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Abstract  

Graft polymers are useful in a versatile range of material applications. Understanding how changes 

to the grafted architecture, such as the grafting density (z), the side-chain degree of polymerization 

(Nsc), and the backbone degree of polymerization (Nbb), affect polymer properties is critical for 

accurately tuning material performance. For graft-through copolymerizations, changes to Nsc and 

z are controlled by the macromonomer degree of polymerization (NMM) and initial fraction of the 

macromonomer in the feed (fMM
0), respectively. We show that changes to these parameters can 

influence the copolymerization reactivity ratios and, in turn, impact the side-chain distribution 

along a graft polymer backbone. Poly((±)-lactide) macromonomers with NMM values as low as ca. 

1 and as high as 72 were copolymerized with a small-molecule dimethyl ester norbornene 

comonomer over a range of fMM
0 values (0.1 ≤ fMM

0 ≤ 0.8) using ring opening metathesis 

polymerization (ROMP). Monomer conversion was determined using 1H nuclear magnetic 

resonance spectroscopy, and the data were fit using terminal and non-terminal copolymerization 

models. The results from this work provide essential information for manipulating Nsc and z, while 

maintaining synthetic control over the side-chain distribution for graft-through copolymerizations. 
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 Compared to a linear polymer, the increased molecular complexity associated with grafted 

polymer architectures enables a broader range of accessible material properties. Whereas the 

description of a linear homopolymer requires a single degree of polymerization (N), a graft 

polymer requires three: The degree of polymerization of the side-chains (Nsc), the degree of 

polymerization of the backbone (Nbb), and the degree of polymerization between grafts (Ng). For 

random graft distributions, the latter is inversely related to a commonly used descriptor called the 

grafting density (z); z is defined as the average number of side-chains per backbone repeat unit. 

Tuning these parameters has been demonstrated to impact mechanical properties,1,2,3,4,5,6 linear and 

non-linear melt flow behavior,7,8,9,10,11,12 and self-assembly in graft copolymers.13,14,15,16
 Careful 

architectural changes can be leveraged to decouple material properties that are inextricably linked 

for linear polymers, such as molar mass and viscosity.7 

 Centrally important to graft polymer design is understanding how z impacts material 

performance.7,12,14,15,17,18 Changing this parameter involves incorporating a small monomer diluent 

along the backbone through copolymerization with either a macromonomer (i.e., graft-through) or 

a small comonomer that side-chains can be grafted-to or grafted-from. Tuning the initial monomer 

feed composition provides control over the number density of side-chains (i.e., z), but not 

necessarily sequence. The sequence distribution (e.g., gradient, block, random) is controlled 

through the copolymerization reactivity ratios. Changes to this distribution will impact how graft 

polymers fill space and entangle,19,20,21 which is relevant for understanding material behavior. 

Several synthetic methods (e.g., ring-opening metathesis,22,23,24 anionic,25 and controlled radical 

polymerizations26,27,28,29,30) have been employed to control the reactivity ratios in graft-through 

copolymerizations. Early work by Radke and Müller demonstrated that changes to the initial 

macromonomer feed composition (fMM
0 < 0.1) can substantially affect the reactivity ratios, which 

was postulated to be due to changes to the density of chain segments near a propagating chain-end 

as fMM
0 was varied. 30 Recently, Ren et al. demonstrated a similar effect for fMM

0 > 0.1 in graft-

through ring-opening metathesis copolymerizations (ROMP), though a significant assumption was 
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required for the analysis and no discussion of the reactivity ratios was provided.24 In each case, the 

relation to the macromonomer’s size was not investigated. These findings are particularly 

surprising, given that the reactivity ratios are traditionally understood to be independent of the 

initial monomer feed. For the homopolymerization of a macromonomer, several studies 

demonstrated the monomer reactivity to decrease to an asymptotic limit as its molar mass 

increased.24,31 Contrary to these results, in copolymerizations of a macromonomer with a small 

comonomer, the macromonomer reactivity has been shown to increase as its molar mass 

increases30 or, in another instance, shown to be independent of its molar mass.25 These differences 

support the notion that trends in homopolymerizations do not necessarily dictate those for 

copolymerizations, where a comonomer can appear to be more or less reactive than indicated by 

its homopolymerization rate constant. For graft-through copolymerizations using ROMP, the 

effect that macromonomer size has on the reactivity ratios has not been studied. Also not well 

understood is how the reactivity ratio dependence on fMM
0 is influenced by the macromonomer 

molar mass. If the observations in the literature are valid, this dependence should diminish as the 

macromonomer approaches its monomeric limit (i.e., Nsc = 1), since the reactivity ratios should 

not vary with the initial monomer feed for small molecule copolymerizations. To establish accurate 

structure-property relationships, it is important to understand how changing each of these 

parameters impacts the copolymerization kinetics. In this work we explore how Nsc and fMM
0 

influence the comonomer reactivity ratios in ROMP graft-through copolymerizations. 

Furthermore, we probe the ideality of ROMP copolymerizations by comparing the results from 

terminal and non-terminal models to establish the most suitable approach for fitting 

copolymerization kinetic data. 

 ROMP was used to synthesize a library of graft copolymers with varying Nsc and z (Scheme 

1).  
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Scheme 1. Graft-through ROMP of a macromonomer (MM) and dimethyl ester comonomer 

(DME) using a Grubbs Generation III (G3) catalyst. Poly((±)-lactide) macromonomers with 

different degrees of polymerization (NMM = Nsc) were used, where the acetylated norbornene 

approximates Nsc ≈ 1. The DME concentration was adjusted to tune the grafting density (z) and 

initial macromonomer feed composition (fMM
0), which also affected the backbone degree of 

polymerization (Nbb) through the equation shown for full monomer conversion.  

Poly((±)-lactide) macromonomers (MM) were copolymerized with a dimethyl ester comonomer 

(DME). Each macromonomer had a low dispersity (Ð ≤ 1.03). Homopolymerizations of the 

macromonomers consistently gave high conversions (≥ 96%, Table S2, S3, S4), indicating a high 

degree of norbornene macromonomer end-group functionality.  The macromonomer degree of 

polymerization ranged from 1 ≤ Nsc ≤ 72. An acetylated norbornene molecule was used to 

approximate the monomeric limit of a single lactide repeat unit (i.e., Nsc ≈ 1; for consistency and 

simplicity, the acetylated norbornene monomer will still be referred to as a “macromonomer”). As 

all copolymerizations were nearly complete within a few minutes, aliquots of the reaction were 

quenched at various times using methods described in the Supporting Information (Section 3.1). 

Grafting densities (z) between 0.1 and 0.8 were studied, which was accomplished by varying fMM
0 

= 1 – fDME
0; z = 0.5 was not included to avoid numerical instabilities encountered with the kinetic 

models, as explained in the Supporting Information (Section 3.4). Assuming full monomer 
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conversion, z and fMM
0 are equivalent. To tune the feed compositions, the initial DME 

concentration was varied while maintaining a constant initial MM and G3 concentration 

([MM]0/[G3]0 = 100, Scheme 1). This approach minimized the number of variables between each 

copolymerization and avoided changes to the MM conversion, which has been shown to decrease 

for [MM]0/[G3]0 > 100.32 The MM reactivity has also been demonstrated to decrease as [MM]0 

decreases.33 Here, [MM]0 was fixed to avoid this effect, enabling us to develop a clear 

understanding of the reactivity ratio dependence on Nsc and fMM
0. Since the number of side-chains 

per graft polymer (na) is controlled by na = [MM]0/[G3]0, na was held constant. To decrease z, more 

of the small DME comonomer was added to the feed mixture, resulting in an increase in molar 

mass, which was confirmed by size exclusion chromatography (Figures 1, S10, S11, S12). Detailed 

information regarding the synthesis, as well as molecular characterization of the monomers and 

polymers, can be found in the Supporting Information (Section 2).  

Figure 1. Representative size exclusion chromatography data for copolymers synthesized using 

the acetylated macromonomer (Nsc ≈ 1) with DME as the comonomer. All polymers were 

characterized by low dispersity values (Ð < 1.1).  

 Non-terminal and terminal copolymerization models (Figures S16 and S17) were used to 

analyze monomer conversion, which was determined using 1H NMR spectroscopy. Non-terminal 

fitting was accomplished using equations developed by Beckingham, Sanoja, and Lynd (BSL),34 
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whereas terminal fits were analyzed using an approach from Meyer and Lowry (ML).35,36 Each of 

the equations are integrated forms of the respective copolymerization models and are not limited 

by the constraint of low monomer conversion associated with typical copolymer kinetic analyses. 

Furthermore, each approach enables both reactivity ratios to be determined from a single 

copolymerization reaction. Other approaches used in the literature (e.g., Jaacks equation, methods 

using the copolymerization equation, numerical solutions to the terminal model) require multiple 

reactions to determine all reactivity ratios.22,36,37 The fitted conversion data used to determine all 

reactivity ratios can be found in the Supporting Information (Figures S18-S39). 

 Terminal and non-terminal models were compared for copolymerizations using 

macromonomers with Nsc ≈ 1 (Figure 2A). 
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Figure 2. (A) Reactivity ratios derived from fits of the terminal and non-terminal models for 

copolymerization of the acetylated norbornene macromonomer (Nsc ≈ 1) and dimethyl ester 

norbornene (DME) comonomer at various initial feed compositions. (B) Reactivity ratios of each 

comonomer as a function of Nsc, determined using a non-terminal model. Two different initial feed 

compositions are compared. (C) Non-terminal reactivity ratios of each comonomer as a function 

of fMM
0, where the various colors correspond to copolymerizations using different Nsc. All error 
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bars correspond to the standard error of each fitting parameter, which is smaller than the data point 

in most cases.  

A series of copolymerizations using a range of initial MM feed compositions (i.e., 0.1 ≤ fMM
0 ≤ 

0.8) were studied. The resulting data in Figure 2A show that the reactivity ratios (rMM and rDME) 

from each model are within error of one another. Furthermore, rMM is significantly greater than 

rDME for all copolymerizations at Nsc ≈ 1, and both are essentially independent of fMM
0. The 

reactivity ratios suggest that at the monomeric limit (Nsc ≈ 1), gradient copolymers are formed. 

Figure 2B and 2C show results from the non-terminal model, where the reactivity ratios are defined 

as rMM = kMM/kDME = 1/rDME. The model stipulates that the cross-propagation and self-propagation 

rate constants are equivalent and given as kMM and kDME for the MM and DME comonomer, 

respectively. Thus, each reactivity ratio is proportional to the reactivity of its respective monomer. 

The results in Figure 2B show that rMM decreases and rDME increases as Nsc increases. However, 

these quantities reach a plateau at large values of Nsc, where rMM and rDME are independent of Nsc 

and both are close to 1, consistent with a random copolymerization (defined as rMM = rDME = 1). 

For copolymerizations using macromonomers with Nsc > 1, fitting the data to the ML equation was 

not feasible since the equation becomes unstable as the reactivity ratios approach unity.36 Figure 

2B also shows that increasing fMM
0 from 0.2 to 0.8 decreases rMM and increases rDME but only at 

larger values of Nsc. At low Nsc, the reactivity ratios are essentially independent of fMM
0. This 

phenomenon can be seen clearly in Figure 2C, which presents the reactivity ratios as a function of 

fMM
0 at all values of Nsc studied. Interestingly, at Nsc = 25 or 72, rMM > rDME at low values of fMM

0 

and rMM  < rDME
 at high values of fMM

0.  

 If a non-terminal model can be used to describe the copolymerization kinetics, a more-

comprehensive terminal model should produce the same reactivity ratios. This is important to 

demonstrate, as a non-terminal model assumes that monomer reactivity does not depend on the 

composition of the growing chain. To our knowledge, the non-terminal model has only been used 

once for ROMP.38 In this case, the ideality of the copolymerization and accuracy of the simulated 
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results were not rigorously proven, however. As seen in Figure 2A, both models fit the data 

consistently for reactivity ratios far from 1, which suggests the non-terminal model provides a 

sufficient description of the results. For copolymerizations that are near-random (rMM ≈ rDME ≈ 1), 

a limitation of the ML equation (terminal model) is that it becomes numerically unstable and 

produces large regression errors when fitting data – if a fit is possible. This difficulty arises because 

the ML equation is undefined when either of the reactivity ratios equal one (Equation S1.7). Here, 

the ML equation fails to fit the data while the BSL equations (non-terminal model) accurately 

describe the near-random copolymerization. Taken together, these observations support the 

applicability of a simpler non-terminal description of the data. Since the macromonomers with 

different values of Nsc all have the same reactive norbornene end-group and are copolymerized 

with the same comonomer, any change in the reactivity ratios, associated with changes to Nsc or z, 

must be due to steric effects. As Nsc increases, the steric hinderance imposed by the side-chains 

increasingly limits each comonomer’s ability to incorporate into a growing chain (Figure 3).  
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Figure 3. Schematic representation of a graft-through copolymerization. Increases to the side-

chain degree of polymerization (Nsc) results in more steric hinderance (green circle) near the 

propagating chain-end (green square), which can slow monomer incorporation. This has a greater 

impact for the larger macromonomer, which results in a shift in the side-chain sequence 

distribution from gradient to near-random as Nsc increases for the comonomers used. 

At first glance, the fact that steric hindrance of the copolymer backbone affects the reactivity ratios 

seems to disagree with the basis of a non-terminal copolymerization model where the identity of 

the repeat unit on the chain-end should not affect the incorporation of the next comonomer. This 

discrepancy is resolved by recognizing that macromonomer steric hindrance is not specific to the 

terminal repeat unit only but, instead, affects the copolymerization kinetics more generally. 
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The steric effect on reactivity ratios is more pronounced for the larger macromonomers (i.e., higher 

Nsc values), compared to the small dimethyl ester comonomer (DME). Because copolymerization 

is a competitive process, this unbalanced change in steric hinderance for each monomer results in 

opposing effects: the macromonomer incorporation becomes less favorable (rMM < 1) with 

increasing Nsc, while the small comonomer reactivity ratio increases with rMM × rDME  ≈  1. 

However, the reactivity ratios approach near-constant values as Nsc becomes sufficiently large. 

This implies that increasing the side-chain size does not continuously increase its steric hinderance 

near the propagating center. This is expected since only the local environment surrounding a 

propagating chain-end will impact monomer incorporation. Side-chain steric bulk that is located 

further away from this region likely has a negligible impact (Figure 4) under reaction conditions 

that are not mass transport limited. 

Figure 4. Side-chain repeat units (i.e., grey circles) located closest to the propagating chain-end 

(i.e., green square) will sterically impact monomer incorporation. Repeat units far away from the 

propagating chain-end will not have a steric impact. This causes the reactivity ratio dependence 

on Nsc to saturate as Nsc becomes large.  

As a result, we observe a dependence of the reactivity ratio on the side-chain degree of 

polymerization up to Nsc ≲ 20. This asymptotic behavior also has been reported for controlled 

radical30 and anionic copolymerizations25 of poly(methyl methacrylate) and polystyrene 

macromonomers, respectively, suggesting that the phenomenon is general to any graft-through 

copolymerization. The macromonomer composition likely impacts how quickly the asymptotic 

limit is reached as Nsc increases, which can be related to chain flexibility. For controlled radical 
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copolymerizations, Radke and Müller found the macromonomer reactivity to decrease as Nsc 

decreased.30 This is contrary to what we observed, which suggests that the relationship between 

the macromonomer size and its reactivity at low Nsc depends on the polymerization method used. 

 As reported above, for almost all the copolymerizations presented here, rMM is greater than 

rDME. We believe this is caused by differences in the structure of the norbornene units on each 

monomer. Norbornene molecules with exo,exo stereochemistry (i.e.,  as in the macromonomer) 

polymerize faster than those with endo,exo stereochemistry (i.e., as in the DME comonomer) using 

G3 as the ROMP catalyst.23,39 For sufficiently large values of Nsc the initial monomer feed 

composition can have a substantial impact on monomer reactivity. In this limit, rMM decreases to a 

value that is less than rDME (Figure 2B, C), despite the inherent differences in norbornene reactivity. 

It is unlikely that this finding is uniquely related to the rate laws governing ROMP,40 as this 

dependence has been demonstrated for group transfer copolymerizations.30 As mentioned 

previously, this directly conflicts with the terminal and non-terminal models, which predict the 

reactivity ratios to be independent of fMM
0. The consistency of our results with those reported in 

the literature suggests that the phenomenon is general to copolymerizations involving a large 

macromonomer. Therefore, as the macromonomer size approaches the monomeric limit (i.e., Nsc 

= 1), the reactivity ratios should no longer depend on fMM
0. The data we present supports this claim 

(Figure 2B) and clearly illustrate how the reactivity ratios change with fMM
0 as Nsc is varied. Given 

the dilute reaction conditions used, this is unlikely to be due to changes in monomer diffusivity as 

fMM
0 and Nsc increase. Instead, increasing fMM

0 increases the number of side-chains per graft 
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polymer, which increases the probability of a side-chain being situated closer to the propagating 

chain-end (Figure 5). 

Figure 5. As the grafting density increases, the probability of side-chains existing near the 

propagating chain-end (i.e., green square) increases. This increases the probability of side-chains 

sterically hindering monomer incorporation, which has a measurable impact on the reactivity 

ratios.  

Therefore, at high fMM
0 the probability of a side-chain sterically hindering an incoming monomer 

increases, causing rMM to decrease. 

 The results demonstrated here should be applicable to graft-through copolymerizations in 

general, providing useful guidance for targeting specific side-chain distributions along a graft 

polymer backbone. Beyond a practical limit, the side-chain size has no substantial effect on the 
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monomer reactivity ratios (Figure 2B). In this limit, the impact of Nsc on material properties can 

be studied without inadvertently changing the desired graft distribution. For graft polymers with 

small side-chains (i.e., lower Nsc values), the reactivity ratios should be carefully monitored when 

Nsc is altered. In this limit, it could be advantageous to tune the incorporation rates (e.g., perfectly 

random) by changing Nsc, followed by chain-extension to produce longer side-chains. While 

changes to the initial feed composition do impact monomer reactivity ratios, this effect is relatively 

small and will not influence the reactivity ratios in a manner that would drastically affect the 

resulting graft polymer architecture (Figure 2C). All these findings are important for developing 

accurate structure-property relationships. The results from this study can be used as a guide for 

determining and characterizing the branch sequence in graft polymers synthesized via ROMP, 

using a simple non-terminal model of copolymerization. Coupling this approach to previous 

reports in the literature that describe comonomer selection for ROMP22,23 creates a powerful tool 

for synthesizing graft polymers with well-defined side-chain distributions. 
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