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Abstract: The activators regenerated by electron transfer—atom transfer radical polymerization (ARGET—ATRP) tech-
nique was utilized in the emulsion copolymerization of 2-ethylhexyl acrylate (2-EHA), ethyl acrylate (EA) and methyl
methacrylate (MMA) as the copolymer raw material, and ethyl 2-bromoisobutyrate (EBIB) was used as the initiator
in a pentamethyldivinyltriamine (PMDETA)/copper bromide-catalyzed system for emulsion copolymerization. The
effects of the reaction temperature, reducing agent ascorbic acid (AA) dosage and ligand concentration on the copo-
lymerization kinetics were investigated. The synthesized polymers were characterized by proton nuclear magnetic res-
onance ('"H NMR) spectroscopy and infrared (IR) spectroscopy. The results showed that the copolymerization
monomers added to the reaction were successfully initiated by the initiator and polymerized into terpolymers, the con-
version rate of the monomers gradually increased with increasing amounts of ligand and reductant, and the conversion
rate of the monomers involved in the copolymerization reaction and the apparent reaction constants gradually
increased with increasing reaction temperature. The apparent activation energy of the copolymerization reaction, Ea,
was calculated to be 80.43 kJ-mol™.

Keywords: activators regenerated by electron transfer—atom transfer radical polymerization, kinetics, emulsion copo-
lymerization, apparent activation energy, apparent polymerization rate constant.

Introduction demonstrated theoretical and practical importance in the pre-

cise synthesis of polymeric materials. Conventional ATRP systems

Atom transfer radical polymerization (ATRP), as the core achieve reversible activation of radicals through low-valent

technique for controlled/activated radical polymerization, has transition metal catalysts, but their high sensitivity to oxidative

environments severely limits their industrial application. Reverse
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the initial catalysts, and active catalytic species are generated
in situ via the redox action of the initiator, laying the founda-
tion for a breakthrough in the practicability of the system. The
ATRP of activators regenerated by electron transfer (ARGET—
ATRP) further optimizes the catalytic system by reducing the
amount of transition metals to the ppm level, and the residual
catalysts after the reaction do not require additional treatment,
which greatly simplifies the production process. Given the spe-
cial requirements for cost control and water compatibility in
industrial applications, this study selects PMDETA to replace
the conventional ligand TPMA. This decision is mainly based
on two considerations: First, the cost advantage. The market
price of PMDETA is only one-third that of TPMA. The second
is water solubility compatibility. Its higher solubility in the
aqueous emulsion system can reduce the decrease in catalytic
efficiency caused by ligand agglomeration. In research on the
optimization of the ARGET—ATRP system, Dhar et al. demon-
strated that ARGET-ATRP exhibits one-stage kinetics at dif-
ferent temperatures when methyl methacrylate is used as the
monomer, which verifies the controllability of the polymeriza-
tion. Yang et al.” used this method to synthesize novel block
copolymers and prepare dispersants modified with amine groups,
which expands the boundaries of the applications of functional
materials. Kwak ef al. used a low-valent ligand in synergistic
interactions with zero-valent copper at 25 C to simultaneously
synthesize a new type of block copolymer at the ppm level,
and the residual catalysts did not require additional treatment.
Notably, the ratio of catalyst to reducing agent used in AGET—
ATRP is 1:1, whereas ARGET—ATRP can be polymerized with
less catalyst and more reducing agent.” Owing to the differences
in systems, the amount of catalyst used in ARGET—-ATRP varies.
As shown in the following three articles,'*'> the ARGET-ATRP
polymerization method was adopted. However, owing to the
differences in the system and monomer components, the amount
of catalyst used varies greatly. In the early stage of the exper-
iment, Kwak e al. used a catalyst ten times lower than that
in this paper for copolymerization, but the reaction progress
was too slow, with a conversion rate of only 16.70% after 10
hours. Therefore, a catalyst of 0.075 g was selected in the later
stage, and the conversion rate significantly improved. In this
study, which was based on the method of Simakova ef al."
the molar ratio of the catalyst to the monomer was 9.94x10%,
which was similar to the results reported in the literature. To
address the metal catalyst pollution problem, metal-free ATRP
systems have become a popular research topic. These systems
use organic photocatalysts to regulate free radicals via an oxi-

dation—reduction burst mechanism, which provides a new idea
for green polymerization technology. At present, controlled free
radical polymerization can synthesize macromolecules with
various topological structures, such as blocks, combs and stars,
and has become a central means of regulating the physico-
chemical properties of materials. Since the industrialization
of emulsion polymerization technology in the 1930s, batch,
semicontinuous and continuous processes have been gradually
developed. The batch type is easy to operate and suitable for mass
production; the continuous type has become the first choice for
large-scale industrialization because of its high efficiency and
low cost, but it requires very high equipment precision and
process control. When water is used as the dispersion medium,
emulsion polymerization completely avoids the volatile organic
compound (VOC) pollution caused by the volatilization of
organic solvents in traditional polymerization, which is con-
sistent with the concept of green chemistry. The high specific
heat capacity of the water medium can buffer the reaction heat
and precisely regulate the polymerization rate and product
quality. Zhu et al. synthesized organo-attapulgite/polyacrylate
nanocomposite latexes by soapless emulsion polymerization,
which significantly increased the mechanical strength, water
resistance and thermal stability of the films through homoge-
neous dispersion of the nanoparticles and optimization of the
interfacial bonding, providing a new approach to high-perfor-
mance coatings and composites. In addition, the low cost of
water and the price stability of large-scale procurement of raw
materials make emulsion polymerization cost-effective from
the raw material aspect. Currently, two major technologies are
being expanded in the following directions: In catalytic green
systems, the development of metal-free photocatalytic systems
for ATRP is being focused on, and renewable resource-based
monomers and emulsifiers are being explored for emulsion
copolymerization. At the process control level, advanced sens-
ing and data analysis technology are being used to achieve
real-time monitoring of parameters to ensure the consistency of
product quality. With respect to material applications, molec-
ular design and process innovation are being utilized to prepare
special structural composites to promote breakthroughs in elec-
tronics, medical and other fields. In summary, ATRP and emul-
sion polymerization technology, through mechanism innovation
and process optimization, play key roles in the accurate syn-
thesis and green production of polymers, and their cross-utili-
zation will open up a broader space for the frontier research of
functional materials.
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Experimental

Main Raw Materials. Methyl methacrylate (MMA), ethyl
acrylate (EA), and 2-ethylhexyl acrylate (2-EHA) (analytically
pure; Chengdu Cologne Chemical Co., Ltd., China) were used
after vacuum distillation. Sodium dodecyl sulfate (SDS), pen-
tamethyldivinyltriamine (PMDETA), deuterated dimethylsulf-
oxide (DMSO), ascorbic acid (AA), ethyl 2-bromoisobutyrate
(EBIB), methanol (CH;OH), and potassium bromide (KBr)
(analytically pure; Shanghai Aladdin Biochemical Science and
Technology Co., Ltd., China) were also used.

Main Equipment and Instruments. A nuclear magnetic
resonance spectrometer (WNMR-1, Tianjin Tester Instrument Co.,
Ltd., China), Fourier transform infrared spectrometer (FTIR920,
Gongyi Yingyu Yarong Instrument Factory, China), recirculating
water vacuum pump (SHZ-III, Zhengzhou Yuhua Instrument
Manufacturing Co., Ltd., China), electrothermal constant-tem-
perature drum and air drying oven (101-2AB, Tianjin Tianta Exper-
imental Instrument Co., Ltd., China), precision timing electric
stirrer (JJ-1, Changzhou Yingneng Experimental Instrument
Factory, China), electronic analysis balance (AR2140, Shanghai
Proanalytical General Instrument Co., Ltd., China), and con-
stant-temperature bath (HH-WO-5L, Tianjin Top Instrument Co.,
Ltd., China) were used.

Synthesis of Acrylate Emulsions. To a 500 mL flask with
a mechanical stirring device, a temperature detection device
and a condensation reflux unit, 0.7 g of SDS and 140 mL of dis-
tilled water were added. The reaction temperature was adjusted
to 60 C, and the stirring rate was 350 r-min for 30 min to fully
disperse the emulsifier in the aqueous phase. The temperature
of the reaction system was increased to 80 “C while the stirring
rate was adjusted to 300 r-min”', followed by the addition of mono-
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mers, including MMA (24.5 g, 0.245 mol), EA (7.0 g, 0.07 mol),
and 2-EHA (5.0 g, 0.0272 mol), as well as PMDETA and CuBr,
(0.075 g, 0.00034 mol), and the reaction was vented to nitro-
gen and maintained for 20 min. The mechanical stirring rate
was adjusted to 240 r-min”', the initiator EBIB was added, and
the reaction time was controlled to 4 h after the emulsion was
generated. Among the additives, n(EBIB):n(total monomer):
n(CuBr,)=0.67:99.23:0.10. The results of the copolymerization
reaction are shown in Figure 1.

Analytical Methods. The conversion rate was determined
by the gravimetric method. A 1 g emulsion sample was placed
in a tin foil container, a small amount of a phenol ethanol solu-
tion was added to prevent reactions, and then, the sample was
baked in a blast oven at 105 C until a constant weight was
reached. The monomer conversion can be calculated according
to the following equation:

(my—my)
(my—mg)
a%=— "m x 100% (1)
5

where m, represents the mass of the tinfoil mold (g), m, rep-
resents the mass of the sampled emulsion and tinfoil mold (g),
m, represents the mass of the dried sample and tinfoil mold (g),
m; represents the total mass of the emulsion (g), m, represents
the mass of the nonvolatile components of the emulsion (g), m;
represents the total mass of the monomers (g), and a% rep-
resents the conversion ratio.

Infrared Spectrum Analysis: The sample was dried at 27 C
in a blast drying box, the water was fully volatilized, and the
remaining sample was ground into a powder. The sample was
mixed with 5 mg of KBr, and the sample was analyzed by the
fixed-angle specular reflection method. The wavenumber range
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Figure 1. ARGET-ATRP copolymerization reaction.
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was 400 cm™ to 4000 cm.

Proton Nuclear Magnetic Resonance Spectrum Analysis:
'H NMR spectroscopy analysis reflects the nuclear magnetic
resonance effect of 'H in a molecule. This method can be used
to determine molecular structure. When a sample contains
hydrogen, especially the isotope 'H, "H NMR spectroscopy can
be used to determine the structure of the molecule. The 'H iso-
tope is also called protium. A simple hydrogen spectrum can be
derived from a solution containing the sample. To avoid the
interference of protons in the solvent, deuterated solvents are
usually used. Deuterated dimethylsulfoxide (DMSO) was
selected for this study.

Results and Discussion

Influence of the Amount of Ligand Used in the Reaction
System. During emulsion copolymerization involving metal
catalysts, ligands can coordinate with metal ions, affecting the
catalyst activity and selectivity, and play an important role in
the reaction; thus, the amount of ligand to be added must be
determined. To investigate the effect of the ligand PMDETA
dosage on the copolymerization reaction, PMDETA-to-catalyst
ratios of 0.5:1, 1:1, 1.5:1, 1.75:1, and 2:1 were selected for the
study, and the effects of PMDETA content on the conversion
rate are shown in Figure 2 (A point line graph, corresponding
to the Y-axis on the right). This figure shows that the monomer
conversion rate of each system continuously increased as the
reaction proceeded. At the beginning of the reaction, the rate of
increase was fast, but the rate gradually slowed and stabilized
after 120 min, indicating that the reaction gradually approached
equilibrium. Moreover, the conversion rate was significantly
affected by the content of PMDETA and increased with increasing
PMDETA content. When the ligand-to-catalyst ratio was 2:1,
the conversion reached approximately 95%. This result occurred
because the ligand formed complexes with the catalyst, which
changed the electron cloud density and spatial structure of the
catalyst. An appropriate increase in ligand input can effectively
regulate the electron cloud distribution and spatial configura-

increase the adsorption affinity of the catalyst for the reactants,
promote the activation of reactant molecules, and increase the
catalytic efficiency. In the late stage of the reaction, a small
amount of monomers remained, which led to a slow increase
in the conversion rate, which eventually leveled off. Since ligands
directly affect the molecular weight of polymers, we further
investigated the influence of different concentrations of ligands
on the molecular weight. The test results are detailed in Table 1.
The amount of ligand has a relatively small effect on the molec-
ular weight and molecular weight distribution. When the ligand-
to-catalyst ratio is 1:0.5 or 1:2, the molecular weight distribution
is slightly greater. This increase occurs possibly because when
a 0.5 molar ratio of ligand is added, the amount of ligand is
lower, resulting in poorer control of the reaction. Moreover, at
a high ratio of 1:2, the reaction conversion rate may be high, so
the PDI is relatively large. However, at the proportion that can
trigger the reaction to proceed, the amount of ligand has a rel-
atively small effect on the molecular weight.

The effects of different ligand-to-catalyst ratios on the log-
arithm of the monomer concentration In([M]y/[M]) are shown
in Figure 2 (A scatter plot, corresponding to the Y-axis on the
left). As shown in this figure, the corresponding copolymer-
ization reaction rates sequentially increased in the order of ligand-
to-catalyst ratios of 0.5:1, 1:1, 1.5:1, 1.75:1, and 2:1; with
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Figure 2. Influence of the amount of PMEDTA used in the reaction

tion of the catalyst active sites. This optimization can significantly system.
Table 1. Effect of Ligand Dosage on the Emulsion
Ligand agent dosage Conversion (%) M, M, PDI
1:0.5 76.59 32863 87416 2.66
1:1 80.41 33678 59273 1.76
1:1.5 85.21 34562 55645 1.61
1:2 93.53 32863 87416 1.78
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increasing ligand dosage, the reaction rate tended to increase.
This phenomenon indicates that an increase in the amount of
ligands helps increase the activity of the catalyst, thereby pro-
moting the progress of the copolymerization reaction. More-
over, In([M]y/[M]) was approximately linearly correlated with
time, which was in accordance with the characteristics of first-
stage reaction kinetics, indicating that the copolymerization
reaction is first order. However, further observation revealed
that the first-order kinetic curve had a slight curvature in the
later stage of the reaction, indicating that the oxidation process
of the catalyst might be progressive rather than a completely
ideal first-order reaction. Among the ratios explored above, the
apparent growth rate constant was the highest when the ligand-
to-catalyst ratio was 2:1, implying that the polymerization rate
is relatively fast in this case and that the reaction is superior.
On the basis of these results, a catalyst:ligand ratio of 1:2 was
selected for subsequent experiments.

Effect of Reaction Temperature on the Reaction System.
The copolymerization monomers used in the study were MMA,
EA, and 2-EHA. The aforementioned catalytic system (CuBr,/
PMDETA/EBIB) was used to copolymerize the monomer mix-
ture. On this basis, five reaction temperatures, 70, 75, 80, 85, and
90 C, were used to study the effect of the reaction temperature
on the reaction system. The correlation law between the tem-
perature and conversion rate is shown in Figure 3 (point line
graph, corresponding to the Y-axis on the right), according to
which the conversion rate of the reaction increased with increas-
ing reaction temperature, and the growth rate of the conversion
rate in the early stage of the reaction was more considerable. When
the temperature was 90 C, the conversion rate reached 95%,
and at the same time, the higher the temperature was, the faster
the increase in the conversion rate was, and the higher the con-
version rate that could ultimately be achieved. These findings
indicate that as the temperature increases, molecular thermal move-
ment increases. Within the reaction system, the monomer mole-
cules diffuse more rapidly, and their interactions with the active
catalyst species become more frequent. This outcome facilitates
the efficient propagation of polymer chains, resulting in an
accelerated reaction rate and increased monomer conversion.

To investigate the kinetics of emulsion copolymerization, the
conversion rates at different time points within 60 min were
selected for study, and the effects of temperature on In([M]y/
[M]) are shown in Figure 3 (scatter plot, corresponding to the
Y-axis on the left). This figure shows that In([M]y/[M]) has an
approximately linear correlation with time, which indicates that
the emulsion copolymerization reaction conforms to first-order

Zan, 45048 A25, 2026\
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Figure 3. Effect of reaction temperature on the reaction system.
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reaction kinetics. The corresponding polymerization rates (RPs)
increased with increasing copolymerization temperature from
70 to 75, 80, 85, and 90 C, and the apparent growth rate con-
stant was the highest at 90 C. With the gradual increase in the
copolymerization temperature, the polymerization rate substan-
tially increased. This phenomenon is consistent with the effect
of temperature on the reaction rate, i.e., an increase in temperature
leads to an increase in the effective collision frequency between
molecules, which accelerates the copolymerization reaction.
To further quantify the influence of temperature on the polym-
erization kinetics, the apparent polymerization rate constants
(K,™) at different temperatures were analyzed based on the
Arrhenius equation, as shown in Figure 4. Using the slope of the
linear fit, the apparent activation energy E, for this copolymer-
ization reaction was calculated to be 80.43 kJ-mol™. This pro-
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Figure 5. Effect of the reducing agent amount used in the reaction
system.

vides a crucial theoretical foundation for a deeper understanding
of the thermodynamic characteristics.

Effect of the Amount of Reducing Agent Used in the
Reaction System. In the ARGET-ATRP process, the reduc-
ing agent can play an important role in converting high-valent
transition metal salts into low-valent catalysts to sustain the
catalytic cycle and maintain the copolymerization reaction.
The aforementioned catalytic system was employed to study
the effect of changes in the amount of reducing agent on the
reaction system. At a constant copolymerization temperature
of 85 C, the ratio of the reductant AA to the catalyst CuBr2
was adjusted to investigate the effect of this ratio on the copo-
lymerization reaction. The experimental data shown in Figure 5
indicate that variations in the reducing agent dosage consider-
ably affect the logarithm of the monomer concentration In([M]y/
[M]) and polymerization conversion. The effect of the reductant
dosage on monomer conversion is shown in Figure 5 (point line
graph, corresponding to the Y-axis on the right), according to which
the monomer conversion increased with increasing reductant
dosage. These findings indicate that the variation in the reduc-
ing agent dosage in this system clearly affects the monomer
conversion process. The effects of different reducing agent
contents on the molecular weight and PDI of the polymers are
shown in Table 2. As the AA-to-CuBr, ratio increases, M,

Table 2. Effect of the Reducing Agent Dosage on the Emulsion

increases slightly (from 31672 to 35236 g'mol™), and the PDI
decreases considerably (from 2.74 to 1.62).

The effect of the reducing agent dosage on In([M]y/[M]) is
shown in Figure 5 (scatter plot, corresponding to the Y-axis on
the left). As shown in this figure, a good linear relationship
exists for all the conditions. The concentration of the active
centers was nearly constant throughout the copolymerization,
which indicates that the polymerization process obeys first-order
kinetics. The corresponding copolymerization reaction rate
constants increased according to the following order of cata-
lyst-to-reductant ratios: 1:1, 1:1.25, and 1:1.5. Notably, the rate
of the polymerization reaction considerably increased when the
amount of reducing agent per unit dosage increased. This phe-
nomenon may be attributed to the increase in the concentration
of AA enhancing its reducing activity toward Cu®', which
accelerates the production of low-valent copper ions, Cu(l), in
the copolymerization system and thus increases the polym-
erization rate.

Characterization of the Polymers. Under specific exper-
imental conditions, i.e., the catalyst-to-ligand molar ratio main-
tained at 1:2, the reaction temperature was kept constant at
90 C, and the catalyst-to-reductant molar ratio was set at 1:1.5;
thus, a white powdery sample was successfully prepared. This
sample was subsequently analyzed by infrared spectroscopy,

Reducing agent dosage Conversion (%)

1:1 76.40
1:1.25 84.41
1:1.5 94.42
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Figure 6. Infrared spectra of the polymers.

M, M, PDI
31672 86781 2.74
34287 61374 1.79
35236 57082 1.62
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Figure 7. '"H NMR spectra of the polymers.

and the results are presented in Figure 6. In the infrared spec-
tra, the absorption peak at 3444.6 cm was attributed to the
stretching vibration of the hydroxyl group (-OH). The peak at
2949.1 cm corresponded to the stretching vibration of the methyl
group (-CHs) and the methylene group (-CH,). The absorption
peak at 1729.66 cm™ originated from the stretching vibration
of the carbonyl group (-C=0), which was highly consistent with
the carbonyl character of the ester group (-COO-) in the struc-
tural formula. The methyl bending vibration peak, which occurred
at 1448.2 cm™, was assigned to the saturated alkyl group in the
structural formula. The absorption peak at 1143.3 cm™ corre-
sponded to the stretching vibration of the ether bond (-C—O-C-).
In addition, the characteristic peak at 480.8 cm™ indicated the
presence of bromine atoms; i.e., the product was capped with
the initiator EBIB.

In the "H NMR spectra, the chemical shifts reflect the chem-
ical environment in which the hydrogen atoms are located.
As shown in Figure 7, the peaks at 0 ~ 0.8—1.2 ppm originated
from the hydrogen atoms on the methyl group (-CHs) in the
alkyl group. The peaks in the range of d = 1.2—1.4 ppm cor-
responded to the methylene hydrogens (-CH,-). The chemical
shift peaks at 0 ~ 3.4-3.6 ppm indicated hydrogen atoms attached
to electronegative atoms, i.e., methylidene hydrogens in alco-
hols (-CH,OH) or ethers (-O—CH,-). The peak at 6 ~ 4.6 ppm had
a stronger chemical shift, i.e., a hydrogen atom in a more elec-

Zan, 45048 A25, 2026\

tronegative environment, so it corresponded to the hydrogen on
the hydroxyl group (-OH) directly connected to the oxygen atom.

On the basis of the results of the 'H NMR experiments, the
signal peak integral value ratio of the monomers MMA, EA
and 2-EHA in the copolymer was 100:30.22:8.66, which was
approximately the same as the experimental addition amount
of 100:28.57:11.02. This finding indicates that all the mono-
mers are effectively incorporated into the main chain of the
copolymer and form a saturated chain structure. A comparison
of the monomer conversion rate with the experimental results
of nuclear magnetic resonance spectroscopy revealed that the
integral value ratio was approximately consistent with the
monomer feed ratio, further verifying the integrity of the copo-
lymerization reaction and the uniformity of monomer incor-
poration.

Conclusions

In the present study, methyl methacrylate (MMA), ethyl acry-
late (EA), and 2-ethylhexyl acrylate (2-EHA) were selected as
the raw materials for the copolymerization reaction. Using acti-
vators regenerated by electron transfer—atom transfer radical
polymerization (ARGET—ATRP), an acrylate emulsion was
successfully prepared by changing the experimental conditions,
such as the amount of ligand added, the temperature of the reac-
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tion system, and the amount of reducing agent, in a targeted
manner. The synthesized copolymers were characterized and
analyzed in detail using '"H NMR and FTIR spectroscopy in
this study, and the results are as follows:

(1) As the amount of ligand increases, the monomer conversion
rate tends to increase, and the rate constant of the copolymer-
ization reaction accordingly increases, indicating that the amount
of monomers promotes the copolymerization reaction. An increase
in the reaction temperature can effectively increase the monomer
conversion rate, and the two parameters are linearly related. After
the kinetic calculations were performed, the apparent activa-
tion energy Ea of the emulsion copolymerization reaction was
determined to be 80.43 kJ-mol”, providing an important basis
for an in-depth understanding of the thermodynamic properties
of the copolymerization reaction. When the catalyst-to-reductant
ratio was increased from 1:1 to 1:1.5, both the rate of the emulsion
copolymerization reaction and the conversion of the monomers
significantly increased, indicating that appropriate adjustment
of the catalyst-to-reductant ratio helps optimize the performance
of the copolymerization reaction.

(2) Analysis of the infrared spectra and proton nuclear mag-
netic resonance spectra clearly revealed the characteristic absorp-
tion peaks of the monomer, initiator and emulsifier, which fully
proved that these components were involved in the copoly-
merization reaction and successfully formed the polymers, and
these spectra provided strong spectroscopic evidence for the
structure and composition of the products.
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