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Abstract 

The kinetics and mechanism of Catalytic Radical Termination (CRT) of n-butyl 

acrylate (BA) in MeCN in the presence of Cu complexes with tridentate and 

tetradentate ligands was investigated both theoretically and experimentally. The 

tetradentate TPMA, TPMA*1, TPMA*2, TPMA*3 and the newly synthesized tridentate 

N-propyl-N,N-bis(4-methoxy-3,5-dimethylpyrid-2-ylmethtyl)amine (BPMA*Pr) as 

well as tridentate BPMAMe were used as ligands.  L/CuIIX2 (X = Cl or OTf) complexes 

were characterized by cyclic voltammetry (CV), UV-Vis-NIR and X-ray diffraction. 

Polymerization of n-butyl acrylate (BA) initiated by azobisisobutylnitrile (AIBN) 

MeCN in the presence of a L/CuI complex showed higher rates of CRT for more 

reducing L/CuI complexes.  The ligand denticity (tri- vs. tetradentate) had a minor 

effect on the relative polymerization kinetics but affected the molecular weights in a 

way specific for ligand denticity. Quantification of the apparent CRT rate coefficients, 

𝑘𝐶𝑅𝑇
𝑎𝑝𝑝, showed larger values for more reducing L/CuI complexes, which correlated with 
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the L/CuII-R (R = CH(CH3)(COOCH3)) bond strength, according to DFT calculations. 

The bond strength is mostly affected by the complex reducing power and to a lesser 

degree by the ligand denticity.  Analysis of kinetics and molecular weights for 

different systems indicates that, depending on the ligand nature, the rate-

determining step of CRT may be either the radical addition to L/CuI to form the L/CuII-

R species or the reaction of the latter species with a second radical. 

 

Introduction  

 

Reversible deactivation radical polymerization (RDRP) has changed the scope 

of polymer science over the past two decades. At the heart of all RDRP methods is the 

concomitant growth of all chains through a reversible deactivation equilibrium 

between propagating radical and dormant species with retention of chain-end 

functionality.  In atom transfer radical polymerization (ATRP), chain-end 

functionality of the dormant species is usually an alkyl halide (Pn-X).  Through a 

reversible redox process with a transition metal, most commonly copper, polymer 

chain ends are repetitively activated by the reduced complex, e. g. by CuI/L, to form 

the propagating radicals which are quickly deactivated by the oxidized complex, e. g. 

X-CuII/L.  The equilibrium L/CuI + RX L/CuII-X + R• is characterized by the 

equilibrium constant KATRP, which corresponds to the ka/kd ratio (Scheme 1).1  Several 

parameters, including solvent, temperature, pressure, alkyl halide chain-end and 

ligand, affect the value of KATRP.2-10 

 

 

L/CuI   +   Pn-X L/CuII-X   +   Pn
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Scheme 1. Mechanism of normal ATRP showing conventional radical termination by 

combination or disproportionation 

 
In order to polymerize less active monomers with higher R-X bond 

dissociation energies, complexes with larger values of KATRP should be used. This can 

be accomplished through appropriate ligand design.  Over the past 20 years, a wide 

array of ligands has been synthesized which allow KATRP to be varied over 10 orders 

of magnitude.  A linear correlation between redox potential, E1/2, and KATRP is well-

established.11 This understanding has allowed for the development of the most active 

ATRP catalyst to date, TPMA*3, which efficiently polymerized acrylates utilizing only 

5 ppm of Cu in ICAR ATRP.12  Figure 1 shows examples of four ligands that form very 

active ATRP catalysts with respective values of ka in parenthesis.  They can be applied 

to various low ppm Cu ATRP systems.11,12  

 

 

Figure 1. TPMA-based ligands that form very active ATRP catalysts when complexed 

to Cu.  Activity (larger KATRP and ka) increases from left to right correlating to a more 

negative reduction potential, E1/2.  Values in parenthesis are the activation rate 

coefficients, ka, in M-1s-1 for methyl 2-bromopropionate (MBrP) either a) measured in 

MeCN at 25C9, 12 or b) estimated from previously published electrochemical data.11 

 

While highly active CuI catalysts permitted polymerization of a large range of 

monomers, they can also react with propagating radicals to form L/CuII-R species13-
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14, akin to organometallic meditated radical polymerization (OMRP).15-17 The 

resulting L/CuII-R dormant species can terminate through catalytic radical 

termination (CRT), especially in the polymerization of acrylates.18-20 Initially, the 

dNbpy2/CuI complex was shown to retard the rate of  free radical polymerization 

(FRP) of acrylates.20 Later, it was reported that the FRP of methyl acrylate in the 

presence of the most active TPMA*3/CuI complex required 30 hours to reach ~75% 

conversion, while in the absence of the CuI complex the same conversion was reached 

in ~30 minutes.19  This retardation was attributed to CuI-promoted CRT, which has 

since been shown to be the dominant radical termination mechanism in acrylate 

ATRP systems.21-22 

 

  
𝑅𝑎𝑡𝑒𝑡,𝐶𝑢

𝑅𝑎𝑡𝑒𝑡,𝑅
=  

𝑘𝑡,𝐶𝑢(𝐼𝐼)[𝐿/𝐶𝑢𝐼][𝑅∙]

𝑘𝑡,𝑅[𝑅∙]2 =
𝑘𝑡,𝐶𝑢(𝐼𝐼)[𝐿/𝐶𝑢𝐼]

𝑘𝑡,𝑅[𝑅∙]
                           

(1) 

 

Using equation 1, one can calculate the ratio of chains terminated via CRT to 

those terminated by conventional radical termination.  This can be illustrated by 

analysis of two systems, a traditional ATRP and a low ppm ATRP, using  the following 

parameters: [R] = 1 x 10-8 M; ktR = 3 x 108 M-1s-1  23; 𝑘𝑡,𝐶𝑢(𝐼𝐼) = 4 x 104 M-1s-1 18. Thus, 

in traditional ATRP where [CuI] = 5.5 x 10-3 M (1000 ppm vs monomer), CRT should 

account for 98.7% of total termination.  However, even in the presence of 100 ppm of 

CuI, CRT should still account for 88% of terminated chains.  Therefore, due to the high 

contribution of CRT in the ATRP of acrylates, it is important to understand this 

unwanted side reaction in order to learn how to suppress it or decrease its 

importance.  

 As shown in Scheme 2, various mechanisms may be conceived for CRT. The 

organometallic species, L/CuII-R, were proposed to be involved in the unimolecular 

-H elimination19 (a) and in the reaction with another radical to form a L/CuIII-R2 

species, followed by reductive elimination24 (d). Other possibilities include direct -

H abstraction from the L/CuII-R dormant species (b) or direct attack of the metal-
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bonded C atom in L/CuII-R (c) by a propagating radical.  While routes (a) and (b) lead 

to the radical disproportionation products, routes (c) and (d) lead to radical coupling. 

The recent DFT study for the Cu/TPMA system suggest that β-H elimination pathway 

(a), leading to L/CuII-H and olefin, has an unrealistically high activation energy and 

its contribution should be neglected.25 Therefore pathways  (b-d) should be 

responsible for CRT process and their contributions may depend on reaction 

conditions and ligand structure. 

 

Scheme 2. Possible mechanisms of Cu-mediated CRT involving unimolecular reaction 

(route a) and bimolecular reactions (routes b-d), all proceeding through the L/CuII-R 

species.  

 

 Typical OMRP systems operating via a reversible deactivation mechanism 

undergo a radical addition to a metal in a low oxidation state, Mn, resulting in an 

oxidized organometallic complex, Mn+1-R.26-27  In order to maintain control over the 

polymerization, the equilibrium should be shifted to the side of dormant species, as 

shown in Scheme 3 (left). The metal-carbon bond strength defines the value of KOMRP 

and is greatly affected by the choice of ligand,28 solvent, and nature of the radical.29 
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While cobalt based systems have been the most extensively studied and successfully 

applied in OMRP, copper-based systems have seen no success in OMRP.  This could 

be attributed to the high reactivity of the L/CuII-R dormant species and its ability to 

undergo catalytic radical termination (CRT). 

 

Scheme 3.  Mechanism of copper mediated OMRP operating under a reversible 

deactivation mechanism and the addition of catalytic radical termination (CRT) 

where a radical terminates with the L/CuII-R dormant species with rate coefficient 

ktCu(II). 

 

Many OMRP reactions are initiated by thermal decomposition of diazo 

initiators such as AIBN to generate radicals which are quickly trapped by L/Mn to 

form the L/Mn+1-R dormant species.  This methodology has previously been carried 

out for copper-based systems where L/CuI acts as a radical trap to form the L/CuII-R 

dormant species.19  Kinetic and molecular weight analyses showed significant CRT 

when using TPMA*3 as a ligand.  While the mechanistic understanding of Cu-mediated 

CRT is still inadequate, one can imagine the impact of ligand electronics and geometry 

on L/CuII-R reactivity. Thus in the present study, various L/CuI complexes were used 

as OMRP trapping complexes in order to determine the effect that ligand structure 

has on CRT.   

 Both electronic and steric/geometrical properties of the ligand can 

significantly affect the L/CuII-R bond strength as well as the possible CRT mechanism.  

Unfortunately, little is known about L/CuII-R species30-34 due to their instability/high 

reactivity35 although they have been discussed as possible intermediates in various 

systems.36-41  Thus, indirect methods such as those used in the present study must be 

conducted to better understand this elusive species.  The results of experimental and 

computational studies presented here could pave the way for better understanding 
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of catalytic cycles involving copper organometallic species not only in 

polymerizations but also in other systems. 

 

Results  

 

Ligand and complex syntheses and characterization 

 

Scheme 4. Synthesis and X-ray structures of CuII complexes with the BPMAMe and 

BPMA*Pr ligands.  The ligand H atoms in the structures of 2 and 3 have been omitted 

for clarity. 

 

The L/CuI complexes used in the CRT studies were generated in situ from 

[CuI(MeCN)4][BF4] and the ligands from the tetradentate TMPA-based family (TPMA, 

TPMA*1, TPMA*2, TPMA*3, see Figure 1),11-12 the tridentate BPMAMe42 and the new 

BPMA*Pr (see Scheme 4 for ligand structure).  BPMAMe 42 and the TPMA-based 

ligands11-12 were prepared according to previously published procedures while 

BPMA*Pr is reported for the first time here.  The tridentate ligands have also been 

used to generate a few well-defined CuII derivatives (see Scheme 4) although these 

were crystallized for electrochemical characterization and to ensure correct ligand 
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synthesis and are otherwise not used in this study.  Complex 1 has already been 

reported43 but its X-ray structure has now been obtained with greater precision, 

whereas [Cu(BPMAMe)(MeCN)(OTf)][OTf] (2) and [Cu(BPMA*Pr)(H2O)(OTf)][OTf] 

(3) are reported here for the first time. Synthetic details for the ligands and CuII 

complexes as well as a full discussion of these structures as well as absorption spectra 

are included in the Supporting Information. 

 

Cyclic Voltammetry (CV).  As shown in Figure S4, 2 has a quasi-reversible 

reduction wave with E1/2 = +113 mV vs. SCE.  Substituting the pyridine rings with the 

electron donating methoxy and methyl groups, as in 3, causes a negative shift in the 

reduction potential, Ered = 0 mV (Figure S5), consistent with previous results using 

the tetradentate TPMA ligand scaffold.  The latter complex shows a wave with 

reduced intensity of the return oxidation peak even at higher scan rates when using 

a Pt-disk working electrode.  However, when a glassy carbon electrode was used, a 

pseudo-symmetric reversible wave was obtained with E1/2 = +70 mV.  Compound 1  

(Figure S4) has a drastic negative shift in the half-wave potential (E1/2 =-220 mV) due 

to a more stable CuII species because of the stronger coordination of the Cl- anions 

compared to weakly coordinating OTf- anions.  All electrochemical data for newly and 

previously synthesized complexes used in this report are presented in Table 1.  

 

Table 1. Electrochemical data of copper complexes used in this study at 25°C.  All 

measurements were conducted in MeCN with 0.1 M TBAPF6 as a supporting 

electrolyte at a scan rate of 100 mV/s with [CuIIX2]0 = 1 mM.  All potentials are vs. SCE. 

Complexa Ered (mV) Eox (mV) E1/2 (mV) ΔEp (mV) ref 

1 -300 -145 -220 155 This work  

2 61 174 174 113  This work 

3 0 140 70 140  This work 

[Cu(TPMA)][OTf]2 -25 69 22 94  44 

[Cu(TPMA*1)][OTf]2 -130 -12 -69 118  44 

[Cu(TPMA*2)][OTf]2 -206 -60 -133 146  44 

[Cu(TPMA*3)][OTf]2 -255 -100 -177 155  44 
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Polymerization Studies 

To experimentally probe the effect of ligand denticity and its electron donating 

power on Cu-promoted CRT, OMRP reactions mediated by various L/CuI complexes 

were conducted.  Primary radicals were generated by thermal dissociation of 

azobisisobutyronitrile (AIBN).  The propagating radical chains were then intercepted 

by the L/CuI complex (L = BPMAMe, BPMA*Pr, TPMA and TPMA*n; n = 1, 2, 3), 

promoting CRT.  The monomer conversion and polymer molecular weights were 

analyzed in order to gain mechanistic insight into the CRT process. 

OMRP reactions were first carried out at three different concentrations of 

TPMA/CuI.  As shown in Figure 2A, after a short induction period, linear semi-

logarithmic monomer conversion plots were observed at all [L/CuI]0, indicating the 

establishment of a steady-state concentration of radicals. To reach monomer 

conversion of ~25%, it took 20, 45, 120 and 145 minutes for 0, 100, 500, 1000 ppm 

of CuI/TPMA.  This is consistent with a higher concentration of dormant species and 

higher rate of CRT in the presence of greater amounts of L/CuI , as previously 

reported.18  Figure 2B shows that, in the absence of L/CuI , the molecular weight 

decreases with conversion, consistent with FRP.  Upon introduction of CuI/TPMA to 

the system, the molecular weights decreased dramatically as compared to FRP.  At 

25% monomer conversion, FRP gave polymers with molecular weights of ~1.5 x106 

while the reactions in the presence of L/CuI gave polymers with molecular weights 

<5x105, indicating faster radical termination due to CRT.  Interestingly, upon 

increasing the amount of L/CuI in the system, molecular weights only slightly 

decreased.  At catalysts loadings of 100, 500 and 1000 ppm, the molecular weights 

were 4.7, 3.7, and 3.3 x 105 at ~30% conversion, respectively.    
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Figure 2. a) Kinetics and b) molecular weight data of the polymerization of n-butyl 

acrylate (BA) initiated by AIBN in the presence (OMRP) and absence (FRP) of 

TPMA/CuI at 60C.  Initial molar ratios of reagents were [nBA]:[AIBN]:[TPMA]: 

[CuI(MeCN)4][BF4] = 160:0.2:2x:x (x = 0-0.16) at 60°C in 50% MeCN; [nBA]0 = 3.48 M; 

100 ppm = 0.016. 

 

Next, the TPMA*n ligand family was employed using the same amount of L/CuI 

(500 ppm) to further assess the effect of reduction potential (Table 1) on the overall 

rate of Cu-promoted CRT. The overall rate of polymerization decreased progressively 

upon using more reducing L/CuI complexes, as shown in Figure 3A. Furthermore, 

using higher-activity catalysts, polymers with lower molecular weights were 

obtained.  These two results show that CRT activity correlates with reducing power 

of the L/CuI complex.   
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Figure 3. a) Kinetics and b) molecular weight data of n-butyl acrylate (BA) 

polymerization initiated by AIBN in the presence (OMRP) and absence (FRP) of L/CuI 

(L = TPMA, TPMA*1, TPMA*2, TPMA*3) at 60C. Initial molar ratios were 

[BA]:[AIBN]:[L]: [CuI(MeCN)4][BF4] = 160:0.2:0.16:0.08 at 60°C in 50% MeCN; [BA]0 

= 3.48 M. 

 

Finally, analogous reactions were conducted using the tridentate BPMA ligand 

scaffold to determine the effect of denticity on CRT. Using BPMAMe/CuI at a 1000 ppm 

loading, a slow and gradual increase in the rate was observed during the first hour, 

indicating some interactions between radical and BPMAMe/CuI, as shown in Figure S7.  

The rate gradually increased over 60 minutes until the steady-state rate was the same 

as in FRP.  Moreover, the molecular weights were lower than in FRP, indicating that 

this complex is mildly active in CRT.  

The BPMA*Pr/CuI complex (reducing power similar to TPMA/CuI), resulted in 

a much more pronounced decrease in the polymerization rate compared to 

BPMAMe/CuI, as shown in Figure 4. This complex also showed progressively 

decreasing rates upon increasing [L/CuI]0, similar to the TPMA system. However, a 

strong decrease in molecular weights was observed upon increasing [L/CuI]0 with Mn 

values of 1.3, 0.56 and 0.25 x 106 at ~30% conversion when using 100, 500 and 1000 

ppm of L/CuI, respectively.  Interestingly, the kinetic data for BPMA*Pr/CuI was 

similar to those using TPMA (cf. Figure 2), while molecular weight trends were quite 

different. This difference will be discussed later in the discussion section. Molecular 

weight analysis of all polymerization systems showed broad molecular weight 

distributions and little to no increase in molecular weight with conversion.  This 

further indicates that the L/CuI complexes used in this study are inefficient OMRP 

mediators and primarily act as catalysts for CRT.    
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Figure 4. a) Kinetics and b) molecular weight data of n-butyl acrylate (BA) initiated 

by AIBN in the presence (OMRP) and absence (FRP) of BPMA*Pr/CuI at 60C.  Initial 

molar ratios were [nBA]:[AIBN]:[BPMA*Pr]: [CuI(MeCN)4][BF4] = 160:0.2:2x:x (x = 0-

0.16) at 60°C in 50% MeCN; [nBA]0 = 3.48 M; 100 ppm =  0.016. 

 

The apparent rate constants of polymerization and molecular weights as a 

function of the reduction potential of the L/CuII complex are illustrated in Figure 5.  

This plot shows that the rate of CRT increases for more reducing L/CuI complexes.  
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Figure 5. Relationship between measured values of E1/2 and both molecular weights 

(red) and rate of polymerization (blue).  All values are for reactions using 500 ppm of 

L/CuI.  The molecular weights for BPMAMe/CuI were measured using 1000 ppm L/CuI. 

 

DFT Investigation of the OMRP Trapping Equilibrium  
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The above kinetic investigations discussed above pointed towards radical 

trapping by L/CuI to yield a L/CuII organometallic intermediate. The question can be 

asked whether the CRT activity correlates with the CuII-C bond strength.  Thus, the 

Bond Dissociation Free Energies (BDFE) for all L/CuII-R species studied were 

estimated by DFT calculations. The ligands BPMAMe, TPMA, TPMA*1-3 were used for 

all systems except for BPMA*Pr, where the Pr group was simplified to an electronically 

similar Me group, BPMA*Me.  The calculations were carried out using BP86-D3 with 

the 6-311G(d,p) basis set for the light atoms (O,N,C,H) and the LANL2DZ(f) basis for 

Cu. Additional thermal and solvation corrections (in MeCN solution) were applied 

(see computational details). This is the same level of theory used by us recently for 

the exploration of the [(TPMA)CuII-H]+ formation by direct β-H atom transfer from a 

free radical.25  

Since the experimental CRT studies were carried out in MeCN, a stabilization 

of the L/CuI species by solvent coordination (Eq. 2), affecting the OMRP equilibrium, 

is possible. This was confirmed by X-ray structural study of the 

[CuI(TPMA)(MeCN)][BPh4] salt.45-46 The MeCN coordination stabilizes [CuI(TPMA)]+ 

by 2.4 kcal/mol at the used level of theory, suggesting that the L/CuI species should 

be coordinated by MeCN. The optimized geometry for the acetonitrile adduct 

[CuI(TPMA)(MeCN)]+ is in good agreement with the structure determined by X-ray 

(see Table S3). 

 

[CuI(L)]+ + MeCN  [CuI(L)(MeCN)]+ (2) 

 

In order to give these calculations quantitative merit, the activation of the 

CH3CH(Br)COOCH3 ATRP initiator by the [CuI(TPMA)]+ system was investigated, 

because the KATRP of this equilibrium has been experimentally determined (KATRP = 

3.2 x 10-7; ΔGATRP = 8.8 kcal/mol) in MeCN at 22°C.4 The computed ΔGATRP values are 

10.2 and 7.8 kcal/mol with (Eq 3) and without (Eq 4) MeCN coordination to CuI, 

respectively. Both values are in good agreement with the experimentally determined 

value of 8.8 kcal/mol, confirming the suitability of this level of theory.  
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[CuI(TPMA)(MeCN)]+  +  R-Br [CuIIBr(TPMA)]+  + R•   +  MeCN  (3) 

[CuI(TPMA)]+  +  R-Br  [CuIIBr(TPMA)]+  +  R• (4) 

R = CH(CH3)COOCH3 

 

Given the experimental and theoretical evidence of MeCN coordination to 

[CuI(TPMA)]+, the free energy of MeCN addition (∆GMeCN) was also calculated for all 

other [CuI(L)]+ complexes (Eq. 2).  The CuII-R (R = CH(CH3)COOCH3) bond dissociation 

free energy (BDFE, Eq. 5) was combined with the MeCN coordination to yield Eq 6 as 

the operating OMRP equilibrium.  The results are shown in Table 2.  

 

 [CuI(L)]+ + •R  [CuIIR(L)]+   (5) 

 [CuI(L)(MeCN)]+ + •R  [CuIIR(L)]+ + MeCN   (6) 

 

Table 2. Calculated ΔG values (in kcal/mol) for processes related to the 

•CH(CH3)COOCH3 trapping by [L/CuI]+. The values are corrected for solvation in 

MeCN.   

L BDFEa ΔGMeCNb ΔGOMRPc 

BPMAMe 14.1 -4.9 -9.2 

BPMA*Me 16.1 -5.3 -10.8 

TPMA 14.3 -2.4 -11.9 

TPMA*1 15.1 -2.1 -13.0 

TPMA*2 15.8 -2.4 -13.4 

TPMA*3 17.6 -2.9 -14.7 
a ΔG associated to the reverse of Eq. 5 (bond dissociation). b ΔG associated to Eq. 2. c 

ΔG associated to Eq. 6. 

  

The values of BDFE for the TPMA*n series correlate well with the CRT activity, 

each substitution of a py by a py* donor resulting in a BDFE increase. This effect is 

electronic, not steric, because the increase of steric bulkiness upon py/py* 



 15 

modification would lead to bond weakening.  The CRT activity correlates better with 

ΔGOMRP than with BDFE. In fact, the [CuI(L)]+ stabilization by MeCN coordination is ca. 

twice stronger for tridentate BPMA and BPMA* systems than for the tetradentate 

TPMA*n systems.  In terms of correlation with E1/2, the experimentally measured 199 

mV decrease on going from the TPMA to the TPMA*3 system translates into an 

expected ΔGOMRP increase of ca. 4.1 kcal/mol under the assumption of constant 

“carbophilicity”. This is in rather good agreement with the calculated ΔGOMRP increase 

of 2.8 kcal/mol. 

   

Discussion 

Kinetically, a steady-state radical concentration should be defined by the 

balance of the rates of radical generation and termination, as shown by Eq 7, 

assuming that termination is a bimolecular reaction between CuII-R organometallic 

species and propagating radicals.  Furthermore, the molecular weights should be 

defined by the ratio between the propagation and termination rates, as shown in Eq 

8.   

[𝑅 ∙] =  
𝑓𝑘𝑎𝑧𝑜[𝐴𝐼𝐵𝑁]

𝑘𝑡𝐶𝑢(𝐼𝐼)[𝐿/𝐶𝑢
𝐼𝐼

−𝑅]
                                                                                                     (7)  

 

𝐷𝑃 =  
𝑀𝑛

𝑀𝑊𝑛𝐵𝐴
=

𝑅𝑎𝑡𝑒𝑝

𝑅𝑎𝑡𝑒𝐶𝑅𝑇
=  

𝑘𝑝[𝑀][𝑅∙]

𝑘𝑡𝐶𝑢(𝐼𝐼)[𝐶𝑢𝐼𝐼−𝑅][𝑅∙]
=

𝑘𝑝[𝑀]

𝑘𝑡𝐶𝑢(𝐼𝐼)[𝐶𝑢𝐼𝐼−𝑅]
                                        (8) 

 

CRT should dominate relative to conventional (non-catalyzed) radical 

termination and therefore the latter can be neglected, due to the large amounts of 

L/CuI used.  Until more kinetic data are available on the specific rates of addition, 

dissociation and termination (Scheme 3), only overall rate coefficients of CRT, 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝, 

can be estimated. Thus taking 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝= ktCu(II)[CuII-R], Eq 7 & 8 can be rearranged to give 

Eq 9 & 10, which were used to calculate apparent rate coefficients of Cu-mediated 

termination, as summarized in Table 3. 

𝑘𝐶𝑅𝑇
𝑎𝑝𝑝 =

𝑓𝑘𝑎𝑧𝑜[𝐴𝐼𝐵𝑁]

[𝑅 ∙]
                                                                                                                    (9) 
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𝑘𝐶𝑅𝑇
𝑎𝑝𝑝 =

𝑘𝑝[𝑀]

[𝐷𝑃]
                                                                                                                               (10) 

 

Average values of 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝 from eq. 9 and 10 were calculated at L/CuI loading of 

500 ppm ([L/CuI]0 = 1.74 mM). The redox potentials, values of KOMRP and values of 

KATRP are also presented in Table 3, in order to gain insight into the relationship 

between catalyst structure and reactivity.  

 

Table 3. Values of E1/2 (mV vs. SCE) and calculated BDE (kcal/mol) of the CuII-R bond 

for MBrP in MeCN at 25C.  Estimated overall rate coefficients of CRT, 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝(M-1 s-1), 

from kinetics and molecular weight data are also included.   

Ligand E1/2 KOMRP
c KATRP Average 𝑘𝐶𝑅𝑇

𝑎𝑝𝑝 f 

BPMAMe 174a 5.6 x 106 7.3 x 10-10d 1.2 x 101 

BPMA*Pr 70a 8.3 x 107 4.7 x 10-8d 2.0 x 101 

TPMA 22b 5.3 x 108 3.2 x 10-7e 2.9 x 101 

TPMA*1 -69b 3.4 x 109 5.9 x 10-6d 4.5 x 101 

TPMA*2 -133b 6.7 x 109 1.5 x 10-4d 5.5 x 101 

TPMA*3 -177b 6.0 x 1010 4.2 x 10-4e 9.6 x 101 
a This work. b From ref. 11. c Calculated from GOMRP in Table 2 d Estimated from the 
II/I ratio (see text below) obtained from electrochemistry according to a modified 
version of the Nernst equation presenting in Ref 66. e Calculated.12 f Averaged value 
of 𝑘𝐶𝑅𝑇

𝑎𝑝𝑝 estimated from kinetics (Eq 9) and molecular weight data (Eq 10) at 500 ppm 
[CuI]0. 
 

  Table 3 shows that the more reducing the L/CuI complexes have larger values 

of KOMRP.  Indeed, CuII species with more negative reduction potential should be 

relatively more stable.  This is also the reason for the increase in KATRP for more active 

catalysts.  Also, the rate of Cu-mediated termination increases with more ATRP active 

catalysts. Interestingly, the magnitude by which these three parameters are affected 

by the redox potential is dramatically different.  It has been reported that lnKATRP 

increases linearly with the reduction potential with an overall increase by 6 orders of 

magnitude for the six complexes studied. On the other hand, KOMRP should increase 

only by four orders of magnitude, according to the DFT calculations. However, the 
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apparent rate coefficients of CRT, 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝

, increased only by one order of magnitude. 

Thus, termination is less sensitive to the electronic properties of the L/CuI complex 

than the two K parameters.  It is worthy to note that although the calculated values of 

KOMRP at room temperature are large, the fraction of CuII-R relative to total copper 

should be small (for BPMA and TPMA systems), due to the small concentration of 

radicals ([R•] ~ 1 x 10-9 M). This fraction should further decrease upon increasing 

temperatures due to a decrease in KOMRP.  A comparison of the overall rates of Cu 

mediated termination with KOMRP and KATRP with respect to redox potential is shown 

in Figure 6.    

 

Figure 6. Relationship between reduction potential and KATRP (red) for MBrP in 

MeCN at 25C, KOMRP for acrylate radical (blue) and apparent rate coefficient of Cu 

mediated termination, 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝 (green). The y-axis values were arbitrarily scaled to 

zero for the BPMAMe system (E1/2 = 174 mV) after natural ln were taken in order to 

emphasize the relative slopes of the three parameters.  

 

All of the data presented in this study are consistent with the formation of a 

L/CuII-R intermediate which reacts with another radical, resulting in termination.  

However, as alluded to above, the formation of the L/CuII-R intermediate does not 

imply that termination must happen, i.e. the trapping process could be reversible. 

Recent experiments showed that dissociation of L/CuII-R may be fast at temperatures 

above 0C.47  
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According to Eq 7 & 8, the rates of polymerization and molecular weights 

should scale as 1/ktCu(II)[L/CuII-R] but, due to the intermediacy of the organometallic 

species, its concentration at this stage can only be estimated by DFT calculations.  As 

shown in Scheme 3, two limiting scenarios can be envisaged; one in which the OMRP 

equilibrium is established and one in which it is not.  The establishment of the OMRP 

equilibrium depends on whether the L/CuII-R species is able to dissociate back to the 

radical and L/CuI before the complex undergoes CRT with a second radical. If 

equilibrium cannot be established because of fast termination, the rate limiting step 

may be the addition of a radical to L/CuI, followed by a fast reaction of L/CuII-R with 

growing radicals.  Conversely, when the equilibrium can be established, the 

termination of a second radical with L/CuII-R, leading to CRT, becomes the rate 

determining step.  Under these conditions, the radical concentration (rate of 

polymerization) and molecular weights will be differently defined, by two limiting 

expressions presented in Eq 11-14, as derived in the Supporting Information.  

 

If,  ktCu(II)[R] >> kdis 

𝐷𝑃 =  
𝑀𝑛

𝑀𝑊𝑛𝐵𝐴
=

𝑘𝑝[𝑀]

𝑘𝑎𝑑𝑑[𝐿/𝐶𝑢𝐼]
                                                                                                        (11)  

[𝑅 ∙] =  
𝑓𝑘𝑎𝑧𝑜[𝐴𝐼𝐵𝑁]

𝑘𝑎𝑑𝑑[𝐿/𝐶𝑢𝐼]
                                                                                                               (12)   

 

If,  kdis >> ktCu(II)[R] 

𝐷𝑃 =  
𝑀𝑛

𝑀𝑊𝑛𝐵𝐴
=

𝑘𝑝[𝑀]

𝑘𝑡𝐶𝑢(𝐼𝐼)[𝐿/𝐶𝑢
𝐼
][𝑅∙]𝐾𝑂𝑀𝑅𝑃

     (13) 

[𝑅 ∙] = √
𝑓𝑘𝑎𝑧𝑜[𝐴𝐼𝐵𝑁]

𝑘𝑡𝐶𝑢(𝐼𝐼)[𝐿/𝐶𝑢𝐼]𝐾𝑂𝑀𝑅𝑃
                                                                                           (14)   

 

In the case of ktCu(II)[R] >> kdis, both rate of polymerization and molecular weights 

will scale inversely with [L/CuI].  However, for the scenario in which kdis >> ktCu(II)[R], 

molecular weights could scale with 1/ktCu(II)KOMRP and rates will scale with 

1/(𝑘𝑡𝐶𝑢(𝐼𝐼)𝐾𝑂𝑀𝑅𝑃[𝐿/𝐶𝑢𝐼])1/2 .  Indeed, when [L/CuI]0 was increased 10 times, the 
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molecular weights obtained in the presence of BPMA*Pr/CuI,  (Figure 4)  decreased by 

a factor of 10 but only by a factor of 1.4 for TPMA/CuI. This indicates that these two 

complexes operate under two different kinetic regimes.  This suggests that BPMA*Pr 

/CuI undergoes faster CRT relative to dissociation, with MW defined by Eq 11.  On the 

other hand, for the TPMA/CuI system, an OMRP equilibrium can be established and 

therefore the molecular weights should follow Eq 13. Hence, increasing [L/CuI]0 will 

produce more L/CuII-R but the [L/CuI][R] product could stay approximately 

constant, effectively showing little dependence of the molecular weight on [L/CuI]0.  

For all systems, increasing [L/CuI]0 showed a decrease in rate of polymerization since 

rates will scale with either 1/[L/CuI] or 1/[L/CuI]1/2. 

  It was recently proposed that CRT may proceed by radical coupling via a 

L/CuIIIR2 intermediate .24 The [CuII(BPMA*Pr)(R)] complex has a weakly coordinated 

MeCN ligand which decreases the steric hindrance at the CuII-R bond.  This makes the 

complex more susceptible to accept a second incoming radical, as shown in the top of 

Scheme 5.  On the other hand, for the [CuII(TPMA)(R)] complex to accept another 

radical, ligand rearrangement (arm opening) may be necessary and this would 

effectively slow down the CRT process, as shown in the bottom of Scheme 5. The 

termination in this case may also proceed by the direct reaction of a L/CuII-R complex 

with an incoming radical by H-abstraction or addition to the metal bonded chain.   
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Scheme 5. Two possible scenarios in which the OMRP equilibrium is not established 

(top) and one in which it is (bottom).  Arrow thickness corresponds to relative rates. 

For each scenarios, the radical in the second step may attack either the β-H atom, the 

metal-bonded C atom or the metal, according to pathways (b), (c) and (d) in Scheme 

2, respectively. 

 

When analyzing the results related to the geometrically similar TPMA*n family 

of ligands (Figure 1), the more reducing L/CuI complexes yields both a slower rate of 

polymerization and lower molecular weights, as shown in Figure 3.  At the same [CuI]0 

=500 ppm, the measured molecular weights are ~ 40, 32, 21, and 13 x 104 for TPMA, 

TPMA*1, TPMA*2 and TPMA*3, respectively.  These systems, structurally similar to the 

parent TPMA system, may also operate according to scenario 2, (bottom of Scheme 5 

and Eq’s 13 & 14), hence the molecular weights should depend on 1/ktCu(II) 
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[CuI][R•]KOMRP with rates depending on 1/(ktCu(II)[L/CuI]KOMRP)1/2 . As shown in Table 

3, KOMRP increases moving from TPMA to TPMA*3 which would explain the lower 

molecular weights.  Furthermore, since MW also varies with 1/ktCu(II), it is possible 

that the observed molecular weight decrease is due to a change both in KOMRP and 

ktCu(II)..   

 

 The termination in ATRP of acrylates can proceeds by either coupling or 

disproportionation. There is a debate in recent reports if the preference for 

disproportionation (supported by computations) can originate from tertiary radicals 

formed by backbiting.48-49 In the presence of L/CuI or Cu0, experiments show 

preference for disproportionation-like or coupling-like products, depending on 

reaction conditions and ligands.18,24 To better understand the mechanism of Cu-

induced CRT, it is important to understand the termination mechanism of acrylate 

radicals. Thus, our future efforts will focus on further probing the CRT mechanism via 

a combination of experimental and computational work.  

 

Conclusions 

A new, electron rich tridentate ligand, BPMA*Pr was synthesized and 

compared with the less electron-rich BPMAMe ligand and with several tetradentate 

TPMA*n (n = 0-3 ligands).  The complexes were characterized by cyclic-voltammetry, 

UV-Vis and X-ray diffraction.  L/CuI complexes were formed in situ and studied as CRT 

catalysts in the polymerization of n-butyl acrylate.  The complexes with more 

negative redox potentials and higher ATRP activity show higher activity in CRT, while 

the ligand denticity (tridentate vs. tetradentate) may determine the rate limiting step 

of CRT.  The effect of E1/2 of Cu complexes on KATRP is larger than on 𝑘𝐶𝑅𝑇
𝑎𝑝𝑝 . The 

calculated KOMRP values correlate well with the apparent rates of CRT.  The molecular 

weight and kinetic analyses show that two different kinetic regimes are possible, 

depending on the relative rates of dissociation of the OMRP dormant species vs. its 

reaction with a second radical.  If ktCu(II)[R] > kdis, then the rate of termination 

depends on kadd[CuI][R] and molecular weights decrease for larger values of [L/CuI]0.  
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However, if kdis > ktCu(II)[R], then the OMRP equilibrium can be established and the 

rate of termination depends on ktCu(II)KOMRP  and molecular weights do not depend on 

[L/CuI]. The details of the intimate mechanism leading from the L/CuIIR species to the 

regeneration of the L/CuI catalyst and the terminated chains, however, remain 

elusive. Additional investigations aimed at clarifying these details are in progress and 

will be reported in due course.  
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