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Synthesis of antibacterial polymers from
2-dimethylamino ethyl methacrylate
quaternized by dimethyl sulfate

Huajiang Zuo1,2, Dingcai Wu1,3 and Ruowen Fu1,3

An antibacterial quaternary ammonium acrylic monomer (1) was synthesized by quaternization of 2-dimethylamino ethyl

methacrylate with dimethyl sulfate. This synthetic route to quaternary ammonium salt monomer proved to be of high yield and

lower cost than that used to synthesize alkyl halide. The corresponding homopolymers (2) were then obtained by free radical

polymerization using potassium persulfate as the initiator. The chemical structure was characterized by Fourier transform

infrared and 1H-nuclear magnetic resonance, and molecular weights (MWs) were compared by the viscosity method. Factors

influencing the synthesis of (1) and (2) were also investigated. Antibacterial activity was tested against Escherichia coli and

Staphylococcus aureus using a minimum biocidal concentration test and the shaking flask method. Monomer (1) exhibited

moderate antibacterial activity; however, the polymers had significantly stronger antibacterial activity than the monomer.

Therefore, their potential for antibacterial application was established. Similar to other quaternary ammonium compounds,

the antibacterial activity of the polymers depended on their MW, and this dependence varied with the type of testing

microorganisms.
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INTRODUCTION

In recent years, scientists have paid much attention to the develop-
ment of new materials with antibacterial properties so as to prevent
bacterial infection and protect human health. Antibacterial materials
have been widely used in textiles,1,2 food packaging, stainless steel3,4

and medical items.5,6

Previously, research on antibacterial materials concentrated mainly
on the physical incorporation of biocides, which are released into the
surrounding environment to exert antibacterial activity.7–10 The
release rate should be carefully controlled. If the biocides release too
slowly, a desirable antibacterial activity cannot be achieved. Too fast a
release, however, would result in unnecessary waste and hasten the
expiration of the biocides. Furthermore, no matter how hard we try to
control the release rate, the materials eventually lose their biocidal
activity because of the shortage of active components. This makes
them unfit for long-term application. In addition, the threat of
residual toxicity and inability to kill airborne bacteria limit their
applications.

Recently, interest has shifted to materials with inherent antibacterial
properties that kill bacteria on direct contact without the need to
release active components. These materials show promise in retaining

antibacterial activity and reducing the risk of toxicity. Polymeric
quaternary ammonium compounds (PQACs) are among commonly
used inherently antibacterial materials, as they have good antibacterial
activity, low volatility, high chemical stability, low toxicity and low
skin irritation potential.11–13 They have been successfully used in the
antibacterial surface modification of materials.14–16

It should be noted that the properties of quaternization agents have
an important role in the antibacterial performance of PQACs. With
the change of alkyl chain length14,17 and type of counter anions of the
quaternization agents,18 the hydrophobic/hydrophilic balance and
polarity of PQACs are changed,2,19–21 thus affecting the interaction
between PQACs and bacterial cytoplasmic membranes. The most
commonly used quaternization agents are alkyl halides.22 They are useful
in preparing antibacterial PQACs; however, their industrial application is
limited because they are time-consuming and expensive, and the
problem becomes more acute with lengthening of the alkyl chain.

Therefore, we herein report the synthesis of a quaternary ammo-
nium salt (QAS) monomer (2-trimethylamino) ethyl methacrylate
methylsulfate (1) from 2-dimethylamino ethyl methacrylate (DMAEMA)
and dimethyl sulfate (DMS). The corresponding homopolymers (2)
were then obtained by free radical polymerization. Their potential for
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antibacterial application was established by antibacterial tests against
Escherichia coli and Staphylococcus aureus.

As highlighted here, (1) could be easily achieved without energy
consumption. The reaction between DMAEMA and DMS occurred
once they came into contact with each other, causing detectable
exothermal phenomena. Considering the much lower cost of DMS
with respect to alkyl halides, this synthetic route to (1) and (2) has
combined easy preparation, low cost and good antibacterial activity.
The polymers might still retain good antibacterial activity if being
immobilized on material surfaces, as the good water solubility allows
them to stretch and contact bacteria cells freely. Therefore, it might be
beneficial to use (1) in the antibacterial modification of material
surfaces, so as to respond to the increasing need for the development
of antibacterial materials.

MATERIALS AND METHODS

Materials
DMAEMA (98%, Sigma-Aldrich, St Louis, MO, USA) was distilled under reduced

pressure to remove the inhibitor before use. Hydroquinone and potassium

persulfate (KPS) were purified by recrystallization. DMS, isopropanol, acetone,

ethanol, acetonitrile and other solvents were purchased from Guangzhou

Chemical Reagent Factory (Guangzhou, China) and used without further

purification. Nutrient agar and nutrient broth were purchased from Guangdong

Huankai Microbial Sci. & Tech (Guangzhou, China).

Synthesis of (2-trimethylamino) ethyl methacrylate
methylsulfate (1)
Synthesis of (1) was carried out as follows. A certain amount of DMAEMA and

hydroquinone (molar ratio of hydroquinone/monomers¼0.4%:1) was added

into a two-necked, round-bottom flask containing the solvent isopropanol.

The isopropanol solution of DMS was then added dropwise into the flask.

After the addition of DMS (B20 min), the solution was continuously stirred

for a period of time and then refrigerated at 0 1C. White powder was then

precipitated out, filtrated, washed with ether several times, and finally freeze-

dried. The yield of (1) was calculated according to the following equation:

Yield=% ¼ weight of precipitates�100/theoretical yield of products

Synthesis of poly((2-dimethylamino) ethyl methacrylate
methylsulfate) (2)
The polymerization of (1) was carried out in a two-necked, round-bottom

flask equipped with a condenser, a nitrogen inlet and a magnetic stirrer.

Desired amounts of (1), initiator (KPS) and deionized water were added into

the flask. After purified nitrogen was passed through the vessels for 0.5 h,

the system was heated to a predetermined temperature and stirred under

N2 atmosphere. The polymerization was stopped by cooling down to room

temperature. The products were separated by freeze-drying and purified

by continuous extraction with a soxhlet extractor (Jintan Jinbo Co. Ltd.,

Jiangsu, China). The products were finally dried in a vacuum oven at 60 1C

for 48 h.

Structure characterization
The infrared spectra were recorded from 400 to 4000 cm�1 on a Nicolet 210

infrared spectrophotometer (Madison, WI, USA) using KBr pellets. 1H-nuclear

magnetic resonance spectra were collected on a FT-NMR (INOVA-500, Varian,

Palo Alto, CA, USA) spectrometer using D2O as solvent.

Determination of intrinsic viscosity
Because homopolymers (2) were insoluble in tetrahydrofuran, their molecular

weights (MW) were determined using the viscosity method instead of gel

permeation chromatography. A certain amount of polymers was dissolved

completely in 0.01 M NaCl and filtered with a suction filter. The time required

for the solvent and sample solution to pass through the Ubbelhode viscometer

(Shanghai Longtuo Co., Ltd., Shanghai, China) at 30 1C was recorded and

termed t0 and t, respectively. Therefore, relative viscosity Zr and intrinsic

viscosity (Z) were calculated by the following equations:

Zr ¼
t

t0
ð1Þ

Zsp ¼ Zr � 1

C
ð2Þ

½Z� ¼ lim
c!0

Zsp

C
ð3Þ

Antibacterial assessment
Bacterial culture. The antibacterial activities of (1) and (2) were tested against

Gram-positive S. aureus ATCC25932 and Gram-negative E. coli ATCC25922

using minimum biocidal concentration (MBC) value testing and the shaking

flask method as described previously.22 The bacteria were streaked out on

nutrient agar plates and incubated at 371C for 24 h. A representative colony was

lifted off with a wire loop, placed in 50 ml nutrient broth, and incubated by

shaking at 371C for 20 h. At this stage, the concentration of bacteria suspension

reached approximately 109 colony-forming units per ml (CFUml�1). Working

cultures at the required concentration were obtained by dilution with sterile

nutrient broth.

MBC test. The MBC value was used as a parameter to evaluate biocidal

activity. The test was conducted as follows: 30 mg ml�1 copolymer solutions in

deionized water were prepared in sterile test tubes and then two-fold diluted

by sterile 0.1% peptone water. Two milliliters of each copolymer solution was

mixed with 2 ml 106 CFUml�1 bacteria suspension and then kept shaking at

37 1C and 150 r.p.m. min�1 for 20 h. At the end of the incubation, 100ml of

solution was taken out, spread on the nutrient agar and incubated at 37 1C

overnight. The minimum concentration at which no bacteria survived was

determined to be the MBC value. Each experiment was repeated twice.

Shaking flask method. Ten milliliters of sample solution was mixed with the

same volume of bacteria suspension (108 CFU ml�1). The final concentration of

(1) and (2) was 3.75 or 15 mg ml�1. The solution was then incubated at 37 1C

with shaking at 150 r.p.m. min�1 for 20 h. At the end of the incubation, 1 ml of

solution was taken out and diluted with sterile 0.1% peptone water. The diluted

solutions were spread on agar plates and incubated overnight at 37 1C. The

number of surviving bacteria cells was calculated by multiplying the number of

colonies by the dilution factors.

RESULTS AND DISCUSSION

Synthesis of (1)
The reaction temperature, time and feed ratio of DMS/DMAEMA
were taken into account in the synthesis of DAMEMA–DMS.
The yield was considered the evaluation factor.

It was found that DMS was very reactive toward DMAEMA. When
the synthesis was carried out at room temperature (30 1C), an
exothermic phenomenon was clearly observed as soon as DMS was
added and caused an increase in reaction temperature. DMS solution
was added dropwise for about 20 min. Once the DMS was added, the
mixed solution was found to cool down to room temperature in
several minutes. The reaction was of high efficiency. As shown in
Figure 1, just after the addition of DMS, the yield reached 87.6%.
If the reaction was continued for another 4 h, the yield increased
slightly, to 91%.

The yield of (1) at different reaction temperatures was determined
just after the addition of DMS. In general, the yield of (1) increased
with reaction temperature. When the temperature increased from 0 to
30 1C, the yield increased from 45 to 87% (See Table 1). Care should
be taken in dealing with the increase in reaction temperature. When
the reaction proceeded at 60 1C a side reaction occurred, and the
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mixed solution changed from colorless to red. This might be attri-
buted to the reaction of the inhibitor hydroquinone at high tempera-
ture. Therefore, QAS monomer could be obtained from DMAEMA
and DMS without energy consumption. A reaction temperature of
30 1C was recommended for the synthesis of (1).

The influence of the DMS/DMAEMA mole ratio is shown in
Figure 2. When the mole ratio of DMS/DMAEMA increased from
0.68 to 1.13, the yield of (1) increased from 47.1 to 93.1%. Therefore,
the amount of DMS had great influence on the yield of QAS
monomer. When the dosage of DMS increased, more DMAEMA
participated in the reaction, producing more QAS monomer.

The results summarized above sufficiently demonstrate the
feasibility and efficiency of the synthetic route for (1). Therefore,
DMS seems to be an attractive substitute for alkyl halides, which is
time-consuming and expensive.

The chemical structure of (1) was characterized by Fourier trans-
form infrared and 1H-nuclear magnetic resonance listed in Table 2.
These data were in agreement with the theoretical structure of
DAMEMA–DMS.

Synthesis of (2)
The QAS monomer (1) was polymerized by free radical polymeriza-
tion using KPS as the initiator. The influence of polymerization time,
temperature, concentration of monomer and initiator on the yield and
MW (viscosity) of (2) was investigated. Because polymers (2) were
insoluble in tetrahydrofuran, their MWs were determined by viscosi-
metric analysis.

As shown in Figure 3, the yield of (2) increased gradually with the
increase of polymerization time. When the polymerization time was
prolonged from 12 to 24 h, the polymerization proceeded further, and
the yield increased from 79 to 84%. In contrast, the viscosity (Zsp) of
the (2) solution decreased linearly from 73 to 62. This might be

Figure 2 Effect of feed ratio on the yield of (1). Reaction temperature,

30 1C; hydroquinone/DMAEMA mole ratio, 0.4:100.
Figure 1 Effect of reaction time on the yield of (1). Reaction temperature,

30 1C; DMAEMA/DMS mole ratio, 1:1; hydroquinone/DMAEMA mole ratio,

0.4:100.

Table 1 Effect of reaction temperature on the yield of (1)

Temperature (1C) 0 15 30 60

Yield (%) 45 65 87 Red solution mixture (side reaction)

Figure 3 Effect of polymerization time on yield and molecular weight.
Concentration of (1), 20 wt%; KPS/(1) mass ratio, 0.4:100; polymerization

temperature, 60 1C.

Table 2 Structure characterization of (1) and (2)

(1) (2)

Fourier trans-

form infrared

1633 cm�1 (C¼C stretching

vibration), 3092 cm�1

(¼CH stretching vibration);

1720 cm�1 (C¼O stretching

vibration); 1179 cm�1

(C�O�C asymmetrical stretching

vibration); 1362, 1323, 1178

and 1207cm�1 (RO�SO2� OR¢);
1060 cm�1 ( �S¼O� stretching

vibration)

1727 cm�1 (C¼O

stretching vibration);

1162 cm�1 (C�O�C

asymmetrical stretching

vibration); 1362, 1323,

1178 and 1207cm�1

(RO�SO2–OR¢);
1069 cm�1 (�S¼O�
stretching vibration)

1H-nuclear

magnetic

resonance

a(5.612 p.p.m.), b(6.018 p.p.m.),

c(1.675 p.p.m.), d(4.408 p.p.m.),

e(3.488 p.p.m.), f(3.074 p.p.m.),

g(3.625 p.p.m.).

1(1.919 p.p.m.),

2(1.114 p.p.m.),

3(4.479 p.p.m.),

4(3.494 p.p.m.),

5(3.220 p.p.m.),

6(3.696 p.p.m.).
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attributed to the production of lower MW polymers, the amounts of
which increased with polymerization time. The existence of lower
MW polymers caused the reduction in viscosity of the whole sample.

A similar tendency was found in the effect of the KPS/(1) mass
ratio, as shown in Figure 4. The yield increased slightly with the
increase of KPS concentration, but the viscosity (MW) of (2)
decreased significantly with it. When the KPS/(1) mass ratio increased
from 0.2 to 1.0%, the Zsp decreased sharply from 69.2 to 36.0. This was
in accordance with the general features of free radical polymeriza-
tion. With the increase of KPS/(1) mass ratio, more radical initiators
were produced in the polymerization system. This was beneficial to
the full polymerization of (1). However, yield lagged behind the
increase of the KPS/(1) mass ratio. Therefore, with the increase of
KPS concentration, the number of polymer molecules increased, and
the degree of polymerization decreased. This resulted in the decrease
of MW, which was expressed as the decrease of viscosity. Therefore,
the amount of KPS was a potent tool in controlling the MW of (2).

Figure 5 shows clearly that both yield and Zsp decreased with the
increase of the monomer content if the KPS/(1) mass ratio was held
constant. When content of (1) increased from 7.4 to 47.6 wt%, the
yield decreased slightly, from 83.1 to 75%, and the Zsp decreased to a

greater degree, from 72.0 to 50.2. The difference in response may have
occurred because the viscosity of the reaction system increased with
monomer content. It was unfavorable for the polymer radicals to
contact with (1). Meanwhile, the concentration of polymer free
radicals and initiator radicals in the system increased, which enhanced
the termination rate of large molecular free radicals. This might have
caused the reduction in yield and MW.

The effect of polymerization temperature on the yield and MW is
shown in Figure 6. It was found that the yield increased gradually, and
the rate tended to slow with the increase of temperature. In contrast,
the Zsp first increased with polymerization temperature and then
decreased when the polymerization temperature was above 50 1C.
This could also be explained by the mechanism of free radical
polymerization. The increase in polymerization temperature would
accelerate the decomposition rate of KPS and enhance the polymeri-
zation reactivity of (1), which was beneficial for the complete
polymerization of (1) and the increase of the yield of (2). However,
the dependence of MW on polymerization temperature was somewhat
complicated. The enhancement of monomer reactivity could have
promoted the process of chain propagation and been beneficial for the
increase in MW. However, the acceleration of the decomposition rate
of KPS produced more free radicals in the reaction system. This meant
that more free radicals were simultaneously contending for (1). At the
same time, the rise in temperature also increased the chance of
coupling termination and disproportionation termination of the
polymerization, which consequently might have induced the decrease
in MW. At different stages of polymerization, one of the two factors
had the leading role and caused the increase or decrease in MW
(viscosity).

The chemical structure of (2) was characterized by Fourier trans-
form infrared and 1H-nuclear magnetic resonance (Table 2). These
data were also in agreement with the theoretical structure of poly
(DAMEMA–DMS).

Antibacterial assay
The antibacterial activity of as-prepared QAS monomer (1) and the
corresponding polymers (2) was tested against E. coli and S. aureus
using MBC value testing and the shaking flask method, the results of
which are shown in Tables 3 and 4, respectively. In Table 3, it was seen
that MBC values of the polymers were in the range of 0.5–5.0 mg ml�1

against E. coli and S. aureus, equivalent to 1.8–18 mM. This was

Figure 5 Effect of the concentration of monomer on yield and molecular

weight. KPS/(1) mass ratio, 0.4:100; polymerization temperature, 60 1C;

polymerization time, 16 h.

Figure 4 Effect of the concentration of KPS on yield and molecular weight.

Concentration of (1), 20 wt%; polymerization temperature, 60 1C;

polymerization time, 16 h.

Figure 6 Effect of polymerization temperature on yield and molecular

weight. Concentration of (1), 20 wt%; KPS/(1) mass ratio, 0.4:100;

polymerization time, 16h.
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obviously better than that of the precursory monomer (more than
15 mg ml�1). Furthermore, it should be pointed out that the anti-
bacterial activity of (2) was comparable with that of PQACs derived
from alkyl halides. Therefore, DMS seemed to be a possible substitute
for alkyl halides in the preparation of antibacterial QACs.

The enhancement of antibacterial activity might be due to the
increase of local charge density by polymerization. In previous studies,
the antibacterial action of QACs was believed to be as follows:
(1) adsorption onto the negatively charged bacterial cell surface;
(2) penetration through the cell wall; (3) binding to the cytoplasmic
membrane; (4) disruption of the cytoplasmic membrane; (5) release of
intracellular constituents such as K+, DNA and RNA; and (6) death of
bacteria cells.22,23 As the polymers have higher local charge density
than the corresponding monomer, the process (1) is expected to have
a large driving force.22,25 This might be the reason that (2) exhibited
better antibacterial activity than (1).

The antibacterial performance of (2) also showed MW-dependent
properties. The antibacterial activity against S. aureus increased
steadily when Zsp increased from 36.46 to 68.96. No inflection point
appeared in this region. This might also be due to the influence of
local charge density, which has been proven to increase with MW in
previous studies. Ikeda et al.26 prepared polymers with biguanide side
chain groups, and found that the biocidal activity increased with
MW up to 5�104 Da. Kanazawa et al.21 synthesized a series of
poly (tributyl 4-vinylbenzyl phosphonium chloride) and found that
their antibacterial activity increased with MW from 1.6�104 to
9.4�104 Da. Interestingly, some antibacterial polymers are even
derived from inactive monomers.27

However, we do not fully understand the influence of MW on the
antibacterial activity of (2) against E. coli. The best MBC value was
obtained at the Zsp of 60.52. Both increasing and decreasing the MW of
(2) weakened the antibacterial activity against E. coli. This might be
caused by the difference in bacteria cell envelope structure. S. aureus
and E. coli are the typical representatives of Gram-positive and Gram-
negative bacteria, respectively. Compared with Gram-positive bacteria,
Gram-negative bacteria possess an extra outer membrane composed
of phospholipids, proteins and lipopolysaccharides. The membrane is
responsible for discharging a variety of environmental molecules
and absorbing other necessary compounds selectively.27,28 Because of
the outer membrane, E. coli is more resistant to antibacterial agents

than is S. aureus. This might have caused the different response to
antibacterial (2).

Antibacterial activity was further characterized by the shaking flask
test, the results of which are shown in Table 4. The killing rate
increased with the dosage of (1) and (2). Similarly, the homopolymers
(2) were more biocidal than the monomer (1), as 99.99% of E. coli
were killed by 3.75 mg ml�1 (2), whereas only 63.2% were killed by the
same amount of (1). A similar phenomenon was observed in the
treatment of S. aureus.

CONCLUSIONS

In conclusion, an antibacterial quaternary ammonium acrylic mono-
mer (1) was synthesized from the quaternization of DMAEMA with
DMS. The reaction was very active at room temperature and did not
need any extra energy, thus having high efficiency and yield. The
corresponding homopolymers (2) were obtained by free radical
polymerization, and the potential of (2) for antibacterial application
was then established. It was found that (2) had significantly higher
antibacterial activity than (1), although (1) exhibited moderate anti-
bacterial activity. It was also found that the antibacterial activity was
influenced by the MW and type of bacteria strain. Furthermore,
homopolymers (2) were found to exhibit antibacterial activity com-
parable with that of some other PQACs derived from alkyl halides.
Because of the good water solubility of homopolymers (2), they might
retain the good antibacterial activity after being immobilized on the
surface of various materials, as they can stretch and come into contact
with bacterial cells freely. Therefore, DMS is an attractive substitute for
alkyl halides. The application of DMS for preparing antibacterial
PQACs has combined benefits of ease of operation, high efficiency,
low cost and good antibacterial activity. This type of antibacterial
PQACs is promising for use at large scale to prevent bacterial infection
and protect human health.
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