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1.1 INTRODUCCIO

La primera sintesi d'una reina epoxi basada en bisfenol A va ser descrita pel suis P.
Castan i el nord-america S.O. Greenlee el 1936'. El diglicidileter de bisfenol A (DGEBA) va
esdevenir la primera reina epoxi comercial (1940)? i des de llavors ha estat una de les més
emprades en el mon industrial. La seva principal via de sintesi practicament no ha variat i
es tracta de fer reaccionar bisfenol A amb epiclorohidrina en medi basic fort®. Variant la
relacié epiclorohidrina/bisfenol A emprada permet obtenir pre-polimers amb diferents
pesos moleculars.

HOOH + 8—CH2—C1 _NaOH_

bisfenol A epiclorohidrina

g—CHZ—OO—CH2—$H—CH2—OO—CH2—g
OH

pre-polimer de diglicidileter de bisfenol A

Figura 1.1. Obtenci6 de la reina de diglicidileter de bisfenol A (DGEBA)

Les reines epoxi tenen multiples aplicacions en recobriments, adhesius i en la fabricaci6
de composites (mescles de reines epoxi amb fibres, generalment de vidre o de carboni). La
quimica dels epoxids i el ampli ventall de reines disponibles comercialment permet obtenir
materials amb una gran varietat de propietats. En general, les reines epoxi son conegudes
per la seva excel-lent adhesio, resistencia quimica i termica, bones propietats mecaniques i
bones propietats com a aillants electrics*. A més, hi ha centenars de maneres en que poden
ser modificades com per addicid de carregues minerals (talc, silica, alimina, etc), de
flexibilitzants, colorants, acceleradors, reductors de la viscositat, etc., per tal de reduir-ne el
cost, obtenir unes propietats determinades o simplement facilitar-ne el seu processat. Com
a resultat es pot obtenir milers de possibles formulacions, cadascuna preparada per tal
d’aconseguir les propietats requerides en el mercat.

En el camp de la microelectronica es requereixen materials que siguin capagos de
recobrir o encapsular els components electronics, protegint-los aixi d’agents atmosferics
externs com la pols o la humitat. El fet que es produeixi una contraccié durant el procés de
curat (que té lloc normalment en qualsevol tipus de polimeritzacid) influeix negativament
sobre les propietats finals i la durabilitat del material obtingut, ja que durant aquest procés
es formen microescletxes, microporus i tensions mecaniques que amb el temps poden
evolucionar cap a una fatiga mecanica del material i a una possible perdua d’adherencia.
Tot aix0 pot portar a la penetracié d’humitat, a ’aparicié de problemes de corrosio en els
components metal-lics i finalment a la destruccié del material electronic. A meés, el fet que
el material sigui un termoestable fa que el material recobert no pugui ser reutilitzat.
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A pesar de les bones propietats que presenten, segons 1'is que se’'n vol fer (com per
exemple el recobriment de xips), les reines de DGEBA es veuen limitades degut a certs
inconvenients com son: la seva fragilitat, la contraccié que experimenten durant el procés
de curat i la falta de reciclabilitat/degradabilitat impedint aixi una possible reutilitzacio del
material recobert. S’ha de tenir en compte que I’eliminacié de recobrimets termoestables és
dificil degut a que son materials infusibles i insolubles. Es parla de termoestables
reciclables quan aquests es poden eliminar i recuperar el material recobert. La introduccio
de grups térmica o quimicament labils és la manera més utilitzada per obtenir
termoestables reciclables (degradables). Per exemple, la preséncia de grups ester en la
xarxa polimerica fa possible que aquests materials puguin ser degradats de forma
controlada térmicament o per hidrolisi alcalina, tenint en compte que també siguin el
suficientment estables per evitar la seva degradacié durant el procés de curat i durant el
temps de servei. El desenvolupament de metodes de reciclatge per materials polimerics és
un tema de gran importancia en el camp de la ciencia dels polimers i la seva tecnologia®.
En concret, la degradacio termica és un dels metodes més emprats en aquests tipus de
materials ja que ens ofereix la possibilitat d"un procés rapid i net.

Entre els diferents treballs que s’han trobat a la literatura i que parlen sobre degradacid
termica de materials termoestables trobem els realitzats per Wang i Wong’. Aquests autors
van proposar la introduccié de grups termicament labils, tipus carbonat, dintre l’estructura
de la reina de partida. Aixo els portava a obtenir materials que podien ser degradats a
temperatures inferiors a 350 °C. A més, aquesta temperatura disminuia al augmentar el
grau de substitucid del carbonat.

Figura 1.2. Reina epoxi emprada en I’obtenci6 de termoestables degradables

Chen i col.® també han treballat en aquest camp introduint grups ester en la reina de
partida (figura 1.3).

0O R, R, O 0O Ry
@) @)

Figura 1.3. Reines epoxi emprades en I’obtenci6 de termoestables degradables
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Aquests grups ester també son termicament labils permetent obtenir materials que podien
ser degradats a temperatures entre 200 i 250°C. Aquesta temperatura disminuia a mesura
que augmentava la substitucio en el Cgdegut a que un major nombre de hidrogens en y
afavoreix I'eliminacio pirolitica (figura 1.4).

O H l3 ——H\ OH '
R‘( Y(: - = R~< / —— R«O v R
C

O-- (lj\R‘
estat de transicid

Figura 1.4. Mecanisme d’eliminacid pirolitica d’esters (B-eliminacio)

Més recentment, Okamura i col.” van sintetitzar noves reines epoxi difuncionals i
trifuncionals amb unions ester terciari. Aquestes reines eren aplicades com agent de curat
en un sistema amb propietats fotocurables per tal de degradar el material mitjangant un
posterior tractament termic que porta al trencament dels enllagos ester.

Figura 1.5. Reines cicloalifatiques proposades per Okamura i col.

A part d’aquests autors n’hi ha d’altres que introdueixen altres grups labils a la xarxa
polimerica. Entre ells trobem Shirai i col.819, que introdueix grups sulfonat, Malik i col.!t,
que introdueixen grups urea, Tesoro i col.?, que introdueixen enllagos disulfur o
Buchwalter i col.’3, que introdueixen enllagos cetal i acetal.

Una altra estrategia per aconseguir termoestables degradables és la formacio in situ de
grups labils per copolimeritzacio per obertura d’anell de reines epoxi amb carbonats ciclics
o lactones en presencia d’un iniciador. S’ha pogut observar com, en presencia d'un acid de
Lewis, un epoxid reacciona amb un carbonat ciclic o una lactona per donar lloc a la
formacié d’'un espiroortocarbonat (SOC) o un espiroortoester (SOE) i per polimeritzacid
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d’aquests composts es formen grups carbonat o ester en la matriu polimerica final. A més,
s’ha observat com la copolimeritzacié d’aquest tipus de compostos porta a materials amb
un menor grau d’encongiment’.

Bodenbenner'> va ser el primer en sintetitzar un espiroortoester per reaccio de I’oxid
d’etile amb y-butirolactona en presencia de trifluorur de bor (BFs) obtenint un 33 % de
rendiment. Bailey va estudiar la homopolimeritzacié d’aquest compost en un dilatometre a
temperatura ambient utilitzant BFs; com a iniciador i va observar un lleuger increment de

volum del 0,1 % al finalitzar la polimeritzaci6'e.

BE o O

@)

: L X

A o] == LK
TON

Figura 1.6. Sintesi del 1,4,6-trioxaspiro[4.4]nona (TON)

Bailey'” va ser el primer en definir el que ell va anomenar “expanding monomers”,
monomers que al polimeritzar no experimentaven cap encongiment o que fins i tot podien
experimentar una lleugera expansio. Aixo es va atribuir al mode de polimeritzacid que és
una obertura d’anell on per cada distancia de Van der Waals (3) que passa a una distancia
covalent (3a) almenys hi ha dues distancies covalents (1, 2) que passen a distancies
properes a la de Van der Waals (1a, 2a) i un enllag covalent senzill (4) que passa a un doble
(4a), segons es representa a la figura 1.7.

13

1 3 1aR\\>3a
goj J/Ogoj
21040 _C{ ;{ 4aO

Figura 1.7. Canvis d’enllagos durant la homopolimeritzacié d"un SOE

Alguns exemples de compostos que compleixen els requeriments establerts per Bailey
per ser considerats mondmers expandibles son els espiroortoesters (SOEs), espiroorto-
carbonats (SOCs)!8 i els bicicloortoesters (BOEs)™ entre d’altres.
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Figura 1.8. Estructura de diferents monomers expandibles

Bailey va proposar un possible mecanisme per descriure com tenia lloc la doble
obertura d'un SOE (figura 1.9). Segons ell, la reaccié s’inicia per un atac electrofil a
'oxigen. En el cas de que el grup epoxi tingui substituents 1’atac es dona preferentment en
I'oxigen de l'anell eteri i si no n’hi ha I’atac es produeix en qualsevol dels oxigens. En
qualsevol cas es forma un catié oxoni que s’isomeritza a un carbocatid estabilitzat pels
oxigens adjacents. La propagacioé es dona per I'atac d'un altre monomer que genera un
altre catid oxoni seguit de la isomeritzacié del grup cetalic a grup ester!>172021, Estudis
posteriors, realitzats per Nishida i col.?, van confirmar el mecanisme i que la reactivitat del
SOE podia dependre d’altres factors com la grandaria de 'anell o del tipus de substituent
en el C* (figura 1.9).

E . E\ E\

PhO 0 O E*X PhO/\[O PhO/\[O +O . Pho/\[o +O
T - ) "X =)

X X / X-

SOE 00
[
E
0 0
. 07]\) — > +{-O-CHy CHy CHy C-O-CH-CHy =+
(3j O I\OPh

poli(éter-ester)

PhO/\[O
o
Figura 1.9. Mecanisme proposat per la doble obertura d"un SOE

Matyjaszewski® va proposar un segon mecanisme pel qual podia tenir lloc I'obertura
d’aquest tipus de compostos. Segons ell, el mecanisme tenia lloc amb dues etapes, una
primera rapida on es produeix l'obertura d'un dels anells seguida d’una isomeritzacio
lenta per donar lloc al poli(eter-ester) (figura 1.10).

Estudis posteriors van permetre observar com depenent de la temperatura de
polimeritzacio es podia obtenir dos tipus de polimers?**. Mentre que a temperatures
superiors a 100 °C es produia la doble obertura de 'anell, donant lloc al corresponent
poli(eter-ester), a temperatures per sota dels 40 °C el SOE només experimentava 1’obertura
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d’un sol anell, donant lloc a la formacié d’un poli(cicloortoester). Malgrat tot, aquest tltim
procés només tenia lloc amb SOEs amb un anell d’eter de 7 baules (n=>5), segurament
degut a la falta de homopolimeritzabilitat dels anells de 5 i 6 baules. Com que aquesta
reaccio és d’equilibri, es pot recuperar facilment el monomer de partida, obtenint aixi una
via de reciclatge quimic?. L’obtencid del poli(cicloortoester) no té interes en el camp dels
termoestables, ja que la baixa temperatura emprada porta a la vitrificacié del material.

)
E* O O "
\F/\/C?\ZO% T <40 °C [OX(C?{Z)n T> 100 °C J(O\/\OJK(CHQ;)L

n=>5

Figura 1.10. Evoluci6 del SOE en funci6 de la temperatura

Chabanne i col.?¢ van estudiar la reaccio de polimeritzacid del fenilglicidileter (PEG) i el
diglicideleter de bisfenol A en presencia de complexos de BFs-amina solubilitzats en una
petita quantitat de y-butirolactona (y-BL). El complex BF;-amina presentava l'inconvenient
de ser solid a temperatura ambient i no es dissolia bé en la reina. Aixi doncs, per tal
d’obtenir mescles més homogenies van substituir el polioxid d’etile (PEO), el primer
dissolvent estudiat amb detall?’, per la y-BL, que era millor dissolvent per aquest tipus
d’iniciadors a més de ser menys viscosa, el que facilitava la homogeneitzacio de la mescla.
Malgrat no homopolimeritzar per raons termodinamiques?®, la y-BL s’incorporava a la
xarxa polimerica per formacié d'un SOE intermedi, degut a la presencia de l'acid de
Lewis!*. A més van veure un increment en la reactivitat del sistema?. Fedtke i col.?0 també
van investigar la formacié de xarxes polimeriques a partir de sistemes epoxidics com el
fenilglicidileter (PGE) o el diglicidiléter de bisfenol A en presencia de y-BL en medi
cationic. Tots dos grups van comprovar que es donaven simultaniament diverses
reaccions, entre elles la homopolimeritzacié de I'epoxid (a), la formacio in situ del SOE (b) i
la seva copolimeritzacié amb I'epoxid (c) (figura 1.11).

Aixi doncs, en el nostre grup de recerca es va plantejar la idea de millorar algunes de
les propietats que presenten els termoestables epoxidics per copolimeritzacié directa de
reines epoxi amb lactones® i carbonats®. Les propietats que es pretenien millorar eren la
reduccio de I'encongiment al curat, les propietats mecaniques i augmentar la degrada-
bilitat.

Dels diferents agents de curat cationics aplicables a les reines epoxi®, el nostre grup de
recerca ha desenvolupat uns agents de curat nous com son els triflats de terres rares. Els
triflats de metalls de terres rares son acids de Lewis, estables en medis aquosos,
freqiientment usats en reaccions organiques®* i que han estat considerats com
mediambientalment favorables. L’estabilitat i 1’activitat catalitica dels triflats de terres
rares en aigua es deguda principalment al seu gran radi ionici a l'equilibri que es forma
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Figura 1.11. Reaccions que tenen lloc durant el curat cationic del DGEBA amb y-BL en presencia de
BFs-amina

entre els acids de Lewis i 'aigua’ . Aquest tipus de catalitzadors sén acids de Lewis
molt forts®> degut a I’acidesa del catid, la qual es veu potenciada pel caracter electroatractor
que presenta el grup trifluorometansulfonil (TfO)s%. Aquests cations tenen una gran
afinitat cap a l'oxigen del grup epoxid afeblint I'enlla¢ C-O de I’anell i afavorint la seva
obertura¥. L’acidesa del catié ve determinada per factors com I'electronegativitat, 1'oxofilia
i el radi ionic del metall®. A la figura 1.12 es mostren com es veuen afectades aquestes pro-
pietats en funci6 del tipus de lantanid®. A més, els cations lantanids (Ln(IIl)) son durs se-
gons la terminologia de Pearson® i presenten una elevada capacitat de coordinacio®. Dels
diferents triflats de terres rares que s’han utilitzat en el present treball, 'acidesa de Lewis i
la duresa de Pearson disminueix en el segtient ordre: Sc(OTf); > Yb(OTf); > La(OTf):349.

També és important destacar que degut a la baixa basicitat, pobra nucleofilia i baixa
capacitat coordinativa de l’anio triflat cal esperar una baixa proporcié de processos de
finalitzacio de cadena quan s’utilitzen com iniciadors de polimeritzacio.

Els triflats lantanid i altres metalls també han estat utilitzats en la polimeritzacié
d’altres monomers com l'anhidrid succinic/tetrahidrofura® i lactones® permeten
aconseguir inclas polimeritzacions tipus “living”*.

Finalment, podem dir de manera general que aquests nous iniciadors presenten uns
certs avantatges respecte a d’altres acids de Lewis com el AlCl;, BF; i TiCly, ja que®”:
" Son tolerants a ’aigua. Els acids de Lewis, en preséncia d’aigua, reaccionen i es desacti-
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Ln** [EQ (M*m53Y), V] —= @ @—1.?4 3.2 31 @.
L (10} - @[ Y [ La]{ce| Pr[NPm|sm] Eu|ad]| Tb Dy | Ho| Er[Tm|Yb Ly
Ln* [E? (M2*M3Y), V] —= -1.55 -0.36 21 115
Cation Size (A) [11] 2 @ R I — L) m—
(Ln®*, 6-coordination)

Electronic Configuration [Ar] [Kr] [Xe] [Xe]dl' [Xejar™s
(Ln*)

Lewis Acidity !> [ ]
(Ln?*, relative)

Oxophilicity [12] 165 170 190 188 Dns? - 136 112 nnD 144 122 95 159
[Dg(LnO), (x5 kcalmol™)]

Electronegalivity [13] 13 12 11 11 11
(Pauling)

Figura 1.12. Tendencia de les propietats intrinseques dels lantanids

ven, mentre que els triflats de lantanid poden utilitzar-se en medis aquosos®+.

® 50n estables a I’aire i per tant no cal emmagatzemar-los en atmosfera inert.

® 56n bastant solubles en compostos organics, la qual cosa ens permet obtenir mescles
més homogenies.

= Pel que fa a la toxicitat, la dels lantanids és menor que la dels metalls de transicio i
similar a la dels metalls alcalins.

Aquests avantatges fan possible que els triflats de lantanid i terres rares puguin tenir
una aplicacié tecnologica, ja que les mescles de reaccié son estables a l’aire i no és precis
emmagatzemar-les ni treballar en unes condicions especials.

En treballs anteriors del nostre grup es va realitzar un estudi de l’activitat de diferents
triflats de lantanid en la polimeritzaci6é del diglicideleter de bisfenol A (DGEBA)* i una
reina epoxi cicloalifatica*® i es va observar com el procés de curat esdevenia molt més
efica¢ que en el cas d'utilitzar el BFs/monoetilamina (iniciador convencional utilitzat en el
curat cationic de reines epoxi). Es va observar, al igual que descriu Nomura*®), com la
presencia de grups hidroxilics conduia a una acceleracid del procés de curat de les reines
epoxi. Aquest fet va ser atribuit a la coexistencia de dos mecanismes de propagacio*: (a) el
mecanisme de monomer activat (AM), el qual requereix de la presencia de grups
hidroxilics i (b) el mecanisme de final de cadena activat (ACE) (figura 1.13).

Després es va estudiar la copolimeritzacié de reines epoxi amb y-lactones. L’estudi es
va realitzar amb aquest tipus de lactones ja que presenten l’avantatja que no poden
homopolimeritzar? en les condicions estudiades i per tant la seva reacci6 amb epoxids
només pot tenir lloc previa formacio del espiroortoester (SOE).

Els primers estudis realitzats amb y-butirolactona (y-BL) i reines epoxi de baix pes
molecular utilitzant diversos triflats com iniciadors van donar lloc a materials més flexibles
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Figura 1.13. Mecanisme de monomer activat (AM) i mecanisme de final de cadena activat (ACE)

degut a que augmenta la distancia entre punts d’entrecreuament i s’incorporen restes
alifatiques*. Aixo podria ajudar-nos a disminuir la fragilitat dels materials obtinguts sense
haver d’afegir cap tipus d’additiu, el que evitaria processos posteriors de mesclat i elimina
els inconvenients de la migracié dels additius®. També es va observar, al igual que
Chabanne?, com I’addicio de y-BL i/o I'acidesa de Lewis del iniciador utilitzat produia una
acceleracio del procés de curat®. Mitjangant FTIR es va confirmar com la coordinacio del
catio iterbi tenia lloc principalment al oxigen oxiranic mentre que el catio lanta es
coordinava preferentment al oxigen de la lactona’'@. Aixo es podria explicar per la teoria
de Pearson® ja que la lactona es una base tova i per tant reacciona millor amb acids tous,
com el cati6 lanta, mentre que 1'epoxid és una base dura i es coordina millor amb cations
més durs com l’iterbi. Per FTIR-ATR es van poder seguir les diferents reaccions que
podien tenir lloc durant la copolimeritzacio les quals van coincidir amb les descrites per
Chabanne? i Fedtke®, pero en el nostre cas es va observar un altra reaccio, que encara no
havia estat descrita, la homopolimeritzacio del SOE, que tenia lloc al final del curat quan ja
no quedava epoxi en el medi de reaccio®!.

W\/@'O—CHW—\ acid de Lewis _O/Ej/o\n/\/\o—]—
0.0 > o)
O
8 AT

Figura 1.14. Homopolimeritzaci6 del espiroortoester (SOE)

Pel que fa a l'encongiment global, es va observar com abans de la gelificacio
I’encongiment era bastant elevat degut a la formacié del SOE i la homopolimeritzaci6 dels
grups epoxid. En canvi, després de la gelificaci6 l'’encongiment era molt petit.
L’encongiment abans del punt de gelificacié no déna cap problema ja que té lloc quan el
material és un fluid mentre que després de la gelificacid, quan el moviment es veu
restringit, si que 1'encongiment porta a l'aparicié de tensions internes en el material i
possibles formacions d’escletxes i perdua d’adhesié. A temps de curat llargs, després de la
gelificacid, els principals processos que tenien lloc estaven relacionats amb la
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polimeritzacié del SOE, portant tan sols a un lleuger encongiment®@. El fet que tingues
lloc un petit encongiment i no una expansi6 després de la gelificacié podria ser degut a
que la proporcid de grups SOE polimeritzats no era capa¢ de compensar I’encongiment
produit per la polimeritzacié dels epoxids. La copolimeritzacié amb un altre tipus de
lactones, com son les bislactones derivades de 'acid de Meldrum (figura 1.15), si van
donar lloc a la reduccio6 global de I’encongiment durant el curat®®. Aixo es va reflectir en
millor resistencia al impacte o en les propietats anticorrosives dels recobriments.

O O O O
ﬁo fLO ﬁ}o %O
0 oJ{ 0 o)( @ oJ{ 0 oJ{
acid de Meldrum MDM MCP MCB

Figura 1.15. Estructura del 2,2-dimetil-1,3-dioxa-4,6-diona (acid de Meldrum) i derivats: 2,2,5,5-
tetrametil-4,6-dioxo-1,3-dioxa (MDM), 6,6-dimetil-5,7-dioxaspiro[2.5]octan-4,8-diona (MCP) i 7,7-
dimetil-6,8-dioxaspiro[3.5]nonan-5,9-diona (MCB)

Pel que fa a l'estabilitat termica de tots els materials derivats de reines epoxi i lactona,
es va observar com un augment del contingut de lactona en la mescla conduia a materials
més degradables, especialment quan els esters introduits en la xarxa eren terciaris. A més,
es va comprovar com l'acidesa del iniciador emprat afectava la degradabilitat del material;
quan major era l'acidesa de Lewis del iniciador, més degradable esdevenia el material.

Brady i col.> van observar com 1’addici¢ de lactones espirobicicliques al curat anionic
de reines epoxi amb poli(amido-amines) portava a un menor grau d’encongiment. En les
seves investigacions van observar una lleugera expansié que tenia lloc al principi del curat
pero que amb el temps anava desapareixent, segurament a causa de la contraccié causada
per la reaccié dels epoxids amb la amina. L’expansio inicial revelava com els compostos
espiranics eren considerablement més reactius que els anells oxiranics envers la nucleofilia
de 'amina. Aixi dongcs, els inicis de la reaccié tenien lloc principalment per la reaccié dels
espiro monomers mentre que la reaccid dels oxirans no esdevenia important fins la
desaparici6 dels espiro compostos. A més el grau d’encongiment variava segons la
quantitat de espirobislactona utilitzada.

S’ha estudiat la copolimeritzacié de reines epoxi amb diferents bis(y-lactones)® (figura
1.16) utilitzant alcoxids com iniciadors. A diferencia de les mono(y-lactones), les bis(y-
lactones) copolimeritzen amb epoxids amb iniciadors anionics, el que permet el
desenvolupament de nous materials funcionals que podrien exhibir noves propietats.

Endo i col.* van estudiar la copolimeritzacié de les bis(y-lactones) amb fenilglicidileter i
DGEBA i van observar que aquest tipus de lactones no homopolimeritzaven, pero si copo-

10




UNIVERSITAT ROVIRA I VIRGILI

NOUS TERMOESTABLES EPOXIDICS MODIFICATS AMB GAMMA-LACTONES I BIS-GAMMA-LACTONES CONDENSADES
M?® Merce Arasa Bertomeu

ISBN:978-84-692-4157-8/DL:T-1171-2009

00 Ox._O
o) o)
O™ >~o

Figura 1.16. Estructura de diverses bis(y-lactones) bicicliques estudiades en la copolimeritzacid
anionica amb epoxids
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limeritzaven anionicament de forma alternada per obertura d’anell amb epoxids. El
mecanisme proposat es representa a la figura 1.17 i implica un atac nucleofil del
iniciador (t-BuOK) al carbonil de I'anell de y-lactona per donar lloc a un carboxilat per
doble obertura d’anell amb isomeritzacio. Aquest carboxilat ataca selectivament un
anell oxiranic, ja que la lactona no té possibilitat d’homopolimeritzar. L’alcoxid
resultant ataca preferentment 1’anell de lactona ja que el carboni carbonilic és molt més
electrofil que el carboni oxiranic. Finalment, s’arriba a 1'obtencié d’un copolimer
alternat que conté un grup cetona en la unitat repetitiva.

O _R,

Ry 0 0
o0 t-BuO™ o 0-1.0
O O —_— \, [ [~ O —_— _
RO Oy RO o)

Q (©) Ry ©) R,
@/ _g m &) m
2 . 07 RS- 09\
RO @) rapid o
. R,
copolimer alternat

Figura 1.17. Mecanisme de copolimeritzacié anionica entre una y-lactona biciclica i un grup epoxid

Aquest tipus de mecanisme explicaria perque Brady i col. obtenien una reduccié del
encongiment al principi de la polimeritzacié quan afegien petites quantitats de espirobis(y-
lactones). L’encongiment estava directament relacionat amb la proporcid de bislactona
afegida. L’encongiment era minim al utilitzar quantitats equimoleculars de bis(lactones) i
grups epoxid?.

Zhang i col.’® van realitzar un estudi sobre les possibles reaccions laterals que podien
tenir lloc en aquest tipus de polimeritzacions, com el “back-biting” i les reaccions de
transferencia de cadena (figura 1.18). Van observar com un augment de lactona accelerava
la reaccid i com aquestes reaccions laterals tenien lloc quan la mescla de reaccié contenia
un excés d’epoxid mentre que eren practicament eliminades a mesura que augmentava el
contingut de bis(y-lactona). El procés de back-biting consisteix en 1’atac d"un alcoxid final

11
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de cadena a un grup ester de la propia cadena per originar cicles, mentre que els processos
de transferencia de cadena tenen lloc per atac d’un alcoxid final de cadena a un grup ester
d’una altra cadena. Ambdos processos donen lloc a un augment de la polidispersitat. En el
cas de materials termoestables aquests dos processos porten a canvis estructurals a la
xarxa.

Me
@) O 0]
o) o) K o O Mey
Orh m o OH
1 2
M @ o o
t-BuOK n O

transferéncia OPhO O Me
de caden

Oy _Me
O
t-BuO O/\[ tK back-biting (0]
O
om = /\[ !
OPh

Figura 1.18. Reaccions laterals que tenen lloc en la copolimeritzacioé de (1) i (2) amb t-BuOK

S’ha utilitzat una estrategia similar per disminuir I'encongiment en el curat anionic de
polimers vinilics amb grups epoxi laterals afegint a la mescla de reaccié bis(y-lactones)
(figura 1.19).

{CH;CJ:

(@)

ad

@)

>0

Figura 1.19. Polimers vinilics amb grups glicidil laterals copolimeritzats amb bis(y-lactones) en
condicions anioniques

En estudis realitzats per Uenishi i col.* en copolimeritzacié d’epoxids amb 3,4-
dihidrocumarina (3-lactona) es va utilitzar imidazole com a iniciador. També es va
observar en aquests casos una copolimeritzacié alternada en la qual les especies actives
eren alcoxids i fenoxids. Els imidazoles s’han utilitzat ampliament en el curat d’epoxids®
per diverses aplicacions i en la fabricacié de nanocomposites®!.

En el nostre grup de recerca es va utilitzar per primer cop la 4-(N,N-

dimetilamino)piridina (DMAP) com a agent de curat de reines epoxi® i es va demostrar la
seva eficacia com iniciador anionic. Dell’Erba i Williams® van realitzar un estudi sobre la

12
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homopolimeritzacié de monomers epoxidics com el DGEBA i el PGE iniciada per DMAP i
van observar que la DMAP era més activa que d’altres amines terciaries i que el valor de la
Tg dels materials obtinguts era superior. Tot i aixi, la homopolimeritzacié anionica de
grups epoxi iniciada per amines terciaries i imidazoles N-substituides és una reaccio
complexa i presenta dos inconvenients: (a) velocitat de reaccié baixes i (b) formacié de
cadenes principals curtes degut a l'elevada velocitat de les reaccions de transferencia de
cadena®.

Estudis més recents, realitzats per Ferndndez-Francos i col.®®> han demostrat que la
copolimeritzacié anionica del DGEBA amb una espirobislactona (s(y-BL)) amb DMAP i
imidazole porta a: (a) una copolimeritzacid inicial entre la s(y-BL) i el DGEBA i una
posterior homopolimeritzacié del DGEBA un cop exhaurida la lactona, (b) la existencia de
reaccions de transferencia, terminacio i regeneracid associades amb la homopolimeritzacio
del DGEBA, (c) un efecte acceleratiu del sistema degut a 1'addicio de la s(y-BL), el qual
permet un curat complet amb una menor quantitat d’iniciador i (d) I'as de la DMAP va
resultar ser el iniciador més efectiu.

Seguint les tendeéncies actuals aplicades a la millora de les propietats mecaniques dels
materials, en els ultims anys s’ha estudiat 1'efecte que produeix la introduccié de
nanoparticules en matrius epoxidiques, ja que els materials resultants son facils d’obtenir,
aplicables en un ampli ventall d’arees, només es requereix de petites quantitats de
nanoparticules i permet obtenir millores notables en el material final. Els nanocomposites
polimer/silicat han estat estudiats des de fa aproximadament 60 anys® pero no va ser fins
després de la publicacié dels bons resultants obtinguts pels investigadors de Toyota®” que
els filosilicats laminars nanometrics van adquirir importancia en la millora de materials .
Des de llavors s’han estudiant diversos meétodes per obtenir nanocomposites basats en
reines epoxi®, poliestire®, poliamida”™, polipropile”, poliuretans’, etc. Per aconseguir
aquestes millores cal destruir les interaccions entre lamines d’argila i aconseguir una
completa dispersié de l'argila dintre la matriu polimerica, ja que s’ha vist que només en
aquest cas s’aconsegueix una millora substancial en les propietats del material final.
Malgrat tot, la dispersio de l'argila no resulta gens facil degut al caracter inorganic de
'argila i el caracter organic de la matriu polimerica, per la qual cosa es requereix d'un
tractament previ de I’argila amb la finalitat d’augmentar la comptabilitat argila/matriu.

Una gran part dels treballs realitzats en el camp dels nanocomposites epoxidics tracten
sobre l'efecte que produeix l'addicié de fil-losilicats laminars nanometrics a la matriu
epoxidica a les propietats mecaniques”, optiques’, d’estabilitat termica i resistencia a la
flama”s, d’absorcio i permeabilitat de gas’, etc. S’ha observat com el metode de preparacio
de la mescla”, el pre-acondicionament d’aquesta’, la natura i el tipus d’agent modificant
de l'argila”, el tipus d’agent de curat i la seva concentraci¢”®80 sén factors que poden
afectar al grau de deslaminacid de l'argila i per tant a la morfologia i a les propietats dels
materials obtinguts. Alguns exemples de millores que s’han aconseguit, els trobem en els
estudis realitzats per Messersmith i col.®%@ que amb només 1’addicié d'un 4 % d’argila van
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augmentar en un 58 % el modul en 'estat vitri i en més d"un 450 % el modul en la I’estat
gomos; Massam i col.®! van aconseguir reduir el coeficient d’expansié termica en un 27 %
en l'estat vitri mitjangant la introduccié d'un 5 % d’argila; Mohan i col.8? van incrementar la
temperatura d’inici de degradacié termica en un 16 % i Gensler i col.® van reduir la
permeabilitat al vapor d’aigua fins a un 80-90 %.
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1.2 Objectius

1.2 OBJECTIUS | METODOLOGIA

L’objectiu d’aquest treball és 1’obtencié i I'estudi de nous materials termoestables
preparats per copolimeritzacié del diglicidileter de bisfenol A (DGEBA) amb
monolactones com la y-valerolactona (y-VL) i la a-metil-y-butirolactona (y-MBL) i bis(y-
lactones) com la 1-metil-2,8-dioxabiciclo[3.3.0]octan-3,7-diona (bisMe) i la 1-fenil-2,8-
dioxabiciclo[3.3.0]octan-3,7-diona (bisPhe) utilitzant diversos triflats de terres rares com
iniciadors cationics i varies amines terciaries com iniciadors anidonics. A més, com a
iniciador cationic s’ha estudiat el BFs-MEA, que és el més utilitzat a nivell industrial, per
tal de comprovar els avantatges que suposen el triflats de terres rares, tant des del punt de
vista cinetic com estructural. En el cas d’utilitzar y-monolactones la copolimeritzacio
només pot tenir lloc en condicions cationiques mentre que en el cas d’utilitzar bis(y-
lactones) aquestes poden copolimeritzar cationica i anionicament mitjangant un procés
tandem de doble obertura d’anell. També es pretén realitzar una comparacio dels materials
obtinguts segons el tipus d’iniciador emprat.

El present estudi pot ésser considerat una continuacié de la Tesi Doctoral “Modificacié
de reines epoxi amb lactones” presentada per Cristina Mas en el nostre departament. En
aquesta tesi es va utilitzar y-butirolactona i s"ha ampliat 'estudi a lactones substituides i a
bislactones condensades. Aquesta estrategia de copolimeritzacié és molt versatil, donat
que es pot jugar amb les diferents condicions de reaccid, com la proporcié de comonomers,
el tipus de iniciador i la seva proporcio, el que permet I'obtencié de materials amb
caracteristiques molt variades. Amb les noves lactones s’ha volgut explorar la validesa de
I'estrategia utilitzada previament amb exit en la millora de materials epoxidics, basada en
la copolimeritzacié de reines epoxi amb lactones. A més, s’ha utilitzat el triflat d’escandi,
degut a que presenta una major acidesa de Lewis que els triflats de lantanid, i que no havia
estat assajat a I'esmentada tesi.

A més, s’ha estudiat la viabilitat de la preparacié de nanocomposites a partir de
filosilicats laminars nanometrics en els sistemes cationics basats en DGEBA i y-
valerolactona, donat que presentaven una baixa viscositat abans del curat, la qual cosa
podia preveure una bona dispersié de l'argila en la matriu polimerica. L’obtencié de
nanocomposites amb base epoxidica mitjangant curat termic amb iniciadors cationics no ha
estat practicament estudiada fins a I’actualitat i per tant constitueix per si sol un repte.

La metodologia emprada en el desenvolupament del treball ha estat:

* Estudi dels processos de curat emprant calorimetria diferencial d’escombrat (DSC) i
espectroscopia infraroja (FTIR/ATR).

* Estudi de la cinetica de curat a partir de dades calorimetriques i d’infraroig.

» Caracteritzacié fenomenologica dels processos de curat i establiment dels diagrames
temps-temperatura-transformacio.
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» Avaluacio de la conversio a la gelificacio (o) mitjangant analisi termomecanica (TMA) i
DSC.
» Estudi del procés de curat en els nanocomposites per diferents tecniques.

* Estudi de la dispersié de l'argila en el termoestable per microscopia de transmissid
electronica (TEM).

* Estudi de la degradabilitat termica dels materials obtinguts per analisi
termogravimetrica (TGA).

* Estudi de les caracteristiques termomecaniques: avaluacié dels moduls i de les
transicions termiques per analisi termodinamomecanica (DMTA).

* Determinaci6 de la microduresa i del modul de Young.
* Determinacio dels coeficients d’expansi6 térmica per TMA.

* Observacio de la superficie de trencament dels materials obtinguts per microscopia
electronica d’escombrat (SEM).

La tesi esta estructurada en set capitols:

1. Introduccid i objectius.

2. Polimeritzacio cationica del diglicidileter del bisfenol A (DGEBA) amb y-valerolactona i
a-metil-y-butirolactona.

3. Preparaci6 de nanocomposites per copolimeritzacié cationica del DGEBA amb y-VL
iniciada amb triflats de terres rares amb esmectites.

4. Copolimeritzacié anionica i cationica del diglicidileter del bisfenol A (DGEBA) amb
bis(y-lactones) condensades.

5. Conclusions.
6. Annex i acroOnims.

7. Llistat de contribucions cientifiques.
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2.7 tntroduccid

2.1 INTRODUCCIO

Com s’ha comentat anteriorment, Chabanne i col.! van estudiar la influéncia de
I’addicié de petites quantitats de y-butirolactona (y-BL) en la polimeritzacio cationica del
fenilglicidileter (PGE) amb BFs;-amina, ja que en estudis anteriors s’havia observat com
aquesta lactona en presencia d'un acid de Lewis podia ser incorporada en la xarxa
polimerica malgrat la seva falta de polimeritzabilitat>. Aixi doncs, van concloure que en la
reaccio de polimeritzacio de lI'epoxid en presencia de la y-BL no només tenia lloc la
homopolimeritzacié de I'epoxid sindé que a més s’incorporava la lactona previa formacio
del corresponent espiroortoester.

En una de les tesis doctorals realitzades en el nostre grup de recerca anomenada
“Modificacid quimica de reines epoxi amb lactones”? es va realitzar l'estudi de la
copolimeritzaci6 de reines epoxi i y-BL emprant diversos triflats de lantanid com
iniciadors. En aquest estudi, mitjangant FTIR, es van observar les diferents reaccions que
tenien lloc durant la copolimeritzacio i mitjan¢ant calorimetria 1’acceleracié del procés de
curat el que permetia disminuir la temperatura i/o el temps de curat. Els materials
obtinguts presentaren una millora en la degradabilitat respecte els termoestables obtinguts
a partir de reines epoxi curades amb BFs;-amina.

—+CH-CH;04

Q  Ln(OTH),
(@) NVVCHZ—OO—CHZ—A — éHZ_O@VW

" L-CH;0 O-CH; &~
P soE

/—rCH—OO—CHV\N\/
© NWCH;OO—CHZ—g ¥ OCS i 2

Ln(OTf),
—_—

o
o e = !
- o)
Co Wv@r

Figura 2.1. Reaccions que tenen lloc durant el curat cationic del DGEBA amb y-BL: (a)
homopolimeritzaci6 del epoxid, (b) formacio del SOE, (c) copolimeritzacidé de 'epoxid amb SOE i (d)
homopolimeritzacié del SOE
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2.1 Introduceis

El present capitol tracta de l'obtenci6 de nous materials termoestales per
copolimeritzacio cationica del diglicidileter del bisfenol A (DGEBA) amb y-valerolactona
(y-VL) i a-metil-y-butirolactona (y-MBL) emprant triflats de terres rares com iniciadors.

(@] e) o
G O gl Oroad
O

y-VL y-MBL DGEBA

Figura 2.2. Estructura de les diferents monomers utilitzats en I’estudi

Ja que les estructures de les lactones son similars a la de la y-BL, seria d’esperar que
seguissin el mateix mecanisme de curat i s’arribés a una xarxa de poli(eter-ester). En aquest
treball s’ha estudiat l'efecte dels substituents en la lactona tant en la formacié del
espiroortoester com en la seva polimeritzacio i I'efecte que produeix la quantitat de lactona
introduida i el tipus o la quantitat d’iniciador en els materials finals.

El curat cationic s’han dut a terme amb La(OTf); i Yb(OTf); i s"ha inclos el Sc(OTf); el
qual no s’havia utilitzat anteriorment en y-lactones. Aquests iniciadors es diferencien en la
seva acidesa de Lewis i duresa de Pearson. En alguns sistemes també s’ha utilitzat el
BFs-MEA, iniciador cationic convencionalment utilitzat, per tal de comparar-lo amb els
triflats de terres rares.

Els resultats d’aquest treball es reflecteixen en les segtients treballs:

* FTIR/ATR study of the copolymerization of DGEBA with methyl-substituted y-lactones
catalyzed by rare earth triflates

* Study on the degradation of ester-modified epoxy resins obtained by cationic
copolymerization of DGEBA with y-lactones initiated by rare earth triflates

* Kinetic study by FTIR and DSC on the cationic curing of a DGEBA/y-valerolactone
mixture with ytterbium triflate as initiator

* Study on the effect of rare earth metal triflates as initiators in the cationic curing of the
DGEBA /y-valerolactone mixtures and characterization of the thermosets obtained
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2.2 FTIR Study ﬁ

FTIR/ATR STUDY OF THE COPOLYMERIZATION OF DIGLYCIDYL
ETHER OF BISPHENOL A WITH METHYL-SUBSTITUTED y-
LACTONES CATALYZED BY RARE EARTH TRIFLATE INITIATORS

Merce Arasa,! Xavier Ramis,? Josep Maria Salla,> Ana Mantecén,! Angels Serra’

Dpt. Q. Analitica i Q. Organica, URV. C/Marcel-li Domingo s/n, 43007 Tarragona, Spain
2 Lab. Termodinamica, ETSEIB. UPC, Av. Diagonal 647, 08028 Barcelona, Spain

Abstract

Mixtures of DGEBA with y-valerolactone (y-VL) or a-methyl-y-butyrolactone (y-MBL) 2:1
(mol/mol) were cationically copolymerized in the presence of scandium, ytterbium or
lanthanum triflates as initiators. The evolution of the different reactive groups was
followed by means of FTIR/ATR spectroscopy. From these experiments, we could detect
the coexistence of two unexpected processes: a reversion of the intermediate
spiroorthoester formed to the initial products and a depolymerization process, which only
takes place in samples with y-VL, when scandium triflate was used as initiator or when the
proportion of ytterbium triflate was increased from 1 to 3 phr. When y-MBL was used as
comonomer no depolymerization occurs which supports the proposed mechanism.

Keywords: Cationic polymerization, copolymerization, crosslinking, epoxy resin, FT-IR,

lactones, lanthanide triflates, shrinkage, thermoset.

Introduction

Epoxy resins are widely applied in
microelectronics as coatings or encapsu-
lants. However, the curing is generally
accompanied by shrinkage because van
der Waals distances are converted into
covalent bonds, thus increasing the
density of the materials. This shrinkage
produced during curing is a big problem
because it leads to the formation of
microvoids and microcracks, which
reduces the durability of the material
and worsens the properties. Moreover, it

produces the loss of adhesion and
reduces their protection capability.'? The
use of expanding monomers is a possible
way to solve these problems. Spiroortho-
esters (SOEs) are bicyclic compounds
that were defined by Bailey et. al.l? as
expanding monomers because they
experiment cationic ring-opening poly-
merization* without shrinkage or even
with expansion. They can be synthesized
from lactones and epoxides in the pre-
sence of a Lewis acid as a catalyst.5
However, the use of expanding mono-
mers in industrial applications is still
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limited because of the problems arising
from their synthesis and polymeriza-
bility.”

A possible way to overcome the
previous synthesis of SOE monomers is
to generate them “in situ” from epoxy
resins and lactones. We demonstrated
that, in these systems, the shrinkage after
gelation is very low and that SOE
polymerizes at the end of the curing.?
Moreover, there is another mechanism
to reduce the shrinkage after gelation
which is associated with the degree of
conversion at the gelation point that
increases on adding lactone to the epoxy
resin, due to the functionality of lactone,
which is two, whereas epoxy resin has a
functionality of four in the cationic ring-
opening copolymerization.” The reduc-
tion of the contraction after gelation is
the main goal because after this point the
mobility of the polymeric chains is
strongly reduced and the internal
stresses appear.

The polymerization of SOE groups
leads to poly(ether-ester) structures. The
presence of ester groups in the three-
dimensional network has another bene-
ficial consequence: that is the increase in
the degradability of the thermosets. The
introduction of ester groups in the cross-
linked epoxy resins was previously pro-
posed by Ober and coworkers'®! and
Wang et. al.,’>3 to increase the reworka-
bility of the electronic materials. They
proposed the use of modified cyclo-
aliphatic epoxy resins containing ester
groups in their structure. However, the
use of cycloaliphatic epoxy resins has
some limitations in their curing and me-
chanical properties. To overcome these

limitations increasing the versatility of
the thermosets we propose the copoly-
merization strategy aforementioned.

Because the formation of SOE
requires the presence of a Lewis acid and
these compounds can act as cationic
initiators in the copolymerization pro-
cess, we used several rare earth triflates
in the present work. In preceding
studies, we used lanthanide triflates as
initiators in the curing of similar systems
and we could observe a relation between
the curing rate and the Lewis acidity.!*
However, there is no clear tendency in
the degree of chemical incorporation of
the lactone into the three-dimensional
structure.’* Moreover, we described in a
preceding article® that the reaction of
diglicidylether of bisphenol A (DGEBA)
with y-caprolactone (y-CL) initiated by 3
phr of ytterbium triflate is accompanied
by a partial depolymerization of the
material in the last stages of the curing to
give small proportions of free y-CL.

In the present work, we studied the
influence of the acidity and the effect of
methylic substituents in the y-lactone
ring on the depolymerization process.
We tested ytterbium, lanthanum, and
scandium triflate, which are Lewis acids
with different strength but all of them
stable in water.>1° As lactones we tested
y-valerolactone (y-VL) and o-methyl-y-
butyrolactone (y-MBL) for copolyme-
rizing with DGEBA because y-lactones
cannot cationically homopolymerize be-
cause of thermodynamical reasons, and
therefore its incorporation should take
place through the formation of an
intermediate SOE. The presence of
methyl groups can change the charac-
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teristics of the materials, among them the
degradability, and the reaction evolution.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08
g/equiv.), y-valerolactone (y-VL; Aldrich),
and o-metyl-y-butyrolactone (y-MBL;
Aldrich) were used as received.

Lanthanum (III), ytterbium (III), and
scandium (II[) trifluoromethanesulfo-
nates (Aldrich) were used without
previous purification.

Preparation of the curing mixtures

The samples were prepared by
mixing the selected initiator in the
corresponding amount of lactone and the
addition of the required proportion of
DGEBA with manual stirring. All the
mixtures contained 1 phr of metal triflate
(1 part per 100 parts of lactone/resin mix-
ture, w/w). The prepared mixtures were
kept at -18 °C before use.

Characterization and measurements

The isothermal curing process, at
160 °C, was monitored with a Fourier
transform infrared spectrophotometer
(FTIR) 680 Plus from Jasco with
resolution of 4cm? in the absorbance
mode. An attenuated total reflection
accessory (ATR) with thermal control
and a diamond crystal (a Golden Gate
heated single-reflection diamond ATR
from Specac-Teknokroma) was used to
determine FTIR spectra. The disappear-
ance of the absorbance peak at 910 cm™

(epoxy bending) was used to monitor the
epoxy conversion. The consumption of
the reactive carbonyl group in the
lactone was evaluated by measuring the
changes in absorbance at 1775 cm!
(carbonyl C=0 stretching of cyclic ester).
The appearance of the peak at 1737 cm!
(carbonyl C=O stretching of aliphatic
linear ester), which does not exist in the
sample before curing, indicates that ring-
opening polymerization has occurred in
SOE. So, the latter was used to evaluate
the linear ester formation. The peak at
1605 cm™ (phenyl group) was chosen as
an internal standard. Conversions of the
different reactive groups, epoxide, lac-
tone, and linear ester, were determined
by the Lambert-Beer law from the
normalized changes of absorbance at 910,
1775, and 1737 cm

—t —t
Ao B Airrs
aepuxy = 1_ —0 alactone - 1_ —0
Aoo A5
—t
3 Aizs7
alinear ester 1_ —o
Ai1737

where Zo, Zt, and A are the
normalized absorbance of the reactive

group before curing, after reaction time ¢,
and after complete curing.

Results and discussion

In a previous article,’* we described
the crosslinking process of several
DGEBA/y-BL mixtures using different
lanthanide triflates as initiators. We
demonstrated that four competitive
processes took place and that their
extension was affected by the lanthanide
used as initiator. When we used y-
caprolactone (y-CL) we also detected the
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formation of free lactone at the end of the
curing by a depolymerization process.

In Scheme 1 are represented the four
main reactions for DGEBA/y-VL copoly-
merizations, which are usually expected.
The reaction (a) shows the formation of
SOE, (b) is its homopolymerization, (c) is
the copolymerization of SOE and
epoxide, and (d) is the homopolymer-
ization of epoxide. The extent to which
these four processes occur should
depend on the type of initiator. It must
be said that, in this type of copolymer-
ization, the DGEBA resin acts as a tetra-
functional monomer and the lactone and
the intermediate SOE act as bifunctional
ones. Therefore, a higher chemical incor-
poration of lactone leads to a higher
molecular weight between crosslinks.
Processes (b) and (c) are responsible for

the formation of ester groups in the
three-dimensional network, which in
turn influences the degradability of the
thermoset and decreases the shrinkage in
the last steps of the curing. In the present
study, we followed the individual reac-
tions by means of FTIR-ATR.

Figure 1 shows the FTIR spectra of
the mixture DGEBA/y-VL 2:1 (mol/mol)
with 1 phr of Yb(OTf); obtained before
and after curing (150min) and at
intermediate time of 7.5 min at 160 °C.
During the curing process there are
changes mainly in three typical bands:

1. The carbonyl stretching band of y-VL
at 1775 cm, which decreases because y-
VL reacts with the epoxide groups of
DGEBA to form SOE groups and at the
end of the curing slightly increases again.

Q
o 0 Lewis acid /_VCHZ‘OO‘CHZ‘A
+ Q—CHEO Q O O_CHEQ — s 0O_.0

b) O/_ECH;OO—CHZ\/\/\/

<) /\/\/\/‘CHzoO-CH{g +

(@)
Lewis acid

Lewis acid
—_—

[¢]

_Ojcoj/o\'o‘/\)\oa_

O/—BCHEOO—CHZ\/\/\/\/

\/WVOJ\/\yOrOO—CHZ\/\/\/\/

d) PP :O: Lewis acid
CH;O O O—CH; - =

Scheme 1

—ETH—CHZ—O]—

CH
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Figure 1. FTIR-ATR spectra taken at different times of curing of a mixture of DGEBA/y-VL in a molar ratio of
2:1 with 1 phr of Yb(OTf); at 160 °C.

2. The peak at 1737 cm is attributable to
the linear aliphatic ester, increases
steadily and confirms that the ring-
opening polymerization of SOE occurs,
by homo- or copolymerization with
epoxide.

3. The band at 910 cm™ associated with
the oxirane ring disappears indicating
that the epoxide completely polymerizes.

The changes in the carbonylic band at
1775 cm?  indicates that y-VL firstly
completely reacts to form the SOE group
and then the lactone is newly formed. An
explanation to this fact could be the
reversion of SOE groups formed to the
lactone and epoxide, that is, the reaction
(a) in Scheme 1 must be reversible. In
this way, the epoxide absorption should
increase in a similar proportion than
lactone band, but the
merization of epoxide can reduce the
proportion of free epoxide in the sample
as it is formed. The reversibility in the
formation of SOE was previously
reported by Booth.!” Another possibility
could be a depolymerization process,
such as is represented in Scheme 2,
which forms y-VL and diminishes the

homopoly-

proportion of linear ester groups. This
diminution is not observable in our
spectra, but it could be explained
because at the same time the poly-
merization of SOE occurs, which could
increase the linear ester carbonylic band
in a similar proportion. When we used
lanthanum triflate the behaviour is more
or less the same. However, when we
used scandium triflate some differences
were observed (see Figure 2). Initially,
the bands at 1775 and 910 cm? di-
minished during the curing time but the
former does not disappear completely
and at longer reaction times it slightly
raises again. In this case the band of
linear ester at 1737 cm? initially in-
creases, indicating that SOE polymerizes
until reaching a maximum and then
newly decreases. This fact confirms that
the depolymerization process depicted in
Scheme 2 occurs. Moreover, the re-
version of SOE also coexists because of at
70 min both the bands at 1775 and
1737 cm! increase. In fact, the reversion
process should be more important for
scandium than for the other initiators
because there is always free lactone in
the reaction mixture.
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We proposed in Scheme 2 that the
coordination of the scandium salt to an
ether group favors the rupture of the
polymeric chain with the formation of a
cation, which is stabilized by the pres-
ence of the methyl group. The rupture of
ether groups catalyzed by Lewis acids
such as BF;, BBr; or AICl; is well

documented in the literature.1819

To confirm the proposed mechanism
we studied by FTIR the copolymer-
ization of DGEBA/y-MBL 2:1 (mol/mol)
mixture initiated by 1 phr of Sc(TfO)s,
because this lactone should not lead to a
secondary cation but to a primary one,
which is less favoured. As can be seen in
the spectra of Figure 3, no decrease in the
carbonylic band of the linear ester occurs
indicating that no depolymerization
takes place. However, the absorption
band at 1775 cm™ does not disappear
completely and this absorption increases
after more or less 10 min of curing con-

[\/\/\/\ ,
e e

+ CH;O

CH,

Scheme 2

firming the reversibility of the reaction
(a) in Scheme 1.

In previous papers,*'* we reported the
copolymerization of DGEBA/y-butyro-
lactone mixtures and we saw the com-
plete disappearance of the lactone, which
does not appear again at the end of the
curing. Thus, it seems that the presence
of substituents makes difficult the SOE
formation and also its polymerization. In
this way, the reversion of SOE to the
initial products becomes more important.
The hindrance caused in the polymeriza-
tion of spiroorthocarbonates? by the sub-
stituents was previously reported, but no
references of it could be found in spiro-
orthocarbonate.

Figure 4 shows the evolution of
epoxide, y-VL, and linear ester against
time for the DGEBA/y-VL 2:1 (mol/mol)
formulations initiated by 1 phr of the
different rare earth triflates calculated
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Figure 2. FTIR-ATR spectra taken at different times of curing of a mixture of DGEBA/y-VL in a molar ratio of
2:1 with 1 phr of Sc(OTf); at 160 °C.
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Figure 3. FTIR-ATR spectra taken at different times of curing of a mixture of DGEBA/y-MBL in a molar ratio of
2:1 with 1 phr of Sc(OTf); at 160 °C.

from the FTIR spectra. The conversions
have been normalized to the maximum
reached for group
regardless of the initiator used. Thus,
scandium leads to the
proportion of carbonyl linear ester band,
although not all the lactone has reacted
to form the SOE group. If we look at the
epoxy
complete incorporation of epoxy to the
network. Moreover, the rate of incor-
poration follows the Lewis acidity trend.
So, scandium triflate leads to the fastest
reaction and lanthanum salt to the
slowest. However, the evolution of y-VL
presents some differences. Although

each functional

maximum

conversion we can see the

using the three initiators the reaction is
fast, especially with scandium and
ytterbium triflates, there is no total
reaction of lactone with epoxide when
we used the scandium salt. Moreover, all
the initiators tested caused, after some
time of curing, that the y-VL appears
again. The formation of lactone goes
faster and the proportion of the free
lactone remaining entrapped in the
network follows the trend Sc>Yb >La.
Kinetics of the reactions can be related to
the Lewis acidity of the catalysts.
However, there is no direct relation
between Lewis acidity and the extension
reached in an equilibrium process. The
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fact that a higher proportion of lactone is
released in the order of Sc>Yb >La could
be related with the Pearson’s HSBA
theory,? which explains that the
hardness increases from La to Sc, be-
cause of the size. In a previous article,'
we related the Pearson hardness with the
coordination to the epoxide or lactone.
The harder the metal is the higher the
coordination to the epoxide and there-

1,
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Figure 4. Epoxy, y-VL and linear ester conversion
degrees vs. time for the DGEBA/y-VL 2:1 (mol/mol)
formulation with the three rare earth triflates (La O,
Yb A and Sc 0) during curing at 160 °C determined
by FTIR-ATR.

fore the higher its homopolymerization.
Thus, a higher homopolymerization of
epoxide leads to a higher proportion of
free lactone, because the reversion
equilibrium of SOE is shifted by the
consumption of the epoxide. On the
contrary, lanthanum salt is the softer acid
and it coordinates more effectively with
lactone, which reduces the proportion of
initiator coordinated to the epoxide and
therefore the homopolymerization is
reduced.

Finally, the plot of the formation of
linear ester in the network by homo- and
copolymerization of SOE groups against
time shows the concordance, from the
kinetic point of view, with the Lewis
acidity of the initiator. However, in the
curing of the sample with scandium
triflate, although at short curing time the
proportion of the linear ester reaches the
maximum value, we can observe a
decrease after 80 min at 160 °C, related to
the depolymerization mechanism de-
picted in Scheme 2. Thus, at the final of
the process, the maximum incorporation
of linear ester in the material is achieved
with the ytterbium salt as initiator and
the lowest with the scandium.

The otepoxy -0,y curves are represented
in Figure 5 for the same formulation and
the three initiators tested. Because of the
formation of SOE groups that takes place
from 1mol of DGEBA and 2mols of
lactone, and the ratio of the sample is
DGEBA/y-VL 2:1 (mol/mol) a consump-
tion of a 20 % of lactone should lead to a
conversion of a 5 % of the initial epoxide.
From the figure we can observe that with
all the initiators the dlepoxy is higher than
0.05. Thus, the homopolymerization of
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epoxide occurs since the beginning of the
reaction. We can clearly see that this
homopolymerization is more important
when the harder is the metal triflate. In
contrast, the incorporation of the lactone
is higher when the softer is the initiator.
With all the initiators tested we can see a
partial recovery of the initial lactone, by
reversion in the SOE formation or by the
depolymerization process. This recovery
is much higher for scandium, which
leads to the appearance of a 50 % of the
initial lactone. Thus, scandium triflate
should produce free y-VL by both the
reversion of SOE and the depolymeriza-
tion mechanisms, which takes place in a
little proportion, such as is observed in
Figure 4.

0 02 04 0.6 08 1

ayvL

Figure 5. Conversion of epoxide vs. conversion of y-
VL for the curing at 160 °C of a mixture DGEBA/y-
VL 2:1 (mol/mol) formulation with 1 phr of the
different rare earth triflates tested (La O, Yb A and
Sco).

Figure 6 represents the evolution of
the epoxide, y-MBL, and linear esters
against time for the DGEBA/y-MBL 2:1
(mol/mol) formulation initiated by 1 phr
of the different rare earth triflates during
100 min. Longer reaction times did not
lead to any difference. Scandium and
ytterbium triflates does not lead to
differences in the kinetics of epoxy

consumption but the lanthanum salt
leads to a slower incorporation. If we
look at the a,.msL representation, we can
see that both the ytterbium and the scan-
dium salt react faster but a notable
reversion of SOE occurs, more important
for the scandium triflate. However, in the
sample initiated by lanthanum triflate
the reaction of y-MBL goes more slowly,
as epoxide does, but the reversion is very
slight. If we compare the proportions of
linear ester and free lactone, we can
deduce that a notable proportion of lac-
tone remains as unreacted SOE groups. It
should be said that the linear ester
conversion has been normalized to the
maximum reached. The different kinetic
behaviour in the chemical incorporation
of y-VL and y-MBL to the material could
be related to the steric hindrance caused
by the methyl group neighbouring to the
spiranic carbon in the y-MBL. Thus the
biggest cation, the lanthanum, experi-
ments the higher steric hindrance which
retards the formation of SOE. However,
when it forms polymerizes or copoly-
merizes with epoxide slowly without
depolymerization, as we can see in the
plot of linear ester formation against
time. In the same plot, we can see that
scandium triflate leads to the faster
formation of linear ester and no
diminution occurs. Although the propor-
tion of SOE formation is higher for the
lanthanum triflate, the proportion of
linear ester groups is the lowest, which
could be explained by the difficulty in
the homo or copolymerization of SOE
groups, which should remain unreacted
in the material. The lowest reactivity of
SOE groups when initiated by lantha-
num triflate could also be explained by
the steric hindrance of the methyl group
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which difficult the coordination of the
metal to the oxygen.

O epoxy

O T T T T T T T
0 5 10 15 20 25 30 35 40

time (min)

Ol y-MBL

0 & T T T T
0 20 40 60 80 100

time (min)

O ester

O :‘- T T T T
0 20 40 60 80 100

time (min)

Figure 6. Epoxy, y-MBL and linear ester conversion
degrees vs. time for the DGEBA/y-MBL 2:1 (mol/
mol) formulation with the three rare earth triflates
(La 0, Yb A and Sc o) during curing at 160 °C
determined by FTIR-ATR.

Figure 7 shows the representation of
Olepoxy- ML fOr the same formulation
and the three initiators tested. If we
compare Figures 5 and 7, the biggest dif-
ference is the evolution of the samples
initiated by lanthanum triflate. Thus,
whereas in samples with y-VL the

disappearance of epoxide follows the
Pearson’s hardness order, in the samples
with y-MBL lanthanum triflate leads to a
much higher homopolymerization of
epoxide in front of the other initiators.
This fact could be related to the difficulty
in the coordination to the lactone, which
favours the homopolymerization of
epoxide. Figure 7 clearly shows the
reversion of SOE, which produces y-
MBL, which is higher for the scandium
salt, reaching a value of about 35 % of
reversion, lower than in case of y-VL for
the same initiator. It should be taken into
account that y-VL is produced by both
reversion and depolymerization pro-
cesses, whereas y-MBL is produced only
by reversion of the SOE to the initial
products. The presence of methyl groups
in the y-MBL makes it difficult for the
formation of SOE, because any initiator
leads to the complete disappearance of
the lactone during the curing.

0 0.2 0.4 06 0.8 1
Ol y-MBL
Figure 7. Conversion of epoxide vs. conversion of y-
MBL for the curing at 160 °C of a mixture DGEBA/
y-MBL 2:1 (mol/mol) formulation with 1 phr of the

different rare earth triflates tested (La O, Yb A and
Sco).

If we compare the reaction of both
DGEBA/lactone mixtures using ytter-
bium triflate as initiator (Figure 8) we
can see that in the epoxide conversions
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there are not big differences, but the
reversion of SOE takes place at lower
rate but with a higher extension for y-
MBL and this lactone is which produces
a lower incorporation of linear ester in
the final material. The fact that the
reversion seems to be higher for y-MBL
with the ytterbium salt, on the contrary
that we saw for the scandium initiator, is
a consequence of the depolymerization
process, which only occurs with Sc(OTf);
in y-VL mixtures. It should be mentioned
that the incorporation of lactone as linear
ester for y-MBL is much lower than with
y-VL, however, there is no as big differ-
ence in the reversion of both lactones.
The explanation to this fact seems to
indicate that a higher proportion of y-
MBL remains in the material as un-
reacted SOE, because of methyl groups
hinder its polymerization.

Finally, we considered the influence
of the proportion of initiator in the
incorporation of y-VL to the material and
we selected ytterbium triflate, because of
the better results achieved in the incorpo-
ration of linear ester to the polymeric
network. Figure 9 represents the evolu-
tion of all the reactive groups for
proportions of 0.5, 1, and 3 phr of this
initiator. As we can see, the highest the
proportion of the ytterbium salt the
faster the reactions are, as expected. We
can see bigger differences in the reac-
tivity of the epoxide than in the reactivity
of the y-VL, which can be attributed to
the hard character of the ytterbium salt,
which preferentially favours the epoxide
reactions. It can be also observed, that
the highest the proportion of initiator the
more important the reversion becomes.
However, the most significant fact can be

0 — T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
time (min)
1
0.8 1
£ 06
5 04
0.2 1
0 — T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
time (min)
1 o—r——=
g 0.6 1
8 0.4
0.2
0 — T T T T T T 1

0 5 10 15 20 25 30 35 40 45 50
time (min)
Figure 8. Epoxy, y-lactone and linear ester conver-
sion degrees vs. time for samples DGEBA/y-VL (O)
and DGEBA/y-MBL (o) 2:1 (mol/mol) formulation
with 1 phr of Yb(OTf); during curing at 160 °C de-
termined by FTIR-ATR.

observed in the evolution of linear ester
groups, because at proportions of 3 phr a
depolymerization process is clearly de-
tected. Moreover, the proportion of ester
linkages in the polymeric chain is much
lower when the proportion of the initia-
tor is reduced until 0.5 phr, which can
indicate that some proportion of SOE
remains unreacted in the material. The
decrease in the proportion of linear ester
groups in the material when 3 phr of

33




UNIVERSITAT ROVIRA I VIRGILI

NOUS TERMOESTABLES EPOXIDICS MODIFICATS AMB GAMMA-LACTONES I BIS-GAMMA-LACTONES CONDENSADES

M?® Merce Arasa Bertomeu
ISBN:978-84-692-4157-8/DL:T-1171-2009

2.1 Introduceis

Yb(OTf); were added is in accordance to
the mechanism of depolymerization de-
picted in Scheme 2 in which a higher
proportion of Lewis acid or a higher
acidity of the rare earth triflate leads to a
higher extension of the breakage of ether
groups and to the subsequent formation
of free lactone. From these results we can
conclude that 1 phr of ytterbium triflate
is the most adequate proportion to reach
a higher modification of DGEBA with v-
VL.

Table 1 collects the relative propor-
tions of linear ester groups in the final
crosslinked material. The absorptions are
referred to the phenyl absorptions band
of the DGEBA at 1605 cm-!, which should
not react during curing. As we can see,
the maximum ester modification is
achieved for DGEBA/y-VL mixtures,
when 1phr of ytterbium triflate was
used as initiator. The scandium salt leads
to the maximum value of linear ester
during curing, but at the end decreases
because the depolymerization process is
produced. In the same table we have also
collected the proportion of free lactone,
which remains entrapped in the
materials. As we can see, the highest
proportion of free lactone in the thermo-
set is achieved when we used scandium
triflate as initiator.

Conclusions

The copolymerization of DGEBA with
y-VL or y-MBL in the presence of rare
earth triflates led to the incorporation of
ester groups in the network. In addition
to the expected reactions: formation of
intermediate SOE, its homopolymeriza-
tion, its copolymerization with epoxide

0 10 20 30 40 50 60

time (min)
1 —
(n)
0.8 [f-
g 0.6
3 04
0.2
0 g T T T T T

0 10 20 30 40 50 60

time (min)

Ol ester

0 10 20 30 40 50 60
time (min)
Figure 9. Epoxy, y-VL and linear ester conversion
degrees vs. time for the DGEBA/y-VL 2:1 (mol/mol)
formulation initiated by 0.5 (T), 1 (4) and 3 (0) phr
of Yb(OTf); during curing at 160 °C determined by
FTIR-ATR.

and polyetherification, the reversion of
SOE has also been observed, which leads
to different proportions of free lactone
which remains entrapped in the thermo-
set.

When we used 1phr of scandium
triflate or 3 phr of ytterbium triflate as
initiator a depolymerization process is
observed, but only with y-valerolactone.
This fact was explained by a mechanism
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Table 1. Composition of the initial curing mixture and relative quantifications by
FTIR of linear ester and lacton groups after curing at 160 °C in the ATR

Lactone  Initiator Proportion initiator (phr) ADbSester/ AbS1605° Free lactone (%)°
La(OTf), 1 1.867 10
0.5 1.663 10
y-VL Yb(OTf); —> 1 2.207 13
3 — ‘ 2.381¢ 14
1.8114
Sc(OTf); 1 — ‘ 2.657¢ 49
2.0544
La(OTf); 1 1.495 16
v-MBL | Yb(OTf); 1 1.580 20
Sc(OTH); 1 1.749 37

2 absorbance of ester band in reference to the absorbance of the band of phenyl group

b in reference to the initial lactone in the mixture

¢ maximum of ester absorbance reached during curing
d final ester absorbance reached after complete curing

initiated by the coordination of the Lewis
acid to ethereal oxygen, which broke the
polymeric chain and formed a stabilized
secondary cation. This mechanism also
explains the formation of free lactone.
The depolymerization process was
related to the highest Lewis acidity of the
catalyst.

The most adequate conditions to
reach a higher chemical modification of
DGEBA with y-VL were the use of 1 phr
of ytterbium triflate.

The homopolymerization of epoxide
was favoured for DGEBA/y-VL mixtures
in the order of Sc>Yb>La, which is in
accordance to the Pearson’s hardness, or
when a higher proportions of Yb(OTf);
was used.

In the curing of DGEBA/y-MBL mix-
tures the presence of the methyl group
neighbour to the spiranic carbon in the
intermediate SOE  sterically made

difficult both the formation of SOE and
its polymerization and therefore the
reversion to the initial products became
higher. Homopolymerization of epoxides
was favoured when we used the lan-
thanum cation, which has the biggest
size. y-VL was chemically incorporated
into the network in much proportion
than y-MBL, because of the steric
hindrance produced by the a-methyl
substituent.
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2.3 Degradation Study .

A STUDY OF THE DEGRADATION OF ESTER-MODIFIED EPOXY
RESINS OBTAINED BY CATIONIC COPOLYMERIZATION OF
DGEBA WITH y-LACTONES INITIATED BY RARE EARTH
TRIFLATES

Merce Arasa,! Xavier Ramis,? Josep Maria Salla,? Ana Mantecén,! Angels Serra’

Dpt. Q. Analitica i Q. Organica, URV. C/Marcel-li Domingo s/n, 43007 Tarragona, Spain
2 Lab. Termodinamica, ETSEIB. UPC, Av. Diagonal 647, 08028 Barcelona, Spain

Abstract

The thermal degradation of new thermosetting materials prepared by cationic
copolymerization of mixtures with different proportions of diglycidylether of bisphenol A
(DGEBA) with y-valerolactone (y-VL) or a-methyl-y-butyrolactone (y-MBL) initiated by
scandium, ytterbium or lanthanum triflate and a complex of boron trifluoride was
investigated. To study the thermal degradation thermogravimetry (TGA) was used. The
materials are more degradable than conventional epoxy resins due to the presence of ester
groups in the polymeric chain, which are broken at the beginning of degradation. The
degradability increased with the proportion of linear ester groups and the Lewis acidity of
the initiator used in the polymerization and when the proportion of lactone in the initial
mixture increased. The kinetic parameters of the degradation were calculated from TGA
data by applying isoconversional procedures.

Keywords: Epoxy resins, degradation, thermoset, cationic polymerization, kinetics.

Introduction

Rare earth triflates have been de-
monstrated to be excellent Lewis acids
stable in oxygen and humid environ-
ments.'2 Until now, lanthanide triflates
have been used by us to obtain thermo-
sets from epoxy resins alone® or from
their mixtures with lactones,* showing
satisfactory results. Because scandium
triflate is the most acidic compound of
the series of rare earth triflates and is

commercially available, in a previous
paper we reported its ability to copoly-
merize DGEBA with y-valerolactone (y-
VL) or a-methyl-y-butyrolactone (y-MBL)
in addition to ytterbium and lanthanum
triflates.5

The interest of this kind of copoly-
merizations lies in the introduction of
ester linkages into network structures,
which leads to thermosetting materials
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with improved degradability. These ma-
terials can be used as coatings, underfills
or encapsulants in microelectronic appli-
cations and therefore, the increase in the
thermal degradability is important to re-
cover the electronic components.

Some research groups introduce
thermally labile secondary and tertiary
ester groups into the network to induce
reworkability to the thermosets.®1* How-
ever, most of this work is based on
cycloaliphatic structures which contain
ester groups, which show low versatility.

Our strategy to introduce ester
groups into the epoxy network is based
on a copolymerization procedure. Epox-
ides react with lactones in cationic
conditions to form spiroorthoester
compounds (SOEs), which have been
described as expandable monomers.
They can homopolymerize or copoly-
merize with epoxides to yield poly(ether-
ester) chains.! The polyetherification of
epoxides can also occur. Because y-
lactones cannot homopolymerize for
thermodynamic reasons, the incorpora-
tion of ester groups in the epoxy network
is due only to the formation and poly-
merization of SOE groups, which in
addition reduces the shrinkage after
gelation.* The reduction of the shrinkage
after gelation is a very important
achievement because it leads to a reduc-
tion of the internal stresses in the
material and increases the adhesion to
the substrate, which is important for
coatings” applications.

In previous studies,®> we proved that
the different Lewis acidity and the
different Pearson’s hardness of the rare

2.3 Degradation Sfudg ~

earth cations led to differences in the
curing rate and in the chemical structure
of the final thermosets. The evolution of
the reactive groups involved in the
curing was followed by FTIR/ATR. This
technique allowed us to observe that the
use of 1 phr of scandium triflate or 3 phr
of the ytterbium salt as initiators
produced a partial depolymerization,
leading to the reappearance of free y-VL,
which remained entrapped in the three-
dimensional structure. Moreover, all the
rare earth triflates tested led to a partial
reversion of the SOE group to the initial
y-lactone and epoxide, which polymer-
izes to form polyether structures.

We also reported that the copolymer-
ization of DGEBA and 6,6-dimethyl(4,8-
dioxaspiro[2.5]octane-5,7-dione) (MCP)™2
in the presence of ytterbium and lantha-
num triflates increased the thermal de-
gradability of epoxy resins through the
cleavage of ester groups introduced into
the polymer chain. The higher the
proportion of MCP in the reactive mix-
ture the more degradable the materials
were. Moreover, lanthanide triflates led
to more degradable materials than the
conventional BF;-MEA cationic initiator,
even for pure DGEBA homopolymer,
which indicates that lanthanide triflates
play an important role in the degradation
mechanism.

With these proceedings, in the
present study we aimed to know the
influence of the Lewis acidity of the rare
earth triflates and the proportion of ester
groups in the modified network on the
degradability of the thermosets obtained
and compare them with those produced
with BFs:MEA as initiator.
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In the present study, thermogravi-
metric analysis was used to assess the
thermal stability of the DGEBA/lactone
systems studied. The kinetic of thermal
degradation was determined using non-
isothermal experiments. A kinetic ana-
lysis was performed with an integral
isoconversional procedure (model free),
and the kinetic model was chosen by the
Coats-Redfern method as the model with
an activation energy similar to that
obtained isoconversionally and through
the integral and differential master plots
method.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08
g/eq) was used as received.

y-Valerolactone (y-VL) and o-methyl-
y-butyrolactone (y-MBL) (Aldrich) were
used as received.

Lanthanum (III), ytterbium (III) and
scandium (III) trifluoromethanesulfona-
tes and borontrifluoride monoethylami-
ne (BFsMEA) (Aldrich) were used with-

out purification.

Preparation of the materials

The samples were prepared as pre-
viously described.>

The mixtures were cross-linked by
pouring into a silanized glass mould and
then cured in an oven at 150 °C for 1h,
followed by a post curing at 160 °C for
5h. For lanthanum triflate and boron
trifluoride an additional post-curing for

2.3 Degradation Study S,

2h at 180 °C was made. The samples
were then allowed to cool at room
temperature. It was confirmed by DSC
that they were completely cured.

Characterization and measurements

Calorimetric studies were carried out
on a Mettler DSC-821e thermal analyzer
in covered Al pans under N, at 10 °C/min
to confirm the complete curing of the
samples. The calorimeter was calibrated
using an indium standard (heat flow
calibration) and an indium-lead-zinc
standard (temperature calibration). The
samples weighed approximately 7 mg.

Thermogravimetric analyses (TGAs)
were carried out with a Mettler TGA/
SDTA 851e thermobalance. Cured sam-
ples with an approximate mass of 7 mg
were degraded between 30 and 600 °C at
a heating rate of 10 °C/min in N (100
ml/min) measured at normal conditions.
Non-isothermal thermogravimetric tests
were carried out at rates of 5, 10, 20 and
40 °C/min to evaluate the kinetic para-
meters. Isothermal studies at selected
temperatures were also carried out.

Kinetic analysis

Integral non-isothermal kinetic analy-
sis was used to determine the kinetic
triplet (pre-exponential factor A, activa-
tion energy E and integral function of
degree of conversion g ()).

The degree of conversion as the mass
loss is defined as:
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where m is the mass corresponding to a
temperature T, m, is the initial mass and
m, is the mass of the substance at the
end of the experiment.

In non-isothermal kinetics of hetero-
geneous condensed phase reactions, it is
usually accepted that the reaction rate is
given by:13

doz da
= @)
o Par—Ae p( jf (@

where « is the degree of conversion, T
temperature, t time, f(a) the differential
conversion function, R the gas constant,
f=dT/dt the linear constant heating rate,
and A and E the pre-exponential factor
and the activation energy given by the
Arrhenius equation.

By integrating eq. (2), the integral rate
equation, so-called temperature integral,
may be expressed as:

A T -(E/RT)

gla)= IOW—E . T =
AE

- =2= ®)
BR '[ ‘BRP(X)

where g(a) is the integral conversion
function, x =E/RT and p(x) is the expo-
nential integral, which has no analytic
solution.’* However, there are many
approximations that make it possible to
obtain the kinetic parameters through
the linearization of the experimental
data.’>” There are more complex varia-
tions of p(x), such as those put forward
by Senum and Yang!® and Agrawal®
whose approximations of the temper-
ature integral at an interval of x offer far
higher accuracy and lower error.

2.3 Degradation Study ~5

Isoconversional methodology in non-
isothermal experiments assumes that for
a given degree of conversion, the reac-
tion mechanism does not depend on the
heating rate.

By using the Coats-Redfern'> appro-
ximation to solve eq. (3) and considering
that 2RT/E is much lower than 1, the
Kissinger-Akahira-Sunose (KAS) equa-
tion may be written:202!

ln[ ﬁzj ln{ AR }-i 4)
T g(a)E | RT

For each conversion degree, the linear
plot of In(#/T?)versus T enables E and
In[AR/g(a)E] to be determined from the
slope and the intercept. If the reaction
model, g(a), is known, the corres-
ponding pre-exponential factor can be
calculated for each conversion. The
Flynn-Wall-Ozawa integral'”7?> method
based on Doyle’s approach'® was not
used because it gives similar results to
the KAS method.

By reordening eq. (4), we can write
the Coats-Redfern equation:'s

ln%?)=l [‘gﬂ E o

For a given kinetic model, the linear
representation of In[g¢(@)/T?] against T
makes it possible to determine E and A
from the slope and the ordinate at the
origin. In this work, we selected the
kinetic model that had a good linear
correlation in the Coats-Redfern equation
and an activation energy similar to that
obtained isoconversionally (considered
to be the effective E).
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Using as a reference point at a=0.5,
the following differential master equa-
tion is easily derived from eq. (2):

fla) _ da/dt exp(E/RT) (g
f(0.5) (da/dt),, exp(E/RT,;)

where (da/dt)s, Tos and f(0.5) are, res-
pectively, the reaction rate, the tempe-
rature of reaction and the differential
conversion function at a = 0.5.

The left side of eq. (6) is a reduced
theoretical curve which is characteristic
of each kinetic function. The right side of
the equation is associated with the
reduced rate and can be obtained from
experimental data if the activation
energy is known and remains constant
throughout the reaction. Comparison of
both sides of eq. (6) tells us which kinetic
model describes an experimental reac-
tion process.

The kinetic model was also chosen by
the integral master plot method?*?* using
the fourth rational approximation of

2.3 Degradation Study &

Senum and Yang.!®

In order to determine the kinetic
model, it is necessary to include the
conversion function, f(a), characteristic
of the process studied, in the set of
functions analysed. Different kinetic
models were studied: diffusion (D1, Do,
Ds and Ds), Avrami-Erofeev (Asp, A2, As
and A4), power law (P2), phase-
boundary-controlled reaction (R2 and Rs),
reaction-order n (n=4, 3, 2, 1.5 and 1
denominated Fi) and autocatalytic (n + m
=2 and 3 with different values of n and
m).2> Although there is no reason for
some of these models to have any
physicochemical meaning in the degra-
dation processes, they can still be used to
aid description of the DTG curve.

Results and discussion

The reaction of DGEBA and ¢y-
lactones in cationic conditions leads to
the formation of cross-linked poly(ether-
ester) structures through the formation
of intermediate spiroorthoesters (SOEs).

W*CH;OO’CHZ‘W
O (]

(@]

o /
v-VL
NV\/CHZ—OO—CHH—\
0_0

(@)

AN\’<i>O*CH2W
O

\

WCHZ—OO—CHg—\
O0__0O

o
\ g

b G
: oy Ao Do

Scheme 1
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Scheme 1 shows the simplified chemical
structures of the networks formed by
copolymerization of DGEBA with y-VL
and y-MBL.

In previous work,> we determined
that the use of 1 phr of ytterbium triflate
leads to the highest proportion of ester
linkages in the final network. We also
detected that some proportion of SOE
did not react and that free lactone
remained trapped in the network,
because of the partial reversion of SOE
groups and the partial depolymerization
produced when 1 phr of scandium tri-
flate or 3 phr of ytterbium triflate were
added as initiator.> Previous tests
allowed us to conclude that the boron
complex led to the lowest ester group
content.

Ester groups are thermally cleavable
by a B-elimination mechanism,??” which
leads to the formation of acid and vinyl
ether groups as chain ends such is
represented in Scheme 2 for y-VL
containing materials. Each time that an
ester group is cleaved, the local crosslink
density decreases and therefore, the
higher the proportion of esters is the
more degradable character of the
modified epoxy resin should be.

—O7% —
OY’ O
N\NT H‘O
— (Ot Fn o
o
Scheme 2

Figure 1 shows the TGA and DTG
curves of the materials obtained from
DGEBA/y-VL  2:1 (mol/mol) mixtures

2.3 Degradation Sfudg ~5

using the corresponding amount of the
four initiators tested. As we can see,
BF;-MEA initiated materials lead to a
degradation curve at higher temper-
atures than when we used rare earth
triflates, which could be attributed to the
lower ester content or to the lower effect
of this initiator on the degradation.
Moreover, the shape of the DTG curve is
sharp and practically unimodal, which
seems to indicate that a single degra-
dation mechanism takes place, whereas
the other curves are broader and suggest
a more complex degradation.

100
90 A
80
70 4

60 BF;MEA
501

04 — La(OTf),
304 v Yb(OTf)a

loss weight (%)

204 —— Sc(OTf), S

10

100 200 300 400
temperature (°C)

500 600

0 5 10 15 20 25 30 35 40 45 50 55
time (min)
Figure 1. Thermogravimetric and DTG curves
under N, atmosphere at 10 °C/min of the materials
obtained from DGEBA/y-VL formulations varying
the type of initiator used in the curing.

The degradability of the materials
obtained is much higher as the Lewis
acidity of the rare earth triflates increases
(La<Yb<Sc) because these compounds
participate in the degradation mechan-
ism, as we demonstrated in a previous
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2.3 Degradation Study S,

Table 1. Thermogravimetric data under N, atmosphere of the materials obtained from

DGEBA/y-VL and DGEBA/y-MBL formulations varying the type of initiator used in the curing

Formulation Initiator mol init./ Ts0,2 Tomax’ Char yield®

(mol/mol) eq. epoxy Q) (°C) (%)
DGEBA/y-VL 2:1 BF;MEA 0.018216 286 430 15.1
DGEBA/y-VL 2:1 La(OTf); 0.003539 294 356 18.0
DGEBA/y-VL 2:1 Yb(OTf), 0.003344 258 340 19.6
DGEBA/y-VL 2:1 Sc(OTf), 0.004214 248 311 23.5
DGEBA/y-MBL 2:1 La(OTf); 0.003539 294 354 16.3
DGEBA/y-MBL 2:1 Yb(OTf)s 0.003344 266 337 17.4
DGEBA/y-MBL 2:1 Sc(OTf); 0.004214 251 318 20.1

@ temperature of a 5 % of weight loss
b temperature of the maximum degradation rate
< char yield at 600 °C

publication.!? It should be said that the
degradability of the reworkable materials
is associated with the temperature at
which a low percentage of weight is loss
(for example 5 %) because the loss of
mechanical characteristics takes place at
this low percentage, independently of
the temperature at which the maximum
weight loss occurs. Table 1 shows the
thermal parameters calculated from the
TGA curves. It is noticeable that
although BF:;MEA initiated materials
have the curve shifted to higher temper-
atures, the Tso is lower for this initiator
than for lanthanum triflate, which can be
attributed to the higher proportion of
unreacted lactone trapped in the network
which is eliminated on heating and not
to the breakage of the polymer chain.
Among the several rare earth triflates
both the Tsy and T follow the Lewis
acidity as expected. Thus, as mentioned
previously, the material with the highest
content of linear ester groups is that
obtained with the ytterbium salt but it is
not the most degradable, confirming the
importance of the Lewis acidity of the

metal as reported by us.!? It is noticeable
that the char yield at 600 °C increases
when the Lewis acidity of the initiator
used also increases. Thus, materials
obtained from scandium triflate as initia-
tor lead to the highest proportion of char
and lanthanum to the lowest.

Isothermal experiments at 250 °C
were also performed and are represented
in Figure 2. As we can see, the material
obtained with the boron trifluoride
initially experiences a slight decrease of
weight and then it remains practically
constant. A different behaviour is shown
by the other materials, because a pro-
gressive weight loss is observed during
the whole experiment, which is higher as
the acidity of the metal triflate is higher.

Similar experiments were performed
with materials obtained from y-MBL as
lactone. In previous work® we could
prove that this lactone led to a lower
incorporation of linear ester groups in
the network than y-VL but no depoly-
merization occurred when scandium
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Figure 2. Isothermal thermogravimetric curves
under N, atmosphere at 250 °C of the materials
obtained from DGEBA/y-VL formulations varying
the type of initiator used in the curing.

triflate acted as initiator. In this case
boron trifluoride was not tested because
this initiator leads to very low chemical
incorporation of the lactone to the
network. Table 1 shows the thermo-
gravimetric results obtained for these
materials. We can see that again the
higher the Lewis acidity is the lower the
Tsy, and the Tnax and the higher the char
yield. Because of the similarity in the
degradation behaviour of the materials
obtained from both lactones, y-VL was
selected to follow the study.

When the proportion of initiator was
changed in the preparation of the
thermosets the thermal behaviour also
changed. Figure 3 shows the thermo-
gravimetric and DTG curves for the
materials obtained from a DGEBA/y-VL
2:1 (mol/mol) formulation initiated by
0.5, 1 and 3 phr of Yb(OTf);s. As we can
see, on increasing the proportion of
initiator the degradation begins at lower
temperatures (see Table 2) and Tmax
decreases. Thus, this is another experi-
mental confirmation that the Lewis acid
acts in the degradative rupture of the
network. However, in a previous study??

we proved that the proportion of
ytterbium triflate influences the network
morphology because the coexistence of
the AM and ACE mechanisms, the
former becoming more important as the
proportion of initiator increases which in
turn produce a decrease of the Tg of the
material. This change in the network
morphology could influence the thermal
degradation in an unpredictable way. As
we observed with the Lewis acidity, the
char yield increases with the proportion
of initiator.

100 -
90 4
80 -
70 -
60 4
50
40 4
30 -
20 4
10

loss weight (%)

100 200 300 400 500 600
temperature (°C)

0 5 10 15 20 25 30 35 40 45 50 55
time (min)

Figure 3. Thermogravimetric and DTG curves
under N, atmosphere at 10 °C/min of the materials
obtained from DGEBA/y-VL formulations varying
the proportion of Yb(OTf); used as initiator in the

curing.

The DTG curves have different
shapes depending on the amount of
initiator in the material. Thus, the highest
proportion of initiator splits the broad
degradation curve into two peaks, the
most important at 322°C and the
smallest at 376 °C. When 1 phr of initia-
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Table 2. Thermogravimetric data under N, atmosphere of the materials obtained from DGEBA
and DGEBA/y-VL formulations varying the proportion of Yb(OTf); used as initiator in the curing

Formulation Proportion of mol init./ Ts0,2 Tomax® Char yield®

(mol/mol) initiator (phr) eq. epoxy (°O) (°O) (%)
DGEBA 1 0.002935 299 345 21.7
DGEBA/y-VL 3:1 1 0.003207 275 342 19.7
DGEBA/y-VL 2:1 0.5 0.001672 266 356 17.9
DGEBA/y-VL 2:1 1 0.003344 258 340 19.6
DGEBA/y-VL 2:1 3 0.010032 240 322 23.6
DGEBA/y-VL 1:1 1 0.003751 243 331 19.3

2 temperature of a 5 % of weight loss
b temperature of the maximum degradation rate
¢ char yield at 600 °C

tor was used, only a shoulder appears at
the temperature of the smallest peak.

This fact could be attributed to the o\E
catalytic effect of the Lewis acid on the <
degradation of ester moieties. g
As expected, there is also an increase
in the .degradablhty of the materlzitls on 10 T s a0 400 500 600
increasing the proportion of y-VL in the temperature (°C)

reactive mixture. Figure 4 shows the
thermogravimetric curves and their
derivatives for materials initiated with
1 phr of ytterbium triflate. On increasing
the proportion of ester groups in the
network, the degradation begins at lower
temperatures (see Table 2), however,

there are not big differences among the 0 5 10 15 20 25 30 35 40 45 50 55
materials in the residues after heating time (min)

until 600 °C but the proportion of char is Figure 4. Thermogravimetric and DTG curves
slightly lower for the samples with under N, atmosphere at 10 °C/min of the materials

obtained from different DGEBA/y-VL mol/mol

lactone, which can be attributed to their formulations with 1 phr of Yb(OT)s.

more aliphatic character. On increasing
the proportion of ester groups the DTG
curve becomes slightly broader and in
the case of DGEBA/y-VL 1:1 (mol/mol)
mixtures a shoulder appears.

widely used to estimate the kinetic pa-
rameters of degradation processes such
as activation energies (E;), kinetic model,
Arrhenius pre-exponential factor (A),
rate constant (k) and degradation rate

Thermogravimetric analysis has been
(v). 2930
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The dependence of the activation
energy on the degree of conversion using
the isoconversional method (eq.4) is
represented in Figure 5 for the degra-
dation of the samples containing y-VL
with the different initiators. As we can
see, the higher activation energy corres-
ponds to the initiated boron trifluoride
material. Rare earth triflates lead to
degradation with a practically constant
energy value between 20 and 80 % of
conversion. At the end of the reaction the
activation energy increases especially for
the lanthanum salt.

300
250

~ La(OTf), 4 /.
g 200 \\
S 150 7% == {
. 100 =
23] Yb(OTf), Sc(OTf),
50
0

0 20 40 60 80 100
o C%)

Figure 5. Dependence of the activation energy on
the degree of conversion for the degradation under
N, atmosphere of the materials obtained from

DGEBA/y-VL formulations varying the type of
initiator used in the curing.

To find the kinetic parameters as-
sociated with the set of thermogra-
vimetric curves obtained for the different
materials, we applied the isoconversional
KAS equation (eq. 4) at a conversion of
0.5. The kinetic model was chosen by the
Coats-Redfern method and confirmed by
the integral and differential master plots.
All three methodos gave the same
model. Table 3 collects the activation
energies, the Arrhenius pre-exponential
factor and the regression for the models
considered calculated wusing Coats-
Redfern method for the degradation of

2.3 Degradation Sfudg \é

DGEBA/y-VL 2:1 initiated by 1 phr of
La(OTf);. We choose as the kinetic model
the n=3 because of the good regression
and its calculated value of E, is the
nearest to the experimental value 170.7
kJ/mol. As an example Figures 6 and 7
show, respectively, the theoretical and
experimental integral and differential
master curves calculated using a constant
value of E, (154.6 kJ/mol) for the material
DGEBA/y-VL 2:1 initiated by 1 phr of
Yb(OTf)s. The best fitting is performed
by the n=3 model for both methodo-
logies.

The thermal degradation of the
materials studied follows the n =3 kinet-
ic model, with the exception of the ma-
terials obtained with 1 phr of Sc(OTf);
and the formulation DGEBA/y-VL 1:1
(mol/ mol) initiated by 1 phr of Yb(OTf)s,,
which follows the n=4 model. The ma-
terials obtained with 3 phr of BF:MEA
follow a completely different model, the
D2, because the material is densely cross-
linked with a low content of linear ester
groups and therefore the diffusional fact-
ors of the degradation are more impor-
tant than the strictly reactive processes.

Once the model has been established
by the processes described the kinetic pa-
rameters were calculated. Tables 4 and 5
show the experimental activation ener-
gies, the calculated Arrhenius pre-expo-
nential factors, the constant rate values
and the degradation rates. The values in
Table 4 show for the materials obtained
from y-VL and y-MBL no dependence of
the E, and In A values with the Lewis
acidity of the rare earth triflates. How-
ever , both the constant and the degrada-
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Table 3. Calculated kinetic data of the
thermal degradation of materials obtained
from DGEBA/y-VL 2:1 (mol/mol) formulation
initiated by 1 phr of La(OTf); for different ki-
netic models and their regression calculated
by using the Coats-Redfern method

Model E, (kJ/mol) In A (min<) R
Aszp 49.79 7.234 0.9900
A 34.71 4.089 0.9882
As 19.64 0.735 0.9830
As 12.10 -1.141 0.9742
R2 65.67 9.463 0.9801
Rs 70.14 10.041 0.9845
D1 118.23 19.667 0.9694
D2 142.93 25.786 0.9815
Ds 150.81 24.407 0.9868
D4 138.59 21.821 0.9815
F1 79.94 13.275 0.9915
Power 21.67 0.942 0.9428
n=19;m=0.1 103.43 18.597 0.9989
n=15 96.79 16.903 0.9973
n= 160.89 30.436 0.9951
n=4 211.57 40.988 0.9890

tion rate increase with the acidity of
the metal. When the proportion of
Yb(OTf); increases there are no big dif-
ferences in E, and In A but, by the
compensation effect,® both the constant
and the degradation rate increase with
the amount of initiator (Table 5). A
similar trend is observed when the pro-
portion of y-VL increases in the initial
mixture (Table 5). From all the degrada-
tion experiments performed we can con-
clude that the higher degradation rate at
350 °C is reached for materials obtained
from DGEBA/y-VL 2:1 (mol/ mol) mix-
tures initiated by 3 phr of Yb(OTf)s. It
should be said that the use of 1 phr of
Sc(OTf); or 3 phr of Yb(OTf); led to the

depolymerization of the polymer chain

2.3 Degradation Study &
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Figure 6. Comparison of the theoretical integral
master plots of g(a)/g(0.5) versus a with the
experimental master curve. The empty symbols
correspond to experimental data determined for
the degradation of the material obtained from a
DGEBA/y-VL 2:1 (mol/mol) formulation with 1 phr
of Yb(OTf); as initiator.
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Figure 7. Comparison of the theoretical differential
master plots of f(a)/f(0.5) versus o with the
experimental master curve. The empty symbols
correspond to experimental data determined for
the degradation of the material obtained from a
DGEBA/y-VL 2:1 (mol/mol) formulation with 1 phr
of Yb(OT{); as initiator.

forming free lactone, as reported in a
previous paper.> Thus, this process could
also occur in the thermal degradation of
the materials in addition to ester B-elimi-
nation and ether rupture catalyzed by
the Lewis acid.’> On comparing the ther-
mal degradation of the samples obtained
from higher proportions of lactone
(DGEBA/y-VL 1:1) with materials with a
lower proportion of lactone but a higher
proportion of rare earth triflate (3 phr of
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Table 4. Kinetic data of the thermal degradation of materials obtained from DGEBA/y-
VL and DGEBA/y-MBL formulations varying the type of initiator used in the curing

Formulation Initiator mol init./ E.? InA Kasoec® 102 Vsgec - 102

(mol/mol) eq. epoxy (kJ/mol) (s (s?) (s
DGEBA/y-VL 2:1 BF;.MEA 0.018216 205.9 31.66P 0.007 0.01
DGEBA/y-VL 2:1 La(OTf)s 0.003539 170.7 28.35¢ 0.99 0.12
DGEBA/y-VL 2:1 Yb(OTf); 0.003344 154.6 26.00¢ 2.12 0.26
DGEBA/y-VL 2:1 Sc(OTH); 0.004214 162.4 28.634 6.59 0.41
DGEBA/y-MBL 2:1 La(OTf)s 0.003539 191.8 32.59¢ 1.19 0.15
DGEBA/y-MBL 2:1 Yb(OTf); 0.003344 169.6 28.92¢ 2.19 0.27
DGEBA/y-MBL 2:1 Sc(OTf); 0.004214 173.9 31.164 8.84 0.55

2 activation energy at o = 0.5 obtained by isoconversional analysis

b pre-exponential factor using a D2 kinetic model for o = 0.5
< pre-exponential factor using a n = 3 kinetic model for a. = 0.5
4 pre-exponential factor using a n = 4 kinetic model for a. = 0.5

Table 5. Kinetic data of the thermal degradation of materials obtained from DGEBA and
DGEBA/y-VL formulations varying the proportion of Yb(OTf); used as initiator in the curing

Formulation Proportion of mol init./ E.? InA Kasooc® 10> Vssec - 107

(mol/mol) initiator (phr) eq.epoxy (kJ/mol) (s1) (s1) (s7)
DGEBA 1 0.002935 170.1 28.51b 1.31 0.16
DGEBA/y-VL 3:1 1 0.003207 166.0 28.04r 1.81 0.23
DGEBA/y-VL 2:1 0.5 0.001672 158.8 26.14p 1.09 0.14
DGEBA/y-VL 2:1 1 0.003344 154.6 26.00p 2.12 0.26
DGEBA/y-VL 2:1 3 0.010032 155.7 27.14b 5.43 0.68
DGEBA/y-VL 1:1 1 0.003751 169.4 29.74¢ 5.19 0.32

2 activation energy at a. = 0.5 obtained by isoconversional analysis

b pre-exponential factor using a n = 3 kinetic model for oo = 0.5
< pre-exponential factor using a n = 4 kinetic model for a. = 0.5

Yb(OTf);) we can conclude that the de-
gradation rate is more dependent on the
initiator. This indicates that the depoly-
merization process or the ether rupture
should compete extensively with the (-
elimination process. The important role
of the rare earth triflates in the degrada-
tion mechanism is put into evidence
when we compare the constants and
reaction rates in Table 4, in which the
values for BF;MEA initiated materials
are much lower than the others.

In order to confirm the goodness of
the kinetic parameters calculated Figure
8 represents three curves obtained for the
system DGEBA/y-VL 2:1 initiated by
1 phr of La(OTf)s: kinetic model data, iso-
conversional data obtained by the STAR
software (KAS equation data) and the
experimental data. It can be observed
that the three curves show a similar
trend. Only some few variations were
found at low conversions. These small
differences could be due to the exper-
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Figure 8. Conversion vs. time of data obtained
experimentally (isothermally at 300 °C), isocon-
versionally with the STAR software (KAS equation
data) and from the n=3 kinetic model with the
activation parameters (Table 3) for the degradation
of the material obtained from a DGEBA/y-VL 2:1
(mol/mol) formulation with 1 phr of La(OTf); as
initiator.

imental limits of the TGA device.

Conclusions

The copolymerization of DGEBA and
y-lactones increases the thermal degrada-
bility of epoxy resins in which the
cleavage of ester groups introduced in
the polymeric chain plays an important
role. The higher the proportion of lactone
in the reactive mixture the more degra-
dable the materials are.

Rare earth triflates lead to more
degradable materials than the conven-
tional BF;MEA cationic initiator. The
higher the Lewis acidity of the initiator
or the higher its proportion the more
thermally reworkable the materials are.

E. and In A values for the degradation
of the materials obtained from y-VL and
y-MBL show no dependence on the
Lewis acidity of the rare earth triflates or
its proportion, but both the constant and
the degradation rate increase with the

2.3 Degradation Study K,

acidity of the metal or its proportion.

The higher degradation rate at 350 °C
is reached for the materials obtained
from DGEBA/y-VL 2:1 (mol/mol) mix-
tures initiated by 3 phr of Yb(OTf)s.
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2.4 Kinetic Study

KINETIC STUDY BY FTIR AND DSC ON THE CATIONIC CURING
OF A DGEBA/y-VALEROLACTONE MIXTURE WITH YTTERBIUM
TRIFLATE AS AN INITIATOR

Merce Arasa,! Xavier Ramis,? Josep Maria Salla,> Ana Mantecén,! Angels Serra’

Dpt. Q. Analitica i Q. Organica, URV. C/Marcel-li Domingo s/n, 43007 Tarragona, Spain
2 Lab. Termodinamica, ETSEIB. UPC, Av. Diagonal 647, 08028 Barcelona, Spain

Abstract

A mixture of diglycidylether of bisphenol A (DGEBA) and y-valerolactone (y-VL) was
cured in the presence of ytterbium triflate as an initiator to obtain poly(ether-ester)
thermosets. The kinetics of the various elemental reactions, which take place during the
curing process, was studied by means of isothermal curing in the FTIR spectrometer. The
kinetic parameters were calculated by means of the isoconversional procedure and the
best-fit kinetic model was determined with the so-called compensation effect (isokinetic
relationship). The isothermal kinetic analysis was compared with that obtained by
dynamic curing in DSC.

Keywords: Epoxy resins, ytterbium triflate, kinetics, cationic polymerization, thermosets,

lactones.

Introduction

It is well known that internal stress
usually occurs during the curing of
epoxide resins and causes various
defects, e.g., microcracks, microvoids,
and delamination,!?2 which reduce their
durability and make worse their
properties. Therefore, one of the main
subjects in the field of epoxide resin
technology is to prevent or reduce the
internal stress generated in the thermo-
set. During the 1970s, Bailey et al.®
described in various papers that some
spiroorthoesters (SOEs) polymerize with

expansion in volume or with very low
shrinkage. Therefore, they applied the
term expanding monomers to these com-
pounds. Among the expanding mono-
mers, they also considered spiroortho-
carbonates (SOCs) and bicycloorthoesters
(BOEs), but SOEs were the most pro-
mising monomers of this type. The
classical synthetic procedure applied in
their synthesis consists of reacting epox-
ides and lactones in the presence of a
Lewis acid.” The corresponding SOEs can
polymerize in cationic medium to yield
poly(ether-ester)s via a double-tandem
ring opening process.
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Conventionally, BF; complexes are
used as Lewis acid due to their latent
character,®1° but as alternative we used
lanthanide triflates in the polymerization
of these compounds. Lanthanide triflates
are stable in water, act as Lewis acid
initiators, can be recovered,12 and are
capable of cross-linking pure glycidylic
and cycloaliphatic epoxy resins or their
mixtures with lactones.’>'> In a previous
study,'® we polymerized diglycidylether
of bisphenol A (DGEBA) with y-butyro-
lactone (y-BL) using ytterbium triflate as
an initiator. Although the global shrin-
kage was not reduced, by means of
thermomechanical analysis (TMA) we
proved that the addition of y-BL to the
DGEBA led to materials with lower
contraction after gelation and therefore
with lower internal stresses. The ex-
planation to this behavior is based in the
complex reaction mechanism. During the
curing process four chemical processes
coexist: (a) formation of SOE by reaction
of DGEBA with y-lactone, (b) homo-
polymerization of epoxy groups (c)
homopolymerization of SOE, and (d)
copolymerization of SOE with epoxy
groups (Scheme 1). Because SOEs homo-
polymerize or copolymerize with some
expansion in the final stages of the
curing, the contraction after gelation is
reduced. Thus, the main contraction is
produced when the material is a viscous
liquid and in this way the internal
stresses are reduced. The knowledge of
the kinetics of the elemental reactions
that takes place during curing could
allow estimating the times necessary to
complete these processes. In this way it
could be possible to relate these times
with the shrinkage that occurs and also

o

with the stresses generated in the
thermoset on curing.

FTIR-ATR can be applied to investi-
gate the evolution of the different chemi-
cal reactions. By this technique detailed
information can be obtained through the
evolution of the absorption bands of the
carbonyl and epoxy groups vs. time at
several temperatures. From these conver-
sion plots, by integral isoconversional
analysis, activation energy and a second
parameter (which is related to the pre-
exponential factor and to the integral
conversion function, which depends on
the degree of conversion and represents
the kinetic model that governs the
process) can be calculated.

An alternative procedure to obtain
kinetic parameters is by means of
dynamic DSC experiments, which allows
simulating the behavior during the
isothermal curing.”” However, DSC gives
only information of the overall process
but not on the elemental reactions that
occur during curing and should be
complemented with other techniques,
such as FTIR.

The present study focuses on the
kinetic analysis of the curing of mixtures
of DGEBA with y-VL using ytterbium
triflate as an initiator. We studied the
kinetics of the elemental reactions that
are part of the curing by FTIR spectros-
copy and the overall curing kinetics by
DSC. Eventually, we propose a method
that uses the isoconversional isothermal
parameters determined by FTIR and the
compensation effect!$20 to calculate the
complete kinetic triplet. The results were
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compared with those obtained by non-
isothermal procedures.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 (epoxy
equiv. = 182.08 g/equiv.) (Shell Chemi-
cals), y-valerolactone (y-VL) and ytter-
bium () trifluoromethanesulfonate
(Aldrich) were used as received.

Preparation of the curing mixtures

The mixture was prepared by
dissolving 1 phr (one part per hundred
parts of mixture, w/w) of ytterbium
triflate in 0.01 mol of y-VL and adding
0.02 mols of DGEBA. The sample was
kept at -18 °C before use.

Characterization and measurements

FTIR spectroscopy. The isothermal
curing process, between 120 and 160 °C,
was monitored with a FTIR 680 Plus
from Jasco with 4 cm? of resolution in
the absorbance mode. An attenuated
total reflection accessory with thermal
control and a diamond crystal (a Golden
Gate heated single-reflection diamond
ATR from Specac-Teknokroma) was
used to determine FTIR spectra. The
disappearance of the 910 and 1775 cm
absorbance peak (epoxy bending and
carbonyl C=0 stretching of cyclic ester)
was used to monitor the epoxy and y-VL
conversion respectively. The formation
of the 1737 cm?® absorbance peak
(carbonyl C=0O stretching of aliphatic
linear ester), which does not exist in the
sample before curing, indicates that ring-

=)

opening polymerization of SOE has
occurred. Thus, this let us to evaluate the
linear ester formation. The peak at
1605 cm! (phenyl group) was chosen as
an internal standard. Conversions of the
different reactive groups, epoxy, lactone
and linear ester, were determined by the
Lambert-Beer law from the normalized
changes of absorbance at 910, 1775,
1737 cm-1:10,16,21

—t —t
Ao A1775
aeox =1_ — av—VL=1_ —
e [Agloj / [A?775J
—t
A1z
Asop = 1'[—00 } @
Az
where Zo, A'and A~ are the norma-
lized absorbance of the reactive groups

before curing, after reaction time f, and
after complete curing, respectively.

—0 —0
(Ao = ASIO/Af% ; Arzzs = A?775/A;)605 ’
>t t t 7t t t

Ago = A910/A16()5 ; Atrrs = A1775/A1605 ’
A7y = A1737/A1605 s A1zsr = A1737/A1605 )-

Differential  scanning  calorimetry.
Calorimetric analyses were carried out
on a Mettler DSC-821e thermal analyzer
using N, as a purge gas in covered
aluminium pans. The weight of the
samples was approximately 5mg.
Nonisothermal curing was carried out at
rates of 2, 5, 10 and 15 K/min and the
degree of conversion was calculated as:
(psc =AH, [AH,, (@)
where AHr is the heat released up to a
temperature T, obtained by integrating
the calorimetric signal up to that
temperature, and A4Hs, is the total
reaction heat associated with complete
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conversion of all reactive groups deter-
mined for each heating rate.

Kinetic analysis

If we accept that the dependence of
the rate constant on the temperature
follows the Arrhenius equation, the
kinetics of the reaction is wusually
described by the following rate equation:

da E
- 3)
. Af(a )exp( j

where f is time, A is the pre-exponential
factor, E is the activation energy, T is the
absolute temperature, R is the gas
constant, and f(a) is the kinetic model.

In general, the kinetic analysis was
carried out using an isoconversional
method. The basic assumption of these
methods is that the reaction rate at
constant conversion is only function of
the temperature.?2?

Isothermal methods. By integrating the
rate equation [eq.(3)] in isothermal
conditions we obtain:

Int=1In [M} +E @
A RT

where g(a) is the integral conversion
function, defined as:

gla)=[ 2% ) (5)

According to eq. (4) the activation energy
and the constant In[g¢(a)/A] can be
obtained, respectively, from the slope
and the intercept of the linear relation-
ship In t against 1/T for o = constant.

o

Nonisothermal methods. By integrating
eq. (3) in nonisothermal conditions and
reordering it, the so-called temperature
integral can be expressed as:

e da AT .
g( ) , f( )_ ‘B J‘O e(E/RT)dT (6)

where fis the heating rate.

By using the Coats-Redfern?* approxi-
mation to solve eq. (6), and considering
that 2RT/E is much lower than 1, the
term (1-2RT/E) can be neglected and the
solution of the temperature integral may
be expressed as:?®

8@ _ {AR]E @)
T’ BE

For a given kinetic model, linear
representation of In[g(a)/T°] against 1/T
makes it possible to determine E and A
from the slope and the ordinate at the
origin. In this work, we selected the
kinetic model that had the best linear
correlation in the Coats-Redfern equation
and that had an E value similar to that
obtained isoconversionally (considered
to be effective E value).

By reordering eq. (7) we can write the
Kissinger-Akahira-Sunose (KAS) equa-
tion:262

ln£=ln AR —i 8)
g(a)E

For each conversion degree, the linear
plot of In[f/T?] against 1/T enables E and
the kinetic parameter In[AR/g(a)E] to be
determined from the slope and the
intercept. If the model, g(a), is known,
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the corresponding pre—exponential factor
can be calculated from each conversion.
This isoconversional procedure is similar
to Flynn-Wall-Ozawa’s method.?8-30

The constant In[AR/g(a)E] is directly
related by R/E to the constant In[g(a)/A]
of the isothermal adjustment [eq. (4)].
Thus, taking the dynamic data
In[AR/g(@)E] and E, and applying eq. (8),
we can determine the isoconversional
lines [eq.(4)] and simulate isothermal
curing. 1731

Compensation effect (isokinetic
relationship). For complexes processes
(parallel reactions, successive reactions,
physical changes, etc.) it is characteristic
for the activation energy and the pre-
exponential factor to depend on the
degree of conversion. This generally
reflects the existence of a compensation

effect through the following equa-
tion:18,20,32,33

InA, = aE, +h = =t +1n{—(d“/dt)a} ©)
RT fla)
where a4 and b are constants, and
subscript « refers to degree of conver-
sion, that is a factor producing a change
in Arrhenius parameters in this study.

The slope a=1/RTs is related to
isokinetic temperature Tj, and the
intercept b=1In ki, is related to the iso-
kinetic rate constant. Eq.(9) represents
an isokinetic relationship (IKR), which
can be observed as a common point of
intersection of the Arrhenius lines (i.e.,
Ink vs. 1/T) of a series of reactions (in
this work the different degree of conver-
sion). This intersection is characterized

=)

by a ki, and a Ti. By reordering and
applying logarithms to eq. (3), the eq. (9)
can be deduced.

The appearance of the IKR shows that
only one mechanism is present and that
all reactions have analogous reaction
profiles, whereas the existence of
parameters that do not agree with the
IKR implies that there are multiple
reaction mechanisms.?*% According to
certain authors, we selected the kinetic
model whose IKR had the best linear
correlation and in which the associated
Tio value was near the experimental
temperature range.*

The aim of this study was to
determine the complete kinetic triplet [E,
A, g(a)] in complex systems with E=E(a),
by using isoconversional kinetic parame-
ters, the slope and intercept of egs. (4)
and (8), and the isokinetic relation, eq.
9). Eq. (9) was applied to the isothermal
and nonisothermal isoconversional data
when the conversion changes for dif-
ferent kinetic models. A similar pro-
cedure was proposed by Vyazovkin to
obtain the kinetic triplet.3

Results and discussion

The curing process of DGEBA with v-
lactones takes place by the complex reac-
tion mechanism depicted in Scheme 1.

Figure 1 shows the FTIR spectra of
the mixture DGEBA/y-VL 2:1 (mol/mol)
with 1 phr of Yb(TfO); before and after
curing and at intermediate time of
7.5 min, performed at 160 °C. During the
curing process there are changes mainly
in three typical bands:
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Scheme 1

1. The carbonyl stretching band of y-VL
at 1775 cm?, which decreases because -
VL reacts with the epoxide groups to
form SOEs. In the final stages of the
curing this absorption slightly increases
again, due to the reversibility of the
formation of SOE groups as previously
reported.’>

2. The peak at 1737 cm’, attributable to
the linear aliphatic ester, increases
steadily and confirms that the ring-
opening polymerization of SOE occurs
by homo- or copolymerization with
epoxide. In general, homopolymerization
is less favourable and it is only important
at the end of curing when there are few
epoxide groups.'®

3. The band at 910 cm!, associated with
the oxirane ring, disappears indicating
that the epoxide completely polymerizes.
Taking into account the stoichiometry of
the formulation (4 equiv. epoxy per 1
equiv. of lactone), the epoxy group, in
addition to the reaction with y-VL, can

also homopolymerize and copolymerize
with SOE.

After isothermal curing in the FTIR/
ATR, the complete disappearance of the
epoxy groups and the absence of residual
enthalpy in a DSC scan allowed us to
conclude that the material was complete-
ly cured. This result is coherent with the
fact that all curing temperatures are
higher than the glass transition temper-
ature of the material completely cured
(Tgw=93°C, determined at 10 °C/min
after nonisothermal curing between 0
and 250 °C) so that vitrification during
curing is not possible.

Due to the partial overlapping of
carbonylic lactone and ester absorbances
(between 1825 and 1670 cm™) we de-
convoluted the spectroscopic signals in
this zone to quantify the absorptions
associated with each carbonyl group.?”
Figure 2 shows an example of this de-
convolution.
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Figure 1. FTIR-ATR spectra of a mixture of DGEBA/y-VL in a molar ratio of 2:1 with 1 phr of Yb(OTf)s registered
at different curing times at 160 °C.
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Figure 2.
absorption region of the FTIR-ATR spectra of the
mixture DGEBA/y-VL (2:1 molar) catalyzed by 1
phr of Yb(OTf); cured a 160 °C. Dotted blue line
corresponds to the experimental values and the
other lines are obtained by deconvolution.
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and linear carbonyl ester

Figure 3 shows the evolution of the
conversions (corresponding to lactone
and epoxide disappearance and to SOE
appearance) vs. time. At first sight, it
seems that the lactone reacts at short
time more than epoxide, but we should
consider that the proportion of epoxy
groups to lactone is 4:1 and therefore that
observation is not true. After 900 s at
140 °C, the lactone, which was run out,
appears again. This appearance occurs
when the epoxide has completely reacted
and is due to the reversion of the SOEs.

1 S
£° ﬁ
0.8 AP
A o o
0.6 AAA a &
3 A o
0.4 PN
Boso©
A
0.2 s D@ﬁé:?
A BO
0 Lo :
10 100 1000 10000
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Figure 3. Plot of the experimental degrees of (O)
epoxy, (a) y-VL and (0) SOE conversion vs. curing
time for the sample cured at 140 °C.

This process also leads to the formation
of epoxide groups which immediately
homopolymerize. After 1000 s of curing,
SOEs disappear very quickly.

In Figure 4 the conversion of y-VL
(oy-ve) is plotted against Olepoxy and aisok.
The SOE conversion was evaluated by
the formation of linear ester band, which
appears on the SOE opening. Before
looking at this figure, we should take
into account that: (a) the molar ratio
DGEBA/y-VL is 2:1, (b) DGEBA has 2
equiv. of epoxide per mol, (c) each mol of
7-VL reacts with 1equiv. of epoxide to
produce one mole of SOE, and (d) the
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homopolymerization of five-membered
lactones is a thermodynamically un-
favourable process. With these consid-
erations, for o,.vi ~ 0.4 we can expect that
the epoxy consumption (depoxy) should be
0.1, similar as it is found experimentally
(0.125). Thus, we can conclude that until
o,.ve ~ 0.4 the main reaction is the SOE

formation.
1 1
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Figure 4. Plot of the experimental oy, vs. asop and

0ly-vL VS. Olepoxy Obtained at several temperatures.

In Figure 4, we can also see that when
o,.v.~0.4, the SOE conversion is 0.1. If the
copolymerisation of SOE and epoxide
occurs, an additional consumption of
Olepoxy = 0.025 should be expected. Because
of the total consumption of epoxide
(Clepoxy) is 0.125 at a,.v = 0.4, we can con-
firm that SOE preferentially copoly-
merizes with epoxide in the first stages
of curing. After a,.v.=0.4 the homopoly-
merization of epoxides can occur. The
SOE polymerization takes mainly place
when practically there is no lactone in
the mixture o,.v.~1. That is because
epoxy groups firstly prefer to react with
lactones. When epoxy groups have
almost disappeared, the band of y-VL

dﬁ

appears again. It seems that the
remaining SOE groups prefer to revert to
y-VL and epoxy groups rather than
homopolymerize, in contrast with what
was observed in the curing of DGEBA/y-
BL mixtures'e. In y-BL mixtures, after the
exhaustion of all epoxy groups, SOEs
began to homopolymerize. The reversion
of SOE in the present case can be
attributed to the presence of the methyl
group in the lactone.'s

Figures 5 -7 show the plots of the de-
gree of conversion of epoxide, lactone
and SOE, respectively, against time, at
several curing temperatures. These ex-
perimental curves were used to deter-
mine the isoconversional kinetics of each
reactive process. By applying eq. (4) at
different crosslinking degrees we ob-
tained the kinetic parameters collected in
Table 1 for each reactive group. The
precision of the applied isoconversional
analyses is confirmed by the good re-
gression of the isoconversional lines. As
we can see, in general, both the activa-
tion energy and the pre-exponential
factor increase along the curing process
in all cases. The reactive processes as-
sociated to the epoxide and SOE groups
present similar activation energies,
whereas in the process in which lactone
takes part the E value is substantially
lower and it reacts at shorter times. In
spite of the significance of the changes
observed in the kinetic parameters, it is
difficult to precisely know their meaning,
because of the compensation effect
between activation energy and pre-
exponential factor. Thus, for a better
comparison of the results it is necessary
to know the rate constant, k, because it
includes the effect of both parameters.
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Figure 5. Plot of the experimental and simulated

degrees of epoxy conversion vs. curing times for

samples cured at different temperatures: (0) experi-
mental isothermal curves; (&) isoconversional iso-

thermal data obtained by eq. (4) and isoconversio-

nal nonisothermal (----) data obtained by eq. (8).
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Figure 6. Plot of the experimental and simulated

degrees of y-VL conversion vs. curing time for

samples
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cured at different temperatures:

experimental isothermal curves and (a) isoconver-
sional isothermal data obtained by eq. (4).
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Figure 7. Plot of the experimental and simulated

O

experimental isothermal curves and (&) isoconver-

degrees of SOE conversion vs. curing time for
samples cured at different temperatures:
sional isothermal data obtained by eq. (4).
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Table 2. Algebraic expressions for f(a) and g( ) for the kinetic model used
Model fla) g(a)
Asn (3/2)(1- o)[-In(1- o)]1B [In(1- o)
A 2(1- a)[-In(1- o) 12 [-In(1- a)]12
As 3(1- a)[-In(1- a)]25 [In(1- o)1
As 4(1- a)[-In(1- o)} [FIn(1- a)]14
R 2(1- o)1 1-(1-a)12
Rs 3(1- )2 1-(1-0))13
D1 12(1-o) ™ a2
D2 -In(1- o) (1T-o)In(1-a)+a
Ds 3/2(1- o)23[-0 ~(1- L) 15] [1-(1- o) 5]
Ds 3/2(1- o) 1B[-1-(1- o) 15] (1-2/3 o)) (1- o)
F1 (1- o) -In(1- o)
Power 2a% o1z
n+m=2,n=15 o 05(1- a)s [(1- &) a]©5(0.5)1
n=2 (1- o) 1+(1- o)t
n=3 (1- o) 21[-1+(1- o) 2]
n=2.4;m=0.6 0 06(1- 024 [((1- o)/ o)1 4/1.A1+[((1- o)/ o)04/0.4]
n+m=2,n=17 a23(1- a)l7 [((1- &)/ &) 07/0.7]
n=15 (1-q)15 [1-(1-0)5/0.5]

To determine k from the isoconver-
sional parameters E and In[g(a)/A], first
of all it is necessary to know the kinetic
model that describes the reactive process,
and then to evaluate the pre-exponential
factor to finally calculate k, through the
Arrhenius equation.

To determine the best-fit kinetic
model g(a), which describes the reactive
process during curing, we used the
isoconversional parameters (Table 1)
and the isokinetic relationships. From the
parameter In[g(a)/A] we obtained the
pre-exponential factor for the different
kinetic models used (Table 2). Then, we
evaluated the isokinetic relationship, eq.
(9), for all the models and processes
studied. The results are collected in
Table 3 (the different T, were deter-
mined from the slopes of the IKRs).
Although some models have good IKR,
we considered that, in general, for all
processes F1 model is the most suitable

because of its good regression and its Tis,
lying on the experimental temperature
range®* (the T, obtained for epoxy
groups is 124 °C, for y-VL 115 °C and for
SOE groups 147 °C). Although, there are
other models with good regression, that
could also be used to describe the curing,
a model of n=1 order (F1), of deac-
celerative type, is consistent to describe
the cationic curing of epoxy systems, in
which the reaction rate decreases when
the concentration of reactive species
decreases. Figure 8 shows the IKR plots
of the reactive species for the F1 model.
We can see that epoxy and SOE groups
present similar IKR, whereas y-VL has a
slightly different value. These differences
can be related with the different reac-
tivity observed in Figure 3.

In isothermal curings, using the
conventional kinetic methods, if the
kinetic mechanism is unknown, it is not
possible to determine the kinetic triplet.
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Figure 8. Isokinetic relationship (IKRs) deduced
from isothermal data associated with each reactive
group and for nonisothermal data for the F1 model.
The plot includes the point (o) corresponding to the
Coats-Redfern adjustment for the F1 model.

With the applied methodology we can
determine the kinetic triplet by using the
isoconversional ~parameters E and
In[g(a@)/A], taking into account that both
parameters are related by means of the
isokinetic relationships.

In Table 1 we can see the pre-
exponential factors and the k at 140 °C
determined using the F1 model. We can
observe as k,v. values progressively in-
crease due to the easiness in which the
lactone reacts with the high quantity of
epoxy groups that are in the mixture and
to the formation of more active initiating
species. In epoxy data, the values of k are
in general constant but after conversion
a= 0.6, when there is not remaining lac-
tone, these values slightly increase. This
agrees with ksor values that increase,
which seems to indicate that the copoly-
merization reaction becomes more
important because the rest of the epoxy
groups are available to react with SOE
groups.

An alternative to isothermal curing is

=)

the nonisothermal one made by DSC.
One of the problems associated with this
method is that the overall curing pro-
vides no kinetic information about the
elemental processes.

In a previous study'® using y-BL, we
determined that practically all the
evolved heat in a dynamic experiment
should be associated with the reactive
processes in which epoxy groups par-
ticipate, because the enthalpy per mol of
epoxy group is about 95 k], whereas it is
only 5 kJ by mol of lactone and 20 k] per
mol of SOE.163 After complete curing all
the epoxy and lactone groups have been
opened and from the above mentioned
enthalpies, the DGEBA/y-VL 2:1 (mol/
mol) formulation could evolve a theore-
tical enthalpy of 454 J/g, of which 448 J/g
are associated to the opening of epoxides
and 6 J/g to the lactone opening. There-
fore, the kinetics obtained from noniso-
thermal experiments are expected to be
similar to the kinetics obtained isother-
mally for the epoxy groups.

Figure 9 shows the calorimetric
curves of the nonisothermal curing of
DGEBA with y-VL at different heating
rates. The shoulders that appear at low
temperatures can be related with the
contribution of the monomer activated
mechanism (AM) that coexists with the
activated chain end mechanism (ACE)
associated to the main peak, as we
described for similar DGEBA/y-BL sys-
tems.’* Figure 10 shows the plot of
conversion vs. curing temperature for the
nonisothermal curing of DGEBA with y-
VL at different heating rates calculated
by integration of the DSC curves (Figure
9). Using eq. (8) we determined the iso-
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2.4 Kinetic si—m’y

conversional parameters and then we
calculated the isothermal parameters
from eq.(4). From these parameters
(Table 4) we simulated the conversion of
epoxy groups, which are represented in
Figure 5. The goodness of the simulation
with the exception of a short deviation at
low conversions, probably related with
the contribution of AM mechanism in
nonisothermal curing and the regres-
sions obtained (Table 4) in addition to
the fact that the nonisothermal kinetic
parameters are similar to those of epoxy
groups, confirm that our assumptions
are correct.

0 — -+ 2 K/min
LN e 5 K/min
| —— 10 K/min
— =15 K/min

30 60 90 120 150 180 210 240
temperature (°C)

Figure 9. DSC scanning curves vs. temperature for
nonisothermal curing at different heating rates.

To determine the kinetic best-fit mo-
del from nonisothermal parameters we
used two different strategies. Coats-
Redfern method allows, by applying eq.
(7), to determine E and InA for the
different models. Table 5 shows all the
results obtained at a heating rate of
15 K/min. We select F1 as the preferred
model because it presents the best
adjustement. Some other models also
have good regressions, but we did no
consider them because of E is quite
different from that obtained isoconver-
sionally (considered to be the true E). If
the variation in the activation energy

e
14 _
0.8 - 7
0.6 - /
3 ; — -+ 2 K/min
044 S e 5 K/min
| — 10 K/min
0.2 L — =15 K/min
0 s -]' T T T T

50 75 100 125 150 175 200
temperature (°C)
Figure 10. Conversion degree vs. temperature,

calculated according eq.(2) for nonisothermal
curing at different heating rates.

with the degree of conversion is taken
into account, the kinetic model can be
determined as in the isothermal case.
From the nonisothermal values in Table
4, we calculated the IKRs for the different
models. Table 5 shows the results. Again
the F1 model gives the best regression
and the Ti, of 183 °C practically lies in
the experimental range of curing temper-
atures. In Table 4 we can see the pre-
exponential factors determined from the
isoconversional values by the F1 model
and, in Figure 8, we can see the different
IKR for the different reactive groups and
processes. The kinetic parameters de-
termined by the Coats-Redfern method
practically lays on the extrapolated non-
isothermal IKR. This result confirms that
the nonisothermal methodology used is
correct to determinate the best-fit kinetic
model.

Conclusions

FTIR spectroscopy allows analyzing
the individual elemental chemical reac-
tions that take part in a complex curing
process, such as the -cationic cross-
linking of DGEBA/y-VL mixtures. In this
reactive system we determined the con-
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Table 4. Kinetic parameters of nonisothermal curing obtained by DSC

“ E In[AR/g(a)E] In[g(a)/A] In A .

(kJ/mol) (K/s) (s) (sh)

0.1 74.2 0.15 -18.18 15.93 0.9960

0.2 76.0 0.15 -17.91 16.41 0.9845

0.3 80.9 0.16 -18.74 17.71 0.9906

0.4 84.4 0.17 -19.32 18.65 0.9950

0.5 83.7 0.16 -18.74 18.38 0.9936

0.6 84.9 0.16 -18.79 18.70 0.9953

0.7 84.7 0.15 -18.47 18.66 0.9959

0.8 86.6 0.16 -18.76 19.23 0.9985

0.9 85.8 0.15 -18.21 19.04 0.9994

the intercept and he slope of the isoconversional relationship In[#/T?]=In[AR/g()E]-E/RT
from the nonisothermal dates let us to obtain In[AR/g()E] and E
In[g(a)/A] was calculated on the basis of In[AR/g(a)E] and E

In A was calculated using kinetic model F1 and In[g(a)/A]

Table 5. Arrhenius parameters determined by Coats-Redfern method and the isokinetic
parameters [eq. (9)]

Coats-Redfern

Isokinetic relationship

Model E (kJ/mol) In A (s?) r a (mol/KJ) b (s?) T (°C) r
A3/2 6.7 14.9 0.9961 0.194 2.226 345 0.9909
A2 2.9 11.1 0.9599 0.160 5.164 479 0.9714
A3 -1.0 7.2 0.9947 0.125 8.101 688 0.9238
A4 -3.1 5.1 0.9933 0.108 9.570 843 0.8796
R2 57.5 10.0 0.9995 0.245 -3.298 219 0.9980
R3 60.9 10.6 0.9990 0.236 -2.228 237 0.9956
D1 104.2 23.2 0.9982 0.368 -13.507 54 0.9967
D2 122.1 28.8 0.9996 0.397 -16.366 30 0.9968
D3 128.8 28.6 0.9991 0.433 -20.572 5 0.9933
D4 119.7 25.8 0.9996 0.409 -18.760 21 0.9961
F1 68.1 14.0 0.9964 0.264 -3.649 183 0.9996
Power 20.7 -0.4 0.9968 0.134 7.105 626 0.9189
n+m=2 n=1.5 43.7 7.9 0.9765 0.195 3.209 344 0.9933
n=2 94.4 22.1 0.9796 0.334 -8.943 87 0.9792
n=3 126.5 31.8 0.9586 0.420 -15.446 13 0.9380
n=2.4 m=0.6 56.2 12.2 0.9308 0.228 1.078 254 0.9646
n+m=2 n=1.7 63.9 13.6 0.9784 0.251 -1.711 207 0.9917
n=1.5 80.4 17.8 0.9893 0.297 -6.124 132 0.9937

isokinetic relationship obtained from eq. (9)

versions and kinetics of the different
epoxy, y-VL and SOE reactive groups.
Calorimetric studies can not separate the
elemental processes and only provided
the global kinetics of the cross-linking.
If the elemental reactions have different
enthalpies, the obtained results are only

representative of the process with the
highest enthalpy and extension.
methods make it
possible the evaluation of the kinetic
parameters on varying the degree of
conversion, but they do not reveal the

Isoconversional
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complete kinetic triplet. Using these me-
thods, in combination with the isokinetic
relationships in the isothermal and non-
isothermal curing, it has been possible to
calculate the complete kinetic triplet [E,
A, g(a)].

The kinetic parameters, in addition to
the FTIR results, indicate that the reac-
tion of y-VL and epoxides is more
favoured than the homopolymerization
of epoxides or the ring-opening of SOE
groups.

All the elemental reactions that par-
ticipate in the curing of DGEBA epoxy
resins with y-VL catalyzed by ytterbium
triflate followed an nth-order kinetic
model, F1 type.
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Abstract

The thermal cationic curing of mixtures in different proportions of diglycidylether of
bisphenol A (DGEBA) with y-valerolactone (y-VL) initiated by scandium, ytterbium and
lanthanum triflates or a conventional BFs;-MEA initiator was investigated. The non-

isothermal differential scanning calorimetry (DSC) experiments at a controlled heating rate

were used to evaluate the evolution of the reactive systems. BF:MEA and rare earth metal

triflates initiated curing systems follow a different evolution. Among rare earth metal

triflates tested, the scandium was the most active initiator. The phenomenological changes

that take place during curing were studied and represented in a time-temperature-

transformation (TTT) diagram. Some characteristics of the materials were also evaluated.

Keywords: Epoxy resins, crosslinking, thermosets, cationic polymerization, calorimetry.

Introduction

The processability of an epoxy resin
critically depends on the rate and extent
of polymerization under process condi-
tions. Therefore, kinetic characterisation
of the reactive system is not only
important for a better understanding of
structure-properties relationships but it
is also fundamental in optimizing pro-
cess conditions and product quality.

The choice of a particular curing
initiator depends on the processing re-
quirements, e.g. viscosity, pot-life, curing
temperature, mixing ratio, etc. and the
end-use requirements, e.g. thermal and
chemical resistance or toughness of the
cured material. Initiators also have a
large influence on the molecular weight
between crosslinks, long term stability
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and reactivity in different chemical and
physical environments and even in the
total cost of the resulting material. Dif-
ferential scanning calorimetry (DSC) is
one of the most used experimental
techniques to evaluate the kinetics of a
reactive system. The results of the kinetic
study can be used for various purposes,
ie. to analyze how an initiator or
different proportions of a co-reactant can
affect a reactive system or how the
temperature can affect the evolution of
the reaction.!

The cure reaction of thermosetting
polymers has been investigated exten-
sively.2® Among them, epoxy resins
studies are relevant because of their
industrial applications.*¢ However, they
have been mainly performed on epoxy-
amine traditional systems and few
studies are based on cationic systems.”®
The catalytic curing of epoxy resins has
been applied as an alternative to amine
or anhydride agents. Generally, cationic
initiators involve complexes such as
BFs;-amine or BFs-ether.” Although boron
trifluoride complexes have been used for
several decades, they are not only
hygroscopic, but also at high tempera-
ture and high humidity the electrical
properties of the thermosets obtained
tend to deteriorate. Moreover, BF; com-
plexes are difficult to solve in DGEBA
resins.

Rare earth triflates are commercially
available Lewis acids that maintain their
catalytic activity even in water and are
regarded as environmentally friendly
catalysts.1%12 Generally, scandium triflate
shows a higher catalytic effect than
lanthanide triflates, due to its higher

o

Lewis acidity attributed to its small ionic
radium.”® We demonstrated that lantha-
nide triflates can effectively act as catio-
nic initiators in the curing of epoxy
resins.

The ionic character of the rare earth
metal triflates makes difficult to dissolve
these initiators in DGEBA resins. To form
a homogeneous mixture, Chabanne et
al.’® added a little proportion of a -
lactone to a DGEBA/ BFs;-amine complex.
They observed that this lactone was
incorporated into the network structure
in spite of y-lactones cannot homo-
polymerize in cationic systems. Their
incorporation was explained by the
formation of an intermediate spiro-
orthoester when reacting with DGEBA.
This intermediate compound further
homo- or copolymerize to produce
poly(ether-ester) three-dimensional net-
works. The introduction of y-lactone in
the reactive system increases its reacti-
vity and, when a larger proportion of
lactone is added to the mixture, some
characteristics of the materials can be
improved. In previous studies we could
demonstrate that thermal degradability,
desirable to obtain reworkable thermo-
sets, was highly increased.’® Moreover,
the incorporation of aliphatic structures
between crosslinks improved the flexi-
bility and in some cases the shrinkage
after gelation was reduced. This fact
diminishes the internal stress generated
during curing.'”

The present study deals with the
curing of mixtures of diglycidylether of
bisphenol A (DGEBA) with y-valero-
lactone (y-VL) in several proportions
using scandium, ytterbium and lantha-
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num triflates or BFsMEA as initiators
and with the characterization of the
materials obtained. The copolymeriza-
tion of DGEBA with y-valerolactone in
the presence of rare earth triflates led, in
addition to the four expected reactions
(formation of SOE, homopolymerization
of SOE and copolymerization with
epoxide, and epoxide homopolymeriza-
tion) to the reversion of SOE, producing
different proportions of free lactone
which remained entrapped in the
thermoset (Scheme 1).

The cationic copolymerization be-
tween DGEBA and lactones are scarcely
studied from the point of view of the
kinetics.1>1820 As has been previously
demonstrated, the copolymerization me-
chanism is rather complex and in the
case of y-valerolactone a depolymeriza-
tion process that leads to the appearance
of free lactone in the material has also
been detected.?’ Moreover, cationic ring-
opening polymerizations of cyclic mo-
nomers can occur by the activated chain

=)

end (ACE) or by the activated monomer
(AM) mechanisms and also back-biting
processes can take place.? All these
processes overlap during curing and
therefore only a global study of curing
can be made. At the same time, physical
processes (gelation and vitrification) also
take place and can affect not only the
curing process but also the physical
properties of the material.* The progress
of the isothermal curing process and the
state of the material has been sum-
marized in a TTT diagram.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08
gleq), y-valerolactone (y-VL), lanthanum
(III), ytterbium (III) and scandium (III)
trifluoromethanesulfonates and boron-
trifluoride monoethylamine (BF;MEA)
(Aldrich) were used as received.
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Preparation of the curing mixtures

The samples were prepared by the
mixing the selected initiator in the
corresponding amount of y-VL and ad-
ding the required proportion of DGEBA
with manual stirring. The amount of
initiator is collected in Table 1 and it is
expressed in phr (1 part for 100 parts of
lactone/resin mixture, w/w). The pre-
pared mixtures were kept at -18°C
before use.

Characterization and measurements

Calorimetric study. Calorimetric studies
were carried out on a Mettler DSC-821e
thermal analyzer in covered Al pans
under N, at 2, 5, 10 and 15° C/min. The
calorimeter was calibrated using an
indium standard (heat flow calibration)
and an indium-lead-zinc standard
(temperature calibration). The samples
weighed approximately 7-9 mg. In the
dynamic curing process the degree of
conversion by DSC (apsc) was calculated
as follows:

tpsc = AH,/AH,, (1)
where AHr is the heat released up to a
temperature T, obtained by integration of
the calorimetric signal up to this tem-
perature, and AH,,, is the total reaction
heat associated with the complete con-
version of all reactive groups.

The T was measured as the half-way
point of the jump in the heat capacity
when the material changed from the
glassy to the rubbery state at 20 °C/min.

The kinetics of the reaction is usually
described by the following rate equation:

dﬁ

da E
- — @
o Af( a)exp( RTJ

where t is time, A is the pre-exponential
factor, E is the activation energy, T is the
absolute temperature, R is the gas con-
stant, and f(a) is the differential conver-
sion function.

By integrating the rate equation, eq.
(2), under non-isothermal conditions and
using the Coats and Redfern® approxi-
mation to solve the so-called temperature
integral and considering that 2RT/E is
much lower than 1, the Kissinger-
Akahira-Sunose (KAS) equation may be
written:?*

1n[ﬁ_;J= In {ﬂ} L
T;i g{a)Ea R]LJ

where f is the heating rate, g(a) is the in-
tegral conversion function, the subscript
a refers to the value related to a consi-

dered conversion and i to a given heating
rate.

For each conversion degree, the linear
plot of In(B,/T?,) versus 1/T,; enables E,

and In[A,R/g(a)E,] to be determined
from the slope and the intercept. These
nonisothermal kinetic parameters are
directly related for every value of o with
the isothermal integral kinetic parameter
In[g(a)/A,]. So we can simulate isother-
mal by using nonisothermal data curing
without knowing g(a).

The kinetic analysis was carried out
using an integral isoconversional method
(eq. (3)). The basic assumption of this
method is that the reaction rate at a given
conversion is only a function of the
temperature.?>?  Isoconversional me-
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thods make it possible to determine
easily the dependence of E, on the
degree of conversion in complex pro-
cesses. Isoconversional STARe software
from Mettler-Toledo was used in order
to calculate conversion degrees and
kinetics of the processes.

Gelation point determination. The gela-
tion point was determined by solubility
tests. Before gelation the material is com-
pletely soluble in dichloromethane and
once past the gel point the solubility falls
steeply. The conversion at the gelation
was determined by the residual enthalpy
in the DSC of the gelled sample.

Thermomechanical analysis. Thermal-
dynamic-mechanical analyses (DMTAs)
were carried out with a TA Instruments
DMTA 2980 analyzer. The samples were
cured isothermally in a mould at 150 °C
for 1 h and were then subjected to a post-
curing for 5h at 160 °C. Three point
bending of 10 mm was performed on
cylindrical samples (10x4 mm, approxi-
mately). The apparatus operated dyna-
mically at 5 °C/min from 35 to 200° C at a
frequency of 1 Hz.

The linear thermal expansion coef-
ficients in the glassy and rubbery states
were measured by thermal mechanical
analysis using a Mettler-Toledo TMA40
heating at 10 °C/min as:

_ldl_1dLidt g

L, dT L, dT/dt

where, L, is the initial length. The gel
conversion was determined by the
residual enthalpy in the DSC of the
sample gelled in TMA, as we explain in a

d“\'

previous paper.?”

Mechanical tests. Microhardness was
measured with a Wilson Wolpert (Micro-
Knoop 401MAYV) device following the
ASTM D1494-98(2002) standard proce-
dure. The Knoop microhardness (HKN)
was calculated from the following
equation:

_L

HKN == =
A IC

p

where, L is the load applied to the
indenter (0.025 kg), A, is the projected
area of indentation in mm?2 [ is the
measured length of long diagonal of
indentation in mm, C, is the indenter

constant (7.028 x 10?) relating I* to A,.

Young modulus was measured with
the Universal Testing Machine Houns-
field 10-KS. Tensile tests were performed
on cylindrical samples of 4 mm of diame-
ter. The gauge length was 50 mm and the
test cross-head speed was 5 mm/min.

Results and discussion

In a previous work’ we studied the
curing of mixtures of DGEBA/y-VL
2:1(mol/mol) initiated by scandium,
ytter-bium and lanthanum triflates and
BFsMEA as Lewis acids by FTIR/ATR.
When we used 1 phr of scandium triflate
or 3 phr of ytterbium triflate as initiator,
a depolymerization process was also
observed. This process was related to the
highest Lewis acidity of these catalysts.
The homopolymerization of epoxide on
changing the metal triflate was favoured
in the order Sc>Yb>La, which is in
accordance to the Pearson’s hardness.?®
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The homopolymerization was also fa-
voured when a higher proportion of
Yb(OTf); was used.

In the present work we studied the
evolution of the curing process on
changing the initiator and its proportion
and the co-monomers ratio in the
mixture. Previously,®® we observed
that the higher the Lewis acidity of the
lanthanide triflates (from lanthanum to
ytterbium) the higher the curing rate
was. The BF; complex need to be used in
a higher proportion to reach the total
curing and the materials obtained
showed a higher T;, which seems to
indicate that the curing process present
some differences.

In many exothermic polymerizations
is difficult an accurate determination of
the heat of reaction through isothermal
experiments and the subsequent deduc-
tion of the kinetics from these values.
When reactions are performed at high
temperatures, some of the heat can be
lost during the stabilization of the ap-
paratus, whereas at low temperatures,
the heat is released slowly and can fall
below the sensitivity of the calorimeter.
Another problem arises when a physical
phenomenon (e.g. vitrification) takes
place. One alternative in both cases is to
simulate isothermal curing from non-
isothermal data.3! Thus, in this work we
used the non-isothermal differential
scanning calorimetry experiments at a
controlled heating rate as the most
suitable procedure for obtaining kinetic
information of the reactive systems.

Figure 1 shows the calorimetric
curves of the curing process for the

Wgh-1

o

formulation DGEBA/y-VL 2:1 (mol/mol)
with the four initiators tested. As we can
see, the curves of the scandium and
ytterbium triflates initiated curing show
a main maximum and a shoulder, great-
er for scandium. The contribution of this
shoulder to the total enthalpy released
can be related to the extension of the
homopolymerization of epoxide, as we
previously saw by FTIR spectroscopy.?!

Yb(OTf), —»
<«—— La(OTf),

Sc(OTh; —

40 60 80 100 120 140 160 180 200 220 240 260

temperature (°C)

Figure 1. DSC scanning curves versus temperature
of curing obtained through dynamic DSC
experiments of DGEBA/lactone 2:1 (mol/mol)
mixture initiated by 1 phr of Sc, Yb and La triflates
and BF;-MEA at a heating rate of 10 °C/min.

In a previous work® on the curing of
DGEBA/y-butyrolactone (y-BL) mixtures
with ytterbium triflate we saw the ap-
pearance of two partially overlapped
exotherms that change in shape depend-
ing on the competition between two pro-
pagation mechanisms related to the
epoxy homopolymerization: monomer
activated mechanism (AM) and acti-
vated chain end mechanism (ACE) and
the exotherm at lower temperature
could be assigned to the AM contribu-
tion (see Scheme 2). In that paper we
could prove that the higher the acidity of
the polymerization medium the higher
the contribution of the AM mechanism.
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Thus, the pattern of the curves in Figure
1 seems to indicate a greater contribu-
tion of AM mechanism when we move
from the lanthanum to scandium. AM
mechanism requires the activation of
epoxy monomer by the initiator and
therefore the oxophilicity (related to
Lewis acidity) of Sc, Yb and La, which
are 2.37, 2.09 and 1.36, respectively,?? can
justify the behavior observed. Figure 1
also shows the curve corresponding to
the BF:MEA initiated curing. For this
initiator, the exotherm is very broad
with final curing temperatures as high
as 280 °C and the curing could overlap
with the beginning of the degradation.
The complex pattern can be attributed to
the formation of the reactive species and
to a complex reaction mechanism.*® In
Figure 2 the influence of the proportion
of ytterbium triflate on the shape of the
calorimetric curves is shown. As the
proportion increases the curves shift to
lower temperatures and the shoulder
rises, due to the higher contribution of
the AM mechanism, as we described for
similar DGEBA/y-BL systems.?

Thermal data obtained from non-
isothermal DSC for the curing of the
samples studied are collected in Table 1.
As can be seen, the Tg of the materials

s
+ HO—R .
I—OiL [—O—CH-CH7O—R
L k@AM ¥ i

slow

o

+ R +
1—0<L I—OngfCH;oiL
k (ACE
RS (ACE) R

slow

\
k . (ACE) R
fast

W <«— 0.5 phr

————

T T T T T T T T T T

40 60 100 120 140 160 180 200 220 240 26
temperature (°C)

Figure 2. DSC scanning curves versus temperature
of curing obtained through dynamic DSC
experiments of DGEBA/lactone 2:1 (mol/mol) mix-
ture initiated by 0.5, 1 and 3 phr of Yb(OTf); at a

heating rate of 10 °C/min.

decrease on increasing the proportion of
lactone in the mixture as expected from
the flexibility introduced by its aliphatic
structure. On increasing the proportion
of initiator a diminution of the Ty is
observed confirming the coexistence of
the AM mechanism that leads to chain
transfer reactions, which produces a
higher proportion of hydroxylic dangl-
ing chains and therefore to a higher
segmental mobility. However, dangl-
ing chains have a smaller plasticizing ef-
fect in networks than in linear polymers,
because the free volume effect of the
chain ends is counterbalanced by some
physical crosslinking role of the branch-
ing point.>* Among the initiators tested,
BFs complex leads to materials with the

oiL
|
k, (AM) R
fast

R +
I—O—CH-CH; O—R' + HfOiL

R

I—OfCHfCHﬁofCHfCHAEBiL

R

Scheme 2
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highest Tg value.

The total enthalpy per gram strongly
decreases as the proportion of y-VL
increases. If we look at the enthalpy
released per epoxy equivalent we can
see a significant diminution on adding
lactone, but on increasing its proportion
only a low further diminution of the
enthalpy can be observed. We should
take into account that the heat released
is mainly due to the opening of the
strained epoxy ring. If we consider the
heat evolved during curing for the
DGEBA/y-VL mixtures cured with the
different metal triflates, we observed no
great differences, indicating that the
proportion of epoxide reacted is similar.
The initiation with the boron trifluoride
complex leads to a lower enthalpy
release and a greater proportion (3 phr)
of this initiator was necessary to reach
the complete curing. The fact that this
material has the highest Ty seems to be
contradictory with the lower enthalpy
released. The broadness of the exotherm
and the high temperature reached
should be the responsible of this
unexpected result, which could be
related to the occurrence of an endo-
thermic process, as the evaporation of
the lactone, which was proved by
wheighing the DSC pans after curing.
This was also observed by FTIR experi-
ments, which practically did not show
any linear ester band in the materials
obtained with BF; complex.?!

Although the change of the metal
triflate or its proportion did not affect
the total enthalpy released, the temper-
ature of the maximum of the exotherm
was influenced due to their different

=)

catalytic activity. The addition of lactone
reduces this temperature, which indi-
cates an accelerative effect of the lactone,
as we proved for other DGEBA/lactone
systems.?” Figure 3 shows the variation
of the conversion degree against temper-
ature of the DGEBA/y-VL 2:1 (mol/mol)
formulation with all the initiators tested,
where we can see that scandium triflate
leads to the highest conversion for a
prefixed temperature. The conversion
evolution of the curing with BF;-MEA is
quite different, especially after a 30 % of
conversion, when the evolution become
much slower. Moreover, higher temper-
atures are needed to reach the complete
curing with this initiator.

100
Sc(OTf); —»

80
_ 4 <+—— La(OTf
3 60 Yb(OTS), a( )3
8 40

20

0 T = T T T

30 60 90 120 150 180 210 240

temperature (°C)

Figure 3. Conversion curves versus temperature of
curing obtained through dynamic DSC experiments
of DGEBA/lactone 2:1 (mol/mol) mixture initiated
by Sc, Yb and La triflates and BF;:MEA at a heating
rate of 10 °C/min.

The accelerative effect of the propor-
tion of ytterbium triflate can be observed
in Figure 4. The curves of 0.5 and 1 phr
of initiator show similar shapes, whereas
the corresponding to 3 phr seems to
reflect the coexistence of a competitive
mechanism. As can be seen, much higher
conversions are reached at lower temper-
atures when the proportion of the initia-
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tor increases, e.g. for 150 °C, the curing 100 -
with 3 phr is practically complete, 50 -
whereas with 0.5 phr is less than 20 %.
- 1.1 —»
s 601 <«— DGEBA
100 S 40 +
80 - 20 - 3:1
g§ 60 - 0 - T T f T T T T
3 a0 | 0 30 60 90 120 150 180 210 240
temperature (°C)
20 A
Figure 5. Conversion curves versus temperature of
0 T curing obtained through dynamic DSC exper-

30 60 90 120 150 180 210 240
temperature (°C)

Figure 4. Conversion curves versus temperature of
curing obtained through dynamic DSC exper-
iments of DGEBA/lactone 2:1 (mol/mol) mixture
initiated by 0.5, 1 and 3 phr of Yb(OTf); at a heat-

ing rate of 10 °C/min.

In Figure 5 we can see the effect of
adding different proportions of lactone
to DGEBA. The conversions increase
with the proportion of y-VL, although
very little differences are observed at the
highest proportion of lactone. The ac-
celerative effect can be attributed to the
formation of more reactive species as we
saw in a similar system?® but also to the
lower viscosity of the mixture, which fa-
cilitates the reaction.

By the isoconversional method we
calculated the evolution of the activation
energy along the curing process. From
the calorimetric curves at different
heating rates and applying the eq. (3),
we obtained the activation energy for
each degree of conversion in all the for-
mulations studied. Figure 6 shows the
plot of the apparent activation energy
against the degree of conversion for the
DGEBA/y-VL 2:1 (mol/mol) formulation
with the four initiators. The main dif-

iments from pure DGEBA and mixtures DGEBA/
lactone in different proportions initiated by 1 phr
of Yb(OTf); at a heating rate of 10 °C/min.

ference is observed in boron trifluoride,
which leads to the highest activation
energy in all the range, due to the forma-
tion of the true active initiating species,
HBF,. Among metal triflates, the differ-
ences are not as high. In the initial steps
of the curing, activation energies follow
the trend Sc < Yb < La < BF;, related to the
Pearson’s theory hardness?® and agree
with the conversion evolutions repre-
sented in Figure 3. La(OTf); shows a
practically constant activation energy,
which can be associated to an ACE pro-
pagation mechanism during all the
curing process. On increasing the Lewis
acidity of the metal triflate, the AM
mechanism contributes in a higher
extent. With scandium and ytterbium,
especially with the former, the curing
begins through the AM mechanism,
which has lower activation energy, and
then progressively the ACE mechanism,
with higher activation energy becomes
more important. Thus, the activation
energy during curing steadily increases
until it reaches a similar value to the
lanthanum, for both scandium and ytter-
bium triflates.
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The values of the activation energies
calculated at 50 % of conversion, col-
lected in Table 1, do not show any regu-
lar trend, but scandium leads to the
lowest value and boron trifluoride

complex to the highest.
125
+— BE;MEA

_ 110
3 La(OT¥),
E o5 A
o T e R S
~ ——
N—" 80 T -
5y - ’\Yb(OTf)s

65 -

N 5¢(0T),
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0 20 40 60 80 100

a(?ﬁ)

Figure 6. Dependence of the activation energy on
the degree of conversion for DGEBA/lactone 2:1
(mol/mol) mixture initiated by 1 phr of Sc, Yb and
La triflates and BF;-MEA.

A useful framework for understand-
ing and conceptualizing the changes that
occur during curing of a thermosetting
system is the isothermal time-
temperature-transformation (TTT) dia-
gram. Such a diagram displays the states
of the material and characterizes the
changes in the material during isother-
mal cure versus time. The various
changes occurring in the material during
isothermal cure are characterized by
contours of the times to reach the events.
Relevant contours could include mole-
cular gelation, corresponding to the
unique conversion at the molecular gel-
point and vitrification, corresponding to
the glass transition temperature. The
basic parameter governing the state of
the material is the chemical conversion.
Therefore, the knowledge of how the rate
changes with cure temperature is
important and useful for predicting the

=)

chemical conversion achieved after a
cure schedule.

Three critical temperatures should be
considered: T’ the glass transition
temperature of the uncured reactants,
gl T, the temperature at which molecular
gelation and vitrification coincide, and

Ts", the glass transition temperature of
the fully cured material. Figure 7 shows
the TTT cure diagram of a DGEBA/y-VL
2:1 (mol/mol) mixture with 1phr of
Yb(OTf);. The bold lines represent the
time necessary to reach the gelation (red
line) and vitrification (black line) in a
selected curing temperature. This dia-
gram was constructed using the exper-
imental data determined previously (the
isoconversional lines, the Tg-o relation-
ship, the conversion at gelation, the T

and the T;") following the methodology
previously reported.?

The TTT diagram has a shape similar
to other obtained by curing epoxy
resins®637 and shows a value of 25 °C for
the lowest temperature at which the
material gels before vitrification (giTg), a
value for Tg of -35 °C, below which the
material does not crosslink at all, and a

value for Ts™ of 93 °C, which is the lowest
temperature at which complete curing
can be achieved. If we compare this TTT
diagram with the diagram of the pure
DGEBA cured with ytterbium triflate
(Tg"=137 °C)* we can see that the ad-
dition of y-VL makes it possible to
reduce the curing temperature and
consequently the thermal stresses.
Moreover, performing the curing at
low temperature implies an important
energy saving.
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Figure 7. TTT diagram for the curing of the mixture DGEBA/y-VL 2:1 (mol/mol) initiated by 1 phr of Yb(OTf)s.

Vitrification curve (—), gelification curve (—). Isoconversional lines, Tg’, Ts™ and gl T are also indicated.

Figure 8 shows the mechanical relaxa-
tion spectra at 1 Hz and tand for the
materials obtained from DGEBA/y-VL 2:1
mol/mol formulations with all the initia-
tors tested. The values of the modulus in
the rubbery state and the tand are
collected in Table 1. The practically uni-
modal shape of the curves of tand
reflects the homogeneity of these mate-
rials. The relaxed modulus notably de-
pends on the initiator used and increases
in the order La(OTf); <Yb(OTf);<Sc(OTf);
<BFsMEA. Moreover, there is a dif-
ference in the broadness of the relaxation
of these materials, being the broadest
that of Sc(OTf);. The value of tan & does
not follow the above trend for materials
obtained with rare earth triflates. How-
ever, the highest also corresponds to the
material obtained with BF;-MEA. These
differences are based in two characteris-
tics of the materials: the crosslinking
density achieved, which is the highest for
the boron complex, and the chemical

structure of the network that in turn
depends on the initiator used. We
showed in a previous paper?! that the
scandium salt induced a deploymeriza-
tion process, which led to the presence of
a great proportion of free lactone in the
material that can act as a plasticizer,
reducing the tan § value. A similar be-
haviour was observed when the propor-
tion of Yb(OTf); was varied (entries 6-8 in
Table 1). On increasing the proportion of
initiator tand decreases whereas the
relaxed modulus increases. A high pro-
portion of initiator leads to a more
densely crosslinked material because the
depolymerization process allows a high-
er epoxide homopolymerization, but this
process also leads to the formation of
free lactone that remains entrapped in
the network.

When the proportion of lactone in-
creases both tan & and relaxed modulus
decreases. Figure 9 shows the thermo-
mechanical curves for ytterbium initiated
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materials. When the proportion of
lactone increases the materials seems to
be less homogeneous. However, the ma-
terials are more homogeneous than those
obtained from DGEBA/y-caprolactone
mixtures studied previously by us,”
which showed bimodal tan § curves.

~ 10000 BEMEA T 06

E 1000 | [\. — La©OTf), T 0.5

‘é — Yb(OTf); | 04 o
5100 — 3O L3 g
2 +02 ©
: 10 S

§ J K -+ 0.1

® 1 T T T T 0

0 50 100 150 200 250

temperature (°C)

Figure 8. Storage modulus and loss tangent (tan d)
versus temperature obtained by DMTA for the
materials prepared from DGEBA/y-VL 2:1(mol/mol)
formulation initiated by all the initiators tested.
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Figure 9. Storage modulus and loss tangent (tan d)
versus temperature obtained by DMTA for the ma-
terials prepared from pure DGEBA and DGEBA/y-
VL formulations initiated by 1 phr of Yb(OTf)s.

The expansion of materials is charac-
terized by the volumetric or lineal expan-
sion coefficient, being the last one the
most important in coatings applications.
Polymers expand more than metals and
ceramics and their linear thermal expan-
sion coefficient is in the range of 20-100

=)
=)

ppm/°C.% The high value of the thermal
expansion coefficient (CTE) of polymers
is caused by the low energy barrier for
the chain conformation changes. Cross-
linking decreases the thermal expansion
coefficient whereas the introduction of
aliphatic chains between crosslinks in-
creases it. For these reason, it could be of
interest to evaluate how the thermal
expansion coefficient varies when dif-
ferent proportions of lactone are copoly-
merized with epoxy resins. Table 2 col-
lects the CTE values determined in the
glassy and rubbery state for the samples
obtained from mixtures of DGEBA with
different proportions of y-VL initiated by
1 phr of Yb(OTf);. To compare the va-
lues, CTEs of pure DGEBA are also
included. The Tgs collected in this table
were determined by TMA, calculated as
the cross of the tangents (Figure 10), and
therefore they are slightly different from
those determined by DSC and DMTA.
As it was expected, on increasing the
proportion of lactone in the mixtures,
CTE values increase, but all these values
lie in the usual range described for epoxy
resins.

Microhardness measurements are
very useful in rating coatings on rigid
substrates for their resistance to mechan-
ical abuse, such as that produced by
blows, gouging and scratching. These
measurements do not necessarily charac-
terize the resistance to mechanical abuse
of coatings that are required to remain-
ing intact when deformed. This tech-
nique is used in the industry to charac-
terize the mechanical properties related
to resistance and hardness of materials
and it measures their capability to resist
static loads or applied at low rates.
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Table 2. Ty values and thermal expansion
coefficients in the glassy (a,) and rubbery
(o) status from materials obtained for dif-
ferent DGEBA/y-VL formulations initiated
by 1 phr of Yb(OTf); determined by TMA

Formulation Tg a,x10°  o,x10°
(mol/mol) °O) KN K
DGEBA 137 54 182
DGEBA/y-VL 3:1 107 60 193
DGEBA/y-VL 2:1 90 67 202
DGEBA/y-VL 1:1 73 74 246
| 1650
& 1640
=2
1630
<
[=19]
e 1620
2
1610
1600

30 50 70 90 110 130 150 170
temperature (°C)

Figure 10. Plot of the TMA experiments for the
materials prepared from pure DGEBA and
DGEBA/y-VL formulations initiated by 1 phr of
Yb(OTf)s.

Figure 11 collects the values obtained for
all the materials prepared with the
calculated precision, taken into account
that we made six determinations for each
material with a confidence level of 95 %.
As we can see, the addition of lactone
slightly reduces the microhardness in
reference to pure cured DGEBA with all
the cationic initiators tested and this
reduction is more evident when the
proportion of lactone increases. In gene-
ral, a higher flexibility of the network is
reflected in a lower microhardness value.
In case of pure epoxy resin the change in
the metal triflates scarcely influences the
microhardness. BF;sMEA leads to the

o

highest value when comparing all the
materials obtained from DGEBA/y-VL 2:1
mixtures. Among triflates, lanthanum
led to the harder materials for all the
composition studied. The highest the
proportion of initiator the lowest the
microhardness for the same composition
is (samples 6, 7 and 8), which can be
related to the extension of the depoly-
merization process.

Figure 12 represents the values of
Young modulus for all the materials
prepared. For these measurements we
also made six determinations for each
material with a confidence level of 95 %.
In general, the addition of lactone
decreases this value. The addition of
lactone to scandium triflate produces a
greater variation, which can be attributed
to the depolymerization process, more
significant for this initiator. On in-
creasing the proportion of ytterbium
triflate as initiator the modulus also
decrease, due to two different facts: the
higher chemical incorporation of lactone
in the network on increasing the initiator
proportion and the depolymerization
process that becomes evident when the
proportion used is 3 phr.?!

Conclusions

The addition of y-VL to the DGEBA
accelerates the cationic curing and
reduces the Tg of the materials obtained.
Rare earth triflates are more active than
BF;-MEA as initiators and their activity
increases from lanthanum to scandium.
Moreover, the higher the acidity of the
polymerization medium the higher is the
contribution of the AM mechanism. As
the proportion of initiator increases the
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Figure 11. Knoop microhardness values in front of the composition for all the materials prepared. Numbers
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Figure 12. Young modulus in front of the composition for all the materials prepared. Numbers in the bars
corresponds to the entries in Table 1. The colours indicate the composition of the initial mixtures.
curves shift to lower temperatures and geneous character.
the contribution of AM mechanism be-
comes more important. The thermal expansion coefficient

increase on adding lactone to DGEBA,
but all the values lie in the usual range
described for conventional epoxy resins.

The relaxed modulus of the materials
obtained depends on the initiator used
and increases in the order La(OTf);

<Yb(OTf); < Sc(OTf); < BF3: MEA. The ma- The addition of lactone slightly re-
duces the microhardness and the Young

terials obtained showed a practically ‘
modulus in reference to pure cured

unimodal tand, reflecting their homo-
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DGEBA. On increasing the proportion of
initiator used both parameters slightly
decrease.
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3.2 Introduceid

3.1 INTRODUCCIO

En els ultims anys, la incorporacié d’additius de mida nanometrica ha esdevingut una
estrategia important per millorar i diversificar les propietats dels materials polimerics. Els
nanocomposites son una nova classe de materials compostos que contenen particules, on
almenys una de les dimensions és de mida nanometrica, en la matriu polimerica. Es poden
distingir tres tipus d’additius nanometrics: (a) nanoparticules isodimensionals com les
nanoparticules esferiques de silice on les tres dimensions sén nanometriques, (b) els
nanotubs, on dues dimensions son nanometriques i una tercera és més gran, donant lloc a
una estructura allargada i (c) nanoparticules laminars, on només una dimensié és
nanometrica.

“ Onanosilica< 100 nm

Figura 3.1. Diversos tipus de nanoparticules segons el nombre de dimensions de mida nanometrica

T ~1nm

Entre tots aquests tipus de particules, les argiles (clays), han estat ampliament
estudiades, probablement degut a que son molt assequibles i perque la seva quimica
d’intercalacio6 ha estat estudiada durant molt de temps’. La dispersi¢ d’aquestes particules
en matrius polimeriques ha permes assolir millores notables en propietats mecaniques,
termiques, optiques i fisico-quimiques quan es comparen amb la matriu pura o amb els
composites convencionals (microescala) tal com van demostrar per primer cop les
investigacions realitzades per Kojima i col.2 en 'obtencié de nanocomposites de nilé-argila.
A més, com l'addicié6 d’aquest additiu sol estar per sota d'un 10 %, els materials que
s’obtenen son més lleugers que els composites convencionals.

Els silicats tradicionalment utilitzats en nanocomposites han estat els fil-losilicats o
esmectites. La seva estructura cristal-lina consisteix en tres capes, dues capes externes
tetraedriques de silice unides per els oxigens dels vertexs que formen una capa central
octaedrica que conté alumini o magnesi. El gruix de la lamina és al voltant de 1 nm, mentre
que les dimensions laterals poden variar de 300 A fins a varies micres. Aquestes lamines
s’organitzen per formar apilaments regulars amb un espai entre elles anomenat espai
interlaminar o galeria. La substituci6 isomdrfica entre cations, per exemple: Al** per Mg? o
Fe? o Mg? per Li*, genera una carrega negativa que és contrarestada per cations alcalins o
alcalinoterris situats a 1'espai interlaminar, els quals mantenen unides les diferents lamines
per interaccions de van der Waals. El nombre de substitucions isomorfiques determina la
densitat de carrega superficial i a partir d’aquest valor es pot definir la capacitat
d’intercanvi cationic (CEC) com la concentracié d’ions interlaminars (meq/100g argila) que
poden ser intercanviats.
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Figura 3.2. Estructura d"un fil-losilicat laminar

Els fil-losilicats son de naturalesa hidrofilica i, per tant, dificils de dispersar en matrius
polimeriques. Ja que les forces que mantenen unides les lamines son relativament febles,
una manera d’obtenir fillosilicats més organofilics (organosilicats) seria intercanviar
aquests cations interlaminars per surfactants cationics com sals d’alquilamoni o
d’alquilfosfoni. Quan es produeix un intercanvi entre els cations hidratats interlaminars
per cations organics voluminosos, 1'espai interlaminar augmenta. El grau d’increment de
la separacio entre lamines depen de I'estructura quimica dels ions intercalats i també de la
densitat de carrega del silicat’. Per tal d’optimitzar la seva compatibilitat amb un polimer
donat es pot jugar amb diferents factors com son: la naturalesa de I'argila i 'estructura de
’agent modificant.

Figura 3.3. Distancia interlaminar d’un silicat no modificat i modificat amb ions alquilamoni

Depenent de la naturalesa dels components utilitzats (silicat, modificant organic i
matriu polimerica) i del metode de preparacid, hi ha principalment tres tipus de composites
que poden ser obtinguts quan un silicat es dispersa en un polimer: (a) microcomposite quan
el polimer és incapa¢ d’intercalar-se entre les lamines del silicat, aquestes formen
estructures micrometriques i les propietats del material final sén similars a les dels
microcomposites obtinguts de forma tradicional; (b) nanocomposites intercalats en els quals
una cadena de polimer, i alguns cops més d’una, és intercalada entre les lamines del silicat
donant lloc a una estructura ordenada construida alternadament per una capa de polimer i
una lamina de silicat i (c) nanocomposites exfoliats o deslaminats on les capes de silicat estan
completament i uniformement dispersades en una matriu polimerica. Val a dir que
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aquestes categories esmentades (intercalat i exfoliat) descriuen només morfologies ideals
mentre que la major part d’estructures reals es troben entre aquests extrems*. Vaia® va
proposar un sistema de classificacié més extens que ens donés uns descripcié més acurada
de la morfologia d"un nanocomposite.

(b) Exfoliat

(a) Intercalat

— —
—— = S
_ -
 — — _& -
— S —— JE— -
ordenat desordenat — \
parcialment ordenat desordenat

Figura 3.4. Nomenclatura detallada per a la caracteritzacié d’estructures de nanocomposites de silicats
laminars

De les diferents estructures que es poden obtenir, les exfoliades tenen especial interes
degut a que en aquestes es maximitzen les interaccions entre el polimer i I’argila, cosa que
hauria de portar a grans canvis en les propietats mecaniques i fisiques®. De fet, esta
generalment establert que els sistemes exfoliats donen lloc a materials amb millors
propietats mecaniques que els intercalats’. La completa dispersié de les lamines d’una
argila en una matriu polimerica optimitza el nombre d’elements reforgants facilitant la
transferencia de les tensions a la matriu, permetent aixi una millora en les propietats
mecaniques®. Malgrat tot, no és facil aconseguir una completa exfoliaci6 de les argiles i la
majoria de polimers nanoreforgats descrits a la literatura son intercalats o parcialment
intercalats/exfoliats’®. Aix0 ¢és degut a que les capes de silicats son altament
anisotropiques, amb unes dimensions laterals d"uns 100 a 1000 nm i incliis, quan es troben
separades per grans distancies, no poden distribuir-se completament en la matriu del
polimer.

De totes les técniques per determinar el tipus de nanocomposite obtingut, les més
utilitzades sén la difraccié de raigs-X a angles alts (WAXD) i el microscopi de transmissid
electronica (TEM)49. Estudis realitzats per Morgan i col.4® i Kornmann i col.” recomanen
estudiar la microestructura, al igual que la nanoestrucutra, per aconseguir una completa
descripcid de la morfologia del nanocomposite. S’ha d’anar en compte al utilitzar el TEM de
no oblidar que aquest treballa amb arees de la mostra molt petites, cosa que pot ser
problematica si el material no és homogeni. A més, és recomanable comengar a treballar a
augments petits i anar-los incrementant per tal de veure la distribucio i la dispersid de les
lamines. E1 WAXD pot presentar un inconvenient i és que a angles de difraccié baixos,
entre 20 de 1 a 6°, és dificil detectar la distancia entre capes ja que 1'espaiat és massa gran i
per tant es fa necessari la utilitzacié del raigs X a angles baixos (SAXD)". La informacio
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obtinguda de la tecnica de raigs X és altament depenent de l'ordre de l'argila, de la
variabilitat en l'espaiat 4 i de qualsevol orientacié desordenada, ja que aquests factors
eixamplen i afebleixen els senyals a 'espectre de WAXD*©. També hi ha altres tecniques
per caracteritzar aquests tipus de materials, com la microscopia electronica d’escombrat
(SEM)!, tecnica que ens permet observar la distribucid de les capes en el si de la matriu a
més de la superficie de fractura del material. D’altres tecniques que s’han aplicat son el
microscopi de forca atomica (AFM)™2 i, en menor escala, la ressonancia magnetica nuclear
(RMN)®.

Hi ha diferents metodes que ens permeten obtenir nanocomposites, d’entre els quals
destaquen:

* Intercalacié en solucié: Les capes del silicat son préviament exfoliades utilitzant un
dissolvent adequat que, a més, permeti la solubilitzacié del polimer o pre-polimer que es
vol introduir. Un cop introduit el polimer, el dissolvent s’elimina i les lamines es
reordenen deixant les cadenes del polimer en la zona interlaminar.

* Polimeritzacié in situ: es realitza un swelling o inflament del silicat mitjangant el
monomer liquid o una solucié del monomer. Després s’inicia la polimeritzacio, que té lloc
entre les lamines del silicat?®.

* Intercalacio en fusio: El silicat es mescla amb el polimer en estat fos. Si el silicat i el
polimer sén compatibles, el polimer pot introduir-se molt lentament entre les lamines del
silicat, donant lloc a un nanocomposite intercalat o exfoliat. En aquesta tecnica no es
requereix la utilitzacié de cap dissolvent's.

* Sintesis en template: En aquesta tecnica, el silicat és format in situ en una solucié aquosa
que conté el polimer. El silicat es forma degut a forces d’autoacoblament. El polimer ajuda
a la nucleaci6 i al creixement dels cristalls inorganics, els quals queden atrapats entre les
cadenes del polimer?’.

Dels diferents metodes de preparacio, la intercalacio en fusié és molt important des del
punt de vista industrial degut a que no es necessari la utilitzacid de dissolvents.
Tanmateix, per la preparacié de nanocomposites termoestables cal utilitzar els metodes de
polimeritzacio in situ o intercalacio en dissolucio, pero el primer d’ells és més aconsellable
des del punt de vista medioambiental.

Hi ha molts parametres que poden influir en la consecucié de la morfologia desitjada
del nanocomposite en materials termoestables. Entre aquests podem trobar:

e Mecanisme de dispersio de l'argila. Investigacions realitzades per Lan i col.®® van
constatar I'important paper del balang entre les velocitats de reaccio intra/extragaleries. Si
la velocitat de reaccio intragaleria és major que la extragaleria el grau d’exfoliacio és més
gran. A més, és important 1’accessibilitat de la reina o monomers i l'iniciador a les galeries
de l'argila durant el procés d’exfoliacié*@1°. A la figura 3.5 es representen els canvis de
forces inter/extralaminars durant el procés d’intercalacid/exfoliacié originades durant el
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Figura 3.5. Il'lustracio esquematica de les forces que actuen en un parell de lamines d’argila durant el
procés d’intercalacio i exfoliacid

procés reactiu.

e Naturalesa del silicat i la seva capacitat d’intercanvi cationic. La habilitat de l'espai
interlaminar d’intercanviar ions, que actuin com a compatibilitzants i per tant converteixin
I'espai interlaminar en organofil, i I’efecte catalitic dels ions intercanviats poden influir en
la reaccié de polimeritzacio's2.

e Agent de curat. L’eleccié d'un agent de curat adequat també es relaciona en la literatura
com un factor important en 1'obtencio de nanocomposites deslaminats?'. Kornmann i col.??
van determinar que la mobilitat molecular i la reactivitat de 'agent de curat afectaven al
balang entre les reaccions intra i extragaleries. L’exfoliacié depenia de la velocitat de
difusié de l'iniciador dintre de les galeries i es veia millorada al augmentar la mobilitat
molecular del iniciador.

¢ Condicions de curat. En molts casos s’ha observat que elevades temperatures de curat
porten a una major exfoliacié del organosilicat en la matriu polimerica. Aquesta millora es
creu que es deu a l'elevada mobilitat i velocitat de difusié dels monomers o reines i de
lI'iniciador dintre de les galeries de I’argila*®92223. Malgrat tot, hi ha d’altres investigadors
que creuen que elevades temperatures afavoreixen les reaccions extragaleries. Per tant,
depenent de la naturalesa dels monomers i de 1'agent de curat, cal dissenyar diferents
cicles de curat per trobar un equilibri entre aquestes reaccions que permeti assolir una
bona deslaminacig's.

e Altres parametres que també poden influir son: 1'as de dissolvents per tal d’afavorir la
dispersio de l'argila?*, I'ts de 1'agent modificant del silicat com a catalitzador?, el pre-
acondicionament de la mescla?, la sonicacio per tal d’augmentar la dispersié de I’argila en
la matriu?, la irradiacio amb microones?, la humitat® i la quantitat d’argila addicionada®.
Normalment, baixes concentracions d’argila ja son suficients per tal d’aconseguir millores
en les propietats. Tanmateix, un augment en la concentraci6é d’argila implica un augment
de la viscositat, dificultant la separacid de les lamines. Una elevada quantitat d’argila pot
comportar que no s’arribi a obtenir una morfologia exfoliada, senzillament pel fet de que
les lamines no es puguin separar degut a la falta d’espai a la matriu.

Els nanocomposites d’epoxi-silicats han atret molt d’interes i se’n ha realitzat una recerca
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exhaustiva, degut a que sén aplicables a un ampli ventall d’arees des d’adhesius i
recobriments fins a aplicacions en microelectronica. S’ha observat com l'addicié de
nanoparticules en baixes concentracions (3-5 % en pes) pot portar a 1’obtencié de materials
amb una major resistencia front a dissolvents organics i aigua®@31, a una major estabilitat
termica® i de retardancia a la flama®, a unes bones propietats optiques?**, a una reduccid
del coeficient d’expansid termica, tant en 1'estat vitri com en el cautxti®* i a una millora en
algunes propietats mecaniques. En concret, en alguns casos es va poder observar un
increment del modul de Young'? i del modul d’emmagatzematge en I’estat vitri i cautx1'>©
el qual depenia del grau d’exfoliaci§'#20®)34 una millor resistencia al trencament i a forces
compressives’©®, Mitjangant I'observacié de la superficie de fractura per SEM, es va
comprovar com el cami de propagacié d'una esquerda es veia molt dificultada al voltant
de les arees d’elevada concentracio de silicat, en comparacié amb el polimer pur®'@), la qual
cosa donava lloc en determinats casos a materials amb una elevada resistencia a
I'impacte®.

L’efecte d'un organosilicat en la temperatura de transicié vitria (Tg) també ha estat
subjecte de molts estudis. En alguns d’ells s’ha arribat a observar un increment o un valor
constant de la Ty al augmentar el contingut d’argila modificada'>24337. Aquest augment el
van associar a possibles interaccions a I'interfase entre el polimer i les lamines de silicat, on
segments del polimer podien perdre la seva mobilitat, donant aixi un increment de la Tg.
D’altres investigadors van observar una disminucié del valor de la T, que van associar a
possibles reaccions laterals que produien molecules petites que actuaven com a
plastificants*®? o també a un possible efecte plastificant del modificant organic?. Tot aixo
fa que la variacio del valor de la Ts sigui dificil de preveure.

Estudis més recents realitzats per Wang i col.* proposen un nou metode per aconseguir
la major exfoliacié possible en la preparacié de nanocomposites de reines epoxi. En aquest
cas, l'agent modificant queda unit covalentment a les lamines de silicat i degut a la
presencia de grups actius pot unir-se a la reina. D’aquesta manera a la vegada que es
redueixen les interaccions entre lamines es millora ’adhesi6 entre aquestes i el polimer.
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Figura 3.6. Representacio de la modificacié d'una argila realitzada per Wang i col.

En el treball sobre la preparacié de nanocomposites que es presenta en aquesta memoria
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s’ha estudiat 1'efecte que causa la introduccio de diverses argiles tipus montmorillonita en
la copolimeritzacié cationica del diglicidiléter del bisfenol A (DGEBA) i la y-valerolactona
iniciada per triflats de terres rares.

A la literatura no es troben molts estudis relacionats amb la polimeritzacio cationica per
obertura d’anell de reines epoxi iniciades termicament, com és el nostre cas. Alguns
treballs aprofiten les caracteristiques acides de la mateixa argila per iniciar la
polimeritzacié cationica de DGEBA%. Si s’han trobat més referencies sobre el fotocurat
cationic de reines epoxi cicloalifatiques, ancorades sobre particules de silice* o com a
monomer#. Entre aquests tltims es troben els realitzats recentment per Sangermano i col.#
on mitjan¢ant un curat cationic fotoinduit sén capagos d’incorporar nanoparticules de
plata a una matriu polimerica aconseguint una bona distribuci6 del metall i un augment de
les propietats termodinamomecaniques del material o els realitzats per Bongiovanni i col.*
on l'addici6é d’una argila produia una influéncia negativa en la reacci6 de curat fotoquimic
amb llum UV de reines epoxi degut a la presencia d’aigua en I’argila i la naturalesa acida o
basica dels agents modificants d’aquesta. Aquests factors influien en la velocitat de
polimeritzacio i conseqiientment en el grau d’intercalacio/exfoliacid.
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NEW NANOCOMPOSITES PREPARED FROM DIGLYCIDYL ETHER
OF BISPHENOL AND y-VALEROLACTONE INITIATED BY RARE
EARTH TRIFLATE INITIATORS

Merce Arasa,! Richard Pethrick,2 Ana Mantecén,! Angels Serral

Dpt. Q. Analitica i Q. Organica, URV. C/Marcel-li Domingo s/n, 43007 Tarragona, Spain
2 Dpt. of Pure and Applied Chemistry, Thomas Graham Building, 295 Cathedral St., Glasgow G1 1XI

Abstract

Mixtures of DGEBA with y-valerolactone (y-VL) 2:1 (mol/mol) with different clays were
cationically copolymerized in the presence of scandium, ytterbium or lanthanum triflates
as initiators. The evolution of the curing was followed by calorimetry and rheological
techniques. The differences in the gelation time on adding clays were studied by rheologic
measurements. These methods in addition to FTIR study of the materials allowed the
selection of the best initiator and its proportion. The enhanced thermal stability of the
nanocomposites was confirmed by thermogravimetry. The intercalated morphology of the
nanocomposites obtained was confirmed by transmission electron microscopy. The
nanocomposites prepared showed a more plastic fracture surface than the unfilled
material. Thermomechanical characteristics were also studied.

Keywords: Epoxy resins, nanocomposites, lactones, shrinkage, thermosets, lanthanide
triflates.

Introduction clays have been the most widely studied
probably because the starting clay
In the last years the incorporation of materials are easily available and the
nanometric sized additives to epoxy
resins has become one of the most used
strategies to improve the properties of
this type of thermosetting materials. The The nanolayers are not easily

addition of nanometric fillers is much

intercalation chemistry has been studied
for a long time.?3

dispersed in most polymers due to their
preferred face-to-face stacking in agglo-
merated tactoids. Therefore, the layered
silicates first need to be organically
modified to produce polymer-compatible
clays. The inorganic exchange cations in

better than conventional fillers, because
the latter impart drawbacks to the
resulting materials, such as weight
increase, brittleness and opacity.!

Among all the potential nanometric
additives, those based on layered silicate

the galleries of the clay have been
usually substituted by alkylammonium
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cations to compatibilize the silicate with
a hydrophobic polymer. The organic
cations lower the surface energy of the
silicate surface and improve wetting
with the polymer matrix.*> Moreover, the
long organic chains increase the gallery
distance facilitating the diffusion of the
organic species into the galleries.®

Attending to the dispersion of a clay
in a polymer matrix, three main types of
composites can be distinguished: (a)
microcomposites, when the polymer is
unable to intercalate between the silicate
sheets; (b) intercalated nanocomposites
formed when polymer matrix is
intercalated between the silicate layers
and a well ordered multilayer structure
of alternate polymeric and inorganic
layers, with a repeat distance between
them is formed; and (c) exfoliated or
delaminated nanocomposites when the
clay layers are well separated from one
another and individually dispersed in
the polymer matrix.”8

Among the different methods for
producing  polymer-layered  silicate
nanocomposites, the in situ intercalative
polymerization is the only possible when
a nanocomposite thermoset is desired.
The monomers and the crosslinking
agent must migrate into the galleries, so
that the crosslinking reactions can occur
between the intercalated sheets. How-
ever, there is a competition between intra
and extragalleries crosslinking and, if the
polymerization rates are comparable, the
curing heat produced is enough to
overcome the attractive forces between
the silicate layers and an exfoliated
nanocomposite can be formed. If the
extragallery crosslinking is quicker than

&

the intragallery diffusion and cross-
linking, the extragallery resin will gel
before the clay can be exfoliated.’

The choice of a suitable curing agent
is reported to be a significant factor
determining delamination of thermoset-
ting nanocomposite systems. It has been
shown that, wusing alkylammonium
modified montmorillonites, low viscosity
curing agents intercalate more easily into
the clay than the higher viscosity curing
agents.’? Kornmann et al.'! investigated
the correlation of diffusion rate and
reactivity of a DGEBA system and the
subsequent degree of exfoliation and
showed that the molecular mobility and
reactivity of the curing agent are
important factors affecting the balance
between inter- and extragallery reac-
tions. Moreover, the curing conditions
can also affect the final nanocomposite
structure. In most cases, it was observed
that higher curing temperatures gave
better exfoliations of the organosilicate in
the epoxy matrix, which was mainly
attributed to the higher molecular
mobility and diffusion rate of the resin
and hardener into the galleries.!-14

In the literature there are few papers
on the formation of epoxy-clay nano-
composites by cationic curing and they
are deboted to the photoinduced cationic
crosslinking of cycloaliphatic epox-
ides.’>1®¢ However, it seems that catalytic
systems could be advantageous to obtain
exfoliated nanocomposites because in
stoichiometric systems the intragallery
diffusion of epoxide and curing agent
can occur at different rate preventing the
complete curing. This problem can be
overcome by the use of catalytic curing
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agents, since the ring opening polymer-
ization of epoxide in the galleries occurs
through attack of the epoxides to an
active chain end. This makes unneces-
sary the presence of curing agent in the
galleries.

In previous papers”!® we reported
the copolymerization of DGEBA epoxy
resin with y-valerolactone (y-VL) using
rare earth metal triflates as cationic
initiators. The interest in this copolymer-
ization reaction was to improve some
characteristics of the final thermosets by
introducing ester and flexible aliphatic
chains into the network structure. By
copolymerizing y-VL and DGEBA in
cationic conditions networks with a
poly(ether-ester) structure is obtained as
depicted in Scheme 1. The addition of v-
VL to the reactive mixture notably
decreased its viscosity, which can be
advantageous to prepare epoxy nano-
composites as said above. Moreover, the
lactone helps the metal triflate to
dissolve by coordination. In the present
paper we reported the preparation of
new thermosetting nanocomposites by
thermal cationic cure of DGEBA and y-
VL using rare earth metal triflates as
initiators and the characterization of the
materials obtained. As inorganic clay we
used several types of commercially avail-

o

] Q
Ct - Ao O Hroad

y-VL DGEBA

l Lewis acid

\/\WOJ\/EOO*CHZ\/\/W

Scheme 1
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able montmorillonites Cloisite® Na*, 30B,
20A, 15A and 6A.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08
gleq) was used as received. y-Valero-
lactone (y-VL) (Aldrich) was used as
received. Lanthanum (III), ytterbium (III)
and scandium (III) trifluoromethanesul-
fonates (Aldrich) were used without
purification.

Cloisite® Na*, 30B, 20A, 15A and 6A
were supplied by Southern Clay
Products, a division of Rockwood Speci-
alities. The structures of the quaternary
ammonium modifiers of Closites® 20A,
15A and 6A are represented in Scheme 2
(in which HT is a hydrogenated tallow
composed of ~ 65% C18, ~ 30% C16, ~ 5%
C14) with concentrations of 95, 125 and
140 meq of modifier per 100 g of clay,
respectively. For Closite® 30B the
modifier is also represented in the same
Scheme with a concentration of 90 meq
of modifier per 100 g of clay. The Closite®
Na* is a natural montmorillonite with a
concentration of ~ 92 meq of sodium per
100 g of clay.

IS CH
N
N
CH

3

3
Cloisite® 20A, 15A i 6A

fLc CHyCHyOH
A

/\/\/\/\/\/\/\/V\l\{
CH;-CH;—OH
Cloisite® 30B

Scheme 2
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Preparation of the curing mixtures

Cloisites® were held in a 40 °C oven
prior to sample preparation to ensure
moisture homogeneity in all samples.
The suspensions were prepared by ad-
ding Cloisites® to DGEBA and the mix-
ture was stirred at 400 rpm whilst
sonicated at amplitude of 40 % during
25 min until obtaining a visual homo-
geneous dispersion. The equipment used
was a Eurostar Ika®-Werke stirrer and
Cole Parmer Ultrasonic Processor. To
produce the suspension, the samples
were placed in a small water bath in a
cooling jacket to dissipate the heat
generated. The selected initiator was dis-
solved in the selected quantity of y-VL
and then the solution was added to the
before prepared DGEBA-clay mixture.
The final mixtures had a proportion
DGEBA/y-VL 2:1 (mol/mol) and con-
tained the selected initiator expressed in
phr (parts per hundred parts of reactive
mixture in w/w) and 3 phr of the selected
clay.

Characterization and measurements

Calorimetric study. Calorimetric studies
were carried out on a Mettler DSC-821e
thermal analyzer in covered Al pans
under N, at 2, 5, 10 and 15 °C/min. The
calorimeter was calibrated using an
indium standard (heat flow calibration)
and an indium-lead-zinc standard
(temperature calibration). The samples
weighed approximately 7-9 mg. In the
dynamic curing process the degree of
conversion by DSC (apsc) was calculated
as follows:

Apsc = AH, JAH 1)

dyn

&

where AHr is the heat released up to a
temperature T, obtained by integration of
the calorimetric signal up to this
temperature, and AH,,, is the total reac-
tion heat associated with the complete
conversion of all reactive groups.

The T; was measured as the half-way
point of the jump in the heat capacity
when the material changed from the
glassy to the rubbery state at 20 °C/min.

The kinetics of the reaction is usually
described by the following rate equation:

da_ _E )
a A eXp( RT)

where t is time, A is the pre-exponential
factor, E is the activation energy, T is the
absolute temperature, R is the gas
constant, and fla) is the differential
conversion function.

By integrating the rate equation, eq.
(2), under non-isothermal conditions and
using the Coats-Redfern' approximation
to solve the so-called temperature inte-
gral and considering that 2RT/E is much
lower than 1, the Kissinger-Akahira-
Sunose (KAS) equation may be written:?

m[ﬁ_;j _ h{ﬂ}- EL @)
T;i g{a)Ea 'R];J

where f is the heating rate, g(a) is the
integral conversion function, the subs-
cript a refers to the value related to a

considered conversion, and i to a given
heating rate.

For each conversion degree, the linear
plot of In(B, /T;,) versus 1/T,; enables E,,

and In[A,R/g(a)E,] to be determined
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from the slope and the intercept. These
non-isothermal kinetic parameters are
directly related for every value of o with
the isothermal integral kinetic parameter
In[g(a)/A,]. So, we can simulate iso-
thermal by using non-isothermal data
curing without knowing g().

The kinetic analysis was carried out
using an integral isoconversional method
(eq.(3)). The basic assumption of this
method is that the reaction rate at a given
conversion is only a function of the
temperature.?/?2  Isoconversional me-
thods make it possible to determine
easily the dependence of E, on the
degree of conversion in complex
processes. Isoconversional STARe soft-
ware from Mettler-Toledo was used in
order to calculate conversion degrees
and kinetics of the processes.

Rheological study. The evolution of the
cure was also studied by means of
rheological measurements using the
Strathclyde Curemeter which let us to
determine the gel point of the different
studied samples. Gelation is the point at
which the network has formed and the
sample is no longer soluble. The viscosity
at this point is approximately 10*Pa-s.?
Glassy (fully cured) polymers have a
shear modulus of approximately 10°-10'
Pa's, whereas in the rubbery state the
modulus are approximately 10°Pa-s.
Therefore, at the glass transition temper-
ature, the modulus drops down from 10
to 10¢ Pa-s. The silicone oil bath used was
set at the required temperature (110, 120,
130, 140 and 150°C) and allowed to
equilibrate, and the temperature checked
using a thermocouple. The sample was
poured into a small glass vial (10 mm
diameter) to a depth of approximately

10 mm, and the vial secured into the oil
bath by use of a clamp. The pin holding
the paddle steadily was released to allow
the paddle to oscillate, and it was then
lowered so that it sat just above the
bottom of the vial. This paddle is con-
nected to constant amplitude of 0.5 mm
and constant frequency linear motor of
2 Hz by a spring.?* The software program
PicoLog was used to record the change
in the real and imaginary components
over time. The results were converted to
an ASCII file and then converted to a
viscosity plots using Origin programme.

Thermogravimetric analysis. Thermo-
gravimetric analyses (TGAs) were car-
ried out with a Mettler TGA/SDTA 851e
thermobalance. Cured samples with an
approximate mass of 7mg were de-
graded between 30 and 600 °C at a heat-
ing rate of 10 °C/min in N (100 ml/ min)
measured in normal conditions.

Thermomechanical analysis. Thermal-
dynamicmechanical analyses (DMTAs)
were carried out with a TA Instruments
DMTA 2980 analyzer. The samples were
cured isothermally in a mould at 150 °C
for 1 h and were then subjected to a post-
curing for 5h at 160 °C. Three point
bending of 10 mm was performed on
cylindrical samples (10 x4 mm, approxi-
mately). The apparatus operated dyna-
mically at 5 °C/min from 35 to 200 °C at a
frequency of 1 Hz.

Scanning Electron Microscope study. A
scanning electron microscope (SEM) Jeol
JSM 6400 with a resolution of 3.5 nm was
used to examine the fracture surface
morphology of the samples which were
previously coated with a conductive gold
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layer.

Transmission  Electron  Microscope
study. The morphology of the obtained
nanocomposites has been observed by
transmission electron microscopy (TEM)
with a Jeol 1011 microscope. Samples
have been prepared using an ultramicro-
tome at room temperature.

Results and discussion

Rare earth metal triflates have not
been studied until now in the prepara-
tion of epoxy nanocomposites and,
therefore, we studied the effect of adding
clay to a reactive mixture DGEBA/y-VL
2:1 (mol/ mol) initiated by these cationic
compounds. One reason to perform these
studies is the novelty of the system and
the use of cationic initiators in the pre-
paration of epoxy nanocomposites. It
should be taken in consideration that
catalytic systems release more enthalpy
per gram of mixture than stoichiometric
ones and thus the curing heat produced
could be enough to overcome the at-
tractive forces between the silicate layers
to get exfoliation. In addition, catalytic
systems do not need stoichiometric ratios
of resin and curing agent in the galleries
to get completely cured materials but the
only presence of monomer and an active
chain end. The low viscosity of the mix-
ture and the solubility of the initiator in
the lactone should be advantageous for
the diffusion of the reactive species into
the galleries.

The samples were initially charac-
terized by means of rheological measure-
ments. The cure of a thermoset is charac-
terized by an increase of the molar mass

&

until the development of an infinite
molar mass network. The gelation proc-
ess gives rise to an increase in viscosity
and the development of elastic properties
not existing in the initial reactive mix-
ture. Generally, the gelation process is
difficult to be directly determined using
techniques only based in the chemical
reaction as it is the calorimetry. Thus, the
most suitable method to determine the
gel time of the curing process is the use
of rheologic techniques. The rheologic
properties during curing were studied in
isothermal conditions. Figure 1 compares
the isothermal complex viscosity at
110 °C as a function of the reaction time
for a mixture of DGEBA/y-VL 2:1 (mol/
mol) with a 3 phr of the corresponding
clays initiated by 1 phr of Yb(OTf)s. Gela-
tion time can be taken as the point in
which the complex viscosity takes a
value of approximately 10* Pa-s. We can
observe that, when the clay is intro-
duced, the increase of the viscosity
begins later indicating a decelerative ef-
fect of the clay on the curing process.
This observation contrast with what hap-
pens in some epoxy-clay nanocompo-
sites, where the introduction of an
organoclay has an accelerative effect on
the reaction.?>?” Thus, it seems that the
clay can interact with the ytterbium tri-
flate reducing its proportion or activity.

Figure 2 shows the plot of gel time at
different temperatures for the above
mentioned formulation with different
clays. All the clays tested increases the
gel time in all the temperature range
studied in reference to the neat mixture
and this effect increases as the temper-
ature decreases. The slight differences on
changing the clay practically disappear
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Figure 1. Plot of viscosity against curing time for a
DGEBA/y-VL 2:1 (mol/mol) mixture with 3 phr of
the corresponding clay initiated by 1phr of
Yb(OTf); at 110 °C.

at 150 °C.

=)

Because of the clay seems to interact
with the initiator we studied the possible
influence of the cation exchange capacity
(CEC) of the clays on the gel time at dif-
ferent temperatures. Figure 3 shows that
at high temperatures there is practically
no influence of CEC in the gel time but at
low temperatures the influence can be
detected, and the higher the exchange
capacity the longer the gel time is, which
seems to support the interaction of the
ytterbium cation with the interchange-
able positions of the clay. The fact that
the reaction was faster with the organo-
clay Closite® 30B, could be due to the
presence of hydroxylic groups in the am-

D\
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Figure 2. Temperature against gel time for DGEBA/y-VL 2:1 (mol/mol) mixture
with 3 phr of the corresponding clay initiated by 1 phr of Yb(OTf)3 at 110 °C.
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Figure 3. Gel time against cation exchange capacity for DGEBA/y-VL 2:1 (mol/mol)
mixture and 3 phr of the corresponding clay initiated by 1 phr of Yb(OTf)s at 110 °C.
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monium salt, which generally improves
the curing rate by the concurrence of the
monomer activated mechanism (AM),
which has been described to occur in the
presence of hydroxyl groups.?

In a previous work,'® we studied the
influence of the rare earth metal triflates
and their proportions in the evolution of
the curing and we saw that on increasing
the Lewis acidity of the cation the curing
can be performed at lower temperature.
The different Lewis acidity can also
influence the interaction with the clay.
Thus, it seemed interesting to study by
rheological techniques the influence of
the different initiators and their propor-
tions on the gel time. For this study we
selected Closite® Na' as the clay to
eliminate the possible influence of the
ammonium modifier. Figure 4 shows the
representation of the gel times against
the proportions of La, Yb and Sc triflates.
We have also included the gel times of
the same mixtures without clay to com-
pare. As we can see, on increasing the
proportion of initiator the gel time
decreases as expected. For all the initia-
tors the presence of clay retards the gela-
tion, but this delay decreases on increase-
ing the proportion of initiator. The
retarding effect is more evident for
La(OTf);, which is the less active initia-
tor. Sc(OTf); and Yb(OTf); show a similar
behaviour, but the former is slightly
more active than the latter.

Although Sc(OTf); resulted slightly
more active than the other initiators,
even in the presence of the clay, we can
detect by FTIR that similarly to the
observation made in a previous work!”
this initiator led to a depolymerization

&
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Figure 4. Gel time against initiator concentration
for the mixture DGEBA/y-VL 2:1 (mol/mol) with 3

phr of Closite® Na" initiated by different propor-
tions of the rare earth metal triflates at 110 °C.

process. This depolymerization, which
occurs during curing, led to a decrease in
the linear ester band, initially formed in
the copolymerization process, and to an
increase of the band corresponding to the
initial lactone. Thus, we consider that
Yb(OTf); is the most adequate initiator to
cure these samples even in the presence
of clay. In the same study we also saw
that the use of a high proportion of the
ytterbium salt (3 phr) led to the forma-
tion of free y-VL that finally acted as a
plasticizer. Thus, more than 1 phr of this
initiator seems to be detrimental to the
characteristics of the thermoset. In the
basis of these results, 1 phr of Yb(OTf)s
was selected as initiator to cure the mix-
tures and complete the study.

Figure 5 shows the calorimetric
curves obtained in the curing of a
DGEBA/y-VL 2:1 (mol/mol) mixture with
1 phr of Yb(OTf); containing 3 phr of the
different clays. To compare, we included
the curve corresponding to the curing of
the neat mixture without clay. As we can
see, the addition of clays shifts the curves
at higher temperatures, indicating that
the clay retard the curing process. All the
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Table 1. DSC, TGA and DMTA data of the materials prepared from a formulation DGEBA/y-
VL 2:1 (mol/mol) initiated by 1 phr of Yb(OTf); and with 3 phr of the different clays

DSC data TGA data DMTA data
Samples s AH  Tha E. Tso,  Tmax .Char |4 Tan §
O (J/g (O  (kJ/mol) °C) (°O) Yied (%) (MPa) (°O
neat polymer 93 430 165 85.2 258 340 19 7.4 102
Cloisite® Na 97 417 175 80.0 301 371 17 8.5 93
Cloisite®30B 93 410 174 79.3 291 357 19 8.8 87
Cloisite® A6 93 417 179 78.4 299 364 16 6.2 87

curves present an initial and small
exotherm, which can be attributed to an
activated monomer mechanism (AM).?
This exotherm is less pronounced in the
samples having clay and therefore the
presence of clay seems to reduce the con-
currence of this mechanism, which could
influence in the network structure be-
cause the AM mechanism favours chain
transfer processes.

30 60 90 120 150 180 210 240 270
temperature (°C)

Figure 5. Differential calorimetric scanning curves
against curing temperature of DGEBA/y-VL 2:1
(mol/mol) formulation with 3 phr of the corres-
ponding clay initiated by 1phr of Yb(OTf); at
10 °C/min in N, atmosphere.

The values obtained from the calori-
metric curves are collected in Table 1.
Total enthalpies are similar if we take
into account that the samples with clays
contain a lower proportion of epoxy
groups, which release the main reaction
heat. The Tg values for the materials ob-

tained after dynamic cure are similar but
the maximum of the exotherm has a
higher value in the samples with clay. At
the present, there is an uncertain situa-
tion about the effect of clay content on
the glass transition temperature of nano-
composites based on DGEBA. The little
effect of the clay on the Tg is not
surprising, since there are contradictory
results in the literature; some authors
described a decrease in the Ty on adding
clay whereas others®® reported an in-
crease in this parameter.

Although the addition of clay did not
influence the total enthalpy released, the
addition of clay increases the temper-
ature of the maximum of the exotherm,
which indicates a decelerative effect of
the clay. From the calorimetric parame-
ters we can go to the conclusion that the
presence of the tested clays does not
influence the degree of crosslinking
achieved but decreases the reactivity of
the system.

From the calorimetric curves at dif-
ferent heating rates and applying the
isoconversional method we calculated
the evolution of the conversion and the
activation energies along the curing
processes. Figure 6 shows the variation
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of the conversion degree against temper-
ature of the mixtures with Yb(OTf); and
the different clays, where we can see that
there is not much difference for the
evolution of the samples containing clay,
but all of them are retarded in reference
to the evolution of the uncharged
sample.

100 -
80 A
60

o (0/0)

40
20

0 \'-.-

60 90 120 150 180 210
temperature (°C)

Figure 6. Conversion curves against curing tem-
perature obtained through dynamic DSC experi-
ments of DGEBA/y-VL 2:1 (mol/mol) mixtures with
3 phr of the corresponding clay initiated by 1 phr of
Yb(OTf)s.

In Figure 7 is represented the evolu-
tion of the apparent activation energy
along the curing process, which was
obtained applying the eq (3). With this
equation we obtained the activation
energy for each degree of conversion in
all the formulations studied. Although
the shape of the curves is similar, the
main difference is the higher value for
the neat sample in all the range. The ex-
planation to the higher reactivity of the
neat system can be found in the compen-
satory effect between the activation
energy and the pre-exponential factor.334

Although the final Ty of the materials
obtained was similar despite of the
presence of clay, we wanted to know if
the formation of the network went for
the same pathway than the neat resin.

100
— 90
E
= 80
<
=70
60 T T T T

0 20 40 60 80 100
a (%)
Figure 7. Dependence of the activation energy on
the degree of conversion for DGEBA/y-VL 2:1 (mol/

mol) formulation with 3 phr of the corresponding
clay initiated by 1 phr of Yb(OTf)s.

Thus, we followed the evolution of
the Tg of the material on curing at 110 °C
up to curing completion. Figure 8 re-
presents the evolution of the Ty against
degree of conversion for samples with or
without clay. As can be seen, the evo-
lution of this value is very similar,
indicating that the presence of the clay
does not influence the formation of the
network. The final Tg reached was
slightly higher than that obtained after
dynamic experiments in the calorimeter.
This difference can be explained by the
complex reaction mechanism of the
curing, which occurs through the
formation of an intermediate spiroortho-
ester (SOE)."” Spiroorthoesters form in
the first stages of the curing but
homopolymerize at the end of the curing
or at higher temperature.> The tem-
perature used in the present study could
be enough to copolymerize SOE with
epoxides but no to homopolymerize
them. This fact can lead to a more rigid
network structure by the presence of
unreacted SOEs in the structure.

Figure 9 shows the mechanical

relaxation spectra at 1 Hz and tan & for
the materials obtained from DGEBA/
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Figure 8. Evolution of T against conversion for a
DGEBA/y-VL 2:1 (mol/mol) mixture with 1 phr of

Yb(OTf); cured at 110 °C, with 3 phr of Closite® Na*
or without clay.

y-VL 2:1 (mol/mol) mixture with 1 phr of
Yb(OTf); containing 3 phr of different
clays cured isothermally at 150 °C for 1 h
and then post-cured for 5h at 160 °C.
The values of the modulus in the rubbery
state and the tan J are collected in Table
1. The relaxed modulus notably depends
on the clay added; being those with
Cloisite® 30B and Cloisite® Na* which
have a higher relaxed modulus, whereas
Cloisite® 6A has the lowest. The addition
of clay leads to more homogeneous ma-
terials, as can be seen from the shape of
tan §, but with lower temperatures of the
maximum. The differences between the
Tg of the materials and tan 8 values can
be explained by the determination tech-
nique, the complex reaction mechanism
of the curing, and the different curing
schedule applied.

The thermal stability of polymeric
materials is usually studied by thermo-
gravimetric analysis (TGA). It has been
described that the incorporation of clay
into the polymeric matrix was found to
enhance thermal stability by acting as a
superior insulator and mass transport
barrier to the volatile products generated
during the decomposition.>>% Figure 10

d“\'

10000

1000 ~

100

E' (MPa)

10

25 50 75 100 125 150 175
temperature (°C)

(b)

25 50 75 100 125 150 175
temperature (°C)

--— neat —— Na 30B — 6A

Figure 9. Storage modulus (a) and loss tangent (tan
8) (b) against temperature obtained by DMTA for
the thermosets prepared from DGEBA/y-VL 2:1
(mol/mol) formulation with 3 phr of the corres-
ponding clay initiated by 1 phr of Yb(OTf)s.

shows the plot of weight loss against
temperature for the materials containing
the different clays. To compare, the ma-
terial without clay has been also
included. As can be seen, the addition of
all the clays increases the thermal stab-
ility. The effect of the clays is similar but
Cloisite® Na®* has a slightly higher
temperature of the maximum degrada-
tion rate.

The fine distribution of the clay in the
polymeric matrix was evidenced by TEM
observation. Figure 11 shows the TEM
micrographs obtained for the Closite®
30B nanocomposite at different magnify-
cations. The homogeneous distribution
of the clay in the matrix and the interca-
lated character of the nanocomposite can
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Figure 10. Thermogravimetric curves under N,
atmosphere at 10 °C/min of the thermosets ob-
tained from DGEBA/y-VL 2:1 (mol/mol) formula-
tion with 3 phr of the corresponding clay initiated
by 1phr of Yb(OTf)s.

be observed. The interlayer distances
were in the range 9-15 nm. Cloisite® 30B
was the clay that allowed us to obtain the
best dispersion in the matrix and the
larger interlayer distances. However
Cloisite® Na* was very difficult to dis-
perse in the polymer matrix due to its
hydrophilic character, which make dif-
ficult the polymer to be diffused into the
galleries.

The enhanced toughness expected for
the nanocomposites prepared was stud-
ied through the inspection of fracture
surfaces, which were obtained by crack-
ing the material in liquid nitrogen.
Figure 12 shows the SEM micrographs of
the fractured surface for the neat resin
and the nanocomposite obtained from
Cloisite® 30B. As we can see, whereas the
neat resin shows a typical fragile fracture
morphology, the nanocomposite shows a
ductile fracture evidenced by a more
plastic deformation.

Conclusions

Thermal cationic curing of DGEBA/y-
VL/clay mixtures initiated by rare earth

Figure 11. TEM micrographs of the intercalated
nanocomposite obtained from a DGEBA/y-VL 2:1
(mol/mol) formulation with 3 phr of the Cloisite®
30B initiated by 1 phr of Yb(OTf)s.

metal triflates allowed obtaining inter-
calated nanocomposites.

By rheological and FTIR studies we
found that ytterbium triflate was the best
initiator to prepare these nanocomposites
and the proportion of 1 phr is the best
proportion for this initiator to chemically
incorporate the highest proportion of y-
valerolactone in the nanocomposite.

The addition of clay retarded the
curing and the gelation, especially in the
case of using the lanthanum initiator.
The increase in the proportion of initiator
reduced the retardant effect of adding
clay. The reduction in the reactivity of
the system has been attributed to an in-
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=]

40 pm
Figure 12. SEM micrographs of the fracture
surfaces of the materials obtained from a DGEBA/y-
VL 2:1 (mol/mol) formulation initiated by 1 phr of
Yb(OTf); without clay (a) and with 3 phr of the
Cloisite® 30B (b).

teraction of the cation with the clay.

The thermal stability of nanocom-
posites was higher than that of the unfil-
led thermoset.

By SEM microscopy we observed that
the addition of clay converts the typical
fragile fracture of epoxy materials to a
more ductile one.
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4.2 Introduceld

4.1 INTRODUCCIO

Una vegada finalitzats els estudis realitzats sobre la copolimeritzacid cationica entre el
DGEBA i la y-valerolactona, es va estudiar la copolimeritzacio cationica i anionica del
DGEBA amb dues bis(y-lactones) condensades: 1-metil-2,8-dioxabiciclo(3.3.0)-3,7-
octandiona (bisMe) i la 1-fenil-2,8-dioxabiciclo(3.3.0)-3,7-octandiona (bisPhe).

Me Phe
O (@) O O
(@] O O (@]
bisMe bisPhe

Figura 4.1. Estructura de les bis(y-lactones) emprades

Les bis(y-lactones) han estat sintetitzades en el laboratori seguint el procediment descrit
per Tadokoro i col.!, introduint algunes modificacions com el canvi de base, utilitzant
DMAP enlloc de piridina, i el metode de separacid del producte. Malgrat que el
procediment experimental de preparacio6 és senzill, el mecanisme de reaccié és complex i
s’inicia per una reacci6 tipus Dakin-West? que permet convertir grups carboxilics en grups
cetona. Es va partir de I'acid tricarbal-lic i el corresponent anhidrid: acetic en el cas de la
bisMe i benzoic per la bisPhe en presencia de DMAP (figura 4.2). Mitjancant aquest procés
s’obté el compost A que després evoluciona fins arribar a la bislactona.

o) Q o) 9 ] OHi
on 0 9 WS S o x|
OH R)k J\ - - . + R7 oH
o) o ©
R = Me/Phe OH
OH OH S
fo] O
’base
HOOC—H o o 0o o 0 P OH
O > I © B
HOOC {o R™ 07 R + R COOH to 1
AN A
(@) \>~0O
o % ) HOOC 3
R
RoH R R
o o
o (¢) _— o o)

Figura 4.2. Mecanisme de reaccié proposat per King i col.3

En la literatura no s’ha trobat descrita la copolimeritzacié cationica de bislactones
condensades amb epoxids pero si hi ha treballs de copolimeritzacié amb mono i diepoxids
en condicions anioniques utilitzant alcoxids (t-BuOK) com iniciadors*. En aquests treballs
es va observar que tenia lloc una copolimeritzacié alternada donant lloc al corresponent
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2.7 (ntroduceid

poli(eter-ester-cetona), sense practicament canvi de volum?®. El mecanisme de copolimerit-
zacio proposat es mostra a continuacio.

Ry 0 'o
O (@] RO~ 0 O O
o o - \» T [~ o _— > RO o

O O K 1) Ot o
A_Rz % Q _ 1) O
RO O rapid
. R,
copolimer alternat

RZ
Figura 4.4. Mecanisme de copolimeritzacié anionica entre una bis(y-lactona) i un epoxid

En el treball que es presenta s’han dut a terme les copolimeritzacions entre el DGEBA i
les bis(y-lactones), bisMe i bisPhe, en condicions anioniques i cationiques. En condicions
anioniques s’han emprant diverses amines terciaries: 1-metilimidazole (1MI), 1,8-
diazabiciclo[5,4,0Jundecen-7-¢ (DBU) i 4-(N,N-dimetilamino)piridina (DMAP). Aquesta
ultima va ser descrita per primera vegada a la literatura com un iniciador eficag en
polimeritzacions d’obertura d’anell pel nostre grup de recerca. Posteriorment, Dell’Erba i
Williams” van realitzar un estudi sobre la homopolimeritzaci6 de monomers epoxidics
com el DGEBA i el PGE iniciada per DMAP on es va observar com 'addici6 de DMAP
donava lloc a un augment de la velocitat de polimeritzacio respecte les tipiques amines
terciaries i que el valor de Tg obtingut era superior. Tot i aixi, la homopolimeritzaci6
anionica de grups epoxi iniciada per amines terciaries i imidazoles N-substituides és una
reacci6 complexa i presenta dos inconvenients: (a) velocitats de reaccié baixes i (b)
formacié de cadenes principals curtes degut a la elevada velocitat de les reaccions de
transferencia de cadena?.

En les copolimeritzacions cationiques d’aquests bis(y-lactones) amb el DGEBA s’han
utilitzat triflats de terres rares com iniciadors: La(OTf)s, Yb(OTf)s, Sc(OTf)s, els quals ja

havien estat estudiats previament amb les mono(y-lactones).
Els resultats d’aquest estudi es presenten en els segiients treballs:
* Anionic copolymerization of DGEBA with two bicyclic bis(y-lactone) derivatives using

tertiary amines as initiators.

» Cationic polymerization of DGEBA with two bicyclic bis(y-lactone) derivatives using
rare earth metal triflates as initiators.

* Study of the copolymerization of DGEBA and two bicyclic bis(y-lactone)s using rare
earth metal triflates as initiators by infrared spectroscopy.
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Abstract

The anionic copolymerization, to form thermosets, of diglycidylether of bisphenol A
(DGEBA) with two condensed bis(y-lactone)s (bisMe and bisPhe) using 4-(N,N-dime-
thylamino)pyridine (DMAP), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), and 1-methyl-
imidazole (1MI) as initiators was studied by differential scanning calorimetry (DSC). The
kinetics was evaluated by isoconversional procedures. The evolution of the bands that
form or disappear during curing was followed by Fourier Transform Infrared in the
attenuated-total-reflection mode (FTIR/ATR) to clarify the reactive processes that take
place. Unexpected processes, which lead to the formation of five-membered lactones, were
detected when non-stoichiometric proportions of monomers were used. The stoichiometric
DGEBA /bislactone ratio produces the expected alternate poly(ester-ketone) network. The
thermal degradability of the materials obtained was evaluated by TGA, and their
reworkable character was confirmed. Materials obtained from stoichiometric mixtures
were completely soluble in ethanolic KOH.

Keywords: Anionic polymerization, thermosets, DSC, FTIR, tertiary amines.

Introduction

Ring-opening is a polymerization
mechanism that has the advantage of
allowing the copolymerization of mono-
mers with different reactive groups, such
as lactones and epoxides. The polymer-
ization of lactones leads to polyesters
and the polymerization of epoxides leads
to polyethers. Thus, the copolymer-
ization of these two monomers can
produce poly(ether-ester) structures with
a relative proportion of structural units

that depend on the feed ratio. This
copolymerization can be initiated by
both anionic and cationic species. Ca-
tionic initiators conduce to a rather
complex mechanism, with four reactive
processes, one of them being the forma-
tion of an intermediate spiroorthoester.
On the other hand, anionic copolymer-
ization takes place directly by the attack
of the initiator to one of the monomers
and the subsequent alternant addition of
the others to the final reactive chain end.
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Five membered lactones are difficult
to homopolymerize or copolymerize
with epoxides because their ring closing
is much more favourable than their ring
opening. Therefore, it is necessary to
suppress ring closing by the accurate
selection of the lactone structure. It has
been described that bis(y-lactone)s
copolymerize with epoxides to rend the
copolymer, which contains poly(ether-
ester-ketone) moieties, being the ketone
group produced by an isomerization of
the bislactone, which takes place during
their opening.1-

Several authors reported the alternant
character of the anionic copolymerization
of epoxides with condensed®> or spira-
nict bis(y-lactone)s. Among anionic initia-
tors, strong bases such as t-butoxide,
methyl lithium and hydroxides have
been used in the linear copolymerization
of epoxides with bis(y-lactone)s.> How-
ever, from a technological point of view,
these initiators are not suitable to obtain
thermosets from diepoxides and bis(y-
lactone)s because their use requires
solvent and/or inert atmosphere. For this
reason we propose the use of tertiary
amines as initiators in the preparation of
new thermosets from mixtures of digly-
cidylether of bisphenol A (DGEBA) and
two different condensed bis(y-lactone)s,
1-methyl-2,8-dioxabicyclo[3.3.0]octane-3,
7-dione (bisMe) and 1-phenyl-2,8-dioxa-
bicyclo[3.3.0]octane-3,7-dione  (bisPhe).
As tertiary amines, we selected 4-(IN,N-
dimethylamino)pyridine (DMAP), 1,8-di-
azabicyclo[5.4.0Jlundec-7-ene (DBU) and
1-methylimidazole (IMI). Tertiary ami-
nes were previously reported to be active
in the ring-opening homopolymerization
of epoxides. 7~

The structure of monomers and
initiators are represented in Scheme 1.
The poly(ether-ester-ketone) three-di-
mensional structures obtained in this
way should be more thermally degra-
dable than the thermosets obtained from
pure DGEBA, due to the presence of
ester linkages. The introduction of ester
groups in thermosetting materials has
been used as one of the most fruitful
strategies to improve the reworkability
of the thermosets. The concept of
reworkable thermoset is defined as the
ability to break-down the network under
controlled conditions to remove it from a
substrate. However, this term does not
mean that the polymeric material can be
reused or recycled but only that the
partially degraded material can be
removed by solvents or by brushing
from the surface where it is applied.
Rework enables the straightforward
repair, replacement or recycling of
electronic devices assembled with such
materials. Among the research groups
that followed this strategy it should be
considered the works reported by
Ober, 1011 Shirai'>!* and Wong.1415

Me Phe
O (0] 0] (0]
o o o (o]
bisMe bisPhe
H.C /A N
SO GO0
H,C — | N
3 CH,
DMAP 1MI DBU
Scheme 1

In addition to the thermal degradabi-
lity, we expect to reach an improvement
in the chemical degradation by saponifi-
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cation of the ester groups, as we showed
in a previous paper’® based in the anionic
copolymerization of DGEBA with spira-
nic bis(y-lactone)s, due to the alternant
character of the copolymeric network
that we obtained.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08

gleq).

Tricarballylic acid, acetic anhydride,
benzoic anhydride, 4-(N,N-dimethyl-
aminopyridine) (DMAP), 1,8-diazabicy-
clo[5.4.0Jlundec-7-ene (DBU), 1-methyl-
imidazole (1IMI) and phenylglycidylether
(PGE) (from Aldrich) were used as
received.

The solvents were purified by stan-
dard methods.

Monomer synthesis

a) 1-Methyl-2,8-dioxabicyclo[3.3.0]octa-
ne-3,7-dione (bisMe). (Scheme 2)

A mixture of tricarballylic acid (6 g,
33 mmol), acetic anhydride (50 ml, 508
mmol) and DMAP (0.9 g, 7.36 mmol) was

B, LI
OH R =Me or Phe

o) OH "R
(] o ——~

o
D)
DAL g G
o o HO
RLOJKR
DMAP Scheme 2

=
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refluxed with stirring for 3h under
argon. After elimination of acetic acid in
vacuum the product was precipitated in
ethanol, being the remaining anhydride
soluble in this solvent. After filtration,
the solid product was dissolved in
acetone and the solution was treated
with active charcoal. After filtration and
evaporation of the solvent a white solid
was obtained. The product was recrystal-
lized in ethanol affording a white crystal-
line solid. Yield: 40 %, m.p.: 101-2°C.
(lit.3 98-99 °C).

FTIR/ATR (cm?): 1782, 1264, 1134, 1074,
1051, 922.

'H NMR (400 MHz CDCL): d (ppm) 3.0-
3.2 (m, 3H), 2.6 (dd, 2H), 1.8 (s, 3H). *C
NMR (754 MHz CDCL):  (ppm) 172.5,
113.2,39.2, 35.6, 24.1.

b) 1-Phenyl-2,8-dioxabicyclo[3.3.0]octa-
ne -3,7-dione (bisPhe). (Scheme 2)

It was similarly synthesized using
benzoic anhydride instead of acetic
anhydride and using xylene as the sol-
vent. Benzoic acid and anhydride were
soluble in ethanol but the bislactone
precipitated. Yield: 55%, m.p.: 139-
140 °C (lit.77 122 °C, lit.# 138-139 °C).

FTIR/ATR (cm?): 1791, 1450, 1241, 1189,
1149, 1092, 992, 972, 859, 761.

ggi

ROH H.O

O 0]
O o
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'H NMR (400 MHz CDCls): d (ppm) 7.5
(s, 5H), 3.4-3.3 (broad m, 1H), 3.2-3.1
(dd, 2H), 2.7-2.6 (dd, 2H). *C NMR (75.4
MHz CDCl): & (ppm) 172.9, 136.6, 130.8,
129.6, 125.4, 113.7, 42.0, 35.8.

Preparation of the curing mixtures

The samples were prepared by
mixing the selected quantity of initiator
with the corresponding amount of bis-
lactone and DGEBA with manual stirring
in a mortar. The prepared mixtures were
kept at -18 °C before use.

Characterization and measurements

Calorimetric studies were carried out
on a Mettler DSC-821e thermal analyzer
in covered Al pans under N, at
10 °C/min. To determine kinetic parame-
ters, the curves were registered at 2, 5, 10
and 15 °C/min. The calorimeter was cali-
brated using an indium standard (heat
flow calibration) and an indium-lead-
zinc standard (temperature calibration).
The samples weighed approximately 7-9
mg.

In the dynamic curing process the
degree of conversion by DSC (apsc) was
calculated as follows:

pse = AH, [AH,,, (1)
where AHr is the heat released up to a
temperature T, obtained by integration of
the calorimetric signal up to this temper-
ature, and A4Hg,, is the total reaction heat
associated with the complete conversion
of all reactive groups.

The glass transition temperatures

(Tgs) were calculated, after complete cur-
ing by means of a second scan, as the
temperature of the half-way point of the
jump in the heat capacity when the
material changed from the glassy to the
rubbery state under N, atmosphere.

The isothermal curing process at
160 °C was monitored with a FTIR
spectrophotometer FTIR-680PLUS from
JASCO with a resolution of 4 cm! in the
absorbance mode. An attenuated-total-
reflection accessory with thermal control
and a diamond crystal (Golden Gate
heated single-reflection diamond ATR,
Specac-Teknokroma) was used to deter-
mine FTIR spectra.

Thermogravimetric analyses (TGAs)
were carried out with a Mettler TGA/
SDTA 851e thermobalance. Cured sam-
ples with an approximate mass of 7 mg
were degraded between 30 and 600 °C at
a heating rate of 10 °C/min in N, (100 cm?

min') measured in normal conditions.

Kinetic analysis

Integral isoconversional non-isother-
mal kinetic analysis named Kissinger-
Akahira-Sunose procedure was used to
determine the kinetic parameters of the
curing process.!8-20

Chemical degradation

The chemical degradation via sapo-
nification was performed at reflux in 1 M
ethanolic KOH (ethanol/water 90/10 v/v).

Results and discussion

In a previous work® we studied the
curing of mixtures of DGEBA epoxy
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resin with 1,6-dioxaspiro[4.4]nonan-2,7-
dione s(y-BL) using DMAP, 1MI and 1,5-
diazabicyclo[4.3.0lnon-5-ene (DBN), a
homologous of DBU. The evolution of
the reactive groups was monitored by
FTIR. By this technique and DSC, it was
proved that the pure bislactone cannot
homopolymerize with none of the initia-
tors tested and, therefore, the reactivity
ratio of the spiranic bislactone tends to
zero. Epoxy groups can homopolymerize
in the presence of the anionic initiator
when s(y-BL) is run out. To get a
completely alternant copolymer a
DGEBA/s(y-BL) 1:2 (mol/mol) formula-
tion is needed, since the functionality of
DGEBA is four and the functionality of
the bislactone is two. Thus, this formula-
tion contains one bislactone per four
epoxide groups. When epoxy groups
were in excess in the formulation their
homopolymerization also occurred. By
DSC we saw that the addition of the
spirobislactone to DGEBA produced an
acceleration of the curing process and
that DMAP, among the amines tested,
was the most active. However, the
efficiency of these initiators is related not
only with the intrinsic activity of their
tertiary nitrogens but also to the chance
of undergoing termination reactions,
which allow to refresh the initiator and
keep a sufficient amount of active
species® in the reaction medium. It was
determined that a complete curing could
be achieved with a small amount of any
of the initiators tested, in contrast to the
higher amount of initiator needed for the
homopolymerization of pure DGEBA.

In the present study we copolymer-
ized DGEBA with the condensed bis(y-
lactone)s shown in Scheme 1. Similar

=
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Figure 1. DSC scanning and conversion curves
versus temperature of DGEBA initiated by 3 phr of
IMI and DMAP and DGEBA/bisMe 2:1 (mol/mol)
mixture initiated by 1 phr of DMAP, MI and DBU
at a heating rate of 10 °C/min.

systems were previously studied by
other authors with mono or bifunctional
epoxides using hydroxides, alkoxides or
organometallics as initiators.352122 Be-
cause we used different initiators
(DMAP, 1MI and DBU) we firstly
studied by DSC the curing evolution of
DGEBA/bisMe 2:1 (mol/mol) mixtures
with 1-3 phr of each initiator. It should
be said that in this reaction DGEBA acts
as a tetrafunctional monomer and bis(y-
lactone) as bifunctional and therefore
homopolymerization of epoxide can be
expected because it is in excess. The
calorimetric curves are shown in Figure
1, which includes the curves for pure

114




UNIVERSITAT ROVIRA I VIRGILI

NOUS TERMOESTABLES EPOXIDICS MODIFICATS AMB GAMMA-LACTONES I BIS-GAMMA-LACTONES CONDENSADES

M?® Merce Arasa Bertomeu
ISBN:978-84-692-4157-8/DL:T-1171-2009

+.2 Anionic Copolymerization

.
030,
L;J\ifo

Table 1. Calorimetric data of the formulations studied

Entry Formulation Proportion of Initiator mols initiator / Tg AH AH? T max
(mol/mol) initiator (phr) eq. epoxy (°Q) J/g)  (KJ/ee) °0)
1 DGEBA 3 DMAP 0.044711 145 473 86 119
2 DGEBA /bisMe 2:1 1 DMAP 0.018100 95 449 99 138/179
3 DGEBA/bisMe 2:1 2 DMAP 0.036201 106 473 105 129/165
4 DGEBA/bisMe 2:1 3 DMAP 0.054301 105 469 104 132/156
5 DGEBA /bisMe 1:1 1 DMAP 0.021297 80 361 94 152/186
6 DGEBA /bisMe 1:1 2 DMAP 0.042595 85 381 99 140/170
7 DGEBA/bisMe 1:2 1 DMAP 0.027682 69 272 92 160
8 DGEBA /bisMe 1:2 2 DMAP 0.055363 69 270 91 152
9 DGEBA /bisPhe 2 DMAP 0.038741 106 432 102 126/162
10 DGEBA /bisPhe 2 DMAP 0.047677 96 315 92 133/164
11 DGEBA /bisPhe 2 DMAP 0.065540 89 221 88 143
12 DGEBA 3 1MI 0.066533 141 490 89 141
13 DGEBA/bisMe 2:1 1 1MI 0.026934 94 446 99 154/178
14 DGEBA/bisMe 2:1 2 1MI 0.053869 105 474 105 145/164
15 DGEBA 3 DBU 0.035880 -— -— - -—
16 DGEBA/bisMe 2:1 1 DBU 0.014525 98 451 100 150/190
17 DGEBA/bisMe 2:1 2 DBU 0.029050 105 475 105 140/175

2 enthalpy relased by epoxy equivalent

DGEBA curing in order to compare.
Table 1 collects the main calorimetric
data. In these studies we observed that 3
phr of DMAP or IMI were necessary to
completely cure pure DGEBA and that
DBU was not able to cure DGEBA even
in this proportion. The heat released per
epoxy equivalent during DGEBA curing
with 3 phr of DMAP or 1MI agrees with
the values previously described.® In
contrast, bislactone/DGEBA mixtures can
cure with only 1-2 phr of initiator. As
can be seen in the figure, DGEBA shows
unimodal curves whereas the mixtures
show bimodal shape, which indicates the
occurrence of different reactive proc-
esses. To know the reaction responsible

of each exotherm, we registered the
FTIR/ATR spectra of partially cured sam-
ples using DMAP at some selected
curing temperatures: at the beginning of
the first exotherm and in the maxima of
the two exotherms (Figure 2). The most
significant absorptions that indicate
which process takes place during curing
are the bands corresponding to the initial
lactone at 1794 cm!, the linear ester
formed at 1738 cm? and the epoxy
absorption at 915 cm. In the first spec-
trum (a), registered at the beginning of
the first exotherm, we can observe the
lactone band and the expected linear es-
ter and the ketone (at 1738 and 1716 cm!
respectively) that begin to form by open-
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Figure 2. DSC curing exotherm with the detail of the thermal treatment of the samples investigated by FTIR and
carbonylic region of the FTIR spectra of samples partially cured in the DSC from a DGEBA/bisMe 2:1 (mol/mol)
formulation with 1 phr DMAP (a) before the 1st maximum, (b) in 1st maximum and (c) in the 2nd maximum.

Scheme 3

ing of the bislactone with isomerization
(Scheme 3). In the spectrum registered in
the first maximum (b), the band of the
lactone has disappeared and the absorp-
tions at 1738 and 1716 cm™ have in-
creased. Moreover, the intensity of the
epoxy band (not represented in the
figure) has decreased. This indicates that
the first exotherm corresponds to the
copolymerization of epoxide and lactone.
In the spectrum registered in the second
maximum (c) the carbonyl bands pre-
viously formed have diminished and,
surprisingly, a new absorption at 1768
cm’! appears. Moreover, the intensity of
the epoxy band diminishes. These obser-
vations indicate that, in addition to the
homopolymerization of epoxide, this
second exotherm includes other reactive
processes, which were not described
before by Endo’s group.>>?'22 This se-
cond exotherm, corresponding to the

homopolymerization of epoxide, which
includes these unexpected processes lead
to a greater enthalpy than that observed
in a previous work on the copolymeriza-
tion of a spiranic bis(y-lactone), which
did not experiment unexpected reac-
tions.® With both spiranic and condensed
bislactones the copolymerization occurs
before the homopolymerization of epox-
ide. If we recall Figure 1, we can see that
DMAP seems to be the most active
initiator in both processes, while DBU is
the less active. For this reason we
selected DMAP to follow this study.

Figure 3 shows the evolution of the
activation energies during curing. As we
can see, the curves reflect two different
parts. The first one, up to a conversion of
about 25 % corresponds to the copoly-
merization process of bislactone and
epoxide. From this conversion, the pre-
dominant process is the homopolymer-
ization of epoxide, which is accompanied
by the wunexpected processes before
mentioned. The activation energy of the
copolymerization is higher than that of
the homopolymerization, as we reported
previously. ¢
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Figure 3. Dependence of the activation energy on
the degree of conversion for the curing of DGEBA/
bisMe 2:1 (mol/mol) mixture initiated by 1 phr of
DMAP, 1MI and DBU.

Figure 4 shows the calorimetric
curves and conversions obtained in dy-
namic scans for the different DGEBA/
bisMe formulations studied using 2 phr
of DMAP as initiator. Before discussing
these results, it should be commented
that the main heat is released by the
opening of the epoxide, because the
enthalpy released in the opening of a y-
lactone is reported to be 5-10 kJ/mol.?
The stoichiometric mixture 1:2 (mol/mol)
shows an endotherm due to the melting
of the solid bislactone and a unimodal
exotherm, which seems to indicate that
an only process occurs. In contrast, the
other two formulations present a bimo-
dal exotherm, the first one corresponding

.
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to the ester formation and the second to
the epoxide homopolymerization plus
the unexpected processes, increasing the
second one with the proportion of
epoxide (2:1 formulation). The conver-
sion curves against temperature show
that until a conversion of 25 % the three
formulations coincide and from this
point formulation 2:1 slows down. Up to
a conversion of about 50 % formulations
1:1 and 1:2 also coincide and then the
former begins to delay, being from this
conversion the stoichiometric formula-
tion the fastest. This can be attributed to
the fact that the copolymerization takes
place at the beginning of the curing
process, until the lactone is run out, and
that it is faster than the homopolymer-
ization of epoxide. These results are in
accordance with those obtained for
analogous anionic copolymerization of
DGEBA/spirobislactones. ¢

If we look at the Tgs of the materials
and the enthalpy per epoxy equivalent
(Table 1) we can see that the use of 2 phr
of each initiator allows the complete
curing of the DGEBA /bislactone mixtures
(entries 2-4) and even 1 phr was enough
when the ratio epoxy/bislactone was

100 ~
80 A
60 -
40 ~

20

0 \

temperature (°C)

40 60 80 100 120 140 160 180 200 220 240

60 80 100 120 140 160 180 200 220
temperature (°C)

Figure 4. DSC scanning and conversion curves versus temperature of DGEBA/bisMe mixtures in molar
ratios of 2:1, 1:1 and 1:2 (mol/mol) initiated by 2 phr of DMAP at a heating rate of 10 °C/min.
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Figure 5. FTIR-ATR spectra taken at different curing times of a DGEBA/bisMe 2:1 (mol/mol) mixture with 2
phr of DMAP at 160 °C.

stoichiometric (entries 7 and 8). Due to
the flexibility introduced by the copoly-
merization with the bislactone and the
greater distance between crosslinks, the
Tgs of the materials are reduced in
comparison to pure DGEBA and their
values decrease on increasing the pro-
portion of lactone. The three initiators
lead to similar Tgs and curing enthalpies
but DMAP has a higher catalytic activity
(entries 2, 3, 13, 14, 16 and 17).

We also studied the effect of changing
methyl by phenyl group in the bislactone
in the evolution of the curing process
(entries 9, 10 and 11). It can be seen that
when the proportion of bisPhe is low the
Tgs are similar (entries 3 and 9), but
when the proportion is high (entries 6
and 10, and 8 and 11) the values increase
in reference to bisMe. The presence of the
phenyl substituent slightly decreases the
temperature of the maximum of the
exotherms.

To go deeply in the reaction mecha-
nism followed in the preparation of the
thermosets, we registered the FTIR
spectra during curing to see the evolu-

tion of the different absorptions. Figure 5
collects the FTIR spectra of the curing of
a DGEBA/bisMe 2:1 (mol/mol) formula-
tion with 2 phr of DMAP obtained at
160 °C in the ATR before and after curing
and at an intermediate stage. As we can
see, the initial lactone band at 1794 cm-!
has completely disappeared in the spec-
trum taken at 140 s, whereas the expect-
ed linear ester absorption at 1738 cm
and the ketone absorption at 1716 cm'!
can be clearly appreciated. At this curing
time a little peak at 1650 cm™ can be also
observed. This peak can be attributed to
the formation of the pyridinium salt
from the initiator, because it increases
proportionally with the amount of
DMAP added and it is not present when
1IMI was used. As expected, the epoxy
absorption at 915 cm™ decreases and the
ether absorptions increase during curing
indicating the homopolymerization of
epoxide. In the spectrum of the final
material the intensity of linear ester and
the ke-tone bands decrease, and a new
carbonyl absorption at 1768 cm™ appears.
This seems to indicate that larger
reaction times lead to unexpected
processes in which linear ester and
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ketone groups are involved. In the inset
of the figure the hydroxylic absorption is
also included, where we can see that this
signal increases during curing.

To investigate if these unexpected
processes take also place with other
formulations, we registered their FTIR
spectra during curing. Figure 6 shows
the carbonyl zone of the cured materials
obtained from formulations DGEBA/
bisMe 2:1, 1:1 and 1:2 (mol/mol) using 2
phr of DMAP as initiator at 160 °C.
Whereas an excess of epoxide leads to
the formation of the band at 1768 cm”,
the stoichiometric proportion (formula-
tion 1:2) only produces the expected
poly(ether-ester-ketone).
the hydroxylic region (inset) we can see

Moreover, in

how the signal increases as the propor-
tion of epoxide increases. From these
results we can infer that the excess of
epoxide and the subsequent formation of
alkoxides could be the responsible of
these unexpected processes. The substi-
tution of DMAP by 1MI or DBU leads to
similar results.

In the carbonyl zone of the FTIR

0.4
0.04
003 +
— 12
0.3 Fom J\ — 11
0+ — 2:1
| -0.01 ‘

[%2]
2 02 A

T T
3750 3600 3450 3300 3150

0.1 4
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1850 1800 1750 1700 1650
wavenumber (cm™)
Figure 6. FTIR-ATR spectra taken of (a) hydroxyl
and (b) carbonyl zone of DGEBA/bisMe 2:1, 1:1 and

1:2 (mol/mol) formulations initiated by 2 phr of
DMAP after curing at 160 °C.

spectra of the DGEBA/bisPhe 2:1 (mol/
mol) formulation (Figure 7), although the
ketone appears at a different wavenum-
ber (1685 cm! for bisPhe and 1716 cm™!
for bisMe) because of the conjugation
with phenyl group in the former, the
unexpected carbonyl band in both final
materials appear at the same wave-
number (at 1768 cm). Again, in the spec-
trum of the material obtained from
DGEBA/bisPhe 1:2 formulation, we
could only observe the expected signals
of poly(ether-ester-ketone).

Taking into account all these results,
we can propose some plausible mech-

0.5
004 Phe to
04 0.03 O&O t=140s
F 1 002 e = (a) 1800 cm ta=9000 s
ooy et (b) 1739 cm"
03 + 0 | | | () 1685 cm!
,.8 3750 3600 3450 3300 3150 (d) 1768 cm?
© 0o | @ () 1650 cm!
0.1
0
1900 1700 1500 1300 1100 900 700

wavenumber (cm™)

Figure 7. FTIR-ATR spectra taken at different curing times of a mixture of DGEBA/bisPhe in a molar ratio

of 2:1 with 2 phr of DMAP at 160 °C.
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anisms, which are depicted in Scheme 4.
At the first part of the curing, the
alternant copolymerization takes place
and, when the lactone is run out, the
alkoxide groups can initiate the homo-
polymerization and other parallel reac-
tions. At this point, the material has
enough mobility because of the lactone
moiety introduces flexibility and in-
creases the distance between crosslinks.

The alkoxide, acting as a base, can
extract the acidic a-carbonyl protons
(Scheme 4 a, b and c) or, as nucleophile,
can directly attack the ketone (Scheme 4
d). In all these proposed reaction path-
ways, final thermodynamically stable
five membered lactones are formed: in a,
an unsaturated y-lactone; in b and d,
saturated y-lactones and in ¢, a condens-
ed lactone fused with an unsaturated
five-membered ring. The first three proc-
esses are aldolic-like reactions and there-
fore there are equilibrium processes. The
mechanism d, after the first attack of al-
koxide to the ketone, consists in a trans-
esterification. By mechanisms a, b and ¢,
hydroxylic groups are formed, whereas
none is formed by mechanism d. By FTIR
we could see a significant increase of the
hydroxylic absorption and therefore a, b
and ¢ mechanisms seem to be the most
probable. Among these mechanisms, we
can discard the mechanism a because we
cannot observe in the FTIR spectra any
difference in the wavenumber of the car-
bonyl absorption on changing methyl by
phenyl in the final lactone; these absorp-
tions should be different using bisPhe,
because of the phenyl group is con-
jugated with the double bond. Moreover,
the unsaturated lactone should produce
a new absorption at about 1680 cm™ that

cannot be observed either.

The mechanism b can be an inter- or
intramolecular process, being the latter
highly improbable by enthropic and
steric reasons. However, Zhang and col.?*
observed by MALDI-TOF the formation
of cyclic oligomers in the copolymer-
ization of stoichiometric bisMe/PGE for-
mulations using potassium t-butoxide as
initiator. The formation of the analogous
cyclic oligomers is more difficult in our
case because of the three-dimensional
character and the absence of solvent. The
mechanism c is intramolecular and lead
to a condensed structure with a certain
similarity with the initial lactone.

In the mechanisms a, b and d when
one alkoxide attacks, one ketone and one
linear ester disappear but one linear ester
remains unreacted. In these mechanisms
one lactone ring is formed for each
alkoxide that react. Therefore, it seems
that these mechanisms should lead to
similar absorption intensities for lactone
and final ester groups. In mechanism c
the attack of the alkoxide leads to the
disappearance of one ketone and two
linear ester groups at the same time and,
therefore, the linear ester absorptions
should be lower than that of the lactone
formed. If we look at the intensities of
the carbonyl signals in the final spectra
(Figures 5 and 7) we can observe that a
little proportion of ketone and ester
groups remains unreacted, but the size of
the lactone absorption is much bigger
than that of linear ester. Pathway ¢, in
which one ketone and two ester groups
disappear, seems to be the mechanism
that better explains the relative in-
tensities of the carbonyl absorptions, and
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Scheme 4

there
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4.2 Anlonic Copolymerization

fore it could be the predominant
pathway that follows this unexpected
process.

The different evolution of the
stoichiometric and non-stoichiometric
DGEBA /bislactone formulations can be
rationalized by the alternant character of
the polymerization mechanism. In stoi-
chiometric mixtures the initiators firstly
attack to the epoxide and then the al-
koxide formed opens the lactone, leading
to final carboxylate groups. The lower
basicity and nucleophilicity of these
groups in comparison to alkoxides pre-
vent the initial attack in the mechanism
represented in Scheme 4. When epoxide
is in excess in the formulation, the chain
ends are mainly alkoxides, which are
capable of initiating the unexpected
processes.

Although the use of model com-
pounds to investigate reaction mech-
anisms cannot always be applied to cros-
slinked materials, we studied the copoly-
merization in bulk of a monofunctional
epoxide compound (PGE) with bisMe in
different proportions using DMAP, to
clarifty the mechanisms implied. The
stoichiometric proportion showed, by
FTIR and “CNMR spectroscopy, the
formation of the expected poly(ether-
ester-ketone) as Endo et al. reported.?
How-ever, when epoxide was in excess
in the initial mixture, the FTIR spectrum
after reaction showed the band at
1768 cm! of a five membered lactone,
and the ®CNMR spectrum showed a
complex pattern with several carbonyl
signals in the zone of 175-177 ppm and
also a great number of signals in the
aliphatic region. All the expected signals
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of the condensed lactone formed by
mechanism ¢ were present in the
BCNMR spectrum, but its complexity
did not allow the total exclusion of the
other structures formed by other side-
reactions.

On the basis of these results, we can
conclude that to obtain poly(ether-ester-
ketone) networks the stoichiometric pro-
portion DGEBA/condensed  bis(y-lac-
tone)s is required.

The thermosets, obtained using
DMAP as initiator, were studied by ther-
mogravimetry in order to test their
thermal degradability. Figure 8 shows
the TGA and DTG curves of the ma-
terials obtained from bisPhe. We can see
how, on increasing the proportion of
lactone in the formulation, the temper-
ature of the initial weight loss decreases
and the rate of initial thermal degrada-
tion increases. However, the composition
of the formulation has not a great in-
fluence on the temperature of the ma-
ximum rate of degradation. This fact can
be rationalized by the ester rupture,
which takes place at lower temperature,
whereas the rupture of ether bonds oc-
curs at higher temperature. It should be
said, that the degradability of reworkable
materials is usually associated to the
temperature at which a low percentage
of weight is lost (i.e. 5 %) because the loss
of mechanical characteristics takes place
at this low percentage, independently of
the temperature at which the maximum
weight loss occurs.

Table 2 collects the thermogravi-
metric data of the materials prepared. In
general, the introduction of ester groups
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Table 2. Thermogravimetric data evaluated in N, atmosphere of the materials prepared
Ent Formulation Prop. of Initiator mol initiator/ T (5%)? Toax’ Chair
Yy (mol/mol) initiator (phr) eq. epoxy °Q) °Q) Yield (%)
1 DGEBA 3 DMAP 0.044711 396 435 13.2
3 DGEBA/bisMe 2:1 2 DMAP 0.036201 323 414 10.7
6 DGEBA/bisMe 1:1 2 DMAP 0.042595 278 405 8.7
8 DGEBA/bisMe 1:2 2 DMAP 0.055363 275 402 6.3
9 DGEBA/bisPhe 2:1 2 DMAP 0.038741 308 413 9.6
10 DGEBA/bisPhe 1:1 2 DMAP 0.047677 256 410 8.7
11 DGEBA /bisPhe 1:2 2 DMAP 0.065540 241 403 6.4

* temperature at which a 5% of weight loss occurs
b temperature of the maximum degradation rate
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Figure 8. Thermogravimetric and DTG curves
under N, atmosphere registered at 10 °C/min of the
materials obtained from DGEBA/bisPhe (mol/mol)
formulations initiated by 2 phr of DMAP varying
the proportion of bislactone.

noteworthy increases the degradability
in reference to pure DGEBA. The T are
similar for the materials obtained from
both lactones but all of them are lower
than the T of the pure DGEBA. How-

ever, the nature of the substituent (Me or

Phe) affects the temperature of 5 % of
weight loss, which can be explained by
the higher weight of the lost fragment in
the case of phenyl substituent. On in-
creasing the proportion of bislactone in
the formulation, the chair yield is
reduced, as expected.

The breakage of the ester groups
decreases the density of crosslinking and
therefore the Tg of the material will be
reduced on heating. To confirm this, the
material obtained from a stoichiometric
mixture DGEBA/bisPhe, was maintained
at 220 or 250 °C for several times and
then the T; of the degraded material was
determined and the FTIR spectrum was
registered. Figure 9a shows the evolution
of Tz on heating for both temperatures.
At both temperatures the Tg strongly
decreases until a plateau is reached,
more quickly when the temperature is
higher. The final Tg achieved is slightly
lower at 250 °C. A temperature in the
range 230-250 °C has been described as
optimal for safe rework operations in
nitrogen atmosphere.”> In Figure 9b is
represented the carbonyl region of the
FTIR spectra before and after heating,
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where we can see the significant diminu-
tion of the ester and ketone groups. The
lost of both groups not only implies the
rupture of ester bonds, but the loss of
ester-ketone fragments, which is res-
ponsible of the weight loss that occurs.

The thermosets obtained from stoi-
chiometric mixtures were completely sol-
uble in ethanolic KOH as a consequence
of the presence of ester groups regularly
distributed in the network structure,
similarly to the observed for DGEBA/
spiranic bis(y-lactones) formulations.'
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Figure 9. (a) Variation of the Ty on heating at 220
and 250 °C of a material obtained from a DGEBA/
bisPhe 1:2 (mol/mol) formulation initiated by 2 phr
of DMAP. (b) Carbonylic region of the FTIR spectra
of the material before and after isothermal degra-
dation at 250 °C.

Conclusions

The anionic thermal curing of DGEBA
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with condensed bis(y-lactone)s needs a
lower proportion of tertiary amine as
initiator that the curing of pure DGEBA.
Among the initiators tested, DMAP is the
most active and DBU is the least efficient.
On increasing the proportion of bis-
lactone in the reactive mixture, an ap-
parent acceleration effect is observed.

Stoichiometric proportions of
DGEBA /bis(y-lactone) lead to the ex-
pected alternate poly(ether-ester-ketone)
structure and, in a dynamic scan, it
produces a single exotherm in the DSC
curves.

When DGEBA is in excess, the DSC
curve shows two exotherms, being the
first attributed to the copolymerization of
epoxy and lactone, and the second to the
homopolymerization of the epoxide and
the unexpected processes. By FTIR we
can see that these unexpected processes
lead to the formation of five-membered
lactones in the final material and to the
practically total disappearance of the
linear ester and ketone groups.

Thermogravimetric analysis allows
confirming the reworkable character of
the thermosets obtained. The higher pro-
portion of bislactone in the formulation,
the higher the thermal degradability is.

Thermosets obtained from stoichio-
metric formulations are completely solu-
ble in ethanolic KOH.
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BIS(y-LACTONE) DERIVATIVES USING RARE EARTH METAL

TRIFLATES AS INITIATORS
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Abstract

The thermal cationic curing of mixtures in different proportions of diglycidylether of
bisphenol A (DGEBA) with two differently substituted condensed bis(y-lactone)s (BisMe
and BisPhe) initiated by scandium, ytterbium and lanthanum triflates or a conventional
BF;MEA initiator was investigated. Non-isothermal differential scanning calorimetry

(DSC) experiments at a controlled heating rate were used to evaluate the evolution of the
reactive systems. BFMEA and rare earth metal triflates initiated curing systems follow a

different evolution. Among rare earth metal triflates tested, the scandium was the most

active initiator. The phenomenological changes that take place during curing were studied

and represented in time-temperature-transformation (TTT) diagrams. The improvement in

the reworkable character of the materials prepared was confirmed by thermogravimetry.

The thermomechanical characteristics were also evaluated.

Keywords: Cationic polymerization, thermosets, DSC, kinetics, rare earth triflates.

Introduction

The purpose of our research is not
only the improvement of the charac-
teristics of the cured epoxy resins to wide
their application field, but to make easier
and economically efficient their curing
process. In previous publications we
reported the copolymerization of com-
mercially available epoxy resins with
lactones,! spirobislactones? or carbonates?
modifying the network structure with
the aim to improve some characteristics
of the thermosets such as: (a) their “re-
workable” character by introduction of

labile ester or carbonate groups that
increase the thermal and chemical de-
gradability;*®> (b) the reduction of the
shrinkage during curing by adding or
generating “in situ” expandable mono-
mers to minimize the internal stresses
generated in the process;*” and (c) the
toughness enhancement by increasing
the flexibility of the network and increas-
ing the distance between crosslinks.®

Because of condensed bis(y-lactone)s
can copolymerize with epoxides intro-
ducing two ester groups per unit of
lactone in the network and increasing in
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six atoms the distance between cross-
links, they has been selected as good
candidates to improve the above
mentioned characteristics of the epoxy
thermosets. Due to the fact that these
copolymerizations take place by a ring-
opening mechanism it is necessary to
select the most adequate initiator and its
proportion.

It has been reported that spiranic or
condensed bis(y-lactone)s copolymerize
with epoxides in an alternating way by
anionic mechanism via a tandem double
ring-opening of bis(y-lactone)s and ring-
opening of the epoxides.®!! However,
when we cured rich-epoxy DGEBA/
condensed bis(y-lactone) formulations
unexpected reactions occurred. These
reactions led to the practically total dis-
appearance of the expected poly(ester-
ketone) units in the network and to the
formation of five-membered lactone
rings. Thus, to obtain poly(ester-ketone)
networks, which are the most degradable
by the presence of ester groups in the
network, stoichiometric DGEBA/con-
densed bis(y-lactone) mixtures are
always required.?

One of the general advantages of the
copolymerization strategy is the possibi-
lity to select the comonomer composition
to tune the final properties of the thermo-
sets obtained. Because anionic systems
fail in the possibility to choose the proper
formulation, we moved to cationic mech-
anisms to see if they are able to copoly-
merize the different formulations leading
to poly(ester-ketone) structures and the
conditions that should be applied to
reach the complete curing in the selected
times. Cationic copolymerization of these
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bis(y-lactone)s with DGEBA has not been
reported in the literature up to now.

As cationic initiators we chose rare
earth metal triflates (Sc, La and Yb)
because they were successfully used in
the curing of DGEBA with several
lactones! and bislactones,? leading to
thermosets with ester moieties in the
final materials. These initiators are active
in very little proportions, even in humid
environments, and have a low toxicity.
These characteristics make them ad-
visable in front of the conventional boron
trifluoride complexes and those that con-
tain transition metals.!3'* The presence of
rare earth triflates in the network
structure facilitates the degradation of
the thermosetting materials, decreasing
the initial temperature of cleavage of the
polymeric network, which enhances the
reworkability of this type of materials
when they are applied as coatings which
needs to be removed from the
substrate.!516

As we saw in previous studies,2¢ the
cationic copolymerization of epoxides
and lactones takes place by the formation
of an intermediate spiroorthoester (SOE),
which can homopolymerize or copoly-
merize with epoxide leading to
poly(ether-ester) networks. If epoxide is
in excess, polyetherification also occurs.
Usually, the homopolymerization of SOE
units takes place at the end of the curing
and this fact is the responsible of the
reduction of shrinkage after gelation
observed by us.2'7 The contribution of
these four processes will depend on the
composition of the mixture, on the
initiator selected and its proportion,
which influence the kinetics of each
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process. During curing, different physic-
al processes can also occur (gelation and
vitrification), which affect not only the
curing process but also the final charac-
teristics of the thermosets.

The present work is devoted to the
study of the curing kinetics by means of
the isoconversional methodology and to
the determination of gelation and vitri-
fication of these systems. The results ob-
tained will be collected and represented
in TTT diagrams for a non-stoichiometric
mixture of DGEBA with BisMe or BisPhe
condensed bis(y-lactone)s. The thermal
degradability and the thermomechanical
characteristics of the materials prepared
have been studied.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08
g/eq)-

Tricarballylic acid, acetic and benzoic
anhydrides and 4-(N,N-dimethylamino-
pyridine) (DMAP) (Aldrich) were used
as received.

Lanthanum (III), ytterbium (III) and
scandium (III) trifluoromethanesulfona-
tes and borontrifluoride monoethylami-
ne (BF»MEA) (Aldrich) were used with-

out purification.

The solvents were purified by
standard method.

Monomer synthesis

1-Methyl-2,8-dioxabicyclo[3.3.0]octane-3,

=
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7-dione (bisMe) and 1-phenyl-2,8-dioxa-
bicyclo[3.3.0]octane-3,7-dione  (bisPhe)
were synthesized from tricarballylic acid
and acetic anhydride or benzoic anhy-
dride, respectively, in the presence of
DMAP as previously described.?

Preparation of the curing mixtures

The samples were prepared by
mixing the selected quantity of initiator
with the corresponding amount of bis-
lactone and DGEBA with manual stirring
in a mortar. The prepared mixtures were
kept at -18 °C before use.

Characterization and measurements

Differential scanning calorimetry. Calo-
rimetric studies were carried out on a
Mettler DSC-821e thermal analyzer in
covered Al pans under N, at 2, 5, 10 and

15 °C/min. The calorimeter was cali-
brated using an indium standard (heat
flow calibration) and an indium-lead-
zinc standard (temperature calibration).
The samples weighed approximately 7-9
mg. In the dynamic curing process the
degree of conversion by DSC (apsc) was
calculated as follows:

tpsc = AH, /AH,, (1)
where AHr is the heat released up to a
temperature T, obtained by integration of
the calorimetric signal up to this temper-
ature, and 4H,,, is the total reaction heat
associated with the complete conversion
of all reactive groups.

The T; was measured as the half-way
point of the jump in the heat capacity
when the material changed from the
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glassy to the rubbery state at 20 °C/min.

In order to establish the relations Tg-o
we performed a series of non-isothermal
scans from 20 °C to several temperatures,
below 225°C, at a heating rate of
10 °C/min. Then, the samples were im-
mediately quenched and a second scan
from -100 °C to 225 °C at a heating rate of
10 °C/min was registered to determine
the Ty value and the residual heat. The
degree of conversion was calculated on
the basis of residual heat taking into
account the total reaction heat.

The kinetic analysis was carried out
using an integral isoconversional method
as we will explain next. The basic as-
sumption of this method is that the
reaction rate at a given conversion is
only a function of the temperature.’81
Isoconversional methods make it pos-
sible to easily determine the dependence
of E on the degree of conversion in
complex processes.

The kinetics of the reaction is usually
described by the following rate equation:

do _ £ @)
dt Af(“)eXp( RTJ

where t is time, A is the pre-exponential
factor, E is the activation energy, T is the
absolute temperature, R is the gas
constant, and f(a) is the differential
conversion function.

By integrating the rate equation, eq.
(2), under non-isothermal conditions and
using the Coats-Redfern? approximation
to solve the so-called temperature inte-
gral and considering that 2RT/E is much
lower than 1, the Kissinger-Akahira-
Sunose (KAS) equation may be written:?!

.
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1n£2=1n{ AR }—i 3)
T g(@)E | RT

where fis the heating rate and g(«) is the
integral conversion function.

For each conversion degree, the linear
plot of In(f/T?) versus 1/T enables E and
In[AR/g()E] to be determined from the
slope and the intercept.

If the reaction model, g(a), is known,
for each conversion the corresponding
pre-exponential factor can be calculated
for every activation energy. In this study,
we used the reduced master curves
procedure of Criado,? described else-
where, to assign a reaction model to the
systems studied.? Different kinetic mo-
dels have been studied: diffusion (D,, D,,
D; and D), Avrami-Erofeev (A, As; and
A;), power law, phase-boundary-
controlled reaction (R, and Rj), auto-
catalytic (n+m=2 and 3) and order n
(n=1, 2 and 3). We found that all systems
studied follow a kinetic model of the
surface-controlled reaction type, R,, with
¢(a)=[1-(1-&)"?]. The rate constant, k, was
calculated with E and A determined at
conversion of 0.5, using the Arrhenius
equation.

Thermogravimetric analysis. Thermo-
gravimetric analyses (TGAs) were car-
ried out with a Mettler TGA/SDTA 851e
thermobalance. Cured samples with an
approximate mass of 7mg were de-
graded between 30 and 600 °C at a heat-
ing rate of 10 °C/min in N, (100 cm3/min
measured in normal conditions).

Thermomechanical analysis. Thermal-
dynamic-mechanical analyses (DMTAs)
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were carried out with a TA Instruments
DMTA 2980 analyzer. The samples were
cured isothermally in a mould at 140 °C
for 3 h and were then subjected to a post-
curing for 2h at 160 °C. Three point
bending of 10 mm was performed on
cylindrical samples (10x4 mm, appro-
ximately). The apparatus operated
dynamically at 5°C/min from 35 to
200 °C at a frequency of 1 Hz.

Gelation point determination. The con-
versions at the gelation was determined
by the residual enthalpy in the DSC of
the gelled sample at different temper-
atures. The gel point was confirmed by
solubility tests and the conversions at the
gel point proved to be 0.58 for the mix-
ture with bisMe and 0.56 for bisPhe.

=
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Results and discussion

The multistep reactive mechanism
implied in the cationic curing of DGEBA/
condensed bis(y-lactone)s (BisMe and
BisPhe) is detailed in Scheme 1. Reaction
(a) is the formation of the corresponding
intermediate SOE catalyzed by the Lewis
acid. The presence of two lactone groups
in the monomer can lead to the forma-
tion of a bisSOE structure. This com-
pound can copolymerize with epoxide
(reaction b) or homopolymerize (reaction
c) leading to a poly(ester-ether-ketone)
structure. Epoxide groups can also
homopolymerize (reaction d). It should
be commented that, by reaction with
epoxides, y-lactones lead to poly-(ether-
ester) units but condensed bis(y-lactone)s

O N O
N © mo . CH'O‘QMM Lewis acid o
oo 2 — Nt O]—CHZ—OQ/WV

DGEBA
Me: bisMe
Ph: bisPhe

/_ Nu
b) Omol Lewis acid
o) T J o CH;O = s O
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) Omo + 2 N Cp- ELEL S O—CH—E CH=—O
ot CH;0L{_ )~ iT0 oo o 2 <>”“
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could experiment a tandem reaction that
leads of ketone groups in the repetitive
unit. In this reaction two ester groups
could be formed, which are interesting
from the point of view of the
enhancement of the thermal and chemi-
cal degradability.

The formation of the expected
chemical structure of poly(ether-ester-
ketone), irrespective of the comonomer
feed, was confirmed by FTIR. The
concurrence among the different reactive
processes, on changing the ratio between
comonomers and the initiator selected,
lead to some variations in the chemical
structure of the network and therefore in
the characteristics of the final material,
which will be discussed in a forthcoming

paper.

Figure 1 shows the thermograms
corresponding to the dynamic curing for
the formulation DGEBA/bisMe 2:1
(mol/mol) with 1 phr of the rare earth
triflates tested or 3 phr of BFs;-MEA,
which were the proportions required to
reach the complete curing. As we can
see, all the curves are unimodal but
finish at different temperatures, being
the lowest those of scandium and
ytterbium triflates. From the conversion
curves, we can clearly see that the
highest active initiator is the scandium
salt. The boron trifluoride complex needs
a higher temperature to initiate the
curing because of the formation of the
true reactive specie,® but once initiated,
it goes quicker that the curing with
lanthanum triflate and at the end it slows
down and higher temperatures are
needed to reach the complete curing.
This evolution is in accordance to the

=
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complex reaction mechanism when
boron complexes are used as initiators.?
The order of reactivity of rare earth metal
triflates follows the Lewis acidity trend,
from lanthanum to scandium, as ob-
served previously.!?

Sc(OTf); —», <+— La(OTf),

BF;MEA

40 60 80 100 120 140 160 180 200 220 240
temperature (°C)

100 ~
80 A

60 -

G(gé)

40 ~

20 ~

0

40 80 120 160 200 240
temperature (°C)

Figure 1. DSC scanning and conversion curves
versus temperature of DGEBA/bisMe 2:1 (mol/mol)
mixture initiated by 1 phr of the rare earth triflates
tested or 3 phr of BFMEA at a heating rate of
10 °C/min.

The effect of the triflate salt and the
structure of the lactone on the kinetics
were also analyzed. Figure 2 shows the
conversion-temperature  plots, which
were obtained by the integration of the
calorimetric signal for the formulations
studied. It can be seen that the curves of
both lactones have a similar shape, but
bisMe reacts slightly faster than bisPhe
when we used scandium or ytterbium
salt as initiators.
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Figure 2. Conversion curves obtained by DSC from
DGEBA/bisMe and bisPhe 2:1 (mol/mol) formula-
tions with 1 phr of the rare earth triflates tested.

The accelerative effect of the propor-
tion of initiator was studied with ytter-
bium triflate and is plotted in Figure 3.
The curves of 0.5 and 1 phr of initiator
show similar shapes. The curve cor-
responding to 3 phr has an initial broad
exotherm that begins at about 60 °C
before the main exothermic process,
which finish before 160 °C. The broad
initial exotherm can be attributed to the
coexistence of a competitive mechanism.
In a previous paper,” we could assign
the exotherm at lower temperatures to
the activated monomer mechanism
(AM), which takes place in addition to
the activated chain end mechanism
(ACE) in the copolymerization of epox-
ides with lactones. AM mechanism be-
comes favored in the presence of a
higher proportion of initiator. As can be
seen in the a-T curves, much higher
conversions are reached at a selected
temperature when the proportion of the
initiator increases, e.g. for 160 °C, the
curing with 3 phr is practically com-
plete, whereas with 0.5 phr is less than
30 %.

40 60 80 100 120 140 160 180 220 240 260
temperature (°C)

100

80 1 1 phr ——>

60 -
3 phr <— 0.5 phr

G(gé)

40

20 ~

0

40 80 120 160 200 240
temperature (°C)

Figure 3. DSC scanning and conversion curves
versus temperature of DGEBA/bisPhe 2:1 (mol/
mol) mixture initiated by 0.5, 1 and 3 phr of
Yb(OTf); at a heating rate of 10 °C/min.

The effect of adding different propor-
tion of lactone to DGEBA is represented
in Figure 4 for ytterbium triflate
initiated systems containing bisMe. The
shape of the exotherms is similar but on
increasing the proportion of lactone
there are little differences at the begin-
ning and at the end of the exotherm. At
the beginning there is a broad endo-
therm, which can only be seen in the 1:1
formulation, due to the melting of the
lactone that is not totally dissolved in
the DGEBA matrix. At the end of the
curves of the formulations 2:1 and 1:1
we can see a broad exotherm, more
important for the latter, which can be
attributed to the homopolymerization of
SOE that takes only place at high
temperatures.”” The conversions in-
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crease, at a given temperature, on in-
creasing the lactone proportion in the
mixture. The accelerative effect can be
attributed to the formation of more
reactive species as we saw in similar
system.217

L r—r—r T 1T 1T T
40 60 80 100 120 140 160 180 200 220 240
temperature (°C)

®©
o
I

<+— DGEBA

0 I T T T

40 80 120 160 200 240
temperature (°C)

Figure 4. DSC scanning and conversion curves
versus temperature of pure DGEBA and different
DGEBA/bisMe formulations initiated by 1 phr of
Yb(OTf); at a heating rate of 10 °C/min.

In Table 1 and 2 the calorimetric data
of all the systems studied are collected.
The Tgs of the materials decrease on
increasing the proportion of bislactone in
the formulation, because of the flexibility
introduced in the network. The lower
functionality of the lactone in com-
parison to the DGEBA enlarges the dis-
tance between crosslinks, which also re-
duces the crosslinking density. Whereas
the materials obtained from pure
DGEBA with all the initiators tested have
a Tg over 120 °C, only La(OTf); allows to

=
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exceed 100 °C for a DGEBA/bisMe 2:1
(mol/mol) formulation. On changing
methyl by phenyl in the lactone struc-
ture, Tgs slightly increase and are about
100 °C for the DGEBA/bisPhe 2:1 (mol/
mol) formulations. For any selected for-
mulation the Tg value depend on the rare
earth metal triflate selected, being the
highest for the materials obtained with
La and the lowest those obtained with Sc.

In previous? works we saw how the
Lewis acidity of the metal triflate in-
fluences the proportion in which ACE
and AM propagation mechanisms occur.
The latter and the transfer chain reac-
tions associated to it are favoured on
increasing the acidity of the initiator
(S¢>Yb>>La). This can explain that the
formulations initiated by Sc present the
lowest Tgs, whereas those initiated by La
have the highest Tgs.

Similarly, the proportion of initiator
can also influence the final Tg of the
materials because AM mechanism is
favoured by high proportions of initiator.
Because of we added 1phr of each
initiator, the lower molecular weight of
scandium triflate makes its molar pro-
portion greater, and this fact can also
affect the Tgs of the materials.

The enthalpies released per gram of
mixture or by epoxy equivalent decrease
on increasing the proportion of bis-
lactone because of the polymerization
enthalpy of y-lactones is far less than that
of epoxy groups.”’ On changing the
initiator, any significant difference can be
observed in the enthalpy released, which
can be explained in the basis of the same
degree of epoxy reaction with all the
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initiators tested. However, if we take into
account the differences in the Tgs, the
networks should have some structural
variations. This might be due to the
above mentioned factors and to the
different ability of each initiator to
homopolymerize the SOE groups, as we
saw in the study of other DGEBA/lactone
systems.® The proportion of initiator
practically does not influence the enthal-
py released and only slightly influences
the Tgs of the materials with bisMe
(Table 1). It seems that 0.5 phr of the
ytterbium salt is enough to complete the
curing, but 1 phr is better from the point
of view of the kinetics (see Figure 3).
Higher proportions could initiate the
curing during storage at room temper-
ature and decrease the T.

By the isoconversional method we
obtained the evolution of the activation
energies during the curing process. From
the calorimetric curves and applying the
eq. 3, we obtained the activation energy
for each degree of conversion in all the
formulations studied. Figure 5 shows the
plot of the apparent activation energy
against the degree of conversion for the
DGEBA/bisPhe 2:1 (mol/mol) formula-
tion initiated by 1phr of rare earth
triflates or 3 phr of BFs:MEA. It can be
seen that the activation energies are
practically constant during the curing
process and the boron trifluoride
initiator leads to the highest activation
energy. The high magnitude of the ac-
tivation energy for BF;MEA systems
should be related with the formation of
the true initiator species HBF,.242

The values of the activation energies
calculated at 50% of conversion, collected

110
BF;MEA

100 -
'_g 90 \ La(OTf), —*
= 80 —
= 70 “
o ot 5¢(OTh);

50

0 20 40 60 80 100

a (%)
Figure 5. Dependence of the activation energy on
the degree of conversion for the curing of DGEBA/

bisPhe 2:1 (mol/mol) formulation initiated by 1 phr
of the rare earth triflates or 3 phr of BFs-MEA.

in Tables 1 and 2, do not show any regu-
lar trend and they do not agree with the
different curing rates, due to the
compensation effect between activation
energy and pre-exponential factor.?>? In
this case we needed to determine the
kinetic model and then estimate the pre-
exponential factor and the kinetic cons-
tant by means of the Arrhenius equation.
To establish the kinetic model for the
systems studied we used the reduced
master curves procedure? for all the
models given in the experimental part.
Among them, R, model was considered
as the best. Using this model we cal-
culated the pre-exponential factors using
the kinetic parameters obtained by ap-
plying eq. (3) and the constant rate at
160 °C. As we can see in Tables 1 and 2,
the constant rate increases with the
proportion of bislactone added to the
curing mixture and with the proportion
of initiator. Moreover, the rate constants
are higher when scandium triflate is the
initiator and lower for the lanthanum
salt. BisMe mixtures have slightly higher
constant rates than the analogous mix-
tures containing bisPhe. All these kinetic
results agree with the kinetic effect
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Figure 6. Time-temperature-transformation diagram for the curing of the DGEBA/bisMe 2:1 (mol/mol)
mixture with 1 phr of Yb(OTf)s. Vitrification curve (—), gelification curve (—).

shown in Figures 1, 2 and 3.

We constructed the time-temperature-
transformation (TTT) diagram to un-
derstand and conceptualize the changes
occurring during curing. Such a diagram
displays the states of the material and
characterizes the evolution of the curing
and the phenomenological changes in
the material during isothermal cure
versus time. The various changes occur-
ring in the material during isothermal
cure are characterized by contours of the
times to reach the events as gelation,
corresponding to the conversion at the
gel-point and vitrification, corresponding
to the glass transition temperature. The
basic parameter governing the state of
the material is the chemical conversion.
Thus, to know how the rate changes with
the curing temperature is basic for
predicting the chemical conversion
achieved after a cure schedule.

Three critical temperatures should be

considered: T, the glass transition
temperature of the uncured mixture;
gel T, the temperature at which molecular
gelation and vitrification coincide; and
Ts”, the glass transition temperature of
the fully cured material. Figure 6 shows
the TTT cure diagram of a DGEBA/bisMe
2:1 (mol/mol) mixture with 1phr of
Yb(OTf);. The bold lines represent the
time necessary to reach the gelation (red
line) and vitrification (black line) at a
selected curing temperature. This dia-
gram was constructed using the experi-
mental data determined previously (the
isoconversional lines, the Tg-o relation-
ship, the conversion at gelation, and the
T," and the Tg™) following the methodolo-
gy previously reported by us®* and the
use of the Di Benedetto equations.?> We
found a value of 30 °C for the lowest
temperature at which the material gels
before vitrification (giTg), a value for Ty’
of -17 °C, below which the material does
not crosslink at all, and a value for Ts™ of
105 °C, which is the lowest temperature
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Figure 7. Time-temperature-transformation diagram for the curing of the DGEBA/bisPhe 2:1 (mol/mol)
mixture with 1 phr of Yb(OTf);. Vitrification curve (—), gelification curve (—).

at which the complete curing can be
achieved. The TTT diagram has a shape
similar to other obtained in the copoly-
merization of epoxy resins with lac-
tones.”

Figure 7 shows the TTT diagram for
the curing process of a mixture DGEBA/
bisPhe 2:1 (mol/mol) with 1phr of
Yb(OT{)s. There are not many differences
in shape on changing the lactone but
they have different parameters govern-
ing the state of the material. For bisPhe
the geiTg is 20 °C, T is -16 °C and Tg~ is
102 °C.

If we compare both TTT diagrams
with the diagram of the cure of neat
DGEBA with ytterbium triflate (Tg” =137
°C)¥” we can say that the addition of
bis(y-lactone)s makes possible to reduce
the curing temperature and, conse-
quently, the thermal stresses generated
on cooling from the curing temperature.

In addition, the curing at lower tempe-
rature also implies an important energy
saving.

The introduction of ester groups in
the epoxy network has the purpose to
facilitate the reworkability of the coated
materials when their service life is over.
Thermal degradation of the materials
prepared was studied by thermogravi-
metry. The values obtained are collected
in Tables 1 and 2. From the point of view
of the reworkability, the most important
parameter is the initial temperature of
degradation, which we take as Ts,
because at this temperature the main
process is the breakage of labile ester
bonds. When a 5 % of weight loss occurs,
the mechanical properties go down and
the coating can be eliminated by solvents
or brushing.

The values of the tables make evident
that on increasing the proportion of lac-
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tone in the formulation the temperature
of initial degradation decreases; however
no differences are observed on changing
the lactone.

In previous studies we observed that
rare earth metal triflates play an impor-
tant role in the degradation mechanism,
facilitating it because of their Lewis acid
characteristics. The effect on the degrada-
tion increases with the Lewis acidity of
the cation.' In the tables we can see that
the materials obtained with scandium
triflate have the lowest Tsy, and those
with lanthanum the highest. Tsy also
decreases on increasing the proportion of
initiator, which supports the role of rare
earth triflates in the degradation process.
The different Ty values can also influence
the thermal stability. In general, ma-
terials with low Tg (i.e., formulations
with scandium triflate or with 3 phr of
initiator) present lower stability. Analo-
gous materials obtained anionically
using N,N-dimethylamino-pyridine
(DMAP)'? as initiator showed higher Tsq,
and only stoichiometric DGEBA/lactone
1:2 (mol/mol) formulations led to more
degradable materials than those obtained
cationically in the present study. The
materials obtained with DMAP showed a
two step degradation curves with the
main process, the rupture of ether bonds,
at a temperature higher than 400 °C.
Thermosets obtained in the present work
present an only degradative process, due
to the partial overlapping of the ester
and ether ruptures. This overlapping can
be explained because of rare earth tri-
flates catalize the ether rupture and lead
to a lower Tmax for the cationically ob-
tained materials.

.
030,
L;J\ifo

The materials prepared were also
characterized by thermomechanical ana-
lysis. The effect of the proportion of
lactone in the value of loss tangent can be
observed in Figure 8 for bisMe. The
material obtained from pure DGEBA has
been included to compare. As can be
seen, the addition of lactone clearly re-
duces the temperature of the maximum
of tan 8. The curve are unimodal, which
indicates that the materials are homo-
geneous, but the curve becomes broader
in the 1:1 (mol/mol) DGEBA/lactone
formulation. As expected, the values of
relaxed modulus decreased as the
lactone content in the formulation in-
creased, due to the flexibility introduced
in the network structure, as is re-
presented in Figure 9 for DGEBA/bisPhe
formulations.
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Figure 9. Dependence of storage modulus versus
temperature for pure DGEBA and the materials
obtained from different DGEBA/bisMe formula-
tions initiated by 1 phr of Yb(OTf); obtained by
DMTA.

Conclusions

The kinetic studies performed by ca-
lorimetry showed that, among rare earth
metal triflates, the more active initiator
was the scandium and the less the
lanthanum triflate. This behaviour can be
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Figure 8. Dependence of tan & versus temperature
for pure DGEBA and the materials obtained from
different DGEBA/bisMe formulations initiated by 1
phr of Yb(OTf); obtained by DMTA.

correlated to their Lewis acidity.
Moreover, on increasing the lactone
proportion in the mixture the curing
process accelerated. The acceleration was
slightly higher with bisMe as the lactone.

The Tgs of the materials prepared
decreased on increasing the proportion
of bislactone in the formulation, because
of the flexibility introduced in the
network. The materials obtained from
bisPhe showed a slightly higher Tg than
those obtained from bisMe.

The use of calorimetric experiments
and the determination of the gel point
allowed us to construct the TTT dia-
grams for the curing of DGEBA/ bisMe
and bisPhe 2:1 (mol/mol) mixtures ini-
tiated by Yb(OTf); and the curing inter-
val temperatures could be determined.

By thermogravimetry, the materials
showed that the temperature of the 5%
of weight loss went down on increasing
the proportion of bislactone in the for-
mulation. The materials prepared with
Sc(OTf); were the most degradable. The

change in the lactone structure did not

produce any substantial difference.

By DMTA experiments we observed
that the materials presented unimodal
tan & curves, irrespective to the initiator
used, which account for the homogeneity
of these materials. The tand curves
shifted to lower temperatures and the
relaxed moduli decreased on increasing
the proportion of lactone in the formu-
lation.
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STUDY OF THE COPOLYMERIZATION OF DGEBA AND TWO
BICYLCLIC BIS(y-LACTONE)S USING RARE EARTH METAL
TRIFLATES AS INITIATORS BY INFRARED SPECTROSCOPY

Merce Arasa,! Xavier Ramis,? Josep Maria Salla,? Angels Serra,! Ana Mantecon!

1Dpt. Q. Analitica i Q. Organica, URV. C/Marcel'li Domingo s/n, 43007 Tarragona, Spain
2 Lab. Termodinamica, ETSEIB. UPC, Av. Diagonal 647, 08028 Barcelona, Spain

Abstract

The thermal cationic curing of mixtures, in different proportions, of diglycidylether of
bisphenol A (DGEBA) with two substituted condensed bis(y-lactone)s (BisMe and BisPhe)
initiated by scandium, ytterbium and lanthanum triflates or a conventional BF;:MEA
initiator was investigated. The evolution of the different reactive groups was followed by
means of FTIR/ATR spectroscopy. The formation of mono spiroothoesters (monoSOEs)
and bis spiroorthoesters (bisSOEs) has been discussed. The polymerization of bisSOE
structures led to the formation of ether-ester-ketone repetitive units, which implies the
cationic polymerization taking place by a tandem reaction. The use of scandium triflate as
an initiator led to the highest chemical incorporation of lactone in the network. Moreover,
this initiator was the most active, incorporating a higher proportion of lactone in a shorter
time. On the contrary, the conventional BF;-MEA, incorporated the lowest proportion of
bislactone in the cured material. When the lactone was BisPhe a higher proportion of linear
ester and ketone groups were incorporated in the material for all the initiators tested.

Keywords: Cationic polymerization, thermosets, FTIR, rare earth triflates, epoxy resins,

bislactones.

Introduction

One of the types of initiators that can
be used to polymerize epoxy resins are
Lewis acids. Among them, rare earth
metal triflates have been widely used by
us in homopolymerization of DGEBA! or
in its copolymerization with several
lactones.>* These initiators are active in
very little proportions, even in humid
environments, and have a low toxicity.
These characteristics make them advis-

able in front of the conventional boron
trifluoride complexes and those that
contain transition metals.56 Moreover, the
presence of rare earth triflates in the net-
work structure facilitates the degradation
of the thermosetting materials, decreas-
ing the initial temperature of cleavage of
the polymeric network,”® which en-
hances the reworkability of this type of
materials when they are applied as
coatings and they need to be removed
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from the substrate. The improvement of
the reworkability of epoxy thermosets
has been one of the aims of our research
group. The introduction of labile link-
ages, such as ester groups, in the net-
work structure by copolymerization of
epoxy resins with lactones has been the
strategy followed until now.’

By reaction of epoxides and lactones
in the presence of a Lewis acid, spiro-
orthoesters (SOEs) are formed, which can
be cationically polymerized by a double
ring-opening mechanism leading to
poly(ether-ester) structures.!” Because of
condensed bis(y-lactone)s can copoly-
merize with epoxides introducing two
ester groups in the network and increase-
ing in six atoms the distance between
crosslinks, they has been selected in the
present study as good candidates to
improve the thermodegradable character
and the flexibility of the epoxy thermo-
sets.

It is known that spiranic or con-
densed bis(y-lactone)s copolymerize with
epoxides in an alternating way by
anionic mechanism via a tandem double
ring-opening of bis(y-lactone)s and ring-
opening of the epoxides.!'> However, in
systems with bis(y-lactone)s, when
epoxide is in excess, unexpected reac-
tions occurred.’* These processes led to
the practically disappearance of the
desired poly(ester-ketone) units in the
network with formation of new five-
membered lactones. Thus, to obtain the
most degradable poly(ether-ester-ketone)
networks, stoichiometric DGEBA/con-
densed bis(y-lactone) mixtures were
always required.

oo
aafc

Because anionic systems fail in the
possibility to choose the proper co-
monomer composition, we explored the
cationic mechanisms. In previous work,'5
calorimetric studies, phenomenological
behaviour and several characterristics of
the materials such as thermodegradative
and thermomechanical behaviour were
reported. Because of FTIR allows follow-
ing the evolution of the reactive species
and determining the final structure of the
epoxy network, we applied this tech-
nique to investigate the most adequate
initiator and its proportion in the reac-
tive mixture to get the higher proportion
of linear ester in the network structure.

Experimental Part

Materials

Diglycidylether of bisphenol A
(DGEBA) EPIKOTE RESIN 827 from
Shell Chemicals (Epoxy Equiv.=182.08

gleq).

Tricarballylic acid, acetic and benzoic
anhydrides and 4-(N,N-dimethylamino)-
pyridine (DMAP) (Aldrich) were used as
received.

Lanthanum (III), ytterbium (III) and
scandium (II[) trifluoromethanesulfo-
nates and borontrifluoride monoethyl-
amine (BF;-MEA) (Aldrich) were used

without purification.

The solvents were purified by
standard methods.

Monomer synthesis

1-Methyl-2,8-dioxabicyclo[3.3.0]octane-3,
7-dione (bisMe) and 1-phenyl-2,8-dioxa-
bicyclo[3.3.0]octane-3,7-dione  (bisPhe)
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were synthesized from tricarballylic acid
and acetic anhydride or benzoic anhy-
dride, respectively, in the presence of
DMAP as previously described.™

Preparation of the curing mixtures

The samples were prepared by
mixing the selected quantity of initiator
with the corresponding amount of bis-
lactone and DGEBA with manual stirring
in a mortar. The prepared mixtures were
kept at -18 °C before use.

Characterization and measurements

The isothermal curing process, at
160 °C, was monitored with a Fourier
transform infrared spectrophotometer
(FTIR) 680 Plus from Jasco with
resolution of 4cm? in the absorbance
mode. An attenuated total reflection
accessory (ATR) with thermal control
and a diamond crystal (a Golden Gate
heated single-reflection diamond ATR
from Specac-Teknokroma) was used to
determine FTIR spectra. The consump-
tion of the reactive carbonyl group in the
lactone was evaluated by measuring the
changes in absorbance at 1800 (bisPhe)
and 1795 cm? (bisMe) (carbonyl C=0O
stretching of cyclic ester). The appear-
ance of the peak at 1737 cm™ (carbonyl
C=0 stretching of aliphatic linear ester),
which does not exist in the sample before
curing, indicates that ring-opening poly-
merization has occurred in SOE. Ketone
bands for bisMe and bisPhe appear at
1716 and 1685 cm respectively. Because
of the partial overlapping of linear ester
and ketone bands we used the total area
of both to follow the evolution of the
curing. The peak at 1605 cm™? (phenyl

o¥o
o o

group) was chosen as an internal
standard. Conversions of the different
reactive groups: lactone and linear ester
and ketone were determined by the
Lambert-Beer law from the normalized
changes of absorbance as follows:

—t —t
_q Ai795 _q Aisoo
Apisme = 17| =5 Xpispne — 17| =5
Ai79s Aisoo

—t
_ A 1737-1716
aesterJrketone(Me) | =%

1737-1716

—t
| Auzsr-aess
aesfer+ket0n€(Ph€) T =%
1737-1685

where Zo, Zt and Zw are the nor-
malized absorbance of the reactive group
before curing, after reaction time t and
after complete curing.

Results and discussion

As we saw in previous studies,?31¢ the
cationic copolymerization of epoxides
and mono(y-lactone)s initiated by rare
earth metal triflates takes place by the
formation of an intermediate spiro-
orthoester (SOE), which can homopoly-
merize or copolymerize with epoxide
leading to poly(ether-ester) networks. If
epoxide is in excess, polyetherification
also occurs. Usually, the homopolymer-
ization of SOE moieties takes place at the
end of the curing.? The contribution of
these four processes depends on the
composition of the mixture and on the
initiator selected and its proportion. All
these variables influence the kinetics and
extension of each process and therefore
the chemical structure of the final net-
work. In mixtures of DGEBA with y-
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substituted mono(y-lactone)s, as y-valero-
lactone?® or y-caprolactone,'¢ the reversion
of the SOE to lactone and epoxide and a
depolymerization process, which led to
the initial lactone, were also detected.

The expected multistep reactive
mechanism implied in the cationic curing
of DGEBA/condensed bis(y-lactone)s
(bisMe and bisPhe) selected for the
present study could be more complex, as
is depicted in Scheme 1. Reactions a and
¢ represent the formation of the corre-
sponding intermediate mono and bisSOE
catalyzed by the Lewis acid. These
compounds can be opened by SOEs or
epoxides as nucleophiles, taking place
the homo or the copolymerization reac-
tion. If the monoSOE is attacked a linear

Q L
a) O:{)\/!\/O\/(O VAL CHEOO/\NV\ Lewis acid o
R

DGEBA
Me: bisMe
Ph: bisPhe
Nu

JoXte)
aafc

ester is formed (reaction b) and one
lactone ring remains unreacted. If bisSOE
is formed a tandem double ring-opening
mechanism, leading to poly-(ether-ester-
ketone), is possible by the attack of a
nucleophile (reaction d). Epoxide groups
can also homopolymerize (reaction e)
leading to a polyether. If reaction b
occurs, the remaining y-lactone could
form a new SOE by reaction with more
epoxide and after its opening a new
linear ester could be formed, but without
the formation of ketone groups. This
possible reaction and the tandem double
ring-opening of bisSOE (reaction d) are
interesting from the point of view of the
enhancement of the thermal and
chemical degradability, because from
each lactone that copolymerizes two lin-
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ear esters and one ketone are formed.

The tandem double ring-opening
mechanism of bisSOE were not reported
until now but a similar process, which
leads to a similar structure, was reported
in the anionic copolymerization of epoxi-
de and condensed bis(y-lactone)s.11121718

Simple y-lactones cannot homopoly-
merize by thermodynamic reasons, but
there are no studies on the homopoly-
merization of condensed bis(y-lactone)s.
Thus, the possible homopolymerization
of these compounds by the cationic
initiators tested was studied by FTIR. In
these studies we did not observe any
evolution after 3h at 160 °C. Thus, the
homopolymerization of the bis(y-lac-
tone)s must not be considered in the
global reactive process.

The formation of the poly(ether-ester-
ketone) in the curing of DGEBA/bis(y-
lactone) mixtures was observed by FTIR,
confirming the formation of bisSOE and
its posterior opening (reactions ¢ and d).
However, the concurrence among the
different reactive processes on changing

0.5

o¥o
o o

the ratio between comonomers and the
initiator selected leads to some variations
in the chemical structure of the network.
Figures 1 and 2 show the FTIR spectra
before and after isothermal curing at
160 °C in the ATR for the formulations
DGEBA/bisMe and DGEBA/bisPhe 2:1
(mol/mol) with 1 phr of lanthanum tri-
flate respectively. In these figures we can
see the initial lactone bands at 1795
(bisMe) and 1800 cm? (bisPhe), which
decrease without total disappearance in
the final spectra. In the spectra of the
cured materials, the bands correspond-
ing to the linear ester at 1737 cm and to
the ketone at 1716 (bisMe) or 1685 cm-!
(bisPhe) can be observed, which are
partially overlapped in the case of bisMe.
In both mixtures, the epoxide band at
916 cm is partially overlapped with a
band attributed to the lactone structure,
which hinders to follow accurately its
evolution during curing. Moreover, the
reaction mechanism converts two car-
bonyl groups of the initial lactone to one
ester and one lactone when reaction b
takes place or to two linear ester and one
ketone carbonyls when reaction d occurs.
Because of both processes occur in a dif-

04

0.3
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0.2

0.1

0

—
—— t=200 min

1900 1700 1500

1300 1100 900 700

wavenumber (cm™)

Figure 1. FTIR spectra before and after curing of a DGEBA/bisMe 2:1 (mol/mol) mixture initiated by 1 phr of
La(OTf); in the ATR at 160 °C.
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Figure 2. FTIR spectra before and after curing of a DGEBA/bisPhe 2:1 (mol/mol) mixture initiated by 1 phr of
La(OTf); in the ATR at 160°C.

ferent extent but simultaneously, the
quantitative evaluation of the extent of
each reactive process from the areas is
not suitable. However, from the intensity
of the ketone group it seems that the
opening of bisSOE by the tandem reac-
tion is the most important process.

The lactone band in the spectra of the
cured materials could be due to the
presence of unreacted bisMe or bisPhe or
to the formation of a monolactone struc-
ture by polymerization of monoSOEs
(reaction b). To elucidate if initial lactone
is the origin of this absorption we
extracted the cured material during 24 h
with methylene chloride at reflux
temperature. In the solution, oligomers
with a similar spectrum to the cured ma-
terial could be separated but a little
proportion of initial lactone was also
detected. In the insoluble fraction after
extraction we could also detect a lactone
band by FTIR. This indicates that the
initial lactone reacts to produce mono-
SOE (reaction b) as intermediate, which
can further polymerize but some lactone
can remain unreacted in the cured ma-
terial, in a proportion that depends on

the initiator and its proportion. The
presence of a little amount of unreacted
lactone in the material could be at-
tributed to the difficulty of the SOE for-
mation by the steric hindrance, produced
by the rigid structure of the condensed
bislactone, or to a reversion of SOE
groups to form epoxide and lactone,
which was previously observed in y-
substituted mono(y-lactone)s.® Reactions
b and d must coexist during curing
because of the formation of ketone bands
(reaction d) and the presence of a lactone
band (reaction b). Experiments with
phenylglycidylether as a model com-
pound and these lactones with cationic
initiators performed by FTIR and NMR
spectroscopy did not give any con-
clusive information to distinguish the
origin of the lactone band.

In a previous article,’> we described
the kinetic effect of the different initiators
on the curing process of these systems.
We saw that the curing rate increased
from lanthanum to scandium triflates, in
accordance to their Lewis acidity. In the
present work, we studied the influence
of the rare earth triflates on the evolution
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of the species that participate in the
overall curing process. This influence is
due to the different coordination ability
of the initiators with the oxygens in the
monomers and reaction intermediates.
Because boron trifluoride is the most
commercially used cationic initiator, we
also studied its influence on our complex
curing system.

Figure 3 shows the carbonyl region of
the recorded FTIR spectra for the
materials obtained from a DGEBA/bisMe
2:1 (mol/mol) mixture with all the
initiators tested. As we can see, the
proportion of linear ester and ketone
groups increases and the proportion of
lactone decreases from lanthanum to
scandium. BF;MEA incorporates the
lowest proportion of linear ester to the
network structure and leads to the
highest proportion of lactone in the
material, although 3 phr of this initiator
were necessary to complete the curing.
Table 1 collects the proportion of lactone
in the final spectra for bisMe and bisPhe.
For the same comonomer ratio, the pro-
portion of remaining lactone decreases
from lanthanum to scandium  triflate
(entries 1, 3 and 8 or 2, 5 and 9). The
highest proportion of remaining lactone
corresponds to the material obtained
with boron trifluoride (entry 10). If we
compare the values for both lactones, we
can observe that the materials obtained
from bisPhe have a lower proportion of
lactone and, therefore, it seems that
bisPhe facilitates the copolymerization
with DGEBA. In the same table we have
also collected the normalized global area
of ester and ketone bands referred to the
1605 cm! absorption (AbSestersketone), and
the ratio of this absorption to the

o¥o
o o

absorption of the initial lactone
(AbSester+ketone/ Absg). As we can see, these
values increase from lanthanum to scan-
dium (entries 1, 3 and 8 or 2, 5 and 9)
whereas the boron initiator leads to the
lowest (entry 10). It can be also observed
that the use of bisPhe gives higher values
than bisMe. It should be taken into ac-
count that the fact that two ester groups
of the bislactone converts into three
carbonyl groups by reaction d justifies
obtaining values higher than 1 for the
ratio AbScgeer+ketone/ AbSo.

0.25

BF,MEA
0.2 + — La(OTf);
— Yb(OTH,
2 0.15 — Sc(OTf),
0.1
0.05
0 T T T

1850 1800 1750 1700 1650

-1
wavenumber (cm™)

Figure 3. Carbonyl region of the FTIR spectra of the
cured materials obtained from a DGEBA/bisMe 2:1
(mol/mol) mixture initiated by 1 phr of the different
rare earth metal triflates or 3 phr of BFsMEA.

We also studied the effect of the
proportion of initiator on the lactone
incorporation. In Table 1 we can see how
the increase in the proportion of ytter-
bium triflate (entries 4, 5 and 6) increases
the linear ester and ketone absorption
and reduces the proportion of remaining
lactone in the cured material. Moreover,
higher proportions of bislactone in the
reactive mixture lead to higher propor-
tions of linear ester in the cured material
(entries 3, 5 and 7). This means that
cationic copolymerization allows vary-
ing the proportion of linear ester in the
network, which was not possible in ani-
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®

onic initiated systems due to unexpected
reactions when DGEBA was in excess.

It is known that in the copolymer-
ization of epoxide and lactones some
proportion of SOE remains unreacted in
the cured material.23 Thus, to know the
influence of the initiator in the reaction in
which SOE opens, we integrated the
carbonyl region in Figure 3 and then the
area was normalized taking the band at
1605 cm! as a reference. The lowest the
proportion of total carbonyl absorption,
the higher the proportion of unreacted
SOE is. These values are collected in
Table 2. The normalized areas of car-
bonyl absorptions slightly increase from
lanthanum to scandium triflates and the
boron initiator gives the lowest propor-
tion. This indicates that scandium triflate
has the highest ability to polymerize SOE
and the boron initiator the lowest. In a
previous study®! in the copolymeriza-
tion of DGEBA with y-valerolactone we
also observed that, among rare earth
metal triflates, scandium had the highest
ability to polymerize SOE, but its highest
activity also led to an appreciable de-
polymerization process, which has not
been observed in the present study with
condensed bis(y-lactone)s. On comparing
the values of the normalized total car-
bonyl region obtained for both lactones
we can see that SOEs formed from
bisPhe are more reactive than those
formed from bisMe. The higher reactivity
of bisPhe in the cationic copolymeriza-
tion could be related to the better
stabilization of an intermediate benzylic
cation formed in the ring-opening mech-
anism, such as is exemplified in Scheme
2 for monoSOE polymerization. In previ-
ous papers, we reported the copolymer-

O30
oY 0re

ization of DGEBA/y-butyrolactone?? and
DGEBA/1,6-dioxaspiro [4.4]nonane-2,7-
dione mixtures,* where we observed the
complete disappearance of the lactone,
differently that occurs in DGEBA/y-vale-
rolactone mixtures.? Thus, as is observed
in the present study, it seems that the
presence of substituents in y-position
makes difficult the SOE formation and
also its polymerization, which leads to a
lower formation of linear ester in the
network.

}n
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Scheme 2

If we compare the effect of the
proportion of initiator we can see that the
total carbonyl absorption has a maxi-
mum value for 1 phr of ytterbium triflate
(entries 3, 4 and 5 in Table 2) although
there is no much difference between 1
and 3 phr. This result can be explained
because of a greater proportion of
initiator favors the SOE formation, but
also accelerates the homopolymerization
of epoxide by the monomer activated
mechanism,® leading to a quick reduc-
tion of the epoxide able to copolymerize
with SOE, leaving some unreacted SOEs.
On the other hand, a low proportion of
initiator is capable to form SOE but not
to open all the SOE units, which remains
unreacted in the material. In a previous
article’® we proved that 0.5 phr of
Yb(OTf); was enough to obtain a com-
pletely cured thermoset from this mix-
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Table 2. Relative quantifications by FTIR of carbonylic zone after curing
at 160 °C in the ATR for DGEBA/lactone 2:1 (mol/mol) mixtures

Proportion of Abs?arbonylic zone

Entry Initiator

initiator (phr) bisMe bisPhe
1 BF; MEA 1 4.883 6.098
2 La(OTf); 1 5.690 7.096
3 Yb(OTf)s 0.5 4.953 6.731
4 Yb(OTf), 1 5.892 7.233
5 Yb(OTf), 3 5.757 7.010
6 Sc(OTf)s 1 5.915 7.461

2 all absorbance data are referred to the 1605 cm* band

ture, but 1 phr is better from the point of
view of the kinetics. Higher proportions
of initiator led to lower Tg values and
could initiate the curing during storage.
Taking all these results into account,
1 phr seems to be the best proportion of
ytterbium triflate to obtain thermosets

imum degree of SOE polymerizetion,
whereas BF;:-MEA to the slowest and to
the minimum degree of SOE polymer-
ization. The evolution of the disap-
pearance of lactone and the formation of
linear ester and ketone are parallel for

with a high proportion of linear ester.
Figure 4 shows the evolution of lac- P
tone (a) and linear ester and ketone E 04 o BF:MEA
groups (b) against curing time for the ) ]Q;((%%))ﬁ
DGEBA/bisPhe 2:1 (mol/mol) formula- 0.2 o Sc(OTf),
tion initiated by 1phr of the different 0 ‘ ‘ ‘ ‘
0 50 100 150 200 250

rare earth triflates or 3 phr of BFs-MEA,
calculated from the FTIR spectra and
normalized to the band at 1605 cm. If

time (min)

1 N
we look at the plot of lactone conver- 08 ® m
sions, we can see that the reaction rate g 0.6

increases from lanthanum to scandium :ii 04 / o
following the Lewis acidity trend. Boron s O La(OThHs
initiator leads to the slowest reaction. 0.2 1 ? ;{z(é))Tng)3
Similar information can be extracted 0 ‘ ‘ ‘ ‘ :
from the ester and ketone conversion 0 50 100 150 200 250

against time, related to SOE polymer-
ization. The values of the curves (b) have
been referred to the maximum reached,
regardless of the initiator used. Thus,
scandium leads to the quickest and max-

time (min)

Figure 4. Conversion of bisPhe (a) and formation of
linear ester and ketone groups (b) against time for a
DGEBA/bisPhe 2:1 (mol/mol) mixture initiated by 1
phr of the different rare earth metal triflates or 3
phr of BFs:MEA from FTIR data.
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the rare earth metal triflates, which
indicates that the kinetics of the SOE
formation and its polymerization should
be similar. When BF;MEA is the
initiator the evolution of the formation
of SOE moieties (a) goes similarly to that
of the lanthanum salt, but the SOE
polymer-ization (b) is much slower and
reach a lower formation of linear ester
and ketone. This seems to indicate that
BFs-MEA is a better catalyst to form
SOEs than initiator to polymerize them.

QbisPhe

0052103

0 50 100 150 200 250 300

time (min)
1 O
(b)
0.8
g
g 0.6
% 0.4
3
0.2
005A103
0 T T T T T

0 50 100 150 200 250 300
time (min)
Figure 5. Conversion of bisPhe (a) and formation
of linear ester and ketone groups (b) against time
for a DGEBA/bisPhe 2:1 (mol/mol) mixture

initiated by 0.5, 1 and 3 phr of ytterbium triflate
from FTIR data.

Lactone disappearance and opening
of SOE moieties to produce linear ester
and ketone go faster on increasing the
proportion of initiator in the reactive
mixture, as expected (Figure 5, (a) and
(b)). In the initial steps of curing the

o¥o
o o

disappearance of lactone (a), related
tothe formation of SOE, is similar for all
the proportions of initiator. However,
this does not occur in the opening of
SOE. This implies that the proportion of
initiator mainly affect the polymer-
ization of SOE groups. In agreement to
this, a higher proportion of initiator
favors the formation of linear ester.

When we compare the evolutions on
changing the lactone (Figure 6, (a) and
(b)) we can see that there is no much dif-
ferences in the formation of SOEs (a),
although until 0.7 of conversion bisMe
reacts slightly faster than bisPhe. From
this conversion, the behavior is the
opposite and a lower conversion is
achieved for bisMe. Higher differences
are observed in the SOE polymerization
(b), in all the conversions range the SOE
derived from bisPhe converts into linear
and ketone groups at much higher rate
and reaches a higher extension.

Conclusions

Cationic initiated curing of DGEBA/
bisMe or bisPhe mixtures allowed to
vary the proportion of linear ester in the
network by changing the feed ratio of
comonomers in the reactive mixture.
This is advantageous in comparison to
analogous anionic initiated systems, in
which non stoichiometric proportions led
to unexpected reactions.

The formation of linear ester and
ketone groups during curing implies the
formation of bis(spiroorthoester) mo-
ieties and their opening by a tandem
reaction. However, mono spiroortho-
esters were formed and some proportion
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Figure 6. Conversion of lactone (a) and formation
of linear ester and ketone groups (b) against time
for DGEBA/bisPhe and DGEBA/bisMe 2:1 (mol/
mol) mixtures initiated by 1 phr of ytterbium tri-
flate from FTIR data.

of y-lactone remained unreacted in the
cured material. The chemical incorpora-
tion of bis(y-lactone)s in the network was
favored by the acidity of the cation in the
rare earth triflates, following the order
Sc>Yb>La. Rare earth metal triflates
were better than the conventional
BF3MEA in the polymerization processes
in which SOE participates.

The rate of polymerization of mono or
bis(spirorthoesters) followed the in-
creasing Lewis acidity of the rare earth
metal triflates. BFssMEA produced the
lowest reaction rates.

The chemical incorporation of bis-
lactone and the opening of SOE moieties
to produce linear ester and ketone
accelerated on increasing the proportion

JoXte)
aafc

of initiator in the reactive mixture. The
proportion of initiator mainly affected
the rate of polymerization of SOEs and a
higher proportion of initiator also
increased the proportion of linear ester in
the final material.

BisPhe led to a higher chemical incor-
poration in the thermoset than bisMe.
Although there was not much difference
in the rate of SOE formation, its polymer-
ization was quicker in case of bisPhe.
This fact can be explained by the stab-
ilization of cationic intermediate species
produced by the phenyl ring.
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5. Conclusipns

5. CONCLUSIONS

1. The copolymerization of DGEBA with y-VL or y-MBL in the presence of rare earth metal
triflates led to the formation of poly(ether-ester) networks. In addition to the expected
reactions: formation of intermediate SOE, SOE polymerization and homopolymerization of
epoxide, the reversion of SOE was observed. Moreover, in the case of using y-VL with 1
phr of Sc(OTf); or 3 phr of Yb(OTf)s;, a depolymerization process was also observed. These
processes led to different proportions of unreacted lactone, which remained entrapped in
the thermoset. The use of 1 phr of Yb(OTf); led to the highest proportion of linear ester. y-
MBL was incorporated in a less extent than y-VL.

2. Cationic and anionic copolymerization of DGEBA /bis(y-lactone)s led to poly(ether-ester-
ketone) networks. In cationic conditions some (y-lactone) remained unopened in the final
material. The chemical incorporation of bis(y-lactone)s in the network was favoured by the
acidity of the cation in the rare earth metal triflates, following the order Sc>Yb>La.
BF;-MEA led to the lowest incorporation.

3. The anionic copolymerization of DGEBA/bis(y-lactone)s had an alternating character
but, when epoxide was in excess, unexpected processes took place leading to the formation
of five-membered lactones and to the practically total disappearance of linear ester and
ketone groups in the final material.

4. The addition of lactones to DGEBA accelerated the cationic curing and reduced the T; of
the materials obtained. The kinetic parameters indicated that the reaction of lactones with
epoxides was more favoured than the homopolymerization of epoxides or the ring-
opening of SOE groups. Rare earth metal triflates were more active than BF;-MEA as
initiators and their activity increased from lanthanum to scandium. On increasing the
lactone or the initiator proportion the curing process accelerated.

5. The anionic curing of DGEBA with condensed bis(y-lactone)s required a lower
proportion of tertiary amine as initiator that the curing of pure DGEBA. Among the
initiators tested, DMAP was the most active and DBU was the least efficient. On increasing
the proportion of bislactone in the reactive mixture, an apparent acceleration effect was
observed, being slightly higher for bisPhe.

6. Thermogravimetric analysis allowed confirming the reworkable character of the
thermosets obtained cationically from DGEBA and mono or bis(y-lactone)s. The higher the
proportion of lactone or the Lewis acidity of the initiator and its proportion was the more
thermally degradable the materials were. Thermosets obtained anionically from
stoichiometric proportions were chemically reworkable and completely soluble in
ethanolic KOH.

7. The relaxed modulus of the materials prepared from DGEBA and y-VL varied with the
initiator used and increased in the order La(OTf);<Yb(OTf); <Sc(OTf);<BF;-MEA but no

155




UNIVERSITAT ROVIRA I VIRGILI
NOUS TERMOESTABLES EPOXIDICS MODIFICATS AMB GAMMA-LACTONES I BIS-GAMMA-LACTONES CONDENSADES

M2

Merce Arasa Bertomeu

ISBN:978-84-692-4157-8/DL:T-1171-2009

5. Conclusions

tendency was established for materials with bis(y-lactone)s. All the materials prepared
showed a practically unimodal tan §, reflecting their homogeneous character. The higher
the proportion of lactone in the reactive mixture the lower the temperature of the
relaxation was.

8. The addition of y-VL to DGEBA led to materials with a higher thermal expansion
coefficient, which increased with the proportion of lactone, but all the values laid in the
usual range of conventional epoxy resins. Moreover, the microhardness and the Young
modulus were reduced in reference to pure cured DGEBA.

9. Cationic curing of DGEBA/y-VL/clay mixtures initiated by rare earth metal triflates
allowed obtaining intercalated nanocomposites. Yb(OTf); (1 phr) was the best initiator to
prepare these nanocomposites and to incorporate the higher proportion of linear ester
groups in the network. The addition of clay retarded the curing and the gelation, but the
effect was lower on increasing the proportion of initiator. This addition led to increase the
thermal stability.
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6.1. CARACTERITZACIO DE. LES BISG-LACTONE.S)
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» 1-Fenil-2,8-dioxabiciclo(3.3.0)-3,7-octandiona (bisPhe)
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6.2. ACRONIMS

bisMe 1-metil-2,8-dioxabiciclo(3.3.0)-3,7-octandiona
bisPhe 1-fenil-2,8-dioxabiciclo(3.3.0)-3,7-octandiona
y-BL y-butirolactona

BOE bicicloortoester

DBU 1,8-diazabiciclo(5.4.0) -7-undece

DGEBA diglicidileter del bisfenol A

DMAP 4-(N,N-dimetilamino)piridina

DMTA analisi termodinamomecanica

DSC calorimetria diferencial d’escombrat
FTIR-ATR  infraroig amb transformada de Fourier- reflectanca atenuada total
KHN numero de duresa Knoop

v-MBL o-metil-y-butirolactona

MEA monoetilamina

1IMI 1-metilimidazole

NMR ressonancia magnetica nuclear

PGE fenilglicidileter

phr parts d’iniciador per cent parts de mescla de monomers
SOE espiroortoester

SOC espiroortocarbonat

TGA analisi termogravimetrica

T, temperatura de transicio vitria

TTT diagrama temps-temperatura-transformacio
v-VL y-valerolactona
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7.1 PUBLICACIONS

“FTIR-ATR study of the copolymerization of diglycidyl ether of bisphenol A with
methyl-substituted y-lactones catalyzed by rare earth triflates initiators”. Arasa,
M; Ramis, X.; Salla, JM.; Mantecon, A.; Serra, A.; Journal of Polymer Science: Part A:
Polymer Chemistry, 45 (2007) 2129-2141.

“Study on the degradation of ester modified espoxy resins obtained by cationic
copolymerization of DGEBA with y-lactone initiated by rare earth triflates”.
Arasa, M; Ramis, X.; Salla, JM.; Mantecon, A.; Serra, A.; Polymer Degradation and
Stability, 92 (2007) 2214-2222.

“Kinetic study by FTIR and DSC on the cationic curing of a DGEBA/y-
valerolactone mixture with ytterbium triflate as initiator”. Arasa, M.; Ramis, X,;
Salla, JM.; Mantecon, A.; Serra, A.; Termochimica Acta, 479 (2008) 37-44.

“Study on the effect of rare earth metal triflates as initiators in the cationic curing
of DGEBA/y-valerolactone mixtures and characterization of the thermosets
obtained”. Arasa, M.; Ramis, X.; Salla, JM.; Ferrando, F.; Serra, A.; Mantecon, A.;
European Polymer Journal, 45 (2009) 1282-1292.

“Anionic copolymerization of DGEBA with two derivatives of a bicyclic bis(y-
lactone)s using tertiary amines as initiators”. Arasa, M.; Ramis, X.; Salla, JM,;
Mantecon, A.; Serra, A.; Polymer, in press.

“Cationic copolymerization of DGEBA with two bicyclic bis(y-lactone) derivatives
using rare earth metal triflates as initiators”. Arasa, M.; Ramis, X.; Salla, JM.;
Mantecon, A.; Serra, A.; Polymer, in press.

“Study of the copolymerization of DGEBA and two bicyclic bis(y-lactone)s using
rare earth metal triflates as initiators by infrared spectroscopy”. Arasa, M.; Ramis,
X.; Salla, JM.; Mantecon, A.; Serra, A.; European Polymer Journal, send to revision.

“New nanocomposites prepared form diglycidyl ether of bisphenol and y-
valerolactone initiated by rare earth triflate initiators”. Arasa, M.; Pethrich, R.;
Mantecon, A.; Serra, A.; to send.
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F1 Contribucions Clentifiques

7.2 CONFERENCIES

IX Reunion del Grupo Especializado en Polimeros (GEP) el qual va tenir lloc a Jaca
(Espanya) des del 11 fins el 15 de Setembre del 2005.

Poster: “Nuevos materiales termoestables obtenidos por copolimerizacion de
DGEBA y y-valerolactona”.

4th International Conference on Polymer Modification, Degradation and
Stabilization (MoDeSt) el qual va tenir lloc a San Sebastian (Espanya) des del 10
tins el 14 de Setembre del 2006.

Poster: “Study on the influence of the rare earth triflate initiators in the prepara-
tion and degradation of ester modified epoxy resins”.

IUPAC International Symposium on Ionic Polymerization, el qual va tenir lloc a
Bayreuth (Alemanya) des del 9 fins el 11 de Setembre del 2007.

Poster: “Crosslinking study of DGEBA/y-bislactones initiated by rare earth
triflates”.

X Reunion del Grupo Especializado en Polimeros (GEP) el qual va tenir lloc a
Sevilla (Espanya) des del 16 fins el 20 de Setembre del 2007.

Poster: “Copolimerizacion de resinas epoxy con y-bislactonas. Evolucion del
curado en condiciones catidnicas y anionicas”.

4% International Symposium on Nanostructured and functional polymer-based
materials and nanocomposites, el qual va tenir lloc a Roma (Italia) des del 16 fins
al 18 d’Abril del 2008.

Poster: Preparation of nanocomposites by copolymerization reaction of DGEBA/y-
VL initiated by ytterbium triflate using several clays.

Jornades de quimica sostenible, organitzades per la facultat de Quimica de la URV
i patrocinades per la Catedra de Desenvolupament Sostenible URV-DOW, les
quals van tenir lloc a Tarragona (Espanya) des del 11 fins el 13 de Marg del 2008.
Poster: “Nous materials termoestables obtinguts per copolimerizacié6 de DGEBA i
y-valerolactona”.

IV Congreso de Jovenes Investigadores en Polimeros (JIP) el qual va tenir lloc a
Penyiscola (Espanya) des del 15 fins al 19 de Juny del 2008.

Comunicacio6 oral: Preparacion de nanocomposites por reaccion de copolimeriza-
cion de DGEBA/y-VL iniciada por triflato de iterbio usando diferentes clays.
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Copolimeritzaci6 del DGEBA amb mono i bis(y-lactones). Estudi de la
polimeritzacié cationica del diglicidileter de bisfenol A (DGEBA) en
presencia de mono(y-lactones) com la y-valerolactona (y-VL) i la a-metil-
y-butirolactona (y-MBL) i bis(y-lactones) com la 1-metil-2,8-dioxa-
biciclo(3.3.0)-3,7-octandiona (bisMe) i la 1-fenil-2,8-dioxabiciclo(3.3.0)-
3,7-octandiona (bisPhe) emprant triflats de terres rares com iniciadors.
Preparaci6 de nanocomposites per copolimeritzacié cationica de mescles
DGEBA/[J-VL/argila iniciades per triflats de terres rares. Estudi final de
la polimeritzacié anionica del DGEBA amb les bis(y-lactones) utilitzant
diferents amines terciaries com iniciadors.
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