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Abstract

Antimicrobial N-halamine compounds were desigrssuithesized and applied onto
various materials to investigate and develop séyeoperties of the N-halamine based
technologies. Throughout the Master’s degree, tiwiependent projects were undertaken.

In the first project, there were three differentrecoercially available N-halamine
antimicrobial chemicals applied to cotton fabribeTpurpose of this study was to finish cotton
fabric with N-(hydroxymethyl)acrylamide (NMA) byetrification, and subsequently grafting
different N-halamine monomers by vinyl copolymetiaa. Thus, a multifunctional coating
compromising permanent press and antimicrobialsbgikreated on cotton substrates without
further processing. In this regard, first of alk(lN/droxymethyl)acrylamide (NMA) was padded
on cotton fabric, and then methacrylamide or acnydie was grafted on the NMA treated fabric.
The antimicrobial activities, stabilities, wrinklecovery angles, and ultraviolet (UV) light
resistances of different derivatives were investida

In the second project, N-tertbuylacrylamide monomas copolymerized with 3-
(trimethoxysilyl)propyl methacrylate and also geaftonto N-(hydroxymethyl)acrylamide
(NMA). The purpose of this study was comparisoragdolymer and grafted NTBA on biocidal
properties. The antimicrobial activities, stabégj wrinkle recovery angles, and ultraviolet (UV)

light resistances of different derivatives weredstigated.
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction:

Life on Earth began early in our planet’s histonyhwnicroscopic organisms. Even though there
were no humans, microbial life has shaped our gtimere, our geology, and the energy cycles
of all ecosystem$Throughout history, human beings have had a higeemership with
microscopic organisms ranging from food productowd preservation to mining for precious
minerals® For instance, ancient records show that somedoéalintry societies practiced
preservation, drinking water sanitation, antisepsisvounds and injuries and both physical and
chemical mummification even though human beingeweraware of the existence of
microscopic organisms during most of our histbry.

Studies on these organisms really started withragli€hman, Robert Hook who reported seeing
microbes under the microscope in 163%owever, he could not see bacteria because gfcbe
quality of lenses. Then Anton van Leeuwenhoek errtteveloped the microscope, and he was
the first to see and describe bacteria in 165&eérate1800s, the germ theory of disease was
enunciated by Pasteur and proved by Kbch.

Throughout the Golden Age of Microbiology, numeralifferent infectious diseases were
identified and microbial diseases were discovergihd that period. The ability to stop
epidemics by interrupting the spread of microorgars opened the new science of

Microbiology? As a result, scientists began to devote time aockéng for drugs that would Kkill



these disease-causing bacteria. After World Wdhd ,antibiotics were introduced as a
medicine. Diseases such as, meningitis, syphiid,raany other diseases declined because the
use of antibioticg.

In the early history, people led a nomadic lifeeifHirst priorities were fresh food and clean
water, so they travelled to find livable placesriDg that time, people developed different
techniques to eliminate harmful microorganisms.iRstance, Nicholas Appert discovered a
method for preserving and keeping food fresh duleng sea voyages by sealing fruits and
vegetables in glass bottles and heating thi&fhe Persians put silver in milk cans in order to
prevent spoilag& Moreover in the 18and 14 century, numerous disinfectants were developed.
For instance, they used pitch, wine, copper, alwdrsas chemicals to heal wounds and for food
preservation. Another discovery, chlorine, was madgr44. It was first used for water
treatment in1843 and it is still used for this pge today. In the mid. 1800s, sodium
permanganate, copper sulfate, acids, alkalis, iléind alcohols were introduced as
disinfectants,

The 19" century, people changed their life style and sthto live in crowded cities during the
industrial revolution. There were major changesansportation. People could move one place
to another in a short period of time and that tesuin spreading of infectious diseases. It caused
an increase in the number of deaths due to sprgadidisease in the 1900s. The discovery of
antibiotics and improvements in sanitation minindiziee incidence of meningitis, tuberculosis,
and many other diseas®s.

Throughout years, increasing numbers of peopleaoiheand spreading infectious diseases

along with technological improvements enhancedrtiportance of antimicrobial materials.



1.2 Structures and I nactivation M echanism of Bacterial Cells

Bacteria are a large group of unicellular organishiey are distributed in every habitat on
Earth, growing in soil, water, deep in the Earitr'gst, and in the live bodies of plants and
animals. They have a wide range of shapes rangimg $pheres to rods and spirals. For
instance, Staphylococcus appears as grape likeerduand is shown in Figure ¥, and

Escherichia coli appear rod shaped, as shown ir€&it.2"*

AccV SpotMagn Det WD ————— 2pum j
30.0kV 1.0 10000x SE 8.3 staph 97-11-49

Figurel.2 Escherichia coli



A Danish physician Christian Gram invented the gsdaining method which is used to classify
and identify bacteria based on their chemical dngical properties in 1884.Bacteria can be
separated mainly two categories. Gram positivedoacs cell walls have a high affinity for the
violet Gram stain because of high amount of pegligtan in the cell wall and retain it even
through the alcohol rinse. After the process, thgear purple to brown. On the other hand,
Gram-negative bacteria have a very low affinitytfoe violet stain. When they are

counterstained with safranine, they appear brigtk fo red*>**

Gram-positive and Gram-negative bacteria have som#arities and differrences between each
other which are shown in Figure 1.3. They havelimmmganels, nucleiod, ribosome, inner
membrane, cell wall. The major difference between the two cell types is amount of
peptidoglycan in the cell wall. Gram-positive ogllls are five times as rich in peptidoglycan as
Gram-negative cell walls, so Gram positive bactkawe relatively thicker cell wall than Gram-
negative bacteria. Gram-negative bacteria have owgenbrane which is made of
lipopolysaccharide, so they are generally morestast to antibacterial agents than Gram-
positive bacteria. Moreover, Gram-negative bacteaxe pores in the outer membrane, which

act as entry channels for particular molectfes.
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Figurel.3 Structures of the two types of bacteria

In order to get more successful results and inateiall bacteria, it becomes necessary to
understand the mechanisms of biocidal actions. ifiteeaction between biocide and bacteria
includes the following steps: 1-Binding and accuatioh on bacteria cell wall, 2-Changing of
the outer layer, 3-Penetration of the outer memdeard cell wall, 4-The interaction with target

sites™

The penetration of biocide into bacteria is infloed by several factors which include,
temperature, environmental pH, and the presenoegaiic matter, all of which can affect on
activity of an antimicrobial agent. In general getrregions on bacteria are cell wall, cytoplasmic

membrane and cytoplasm constitutiofis’



For inactivation of bacteria, there are two diffaérkinds of interaction between biocide and

bacteria:

1-) Physical Interaction: In this mechanism, tii@plasmic membrane is the potential target.
Biocides which destroy target’'s membrane integréyse leaking of essential components such
as enzymes, nucletides, and nucleosides. Leak&ggtoplasmic components of bacteria will

cause deatff’

2-) Chemical Interaction: The interaction occuesieen biocide and cytoplasmic constituents
such as proteins, DNA, and RNA which inhibits tlaeteria’s biosynthesis and replication for

cell growth!" %

Gram-negative bacteria have additional outer mengbdtlaan gram-positive bacteria which
makes Gram-negative bacteria less sensitive tham¢positive bacteria. If a biocide can kill
both of them, it is classified as a broad spectbiumide. In our research, we try to produce

broad spectrum antimicrobial products.

1.3 Biocide

People sometimes refer to the chemicals usedItbdgteria as biocides, and other times as
antimicrobials. However a biocide is a chemicalstabce capable of killing living organisms

whereas an antimicrobial is a substance that dilishibits the growing of microorganisms.

Biocides such as copper or silver were used byiderso prevent their milk and water from
spoiling as early as 450 BC even though they wet@ware of microorganismisHowever, as
we enter the twenty-first century, people use sa\different biocides to solve specific
problems. In addition scientists now have advareeldniques for studying microorganisms.
However growing concern about contamination dugitroorganisms, emerging new types of

6



microorganisms such as SARS, bird flu, swine fhg ancreasing bacterial resistance to existing

agents make the antimicrobial field still importaht

In recent years, biocides have been used in seappdications such as food packaging,
medicine, and textiles. Any of these applications require from the follagicharacteristics: an
acceptable price, high efficiency on wide rangéaxdteria, fast killing speed, no undesirable
smell, and environmental friendliness. The desafeakacteristics of a biocide can change
according to area of usage. For instance, in halspithealth related public areas, people want a

biocide to kill in a short period of time, be cheapd inactivate all microorganisms.

The most common biocides include biguanides, gnatgrammonium salts, peroxides, alcohols,
heavy metals and halogens. Each of these antimatragpents has different mechanism to

inactivate microorgnaism, so they have differemitations®>2*2°

Biguanides

The first reported synthesis of biguanide was btghkain 1879, but biguanides possessing
antimicrobial activity was first discovered by I@ien who observed antiprotozoal activity for
N’-aryl biguanides in1933. Biguanides are one efc¢htionic biocides and their mechanism of
inactivating microorganism is by damaging the ogdimbrane. One of the most common
biguanide is Chlorhexidine (CHX) which has a straffitnity for binding to many surfaces and
leaves a residue of antimicrobial activi{?°%’ Clinical studies showed that salt of chlorhexidine
is effective for preservatives and disinfectanta iwide variety of external pharmaceutical
applications for acute and chronic wounds, meditataps, and hand washes. Chlorhexidine
was also shown to have potent antiplaque activitgmit was used in a mouthwash. However

microorganims can become resistance to GHX.



cl Cl
\©\ NH )t NH NH
N)kN N—(CH2)6—N)kN)kN
H H H H H H

Figurel.4 Structure of CHX
Quaternary Ammonium Compounds

Quaternary ammonium compounds (QACSs) such as geigipium chloride (CPC),
benzalkoium chloride, and dodecyltrimethyl ammonionomide (DTAB) are examples of
cationic biocide$® The target is the inner membrane of the microdeyas by ionic interaction
with phospholipids components in the cytoplasm nramd, thereby resulting membrane
distortion. The inactivation mechanism of the baates electrostatic interaction between the
positively charged Nsite and the negatively charged cell wall whicteistively slow
mechanisn?> QACs show the best antimicrobial activity whenythave at least one long
hydrocarbon chain of eight to nineteen carbon atsuhstituted at the nitrogéhi>° QACs are
not effective against Gram-negative bacteria amtespand some other bactefid? QACs are
utilized many applications such as industrial desition, cosmetic industry, and household

cleaners.

CH3 CH3

C—N—R, X HsC—N'—R, X

Ha | | R= Cg-C,g alkyl group
CHs CHg X= Cl, Br

Figurel.5 Structure of Quaternary Ammonium Salts
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Peroxides and other forms of oxygen

Peroxides are powerful antimicrobial agents thpidig destroy bacteria, fungi, and spor&s®
The most common peroxygens are hydrogen peroxig@e,fjHozone (@), and peracetic acid
(CHsCOOOH)* They disrupt enzymes and proteins by oxidizinglthioups. They are used as
surface cleaners, wound cleaners, surface disarfesctind for sterilization applications.
Hydrogen peroxide is a simple oxidizing agent whigchsed as a room disinfectant. The
disadvantages of peroxides are that readily vapdnimder high temperatures, and they are

decomposed into oxygen and water, so they areanwiental friendly.
Alcohols

The alcohols have long been regarded as effeatiface disinfectants. However, their low
boiling point restricts them for long-term biocidadtivity. Alcohols such as ethanol, isapropyl
alcohol at 60-70% concentration are quite effectVEheir inactivation mechanism is that of
disrupting of bacteria cells membrane. Alcoholsgarerally not effective against bacterial
spores, viruses, and resistant ful{gi®> They are widely used by hospitals, biological

laboratories, and restaurants.
Heavy Metals

Heavy metals such as silver, copper, mercury, Arsenic, antimony, and their salts have

toxicity to most living forms. Metal ions complextiv proteins and precipitate proteins. They
inactivate bacteria’s cell cytoplasm and cleavelgiside bonds within proteins. Heavy metals
offer a beneficially broad antimicrobial efficacyralatively low cost. However, most are toxic
to humans. Silver and copper has been used adctgria in applications such as protecting
milk or water from spoilage; however, their inaetion rate is very slow. Mercuric chloride is

9



very effective against bacterial spores, but ieswas abandoned due to environmental
problems. Recent research projects showed thatt@ngexposure could induce bacterial

resistance to metal safts.
Halogens

Halogen biocides such as,(Br,, I,, HOCI, NaCl, and CIgQ are strong antimicrobial agents.
Halogen compounds react with the amino groupsatepns® They have high affinity for
protoplasm, where they oxidize proteins and interfeith vital metabolic reactions. Halogens

compounds are inexpensive biocides and have beiderisporicidal, and fungicidal activify.

Chlorine has been the predominant biocidal agenwéder disinfection and in swimming pools.
Stabilized halogen biocides have been shown to miteetively destroy biofilms than free
halogens?® Hypochlorous acid (HOCI) is a weak acid which fermhen chlorine dissolves in
water. Hypochlorous acid exists in neurtal form,EH(at below pH 7.6, and exists in
hypochlorite ion, OClat above pH 7.6. Both HOCI and O@te considered as free chlorine.
HOCI is more effective against microorganisms tBed1".*® Inorganic chloride such as sodium
hypochlorite solution (bleach) is one of the mogtely used household antimicrobial cleaners.
It is generally used as a disinfectant. Howeuklorine is a toxic disinfectafit.In addition
chlorinated hydrocarbons and oxidized organic camgs, which are produced after using

chlorine, may be toxic and carcinogenic.

There are many different types of antimicrobialrdgeeommercially available in industry. Each
of them is considered according to their cost, bilitg, inactivation rate, environmental issues,
etc. In addition, people’s expectation from antiroimal agent changes according to application

area. For example, people’s expectation for ammaatobial agent is high-level effectiveness

10



against bacteria, viruses, and bacterial sporasspitals or health related public areas. On the
other hand, people do not look for high-level aimthobial property from some basic types of
clothes, such as underwear, or socks. As a resadh of antimicrobial agents is considered
according to application area. The best antimi@odgent should be inexpensive, effective on

wide range of microorganisms, environmental frigndurable and reusable.
1.4 N-Halamines

N-halamine materials are very effective biocidesciwihave been used for the last few decades.
An N-halamine is a compound which contains covabemds between nitrogen and halogen. N-
halamine biocides show several characteristic ptigseincluding long term stability,
environmental friendliness, non-toxicity to humaliscidal function against broad range of
microorganisms, and regenerability properties ugquosure to washing cyclés?* The general

structure of N-halamines is shown in Figurel.6

Rl\N/RZ

Ri1, R, = H, CI, Br, Organic group, and Inorganic group

X
X =Cl, Br

Figurel.6 The general structure of N-halamine

There are two different N-halamine compounds adngrtb the R and R groups they contain.
When these Rand R groups are inorganic groups (phosphate, sulfatbpth hydrogen and
halogens, they are called inorganic N-halaminegyTdan be used for controlling taste and odor

which is caused by contaminated organic materfdls.disadvantages of inorganic N-halamines
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are sensitivity to pH and water temperature, aeg tire not environmental friendlySome of

inorganic N-halamine compounds are shown in Fidure

cl
|
Rl\ /Rz \\ // O Cl O
\
| T/ T\OH Nac:s:;.'L:S:;ONa
X N
Ry, Ry=Cl, H c:|/ >p\/ a © ©
o
OH
1 ) 3

Figurel.7 Structures of some inorganic N-halamines

If one of the R groups is an organic group (alkgup, carbonyl group), it is called organic N-
halamine. There are three different types of orgahhalamine structures: amines, amides, and
imides as shown in Figure 1.8. They have diffestabilities and biocidal efficacies between

each othef?

O o) o)
Rl\ /R2 )J\ R2
N . N
i Ry N R,

X

X X

X =Cl, Br

Amine Amide Imide

Figurel.8 Structures of N-halamines
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In the amine structure of N-halamines, the electtomating groups (i.e. alkyl) adjacent to the
nitrogen strengthens the N-X bond. The halogereld tightly, so releasing halogen from N-
halamine is limited. On the other hand, two etattvithdrawing carbonyl groups next to N-X
bond on the imide structure makes the weakest lvalent bond. In other words, the N-X bond
tends to release halogen because of destabilizatithre carbonyl groups. The amide structures
of N-halamines have both electron withdrawing gsoapd electron donating groups at the same
time, so the releasing of halogen on N-X is intediat between amine and imide.
Consequently, the stabilities towards dissociatibN-X bonds of N-halamines are in the order
amine > amide > imide, while antimicrobial activisyvice versa ( imide > amide > amine).
Therefore, amide structures of N-halamines arergdgehe most preferred one for providing

good stability and effective antimicrobial propefty

The other factor that affects stability of bondfogced between halogen and nitrogen is the type
of halogen. The strongest N-halamine bond is tleevamich overlaps between nitrogen and
halogen. Among the halogens (except fluorine), ihdois the smallest one, so the bond between
nitrogen and chlorine overlaps well. When the sizbalogens increases, the stability of the

bond decreases, so the order of the stability iogeas is N-Cl > N-Br > N-f*

A disadvantage of some of N-halamine chemicalls/drohalogenation which occurs if there
is ano hydrogen in an amine or amide structure of theaNuinine; the halogen in the N-X bond
can undergo dehydrohalogenation with the adjaedmnidrogen to form C=N bonds as is shown

in Figure 1.9.
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X Ha

heat or UV light .
R:L—N—C:—R2 o Rl_N—C_Rz

H -H_X H

Figurel.9 Dehydrohalogenation mechanism

This process can be promoted by, bases, UV lighthaat. After losing the halogen through
dehydrohalogenation, the nitrogen cannot bond lais@gain, and it loses its biocidal property.
In order to avoid the defect of dehydrohalogenatayclic N-halamines are preferred. They are
very effective against broad spectrum of microorgias and have a long shelf life. The Worley
group at Auburn University has focused on synthast development of N-halamine derivatives
that have been used for industrial applicationsesthe 1980s. Some of cyclic N-halamines are

shown in Figure 1.10.

For X=H, 1: 5,5-dimethyl-2,4-imidazolidinedione %5dimethylhydantoin), 2: 4,4,5,5-
tetramethyl-1,33-imidazolidin-2-one, 3: 4,4-dimdt@yoxazolidinone, 4: 2,4,6-trihydroxy-1,3,5-
triazine (cyanuric acid), 5: 6,6-dimethyl- 1,3r&&rine-2,4-dione, 6: 3,3,6,6-tetramethyl-2,5-
piperazinedione, 7: 2,5-pyrrolidinedione (succirds)i 8: 2,2,6,6-tetramethylpiperidine, 9:
2,2,4,4-tetramethyl-1,3-oxazolidine, 10: 1,3,5#mee-2,4,6-triamine (melamine), 11: 3a,6a-
dimethyltetrahydroimidazo[4,5- d]imidazole-2,5(1H)3dione, 12: 7,7,9,9-tetramethyl-1,3,6-

triazospiro[4,5]decane-2,4-dione.
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Figurel.10 Structure of heterocyclic N-halamines. (X = H, @1,Br)
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One of the most outstanding features of N-halammeschargeability. Even if they lose the
chlorine after interaction with microorganisms,\tlean be recharged through a simple
halogenation reaction with sodium hypochlorite §oluor household bleach. It is a reversible

reaction which is shown in Figure 11.

R R
H-,O N + +
N—-cl + 2 NH + Cl OH

R/ R/

R R

\N—CI \NH
R/ R/
Bleach

Figurel.11l Recharging Reaction of N-halamine
1.5 N-N-Halamine Based Polymeric Materials

The first attempt to use of N-halamine chemistrthwiolymers was introduced as a biocide for

water disinfection. There are two different waysrtake N-halamine biocidal polymers:

1- Polymerization of a biocidal monomer by itselfvath other monomers

2- Grafting biocidal moieties onto polymer backbone.

In the first method, N-halamine compounds have tional groups which allow polymerization
with the assistance of polymerization initiatoreeTmost common method is addition
polymerization via monomers that have unsaturatedi in their structures such as a vinyl
group>® For this method, 2,2-azobisisobutyronitrile (AIBMydrogen peroxide, and potassium

persulfate are used to initiate the polymerizatiaction.
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In Figure 1.12 and 1.13 the polymerization proseas demonstrated using the N-halamine
monomers. After halogenations of Poly | and PolyHey have been shown to inactivate various
bacteria, fungi, and viruses within short periotiirae. They can be regenerated with exposure
to household bleach (sodium hypochlorite solutiémjddition they show the best biocidal
property for water treatment. These polymers anegogsed commercially in numerous

applications in developing countrigs.

O

HZC:CH

/1
IC
N
~1
>S5

polymerization

Figure 1.12 Structure of Poly 1 monomer and its homopolymer

H
H,C——CH c—cC
L Ha
polymerization n

f

S

Figure 1.13 Structure of Poly 2 monomer and its homopolymer

@)
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There are several types of N-halamine precursorshadre commercially available in industry.
Some of them have no available chemical grouprd bnto a substrate. Therefore, to attach
these kinds of N-halamine precursors to a substegfigires tethering groups such as siloxanes,
epoxides, and hydroxyls. Figure 1.14, 1,15, ané &How several attachment methods of 5,5

dimethylhydantoin onto cotton fabrié.
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Figurel.14 The attachment of hydantoin siloxane onto celkellos

Cellulose

Cellulose

Figurel.15 The attachment of hydantoin epoxide onto cellulose

COO——-=Cellu
/ lose
2HC
OH COOH OOC—CH
/
| C—COOH
OH
o) Hooc—c|:H coating
N
}/ HC—COOH Hooc”
O =+ |
N
/
HOOC X

Figurel.16 The attachment of hydantoin diol onto cellulose BITCA
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Alkoxy silane (siloxane) is an outstanding tethgrgroup for bonding various organic groups
onto substrate®. Numerous N-halamine precursors have been attamftecdifferent substrates
by using this coupling agent that is shown in Fegliv. Synthesis of Hy-sil (Figure 1.17 (a)) was
carried out by the reaction of 5,5-dialkylhydantseait and 3-chloropropoyltriethoxysilane (BA-
1). In addition, synthesis of TTDD Siloxane ( Figur.17 (b)) was carried out 7,7,9,9-
tetramethyl-1,3,8-triazaspiro[4,5]decane-2,4-disak 3-chloropropoyltriethoxysilane. Both N-
halamines have been shown to provide antimicrgbi@berties on various materials such as

polyester, silica gel, cellulose and patht.

@)

/
\

HNYN\/\/S(OE%)
o)

A) BA-1

HN

HN

N\/\/Si(OEt)s)

O

B) TTDD Siloxane

Figure 1.17 Structures of N-halamine siloxanes
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1.6 N-Halamine Based Antimicrobial Textile Materials

The importance of textiles started with the firahtan being. They used textile materials to
cover their body. In the Stone Age most clothing weade of leather or fur. By the Bronze Age,
people had learned to spin yarn and to weave dotrel in the Middle Age, textile clothing was
common and everybody had several clothes to #ie%s.we enter the twenty-first century,
textile materials are used for several signifiqgaumposes besides clothing such as filtering,

protecting from fire and environmental conditions. e

Textile materials are a vehicle which allows tranghg of microorganisms and spreading
infectious diseases. Textile materials consistloblis structures that are very susceptible to
contamination by various microorganisms. In addit®ome of pathogenic microorganisms can
survive more than 90 days on the materials, anttldmidispersed into the air and spread to
other people or materials by direct or indirecttesti’’ Therefore, antimicrobial textiles can

prevent spreading or transferring from clothesdogbe or other textiles.

N-halamine antimicrobial textiles have an abiliyinactivate Gram-positive and Gram-negative
bacteria successfully in a short period of time afAAsantimicrobial textile, one of the most
important advantages which attracts interest iskkhhalamine based antimicrobial textiles can
be regenerated even they lose their chlorine afterobial exposure, because N-halamines can
be recharged through simple exposure to dilutegétoeid bleach. Therefore, N-halamine based
antimicrobial textiles can be used every placeaftong period time. They can still the active

after 50 machines washing cycles, and they aréomat.>*

N-halamine based antimicrobial textile productsehaumerous outstanding properties which

make them favorable. Some of the application aaeasnilitary, hospital, and health related
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public areas. In addition, various N-halamine coomas have been used as effective
antimicrobial compounds for treating cotton, nylpolyester, so they can be applied to different
textile materials such as sheets, pillows, unifqroesiding materials, hospital clothes, gowns,
socks, shirts etc. In addition, N-halamine baseuhacrobial products are applied in military

applications such as for tents and army unifofms.

Several millions of textile materials are discardsdvaste every year. In addition the percentage
of disposable materials has been increasing oeeydhrs. All of these textile materials are
potentially hazardous for the environment and alsman health. In order to reduce this risk,
regenerable antimicrobial materials (i.e. N-halas)ncan become advantageous for upcoming

health problems.
1.7 Resear ch Projects:

Two independent projects have been studied dun@griaster’s degree. In the first project, we
examined a commercially available chemical whicls weeviously used as a conventional
durable press (DP) finishing agent for cellulosixtiies. The objective of this project was
producing stable and an effective against broadtsp® of microorganism antimicrobial fabric,
and simultaneously to improve the crease recovettyeocotton fabric. First of all, N-
(hydroxymethyl)acrylamide (NMA) was coated on cattabric, and then methacrylamide or
acrylamide was grafted on NMA coated cotton fabFite antimicrobial activities, stabilities,
wrinkle recovery angle, and ultraviolet (UV) liglgsistances of different derivatives were tested
and compared. In the second project, the objeetagto synthesize an N-halamine precursor
that is stable, rechargeable and effective ag@nrsin-positive and Gram-negative bacteria. In

this regard N-tertbutylacrylamide (NTBA) was copuolrized with 3-
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chloropropyltriethoxysilane. Since the chlorinedoay is almost zero when it was chlorinated at
pH 7 or 11, and toxic chlorine gas is produced wttdorination pH decreases to 4.0 or lower
than 4.0, synthesis of NTBA-siloxane is not comnadhe favorable. Then it was grafted onto
NMA finished cotton fabric. Then the antimicrobadtivities, stabilities, wrinkle recovery

angles, and ultraviolet (UV) light resistances iffiedent derivatives were investigated.
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CHAPTER 2

NMA ASA MULTIFUNCTIONAL FINISH TO COTTON AND A TETHER FOR

GRAFTING AND MONOMERS

2.1 Introduction:

Demands for a healthy life style make hospitals lagalth related public areas the most
significant places. On the other hand the transonssf the microorganisms via air and fabrics
from patients to staff could make these placesntiatiesource of infectious, because of the
probability of the spread of these microorganisrgtv are found there in high concentration. In
order to reduce the risk of transmission from comteted surface to the environment and
workers or patients, the microorganisms must betiveted in short period of time. This
suggests a great need for antimicrobial textiles déine able to protect against all pathogenic
microorganism$2 % There are numerous different antimicrobials, suchuaternary ammonium
saltg?, peroxide$', heavy metal$, and N-halaminés used as a biocide. Among these
antimicrobial agents, N-halamines biocides arebttst effective biocides due to their long term
stabilities, effectiveness of broad range of micgamisms, non-toxicity to humans, deactivation
microorganisms in short period of time, and rechaatility>**> N-halamines which have at

least one of nitrogen-halogen bond in the structure
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N-halamine precursors can be covalently bound tmwa surfaces via tethering groups such as

517and also some of N-halamine chemicals have some

siloxane, epoxides, and hydroxyfs:
functional groups that can bind to some surfacelsusralergo polymerization with other
unsaturated monomers. These N-halamine precursor&rted into the N-halamine materials

through halogenations process which is shown inrei@.1.

There are three types of organic N-halamine strastiamines, amides, and imid€s?In the
amine structures of N-halamines, electron donajnogip adjacent to the nitrogen strengthen the
N-X bond, so the bond has the lowest dissociat@rstant and is the most stable of the N-
halamines. The imide structure of N-halamines hgisdst dissociation constant and is the least
stable, because of two electron withdrawing carbgrmyups next to the N-X bond. Halogen on
amides has an intermediate stabitftgo amide structures of N-halamines are genetadiyrtost

preferred one for providing good stability and effee antimicrobial properties.

Textile finishing is a method which includes cheahiand mechanical processes to improve the
acceptability of the producf.Conventional durable press is one of them andislsoe of the
most preferred onés:? In Durable press (DP) finishing, padding and agifiorms cross links.
Padding of curing forms cross links between ceflalmolecules and allows to cotton to retain
its flat, unwrinkled state, particularly throughettirying cycle after washings. This allows the
fabric to come from the dryer with an ironed appeae. Conventional durable press finishing of
cotton results in fabrics with reduced physicalgamies such as abrasion resistance and
strength’” In this study, N-halamine methyl substituent uediocidal activity and to increase
durable press hopefully without any further decegaisysical properties (shown in Figure 2.1).

The antimicrobial effectiveness against broad rasfgaicroorganisms, stabilities, UV
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resistance, recharge ability, and wrinkle reco\argle investigated and the results were

examined.
H,C——CH +  Cellulose » H,c——CH
padding
cC—O cured C——0
NH NH
CH, CH,
OH O—-~Cellulose
grafting
/
CHj ‘ CHj
H . - . . H
inactivation bacteria
H,C C C CH ~ HsC C C CH
H, _ H,
halogenation
C— C— CcC—0O cC=—0
N——X HN——X NH NH,
CH, CH,
O—-=Cellulose O—-=Cellulose

Figure 2.1 The preparation of antimicrobial padding and eaabnto cotton fabric. (X= CI. Br)
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2.2. Experimental

Materials:

All chemicals were purchased from the Sigma Ald@iemical Company, and Fisher Scientific
Chemicals. The fabric used was Style 400 Bleacl®d@ddlCotton print Cloth, (Test fabrics,
West Pittston, PA). Test fabrics, West Pittston, PBe household bleach was Clorox brand
(Clorox, Inc., Oakland, CA). The bacteria used wetaphylococcus aureus ATCC 6538 and

Escherichia coli O157:H7 ATCC 43895 (American Typdture Collection, Rockville, MD)

I nstruments:

The FT-IR data were obtained with Nicolet 6700 RT-UV light stabilities were measured with
Accelerated Weathering Tester (The Q-panel Comp@leyeland, OH, USA). Scanning

Electron Microscope pictures were taken with a nhdeess Evo 50VP.

Coating Procedure:

In this study, three different commercially avalamonomers that might be converted to N-
halamines were used: N-(hydroxymethyl) acrylami®A), methacrylamide (MA), and
acrylamide (AM). The monomers in various concerdret were padded and coated onto the
cotton fabric. There were two different necessayraached tried to complete the process. The
first step was padding N-(hydroxymethyl)acrylamadeo cotton swatches. In this process, the
first N-(hydroxymethyl) acrylamide monomer and tatalyst, magnesium chloride, were

dissolved in water at concentrations 5 and 1 penmespectively and the mixture was stirred 15

32



minutes to produce a uniform solution. After cotswatches were immersed in solution three
times and squeezed with roller, they were drie®0&E for 5 min. and cured at 1%5 for 3 min’
Then the swatches were soaked and washed vigornousl§.5% detergent solution for 15 min.,
rinsed with water several times to remove any webkhded or unbonded compounds, and then
dried at 48C for 1 hour. The second step was grafting metliarge or acrylamide onto N-
(hydroxymethyl)acrylamide coated cotton swatcheshis process, methacrylamide or
acrylamide monomer and the initiator, potassiunsyléate, were dissolved in water at
concentrations 5 and 1 percent respectively andhikiire was stirred for 15 minutes to

produce a uniform solution. Then cotton swatcheseweamersed in solution for three times and
squeezed with roller. Then the swatches were @i&d’C for 10 min. and cured at 12D for 5
min.?? Then cotton swatches were washed vigorously ib%@letergent solution for 15 min.,
rinsed with water several times to remove weaklyrated or unbounded chemicals, and dried at

45°C for 1 hour.
Chlorination Procedure:

The treated cotton swatches were chlorinated blkisgan a 10% aqueous solution of NaOCI
household bleach (0.6% sodium hypochlorite) at gledjusted with 6N HCI) at ambient
temperature for 1 hour. The chlorinated swatche® washed with distilled and tap water and
dried at 48C for 1 hour to remove any unbonded free chlorninenfthe material. The loading of

bound chlorine on the swatches was determined lanatytical titration procedure.
Analytical Titration Procedure:

The chlorine concentration on the treated sampésmeasured by a standard

iodometric/thiosulfate titration method. In thiopedure, about 0.2g of coated and chlorinated
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cotton swatch material was suspended in 50 mLIofNOacetic acid solution. After addition of
0.25 g Kl, and starch as an indicator, the solutas stirred for 45 min. to 1 hour. Then the
solution was titrated with 0.00375N sodium thioatdfuntil the blue color disappeared at the

end point. The CPb on the samples were calculated from the equatdow:
Cl'% =[N x V x 35.45 / (2 x W)] X 100% (1)

where, CI (%) is the weight percent of oxidative chlorinetbe samples. N and V are the
normality (eqv/L) and volume (L) of the titrant sodh thiosulfate, respectively, and W is the

weight in g of the cotton swatch sample.
Biocidal Efficacy Testing:

One inch square of chlorinated and unchlorinatedtéd cotton samples were challenged with
Gram-positive Staphylococcus aureus ATCC 6538 asetand cotton sample was challenged
with Gram-negative Escherichia coli (E. coli) O197:ATCC 43895 for antimicrobial efficacy
analyses by using a modified AATCC Test Method 1999. A bacterial suspension (25,
having a known concentration of colony forming anit pH 7 phosphate buffer solution was
added to the center of one inch square cotton $veatd a second identical swatch was
sandwiched over the first swatch. A sterile weight used to insure sufficient contact of the
swatches with the bacteria suspension. After timead times of 1, 5, 30, and 60 min., the
samples were quenched with 5.0 mL of sterile 0.8@8ium thiosulfate solution to remove any
oxidative chlorine. Serial dilutions of the quendtsamples solution were placed on Trypticase
agar. The plates were incubated &G3%r 24 h and then counted to determine the number

viable bacteria that had remained after exposutiegdabric.
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Washing Testing:

Laundering tests were performed to measure thdistand rechargeability of chlorine on
coated cotton swatches by using standard washsh@fté@merican Association of Textile
Chemists and Colorist (AATCC) Test Method 61. Ajpés of coated swatches were washed for
the equivalent of 5, 10, 25, and 50 machine wasbtyetes. The chlorine loading of the samples
after the washing, after rechlorination, and unghlied ones after chlorination were determined
by the titration procedure which was described abdhe samples were then titrated as

previously described to determine the chlorine eott

UV Light Stability Testing:

UV light stabilities of chlorinated NMA, MA graftednto NMA, and AM grafted onto NMA
coated cotton swatches were measured in an Actedevdeathering Tester (The Q-panel
Company, Cleveland, OH, USA). The samples weregplac the UV (Type A, 315-400nm)
chamber for times in the range of 1 to 72 hourser®dpecific time of exposure, samples were

removed from the UV chamber and titrated, or rechéied and titrated.

Wrinkle Recovery Angle Testing:

Wrinkle recovery angle (WRA), warp (W) + filling Jf the treated cotton fabrics was
evaluated by using AATC test method 66-1998, Op#&inAccording to this test method, treated
samples were prepared cut 40 x 15 mm folded and-50@ of weight was loaded on the folded
specimen for 5 min. The fabric on one side of tid fs held while the other is released and

allowed to unfold with its orientation maintaineertically downward to eliminate the effect of
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gravity on unfolding. The angle to which the faluitfolds within 5min is called the its wrinkle

recovery angle.
2.3 Results and Discussion:
Coating Procedure:

Biocidal efficacy of coating depends on biocidé'®mical structure (amine, amide or imide)
and its N-halamine conténHigher N-H bond concentration in the structursutes higher
chlorine or bromine loading. However, too many lgalo atoms may decrease the hydrophilic
nature of compounds that are coated onto fabBince it is the active Cinactivating
microorganism, higher chlorine loading should imyadiocidal efficacy; but in contrast, it is
sometimes reduced because high chlorine loadirrgases surface hydrophobicity of cotton,

resulting poor contact with the suspension of naoganisms.

N-(hydroxymethyl)acrylamide (NMA) can be used aga@ss-linker to provide wrinkle free or
permanent predsNMA has two functional groups, N-methylol, andyli that can be controlled
to undergo etherification with cellulosic hydroxgroup and vinyl polymerization, respectively.
Although, it has also an amide functional groupldmrcidal activity, the chlorinated form of
NMA is expected to undergo dehydrohalogenationtr@adorming C=N bond since there is an
o hydrogen adjacent to amide gruiphe C=N- has no replaceable H, so cannot be rgetia
The purpose of this study is to react or modifyta@otabric with NMA by etherification, and
then grafting different N-halamine monomers onto Aliveated fabric by vinyl
copolymerization. Thus, a multifunctional finishipgocess permanent press and antimicrobial

functionality onto cotton fabric is gained in siagirocess. In this regard, either acrylamide or
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methacylamide were grafted onto NMA finished cottaloric. The structures of these three

monomers are shown in Figure 2.2.

CHs
CH=—="CH CH,=—C CH,=—=CH
C=—0 C—0 |C:O
NH NH; l|\1H2
CH,
OH

a) N-(Hydroxymethyl)acrylamide b Metharcylaai c) Acrylamide

Figure 2.2 Chemical structure of N-halamine precursors usdtis project

NMA is padded onto cotton by dipping the sample INMA solution, squeezing between the
rotating rollers and curing at specific temperatéreetailed description of the process can be
found in the experimental section 2.2.3. Firstife& of NMA concentration on chlorine loading

was studied and as was expected, chlorine loadurgases linearly when NMA concentration

increases, shown in Figure 2.3.
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Figure 2.3 Chlorine loading (C1%) versus of NMA content of cotton fabric

Secondly, in order to see the effect of dehydraetation, chlorinated NMA padded cotton
swatches were dried in an oven at different tentpega for 1 hour. It is reported that
dehydrohalogenation reaction can be promoted byight and hed} so it is expected to lose
chlorine by increasing temperature. As it can nderm Figure 2.4, chlorine loading
decreasing by increasing drying temperature. Hewedle loss of chlorine by heat is not a fast
process and at this point it is hard to determiitieis loss is because of dehydrohalogenation
reaction or just breaking of N-Cl bond. In ordertidress the reason of this chlorine loss,
samples were rechlorinated after drying step, had tried at standard temperature’5The
chlorine loading increased to the initial amountilge loss of chlorine by heat was just breaking
N-CIl bond, not dehydrohalogenation. The resultddfexposure are described in detail later,
but there was not 100% rechargeability. At thistmhigdicate dehdrohalogenation, we continued

with the experiments to minimizehydrogen in the structure.
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Figure 2.4 Chlorine loading (C1%) of NMA padded cotton fabric dried at different

temperatures for 1 hour after chlorination

The second step for this study is grafting methaamde (MA) or acrylamide (AM) onto N-
(hydroxymethyl)acrylamide (NMA) finished cotton fada MA or AM is grafted onto NMA
finished cotton by dipping the sample into MA or Addlution, squeezing between the rotating
rollers and curing at specific temperature. A detadescription of the process can be found in

the experimental section 2.2.3. The results arevsho Table 2.1.

39



Table 2.1 Chlorine loadings of MA or AM grafted onto NMA ceal cotton fabrics

NMA MA AM Content Measured Theoritical
Samples Content on Contenton on fabric
y g [Cl+]% [Cl+]%
fabric (%) fabric (%) (%)
2.5% NMA +
MgCI26H20 2.8 0 0 0.52 0.73
5% NMA +

MgCI26H20 3.12 0 0 0.76 0.81

(2.5% NMA + MgCI26H20)
+ (5% MA + PPS) 2.81 3.12 0 0.41 2.17

(2.5% NMA + MgCI26H20)
+ (10% MA + PPS) 2.78 4.7 0 0.45 2.88

(5% NMA + MgCI26H20)
+ (5% MA + PPS) 3.22 3.21 0 0.44 2.32
(5% NMA + MgCI26H20)

+ (10% MA + PPS) 3.42 4.71 0 0.47 3.06

(2.5% NMA + MgCI26H20)
+ (5% AM + PPS) 2.88 0 3.34 0.51 2.42

(2.5% NMA + MgCI26H20)
+ (10% AM + PPS) 282 0 4.83 0.57 3.15

* Measured by weight gain.

After grafting MA or AM onto NMA finished cotton faic, the chlorine loading was
unexpectedly lower than the loading before graftifigeoretically, Cl can make a bond with all
the nitrogen in the copolymer structure but expernitally chlorine loading is one fourth of this

theoretical calculation.
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FT-IR Confirmation:

FT-IR spectra of the treated cotton fabrics condéidnthat N-halamine precursors bonded to
cotton fabric. The band at ca. 16625m630cn and 1540cil were detected which can be
assigned amide structure of NMA padded cotton €abiter grafting MA or AM, two detected
band ca.1662cthand1630cnt overlapped one strong single band at ca. 1658amd also the
band at 1540cthwas detected which were assigned to amide steiofuk MA+MA and

NMA+AM (in Supporting Information).
Antibacterial Efficacy

Chlorinated NMA, NMA+MA, and NMA+AM treated cottofabrics were challenged with
Gram-positive bacteria, S. aureus, and Gram-negydfvcoli O157:H7. Table2.2 shows that
chlorination version all three types of treatmeaples (NMA, NMA+MA, and NMA+AM)
inactivated both Gram-positive and Gram-negativedyéa with 7 log reduction in 5 min contact
time. Moreover, just NMA padded cotton fabrics itnaated both species in 1 min contact time.
NMA+MA treated fabrics inactivated just Gram-pos#tiand Gram-negative bacteria in 1 min
and 5 min contact time, respectively. NMA+AM trehfabrics inactivated both bacteria in 5
min contact time. The short time effectiveness rgjddoth bacteria was in the order of NMA,
NMA+MA, and NMA+AM. Chlorinated NMA+MA, and NMA+AMcoated fabrics were less
rapidly effective against Gram-negative bacterithwi 0.10 log reduction within 1 min contact
time. However, all three types chlorinated fabshswed excellent antimicrobial efficacy
against both bacteria in 5 min contact time. Unchlded treated cotton fabrics served as
controls which provided only around 1.3 log redoctior Gram-positive and around 0.10 log

reduction for Gram-negative after 30 min contauigti
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Table 2.2 Biocidal efficacy against microorganisms

Escherichia colli Staphylococcus
0157:H7F aureu8
Samples Co?:ﬁfrf)t'me Bacterial Reduction Bacterial Reduction
% Log % Log
Reduction Reduction Reduction Reduction

NMA-control 60 3 0.015 94.47 1.26
NMA + MA-control 60 23.3 0.12 95.08 1.31
NMA + AM-control 60 30.07 0.16 96 1.40
1 100 7.99 100 7.97

5 100 7.99 100 7.97

NMA - Cl

30 100 7.99 100 7.97

60 100 7.99 100 7.97

1 25.56 0.13 100 7.97

5 100 7.99 100 7.97

NMA + MA-CI

30 100 7.99 100 7.97

60 100 7.99 100 7.97

1 21.04 0.11 99.99 5.04

5 100 7.99 100 7.97

NMA +AM-CI

30 100 7.99 100 7.97

60 100 7.99 100 7.97

2 Microorganism: E. colD157:H7. Total bacteria: 9.67x1GFU/sample (7.99 logs).
P Microorganism: S. aureuotal bacteria: 9.33xY0CFU/sample (7.97 logs).
¢ Chlorine loadings on the coated swatches were 0.48, 0.49 respectively.

4 The error in the measured Cl+ weight percentatieesavas +0.01.
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Durability and Rechar geability toward Washing Test:

Rechargeability is a significant property for N-4maline biocides. Durability is also the
important feature, because a stable N-halaminedenhances the shelf life of biocidal
property. Through the laundering test, rechargéglaind durability of NMA, NMA + MA, and
NMA + AM treated cotton fabrics were evaluated agsults are summarized in Table 2.3 and
2.4. Washing tests were performed at 5, 10, 25 5@nefjuivalent washing cycles for swatches
including prechlorinated and unchlorinated coatingshe Table 2.3 and 2.4, the X column
represents the Ctoncentration of prechlorinated samples after @aashing cycle (the initial
chlorine loading is shown as 0 washing cycles). Yi@olumn represents the ‘Gloncentration
of prechlorinated washed and then rechlorinatedptesrafter given number of each washing
cycles. The Z column represents thé @incentration of unchlorinated washed samplesiwhic

were chlorinated after given number of each washyudes.

The data for washing stability test for just NMAdoled samples showed that after 5 washing
cycles, a substantial amount of @lere lost. The amount of Tbn the fabric between 5 to 50
cycle washes is gradually decreased and after S@ingcycle, there was little Cobserved on
padded fabric. The Clhalueof Y showed that the loss of halamine precursor neasxcessive.
The previous studies indicated that prechlorinatnmneases the hydrophobicity of the surfaces
and it protects the coating from hydrolysis. A camgon of X and Z column for NMA padded
sample indicated that some NMA chemical was lastf6 to 50 washing cycle. When
methacrylamide or acrylamide was grafted on NMAdwgaticotton fabrics, the results were

considerably different.
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The X column for NMA+MA, and NMA+AM coated fabriehowed the amount of Tl
decreased around 60% after 5 cycles washing. After50 cycles, Clgradually decreased and
when 50 washing cycle was reached, there wassetitie Cl observed on coated fabric. The Y
column values of NMA+MA coated cotton fabric showhdt after 5 cycle washing, the amount
of CI" was actually higher than the beginning of the am@I" and after 50 washing cycle, it
was almost the same as beginnin§ji@tio. The Y column values of NMA+AM coated cotton
fabric showed that after 5 cycles washing, the arhofiCI" was a little bit higher than the
beginning amount of C| but after 5 cycles, the amount of @las getting lower than the
beginning Cl ratio. To date, no increase on chlorine loading lteen reported previously
compared to initial chlorine ratio of sample. A pitde reason for this unexpected result might
be that the MA forms a film that is difficult to petrate and that washing abrades the film
making to NMA sites more accessible to bleach. lajdsoth NMA and MA from the surface is

responsible for the decrease in chlorine ratio betws to 50 cycles.

Table 2.3 Durability and rechargeavility of NMA padded cottfairic

Washing Cycles X2 YP Z°
0 0.76 0.76
5 0.32 0.61 0.73
10 0.21 0.6 0.7
25 0.16 0.56 0.68
50 0.09 0.5 0.65

& X : Chlorinated before washing
Py : Chlorinated before washing and rechlorinatieravashing

¢ Z : Unchlorinated during washing, but chlorinasdter washing
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Table 2.4 Durability and rechargeavility of NMA + MA and NMA AM treated cotton fabrics

NMA + MA NMA + AM
Washing xa yP Z¢ X2 yb 7¢
Cycles
0 0.4 0.4 0.47 0.47
5 0.16 0.53 0.4 0.19 0.49 0.44
10 0.11 0.52 0.39 0.14 0.48 0.4
25 0.08 0.49 0.36 0.08 0.42 0.38
50 0.05 0.44 0.33 0.05 0.41 0.37

& X : Chlorinated before washing
Py : Chlorinated before washing and rechlorinatieravashing

¢ Z : Unchlorinated during washing, but chlorinasdter washing

Wrinkle Recovery Angle Test

Conventional durable-press (DP) is one of the liimg processes that cause greatly reduced
strength and abrasion resistance of cotton faboigtudies previous focused on improvement of
both, DP, strength, and abrasion resistance pliepday forming of network polymeric system
onto cotton fabri€®®. N-(hydroxymethyl)acrylamide (NMA) monomer is coranty used in
paints, adhesives, and textile applications whetekle resistance is desirable, because NMA
has two functional groups, N-methylol and acrytian be controlled independently to undergo
etherification ( with cellulosic hydroxyl group) @rmcrylic polymerizatiofi®. Therefore, the

objective of this study was further evaluating itg@ortance and effectiveness of fiber
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penetration and the sequence of polymerizatiomfifox) and cellulose cross-linking. The

schematic configuration is shown in Figure 2.5.

Cellulose
T
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Figure 2.5 Schematic representation of structural units NNW MA. Structural units are

derived from (1) polymerization and etherificati¢®) polymerization, (3) etherification only.

The effect of NMA, NMA+MA, and NMA+AM coated fabrscon crease recovery angle was
tested. A detailed description of the process @fobnd in the experimental section 2.2.9. The
results showed in Table2.5 that when NMA underpefication with cellulosic hydroxyl

group, there was some improvement (abod} 808 wrinkle recovery angle whereas there was no

further improvement when NMA undergo etherificatigith cellulosic hydroxyl group and
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polymerization. In addition, NMA concentration didt affect the wrinkle recovery angle.
However, when MA or AM polymerized onto NMA finisti€otton fabric (grafting onto NMA),
the results significantly improved. According te@trinkle or crease recovery angle results,
grafting vinyl monomer onto NMA finished cotton fabmost probably make a network
structure, so it gives better wrinkle recovery anlan just undergoing etherification and

polymerizing NMA coated cotton fabric.

Table 2.5 Wrinkle Recovery Angle Test Results

Samples (W +P) I\/[Igzlaf]tg/(r)ed
Control Sampl® 165
5% NMA 220 0.74
Control Sample 225 0.73
10% NMA 235 1.12
Control Sampl 240 1.12
5%NMA + 5%MA 285 0.45
5%NMA + 5%AM 280 0.51
(W + Ff : Total value for Warp and Filling wkie recovery angle

Control Sampl®: Wrinkle Recovery Angle of just pure cotton

Control Sample: Wrinkle Recovery Angle of 5% NMA which undergo
etherification with cellulosic hydroxyl group andlpmerized.

Control Sampl®: Wrinkle Recovery Angle of 10% NMA which undergo
etherification with cellulosic hydroxyl group andlpmerized.
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UV Light Stability Test

The stability of the chlorinated NMA, NMA+MA, andNWA+AM coated fabrics under UV
irradiation was investigated. The biocidal efficasyelated with N-Cl bond, so the UV stability
of the N-Cl bond of the coated N-halamine precwws®presented in Table2.6. All the samples
(NMA, NMA + MA, NMA + AM) were exposed UV for 24 has, and then they were
rechlorinated. After rechlorination, samples wexpased to the UV an additional 24 hours, and
then they were rechlorinated again. This procedwnr® repeated four times. It was observed that
NMA padded cotton fabrics decomposed faster tharAMMA, and NMA+AM. There was

45% decomposition after 24 hours UV irradiationcBmposition percentage became relatively
constant after 72 h UV irradiation. In additione tiV stability data proved that there is no
substantial dehydrohalogenation type decompositidhe structure, so dehydrohalogenation

does not affect the biocidal efficiency for NMA phedi samples.

The UV stability of the NMA+MA and NMA+AM coated baics was complicated, because
after rechlorination of UV light exposed samplés thlorine loading increased than the initial
chlorine loading. Each of samples were exposedibght for 24 hours, and then they were
rechlorinated. After rechlorination, they were hat exposed UV light for 24 hours and
rechlorinated again. This process was repeatedifoes. For each of rechlorination, the
chlorine loading was higher than the initial chh@riloading. However, after reaching 96 hours,
the chlorine loading did not increase than initialorine loading after rechlorination of UV light

exposed samples.
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Table2.6 UV light stability test

NMA NMA + MA NMA + AM
Time of exposure Measured Rchirn  Measured Rechlrn Measured Rechirn
(h) [CH]%  [CI+]%  [Cl+]%  [Cl+]% [CI+]% [Cl+]%
0 0.72 0.48 0.48
12 0.35 0.29 0.37
24 0.21 0.21 0.35
24-Rechlorination 0.43 0.64 0.56
36 0.2 0.36 0.38
48 0.13 0.32 0.32
48- Rechlorination 0.37 0.7 0.51
60 0.16 0.32 0.34
72 0.09 0.21 0.14
72-Rechlorination 0.19 0.48 0.44
84 0.13 0.25 0.19
96 0.1 0.19 0.13
96-rechlorination 0.19 0.41 0.32
Control Sampl& 0.68 0.51 0.5
Control Sampl@ 0.66 0.46 0.46
Control Samplé 0.62 0.5 0.45
Control Sampl 0.62 0.51 0.44

Control Sampl&: Chlorination of unchlorinated 24 UV light exposiwsample
Control Sampl%: Chlorination of unchlorinated 48 UV light exposisample
Control Sampl€: Chlorination of unchlorinated 72 UV light exposisample
Control Sampl%: Chlorination of unchlorinated 96 UV light exposisample
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Figure 2.6 UV light stability test of NMA, NMA + MA, and NMA+ AM coated samples for
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A Potential Reason Affecting the Increasing of Chlorine L oadings after Rechlorination of

UV Exposed NMA+MA and NMA+AM coated fabrics.

In the beginning, a possible hypothesis was createdder to explain unexpected low chlorine
content after grafting MA or AM. According to thiypothesis, the reason of decreasing chlorine
loading after grafting MA or AM onto NMA finishedbtton fabric is that NMA is such a small
molecule and can go through etherification reactiononly surface of cotton fiber, but also
inside of cotton fiber. Therefore, the reason oféasing chlorine loading after rechlorination of
UV light exposed NMA+MA and NMA+AM coated fabrics that decomposition of MA or AM
surface coating allowed bleach to reach NMA insigefiber. In order to show evidence for this
hypothesis, Scanning Electron Microscope (SEM)upes of UV exposed NMA, NMA+MA,

and NMA+AM coated cotton fabrics were taken. Theistures are shown in Figure X. The
decomposition of MA and AM was detected after 2d 48 hours UV light exposed samples on
the SEM pictures. The UV decomposition of NMA+MAated cotton fabric was mor easily
observed than others. For NMA and NMA+AM coatedaotabrics, it was observed that there

were some cracks which supported the decompodigipothesis.
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20 pym* EHT = 15.00 kv Signal A = SE1 Date :11 Aug 2010
WD = 8.0 mm Photo No. = 7480 Time :9:51:27

Mag= 149 KX

Figure 2.8 SEM picture of pure cotton fabric

I1 O pm™ EHT = 15.00 kv Signal A = SE1 Date :11 Aug

|
I 1 wD = 8.0 mm Photo No. = 7482 Time (9:57:41
Mag = 496 KX

Figure 2.9 SEM picture of pure cotton fabric at higher magaifion
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20 pm* EHT = 15.00 kv Signal A = SE1 Date :11 Aug 2010
WD = 8.0 mm Photo MNo. = 7483 Time :10:02:41
Mag= 150K X

Figure 2.10 SEM picture of 24 hours UV light exposed pure aottabric

WD = 8.0 mm Photo Mo. = 7484 Time :10:05:45
Mag= 5.02KX

10 pm* EHT = 15.00 kV Signal A = SE1 Date :11 Aug 2010 w

Figure 2.11 SEM picture of 24 hours UV light exposed pure @ottabric at higher

magnification
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Figure 2.12 SEM picture of 48 hours UV light exposed pure @ottabric

10 pm* EHT = 15.00 kv Signal A = SE1 Date :11 Aug 2010
WD = 8.0mm Photo No. = 7487 Time :10:12:31

Mag= 5.24 KX

Figure 2.13 SEM picture of 48 hours UV light exposed pure @ottabric at higher

magnification
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10 pm* EHT =15.00 kv Signal A = SE1 Date :11 Aug 2010
WD = 8.0mm Photo No. = 7490 Time :10:21:05

Mag= 1.50KX

Figure 2.14 SEM picture of NMA treated cotton fabric

WD = 8.0 mm Photo No. = 7489 Time :10:19:17

10 pm* EHT = 15.00 kv Signal A = SE1 Date :11 Aug 2010 @
Mag= 5.02 KX

Figure 2.15 SEM picture of NMA treated cotton fabric at higmeagnification
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Figure 2.17 SEM picture of 48 hours UV light exposed NMA tredicotton fabric
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Figure 2.18 SEM picture of 48 hours UV light exposed NMA treétcotton at higher

magnification

20 pm* EHT = 15.00 kV/ Signal A = SE1 Date :11 Aug 2010
WD = 8.0 mm Photo No. = 7492 Time :10:27:44

Mag= 157 KX

Figure 2.19 SEM picture of NMA + MA treated cotton fabric
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10 ym* EHT =15.00 kV Signal A = SE1 Date :11 Aug 2010

WD = 8.0mm Photo No. = 7493 Time :10:33:21
Mag= 5.02KX

Mag = 1.50 KX WD = 10.0 mm Date :15 Apr 2010
— EHT = 10.00 kv Signal A = SE1 Time :11:58:43

Figure 2.21 SEM picture of 24 hours UV light exposed NMA + M#eated cotton fabric
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10 pm Mag= 1.50 K X WD = 9.5 mm Date 15 Apr 2010
i EHT = 10.00 kV/ Signal A = SE1 Time :13:10:12 b

Figure 2.22 SEM picture of 48 hours UV light exposed NMA + Mreated cotton fabric

Mag= 5.00 KX WD = 9.5 mm Date :15 Apr 2010
EHT = 10.00 kv Signal A = SE1 Time :13:12:37

Figure 2.23 SEM picture of 48 hours UV light exposed NMA + M¢eated cotton fabric at
higher magnification
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WD = 8.0 mm Photo No. = 7495 Time :10:37:11

20 pm* EHT = 15.00 k¥ Signal A = SE1 Date :11 Aug 2010 w
Mag= 150KX

Figure 2.24 SEM picture of NMA + AM treated cotton fabric

- A

10 pm* EHT = 15.00 kV Signal A= SE1 Date :11 Aug 2010
WD = 8.0 mm Photo No. = 7496 Time :10:39:07

Mag= 5.02KX

Figure 2.25 SEM picture of NMA + MA treated cotton fabric agher magnification
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Mag= 514 KX WD = 10.0 mm Date :15 Apr 2010
EHT = 15.00 kv Signal A = SE1 Time :11:22:24

Figure 2.26 SEM picture of 24 hours UV light exposed NMA + Atkated cotton fabric at
higher magnification

Mag= 500KX WD = 10.0 mm
EHT = 10.00 kV/ Signal A = SE1

Date :15 Apr 2010
Time :11:26:07

Figure 2.27 SEM picture of 24 hours UV light exposed NMA + Aléated cotton fabric at
higher magnification
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Mag= 1.50KX WD=10.0m Date :15 Apr 2010
EHT = 10.00 kv Signal A = SE1 Time :13:22:34

10 pm Mag= 5.00 KX WD =10.0 mm T Date :16 Apr 2010 —
EHT = 10.00 kv Signal A = SE1 Time :13:24:13 “

Figure 2.29 SEM picture of 48 hours UV light exposed NMA + Atkated cotton fabric at
higher magnification
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In addition to SEM support, the reason of incregsinlorine percent after rechlorination of UV
light exposure NMA+AM and NMA+AM coated cotton fats was further investigated by
changing the NMA, MA and AM grafting ratios. Theaiing percent of MA or AM onto the

NM A coated cotton fabric might affect the resultsthis regard, two sets of samples: different
amount of MA was grafted on constant NMA finishexdton fabrics and different amount of
NMA with constant MA grafting were done. These tsais of samples were exposed UV for 24
hours, and then they were rechlorinated. After legaation, samples were exposed UV
additional 24 hours, and then they were rechloedagain. This procedure was repeated three

times.
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Table2.7 UV light exposure of varied grafting percent MAtorconstant percent NMA coated

fabric

5%NMA +1%MA  5%NMA +5%MA 5% NMA + 10%MA

Time of Measured Rchlrn Measured Rechlrn Measured Rechlrn
exposure (h) [CI+]% [CI+]% [Cl+]% [Cl+]% [Cl+]% [ClI+]%

0 0.37 0.42 0.45
12 0.23 0.28 0.31
24 0.15 0.22 0.27
24-
Rechlronation 0.33 0.52 0.6
36 0.21 0.37 0.43
48 0.16 0.28 0.36
48-
Rechlorination 0.3 0.58 0.7
60 0.17 0.34 0.45
72 0.11 0.23 0.31
72-
Rechlorination 0.28 0.53 0.68
Control Samplée® 0.37 0.44 0.47
Control Sample” 0.39 0.44 0.48
Control Sample 0.39 0.46 0.45

Control Sampl&: Chlorination of unchlorinated 24 UV light exposisample
Control Sampl%: Chlorination of unchlorinated 48 UV light exposisample

Control Sampl€: Chlorination of unchlorinated 72 UV light exposisample
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Table2.8 UV light exposure of constant grafting percenM# onto varied percent NMA

treated fabric

1% NMA + 5% MA

5%NMA + 5% MA

10% NMA + 5% MA

Time of Measured Rchlirn Measured Rechlrn Measured Rechlrn
exposure (h) [Cl+]% [Cl+]% [Cl+]% [Cl+]% [Cl+]% [Cl+]%
0 0.26 0.42 0.49
12 0.19 0.28 0.3
24 0.16 0.31 0.22 0.52 0.25 0.6
24-
L 0.16 0.31 0.22 0.52 0.25 0.6
Rechlorination
36 0.2 0.37 0.45
48 0.17 0.35 0.28 0.58 0.36 0.73
48-
L 0.17 0.35 0.28 0.58 0.36 0.73
Rechlorination
60 0.18 0.34 0.5
72 0.11 0.28 0.23 0.53 0.32 0.74
72-
. 0.11 0.28 0.23 0.53 0.32 0.74
Rechlorination
Control Samplée® 0.25 0.44 0.45
Control Sample” 0.28 0.44 0.45
Control Sample° 0.29 0.46 0.47

Control Sampl&: Chlorination of unchlorinated 24 UV light exposiwsample

Control Sampl%: Chlorination of unchlorinated 48 UV light exposisample

Control Sampl€: Chlorination of unchlorinated 72 UV light exposisample
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The results demonstrated that grafting percent atraftects the results, because
19%0MA+5%NMA treated sample showed that the chlolo@aeling did not increase than initial
chlorine loading after rechlorination of UV light@osure. However, when the amount of
grafting MA increased, the chlorine loading reachagher ratio after rechlorination of UV light
exposure. The first set of sample results showatgtafting MA percent increased in direct
proportion to the increase of chlorine loading. Feeond set of experiment results also showed
that for UV exposed samples when the amount of Nd£Acent increased, the chlorine loading

reached higher ratio after rechlorination.

Both of experiments show that both NMA and MA pettcento treated fabrics affect the results.
However, the amount of MA is more significant trEanount of NMA, because lower grafting
percent MA did not show any increase after rechbtron of UV light exposure. In summary,

the results support our hypothesis, but they dgonmtide proof.
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2.4 Conclusion

A series of commercially available acrylic monomefr§-halamine precursors were purchased
from Sigma Aldrich Chemical and Fisher Scientificenical companies. First, N-
(hydroxymethyl)acrylamide (NMA) was padded ontotentfabric, and then Methacrylamide
(MA) or Acrylamide (AM) grafted onto NMA padded ¢oh fabric. NMA, NMA+MA, and
NMA+AM coated fabrics showed excellent stabilitywiashing test, and biocidal property
against Gram-positive and Gram-negative bactariadtition, the second functionality,
conventional durable press, was gained after giafdA and AM onto NMA padded cotton
fabrics besides antimicrobial property. Interediinthe stability to dissociation under UV
irradiation results of these samples (NMA+MA and AMAM) were different than previous
studied results, because the chorine loading ofight exposed samples gave higher results
than initial chlorine loading after rechlorinatidfor this reason a possible hypothesis was
created in order to explain unexpected increasirgydhlorine loading. It is recommended that
5% MA grafting onto 5% NMA padded fabric shoulddféective for a potential application
because it has good permanent press besidesdtsiedf biocidal activity. Whatever the
mechanism, these are the first set of experimantsii labs where UV exposure of the halamine

did not reduce the chlorine retention of rechlomesamples.
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2.6 Supporting Information

The supporting Information includes NMA, NMA+MA, diNMA+ AM treated cotton samples

FT-IR spectra data.
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Figure S.2.1. FT-IR spectra of (A) pure cotton fabric and (B) WMN\dadded cotton fabric.
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Figure S.2.2. FT-IR spectra of (A) pure cotton fabric, (B) NMAgded cotton fabric, and (C)
MA grafted onto NMA finished cotton fabric
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Figure S.2.3. FT-IR spectra of (A) pure cotton fabric, (B) NMyadded cotton fabric, and (C)
AM grafted onto NMA finished cotton fabric
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CHAPTER 3

THE BIOCAIDAL ACTIVITY OF N-TERTBUTYLACRYLAMIDE WHEN

COPOLYMERIZED AND GRAFTED STRUCTURESON FABRIC
3.1 Introduction:

Textile materials can be excellent substrate farafiial transfer, because they consist from
fibrous structures and they can be easily contatieihlay microorganisms. Human sweat may
provide nutrients for bacterial grontf.Human skin contains numerous microorganisms even i
is clean®*® Microorganisms on textiles can cause problems ssampleasant odors, allergic
sensitization, infection and dise&&&For this reason, in order to prevent transmissjoowth,

and spread of these microorganisms, antimicrobéemals should kill abroad spectrum
microorganisms, preferable in a brief time intesvd-halamines have demonstrated capability
to inactivate various microorganisms in short pe&abtime without causing the microorganisms

to resistancé??®

Briefly, N-halamines refer to organic and inorgacienpounds, which have at least one
nitrogen-halogen covalent bond in the structurgadic N-halamines have different dissociation
constants depending on the functional group: anamegde, and imide structure. The order of
dissociation constant is amine>amide>imide halapwigereas the antimicrobial activity is vice
versa. The amide structures of N-halamines arergbynéhe most preferred ones for providing

good stability and effective antimicrobial propegiye to intermediate stability.
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N-halamine precursors can be covalently boundfterdnt surfaces via tethering groups such as
siloxane, epoxides, and hydrox{15-*?Biocidal efficacy of coating depends on conceitrat

on biocidal sites and the structure of biocitfesBor example some sterically hindered amide N-
halamines such as N-tertbutlyacrylamide slow botimidization and hydrolysis, so might be
expected to inhibit conversion of N-H to N-ElIn this study, the sterically hindered N-
substituted amide, N-tertbutlyacrylamide, was cgparized with one of tethering group, a

siloxane, and then attached onto cotton fabricuilec.1).

H H, H
HC==CH 4+  HC==CH > ( c—¢ ) f—c—c—)
EtOH M| \ | )
C—0 c—o AIBN T__O c=—o
l|\lH ) l|\|H 0
H3C_C_CH3 H3C (|: _CH3
CHg CHj
S Si
/o /o
o)

Figure3.1 The copolymer of NTBA-sil. synthesis

In addition, this monomer was grafted onto N-(hygroethyl)acrylamide (NMA) treated cotton
fabric, as shown in Figure 3.2. The antimicrobf&&iveness against broad range of
microorganisms, stabilities, UV resistance, recbabgjity, and wrinkle recovery were

investigated.
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HZC:CH + Cellulose — > H2C—CH

padding
c|::o cured c—o0
||\1H NH
C|:H2 CH,
OH O—=cellulose
grafting
H . . . . H
HaC C c CH, Inactivation bacterlé HsC C C CH,
) H
| 2 halogenation | 2
(|::O CcC——O C|::O C—O
l|\l—X N——X l|\lH NH
O——-=cCellulose O——-=cCellulose

Figure 3.2 The preparation of antimicrobial coating on cottabric. (X= CI. Br)

3.2. Experimental
Materials;

All chemicals were purchased from the Sigma Ald@iemical Company, and Fisher Scientific
Chemicals. The fabric used was Style 400 bleacB@&lcotton print cloth, (Test fabrics, West
Pittston, PA). The household bleach was Cl8rbsand (Clorox, Inc., Oakland, CA). The
bacteria used were Staphylococcus aureus ATCC &3&Escherichia coli O157:H7 ATCC

43895 (American Type Culture Collection, RockvilldD)
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I nstruments:

The FT-IR data were obtained with Nicolet 6700 IRT*H NMR and**C NMR spectra were
recorded using Bruker AV-400 (400MHz) spectromethy.light stabilities were measured with

an Accelerated Weathering Tester (The Q-panel Camaleveland, OH, USA).
The Procedurefor the Synthesis of N-tertbutylacrylamide-siloxane Copolymer:

The copolymer was synthesized by reaction of thterdbutylacrylamide and 3-
(trimethoxysilyl)propyl methacrylate in a 10 to Dblar ratio in 20mL ethanol solvent and the
mixture was stirred for 2 hours at°@) and then ethanol was evaporated. The product was

confirmed by*H and™*C NMR (see supporting information)
Preparation of NTBA Grafted onto NMA Treated Cotton Fabric:

N-tertbutylacrylamide was also grafted onto N-(fopdimethyl)acrylamide finished cotton
fabric. The first step was padding N-(hydroxyme}agtylamide onto cotton swatches. In this
process, the N-(hydroxymethyl) acrylamide mononmer the catalyst, magnesium chloride,
were dissolved in water at concentrations 5 andrtgnt respectively and the mixture was
stirred for 15 minutes to produce a uniform solutidfter cotton swatches were immersed in
solution three times and squeezed with rollertaty tvere dried at 9C for 5 min. and cured at
175°C for 3 min! Then the swatches were soaked and washed viggriouwsl0.5% detergent
solution for 15 min., and rinsed with water sevéiraks to remove any weakly bonded or
unbounded compounds, and dried &GHor 1 hour. The second step was grafting N-
tertbutylacrylamide onto N-(hydroxymethyl)acrylamidoated cotton swatches. In this process,
the monomer, N-tertbutylacrylamide, and the iniitabenzoylperoxide, were dissolved in
ethanol solvent at concentration ratio ranging & hmpercent respectively and the mixture was
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stirred for 30 minutes to produce a uniform solutiNMA padded cotton swatches were soaked
in the mixture, and then the mixture of beaker s@aled with aluminum foil. Then the mixture
of beaker was left in oven atfor 15, 30, 60, and 90 min. After fabrics weresgged with
roller, they were dried at 80 for 3 min. and cured at 12D for 5min. Then cotton swatches
were washed vigorously in a 0.5% detergent soldtorl5 min., and rinsed with water several
times to remove weakly bounded or unbounded chéspiaad dried at 4& for 1 hour. Weight

gain was used as a measure of monomer grafteccotitm.

Coating Procedurefor the Copolymer of NTBA-sil:

The precursor siloxane copolymer was dissolvedharel at concentration ratio ranging from 3
to 5 weight percent. Then the mixture was stir@dlb min. to produce a uniform solution.
Cotton swatches were soaked in the solution faniks and then cured it at 95 for 1 hour®

Then the swatches were soaked in a 0.5% deterglenios for 15 min., and rinsed with water
several times to remove weakly bounded or unbowstiechicals, and dried at 45 for 1 hour.

Weight gain was used as a measure of the coatuohedaah the fabric.

Chlorination Procedure;

The treated cotton swatches were chlorinated blisgan a 10% aqueous solution of NaOCI
household bleach (0.6% sodium hypochlorite). THerahation treatment was adjusted at
different pH with 6N HCI at ambient temperature fonour. The chlorinated swatches were
washed with distilled and tap water and dried 8C4fer 1 hour to remove any unbonded free
chlorine from the material. The loading of boundbcime on the swatches was determined by an

analytical titration procedure.
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Analytical Titration Procedure:

The determination of chlorine concentration ontteated samples was measured by a standard
iodometric/thiosulfate titration method. In thiopedure, about 0.2g of coated and chlorinated
cotton swatch material was suspended in 50 mLIoNOacetic acid solution. After addition of
0.25 g Kl, and starch as an indicator, the solutvas stirred for 45 min. to 1 hour. Then the
solution was titrated with 0.00375N sodium thioatdfuntil the blue color was disappeared at

the end point. The &% on the samples were calculated from the equatdow:
Cl'% = [Nx V x 35.45/ (2 x W)] X 100% (1)

where, CI (%) is the weight percent of oxidative chlorinetba samples. N and V are the
normality (eqv/L) and volume (L) of the titrant sodh thiosulfate, respectively, and W is the

weight in g of the cotton swatch sample.
Biocidal Efficacy Testing:

One inch square of both chlorinated and unchloemh&teated cotton samples were challenged
with Gram-positive Staphylococcus aureus ATCC 6&38 a second cotton sample was
challenged with Gram-negative Escherichia colid@i) O157:H7 ATCC 43895 for

antimicrobial efficacy analyses by using a modiffediTCC Test Method 100-1999. Bacterial
suspension (38.) having a known concentration of colony formingjts in pH 7 phosphate

buffer solution was added to the center of a ook sguare cotton swatch and a second identical
swatch was sandwiched over the first swatch. Alsteright was used to insure sufficient
contact of the swatches. After the contact times, &, 30, and 60 min., the samples were
guenched with 5.0 mL of sterile 0.02N sodium thltade solution to remove any oxidative

chlorine. Serial dilutions of the quenched suspersivere placed on Trypticase agar. The plates
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were incubated at 8C for 24 h and then counted to determine the nurabeiable bacteria that

had remained after exposure to the fabric.

Washing Testing:

Laundering tests were performed to measure thdistamnd rechargeability of chlorine on
coated cotton swatches by using standard washst@d¢eording to American Association of
Textile Chemists and Colorist (AATCC) Test Methad 8\l types of coated swatches were
washed for the equivalent of 5, 10, 25, and 50 nm&clvashing cycles. The chlorine loading of
the samples after the washings, after rechlorinagod unchlorinated ones after chlorination

were determined by the titration procedure whicls @escribed above.

UV Light Stability Testing:

UV light stabilities of chlorinated NTBA-siloxan@polymer, and NTBA grafting onto NMA
coated cotton swatches were measured by using eglekated Weathering Tester (The Q-panel
Company, Cleveland, OH, USA). The samples weregplac the UV (Type A, 315-400nm)
chamber for times in the range of 1 to 72 hourser®dpecific time of exposure, samples were

removed from the UV chamber and titrated, or rechéded and titrated.

Wrinkle Recovery Angle Testing:

Wrinkle recovery angle (WRA), warp (W) + filling Jf the treated cotton fabrics was
evaluated by using AATC test method 66-1998, Op#&inAccording to this test method, treated
samples were prepared in 40 x 15 mm and_58@-of weight loaded on the folded specimen for
5 min. The fabric on one side of the fold is holdile the other is released and allowed to unfold

while its orientation is maintained vertical dowmdido eliminate to eliminate the effect of
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gravity or unfolding. The angle which the fabridelds within 5min is called the wrinkle

recovery.
3.3 Results and Discussion:
Coating Procedurefor Grafting NTBA onto NMA Treated Sample:

In general, biocidal efficacy of coating dependsmtides chemical structure (amine, amide or
imide) and N-halamine content of molecules or paysn® Higher N-H bond concentration in
the structure results higher chlorine or bromiradiag’® Since it is the active Cinactivating
microorganism, higher loading should improve biatiefficacy; but in contrast, it reduces
because high chlorine loading increases surfaceopydbicity of cotton resulting poor contact

with microorganisnt®

In the beginning of this project the bulky struetaf NTBA was grafted onto NMA finished
cotton fabric. Firstly NMA was padded onto cottgndipping the sample into NMA solution,
squeezing between the rotating rollers and curirgpecific temperature. A detailed description
of the process can be found in the experimentaiose8.2.4. The second step was grafting
NTBA onto N-(hydroxymethyl)acrylamide (NMA) finisklecotton fabric. The grafting
procedure was explained in experimental part 3ribde lengthily. The biocidal effect of NTBA

was investigated when it was grafted onto NMA cddsdric.
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. Figure 3.3 Chlorine loading of NTBA grafted onto NMA finishetton fabric when it was

chlorinated at pH11.

The results obtained when treated cotton samplectdasinated at pH 11, are shown in Figure
3.3. When grafting yield increased, the chlorinadiong decreased. In other words, when the
grafting percent was increased, the chlorine logdiecreased at some point. The chlorine

loading was not linear with grafting however andgeleoff at about 0.45 Cl

Secondly, in order to see the effect of NMA peraamthe chlorine loading percent, cotton
fabric was padded with different NMA concentratiand then NTBA was grafted onto NMA
finished samples. As it can be seen in FiguretBetge is a linear increase in chlorine loading

with increasing amount of NMA percentage.
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Table3.1 Chlorine loading of constant NTBA grafted ontofelient concentration NMA padded

sample
Samples NMA C'ontent* NTBA C;onten} Measured Theoretical
on Fabric (%) on Fabric (%) [Cl+]% [Cl+]%
(1% NMA) + (NTBA) 1.5 6.1 0.18 1.73
(3% NMA) + (NTBA) 2.3 6.1 0.31 1.94
(5% NMA) + (NTBA) 3.1 6.1 0.45 2.15
(10%NMA) + (NTBA) 4.3 6.1 0.57 2.46

* Measured by weight gain.

0.6

0.5 /
0.4 //
ol

(

0.1

Chlorine Loading (CI* %)

1.5 2.3 3.1 4.3

—o—NMA + NTBA(6.1%) NMA concentration (%)

Figure 3.4 Chlorine loadings of different amount of NMA witlonstant NTBA grafting

83



The Potential Reason Affecting the Final Products of Chlorine L oading:

In order to figure out the reason of chlorine loagddecrease, N-tertbutylacrylamide (NTBA)
was copolymerized with 3-(trimethoxysilyl)propylrgfate After the polymerization completed,
the structure of the copolymer was confirmed byHF@ihd NMR spectroscopy shown in Figure
S.3.1, Figure S.3.2, and Figure S.3.3 (see Sumgpoiniformation). Then, certain amount of
copolymer was dissolved in ethanol and coated ootion fabric. A detailed description of the
process can be found in experimental section 3&ttdr attachment of NTBA-siloxane
copolymer onto cotton fabric, the chlorine loadatglifferent pH was investigated. The results

are shown in Table 3.1.

Table 3.2 Chlorination at different pH of NTBA-siloxane atteed cotton fabric

NTBA-si| Chlorination Measured Theoretical

Samples weight gain (%) oH [CI+]% [CI+]%
3% NTBA-sil copolymer 5.94 11 0 0.6
5% NTBA-sil copolymer 11.73 11 0 1.18
3% NTBA-sil copolymer 5.94 7 0.09 0.6
5% NTBA-sil copolymer 11.73 7 0.06 1.18
3% NTBA-sil copolymer 5.94 4 0.54 0.6
5% NTBA-sil copolymer 11.73 4 1.02 1.18

As shown in Table 3.1, NTBA-siloxane copolymer thais attached onto cotton fabric gave no
CI" when chlorination was done at pH 11 and almost @érwhen chlorination was done at pH

7. However the chlorine loading increased almosbtétical chlorine loading when chlorination
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was done at pH 4. This result led the conclusian time chlorination reactions were more
favorable at lower pH values. The reason of inéngp€I" at lower chlorination pH is that N-
tertbutyl acrylamide is the bulky substituted ammteogen inhibited conversion of N-H to N-ClI
similar to its imidization and the hydrolysisThis result also explain the decreasing of chirin

loading after grafting of NTBA onto NMA treated tan fabric.

Since the chlorine loading is almost zero whenaswhlorinated at pH 7 or 11, and toxic
chlorine gas is produced when chlorination pH deses to 4.0 or lower than 4.0, use of NTBA-
siloxane is not commercially favorable. In ordeet@mmine the biocidal efficacy of this

monomer, it was grafted onto NMA finished cottobrfa instead of copolymerizing.
FT-IR Confirmation:

FT-IR spectra of the treated cotton fabrics condidithat copolymer of NTBA-sil N-halamine
precursor bonded to cotton fabric. The band a16a6cm' were detected which can be assigned
amide structure of NTBA-sil coated cotton fabriattis shown in FigureS.3.3 (see supporting
information). In addition, two detected band caZ@&6" and1625cnhi overlapped one strong
single band at ca. 1650¢for grafting NTBA onto NMA finished cotton fabriend also the

band at 1540cthwas detected which were assigned to amide steicfuMA+NTBA that is

shown in FigureS.3.4 (see supporting information).
Antibacterial Efficacy

Antimicrobial efficacy of NMA+NTBA treated cottorabrics were challenged with Gram-
positive bacteria, S. aureus, and Gram-negativeplEO157:H7 at concentrations betweer 10
to 1 CFU (colony-forming units). Table 3.3 shows tha thlorinated sample effectively
inactivated gram-postitive bacteria in 5 min cohtane. However gram-negative is more
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durable bacteria than gram-positive bacteria bexatiselatively thicker outer membrane, so
chlorinated samples killed gram-negative bactesiatively longer contact time of 30 minutes.
Unchlorinated samples served as controls whichigealvonly around 0.87 log reduction for

Gram-positive and around 0.13 log reduction forr@raegative after 30 min contact time.

Table 3.3 Biocidal efficacy against microorganisms

Escherichia colli Staphylococcus aureus

O157:H?
Samples Corgﬁicnt;lme Bacterial Reduction Bacterial Reduction
% Log % Log
Reduction Reduction Reduction Reduction
NMA + NTBA 30 2556 0.13 86.60 0.87
Control
1 12.02 0.06 94.14 1.23
5 75.56 0.74 100 7.51
NMA + NTBA-CI
15 89.62 0.98 100 7.51
30 100 7.47 100 7.51

2 Microorganism: E. colD157:H7. Total bacteria: 9.67x1GFU/sample (7.99 logs).
P Microorganism: S. aureu$otal bacteria: 9.33xYGCFU/sample (7.97 logs).
¢ Chlorine loadings on the coated swatches were, 0.48, 0.49 respectively.

4 The error in the measured Cl+ weight percentatieesavas +0.01.

Durability and Rechar geability toward Washing Test:
Rechargeability and durability are significant pedpes for N-halamine biocides. Through the

laundering test, rechargeablitiy and durabilityNdflA + NTBA treated cotton fabrics were
evaluated and the result is summarized in TableVBakhing tests were performed at 5, 10, 25,
and 50 equivalent washing cycles for swatches @hetuprechlorinated and unchlorinated
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coatings. In the Table 3.3, the X column represt@<Cl concentration of prechlorinated
samples after each washing cycle. The initial chéoloading is shown as 0 washing cycles. The
Y Column represents the Gtoncentration of prechlorinated washed and thenloeinated
samples after given number of each washing cy@les.Z column represents the Cl
concentration of unchlorinated washed samples whte chlorinated after given number of

washing cycles.

According to the stability towards washing testagaeveral important results were observed.
The data of stability test for NMA + NTBA treatedmsples showed that after 5 washing cycles,
a substantial amount of Olvas lost. The amount of Tlost between 5 to 50 cycle washes
gradually decreased and after 50 washing cycleg tas little C1 observed on coated fabric.
The CI valuesof Y showed that the loss of coating was not exees#& comparison of X and Z
column for NMA + NTBA coated sample indicated tbaty a small amount of the coating was
lost during 5 to 50 washing cycle. The previouslss proved that chlorination increases the
hydrophobicity of the surfaces and it protectsdbating from hydrolysis. It would appear that

the NTBA has a similar hydrophobic effect.
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Table 3.4 Durability and rechargeavility of NMA coated cotttabric

Washing Cycles X YP z°
0 0.45 0.45
5 0.28 0.36 0.44
10 0.21 0.31 0.46
25 0.16 0.29 0.42
50 0.11 0.25 0.39

& X : Chlorinated before washing
by : Chlorinated before washing and rechlorinatiteravashing

¢ Z : Unchlorinated during washing, but chlorinagdter washing

Wrinkle Recovery Angle Test

Conventional durable-press (DP) is one of the liimg processes that cause greatly reduced
strength and abrasion resistance of cotton faboi@revious studies were focused on
improvement of both, DP, strength, and abrasioistaasce properties by forming of network
polymeric system onto cotton fabrfic:®*°*N-(hydroxymethyl)acrylmaide (NMA) has been used
several different applications where wrinkle resmigie is desirable. One of the most important
properties of NMA monomer is penetration into tleét@n fiber and it has two functional groups,
N-methylol and vinyl, that can be controlled indegently to undergo etherification (with
cellulosic hydroxyl group) and vinyl polymerizatiofi*® In this regard NMA appeared to

constitute a reasonable selection. The schematitgcwation is shown in Figure 3.5.
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Figure 3.5 Schematic representation of structural units NN AITBA. Structural units are

derived from (1) polymerization and etherificatig¢®) polymerization, (3) etherification only

The effect of NMA, NMA+NTBA treated cotton fabrics crease recovery angle was tested. A
detailed description of the process can be fourtderexperimental section 3.2.9. The results
showed that there was not enough change betweem MM& undergo etherification with
cellulosic hydroxyl group, and NMA undergo bothegification and polymerization. There was
not enough improvement on crease recovery angfg. (Be crease recovery angle of

NTBA+NMA treated cotton fabric did not enhance ttménkle recovery angle. The reason of
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lower wrinkle recovery angle result is perhaps tW&BA could not penetrate into the fiber and

produce a network structure with the NMA.

Table 3.5 Wrinkle Recovery Angle Test Results

Samples (W + F)? '\/E(e:?ff(%ed
Control Sampl2 165 -
5% NMA 220 0.74
Control Sample 225 0.73
5%NMA + 10% NTBA 230 0.45
(W + Ff : Total value for Warp and Filling wkie recovery angle

Control Sampl: Wrinkle Recovery Angle of just pure cotton

Control Sample: Wrinkle Recovery Angle of 5% NMA which undergo
etherification with cellulosic hydroxyl group andlpmerized.

Light Stability Test

The stability of the chlorinated NMA+NTBA coatedféc under UV irradiation was

investigated. The biocidal efficacy is related Wit+C| bond, so the UV stability of the N-CI

bond of the coated N-halamine precursors is predantTable 3.6. NMA + NTBA treated
sample was exposed UV for 24 hours, and then renhted. Then, the sample was exposed UV
additional 24 hours, and then rechlorinated agHims procedure was repeated four times. It was
observed that NMA + NTBA treated cotton fabric degpmsed fast after 1 hour later. There was
30% decomposition after 1 hour, and 50% decompuwséfter 6 hours UV irradiation. After 6
hours later, the decomposition was getting slowthece was 60% decomposition when it was

reached to 24 hours.
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Table 3.6 UV light stability test

NMA + NTBA
Time of exposure (h) M easured Rechlorination
[CI+]% [CI+]%
0 0.61
1 0.43
3 0.36
6 0.31
12 0.27
24 0.25 0.42
Control Sampl& 0.64
48 0.17 0.29
Control Sampl2 0.65
72 0.15 0.28
Control Samplé 0.63
96 0.11 0.16
Control Sampl 0.62

Control Sampl& Chlorination of unchlorinated 24 UV light exposisample

Control Sampl%: Chlorination of unchlorinated 48 UV light exposisample

Control Sampl€: Chlorination of unchlorinated 72 UV light exposisample

Control Sampl%: Chlorination of unchlorinated 96 UV light exposisample
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Figure 3.6 UV light stability test of NMA+NTBA treated sampter four days (The vertical line

is represent rechlorination)
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3.4 Conclusion

The NTBA grafting onto NMA treated sample resultswhe decrease in Qbading with
increase in NTBA. The NTBA-sil copolymer treatmeetained no Clwhen chlorinated at pH
11. Only when pH was lowered to pH 4 did the tréatetton retain significant amount chlorine.
Clearly this monomer and its copolymers are ndagbie for use as a halamine precursor in an

industrial process.
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3.6 Supporting Information

The Supporting Information includes additional imfi@ation about NMR, and FTIR spectra of

the compounds.
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Figure S.3.2. *C NMR of NTBA-sil copolymer
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Figure S.3.3 FT-IR spectra of (A) pure cotton fabric and (B) BA-sil coated onto cotton
fabric.
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Figure S.3.4 FT-IR spectra of (A) pure cotton fabric, (B) NMAagded cotton fabric, and (C)
NMA+NTBA treated onto cotton fabric
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