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’ INTRODUCTION

Marine biofouling, which is defined as the undesirable accu-
mulation of microorganisms, plants, and animals on artificial
surfaces immersed in seawater, is a major problem for surfaces
such as ship hulls, aquaculture cages, and pipelines.1�5 Biofouling
on ship hulls increases surface roughness which causes higher
hydrodynamic friction leading to increased fuel consumption,
increased frequency of dry-docking, initiation of corrosion, and
the introduction of invasive species to new environments.1,3,4

Biofouling of aquaculture framings causes an estimated 20%
increase in the cost of fish production because of the necessity for
cleaning operations.2

The process of biofouling is generally believed to occur in
multiple stages with significant overlap between the stages.1,5

The first stage is the formation of a conditioning film within a

minute of water immersion because of the settlement of organic
molecules, such as proteins and polysaccharides. Next, within a
day, bacteria and single-cell diatoms settle on this modified
surface to form a microbial biofilm which promotes the accu-
mulation of algal spores, barnacle cyprids, and marine fungi. In
the final stage, the settlement and the growth of larger marine
invertebrates together with the growth of macroalgae results in
macrofouling.

More than 4,000 species of marine organisms have been
identified over fouled surfaces.1,3 These species differ in their
mechanism of adhesion to substrates as well as in their adhesive
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ABSTRACT: As part of ongoing efforts aimed at the develop-
ment of extensive structure�property relationships for
moisture-curable polysiloxane coatings containing tethered
quaternary ammonium salt (QAS) moieties for potential appli-
cation as environmental friendly coatings to combat marine
biofouling, a combinatorial/high-throughput (C/HT) study
was conducted that was focused on four different compositional
variables. The coatings that were investigated were derived from
solution blends of a silanol-terminated polydimethylsiloxane
(HO-PDMS-OH), QAS-functional alkoxysilane, and methyltriacetoxysilane. The compositional variables investigated were
alkoxysilane functionality of the QAS-functional silane, chain length of the monovalent alkyl group attached to the QAS nitrogen
atom, concentration of the QAS-functional alkoxysilane, and molecular weight of the HO-PDMS-OH. Of these variables, the
composition of the alkoxysilane functionality of the QAS-functional silane was a unique variable that had not been previously
investigated. The antifouling (AF) and fouling-release (FR) characteristics of the 24 unique coating compositions were
characterized using HT assays based on three different marine microorganisms, namely, the two bacteria, Cellulophaga lytica and
Halomonas pacifica, and the diatom, Navicula incerta. Coatings surfaces were characterized by surface energy, water contact angle
hysteresis, and atomic force microscopy (AFM). A wide variety of responses were obtained over the compositional space
investigated. ANOVA analysis showed that the compositional variables and their interactions significantly influenced AF/FR
behaviors toward individual marine microorganisms. It was also found that utilization of the ethoxysilane-functional QASs provided
enhanced AF character compared to coatings based onmethoxysilane-functional analogues. This was attributed to enhanced surface
segregation of QAS groups at the coating-air interface and confirmed by phase images using AFM.
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composition. Considering the diversity of fouling-organisms, it
can be understood that the creation of an effective coating to
combat biofouling is a considerable technical challenge.

Historically, the most effective antifouling (AF) coatings have
been based on leachable copper and tin biocides with tributyltin-
based, self-polishing acrylate coatings being the most effective.6,7

Unfortunately, these biocide-releasing coatings also kill nontar-
get organisms and can accumulate in harbors causing detrimental
changes to the aquatic environment.8,9 Thus, to protect the
marine environment, the International Maritime Organization in
October 2001 banned new use of tributyltin-based paints effec-
tive January 1, 2003 and mandated replacement of tributyltin-
based paints on ships effective January 1, 2008.1,3

As a result of continued environmental concerns related to
biocide-releasing marine coatings, considerable effort has gone
into the development of nontoxic replacements. Polysiloxane
coatings with “easy-release” characteristics have been reported by
various researchers and are commercially available as “fouling-
release” (FR) coatings.10�12 More recently, other approaches
have been investigated for the production of nontoxic marine
coatings.13�18 Krishnan et al. reported that amphiphilic block
copolymers with semifluorinated, liquid-crystalline side-chains
showed good release of Ulva sporelings.13 Statz et al. modified
titanium substrates with methoxy-terminated poly(ethylene
glycol)-L-3,4-dihydroxyphenylalanine copolymers and showed
that they were more effective than polydimethylsiloxane-based
coatings in inhibiting settlement of diatoms and Ulva
sporelings.14Microtopographic patterned surfaces were explored
to understand the effect of topographical features on the settle-
ment of marine organisms. Sharklet AF patterned surfaces
developed by Carman et al. and inspired from shark skin showed
low settlement of Ulva zoospores.16,17 Several other approaches
for the development of nontoxic marine coatings have been
reported, and the topic has been recently reviewed by Webster
and Chisholm.19

The authors have been investigating the development of
environmentally friendly marine coatings using an approach
based on chemically grafting or “tethering” biocidal moieties to
a polysiloxane matrix.20�22 The primary biocide moiety of
interest has been quaternary ammonium salts (QASs). QASs
are well-known to possess biocidal activity through a mechanism
involving electrostatic and lipophilic interactions with the cell
wall of various microorganisms.23�25 Surfaces coated with QAS-
containing polymers have been shown to kill a wide range of
microorganisms including Gram-positive bacteria, Gram-nega-
tive bacteria, yeasts, and molds.22,25�27 Kugler et al. reported on
the mechanistic aspects of QAS-functional surfaces.28 According
to their findings, the effectiveness of a QAS-functional surface
largely depends on QAS concentration. For a given microorgan-
ism, a threshold QAS charge-density must be surpassed to obtain
antimicrobial activity. The threshold QAS charge density was
found to vary with the species of bacterium as well as the
metabolic state of the bacterium. Murata et al. reported that
antimicrobial efficacy of surfaces derived from QAS-functional
polymer brushes was dependent on surface charge-density but
independent of molecular weight of the polymer brushes.29

As shown in Figure 1, the QAS-functional coatings being
investigated by the authors are based on solution blends of a
silanol-terminated poly(dimethylsiloxane) (HO-PDMS-OH), a
QAS-functional alkoxysilane, and the cross-linker, methyltriace-
toxysilane (MeTAS). Previous results have shown that the
effectiveness of these moisture-curable systems as marine

coatings depends strongly on compositional variables which
include the concentration of the QAS-functional alkoxysilane,
the length of the alkyl chain attached to the nitrogen atom (R1 in
Figure 1), and the molecular weight of the HO-PDMS-OH.20,22

A correlation between coating surface morphology and both AF
and FR characteristics was observed as part of this prior research.
In general, compositions that displayed an AF effect and/or
enhanced FR properties possessed a heterogeneous surface
morphology. The generation of a heterogeneous surface mor-
phology was dependent on complex interactions between the
various compositional variables investigated. This paper de-
scribes further investigations of the compositional space de-
scribed in Figure 1 with particular emphasis on the effect of
the chemical structure of the alkoxysilane groups (R2 in
Figure 1). A combinatorial/high-throughput (C/HT) approach
was applied to the investigation to enable multiple variables to be
probed simultaneously and efficiently.30�34

’EXPERIMENTAL PROCEDURES

Materials. Table S1 in the Supporting Information describes
the starting materials used for the investigation. All the reagents
were used as received. The marine bacteriumHalomonas pacifica
27122 was received from the American Type Culture Collection.
The marine bacterium Cellulophaga lytica was generously pro-
vided by Dr. Michael Hadfield of the Kewalo Marine Laboratory,
University of Hawaii. The marine microalgae diatom Navicula
incerta was generously provided by Dr. Maureen Callow, School
of Biosciences, University of Birmingham, U.K. Artificial sea-
water (ASW) was prepared by dissolving 38.5 g of sea salts
(Sigma-Aldrich) into 1 L of deionized water. Bacterial biofilm
growthmedium (BGM) consisted of 0.1 g of yeast extract and 0.5
g of dextrose (H. pacifica) or 0.5 g of peptone (C. lytica) per 1 L of
ASW. Algal growth medium (F/2) consisted of 1 L of ASW
supplemented with nutrients from Guillard’s F/2 medium.35

BGM, F/2, and ASW were filter sterilized with 0.2 μm vacuum-
cap filters.
Synthesis of Alkoxysilane-Functional Quaternary Ammo-

nium Salts (QASs). Alkoxysilane-functional QASs were synthe-
sized by reacting a trialkoxysilane-functional alkyl halide with an

Figure 1. Schematic illustrating the formation of the cross-linked
network containing tethered QAS groups. TBAF is tetrabutylammo-
nium fluoride.
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alkyl amine in a 1.00:0.95 molar ratio. A representative synthetic
procedure is as follows: 5.00 g of 3-chloropropyltrimethoxysilane
(2.52� 10�2 moles) and 6.44 g ofN,N-dimethylhexadecylamine
(2.39 � 10�2 moles) were mixed thoroughly in a 20 mL
scintillation vial. The vial containing the reaction mixture was
purged with nitrogen for 5�10 min before sealing the vial. The
quaternization reaction was carried out at 110 �C for 48 h using
magnetic stirring. After 48 h, the reaction mixture was cooled to
room temperature before adding 11.44 g of methanol to produce
a 50 wt % solution of hexadecyldimethyl(3-trimethoxysilylpro-
pyl)ammonium chloride (Q-C16-TMS) in methanol. The com-
positional details for each alkoxysilane-functional QAS synthesis
are provided in the Supporting Information, Table S2. Successful
alkoxysilane-functional QAS synthesis was confirmed using pro-
ton nuclear magnetic resonance (1H NMR) spectroscopy. For
each alkoxysilane-functional QAS produced, the 1H NMR spec-
trum showed complete disappearance of the dimethylamino
protons at 2.2 ppm and the appearance of peaks at 3.5 ppm
(-Nþ-CH2-) and 3.3 ppm [(-Nþ-(CH3)2] due to quaternization.
Coating Solution Preparation. A modified, automated coat-

ing formulation station manufactured by Symyx Discovery
Tools, Inc. was used to prepare coating solutions. The modifica-
tion to the formulation station involved coupling magnets to the
stir motors to enable the use of disposable containers and
magnetic stirring. Table 1 provides the compositions of each of
the coating solutions prepared for the investigation.
Coating Application. Samples for measurements of surface

energy (SE) and water contact angle hysteresis (WCAH) as well
as surface morphological characterization were prepared using a

Gardco applicator. Drawdowns were made over aluminum
panels and curing was achieved by allowing the coatings to lie
horizontally for 24 h at ambient conditions followed by a 24 h
heat treatment at 50 �C using a VWR Asphalt oven to ensure
full cure.
For high-throughput (HT) measurements of antifouling (AF)

and fouling-release (FR) properties, coating solutions were
deposited using an Eppendorf Repeater plus pipetter into wells
of 24-well array plates (6 columns and 4 rows) modified with
primed aluminum discs in each well. The primer used was
Intergard 264. Deposition was done such that a given coating
composition occupied three entire columns of the 24-well array
plate (12 replicate samples per array plate). The volume of
coating solution transferred to each well was 0.25 mL. In addition
to the experimental coatings, reference coatings, namely, Inter-
sleek 700, Intersleek 900, and T2 were deposited. Coatings were
allowed to cure for 24 h at room temperature and then heated at
50 �C for 24 h to ensure full cure.
Instrumentation. 1H NMR spectra were collected using a

JEOL 400 MHz spectrometer and CDCl3 as the lock solvent. A
sweep width of 7503 Hz was used with 16,000 data points,
resulting in an acquisition time of 2.184 s. Sixteen scans were
obtained with a relaxation delay of 4 s.
An automated SE measurement unit manufactured by Symyx

Discovery Tools, Inc. and First Ten Angstroms was used to
measure coating SE and WCAH. The methods for measuring SE
and WCAH are described in detail elsewhere.18

Atomic force microscopy (AFM) studies were performed
using a Dimension 3100 microscope with a Nanoscope IIIa

Table 1. Compositions of Coating Solutions Prepared for the Investigationa

coating HO-PDMS-OH alkoxysilane-functional QAS QAS (mol X 103) wt of QAS soln. toluene

49K-C14-TMS-0.20 49K-PDMS Q-C14-TMS 1.0 0.88 1.25

49K-C16-TMS-0.20 49K-PDMS Q-C16-TMS 1.0 0.94 1.25

49K-C18-TMS-0.20 49K-PDMS Q-C18-TMS 1.0 0.83 1.25

49K-C14-TES-0.20 49K-PDMS Q-C14-TES 1.0 0.96 1.25

49K-C16-TES-0.20 49K-PDMS Q-C16-TES 1.0 1.02 1.25

49K-C18-TES-0.20 49K-PDMS Q-C18-TES 1.0 1.08 1.25

49K-C14-TMS-0.30 49K-PDMS Q-C14-TMS 1.5 1.32 1.25

49K-C16-TMS-0.30 49K-PDMS Q-C16-TMS 1.5 1.40 1.25

49K-C18-TMS-0.30 49K-PDMS Q-C18-TMS 1.5 1.24 1.25

49K-C14-TES-0.30 49K-PDMS Q-C14-TES 1.5 1.45 1.25

49K-C16-TES-0.30 49K-PDMS Q-C16-TES 1.5 1.53 1.25

49K-C18-TES-0.30 49K-PDMS Q-C18-TES 1.5 1.61 1.25

18K�C14-TMS-0.20 18K-PDMS Q-C14-TMS 1.0 0.88 0.00

18K�C16-TMS-0.20 18K-PDMS Q-C16-TMS 1.0 0.94 0.00

18K�C18-TMS-0.20 18K-PDMS Q-C18-TMS 1.0 0.83 0.00

18K�C14-TES-0.20 18K-PDMS Q-C14-TES 1.0 0.96 0.00

18K�C16-TES-0.20 18K-PDMS Q-C16-TES 1.0 1.02 0.00

18K�C18-TES-0.20 18K-PDMS Q-C18-TES 1.0 1.08 0.00

18K�C14-TMS-0.30 18K-PDMS Q-C14-TMS 1.5 1.32 0.00

18K�C16-TMS-0.30 18K-PDMS Q-C16-TMS 1.5 1.40 0.00

18K�C18-TMS-0.30 18K-PDMS Q-C18-TMS 1.5 1.24 0.00

18K�C14-TES-0.30 18K-PDMS Q-C14-TES 1.5 1.45 0.00

18K�C16-TES-0.30 18K-PDMS Q-C16-TES 1.5 1.53 0.00

18K�C18-TES-0.30 18K-PDMS Q-C18-TES 1.5 1.61 0.00
aAll values are in grams. In addition to the QAS solution and toluene, each mixture contained 5.0 g of HO-PDMS-OH, 0.75 g of MeTAS, and 0.75 g of
Cat soln. The “Cat soln.” was a 50 mmol solution of TBAF in MIBK.
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controller from Veeco Incorporated. Images were obtained in
tapping mode at ambient conditions using a three-lever silicon
probe from MickroMasch. Cantilever length, width, and thick-
ness were 350( 5 μm, 35( 3 μm, and 1.7�2.3 μm, respectively.
The spring constant was 0.1�0.4 N/m, resonant frequency
17�24 kHz, and set point ratio 0.8�0.9.
Software. Design-Expert Version 7.0.3 was used to perform

ANOVA analyses, and Spotfire DecisionSite 9.1.1 was used to
generate scatter plots.
Coating Preconditioning and Cleaning. Prior to the HT

assessment of AF and FR properties using marine bacteria and
microalgae, coating array plates were immersed in a tap water
preconditioning system to remove any leachable, toxic impurities
such as solvent, catalyst, or unbound QASs that may influence
the measurements. After 35 days of immersion, the array plates
were removed from the preconditioning system, and the coating
surfaces were immediately cleaned using a semiautomated
scrubbing device. The scrubbing device consisted of 24 indivi-
dually rotating heads that contained disposable, open-cell poly-
urethane foam tips that fit firmly in the wells of a coating array
plate. Each coating array plate was inverted over the foam tips,
and pressure was applied until the plate was flush with the Teflon
block that houses the rotating heads. A foot switch was then
engaged to facilitate scrubbing of each plate for 5 s. Water was
forced through each polyurethane foam tip during device opera-
tion to maintain cleanliness of the tips and aid in the cleaning
process.
HTAssays Based onMicroorganisms.After preconditioning

and cleaning, the experimental coating compositions were sub-
jected to a leachate toxicity evaluation to ensure that leachable,
toxic components were removed from the coatings. The proce-
dure for determining leachate toxicity has been previously
described in detail.20 The HT assessment of AF and FR character
using bacteria has previously been described in detail20,36�39 as

have similar HT assays based on microalgae.20,40 The water-
jetting to asses FR character was conducted at 68.95 kpa (10 Psi)
and 103.42 kpa (15 Psi) for 5 s toward C. lytica and H. pacifica,
respectively. For N. incerta, the water-jetting was conducted at
68.95 kpa (10 Psi) for 10 s.

’RESULTS AND DISCUSSION

For the compositional space of interest, described generically
in Figure 1, curing and QAS tethering occur by a mixture of
condensation reactions involving Si�OH, alkoxysilane, and
acetoxysilane groups. Since ambient moisture is involved in the
generation of Si�OH groups from alkoxysilane and acetoxysi-
lane groups, this compositional space fits into the general class of
polysiloxane-based coatings often referred to as “moisture-cure”
or “condensation-cure” coatings.20,22,41,42 The variables investi-
gated for this study included QAS composition, QAS concentra-
tion, and HO-PDMS-OHmolecular weight. With regard to QAS
composition, R1 and R2 were varied. On the basis of previous
studies which showed that R1 chain lengths from 1 to 12 carbon
atoms provided little to no enhancement in AF or FR
performance,20,22 the study was limited to R1 chain lengths
ranging from 14 to 18 carbon atoms. R2 was varied between
methyl and ethyl, and HO-PDMS-OH molecular weight was
varied at 18,000 and 49,000 g/mol. Figure 2 displays a schematic
of the experimental design. A total of 24 unique coating
compositions were prepared. The responses measured using
HT methods included AF and FR characteristics toward a suite
of organisms as well as fundamental surface properties, namely,
surface energy (SE) and water contact angle hysteresis (WCAH).
Atomic force microscopy (AFM) was conducted on a subset of
the coatings prepared.
AF/FR Properties. Three marine microorganisms were

used to characterize AF and FR properties. Two of the

Figure 2. Schematic illustration of the experimental design used for the investigation.
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microorganisms were bacteria, namely, C. lytica and H. pacifica,
while the third was a diatom,N. incerta. Figures 3a and 3b display
bacterial biofilm retention and removal, while Figure 4 displays
diatom attachment and removal for all the experimental coatings
and the three different reference coatings (i.e., Intersleek 700,
Intersleek 900, and T2). For the two bacterial species, C. lytica
(Figure 3a) and H. pacifica (Figure 3b), the amount of biomass
before and after water-jetting is represented by an absorbance
value obtained from extraction of the biomass indicator dye from
stained biofilms. For the diatom, N. incerta (Figure 4), the
amount of biomass before and after water-jetting is represented
by relative fluorescence units (RFU) obtained from extracting
chlorophile from the cells. Casual observation of the plots
displayed in Figures 3 and 4 show that a wide variety of responses
were obtained from the coatings investigated. For example,
considering Figure 3a, sample 49K-C16-TES-0.3 had essentially
no biofilm retained on the surface. A response such as this

indicates that the coating had good AF character toward C. lytica.
In contrast, sample 18K-C18-TES-0.3 had a considerable amount
of biofilm retained on the surface, but the biofilm was completely
removed by the water-jetting process. This response indicates that
sample 18K-C18-TES-0.3 had good FR character toward C. lytica.
For illustration purposes, multiwell plate images of a good AF
coating, a good FR coating, and a poor AF/FR coating toward C.
lytica are provided in the Supporting Information, Figure S1.
To identify statistically significant compositional factors that

contribute to enhanced AF and FR character, an ANOVA
analysis was conducted. According to the ANOVA analysis of
AF behavior (Table S3 in the Supporting Information), R2

composition was the most significant factor that influenced both
C. lytica and H pacifica biofilm retention. For FR behavior,
ANOVA analysis results (Table S3 in the Supporting In-
formation) showed that many of the compositional variables as
well as interactions between variables significantly influenced FR

Figure 3. (a) C. lytica biofilm retention before and after water-jetting using a pressure of 68.95 kpa. Error bars represent one standard deviation. (b)H.
pacifica biofilm retention before and after water-jetting using a pressure of 103.42 kpa. Error bars represent one standard deviation.
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performance. For all microorganisms, QAS concentration and R1

composition was a significant factor either by itself or in an
interaction with another variable.

Since there are a tremendous number of fouling species in the
world’s oceans, it was of interest to identify those compositions
and compositional factors that provided “broad-spectrum” AF

Figure 4. Attached cells of N. incerta before and after water jetting using a pressure of 68.95 kpa. Error bars represent one standard deviation.

Figure 5. Overall AF activity. The values were generated by summing absorbance values associated with C. lytica and H. pacifica biomass and
fluorescence intensity values associated withN. incerta biomass before water-jetting. The RFU values from fluorescence intensity were divided by 10,000
for the calculation of overall AF performance.
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and/or FR character. As a result, plots were generated by
summing responses from individual microorganisms. Figure 5
was constructed to identify compositional variables that result in
good, broad-spectrum AF character. This plot was generated by
summing absorbance values associated with C. lytica and H.
pacifica biomass and fluorescence intensity values associated with
N. incerta biomass before water-jetting. The scatter plot shown in
Figure 5 identifies all factors varied in the experiment. The
x-axis pertains to variations in R1, the shape of the data symbol
pertains to variations in R2, the size of the data symbol indicates
variations inQAS concentration, and the color of the data symbol
indicates variation in HO-PDMS-OH molecular weight. Visual
inspection of Figure 5 shows that the two coatings that showed
the strongest, broad-spectrum AF character were both derived
from a QAS with ethoxy silane groups (i.e., R2 = �CH2CH3).
Figure 6 displays FR data as a function of the compositional

variables by summing values of percent biomass removal for C.
lytica, H. pacifica, and N. incerta. Visual inspection of Figure 6
suggests that the higher QAS concentration and R1 =C16 or C18
results in enhanced FR character.
In addition to analyzing the data according to AF and FR

behavior, the data was analyzed based on the amount of biomass
remaining after water-jetting. Coatings showing good perfor-
mance based on this data may exhibit good AF properties, good
FR properties, or both good AF and FR properties. Figure 7 was
generated by summing absorbance values associated with C.
lytica and H. pacifica biomass and fluorescence intensity values
associated with N. incerta biomass after water-jetting. Visual
inspection of Figure 7 indicates that coatings with R1 = C16 or
C18 and R2 = �CH2CH3 generally result in low amounts of
biofilm after water-jetting. According to the ANOVA analysis,
QAS concentration and an interaction between R1 and R2 were

the significant terms associated with the amount of biomass
remaining after water-jetting.
In addition to developing structure-AF/FR relationships for

the compositional space of interest, it was relevant to compare
the best performing coatings to a standard polysiloxane coating
as well as to commercial, polysiloxane-based FR coatings. Two
commercial, polysiloxane-based FR coatings were used for
comparison, namely, Intersleek 700 (IS 700) and Intersleek
900 (IS 900). The standard polysiloxane reference coating was
T2. T2 is often used by other investigators as a reference for
studies of FR properties.13,15 Figure 8 provides a comparison of
AF and FR properties for the best performing experimental
coating to IS 700, IS 900, and T2. As shown in Figure 8, the best
experimental coating, 49K-C16-TES-0.3, showed much lower
initial biomass than the commercial coatings, indicating better
AF character for the QAS-containing coating. In addition, water-
jetting caused essentially complete removal of the biomass for all
three of the microorganisms, indicating excellent FR properties
compared to the commercial coatings. It should be understood
that the commercial coatings were not designed to exhibit an AF
effect; thus, it was not surprising that they did not show a
significant inhibition of bacterial biofilm retention or algal cell
attachment.
Surface Properties. To obtain some fundamental under-

standing of the influence of the compositional variables on AF
and FR properties, SE and WCAHmeasurements were made on
all of the coatings produced, and AFM was conducted on select
coatings possessing systematic variations in composition. Figures
S2 and S3 in the Supporting Information display SE and WCAH
data, respectively. It can be seen that SE and WCAH varied
widely over the compositional space. SEs ranged from 8.3 to 18.3
mN/m. The SEs of most all of the experimental coatings were

Figure 6. Overall FR activity. The values were generated by summing values of percent biomass removal for C. lytica, H. pacifica, and N. incerta.
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Figure 8. Comparison of AF and FR properties of the best performing experimental coating, 49K-C16-TES-0.3, to the reference coatings, IS 700, IS
900, and T2, toward three microorganisms, (a) C. lytica, (b) H. pacifica, and (c) N. incerta.

Figure 7. Overall AF/FR activity. The values were generated by summing absorbance values associated with C. lytica and H. pacifica biomass and
fluorescence intensity values associated with N. incerta biomass after water-jetting. The RFU values from fluorescence intensity were divided by 10,000
for the calculation of overall AF/FR performance.
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significantly lower than the 18.2 mN/m value typically reported
for PDMS.20,22 A previous investigation by the authors showed
that the lower SEs associated with QAS-functional polysiloxane
coatings was due to the formation of a heterogeneous surface
morphology composed of QAS-rich surface protrusions which
reduced wetting.20,22 The authors previous investigation also
showed that QAS-functional coatings exhibiting a heterogeneous
surface morphology exhibited significantly higher WCAH com-
pared to QAS-free analogues. Higher values of WCAH indicate
higher surface instability. It was expected that the ionic nature of
the QAS groups would provide a significant thermodynamic
driving force for surface rearrangement upon exposing the

surface to water. The WCAH for the pure polysiloxane reference
coating, T2, was 5.3 which is considerably lower than most all of
the QAS-functional coatings.
Figure 9 displays AFM images that illustrate the effect of

alkoxysilane composition (i.e., ethoxy vs methoxy) and QAS
concentration on surface morphology. Since the AFM tip used to
generate the images was negatively charged because of an oxide
layer with anionic surface functionality, it was expected that
considerable contrast would be observed between QAS-rich
domains and the siloxane matrix because of the positive charge
of the QAS groups. Thus, the darker regions of the phase images
were attributed to QAS-rich domains.43 The AFM images shown

Figure 9. (a) AFM phase images that illustrate the effect of alkoxysilane composition on coating surface morphology. (b) AFM phase images that
illustrate the effect of TES-QAS concentration on coating surface morphology.
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in Figure 9a show an effect on surface morphology resulting from
the variation in alkoxysilane composition (i.e., R2). For the
coatings based on R1 = C16, the surface morphology changed
from isolated, circular QAS-rich domains for the coating derived
from the TMS-functional QAS (i.e., 49K-C16-TMS-0.30) to
highly interconnected QAS domains for the coating derived from
the TES-functional QAS (i.e., 49K-C16-TES-0.30). For the
coatings based on R1 = C18, 49K-C18-TES-0.30 showed greater
phase contrast compared to 49K-C18-TMS-0.30 indicating a
higher surface charge density for the former.
Figure 9b illustrates the effect of increasing the concentration

of TES-QAS from 0.20 mol/kg of PDMS to 0.30 mol/kg of
PDMS while keeping all other variables constant. Increasing
TES-QAS concentration clearly increased the concentration of
the QAS-rich phase at the coating surface and changed the
surface morphology from isolated QAS-rich domains to highly
interconnected QAS-rich domains. These AFM results suggest
that the use of TES-QASs as opposed to TMS-QASs results in
greater segregation of the QAS groups to the coating/air inter-
face. The production of a higher surface charge density achieved
with the use of TES-functional QASs is consistent with the AF
and FR results that showed that coatings 49K-C16-TES-0.30 and
49K-C18-TES-0.30 performed considerably better relative to
their TMS-QAS-based analogues. The Figure S4 in the Support-
ing Information further illustrates that the coatings exhibiting the
highest AF and FR performance showed a highly heterogeneous
surface morphology with relatively large phase contrast com-
pared to a representative coating that exhibited relatively poor AF
and FR properties.
The final surface morphology of these “moisture-cure” or

“condensation-cure” QAS-tethered polysiloxane coatings results
from complex interactions between various parameters such as
rate of cross-linking, rate of solvent evaporation, increase in
viscosity during film formation, and their effect on thermody-
namic driving force of phase separation between polar QAS
molecules and nonpolar PDMS. The higher extent of QAS
surface segregation achieved with the use of TES-functional
QASs as compared to analogous TMS-functional QASs
may be attributed to their relative differences in reactivity.
During substitution reactions ethoxysilane groups provide
more steric hindrance compared to methoxysilane groups
while�OCH2CH3, generated during hydrolysis of ethoxysilane,
is a poor leaving group compared to �OCH3. Hence, ethox-
ysilane groups are less reactive toward hydrolysis and substitu-
tion reactions compared to methoxysilane groups.44,45 Since
cross-linking and tethering of QAS groups to the cross-linked
network occurs during the process of film formation, the slower
reaction rate of the TES-functional QASs may provide additional
time for diffusion to the coating-air interface before being
incorporated into the cross-linked network.

’CONCLUSION

As a result of extensive studies using a C/HT approach, it has
been demonstrated that the AF and FR properties of moisture-
curable polysiloxanes based on a QAS-functional silane depend
strongly on multiple compositional variables.35�37 This particu-
lar study involved a variable that had not been previously studied,
namely, the chemical composition of the alkoxy group on the
QAS-functional alkoxysilane (R2 in Figure 1). It was found that
utilization of ethoxysilane-functional QASs provided better AF
character than their methoxysilane-functional analogues. The

study also showed that other variables such as QAS concentra-
tion, alkyl group attached to the QAS nitrogen atom (R1 in
Figure 1), and their interactions with R2 had significant effect on
AF/FR character of the coatings. Coating compositions contain-
ing ethoxysilane-functional QAS with R1 g C16 and at higher
QAS concentration would minimize the biomass remaining after
water-jetting. A comparison of the best performing experimental
coating, 49K-C16-TES-0.3, to the commercial FR coatings, IS
700 and IS 900, showed that the experimental coating resulted in
much lower biomass retention for all three microorganisms than
the commercial FR coatings, and the biomass that was retained
was essentially completely removed by water-jetting. Results
obtained with AFM showed enhanced segregation of QAS
groups to the coating-air interface resulting from the use of
ethoxysilane-functional QASs as compared to methoxysilane-
functional QASs. It was hypothesized that the higher concentra-
tion of QAS groups at the coating-air interface observed for
ethoxysilane-functional QASs resulted from slower kinetics of
hydrolysis and condensation reactions associated with ethoxysi-
lane groups as compared to methoxysilane groups. A slower
reaction rate would be expected to allow more time for diffusion
of the QAS-functional silane to the coating-air interface before it
becomes incorporated into the developing cross-linked polymer
network.
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