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Photocurable formulations containing trifunctional thiol, trifunctional ene, and antibacterial allylimi-
dazolium salts have been employed for transparent antibacterial coatings. The antibacterial component
1-allyl-3-dodecylimidazolium salt (ADIm) is prepared and chemically attached to polymer networks
using a one-step thiol–ene photocuring reaction. Ultra-small (USANS) and small angle neutron scattering
(SANS) measurements show that the photocured polymers are loosely networked three-dimensional
structures with a mass fractal of approximately 2.7 ± 0.2. The minimum inhibitory concentration (MIC)
for the ADIm was determined to be 500 lg/ml and 15.63 lg/ml for Escherichia coli (Gram negative)
and Staphylococcus aureus (Gram positive) bacteria, respectively. Coating formulations containing
10 mol% of the antibacterial ADIm photocured on glass substrates showed strong antibacterial activity
against environmental bacteria such as E. coli and/or S. aureus.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The public has increasingly become concerned about hygiene in
everyday life. People share many objects with others such as door
knobs, handles on public transportation vehicles, and touch
screens, as well as personal objects such as cell phones, all of which
can be contaminated by bacteria that cause communicable dis-
eases [1]. It has been estimated that approximately 3–5% of
patients leave the hospital with a nosocomial infection [2]. Bacte-
ria-laden surfaces of intravenous poles and furniture in healthcare
facilities can be sources for the pathogenic bacteria to spread to the
public. Manufacturing objects with antibacterial materials could be
a good alternative to reduce the probability of such infections. For
example, metallic materials such as silver and copper have antimi-
crobial activity [3,4], which either inhibit bacterial growth of or kill
bacteria attached to surfaces. However, the replacement of touch-
able objects currently in use with antibacterial materials is not cost
effective. Conventional antibacterial agents also have limitations
when applied to solid surfaces. For release-type antibacterial mate-
rials, the physically-mixed antibacterial ingredient is in a matrix,
(e.g., dispersing antimicrobial in paint) and gradually leaks out
over time. Antibacterial function is reduced by leaching and
exhaustion of the low molecular weight antibacterial chemicals.
Therefore, it is desirable to design new antibacterial materials
and methods that do not leach and can be applied specifically to
target surfaces while maintaining their original structural proper-
ties. To prevent antimicrobial agents from leaching, chemical bind-
ing of antibacterial monomers to polymer chains has been
performed [5–16]. An effect of chain length on antibacterial activ-
ity was observed in homopolymers of quaternary ammonium salts
(QASs) with different alkyl lengths [11], hydrophobic polycationic
coatings [13], ionic liquids [14], and functionalized polyether ether
ketone surfaces [15]. Most of these antibacterial materials require
complicated design and application procedures. A simple method
to fix the antibacterial ingredients to a cotton fabric using ultravi-
olet photocuring has been shown to kill waterborne pathogenic
bacteria [17]. An overview of antibacterial mechanisms and new
trends in antibacterial polymers has been reviewed [6–10,16,18].
Studies have focused on various antibacterial polymers [6,9,10],
possible applications of Zwitterionic materials to kill bacteria [7],
antibacterial material surfaces with polyelectrolyte multilayers
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[8], biopassive and bioactive coatings [16], and the conformation of
polymers or peptides [18]. Antibacterial polymers can maintain
their antibacterial function even when cleaned so they can be
applied to clothes, bedding, and medical fabric products [19,20].

Our strategies to design such antibacterial materials are the fol-
lowing: First, the materials must have strong antibacterial activity.
Second, the antibacterial activity must be sustained on the applied
surface for a long time. Third, the materials must be easily applied,
coated, and fixed on the surface of existing end-user products for
hospitals, public facilities, household and private items, apparel
products, packing materials, food containers, and so on. Fourth,
the antibacterial materials must allow the products to be used as
quickly as possible. Fifth, the material preparation process must
be environmentally friendly and the antibacterial materials must
be eco-friendly, not contaminating the environment by leaching
toxic chemicals.

To achieve these results, we have permanently attached anti-
bacterial imidazolium (Im) salt-based chemicals to a cross-linked
polymer backbone by using thiol–ene photocuring. There are num-
ber of reports about antibacterial polymers containing ammonium
or IM as an antibacterial QASs by post-reactions or grafting to
enhance the antibacterial effect [12,21–25]. A vinyl imidazolium
was covalently grafted to castor oil [21], and incorporated into
the backbone chain in an alternating manner with a hydrophobic
aryl group [22], or as a side group in polysiloxane [12]. Antibacte-
rial quaternary ammonium slats were photocrosslinked in the
form of polymeric ionic hydrogel films with a cross-linker of
poly(ethylene oxide) dimethacrylate [23], or a coating film with
diacrylic resins [24]. In addition, Thymole-doped acrylic resins also
show antibacterial activity by releasing thymol in liquid media
[25]. Among practically useful photocuring processes, thiol–ene
photocuring is known to have a few significant advantages, such
as high photo-sensitivity and thermal stability, insensitivity of
the oxygen inhibition effect, and ready handling of low odor chem-
ical ingredients [26,27]. Various multifunctional ‘thiol’ and ‘ene’
components are commercially available and applied in ‘thiol–ene’
photocuring systems with a proper combination of photoinitiators
(PI). As for antibacterial agents, some QASs with long alkyl chains
are known to have high antimicrobial activity and are widely used
as disinfectants in hospitals (complying with the 1st condition).
Many Im salts are mostly stable ionic liquids as well as useful
green solvents [28–30]. We have designed antibacterial Im QASs
with both long alkyl and allyl groups as a photoreactive QAS com-
ponent to incorporate into polymer chains, thereby preventing the
leaching of chemicals and sustaining the antibacterial activity for
longer periods (complying with the previously mentioned 2nd con-
dition). The photocurable liquid formulations have adequate vis-
cosity to allow easy and uniform spreading of the antibacterial
coatingon the target surface (complying with the 3rd condition).
The photocurable thiol–ene formulations allow rapid curing
reactions, (complying with the 4th condition) and the photocuring
process is simple and environmentally-friendly as no toxic organic
solvents are used (complying with the 5th condition).

Antibacterial activity was tested on two bacterial strains, Gram
negative (Escherichia coli) and Gram positive (Staphylococcus
aureus), with different cell wall properties, which can be models
for other similar bacteria.

2. Experimental

2.1. Materials and instruments

1-Allylimidazole and 1-bromododecane were purchased from
Across Organics (NJ, USA). Trimethylolpropane tris(3-mercaptopro-
pionate) (TMPTSH), 2,4,6-triallyloxy-1,3,5-triazine (TAOTA), and
other chemicals were purchased from Sigma–Aldrich Chem. and
used without further purification. For comparison, a commercial
disinfectant benzalkonium chloride (BKC) was purchased from
Sigma–Aldrich Chem. A photoinitiator, 1-hydroxycyclohexyl phe-
nyl ketone (HCPK, Irgacure184), was provided from Ciba Specialty
Chemicals, Swiss.

1H NMR spectra were recorded on a Varian Gemini 200 spec-
trometer using deuterochloroform (CDCl3) as an internal standard.
FT-IR Spectra of before and after UV irradiation were recorded on a
Nicolet-360 spectrophotometer (USA) from 400 to 4000 cm�1at a
resolution of 4 cm�1 with a liquid sample on a NaCl plate and with
a photocured film of approximately 30 lm thickness, respectively.
The Mass Spectrum of ADIm was measured on a Q-TOF Synapt G2
High Definition Mass Spectrometer (Waters, Manchester, UK)
under the following conditions: sampling cone voltage 40 V, capil-
lary voltage 3 kV, source temperature 120 �C, desolvation tempera-
ture 400 �C, cone N2 gas flow 100 L/hr, and devolution N2 gas flow
800 L/hr. ADIm was dissolved in DMSO, then diluted with 400 lL
MeOH. Data were obtained from 50 to 800 Da. The tendency of
the photocuring reaction was measured under a nitrogen atmo-
sphere using a Differential Photocalorimeter (DPC 930, TA Instru-
ment, USA) with a 200 W Hg-lamp (light intensity, 10 mW/cm2)
attached. Samples of approximately 5–8 mg were placed in open
aluminum pans. Thermogravimetric analysis (TGA) of the photo-
cured films was conducted with a TA instruments TGA 2950
(USA) at a heating rate of 10 �C/min under a nitrogen atmosphere.

Ultra small angle scattering neutron scattering (USANS) and
small angle scattering neutron scattering (SANS) were measured
with the KIST-USANS and HANARO 18 m-SANS, covering micro to
nanometer size scales in the range of scattering vectors
2� 10�5 Å

�1
< Qð¼ ð4p sin hÞ=kÞ <� 2� 10�2 Å

�1
, where 2h is the

scattering angle and k is the neutron wavelength, k ¼ 4 Å for
USANS and k ¼ 4:45 Å and 8.28 Å for SANS The scattering intensi-
ties were converted to the absolute scale (dR (Q)/dX) by correcting
the instrument parameters, transmission, and sample thickness.

2.2. Synthesis of 1-allyl-3-dodecylimidazolum bromide (ADIm)

The desired antibacterial component, 1-allyl-3-dodecylimi-
dazolium bromide, was prepared by a reaction of N-allyimidazole
(5.00 g, 46.2 mmol) with dodecylimidazolium bromide (11.49 g,
46.2 mmol) in DMF at 60 �C for 12 h. The reaction mixture solution
was added to an Erlenmeyer flask with a large excess of diethyl
ether, stirred for approximately 30 min, and allowed to stand until
the organic layer separated. When layers formed, the top layer of
diethyl ether was removed. This procedure was repeated approxi-
mately 3–4 times. Once the diethyl ether was removed, a small
amount of ethyl alcohol was added and then was evaporated at
65 �C and 130–140 rpm. The ADIm was further dried in a vacuum
oven until the weight became constant and the yield was approx-
imately 60%. 1H NMR (CDCl3, 400 MHz): 10.58 (a, 1H), 7.38 (b, 2H),
7.38 (b, 2H), 6.03 (d, 1H), 5.48 (c, 2H), 5.08 (e, 2H), 4.34 (f1, 2H),
1.92 (f2, 2H), 1.24–1.40 (f3–f11, 18H), 0.87 (f12, 3H). (Refer to
Fig. 1 for identification of peaks.) Additionally, the mass spectrum
shows a mass value identical to the theoretical mass, m/z = 277, for
ADIm, C18H33N2Br, The small fraction of m/z = 278 and 279 is due
to the natural isotopes.

2.3. Photocuring process and characterization

All the formulations containing ADIm, TMPTSH and TAOTA were
prepared in total 100 mol% with a fixed photoinitiator (PI) compo-
sition of HCPK (5 mol%) in additional quantity. For example, to
make 10 mol% of ADIm content in the photocured polymers, ADIm
0.073 g, TMPTSH 0.357 g, TATOA 0.225 g, and HCPK 0.001 g were
used. For practical photocuring, the liquid samples were coated
mainly on a slide. The photocuring procedure in the literature



Fig. 1. NMR spectrum (a) and MS spectrum (b) of the antibacterial ADIm, allyl-3-dodecylimidazolium salt.
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was used [31]. The liquid photocuring formulations were coated
(20 mm � 40 mm width, 20–35 lm thickness) on a slide glass with
an applicator (Mitutoyo, Japan), then UV curing was performed
with a exposure time of 5 s/run (5 m/min conveyor belt speed,
200 mJ/cm2) using conveyor-type UV-curing equipment (Exposure
Model LZ-UH101, Lichtzen Co., Ltd., Korea). Photocuring tendency
was evaluated by rubbing the photocured coatings with methyl
ethyl ketone (MEK) solvent. The gel content was determined from
weight loss of the film dried after refluxing MEK in Soxlet at 80 �C
for 24 h.

2.4. Evaluation of antibacterial activity

2.4.1. Bacterial strains and antibacterial susceptibility testing of ADIm
The MIC (minimum inhibitory concentration) of the ADIm

component was determined by the agar dilution method using
14 bacterial strains (S. aureus ATCC 65389, S. aureus ATCC
25923, Enterobacter cloacae ATCC 27508, E. coli ATCC 10536, E.
coli ATCC 25922, Bacillus subtillis ATCC 6633, Bacillus cereus
ATCC 27348, Salmonella typhimurium ATCC 13311, S. typhimuri-
um ATCC 14028, Acinetobacter calcoaceticus ATCC 15473, Micro-
coccus luteus ATCC 9341, Moraxella catanhalis ATCC 25240,
Serratia marcescens ATCC 27117 and Proteus vulgaris ATCC
6059) (ATCC, American Type Culture Collection, VA, USA). All
of the strains were maintained on nutrient agar (Difco Labora-
tories, MI, USA) at 37 �C. ADIm was incorporated into Muel-
ler–Hinton agar (MHA, Difco Laboratories, MI, USA) at various
final concentrations (1000, 500, 250, 125, 62.5, 31.25, 15.63
and 7.81 lg/ml). Bacterial inoculums were prepared from over-
night cultures in nutrient broth at 37 �C. The MHA plates con-
taining ADIm were inoculated with the prepared inoculums
using a multipoint inoculator (MIC-2000, Dynatech Laboratories
Inc., USA) and incubated for 24 h at 37 �C. The MIC of the ADIm
was defined as the lowest concentration that visibly inhibited
the growth of each bacterium and was compared with that of
a commercial disinfectant, BKC.
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2.4.2. Antibacterial activity testing of polymer coatings
Antibacterial activities of polymer-coated glasses were deter-

mined using a slightly modified parallel streak method (AATCC
TM147). Two bacterial strains, Gram positive S. aureus ATCC
65389 and Gram negative E. coli ATCC 10536, were used for the
antibacterial activity test. The former was chosen because of its
high infection rate in humans and the latter because of it had the
lowest MIC value among Gram negative bacteria (see Appendix
A, Supplementary Table 2).

Cover slips coated with different types of imidazolium com-
pounds by photocuring were autoclaved at 121 �C for 15 min and
thoroughly dried. Inoculums of the two bacterial strains were pre-
pared by incubation in nutrient broth for 24 h at 37 �C. The bacte-
rial inoculums were streaked on MHA plates and cover slips coated
with different photocured samples were also placed on the plates,
and the plates were incubated for 24 h at 37 �C. The antibacterial
activity of the polymer-coated glass was detected qualitatively
by observing the clear area of inhibited bacterial growth beneath
and along the sides of the cover slip.
3. Results and discussion

3.1. Preparation and antibacterial activity of ADIm

Im salt as an ‘‘ene’’ component, the 1-allyl-3-dodecylimidazoli-
um bromide (ADIm) salt, was prepared by reacting N-allyimidazole
with dodecylimidazolium bromide in DMF solvent [see Appendix
A, Supplementary Figure 8]. The structure of ADIm was confirmed
with NMR and Q-TOF MS. The NMR peak of 4.34 (f1, 2H) related to
a new bond NACH2A between the dodecyl group and imidazolium
group indicated the successful synthesis of the antibacterial ADIm
component as shown in Fig. 1. The mass value in the MS is identical
with the theoretical mass m/z = 277 of ADIm. Both NMR and Q-TOF
MS confirmed the synthesized product as ADIm.
3.2. Evaluation of antibacterial activity of ADIm

The antibacterial activity of the ADIm component against Gram
positive and Gram negative bacteria was evaluated. The minimum
inhibitory concentration (MIC) for the ADIm monomer was deter-
mined for 14 bacterial strains at 17 different ADIm/(water +
Agar + nutrient broth) concentrations ranging from 1000 lg/ml to
0.015 lg/ml. The results of the MIC test including photos are shown
in Fig. 2. Representative Gram positive and Gram negative bacteria
were selected based on the MIC values for the antibacterial activity
test of the photocured polymer coatings. The MIC values of the ADIm
against S. aureus (ATCC 65389) and E. coli (ATCC 10536) were 500 lg/
ml and 15.63 lg/ml, respectively, which were found to be compara-
ble to that of a commercial disinfectant, BKC. The MIC values for the
14 bacterial strains are listed in Appendix A, Supplementary Table 2.
3.3. Photocured antibacterial polymers and characterization

To provide the antibacterial coatings without leaching, highly
sensitive photocurable formulations have been developed based
on the thiol–ene photocuring. As shown in Scheme 1, the antibac-
terial ADIm was formulated with trifunctional thiol TMPTSH and
trifunctional ene TAOTA with HCPK as a PI.

The photocurable liquid formulation was applied onto the sur-
face of a slide glass plate with a thickness of approximately 25 lm
and then UV irradiated to initiate the thiol–ene reaction of the
coating. The thiol–ene reaction produced solidified transparent
films in which the antibacterial ADIm was directly incorporated
into the polymer network as shown in Scheme 2.
The photocuring reaction of the formulation was monitored by
the exotherm peak of the differential photocalorimetry (DPC)
(Fig. 3). The exotherm peaks almost disappeared within 60 s, indi-
cating that most reactions were finished within 1 min. With
increasing ADIm content, the exotherm peaks decreased and
shifted to longer reaction times (Fig. 3-(a)); thus, ADIm may inhibit
the thiol–ene photoreactions. In the absence of ADIm, the exotherm
peak indicates typical high photo-reactivity of the thiol–ene photo-
curing. Similar phenomena were also observed with the PI content
in the formulations as shown in Fig. 3-(b). With decreasing PI con-
tent, the exotherm peaks decreased and shifted to longer reaction
times. The IR spectra of the thiol–ene photocuring reaction was
checked (Fig. 4). The characteristic absorption bands of the thiol
groups at 2570 cm�1 and carbon–carbon double bonds at 937 and
1648 cm�1 disappeared and a new carbon–sulfur band was
observed at 680 cm�1. Weak residual peaks of ASH and C@C group
indicate the existence of a small amount of un-reacted groups.

Upon photocuring, the photocured coatings produced transpar-
ent flexible freestanding films by fast photocuring as confirmed by
DPC and FT-IR spectral analysis. To confirm that the ADIm and
other chemical components were chemically-networked by the
photocuring, the gel content and antibacterial activity were mea-
sured. These data are summarized in Table 1. A control sample, a
formulation containing TMPTSH (50 mol%) and TAOTA (50 mol%)
without ADIm, showed nearly complete photocuring with a gel
content of 99%. With an increasing ADIm content from 1 mol% to
20 mol%, the gel content decreased from 99% to 90%, indicating
that some low molecular components, such as oligomers, were
extracted. Achieving a gel content of 100% via the photocuring pro-
cess is still challenging. The formulation with 10 mol% ADIm
showed a high gel content of 95% and antibacterial activity
towards both Gram positive and Gram negative bacteria; thus, this
formulation could be a candidate for an antibacterial photocuring
coating.

The photocured films containing 5, 10, and 20 mol% of the
active ADIm salt permitted no bacterial growth of the representa-
tive bacterial S. aureus and E. coli strains. It is evident that the anti-
microbial ADIm was combined with a thiol component to form a
networked polymer structure or at least was chemically bonded
to the backbone chains, which show strong antibacterial activity
against environmental bacteria in everyday life. Thus, the antibac-
terial components might not leach out of the polymer coating as
they are chemically bound together.

The structure of the film was investigated with USANS and
SANS measurements for the cured antibacterial film with an ADIm
content of 10 mol%. Fig. 5 shows the measured USANS and SANS
intensities and the fractal model fit using the NCNR SANS analysis
macro [32,33]. The correlation length (n) and mass fractal (Dm)
were estimated from the following structure factor S (Q,ro,n,Dm)
that represents the spatial order [32–34]

dRðQÞ
dX

� cSðQ ; ro; n;DmÞ þ KQ�p þ bkg ð1Þ

SðQ ; ro; n;DmÞ ¼ 1þ DmCðDm � 1Þ sin½ðDm � 1Þ arctanðQnÞ�
ðQroÞDm

� 1þ 1
Q 2n2

� �1�Dm
2

ð2Þ

where, c is a scale factor including the contrast and volume fraction,
p is the scattering power index, K is a constant, C (Dm � 1) is the
gamma function of (Dm � 1), and ro is the radius of the individual
scatterers (i.e., building blocks). When the value of Dm (i.e., slope
in the plot of dR (Q)/dX vs Q) is in the range of 2 < Dm < 3 in the
scattering profile, it indicates that the materials consist of a mass
fractal.



Fig. 2. MIC test of ADIm for 14 different species of Gram positive and Gram negative bacteria; 1: Staphylococcus aureus ATCC 65389, 2: Staphylococcus aureus ATCC 25923, 3:
Enterobacter cloacae ATCC 27508, 4: Escherichia coli ATCC 10536, 5: Escherichia coli ATCC 25922, 6: Bacillus subtillis ATCC 6633, 7: Bacillus cereus ATCC 27348, 8: Salmonella
typhimurium ATCC 1331, 9: Salmonella typhimurium ATCC 14028, 10: Acinetobacter calcoaceticus ATCC 15473, 11: Micrococcus luteus ATCC 9341, 12: Moraxella catanhalis ATCC
25240, 13: Serratia marcescens ATCC 27117, 14: Proteus vulgaris ATCC 6059.

Scheme 1. Photocurable formulations consisting of multifunctional ‘thiol’ and ‘ene’ for antibacterial polymer coatings.
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The functional group (ACO2(CH2)2SH) with a radius of 5.2 Å in
TMPTSH was selected as a junction site, which approximately
matches with the cold neutron wavelength of USANS and SANS.
Other functional groups with a radius of 1–10 Å could have been
chosen, but the change in Dm and n values was less than 1%. Fitting
was performed by fixing the parameter of ro � 5.0 Å in the Q range
of 8.9 � 10�5 Å�1 < Q < 0.087 Å�1 with a constant background
while the other parameters, n, Dm, and c were floating. K and
p � �2.9 in the low Q upturn (Q < 5 � 10�5 Å�1) were pre-esti-
mated from independent fitting and then summed two scattering
fittings to cover the entire scattering Q ranges. The curvature
around �10�5 Å�3 may be due to the form factor oscillation attrib-
uted to the density fluctuation distribution from a heterogeneous
domain in the network. Despite the curvature, the overall slope
in the range 3 � 10�2 Å�1 < Q < 5 � 10�2 Å�1 is approximately
Dm = �2.7 ± 0.2, which indicates that the thiol–ene photocured
antibacterial polymer containing ADIm salt consists of a mass frac-
tal-like network (i.e., a somewhat open network structure), The



Scheme 2. Schematic representation of photocured thiol–ene networked polymers
(a) and correlation length between junctions (b). Triangular shapes of blue and red
represent TMPTSH and TAOTA, respectively. Light blue pentagon symbols indicate
the antibacterial ADIm components. Thick lines represent the crosslinked chains
while thin lines represent dangling chains. The functional group, (ACO2(CH2)2SH),
of TMPTSH is assumed as a junction site of scattering. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. DPC measurements of various photocurable antibacterial formulations; (a)
with different ingredient ratios (indicated) at a fixed concentration of photoinitiator
(5 mol%) and (b) with various PI contents (mol%) at a fixed ADIm content (10 mol%).

Fig. 4. Comparison of FT-IR spectra before (blue) and after (red) photocuring with
ADIm (20 mol%), ADIm/TMPTSH/TAOTA (20/40/40 mol ratio), showing the disap-
pearance of thiol groups by thiol–ene reactions. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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average correlation distance between the junctions of the cross-
linked polymers is approximately n � 535 ± 10 nm. Such a large n
can indicate the photocured antibacterial polymers are loosely net-
worked including branched chains as schematically shown in
Fig. 3(b), which agrees with the mass fractal network. The bulky
ADIm could be a reason for the mass fractal-like loose network.
The residual allyl double bonds in FTIR, a decrease in the exotho-
therm of DPC, and the high gel content also indicate a loose net-
work structure of the photocured film containing an ADIm
functional group.

The thermal stability of the photocured ADIm-containing poly-
mer film is stable up to approximately 200 �C as shown by the TGA
measurement (Fig. 6), indicating that the sterilizing temperature of
121 �C of the polymer film chosen for the antibacterial activity test
does not degrade the polymer coating. Thermal decomposition
gradually occurs from 200 �C to approximately 350 �C followed
by the rapid decomposition at �400 �C.
3.4. Antibacterial activity test of photocured polymer coatings

Antibacterial activity of the photocured polymer films is shown
in Table 1. The polymer coated surface of the glass plates was
placed in contact with the cultivated S. aureus and E. coli, including
three controls, the bacterial streak itself [see Appendix A, Supple-
mentary Figure 7], the glass plate with no coating placed on the
streak, and the glass plate coated with the photocured coating with
TMPTSH and TAOTA in the absence of ADIm. Bacterial streaks were
unaffected in the three controls, indicating that the treatments had
no antibacterial activity for S. aureus or E. coli. The bacterial streaks
of both S. aureus and E. coli did not grow in the presence of the
photocured films at a concentration of 10 and 20 mol% of ADIm
in the polymer chains. At 5 mol% of ADIm, antibacterial activity
against E. coli was not observed. The original streak grew under
the coated glass. However, antibacterial activity against S. aureus
occurred at a concentration as low as 1 mol% of ADIm. The results
indicate that the ADIm-attached photocured polymer films kill the
bacteria and/or prohibit bacterial growth.

This observation indicates that the ADIm components play a
role as an antibacterial functional moiety present on a surface so
that direct contact with bacteria is possible.



Table 1
Antibacterial activity with ADIm content including two controls, empty glass, and TMPTSH:TAOTA [50:50], and gel content of the corresponding photocured films.

Composition (mol%) [ADIm/TMPTSH/TAOTA]a Antibacterial activityb Gel contentsc (wt%)

S. aureus [ATCC 65389] E. coli [ATCC 10536] S. aureus [ATCC 65389] E. coli [ATCC 10536]

Control with cover glass X X

Control ADIm 0% X X 99

ADIm 1% O X 97

ADIm 5% O X 96

ADIm 10% O O 95

ADIm 20% O O 90

a Mole ratio of TMPTS and TAOTA are equal depending on ADIm content. (e.g. ADIm 10% indicates ADIm/TMPTSH/TAOTA [10:45:45].
b Symbol s represents no bacterial growth and symbol x represents bacterial growth. Yellow streaks are bacteria (see Appendix A, Supplementary Figure 7].
c Gel content was measured after extraction in refluxing MEK.
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4. Conclusion

We have prepared an antibacterial 1-allyl-3-dodecylimidazoli-
um salt (ADIm) monomer and used it in antibacterial polymer coat-
ings created with easily processable thiol–ene photocuring. The
liquid coating formulations consisting of ADIm, a commercial tri-
functional thiol and ene compounds underwent thin film formation
via a one-stop photocuring reaction, which allowed the antibacterial
Im salt to chemically bind to the crosslinked polymer backbone. The
photocured film showed a loosely networked mass fractal-like
structure. On solid surfaces, the photocured film demonstrated
strong antibacterial activity against E. coli and/or S. aureus that
depended solely on the ADIm concentration (5–10 mol%) in the
polymer coatings. These antibacterial coatings prevent leaching of
antibacterial agents and toxic chemicals to the environment. Taking
advantage of conventional thiol–ene photocuring, the antibacterial



Fig. 5. USANS–SANS curve of photocured antibacterial polymer containing 10%
ADIm. The solid line is a model-fit with a mass fractal including a very low Q
scattering of approximately 10�5 Å�1.

Fig. 6. TGA measurement of photocured antibacterial films as a function of ADIm
content and a fixed PI concentration (5 mol%).
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coating process is simple and practical and thus could be applied to
various objects to improve hygiene while not leaching out the anti-
bacterial chemicals.
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