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Abstract: Methyl methacrylate (MMA), ethyl acrylate (EA), butyl acrylate (BA) and isooctyl acrylate (2-EHA) were used
as the main monomers; y-methacryloxypropyl trimethoxysilane (KH-570) was used as the silicone functional monomer;
a reactive emulsifier and sodium dodecyl sulfate were used as the composite emulsification system; ethyl 2-bro-
moisobutyrate (EBIB) was used as the initiator; and copper bromide was used as the catalyst. A silicone-acrylic emulsion
was prepared by the activators regenerated by electron transfer-atom transfer radical polymerization (ARGET-ATRP) with
2-bipyridine as the ligand and ascorbic acid as the reducing agent. The effects of temperature, initiator, organosilicon and
bipyridine on the reaction kinetics were studied, and the polymers were characterized by infrared spectroscopy, gel per-
meation chromatography (GPC) and nuclear magnetic resonance spectroscopy. When the temperature increased, the con-
version and the polymerization rate increased, and the apparent activation energy Ea was 79.65 kI-mol”. A greater
initiator amount correlated to a higher conversion, a higher polymerization rate and a lower molecular weight. An increase
in the amount of silicone increased the conversion and the reaction rate to 0.5% and 1%, respectively. With increasing
silicone content, the gel content of the polymer, the molecular weight and PDI increased; when the silicone content was
4%, the polymer could not be dissolved by tetrahydrofuran. The characterization showed that MMA, EA, BA, 2-EHA,
KH-570 and the reactive emulsifier SR-10 were all involved in the polymerization. ARGET-ATRP had a controllable
molecular weight and narrow molecular weight distribution. Due to the addition amount and cost, few industrial appli-
cations exist. Therefore, in this study, the application of ARGET-ATRP on wood paint and the control of the molecular
weight of the polymer to meet large-scale industrial application needs were examined.
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polymerization kinetics, emulsion polymerization, activation energy, conversion.
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Introduction

Atom transfer radical polymerization (ATRP) uses organic
halides as initiators and transition metal compounds and ligands
to form complexes as catalyst systems to achieve controlled
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polymerization.! Due to its advantages of wide monomer cov-
erage, easily available raw materials, mild polymerization con-
ditions and simple operation, ATRP technology provides an
effective method for the synthesis of functional polymers.>
However, because halides are highly toxic and transition metal
oxides are easily oxidized by air, the application range of this
method is limited. Therefore, the difficulty in this study is the
need to add other co-initiators in addition to initiators (such as
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ligands and chlorides) in the reaction process of ATRP because
leads to more impurities in the system and increases the cost of
the raw materials; thus, commercial promotion is relatively slow.
To improve this dilemma, industrial emulsion polymerization
has made a breakthrough, and the activators regenerated by
electron transfer-ATRP (ARGET-ATRP) technology with a
small amount of initiator has begun to gain increase research
attention. Based on the findings of Matyjaszewski® and ATRP
in 2006, ARGET-ATRP method of electron transfer*® of acti-
vated regenerated catalysts was proposed. This method intro-
duces a reducing agent, which greatly decreases the effect of the
catalyst, and does not require a strict oxygen-free environment.
Different forms of polymers can be prepared by the ARGET-
ATRP technology, such as star polymerization,” block copo-
lymers®*'* and hyperbranched copolymers. Theoretically, the
molecular weight distribution of ARGET-ATRP is narrow;
however, in this study, the polymerization kinetics of ARGET-
ATRP in a complex formulation system based on the wood
paint formula is examined. The results of this experiment show
that the wide molecular weight distribution is due to the reac-
tion in a complex system and the introduction of silicone.

Acrylate emulsions are widely used in coatings, inks, adhesives
and other fields because of their good mechanical strength, weather
resistance, chemical agent resistance, high film gloss and per-
meability." Silicone contains Si-O bonds with high bond ener-
gies and a very special molecular structure and has the advantages
of good heat resistance, weather resistance and relatively good
film-forming properties with acrylic resin. The combination of
silicone and the acrylate emulsions can be used to prepare sil-
icone resin with high weather resistance, water resistance, pol-
lution resistance, ultraviolet radiation resistance, acrylic resin
bonding strength, flexibility and other characteristics of com-
posites.”? In addition, acrylate emulsions can be used in the
preparation of coatings, rubber and adhesives."

To expand the application range of ARGET-ATRP, the acrylic
emulsion ratio of wood paint for the free radical polymerization
was adjusted, and a five-component co-polyacrylate emulsion
with silicone was prepared by the ARGET-ATRP method. The
polymer was characterized and analyzed by infrared (IR) spec-
troscopy, nuclear magnetic resonance (NMR) spectroscopy and
gel permeation chromatography (GPC). At the same time, the
effects of temperature, time and initiator on the polymerization
kinetics were studied.'*'> The innovation of this study is the
preparation of the acrylate emulsions by using a complex emul-
sion system of the reactive emulsifiers of R1, K12 and sodium
dodecyl benzene sulfonate instead of the traditional small mol-
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ecule single emulsion system. Silicone KH-570-modified acry-
late emulsions are new and popular emulsions that are highly
useful for practical production. The production technology of
silicone acrylic emulsions is green, nontoxic and saves energy;
thus, this technology is very beneficial for environmental pro-
tection.

Experimental

Main Raw Materials. Methyl methacrylate (MMA), ethyl
acrylate (EA), butyl acrylate (BA), and isooctyl acrylate (2-EHA)
(AR, Chengdu Cologne Chemicals Co., Ltd., China) were used
after vacuum distillation. y-methacryloxypropyl trimethoxysilane
(KH-570), sodium dodecyl benzene sulfonate, sodium dodecyl
sulfate, copper bromide, and ascorbic acid were purchased from
AR, Chengdu Cologne Chemicals Co., Ltd. (China) 2-Ethyl bro-
moisobutyrate and bipyridine were purchased from AR, Shanghai
McLean Biochemical Technology Co., Ltd. (China) Reactive
anionic emulsifier (SR-10) was obtained from AR, Japan Adiko
Co., Ltd.

Main Equipment and Instruments. The equipment and
instruments used throughout this study are as follows: a Bruker
Avance 500 M NMR spectrometer (Bruker, Switzerland); a Nico-
let Magna-IR550 FTIR instrument (Nicolet, USA); a high-per-
formance gel chromatography (GPC) instrument (Waters Company);
a circulating water vacuum pump (SHZ-III, Zhengzhou Yuhua
Instrument Manufacturing Co., Ltd., China); an electric blast
drying box (101-2AB, Tianjin Tester Instrument Co., Ltd., China);
a precision timing electric mixer (JJ-1, Changzhou Yineng
Experimental Instrument Factory, China); and an electronic
analytical balance (AR2140, Shanghai Puchun Metrology Instru-
ment Co., Ltd., China).

Preparation of the Silicone-acrylic Emulsions by the
ARGET-ATRP Method. An emulsifier containing 0.20 g of
the reactive anionic emulsifier SR-10, 0.12 g of sodium dodecyl
sulfate (SDS), and 0.28 g of sodium dodecyl benzene sulfonate
(SDBS) and water were added to a 500 mL four-neck flask with
a reflux condensing tube, a thermometer, and mechanical stir-
ring. The reaction was carried out at 60 C at a stirring rate of
350 r/min for 30 min such that the emulsifier and water fully
formed a dispersed emulsion. The reaction temperature was
increased to 80 C (n=300 r/min), and the monomers (methyl
methacrylate (MMA), 18.81 g; butyl acrylate (BA), 4.14 g; ethyl
acrylate (EA), 4.02 g; isooctyl (EHA), 0.79 g; y-methacryloyl
trimethoxysilane (KH570), 0.14 g), catalysts [bipyridyl bpy, CuBr,,
ascorbic acid (AA)] and N, were reacted for 20 min.'® The
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Figure 1. ARGET-ATRP polymerization reaction.

mechanical stirring speed was reduced to 240 r/min, the ini-
tiator EBIB was added, and the emulsion was obtained after 4 h
of reaction."” The reaction equation of polymerization is expressed
as follows:

Analytical Methods. Determination of the conversion rate:
The final monomer conversion of the polymerization system
was determined by the mass method. A 1 g sample emulsion
was placed in a tin foil container, a small amount of phenol ethanol
solution was added to prevent the reaction, and the sample was
baked in a blast oven at 105 C to a constant weight.

The monomer conversion can be calculated according to the
following formula:

my—m,
——— XM=y
. my—m o
Conversion = x 100% (1)
ms

where m, represents the mass of the tin foil container; m,
represents the total mass of the tin foil container and sample;
m, represents the total mass of the dry sample and tin foil con-
tainer; m; represents the total mass of the emulsion; 7, represents
the mass of the nonvolatile components of the emulsion; and 25
represents the total mass of the monomer, unit g.

GPC analysis: gel permeation chromatography. The molec-
ular weight and molecular weight distribution of the dried powder
samples were detected by GPC after they were dissolved in tet-
rahydrofuran.

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
mixing with 5 mg of KBr, and the sample was analyzed by the
fixed angle specular reflection method. The wavenumber range
was 400 cm” to 4000 cm™.

Nuclear magnetic hydrogen spectrum analysis: The nuclear
magnetic resonance (NMR) analysis reflects the nuclear mag-
netic resonance effect of H' in the molecule. This method can

be used to determine the molecular structure. When a sample
contains hydrogen, especially the isotope H', HNMR spectros-
copy can be used to determine the structure of the molecule.
The H' atom is also called a protium. A simple hydrogen spec-
trum is derived from a solution containing the sample. To avoid
the interference of protons in the solvent, deuterated solvents are
usually used. Deuterium chloroform was selected for this study.

Results and Discussion

Effect of the Reaction Temperature on the Polymerization
Kinetics. With a fixed monomer ratio MMA:BA:EA:2-EHA:
KH-570 of 66.5:15:15:3:0.5, an initiator concentration of 6.67
x 107 mol-L" (0.67% of mass), a catalyst dosage of 0.03%
(mass) and a reaction time of 4 h, the effects of different reaction
temperatures on the polymerization were determined, as shown
in Figure 2. The conversion increased with increasing tem-
perature. After 90 min of reaction, the conversion wad gen-
erally stable; a lower polymerization temperature correlated to
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Figure 2. Changes in the conversion rate with time at different tem-
peratures.
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Figure 3. In [M]y/[M)] diagram at different temperatures.

a lower conversion within the same reaction time, and the con-
version slowly increased when the polymerization temperature
was 75 C; the conversion was approximately 95% after four
hours of reaction at the four temperatures.

The characteristics of the controllable free radical polym-
erization were examined.'® In this study, the polymerization
kinetics were studied at 4 stages with conversion rates of 10,
20, 30 and 45 min, and the results are shown in Figure 3;
In([M,]/[M]) has a linear relationship with time, indicating that
the polymerization process conformed to first-order kinetics,
and a lower polymerization temperature correlated to a better
linear relationship. At polymerization temperatures of 75, 80,
85, and 90 C, the apparent growth rate constants K,,, were
0.01451, 0.02332, 0.03361, and 0.04535 min™', respectively;
additionally, the polymerization rate increased with increasing
polymerization temperature. The apparent rate constant K,,,
could be calculated by the kinetic formula In([M]y/M)=K,,'t,
and this is plotted against 7', as shown in Figure 4. We obtain
the line y =-9.58x +23.34, where the slope of the line is -E,/R
and the intercept is the frequency factor A. According to the
Arrhenius formula K,,,=Aexp (-E,/RT), the apparent activation
energy E, of the emulsion can be calculated and was deter-
mined to be 79.65 kI-mol; this value is greater than those of
common homopolymers,'* mainly because many monomers are
present in the system and the activity of the monomers such as
silicone is low.***!

Effect of the Initiator on the Polymerization Kinetics.
Chain initiation is the key reaction for controlling the polym-
erization rate and molecular weight; thus, the appropriate amount
of initiator needs to be determined. In this study, EBIB was selected
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as the initiator, and the monomer ratio MMA:BA:EA:2-EHA:
KH570=66.5:15:15: 3: 0.5 was fixed. With a catalyst dosage of
0.05% (mass), a reaction time of 4 h and a reaction temperature
of 80 C, the conversion at different temperatures and the
effect of initiator dosage with different monomer ratios on the
polymerization were determined. As shown in Figure 5, before
90 min, a higher initiator concentration correlated to a greater
monomer conversion; however, after 90 min, the conversion
became stable, and the initiator had a minimal effect on the
conversion within a certain range. Because the initiator is directly
related to the molecular weight of the polymer, the effects of
different concentrations of initiator on the molecular weight
are examined. The test results are provided in Table 1. With
increasing amounts of initiator, the molecular weight gradually
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Figure 5. Effect of the initiator dosage on the conversio.
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Table 1. Effect of Initiator Dosage on the Emulsion

Initiator dosage Conversion (%) M, My PDI
0.6:100 95.52 40033 98905 2.47
1.0:100 96.60 34192 89906 2.63
1.4:100 97.30 27178 85952 3.16

W [M:{1=100:0.6 K, =0.02070 mol- L-min |
2.0 @ [M:[I=100:08 K, =0.02770 mol-L-min""

L [ME[I[=100:1.0 K, =0.02916 mol-L-min’"!
W M:[1]=100:1.4 K, =0.03244 mol-L-min™'

._
in

In[My)/[M]
=

0.5
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Time (min)

Figure 6. In([M],/[M]) diagram under different initiation dosages.

decreased, and the change in the polydispersity index (PDI)
was small. In this system, the effect was improved when the
ratio of initiator to monomer was 0.6:100.

The results from the study of the polymerization kinetics
after 60 min are shown in Figure 6. When the initiator dosage
was 100:0.6, 100:0.8, 100:1.0, and 100:1.4, the corresponding
apparent growth rate constants K,,, were 0.02070, 0.02770,
0.02916, and 0.03244 min™, respectively. With increasing ini-
tiator dosage, the apparent growth rate constant of the reaction
increased; specifically, the reaction rate increased. In([M]y/[M])
showed a linear relationship with time, which confirmed that
polymerization was a first-order reaction; moreover, the linear
relationship was better when the initiator concentration was low.

Effect of the Silicone Content on the Polymerization
Kinetics. By selecting 0.0, 0.5, 1.0, 2.0, and 4.0% (total mono-
mer mass ratio) KH-570 for polymerization, the effects of the
different organosilicon contents on the polymerization conversion
and the logarithm of the monomer concentration (In([M,]/[M]))
were examined. The effect of the KH-570 dose on the mono-
mer conversion is shown in Figure 7. With increasing silicone
content, the conversion rate gradually decreased, which was
likely caused by the excessive cross-linking during the reaction
process, resulting in the formation of a gel. After 60 min of
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Figure 7. Variation diagram of the conversion with reaction time for
the different organosilicon contents.
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Figure 8. Variation in the organosilicon content with reaction time.

polymerization, the conversion rate slowly increased. During
the experiment, a greater amount of silicone correlated to more
difficulty in controlling the reaction.

The influence of the amount of KH-570 on the logarithm of
the monomer concentration (In([M,]/[M])) is shown in Figure 8;
with the addition of silicone, the linear relationship of In([M;]/
[M]) vs. t deteriorated. Thus, a greater silicone content correlated
to more difficultly in controlling the reaction. In([A,]/[M]) vs.
t showed a linear relationship, indicating that the apparent rate
constant was a first-order reaction with respect to the monomer
concentration; specifically, the concentration of the increased
free radicals remained basically unchanged during the polym-
erization. A larger slope from the first-order kinetic curve cor-
related to a faster reaction rate. The apparent polymerization
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Table 2. Effect of the Organosilicon Content on Molecular Weight
and PDI

Organosilicon content (%) M, M, PDI
0.0 40033 98905 2.47
0.5 48928 107641 3.72
1.0 57890 180980 4.84
1.5 68948 256801 6.89

rate constants corresponding to the KH-570 dosages of 0.0, 0.5,
1.0, 2.0, and 4.0% were 0.01306, 0.01098, 0.01019, 0.00913,
and 0.00807 min™, respectively. These results showed that the
polymerization rate of the reaction was negatively correlated
with the increase in the amount of silicone. The low polym-
erization rate occurred because when the organosilicon content
was high, the cross-linking of the system was large, resulting in
a partial coating of the monomers and an incomplete reaction.

The effect of different silicone contents on the molecular
weight and PDI of the polymer is shown in Table 2. With
increasing silicone content, the molecular weight and PDI
increased, which was consistent with the results reported in the
literature; this result was mainly caused by the increase in the
molecular weight due to the cross-linking of silicone; when the
silicone content was 4%, tetrahydrofuran could not dissolve
the polymer, and the polymer could not be detected by GPC.

Effect of the Amount of Bipyridine on the Polymerization
Kinetics. The proportions of 0.2, 0.4, 0.6, and 0.8% bipyridine
(monomer mass ratio) were selected to study the effects of the
different amounts of bipyridine on the conversion and the log-
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" —&— bpy 0.6%

—¥— bpy 0.8%

Conversion (%)
n
(—]
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Figure 9. Variation in the conversion with respect to the reaction
time at different bipyridine contents.
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Figure 10. Variation in the bipyridine content with respect to the re-
action time.

arithm of the monomer concentration, as shown in Figure 9.
The addition amounts of bipyridine of 0.6% and 0.8% were
slightly greater than the addition amounts of 0.2% and 0.4%.
By simultaneously comparing the addition of 0.6% and 0.8%
bipyridine, the conversion rate was greater when slightly excess
2-pyridine-bipyridine was added; however, increasing the con-
tent of the 2-pyridine-bipyridine ligand had a minimal effect on
the final conversion rate. 2-Pyrrolidine-bipyridine is the ligand
in the reaction and forms a complex with copper bromide at a
molar ratio of 2:1. The complex has a catalytic effect. The for-
mation of more complexes correlate to an increase in the formation
of the free radicals, which can speed up the polymerization.

The effect of the amount of pyridine on the polymerization
rate is shown in Figure 10. The linear relationship between the
content of bipyridine and the polymerization rate indicated that
the polymerization rate was a first-order reaction with respect
to the monomer concentration; specifically, the increased con-
centration of free radicals in the polymerization process remained
basically unchanged. A greater slope from the first-order kinetic
curve correlates to a faster reaction rate. The values were 0.00976,
0.01003, 0.01074, and 0.01102 min, respectively; these results
indicated that the polymerization rate increased with the addi-
tion of bipyridine.

Characterization of the Polymers. As shown in Figure 11,
vibrational absorption peaks were observed at 3400, 1735,
2875, and 2950 cm™'; these corresponded to the stretching
vibrations of -OH, C=0, -CH, and -CH3, respectively. The
expansion vibration absorption peak of the S=O double bond
at 1633 cm! indicated that the reactive emulsifier SR-10 par-
ticipated in the polymerization reaction and was successfully
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Figure 11. Infrared spectrum of the silicon-acrylic emulsion.
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Figure 12. 'H NMR spectra of silicon-acrylic emulsions.

grafted onto the polymer molecular chain. The characteristic
peak of the stretching vibration of the Si-O bond in the silane
coupling agent KH-570 was observed at approximately 1066
cm’, and the characteristic absorption peak of Si-CHj; was
observed at approximately 1260 cm™. These results showed
that KH-570 was introduced into the polymer molecular
chain, and the polymerization of KH-570 with acrylate was
confirmed.

The 'H NMR spectra in Figure 12 showed the characteristic
peaks for the deuterated reagent CDCl;, the H on the double
bond in its molecular structure, the methylene H connected to
the ester group, and the methylene H on the main chain of the
polymer molecule (the wide peak at 6 =1.74 ppm). The char-
acteristic peaks of the OmurCH,murCH,-methylene H at J =
3.53 ppm and 6 =3.58 ppm were methylene and methyl. As
shown in Figure 13, a triple peak for the deuterated reagent
CDCl; was observed at 0 =77 ppm; additionally, the saturated
hydrocarbon carbon at 6 =51.80 ppm and 13.74 pm due to
-CH,-, the saturated hydrocarbon carbon at 6= 44 and a single
peak from the Si-C bond at 6 =19.16 ppm indicated that silicone
KH-570 was successfully grafted into the molecular chain of

the acrylate emulsion.”>*
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Figure 13. °C NMR spectra of the silicon-acrylic emulsions.
Conclusions

Using MMA, BA, EA and 2-EHA as raw materials, a series
of silicone-modified acrylate emulsions were successfully pre-
pared by changing the experimental conditions, such as initiation
dose and reaction temperature. The ARGET-ATRP method could
be used for polymerization under complex conditions, and this
method provides a wide and controllable molecular weight dis-
tribution.

The following conclusions were drawn: with increasing ini-
tiator dosage, the final conversion rate of the emulsion increased,
the initial reaction rate increased, the reaction rate increased
linearly with time and initiator dosage. When the reaction time
was 4 h, the conversion rate of the emulsion was 95.52%. As
the reaction time continued to increase, the emulsion con-
version rate was basically unchanged, but the molecular dis-
persion coefficient increased. The conversion rate increased
with increasing reaction temperature, and the reaction tem-
perature had a linear relationship with the conversion rate of the
emulsion. An apparent activation energy Ea of 79.65 kJ-mol’!
was obtained. The conversion rate and reaction rate increased
when the amount of silicone was 0.5% and 1%, respectively.
The gel content, molecular weight and PDI of the polymer
increased with increasing silicone content. When the silicone
content was 4%, the polymer could not be dissolved and was
not detected by GPC. As the amount of bipyridine increased, the
conversion rate slightly changed, and the reaction rate decreased.
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