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PLANT OIL-BASED MATERIALS

CONTINUING APPLICATION DATA

This application claims the benefit of U.S. Provisional Application Serial No. 61/752,745,

filed January 15, 2013, which is incorporated by reference herein.

BACKGROUND

Plant oils are used as building blocks for coatings and composites. Relative to many

petrochemical building blocks, plant oils often exhibit poor thermomechanical properties,

chemical resistance, and scratch resistance due to the inherent molecular flexibility associated with

their chemical structure an the relatively high equivalent weight of the reactive functional groups.

In addition, plant oil building blocks are much higher in viscosity than many petrochemicals,

which limits processability. n order to obtain adequate processability for applications such as

radiation-curable coatings or thermoset composites, petrochemicals must be blended with the plant

oil materia] to reduce viscosity. Blending with petrochemicals reduces the bio-based content of

the product which is undesirable from an environmental perspective.

SUMMARY OF THE INVENTION

The invention provides compounds, particularly plant oil-based compounds, that possess

both low viscosity and high reactive functionality, and that are useful in coating and composite

applications. Exemplary compounds can be produced by transes eri fi cation of a plant oil

triglyceride with a nucleophile reactant, such as an alcohol, to yield a reactive fatty acid-

containing monomers. Preferably the nucleophile reactant contains at least one double or triple

bond, thereby providing crosslinking functionality to the resulting compound even if the plant oil

fatty acid is saturated. An exemplary nucleophile reactant is a vinyl-functional alcohol.



In one aspect, the invention provides a compound having formula

wherein R is an organic group comprising at least one double or triple carbon-carbon bond; X is

O, NR3, N , or S; R2 is a fatty acid residue; and R3 is H or a y ! In a preferred embodiment, the

fatty acid residue is from a plant oil triglyceride. Exemplary plant oils include soybean oil, linseed

oil, sunflower oil, saffiower o , canola oil, com oil, cashew nut oil, olive oi , peanut oi , palm oil,

sesame oil, cottonseed oil, rapeseed oil, walnut oil, almond oil and coconut oil. Preferably, the

plant oil is soybean oil. In an exemplar} embodiment, in the compound having formula I is

a y . At least one of and R2 can contain at least one functionality selected from the group

consisting of epoxide, a rylate, methacrylate, hydroxy!, and cyclic carbonate.

The invention further provides a composition containing a plurality of compounds having

formula I . For example where the plant oil from which the plant oil triglyceride is obtained is

soybean oil , for each of the plurality of compounds, R can be a fatty acid residue independently

selected from a linolenic acid, a linoleic acid, an oleic acid, a stearic acid, and a palmitic acid.

The invention further provides a curable composition comprising at least one compound

having formula I . The compound having formula I may be included in the composition as a

reactive diluent.

The invention further provides a method for making a compound having formula I, that

includes reacting an unsaturated, iiucleophilic reactant with a plant oil triglyceride to yield the

compound, wherein the compound of formula ί is as follows:

wherein R is an organic group comprising at least one double or triple carbon-carbon bond; X is

O, N R 3, N, or S; R is a fatty acid residue from a plant oil triglyceride; and R is H or a y .
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Optionally, the nucleophilic reactant is monovalent. Exemplar}' nucleophilic reactants include an

alcohol, a thiol, or an amine.

The invention further provides a polymer or copolymer that contains the compound of the

invention, or a derivative thereof, such as a functionaiized pofysifoxane that includes a compound

of the invention, or derivative thereof. Also provided is a urethane or poiyurethane that includes

the functionaiized polysiloxane of the invention, or derivative thereof.

The invention further provides a method for making a functionaiized polysiloxane. A

compound of the invention is contacted with a polysiloxane to yield a functionaiized polysiloxane.

Also provided y the invention is a coatmg, film, fiber, foam, adhesive, ink, plastic,

elastomer, paint, molding compound, thermoplastic, resin, sealant, lubricant or composite that

includes a compound of the invention or a derivative thereof.

More generally, it should be understood that the invention encompasses an article

material, compound, composition, or method including one or more of the features described

herein.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1A shows Ή NM spectra obtained for soybean oil (SBO). Figure IB shows E

NMR spectra obtained for acrylic acid (AA). Figure 1C shows 1H NMR spectra obtained for

soybean oil al y soyate (AS).

Figure 2A shows H NMR spectra obtained for epoxidized AS (EAS). Figure 2B shows H

NMR spectra obtained for acrylated AS (AAS).

Figure 3 shows FT spectra obtained for each of five SBO-based reactive di luents.

Figure 4A shows storage modulus as a function of temperature for coatings containing 50

weight percent acrylatefunctional soybean oil (ASBO). Figure 4B shows tan data as a function

of temperature for coatings containing 50 weight percent ASBO. The ratio of reactive oligomer to

reactive diluent was 50/50.

Figure 5A shows viscoelastic properties of coatmg films based on A-poly(2- VOES) or

ASBO as the reactive oligomer and acrylated n-propyl soyate (APS) as the reactive diluent. Figure

5B shows viscoelastic properties of coating films based on A-poly(2-VOES) or ASBO as the

reactive oligomer and acrylated s-3-hexenyl soyate (A3HS) as the reactive diluent. Figure 5C

shows viscoelastic properties of coating films based on A~poly(2-VOES) or ASBO as the reactive



oligomer and AAS as the reactive diluent. The ratio of reactive oligomer to reactive diluent was

50/50.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENT S

The materials of the invention are plant oil based, but have both dramatically lower

viscosities and lower reactive group equivalent weight. The fundamental aspect of the invention is

exemplified by transesteritication of a plant oil triglyceride with an alcohol reactant that also

contains at least one double bond (i.e., is unsaturated). By completely replacing the glycerol

component of the plant oil triglyceride with three equivalents of the unsaturated alcohol, fatty acid

esters are produced that contain at least one double bon that is not derived from the parent plant

oil. While transesterification with an unsaturated alcohol is a preferred embodiment, the

unsaturated reactant can take the form of an alcohol, thiol or amine (more generally, any

nucleophile) that reacts with the plant oil triglyceride to yield the fatty acyl-containing products.

Of particular utility as reactants are unsaturated alcohols that are bio-based and/or readily

available at a low cost. The materials of the invention provide improved properties over

conventional plant oil-based materials while still maintaining high renewable contents.

Compounds and compositions

The invention provides a compound having formula :

wherein R is an organic group containing at least one double or triple carbon-carbon bond; X is

, N, NR3 or S; R2 is a fatty acid residue; and R is H or a ky , for example methyl, ethyl, propyl

or isopropyl.

Ri can contain one or more aliphatic groups, aromatic groups, or both; it can be linear or

cyclic; it can derivatized or not derivatized; it can be substituted or unsubstituted; it can contain 2,

3, 4, 5, 6, 7, 8, 9, 10 , , 12, 13, 14, 15, 16, 17, 18 , 19, 20 or more carbon atoms. contains at

least one site of unsaturation (i.e., a double or triple carbon-carbon bond); optionally, R may

contain 2, 3, 4 or more sites of unsaturation. In some embodiments, Ri is a hydrocarbon; in other



embodiments, i contains one or more heteroatoms (e.g., O, N, and/or S) It should be understood

that R can be selected with reference to the intended use of the compound of formula I and/or

with reference to commercial availability of the iiucleopliilic reactant used to make the compound

of formuia I, and that seiection and incorporation of any R can be readily accomplished by the a

person skilled in the art of organic or polymer chemistry. The compound of formula I can be

prepared using any unsaturated nucleophilic reactant of interest.

The following are exemplary compounds illustrating R :









R2 the fatty acid residue, is advantageously, and preferably, obtained from or derived from

a plant oil. The plant oil can be a vegetable oil or a nut oil. Exemplary plant oils include, but are

not limited to, vegetable oils such as soybean oil, linseed oil, sunflower oil, saffiower oil, canola

oil, corn oil, and nut oils such as cashew nut oil. Other suitable oils include olive oil, peanut oil,

palm oil, sesame oil, cottonseed oil, rapeseed oil, walnut oil, almond oil and coconut oil. Soybean

oil is preferred. Triglycerides found in plant oils may contain both saturated and unsaturated fatty

acyl groups, i.e., fatty acid residues having one or more double bonds. R is preferably a

monounsaturated or polyunsaturated fatty acid residue, but may be a saturated fatty acid residue.

The fatty acid residue R2 can be underivatized, or it can be functionalized; for example, it can be

epoxidized or acrylated. Acrylated plant oils, also known as acrylated epoxidized plant oils, are

typically epoxy acryiates prepared from epoxidized plant oils by reacting the epoxide with acrylic

acid to produce hydroxyaa y lates. For example soybean oil (SBO), when epoxidized, becomes

epoxidized soybean oil (ESO). When treated with acrylic acid, ESO becomes acrylated soybean

oil (ASBO).

Compositions containing one or a plurality of compounds having Formula Ϊ are also

encompassed by the invention. In a preferred embodiment, compositions of the invention contain

a plurality of compounds having Formula I, said plurality characterized by (and distinguishable

by) the different fatty acid residues R2 they contain, which are derived from the plant oil

triglyceride. For example, transesterification of soybean oil triglycerides in accordance with the

method of the invention can yield multiple alkenyl soyates having Formula I wherein R2 differs,



due to the heterogeneity of the fatty acid residues naturally present in plant oil (see, e.g., Example

I, relating to soybean oil). Compositions including the compounds of Formula I optionally further

include one or more diluent reactive diluent, filler, thinner, buffer, catalyst, initiator, polymer or

copolymer, and the like. Advantageously, in some embodiments of the composition of the

invention, the compound of Formula I functions as a reactive diluent. Compositions containing

the compounds of Formula are optionally curable as described elsewhere herein.

Derivatiz.ed compounds

The double bonds both in and R2 can be optionally derivatized using conventional

methods to provide other functional groups.

A derivatization reaction can be performed on the compound of formula I, in which case

the double bonds present in both R and R2 may be tunctionalized. In some embodiments,

however, such as the allyl-containmg compound

wherein is C -C -, the monosubstituted double bon may evade derivatization and,

advantageously, be available for cross-linking in later reactions. For example, epoxidation of the

ally -containing compound shown above may not derivatize the double bond, which keeps

viscosity to a minimum and allows the double bond to participate in cross-linking reactions at a

later point, for example during UV-curing. In embodiments wherein R l contains a disubstituted

double bond, typically the double bond will participate in the derivatization reaction (suc as

epoxidation, etc.).

Alternatively, a derivatization reaction can be performed on the plant oil, more particularly

on the plant oil triglyceride, prior to reacting it with the unsaturated nucleophilic reactant to form

the compound of formula I . Derivatization reaction can be used to produce epoxidized or

aerylated products, for further use in polymer chemistries. Scheme I, below, shows exemplary

reactions that can be employed to derivatize the compound of Formula I or its constituents. For

example, the compound of formula I (or the plant triglyceride, prior to reaction with the

unsaturated nucleophilic reactant), can be epoxidized. The epoxidized compound can be



employed in a ring opening reaction using a carboxylic acid (e.g., acrylic acid, methylacrylic acid)

or an anhydride (e.g., e.g., methylacrylic anhydride, wherein R5 is methyl in Scheme I, below), to

yield the acrylate. Ring-opening can alternatively be achieved with an alcohol, yielding a

hydroxyiated compound. In another alternative, the epoxidized compound can be reacted with

CO2 to form a cyclic carbonate intermediate. The cyclic carbonate intermediate can, for example,

be reacted with an amine to form a urethane, which in turn can be used to form polyurethane

without the need for an isocyanate cross-linker. Other derivatization chemistries that can be

performed on the compound of Formula (or its constituents) include a thiolene reaction to yield a

thioether or thioester, or hydroformylation to yield a hydroxyiated compound. The compound of

Formula I can be subject to any conventional chemistry useful for derivatizing/functionaiizing a

double or triple bond to yield a derivatized or functionalized product.

Examples of derivatization chemistries are shown in Scheme below :

Scheme 1.



Utility of the compounds and compositions

Due to the unsaturation present in plant oi triglycerides, they have been used to produce

themioset polymeric materials. For example linseed oil and soybean oil have been used for the

production of surface coatings that crosslink (i.e. cure) through an oxidative process referred to as

autooxidation. In addition, plant oil triglycerides possessing unsaturation have been used to

produce epoxy-functiona! materials by epoxidizing the double bonds. These epoxy-functional

derivatives can be cured to produce thermoset networks for coating and composite applications by

either polymerizing the epoxy groups or reacting with an appropriate crosslinking agent such as an

anhydride-functional compound. Epoxy-functional soybean oil is a commercially available

material use for polymeric material applications. The epoxy-functional plant oil triglyceride can

be derivatized further to produce acrylate or methacrylate-functional triglycerides that can be used

to produce thermoset networks by polymerizing the acrylate or methacrylate groups. Acrylate-

functional soybean oil is likewise a commercially available material used for coating and

composite applications. Epoxy-functional groups can also be converted to hydroxy groups by

ring-opening the epoxy groups with a nucleophiiic compound such as an alcohol or water. With

the hydroxy-functional material, thermoset networks can be produced by reacting with an

appropriate crosslinking agent such as a di- or multi-functional isocyanate compound. Hydroxy-

functional soybean oil is also commercially available and has been used for the production of

coatings and composites.

Due to the relatively low cost, ready availability, and multifunctionality (approximately 4.5

double bonds per triglyceride) of soybean oil, it is the most extensively used plant oil for polymer

material applications. Compared to petrochemical-based compounds used for coating and

composite applications soybean oil triglyceride-based materials possess some significant

limitations. For example, soybean oil has a significantly higher viscosity than many

petrochemicals. Also, the equivalent weight associated with the functional groups is significantly

higher than that of many petrochemicals. For many coating and composite applications, a low

viscosity and low functional group equivalent weight is needed to meet product requirements.

A primary utility of the compounds and compositions of the invention is that, compared to

the parent plant oil, they possess both lower viscosity and lower functional group equivalent

weight. To illustrate these advantages, radiation-curable surface coatings can be considered. One

of the primary advantages of radiation-curable coatings over other coating technologies is the

ability to produce coatings without the need for solvent which provides coatings with little or no



volatile organic compound (VOC) content. Another major advantage is the relatively low cost of

curing compared to conventional thermally-cured coatings. The cure chemistry for radiation-

curable coatings typically involves the production and propagation of free radical species or

cationic species. Thus, radiation-curable coatings can be classified as either free radical radiation-

curable coating or cationic radiation-curable coatings. The functional groups involved in free

radical radiation-curable coatings typically involve the acrylate or methacrylate functionality. In

contrast, the functional groups typically involved in cationic radiation-curable coatings include

epoxy, hydroxy, vinyl ether, and/or oxetane groups.

Besides the initiator that generates free radicals or cationic species upon radiation

exposure, a radiation-curable coating typically includes a relatively low viscosity reactive

component and a higher viscosity, multi-functional oligomeric reactive component. The low

viscosity reactive component, typically referred to as the diluent, functions as a solvent to provide

low enough viscosity of the composition to enable effective application. Since the diluent also

becomes part of the theroioset matrix, it contributes to the physical and mechanical properties of

the coating. The higher viscosity, multi-functional oligomeric component is typically required to

provide the balance of physical, mechanical, and chemical properties needed meet the

requirements of a given application. Without the oligomeric component, cured coatings tend to be

brittle and poorly adhered to the substrate due in large part to the high amount of shrinkage that

occurs when just a diluent-type component is cured.

W th regard to plant oil-based materials for radiation-curable coatings, their relatively high

viscosity and high functional group equivalent weight necessitates the use of a reactive diluent.

Since most diluent candidates are petroleum-based, the overall bio-content or renewable content of

the coating must be reduced. Since the compounds and compositions of the invention possess

significantly lower viscosity an lower functional group equivalent weight, they can be used to

provide coatings with higher renewable content by either serving as a diluent or reducing the

amount of diluent required to achieve adequate application viscosity and coating mechanical and

physical properties.

In general, the materials of the invention are useful in a wide variety of cure chemistries.

Thus, there is potential wide spread utility within the coatings and composites industries. They are

useful in applications that make use of radiation curing (including photocuring, UV curing and the

like), thermal curing, and air curing/autooxidation, for example. They are useful in a variety of

medical, scientific, and industrial applications as coatings, films, fibers, foams, adhesives, inks,



plastics, elastomers, paints, molding compounds, thennoplastics, resins, sealants, lubricants,

composites, and the like. Materials of the invention find application in the electronics,

semiconductor, medical device, chemical and coatings industries, and the like.

The materials of the invention, including the compounds of Formula I, can be incorporated

into a polymer or copolymer including a block copolymer. For example, the compounds of

Formula I can be incorporated into a polymer or copolymer during a polymerization reaction as a

constituent of a polymer backbone, or by grafting onto an existing polymer or copolymer chain, or

by reactions that incorporate the inven tive compounds at the ends of a polymer or specified poin ts

along a polymer backbone. It should be understood that when a monomeric compound of

Formula I is covalently incorporated into a polymer, the compound will be chemically altered at

the linkage site in order to participate in the covalent linkage.

Functionaiized polysi ioxanes

Most polysiloxanes are cured by moisture curing, which can be time-consuming are

requires special precautions. The present invention provides a mechanism for curing

polysiloxanes using UV-curing or autooxidation.

Polysiloxanes can be functionaiized by reaction with a compound of Formula ], such as

Formula I wherein R is a y and R2 is a fatty acid residue from soybean oil, to add pendant side

chains as shown in Scheme 2, below:

where R is a fatty acid residue, and 0 < x < .

Scheme 2



In Scheme 2, x is a fraction between 0 and 1. X can be equal to 1, but not 0 (i.e., the

polysiloxane reactant must contain a hydride). The hydride can be distributed throughout the

polysiloxane reactant, or it can be positioned as an end-functional hydride (i.e., present only at the

ends of the polymer chain). The fatty acid residue R, derived from a plant oil, will in many

instances contain one or more sites of unsaturation. R can be underivatized (i.e., it can contain one

or more double bonds) or it can be functionalized (e.g., with epoxide, aery late, methacrylate, etc.).

The hydride functionality on the polysiloxane backbone is important because the compound of

formula I adds to the polysiloxane at that site. The result is a UV-curable siloxane system,

because the side chains contain double bonds or other cross-linkable functionalities (epoxide,

aery late, etc.). The resultant functionalized polysiloxane is alternatively curable by autooxidation

(optional ly catalyzed by a cobalt catalyst) incorporation of fatty side chains into the polysiloxane

in accordance with the method of the invention permits oxidative curing (autooxidation) or

photocuring of the resultant fimctionalized polysiloxane.

Example XVI shows an exemplary synthesis of soyate functionalized polysiloxane.

Methods of making

Compounds of the invention contain a first, plant oil derived substituent (e.g., 2 of

Formula I, a plant oi fatty acid residue) and a second substituent, Rl that contains at least one

double or triple carbon-carbon bond. Compounds of the invention are made by reacting an

unsaturated, nucleophilic reactant with a plant oil or plant oil reactant.

The plant oil reactant can be, for example, a plant oil triglyceride. Plant oils can be

obtained commercially or extracted from plants. They can be used raw, partia y purified, or

purified. They can be derivatized/flmctionaiized, or not derivatized or functionalized.

Commercially available functionalized plant oils suitable for use as the plant oil reactant in the

method of making the compounds and compositions of the invention include, for example, epoxy-

functional soybean oil, aerylate-functional soybean oil, and hydroxy- functional soybean oil.

The unsaturated, nucleophilic reactant is preferably monovalent, thereby yielding a

product, such as the compound of Formula I, which is composed of a single plant oil derived

substituent and a single substituent derived from the nucleophilic reactant. Preferred nucleophiles

are alcohols, thiols and amines. Using a monovalent reactant allows the molecular weight of the

resulting product to remain relatively low. The resulting product, e.g., the compound of Formula

I, contains one fatty acid residue per monomer, compared to the three fatty acid residues present in



the plant triglyceride. Cleavage of the triglycerides via, e.g., the transesterification reaction, yields

three product monomers from each triglyceride. It is important that the nucieophile reactant

contains at least one double or triple bond, because a percentage of the fatty acid residues in many

plant oils is saturated, and the site of unsaturation in the nucleophilic reactant may provide the

only cross-linking functionality in the product that includes a saturated fatty acid residue. For

example, about 15% of the fatty acids in soybean oil are saturated, and the nucieophile reactant

therefore imparts the crosslinking functionality to the resulting compound of Formula i wherein R

is saturated.

The unsaturated, nucieophile reactant may contain , 2, 3, 4 or more sites of unsaturation.

More than one site of unsaturation increases the amount of crosslinking that the substituent can

participate in.

The unsaturated, nucieophile reactant can be synthetic, or it can be bio-based or bio-

derived, thereby imparting a higher green content to the resulting product. Examples of bio-based

or bio-derived monovalent, unsaturated nucieophile reactants include allyl alcohol, cis-3-hexen-l-

o , eugenol, iso-eugenol, sorbic alcohol, vanillin, terpmeol, cirmarnyl alcohol, farmesol, an

geraniol.

Unless otherwise specified, "a," "an," "the," and "at least one" are used interchangeably

and mean one or more than one.

The complete disclosures of all patents, patent applications including provisional patent

applications, publications including patent publications and nonpatent publications, and

electronically available material (e.g., GenBank amino acid and nucleotide sequence submissions)

cited herein are incorporated by reference. The foregoing detailed description and examples have

been provided for clarity of understanding only. No unnecessary limitations are to be understood

therefrom. The invention is not limited to the exact details shown an described; many variations

will be apparent to one skilled in the art and are intended to be included within the invention

defined by the claims.

EXAMPLES

The present invention is illustrated by the following examples. It is to be understood that

the particular examples, materials, amounts, and procedures are to be interpreted broadly in

accordance with the scope and spirit of the invention as set forth herein.



Example Synthesis of Al y Soyate (AS)

As shown below, AS was synthesized by transesterification of soybean oil with ally!

alcohol using KOB as a catalyst. KOFI (7 g) was first heated at 140 °C for 30 minutes inside an

oven to remove absorbed moisture and then cooled down to room temp by purging with N 2. In

another flask, soybean o (250 g) was also bubbled with 2 for 30 minutes. The dried KOH and

soybean oil were then charged to a 1L round bottom flask (rbf) and then ally alcohol (165 g) was

added. A condenser was attached to the rbf. The reaction was carried out at 70 °C in a N2

atmosphere for 3 hours. The reaction mixture was cooled down and transferred to a 2L separating

funnel. To this mixture, L of n-Hexane and the solution washed three times with 300 mL of

acidic water (pH 3 5-4) Next, it was then washed with deionized (D ) water (300 L) and then

with brine solution (300 mL). The «-hexane layer was dried with MgS0 4 and solvent removed

under vacuum at 35 °C and 00 bar pressure. The chemical composition of the product was

confirmed using proton nuclear magnetic resonance spectroscopy ( H NMR). H NMR (400

MHz, CDC1 3, TMS): (ppm) 5.85-5.97 (m, IH, -0 Ί ! · / · . 5.15-5.45 (m, 2.51

! l ( / (·//·· CH2- ; ·0 ί C (·//.). 4.54-4.58 (dt, 2H, ··( ( / / ( f ( I f.-) 2.76 (m, 1.3H,

( (7/,( Ί ! ). 2.32 (t, 2H,-C=0C¾-). 2.03 (m, 3.4! - I (" //·( i ) 1.57 (m, 2H, -

C O f ! .{·// .-· . 1.29 (m, 16H, ··( 1 (. ' .·). 0.96-0.87 (m, 3H, -CHC¾)-



Example Π. Synthesis of Epoxidized Ally Soyate (EAS)

As shown below, an epoxidized derivative of A S was produced using hydrogen peroxide

as the oxidation reagent. W th the process utilized, only the internal double bonds derived from

the soybean oil were epoxidized. The procedure used was a follows: To a IL, two-neck rbf allyl

soyate (180 g), acetic acid (31.8 g), and amberlite (25.6g) were added and mixed well. The rbf was

equipped with a condenser and an addition funnel. H20 2 (145 mL, 50%) was added dropwise via

the addition funnel, and the reaction temperature was maintained at 60 °C. The reaction was

stopped after 5 hours. Once the reaction mixture reached room temperature, it was transferred to a

2 . separating funnel and then bottom layer discarded . Next, 800 L of ethyl acetate was added to

the separating funnel and the resulting solution washed three times with saturated NaHC0 3

solution (250 mL), followed by brine wash (300 mL), and a final wash with D water (300 mL).

The ethyl acetate layer was dried with MgS0 and then solvent was removed using vacuum at 35

°C and 00 bar pressure. Yield: 95%. 1H NMR (400 MHz, CDC1 , TMS): (ppm) 5.85-5.97 (m,

. -0( ! ·( ' / Ί !.·). 5.15-5.45 (m, 2.51 ( Ί ! ·( '/ ( '//- C 2- ; Ή (7/0. 4.54-4.58 (dt,

2H, -0(7/·. . f !-} 2.76-3.22 (m, 3H, -CH(O)CH-), 2.32 (t, 2H,-C=0Cf¾-), 1.16-1.88 (m,

2 3 L-C 0C! , / / - : - C 2C¾CH 2-; - Ι » ( 7 / ( Ί !..-: -( (() ) ' / . !(()}-}. 0.96-0.87 (m, 3H, -

!{ / ).



Example III. Synthesis of Acrylated Al y Soyate (AAS)

As shown below, an acrylated derivative of aliyl soyate was produced by reacting EAS

with acrylic acid. To a L rbf, 100 g of EAS, 3 g potassium acetate, and 0 65 g of hydroquinone

were combined. The rbf was equipped with a condenser and an addition funnel. Once the

temperature of the reaction mixture reached 100 C, 25.7 g of acrylic acid was added drop wise via

the addition funnel. The reaction was carried out over a 7 hour period. Once at room temperature,

the reaction mixture was transferred to a 2 . separating funnel and 500 mL of «-hexane. The

reaction mixture was washed three times with DI water ( 50 mL), twice with brine (200 mL), and

a final wash with DI water. The hexane layer was dried with MgS0 and solvent removed by

vacuum stripping at 30 °C. R (400 MHz, ( DC TMS): δ (ppm) -6.3-6.5(m,

1.5H,C=OCH=Ci¾); 6.1-6.2(dd, 1.5H, -C=QCH=C H 2) , 5.85-5.97 (m, 2.5 H, ·()( ..( / ( 1 . : -

{ ( ' ] [ /.- . 5.15-5.45 (m, 2 , - }{ ! ].-( ] [ { / /.- . 4.85 1.5 7 / <>-). 4.54-4.58 (dt,

1.5H, QCH CH=CH-), 3.7-4.0 (1.5H, -CH OH), 3.4-3.6 ( 1.5H, -CHOH), 2.32 ( .- ( 7/·.· .

1.16-1 .88 (m, 2 3 - 0( Ί 7 / - ( ,(7/,Cf -CH(0)C H 2C 2- ; -CH(0)C H CH(0)-), 0.96-

0.87 (m, 3H, -CHC¾). The viscosity of the AAS was found to be 40 cP at a shear rate of 10 sec

an temperature of 25 °C.



Example IV. Synthesis of Metbacrylated Ally! Soyate (

As shown below, MAS was synthesized by reacting EAS with methacrylic acid. To a 100

n L rbf, 20.02g of EAS, 0. 6 g potassium acetate, and 0. 84 g of hydroquinone were combined.

The rbf was then equipped with a condenser and an addition funnel. Once the temperature of the

reaction mixture reached 100 °C, 6.24 g of methacrylic acid was added dropwise via the addition

funnel and the reaction carried out over a period of 24 hours. The product was used without further

purification. Yield: 98%. 1H M R (400 MHz, CDC1 , TMS): δ (ppm) 6.1-6.2(dd, .5H, -

C=OCH=G¾), 5.85-5.97 (m, 2H, -OCH2CH=CH 2); 5.45-5.67(dd, 1.5H, -C=OCH=C¾), 5.15-

5.45 (m, 2.5! i. H ( 7 ( //- CH ~; -O ' l ! ( 7 /, 4.85 ( .5H ( !..( / /( ) O-}. 4.54-4.58 (d ,

.5 . -<)(7 (Ή ( -). 3.7-4.0 (1.5H, - / 3.4-3.6 ( 1.51 . ~CHOi7), 2.32 (t, 2 - 0C/ / --

1.90 (4.5H, CH2=C(Ci¾)C=0-), i .16-1.88 (m, 23H,-C=0CH 2Ci S - CH2CH 2CH2-; -

C (0 )C 2C -; - (( / ·.{ ]«)}-}. 0.96-0.87 ( n. 3 ! . -CHC / ) . The viscosity of the product

was determined to be 34.1 cP at a shear rate of 10 sec 1 and temperature of 25 °C.



Example V . Synthesis of Highly Fimctionalized Methacrylated Ally! Soyate (HF-MAS)

As shown below, HF-MAS was synthesized by reacting epoxidized allyl soyate with

methacrylic anhydride. To a 100 m L rbf, 10.08 g of EAS, 4.8 g of methacry!ic anhydride, 0.15 g

of ATC 3 catalyst (AMPAC™ Fine Chemicals), and 0.46 g of 2,6-di -t-butyl-4-methylphenol were

combined. The reaction mixture was stirred at 100 C for 48 hr. The product was used without

further purification. Yield: 98%. 1 NMR (400 MHz, CDC1 , TMS): δ (ppm) 6.1-6.2(dd, 3H, -

C OC! ί ( / . 5.85-5.97 (m, 2H, -OCH 2CH =CH2) ; 5.45-5.67(dd, 3H, - 0 ( ! ( ' //,}. 5.15-5.45

(m, 2.5H, CH2CH =CH - CH2- ; -OCH 2CH=C H 2) , 4.85 (1.5H -CH 2CHOC=0-), 4.54-4.58 (dt, 3H,

-0(7/,( Ί ! C I !- } 2.32 (t, 2 0( 7/-). 1.90 (9H, C f !.. C(( / C )- ) 1.16-1.88 (m, 23H,-

C==0CH2C¾-; - CH2C ¾CH2-; -CH(0)Ci¾CH 2-; -CH(())C H ?CH(())-), 0.96-0.87 (m, M i. -

CHC H s). The viscosity of the product was determined to be 49.3 cP at a shear rate of 10 sec and

temperature of 25 °C.



Example VI. Synthesis of 3-Bexenyl Soyate (3HS)

As shown below, 3HS was synthesized by the transesterification of SBO with 3H using

KOH as the catalyst. KOH (7 g) was first heated at 40 °C for 30 minutes to remove adsorbed

moisture and then cooled down to room temp by purging with N2. Prior to the reaction, SBO ( 0

g) was deaerated by bubbled with N2 for 30 minutes. The dried KOH and deaerated SBO were

charged to a L round bottom flask (RBF) equipped with a condenser and then 3 (250 g) was

added. The reaction was carried out a 70 °C in a N2 atmosphere for 3 hours. The reaction mixture

was cooled to room temperature and then transferred to a 2L separating funnel. To this mixture,

1L of n-hexane was added an the resulting solution washed three times with 300 ml. of acidic

water ( 3.5-4), once with deionized (D ) water (300 mL), and , finally, with brine solution (300

mL). The n-hexane layer was dried with MgS0 and solvent removed under vacuum at 35 °C and

100 bar pressure. The chemical composition of the product was confirmed using proton nuclear

magnetic resonance spectroscopy (IH NMR). H NMR (400 MHz, CDC13, TMS): δ (ppm) 5.42-

5.60 (q, 2 C ! .··{ / ( ' //-). 5.20-5.42 (m, M l -C , ' / / ( 7 ~CH2-), 3.95-4.15 (t, 2H, -

0 ( 7 . ! .( C I S-). 2.68-2.84 (m, 1.3H, =CHC¾CH=), 2.30-2.40 (q, 2H, -OCH CH 2CH=CH-),

2.20-2.30 (t, 2H,-C=OC¾-). 1.93-2.22 (m, 5.3H, -CI !,( ' //·( i ( Ί i : ' //·( Ί i ( ' 1.57 (m, 2H,

- { OCf Li:// .--). 1.29 (m, 17H, ·-< 7 . - }. 0.96-0.87 (m, 6H, -CH C¾)-



Example VII. Synthesis of Epoxidized 3-Hexenyl Soyate (E3HS)

As shown below, E3HS was produced using hydrogen peroxide as the oxidation reagent.

The procedure used was a follows: To a 1L, two-neck RBF equipped with a condenser and an

additional funnel, 3 S (180 g), acetic acid (49 g), and Amberlite® IR-120H (39 6g) were

combined and mixed well f ·().· (220 mL, 50%) was added dropwise via the addition funnel and

the reaction temperature maintained at 60 C for 5 hours. After this period, the reaction mixture

was allowed to cool to room temperature, transferred to a 2L separatory funnel, and the bottom

layer discarded. Next, 800 m L of ethyl acetate was added to the separatory funnel and the

resulting solution washed three times with saturated NaHC0 3 solution (250 mL), followed by a

brine wash (300 mL), and a final wash with DI water (300 mL). The ethyl acetate layer was dried

with MgS0 and then solvent removed using vacuum at 35 °C and 100 bar pressure. Yield: 92%.

1H NMR (400 MHz, CDC1 , TMS): 6 (ppm) 3.95-4.15 (t, 2H, ·()( / / ( ! .C - () ( 1!·· . 2.76-3.22

Cm. 3 . -CH(O)CH-), 2.20-2.40 (t, 2 - 0 ( 7/-). 1. 6-2.00 (m, 30 .- O ! / / -

CH2CH 2CH2-; -CH(0)Ci¼CH -; -CH(0)C/¾CH(0)-; ( 7/ !( )·). 0.96-0.87 (m, 6H, -



Example VIII. Synthesis of Acrylated 3-Hexenyl Soyate (A3HS)

As shown below, an acrylated derivative of 3HS was produced by reacting E3HS with AA.

To a 1L RBF equipped with a condenser and an addition funnel, 45.27 g of EPS, .36 g potassium

acetate, 0.44 g of hydroquinone, and 200 ml of toluene were combined and the mixture heated to

90 °C. Next, . 6 g of AA was added dropwise via the addition funnel and the reaction carried

out over a 24 hour period. After this period, the reaction mixture was allowed to cool to room

temperature before transferring to a 2L separating funnel and adding 500 ml. of CH2C 12. The

solution was then washed three times with DI water (150 niL), twice with brine (200 niL), and

finally with DI water ( 50 ml.,). The ( I (. ' } layer was dried with MgS0 4 and solvent removed by

vacuum stripping at 30 C and 1 mbar. Yield: 94%. H NMIl (400 MHz, CDCI3, TMS): δ (ppm)

6.3-6.5(m, 2 5H,C= CH=Ci ¾); 6.1-6.2(dd, 2.5H, -C=OCH =CH2), 5.85-5.97 (m, 2.5 H, -

{ ( '] [ /.- . 4.85-4.95 (m, 2.51 . () //- . 4.10-4.25 (m, 2 . ~ ( ( Ί 3.65-3.90

(2.5H, CH QH), 3.4-3.6 ( 2.5H, -CHOH), 2.15-2.35 (t, 2H,-C=0Ci½-), 1.90-2.0( m, 2H, -O-

( ·(7/, 1.16-1 .88 (m, 0 .- OC (" //-; - ( Ί .
'/ / · i. - : -C¾CH 2-), 0.96-0.87 (m, 6H, -



Example IX. Comparative Example - Synthesis of «-Propyi Soyate

As shown below, PS was synthesized by transesterificatlon of soybean oil with n-propanol.

KOH (7 g) was first heated at 40 C for 30 minutes to remove adsorbed moisture and then cooled

down to room temp by purging with N 2. Prior to the reaction, SBO (250 g) was deaerated by

bubbled with N2 for 30 minutes. The dried KOH and deaerated SBO were charged to a 1L round

bottom flask (RBF) equipped with a condenser and then -propyl soyate (250 g) was added. The

reaction was carried out at 70 °C in a N2 atmosphere for 3 hours. The reaction mixture was cooled

to room temperature and then transferred to a 2L separating funnel. To this mixture, 1L of n-

hexane was added and the resulting solution washed three times with 300 mL of acidic water (pH

3.5-4), once with deionized ( ) water (300 mL), and , finally, with brine solution (300 mL). The

n-hexane layer was dried with MgS0 4 and solvent removed under vacuum at 35 °C and 100 mbar

pressure. The chemi cal composi tion of the product was confirmed using proton nuclear magnetic

resonance spectroscopy (1H NMR). Yield: 89%. 1H NMR (400 MHz, CDC13, TMS): δ (ppm)

5.25-5.45 (m, 3 ~ ! L( 7/ ( 7/- ( Ί , - . 4.0 (d , 2H, -{)( ' / / Ί ·( i ·. . 2.76 (m, 1.3H,

=CHCH CH=), 2.32 (t, 2 .- 0(7/·.·}. 2.03 (m, 3.4H, -CH CH CH=), 1.57 (m, 4H, -

C OC! , ·/ / - -()( i ( / ( ·! : . 1.29 (m, 17H, ~CH2CH 2C ]2-), 0.96-0.87 (m, 6H, ~ .· 7/·..

() ! l.-( 1,(7/:.}.



Example X. Synthesis of Epoxidized «-Propyl Soyate (EPS)

Comparative Example

As shown below, EPS was produced using hydrogen peroxide as the oxidation reagent.

The procedure used was a follows: To a 1L, two-neck RBF equipped with a condenser and an

additional funnel, PS (200 g), acetic acid (35.3 g), and Amberlite® IR-120H (28.5 g) were

combined and mixed well f ·().· (160 mL, 50%) was added dropwise via the addition funnel and

the reaction temperature maintained at 60 C for 5 hours. After this period, the reaction mixture

was allowed to cool to room temperature, transferred to a 2L separatory funnel, and the bottom

layer discarded. Next, 800 mL of ethyl acetate was added to the separatory funnel and the

resulting solution washed three times with saturated NaHC0 3 solution (250 mL), followed by a

brine wash (300 mL), and a fi al wash with DI water (300 mL). The ethyl acetate layer was dried

with MgS0 and then solvent removed using vacuum at 35 °C and 100 bar pressure. Yield: 94%.

1H NMR (400 MHz, ( DC! :. TMS): 4.0 (dt, 2H, -OCi¾CH 2CH3), 2.76-3.22 (m, 3 ! . -CH(O)CH-),

2.20-2.40 (t, .- ( ( / / . 1.16-1 .95 (m, 25! - 0(1 1.(7/ ·-; ~CH2CH 2C 2~; -( 1 ()) (" //·( i

; -CH(0)C¾CH(Q)s CH3CH CH -), 0.96-0.87 (m, 6H, -CI S·( / / : -<X 1 ί 7 / ).



Example XL Synthesis of Acrylated ^-Propyl Soyate (APS)

Comparative Example

As shown befow, A PS was synthesized by reaction of EPS with acrylic acid. To a L RBF

equipped with a condenser and an additional funnel, 100 g of EPS, 3 g potassium acetate, and 0.65

g of hydroquinone were combined and the mixture heated to 00 °C. Once the temperature of the

reaction mixture reached 100 °C, 25.7 g of AA was added dropwise via the addition funnel. The

reaction was carried out over a 7 hour period. Once at room temperature, the reaction mixture was

transferred to a 2L separating funnel and 500 n L of ;?-hexane added. The reaction mixture was

washed three times with D water (150 mL), twice with brine (200 raL), and a finally with D

water (150 mL). The hexane layer was dried with MgS0 and solvent removed by vacuum

stripping at 30 °C and 1 mbar. Yield: 97%. 1H NMR (400 MHz, CDC1¾, MS): 8 (ppm) 6.3-

6.5(m, 1.5H,C=OC H=C ); 6.1-6.2(dd, .5 - ( 7 / CΉ -). 5.85-5.97 (rn. 1.5 . -

C=OCH=€i½); 4.85-4.95 (m, 1.5H, -C CH-), 3.90-4.10 (dt, 2H, -OCH CH CH3), 3.65-3.90

(1.5H, - 7 / N) 3.4-3.6 ( .51 . -( ! ( )/ / . 2.10-2.32 (t, 2 !.-C 0(7/.·-). .16-1.88 (m, 25H,~

C=0CH 2CH 2S - CH2C H2CH2-; -CH2CH2-), 0.96-0.87 (m, 6H, -CH C ¾ -OCH 2CH2CH3) .

Example XII. A Comparison of Ultraviolet Radiation Cured Coatings Based on AAS as well as

A3HS to Acrylated Soybean Oil (ASBO) and APS

AAS, A3HS, ASBO, and APS were individually blended with the photoinitiator,

Irgacure® 2022, at a concentration of 5 wt% with a FlackTek mixer using 3500 rpm for 5 minutes.

Each sample solution were then coated on nine steei-Q panels, one glass panel, and one Teflon®

coated glass panel using a drawdown bar with a 0.008 inch clearance. The films were passed under

a F300 UVA lamp (Fusion UV systems) operating at a speed of 5 feet/min. The UVA light

intensity was found to be 4 10 mW/cm as measured using a UV Power Puck® II (ETC Inc.). As

indicated in Table , various measurements were carried out to characterize the coatings produced.

The thickness of the cured coatings were determined using a PosiTest DFT® dry-thickness

measurement gauge from DeFlesko Corporation. Chemical resistance was accessed using ASTM

D 5402-93, which is typically referred to as the MEK (methyl ethyl ketone) double rub test. The

hardness of the coatings were accessed using the onig pendulum hardness test (ASTM D 4366-

95). Impact resistance of coated panels was determined according to ASTM D 2794-93.



Viscoelastic properties of cured free films were obtained using dynamic mechanical analysis

(Q800 from TA Instalments). The free film specimens were obtained from the coatings cast over

the Teflon coated glass panels. The measurements were earned out using the following

parameters: temperature range -40 °C to 120 °C, heating rate of 5 °C/min., frequency Hz, and

strain amplitude of 0.02%. The glass transition temperature (Tg) was obtained from the peak

maximum in the tan δ response. Mechanical properties were obtained from "dumb be ' shaped

free film specimens using an Instron tensile tester fitted with a 00 N load cell and the procedure

outlined in ASTM D 638 - 5 . The displacement rate of the movable clamp was set as

mm/minute. The data reported was the average of 5 replicate measurements. Table 1 lists the data

obtained.

Table 1. Properties of coatings based on A SBO APS, AAS, or A3HS with 5 weight percent

*Measured o the pure acrylate (no photoinitiator).

†Equivalent weight calculation included the a ly group.

JFree film was too tacky to measure.

Example XIII Coatings Based on ASBO as the Reactive Oligomeric Component and AAS or

A3HS as the Reactive Diluent

A description of the coatings compositions prepared is shown in Table 2 . A detail

procedure for the preparation APS/ASBO 25/75 is as follows: 3.56 g of APS, 10.69 g of ASBO,

and 0.75 g of photoinitiator [Irgacure® 2022 (BASF, USA)] were mixed with a FlackTek mixer

operating 3500 rpm for 5 mmutes. This solution was then coated on nine steel-Q panels, one glass



panel, and one Teflon coated glass pane using a drawdown bar with a 0.008 inch clearance. The

films were passed under a F300 U lamp (Fusion UV systems) at 5 feet/mm. The light intensity

was found to be 1410 mW cm which was measured using UV Power Puck® II (ETC Inc.). For

the other coatings, the procedure was the same with the exception that the quantity of the reagents

was varied according to the information provided in Table 2

Table 2 . Composition of coatings based on ASBO as the reactive oligomeric component and AAS

or A3HS as the reactive diluent. APS was included as a comparative example. All values are in

grams.

*PI is the photoinitiator (irgaciire® 2022).

As indicated in Table 3, various measurements were carried out to characterize the

coati ngs produced. The thickness of the cured coatings was determined using a PosiTest DFT®

dry-thickness measurement gauge from DeFlesko Corporation. Chemical resistance was accessed

using AST D 5402-93, which is typically referred to as the E (methyl ethyl ketone) double

rub test. The hardness of the coatings were accessed using the onig pendulum hardness test

(ASTM D 4366-95). Impact resistance of coated panels was determined according to ASTM D

2794-93. Viscoelastic properties of cured free films were obtained using dynamic mechanical

analysis (Q800 from TA Instruments). The free film specimens were obtained from the coatings

cast over the Teflon coated glass panels. The measurements were carried out using the following

parameters: temperature range -40 °C to 120 °C, heating rate of 5 °C/min., frequency 1 Hz, and

strain amplitude of 0 02% The glass transition temperature ' [' ,,;· was obtained from the peak

maximum in the ta δ response. Mechanical properties were obtained from "dumb belP'-shaped

free film specimens using an Instron tensile tester fitted with a 100 N load cell and the procedure

outlined in ASTM D 638 - 5 . The displacement rate of the movable clamp was set as 1

mm/minute. The data reported was the average of 5 replicate measurements. Table 3 lists the data

obtained.



Table 3. Data obtained for UV cured coatings of ASBO as the reactive oiigomeric component and

AAS or A3HS as the reactive diluents. APS was included as a comparative example.

*E' indicates storage modulus.

Example XIV. Coatings Based on an Epoxy Acrylate as the Reactive Oiigomeric Component and

AAS or A3HS as the Reactive Diluent

The epoxy acrylate (EA) utilized was CN121 from Sartomer. A description of the coating

compositions prepared is shown in Table 4 . A detail procedure for the preparation ΑΡ8/ Α 25/75

is as follows: 3.56 g of APS, 10.69 g of EA, and 0.75 g of photoinitiator [Irgacure® 2022 (BASF,

USA)] were mixed with a FlackTek mixer operating at 3500 rpm for 5 minutes. This solution was

then coated on nine steel-Q panels, one glass panel, and one Teflon coated glass panel using a

drawdown bar with a 0.008 inch clearance. The films were passed under a F300 UVA lamp

(Fusion U systems) using a speed of 5 feet/min. The light intensity was found to be 4 0

mW/cm' as measured using a UV Power Puck© I] (ETC Inc.).



Table 4 . Composition of coatings based on EA as the reactive oiigomeric component and AAS

A3HS as the reactive diluent. APS was included as a comparative example. All values are in

grams.

*PI is the photoinitiator (Irgaciire© 2022).

Various experiments were carried out to characterize and analyze the coating as shown in

Table 5 First, average thickness of all the coatings were measured and then characterized by ME

double rubs (ASTM D 5402-93), impact resistance (ASTM D 2794-93), and onig pendulum

hardness (ASTM D 4366-95). Dynamic mechanical analysis (Q800 from TA Instruments) was

carried out using the film specimen prepared fro the cured coating on the Teflon coated glass

panel. The experiment was earned out using the following parameter: temperature range -40 °C to

120 °C, heating rate of 5 °C/min., frequency 1 Hz, and strain amplitude of 0.02%. The glass

transition temperature (T ) was obtained from the peak maximum in the tan δ response. The Tg

was reported from the thermogram obtained from the 2nd heat. From the same panel dumb bell-

shaped specimens were prepared for tensile testing (ASTM D 638 - 5) and measured using Instron

tensile tester fitted with a 100 N load cell. The displacement rate of the movable clamp was set as

1 mm/minute. Data reported was the average of 5 replicate measurements. Table 5 list the data

obtained for the cured coating.



Table 5. Data obtained for UV cured coatings of EA as the reactive oligomeric component and

AAS or A3HS as the reactive diluents. APS was included as a comparative example.

*E' indicates storage modulus

Example XV. Coatings Based on ASBO as the Reactive Oligomeric Component and MAS or HF-

MAS as the Reactive Diluent

A description of the coatings compositions prepared are shown in Table 6 . A detail

procedure for the preparation MAS ASBO 50/50 is as follows: 7.13 g of MAS, 7.13 g of ASBO

and 0.75 g of photoinitiator [Irgacure® 2022 (BASF, USA)] were mixed with a FlackTek mixer

using 3500 rpm for 5 minutes. This solution was then coated on nine steel-Q panels, one glass

panel, and one Teflon coated glass panel using a drawdown bar with a 0.008 inch clearance. The

films were passed through F300 UVA lamp (Fusion UV systems) UV light at 5 feet/min speed

which is equipped with a conveyor belt set. The light intensity was found to be 14 0 mW/c '

which was measured by UV Power Puck® II (ETC Inc.).

Table 6 . Composition of coatings based on ASBO as the reactive oligomeric component and

MAS or HF-MAS as the reactive diluents. APS was included as a comparative example. Al

values are in grams.



Various experiments were carried out to characterize and analyze the coating as shown i

Table 7 . First, average thickness of all the coatings were measured and then characterized by

MEK double rubs (ASTM D 5402-93), impact resistance (ASTM D 2794-93), and Konig

pendulum hardness (ASTM D 4366-95). Dynamic mechanical analysis (Q800 from TA

Instruments) was carried out using the film specimen prepared from the cured coating on the

Teflon coated glass panel. The experiment was carried out using the following parameter:

temperature range -40 °C to 120 °C, heating rate of 5 °C/min., frequency 1 Hz, and strain

amplitude of 0.02%. The glass transition temperature (Tg) was obtained from the peak maximum

in the tan δ response. The Tg was reported from the thermogram obtained from the 2nd heat. From

the same panel dumb bell-shaped specimens were prepared for tensile testing (ASTM D 638 - 5)

and measured using Instron tensile tester fitted with a 100 N load cell. The displacement rate of

the movable clamp was set as 1 mrn'minute. Data reported was the average of 5 replicate

measurements. Table 7 lists the data obtained for the cured coating.

Table 7. Data obtained for UV cured coatings of ASBO as the reactive oligomeric component and

MAS or HF-MAS as the reactive diluents

Example XVI. Synthesis of soyate-functionalized polysiloxane

As shown below, a soyate-functionalized polysiloxanes was produced by reacting ally!

soyate (R represents alkyl chains derived from soybean oil fatty aci ester groups) with

memylhydrosiloxane-dimethylsiloxane copolymers, polymethylhydrosiloxanes or hydride POSS

via hydrosilation reaction. In a 40 mL vial, 1.51 g of a y soyate, 5 nx of chloroform, and 80

µΙ of Karstedt catalyst (2% Ft) were mixed followed by addition of 5.56 g of HMS-064. The vial



was sealed an solution was allowed to react at 60°C for 6 hours. Then the product was

precipitated into 60 mL of methanol and washed two times with methanol. The remaining solvent

was removed by vacuum stripping at 40°C. 1H NMR (400 MHz, CDCI3, TMS): δ (ppm) 5.2-5.4

(m, (·] ! ( ' / / / / - (¾-), 4.0 (t, ~ C ¾C CH2~) 2.7-2.8 (m, ( Ί 7 2.2-2.35 (m, -

0( 7 / · ). .95-2.05 (m, - C . ( / / .-( ).. .5-1.7 (m, - 0( ! .-( //.·, Ο / / . 1 -Si). .15-1 .4

(m, C !. ( / / ( - 0.95-0.8 (m, -CHC H3), 0.55 (t, ~SiC /2CI¾~), 0.35-0 (m, Si<7/.»).

Analogously, a number of other available siloxane compounds containing hydride groups

have been modified.

Example XVII. Coating preparation

As prepared a -fu ctiona ized siloxane components, 25 wt.% in chloroform, were mixed

in various ratios with auto-oxidation catalyst package (0 84 mg of cobalt octoate, 5.54 g of

zirconium octoate, and 50 mg of Nuxtra Zinc per gram of solids). The formulations allowed tough

hydrophobic coatings upon drying at atmospheric conditions.

Example XVIII. Novel Soybean Oil-Derived Acrylates for UV-Curable Coatings

Abstract

A late-functional soybean oil (ASBO) has been commercialized for applications such as

photocurable coatings and themioset composites. Since the viscosity ASBO is relatively high, a

reactive diluent is required to produce photocurable compositions that are processable and

essentially free of volatile organic compounds. Since most all reactive diluents are derived from



petroleum and coatings with high renewable contents are desired, there is a need for new reactive

diluents based on renewable resources. Five SBO-based acrylates/methacrylates were synthesized

and investigated as reactive diluents for free radical photo-curable coatings. The general synthetic

procedure involved transesterification of SBO with either allyl alcohol or cw-3-hexen-l-ol to

produce allyl soyate (AS) and cw-3-hexenyl soyate (3HS), respectively. AS and 3HS were then

epoxidized using hydrogen peroxide as the oxidation reagent. For AS, epoxidization occurred

exclusively at the disubstituted double bonds derived from SBO, leaving the terminal double

bonds derived fro allyl alcohol intact. The epoxy derivative of AS (EAS) was treated with

acrylic acid to produce an acrylated derivative referred to as acrylated AS (AAS). EAS was also

treated with methacrylic acid to produce a rnethacrylate derivative referred to as methacrylated AS

(MAS) as well as with and excess methacrylic anhydride to produce a compound referred to as

highly functionaiized MAS (HF-MAS). The difference in chemical structure between MAS and

HF-MAS is based on the number of rnethacrylate groups per molecule. For MAS, the average

number of rnethacrylate groups per molecule was 1.5 while the average number of rnethacrylate

groups per molecule for HF-MAS was 3 . Epoxidized 3HS was treated with acrylic acid to

produce an acrylate derivative referred to as acrylated 3HS (A3HS). For comparison purposes,

acrylated ^-propyl soyate (APS) was also produced by using an analogous process in which n-

propanol was used for the transesterification of SBO. The only difference in chemical structure

between AAS and APS is that AAS possesses and ailyl group in place of the propyl group present

in APS. t was thought that by comparing properties between coatings based on APS to analogs

based on AAS, it would be possible to determine if the ailyl group in AAS is reactive enough to

contribute to the formation of the crossiinked network. Whereas the viscosity of ASBO was found

to be 10,600 cP at 25 °C, the viscosities of all five of the SBO-based reactive diluent candidates

were found to be much lower. In fact, the viscosity of APS, AAS, MAS, HF-MAS, and A3HS

were determined to be 53, 40, 34, 49, and 351 cP, respectively.

Photocurable coatings were prepared that involved blends of each of the SBO-based

reactive diluent candidates with ASBO and coating rheological, physical, and mechanical

properties determined. In addition, a series of coatings was also produced in which ASBO was

replaced by an acrylated vinyl ether polymer based on SBO and coatings properties characterized.

A comparison of properties of coatings based on AAS as the reactive diluent to analogous coatings

based on APS clearly indicated that the allyl group present in AAS contributed to the development

of the crossiinked network. The use of AAS provided coatings that possessed significantly higher



chemical resistance, glass transition temperature (Tg), Young's modulus, hardness, and storage

modulus above Tg as compared to those coatings based on APS. Of the five SBO-based reactive

diluents produced for the study, HF-MAS enabled by far the hardest, highest modulus, highest Tg

coating films. This result was attributed to the exceptionally low methacrylate equivalent weight

of HF-MAS. Overall, AAS, A3HS, and HF-MAS were shown to possess significant potential as

new reactive diluents based on renewable resources. Photo-curable compositions based on these

SBO-based reactive diluents in conjunction with ASBO exhibited useful properties with

renewable contents as high as 89 weight percent.

Introduction

Since fossil resources are limited and the vast majority of compounds produced by the

chemical industry are derived from petroleum, there is a major need to develop new cost-effective

chemicals based on renewable resources. In fact, the United States Department of Energy has a

goal of producing at least 10% of basic chemical building blocks from plant-derived reiiewables

by 2020 (www.nrel.gov/docs/iegosti/fy98/242 6.pdf). As of 1998, the volume of chemicals

produced from renewable resources was just 2%. The primary feedstocks for renewable-based

chemicals include wood, polysaccharides, sugars, and plant oils. Of these, plant oils are

particularly useful since they can be easily isolated and derivatized to produce a variety of useful

chemicals. Historically, plant oils have been used in paints since prehistoric times (Wicks et a .,

Organic Coatings: Science and Technology, 3rd ed., pp. 295. John Wiley & Sons, Hoboken,

New Jersey 2007). The utility of plant oils in coating applications is largely due to the

unsaturation present in the plant oil triglycerides that enable crosslinking of the oil into an

insoluble, solid film. Since the level of triglyceride unsaturation is dependent on source of the

plant oil, not all plant oils are useful for coating applications. The most abundant cost effect plant

oils are palm oi and soybean oil (SBO). Palm oil has a relatively low level of unsaturation, while

SBO has a moderate degree of unsaturation. On average, palm oil triglycerides possess 1.8 double

bonds per molecule, while SBO possesses approximately 4.5 doubles per molecule. Considering

this fact, it can be easily understood that SBO is a prime feedstock for coating applications. The

chemical structure of the SBO triglyceride is shown below:



Initial coating applications for plant oils have involved crosslinking (i.e. curing) through an

oxidative process typically referred to as autoxidation (nrel.gov/docs/kigosti/fy98/24216.pdf;

Wicks et al., Organic Coatings: Science and Technology, 3rd ed., pp. 295. John Wiley & Sons,

Hoboken, New Jersey, 2007; Mallegol et ai, 2000 Prog. Org Coat., 39 107-1 13; Mallegol et al,

1999 J.Am. Oil Chem. Soc, 76 967-976). Over the past few decades, derivatization of the double

bonds to other functional groups have been utilized to extend the utility of plant oils for material

applications. Most of the derivatization methods involve epoxidation of the double bonds

(Kouroosh et al., 2012 Ann. Biol. Res., 3 4254-4258). The epoxidized derivative, which is

commercially available, can be crosslinked using anhydride-functional curing agents or by

cationic polymerization of the epoxide groups (Tan et al., 2013 bid. Crop. Prod., 43 378-385;

Samper et al, 2012 . Am. Oil Chem. Soc, 89 1521-1528; Thames et al., 1999 Surf. Coat.

Technol., 5 208-214). The epoxide groups can be further derivatized to hydroxy! functionality

by hydrolysis or alcoholysis of the epoxide groups (Wang et a ., 2009 J. Appl. Polym. Sci., 14

125-1 3 ) Similar to epoxidized soybean oil, hydroxyl-iunctionai soybean oil is commercially

available. Soybean oil polyols have been extensively investigated for the production of



polyurethanes (Petrovic, 2008 Polym. Rev., 48 109-155). From the epoxidized derivative, acrylate

or methacrylate derivatives can be produced by epoxy ring-opening reactions using acrylic or

methacryiic acid, respectively (Bajpai et a , 2004 Pigm. Resin Techno!., 33 60- 64) Acrylate

and methacrylate-functional soybean oil have been used to produce crosslinked networks by a free

radical polymerization mechanism (Kim et al., 20 0 J. Polym. Environ., 18 291-297; Fu et al.,

2010 J. Appl. Polym. Set., 7 2220-2225; Aakesson et al, 2009 J. Appl Polym. Sci., 4 2502-

2508). Aerylate-functional soybean oil is commercially available and marketed as a building

block for photocurable coatings.

Due to their essentially negligible volatile organic compound (VOC) content, low energy

consumption, and fast cure speed, photocurable coatings have become a very important class of

materials. Photocurable materials are used to coat heat sensitive substrates such as plastics, paper,

and wood. They are also used for the production of printing inks, optical fibers, adhesives and

dental composites. The three primary components of a photopolymerizable coating are the

photoinitiator, reactive diluent, and a reactive oligomer. The reactive diluent is typically a

relatively low molecular weight, low viscosity, liquid with at least one reactive group. The

primary function of the reactive diluent is to provide low enough viscosity to the coating to enable

effective processing without introducing VOCs. Since the reactive diluent becomes part of the

cured coating, it contributes to the physical and mechanical properties of the coating. For

protective coatings, the reactive diluent typically has at least two reactive groups per molecule. A

higher number of functional groups per molecule provides higher crosslink densities which

typically translates to higher coating modulus hardness abrasion resistance, and chemical

resistance. For free radical photocurable coatings, acrylate reactive diluents are commercially

available that possess as many as four acrylate groups per molecule. The reactive oligomer

component of a photocurable coating is typically required to provide toughness and substrate

adhesion. The higher molecular weight of the reactive oligomer minimizes shrinkage upon curing

enabling better adhesion to the substrate and higher impact strength. Acrylate oligomers derived

from urethanes, polyesters, and epoxy resins are commercially available. Commercially available

acrylate oligomers possess at least two acrylate groups per molecule with some possessing as

m ' as six acrylate groups per molecule

As mentioned previously in this document, a SBO derivative with acrylate groups (ASBO)

is commercially available. For photocurable coatings, ASBO would be expected to serve as the

reactive oligomer since it is quite viscose and, as result, would need to be blended with a reactive



diluent to meet viscosity requirements. Blending ASBO with a reactive diluent reduces the overall

renewable content of the coating since most al commercially available reactive diluents are

petroleum-based. As a result, there is a need for reactive diluents that are based on renewable

building blocks. To illustrate the market need for coatings with high renewable content, the

USDA BioPreferred® program can be considered. This program requires that federal agencies

give preferential consideration to products that meet or exceed a minimum renewable content.

The mimmum renewable content has been set by the USDA and varies with the end-use

application. For example, the minimum renewable content for water tank coatings has been set at

59%, while that for roof coatings is 20% (www.biopreferred.gov./Default.aspx). This document

describes a new approach for producing novel acrylates and methacrylat.es based on SBO that may

be very useful as reactive diluents. The n el SBO-based reactive diluents were used to produce

photocurabie coatings that possess exceptionally high renewable content.

Experimental

Materials. Table 8 provides a description of ail the starting materials used for the study.

Table 8. A description of all the starting materials used for the study.

Chemical Designation j Vendor

Soybean oil SBO Sam's Club
Acrylated soybean oil ASBO ! Cvtec
Ally! alcohol ALA j Sigma-Afdrich

-3-Hexen-l -ol 3H j Sigma-Aldrich
Potassium hydroxide KOH Sigma-Aldrich

«-Hexane n-Hexane ! Sigma-Aldrich
-Pr pano nP j Sigma-Afdrich

Magnesium sulfate MgS0 4 j Sigma-Aldrich
Acetic acid Acetic acid j Sigma-Aldrich

Acidic io -exchange resin Amberlite® IR-120H ! Sigma-Aldrich
Hydrogen peroxide (50 wt% in water) · · j Sigma-Afdrich

ethyl acetate ethyl acetate j BDH Chemicals
Sodium bicarbonate, ACS grade \ a CO j Amresco nc.
Acrylic acid AA j Sigma-Aldrich
Potassium acetate potassium acetate j Sigma-Afdrich

Methacrylic acid M j Sigma-Afdrich
'Toluene Toluene j BDH Chemicals
IRGACURE® 2022 I ! BASF

l,2-Dichloromethane C 2Ci2 j Alfa Aesar



Hydroquinone hydroquinone Sigma-Aidrich
Methacrylic anhydride Me hacr ic anhydride Sigma-Aidrich
ATC 3* , AFC Accelerators ATC 3 catalyst AMPAC™ Fine Chemicals
2,6-di-i-butyi-4-niethylphenol 2,6-di-i-butyl-4-methylphenol Sigma-Aidrich

Synthesis of Ally! Soyate (AS). AS was synthesized by the transesterification of SBO with

ALA using KOH as the catalyst. KOH (7 g) was first heated at 40 °C for 30 minutes to remove

adsorbed moisture and then cooled down to room temp by purging with N . Prior to the reaction

SBO (250 g) was deaerated by bubbled with N2 for 30 minutes. The dried KOH an deaerated

SBO were charged to a 1L round bottom flask (RBF) equipped with a condenser and then ALA

(165 g) was added. The reaction was carried out at 70 C in a N2 atmosphere for 3 hours. The

reaction mixture was cooled to room temperature and then transferred to a 2L separating funnel.

To this mixture, 1L of n-hexane was added and the resulting solution washed three times with 300

mL of acidic water ( 3.5-4), once with deionized (DI) water (300 mL), and , finally, with brine

solution (300 mL). The n-hexane layer was dried with MgS0 4 and solvent removed under

vacuum at 35 °C and 100 bar pressure. The chemical composition of the product was confirmed

using proton nuclear magnetic resonance spectroscopy (1H NMR). 1H NMR (400 MHz, CDC13,

TMS): δ (ppm) 5.85-5.97 (m, !I - ( 7 L . 5.15-5.45 (m, 2.5! i. ( ( 7 / ( //- CH2-; -

OCH2CH=G¾), 4.54-4.58 (dt, 2H, -OCH2CH=CH-) 2.76 (m, 3H, =CHCH2CH=), 2.32 (t, 2H,-

C-0C H2-). 2.03 (m, 3.4H, - ·(7/, ! ). 1.57 (m, 2H, - C OC! , / / - ) 1.29 (m, 16H, -

CH2C¾CH -), 0.96-0.87 (m, 3H, - 7 .).

Synthesis of 3-Hexenyl Soyate (3HS). 3HS was synthesized by the transesterification of

SBO with 3H using KOH as the catalyst KOH (7 g) was first heated at 140 °C for 30 minutes to

remove adsorbed moisture and then cooled down to room temp by purging with N 2. Prior to the

reaction, SBO (250 g) was deaerated by bubbled with N2 for 30 minutes. The dried KOH and

deaerated SBO were charged to a L round bottom flask (RBF) equipped with a condenser and

then 3 (250 g) was added. The reaction was carried out at 70 C in a N2 atmosphere for 3 hours.

The reaction mixture was cooled to room temperature and then transferred to a 2L separating

funnel. To this mixture, 1L of «-hexane was added and the resulting solution washed three times

with 300 mL of acidic water ( 3.5-4), once with deionized (DI) water (300 mL), and , finally,

with brine solution (300 mL). The n-hexane layer was dried with MgS0 4 and solvent removed

under vacuum at 35 °C and 00 bar pressure. The chemical composition of the product was

confirmed using proton nuclear magnetic resonance spectroscopy (1H NMR). 1H NMR (400



MHz, CDC 3, TMS): (ppm) 5 42-5 60 (q, 2H, ( ! C! , ' / / ( 7 /- . 5.20-5.42 (m, M l. -

! .-( / ( //·· ( Ί ·}. 3.95-4.15 (t, 2H, ·-<) / .C! . < ! ί ( - . 2.68-2.84 (m, 1.3H, =CHCi7 2CH=),

2.30-2.40 (q, 2H, -OCH 2Ci½CH=€H-), 2.20-2.30 (t, 2H,-C=OCi½-). 1.93-2.22 (m, 5.3H, -

CH2CH2CH=; (·] !:( ' //.{ !] ( Ι- ) 1.57 (m, 2H, - O ! ! C7/.-). 1.29 (m, !7 ! -CH2C¾CH 2~),

0.96-0.87 (m, 6H, -CH2CH3).

Synthesis of n-Propyl Soyate (PS). PS was synthesized by the transesterification of SBO

with nP using OH as the catalyst. KOH (7 g) was first heated at 140 °C for 30 minutes to

remove adsorbed moisture and then cooled down to roo temp by purging with N 2. Prior to the

reaction, SBO (250 g) was deaerated by bubbled with N2 for 30 minutes. The dried KOH and

deaerated SBO were charged to a I . round bottom flask (RBF) equipped with a condenser and

then nP (250 g) was added. The reaction was carried out at 70 C in a N atmosphere for 3 hours.

The reaction mixture was cooled to room temperature and then transferred to a 2L separating

funnel. To this mixture, 1L of /j-hexane was added and the resulting solution washed three times

with 300 mL of acidic water (pH 3.5-4), once with deionized (DI) water (300 mL), and , finally,

with brine solution (300 mL). The n-hexane layer was dried with MgS0 and solvent removed

under vacuum at 35 C and 100 mbar pressure. The chemical composition of the product was

confirmed using proton nuclear magnetic resonance spectroscopy (1H NMR) Yield: 89%.

NMR (400 MHz, CDCI3, TMS): δ (ppm) 5.25-5.45 (m, 3H, -CH2CH=CH- CH2-), 4.0 (dt, 2H, -

OC¾CH 2CH3), 2.76 (m, 1.3H, N / H ) 2.32 (t, - O ' / / . ) 2.03 (m, 3 .4 -

7 / < ). .57 (m, 4H, )( Ί ! ( ' / / : -OCH 2C /2CH ), 1.29 ( n. 17H, C 2CH2CH -),

0.96-0.87 (m, 6H, -CH2Ci¾ -OCH 2CH2CH ) .

Synthesis ofEpoxidized AS (EAS). EAS was produced using hydrogen peroxide as the

oxidation reagent. With the process utilized, only the internal double bonds derived from the SBO

were epoxidized. The procedure used was a follows: To a 1L, two-neck RBF equipped with a

condenser and an additional funnel, AS (180 g), acetic acid (31.8 g), and AMBERLITE® IR- 0

(25.6g) were combined and mixed well. H20 2 (145 mL, 50%) was added dropwise via the

addition funnel and the reaction temperature maintained at 60 °C for 5 hours. After this period, the

reaction mixture was allowed to cool to room temperature, transferred to a 2L separately funnel,

and the bottom layer discarded. Next, 800 mL of ethyl acetate was added to the separatory funnel

and the resulting solution washed three times with saturated NaHC0 solution (250 mL), followed

by a brine wash (300 mL), and a final wash with DI water (300 mL). The ethyl acetate layer was

dried with MgS0 and then solvent removed using vacuum at 35 °C and 00 bar pressure. Yield:



95% 1 NMR (400 MHz, CDC13, TMS): δ (ppm) 5.85-5.97 (m, H, -OCH CH CH ), 5.15-5.45

(m, 2.5H, CH2CH=CH- CH2- ; -OCH2CH=CH2), 4.54-4.58 (dt, 2H, -OCH2CH=CH-) 2.76-3.22

( , 3H, -CH(O)CH-), 2.32 (t, 2 .-C {)( / / 1.16-1.88 (m, 23H,-C=0CH 2Ci S - CH2CH2CH2s

-CH(0)C H2CH -; ( ! K7 / ! <) }-- 0.96-0.87 (m, 3H, -CHCH3).

Synthesis of epoxidized 3HS (E3HS). E3HS was produced using hydrogen peroxide as the

oxidation reagent. The procedure used was a fo ows: To a , two-neck RBF equipped with a

condenser and an additional funnel, 3HS (180 g), acetic acid (49 g), and AMBERLITE* IR-120H

(39.6g) were combined and mixed well. H20 2 (220 mL, 50%) was added dropwise via the

addition funnel and the reaction temperature maintained at 60 °C for 5 hours. After this period, the

reaction mixture was allowed to cool to room temperature, transferred to a 2L separator}' funnel,

and the bottom layer discarded. Next, 800 mL of ethyl acetate was added to the separatory funnel

and the resulting solution washed three times with saturated NaHCC solution (250 mL), followed

by a brine wash (300 mL), and a final wash with D water (300 mL). The ethyl acetate layer was

dried with MgS0 4 and then solvent removed using vacuum at 35 C and 00 bar pressure. Yield:

92%. I !NMR (400 MHz, CDCI3, TMS): δ (ppm) 3.95-4.15 (t, 2H, ~ ( 77 ( ' I L !((} ' - 2.76-

3.22 (m, 3H, -CH(O)CH-), 2.20-2.40 (t, 2H,-C=OCi¾-), 1.16-2.00 (m, 30H,-C=OCH C¾-; -

CH2C 2CH2-; ~CH(0 )C¾ CH2~; - Ι » ( 7 / ( Ί !<())-: C / / ( ! I )~ 0.96-0.87 (m, 6H, -

Synthesis of epoxidized PS (EPS) EPS was produced using hydrogen peroxide as the

oxidation reagent. The procedure used was a fo ows: To a L, two-neck RBF equipped with a

condenser and an additional funnel, PS (200 g), acetic acid (35.3 g), and AMBERLITE '* IR-120H

(28.5 g) were combined and mixed well. H20 2 ( 60 mL, 50%) was added dropwise via the

addition fimnel and the reaction temperature maintained at 60 °C for 5 hours. After this period, the

reaction mixture was allowed to cool to room temperature, transferred to a 2L separator}' funnel,

and the bottom layer discarded. Next, 800 mL of ethyl acetate was added to the separator}' funnel

an the resulting solution washed three times with saturated NaHCQ solution (250 mL,), followed

by a brine wash (300 mL), and a final wash with DI water (300 mL). The ethyl acetate layer was

dried with MgS0 and then solvent removed using vacuum at 35 C and 00 bar pressure. Yield:

94%. NMR (400 MHz, CDCI 3, TMS): 4.0 (dt, 2H, -0 77 LC 1·. ·. 2.76-3.22 (m, 3 -

CH(O)CH-), 2.20-2.40 (t, 2H,-C=OCi½-) 1.16-1.95 (m, 25 .- Ι <7 / ··( I C ' . : -

CH(0 )C ¾C 2~; -CH(0)i¾CH(())-; C 3C¾CH 2~), 0.96-0.87 (m, 6H, -C [,(7/7: -

OCH CH CH ) .



Synthesis of acrylated EAS (AAS). An acrylated derivative of AS was produced by

reacting EAS with AA. To a 1L RBF equipped with a condenser and an addition funnel, 100 g of

EAS, 3 g potassium acetate, and 0.65 g of hydroqumone were combined and the mixture heated to

100 °C. Next, 25.7 g of AA was added dropwise via the addition funnel and the reaction carried

out over a 7 hour period. After this period, the reaction mixture was allowed to cool to room

temperature before transferring to a 2L separating funnel and adding 500 m L of «-hexane. The

solution was then washed three times with D water (150 mL), twice with brine (200 mL), and

finally with DI water. The hexane layer was drie with MgS0 4 and solvent removed by vacu m

stripping at 30 C and 1 mbar. 1H NMR (400 MHz, < D TMS): δ (ppm) -6.3-6.5(m,

.5H,C=OCH=C H2) ; 6.1-6.2 (dd, 1.5H, - O ' / /, ) 5.85-5.97 (m, 2.5 H, -OC! ' / / ( Ί -

(X i (·// } 5.15-5.45 (m, 2H, - CI¾ C C ), 4.85 ( .5H 7 / ()-). 4.54-4.58 (d ,

1.5H, -OCi¾CH=CH-), 3.7-4.0 (1.5H, -CHOH), 3.4-3.6 ( 1.5H, -CHOH), 2.32 (t, 2 .-C 0( 7 / .- )

1.1 6-1.88 (m, 23H.-C Ί ! { /. ; - C' i ! · '//.{ ! .- . Χ (0 ;·<7 . ! : -( Ί Ι« » ( 7 >( Ί 0.96-

0.87 (m, 3H, -CHCH ) .

Synthesis of Methacrylated EAS (MAS) MAS was synthesized by reacting EAS with MA.

To a 100 mL RBF equipped with a condenser and additional funnel, 20.02 g of EAS, 0.716 g

potassium acetate, and 0.184 g of hydroqumone were combined and the temperature of the

reaction mixture heated to 100 °C. Next, 6.24 g of MA was added dropwise via the addition

funnel an the reaction carried out over a period of 24 hours. The product was used without further

purification. Yield: 98%. 1H NMR (400 MHz, CDC13, TMS): δ (ppm) 6.1 -6 .2(dd, .5H, -

C=OCH=Ci¾), 5.85-5.97 (m, 2H, -OCH 2CH=CH 2); 5.45-5.67 (dd, 1.5H, - 0 ( 1! ( / / .- . 5.15-

5.45 (m, 2.51 L Vii <7/~ CH2- ; -<X ! i i /.- . 4.85 (1.5H V ' V - i. 4.54-4.58 (dt,

1.5H, -OCH2CH=CH-), 3.7-4.0 (1.5H, -CHOH), 3.4-3.6 ( 1.5H, -CHOH), 2.32 (t, 2H,-C=0Ci¾-),

1.90 (4.5H, ( ()-). 1.16-1 .88 (m, 2 3 L-C 0( - - CH2C¾CH 2-; -

CH(0)Q¾CH 2s f ! {) ( / / ( !{{))·)- 0.96-0.87 (m, 3H, -CI ( 7 / 0 .

Synthesis of Highly Functionatized Methacrylated EAS (HF-MAS). HF-MAS was

synthesized by reacting EAS with methacryiie anhydride. To a 100 mL RBF, 10.08 g of EAS, 4.8

g of methacryiie anhydride 0.15 g of ATC 3 catalyst (AMP AC™ Fine Chemicals), and 0.46 g of

2,6-di-/-butyl-4-methylphenol were combined. The reaction mixture was stirred at 100 °C for 48

hr. The product was used without further purification. Yield: 98%. 1H NMR (400 MHz, CDC1 ,

TMS): δ (ppm) 6 .1-6 .2(dd, 3H, - O (7/.). 5.85-5.97 (m, 2H, -() ' · 77 ( Ί ! ·} 5.45-

5.67(dd, 3H, -C=OCH=CJ¾), 5.15-5.45 (m, 2.5H, CH CH=CH- CH - -OCH 2CH=Ci¾), 4.85



(1.5H ( i ! ( / / ()-) 4.54-4.58 (dt, 3H, -(Χ 7 ( ' !-). 2.32 (t, 2 Ϊ 0(7/·-). 1.90 (9H,

! .- C((7/:.)C )·· . 1.16-1 .88 (m, 23H,-C=0CH C¾-; - C ϊ I C I - -CH(0)C H2CH2- ; -

CH(0)Ci¼CH(0)-), 0.96-0.87 (m, M l . -( Ί Ί

Synthesis of Acrylated E3HS (A3HS). An acrylated derivative of 3HS was produced by

reacting E3HS with AA. To a 1L RBF equipped with a condenser and an addition funnel, 45.27 g

of EPS, .36 g potassium acetate, 0.44 g of hydroquinone, and 200 ml of toluene were combined

and the mixture heated to 90 °C. Next, 17.16 g of AA was added dropwise via the addition funnel

and the reaction carried out over a 24 hour period. After this period, the reaction mixture was

allowed to cool to room temperature before transferring to a 2L separating funnel and adding 500

mL of CH2C 12. The solution was then washed three times with DI water (150 raL), twice with

brine (200 mL), and finally with DI water ( 50 mL). The C 2C 12 layer was dried with MgS0

and solvent removed by vacuum stripping at 30 °C and 1 mbar. Yield: 94%. H NMR (400 MHz,

CDC1 , TMS): δ (ppm) 6.3-6.5(m, 2.5! i. ( ί / /. ). 6.1-6.2(dd, 2.5! -C ( X / / C ) . 5.85-

5.97 ( , 2.5 H, -C=GCH=C H ) ; 4.85-4.95 (m, 2.5H, ·· 00(7/· ). 4.10-4.25 (m, 2H, -OCi½CH2-

), 3.65-3.90 ( .5 7QH), 3.4-3.6 ( 2.5H, -C ( / / } 2 .15-2.35 (t, 2 .- 0( 7/,-). 1 90~2 0( ,

2H, -O-CH2CH2), 1.16-1.88 (m, 30H,-C=0CH2CH 2-; - CH CH2CH -; -CH2CH2-), 0.96-0.87 (m,

6H, -( Ί ·( //·.).

Synthesis of Acrylated EPS (APS). An acrylated derivative of PS was produced by reacting

EPS with AA. To a 1L RBF equipped with a condenser and an additional funnel, 100 g of EPS, 3

g potassium acetate, and 0.65 g of hydroquinone were combined and the mixture heated to 00 °C.

Once the temperature of the reaction mixture reached 100 °C, 25.7 g of AA was added dropwise

via the addition funnel. The reaction was carried out over a 7 hour period. Once at room

temperature, the reaction mixture was transferred to a 2L separating funnel and 500 mL of n-

hexane added. The reaction mixture was washed three times with DI water (150 ml.), twice with

brine (200 mL), and a finally with DI water (150 mL). The hexane layer was dried with MgS0 4

and solvent removed by vacuum stripping at 30 °C and 1 mbar. Yield: 97%. H NMR (400 MHz,

CDCI3, TMS): δ (ppm) 6.3-6.5(m, 1.5H,C=OCH=C H2) ; 6.1-6.2(dd, 1.5H, -C=OCH=CH2), 5.85-

5.97 (m, 1.5 H, -COCH=C7¾); 4.85-4.95 (m, 1.5H, ·· OOC7/- ). 3.90-4.10 (dt 2H, -

()( ' / / Ί i { !). . 3.65-3.90 ( 1.5H, /OH), 3.4-3.6 ( .5 . -CI !( //}. 2.1 0-2.32 (t, 2H,-C>=0C/-/2-

), 1.16-1.88 (m, 25H,-C=0CH 2CH2- ; - ( 1·ί' 7' / .·( 1ί . ·· : ( 7' / .·( 1ί . - . 0.96-0.87 (m, 6Η , -( Ί Ί -

OCH 2CH2C¾).



Synthesis ofPoly[(2-vinyloxy)ethyl soyate] fPoly(2-VOES)J . Poly(2-VOES) was

synthesized from 2-(vinyloxy)ethyl soyate using eationie polymerization as described by Alam

and Chisholm (Alam et al, 201 J. Coat. Technol. Res., 8 671-683).

Synthesis of Epoxidized Poly(2-VOES). Epoxidized poly(2-VOES) was synthesized from

poly(2-VOES) as described by Alam and Chisholm (Alam et al., 201 1J. Coat. Technol. Res., 8

671-683).

Synthesis of Acrylated Poly (2-VOES) A-Poly(2-VOES). A-poly(2-VOES) was synthesized

from epoxidized poly(2-VOES) as described by Alam and Chisholm (Ala et ah, 2011 J. Coat.

Technol. Res., 8 671-683).

Coating Compositions and Preparation. Three sets of coatings were prepared for the

study. One set of coatings were simply blends of each acrylated or metbacrylated SBO-based

material used for the study with 5 weight percent of the PI (i.e. IRGACURE® 2022). The other

two sets of coatings utilized either ASBO or A-poly(2-VOES) as the reactive oligomer. Table 9

describes the compositions based on ASBO, while Table 10 describes the compositions based on

A-poly(2-VOES). The liquid coatings were mixed using a F ackTe mixer operating at 3500 rpm

for 5 minutes. Each coating solution was coated on nine steel-Q panels, one glass panel, and one

TEFLON®-laminated glass panel using a drawdown bar with a 0.008 inch clearance. The coated

panels were passed under a F300 UVA lamp (Fusion UV systems) using a conveyor belt speed of

5 fee min . The UVA light intensity was foun to be 1410 mW/cm as measured using a UV

POWER PUCK® I I (ETC Inc.).

Table 9 . Composition of coatings based on ASBO as the reactive oligomeric component and APS,

AAS, A3HS, MAS, or HF-MAS as the reactive diluent. All values are in weight percent.

Coating Designation APS AAS A3HS MAS HF-MAS ASBO I

APS/ASBO 25/75 23 7 — — — — 7 .3 5

AAS/ASBO 25/75 — 23.7 — — — 71.3 5

A3HS/ASBO 25/75 — — 23.7 — — 71.3 5

S ASBO 25/75 — — — 23.7 — 71.3 5

HF-MAS/ASBO 25/75 — — 2.3.7 71.3 5

APS/ASBO 50/50 47.5 — — — — 47.5 5

AAS/ASBO 50/50 — 47.5 — — — 47.5 5

A3HS/ASBO 50/50 — — 47.5 — — 47.5 5

AS ASBO 50/50 — — — 47.5 — 47.5 5

HF-MAS/ASBO 50/50 — — 47.5 47.5 5



Table 10. Composition of coatings based on A-poly(2~VOES) as the reactive oligomeric

component and APS, AAS, and A3HS as the reactive diluent. All values are in weight percent.

Coating Characterization Methods and Instrumentation. A JEOL-ECA 400 (400MHz)

nuclear magnetic resonance (NMR) spectrometer equipped with an autosampler was used to

generate NMR spectra. Data acquisition was completed using 6 scans in CDC13 as the

solvent. Infrared spectra were obtained with a Nicoiet 6700 FTIR spectrometer. Samples were

prepared by coating a thin layer of liquid on a KB plate. Spectra were recorded using 64 scans

and 4 cm 1 resolution with a data spacing of 0.964 cm 1. The thickness of the cured coatings was

determined using a PosiTest DFT® dry-thickness measurement gauge from DeFlesko

Corporation. Chemical resistance was accessed using ASTM D 5402-93, which is typically

referred to as the MEK (methyl ethy ketone) double rub test. The hardness of the coatings was

accessed using the nig pendulum hardness test (ASTM D 4366-95), while the impact resistance

of coated panels was accessed using ASTM D 2794-93. Viscoelastic properties of cured free films

were obtained using dynamic mechanical analysis (Q800 from TA Instruments). The free film

specimens were obtamed from the coatings cast over the Teflon coated glass panels. The

measurements were carried out using the following parameters: temperature range -40 °C to 20

°C, heating rate of 5 °C/min., frequency 1 Hz, and strain amplitude of 0.02%. The glass transition

temperature (Tg) was obtained from the peak maximum in the tan response. Mechanical

properties were obtained from "dumb belF'-shaped free film specimens using an instron 5545

Tensile Tester fitted with a 100 N load cell and the procedure outlined in ASTM D 638 - 5 . The

displacement rate of the movable clamp was set as mm/minute. The data reported was the

average of 5 replicate measurements. Rheological properties were determined with an ARES

Rheometer from TA Instruments. Liquid samples were placed in between a cone and plate and

viscosity recorded at a temperature of 25 °C and shear rate of 10 s .



Results and Discussion

Acrylate/Methacrylate Synthesis. The chemical structures of the fi ve SBO-based acrylate

or methacrylate compounds investigated for potential application as reactive diluents are shown

below:



The generic synthetic method used to produce APS, AAS, and A3HS is shown below:

2 } ox da lion



First, a base-catalyzed transesterification was conducted using a mono-functional alcohol

and SBO to produce a monoester compound with a significantly lower molecular weight and

viscosity than SBO. Next, an oxidation reaction was conducted using hydrogen peroxide to

convert disubstituted double bonds to epoxy groups. Finally, the acrylate functionality was

introduced by ring-opening the epoxy groups with AA. For MAS, MA was used in place of AA.

For HF-MAS, metbacrylic anhydride was used to generate methacry!ate groups both by epoxy

ring-opening reactions as well as esterification reactions involving the secondary hydroxyl groups

derived from the epoxy ring-opening reactions. Successful synthesis of each of the five SBO-

based acrylate or methacrylate compounds shown above as well as their intermediates was

confirmed using 1H N I ¬

T illustrate, Figures 1 and 2 provide NMR spectra with peak assignments that

demonstrate the successful synthesis of AAS as well as the two intermediates, AS and EAS.

figure 1 displays NMR spectra obtained for AS (Figure C) and, for reference purposes, the

NMR spectra for the starting materials, SBO (Figure 1A) and AA (Figure IB). A comparison of

the 1H NMR spectrum for SBO to that obtained for AS clearly shows that all of the protons

present in the fatty acid portion of SBO (R in Figure 1A) are present in AS, but the proton signals

associated with the glycerol component of SBO are absent. A comparison of the l NMR

spectrum for AS to the spectrum for AA shows that AS possesses the vinyl group derived from

AA. Also, the signal associated with the methylene protons a to the vinyl group in AA (δ 4.10

ppm) is shifted down-field by 0.48 pp in the spectrum for AS (δ =4.58). This down-field shift is

consistent with expectations since conversion of the alcohol to an ester has a deshielding effect on

the methylene protons a to the oxygen atom. Further, the signal for the hydroxyl proton present in

the spectrum for AA is not present in the spectrum for AS, indicating successful esterification.

Figure 2A displays the NMR spectrum for EAS. A comparison of the N MR

spectrum for EAS to that of AS (Figure C) shows that the double bonds present in the fatty acid

ester portion of AS were epoxidized while the terminal double bond derived from AA was not.

Considering the spectrum for EAS (Figure 2A), this conclusion was based on the lack of the

multiplet at 5.35 ppm, which corresponds to the fatty acid ester vinyl protons ("f in Figure IC),

the presence of the signals associated with the vinyl protons from the terminal double bonds

derived from AA at 5.84-5.93 ppm ("b" in Figure 2A) and 5.18-5.3 ppm ("a" in Figure 2A), and

the presence of new signals at 2.90-3.10 ppm ("h" in Figure 2A) that correspond to the protons of

the epoxide groups. The fact that the internal (i.e. disubstituted) doubles were completely



epoxidized while the terminal (i.e. monosubstituted) doubles were not epoxidized can be explained

by considering inductive effects associated with double bond substitution and the reactivity of the

epoxidization reagent (Lane et al., 2003 Chem. Rev., 103, 2457-2473). With regard to inductive

effects, a ky substituents have an electron donating inductive effect. Thus, d substitution

increases electron density at the double more than monosubstitution resulting in higher reactivity

of the former towards epoxidation A lso, compared to stronger oxi dizing agents such as meta-

chloroperoxyhenzoic acid, hydrogen peroxide is a less reactive epoxidation reagent and, as a

result, selectively epoxidized just the internal double bonds. This result was deemed potentially

beneficial since the a ly group was expected to be reactive during photo-curing and minimizing

the number of hydroxy! groups produced upon subsequent reaction with acrylic or methacrylic

acid should minimize viscosity.

A comparison of the Ή NMR spectrum for AAS (Figure 2B) to that of EAS (Figure 2A)

confirmed successful epoxy ring-opening using acrylic acid as the ring-opening reagent. As

shown in the ¾ NMR spectrum for AAS, signals resulting from the protons associated epoxide

groups ("h" in Figure 2A) are absent, while new signals associated with protons of the acrylate

double bonds are observed ("m and n" in Figure 2B). Since nueleophiiic attack by the carboxyiate

anion of acrylic acid can occ ur at either of the two carbon atoms of the epoxy group and the fatty

acid ester groups derived from linoleic and linolenic acid have multiple epoxy groups in close

proximity to each other, a number of proton signals associated with the methine groups generated

upon epoxy ring-opening were produced. Using HETCQR 2D NMR and estimates of chemical

shifts using CiiemDraw® Ultra, these methine protons were assigned generically as being

associated with a hydroxy-substituted carbon atom ("g" in Figure 2B) or acryiate-substituted

carbon atom ("h" in Figure 2B).

In addition to chemical characterization by l NMR, FTIR was also utilized. The FTIR

spectra obtained for each of the five SBO-based reactive diluents are shown in Figure 3 . The

spectra exhibit the absorption bands expected based on the anticipated chemical structure. For

example, the intense band at 730 cm 1 is due to the presence of the carbonyl groups (i.e. C=0

stretching), while the weak band at 1630 cm 3 is a result of the double bonds (i.e. C=C stretching).

The broad band in the region of 3500 cm readily observed in the spectra for al! of the SBO-based

reactive diluents except HF-MAS is the result of the hydroxy groups generated upon ring-opening

of epoxy groups by the carboxyiate groups from acrylic or methacrylic acid. For HF-MAS, the

band at 3500 cm 1 is very weak indicating that the hydroxy! groups created by epoxy-ring opening



reactions were effectively esterified using the excess of raethacrylic anhydride. The strong bands

in the region between 2780 - 3050 cm 1 in a l five spectra are due to vibrations related to C-H

bonds associated with the methyl methylene, methine, and alkene groups.

In addition to ASBO, A-poly(2-VOES) was used as an acryiated oligomer in the study. To

produce A-poly(2-VOES), SBO was first reacted with 2-(vmyloxy)ethanol using base-catalyzed

tratisesterification to produce the vinyl ether monomer, 2~(vinyloxy)ethyf soya e (2-VOES), as

shown below in part A. From 2-VOES, poly(2-VOES) was produced by cationic polymerization,

as shown below in part B.

A) Mon

B) Polymer Synthesis

Poly(2 -VOES)



With the cationic polymerization system utilized, polymerization occurred exclusively through the

vinyl ether groups, which allowed the double bonds derived from SBO fatty acid ester groups to

be retained. These double bonds were converted to acrylate groups by conducting post-

polymerization derivatization reactions as described by Alam and Qiisholm (A a et a ., 20 J

Coat. Technol. Res., 8 671-683).

Properties of the Coating Precursors. V-c rab e coatings, the viscosity and

acrylate/methacrylate equivalent weight (EW) of the precursors are very important parameters.

For the reactive diluent, the viscosity must be relatively low to enable adequate processability

without the use of solvent. The acrylate/methacrylate EW of the reactive diluent has a major

impact on the crosslink density of the coating, which affects most all of the coating physical

properties including hardness, chemical resistance, impact resistance, and abrasion and scratch

resistance. Acrylate/methacrylate EW can also affect adhesion since it affects the extent of

shrinkage upon cure. The viscosity of the acrylates used for the study was determined at 25 °C

using a shear rate of 0 s . As shown in Table 11, all five of the SBO-based reactive diluents

possess much lower viscosity than ASBO. In fact, the viscosities of APS, AAS, MAS, and HF-

MAS are ail around 50 cP or less, which is more than two orders of magnitude lower than the

viscosity for ASBO. The viscosities obtained for APS, AAS, MAS, and F-MAS are comparable

to viscosities of commercially available petrochemical-based reactive diluents such as ethoxylated

trimethylolpropane triacrylate (SR-454 from Sartomer, viscosity at 25 °C = 60 cP), alkoxylated

hexanedio! diacrylate (CD-560 from Sartomer, viscosity at 25 °C = 24 cP), Methylene glycol

diacrylate (SR-272 from Sartomer, viscosity at 25 °C = 30 cP), and trimethylol propane triacrylate

(SR-351 from Sartomer, viscosity at 25 °C = 05 cP) (Sartomer product technical data sheets).

In calculating the EW of the five SBO-based reactive diluents, the allyl functionality

present in AAS, MAS, and HF-MAS was included as a reactive group in addition to the acrylate

or methacrylate groups. It was hypothesized tha the allyl groups would participate in free radical

polymerization/crosslinking reactions either by direct addition of a free radical species across the

double bond or by chain transfer reactions involving the ailylic hydrogen atoms or by a

combination of the two reactions. Comparing the EW data shown in Table for the five

different SBO-based reactive diluents, it can be seen that EW is significantly reduced by using a

vinyl-functional alcohol for the transesteriflcation reaction. For example, the EW for AAS is 40%

lower than that of APS, while the EW of HF-MAS is about 24% lower than APS. The

significantly lower EW enabled by the use of a vinyl-functional alcohol was expected to provide



higher crosslink densities, which translates to better chemical and abrasion resistance, higher

hardness, and improved barrier properties. In addition to lowering the EW, the use of a vinyl-

functional alcohol for the transesterification also ensures that every molecule has at least one

reactive functional group. This feature minimizes the potential for unreacted material remaining

in the cured coating. As illustrated above, about weight percent of the fatty acid groups in SBO

are saturated. Thus, the use of an alcohol for the transesterification reaction that does not pro vide

a functional group capable of participating in free radical polymerization/erosslmkmg reactions,

which is the case for APS, results in a cured coating that can possess a significant amount of

"free/unreacted" material that can potentially plasticize the crosslinked network and, thus, reduce

hardness, chemical and abrasion resistance, glass transition temperature (Tg), etc. Further,

unreacted material can potential!)' bloom to the coating surface over time leading to an oily

surface and changes in coating properties.

With regard to renewable content of the coating precursors, both the overall renewable

content and weight percent of the compound derived from SBO (i.e. SBO content) were

calculated. For the calculation of renewable content, AA, nP, 3F1, and ALA were all considered to

be derived from renewable resources. AA can be obtained from biomass by converting

carbohydrates to lactic acid and then dehydrating lactic aci to AA (Xu et al., 2006 Chin J Chem.

Eng., 14, 419-427). nP has been produced from lignoceilulosic biomass using an

actinobacterium, Thermobifida fusca (Deng e al., 201 Metabolic Eng., 13, 570-577). ALA can

be obtained from glycerol through a dehydration process (Hoelderich et al., DE 0200803 828

Al). 3H, also referred to as leaf alcohol, is produced in small amounts by most plants (Ohta, 1984

Geochem, J., 8, 135-141). From Table , it can be seen that all of the coating precursors

possess a relatively high renewable content. HF-MAS has the lowest renewable content due to the

relatively high number of methacrylate groups present in the structure.



Table 11. Viscosity, molecular weight (MW), functional group concentration per molecule,

theoretical EW, renewable content, and SBO content for the coating precursors used for the study.

*Exact polymer molecular weight could not be measured; however, the molecular weight of the poty(2-VOES)
sample used to produce A-poIy(2-VOES) possessed a number-average molecular weighs of 15,400 g/mole expressed
re tive to polystyrene standards.

Prior to preparing coatings based on the five SBO-based reactive diluents and the two

oligomeric acrylates [i.e. ASBO and A-poly(2-VOES)], it was of interest to characterize the

properties of the cured precursors. Thus, each of the five SBO-based reactive diluents and the two

SBO oligomeric acrylates were individually blended with 5 weight percent of the P and the

mixtures coated onto panels and subsequently UV-eured. The coatings derived from APS were

tacky and, as a result, free films for conducting tensile testing and DMA were not able to be

generated. In contrast, coatings derived from HF-MAS were very brittle and exhibited micro-

cracking upon cure, which prevented coating property data from begin obtained. Table 12

provides the data obtained from the coatings produced.

With regard to the coatings derived from the five SBO-based reactive diluents, a

comparison of the properties obtained for APC to AAS clearly indicate that the a ly group present

in AAS contributes to the production of the crosslinked network upon UV exposure. As

illustrated above, the only difference in chemical composition between APS and AAS is that the

^-propyl ester group in APS is replaced with an ally! ester group in AAS. As indicated by the data

in Table 12, the ally! ester group provided tack-free coatings with increased hardness and chemical

resistance as compared to the n-propyl ester-based analog (i.e. APS). This result provides

evidence that the allylic group participates in free radical polymerization/crosslinking.



The only difference in chemical composition between MAS and AAS is that MAS

possesses methacrylate groups in place of the acrylate groups present in AAS. Both materials

possess the ally ester group. The higher Tg obtained for MAS as compared to AAS is consistent

with expectations considering the restrictions to molecular mobility the methyl group places on the

polymer backbone. However, the lower modulus lower chemical resistance, lower storage

modulus above Tg, and higher elongation at break observed for MAS as compared to AAS

suggests that the extent of cure, and thus the crosslink density, was lower for MAS. A lower

extent of crosslinking upon U V exposure for MAS is very likely since methacry late-based free

radicals are significantly less reactive that acrylate-based free radicals due to the added

stabilization provided by the methyl group through hyperconjugation (O'Hara, "Resins and

Monomers for Today's Radiation Curable Coatings," in Radiation Curing of Polymers, Randel

(Ed.), The Royal Society of Chemistry, London, 1987, pg. 16-127).

Compared to AAS, A3HS provided a coating with lower Tg, hardness, chemical

resistance, and modulus, which is consistent with the lower EW of this SBO-based acrylate. With

regard to the two SBO-based oligomeric acrylates, the Young's modulus, hardness, and storage

modulus above Tg were higher for A-poly(2-VOES), which was expected based on the much

higher number of acrylate groups per molecule for A-poly(2~VQES) as compared to ASBO (Alam

et al, 20 J. Coat. Techno!, Res., 8 67 -683 ;.

Table 12. Properties of coatings based on ASBO, A-poiy(2-VOES), APS, AAS, or A3HS with 5

weight percent PI.

†Equivalent weight calculation included the a y group.
f.Free film was too tacky to measure.



Coatings Based on ASBO as the Reactive Oligomeric Component.

Table 13 lists the properties obtained for UV-eurabie coatings based on ASBO as the

reactive oligomer and APS, AAS, or A3HS as the SBO-based reactive diluent. Two ratios of

reactive diluent to ASBO were utilized, namely, 25/75 and 50/50 by weight. A comparison of the

data obtained for coatings based on APS as the reactive diluent to their counterparts based on

AAS, it is clear that the ally! functionality in AAS participates in polymerization/crosslinking

during V exposure. The coatings based o AAS possessed significantly higher chemical

resistance (MEK double rubs), Tg, Young's modulus, hardness, and storage modulus above Tg as

compared to those coatings based on APS. With regard to crosslink density, the rubbery plateau

modulus (i.e. storage modulus at temperatures above Tg) can be used to directly compare

differences in crosslink density between materials since, based on the theory of rubber elasticity

(Flory, 1953. Principles of Polymer Chemistry. Ithaca, NY: Cornell University Press; Murayama,

1978. Dynamic Mechanical Analysis of Polymeric Materials. Amsterdam: Elsevier), crosslink

density' is proportional to storage modulus in the rubbery plateau region, as follows:

υ = E'/(3RT)

where υ is the crosslink density defined as the moles of crosslinks per unit volume of material, R

is the gas constant, E' is storage modulus in the rubbery plateau region, and T is the temperature

corresponding to the storage modulus value (Hill, 1992 J. Coat. TechnoL, 64, 29-41).

Figure 4 displays storage modulus (Figure 4A) and tan delta data (Figure 4B)as a function

of temperature for all of the coatings containing 50 weight percent ASBO. Over the temperature

range used for the measurements, all of the films exhibited a Tg that varied with the composition

of the reactive diluent. The coating based on APS exhibited a much lower Tg and lower storage

modulus in the rubbery plateau region as compared to the analogous coating based on AAS. Both

the difference and Tg and the difference in rubbery plateau storage modulus can be explained by

the obtainment of a significantly higher crosslink density with the use of AAS, which suggests that

the al y functional group in AAS contributes to polymerization/ 'crosslinking during curing.

The physical property data obtained for the coatings based on A3FIS indicate that the use

of this SBO-based reactive diluent provides crosslink densities that are higher than analogous

coatings based on APS, but lower than analogs based on AAS. This can be most easily seen from

the DMA data shown in Figure 4 . For the A3HS/ASBO 50/50 coating, both Tg and E' in the



rubbery plateau region were higher than those values for the APS/ASBO 50/50 coating but lower

than the values obtained for AAS/ASBO 50/50. This result is consistent with expectations based

on the differences in aciylate EW (Table 11) between the three SBO-based reactive diluents

Table 13. Data obtained for UV cured coatings based on ASBO as the reactive oiigomeric

component and APS, AAS, or A3H as the reactive diluent.

*E' indicates storage modulus.

Table 14 displays data for films obtained using ASBO as the reactive oligomer component

and MAS or HF-MAS as the reactive diluent. For comparison purposes, data for the analogous

coating based on AAS as the reactive diluent was included in the table. The only difference in

chemical structure between AAS an MAS is that MAS possesses methacryiate groups in place of

the aciylate groups present in AAS. As shown in Figure 4B, the temperature at the peak

maximum of the tan delta response associated with the coating Tg for MAS/ ASBO 50/50 was

about 4 °C lower than that for AAS/ASBO 50/50, but the transition was much broader and

extending to higher temperatures. This result indicates a much broader distribution of molecular

weight between crosslinks for the MAS/ASBO 50/50 film. This broader distribution of mol ecular

weight between crosslinks may be due to the fact that this coating possesses three different

reactive groups that var substantially with respect to reactivity during free radical

photopolymerization. The three functional groups present in the MAS/ASBO 50/50 coating are

the a ly group (derived from MAS), methyacrylate group (derived from MAS), and the aer late

group (derived from ASBO). As discussed by O'Hara (O'Hara, "Resins and Monomers for



Today's Radiation Curable Coatings," in Radiation Curing of Polymers, Randel (Ed.), The Royal

Society of Chemistry, London, 1987, pg. 16-127), the relative reactivity of these three functional

groups in free radical photopolymerization is:

a y < methaerylate < acrylate

it seems logical to expect that poor copolymerizabiiity between these three different

functional groups would lead to a broader distribution of molecular weigh t between crosslinks.

For example, if the acrylate groups present in the ASBO are consumed faster than the allyl or

methaerylate groups present in MAS, then the initial network woul be mostly comprised of

segments derived from ASBO and, as a result, would possess an initial distribution of molecular

weights between crosslinks that is characteristic of ASBO polymerization. As the concentration

of acrylate groups is depleted, consumption of methyacrylate groups and allyl groups would

become kinetic-ally competitive with acrylate group consumption resulting a different distribution

of molecular weights between crosslinks that is more characteristic of MAS polymerization. This

scenario has some features that are akin to the production of interpenetrating polymer networks in

which an initial network is fomied from one monomer or set of monomers and then that network

swelled with another monomer or set of monomers used to produce a second network upon

polymerization (Sperling et a ., "Interpenetrating Polymer Networks," in Polymer Blends

Handbook, Utracki (Ed.), l wer Academic Publishers, Dordrecht, The Netherlands, 417-447,

2002). A unique feature of interpenetrating polymer networks is the production of materials

possessing a very broad Tg. This broad Tg is the result of both differences in the chemical

composition of the two interpenetrating networks as well as differences in the molecular weight

between crosslinks for the two different networks. Materials possessing a broad Tg have been

shown to be useful for specialized applications such as vibration dampening.

Compared to the other for SBO-based reactive diluents, HF-MAS provided by far the

hardest, highest modulus, highest Tg coating films. As indicated in Figure 4A, the HF-

MAS/ASBO 50/50 film possessed the highest crosslink density as indicated by the very high

storage moduli in the rubber}' plateau region. This result can be attributed to the fact that HF-

MAS possesses the lowest EW of all of the SBO-based reactive diluents. In addition, the tan delta

response (Figure 4B) associated with the Tg for HF-MAS/ASBO was very broad which, as just



discussed, is most likely due to presence of ally] , methacrylate, and acrylate groups all in the same

coating composition.

Table 14. Data obtained for UV cured coatings of ASBO as the reactive oligomer component and

MAS or HF-MAS as the reactive diluent.

*E' indicates storage modulus

Coatings Based on Poly(2-VOES) as the Reactive Oligomeric Comp onent

Recently A a and Chisholm (A a et al., 201 J. Coat. Technol. Res., 8 671-683)

developed a method for producing novel vinyl ether polymers from SBO that, as shown above,

possess a fatty acid ester group from SBO in every repeat unit of the polymer. Compared to SBO

triglycerides, which possess three fatty acid ester groups per molecule, these SBO-based vinyl

ether polymers possesses 0s to 00s of fatty acid ester groups per polymer molecule depending

on the polymer molecular weight. This feature has been shown to result in much short cure times

for coatings derived from poly(2-VOES) than for analogous coatings derived from SBO. The

shorter cure times obtained with the use of poly(2-VOES) are a result of the gel-point being

reached at dramatically lower functional group conversion (Alam et al., 201 J. Coat. Technol.

Res., 8 671-683). In addition to shorter cure times coatings based on poly(2-VOES) or a

derivatized version of poly(2-VOES) were found to possess higher crosslink densities than

analogous coatings based on SBO or an SBO derivative. This feature is a result of the methine

carbon atoms present in polymer backbone of poly(2-VOES) that serve as crosslinks in the

network upon curing of functional groups present in the fatty acid ester pendent groups of the

polymer.



Table 5 displays data obtained for coatings based on A-poly(2~VOES) as the reactive

oligomeiic component and APS, AAS, or A3HS as the reactive diluents. Consistent with the data

obtained for analogous coatings based ASBO as the reactive diluents component, AAS provided

the highest Tg, Young's modulus, hardness, chemical resistance, and crosslink density (i.e. E' in

the rubbery plateau). Also consistent with the data obtained for ASBO-based coatings, A3HS

provided properties that were higher than those obtained using APS as the reactive diluents, but

lower than those obtained from coatings based on AAS as the reactive diluent. These results were

consistent with expectations based on difference in the EW of the three different reactive diluents.

Table 15. Data obtained for UV cured coatings of A-poly(2-VOES) as the reactive oiigomeric

component and APS, AAS, or A3 as the reactive diluents.

*E' indicates storage modulus.

Figure 5 provides a comparison of the viscoelastic properties for coatings based on A-

poly(2-VOES) to analogous coatings based on ASBO. Figures 5A, 5B, an 5C correspond to

coating based on APS, A3HS, and AAS as the reactive diluent, respectively. An interesting trend

was observed with respect to the E W of the reactive diluent and the viscoelastic response. Due to

the much higher number of aery late groups per molecule associated with A-poly(2-VOES) as

compared to ASBO, it was expected that the Tg and rubbery plateau modulus for coatings based

on A-poiy(2-VOES) would be higher than for analogous coatings based on ASBO. This type of

result has been consistently observed when the properties of coatings based on poly(2-VOES) are

compared to analogous coatings based on SBO (Alam et al., 201 J. Coat Techno!. Res., 8 671-

683). As shown in Figure 5A, APS/A-poly(2-VOES) 50/50 yielded a higher Tg and higher



rubbery plateau modulus compared to APS/ASBQ 50/50, which is consistent with expectations.

However, as shown in Figure 5B, analogous compositions based on A3HS as the reactive diluent

showed very little difference in Tg and rubbery plateau modulus between the coating based on A-

poly(2-VOES) and that based on ASBO. As mentioned previously, the primary difference

between APS and A3HS is that A3HS possesses a lower reactive group EW. As shown in Figure

5C, coatings based on AAS as the reactive diluent, which has a lower reactive group EW than

either A3HS and APS, showed the opposite result of what was expected; that is, the coating based

on ASBO as the reactive oligomer provided a higher Tg and higher rubbery plateau modulus than

the coating based on A-poly(2-VOES) as the reactive oligomer. These results may be due to

diffusion limitations resulting from rapid vitrification during photo-cure.

The gel-point, defined as the extent of functional group conversion that results in the

formation of an infinite polymer network (Paul et al, Polymer Chemistry. Second ed. Boca Raton:

C P, 2007. 381-389), is a function of the number of functional groups per molecule for both the

reactive oligomer component as we l as for the diluent. For A-poly(2-V OES), the number of

aery late groups per molecular is equal to 1.5DP where DP is the degree of polymerization (Alam

et al., 2011 J. Coat. Technol. Res., 8 671-683). So, if the DP of A-poly(2-VOES) was 100, than

the number of aerylate groups per polymer molecule would be 50. In contrast, the number of

acrylate per molecule for ASBO is dramatically lower at about 4.5. Thus, it can easily be

understood that the gel-point will be reached at a much lower extent of acrylate group conversion

for A-poiy(2-VOES) as compared to ASBO (Pinner, 1956 J. Poiym. ScL, 21, 153-1 57). At the

gel-point, segmental mobility and molecular diffusion are greatly reduced which can significantly

reduce the rate of polymerization of remaining functional groups. With regard to the three

reactive diluents, the functional group EW for APS, A3HS, and AAS are 314, 240, and 88

g/mole, respectively. Thus, for a given reactive oligomer, the use of AAS would result in the gel-

point being reached at the lowest extent of functional group conversion, while the use of APS

would necessitate the highest functional group conversion before reaching the gel point.

Considering these differences, the combination of the relatively large number of functional groups

per molecule for A-poly(2-VOES) with the relatively low functional group EW of AAS may result

in such rapid vitrification upo V exposure that overall functional group conversion and, as a

result, crosslink density is limited due diffusion limitations. Thus, even though, the use of A-

poly(2-VOES) in conjunction with AAS should provide the coating with the highest crosslink

density, diffusion limitations resulting from rapid vitrification resulting from the gel-point being



reached at a very low degree of functional group conversion may be limiting the overall extent of

functional group conversion and, thus, the crosslink density. Further investigation involving direct

measurements of functional group conversion during photo-curing will be conducted to

unambiguously determine if this explanation is correct.

Conclusion

ASBO has been commercialized for applications such as photocurable coatings and

thermoset composites. Since the viscosity ASBO is relatively high, a reactive diluent is required

to produce photocurable compositions that are processable and essentially free of VOCs. Since

most all reactive diluents are derived from petroleum and coatings with high renewable contents

are desired, there is a need for new reactive diluents based on renewable resources. Five SBO-

based aciylates/methacrylates were synthesized and investigated.

The complete disclosure of all patents, patent applications, and publications, and

electronically available material (including, for instance, nucleotide sequence submissions in, e.g.,

GenBank and RefSeq, and amino acid sequence submissions in, e.g., SwissProt, P R, PRF, PDB,

and translations from annotated coding regions in GenBank and RefSeq) cited herein are

incorporated by reference. In the event that any inconsistency exists between the disclosure of the

present application and the disclosure(s) of any document incorporated herein by reference, the

disclosure of the present application shall govern. The foregoing detailed description and

examples have been given for clarity of understanding only. No unnecessary limitations are to be

understood therefrom. The invention is not limited to the exact details shown and described, for

variations obvious to one skilled in the art will be included within the invention defined by the

claims.



What is claimed is:

1. A compound having formula I :

wherein is an organic group comprising at least one double or triple carbon-carbon bond; X is

O, N 3, N, or S; R is a fatty acid residue; and R is H or aikyi.

2 . The compound of claim 1, wherein the fatty acid residue is from a plant oil triglyceride.

3 . The compound of claim or 2 wherein is a lyi.

4 . The compound of any of the previous claims wherein the plant oil is selected from the group

consisting of soybean oil, linseed oil, sunflower oil, safflower oil, canola oil, corn oil, cashew nut

oil, olive oil, peanut oil, pal oil, sesame oil, cottonseed oil, rapeseed oil, walnut oil, almond oil

and coconut oil.

5 . The compound of claim 4 wherein the oil is soybean oi l

6 . The compound of any of the previous claims wherein at least one of Ri and R contains at least

one functionality selected from the group consisting of epoxide, acrylate, methacrylate, hydroxyl,

and cyclic carbonate.

7 . A composition comprising a plurality of compounds of claim

8. The composition of claim 7, wherein the plant oil is soybean oil, and wherein for each of the

plurality of compounds, R2 is a fatty acid residue independently selected from a linolenic acid, a

linoleic acid, an oleic acid, a stearic acid, and a palmitic acid.



9 . A curable composition comprising at least one compound of claim 1

10. The curable composition of claim 9 comprising a reactive diluent comprising the compound

of claim .

. A method for making a compound comprising:

reacting an unsaturated, nucieophilic reactant with a plant oil triglyceride to yield a compound

having formula 1:

wherein R is an organic group comprising at least one double or triple carbon-carbon bond; X is

O, NR.?, N, or S; R2 is a fatty acid residue from a plant oil triglyceride; and R 3 is H or alkyl.

12. The method of claim 1 wherein the nucieophilic reactant is monovalent.

13. The method of claim 1 or 12 wherein the nucleopliile reactant is an alcohol, thiol or amine.

14. A polymer or copolymer comprising the compound of any of claims 1-6 or a derivative

thereof.

5 . A functionaiized polysiloxane comprising a compound of any of claims 1-6 or a derivative

thereof.

16. A urethane or polyurethane comprising the functionaiized polysiloxane of claim 15 or a

derivative thereof.

17. A method for making a functionaiized polysiloxane comprising contacting the compound of

any of claims 1-6 with a polysiloxane to yield a functionaiized polysiloxane.



18. A coating, film, fiber, foam, adhesive, ink, plastic, elastomer, paint, molding compound,

thermoplastic resin, sealant, lubricant or composite comprising the compound of claim 1 or a

derivative thereof.

. An article, material, compound, composition, or method including one or more of the features

described herein.
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