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George Mason University, 2012 

 

Thesis Director:  Dr. Robert F. Cozzens 

 

 

High operational and maintenance costs are significant problems associated with 

the fouling of marine vessels.  Traditionally, fouling of such vessels was mitigated via 

paints, applied below the water line, that released organometallic compounds that were 

toxic to fouling species.  Increased regulation of these paints has stimulated much 

research in the development of environmentally benign alternatives and replacements.   

Low surface energy materials, such as silicone elastomers and fluoropolymers 

have shown great promise due to their ability to resist both initial microbial colonization, 

as well as their “fouling release” characteristics.  However, the implementation of these 

materials in the form of marine coatings is problematic, and the development of a suitable 

antifouling coating remains elusive.  In order to maximize the efficiency of marine 

coatings, the development of materials with multiple antifouling mechanisms is required.  

This thesis describes a series of polymeric materials that exhibit a combination of three 



 

 

different approaches to fouling: low surface energy, antimicrobial activity, and 

hydrolysability. 

Novel polymer coatings with low surface energy domains, tethered broad 

spectrum antimicrobials, and non-toxic hydrolysable linkages have been synthesized.  

Low surface energy materials have shown great promise in reducing adhesion and 

colonization of microbes at surfaces and remain a suitable first line of defense.  

Additionally, low surface energy domains may provide the ability for materials to release 

accumulated fouling via hydrodynamic/sheer forces as a ship moves through the water. 

Despite reduced adhesion and fouling release properties that are well known for 

low surface energy materials, microbes are still able to colonize at the surface, which 

typically led to the formation of biofilms.  To minimize the formation of biofilms from 

adhered microbes, quaternary ammonium salts (QAS) were incorporated into the 

urethane backbone to provide an effective active antimicrobial defense mechanism. 

Finally, incorporating a non-toxic hydrolysable linkages provide the material with 

a renewable character allowing a gradual sloughing of the coatings to continuously 

provide fresh active antimicrobial interfaces.  The gradual sloughing of the coatings 

provides a second mechanism of fouling release due to the constant renewal of the 

surface which is capable of removing any fouled portions of the coating.  Synthesis, 

structure-property relationships, and antifouling behavior of these materials are detailed. 

 



 

 

 

 

 

1.0 Background 

 

 

1.1 Biofouling 

Marine biofouling has been defined as the accumulation of plants, 

microorganisms and animals on the surface of ships.
1
  Biofouling can be broken down 

into four stages.  In the first stage of fouling, organic molecules such as polysaccharides 

and proteins accumulate at the surface.  In the second stage, the accumulation causes a 

“conditioning film” to form, which allows bacterial and unicellular algae growth.  In the 

third stage, a biofilm is created when the microbial film formed in the first two stages 

provides adequate food for the spores of microorganisms as they begin to attach to the 

surface.  The fourth stage is represented by the continual attachment of organisms and the 

creation of microbial colonies.
1-2

  Biofouling is a complex process that ideally can be 

controlled by addressing one or more of the aforementioned stages. 

 

1.2 Historical Perspective of Primitive Methods 

The problems of marine biofouling have been known and combated for over 2000 

years.  Materials such as pitch, copper and iron sheathing, wax, tar and asphaltum were 

all used in attempts to combat marine biofouling.
1
  Although many of these technologies 

have merit and function in some capacity, today most are neither affordable nor 

environmentally acceptable. 
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1.3   Energy Consumption as a Function of Marine Fouling 

Marine biofouling is a major economic problem to the U.S. Navy and shipping 

industries because of the increase in drag due to fouling, resulting in increased fuel 

consumption.
1, 3-7

  Additionally, in many cases, it reduces mission-duration.  

Consequently, the amount of time a vessel spends in dry-dock for maintenance is 

increased resulting in a loss of time in service and therefore reduced productivity of the 

vessel.
1
  As of 2002, it was estimated that the U.S. Navy spent approximately one billion 

dollars cleaning the hulls of their fleet.
8
  Biofouling causes a direct and indirect economic 

impact on the marine industry, resulting in a loss of 7% of the gross national product.
9
  In 

fact, a one millimeter thick layer of algal slime can increase hull friction by 80% and 

cause a loss in ship speed by 15%.  Furthermore, a 5% increase of fouling for a tanker 

that weighs 250,000 dwt will increase its fuel consumption by 17%.
10

 

 

1.4  Environmental Concerns Related to Current Antifouling Coatings 

Antifouling agents are traditionally added to paints applied to the hull of ships to 

prevent the fixation of living organisms.  These paint formulations are extremely 

complex systems that contain one or several toxic components.  Moreover, there are other 

additives which are designed to provide color, consistency, and ease of application.  

These paints generally leach their toxic agents (copper oxide, tributyltin, etc.) into the 

water, which create an adverse environment for marine life.
11

 

Since tributyltin (TBT) was banned in 2003, there have been a variety of 

alternative antifouling systems used to combat marine fouling.  Many of these 
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compounds have unknown effects on the environment as they have not been 

commercially available for sufficient time for comprehensive studies to be conducted.  

However, Bao et al.
12 

have studied the effects of the toxicity of five commonly used 

biocides, including zinc pyrithione (1), Irgarol (2), Diuron (3), copper pyrithione (CuPT) 

(4) and chlorothalonil (5) on several different types of marine species found in waters off 

Hong Kong.  The results were compared with TBT and copper.  Bao found that Irgarol 

(7) was more toxic than TBT on the growth of autotrophic species.
12

  Furthermore, it was 

found that the toxicity of CuPT (4) was comparable to that of TBT and, in the case of 

medaka fish larvae was more toxic.  The commercial names, chemical names and 

chemical structures are found in Table 1. 
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Table 1: Commercial biocide boosters for marine coating systems. 

 

 

 

Cmpd # Commercial Name Chemical Name Structure 

1 Zinc Pyrithion 
2-mercaptopyridine  
N-oxide zinc salt 

 

2 Irgarol 1051 

2-methylthio-4-tert-

butylamino-6-

cyclopropylamino-S-

triazine 
 

3 Diuron 
3-(3,4-dichlorophenyl)-

1,1-dimethylurea 
 

4 Copper pyrithione 

2-mercaptopyridine  

N-oxide copper 

salt 
 

5 Chlorothalonil 

2,4,5,6-

tetrachloroisophthalonitri

le 

 

6 Sea-Nine 211 
4,5-dichloro-2-n-octyl-

3(2H) isothiazolone 
 

7 KH101 
pyridine triphenyl 

borane 

 

8 
TBT 

tributyltin oxide 

 

9 M1 

2-methylthio-4-tert-

butylamimo-6-amino-S-

triazine 
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1.5 Types of Marine Fouling 

As previously mentioned in section 1.1, biofouling can be broken down into four 

stages.  The stages are outlined in greater detail in Figure 1 which was taken from the 

work of Abarzua.
13

  Each stage is defined by a different fouling agent that attaches itself 

to the ship hull, creating multiple layers of fouling.  The first three stages are relatively 

straight forward.  However, the fourth stage is frequently broken into two different 

categories, hard or soft fouling agents.  The major hard-fouling organism is primarily 

barnacles of which there are numerous species found through the world.
14

  Other species 

of hard-fouling include mussels and tubeworms.
8
  The primary species of soft fouling is 

algae, which is similar to barnacles, has many different species that cause fouling.  The 

major species of algae that cause fouling are Enteromorpha and Ectocarpus, green and 

brown algae, respectively.
14

  Additional sources of soft-fouling include soft corals, 

tunicates, anemones and sponges.   
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Figure 1: Stages of marine fouling. 
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1.6 Copper Containing Coatings 

Currently, cuprous oxide is used both as an antifouling agent and also as a 

pigment that is blended into the polymeric binder.
2
  However, before copper compounds 

were used as pigments to control marine biofouling, many used copper sheathing in an 

attempt to thwart biofouling.  The first known ship to use copper metal sheathing was the 

HMS Alarm in 1758.  From the Alarm’s success against antifouling, copper sheathing 

was expanded to the remainder of the Royal Navy by 1780.  In fact, copper became of 

such importance to the Royal Navy that the British ceased the export of copper and began 

calling it a “war material”.
15

  

Currently, many paints rely heavily upon the cuprous oxide pigment (Cu2O) and it 

is used in combination with various organic biocide boosters.  These boosters are 

designed to inhibit microbial accumulation and growth at the early stages of the fouling 

process.  Other copper based pigments have been used, including cuprous thiocyanate, 

cuprous bromide, cuprous iodide, and cuprous cyanide.  However, cuprous oxide is 

preferred to these alternatives due to cost, solubility and reduced environmental toxicity. 

In an aqueous solution, copper will form the cuprous (Cu
+
) and cupric (Cu

2+
) ions, 

the latter ion being the most stable form.  The cuprous ion will oxidize to the cupric ion 

and metallic copper by a disproportionation reaction.  Copper metal, when immersed in 

water, will convert to the cupric form by oxidation with oxygen in air.
16

 Copper based 

antifouling paints are generally made in three classes: insoluble matrix, soluble matrix 

and self-polishing matrix.  The insoluble and soluble paint matrices have copper pigment 

added to the paint.  The insoluble paint is activated by water contact with subsequent 
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leaching of the cuprous ion.  This insoluble polymer matrix will not erode or polish when 

submerged in water for prolonged periods of time.  These polymeric backbones are 

usually made of high molecular weight polymers such as vinyl, epoxies and acrylics.
1
  

The copper ions are released from the paint matrix by dissolving through the 

interconnecting pores, which become vacant once the pigment has dissolved.  However, 

the depth to which the seawater can penetrate the polymer matrix determines the lifetime 

of the coating.  Once seawater is unable to dissolve additional pigment in the coating, the 

biocides are no longer released and consequently, antifouling activity of the paint is 

greatly diminished or even ceases completely.
1
  

In order to delay the loss of antifouling efficiency, soluble matrix resins were 

developed.
1
  This was accomplished by the addition of a binder to the matrix which could 

be slowly dissolved in seawater.  The coating functions by dissolving carboxyl groups in 

seawater.  The products of the hydrolysis reaction are then stabilized with the sodium and 

potassium ions that are naturally present in seawater.  Constant contact with seawater also 

allows for the biocide to be continuously released until completely depleted from the 

coating.  The carboxyl groups that dissolve were derived from pendant groups in the resin 

component of the paint.  The resin also allows surface polishing, or renewal of the 

coating surface to occur which controls the distance between the paint surface and the 

dissolving biocide layer, thus affecting the rate at which the biocide is released.
1
    

As of 2003, there were 1,746 known species of marine organisms capable of 

attaching themselves to ship hulls and marine structures.  Copper, as a biocide, is only 

effective against barnacles, tube worms and a majority of algal fouling species.  Other 
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fouling organisms show tolerance to the copper ion.  To allow copper to be a more vestal 

antifouling agent, the use of an organic biocide booster is frequently employed in 

combination with cuprous oxide.
16

  

These organic biocide boosters, shown in Table 1, belong to the following classes 

of compounds: heterocyclic amines, aromatic halides, and carbamates.  They contain five 

types of heteroatoms including oxygen, halogens, nitrogen, sulfur, and boron.  It is 

believed that the biological effects of these heteroatoms are obtained through bonding 

and coordination.  These boosters generally degrade much more easily in comparison 

with compounds such as organotins.  The effects of eight different biocides were 

examined on sea urchin eggs and embryos.  The biocides studied, in order of increasing 

toxicity were zinc pyrithion (1), Sea-Nine 211® (6), pyridine triphenyl borate (KH101) 

(7), copper pyrithione (4), tributyltin oxide (8), Diuron (3) Irgarol 1051® (2), and M1 (9) 

(a degradation product of Irgarol 1051).
17

 

 

1.7 Tin Containing Coatings 

As of 2008, a large number of countries had ratified the international treaty that 

banned the use of organotin compounds, such as tributyltin (TBT), in antifouling 

coatings.
18

  The ban of TBT was due to the effects it had on non-targeted organisms, 

specifically the oyster family Crassostrea gigas.  It was found that as little as 20 ng/L had 

a profound effect on the larval growth of this oyster.  A 2 ng/L concentration affected the 

oyster’s calcification, thereby leading to the collapse of the Arcachon Bay oyster fishing 

community in France.  Additionally, as little as 1 ng/L resulted in the development of 
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male sexual characteristics in female animals, or imposex in the species Nucella on the 

south coast of England.
19

  It was due to these findings that the ban on TBT resulted.  

Although TBT had devastating effects to non-targeted organisms, it was originally 

thought that TBT was an excellent choice for ship antifouling due to its ability to be 

easily decomposed by UV light as well as microorganisms after its use.
20

  

Although tributyltin has been known in the marine community since the 1960s, 

organotins have been known and studied since the 1850s when the first organotin 

compound was synthesized.  The first comprehensive study of diethyltin diiodide, which 

is still primarily used as a stabilizer for poly(vinylchloride) (PVC), was completed in 

1953.  The biocidal properties of organotins, however, were not discovered until the 

study of trialkyltin and triaryltin in the late 1950s.  Triorganotins were first used in the 

agricultural industry as fungicides, then as wood preservers in the 1960s, and finally as 

antifouling agents for the marine community.  As increasing uses for organotins were 

discovered, production of these materials also increased from 50 tons in the 1950s to 

approximately 40,000 tons in the mid-1980s.
20

  With the subsequent bans placed on TBT, 

the search for alternative means of antifouling continued. 

 

1.8 Silicone Containing Coating 

Silicone based coatings are termed as foul release (FR) coatings.  FR coatings 

were sidelined with the emergence of self-polishing copolymers, however, with the 

International Maritime Organization (IMO) ban of TBT, a reemergence in silicone 

coatings has prevailed.
21
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A foul release coating works because its nonstick surface provides low free 

energy in conjunction with a smooth surface to reduce the adhesion of fouling organisms.  

If settling, or attachment of a fouling organism occurs, this nonstick surface is designed 

to allow the organism to be easily removed by hydrodynamic shear forces developed by a 

ship in motion or mechanical underwater cleaning.  The organism is more easily removed 

due to the weak bond created between the attaching organism and the FR coating.
22

 

The energy of a surface is determined by measuring the contact angle of a variety 

of different known liquids with known surface tensions.  The contact angle refers to the 

angle at which a liquid interacts with a solid surface.  The amount of surface energy is 

representative of that surface’s ability to interact with other materials.  A general 

relationship between surface energy and bioadhesion has been established and is known 

as the Baier curve (Figure 2).
21

  The Baier curve clearly demonstrates that adhesion 

decreases linearly with decrease in surface energy down to ~25 dyn/cm, but then 

increases dramatically below this value.
23

  This further demonstrates that even though a 

material such as Teflon™ which has a very low surface energy of 18.5 dyn/cm,
24

 

adhesion of fouling remains problematic even though Teflon™ has an extremely low 

surface energy. 
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Figure 2: Baier curve shows the empirical relationship of adhesion and surface energy. 

 

 

 

The relationship between contact angle and surface energy begins with Young’s 

relation in which the contact angle of a droplet of liquid on a solid surface results from 

equilibrium between three interfacial tensions.  The three tensions describe the (1) solid-

vapor interfacial tension (sv), (2) the solid-liquid interfacial tension (sl), and (3) the 

liquid-vapor interfacial relationship (lv).  Young’s equation is shown below in Equation 

1.  In this relationship, the contact angle (and the liquid-vapor interfacial tension (lv) 

are measurable while the other two quantities are unknown.  Because the surface tension 

cannot be easily calculated from this formula, an additional relationship proposed by 
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Owens-Wenbt-Kaelble is required.  The Owens model utilizes a relationship with the 

contact angle and the liquids surface tension by utilizing Young’s equation and an 

expression for the solid-liquid interfacial tension to calculate the surface tension of a 

solid.   

Equation 1:                  

 The Owen’s method uses a geometric mean method to calculate surface energy.  

The overall surface tension is defined by the sum of two components; dispersive forces 

(d
) as a result from London forces, and hydrogen bonding dipole-dipole interactions (h

).  

The relationship can be found below in Equation 2. 

Equation 2:          

 When this expression is combined with Young’s equation, Equation 3 is obtained. 

Where is the surface tension of the test liquid, i is the contact angle of the test liquid, 

d
i and p

i are the dispersive and polar components of the liquid surface tension, and d
s 

and p
s are the dispersive and polar components of the solid surface tension.  From the 

equation, the only unknowns are d
s and p

s and can be these values can be calculated by 

using the contact angle of two well characterized liquids such as diiodomethane and 

water.
25

  By analyzing the contact angle measurements and utilizing the relationships 

described above, it is possible to find the surface energy of novel polymeric coatings.  

Equation 3:               (√  
   

  √  
 
  

 
) 
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1.9  Oil Secreting Coatings 

In an effort to improve the effectiveness of the silicone coatings described in 

section 1.8, the incorporation of silicone oil into the coating system was investigated as a 

means to improve foul release properties.  These coatings function by allowing silicone 

oil to slowly leach (secrete) from the low surface energy coating.  Because foul release 

coatings rely on a low surface energy and a smooth surface, the idea of incorporating 

silicone oil, a lubricant, into the coating would cause a decrease in the ability of an 

organism to attach itself to the coating surface due to the continuous release.
26

  Several 

research groups have shown that the addition of silicone oils to antifouling systems 

decreased the attachment strength of fouling organisms.
26-27

  It has also been shown that 

the type of silicone oil that was excreted had a direct effect on attachment strength.  For 

example, Stein et al.
26

 found that the addition of decylmethyl siloxane oil was more 

effective than phenylmethylsiloxane oil for prevention of the attachment of biofouling 

organisms. 

Foul release coatings that incorporated silicone oil into the matrix do so in the 

range of 1 to 10 wt. %.  This oil then leached out of the polymer matrix.  However, unlike 

copper, silicone oils with a high molecular weight had little effect on marine life.  In fact, 

silicone oils from foul release coatings were considered a minor concern from hazard 

assessment schemes such as the 2003 European Commission because of their relative 

inertness and ability to biodegrade.
28

  

 



 

15 

 

1.10 Antimicrobial Coatings for Non-marine Applications 

With the increase of antibiotic resistant microbes, interest in the production of 

self-decontaminating surfaces has become an area of research that has seen a surge of 

interest in recent years.
29-30

  Such additives, when incorporated into commercial products 

such as children’s toys,
31

 medical devices
32-34

 and hospital surfaces,
35-36

 could reduce the 

number of infections caused by pathogenic bacteria.  Additionally, coatings presenting a 

surface free of microorganisms would be extremely advantageous for sanitary reasons 

such as in health care fields and food preparation areas.  These coatings would also have 

immediate use in marine environments where fouling by microorganisms increases ship 

drag and fuel consumption resulting in increased costs and reduced efficiency.
37-38

  A 

number of active components for self-decontaminating surfaces have been investigated, 

including common antibiotics,
39-40

 metals,
32-34, 41

 quaternary ammonium salts (QAS),
42-44

 

and anti-microbial peptides (AMP).
45-47

 

The search for biocides with improved antimicrobial and functional performance 

has led to the development of several generations of cationic QAS, which are widely used 

for the control of bacterial growth in clinical, industrial and marine environments.
48

  

Quaternary ammonium salts have been used as key components in many disinfectants, 

fabric softeners, laundry detergents, and antistatic agents.
48-49

  QAS have high biocidal 

activity for a wide spectrum of biological species at minimal concentrations.  Moreover, 

they can be tailored easily for desired functionality and alkyl chain length through 

traditional chemical synthesis.
43-44, 50

  The mode of action of QAS biocides involves a 

strong electrostatic interaction between the positively charged QAS polymer surface and 
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negatively charged cell wall.
51-52

  Once bacteria adhered to the surface, the QAS’s 

hydrophobic alkyl chain diffuses through the bacteria’s cell wall and disrupts the 

cytoplasmic membrane causing cell death.  Alkyl chain length plays a critical role in 

biocidal activity of the QAS.  Several studies have shown that QAS with alkyl chain 

lengths longer than C8 have increased biocidal activity.
53-54

  

Antimicrobial peptides are a class of short polypeptides usually associated with 

the host organism’s innate immune system.
55

  AMP have been identified in a wide range 

of host organisms, including plants, amphibians, fish and humans.
56-59

  AMP usually 

consist of 30-100 amino acids and are most often cationic.  In addition to a net positive 

charge, AMP are often -helical and amphiphilic, containing both hydrophobic and 

hydrophilic domains.  These properties allow for increased interaction with and insertion 

into negatively charged cell walls and membranes of microbes.
60

  Several applications for 

AMP have been investigated, including therapeutic antibiotics,
55, 61

 medical devices,
45-46, 

62-63
 and preservatives.

64-65
  The mechanisms by which AMP exert their antimicrobial 

activity likely vary from peptide to peptide and are thought to be determined by such 

factors as structure, charge, and lipid composition of the target organism.
66-67

  AMP with 

-helical and amphiphilic domains are thought to act on bacterial membranes via the 

‘carpet’ mechanism, wherein cationic peptides coat the cell membrane via electrostatic 

interactions with the negatively charged phospholipid head groups present in the 

membrane.  This leads to the formation of transient membrane pores, and eventually 

membrane disintegration.
68

  Studies regarding the use of AMP as active ingredients in the 

form of surface tethered peptides,
45, 69-70

 as well as their use as preservatives in latex 
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coatings as an in-can preservative
71-72

 have been reported.  Additionally, the amphipathic 

nature of AMP makes them an excellent candidate for incorporation into self-

decontaminating surfaces comprised of a hydrophilic resin.  Amphipathic molecules have 

been shown to surface segregate within such coatings,
42

 allowing for increased 

bioavailability of the antimicrobial component. 

An exhaustive literature search revealed that reports of antimicrobial coatings 

involve either a single test organism,
41

 or a very narrow range of organisms,
73

 while very 

few investigate activity across a broad spectrum of potentially pathogenic bacteria, 

viruses, and fungi.
74

  Therefore, there is a clear need for the development of an 

antimicrobial coatings that are active against a broad spectrum of potentially pathogenic 

bacteria, as well as viruses and fungi.  Ideally, these additives should be compatible with 

a novel multifunctional marine coating system. 

 

1.11  Ablative Coatings 

Ablative coatings function in a similar way to self-polishing copolymer coatings 

in that ablative coatings utilize a dissolution/erosion process.  The coatings are made up 

of a large portion of binder that is slightly seawater soluble, along with polymeric 

ingredients that control the dissolution rate.  When the ablative coating comes in contact 

with seawater, the biocide and soluble binder slowly dissolve together.  After some time, 

an equilibrium in the rate at which the coating is dissolved is established to provide a 

constant ablation rate.
75

  A schematic of composition and function of a generic ablative 

coating is shown in Figure 3 from Almeida et al.
2
  In Figure 3, it can be seen that a few 
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layers of the coating will react with water which dissolves into resin system.  This 

hydration causes the coating to ablate or erode away, which releases biocides that are 

incorporated into the coating.  The hydration and eventual erosion of the resin system 

allows for another layer of the coating to come into contact with seawater where the 

process continues until no coating remains. 

 

 

 

 
Figure 3: Schematic of the composition and function of ablative coatings. 

 

 

 

1.12 Zwitterionic Coatings 

 Zwitterionic functionalized coatings have recently emerged as a new possible 

solution to marine biofouling.  These coatings possess a uniform distribution of mixed 

charge groups that are intended to disrupt the attachment of biomolecular and 

microorganism attachment.  Unlike foul release coatings, zwitterionic coatings are 
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designed to be effective while a ship is static.  The idea of a zwitterionic coating has been 

adopted from its application in resisting nonspecific protein absorption in human plasma.  

The use of an effective zwitterionic coating to a ship’s hull is more difficult due to the 

complexity of the dynamic marine environment.
76

 

 Zwitterionic technology was developed for use in the biomedical industry to resist 

the formation of biofilms on foreign devices implanted in the human body.  To deter the 

formation of the biofilm in the biomedical field, Cheng et al.
77-78

 have synthesized 

zwitterionic coatings based on poly(sulfobetaine methacrylate), pSBMA and 

poly(carboxybetaine methacrylate), pCBMA. 

Initially, pSBMA coatings were synthesized and studies were conducted to 

determine the abilitiy of the coating to resist bacterial adhesion and biofilm formation.  

Cheng et al.
78

 found that the zwitterionic nature of the sulfobetaine side chain (Figure 4) 

was a promising material for nonfouling materials.  While the group was successful in 

their attempts to create a zwitterionic coating, they were concerned with the possibility of 

microbes entering the body when a device or catheter is inserted, resulting in the failure 

of the device.  To this end Jiang
79

 attempted the development of a switchable polymer 

surface coating.  

 

Figure 4: Structure of the sulfobetaine side chain. 
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 The idea of a switchable coating (where a polymeric pendant group shifts from a 

cationic form to a zwitterionc form) is based on a surface that combines the advantages of 

a nonfouling and cationic antimicrobial surfaces.  These materials are based on the 

pCBMA zwitterionic coating.  The surface functions by first killing the bacteria with the 

cationic component of the coating then, the surface is hydrolyzed to the zwitterionic form 

of the coating.  Upon this transformation to the zwitterionic form, the lyced bacteria are 

released from the surface.  Once the coating is in the zwitterionic form, it continues to 

demonstrate nonfouling attributes.
79

 

 With the knowledge that these zwitterionic coatings are effective nonfouling 

surfaces, Zhange et al.
76

 next attempted to apply this technology to marine antifouling.  

Zwitterionic coatings were thought to make an excellent antifouling coating not only 

because they are environmentally benign, durable, effective (with antifouling in the 

human body shown in previous work), and cost effective.  Already known to Jiang and 

co-workers, pSBMA coatings were effective against Gram-negative and Gram-positive 

bacteria, these coatings were tested against zoospores and sporelings of the green 

seaweed Ulva and the diatom Navicula.  Results showed that there was little adhesion of 

Ulva.  Furthermore, it was also concluded that it was difficult for diatoms to adhere to the 

coatings.  

Jiang and co-workers have also attempted to synthesize hydrogels based on 

zwitterionic coatings.  In previous work with zwitterionic hydrogels, the research group 

has shown that poor mechanical strength limits their potential applications.  To improve 

the mechanical properties of the hydrogels, the Jiang group discontinued use of a 
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commercially available crosslinker, N,N’-methylenebis(acrylamide) (MBAA), and began 

using a novel crosslinker, carboxybetain dimethacrylate (CBMAX).  The addition of the 

CBMAX crosslinker was shown to be extremely compatible with the zwitterionic 

hydrogel system.  Furthermore, when the CBMAX crosslinker was incorporated into the 

hydrogels, the mechanical stability was much improved relative to those that utilized 

MBAA.
80

  While the majority of work done with zwitterionic coatings has taken place in 

the biomedical field, there are obvious potential applications in the marine fouling 

industry.  However, the marine environment is much more complex and additional work 

is needed to employ such technology effectively. 

 

1.13 Evaluation of Antifouling Systems  

For decades, various research groups have attempted to develop laboratory essays 

that accurately depict the performance of various coatings in dynamic marine 

environments.  Short of panel immersion and direct application to a marine vessel, this 

type of lab essay is the least expensive and manpower intense.  Currently, most 

researchers test potential antifouling systems by placing coated panels into a nutrient rich 

environment and monitor the coating’s performance over several months or years. 
81-84

  

Although this method of monitoring performance works to some degree, it is not ideal.  

To this end, researchers are constantly exploring new methods to test potential coatings 

both in the laboratory and the field. 

Callow and co-workers reported utilization of racks placed in 30 liter tanks filled 

with artificial seawater that was circulating through carbon filters.  These racks were then 
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subjected to the settlement of fouling species such as zoospores from green macroalga, as 

well as barnacles.  From this test method, the group was able to determine that the surface 

properties of the silicon coatings incorporating carbon nanotubes affected settlement as 

well as the foul release behavior of the coating. 
85

 

The research of Stafslien and co-workers
86

 dislodged attached barnacles from 

glass panels and reattached them to panels coated with a novel coating.  The barnacles, 

nine per panel, were allowed to attach for seven days, then the panels were removed from 

artificial seawater (ASW).  Each barnacle’s adhesion strength was measured by a 

protocol described by ASTMD 5618-94.  A sheer force of approximately 4.5 Ns
-1

 was 

applied to each barnacle using a hand held mechanical force gauge.  The adhesion 

strength in shear was calculated by dividing the measured force required to remove the 

barnacle by the basal area.  

The Callows constructed a ‘spinjet’ apparatus to measure the adhesion strength of 

algae that have opposing responses to foul release coatings.  The percentage of biofilm 

removed was positively correlated with the impact pressure of the waterjet for the 

organism being tested.  The apparatus has the ability to deliver a controlled, variable 

pressure jet of water to the sample.  The data collected proved that the spinjet provides an 

acceptable range of pressures, facilitating measurements of attached fouling.
87

 

To perform erosion studies, Bressy et al.
3
 synthesized several copolymers 

containing methyl methacrylate and trialkylsilyl methacrylate monomers.  The group 

coated foil and attached it to a cylindrical drum that was rotated in ASW at 650 rpm.  The 

water was neither refreshed nor circulated.  Thickness measurements were preformed via 
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a calibrated measuring probe.  Ten measurements were recorded at each point, excluding 

aberrant values.  By taking thickness measurements with the calibrated probe, it was 

shown that side chain groups affected the erosion rates of the coatings.  For example, 

Bressy and co-workers found that attaching bulky groups such as a tert-butyl group had a 

lower erosion rate. 

Swain et al.
88

 developed a protocol for testing non-toxic antifouling coatings by 

developing and calibrating a water-jet apparatus.  This water-jet system is calibrated to 

take measurements of barnacle adhesion in shear.  Six different coatings were selected to 

be evaluated including Mil Spec F121 vinyl cuprous oxide antifouling, silicone A 

(commercial product), silicone B (commercial product), RTV 3140, FEP Teflon® and 

epoxy Mil Spec F150.  The coatings were applied to test panels and submerged for two 

years at the static immersion exposure site at the Florida Institute of Technology.  Using 

the calibrated water jet, the Swain group was able to measure the pressure needed to 

remove the biofilms that were formed from the coatings.  Overtime, it was concluded that 

Teflon® was the best performer surpassing silicone B once the entire oil component of 

the coating had leached out.  The group ultimately concluded that the quantity and 

structure of biofouling on the surfaces that exhibited low bioadhesion will be influenced 

by the grazing pressures which could limit the fouling communities that become attached.  

The Swain group believes that these interactions must be taken into account when the 

performance of a coating is being evaluated under static conditions. 

Swain and co-workers
89

 also tested panels by first preconditioning them in static 

conditions in the Indian River Lagoon.  Panels were submerged to a depth of 50 cm and 
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placed in a fish exclusion cage to deter disruption of marine fouling.  The panels that 

were placed in a polyethylene tank and filled to a depth of 0.5 m with seawater for 

dynamic testing.  The seawater was agitated by paddles, creating peripheral velocities of 

4-5 ms
-1

.  The panels were attached to the tank in such a way as to promote turbulent 

flow over the panels that is similar to the forward part of a ship hull moving at the above 

velocity.  This study was done to determine the effects of microfouling communities on 

several commercial antifouling coatings.   The degree of fouling was determined by 

visually inspecting each panel following the guidelines set by ASTM D 3623.  The group 

found that after performing the ASTM standard on all coatings, under static conditions 

total bacterial counts were similar for all coatings tested.  However, upon inspection of 

the coatings tested under dynamic conditions, coatings based on foul release properties 

performed best. 

Rittschof and co-workers
90

 utilized a punch test apparatus to determine the effects 

that base plate flexural rigidity had on barnacle adhesion.  The group tested several age 

groups and found that flexural rigidity didn’t vary significantly between the ages of 3 and 

14-month old barnacles.  The group ultimately concluded that rigid punch approximation 

is not a good means of accounting for the contributions of adhesion from flexing of 

barnacles. 

Swain et al.
91

 also reported on statically immersed panels in a vertical position at 

an approximate depth of 0.5 m below the surface in seven different test sites.  The panels 

were inspected monthly for their physical condition as well as biofouling cover.  Barnacle 

adhesion data was taken in accordance with ASTM D 5618 in which a hand-held force 
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gauge was used to dislodge the barnacle from experimental coatings in order to measure 

sheer adhesions strength.  The group used the ASTM standard to provide an ASTM 

fouling number.  They found that this number could statistically differentiate the outliers 

when the data was pooled from all sites.  However, the test was not sufficient to 

differentiate the performance of all coatings tested. 

From the aforementioned work, there are many different potential experimental 

methods to evaluate the attachment of biofouling and the degree of fouling on the novel 

coatings.  There are also many different means of testing the strength of attachment of 

marine organisms such as barnacles.  To this end, researchers are constantly seeking new 

techniques to accurately predict the performance of a coating in real world conditions. 
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2.0 Thesis 

 

 

The objective of this research was the design and synthesis of novel hydrolyzing 

coatings that resist marine fouling.  From previous reports it was demonstrated that 

characteristics such as a low surface energy and antimicrobial ability has an effect on the 

control of marine fouling.  In this work, novel coatings that exhibit low surface energy, 

biocidal activity, and hydrolysablility are all incorporated into the coating system.  By 

systematically varying the building blocks in the coating system, it is envisioned that the 

chemical and physical properties can be tuned to achieve desired antifouling marine 

coatings.  This will be demonstrated by fully characterizing the newly prepared materials 

using techniques which include; surface energy measurements, DSC, TGA, DMA, FTIR, 

GC-MS, NMR, UV/Vis, and Near Infrared Spectroscopy.  Additionally, an attempt to 

determine the kinetics of hydrolysis using a variety of analytical and spectroscopic 

techniques is employed.  The new coatings were designed to extend the life of current 

coatings, deter marine fouling and ultimately reduce the consumption of fuel.  The fruits 

of this effort are to afford an optimized coating that demonstrates desired performance.  

Subsequently these coatings will be immersed in various real world marine environments 

throughout the U.S. for preliminary comparison of field evaluation. 
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3.0 Experimental 

 

 

3.1 General Statement 

Unless otherwise noted, all chemicals used in preliminary experiments were 

reagent grade and used without additional purification.  The two exceptions were 

tetrahydrofuran (THF) and toluene.  THF was distilled from sodium/benzophenone, and 

toluene was distilled from sodium, both under nitrogen.  Moisture sensitive reactions 

were conducted in oven-dried glassware under a nitrogen atmosphere. Silicone based 

compounds were purchased from Gelest.  Desmodur N3600 was provided by Bayer, Inc. 

Pittsburg, PA. 

 

3.2 Contact Angle 

Previous reports have suggested that the surface energy of a coating is directly 

related to the ability of fouling organisms to adhere to the surface of marine objects.  

Through mathematical manipulation, the contact angle of various known liquids provided 

surface energy values.  Contact angle measurements were performed to determine critical 

surface tension by utilizing a VCA 2500 video contact angle system by AST Products, 

Inc., and multiple probe liquids such as triple distilled water, ethylene glycol, 

diiodomethane, and n-hexadecane were utilized.  
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3.3 Thermogravimetric Analysis/Differential Scanning Calorimetry 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

provide thermal data that demonstrate the stability of the newly prepared coatings.  TGA 

provides information on weight change of the polymer with respect to changes in 

temperature. TGA analysis was performed on a TA Instruments Q50 TA using a platinum 

sample pan.  The analysis was conducted under a nitrogen atmosphere.  Nitrogen was 

also used as the purge gas for the balance.  Data were recorded from ambient temperature 

to 700 °C at a heating rate of 5 °C/min.  Plots of percent weight loss versus temperature 

were generated. 

DSC was used to determine the glass transition temperature (Tg) of the novel 

polymers.  The Tg was the temperature at which a polymer transitions from a glassy state 

to a rubber state.  DSC was performed on a TA Instruments Q20 DSC with the DSC 

Refrigerated Cooling System (RCS) and a purge gas of nitrogen set to 50 mL/min.  

Samples of approximately 1-2 mg were placed into TA Instrument Tzero Aluminum 

pans, and an empty pan was used as reference.  Samples were analyzed twice from -90 °C 

to 150 °C, at a heating rate of 20 °C/min.  All data reported were taken from the second 

cycle.  Based on these data, glass transition temperatures were obtained using TA 

Universal Analysis software. 

 

3.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 

The use of FTIR provided an instrument to monitor the progress of select 

reactions.  FTIR spectra were recorded on a Thermo Scientific Nicolet 6700 employing 
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an Omnic software package.  The Nicolet 6700 was equipped with a Smart Performer 

ATR attachment, and either a germanium or diamond crystal was used.  At least 32 scans 

of the sample were acquired and compared to air as background. 

 

3.5 Gel Fraction 

Gel fraction provided an indication of how well the newly synthesized polymers 

were crosslinked.  Gel fractions of the cured films were obtained through several steps.  

First, a known mass of film was submerged in THF for 24 hours at room temperature.  

The insoluble mass fraction was recovered, then dried under reduced pressure at a 

temperature of 60 °C for 24 hours.  Finally, the gel fraction value was determined by 

comparing mass of dried film after exposure to starting mass as a percentage. 

 

3.6 Dynamic Mechanical Analysis (DMA) 

DMA is a technique used to correlate the Tg of a material with the Tg obtained by 

DSC.  Modulus (tan ) and Tg of prepared polymer samples were measured using a 

Perkin Elmer Model 8000 Dynamic Mechanical Analysis instrument.  Cured polymers 

were cut into rectangular test samples measuring ~30 mm length, ~5 mm width, and 

thickness varying slightly from sample to sample.  These samples were tested in tension 

mode over the temperature range of - 50 to 150 °C with frequency 1 Hz, amplitude 15 

µm, and a ramp rate of 2 °C/min.  Tg were approximated as the peak of a tan delta () 

plot. 
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3.7 Gas Chromatography – Mass Spectroscopy (GC/MS) 

GC/MS was used to attempt to determine the products of hydrolysis, and thereby 

indirectly obtain kinetic data for the rate of hydrolysis.  The GC/MS system was an 

Agilent 7890A capillary gas chromatograph equipped with an Agilent 5975C mass 

selective detector operating in electron ionization mode and an Agilent 7693A auto-

injector.  The column utilized was an Agilent HP-5MS (5% phenyl) methylpolysiloxane 

film.  The carrier gas was helium, with a flow rate of 1 mL min
-1

.  The injection volume 

was set at 1 L, with a split injection ratio of 20:1.  The temperature program was 

initially set at 70 °C, then ramped at 20 °C per minute to 290 °C with a 10 minute dwell 

time.  The injection temperature, detector temperature, and source temperature were set at 

250, 280 and 250 °C, respectively.  The solvent delay was set at 4 minutes. 

 

3.8 Liquid Chromatography – Mass Spectroscopy (LC/MS) 

 LC/MS was employed to obtain kinetic data for the rate of hydrolysis and 

determine the products of hydrolysis.  LC/MS was conducted using a Varian 500-MS Ion 

Trap Mass Spectrometer purchased from Agilent Technologies.  Samples were run by 

direct infusion pump at 200 L min
-1

 into an electrospray ionization (ESI) chamber.  

Detection parameters were initially set to positive ion detection, capillary voltage 80, RF 

loading 100%, needle voltage 5000, isolation window (m/z) 3, nebulizer gas 35 psi, and 

drying gas 10 psi and 350 ˚C. 
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3.9 Near Infrared Spectroscopy (NIR) 

 The hydrolysis of the synthesized polymers may cause changes in reflectance in 

the NIR spectrum.  This may be apparent by observing an increase in absorbance due to 

the coating thinning due to hydrolysis.  To mitigate the need for thin films for FTIR, Near 

Infrared Spectroscopy (NIR) was performed on an Ocean Optics spectrometer model NIR 

256-2.5 in reflectance mode.  Spectra were recorded from 900 to 2200 nm.  A halogen 

light source was employed.  All measurements were taken at a 45º angle using a fiber 

optic reflectance probe that incorporated a single fiber used as the light source 

surrounded by seven fibers as the means of detection.  Data were collected and 

manipulated in Spectra Suite software. 

 

3.10  Nuclear Magnetic Resonance (NMR) 

NMR was used to characterize newly synthesized materials. Using a Bruker 300 

MHz spectrometer,
 1

H and 
13

C NMR spectra were acquired at 300 and 75.0 MHz in 

CDCl3, respectively.  
1
H chemical shifts are reported in units of ppm downfield from 

TMS (set at 0.0 ppm).  
13

C chemical shifts are listed in  (ppm) relative to chloroform 

(set at 77.0).  Coupling constants, J, are reported in units of Hertz (Hz). 

 

3.11  Ultraviolet – Visible Spectroscopy (UV/Vis) 

UV/Vis provided information on the kinetics of the hydrolysis reaction.  An 

Agilent 8453 UV/visible spectrophotometer equipped with both deuterium and tungsten 

lamps resulting in an analytical wavelength range of 190 to 1100 nm was employed.  
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Quartz cuvettes with a path length of 1 cm were used in all measurements.  Spectra were 

recorded and manipulated utilizing ChemStation Software by Agilent Technologies, Inc.   

 

3.12  Bacterial Challenges 

Bacteria and Media.  Luria-Bertani (LB) media purchased from Difco 

Laboratories were used as a bacterial growth medium to prepare for bacterial challenges.  

Letheen broth, also purchased from Difco Laboratories, were used as a growth medium 

post-challenge due to its ability to inactivate quaternary ammonium salts.  Both were 

prepared according to the manufacturer’s specifications.  Staphylococcus aureus (ATCC 

25923), S. aureus, was used for all Gram-positive bacterial challenges.  Escherichia coli 

(ATCC 11105), E. coli, was used for all Gram-negative bacterial challenges.  Log phase 

cultures were grown in LB media, pelleted, and re-suspended in a 0.5% saline solution.   

MIC Studies.  To determine the minimum inhibitory concentration (MIC) of 

antimicrobial compounds, synthesized biocides were weighed and dissolved in sterile 

water.  Each compound was then added to LB media at varying concentrations. Next, 10
7
 

CFU of S. aureus for Gram-positive tests or E. coli for Gram-negative tests were added to 

the mixture of LB and biocide.  Cultures were incubated for 18 hours at 37 ˚C and 

visually examined for turbidity. 

Coating Studies.  As described in the previous study, a 10 L aliquot of 10
9
 

CFU/mL log phase bacteria was added to 1 cm
2
 area of each test sample.

42, 47
  To prevent 

desiccation, samples were placed in a serialized hydration chamber which consisted of a 

petri dish containing a 2x2 inch gauze pad wetted with 2 mL of H2O.  The bacteria was 
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exposed at room temperature for 2 hours.  The coatings were then swabbed with a sterile 

cotton swab, then placed in 5 mL of Letheen broth and vortexed vigorously to suspend 

the bacteria evenly throughout the broth.  The broth was serially diluted 7 times.  The 

dilutions was incubated at 37 ºC for 18 hours, visually examined, and determined to have 

growth by the presence of turbidity.  Log kill was determined by the following formula:  

7  highest dilution exhibiting bacterial growth = Log kill. 
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4.0 Results and Discussion 

 

 

4.1 Synthesis 

 

4.1.1  Selection of Building Blocks 

Utilizing a combinatorial approach in the creation of a marine coating that 

possesses a low surface energy, antimicrobial properties and a hydrolysable moiety, the 

building blocks were carefully considered.  Herein, justification for the selection for each 

building block is provided in relation to the desired aforementioned properties. 

 

4.1.1.1  Silicates 

There are several functional groups known to undergo hydrolysis such as 

phosphates and titanates; however, these are alkaline sensitive (seawater conditions) or 

undergo hydrolysis too rapidly to be practical.  The preparation of novel hydrolysable 

coatings made use of two distinct hydrolysable silicate starting materials.  The two 

silicate compounds, tetraethylorthosilicate (TEOS) (11) and methyltrimethoxysilane 

(MTMOS) (12) were selected for their ease in undergoing transesterification in addition 

to cost (Figure 5).  Compounds 11 and 12 differ by the degree to which they are able to 

undergo transesterification which eventually influences crosslink, thus affecting the 

density of crosslinking.  In addition, these two compounds serve as the hydrolysable 

centers as they have the ability to hydrolyse at the Si-O bond.  Within a 3-dimensional 
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coating matrix, this controlled hydrolysis allows for the coating to be continuously 

renewed.   
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Figure 5: Structures of silicate reagents used to synthesize desired hydrolysable 

crosslinking agents. 

 

 

 

4.1.1.2 Theoretical Calculations to Crosslinking Density 

The introduction of multifunctional silicate polyols allows for a thermoset 

crosslinked polymer to be synthesized.  Crosslinking can be identified by the observing 

gelation during polymerization.  Gelation occurs when a visible gel forms and is 

insoluble in solvent.  Unreacted monomer or nongel portion remains soluble until it 

becomes crosslinked.  In order to calculate the degree of polymerization, the Carothers 

equation is used.   

Carothers derived a relationship between the average functionality favg and the 

extent of the reaction at the gel point where two functional groups are present in equal 
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amounts.  The average functionality can be found in Equation 4.  In Equation 4, Ni is the 

number of monomer i with functionality fi. 

Equation 4:       
∑    

∑  
 

 When systems have the same number of A and B monomers, N0 is the initial 

number of monomer and N0favg is the number of functional groups that are present.  If N 

is the number of molecules after reaction has occurred, then 2(N0 – N) is the number of 

functional groups that has reacted.  The extent of the reaction p is the fractional of 

functional groups lost and represented in Equation 5. 

Equation 5:    
       

      
 

Combining Equation 4 and Equation 5 yields the Carothers equation (Equation 6) 

for branched polymers with multifunctional monomers.  While it is possible to determine 

the degree of polymerization using this equation, no calculations were performed to 

determine the theoretical degree of polymerization in this study.
92

 

Equation 6:    
 

       
 

 

4.1.1.3 Chain Extenders 

Because the silicates selected were not suitable for crosslinking directly, they 

were subjected to transesterification to afford cross-linkable polyol silicates. Two diols 

were selected to react with the aforementioned selected silicates.  Ethylene glycol (13) 

and 1,4-butanediol (14), as found in Figure 6, were selected as chain extenders to ensure 

a variation in chain length which is expected to play a dominate roll, not only in rate of 
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esterification, but also kinetics of crosslink and eventual rate of hydrolysis.  This is 

anticipated to be a tunable variable to ensure desired structure property correlation. 

 

 

 

HO

OH

HO
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13 14  

Figure 6: Structures of ethylene glycol (13) and 1,4-butanediol (14). 

 

 

 

4.1.1.4 Isocyanate Selection 

Based on the durability and mechanical properties of urethane coatings over other 

systems such as epoxy based systems, an isocyanate functional group was needed to react 

with the polyol materials described in section 4.1.1.3.  Two isocyanates, 4,4’-

methylenebis(cyclohexyl) isocyanate (15) and Desmodur N 3600™ (16), a commercial 

aliphatic triisocyanate, were selected for this study and are depicted in Figure 7.  

Isocyanate 15, was a pure reagent that was purchased from Aldrich, and consequently 

afforded a much cleaner product, which greatly facilitated subsequent characterization 

and analysis.  16 was chosen over the aromatic compound due to issues over controlling 

the polymerization rate of the reaction.  Isocyanate 16, offered a more realistic “real-

world” example in that it contained polyester extenders and therefore provided more 

diversity in mechanical properties in addition to affording higher molecular weight 

polymers.  Desmodur N 3600 is a solvent free aliphatic triisocyanate based on 

hexamethylene diisocyanate, with a reported equivalent weight of approximately 183 g 

mol
-1

. 
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Figure 7: Isocyanates used for cross-linking, 4,4'-methylenebis(cyclohexyl) isocyanate 

(15) and Desmodur N 3600
TM

 (16). 

 

 

 

4.1.1.5 Surface Modifying Agents 

Surface modifiers (SM) were also selected to afford control over various physical 

and mechanical properties of the coating.  The three modifiers investigated include 

polydimethylsiloxane (PDMS) (M.W. 500) (17), polyethylene glycol (PEG) (M.W. 1000) 

(18) and polytetramethylene oxide (PTMO) (M.W. 1000) (19) as depicted in Figure 8. 
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Figure 8: Structures of PDMS (17), PEG (18) and PTMO (19). 

 

 

 

The three surface modifiers were selected because they introduced another 

tunable property, surface energy, to the coatings.  PDMS, (17), was chosen because 

literature has shown that it produces polymers with a low surface energy and it is the 



 

39 

 

predominate molecule used to create one of the current foul release coatings.  PEG, (18), 

was selected because it introduces a hydrophilic moiety to the coatings.  Literature 

describes PEG as a molecule that hydrates relatively easily, with the thought that this 

would help tune the rate of hydrolysis.  PTMO, (19), was selected because it was a 

relatively hydrophobic molecule that could also help tune the rate of hydrolysis.  

Additionally, PTMO has been incorporated to deter bioadhesion in the medical industry 

for biomedical devices. 

 

4.1.1.6 Antimicrobial Additive 

As previously discussed, there are multiple proposed modes of fouling presented 

in the literature.  Regardless the mechanism to which one subscribes, the incorporation of 

an antimicrobial additive should retard the initial biofilm layer and have a beneficial 

effect on the overall coating performance.  To introduce an antimicrobial aspect into the 

coatings, various quaternary ammonium salts were designed and synthesized.  Quaternary 

ammoniums are well known to be vestal broad spectrum antimicrobial agents.  

Furthermore, they are also known to be active in an alkaline pH, such as those in marine 

environments.  Our lab has previously demonstrated that QAS have the ability to 

demonstrate up to 7 log reduction against bacteria.
93

  Even more recent has been a 

development that these additives play a significant role in the reduction of biofilm 

adhesion.  Coneski et al.
94

 ultimately concluded that there was a complex relationship 

between surface chemistry and biocide concentration which had a significant effect on 

the fouling resistance of films he synthesized.   
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The use of methyldiethanolamine (20), as a starting material allowed for facile 

quaternization with a variety of alkyl bromides, and also crosslinking into the backbone 

of the polymeric resin system employed.  The QAS containing the C4 (21), C10 (22) and 

C18 (23) alkyl moieties were prepared in order to evaluate the broad spectrum 

antimicrobial activity and subsequently correlated with alkyl chain length.  Structures of 

the molecules prepared are shown in Figure 9.  It was believed that control over the alkyl 

chain length, once crosslinked in polymer matrix, will offer some degree of control over 

both surface energy as well as antimicrobial activity. 
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Figure 9: Structures of diol starting material (20) and subsequent QAS derivatives. 
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4.1.1.7 Building Block Assembly for Complete Dynamic System 

All of the aforementioned building blocks (silicates, isocyanates, surface 

modifying agents, antimicrobial agents) were combined in a combinatorial matrix to 

afford a unique series of coatings with a diverse multi-pronged approach to antifouling.  

Furthermore, the ability to select and correlate the “building blocks” employed for a 

specific property provides the capability to control and fine tune the desired chemical, 

physical or physicochemical properties and mechanical characteristics.  This results in a 

novel dynamic marine antifouling coating system.   

 

4.1.2 Formulation of Complete Coating System 

As described above, there are multiple components available to create a 

combinatorial approach to a unique antifouling coating.  Each building block was used to 

either provide low energy surface, antimicrobial activity, or a hydrolysable moiety. In 

this portion of the study, coatings were created with either a surface modifying agent or a 

QAS incorporated to determine what affect either component had on the coating before 

they were combined into a single coating. 

 

4.1.2.1 Preparation of Hydrolysable Moiety 

The first step in synthesizing the desired coatings was to react the silicate with 

one of the diol chain extenders presented earlier.  The transesterfication reaction starting 

with either 11 or 12 is depicted in Figure 10.  In this reaction, a silicate is reacted with a 
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diol chain extender, 13 in this example, to afford the corresponding polyol silicate (24 or 

25) 
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Figure 10:  Reaction scheme of silicate transesterification to afford silicate polyols 24 and 

25. 

 

 

 

Reaction of TEOS and Ethylene Glycol: In a round bottomed flask equipped 

with magnetic stir bar and short path distillation head, 0.129 mol of 11 and 0.516 mol of 

13 were added.  The reaction was heated to 140 °C in an oil bath on a digital stirring 

hotplate for 16 h, allowing the ethanol by-product to be distilled and collected.  Extreme 

care was taken to ensure that the reaction temperature did not rise above 150 °C, as this 

resulted in formation of intramolecular rearrangement and/or intermolecular reaction to 

form undesired oligomers.  The reaction was monitored by the amount of ethanol 
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distilled.  The same procedure is used when reacting 11 with 14.  The products 

employing diols 13 and 14 as precursors are depicted in Figure 11 as compounds 24 and 

26 respectively.  The products of this reaction were characterized by 
13

C NMR: 

tetra-(4-hydroxyethoxy)silicate 24:  
13

C NMR (CDCl3- 

tetra-(4-hydroxybutoxy)silicate 26: 
13

C NMR (CDCl3- 
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Figure 11: Structures of synthesized silicates using tetraethylorthosilicate as a starting 

material. 

 

 

 

Reaction of MTMOS and Ethylene Glycol: In a round bottomed flask equipped 

with magnetic stir bar and short path distillation head, 0.129 mol of 12 and 0.387 mol of 

13 were added.  The reaction was heated to 140 °C in an oil bath on a digital stirring 

hotplate for 16 h, allowing the methanol by-product to be distilled.  Extreme care was 

taken to ensure that the reaction temperature did not rise above 150 °C as this could result 
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in the formation of intramolecular rearrangement and/or intermolecular reaction to form 

undesired oligomers.  The reaction was monitored by the amount of methanol distilled.  

The same procedure is used when reacting 12 with 14.  The products using diols 13 and 

14 are depicted as compounds 25 and 27 respectively in Figure 12.  The products of this 

reaction were characterized by 
13

C NMR: 

tri-(4-hydroxyethoxy)methylsilicate 25:  
13

C NMR (CDCl3-  

tri-(4-hydroxybutoxy)methylsilicate 27:  
13

C NMR (CDCl3- 
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Figure 12: Structures of synthesized silicates using methyltrimethoxysilane as a starting 

material. 

 

 

 

4.1.2.2 Silicate Crosslinking with Isocyanates 

After the synthesis of silicate polyol materials was completed, each was reacted 

with one of the two selected isocyanates (15 and 16).  In a round bottomed flask equipped 

with magnetic stir bar, 73.14 mmol of 15, 36.57 mmol of 24, and 5 mL of 
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dimethylformamide (DMF) were all combined.  The solution was heated at 50 °C for 4 h.  

The warm solution was then cast on a substrate and allowed to cure at 100 °C for 24 h.  

The same procedure was used when employing starting material 26.  When using 25 or 

27 as the silicate, the reaction procedure is the same, however, the mole ratio was 

changed to 2 molar equivalents of –OH and 3 molar equivalents of -NCO. 

When using isocyanate 16 and silicate 24 or 26, the quantity required is 4 molar 

equivalents of -OH and 3 molar equivalents –NCO to ensure complete consumption of 

both –NCO and –OH functionality.  Using silicate 25 or 27 and isocyanate 16 allowed for 

a one to one ratio of –NCO to -OH.  All reactions used the same procedure as described 

above. 

 

4.1.2.3 Incorporation of Surface Modifiers and QA Salts 

 

There are a few different strategies that can be utilized when incorporating the 

surface modifier (SM) or QAS into the coating matrix.  One way is to perform the 

transesterfication reaction of the orthosilicate, 11 or 12, directly with the surface modifier 

or QAS instead of the aforementioned diol chain extender.  Another means of attaching 

the surface modifier or QAS is to react either of these components with the transesterified 

polyol silicate product 24, 25, 26 or 27.  While both of these methods have merit in 

incorporating SM or QAS into the coatings, the combination of SM and QAS could 

create separate domains within the coating where the SM or QAS aggregate together.  

Creating a polymer that is not uniform in conformation as well as exhibiting different 
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mechanical properties in different areas of the coating which is undesirable.  To 

circumvent this potential problem, SM or QAS was first reacted with the isocyanate. 

In this study, coatings with either a SM or a QAS were synthesized and 

characterized.  In both cases 25% of the isocyanate functional group was reacted with the 

SM or QAS. When a SM or QAS was incorporated, the isocyanate was first end capped 

with the modifier or QAS and then reacted with the desired silicate.  Figure 13 illustrates 

a representative end capping reaction scheme resulting in incorporation of a surface 

modifier.  Due to the difference in mole ratios, the synthesis procedure is divided into 

subsections based on the isocyanate and silicate crosslinker employed.   
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Figure 13: Reaction scheme for end capping isocyanates. 

 

 

 

Reaction of HMDI and TEOS:  In a round bottomed flask equipped with magnetic stir 

bar, 26.06 mmol of 15 and 6.52 mmol of select SM from Figure 8 or QAS from Figure 9 

was added.  Reaction mixture was heated in an oil bath at 50 °C for 5 h.  Once the 

solution turned clear, 10.22 mmol of 24 or 26, along with 5 mL of DMF, were added to 

the flask.  The solution was allowed to heat for 4 h at 50 °C.  Once the allotted time was 
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complete, the prepolymer was transferred to a substrate (detailed in section 4.1.2.4) and 

cured in an oven at 100 ºC for 24 h. 

Reaction of HMDI and MTMOS:  In a round bottomed flask equipped with magnetic 

stir bar, 6.83 mmol of a SM from Figure 8 or QAS from Figure 9 and 27.31 mmol of 15 

were heated at 50 °C for 5 h.  Once the solution turned clear, 13.73 mmol of 25 or 27, 

along with 5 mL of DMF, were added to the flask.  The solution was allowed to heat for 

4 h at 50 °C, then transferred to a substrate and cured in an oven at 100 ºC for 24 h. 

Reaction of Desmo and TEOS:  A 4.99 mmol aliquot of SM from Figure 8 or QAS 

from Figure 9 was mixed with 19.82 mmol of isocyanate 16 in a round bottomed flask 

equipped with magnetic stir bar.  The mixture was heated to 50 ºC for 5 h.  Once the 

solution turned clear, 12.39 mmol of either 24 or 26 were added, along with 5 mL of 

DMF.  The mixture was allowed to heat for 4 h at 50 ºC, then transferred to a substrate 

and cured in an oven at 100 ºC for 24 h. 

Reaction of Desmo and MTMOS:  A 18.71 mmol aliquot of isocyanate 16 was mixed 

with 4.68 mmol of SM from Figure 8 or QAS from Figure 9 in a round bottomed flask 

equipped with magnetic stir bar.  The mixture was heated to 50 ºC for 5 h.  Once the 

solution turned clear, 15.60 mmol of 25 or 27 along with 5 mL of DMF, were added to 

the flask.  The solution was allowed to heat for 4 h at 50 ºC, then transferred to a 

substrate and cured in an oven at 100 ºC for 24 h. 
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4.1.2.4 Substrates Used for Analysis 

In this study, there were different substrates that these new polymer coatings were 

applied to while curing.  The 2.5 inch steel discs and 12 inch aluminum discs were used 

to conduct dynamic hydrolysis measurements.  The coating thickness of each disc was 

approximately 0.62 mm.  Steel Q-panels were utilized to conduct surface energy 

measurements. Each Q-panel had a coating thickness of approximately 0.63 mm.  All 

coatings applied to discs or Q-panels were solvent cast.  Any remaining material was cast 

into aluminum weighing pans to yield pucks of approximately 4.70 mm thick.  The pucks 

were used to obtain TGA, DSC, FTIR, DMA and gel fraction measurements.  Each 

substrate was solvent cast and allowed to dry in an oven at the prescribed curing 

temperature 

 

4.2 Coating Characterization 

Because sixty-four coatings were prepared in this combinatorial approach, each 

incorporating numerous reagents, it was paramount to easily and uniquely identify each.  

To clearly distinguish sample identity, a naming scheme was developed and is 

summarized in Table 2.  For example Table 2 was employed to determine that the sample 

“M-2-Cyclo-100-PEG-1000” utilized the methyltrimethoxysilane (12) “M” as the 

silicate, ethylene glycol (13) “2” as the diol, and 4,4’-methylenebis cyclohexylisocyanate 

(15) “cyclo” as the isocyanate.  The sample was cured at 100 ºC “100” and PEG (18) was 

added as a surface modifier, its average molecular weight being 1,000 g/mol “1000”.  Not 
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all samples included a surface modifier, for example, T-2-Desmo-100.  Table 3 provides 

the names and characterization data for the newly synthesized polymer films. 

 

 

 

Table 2: Unique naming scheme. 

Coating Component Abbreviation Reagent 

Silane Starting Material T Tetraethylorthosilicate (11) 

M Methyltrimethoxysilane (12) 

Diol 2 Ethylene glycol (13) 

4 1,4-Butanediol (14) 

Isocyanate Cyclo 4,4'-Methylenebis cyclohexylisocyanate (15) 

Desmo Desmodur N 3600 (16) 

Curing Temperature ºC -  

Surface Modifier PDMS Poly(dimethylsiloxane) (17) 

PEG Poly(ethylene glycol) (18) 

PTMO Poly(tetramethylene oxide) (19) 

QA Salt MDEA Methyldiethanol amine (20)  

Q-4 QAS C-4 chain length(21) 

Q-10 QAS C-10 chain length (22) 

Q-18 QAS C-18 chain length (23) 

Average Molecular 

Weight of Surface 

Modifier 

500 -  

1000 -  
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Table 3:  Bulk material characteristics of synthesized polymer films 

 

Degradation 

Onset (°C)
a Tg (°C)

b 
Tg(°C)

c Gel 

Fraction 

Surface Energy 

(dyn cm
-1

) 
FTIR -ATR (cm

-1
) 

T-2-cyclo-100 d d d d d d 

T-2-desmo-100 235 1.6 f 96.6 42.78 
2913, 2850, 1679, 1533, 1463, 

1251, 1140, 1087, 1042,  767 

T-4-cyclo-100 248 72.5 74.2 98.7 41.45 

2920, 2847, 2261, 1694, 1530, 

1444, 1321, 1245, 1226, 1087, 

1039, 976,  776 

T-4-desmo-100 249 10.3 -4.1 95.9 43.44 
2932, 2856, 1682, 1530, 1460, 

1375, 1248, 1087, 1052, 764 

M-2-cyclo-100 221 85.6 f 77.7 41.84 

2917, 2844, 2258, 1694, 1530, 

1451, 1318, 1220, 1087, 1042, 

973, 770 

M-2-desmo-100 235 42.6 57.1 97.8 31.76 
2929, 2856, 1682, 1530, 1463, 

1239, 1131, 1090, 960, 760 

M-4-cyclo-100 262 52.1 69.4 63.5 46.1 
2920, 2850, 1691, 1527, 1318, 

1223, 1083, 1036, 982, 852, 776 

M-4-desmo-100 260 15.7 23 99.1 37.33 
2929, 2860, 1688, 1530, 1463, 

1242, 1090, 1049, 764 

T-2-cyclo-100-PDMS-500 d d d d d d 

T-2-cyclo-100-PTMO-1000 d d d d d d 

T-2-cyclo-100-PEG-1000 d d d d d d 
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T-2-desmo-100-PDMS-500 244 14.9 23.6 95.9 27.18 
2936, 2853, 1679, 1460, 1254, 

1087, 1039, 798, 760 

T-2-desmo-100-PTOM-1000 251 -5.7 -6.7 94.8 39.07 
2932, 2853, 1688, 1533, 1463, 

1375, 1334, 1242, 1102, 760 

T-2-desmo-100-PEG-1000 260 -29.7 -14.8 96.9 43.3 

2929, 2856, 1679, 1533, 1457, 

1372, 1334, 1245, 1140, 1090, 

950, 767 

M-2-cyclo-100-PDMS-500 236 97.3 f 81.2 23.49 
2913, 2847, 1704, 1520, 1258, 

1223, 1087, 1049, 798 

M-2-cyclo-100-PTMO-1000 252 -6.3 f 98.1 39.09 
2923, 2850, 1701, 1527, 1223, 

1099, 770 

M-2-cyclo-100-PEG-1000 260 -19.5 f 81.8 43.78 
2920, 2853, 1698, 1530, 1441, 

1248, 1226, 1096, 1045 

M-2-desmo-100-PDMS-500 224 1.3 4.9 95.5 29.7 
2932, 2853, 1682, 1533, 1463, 

1261, 1087, 1033, 808, 764 

M-2-cyclo-100-PTMO-1000 252 7.1 6.6 98.7 41.32 
2929, 2850, 1685, 1527, 1460, 

1245, 1099, 1049, 950, 760 

M-2-cyclo-100-PEG-1000 256 -20.5 -12.7 84 26.81 
2929, 2856, 1688, 1527, 1467, 

1245, 1137, 1090, 1039, 760 

T-4-cyclo-100-PDMS-500 260 e f 93.5 19.28 
2923, 2850, 1672, 1546, 1254, 

1099, 1058, 802 

T-4-cyclo-100-PTMO-1000 264 -18.2 23.9 81.2 40.38 

2920, 2844, 2261, 1691, 1527, 

1441, 1368, 1318, 1223, 1096, 

982, 776 

T-4-cyclo-100-PEG-1000 278 -38.31 6.4 67.2 23.49 
2917, 2853, 2261, 1694, 1524, 

1444, 1245, 1096, 1039 
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T-4-desmo-100-PDMS-500 269 16 f 98.8 24.82 
2964, 2853, 1682, 1460, 1254, 

1087, 1023, 868, 795, 760 

T-4-desmo-100-PTMO-1000 254 -18.9 -19.6 94.3 44.08 
2932, 2856, 1685, 1533, 1460, 

1375, 1334, 1242, 1090, 760 

T-4-desmo-100-PEG-1000 248 -15.3 -26.3 90.8 40.28 
2932, 2860, 1682, 1530, 1463, 

1251, 1099, 767 

M-4-cyclo-100-PDMS-500 243 e f 96.7 18.46 
2920, 2847, 1698, 1533, 1258, 

1087, 1033, 795 

M-4-cyclo-100-PTMO-1000 275 12.2 27.1 65.1 44.61 
2920, 2847, 1688, 1527, 1444, 

1318, 1223, 1096, 1045, 973 

M-4-cyclo-100-PEG-1000 305 -40.4 16.5 61.8 62.42 

2920, 2850, 1688, 1530, 1324, 

1248, 1229, 1099, 1042, 973, 

947, 846, 773 

M-4-desmo-100-PDMS-500 259 12.9 f 90.9 18.99 
2932, 2853, 1685, 1530, 1460, 

1254, 1087, 1030, 798, 760 

M-4-desmo-100-PTMO-1000 280 -10.2 -0.5 98.1 g 
2932, 2853, 1688, 1527, 1460, 

1245, 1096, 767 

M-4-desmo-100-PEG-1000 295 -20.7 -4.4 97.8 g 

2882, 2803, 1685, 1463, 1343, 

1277, 1239, 1147, 1106, 1061, 

963, 836 

T-2-cyclo-100-MDEA d d d d d d 

T-4-cyclo-100-MDEA 120 8.2 f 0 27.49 
2923, 2847, 1691, 1530, 1441, 

1248, 1223, 1087, 1036 

M-2-cyclo-100-MDEA 158 36.4 f 16.31 38.35 

3322, 3053, 2929, 2847, 1720, 

1546, 1505, 1451, 1318, 1239, 

1102, 1042, 982, 897, 779, 656 
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M-4-cyclo-100-MDEA 165 39.8 c 59.15 42.05 
2920, 2847, 1691, 1527, 1245, 

1226, 1087, 1036 

T-2-desmo-100-MDEA d d d d d d 

T-4-desmo-100-MDEA 272 15.9 16 99.43 47.82 

2936, 2853, 1679, 1533, 1460, 

1378, 1334, 1245, 1137, 1090, 

764 

M-2-desmo-100-MDEA 99 -6.9 14.7 88.66 36.03 

2932, 2853, 1682, 1539, 1467, 

1384, 1330, 1248, 1140, 1093, 

1039, 764 

M-4-desmo-100-MDEA 245 9.8 11.7 94.43 45.86 

2926, 2853, 1682, 1530, 1460, 

1375, 1337, 1245, 1131, 1087, 

1042, 760 

T-2-cyclo-100-Q-4 d d d d d d 

T-4-cyclo-100-Q-4 188 45.6 c 88.13 43.55 
2923, 2844, 2261, 2261, 1694, 

1520, 1242, 1232, 1083, 1042 

M-2-cyclo-100-Q-4 180 44.8 c 0 29.34 

2923, 2847, 2261, 1694, 1527, 

1444, 1315, 1223, 1087, 1039, 

973, 776 

M-4-cyclo-100-Q-4 199 39.41 c 0 44.2 

2920, 2850, 2261, 1691, 1527, 

1444, 1315, 1248, 1083, 982, 

900, 862, 817, 773 

T-2-desmo-100-Q-4 255 39.02 13.9 93.87 g 

2932, 2856, 1682, 1533, 1460, 

1378, 1330, 1248, 1137, 1055, 

957, 764 

T-4-desmo-100-Q-4 252 18.58 24.1 96.76 42.63 

2936, 2856, 1679, 1533, 1463, 

1378, 1334, 1245, 1134, 1090, 

767 

M-2-desmo-100-Q-4 237 33.93 16.6 95.91 44.03 

2932, 2856, 1682, 1533, 1463, 

1375, 1330, 1242, 1137, 1090, 

1045, 760 
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M-4-desmo-100-Q-4 260 31.71 9.6 93.02 38.94 

2932, 2856, 1688, 1527, 1460, 

1375, 1334, 1245, 1131, 1080, 

1045, 760 

T-2-cyclo-100-Q-10 d d d d d d 

T-4-cyclo-100-Q-10 233 80.8 c 54.68 43.55 

2923, 2844, 2261, 1694, 1527, 

1444, 1318, 1245, 1080, 1039, 

773 

M-2-cyclo-100-Q-10 222 85.8 c 0 43.75 

2926, 2847, 2258, 1698, 1530, 

1451, 1315, 1226, 1083, 1042, 

773 

M-4-cyclo-100-Q-10 223 36.61 c 0 43.5 

2920, 2850, 2261, 1691, 1527, 

1441, 1321, 1248, 1223, 1080, 

1042, 776 

T-2-desmo-100-Q-10 243 36.4 12.7 96.16 g 

2917, 2844, 1685, 1536, 1463, 

1381, 1327, 1251, 1137, 1052, 

760 

T-4-desmo-100-Q-10 234 10.2 8.8 93.32 39.69 
2932, 2856, 1682, 1527, 1460, 

1378, 1340, 1248, 1090, 760 

M-2-desmo-100-Q-10 163 6.3 c 99.68 41.55 

2923, 2856, 1679, 1527, 1460, 

1372, 1334, 1245, 1134, 1090, 

1045, 764 

M-4-desmo-100-Q-10 118 12.8 11.5 92.02 38.35 

2923, 2847, 1682, 1527, 1463, 

1378, 1334, 1248, 1137, 1087, 

1049, 764 

T-2-cyclo-100-Q-18 d d d d d d 

T-4-cyclo-100-Q-18 179 50.4 c 71.81 36.96 
2920, 2847, 2261, 1691, 1524, 

1248, 1226, 1087, 1039 

M-2-cyclo-100-Q-18 207 e c 0 33.62 
2917, 2847, 1691, 1527, 1441, 

1311, 1226, 1096, 1042, 767 
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M-4-cyclo-100-Q-18 197 e c 0 34.02 
2920, 2850, 2261, 1701, 1530, 

1315, 1242, 1226, 1083, 1039 

T-2-desmo-100-Q-18 184 24.36 8.4 83.92 
 

2913, 2847, 1685, 1536, 1460, 

1378, 1330, 1245, 1137, 760 

T-4-desmo-100-Q-18 179 10.9 19.7 98.54 33.85 

2917, 2850, 1685, 1527, 1467, 

1375, 1330, 1248, 1090, 760, 

722 

M-2-desmo-100-Q-18 184 31.2 21.4 99.54 31.79 

2913, 2850, 1685, 1530, 1463, 

1378, 1337, 1245, 1134, 1087, 

1045, 760 

M-4-desmo-100-Q-18 166 10.84 7.6 90.7 30.79 
2917, 2847, 1688, 1524, 1463, 

1245, 1090, 1045, 760 

a 
Based on TGA analysis, temperature corresponds to 10% mass loss 

b 
Based on DSC analysis 

c 
Based on DMA analysis 

d
 Uniform samples could not be produced 

e
 Could not be measured by DSC analysis 

f
 Could not be measured by DMA analysis 

g
 Could not be measured by contact angle analysis 
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4.3 Influence of Surface Modifying Agents 

 

4.3.1 Coating Preparation 

Initially, it was believed that these coatings could be synthesized free of solvent.  

However, this was not possible due to rapid polymerization and incompatibility of the 

incorporated reagents.  When synthesized without solvent, polymerization occurred too 

rapidly upon addition of the orthosilicate crosslinker.  This rapid polymerization caused 

polymer “chunks” to form within the reaction vessel and led to difficulties when 

transferring the product to a substrate for final curing.   

To mitigate this rapid polymerization, a small amount of DMF was added to the 

reaction vessel along with the silicate crosslinking agent.  DMF was selected because it is 

a common polar aprotic solvent that does not promote hydrogen bond interactions, which 

could interfere with the urethane formation.  The addition of DMF slowed the reaction, 

which enabled the crosslinking of the polymer to become more uniform, as determined 

by the resulting optical transparency of the films.  This also allowed the hot polymer 

solution to be more readily cast onto the substrate. 

The increase in polymerization rate was particularly apparent when combining 

orthosilicate 24 with isocyanate 15.  Even the addition of DMF did not slow the reaction 

enough to prepare uniform polymer films.  Due to the incompatibility of compounds 24 

and 15, the T-2-cyclo series was unable to be synthesized as a uniform reproducible 

material. 
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In order to perform the essential crosslinking and endcapping steps, a temperature 

range of 50 to 60 °C was chosen.  This temperature range not only facilitated the reaction 

but also decreased viscosity of the solution, thereby making the material easier to 

manipulate.  Increasing the temperature above 60 C negated the addition of DMF, 

leading to rapid polymerization and a product that was difficult to cast onto a substrate.  

With solutions in place to mitigate known issues and incompatibilities, sixty coating 

systems were synthesized and characterized. The results are detailed in subsequent 

sections. 

 

4.3.2 Fourier Transfrom Infrared Spectroscopy 

To monitor polymerization reactions, attenuated total reflectance fourier transform 

infrared spectroscopy (ATR-FTIR) was utilized. The data collected showed the 

disappearance of the –NCO peak at 2250 cm
-1

 and the appearance of the urethane linkage 

at 1690 cm
-1

 (Figure 14).  Furthermore, analyzing the data showed little unreacted –OH 

from the polymerization and none of the samples contained residual –NCO indicating 

complete consumption of the reagent. 

 

 

 



 

58 

 

 
Figure 14: FTIR spectra depicting the disappearance of the isocyanate peak at 2250 cm

-1
 

and appearance of the urethane peak at 1690 cm
-1

. 

 

 

 

4.3.3 Gel Fraction 

Gel fraction was used to determine the relative density of crosslinking.  A weighed 

amount of sample was allowed to soak in solvent for 24 h allowing unreacted monomer 

to be extracted from the polymer matrix so that only insoluble crosslinked material 

remained.  The sample was dried at 60 °C under reduced pressure for 24 h.  Once dried, 

the gel fraction percent was calculated using Equation 7.  In Equation 7, Qg is the percent 

gel fraction, mi is the initial mass, and mf is the final mass.  

 

Equation 7:      
  

  
     

Toluene was initially employed as the solvent to determine gel fraction.  However, 

some gel fraction calculations were computing over 100%, indicating that solvent 

2250 cm
-1 

1690 cm
-1 



 

59 

 

entrapment was occurring.  Consequently, THF was selected for subsequent studies.  The 

results of the gel fraction analyses are found in Table 4. 

 

 

 

Table 4: Gel fraction analysis data employing THF. 

Sample Name Gel Fraction (%) 

M-4-cyclo-1000-PEG-1000 61.8 

M-4-cyclo-100 63.5 

M-4-cyclo-100-PTMO-1000 65.1 

T-4-cyclo-100-PEG-1000 67.2 

M-2-cyclo-100 77.7 

M-2-cyclo-100-PDMS-500 81.2 

T-4-cyclo-100-PTMO-1000 81.2 

M-2-cyclo-100-PEG-1000 81.8 

M-2-desmo-100-PEG-1000 84.0 

T-4-desmo-100-PEG-1000 90.8 

M-4-desmo-100-PDMS-500 90.9 

T-4-cyclo-100-PDMS-500 93.5 

T-4-desmo-100-PTMO-1000 94.3 

T-2-desmo-100-PTMO-1000 94.8 

M-2-desmo-100-PDMS-500 95.5 

T-4-desmo-100 95.9 

T-2-desmo-100-PDMS-500 95.9 

T-2-desmo-100 96.6 

M-4-cyclo-100-PDMS-500 96.7 

T-2-desmo-100-PEG-1000 96.9 

M-2-desmo-100 97.8 

M-4-desmo-100-PEG-1000 97.8 

M-2-cyclo-100-PTMO-1000 98.1 

M-4-desmo-100-PTMO-1000 98.1 

T-4-cyclo-100 98.7 

M-2-desmo-100-PTMO-1000 98.7 

T-4-desmo-100-PDMS-500 98.8 

M-4-desmo-100 99.1 
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To analyze trends, the data were sorted according to increasing percent gel fraction.  

Examination of the data revealed that every sample with a gel fraction below 82% 

contained isocyanate 15.  Furthermore, all samples below 80% with the exception of T-4-

cyclo-100-PEG-1000 used crosslinkers 25 or 27.  This lack of crosslinking density can be 

directly attributed to the number of available crosslinking sites.  The low gel fractions 

seem independent of the addition of a surface modifying agent.  For example, M-4-cyclo-

100-PTMO-1000 has a similarly low gel fraction of 65%, compared to that of M-4-cyclo-

100’s gel fraction of 64%.  This further supports the observation that crosslink density 

was primarily a function of available reactive sites. 

 

4.3.4 Thermal Stability Using TGA 

To determine the thermal stability of the prepared polymer coatings, TGA was 

utilized to ensure that the coating would not degrade under typical operational 

temperatures of a ship. In this study, the degradation onset temperature was determined 

when 10 wt% of the sample was lost.  The TGA data are detailed in Table 5.  All coatings 

tested were thermally robust, with the lowest degradation onset temperature recorded at 

221 °C.  The relatively high degradation onset temperature indicated that these coatings 

would be well suited for specified operational applications and temperatures. 

One trend in the data appeared to be dependent upon the alkyl chain length attached 

to orthosilicate crosslinkers when lengthened from 2 carbons using compound 13 to 4 

carbons using compound 14.  When the chain length was extended, the degradation onset 

temperature increased in all samples, with the exception of T-2-Desmo-100-PEG-1000 



 

61 

 

and T-4-Desmo-100-PEG-1000.  Increased degradation onset temperature might be due 

to increased flexibility in the polymer matrix. No significant difference in the degradation 

onset temperature was realized by interchanging the isocyanate or the tri- or tetra-

functional silicate; nor was the degradation onset temperature affected by the addition of 

a surface modifier, regardless of the molecular weight of the modifier.  The high 

degradation onset temperatures, regardless of reagents used, proved that the system can 

be used in thermally demanding applications. 

 

 

 

Table 5: Degradation onset temperature at 10% weight loss. 

Sample Name Temperature (°C) 

T-2-cyclo-100 241 

T-2-desmo-100 235 

T-4-cyclo-100 248 

T-4-desmo-100 249 

M-2-cyclo-100 221 

M-2-desmo-100 235 

M-4-cyclo-100 262 

M-4-desmo-100 260 

T-2-desmo-100-PDMS-500 244 

T-2-desmo-100-PTMO-1000 251 

T-2-desmo-100-PEG-1000 260 

M-2-cyclo-100-PDMS-500 236 

M-2-cyclo-100-PTMO-1000 252 

M-2-cyclo-100-PEG-1000 260 

M-2-desmo-100-PDMS-500 224 

M-2-desmo-100-PTMO-1000 252 

M-2-desmo-100-PEG-1000 256 

T-4-cyclo-100-PDMS-500 260 

T-4-cyclo-100-PTMO-1000 264 

T-4-cyclo-100-PEG-1000 278 

T-4-desmo-100-PDMS-500 269 

T-4-desmo-100-PTMO-1000 254 
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T-4-desmo-100-PEG-1000 248 

M-4-cyclo-100-PDMS-500 243 

M-4-cyclo-100-PTMO-1000 275 

M-4-cyclo-1000-PEG-1000 305 

M-4-desmo-100-PDMS-500 259 

M-4-desmo-100-PTMO-1000 280 

M-4-desmo-100-PEG-1000 295 

 

 

 

4.3.5 Differential Scanning Calorimetry 

DSC was used to determine the glass transition temperature, Tg, of the prepared 

materials. Table 6 provides data for the entire series containing SM agents, arranged in 

order of increasing Tg. The data indicates that the majority of samples containing a SM 

agent with molecular weight of 1,000 produced the lowest glass transition temperatures.  

Continuous repeat PEG or PTMO units resulted in additional free rotation of groups 

between crosslinked sites and an increase in free rotation in the polymer backbone that, in 

turn, causes this low glass transition temperature. 

 

 

 

Table 6: Glass transition data. 

Sample Name Tg (C) 

M-4-cyclo-1000-PEG-1000 -40.4 

T-4-cyclo-100-PEG-1000 -38.3 

T-2-desmo-100-PEG-1000 -29.7 

M-4-desmo-100-PEG-1000 -20.7 

M-2-desmo-100-PEG-1000 -20.5 

M-2-cyclo-100-PEG-1000 -19.5 

T-4-desmo-100-PTMO-1000 -18.9 

T-4-cyclo-100-PTMO-1000 -18.2 

T-4-desmo-100-PEG-1000 -15.3 

M-4-desmo-100-PTMO-1000 -10.2 

M-2-cyclo-100-PTMO-1000 -6.3 
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T-2-desmo-100-PTMO-1000 -5.7 

T-2-desmo-100 -1.6 

M-2-desmo-100-PDMS-500 1.3 

M-2-desmo-100-PTMO-1000 7.1 

T-4-desmo-100 10.3 

M-4-cyclo-100-PTMO-1000 12.2 

M-4-desmo-100-PDMS-500 12.9 

T-2-desmo-100-PDMS-500 14.9 

M-4-desmo-100 15.7 

T-4-desmo-100-PDMS-500 16 

M-2-desmo-100 42.6 

M-4-cyclo-100 52.1 

T-4-cyclo-100 72.5 

M-2-cyclo-100 85.6 

M-2-cyclo-100-PDMS-500 

T-4-cyclo-100-PDMS-500 

M-4-cyclo-100-PDMS-500 

Could not be determined using DSC analysis due to incompatibilities with the 

incorporated reagents masking the Tg.

 

 

 

The DSC data in Table 6 was more informative when coupled with an analysis of 

the individual building blocks that affect the overall Tg.  Three building blocks were used 

in this study to manipulate glass transition temperatures: carbon chain extenders 

isocyanates, and surface modifying agents. 

First, there was a clear difference in Tg when comparing 4-carbon chain extender 

(14) to the 2-carbon chain extender (13).  This can be readily observed in Figure 15. 

Increased alkyl content increases the degrees of freedom, resulting in the difference in Tg 

of the two polyol chain extenders. 
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Figure 15: DSC curves depicting the difference between ethylene glycol (13) and 

butanediol (14) incorporated in the crosslinking agents. 

 

 

 

 Isocyanates were another building block used to manipulate glass transition 

temperature.  This study tested two distinctly different aliphatic isocyanates: compounds 

15 and 16.  Figure 16 illustrates the difference in Tg observed using these isocyanates. 

Compound 15 was more rigid due to the cyclohexane rings in the structure, while 16 

consisted of a linear alkyl chain.  The linear alkyl chain in 16 allowed more flexibility in 

the polymer backbone due to an increase in free rotation.  This increase in free rotation 

led to markedly lower Tg values.   

 

 

 

-1.4

-1.3

-1.2

-1.1

-1.0

-0.9

-0.8

H
e

a
t 

F
lo

w
 (

W
/g

)

-4

-3

-2

-1

0

H
e

a
t 

F
lo

w
 (

W
/g

)

-100 -50 0 50 100

Temperature (°C)

                  M-4-Desmo-100–––––––
                  M-2-Desmo-100– – – –

Exo Up Universal V4.5A TA Instruments



 

65 

 

 

Figure 16: DSC plots illustrating the difference between HMDI and Desmodur N 3600
TM

. 

 

 

 

A third building block tested was the surface modifying agent, which was 

employed to manipulate the surface energy of the coatings.  Each of the different 

modifiers resulted in a change in glass transition temperature, as illustrated in Figure 17.  

Surface modifiers were observed to affect the Tg in the following order: PEG < PTMO < 

PDMS.  This trend can be explained by the molecular weight of the repeating units when 

comparing PEG, PTMO and PDMS.  All of the samples containing PEG had the lowest 

Tg due to the higher oxygen content in the polymer backbone.  The C-O bond rotates 

more freely than a C-C, bond, resulting in a greater degree of free rotation within the 

polymer backbone, and ultimately a lower glass transition temperature.   
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Figure 17: DSC curves depicting the dependence upon surface modifying agent utilized. 

 

 

 

Incorporating PDMS caused a non-uniform prepolymer that, upon further curing, 

resulted in an opaque crystalline film.  This crystallinity was most likely due to system 

incompatibilities caused by the decreased molecular weight of PDMS.  These 

incompatibilities also caused the Tg to not be observed by DSC analysis most likely 

because the Tg was too broad. 

 By combining these three building blocks in a strategic manner, it was discovered 

that one could, indeed, fine-tune the glass transition temperature of the system.  This 

manipulation of Tg by variations in the polymer backbone has been in other samples as 

well.  The ability to tune Tg is particularly important due to the range of temperatures the 

coatings may be exposed in the marine environment.  For instance, compared to the 
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Atlantic or Pacific Ocean, the Persian Gulf has a high temperature due to the relative 

proximity to the equator.  A coating with a Tg below water’s temperature would result in 

a coating that is extremely flexible or tacky, which is undesirable as a marine coating 

because it would allow for a greater rate of hydrolysis. 

In summary, multiple components could be incorporated into marine coatings to 

give the ability to manipulate the Tg of the system: carbon chain extenders; isocyanates; 

surface modifying agents.  When HMDI (15) was used in place of Desmodur N3600™ 

(16), the Tg increased.  Employing ethylene glycol (13) in place of 1,4-butanediol (14) 

also caused a rise in Tg.  Finally, the surface modifying agent has an effect on glass 

transition temperature. Tests showed that between PEG, PTMO and PDMS; PDMS 

yields the highest Tg temperatures, followed by PTMO, and PEG.   

 

4.3.6 Critical Surface Energy Analysis 

As discussed in Section 1.8, research demonstrated a correlation between 

bioadhesion and surface energy.  A plot of these properties gave rise to the Baier curve 

depicted in Figure 2.  The Baier curve showed a region with a minimum at 25 dyn cm
-1

.  

Based on this minimum, the most optimal marine coatings would be designed and 

prepared with surface energies between 20 to 30 dyn cm
-1

.  Past researchers have 

reported that the correlation is not entirely linear due to the fact that elastic modulus was 

not taken into account.
95

  Data obtained from surface energy analysis is found in Table 7.  
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Table 7: Data obtained from surface energy analysis. 

Sample name Surface energy (dyn cm
-1

) 

T-2-cyclo-100 

T-2-desmo-100 42.8 

T-4-cyclo-100 41.4 

T-4-desmo-100 43.4 

M-2-cyclo-100 41.8 

M-2-desmo-100 31.8 

M-4-cyclo-100 46.1 

M-4-desmo-100 37.3 

T-2-cyclo-100-PDMS-500 

T-2-cyclo-100-PTMO-1000 

T-2-cyclo-100-PEG-1000 

T-2-desmo-100-PDMS-500 27.2 

T-2-desmo-100-PTMO-1000 39.1 

T-2-desmo-100-PEG-1000 43.3 

M-2-cyclo-100-PDMS-500 23.5 

M-2-cyclo-100-PTMO-1000 39.1 

M-2-cyclo-100-PEG-1000 43.8 

M-2-desmo-100-PDMS-500 29.7 

M-2-desmo-100-PTMO-1000 41.3 

M-2-desmo-100-PEG-1000 26.8 

T-4-cyclo-100-PDMS-500 19.3 

T-4-cyclo-100-PTMO-1000 40.4 

T-4-cyclo-100-PEG-1000 32.7 

T-4-desmo-100-PDMS-500 24.8 

T-4-desmo-100-PTMO-1000 44.1 

T-4-desmo-100-PEG-1000 40.3 

M-4-cyclo-100-PDMS-500 18.5 

M-4-cyclo-100-PTMO-1000 44.6 

M-4-cyclo-1000-PEG-1000 62.4 

M-4-desmo-100-PDMS-500 19.0 

M-4-desmo-100-PTMO-1000 

M-4-desmo-100-PEG-1000 

Uniform samples could not be produced. 


Could not be calculated due non-uniform surface. 

 

 

 

 Within samples, differences existed between orthosilicate crosslinkers, as well as 

between isocyanates. Samples that did not contain a surface modifier produced surface 
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energies that were remarkably similar, ranging from 31.8 dyn cm
-1

 (M-2-desmo-100) to 

46.1 dyn cm
-1

 (M-4-cyclo-100), with a difference of only 14.3 dyn cm
-1

.  When a surface 

modifying agent was incorporated into the system, the surface energy range from lowest 

to highest increased to 44 dyn cm
-1

.  As expected, the samples that incorporated PDMS as 

a modifying agent produced the lowest surface energy: as low as 18.5 dyn cm
-1

for M-4-

cyclo-100-PDMS-500 and as high as 29.7 dyn cm
-1

 for M-2-desmo-100-PDMS-500. 

 

4.3.7 Dynamic Mechanical Analysis 

DMA was performed to measure the storage modules/tan  of all samples and 

confirm Tg.  Due to low glass transition temperatures of many of the samples, the tension 

clamps severed numerous samples.  The low glass transition temperature resulted in soft 

samples that were more susceptible to tearing.  Table 8 compares Tg data from DMA with 

that obtained from DSC analyses.  The minor disparity between the two techniques is 

largely due to the means by which the data were collected.  DSC measures the transition 

via thermal flow, whereas DMA obtains data by heating the sample and monitoring the 

stress strain relationship with respect to temperature change.  Figure 18 constructed by 

plotting data obtained through DMA analysis produced a curve, where the local maxima 

is the Tg of the polymer. 

 

 

 

Table 8: Comparing data obtained from DMA and DSC. 

Sample Name DSC Tg (C) DMA Tg (C) 

T-2-desmo-100 -1.6  

T-4-cyclo-100 72.5 74.2 
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T-4-desmo-100 10.3 -4.1 

M-2-cyclo-100 85.6 

M-2-desmo-100 42.6 57.1 

M-4-cyclo-100 52.1 69.4 

M-4-desmo-100 15.7 23.0 

T-2-desmo-100-PDMS-500 14.9 23.6 

T-2-desmo-100-PTMO-1000 -5.7 -6.7 

T-2-desmo-100-PEG-1000 -29.7 -14.8 

M-2-cyclo-100-PDMS-500  

M-2-cyclo-100-PTMO-1000 -6.3 

M-2-cyclo-100-PEG-1000 -19.5 

M-2-desmo-100-PDMS-500 1.3 4.9 

M-2-desmo-100-PTMO-1000 7.1 6.6 

M-2-desmo-100-PEG-1000 -20.5 -12.7 

T-4-cyclo-100-PDMS-500  

T-4-cyclo-100-PTMO-1000 -18.2 23.9 

T-4-cyclo-100-PEG-1000 -38.31 6.4 

T-4-desmo-100-PDMS-500 16 

T-4-desmo-100-PTMO-1000 -18.9 -19.6 

T-4-desmo-100-PEG-1000 -15.3 -26.3 

M-4-cyclo-100-PDMS-500  

M-4-cyclo-100-PTMO-1000 12.2 27.1 

M-4-cyclo-1000-PEG-1000 -33.0 16.5 

M-4-desmo-100-PDMS-500 12.9 

M-4-desmo-100-PTMO-1000 -10.2 -0.5 

M-4-desmo-100-PEG-1000 -20.7 -4.4 

Could not be determined by using DSC analysis due to incompatibilities of reagents 

masking the Tg. 

Could not be determined by using DMA analysis due to tearing of the sample 

 

 

 

From Table 8, it can be concluded that the majority of the Tg were within the 

expected +/-25 °C window obtained by DSC analysis.  The smaller disparities were due 

to the methods in which the instruments used to obtain the Tg.  The larger differences 

could possibly be due to increased heating rates during the DSC analysis (20 C min
-1

 for 
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DCS, 2 C min
-1

 for DMA).  A further possibility was slippage of the sample within the 

clamps and in some cases cracks of the coating that went un-detected therefore failing to 

trigger an error message.  A graph constructed by plotting Tan  versus temperature data 

obtained through DMA analysis produced a curve where the maximum is the Tg of the 

polymer.   

 

 

 

 

Figure 18:  DMA analysis of M-4-desmo-100. 

 

 

 

4.4 Hydrolysis  

Since the target lifetime of the coating is expected to be 12 to 15 years, it was 

essential to attempt to quantify the kinetics of hydrolysis.  Performing a quick calculation 

based on a coating that is assumed to be 610 m thick, for the coating to last 12 years, 
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would enable one to extrapolate the useful lifetime of each coating system in a shortened 

period.  This task proved to be a very difficult undertaking.  Several methods were used 

to determine the rate at which the coatings would hydrolyze in DI-H2O and artificial 

seawater (ASW).  These methods are detailed in subsequent sections. 

4.4.1 Apparatus Design 

The driving force to create an apparatus to test coatings under dynamic conditions 

was to gather thickness measurements while undergoing hydrolysis.  Three apparatuses 

were constructed to test coatings under dynamic conditions.  To meet the demand of the 

number of coating synthesized, several variable speed mechanical mixers were 

configured (Figure 19).   

 

 

 

 

Figure 19: Small scale mechanical mixer setup. 

 

 

 

The mixers utilized a 6-inch long, ¼-inch diameter shaft, with a 2.5-inch disc 

attached; on which the coatings were solvent cast.  Mason jars were utilized as a water 
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receptacle to immerse the spinning disc.  The 2.5-inch discs were chosen to reduce the 

volume of product required and to minimize drag.  Furthermore, the mechanical mixers 

could easily rotate the smaller discs at high speed without overheating.  The overall 

benefit to this method was the size of the mixers.  Six could easily fit in a row on a table 

top.  However, the size of the discs limited the number of speeds that thickness 

measurements could be taken at due to the small diameter of the 2.5 inch disc. 

It was envisioned that once down selection of the coating series occurred, coatings 

would be tested on a slightly larger scale.  Therefore, an apparatus was constructed to 

rotate a 12-inch aluminum disc at a controlled speed of 20 knots.  The 20 knots was 

calculated by the RPM the motor was set at as well as the distance from the center of the 

disc.  The speed was set to 20 knots because foul release coatings are most effective at 

this speed.  Initial attempts utilized a drill press with a 3/8 inch rod to attach a 12-inch 

aluminum disc other, as shown in Figure 20. 
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Figure 20:  Initial dynamic hydrolysis apparatus employing a drill press. 

 

 

 

The coatings being evaluated were solvent cast onto an aluminum disc then 

underwent dynamic hydrolysis in a 55 gallon drum filled with ASW.  However, with this 

configuration, the shaft that attaches the aluminum disc to the drill press was warping, 

which caused the gears of the drill press to misalign due to torque.  Consequently, this 

design was inadequate as continuous use eventually caused the drill to become 

inoperable.   

Several fixes were attempted to solve the warping/torque problem, including 

shortening of the shaft.  When the shortened shaft did not remedy the problem, a cage 

was constructed. As illustrated in Figure 21, this cage contained a multi-bearing system 

to prevent the shaft from warping thereby minimizing torque.  Angle iron and water-
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submergible Teflon bearings were utilized in the cage.  Angle iron was used because it 

was on hand.  Water submergible bearings were used to ensure alignment of the shaft 

continued below the water line (traditional bearings would have corroded).  The cage 

setup utilized a variable speed 1/3 horsepower motor to spin a vertical mounted ½-inch 

diameter shaft.  The shaft was attached to a 12-inch aluminum disc, onto which the 

coating was solvent cast.   

 

 

 

 

Figure 21: Dynamic hydrolysis apparatus employing the 1/3 horse power motor. 

 

 

 

While the cage solved the issue of warping, the load applied to the motor was too 

great.  As a result, the motor typically overheated and posed a fire hazard if left running 

for extended periods of time.  To combat this issue, a cooling system was constructed 
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using copper tubing. This cooling system was wrapped around the motor, and DI-H2O 

circulated through the tubing.  In addition, air fans were placed around the motor.  In 

order to further decrease the load on the electrical motor, a gearing system was 

constructed.  Great care was taken to ensure all gears were aligned with the motor to 

ensure minimal resistance.  

4.4.2 Thickness Measurements of Coatings Under Dynamic Conditions 

After constructing an apparatus to study coatings under dynamic conditions, several 

tools were used to gather thickness measurements.  These tools included a large C-clamp 

micrometer, a standard micrometer, and an Eddy current device.  The two micrometers 

were deemed not sensitive enough due to the pliability of the film once exposed to H2O.  

Furthermore, a manually applied torque to these micrometers was required which lead to 

inaccurate measurements when the amount of torque was no consistent between samples.  

The digital gauge, a QuaNix 4500 thickness gauge, which made use of Eddy currents and 

was desirable because it was a digital means of gathering thickness measurements, rather 

than a mechanical technique like the micrometers and also allowed for uniform force to 

be applied to the films.  The QuaNix 4500 was chosen because of the 1 m resolution in 

the range of 1 m to 999 m and 0.01 mm above 1 mm. 

As illustrated in Figure 22, the Eddy current thickness gauge utilizes a small coil of 

wire to create a magnetic field at the instrument’s probe.  When the probe comes into 

contact with the substrate, the interaction creates Eddy current perpendicular to the 

magnetic field.  The magnitude of Eddy current is proportional to the thickness of the 

applied coating. 
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Figure 22: Diagram depicting Eddy current formation. 

 

 

 

While the Eddy current method produced accurate results for some systems such as 

paint thickness, the limits of detection were not sufficiently sensitive for a hydrolysis 

study.  The coatings synthesized were intended to hydrolyze in a slow and controlled 

manner.  Yet, after 4 months of dynamic hydrolysis, no discernible change in coating 

thickness was observed using this device.  Due to the error associated with the device, it 

was deemed that this method was not sensitive enough to detect the changes, on the order 

of microns, in coating thickness.  Furthermore, if the coating were to swell upon uptake 

of water, inaccurate measurements would also result.  Thus, the search for alternative 

methods to accurately determine the rate of hydrolysis continued. 
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4.4.3 Near Infrared Spectroscopy 

Near Infrared Reflectance (NIR) spectroscopy was selected based upon the research 

of Heymann et al.,
96

 that reported it was possible to determine the thickness of polymer 

coatings.  In their work, the Heymann group cast films varying in thickness from 5 to 35 

m, and monitored the spectral region between 1470 - 1890 nm, which revealed an 

absorbance unique to their coating system.  The Heymann group did not report what 

caused the absorption.  Using a partial least square based regression mode, the group was 

able to determine the thickness of the coatings via the reflectance off of a ceramic plate 

substrate.  The measurements, in our study, were not performed on a ceramic plate 

because the coatings were applied to aluminum discs. 

A spectroscopic tool measuring thickness, coupled with real-time measurements 

during hydrolysis, was found to be highly desirable.  Initial spectra of the coating system 

showed a unique absorbance at 1725 nm (Figure 23).  With the knowledge that a unique 

absorbance exists for this system, experiments were designed to determine if this method 

of monitoring thickness would be feasible. 



 

79 

 

 

Figure 23: NIR reflectance spectrum showing a unique absorbance at 1725 nm. 

 

 

 

A test was prepared to determine if NIR spectroscopy would be an acceptable 

analytical method.  First, identical samples with various coating thicknesses solvent cast 

on identical substrates, as determined by mass and confirmed with a micrometer. Next, 

these samples were evaluated and NIR reflectance spectra were recorded at a 45° with 

respect to the substrate.  The 45° was chosen because the reflectance at 90 was too great, 

causing the NIR instrument to become saturated.  Initial data conveyed that the difference 

in the magnitude in the absorbance at 1725 nm correlated with thickness. Yet the 

difference was not sensitive enough to determine the difference change on a micron scale.  

The absorbance at 1725 nm did not vary enough to monitor the slow rate hydrolysis.  It 

was later discovered that the coatings became opaque with hydrolysis due to water uptake 

causing light scatter sites within the polymer.  This also resulted in adverse effects on the 
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use of reflectance NIR spectral data to determine thickness, as an opaque coating would 

alter the reflectance. 

 

4.4.4 Liquid Chromatography Mass Spectroscopy 

After two direct means of determining thickness were deemed not sensitive enough 

for monitoring hydrolysis of the prepared coatings, indirect measurements were explored.  

Notably, measuring the hydrolyzed water soluble by-product would not only provide 

kinetic data, but also offer identification of the by-products that resulted from hydrolysis.  

While GCMS could effectively examine by-products, the water that hydrolysis is 

occurring, may cause adverse effects on a typical GC columns, causing clogs and 

preventing ion separation.  LCMS would be preferable because unlike GCMS, LCMS has 

the ability to directly analyze the water-soluble by-product.  A representative LCMS ion 

tree for M-4-cyclo-100 after hydrolysis for two weeks, is presented in Figure 24. 
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Figure 24:  Ion tree obtained from LCMS for M-4-cyclo-100. 
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Figure 25: Possible products from hydrolysis of M-4-cyclo-100 (29). 

 

 

 

 With possible hydrolysis points derived from M-4-cyclo-100 (29) (Figure 25) 

peaks in the regions corresponding to the molecular weights were studied.  When the ion 

tree was analyzed, a peak was not present for any of the possible by-products based on 

molecular weight.  Due to the complexity of the ion tree and inconsistent data between 

runs, this method was also discontinued. 

4.4.5 Solid Phase Extraction (SPE) / Solid Phase Micro Extraction (SPME) 

Due to convoluted LCMS data, an alternative analysis method was used to 

determine the hydrolysis by-products in hopes of ultimately gathering sufficient kinetic 

data.  SPE/SPME was attempted in order to extract the hydrolyzed water-soluble 

component for subsequent analysis employing GCMS.  Analysis with GCMS was 

accomplished by first extracting a 10 mL sample, and then loading it into the SPE/SPME 
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cartridge.  Using a vacuum manifold, the aliquot was forced through the cartridge, 

extracting the water-soluble organic by-product.  A wide array of cartridges was used to 

find an analytical handle.  Specifically, LC-NH2 and LC-C18 cartridges produced the best 

results.  The hydrolyzed by-product was then extracted with HPLC grade acetonitrile, and 

then analyzed by GCMS.  SPE/SPME was performed on M-4-cyclo-100 soaking in 1 M 

HCl, and initial scans detected 1,4-butanediol resulting from the sample. HCl was used in 

hopes of accelerating the rate of hydrolysis and it was not believed that the HCl would 

affect the SPE/SPME cartage.  To determine if the 1,4-butanediol peak could be a handle 

to monitor the rate of hydrolysis, aliquots were taken and analyzed at different time 

points.  Aliquots were analyzed in triplicate, the data can be found below in Table 9.  

From the data, it can be concluded that SPE/SPME provided inconsistent results, as the 

peak area decreases between subsequent runs and subsequent days.  Since the peak area 

did not increase despite using HCl to accelerate hydrolysis, the method was discontinued. 

 

 

 

Table 9: Results from SPE analysis of M-4-cyclo-100 

 24-Aug 26-Aug 31-Aug 

Run 1 9.50E+07 8.42E+07 3.99E+07 

Run 2 1.30E+07 4.63E+07 3.40E+07 

Run 3 1.51E+07 4.29E+07 2.25E+07 

 

 

 

4.4.6 UV/Vis 

With both the LCMS and SPE/GCMS methods of acquiring kinetic data considered 

inadequate, a re-examination of the molecular structure was conducted.  It was concluded 
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that a strong carbonyl absorption in the water solution could be observed in the UV 

region at approximately 230 nm of the spectrum upon hydrolysis.  It was assumed that 

hydrolysis occurred at the Si-O bond of the orthosilicate crosslinker. As a result, it was 

believed that the remainder of the polymer chain segment would then dissolve into 

aqueous solution and create a water soluble handle for analysis, such as that shown in 

Figure 26. 
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Figure 26: Structure of M-4-cyclo-100 displaying the water soluble byproduct. 

 

 

 

A UV spectra of the water solution was recorded, and indeed a weak peak was 

observed at 230 nm.  Thus, a UV procedure was established that included the use of a 

peristaltic pump. The pump pushed DI-H2O through Tygon tubing from the dynamic test 

chamber, through a 1 cm path length quartz flow-through cell, then back into the Mason 

jar.  The peristaltic pump and flow-through cells were used to mitigate contact and cross-

contamination, allowing for six samples to circulate simultaneously.  Prior to a spectrum 

being recorded, the pump was run for 1 hour to ensure the tubing and cell was properly 

flushed. 
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However, inconsistent data was observed over a period of one month.  To 

determine if the sample had become contaminated, a small aliquot of sample was 

removed and analyzed for the presence of bacteria by culturing.  Upon the completion of 

the bacterial analysis, a Gram-negative, rod-shaped bacterium known as Ralstonia 

pickettii was found (Figure 27). This was a problem because it was believed to interfere, 

likely due to light scatter, with the UV spectra collected.  It was also concluded that the 

bacteria was utilizing the water soluble coating fragments as a nutrient source.  Upon 

extensive investigation, it was also determined that the source of the contamination 

originated in the house DI-H2O source, which was troubling because these particular 

bacteria have the ability to pass through a 0.2 micron filter, a typical sterilization 

technique.  In order to circumvent this problem, all DI-H2O was autoclaved to ensure no 

bacterial contamination. 

 

 

 

 

Figure 27: Colony of Ralstonia pickettii isolated from a hydrolyzed sample. 
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With autoclaved DI-H2O flowing through new Tygon tubing and thoroughly rinsed 

cuvettes, more UV spectra were recorded to monitor the water-soluble carbonyl 

absorption.  However, the data collected was inconsistent yet again, showing a large 

absorbance in one spectrum followed by a small absorbance in another spectrum (Figure 

28).  Discolored tubing revealed degradation caused by the pump. This most likely meant 

that plasticizer extracted from the tubing was interfering in the spectra.  Due to the 

inconsistencies in the water-soluble carbonyl absorption obtained from UV spectra, the 

method was abandoned.  Yet again, an alternative method was sought to more accurately 

determine the rate of hydrolysis of the coating system.  

 

 

 

 

Figure 28: Un-normalized UV absorbance spectra of M-2-cyclo-100-PTMO-1000. 
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4.4.7 Acid hydrolysis 

With no clear means of accurately determining kinetics through spectroscopic 

analysis, another indirect method of determining kinetics was attempted through 

gravimetric analysis.  In order to accelerate the rate of hydrolysis, samples were soaked in 

DI-H2O, 0.01, 0.1 and 1 M HCl.  HCl was expected to accelerate the rate of hydrolysis 

because silicates are known to be unstable in acidic pH.   Samples were submerged in 

acid in individual scintillation vials.  At a specified time point, the sample was removed 

from solution and dried under reduced pressure at 60 C.  Figure 29 depicts the data for 

acid hydrolysis taken over a 60-day period.  The percent hydrolysis was calculated by 

Equation 8, below.  From the Equation 8, mi is the initial mass of the sample and mf is the 

final mass after drying the polymer. 

Equation 8:  %Hydrolysis = 
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Figure 29: Gravimetric analysis from acid hydrolysis of M-4-desmo-100. 

 

 

 

Surprisingly, the change in concentration of HCl had no effect on the rate of 

hydrolysis of the coating systems, as illustrated in Figure 29.  Although water produced 

the lowest percentage weight loss data point at day 45, it is likely within the margin of 

error of the data points obtained from HCl hydrolysis.  This indicates that the coatings 

were very robust and stable through crosslinking and other coating additives, as they 

overcame the effect of changes in pH.  This could also be explained by the high degree of 

crosslinking in M-4-desmo-100 (99.1% Gel fraction).  The study was only performed on 

M-4-desmo-100 because if it’s high gel fraction, if there was an increase in hydrolytic 

activity, the study would have expanded to the remaining samples.  This high degree of 

crosslinking could also be the reason the sample hydrolyzed so slowly, even in more 

concentrated HCl solutions.  Another explanation could be the entrapment of HCl or 
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water due to the coating not being thoroughly dried before the mass of the sample was 

acquired, causing inaccuracies in the data. 

 

4.4.8 ASTM D859-10 Standard for Detection of Free Silica in Solution 

In a further effort to determine kinetics of coating hydrolysis, an American Society 

for Testing and Materials D859-10 (ASTM) standard was employed to detect the amount 

of free silica in solution.  To ensure that this method would be effective, a calculation to 

determine how many days it would take to obtain a measurable amount of silicon to 

accumulate in solution.  These calculations make a few assumptions (1) all silicon 

containing species that is released from the polymer film is molybdate-reactive and (2) 

the density of the polymers is 1.2 g cm
-3

.  Based on the percent of silicon from the 

monomer’s empirical formula (ranging from 1.6 to 12.3), it was found that a coating 

designed to last 12 years could accumulate enough molybdate-reactive silicon, to be 

detected by this test method, in under a day. 

To begin the experiment, samples were initially weighed and placed into individual 

vessels containing 80 mL of DI-H2O.  When experiments were performed, a 50 mL 

aliquot was taken from each vessel, and the aliquot was replaced with fresh DI-H2O so 

the amount of DI-H2O would remain constant at 80 mL.  This standard relied upon 

complexation of free silica with ammonium molybdate.  The complexation forms a -

Keggin structure.  Upon addition of oxiclic acid, the solution was reduced, causing the -

structure to convert to the -structure.  The reaction showing the complexation of 



 

90 

 

ammonium molybdate with silica as well as the conversion from the -Keggin to -

Keggin structure are shown in Equation 9 and Equation 10 respectfully. 

 

Equation 9: 7SiO2 +12 Mo7O24
6-

  7SiMo
VI

12O40
3-

 + 11O2 

Equation 10: SiMo
VI

12O40
3-

 + 4e
-
  SiMo

V
4Mo

VI
8O40

7-
 

 

When vis spectroscopy was performed on aliquots that have been reacted with 

ammonium molybdate, an absorption is observed at either 640 or 815 nm. (Figure 30).  

The absorbance occurring at 640 nm is for concentrations of 0.1 to 5 mg L
-1

 while the 

absorbance at 815 nm had a more useful range of 20 to 1000 mg L
-1

.  Furthermore, the 

intensity of the absorption is directly proportional to the concentration of silica in 

solution.  This method is capable of detecting dissolved simple silicates, monomeric 

silica, silicic acid, and polymeric silica from concentrations as low as 20 g L
-1

.  To 

determine the concentration of free silica in solution, a concentration curve was 

constructed with known concentrations of silica made from sodium metasilicate (Figure 

31). 
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Figure 30: Spectral Results from ASTM D859-10. 

 

 

 

 

Figure 31: Calibration Curve for Stock Solutions of Sodium Metasilicate. 
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Stock solutions were used to construct the calibration curve which was recreated 

for each series of experiments.  The increase in absorbance at 815 nm is directly 

proportional to the concentration of free silica in solution (Figure 31).  Monitoring the 

absorbance at 815 nm allowed for the concentration of silica in solution to be determined 

by use of the calibration curve.  The data for percentage loss of silica for two consecutive 

months are summed together to give total percent loss for two months and reported in 

Table 10. 

 

 

 

Table 10: Percent loss of silica in coatings. 

Sample Name % Loss 

M-2-cyclo-100 a

M-2-cyclo-100-PDMS-500 0.029 

M-2-cyclo-100-PTMO-1000 0.010 

M-2-desmo-100 0.014 

M-2-desmo-100-PDMS-500 0.002 

M-2-desmo-100-PEG-1000 0.033 

M-2-desmo-100-PTMO-1000 0.004 

M-4-cyclo-100 0.008 

M-4-cyclo-100-PDMS-500 a

M-4-cyclo-100-PEG-1000 0.004 

M-4-cyclo-100-PTMO-1000 a

M-4-desmo-100 0.007 

M-4-desmo-100-PDMS-500 a

M-4-desmo-100-PEG-1000 0.065 

M-4-desmo-100-PTMO-1000 0.027 

T-2-desmo-100 1.193 

T-2-desmo-100-PDMS-500 0.065 

T-2-desmo-100-PEG-1000 6.915 

T-2-desmo-100-PTMO-1000 0.515 

T-4-cyclo-100-PDMS-500 0.009 

T-4-cyclo-100-PEG-1000 15.902 

T-4-cyclo-100-PTMO-1000 0.331 

T-4-desmo-100 0.155 

T-4-desmo-100-PDMS-500 0.032 
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T-4-desmo-100-PEG-1000 4.103 

T-4-desmo-100-PTMO-1000 0.167 
a
Could not detect any loss of Silica by vis spectroscopy 

 

 

 

From Table 10 the coatings that resulted in the most loss of silica are T-4-cyclo-

100-PEG-1000, T-2-desmo-100-PEG-1000, T-4-desmo-100-PEG-1000, and T-2-desmo-

100.  It was interesting to note that all of these samples contain compound 24 or 26.  

Furthermore, three of the four samples contain the PEG surface modifier.  Literature has 

shown that PEG is a hydrophilic macrodiol that readily absorbs water.  It also appears 

that crosslinkers containing TEOS have a hydrophilic property as well.  In fact, when 

examining samples that contain no surface modifying agents, samples that incorporated 

TEOS showed more percentage loss of free silica than those containing MTMOS-based 

crosslinkers.  The sample with the greatest mass loss that incorporated MTMOS was M-

4-desmo-100-PEG-1000, which not only incorporated the PEG surface modifier, but also 

had an extremely low Tg of -20.5 C. This indicated that hydrolysis was aided by the 

combination of the PEG surface modifier and the low Tg. 

The same experimental technique was applied to samples that contained QA salts.  

When these samples were reacted with ammonium molybdate, an unexpected solid 

precipitate resulted.  This solid was only seen in samples that contained either 24 or 26 as 

a crosslinking agent.  Since solids did not form in samples without QA salts, it is logical 

to assume a correlation exists between the precipitant formation and the QA salts.  While 

it is not entirely clear what caused the solids to form, perhaps an undesired reaction 

occurred due to the positive nature of the QA salt.  The increased hydrophilic nature of 
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compounds 24 and 26 is most likely the reason that this trend was not observed in 

samples that used the more hydrophobic 25 or 27. 

 While this ASTM method effectively measured the amount of free silica for 

samples containing surface modifying agents, it failed with samples containing QA salts 

and was therefore discontinued.  Moreover, many samples that incorporated surface 

modifying agents did not show hydrolysis during the second month of analysis.  This was 

probably due to the coating hydrolyzing to slowly to allow the silica concentration to 

reach measurable limits of detection.  This resulted in uncertainty surrounding when to 

withdraw aliquots due to the method’s consumption of 50 mL of sample.  The 

consumption of sample resulted in decreased concentration, possibly causing a cascading 

effect where silica concentrations would never reach detectable limits due to the 

consumption of sample.  A reason for the increased rate of hydrolysis during the first 

month is likely due to the sample swelling, which enabled the extraction of un-

crosslinked silicate polyol monomers 

 

4.4.9 Gravimetric Analysis of Samples Hydrolyzing in Diionized H2O 

Previous sections detail numerous attempts to gather hydrolysis data for both 

surface modifying and QA salt containing systems.  After these attempts failed to deliver 

acceptable results, gravimetric analysis was conducted in DI-H2O.  A sample was first 

weighed and placed in a vessel containing DI-H2O.  At specified time points, samples 

were removed and dried under reduced pressure at 60 C for 24 h.  The percent 

hydrolysis was calculated by Equation 5. 
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Figure 32 displays the percent mass loss for samples without surface modifiers 

over a 24 week period.  As reported in Section 4.4.8, coatings that incorporate 24 and 26 

as crosslinking agents showed increased hydrolysis rates when compared to samples that 

utilized 25 or 27 as crosslinking agent.  The exceptions to this observation are M-2-cyclo-

100 and T-4-cyclo-100.  These deviations can be explained by other factors that influence 

hydrolysis such as gel fraction and glass transition temperature.  For M-2-cyclo-100, the 

increased rate of hydrolysis is likely due to the low gel fraction (77.7%).  This low gel 

fraction enables grater uptake of water, increasing hydrolysis rates.  The decreased 

activity for T-4-cyclo-100 is likely due to the high Tg of the sample (74.2 °C).  The high 

glass transition temperature allows the sample to be less active to hydrolysis when 

compared to samples with lower glass transition temperatures. 
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Figure 32: Percent mass loss of unmodified polymer coatings. 

 

 

 

The addition of surface modifiers introduced another variable.  In general, the 

MTMOS-based orthosilicates were more hydrolytically stable than TEOS-based 

orthosilicates.  This trend also holds true with the addition of surface modifying agents 

(Figure 33 and Figure 34).  When observing the effects of surface modifiers, the 

incorporation of PEG showed the greatest mass loss, up to 75% for M-2-cyclo-100-PEG 

1000 and as low as 14% for T-4-desmo-100-PEG-1000 and M-4-desmo-100-PEG-1000.  

While it is true that the MTMOS-based orthosilicates show less hydrolytic activity, the 

combination of the PEG modifier, a low Tg (-19.5 °C), and a moderate gel fraction 

(81.8%) make M-2-cyclo-100-PEG-100 exhibit the greatest mass loss of the series.  The 

addition of PTMO and PDMS seem to have little to no effect on the rate of hydrolysis for 

the samples due to the hydrophobic nature of the two compounds. 
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Figure 33: Percent mass loss of surface modified TEOS based silicate crosslinkers. 

 

 

 

 

Figure 34: Percent mass loss of surface modified MTMOS based silicate crosslinkers. 
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4.5 Incorporation of Quaternary Ammonium Salts into the Coating Systems 

In water, the biofilm that forms on the surface serves as the food source for fouling 

organisms. Therefore, a QA salt biocide was incorporated into the polymers in an attempt 

to impede the formation of this biofilm.  It was important to select a broad spectrum 

biocide that would biodegrade when released from the coating, so as not to accumulate in 

ports like those that are typically incorporated copper based AF coatings.  The following 

sub-sections discuss synthesis of polyurethanes incorporating QA salts, followed by 

thermal data, and antimicrobial challenges and evaluation. 

 

4.5.1 Synthesis of Polyurethanes Incorporating QA Salts 

The synthesis of polyurethanes incorporating QA salts followed the same 

procedure as outlined in section 4.3.1.  However, instead of incorporating a surface 

modifying agent, either a QA salt or the precursor (20, 21, 22 or 23) (Figure 9) was 

added.  Since many of the same reagents were used in the synthesis of coatings 

containing QA salts, many of the same problems associated with rapid polymerization 

occurred.  Similar to the synthesis of coatings incorporating surface modifying agents, 

DMF was added.  This addition mitigated the rapid polymerization with the exception of 

the T-2-cyclo series.  Due to the inability to control the polymerization rate, the T-2-cyclo 

series could not be synthesized. 
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4.5.2 Gel Fraction 

As discussed in Section 4.3.3, it was important to determine the density of 

crosslinking.  This was accomplished by gel fraction analysis.  It was hypothesized that 

incorporating QA salts would produce coatings with a higher gel fraction percentage 

when compared to coatings that contained surface modifiers.  This was believed to be 

caused by the molecular weight of the QA salt being much lower than the molecular 

weight of the surface modifier, allowing for less physical space between crosslinking 

points.  The data from gel fraction analysis of QA salts and controls are presented in 

Table 11. 

 

 

 

Table 11: Data obtained from Gel Fraction analysis employing THF. 

Sample Name Gel Fraction (%) 

T-2-cyclo-100-MDEA-25 a 

T-4-cyclo-100-MDEA-25 b 

M-2-cyclo-100-MDEA-25 16.31 

M-4-cyclo-100-MDEA-25 59.15 

T-2-desmo-100-MDEA-25 a

T-4-desmo-100-MDEA-25 99.43 

M-2-desmo-100-MDEA-25 88.66 

M-4-desmo-100-MDEA-25 94.43 

T-2-cyclo-100-Q-4-25 a

T-4-cyclo-100-Q-4-25 88.13 

M-2-cyclo-100-Q-4-25 b 

M-4-cyclo-100-Q-4-25 b 

T-2-desmo-100-Q-4-25 93.87 

T-4-desmo-100-Q-4-25 96.76 

M-2-desmo-100-Q-4-25 95.91 

M-4-desmo-100-Q-4-25 93.02 

T-2-cyclo-100-Q-10-25 a

T-4-cyclo-100-Q-10-25 54.68 
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M-2-cyclo-100-Q-10-25 b 

M-4-cyclo-100-Q-10-25 b 

T-2-desmo-100-Q-10-25 96.16 

T-4-desmo-100-Q-10-25 93.32 

M-2-desmo-100-Q-10-25 99.68 

M-4-desmo-100-Q-10-25 92.02 

T-2-cyclo-100-Q-18-25 a

T-4-cyclo-100-Q-18-25 71.81 

M-2-cyclo-100-Q-18-25 b 

M-4-cyclo-100-Q-18-25 b 

T-2-desmo-100-Q-18-25 83.92 

T-4-desmo-100-Q-18-25 98.54 

M-2-desmo-100-Q-18-25 99.54 

M-4-desmo-100-Q-18-25 90.70 
a
Sample could not be synthesized due to rapid polymerization 

b
Sample was completely soluble  

 

 

 

From Table 11, it is important to note that many of the samples have gel fractions 

above 80%, which is indicative of a high degree of crosslinking.  The majority of samples 

with lower crosslink density incorporated both 4,4’-methylenebiscyclohexyl isocyanate 

(15) as well as a tri-functional silicate crosslinker (25 or 27). This observation is similar 

to findings when incorporating surface modifying agents.  The use of these two 

components simultaneously decreased the amount of sites available for crosslinking 

polymer chains, causing the polymer to become more linear.  This increased linearity 

thereby resulted in a low gel fraction number. In some samples, it was even found to be 

completely soluble in THF.  Incorporating QA salts seemed to exacerbate this trend.  

Furthermore, Table 11 demonstrates that the alkyl chain length has no effect on the 

crosslink density. 
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4.5.3 Thermal Stability of Polymers Incorporating QA salts 

Thermogravimetric analysis was also conducted on samples that incorporated QA 

salts, and the data is presented in Table 12. The majority of samples containing QA salts 

had high degradation onset temperatures.  The few samples that had lower degradation 

onset temperatures were attributed to the uptake of water from the QA salt.  Due to the 

complexity of the system, there were no trends discerned from the data.  Sorting the data 

by several different variables such as alkyl chain length attached to the QA salt, the 

orthosilicate crosslinker, and diol chain length attached to the crosslinker yielded no 

obvious trends.  The complexity of the system was probably further exacerbated by the 

uptake of water by the QA salt itself. 

 

 

 

Table 12: Degradation onset temperature at which 10% of mass is lost. 

Sample Name Temperature (C) 

T-2-cyclo-100-MDEA-25 a 

T-4-cyclo-100-MDEA-25 120 

M-2-cyclo-100-MDEA-25 158 

M-4-cyclo-100-MDEA-25 165 

T-2-desmo-100-MDEA-25 a 

T-4-desmo-100-MDEA-25 272 

M-2-desmo-100-MDEA-25 99 

M-4-desmo-100-MDEA-25 245 

T-2-cyclo-100-Q-4-25 a

T-4-cyclo-100-Q-4-25 188 

M-2-cyclo-100-Q-4-25 180 

M-4-cyclo-100-Q-4-25 199 

T-2-desmo-100-Q-4-25 255 

T-4-desmo-100-Q-4-25 252 

M-2-desmo-100-Q-4-25 237 

M-4-desmo-100-Q-4-25 260 

T-2-cyclo-100-Q-10-25 a

T-4-cyclo-100-Q-10-25 233 
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a
Uniform samples could not be made due to rapid polymerization 

 

 

 

4.5.4 Differential Scanning Calorimetry 

The incorporation of different QA salt alkyl chain lengths into the polymer 

coatings did not result in significant trends in the Tg of the system as determined by DSC 

analysis (Table 13).  Examination of the data revealed a decrease in Tg when the diol 

chain extender attached to the silicate compounds is extended from a 2 carbon chain (13) 

to a 4 carbon chain (14).  Yet, there are 4 samples in which this trend was not observed: 

M-2-cyclo-100-MDEA-25 (36.4 °C), M-4-cyclo-100-MDEA-25 (39.8 °C), M-2-desmo-

100-MDEA-25 (-6.9 °C), and M-4-desmo-100-MDEA-25 (9.8 °C).  Samples that contain 

isocyanate 15 have a difference of 3.4 °C, which was probably within experimental error. 

Furthermore, the isocyanate that was employed caused the same trend seen in Section 

4.3.5, specifically, isocyanate 16 produced samples with a higher Tg then samples that 

incorporated 16.   

M-2-cyclo-100-Q-10-25 222 

M-4-cyclo-100-Q-10-25 223 

T-2-desmo-100-Q-10-25 243 

T-4-desmo-100-Q-10-25 234 

M-2-desmo-100-Q-10-25 163 

M-4-desmo-100-Q-10-25 118 

T-2-cyclo-100-Q-18-25 a

T-4-cyclo-100-Q-18-25 179 

M-2-cyclo-100-Q-18-25 207 

M-4-cyclo-100-Q-18-25 197 

T-2-desmo-100-Q-18-25 184 

T-4-desmo-100-Q-18-25 179 

M-2-desmo-100-Q-18-25 184 

M-4-desmo-100-Q-18-25 166 
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Table 13: DSC data for samples that incorporated QAS. 

Sample Name Tg (C)  

T-2-cyclo-100-MDEA-25 a 

T-4-cyclo-100-MDEA-25 8.2 

M-2-cyclo-100-MDEA-25 36.4 

M-4-cyclo-100-MDEA-25 39.8 

T-2-desmo-100-MDEA-25 a

T-4-desmo-100-MDEA-25 15.9 

M-2-desmo-100-MDEA-25 -6.9 

M-4-desmo-100-MDEA-25 9.8 

T-2-cyclo-100-Q-4-25 a 

T-4-cyclo-100-Q-4-25 46.6 

M-2-cyclo-100-Q-4-25 44.8 

M-4-cyclo-100-Q-4-25 39.41 

T-2-desmo-100-Q-4-25 39.02 

T-4-desmo-100-Q-4-25 18.58 

M-2-desmo-100-Q-4-25 33.93 

M-4-desmo-100-Q-4-25 31.71 

T-2-cyclo-100-Q-10-25 a

T-4-cyclo-100-Q-10-25 80.8 

M-2-cyclo-100-Q-10-25 85.8 

M-4-cyclo-100-Q-10-25 36.61 

T-2-desmo-100-Q-10-25 36.4 

T-4-desmo-100-Q-10-25 10.2 

M-2-desmo-100-Q-10-25 6.3 

M-4-desmo-100-Q-10-25 12.8 

T-2-cyclo-100-Q-18-25 a

T-4-cyclo-100-Q-18-25 50.4 

M-2-cyclo-100-Q-18-25 b 

M-4-cyclo-100-Q-18-25 b

T-2-desmo-100-Q-18-25 24.36 

T-4-desmo-100-Q-18-25 10.9 

M-2-desmo-100-Q-18-25 31.2 

M-4-desmo-100-Q-18-25 10.84 
a
Uniform samples could not be made. 

b
Could not be determined by DSC analysis. 
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 An interesting DSC scan was obtained from analysis of samples M-2-cyclo-100-

Q-18-25 and M-4-cyclo-100-Q-18-25.  These two samples produced a unique melting 

point at the onset of the Tg (Figure 35). This melting point seemed to be caused by the 

crystallization of the Q-18 alkyl chain of the QAS.  The melting point of octadecane is 26 

– 29 °C.  The minima of the peaks for M-2-cyclo-100-Q-18-25 and M-4-cyclo-100-Q-18-

25 are both 25 °C respectively.  This demonstrates that melting point is independent of 

the chain extender used on the orthosilicate.  Furthermore, the melting point was not 

observed in samples containing isocyanate 16.  

 

 

 

 

Figure 35:  DSC curve of M-2-cyclo-100-Q-18-25 and M-4-cyclo-100-Q-18-25. 
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In summary, the addition of QA salts into the system provided another means of 

controlling the Tg of the system. Furthermore, the QA salts will have an influence on 

hydrolysis.  The melting point observed in samples M-2-cyclo-100-Q-18-25 and M-4-

cyclo-100-Q-18-25 is not an indication of degradation, but rather a distinct phase change 

of the alkyl chain attached to the QA salt. 

 

4.5.5 Surface Energy Calculations for Coatings Containing QA Salts 

Contact angle measurements were made on films containing QA salts to calculate 

the surface energy of each sample.  The incorporation of QA salt yielded a smaller 

surface energy range (20.33 dyn cm
-1

) between the lowest and highest surface energies, 

as compared to the incorporation of surface modifying agents 43.9 dyn cm
-1

.  This 

narrower surface energy range seen in samples containing QA salts was expected because 

the structure of the salt tethered into the polymer backbone was the same for all samples.  

Much like Section 4.3.6, these data (Table 14) were manipulated to observe trends more 

effectively.  In general, samples that contained an alkyl tail showed decreasing surface 

energies with an increase in tail length.  This trend applied to all samples aside from M-2-

cyclo-100-Q-4-24 (29.34 dyn cm
-1

) and M-2-cyclo-100-Q-18-25 (33.62 dyn cm
-1

). 

 

 

 

Table 14: Surface energy calculations for samples incorporating QAS. 

Sample Name Surf. Energy (dyn cm
-1

) 

T-2-cyclo-100-MDEA-25 a 

T-4-cyclo-100-MDEA-25 27.49 

M-2-cyclo-100-MDEA-25 38.35 

M-4-cyclo-100-MDEA-25 42.05 
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T-2-desmo-100-MDEA-25 a 

T-4-desmo-100-MDEA-25 47.82 

M-2-desmo-100-MDEA-25 36.03 

M-4-desmo-100-MDEA-25 45.86 

T-2-cyclo-100-Q-4-25 a 

T-4-cyclo-100-Q-4-25 43.18 

M-2-cyclo-100-Q-4-25 29.34 

M-4-cyclo-100-Q-4-25 44.20 

T-2-desmo-100-Q-4-25 b 

T-4-desmo-100-Q-4-25 42.63 

M-2-desmo-100-Q-4-25 44.03 

M-4-desmo-100-Q-4-25 38.94 

T-2-cyclo-100-Q-10-25 a 

T-4-cyclo-100-Q-10-25 43.55 

M-2-cyclo-100-Q-10-25 43.75 

M-4-cyclo-100-Q-10-25 43.50 

T-2-desmo-100-Q-10-25 b 

T-4-desmo-100-Q-10-25 39.69 

M-2-desmo-100-Q-10-25 41.55 

M-4-desmo-100-Q-10-25 38.35 

T-2-cyclo-100-Q-18-25 a 

T-4-cyclo-100-Q-18-25 36.96 

M-2-cyclo-100-Q-18-25 33.62 

M-4-cyclo-100-Q-18-25 34.02 

T-2-desmo-100-Q-18-25 b 

T-4-desmo-100-Q-18-25 33.85 

M-2-desmo-100-Q-18-25 31.76 

M-4-desmo-100-Q-18-25 30.76 
a
Uniform samples could not be made due to rapid polymerization 
b
Could not be calculated due to complete spread of hexadecane 

 

 

 

4.5.6 Dynamic Mechanical Analysis of Samples Containing QAS 

DMA was performed on samples containing QA salts. DMA data was compared to 

data obtained from DSC analysis (Table 15).  The Tg obtained from DMA was close to 
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the Tg obtained from DSC.  All of the samples that employed 4,4’-

methylenebiscyclohexyl isocyanate (15) were too brittle to be analyzed by DMA.  

After analyzing the data in Table 15, it seems that only one trend from DSC was 

also observed in DMA: a drop in Tg resulted from the substitution of 1,4-butanediol (14) 

for ethylene glycol (13).  This is the case for all samples containing QA salts except T-4-

desmo-100-Q-4-24 (24.1 C) and T-2-desmo-100-Q-4-25 (13.9 C).  The difference of 

10.2 C could be due to slippage of the tension clamps associated with the DMA. 

 

 

 

Table 15: Comparison of data obtaind from DMA and DSC. 

Sample Name DMA (C) DSC (C) 

T-2-cyclo-100-MDEA-25 a a 

T-4-cyclo-100-MDEA-25 c 8.2 

M-2-cyclo-100-MDEA-25 c 36.4 

M-4-cyclo-100-MDEA-25 c 39.8 

T-2-desmo-100-MDEA-25 a a 

T-4-desmo-100-MDEA-25 16.0 15.9 

M-2-desmo-100-MDEA-25 14.7 -6.9 

M-4-desmo-100-MDEA-25 11.7 9.8 

T-2-cyclo-100-Q-4-25 a a 

T-4-cyclo-100-Q-4-25 c 46.6 

M-2-cyclo-100-Q-4-25 c 44.8 

M-4-cyclo-100-Q-4-25 c 39.4 

T-2-desmo-100-Q-4-25 13.9 39 

T-4-desmo-100-Q-4-25 24.1 18.6 

M-2-desmo-100-Q-4-25 16.6 33.9 

M-4-desmo-100-Q-4-25 9.6 31.7 

T-2-cyclo-100-Q-10-25 a a 

T-4-cyclo-100-Q-10-25 c 80.8 

M-2-cyclo-100-Q-10-25 c 85.8 

M-4-cyclo-100-Q-10-25 c 36.6 

T-2-desmo-100-Q-10-25 12.7 36.4 

T-4-desmo-100-Q-10-25 8.8 10.2 
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M-2-desmo-100-Q-10-25 c 6.3 

M-4-desmo-100-Q-10-25 11.5 12.8 

T-2-cyclo-100-Q-18-25 a a 

T-4-cyclo-100-Q-18-25 c 50.4 

M-2-cyclo-100-Q-18-25 c b 

M-4-cyclo-100-Q-18-25 c b 

T-2-desmo-100-Q-18-25 8.4 24.4 

T-4-desmo-100-Q-18-25 19.7 10.9 

M-2-desmo-100-Q-18-25 21.4 31.2 

M-4-desmo-100-Q-18-25 7.6 10.8 
a
Uniform samples could not be made due to rapid polymerization 

b
Could not be analyzed by DSC due to unique melting point of Q-18 alkyl chain 

c
Could not be analyzed by DMA due to brittleness of sample or tension clamps severing 

the sample 

 

 

 

4.5.7 Antimicrobial Activity of Quaternary Ammonium Salts 

In order to neutralize the formation of the biofilm that forms during the early stages 

of the marine fouling process, biocides were tethered into the coating.  The biofilm is an 

aggregate of microbes that have adhered to each other.  These cells produce an 

extracellular polymeric substance (EPS).  The biofilm forms a conditioning film for 

larger fouling organisms, which is utilized as a source of food.  To test antimicrobial 

activity, the coatings containing QA salt were challenged with Gram-positive 

(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria.  Figure 36 

depicts the results, an average of three challenges. 
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Figure 36:  Log kill for samples containing QA salts against Staphylococcus aureus a 

Gram-positive bacterium. 

 

 

 

As expected from literature, the samples that contained tethered QA salts showed 

activity only against Gram-positive bacteria. This was the result of antimicrobial agents 

being tethered into the polymer backbone.  The coatings tested were only effective 

against Gram-positive bacteria.  This was due to the relationship between the positive 

amine from the QA salt and the negative cell wall of the bacteria, which resulted in 

osmotic disruptions in the cell wall and caused the cell to lyse.  The tethered 

antimicrobials were not effective against Gram-negative bacteria; the minimal 
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antimicrobial activity against Gram-positive bacteria is most likely due to the quantity of 

QA salt that was incorporated into the system (25% of free –NCO groups).  Because the 

QA salt are tethered into the backbone of the polymer, it is unclear about how much of 

the QA salt is actually at the surface.  However recent studies have shown that as a 

sample hydrolyzes an increase of QA salt could be seen at the surface as evident by 

monitoring the appearance of a shoulder at approximately 1650 cm
-1

. 

In general, the coatings that exhibited the highest antimicrobial activity 

incorporated the 18-carbon alkyl chain.  M-2-cyclo-100-Q-18-25 and T-4-cyclo-100-Q-

18-25 were the best performers of the series, each having a rate kill of 99.9%.  The 

linearity of the polymers using the bi-functional isocyanate (15) could play a role in its 

antimicrobial effectiveness by allowing for less of a chance for the QA salt to be buried 

in the polymer matrix as what could be happening with the tri-function Desmdur 

N3600™ (16). 
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5.0 Conclusions 

 

 

In this study, 60 environmentally safe polymeric coatings were synthesized and 

tested for their effectiveness at combatting marine fouling.  Each coating was 

characterized by several techniques: TGA, DSC, DMA, contact angle, and gel fraction 

analysis.  Along with available hydrolysis data, it was possible to down select a few of 

the best coatings for further analysis.   

In general, samples that incorporated the PEG surface modifier had the lowest 

glass transition temperatures and the greatest rates of hydrolysis.  Consequently, coatings 

that incorporated the PEG surface modifier were not selected for further evaluation.  

When PDMS was incorporated as a surface modifying agent, samples contained surface 

energies closest to the Baier curve’s 25 dyn cm
-1

 minimum.  However, the incorporation 

of PDMS also caused the polymers to become opaque, indicating phase separation. This 

masked the observation of glass transition temperatures in a few samples.  A higher 

molecular weight could mitigate the phase separation attributed to the incorporation of 

PDMS.  The use of PTMO generally helped slow the rate of hydrolysis, but lowered the 

Tg of the polymer.   

QA salts were effectively incorporated into the system to introduce a broad-

spectrum, biodegradable, environmentally friendly biocide to mitigate the formation of 
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the biofilm.  The biocides were most effective against Gram-positive bacteria.  

Furthermore, samples that performed best incorporated the longer alkyl chain Q-18 (23). 

Using the techniques described above, a down selection was conducted for 

systems incorporating both surface modifying agents and QA salts.  Due to the 

complexity of the system as well as the different properties that were necessary for the 

coating, no single sample met every condition.  For the surface modifying agents, the 

samples M-2-desmo-100 and M-2-cyclo-100-PDMS-500 demonstrated great promise.  

Both exhibited relatively high glass transition temperatures, high percent gel fractions, 

and surface energies close to the range of 20 to 30 dyn cm
-1

.  Additionally, both coatings 

showed slow hydrolysis over a 24-week period. 

The sample that incorporated QA salts and demonstrated the most promise was 

M-2-desmo-100-Q-10.  While this sample did not have the best Log kill of the series, it 

was the best performer when other factors were considered.  While T-4-cyclo-100-Q-18 

and M-2-cyclo-100-Q-18 both exhibited a better Log kill, their gel fraction analysis 

showed results below 80%.  Additionally, both of these samples were too brittle to 

perform DMA analysis, which indicated that it may be too brittle as a marine fouling 

coating as well. 
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6.0 Future Directions and Field Immersion 

 

 

Future work on this project will include gathering hydrolysis data on samples with 

QA salts.  Furthermore, coatings that consolidate both surface modifying agents and QA 

salts in a single system should be explored.  To evaluate the effectiveness of the coatings 

in a “real world” setting, panels coated with the best performing coatings should be 

placed in ocean water at different ports throughout the United States.  This data would be 

extremely valuable to determine the effectiveness of the coatings toward a variety of 

marine life. 
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