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MULT-MODALVINYL ESTER RESINS 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica- 5 
tion; matter printed in italics indicates the additions 
made by reissue. 

STATEMENT OF GOVERNMENT INTEREST 
10 

This invention was reduced to practice with Government 
support under Grant No. DAAD 19-02-2-0010 awarded by 
the Army Research Laboratory; the Government is therefore 
entitled to certain rights to this invention. 

15 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to the preparation of vinyl 

ester resins with low volatile organic compound (VOC) con 
tent to reduce hazardous air pollutant (HAP) emissions. More 
specifically, the present invention relates to multi-modal vinyl 
ester resins. 

2. Brief Description of the Prior Art 
Styrene is the most common reactive diluent used in ther 

mosetting liquid molding resins. Recently, the Federal Envi 
ronmental Protection Agency of the United States of America 
introduced legislation to address hazardous emissions from 
composite manufacturing and repair by enacting new emis- 30 
sion standards through the “National Emission Standards for 
Hazardous Air Pollutants: Reinforced Plastic Composites 
Production.” which specifically targets styrene, methyl meth 
acrylate, and mclhylene chloride as regulated hazardous air 
pollutants. Volatile organic compoundemissions are liberated 35 
during all of the phases of composite fabrication. Styrene 
emissions occur during the mixing of diluents, catalysts, and 
initiators into the system. Composite parts typically have very 
large surface to volume ratios, which allows up to 20% of the 
styrene content to be lost during the molding stage. During 40 
cure, elevated temperatures increase the vapor pressure of 
styrene and thus increase the rate of VOC emissions. Unfor 
tunately, even after cure during the lifetime of the part, styrene 
emissions can be substantial. Past work has shown that up to 
50% of the styrene is unreacted after cure. Therefore, libera- 45 
tion of VOC emissions must be mitigated not only during 
composite processing, but also during curing and fielding of 
the composite part. 

Simply reducing the styrene content in VE resins causes 
two problems. First of all, the resin viscosity increases unac- 50 
ceptably. The second problem is that the fracture toughness of 
these resins decreases as the styrene content is reduced. 
Lower molecular weight vinyl ester monomers can be used to 
reduce the resin viscosity, but detrimentally affects the frac 
ture properties. This is the problem with Dow DerakaneTM 55 
441-400, which uses low molecular weight vinyl ester mono 
mers and only 33 wt % styrene. The viscosity is approxi 
mately 400 cp, which is acceptable for liquid molding opera 
tions. On the other hand, the fracture toughness is only ~100 
J/m. 60 

Reactive diluents other than styrene have been used to 
reduce both VOC and HAP emissions. 2-hydroxymethacry 
late has been used, but the resin viscosity and properties of the 
resulting polymers are inferior to that of styrene-based ther 
mosetting resins. In addition, 2-hydroxymethacrylate pro- 65 
duces significant VOC emissions. Ortho and para-methyl Sty 
rene have lower volatilities than styrene; however, these 

25 

2 
chemicals still produce significant VOCs and would probably 
be classified as HAPs if used on a large scale. 

Additives, such as paraffin waxes, have been used to Sup 
press styrene emissions. Yet, these resins suffer from poor 
polymer performance and poor interfacial adhesion in fiber 
matrix composites. Furthermore, studies have shown that 
these additives do not effectively decrease styrene emissions 
during the time-scale of use. 

Vinyl esters are used in military and commercial applica 
tions because of their high performance, low weight, and low 
cost. Although it is important to reduce the styrene content in 
these resins, the fracture toughness of VE resins must be 
improved for military, automotive, and other applications. 
Many methods have been used to toughen these resins, but 
with little success. 
A simple way to improve impact performance of thermo 

sets is through matrix toughening, or decreasing the crosslink 
density of the network. Previous work shows that this method 
works for vinyl esters. Synthesizing vinyl ester monomers 
with a higher molecular weight decreases the crosslink den 
sity and gives the network more molecular flexibility. A more 
flexible network corresponds to a tougher system; however, 
direct losses are experienced in other mechanical and thermal 
properties such as modulus and glass transition temperature 
(T). In addition, increasing vinyl ester molecular weight also 
increases resin Viscosity. This viscosity increase could pro 
hibit the use of inexpensive liquid molding techniques for 
composite fabrication. 
To avoid significant plasticization of the matrix, other 

methods for toughening can be found in the literature and 
have been used commercially. Second phase toughening with 
rubber modifiers that precipitate from solution is one such 
method. It has heen shown that thermosetting systems, such 
as epoxies, can be toughened through rubber modification. 
For example, phase separation of a carboxyl-terminated rub 
ber (CTBN) from a reacting mixture of diglycidyl ethers of 
bisphenol-A (DGEBA) and diamines (e.g. diamino diphenyl 
sulfone) results in a well-dispersed phase of rubber particles 
having typical dimensions of 1 Lum and a material with 
improved toughness. For higher molecular weight DGEBA 
systems, the increase infracture toughness is dramatic, reach 
ing up to one order of magnitude. The rubber modifier must be 
miscible with the resin at room temperature and should fully 
precipitate from Solution during cure to avoid plasticizing the 
epoxy phase. 

Because rubber modification of epoxies has been success 
ful, it should follow that toughening vinyl esters would expe 
rience the same type of Success. Dreerman and coworkers 
attempted to toughen vinyl ester using an epoxy terminated 
(ETBN) and vinyl terminated (VTBN) butadiene-acryloni 
trile rubber. They found that ETBNyielded the highest degree 
of toughening with approximately 70% increase in K. This 
pales in comparison to toughened epoxies, which exhibit over 
an order of magnitude increase in G, from unmodified 
epoxies. Also the rubber modifiers were not compatible with 
the vinyl ester, which is a necessary condition for rubber 
toughening. Attempts to improve the compatibility (in 
creased temperature, ultrasonic treatment, and Surfactants) 
were not successful. Ullet reported similar trends when 
toughening vinyl ester. Two-phase mixtures were reported for 
butadiene-acrylonitrile based rubber modifiers. Compatibi 
lizing agents improved the solubility of the rubber, but hin 
dered the phase separation during cure. Also, a relatively low 
increase to Ki (11.6%) was achieved. Siebert and coworkers 
were able to obtain higher levels of toughness, as high as a 
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54.0% increase in K. Unfortunately, this toughening 
required relatively high rubber levels and resulted in a sig 
nificant plasticization of the vinyl ester matrix. Similar prob 
lems with toughening vinyl esters were experienced by other 
research groups as well. 

Bimodal blends of unsaturated polyester monomers have 
been used to make resins with good fracture properties and 
reduced resin viscosities. However, the viscosities of these 
resins were significantly higher than what is acceptable for 
inexpensive liquid molding of composite structures. Blends 
of VE monomers have also been used to make polymers. Dow 
Derakane resins typically contain mixtures of VE monomers 
with molecular weights as low as 540 g/mol and as high as 
1900 g/mol. Because the molecular weights of the compo 
nents are fairly similar, only modest increases in fracture 
toughness are observed (G-250J/m). On the other hand, 
the VE multi-modal blends detailed herein have G. values 
greater than 200 J/m at low styrene contents (-30 wt %.). 
Therefore, multi-modal blends allow for the production of 
polymers with high fracture toughness, low viscosity, and low 
VOC emissions. 

SUMMARY OF THE INVENTION 

In a first aspect, this invention relates to the preparation of 
multi-modal vinyl ester resins with low volatile organic com 
pound (VOC) content, low resin viscosity, and high fracture 
toughness. These vinyl ester resins contain a mixture of low 
and high molecular weight vinyl ester monomers (i.e. bimo 
dal blend) for use as liquid molding resins for inexpensive 

5 
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4 
DETAILED DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 

In a first aspect, the present invention relates to the prepa 
ration of multi-modal vinyl ester polymers. The invention is 
applicable to all acrylic and alkyl-acrylic vinyl esters. 

Vinyl esters suitable for use in the invention include, but are 
not limited to, methacrylated and acrylated glycidyl ethers of 
bisphenols. Typically, any epoxy resin or combination of 
epoxy resins can be employed. Suitable epoxy resins include 
epoxy resins derived from monomers including, but are not 
limited to, bisphenol A, hexafluorobisphenol A, bisphenol E. 
bisphenol F. tetramethyl bisphenol E. tetramethyl bisphenol 
F. bisphenol M, bisphenol C, bisphenol P and bisphenol Z. 
Methacrylates Monomers such as methacrylates and acry 
lates of ethoxylated bisphenols may also be employed. 

Vinyl esters having vinyl functionality greater than two 
may also be employed. This includes systems such as: acrylic 
and alkyl-acrylic vinyl esters of epoxy novolacs, acrylates of 
tris-hydroxyphenylmethane glycidyl ether (THPM-GE), 
ethoxy phenol novolacs, and an epoxy resin derived from 
ethoxylated tris-hydroxyphenylmethane. Also, brominated 
versions of the above systems, such as, for example, bromi 
nated bisphenol A based vinyl esters, may be employed. 
Prefened vinyl esters are the bisphenol vinyl esters due to the 
desirability of making structural composites fiom the result 
ant polymers. 

Vinyl ester monomers were prepared via reaction of a vinyl 
carboxylic acid with an epoxy resin, as shown below for the 
methacrylation of diglycidyl ether of bisphenol (DGEBA). 

CH CH 

O CH OH CH O 
pi 

Catalyst 
Heat 

O O 
CH3 CH3 

OH CH3 OH CH3 OH 
pi 

composite fabrication processes, such as vacuum assisted 
resin transfer molding (VARTM), wetlay-up, pultrusion, and 
filament winding. The low molecular weight vinyl ester 
monomers keep the viscosity of the resin low, while the high 
molecular weight monomers improve the fracture toughness 
of the polymer. As a result, these resins have improved frac 
ture toughness relative to commercial resins, while having 
similar resin Viscosity. Furthermore, low reactive diluent (e.g. 
styrene) contents can be used resulting in low VOC emis 
sions, while still maintaining acceptable resin Viscosity and 
good tincture toughness. 

In a second aspect, the present invention relates to a method 
for the preparation of low VOC multi-modal vinyl ester res 
ins. The method includes the step of reacting at least one low 
molecular weight vinyl ester that is a liquid or crystalline 
epoxy resin at 25°C. and at least one high molecular weight 
vinyl ester that is an amorphous, Solid epoxy resin at 25°C. at 
a temperature and for a time sufficient to form the multi 
modal blend of vinyl ester monomers. 

50 

55 

60 

65 

The vinyl ester multi-modal blends were produced using a 
mixture of a low molecular weight epoxy resin, such as Epon 
828TM, and a high molecular weight resin, such as Epon 
1009FTM. High molecular weight EponTM resins are quite 
inexpensive. Therefore, the vinyl ester multi-modal blends 
not only offer performance advantages, but also offer cost 
savings. 
Any vinyl carboxylic acid or blend of acids can be used to 

form a vinyl ester via reaction with epoxy. Common acids 
include acrylic acid and methacrylic acid. Any catalyst cane 
be used that promotes the acid-epoxy reaction, while main 
taining or reducing the rate of epoxy homopolymerization. A 
homogeneous catalyst can be used in concentrations of as low 
as 0.01 wt % and as high as 3 wt %. Heterogenous catalysts 
can be used in any concentration. 
The vinyl ester bimodal blends described in this patent 

disclosure have sufficiently low viscosities, because of the 
low molecular weight vinyl ester monomer, while having 
high fracture toughness because of the high molecular weight 
vinyl ester monomer. As a result, very large increases in 
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fracture toughness (G-500 J/m) were achieved, while still 
maintaining low resin Viscosity. 
The preparation of these multi-modal blends with defined 

molecular weight distributions was accomplished by dissolv 
ing the high molecular weight Epoxy resin in the low molecu 
lar weight epoxy resin and low contents of styrene (-20 wt 
%). Small amount of hydroquinone were added to inhibit 
polymerization during reaction. 

These vinyl ester multi-modal blends were designed to 
improve the fracture toughness of vinyl ester polymers, as 
well as to lower VOC emissions, while maintaining low resin 
Viscosity and low cost. Commercial vinyl ester resins are 
inexpensive but also have relatively low fracture toughness. 
In addition, commercial resin Systems produce high Styrene 
emissions during all the stages of composite fabrication and 
usage due to the use of significant proportions of styrene as a 
reactive diluent in such resins. Multi-modal vinyl resins have 
fracture properties that are Superior to that of commercial 
resins. In addition, multi-modal vinyl resins require lower 
styrene contents than commercial resins to obtain good poly 
mer performance. Furthermore, because multi-modal vinyl 
blends utilize inexpensive high molecular weight epoxy 
monomers, these resins are expected to be more affordable 
than commercially available vinyl ester resins. 

The monomers described herein may be used to produce 
resins and polymers with Superior properties relative to com 
mercial thermosetting liquid molding resins. Therefore, these 
vinyl ester multi-modal blends can be used for the production 
of polymer matrix composites, which are used in military, 
automotive, recreational, and marine applications. Specific 
items made from these materials include body panels and 
armor for vehicles, composite hoods, and boat hull structures. 
In addition, these materials can be used with traditional ther 
mosetting vinyl and polyester resins to serve as gel coating 
matter providing a protective coating. 

In general, references to low molecular weight monomers 
in the context of vinyl ester monomers, refers to vinyl ester 
monomers that are derived from liquid or crystalline epoxy 
resins at 25°C. High molecular weight vinyl ester monomers 
refer to vinyl ester monomers derived from amorphous, solid 
epoxy resins at 25°C. In the context of the present applica 
tion, Epon 828TM is the low molecular weight vinyl ester 
monomer and the other EponTM monomers are high molecu 
lar weight monomers. 

Typically, in bimodal vinyl ester blends, the low molecular 
weight monomer comprises 5-65% by weight of the overall 
resin weight, the high molecular weight monomer comprises 
5-65% by weight of the overall resin weight, and the reactive 
diluent, including styrene, ortho-methylstyrene, para-meth 
ylstyrene, 2-hydroxymethacrylate, methyl methacrylate, 
ethyl methacrylate, butyl methacrylate, methyl acrylate, 
cyclohexyl methacrylate, isobomyl methacrylate, and fatty 
acid monomers, comprises up to 60% by weight of the overall 
resin weight. In general, the low molecular weight monomers 
can comprise 1-99% by weight of the overall resin, the high 
molecular weight monomer comprises 1-99% by weight of 
the overall resin weight, and the reactive diluent comprises up 
to 98% by weight of the overall resin weight. More prefer 
ably, to reduce VOC, it is desirable to employ no more than 
40% by weight of the reactive diluent, and even more prefer 
ably no more than 30% by weight of the reactive diluent, and 
most preferably no more than 20% by weight of the reactive 
diluent, based on the overall resin weight. The reactive diluent 
component can also be partially replaced by one or more fatty 
acid monomers described below. 

There are at least four potential advantages of various 
aspects of the present invention. These advantages are: 
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6 
The use of inexpensive high molecular weight epoxy resins 

as components of vinyl ester resin. 
The preparation of multi-modal blends of vinyl ester 
monomers with customized molecular weight distribu 
tions. 

The concept of using mixtures of low and high molecular 
weight vinyl ester monomers to maintain low resin vis 
cosity, while improving polymer fracture toughness. 

The concept of using vinyl ester multi-modal blends to 
reduce VOC emissions from thermo setting resins while 
maintaining good rheological and mechanical proper 
ties. 

The multi-modal resins of the present invention have been 
tested experimentally and found to be successful, i.e. thermo 
setting liquid molding resins using vinyl ester multi-modal 
blends have acceptable resin viscosities and thermo-me 
chanical properties similar to that of commercial vinyl ester/ 
styrene polymers, and fracture toughness greater than that of 
commercial resins. The vinyl ester resins of the invention may 
have a glass transition temperature from about 60°C. to about 
2000 C. 

These resins can be cured in any way used to cure free 
radically reactive systems, including, but not limited to ther 
mal cure, room temperature cure, electron beam cure, and 
ultraviolet cure. 

The present invention also relates to the process for making 
the multi-modal resins of the invention. The method includes 
the step of reacting at least one low molecular weight vinyl 
ester that is a liquid or crystalline epoxy resin at 25°C. and at 
least one high molecular weight vinyl ester that is an amor 
phous, Solid epoxy resin at 25°C. at a temperature and for a 
time sufficient to form the multi-modal blend of vinyl ester 
monomers. The resulting resin may have a viscosity of from 
about 30 cF to about 2000 cF at 25°C., and optionally, the 
resin may have a viscosity of from about 30 cp to about 500 
CP at 25° C. 

All of the various aspects of the invention can be employed 
in vinyl esters using any conventional reactive diluent. Gen 
erally, any low viscosity monomer with a single, free-radi 
cally polymerizable group can be employed as a reactive 
diluent. Exemplary reactive diluents include, but are not lim 
ited to, styrene, ortho-methylstyrene, para-methylstyrene, 
2-hydroxymethacrylate, methyl methacrylate, ethyl meth 
acrylate, butyl methacrylate, methyl acrylate, cyclohexyl 
methacrylate, and isobornyl methacrylate. All of the various 
aspects of the invention may also employ a free-radical 
inhibitor, such as hydroquinone, to reduce or prevent gelation 
of the reaction mixture. 

Alternatively, the reactive diluents may include one or 
more monomers derived from fatty acids. Such fatty acid 
monomers include current and future commercial fatty acid 
monomers such as lauryl methacrylate. In addition, these 
monomers may include fatty acid monomers represented by 
the following formulae: 

1b 

pi CH3 
V 

C CH-CH O C=CH2 R1 No1 ne1N ? 
O 
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R-CH-CH-R-C CH-CH O CFCH 
no1 non-ne1 

OH 
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R-CH-CH 9 C CH2 

2 Y. | CH r NCH 
CH O 1- 2 
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| OH 
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| CH 2-2 O1 NCH 
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O OH CH 

| CH h O c CH 2- FCH2 

R1 No1 NCH1 Sir 
O 
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O 

CH 2 OH o1 No? City 
O CH-CH O CECH 

HO | y "T"ne-ne- 2 
R-C-O 

O 
R4 

R, R2, and Rare any fatty acid residue, specifically includ 
ing any C-Clso residue, including saturated alkyl residue, 
unsaturated alkyl residue; acetylenic alkyl residue, hydroxy 
alkyl residue, carboxylic acid alkyl residue, divinyl ether 
alkyl residue, Sulfur-containing alkyl residue, amide alkyl 
residue, methoxy alkyl residue, keto alkyl residue, haloge 
nated alkyl residue, branched methoxy alkyl residue, 
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8 
branched hydroxyl alkyl residue, epoxy alkyl residue, and 
fatty acyl-CoA alkyl residue, ring-containing alkyl residue, 
including cyclopropane alkyl residues, cyclopentenyl alkyl 
residues, cyclohexyl alkyl residues, furanoid alkyl residues, 
phenylalkanoic alkyl residues, and lipoic alkyl residues. 
R is any fatty acid segment, specifically including any 

saturated alkylene segment, unsaturated alkylene segment; 
acetylenic alkylene segment, hydroxy alkylene segment, 
divinyl ether alkylene segment, Sulfur-containing alkylene 
segment, amide alkylene segment, methoxy alkylene seg 
ment, keto alkylene segment, halogenated alkylene segment, 
branched methoxy alkylene segment, branched hydroxyl 
alkylene segment, epoxy alkylene segment, and fatty acyl 
CoA alkylene segment, ring-containing alkylene segment, 
including cyclopropane alkylene segments, cyclopentenyl 
alkylene segments, cyclohexyl alkylene segments, furanoid 
alkylene segments, phenylalkanoic alkyl segments, and lipoic 
alkylene segments of backbone lengths from 1-25 atoms. Rs 
is selected from the group consisting of Hand an alkyl residue 
having 1-10 carbon atoms. Rs is an unsaturated cyclic alkyl 
residue having 10-50 carbon atoms and with R and R func 
tionality. 
A number of synthetic procedures can be employed for 

making fatty acid-based monomers to be used as a reactive 
diluent in vinyl ester resins. FIG. 1 lists some of the synthetic 
routes that can be employed. In all of the synthetic routes, the 
starting materials are selected from triglycerides (Known 0), 
fatty acids (Known la), fatty acid methyl esters (Known 2a). 
and cyclic fatty acids (Known 5a). Refined plant oils contain 
approximately 99% triglyceride molecules. Industrially, fatty 
acids (FA) are produced from triglycerides by reaction with a 
strong acid, such as HC1. Fatty acid methyl esters (FAME) are 
produced by a methanolysis reaction. In this reaction, metha 
nol replaces the glycerolesterlinkages of the fatty acids under 
basic conditions. Cyclized fatty acids may be produced by 
reacting polyunsaturated fatty acids of triglycerides at high 
temperatures under basic conditions. 

In synthetic Route 1b, fatty acids are reacted with an 
epoxy-vinyl species, such as glycidyl methacrylate. The car 
boxylic acid group of each of the fatty acids adds to the 
epoxide group on glycidyl methacrylate. The resulting spe 
cies of glycidyl methacrylate fatty acid may be a fairly long 
hydrocarbon (typically 12-26 atoms in length depending on 
the fatty acid used) with a terminal unsaturation site that is 
capable of free radical polymerization (Product 1b). The 
length of the fatty acid chain affects the resin and polymer 
properties. Therefore, the particular fatty acid used has an 
effect on the polymer properties, thereby allowing customi 
zation of the polymer by selection of the fatty acid monomer 
(s). 
Any fatty acid can be methacrylated using glycidyl meth 

acrylate. For example, butyric acid, capric acid, caprylic acid, 
lauric acid, myristic acid, palmitic acid, Stearic acid, oleic 
acid, and linoleic acid were all used as starting materials for 
such methracrylation reactions. Mixtures of the fatty acids 
found in safflower oil were also used for methacrylation reac 
tions. 

Epoxides, such as glycidyl methacrylate, react with fatty 
acids attemperatures below 100°C. with short reaction times, 
if properly catalyzed. A chromium based catalyst, AMC-2TM 
(Aerojet Chemicals, Rancho Cordova, Calif.) has been suc 
cessfully used to catalyze this reaction in amounts ranging 
from 0.1-3.0 wt %, based on the total weight of the reaction 
mixture. 
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-continued 

Product 8a. Product 8b 

FIG. 1: The proposed synthetic routes to produce fatty 
acid-based monomers. 

Alternatively, 0.1-3.0 wt % of a 3:1 ratio of triphenyl anti 
mony (SbFh) to triphenyl phosphine (PPh) catalyst can be 
used to catalyze the reaction of epoxides with fatty acids. 
Near IR or mid IR (FTIR) can be used to determine the extent 
of the reaction since the primary epoxide peaks at 4530 cm 
and 917 cm can be tracked during the reaction. When the 
reaction has gone to completion, the epoxide peaks disappear, 
indicating Substantially complete consumption of the 
epoxide during the reaction. 

In synthesis Route 2b, unsaturation sites on fatty acid 
methyl esters are first epoxidized, and then reacted with a 
vinyl carboxylic acid, such as acrylic acid or methacrylic 
acid. The resulting monomer (Known 2b) includes an acry 
late or methacrylate group, which is capable of free radically 
polymerizing, in the middle of a long hydrocarbon chain (20 
atoms long). Ideally, this monomer will have only a single 
acrylate group. For this to be the case, monounsaturated fatty 
acids need to be used. Pure mono-unsaturated acids are fairly 
expensive. Canola oil and olive oil are relatively inexpensive 
sources of mono-unsaturated acids, but they each have sig 
nificant contents of saturated and polyunsaturated acids. The 
preparation of:acrylated epoxidized fatty acid methyl esters is 
described elsewhere. 

Di-functional monomers can be used to improve the prop 
erties of vinyl ester resins by providing additional cross 
linking as well as decreasing the amount of unreacted mono 
mer in the cured polymer. Synthesis Route 3 shows a way to 
produce di-functional monomers (Product 3b) by combining 
the synthetic procedures of synthesis Routes 1 and 2. Free 
radically reactive fatty acids (Product3a) are an intermediate, 
which are believed to be novel. These species can be used to 
create free-radically reactive surfactants by simple addition 
of the free-radically reactive fatty acid with aqueous sodium 
bicarbonate. 

Allyl alcohol (AOH) is used to break up the triglycerides 
into allyl fatty acid monomers (synthesis Route 4a, Product 
4a) in a procedure that is very similar to the methanolysis 
reaction. These monomers (AOH-FA) have a primary unsat 
uration site that could potentially be used for free radical 
polymerization. In addition, the unsaturation site can be 
epoxidized to form fatty acids with both primary and second 
ary epoxide groups (synthesis Route 4b, Product 4b). This 
product can be used as an epoxy chemical for various appli 
cations, such as a chain extender in epoxy resins. In addition, 
the epoxide groups can be reacted with a vinyl acid. Such as 
acrylic acid, to yield fatty acids with free-radical functionality 
at both the center and end of the fatty acid chains (Product 4c). 

Allyl alcohol was used to break apart the glycerol linkage 
of triglycerides in Soybean oil to produce allyl alcohol modi 
fied fatty acids (AOH-FA) (Product 4a). The reaction mixture 
contained 70g oil (soybean oil), 22 mlallyl alcohol, and 25.5 
ml of a 0.5N KOH/allyl alcohol solution. The contents were 
mixed and reacted at 60° C. for 3 days. Afterwards, the 
reaction products were recovered using an ether extraction, as 
for the methanolysis reaction. The level of functionalization 
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with allyl alcohol was measured using H-NMR. Results 
have shown that the allyl alcoholysis reaction proceeds to 
about 80% completion. Other plant oils, including olive oil 
and canola, were modified in the same manner with the same 
results. Therefore, this method can be applied to all triglyc 
eride oils. Epoxidation of the allyl unsaturation sites can be 
done using peroxyacetic acid or transition metal complexes, 
as described elsewhere. 
The fatty acids employed to make the fatty acid monomers 

of the invention can be obtained from any suitable source of 
triglycerides. Suitable renewable plant sources of fatty acids 
include, but are not limited to, almond seed oil, arachis 
(groundnut) oil, canola oil, castor oil, catnip oil, cedarwood 
oil, citronella oil, coprah oil, corn oil, cottonseed oil, garlic 
oil, jojoba oil, linseed oil, neem oil, olive oil, palm oil, palm 
kernal oil, peanut oil, perilla oil, rapeseed oil, rice bran oil, 
safflower oil, Sesame oil, Soja oil, soybean oil, Sunflower oil, 
tall oil, tung oil, butter, lard, tallow, Vernonia, yellow grease, 
camelina, carthame, grape seed, hazelnut, poppy seed oil, 
walnut oil, avocado pear, black-currant, borage, cacao, 
evening primrose, kukui oil and wheat germ oil. 

Exemplary classes of fatty acids that may be employed to 
make the fatty acid monomers of the present invention 
include, but are not limited to, straight chain fatty acids, 
branched chain fatty acids, and ring containing fatty acids. 
Straight chain fatty acids include Saturated fatty acids, 
monoenoic fatty acids, polyenoic fatty acids, acetylenic fatty 
acids, hydroxy fatty acids, dicarboxylic fatty acids, divinyl 
ether fatty acids, Sulfur-containing fatty acids, fatty acid 
amides, methoxy fatty acids, keto fatty acids, and haloge 
nated fatty acids. Branched chain fatty acids include branched 
alkylfatty acids, branched methoxy fatty acids and branched 
hydroxy fatty acids (mycolic acids). Ring-containing fatty 
acids include cyclopropane fatty acids, cyclopentenyl fatty 
acids, furanoid fatty acids, cyclohexyl fatty acids, phenylal 
kanoic fatty acids, epoxy fatty acids and lipoic fatty acids. 

Exemplary fatty acids that may be employed to make the 
fatty acid monomers of the present invention, include, but are 
not limited to, butyric acid, capric acid, caprylic acid, lauric 
acid, myristic acid, palmitic acid, Stearic acid, oleic acid and 
linoleic acid. 

EXAMPLES OF FATTY ACID MONOMER 
SYNTHESIS 

Example 1 

The reaction between astoichiometric amount of oleic acid 
(OA) and glycidyl methacrylate (GM) was catalyzed with 2 
wt % AMC-2TM catalyst and run at room temperature. The 
reaction went to ~90% completion after 3 days of reaction. 

Example 2-4 

The reaction between astoichiometric amount of oleic acid 
and glycidyl methacrylale was catalyzed with 0.5 wt %, 1 wt 
%, and 2 wt % AMC-2TM catalyst and run at 70° C. The 
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reaction went to completion in 1.5 hrs when 2 wt % catalyst 
was used. The reaction went to completion after 2.5 hours 
when 1 wt % catalyst was used. When 0.5 wt % catalyst was 
used, the reaction took longer than 4 hours. 

Examples 5-7 

The effect of higher reaction temperatures on the reaction 
ofoleic acid and glycidyl methacrylate was studied using 1 wit 
% AMC-2TM catalyst. Reaction temperatures of 80° C., 90° 
C., and 100° C. were used. It was found that increasing 
temperature decreased the reaction time necessary to reach 
complete reaction of the epoxides. However, at 100° C. 
HPLC results show the formation of some higher molecular 
weight species. This indicates that undesirable epoxy 
homopolymerization (etherification) occurred to Some extent 
at 100° C. 

Example 8 

The SbPh/PPhs catalyst also effectively catalyzed the 
acid-epoxy reaction between fatty acids and glycidyl meth 
acrylate. For the reaction of glycidyl methacrylate with oleic 
acid using 1 wt % of this catalyst mixture, the reaction went to 
completion after 5 hours of reaction at 70° C. 

In order to simultaneously minimize the catalyst concen 
tration and reaction time, 0.1-3.0 wt % of a suitable catalyst 
such as AMC-2TM may be employed, whereas use of 1 wt % 
AMC-2TM was found to be optimum for the reaction of gly 
cidyl methacrylate and oleic acid. Reaction temperatures 
ranging from 60-90° C. were found to maximize the extent of 
reaction while minimizing the extent of side reactions. 

Examples 9-14 

Glycidyl methacrylate was reacted with stoichiometric 
amounts of lauric acid, Stearic acid, oleic acid, linoleic acid, 
linolenic acid, and a mixture of the fatty acids of safflower oil 
using 1 wt % AMC-2TM at reaction temperatures ranging from 
60-90° C. The conversion of the reactants to the desired 
product was nearly complete (>95%). HPLC results showed 
that no higher molecular weight species were formed. In 
addition, 'H-NMR confirmed the structure and functionality 
of these methacrylated fatty acids. This demonstrates to a 
skilled person that any fatty acid can be successfully modified 
in this manner to produce a fatty acid monomer. 

Example 15 

Synthetic Routes 6-8 make use of the cyclized derivatives 
of triglycerides. In synthetic Route 6, a methyl ester of the 
cyclized species is formed via methanolysis (Known 6a). The 
remaining unsaturation sites on the fatty acid are then epoxi 
dized and acrylated to add free radical functionality to the 
fatty acid (Product 6b). In Route 7, cyclized fatty acids are 
produced by acidolysis of cyclized triglycerides or cyclized 
fatty acid esters (Known 7a). This species is then reacted with 
glycidyl methacrylate, in the same manner as Route 1, to 
attach vinyl functionality to the end of the cyclized fatty acid. 
Route 8 is just a combination of Routes 6 and 7, resulting in 
di-vinyl, cyclized fatty acid monomers (Product 8b). 

Example 16 

Vinyl ester was prepared via methacrylation of Epon 
828TM. 525.7g Epon 828TM resin was reacted with 243.5g 
methacrylaic acid. AMC-2 was used as a catalyst for the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
reaction and to prevent epoxy homopolymerization in the 
amount of 7.6 g (equivalent to 1 wt %). The reaction was run 
at about 90° C., but water was periodically flowed through 
cooling coils within the reactor to keep the temperature below 
95°C. After 1 hr and 47 minutes, the acid number of a sample 
of the reaction contents was found to be 8, and FTIR indicated 
that there was no peak at 910 cm', indicating that all of the 
epoxy reacted. NMR results showed that there were two 
methacrylate groups per molecule of Epon 828TM resin. GPC 
results indicated a large single vinyl ester peak at 14.45 min 
and a small peak at 18.5 minutes rept esenting catalyst, impu 
rities, and unreacted methacrylic acid. The product was a 
Viscous green liquid. 

Example 17 

Acrylated epoxy (VEA) was prepared via acrylation of 
Epon 828TM. 401.1 g Epon 828TM resin was reacted with 
160.0 g acrylic acid. AMC-2 was used as a catalyst for the 
reaction and to prevent epoxy homopolymerization in the 
amount of 5.6 g. The reaction was run at about 90° C., but 
water was periodically flowed through cooling coils within 
the reactor to keep the temperature below 95°C. After 1 hr 
and 20 minutes, the acid number of a sample of the reaction 
contents was found to be 2.6, and FTIR indicated that there 
was no peak at 910 cm', indicating that all of the epoxy 
reacted. NMR results showed that there were two acrylate 
groups per molecule of Epon 828TM resin. The product was a 
Viscous green liquid. 

Example 18 

Methacrylated lauric acid was prepared by reacting 5897g 
lauric acid with 4166 g glycidyl methacrylate in the presence 
of 51 g AMC-2 catalyst. The reaction was run in a 20 L vessel 
while stirring vigorously with a mechanical stirrer. The reac 
tion was run at 50° C. for 16 hrs. The product was a green 
liquid. Acid number titration showed that little unreacted fatty 
acids remained, as the acid number was less than 5. FTIR 
results showed that the epoxy group of glycidyl methacrylate 
at 910 cm was gone. NMR results proved that reaction 
occurred between the fatty acid of oleic acid and the epoxy of 
glycicyl methacrylate. NMR showed than no epoxies 
remained, while 0.98 methacrylate groups were present per 
fatty acid segment. The viscosity was 48 cat 30°C. using a 
Brookfield Viscometer. 

Example 19 

Methacrylated oleic acid was prepared by reacting 108.1 g 
oleic acid with 54.4 g glycidyl methacrylate in the presence of 
1.6 g. AMC-2 catalyst. The reaction was run at 55° C. for 3.5 
hrs and then for 2.5 hrs at 70° C. The product was a green 
liquid. Acid number titration showed that little unreacted fatty 
acids remained, as the acid number was less than 5. FTIR 
results showed that the epoxy group of glycidyl methacrylate 
at 910 cm was gone. NMR results proved that reaction 
occurred between the fatty acid of oleic acid and the epoxy of 
glycicyl methacrylate. NMR showed than no epoxies 
remained, while 0.98 methacrylate groups were present per 
fatty acid segment. The viscosity was 60 cp at 30°C. using a 
Brookfield Viscometer. 

Example 20 

10 g methacrylate oleic acid was placed in a 20 mL vial, 
with the lid screwed on tightly. The sample was allowed to sit 
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for 2.5 years at room temperature in a dark cabinet. During 
this time, gelation did not occur. 

Example 21 

Methyl oleate in the amount of 63.1 g was epoxidized in the 
presence of 64.35 g hydrogen peroxide (30% aqueous) and 
20.7 g formic acid. The reaction was allowed to run for 16 hrs 
while mechanically mixing. The epoxidized oil was ether 
extracted. The ether was evaporated under vacuum at 40°C. 
NMR results show that the extent of epoxidation was 0.94 
epoxies per fatty acid methyl ester. The product was a white 
Solid-liquid mixture. 

Example 22 

62.43 g of the epoxidized methyl oleate in Example 21 
were reacted with 19.74 g acrylic acid at 85°C. for 6 hrs. 
AMC-2 catalyst and hydroquinone were used in the amounts 
of 1.25 g and 0.199 g, respectively. The product was ether 
extracted to remove hydroquinone and unreacted acrylic acid. 
The ether was evaporated at 40° C. under vacuum. NMR 
results showed the extent of acrylation was 0.90 based on the 
initial level of unsaturation (i.e., 0.9 acrylates per molecule). 
The viscosity was 56 clat 30°C. using a Brookfield Viscom 
eter. The product was a brown-green liquid. 

Example 23 

10.0 g of the product from Example 19 was epoxidized 
using 10.5 g hydrogen peroxide (30% aqueous) and 3.2 g 
formic acid, along with 0.01 g hydroquinone to reduce the 
likelihood ofpolymerization. The reaction was allowed to run 
for 16 hrs while mechanically mixing. The epoxidized oil was 
ether extracted. The ether was evaporated under vacuum at 
40° C. NMR results show that the extent of epoxidation was 
0.8 epoxies per fatty acid. 9.0 g of the epoxidized product was 
reacted with 1.44 g acrylic acid with 0.21 g AMC-2 and 3 mg 
hydroquinone for 4 hours. The product was ether extracted, 
and the ether was evaporated under vacuum at 40°C. The 
product contained 0.25 acrylates and 0.95 methacryltes per 
triglyceride. The resulting monomer was a brown-green vis 
cous liquid. 

Example 24 

Alcoholoysis of Soybean oil was run using allyl alcohol. 
60.0 g of soybean oil was reacted with 22.1 mL allyl alcohol 
plus 18.3 mL 0.5N potassium hydroxide in allyl alcohol. The 
reaction was run at 62° C. for 4 days. The products were 
separated using an ether extraction. The ether was evaporated 
at 40°C. under vacuum. NMR showed that the final product 
had 0.82 allyl groups per fatty acid. The viscosity was 10 cp 
at 30°C. using a Brookfield Viscometer. The final monomer 
was a yellow low viscosity liquid. 

Example 25 

2.0 g linseed oil were reacted with a mixture of 8.2 g 
ethylene glycol and 2.0 g potassium hydroxide at 240°C. for 
3 days. The final product was ether extracted and the ether 
was evaporated under vacuum at 40° C. NMR showed that 
there were 2.05 unsaturation sites per fatty acid and an extent 
of cyclization of 4%. The product was an orange-brown liq 
uid. 

Example 26 

Other catalysts were used to prepare the vinyl ester resins. 
Vinyl ester was prepared via methacrylation of Epon 828TM. 
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16 
528.5 g Epon 828TM resin was reacted with 249.6 g meth 
acrylic acid. 1 wt % of a 3:1 ratio of triphenyl antimony 
(SbPh) to triphenyl phosphine (PPh3) was used as a catalyst 
for the reaction and to prevent epoxy homopolymerization in 
the amount of 7.75g. The reaction was run at about 90°C., but 
water was periodically flowed through cooling coils within 
the reactor to keep the temperature below 95°C. After 4 hr 
and 45 minutes, the acid number of a sample of the reaction 
contents was found to be 4, and FTIR indicated that there was 
no peak at 910 cm, indicating that all of the epoxy reacted. 
NMR results showed that there were two methacrylate groups 
per molecule of Epon 828TM resin. GPC results indicated a 
large single vinyl ester peak at 14.45 min and a small peak at 
18.5 minutes representing catalyst, impurities, and unreacted 
methacrylic acid. GPC and NMR results indicate that the 
molecular weight of the vinyl ester was 540 g/mol. 

All of the various aspects of the invention may also employ 
a free-radical inhibitor. Such as hydroquinone, to reduce or 
prevent gelation of the reaction mixture. 

Without being bound by theory, the present invention may 
be used to reduce VOC emissions by (1) lowering the VOC 
content of the resultant resin, (2) binding more of the reactive 
diluent into the resin to reduce the amount of reactive diluent 
that can volatilize, or (3) both (1) and (2). 

EXAMPLES OF MULTI-MODALVINYL ESTER 
RESINS 

Example 27 

A bimodal blend of vinyl ester monomers was prepared by 
methacrylation of a blend of Epon 828TM and Epon 1001FTM. 
115.8 g. Epon 828TM was added to the reactor. 99.8g styrene 
was added to the reaction system to reduce the viscosity of the 
reaction mixture. Hydroquinone in the amount of 0.60 g was 
added to inhibit polymerization. The reaction vessel was 
sealed and stirred vigorously with the mechanical mixer 
while the temperature was increased to 70° C. Epon 1001 FTM 
was added in 10 increments, 6 minutes apart. The total Epon 
1001 FTM added was 283.5 g. The reaction temperature was 
raised to 90° C., completely dissolving the Epon 1001 FTM 
resin by 1 hr and 2 min after initially adding the Epon 
1001 FTM. A mixture of methacrylic acid (99.7g) and AMC-2 
(5.0 g) was then added to the reactor. After 1 hr and 53 min, the 
acid number of the vinyl ester portion of the reaction sample 
(not including the 16.5 wt % styrene) was 5.7. GPC results 
showed the presence of two incompletely resolved vinyl ester 
peaks with the high molecular weight peak occurring at 13.27 
min and the low molecular weight vinyl ester peak occurring 
at 14.45 min. The relative areas of the vinyl ester peaks 
indicated that the resin contained 71 wt % vinyl ester Epon 
1001 FTM. The GPC trace showed a significant peak at 18.5 
min resulting from the styrene. The area of the styrene peak 
relative to the areas of the vinyl ester peaks indicated that the 
resin contained 16.5 wt % styrene. NMR results indicated that 
1.99 methacrylate groups were present per epoxy backbone 
unit, and the resin contained 16.6 wt % styrene. 

Example 28 

A bimodal blend of vinyl ester monomers was prepared by 
methacrylation of a blend of Epon 828TM and Epon 1004FTM. 
175.1 g Epon 828TM was added to the reactor. 101.8g styrene 
was added to the reaction system to reduce the viscosity of the 
reaction mixture. Hydroquinone in the amount of 0.616 g was 
added to inhibit polymerization. The reaction vessel was 
sealed and stirred vigorously with the mechanical mixer 
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while the temperature was increased to 70° C. Epon 1004FTM 
was added in 10 increments, 6 minutes apart. The total Epon 
1004FTM added was 232.1 g. The reaction temperature was 
raised to 90° C., completely dissolving the Epon 1004FTM 
resin by 1 hr and 10 min after initially adding the Epon 
1004FTM. A mixture of methacrylic acid (105.1 g) and 
AMC-2 (5.12 g) was then added to the reactor. After 2 hrs and 
10 min, the acid number of the vinyl ester portion of the 
reaction sample (not including the styrene content) was 3.5. 
GPC results showed the presence of two fully resolved vinyl 
ester peaks with the high molecular weight peak occurring at 
12.45 min and the low molecular weight vinyl ester peak 
occurring at 14.45 min. The relative areas of the vinyl ester 
peaks indicated that the resin contained 57 wt % vinyl ester 
Epon 1004FTM. The GPC trace showed a significant peak at 
18.5 min resulting from the styrene. The area of the styrene 
peak relative to the areas of the vinyl ester peaks indicated that 
the resin contained 16.4 wt % styrene. NMR results indicated 
that 1.98 methacrylate groups were present per epoxy back 
bone unit, and the resin contained 16.3 wt % styrene. 

Example 29 

A bimodal blend of vinyl ester monomers was prepared by 
methacrylation of a blend of Epon 828TM and Epon 1007FTM. 
200.0g Epon 828TM was added to the reactor. 120.0 g styrene 
was added to the reaction system to reduce the viscosity of the 
reaction mixture. Hydroquinone in the amount of 0.606 g was 
added to inhibit polymerization. The reaction vessel was 
sealed and stirred vigorously with the mechanical mixer 
while the temperature was increased to 90° C. Epon 1007 FTM 
was added in 10 increments, 6 minutes apart. The total Epon 
1007 FTM added was 2000 g. The reaction temperature was 
raised to 100° C., completely dissolving the Epon 1007 FTM 
resin by 55 min after initially adding the Epon 1007FTM. A 
mixture of methacrylic acid (103.2 g) and AMC-2 (5.0 g) was 
then added to the reactor. After 2 hrs and 14 min, the acid 
number of the vinyl ester portion of the reaction sample (not 
including the styrene content) was 6.1. GPC results showed 
the presence of two fully resolved vinyl ester peaks with the 
high molecular weight peak occurring at 12.05 min and the 
low molecular weight vinyl ester peak occurring at 14.45 min. 
The relative areas of the vinyl ester peaks indicated that the 
resin contained 50 wt % vinyl ester Epon 1007FTM. The GPC 
trace showed a significant peak at 18.5 min resulting from the 
styrene. The area of the styrene peak relative to the areas of 
the vinyl ester peaks indicated that the resin contained 19.1 wt 
% styrene. NMR results indicated that 1.97 methacrylate 
groups were present per epoxy backbone unit, and the resin 
contained 19.3 wt % styrene. 

Example 30 

A bimodal blend of vinyl monomers was prepared by 
methacrylation of a blend of Epon 828TM and Epon 1009FTM. 
200.9 g Epon 828 was added to the reactor. 120.4 g styrene 
was added to the reaction system to reduce the viscosity of the 
reaction mixture. Hydroquinone in the amount of 0.600 g was 
added to inhibit polymerization. The reaction vessel was 
sealed and stirred vigorously with the mechanical mixer 
while the temperature was increased to 90° C. Epon 1004FTM 
was added in 10 increments, 6 minutes apart. The total Epon 
1009FTM added was 2009 g. The reaction temperature was 
raised to 100° C., completely dissolving the 1009F resin by 1 
hr and 10 min after initially adding the Epon 1004FTM. A 
mixture of methacrylic acid (101.2 g) and AMC-2 (5.00 g) 
was then added to the reactor. After 1 hr and 32 min, the acid 
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number of the vinyl ester portion of the reaction sample (not 
including the styrene content) was 6.3. GPC results showed 
the presence of two fully resolved vinyl ester peaks with the 
high molecular weight peak occurring at 11.9 min and the low 
molecular weight vinyl ester peak occurring at 14.45 min. 
The relative areas of the vinyl ester peaks indicated that the 
resin contained 50 wt % vinyl ester Epon 1009FTM. The GPC 
trace showed a significant peak at 18.5 min resulting from the 
styrene. The area of the styrene peak relative to the areas of 
the vinyl ester peaks indicated that the resin contained 19.2 wt 
% styrene. NMR results indicated that 1.98 methacrylate 
groups were present per epoxy backbone unit, and the resin 
contained 19.1 wt % styrene. 

Example 31 

Styrene in the amount of 1.66 g was added to 9.16 g of the 
resin formulated in Example 27, resulting in a resin compo 
sition of VE 828/1001F 29/71 with 35 wt % styrene. The resin 
viscosity was measured to be 568 cF at 30°C. using a Brook 
field viscometer. 

Example 32 

Styrene in the amount of 25.9 g was added to 79.8g of the 
resin formulated in Example 27, resulting in a resin compo 
sition of VE 828/1001F 29/71 with 37 wt % styrene. Cobalt 
naphthenate in the amount of 0.39 g followed by 1.56 g 
Trigonox was dissolved into the resin. The resin was poured 
into a metal rectangular mold and allowed to cure at room 
temperature. The resin gelled within 20 minutes, but was 
allowed to cure overnight. The resulting polymer was stiffand 
hard. The sample was postcured at 135° C. for 2 hrs. DMA 
results indicated the sample had Tof 129° C. Fracture tough 
ness measurements resulted in an average G. of 302 J/m. 
Flexural testing resulted in a modulus a 3.22 GPa and strength 
of 129 MPa. 

Example 33 

A resin was formulated using 7.64 g of the vinyl ester Epon 
828TM as prepared in Example 16, and 6.92g of the vinyl ester 
resin prepared in Example 28. 4.6 g additional styrene was 
mixed into the resin, resulting in a resin composition of VE 
828/1004F 75/25 with 30 wt % styrene. The resin viscosity 
was measured to be 436 cp at 30° C. using a Brookfield 
Viscometer. 

Example 34 

A resin was formulated using 40.8 g. vinyl ester Epon 
828TM formulated in Example 16 and 37.0g of the vinyl resin 
prepared in Example 28. 26.1 g additional styrene was mixed 
into the resin, resulting in a resin composition of VE 828/ 
1004F 75/25 with 31 wt % styrene. Cobalt naphthenate in the 
amount of 0.39 g followed by 1.56 g Trigonox was dissolved 
into the resin. The resin was poured into a metal rectangular 
mold and allowed to cure at room temperature. The resin 
gelled within 20 minutes, but was allowed to cure overnight. 
The resulting polymer was stiff and hard. A rectangular piece 
of the sample was removed using a rotary saw. Dynamic 
mechanical tests indicate a modulus of 2.2 GPa at 30°C. The 
rest of the sample was post-cured at 135°C. for 2 hrs. DMA 
results indicated the sample had a T of 143° C. Fracture 
toughness measurements resulted in an average G. of 198 
J/m. Flexural testing resulted in a modulus a 3.67 GPa and 
strength of 132 MPa. 
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Example 35 

A resin was formulated using 20.5 g. vinyl ester Epon 
828TM formulated in Example 16 and 19.2 g of the vinyl resin 
prepared in Example 28. 13.3 g additional styrene was mixed 
into the resin, resulting in a resin composition of VE 828/ 
1004F 75/25 with 31 wt % styrene. 0.80 g Trigonox was 
dissolved into the resin. The resin was poured into a metal 
rectangular mold and cured at 70C. The resingelled within 10 
minutes, but was allowed to cure for a full two hours. The 
resulting polymer was stiff and hard. Dynamic mechanical 
tests indicated a modulus of 2.5 GPa at 30°C. The rest of the 
sample was postcured at 135° C. for 2 hrs. DMA results 
indicated the sample had a modulus of 2.8 GPa and a T of 
144° C. 

Example 36 

A resin was formulated using 0.64 g vinyl ester Epon 
828TM formulated in Example 16 and 14.86 g of the vinyl 
ester resin prepared in Example 29. 7.55g additional styrene 
was mixed into the resin, resulting in a resin composition of 
VE828/1007F 53/47 with 45 wt % styrene. The resin viscos 
ity was measured to be 300 cp at 30° C. using a Brookfield 
Viscometer. 

Example 37 

A resin was formulated using 2.8 g. vinyl ester Epon 828TM 
formulated in Example 16 and 65.8g of the vinyl ester resin 
prepared in Example 29.33.4 g additional styrene was mixed 
into the resin, resulting in a resin composition of VE 828/ 
1007F 53/47 with 45 wt % styrene. Cobalt naphthenate in the 
amount of 0.39 g followed by 1.52g Trigonox was dissolved 
into the resin. The resin was poured into a metal rectangular 
mold and allowed to cure at room temperature. The resin 
gelled within 20 minutes, but was allowed to cure overnight. 
The resulting polymer was stiff and hard. The sample was 
postcured at 135° C. for 2 hrs. DMA results indicated the 
sample had T of 127°C. Fracture toughness measurements 
resulted in an average G. of 293 J/m. Flexural testing 
resulted in a modulus a 2.8 GPa and strength of 124 MPa. 

Example 38 

A resin was formulated using 9.90 g. vinyl ester Epon 
828TM formulated in Example 16 and 5.13 g of the vinyl resin 
prepared in Example 30. 6.78 g additional styrene was mixed 
into the resin, resulting in a resin composition of VE 828/ 
1009F 85/15 with 35 wt % styrene. The resin viscosity was 
measured to be 156 cF at 30°C. using a Brookfield viscom 
eter. 

Example 39 

A resin was formulated using 46.2 g vinyl ester Epon 
828TM formulated in Example 16 and 24.0 g of the vinyl ester 
resin prepared in Example 30. 31.7 g additional styrene was 
mixed into the resin, resulting in a resin composition of VE 
828/1009F 85/15 with 35 wt % styrene. Cobalt naphthenate in 
the amount of 0.38 g followed by 1.52g Trigonox was dis 
solved into the resin. The resin was poured into a metal 
rectangular mold and allowed to cure at room temperature. 
The resin gelled within 20 minutes, but was allowed to cure 
overnight. The resulting polymer was stif and hard. The 
sample was postcured at 135° C. for 2 hrs. DMA results 
indicated the sample had T of 133° C. Fracture toughness 
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measurements resulted in an average G. of 191 J/m. Flex 
ural testing resulted in a modulus a 2.7 GPa and strength of 
123 MPa. 

Example 40 

A resin was formulated using 3.52 g vinyl ester Epon 
828TM formulated in Example 16, 5.93 g of the vinyl ester 
resin prepared in Example 28, and 7.0 g of the vinyl resin 
prepared in Example 30.5.30 g additional styrene was mixed 
into the resin, resulting in a resin composition of VE 828/ 
1004F/1009F 60/20/20 with 35 wt % styrene. The resin vis 
cosity was measured to be 670 cp at 30°C. using a Brookfield 
Viscometer. 

Example 41 

A resin was formulated using 16.2 g vinyl ester Epon 
828TM formulated in Example 16, 27.3 g of the vinyl ester 
resin prepared in Example 28, and 32.2 g of the vinyl ester 
resin prepared in Example 30. 24.4 g additional styrene was 
mixed into the resin, resulting in a resin composition of VE 
828/1004F/1009F 60/20/20 with 35 wt % styrene. Cobalt 
naphthenate in the amount of 0.38g followed by 1.5g Trigo 
nox was dissolved into the resin. The resin was poured into a 
metal rectangular mold and allowed to cure at room tempera 
ture. The resin gelled within 20 minutes, but was allowed to 
cure overnight. The resulting polymer was stiff and hard. A 
rectangular piece of the sample was removed using a rotary 
saw. The sample was postcured at 135° C. for 2 hrs. DMA 
results indicated the sample had a modulus of 2.8 GPa and a 
T of 129° C. 

Example 42 

The vinyl ester Epon 828TM/1004F/Epon 1004 FTM resin 
formulated in example 33 was placed in a 20 mL vial and 
allowed to sitat room temperature in a dark cabinet. The resin 
So far has managed to last for 2 years without spontaneous 
gelation. 

Example 43 

A resin was prepared by mixing 10g of the vinyl ester resin 
prepared in Example 28 with 2.85g styrene for a final com 
position of VE 828/1004F 42/58+35 wt % styrene. A sample 
from this resin was placed in a thermogravimetric analyzer. 
The mass loss resulting from styrene evaporation was mea 
sured as a function of time for 3 days at 40°C. The mass loss 
of styrene was 85% of the initial styrene mass, while the mass 
loss of high volatility non-bimodal blends was more than 95% 
of the initial styrene mass. 

Example 44 

A resin was prepared by mixing 200 g of a resin prepared 
in a manner similar to that in Example 29 with 163 g of a vinyl 
ester Epon 828TM resin prepared by the procedure of Example 
16. Styrene in the amount of 138 g was added to the resin. 
Cobalt naphthenate was added in the amount of 0.75 g fol 
lowed by 7.5 g Trigonox. A composite was prepared with 20 
layers of 8 oz. E-glass universally sized woven mats using 
vacuum assisted resin transfer molding. The resin filled the 
part in 10 minutes. The sample was allowed to cure under 
vacuum all night. The finished part was hard and stiff. 

Example 45 

Other catalyst contents were used to prepare the vinyl ester 
resins. A bimodal blend of vinyl ester monomers was pre 
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pared by methacrylation of a blend of Epon828TM and Epon 
1007 FTM.300.1 g Epon 828TM was added to the reactor. 188.8 
g styrene was added to the reaction system to reduce the 
Viscosity of the reaction mixture. Hydroquinone in the 
amount of 0.944 g was added to inhibit polymerization. The 
reaction vessel was sealed and stirred vigorously with the 
mechanical mixer while the temperature was increased to 90° 
C. Epon 1007 FTM was added in 10 increments, 6 minutes 
apart. The total Epon 1007 FTM added was 300.3 g. The reac 
tion temperature was raised to 100°C., completely dissolving 
the Epon 1007 FTM resin by 55 min after initially adding the 
Epon 1007FTM. A mixture of methacrylic acid (154.8 g) and 
AMC-2 (3.76 g, which is equivalent to 0.5 wt %) was then 
added to the reactor. After 6 hrs, the acid number of the vinyl 
ester portion of the reaction sample (not including the styrene 
content) was 9. GPC results showed the presence of two fully 
resolved vinyl ester peaks with the high molecular weight 
peak occurring at 12.05 min and the low molecular weight 
vinyl ester peak occurring at 14.45 min. The relative areas of 
the vinyl ester peaks indicated that the resin contained 50 wt 
% vinyl ester/Epon 1007FTM. The GPC trace showed a sig 
nificant peak at 18.5 min resulting from the styrene. The area 
of the styrene peak relative to the areas of the VE peaks 
indicated that the resin contained 199 wt % styrene. GPC, 
NMR and acid number titration (ASTM D1652-90, Proce 
dure B) results indicate that the molecular weight of the vinyl 
esters of Epon 1007 FTM was 4154 g/mol. The bimodal 
molecular weight distribution was 50% 540 g/mol and 50% 
4154 g/mol. 

All of the various aspects of the invention may also employ 
a free-radical inhibitor. Such as hydroquinone, to reduce or 
prevent gelation of the reaction mixture. 
The foregoing detailed description of the invention has 

been presented for the purpose of illustration and description 
only and is not to be construed as limiting the invention in any 
way. The skilled person will realize that many modifications 
and variations can be made within the scope of the present 
invention. 

What is claimed is: 
1. Vinyl. A vinyl ester resins having a defined multi 

modal molecular weight distribution resin comprising a 
reaction product of a reaction mixture comprising at least one 
low molecular weight vinyl ester that is derived from only a 
vinyl carboxylic acid or a blend of vinyl carboxylic acids and 
an epoxy resin or a combination of epoxy resins that is liquid 
or crystalline at 25°C. and at least one high molecular weight 
vinyl ester that is derived from only a vinyl carboxylic acid or 
a blend of vinyl carboxylic acids and an epoxy resin or a 
combination of epoxy resins that is amorphous and Solid at 
25°C. selected from the group consisting of an epoxy resin 
derived from bisphenol A, an epoxy resin derived from 
hexafluorobisphenol A, an epoxy resin derived from bisphe 
nol E, an epoxy resin derived from bisphenol F., an epoxy resin 
derived from tetramethyl bisphenol E, an epoxy resin derived 
from tetramethyl bisphenol F. an epoxy resin derived from 
bisphenol M, an epoxy resin derived from bisphenol C, an 
epoxy resin derived from bisphenol P. an epoxy resin derived 
from bisphenol Z, an epoxy resin derived from methacrylates 
of ethoxylated bisphenols, an epoxy resin derived from acry 
lates of ethoxylated bisphenols, epoxy novOlacs, acrylates of 
tris-hydroxyphenylmethane glycidyl ether; ethoxy phenol 
novolacs, an epoxy resin derived from ethoxylated tris-hy 
droxyphenylmethane and brominated versions of these epoxy 
resins, and from 0% up to 60% by weight of a reactive diluent, 
wherein said vinyl ester resin has a defined multi-modal 
molecular weight distribution. 
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2. Vinyl. The vinyl ester resins resin as claimed in claim 

1, wherein at least one low molecular weight said vinyl ester 
comprises 5-65% by weight, of the overall resin weight 
resin has a bi-modal molecular weight distribution. 

3. Vinyl ester resins as claimed in claim 1, wherein at least 
one high molecular weight vinyl ester comprises 5-65% by 
weight, of the overall resin weight. 

4. Vinyl. The vinyl ester resins resin as claimed in claim 
12, wherein the at least one low molecular weight vinyl 

ester comprises 5-65% by weight, of the overall resin weight, 
and at least one high molecular weight vinyl ester comprises 
5-65% by weight, of the overall resin weight. 

5. Vinyl ester resins as claimed in claim 4, wherein the 
reaction mixture comprises 1% to 60% by weight of a reactive 
diluent 

6. Vinyl. The vinyl ester resins resin as claimed in claim 
54, wherein the reaction mixture comprises 1% to 40% by 
weight of the reactive diluent and the reactive diluent is 
selected from the group consisting of fatty acid monomers, 
styrene, ortho-methylstyrene, para-methylstyrene, 2-hy 
droxymethacrylate, methyl methacrylate, ethyl methacrylate, 
butyl methacrylate, methyl acrylate, cyclohexyl methacry 
late, and isobornyl methacrylate. 

7. Vinyl. The vinyl ester resins resin as claimed in claim 
6, comprising up to 40.30% by weight of a reactive diluent. 

8. Vinyl. The vinyl ester resins resin as claimed in claim 
6, comprising up to 30.20% by weight of a reactive diluent. 

9. Vinyl ester resins as claimed in claim 6, comprising up 
to 20% by weight of a reactive diluent 

10. Vinyl. The vinyl ester resins resin as claimed in claim 
62, wherein the reaction mixture comprises 1% to 60% by 
weight of the reactive diluent and the reactive diluent com 
prises at least one fatty acid monomer. 

11. Vinyl. The vinyl ester resins resin as claimed in claim 
6, wherein the reactive diluent comprises styrene. 

12. Vinyl. The vinyl ester resins resin as claimed in claim 
12, wherein the low molecular weight vinyl esters ester 
and high molecular weight vinyl ester are independently 
selected from the group consisting of acrylic vinyl esters and 
alkyl-acrylic vinyl esters. 

13. Vinyl. The vinyl ester resins resin as claimed in claim 
12, wherein the low molecular weight vinyl esters ester 
and high molecular weight vinyl ester are independently 
selected from bisphenol vinyl esters. 

14. Vinyl. The vinyl ester resins resin as claimed in claim 
12, wherein the vinyl ester resin has a viscosity from about 
30 cB to about 2000 cF at 25° C. and a glass transition 
temperature from about 60° C. to about 200° C. 

15. Vinyl. The vinyl ester resins resin as claimed in claim 
12, wherein the vinyl ester resin has a viscosity from about 
30 cp to about 500 cp at 25°C. and a glass transition tem 
perature from about 60° C. to about 200° C. 

16. Vinyl ester resins as claimed in claim 1, wherein the 
vinyl ester resins have a glass transition temperature from 
about 60° C. to about 200° C. 

17. Vinyl ester resins as claimed in claim 14, wherein the 
vinyl ester resins have a glass transition temperature from 
about 60° C. to about 200° C. 

18. A method for the preparation of a vinyl ester resin 
having a defined multi-modal molecular weight distribu 
tions said method comprising the step of reacting at least 
one low molecular weight vinyl ester that is derived from only 
a vinyl carboxylic acid or a blend of vinyl carboxylic acids 
and an epoxy resin or a combination of epoxy resins that is 
liquid or crystalline at 25 C. and at least one high molecular 
weight vinyl ester that is derived from only a vinyl carboxylic 
acid or a blend of vinyl carboxylic acids and an epoxy resin or 



US RE43,983 E 
23 

a combination of epoxy resins that is amorphousand Solid at 
25° C. selected from the group consisting of an epoxy resin 
derived from bisphenol A, an epoxy resin derived from 
hexafluorobisphenol A, an epoxy resin derived from bisphe 
nol E, an epoxy resin derived from bisphenol F., an epoxy resin 
derived from tetramethyl bisphenol E, an epoxy resin derived 
from tetramethyl bisphenol F. an epoxy resin derived from 
bisphenol M, an epoxy resin derived from bisphenol C, an 
epoxy resin derived from bisphenol P. an epoxy resin derived 
from bisphenol Z, an epoxy resin derived from methacrylates 
of ethoxylated bisphenols, an epoxy resin derived from acry 
lates of ethoxylated bisphenols, epoxy novOlacs, acrylates of 
tris-hydroxyphenylmethane glycidyl ether; ethoxy phenol 
novolacs, an epoxy resin derived from ethoxylated tris-hy 
droxyphenylmethane and brominated versions of these epoxy 
resins and from 0% up to 60% by weight of a reactive diluent, 
at a temperature and for a time sufficient to form said blend 
of vinyl ester monomers resin having a defined multi 
modal molecular weight distribution. 

19. A method as claimed in claim 18, wherein the at least 
one low molecular weight vinyl estercomprises from about 
5 to about 65% by weight, of the overall resin weight, and at 
least one high molecular weight vinyl ester comprises from 
about 5 to about 65% by weight of the overall resin weight 
resin has a bi-modal molecular weight distribution. 

20. A method as claimed in claim 19, wherein said react 
ing step further comprises reacting up to about 60% by weight 
of a reactive diluent with said at least one low molecular 
weight vinyl ester comprises from about 5% to about 65% by 
weight, of the overall resin weight, and said at least one high 
molecular weight vinyl ester comprises from about 5% to 
about 65% by weight of the overall resin weight. 

21. A method as claimed in claim 20, wherein in said 
reacting step comprises reacting upfrom about 1% to about 
40% by weight of a reacting reactive diluent is reacted with 
said at least one low molecular weight vinyl ester and said at 
least one high molecular weight vinyl ester. 

22. A method as claimed in claim 2021, wherein said 
reacting step comprises reacting up to about 30% by weight 
ofa reacting the reactive diluent is reacted with said at least 
one low molecular weight vinyl ester and said at least one 
high molecular weight vinyl ester. 

23. A method as claimed in claim 2021, wherein said 
reacting step comprises reacting up to about 20% by weight 
ofa reacting the reactive diluent is reacted with said at least 
one low molecular weight vinyl ester and said at least one 
high molecular weight vinyl ester. 

24. A method as claimed in claim 2021, wherein the 
reactive diluent comprises at least one fatty acid monomer. 

25. A method as claimed in claim 2021, wherein the 
reactive diluent comprises styrene. 

26. A method as claimed in claim 2021, wherein the 
reactive diluent comprises a reactive diluent selected from the 
group consisting of styrene, methyl methacrylate, fatty acid 
monomers, cyclohexyl methacrylate, 2-hydroxyethyl 
methacrylate, para-methyl styrene, ortho-methyl styrene, 
isobomyl methacrylate, and mixtures thereof. 

27. A method of making a cured polymer composition, said 
method comprising the step of 

curing a curable vinyl ester resin composition having a 
viscosity from about 30 cp to about 2000 cF at 25°C., 
said vinyl ester resin composition having a multi-modal 
molecular weight distribution and comprising a reac 
tion product of a reaction mixture comprising at least 
One low molecular weight vinyl ester that is derived from 
an epoxy resin or a combination of epoxy resins that is 
liquid or crystalline at 25°C., at least one high molecu 
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lar weight vinyl ester that is derived from an epoxy resin 
or a combination of epoxy resins that is amorphous and 
solid at 25°C., and from 0% up to 60% by weight of a 
reactive diluent. 

5 28. A method as claimed in claim 27, wherein said curable 
vinyl ester resin composition further comprises styrene. 

29. A method as claimed in claim 27, wherein said vinyl 
ester resin has a bi-modal molecular weight distribution. 

30. A method as claimed in claim 27, wherein the reaction 
mixture comprises 1% to 40% by weight of the reactive dilu 
ent and the reactive diluent is selected from the group con 
sisting offatty acid monomers, styrene, Ortho-methylstyrene, 
para-methylstyrene, 2-hydroxymethacrylate, methyl meth 
acrylate, ethyl methacrylate, butyl methacrylate, methyl 
acrylate, cyclohexyl methacrylate, and isobornyl methacry 
late. 

31. A method as claimed in claim 27, wherein the reaction 
mixture comprises up to 30% by weight of a reactive diluent. 

2O 32. A method as claimed in claim 27, wherein the reaction 
mixture comprises up to 20% by weight of a reactive diluent. 

33. A method as claimed in claim 27, wherein said cured 
polymer composition has a fracture toughness of at least 191 
J/m’. 

25 34. A method as claimed in claim 33 wherein said cured 
polymer composition has a fracture toughness of from 191 
J/m to 500 J/m . 

35. A method as claimed in claim 27, wherein said cured 
polymer composition is a composite. 

36. A method as claimed in claim 27, wherein said vinyl 
ester resin has a glass transition temperature from about 60° 
C. to about 200° C. 

37. A method as claimed in claim 27, wherein said curable 
vinyl ester resin composition has a viscosity from about 156 
CP to about 670 CP at 25° C. 

38. A method of making a cured polymer composition, said 
method comprising the step of 

curing a curable vinyl ester resin composition having a 
40 multi-modal molecular weight distribution, said vinyl 

ester resin composition being derived from Only a vinyl 
carboxylic acid or a blend of vinyl carboxylic acids and 
an epoxy resin or a combination of epoxy resins that is 
liquid or crystalline at 25° C. and at least one high 

45 molecular weight vinyl ester that is derived from Only a 
vinyl carboxylic acid or a blend of vinyl carboxylic acids 
and an epoxy resin or a combination of epoxy resins that 
is amorphous and solid at 25°C. selected from the group 
consisting of an epoxy resin derived from bisphenol A, 

50 an epoxy resin derived from hexafluorobisphenol A, an 
epoxy resin derived from bisphenol E, an epoxy resin 
derived from bisphenol F. an epoxy resin derived from 
tetramethyl bisphenol E, an epoxy resin derived from 
tetramethyl bisphenol F., an epoxy resin derived from 

55 bisphenol M, an epoxy resin derived from bisphenol C, 
an epoxy resin derived from bisphenol P. an epoxy resin 
derived from bisphenol Z, an epoxy resin derived from 
methacrylates of ethoxylated bisphenols, an epoxy resin 
derived from acrylates of ethoxylated bisphenols, epoxy 

60 novOlacs, acrylates of tris-hydroxyphenylmethane gly 
cidyl ether, ethoxy phenol novOlacs, an epoxy resin 
derived from ethoxylated tris-hydroxyphenylmethane 
and brominated versions of these epoxy resins. 

39. A method as claimed in claim 38, wherein said vinyl 
65 ester resin has a bi-modal molecular weight distribution. 

40. A method as claimed in claim 38, wherein said vinyl 
ester resin composition further comprises styrene. 
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41. A method as claimed in claim 38, wherein said cured 
polymer composition is a composite. 

42. A method as claimed in claim 38, wherein the reaction 
mixture comprises 1% to 40% by weight of the reactive dilu 
ent and the reactive diluent is selected from the group con 
sisting offatty acid monomers, styrene, Ortho-methylstyrene, 
para-methylstyrene, 2-hydroxymethacrylate, methyl meth 
acrylate, ethyl methacrylate, butyl methacrylate, methyl 

5 
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acrylate, cyclohexyl methacrylate, and isobornyl methacry 
late. 

43. A method as claimed in claim 38, wherein the reaction 
mixture comprises up to 30% by weight of a reactive diluent. 

44. A method as claimed in claim 38, wherein the reaction 
mixture comprises up to 20% by weight of a reactive diluent. 

k k k k k 


