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11.3.4 Epoxy Resins

Epoxy tesins are a special type of polyether. They are synthesized first as oligomers with
epoxide end groups that are capable of undergoing further polymerization to form structurally
polymers. The fact that a number of books have been devoted to epoxy

complex network
They are widely used as adhesives and structural poly-

resing?7-52 attests to their importance.
mers, especially in composites.
The oligomers are prepared by the step-reaction polymerization of a diphenol, most com-

monly bisphenol A, and an epoxide—contajning compound in the presence of base,

Epichlorohydrin (38) is the most widely used comonomer. In its reactions with phenols, 38

reacts in the manner of 2 diepoxide. The reaction sequence involves the attack by phenclate

anion at the less hindered carbon of the epoxide ring, followed by intramolecular displace-

ment of chloride to regenerate an epoxide (39) (11.49). Further reaction (11.50) of 39 with

diphenolate results in a product (40) having a pendant Jydroxy group.
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Reaction with excess 38 Jeads evenmaﬂy to an epoxide—terminawd oligomer (41). The end

groups are commonly referred to as glycidyl ether groups. The molecular weight of the
oligomer is varied by suitable adjustment of the epichlorohydrin excess, and may vary from
a viscous liquid to a solid (n = 2-25) depending on the degree of polymerization. Optimum

© properties depend on the application.
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droquinone and resorcinol (1,4- an

Besides bisphenol A, diphenols such as hy
used in epoxy formulations, as have cer-

dihydroxybenzene, respectively) have also been
tain phenol—formaldehyde condensation products,

14).

including novelacs (discussed in Chaptef
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While the glycidyl ethers
. represent ithe most comm
oxide structur - on type of &
ZS 42 and 4‘; C‘;Sci‘;'zllilsﬁd f:ommer(:la]ly, among them multi_functionz;)gygirzpﬁlaymmjenr’ Other
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Further pol izati

complished SPeVZ;';llﬂl;lVZ:t:onalct)}fl prepolyl‘{ler to form crosslinked polymer (curing) can b

monly used. Amines rgact N ough amines and carboxylic acid anhydrides are most S o

and polyamines are also usedy algude'o philic addition to the epoxide ring (11.51). Diami.;lI:;

blended with other polymers Suc;“:;ﬂri ;i:itieang; Isllr son;e apalilications, the epoxy resin is

. ’ - ea—form. ; ;

:;?jsilslﬂ:;-l;i olgeis;entm]l)‘( the same reaction to give networkd::g:)il;rrr‘:::l Sl,{Wthh Cih

¢ and is known to be catalyzed by proton donors eaction with
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reaction between hydroxyl and epoxide groups. Obviously crosslinking of epoxy I:esins isa
very complex process, and it is impossible to give a definitive structure for the final prod-

uct.

| %
't C—OCH
O + mCHw ————> (11.52)
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Curing with anhydrides is usnally catalyzed by amine. Some of the more common an-
hydrides in commercial use include phthalic (47), maleic (48), and chlorendic {49); the lig-
uid anhydrides, dodecenylsuccinic anhydride (50) and nadic methyl anhydride* (51); and py-
-romellitic dianhydride (52). Liquid Diels-Alder adducts derived from maleic anhydride and
terpenes have also been reported.> It appears that Diels-Alder adducts improve the high-
temperature stability of epoxy resins because the retrograde Diels—Alder reaction genx?rates
alkenes in the polymeric network, which crosslink further and cause more char formation.3
The advantages of a dianhydride such as 52 are that the cure rate is higher and the final prod-
uct is more densely crosslinked. Whichever curing agent is used, there is a preponderance
of free hydroxy groups in the cured polymer, which gives rise to the superior adhesive prop-
erties of epoxies. o
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Because of the reactive end groups, epoxy resins are easily grafted onto other polymers.
Thermosetting acrylic polymers have been prepared, for example, by reaction of an epoxy
resin with an acrylic to form a graft copolymer (11.55) capable of being crosslinked. For
certain coatings applications, epoxies are also reacted in analogous fashion with drying oil
fatty acids to take advantage of the free radical crosslinking propensity of the fatty acid.
(Drying oil polymerization is discussed in the next chapter.)

CH; 0, CH;
mCH,Co 4+ CHy—CHmn —— wCI—Izcllm .
CO,H COCH,;CHm
O OH

(11.55)

11.4 Polysulfides, Poly(alkylene
polysulfide)s, and Polysulfones

11.4.1 Polysulfides

Polysulfides, or poly(alkylene sulfide)s as they are sometimes called, are the sulfur analogs
of polyethers. The polysulfide that has achieved the greatest commercial success is poly(p-
phenylene sulfide) (PPS) (53).°% An engineering plastic, PPS is manufactured by Phillips
Petroleum (trade name Ryton) by the reaction of p-dichlorobenzene with sodium sulfide
(11.56) in a polar solvent at about 250°C. The polymer is highly crystalline with a Ty, of
about 290°C, and it can be made electrically conducting by the addition of dopant {¢f. Chapter
4). When first made, PPS has a relatively low molecular weight, but heating in air causes
chain extension and some crosslinking. The heat-cured polymer is used as an engineering
plastic for applications requiring good chemical and heat resistance, while the low-molecular-
weight PPS is used as a coating, ‘ ' '

m—@a + Na§ —— {-<<:)>s]L + 2NaCl (11.56)
53

Several other routes to PPS have been reported. Two having possible commercial util-
ity are the oxidative coupling of diphenyl disulfide (or thiophenol) with a vanadium catalyst
(11.57, acac = acetylacetonate)>’-® and the melt condensation of p-iodobenzene with sulfur
(11.58),5%:60 The latter, which forms product with some disulfide units in the backbone, can
be progessed to a prepolymer stage, then further polymerization can be effected in the solid

@

L=

(11.57)

*Nadic methyl anhydride is the common name for meﬂlylbicyclo[2.2.1]hept—S—ene-Z,S—dicAarboxy]ic anhydride, the
Diels—Alder adduct of the mixed methyl-substituied cyclopentadienes with malejc anhydride.
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the oldest synthetic polymers, having been in
arfasllcn t;r;gstrengﬂi of mycl;t other synthetic f?laston.lers and
ause of the presence of low-molecular-weight ﬂu01s and
eptionally resistant to oils and solvents and to weath-
ine hoses, and sealants. Large volumes are

Poly(alkylene polysulfide)s
commercial use since 1930. They
tend to have unpleasant odors bec
disulfides. Nevertheless, they are exc
ering, and hence are widely used in ggskets, 2aso
now being used as binders for solid rocket propeliants.

11.4.3 Polysulfones | N
uifides and can be prepared from them by oxidation—
(11.69). Introduction of the sulfone group normally re-
mperature relative to the polysulfide.

Polysulfoncsl are derivatives of po'lys
for example, with hydrogen peroxide
sults in a much higher polymer melt te

RS} R%' (11.69)
0 K

i atic polysulfones as thermally stable en-
i IH o ¥ear$°i’t;cgt:12nrriat;1§§n(:fe r;fc;;irg Itnher‘n ll:y g nucleophilic di3p1ac¢mf_:nt reac-
gineering Plam-ll:s(-i arlier (structure 25). Another commercial route to polysqlfon.es involves
- Friode dﬂszrflt: ee reaction using sulfonyl chlorides (11.70). The product in this case (57)
?Fnedel:er i -ttjt[xi lastics indﬁstry as a polyethersulfone, whereas that dc?sen.bed eafrher
18251‘6 fizr1;;10\1;&(:1'1]Isliml:)13}J as polysulfone (regardless of the fact 1_:hat ethe.r fonns:‘;;on(llslﬂ;% ) o::ha;
(Oil)‘lt of its synthesis). If diphenyl ether is _replaccd with b1ph.=;r§yl n Ize;:u i;gmre(.i by, e
groduct: (58) is called a polyarylsulfone. Polysulfones 57 and .gre _ ‘

{trade name Victrex) and 3M (Astrel), respectively.
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ernati : izati diox-
An additional Toute to polysulfones is the alternating cop.ol.ym?néaulonl ;)i zzﬁnug —
;de™ with vinyl monomers (11.71). The resultant polymers exhibit re ative y Mgt
Sorature 1560°C when R = H, ~0°C when R = CHs). Depolymerization occt e
E:;T;I zfl E:;posure to ionizing ra:diation. As a consequence, such polysulfones are us

electron beam resist applications.

CH,= CR2 +S 02 frec radical initiator __[. CHZ CRZS 02+_ (11 )
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