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A B S T R A C T

Herein we report on a kinetic study of Cu-based catalysts employed in the ARGET-ATRP of the methacrylic derivative of eugenol, namely eugenyl methacrylate 
(EuMA). Polymerizations were carried out in solution in presence of catalytic systems formed in situ by CuBr2 and nitrogen-ligands such as BiPy, PMDETA, HMTETA 
and Me6TREN. The formation of insoluble polymers, due to secondary reactions responsible of cross-linking, was observed with CuBr2/BiPy and CuBr2/HMTETA 
systems; Me6TREN- and PMDETA-based catalyst proved, instead, to be capable of generating linear polymers. For the latter, first order kinetics occurred for monomer 
conversion up to ca 50 %, whilst higher conversion led to deviations from the linear trend. This suggested the direct involvement of the allyl group in the termination 
reactions, which was convincedly demonstrated by comparing kinetic results for EuMA and the corresponding di-hydrogenated monomer (DEuMA). At EuMA 
conversion above 50 %, the side reactions lead to inactivation of the PMDETA-based catalytic system via reducing agent consumption rather than to the formation of 
insoluble/crosslinked polymers.

Electronic structure calculations provided the energy profile for all possible side reactions. Among these, the radical chain transfer to the allyl group through 
hydrogen abstraction, as well as the attack of the propagating methacrylic radical to the allyl group, contributed to rationalizing the experimental behavior of the 
three copper-catalyst systems employed in this work.

This study demonstrates that modulating the kinetic of polymerization by properly selecting ligands and reaction temperatures represents a useful strategy towards 
the reduction of undesired secondary reactions of molecules with sensitive functional groups such as bio-derived phenols; moreover, such preserved functional 
groups would serve as possible post-functionalization sites (i.e. epoxidation) allowing for the preparation of new materials with tailored properties.

1. Introduction

The availability of molecules from renewable sources or from 
biomass is fostering the synthesis of new and sustainable plastics aiming 
at replacing those deriving from petroleum sources. Natural molecules 
are, however, often multifunctional and not easily polymerizable. The 
latter aspect can be circumvented by the introduction of polymerizable 
groups making such building blocks good candidates for the synthesis of 
new polymers; the presence of additional and reactive functional groups 
may, instead, represent a more serious limitation from a synthetic point 
of view. Despite such difficulties, the additional substituents may, in 
principle, be advantageously exploited as post-functionalization sites to 
produce added-value biobased multifunctional polymers if they remain 
unreacted during the polymerization process.

Biobased phenols are attractive building blocks due to the presence 
of aromatic rings conferring high mechanical- and thermal stability to 
their corresponding hypothetical novel thermoplastics. In this scenario, 
eugenol (Eu) has emerged as a promising candidate for bio-derived 
monomers due to its natural abundance as well as for the possibility 
of being obtained from biomass valorization (i.e. lignin depolymeriza
tion) [1–4]. The radical polymerization of Eu is generally not occurring 
despite the presence of an allyl group on the aromatic ring due to the 
poor reactivity of said function and the radical scavenger action of the 
phenolic group; hence, eugenol-based polymers are generally obtained 
by radical polymerization following introduction of an acrylic- or 
methacrylic polymerizable moiety via esterification of the phenylic 
group. However, the presence of the allyl double bond may, unfortu
nately, hamper the growth of linear chains during polymerization, as the 
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formation of radicals involved in inter- and intra-chain bond formation 
processes can still occur. In fact, literature reports describe the use of 
allyl-containing monomers based on eugenol mainly in the production 
of thermosetting polymers [5,6], [7] [8,9].

Although eugenol has been mainly employed as a self-curing 
monomer, the formation of linear chains and the preservation of the 
allyl double bonds would be an advantage, as the latter could be 
employed in post-functionalization reactions and converted into func
tional groups (i.e. epoxy or cyclic carbonate) able to react with a wide 
range of reactants to produce materials with targeted properties, 
branched or hyperbranched copolymers or simply to tune properties of 
the final product through controlled cross-linking reactions.

In this respect, the reactivity of several saturated- and unsaturated 
eugenol derivatives has been compared in a recent investigation on free 
radical polymerizations by Molina-Gutierrez et al. [10] They found that 
ethoxyeugenyl methacrylate (EEMA) and ethoxyisoeugenol methacry
late (EIMA) were interested by secondary reactions responsible for the 
decreasing of the propagation rate and of the consumption of about 9 
and 15 % of the allyl and propenyl moieties respectively. The secondary 
reactions were attributed to the abstraction of a hydrogen from the 
α-carbon of the allyl and propenyl groups leading to a 
resonance-stabilized radical species and/or to the involvement of the 
allyl and propenyl double bond in the radical addition. [11,12]. It was 
also suggested that the increase of molar masses and polydispersity 
within the 24 h of polymerization (>3 or multimodal dispersion for 
poly-(EIMA) and poly-(EEMA), respectively) reflected the formation of 
branched polymers in both cases. Furthermore, the higher reaction rate 
of EIMA compared to that of EEMA indicated the higher propensity of 
propenyl groups for cross-propagation rather than hydrogen-abstraction 
[13], with the latter reaction being responsible for the formation of a 
stable and poorly reactive radical.

At the best of our knowledge, no studies have been reported so far on 
the influence of allyl reactivity in the eugenyl derivatives polymeriza
tion via controlled radical processes. Herein, we focused our studies on 
Activators ReGenerated by Electron Transfer - Atom Transfer Radical 
Polymerization (ARGET-ATRP) [14] to establish how the energetics of 
radical species produced during the process, and here evaluated from 
electronic structure calculations, can influence the chain propagation of 
eugenyl methacrylate (EuMA) in the presence of three copper-based 
catalysts with different activity. ARGET polymerization was chosen 
due to the low catalyst loadings employed and for its controlled/living 
character; besides, ARGET could, at least in principle, limit the occur
rence of secondary reactions involving the allyl moiety featured on the 
monomer and would also afford polymers with terminal chain active for 
further radical growing processes, thus paving the way to novel block 
copolymers with target properties. In the following, we thus report the 
electronic structure calculations of the radical species that can be pro
duced during the polymerization and their possible evolution during the 
growing chain steps. The energetics of the secondary reactions were 
compared to that of methacrylate-methacrylate propagation to evaluate 
their competitiveness with respect to the latter. The results obtained by 
the theoretical studies have been used to rationalize the experimental 
polymerization behavior of CuBr2/L (L = BiPy, HMTETA, PMDETA) 
catalytic systems characterized by different kact/kdeact in the ATRP.

2. Experimental section

2.1. Materials

All manipulations involving air-sensitive compounds were carried 
out under nitrogen atmosphere using standard Schlenk techniques. 
Eugenol, methacrylic anhydride, anisole, 4-(dimethylamino)pyridine 
(DMAP), N,N,N′,N″,N″ pentamethyldiethylenetriamine (PMDETA), 2,2′- 
bipyridyl (BiPy), 1,1,4,7,10,10-hexamethyltriethylenetetramine 
(HMTETA), Tris [2-(dimethylamino)ethyl]amine (Me6TREN) and ethyl 
α-bromoisobutyrate (EBIB) were purchased from TCI chemicals; 

Dihydroeugenol, Copper (II) Bromide (CuBr2), Sn(oct)2, N,N-Dimethyl 
formamide (DMF), ethyl acetate, Na2SO4, Methyl methacrylate (MMA), 
CH2Cl2 and petroleum ether were purchased from Merk. Anisole and 
DMF were dried on CaCl2 and Na2CO3, respectively. All other chemicals 
were used as received.

2.2. Methods

Eugenyl methacrylate (EuMA) and dihydrogeneugenyl methacrylate 
(DEuMA) were synthesized applying DMAP and methacrylic anhydride 
method according to a reported procedure [15].

2.2.1. ARGET-ATRP polymerizations
In a typical procedure, a degassed and N2 backfilled Schlenk flask 

equipped with a magnetic stir bar was charged with anisole (1 mL, 1/1 
v/wt with respect to monomer), CuBr2 27 μL (0.5 M in DMF, 0.011 
mmol, 1 equiv.), Ligand 43 μL (0.5 M in DMF, 0.022 mmol, 2 equiv.), 
EuMA (1.0 g, 4.3 mmol, 400 equiv.) EBIB 16 μL (10 equiv.) and Sn(oct)2 
43 μL (0.5 M in anisole, 2 equiv.). The flask was placed in an oil bath 
thermostated at 60 ◦C and stirred for the desired time. The reaction was 
quenched upon venting the vessel, the crude mixture was diluted with 
acetone (2 mL) and the product was precipitated in petroleum ether (60 
mL), recovered by filtration and dried at 60 ◦C in vacuum for 16 h.

2.2.2. Synthesis of P(EuMA-b-MMA) copolymer: using P(EuMA) as 
macroinitiator for chain extension

A degassed and N2 backfilled Schlenk flask equipped with a magnetic 
stir bar was charged with anisole (0.5 mL), P(EuMA) (0.050 g), CuBr2 2 
μL (0.4 M in DMF, 1 equiv.), PMDETA 3.2 μL (0.5 M in DMF, 2 equiv.), 
MMA (0.20 g, 2.0 mmol, 2500 equiv.) and Sn(oct)2 16 μL (0.5 M in 
anisole, 10 equiv.). The flask was placed in an oil bath thermostated at 
80 ◦C and stirred for 4 h. The reaction was quenched upon venting the 
vessel, the crude mixture was diluted with acetone (1 mL) and the 
product was precipitated in petroleum ether (60 mL), recovered by 
filtration and dried at 60 ◦C in vacuum for 16 h.

2.2.3. Characterization
1H- and 13C-{1H} NMR spectra were recorded at 25 ◦C on a Bruker 

AV400 spectrometer operating at 400 and 100 MHz for 1H and 13C, 
respectively, in deuterochloroform. Spectra were calibrated against the 
residual portion impurity of the deuterated solvent.

ATR-FTIR spectra were recorder on a Cary 630 FTIR spectrometry 
(Agilent Technologies) at room temperature with 16 scans and a reso
lution of 4 cm− 1.

Mn and Ð values were determined against polystyrene standards by 
GPC analyses performed on a modified Jasco HPLC equipped with a 
Shodex KF-804 L column, operating at 30 ◦C in THF with a flow rate of 1 
mL/min.

Thermal characterization was performed by Stare system DSC 3 
(Mettler Toledo) and by Stare system TGA 2 (Mettler Toledo). DSC 
samples were heated from 25 to 150 ◦C, cooled down to 0 ◦C and heated 
again to 150 ◦C at a rate of 10 ◦C/min, using 50 mL/min nitrogen flow 
rate. The glass transition temperatures (Tg) were determined from the 
second heating ramp. The thermal degradation properties were inves
tigated by heating the sample from 25 to 600 ◦C at a rate of 10 ◦C/min in 
a nitrogen atmosphere.

2.2.4. Electronic structure calculations
The reactivity of the various functional groups that could be involved 

during the radicalic polymerization of EuMA was investigated 
employing electronic structure calculations at the B3LYP/LANL2DZ 
level of theory as implemented in the Gaussian09 suite of codes [16]. 
Minimum energy geometries were fully optimized and characterized by 
means of vibrational frequency calculations; relaxed scans along 
selected internal coordinates were employed to locate approximate 
transition state (TS) structures, which were subsequently optimized and 
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characterized as done for minimum energy geometries.

3. Results and discussions

To produce polymers via chain polymerization processes from 
eugenol, the introduction of a polymerizable part such as a the meth
acrylic moiety is required, as the allyl double bond proved to be sub
stantially inactive in direct polymerizations (vide infra, however, for 
further details). This notwithstanding, the allyl group can interact with 
the methacrylic growing chain of eugenyl methacrylate via two alter
native modes during propagation (Scheme 1) [7,8]. 

a) α-hydrogen abstraction from the allyl moiety leading to a poorly 
reactive radical stabilized by resonance;

b) addition to the allyl group generating a novel propagating species, 
the unpaired electron being borne by a secondary carbon atom.

We carried out electronic structure calculations on both primary and 
secondary reactions to gain a wider understanding of the reactivity 
involved during radical polymerization of EuMA. In doing this, we 
considered that the thermodynamic stability of intermediates, as well as 
their reactivity toward monomer addition, are crucial in the definition of 
the extent of the involvement of allyl groups into the growing-chain 
reaction.

3.1. Electronic structure calculations

To begin our theoretical exploration, we carried out electronic 
structure calculations on the reactivity of methacrylic propagating 
species with respect to methacrylates and the allyl functional group. 
Since the initiation step, meaning the formation of the first propagating 
radical generated from the initiator, preferentially occurs on the meth
acrylic group, Scheme 2 reports the energy profiles of reactions that 
conserve the presence of a reactive radical and, thus, should foster chain 
propagation.

As for the attack by the EuMA radical to the methacrylic C––C double 
bond (involving TS1 and P1), the calculations clearly indicate the 
methacrylic-methacrylic bond formation to be substantially exothermic 
and energetically unhindered, an expected finding as the process sub
stitutes the weaker π-type covalent bond with a σ-type one while 
maintaining the tertiary nature of the unpaired electron-bearing carbon 
atom. The nature of the final product changes, instead, when the EuMA 
radical attacks the allyl double bond (involving TS3 and P3), an event 

that generates a secondary, non-mesomerically stabilized, radical as 
final product; the latter observation fully rationalizes the decreased 
exothermicity (by roughly 6 kcal/mol) and higher energy barrier that 
needs to be surmounted for the reaction to take place. Finally, EuMA 
radical may abstract one of the two hydrogen atoms in α position with 
respect to the phenyl ring and allyl double bond (TS2 and P2), forming a 
secondary radical that may, however, be stabilized with respect to the 
methacrylic counterpart by the conjugation with both unsaturated 
functional groups. The energetic effect of the latter is made clear by the 
results in Scheme 2, which indicate a much lower (roughly 14 kcal/mol) 
electronic energy for the products than for the reagents and a potentially 
less marked reactivity of the produced radical against typical reactions 
(vide infra for further details). Worth a notice, TS2 is located 5.5 kcal/ 
mol above the reactants, an energy barrier that, albeit being roughly 
seven to eight times higher than the average value of the thermal energy 
at temperatures (60–90 ◦C) commonly used for ATRP-like processes, 
may still be surmounted with sufficiently high frequency to impact on 
the overall reactivity of EuMA.

The possible generation of P2 and P3 in the reaction environment 
during chain propagation may have several effects impacting on the 
desired linear polymerization involving exclusively the methacrylic 
radical/methacrylate pair. In fact, both of P2 and P3 species may be 
starting points (i.e. initiators) for a side chain growth, which would 
generate branched species if the Eu group in P2 and P3 was attached to 
an already formed chain. We have, therefore, investigated the reactivity 
of the latter radicals with the active functional groups present in all 
species; these results are discussed in some detail in the Supporting In
formation file. For the sake of the ensuing discussion, we indicate that all 
investigated processes need to surmount substantially higher energy 
barriers compared to the desired chain propagation via attack by a 
methacrylic radical onto a methacrylate double bond.

Overall, the results emerging from electronic structure calculations 
indicate that the addition of a monomer to the methacrylic radical 
preferentially occurs through the methacrylic group, even if secondary 
reactions involving the allyl group have accessible energetics. In 
particular, a sufficiently high concentration of growing radical chains 
may foster both branching and crosslinking of chains, with effects that 
may vary from an increase in polydispersity index to the formation of 
insoluble materials. Given the lowest reaction barrier presented by the 
addition of a methacrylic radical to a methacrylate, it is straightforward 
to indicate that low temperatures ought to be employed to limit the 
parasitic reactions leading to P2 and P3. In practice, lowering the 
operational temperature is expected to be more effective in reducing the 

Scheme 1. Possible reactions between the propagating polymerization species and the allyl group of EuMA [7, 8].
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production of P2 compared to P3; it should thus stop, or at least limit, 
the generation of P2a, P2b, P2c and P2d (See the Supporting Infor
mation, Fig. S10). This notwithstanding, it is important to notice that 
high radical concentration, such as one obtained in free radical poly
merization, together with the increasingly higher relative number of 
allyl groups compared to the methacrylic ones that is left in the reaction 
mixture as time elapses, might favor reactions involving the allyl moiety 
rather than the methacrylic propagation.

3.2. ARGET-ATRP polymerizations

As an alternative (or juxtaposing) to the usage of low temperatures, 
which would also reduce the overall polymerization kinetics, controlled 
radical polymerization methods such as ATRP may limit side reactions. 
In fact, in the ATRP techniques, the activation-deactivation mechanism 
of the metal catalyst in different oxidation states MnXLn/Mnþ1X2Ln-1 
determines the concentration of radicals during the polymerization 
process, with the equivalents of the metal complex in the lowest 
oxidation state corresponding to the amount of the dormant species Pm- 
X (Scheme 3).

If dormant species are less likely to be reactivated following the 
reforming of halogenated species, they would generate a lower 

concentration of radicals compared to what is obtained from the halo
genated form of P1.

In this respect, the secondary radical nature of species P3, juxtaposed 
with the absence of radical stabilizing groups via mesomeric effects, may 
be expected to afford lower activation rates (kact) [17], as previously 
indicated in the literature, than the one expected for the dormant species 
deriving from P1, the most convenient outcome for our aim being the 
possibility that, de facto, P3 would represent “a sink” for chain propa
gation. This is expected to be the case if the dormant species associated 
with P3 required a substantially higher bond dissociation energy (BDE) 
to homolytically lose the halogen compared to the one related to P1 
[18]. We have thus investigated this aspect via electronic structure 
calculations and, indeed, it appears to be the case, as is indicated by the 
fact that the change in electronic energy, obtained with our DFT 
approach, for the reaction 

P1 − Br+P3 → P1+P3 − Br 

is indeed negative by − 16.1 kcal/mol, a direct consequence of a higher 
BDE for P3–Br.

Species forming from the reattachment of a bromine atom to P2, 
instead, may be reactivated more rapidly due to their relative stability 
even compared to the formation of the tertiary methacrylic radical, in 

Scheme 2. Main possible reaction pathways starting from the EuMA radical. A common electronic energy zero is chosen to simplify comparison, and it is taken to be 
equal to be a simplified model for the propagating chain (i.e. the EuMA radical with P––H) plus the reactive counterparts.

Scheme 3. Activation-deactivation mechanism of the catalyst complex in ARGET-ATRP. KATRP = kact/kdeact. Pm––P1, P2 or P3.
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fact, the reaction 

P1 − Br+P2 → P1+P2 − Br 

presents a positive energy change (by 5.1 kcal/mol, estimated with DFT) 
due to a lower BDE for P2–Br. This result agrees with what indicated 
previously [19]. However, the addition of P2 to EuMA requires sur
mounting higher barriers (9.9 and 13.9 kcal/mol, see Scheme 3) than 
the one predicted for the methacrylic radical (0.5 kcal/mol) or even P1, 
whose electronic structure is closely related to the one of the former. In 
terms of transition state theory, the relative importance of two reaction 
channels competing for the common reactant (i.e. methacrylic radi
cal/P1 or P2 with EuMA) ought to be gauged by the total energy change 
from the dormant species to the TS’s, the lowest of which being likely to 
dominate the overall reactivity. Thus, adding the BDE for the dormant 
species with the energy barriers, one notices that the reaction of the 
methacrylic radical EuMA is far more likely than the one involving P2.

In the end, ATRP-like processes may, indeed, reduce the formation of 
parasitic reactions responsible for the formation of branched or, even, 
crosslinked polymers, and it should do so especially when coupled with 
relatively low temperatures. In the latter cases, however, one may need 
to use ligands that increase the activator ability to generate radicals to 
maintain an acceptable polymerization kinetics.

It is worth recalling that the activity of the ATRP catalyst (and so the 
amount of radicals generated) is related to the redox behavior of the 
metal center (the lower the reducing potential the higher the activity, as 
it becomes more facile for Cu to be oxidized); the latter can be tuned by 
ligands, so that we deemed important investigating, in this work, the 
effect of a few of the latter with respect to the catalyst activity and to the 
side reactions that might involve the allyl group in the polymerization of 
EuMA. This task was only partially tackled in previous works involving 
monomers with cross-linkable groups, so that additional investigations 
appear worthy.

Unlike the classical ATRP, in the variant ARGET-ATRP the metal is 
added in its higher oxidation state, and it is continuously reduced by an 
exogenous reducing agent (i.e. Sn(oct)2). This mechanism permits the 
introduction of the metal in its most stable oxidation state and, more 
importantly, the continuous regeneration of the catalytically active 
species (MnXLn) allows for low catalyst loadings. Because of these 
characteristics, ARGET-ATRP is particularly tolerant towards oxygen 
and the products do not need purification from catalyst ashes, a very 
important aspect with respect to the environmental impact of the syn
thetic process. Besides, the low amount of catalyst limits the concen
tration of reactive radicals lowering the chance of side reactions 
involving halogenated species, that are more difficult to reactivate. Due 
to the latter aspect, we decided to apply ARGET rather than the classical 
ATRP for the EuMA radical polymerization.

Four commercially available amines, namely BiPy, PMDETA, 

HMTETA and Me6TREN (Fig. 1), were chosen as bidentate, tridentate 
and tetradentate ligands for copper (II) bromide. As reported by Maty
jaszewski and co-workers, the Cu(II)-based complexes formed by those 
ligands exhibit the following activity in classical ATRP: Me6TREN ≫>

PMDETA > HMTETA > Bipy. However, this trend can significantly be 
influenced by the nature of the solvent, initiator and monomer [20–33].

EuMA was synthesized by esterification of eugenol with methacrylic 
anhydride and DMAP at a relatively low temperature (45 ◦C) [15], and 
isolated in good yields (>80 %). This synthetic approach employing a 
safe anhydride proved more sustainable than previously reported 
methodologies requiring highly toxic chemicals such as methacroyl 
chloride [34].

EuMA polymerization was next investigated in the presence of EBIB 
as radical initiator. To reduce the extent of secondary reactions, all tests 
were carried out in solvent (anisole) rather than in bulk and at rather 
low temperature (60 ◦C), in the presence of the FDA approved tin (II) 2- 
ethylhexanoate (Sn(oct)2) as the reducing agent. The monomer con
version, the molecular mass and polydispersity of polymers obtained at 
different polymerization times for each catalyst system are reported in 
Table 1 [35].

For reaction times up to 30 min, soluble polymers were attained with 
all catalytic systems; at this time, the highest monomer conversion (ca 
50 %) was achieved in the presence of HMTETA (entry 4). The polymer 
proved completely soluble in organic solvents (anisole, dichloro
methane, chloroform) and a preservation of the allyl moiety of 95 ± 3 % 
was confirmed by 1H NMR spectroscopy. More in general, after 30 min 
of polymerization, the methacrylic-methacrylic propagation is still 
prevailing with respect to the formation of P2 and P3 for all the systems 
considered. However, the slight increase of polydispersity over the time, 
particularly evident for catalytic systems with Me6TREN, HMTETA and 
BiPy, suggested that side reactions start becoming competitive upon 
consuming methacrylic functions.

Indeed, for polymerization times longer than 30 min, the CuBr2/ 
HMTETA and CuBr2/BiPy systems generated partially insoluble, gel- 
like, products [37]. The formation of gel, indicative of the occurrence 
of crosslinking, was observed concurrently with an increase of viscosity 
of the reaction medium that probably reduced the diffusion of the 
monomer. Such factor, along with the lower concentration of unreacted 
methacrylic moiety, would favor the addition of the propagating radical 
species to inter and/or intra-chain allyl pedant groups (see mechanism 
of formation of P3 in Scheme 2), or the transfer of the radical center 
from the methacrylic species to the allyl group (see mechanism of for
mation of P2 in Scheme 2). After 360 min the polymer obtained in 
presence of HMTETA proved completely insoluble in organic solvents, 
indicating a higher degree of crosslinking.

Upon employing Me6TREN and PMDETA as the ligands, no gelation/ 
crosslinking was observed regardless of the reaction time, and soluble 
materials were obtained in all cases. Although the polymers isolated in 
the presence of Me6TREN exhibited Mn somewhat higher than those 
obtained in the case of PMDETA, the latter allowed for narrower Ð 
values (1.1–1.5 vs 1.2–1.8 for PMDETA and Me6TREN, respectively), 
indicating a higher degree of control over the polymerization despite the 
lower activity of the catalyst system. Albeit the comparison between the 
KATRP of such two ligands would suggest a reverse trend of polymeri
zation kinetics, the higher stabilization of Cu(II) species in the presence 
of Me6TREN in allegedly leading to slower activation rate due to the 
inefficient initial reduction of Cu(II) to Cu(I) by the reducing agent. 
Finally, the comparison between theoretical- and calculated Mn indi
cated incomplete EBIB activation at all reaction times (Mn > Mn(theo)) 
upon using BiPy and Me6TREN as the ligands, while this was observed 
only during the early stages of the polymerization (5 and 10 min) in the 
presence of PMDETA and HMTETA. Nevertheless, it has to be noted that 
experimental values have been determined against polystyrene stan
dards and could not be corrected with an appropriate Mark-Houwink 
coefficient, hence the comparison should be intended only as trend-wise.

The kinetic graph relative to the polymerization of EuMA with Fig. 1. Ligands employed in this investigation [17].
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PMDETA-based catalyst showed that the monomer conversion reached a 
plateau at ca. 60 % (Fig. 2b). Such plateau could, tentatively, be ascribed 
to chain termination processes, a hypothesis reinforced by observing 
that neither the Mn nor the Ð of the P(EuMA)s significantly changed for 
reaction times longer than 120 min, that is after reaching the highest 
monomer conversion (Fig. 2a). On the other hand, a progressive increase 
of Mn as well as the broadening of the distribution was observed during 
the early stages of the polymerization (5–60 min). This evidence sug
gested the involvement of pendant allyl moieties in termination pro
cesses, or, at least, in the slowing down of the polymerization kinetics.

To experimentally confirm the involvement of the allyl group, the 
polymerization of the allyl-hydrogenated monomer, dihydrogen 
eugenyl methacrylate (DEuMA), was carried out under the same reac
tion conditions [38,39]. Interestingly, in this case no conversion plateau 
was observed, and more than 80 % conversion was attained within 6 h of 
polymerization (Fig. 2b).

Evidence of the participation of the allyl group to, possibly, termi
nation and alternative processes with the PMDETA based system were 
obtained by analysis of the 13C NMR spectrum of the P(EuMA) isolated 
after 360 min (Fig. 3a). The resonances at 38.8, 41.5 and 41.9 ppm 
indicated the addition of the methacrylic radical to an allyl group 
generating P3 (Scheme 2), the structure of which being also indicated in 
the figure. The same signals were, instead, not observed in the spectrum 
of the polymer isolated after 30 min (Fig. 3b), suggesting the non- 
occurrence (or non-detectability, at least) of such process involving 
the allyl group during the early stages of polymerization. The absence of 
such signals for polymer obtained with catalyst based on HMTETA 
(Fig. 3c) is probably due to the fact that we analyzed only the organic 
soluble fraction of the product, since the gelation was already started 
(see entry 5 in Table 1). According to the discussion provided in the 
computational section, the attack of the methacrylic radical to the allyl 
double bond generating the brominated P3–Br produces a species less 

Table 1 
ARGET-ATRP of EuMA catalyzed by CuBr2/L (L = Me6TREN, BiPy, HMTETA, PMDETA) systems.

Entry Time 
(min)

Me6TREN PMDETA HMTETA BiPy

Conv. 
(%)a

Mn 

(theo) 

(kDa)b

Mn 

(kDa)c
Ðc Conv. 

(%)a
Mn 

(theo) 

(kDa)b

Mn 

(kDa)c
Ðc Conv. 

(%)a
Mn 

(theo) 

(kDa)b

Mn 

(kDa)c
Ðc Conv. 

(%)a
Mn 

(theo) 

(kDa)b

Mn 

(kDa)c
Ðc

1 5 5 0.85 5.1 1.22 10 1.8 4.8 1.17 16 2.9 5.0 1.23 8 1.5 4.9 1.25
2 10 14 2.3 6.5 1.26 23 3.9 5.9 1.17 24 4.1 6.5 1.29 15 2.6 7.6 1.29
3 15 20 3.4 7.8 1.32 26 4.4 6.3 1.19 31 5.2 7.5 1.40 24 4.1 8.8 1.39
4 30 30 5.1 9.7 1.4 39 6.5 7.5 1.24 49 8.2 10.2 1.55 40 6.7 11.5 1.56
5 60 37 6.3 10.9 1.47 50 8.3 8.9 1.32 63d 10.4 11.5 1.91 51d 8.5 13.9 1.95
6 12 46 7.8 13.2 1.64 58 9.6 9.1 1.47 73d 12.0 13.4 2.53 56d 9.3 14.8 2.17
7 240 47 8.0 12.8 1.65 58 9.6 9.1 1.47 68d 11.3 8.2 2.10 57d 9.5 15.4 2.23
8 360 54 9.2 14.1 1.85 57 9.5 9.1 1.47 n.d.d n.d. n.d. n.d. 58d 9.6 16.1 2.13

Reaction conditions: EuMA (1.0 g, 4.3 mmol), anisole 1.0 mL (50/v/wt%); EuMA/EBIB/CuBr2/Ligand/Sn(oct)2: 400/10/1/2/2, T = 60 ◦C. n.d = not determined.
a Determined by 1H NMR spectroscopy on the crude reaction mixture [36].
b Calculated from ([EuMA]0 /[EBIB]0)x conv.x Mw(EuMA)+ Mw(EBIB)
c Determined by GPC against PS standards.
d Formation of gels [37].

Fig. 2. ARGET-ATRP of EuMA and DEuMA in presence of CuBr2/PMDETA at 60 ◦C in anisole (monomer/EBIB/CuBr2/Ligand/Sn(oct)2 400/10/1/2/2): dependency 
of Mn and Ð of P(EuMA) and P (DEuMA) on the reaction time (a); comparison between the conversion rates of EuMA and DEuMA (b).
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likely to be reactivated due to its secondary nature.
In addition to what discussed so far, the signal at ca 60 ppm in 

spectrum 3a was attributed to the quaternary carbon of P2a and/or P2b 
(See the Supporting Information) dormant specie (i.e. linked to a bro
mide atom), being the rest of the structure almost superimposable with 
that of the polymer. Indeed, the presence of a broad signal in the range 
45.5–47 ppm, assigned to the Methacryl-Allyl (M-A) sequences and 
indicative of a possible irregular chain-propagation deriving from the 
addition of the allyl radical to a methacrylic group generating propa
gating species, was also observed, while signals relative to the Allyl-Allyl 
(A-A) sequences at 35–39 ppm were absent (see the Supporting Infor
mation, Fig. S11) [40]. We could thus infer that, overall, the NMR results 
shown in Fig. 3a and b support the conclusion drawn from electronic 
structure results, and, hence, suggest that the motivation behind our 
attempt were indeed robust.

All the reported observations, the absence of gelation and the solu
bility of the isolated polymers in the Cu(II)/PMDETA case being key, 
suggested that a rationalization for the different behaviors could be 
found in the possibility that CuBr2/PMDETA gave a lower concentration 
of reacting radicals (and thus of the likelihood of side reactions) than 
BiPy- and HMTETA-based catalysts, the latter difference being related to 
a lower Cu(I)/Cu(II) ratio present with PMDETA. This idea would be in 
accord with previous observations such as the fact that. 

1. according to Matyjaszewski [21], PMDETA is more active in ATRP 
than the other two ligands, as it better stabilizes the higher oxidation 
state of copper. Conversely, the presence of the active species Cu(I) 
should be lower when the same ligand is employed during ARGET- 
ATRP compared to BiPy and HMTETA cases with all remaining 

conditions left unchanged, as it produced from Cu(II) by an equili
brated redox with the Sn(II)/Sn(IV) pair.

2. The values of KATRP provided in Ref. [17] allow one to estimate that 
the equilibrium constant for the reaction (L1 = PMDETA) 
Cu(I)BrL1 + Cu(II)Br2L2⇆Cu(II)Br2L1 + Cu(I)BrL2 is, roughly, 10 
and 40 when L2 is, respectively, HMTETA and BiPy. Such results 
indicate a 4 and 7-fold higher concentration of Cu(I) species in the 
latter cases, which clearly support the idea of more active, hence less 
selective, catalytic systems.

In the end, according to Equation (1) [41] 

Rp = kp KATRP
[RX][Cu(I)]
[Cu(II)]

[M] (1) 

the rate of all radical reactions involved in the polymerization ought 
to be increased upon increasing the [Cu(I)]/[Cu(II)] ratio, so that the 
faster increase of molecular masses and dispersity observed in the 
presence of HMTETA and BiPy-based species compared to the PMDETA 
case may be explained by this single effect. This notwithstanding, we 
consider also worth mentioning that one could conceive the mentioned 
differences in behavior as related to the fact that, all other conditions 
remaining the same, the higher Cu(II) concentration present when more 
stabilizing ligands (i.e. PMDETA and Me6TREN) are used would make 
the deactivation reaction faster, thus reducing the active radical con
centration. This kinetic argument is, however, already encompassed in 
the thermodynamics-based analysis presented above, as both activation 
and deactivation are elementary processes playing a role in defining 
KATRP or derived equilibrium constants.

Apparently, neither 3a nor 3c spectra displayed indications for the 
presence of A-A sequences. This notwithstanding, the presence in the 

Fig. 3. Comparison between the 13C-{1H} NMR spectra (100 MHz, CDCl3, 25 ◦C) of P(EuMA) samples obtained with: CuBr2/PMDETA after 360 min (a, top) and 30 
min (b, middle) and with CuBr2/HMTETA after 60 min (c). The rectangles indicate signals relative to inactivated, brominated specie P3 and P2a P2b. Reaction 
conditions: anisole, 60 ◦C, EuMA/EBIB/CuBr2/Ligand/Sn(oct)2: 400/10/1/2/2.
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chains of M-A sequences suggested that the radical generated via addi
tion onto the double bond of the allyl group could undergo chain 
propagation reactions, but only if in presence of more reactive double 
bonds than its own. To verify this idea, polymerization tests of eugenol 
acetate (EuAc) [42] with the CuBr2/PMDETA system under the reaction 
conditions employed for EuMA were carried out. No polymer formation 
was attained even after prolonged reaction times (24 h). The experi
mental observation did not exclude the formation of very short A-A 
sequences; however, it represents a proof that extended A-A propagation 
is generally hampered. In spite of this, the reaction of equimolar 
amounts of EuAc and EBIB in the presence of the CuBr2/BiPy catalyst 
(which appeared active in inducing undesired side-reactions) afforded 
the adduct arising from the addition of the ethyl isobutyrate radical to 
the allyl group of the monomer [43], demonstrating some activity for 
the reactive channel leading to P3. Based on these results, it was 
tentatively proposed that, albeit possible, chain propagation through the 
allyl-derived radical occurs to a much lower extent than the elongation 
involving methacrylic radicals.

As discussed earlier, the conversion of EuMA in the presence of 
CuBr2/PMDETA proved linear for short reaction times (<60 min) before 
reaching a plateau despite the secondary reactions. As highlighted by 
both experiments and our computational studies, this trend could be 
ascribed to the involvement of the allyl group in the chain propagation 
and/or termination processes eventually deactivating the catalyst sys
tem. Such deactivation could either be caused by accumulation of Cu(II)- 
based species or by the complete depletion of the catalyst-regenerating 
reducing agent. In order to assess which of these factors limited the 
EuMA conversion, experiments involving the introduction of either 
freshly prepared Cu(II)/PMDETA system or additional Sn(oct)2 to a 
polymerization process still exhibiting linear conversion behavior, were 
carried out. The amount of catalyst and reducing agent employed in 
these tests corresponded to those used at the beginning of the poly
merization process (1 equiv. and 2 equiv., respectively). Data reported in 
Fig. 4 indicated that in both cases the introduction of exogenous re
actants after 60 min of reaction (see vertical marker) improved the 
monomer conversion. However, the reducing agent strongly enhanced 
the reaction kinetics leading to the formation of gels within 2 h; no 
insoluble products were attained, instead, after the addition of freshly 
prepared Cu(II)-based system despite the observed boost of the reaction 
kinetics. These results suggested that the conversion plateau was 

primarily caused by accumulation of Cu(II) that could no longer be 
reduced due to the progressive consumption of Sn(oct)2, a process 
leading to the decrease of the concentration of redox products. The test 
involving the fleshly added Cu(II)-base species, in fact, indicated the 
presence of residual Sn(oct)2 still able to regenerate, although rather 
ineffectively, the catalyst system due to the consequence of Le Chatelier- 
Braun principle following the addition of Cu(II). The quantitative dif
ference between the two tests may easily be ascribed to the stoichiom
etry of the redox reaction, which generates two Cu(I) ions for every Sn 
(II) reacted. In the end, the involvement of the Cu(I)/Cu(II) ratio in 
defining the fate of the reacting system appears clearly.

The higher stability of Cu(II) and its accumulation, when coordi
nated with PMDETA rather than to HMTETA or BiPy, is however just one 
facet of a complicate reaction system. In fact, the catalyst deactivation 
may tentatively be attributed, at least in part, to termination reactions 
via either coupling of two active radical chains or their disproportion
ation, as also evidenced by the NMR spectroscopy analysis discussed 
above. The termination processes would leave the catalytic Cu in the 
oxidized state bearing two bromine atoms. Obviously, this result leads to 
the usage of more Sn(oct)2 and, consequently to a decrease of its con
centration. The presence of the allyl group, and the increasing chance for 
the reaction leading to P2 to take place following EuMA consumption, 
should facilitate radical coupling. In fact, a P2-like species may be more 
easily regenerated from its brominated counterparts than from P1–Br or 
P3–Br (vide supra for an energetic comparison), with the net effect of 
generating a higher concentration of non-propagating radicals (see 
Scheme 3 for TS barriers), which are however capable of coupling and, 
perhaps, disproportionation. The latter observation appears to ratio
nalize the different behavior of conversion of DEuMA compared with 
EuMA, the former being less prone to generate easily reactivated but 
non-reactive species with bromine atoms in position 1 on the pendant 
due to the missing double bond and, consequently, stabilization via 
resonance, as can be seen from the energy change for the reaction 
(P2_idrog being the allyl hydrogenated counterpart of P2): 

P2 − Br+P2 idrog→ P2+P2 idrog − Br 

that is predicted to be − 7.4 kcal/mol. Interestingly, the much higher 
polydispersity seen when using the HMTETA and BiPy ligands may also 
been favored by a higher concentration of P2-like radicals relative to P1- 
like ones compared to the PMDETA case, the former being substantially 
only prone to termination reactions as discussed above.

To further reduce the secondary radical reactions, polymerization 
tests at lower copper catalyst loading (500 vs the original 2500 ppm) 
were carried out. A drastic decrease of the reaction rate was observed 
regardless of the ligand employed (Table 2, entries 1 and 2). Never
theless, upon increasing the amount of reducing agent (10 vs the original 
2 equiv.), improvement of the monomer conversion was attained 
(Table 2, entries 3–5), albeit gel formation was obtained at circa 50 % 
conversion; this suggests loss of control over the radical generation, in 
accordance with the previous observations (vide supra). In particular, 
data relative to the CuBr2/PMDETA catalyst suggested a delicate 

Fig. 4. Kinetic plot of EuMA polymerization in the presence of PMDETA (filled 
circles) and its variation upon addition of 1eq of CuBr2/PMDETA (filled tri
angles) or Sn(oct)2 (filled diamonds) after reaching the conversion plateau at 
60 min. The marked (x) point indicates the formation of gels.

Table 2 
ARGET-ATRP of EuMA catalyzed by 500 ppm of CuBr2/L (L = BiPy, PMDETA) 
systems.

Entry Time 
(h)

CuBr2/ 
PMDETA

CuBr2/BiPy EuMA/EBIB/CuBr2/ 
Ligand/Sn(oct)2

Conversion 
(%)

Conversion 
(%)

Molar ratios

1 4 9 3 2000/10/1/2/2
2 8 11 4

3 0.5 25 9 2000/10/1/2/10
4 1 30 11
5 2 51a 55a

a Formation of gel.
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balance between Cu(I)/Cu(II) ratio and the monomer concentration for 
the massive involvement of the allyl group in the propagation process.

In principle, the linearity of ln ([M0]/[M]) vs time should indicate 
that the system CuBr2/PMDETA promoted the living polymerization of 
EuMA at least up to 50 % of conversion. To prove this assumption, a P 
(EuMA) sample obtained after 30 min of polymerization (Table 1, entry 
3), when the inactive species generated by secondary reactions are 
negligible, was used as the macroinitiator in the ARGET ATRP of methyl 
methacrylate (MMA). The formation of a block copolymer was 
confirmed by both GPC, that showed a shift of the macroinitiator to 
higher molecular masses (see the Supporting Information, Fig. S16), and 
by the DOSY-NMR spectroscopy (see the Supporting Information, 
Fig. S17) where the alignment of signals of macroinitiator and the P 
(MMA) block indicated they are part of the same polymer chain.

4. Conclusions

Over the last decade, increasing attention has been devoted to the 
development of sustainable polymers that, while exhibiting properties 
similar to that of common commodity plastics, satisfy the need for 
reducing our dependency on fossil-based raw materials. Natural 
phenolic molecules have emerged as promising building blocks for 
renewable monomers. In this scenario, eugenol (Eu) proved an excellent 
candidate for the development of novel sustainable materials. Indeed, 
aside from being ubiquitous in nature, Eu can be obtained from biomass 
valorization such as lignin depolymerization and exhibits additional 
properties such as antioxidant, antiseptic and antimicrobial activity. 
Moreover, its allyl group, if preserved during the polymerization pro
cess, would serve as post-functionalization site to produce more 
advanced materials for tailored applications, especially when being part 
of block co-polymeric species. Despite its poor reactivity towards radical 
polymerization, the said allyl function still proved to be involved in 
secondary reactions leading to insoluble/crosslinked materials or poly
mers with high broad molecular masses distribution. In this work, we 
used the controlled radical polymerization ARGET-ATRP catalyzed by 
CuBr2/BiPy, CuBr2/HMTETA and CuBr2/PMDETA systems to study 
theoretically and experimentally the polymerization of the methacrylic 
derivative of eugenol, namely eugenyl methacrylate (EuMA), focusing 
the attention on the side reactions occurring in presence of the adopted 
catalyst system. Starting from the theoretical approach, our calculations 
provided a complete and an in-depth overview of the energetic of species 
deriving from the radical chain transfer to the allyl group through 
hydrogen abstraction (P2), as well as from the attack of the propagating 
methacrylic radical to the allyl group (P3). P2, P3, and their derivatives, 
can be easily formed during the radical polymerization, since their en
ergetic barriers are, indeed, higher, but still comparable to that of 
methacrylic-methacrylic propagation. The experimental behavior of the 
three different Cu(II)-based catalysts in the ARGET-ATRP indicated that 
the Cu(I)/Cu(II) ratio was the key to control the formation of P2, P3 and 
their derivatives, and that the catalyst system based on PMDETA as 
ligand was able to form soluble polymers at higher conversion by 
inactivating the catalyst system via the reducing agent consumption 
rather than by the formation of insoluble/crosslinked polymers. This 
was due to the inactivity of P2 and P3 brominated species and the 
rationalization of such a behavior was attributed to the lower amount of 
the starting inactive Cu(II) complex reduced to the Cu(I) active catalyst 
promoted by the PMDETA. In fact, when increasing the reducing agent, 
and consequently the Cu(I)/Cu(II) ratio, even in presence of larger 
amount of monomer, cross-linked occurred for the increasing concen
tration of radical species.

The living character of polymerization was confirmed using P 
(EuMA), obtained in the range of linearity of the monomer conversion, 
as macroinitiator in the MMA polymerization. This experiment repre
sents a proof of concept that would pave the way to the synthesis of 
novel, block-type, multifunctional as well as post-functionalized mate
rials. Indeed, the latter goal is not easily reached when employing free 

radical polymerization, as chemical nature does not allow to conserve 
chain end activity. In conclusion, although the right modulation of all 
the experimental conditions is not trivial, the ARGET-ATRP allows the 
synthesis of polymers based on eugenol with monomodal distribution of 
molecular weight, with active terminal chain and preserving the allyl 
groups.

More in general, our study demonstrated that a fine modulation of 
the kinetic of polymerization by ligands, and hence Cu(I)/Cu(II) ratio, 
together with low temperatures of polymerization, can be used to reduce 
secondary reactions of molecules with sensitive functional groups such 
as those deriving from renewable sources.
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