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ABSTRACT

Alam, Samim, Ph.D., Department of Coatings and Polymeric Materials, College of Science
and Mathematics, North Dakota State University, October 2011. Synthesis and
Characterization of Novel Polyvinylether Polymers Produced Using Carbocationic
Polymerization. Major Professor: Dr. Bret Chisholm.

Using carbocationic polymerization, a series of novel polyvinylether polymers and
copolymers were synthesized and characterized. A series of polysiloxane copolymers
containing polymer grafts possessing Triclosan moieties (PTVE) were synthesized using
living carbocationic polymerization followed by hydrosilylation and investigated for
potential application as environmental friendly coatings to control biofouling on marine
vessels and biomedical devices. Copolymers possessing a relatively low molecular weight
polysiloxane backbone and relatively high PTVE content exhibited very high reductions in
biofilm retention for S. epidermidis and moderate reductions for C. lytica and C. albicans.
In the second example, a novel monoallyl-functional initiator that was capable of
producing very fast initiation of the living carbocationic polymerization of chloroethyl
vinyl ether was synthesized and characterized. The monoallyl-functional polymers were
used to produce a series of block copolymers containing blocks of polyquaternary
ammonium compounds and polydimethylsiloxane (PDMS-b-PCVE-b-PQ) using
hydrosilylation followed by quaternization with an n-alkyldimethyl amine. The PDMS-5-
PCVE-b-PQ copolymers in solution showed very high antimicrobial activity toward E. coli
and S. aureus when the n-alkyl chains attached to the nitrogens of the quaternary
ammonium compounds are consisted of 12 - 14 carbons and 14 — 16 carbons, respectively.

In the third example, a novel, highly brominated polymer was synthesized from
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pentabromo-6-ethoxybenzene vinyl ether (BrVE) using cationic polymerization. The
thermal and rheological properties of the polyBrVE (PBrVE) were compared to a
commercially available oligomeric brominated flame retardant, poly(pentabromobenzyl
acrylate) (PBrBA). In addition, polymer blends based on polybutylene terephthalate (PBT)
were prepared with the two brominated polymers and the thermal stability, mechanical, and
rheological properties compared. The use of PBrVE resulted in lower melt viscosity and
better compatibility in blends with PBT which would be expected to provide enhanced
processability with regard to creating injection molded parts with relatively thin w: s, such
as those encountered in the electronics industry. Finally, a process was developed to obtain
vinyl ether-functional monomers containing fatty acid pendent groups directly from
soybean oil (SBO) using base-catalyzed transesterification. Moreover, a carbocationic
polymerization process was developed for the vinyl ether monomers that allowed for high
molecular weight polymers to be produced. Compared to SBO, which possesses on average
4.5 vinyl groups per molecule, the polyvinylethers based on the soybean oil-derived vinyl
ether monomers (poly VESFA) can possess tens to hundredss of vinyl groups per molecule
depending on the polymer molecular weight produced. As a result of this difference,
coatings based on polyVESFA were shown to possess much higher crosslink density at a
given degree of functional group conversion compared to analogs based on conventional
SBO. In addition, the dramatically higher number of functional groups per molecule
associated with polyVESFA results in gel-points being reached at much lower functional
group conversion, which was shown to dramatically reduce cure-time compared to SBO-

based analogs.
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CHAPTER 1. GENERAL INTRODUCTION: CARBOCATIONIC
POLYMERIZATION OF VINYL ETHERS — A COMPREHENSIVE
LITERATURE REVIEW

1.1. ABSTRACT

Polymerization of the carbon-carbon double bond by cationic initiator has been at
the forefront of research in polymer science and engineering for last couple of decades. In
general, the components of cationic polymerization are monomer, cationic initiator, co-
initiator (Lewis acid), solvent, and additive such as Lewis base. In a living carbocationic
polymerization, the propagating species do not take part in side reactions, such as chain
termination and chain transfer. In living carbocationic polymerization, a well defined
polymer can be produced with narrow molecular weight distribution. The major advantage
of living carbocationic polymerization is the synthesis of new polymeric structure, for
example, hyperbranched polymers, star-branched polymers, graft, and block copolymers.
In this review, the concept, design, and synthesis of poly(vinylether) using cationic

polymerization are discussed.

1.2. INTRODUCTION

Cationic polymerization has a long history, and initially it was thought that
polymerizations of styrene and dienes with controlled molecular weight are very difficult.
The first cationic polymerization reported was in the late 18™ century. Since then, cationic
polymerization were conducted on numerous monomers. In the early 20" century the first

kinetic study was reported.' Since then a considerable amount of research was carried out
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to control the reactivity of the carbocation. However, until 1960 it was postulated that due
to the high reactivity of the carbocation, living carbocationic polymerization could not be
possible.2

The general mechanism of carbocationic polymerization can be described according
to Figure 1.1. Unlike free-radical polymerization, termination of cationic polymerization
never involves the bimolecular reaction between two propagating species of similar charge.
In a non-living polymerization, the highly reactive carbocation undergoes a variety of side
reactions, such as f-proton abstraction, chain transfer to monomer, and backbiting which
cause unexpected termination of the carbocation (Figure 1.2 — 1.3).? Living polymerization
is one of the most important techniques used in polymer science. The term ‘living’ was first
introduced by Szwarc to differentiate polymerizations in which chain-breaking processes,

such as chain termination and chain transfer were absent.*

N ®©0 Rs
el e . XY le e
Initiation : HzC——C|> AN X——CHZ—CI:---Y
R2 Rz
Ry
|
R4 H,C=C
) le e [ Ie e
Propagation : X—CHZ—CI:---Y R, CHz—C CHz—C-—-Y
—ﬁ
R2
R1 R1 R1
. lo o | l
Termination : CHo— CHz—CII-—-Y —> X CHz—C|J CHZ—T—Y
n
) R, Ry

Figure 1.1. Mechanism of carbocationic polymerization.
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Figure 1.2. Chain transfer to monomer and spontaneous termination for polymerization of

H ® e O
Backbiting: VAACHy—C—CH—C---Y \NNCH—C O 06
@ @ — Q o
H

Figure 1.3. Chain transfer by backbiting for polymerization of styrene.

isobutylene.

1.2.1. Components of cationic polymerization

1.2.1.1. Monomer

Monomers capable of producing stable carbocations should be able to undergo
carbocationic polymerization. Carbocations generated by vinyl ether and styrene are quite
stable due to resonance stabilization by delocalization of the positive charge (Figure 1.4
and 1.5). A series of monomers capable of producing polymers using carbocationic
polymerization are listed in the Figure 1.6. The negative inductive effect of oxygen atom
in vinyl ether is superseded by the conjugation of ® bond with the lone pair of oxygen
which reduces the reactivity of the carbocation. For styrene, the n bonds of olefin and
aromatic ring can overlap; and the benzylic carbocation formed by the addition proton to
the olefinic unsaturation is stabilized by resonance. In addition to the resonance and
inductive effects, the hyperconjugation effect (o-m) also provides stability of the

carbocation generated by substituted olefins such as isobutylene.

3




TP

a
\
R R
Vinylether !
Resonance stabilized
carbocation

Figure 1.4. Resonance stabilized carbocation produced from vinyl ether.
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Figure 1.5. Resonance stabilized carbocation produced from styrene.
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Figure 1.6. Monomers used in cationic polymerization.

1.2.1.2. Initiator

Various initiators producing cationic species with the reaction of Lewis acids can be

used to polymerize monomers with electron releasing substituent.” ° The primary




requirement for the counter-ion not to highly nucleophilic normally limits the use of strong
acids as cationic initiators. Hydrogen iodide, cationogen (adduct of vinyl ether with a
protonic acid) are commonly used as initiator for living carbocationic polymerization of

vinyl ether.5™

1.2.1.3. Co-initiator (Lewis Acid)

A wide variety of Lewis acids are used in cationic polymerization to initiate
polymerization usually at low temperature. Typical examples are metal halides® "' (such
as ZnCl,, TiCls, PCls, SbCls, SnCls, BF3, and AICl3), oxyhalides'*"® (such as VOCI;,
SOCl,, CrO,Cl, POCI;3), and organometallic compounds”'18 (such as R3Al, R,AICI,
RAICI,, R3A1,Cl3). The generation of initiator-coinitiator complex can be described by the

reaction between aluminum chloride and t-butyl chloride (Figure 1.7).

i X + :
Initiation: AICl; + (CH3:CCl «—= (CH31C(AICl) -----m-==--m-mmmemmooooo (1.a)

) k; .
(CH,),C(AICI,) + ®CH=CH, —> (CH,),CCH,CH® (AICl;) ------ (1.b)

Figure 1.7. Initiation process in the presence of aluminum chloride and t-butyl chloride.?

The efficiency of the initiation process depends on the rate of formation of the
initiator-coinitiator complex (i.e. the value of X in the equation 1.a) and its rate of addition
to monomer (i.e. the value of k; in equation 1.b).> Generally the activity of initiator-
18-20

coinitiator complex increases with the increase in Lewis acidity.

AICl; > RAICL; > R,AICL > AIR,




1.2.1.4. Solvent

The reaction medium (solvent) plays an important role in carbocationic
polymerization. The solvent can alter the rate of polymerization by changing the relative
concentration of free-ion, ion pair and gegenion.> As the solvating power of solvent
increases, the rate and degree of polymerization generally increases.!'' '® As shown in
Figure 1.8, for cationic polymerization the propagating carbocation can be imagined to
range from one extreme of a completely covalent species (I) to the other of a completely
free (highly solvated) ion (IV). With the increase in solvating power, the free-ion
concentration increases and hence, the rate of polymerization. Additionally, with the
increase in solvating power of the medium, the nature of the ion-pair changes from intimate

ion-pair to solvent separated jon-pair.?

~rAB e A(B) o ~me R+ B

I 11 111 IV

Figure 1.8. Interaction of propagating carbocation, counterion and solvent; (I) Covalent

species, (II) contact ion pair, (III) solvent separated ion-pair, and (IV) highly solvated ion-

pair.

However, with the increase in solvating power of solvent the rate constant
somewhat decreases. In the transition state, the free ion and ion-pair dispose some charges.
Thus, the solvent with higher polarity stabilizes the ground state configuration than the
transition state configuration. In addition to the influence on the rate of propagation, the

solvent polarity (dielectric constant) has the effect on the order of polymerization. With the
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use of the poorly solvating medium, the order of polymerization may increase depending
upon the solvation of the ion-pairs generated by monomer, initiator, and coinitiator. For
example, polymerization of styrene in the presence of SnCly was found to depend on [M]*
in benzene solution and [M]® in carbon tetrachloride solution. Carbon tetrachloride being a
poor solvating agent compared to benzene, styrene is taking part in the solvation of the

propagating species and the gegenion.”’

1.3. LIVING CARBOCATIONIC POLYMERIZATION

The key to living carbocationic polymerization is the development of a reaction
condition where the propagating carbocation is temporarily deactivated in a reversible way
to participate in side reactions. This temporary deactivation reduces the overall (apparent)
rate of polymerization with respect to rate of initiation. This allows all of the carbocations
generated from the initiator to propagate uniformly to produce polymer with narrow
molecular weight distribution.”? The term living is used for polymerizations that produce
well defined polymer with narrow molecular weight distribution as result of quantitative
and fast initiation, and termination-free propagation. The rate of reaction for living

carbocationic polymerization with fast initiation can be described as follows:*

R . _ d[M] + _
ate of polymerization, Rp = -— g k[RTIM] = k,pp[M]

dM]
et

Integrating: In([M]o/[M]) = kgppt




where, Rp, k,, [M'], and kg, are the rate of polymerization, rate constant for propagation,
concentration of actively growing carbocation, and apparent rate constant for propagation,
respectively. The plot of In([M]./[M]y) as a function of polymerization time (t) yields a
straight line passing through the origin. From the slope of the straight line the apparent rate
constant for propagation can be easily determined. The living nature of carbocationic
polymerization is demonstrated by the linear relationship between GPC number average

molecular weight and monomer conversion.

1.3.1. Factors influencing the living carbocationic polymerization

To achieve a living carbocationic polymerization, controlled initiation and
propagation are necessary. In order to suppress the transfer and termination reactions, the
choice of counter ion, solvent, and Lewis acid is very important. For example, in styrene
polymerization linear and cyclic dimers are accompanied by polymers. In polar solvent, the
dimer yield is greatly reduced.?*?® In non-polar solvent, the strong interaction between the
carbocation and counter-ion inhibited the propagation. The effect of an added base in the
living carbocationic polymerization of vinyl ether initiated by Cationogen (adduct of acetic
acid and IBVE)/EtAICl, was demonstrated by Kishimoto et al.?’ In this review the recent

development in the living carbocationic polymerization of vinyl ether is listed.

1.4. LIVING CATIONIC POLYMERIZATION OF VINYL ETHER

Typical initiating systems for vinyl ether polymerization are HI/I;,* HI/Znl,,
CH;COOH/Zn(CH3C00),,*** and protonic acids (Cationogen)/Lewis acid.?’ Living

polymerization of vinyl ether monomers with strong Lewis acids can be accomplished by
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3536 and ethers®37 The living

the use of Lewis bases (nucleophiles) such as esters
carbocationic polymerization using Lewis acids/Cationogen in combination with an ester
functional base is generally referred as ‘stabilization of carbocation by added base’.

However, another class of initiating system consisting of either HI/I; or HI/ZnX, induces

living polymerization which is referred as ‘stabilization of the carbocation by counter ion’.

1.4.1. Stabilization of the carbocation by counter ion

A mixture of hydrogen iodide (HI) and iodine (I;) effectively initiate
polymerization of vinyl ether to produce polymers of controlled molecular weight and

molecular weight distribution.** ***?

Hydrogen iodide quantitatively forms a 1:1 adduct
after addition to vinyl ether. The adduct is too stable to further initiate vinyl ether
polymerization. Lewis acids (electron acceptor) such as iodine and zinc iodide®® are used to
activate the carbon-iodine bond electrophilically which allows the incoming monomer to
add the activated terminal linkage. Repetition of the activation and addition process leads
to the living polymer bearing CH-I terminal that can be activated by Lewis acid and
continue propagation (Figure 1.9). The advantage of using HI/Znl; in the place of HI/I; is
that, it enables the well-defined living polymerization of vinyl ether even above room

temperature.28

1.4.2. Stabilization of carbocation by added base

Living carbocationic polymerization can be achieved by the use of external bases to
reduce the reactivity of Lewis acid.”® Strong Lewis acids such as EtAICl, induce very-fast

and uncontrolled (non-living) cationic polymerization. The advantage of the concept
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‘stabilization of carbocation by added base’ is the formation of living polymers at room
temperature which is much higher than the cryogenic temperature (-100 °C) commonly

used for HI/I; initiated living polymerization.

Initiated by HI/I,

OR OR OR

HI or X SAOR
\/OR—>\( 2 U > U =, AU,
i N

OR OR OR
Initiated by HI/Znl,

OR OR OR

HI OR anz \/\< \/OR o
~or  __HL \( 5 \(,n----zm2 —_— QI x ok
OR

OR OR

Figure 1.9. Cationic polymerization of vinyl ether initiated by HI/I, and HI/Znl,.

Additionally, skilled and cumbersome techniques are required to handle HI and
maintain low polymerization temperature to prevent side reaction. However, a large excess
of ester-functional base is necessary (e.g. 25 to 250 fold molar excess of base) over EtAICl,
to produce living cationic polymerization.*

As shown in Figure 1.10, the polymerization of isobutyl vinyl ether initiated by
Cationogen/EtAICl, is very fast and non-living. The EtAICl, based propagating species (I)
is very unstable due to the poorly nucleophilic and non-interacting counter-ion. However,
an added ester interacts with the propagating species forming a living carbocationic site (I1
and III) which is free from chain transfer and other side reactions. The interaction of the

ester group with the cationic propagating site is strong and involves the nucleophilic

carbony] groups.
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Figure 1.10. Cationic polymerization of isobutyl vinyl ether initiated by

Cationogen/EtAICI2 in the absence and presence of an ester-functional base.

Thermosensitive homopolymers and copolymers containing pendent hydroxyl
groups can be synthesized by the living carbocationic polymerization of silicon containing
vinyl ethers (13, 14, and 15) The polymerization was carried out in the presence of
cationogen (IBVE and acetic acid adduct)/Et3Al,Cl; initiating system in the presence of an
added base.** Subsequent desilylation produced well-defined both water-soluble and water-
insoluble polymers containing pendent hydroxyl groups. Amphiphilic diblock copolymers
were synthesized using living carbocationic polymerization of 2-phenoxyethyl vinyl ether
(16) and 2-methoxyethyl vinyl ether (17) in the presence of ethyl acetate and Et;AL,Cl3 in
toluene at 0 °C. Physical gelation of the copolymer was observed in appropriate solvents,
such as water-acetone.** Living carbocationic polymerizations of urethane functional vinyl
ether (18) and cyclic acetal functional vinyl ether (19) were demonstrated by Namikoshi T.

et al.” Although both the monomers are acid sensitive, living carbocationic polymerization
11



was successfully carried out after judicious choice of substituent attached to the nitrogen
atom. The polymerization was initiated in the presence of HCl/ZnCl, at a temperature of -
30 °C. For the cyclic acetal functional vinyl ether, various systems were employed starting
from HCl/ZnCl,, CH3CH(OiBu)OCOCHS;/(Et3Al,Cl3)/CH3COOC,Hs, and
CH;CH(OiBu)OCOCH3/SnBr4/di-tert-butylpyridine.” This acetal functional moiety could
be used as a protecting group under the living carbocationic polymerization condition.
Fluorine containing polymers have unique properties of low surface energy. Fluorine
containing water soluble block copolymer was synthesized using living carbocationic
polymerization of an ester functional vinyl ether (20) and a fluorine containing vinyl ether
(21) followed by the hydrolysis of ester group.'® This non-ionic polymeric surfactant was
able to reduce the surface tension of water to 30 mN/m at a polymer concentration of 1 x
10 mole/liter.

In general poly(vinylether) polymers containing linear alkyl chains are sticky
polymer with low glass transition temperature (Tg). In order to increase the T, a series of
vinyl ethers containing aliphatic polycyclic units (22, 23, and 24) were polymerized and
the thermal properties were evaluated. Living carbocationic polymerization of vinyl ether
containing cyclohexyl (22),* tricyclodecane (23).* and 2-adamantyl (24)* were carried out
in the presence of VE-Cl/ZnCly/nBusNI/CH,Cl, at — 30 °C, CH3;CH(OiBu)OCOCH;
/Et3Al,Cl;/CH3COOE(/ toluene at 0 °C, and HCl/ZnCl,/toluene at -30 °C, respectively.
The linear relationship between number average molecular weights and percentage of

conversions demonstrated the living nature of carbocationic polymerization. The T,’s of
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polymers obtained from monomers (22), (23), and (24) were 50 °C, 95 °C, and 178 °C,

respectively.

l
(CH,),0 ———Sli’ ™~ (13) CH,CH,0-CH,CF, 21)

!
(CH,),0 ——Sli— (14) (22)

I/
CH,) O —Si (15)
(CH,), E\ m 23)

(24)

CHZCHZOO (16)
>
R= —

\ CH,CH,0CH, (17)

(26)

0
|
CHZCHZO-C-NH-@ (18)

(0]
H,C O> (19)
C8H17

(27)

CH,CH,0COCH, (20) (CH,),0C

—

Figure 1.11. Vinyl ether monomer containing pendent functional moieties.

Vinyl ether monomer containing mesogenic groups (25), such as cyanobiphenyl,® 4-
methoxy-4'-hydroxybiphenyl*’ were polymerized and copolymerized using HI/I,, HI/Znl,,

or EtAICl; in CH,Cl; initiating system.48 The living carbocationic polymerization of
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octadecyl vinyl ether (26) and copolymerization with 2-methoxyethyl vinyl ether (17) were
carried out using H3CH(O/Bu)OCOCH5/EtAIC], initiating system in hexane in the
presence of an added Lewis base at 30 °C. Aqueous solution of amphiphilic block and
random copolymers with crystallizable substituents of (26) and (17) yielded physical
gelation upon cooling due to the crystallization of C-18 chains, regardless of the copolymer
structure.**>° Copolymerization using crystallizable vinyl ethers containing long alkyl
chain (26) and liquid crystalline mesogenic structure (27) in the presence of EtAlCly/ethyl
acetate/hexane was carried out at a temperature of 30 °C.>' The copolymer in various

organic solvents was found to be highly sensitive to UCST-type phase separation.

1.5. VINYL ETHER MONOMER DERIVED FROM RENEWABLE RESOURCES

Currently, there has been increasing interest to synthesize vinyl ether monomers
from bio-based materials. Vinyl ether monomers derived from bio-based materials are
listed in Figure 1.12. Various glycopolymers containing pendant sugar moieties which act
as specific biological functional groups were synthesized using living cationic
polymerization of their corresponding vinyl ethers.”>>® Glycopolymers referred to synthetic
polymers containing sugar moieties similar to those naturally occurring glycolconjugates.
The sugar portions of the glycopolymers are expected to play an important role as
recognition sites between cells. Living carbocationic polymerization of vinyl ether of acyl-
protected glucose (28) was successfully demonstrated using CF3COOH/EtAICI; in the
presence of 1,4-dioxane as an added base at 0 °C. Vinyl ether of isopropylidene-protected

glucose (29) was polymerized at - 15 °C using HCV/Znl, initiating system.”> D-
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Glucosamine-bearing glycopolymer with narrow molecular weight distribution (Mw/Mn ~
1.1) was synthesized using living carbocationic polymerization of vinyl ether containing
acyl and phthaloyl-protected glucose (31).® Living polymerization was initiated by
Cationogen (CF;COOH/IBVE adduct)/EtAICl; in the presence of 1,4-dioxane in toluene.
Quantitative deprotection with hydrazine monohydrate yielded water soluble polymer
containing pendent D-glucosamine moiety which exhibited unique characteristic in

biologitical and pharmaceutical sciences.
\\ 0
o> o 0
OAc 2 o

(28) 29) (30) 31

Figure 1.12. Vinyl ether monomers derived from renewable resources.
1.6. END-FUNCTIONAL POLYVINYLETHER POLYMERS

End-functional polymers and macromers are of great interest due to their possibility
of further reaction associated with the end functional groups. In the living polymerization,
end-functionalization can be achieved by the following three steps: (1) initiation from
functionalized initiator, (2) Termination from functionalized terminator, (3) combination of

(1) and (2). Essentially, the combined approach produces a telechelic polymer.
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1.6.1. End-capping by functional initiator

Figure 1.13 describes the functional-initiators used in combination with I; or Znl; to
produce end-functional poly(vinylether). The synthesis of functional initiators (32, 33)
those were used in living carbocationic polymerization of vinyl ether was first
demonstrated by the reaction of HI and a vinyl ether possessing a pendent functional
moiety.’”*® These initiators, prepared by the reaction of equimolar HI and viny] ether, were
able to produce living carbocationic polymerization of vinyl ether in the presence of either
I, or Znl, as a Lewis acid.’™*® Methacrylate (34), allyl (35), and epoxy functional polymers
(chemical modification of allyl group) of vinyl ether were synthesized and characterized
elsewhere.’”® The acrylate moiety in the initiator is not reactive under the living cationic
polymerization condition. The initiator was synthesized by the reaction between 2-

vinyloxyethyl methacrylate and HI.%

Y/\/O\(X Hacoco/\/O\|/I o I
o > \r
o}

X=1,Cl, OCOCF,
(32) (33) (34)

/S|i\0/\/o I
(35) (36)
(I:H3
HC—CH —CH
R—| R= Hﬁ:«@ [ 2 CH;CO0 (IZ
CH, ?—O CHy
(37) OCH;

Figure 1.13. Functional-initiators used in combination with I, or, Znl, to produce end-

functional poly(vinylether).
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Other initiators, such as trimethylsilyl iodide® > (36) and HI adducts of various
monomers (vinyl acetate, styrene, methyl methacrylate)63 (37) were able to produce living
polymerization of vinyl ether in the presence of Lewis acid. By using these initiators
various end-functional such as hydroxyl and ester end-functional polyvinylethers were

synthesized.”

1.6.2. End-capping by functional terminators

In this technique, living carbocations of polyvinylethers are quenched with
functional terminator. The end-capping reaction involves the nucleophilic addition of
terminating agent to the living carbocationic end where the unexpected side reaction and
termination do not involve during the propagation of carbocation. Figure 1.14 describes the
functional-terminators used to produce end-functional poly(vinylether). Examples of such
process involve the end-capping of living carbocation chain ends with malonate anions,**
amines (40),* alcohols,® anilines,® silyl enol ether,®’” and silyl ketene acetals® to produce
various end-functional polymers. For example, sodium salt of malonate carboanions
quantitatively reacts with living carbocationic chain end of polyvinylether initiated by HI/I,
to produce stable C-C bond (Figure 1.15). Malonic ester terminated polymer was further
converted to carboxylic acid by base catalyzed hydrolysis followed by decarboxylation
(38).5* Methacrylate-end functional (41) poly(isobutyl vinyl ether) and poly(ethyl
vinylether) were synthesized after terminating the living propagating species, initiated by

CF3SOsH in CH,Cl; at -30 °C in the presence of thiolane as an added base, with 2-hydroxy

ethyl methacrylate (HEMA).*’ Poly(vinyl alcohol) graft copolymers were synthesized
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using living carbocationic polymerization of 2-methoxyethyl vinyl ether followed by
termination with partially hydrolyzed polyvinylether acetate.”” A mono: yl-functional (42)
polymer of Triclosanvinylether (TVE) was synthesized after quantitative nucleophilic
addition of 2-allyloxyethanol to the living carbocationic propagating species of TVE

initiated by Cationogen (adduct of acetic acid and IBVE)/Et;AL,Cl5."!

——CH,COOH 38)

——C(CH,),CO0CH,  (39)

X ——NH(CH,},NH, (40
n — X = —
OR —0C2H40~”—< @n

(o]

NN 2)

Figure 1.14. Functional-terminators used to produce end-functional poly(vinylether).
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Figure 1.15. Synthesis of carboxylic acid end-functional polymer of vinyl ether.**
1.7. COPOLYMERIZATION OF VINYL ETHER

The major advantage of living carbocationic polymerization is the syn esis of new

polymeric structures, for example, hyperbranched polymers, star-branched polymers, graft,
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and block copolymers. In this review the recent developments in the block copolymers

synthesized from vinyl ether monomers are described.

1.7.1. Poly(vinylether)-b-poly(vinylether) copolvmers

A wide variety of poly(vinylether) block copolymers can be synthesized by
sequential addition of vinyl ether monomers. Amphiphilic block copolymers of vinyl ether
consisting of water soluble polyalcohol segment and hydrophobic poly(alkylvinylether)
segment were produced by living carbocationic copolymerization of ester-functional vinyl
ether and alkylvinylether followed by the hydrolysis of the ester groups. This copolymer
surprisingly lowered the surface tension of its aqueous solution and the interfacial tension
of water/toluene interface.”’ A thermoplastic elastomer consisting of 4-B-A type triblock
copolymer consisting of poly(TCDVE) (hard segment) and poly(NBVE) (soft segment)
was produced using living carbocationic polymerization of corresponding vinyl ethers in
toluene at -30 °C (Figure 1.16).” Water soluble block copolymer of poly(hydroxyethyl
vinyl ether) and poly(isobutyl vinyl ether) was synthesized using living carbocationic
polymerization from ters-butyldimethylsilyl protected hydroxyethyl vinyl ether (BMSiVE)
and isobutylene vinyl ether in toluene at 0 °C (Figure 1.17).73 The polymerization was
initiated by Cationogen (IBVE and acetic acid adduct)/Et;Al,Cl; and the living nature of
the carbocationic propagating species was maintained using methyl chloroacetate as an

added base.
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Figure 1.16. Synthesis of poly(TCDVE)-block-poly(NBVE)-block-poly(TCDVE).”
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Figure 1.17. Synthesis of poly(BMSiVE)-block-poly(IBVE).”
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1.8. SUMMARY

Carbocationic polymerization, especially living carbocationic polymerization, is
one of the important techniques used in polymer science to develop various polymeric
building blocks. In this review, the most recent developments of monomer, initiator, and
Lewis acid related to the living carbocationic polymerization of vinyl ether are discussed.
Many innovative breakthroughs have been seen and the future of this field is very
promising. A lot of very interesting research is happening in the field of living
carbocationic polymerization of styrene and isobutylene, cationic ring opening
polymerization of heterocyclic compounds, and photo-induced cationic polymerization
which are not included here as this dissertation is mainly focused on the carbocationic

polymerization of vinyl ether.
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CHAPTER 2. SYNTHESIS, C1 ARACTERIZATION, AND
ANTIMICROBIAL ACTIVITY OF POLY[(DIMETHYL-co-
TRIMETHYL(PROPYL)SILYLMETHYL)SILOXANE]-g-POLY|2,4-
DICHLORO-1-(4-CHLORO-2-(2-
(VINYLOXY)ETHOXY)PHENOXY 3ENZENE] PRODUCED USING
LIVING CARBOCATIONIC POLYMERIZATION AND
HYDROSILYLATION

2.1. ABSTRACT

Polysiloxane coatings containing chemically attached (tethered) Triclosan moieties
were investigated to find potential application as environmental friendly coatings to control
biofouling on marine vessels and biomedical devices. A polysiloxane graft copolymer
containing biocide-functional grafts was produced using a two-step synthetic process. First,
a monoallyl-functional polymer (PTVE) containing Triclosan as a biocide moiety in the
repeat unit was synthesized using living carbocationic polymerization. Next, the monoallyl-
functional PTVE was grafted to a polysiloxane copolymer by hydrosilylation. The biocide-
functional monomer (TVE) was a vinyl ether derived from the reaction of 2-iodoethyl vinyl
ether with the biocide, Triclosan. The living carbocationic polymerization of TVE was
accomplished in toluene at 0 °C using CH3;CH(O/Bu)OCOCH;, ethylaluminum
sesquichloride, and methyl chloroacetate as the initiator, coinitiator, and electron donor,
respectively. A series of thermoplastic polysiloxane graft copolymers containing grafts
derived from the living carbocationic polymerization of TVE were synthesized and the

morphology and antimicrobial properties determined. Antimicrobial properties were
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determined using both marine microorganisms and biomedically-relevant microorganisms.
An array of graft copolymers was produced that varied with respect to the polysiloxane
backbone molecular weight and the concentration of PTVE grafts. Characterization of
polymer films using thermal analysis, transmission electron microscopy, and atomic force
microscopy showed that the copolymers were two-phase materials and morphology was
dependent on both polysiloxane backbone molecular weight and the concentration of
PTVE grafts. With regard to antimicrobial properties, the results indicated that graft
copolymers possessing a relatively low polysiloxane backbone molecular weight exhibited
higher antimicrobial activity than graft copolymers derived from a relatively high
molecular weight polysiloxane backbone. Graft copolymers possessing a relatively low
molecular weight polysiloxane backbone and relatively high PTVE content exhibited very
high reductions in biofilm retention for S. epidermidis, moderate reductions for C. lytica
and C. albicans, and no reduction for E. coli or N. incerta. Interestingly, major reductions
in biofilm viability were not observed for any of the microorganisms suggesting that the
tethered Triclosan moieties inhibit biofilm growth and retention without extensive cell
death. Additionally, significant biofilm retraction was observed for C. lytica and E. coli

biofilm over the coatings surfaces synthesized from the thermoplastic graft copolymer.

2.2. INTRODUCTION

An antimicrobial compound is described as a compound that effectively prevents or
eliminates the colonization and growth of unwanted microorganisms. Microbial infection

due to contamination by microorganisms is a serious problem in biomedical and hospital
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. 74 . 7 . . .
equipment,”® agriculture,” water purification system,’® architecture,”’ personal care,”®

8 food and packaging industry.®’ Thus, the development of

marine applications,
antimicrobial coatings has been the motivation of research for years to inhibit the formation
of biofilm and to kill microorganisms over the surface of interest.

Infection and failure of an implant due to microbial attack is a major issue in the
health care industry. The health care industry has estimated that approximately 2,000,000
infection-related incidents occur in US health care industry per year causing the death of
approximately 60,000 — 90,000 and a cost of $17-29 billion dollars.® It was found that out
of a total of 98,987 health care associated infection deaths, 30,665 deaths were directly
from blood stream infections (BSIs), 13,088 from urinary tract infections (UTIs), and 8,205
from surgical infection.®* Among surgical infections, the most common cases are the
infection due to orthopedic device implantation. A large number of patients suffer from
medical device related infection due to biofilm formation over the device.

Upon insertion of a biomedical device inside the body, bacterial cells and fungal
cells adhere to the implant surface forming thick layers of extracellular matrix called
biofilm. These biofilms possess higher resistance towards antibiotics compared to free
flowing cells.*>*” The possible mechanism for the increased drug resistance of biofilm is
the incomplete or slow penetration of antibiotics through thick layers of biofilm. Moreover,
the dead microorganisms create a barrier to the diffusion of antibiotics. The growth rates of
biofilms are different at lower layers where the nutrients and oxygen are limited as

compared to the surface layer. These cause localized slow growth or starvation at the bulk

of the biofilm.*** Many antibiotics are known to be non-reactive towards slow/non-
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growing stationary cells than fast growing bacterial cells.”® Moreover, microbial waste
products can be toxic.”!

The related issue with biofilm-based infection is that biofilms are polymicrobial
communities which are produced by both bacteria and fungi. Candida species is the fourth
most common cause of fungal infection in North America.”? It was found that Candida
species can form polymicrobial biofilms in conjunction with Staphylococcus aureus.®>*
Other common microorganisms primarily responsible for causing bacterial biofilm related
infections are Staphylococcus epidermidis and Escherichia coli. S. epidermidis
extracellular matrix is known to resist the penetration of the antibiotics, fluconazole.
However, C. albicans is found to protect S. epidermidis against vancomycin, an antibiotic
used to treat infection caused by Gram-positive bacteria’.

Various approaches have been developed to find a long-term solution for these
problems, for example, biocide release and contact active antimicrobial coatings.’® The
common way to combat these problems is the mixing of antimicrobial agents, for example,
halogen,97 silver-ion,98 antibiotics,99 into bulk materials'® or coatingswl and slow release
into the environment to prevent the growth of microorganisms. It has been shown that
silicone catheters and shunts coated with various antibiotics effectively reduce S.
epidermidis biofilm formation."®'™ The major disadvantage of these approaches is the
limited life time of the active ingredient. Polymeric or inorganic nanoparticles can be
properly targeted at a specific area to release the necessary drug.'®*% Another approach is

107-109

the generation of either super hydrophobic surfaces (contact angle > 150°) or
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hydrogel forming non-charged coatings.''® In both cases, the adhesion between micro-
organisms and surfaces is greatly reduced, but not zero.

Marine biofouling is defined as the unwanted accumulation of marine plants,
animals, and microorganisms over manmade surfaces partially or fully immerged in sea
water. Particularly, biological fouling of a ship hull drastically increases overall roughness,
hydrodynamic drag, and weight of the ship hull. US Navy has estimated that soft fouling
can increase fuel consumption up to 15% while heavy fouling can increase fuel
consumption up to 45%. In 1989, the marine coatings industry estimated an increase of
approximately $3 billion dollars in fuel costs due to biofouling of naval vessels.''!
Moreover, biofouling causes an increase in the frequency of dry docking and initiates
corrosion. Additionally, transportation of microorganisms by biofouled ship hulls from one
harbor to another changes the ecosystem of marine environments as ships travel around the
world. Until now, the most effective way to prevent the settlement of microorganisms over
the ship hull is to incorporate biocidal compounds (tributyltin or copper) into coatings that
slowly release toxic biocides into the marine environment.''*"” Very effective antifouling
coatings have been synthesized consisting of a copolymer of tributyltin methacrylate
(TBTM) and methyl methacrylate (MMA).“&120 The coatings deter the settlement of
microorganisms by release of toxic tributyltin after the hydrolysis of tributyltin ester
linkage in sea water.

There are more than 4000 marine organisms identified as biofoulers. The fouling
process occurs in different stages.'”! At the beginning, organic polysaccharides and

proteins are accumulated over the fresh surfaces that support the attachment of single cell
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microfouling organisms such as diatoms and bacteria forming a bacterial biofilm. Next, the
biofilms produced by microfoulers facilitate the attachment and growth of more complex
organisms called macrofoulers.' The mode of action for every biofouler is different, so
there is a technical challenge to develop a coating surface that combats biofouling by the
entire array of organisms.

In order to fulfill the demands of a non-toxic alternative to biocide-releasing
coatings, extensive research is going on to develop foul-release (FR) and antifouling (AF)
coatings. FR coatings do not necessarily deter the settlement of organisms but facilitate the
removal from surface under the application of shear. The most effective non-biocidal FR
coatings available in the market are based on polydimethylsiloxane (I MS). FR coatings
work by reducing the adhesion of the marine macrofoulers such as tubeworms, barnacles,
and macroalgae and facilitate release of them a from ship hull under cruising velocity.
There are varieties of factors influencing the performance of such coatings, for example,
coatings modulus,'? surface energy,m'126 thickness,'*> '¥” and frictional slippage.lzg'129
However, silicone-based coatings suffer from poor durability and adhesion to the substrate.

Commercial AF coatings containing copper or tin are toxic and efforts have been
taken to eradicate these coatings from market. In order to get rid of problems associated
with leaching of toxic biocides to the environment, extensive research work is going on to

develop environmental friendly, non-toxic bioactive coatings. One approach is to tether

74, 130-132 80, 133

biocides such as Triclosan, organic quaternary ammonium compounds to a

polymer backbone through hydrolytically stable chemical linkages. These antimicrobial

coatings either inhibit the settlement of microorganisms or kill them via a contact-active

27




mechanism. It has been assumed that the antimicrobial coatings will prevent the formation
of bacterial biofilms, which in turn reduce the settlement of macrofoulers. Majumdar et
al.3% 13 synthesized organic quaternary ammonium compounds tethered to a crosslinked
PDMS elastomer and antifouling characteristics were evaluated against C. lytica and N
incerta. These non-leaching coatings were found to reduce greater than 80% C. lytica
biofilm retention and 90% N. incerta biofilm growth.

Thomas et al.” synthesized silicone copolymers containing pendant Triclosan as a
biocide moiety. Antifouling characteristics of crosslinked coatings were evaluated by static
immersion tests in the India River Lagoon at the Florida Institute of Technology for 30
days. It was concluded that in order to be an effective antifouling coating against
macrofoulers, coatings modulus needed be less than 10 MPa. In case of a high modulus
coating, it was thought that the biocide may be trapped inside the highly crosslinked
polymer matrix. The influence of tethered Triclosan to deter settlement of microorganism
over a series of leachate non-toxic, antimicrobial PDMS coating surfaces was previously
reported by Chisholm et al.® 1132 134 The authors had tethered Triclosan moieties to a
crosslinked PDMS backbone through a hydrolytically stable ether linkage. It is found that a
significantly high concentration of Triclosan moieties (>30%) was necessary to reduce the
C. Iytica biofilm retention.

Kugel et al.”* synthesized an environmental friendly, antimicrobial polyurethane
coating containing tethered Triclosan moieties. The antifouling characteristics of coating
surfaces were evaluated against S. epidermidis, E. coli, C. lytica, and N. incerta. It was

found that the coating surfaces showed excellent antimicrobial activity against S.
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epidermidis (>90% reduction in biofilm retention) without leaching free Triclosan from the
coatings and the level of bioactivity was found to increase with the increase in Triclosan
moieties. Chen et al.'®® synthesized cationic UV curable coatings containing tethered
Triclosan as a biocide moiety. The Triclosan was chemically attached to a PDMS backbone
using hydrolytically stable ether linkages. A substantial reduction (>97%) in S. epidermidis
biofilm retention and a moderate reduction (20-35%) in E. coli biofilm retention was
observed on these coating surfaces.

The objective of the research was to investigate the antimicrobial activity of novel,
amphiphilic PDMS coatings containing non-leaching, tethered biocide moieties derived
from the ubiquitous biocide, Triclosan. Triclosan was chosen as the biocide because it is
registered with the EPA, non-toxic to mammals, cheap, used in many common consumer
products, and readily tetherable. PDMS was used as a backbone polymer as it was found to
be effective for easy removal of marine organisms. Moreover, it is biocompatible and is a
good choice to use as a coating over implantable devices. Four bacteria responsible for
failure and infection in medical devices, E. coli, S. epidermidis, C. albicans, S. aureus, and
two marine fouling microorganisms, N. incerta, and C. lytica were employed to determine

the broad-spectrum antimicrobial activity of the experimental coating surfaces.

2.3. EXPERIMENTAL

2.3.1. Materials

Table 2.1 describes the starting materials used for the investigation. Unless

specified otherwise, all materials were used as received.
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Table 2.1. Chemicals used.

Chemicals Description Supplier
CIVE 2-chloroethyl vinyl ether, 99% Sigma-Aldrich
Nal Sodium lodide, >99% Sigma-Aldrich
K2CO3 Potassium carbonate, >99% Sigma-Aldrich
Triclosan 5-Chloro-2-(2,4-dichlorophenoxy)phenol, 99% Alfa Aesar
MCAc Methyl chloroacetate, >99%, Distilled over calcium Sigma-Aldrich
hydride
Ethylaluminum 25 wt. % in toluene Sigma-Aldrich
sesquichloride
Toluene ACS grade, 99.5% EMD Chemicals
n-hexane ACS grade, 98.5% VWR
Magnesium sulfate Anhydrous, ReagentPlus®, >99.5% Sigma-Aldrich
MeOH Methanol, > 99.8 % Sigma-Aldrich
CDCI3 Deuterated chloroform Sigma-Aldrich
AcOH Acetic acid, glacial
IBVE Isobutyl vinyl ether, 99% Sigma-Aldrich
2-allyloxyethanol 98% Sigma-Aldrich
PDMS-63K HMS-064, Trimethylsiloxy terminated Gelest
(PDMS/H) methylhydrosilane-dimethylsilane copolymer, Mn =
60K-65K, hydride equivalent weight of 1240 g/mole
PDMS-6K HMS-082, Trimethylsiloxy terminated Gelest
(PDMS/H) methylhydrosilane-dimethylsilane copolymer, Mn =
5.5K-6.5K, hydride equivalent weight of 925 g/mole
ATMS Allyltrimethyl Silane, >99% Alfa Aesar
Karstedt's catalyst Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane Sigma-Aldrich
complex solution (Pt ~2 % in xylene)
SIT7900.0 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane Gelest
Molecular weight 344.66 g/mole
DMS-V05 Vinyl terminated polydimethylsiloxane, Molecular Gelest

weight 800 g/mole, vinyl equivalent weight of 377.4
g/mole
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2.3.2. Synthesis of TVE, PTVE, and PDMS-g-PTVE

2.3.2.1. Synthesis of 2-iodoethy! vinyl ether (IVE)

IVE was synthesized using the synthetic scheme shown in Figure 2.1. A detailed
procedure is as follows: 100.65 g of 2-chloroethyl vinyl ether, 200.16 g of sodium iodide,
and 730 g of acetone were combined in a 2-liter, 3-neck round bottom flask and heated to
60 °C for 72 hours. Next, the reaction mixture was cooled down to room temperature and
diluted with 600 ml of diethyl ether. The organic layer was washed thrice with deionized
water (DI) and dried with anhydrous magnesium sulfate. The product was recovered by
rotary evaporation of diethyl ether and excess 2-chloroethyl vinyl ether at a temperature of
50 °C and a pressure of 60 mmHg for 1 hour. Proton NMR was used to confirm the
production of 2-iodoethyl vinyl ether: '"H NMR (CDCl3) 8 6.44 ppm (q, 1H, OCH=C),

4.19, 4.05 ppm (dd, 2H, CH,=C), 3.95 ppm (t, 2H, OCH,), 3.3 ppm (t, 2H, CH,I).

Acetone, 3 day
/\C,/\/cI —_— /\0/\/‘
Nal, 60 °C

2-chloroethyl 2-iodoethyl
vinylether vinylether

Figure 2.1. The synthetic scheme used to produce 2-iodoethyl vinyl ether.

2.3.2.2. Synthesis of 2.4-dichloro-1-(4-chloro-2-(2-(vinyloxy)ethoxy)phenoxy)benzene

TVE
TVE was synthesized using the synthetic scheme shown in Figure 2.2. A detailed
procedure is as follows: 102.69 g of 2-iodoethyl vinyl ether, 116.75 g of Triclosan, 71.72 g

of potassium carbonate, and 531 g of DMF were combined in a 2-liter, 3-neck round
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bottom flask and heated at a temperature of 80 °C for 24 hours. Next, the reaction mixture
was cooled down to room temperature and diluted with 500 ml of diethyl ether. The
organic layer was washed thrice with deionized water (DI) and dried with anhydrous
magnesium sulfate. The crude product was recovered by rotary evaporation of volatiles.
The monomer was purified by repeated crystallization from n-hexane and dried under
vacuum overnight. Proton NMR, carbon NMR, DEPT-135, HETCOR, and FTIR were used
to confirm the structure of TVE: 'H NMR (CDCl3) & 6.34 ppm (g, 1H, OCH=C), 3.85-3.88
(t, 2H, OCH,-C), 4.15 — 4.17 ppm (m, 2H, C-CH,-0O), 3.97, 4.12 ppm (m, 2H, CH,=C),
6.65 - 7.4 ppm (m, 6H, Ar-H); >C NMR (CDCl;) & 151.5 ppm (OCH=C), 87.02 ppm
(C=CH,), 65.85 ppm (OCH,-C), 68.1 ppm (C-CH,0), 152.4, 150.4, 130.26, 128.13,
124.59, 122.07, 118.46, and 115.7 ppm (12 Ar-C); IR (KBr) 2960-2830 (CH;), 3000-3100

(Ar. =C-H), 942, 980 (vinyl =C-H), 1640 (vinyl ether C=C), 1595, 1471 (Ar. C=C) cm’".

{

A~~~ DMF K,C0, 80°C,24h o

. OH cl 3
2-iodoethyl [0} a
. o}
vinylether /@( \©\ 0
cl cl
cl Cl
TVE

Triclosan
Figure 2.2. The synthetic scheme used to produce TVE.

The purity of TVE monomer was determined using an Agilent 1100 Series High
Performance Liquid Chromatography (HPLC) fitted with an Agilent 1100 auto-sampler
and a diode array detector. Sample solutions were prepared at 1 mg/ml in methanol and
injected at a volume of 20 microliters through a Zorbax Eclipse XDB-C18 HPLC column.

The mobile phase was a mixture of water and acetonitrile (30/70 vol. %) and the column
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was maintain at a constant temperature of 40 °C. Free Triclosan showed a strong peak at a
retention time of 3.9 minutes when a detector signal of 280 nm was used. The absence of
any peak at a retention time of 3.9 minutes had confirmed that the TVE was totally free
from Triclosan.

2.3.2.3. Synthesis of 1-isobutoxyethyl acetate (IBEA)

The polymerization initiator, IBEA was prepared using the procedure of Aoshima
and Higashimura.*® A detailed description is as follows (Figure 2.3): 18 g of glacial acetic
acid and 45 g of isobutyl vinyl ether were combined in a 250 ml, 2-neck round bottom flask
fitted with a reflux condenser and heated at 60 °C for 3 hours. Next, the reaction mixture
was cooled down to room temperature and diluted with 200 ml of diethyl ether. The
organic layer was washed thrice with deionized water (DI) and dried with anhydrous
magnesium sulfate. The crude product was recovered by rotary evaporation of diethyl ether
and unreacted isobutyl vinyl ether under a temperature of 25 °C and a pressure of 20
milibar. The purified IBEA was collected after one time distillation over calcium hydride.
Proton NMR was used to confirm the production of IBEA: 'H NMR (CDCls) & 5.87 ppm
(q, 1H, O-CH-0), 3.19, 3.4 (m, 2H, O-CH,-C), 2.05 ppm (s, 3H, O=C-CHs), 1.8 ppm (m,

1H, C-CH-C), 1.36 ppm (d, 3H, O-C-CHzs), 0.86 ppm (dd, 6H, C-C-CHjy).

O
p o. Y
(o} + \n/ H 60 °C, 3h (o] o]
Isobutyl Acetic acid IBEA
vinylether

Figure 2.3. The synthetic scheme used to produce IBEA.
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2.3.2.4. Synthesis of PTVE

The PTVE was prepared using living cationic polymerization as shown in Figure
2.4. A detailed procedure is as follows: Prior to use, TVE was dried under vacuum
overnight at a temperature of 50 °C. 19.64 g of TVE, 43.6 mg of IBEA, 7.41 g of methyl
chlosroacetate, and 35.73 g of toluene were combined together in a dry 250 ml round
bottom flask inside a glove box. The polymerization of TVE was carried out at 0 °C inside
the glove box in a series of dry test tubes partially immersed in a heptane bath. In each test
tube, 3.5 g of reaction mixture was added and cooled to 0 °C. Each polymerization reaction
was started by the addition of 46 microliters of supplied ethyl aluminum sesquichloride
solution. Each  polymerization was carried out at molar ratio of
[TVE]:[IBEA],:[MCAc]o:[Et1 sAIC]L 5] = 200:1:250:5. After predetermined time
intervals, the polymerization reactions were terminated with 10 ml of chilled methanol
which precipitated the polymer. Each polymer was purified by dissolving it in toluene and
re-precipitating into methanol to remove initiator and co-initiator fragments. Polymer yield
was determined gravimetrically after drying the purified polymer at 40 °C under vacuum

overnight.

4 O
o g d”*
Et; sAICI, 5/ 0°C, N, atm Methanol /2 2
o
hahd o a

o cl O O CICH,COOCH,
o, jenel
a cl cl cl
TVE

Cationogen

PTVE

Figure 2.4. The synthetic scheme used to produce PTVE.
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Polymer molecular weight was characterized using a high-throughput Symyx Rapid
Gel Permeation Chromatography (GPC) equipped with an evaporative light scattering
detector (PL-ELS 1000) and polystyrene standards. The progress of polymerization was
monitored using Real-Time FTIR (ReactlR™ iC10 from Mettler Toledo) fitted with a
diamond tip K6 conduit probe inside the glove box. At first, a dry 100 ml 3-neck round
bottom flask was fixed with the probe and the initial background spectrum was collected.
Next, 4 g of TVE, 8.9 mg of IBEA, 1.51 g of MCAc, and 7.43 g of toluene were combined
together in the round bottom flask. The solution was cooled to 0 °C and the polymerization
was started by the addition of 0.154 ml of supplied ethyl aluminum sesquichloride solution.
The rate of consumption of TVE monomer was directly determined by integrating the peak
area of reaction spectra in between 1611 cm™ and 1651 cm™. FTIR spectra were taken at a
resolution of 8 cm™ and a Mercury Cadmium Telluride detector was used to analyze the
signal.

The effect of an added base on the polymerization kinetics of TVE was
demonstrated by the following experiment. 6 g of TVE, 13.2 mg of IBEA, and 11.1 g of
toluene were combined together in a dry 100 ml round bottom flask inside a glove box. The
polymerization of TVE was carried out at 0 °C inside the glove box in a series of dry test
tubes partially immersed in a heptane bath. In each test tube, 1.5 g of such solution was
added and cooled to 0 °C. Each polymerization reaction was started by the addition of 20
microliters of supplied ethyl aluminum sesquichloride solution. The polymerization was
carried out at a molar ratio of [M],:[IBEA]o:[Et; sAICI; 5], = 200:1:5. After predetermined

time intervals, polymerization reactions were terminated by the addition of 10 ml of chilled
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methanol which precipitated the polymer. Each polymer was purified by dissolving it in
toluene and re-precipitation into methanol to remove initiator and co-initiator fragments.
Polymer yield was determined gravimetrically after drying the purified polymer at 40 °C
under vacuum overnight.

2.3.2.5. Svynthesis of monoallyl-functional polymer of TVE

A monoallyl-functional PTVE polymer (A-PTVE) was synthesized by terminating
the polymerization reaction (Figure 2.5) with chilled 2-allyloxyethanol. A detailed
procedure is as follows: 10 g of TVE, 0.178 g of IBEA, 6.04 g of MCAc, and 20 g of
toluene were combined in a large dry test tube and cooled to 0 °C. The polymerization
reaction was started by the addition of 0.61 ml of ethylaluminum sesquichloride solution.
The polymerization was carried out at a molar ratio of
[TVE]o:[IBEA],:[MCAc]o:[Et; 5AICI, 5], = 125:5:250:5. After 10 minutes, the reaction was
terminated by the addition of 20 ml chilled 2-allyloxyethanol. The polymer was isolated by
precipitation into methanol and vacuum filtration. The polymer was purified by dissolving
it in toluene and re-precipitation into methanol. Polymer yield, which was determined
gravimetrically after drying the purified polymer at 40 °C under vacuum overnight, was
found to be 58%. Proton NMR, carbon NMR and FTIR were used to confirm the
production of A-PTVE: 'H NMR (CDCl3) 8 3.50 — 3.90 ppm (m, OCH,CH,O-Ar,
backbone CH), 1.47 — 1.65 ppm (m, backbone CH,), 6.63 — 7.3 ppm (m, Ar-H); *C NMR
(CDCls) 6 152.4 (OCH=C), 87.2 (C=CH,), 66.3 (OCH,), 68.1 (CH,0), 115.7, 118.5, 121.8,
122.1, 124.8, 127.8, 128.1, 130.3, 130.5, 143.7, 150.6, 151.5 (12 Ar-C); IR (KBr) 2960-

2830 (sp® CHs,), 3000-3100 (Ar. =C-H), 1595, 1471 (Ar. C=C) cm".
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Figure 2.5. The synthetic scheme used to produce A-PTVE.

2.3.2.6. Synthesis of poly[(dimethyl-co-methylhydro)siloxane]-g-poly [2.4-dichloro-1-(4-

chloro-2-(2-(vinyloxy)ethoxv)phenoxy)benzene] graft copolymer (PDMS-g-PTVE/H)

The PDMS-g-PTVE/H was synthesized (Figure 2.6) using hydrosilylation between
A-PTVE and a trimethylsiloxy-terminated poly(dimethyl-co-methylhydrosiloxane)
(PDMS/H). Different weight ratios of A-PTVE and PDMS/H copolymers (either HMS 064
or HMS 082) described in Table 2.2 were combined together in a series of dry 40 ml vials
inside a glove box. The reactants were dissolved in toluene (15 wt. % solids) with constant
stirring at 30 °C. The reaction was started by the addition of 70 microliters of Karstedt's
catalyst and raising the temperature to 90 °C. The reaction was continued for 48 hours until
the total disappearance of proton absorptions associated with the allyl group at 5.2 and 5.9
ppm were observed in the 'H NMR spectrum. Proton NMR was used to confirm the
production of PDMS-g-PTVE/H copolymer: 'H NMR (CDCl;) 8 4.69 ppm (Si-H), 0.06

ppm (Si-CH3), 0.57 ppm (Si-CHa).
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Figure 2.6. The synthetic scheme used to produce PDMS-g-PTVE/H.

2.3.2.7. Synthesis of poly[(dimethyl-co-trimethyl(propyl)silylmethy])siloxane]-g-poly[2.4-

dichloro-1-(4-chloro-2-(2-(vinyloxy)ethoxy)phenoxy)benzene] graft copolymer (PDMS-g-

PTVE/P)

PDMS-g-PTVE/P graft copolymer was synthesized (Figure 2.7) by reacting the
excess Si-H groups in PDMS-g-PTVE/H with allyltrimethyl silane (ATMS). A detailed
procedure is as follows: To the solution of PDMS-g-PTVE/H copolymer (Table 2.2) in
toluene, 2 g of ATMS and 70 microliters of Karstedt's catalyst were added. The reaction
mixture was heated at a temperature of 90 °C under nitrogen atmosphere for 3 days until
the total disappearance of the proton absorption associated with the Si-H groups at 4.69
ppm was observed in the 'H NMR spectrum. Polymers were isolated by precipitation into
methanol. Each PDMS-g-PTVE/P copolymer was purified by dissolving it in toluene, re-
precipitating into methanol, and drying under vacuum overnight. Proton NMR and FTIR
were used to confirm the production of PDMS-g-PTVE/P copolymer: '"H NMR (CDCls) &
0.06 ppm (Si-CHz), 0.57 ppm (Si-CHy), 6.63 — 7.3 ppm (m, Ar-H); IR (KBr) 2960 (sp® C-

H), 1093, 1018 (Si-O-Si), 1260 (Si-CHj), 1405 (Si-CHa), 1594, 1494 (Ar C=C) cm’".
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Figure 2.7. The synthetic scheme used to produce PDMS-g-PTVE/P.

Table 2.2. Compositions of PDMS-g-PTVE/H and PDMS-g-PTVE/P copolymers based on
weight of A-PTVE and molecular weight of poly(dimethyl-co-methylhydrosiloxane).

Formulation PDMS-g-PTVE/P [PTVE], IMS]:[ATMS],
PDMS-g-PTVE/H ATMS
PTVE | HMS |[HMSO082| (g
(8) | 064(g) (®
PDMS-63K-29 3.52 7.83 — 0.64 1:93:83
PDMS-63K-42 5.06 6.45 — 0.48 1:53:43
PDMS-63K-52 6.33 532 — 0.35 1:35:25
PDMS-63K-63 7.62 4.16 — 0.22 1:2.3:13
PDMS-6K-29 3.46 — 7.67 0.87 1:12.5:11.5
PDMS-6K-42 4.99 — 6.34 0.67 1:7.1:6.1
PDMS-6K-52 6.24 — 5.24 0.51 1:4.7:3.7
PDMS-6K-63 7.55 — 4.1 0.34 1:3.1:2.1

2.3.2.8. Synthesis of poly[(dimethyl-co-trimethyl(pro

dichloro-1-(4-chloro-2-(2-(vinyloxy)ethoxy)phenoxy)benzene] coatings using addition cure

(PDMS-g-PTVE/S)
The PDMS-g-PTVE/S coatings were produced (Figure 2.8) by reacting the excess

hydride groups of PDMS-g-PTVE/H with a divinyl-terminated PDMS, DMS V05 (3
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equivalents of Si-H/1 equivalent of double bonds) in the presence of a moderator
(SIT7900.0) and Karstedt’s catalyst. A detailed description is as follows: PDMS-g-
PTVE/H copolymer containing 52 wt. % PTVE was synthesized from HMS-064 using the
synthesis scheme as described in Figure 2.6. 3.62 g of PDMS-g-PTVE/H, 80.8 mg of DMS
V05, 14 mg of SIT7900.0, and 30 microliters of Karstedt's catalyst were dissolved in 8.47 g
of toluene to make a homogeneous solution. The solution was cast over a desired substrate

and cured at 40 °C in air oven overnight.
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Figure 2.8. The synthetic scheme used to produce PDMS-g-PTVE/S.

2.3.3. Instrumentation and measurements

An MBraun glove box system equipped with a cold well and a chiller from FTSTM
Systems was used for the cationic polymerization of TVE. Normal heptane was used as the
cooling medium.

2.3.3.1. Gel Permeation Chromatography (GPC)

A high-throughput Symyx Rapid GPC equipped with an evaporative light scattering
detector (PL-ELS 1000) and 2xPLgel Mixed-B columns of 10 um particle size was used to

determine the molecular weight and molecular weight distribution of polymer. Polymer
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solutions of 3 mg/ml were prepared in THF and the temperature of the column was
maintained at 45 °C. Molecular weight data was reported relative to polystyrene standards.

2.3.3.2. Nuclear Magnetic Resonance (NMR) spectroscopy

'H and *C NMR measurements were carried out with a JEOL-ECA 400 (400MHz)
NMR spectrometer equipped with an autosampler. CDCl; was used as the lock solvent.
Data acquisition was completed using 16 scans for proton NMR and 1000 scans for carbon
NMR at a temperature of 23 °C. A Delta software was used to process the data.
Heteronuclear Chemical Shift Correlation (HETCOR) and Distortionless Enhancement by
Polarization Transfer (DEPT) experiments were used to assign the ">C peaks.

2.3.3.3. Fourier Transform Infrared (FTIR) spectroscopy

A Nicolet Manga-850 FTIR instrument was employed to measure FTIR spectra.
Samples were coated on dry potassium bromide disc, and the measurements were carried
out in the range of wavelengths from 600 cm™ to 3900 cm™ using 64 scans with a data
spacing of 0.964 cm’”.

2.3.3.4. Differential Scanning Calorimetry (DSC)

A DSC Q1000 from TA Instruments equipped with an autosampler accessory was
used to determine the glass transition temperature (T,) of polymers. All polymers were first
heated from -120 °C to 120 °C at a heating rate of 10 °C/minute (1% heat), cooled from 120
°C to -120 °C at a cooling rate of 10 °C/minute (cooling), and reheated from -120 °C to
120 °C at a heating rate 10 °C/minute (2" heat). The T reported was obtained from the 2™

heat.
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2.3.3.5. Transmission Electron Microscopy (TEM)

10-20 microliters of PDMS-g-PTVE/P copolymer solutions in toluene (1 wt. %
solid) were deposited over a copper grid and dried overnight at room temperature. Images
of the thin films over the copper grid were analyzed using a JEOL JEM-100 CX II electron

microscope.

2.3.4. Coating surface characterization

PDMS-g-PTVE/P copolymers described in Table 2.2 were dissolved in THF at 42
weight percent solids and deposited over circular, primed aluminum discs and dried at 40
°C overnight. Addition-curable coatings were coated over prime aluminum discs at a
concentration of 30 weight percentage solids in toluene and cured at 40 °C overnight. AFM

and contact angle measurements were carried out over these surfaces.

2.3.4.1. Atomic Force Microscopy (AFM)

The coatings surfaces were characterized using an AFM consisting of a Dimension
3100®microscope coupled with a Nano-scope Illa controller manufactured by Veeco
Incorporated. Measurements were carried out in tapping mode using a silicon probe with a
spring constant of 0.1 to 0.4 Nm™' and a resonance frequency of 17-24 kHz.

2.3.4.2. Surface Energy (SE) and water Contact Angle hysteresis (CA hysteresis)

An automated surface energy measurement unit manufactured by Symyx Discovery
Tools, Incorporated was used to measure surface energy (SE), water contact angle, and
water contact angle hysteresis (CA hysteresis) of the coatings.*> Water contact angle was

calculated by dispensing 10 pl of deionized water on the coating surface, capturing the
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image of the water drop using a charged coupled device (CCD) camera, and analyzing
images using an image analysis software. The surface energy was calculated by measuring
contact angle for both water and methylene iodide and in putting the values in the Owens—
Wendt equation.'*® Each data point was reported as the mean surface energy value of three
replicate coatings. Error bars represent the standard deviation of the surface energy. In
addition to static measurements, a dynamic contact angle experiment was carried out to
calculate the CA hysteresis. A detailed description is as follows: 10 ul of deionized water
was dispensed robotically with a constant rate of 0.1 pl/s” for a total time period of 1
minute and images were taken at 10 second intervals. After 1 minute, water was removed
at the same rate and contact angle determined every 10 second. The advancing contact
angle (64) and receding contact angle (6g) were reported after averaging the first three and
last three contact angle values, respectively. The CA hysteresis was reported by subtracting

GR from GA.

2.3.5. Deposition of coatings for antimicrobial characterization

A series of solutions were prepared by dissolving PDMS-g-PTVE/P copolymers
(Table 2.2) in THF at 42 weight percentage solids. Solutions of PDMS-g-PTVI 1, DMS
V05, SIT7900.0, and Karstedt's catalyst in toluene were prepared to produce thermoset
PDMS-g-PTVE/S coatings according to Figure 2.8. The solutions were deposited into 24-
well polystyrene plates modified with primed aluminum discs at the bottom. The volume of
polymer solution deposited into each well was 175 microliters. Polymers were dried in an

air-oven overnight at a temperature of 40 °C.
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2.3.6. Characterization of antimicrobial properties

The antimicrobial properties of the solution-cast films deposited into 24-well
polystyrene plates were evaluated using a novel combinatorial workflow as described by
Stafslein et al.®"" 133 B713% Coatings deposited into 24-well polystyrene plates were
preconditioned in a circulating deionized water bath for 1 day. Antifouling performance of
each coating was evaluated using biofilm retention, viability, and growth assays. The
procedure for determining leachate toxicity (LT assay) was as follows: Preconditioned
coatings were incubated in 1.0 ml of a biofilm growth medium, BGM (0.5 g of peptone and
0.1 g of yeast extract/1.0 L of artificial sea water) for 18 hours and the coatings leachates
collected. Coatings leachates were analyzed for toxicity against two marine
microorganisms (C. lytica and N. incerta) and three medically-relevant microorganisms (.
epidermidis, E. coli, and C. albicanas). A 50 pl suspension of a microorganism in BGM
was added to each 1 ml of leachate at a concentration of ~ 107 cells/ml. 0.2 ml of each
leachate containing microorganism was transferred in triplicate to a 96-well polystyrene
plate and incubated for 18 hours. Plates were rinsed thrice with deionized water and
strained with crystal violet dye. 0.5 ml of glacial acetic acid was added to each well to
extract the crystal violet and the absorbance was measured at 600 nm using a multi-well
plate reader. A significant reduction in the amount of biofilm growth compared to a control
coating was considered to be the consequence of toxic coating components leaching from

the coating.
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2.3.6.1. Bacterial biofilm retention assay

A 1.0 ml suspension of microorganism at a concentration of ~ 107 cells/ml of a
BGM was added to each well of the 24 well coating plates. The plates were then incubated
statically at a temperature of 28 °C for 18 hours to facilitate bacterial attachment and
subsequent colonization. Next, the plates were rinsed with 1.0 ml of deionized water three
times to remove any loosely attached biofilm and dried for 1 hour to fix the retained
biofilm to the surface of the substrate without adding fixatives.'* Upon drying, 0.5 ml of
crystal violet solution (0.3% alcohol solution) was added to each well to stain the biomass.
Excess stain was removed by rinsing with 1.0 ml of deionized water three times. After
drying, the crystal violet dye was extracted by the addition of 0.5 ml of glacial acetic acid.
The resulting elute was measured for absorbance at 600 nm. The absorbance values were
directly proportion to the amount of biofilm retained over the surface of the coatings. Each
data point was reported as the mean absorbance value of three replicate coating wells and
as a ratio to the reference silicone coating. Error bars represent one standard deviation of
the absorption ratio.

2.3.6.2. Algal biofilm growth assay

Algal biofilm growth was measured using the procedure previously described by
Casse et al.'*" A detailed description is as follows: Coatings cast into the 24 well plates
were inoculated with a suspension of the marine diatom, N. incerta, in artificial sea water
and placed in an illuminated growth chamber at a temperature of 18 °C for 48 hours. Plates
were then removed from the growth chamber and 1.0 ml of dimethyl sulfoxide was added

to each well to extract the chlorophyll from the algal biomass attached to the coating

45



surfaces. 0.2 ml of such extract was transferred in triplicate to a 96-well plate and the
fluorescence was measured (excitation wavelength of 360 nm and emission wavelength at
670 nm). Fluorescence, recorded as Relative Fluorescence Units (RFU), was reported as
the mean value of three replicate coating wells and as a ratio to the reference silicone
coating. Error bars represent one standard deviation of the RFU ratio.
2.3.6.3. Bacterial biofilm retraction assay

The biofilm retraction assay provides a measure of the adhesion strength of biofilms
to coating surfaces. A detailed description of the procedure is as follows: 1.0 ml suspension
of microorganism at a concentration of ~ 107 cells/ml of a BGM was added to each well of
the 24 well coating plates. The plates were then incubated statically at a temperature of 28
°C for 18 hours to facilitate bacterial attachment and subsequent colonization. Next, the
plates were rinsed with deionized (DI) water three times to remove any loosely attached
biofilm. A solution of the biomass staining indicator, crystal violet, was ad d immediately
after rinsing the plates with DI water. Digital images of stained biofilms were taken for
each sample. Each image was converted to grayscale shading in AdobePhotoshop. The
grayscale images were opened with PhotoGrid 1.0 software to analyze the percentage of
bacterial biofilm surface coverage. The percentage of surface coverage was determined
after evaluating the ratio of dark pixels (CV-stained biofilm) to light pixels (non-covered
coating surface). Each data point was reported as the mean value of three replicate coating

wells. Error bars represent one standard deviation.
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2.3.6.4. Bacterial biofilm viability assay

For the evaluation of biofilm viability, the coating plates were rinsed with
phosphate buffered saline (PBS) solution thrice. Then, 0.5 mL of 200 mg/L. XTT ({2,3-
bis(2-methoxy-4-nitro-5-sulfophenyl)-5-phenyalamino)carbonyl]-2H-tetrazoliumhydroxide
}) and 20 mg/L phenazine methosulphate in PBS were added to each well and incubated
for 3 hours at a temperature of 37 °C. 0.1 mL from each well was then transferred to a 96-
well plate and the absorbance measured at a wavelength of 490 nm using a multiwell plate
spectrophotometer. Each data point was reported as the mean absorbance value of three
replicate coating wells and as a ratio to the reference silicone coating. Error bars represent
one standard deviation of the absorption ratio.

2.3.6.5. Determination of Minimum Inhibitory Concentration (MIC)

A detailed description for the determination of minimum inhibitory concentration
(MIC) of antimicrobial polymers in solution was described by Shane Stafslien et al.®!
Triclosan was serially diluted (2-fold) in marine broth (MB) and the MIC experiment was
carried out for C. lytica, N. incerta, S. epidermidis, E. coli, and C. albicans. PDMS-g-
PTVE/P copolymers synthesized from PDMS-6K was dissolved in THF at a concentration
of 10 mg ml" and serially diluted with MB. The concentration range of antimicrobial
agents was 0.2 ug ml” to 100 pg ml™. Pure MB without any antimicrobial agent was used
as a positive control. 0.2 ml aliquots were dispensed into a 96-well plate. Plates were then
incubated statically for 18 hours at a temperature of 28 °C and the absorbance at 600 nm
measured. MIC data was reported as the minimum concentration of an antimicrobial agent

to completely inhibit the growth compared to a control MB.
47




2.4. RESULTS

2.4.1. Characterization of TVE, PTVE, and PDMS-g-PTVE

2.4.1.1. Characterization of TVE and PTVE

The approach for producing nontoxic antimicrobial coatings involved the synthesis
of a novel biocide-functional polymer, PTVE tethered to PDMS. The approach consisted of
the preparation of a monoallyl-functional PTVE using living carbocationic polymerization
(Figure 2.5) followed by hydrosilylation of monoallyl-functional PTVE to
poly(methylhydrosiloxane-dimethylsiloxane) copolymers to produce PDMS-g-PTVE/H
copolymers (Figure 2.6) possessing residual hydride functionality. The residual hydride
groups in PDMS-g-PTVE/H copolymer were reacted with a large excess of allyltrimethy]
silane to synthesize the PDMS-g-PTVE/P copolymers (Figure 2.7). For crosslinked
systems, the residual hydride groups in PDMS-g-PTVE/H copolymers were crosslinked
with a divinyl crosslinker to produce addition-cured PDMS-g-PTVE/S coatings (Figure
2.8).

As shown in Figure 2.5, the monoallyl-functional PTVE was synthesized using
living carbocationic polymerization of TVE monomer followed by termination with 2-
allyloxy ethanol. TVE monomer, a solid crystalline material with a melting point of 53 °C,
was synthesized directly from Triclosan by the reaction with 2-iodoethyl vinyl ether in the
presence of potassium carbonate in DMF (Figure 2.2). 2-iodoethyl vinyl ether was
produced from 2-chloroethyl vinyl ether by the reaction with sodium iodide in acetone for

3 days (Figure 2.1).
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The synthesis of 2-iodoethyl vinyl ether (IVE) was demonstrated usi . proton
NMR experiment. As shown in Figure 2.9, one methine and two methylene protons in the
vinyl double bond of IVE appeared at 6.4, 4.1, and 4.2 ppm, respectively. Successful
synthesis of TVE monomer was confirmed by 'H NMR, >C NMR, DEPT-135, HETCOR,
and FTIR (Figures 2.10 — 2.12) spectra. According to Figure 2.10, the absorption
associated with one methine and two methylene protons of the vinyl double bond in TVE

were at 6.34, 4.0, and 4.15 ppm, respectively.
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Figure 2.9. '"H NMR spectrum obtained for 2-iodoethyl vinyl ether.
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Figure 2.10. "H NMR spectrum obtained for TVE.
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The Distortionless Enhancement by Polarization Transfer (DEPT) method is useful
for determining the number of hydrogen atoms attached to a given carbon atom. In a
DEPT-135 spectrum, methyl and methine carbons appear as positive peaks, while the
methylene carbons appear as negative peaks. As shown in Figure 2.11.a, The methylene
carbon (number 1) and methine carbon (number 2) in the vinyl double bond can be seen as
a negative peak at 87.4 ppm and as a positive peak at 151.5 ppm, respectively. All methine
carbons in aromatic rings at the position numbers of 7, 8, 10, 13, 15, and16 produce
positive peaks at 122.1, 122.1, 115.7, 130.5, 128.1, and 118.5 ppm, respectively. Two
methylene carbons in the ethyl spacer in between the vinyl ether and the aromatic ring
produce negative peaks at 66.3 and 67.7 ppm. Quaternary carbons in aromatic rings at
position numbers 5, 6, 9, 11, 12, and 14 do not appear in the DEPT-135 spectrum because
it has no attached hydrogen atoms.

The positions of protons were assigned using a HETCOR experiment (Figure
2.11.c). One carbon at 87.4 ppm and two proton doublets of doublet at 4.0 and 4.1 ppm
correspond to methylene group (1); one carbon at 151.5 ppm and one proton quartet at 6.3
ppm correspond to methine group (2); one carbon at 66.3 ppm and two proton triplet at 3.9
ppm correspond to methylene group (3); one carbon at 67.7 ppm and two protons triplet at
4.2 ppm correspond to methylene group (4), one carbon at 115.8 ppm and one proton at 7.0
ppm correspond to aromatic methine group (10), and two carbons at 121.8 ppm, 122.1 ppm
and two protons at 6.9 ppm correspond to two aromatic methine group (7, 8). FTIR
spectrum of TVE (Figure 2.12) confirmed the presence of the vinyl ether double bond

between 1611 cm™ and 1651 cm™.
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Successful synthesis of the polymerization initiator, IBEA, was confirmed using 'H
NMR (Figure 2.13) by integrating and comparing the ratio of proton absorptions at 0.87
ppm associated with 6 protons in two methyl groups in the isobutyl vinyl ether fragment to
the proton absorptions at 2.1 ppm associated with 3 protons in methyl group in the acetic

acid fragment.
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Figure 2.11. (a) DEPT-135, (b) *C NMR, and (c) HETCOR spectra obtained for TVE.
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Figure 2.12. FTIR spectrum obtained for TVE.
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Figure 2.13. "H NMR spectrum obtained for polymerization initiator, IBEA.

2.4.1.2. Polymerization kinetics of TVE

TVE was polymerized using living carbocationic polymerization in the presence of
IBEA, Et;sAICl s, and MCAc in toluene at 0 °C under nitrogen atmosphere. When the
polymerization reaction was terminated with 2-allyloxy ethanol, a monoallyl-functional
PTVE was produced (Figure 2.5). The progress of polymerization was monitored using
both Real Time FTIR and gravimetric analysis. Figure 2.14 represents reaction spectra
taken before the addition of the co-initiator (Et; sAlCl;s) and after the completion of
reaction. As shown in Figure 2.14, the progress of polymerization was directly monitored
after integrating the peak area of vinyl ether double bond between 1611 cm™ and 1651 cm’™
with reaction time. From the raw data of reaction trend graph, monomer concentrations at
different reaction times were calculated and plotted to produce percentage of conversion
versus reaction time (Figure 2.15.A) and In([M],/[M];) versus reaction time (Figure 2.15.B)
graphs. As shown in Figure 2.15.B, TVE polymerization follows the first order reaction

kinetics in the presence of MCAc as an added base. In the absence of MCAc the
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polymerization of TVE monomer initiated by IBEA/Et, sAICl; s was rapid, non-living, and
98% polymerization was observed after 30 seconds of reaction resulting in a polymer
possessing a GPC number average molecular weight of 28,700 and a molecular weight
distribution value of 1.43. Large excess of carboxylate esters complexes with growing
carbocations to control the unwanted termination and transfer reactions in the propagating
step by reducing the Lewis acidity of organo-aluminum compound.*®

Living nature of TVE polymerization in the presence of MCAc was demonstrated
by monitoring molecular weight as a function of monomer conversion. The linearity of
GPC number-average molecular weight with monomer conversion, shown in Figure 2.16,
indicated the obtainment of a living polymerization in the presence of an added base. In
addition, the molecular weight distribution was determined to be 1.2 which also indicated

living polymerization as well as a relatively fast initiation process.

Reaction Spectra (A.U.)
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Figure 2.14. TVE polymerization reaction spectra were taken using ReactIR before the
addition of  co-initiator and after the completion of polymerization
([TVE]o:[IBEA],: [MCAc]o:[Eti sAICl 5]o = 200:1:250:5).
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Figure 2.15. (A) Conversion % as a function of reaction time and (B) In([M]./[M])) as
function of reaction time for the carbocationic polymerization of TVE (With Base
represents an initial composition of [TVE]y:[IBEA],:[MCAc]o:[Et1 sAICI 5]o = 200:1:250:5
and No Base represents an initial composition of [TVE],:[IBEA].:[Et; sAICl 5], =
200:1:5).
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Figure 2.16. GPC Mn as a function of conversion for the carbocationic polymerization of

TVE ([TVE]o:[IBEA]o:[MCAc]o:[Et1 sAICI 5]o = 200:1:250:5).

Essentially, the incorporation of monoallyl functionality in PTVE enabled the
formation of graft copolymer comprised of PDMS backbone. As shown in the 'H NMR

spectrum (Figure 2.17) of PTVE, the quantitative fictionalization was characterized after
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integrating and comparing the peak areas under the proton absorption at 0.87 ppm
associated with two methyl groups in the initiator fragment to the proton absorption at 5.2
ppm associated with the terminal vinyl group in PTVE. The synthesis of end functional
polymer obtained after terminating living anionic polymerization with functional
terminating agent was described elsewhere.'*!"'**

The degree of polymerization (DP) calculated after integrating and comparing the
peak areas under the proton absorption in the backbone methylene groups of repeating unit
at 1.17 — 1.78 ppm to the proton absorption in the two methyl groups of initiator fragment
at 0.87 ppm was 16.5. The percentage of conversion calculated using gravimetric analysis
was 58%. The DP calculated from the initial concentration of monomer and initiator, and
the percentage of conversion was 14.5. The close matéh of DP values obtained from both
the gravimetric analysis and the NMR experiment suggested a fast initiation process. The
PTVE molecular weight calculated was 5200 g/mole considering the percentage of
conversion obtained using gravimetric analysis. The GPC number average molecular
weight of PTVE was determined as 4400 g/mole with a polydispersity index value of 1.2.
The difference in the molecular weight values calculated using gravimetric analysis and
GPC can be explained by the fact that the GPC molecular weight is determined with
respect to polystyrene internal standard.

The presence of a monoallyl end group in PTVE was also confirmed using Bc
NMR and FTIR. As shown in C NMR spectrum (Figure 2.18), the methylene and
methine carbons in the terminal vinyl group in PTVE appeared at 135 ppm and 117 ppm

respectively. The FTIR absorption peak for the terminal vinyl group in PTVE at 1600 cm™
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overlapped with the unsaturation in aromatic ring (Figure 2.19). However, after
polymerization the vinyl ether double bond peak in TVE monomer (1611 ¢cm™ to 1651

cm™) was totally absent in PTVE.
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Figure 2.17. "H NMR spectrum obtained for monoallyl-functional PTVE. The integration

values of total protons at different peak regions are mentioned here.
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Figure 2.18. ?C NMR spectrum obtained for monoallyl-functional PTVE.
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Figure 2.19. FTIR spectrum obtained for monoallyl-functional PTVE.

2.4.1.3. Characterization of PDMS-g-PTVE

The biocide moiety (PTVE) was grafted to PDMS backbone using hydrosilylation
reaction as mentioned in Figure 2.6. Successful grafting was confirmed by the complete
disappearance of methylene protons of monoallyl-functionality in PTVE (4 5.8 ppm and 6
5.1 — 5.2 ppm) and the generation of a new peak corresponding to methylene protons next
to silicon atom at 0.45 ppm in 'NMR spectrum (Figure 2.20). The synthesis of PDMS-g-
PTVE/P copolymer was confirmed by the complete disappearance of hydride (Si-H) peak
at 8 4.7 ppm in '"H NMR spectra (Figure 2.21). The absence of trace amount of hydride in
PDMS-g-PTVE/P copolymer was confirmed by the complete disappearance of the Si-H
absorption peak at 2145 cm™ and the appearance of a new Si-CH; peak at 1405 cm™ in
FTIR spectrum (Figure 2.22).

In another example, the residual hydride group in PDMS-g-PTVE/H copolymer
was crosslinked with a divinyl crosslinker to produce addition-cured PDMS-g-PTVE/S

coating (Figure 2.8). The advantage of the addition curing system is that no by- oduct is
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generated. As shown in Figure 2.8, the curing reaction was conducted in the presence of a
divinyl crosslinked (DMS-V05) and a moderator, 1,3,5,7-tetravinyl-1,3,5,7-tetramethyl

cyclotetrasiloxane (SIT7900.0). Moderator was used to slow the hydrosilylation reaction

and to increase the application time.
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Figure 2.20. '"H NMR spectrum obtained for PDMS-g-PTVE/H.
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Figure 2.21. "H NMR spectrum obtained for PDMS-g-PTVE/P.

58




1

I~ 7) vl vl \.r Si-0-Si
] //S| ~o ( SI| \OXSI\OX& \o>,S| \\
084 P a

] Q— I 0 s .
0.6 0 ‘ 20 N Si-CH, ﬁ

1 CQ—O\/\O Aromatic C=C
0.4 ] >/‘o§
No Si-H

0.2 ] sp C-H
] {
0] M K/“\,

T 1 U 1 7 UL T T
3500 3000 2500 2000 1500 1000

(=)

Absorbance

Wavenumbers (cm1)

Figure 2.22. FTIR spectrum obtained for PDMS-g-PTVE/P.

In general, the PDMS-g-PTVE/P copolymers were rubbery material at room
temperature. Thermal analysis (Figures 2.23 and 2.24) revealed that PDMS-g-PTVE/P
copolymers had two phase morphology. Glass transition temperature (T;) measured for
PTVE was 34 °C. DSC thermograms obtained for PDMS-g-PTVE/P copolymers indicated
two glass transition temperatures (Figures 2.23 and 2.24). One T, below -120 °C was
characteristic of PDMS, and the other T, above 15 °C was characteristic of PTVE.

As shown in Figure 2.23, pure PDMS-63K has a Ty of -125.7 °C. As the
temperature was increased from -125 °C, PDMS-63K showed a melting exotherm at a peak
maximum temperature of -87.7 °C (AHy, = 7.5 J/g) followed by a crystallization endotherm
at a peak minimum temperature of -57.8 °C (AH; = 9.7 J/g). As the amount of PTVE graft
was increased from 29 wt. % to 42 wt. %, the PDMS-g-PTVE-P copolymers showed a
significant reduction in both AH, and AH; of PDMS segments. The reduction of both the

melting and crystalline region with the increase in PTVE loading suggested the partial
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miscibility of PTVE and PDMS phases. Interestingly, with PTVE loading beyond 42 wt. %
no crystallization and melting region were observed indicating the increase in miscibility of
hard and soft segments. Moreover, with the increase in miscibility of PDMS and PTVE
phases in PDMS-63K-52 and PDMS-63K-63 copolymers, glass transition temperatures
correspond to soft and hard segments shifted towards relatively wer temperatures.

As shown in Figure 2.24, pure PDMS-6K has a Ty of -127.5 °C. Similar to the
analogous graft copolymers synthesized from PDMS-63K, the glass transition temperatures
of soft (PDMS) and hard (PTVE) segments in PDMS-6K-52 and PDMS-6K-63 copolymers
shifted towards relatively lower temperatures. This indicates the extent of miscibility of
PDMS and PTVE phases is higher with the PTVE content greater than 42 weight
percentage. However, the crosslinked PDMS-g-PTVE/S coating itself is glassy at room

temperature with a T, of 27.5 °C.
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Figure 2.23. DSC thermograms for PDMS-g-PTVE/P copolymers with PDMS-63K.
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Figure 2.24. DSC thermograms for PDMS-g-PTVE/P copolymers with PDMS-6K.

The two phase morphology of PDMS-g-PTVE/P copolymers based on both PDMS-
63K and PDMS-6K was illustrated by TEM images (Figure 2.25). In case of PDMS-63K-
29 and PDMS-63K-42, the PTVE and PDMS were the continuous and dispersed phase
respectively. As the PTVE content increased beyond 42 weight percentage, the opposite
trend was observed. However, for PDMS-63K-63 copolymer both the 1 MS and PTVE
phases existed as bi-continuous phase. For copolymers based on PDMS-6K with entire
range of PTVE loading, the PTVE was the dispersed phase and PDMS was the continuous
phase. However, in the case of PDMS-6K-52 and PDMS-6K-63, both the PDMS and

PTVE existed as bi-continuous phases.
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synthsesized from both PDMS-63K and PDMS-6K showed a significant reduction in RMS
roughness beyond 42 weight percentage of PTVE demonstrating the increase in partial
miscibility of PTVE and PDMS domains. However, no phase separation morphology was
observed in the case of coatings surfaces synthesized using addition cure (Figure 2.27).

Figure 2.28 shows the variation in surface energy (SE) and water contact angle
hysteresis with PTVE weight percentage and PDMS molecular weight for PDMS-g-
PTVE/P coatings. The surface of pure PTVE was essentially hydrophilic and had a surface
energy value of 40.5 mN/m. On the other hand a moisture curable PDMS reference
coating, DC 3140, is hydrophobic possessing a surface energy value of 18.38 mN/m. Data
obtained from Figure 2.28 suggested that coating surfaces based on PDMS-6K were more
hydrophilic and allowed more triclosan moieties on the surface than the PDMS-63K
analog. The surface energy for coatings produced from PDMS-6K increased constantly
with the increase in PTVE content. However, for coatings produced from PDMS-63K, the
surface energy remained constant up to 42 wt % of PTVE and reduced for 52 and 63 wt. %
of PTVE. The surface obtained from thermoset PD} i-g-PTVE/S coating was hydrophobic
possessing a surface energy value of 19.5 mN/m.

As shown in Figure 2.28, the water contact angle hysteresis values of PDMS-g-
PTVE/P coatings synthesized from PDMS-6K were relatively constant indicating chemical
homogenity of the surfaces towards polar and dispersive interaction. For surfaces
synthesized from PDMS-63K, the water contact angle hysteresis value was the highest with

29 wt.% PTVE and then reduced drastically beyond 42 wt.% PTVE. This reduction
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Table 2.3. Surface roughness of coatings produced from PDMS-g-PTVE/P coatings with
PDMS-63K and PDMS-6K.

Coatings PDMS- | PDMS- | PDMS- | PDMS- | PDMS- | PDMS- | PDMS- | PDMS-
63K-29 | 63K-42 | 63K-52 | 63K-63 [ 6K-29 | 6K-42 | 6K-52 | 6K-63
RMS 8.46 561+ | 1.90+ | 1.87+ | 328+ | 3.46+ | 1.22+ | 101+
roughnesstSD +0.74 1.35 0.37 0.50 0.38 1.25 0.11 0.14
(nm)
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Figure 2.28. Surface energy and contact angle hysteresis of coatings produced from PDMS-
g-PTVE/P copolymers with PDMS-63K and PDMS-6K. Each surface energy data was
reported as the mean value of three replicate coatings. Error bars represent the standard

deviation of the surface energy.

2.4.2. Antimicrobial properties of tethered Triclosan coatings

The objectives of the research were to evaluate the antimicrobial properties of the
environmental friendly and non-toxic PTVE grafted PDMS coatings. High-throughput
screening methods were employed to analyze the bioactivity of the coatings quickly and

efficiently. Both the PDMS-g-PTVE/P and PDMS-g-PTVE/S coatings surfaces were tested
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against three biomedically relevant microorganisms and two marine-relevant
microorganisms. Since these coatings exhibit antimicrobial activity through a contact-
active mechanism, prior to examine the antimicrobial properties, leachate toxicity tests
were conducted. This process was necessary to ensure that any antimicrobial activity
observed was due to surface associated phenomenon of coatings and not due to leaching of
Triclosan or toxic components. After confirming that the coatings were not leaching lethal
levels of Triclosan or other toxic compound, the biofilm retention, retraction, and viability
assays were conducted for C. lytica, S. epidermidis, E. coli, and C. albicans to ev: 1ate the
antimicrobial activity on coating surfaces. For N. incerta, biofilm growth tests were

performed.

2.4.2.1. Antimicrobial properties of PDMS-g-PTVE/P coatings

The leachate toxicity data of coating surfaces produced from PDMS-g-PTVE/P
coatings according to the formulation in Table 2.2 were shown in Figures 2.29 and 2.30.
The results showed that none of the coating leachates were substantially toxic (~25%
reduction in biofilm retention) when tested against microorganisms employed in this
experiment. However, coatings produced from PDMS-6K-63 required 3 weeks of pre-
leaching before leachate toxicity analysis when tested against S. epidermidis. In addition to
leachate toxicity, HPLC was used to detect the free Triclosan in TVE monomer. The
detection limit of Triclosan in HPLC was 100 nanograms/ml. No detectable free Triclosan
in TVE monomer was observed in HPLC. This result is consistent with the leachate

toxicity test which indicated that PTVE leachate was not contaminated with any toxic
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components or free Triclosan. Thus, the leachate toxicity test of surfaces produced from
PDMS-g-PTVE/P coatings showed that any subsequent observation in antimicrobial
characteristics would be purely coating surfaces associated phenomenon and not due to
leaching of toxic components.

Figure 2.31 shows the reduction in C. lytica biofilm retention and viability of the
coatings surfaces produced according to the formulation described in Table 2.2. Figure
2.32.A shows the biofilm retraction during the drying process. Figures 2.32.B and 2.32.C
display the images of well plates with stained biomass over the coatings surfaces
synthesized from PDMS-63K and PDMS-6K respectively. With regards to the amount of
biofilm, PDMS-6K-42 and PDMS-6K-52 showed moderate reduction in biofilm retention
with a value of 50% and 45% respectively. However, the XTT cell viability assay
demonstrated that the maximum reduction (32%) in biofilm viability was observed for
PDMS-6K-42. Coatings surfaces produced from PDMS-63K were not able to reduce either
biofilm retention or viability significantly. From the images of coatings array plates
(Figures 2.32.B and 2.32.C), it was observed that coating surfaces produced from the
PDMS-6K-42 and PDMS-6K-52 underwent a significant amount of biofilm retraction
(99% and 77% respectively) which was not observed for PDMS-6K-29 and PDMS-6K-63.
Visually, it was observed from the image in Figure 2.32.C that none of the coating surfaces

synthesized from PDMS-63K showed significant reduction in biofilm retraction.
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Table 2.2. Figure 2.34.C display the images of well plates with stained biomass over the
coating surfaces synthesized from PDMS-6K. With regards to the amount of biofilm,
PDMS-6K-52 and PDMS-6K-63 showed significant reduction in biofilm retention values
of 79% and 98% respectively. However, the XTT cell viability assay demonstrated that
none of the coatings surfaces were able to kill the bacterial cell significantly. The
maximum percentage of reduction (36%) in biofilm viability was observed with the coating
PDMS-63K-63 containing 63 wt % of tethered PTVE. Coating surfaces produced from
63K PDMS were not able to reduce the biofilm retention effectively. From the images of
6K PDMS coatings array plate (Figure 2.34.C), no significant amount of biofilm retraction
was visually observed for PDMS-6K-29 and PDMS-6K-42.

Figure 2.35 shows the reduction in E. coli biofilm retention and viability of the
coatings surfaces produced according to the formulation described in Table 2.2. Figure
2.36.A shows the biofilm retraction during the drying process. Figures 2.36.B and 2.36.C
display the images of well plates with stained biomass over the coating surfaces
synthesized from PDMS-63K and PDMS-6K. Data obtained from Figure 2.35
demonstrated that none of these coatings surfaces were able to reduce the E. coli biofilm
retention or viability. From the images of coatings array plates (Figure 2.36.C), it was
observed that coating surfaces produced from the PDMS-6K-42 underwent a significant
amount of biofilm retraction (88%) which was not observed for coatings containing 29, 52,
and 63 wt. % of tethered PTVE. However, the coatings surfaced produced from the PDMS-
63K-42 and PDMS-63K-52 underwent moderate amount of biofilm retraction (37% and

59% respectively).
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Figures 2.37.A and 2.37.B show the reduction in C. albicans biofilm retention and
viability of the coating surfaces produced according to the formulation described in Table
2.2. Figures 2.37.C and 2.37.D display the images of well plates with stained biomass over
the coatings surfaces synthesized from PDMS-63K and PDMS-6K. With regards to
amount of biofilm, PDMS-6K-42 and PDMS-6K-52 showed moderate reduction in biofilm
retention with a value of 42% and 57% respectively. However, the XTT cell viability assay
demonstrated that none of the coating surfaces were able to kill the microorganism. From
the images of coatings array plates (Figures 2.37.C and 2.37.D), it was observed that none
of the coatings surfaces produced from the PDMS-63K and PDMS-6K were able to retract
the biofilm. Table 2.4 showed the MIC data for both biomedically-relevant and marine-

relevant microorganisms.

g e (A) g 100 (B)

= B PDMS-63K = @ PDMS-63K

‘..g 80 1 B PDMS-6K E 80 B PDMS-6K

[ =4

&L |

2 60 E 60

z 5

S 40 - 3 40

a IS

£

£ 20 - S 20 1

2 S

g R 'g 0

° o [}

& 29 4 52 63 100 o 23 42 52 63 100
PTVE Content (%) PTVE Content (%)

Figure 2.31. Evaluation of C. Lytica biofilm (A) retention and (B) viability for coatings
surfaces produced from PDMS-g-PTVE/P copolymers with PDMS-63K and PDMS-6K.
Percent reduction values are reported after comparing to a silicone elastomeric control
coating, DC 3140. Error bars represent standard deviations from the mean value of three

replicate measurements.
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Figure 2.32. (A) Evaluation of C. Lytica biofilm retraction for coatings surfaces produced
from PDMS-g-PTVE/P copolymers with PDMS-6K. Pictures in right side represent images
of coating array plates after crystal violet staining for (B) PDMS-63K and (C) PDMS-6K
with 29%, 42%, 52%, and 100% PTVE. Percent reduction values are reported after
comparing to a silicone elastomeric control coating, DC 3140. Error bars represent standard

deviations from the mean value of three replicate measurements.
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Figure 2.33. Evaluation of N. Incerta biofilm growth for coatings surfaces produced from
PDMS-g-PTVE/P copolymers with PDMS-63K and PDMS-6K. Percent reduction values
are reported after comparing to a silicone elastomeric control coating, DC 3140. Error bars

represent standard deviations from the mean value of three replicate measurements.
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Figure 2.34. Evaluation of S. epidermidis biofilm (A) retraction and (B) viability for
coatings surfaces produced from PDMS-g-PTVE/P copolymers with PDMS-63K and
PDMS-6K. (C) Pictures in right side represent images of coating array plates after crystal
violet staining for PDMS-6K with 29%, 42%, 52%, and 100% PTVE. Percent reduction
values are reported after comparing to a silicone elastomeric control coating, DC 3140.

Error bars represent standard deviations from the mean value of three replicate

measurements.

8

8

8

(A) = PDMS63K
B PDMS-6K

[+.]
o
L

3

[
o
1

o
1

29 42 52 63
PTVE Content (%)

Reduction in biofilm retention (%)
S
(=]

Figure 2.35. Evaluation of E. coli biofilm (A) retention and (B) viability for coatings
surfaces produced from PDMS-g-PTVE/P copolymers with PDMS-63K and PDMS-6K.
Percent reduction values are reported after comparing to a silicone elastomeric control

coating, DC 3140. Error bars represent standard deviations from the mean value of three

replicate measurements.
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Figure 2.36. (A) Evaluation of E. coli biofilm retraction for coatings surfaces produced
from PDMS-g-PTVE/P copolymers with PDMS-63K and PDMS-6K. Pictures in right side
represent images of coating array plates after crystal violet staining for (B) PDMS-63K and
(C) PDMS-6K with 29%, 42%, 52%, and 100% PTVE. Percent reduction values are
reported after comparing to a silicone elastomeric control coating, DC 3140. Error bars

represent standard deviations from the mean value of three replicate measurements.
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Figure 2.37. Evaluation of C. albicans biofilm (A) retention and (B) viability for coatings
surfaces produced from PDMS-g-PTVE/P copolymers with PDMS-63K and PDMS-6K.
Pictures in right side represent images of coating array plates after crystal violet staining
for (C) PDMS-63K and (D) PDMS-6K with 29%, 42%, 52%, and 100% PTVE. Percent
reduction values are reported after comparing to a silicone elastomeric contr¢ coating, DC
3140. Error bars represent standard deviations from the mean value of three replicate

measurements.
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Table 2.4. MIC data for both biomedically-relevant and marine-relevant microorganisms.

Triclosan | THF | PDMS- | PDMS- | PDMS- | PDMS- | PTVE
pg/ml | pg/ml | 6K-29 | 6K-42 | 6K-52 6K-65 | pg/ml

pg/ml | (ug/ml) | (pg/ml) | (pg/ml)
C. lytica 12.5 >100 | >100 | > 100 > 100 >100 | >100
N. incerta 6.25 >100 [ >100 | >100 > 100 >100 | > 100
E. coli 0.8 >100 | >100 [ >100 > 100 >100 | >100
S. epidermedis <02 >100 | >100 | >100 > 100 >100 | >100
C. albicans >100 | >100 | >100 | > 100 > 100 >100 | > 100

2.4.2.2. Antimicrobial properties of thermoset PDMS-g-PTVE/S coatings

The coating surfaces produced from PDMS-g-PTVE/S containing 52 wt. % PTVE
were found to contain no substantial amount of leachate toxic compounds (~20% reduction
in biofilm retention/growth) when tested against five microorganisms used for this study
(Figure 2.38). Figure 2.39 shows the reduction in biofilm retention data for C. lytica, S.
aureus, C. albicans, and E. coli. Figures 2.41.A and 2.41.B demonstrated both the
reduction in biofilm growth data for N. incerta and biofilm viability data for S. aureus and
E. coli, respectively.

Data obtained from Figures 2.39 and 2.41 demonstrated that the coating surface was
not able to reduce the biofilm retention, growth, and viability for none of these
microorganisms. Figure 2.40 displays the images of well plates with stained biomass over
the coatings surfaces produced from PDMS-g-PTVE/S. From the images of coatings array
plates, it was observed that coatings surfaced produced from the PDMS-g-PTVE/S

underwent no significant amount of biofilm retraction.
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Figure 2.38. Toxicity evaluation of PDMS-g-PTVE/S coating leachates against C. [ytica, N.
incerta, S. aureus, C. albicans, and E. coli. Each data point represents the percentage of
reduction in biofilm growth compared to a control coating. Error bars represent standard

deviations from the mean value of three replicate measurements.
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Figure 2.39. Evaluation of C. Lytica, S. aureus, C. albicans, and E. coli biofilm retention
for coating surface produced from PDMS-g-PTVE/S containing 52 wt. % PTVE. Percent
reduction values are reported after comparing to a silicone elastomeric control coating, DC
3140. Error bars represent standard deviations from the mean value of three replicate

measurements.
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Figure 2.40. Images of the PDMS-g-PTVE/S (52 wt. % PTVE) coating array plates after
crystal violet staining for C. lytica, S. aureus, E. coli, and C. albicans in biofilm retention

experiment.
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Figure 2.41. (A) Evaluation of N. incerta biofilm growth and (B) S. aureus and E. coli
biofilm viability for coating surface produced from PDMS-g-PTVE/S containing 52 wt. %
PTVE. Percent reduction values are reported after comparing to a silicone elastomeric
control coating, DC 3140. Error bars represent standard deviations from the mean value of

three replicate measurements.
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2.5. DISCUSSION

The objective of the research was to investigate the feasibility of synthesizing a
novel, environmental friendly antimicrobial coating containing tethered biocide moiety that
could exhibit antimicrobial activity through a contact active mechanism without leaching
the biocide. PTVE was used as a biocide and grafted to PDMS backbone. The bioactivity
of coating surfaces produced from the phase separated thermoplastic coatings and single
phase thermoset coating were tested against both the biomedical-relevant and marine-

relevant organisms.

2.5.1. Reduction in biofilm viability

The antimicrobial testing results clearly demonstrated that the bioactivities of these
coatings were highly microorganism specific. Generally, the reduction in biofilm viabilities
data demonstrated that none of the PDMS-g-PTVE/P and PDMS-g-PTVE/S coatings
surfaces could kill the microorganisms significantly. Only moderate reduction in C. lytica
(32 %) and S. epidermidis (36%) biofilm viabilities were observed for thermoplastic
PDMS-6K-42 and PDMS-63K-63 coatings respectively as compared to a PDMS control
coating (DC 3140). These results are also supported by the leachate toxicity data of
coatings which eliminated the presence of any free Triclosan or toxic leachates.
Additionally, MIC data in Table 2.4 showed that chemically bonded Triclosan in PTVE is

not lethal to any of the microorganisms tested in this experiment.
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2.5.2. Reduction in biofilm retention

PTVE grafted PDMS is a class of environmentally friendly, non-toxic antimicrobial
coatings that reduces biofilm formation by a contact active mechanism without killing
microorganisms. The ability of the tethered Triclosan to deter the settlement of biofilm
over coatings surfaces largely depends upon the phase separation morphology, weight
percentages of PTVE, and PDMS molecular weight. PDMS-g-PTVE/S coating surface was
not able to reduce the biofilm retention even at a PTVE concentration of 52 weight percent.
In contrast to thermoplastic coatings, the PDMS-g-PTVE/S coating was not able to phase
separate as shown in AFM images (Figure 2.27). The coating itself was glassy at room
temperature (T, = 27.5 °C). The initial water contact angle (110 °) and surface energy (19.5
mN/m) values illustrated that the coating surface was more likely to be hydrophobic. The
biocide moiety, PTVE was possibly impinged into the PDMS matrix and the concentration
of tethered Triclosan moieties at the water/coating interface might not be sufficient to
prevent the retention and/or growth of biofilm produced by microorganisms tested.

The influence of tethered Triclosan to deter settlement of microorganisms over a
series of leachate non-toxic, antimicrobial PDMS coating surfaces was previously reported
by Chisholm et al.'*'""** 13 The authors had tethered the Triclosan moiety to a moisture
cured PDMS backbone through a hydrolytically stable ether linkage.13 "' It was found that a
significantly high concentration of Triclosan moiety (>30%) was necessary to reduce the C.
Iytica biofilm retention. In another example, Chisholm et al."*? tethered Triclosan moiety to
an addition-cured PDMS backbone through a hydrolytically stable ether linkage and found

that a high level of tethered Triclosan (25%) was effective to reduce C. lytica biomass
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retention. A similar result was reported by Chisholm et al.'> for C. Iytica biomass retention
over an antimicrobial PDMS surface. Triclosan was attached to a PDMS backbone using a
hydrolytically stable ether linkage and the epoxy-modified PDMS was crosslinked
according to a procedure used by Thomas et al.”’ It was found that moderate reduction
(37%) in C. Wytica biofilm retention was observed for the PDMS coating containing 25%

tethered Triclosan. Chen et al.'*

synthesized cationic UV curable coatings containing
tethered Triclosan as a biocide moiety. The Triclosan was chemically attached to PDMS
backbone using a hydrolytically stable ether linkage. These coatings were reported to be
non-toxic to leachate toxicity experiment. A substantial reduction (>97%) in S. epidermidis
biofilm retention and a moderate reduction (20-35%) in E. coli biofilm retention was
observed on these coating surfaces. Interestingly, these leachate non-toxic, biocidal
coatings can kill greater than 97% S. epidermidis even with a relatively low amount (6.4%)
of tethered Triclosan moiety.

Kugel et al.”* synthesized an antimicrobial polyurethane coating containing tethered
Triclosan acrylate moiety. The tethered Triclosan was attached to a PDMS backbone in a
polyurethane coating through an ester linkage. The authors had found a significant
reduction in S. epidermidis biofilm retention and a moderate reduction in C. lytica biofilm
retention with the coatings surface of interest. However, no reduction of biofilm retention
and growth was observed for E. coli and N. incerta respectively. It was reported that the
coatings surfaces could reduce the S. epidermidis biofilm retention at high concentration of

Triclosan acrylate. According to the authors, one potential exj; nation of the organism

specific antimicrobial activities towards S. epidermidis was the accumulation of free

79




Triclosan at the water/coating interface resulting from hydrolysis or enzymatic cleavage of
the ester tether linking Triclosan to the coating matrix.

However, the mechanism of antimicrobial activity of PDMS based coatings
investigated in this research is different than that described by Kugel et al.” but relatively
similar to that described by Chisholm et al.*'"** 3% The polymer of tethered Triclosan
(PTVE) was chemically grafted to a PDMS backbone through an ether linkage which is not
known to be easily cleavable by hydrolytic or enzymatic process.'** The detailed
mechanisms of antimicrobial activity of Triclosan are not fully developed.145 As mentioned

by Escalada et al.'*

a multiple mechanism may exist depending upon the concentration of
Triclosan. The mechanism of antimicrobial activity of Triclosan is mainly contributed to
the inhibition of bacterial fatty acid synthesis.'*’ It was reported that at low concentration,
free Triclosan specifically blocks the activity of the enoyl-acyl carrier protein reductase
(Fabl) enzyme which is mainly responsible for bacterial fatty acid biosynthesis.'*> '*® Some
researchers also reported that at higher concentration, Triclosan may damage the bacterial
extra cellular process involving the maintenance of membrane integrity and activity'*®
which may occur by a contact mechanism as opposed to ingestion by bacteria.'*’

The Triclosan moiety in this experiment is covalently bound to a polymer backbone
through a hydrolytically stable ether linkage. Thus, it is highly unlikely that the bioactivity
of tethered biocide polymer is due to the inhibition of reductase (Fabl) enzyme or other
metabolic process that occur within the cell. On the contrary, the bioactivity is likely due to

tethering the effectiveness towards microorganism may change. Stewart et al.'*® reported

that the 2-hydroxyl substitution on Triclosan is necessary to inhibit the activity of enoyl-
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acyl carrier protein Fabl enzyme. According to the minimum inhibitory concentration
(MIC) data in Table 2.4, the bioactivity of tethered Triclosan in PTVE polymer was greatly
reduced as compared to free Triclosan. This suggests that the microbial activity observed in
PDMS-g-PTVE/P coatings is not due to the inhibition of bacterial fatty acid synthesis.
However, it is possible that the bioactivity mechanism of this tethered Triclosan is
attributed to the interaction of Triclosan moiety with the activity and maintenance of the
bacterial cell membrane process. This mechanism is also supported by the fact that the
bioactivity of PDMS-g-PTVE copolymer is organism specific depending upon the cell
structure of microorganisms employed in this research.

The PDMS-g-PTVE/P copolymers synthesized from PDMS-6K were found to be
more bioactive than the PDMS-63K analog. However, the reductions in biofilm retention
were largely dependent on the nature of the cell wall of the microorganisms used for the
evaluation. Considering the results obtained from the antimicrobial test, the PDMS-g-
PTVE/P coatings from PDMS-6K were able to reduce the retention of biofilm significantly
(80 - 97%) formed by a Gram-positive bacterium S. epidermidis. Biofilm retention was
moderate for a Gram-negative marine bacterium C. lytica (45 — 50%), and a yeast C.
albicans (42 — 58%). However, no biofilm retention and growth were observed for a Gram-
negative bacterium E. coli and a marine diatom N. incerta. The bioactivity difference in
between S. epidermidis (Gram-positive) and E. coli (Gram-negative) can be explained by
the cell wall structure of these microorganisms. The multiwall cell of E. coli is composed
of a thin, inner wall (2-3 nm) containing 10-20% peptidoglycan followed by an o zr lipid

bilayer (7 nm) containing phospholipids and lipopolysaccharides. On the other hand, the
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cell wall of S. epidermidis is a thick (20-80 nm), single wall membrane containing 60 to
90% peptidoglycan. Due to the absence of phospholipids in the cell wall, S. epidermidis is
found to be more vulnerable towards free Triclosan than E. coli as shown in the MIC data
(Table 2.4). The cell wall of a marine diatom N. incerta is composed of a hard and porous
layer of silica, called a frustule. The C. albicans cell wall consisted of almost inert cellular
structure that protects the protoplast against osmotic offence. The major components of the
cell wall are hydrophobic polysaccharides, such as chitin, glucan, and mannoproteins
which provide the structural rigidity. Additionally, cell wall proteins increase the adhesion
with substrates.'’'"* For PDMS-g-PTVE/P coatings produced from PDMS-6K, the
concentrations of tethered Triclosan at the coatings/water interface are sufficient enough to
reduce the E. epidermidis biofilm significantly but not high enough to affect E. coli and N.
incerta.

Data obtained from the reduction in biofilm retention and viability showed that the
surface of pure PTVE polymer containing the maximum amount (80.3%) of Triclosan
moiety was not able to either reduce the biomass settlement or kill any bacteria utilized in
this experiment. Moreover, pure PTVE polymer surface is not able to retract the biomass
formed by any of the organisms during dehydration of the coating surface. The data
obtained from initial water contact angle and surface energy demonstrates that the PTVE
surface is hydrophilic (surface energy 40.5 mN/m) due to the presence of the maximum
amount of polar Triclosan moieties. On the other hand, a hydrophobic moisture curable
control PDMS (DC 3140) surface (surface energy 18.38 mN/m) was not able to reduce the

biofilm retention, viability, and retraction when tested against any of these microorganisms.
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Thus, it is easily understandable that in order to interact with the cell wall of
microorganisms effectively, Triclosan tethered PDMS surfaces should amphiphilic in
nature.

In general, coating surfaces based on lower molecular weight polysiloxane
backbone possess greater antimicrobial activity than the copolymer based on higher
molecular weight polysiloxane backbone. The coating surfaces synthesized from PDMS-g-
PTVE/P copolymers are more likely amphiphilic possessing surface energy between 21
mN/m and 30 mN/m. However, AFM images demonstrating more finer two phase
morphology was observed for PDMS-g-PTVE/P coatings synthesized from PDMS-6K than
the PDMS-63K analog. Moreover, surface energy data demonstrates that PDMS-g-PTVE/P
coatings produced from PDMS-6K are more hydrophilic than those with PDMS-63K
analog. The surface energy increased with the increase in the concentration of PTVE
moiety. According to Table 2.3, the phase sizes of PDMS-63K-52 and PDMS-63K-52 are
comparable to those in synthesized from PDMS-6K analog, but they still are not bioactive
which could be due to increase in hydrophobicity. Thus, it is conceivable that PDMS-g-
PTVE/P coatings from PDMS-6K offering finer phase separation and amphiphilic surface
allow more Triclosan moieties at the water/coating interface and interact with the
amphiphilic bacterial cell wall more effectively.

S. epidermidis is a widely recognized microorganism causing infection and failure
in orthopedic implants, urinary catheters, and heart valves. Once the biomedical device is
implanted inside the body, S. epidermidis attached over the surface and form thick slick

layers of biofilm consisting of polymeric extra celli ir matrix. These extra cellular
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matrixes effectively shield the bacteria from adverse environment created inside the body
in the presence of antibiotics and the host immune response. This is one of the well
recognized causes of the implant failure requiring retrieval of the device. The result
described in this research shows that Triclosan tethered PDMS coatings can effectively
reduce (>97%) the biofilm formed by S. epidermidis without leaching any Triclosan in the
environment. This class of compound is environmental friendly as it is not releasing any
toxic compound. As a result the coating can be used on biomedical devices for long term

protection against S. epidermidis.
2.5.3. Reduction in biofilm retraction

The biofilm retraction experiment shows a clear difference between biofilm surface
coverage before drying and after drying of coatings. This phenomenon was not observed
over either pure PDMS (DC 3140) or PTVE. The biofilm retraction process can be
considered to be a slow de-wetting over PDMS in the presence of PTVE moiety.
Significant biofilm retraction was observed for C. lytica and E. coli biof n over the
coatings surfaces synthesized from PDMS-g-PTVE/P copolymers. The maximum amount
reduction in biofilm retraction was observed for thermoplastic coatings containing 42% and
52% PTVE. Chisholm et al."*'""*? reported that the tethered Triclosan over a PDMS surface
reduced the C. lytica biofilm adhesion. The authors concluded that the tethered Triclosan
moiety at the surface may cause stress to the bacterial cells resulting in a reduction in

biofilm adhesion over the surface without killing them. It was also found that a high
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amount of tethered Triclosan (30 - 40%) was needed to get a significant reduction (>90%)
in surface coverage.

As the coating surfaces dehydrated, the capillary forces acting due to the presence
of high content of Triclosan moiety is enough to cause detachment of some portion of
biofilm causing reduction in surface coverage.'*? For C. albicans no significant biofilm
retraction was observed that could be due to the cell wall proteins increasing adhesion with
substrate.””'"*? The crosslinked, PTVE tethered PDMS (PDMS-g-PTVE/S) surface was
unable to reduce the biofilm retraction which could be due to the absence of high tethered
Triclosan content at the coating/microorganism interface.

For long term antimicrobial activity of Triclosan tethered PDMS, the coatings
surfaces should have a good foul release property. The antimicrobial surface covered by
layers of retained biofilm may shield the activity of Triclosan moiety. In combination with
antifouling and foul release properties the Triclosan tethered PDMS could be a good
candidate against reducing C. /ytica biofilm. However, in case of E. coli, no reduction of
biofilm retention was observed but a significant amount of biofilm retraction (> 85%) was

observed for 42 wt. % tethered PTVE.

2.6. CONCLUSION

A novel TVE monomer containing Triclosan as a biocide moiety was synthesized
and polymerized using living carbocationic polymerization initiated by IBEA/Et; sAlCl, s.
In the presence of methyl chloroacetate, a well-defined and living polymerization was

successfully achieved. The monoallyl-functional PTVE was achieved by terminating the
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living polymerization with 2-allyloxyethanol. Quantitative functionalization was confirmed
using '"H NMR. The incorporation of monoallyl-functionality in PTVE enabled the
formation of Triclosan tethered polydimethylsiloxane graft copolymer possessing excess
Si-H groups. The excess hydride was used to synthesize both PDMS-g-PTVE/P and
PDMS-g-PTVE/S copolymers. The PDMS-g-PTVE/P copolymers were transparent
rubbery materials. Both morphology and antimicrobial properties were found to depend on
the molecular weight of PDMS and PTVE content. Thermal analysis of the PDMS-g-
PTVE/P copolymers revealed that the graft copolymers were two phase materials.
Copolymers possessing two glass transition temperatures (below -120 °C and above 15 °C)
indicated the co-existence of PDMS and PTVE phases. Moreover, two phase morphology
of PDMS-g-PTVE/P copolymers was also confirmed using AFM and TEM images.
However, the surface energy analysis showed that the copolymers synthesized from
PDMS-6K allow more Triclosan moiety at the surface of coatings than PDMS-63K analog.
The PDMS-g-PTVE/P coatings based on the PDMS-6K exhibited higher antimicrobial
activity than analogous coatings based on PDMS-63K. Antimicrobial activity of these
leachate non-toxic coatings revealed that the surfaces produced from PDMS-6K provided
excellent reduction in S. epidermidis biofilm retention (80% — 97%) and moderate
reduction in both C. albicanas (42% — 58%) and C. lytica (45% - 50%) biofilm retention.
The PDMS-g-PTVE/P coating surfaces produced from PDMS-6K provided enough PTVE
concentration at the coating/water interface, so that PTVE can effectively interacts with the
microorganism cell wall to damage the bacterial extra cellular process. However, no

bioactivity was observed for PDMS-g-PTVE/P coating surfaces when tested against N.
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incerta and E. coli. Reduction in biofilm viability data showed that none of these coatings
surfaces were capable of killing the microorganisms. However, significant biofilm
retraction was observed for C. lytica and E. coli biofilm over the coatings surfaces
produced from PDMS-g-PTVE/P. The maximum amount reduction in biofilm retraction
was observed for PDMS-g-PTVE/P coatings containing 42% and 52% PTVE. On the other
hand, coating surfaces synthesized from PDMS-g-PTVE/S were not able to reduce biofilm
retention, viability, and retraction. The surfaces generated from PDMS-g-PTVE/S coatings
were single phase and hydrophobic in nature. Water contact angle analysis demonstrated
that the surface composition of PDMS-g-PTVE/S is very similar to that of crosslinked
PDMS coatings. Due to crosslinking, the PDMS-g-PTVE/S coating surfaces were unable to
provide enough concentration of the PTVE moiety at the coating/water interface which is
necessary to damage the bacterial extra cellular process effectively. Thus, the results
obtained from Triclosan tethered thermoplastic copolymers containing PDMS-6K provide
an excellent antimicrobial activity against a Gram-positive bacterium S. epidermidis.
Additionally, these classes of coatings are considered as environmental friendly coatings
due to the absence of any leachate toxic components. S. epidermidis is considered as one of
the major organism responsible for biomedical failure due to infection, so these coatings
can be a used in implantable devices as long-term antimicrobial coatings towards S.

epidermidis.
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF A NOVEL
INITIATOR, 1-2-(4-ALLYL-2-METHOXYPHENOXY)ETHOXY)ETHYL
ACETATE, AND ANTIMICROBIAL ACTIVITY OF
POLY(DIMETHYLSILOXANE)-5-POLY[CHLOROETHYL
VINYLETHER)-5-POLY(N,N,N-ALKYLDIMETHYL-2-(VINYLOXY)
ETHANAMINIUM CHLORIDE] PRODUCED USING LIVING
CARBOCATIONIC POLYMERIZATION, HYDROSILYLATION, AND
QUATERNIZATION

3.1. ABSTRACT

A novel initiator, 1-(2-(4-allyl-2-methoxyphenoxy)ethoxy)ethyl acetate, (AMEA)
containing a monoallyl-functional moiety was synthesized to use in the cationic
polymerization of vinyl ethers. Using AMEA, a monoallyl-functional polymer of
chloroethyl vinyl ether (PCVE) was synthesized. The attachment of allyl-functionality to
one end of PCVE was successfully achieved by the dissociation of AMEA to produce an
initiating species containing an allyl group and acetate as counter-ion. The narrow
molecular weight distribution of the polymer (PCVE) measured using a gel permeation
chromatography (GPC) indicated a relatively fast and efficient initiation process associated
with the use of AMEA. The quantitative incorporation of allyl-functional moiety to PC\
was confirmed using 'H NMR. The incorporation of allyl-functional moiety into PCVE
enabled the formation of block copolymer (PDMS-b6-PCVE) comprised of
polydimethylsiloxane (PDMS) blocks using hydrosilylation with a hydride terminated
PDMS (PDMS/H). The chlorine atoms of the PDMS-5-PCVE were replaced with a series

of n-alkyldimethyl amines after varying the n-alkyl chain lengths (from 12 carbons to 18
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carbons) and percentage of quaternization. The resulting copolymers containing blocks of
quaternary ammonium chloride (PDMS-5-PCVE-b-PQs) were evaluated for antimicrobial
activity in solution against a Gram-positive bacterium S. aureus and a Gram-negative

bacterium E. coli.

3.2. INTRODUCTION

End functional polymers and macromers are of great interest due to their potential
application in numerous important areas. The end functional polymers and macromers can
be synthesized using living/controlled polymerization by three routes as described below:
(a) initiation of polymerization with functional initiator, (b) termination of polymerization
with functional terminator (end-capping), and (c) combination of the both. Essentially, the
combination of approaches (a) and (b) will produce a telechelic polymer. Figures 3.1(A-F)
show examples of such functional initiators used in living carbocationic polymerization of
vinyl ether. These initiators are adducts of HI and vinyl ether containing a pendant
functional group. The use of these initiators for the synthesis of functional polymer in the
presence of a Lewis acid (I, or Znl,) is described « ewhere.’” > 15315° However, skilled
and cumbersome techniques are required to handle HI and maintain low polymerization
temperature (- 40 °C) to prevent side reactions. An easy-to-use initiator system consisted of
an alkylaluminum halide as a co-initiator and an added base that provides living
polymerization of vinyl ether even at 0 °C.** The commonly used initiators for such
systems are shown in Figures 3.1(G and H). Using the initiator shown in Figure 3.1.G, no

telechelic polymer can be synthesized. With the use of initiator as described in
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Figure 3.1.H, the methacrylate group constitutes the counter-ion. However, a broad

molecular weight distribution (PDI = 2.6 — 2.96) was observed as a result of strong

nucleophilicity of the counter-ion.** '3
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(F)
Figure 3.1. Chemical structure of initiator (A - F) used in combination with I, or, Znl,; and
Et;AlCl; (G - H).

Thus, it is necessary to develop a novel initiator (Figure 3.2.A) containing an ally
functional moiety that can provide fast initiation in the presence of ethyl aluminum
sesquichloride to polymerize vinyl ether at relatively higher temperature. Figure 3.2.B
shows the polymerization scheme with the use of the novel initiator. Monoallyl-functional
random and block copolymers can be synthesized according to the scheme shown in Figure
3.3. Essentially, the use of the initiator produces a monoallyl-functional polymer that can
further be used to produce copolymers with controllable block lengths (Figure 3.4).
Additionally, the monoallyl-functional group of the polymer can be derivatized to enable

other mechanisms of crosslinking (Figure 3.5). The monoallyl-functional polymer can be
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converted to halogen and alcohol end-functional polymer according to the synthesis
scheme in Figure 3.6. Trichlorosilyl end-functional polymer that enables the formation of
polymer monolayer over a treated glass substrate can be synthesis by the hydrosilylation of

monoallyl-functional polymer with trichlorosilane (Figure 3.7).

o
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Vinylether CH,CICOOCH, Allyl-end functional
monomer polymer of vinylether
R#OH
=OR, R=alkyl
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=0Si(CH;),
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etc.
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Figure 3.2. (A) Possible chemical structure of a novel initiator and (B) synthesis scheme of

a monoallyl-functional polymer-1 using the initiator.
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Figure 3.3. Synthesis of monoallyl-functional copolymer (random and block) using the

initiator.
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Figure 3.7. Preparation of surface monolayer of polymer-1 over a treated glass.

Quaternary ammonium compounds (QACs) have been used for more than half
century as disinfectants for a variety of applications, for example, implants, biomedical
devices, water cooling systems, fiber treatment, hair rinses, and wood preservation.'>’ 1% It
is well known that QACs provide the bioactivity by interacting with microbial cell wall that
leads to cell death. The mechanism by which the QACs interact with bacterial cell wall
consists of a multistep process.'®*'% The first step is the absorption of the QAC to the
microbial cell through electrostatic interaction between the positively charged QAC and
negatively charged bacterial cell wall. After absorption onto the surface the QAC diffuses
through the cell wall and disrupt the cytoplasmic membrane releasing potassium and other
constituents causing the cell death. The chemical composition (charge density,
amphiphilicity), molecular size, and mobility of the QACs have a strong influence over the
absorption and diffusion processes onto the cell wall and hence the antimicrobial
activity.'”17° Since the cell wall structure and chemical composition vary from one
microorganism to another, the effectiveness of QACs vary from one microorganism to

other.'®" "' Commercial products possessing one or two quaternary ammonium groups

have been using as an antimicrobial agent. However, compounds containing multiple
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quaternary groups per molecule possess much higher charge densities and thus, effectively
interact with negatively charged microbial cell wall.'”? Until today, much attention has
been given to develop quaternary ammonium salt functional polymers which are capable of
providing larger charge density. QACs containing high molecular weight and high charge
densities causes extensive inter and intra molecular interactions and hence reduce diffusion
through cell membranes. In order to increase the charge density of a QAC, Chen et al.'”
synthesized a poly(propylene imine) dendrimer containing 16 quaternary ammonium salt
groups per molecule and found the twice much antimicrobial activity than a
monofunctional counterpart. Majumdar et al.'”* synthesized quaternary ammonium
functionalized POSS (Q-POSS) and found that Q-POSS possessing a relatively low extent
of quaternization and longer n-alkyl chains provided the highest antimicrobial activity.

This document describes the synthesis and characterization of a novel initiator
possessing an allyl double bond in the ester fragment of the initiator (Figure 3.8). Using
this initiator, a monoallyl-functional PCVE was synthesized and characterized. To
demonstrate the application of such end-functional polymer, PCVE was hydrosilylated
with PDMS/H to produce a block copolymer. The chlorine groups of this block copolymer
were then replaced with tertiary amines to synthesize polymers of quaternary ammonium
salts and bioactivities of such polymers were evaluated.

/\/Q\O/\/OTOY
Ock, 0

Figure 3.8. Structure of the novel initiator, 1-(2-(4-allyl-2-methoxyphenoxy)ethoxy)ethyl
acetate (AMEA).
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3.3.1. Materials

3.3. EXPERIMENTAL

Table 3.1 describes the starting materials used for the investigation. Unless
specified otherwise, all materials were used as received.
Table 3.1. Chemicals used.
Chemical name Description Source

CVE 2-chloroethyl vinyl ether, 99 % Sigma-Aldrich
Nal Sodium iodide, = 99 % Sigma-Aldrich
Acetone ACS Grade, 99.5% VWR Chemicals
Diethyl ether ACS Grade, 99% VWR Chemicals
KOH Potassium hydroxide, 90 % Sigma-Aldrich
Eugenol 2-Methoxy-4-(2-propenyl)phenol, 99% Sigma-Aldrich

Acetic acid

Glacial, 99.7 %

EMD Chemicals

Magnesium sulfate

Anhydrous, ReagentPlus®, >99.5%

Sigma-Aldrich

MCAc Methyl chloroacetate, 99%, a Lewis base used in cationic Sigma-Aldrich
polymerization, distilled over calcium hydride
Et;sAICI, 5 Ethylaluminum sesquichloride (25 wt. % in toluene) Sigma-Aldrich
MeOH Methanol, > 99.8 % Sigma-Aldrich
CDCl, Deuterated chloroform Sigma-Aldrich
DMS-H11 (PDMS/H- | Hydride Terminated PolyDimethylsiloxanes, Molecular Weight Gelest
1.05K) =1000-1100 g/mole, Equivalent Weight = 550 g/eq
DMS-H25 (PDMS/H- | Hydride Terminated PolyDimethylsiloxanes, Molecular Weight Gelest
17.2K) = 17,200 g/mole, Equivalent Weight = 8,600 g/eq
PtO, (Pt Catalyst) Pt, 81-83% Sigma-Aldrich
Toluene ACS grade, 99.5% EMD Chemicals
C-12 amine N,N-dimethyldodecylamine, > 97% Sigma-Aldrich
C-14 amine N,N-dimethyltetradecylamine, > 95% Sigma-Aldrich
C-16 amine N,N-dimethylhexadecylamine, > 95% Sigma-Aldrich
C-18 amine N,N-dimethyloctadecylamine, > 85% TCI America
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3.3.2. Svynthesis of the initiator, 1-(2-(4-allyl-2-methoxyphenoxy)ethoxy)ethyl acetate

AMEA

Synthesis of the initiator, AMEA consisted of the preparation of the 4-allyl-2-
methoxy-1-(2-(vinyloxy)ethoxy)benzene (AMB) followed by the reaction with acetic acid
at 60 °C. Synthesis of AMB consisted of the preparation of 2-iodoethyl vinyl ether
followed by the reaction with Eugenol in the presence of potassium hydroxide in methanol.

3.3.2.1. Synthesis of 2-iodoethyl vinyl ether

2-iodoethyl vinyl ether was synthesized using the synthetic scheme shown in Figure
3.9. A detailed procedure is as follows: 100.65 g of 2-chloroethyl vinyl ether, 200.16 g of
sodium iodide and 730 g of acetone were combined in a 2-liter, 3-neck round bottom flask
and heated at a temperature of 60 °C for 72 hours. Next, the reaction mixture was cooled to
room temperature and diluted with 600 ml of diethyl ether. The organic layer was washed
thrice with deionized water and dried with anhydrous magnesium sulfate. The product was
recovered by rotary evaporation of diethyl ether and excess 2-chloroethyl vinyl ether at a
temperature of 50 °C and a pressure of 60 mmHg for 1 hour. Proton NMR was used to
confirm the production of 2-iodoethyl vinyl ether: 'H NMR (CDCl3) & 6.44 ppm (q, 1H,

OCH=C), 4.19, 4.05 ppm (dd, 2H, CH,=C), 3.95 ppm (t, 2H, OCH,), 3.3 ppm (t, 2H,

CHLI).
Acetone, 3 day
/\o/\/cI _— /\0/\/|
Nal, 60 °C
2-chloroethy! 2-iodoethyl
vinylether vinylether

Figure 3.9. The synthetic scheme used to produce 2-iodoethyl vinyl ether.
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3.3.2.2. Synthesis of 4-allyl-2-methoxy-1-(2-(vinvloxy)ethoxy)benzene (AMB)

AMB was synthesized using the synthetic scheme shown in Figure 3.10. A detailed
procedure is as follows: 146.9 g of 2-iodoethyl vinyl ether, 87.4 g of Eugenol, 42.7 g of
potassium hydroxide, and 500 ml of methanol were combined in a 1000 ml, round bottom
flask fitted with a reflux condenser and stirred at a temperature of 62 °C. After 40 hours of
reaction, the reaction mixture was cooled to room temperature and diluted with diethyl
ether. The organic layer was washed with deionized water thrice and dried with anhydrous
magnesium sulfate. The crude product was collected after rotary evaporation of all volatiles
at 30 °C for 3 hours. The product, AMB was crystallized from methanol at a temperature of
— 30 °C and dried under vacuum overnight. Proton NMR was used to confirm the
production of AMB: 'H NMR (CDCl;) & 6.5 ppm (q, 1H, OCH=C), 4.22 ppm — 4.25 ppm
(m, 2H, CH,=C-0), 4.0 ppm — 4.2 ppm (m, 4H, CH,-CH>), 3.3 ppm (d, 2H, C=C-CH,), 5.9

ppm (m, 1H, C=CH-C), 5.1 (m, 2H, CH,=C-C), 3.8 ppm (s, 3H, CHz3), 6.7 ppm, 6.9 ppm

(m, 3H, Ar-H).
</ MeOH, KOH, 62°C OCH,
0o -_— 5 /\0/\/0 &
g OCH,
| HO@v\ AMB

IVE Eugenol

Figure 3.10. The synthetic scheme used to produce AMB.

3.3.2.3. Svynthesis of the initiator, 1-(2-(4-allyl-2-methoxyphenoxy)ethoxy)ethyl acetate

AMEA

AMEA was synthesized using the synthetic scheme shown in Figure 3.11. A

detailed procedure is as follows: 39.3 g of AMB and 12.2 g of glacial acetic acid were
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combined in a 250 ml, round bottom flask fitted with a reflux condenser and stirred at a
temperature of 60 °C for 18 hours. The reaction mixture was cooled to room temperature
and diluted with diethyl ether. The organic layer was washed with deionized water and
dried with anhydrous magnesium sulfate. The crude product was recovered after rotary
evaporation of diethyl ether under a reduced pressure at 30 °C. The product initiator
(AMEA) was separated from the unreacted AMB by passing the crude product through a
column packed with silica gel possessing a pore size of 60 A. The mobile phase was
selected as a combination of ethyl acetate and n-hexane (10:90 vol/vol). The pure initiator
was collected after rotary evaporation of all volatiles and dried with anhydrous magnesium
sulfate before use. Proton NMR, carbon NMR and FTIR were used to confirm the
production of AMEA: 'H NMR (CDCls) 8 5.9 ppm (m, 2H, O-CH-O, C=CH-C), 1.3 ppm
(d, 3H, H3C-C-0), 4.03 ppm (t, 2H, CH,-CH,), 3.8 ppm (m, 2H, CH,-CH,), 3.3 ppm (d,
2H, C=C-CH,), 3.7 ppm (s, 3H, H3C-0), 6.7 ppm, 6.9 ppm (m, 3H, Ar-H), 1.9 ppm (s, 3H,

CH;-C=0).

OCH, OCH,

1% 0
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e
60°C, 18h
AMB AMEA

Figure 3.11. The synthetic scheme used to produce AMEA.

3.3.3. Synthesis of the monoallyl-functional PCVE using the AMEA initiator

The synthesis of monoallyl-functional PCVE was shown in Figure 3.12. A living
carbocationic polymerization technique was employed to polymerize the chloroethyl vinyl

ether (CVE). The CVE and toluene were distilled over calcium hydride before use.
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3.3.3.1. Polymerization kinetic study using gravimetric analysis

The polymerization kinetic study was conducted by the procedure as follows:
Polymerizations were carried out in a series of dry test tubes partially immersed into a
heptane bath at 0 °C inside a glove box. In each test tube, 30.4 mg of AMEA, 2.2 g of CVE
([CVE]p:[AMEA]y = 200:1), and 2.8 g of MCAc ([CVE]y:[MCAc]p = 200:250) were
dissolved in 6.36 g of dry toluene and chilled to 0 °C. Each polymerization was initiated by
the addition of 256 mg of supplied ethylaluminum sesquichloride solution
(ICVE]o:[Et; sAICI, s]o = 200:5). Each reaction was terminated after predetermined interval
times by the addition of 15 ml of chilled methanol which caused the polymer to precipitate.
The polymer was isolated and washed multiple times with methanol using centrifugation.
The purified polymer was collected as a viscous liquid after centrifugation at 4500 rpm at a
temperature of 21 °C for 10 minutes and drying under vacuum overnight. The percentage
of conversion of each polymer was calculated gravimetrically and the number average

molecular weight was measured using a gel permeation chromatography.

/  Et.sAICl,s/0°C, CICH,COOCH;  MeOH
R ' OM
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)
0 1 H,CO OCH, 2
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cl
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CVE AMEA Allyl-terminal PCVE

Figure 3.12. The synthetic scheme used to produce PCVE.

3.3.3.2. Synthesis of PCVE possessing a theoretical degree of polymerization of 50

53.35 g of CVE, 2.95 g of AMEA, 65.8 ml of MCAc ([CVE]o:[AMEA]o:[MCAc]o

= 50:1:75) were dissolved in 154 g of dry toluene and taken in a 500 ml round bottom
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flask. The solution was cooled to 0 °C and the reaction was started by the addition of 9.9 g
of supplied ethylaluminum sesquichloride solution ((CVE]y:[Et, sAICl; 5]o = 50:2). After 32
minutes of reaction the reaction mixture was terminated by the addition of 350 ml of
chilled methanol which caused the polymer to precipitate. The polymer was isolated and
washed multiple times with methanol using centrifugation. The purified polymer was
collected as a viscous liquid after centrifugation at 4500 rpm at a temperature of 21 °C for
10 minutes and drying under vacuum overnight. The percentage of conversion was
calculated gravimetrically and the number average molecular weight was measured using

gel permeation chromatography.

3.3.4. Synthesis of the block copolymer of PCVE and PDMS (PDMS-5-PCVE)

The synthesis procedure of PDMS-b-PCVE is consisted of the hydrosilylation
between monoallyl-functional PCVE and PDMS/H in the presence of a platinum catalyst
under nitrogen atmosphere. Figure 3.13 demonstrates the synthesis of PDMS-5-PCVE. A
detailed procedure is as follows: PCVE and PDMS/H were combined together in a dry one
liter round bottom flask inside a glove box according to the formulation in Table 3.2.
Polymers were dissolved by the addition of toluene and the final concentration of the
reaction mixture was maintained as 16 weight percent solid. The reaction was started by
the addition of 270 mg of platinum oxide and heating at a temperature of 90 °C. The
completion of hydrosilylation was monitored using proton NMR and FTIR spectra. The
reaction was continued for 4 days until the Si-H protons at 4.7 ppm and allyl protons at 5.1

ppm were totally disappeared in a proton NMR spectrum of PDMS-b-PCVE. The reaction
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was then cooled to room temperature and the platinum oxide was vacuum filtered through a

silica bed. The PDMS-b-PCVE was precipitated into methanol and dried under vacuum

overnight.
Si Si Si O/\/ M
H’l\O<|\0>|\H + /\/Q 0"
. OCH, 2
PDMS/H PCVE Cl
N, atmosphere
Toluene / 90 °C Pt catalyst
Meowo\/\o Si (Si\ Si O/\/OTNVOME
1) l o | © l Q "
m
g Len, OCH, 8
a PDMS-b-PCVE cl

Figure 3.13. The synthetic scheme used to produce PDMS-5-PCVE.

Table 3.2. Formulation table for the synthesis of PDMS-5-PCVE.

PDMS-b- | Wtof PCVE, | Wt. of PDMS/H- | Wt. of PDMS/H- Ratio of
PCVE (2) 1.05K (DMS- 17.2K (DMS- PCVE:PDMS
H11), (8) H25), (g) (Wt. %)
PDMS-1.05K 40 4.17 - 90.6 : 9.4
PDMS-17.2K 40 - 65.22 38:62

3.3.5. Svnthesis of the quaternized block copolymer of PCVE and PDMS (PDMS-5-PCVE-

b-P

The synthesis of the PDMS-b-PCVE-b-PQ consisted of the quaternization of
PDMS-b-PCVE in the presence of a n-alkyldimethyl amine at a temperature of 100 °C for

8 days (Figure 3.14). The detailed procedure is as follows: PDMS-5-PCVE and a tertiary
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amine were combined in a 40 ml vial and dissolved with toluene at a concentration of 5
weight percent solid. A series of such solutions was produced by varying the n-alkyl chain
lengths and concentration of tertiary amine. Four different tertiary amines, for example,
N,N-dimethyldodecylamine  (C-12), N,N-dimethyltetradecylamine = (C-14), N,N-
dimethylhexadecylamine (C-16), and N,N-dimethyloctadecylamine (C-18) were used. For
each amine, three different concentrations were used to replace the chlorine by 10 mole %,
30 mole %, and 50 mole %. Thus, a total 12 polymer solutions were produced from each

PDMS-b-PCVE. The detailed formulation is described in Tables 3.3 and 3.4.

Meowo\/\o Sli\ /(Sli\ ),Sll ONOTMOMe
n ) | (0] | (0] I o n

m
g OCH, OCH, 2
| PDMS-b-PCVE cl

0 /
Toluene /100°C RN R=CiaHas, CiaHyg, CigHas, CigHyy

MeO Lyl M
Y X0 | O\ © mI oY 0 X

o]
2 o OCH, OCH, 2 g o
®/ ¢ ®/ ¢
cl N €l N
/\ R /\ R
R=C1zHas, C1aHag, CigHaz s CogHyy R=Cy,Hss , CiaHag s CigHas, CigHay

PDMS-b-PCVE-b-PQ

Figure 3.14. The synthetic scheme used to produce PDMS-5-PCVE-b-PQ.
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Table 3.3. Formulation table for the quaternization of PDMS-b-PCVE synthesized from
PDMS/H-1.05K.

PDMS-6-PCVE-5-PQ | Wt. of PDMS- | Wt.of C-12 | Wt. of C-14 | Wt.of C-16 | Wt. of C-18
1.05K (g) amine (g) amine (g) amine (g) amine (g)

PDMS-1.05K-C12-10% 1.5 0.281 - -- -
PDMS-1.05K-C12-30% 1.5 0.842 - -- -
PDMS-1.05K-C12-50% 1.5 1.403 - -- -
PDMS-1.05K-C14-10% 1.5 -- 0.324 - -
PDMS-1.05K-C14-30% 1.5 - 0.973 -- -
PDMS-1.05K-C14-50% 1.5 -- 1.621 - -
PDMS-1.05K-C16-10% 1.5 -- - 0.362 -
PDMS-1.05K-C16-30% 1.5 -- - 1.086 -
PDMS-1.05K-C16-50% 1.5 -- - 1.809 -
PDMS-1.05K-C18-10% 1.5 -- -- -- 0.447
PDMS-1.05K-C18-30% 1.5 -- -- -- 1.34
PDMS-1.05K-C18-50% 1.5 -~ - -- 223 |

Table 3.4. Formulation table for the quaternization of PDMS-5-PCVE synthesized from
PDMS/H-17.2K.

PDMS-5-PCVE-5-PQ Wt. of PDMS- Wt. of C- Wt, of C- Wt.of C- | Wt. of C-m
17.2K (g) 12 (g) 14 (g) 16 (8) @)
PDMS-17.2K-C12-10% 1.5 0.119 -- -- --
PDMS-17,2K-C12-30% 1.5 0.357 - - --
PDMS-17.2K-C12-50% 1.5 0.596 -- -- .-
PDMS-17.2K-C14-10% 1.5 -- 0.138 -- --
PDMS-17.2K-C14-30% 1.5 -- 0.413 -- --
PDMS-17.2K-C14-50% 1.5 -- 0.688 -- -
PDMS-17.2K-C16-10% 1.5 -- -- 0.154 --
PDMS-17.2K-C16-30% 1.5 -- - 0.461 -
PDMS-17.2K-C16-50% 1.5 -- -- 0.768 --
PDMS-17.2K-C18-10% 1.5 - - -- 0.189
PDMS-17.2K-C18-30% 1.5 -- -- -- 0.568
PDMS-17.2K-C18-50% 1.5 - -- -- 0.947




3.3.6. Instrumentation and measurements

An MBraun glove box system equipped with a cold well and a chiller from FTSTM
Systems was used for the cationic polymerization of TVE. Normal heptane was used as
cooling medium.

3.3.6.1. Gel Permeation Chromatography (GPC)

A high-throughput Symyx Rapid GPC equipped with an evaporative light scattering
detector (PL-ELS 1000) and 2xPLgel Mixed-B columns of 10 um particle size was used to
determine the molecular weight and molecular weight distribution of polymer. Polymer
solutions of 3 mg/ml were prepared in THF and the temperature of the column was
maintained at 45 °C. Molecular weight data was reported relative to polystyrene standards.
3.3.6.2. Nuclear Magnetic Resonance (NMR) spectroscopy

'H NMR and “C NMR measurements were carried out with a JEOL-ECA 400
(400MHz) NMR spectrometer equipped with an autosampler. CDCI; was used as the lock
solvent. Data acquisition was completed using 16 scans for proton NMR and 1000 scans
for carbon NMR at a temperature of 23 °C. A Delta software was used to process the data.
Heteronuclear Chemical Shift Correlation (HETCOR) and Distortionless Enhancement by
Polarization Transfer (DEPT) experiments were used to assign the BC NMR peaks.

3.3.6.3. Fourier Transform Infrared (FTIR) spectroscopy

A Nicolet Manga-850 FTIR instrument was employed to measure FTIR spectra.
Samples were coated on dry potassium bromide disc, and the measurements were carried
out in the range of wavelengths from 600 cm™ to 3900 cm™ using 64 scans with a data

spacing of 0.964 cm’.
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3.3.6.4. Differential Scanning Calorimetry (DSC)

A DSC Q1000 from TA Instruments equipped with an autosampler accessory was
used to determine the glass transition temperature (Tg) of polymers. All polymers were first
heated from 30 °C to 50 °C at a heating rate of 10 °C/minute (1* heat), cooled from 50 °C
to -140 °C at a cooling rate of 10 °C/minute (cooling), and reheated from -140 °C to 70 °C
at a heating rate 10 °C/minute (2" heat). The T, reported was obtained from the 2" heat.

3.3.6.5. Thermogravimetric Analysis (TGA)

TGA was carried out using a Q500 from TA Instruments. Samples sizes were 10
mg to 15 mg. In a ramp heating mode samples were heated from 30 °C to 800 °C at a

heating rates of 20 °C/minute in air.

3.3.7. Antimicrobial activity of PDMS-b-PCVE-b-PQs (polyquats)

The PDMS-b5-PCVE-b-PQs synthesized from PDMS-17.2K and PDMS-1.05K were
dissolved at a concentration of 2% (w/v) solution in DMSO and isopropanol, respectively.
The antimicrobial activities of the PDMS-b-PCVE-b-PQs in solution were determined by

the procedure as described previously.'”*!”’

The detailed description is as follows: Stocks
of S. aureus ATCC 25923 and E. coli ATCC 12435 were maintained weekly at a
temperature of 4 °C on TSB and LBA respectively. Broth culture of S. aureus and E. coli
were prepared by inoculating one colony into 10 ml of broth and incubating at a
temperature of 37 °C with shaking. Overnight culture were pelleted by using centrifugation

at 4500 rmp for 10 minutes, washed twice in 0.9% NacCl solution, and resuspended to a 0.5

McFarland turbidity standard (~ 10% cells mI™). 100 microliters of 2% (w/v) solution of
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PDMS-b-PCVE-b-PQs in either DMSO or isopropanol was added to 1 ml of bacterial
suspension previously dispensed into a sterile 24-well plate polystyrene plate. The plates
were then placed on a orbital shaker and allowed to incubate for 15 minutes at room
temperature. 0.1 ml of each PDMS-5-PCVE-b-PQ/bacterial suspension was immediately
transferred to 0.9 ml of Dey/Engley (D/E) neutralization medium in a 1.5 ml centrifuge
tube, and serially diluted (1:10) in D/E medium. Then 0.2 ml of each dilution was
transferred in triplicate to a 96-well plate and incubated statically at a temperature of 37 °C.
After 24 hours of incubation, the plated were removed from the incubator and
photographed with a digital camera to quantify the bacterial growth in solution. Bacterial
log reduction was reported as the average of three replicate samples. The bacterial
suspension in 0.9 wt % NaCl (without PDMS-5-PCVE-b-PQ) served as the positive growth
control, while the blank D/E medium served as a negative growth control. DMSO and
isopropanol were also evaluated for antimicrobial activity as these were used to solubilize
the PDMS-5-PCVE-b-PQs.

D/E neutralization medium contains a pH indicator, bromo cressol purple that is
converted to yellow color as a consequence of bacterial growth (i.e., utilization of
dextrose). This allows for the rapid determination of bacteric log reduction by visual
evaluation of growth. D/E neutralization medium was employed in this study to inactivate
the antimicrobial activity of PDMS-b-PCVE-b-PQs solution after the 15 minutes of
exposure to the bacterial suspensions.177 D/E neutralization medium is generally used to

neutralize a variety of disinfectant chemicals and antiseptics including iodine, chlorine
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compounds, phenolics, quaternary ammonium compounds, glutaraldehydes, and

formaldehydes.'”

3.4. RESULTS AND DISCUSSION

3.4.1. Characterization of AMB and AMEA

The successful synthesis of AMB was demonstrated using proton NMR. As shown
in Figure 3.15, one methine and two methylene protons in the vinyl ether double bond
appeared at 6.5, 4.22, and 4.2 ppm, respectively. Successful synthesis of AMEA initiator
was confirmed by 'H NMR, *C NMR, DEPT-135, HETCOR, and FTIR (Figures 3.16 —
3.19). As shown in Figure 3.16, the successful synthesis of AMEA was demonstrated by
integrating and comparing the peak areas associated with the 3 protons of methyl group in
acetic acid fragment at 1.9 ppm to the 3 protons of methoxy group in Eugenol fragment at
3.7 ppm. The protons in the allyl unsaturation were at 4.9 ppm and 5.8 ppm.

The Distortionless Enhancement by Polarization Transfer (DEPT) method is useful
for determining the number of hydrogen atoms attached to a given carbon atom. In a
DEPT-135 spectrum, methyl and methine carbons appeared as positive peaks, while the
methylene carbons appear as negative peaks. As shown in Figure 3.17, the methylene
carbon (number 16) and methine carbon (number 15) in the allyl double bond can be seen
as a negative peak at 115.3 ppm and as a positive peak at 137 ppm, respectively. All
methine carbons in aromatic ring at the position numbers of 9, 10, and 12 produced
positive peaks at 114.3, 120.5, and 112.4 ppm, respectively. Three methyl carbons at the

position numbers of 3, 1, and 7 came out as positive peaks at 20.5, 20.7 and 55.8 ppm,
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respectively. Two methylene protons in the ethyl spacer in between acetate and aromatic
ring produced negative peaks at 67 and 68 ppm. Four quaternary carbons at position
numbers of 2, 8, 11, and 13 did not appear in DEPT-135 spectrum.

The positions of protons in AMEA were assigned using a HETCOR experiment
(Figure 3.18). One carbon at 137 ppm and one proton at 5.9 ppm correspond to methine
group (15); one carbon at 115.3 ppm and two protons multiplet at 5.0 ppm correspond to
methylene group (16); one carbon at 20.7 ppm and three protons singlet at 1.9 ppm
correspond to methyl group (1); one carbon at 20.5 ppm and three protons doublet at 1.3
ppm correspond to methyl group (3), one carbon at 114.3 ppm and one proton at 6.7 ppm
correspond to aromatic methine group (9), and two carbons at 120.5 ppm, 112.4 ppm and
two protons at 6.6 ppm correspond to two aromatic methine group (10, 12). FTIR spectrum
of AMEA (Figure 3.19) confirmed the presence of vinyl ether double bond between 1620

cm™ and 1645 cm™ with a peak maximum at 1635 cm™.

e
H;CO
- q r 3 C k fe
e /\0/\/0 Z
= s | e s d
5 e @ b
T
™
@ X
z 5 N
o} o8
= T
g 5
" m P PSR Y PRI
8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

Figure 3.15. "H NMR spectrum obtained for AMB.
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Figure 3.16. "H NMR spectrum obtained for AMEA.
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Figure 3.17. DEPT-135 and >C NMR spectra obtained for AMEA.
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3.4.2. Polymerization using the AMEA/Et, sAICl, s initiating system

The proposed mechanism for the initiation process of a vinyl ether polymerization
in the presence of AMEA/Et; sAICl, 5 can be described in Figures 3.20 and 3.21. As shown
in Figure 3.20, the carbocation generated after the dissociation of AMEA in the initiation
process is highly reactive. An added base possessing an ester group delocalizes the
carbocation via resonance stabilization (Figure 3.21) and provides added stability to the
propagating species.’®  Example of such ester functional bases are: (1) methyl
chloroacetate, H,C(CI)COOCH3, (2) ethyl acetate, H;CCOOC;Hs, and (3) methyl
dichloroacetate HC(C1)COOCH3. The order of basicity depends on the electronegativity of
the functional group(s) attached to the alfa-carbon to carbonyl carbon. The order of basicity
for the above mentioned bases are:

H,CCOOC,H;, H,C(CYCOOCH;, HC(Cl),COOCH;

Basicity increases

Carbocation stability increases

Et; SAICI 0
/\/Q\o/\/o\(o\g/ 15AICl 5 /\/Qo/\/ P -

OCH;, N, Atmosphere OCH,4 2 0----Ety sAICI; 5
ME
AMEA N, Atmosphere
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Figure 3.20. Mechanism of initiation process of vinyl ether polymerization in the presence

of a AMEA/Et; sAlICl, s initiating system.
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Figure 3.21. Mechanism of initiation process of vinyl ether polymerization in the presence

of AMEA/Et, sAICI 5 initiating system and an added base, for example, MCAc.

The utility of the AMEA as a novel initiator in a living carbocationic
polymerization was demonstrated by the polymerization of CVE. The living nature of CVE
polymerization initiated by AMEA/Et; sAICl, 5 in the presence of MCAc was demonstrated
by plotting the GPC number average molecular weight (Mn) as a function of CVE
conversion. The linearity of GPC Mn with monomer conversion, shown in Figure 3.22.A,
indicated the obtainment of a living polymerization in the presence of MCAc. Though the
relationship between the GPC Mn and percent of conversion is linear, it is somewhat
surprising that the straight line did not pass through the origin (0,0). The possible reason

could be the way of molecular weight measurement. The GPC, fitted with an evaporative
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light scattering detector determines the weight average molecular weight with respect to
polystyrene as an internal standard. Thus, the number average molecular weight molecular
weight obtained from the instrument is relative to the molecular weight of polystyrene. The
molecular weight distribution was determined as less than 1.2 which indicated the
obtainment of living polymerization as well as relatively fast and efficient initiation process
when AMEA was used to initiate the polymerization. From the percentage of conversion
value, In([M],/[M];) was plotted as a function of polymerization time. The linear relation
between In([M]o/[M]) and reaction time demonstrated the first order nature of the

polymerization (Figure 22.B) with a rate constant value of 0.23 min™.

210* T2 3.5 7 9
(A) 1®)
—e—Mn y=1732x+ 1712 37 y-0235xR2 =097
1.5 10 r18 ] '
- -z 25 ]
=} ]
E 16 — E‘ 2':‘
O 1104 Qa = ]
% A E 1.5
14 £ 14
5000 3
....................... [ 0.5
Ve 0.0 1.2
e T L A 0 B
0 20 40 6 80 100 0 2 4 6 8 10 12 14 16
Conversion (%) Reaction Time (min)

Figure 3.22. Plot of (A) GPC number average molecular weight as a function of % of
conversion and (B) In{[M],/[M];} as a function of polymerization time for CVE initiated
by AMEAJ/Et;sAICl;s in the presence of MCAc as an added base.
[CVE]o:[AMEA],: [MCAc]o:[Et; sAICL 5], = 200:1:250:5.

3.4.2.1. Characterization of monoallyl-functional PCVE

The successful synthesis of monoallyl-functional PCVE was characterized using

proton NMR. Figure 3.23 shows the proton NMR spectrum of PCVE possessing a
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theoretical degree of polymerization of 50. As shown in Figure 3.23, the three aromatic
protons from the initiator fragment at the position numbers of a, b, ¢ were at 6.8 ppm, 6.63,
and 6.65 ppm, respectively. The two methylene and one methine protons in the monoallyl-
functional group appeared at 5.0 ppm and 5.9 ppm respectively. The degree of
polymerization (DP) calculated after integrating and comparing the peak areas under the
proton absorption in the backbone methylene groups of repeating unit at 1.4 — 1.8 ppm to
the proton absorption in the one aromatic methine proton (a) of initiator fragment at 6.8

ppm was 55. The percentage of conversion calculated using gravimetric analysis was 99%.
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Figure 3.23. 'H NMR spectrum obtained for monoallyl-functional PCVE.

The DP calculated from the initial concentration of monomer and initiator
combined with gravimetric analysis was 49. The close match of DP values obtained from
both the gravimetric analysis and the NMR experiment suggested a fast initiation process.
The theoretical molecular weight of PCVE calculated using the percentage of conversion

from gravimetric analysis was 5487 g/mole. The GPC number average molecular weight of
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PTVE was determined as 8153 g/mole with a polydispersity index of 1.2. The difference in
the molecular weight calculated using gravimetric analysis and GPC can be explained by
the fact that the GPC molecular weight is determined with respect to a polystyrene internal

standard.

3.4.3. Synthesis and characterization of PDMS-5-PCVE

3.4.3.1. Synthesis of PDMS-5-PCVE

The synthesis of monoallyl-functional polymer has tremendous potential in various
application areas as shown in Figures 3.4 — 3.7 in the Introduction. The monoallyl-
functional polymer can be used to synthesize various block and graft copolymers. This
document describes the synthesis and characterization of a block copolymer, PDMS-b-
PCVE, by utilizing the monoallyl-end functionality in PCVE. The synthesis of PDMS-b-
PCVE consisted of the hydrosilylation of monoallyl-functional PCVE and PDMS/H
(Figure 3.13) in the presence of a platinum catalyst. The successful synthesis of block
copolymer was confirmed by the complete disappearance of methylene protons of terminal
allyl-group in PCVE (8 5.9 ppm and & 5.0 ppm) and the generation of two new peaks
corresponding to methylene protons attached to the a (f,g) and y (k) position to silicon
atom at 0.45 ppm and 2.5 ppm respectively (Figure 3.24). Additionally, the complete
disappearance of hydride (Si-H) peak at 8 4.7 ppm in '"H NMR spectrum confirmed that the
PDMS/H was totally consumed by the hydrosilylation. The absence of a trace amount of
hydride in PDMS-b-PCVE copolymer was confirmed by the complete disappearance of the

Si-H absorption peak at 2145 cm” in a FTIR spectrum (Figure 3.25). The GPC analysis of
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Figure 3.25. FTIR spectrum obtained for PDMS-b-PCVE copolymer.
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Figure 3.26. GPC chromatograms obtained for PCVE, PDMS/H, and PDMS-b-PCVE.
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Table 3.5. Theoretical and GPC number average molecular weight obtained for PCVE,
PDMS/H, and PDMS-b-PCVE.

Sample PCVE | PDMS/H-1.05K PDMS- PDMS/H-17.2K PDMS-
(DMS-HI11) 1.05K (DMS-H25) 17.2K
Mn (g/mole) 5,487 1,050 12,024 17,200 28,174
(Theoretical)
Mn (g/mole) 8153 2033 15,238 23,247 45,174
(GPC)
PDI (GPC) 1.2 1.2 1.5 1.6 1.8

3.4.3.2. Characterization of PDMS-5-PCVE

The TGA was performed in an air-oxidative environment with a constant increase
in temperature. TGA thermograms of PCVE, PDMS/Hs, and PDMS-b-PCVEs were shown
in Figure 3.27. Corresponding DTG graphs were shown in Figure 3.28. From the
thermograms, two important parameters, for example, the decomposition temperature (Ty)
and onset temperature (Tonset) are listed in Table 3.6. The Ty can be defined as the
temperature of maximum weight loss rate (dm/dtmac). The Topse; can be considered as the
point when decomposition just begins. TGA/DTG graphs of PCVE shows one main
degradation step with a peak maximum (Tp) of 316.7 °C and two small degradation steps
with Tos of 437.3 °C and 610.2 °C respectively. The DTG graph of PDMS/H-1.05K
showed one main degradation step and two small degradation steps with peak maximum
values of 218.9 °C, 383.3 °C, and 536.8 °C, respectively. However, the block copolymer,

PDMS-1.05K showed one major and one minor degradation steps with Tys of 339.2 °C and

458.5 °C respectively. Due to the addition of relatively higher molecular weight PCVE to
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PDMS/H-1.05K, the onset decomposition temperature (Tonset) Of the resulting block
copolymer was increased. Moreover, the decomposition peak of PDMS/H-1.05K with T, of
218.9 °C cannot be seen in the block copolymer. The DTG graph of PDMS/H-17.2K
showed one broad degradation step with Ty value of 548.9 °C. However, the block
copolymer, PDMS-17.2K showed two major degradation steps with Tos of 347.3 °C and
544.3 °C respectively. Due to the addition of relatively higher molecular weight PDMS/H-
17.2K, the onset decomposition temperature (Tonset) Of resulting block copolymer was
increased compared to PCVE. Two major degradation steps in the block copolymer

correspond to the degradation steps of PCVE and PDMS/H-17.2K.
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Figure 3.27. TGA thermograms obtained for PCVE, PDMS/H, and PDMS-5-PCVE.
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Figure 3.28. DTG thermograms obtained for PCVE, PDMS/H, and PDMS-4-PCVE.

Table 3.6. Tonset and Ty data obtained for PCVE, PDMS/H, and PDMS-5-PCVE.

Sample Tonset °C) To (°C)
Step-1 Step-2 Step-3
PCVE 292.1 316.7 437.3 610.2
PDMS/H-1.05K 148.6 2189 3833 536.8
PDMS-1.05K 300.2 339.2 458.5 --
PDMS/H-17.2K 465.3 548.9 - --
PDMS-17.2K 310.5 3473 544.3 --

3.4.4. Synthesis and characterization of PDMS-b-PCVE-b-PQ

3.4.4.1. Synthesis of PDMS-5-PCVE-b-PQs

The synthesis of PDMS-5-PCVE-b-PQs (polyquats) consisted of the quaternization
of PDMS-5-PCVE in the presence of n-alkyldimethyl amines at a temperature a 100 °C in
toluene. The process involves the replacement of chlorine in PDMS-5-PCVE with tertiary
amines to produce quaternary ammonium cation with chloride as a counter-ion (Figure

3.14). A series of such polyquats were produced by varying the n-alkyl chain lengths (12
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carbons to 18 carbons) of tertiary amines and the extent of quaternization. For each amine,
three different concentrations were used to replace the chlorine by 10 mole %, 30 mole %,
and 50 mole %. However, the complete quaternization was not observed after heating at 8
days. Thus, the PDMS-b-PCVE-b-PQs are consisted of the unreacted tertiary amine. The
unreacted tertiary amine concentration was calculated using a 'H NMR spectrum of crude
polyquat. The percentage of quaternization was calculated after integrating and comparing
the initial and final concentrations of 8 protons directly attached to the nitrogen of a tertiary
amine (Figure 3.29). Protons at 0.84 ppm were used to normalize the peak. Table 3.7 lists
the actual quaternization (mole %) calculated using proton NMR spectra. In the FTIR
spectrum, the quaternary ammonium groups can be seen as a broad absorption peak

centered at 3370 cm™ (Figure 3.30).

Ip

LhWPLtes,quz,

CHCJy

Unreacted tertiary amine

Figure 3.29. '"H NMR spectrum obtained for PDMS-b-PCVE-b-PQ.
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Figure 3.30. FTIR spectrum obtained for PDMS-5-PCVE-5-PQ.

Table 3.7. Actual quaternization (mole percentage) calculated using 'H NMR spectra of
PDMS-b-PCVE-b-PQs.

PQs synthesized from 1.05K PDMS PQs synthesized from 17.2K PDMS
PDMS-b-PCVE-b-PQ Actual value PDMS-5-PCVE-b-PQ Actual value
(mole %) (mole %)
PDMS-1.05K-C12-10% 8.5 PDMS-17.2K-C12-10% 8.5
PDMS-1.05K-C12-30% 24 PDMS-17.2K-C12-30% 28.2
PDMS-1.05K-C12-50% 48 PDMS-17.2K-C12-50% 39
PDMS-1.05K-C14-10% 8.5 PDMS-17.2K-C14-10% 8.5
PDMS-1.05K-C14-30% 24 PDMS-17.2K-C14-30% 24
PDMS-1.05K-C14-50% 335 PDMS-17.2K-C14-50% 33
PDMS-1.05K-C16-10% 8.5 PDMS-17.2K-C16-10% 8.5
PDMS-1.05K-C16-30% 223 PDMS-17.2K-C16-30% 24
PDMS-1.05K-C16-50% 33 PDMS-17.2K-C16-50% 33
PDMS-1.05K-C18-10% 8.5 PDMS-17.2K-C18-10% 8.5
PDMS-1.05K-C18-30% 22.8 PDMS-17.2K-C18-30% 24
PDMS-1.05K-C18-50% 33 PDMS-17.2K-C18-50% 46
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3.4.4.2. Characterization of PDMS-b-PCVE-b-PQ

The antimicrobial activities of PDMS-b-PCVE-b-PQs in solution were evaluated
against the Gram-positive bacterium, S. aureus and the Gram-negative bacterium, E. coli.
Figure 3.31 shows the image of array plates that is a representative result obtained from
combinatorial high throughput screening of antimicrobial activity in aqueous solution.
Figures 3.32 and 3.33 show the effect of both the n-alkyl chain lengths and percentages of
quaternization on the antimicrobial effect against S. aureus and E. coli respectively. The n-
alkyl chain lengths of quaternary ammonium compounds have strong influence on the
antimicrobial activity in solution. For example, Gilbert P et al.'”® investigated the effect of
n-alkyl chain lengths on the antimicrobial activities of n-alkyltrimethylammonium
bromides towards Staphylococcus aureus, Saccharomyces cerevisiae, and Pseudomonas
aeruginosa. The maximum antimicrobial activities for n-alkyltrimethylammonium
bromides were observed for the n-alkyl chain lengths between 10 and 12 carbon atoms.
Majumdar et al.'” synthesized quaternary ammonium salt functional trimethoxysilane
(QAS-TMS) and determined the antimicrobial activity of QAS-TMS in solution against E.
coli and S. aureus. In general, the QAS-TMS containing one quaternary ammonium group
per molecule showed more activity towards the Gram-positive bacterium S. aureus than the
Gram-negative bacterium E. coli. In another approach, Majumdar et al. synthesized a
quaternary ammonium substituted polyhedral oligomeric silsesquioxane (Q-POSS) and the
antimicrobial properties of Q-POSSs were evaluated against E. coli and S. aureus. In

contrast to QAS-TMS, the Q-POSSs were found to effective against both the E. coli and S.
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Figure 3.32. Variation of log reduction with the number of n-alkyl carbons attached to the
nitrogen atom in PDMS-5-PCVE-b-PQ for (A) 10 mole %, (B) 30 mole %, and 50 mole %

quaternization when tested against S. aureus.
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Figure 3.33. Variation of log reduction with the number of n-alkyl carbons attached to the
nitrogen atom in PDMS-5-PCVE-5-PQ for (A) 10 mole %, (B) 30 mole %, and 50 mole %

quaternization when tested against E. coli.

However, the chemical structures of quaternary ammonium compounds
synthesized here are totally different than that were produced by Majumdar et al. and
Gilbert P. et al. The PDMS-b-PCVE-b-PQs contain pendent quaternary ammonium
chloride salt moieties chemically attached to a polymer backbone. These polyquaternary
ammonium salt blocks are attached to hydrophobic PDMS blocks and PCVE blocks. These

quaternary ammonium compounds are generally blended with crosslinked networks, for
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example, crosslinked PDMS to synthesize antimicrobial coatings that show antimicrobial
activity via a contact active mechanism. The advantages of such polymeric quaternary
ammonium compounds attached to blocks of PDMS are the low water and chemical
solubility than monomeric and macromeric quaternary ammonium compounds. This will
increase the lifetime of the antimicrobial coating as the antimicrobial agent dissolves to the
environment at a lower rate than the monomeric counterpart. Additionally, due to the
presence of polymeric blocks of quaternary ammonium compounds the PDMS-b-PCVE-b-
PQ possesses very high charge density per molecule that will reduce the requirement of
contact time and concentration to be as effective as monomeric QAC.

According to the generally accepted mechanism of bactericidal activity of cationic
antimicrobial compounds, once the positive charge over nitrogen atom in QAC had
interacted with the head groups of acidic phospholipids on bacterial cell wall the QAC
adsorbed on to the cell wall surfaces and the hydrophobic part of QAC penetrates into the
hydrophobic core of the cell wall disrupting cell integrity. The bioactivity difference in
between Gram-positive and Gram-negative bacteria can be explained by the cell wall
structure of these microorganisms. The multiwall cell of E. coli is composed of a thin, inner
wall (2-3 nm) containing 10-20% peptidoglycan followed by an outer lipid bilayer (7 nm)
containing phospholipids and lipopolysaccharides. On the other hand, the cell wall of S.
aureus is a thick, single wall membrane containing 60 to 90% peptidoglycan. In general,
PDMS-b-PCVE-b-PQs (polyquats) synthesized from the lower molecular weight PDMS
showed high bioactivity against the Gram-positive bacterium when the n-alkyl chain

lengths were above 12 carbons (C-12) (Figure 3.32). However, polyquats synthesized from
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the higher molecular weight of PDMS and the percentage of quaternization above 10 mole
% showed high activity against S. aureus when the n-alkyl chain lengths were above 12
carbons except for one polyquat sample produced from C-18 and 30 mole %
quaternization. The possible reason could be nature of the interaction of the polyquat and
bacterial cell wall.

Polyquats synthesized from both the low and high molecular weight PDMS showed
high antimicrobial activity towards the Gram-negative bacterium when the extent of
quaternization was above 10% and the chain lengths of n-alkyl attached to nitrogen were
12 and 14 carbons (Figure 3.33). Higher number of carbons in the n-alkyl chain (C-16 and
C-18) did not show any significant effect on the antimicrobial activity against E. coli.
Combing the above results, it can be concluded that PDMS-5-PCVE-b-PQs containing n-
alkyl chain length of 14 carbons showed the broad spectrum antimicrobial activity against
both the Gram-positive and the Gram-negative bacteria for the entire concentration of

quaternization investigated in this research.

3.5. CONCLUSION

A novel monoallyl-functional AMEA initiator capable of producing very fast and
quantitative initiation under a living carbocationic polymerization condition of vinyl ether
was synthesized and characterized. With the AMEA, a polymer (PCVE) of 2-chloroethyl
vinyl ether was produced using a living carbocationic polymerization. The narrow
molecular weight distribution and quantitative incorporation of monoallyl-functionality to

PCVE indicated a relatively fast and efficient initiation process associated with the use of
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AMEA in the presence of El; sAICl; s at 0 °C. The order of polymerization calculated from
the percentage of conversion and reaction time was one. The AMEA possessing a
monoallyl-functionality in the ester fragment attaches to the one end of PCVE. This
monoallyl-functional PCVE was used to produce two block copolymers, PDMS-5-PCVE,
consisted of high and low molecular weight PDMS using hydrosilylation. The successful
block copolymer synthesis was confirmed using 'H NMR, FTIR, and GPC. The chlorine
atoms in PDMS-b-PCVE were replaced by a n-alkyldimethyl amine by varying the n-alkyl
chain lengths of tertiary amine from 12 carbons to 18 carbons and percentage of
quaternization. The antimicrobial activities of PDMS-4-PCVE-b-PQs were evaluated in
solution against E. coli and S. aureus. The antimicrobial activity towards E. coli was found
to increase when the n-alkyl chain were consisted of 12 and 14 carbons. However, the
antimicrobial activities against S. aureus were the highest when the percentages of
quaternization were at the higher end (30 mole % and 50 mole %) and the n-alkyl chains
were consisted of 14 and 16 carbons. The great advantage of PDMS-5-PCVE-b-PQs
possessing very high charge density per molecule over monomeric quaternary ammonium
compounds is the presence of polymeric blocks of quaternary ammonium compounds that
are very effective against microorganisms even at a low concentration and low contact
time. Based on these results obtained in this research, it appears that the novel initiator is
useful to synthesize a wide variety of polymers with various applications. The
polyquaternary ammonium compounds described in this document have tremendous

commercial potential.
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CHAPTER 4. SYNTHESIS AND CHARACTERIZATION OF A NOVEL,
HIGHLY BROMINATED, FLAME RETARDANT POLYMER PRODUCED
USING CARBOCATIONIC POLYMERIZATION

4.1. ABSTRACT

A novel, highly brominated polymer (PBrVE) was synthesized from pentabromo-6-
ethoxybenzene vinyl ether monomer (BrVE) using carbocationic polymerization. BrVE
was synthesized from the reaction between 2-iodoethyl vinyl ether and pentabromophenol
in the presence of potassium carbonate. BrVE was polymerized in the presence of an ester
functional base, initiator and Lewis acid. The progress of the polymerization was
characterized using Real Time FTIR by monitoring the concentration of the vinyl ether
double bond in BrVE with time. The PBrVE was characterized using '"H NMR and FTIR
spectra. The thermal and rheological properties of PBrVE were compared to a
commercially available brominated flame retardant, poly(pentabromobenzyl acrylate),
PBrBA. Solution viscosity measurement revealed that PBrVE possesses an intrinsic
viscosity which is twice as high than that of PBrBA. The glass transition temperature of
PBrVE was determined to be 103 °C which was 57 °C lower than that of PBrBA. The

higher molecular mobility of PBrVE resulted in a lower melt viscosity than PBrBA.

4.2. INTRODUCTION

Polymeric materials when exposed to high temperature, suffer from thermal
breakdown and the decomposed products react with air oxygen providing a combustion

process.'®' 18 Flame retardants (FRs) are essential additives for many plastic applications.
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Industries that require flame retardant plastics include electronics, automobiles, aircraft,
building materials, and rail vehicles to name a few. FRs are generally inorganic and organic

halogenated or non-halogenated compounds. Examples of flame retardants are antimony

184-185 186-187 188-190

trioxide, chlorofluorocarbons, micas, inorganic carbonates, magnesium

191-196 198-208

hydroxide, alumina trihydrate,197 boron containing inorganic compounds (borax,

209-212

zinc borate, boric acid), melamine phosphate, alkyl phosphate, red phosphorous,213

214224 etc. For plastics, organic brominated FRs (BFRs) are the most

expandable graphite,
prevalent due to their effectiveness.””® Recently, a movement is going on to switch from
halogenated flame retardants to environmentally friendly, non-halogenate flame
retardants. However, in order to pass the industrial standard for flame retardancy test, the
amount of non-halogenated fillers required can exceed 60 percent by weight.*> Thus, this
alternative technology has a negative impact on the physical and mechanical properties of
plastic articles.

During the combustion of a plastic in air, highly oxidizing agents, free radicals, are
generated which are essential elements for propagating the flame. Halogenated materials
are very useful to capture the free radicals in the gas-phase. The mechanism by which
halogenated flame retardants provide flame retardancy basically involves interruption of
the combustion process by halogen radicals such that the rate of heat generation is reduced,
resulting in flame extinguishment.?*®

All four halogens are effective in trapping free radicals and the efficiency increases

with the size of the halogen, i.e., >Br>CI>F. Thus, any organohalogen compound could be

used as a flame retardant. However, the fluorinated compounds are very stable and
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decompose at very high temperature generating their halogens too late to be good flame
retardants. Organoiodine compounds being unstable to heat possess low shelf-life and
decompose at moderate temperatures. Thus, it is difficult to blend organoiodine compounds
with plastic using common processing techniques, such as extrusion molding, injection
molding, etc. Only the organobromine and organochlorine compounds can be used
effectively as flame retardants. Considering the free radical trapping efficiency and lower

composition temperature, organobromine compounds are more popular than the
organochlorine compounds.

Since, the bromine is the major part for a flame retardant, there is no restriction on
the chemical structure to be an efficient flame retardant until the percentage of bromine is
the same. The considerations for an efficient flame retardant are the long life time and good
compatibility with polymer. As a result, there are more than 75 aromatic, aliphatic, and
cycloaliphatic brominated compounds used as brominated flame retardants.”?’ Currently,
there are a wide variety of commercially available BFRs most of which contain high levels
of aromatic bromine. Typically, FRs need to be added at a level of 5 — 20 weight percent
to pass industry standards for flame retardancy.??® At this level of additive, the FR can have
dramatic effects on physical and mechanical properties and processability of the plastic.
As a result, the selection of a FR for a specific application often involves the influence of
the FR on properties well beyond flammability.

Depending upon the mode of incorporation into polymers, BRFs can be divided
into two subgroups, such as reactive compounds and additives. Reactive BFRs such as

tetrabromobisphenol-A is used as a reactive intermediate for the production of epoxy and
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polycarbonate polymers.229

Additive BFRs (monomeric and polymeric) are blended with
non-halogenated polymers. However, polymeric BFRs are more compatible with a base
polymer than the monomeric BFRs.

Due to issues with compatibility, polymeric BFRs are often preferred over small
molecule BFRs that can “bloom” (i.e. diffuse from the bulk of a molded part to the
surface). Polymeric BFRs possess better compatibility with plastics. Table 4.1 shows some
examples of monomeric BFRs. As shown in Table 4.2 some commercially available
polymeric BFRs include brominated epoxy oligomers (BrEO), brominated polycarbonate
oligomers (BrPCO), and poly(pentabromobenzyl acrylate) (PBrBA). In addition to
enhancing the properties and processability of plastic materials, polymeric BFRs have
certain advantages over monomeric BFRs regarding the environmental hazard
classification. Large polymeric BFRs are less likely to leach out of the end product
preventing their accumulation in environment.>>*2* Moreover, polymeric BFRs are less
likely to penetrate through the cell wall of living tissues or, bioaccumulate effectively.
Polymeric BFRs have better compatibility with base polymer and thus better temperature,
weather, and color resistance.>* Hence, the polymeric BFRs are predicted to gain more
market share than monomeric BFRs in future.”*

Of these polymeric BFRs mentioned in Table 4.2, PBrBA (polypentabromobenzyl
acrylate) possesses the highest bromine content which should allow for lower levels of the

additive to be used to obtain adequate flame retardancy. According to Smith et al.?®

PBrBA can enhance the properties and processability of some thermoplastics in addition to
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providing flame retardancy. Dead Sea Bromine Group has commercialized a p« 'meric

brominated flame retardant PBrBA.

Table 4.1. The chemical structure of some commercially available monomeric brominated

flame retardants.

Monomeric BFRs Chemical Structure Formulla & References
PBDE 0 C12HeBrsO, TetraBDE>**"
(Polybrominated C1,HsBrsO, PentaBDE?* 2+
diphenyl ethers) Br,.L C12HyBrsO, HexaBDE>*
C, szBTsO, OctaBDE236, 239, 242-246
C]2Br100, DecaBDE236, 243,246
PBB C,;H:Brs, HexaBBX % 27757
(Polybrominated C12Bryp, DecaBB?® 253255
Biphenyls)
Bri 1o
BTBPE o Br Br C14HsBro0,=¢
(1,2-bis(2,4,6- o
tribromophenoxy) "N
ethane) o - Br
HBCDD Br. Br CH 5Br 2o
(Hexabromocyclodo
decane) o
Br
Br
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Table 4.2. The chemical structure of some commercially available polymeric brominated

flame retardants.

Polymeric Chemical Structure Reference
BFRs
Brominated
0 Br oH Br oH Br. o Br 0
/ [ i I3 /\ €pox
BrEO HZC—\CHCHZ 0 ¢ OCH;~CHCH5 10 ¢ 0~CH,CH-CH, poxy
CHy CH, oligomers®’*?"’
Br Br Br Br
n
Br B Br Br, Brominated
0 CH,
BrPCO 1 | polycarbonate
Br 0-1Co C oCt+0 Br a0t
éHa oligomers”'™
Br Br Br Br
n
l Poly(pentabromo
CHZ_(I:H 0 Br, Br
PBrBA (l:=o benzyl
O—CH; Br acrylate277’289'306
Br Br

This document describes the synthesis and characterization of a novel, highly

brominated polyvinylether that has essentially the same bromine content as PBrBA, but

with very different physical properties.

4.3.1. Materials

Table 4.3 describes the starting materials used for the investigation.

4.3. EXPERIMENTAL

specified otherwise, all materials were used as received.
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Table 4.3. Chemicals used.

Chemical or Abbreviation Description Source
CVE 2-chloroethyl vinyl ether, 99 % Sigma-Aldrich
Nal Sodium iodide, > 99 % Sigma-Aldrich
Acetone ACS Grade, 99.5% VWR Chemicals
Diethyl ether ACS Grade, 99% VWR Chemicals

N,N-dimethyl formamide

Anhydrous, 99.8%

Sigma-Aldrich

BrP

Pentabromophenol, 99%

Acros Organics

Magnesium sulfate

Anhydrous, ReagentPlus®, >99.5%

Sigma-Aldrich

PBrBA (FR1025) Polypentabromobenzyl acrylate Dead Sea Bromine
Et3A12CI3 Ethylaluminum sesquichloride (25 wt. % in Sigma-Aldrich
toluene)
PBT Polybutylene terephthalate SABIC
BB Bromobenzene, 99 % Sigma-Aldrich
DBB 1,3-dibromobenzene, >97% TCI America
MCAc Methyl chloroacetate, 99%, a Lewis base in Sigma-Aldrich
cationic polymerization, distilled over calcium
hydride
Dibromobenzene 1,3-dibromobenzene, >97.0% TCI America
Methylene chloride ACS grade, 99.5% VWR
MeOH Methanol, > 99.8 % Sigma-Aldrich
CDCI3 Deuterated chloroform ( 99.8%), contains 1% Alfa Aesar
v/iv TMS, NMR solvent
C6D5Br Deuterated bromobenzene, 99.5 %, NMR Sigma-Aldrich

solvent

4.3.2. Synthesis of 1.2.3.4.5-pentabromo-6-(2-(vinyloxy)ethoxy)benzene (BrVE)

The synthesis of BrVE consisted of the synthesis of 2-iodoethyl vinyl ether

followed by the reaction of IVE with pentabromophenol.
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4.3.2.1. Synthesis of 2-iodoethyl vinyl ether

IVE was synthesized using the synthesis scheme shown in Figure 4.1. A detailed
procedure is as follows: 100.65 g of 2-chloroethyl vinyl ether, 200.16 g of sodium iodide
and 730 g of acetone were combined in a 2-liter, 3-neck round bottom flask and heated at a
temperature of 60 °C for 72 hours. Next, the reaction mixture was cooled to room
temperature and diluted with 600 ml of diethyl ether. The organic layer was washed thrice
with deionized water (DI) and dried with anhydrous magnesium sulfate. The product was
recovered by rotary evaporation of diethyl ether and excess 2-chloroethyl vinyl ether at a
temperature of 50 °C and a pressure of 60 mmHg for 1 hour. Proton NMR was used to
confirm the production of 2-iodoethyl vinyl ether: 'H NMR (CDCls) & 6.44 ppm (q, 1H,
OCH=C), 4.19, 4.05 ppm (dd, 2H, CH,=C), 3.95 ppm (t, 2H, OCH,), 3.3 ppm (t, 2H,

CH,).

Acetone, 3 day
/\0/\/0 - 5 /\0/\/1
Nal, 60°C

2-chloroethyl 2-iodoethyl
vinylether vinylether

Figure 4.1. The synthetic scheme used to produce 2-iodoethyl vinyl ether.

4.3.2.2. Synthesis of BrVE

Synthesis of the BrVE monomer consisted of the reaction between
pentabromophenol and 2-iodoethyl vinyl ether in the presence of a base in N,N-dimethyl
formamide (Figure 4.2). A detailed procedure is as follows: 139.01 g of 2-iodoethyl vinyl

ether, 266.67 g of pentabromophenol, 98.06 g of potassium carbonate, and 900 ml of N,N-
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Figure 4.3. The synthetic scheme used to produce IBEA.

4.3.3.2. Determination of polymerization kinetics using gravimetric analysis

A detailed description of BrVE polymerization is as follows (Figure 4.4).
Polymerization kinetic studies were carried out inside a glove box using a dry three-neck,
round-bottom flask equipped with an overhead stirrer. The reaction vessel was partially
submerged in a heptanes bath at 0 °C. 51.5 mg (0.32 mM) of IBEA, 36 g (64.4 mM) of
BrVE ([M]o:[1]o = 200:1), and 8.74 g (80.5 mM) of MCAc were dissolved into 600 ml of
bromobenzene and cooled to 0 °C. The polymerization was started by the addition of 0.88
ml (1.61 mM) of Et;Al,Cl; solution ([M]:[Et; sAICI, 5], = 200:5). Polymer samples as a
function of time were obtained by withdrawing a known amount of reaction mixtures at
different periods of time and terminating them with methanol. Each polymer sample was
purified by dissolving in bromobenzene and then precipitating into diethyl ether. Polymers
were isolated using centrifugation at 3500 rmp at 22 °C for 5 minutes. Polymer yield was
determined gravimetrically after drying the purified polymer at 40 °C under vacuum
overnight. The reduced viscosity and inherent viscosity of each polymer were measured

and plotted with the percentage of monomer conversion.
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polymer was washed with excess of methanol to remove the co-initiator fragment and dried

in vacuum overnight.

4.3.4. Determination of the solution viscosity of PBrVE

PBrVE is insoluble in common solvents, such as tetrahydrofuran (THF), toluene,
methanol, acetone, etc. Determination of polymer molecular weight and molecular weight
distribution using Gel Permeation Chromatography (GPC) was not possible due to the
insolubility of PBrVE in THF, a commonly used GPC solvent. Polymer molecular weight
was characterized by measuring the solution viscosity using an Ubbelohde viscometer at 25
°C according to the ASTM D 445 - 06. Each polymer sample was dissolved at a series of
concentration in dibromobenzene and filtered through a 0.45 um syringe filter from VWR.
Polymer solutions were equilibrated at 25 °C for 10 minutes before measurements were
taken. The time required for the liquid to travel across the volume indicated by the upper
and lower marks in the viscometer was recorded. Each data was reported as the average of
3 replicate measurements. The standard deviation from the mean value of three replicate
measurements was found as less than 0.2%. The reduced viscosity, inherent viscosity, and
intrinsic viscosity of PBrVE were calculated according to the flowing formula:

Reduced viscosity (1red) = Nsp/C

Inherent viscosity (ninh) = (In np)/c

Intrinsic viscosity [n] = (nsp/c)e=0 = [(Inne)/c] =0
where, ¢ = concentration of polymer in g/100 ml. Specific viscosity () can be defined as

follows:
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Specific viscosity (ng) =n/Me— 1 =t/to— 1
where, t and t, are the times required for the polymer solution and pure solvent to pass
through a certain volume marked by two lines in the viscometer. The pure empirical
relationship between ng/c and ¢ is given by Huggins as follows:

ny/e =[] + k' [nfe (M
where, k' is the Huggins constant. The [n] was calculated from the intercept at ¢ =0.

There is another empirical relation also available between [(In n,)/c] and ¢ which is
described as follows:

(Innye = [n] + k" [n}*c ey
where, k' is the Kraemer constant. The [n] was calculated from the intercept at ¢ =0. The
intrinsic viscosity reported was the average value of intrinsic viscosities obtained from

equations (1) and (2).

4.3.5. Determination of the Specific gravity of PBrVE

A known weight (a) of PBrVE was taken in a volumetric flask and dissolved in
dibromobenzene. The volume (V) of the volumetric flask was adjusted by the addition of
additional amount of dibromobenzene at a temperature of 25 °C. The total weight (b) of
dibromobenzene needed to adjust the volume at 25 °C was recorded. Next, the weight (c)
of only dibromobenzene needed to make up the volume of the volumetric flask at 25 °C

was noted. The density of PBrVE (pparve) at 25 °C was calculated according to the

following equation:
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The specific gravity (SG) of PBrVE was calculated according to the following
equation:

Pperve =

PrBivE
SG =

p water

The pwater, density of water, is considered as 0.997044 g/ml at 25 °C. The specific
gravity data was reported as the average value of 3 replicate measurements. The standard

deviation from the mean value of three replicate measurements was found as 0.03.

4.3.6. Instrumentation and procedures

4.3.6.1. Nuclear Magnetic Resonance (NMR) spectroscopy

A JEOL-ECA 400 (400MHz) NMR spectrometer equipped with an autosampler
was used to generate proton NMR (‘H NMR) spectra. Data acquisition was completed
using 16 scans in CDCl; as the lock solvent for BrVE and in C¢DsBr as the lock solvent for
PBrVE.

4.3.6.2. Fourier Transform Infrared (FTIR) spectroscopy

FTIR experiments were carried out using a Nicolet Magna-IR 850 spectrometer
Series II. The solid samples were mixed with dry potassium bromide powder and pressed
to produce circular transparent films using a compression molding. FTIR spectra were

taken at a rate of 1 spectrum/s with a resolution of 4 cm™.
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4.3.6.3. Differential Scanning Calorimetry (DSC)

The thermal properties of PBrVE and PBrBA were determined using differential
scanning calorimetry. The instrument utilized was a DSC Q1000 from TA Instruments,
and sample sizes ranged from 4.5 to 5.5 mg. All polymers were subjected to a heat-cool-
heat cycle by first heating samples from 30 °C to 250 °C at a heating rate of 20 °C/minute
(1** heat), cooling from 250 °C to 30 °C at a cooling rate of 20 °C/minute (cooling), and
reheating from 30 °C to 250 °C at a heating rate 20 °C/minute (2“d heat). The T, reported
was obtained from the 2" heat.

4.3.6.4. Thermogravimetric Analysis (TGA)

TGA was carried out using a Q500 from TA Instruments. Samples sizes were 10
mg to 15 mg. In a ramp heating mode samples were heated from 30 °C to 700 °C at five
different heating rates of 2.5, 5, 10, 20, and 40 °C/minute in air.

4.3.6.5. Refractive Index (RI) measurement

PBrVE and PBrBA were dissolved in bromobenzene at 2.6 wt. % and filtered using
a 1 micron syringe filter from VWR. The polymer solutions were coated over single-side
polished silicon wafers using a spin coater from Specialty Coating Systems (model P6700)
at spin rates of 220, 500, and 1000 rpm and dried overnight. The refractive index of PBrVE
and PBrBA were measured using a M88 J. A. Woollam spectroscopic ellipsometer.

4.3.6.6. Atomic Force Microscopy (AFM)

The roughness of the film surfaces coated over silicon wafer was characterized
using an AFM consisting of a Dimension 3100®microscope coupled with a Nano-scope

IIla controller manufactured by Veeco Incorporated. Surface scanning was carried out in
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tapping mode using a silicon probe and a scan rate of 1 Hz. The image collection set point
was in between 0.8 to 0.9.

4.3.6.7. Rheological properties

The rheological properties of PBrVE and PBrBA in melt were characterized using
an ARES rheometer from TA Instruments. Specimens were created by melt pressing
powders into thin films of approximately 0.33 mm thickness using a heated press.
Temperature profiles were generated using a constant stain of 5 % and a frequency of 10
rad/s. Frequency sweeps were generated by ramping frequency from 0.1 rad/s to 500 rad/s

at a constant stain of 5 % and constant temperature of 230 °C.

4.4. RESULTS AND DISCUSSION

The commercially available polymeric BFRs possess quite high glass transition
temperatures which can lead to undesirably high melt viscosities and reduced impact
strength in plastic compositions. As a result, it was of interest to synthesize a highly
brominated polymer with a relatively flexible polymer backbone. The polymer that was
synthesized was PBrVE. The BrVE monomer was synthesized by the reaction between 2-
iodoethyl vinyl ether and pentabromophenol (Figure 4.2). 2-iodoethyl vinyl ether was
produced from 2-chloroethyl vinyl ether using the reaction scheme in Figure 4.1. The

monomer was an off-white crystalline product with a melting point of 134 °C.

4.4.1. Characterization of BrVE

Successful synthesis of the BrVE was confirmed by 'H NMR, '*C NMR, DEPT-

135, HETCOR, and FTIR spectra. According to the proton NMR spectrum (Figure 4.6.B),
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the absorption associated with one methine and two methylene protons of the vinyl ether
double bond were at 6.52 ppm, 4.07 ppm, and 4.22 ppm, respectively. The total
disappearance of the proton absorption peaks at 3.3 ppm confirmed that BrVE was free

from unreacted IVE.

=
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0 [
a 2H IVE
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Chemical Shift (ppm)

Figure 4.6. "H NMR spectra of (A) IVE and (B) BrVE.

The Distortionless Enhancement by Polarization Transfer (DEPT) method is useful
for determining the number of hydrogen atoms attached to a given carbon atom. In a
DEPT-135 spectrum, methyl and methine carbons appear as positive peaks, while the
methylene carbons appear as negative peaks. As shown in Figure 4.7, the methylene
carbon (number 1) and methine carbon (number 2) in the vinyl ether double bond can be
seen as a negative peak at 87.3 ppm and a positive peak at 151.6 ppm, respectively. All
quaternary carbons in the aromatic ring at the positions of 5, 6, 7, 8, 9, and 10 did not
appear in the DEPT-135 spectrum. The position of carbons in the ethoxy group was
assigned using a HETCOR spectrum (Figure 4.8). One carbon at 87.3 ppm and two protons

(dd) at 4.07 and 4.22 ppm correspond to methylene group (1); one carbon at 151.6 ppm and
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Figure 4.9. FTIR spectrum of BrVE.

4.4.2. Polymerization kinetics studies

4.4.2.1. Polymerization kinetics study using gravimetric analysis

Polymerization of the monomer, BrVE, was successfully achieved using cationic
polymerization in which bromobenzene, IBEA, and Et;Al,Cl3 were the solvent, initiator,
and co-initiate, respectively. The polymer isolated was only soluble in bromobenzene and
dibromobenzene. The polymer synthesized according to the reaction scheme in Figure 4.4
was dissolved in dibromobenzene at a concentration of 4 g/dL and both the reduced and
inherent viscosities were plotted as a function of monomer conversion (Figure 4.10). As
shown in Figure 4.10, both the reduced and inherent viscosities of PBrVE increased with
the monomer conversion. This data demonstrates that carbocations generated due to the

addition of co-initiator were propagating during the entire course of conversion.
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Figure 4.10. Plot of (A) reduced viscosity and (B) inherent viscosity as a function of
monomer conversion for BrVE polymerization at 0 °C ([M]o:[IBEA][
MCAc],:[Et; 5sAICI, 5], = 200:1:250:5).

4.4.2.2. Polymerization kinetic study using Real Time FTIR analysis

The progress of BrVE polymerization was monitored using Real Time FTIR
experiment. Figure 4.11 shows the reaction spectra taken before the addition of Et; sAICl; 5
and after 2 hours of reaction at a temperature of 22 °C
(IBrVE]o:[IBEA]y:[MCAc]o:[Et1 5AICI; 5] = 200:1:250:5). From the reaction trend graph,
the peak intensities of C=C bond in BrVE at different reaction times were recorded. From
the peak intensity data, the percentage of conversion (Figure 4.12) and In([M]/[V )
(Figure 4.13) were plotted as a function of polymerization time. The linear relation
between In([M]o/[M];) and reaction time at two reaction temperatures of 0 °C and 22 °C
demonstrated the first order kinetics for the polymerization of BrVE (Figure 4.13). With
the increase in reaction temperature from 22 °C to 50 °C, a third order polynomial
relationship was observed indicating a significant contribution from termination reactions

(Figure 4.13).
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Figure 4.13. Plot of In([M]¢/[M]¢) vs. reaction time at three different reaction temperatures
of 0 °C, 22 °C, and 50 °C. ([M]o:[IBEA]o:[MCACc),:[Et) sAICI, 5], = 200:1:250:5).

From the In([M]o/[M];) vs. reaction time plot, the energy of activation of BrVE
polymerization between 0 °C to 22 °C was calculated according to the Arrhenius equation:
Arrhenius Equation: K = A x exp(-E,/RT)

where, A, K, E,, R, and T represent the pre-exponential factor, reaction rate constant,
activation energy, universal gas constant, and reaction temperature, respectively.

Considering reaction temperatures at 0 °C and 22 °C,
K, =A xexp(-E,)/RT,) K, =A xexp(-E,/RT,)

K; Axexp(-E,/RT))
K, A xexp(-E,/RT,)
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Considering the pre-exponential factor to be constant within the temperature range,
0.02/0.037 = exp {- (AE/R)(1/273 — 1/295)}

The energy of activation (AE,) of BrVE polymerization was calculated to be 18.7
KJ/mole.

The percentages of conversion and intrinsic viscosities of polymers synthesized
(Table 4.4) are listed in Table 4.5. The intrinsic viscosity of the polymer synthesized at 0
°C (PBrVE/BB/0C) was higher than that at 22 °C (PBrVE/BB/22C) which indicated that
the carbocation generated at a reaction temperature of 0 °C propagated more uniformly for
the entire range of conversion leading to higher molecular weight polymer. Lower
polymerization temperature reduces the termination rate and enables one to produce higher
molecular weight polymer. However, when dibromobenzene (DBB) was used as a
polymerization solvent, no significant increase in the molecular weight was observed even
at a reaction temperature of 0 °C. The possible reason could be the contribution of the
impurity in DBB to the initiation process that possibly lowers the molecular weight and
hence, the viscosity of polymer. The methyl chloroacetate complexes with the cationic
propagating species through carbonyl double bond to delocalize the positive charge over
the propagating species and lowers the reactivity of carbocation. Thus, the exclusion of
initiator and Lewis base (i.e. PBrVE/HMW/0C) produced the highest molecular weight
polymer. The inherent viscosity of PBr'VE/HMW/0C at 25 °C was 0.076 dL/g. The specific

gravity of PBrVE/HMW/0C measured at a temperature of 25 °C was 2.43.
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Table 4.5. BrVE conversion and PBrVE intrinsic viscosity obtained for polymerizations
described in Table 4.4.

Polymer % Conversion (Gravimetry) Intrinsic Viscosity (dL/g)
PBrVE/BB/0C 88 0.052
PBrVE/BB/22C 87 0.043
PBrVE/BB/50C 90 -
PBrVE/DBB/0C 71 0.018

PBrVE/HMW/0C (PBrVE) 95 0.076

The PBrVE/HMW/0C possesses the highest intrinsic viscosity and hence the
highest molecular weight. Thus, the thermal, viscoelastic, and optical properties of
PBrVE/HMW/0C were evaluated and compared with a commercially available oligomeric
BFR, PBrBA. For convenience, PBrVE/HMW/0C is referred here as PBrVE. One of the
advantages of PBrVE is its insolubility in most organic solvents at room temperature. It is
only soluble in bromobenzene and dibromobenzene. Thus, the chance of PBrVE leaching
out to the environment from finished products after contacting common organic solvents is

very low.

4.4.3. Characterization of PBrVE using NMR and FTIR

The successful polymerization of BrVE was confirmed using proton NMR (Figure
4.14) and FTIR (Figure 4.15). As shown in Figure 4.14, two protons attached to the
backbone methylene groups in repeating unit appeared between 1.8 ppm and 2.3 ppm. Five
protons at the positions of b, ¢, and d in the repeating unit were between 3.8 ppm and 4.4
ppm. Absence of any peak between 1608 cm™ and 1678 cm™ in the FTIR spectrum of

PBrVE indicated that the polymer was totally free of unreacted monomer.
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Figure 4.15. FTIR spectrum for PBrVE.

4.4.4. Comparison of the solution viscosities of PBrVE to PBrBA

Table 4.6 lists the viscometric parameters obtained for PBrVE and PBrBA. The
plots of nsp/c with ¢ and (In n;)/c with ¢ are shown in Figure 4.16. It is clear from Table 4.6

that the intrinsic viscosity of PBrVE is more than 2 times higher than that of PBrBA.

155




Table 4.6. Viscometric parameters for PBrVE and PBrBA.

Solution c nr nsp nsp/c (In nr)/c [n]
(g/dL) (dL/g) (dL/g) (dL/g)

PBrVE-cl 2 1.17 0.17 0.082537 | 0.076392 | 0.079

PBrVE-c2 3 1.25 0.25 0.084738 | 0.075503

PBrVE-c3 3.5 1.30 0.30 0.087765 | 0.076614

PBrVE-c4 4.5 1.39 0.39 0.08758 | 0.073835

PBrVE-c5 5 1.44 0.44 0.088275 | 0.073119

PBrBA-cl 2 1.068 0.068 0.034 0.033 0.032

PBrBA-c2 3 1.1 0.1 0.0331 0.0316

PBrBA-c3 3.5 1.12 0.119 0.034 0.032

PBrBA-c4 4.5 1.155 0.155 0.0344 0.032

PBrBA-c5 5 1.183 0.183 0.0362 0.033
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Figure 4.16. Plot of n/c as a function of ¢ and (In n,)/c as a function of ¢ for (A) PBrVE
and (B) PBrBA.

4.4.5. Comparison of the glass transition temperature (T,) of PBrVE to PBrBA

The T, of the polymer was determined using DSC. The DSC thermogram obtained
from the 2°¢ heat (Figure 4.17) showed a glass transition value of 103 °C for PBrVE and

160 °C for PBrBA. The significantly lower glass transition temperature of PBrVE is
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attributed to the flexible ethoxy linkage connecting the bulky pentabromophenyl group to

the PBrVE polymer backbone compared to the ester group in PBrBA.

Heat Flow
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Figure 4.17. DSC thermograms for PBrVE and PBrBA.

4.4.6. Determination of thermal decomposition kinetics of PBrVE and PBrBA

TGA was performed in an air-oxidative environment with a constant increase in
temperature. From the thermograms the decomposition temperature (Tj), onset temperature
(Tonset), and ash content are listed in Table 4.7. The T can be defined as the temperature of
the maximum weight loss rate (dm/dtpa). The Topser can be considered as the point when
decomposition just begins. Figure 4.18 demonstrates variations of weight % and derivative
of weight % as function of temperature for PBrVE and PBrBA when a heating rate of 20
°C/minute was used. Figure 4.19 shows the influence of the heating rate on the thermal
decomposition of PBrVE and PBrBA. A higher rate implies the material reaches at a
particular temperature within a short period of time that delays the thermal decomposition
process towards higher temperature.307'308 For PBrVE, the values of Tone and Ty were

higher than that of PBrBA. The brominated pendent group in PBrVE is attached to the
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polymer backbone by ether linkage that provides an enhanced thermal stability as
compared to the ester linkage in PBrBA. This enhanced thermal stability of PBrVE makes
the polymer as a suitable candidate where high temperature, chemical, and weather
resistances are required. Moreover, PBrVE was completely vaporized above 420 °C
providing the maximum bromine free radical to the environment while some char was
remaining for PBrBA.

The kinetics data obtained from TGA is useful to understand the process of
decomposition which is helpful to predict other interesting properties. The rate of reaction
at an isothermal conversion can be written as:

do/dt = k x fla) (3)
where, t is the time and a is the extent of decomposition = (m, - m)/ (m, — my) where,
m,, m, and my are the initial, actual (at time t), and final mass of the sample. f(a) is the
reaction rate which depends on the particular mechanism. According to Arrhenius;

k=Ax ™™ (4)
where, A, E, R, and T represent the pre-exponential factor, activation energy, universal gas
constant, and absolute temperature, respectively. Combining equation (3) and (4):

dwdt = A x e x fla) (5)

If the sample temperature is changing at a constant heating rate, the da/dt can be
written as:

da/dt = (dT/dt) x (do/dT) = B x (da/dT) (6)

where, B represents the heating rate (dT/dt).
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Figure 4.18. Plot of weight % as a function of temperature and (B) derivative of weight %
as function of temperature for PBrVE and PBrBA when a heating rate of 20 °C/minute was

used.
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Figure 4.19. Plot of weight % as a function of temperature for PBrVE and PBrBA when

five different heating rates were used.
Combining equation (5) and (6):
(da/dT) = (A/B) x e™RT x f(a) (7
Equation (7) is the basic equation of kinetic calculation.

The simplest model for f(a) in TGA can be given as:

fl@) =1 - o) ®)
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where (1 - a) and n represent the amount of reactive remaining and reaction order

Combining equation (7) and (8):

(da/dT) = (A/B) x e=RT x (1 - )"

Table 4.7. Values of Tonset, To, and ash content for BFRs.

BFRs Tonset (°C) To (°C) Wt. % remaining
at 420 °C

PBrBA-2.5 °C/min 295.2 305.6 20.6
PBrBA-5 °C/min 3074 318.5 23.9
PBrBA-10 °C/min 326.2 3389 23.7
PBrBA-20 °C/min 3413 355.6 253
PBrBA-40 °C/min 368.4 390.3 25.8
PBrVE-2.5 °C/min 304.6 3225 3.9

PBrVE-5 °C/min 3134 330.3 3.8

PBrVE-10 °C/min 328.5 346.9 6.1

PBrVE-20 °C/min 346.4 365.1 3.8
PBrVE-40 °C/min 371.7 390.5 52

4.4.6.1. Determination of activation energy using Flynn—Wall method.>®3'°

€

method is relatively simple method of determining the energy of activation directly from

TGA graphs. Using this method, the energy of activation can be calculated without

knowing the order of decomposition. Flynn and Wall had rearranged the equation (9) using

the Doyle approximation (E/RT > 20) to get the following equation:

(dlog )/ d(1/T) = -(E x b)/R

where, b is a constant = 0.457. For a constant decomposition (iso-conversion), the

temperatures (T) were recorded from the thermograms obtained at several heating rates (B).
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Figures 4.20 and 4.21 represent the plot of -logf} as a function of 1/T for PBrVE and
PBrBA respectively. From the slope of the logf3 versus 1/ plot, the activation energies
were calculated at different extent of decompositions and mentioned in Table 4.8. The
average activation energies of decomposition for PBrVE and PBrBA were 29.8 Kcal/mole

and 26.6 Kcal/mole respectively.
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Figure 4.20. Plot of —logf} as a function of 1/T for PBrVE.
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Figure 4.21. Plot of —logf} as a function of 1/T for PBrBA.
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Table 4.8. Activation energies at different percentage of decomposition for PBrVE and

PBrBA using Flynn—Wall method.

Decomposition PBrVE PBrBA
E (Kcal/mole) | Average E | E (Kcal/mole) | Average E
(Kcal/mole) (Kcal/mole)
0.02 21.03312 29.8 23.62342 26.6
0.05 28.02705 2626956
0.1 28.8405 26.88171
0.2 29.44341 26.04549
0.3 29.92974 25.32805
0.4 30.39867 24.81944
0.5 31.42701 24.57711
0.6 32.135625 25.02045
0.7 33.212685 30.35537
0.8 33.863445 33.92823

4.4.6.2. Determination of activation energy using Kissinger method’!! 12

The activation energy can be calculated by the Kissinger method using the

following equation:

d In(B/T2) /d(1/T,) = - E/R

Where f and T, are the heating rate and the temperature of TGA curves which
correspond to the maximum decomposition rate. From the slope of the plot In(B/T2,) versus
1/T,, the activation energy was calculated and listed in the Table 4.9. It was clearly
demonstrated that the activation energy values calculated for PBrVE and PBrBA using

Kissinger and Flynn—Wall methods agree on the basis of similar trend. Additionally, for
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PBrVE the higher activation energy of decomposition indicates that the polymer possesses

better thermal stability than that of PBrBA.

Table 4.9. Activation energies of decomposition for PBrVE and PBrBA determined using

Kissinger method.

Heat rate PBrVE PBrBA
(°C/ min) To 1000/T, In(p /Tzo) E To 1000/T, In(B mo) E
°C) (1/°K) (Kcal/ | (°O) (1/°K) (Kcal/
mole) mole)
2.5 3225 1.68 15.96 28.4 | 305.6 1.73 -15.9 22.5
5 3303 1.66 15.29 318.5 1.69 -15.25
10 346.9 1.61 14.65 338.9 1.63 -14.62
20 365.1 1.57 14.02 355.6 1.59 -13.99
40 390.5 1.51 13.40 390.3 1.51 -13.4

4.4.7. Film formation and refractive index

Figure 4.22 shows the AFM images of fiilms produced from PBrVE and PBrBA.

Table 4.10 lists the root mean square (rms) roughness and maximum roughness obtained

from AFM. From the images it was clear that the PBrVE could produce a polymeric film of

smooth surface finish.

supam

b

Figure 4.22. AFM images of PBrVE and PBrBA films.
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Table 4.10. Results obtained from AFM experiment.

Samples Image RMS, R, Image Ry, (nm)
(nm)

PBrVE, 220 rmp 1.12 57.66
PBrVE, 500 rmp 0.72 47.38
PBrVE, 1000 rmp 0.57 28.98
PBrBA, 220 rpm 27.93 310

PBrBA, 500 rpm 26.92 280.25
PBrBA, 1000 rpm 10.57 130.75

The refractive index of PBrVE and PBrBA were evaluated using a J. A. Woollam
spectroscopic ellipsometer. Figure 4.23 shows the variation of refractive index with
wavelengths of light for PBrVE and PBrBA. The refractive indexes at a wavelength of 589

nm were determined as 1.68 and 1.7 for PBrVE and PBrBA respectively.
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Figure 4.23. Refractive index as a function of wavelength for PBrVE and PBrBA.

The Abbe number can be calculated according to the following equation:
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(np-1)

(ng- nc)

Abbe number (V) =

where, np, 1, and nc are refractive indexes of material at wave lengths of 589.2 nm, 486.1
nm & 656.3 nm, respectively. Abbe number of a transparent material is a measure of
dispersion (refractive index variation with wavelength) in visible light. Low dispersion
materials have high Abbe numbers. The Abbe numbers calculated after taking refractive
indexes data from Figure 4.23 and inserting those into the equation mentioned above were
19.5 and 38.9 for PBrVE and PBrBA, respectively. The lower Abbe number for PBrVE
clearly demonstrated that as opposed to the use of PBrBA, PBrVE will result a better

dispersion in a medium, such as a base polymer.

4.4.8. Comparison of the rheological properties of PBrVE to PBrBA

Figures 4.24 and 4.25 represent the data obtained from a frequency sweep test and a
temperature ramp test respectively. Table 4.11 listed the shear viscosity data of PBrVE and

PBrBA at different temperatures.
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Figure 4.24. Shear viscosity as a function of frequency at 230 °C.
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Figure 4.25. Shear viscosity as a function of temperature.

Table 4.11. Shear Viscosity values for PBrVE and PBrBA at different temperatures.

Temperature Shear Viscosity (Pa-s)
O PBrVE PBrBA
210 41.176243 1702.817
230 18.222532 234.1874
260 7.8913164 18.92366
270 6.5442791 10.53209

PBrVE displayed much lower melt viscosity than the commercially available
PBrBA which can be attributed largely to the higher polymer chain flexibility of PBrVE.
The reduced melt viscosity and superior dispersibility of PBrVE should result in better
processability, and perhaps, improved impact and optical properties of plastic compositions

containing this polymer.

4.5. CONCLUSION

A novel BrVE monomer possessing high bromine content was synthesized and

polymerized using a carbocationic polymerization in the presence of IBEA/Et; sAICl; s
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initiating system and an ester functional base. The polymerization was optimized by
varying the reaction temperature, initiator, concentration of an ester functional base, and
solvent. The polymer molecular weight was characterized using a solution viscosity
measurement. The polymer possessing the highest possible molecular weight
(PBrVE/HMW/0C) was produced when the polymerization was carried out in the absence
of a base and an initiator at a reaction temperature of 0 °C. The intrinsic viscosity of
PBrVE was determined as more than 2 times higher than the commercially available BRF,
PBrBA. Successful polymerization of BrVE was confirmed using 'H NMR and FTIR. The
thermal and flow properties of PBrVE was determined and compared to the PBrBA. Due to
the higher flexibility of the polyvinylether polymer backbone as well as the flexibility of
the ethoxy group linking the bulky pentrabromophenyl group to the polymer backbone,
PBrVE possessed a lower T,. Additionally, due to the presence of thermally stable ether
linkage between the pendent pentabromophenyl moiety and the polymer backbone, the
PBrVE possesses better thermal and weather resistance. These results indicate that PBrVE

may have utility for the development of FR plastics with improved processability.
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CHAPTER 5. CHARACTERIZATION OF BLENDS OF POLYBUTYLENE
TEREPHTHALATE AND POLY(PENTABROMO-6-(2-
(VINYLOXY)ETHOXY)BENZENE)

5.1. ABSTRACT

In this research polybutylene terephthalate (PBT) was blended with
poly(pentabromo-6-(2-(vinyloxy)ethoxy)benzene) (PBrVE) and the thermal, mechanical,
and melt rheological properties were compared with an analogous 1 nd prepared from
PBT and polypentabromobenzyl acrylate (PBrBA). Thermogravimetric analysis showed
that the thermal stability of the PBT and brominated flame retardants (BFRs) blends were
essentially the same as that of pure PBT. Characterization of the PBT blends using
transmission electron microscopy indicated higher compatibility between PBT and PBrVE
as compared to PBT and PBrBA. Additionally, the PBrVE was blended with PBT and
Sb,0; and the Young’s modulus, flexural modulus, and flame retardancy of this blend were
evaluated and compared to an analogous blend produced from PBrBA, PBT, and Sb,0s.
Due to the higher compatibility between PBT and PBrVE phases, the Young’s modulus
and flexural modulus were higher for PBrVE based PBT/Sb,0O3 blend than PBrBA based
PBT/Sb,0; blend. Results obtained from the flame test showed that the flame retardancy of

PBT/Sb,O3/PBrVE blend was the same as PBT/Sb,O3/PBrBA blend.

5.2. INTRODUCTION

A popular engineering thermoplastic polybutylene terephthalate, PBT, is widely
used in electronic, electrical and automotive applications for the last two decades. It is
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important to find a suitable flame retardant for PBT. To date, the most efficient flame
retardants for PBT are halogenated flame retardants. Among other non-halogenated flame
retardants red phosphine and organo phosphorous compounds such as phosphorus
oxynitride and phosphazenes have been used as flame retardants for PBT.>"> However, red
phosphine is harmful due to the production of toxic phosphine gas. The phosphorus-
nitrogen containing compounds are thermally stable and only start to decompose above 450
°C. Additionally, flame retardant PBT blended with organo phosphorous compounds
cannot meet the industrial requirement for the UL-94 test even though the loading of
organo phosphorous compounds were as high as 30 wt% 31

BFRs are well-known for their superiority in fire safety. The growing interest for
the BFR is their efficiency, good thermal stability under severe condition, and their
contribution to reducing smoke toxicity. During combustion of a petroleum product (e.g.
polymer) free radicals are generated. In the presence of a BFR, highly reactive free

radicals, such as H', 'O’, and 'OH are substituted by less active bromine redical. The

mechanism of inhibition process using BFRs can be described as follows:*"’
Polymer + O, —> CO, + CO + H,O + Heat
Chain propagation:

‘OH + CO —> C(CO, + H°
*OH + CH, —> H,0 + °CH;

‘CH; + O, —> CH,0 + *OH
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*‘H+ Ob, ——> °OH +°0O°
Inhibitor generation:

BFR —> Br’

Br' + H* ——> HBr
Inhibition:

HBr + ‘'OH ——> H,0 + Br
HBr + 'O ——> °OH + Br'
HBr + H* —— H, + Br

HBr +°*CH; —> CH, + Br
Inhibitor regeneration:
HBr + CH; ——> °CH; + HBr

Antimony trioxide is a well-known, and perhaps the most efficient, combustion
decelerator when used in combination with halogenated flame retardants.®'® The efficiency
of BFRs is synergized in the presence of antimony trioxide. Antimony trioxide enhances
the efficiency of BFRs by enabling bromine to stay at the flame zone for longer time.>!’
Antimony trioxide catalyzes the free-radical recombination and the formation of hydrogen
bromide. During the combustion process, antimony trioxide in combination with BFR
produces antimony bromide, an efficient gas phase inhibitor according to the following

equations:*'®
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Sb,0; + 2HBr ——>  2SbOBr(cond.) + H,0

5SbOBr ——>  SbyOsBr, (cond.) + SbBr (gas), 250-280°C

4Sb,05sBr, + 10HBr —> 5Sb,0; (cond.) + 6SbBr; (gas) + SH,0, 410-475°C
3Sb;0,Br ——> 4Sb,05 (gas) + SbBr; (gas), 475- 565 °C

Sb,05 (cond.) + 6HBr —> 2SbBr; (gas) + 3H,0, 658°C

where, ‘cond.” and ‘gas’ represent the condensed and gas phase respectively.

The evaluation of fire retardancy is carried out by various techniques, for example,
the UL-94 test and cone calorimetry. UL-94 test is a small scale flame retardancy test for
the flammability of plastic material. This test determines the sample’s tendency to either
self-extinguish or spread the flame once the specimen has been ignited. This is an
important screening method of plastic acceptability with regards to its flammability
behavior. In the vertical UL-94 test, a 1/2" x 5" specimen is held in the vertical position and
flame is applied to its free end. The time necessary to self extinguish the flame after
removal of the ignition source and the numbers of drips are counted. The three ratings, V-2,
V-1, and V-0 (best) indicate that the sample was tested in a vertical position. The cone
calorimeter measures an important parameter, the rate at which heat is released during
combustion. From a cone calorimetry experiment, the mass loss rate and the total heat
released are evaluated.>'*3?!

Currently, there are a wide variety of commercially available BFRs most of which

contain high levels of aromatic bromine. Typically, flame retardants (FRs) need to be

added at a level of 5 — 20 weight percent to pass industry standards for flame retardancy.**®
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At this level of additive, the FR can have dramatic effects on physical and mechanical
properties and processability of the plastic. As a result, the selection of a FR for a specific
application often involves the influence of the FR on properties well beyond flammability.
Polymeric BFRs possess better compatibility with plastics. Dead Sea Bromine Group has
commercialized a polymeric brominated flame retardant, poly(pentabromobenzyl acrylate),

PBrBA. The chemical structure of PBrBA is shown below:
—éCHz—CH%
c|=o Br

(l)—CH2 Br

Br

Br Br

PBrBA is especially suitable for engineering thermoplastics, nylon, PBT, PET, and
styrenic copolymers.?2% 290 292, 299-300, 302, 3 05. 322332 The advantages of PBrBA over other
monomeric BFRs are:*?® (1) non-blooming, (2) effective flame retardancy, (3) high
temperature resistance, (4) good processability, (5) excellent compatibility with fiber
reinforcement and polymer matrix, and (6) weather and chemical resistance.

PBrBA possesses 71 weight percentage of bromine and 30 weight percentage of
polyacrylate. The polyacrylate part is a very effective processing aid in engineering
polymers, such as polybutylene terephthalate (PBT) and nylons with and without glass
reinforce.”?® It lowers the melt viscosity significantly during injection molding enabling the
production of large and complicated connectors with good surface finish.

In this research PBT was blended with PBrVE and the thermal, mechanical, and

melt rheological properties were compared with an analogous blend prepared from PBT
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and PBrBA. Next, the PBrVE was blended with PBT and Sb,O3 and the flame retardancy
of this blend was evaluated with an analogous blend produced from PBT, PBrBA, and
Sb,0s.

5.3. EXPERIMENTAL

5.3.1. Materials

Table 5.1 describes the starting materials used for the investigation. Unless

specified otherwise, all materials were used as received.

Table 5.1. Chemicals used.

Chemical or Description Source
Abbreviation
PBrVE Polymer of 1,2,3,4,5-pentabromo-6-(2- Synthesized previously
(vinyloxy)ethoxy)benzene, produced using | (Intrinsic viscosity = 0.079
carbocationic polymerization dL/g, T, =103 °C)
PBrBA Polypentabromobenzyl acrylate, produced | Dead Sea Bromine (Intrinsic
(FR1025) using free-radical polymerization viscosity = 0.032 dL/g, T, =
160 °C)
PBT Polybutylene terephthalate SABIC
Sb,04 Antimony(III) oxide, powder, 5 um, Sigma-Aldrich
ReagentPlus®, 99%

5.3.2. Polymer blend preparation

5.3.2.1. PBT/BFR Blends produced using melt extrusion process

Polymer blends were produced using a Leistritz Micro 18 GL-40 D co-rotating twin
screw extruder. Table 5.2 lists the compositions of PBT-based blend. Dry blends of
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polymers and additives were produced by manually shaking in a plastic bag. The dry
blends were dried in an air oven at 100 °C for 12 hours before extrusion. Extrusion was
done at a screw speed of 200 rpm. Table 5.3 lists the processing parameters of PBT-based
blends. A Brabender® gravimetric feeder was used to control the feed rate of the extruder.
Extruded polymer strands were cooled in a water bath and immediately pelletized using a

chopper (Scheer-Bay BT 25) with a chopper speed of 230 rpm.

Table 5.2. Compositions of PBT-based blends produced from PBrVE and PBrBA.

Polymer PBT (wt. %) | PBrVE (wt. %) | PBrBA (wt. %) | Sb,O; (wt. %)
PBT 100 - - -
PBT/PBrVE 90 10 - -
PBT/PBrBA 90 - 10 -
PBT/Sb,0; 97 - - 3
PBT/PBrVE/Sb,0; 89 8 - 3
PBT/PBrBA/Sb,0; 89 - 8 3

Table 5.3. Parameters of melt extrusion process used to produce PBT-based blends.

Parameters PBT-based blends
Set PBT/PBrVE | PBT/PBrBA
Zone 1 (°C) 221 221 221
Zone 2 (°C) 232 232 232
Zone 3 (°C) 238 237 237
Zone 4 (°C) 238 237 237
Zone 5 (°C) 240 239 239
Zone 6 (°C) 243 242 242
Zone 7 (°C) 243 242 242
Gate adapter (°C) 238 237 237
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5.3.2.2. Production of molded bars using injection molding process

Extruded granules were dried in an air oven at 100 °C overnight before using to a
single plasticating screw injection molding (Techno Plas, 5080) to produce dumb-bell
shaped specimens possessing a dimension according to ASTM D638 (type I). Additionally,
rectangular shaped molded bars possessing a dimension of 158.7 mm x 12.7 mm x 3.2 mm
were produced to conduct the Izod impact test, flexural test, and vertical burning test. Table
5.4 lists the processing parameters of PBT-based granules. As mentioned in Table 5.4, a
nozzle temperature of 254 °C was maintained to process the PBT/PBrVE blend. On the
contrary, for the PBT/PBrBA blend a nozzle temperature of 310 °C was necessary to avoid

nozzle frosting.

Table 5.4. Parameters for injection molding process.

Parameters PBT-based blends
Set PBT/PBrVE | PBT/PBrBA
Barrel Zone 1 (°C) 254 254 254
Barrel Zone 2 (°C) 252 251 251
Barrel Zone 3 (°C) 246 245 245
Barrel Zone 4 (°C) 238 238 238

5.3.3. Instrumentation and procedures

5.3.3.1. Differential Scanning Calorimetry (DSC)

The thermal properties of extruded blends were determined using differential
scanning calorimetry. The instrument utilized was a DSC Q1000 from TA Instruments,

and sample sizes ranged from 4.5 to 5.5 mg. All PBT/BFR were subjected to a heat-cool-
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heat cycle by first heating samples from 30 °C to 250 °C at a heating rate of 20 °C/minute
(1* heat), holding at 250 °C for 3 minutes, cooling from 250 °C to 30 °C at a cooling rate
of 20 °C/minute (cooling), holding at 30 °C for 5 minutes, and reheating from 30 °C to 250
°C at a heating rate 20 °C/minute (2" heat).

5.3.3.2. Thermogravimetric Analysis (TGA)

TGA was carried out using a Q500 from TA Instruments. Samples sizes were 18
mg to 22 mg. Experiments were conducted by heating samples from 25 °C to 850 °C at a
heating rate of 10 °C /min in an air atmosphere.

5.3.3.3. Measurement of mechanical properties - tensile test

Tensile test for dumb bell shaped specimens (ASTM D 638, type 1) was carried out
using an Instron 5567 (load frame displacement control) tensile tester fitted with a 30 KN
load cell. The displacement rate of the movable clamp was set as 5 mm/minute. Data
reported was the average of 5 replicate measurements.
5.3.3.4. Measurement of mechanical properties - flexural test

Flexural test for molded bars possessing a dimension of 158.7 mm x 12.7 mm x 3.2
mm was carried out using an Instron 5567 (load frame displacement control) fitted with a 2
KN load cell. The experiment was carried out according to the ASTM D790-03. The
crosshead speed of the movable clamp was set as 1.4 mm/minute and the length of the
support was 51.6 mm. Data reported was the average of 5 replicate measurements.
5.3.3.5. Measurement of mechanical properties - Izod impact test

[zod impact test for molded bars possessing a dimension of 158.7 mm x 12.7 mm x

3.2 mm was carried out according to the ASTM D256.
176



5.3.3.6. Transmission Electron Microscopy (TEM)

For TEM, thin films were cut from dumb-bell shaped specimen using a RMC
MTXL ultramicrotome at room temp. Images were taken using a JEOL JEM-100 CX II
electron microscope. Imagel] 1.43 software was used to calculate the area of dispersed
domains.

5.3.3.7. Rheological properties

Specimens were created by melt pressing pellets into thin films of approximately
0.33 mm thickness using a heated press. Rheological properties were determined with an
ARES Rheometer from TA Instruments. Frequency sweeps were generated by ramping
frequency from 0.1 rad/s to 500 rad/s at a constant strain of 5% and two constant
temperatures of 230 °C and 255 °C.

5.3.3.8. Flame retardant test-vertical burning

For PBT/Sb,03 and PBT/Sb,03/BFRs blends, molded bars possessing a dimension
of 158.7 mm x 12.7 mm x 3.2 mm were produced using injection molding. Flame retardant
test of these bars was conducted using Triton’s flame test chamber that was built as per
specifications of ASTM D-6413. The test set up was modified to get a close match to the
UL-94 Vertical Burn test protocol (UL-94V). Testing was performed without pre-
conditioning the samples. A detailed procedure is as follows: Samples were held vertically.
Each sample was exposed to a flame of 10 seconds. As shown in Figure 5.1, the test
specimen was held at one end in the vertical position at a height of 12 inches above the
cotton. A burner flame (1.5 inches flame height using methane gas) was applied to the free

end of the test specimen for a period of 10 seconds. The flame was then removed. The
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following characteristics were recorded during 10 seconds flame exposure: (1) time to
ignition, (2) time to self extinguish, and (3) nature of drips. For each blend, there are total

four samples were tested.

SPECIMEN

Figure 5.1. Schematic representation of flame test set up.
5.4. RESULTS AND DISCUSSION

Due to the high levels of bromination associated with BFRs, there generally is
inherently ‘poor compatibility between the matrix polymer and the BFR. For small
molecule BFRs, this poor compatibility can led to blooming of the FR. For polymeric
BFRs, poor compatibility can lead to die swelling during extrusion and poor mechanical
properties due to relatively high interfacial tension between BFR-rich domains and the
matrix polymer. For applications requiring transparency, high interfacial tension between
BFR-rich domains and the polymer matrix can result in dispersed-phase domain sizes large
enough to scatter visible light which generates opacity.

PBT is a semicrystalline polymer and BFRs (PBrVE and PBrBA) are amorphous

polymer. The interfacial tension between PBT and BFR phases in PBT/BFR blends is
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usually high due to the difference in the densities of crystalline and amorphous phases.
Higher interfacial tension between two phases leads to poor dispersion of phases and
reduces mechanical strength of blend. The free energy of mixing (AGmix) of PBT and BRFs
interfaces is positive. Otherwise, molecular mixing of PBT and BFRs phases would
continue to competition and at the equilibrium the interfaces would vanish. The interfacial
tension and the interface density across the interface are the key factor for predicting the
thermal and mechanical properties of PBT/BFRs blends.***** The presence of small
molecules weakens the interface mechanically. Since, PBrVE has higher molecular weight
than the PBrBA; the improved compatibility between PBT and PBrVE phases will result
better dispersion of PBrVE in PBT.

Reiter et al.>*

studied the effect of molecular weight distribution on the immiscible
polymer blend interface. They found that the lower molecular weight fractions (short
chains) preferentially accumulate at the interface. Presences of shorter chains (oligomers)
at the interface weaken the integrality of polymer blend, because shorter chains have fewer
interactions with neighboring larger chains. The commercially available PBrBA is
synthesized using a free radical polymerization of BrBA (2,3,4,5,6-Pentabromobenzy]
acrylate). In contrast to the relatively longer life time of a propagating carbocation in
cationic polymerization, the life time of a propagating free radical is very short in free
radical polymerization which leads to a polymer with broad molecular weight distribution.
Moreover, the molecular weight of PBrVE ([n] = 0.079 dL/g) is much higher than that of

PBrBA ([n] = 0.037 dL/g). Considering the higher molecular weight and relatively narrow

molecular weight distribution, PBrVE is expected to be more compatible with large PBT
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molecule. Thus, due to the better dispersion of PBrVE and PBT phases, the mechanical

performance of PBT/PBrVE blend should be better than that of PBT/PBrBA blend.

5.4.1. Measurement of thermal properties of PBT and PBT/BFRs blends

Figure 5.2.A shows the plot of heat flow as a function of temperature for PBT and
PBT/BFR blends when the second heating cycle was selected from DSC thermograms. The
melting temperatures and the heat of melting were calculated from these graphs. Figure
5.2.B shows the plot of heat flow as a function of temperature when the first cooling cycle
was selected from DSC thermograms. The heat of crystallization and crystallization points
were calculated from these graphs. The data obtained from these thermograms are listed in
Table 5.5. Each data reported is the average of 3 replicate measurements. The heat of

melting (AHm) and heat of crystallization (AH) of PBT and PBT/BFR blends were

calculated after integrating the area under peak. Data obtained from Table 5.5 shows that

the AH_ of neat PBT was reduced by 2% and 5.4% due to the addition of PBrVE and

PBrBA respectively.
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Figure 5.2. DSC thermograms obtained from (A) second heating and (B) first cooling for

PBT, PBT/PBrVE, and PBT/PBrBA.
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Table 5.5. Data obtained from DSC thermograms of PBT, PBT/PBrVE, and PBT/PBrBA.

Blends AH_ T Tn12 AH_ T
(J/g) (°C) (°C) Jig) | (O
PBT Average 48.3 211.2 2213 579 186.8
Standard Deviation 0.75 0.15 0.17 0.81 0.21
PBT/PBrVE Average 473 211.8 2213 55.8 189.9
Standard Deviation 0.25 0.37 0.13 0.23 0.86
PBT/PBrBA Average 457 210.7 2209 54.5 186.7
Standard Deviation 0.48 0.18 0.22 0.41 0.34

The possible reason could be the difference in the extent of phase miscibility of
BFRs with the PBT. Due to the lower interfacial tension between PBT and PBrVE phases,
the property of PBT/PBrVE blend is close to that of pure PBT. Additionally, agglomeration
of PBrBA phases, caused by the poor interaction between PBT and PBrBA phases, results

in the formation of larger domains in PBT/PBrBA blend.

5.4.2. Thermogravimetric analysis of PBT, PBT/PBrVE, and PBT/PBrBA

TGA was performed in an air-oxidative environment with a constant increase in
temperature. Figure 5.3 shows the plot of weight percentage as a function of temperature
for PBT and PBT/BFR blends when the samples were heated at a constant heating rate.
From the thermograms, three important parameters, for example, the decomposition
temperature (To), onset temperature (Tonset), and ash content are listed in Table 5.6. The Ty
can be defined as the temperature of the maximum weight loss rate (dm/dty,,). The Tonse
can be considered as the point when decomposition just begins. The thermal stability of

plastic compositions is an important property that can affect processability.
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Figure 5.3. TGA thermograms obtained for pure PBT, PBT/PBrVE, and PBT/PBrBA in an

air atmosphere.

Table 5.6. Values of the Tonset, To, and ash content for pure PBT, PBT/PBrVE, and
PBT/PBrBA.

BFRs Tonset (°C) T, (°C) Wt. % remaining | Ash content (Wt. %)
at 430 °C at 700 °C
PBT 3804 401.9 8.7 0.01
PBT/PBrVE 376.6 400.2 9.1 0.01
PBT/PBrBA 376.6 396.9 10.7 0.08

As shown in Table 5.6, the Tonsey of PBT/BFRs blend was slightly lower than that of
pure PBT. This can be explained by the fact that the onset temperatures of PBrVE and
PBrBA were 519 °C and 54.2 °C lower than that of pure PBT. However, the
decomposition temperature (T¢) of PBT/PBrVE blend was slightly higher than that of
PBT/PBrBA blend. Since, the ether linkage in PBrVE is thermally stable than the ester
linkage in PBrBA, the Ty of the PBT/PBrVE blend is slightly higher than that of

PBT/PBrBA blend.
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5.4.3. Tensile testing of PBT/BFRs and PBT/BFRs/Sb,O3 blends

In order to determine the effect of BFRs on the mechanical properties of neat PBT
and PBT/Sby0;, tensile tests were carried out. Figure 5.4.A shows the plot of tensile stress
as a function of tensile strain for PBT and PBR/BFRs blends. Figure 5.4.B shows the plot
of tensile stress as a function of tensile strain for PBT/Sb,0O3; and PBT/Sb,03/BFRs blends.
Table 5.7 lists the data obtained from tensile testing of blends. From the tensile test, the
following five important parameters are obtained: (1) Young’s modulus, (2) tensile stress at
yield, (3) maximum tensile stress, (4) toughness, and (5) % of elongation. Young’s
modulus is calculated from the region of the tensile stress versus tensile strain plot, where
the material behaves as a perfect elastic body. Young’s modulus (E) can be written as:

E=o0/¢
where, o and ¢ are the tensile stress and strain respectively. The Young’s modulus is a
fundamental measurement of material stiffness. The higher the value of E, the more
resistance the material is to be stretched. Toughness is measured by the area under the
stress-strain curve. The area has the unit of energy per unit volume and the work necessary
to deform the material is the toughness. The deformation may the elastic or non-elastic
(permanent). The Young’s modulus of the PBT and PBT/BFRs blends were calculated
from the initial slope of the stress-strain graph. A tough plastic, such as polybutylene
terephthalate, exhibits a yield point followed by extensive elongation at almost constant
stress. This is called the plastic flow which happens in the non-linear viscoelastic region.
Extension at a constant stress in the plastic flow region is called as cold drawing. The cold

drawing begins with necking which is defined as the narrowing down a portion of the
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material to a smaller cross-section. The neck grows at the expense of the consumption of

the entire sample at either end.**®
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Figure 5.4. Plot of tensile stress as a function of tensile strain for (A) PBT, PBT/PBrVE,
and PBT/PBrBA; and (B) PBT/Sb,O3, PBT/Sb,03/PBrVE, and PBT/Sb,03/PBrBA.

Data obtained from Table 5.7 shows that for PBT/BFR blends, the addition of
PBrVE and PBrBA increased the Young’s modulus of neat PBT by 5.3% and 2.3%
respectively. Moreover, due to the better compatibility between PBT and PBrVE, the
values of toughness at the yield and maximum tensile stress are higher for PBT/PBrVE.
Antimony trioxide (Sb,0O3) is a reinforcing filler for PBT. In addition to Sb,O3;, PBrVE
increased the modulus of PBT/Sb,O3; blend by 11.1%, whereas PBrBA reduced the
modulus by 4.4%. Due to addition of less compatible PBrBA to PBT/Sb,03, PBrBA forms
relatively larger glassy domains which reduce the modulus of PBT/Sb,0s. Orientation of
the semicrystalline polymer is more important than the glassy, amorphous polymer. The
addition of PBrVE increased the tensile stress at yield for PBT/Sb,O; by 3.8%, where as it

remained constant after the incorporation of PBrBA. However, the toughness of
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PBT/Sb,O3/PBrVE and PBT/Sb,03/PBrBA blends at yield points were essentially the same

as PBT/Sb,0s. The percentages of elongation for all of the blends exceed a value of 50%

which is common for a tough plastic.*?

6

Table 5.7. Data obtained from tensile test for PBT, PBT/PBrVE, and PBT/PBrBA samples

with and without Sb,0s.

Sample Young's Tensile I Energy | Maximum | Energy at | Percent
modulus  stress at atyield tensile maximum | elongation
(MPa) yield (offset stress tensile (%)
'(offset 0.2 | 0.2 %) (MPa) stress (J)
%) (MPa) ey
PBT Average | 14612 339+ 1.1 121+ 48.28 + 13.65 + > 50
+SD +39.9 0.08 0.61 1.7
PBT/PBrVE Average | 1538+ I 347+14 | 1.2+0.1 5144+ | 157+0.6 > 50
+ SD 249 0.13
PBT/PBrBA Average | 1495.1 33.7+18 1.18 + 4991+ | 123+13 >50
+SD +357 0.1 1.11
PBT/Sb,0; Average | 2768.5 ! 3112+ 045+ 49.6 + 155+0.3 > 50
+ SD +52.7 0.36 0.01 0.14
PBT/Sb,0;/PBrVE | Average | 3074+ * 323+ 1.1 042+ | 50.1+04 | 1265+ > 50
+SD 108.8 0.03 0.5
PBT/Sb,0s/PBrBA | Average | 2645.6 31.2+ 047+ | 478403 2.64 + > 50
+SD | £138.5 0.55 0.04 0.05

5.4.4. Flexural testing of PBT/Sb,03/BFR blends

In order to determine the effect of BFRs on the mechanical properties of the neat

PBT/Sb,O; blends, flexural tests were carried out. Figure 5.5 shows the plot of flexural

stress as a function of flexural strain for neat PBT/Sb,O3; and PBT/Sb,O3/BFR blends.

Table 5.8 shows the mechanical properties for all blends measured by flexural testing. Due
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to the addition of PBrVE, the maximum flexural strength of PBT/Sb,O; blend was
increased by 2%, whereas it was the same when PBrBA was added. Moreover, PBrBA
reduced the modulus of elasticity of PBT/Sb,0s blend by 5%. The non-reinforcing nature
of PBrBA for the PBT/Sb,03 blend also confirmed with the results obtained from tensile
testing. PBT being more compatible with PBrVE than PBrBA, a higher degree of
dispersion was achieved for PBT/Sb,O3/PBrVE. The inferior compatibility between

PBrBA and PBT phases causes the reduction in the modulus of elasticity of

PBT/Sb,05/PBrBA.
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Figure 5.5. Plot of flexural stress as a function of flexural strain for PBT/Sby0Os,
PBT/Sb,03/PBrVE, and PBT/Sb,03/PBrBA.

Table 5.8. Data obtained from flexural test for PBT/Sb,O;, PBT/Sb,05/PBrVE, and
PBT/Sb203/PBI'BA.

Sample Modulus of Elasticity Maximum Flexural
(MPa) Strength (MPa)
PBT/Sb,0; Average £ SD 15822+ 63.6 61.2+0.6
PBT/Sb,0s:/PBrVE Average + SD 1581.2+31.4 62.6 £0.6
PBT/Sb,0:/PBrBA Average = SD 1506.2 £ 33.5 61.8+13
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5.4.5. Izod impact testing of PBT/Sb,O5 and PBT/Sb,0+/BFR blends

To determine the effect of BFRs on the mechanical properties of PBT/Sb,0; blend,
Izod impact tests were carried out. Table 5.9 lists the data obtained from the experiment.
Impact resistance is the energy required to fracture a sample when struck with a sharp
blow. Data obtained from Table 5.9 shows that after addition of PBrVE and PBIBA to
PBT/Sb,0;, the impact strength increased by 4.4% and 1.5% respectively. Toughening of
PBT/Sb,0; blend due to the addition of BFRs could be explained by the formation of

crazes by the BFR domains and shear yielding which absorbs energy locally.

Table 5.9. Izo impact strength data for PBT/SbyO; PBT/Sb,O3/PBrVE, and
PBT/Sb,O3/PBrBA.

Sample Impact Strength
(KJ/m?)
PBT/Sby0O4 Average = SD 2.75+0.26
PBT/Sb,Os/PBrVE Average = SD 2.87+0.11
PBT/Sb,O:/PBrBA Average = SD 2.79+£0.19

5.4.6. Comparison of the rheological properties of a PBT/PBrVE blend to a PBT/PBrBA

blend

For PBT and PBT/BFR blends, frequency sweeps were generated at two constant
temperatures of 230 °C and 255 °C. Figures 5.6.A and 5.6.B display melt viscosity as a
function of frequency at 230 °C and 255 °C, respectively. At 230 °C, which is just 10 °C
above the PBT melting temperature, the blend containing 10 wt. % PBrVE showed

significant shear sensitivity that was not observed with either pure PBT or the blend
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containing PBrBA. At high frequency (i.e. ~ 500 rad/s), the melt viscosity of the
PBT/PBrVE blend was 57 % lower than that of either pure PBT or the PBT/PBrBA blend.
This high shear sensitivity observed for PBT/PBrVE would be expected to enhanced
processability with regard to creating injection molded parts with relatively thin walls, such
as those encountered in the electronics industry. At 255 °C, the melt viscosity of the
PBT/PBrVE blend was approximately 33 % lower than the PBT/PBrBA blend over the
entire frequency range and approximately 53 % lower than PBT. The lower viscosity of
the PBT/PBrVE blend can be largely attributed to both the lower T, and melt flow

temperature of PBrVE as compared to PBrBA.
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Figure 5.6. Shear viscosity as a function of frequency for PBT, PBT/PBrVE, and
PBT/PBrBA at (A) 230 °C and (B) 255 °C.

5.4.7. Comparison of the morphology of a PBT/PBrVE blend to a PBT/PBrBA blend

To investigate the difference in blend compatibility associated with the use of
PBrVE as opposed to PBrBA, the morphology of the PBT/BFR blends were characterized

using transmission electron microscopy (TEM). Figure 5.7 shows the TEM micrographs of
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occurrence of flaming drips during the flaming combustion of the test specimen. If the

drips do not ignite the cotton they are classified as non-flaming drips and if the drips ignite

the cotton they were classified as flaming drips.

Table 5.10. Results obtained from vertical burn flame retardant test for PBT/Sb,0O; and

PBT/Sb,03/BFR blend.
Blends Time to Time to self Nature of drips
ignition (s) extinguish (s)
PBT/Sb203-S1 7 3 Flaming
PBT/Sb203-S2 4 3 Flaming
PBT/Sb203-S3 5 >60 Flaming
PBT/Sb203-S4 6 >60 Flaming
Average Value £ SD (PBT/Sb203) 5513 30
PBT/PBrBA/ Sb203-S1 4 0 No drips
PBT/PBrBA/ Sb203-S2 6 0 No drips
PBT/PBrBA/ Sb203-S3 6 0 No drips
PBT/PBrBA/ Sb203-S4 6 0 No drips
Average Value + SD 55%1 0
(PBT/PBrBA/Sb203)
PBT/PBrVE/ Sb203-S1 6 0 Non- flaming
PBT/PBrVE/ Sb203-S2 4 0 Non-flaming
PBT/PBrVE/ Sb203-S3 6 0 Non-flaming
PBT/PBrVE/ Sb203-S4 6 0 No drips
Average Value + SD 55<£1 0

(PBT/PBrVE/Sb203)

For each blend there are total four samples (S1 to S4) were tested. Data obtained

from Table 5.10 shows that after the flame exposure, both the PBT/PBrVE/Sb,O3 and

PBT/PBrBA/Sb,0; blends were able to self-extinguish almost immediately (time = 0
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second). Additionally, none of the drips produced from PBT/PBrVE/Sb,O; and
PBT/PBrBA/Sb,0; blends were flaming. Since, the bromine is the major part for a flame
retardant, there is no restriction on the chemical structure to be an efficient flame retardant
until the percentage of bromine is the same. PBrVE and PBrBA have essentially the same

percentage of bromine (71%).

5.5. CONCLUSION

The novel PBrVE was blended with an engineering thermoplastic polymer, PBT
and the thermal, mechanical, and viscoelastic properties were evaluated and compared to
an analogous blend prepared from PBrBA and PBT. Thermogravimetric analysis showed
the thermal stability of the PBT/BFR blends was essentially the same as that of pure PBT.
Result obtained from TEM images indicated that the PBT is more compatible with the
higher molecular weight PBrVE than the oligomeric PBrBA. Blending PBrVE with PBT
resulted in lower melt viscosity and better blend compatibility than an analogous blend
based on PBrBA. Additionally, BFRs were blended with PBT/Sb,03; and flame retardancy
and mechanical properties were compared. Data obtained from tensile and flexural tests
showed that for PBT/Sb,O; blend, PBrVE and PBrBA can be considered as reinforcing
filler and non-reinforcing filler, respectively. Results obtained from the flame tests showed
that the flame retardancy of PBT/Sb,O3/BFR blends were the same. These results indicate
that PBrVE may have utility for the development of FR plastics with improved

processability, impact and, perhaps, improved optical properties.
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CHAPTER 6. COATINGS DERIVED FROM NOVEL, SOYBEAN OIL-
BASED POLYMERS PRODUCED USING LIVING CARBOCATIONIC
POLYMERIZATION

6.1. ABSTRACT

A process was developed to obtain vinyl ether-functional monomers containing
fatty acid pendent groups directly from soybean oil (SBO) using base-catalyzed
transesterification. In addition, a carbocationic polymerization process was developed for
the vinyl ether monomers that allowed for high molecular weight polymers to be produced
without consuming any of the vinyl groups present in the fatty acid portion of the
monomers. Compared to SBO, which possesses on average 4.5 vinyl groups per molecule,
the polyvinylethers based on the soybean oil-derived vinyl ether monomers (polyVESFA)
possess tens to thousands of vinyl groups per molecule depending on the polymer
molecular weight produced. As a result of this difference, coatings based on polyVESFA
were shown to possess much higher crosslink density at a given degree of functional group
conversion compared to analogs based on conventional SBO. In addition, the dramatically
higher number of functional groups per molecule associated with polyVESFA results in
gel-points being reached at much lower functional group conversion, which was shown to
dramatically reduce cure-time compared to SBO-based analogs. Based on the results
obtained, it appears that these new renewable materials may have tremendous commercial

utility in the coatings industry.
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6.2. INTRODUCTION

At present, organic chemicals are almost entirely derived from building blocks that
are obtained from natural gas, petroleum, and coal.*®’ Approximately 13 percent of the
crude oil used in the United States currently goes into the production of nonfuel
chemicals.*®® Since fossil resources are limited, there is an ongoing need to develop useful
chemicals from renewable resources. Renewable resources that have been used to produce
chemicals include plant oils, polysaccharides, sugars, and wood. Of these, plant oils are

®  Chemicals

the most important renewable raw materials for the chemical industry.”
derived from plant oils have been used to produce surfactants, components for cosmetics,
lubricants, polymers, coatings, and flooring materials. The utility of a plant oil for a given
application depends on the composition of the fatty acids contained in the oil. The most
important molecular parameters of the fatty acids are the stereochemistry of the double
bonds, their degree of unsaturation, and the length of the carbon chain. With regard to the
length of the carbon chain, coconut oil and palm kernel oil are particularly suited for the
production of surfactants and cosmetics because they possess relatively high fractions of
short and medium chain length (mainly 12 and 14 carbon atoms) fatty acids; while
soybean, rapeseed, and sunflower oil, which possess longer chain fatty acids (18 carbon
atoms), are used in polymer and lubricant applications.”® The nature of the unsaturation is
of paramount importance for coating applications since the double bonds are the functional
groups responsible for the formation of crosslinks during coating film formation. The

degree of unsaturation is typically expressed by the iodine value (i.e. amount of iodine in

grams that can react with double bonds present in 100 g of sample). Based on iodine value,
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plant oils are divided into three classes, namely, drying (iodine value > 150), semi-drying
(120 < iodine value < 150), and non-drying (iodine value < 120). In the 1950s, the most
common plant oil used in paint formulations was linseed 0il.>* Since this time, the volume
of linseed oil has declined while the volume of soybean oil (SBO) has increased to the
extent that it is now the predominant plant oil used in the coatings industry.>*' SBO,
classified as a “semi-drying” oil, is comprised of both saturated and unsaturated fatty acids.
The unsaturated fatty acids include 9% alpha-linolenic acid, 51% linoleic acid, and 25%
oleic acid, and the saturated fatty acids include 4% stearic acid and 11% palmitic acid.***
Historically, crosslinking with coatings based on plant oils was achieved by a
process referred to as autoxidation. The mechanism of crosslinking with autoxidation has
been studied in detail using Fourier transform infrared (FTIR) spectroscopy and other

343346 The process starts with the abstraction of a bisallylic

spectroscopic techniques.
hydrogen atom, trapping of the radical by oxygen, and subsequent hydrogen abstraction to
form hydroperoxides. A variety of crosslinks including those that generate new alkyl,
ether, and peroxy groups are formed by the various radical coupling reactions involved in
autoxidation. The double bonds present in the fatty acid portion of plant oils have been
derivatized to enable other mechanisms of crosslinking beyond autoxidation. The most
common derivatization involves conversion of the double bonds to epoxide groups.**’
Epoxidized plant oils have been used to generate thermoset coatings using the common
methods of curing epoxide-functional resins such as with amines,***** anhydrides,** and
cationic photocure.**'*** Epoxidized plant oils have been further derivatized by reaction of

the epoxide groups with both acrylic acid to produce acrylate-functional plant oils®** *>+2%
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and methanol to produce polyol functional plant oil. *****" Vulcanized vegetable oil (VVO)
has been used in rubber industry for a long time as valuable processing aid.****** The
double bonds present in the fatty acid portion of plant oils can easily be crosslinked with
sulfur to form VVO.>®

A primary drawback associated with the use of plant oil-based materials for many
coating applications is their relatively high molecular mobility which leads to relatively
low glass transition temperatures (Tg) and low modulus. As a means to increase thermo-
mechanical properties of plant oil-based coatings, it was of interest to produce novel
polymers in which the pendent groups of the polymers contain plant oil-derived fatty acids.
As shown schematically in Figure 6.1, the primary difference in polymers possessing the
molecular architecture of interest to that of the natural plant oil triglyceride is the number
of functional groups per molecule. For example, if the average number of double bonds
per triglyceride for a given plant oil is “X,” then the number of double bonds for a
corresponding polymer derived from that same plant oil would be DPX/3 where “DP” is
the degree of polymerization for the polymer. For SBO, the average number of double
bonds per triglyceride is 4.5. Thus, polymers of interest derived from SBO possessing DPs
of 10, 50, 100, 500, and 1,000 would possess on average 15, 75, 150, 750, and 1500 double
bonds per polymer molecule, respectively. The benefit of having higher numbers of
functional groups per molecule is that, at a given degree of functional group conversion,
crosslink density will be higher. Thus, at a given functional group conversion, thermo-
mechanical properties would be expected to increase with increasing polymer molecular

weight. To further illustrate the difference in crosslink network formation for the polymers
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of interest to their corresponding plant oil, theoretical gel points (p.,) were calculated using
a modification of the equation shown below, which was derived by Flory.*®'
pe=U[1+(f -2 M

This equation applies to a blend of a multifunctional precursor with an average
number of functional groups per molecule of “f” and a difunctional precursor. The
functional groups present on the multifunctional precursor can only react with the
functional groups of the difunctional precursor and vice-versa (i.e. precursors cannot react
with themselves). In addition, the equation applies to a blend involving a stoichiometric
ratio of functional groups. Figure 6.2 shows the relationship between theoretical gel point
(i.e. degree of conversion that results in the production of a crosslinked network) and DP of
polymers possessing a fatty acid pendent group in the repeat unit. To generate this plot,
equation (I) was modified by substituting DPy for f where y is the average number of
functional groups per fatty acid pendent group. From Figure 6.2, it can be seen that
increasing DP of a polymer possessing a fatty acid pendent group dramatically decreases
the gel-point. Even the use of short oligomers with a DP around 10 can be used to generate
a crosslinked network at relatively low functional group conversion. This analysis
illustrates that increasing the number of functional groups per molecule enables shorter
cure times and higher crosslink densities at a given extent of conversion. This
characteristic was expected to be very useful considering the fact that complete conversion
of functional groups is often not possible due to reaction kinetic considerations as well as
energy input/cost limitations associated with some curing processes. In addition, this

concept could be used to enable useful coating materials to be produced from non-drying
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oils, such as castor, almond, peanut, and olive oil, and faster curing materials from semi-

drying oils, such as corn, cotton seed, and sesame oil.

Trielvceride Qunthatic Dalumar With Eathy Anid Dandant (lranine
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Figure 6.1. A schematic illustrating the difference in molecular architecture between a

plant oil triglyceride and a synthetic polymer containing a fatty acid pendent group in the

repeat unit.

Gel Point (fraction of functional
groups converted)
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Degree of Polymerization
Figure 6.2. The relationship between theoretical gel-point (i.e. degree of conversion that
results in the production of a crosslinked network) and DP of polymers possessing a fatty
acid pendent group in the repeat unit. To generate this plot, equation (I) was modified by
substituting DPy for f where y is the average number of functional groups per fatty acid

pendent group.

This document describes the synthesis of vinyl ether-functional monomers
(VESFA) containing fatty acid pendent groups directly from soybean oil. A carbocationic
polymerization process was developed for VESFA that allowed for high molecular weight

polymers. The utility of this polymer in coating compositions was investigated by
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comparing properties to analogous coatings derived from conventional SBO. In addition, a
copolymer of VESFA and vinyl ether-functional polyethylene glycol monomer (VEPEG)
was produced without consuming any of the vinyl groups present in the fatty acid portion

of the monomers.

6.3. EXPERIMENTAL

6.3.1. Materials

Table 6.1 describes the starting materials used for the investigation. Unless
specified otherwise, all materials were used as received.
Table 6.1. A list of the starting materials used for the investigation.
Chemical name Description I Source
SBO Soybean oil, RBD (technical grade) Cargill
EGVE Ethylene glycol vinyl ether, > 95% TCI America
PEGMVE (R500) Polyethylene glycol monovinylether, Molecular Clariant
weight = 550 g/mole (approx.)
1E (Iodoethane) ReagentPlus®, 99% Sigma-Aldrich
KOH Potassium hydroxide, > 85% Sigma-Aldrich
Et; sAICI; 5 Ethylaluminum sesquichloride (25 wt. % in toluene) Sigma-Aldrich
MCAc Methyl chloroacetate, 99%, Distilled over calcium Sigma-Aldrich
hydride before use
Toluene ACS grade, 99.5% EMD Chemicals
MeOH Methanol, > 99.8 % Sigma-Aldrich
n-hexane ACS grade, 98.5% VWR
Magnesium sulfate Anhydrous, ReagentPlus®, >99.5% Sigma-Aldrich
CDCl3 Deuterated chloroform, 99.9% Sigma-Aldrich
D,O Deuterium Oxide, 99.8% TCI America
Cobalt octoate Cobalt 2-ethylhexanoate, 12% Cobalt OMG Americas
Zirconium octoate Zirconium 2-ethylhexanoate, 18% Zirconium OMG Americas
Nuxtra® Zinc Zinc carboxylate in mineral spirits, 8% Dura Chemicals
Stearic acid Reagent grade, 95% Sigma-Aldrich
ZnO Zinc Oxide powder, >99% Sigma-Aldrich
S Sulfur Powder, precipitated, 99.5% Alfa-Aesar
TMTD Tetramethylthiuram disulfide, 97% | Sigma-Aldrich
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6.3.2. Svynthesis of the vinyl ether of SBO fatty acids (VESFA) and polymer of VESFA

(polyVESFA)

6.3.2.1. Synthesis of the VESFA

As shown in Figure 6.3, VESFA was synthesized using base-catalyzed
transesterification of SBO with ethylene glycol vinyl ether (EGVE). A detailed procedure
is as follows: 20 g of SBO, 20 g of EGVE, and 0.56 g of anhydrous KOH were added to a
two-neck, 100 ml, round-bottom flask and stirred at 70 °C for 3 hours under a blanket of
nitrogen. Next, the reaction mixture was cooled down to room temperature and diluted with
120 ml of n-hexane. The hexane layer was washed once with 30 ml acic :, deionized water
(pH 4.0) and then multiple times with pure deionized water until the wash water was
neutral. The hexane layer was then dried with magnesium sulfate. The product was
recovered by rotary evaporation of the n-hexane and drying under vacuum (15 — 20 mm of

Hg) overnight.

KOH, 70 °C, 3h Stirring
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Figure 6.3. The synthetic scheme used to produce VESFA.
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6.3.2.2. Synthesis of the polyVESFA

PolyVESFA was prepared using living cationic polymerization as shown in Figure
6.4. The cationogen, 1-isobutoxyethyl acetate (IBEA), was prepared using the procedure

3% The polymerization solvent, toluene, was dried over

of Aoshima and Higashimura.
calcium hydride before use. A detailed polymerization procedure is as follows: Prior to
use, VESFA was dried with magnesium sulfate. The dry VESFA was polymerized at 0 °C
within a glove box in a three-neck, round-bottom flask baked at 200 °C prior to use. 23.4
mg of initiator (i.e. IBEA) and 256 g of VESFA ([VESFA]x:[IBEA]y = 5000:1) were
dissolved in 1600 ml of dry toluene and chilled to 0 °C. The polymerization was initiated
by the addition of 36.05 ml of ethylaluminum sesquichloride solution (25 wt. % in toluene)
(IVESFA]o:[Et; sAICl; 5]o = 200:18). The reaction was terminated after 17 hours by the
addition of 1600 ml of chilled methanol which caused the polymer to precipitate. The
polymer was isolated and washed multiple times with methanol. The purified polymer was

collected as a viscous liquid after centrifuging at 4500 rpm at 21 °C for 10 minutes and

drying under vacuum (5 — 7 mm of Hg) overnight.

6.3.2.3. Kinetic study of the polymerization of VESFA

6.3.2.3.1. Determination of the effect of an external base (MCAc¢) and a co-initiator

(Lewis acid) on the polymerization of VESFA. The determination of the effect of an

external base on the rate of polymerization is described as follows: VESFA, IBEA solution,
MCAc, and dry toluene were combined in a dry 40 ml vial according to the formulation as

described in Table 6.2 and cooled to 0 °C inside a glove box.
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Figure 6.4. The synthetic scheme used to produce poly VESFA.

Each polymerization was initiated by the addition of supplied ethyl aluminum
sesquichloride solution (Lewis acid). After 17 hours, each reaction was terminated by the
addition of 6 ml of chilled methanol which causes the polymer to precipitate. The polymer
was isolated and washed multiple times with methanol. The purified polymer was collected
as a viscous liquid after centrifuging at 4500 rpm at 21 °C for 10 minutes and drying under
vacuum (5 — 7 mm of Hg) overnight. The percentage of conversion of each polymer was
calculated gravimetrically and the number average molecular weight was measured using a
gel permeation chromatography. Each polymerization was carried out three times. The
average and standard deviation values for % conversion, GPC number average molecular

weight, and PDI were reported.
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Table 6.2. Compositions used to compare the effect of a Lewis acid (Et;sAICl;5) and
MCAc to the polymerization of VESFA.

Sample name VESFA IBEA MCAc | Toluene | Et, AICI , [VESFA] :
() | Solution' (mg) | (&) | Solution (ml) | [IBEA]: [MCAC]:
(me) [Et, ,AICI, ],
MCACc/LA-250/5 1 65 387 5.22 0.039 200:1:250:5
MCACc/LA-0/5 1 65 - 5.22 0.039 200:1:0:5
MCACc/LA-250/18 1 65 387 5.15 0.141 200:1:250:18
MCACc/LA-0/18 1 65 - 5.15 0.141 200:1:0:18
MCACc/LA-250/30 1 65 387 5.08 0.235 200:1:250:30
MCACc/LA-0/30 1 65 - 5.08 0.235 200:1:0:30

'IBEA solution: 0.5 g of IBEA dissolved in 13.7 g of toluene.

6.3.2.3.2. Determination of the VESFA polymerization kinetics in the absence of an

external base. The kinetic study in the absence of an external base is described as
follows: VESFA, IBEA, and dry toluene were combined in a dry 250 ml round bottom
flask and chilled to 0 °C inside a glove box. Table 6.3 describes the compositions used to
determine the VESFA polymerization kinetic. The reaction was started by the addition of
supplied ethyl aluminum sesquichloride solution. Known weight of aliquot was withdrawn
at different time intervals and terminated by the addition of chilled methanol which causes
the polymer to precipitate. Each polymer was isolated and washed multiple times with
methanol. The purified polymer was collected as a viscous liquid after centrifuging at 4500
rpm at 21 °C for 10 minutes and drying under vacuum (5 — 7 mm of Hg) overnight. The
percentage of conversion of each polymer was calculated gravimetrically and the number

average molecular weight was measured using a gel permeation chromatography.
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Table 6.3. Compositions used to determine the VESFA polymerization kinetic in the

absence of an external base.

Sample name VESFA IBEA Toluene | Et;sAICI 5 [VESFA]y:
(g) (mg) (g Solution [IBEA]q:
oy 3t sAICH s]o
MCACc/LA-0/5 7 16 36.55 274 200:1:5
MCACc/LA-0/10 7 16 36.38 548 200:1:10
MCACc/LA-0/18 7 16 36.08 987 200:1: 18

6.3.3. Svynthesis of polyethylene glycol-functional monovinylether monomer (VEPEG) and

the polymer of VEPEG (polyVEPEG)

6.3.3.1. Synthesis of VEPEG

A VEPEG was synthesized by end-capping a commercially available polyethylene
glycol monovinylether, PEGMVE, as follows: 20 g of iodoethane (IE) and 8.08 g of
potassium hydroxide were added to a 500 ml, round-bottom flask and stirred at 300 rpm at
40 °C. Then, 58.8 g of PEGMVE was added drop-wise to the reaction mixture. After the
addition was complete, the temperature was raised to 64 °C and stirring continued for 12
hours under a blanket of nitrogen. The reaction mixture was cooled to room temperature
and then diluted with 300 ml of methylene chloride. The organic layer was filtered as a
clear liquid and washed three times with 300 ml of DI water. The organic layer was then
dried with anhydrous magnesium sulfate and the product monomer was recovered by rotary

evaporation of volatiles. The monomer was dried with magnesium sulfate before use.
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Figure 6.5. The synthetic scheme used to produce VEPEG.

6.3.3.2. Synthesis of polyVEPEG

VEPEG was polymerized at 0 °C within a glove box in a test tube dried at 250 °C
under vacuum just before use. 1 g of VEPEG and 1.4 mg of IBEA were dissolved in 5.25 g
of dry toluene and chilled to 0 °C. The polymerization was initiated with the addition of
0.208 ml of ethyl aluminum sesquichloride solution (25 wt. % in toluene)
([VEPEG]o:[IBEA]o:[Et; sAIC] 5]o = 200:1:44).  After 12 hours, the reaction was
terminated with addition of 10 ml of methanol. The polymer was soluble in methanol.
Finally, the polyVEPEG was recovered by rotary evaporation of all the volatiles and drying

under vacuum overnight.
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Figure 6.6. The synthetic scheme used to produce polymer of VEPEG.
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6.3.3.3. Synthesis of the random copolyvmer of VEPEG and VESFA (polyVESFA-r-

VEPEG)

VESFA and VEPEG were copolymerized at 0 °C within a glove box in a test tube
dried at 250 °C under vacuum just before use. 1 g of VEPEG, 0.61 g of VESFA, and 2.77
mg of IBEA were dissolved in 8.43 g of dry toluene and chilled to 0 °C. The
polymerization was initiated with the addition of 0.417 ml of ethyl aluminum
sesquichloride ~ solution (25 wt. % in  toluene) ([VESFA]y:[VEPEG],
:[IBEA]o:[Et; sAICI 5]o = 100:100:1:44). After 12 hours, the reaction was terminated with
addition of 20 ml of methanol. The copolymer was soluble in methanol. Finally, the
copolymer was recovered by rotary evaporation of all the volatiles and drying under
vacuum overnight. A high-throughput Symyx Rapid GPC was used to determine the

molecular weight of poly VEPEG.
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Figure 6.7. The synthetic scheme used to produce copolymer of VESFA and VEPEG.
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6.3.4. Comparison of polyVESFA with SBO

6.3.4.1. Comparison of polyVESFA with SBO in an air drying system

Table 6.4 describes the compositions of a series of coatings produced to compare

the difference between polyVESFA and SBO in autoxidation-curable systems.

Table 6.4. Compositions used to compare the difference between polyVESFA and SBO in

autoxidation-curable systems.

Coating ID polyVESFA | SBO (g) | Cobalt octoate | Zirconium Nuxtra®
(2) (mg) octoate (mg) | Zinc (mg)
polyVESFA-HCo 5 -- 4.2 27.7 250
polyVESFA-LCo 5 - 1.3 27.7 250
SBO-HCo - 5 4.2 27.7 250
SBO-LCo - 5 1.3 277 250

6.3.4.2. Comparison of polyVESFA with SBO in a sulfur vulcanizable system

Table 6.5 describes the compositions produced to compare the difference between
polyVESFA and SBO in a sulfur vulcanizable system. A detailed procedure is as follows:
polyVESFA, stearic acid, and zinc oxide were added in a 20 ml vial and mixed
homogeneously at 40 °C using a high speed homogenizer at a stir speed of 15,000 r.p.m.
for 3 minutes. Nest, sulfur and tetramethylthiuram disulfide were added and stirred at room

temperature using a stir speed of 7,000 rpm for 2 minutes.
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Table 6.5. Compositions used to compare the difference between poly VESFA and SBO in

a sulfur vulcanization system.

Formulations polyVESFA | SBO (g) | Stearic Zinc Sulfur Tetramethyl
(g) acid Oxide (2 thiuram
(mg) ® disulfide (mg)
polyVESFA/S 233 --- 12 0.139 0.081 12
SBO/S --- 7.17 36 0.429 0.252 37

6.3.5. Instrumentation and procedures

An MBraun glove box system equipped with a cold well and a chiller from FTSTM
Systems was used for the cationic pc 'merization of TVE. Normal heptane was used as
cooling medium.

6.3.5.1. Gel Permeation Chromatography (GPC)

A high-throughput Symyx Rapid GPC equipped with an evaporative light scattering
detector (PL-ELS 1000) and 2xPLgel Mixed-B columns of 10 um particle size was used to
determine the molecular weight and molecular weight distribution of polymer. Polymer
solutions of 3 mg/ml were prepared in THF and the temperature of the column was
maintained at 45 °C. Molecular weight data was reported relative to polystyrene standards.

6.3.5.2. Nuclear Magnetic Resonance (NMR) spectroscopy.

A JEOL-ECA 400 (400MHz) nuclear magnetic resonance (NMR) spectrometer
equipped with an autosampler was used to generate proton NMR (‘"H NMR) spectra. Data
acquisition was completed using 16 scans in CDClIs as the lock solvent. For poly VEPEG,

D,0 was used as a NMR solvent.
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6.3.5.3. Fourier Transform Infrared (FTIR) spectroscopy

A Nicolet Manga-850 FTIR instrument was employed to measure FTIR spectra.
Samples were coated on dry potassium bromide disc, and the measurements were carried
out in the range of wavelengths from 600 cm™ to 3900 cm™ using 64 scans with a data
spacing of 0.964 cm™.

6.3.5.4. Differential Scanning Calorimetry (DSC)

The thermal properties of polymers and SBO were determined using differential
scanning calorimetry (DSC). The instrument utilized was a DSC Q1000 from TA
Instruments, and sample sizes ranged from 4.5 to 5.5 mg. Samples were first heated from
30 °C to 70 °C at a heating rate of 10 °C/minute (1** heat), cooled from 70 °C to -120 °C at
a cooling rate of 10 °C/minute (cooling), and reheated from -120 °C to 120 °C at a heating
rate 10 °C/minute (2" heat). The T, reported was obtained from the 2" heat.

6.3.5.5. Thermogravimetric Analysis (TGA)

TGA was carried out using a Q500 from TA Instruments. Samples sizes were 10
mg to 15 mg. In a ramp heating mode samples were heated from 30 °C to 800 °C at a
heating rates of 20 °C/minute in air.

6.3.5.6. Rheological properties

Rheological properties were determined with an ARES Rheometer from TA
Instruments. For measuring viscosity, liquid samples were placed between a cone and plate
and viscosity monitored as a function of shear rate at a temperature of 25 °C. For
monitoring cure Kinetics of sulfur vulcanizable system, liquid samples were placed in

between two parallel plates and heated for 2 hours at 140 °C using a constant frequency of
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10 rad/s and strain of 0.3%. Measurement was carried out using an auto-strain mode that
was created by applying a maximum strain of 5% and a strain adjustment of 25%.

6.3.5.7. Drying time measurement

Cure characteristics of coatings designed to cure by autoxidation were determined
using a BK 3-Speed Drying Recorder produced by MICKLE Laboratory Engineering Co.
Ltd. With this device, a needle carrier holding 6 hemispherical ended needles travel across
the length of six 305x25 mm recently coated glass strips. The coatings were cast on the
glass strips using a 25 mm cube film applicator to produce wet films about 75 microns in
thickness. A weight of 5 g was attached to each hemispherical needle to characterize
coating film properties. Coating cure was characterized by determining open time, dust-

free time, and tack-free time as defined by Klaasen and van der Leeuw.*®

6.4. RESULTS AND DISCUSSION

6.4.1. VESFA and polyVESFA synthesis and characterization

6.4.1.1. VESFA synthesis and characterization

The novel monomer, VESFA, was synthesized from EGVE and SBO using base
catalyzed transesterification, as shown in Figure 6.3. This process is similar to that used to
produce biodiesel with the exception that EGVE was used instead of methanol.>*® VESFA
was isolated as a light yellow liquid. Since SBO is based on a mixture of 5 different fatty
acids, VESFA is also a mixture of 5 different vinyl ethers in which each component of the
vinyl ether mixture is based on a different fatty acid from SBO. Successful synthesis of

VESFA was confirmed by '"H NMR, *C NMR, DEPT-135, and FTIR spectra. Figure 6.8
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shows the 'H NMR spectrum obtained for VESFA. As shown in Figure 6.8, one methine
and two methylene protons in the vinyl double bond of VESFA appeared at 6.5, 4.2, and
4.0 ppm, respectively. Table 6.6 lists the integration values of proton from the 'H NMR
spectrum and the theoretical value according the formula of VESFA. Integration of this
spectrum confirmed that the composition of fatty acids in the VESFA sample was the same

as that for SBO.

8 7 6 5 4 3 2 1 0

Palmitate (11%)
Stearate (4%)

Oleate (25%)
Linoleate (51%)

Linolenate (9%)

Figure 6.8. "H NMR spectrum obtaine for VESFA.

Table 6.6. Theoretical and experimental integration values of proton obtained for VESFA.

Integration Value | [q If s Ip Ir If Ja fe Ib e [ lmn+d)
of protons
Theoretical 033 ({1.01 |0.67|0.67|0.67| 046 | 0.67 | 1.13| 0.67 | 554 | 1.0
'H NMR 029} 1.0 | 063063063047 |067| 1.1 072|554 1.0

The Distortionless Enhancement by Polarization Transfer (DEPT) method is useful

for determining the number of hydrogen atoms attached to a given carbon atom. In a
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DEPT-135 spectrum, methyl and methine carbons appear as positive peaks, while the
methylene carbons appear as negative peaks. As shown in Figure 6.9, The methylene
carbon (number 1) and methine carbon (number 2) in the vinyl double bond can be seen as
a negative peak at 86.9 ppm and as a positive peak at 151.5 ppm, respectively. All methine
carbons in the unsaturation of fatty acid fragment at the position numbers of 11 and 12
produce positive peaks at 127.9 ppm and 129.9 ppm. Two methylene carbons in the ethyl
spacer in between vinyl ether and fatty acid produce negative peaks at 65.8 and 62.4 ppm.
FTIR spectrum of VESFA (Figure 6.10) confirms the presence of unsaturation in the vinyl
ether double bond (C=C) and carbonyl (C=0) group at 1614 cm’ and 1740 cm-1
respectively. The peak absorption due to the C=C unsaturation in the fatty acid can be seen

at 2973 cm™.

l J DEPT-135
H 1 ,
N 3

o) : :
O e
4 E ' f 6,7,8,10,13 E

' R
13C 2 1 1

9,13 ---

— v
B 1112 -----rmeeemee--
= coa,

180 "150 120 e 6o 30 0
Chemical Shift (ppm)

[o]
5 7 8 8 8 8 8 8

8 8 8 8 8 8 9 Palmitate (11%)
)’\/\/\/\/\/\/\/\/\ Stearate (4%)
8 8 11 10 8
Red o° NI See ® Oleate (25%)
7 1 13
I N K P8 3 Linoleate (51%)
o 11 11
sl g 2 g A g B A B A lk 13 Linolenate (9%)
o 12 11 12

Figure 6.9. >C NMR and DEPT-135 spectra obtained for VESFA.
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Figure 6.10. FTIR spectrum obtained for VESFA.

6.4.1.2. PolyVESFA synthesis and characterization

As shown in Figure 6.4, VESFA was polymerized using cationic polymerization
based on an initiator system comprised of IBEA as the cationogen and Et; sAICl, 5 as the
coinitiator. With this system, complexation of the Lewis acid coinitiator with the acetate
group of IBEA dissociates the carbon-oxygen bond to produce a carbocation at the oxygen-
stabilized secondary carbon atom of IBEA. This carbocation initiates polymerization by
addition to the vinyl ether group of a monomer molecule. Polymerization is terminated by
the addition of methanol which reacts with carbocationic polymer chain ends to produce
methyl ether end groups.

The chemical structure of the polyVESFA was characterized using '"H NMR, "°C
NMR, and FTIR. As shown in Figure 6.11, peaks associated with the vinyl ether group of
VESFA (6.5 and 4.0 ppm) are not present while peaks associated with the vinyl groups of

the fatty acid groups (5.3 ppm) are retained. This result indicates that the reactivity of the
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carbocationic species generated during the polymerization process, which includes the
initiating carbocations and chain propagating carbocations, were reactive enough to
polymerize the vinyl ether groups of the VESFA, but not so reactive that they add to
double bonds of the fatty acid portion of VESFA. Selectivity of the polymerization process
toward the vinyl ether functionality was critical to prevent gelation during polymerization
and to preserve pendent group unsaturation for application of the polyVESFA in coating
applications. Table 6.7 lists the integration values of proton from the 'H NMR spectrum
and the theoretical value according the formula of polyVESFA. Integration of this
spectrum confirmed that the composition of fatty acids in the polyVESFA sample was the

same as that for VESFA.
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Figure 6.11. 'H NMR spectrum obtained for polyVESFA.
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Table 6.7. Theoretical and experimental integration vi: es of proton obtained for
poly VESFA.

Integration Value of protons f_| Is ]q+r If fa le fp+b o | In+d
Theoretical 1.01 | 067 | 1.0 | 046 | 0.67 | 1.13 | 1.34 [ 554 | 1.0
"H NMR 1.03 |1 066 { 095 | 047 1068 1.1 | 1.14 [ 575 1.0

The *C NMR and FTIR spectra of polyVESFA were shown in Figures 6.12 and
6.13 respectively. As shown in Figure 6.12, peaks associated with the vinyl ether group of
VESFA (151.5 and 86.9 ppm) are not present while peaks associated with the vinyl groups
of the fatty acid groups (127.9 and 129.9 ppm) are retained. As shown in the FTIR
spectrum (Figure 6.13) of polyVESFA, absorption peaks associated with the C=C
unsaturation of the vinyl ether (1614 cm™) are disappeared while the C=C unsaturation of

the fatty acid (2973 cm™) are retained.
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Figure 6.12. '*C NMR spectrum obtained for polyVESFA.
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Figure 6.13. FTIR spectrum obtained for poly VESFA.

GPC chromatograms of polyVESFA, VESFA, and SBO are shown in Figure 6.14.
The absence of any peak in the GPC chromatogram of polyVESFA at a retention time of
237 seconds demonstrated that the polyVESFA is totally free from unreacted VESFA.

Table 6.8 lists the values of GPC number average molecular weight and PDI for SBO,

VESFA, and polyVESFA.
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Figure 6.14. Plot of normalized peak intensity as a function of retention time for GPC

chromatograms of SBO, VESFA, and poly VESFA.
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Table 6.8. GPC number average molecular weight and PDI.

Sample GPC Mn (g/mole) PDI
SBO 1,010 1.08
VESFA 403 1.06
polyVESFA 39,140 1.17

6.4.1.3. Polymerization Kinetic study

The initiation process of a vinyl ether polymerization initiated by IBEA/Et; sAICl, 5
is consisted of the formation of oxygen-stabilized secondary carbon atom of initiating
species followed by the addition to the vinyl ether group of a monomer molecule. The
secondary carbocation generated at the propagating species is very reactive and short living
in the absence of an external base. As mentioned in the Introduction, an added base
containing an ester group complexes with the propagating species to delocalize the positive
charge over the propagating center and reduces the reactivity of the carbocation. However,
VESFA possesses one ester group per monomer that provides an added stability to the
propagating center and excludes the necessity of an external base (e.g. MCAc). This
conception is supported by the following results.

6.4.1.3.1. Determination of the effect of an external base (MCAc). Polymers obtained

after polymerizations mentioned in Table 6.2 were characterized using gravimetric analysis
and GPC. Figures 6.15, 6.16.A, and 6.16.B demonstrate the effect of a Lewis acid
(Et; sAICl; 5) and MCAc on the conversion, GPC number average molecular weight, and

molecular weight distribution (PDI) after 17 hours of reaction.
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showed that the external base does not have influence on the percent of conversion and
hence the molecular weight. However, when the LA concentration is low ([VESFA],:
[Et; sAICl, 5], = 200:5 ), the polymerization rate is relatively low (23% conversion after 17
hours of reaction) indicating the stability of the carbocationic propagating species by the
ester groups of VESFA. With the increase in the LA concentration from 5 to 30, the
reactivity of the propagating species increases as indicated by the increase in both % of
conversion and PDI. The mechanism of stabilization of carbocationic propagating species

in the presence of ester groups from VESFA can be shown in Figure 6.17.
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Figure 6.17. Stabilization of carbocation in the presence of ester group of VESFA.
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The acetate counter ion produces after dissociation of IBEA is not sufficient to
provide the stability of propagating species (I). The acetate groups from the VESFA
complexes with the propagating carbocation to add stability that will enable it to undergo
living carbocationic polymerization. The order of polymerization of VESFA in the absence
of an added base was determined at different LA concentration (Figure 6.18.A). A first
order polymerization was achieved when the LA concentration was selected as 10 and 18.
At these concentrations, the plot of In{[M],/[M];} as a function of polymerization time
yielded a straight line passing through the origin with a correlation coefficient (R?) of 0.99.
From the slope of the lines, the polymerization rate constants were evaluated and

compared. The rate of reaction for a first order reaction can be presented as follows:

d[VESFA]
dt

where, k and t are the reaction rate (h") and reaction time (h) respectively. The reaction
rates obtained from the slope of the straight lines (Figure 6.18.A) were 0.0436 h™!' and
0.0821 h'! when the LA concentrations of 10 and 18 were used. Thus, with the increase in
LA concentration from 10 to 18, the rate of reaction increased almost double. However,
with a relatively lower LA concentration, such as 5, the reaction rate was too slow to
complete 45 % of the polymerization after 120 hours. The order reaction with such a low
amount of LA followed a polynomial distribution with an order of 2. This may be due to
the addition of rate constant from side reaction (e.g. termination, chain transfer, etc) to the

rate of propagation. This may an indicative of the fact that the propagating carbocation
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generated by the IBEA/Et; sAICl, s initiating system cannot stay ‘alive’ for such a long

reaction time of 120 hours.
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Figure 6.18. Plot of (A) In{[M],/[M];} and (B) monomer concentration as a function of
polymerization time. The symbols MCAc/LA-0/5, MCAc/LA-0/10, and MCAc/LA-0/18
represent the condition of polymerizations in the absence of an external base when the LA

was used at three different molar concentrations of 5, 10, and 18, respectively.

6.4.1.3.2. Determination of the kinetics of VESFA polymerization in the absence of an

external base.  The living carbocationic polymerization of VESFA in the absence of an
external base (MCAc) was demonstrated by the linear relationship between the GPC
number average molecular weight and the percent of conversion (Figure 6.19) when a LA
concentration of 18 was used. A plot of number average molecular weight obtained from
GPC analysis as a function of VESFA monomer conversion yielded a straight line that

passed through the origin with a slope of 485.3 and correlation coefficient of 0.98.
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Figure 6.19. Plot of GPC number average molecular weight and PDI as a function of % of
conversion for the polymerization of VESFA. ([VESFA],:[IBEA]),:[Et, sAlICl, 5], was used
as 200:1:18).

6.4.2. Characterization of polyVEPEG and polyVESFA-r-VEPEG

The proton NMR spectra obtained for VEPEG was shown in Figure 6.20. As shown
in Figure 6.20, the two methyl protons and one methine protons associated with the vinyl
ether double bond of VEPEG were at 3.9 ppm, 4.1 ppm, and 6.4 ppm, respectively.
Successful synthesis of VEPEG was confirmed after integrating and comparing the peak
areas associated with the three methyl protons at 1.17 ppm to the two methylene of vinyl
ether double bond at 3.9 ppm and 4.1 ppm. The absence of proton absorption peak
associated with the hydroxyl group of PEGMVE between 3.42 ppm and 3.45 ppm and the
generation of a new peak associated with the OCH; group between 3.45 ppm to 3.5 ppm
confirmed that the VEPEG was totally free from unreacted PEGMVE. As shown in the
FTIR spectrum of VEPEG (Figure 6.21), the peaks associated with the C=C bond of vinyl

ether can be easily seen at 1620 cm™. The absence of any peak associated with the
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hydroxyl group between 3150 cm™ and 3550 cm™ also confirmed that the VEPEG was

totally free from unreacted PEGMVE.
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Figure 6.20. 'H NMR spectrum obtained for VEPEG.
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Figure 6.21. FTIR spectrum obtained for VEPEG.

The proton NMR spectra obtained for polyVEPEG and polyVESFA-r-polyVEPEG
were shown in Figures 6.22 and 6.23 respectively. The polymerization of VEPEG was
confirmed by the absence of peaks associated with the vinyl ether at 3.9 ppm, 4.1 ppm, and

6.4 ppm. The GPC number average molecular weight and molecular weight distribution
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obtained for polyVEPEG were 14,200 g/mole and 1.21 respectively. The synthesis of
random copolymer of VESFA and VEPEG was carried out according to the polymerization
scheme shown in Figure 6.7. Considering the equal reactivity of carbocation generated
from both the monomers, simultaneous initiation of VESFA and VEPEG can produce the
random copolymer. The successful synthesis of the copolymer was confirmed by the total
disappearance of protons associated with the vinyl ether double bond at 6.4 ppm and 4.2
ppm.

The GPC number average molecular weight and molecular weight distribution was
found as 14,750 and 1.22 respectively. The polyVESFA is not soluble in methanol. On the
other hand, polyVEPEG is soluble in methanol. The copolymer synthesized from VEPEG
and VESFA is nicely soluble in methanol. This provides a strong evidence for the

formation of a copolymer of both the monomers.
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Figure 6.22. "H NMR spectrum obtained for polyVEPEG.
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Figure 6.23. "H NMR spectrum obtained for polyVESFA-r-poly VEPEG.

6.4.3. Property comparison of polyVESFA with SBO

The basic properties of the polyVESFA were compared to SBO. Figures 6.24.A
and 6.24.B provide a comparison of the thermal properties of polyVESFA, SBO, and
VESFA. Figure 6.25 provides a comparison of thermogravimetric analysis for SBO,
VESFA, and polyVESFA. The DSC thermograms displayed in Figure 6.24.A show very
different thermal properties between polyVESFA and SBO. After cooling from 70 °C to -
120 °C at 10°C/minute, the SBO sample exhibited a small endotherm at -77 °C which was

immediately followed by a significant crystallization exotherm and two endotherms with
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peak temperatures of -39 °C and -25 °C. This behavior suggests that the original
crystallites formed during the controlled cooling were quite imperfect resulting in a
relatively low melting temperature and immediate recrystallization to produce the higher
temperature endotherms. In contrast, polyVESFA displayed a glass transition temperature
at -98 °C and a very diffuse, weak endotherm with a peak temperature of -28 °C. The
weak, diffuse endotherm indicates that incorporating the fatty acids into a polymer as
pendent groups greatly reduces the crystallizability of the fatty acid chains. Considering
the higher viscosity and corresponding reduced molecular mobility associated with a
polymeric structure as compared to a triglyceride, it is not surprising that crystallization of
the fatty acids chains in polyVESFA was reduced compared to SBO.

The TGA was performed in an air-oxidative environment with a constant increase
in temperature. From the thermograms, three important parameters, for exa ple, the
decomposition temperature (Tj), onset temperature (Tonser), and ash content are listed in
Table 6.9. The Ty can be defined as the temperature of the maximum weight loss rate
(dm/dtmax). The Tonser can be considered as the point when decomposition just begins. As
shown in Figure 6.25, the decomposition temperature of poly VESFA was slightly higher
than that of SBO. According to the data in Table 6.9, polyVESFA shows 6.2% and 5%

increase in the Tonser and Ty as compared to SBO.
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Figure 6.24. (A) DSC thermograms for polyVESFA, SBO, and (B) VESFA.
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Figure 6.25. TGA thermograms for VESFA, polyVESFA, and SBO.

Table 6.9. Data obtained from TGA thermograms of VESFA, poly VESFA, and SBO.

Sample Tonset (°C) | TO (°C) Ash content (%)
800 °C
SBO 394.8 428.2 0.1
VESFA 2472 286.2 0.3
polyVESFA 419.3 449.2 0.03

Figure 6.26 provides a comparison of the rheological properties of a polyVESFA
sample to SBO. From Figure 6.26, it can be seen that the polyVESFA possessed a

viscosity that was about two orders of magnitude higher than that of SBO at shear rates
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below 2000 s™' which is consistent with the major difference in molecular weight between
the two materials. In addition, the viscosity of the polyVESFA sample showed
significantly more shear sensitivity than SBO. Increasing shear rate from approximately
1000 s to 10,000 s reduced the viscosity of polyVESFA by approximately an order of
magnitude. The shear sensitivity of the polyVESFA indicates that the molecular weight of

the poly VESFA was high enough to enable significant polymer chain entanglement.

1500

[
(=]
(=3
[=]
1

500 7

Viscosity (cP)

[0 R S AN B IR RN B
0 2000 4000 6000 8000 110

Shearrate(s’?)

Figure 6.26. Plot of viscosity as a function of shear rate for poly VESFA and SBO.

6.4.4. Coatings cured using autoxidation

SBO is classified as semi-drying oil. Based on the fatty acid composition of SBO,
each triglyceride contains on average 4.5 double bonds. With this degree of unsaturation, it
would be expected that the development of a crosslinked network from SBO using
autoxidation would require much longer drying times compared to a drying oil such as
linseed oil which possesses on average 6.3 double bonds per triglyceride.342 For
polyVESFA, the number of double bonds per polymer molecule is equal to 1.5DP since

each repeat unit contains one fatty acid group with the average number of double bonds per
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fatty acid chain being 1.5. Thus, for a polyVESFA possessing a DP of 100, the average
number of double bonds per polymer molecule is 150. With this extraordinarily high
number of double bonds per molecule, a crosslinked network can be developed even at
very low extents of autoxidation. To demonstrate this fact, four coating compositions were
prepared by adding autoxidation catalysts to polyVESFA and SBO. The four coating
compositions prepared are described in Table 6.10. Table 6.10 shows variations in open

time, dust-free time, and tack-free time for the four different compositions.

Table 6.10. Cure characteristics obtained for coatings based on poly VESFA and SBO and

cured using autoxidation. The composition of the coatings is described in Table 6.4.

Formulation Open time (hr) Dust-free time (hr) Tack-free time (hr)
polyVESFA-HCo 2.5 5 6.1
polyVESFA-LCo 5.3 8.5 11.8

SBO-HCo 15 21 40
SBO-LCo 28 > 48 >48

For the two coatings based on the high level of the cobalt drier (i.e. polyVESFA-
HCo and SBO-HCo), open time, dust-free time, and tack-free time were all dramatically
reduced with the use of polyVESFA as compared to SBO. For the polyVESFA-based
coating, open time, dust-free time, and tack-free time were reduced by a factor of 6, 4, and
6.5, respectively, compared to the SBO-based coating. For the coatings based on the
lowest level of cobalt drier (i.e. polyVESFA-LCo and SBO-LCo), SBO-LCo remained
tacky even after 48 hours at ambient conditions. In contrast, the analogous coating based

on polyVESFA was tack-free after 11.8 hours. These results clearly show the utility of
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increasing the number of double bonds per molecule by incorporating the fatty acid groups

of SBO into a polymeric structure.

6.4.5. Coatings cured using sulfur vulcanization

To understand the utility of polyVESFA as compared to SBO in the production of
sulfur vulcanized rubber, a conventional vulcanization system was investigated. For sulfur
vulcanizable system, a simple experiment was conducted in which the cure kinetics of a
blend of polyVESFA and sulfur was compared to that of an analogous blend of SBO and
sulfur. The cure kinetics was characterized by monitoring shear storage modulus and shear
viscosity as function of time at 140 °C. As shown in Figure 6.27, shear storage modulus
for the polyVESFA/S blend began to decrease from 54 Pa to 2 Pa for the first 30 seconds of
reaction time and then started to increase just after 3 minutes. Next, the shear storage
modulus increased sharply over a time period of 27 minutes to a maximum value of 198
KPa and after 15 minutes the modulus started to decrease slowly to a final value of 173
KPa for a total heating period of 2 hours at 140 °C. Similarly, the shear viscosity decreased
for first 30 seconds and then started to increase sharply to the maximum value of 19,740
Pa-s. After 15 minutes the viscosity began to decrease slowly to a final value of 17,280 Pa-
s for a total heating time of 2 hours. Initially, the sudden drop of shear modulus and
viscosity were observed due to the increase in polymer chain mobility and the
plasticization effect of stearic acid melting at 140 °C. Devulcanization effect was observed
due to overheating after 45 minutes of reaction causing slight reduction in both the shear

storage modulus and viscosity. This result indicates that the crosslinked network started
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developing almost immediately and full crosslinking was achieved within about 0.5 hours.
In contrast, within the 2 hours of experiment, no significant increase in shear storage

modulus and viscosity were observed for the SBO/S blend.
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Figure 6.27. Shear storage modulus and shear viscosity as a function of vulcanization time

at 140 °C for SBO/S and polyVESFA/S cure systems.

Assuming the kinetics of the reaction between the unsaturation in fatty acids and
the sulfur were the same for the two blends, which seems reasonable considering the
unsaturation present in polyVESFA and SBO are chemically equivalent, then the dramatic
difference in shear modulus and viscosity response as a function of time can only be
attributed to the difference in the number of double bonds per molecule. As discussed in
the Introduction and illustrated in Figure 6.2, increasing the number of functional groups

per molecule decreases the gel-point dramatically. Even though the extent of conversion of
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the double bonds-sulfur reaction for the two systems may have been the same at any point
in time during the cure process, the much higher unsaturation content per molecule for
poly VESFA resulted in the gel-point being reached at much lower conversion/cure time
providing elasticity to the material as indicated by the increase in shear modulus. This
dramatic reduction in the time required for the development of the crosslinked network
associated with the use of polyVESFA in a sulfur vulcanizable cured system could have
tremendous commercial utility considering energy cost and production rate affects

associated with thermal curing.

6.5. CONCLUSION

A novel VESFA monomer was produced by transesterification reaction between
soybean oil and ethylene glycol vinyl ether. The VESFA was polymerized using a living
carbocationic polymerization in the absence of an added base. The addition of an external
base has no effect on the percentage of monomer conversion and molecular weight of
polymer. The carbonyl group in the ester functional VESFA acts as a base to provide the
stability of the carbocationic propagating species generated by IBEA/Et; sAICl; s. Thermal
analysis demonstrated that incorporating the fatty acids into a polymer as pendent groups
greatly reduces the crystallizability « the fatty acid chains. Viscosity analysis revealed
that the polyVESFA possessed a higher viscosity than that of SBO which is consistent with
the major difference in molecular weight between the two materials. In addition, the
viscosity of the polyVESFA sample showed significantly more shear sensitivity than SBO.

It was clearly demonstrated that the use of polyVESFA or its derivatives in place of SBO
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or its derivatives offers tremendous advantages in a variety of coating systems. For coating
systems based on cure by autoxidation, it was demonstrated that use of polyVESFA can
reduce drying-time by a factor of 4 to 6.5. For coating systems based on cure by sulfur
vulcanization, it was shown that use of polyVESFA can develop a crosslinked network
within 30 minutes of reaction, whereas SBO was in liquid state after 2 hours of
vulcanization. All of these results can be attributed to a higher number of functional groups
per molecule associated with the use of polyVESFA as opposed to SBO. A higher number
of functional groups per molecule results in the gel-point being reached at much lower
conversion and the obtainment of a higher crosslink density at a given gree of functional
group conversion. Based on the results described in this document, it appears that the

novel SBO-based polymer, poly VESFA, has tremendous commercial potential.
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CHAPTER 7. SYNTHESIS, CHARACTERIZATION, AND APPLICATION
OF A NOVEL EPOXY-FUNCTIONAL POLYMER OF VESFA (E-
POLYVESFA) AND DERIVATIVES OF E-POLYVESFA

7.1. ABSTRACT

A novel epoxidized polymer (E-polyVESFA) of soybean oil (SBO) was synthesized
and the thermal and viscoelastic properties were compared to commerci: y available
epoxidized soybean oil (E-SBO). Additionally, acrylated polymer (A-polyVESFA) and
alcohol-functional polymer (OH-polyVESFA) of SBO were synthesized from E-
polyVESFA and characterized using proton NMR and FTIR. The use of E-polyVESFA an
opposed to E-SBO in an epoxy-amine cure system reduced cure time at 120 °C by more
than an order of magnitude. For cationic photo-cufe system it was demonstrated that the
use of E-poly VESFA substantially increased cure rate, ultimate function group conversion
during photocure. Glass transition temperature (T;) and crosslink density of cured films
were significantly higher for the E-polyVESFA-based materials. Similar to the result
obtained from the cationic photo-cure systems, the use of A-polyVESFA in the place of A-
SBO increases the ultimate conversion, T, and crosslink density. Modulus measurement of
polyurethane film produced from OH-polyVESFA showed higher crosslink density and T,
than an analogous film derived from alcohol functional SBO. Compared to E-SBO, which
possesses on average 4.5 epoxides per molecule, the epoxidized polymer based on the
soybean oil-derived vinyl ether monomers possess tens to thousands of epoxy groups per
molecule depending on the polymer molecular weight produced. As a result, coatings

based on E-polyVESFA and its derivatives were shown to possess much higher crosslink
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density at a given degree of functional group conversion compared to analogs based on

conventional E-SBO.

7.2. INTRODUCTION

In general, the importance of renewable resource-based products in industry is very
clear because these are non-toxic and biodegradable.*®* Approximately 13 percent of crude
oil used in the United States currently goes into the production of nonfuel chemicals.**®
Since fossil resources are limited, there is an ongoing need to develop useful chemicals
from renewable resources. Renewable resources that have been used to produce chemicals
include plant oils, polysaccharides, sugars, and wood. Of these, plant oils are the most
important renewable raw materials for the chemical industry.**® In the year of 2004, world
total productions of oil from seven major crops are shown in Figure 7.1. Production

continues to achieve the target rate of 3 - 4 % growth per year.3 6

Palm oil
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Rapseed oil
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Figure 7.1. World production of oil from seven major crops.*®
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Soybean oil is the most widely used vegetable oil for non-food applications due to
its low cost and availability. Soybean oil has a relatively high amount of unsaturation that
could be epoxidized by the reaction with hydrogen peroxide®®® an performic acid.**’
Studies show that epoxidized soybean oil can be used in thermosetting polymers using the
common methods of curing epoxide-functional resins such as with amines,*®3
anhydrides,” and cationic photocure.’*'** Epoxidized plant oils have been further
derivatized by reaction of the epoxide groups with acrylic acid to produce acrylate-

339

functional plant oils. Similar to other liquid, multifunctional acrylates, acrylate-

354355 In addition to

functional plant oils have been used in radiation-curable coatings.
serving as a starting material for the generation of acrylate-functional plant oils, epoxidized
plant oils have been used to generate plant oil-based polyols by reaction of the epoxide
groups with, for example, methanol.*** These polyols can be formulated with isocyanates
to produce polyurethane coatings.***>*’

Ultraviolet curing is one of the most efficient processes to rapidly transform liquid
coatings to solid film. This well established technology offers numerous advantages over
conventional curing technologies. The benefits of photocure systems in general include low
or no volatile organic content, very rapid cure, and relatively low cost production. The
overall production coat is usually less than bake systems. However, curing of thick article
and film shrinkage due to very rapid and solvent less cure are the major problems in
photocure systems.

Epoxidized soybean oil (E-SBO) has been extensively used in cationic

photopolymerization to produce surface coatings and polymer composites. A major
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disadvantage of E-SBO relative to more conventional epoxy resins such as bisphenol-A-
based epoxy resins is the relatively low reactivity resulting from disubsitution of the epoxy
groups.’®” Cycloaliphatic epoxides are popular in cationic photopolymerization due to their
faster reactivity. Since cycloaliphatic epoxides tend to produce high T, crosslinked
networks that can be brittle, vegetable oil-based epoxides can be used to impart flexibility
and toughness.368

Cationic UV curing, based on the generation of acid using photochemical reaction
followed by the cationic polymerization was first proposed in the decade of 1970s.°%
Cationic UV curing coating is an important part in the UV curing market. It has been
estimated that approximately eight percentage of industrial chemicals cured by
photochemical route are cured by cationic polymerization.’” Compared to free radical
photocure systems, cationic photocure systems are not inhibited by oxygen and radical
impurities, and can lead to very long active center life-times.*”' "> Additionally, cationic
photocure coating possesses better flexibility and the system releases fewer volatile organic

37 However, the cationic photocure system is chain transfer reaction was

compounds.
observed in the presence of water, alcohol, and base. The disadvantage of UV cure system
is the cost of the equipment and materials.>"

A typical cationic UV photocure system consisted of an epoxide, a cationic initiator
and additional ingredients such as other epoxides, polyols and additives. Alcohol and
polyols react with epoxides. In the presence of UV light, the cationic photoinitiator

generates cationic species that initiates the cationic ring opening polymerization of

epoxides.
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Figure 7.2. Schematic representation of cationic photopolymerization in presence of

alcohols.> 7337

The cationic photoinitiators belong to three main categories, for example,

375-376 375, 377

onium salts and organometallic complexes3 78-381 (Figure 7.3).

diazonium salts,
Onium salts (iodonium salt and sulfonium salt) are commonly used as cationic
photoinitiator. They are stable, non-hygroscopic and efficient photoinitiator consisting of
positive charge central atom and counter anion. Upon light radiation, these salts generate
cation radicals and Brondstedt acids (Figure 7.4). The cationic species reacts with epoxides
to initiate the polymerization. The protonation of an epoxy group with such ‘super acids’ is

374

very fast and quantitative.”" The quantitative yield of super acid (HB) was observed both

in the presence and absence of a proton donor (RH) such as a solvent.’”
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Figure 7.3. Chemical structure of (A) diazonium salt, (B) iodonium salt, (C) sulfonium salt,

and (D) iron-arene salt.’”
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Figure 7.4. Photolysis of sulfonium salt and generation of protons in the (a) presence and

(b) absence of proton donor.>”? 37*

In contrast to the cationic photopolymerization, free radical polymerization is
associated with the generation of free radical in the initiation stage followed by the addition
of free radical to vinyl double bond. In general, free radical photopolymerization consists

of following steps:
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Initiation: hv
Pl — (PD*

Py — 5 1

I+ M —> IM°

21° I-I Radical recombination

1"+ 0 —> 100° Radical quenching
Propagation:

IM" + 0tM  ———>  IM),

IM)ye” + O ——> 1(M),;00° Radical quenching
Termination:

TM) et + 1 (M) ,.y° —> Polymer

The types of photo-initiator used in the free radical photopolymerization

arc

cleavage type and bimolecular type (Figure 7.5). Cleavage type photo-initiators are the

most effective that start initiation without a co-initiator. In the excited state,

the

bimolecular type initiator abstract hydrogen radical from synergist (co-initiator), such as

alcohol, amine, and thiol and produces free radicals that initiate polymerization.

Q I (o] (o]
g I g0
A1
Dimethoxypheny! Hydroxydimethyl Benzophenone
acetophenone acetophenone

{)) (1) (1

Figure 7.5. Free radical photoinitiator: Cleavage type (I and II), Bimolecular type (III).

Inhibition of oxygen is a major problem in free-radical photopolymerization.

Oxygen preferentially scavenges the propagating free radical to form relatively unreactive
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peroxy free radical that reacts with itself or other propagating radicals by coupling and
disproportionation reaction to form inactive products.’®??** However, bimolecular type
photo-initiators in combination with synergist are less affected by oxygen inhibition.>*

A primary drawback related to the use of epoxidized vegetable oil in coatings
application is their low modulus and low glass transition temperature (T,) due to relatively
low functional groups per triglyceride molecule. As a means to increase the thermo-
mechanical properties of coatings derived from epoxidised vegetable oils is the synthesis of
novel polymer from vegetable oil containing pendent fatty acids where the unsaturation in
fatty acid can be converted to epoxide. The major difference of these epoxidized polymers
to the epoxidized triglycerides is the number of epoxide groups per molecule. As the DP
increases, the polymer possessing epoxides in the fatty acid pendent group dramatically
decreases the gel-point. Thus, increasing the number of functional groups per molecule
enables shorter cure times and higher crosslink densities at a given extent of conversion.
The advantage of possessing higher number of functional groups per molecule is that, at a
given degree of functional group conversion, the crosslink  nsity, modulus, and T, will be
higher.

This document describes the epoxidation of polymer (polyVESFA) synthesized
from SBO to produce epoxidized poly VESFA. This novel polymer is being referred to as
the epoxidized polymer of the vinyl ether of soybean oil fatty acid esters (E-polyVESFA).
The utility of this polymer in coating compositions was investigated by comparing

properties to analogous coatings derived from E-SBO.
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7.3.1. Materials

7.3. EXPERIMENTAL

Table 7.1 describes the starting materials used for the investigation.

Table 7.1. A list of the starting materials used for the investigation.

Chemical or Trade name

Description

Source

PolyVESFA Polymer of the vinyl ether of soybean oil fatty acid Synthesized

esters previously
3-chloroperoxy benzoic acid Epoxidizing agent, <77% Sigma-Aldrich
Magnesium sulfate Anhydrous, ReagentPlus®, >99.5% Sigma-Aldrich
MeOH Methanol, > 99.8 % Sigma-Aldrich

Methylene chloride ACS grade 99.5% VWR
ESO Vikoflex 7170, Epoxidized soybean oil Arkema
CYRACURE® UVR-6000 3-Ethyl-3-hydroxymethyl-oxetane, Reactive diluent | Dow Chemical
(EHMOx)

CYRACURE® UVI-6974

Bis[4-(diphenylsulfonio)phenyl]sulfide
bis(hexafluoroantimonate), 50 wt. % salt in

propylene carbonate, Cationic photoinitiator

Dow Chemical

Tone™ 031 (Polyol)

Tri-functional liquid polyol

Dow Chemical

CDCl; Deuterated chloroform Sigma-Aldrich
TETA Triethylenetetramine, technical grade (60 %) Sigma-Aldrich
HDDA 1,6-Hexanediol diacrylate Sartomer
IRGACURE® 184 1-Hydroxycyclohexyl phenyl ketone, Free-radical BASF
photoinitiator
HBF, Tetrafluoroboric acid solution, 48 wt. % in H,O Sigma-Aldrich
Tolonate® IDT 70 B Aliphatic polyisocyanate based on isophorone Perstorp
diisocyanate trimer (70 % solids in butyl acetate),
Equivalent weight on delivery form =342 g
DBTDL Dibutyltin dilaurate, 95% Sigma-Aldrich
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7.3.2. Synthesis of E-polyVESFA

PolyVESFA was epoxidized using the synthetic scheme shown in Figure 7.6. A
detailed procedure is as follows: 60 g of polyVESFA was dissolved in 1200 ml of
methylene chloride in a 2-liter round-bottom flask and 71 g of 3-chloroperoxybenzoic acid
added with vigorous stirring. The reaction was continued for 4 hours at room temperature
at a stirrer speed of 650 rpm. After the reaction was complete, the polymer was precipitated

into methanol, isolated by centrifugation, and dried under vacuum (5 — 7 mm of Hg)

overnight.
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Figure 7.6. The synthetic scheme used to produce E-polyVESFA.

7.3.3. Svynthesis of acrylated polyVESFA (A-polyVESFA) and acrylated soybean oil (A-

SBO)

7.3.3.1. Synthesis of acrylated polyVESFA (A-polyVESFA)

An acrylate-functional derivative of polyVESFA was synthesized from E-

polyVESFA using the synthetic scheme shown in Figure 7.7. A detailed procedure is as
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follows: In a 1 liter round-bottom flask, 88.4 g of E-polyVESFA, 107 mg of
hydroquinone, and 1.44 g of potassium acetate were dissolved in 435 g of toluene. The
rapidly stirring solution was heated to 110 °C and 21.52 g of acrylic acid was added drop-
wise over the period of 1 hour. After 42 hours of reaction, the temperature was cooled to
room temperature and the toluene was removed by rotary evaporation. The crude material
was diluted with methylene chloride and washed with DI water to remove unreacted acrylic
acid and catalyst residue. The organic layer was dried with anhydrous magnesium sulfate.
The product was isolated by rotary evaporation of methylene chloride and drying under

vacuum (5 — 7 mm of Hg) overnight.
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] 0 =
R'= OJOK/\/\/\/%/\O/\/\/\ o }0
OJA\/\/\/\/W\/\/\ o)‘\/\/\/\)\(\/\/\/\ Oleate (25%)
o o o oH
T <A< R =1 N ™Y
0 o oj‘o °=>

0
ok/\/\/\)\/\l/(’m\/\/\ Linoleate (51%)

CH
ES RV =
0 0”0 0)0 oj‘o
L o/u\/\/\/\/\/\l/(l)}/\/\ Linole nate (9%)

OH OH

Figure 7.7. The synthetic scheme used to produce A-polyVESFA.

7.3.3.2. Synthesis of acrylated soybean oil (A-SBQO)

The synthesis procedure of an acrylate-functional derivative of SBO from

commercially available E-SBO is described as follows: In a1 liter round-bottom flask, 100
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g of E-SBO, 121 mg of hydroquinone, and 1.62 g of potassium acetate were dissolved in
493 g of toluene. The rapidly stirring solution was heated to 110 °C and 30.38 g of acrylic
acid was added drop-wise over the period of 1 hour. After 42 hours of reaction, the
temperature was cooled to room temperature and the toluene was removed by rotary
evaporation. The crude material was diluted with methylene chloride and washed with DI
water to remove unreacted acrylic acid and catalyst residue. The organic layer was dried
with anhydrous magnesium sulfate. The product was isolated by rotary evaporation of

methylene chloride and drying under vacuum (5 — 7 mm of Hg) overnight.

7.3.4. Synthesis of alcohol-functional poly VESFA (OH-polyVESFA) and soybean oil (OH-

SBQO)

7.3.4.1. Synthesis of OH-polyVESFA

An OH-polyVESFA was synthesized from E-polyVESFA using the synthetic
scheme shown in Figure 7.8. A detailed procedure is as follows: 33.15 g of methanol and
1.94 g of tetrafluoroboric acid solution were combined in a 1-liter round bottom flask and
the temperature was maintained at 30 °C. A solution of 60 g E-polyVESFA and 340 g
toluene was added to the vessel with continuous stirring and the temperature was raised to
50 °C. After 1 hour of reaction, 3.8 ml of ammonium hydroxide solution (30% v/v NH4OH
in water) was added to neutralize the acidity of the reaction mixture and cooled to room
temperature. The organic layer was washed with 300 ml of deionized water thrice and dried
with anhydrous magnesium sulfate. The polymer was stored as a solution in toluene at a

concentration of 20.5 weight percent solid.
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Figure 7.8. The synthetic scheme used to produce OH-polyVESFA.

7.3.4.2. Synthesis of alcohol-functional soybean oil (OH-SBO)

The synthesis procedure of an OH-SBO from commercially available E-SBO is
described as follows: 41.26 g of methanol and 2.41 g of tetrafluoroboric acid solution were
combined in a 1-liter round bottom flask and the temperature was maintained at 30 °C. A
solution of 60 g E-SBO and 340 g toluene was added to the vessel with continuous stirring
and the temperature was raised to 50 °C. After 1 hour of reaction, 4.75 ml of ammonium
hydroxide solution (30% v/v NH4OH in water) was added to neutralize the acidity of the
reaction mixture and cooled to room temperature. The organic layer was washed with 300
ml of deionized water thrice and dried with anhydrous magnesium sulfate. The product was

collected after rotary evaporation of toluene and dried under vacuum overniy .
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7.3.5. Coating preparation to compare the difference between E-poly VESFA and E-SBO in

epoxy-amine cure systems

An example of the production of epoxy-amine curable liquid coatings is as follows:
An epoxy-amine curable liquid coating was prepared by mixing E-polyVESFA and TETA
together using a FlackTek mixer at 3500 rpm for 3 minutes. An analogous reference
coating was produced by replacing E-polyVESFA with commercially available ESO. Table

7.2 describes the compositions of the coatings produced.

Table 7.2. Compositions used to compare the difference between E-polyVESFA and E-

SBO in epoxy-amine cure systems.

Formulation Wt. of E-polyVESFA Wt. of E-SBO Wt. of TETA
(8 (8 (8
E-polyVESFA/TETA 10.53 --- 1.47
E-SBO/TETA --- 10.22 1.78

7.3.6. Coating preparation to compare the difference between E-polyVESFA and E-SBO in

cationic photocure systems

7.3.6.1. Preparation of liquid coatings

An example of the production of a series of liquid coatings is as follows: A series of
radiation curable liquid coatings were prepared by mixing E-polyVESFA, EHMOx,
Tone™ 031, and Cyracure® UVI-6974 photoinitiator together using a FlackTek mixer at

3500 rpm for 3 minutes. An analogous series of reference coatings was produced by
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replacing E-polyVESFA with commercially available ESQ. Table 7.3 describes the

compositions of the coatings produced.

Table 7.3. Compositions used to compare the difference between E-polyVESFA and E-

SBO in cationic photocure systems.

Sample ID Wt.%E | Wt.% | Wt.% | Tone™ Wt. % Clarity
polyVESFA | ESO | EHMOx | 031 Wt. | CYRACURE®
% UVI-6974

100S-HI - 95.2 - - 4.8 Hazy
100P-HI 95.2 - - - 4.8 Hazy
100S-LI -- 97.6 - -- 24 Hazy
100P-LI 97.6 - -- - 2.4 Hazy
80/10/10S/0Ox/To- - 78 9.8 9.8 2.4 Hazy

Ll |
80/10/10P/Ox/To- 78 -- 9.8 9.8 2.4 ' Clear

LI

70/30S/0x-HI - 66.6 28.6 - 4.8 Clear
70/30P/Ox-HI 66.6 -- 28.6 - 48 Hazy
70/30S/0x-LI - 68.3 29.3 - 2.4 Clear
70/30P/Ox-LI 68.3 -- 29.3 - 2.4 Clear
70/20/10S/Ox/To-L1 - 68.3 19.5 9.8 24 Clear
70/20/10P/Ox/To-LI 68.3 - 19.5 9.8 24 Hazy
70/10/20S/0Ox/To-LI - 68.3 9.8 19.5 2.4 Hazy
70/10/20P/Ox/To-LI 68.3 - 9.8 | 19.5 2.4 Hazy

7.3.6.2. Preparation of cured free films

Each liquid coating mixture was cast over Teflon® coated glass using a square draw
down bar (BYK Gardner) to produce wet films about 200 microns in thickness. The films

were cured by passing coated substrates once or twice under a F300 UVA lamp from
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Fusion UV Systems (UVA light intensity ~ 1420 mW/cm? as measured by UV Power
Puck® II from EIT Inc.) equipped with a bench top conveyor belt set at a be speed of 24
feet/min. Free films were characterized using dynamic mechanical thermal analysis.

7.3.6.3. Characterization of cured coatings

Each liquid coating mixture was cast on two cold rolled steel Q-panels, two
aluminum Q-panels, and one glass panel using a square draw down bar (BYK Gardner) to
produce wet films about 200 microns in thickness. The coatings were cured by passing
coated substrates once under a F300 UVA lamp from Fusion UV Systems (UVA light
intensity ~ 1420 mW/cm? as measured by UV Power Puck® II from EIT Inc.) equipped
with a bench top conveyor belt set at a belt speed of 24 feet/min. Cured coatings were
characterized by MEK double rubs (ASTM D 5402-93), pencil hardness test (ASTM D
3363-00), Konig pendulum hardness test (ASTM D 4366-95), impact resistance test

(ASTM D 2794-93), and crosshatch adhesion test (ASTM D 3359-97).

7.3.7. Coating preparation to compare the difference between A-polyVESFA and A-SBO

in free-radical photocure systems

7.3.7.1. Preparation of liquid coatings

An example of the production of a series of liquid coatings is as follows: A series of
radiation curable liquid coatings were prepared by mixing A-polyVESFA, HDDA, and
Irgacure® 184 photoinitiator together using a FlackTek mixer at 3500 rpm for 3 minutes.
An analogous series of reference coatings was produced by replacing A-poly VESFA with

A-SBO. Table 7.4 describes the compositions of the coatings produced.
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Table 7.4. Compositions used to compare the difference between A-polyVESFA and A-

SBO in free-radical photocure systems.

Sample ID Wt. % A- | Wt. % A- Wt. % Wt. %
polyVESFA SBO HDDA IRGACURE®
184
60/40 A-VESFA/HDDA HI 58.3 39.3 2.4
60/40 A-VESFA/HDDA LI 59.4 39.6 1.0
60/40 A-SBO/HDDA HI 583 39.3 2.4
60/40 A-SBO/HDDA LI 59.4 39.6 1.0

7.3.8. Coating preparation to compare the difference between OH-polyVESFA and OH-

SBO in polyurethane coating systems

7.3.8.1. Preparation of liquid coatings

The reaction scheme to synthesize a polyurethane coating is shown in Figure 7.9.
An example of the production of a liquid coating is as follows: A polyol-isocyanate curable
liquid coating was prepared by mixing OH-polyVESFA, Tolonate® IDT, DBTDL, and
toluene together using a FlackTek mixer at 3500 rpm for 3 minutes. An analogous
reference coating was produced by replacing OH-polyVESFA with OH-SBO. Table 7.5
describes the compositions of the coatings produced.
7.3.8.2. Preparation of cured free films

Each liquid coating solution was cast over stamped temple of 1 mm in depth glued
over Teflon®™ coated glass. The coatings were cured by heating coated substrates in an air
oven at 80 °C for overnight. Free films were characterized using dynamic mechanical

thermal analysis.
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Figure 7.9. The synthetic scheme used to produce polyurethane coating.

Table 7.5. Compositions used to compare the difference between OH-poly VESFA and OH-

SBO in polyurethane coating systems.

Sample ID OH-polyVESFA | OH-SBO Tolonate® DBTDL Toluene
solution' (g) () IDT? (g) solution® (mg) (2
OH-polyVESFA/IDT 10 - 24 74.6 --
OH-SBO/IDT -~ 5 7.13 200 21.2

OH-poly VESFA solution: OH-polyVESFA dissolved in toluene at 20.5 wt. % solid.
? OH-SBO: Used as 100% solid.
¥ Tolonate® IDT: Used as supplied (70 wt. % solid in butyl acetate).
“ DBTDL solution: 1 wt% DBTDL in toluene and butyl acetate mixture.

7.3.9. Instrumentation and procedures

7.3.9.1. Nuclear Magnetic Resonance (NMR) spectroscopy

A JEOL-ECA 400 (400MHz) nuclear magnetic resonance (NMR) spectrometer
equipped with an autosampler was used to generate proton NMR ('"H NMR) spectra. Data

acquisition was completed using 16 scans in CDCl; as the lock solvent.
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7.3.9.2. Fourier Transform Infrared (FTIR) spectroscopy

A Nicolet Manga-850 FTIR instrument was employed to measure FTIR spectra.
Samples were coated on dry potassium bromide disc, and the measurements were carried
out in the range of wavelengths from 600 cm™ to 3900 cm™ using 64 scans with a data
spacing of 0.964 cm™.

7.3.9.3. Real-Time FTIR (RT-FTIR)

RT-FTIR experiments were carried out using a Nicolet Magna-IR 850 spectrometer
Series II. The light source was a LESCO Super Spot MK II 100W DC UVA mercury
vapor short lamp. Samples were spin-coated onto a KBR plate at 4000 rpm for 20 seconds
and exposed to ultraviolet (UV) light. FTIR spectra were taken at a rate of 1 spectrum/s
with a resolution of 4 cm™. Experiments were carried out in air at 25 °C and the UV light
intensity was 59 mW/cm® as measured using a UV Power Puck II from EIT Inc. For
cationic and free-radical photocure systems, samples were exposure to UV light for 3
minutes and 30 seconds respectively.
7.3.9.4. Difterential Scanning Calorimetry (DSC)

The thermal properties of polymers and SBO-derivatives were determined using
differential scanning calorimetry (DSC). The instrument utilized was a DSC Q1000 from
TA Instruments, and sample sizes ranged from 4.5 to 5.5 mg. Samples were first heated
from 30 °C to 70 °C at a heating rate of 10 °C/minute (1*' heat), cooled from 70 °C to -120
°C at a cooling rate of 10 °C/minute (cooling), and reheated from -120 °C to 120 °C at a

heating rate 10 °C/minute (2" heat). The Ty reported was obtained from the 2" heat.
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7.3.9.5. Photo-Differential Scanning Calorimetry (Photo-DSC)

Photo-DSC experiments were performed using a DSC Q1000 from TA Instruments
which was equipped with a photocalorimetric accessory. Experiments were carried out
using a UV light (320500 nm) intensity of 50 mW/cm® and a temperature of 30 °C.
Liquid sample sizes ranged from 4.5 to 5.5 mg. For cationic photocure systems, samples
were equilibrated for 1 minute before exposure to UV light for 7 minutes followed by a
temperature ramp from 0 °C to 200 °C at a rate of 10 °C/min under nitrogen to determine
the residual heat associated with thermal cure of residual (unreacted functional groups). For
free-radical photocure systems, samples were equilibrated for 1 minute before exposure to
UV light for 30 seconds.

7.3.9.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out using a Q500 from TA
Instruments. Samples (15 to 25 mg) were heated from 30 °C to 800 °C at a heating rate of
20 °C/minute.

7.3.9.7. Dynamic Mechanical Analysis (DMA)

Viscoelastic properties of cured free films were characterized using a TA800
dynamic mechanical thermal analyzer from TA Instruments. Temperature was ramped
from -40 °C to 120 °C using a heating rate of 5 °C/min, strain rate of 0.02 %, and
frequency of 1 Hz.

7.3.9.8. Rheological properties

Rheological properties were determined with an ARES Rheometer from TA

Instruments. For monitoring epoxy amine cure kinetics, liquid samples were placed in
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between two parallel plates and heated for 20 hours at 120 °C using a constant frequency of
2 rad/s and strain of 1%. For measuring viscosity of E-polyVESFA and E-SBO, liquid
samples were placed between a cone and plate and viscosity was monitored as a function of

shear rate at a temperature of 25 °C.

7.4. RESULTS AND DISCUSSION

7.4.1. Characterization and property comparison of E-polyVESFA with E-SBO (ESO)

7.4.1.1. Characterization of E-polyVESFA and E-SBO

E-polyVESFA was produced according to the synthetic scheme shown in Figure
7.6. The successful synthesis of E-polyVESFA was confirmed by 'H NMR (Figure 7.10),

'3C NMR (Figure 7.11), and FTIR (Figure 7.12) spectra.
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Figure 7.10. "H NMR spectrum obtained for E-polyVESFA.
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As shown in Figure 7.10, 100% epoxidization was confirmed by observing the total
disappearance of the CH proton peaks associated with the fatty acid double bonds at 5.3
ppm and the appearance of new peaks associated with the CH protons of the epoxides at
2.9 — 3.1 ppm. As shown in the 3¢ NMR spectrum (Figure 7.11), all methine carbons in
the fatty acid epoxides were at 53.9 ppm and 57 ppm. Successful epoxidation was
confirmed by the disappearance of C=C unsaturation peak in fatty acid at 2973 cm™ in the
FTIR spectrum (Figure 7.12) and appearance of a new peak at 810 cm™ associated with the
epoxide ring deformation. Figure 7.13 shows the '"H NMR spectrum of commercially
available E-SBO. As shown in Figure 7.13, 100% epoxidization was confirmed by
observing the total disappearance of CH proton peaks associated with the fatty acid double
bonds at 5.3 ppm and the appearance of new peaks at 2.9 — 3.1 ppm associated with the CH

protons of the epoxide groups.
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Figure 7.11. 3C NMR spectrum obtained for E-polyVESFA.

254



. m

el

1.6 £
. g —
1.2 , A 3
PRI e | G ¥

= stretc =)
208 T stretch S 2,
5 ] 5 g
0 § =) 3
< 0.4 "
0_‘¥l\ L L L e LI B N S

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumbers (cm™)

Figure 7.12. FTIR spectrum obtained for E-poly VESFA.

Palmitate (11%)
d Stearate (4%)

=7 0% < d Oleate (25%)

0 O NN ey g d Linoleate (51%)
b j .

OJWC\C/WWWEB\(, Linolenate (9%)

- I ] J

Figure 7.13. "H NMR spectrum obtained for E-SBO.
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7.4.1.2. Property comparison of E-polyVESFA with E-SBO

The basic properties of the E-polyVESFA were compared to E-SBO. Figures
7.14.A and 7.14.B provide a comparison of the thermal properties of E-polyVESFA, E-
SBO. The DSC thermograms displayed in Figure 7.14.A showed very different thermal
properties between E-polyVESFA and E-SBO. After cooling from 70 °C to -120 °C at
10°C/minute, the E-SBO sample exhibited a small endotherm at -60.3 °C which was
followed by a significant crystallization exotherm and two endotherms with peak
temperatures of -29.3°C, -15.7 °C and -5.8 °C, respectively. This behavior suggests that
the original crystallites formed during the controlled cooling were quite imperfect resulting
in a relatively low melting temperature and recrystallization to produce the higher
temperature endotherms.

In contrast, E-polyVESFA displayed a glass transition temperature at -58.0 °C and
a very weak, diffuse melting transition with an enthalpy of melting of 5.97 J/gm and a peak
maximum at -21.7 °C. The weak, diffuse endotherm indicates that incorporating the fatty
acids into a polymer as pendent groups greatly reduces the crystallizability of the fatty acid
chains. Considering the higher viscosity and corresponding reduced molecular mobility
associated with a polymeric structure as compared to a triglyceride, it is not surprising that
crystallization of the fatty acids chains in E-polyVESFA was reduced compared to SBO.
The TGA was performed in an air-oxidative environment with a constant increase in
temperature. As shown in Figure 7.14.B, the decomposition temperature of E-poly VESFA
was slightly higher than that of E-SBO. Figure 7.15 provides a comparison of the

rheological properties of a E-poly VESFA sample to E-SBO.
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Figure 7.14. (A) DSC thermograms for E-polyVESFA and E-SBO. (B) TGA thermograms
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Figure 7.15. Plot of viscosity as a function of shear rate for E-polyVESFA and E-SBO.

From Figure 7.15, it can be seen that the E-polyVESFA possessed a viscosity that
was about two orders of magnitude higher than that of E-SBO at shear rates below 1000 s™
which is consistent with the major difference in molecular weight between the two
materials. In addition, the viscosity of the E-polyVESFA sample showed significantly
more shear sensitivity than E-SBO. The shear sensitivity of the E-polyVESFA indicates
that the molecular weight of the polyVESFA was high enough to enable significant

polymer chain entanglement. The epoxy equivalent weight determined according to the
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ASTM D 1652 —~ 97 for E-polyVESFA and E-SBO were 290 g/eq and 232 g/eq

respectively.

7.4.2. Characterization of coatings to compare the difference between E-polyVESFA and

E-SBO in epoxy-amine cure systems

The epoxy group is a very versatile functionality for producing coatings since
curing can be accomplished by a variety of methods including amine-cure, anhydride-cure,
and cationic photocure. To understand the utility of E-polyVESFA as E-SBO in the
production of coatings, an amine-cured system was investigated. For amine-cure, a simple
experiment was conducted in which the cure kinetics of a blend of E-polyVESFA and
TETA was compared to that of an analogous blend of E-SBO and TETA. A 1/1
stoichiometry between the epoxy groups and NH groups was used, and cure kinetics were
characterized by monitoring shear modulus as function of time at 120 °C. As shown in
Figure 7.16, the shear modulus for the E-polyVESFA/TETA blend began to increase after
just 25 minutes at 120 °C and increased sharply over a time period of 4 hours. This result
indicates that the crosslinked network was developed relatively rapidly and full
crosslinking was achieved within about 5 hours. In contrast, it took over 15 hours at 120
°C for an increase in shear modulus to be observed for the E-SBO/TETA blend.

Assuming the kinetics of the reaction between the epoxy groups and the NH groups
were the same for the two blends, which seems reasonable considering the epoxy groups
present in E-polyVESFA and E-SBO are chemically equivalent, then the dramatic

difference in shear modulus response as a function of time can only be attributed to the
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difference in the number of epoxy groups per molecule. As discussed in the Introduction,
increasing the number of functional groups per molecule decreases the gel-point
dramatically. Even though the extent of conversion of the epoxy-amine reaction for the
two systems may have been the same at any point in time during the cure process, the much
higher epoxy content per molecule for E-polyVESFA resulted in the gel-point being
reached at much lower conversion/cure time providing elasticity to the material as
indicated by the increase in shear modulus. This dramatic reduction in the time required
for the development of the crosslinked network associated with the use of E-polyVESFA in
an amine-cured system could have tremendous commercial utility considering energy cost

and production rate affects associated with thermal curing.
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Figure 7.16. Shear modulus as a function time at 120 °C for a blend of E-polyVESFA and
TETA as well as E-SBO and TETA. A 1/1 stoichiometry between the epoxy groups and

NH groups was used.
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7.4.3. Characterization of coatings to compare the difference between E-polyVESFA and

E-SBO in cationic photocure systems

Cationic photocure has become a very important method for producing thermoset
coatings. The benefits of photocure systems in general include low or no volatile organic
content, very rapid cure, and relatively low cost production. Compared to free radical
photocure systems, cationic photocure systems are not inhibited by oxygen and can lead to
very long active center life-times.*®*> To understand the basic differences between E-SBO
and E-poly VESFA in a cationic photocure system, the series of coatings described in Table
7.3 were prepared and characterized with respect to cure rate and viscoelastic properties.

Cure rate was characterized using both RT-FTIR and photo-DSC.

7.4.3.1. Characterization using Real-Time FTIR (RT-FTIR)

RT-FTIR experiments were conducted by monitoring the change in absorbance of
epoxides from 860 cm™ to 800 cm™ as a function of UV exposure time. Absorbance over
this wavelength range corresponds to both epoxy ring motions and oxetane ring motions.
As shown in Figure 7.17, the coatings based on blends of E-polyVESFA and EHMOx
showed significantly higher rates of cure than the corresponding coatings based on E-SBO
and EHMOx.

Considering the fact that the chemical structure of the epoxy groups in E-SBO and
E-polyVESFA are the same and the concentration of epoxy groups in the two materials is
similar (epoxy equivalent weight for E-SBO and E-polyVESFA are 232 g/mole and 290

g/mole, respectively), it was somewhat surprising that reaction rates were so different. The
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most plausible explanation for the difference can be based on differences in gel-point. As
discussed earlier in this document, the much higher number of functional groups per
molecule associated with E-polyVESFA as compared to E-SBO results in gelation

occurring at lower reaction conversion.
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Figure 7.17. Results obtained from RT-FTIR experiments on the coatings described in
Table 7.3 when the change of absorption in epoxides was monitored as a function of UV

exposure time.

The result of reaching the gel-point at low reaction conversion is a rapid rise in
viscosity and major changes in diffusion characteristics. Gelation essentially prevents
polymer molecule translational diffusion (i.e. diffusion of entire polymer chains) and can
significantly limit polymer segmental diffusion (i.e. diffusion of pendent groups or portions
of polymer chains). Compared to polymer translational and segmental diffusion, monomer

diffusion is reduced to a much lower extent. Assuming termination reactions are
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bimolecular reactions that do not involve the monomer (i.e. EHMOx), it would be expected
that, at a given degree of functional group conversion, the relative rate of termination to
propagation would be lower for the more highly crosslinked medium because diffusion
limitations would have a greater effect on reducing termination rate as compared to
propagation rate. This phenomenon has been referred to by Ito and coworker®® as a

“cation isolation effect” and essentially results in a higher concentration of propagating

species during polymerization/cure enabling faster polymerization/cure.

7.4.3.2. Characterization using photo DSC

With photo-DSC, heat flow from a sample is monitored as a function of UV
exposure time. For the coatings described in to Table 7.3, the plot of heat flow (W/g) as a
function of UV light exposure time (s) was shown in Figure 7.18. From the photo-DSC
graphs, the maximum heat flow (Hmay) can be related to the rate of polymeriza mn,**’ and
the total heat evolved (AH) can be related to the percentage of conversion. The AH was
calculated after integrating the peak area under the curve. The AH is rel :d to the

percentage of total conversion according to the following equation:

AHPhotopolymerization
% of Total Conversion = x 100%
AHPhotopolymerization + AHResidual Heat

where, AHphotopolymerization aNd AHRgesiqual Heat TEPTEsent the heat of reaction evolved during
photo-polymerization and thermal polymerization respectively. Figure 7.19 shows the
thermograms obtained from thermal cure that was applied immediately after photo-DSC

experiments on the coatings described in Table 7.3. Table 7.6 lists the time period
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associated with the onset of cure (i.e. induction time), the time period associated with the

peak maximum of the heat flow (i.e. time to peak maximum), and the percent of conversion

obtained by UV light exposure for both the control and experimental coatings.
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Figure 7.18. Results obtained from photo-DSC experiments on the coatings described in

Table 7.3.
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Figure 7.19. Results obtained from thermal cure that was applied immediately after photo-

DSC experiments on the coatings described in Table 7.3.
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Table 7.6. Data obtained from photo-DSC experiments on the coatings described in Table
7.3.

Sample ID Induction time Timeto peak | % of conversion % of conversion
(secs) maximum (secs) (2 minutes UV (7 minutes UV
exposure) exposure)

100S-HI 3.6 54.6 9.3 392
100P-HI 0 28.8 16.7 44.3
70/30S/0x-HI 1.8 75.6 36.8 98.6
70/30P/Ox-HI 0.6 27.6 64.4 97.6
70/30S/0x-LI 3.6 78.6 26.7 97.1
70/30P/Ox-L1 0.6 25.8 62.1 97.1

From Table 7.6, it can be seen that the coatings based on E-polyVESFA possess
faster cure rates as indicated by the shorter time period associated with peak of the reaction
exotherm and higher extent of conversion after 2 minute and 7 minutes UV exposure. Data
obtained from Table 7.6 shows that the induction time and the time to peak maximum of
heat flow was lower for coatings derived from E-polyVESFA than that derived from E-
SBO analog.

As shown in Figure 7.18, the relative rates of cure obtained with photo-DSC gave
similar results to those obtained with RT-FTIR. Coatings based on blends of E-
polyVESFA and EHMOx showed higher rates of cure than the corresponding coatings
based on E-SBO and EHMOx. One discrepancy was observed between the RT-FTIR data
and the photo-DSC data. This discrepancy had to do with the relative rates of cure between
coatings based on pure E-polyVESFA (i.e. 100P-HI) and pure E-SBO (i.e. 100S-HI).

Based on RT-FTIR, the rate of cure obtained with the E-SBO coating was slightly higher
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than that of the E-polyVESFA coating while just the opposite result was obtained with
photo-DSC. At present, the root cause of this discrepancy in not known; however, it
should be understood that the heat flow measured from photo-DSC is a composite of both
the polymerization exotherm as well as heat released from the conversion of UV energy
into thermal energy, while RT-FTIR is a direct measure of the consumption of functional

groups.

7.4.3.3. Coating characterization

Table 7.7 ts the physical parameters of cured coatings produced according to the
formulation in Table 7.3. These coatings were cured by passing coated substrates once
under a UVA lamp at a belt speed of 24 feet/min. All of the coatings derived from the E-
polyVESFA were able to form tack-free films immediately after passing through the UV
light. However, only 70/30S/0Ox-HI and 70/30S/Ox-LI coatings derived from E-SBO
formed tack-free film immediately after cure. The coating, 100S-LI was not able to form
solid film even after 18 hours dark cure. The dramatic difference in formation in tack-free
film after UV light exposure as a function of time can only be attributed to the difference in
the number of epoxy groups per molecule. As discussed in the ‘‘Introduction’’, increasing
the number of functional groups per molecule decreases the gel-point dramatically. Even
though the extent of conversion of the epoxides for the two systems may have been the
same at any point in time during the cure process, the much higher epoxy content per
molecule for E-polyVESFA resulted in the gel-point being reached at much lower

conversion/cure time providing elasticity to the material as indicated by the tack-free film.
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This dramatic reduction in the time required for the development of the crosslinked

network associated with the use of E-polyVESFA in an cationic photo-cured system could

have tremendous commercial utility considering energy cost and production rate.

Table 7.7. Properties of coatings produced from E-polyVESFA and E-SBO in cationic

photocure systems cured at a belt speed of 24 ft/min with 1 pass.

Sample ID Thickness | Pencil Konig Reverse | MEK Cross
(pm) hardness pendulum impact | double hatch
hardness (s) (in-1b) rubs | adhesion

100S-HI* 98.7 6B 46 48 24 0B
100P-HI 103 1H 55 10 1050 0B
100S-LI** - - - - -- -
100P-LI 105 1H 65 10 1150 0B
80/10/10S/0Ox/To-LI* 99.4 HB 26 152 103 0B
80/10/10P/Ox/To-LI 99 3H 18 36 485 0B
70/30S/0Ox-HI 98 4H 20 148 147 0B
70/30P/Ox-HI 102 4H 34 36 581 0B
70/30S/0x-L1 99.7 4H 20 152 188 1B
70/30P/Ox-L1 102 4H 50 36 683 0B
70/20/10S/0Ox/To-LI1* 100.2 HB 17 164 42 0B
70/20/10P/Ox/To-L1 101 2H 18 64 245 0B
70/10/20S/0x/To-LI¥ - - - -- - -
70/10/20P/Ox/To-L1 97 F 21 40 234 0B

*Coatings were liquid state after passing through UV light and became solid after 18 hours

of dark cure.

**Coatings were still in the liquid state after 18 hours of dark cure.

¥Coating was liquid state after passing through UV light and became soft and tacky after 18

hours of dark cure.
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The pencil hardness determines the resistance of coating materials to scratch effect
on the surface. The addition of EHMOXx increases the pencil hardness of coatings. Addition
of 10 wt. % (80/10/10P/Ox/To-LI) and 30 wt. % (70/30P/Ox-LI) of EHMOx to 100P-LI
increases the pencil hardness from 1H to 3H and 4H respectively. However, the addition of
a polyol reduces the pencil hardness as in case of 70/20/10P/Ox/To-LI and
70/10/20P/Ox/To-LI. Similar trend was observed with the coatings derived from E-SBO.
The coating derived from pure E-SBO (100S-HI) was too soft to provide any significant
resistance against scratch effect. The coating prepared from the formulation
70/10/20S/0x/To-LI was too soft to measure the hardness. In general, coatings produced
from E-poly VESFA showed superior pencil hardness than analogous coatings derived from
E-SBO which could be due to the higher number of branching point per molecule and
hence the higher cross-link density.

The pendulum hardness is sensitive in detecting the coatings hardness where
hardness is defined as the resistance to deformation. The interaction between the pendulum
and the coating depends upon the elastic and viscoelastic properties of coating. The
amplitude of the oscillation of pendulum touching on the surface reduces with softer
surface. Coatings possessing higher modulus and toughness can resist the dampening of the
pendulum. With the addition of a polyol, the pendulum hardness of coatings obtained from
the both E-polyVESFA and ESO reduces. In general, coatings produced from E-
polyVESFA possessed higher pendulum hardness than E-SBO analog.

Impact resistance of coating is its ability to resists cracking caused by rapid

deformation (impact). This is important during the manufacture and service of articles. It
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was found from Table 7.7 that coatings derived from E-poly VESFA were brittle possessing
lower impact resistance than those derived from E-SBO. A polyol was added to increase
the impact resistance of coatings derived from E-poly VESFA. For example, the addition of
10 weight percent of polyol (70/20/10P/Ox/To-L1) in the place of EHMOx at 70/30P/Ox/-
LI could increase the impact resistance by 77%. However, polyol reduced the crosslink
density, hardness and MEK double rubs of coatings. The brittleness nature of coating
produced from E-polyVESFA could be due to the presence of higher number of functional
groups per molecule that reduces the flexibility of crosslinked network. The MEK double
rubs test describes the coating resistance against organic solvent, such as methyl ethyl
ketone (MEK). Coatings derived from E-polyVESFA possessing higher cross-linked
density would reduce the swelling of network in the presence of MEK and hence, the
higher numbers of double rubs were required to breakdown the network. However, the film
thickness has a big influence on the result. Due to extensive shrinkage during curing, the
coatings derived from pure E-SBO (100S-HI) produced non-uniform surface. This could be
the possible reason for early failure of sample during MEK double rubs. In general,
cationic radiation curing formulation is developed as solventless system. Thus, curing of
such system generates stress between the coating and substrate interface. This could be the

reason that all of these coatings showed poor result in cross hatch adhesion test.

7.4.3.4. Characterization using DMA

The viscoelastic properties of the photo-cured coating materials were investigated

by measuring storage modulus as a function of temperature on cured free films. The
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effects of photo-initiator content and UV light energy on the viscoelastic properties of free
films produced from E-polyVESFA and E-SBO are shown in Figure 7.20. Table 7.8 lists
the values of T, storage modulus, and crosslink density obtained from these graphs. The
crosslink density (moles of crosslinks per unit volume) of cured film can be calculated
from the storage moduli in the rubbery plateau region according to the following equation:
v = E'/3RT

where, v, E', R, and T are the moles of elastically effective network chains per unit volume
(crosslink density), storage moduli in the rubbery plateau region, universal gas constant
(8.314 x 10" dynes/K.mole), and temperature (in Kelvin) corresponding to e storage
moduli in the rubbery plateau region.

As shown in Figure 7.20, the storage modulus and glass transition temperatures of
cured films produced from E-polyVESFA were higher than the analogous films produced
from E-SBO. This result is due to the much higher number of epoxy groups per molecular
for E-polyVESFA as compared to E-SBO which translates to a higher degree of
crosslinking at a given extent of cure. According to the data from Table 7.8, the coatings
produced from the lower amount of photo-initiator showed higher crosslink density and T,.
This can be explained by considering the fact that the lower concentration of photoinitiator
actually increases the concentration of reactive groups which are responsible for the higher
modulus and T,. The total energy of light exposed when coatings were passed once and
twice through the UV chamber at a belt speed of 24 ftminute were 1420 mW/cm® and
2840 mW/cm’ respectively as measured by a UV Power Puck II from EIT Inc. As the

amount of UV light was increased from 1420 mW/cm® to 2840 mW/cm?, the storage
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modulus of 70/30P/Ox-HI and 70/30P/Ox-LI were increased by 2.9% and 0.8%
respectively. On the other hand, the increment of storage modulus for E-SBO derived
analogous coatings (70/30S/0Ox-HI and 70/30S/0Ox-LI) were 22.3% and 8% respectively.
This data demonstrates that the effect of amount of light has a lesser effect on the ultimate
curing of coatings produced from E-polyVESFA. The faster cure rate of epoxides in
70/30P/Ox compared to 70/30S/Ox was also confirmed in Real-Time FTIR experiments.
The faster polymerization/cure rate of coating derived from E-poly VESFA could be useful
in the production line in industry regarding the faster production rate and low energy
consumption.

The effect of a reactive diluent and a polyol on the crosslink density and T, of cured
film are shown in Figures 7.21 and 7.22. Table 7.9 lists the values of storage modulus and
T, of these films. As shown in Figure 7.21, the film produced from pure E-polyVESFA
(i.e. 100P-LI) showed a T, of approximately 33.4 °C and the difference in storage moduli
before and after the T, was relatively small, which is indicative of a relatively high
crosslink density. This result is in stark contrast to that observed for the film prepared from
pure E-SBO (i.e. 100S-HI) which was too liquid-like to measure. This result is due to the
much higher number of epoxy groups per molecular for E-polyVESFA as compared to E-
SBO which translates to a higher degree of crosslinking at a given extent of cure.
Similarly, the blends of E-polyVESFA and EHMOx enabled the production of films with
higher T, and higher crosslink density than analogous blends based on E-SBO. However,

the polyol reduced both the crosslink density and T, of cured coatings.
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Figure 7.20. Viscoelastic properties obtained for free films produced from E-polyVESFA
and E-SBO in cationic photocure systems using (A) one and (B) two passes under the UVA

lamp.

Table 7.8. Storage modulus, crosslink densities, and Ty of free films produced from E-
polyVESFA and E-SBO in cationic photocure systems using one and two passes under the

UVA lamp.

Sample ID Storage modulus | Crosslink density at T, (°C)
(MPa) at 90 °C 90 °C (mol/lit)

70/30S/0Ox-HI-1P 12.15 1.34 4.7

70/30P/Ox-HI-1P 22.48 2.48 15.7
70/30S/0x-LI-1P 14.21 1.57 10.8
70/30P/Ox-LI-1P 24.65 2.72 11.8
70/30S/0Ox-HI-2P 14.86 1.64 5.0

70/30P/Ox-HI1-2P 23.13 2.55 16.6
70/30S/0x-LI-2P 15.36 1.7 12.1
70/30P/Ox-LI-2P 24 .81 2.74 18.9
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Figure 7.21. Viscoelastic properties obtained for free films produced from E-polyVESFA

and E-SBO in cationic photocure systems using one pass under the UVA lamp.
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Figure 7.22. Viscoelastic properties obtained for free films produced from E-polyVESFA

and E-SBO in cationic photocure systems using one pass under the UVA lamp.
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Table 7.9. Data obtains from DMA experiments for E-polyVESFA and E-SBO based

coatings in cationic photocure systems using one pass under the UVA lamp.

Sample ID Storage modulus | Crosslink density | T, (°C)
(MPa) at 90 °C at 90 °C (mol/lit)
100S-HI 231 0.26 -29.9
100P-HI 64.83 7.16 26
100S-L1 Not Cured -~ ---
100P-LI 71.88 7.94 334
80/10/10S/0Ox/To-LI 12.35 1.36 0.8
80/10/10P/Ox/To-LI 27.96 3.09 7.6
70/30S/0Ox-HI 12.15 1.34 4.8
70/30P/Ox-HI 22.48 248 15.7
70/30S/0x-LI 14.21 1.57 10.8
70/30P/Ox-L1 24.65 272 12.4
70/20/10S/0x/To-LI 9.09 1.0 2.3
70/20/10P/Ox/To-LI 22.18 2.45 89
70/10/20S/0x/To-LI 4.18 0.46 - 145
70/10/20P/Ox/To-LI 18.34 2.03 0.1

7.4.4. Characterization of A-polyVESFA and A-SBO

A-polyVESFA was produced from E-polyVESFA using the synthetic scheme
described in Figure 7.7. Successful synthesis of A-polyVESFA was confirmed using 'H
NMR and FTIR. Figure 7.23 displays the 'H NMR spectrum for A-polyVESFA which
shows peaks between 5.7 and 6.4 ppm associated with the protons of the acrylate vinyl
group. The % of acrylation was confirmed by integrating the '"H NMR spectrum. For the
preparation of A-polyVESFA, the molar ratio of E-polyVESFA to acrylic acid was selected

as 1: 0.98. After integrating and comparing the proton absorption in the areas between 2.8
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7.4.5. Characterization of coatings to_compare the difference between A-polyVESFA an

A-SBO in free-radical photocure cure systems

To understand the utility of A-polyVESFA as compared to A-SBO, the
photocurable compositions shown in Table 7.4 were produced. With these compositions,
HDDA was used as a reactive diluent. Differences in cure kinetics were characterized
using both RT-FTIR and photo-DSC. Figure 7.26 displays a typical profile of a free-
radical photopolymerization reaction which shows the percentage of monomer conversion
with UV light exposure time for a multifunctional acrylate in air.*”® The characteristics ‘S’
shaped graph consisted of a very short induction time (t;) due to oxygen inhibition followe
by a sharp increase in the rate of polymerization (Rp) and a strong decrease in the R, at the
glassy state. The development of crosslinked network upon the UV light exposure of a
free-radical photocure system is consisted of the following three steps: (1) change in
refractive index, (2) change in tackiness, and (3) insolubilization of the film.*® In a Real
Time FTIR experiment, the degree of conversion and R, of an acrylate curing system can

be defined by the following equations:’ 87

R =_<i_[M_] _ A(t))—A(ty)
P dt ° (t—1)A()

Al =AW
Ato)

Percentage of Conversion = 00

where, A(t1), A(t)), A(t,), and A(t) are the absorbance at any time t;, t;, before UV
exposure, and after UV exposure, respectively. [M], represents the initial acrylate double

bond concentration before UV exposure.
276




RT-FTIR experiments were conducted by monitoring the change in absorbance
between 1645 cm™ to 1608 cm™, which corresponds to C=C stretching of the acrylate vinyl
groups, as a function of UV exposure time. As shown in Figure 7.27, the rate of acrylate
polymerization was very fast for all 4 compositions. Table 7.10 describes the average data
obtained from the percentage of conversion versus UV light exposure time graph in a Real-
Time FTIR experiment. The standard deviations from the mean value of three replicate
measurements were found to be less than 3%.

Upon irradiation with UV light, the polymerization for E-polyVESFA/HDDA-HI
and E-SBO/HDDA-HI coatings started without any induction time, and the rate of
polymerization increased sharply. However, the polymerization for coatings possessing the
lower level of photoinitiator started slowly with an induction time followed by a sharp and
a moderate increase in polymerization rate for E-polyVESFA/HDDA-LI and E-
SBO/HDDA-LI coatings respectively. The biggest difference between the coatings was the
ultimate extent of conversion achieved during photopolymerization. The use of the higher
level of photoinitiator enabled significantly higher levels of acrylate conversion to be
achieved. This result is to be expected considering that polymerization rate is a function of
the concentration of free radicals present in the polymerizing medium and a faster rate
allows for higher extents of conversion to be achieved before the material becomes vitrified
and/or the radicals are terminated. The more interesting result that was obtained related to
the differences in ultimate conversion obtained as a function of the composition of the
soybean-based component. At either photoinitiator concentration, a significantly higher

ultimate acrylate conversion was achieved with A-polyVESFA as compared to A-SBO.
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Figure 7.27. Real time FTIR results for the acrylate-based coatings described in Table 7.4.
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Table 7.10. Real time FTIR data obtained for A-poly VESFA/HDDA and A-SBO/HDDA

curing.

Formulation Induction | Rp(s™) Percentage of Percentage of
time (s) conversion after | conversion after 8
2 secs. secs.
60/40 A-VESFA/HDDA HI 0 41.7 63 72
60/40 A-VESFA/HDDA LI 0.7 41.7 50 60
60/40 A-SBO/HDDA HI 0 333 59 67
60/40 A-SBO/HDDA LI 0.6 28.1 37 42

This result can be attributed to the much higher number of acrylate groups per
molecule for A-polyVESFA which results in the gel-point being reached at a much lower
conversion compared to analogous coatings based on A-SBO. The much higher inhibition
of polymer translational and segmental diffusion compared to monomer diffusion that
accompanies gelation results in a reduction in the rate of termination relative to
propagation, ultimately increasing overall polymerization/cure rate.

With photo-DSC, heat flow from the sample is monitored as a function of UV
exposure time. For the coatings described in to Table 7.4, the plot of heat flow (W/g) as a
function of UV light exposure time (s) was shown in Figure 7.28. From the photo-DSC
graphs, the maximum heat flow (Hmax) can be related to rate of polymerization,”® and the
total heat evolved (AH) can be related to the percentage of conversion. The AH was
calculated after integrating the peak area under the curve. The AH is related to the

percentage of conversion according to the following equation:
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AH
AH,

x 100

Percent of Conversion =

where, AH, is the theoretical total heat of reaction. AH, can be calculated after considering

389

the heat of polymerization of acrylate as 86.1 KJ/mole™ using the following equations :

AH, = Total moles of acrylate x (86.1 KJ/mole)

Wt; x % of Acrylation Wt, x % of Purity
Total moles of acrylate = +
(AEW of A-polyVESFA) x 100 (AEW of HDDA) x 100

where, Wt;, Wt represent the weight of A-polyVESFA and HDDA respectively. The
percentage of acrylation of E-polyVESFA and E-SBO calculated using proton NMR
spectra was 97%. The theoretical acrylate equivalent weight (AEW) of A-polyVESFA and
A-SBO calculated based on the epoxy equivalent weight of E-polyVESFA and E-SBO
were 362 g/mole and 304 g/mole, respectively. The average data obtained from photo-DSC
experiments were listed in Table 7.11. The standard deviations from the mean value of
three replicate measurements were found to be less than 4%.

As shown in Figure 7.28, the relative rates of cure obtained with photo-DSC gave
similar results to those obtained with RT-FTIR. In general, the use of A-polyVESFA
results in faster cure than A-SBO. All the coating formulations containing higher amount
photoinitiator showed an increase in AHma (faster cure rate) relative to coating
formulations containing lower amount of photoinitiator. The AH and percentage of
conversion values reported in Table 7.11 were calculated for 30 seconds of UV light

exposure.
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Figure 7.28. Photo-DSC results for the acrylate-based coatings described in Table 7.4.

Table 7.11. Induction time and time to peak max values of Photo-DSC results for the

acrylate-based coatings.

Sample ID Induction ~ Time to peak | AHmax AH Conversion %
time (s) | maximum (s) | (J/mole) | (J/mole) | (30 sec of UV
exposure)
60/40 A-VESFA/HDDA HI 0.2 2 45 297 68.6
60/40 A-VESFA/HDDA LI 0.2 3 36 296 67.5
60/40 A-SBO/HDDA HI 0.2 3 41 319 69.5
60/40 A-SBO/HDDA LI 0.3 4.3 33 316 68.1 N

Data obtained from Real-Time FTIR indicated that a higher degree of ultimate

conversion could be achieved for A-polyVESFA/HDDA coatings than that with A-

SBO/HDDA. However, the total heat of reaction (AH) and the percentage of conversion

calculated for A-polyVESFA/HDDA coatings were almost similar to that for A-

SBO/HDDA coatings. This can be easily explained by the fact that the DSC measures the

total heat generated during the exposure of UV light. The epoxy equivalent weight for E-
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SBO is 20% lower than the E-polyVESFA. Considering the percentage of acrylation in A-
SBO and A-polyVESFA are the same (97%) it can be easily understood that the total moles

of acrylate functional groups are higher for A-SBO than that for A-polyVESFA.

7.4.6. Characterization of OH-polyVESFA and OH-SBO

OH-polyVESFA was produced from E-polyVESFA using the synthetic scheme
described in Figure 7.8. Successful synthesis of OH-polyVESFA was confirmed using 'H
NMR and FTIR. Figure 7.29 displays the 'H NMR spectrum for OH-poly VESFA which
showed peaks between 3.2 and 3.3 ppm associated with the protons of the methoxy group.
The % of methanolysis was confirmed by integrating the '"H NMR spectrum. For the
preparation of OH-polyVESFA, the molar ratio of E-poly VESFA to methanol was selected
as 1 : 5.8. After integrating and comparing the proton absorption peaks in the areas
between 2.8 ppm and 2.9 ppm in 'H NMR spectra of E-polyVESFA and OH-poly VESFA,
the percentage of conversion calculated was 99.9. The proton absorption peak at 0.8 ppm
was used to normalize the integration values. From the FTIR spectrum (Figure 7.30) the
broad band centered at 3400 cm™ attributed to the hydroxyl group produced by epoxy ring
opening with methanol can be easily seen. Successful synthesis of OH-SBO was
confirmed using 'H NMR. Figure 7.31 displays the "H NMR spectrum for OH-SBO which

showed peaks between 3.1 and 3.2 ppm associated with the protons of the methoxy group.
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7.4.7. Characterization of coatings to compare the difference between OH-polyVESFA and

OH-SBO in polyurethane coating systems

The viscoelastic properties of the polyurethane coating were investigated by
measuring storage modulus as a function of temperature on cured free films. Table 7.12
lists the values of T,, storage modulus, and crosslink density obtained from these graphs.
The cross linking density (moles of crosslinks per unit volume) was calculated from the

storage moduli in the rubbery plateau region. As shown in Figure 7.32, the storage modulus
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and glass transition temperatures of cured films produced from OH-polyVESFA were
higher than the analogous films produced from OH-SBO. This result is due to the much
higher number of hydroxyl groups per molecular for OH-polyVESFA as compared to OH-

SBO which translates to a higher degree of crosslinking at a given extent of cure.
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Figure 7.32. Viscoelastic properties obtained for free films produced from OH-

polyVESFA and OH-SBO in a polyurethane coating system.

Table 7.12. Storage modulus and T, obtained for free films produced from OH-
poly VESFA and OH-SBO in a polyurethane coating system.

Formulation Storage Modulus Crosslink Density T, (°C)
(MPa) at 170 °C (mole/lit) at 170 °C
OH-polyVESFA/IDT 20.49 1.85 120.3
OH-SBO/IDT 7.29 0.66 118.8
7.5. CONCLUSION

A novel epoxidized polymer, E-polyVESFA, was synthesized from polyVESFA

and the physical properties were compared to commercially available epoxidized soybean
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oil, E-SBO. Thermal analysis demonstrated that incorporating the fatty acids into a
polymer as pendent groups greatly reduces the crystallizability of the fatty acid chains.
Viscosity analysis revealed that the E-polyVESFA possessed a higher viscosity than that of
E-SBO which is consistent with the major difference in molecular weight between the two
materials. In addition, the viscosity of the E-poly VESFA sample showed significantly more
shear sensitivity than E-SBO. In epoxy-amine cure systems, the use of E-polyVESFA as
opposed to E-SBO reduced cure time at 120 °C by more than an order of magnitude. For
cationic photocure systems, the use of E-polyVESFA substantially increased cure rate and
ultimate function group conversion during photocure. In addition, T, and crosslink density
of cured films were significantly higher for the E-polyVESFA-based materials. Physical
properties measurement for coatings derived from E-polyVESFA showed higher MEK
double rubs, pencil hardness, and pendulum hardness compared to E-SBO based coatings.
However, the E-polyVESFA based coatings were more brittle than the E-SBO based
analog. Acrylated polymer, A-polyVESFA, and alcohol-functional polymer, OH-
polyVESFA, were synthesized from E-polyVESFA and characterized using proton NMR
and FTIR. Similar to the results obtained for the cationic photocure systems, the use of A-
polyVESFA in place of A-SBO in free-radical photocure systems resulted in faster cure.
The T, and crosslink density of cured films produced from polyurethane coating were
higher for the OH-polyVESFA-based materials. All of these results can be attributed to a
higher number of functional groups per molecule associated with the use of E-polyVESFA,
A-polyVESFA, and OH-polyVESFA as opposed to E-SBO and its derivatives. A higher

number of functional groups per molecule results in the gel-point being reached at much
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lower conversion and the obtainment of a higher crosslink density at a given degree of
functional group conversion. Based on the results described in this document, it appears

that the novel E-poly VESFA has tremendous commercial potential.
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CHAPTER 8. GENERAL CONCLUSION

The objective of the research was to the synthesis and characterization of novel
polyvinylethers using carbocationic polymerization. In a living carbocationic
polymerization of vinyl ether, the initiation is very fast and quantitative. Moreover, the
propagating species does not take part in side reactions, such as chain termination and
chain transfer. Thus, end-functional polymers were synthesized by the fo wing two steps:
(1) initiation from functionalized initiator and (2) termination from functionalized
terminator. The major advantage of living carbocationic polymerization is the synthesis of
well defined polymers with narrow molecular weight distribution. Additionally, using
living carbocationic polymerization, block copolymers of vinyl ether were synthesized and
characterized. Four unique carbocationic polymerizations of vinyl ether were investigated
here.

In Chapter 2, a novel TVE monomer containing Triclosan as a biocide moiety was
synthesized and polymerized using living carbocationic polymerization initiated by
IBEA/Et, sAICl; 5. The monoallyl-functional PTVE was achieved by terminating the living
polymerization with 2-allyloxyethanol. The incorporation of monoallyl-functionality in
PTVE enabled the formation of Triclosan tethered polydimethylsiloxane graft copolymer
possessing excess Si-H groups. The excess hydride was used to synthesize both PDMS-g-
PTVE/P and PDMS-g-PTVE/S copolymers. The PDMS-g-PTVE/P copolymers were
transparent rubbery two phase materials. The PDMS-g-PTVE/P coatings based on the
PDMS-6K exhibited higher antimicrobial activity than analogous coatings based on

PDMS-63K. Antimicrobial activity of these leachate non-toxic coatings revealed that the
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surfaces produced from PDMS-6K provided excellent reduction in S. epidermidis biofilm
retention (80% — 97%) and moderate reduction in both C. albicanas (42% — 58%) and C.
Iytica (45% - 50%) biofilm retention. The PDMS-g-PTVE/P coating surfaces produced
from PDMS-6K provided enough PTVE concentration at the coating/water interface, so
that PTVE can effectively interacts with the microorganism cell wall to d iage the
bacterial extra cellular process. However, the surfaces generated from PDMS-g-PTVE/S
coatings were one phase and hydrophobic materials. Due to crosslinking, the | MS-g-
PTVE/S coating surfaces were unable to provide enough concentration of the PTVE moiety
at the coating/water interface which is necessary to damage the bacterial extra cellular
process effectively. S. epidermidis is considered as one of the major organism responsible
for biomedical failure due to infection, so these coatings can be a used in implantable
devices as long-term antimicrobial coatings towards S. epidermidis.

In Chapter 3, a novel monoallyl-functional AMEA initiator capable of producing
very fast and quantitative initiation under a living carbocationic polymerization condition
of vinyl ether was synthesized and characterized. With the AMEA, a monoallyl-functional
PCVE was produced using a living carbocationic polymerization. A series of PDMS-b-
PCVE-b-PQs were synthesized using hydrosilylation between monoallyl-functional PCVE
and hydride terminated PDMS followed by quaternization with n-alkyldimethyl amine by
varying the n-alkyl chain lengths of tertiary amine from 12 carbons to 18 carbons and
percentage of quaternization. The antimicrobial activity of PDMS-b-PCVE-5-PQs in
solution towards E. coli was found to increase when the n-alkyl chain were consisted of 12

and 14 carbons. However, the antimicrobial activities towards S. aureus were the highest
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when the percentages of quaternization were at the higher end (30 mole % and 50 mole %)
and the n-alkyl chains were consisted of 14 and 16 carbons. The great advantage of PDMS-
b-PCVE-b-PQs possessing very high charge density per molecule over monomeric
quaternary ammonium compouds is the presence of polymeric blocks of quaternary
ammonium compounds that are very effective against microorganisms even at a low
concentration and low contact time. Based on these results obtained in this research, it
appears that the novel initiator is useful to synthesize wide varieties of polymers with
various applications. The polyquaternary ammonium compounds described in this
document have tremendous commercial potential.

In Chapter 4, a novel BrVE monomer possessing high bromine content was
synthesized and polymerized using a carbocationic polymerization in the presence of
IBEA/Et; sAICl; s initiating system and an ester functional base. The polymer possessing
the highest possible molecular weight (PBrVE/HMW/0C) was produced when the
polymerization was carried out in the absence of a base and an initiator at a reaction
temperature of 0 °C. Due to the higher flexibility of the polyvinylether polymer backbone
as well as the flexibility of the ethoxy group linking the bulky pentrabromophenyl group to
the polymer backbone, PBrVE possessed a lower T,. Additionally, due to the presence of
thermally stable ether linkage between the pendent pentabromophenyl moiety and the
polymer backbone, the PBrVE possesses better thermal and weather re:  tance.

In Chapter 5, the PBrVE was blended with PBT and the thermal, mechanical, and
viscoelastic properties were evaluated and compared to an analogous blend prepared from

PBrBA and PBT. BFRs were blended with PBT/Sb,0Os;; and flame retardancy and
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mechanical properties were compared. Data obtained from mechanical tests showed that
the use of PBrVE as opposed to the use of PBrBA increases the Young’s modulus, flexural
modulus, and impact resistance of PBT/Sb,O3 blend. Results obtained from the flame tests
showed that the flame retardancy of PBT/Sb,Os/BFR blends were the same. Blending
PBrVE with the PBT resulted in lower melt viscosity and better blend compatibility than an
analogous blend based on PBrBA. These results indicate that PBrVE may have utility for
the development of FR plastics with improved mechanical properties, processability and,
perhaps, improved optical properties.

In Chapter 6, a novel monomer, VESFA was produced by transesterification
reaction between soybean oil and ethylene glycol vinyl ether and polymerized using a
living carbocationic polymerization in the absence of an added base. The carbonyl group in
the ester functional VESFA acts as a base to provide the stability of the carbocationic
propagating species. It was clearly demonstrated that the use of polyVESFA in place of
SBO offers tremendous advantages in a variety of coating systems. For coating systems
based on cure by autoxidation, it was demonstrated that use of polyVESFA can reduce
drying-time by a factor of 4 to 6.5. For coating systems based on cure by sulfur
vulcanization, it was shown that use of polyVESFA can develop a crosslinked network
within 30 minutes of reaction, whereas SBO was in liquid state after 2 hours of
vulcanization. All of these results can be attributed to a higher number of functional groups
per molecule associated with the use of polyVESFA as opposed to SBO.

In Chapter 7, a novel E-polyVESFA was synthesized from polyVESFA and the

physical properties were compared to commercially available E-SBO. In epoxy-amine cure
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systems, the use of E-polyVESFA as opposed to E-SBO reduced cure time at 120 °C by
more than an order of magnitude. For cationic photocure systems, the use of E-
polyVESFA substantially increased cure rate and ultimate function group conversion
during photocure. Physical properties measurement for coatings derived from E-
poly VESFA showed higher MEK double rubs, pencil hardness, and pendulum hardness
compared to E-SBO based coatings. However, the E-polyVESFA based coatings were
more brittle than the E-SBO based analog. Acrylated polymer (A-polyVESFA) and
alcohol-functional polymer (OH-polyVESFA) were synthesized from E-polyVESFA and
the coatings properties were compared with analogous coating systems derived from A-
SBO and OH-SBO. Similar to the results obtained for the cationic photocure systems, the
use of A-polyVESFA in place of A-SBO in free-radical photocure systems resulted in
faster cure. The T, and crosslink density of cured films produced from polyurethane
coating were higher for the OH-poly VESFA-based materials. All of these results can be
attributed to a higher number of functional groups per molecule associated with the use of
E-polyVESFA, A-polyVESFA, and OH-polyVESFA as opposed to E-SBO and its
derivatives. Based on the results described in this document, it appears that the novel SBO-
based polymer, E-poly VESFA, has tremendous commercial potential.

Living carbocationic polymerization can be achieved by judicious choice of
initiator, co-initiator, Lewis base, solvent, and polymerization temperature. In conclusion,
the carbocationic polymerization, specially living carbocationic polymerization is a
powerful polymerization technique to synthesize a variety of well-defined functional

polymers and copolymers.
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