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Abstract The concept of tethering quaternary ammo-
nium salts (QASs) to a crosslinked polysiloxane matrix
to produce a hybrid antifouling/fouling-release coating
was investigated. A statistical experimental design was
used to determine the effect of QAS concentration on
biocidal activity toward a marine bacterium, Cellul-
ophaga lytica (C. lytica). In addition to measuring
biocidal activity, coating film quality as well as stability
upon water immersion were evaluated. The results of
the study showed that biocidal activity was strongly
dependent on QAS concentration. For addition-
curable coatings, the presence of 4 wt% QAS moieties
resulted in approximately 50% reduction in C. lytica
biofilm retention without any leachate toxicity.
Attempts to increase the level of QAS moieties to
increase biocidal activity resulted in coating delamina-
tion from the substrate and unacceptable film quality
upon artificial seawater immersion due to excessive
swelling. As a result, a moisture-curable system based
on tethered QASs was investigated since moisture
curing allows for higher crosslink densities to be
achieved which would be expected to minimize swell-
ing upon artificial seawater immersion. The moisture-
curable coating developed showed enhanced stability
upon artificial seawater immersion, greater than 80%
reduction in C. lytica biofilm retention, and greater
than 90% reduction in biofilm growth for the marine
algae, Navicula incerta.
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Introduction

Marine biological fouling is defined as the undesirable
accumulation of microorganisms, plants, and animals on
artificial surfaces immersed in seawater." This biological
settlement on ship hulls produces high frictional resis-
tance and increased weight which ultimately results in a
major increase in fuel consumption (up to 40%). In
addition to an increase in fuel consumption, biofouling
increases the frequency of dry-docking, initiates corro-
sion, and may result in the introduction of invasive
species to a marine environment.”™

There are more than 4000 species of marine organ-
isms responsible for biofouling and many of these
organisms can adapt to environmental changes, making
the task of creating a fouling-free surface very chal-
lenging. In the first stage of biological fouling, organic
molecules, such as polysaccharides and proteins, rap-
idly accumulate over the surface to form a “condition-
ing film.”” Bacteria and single-cell diatoms settle on this
modified surface to form a microbial biofilm. Microbial
biofilm formation is believed to be necessary to initiate
fouling by larger more complex organisms, referred to
as macrofoulers, such as barnacles and tubeworms.”®
Hence, prevention of the settlement of marine bacteria
and diatoms over the surface could be a potential
approach to preventing biofouling.

Quaternary ammonium salts (QASs) have been used
as disinfectants for many years. Surfaces coated with
QAS-containing polymers have been shown to kill a
wide range of microorganisms including gram-positive
and gram-negative bacteria, yeasts, and moulds.” "’
QAS-functionalized surfaces have a high positive
charge density which exert a strong electrostatic
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interaction with negatively charged bacteria. After
adsorption onto the bacterial cell, QASs diffuse
through the cell wall and disrupt the cytoplasmic
membrane to release Il)otassium and other constituents
that cause cell death."' ™'

For QASs, alkyl chain lengths play an important
role in biological activity.'' For example, Nakawaga
et al. showed that alkyl chains longer than Cg exhibited
high antibacterial activity.">'® Tiller et al. reported
that propylated, butylated, hexylated, and octylated
immobilized poly (4-vinyl-N-alkylpyridinium bromide)
(PVP) chains were effective in markedly reducing the
number of viable bacterial cells (Staphylococcus
aureus), whereas no activity was found for immobilized
PVP possessing Cs—C;¢ alkyl chains.!”

A crosslinked polysiloxane matrix with pendant
QAS groups was thought to be a potential candidate
for an antifouling/fouling-release coating since the
hydrophobicity and high flexibility of the polysiloxane
matrix may allow for partial segregation of QAS groups
to the coating-water interface. In addition, the high
compliance and low surface energy of polysiloxanes
imparts fouling-release character which may be
required to obtain extended coating service life.'**!

It was thought that development of a QAS-contain-
ing polysiloxane antifouling/fouling-release coating
would be very challenging since multiple variables
such as QAS alkyl chain length, QAS concentration,
and polysiloxane molecular weight may all affect
biocidal activity and mechanical properties through
complex, multi-variable interactions. To facilitate
analysis of complex material systems, statistically
based design of experiments (DOEs) are often
employed.”>* For the research presented in this
article, a statistical experimental design was utilized
to identify optimum coating compositions and develop
structure—property relationships.

Experimental
Reagents

Allyldimethylamine and allyltrimethoxysilane were
purchased from TCI America. Platinum oxide,
Karstedt’s catalyst (platinum (0)-1,3-divinyl-1,1,3,3-tet-
ramethyl disiloxane complex), 1-iodooctane, CDCl;,
dimethyl sulfoxide, Sigma sea salt, and 1.0 M tetrabu-
tylammoniumfluoride (TBAF) in tetrahydrofuran
(THF) were obtained from Aldrich Chemical. Meth-
ylhydrosiloxane-dimethylsiloxane (PMHS-PDMS) copoly-
mers possessing hydride equivalent weights of 135 and
245 g/mol, divinyl-terminated polydimethylsiloxanes
(vinyl-PDMS) possessing molecular weights of 186 g/mol
(DMS-V00), 500 g/mol (DMS-V03), 800 g/mol (DMS-
V05), 6000 g/mol (DMS-V21), 9400 g/mol (DMS-V22),
and 17,200 g/mol (DMS-V25) were obtained from
Gelest. Crystal violet, glacial acetic acid, and tolu-
ene were purchased from VWR International. The
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reference coating material, DC 3140, was obtained
from Dow Corning. Intergard 264 epoxy primer was
obtained from International Marine Coating. A
50 mmol solution of TBAF in 4-methyl-2-pentanone
(catalyst solution) was prepared for moisture-cured
coating formulations. Artificial seawater for biological
characterization was prepared by adding 38.50 g of
Sigma sea salt in 1 L of deionized water. All other
reagents were used as received.

Hydrosilylation reactions

A representative procedure for conducting hydrosily-
lation between PMHS-PDMS and allyldimethylamine
(PMHS-PDMS-1) was as follows: to a 100 mL round-
bottom flask equipped with a nitrogen inlet, condenser,
and temperature controller, 20.00 g of PMHS-PDMS
possessing a hydride equivalent weight of 135 g/mol
(0.148 mol of hydride) and 8.83 g of allyldimethyl-
amine (0.104 mol) were dissolved in 28.80 g of toluene.
Once dissolved, approximately 2.00 g of platinum
oxide was added to the reaction mixture and the
reaction mixture vigorously stirred for 16 h at 60°C.

Completion of the reaction was confirmed by the
disappearance of 'H-NMR (in CDCl;) peaks at 5.72
ppm (-N-CH,-CH=), 5.01 ppm (-N-CH,-CH=CH,),
and by the appearance of peaks at 0.56 ppm (Si—-CH -
CHz—CHz—N), 1.57 ppm (Si—CHz—CHz—CHz—N), and
at 2.22 ppm (Si—-CH,—CH,—CH,-N-). After comple-
tion of the reaction, platinum oxide was removed by
filtration.

For moisture-curable systems, two hydrosilylation
steps were conducted to attach pendant trimethoxysi-
lane groups and tertiary amino groups to a PMHS-
PDMS polymer. A representative procedure for the
synthesis of a PDMS copolymer containing pendant
trimethoxysilane groups and tertiary amino groups
(PMHS-PDMS-7) was as follows: to a 100 mL round-
bottom flask equipped with a nitrogen inlet, condenser,
and temperature controller, 20.00 g of a PMHS-PDMS
copolymer possessing a hydride equivalent weight
245 g/mol (0.082 mol of hydride) and 3.37 g of allyl-
dimethylamine (0.041 mol) were dissolved in 30.00 g of
toluene. Approximately 2.00 g of platinum oxide was
added to the reaction mixture and the reaction mixture
vigorously stirred for 16 h at 60°C. "TH-NMR (in CDCl5)
peaks were assigned at 0.56 ppm (Si-CH,—CH,-CH,-
N), 1.57 ppm (Si-CH,—CH,—CH,-N), and 2.22 ppm
(Si—-CH,—CH,~CH,-N-). In the next step, 6.60 g of
allyltrimethoxysilane (0.041 mol) was added along with
some fresh platinum oxide catalyst. The reaction was
continued for another 16 h at 60°C. Completion of
the reaction was confirmed by the disappearance of
'"H-NMR (in CDCl;) peaks at 5.65 ppm (-Si-CH,—
CH=), 4.85 ppm (-Si—-CH,~CH=CH,), and a new peak
appeared at 3.8 ppm [-Si—-O-(CH3);]. After completion
of the reaction, platinum oxide was removed by
filtration. Details of the syntheses involving hydrosily-
lation are provided in Table 1.
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Table 1: Details of the syntheses involving hydrosilylation

Sample Hydride equivalent weight Moles of hydride Moles of Moles of
of PMHS-PDMS from PMHS-PDMS allyldimethylamine allyltrimethoxysilane
PMHS-PDMS-1 135 1.00 0.70 0.00
PMHS-PDMS-2 135 1.00 0.42 0.00
PMHS-PDMS-3 135 1.00 0.15 0.00
PMHS-PDMS-4 245 1.00 0.70 0.00
PMHS-PDMS-5 245 1.00 0.42 0.00
PMHS-PDMS-6 245 1.00 0.15 0.00
PMHS-PDMS-7 245 1.00 0.50 0.50

Table 2: Details of each of the quaternization reactions conducted to produce QAS-functional copolymers

Sample ID Amino-functional PDMS copolymers?® 1-lodooctane
Starting polymer Weight (g) Moles of amino groups g mol

PMHS-PDMS-Q1 PMHS-PDMS-1 2.74 10.00 x 1073 2.37 10.00 x 107°
PMHS-PDMS-Q2 PMHS-PDMS-2 2.15 5.29 x 1072 1.27 5.29 x 1072
PMHS-PDMS-Q3 PMHS-PDMS-3 2.78 2.82x107° 0.68 2.82x 1072
PMHS-PDMS-Q4 PMHS-PDMS-4 2.76 6.34 x 1073 1.52 6.34 x 1072
PMHS-PDMS-Q5 PMHS-PDMS-5 2.36 3.53x 1072 0.85 3.53x107°
PMHS-PDMS-Q6 PMHS-PDMS-6 2.02 117 x 1072 0.28 117 x 1072
PMHS-PDMS-Q7 PMHS-PDMS-7 3.01 4.08 x 1072 0.98 4.08 x107°

& Copolymers described in Table 1

Quaternization procedure

Dimethylamine-functional PMHS-PDMS copolymers
were quaternized using 1-iodooctane as the quaternizing
agent. A representive quaternization procedure was as
follows: to a 20 mL vial 2.74 ¢ of PMHS-PDMS-1
(0.01 mol of dimethylamine in 2.74 g of copolymer) was
mixed with 2.37 g of 1-iodooctane (0.01 mol). The quat-
ernization reaction was carried out at room temperature
for 48 h. A substantial increase in viscosity was observed.
Using 'H-NMR (in CDCl;) new peaks appeared at
3.5 ppm (-N"-CH,-), 33 ppm [(-N"—(CHj),] and a
relative decrease of the dimethylamino protons at
2.2 ppm was observed. The details of each of the
quaternization reactions are provided in Table 2.

Coating preparation

For addition-curable coatings, PMHS-PDMS copoly-
mers with tethered QASs were mixed with the
required combination of vinyl-PDMS crosslinkers in
order to maintain a particular hydride to vinyl ratio
and overall concentration of QAS groups as defined by
the DOE. Approximately 0.01 wt% of Karstedt’s
catalyst was added to the mixture to initiate crosslink-
ing. Draw downs over aluminum panels were made at
room temperature. About 0.25 mL of each coating
formulation was deposited into one column of a
24-well polystyrene plate modified with epoxy primed

aluminum discs for measurements using biological
assays.”” Each array plate also contained a silicone
reference coating (35% by weight solution of DC 3140
in 4-methyl-2-pentanone) which was used to compare
coating performance among the plates. Coatings were
allowed to cure for 24 h at room temperature, followed
by an additional 24 h in an oven at 50°C. Detailed
coating formulations for addition-cured coatings are
provided in Appendices 1-4.

For moisture curable coatings, catalyst solution
(50 mmol solution of TBAF in THF) was mixed with
the copolymer solution at a concentration of 10 wt%
based on copolymer solids. After thorough mixing,
depositions were made over bare aluminum discs and
also over primed aluminum discs for bioassays. Coat-
ings were cured for 24 h at room temperature, followed
by an additional 24 h in an oven at 50°C.

Instrumentation

"H-NMR spectra were recorded on a JEOL 400 MHz
spectrometer at 25°C. CDCl; was used as a solvent. A
sweep width of 7503 Hz was used with 16K data points,
resulting in an acquisition time of 2.184 s. Sixteen scans
were obtained with a relaxation delay of 4 s. TMS was
used as internal standard. Crystal violet absorbance
and chlorophyll fluorescence measurements were
made using a Biotek Synergy'™ HT multi-well plate
spectrophotometer.
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Biological characterization

The total amount of marine bacterial biofilm retained
on coatings cast in multi-well plates was determined
using a crystal violet colorimetric assay as Ereviously
described in detail by Stafslien et al.>>?° Coating
array plates that were preleached in a recirculating
water tank for 30 days, were inoculated with an
artificial seawater suspension of the marine bacterium,
Cellulophaga lytica, and incubated at 28°C for 18 h.
Plates were then rinsed with deionized water, dried
for 1 h at ambient conditions, and stained with a
biomass indicator dye, crystal violet. The crystal violet
dye was extracted from the retained biofilms by the
addition of 33% glacial acetic acid and the resulting
eluate was measured for absorbance (600 nm) using a
multi-well plate reader.

Algal biofilm growth was determined using the
method reported previously by Casse et al.>’ Coating
array plates were inoculated with an artificial seawater
suspension of the marine diatom, Navicula incerta, and
placed in an 18°C illuminated growth chamber for
48 h. Plates were then removed from the growth
chamber and dimethyl sulfoxide was added to extract
the chlorophyll from the algal biofilm attached to the
coating surfaces. The chlorophyll extract was then
measured for fluorescence (excitation: 360 nm; emis-
sion: 670 nm) using a multi-well plate reader.

Prior to the bacterial biofilm retention and algal
biofilm growth assays, each coating was evaluated for
its potential to leach out or release toxic components
when immersed in artificial seawater.”® Coatings were
incubated in an artificial seawater nutrient medium for
24 h at ambient conditions on an orbital shaker. The
resulting coating leachates were collected for toxicity
analysis. C. lytica and N. incerta were introduced into
separate 1 mL aliquots of each coating leachate (i.e.,
the two microorganisms were not added to the same
1 mL aliquot), transferred in triplicate (200 pL) to a
noncoated 96-well polystyrene plate, and incubated at
the conditions indicated above for each organism.
C. Iytica biofilm retention on the noncoated polysty-
rene well bottoms was determined by using the crystal
violet colorimetric assay detailed above. N. incerta
biofilm growth was determined by directly measuring
the fluorescence of chlorophyll of the algal biofilm
attached to the noncoated polystyrene well bottoms.
A significant reduction in C. lyfica biofilm retention or
N. incerta biofilm growth, when compared to an
artificial seawater nutrient medium control, was deter-
mined to be a consequence of toxicity of the coating
leachate.

Software
Design-Expert Version 7.0.3 was used for statistically

based DOEs and ANOVA. Contingency Analysis was
done using JMP IN® Version 5.1.
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Results and discussion

The reaction scheme for the formation of QAS-
tethered polysiloxane coatings using addition-cure is
shown in Fig. 1. QAS-functional polysiloxanes for
addition-cure coatings were produced using a two-step
process in which pendant tertiary amino groups were
tethered to the polysiloxane backbone using hydrosi-
lylation chemistry and the tertiary amino groups
subsequently quaternized using 1-iodooctane.

Since the incorporation of QAS moieties in a
hydrophobic polysiloxane matrix may cause large-scale
phase separation leading to poor cure and film proper-
ties, an initial screening experiment was conducted to
identify the appropriate formulation variables required
to obtain adequate crosslinking and good film unifor-
mity and integrity. The compositional variables utilized
for the experiment were: (1) QAS moiety concentra-
tion, (2) hydride-to-vinyl ratio for crosslinking, and (3)
hydride equivalent weight of the PMHS-PDMS starting
polymer. These variables were separated as numerical
and categorical variables as shown in Table 3. QAS
moiety concentration was expressed as the mole frac-
tion of hydride groups consumed by the QAS tethering
process and was varied from 0.15 to 0.70. The hydride-
to-vinyl ratio used for curing was varied on a molar
basis from 2 to 3.

A summary of the three-level factorial design for the
experiment is shown in Table 3 and the experimental
details and results are shown in Table 4 (formulation
details for each data point are shown in Appendix 1).
Four additional center points were included for each
categorical variable. Relative film uniformity/integrity
was rated as 0, 1, and 2 by three individual observers.
Films that were tacky or grossly nonuniform in
appearance, due to macroscale phase separation prior
to crosslinking, were considered ‘“poor’” and given a
rating of °0,” while homogeneous, tack-free films were
considered ‘“‘good” and given a rating of “2.” The
overall rating used for data analysis for a given
composition was equal to the rating with the highest
frequency. For example, the overall rating used for data
analysis for standard order number 14 in Table 4 was
“0” since two out of the three observers rated it a *‘0.”

A contingency analysis was performed in order
to understand the effect of PMHS-PDMS hydride
equivalent weight of the starting copolymer on coating
film uniformity/integrity. Table 5 shows the frequency
distribution of the categorical response, coating film
uniformity/integrity (rating of 0, 1, and 2), for the
categorical factor, PMHS-PDMS hydride equivalent
weight, which was varied at two different levels (135
and 245 g/mol). Table 5 also depicts the results of two
Chi-square statistical tests, the Likelihood ratio Chi-
square test and the Pearson Chi-square test. Values of
“Prob>Chisq” less than 0.05 were obtained from both
test statistics, which indicated that hydride equivalent
weight of the PMHS-PDMS starting copolymer affects
the quality of film uniformity/integrity.
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Fig. 1: Schematic of the synthesis of QAS-functional polysiloxane coatings using addition-cure

Table 3: Summary of three-level factorial response surface DOE for identifying the appropriate formulation variables
required to obtain adequate crosslink and good film uniformity and integrity

DOE type Response surface

Initial design 3-level factorial

Design model Quadratic

Number of experiments 26

Factor Name Units Type Low actual  High actual Levels
A Allyldimethylamine Mole fraction Numeric 0.15 0.70 3

B SiH/Vinyl ratio Ratio Numeric 2 3 3
C PMHS-PDMS copolymer Equivalent weight Categorical 135 245 2
Response Name Units

Y1 Film formation categorical (poor = 0, acceptable = 1, good = 2)

The effect of a categorical variable on a categorical
response can be presented using a Mosaic plot.?*~° The
Mosaic plot generated for this data set is shown in Fig. 2.
Each column of rectangles in Fig. 2 represents the
categorical variable, PMHS-PDMS hydride equivalent
weight, along the horizontal axis and the size of each
rectangle within a column represents the probability of
obtaining a coating with a given relative degree of

coating film uniformity/integrity. According to the
Mosaic plot shown in Fig. 2, the chance of obtaining a
coating having a rating of 2 for the relative degree of film
uniformity/integrity is higher when the PMHS-PDMS
copolymer possessing a hydride equivalent weight of 135
is used.

Use of the PMHS-PDMS copolymer with the
lower hydride equivalent weight results in a higher
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Table 4: Experimental details and responses for DOE described in Table 3

Std order A B C: PHMS-PDMS Film quality after cure Most freq.
(hydride equiv. wt) Obs. 1 Obs. 2 Obs. 3
1 0.150 2 135 1 1 1 1
2 0.425 2 135 1 0 1 1
3 0.700 2 135 2 2 1 2
4 0.150 25 135 1 0 1 1
5 0.425 2.5 135 2 2 2 2
6 0.700 25 135 1 0 0 0
7 0.150 3 135 2 2 2 2
8 0.425 3 135 2 2 2 2
9 0.700 3 135 2 2 1 2
10 0.425 2.5 135 2 2 2 2
11 0.425 2.5 135 2 2 2 2
12 0.425 25 135 2 2 2 2
13 0.425 25 135 2 2 2 2
14 0.150 2 245 0 0 1 0
15 0.425 2 245 2 1 1 1
16 0.700 2 245 0 0 0 0
17 0.150 2.5 245 0 0 0 0
18 0.425 25 245 0 0 0 0
19 0.700 25 245 2 2 2 2
20 0.150 3 245 0 0 1 0
21 0.425 3 245 2 1 1 1
22 0.700 3 245 1 0 0 0
23 0.425 2.5 245 1 1 1 1
24 0.425 25 245 1 0 2 1
25 0.425 2.5 245 2 1 1 1
26 0.425 2.5 245 0 0 1 0

A, allydimethylamine (mole fraction); B, SiH/vinyl (molar ratio)

Table 5: Results of a contingency analysis showing the significance of hydride equivalent weight of the
PMHS-PDMS copolymer on coating film quality

Factors Responses

0 1 2
PHMS-PDMS (equiv wt 135)
Count 1 3 9 13
Total % 3.85 11.54 34.62 50
Column % 12.50 37.50 90.00
Row % 7.69 23.08 69.23
PHMS-PDMS (equiv wt 245)
Count 7 5 1 13
Total % 26.92 19.23 3.85 50
Column % 87.50 62.50 10.00
Row % 53.85 38.46 7.69
Total count 8 8 10 26
Total column % 30.77 30.77 38.46
Test Chi-square Prob>Chisq
Likelihood ratio 12.93 0.0016
Pearson 11.40 0.0033
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concentration of hydride groups being present along
the polymer backbone at the time of coating applica-
tion, which according to the statistical analysis resulted
in better film uniformity/integrity. With regard to the
effects of QAS concentration and hydride-to-vinyl
ratio on film uniformity/integrity, the statistical analy-
sis indicated that these variables had no significant
effect. The “Prob>Chisq” values were higher than 0.05
for both of these factors.

Since the use of the PMHS-PDMS copolymer
possessing a hydride equivalent weight of 135 pro-
vided the best crosslinking and film uniformity and
integrity, this copolymer was used as the starting
material for producing QAS-functional PDMS poly-
mers for experiments focused on optimizing biocidal
activity. Three QAS-functional PDMS polymers were
prepared that possessed variations in QAS moiety
concentration. For convenience with respect to the
experimental design, the concentration of QAS moi-
eties was expressed as the mole fraction of hydride
groups present in the PMHS-PDMS copolymer con-
sumed by the QAS functionalization process. These
three QAS-functional PDMS copolymers correspond
to polymers PMHS-PDMS-Q1, PMHS-PDMS-Q2,
and PMHS-PDMS-Q3 in Table 2.

1.00

0.75

0.50

Film formation

0.25 +

0.00
135 245

C: PMHS-PDMS hydride equivalent wt

Fig. 2: Mosaic plot illustrating the effect of hydride
equivalent weight of the PMHS-PDMS starting copolymer
on relative degree of crosslink and film uniformity/integrity

For each QAS-functional PDMS synthesized, 13
coatings were prepared which possessed variations in
QAS concentration and the molar ratio of hydride-to-
vinyl functionality used for crosslinking. A description
of the three-level factorial design with four additional
center points used for the experiment is shown in
Table 6 (formulation details are shown in Appendices
2-4). Initial screening simply involved characterization
of the stability of the coatings after immersion in
artificial seawater for 15 days. It was expected that the
amphiphilic nature of the coatings would cause varia-
tions in the degree of water uptake which would
ultimately affect film integrity and adhesion to the
substrate. Those coatings which showed adequate
stability in artificial seawater were carried forward to
measurements of biocidal activity. The results of the
artificial seawater immersion testing are shown in
Table 6.

As shown in Table 6, all of the coatings produced
from the QAS-functional PDMS copolymer possess-
ing the highest concentration of QAS moieties
(PMHS-PDMS-Q1) delaminated or displayed poor
film integrity after 15 days of artificial seawater
immersion and, as a result, were not characterized
for biocidal activity. All of the coatings derived from
the QAS-functional PDMS copolymer possessing the
lowest concentration of QAS moieties (PMHS-
PDMS-Q3) showed excellent stability upon artificial
seawater immersion and, thus, were analyzed for
biocidal activity. Coatings prepared from PMHS-
PDMS-Q2 showed adequate stability after artificial
seawater immersion (10 of the 13 coatings were
stable) and were tested for biocidal activity.

Biocidal activity was measured using a biofilm
retention assay based on the marine bacterium,
C. lytica. Biocidal activity was expressed as a relative
reduction in biofilm retention as compared to a
nonbiocidal siloxane coating obtained from DC3140.
Thus, coatings that showed no statistical reduction in
biofilm retention relative to DC3140 were considered
nonbiocidal or to have no biocidal activity.

The results of biocidal activity testing showed
that none of the coatings prepared from the QAS-
functional PDMS copolymer possessing the lowest
concentration of QAS moieties (PMHS-PDMS-Q3)
possessed biocidal activity. For the coatings based on

Table 6: Outline of experimental designs, summary of coating stability, and summary of the bioassay results

obtained for addition-curable QAS-functional coatings

QAS SiHNinyl wt% QAS Type of design No. of Stability® Bioassay summary
concentration® ratio coatings

X=0.70 2-3 4-28 3-level factorial 13 0 Not analyzed

X=042 2-3 4-18 3-level factorial 13 10 Variation biofilm retention
X=0.15 2-3 4-8 3-level factorial 13 13 No reduction in biofilm retention

& Mole fraction of hydride groups used for QAS functionalization
P Number of coatings that did not delaminate or lose coating integrity after artificial seawater immersion

411



J. Coat. Technol. Res., 5 (4) 405-417, 2008

QAS-functional PDMS copolymer possessing the
intermediate concentration of QAS moieties that had
adequate artificial seawater stability, a considerable
variation in biocidal activity was observed. As a result,
an ANOVA analysis was conducted on the biofilm
retention data for these coatings.

Table 7 provides the variables and factors involved
in the ANOVA, while Fig. 3 displays the results

Table 7: Variation of Si-H to vinyl ratio and wt% QAS
in coating formulations prepared from PMHS-PDMS-Q2

Std order A: SiH/Vinyl ratio B: wt% QAS
1 2 4
2 2.5 4
3 3 4
4 2 11
5 2.5 11
6 3 11
7 2 18
8 25 18
9 3 18
10 25 11
11 2.5 11
12 2.5 11
13 25 11

1.40

1.20 A

1.00 1

0.80 1

0.60 1

Ratio to DC 3140

0.40 1

0.20 1

obtained from the biofilm retention assay (formulation
details are shown in Appendix 3). Although coatings
7-9 showed very high biocidal activity, they also
showed leachate toxicity using the leachate toxicity
assay. This result suggests that some of the QAS-
functional PDMS were not adequately crosslinked into
the coating matrix. However, some coatings (coatings

96.00

72.00

48.00 T\
002000 AL e Y
%% l,,ll,,l’
200020020 3005 0 Yoy YU
24.00 e o.,,zz'zz"

209200390
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%Reduction(bio-retention)
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2. .
A: SiH/Vinyl ratio B: % QAS in coating

2.00 4.00

Fig. 4: Response surface for the reduction of biofilm
retention of C. lytica for the coating formulations based
on PMHS-PDMS-Q2

.

0.00 T T T
1 2 4 6

B

8 9 10 11 13

Coatings in standard order

Fig. 3: Reduction of biofilm retention of C. lytica with respect to DC 3140 for the coatings described in Table 7

Table 8: ANOVA table for the model describing percent reduction of biofilm retention

Source Sum of squares DF Mean squares F value Prob > F Implication
Model 7071.70 2 3535.85 10.09 0.0087 Significant

B 1642.80 1 1642.80 4.69 0.0671

B? 4507.13 1 4507.13 12.86 0.0089 Significant
Residual 2453.2 7 350.46

Lack of fit 672.53 5 134.51 0.15 0.9606 Not significant
Pure error 1780.67 2 890.33 0.15 0.9606 Not significant
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1,2, 4, 6, and 13) showed a 40-60% reduction in biofilm
retention without any leachate toxicity. The ANOVA
results of the reduction of biofilm retention of C. lytica

With regard to the ANOVA analysis used to
model biofilm retention, the F-value of 10.09 implies
that the model was significant. An F-value of this

are shown in Table 8.
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Step 1. First hydrosilylation reaction

(o}
o
Sli/ ~ Pt-oxide , Sll/o | /O | /
/\/ ~
(e} —_—
\ 60°C, 16 h
Step 2. Second hydrosilylation reaction
Si—O
o/ \
| o—
PMHS-PDMS-7

\|,/° |,/° |,/° |,/° |/
Si Si Si i

NN

+

N
Step 3. Quaternization procedure 2N /Si\—O
o\ 0—_

PMHS-PDMS-Q7

50 mmol TBAT catalyst . .
Crosslinked polysiloxane

RT,24h with tethered QAS
50°C,24h

Step 4. Coating formation

Fig. 5: Schematic illustrating the synthesis steps used to produce moisture-curable coatings containing tethered QAS

moieties
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chance that the responses could have been due to
noise. The only model term that was found to be
significant was the square of the concentration of
QAS groups. The response surface obtained from the
model is shown in Fig. 4 and indicates that approxi-
mately 50% reduction in biofilm retention of C. lytica
can be achieved with as little as 4 wt% QAS
moieties in the coating. With 18 wt% QAS moieties
in a coating, the model indicates that a greater than
90% reduction in biofilm retention could be
achieved.

Overall, the results obtained illustrate a ‘‘trade-off”
in properties between biocidal activity and film
stability upon seawater immersion. To obtain greater
than 90% reduction in biofilm retention, approxi-
mately 18 wt% QAS moieties is required; however,
this level of QAS moieties will result in poor film
stability due to water absorption. As a result, mois-
ture-cured systems were considered since moisture
curing enables the possibility of obtaining a higher
crosslink density which was thought to reduce swelling
resulting from water absorption. In addition, unlike
the addition-cured systems which require an oligo-
meric, divinyl crosslinking agent, moisture-curable
PDMS copolymers can be prepared that contain both
QAS moieties and trialkoxysilane groups eliminating
the need for an oligomeric crosslinking agent. This
aspect of a moisture-curable system provides a more
homogeneous distribution of QAS moieties through-
out the crosslinked polymer matrix and eliminates the
possibility of obtaining large-scale phase separation
during solvent evaporation and curing.

Figure 5 provides a schematic of the chemisty used
for polymer precursor synthesis and coating cure. Since
each pendant trimethoxy silane group on the PDMS
can theoretically form a tetrafunctional crosslink, the
overall crosslink density achieved with a moisture-cure
mechanism can be designed to be much higher than
with the previously investigated addition-cure mecha-
nism. Initial screening experiments were conducted
using the same PMHS-PDMS copolymer starting
material used for the addition-cured systems described
in Table 6 which possessed a hydride equivalent weight
of 135 g/mol. The coatings produced from moisture-
curable, QAS-functional polymers derived from this
PMHS-PDMS starting polymer resulted in the forma-
tion of cracks in the crosslinked films. This result
indicated that the crosslink density was too high. Thus,
further experimentation was conducted using the
PMHS-PDMS starting copolymer that had a hydride
equivalent weight of 245 g/mol which, at a given QAS
moiety concentration, produces PDMS copolymers
possessing a lower concentration of pendant trimeth-
oxysilane groups.

To determine the potential of utilizing a moisture-
curable system to obtain both high biocidal activity and
good coating stability upon immersion in seawater, a
single polymer and coating composition was prepared
and tested (see PMHS-PDMS-Q7 in Table 2). Coatings
that possessed a QAS concentration of 29 wt% were
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Fig. 6: C. lytica and N. incerta bioassay results on the
moisture-cured PDMS coating containing 29 wt% QAS
moieties (coating A)

cast and cured on both bare aluminum and primed
aluminum substrates. Seawater stability was character-
ized after 36 days of immersion and bioactivity was
characterized using both C. /ytica and a marine algal
species, N. incerta. Coatings over both bare aluminum
and primed aluminum showed no delamination from
the substrate or excessive swelling as a result of the
artificial seawater immersion. In addition, as shown in
Fig. 6, both coatings showed excellent biocidal activity
without leachate toxicity for both C. Ilytica and
N. incerta. A reduction of more than 80% biofilm
retention was obtained for C. lytica and a reduction of
more than 90% biofilm growth was obtained for
N. incerta. These results clearly indicate that the use
of a moisture-curing mechanism can be utilized to
create QAS-functional, polysiloxane antifouling/foul-
ing-release coatings that possess both high biocidal
activity and good cured film stability during artificial
seawater immersion. Follow-up optimization experi-
ments are in progress.

Conclusions

Statistical experimental designs were used to investi-
gate addition-curable polysiloxane coatings containing
tethered QAS moieties for use as environmentally
friendly antifouling/fouling-release coatings. The
results obtained showed the existence of a ‘“‘trade-
off” in properties between biocidal activity and film
stability upon seawater immersion. The QAS concen-
tration required to obtain greater than 90% reduction
in biofilm retention resulted in poor film stability upon
seawater immersion. As a result, moisture-cured sys-
tems were considered since moisture curing enables
the possibility of obtaining a higher crosslink density
which was thought to reduce swelling resulting from
water absorption.
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Initial results involving the synthesis and character-
ization of a moisture-curable polysiloxane coating
containing 29 wt% QAS moieties showed that mois-

Appendix 2: Coating formulations for the coatings
prepared from PMHS-PDMS-Q1 as described in Table 6

ture-curable systems allow for both very high biocidal ~ Std PMHS-PDMS- vinyl-PDMS combinations
activity without leachate toxicity and excellent film order Q1 (9) Type Weight Type Weight
stability upon seawater immersion. A reduction of 1 ) > )
more than 80% biofilm retention was obtained for
C. lytica and a reduction of more than 90% biofilm 1 0.67 V 25 401 V22 0.32
growth was obtained for N. incerta. These results 2 0.67 V 25 214 V31 219
suggest that the concept of tethering QASs to a 3 0.67 V 25 0.03 V31 4.31
crosslinked polysiloxane matrix could be effective 4 267 V 05 061 V21 1.73
in producing new, environmentally friendly hybrid 5 267 V 05 0.42 V21 1.92
antifouling/fouling-release coatings for marine appli- 6 267 V 05 029 V21 2.05
cations. 7 4.67 V 00 0.02 VO3 0.31
8 4.67 V 00 0.02 VO3 0.32
9 4.67 V 00 0.01 V 03 0.32
10 2.67 V 05 0.42 V21 1.92
Appendices 11 2.67 V 05 042 V21 1.92
12 2.67 V 05 042 V21 1.92
13 2.67 V 05 042 V21 1.92
Appendix 1: Coating formulations for the DOE described in Table 4
Std order PMHS-PDMS-Q vinyl-PDMS combinations
Types Weight (g) Type 1 Weight (g) Type 2 Weight (g)
1 PMHS-PDMS-Q3 3.46 V 03 0.15 V 00 0.07
2 PMHS-PDMS-Q2 3.42 V 03 0.33 V 00 0.02
3 PMHS-PDMS-Q1 4.11 V 03 0.25 V 00 0.01
4 PMHS-PDMS-Q3 3.46 V 03 0.17 V 00 0.05
5 PMHS-PDMS-Q2 3.42 V 03 0.34 V 00 0.02
6 PMHS-PDMS-Q1 4.11 V 03 0.25 V 00 0.01
7 PMHS-PDMS-Q3 3.46 V 03 0.18 V 00 0.04
8 PMHS-PDMS-Q2 3.42 V 03 0.35 V 00 0.01
9 PMHS-PDMS-Q1 2.74 V 03 0.25 V 00 0.01
10 PMHS-PDMS-Q2 3.42 V 03 0.34 V 00 0.02
11 PMHS-PDMS-Q2 3.42 V 03 0.34 V 00 0.02
12 PMHS-PDMS-Q2 3.42 V 03 0.34 V 00 0.02
13 PMHS-PDMS-Q2 3.42 V 03 0.34 V 00 0.02
14 PMHS-PDMS-Q6 2.76 V 03 0.56 V 00 0.02
15 PMHS-PDMS-Q5 3.21 V 03 0.56 V 00 0.08
16 PMHS-PDMS-Q4 4.28 V 03 0.24 V 00 0.01
17 PMHS-PDMS-Q6 4.60 V 03 0.95 V 00 0.02
18 PMHS-PDMS-Q5 3.21 V 03 0.19 V 05 0.46
19 PMHS-PDMS-Q4 4.28 V 03 0.39 V 00 0.01
20 PMHS-PDMS-Q6 4.60 V 03 0.95 V 00 0.01
21 PMHS-PDMS-Q5 3.21 V 05 0.61 V 21 0.04
22 PMHS-PDMS-Q4 4.28 V 03 0.21 V 05 0.03
23 PMHS-PDMS-Q5 3.21 V 03 0.19 V 05 0.46
24 PMHS-PDMS-Q5 3.21 V 03 0.19 V 05 0.46
25 PMHS-PDMS-Q5 3.21 V 03 0.19 V 05 0.46
26 PMHS-PDMS-Q5 3.21 V 03 0.19 V 05 0.46
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Appendix 3: Coating formulations for the coatings
prepared from PMHS-PDMS-Q2 as described in Table 6

Std PMHS- vinyl-PDMS combinations
order PDI\(AQS) Q2 Type Weight Type Weight
1 (9 2 (9)
1 1.00 V 05 017 V21 3.83
2 1.00 V 05 0.01 V 21 3.99
3 1.00 V 22 1.66 V21 2.34
4 2.75 V 05 1.80 V21 0.45
5 2.75 V 05 1.37 V21 0.88
6 2.75 V 05 1.08 V21 1.17
7 4.50 V 00 0.06 V03 0.44
8 4.50 V 00 0.04 VO3 0.46
9 4.50 V 00 0.03 VO3 0.47
10 2.75 V 05 1.37 V21 0.88
11 2.75 V 05 1.37 V21 0.88
12 2.75 V 05 1.37 V21 0.88
13 2.75 V 05 1.37 V21 0.88

Appendix 4: Coating formulations for the coatings
prepared from PMHS-PDMS-Q3 as described in Table 6

Std PMHS- vinyl-PDMS combinations
order PDI\(AQS) Qs Type Weight Type Weight

1 (9) 2 (9
1 2.32 V 05 249 V21 0.20
2 2.32 V 05 1.91 V 21 0.78
3 2.32 V 05 1.52 V 21 1.16
4 3.47 V 00 0.04 V03 1.49
5 3.47 V 00 0.02 V 03 1.51
6 3.47 V 00 0.01 V 03 1.52
7 4.63 V 00 0.11 V 03 0.26
8 4.63 V 00 0.09 VO3 0.28
9 4.63 V 00 0.07 VO3 0.30
10 3.47 V 00 0.02 V03 1.51
11 3.47 V 00 0.02 V 03 1.51
12 3.47 V 00 0.02 V 03 1.51
13 3.47 V 00 0.02 V03 1.51
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