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Abstract
This study examined the kinetics of copolymerization of two different simple model monomers, methyl methacrylate
(MMA), and ethyl methacrylate (EMA), via Cu(0)-mediated reversible deactivation radical polymerization (RDRP), where
the reactivities of MMA and EMA are expected to be nearly equal, and therefore, random copolymerization is favored. In
these kinetic studies, the apparent propagation rate constants and induction periods with variations in the feed ratio and
polymerization temperature were estimated. The reactivity ratios determined based on the kinetic studies were close to unity.
In addition, the reactivities of MMA and EMA radicals to both monomers were evaluated by determining the
thermodynamic parameters of the activation processes; the reactions of active species with two different monomers
experience slightly different enthalpic barriers but almost zero entropic contributions, strongly suggesting that the
copolymerization provides an almost, but not perfectly, random sequence and providing a clear chemical picture of the
propagation reaction that occurs during copolymerization. The glass transition studies of synthesized P(MMA-r-EMA)
highlight the significance of the kinetic information to predict the glass transition temperature in a copolymer system realized
by Cu(0)-mediated RDRP. The current study provides a deeper understanding of the fundamental aspects and a tool to gain
insight into copolymerization via RDRP, which are ultimately correlated with various physical and chemical properties.

Introduction

Reversible deactivation radical polymerization (RDRP), or
controlled radical polymerization (CRP), has attracted tre-
mendous attention as an excellent tool for the synthesis of
well-defined polymers with narrow molecular weight dis-
tributions and precisely tailored functionalities [1–3]. RDRP
enables the simultaneous achievement of a target molecular
weight with narrow dispersity and a wide range of chemical

functionalities in the resulting chain, as well as at the end of
the chain, under relatively mild conditions [2]. These
advantages have enabled the design and realization of
complex polymer architectures, as well as the effective
control of the physical, mechanical, and chemical properties
of these polymers [3]. Owing to its capability, RDRP has
become one of the essential polymerization methods to be
expanded in fundamental soft matter research and used in a
variety of applications [4].

Over the past decade, research on zero-valent metal-
mediated RDRP (also called single-electron transfer living
radical polymerization) has grown rapidly [5]. In poly-
merization, a zero-valent metal, typically Cu(0), is used as a
catalyst precursor that is activated in the presence of an
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amine ligand. The characteristics of Cu(0)-mediated RDRP
are similar to those of atom transfer radical polymerization
(ATRP) in terms of simultaneous use of copper species and
an amine ligand; however, in Cu(0)-mediated RDRP, Cu(0)
is generated continuously from Cu(I) complexes by dis-
proportionation, and this Cu(0) acts as a catalyst for radical
generation in the polymerization system [5]. This process
offers different benefits from other RDRP techniques; for
example, the chain end can include a much wider range of
chemical functionality, such as carbon halides (in the case
of an initiator for ATRP) [6] and thioesters (in the case of a
reversible addition fragmentation chain transfer (RAFT)
polymerization chain transfer agent as an initiator) [7],
which should be beneficial for achieving complex polymer
architectures. Cu(0)-mediated RDRP is a versatile technique
that allows the rapid polymerization of styrene, acryla-
mides, acrylates, and methacrylates in polar solvents, such
as dimethyl sulfoxide (DMSO), dimethyl formamide
(DMF), and water, even at room temperature [8, 9]. In
addition, Cu(0)-mediated RDRP can be used to synthesize
high-molecular-weight polymers (even higher than
5 × 105 g/mol) with well-controlled dispersity (<1.3) and
preserved functionalities, which could not be achieved by
conventional free radical polymerizations [1, 9]. For these
reasons, Cu(0)-mediated RDRP has attracted attention as a
promising polymerization method to generate advanced soft
materials in a number of research fields.

Copolymerization is an important and powerful method
to impart and control a range of properties in polymers. In
RDRP, copolymerization has been used extensively for a
number of applications [10–16], e.g., control of microphase
separation to create periodic nanopatterns [17–22], fabri-
cation of functional stable thin films [23–26], and stabili-
zation of colloidal micelles and particles [27–31]. Despite
the significance of copolymerization, fundamental aspects
of copolymerization, such as reactivity ratios to gain insight
into the copolymer sequence, have not been thoroughly
investigated. As a result, we often rely on kinetic studies
mainly of conventional free radical polymerization [32–36]
with some observation that radical processes intrinsically
exhibit the same or similar reactivity between active species
and monomers [37]. In RDRP, copolymerization kinetics of
common monomer pairs used in ATRP and RAFT poly-
merization have been reported [2, 38–41]. In the case of Cu
(0)-mediated RDRP, there are a few reports describing
detailed kinetics and reactivity ratios [42]. Systematic stu-
dies on the fundamentals, such as the copolymerization
kinetics of simple monomer pairs to exclude the effects of
other structural factors, are necessary to compare kinetic
information of RDRP, for example, the reactivity ratios,
with that of other conventional polymerization processes.
Furthermore, activation during the propagation process of
RDRP, i.e., thermodynamically described enthalpic and

entopic contributions during activation, should be studied
thoroughly to better understand the copolymerization pro-
cesses. Accordingly, a comparison of various kinetic and
thermodynamic parameters of RDRP to those of other
radical polymerization processes will reinforce the funda-
mental principles and provide other important information,
such as the sequence and structure of a synthesized copo-
lymer. Ultimately, such studies will provide fundamental
perspectives and tools to gain insight into the effects of the
sequence of well-defined copolymers with precisely con-
trolled functionalities on a variety of properties.

Herein, we performed thorough kinetic studies of the
copolymerization of two simple model monomers, methyl
methacrylate (MMA) and ethyl methacrylate (EMA), which
are widely used as comonomers to realize functional soft
material platforms [43–45], via Cu(0)-mediated RDRP.
MMA, and EMA are the simplest methacrylates with
minimal structural variation and without any reactive
groups. In principle, copolymerization of the monomers
preferentially results in statistical copolymers following
zeroth-order Markovian statistics (also called Bernoullian
statistics) or random copolymers [46], as the reactivity is
expected to be similar to each other. Ideally, it is possible to
determine the intrinsic reactivity of the alkene moiety of
methacrylates by radical propagation in Cu(0)-mediated
RDRP, which can be examined by excluding the effects of
other structural parameters in careful and thorough copo-
lymerization kinetic studies. The results will provide us
with chemical and physical insight into the polymerization
process, e.g., the randomness of the synthesized copoly-
mers, its significance in predicting the thermal properties of
the copolymers and achieving a complex polymer chain
structure containing a random sequence along the chain.

In Cu(0)-mediated RDRP using a RAFT chain transfer
agent as an initiator, we examined the kinetics of copoly-
merization as a function of the monomer feed and poly-
merization temperature. We found that the experimental
data followed typical pseudo-first-order reaction kinetics.
With these studies, the reactivity ratios of MMA and EMA
were estimated at different temperatures and compared with
those of other polymerization methods. The results strongly
suggest that the resulting copolymers have random
sequences at low conversion (~10%). Further analyses of
the reactivity ratio and compositional studies of copolymers
synthesized at high conversion (~60%) allow determination
of the thermodynamic parameters, i.e., enthalpic barriers
and entropic contributions in propagation reactions of dif-
ferent intermediate species and monomeric species, and
their effect on copolymer sequences, providing a clear
kinetic and thermodynamic picture of the propagation
reaction as well as the randomness of the sequence. The
glass transition behaviors of the synthesized copolymers,
which are expected to deviate systematically from those of
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PMMA and PEMA homopolymers, were examined further
[47]. The empirical model that is most appropriate for
predicting the change in the glass transition temperature (Tg)
of P(MMA-r-EMA) was analyzed as a function of the
composition, highlighting the importance of the reactivity
ratio in determining the model to predict Tg. Finally, the
ability of the random copolymer to serve as a macro chain
transfer agent for RAFT polymerization was evaluated in
the synthesis of P(MMA-r-EMA)-b-polystyrene, which is
essential for achieving complex copolymer systems.

Experimental section

Copolymerization of MMA and EMA via Cu(0)-
mediated RDRP

Eighteen pieces of Cu(0) wire were placed in a Schlenk
flask equipped with a stirring bar. Predetermined amounts
of MMA and EMA (total= 18.8 mmol) at various feed
ratios were added to the flask. Subsequently, tris(2-dime-
thylaminoethyl)amine (Me6TREN, 9.4 µmol, 2.2 mg),
cumyl dithiobenzoate (CDB, 9.4 µmol, 2.6 mg) and DMSO
(0.88 mL) were added to the flask with a stock solution of
Me6TREN and CDB in DMSO. The mixture was degassed
by three freeze-pump-thaw cycles, followed by placing the
flask in a preheated oil bath to begin polymerization. After
the desired polymerization time, an aliquot of the solution
was taken to determine the level of conversion using 1H
nuclear magnetic resonance (NMR) spectroscopy (Fig-
ure S2). In the case of a highly viscous solution, a small
amount of chloroform (1-2 ml) was added to the mixture to
enable removal of an aliquot. The remaining mixture in the
flask was diluted with tetrahydrofuran (THF) and passed
through a neutral alumina column to remove the copper
residue. The polymer solution was added to methanol for
precipitation, resulting in a pale pink powder. The product
was dried further under vacuum for 10 h.

Chain extension of P(MMA-r-EMA) with styrene

First, 1 µmol of P(MMA-r-EMA) (22–32 mg depending on
Mn) and azobisbutyronitrile (AIBN, 0.45 µmol) were dis-
solved in styrene (1.35 mmol, 141 mg) in a Schlenk flask. A
2.9 mM solution of AIBN in styrene was used as the stock

solution. The mixture was degassed by three freeze-pump-
thaw cycles and placed in a preheated oil bath at 70 °C for
15 h with stirring. After polymerization, the contents were
diluted with THF, followed by precipitation in n-hexane to
yield a pale pink powder. The product was dried under
vacuum for more than 10 h.

Characterization

The 1H-NMR spectra were acquired on a JEOL JNM-
ECZ400S 400MHz spectrometer using chloroform-d
(Cambridge isotope) as a solvent to analyze the conversion
and polymer composition. The chloroform peak at 7.26 ppm
was used as an internal reference. All measurements were
carried out with 10 s relaxation delays between pulses. Size-
exclusion chromatography (SEC) was performed on a
Thermo Scientific UltiMate 3000 chromatography system
using THF as the eluent at a flow rate of 1 mL/min at 35 °C.
Three SEC columns (Styragel HR5, Styragel HR4, and
Styragel HR3, Waters, calibrated using polystyrene (PS)
standard samples of 1.2–2700 kg/mol) were used in the
system. Differential scanning calorimetry (DSC) was per-
formed with a 10 K/min ramping rate for three cycles. The
glass transition temperature was determined from the
inflection point of the DSC curve from the third cooling
cycle. More details on the experiments and analyses are
provided in the Supplementary Information.

Results and discussion

Copolymerization kinetics

Scheme 1 presents the copolymerization of MMA and EMA
via Cu(0)-mediated RDRP using a RAFT agent as an
initiator [1]. In particular, we designed experiments to
explore the effects of various copolymerization conditions,
i.e., feed ratio (fEMA ~ 0.2, 0.5, 0.8), temperature (~60 °C,
80 °C, and 100 °C), and polymerization time, with [Mono-
mer]0/[CDB]0/[Me6TREN]0= 2000:1:1 in DMSO. In this
polymerization system, Cu(0), Me6TREN, and CDB were
used as catalyst precursors, which are a primarily activated
species, an amine-containing ligand, and a chain transfer
agent, respectively [1]. Cu(0) activates the radicals for
initiation in the presence of the ligand, Me6TREN, leading
to the formation of a Cu(I)-ligand complex. Under these
conditions, the polymerization solution typically becomes
highly viscous when the conversion reaches more than
60%. Figure 1 shows the kinetic plots as a function of the
polymerization time and conversion at various temperatures
and feed ratios. The propagation rate in a CRP typically
follows a first-order reaction at a moderate conversion
regime (<50%), indicating that polymerization is barely
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Scheme 1 Synthesis of P(MMA-r-EMA) by Cu(0)-mediated RDRP
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influenced by the increased viscosity and termination
reactions [48]. The rate of propagation typically follows Eq.
(1):

Rp ¼ kp M
�½ � M½ � ¼ kappp M½ � ð1Þ

where Rp is the rate of propagation and kp is a rate constant
of the propagation reaction. When a steady-state approx-
imation is assumed, i.e., the concentration of active radical
species ([M*]) is a constant and all active radical species
have the same chance to exist in Cu(0)-mediated RDRP, the
rate of propagation should follow a first-order reaction with
an apparent kinetic constant of kp

app, the so-called pseudo-
first-order reaction. In the rate law, the concentration of

monomer ([M]) can be correlated with the polymerization
time, resulting in Eq. (2), as follows:

ln M½ �0= M½ �� � ¼ kappp t ð2Þ

where [M]0 is the initial concentration of the monomer.
Therefore, the rate constant of propagation is evaluated by
examining a plot of ln([M]0/[M]) vs. polymerization time.
Figure 1a–c shows nine different plots with systematic
variation in the feed ratio and reaction temperature. The
kp

app values were extracted from the slopes of the straight
lines produced by a linear fit of the plots and are tabulated in
Table 1.

The results show a nonsignificant difference in the
apparent kinetic constant with variation in the feed ratio at
the same reaction temperature. This suggests that the reac-
tivity of EMA is similar to the reactivity of MMA, which is
expected for the monomer pair. The rate constant tended to
increase as the temperature increased from 60 to 100 °C,
regardless of the changes in the feed ratio, which can be
predicted using the Arrhenius relationship. It should be
noted that in the initiation process, an induction period (tid)
of a few hours was observed. Furthermore, the induction
period decreased with increasing temperature; this behavior
could be attributed to the use of dithioesters (CDB) [49, 50].
In the initiation stage, the dithioester compound is not as
reactive for propagation because no adduct radicals have yet
been generated. The propagation begins once monomer is
added to CDB and equilibrium is achieved. When the

Fig. 1 a–c Linear fit for a kinetic
study at 100 °C (red circles), 80 °
C (black squares) and 60 °C (blue
triangles) with various EMA feed
ratios: a fEMA= 0.2, b fEMA= 0.5,
c fEMA= 0.8. d–f Number average
molecular weight (Mn) and
dispersity (Ð) depending on the
conversion for each EMA ratio:
d fEMA= 0.2, e fEMA= 0.5, f fEMA

= 0.8. g–i The SEC trace for fEMA

= 0.5 at (g) 60 °C, (h) 80 °C and
(i) 100 °C

Table 1 Estimated apparent propagation rate constants and induction
periods at different temperatures and monomer feed ratios

fEMA Temperature (°C) kp
app (h−1) tid (h)

0.2 60 0.067 ± 0.009 2.1

80 0.109 ± 0.006 1.4

100 0.161 ± 0.024 0.3

0.5 60 0.102 ± 0.007 3.0

80 0.117 ± 0.006 1.3

100 0.143 ± 0.009 1.1

0.8 60 0.106 ± 0.023 3.7

80 0.110 ± 0.016 0.8

100 0.139 ± 0.051 0.3
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temperature increases, the fragmentation of CDB to reach
equilibrium becomes faster; as a consequence, the induction
period decreased significantly. Additionally, the role of the
heterogeneous Cu(0) wires could not be underestimated.
The radical-activation process with copper atoms on the
wire surface is slow in the initial stages due to the low
surface area. Once the Cu(I) complex forms, Cu(0) is
regenerated continuously from the Cu(I) complex by a
disproportionation mechanism in the presence of a ligand
and polar solvent. The Cu(0) particles are well distributed in
the reaction medium, and the propagation process can
proceed efficiently. When the temperature was increased
from 60 °C to 100 °C, the formation of a Cu(I) complex
became faster, resulting in a decrease in the induction
period.

Figure 1d–f displays Mn (left y-axis) and dispersity (right
y-axis) as a function of conversion. Regardless of the
reaction temperature and feed ratio, the degree of poly-
merization clearly exhibited a linear increase as the con-
version increased, which is a typical characteristic of RDRP
[3]. Fig. 1g–i and Figure S1 present all of the corresponding
SEC chromatograms for the data points; all peaks were
unimodal and clearly upshifted to a higher molecular weight
range as polymerization proceeded. The dispersity
decreased from ~1.3 to <1.2 (even <1.1) as the conversion
increased, indicating that polymerization is highly con-
trolled. We observed that the kinetic parameters did not
follow the pseudo-first-order reaction at conversions higher
than 60% due to the viscosity effect.

Determination and interpretation of reactivity ratios

A variety of monomers exhibit different reactivities with
activated radical species and therefore different propagation
rates. During copolymerization, different monomers in the
same polymerization reaction also exhibit different reac-
tivities toward radicals at the end of the polymer chain.
Consequently, the composition of the resulting polymer
chain is often not equal to the amount fed for polymeriza-
tion. This behavior is quantified using the reactivity ratios,
namely, r1 and r2 (herein, rEMA and rMMA), which describe
the distribution of fed monomers in a synthesized single-
copolymer chain, as found in the Mayo-Lewis equation
[51]:

F1 ¼ r1 � 1ð Þf 21 þ f1
r1 þ r2 � 2ð Þf 21 þ 2 1� r2ð Þf1 þ r2

ð3Þ

where f1 is the mole fraction of monomer 1 in the feed and
F1 is the mole fraction of monomer 1 in the actual
composition of the resulting copolymer. Since the equation
is derived under the assumption that the radical concentra-
tion is at a steady state, where the effect of any other factors,

such as termination and viscosity effect on propagation is
minimized, the actual composition of the synthesized
copolymers (FEMA) was measured according to the variation
in fEMA at conversion in the range of 5–15%. As the
propagation rate varies with different reaction conditions
and feed ratios, the reaction conditions were controlled
carefully based on kinetic studies of copolymerization.
Appropriate conversions in the given range were typically
achieved with polymerization for 4, 2, and 1.5 h at 60 °C,
80 °C, and 100 °C, respectively. The conversion and
composition of the resulting copolymer samples were
analyzed by 1H-NMR spectroscopy. As shown in Figure S2,
protons of CH3–O– in the MMA monomer and –CH2–O– in
the EMA monomer appeared at 3.7 ppm and 4.2 ppm,
respectively. Upon polymerization, the peaks were shifted
slightly upfield, allowing an estimation of the conversion
and composition by integrating the characteristic peaks of
the monomers and the polymer. The plots constructed from
the compositional data were analyzed using three different
methods: nonlinear least-squares fitting with the Mayo-
Lewis equation, the Fineman-Ross method, and the Kelen-
Tudos method (see Supplementary Information for details)
[52–54].

Figure 2a–c shows plots of the actual composition as a
function of the monomer feed ratio at 60, 80, and 100 °C. At
first glance, the composition of the synthesized copolymers
is very close to the feed amount of the monomers regardless
of the temperature. The red solid lines in Fig. 2a–c repre-
sents the results obtained by nonlinear least-squares fitting
with the Mayo-Lewis equation, and Table 2 lists the rEMA

and rMMA values extracted from the fits. Figure S3 shows a
linear fit of copolymers obtained at 80 °C using the
Fineman-Ross (Figure S3a) and Kelen-Tudos (Figure S3b)
models. All calculated reactivity ratio values fell within the
range of 0.91–1.02. Considering the empirical errors given
in the table, both rEMA and rMMA are close to 1, indicating
that the reactivities of MMA and EMA toward the activated
MMA radical or EMA radical at the chain end are nearly
identical. In other words, the relative rate constants of the
two monomers in chain extension are similar regardless of
the end unit of the polymer chains during propagation. This
similarity is found in the literature reporting bulk free
radical copolymerization at 60 °C: rEMA and rMMA were
found to be 0.98 ± 0.1 and 1.09 ± 0.1, respectively [55].
This was also observed by analyzing the composition data
using the Fineman-Ross and Kelen-Tudos methods; rEMA

and rMMA were in the range of 0.90–1.08 and 0.89–1.05,
respectively.

To illustrate the effects of the reactivity ratio of each
monomer on the sequence of copolymer chains, the frac-
tions of the dyad monomer sequences, i.e., EMA-EMA,
MMA-MMA, and EMA-MMA, were calculated as a func-
tion of FEMA with the Igarashi method using equations
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(S5)–(S7) (Figure S4). The dyad fraction is dependent on
the product of rEMA and rMMA; therefore, we used minimum
and maximum rEMArMMA values (0.83 and 1.13, respec-
tively) to show the possible ranges of the dyad fractions.
The studies clearly show that the reactivities of both
monomers are comparable during copolymerization. Addi-
tionally, in Cu(0)-mediated RDRP, copolymerization of the
two simple methacrylate monomers leads to a composition
close to a random sequence distribution in the resulting
copolymer chains. These results strongly suggest that the
intrinsic reactivities of these two simple methacrylates are
almost identical, even with different active chain end spe-
cies, thereby substantiating the common assumption that the
reactivity ratio is universally valid in radical-based
polymerization.

Since the reactivity ratios of the monomers are defined as
the ratios of the rate constants, they are expected to be
temperature dependent. In this system, the temperature
dependence of the reactivity ratios was observed; rEMA

increased slightly with increasing polymerization tempera-
ture, but rMMA showed less temperature dependence. This
dependence can be interpreted thermodynamically using an
equation derived from the Arrhenius equation, as given

below [56]:

rEMA ¼ e
ΔSz

EMA�EMA
�ΔSz

EMA�MMA
R �ΔHz

EMA�EMA
�ΔHz

EMA�MMA
RT ð4Þ

where ΔS‡EMA-EMA – ΔS‡EMA-MMA and ΔH‡
EMA-EMA –

ΔH‡
EMA-MMA are the activation entropy and activation

enthalpy differences for the propagation of the EMA radical
at the chain end with the EMA monomer and for the
propagation of the EMA radical at the chain end with the
MMA monomer, respectively. In addition, rMMA is related
to ΔS‡MMA-MMA – ΔS‡MMA-EMA and ΔH‡

MMA-MMA –

ΔH‡
MMA-EMA in the same manner. With the experimental

data set, a plot of ln r vs. 1/T enables calculation of the
entropy and enthalpy differences between the reaction of an
active radical with the same species and different species.
Figure 3 displays plots of ln rEMA and ln rMMA as a function
of the reciprocal temperature, and linear fits were obtained
from the reactivity ratio data using three different methods.
The entropy and enthalpy differences for rEMA and rMMA

were also calculated, as shown in Table 3. The difference in
activation entropy for both cases approached zero, indicat-
ing that the steric effect on the reaction is not significant for
the reaction of the MMA or EMA chain end radicals with
either monomer. On the other hand, the activation enthalpy
differences for both were quite dissimilar; ΔH‡

EMA-EMA–

ΔH‡
EMA-MMA was approximately three times higher than

ΔH‡
MMA-MMA – ΔH‡

MMA-EMA. This finding suggests that
more energy is needed for the EMA radical with MMA than
for the MMA radical with EMA. Nevertheless, the absolute
values are actually very small (approaching zero) for both
cases compared to the literature values for other monomer
pairs exhibiting quite different reactivities [56–58]. This
strongly suggests that the copolymerization of MMA and
EMA results in a sequence that has a nearly, but not
perfectly, random composition.

We further conducted compositional studies at con-
version much higher than 60%, where high-molecular-
weight copolymers can be achieved. Table 4 lists the
characterization results of the copolymers. At ~60%
conversion, high-molecular-weight copolymers with very
low dispersity of as low as 1.08 were synthesized,

Fig. 2 Plots of the composition
of EMA (FEMA) vs. EMA feed
ratio (fEMA) to calculate the
reactivity ratios by nonlinear
least-squares fitting with the
Mayo-Lewis equation at
a 60 °C, b 80 °C and c 100 °C

Table 2 Reactivity ratios for P(MMA-r-EMA) obtained using different
models

Temperature Method rEMA rMMA

60 °C NLS fita 0.91 ± 0.05 0.95 ± 0.05

FRb 0.90 ± 0.01 0.98 ± 0.06

KTc 0.90 ± 0.06 0.98 ± 0.05

80 °C NLS fit 1.02 ± 0.02 0.99 ± 0.02

FR 0.93 ± 0.01 0.89 ± 0.07

KT 0.96 ± 0.05 0.97 ± 0.04

100 °C NLS fit 1.00 ± 0.03 0.98 ± 0.03

FR 1.08 ± 0.01 1.05 ± 0.06

KT 1.03 ± 0.07 0.97 ± 0.04

Obtained with anonlinear least-squares fitting with the Mayo-Lewis
equation
bFineman-Ross method
cKelen-Tudos method
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regardless of the variation in fEMA. This result confirms
that Cu(0)-mediated RDRP is beneficial for the copoly-
merization of methacrylates over a wide range of con-
version. The resulting FEMA from fEMA is typically less
than 0.05; interestingly, the variation showed fewer EMA
units for all compositions. These results further support
the observation of enthalpic barriers discussed in the
previous section; slightly more energy was necessary for
EMA radicals to react with EMA than to react with MMA.
As the conversion increased, the amount of MMA units in
the copolymer chain increased slightly above that of
EMA. Therefore, these results highlight the importance of
a close examination of the copolymerization kinetics for a
deeper understanding of the copolymer structure at both
high and low conversion.

Glass transition behaviors of the random
copolymers

The glass transition behaviors of P(MMA-r-EMA) copo-
lymers synthesized by Cu(0)-mediated RDRP were studied
by measuring the Tg of a series of copolymers and homo-
polymers with high-molecular weights (Table 4). The Mn of
polymers with molecular weights higher than ~100 kg/mol
were attained to exclude the effects of the molecular weight
on Tg. Figure 4a shows the change in Tg according to the
composition. The compositional dependence of Tg has been
interpreted using a number of models; the simplest models
are the Fox equation, Eq. (5), and the Gibbs-DiMarzio (GD)

equation, Eq. (6) [59, 60]:

1
Tg

¼ w1

Tg1
þ w2

Tg2
ð5Þ

Tg ¼ n1Tg1 þ n2Tg2 ð6Þ

where wx and nx are the weight fraction and mole fraction of
monomer unit x, respectively, in the copolymer chain, and
Tgx is the Tg of homopolymer consisting of monomer unit x
(x= 1: EMA; x= 2: MMA). The compositional depen-
dence of the Tg of P(MMA-r-EMA) did not follow either
model, as shown in Fig. 4a.

Therefore, we attempted to use other more complicated
models that take monomer sequence information (see
Supplementary Information and the dyad fractions shown in
Figure S4) into account, i.e., the Johnston equation and the
Barton equation given by Eqs. (7) and (8), respectively [61,
62]:

1
Tg

¼ w1P11

Tg11
þ w2P22

Tg22
þ w1P12 þ w2P21

Tg12
ð7Þ

Tg ¼ n11Tg11 þ n22Tg22 þ n12Tg12 þ n21Tg21 ð8Þ

where Tg12 (also equal to Tg21) is the Tg of an alternating
copolymer consisting of monomers 1 and 2. Since it is
difficult to realize a perfect alternating copolymer, this

Fig. 3 Plots of the natural logarithm of rEMA (red trace) and rMMA (blue trace) obtained by a nonlinear fitting, b the Fineman-Ross method, and c
the Kelen-Tudos method as a function of reciprocal temperature

Table 3 Thermodynamic information about the propagation reactions

M1/M2 Method ΔH‡
11 - ΔH‡

12

(J·mol−1)
ΔS‡11 - ΔS‡12
(J·mol−1·K−1)

EMA/
MMA

NLS fit 36.2 ± 27.7 0.10 ± 0.079

FR 67.3 ± 27.4 0.19 ± 0.078

KT 50.3 ± 2.9 0.14 ± 0.008

MMA/
EMA

NLS fit 12.0 ± 10.7 0.03 ± 0.030

FR 23.9 ± 57.3 0.06 ± 0.163

KT −3.9 ± 2.1 −0.01 ± 0.006

Table 4 Composition, molecular weight, and glass transition
temperature of PMMA, PEMA, and P(MMA-r-EMA) synthesized at
high conversion

fEMA FEMA Mn (kg/mol) Ð Tg (K)
a

0 0 126.7 1.11 393

0.40 0.37 99.2 1.10 368

0.55 0.48 161.5 1.10 363

0.69 0.63 145.4 1.15 357

0.85 0.80 139.4 1.08 350

1 1 163.5 1.09 346

aDetermined by finding the point of inflection in the DSC curve
acquired at the third cooling cycle with a ramping rate of 10 K/min
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quantity is typically obtained by fitting. In the case of the
Johnston model, the fitting of the data with Eq. (7)
enabled determination of Tg12, and in the case of the
Barton model, the value can be calculated by fitting with
Eq. (9):

Tg ¼ XTg11 þ YTg22 þ ZTg12 ð9Þ
To carry out this analysis, we used the dyad fractions

(X, Y, Z), which were calculated using the reactivity
ratios (rEMA= 0.91, rMMA= 0.95) from the experimental
data acquired at 60 °C for the series of synthesized
copolymers. The Tg12 values determined by the Johnston
and Barton models were both 354 K. The compositional
dependence of Tg of P(MMA-r-EMA) copolymers syn-
thesized by bulk radical polymerization has been well
described using the Barton equation with a Tg12 of 360 K
[47], which is in good agreement with our results.
Therefore, the compositional dependence of Tg follows
these models rather than the Fox and GD models,
emphasizing that the kinetic parameters should not be
overlooked when predicting the glass transition behaviors
of random copolymers synthesized by Cu(0)-mediated
RDRP.

Chain extension from the copolymer with styrene

Since the dithioester group in the resulting random copo-
lymers is expected to be preserved upon Cu(0)-mediated
RDRP, chain extension should be possible by RAFT
polymerization [1]. This process also allows access to the
block copolymer consisting of a random copolymer block
and a homopolymer block. For proof of concept, P(MMA-r-
EMA)-b-PS block copolymers were synthesized via RAFT
polymerization of styrene, with P(MMA-r-EMA) as a
macro chain transfer agent and AIBN as an initiator
(Scheme 2). The copolymers were synthesized at low
conversion to ensure that the copolymers indeed had an
almost random sequence. As shown in Table 5 and
Fig. 5a–d, the chain extensions were successful; increases in
molecular weight without any significant increases in dis-
persity were observed. Note that all BCPs show unimodal
SEC traces, indicating that no undesired polymers were
produced in the course of the chain extension. The syn-
thesized BCPs were further characterized by DSC. In par-
ticular, the glass transition temperature was measured to
determine the effects of the copolymer structure on the
thermal properties. Figure 5e, f displays the DSC curves of

Fig. 4 a Composition
dependence of Tg of the
synthesized P(MMA-r-EMA)
samples and fitting results from
four different methods. The
fitting results obtained using the
Barton and Johnston equations
are shown in (b) and (c)

r

OO

S

OO
n m

S AIBN

r

OO OO
n m

b
l

S

S

Scheme 2 Chain extension of P
(MMA-r-EMA) with styrene by
RAFT polymerization

Table 5 Characterization results
of the synthesized P(MMA-r-
EMA) and P(MMA-r-EMA)-b-
PS

P(MMA-r-EMA) P(MMA-r-EMA)-b-PS

FEMA
b Mn (kg/mol)

a
Ða Tg (K)

c Mn (kg/mol)
a

Ða Mn(PS) (kg/
mol)a

MMA:EMA:Styreneb Tg (K)
c

0.12 23.7 1.27 377.8 35.9 1.32 12.2 0.63:0.09:0.28 381

0.34 28.1 1.21 365.3 45.1 1.38 17.0 0.36:0.18:0.46 375

0.57 35.0 1.22 361.2 62.0 1.34 27.0 0.20:0.29:0.51 372

0.95 36.1 1.18 346.5 42.0 1.23 5.9 0.05:0.80:0.15 350

aMeasured with SEC analysis with THF as the eluent and calibration with PS standard samples
bObtained from 1H-NMR spectra
cDetermined by finding the point of inflection in the DSC curve acquired during the third cooling cycle with
a ramping rate of 10 K/min
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four P(MMA-r-EMA)s and the BCPs upon chain extension
of the copolymers. The BCPs exhibit only one Tg value
rather than two Tg values. One Tg value was expected for
the BCPs because the Tg values of P(MMA-r-EMA) are
similar to the Tg of PS (354–368 K, estimated from mea-
sured Mn(PS) using the empirical equation Tg= 371 –

(105/Mn))[63]. These results also confirm the successful
chain extension of P(MMA-r-EMA), highlighting the abil-
ity to achieve complex copolymers with well-controlled
structures.

Conclusions

The copolymerization of two simple methacrylates, MMA
and EMA, via Cu(0)-mediated RDRP was thoroughly stu-
died. Cu(0)-mediated RDRP offers a highly controlled route
to form copolymers exhibiting desired molecular weights,
low dispersity, and end functionality. Kinetic studies with
systematic variations in the monomer feed ratio and tem-
perature showed that the copolymerization followed
pseudo-first-order reaction kinetics; the apparent rate con-
stant did not show a significant difference regardless of the
monomer feed ratio, although the polymerization tempera-
ture affected the rate constant and induction period. In
addition, the degree of polymerization of all copolymers
increased linearly as a function of polymerization conver-
sion. The reactivity ratios as a function of temperature were
obtained using three different methods. The reactivity ratios
of MMA and EMA were close to unity, indicating that the
copolymer has a nearly random sequence. The temperature
dependence of the reactivity ratios provided thermodynamic
information, i.e., enthalpic barriers and entropic contribu-
tions in the propagation reactions of the same monomer
species or different monomer species. The difference in

activation entropy for both cases was negligible, indicating
that the steric effect is not significant for the propagation
reaction. On the other hand, the activation enthalpy differ-
ence, ΔH‡

EMA-EMA– ΔH‡
EMA-MMA, was approximately three

times higher than ΔH‡
MMA-MMA – ΔH‡

MMA-EMA. These
results strongly suggest that more energy is needed for the
EMA radical with MMA than for the MMA radical with
EMA, and hence, the resulting copolymer does not exhibit a
perfectly random sequence, further explaining the compo-
sitional variation at high conversion. The dyad fractions
extracted from the reactivity ratios provide a tool for pre-
dicting the glass transition behaviors of the copolymers; the
Johnston and Barton models, which make use of the dyad
information, but not the Fox and Gibbs-DiMarzio models,
described the composition dependence of Tg. Finally, the
chain extension of the random copolymers with styrene via
RAFT polymerization confirmed that the chain ends can
still be activated, highlighting the effectiveness of the
copolymerization by Cu(0)-mediated RDRP to achieve
complex copolymer architectures. These findings should
provide a deeper understanding of the fundamental aspects
and a tool to gain insight into the sequence of copolymers
synthesized via RDRP, which can ultimately be correlated
to a variety of physical and chemical properties.
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