 

added [MA]0:[lig]0:[Asc]0 set to 90:0.01:0.06 based on moles of DP10 macroinitiator added to the 

systems. Reported conversions are after operation for 6 h in SB1-2, and after 3 h for SB3-7. Initial 

DP10 macroinitiators were produced in copper tube with 76 and 89% conversion; with ratio of added 

[MA]0:[MBP]0:[lig]0 set to 10:1:0.01. Target amounts of MA and PGME to be added to the system 

were 126 g and 55 g, respectively, for all reactions (target DP of 100, 30 wr% solvent). 

a Conversions after 1 h additional reaction under “batch mode” at the end of monomer feeding bligand ratio 

was 5 times higher, [MA]0:[lig]0:[Asc]0 set to 10:0.05:0 c Conversion is based on SEC results. d The target 

Dp was calculated based on actual amount of monomer added. 

 

Due to calibration issues with the peristaltic pumps, the actual amount of monomer and solvent 

delivered to the reactor differed from the target rates. Thus, the “target DP” of the system for each 

experiment was recalculated based upon the actual amount of monomer added to the system and 

assuming 100% conversion, as determined by measuring (by gravimetry) the amount of material 

remaining in the feed tanks at the end of the 6 h (SB1-2) or 3 h (SB3-6) feeding period. The reaction 

was held for an additional 1 h under batch mode after feeding was stopped for SB4-6. While there 

is thus some variation between the experiments, the results as a whole demonstrate the excellent 

control and high conversions that are achieved during chain-extension in a semi-batch system.   

 

 

Exp. 

 

 

Storage 

time 

 

 

Temp 

(°C) 

Feed #1, Monomer+lig 

 

Feed #2, Solvent+Asc  

 

Final 

Conversion 

 

 

Target 

DP d 

 

 

Actual 

DP 

 

 

Mn,SEC 

(g·mol−1) 

 

 

Ð MA added 

(g) 

Delivery time PGME added 

(g) 

Delivery time 

CT0 - 25 - - - - 76% - - 754 1.20 

SB1 1 day 25 94 6h 55 3.5h 67% 75 59 5112 1.12 

SB2 2 days 50 84 6h 55 4.4h 87% 66 51 4453 1.21 

SB3 2 days 50 111 4h 36 4h 72% 88 86 7412 1.07 

SB4 4 days 25 90 3h 35 3h 86%a 71 63 5429 1.10 

SB5 7 days 25 107 3h 38 3h 88%a 85 84 7193 1.13 

SB6 10days 25 108 3h 55 2h 85%a 86 84 7255 1.11 

CT0 
b - 25 - - - - 89% - - 823 1.23 

SB7  1 day 25 126 3h 55 3h 80%C 100 79 6851 1.05 
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Figure 4-4 Polymer color in semi-batch, (A) before feeding and (B) after chain extension for 2 h  

 

Figure 4-4 shows the decrease in color observed after chain extension. The green tint of the 

macroinitiator solution is an indication of the activated form of copper, which becomes diluted 

with the monomer and solvent added during chain extension; as well, the ascorbic acid affects the 

balance of copper oxidation states in solution.  

It is also instructive to look at the evolution of polymer chain length over the course of the semi-

batch reaction, as demonstrated in Figure 4-5a for Experiment SB1. Although the instantaneous 

monomer conversion (and thus the molar concentration of MA in the increasing reaction volume) 

remains relatively constant at ~65% between 1 and 6 h, the polymer MWDs remain narrow (Ð<1.2 

for all samples) and shifts to higher values over the course of the reaction with the feeding of the 

additional MA. For this particular reaction, the actual amount of MA delivered to the reactor was 

94 g instead of the intended 126 g. Thus, the final measured DPn of 59 units (Mn=5110 gmol−1) 

with 70% MA conversion is in reasonable agreement with the target DP of 75 (assuming 100% 

conversion). This demonstration that the chains are continuously growing over the complete 

monomer feeding time was also observed for all other semi-batch reactions. 

 

B A 
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Figure 4-5 MWDs of P(MA) produced by semi-batch chain extension of DP10 macroinitiator 

solution: (a) SB1 as a function of reaction time (instantaneous MA conversion x also indicated in 

legend) (b) final distributions from SB4, SB5 and SB6. Experimental conditions are shown in Table 

4-3. 

 

The monomer target flow rate for both SB1 (25 °C) and SB2 (50 °C) was ~0.35 mLmin−1 over 6 

h; however, actual flow rates were 0.27 and 0.24 mLmin−1, respectively. The actual DP values 

reached (59 and 51) for the two experiments are both 78% of the target DP values of 75 for SB1 

and 66 for SB2, despite the difference in reported conversions. Thus, it can be concluded that 

running the semi-batch system at 50 ℃ offers no advantage, as also seen in batch. Note that the 

conversions and properties of the P(MA) product were relatively consistent for reactions SB4-

SB6, despite the increasing age of the macroinitiator solution used as the starting material.  

 

4.3.3 Improved Semi-batch Operation 

Semi-batch chain extension was later conducted with macroinitiator produced in copper mesh 

tubular reactor using the same operating procedure. Results summarized in Error! Reference 

source not found. show that higher molecular weight with better control over MWD is achieved 

with 0.03 ratio of ligand and 0.03 Asc (SB9) when copper mesh macroinitiator is used, with the 

2.4 2.9 3.4 3.9 4.4
LOG (M) MA

Initial polymer

SB4-4days

SB5-7days

SB6-10days

2.4 2.9 3.4 3.9 4.4
LOG (M) MA

SB1 1h,x=0.61
2h,x=0.61
3h,x=0.64
4h,x=0.74
5h,x=0.78
6h, x=0.67

a
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final conversions and MW similar to P(MA) produced by chain extension of macroinitiator 

solution produced in the copper tube (SB7). 

 Table 4-4 NMR and SEC analyses of semi-batch two-feed chain extensions of P(MA10) with MA in 

PGME at room temperature, with a portion of the ascorbic acid (either 50 or 100%) added at the 

start of reaction. Reported conversions are after 3 hours of feeding and 1h holding, macroinitiator 

was made in copper mesh continuous systems (CM). 

a Conversions are calculated by GC  b half of the ascorbic acid was added to macroinitiator solution at start 

of the reaction, and the other half was fed over 3h. c All of the ascorbic acid was added to the macroinitiator 

at the start of reaction, followed by semi-batch addition of monomer, solvent and ligand. d Conversion is 

estimated from SEC result.  

 

Although various ligand and ascorbic acid ratios were used to increase reaction rates for semi-

batch chain extensions (SB8-10), none of the polymerizations reached conversions of over 90%. 

It was later found that by making a small change in semi-batch procedure, 96% conversion can be 

achieved (SB11). The improvement was achieved by splitting the addition of the ascorbic acid, 

with a portion added to the flask containing the macroinitiator solution at the start of the reaction, 

 

Exp. 

 

Storage 

time 

 

[MA]0:[lig]0:[Asc]0 

 

Conversion  

 

DP 

 by SEC 

 

Mn,SEC 

(g·mol−1) 

 

Ð 

CM-1 - 10:0.01:0 88% 9.8 848 1.23 

SB8 1 day 90:0.05:0.03 55% a 55 4742 1.056 

SB9 5 days 90:0.03:0.03 57% a 72 6230 1.04 

CM-2 - 10:0.03:0 90% 10.5 904 1.25 

SB10 1 day 90:0.05:0.03 51% a 59 5129 1.04 

CM-3 - 10:0.01:0 73% 9.7 838 1.36 

SB11 1 day 90:0.03:(0.03+0.03)b 96%  96 8911 1.14 

SB12 2 days 90:0.01:(0.03+0.03)b 67% d 70 6057 1.12 

CM-4 - 10:0.01:0 82% 10.0 861 1.39 

SB13 2 days 90:0.03:0.03 c 92% 85 7350 1.13 

SB14 5 days 90:0.03:0.06 c 96% 81 6966 1.17 
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and the remainder fed in semi-batch fashion as before, after 1 h of purging. With a conversion of 

96% reached, it is hypothesized that the ascorbic acid added to the reaction flask facilitates 

reactivation of Cu(II) species in the macroinitiator solution.  

 

Figure 4-6 MWDs of P(MA) produced by semi-batch chain extension of DP10 macroinitiator 

solution by adding 50% of ascorbic acid at the start of the reaction, and feeding the remainder by 

semi-batch addition (SB11, see Table 4-5). 

 

The same procedure was then performed with lower ligand level (1% relative to macroinitiator), 

which resulted in a lowered conversion of 67% (SB12). Operation with all of the ascorbic acid 

added to the reaction flask (containing macroinitiator) at the start of reaction (SB 13 and SB14) 

was also explored, with additional monomer, solvent and ligand fed as before. However, while the 

chain-extended material still had low dispersity, conversions and MWs were lower despite the high 

conversions measured. While further investigations are needed, it can be concluded that the chain 

extension occurs with good control under all three Asc feeding strategies explored: 100% added 

at the start of batch, 100% added during feeding period, or a 50/50 split. Conversions are raised 

when a higher ligand ratio (0.03 compared to 0.01) is used, with best overall results achieved with 

reactant ratios of [MA]0:[lig]0:[Asc]0 set to 90:0.03:0.06, with half of the ascorbic acid added to 

the reaction flask at the beginning and the other half to the feed flask (SB11). 
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4.4 Conclusion  

In conclusion, semi-batch chain extension in PGME reached intermediate to high conversions at 

room temperature with controlled monomer and solvent feeds. Higher conversions were achieved 

with a 1 h batch hold after semi-batch feeding. Successful chain extensions were performed at 

room temperature with initial macroinitiator solution stored for up to 10 days without additional 

copper. A promising strategy developed to improve semi-batch operation is to add a portion of the 

ascorbic acid to the reaction flask with the macroinitiator solution, with the rest added along with 

monomer, solvent and ligand over 3 h followed by a 1 h hold under batch conditions. The results 

showed successful P(MA) chain extension to DP100, reaching 96% of conversion while 

maintaining low dispersity.  
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Chain Extension of P(MA)10 with Other Monomers 

 

5.1 Introduction  

Building on the results of the previous chapter, the combination of the copper tubular reactor and 

the semi-batch process was used to synthesize linear block copolymers, as illustrated schematically 

in Figure 5-1. A target block copolymer structure made by this process would have a short 

initiating block (I-block, normally 10 units) and A and B blocks, as shown in Figure 5-2. For 

application as pigment dispersant, it could be envisioned that the A-block be hydrophobic, and the 

B-block hydrophilic. In this chapter, however, the focus is to demonstrate the semi-batch chain 

extension of P(MA) macroinitiator with different monomers to produce various “I-A” structures, 

as well as to show the feasibility of producing an “I-A-B” structure through staged monomer 

feeding in the semi-batch process. Most of the experimentation described in this chapter was 

conducted using P(MA) macroinitiator solution produced in the copper tube, as the copper mesh 

system described in Chapter 3.3.3 was developed later in the study. 

For dispersant design, both monomer selection and block length will be key factors. In addition, 

the monomer conversion achieved in each stage should be high, in order to achieve the desired 

block length and to reduce the amount of random copolymerization that occurs when the next 

monomer is added. In this study, the P(MA) macroinitiator of length 10 is always used as the I 

block.  
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Figure 5-1  Full process of producing macroinitiator solution and subsequent semi-batch chain 

extension  

For the A block, both butyl acrylate (BA) and poly(ethylene glycol) methyl ether acrylate 

(PEGMEA, Mn=480 g·mol−1) monomers are used with the semi-batch operating procedure to 

produce di-block structures with target chain length of 100. A tri-block polymerization was also 

conducted by using P(MA)10 macroinitiator for I Block, (PEGMEA)50 for A block and P(MA)50 

for B block. This chapter reports preliminary investigations on the semi-batch reaction conditions 

required for efficient homo-polymerization and co-polymerization of the above-mentioned 

monomers, exploring the influence of reaction time and component (reducing agent, ligand) ratios 

on conversion and control.   

 
 

Figure 5-2 schematic diagram of the linear tri-block copolymer  

Step 1 

Step 2 
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5.2 Experimental  

5.2.1 Materials  

Methyl acrylate (MA) (99%, inhibited by less than 100 ppm monomethyl ether hydroquinone, 

Aldrich), 1-methoxy-2-propanol (propylene glycol methyl ether, PGME) (99.5%, Aldrich), tris[2-

(dimethylamino)ethyl]amine (Me6TREN) (99%, Alfa Aesar), L-ascorbic acid (Asc) (99%, 

Aldrich), deuterated chloroform (99.8 atom %D, Aldrich), tetrahydrofuran (THF) (99%, Aldrich), 

n-butyl acrylate (99%, Aldrich) , poly(ethylene glycol) methyl ether acrylate (PEGMEA, Mn=480 

g·mol−1, Aldrich), Hydrochloric acid (HCl) (36.5-38%, Fisher), and nitrogen gas (Praxair, ultra-

high purity) were used as received.  

 

5.2.2 Characterization  

NMR and SEC were used for characterization of samples, with detail on devices and sample 

preparation found in Chapter 3. The SEC instrument was calibrated with polystyrene (PS) 

standards over the range of 270–500 000 gmol−1, with the principle of universal calibration used 

to transform the results to absolute MW using (𝐾 = 1.22 × 10−4dL · g−1, 𝑎 = 0.70) for poly(BA).(72) 

The MW of poly(PEGMEA) material are reported according to polystyrene calibration, as no MH 

constants could be found. 

 

5.2.3 Procedure 

Semi-batch chain extensions were conducted in a 500 mL round-bottom flask with magnetic 

stirring in room temperature, following the procedures described in Chapter 4. The reactor was 
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charged with P(MA)10 macroinitiator solution and purged for 1 h with N2, with all other 

components (monomer, solvent, Asc, and additional ligand) added using the two channel 

peristaltic pump. Two-feed flasks semi-batch was performed. One feed flask contained solvent 

and ascorbic acid while the other contained monomer and ligand, with both flasks maintained 

under N2 blanket. The feed solutions were prepared in order to maintain solvent level at 30 wt% 

and to produce di-block copolymer (assuming 100% conversion) of total chain length 100. The 

amounts of Asc and Me6TREN added to the solution were set at ratios of 0.06/0.03 and 0.01, 

respectively, relative to the initial amount of initiator added to produce the macroinitiator.  

The standard P(MA)10 solution produced in the copper tube was also used as macroinitiator to 

produce a tri-block polymer. A standard two-feed 3h chain extension was done with 

[PEGMEA]0:Lig:Asc 50:0.02:0.03 . After feeding, the reaction flask was held for an additional 

1h, followed by addition of Asc (at a ratio of 0.03 relative to macroinitiator) and additional 1h 

hold. At this point, the third monomer block (24.7 g MA, mixed with PGME solvent to maintain 

30 wt% solvent in the reactor) was fed over a 1h period to achieve an equimolar A:B block length 

of PEGMEA and MA. The flask was stirred under N2 blanket for 1h after feeding ended, and for 

an additional hour after adding an additional Asc shot (0.03 molar ratio relative to macroinitiator 

chains added).  

 

5.3 Results and Discussion 

5.3.1 Semi-batch Chain Extension of P(MA)10 with BA 

P(MA) macroinitiator (of target DP 10) solution produced in both batch (with copper wire) and 

continuously in the copper tube was chain-extended with butyl acrylate (BA) in a semi-batch 
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system at room temperature. The final target chain length was 100 (10:90 MA:BA), with results 

summarized in Table 5-1. PGME solvent and the standard two-feed semi-batch procedure was 

used, with BA:ligand:Asc molar ratios of 90:0.01:0.03 and 90:0.01:0.06 relative to PMA 

macroinitiator used in separate reactions; the batch hold time after the 3 h feed was varied in the 

different trials, and in some cases an additional amount of Asc (0.03 mol per mol macroinitiator) 

was injected. The BA conversions reached (34-50% for the different trials, as measured by NMR) 

were lower than MA conversions reached under identical conditions (Appendix B Section IV). 

However, formation of poly(MA-block-BA) copolymers proceeded with excellent control and low 

dispersities, as illustrated by Figure 5-3. 

 

 

 

 

 

 

 

 

 

 

Figure 5-3 MWD of poly(MA-block-BA) copolymer produced by semi-batch chain extension of 

P(MA) macroinitiator solution synthesized continuously in a copper tube (Experiment SB-BA3; see 

Table 5-1 for further details). 
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Table 5-1 NMR and SEC analyses of semi-batch chain extensions of poly(MA10) macroinitiator with 

[BA]0:[lig]0:[Asc]0 fed at molar ratios set to 90:0.01:0.0x (see table for values) based on moles of 

macroinitiator added to the system, using a 3h feed time followed by batch hold under nitrogen. CT0 

is initial macroinitiator solution synthesized continuously in the copper tube with =32 min and 

[MA]0:[MBP]0:[Me6TREN]0  molar feed of 10:1:0.01 with 30 wt% PGME solvent; B0 indicates 

macroinitiator produced in batch after 140 min. 

 

Exp. 

 

Storage 

time 

 

Feeding time  

+ hold time 

 

Ascorbic acid 

ratio 

 

Final 

Conversion 

 

Mn,SEC 

(g·mol−1) 

 

DPSEC 

 

Ð 

B0-M1 - - - 58% 1247 14.5 1.02 

SB-BA1 1 day 4h+30 m 0.03 50% 7359 57 1.08 

SB-BA2 8 days 3h+1h 0.06 41% 5141 40 1.14 

CT0-M1 - - - 77% 810 9.4 1.29 

SB-BA3 2 days 6h a 0.03+0.03 45% 8382 65 1.09 

CT0-M2 - - - 67% 590 6.8 1.24 

SB-BA4 2 days 5hb 0.06+0.03 34% 4870 39 1.12 

a 3h feeding+2 h holding +1h hold after 0.03 mol Asc shot b 3h feeding,+1h holding +1h hold after a shot 

of 0.03 mol Asc.  

 

5.3.2 Improved Semi-batch Operation of PMA Chain Extension with BA 

As discussed in the last chapter, operation of the semi-batch system was improved by adding the 

ascorbic acid to the reaction flask at the beginning of reaction. This strategy was investigated in 

chain extension using [BA]:[Lig]:[Asc] of 90:0.03:0.06. The results summarized in Table 5-2 

show that adding the ascorbic acid at the start of the semi-batch process improves the conversion 

of poly(BA), with the comparison of the MWDs of chain-extended product compared to that of 

the macroinitiator in Figure 5-4. 
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Table 5-2 NMR and SEC analyses of semi-batch two-feed chain extension of P(MA)10 with BA in 

PGME at room temperature, with all of the ascorbic acid added at the start of the reaction. Reported 

conversions are after 3 hours of feeding and 1h hold time, P(MA)10 macroinitiator synthesized in 

copper mesh system (CM-M1).  

 

 

 

 

 

 

 

 

 

Figure 5-4 MWD of poly(MA-block-BA) copolymer produced by semi-batch chain extension of 

P(MA) macroinitiator solution synthesized continuously in a copper mesh by adding all ascorbic 

acid to the reaction flask (Experiments SB-BA5 and SB-BA6; see Table 5-2 for further details). 

 

5.3.3 Semi-batch Chain Extension of P(MA) Macroinitiator with PEGMEA 

Chain extension of P(MA) macroinitiator produced continuously in the copper tube under standard 

conditions was also conducted with PEGMEA (Mn=480 g·mol−1). The room temperature semi-

batch reactions were done using the standard procedure, with 30 wt% PGME solvent and 

[PEGMEA]:[Me6TREN]:[Asc] molar ratios of 90:0.01:0.03 (or 0.06) relative to initial amount of 
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1 h hold 

 

DP 
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Mn,SEC 

(g·mol−1) 

 

Ð 

CM-M1 - 10:0.01:0 82% 10.0 861 1.39 

SB-BA5 4 days 90:0.01:0.03 62% 67 8175 1.11 

SB-BA6 6 days 90:0.03:0.06 77%c 66 8514 1.19 
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macroinitiator chains in the system added over 3 h. A batch hold time of 2 h followed the 3 h feed, 

followed by an injection of additional Asc of 0.03 mol per macroinitiator chain and an additional 

hold of 1 h. Despite the difference in the Asc levels fed, the two trials led to similar results, with 

final conversions (estimated by NMR, supporting information in Appendix B Section V) and 

product number-average MW and Ð values (calculated according to PS calibration) summarized 

in Table 5-3.  

Table 5-3 NMR and SEC analyses of semi-batch chain extensions of P(MA10) macroinitiator with 

[PEGMEA]0:[lig]0:[Asc]0 fed at molar ratios of 90:0.01:0.0x (see table for value) based on moles of 

macroinitiator added to the system, using a 3h feed time followed by batch hold under nitrogen. CT0 

is initial macroinitator solution synthesized continuously in the copper tube with =32 min and 

[MA]0:[MBP]0:[Me6TREN]0  molar feed of 10:1:0.01 with 30 wt% PGME solvent. 

a 3h of feeding+2 h of holding+ 1 h after injecting an extra [Asc]0 0.03 shot; b broad dispersity is the result of monomer 

and polymer peaks overlapping in SEC plot; c Reported molecular weight is for polystyrene, as Mark Houwink 

parameters for PEGMEA were not available. 

 

The higher final dispersity values reported in Table 5-3 reflect the presence of unreacted PEGMEA 

monomer, as seen in the block copolymer MWDs shown in Figure 5-5. The lower MW peak on 

the block copolymer is not unreacted P(MA) macroinitiator, but is from the unreacted PEGMEA 

monomer with Mn=480 g·mol−1, as demonstrated by the series of SEC chromatograms in Figure 

 

Exp. 

 

System 

 

Storage 

time 

 

Time 

 

Ascorbic acid 

ratio 

 

Final 

Conversion 

 

Mn,SEC 

(g mol-1) 

 

DPSEC 

 

Ð 

CT0-M3 - - - - 77% 810 9.4 1.29 

SB-PEG1 Semi-batch 3 day 6h a 0.03+0.03 59% 6714 c 14 2.10 b 

CT0-M4 - - - - 62% 647 7.5 1.30 

SB-PEG2 Semi-batch 2 days 6h a 0.06+0.03 65% 7227 c 15 1.67 b 
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5-6 showing that the relative size of the PEGMEA monomer peak decreases with time as the 

position of the polymer peaks shifts to higher MW values. 

 

 

Figure 5-5 MWD of poly(MA-block-PEGMEA) copolymer produced by semi-batch chain extension 

of P(MA) macroinitiator solution synthesized continuously in a copper tube (see Table 5-3 for 

further details). 

 

 

 

 

 

 

 

Figure 5-6 SEC chromatograms showing movement and growth of polymer peak with time relative 

to PEGMA monomer peak during semi-batch chain extension of P(MA) macroinitiator with 

PEGMEA (SB-PEG1, see Table 5-3 for details). 
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5.3.2 Tri-block (MA)10-(PEGMEA)50-(MA)50 

The target structure of the tri-block polymer was (PMA)10-(PEGMEA)50-P(MA)50; however, the 

actual polymer produced was (PMA)7-(PEGMEA)28-P(MA)32, due to incomplete conversions. 

The di-block and tri-block MWs are estimated by PS calibration, and the final MA block length is 

estimated assuming that no additional PEGMEA units add to the chain during block-B formation. 

Note also that it is difficult to measure the conversion of MA in the 3rd block by NMR (supporting 

information section VI), hence it also was approximated from the increase in MW that occurs, as 

shown in Figure 5-7 and summarized in Table 5-4. As described in the experimental section, 

PEGMEA was fed for 3 h, and then held under batch mode for 2 h (with extra ascorbic acid added). 

The MA was fed over 1 h, followed by another 2 h batch hold (with extra Asc added). Thus, the 

total reaction time was 8 h. 

 

 

 

 

 

 

 

 

Figure 5-7 Evolution of MWDs during production of tri-block (PMA)10-(PEGMEA)50-(PMA)50 in a 

semi-batch reactor 
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Table 5-4 NMR and SEC analyses for tri-block polymer of (PMA)10-(PEGMEA)50-(PMA)50 produced 

by semi-batch in PGME. PEGMEA was fed over 3 h with ratio of [PEGMEA]0:Lig:Asc 50:0.02:0.03 

including 30wt% solvent; an extra 0.03 Asc shot was added after the feed. Subsequently, MA was fed 

for 1h with ratio of [PEGMEA]0:[MA]0 50:50 mixed with 30wt% solvent, and an extra 0.03 Asc shot 

added after the feed. 

a 3h feeding PEGMEA+1h hold+ 1h hold after 3asc shot b 1h feeding MA+1h hold + 1h hold after 3 Asc 

shot c conversion is estimated based on SEC result, the NMR spectra was difficult to interpret d Reported 

molecular weight is for styrene, as Mark Houwink parameters for PEGMEA were not available. 

 

 

This experiment was later repeated with the same target structure of tri-block (PMA)10-

(PEGMEA)50-P(MA)50 using the new improved semi-batch procedure described in the previous 

chapter. Half of the ascorbic acid was added to the macroinitiator solution before the start of 

reaction and the other half was mixed with PEGMEA and fed over 2.5 h, followed by a 1 h batch 

hold. For the third block, all the ascorbic acid was mixed with solvent feed and fed over 0.4 h 

followed by 1 h of batch hold. Despite the modified procedure, the final estimated triblock 

structure of (MA)9-(PEGMEA)28-(MA)30 was very similar. Narrow dispersities shows that 

reaction was well controlled, with results summarized in Table 5-5. 

 

 

 

 

 

Exp. 

 

System 

 

Storage 

time 

 

Time 

 

Ascorbic 

acid ratio 

 

Final 

Conversion 

 

Mn,SEC 

(g/mol) 

 

DPSEC 

 

Ð 

CT0-M5 Copper tube - - - 67% 559 6.5 1.25 

SB-tri1 PEGMEA feed 24h 5h a 0.03+0.03 66% 13538 d 28 1.09 

MA feed - 3h b  0.03 64% c 16318 d 32 1.12 
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Table 5-5 NMR and SEC analyses for tri-block polymer of (PMA)10-(PEGMEA)50-(PMA)50 

produced by semi-batch in PGME. PEGMEA was fed with 30 wt% solvent over 2.5 h with ratio of 

[PEGMEA]0:Lig:Asc 50:0.03:0.06; half of the Asc was mixed with macroinitiator solution before 

the reaction and the other half was fed with monomer. Subsequently, MA was fed for 30 min mixed 

with 0.01 ligand. 30wt% solvent mixed with 0.03 Asc was fed from another flask.  

a2.5 h of feeding and 1h hold b 3 Asc was added to the reaction flask and 3asc to the feed flaskc 3Asc was 

in the feed flask d Reported molecular weight is for styrene, as Mark Houwink parameters for PEGMEA 

were not available. e conversion is estimated based on SEC result, the NMR spectra was difficult to interpret  

5.4 Conclusion 

Successful di-block and tri-block copolymers were synthesized from P(MA)10 macroinitiator 

solution by semi-batch operation using additional ligand and ascorbic acid to reactivate the 

macroinitiator after storage without additional copper. Good control of poly(MA-block-BA) was 

achieved with different ligand and Asc ratios with varying batch holding times; moderate 

conversions of 41-50% were achieved, increasing to >70% when the Asc was added at the 

beginning of the reaction. Copolymerization of P(MA)10 macroinitiator with PEGMEA 

macromonomer also reached conversions of 59-65%, with the MWD plots simultaneously 

showing the consumption of PEGMEA monomer and the corresponding chain extension of 

poly(MA-block-PEGMEA). A successful tri-block polymerization was performed, producing 

poly(MA-block-PEGMEA-block-MA) that maintained a narrow molecular weight distribution 

after sequential semi-batch feeding of the two monomers. These copolymerization reactions can 

be further improved by optimizing ligand and Asc ratios and feeding strategies, based on the 

strategies developed for P(MA) chain extensions in the previous chapter. 

 

Exp. 

 

System 

 

Storage 

time 

 

Time 

 

Ascorbic 

acid ratio 

 

Final 

Conversion 

 

Mn,SEC 

(g/mol) 

 

DPSEC 

 

Ð 

CT0-M6 Copper tube - - - 77% 829 9.6 1.26 

SB-tri2 PEGMEA feed 48h 3.5h a 0.03+0.03b 76% 13538 d 28 1.11 

MA feed - 1.4h  0.03c 60% e 16362 d 30 1.13 
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Copper Meditated Polymerization of PEGMEA and Subsequent Chain 

Extension 

6.1 Introduction 

After demonstrating successful chain extension of P(MA)10 macroinitiator with MA in Chapter 4 

and with other monomers in Chapter 5, it was decided to explore whether the continuous tubular 

reactor could be used to produce a hydrophilic macroinitiator and then chain extend the material 

by semi-batch operation. In this chapter PEGMEA is first polymerized to target DP10 in the copper 

tube reactor and then the (PEGMEA)10 macroinitiator solution is chain extended in semi-batch 

with MA, based on the reaction conditions developed in the previous chapters. 

 

6.2 Experimental 

6.2.1 Materials 

Poly(ethylene glycol) methyl ether acrylate (PEGMEA, Mn=480 g·mol−1, Aldrich), methyl 

acrylate (MA) (99%, inhibited by less than 100 ppm monomethyl ether hydroquinone, Aldrich), 

1-methoxy-2-propanol (propylene glycol methyl ether, PGME) (99.5%, Aldrich), tris[2-

(dimethylamino)ethyl]amine (Me6TREN) (99%, Alfa Aesar), deuterated chloroform (99.8 atom 

%D, Aldrich), L-ascorbic acid (Asc) (99%, Aldrich),  tetrahydrofuran (THF) (99%, Aldrich) and 

nitrogen gas (Praxair, ultra-high purity) were used as received.  
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6.2.2 Characterization 

NMR and SEC were used for characterization of samples, more detail on equipment and sample 

preparation can be found in Chapter 3.  The SEC instrument was calibrated with polystyrene (PS) 

standards over the range of 270–500 000 gmol−1. Since the Mark-Houwink parameters for 

PEGMEA could not be found, reported molecular weights are for polystyrene. 

 

6.2.3 Procedure 

50.0 g of PEGMEA, 21.4 g of PGME solvent, 27.8 𝜇𝑙 of Me6TREN and 1.16 mL of MBP were 

added to a round bottom flask. The solution was stirred and purged with N2 for 30 min and then 

was pumped through the copper tube (described in Chapter 3) at a flow rate of 1.0 mL·min−1 to 

provide a residence time of 32 min. The material out of copper tube was collected and subsequently 

used for chain extension. 

Batch chain extension:  To produce a block copolymer with 50 units MA per chain, 15 g of 

(PEGMEA)10 solution made in the copper tube, 9.41 g MA and 4.03 g solvent PGME were added 

to a 250 ml flask and purged for 1 h with nitrogen. Then, 5.84 𝜇𝑙 of ligand and 11.56 mg of Asc 

were injected to the system separately. The reaction was continued for 120 min and samples were 

taken every 40 min.  

Semi-batch chain extension: 30 g of (PEGMEA)10 solution made in the copper tube was added 

to a 500 mL flask and purged for 1 h with nitrogen. To produce a block copolymer with 90 units 

MA per chain, 33.86 g of methyl acrylate, 11.67 𝜇𝑙 Me6TREN, 14.5 g of PGME and 69.34 mg of 

ascorbic acid were mixed in a flask, purged for 1 h with N2, and then fed to the semi-batch reactor 
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over 3 h with a flow rate of 0.2 ml.min-1. After feeding was completed, the reaction flask was hold 

for 1 h under nitrogen. Both the macroinitiator synthesis and the semi-batch chain extensions were 

conducted at room temperature. 

 

6.3 Results and Discussion 

The results of the PEGMEA polymerization to target chain length 10 in the tubular reactor is 

summarized in Table 6-1. As established for production of the P(MA) macroinitiator, MBP was 

used as initiator with a molar ratio of 0.01 Me6TREN ligand, and a residence time of 32 min was 

used with 30% PGME solvent. The reaction was repeated twice and the conversion was ~70% in 

both experiments (Appendix B Section VII). It is difficult to measure number-average Mn and 

dispersity values accurately: as the monomer and polymer peaks overlap in the SEC plots (Figure 

6-1a), the reported polymer dispersities are broad. Despite this difficulty, it is clearly demonstrated 

that the poly(PEGMEA) macroinitiator can be chain extended in batch with MA (MA:chain ratio 

of 50:1). As demonstrated in Figure 6-1b, there is significant movement in the position of the 

MWD peak; in addition, the signal arising from the PEGMA monomer completely disappears The 

resulting values for Mn of 3514 g·mol−1 and Ð of 1.23 were according to poly(ST) calibration.  
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Table 6-1 NMR and SEC analysis of PEGMEA (Mn=480 g·mol−1) polymerized to target chain length 

10 continuously in the copper tube using MBP as initiator with 30% PGME solvent and a residence 

time of 32 min at room temperature. Molar ratio of [PEGMEA]0:[Init]0:[Lig]0  10:1:0.01. 

 

Exp. 

 

System 

 

Residence 

Time 

 

Final Conversion 

 

Mn,SEC 

(g.mol-1) 

 

DPSEC 

 

Ð 

CT-P1 Copper tube 32 min 71% 5284 b 11 2.26 a 

CT-P2 Copper tube 32 min 68% 3274 b 7 1.94 a 

a high dispersity results from overlapping of monomer and polymer peaks in SEC analysis. b Reported 

molecular weight is for styrene, as Mark Houwink parameters for PEGMEA were not available. 

 

 

 

Figure 6-1 (a) Raw data from SEC showing overlap of PEGMEA monomer and poly(PEGMEA) 

polymer peaks of macroinitiator product produced in the copper tube polymerization of PEGMEA 

(b) MWDs of poly(PEGMEA-block-MA) material produced by batch chain extension at room 

temperature 

 

It is interesting to note that the poly(PEGMEA) macroinitiator solution exhibits a less intensive 

green color than P(MA) produced under identical conditions (Figure 6-2). This difference could 

arise from greater activation of Cu(0) in MA polymerization in the copper tube, as well as the 

differences in molar masses between the two monomers (480 vs 86 g·mol−1).  
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Figure 6-2 Color of (a) poly(PEGMEA) and (b) P(MA) macroinitiator solutions produced by 

continuous polymerization in a copper tube 

 

6.3.1 Semi-batch Chain Extension of Poly(PEGMEA) Macroinitiator Solution with MA 

The poly(PEGMEA) macroinitiator solution produced in the copper tube in a third experiment had 

slightly lower conversion and chain length (Table 6-2). Material was collected after steady-state 

operation was achieved (i.e., the time between 1 and 4 residence times). A portion of the material 

was chain-extended with MA using the standard two-feed semi-batch process at room temperature. 

The reaction flask was then held for an extra hour after feeding ended under N2 blanket before 

stopping the reaction by exposing the system to air. As summarized in Table 6-2, 88% MA 

conversion (as measured by NMR, Supporting Information section VIII) was achieved, with the 

product growing to Mn of just under 10,000 g·mol−1 with Ð=1.14 (SEC using PMA calibration). 

The target chain length of the block copolymer, assuming full monomer conversion of both blocks, 

is poly(PEGMEA10-block-MA90). Based upon final MW (calculated using MA calibration), the 

material produced has 88 MA units added to the average chain, assuming that no residual monomer 

in the poly(PEGMEA) macroinitiator solution reacted further. However, as shown in Figure 6-3, 

no trace of PEGMEA monomer is observed in the MWD of the chain-extended material. Thus, the 

second block contains PEGMEA as well as MA units. As shown in Figure 6-4, the color of the 

chain-extended solution had a slightly brownish tinge.  

a b 
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Table 6-2 NMR and SEC analyses of poly(PEGMEA)10 produced in copper tube chain 

extension with MA using the standard semi-batch procedure at room temperature with 

PGME solvent. The total molar ratio of added [MA]0:[Me6TREN]0:[Asc]0 is set to 

90:0.01:0.03 based on the number of moles of MBP initiator used to produce the 

macroinitiator with target DP of 10. Semi-batch results reported after 3h feed time and 1h 

batch hold.  

a broad dispersity is the result of monomer and polymer peaks overlapping in SEC plot. b Reported 

molecular weight is for styrene, as Mark Houwink parameters for PEGMEA were not available. 
 

 

 

 

 

 

 

 

 

 

 

Figure 6-3 MWD of poly(PEGMEA-block-MA) produced by semi-batch chain extension of 

poly(PEGMEA) macroinitiator solution produced in the copper tube continuous reactor. (See 

Table 6-2 for further details.) 
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Time 

 

ASc 

ratio 

 

Final 

Conversion 

 

MnSEC 

(g.mol-1) 

 

Ð 

CT-P3 Copper tube - - - 55% 2112 b 1.89 a 

SB-M1 Semi-batch 24h 3h+1h 0.03 88% 9695b 1.14 
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Figure 6-4 Color of (a) poly(PEGMEA) macroinitiator solution produced in copper tube and (b) 

poly(PEGMEA-block-MA)  copolymer after chain extension 

 

6.4 Conclusion 

To demonstrate that another type of monomer can be used to produce macroinitiator for further 

chain extension, PEGMEA macromonomer was continuously polymerized in the copper tube 

reactor to a target chain length of 10, with the product chain extended by methyl acrylate in the 

semi-batch system. PEGMEA macroinitiator polymerization was conducted successfully in 

tubular reactor with relative high conversions of 68-70% however, MWD appeared broader 

compared to PMA macroinitiator due to the contributions of monomer to the SEC traces. 

Subsequent chain extension of poly(PEGMEA)10 using semi-batch procedure demonstrated that 

the macroinitiator was living, as MWD narrowed with chain extension with MA; the system 

reached 88% conversion after the 3 h feed and 1 h hold. Further improvement is likely possible by 

optimizing ligand and Asc levels and addition strategy.  
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Conclusions and Recommendations 

P(MA) with high functionality and low average chain length (target DP=10) was successfully 

produced using Cu(0) solid as catalyst and Me6TREN as ligand in both batch (with copper wire) 

and continuous (with copper tubing and copper mesh as the reactor) systems. While reactions in 

MeOH were significantly slower compared to those in DMSO, PGME was found to be a suitable 

solvent for further process development. Increasing temperature to values above ambient led to no 

improvements in batch conversion. EBiB and MBP both worked well as initiator in the batch 

system, but only MBP provided sufficient conversion in the tubular system. A residence time of 

32 min in the copper tube using a feed containing MA:MBP:Me6TREN in the ratio of 10:1:0.01 

was found to produce P(MA) with Mn between 700-800 gmol−1 and Ð<1.2, this reaction was done 

later under the same condition in the copper mesh tube achieving P(MA) with Mn between 800-

900 gmol−1 and Ð<1.4. The conversions achieved could be increased to >90% by adding extra 

Me6TREN to the system or by increasing residence time in the tube. 

This polymer solution was then used as a macroinitiator for further polymerization in both batch 

and semi-batch systems without any additional Cu source added. The optimized condition for a 

batch chain extension in PGME with target DP of 100 was found to be [MA]:[lig]:[AscA] of 

90:0.01:0.06 relative to the initial moles of initiator used to produce the DP10 P(MA) 

macroinitiator. It was shown that excellent control of chain growth can be maintained without any 

loss of activity for macroinitiator solution stored up to 7 days, with slightly lower final conversions 

(but still excellent control) found for solutions stored for 10 days.  
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Chain extensions of the DP10 P(MA) solution were then successfully conducted in semi-batch 

reactor using PGME solvent. In this study, the optimized conditions obtained for the batch system 

was used to set the levels of additional Me6TREN and Asc added with the monomer and solvent 

feeds, the results showed that chains continuously grow towards the target DP over the monomer 

feeding period while maintaining Ð<1.2. It was found later that by adding a portion of ascorbic 

acid directly to the reaction flask and feeding the rest a higher final conversion (>90%) can be 

achieved. As relatively high instantaneous conversion is maintained over the course of the 

reaction, it was demonstrated that a range of di-block and multi-block materials could be easily 

synthesized by controlling the sequencing and amounts of monomers added over time.  

The study demonstrates the efficient production of well-controlled poly(acrylates) by combining 

a simple tubular system to produce a polymer solution that can be stored and then used as 

macroinitiator for chain extension in a semi-batch reactor system, the technology commonly used 

in industry to produce acrylic resins for coatings applications. The process is quite promising, as 

it provides a flexible and relatively low cost means to produce block copolymers at low 

temperature using reaction times similar to those currently used in industry for conventional 

radical polymerizations. However, additional work is needed to improve understanding of the 

system and to further the process development. The following three areas are suggested for future 

work. 

Process Improvements. While the polymerizations were conducted at room temperature, they 

cannot be considered as isothermal processes. Although temperature control is less of a concern 

for semi-batch operation in which the reactants (monomers) are metered in at a controlled rate 

over several hours, the heat of polymerization is considerably higher in the tubular system as all 
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the reactants becomes directly in contact with large copper surface. With high monomer 

concentrations at the inlet, the copper tube becomes warm to the touch at the entrance, and 

bubbling of the monomer/solvent solution was observed in the copper mesh reactor as well as 

warming of the tube. (Reaction rates, and thus heat release is higher in the copper mesh system, 

due to the greater available Cu(0) surface area.) In addition, the copper-mesh packed reactor cannot 

be considered to be operating under ideal “plug flow” conditions, due to the low flow rate (0.5 to 

1.0 mL·min−1) and larger diameter of the tubing. The exact residence time distribution of the fluid 

in the reactor (or even the copper tube) is not known.  

Fortunately, the experiments conducted indicate that operating temperature does not have a 

significant effect on the Cu(0)-mediated process. Thus, polymer growth remained well-controlled, 

producing narrow molecular weight distributions over a range of flow rates and in both the copper 

tube and copper mesh systems. For further scale-up or kinetic studies, better heat removal systems 

can be developed. For example, the tubular and semi-batch reactors can be placed in a water bath 

to better remove the reaction heat and reduce the temperature rise in the system. The copper mesh 

system could be improved by using a tube-in-tube system, with the outer shell used for heat 

removal. Design of an improved copper-mesh system can be done as part of future scale-up efforts 

in industry. It is recommended that the copper tube be used for lab experimentation, due to ease 

of use and better flow control. 

Study of Additional Monomer and Ligands. While monomer conversions can likely be further 

improved by manipulating amounts and addition strategies of ligand and/or ascorbic acid, attention 

should also be paid to the choice of ligand. The cost of Me6TREN, the ligand used in the majority 

of academic studies is $159 for 1ml  (Aldrich). PMDETA, a ligand used more widely in 
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conventional ATRP systems, is significantly cheaper, $111 for 250ml  (Aldrich). The work of 

Haddleton showed that PMDETA could also be used with Cu(0) systems, albeit at a lower reaction 

rate; interestingly, the ligand provided faster reaction rates and better control for polymerization 

of methacrylates. Preliminary experimentation in our group (Morgan Cooze, Nathan Barr) 

suggests that PMDETA can be used to achieve reasonable reaction rates for both MA and BMA 

using the process technology (tubular reactor to produce macroinitiator followed by semi-batch 

chain extension) developed in this study. Further work is required to verify these results, and to 

extend the studies to other monomers. In particular, investigations with monomers such as 2-

hydroxyethyl (meth)acrylate, dimethylaminoethyl (meth)acrylate, and (meth)acrylic acid are 

needed, as these are common functional components in acrylic resins and dispersants. 

Measurement of Residual Copper Levels. The amounts of residual copper levels in dried DP(10) 

macroinitiator and chain-extended polymer were measured for a few samples produced towards 

the end of this study by Queen’s Analytical Services using inductively coupled plasma mass 

spectrometry (ICP-MS). The copper content of P(MA) macroinitiator was on the order of 1500 

g·g−1, with little difference between samples produced in the copper mesh and copper tube 

systems. By increasing the ligand ratio from 0.01 to 0.03 in the copper mesh system, the copper 

level was almost tripled, to 4100 g·g−1, although the increase in conversion and MW was small. 

While additional analyses are recommended to confirm this result, it appears as if keeping the 

ligand levels low during macroinitiator production lowers the residual copper in the final product. 

No additional copper is added to the macroinitiator solution during chain extension, such that the 

expected residual copper levels can be estimated simply by considering the increase in polymer 

mass that occurs. For instance, the residual copper level of chain-extended product was measured 
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to be 240 g·g−1 compared to the 1500 g·g−1 in the macroinitator. It is recommended that copper 

levels be measured for polymer produced under a wider range of conditions (for example, using 

PMDETA compared to Me6TREN), to aid further process development efforts. 
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Appendix 

A. NMR Spectra of The Initial Materials 

 

• Methyl Acrylate  
 

 

 

 

 

 

 

 

 

 

 

 

 

• Butyl Acrylate 
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• Poly ethylene glycol methyl ether acrylate (Mn=480 g/mol) 
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B. Conversion Calculation based on NMR 

 

I.Final Conversion of P(MA)10 in DMSO Batch system 

 

Method #1: 

DMSO-EBiB-DP50-140m 



 

 

 

 

94 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 0 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙
 ×  100 

 

=
4.42

4.42 + 3.14
×  100 ≈ 58% 

Method #2: 

 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 0 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑠𝑢𝑚 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝐶𝐻 = 𝐶𝐻2 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
 ×  100 

 

=
4.42

4.42 + (1 + 0.98 + 0.99)
×  100 ≈ 59% 

 

 

 

II.Final Conversion of P(MA)10 in Methanol Batch System 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Method #1: 

MeOH-EBiB-DP100-160m 
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𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 0 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
 ×  100 

 

=
1.47

1.47 + 3.21
×  100 ≈ 31% 

 

Method #2: 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 0 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑠𝑢𝑚 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝐶𝐻2 = 𝐶𝐻 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
 ×  100 

 

=
1.47

1.47 + (1 + 0.97 + 0.95)
×  100 ≈ 33% 

III. Final Conversion of P(MA)10 in Isopropanol Batch System 

Method #1: 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 0 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙
 ×  100 
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=
31.18

31.18 + 2.74
×  100 ≈ 92% 

 

Method #2: 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑂 − 𝐶𝐻3 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 0 − 𝐶𝐻3 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑠𝑢𝑚 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝐶𝐻2 = 𝐶𝐻 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
 ×  100 

 

=
31.18

31.18 + (1 + 1 + 0.98)
×  100 ≈ 91% 

 

 

 

 

IV.Conversion of P(MA)10-P(BA)100 in PGME Semi-batch System 

 

 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑂 − 𝐶𝐻2 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙
 ×  100 

 

=
0.99

0.99 + 1.93
×  100 ≈ 34% 
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Because BA and MA double bonds peaks are overlapping, second method of conversion 

calculation cannot be used. 

 

 

 

 

 

 

 

V.Conversion of P(MA)10-(PEGMEA)100 in PGME Semi-batch System 

 

 

 

1

𝐶𝐴
=

1

𝐶𝐴0
(1 − 𝐶𝑜𝑛𝑣. ) 
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1

𝑐ℎ𝑎𝑖𝑛 𝑒𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙
=

1

𝑚𝑎𝑐𝑟𝑜𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟  𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝐴 𝑎𝑝𝑝𝑒𝑛𝑑𝑖𝑥)
(1 − 𝑐𝑜𝑛𝑣. ) 

 

 

𝑐𝑜𝑛𝑣. = (1 −
27.47

45.59
) ×  100 ≈ 39% 

 

Although PEGMEA repeating unit and O-CH3 group in P(MA) and MA monomer are 

overlapping, the conversion was calculated by assuming MA monomer and polymer integration 

(DP10) negligible compared to PEGMEA groups (DP100) in 3.3-3.6 ppm. Thus, the peak in 3.4 

ppm was Considered as PEGMEA repeating group. 

 

 

VI.Conversion of (MA)10-(PEGMEA)50-(MA)50 in PGME Semi-batch System 
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Because the O-CH3 groups in MA monomer and P(MA) are overlapping with PEGMEA repeating 

unit the conversion cannot be calculated by NMR spectra. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

VII.Conversion of (PEGMEA)10 in PGME Copper Tube System 
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1

𝐶𝐴
=

1

𝐶𝐴0
(1 − 𝐶𝑜𝑛𝑣. ) 

 

1

𝑐ℎ𝑎𝑖𝑛 𝑒𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙
=

1

𝑚𝑎𝑐𝑟𝑜𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟  𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑆𝑝𝑒𝑐𝑡𝑟𝑎 𝑜𝑛 𝑝𝑎𝑔𝑒 84)
(1 − 𝑐𝑜𝑛𝑣. ) 

 

 

𝑐𝑜𝑛𝑣. = (1 −
27.47

86.80
) ×  100 ≈ 68% 

 

 

 

 

 

VIII.Conversion of (PEGMEA)10-(MA)50 in PGME Semi-batch System 
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Because the O-CH3 groups in MA monomer and P(MA) are overlapping with PEGMEA repeating 

unit the conversion cannot be calculated by using just the final NMR spectra. Assuming that in 

chain extension reaction MA was the only polymer that grow, Conversion can be calculated by 

subtracting the integral of PEGMEA repeating group in macroinitiator spectra from integral of 

overlapped area in chain extended spectra: 

 

𝑐𝑜𝑛𝑣. =
82.98 − 60.19

(82.98 − 60.19) + 3(𝑂 − 𝐶𝐻3 𝑖𝑛 𝑀𝐴 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 )
≈ 88 

 

 

 

 

 

 

 

 

 

NMR spectra of (PEGMEA)10 macroinitiator produced in copper tube 

C. SEC Calculation 

 

 

• Methyl acrylate 

 

 

log10 𝑀𝑀𝐴 =
𝑎𝑃𝑆 + 1

𝑎𝑀𝐴 + 1
log 𝑀𝑃𝑆 +

1

𝑎𝑀𝐴 + 1
log (

𝐾𝑃𝑆

𝐾𝑀𝐴
) =

1.716

1.799
log 𝑀𝑃𝑆 +

1

1.799
log(

11.4

6.11
) 

 

Styrene:   𝐾𝑆𝑇 = 11.4 × 10−5 𝑑𝑙

𝑔
   ,       𝑎𝑃𝑆 = 0.716 

Methyl acrylate [1] :   𝐾𝑀𝐴 = 6.11 × 10−5 𝑑𝑙

𝑔
   ,       𝑎𝑀𝐴 = 0.799 

 

Example:  

                                                      

1 Chan N, Cunningham MF, Hutchinson RA.Polymer Chemistry. 2012; 3(5):1322-33, DOI: 10.1039/c2py20065a 
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log 𝑀𝑃𝑆 = 3.6464 

 

log10 𝑀𝑀𝐴 = 3.6287 

 

Methyl acrylate molecular weight: 

 

𝑀𝑀𝐴 = (
𝐾𝑃𝑆𝑀𝑃𝑆

𝑎𝑃𝑆+1

𝐾𝑀𝐴
)

1
𝑎𝑀𝐴+1 = (

11.4 × 10−5 × 𝑀𝑃𝑆
1.716

6.11 × 10−5
)

1
1.799

 

 

 

 

 

 

 

 

 

 

 

• Butyl acrylate 

 

 

 

log10 𝑀𝐵𝐴 =
𝑎𝑃𝑆 + 1

𝑎𝐵𝐴 + 1
log 𝑀𝑃𝑆 +

1

𝑎𝐵𝐴 + 1
log(

𝐾𝑃𝑆

𝐾𝐵𝐴
) =

1.716

1.70
log 𝑀𝑃𝑆 +

1

1.70
log(

1.14

1.22
) 

 

Styrene:   𝐾𝑆𝑇 = 1.14 × 10−4  
𝑑𝑙

𝑔
   ,       𝑎𝑃𝑆 = 0.716 

Butyl acrylate [2] :   𝐾𝐵𝐴 = 1.22 × 10−4 𝑑𝑙

𝑔
   ,       𝑎𝐵𝐴 = 0.70          

 

Methyl acrylate molecular weight: 

𝑀𝐵𝐴 = (
𝐾𝑃𝑆𝑀𝑃𝑆

𝑎𝑃𝑆+1

𝐾𝐵𝐴
)

1
𝑎𝐵𝐴+1 = (

1.14 × 𝑀𝑃𝑆
1.716

1.22
)

1
1.70
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D. Pump Calibration for Chain Extension of P(MA)10 with MA 

 

Table D-1 pump accuracy measurements 

 

The measurements show that the pump flow rate is not accurate with what it is set but it is constant 

by time (this calibration is related to Table 4-3). 

                                                      

2 Deheng Li,Ning Li, and, and Robin A. Hutchinson, Macromolecules 2006; 39(13):4366-4373, DOI: 

10.1021/ma060411l 

 

 

The set flow rate Time (min) measured output The actual flow rate 

5 ml/min 2 min 5.6 ml 2.8 ml/min 

1 ml/min 2 min 1.4 ml 0.7 ml/min 

0.5 ml/min 4 min 1.2 ml 0.3 ml/min 

0.25 ml/min 8 min 1.8 ml 0.225 ml/min 

0.35 ml/min 10 min 2.4 ml 0.24 ml/min 

0.35 ml/min 10 min 2.4 ml 0.24 ml/min 

0.35 ml/min 12 min 3 ml 0.24 ml/min 
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The pump can be calibrated by inputting the desired volume up-take in a given amount of time. 

After this allotted time, the user enters true volume up-take and the pump is calibrated. This was 

done multiple times to ensure a flow rate of 1mL/min over the course of 1min, 2min, 5min, 10min 

and 30min. It should be noted that after a longer calibration period (30min), the pump was more 

accurate than after a 1min time interval. 

 

Figure D-1 Pump calibration chart. 
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