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Abstract 

The spontaneous gradient polymerization was, herein, investigated by ATRP and RAFT. 

The model monomers for both systems were methyl methacrylate (MMA) and ethyl acrylate (EA). 

Spontaneous gradient polymers were generated, however, the control over polymer structure 

varied with both the polymerization method and initiator structure. RAFT polymerization was 

found to have the best control while using a chain transfer agent (CTA) compatible with both the 

methacrylic and acrylic monomers. The use of this dual compatible CTA allowed for the RAFT 

polymerization gave excellent correlation of experimental and theoretical molecular weight, 

dispersities below 1.3, and reactivity ratios consistent with spontaneous gradient formation. In 

contrast, the RAFT CTA with a less effective homolytic leaving group led to poor correlation 

between experimental and theoretical molecular weights, and dispersity typically above 1.5. In 

general, ATRP led to somewhat higher dispersity polymers in the order of 1.4-1.5 with decreased 

correlation of experimental and theoretical molecular weights, despite the formation of gradients. 

Reactivity ratios for both MMA and EA were determined using a terminal reactivity model. The 

reactivity ratios were similar to those in conventional radical polymerization, as the propagating 

radicals are identical. Although similar, RAFT and ATRP are not fully interchangeable in gradient 

polymerization, with RAFT offering a simpler approach to gradient polymers when a CTA 

compatible with both monomers is selected. 
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Introduction 
 

Polymer architecture is an important parameter that controls material properties and can 

introduce new functions to the polymers.1–4 In addition to the classical linear homopolymer, there 

are many types of complex polymer architectures including star, brush, hyperbranched, dendritic, 

as well as complex copolymers such as block and gradient copolymers.3,5–7 Gradient polymers 

have a gradual drift in polymer composition from being rich in one monomer near the alpha 

terminus, transitioning to rich in a second monomer near the omega terminus.8–11 Gradient 

polymers offer unique properties12–14 such as broad Tg ranges,15–17 responsive self-assembly,18,19 

perturbation of polymer pKa,20 "reel-in" micelles,21,22 and they can also serve as compatibilizers 

for polymer blends.23–26 Due to these unique functionalities and properties, it is important to design 

new methods of gradient polymer synthesis, understand differences in polymerization methods, 

and also to evaluate the properties of the synthesized gradients.3,5,8,27 

In general, gradient polymers are synthesized by living or reversible deactivation 

processes, as these methods ensure the majority of chains continue to grow through the reaction 

where the monomer composition changes.3,5,7–9,28–32 Integral to most gradient polymer syntheses 

is a compositional drift over the course of the reaction. This compositional change can be achieved 

either by using monomers with dramatically different reactivity,13,15,19,33–35 or by changing the feed 

of monomers over the course of the reaction.18,32,36–44 The first approach, known as the intrinsic or 

spontaneous gradient approach, relies on choosing monomers such that one monomer is 

preferentially incorporated at the start of the reaction, leaving an excess of the second monomer to 

be incorporated at the later stages of the reaction.32,45 In the second type of system, known as a 

forced or extrinsic gradient polymer, careful design of monomer feeds need to be performed to 

ensure the gradient structure is obtained,18,41 rather than a block-like or statistical polymer. 
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However, forced gradient approaches can, in principle, be applied to any monomer pairs that 

readily copolymerize.32,45 In contrast, the spontaneous gradient approach is simpler to set up as it 

requires no feed of the two monomers, but it is limited to monomers with substantially different 

reactivities. 

The reversible deactivation radical polymerization methods of reversible addition-

fragmentation chain transfer (RAFT) and atom transfer radical polymerization (ATRP) are well-

adapted for gradient copolymer synthesis.30 This due to the fact that both RAFT and ATRP are 

compatible with a wide range of monomers and use mild reaction conditions to produce polymers 

of predictable molecular weight, relatively narrow dispersity, and high chain-end functionality. In 

many cases, choosing either RAFT or ATRP methodologies can be used to synthesize well-

controlled polymers,30 although, in certain cases such as network formation, one method can give 

better defined polymers.46 Several studies have harnessed the use of monomer reactivity to create 

spontaneous and forced gradient copolymers by ATRP as well as forced gradient copolymers14,41–

44,47–49 by RAFT.18,37,39,40 There are fewer reports on spontaneous RAFT gradient 

copolymers,13,15,19,33–35 although the gradient properties of other methacrylic/acrylic copolymers 

prepared by RAFT have been discussed but lack a detailed kinetic analysis.50–55 However, to the 

best of our knowledge, no systematic analysis comparing spontaneous gradient copolymers by 

RAFT and ATRP have yet been performed. This analysis of polymers made under similar 

conditions by both RAFT and ATRP such that they can be used to critically evaluate the processes,  

highlight their similarities and differences, and ultimately determine the optimal conditions for the 

preparation of well-controlled gradient polymers. 

 
Kinetic Framework and Model Systems 
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The mechanisms of ATRP and RAFT polymerizations are shown in Schemes 1A and 1B, 

respectively, with radical generation from a conventional initiator given in Scheme 1C. In ATRP, 

the CuI/L activator abstracts the halogen from the chain end, which in this system could be MMA 

or EA, with rate coefficient kact.56 This generates the oxidized Br-CuII/L deactivator complex and 

a propagating radical. The radical is then able to add monomer, terminate with rate coefficient kt, 

or be deactivated by the Br-CuII/L complex with rate coefficient kdeact, returning the chain to the 

dormant state and reforming the CuI/L activator complex.56 In ARGET ATRP, a reducing agent, 

such as ascorbic acid, is added to prevent the build-up of excess Br-CuII/L due to the unavoidable 

termination of radicals.57 This reduces Br-CuII/L with rate coefficient kred.58–60 Through the 

reduction of Br-CuII/L, the activating species CuI/L is reformed continuously which maintains the 

polymerization rate through the ATRP equilibrium. The RAFT process occurs through a degenerate 

equilibrium, facilitated by an addition-fragmentation sequence.61,62 Similarly to ATRP, the terminal 

units of the propagating radical and chain transfer agent (CTA) can be MMA or EA. A propagating 

radical adds to the thiocarbonylthio group of the CTA, with rate coefficient kadd, generating the 

RAFT intermediate radical.62,63 The RAFT intermediate subsequently fragments, with rate 

coefficient kfrag, releasing either the original propagating radical and reforming the original CTA, 

or transferring the thiocarbonylthio group to the chain that was originally a propagating radical 

and simultaneously generating a new propagating radical.30 Due to the termination processes 

intrinsic to radical polymerization, radicals must constantly be supplied from an initiator, I-I, which 

decomposes with rate coefficient kd.62 These initiator fragment radicals can subsequently add either 

MMA or EA monomer, generating new propagating radicals.30,62 
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Scheme 1: A) Mechanism of ARGET ATRP activation and deactivation in the main ATRP 
equilibrium B) Mechanism of RAFT degenerative exchange in the RAFT main equilibrium. C) 
Propagating radical generation in RAFT by dissociation of a thermal initiator (I-I). 
 

When considering propagation in radical copolymerization of two monomers, the simplest 

approach is to assume equal selectivity of the monomers to the distinct chain ends, giving an ideal 

copolymerization that can be described by a single kinetic parameter.16 However, this approach is 

not typically valid for radical polymerizations, which frequently deviate from ideality. The 

terminal reactivity model captures the unequal selectivities of each chain end.19,64–67 As shown in 

Scheme S1, this model supposes two distinct radical chain ends, one derived from addition of 

MMA, the other from addition of EA. Both the MMA- and EA-terminal chain ends can add either 
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the MMA or EA monomer. This occurs with rate coefficient kX-Y, where X is the radical type and 

Y is the monomer to be added. From this the reactivity ratios rMMA = kMMA-MMA/kMMA-EA and rEA = 

kEA-EA/kEA-MMA can be given as the ratio of homopropagation to cross-propagation rate coefficients 

.64 The terminal model for copolymerization applies equally to ATRP and RAFT systems.30 

The systems used to compare the gradient copolymerization kinetics of ATRP and RAFT 

systems are shown in Scheme 2. Copolymerizations of MMA and EA were performed at 70 °C 

and analyzed using the terminal reactivity ratio model of Scheme S1. ATRP copolymerizations 

were carried out by an ARGET ATRP process with Cu/Me6TREN as the catalyst (Scheme 2A). 

RAFT copolymerizations were carried out using thermal initiation by AIBN. One feature explored 

was the effect of the CTA’s leaving group. Specifically, leaving groups were used that are well 

suited for either the polymerization of both MMA and EA, or only EA. MMA forms a more 

stabilized tertiary propagating radical, while EA forms a less stabilized secondary propagating 

radical.  

Due to the differences in stability of the radicals formed from incorporation of MMA and 

EA, these monomers have different reactivities, with faster incorporation of MMA than EA.68 In 

ATRP, the two initiators were used were ethyl a-bromophenylacetate (EBPAc), which is among 

the most active ATRP initiators and well suited to MMA, and ethyl 2-bromopropionate (EBPr), 

which is less active and best suited to initiate EA69. Similarly in the case of RAFT, different 

homolytic leaving groups were used, although both CTAs had ethyltrithiocarbonate RAFT end 

groups. One RAFT agent, cyanoisopropyl ethyl trithiocarbonate (CPETC), contains the highly 

stabilized cyanoisopropyl leaving group,70 which is well suited to both MMA and EA 

polymerization. The other is propionic acid ethyl trithiocarbonate (PAETC),71 containing the less-

stabilized 2-propionic acid-yl leaving group, which is well suited to EA polymerization. However, 



 7 

this secondary leaving group is insufficiently stabilized to fully convert to macroCTA at low 

conversion in the RAFT pre-equilibrium for MMA, making this CTA poorly suited for MMA 

polymerization.62 In general for efficient ATRP and RAFT polymerization, the initiation rate 

should be substantially faster than or at least equal to the rate of monomer addition. Therefore, 

using a less active initiating fragment could adversely impact the control over the polymerization. 

 

 
Scheme 2: A) Synthesis of gradient polymers of MMA and EA by ATRP. B) Synthesis of gradient 
polymers of MMA and EA by ATRP. C) Structures of ATRP initiators, RAFT CTAs, Me6TREN 
ligand, ascorbic acid (AA) and AIBN. 
 
Results and Discussion 
 

Initially the ATRP copolymerization of MMA and EA was explored. Using the highly 

active tris[2-(dimethylamino)ethyl]amine (Me6TREN) ligand under ARGET ATRP conditions 

gave gradient polymers with acceptable control (Mw/Mn<1.5), only using 1000 ppm of Cu catalyst. 

As highlighted in Table S2, lower concentrations of Cu catalyst gave polymers with higher 

dispersity,72,73 therefore, all subsequent ATRP experiments used 1000 ppm of Cu or 1500 ppm for 

shorter chains, as a mole ratio to monomer. It is possible that lower concentrations could be 
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possible, as suggested by simulations of ATRP of acrylate/methacrylate monomers with other 

catalysts.74 However, here Me6TREN was chosen as it is an easily accessible ligand with high 

activity, suitable for ARGET ATRP. 

Figure 1 shows the kinetics of the copolymerization MMA and EA, as well as the evolution 

of number averaged molecular weight (Mn) and molar mass dispersity (Mw/Mn) against the 

theoretical Mn (Mn-th). Figure 1 gives the kinetics and evolution using both the more active EBPAc 

and less active EBPr initiators. Figure 1A and 1B show the kinetics of MMA and EA consumption 

at target composition of MMA=EA=25 and MMA=EA=50 respectively. In general, close to linear 

first order kinetic plots are observed, and in all cases the MMA is consumed substantially faster 

than EA, suggesting a gradient like structure is generated. These data suggest that the rates of 

polymerization are only weakly affected by the choice of the initiator, EBPr vs EBPAc, which is 

especially prominent in Figure 1A, and consistent with the data in Figure 1B. The similarity of the 

rates after any initialization period is likely due to the initiator being consumed in the early phase 

of the reaction and converted to macroinitiator soon after the reaction commences.  

Figure 1C indicates that the polymerizations had acceptable control over the reaction, with 

Mn increasing linearly with conversion and remaining close to the expected Mn, and dispersities in 

the order of 1.3-1.5. Despite the high catalyst loadings (1500 ppm for MMA25-EA25 and 1000 

ppm for MMA50-EA50), Mn is measurably higher than Mn-th and dispersities are in the order of 

1.3-1.4 over the course of the reaction. As seen in Table S2, lower catalyst loadings led to even 

higher dispersity values and decreased control over the molecular weight of the polymer. This 

suggests that there are unique challenges in gradient ATRP polymerization, since catalyst loadings 

at or below 100 ppm have been successfully used in the homopolymerization of both methacrylates 
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and acrylates.58,60 In the ATRP systems of Figure 1C the more active EBPAc initiator appears to 

give similar molecular weights to the less active EBPr. 

 

   
Figure 1: ARGET ATRP MMA-EA gradient polymers at different chain lengths. Conditions 
[MMA]:[EA]:[RBr]:[CuBr2]:[Me6TREN]:[AA]=50:50:1:0.1:0.6:0.2 or 
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[MMA]:[EA]:[RBr]:[CuBr2]:[Me6TREN]:[AA]=25:25:1:0.075:0.45:0.2 in 50 vol % DMSO at 70 
°C. RBr= EBPAc or EBPr A) Kinetics of polymerization at target chain length of 25 units of MMA 
and EA. B) Kinetics of polymerization at target chain length of 50 units of MMA and EA. C) 
Evolution of Mn and Mw/Mn with the Mn-th evaluated from total monomer conversion. 
 

Figure 2 highlights the influence of monomer ratio on the kinetics and control over 

polymerization. Three monomer feeds were considered, one rich in MMA; (MMA67-EA33), one 

even in both monomers; (MMA50-EA50), and one rich in EA; (MMA33-EA67). In all cases, the 

total chain length remained 100 monomer units. As seen in Figure 2A and 2B, higher ratios of the 

faster propagating EA monomer led to overall higher polymerization rates of both MMA and EA. 

In all cases, a gradient-like structure is generated with faster incorporation of MMA than of EA. 

These results broadly agree with the findings in Figure 1. Figure 2C and 2D show the correlation 

of Mn with Mn-th and the evolution of dispersity with Mn-th. 

In all cases, Mn increased linearly with Mn-th, although in most cases Mn was above Mn-th. 

This could be due to several factors and may be unique for each initiator. For EBPAc, it is possible 

that the highly active initiator could lead to some termination early in the reaction, causing the 

concentration of living ATRP macroinitiator to be lower than the initial concentration of EBPAc.69 

Conversely, the less active EBPr could have slightly lower activity than the acrylic and certainly 

the methacrylic chain ends. In this case, there could be a small fraction of unreacted EBPr, which 

causes the Mn to systematically exceed Mn-th. In general, all systems had similar dispersities in the 

order of 1.3-1.5, although higher concentrations of the less active EA monomer tended to give 

lower dispersities, which is shown in Figures 2C and 2D. This is most likely due to the more 

efficient deactivation of the acrylic radical which comprises a relatively larger amount of radical 

chain ends at higher EA loadings. Additionally, the faster addition of MMA to the EA-based radical 

chain end can increase the relative contribution of propagation compared to deactivation. This will 

lead to higher dispersity, since the ratio of propagation to deactivation is higher.75–77  It is notable 
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that the MMA/EA ATRP gradient copolymers using over 1000 ppm of Cu catalyst have dispersities 

approaching 1.5, the homopolymerizations of MMA and EA using ~100 ppm of catalyst tend to 

have dispersities in the order of 1.1-1.3.58,60 This difference could arise from challenges in 

deactivating both chain ends, faster incorporation of MMA to the acrylic radical chain end, and 

changes in the ATRP equilibrium  due to lower Br-CuII/L concentrations with the presence of 

dormant chains containing EA terminal units. Additional challenges could arise from the fast cross 

propagation, especially the addition of MMA to the acrylic radical, which can increase dispersity 

due to higher effective kp.75–77 
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Figure 2: ARGET ATRP MMA-EA gradient polymers at ratios of MMA:EA. Conditions 
[MMA]:[EA]:[RBr]:[CuBr2]:[Me6TREN]:[AA]=33:67:1:0.1:0.6:0.2 or 
[MMA]:[EA]:[RBr]:[CuBr2]:[Me6TREN]:[AA]=50:50:1:0.1:0.6:0.2 or 
[MMA]:[EA]:[RBr]:[CuBr2]:[Me6TREN]:[AA]=67:33:1:0.1:0.6:0.2 in 50 vol % DMSO at 70 °C 
A) Kinetics of polymerization using RBr=EBPAc. B Kinetics of polymerization using RBr=EBPr. 
C) Evolution of Mn and Mw/Mn with the Mn-th evaluated from total monomer conversion using 
RBr=EBPAc. D) Evolution of Mn and Mw/Mn with the Mn-th evaluated from total monomer 
conversion using RBr=EBPr. 
 

Figure 3 explores the influence of the total targeted chain length on the polymerization 

kinetics and the evolution of Mn and dispersity for RAFT systems. Similar to the ATRP systems, 

the polymerization kinetics were only weakly affected by the CTA structure, both at lower targeted 

chain length of MMA25-EA25 in Figure 3A and higher targeted chain length of MMA50-EA50 

in Figure 3B. These results can be rationalized by the fact that once the RAFT main equilibrium is 

established, the same propagating radicals and macroCTA are generated from both CPETC and 

PAETC. The polymerization rate at the lower targeted chain length in Figure 3A is very similar to 

the rate with the higher targeted chain length in Figure 3B, despite the lower targeted chain length 

having a higher absolute AIBN concentration. This similarity in rates can be attributed to 

retardation effects,78 where the higher CTA concentration increases the rate of radical loss, 

offsetting the higher AIBN concentration. 

The molecular weight evolution data in Figure 3C highlights key discrepancies between 

the CTAs. The more active CPETC, shows linear evolution and excellent agreement of Mn with 

Mn-th, and relatively low dispersities in the order of 1.2-1.3. In contrast, the less active PAETC CTA 

has substantial disagreement of Mn vs Mn-th, especially at lower conversion and dispersity values 

in the order of 1.5-1.7. Despite the similarity in monomer consumption rates, the chain initiation 

is substantially slower for PAETC, leading to poor control over chain length and higher dispersity 

with the less active leaving group. 
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Figure 3: RAFT MMA-EA gradient polymers at different chain lengths. Conditions 
[MMA]:[EA]:[CTA]:[AIBN]=50:50:1:0.2 or [MMA]:[EA]:[CTA]:[AIBN]=50:50:1:0.2 in 50 vol 
% DMSO at 70 °C. CTA= CPETC or PAETC. A) Kinetics of polymerization at target chain length 
of 25 units of MMA and EA. B) Kinetics of polymerization at target chain length of 50 units of 
MMA and EA. C) Evolution of Mn and Mw/Mn with the Mn-th evaluated from total monomer 
conversion. 
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 RAFT copolymerization with three different ratios of MMA to EA were explored in Figure 

4. Systems with an excess of MMA; MMA67-EA33, equal ratios of MMA and EA; MMA50-

EA50, and with an excess of EA; MMA33-EA67 were used. Figure 4A shows that when the more 

active CPETC CTA is used, which is well suited to the initiation of both MMA and EA chain, the 

polymerization rate follows the monomer’s intrinsic kp, which has been found to be accurate in 

related copolymerization systems when using a terminal reactivity model.79,80 Specifically, 

systems with higher amounts of the faster propagating EA monomer show substantially higher 

polymerization rates than those with higher amounts of MMA monomer. The trend for the more 

active CPETC RAFT CTA follows the trends observed for the ATRP systems which was shown in 

Figure 2. A more complex trend is observed in Figure 4B for the copolymerization of MMA and 

EA using the less active PAETC CTA. Although the fastest system is the one with a ratio of 

MMA:EA = 33:67, the rate of reaction with 67% EA is somewhat higher than the comparable 

CPETC polymerization, especially at later timepoints in the reaction. When comparing the systems 

with the higher MMA loading of MMA:EA=50:50 and MMA:EA=67:33, the polymerization rate 

shows negligible decrease with the higher MMA content.  Due to the poor initiation caused by the 

the poorer propionic acid leaving group for MMA, it is possible that there is a substantial amount 

of unreacted CTA remaining in the reaction mixture even after substantial monomer conversion 

has occurred. The lower effective CTA concentration could decrease retardation effects,78 causing 

small to negligible decreases in polymerization rate as the MMA concentration increases. 

 Figure 4C and 4D investigate the evolution of Mn and dispersity with Mn-th for the more 

active CPETC and less active PAETC systems. When the more active CPETC CTA is used in all 

ratios of MMA to EA, the Mn evolution is linear and in excellent agreement with Mn-th, and 

dispersity values are in the order of 1.15-1.3. In contrast, when the less active PAETC CTA is used, 
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the control over Mn is poor, and higher dispersities are observed, particularly at higher ratios of 

MMA. This suggests that poor chain initiation occurs in the RAFT polymerization with the less 

active PAETC CTA, and this is especially problematic when higher loadings of the more active 

MMA monomer are used. This is likely due to slow reaction with MMA-terminal radicals, so that 

unreacted PAETC remains far into the polymerization reaction with respect to time. In contrast 

CPETC, which has a better homolytic leaving group, fully converts to macroCTA before 

substantial polymerization occurs. Slow conversion of PAETC to macroRAFT agent may also 

explain the higher polymerization rate at higher fractions of MMA, as the presence of a larger 

fraction of MMA-terminal radicals would result in less efficient conversion of PAETC to 

macroCTA, thereby reducing the effective CTA concentration and decreasing retardation 

effects.63,78 Interestingly, in the RAFT systems with 67% loading of EA, both PAETC and CPETC 

give well controlled polymers with narrow dispersity and Mn close to Mn-th, which is consistent 

with PAETC being an effective CTA for the homopolymerization of acrylates and acrylamides.52,53 
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Figure 4: RAFT MMA-EA gradient polymers at ratios of MMA:EA. Conditions 
[MMA]:[EA]:[CTA]:[AIBN]=33:67:1:0.2 or [MMA]:[EA]:[CTA]:[AIBN]=50:50:1:0.2 or 
[MMA]:[EA]:[CTA]:[AIBN]=67:33:1:0.2 in 50 vol % DMSO at 70 °C A) Kinetics of 
polymerization using CTA=CPETC. B Kinetics of polymerization using CTA=PAETC. C) 
Evolution of Mn and Mw/Mn with the Mn-th evaluated from total monomer conversion using 
CTA=CPETC. D) Evolution of Mn and Mw/Mn with the Mn-th evaluated from total monomer 
conversion using CTA=PAETC. 
 

Using the kinetic data in Figures 1-4, and an analogous conventional free radical 

polymerization system shown in Figure S1, reactivity ratios for each polymerization system and 

initiator/CTA were determined by fitting the kinetic data to the integrated form of the terminal 

model copolymer composition equation (the Meyer-Lowry equation81).  Non-linear least-squares 

regression19,82 was used  along with visualization of the sum of squares space (details in SI). The 

fitted reactivity ratios are given in Table 1, and for each system/initiator, as well as the experimental 
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data and model curves, are given in Figures S2-6. Mole fractions of MMA as a function of 

conversion for each polymerization method, initiator type and initial composition are given in 

Figures S7-11. In all cases, the reactivity ratios are consistent with the kinetic data, showing strong 

gradient characteristics as rMMA is between 1.69-1.9 and rEA is between 0.25-0.38, broadly 

consistent with literature values,83 , albeit some reports give rMMA ~2.1 and rEA ~0.15.68,84 

  It is important to note that rMMA in all systems is in the order of 1.7-1.85, with the 

discrepancy between the ATRP and RAFT initiation systems and the free radical polymerization 

(FRP) model experiment being relatively small. Similarly, the rEA is similar when comparing the 

less and more active initiators/CTAs in RAFT and ATRP as well as by a comparable FRP model 

system. This similarity in reactivity ratios is due to the identical nature of the radical produced in 

RAFT, ATRP and FRP, and validates analysis by following the kinetics using NMR and analysis 

through kinetic models such as the terminal reactivity model. This agreement between measured 

sequence and the terminal model is consistent with literature observations.85 

Using the reactivity ratios in Table 1, idealized polymer composition diagrams for 10 

representative polymer chains were also simulated.19 The incorporation kinetics shown in Figures 

1-4 and reactivity ratios in Table 1 were used to evaluate how the polymer composition and 

structure changes over time, which can be represented in a simulation of polymer structure. These 

simulations do not take into account distributions in chain length but are useful in visualizing how 

the discrete monomer units may be distributed in a chain, and the typical variation from one chain 

to another. Full details of the simulation algorithm are given in the SI. The comparison of the four 

polymerization systems (ATRP with EBPAc or EBPr and RAFT with CPETC or PAETC) at each 

targeted chain length and monomer loading is given in Figure S12. Despite the variations in 

reactivity ratios, the simulated polymer chains were similar for all systems. Figure 5 shows 
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simulated polymer chains for the best controlled system, RAFT using CPETC as the initiator, for 

each monomer feed and chain length studied. As seen in Figure 5, the strongest gradient like 

characteristics were found in systems with initial loading of MMA equal to 33% or 50%. While 

the system having 67% of MMA in the initial feed having lower conversion and consequently less 

gradient character. 

 

Figure 5: Simulated composition of 10 chains using rMMA = 1.86 and rEA = 0.30, consistent with 

the RAFT polymerization of using CPETC as the CTA. Composition and chain length are varied. 

 
Table 1: Reactivity ratios of MMA – EA system at 70 °C with distinct initiation and control 
methods. 
System Initiator/CTA rMMA rEA 
ATRP EBPAc 1.82 0.35 
ATRP EBPr 1.78 0.35 
RAFT CPETC 1.86 0.30 
RAFT PAETC 1.69 0.29 
FRP DDM 1.77 0.38 

 
In analyzing the data in Figures 1-4 and Table 1, several preliminary conclusions can be 

drawn. Unlike homopolymerization of acrylates and methacrylates by ATRP, which can reliably 

be performed in a controlled manner with 100 ppm or less of Cu catalyst, the copolymerization of 

acrylates and methacrylates requires substantially higher catalyst loadings for control, in the order 

of 1000 ppm, which is qualitatively similar to previous reports on spontaneous gradient 

RAFT CPETC

Target Chain length 50, 50% MMA, Conv = 98% 

Target Chain length 100, 50% MMA, Conv = 93% 

Target Chain length 100, 33% MMA, Conv = 97% 

Target Chain length 100, 67% MMA, Conv = 80% 
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copolymers by ARGET ATRP.47 This is likely due to distortions of the ATRP equilibrium and 

possible enhancements of propagation, especially from acrylic radicals adding MMA, and  reduced 

deactivation efficiency of these methacrylic radicals. Even at these high catalyst loadings, control 

over chain length and dispersity are relatively poor, with measurable and consistent deviations of 

Mn compared to Mn-th, and dispersities between 1.3 and 1.5 for most ATRP gradient systems. 

However, the influence of initiator (EBPAc vs EBPr) is relatively minor, due to high rates of ATRP 

activation from the high catalyst loading. Presumably even higher catalyst loadings would be 

required to reduce the dispersity, although at that point the catalyst loading would be near 

stoichiometric with the chain end,72,73 which goes against  the principles of ARGET ATRP ppm 

catalyst loadings.58–60 The relatively poor correlation of Mn with Mn-th is consistent with some 

slower initiation, or loss of the ATRP to irreversible termination reactions at very low conversion. 

The linear increase of Mn with conversion, is more consistent with the latter phenomenon, where 

some initiating chains terminate early in the reaction before the main ATRP equilibrium is 

established. 

In the case of RAFT gradient polymers, the design principles are substantially simpler. The 

more active CPETC CTA leads to good control over the polymerization, with excellent correlation 

of Mn with Mn-th, and dispersities in the order of 1.15-1.3. CPETC CTA can be used for the 

homopolymerization of both acrylic and methacrylic monomers, due to effective establishment of 

the RAFT main equilibrium at relatively low total conversion. In contrast, the less active PAETC 

leads to systematic deviations of Mn from Mn-th, slow initiation, and higher dispersities. This is 

especially apparent at higher ratios of MMA, for which PAETC is expected to be an incompatible 

CTA.62,86 Only the 67% EA system gave efficient control of the polymerization.80  This is surprising 

because even an initial feed containing 67% of MMA also contains 33% of EA. Furthermore, EA 
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is incorporated into the copolymer from the early stages of polymerization, as seen in the 

simulations of Figure S12. In principle the acrylic acid leaving group of PAETC should have 

similar reactivity to an acrylate terminated chain. The slow conversion of PAETC to macroCTA in 

the copolymerization of MMA/EA is likely due to a combination of the following effects: i) the 

methacrylic radical should be the dominant radical species in these copolymerizations especially 

at low conversion;  ii) penultimate unit effects increasing the reactivity of the acrylic terminated 

polymer; and iii) steric effects which could make the small molecule PAETC less efficient as a 

CTA than the acrylate terminated chain. From the calculated reactivity ratios in Table 1, the 

dominant radical species is the methacrylic radical. Even though acrylate monomers add to the 

methacrylic radical at relatively low conversion (Figure S12), the rapidly propagating acrylic chain 

ends 87 are more likely to add methacrylic monomers. Addition of MMA to the acrylic radical—

forming a methacrylic radical which is unreactive towards PAETC—is competitive with the 

reaction of the acrylic radical with the PAETC CTA, reducing the efficiency of conversion of 

PAETC to macroCTA. Steric effects could make the smaller propionic acid leaving group less 

efficient than the acrylate terminated polymer chain, further reducing initiation efficiency. Finally, 

in an acrylate terminated polymer the penultimate unit is almost always a methacrylic unit at low 

conversion in MMA/EA copolymerization. This methacrylic penultimate unit could increase the 

reactivity of the acrylic terminated chain, similar to how methacrylic polymer are more active 

ATRP initiators than their monomers.88–90 This could make the polymer more likely to fragment in 

the RAFT intermediate compared to the acrylic acid leaving group, however, a full penultimate 

unit analysis is beyond the scope of this work.91 

One of the most interesting findings of the spontaneous gradient study of MMA and EA by 

both RAFT and ATRP is that careful design of the reaction conditions is needed. In particular, 
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simple extrapolation of conditions that work for either MMA or EA may not always apply to the 

complex copolymerization due to the presence of the two distinct radical chain ends; the more 

reactive acrylic radical compared to the less reactive methacrylic radical. The ATRP and RAFT 

processes also generate two distinct dormant chains, a more difficult to activate acrylic chain end 

and an easier to activate methacrylic chain end. For both the efficient deactivation of the 

methacrylic radicals and the activation of the acrylic chain ends, an order of magnitude higher Cu 

catalyst loading was needed in gradient ATRP, compared to homopolymerization (Table S2-S3). 

58,60  

In the case of RAFT, only CPETC, the CTA that gives efficient control over both 

homopolymerizations, gave well controlled gradient polymers, due to poor initiation and 

fragmentation of the less reactive acrylic acid leaving group in PAETC. Even 50% loading of the 

acrylate monomer, EA, the reaction still led to slow initiation and high dispersity polymers. This 

is quite distinct from nitroxide-mediated polymerization (NMP), where even a small fraction ~10% 

of the compatible monomer styrene led to well controlled polymerization of MMA.92,93 The 

difference most likely is due to the substantially different reactivity ratios in MMA/EA and the 

rapid propagation rate of EA compared to MMA, which suggest that the ratio of EA-terminal 

radicals to MMA-terminal radicals will be low, especially at low conversion. 

Conclusions 

A series of spontaneous gradient polymers of MMA and EA as model systems to compare 

methacrylic and acrylic monomers were prepared by both ARGET ATRP and thermally initiated 

RAFT polymerization. Comparison of RAFT and ATRP across a range of conditions indicates that 

the simplest design of gradient polymers based on methacrylic/acrylic monomers appears to be the 

RAFT system that uses a CTA compatible with both monomers, such as CPETC. The poorest 
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choice is RAFT polymerization with a CTA that is incompatible with the more reactive monomer 

due to the slow formation of the macroCTA, leading to dispersities over 1.5. ATRP with high 

catalyst loading (~1000 ppm) gives relatively well controlled polymers, with linear increase of Mn 

with conversion, although somewhat above Mn-th, and higher dispersities than the well-controlled 

RAFT system that uses CPETC. The RAFT polymerization of MMA and EA using CPETC leads 

to efficient initiation, superior correlation of Mn with Mn-th, and the consistently lowest dispersity 

values. Simulations based on calculated reactivity ratios indicate that the chains typically have 

gradient like properties, especially at equal or higher loadings of the acrylic monomer.  
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