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CAPITULO 1

Introduccidon general
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1.1. Materiales termoestables

1.1.1. Aspectos generales

En la actualidad existe una gran demanda de materiales termoestables gracias a sus
excelentes propiedades térmicas, quimicas y mecdnicas.! El inicio de estos materiales se
remonta al aflo 1909 con el desarrollo de las resinas fendlicas por Leo Baekeland, sin
embargo, el descubrimiento de la vulcanizaciéon por Goodyear es considerado como el
primer paso en la produccién de termoestables. Baekeland no solo produjo el primer
polimero sintético entrecruzado (baquelita) sino que también desarrolld el proceso de
moldeo para producir articulos comerciales.? Hoy en dia estos materiales tienen una gran
presencia y se encuentran en diferentes aplicaciones que van desde el campo de la
medicina hasta la industria aeroespacial.?

Los termoestables pueden ser definidos como polimeros reticulados que forman
una red tridimensional después de un proceso de polimerizacién irreversible, conocido
como curado. Estos polimeros se caracterizan por ser infusibles e insolubles en cualquier
disolvente organico.

O O O Punto de

O ~~  entrecruzamiento
x

O
O O O
2% .g
O Q. O
O ol O
o go
@

O

@)

Figura 1.1. Estructura conceptual de los polimeros termoestables

Los termoestables son materiales muy versatiles en términos de produccién. Los
tipos de materiales que pueden ser producidos a través de los sistemas termoestables
incluyen: moldes y objetos moldeados, resinas, adhesivos, recubrimientos, tintas,
pinturas y materiales compuestos. Una gran variedad de mondmeros son capaces de
generar matrices poliméricas tridimensionales, responsables de la diversidad y el
desarrollo de tecnologias especificas.3

1.1.2. Tipos de termoestables

Los termoestables mas comunes empleados a nivel industrial son:*

» Urea-formaldehido: tableros de aglomerado, colas

» Resinas fendlicas: adhesivos y revestimientos, laminados

» Poliésteres insaturados: matrices para materiales compuestos reforzados con
fibra de vidrio, laminados decorativos
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» Poliuretanos: espumas, aislantes
» Epoxi: adhesivos, recubrimientos, pinturas
» Siliconas: adhesivos, juntas.

Entre los materiales termoestables con mayor demanda en el mercado mundial
estan las resinas epoxi, con aplicaciones que van desde recubrimientos,** adhesivos,®
componentes eléctricos y electrdnicos’ y en la industria aeronautica.® Su gran variedad
de aplicaciones se debe al hecho de que estos termoestables pueden ser obtenidos
variando no solo el tipo de resina y la naturaleza quimica del agente de curado, sino
también a la posibilidad de adicién de un gran nimero de agentes modificantes organicos
e inorganicos durante su preparacion que les brindan grandes mejoras en sus
propiedades finales.®

Las resinas epoxi son prepolimeros que se caracterizan por presentar al menos dos
grupos epoxi capaces de reaccionar durante el proceso de polimerizacion (ver Figura 1.2).
Estas resinas en combinacion con diferentes agentes de curado permiten la fabricacion
de materiales termoestables con excelentes propiedades termomecanicas, quimicas y
térmicas.®

0
R—CH—CH,

Figura 1.2. Estructura quimica del grupo epoxi

Entre las resinas epoxi con mayores aplicaciones industriales se encuentra la resina
de diglicidiléter de bisfenol A, conocida con el acrénimo DGEBA. Esta resina se prepara
mediante reaccidn de condensacion entre la epiclorhidrina y el Bisfenol A en presencia de
una base fuerte, tal y como muestra el siguiente esquema:

NaOH
HO OH + ’>/\ —
0 Cl

Bisfenol A Epiclorhidrina

el KD MN

DGEBA
Figura 1.3. Preparacion del DGEBA

La estructura quimica de las resinas epoxi juega un papel importante en sus
propiedades y posibles aplicaciones. En el caso del DGEBA, los grupos epdxido e hidroxilo
le proporcionan una excelente reactividad. Por su parte, los anillos aromaticos permiten
que tenga una mayor resistencia térmica y quimica. Las secuencias alifaticas presentes en
la estructura de la resina le confieren cierta flexibilidad. La Figura 1.4 representa la
estructura quimica del DGEBA con sus caracteristicas estructurales.
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Figura 1.4. Estructura quimica y caracteristicas del DGEBA

Aparte del DGEBA existen diferentes tipos de resinas con gran importancia a nivel
comercial. Las mas comunes son la de epoxi novolaca, las glicidil aminas (TGAP y TGMDA),
resinas basadas en bisfenol F u otros bisfenoles y las resinas alifaticas y cicloalifaticas.® En
la siguiente figura se muestran algunos ejemplos de resinas epoxi.

o
<O(7 TGAP epoxi novolaca resina cicloalifatica
H > H e
o
H <( H W>
DGEBF (o] TGMDA o

Figura 1.5. Estructura quimica de diferentes resinas epoxi

Las resinas epoxi deben su éxito comercial a la variedad de diferentes compuestos
que sirven como endurecedores (agentes de curado) y que les proporcionan una alta
versatilidad tanto en sus condiciones de aplicacion como en sus propiedades, entre ellas:
dureza, resistencia térmica, resistencia mecanica o adhesividad.® Dependiendo de la
formulacidn (estructura y proporcion de resina/agente de curado) el curado puede tener
lugar a temperatura ambiente, con aplicacidn externa de calor o por irradiacién con una
fuente de energia diferente al calor como la radiacién ultravioleta (UV) o el haz de
electrones (EB). La eleccién del agente de curado depende del proceso y las propiedades
deseadas, ya que determinan la cinética del curado, el tipo de enlace quimico, la
estructura y el grado de entrecruzamiento del material final.

1.1.3. Preparacién de materiales termoestables

Tal y como se ha expuesto, los materiales termoestables se preparan mediante la
polimerizacién de mondmeros multifuncionales en un proceso reactivo conocido como
curado o entrecruzamiento. La funcionalidad de un mondémero se define como el niUmero
de enlaces que puede formar en una reaccion especifica para dar una red polimérica. Asi,
la funcionalidad no depende tan solo de la estructura del mondmero (ni de los grupos
funcionales presentes) sino también de la reaccidn en la que participe.
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Ademas de la quimica del proceso son muy importantes dos fenédmenos fisicos que
tienen lugar durante el curado: gelificacion y vitrificacién, que afectan en gran medida al
procesado y en determinadas circunstancias a las caracteristicas del material final. La
gelificacidn se produce como consecuencia del paso del estado liquido al estado gel que
tienen lugar en el proceso de entrecruzamiento.!213 Macroscdpicamente, |a gelificacion
estd asociada a un incremento drastico en la viscosidad y al hecho de que el material deja
de ser procesable.’® El punto de gel es un término empleado en el curado de los
termoestables, y se define como el punto en el cual un liquido viscoso se convierte en un
gel eldstico, marcando el inicio de |la formacién de un reticulo de peso molecular infinito.®
El punto de gel es una de las caracteristicas mas importantes desde el punto de vista de
procesabilidad de los termoestables. Por otra parte, la vitrificacién ocurre cuando la
temperatura de transicién vitrea del termoestable en formacién se hace igual a la
temperatura de curado. Esto genera una disminucion de la movilidad en las cadenas
poliméricas, afectando de manera directa a la velocidad de la reaccién y al grado de
conversion alcanzado. Sin embargo, este fendmeno es reversible y puede ser revertido
aumentando la temperatura por encima de la temperatura de transicion vitrea, mediante
el llamado proceso de desvitrificacion.'®

El proceso de curado de una resina epoxi puede darse por dos mecanismos de
polimerizacién distintos: polimerizacion por etapas o polimerizacién en cadena.

Polimerizacion de crecimiento por etapas o policondensacion: El mecanismo

involucrado procede a través de una sucesion, paso a paso, de reacciones elementales
entre grupos reactivos. Cada etapa independiente causa la desaparicion de dos grupos
reactivos y forma un nuevo enlace covalente entre un par de grupos funcionales. Para
lograr un maximo grado de curado se requieren relaciones estequiométricas de agentes
de curado como aminas, anhidridos, isocianatos o acidos. Si bien las reacciones de
policondensacién producen a menudo pérdida de moléculas de bajo peso molecular,
estas pérdidas deben ser evitadas en la formacién de termoestables dado que llevarian a
la formacién de burbujas y defectos en el material. Por esta razén, las reacciones
seleccionadas en el curado deben tener lugar sin eliminacion de moléculas pequefias. En
el caso de los termoestables epoxidicos, el agente de curado por excelencia empleado
son las aminas. La estructura de las aminas define el tipo de reaccidn polimerizacidn, asi
las aminas primarias y secundarias conducen a polimerizaciones en etapas, mientras que
las aminas terciarias no siguen este mecanismo y llevan a polimerizaciones en cadena,
como se explicard posteriormente.

Las aminas alifdticas primarias y secundarias como dietilentriamina vy
trietilentetramina fueron los primeros agentes de curado empleados en resinas epoxi.®

Las aminas alifaticas primarias reaccionan rdpidamente con los grupos epoxi a
temperatura ambiente para formar estructuras entrecruzadas tridimensionales. A
diferencia de éstas, las aminas aromaticas primarias pueden ser usadas para curar pero
requieren temperaturas elevadas proporcionando estructuras con mayor rigidez, con
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buena resistencia mecdnica, estabilidad a temperatura elevada y resistencia quimica.
Entre las mas usadas se encuentran el 4,4’-diaminodifenilmetano, la 1,3-fenilendiamina
o la 4,4’-diamino difenilsulfona.® La reactividad de la amina incrementa con su caracter
nucledfilo: alifaticas > cicloalifaticas > aromaticas. Las aminas alifaticas son usadas en
sistemas de curado a bajas temperaturas (adhesivos), mientras que las diaminas
aromaticas son empleadas en la fabricaciéon de materiales compuestos.'°

En la polimerizacidn por etapas los grupos epoxi sufren un ataque nucledfilo en el
carbono menos sustituido formando un grupo alcoxido y una sal de amonio en carbonos
adyacentes que por equilibrio 4cido-base originan grupos B-aminoalcohol. En estas
reacciones, los grupos hidroxilo catalizan la reaccién por formacién de un complejo
trimolecular que facilita el ataque nucledfilo del grupo amino.'! Debido a su mayor
nucleofilia, las aminas primarias reaccionan mas rapidamente con los grupos epdxido que
las secundarias y en consecuencia, en primer lugar se forman estructuras lineales. Estas
acabaran transformandose en estructuras reticuladas cuando reaccionen las aminas
secundarias formadas con otros grupos epéxido en etapas posteriores. En la Figura 1.6 se
muestran las reacciones que tienen lugar durante el curado de un epéxido con una amina
primaria.

Rlv + R2—NH; L» Ry N/Rz
° |
OH H
k2

Ry R, 2, /R
Rr*<f7 . \\T//\\T// 2 1 N’/Rz
[o]

OH H OH

Figura 1.6. Reacciones elementales en el curado de un epdxido con una amina primaria

En reacciones epoxi-amina, el grupo epdxido actta con una funcionalidad de 1, por
lo que una resina como la DGEBA presenta una funcionalidad 2. Por su parte cada grupo
amino primario participa en la reaccidon con una funcionalidad 2, por lo que una diamina
como la 4,4’-diaminodifenilsulfona participa con una funcionalidad de 4. Con esta
funcionalidad global de 2 mas 4, se consiguen redes tridimensionales, que no se
conseguirian con diaminas secundarias.

Polimerizacién por crecimiento de cadena (apertura del anillo): El mecanismo de

este tipo de polimerizacién se caracteriza por presentar varios procesos reactivos
distintos: iniciacién, propagacion, transferencia de cadena y terminacién. En sistemas
epoxidicos el ion activo puede ser generado por tratamiento térmico o por una fuente de
irradiacién en presencia del iniciador, que es un compuesto capaz de iniciar la
polimerizacién y que a su vez puede tener un efecto catalitico. Durante la iniciacidn, que
puede darse anidnica o catidnicamente, se forma un anién o un catién, llamado centro
activo de la polimerizacién. Una vez generados los centros activos se producen cadenas
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primarias por la adicidon consecutiva de mondmeros a través de la etapa de propagacion
de la reaccién.!®

Las aminas terciarias como la 4-(N,N-dimetilamino) piridina (DMAP) o el 1-
metilimidazol (1-MI)'"*® son ampliamente usadas como iniciadores en polimerizaciones
anidnicas de resinas epoxi debido a su alto cardcter nucleéfilo.’® El mecanismo de
polimerizacién en cadena que involucra aminas terciarias se representa en la Figura 1.7.
En la etapa inicial la apertura del anillo epdxido por el ataque nucledfilo del iniciador
forma un alcéxido. En pasos siguientes este alcdxido propaga la polimerizacién por
apertura de otro epoxido, formando finalmente la red entrecruzada constituida por
estructuras de poliéter.?®

o- 0 R
> f\\//l\\ Z::x___R' + o\\\///L\\\
NR / N\ —> R3N . -
3+ . 3 N RaN//»\\\T// S
R

Figura 1.7. Polimerizacidn de epdxidos iniciada por aminas terciarias

En este tipo de polimerizaciones cada grupo epoxido participa con una funcionalidad
de 2, por lo que una resina como la DGEBA puede formar redes tridimensionales por este
procedimiento por contar con una funcionalidad de 4. La presencia de grupos hidroxilicos,
ademads de acelerar el curado, puede aumentar la funcionalidad del sistema debido a que
éstos son activos tanto en homopolimerizacién aniénica?® como en catidnica.?*

1.1.4. Conceptos tecnoldgicos

En la obtencién de materiales termoestables se parte de formulaciones con todos
sus componentes: resina base y agente de curado, asi como acelerantes, cargas, aditivos
diluyentes, etc., afiadidos con el fin de alcanzar mejoras en el procesado o en las
propiedades finales. En general, la aditivacion de las formulaciones pretende mejorar
caracteristicas como la estabilidad del sistema, la cinética de curado, la temperatura de
transicion vitrea (Tg), o bien otras propiedades como las mecanicas y la resistencia
quimica o a las radiaciones solares.?? Estas formulaciones pueden ser o no estables
durante su almacenamiento. Si son estables durante un periodo largo, las resinas se
califican como one-pot y se comercializan en un solo envase. En caso contrario, la
formulacién deberd hacerse por mezcla de los componentes antes de su aplicacién y en
general se conocen como sistemas bi-componente ya que se dispensan en dos envases
separados. Desde este punto de vista, un aspecto importante es la posibilidad de
controlar el tiempo que tarda en reaccionar la mezcla de monémero/agente de curado
(pot-life) y que es el tiempo que tiene el operario para su aplicacion una vez realizada la
mezcla o activado el curado por accion externa. Dependiendo de la reactividad de la
mezcla, el pot-life puede variar de pocos segundos hasta afios.? El pot-life de la mezcla
puede ser controlado empleando iniciadores latentes, que son estables en las condiciones
de almacenamiento y que pueden ser activados a voluntad mediante estimulos externos



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

como son el calor o la luz ultravioleta.?* La utilizaciéon de sistemas latentes permite
elaborar sistemas epoxidicos one-pot con la ventaja de su facil manipulacion y aplicacién
y la alta reproducibilidad que se alcanza en las caracteristicas finales del material
termoestable.

1.1.5. Curado dual

El curado dual es una metodologia que permite obtener materiales termoestables
mediante la combinacién de dos procesos de polimerizacion diferentes, pero
compatibles, que pueden llevarse a cabo de forma secuencial o simultdnea. Las
reacciones de polimerizacién involucradas en cada etapa pueden ser activadas por iguales
o diferentes estimulos como la temperatura o la luz UV. Este tipo de sistemas presenta
una gran variedad de caracteristicas atractivas desde el punto de vista tecnolégico.?>?¢

El curado dual en dos etapas permite desarrollar materiales con caracteristicas
morfoldgicas particulares dependiendo de si los procesos de polimerizacion ocurren en
forma simultdnea o secuencial con gelificaciéon o no de la etapa intermedia.?”?2?° Sin
embargo, el proceso secuencial presenta un mayor atractivo desde el punto de vista de
aplicaciones en procesos multi-stage, en fabricacion en discontinuo y en la preparacion

de materiales conformables al final de la primera etapa de curado.

Tal y como se ha dicho, el curado dual secuencial representa una ventajosa
herramienta a nivel tecnoldgico, ya que puede ser empleado en muchos procesos de
fabricacion complejos que se realizan en diferentes etapas con tiempos de espera
intermedios o bien en lugares distintos con transporte intermedio incluido. La conversion
alcanzada y las propiedades al final de cada una de las dos etapas de curado pueden ser
controladas facilmente, mediante una cuidadosa seleccion de la formulacion. Esto hace
posible minimizar el riesgo de que ocurra un curado excesivo en la etapa intermedia y
conseguir que el material sea estable e incluso procesable antes de que se active la
segunda reaccion de curado. En comparacién con el enfoque de utilizar un pre-polimero
en la formulacion de partida, el procesado y la preparacién de las formulaciones se
pueden hacer de forma mas sencilla y versatil con sistemas de curado dual, en los cuales
el pre-polimero puede ser producido in situ durante la primera etapa de curado. En este
caso la mezcla inicial contendrd mondmeros de bajo peso molecular, en lugar de
componentes poliméricos de mayor peso molecular y serd por tanto mas procesable, con
mas facilidad para rellenado de moldes o para ser aplicada en superficies. Por su parte, el
material intermedio puede ser maleable y conformable a la vez que conserve sus
caracteristicas adhesivas, si son requeridas, y que no presente pegajosidad. Sin embargo,
el concepto de curado dual va mucho mas alld de estas aplicaciones y hace posible el
desarrollo de materiales personalizados con una capacidad de procesamiento flexible que
los hace muy Utiles para una serie de aplicaciones avanzadas de alto valor afiadido.*

El curado dual secuencial presenta los siguientes requerimientos:
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» Los procesos de polimerizacion involucrados deben ser selectivos y compatibles.
Este requerimiento es necesario para evitar inconvenientes como la inhibicidn
del curado o efectos sobre la reactividad.

» Lasreacciones en cada etapa deben ser activadas por diferentes estimulos ya sea
por temperatura o empleando irradiacion ultravioleta. Para este fin se pueden
emplear catalizadores (iniciadores) que se activen con diferentes estimulos o en
diferentes intervalos de temperatura o longitud de onda de la irradiacion. La
utilizacion de catalizadores latentes o fotolatentes permite ademas el disefio de
formulaciones one-pot con una considerable estabilidad de almacenaje, tanto al
inicio como después de la primera etapa de curado. El curado dual secuencial
también puede llevarse a cabo empleando reacciones con velocidades lo
suficientemente diferentes para que puedan ser controladas desde el punto de
vista cinético en funcion del tiempo y la temperatura.

» Las propiedades intermedias y finales de los materiales han de poder ser
controladas a voluntad, mediante una cuidadosa seleccién de mondmeros,
catalizadores, composicién y sistema de activacion.

La metodologia de curado dual para la preparacion de termoestables puede ser
llevada a cabo empleando una gran variedad de reacciones de polimerizacién. Sin
embargo, el uso de reacciones click para este fin resulta muy atractivo, debido a su

ortogonalidad, selectividad y alta eficiencia.3%3?

1.2. Quimica click

1.2.1. Aspectos generales

El concepto quimica click fue introducido por el profesor Sharpless y sus
colaboradores en el afio 20013'y define un tipo de quimica pensada para la fabricacién
de estructuras complejas a partir de la union, via enlaces C-heteroatomo (C-X-C), de una
serie de moléculas mas pequeias mediante un nimero reducido de reacciones muy
eficientes tanto en términos de conversién como de selectividad.3 Las reacciones click
transcurren en condiciones suaves y se pueden llevar a cabo de forma simple desde el
punto de vista experimental. Son reacciones compatibles con una amplia variedad de
grupos funcionales, insensibles al oxigeno o al agua, y altamente selectivas vy
regioespecificas. La formacién del producto de reaccién tiene lugar de forma cuantitativa
y su aislamiento es sencillo. La Figura 1.8 muestra una representacion visual de la
denominada quimica click.
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“Click”

4 =

Puntos activos
para la reaccion click

Figura 1.8. Representacidn conceptual de la quimica click

Hay un gran numero de reacciones que se ajustan al criterio propuesto por
Sharpless, las cuales se presentan a continuacion:

> Cicloadiciones de especies insaturadas, incluidas las reacciones de cicloadicién 1,3-

dipolar y transformaciones Diels-Alder.343°

R,~Ns RN _NRz

R1_=

Reaccion de Huisgen

Ry
X >/ X Rz
2 1T
Ry Ry

Reaccion de Diels-Alder

Figura 1.9. Ejemplos de cicloadiciones tipo click

> Apertura de anillos tensionados mediante sustitucién nucleéfila.?®

o HO

§ /\'_““ /lvNu L, R/l\/Nu

Ry Ry 1

Figura 1.10. Esquema de apertura de anillo tipo click

» Adicidén a enlaces insaturados carbono-carbono, incluidas epoxidaciones, azidiracion
y dihidroxilacion. También se clasifican en este apartado las reacciones nucledfilas
de adicién conjugada tipo Michael y las adiciones radicalarias de tioles a grupos
vinilicos y acetilénicos.?”

[0} [o} [0}

R)Jv/+ Nu —> R)J\ANu+H* —»R)J\/\Nu

1 1

SR,
/T 4+ Rp—SH —— /—/
R{ Ry

Figura 1.11. Ejemplos de adiciones tipo click a enlaces insaturados C-C
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» Reacciones quimicas del carbonilo del tipo "no-alddlicas", tales como formacion de
oximas, hidrazonas, etc. 3®

o N

)J\ 4+ HN-R; — R)\Rz + H0

Ry R 1
Figura 1.12. Ejemplo reacciones quimicas no aldélicas tipo click

En los ultimos afos las reacciones click que involucran tioles han tenido un gran auge
sobre todo en la preparacion de nuevos materiales poliméricos. La reaccion mas
empleada para este fin es la tiol-eno. Sin embargo, la reaccién click tiol-epoxi aunque poco
explorada es una herramienta potente, que puede ser aplicada en el curado de resinas
epoxi.?’

1.2.2. Reacciones tiol-click

Las reacciones tiol-click presentan ciertos beneficios en comparacion con otras
reacciones click debido a que los tioles, por su alta reactividad, son capaces de reaccionar
con una gran variedad de sustratos, tanto mediante procesos radicalarios como procesos
nucledfilos catalizados por bases en condiciones muy suaves.

Las reacciones que involucran tioles son altamente eficientes y pueden llevarse a
cabo con una gran variedad de sustratos. Especificamente, vinilos ricos en electrones (via
radicalaria), alquinos (radicalaria), dobles enlaces deficientes de electrones (adicion
nucledfila tipo Michael), isocianatos (adicidon nucledfila al carbonilo), epdxidos (apertura
de anillo tipo SN2) y compuestos halogenados (sustitucién nucleofila tipo SN2).%’

Tal como se ha dicho, las reacciones tiol-click presentan muchas ventajas, entre ellas
que son rapidas, se llevan a cabo en condiciones suaves y con altos porcentajes de
conversion, son regioselectivas y generalmente conducen a un producto que requiere
poca o ninguna purificacion. Todas estas caracteristicas permiten partir de una serie de
tioles y diferentes sustratos crear/funcionalizar/modificar una excepcional variedad de
moléculas y materiales con propiedades fisicas, quimicas y mecdnicas para ajustarse a
numerosos requerimientos.® Las reacciones tipo click que involucran tioles vienen
recogidas en el esquema de la Figura 1.13.
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Figura 1.13. Diferentes tipos de reacciones tiol-click
1.2.3. Reaccién tiol-eno

Las reacciones click tiol-eno evitan las limitaciones criticas de la fotopolimerizacion
convencional, formando una red de polimero homogénea a través de una polimerizacion
por pasos controlable al mismo tiempo que conjuntan la rdpida produccién y
conveniencia del proceso de fotopolimerizacién. Es por ello que en los Ultimos afios las
reacciones tiol-eno han adquirido una importancia considerable en el campo tecnoldgico
y cientifico en curado por irradiacién UV.4°

El mecanismo de la reaccidn tiol-eno consta de tres pasos y viene representado en
la Figura 1.14. En la etapa inicial, el fotoiniciador es irradiado con luz ultravioleta a una
frecuencia adecuada para generar el radical tiilo. El radical tiilo se adiciona de forma anti-
Markovnikov al alqueno, generando un radical alquilo intermedio. Este radical puede
reaccionar con otra molécula de tiol, formando un tioéter y otro radical tiilo, que puede
continuar la reaccién y asi se va completando el ciclo radical hasta que no quede tiol libre.
La reaccion termina a través de la recombinacién de radicales tiilo y alquilo con otros
radicales o con ellos mismos. Sin embargo, este es un proceso no deseado, que puede
limitar la aplicacidn de este tipo de reaccién. De la misma forma, la posibilidad de que el
carbono radical intermedio formado inicie una polimerizacién vinilica de la olefina
presente es otra de las reacciones laterales que limitan la conversién en tioéter.*! La
formacién del enlace carbono-azufre en la reaccidn tiol-eno sigue una regioselectividad
anti-Markovnikov, la cual asegura la formacién del radical alquilo mas estable.*?*? Si no
ocurre homopolimerizaciéon del mondmero vinilico ni acoplamiento entre radicales tiilo
los grupos funcionales tiol y vinilo se consumen a la misma velocidad.**
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iniciacion: R;—SH + fotoiniciador ——> R;—S- + otros productos

propagacién: R;—S- + /\Rz —_— RI/S\/\R
2

S~ H
e
RY&N"Np + Ry—SH R{S\)\Rz PR

terminacién: R;—S- + .§—R; ——> Rfs\s’Rl
: S/ s/Ri
R;—S IO —
+
Re Rz s A
Ry Rz
R,
S_ A SN, — » Ry-s
Rl/ \/\Rz + Rl/ Rz S_Rl
R

Figura 1.14. Mecanismo de la reaccidn tiol-eno

En las reacciones tiol-eno, el grado de adicidn del tiol a un doble enlace depende de
las reactividades relativas del tiol y del compuesto vinilico. Las reactividades de estos
grupos funcionales se ven influenciadas por la naturaleza de sus sustituyentes. El orden
de reactividad de los compuestos vinilicos frente a la adicidn de tioles es el siguiente: éter
vinilico >> éter alilico > alqueno > acrilato > diester >> estireno. La tendencia en la
reactividad del grupo vinilo muestra que los compuestos ricos en electrones como éteres
vinilicos y alquenos son mucho mas reactivos que los compuestos pobres en
electrénicamente como es el caso de los acrilatos. En el caso del estireno, es un
compuesto poco adecuado para participar en una reaccion tiol-eno, ya que tiene la
habilidad de estabilizar sus radicales por efecto de resonancia.*

Los termoestables obtenidos a partir de reacciones tiol-eno exhiben una alta
uniformidad en la densidad de entrecruzamiento. Estos materiales poseen ademas, como
consecuencia de su mecanismo por etapas, propiedades termo-mecanicas homogéneas
en todas las dimensiones espaciales, que asegura unas prestaciones mecanicas dptimas.>°
Sin embargo, suelen presentar valores de T bajos debido a la flexibilidad de los tioles

comercialmente asequibles que se utilizan.*®

1.2.4. Reaccion tiol-epoxi

Las reacciones click con tioles que involucran apertura del anillo epdxido resultan
atractivas industrialmente para la preparacion de adhesivos, recubrimientos de alto
rendimiento y materiales compuestos.

El mecanismo de reaccion tiol-epoxi en medio basico consiste en una sustitucidn
nucledfila simple de apertura del anillo epoxi por el anién tiolato. El tiolato puede
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formarse por equilibrio acido-base entre el tiol y la amina, siempre que sea una amina
muy bésica.*’ Sin embargo, la baja basicidad de algunas aminas terciarias como el 1-MlI,
con un pKa del acido conjugado de aprox. 7*8 y el pobre caracter acido del tiol con un pKa
de aprox. 9,% reduce la posibilidad de intercambio para formar el tiolato. Como
alternativa se ha propuesto el mecanismo para la BDMA o para el 1-Ml, que se representa
en la Figura 1.15.%°! En este mecanismo la amina efectia un ataque nucledfilo al
metileno epoxidico, con asistencia de un proton hidroxilico que cataliza el proceso (a).
Este viene seguido por un proceso acido-base en el que el alcdxido se protona mientras
se forma el tiolato (b), que atacara nucleofilicamente al epdxido (proceso c). El tiolato se
regenera mediante intercambio 4cido-base con el alcéxido anteriormente formado (d),
llevando al B-hidroxitioéter que es el producto de reaccién esperado. Finalmente, las
buenas caracteristicas como grupo saliente de la amina (en el esquema 1-MlI) permiten
su regeneracion, principalmente por sustitucion nucleéfila (proceso e). Como puede
verse, el papel de la amina utilizada como base es puramente catalitico.

Ay N R-OH -
a) ~NON 0 S o
— \—/
R a— R
~N N o — OH
b) N N /Y . R-SH =—————= \N/\N*'/Y
\—/ R \__J 1 . R-s
/—\ o -
[ '—S" . (o)
) R'-S’ ? R',S/Y
R R

- OH
d) R-fs/ﬁ/o , R-SH ——— R'—s/\( ., RS
R R

ce T N OH
R'-S \N/\N"'/\ro'" R.is/\r . \N/\N
) R —/

Figura 1.15. Mecanismo de la reaccidn tiol-epoxi

Se ha podido constatar, que cuando existe un exceso de epdxido respecto al tiol en
la formulacién y se calienta la mezcla a temperatura alta puede tener lugar la
homopolimerizacidn del epdxido.>! Sin embargo, en sistemas estequiométricos tiol-epoxi
esta homopolimerizacién no compite. Entre las ventajas de las formulaciones tiol-epoxi
se encuentran su estabilidad térmica, baja toxicidad, alta adherencia y excepcional
transparencia de los materiales resultantes.

Ademas de estas caracteristicas especiales, los sistemas tiol-epoxi se pueden
combinar con procesos tiol-eno, ambos con caracteristicas click, para preparar sistemas
de curado dual one-pot, que se activan por calor el primero y por irradiacion UV el
segundo y que pueden conducir a materiales con propiedades hechas a medida,
dependiendo de la estructura de los mondmeros y la estequiometria de la formulacién.*?
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Aunque en general, el proceso tiol eno se activa primero a temperatura ambiente
mediante irradiacion y la segunda etapa tiol-epoxi después mediante calentamiento,
ambas etapas de curado pueden llegar a invertirse con una seleccién adecuada de
catalizadores y de las condiciones de trabajo.

1.2.5. Curado dual: “Tiol-click”

En la metodologia de curado dual para la preparacidn de termoestables, las
propiedades intermedias y finales del material dependen en gran medida de la estructura
de la red al final de cada proceso de polimerizacion involucrado. Las propiedades de estas
estructuras estan controladas por la estructura y funcionalidad de los mondmeros y por
la proporcién de los mismos en la formulacién.>?

Los procesos tiol-click mencionados en el apartado anterior llevan a
polimerizaciones tipo policondensacion. Por esta razén, la utilizacién de esta quimica es
sistemas duales resulta muy atractiva, ya que los procesos implicados pueden ser
analizados mediante metodologias y calculos muy bien establecidos. Por ejemplo,
parametros estructurales relevantes tales como el peso molecular promedio en peso, la
conversion en el punto de gel, la densidad de reticulacion o la fraccién de gel, que estan
estrechamente relacionados con las propiedades reoldgicas o termo-mecanicas de
materiales parcialmente o totalmente curados pueden estimarse con una cierta
facilidad.>*>

En estos sistemas duales ademas del mondmero tiol, con la funcionalidad requerida,
pueden participar uno o mas mondmeros diferentes (vinilicos, epoxidicos, etc.). En el caso
de un Unico mondmero substrato, éste debe tener los dos tipos de grupos funcionales
requeridos para que se lleve a cabo la reaccion en cada una de las etapas.
Alternativamente, la formulacion puede contener dos 0 mas mondmeros que presenten
diferentes grupos funcionales, siendo posible que cada uno de ellos reaccione
selectivamente en cada una de las etapas. La primera reaccion click puede conducir o no
a una estructura entrecruzada, dependiendo de la funcionalidad y la proporcién de los
diferentes mondmeros o diferentes grupos funcionales en la formulacion.

La preparacion de sistemas de curado dual basados en reacciones tiol-eno/tiol-epoxi
resulta un procedimiento muy ventajoso, ya que el uso de tioles multifuncionales permite
conectar covalentemente ambas redes de tioéter.>® Este procedimiento se esquematiza
en la figura siguiente.
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Figura 1.16. Esquema idealizado del curado dual mediante reaccidn tiol-eno/tiol-epoxi

En el curado dual tiol-eno/tiol-epoxi, la primera etapa esta constituida por una
reaccion fotoquimica en la que el mecanismo de polimerizacidon por etapas da como
resultado un proceso de formacidn de red homogénea con gelificacidn a altos grados de
conversion y contraccion baja. Ademas, las fotopolimerizaciones tiol-eno no se inhiben
en presencia del oxigeno, lo que constituye una gran ventaja en su aplicacién
tecnoldgica.>” Por su parte, la reaccidn de los grupos epoxi con el exceso de grupos tioles
en la segunda etapa permite obtener un material termoestable con excelentes
propiedades térmicas y mecanicas y el hecho de que esta etapa sea térmica elimina la
posible vitrificacidon del material.

Existe poca literatura sobre curados duales tiol-eno/tiol-epoxi. Saharil y
colaboradores®® emplearon sistemas tiol-eno/tiol-epoxi en aplicaciones para
microfluidica. Demostraron la eficacia de la combinacion de estas dos reacciones tiol-click
en la obtencidon de materiales poliméricos con excelentes propiedades de adhesion a
diferentes sustratos, empleando procedimientos relativamente sencillos. Sin embargo,
los materiales obtenidos en la etapa intermedia eran poco estables a pesar de que la
reaccion tiol-epoxi se llevd a cabo lentamente a temperatura ambiente.

Este novedoso sistema de curado también ha sido estudiado como posible sustituto
al empleo de resinas de dimetacrilato empleadas como restauradores dentales,
concluyendo que el empleo de reacciones secuenciales tiol-eno/tiol-epoxi conduce a
materiales con redes entrecruzadas altamente regulares, que ademads exhiben
propiedades fisicas y mecanicas optimas. En este sistema dual se observd la
homopolimerizacidn parcial de algunos grupos epoxi.*®

También se prepararon materiales termoestables a partir de mezclas no
estequiométricas tiol-eno/tiol-epoxi, con las dos etapas fotoquimicamente iniciadas,
empleando un fotoiniciador y una fotobase que son activados a diferentes longitudes de
onda. Esta metodologia permitié lograr un sistema de curado dual con una etapa
intermedia estable durante sélo 24 h, aunque también se produjo un cierto grado de
homopolimerizacién de grupos epdxido.>®
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1.3. Quimica sostenible

1.3.1. Aspectos generales

Uno de los responsables del deterioro medioambiental que sufrimos actualmente
es la industria quimica, ya que libera grandes cantidades de residuos tdxicos.*® Como
medida para frenar este impacto negativo sobre el medioambiente surgen los conceptos
de ingenieria verde, quimica verde y quimica sostenible, las cuales se basan en el
desarrollo de nuevos procesos y tecnologias con el objetivo principal de controlar los
niveles de toxicidad de los productos quimicos empleados o generados como
subproductos en las reacciones quimicas manteniendo la calidad medioambiental.®%6!

Como hemos sefialado anteriormente, las reacciones click tienen lugar en
condiciones suaves y por tanto, permiten llevar a cabo procesos de curado respetuosos
con el medio ambiente. En este contexto, otro aspecto importante a considerar es la
naturaleza de los productos de partida. La mayoria de los termoestables se fabrican a
partir de compuestos provenientes del petréleo. Sin embargo, desde hace unos afios ha
surgido la necesidad de orientar la investigacidn a la busqueda de nuevas estrategias con
el objetivo de preparar resinas a partir de recursos renovables para preservar el medio
ambiente de las agresiones provenientes de los procesos industriales y minimizar la
dependencia del petréleo.5?

1.3.2. Quimica e ingenieria verde

Los conceptos de quimica verde, ingenieria verde y sostenibilidad se han fusionado
para ofrecer un conjunto de términos que a menudo se utilizan indistintamente para
describir ideas similares.5?

La quimica verde y la quimica sostenible son conceptos relativamente nuevos
basados en el desarrollo de procesos y tecnologias que resultan en reacciones quimicas
mas eficientes que generan muy poco residuo y menos emisiones medioambientales en
comparacion con las reacciones quimicas tradicionales. La quimica verde abarca todos los
aspectos y tipos de procesos quimicos que reducen el impacto negativo en la salud
humana y del medioambiente. Otro aspecto basico de estos dos conceptos es el empleo
de materias primas y recursos energéticos renovables para los procesos sintéticos.

La quimica verde abarca casi todas las principales ramas de la quimica como sintesis
organica o inorgdnica, catalisis, ciencias de los materiales, polimeros, nanoquimica,
quimica supramolecular y tratamiento de aguas residuales entre otros.®

Por su parte, la ingenieria verde es una disciplina que abarca todas las ramas de la
ingenieria. En este contexto, la ingenieria quimica verde pretende disefiar procesos
quimicos minimizando el uso de solventes orgdnicos, incorporando los principios de
quimica verde o disminuyendo el consumo de energia.®?
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1.3.3. Principios basicos de la guimica verde

Los principios basicos de la quimica verde se centran en los criterios de disefio
sostenible y han demostrado ser fuente de soluciones innovadoras para una amplia gama
de problemas medioambientales. La quimica verde abarca esta capacidad de disefio e
insiste en que si se usa sabiamente, se pueden lograr contribuciones significativas en
sostenibilidad para el beneficio simultdaneo del medio ambiente, la economia y la
sociedad.%

El concepto de quimica verde fue desarrollado por Paul Anastas®® y se basa en una
serie de principios que describen cdmo obtener un producto quimico por un proceso mas
favorables medioambientalmente. Los 12 principios basicos de la quimica verde son:

» Prevencién
Es mejor prevenir los residuos que tratar o limpiar los residuos después de haber
sido creados.

» Economia del 4tomo

Los métodos sintéticos deben ser disefiados para maximizar la incorporacién de
todos los materiales utilizados durante el proceso en el producto final.

> Sintesis quimica menos peligrosa

Siempre que sea posible, los métodos sintéticos deben disefiarse para utilizar y
generar sustancias que tienen poca o ninguna toxicidad para la salud humana y el medio
ambiente.

> Disefo de productos guimicos mds seguros

Los productos quimicos deben ser disefiados para efectuar la funcidon deseada
disminuyendo al mdximo su toxicidad.

> Disolventes y auxiliares mas seguros

El uso de sustancias auxiliares (por ejemplo, disolventes, agentes de separacion,
etc.) debe disminurse o eliminarse. En casos necesarios, deben ser inocuos para el medio
ambiente.

> Disefo para la eficiencia energética

Los requerimientos energéticos de los procesos quimicos deben clasificarse por su
impacto ambiental y econdmico, minimizando su efecto sobre el medio ambiente y los
costos de produccidn. Si es posible, los métodos sintéticos deben realizarse a temperatura
ambiente y presidn atmosférica.

» Uso de materias primas renovables

Una materia prima debe ser renovable en lugar de no renovable, siempre que sea
técnica y econdmicamente factible.
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» Reduccién de derivados

La derivatizacion innecesaria (uso de grupos de bloqueo, proteccion / desproteccion,
modificacion temporal de procesos fisicos / quimicos) debe minimizarse o evitarse si es
posible, ya que estos pasos requieren reactivos adicionales y pueden generar residuos.

» Catalisis
Los reactivos cataliticos deben ser lo mas selectivos posible y deben ser favorecidos
frente al empleo de reactivos en cantidades estequiométricas.

> Disefio para la degradacion

Los productos quimicos deben disefiarse de manera que al final de su funcion se
descompongan en productos de degradacidn inocuos y no persistentes en el medio
ambiente.

» Analisis en tiempo real para la prevencion de la contaminacidn

Las metodologias analiticas deben seguir desarrollandose para permitir la
monitorizacion y control en tiempo real de la formacidn de sustancias peligrosas.

» Reduccién del potencial de accidentes quimicos

Las sustancias usadas en un proceso quimico deben ser elegidas para minimizar el
potencial de accidentes quimicos, incluyendo liberaciones, explosiones e incendios.5>67.68

Los principios de la quimica verde han sido ampliamente aplicados a la preparacion
de termoestables eco-amigables, con el objetivo primordial de preservar el
medioambiente y a la vez emplear diferentes recursos renovables para eliminar la
dependencia existente con el petréleo.® En la Figura 1.17 se muestra a modo de resumen
los criterios para que un proceso quimico sea medio ambientalmente favorable,
aplicables también a la preparacion de termoestables.

Seguro

Una etapa Recursos
renovables

Separacion t“ 7 S Medio ambientalmente
simple i PfigceTO ; aceptable
& ea
)
Eficiencia 190%
atémica rendimiento
Cero
residuos

Figura 1.17. Criterio ideal de un proceso quimico favorable medio ambientalmente
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1.3.4. Materiales termoestables de fuentes renovables

Los termoestables con consumo a nivel industrial se preparan generalmente a partir
de fuentes no renovables.”®’! Sin embargo, la reduccién del uso y dependencia de
combustibles fésiles, no solo es necesario por razones asociadas al dafio medio ambiental
sino también es crucial econdmicamente.”? Como alternativa a la utilizacién de productos
derivados del petrdleo, en la actualidad esta ganando terreno la utilizaciéon de productos
provenientes de fuentes renovables como materia prima.”

Existe una gran variedad de productos naturales que se emplean en aplicaciones
industriales para sustituir parcialmente, y hasta cierto punto totalmente, los polimeros
provenientes del petréleo. Los polimeros disefiados bajo esta estrategia pueden competir
o incluso superar a los materiales existentes con altas cualidades de respeto al medio

ambiente.”* 7> 76,77

Recientemente se han enfocado muchas investigaciones a la obtencién de
materiales termoestables a partir de diferentes fuentes renovables.”® Aouf vy
colaboradores’ emplearon taninos como materia prima en la preparacién de nuevas
resinas epoxi, obteniendo materiales con buenas propiedades térmicas. Otros trabajos
similares han confirmado que los taninos son una buena opcién como sustitutos de las
resinas epoxi convencionales.®° Por su parte, Hu y colaboradores® emplearon derivados
furanicos como sustitutos de las resinas termoestables derivadas del petréleo,
demostrando que son un componente viable para la obtencidon de resinas epoxi
renovables con altas prestaciones. Se han usado también derivados del aceite de soja
para la preparacion de polimeros entrecruzados, obteniendo materiales que
posiblemente pueden ser usados en aplicaciones como en espumas, adhesivos,
revestimientos y sellantes.®? El 4cido itacdnico también resultd ser una excelente materia
prima alternativa ideal para obtener materiales epoxidicos con propiedades adhesivas,
térmicas y mecdnicas iguales o mejores que las resinas comerciales.®3

Sin embargo, muchos de estos materiales adolecen de pobres caracteristicas
termomecadnicas, con valores bajos de Tg y de médulo de Young debido a su estructura
flexible y bajos grados de entrecruzamiento. Por esta razén, es todavia necesario hallar
nuevos productos procedentes de fuentes renovables, que con sus estructuras rigidas y
alta funcionalidad permitan obtener materiales con mejores caracteristicas para
aplicacién en tecnologias avanzadas y con requerimientos superiores.

1.3.5. Eugenol como materia prima renovable

El eugenol es altamente atractivo como materia prima para el desarrollo de nuevos
materiales ya que ademas de su estructura, su mayor ventaja es su abundancia natural y
su precio asequible. El eugenol es un compuesto fendlico que esta presente en el aceite
esencial del clavo de olor [Eugenia caryophyllata (Myrtaceae) = Syzygium aromaticum]
hasta aproximadamente el 80% en peso. El aceite esencial de clavo de olor se obtiene
generalmente por destilaciéon con corriente de vapor o por extraccidon Soxhlet en etanol
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a partir de hojas, brotes y tallos de los &rboles de clavo.8* El eugenol también se encuentra
en la nuez moscada, canela y albahaca, entre otros, con lo cual su biodisponibilidad es
muy alta.®

El eugenol tiene multiples aplicaciones, entre ellas son de especial importancia las
del campo de la odontologia y de la medicina, gracias a sus excelentes propiedades
terapéuticas.?® 7

La estructura quimica del eugenol, (Figura 1.18), tan versatil por sus grupos
funcionales, hace que este compuesto sea muy atractivo como materia prima en la
preparacién de nuevos materiales funcionales favorables al medio ambiente.?88 Sin
embargo, se encuentran pocos trabajos que giren en torno a la utilizacion de este
compuesto para obtener materiales termoestables.”3%0,51.92

OH

OCH;

Figura 1.18. Estructura quimica del eugenol

Se ha descrito la obtencién de un compuesto diepoxidico basado en el eugenol por
epoxidacion del doble enlace seguido por transformacion del hidroxilo fenélico a un grupo
glicidilo. Los resultados de este estudio indican que el eugenol constituye una buena
materia prima y que las resinas derivadas de éste, una vez curadas, exhiben unas
propiedades muy comparables a las de sus homélogas de origen petroquimico.®

En otro trabajo se describio la preparacion de termoestables con altos contenido de
derivados epoxi del eugenol con buenas propiedades mecdnicas y capacidad de
retardancia a la llama.®

El eugenol también ha sido empleado en la preparacién de adhesivos fotocurables
por reacciones tiol-eno, basados en los principios de la quimica sostenible®* y como
copolimeros con otros mondmeros renovables en la preparacién de materiales con
buenas cualidades protectoras, tales como dureza, flexibilidad, adhesidn, resistencia a los
disolventes y absorcién de agua.”®

Una investigacidon reciente apunta a un derivado epoxi del eugenol, como un
excelente agente diluyente en el curado de resinas comerciales, el cual contribuye a la
disminucion de la viscosidad del sistema y al mismo tiempo retarda el inicio de la
formacién de la red.%®

Uno de los derivados del eugenol mas interesanteses el bieugenol. Este compuesto,
que se muestra en la Figura 1.19, se sintetiza mediante acoplamiento oxidativo del
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eugenol, por tratamiento con una mezcla acuosa de ferricianuro potasico en medio
basico.”” Sin embargo, también se encuentra presente en la naturaleza en compuestos
naturales como magnolol y honokiol, que tienen importantes propiedades
farmacoldgicas. Varios estudios han demostrado que este compuesto bifendlico presenta
actividad  antineopldsica, antimicrobiana, anti-inflamatoria, anti-artritica vy
antiproliferativa.®®

OH OH OH
OCH, H3CO OCH;
— O O
—_—
Eugenol Bieugenol

Figura 1.19. Sintesis del bieugenol

Aliigual que el eugenol, este compuesto presenta una estructura quimica ideal como
materia prima. Hasta el momento solo se han descrito dos estudios de su empleo como
mondmero para la preparacion de termoestables, en los cuales se demuestra que este
compuesto natural es una muy buena opcidon como sustitutivo de materiales derivados

del petréleo.®1%®

1.4. Objetivos

El objetivo final del trabajo es el desarrollo de nuevas metodologias de curado de
mondmeros multifuncionales, provenientes preferentemente de fuentes renovables,
favorables al medio ambiente basados en los conceptos de quimica e ingenieria
sostenible. Para avanzar hacia este objetivo final se han realizado una serie de estudios
que han confluido en la aplicacidn de sistemas de curado dual basados en reacciones click
tiol-eno/tiol-epoxi que han sido optimizadas para diferentes substratos comerciales.
Estos sistemas desarrollados se han aplicado a la obtencion de materiales termoestables
basados en derivados del eugenol y otros compuestos procedentes de fuentes
renovables.

La memoria se ha dividido en capitulos que, excluyendo la Introduccién y las
Técnicas y métodos, corresponden a objetivos concretos y que muestran los diferentes
trabajos realizados y que han sido publicados o redactados en formato de articulos.
Aunque cada uno de los capitulos tiene identidad en si mismo, los resultados alcanzados
se desarrollan o aplican en capitulos posteriores. Los capitulos tienen una organizacion
comun a todos ellos, que incluye el estudio del proceso de curado para los compuestos
de partida seleccionados, por -calorimetria diferencial de barrido, reologia o
espectroscopia infrarroja para seguir posteriormente con la caracterizacion de los
materiales obtenidos mediante técnicas térmicas y mecanicas. En los capitulos en que los
sistemas de curado desarrollados se aplican a compuestos procedentes de fuentes
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renovables éstos incluyen un apartado de sintesis y de su correspondiente caracterizacién
estructural.

Los objetivos concretos pueden resumirse en los siguientes puntos que corresponden
a cada uno de los capitulos en el apartado de resultados en que se organiza la presente
memoria:

v' Estudio de nuevos catalizadores para alcanzar sistemas de curado latentes tiol-
epoxi en base a resinas comerciales de diglicidiléter de bisfenol A.

v' Aplicacion de los sistemas latentes desarrollados a la obtencién de
termoestables tiol-epoxi con temperaturas de transicion vitrea superiores.

v' Obtencién de materiales termoestables a partir de resinas epoxi cicloalifaticas
comerciales con tioles de diferente estructura mediante curado latente tiol-
epoxi.

v' Desarrollo de un sistema controlado de curado dual tiol-eno/tiol-epoxi activado
secuencialmente por irradiacién con luz ultravioleta y posterior calentamiento y
caracterizacion de los materiales intermedios y finales obtenidos.

v" Aplicacién del curado dual tiol-eno/tiol-epoxi desarrollado a derivados del
eugenol y diferentes tioles de origen renovable. Comparacion de estos
materiales con los obtenidos por curado tiol-eno en una sola etapa.

v' Obtencidn y caracterizaciéon de materiales termoestables tiol-epoxi a partir de
un monomero triglicidilico derivado del eugenol con diferentes tioles de origen
renovables.

v' Obtencidn y caracterizaciéon de materiales termoestables tiol-eno y tiol-epoxi a
partir de derivados del biseugenol empleando diferentes tioles de origen
renovable.
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CAPITULO 2

Técnicas de analisis
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2.1. Resonancia magnética nuclear (RMN)

La espectroscopia de resonancia magnética nuclear es una técnica analitica
usada para determinar la estructura molecular de un compuesto quimico, asi como
también para confirmar la pureza de la muestra.

La RMN esta basada en el principio de que los nucleos estudiados tienen espines
y que los nucleos activos de la estructura tienen un distinto entorno electrénico. Al
aplicar un campo magnético externo, se produce una transferencia de energia entre
el nivel mas bajo y un nivel energético superior. Esta transferencia de energia ocurre
a una longitud de onda que corresponde a la zona de las radiofrecuencias y cuando el
espin retorna a su nivel inicial, se emite energia en la misma zona de radiofrecuencias.
La sefial emitida es medida y procesada para generar un espectro de RMN.!

Los espectros de RMN de 'H y 13C de los diferentes compuestos sintetizados
fueron obtenidos empleando un espectrémetro Varian Mercury VX400 y un Varian
NMR System 400 (ver Figura 2.1), con el fin de elucidar y confirmar sus estructuras
quimicas. En todos los casos se empleé CDClz como disolvente. Las mediciones de
RMN H se realizaron a una frecuencia de 400 MHz, bajo las siguientes condiciones
experimentales 1 s de tiempo de espera entre pulsos (D1) y 14 acumulaciones. Para el
RMN 13C la frecuencia de trabajo es de 100.6 MHz y se usaron un D1 de 0.5sy 0.2 s
de tiempo de adquisicion. Para los dos nucleos se empled el tetrametilsilano (TMS)
como referencia.

Figura 2.1. Imagenes de los equipos de RMN usados para la determinacion estructural
2.2. Infrarrojo con transformada de Fourier (FT-IR)

En la espectroscopia infrarroja, la radiacion IR se hace incidir sobre una muestra,
en este proceso algunas ondas son absorbidas y otros pasan a través de la muestra,
obteniendo de esta manera un espectro de absorcidn y transmisidn. La espectroscopia
de infrarrojos ha sido una técnica muy importante para el andlisis de materiales. Un
espectro IR representa una huella dactilar de una muestra. El término transformada
de Fourier se relaciona con el hecho de que se requiere un proceso matematico
(transformada de Fourier) para convertir los datos originales en el espectro FT-IR.?
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Dado que la absorbancia obtenida a partir de las sefiales del espectro FT-IR esta
relacionada con la concentracion de diferentes grupos funcionales a través de la ley
de Lambert-Beer, el proceso de curado puede ser seguido utilizando la expresidén:

A=¢&xCxL (2.1)

donde A es la absorbancia de una especie a una cierta frecuencia, € es el coeficiente
de absorbitividad, C es la concentracidn de la especie y L es la via dptica.

La espectroscopia de IR es una herramienta util para el seguimiento de ciertas
reacciones mediante la monitorizacion de las sefales correspondientes a los
diferentes grupos reactivos involucrados. En este sentido, es posible seguir el
entrecruzamiento de polimeros o mondmeros, controlando las sefiales de los grupos
que participan en la reaccion antes y después del proceso de curado. Debido al hecho
de que la absorbancia es proporcional a la via dptica, L, es necesario normalizar la
banda principal con respecto a una banda de referencia que permanece inalterada
durante el proceso de curado. De este modo, la conversidén X, determinada por las
mediciones FT-IR puede escribirse como sigue:

]

X=1- (2.2)

AO

donde Af es la absorbancia normalizada a un tiempo t y A° es la absorbancia inicial
correspondiente al maximo.

Se usaron dos dispositivos FT-IR diferentes. Para los procesos de curado térmico,
las muestras curadas y no curadas se analizaron con un espectrémetro FTIR Jasco FTIR
con un accesorio de reflexién total atenuado con control térmico y cristal de diamante
(Golden Gate Heated Single Reflection Diamond ATR, Specac-Teknokroma). Los
espectros se recogieron a diferentes temperaturas, resoluciones y rangos de longitud
de onda descritos en detalle en los capitulos correspondientes.

En el caso de muestras curadas con UV, las formulaciones son expuestas
simultaneamente al haz UV, que induce la polimerizacién, y al haz IR, que analiza in
situ el desarrollo de la reaccién. Para ello se utilizé un dispositivo FTIR Bruker Vertex
70 con un accesorio de reflexion total atenuado con control térmico (capaz de
enfriarse con nitrégeno liquido) equipado con una lampara de mercurio de presidn
media Hamamatsu Lightningcure LC5 con una guia éptica y una intensidad de luz en
la superficie de la muestra de aproximadamente 5 mW.cm™. Ambos dispositivos se
pueden observar en la Figura 2.2.
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Figura 2.2. Equipos de FT-IR empleados en el seguimiento de las reacciones fotoquimicas
(izquierda) y térmicas (derecha)

2.3. Calorimetria diferencial de barrido (DSC)

La calorimetria diferencial de barrido es la técnica mas empleada en el estudio
térmico de los polimeros, y se basa en la diferencia del flujo de calor entre una
sustancia y una referencia en funcién de la temperatura, mientras que la muestra se
somete a un programa de temperatura controlada. Entre las aplicaciones del DSC
deben mencionarse la determinacidn facil y rapida de la temperatura de transicion
vitrea, de las temperaturas de fusién y cristalizacion, calores de fusidn y de reaccion,
determinacion de pureza, asi como la caracterizacidon de termoestables y mediciones
de temperaturas y entalpias de las transiciones de cristal liquido.?

Para realizar los diferentes estudios calorimétricos se emplearon los siguientes
equipos: Mettler DSC821e equipado con un brazo robdético TSO801RO para realizar
analisis de DSC desde temperatura ambiente hasta altas temperaturas y Mettler
DSC822e con un sistema de enfriamiento por nitrégeno liquido para realizar
mediciones a bajas temperaturas.

Ambos equipos fueron calibrados con un estandar de indio (calibracion del flujo
del calor) y un estandar de plomo-zinc-indio (calibracion de la temperatura). Las
muestras fueron preparadas en cdpsulas de aluminio empleando de 5 a 10 mg. La
Figura 2.3 muestra los calorimetros usados.

2.3.1 Estudio de la cinética de curado

La cinética de curado es una relacion matematica entre tiempo, temperatura y
conversion. En el estudio cinético por DSC, el calor liberado durante la reaccién se
asume que es proporcional al grado de conversién.? Adicionalmente, la velocidad de
curado (dx/dt) es directamente proporcional al calor liberado (dH/dt). Cuando se
completa la reaccion, la integral relacionada con la sefial obtenida produce el calor
liberado total AH;:. La velocidad de reaccion y el grado de conversion se pueden
calcular mediante la siguiente expresion:

dx _ dH/dt _ dh/dt

= = (2.3)
dt AH total Ah total
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¥ = AHt _ Aht
" AH total ~ Ah total (2.4)

donde dh/dt y Ahs: son la velocidad de liberacion de calor y el calor total liberado
normalizado con respecto al tamafno de la muestra, AH; es el calor liberado hasta un
tiempo t, y Aht es el calor liberado normalizado con respecto al tamafio de la muestra.
Finalmente, X es el grado de curado, y también puede expresarse como a.

La cinética de un sistema puede estudiarse en condiciones isotérmicas o
dindmicas. Los estudios dinamicos presentan mas ventajas en comparacion con los
experimentos isotérmicos. Cuando se emplean condiciones isotérmicas, es posible
tener pérdida de informacion al inicio del proceso de curado y, por otro lado, no
siempre se completa el curado del material.?

La velocidad de reaccion se expresa generalmente como dx/dt=k f (x) siendo k la
constante cinética y f (x) una funcidon dependiente de la conversion. La constante
cinética, k, generalmente sigue la expresion de Arrhenius:

k=AeF" (2.5)

donde A es el factor pre exponencial, E la energia de activacion, R la constante de los
gases y T la temperatura absoluta.

En general, un proceso cinético esta bien caracterizado si se conoce E, A y f(x),
llamado triplete cinético. Aunque estrictamente hablando, esta metodologia sélo
debe ser valida para procesos de "un solo paso", también puede aplicarse en sistemas
donde coexisten mas de un proceso quimico (o fisico). Existen dos enfoques
principales en el analisis cinético, los métodos isoconversionales y los métodos de
ajuste del modelo. En la presente tesis sélo se ha utilizado el analisis cinético
isoconversional.

La metodologia isoconversional asume que la funcién de reaccidn f(x) es
independiente de la velocidad de calentamiento £.% De este modo, la cinética de un
proceso solo depende del grado de conversion en un momento determinado.
También requiere la realizacion de una serie de experimentos para determinar la
energia de activacidon aparente. Estos experimentos pueden ser, por ejemplo, el
curado dindmico a diferentes velocidades de calentamiento.
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Figura 2.3. Imagenes de los equipos de DSC usados en el estudio del curado térmico

2.3.2 Temperatura de transicidn vitrea (Tg)

La temperatura de transicidn vitrea se define normalmente como la temperatura
a la mitad de la diferencia de la capacidad calorifica (2ACp, véase la Figura 2.4). La Tg
también puede tomarse como el punto de inflexidn, que es ligeramente diferente y
corresponde al pico en la derivada del flujo de calor o capacidad térmica en funcién
de la temperatura.

Con el fin de determinar la Tg de los materiales preparados se realizaron
experimentos de DSC en condiciones dindmicas a 20 °C/min.

Heat Flow

Temperature -

Figura 2.4. Determinacion de la temperatura de transicion vitrea en un experimento de
calentamiento a partir de una curva DSC idealizada (endotérmica hacia abajo). Th: inicio de la
desviacién de la curva DSC de la linealidad; T1: temperatura de inicio extrapolada de Tg; Tg:
temperatura de transicion vitrea; T2: temperatura final extrapolada de la transicion vitrea; Te:
temperatura final de Tg donde la dependencia de Cp pasa a ser lineal.

2.4. Fotocalorimetria (foto-DSC)

La fotocalorimetria de DSC permite medir cambios de entalpia en un material
durante y después de la exposicion a una luz ultravioleta, a ciertas longitudes de onda
durante diferentes periodos de tiempo, bajo ciertas condiciones de temperatura.
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Los experimentos fotocalorimétricos se realizaron en un Mettler DSC821e
modificado para irradiar las muestras con un Hamamatsu LC5 UV con una lampara Hg-
Xe de doble haz que irradia simultdneamente tanto la muestra como la capsula de
referencia (Figura 2.5). El horno del calorimetro esta cubierto con una tapa de plata
con dos ventanas de cuarzo para colimar el haz de luz.

La conversién de curado se puede determinar directamente a partir de la curva
foto-DSC utilizando la ecuacién 2.6, o del calor restante liberado en un experimento
de postcurado dinamico de la siguiente manera:

Ahres
X=1-— 2.6
Ahtotal (2.6)
donde Ahres es el calor liberado en el barrido de post-curado y Ahtotal es un valor de

referencia del calor liberado en un curado completo.

Figura 2.5. Foto-calorimetro utilizado para realizar experimentos con foto-DSC
2.5. Analisis térmico dinamomecanico (DMTA)

El andlisis térmico dinamomecanico implica la imposicién de una pequefia
deformacidn ciclica en una muestra y la medicién de la respuesta al esfuerzo, o, de
manera equivalente, la imposicion de una tension ciclica en una muestra y la mediciéon
de la respuesta de deformacién resultante. El DMTA se utiliza tanto para estudiar
procesos de relajacién de moléculas en polimeros como para determinar propiedades
mecanicas o de flujo inherentes en funcién del tiempo y la temperatura.> En otras
palabras, el DMTA estudia la naturaleza viscoelastica de un material aplicando una
tension oscilatoria con una frecuencia fija a la muestra y controlando su respuesta a
diferentes temperaturas. Asimismo, se puede calcular el mddulo complejo (E*) y el
factor de pérdida (tan 6).

El médulo contiene contribuciones reales e imaginarias (E*= E'+i E"). En cuanto
a la parte real, E', es la medida de la respuesta eldstica del material, mientras que la
parte imaginaria, E", es la respuesta viscosa. El maximo obtenido en la curva tan 6 es,
en la mayoria de los casos aceptado como la Tg de un material aunque cambia con la
frecuencia utilizada en el experimento.
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El médulo de Young también puede ser calculado por DMTA. Empleando la
mordaza del tipo 3-point bending, es posible obtener el médulo de Young en una
prueba de flexidon no destructiva a temperatura ambiente. El mddulo de elasticidad se
calcula utilizando la pendiente de la curva de deformacién de carga de acuerdo con la
siguiente ecuacion:

L*m

- (2.7)

Ef

donde Ef es el modulo de elasticidad de flexion (MPa); L es la longitud de la probeta
de prueba (mm); m es el gradiente (es decir, la pendiente) de la porcidn de linea recta
inicial de la curva de deflexion de carga (N/mm), b es el ancho (mm) y d el espesor de
la probeta (mm). Para esta tesis se utilizé un TA Instruments DMA Q800 (Figura 2.6)
empleando la mordaza 3-point bending sobre muestras prismaticas rectangulares
previamente curadas en un molde bajo condiciones isotérmicas. Esta técnica también
fue empleada para determinar el grado de deformacion de los materiales
termoestables a través de ensayos de traccidon usando la mordaza de tensién en
probetas con forma de hueso.

Figura 2.6. Equipo DMTA utilizado para estudiar las propiedades viscoelasticas de los
termoestables preparados

2.6. Analisis termogravimétrico (TGA)

El analisis termogravimétrico es una técnica que se basa en las mediciones de
masa en funcion de la temperatura o del tiempo, mientras que la muestra se somete
a un programa de temperatura y atmdsfera controlada.® El corazén del TGA es la
termobalanza, que es capaz de medir la pérdida de masa de una muestra
determinada, en funcién de la temperatura y el tiempo, mientras que un gas de purga
que fluye a través de la balanza crea una atmédsfera que puede ser inerte, oxidante o
reductora. El contenido de humedad del gas de purga puede variar de seco a
saturado.”

Para el analisis de la degradacidon térmica de las muestras curadas se utilizé una
termobalanza Mettler TGA / SDTA 851e (Figura 2.7). En condiciones dindmicas se llevo
a cabo la degradacién de muestras a 10 °C/min de 30 a 600 °C bajo nitrégeno. A partir
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del analisis termogravimétrico, se puede obtener la temperatura de degradacion
inicial (generalmente 5%), lo que indica el limite de estabilidad del material. Ademas,
se puede obtener la temperatura de la velocidad maxima de pérdida de peso y el
residuo a alta temperatura.

Figura 2.7. Termobalanza utilizada para la evaluacion de la estabilidad térmica
2.7. Reologia

La reologia es la ciencia que estudia la deformacién y el flujo de los materiales.
Todos los materiales pueden fluir, aunque depende del tiempo de observacidn. En el
caso de los polimeros, en tiempos de procesamiento muy cortos puede comportarse
como un solido, mientras que en largos tiempos de procesamiento el material puede
comportarse como un fluido. Esta naturaleza dual (fluido-sélido) se conoce como
comportamiento viscoeldstico.®

La viscosidad es una de las propiedades de flujo mas importantes que se miden
por reometria, y se define como la resistencia que tiene un material determinado a
fluir. Estrictamente hablando, es la resistencia a la cizalla y puede definirse como la
relacion entre el esfuerzo cortante impuesto y la velocidad de cizalla. De este modo,
las mediciones reoldgicas se basan en el control de la tension generada en la muestra
como respuesta a la aplicacién de una fuerza de cizalla oscilante.®

La viscosidad compleja (n*) se determina en experimentos multi-frecuencia a
una cierta temperatura y amplitud. Esta amplitud debe estar comprendida dentro del
intervalo de viscoelasticidad linea

Figura 2.8. Redmetro ARG2 usado en la determinacidn de las viscosidades de las
diferentes formulaciones



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

2.8. Microindentacion

Un ensayo de microindentacion es un ensayo no destructivo que determina la
resistencia del material a la penetracién.® Consiste en hacer penetrar en la muestra
pulida un indentador de diamante bajo la accidon de una carga estatica durante un
tiempo determinado (entre 10y 15 s) y medir la superficie de la huella resultante tras
retirar la carga. Es especialmente util para muestras de pequefio espesor
(recubrimientos) o bien de pequefias dimensiones que requieren fuerzas de
penetracién inferiores a 9.8 N. En el caso especifico de microdureza Vickers, el
penetrador es piramidal de base cuadrada. Realizada la huella, la dureza del material
se puede obtener midiendo la longitud de las dos diagonales (d1 y d2) y obteniendo
la longitud media d. La dureza se obtiene a partir de la siguiente ecuacidn:

1.8453 - F
V="

— (2.8)

donde F es la fuerza de penetracién en kgf y d la media aritmética de la longitud de
las dos diagonales medidas en mm.

Para evaluar la dureza de cada uno de los materiales trabajados se utilizé un
Microdurémetro Wilson Wolpert 401 MVA con un indentador MicroVickers de peso
variable entre 10 gf y 1000 gf y siguiendo el procedimiento estandar de ASTM E384-
16. Para reducir al minimo la incertidumbre en el resultado, se realizaron al menos 10
medidas con un nivel de confianza del 95%. La Figura 2.9 muestra la apariencia del
microindentador utilizado.

Figura 2.9. Medidor de microdureza utilizado para la determinacién de la dureza
Vickers de los termoestables preparados
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curing based on thiol epoxy reaction
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New catalysts for diclycidyl ether of bisphenol A curing based
on thiol-epoxy click reaction

Abstract

The thiol-epoxy click reaction has been employed in the curing of diglycidylether of
bisphenol A (DGEBA) using latent amine precursors in ratios of 0.5 and 2 phr. The kinetics
of the curing of mixtures of DGEBA/thiol/amine precursor was studied by calorimetry
under isothermal and non-isothermal conditions. The latent characteristics of the
formulations containing amine precursors were investigated by rheometry and
calorimetry. The thermal stability of the thermosets and their thermomechanical
characteristics were evaluated by thermogravimetry and dynamomechanical analysis.
The new formulations were compared with those containing benzyl dimethyl amine or 1-
methylimidazole as catalysts. The use of amine precursors in these systems extended the
pot-life of the formulations and permitted a better control of the curing process.

Keywords: Thiol, epoxy resin, latency, pot-life, crosslinking.
Introduction

The so-called “click chemistry” incorporates a new generation of chemical reactions
under the concept of ideal synthesis characterized by: efficiency, versatility, and
selectivity.¥?3Click reactions have been classified in the following categories:(a)
cycloadditions of unsaturated compounds (e.g. Diels—Alder reaction); (b) nucleophilic
attacks to strained heterocycles (epoxides, aziridines, etc.);(c) carbonyl chemistry of the
non-aldol type (formation of ureas, thioureas, hydrazones, etc.) and d) additions to
carbon-carbon multiple bonds (thiol-ene, Michael additions, etc.).2*°

Among click reactions, thiol-epoxy is very interesting because leads to the formation
of hydroxyl and thioether groups in a single step, which can be further transformed to
reach complex structures.® Thiols react with epoxides in a base catalyzed addition
reaction through a nucleophilic attack to the less steric hindered carbon, as shown in the
Scheme 1. The amine catalyst helps to transform the thiol to thiolate anion, which is the
true nucleophile that opens the epoxy ring.” The alkoxide formed can regenerate the
thiolate anion from the remaining thiol groups by a base-acid equilibrium and the reaction
further proceeds until completion.®®

Thiol-epoxy reactions have been applied to the preparation of polymers. Khan et al.
reported the use of this reaction for the preparation of linear polymers with free hydroxyl
groups, using 1,2-ethanedithiol and 1,4-butanediol diglycidyl ether.’® The same group
proposed the preparation of high molecular weight poly(B-hydroxythio-ether)s,!
hydrogels!? or even hyperbranched polymers by AB> methodology.!* However, they used
typical bases as LiOH or DBU or tetrabutylammonium fluoride to catalyze the thiol-epoxy
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reaction and the polymerization occurs at room temperature or at temperatures not
higher than 70 °C.

The crosslinking of pure epoxy resins to form a network is a very complex process,
and it is impossible to give a definitive structure for the final product. The properties and
performance of epoxy resins are dependent on the type of epoxy resin, the curing agent,
and curing conditions. Although thiols have been scarcely studied as epoxy curing agents
they seem interesting because of the type of networks formed.'* Frey et al.'® reported the
ability of thioethers to complex metals and therefore thioether networks can be
considered as ideal to prepare metal nanocomposites. Moreover, thiol-epoxy materials
are already used in the adhesives industry.1

Initiation

e NN I RSN
|
Propagation
o
NN °
S + A\\\\—» \/\/S
“ Hs/\/\

OH

//f\\,//\\se + \\/’\\/5\\/L\¢/\\/A\//

Scheme 1. Reaction mechanism of the thiol-epoxy catalyzed by amine

One of the major drawbacks of tertiary amine catalyzed thiol-epoxy formulations is
their fast initial curing, leading to a short pot-life.® In this respect, latent amine precursors
could be ideal to solve this limitation. Latent catalysts are those that show no activity
under normal conditions but become active through external stimulation. These stimuli
are usually heating and photoirradiation.'” Thermal stimulation is easier from the
technological point of view, because it allows a complete curing avoiding vitrification and
can be used for the curing of thick samples or samples with complex shapes. Latent curing
agents simplify the technological curing process because they allow the preparation of
one-pot curing mixtures. Thermal latent curing agents can act mainly by two different
mechanisms: the first one is based on their compatibility in epoxy resin because of their
crystalline character or encapsulation of the active species.'® The second mechanism is
based on the use of a precursor compound, inactive at room temperature, but which
under triggering by heat it transforms into an active curing agent.'® Since amines are
needed in the catalysis of thiol-epoxy reactions, latent systems able to release amines can
be of interest to increase pot-life of these curing systems. Alternatively, Sangermano et
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al.2% proposed the use of photo-activated amine precursors in the preparation of thiol-
cycloaliphatic epoxy/sol-gel hybrid materials.

The motivation for studying the thermal curing of thiol-epoxy formulations is the
thermal stability, low toxicity, high adhesion and exceptional transparency and
appearance of the resulting materials. In addition to these special characteristics, thiol-
epoxy systems can be combined with thiol-ene processes, both with click characteristics,
to prepare one-pot dual curing systems with photo- and thermal curing conditions that
should lead to versatile materials, based on the structure and stoichiometry.??2However,
the thermal thiol-epoxy reaction catalyzed by tertiary amines takes place so fast that
there is no possibility of producing B-stageable materials by sequential thiol-ene followed
by thiol-epoxy reaction. A true B-stageable character requires that the material is stable
after the first stage and therefore a latent catalyst is required in the second stage of the
curing process.

In this work, a 3-functional thiol was used to cure diglycidyl ether of bisphenol A
resin (DGEBA) with different amines and amine precursors as accelerators of this process.
The kinetics of the process was studied by calorimetry and the latent character was tested
by the evolution of viscosities by rheometry. The materials obtained were characterized
by thermogravimetry and thermomechanical studies. The new proposed formulations
were compared with benzyl dimethyl amine or 1-methylimidazole catalyzed DGEBA/thiol
formulations to investigate the advantages of the amine precursors, especially with
regards to pot-life, latency and curing kinetics.

Experimental part
Materials

Diglycidylether of bisphenol A (DGEBA, GY240, Huntsman, epoxy equivalent 182
g/eq) was dried at 80 °C under vacuum for 6h. The amine precursors were Technicure®LC-
80 (is an encapsulated imidazole) and Technicure®PDU-250 (N,N-dimethyl phenyl urea)
both from AC Catalysts. Benzyl dimethylamine (BDMA, Huntsman), 1-methylimidazole (1-
Ml) and trimethylol propane tris (3-mercaptopropionate) were supplied by Sigma Aldrich.
All these products were used as received.

Preparation of the curing mixtures

The mixtures were prepared by mixing stoichiometric proportions (1:1) of epoxide
and thiol (3 mol of DGEBA by 2 mol of trithiol). In catalyzed formulations, 0.5 and 2 phr
(parts of catalyst for hundred parts of epoxy resin) was added after homogenization of
DGEBA/trithiol mixture with a spatula and then magnetic stirring.

Characterization technigues

A differential scanning calorimeter (DSC) Mettler DSC-821e calibrated using an
indium standard (heat flow calibration) and an indium-lead-zinc standard (temperature
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calibration) was used to determine the kinetics of the curing process. Samples of ca. 10
mg were analyzed under isothermal and non-isothermal conditions under a constant N>
atmosphere with a gas flow of 100mL/min. The dynamic studies were performed in the
temperatures range of 30-300 °C, with a heating rate of 2,5,10 and 20 °C min!, whereas
the isothermal experiments were carried out at temperatures of80 and 120 °C.

The glass transition temperatures (Tgs) of the cured samples were determined in a
dynamic scan at 10 °C/min starting at -100 °C in a Mettler DSC-822e device.

The degree of conversion by DSC is calculated as follows:

Ahgyn

a

where Ahr is the heat released up to a temperature T or up to a time t, obtained by
integration of the calorimetric signal up to this temperature or time, and Ahgys is the total
reaction heat associated with the complete conversion of all reactive groups.

The curing kinetics of non-isothermal DSC curing experiments was analyzed by
means of isoconversional integral and Coats-Redfern procedures applied to non-
isothermal DSC data.?%242>

The isoconversional activation energy at different degrees of conversion x was
determined from multiple heating rate experiments using the Kissinger-Akahira-Sunose
method:

In <T—'BZ> =In (géc%) - % (2)

Where fis the heating rate, A is the pre-exponential factor, E is the activation energy and
g(x) is an integral function corresponding to the kinetic model. The representation of
In(B/T?) in front of -1/RT for the experimental results should produce a straight line, in
which the slope of the line is related to E, the activation energy of the process, and the
ordinate in the origin is related to the pre-exponential factor, A, and to the kinetic model,
represented by the function g(x).

The kinetic model was determined by using the Coats-Redfern equation:
g(x) _ A-R E
ln< T2>_ln(ﬂ~E> R-T @)

For a given kinetic model, linear representative of In(g(x)/T?) vs T* makes it possible

to determine E and A. We selected the kinetic model that had the best linear correlation
in equation (3) and that had an E value similar to the obtained by KAS procedure
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determined without knowing the kinetic model. Details of the kinetic methodology are
given in previous studies.?%?!

The time needed to reach a given conversion in an isothermal experiment can be
determined from the results of the isoconversional analysis of non-isothermal
experiments using the following expression:

1nt=1n<¥>+REfT (4)

The thermal stability of cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were performed
under inert atmosphere (N2 at 100 mL/min), pieces of the cured samples with an
approximate mass of 8 mg were degraded between 30 and 600 °C at a heating rate of 10
K/min.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyzer. The samples were cured isothermally in a mould at
120°C for different times between 30 and 60 min, depending on the type of amine
catalysts used. Prismatic rectangular samples (15 x 7.3 x 1.4 mm?3) were analyzed by 3-
point bending at a heating rate of 2 °C/min from -50 to 120 °C, using a frequency of 1 Hz
and an oscillation amplitude of 20 um.

The latency tests were performed for mixtures stored in an oven at controlled
temperature of 35 °C and the viscosities were measured at different storage times.
Viscosity measurements were performed in a TA Instruments ARG2 rheometer equipped
with disposable parallel plates. A sample gap between 0.4 and 0.6 mm was exactly set
with an accuracy of 0.001 mm. A shear rate of 100 s* was applied at 35 °C after 5 minutes
of temperature stabilization. A maximum of 2 minutes was needed to measure a steady
value of viscosity. The values were corrected for non-uniform stresses in the parallel
plates.

The isothermal degree of conversion (x) reached at a selected time was determined
from stored samples that were subsequently heated up at 10 °C/min to determine the
residual heat Ahyes, using the following expression:
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Results and discussion

Study of the curing process

In order to check whether the advantages of the new amine precursors selected in
the present work could be advantageous, we studied the thiol-epoxy curing reaction by
calorimetry in isothermal and dynamic conditions. Figure 1 shows the DSC thermograms
of the dynamic curing studies at 10 °C/min for mixtures with 0.5 phr of two typical amines
(BDMA and 1-Ml) and two amine precursors (LC-80 and PDU-250). As can be observed, in
case of the mixtures containing amines as BDMA and 1-MI the reaction occurs at low
temperatures, as expected from the literature reports.’ In contrast, in mixtures containing
the amine precursors LC-80 and PDU-250, higher curing temperatures were needed. In
order to understand this behaviour, certain insight into the nature of LC-80 and PDU-250
is needed.

10 4

""" DGEBA/BDMA 0.5phr/thiol
~=°~" " DGEBA/1-MI 0.5phr/thiol

DGEBA/LC-80 0.5phr/thiol

""" DGEBA/PDU-250 0.5phr/thiol
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Figure 1. DSC thermograms corresponding to the dynamic curing at 10 °C/min of the mixtures
epoxy resin-thiol with a proportion of 0.5 phr of the different amines and amine precursors

LC-80 is an encapsulated imidazole designed for one pot epoxy systems where a long
pot life and a fast cure are required. LC-80 can be used as a curing agent or as an
accelerator for dicyandiamide, anhydrides, etc., decreasing the cure temperature, while
maintaining a long pot-life.?® It has a melting point at about 65 °C and after melting the
encapsulated imidazole is released and the mixture begins to cure at about 110 °C.

PDU-250, N,N-dimethyl phenyl urea, is used as an accelerator for dicyandiamide
(DICY) to produce self-stable one-pot systems, combining excellent latency at ambient
temperature and rapid cure. It is reported in its data sheet that at room temperature shelf
life of resins compounded PDU-250 are stable for well over 4 months.?® It has a melting
point at 129-134 °C and after melting, the urea decompose, releasing N,N-dimethylamine,
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which leads to curing at about 140 °C and phenyl isocyanate, as represented in Scheme
2.

o]
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Scheme 2. Proposed mechanism to explain the decrease in the crosslinking density in PDU-250
catalyzed formulations

Therefore, it follows that unless a sufficiently high temperature is reached, release
or activation of the amine catalyst does not take place in the case of LC-80 and PDU-250
and curing is prevented from taking place. It seems that the use of amine precursors such
as LC-80 and PDU-250 may permit to have better control of the initiation of the thiol-
epoxy click reaction. As represented in Scheme 1, amines catalyze the thiol-epoxy
reaction by increasing the nucleophilicity of thiols, converting them to thiolates.

The effect of increasing the proportion of amine precursor was also tested. Figure 2
represents the DSC curves of mixtures containing 0.5 and 2 phr of the amine precursors.
As we can see, the higher the proportion of amine precursor the lower the curing
temperature is. Moreover, a different shape of the curve was observed for PDU-250
catalyzed formulations. A higher proportion of this compound not only reduces the curing
temperature but also increases the curing rate. Moreover, when 0.5 phr of PDU-250 is
used a shoulder in the calorimetric curve can be appreciated, which is eliminated when 2
phr were used. This can be rationalized in terms of a slow curing rate or incomplete curing
in the presence of a too low amount of PDU-250, leading to thermal homopolymerization
when the temperature was sufficiently high. From these results the need of 2 phr of PDU-
250 to cure the thiol-epoxy mixture was put into evidence. temperatures. Thus, with the
exception of PDU-250 0.5 phr the curing curves are sharp and begin at a defined
temperature and once initiated the curing is fast. This is another indication of latent
character of these systems, which opens the possibility of the preparation of one-pot
formulations.
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The latent character was studied by rheometric tests and DSC, and will be discussed
afterwards. The effect of the proportion of precursor on the curing temperature is more
noticeable in case of LC-80. From these studies it is obvious that the selection of the
proportion and type of amine precursor allows the selection of the adequate curing
temperature.

Table 1 shows the values of enthalpy released and the temperatures of the
maximum of the calorimetric peak for the curing of all the mixtures with different amines
and precursors in different proportions studied in the present work.

The values of the enthalpy released are similar for all the formulations indicating
that the degree of curing achieved is also similar. Moreover, the enthalpy released by
epoxy equivalent was 120-128 kl/eq, which indicates complete curing taking into account
that, for the curing epoxy-amine formulations, the reaction heat is of ca. 100-110
kl/eq.?"28

DGEBA/LC-80 0.5phr/thiol
“ = * * DGEBA/PDU-250 0.5phr/thiol
* DGEBA/LC-80 2phr/thiol

- DGEBA/PDU-250 2phr/thiol

50 100 150 200 250 300
Temperature(°C)

Figure 2. DSC thermograms corresponding to the dynamic curing at 10 °C/min of the mixtures
epoxy resin-thiol with a different proportion of the amine precursors

Table 1. Calorimetric data and kinetic parameters obtained for the thiol-epoxy formulations
containing different catalysts and proportions

Type of Prop. Ah? Ah Trmax E? InA®b kso°c K120°c
Catalyst (phr) (/g) (kd/eq) (°C) (kJ/mol) (min?) (min) (min)
LC-80 0.5 394 125 134 75.2 29.97 0.0094 0.3203
LC-80 2 393 126 110 84.3 34.97 0.0599 2.799
1-mMi 0.5 405 128 110 61.7 29.61 0.0728 1.9322
PDU-250 0.5 380 120 160 - - -
PDU-250 2 386 124 148 57.3 15.71 0.0124 0.0959
BDMA 0.5 389 123 108 32.2 13.35 0.1547 0.7277

a.  Curing enthalpy measured in a DSC scan at 10 °C/min
b.  In A has been calculated using the kinetic model A; with g(a)=[-In(1-a)]*3
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The evolution of the activation energy with the degree of conversion was calculated
by the isoconversional method and the values obtained are represented in Figure 3. As
we can see, there are no big variations in the activation energy along the curing process
with the only exception of the sample prepared with 0.5 phr of PDU-250, in which the
activation energy decreases continuously. Although it is generally not advised to derive
mechanistic interpretations from the changes in integral isoconversional energy,? this
different evolution can be attributed to the coexistence of the thiol-epoxy
polycondensation and thermal homopolymerization curing mechanisms, as discussed
above for this formulation. In the other cases, the rather constant activation energy
makes it possible to derive an easy interpretation on the basis of the energy barrier,
related to the temperature needed to react. Thus, the higher the activation energies the
higher the temperature at which the reaction occurs. Moreover, the greater value of
activation energy leads to a significantly stronger temperature dependence which is
related to latent characteristics. In the upper limit, LC-80 leads to the highest energy
values (between 85-75 kJ/mol) while BDMA leads to the lowest values, around 35 klJ/mol.
From this point of view, LC-80 is the best candidate to reach a higher latency, whereas
BDMA should have a low latent character as it is reported in the literature.®

—— DGEBA/BDMA 0.5phr/thiol

~——— DGEBA/1-MI 0.5phr/thiol

——4— DGEBA/PDU-250 0.5phr/thiol
100 — —=— DGEBA/LC-80 0.5phr/thiol

- —— DGEBA/PDU-250 2phr/thiol
° —*— DGEBA/LC-80 2phr/thiol
E 80

2

N

3
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c
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]
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Figure 3. Activation energy vs degree of conversion of the epoxy resin-thiol mixtures using
different amine precursors

We determined the kinetic model that best fits the experimental results according
to the procedures described in the experimental part and references therein, which in
these formulations was the Avrami-Erofeev model As. From the activation energy and the
kinetic model and using the Kissinger-Akahira-Sunose equation, we could obtain the pre-
exponential factor for a conversion of 0.5, which are collected in Table 1. The kinetic
constants were obtained by the Arrhenius equation at the temperature of the isothermal
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curing and also reported in the table. It can be seen that, at lower curing temperatures,
BDMA leads to the fastest curing but, upon increasing the temperature, the curing is
faster with other catalysts such as 1-Ml. Due to the fact that the activation energy was
not constant during curing it was not possible to find an accurate kinetic model describing
the process for the formulation containing 0.5 phr of PDU-250 and therefore the kinetic
data were not calculated.

The technological curing of epoxy resins is usually done in isothermal conditions.
Therefore, it is interesting to study these systems by isothermal calorimetric experiments.

Figure 4 represents the curing curves obtained at 120 °C for the formulations

catalyzed by the less active amine precursors.

————— DGEBA/PDU-250 0.5phr/thiol

""" DGEBA/PDU-250 2phr/thiol

DGEBA/LC-80 0.5phr/thiol

Wg

T T T T 1
1000 1500 2000
Time (s)
Figure 4. DSC thermograms corresponding to the isothermal curing at 120 °C of the epoxy-thiol
mixtures with different catalysts and proportions

As itis observed in the isothermal curves, the activation of the different formulations
needs different time to occur and it is inversely proportional to the amount of catalyst in
the formulation. The times needed to reach a complete curing are also quite different,
between 400 and 1000 s. The increase of the proportion of PDU-250 in the formulation
from 0.5 to 2 phr, not only reduces the time of activation and curing but it leads to a
sharper exotherm that indicates a quicker curing at this temperature and to the
elimination of the above mentioned thermal homopolymerization. The most reactive
precursor is LC-80. In fact, the increase in the proportion of LC-80 in the formulation leads
to a so quick curing that is difficult to monitor it at 120 °C, since it begins instantaneously
on introducing the sample in the DSC oven, making difficult the observation of the
exotherm. Therefore, the most active formulations were studied isothermally at 80 °C.
The curves obtained are represented in Figure 5.
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On comparing the curves in Figures 4 and 5 broader peaks are observed in the latter,
because the slow curing rate at this temperature. The most active curing system is the
one catalyzed by BDMA, which reaches completion in about 500 s at 80 °C. The other two
systems initiated by 0.5 phr of 1-Ml or 2 phr of LC-80 needs a longer curing time to be
completed. Although the curing of mixtures with 1-Ml stars later it finishes at the same
time that LC-80 2 phr formulation.

The isothermal curves collected in Figures 4 and 5 reflect the order in the kinetic
constant values in Table 1. From the constant rate values and experimental data we can
state that the most reactive system at 120 °C is the one catalyzed by 2 phr of LC-80 and
at 80 °Cis the one catalyzed by 0.5 phr of BDMA. It can be seen that the less active system
is the one containing 0.5 phr of PDU-250, which reaches completion in longer curing times
at higher temperature, in agreement with the results of the dynamic curing experiments.
Keeping in mind that it is important to have a good latent character but fast curing upon
increasing the temperature, it can be concluded that 0.5 phr of PDU-250 are not sufficient
and that higher catalyst content is required.

------ DGEBA/BDMA 0.5phr/thiol
" * ™" DGEBA/1-MI 0.5phr/thiol
............. DGEBA/LC-80 2phr/thiol
5 "
‘I P
) )
" / : £ N
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’ \| /' \
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Figure 5. DSC isothermal curves registered at 80 °C of the mixtures epoxy-thiol with different
catalysts

Latency tests

The determination of the latent character of the amine precursors used on the thiol-
epoxy mixtures was studied by rheometry, by measuring the viscosities after several
times of storage. All mixtures were stored at 35 °Cin an oven and the viscosity determined
each two or three days. The results obtained are shown in Figure 6. The enthalpy released
after the periods of storage was also measured to determine the degree of curing
achieved. The values are collected in Table 2.
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In the plot we can see that the viscosity of the mixture with BDMA was significantly
higher than the others, indicating that it had already reacted to a significant extent in the
few minutes elapsed from sample preparation to viscosity measurement. The enthalpy
released also changed dramatically after few minutes (data not reported). This indicates
that the pot-life is quite short, as previously described for such curing systems.® In the
case of 1-MI formulation the reaction does not take place as quickly as with BDMA, but
after 2 days of storage the sample was already gelled and vitrified and it was not possible
to measure any remaining enthalpy nor viscosity. These tests confirm that both amines
do not have latent character, which prevents the preparation of one-pot formulations.
Formulations containing PDU-250and LC-80 as amine precursors present viscosity values
practically constant during several days. The mixture with 2phr of PDU-250 was cured
after 4 days of storage. However, in formulations with a lower proportion of PDU-250,
the viscosity after 10 days of storage increased up to 1753 Pa.s, but there was still some
remaining enthalpy (45 J/g). In the case of the mixture containing 2 phr of LC-80a small
increase in viscosity on increasing storage time was observed and between the days 12
and 13 the complete curing was reached, since no remaining enthalpy could be measured
on the 14™ day. If the proportion of LC-80 is reduced to 0.5 phr the viscosity and the
remaining curing heat is practically invariable after 18 days of storage in the oven, but in
the 21t day a significant increase in viscosity up to 10.4 Pa.s could be measured, but a
significant remaining enthalpy still exists. Overall, the reaction extent of the formulation
containing 0.5 phr of LC-80 after 3 weeks of storage at 35 °C was of only 0.12. This implies
a higher latency character for the amine precursor LC-80, which presents a high pot-life
at this temperature.

1.0 4
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074 <
P~ |
“
m . .
S o6 o
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8 04- ° " -
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15— X = @ DGEBA/LC-80 2phr/thiol
0.3 + A DGEBA/PDU-250 0.5phr/thiol
: ¥ DGEBA/PDU-250 2phr/thiol
0.2 < DGEBA/BDMA 0.5phr/thiol
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Figure 6. Plot of viscosities of the different formulations against storage time
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In principle, according to the information given in their data sheet, it was expected
that the precursors LC-80 and PDU-250 presented similar latency of more than two
months, but they did not, especially PDU-250. In fact, the pot-life was much shorter than
expected. It should be commented that the latency reported by the delivering companies
was determined at room temperature, supposed to be 25 °C, lower than the used in our
studies. However, some other effects on the latency of these precursors could arise from
the different chemical environment in the formulation. In the case of LC-80, this can be
caused by a specific interaction of the thiol with the encapsulating polymer or to an easier
solubilization, leading to an early release of the imidazole. In the case of PDU-250, one
can hypothesize that the presence of thiol groups can catalyze the urea decomposition
leading to an early release of the free amine.

Table 2. Residual heat (in J/g) after several days of storage at 35 °C for the different formulations
studied. Calculated conversion is shown in parentheses

Days LC-80 LC-80 PDU-250 PDU-250 BDMA imi

0.5phr 2phr 0.5phr 2phr 0.5phr 0.5phr

0 406 (0) 404 (0) 387 (0) 391 (0) a 373 (0)
2 403 (0) 403 (0) 380 (0) 393(0) - e
4 405 (0) 394 (0) 357(0.06) - e e
7 402 (0) 394 (0) 354(0.07) - =
9 402 (0) 399 (0) 108(0.71) =
11 389 (0.02) 377(0.04) 45(0.88) - e e

14 389(0.02) - e e
16 369 (0.06) - e e
18 359 (0.09)

21 356 (0.1)

a. The enthalpy released changes dramatically depending on the time used to be measured

After latency tests and kinetic studies it seems that the use of LC-80 is the most
advisable for the preparation of thiol-epoxy formulations, since the mixture can be stored
during several days and once started the curing is fast, depending on the proportion of
LC-80 added to the formulation. It should also be noted that the calorimetric analysis is
not sufficient to determine the latency of an initiator. Although PDU-250 starts to react
at higher temperature than the LC-80 in the calorimeter, its latency is much lower. The
latency of the initiator is mainly controlled by the rate of formation of the active species
at a given temperature and is highly dependent on the specific interactions between the
catalyst and the other species present in the formulation.
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Characterization of the materials

The materials obtained from the different formulations were studied by TGA, DSC
and DMTA for the determination of the thermal and thermomechanical properties.

The thermal stability of the thermosets was determined by thermogravimetry under
inert atmosphere and some of the curves obtained are shown in Figure 7. The main
parameters are collected in Table 3. In general, the curves reveal the excellent thermal
stability of these materials, with a generally single degradation process. There are no
much noticeable differences among the thermal stability of these materials, which are
stable up to temperatures of 340 °C (less than 5 % weight loss). Neither the proportion of
amine precursor gives significant differences. The only difference is the broad shoulder
that appears at temperature above 400 °C for the LC-80 and BDMA formulation.
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Figure 7. DTG curves under N; at 10 K/min of the materials obtained with a proportion of 0.5 phr
of the different catalysts

Table 3. Thermal and dynamic mechanical data of the materials obtained from thiol-epoxy
formulations with different catalysts and proportions

Type of catalyst ~ Proportion  Tsx  Tmax Charyield Tg®  Tuns® E E FWHM*
(phr) Q0 (%) ) ()  (MmPa) (MPa)  (°C)
LC-80 0.5 344 369 4 37 43 2281 9.11 12
LC-80 2 344 370 4 37 44 2429 10.78 10
Ml 0.5 345 362 7 32 45 2314 10.08 9
PDU-250 0.5 346 367 7 37 44 2024 7.71 8
PDU-250 2 338 365 6 30 45 2039 5.61 12
BDMA 0.5 342 362 4 32 44 2383 9.63 10

Q

Tgs determined by calorimetric analysis
b. Temperature of maximum of tan § determined by DMTA
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[ FWHM stands by full width at half maximum

The dependence of the viscoelastic properties with the temperature was studied by
DMA. Figure 8 and Figure 9 plot the storage modulus and the loss factor, respectively, for
all the materials prepared. The main data obtained from these studies are summarized in
Table 3. Although the DMA experiments were registered from -100 °C to 120 °C no
relaxations under room temperature were observed and the plots in the figures were cut
to be clearer.

~ DGEBA/1-MI 0.5phr/thiol

P i ms momy oy

DGEBA/BDMA 0.5phr/thiol

1000 - DGEBA/LC-80 0.5phr/thiol
] DGEBA/LC-80 2phr/thiol
() DGEBA/PDU-250 0.5phr/thiol

~'T'7'" "DGEBA/PDU-250 2phr/thiol

100

Storage modulus (MPa)

10 4

. . . : .
0 20 40 60 80 100
Temperature (°C)

Figure 8. Plot of storage modulus against temperature for the different materials prepared

Figure 8 shows that the storage modulus in the glassy state remains quite stable
before the occurrence of the a-relaxation, related to the Tg, leading to a drop in modulus
of about 2-3 orders of magnitude reaching an almost constant value in the rubbery state.
Crosslinking has a dramatic effect on the dynamic mechanical properties in the transition
and in the plateau. According to the theory of rubber elasticity, the rubbery modulus is
inversely proportional to the molecular weight between crosslinks* Thus, from the
values of the storage modulus in the rubbery region (E:) collected in the table, a lower
crosslinking density or higher molecular weight between crosslinks are evidenced for the
materials obtained by catalyzing with PDU-250. The higher the proportion of PDU-250 the
lower the rubbery modulus is. However, there are no much differences among the other
materials. Also, storage modulus in the glassy state is lower for the materials obtained
using PDU-250.

The explanation to the lower crosslinking density of the materials obtained by using
PDU-250 can be found in the reaction of the decomposition products of urea in PDU-250
with the components of the formulation. Scheme 2 represents some possible reactions
that can occur during curing. Isocyanate groups can react with thiols whereas secondary
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amine can react with epoxides, both processes leading to a reduction of the crosslinking
points.

The plot of loss factor against temperature in Figure 9 shows the a-relaxation,
characterized by a narrow peak, which is strongly related to the Tg. The peak
temperatures shown in Table 3 are similar to each other regardless of the catalyst used,
indicating that very similar materials are obtained in any case, and compare well with the
values of the calorimetric Tg measured by DSC and shown in the same table. It should be
remarked that the values of Tgs are very low due to the flexible character of the thiol
structure and the low crosslinking density of the materials. It is expected that higher
functionalities of thiol monomer or a more rigid structure may help to reach higher Tg
values.

————— DGEBA/ 1-MI 0.5phr/thiol

-------- DGEBA/BDMA 0.5phr/thiol

DGEBA/LC-80 0.5phr/thiol
7T DGEBA/LC-80 2phr/thiol

b e DGEBA/PDU-250 0.5phr/thiol

W TTTT DGEBA/PDU-250 2phr/thiol

Tan &

0.0

Temperature (°C)

Figure 9. Plot of tan 6 against temperature of the different materials prepared

The area of the peak is related to the damping characteristics, but no differences in
the areas could be measured for these materials. The material with 0.5 phr of LC-80
presents a shoulder in the tan 6 curve at lower temperature (see Figure 9). Broadening of
the tan 6 curve is commonly assumed to be due to a distribution in the molecular weight
between crosslinks or some other kind of heterogeneity in the network structure.3°A
representative parameter of the network homogeneity is the value of FWHM, or width of
the curve at half height of the peak. According to the data shown in Table 3, the materials
with 0.5 phr of LC-80 and 2 phr of PDU-250 seem to be somewhat less homogeneous but
the differences are nevertheless small.

Conclusions

Amine precursors, LC-80 and PDU-250, were studied as catalyst of thiol-epoxy
formulations and were compared with amines such as BDMA and 1-Ml. From preliminary
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kinetic analysis, it was shown that LC-80 and PDU-250 had a potential as latent catalysts
for the thiol-epoxy reaction, producing a higher activation temperature than BDMA and
1-MlI and promoting fast cure at high temperatures, especially LC-80.

The latency tests showed that BDMA and 1-MI promoted fast curing at room
temperature, leading to complete cure in less than 1 and 2 days, respectively. The use of
PDU-250 led only to a discrete latent character, while 0.5 phr of LC-80 led to the greatest
storage stability, reaching only a degree of cure of ca 0.12 after 21 days of storage and a
modest increase in viscosity. This, coupled with the extremely fast cure at 120 °C, makes
LC-80 a promising latent catalyst to be used in one-pot thiol-epoxy formulations or dual-
curable B-stageable formulations combining thiol-ene and thiol-epoxy chemistry.

The materials obtained were thermally stable until 350 °C and had a simple
degradation profile. They were transparent and colourless and quite flexible, with Tgs
near room temperature. In order to increase the thermomechanical properties of the
cured materials, monomers with a higher functionality or rigidity should be used.
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CAPITULO 4

Polymers, 2015, 7, 680-694

Enhancement in the Glass Transition Temperature in
Latent Thiol-Epoxy Click Cured Thermosets
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Enhancement in the glass transition temperature in latent
thiol-epoxy click cured thermosets

Abstract

Tri and tetrafunctional thiol were used as curing agent for diglycidyl ether of
bisphenol A (DGEBA) catalyzed by a commercially available amine precursor, LC-80.
Triglycidyl isocianurate (TGIC) was added in different proportions to the mixture to
increase rigidity and glass transition temperature (Tg). The cooperative effect of
increasing functionality of thiol and the presence of TGIC in the formulation leads to an
increased Tg without affecting thermal stability. The kinetics of the curing of mixtures
was studied by calorimetry under isothermal and non-isothermal conditions. The latent
characteristics of the formulations containing amine precursors were investigated by
rheometry and calorimetry. The increase in the functionality of the thiol produces a
slight decrease in the storage lifetime of the mixture. The materials obtained with
tetrathiol as curing agent showed the highest values of Young’s modulus and Tg.

Keywords: thermosets; thiol; epoxy resin; triglycidyl isocyanurate; click reaction;
latency.

Introduction

In recent years, an increasing interest in the preparation of thermosets by click
methodologies has appeared. »?3This is because of the characteristics of click reactions:
environmentally-friendly conditions, efficiency, orthogonality and quantitativity. These
characteristics have allowed for the discovery of innovative solutions in the field of
coatings technology.*®> Among click reactions, thiol-epoxy systems have broad
applications®7#%101 put they present an important drawback which is the low reactivity
of the formulation that requires the addition of a catalyst. However, the disadvantage of
a too short pot-life appears on catalysing with amines.*?

In a previous paper, we reported new latent thiol-epoxy curing systems by using
amine precursors, like an encapsulated imidazole or a urea, which at a defined
temperature release the corresponding amines.’®> The released amine catalyses the
thiol-epoxy reaction by acting as a base and increasing the nucleophilicity of thiol groups
by forming thiolates.’?> Depending on the type of amine precursor and its proportion,
the curing temperature or the formulation stability can be selected.

One of the most important characteristics in thermosets is the glass transition
temperature (Tg). The values of Tg are directly related to the behaviour of the materials
and therefore to their final application and characteristics such as modulus, hardness,
fragility, etc.*> One of the most extensively used epoxy resin is diglycidyl ether of
bisphenol A (DGEBA) but when reacting with stoichiometric amounts of thiols as curing
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agents, the values of Tg are rather low due to the flexibility of the aliphatic thiol
structure and the low crosslinking density.

The main strategy to improve Tg value is to increase the functionality or the rigidity
of the components of the curing system or reduce the molar mass maintaining its
functionality. In our case, the trifunctional thiol structure, previously studied, can be
substituted by a commercially available tetrafunctional thiol, pentaerythritol tetrakis (3-
mercaptopropionate) (PETMP), with a higher functionality and a slightly lower molar
mass per thiol group. However, no rigid thiols are commercially available, to the best of
our knowledge. DGEBA resin has only a functionality of two in the thiol-epoxy curing
and can be substituted by triglycidyl isocyanurate (TGIC), with a functionality of three, a
low molar mass per reactive group and high rigidity. These features should contribute,
in principle, to increase the Tg of the modified materials.

In this paper, we have studied the influence of a partial substitution of DGEBA by
TGIC and/or the use of PETMP as the thiol curing agent in the characteristics of the
materials and in their curing process and latency. The structures of the products used
are depicted in Scheme 1. As the catalyst, the encapsulated imidazole LC-80 was used in
a proportion of 0.5 phr in reference to the epoxy resin, according to our previous
results.’® The kinetics of the curing was followed by differential calorimetry and the
thermal stability and thermomechanical characteristics of the materials were evaluated
and related to the theoretical network parameters calculated. These new formulations
were compared with the system previously reported.’3

N

PETMP

0
HS/\AO
HS\/YO
0 TTMP 0

Scheme 1. Chemical structures of the compounds us
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Experimental part
Materials

Diglycidylether of bisphenol A (DGEBA, Araldite GY240, HuntsMaterials, Everberg,
Belgium, epoxy equivalent 182 g/eq) was dried at 80 °C under vacuum for 6 h. The
latent amine precursor which is an encapsulated imidazole was Technicure® LC-80 (LC-
80). Trimethylolpropane tris (3-mercaptopropionate) (TTMP), pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP) and tris(2,3-epoxypropyl) isocyanurate (TGIC) from
Sigma Aldrich (St. Louis, MO, USA) were used as received.

Preparation of the curing mixtures

The mixtures were prepared by mixing stoichiometric proportions (1:1) of epoxide
and thiol. In case of mixtures with DGEBA and TGIC, the selected proportions of resin
were homogenized by heating at 150 °C under magnetic stirring. The epoxy mixture was
allowed to cool down and the thiol was added. After homogenization of
DGEBA/TGIC/thiol mixtures, 0.5 phr of LC-80 (parts of catalyst per 100 parts of epoxy
resin) were added and dissolved by stirring at room temperature. Neat samples were
prepared by mixing the formulation under stirring at ambient temperature.

Characterization techniques

The kinetic experiments were performed by differential scanning calorimetric
(DSC) in a Mettler (Greifensee, Switzerland) DSC-821e apparatus. For dynamic and
isothermal studies, a flow of N2 at 100 mL/min was used and the weight of the samples
for the analysis was 10 mg. The calorimeter was calibrated using an indium standard
(heat flow calibration) and an indium-lead-zinc standard (temperature calibration). The
dynamic studies were performed in the temperatures range of 30-300 °C, with a
heating rate of 2, 5, 10 and 20 K/min, whereas for the isothermal experiments, a
temperature of 100 °C was used.

The glass transition temperatures (Tgs) of the cured samples were determined
after two consecutive heating dynamic scans at 10 °C/min starting at =50 °C in a Mettler
DSC-822e device to delete the thermal history. The Tg value was taken as the middle
point in the heat capacity step of the glass transition.

The latency tests were performed for the mixture stored in an oven at controlled
temperature of 35 °C and the viscosity was measured at different storage times.
Viscosity measurements were performed in a TA Instruments (New Castle, DE, USA)
ARG2 rheometer equipped with disposable parallel plates. A sample gap of 0.4 mm was
exactly set with an accuracy of 0.001 mm. A shear rate of 100 s~* was applied at 35 °C
after 5 min of temperature stabilization. A maximum of 2 min was needed to measure a
steady value of viscosity. The values were corrected for non-uniform stresses in the
parallel plates.
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The isothermal degree of conversion in percentage (x) reached at a selected time
was determined from stored samples that were subsequently heated up at 10 K/min to
determine the residual heat Ahres, using the following expression:

x=<1—%) x 100 (1)
total

The thermal stability of cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were performed
under inert atmosphere (N2 at 100 mL/min). Pieces of the cured samples with an
approximate mass of 8 mg were degraded between 30 and 600 °C at a heating rate of
10 K/min.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyzer. The samples were cured isothermally in a mould at
120 °C for 1 h with a postcuring at 150 °C for 1 h. Three point bending clamp was used
on prismatic rectangular samples (10 x 7.5 x 1.6 mm3).

The apparatus operated dynamically at 2 K/min from 30 to 120 °C at a frequency of
1 Hz with and oscillation amplitude of 10 um. Young’s modulus was determined by the
stress/strain test, under the same clamp and geometry testing conditions, at 30 °C using
a force ramp of 1 N-min~* and upper force limit 18 N. In all cases, samples were
previously heated to delete thermal history.

Results and Discussion

Study of the curing process

To prepare homogenous thermosets with the expected degree of curing from
stoichiometric formulations, a good compatibility among reactants is always needed.
Thus, the compatibility of resins and curing agents is the key point in the selection of the
components in the curing mixture.

The substitution of DGEBA by the trifunctional TGIC to prepare thiol epoxy
thermosets with high Tg presents the challenge of low compatibility between both
components, which have a very low miscibility. Indeed, the resins needed to be heated
to 150 °C, significantly above the melting temperature of TGIC, to allow preparation of
homogeneous mixtures. According to that, TGIC/DGEBA mixtures in different
proportions (0%, 10%, 20%, 30% and 40% w/w of TGIC in reference to the epoxy resin)
were prepared. It should be said that he maximum proportion of the trifunctional resin
allowing homogeneous mixture was 40%.

The substitution of trifunctional by tetrafunctional thiol was only studied for the
neat DGEBA formulation and the formulation containing a 30% of TGIC (in reference to
the resin), because 40% of TGIC led to in homogeneities in the cured sample.
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Table collects the composition of all the formulations studied which also contains a
0.5 phr of LC-80 as the amine precursor. This table also contains the enthalpies per gram
and epoxy equivalent evolved during curin

Table 1. Notation, composition and calorimetric data for the mixtures studied

Notation TGIC TTMP PETMP DGEBA  AH? AHP Tpeake
(mmol/g)  (mmol/g) (mmol/g) (mmol/g) (J/g) (ki/eq) ()]

Neat (TTMP) 0 1.05 0 1.59 394 125 137
10%TGIC/TTMP 0.19 1.10 0 1.38 415 125 136
20%TGIC/TTMP 0.36 1.15 0 1.18 427 124 134
30%TGIC/TTMP 0.53 1.20 0 1.00 432 124 131
40%TGIC/TTMP 0.68 1.24 0 0.83 452 123 129
Neat (PETMP) 0 0 0.82 1.64 415 127 123
30%TGIC/PETMP 0.55 0 0.93 1.04 470 126 122

a. Enthalpy evolved by gram of curing mixture
b. Enthalpy released by epoxy equivalent
c. Temperature of the maximum of the curing exotherm

As we can see, there are some variations in the enthalpy released by gram but
values for epoxy equivalent are similar among the different formulations, indicating that
the degree of curing is similar. The values obtained for the enthalpy range between 123
and 127 kJ/eq, which indicates that the complete curing of epoxides has been
achieved.®

To know the kinetic influence of adding TGIC to the curing mixture of the
epoxy/thiol formulations, dynamic scanning calorimetry in dynamic and isothermal
modes was performed.

Figure 1 shows the DSC thermograms of the dynamic curing studies at 10 °C/min
for mixtures DGEBA/TTMP with different proportions of TGIC. As can be observed, the
curing of the different formulations starts at temperatures higher than 110 °C. It should
be taken into account that LC-80 has a melting onset temperature of 60°C determined
by DSC, although it is described as a melting point at about 100 °C in its data sheet.?”
After melting, the encapsulated imidazole is released, but the activation of the reaction
is not immediate, leading to the initiation of the curing at about 110 °C. On increasing
the proportion of TGIC in the formulation, the curing exotherm is shifted to lower
temperatures and increases the curing rate. The increase in reaction rate seems to be
connected with the increase in the amount of reactive epoxy and thiol groups in the
mixture, as deduced from the data shown in Table 1, but it might be that TGIC is more
active than DGEBA in the reaction with thiolates, allowing it to cure in a shorter time.
The trend observed in the dynamic curing experiments was confirmed by isothermal
curing at 100 °C, as shown in Figure 2.
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Figure 1. DSC thermograms corresponding to the dynamic curing at 10 °C/min of mixtures with
TTMP and different proportions of TGIC catalyzed by 0.5 phr of LC-80
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Figure 2. DSC thermograms of the isothermal curing at 100 °C of the mixtures with TTMP and
different proportions of TGIC catalyzed by 0.5 phr of LC-80

As we can see, on increasing the proportion of TGIC, the curing time is notably
reduced at 100 °C, but a first induction time, related to the slow release of the catalyst
from its encapsulation and activation of the curing process, is observed for all

formulations. The most notable difference among the curves is the longer time
needed to complete the cure for the neat formulation, which takes more than 20 min.
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As we commented above, the increase in Tg could be accomplished on increasing
the functionality of thiol. There are not many commercially available thiols but we can
increase the functionality from 3 to 4 by taking PETMP instead of TTMP, both of which
are commercially available. In the case of tetrathiol, we have only studied the neat
formulation with DGEBA and the formulation containing 30% TGIC. Figure 3 shows the
calorimetric dynamic curves of these formulations.

Neat (TTMP)
6 - ~ Neat (PETMP)

4 = = = ~30% TGIC/TTMP
54 R 30% TGIC/PETMP

100 125 150 175
Temperature (°C)

Figure 3. DSC thermograms corresponding to the dynamic curing at 10 °C/min of the mixtures
epoxy resin-thiol tri- and tetrafunctional thiol catalyzed for 0.5 phr of LC-80.

The curing of the neat formulation with PETMP takes place at a much lower
temperature indicating a higher reactivity of the curing system, due to a lower stability
of the amine precursor LC-80 in the formulation. Since it is an encapsulated imidazole,
little changes in the polarity or in the concentration of reactive groups in the mixture
can lead to an easier release of the encapsulated imidazole, which acts as a base
favoring the attack of the thiol groups to the epoxides.

In mixtures with PETMP, the addition of TGIC does not change significantly within
curing temperature range. In contrast, with TTMP, the addition of TGIC to PETMP
slightly increases the temperature range of the curing. This seems to support the effect
of the chemical environment in the stability of the encapsulated LC-80, but the effect is
quite complex. The thiol groups in both TTMP and PETMP have similar stereoelectronic
effects and therefore the different reactivity cannot be attributed to the sole structure
of the curing agents, but to other factors. In a previous paper, we observed that on
increasing the proportion of LC-80, the curing took place at a much lower temperature,
even lower than 100 °C or in a shorter amount of time, and in latency tests performed at
35 °C we could observe that with 2 phr of LC-80, the curing was complete in 14 days.3
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This means that the capsules can be opened in thiol media even without reaching the
melting temperature of the capsule.

The acceleration caused by the presence of PETMP was confirmed by an
isothermal study of these formulations. In Figure 4, we can see that at 100 °C the
induction time in PETMP formulations is dramatically shortened and the formulations
begin to cure just when the samples were introduced in the furnace. Thus, the higher
reactivity of the formulations with the tetrathiol as the curing agent can be confirmed.

2.0 4

1.8 Neat (TTMP)

16 1 Neat (PETMP)
] 30% TGIC/TTMP

14 al 7N\
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Figure 4. DSC thermograms of the isothermal curing at 100 °C of neat and TGIC mixtures with tri-
and tetrathiol as curing agent.

study of the latency

In a previous work, 13 the latent character of the DGEBA/TTMP catalysed by 0.5 phr
of LC-80 was studied and a period of save storage of 21 days at 35 °C could be
determined. In the present study, DSC analysis showed that PETMP formulations were
more active than TTMP formulations, and therefore the latency of PETMP formulations
was in doubt. Latency has been determined by rheometry, measuring the viscosities
after several times of storage at 35 °C. The evolution of the viscosity for the DGEBA
formulations with both thiols is represented in Figure 5.

As we can see, the viscosity of the formulation with PETMP is somewhat higher
than the one with TTMP. The viscosities are quite stable up to 19 days for TTMP
formulations and 13 days for PETMP. The viscosity began to increase steadily and
PETMP mixtures became hard after 19 days and TTMP mixtures after 23 days. After the
different periods of storage, the enthalpy released in a DSC scan was also measured to
determine the degree of curing achieved, also represented in Figure 5. TTMP reached
12% conversion after 21 days of storage, while PETMP reached the same conversion
after 16 days of storage. According to the figure, the increase in viscosity about 1-2
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orders of magnitude is more noticeable than the evolution of the conversion degree
during storage, and therefore should be taken as reference for the evaluation of latency.

The reported latency data agree with the higher reactivity of PETMP shown before.
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Figure 5. Plot of viscosities and degree of curing achieved of the different DGEBA formulations
with tri- and tetrathiol against storage time. Filled symbols represent the viscosity and open
symbols represent the degree of conversion

The difference between TTMP and PETMP formulations can be related to the
difference in the polarity of the mixture, higher in the case of PETMP because of the
higher proportion of S—H polar groups. The higher polarity should affect the stability of
the capsule of LC-80, leading to an earlier release of the reactive imidazole. We
demonstrated in a previous work that imidazole begins to react at low temperature in a
short time.!* However, in the present case, the latency period is enough for
technological applications, because of the long pot-life achieved even at 35 °C. Lower
temperatures can help to keep prepared formulations for a much longer time, but these
formulations are not stable enough to prepare one-component epoxy formulations.

Thermal characterization of the materials

The materials obtained from the different formulations were studied by TGA,
DMTA and DSC. The thermal stability of the materials was determined by
thermogravimetry under inert atmosphere and the derivative of the thermograms of
some formulations is represented in Figure 6. In Table 2, the most characteristic thermal
data are given.
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Figure 6. Derivative of the thermogravimetric curves registered under N; at 10 K/min of
thermosets obtained from TTMP/TGIC/DGEBA mixtures

Table 2. Thermal data of the thermosets prepared

Notation Tod  Tsox®  Tmat T Teans® Ef FWHM  Ar gns" Ei

() () () () () (MPa) §(°C) (°c) (MPa)

Neat (TTMP) 342 370 363 35 51 7.89 10.0 16.0 391.4
10%TGIC/TTMP 342 370 361 37 55 7.92 10.6 16.3 551.7
20%TGIC/TTMP 341 373 361 40 59 9.04 11.1 15.6 678.2
30%TGIC/TTMP 335 369 361 44 62 10.82 109 15.7 736.1
40%TGIC/TTMP 336 374 362 44 63 9.99 12.2 16.0 720.8
Neat (PETMP) 341 371 361 55 68 9.77 8.5 12.8 1069
30%TGIC/PETMP 341 376 360 63 83 1930 9.9 12.0 1250

Temperature of the weight loss of 5% in N2 atmosphere

Temperature of the weight loss of 50% in N, atmosphere

Temperature of the maximum rate of degradation in N, atmosphere

Glass transition temperature determined by calorimetric analysis from -50 to 100 °C
Temperature of maximum of tan § determined by DMTA

Storage modulus in the rubbery state determined at tané + 50 °C

Full width at half maximum of tané peak

Area of tand peak.

Young’s modulus at 30 °C

mSm P oo oo

In Figure 6, we can see that the derivative curves show a main degradation process
at about 360 °C, without much difference in the maximum of the peak for all the
materials, as is detailed in Table 2.

In addition to the main degradation peak, there is a shoulder at higher
temperatures. In general, the presence of TGIC gradually decreases the decomposition
rate because the higher crosslinking density provided by the isocyanurate rings reduces
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the likelihood of producing volatile fragments during the thermal decomposition
process. There is an only slight decrease in the initial degradation temperature (taken as
Ts%) on adding TGIC to the reactive mixture, because the thermal stability of the bonds
is not changed. Thus, the addition of TGIC to DGEBA/TTMP systems provides no clear
advantages in terms of thermal stability of the thermosets.

When TTMP was replaced by PETMP in the thermosets, a similar behavior was
observed with a main degradation process in the same range (see Figure 7).
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Figure 7. DTG curves registered under N; at 10 K/min of thermosets obtained by using TTMP and
PETMP as curing materials

Tgs were determined by DSC from the samples prepared for DMTA measurements.
As we can see in Table 2, on increasing the proportion of TGIC in the formulation or
increasing the functionality of the thiol, this value also increases, reaching a Tg of 63 °C
for the 30%TGIC/PETMP material. The values in the table demonstrate that the change
from TTMP to PETMP, which increases the thiol crosslinker functionality, produces a
significant enhancement in Tg. The use of TGIC introduces an increasing amount of rigid
isocyanurate rings acting as crosslinks in the cured material. The increase in crosslinking
density should contribute to increase the rigidity of the network structure and,
consequently, the Tg. However, the inherent rigidity of the material may decrease,
because the overall concentration of aromatic rings from DGEBA and the isocyanurate
rings from TGIC decrease upon addition of TGIC. Both factors—crosslinking density and
network rigidity—act in opposite directions but the overall effect should depend on
their relative strength. Indeed, Table 2 and Figure 8 show that at low proportions of
TGIC the Tg increases gradually but, above 30%, the effect is not clear.
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The viscoelastic properties of the cured materials were analysed by DMTA. Figure 8
represents the curves corresponding to the variation of loss tangent against
temperature for the materials obtained with TTMP and different proportions of TGIC.
The maximum of tané is the temperature of a relaxation of the network and is related
to the Tg of the material. In the figure, we can observe that as the TGIC proportion
increases, the tand peak is shifted to higher temperatures. In Table 2, we can see that
the temperature of the maximum of the peak goes from 51 to 63 °C for the maximum
percentage of TGIC in the formulation. Similarly to the evolution of Tg determined by
DSC, above 30% of TGIC there is not a clear increase in the tan § peak temperature. On
increasing the proportion of TGIC, there is a general increase in the storage modulus in
the rubbery state up to the material 30%TGIC/TTMP, but further increase in the
proportion of TGIC led to a decrease in this value.

20 _
Neat (TTMP)
1 109 TGIC/TTMP
e 2095 TGIC/TTMP
1.5 | '
- = = - 30% TGIC/TTMP

EE 40% TGIC/TTMP

Tan &

0.0

I I 1
40 60 80 100
Temperature (°C)

Figure 8. Plots of tand against temperature for the thermosets obtained for TTMP with different
proportions of TGIC

According to the rubber elasticity theory, the relaxed modulus should be
proportional to the crosslinking density or, more specifically, to the density of network
strands. The theoretical crosslinking density of the formulations was calculated taking
into account the contribution of the thiol curing agents and TGIC, and the theoretical
network strand density was calculated taking into account that TTMP and TGIC which
lead to tri-functional crosslinks, but PETMP leads to tetra-functional crosslinks and every
strand is shared by two crosslinks. The results of these calculations are shown in Table 3.
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Table 3. Crosslinking density of the different cured materials calculated according to the
formulation composition

Crosslinking Density (eq/kg) Network Strands (eq/kg)
Notation

TTMP PETMP TGIC Total DGEBA TGIC Total

Neat (TTMP) 1.06 - - 1.06 1.59 - 1.59
10%TGIC/TTMP 1.11 - 0.19 1.30 1.38 0.59 1.95
20%TGIC/TTMP 1.16 - 0.36 1.52 1.19 1.09 2.28
30%TGIC/TTMP 1.20 - 0.53 1.73 1.01 1.58 2.59
40%TGIC/TTMP 1.24 - 0.68 1.92 0.84 2.05 2.88
Neat (PETMP) - 0.82 - 0.82 1.64 - 1.64
30%TGIC/PETMP - 0.93 0.55 1.48 1.05 1.65 2.69

In accordance with the values shown in the table, the addition of TGIC to the
formulation results in an increase in the number of TTMP crosslinks. However, the
modulus increase reported in Table 2 is not strictly proportional to the increase network
strand density, especially above 30% of TGIC. While this may be due, in part, to the
uncertainties associated with the measurement of oscillatory mechanical properties in
the relaxed state using the DMTA apparatus, because of their very small stiffness, these
results are in agreement with the observed trends in Tg. One can therefore use the
same argumentation here to justify these results. It must be taken into account that the
mechanical response of crosslinked polymers is highly complex and departures from the
ideal elastomeric behaviour can be expected.'®!° As an example, Xie and Rousseau?’
showed that it was possible to increase the number of crosslinks by replacing DGEBA
with a shorter and flexible diepoxide, but leading to an actual decrease of the Tg and of
the relaxed modulus due to the enhanced mobility of the network structure. In the
present case, it is verified that the constraining effect of the increased crosslinking
density and the presence of rigid isocyanurate crosslinks dominate, at least in the
formulations with a low amount of TGIC but, upon increasing the TGIC content,
furthermore, the resulting effect could be a balance between different factors.
However, there is still the possibility that the curing has not been completed by
topological reasons in formulations with 40% TGIC, which helps to explain the low
modulus in the rubbery region and the lack of increase in Tg value.

The width of the tan 6 peak can be related to the degree of inhomogeneity of the
distribution of the comonomers and crosslinking points in the network structure. On
increasing the proportion of TGIC in the formulation, this parameter is not increased
significantly, indicating a random and regular distribution of crosslinks and network
strands in the network structure, up to 40% of TGIC content, because of the similar
reactivity of the epoxy groups of both DGEBA and TGIC. The area of the peak accounts
for the damping characteristics of the network structure, but there is no significant
variation in this characteristic on adding TGIC to the formulation.
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Figure 9 plots the variation in tand curves on changing the curing agent, from
TTMP to PETMP for neat and TGIC containing materials. As we can see, there is a
remarkable shift of the curves when increasing the functionality of the curing agent, as
expected, and a temperature of the maximum of the peak at 83 °C has been reached in
the sample with a 30% of TGIC. Thus, the cooperative effect of increasing the
functionality of the thiol and increasing the proportion of TGIC in the formulation leads
to an increase of 32 °C in the Tg of the material. Although Table 3 shows that the total
number of crosslinks decreases when PETMP is used instead of TTMP, it should be taken
into account that they are tetrafunctional so that the total number of network strands is
similar. This should constrain the network mobility, resulting in an increase in Tg, and of
the relaxed modulus as well, given the similar amount of network strands. This is indeed
what takes place and, overall, there is an additive effect on this parameter by increasing
the functionality of the curing agent and the functionality of the epoxy resin. The lower
values of FWHM indicate higher network homogeneity, while the lower area reflects the
immobilization caused by the presence of tetrafunctional cross-links coming from
PETMP in comparison with the trifunctional ones coming from TTMP.

2.0~

Neat (TTMP)
Neat (PETMP)
30% TGIC/TTMP

30% TGIC/PETMP

Tan s

Temperature (°C)

Figure 9. Plots of tan6 against temperature for the thermosets obtained by using TTMP and
PETMP as curing agent

Young’s modulus was measured by three-point bending in the DMTA device. On
increasing the proportion of TGIC in the formulation, the material becomes more rigid at
room temperature up to the material containing a 30% of TGIC. The modulus is higher
for PETMP materials. Thus, the functionality of the crosslinking agent affects more
notably this parameter.
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The materials obtained were colorless and transparent but the high transparency
of DGEBA/TTMP and DGEBA/PETMP formulations were slightly decreased on adding
TGIC at the naked eye.

Conclusions

Different thiol/epoxy formulations were studied by using 0.5 phr of LC-80 as latent
amine precursor. The kinetic study by DSC shows that on increasing the proportion of
TGIC in the formulation, the curing is accelerated at low temperature. The acceleration
was also observed when the functionality of the thiol was increased.

The formulations prepared from PETMP showed a shorter storage time than the
formulations prepared with TTMP. However, a period of stability of 13 days at 35 °C can
be assured.

The thermosets prepared presented good thermal stability without large
differences when changing the composition.

The Tg of the materials prepared increased with the proportion of the triglycidyl
isocyanurate in the formulation or by the substitution of TTMP by PETMP. A maximum
increase of about 30 °C in this parameter was achieved when PETMP and a 30% of TGIC
were in the formulation.

The partial substitution of DGEBA by TGIC did not increase the inhomogeneity of
the network structure by the random copolymerization of both epoxy resins.

Young modulus of the thermosets prepared was increased on increasing the
proportion of TGIC in the formulations. The increase in modulus was higher on PETMP
formulations.

The materials obtained were colourless and highly transparent, but the
transparency slightly decreased when adding TGIC to the formulations.
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Preparation of click thiol-ene/thiol-epoxy thermosets by
controlled photo/thermal dual curing sequence

Abstract

A new sequential two steps photo and thermal process for the preparation of click
thiol-ene/thiol-epoxy thermosets is described. Commercially available diglycidyl ether of
bisphenol A (DGEBA), triallylisocyanurate (TAIC) and pentaerythritol tetrakis (3-
mercaptopropionate) (PETMP) were combined to produce tailored materials with a 75,
50 and 25% of thiol-ene/thiol-epoxy networks. A photoinitiator was used to trigger the
radical thiol-ene polymerization and a latent amine precursor was used to start the
base-catalyzed thiol-epoxy click reaction. Neat thiol-ene and thiol-epoxy materials were
prepared and taken as the references. The use of a latent amine precursor in adequate
proportion and under suitable reaction conditions allowed us to reach a dual system
with two well-defined steps, stable intermediate materials and well-controlled structure
after the first curing stage and at the end of the curing process. This process overcomes
some limitations observed in analogous curing systems reported previously such as the
absence of latency for the second curing stage leading to unstable materials in the
intermediate stage. Both chemical reactions were studied by FTIR and calorimetry. The
latency of the different formulations was studied by DSC and rheometry. The materials
prepared were characterized by thermal mechanical analysis and thermogravimetry.

Keywords: Dual curing; thiol; epoxy; thermosets; click reaction.
Introduction

Dual curing combines two different and compatible polymerization reactions,
which take place separately in a well-controlled way. This process is used to obtain
stable materials after the first stage that maintain the ability, upon application of a
second stimulus, to further react and achieve the final properties desired.*? Dual
processes usually combine two different curing methodologies, being usually
photocuring followed by thermal curing.®* The interest in such complex curing
procedures is because of the processing advantages, such as: a) application one day and
bonding of the parts at later date; b) application at one location and shipping them to a
2nd location for assembly; c) avoiding manufacturing bottlenecks; d) flip chip processes-
flip chip and wafer passivation enabling 3D stacking, e) gasket and perimeter sealing of
glasses in LCDs displays and f) automated in line processes assembly.

Click reactions have been extensively employed in material science because they
are considered easy and fast methods of obtaining new substances, generally without
the need of solvents.>®” The orthogonality of click reactions, their simplicity, efficiency
and environmentally-friendly conditions make them highly advisable for combination in
two curing step procedures. This orthogonality allows these reactions to be combined in
a convenient way so as to reach technological applicability.® Thiol-click reactions are
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suitable candidates since thiols are able to react under mild conditions by forming
radical or anionic species selecting the appropriate conditions and catalysts,® making it
possible to prepare thermosets in a controlled manner.

Thiol-ene and thiol-epoxy reactions are one of the most used in the last years to
prepare new polymeric structures, linear, branched or crosslinked.%'%!2 Radical thiol-
ene polymerization is a step-wise process consisting in the alternation between thiol
radical propagation through the -ene functional group and the chain transfer reaction,
which involves the abstraction of hydrogen radical from the thiol by the carbon radical.
This mechanism is depicted in Scheme 1. Studies of these reactions reveal that the thiol-
ene can proceed without photoinitiator,’® but their use assures a complete reaction,
especially in thick specimens. One of the most commonly used photoinitiators is 2,2-
dimethoxy-2-phenylacetophenone (DMPA).** One advantage of these reactions is that
they are not inhibited by oxygen. During propagation carbon radical is capable of
generating peroxides, but this reaction is slow and does not contribute much to the
global process.’> Although the thiol-ene reaction is a valuable strategy for the
production of crosslinked polymers, it usually leads to low Tg materials.

RS\/\R, R-SH

hv ’ RS\/\
R-SH + I ——> RS R

Z >k

Scheme 1. Proposed mechanism of thiol-ene reaction

In the present work the thiol-ene is combined with a thiol-epoxy click reaction?®

that can be carried out under moderate temperature conditions to overcome
vitrification during curing.’” This reaction usually requires tertiary amines for activation.
The reaction mechanism is step-wise and consists, essentially, in a nucleophilic attack to
the oxirane group by the thiol. However, the thiol group can be transformed into a more
nucleophilic thiolate anion, by the presence of amines acting as a base. The true
mechanism of formation of the propagating species is complex and may involve either
proton exchange between the thiol and the amine or nucleophilic attack of the amine to
the epoxy, depending on the basicity and nucleophilicity of the tertiary amine, or the
presence of proton donors acting as co-catalysts.’® The formed nucleophilic thiolate
anion attacks the oxirane ring, forming an alkoxide ion, according to the mechanism
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presented below. Proton transfer takes place between the protonated amine or a thiol
leading eventually to the formation of another thiolate anion. 129! The mechanism is
depicted in Scheme 2.

0 O- OH
R-S- + A—R‘ —— R»S\)\R- —_— R—S\)\Rv

R-SH s
~ ~ AN N
SN KM NHT N
| |
o-
o) OH
R-SH RS-+ /N o ——= rRs_Ag — > Rs g
SNT S R-SH R-S -

Scheme 2. Proposed mechanism of thiol-epoxy reaction

One of the problems that arise when using this methodology is that the use of
tertiary amines leads to a too short pot life.*? In a previous work we proposed the use of
latent catalysts that are activated only by thermal stimuli,??> with the purpose of
preparing stable one-pot curing mixtures and facilitating their application in a more
comfortable way. Compounds able to release amines such as encapsulated imidazoles
or ureas can be of interest not only to increase pot-life of thiol-epoxy formulations but
also to permit controlled activation of the thiol-epoxy reaction in a dual-curing process.

The strategy of combining these two thiol-click reactions has been studied
previously by different research groups. An advantage coming from this combination is
that the thiol component can participate in both processes and therefore the networks
arising form tiol-ene and thiol-epoxy reactions are covalently interconnected. Another
advantage comes from the fact that both thiol-ene and thiol-epoxy reactions are step-
wise so that relevant network build-up parameters during both curing stages such as gel
point conversion, gel fraction or crosslinking density can be easily calculated using well-
established methods,?>?* thus making it possible to tailor the curing process and the
material properties in the intermediate stage and at the end of it in order to fit different
processes and material requisites in a flexible way.

Cariosca et al.”> studied thiol-ene/thiol-epoxy hybrid systems for dental
applications. They used a tertiary amine as the catalyst and they reported
homopolymerization of epoxide side-reaction to occur, because of the low activity of
thiols after the first curing stage. Carlborg et al.?® prepared thermosets from non-
stoichiometric thiol-ene/thiol-epoxy mixtures using a two-stage UV curing with a
photoinitiator and a photobase that were activated at different wavelengths. This
methodology allowed achieving a dual curing system with an intermediate stage stable
for only 24 h and they also reported that epoxy homopolymerization took place.
However, it has been shown that the epoxy-thiol reaction takes place preferently while
there is still remaining thiol, so that homopolymerization is not observed in epoxy-thiol
systems.'® Saharil et al.?’ used non-stoichiometric two-stage thiol-ene/thiol-epoxy
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systems for the manufacture of microfluidic chips. In the first step the photocuring was
carried out, whereas the second stage was done at 70 °C. This paper reported that the
intermediate material was stable for 1-2 days, but the thiol-epoxy reaction occurred
slowly at room temperature.

In the present work, a new dual curing system combining sequential thiol-
ene/thiol-epoxy reactions, overcoming the above stability limitations and without the
occurrence of undesired side-reactions, is described. The first stage is a radical thiol-ene
reaction initiated by 2,2-dimethoxy-2-phenylacetophenone (DMPA) and the second one
is a base-catalyzed thiol-epoxy reaction initiated by a latent catalyst (an encapsulated
imidazole, LC-80 or a urea, PDU-250) that release the amine at a given temperature
leading to the formation of the thiolate active species. What is sought by this
methodology is to define a dual-curing system with a controlled curing sequence, with
no overlapping between both curing reactions, and with sufficient stability in the
intermediate stage, so that the second curing process is only activated at the time
deemed appropriate. There is an important advantage coming from the fact that the
first process is activated by UV-light and the second one is thermal and latent. This
would make it possible, for instance to apply the material to a substrate and irradiate to
promote the first reaction, then join two parts that adhere by contact with the partially
cured material so that the final reaction and permanent bonding is triggered by
temperature only when it is considered safe, something not possible if the second
reaction is activated by UV light as well, or else is not stable enough. The proportions of
-ene and epoxy compound in the formulation have been varied so as to control the
extent of each process and consequently the characteristics of the intermediate and
final materials. Both curing stages have been studied by DSC and FTIR. The latency and
stability at the intermediate stage, as well as that of the unreacted formulation, have
been evaluated. The thermal and mechanical properties of the intermediate and final
materials have also been characterized.

Experimental part
Materials

Diglycidylether of bisphenol A (DGEBA, GY240, Huntsman, epoxy equivalent 182
g/eq) was dried at 80 °C under vacuum for 6h. The latent amine precursors were PDU-
250 (N,N-dimethyl phenyl urea) and an encapsulated imidazole (Technicure® LC-80)
both from AC Catalysts. Pentaerythritol tetrakis (3-mercaptopropionate) (PETMP), 1,3,5-
triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione  (TAIC) and  2,2-dimethoxy-2-phenyl-
acetophenone (DMPA) from Sigma Aldrich were used as received. The structures of the
compounds used are shown in Scheme 3.
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Scheme 3. Chemical structures of the starting compounds

Preparation of the curing mixtures

For the preparation of the curing mixtures it was initially necessary to prepare two
different stoichiometric mixtures: TAIC-PETMP (thiol-ene) and DGEBA-PETMP (thiol-
epoxy) both without any catalyst. Different proportions of these mixtures were mixed
just before needed with a spatula to prepare homogeneous formulations (named as
75A%-25E%, 50A%-50E% and 25A%-75E%), being A the thiol-ene mixture and E the
thiol-epoxy. To these formulations 0.1 phr of DMPA (parts per hundred of total mixture)
as photoinitiator was added and different proportions of PDU-250 or 1 phr of LC80 as
latent amine catalyst. For comparison purposes, neat thiol-ene and thiol-epoxy
formulations were prepared with the corresponding catalysts.

The different formulations have been chosen so that they have significant
differences between them at the intermediate stage, in terms of network structure and
properties. The critical gelation ratio rc for a step-wise reaction is given by the following
expression:

1
TF-D -1 (1)

Te

where f and g are the functionalities of the different monomers. Taking into account
that the first reaction taking place is the thiol-ene reaction, with f=4 (tetrathiol
component) and g=3 (allyl component), the critical gelation ratio r. would be equal to
0.167. Taking the allyl as the limiting component, this means that all the studied
formulations, with a 25, 50, 75% of allyl component would be gelled after the first curing
stage and have dimensional and mechanical stability to some extent. The differences



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

between them would be the increasing crosslinking density and decreasing soluble
fraction and therefore increasing Tg with increasing allyl content. This could also have
an effect on other interesting properties such as adhesion in the intermediate stage.

Characterization techniques

Samples of the different compositions were photocured at 35 °C, in a Mettler DSC-
821e calorimeter appropriately modified with a Hamamatsu Lightning cure LC5 (Hg—Xe
lamp) with two beams, one for the sample side and the other for the reference side. 5
mg samples were cured in open aluminium pans in nitrogen atmosphere. Two scans
were performed on each sample, the second one needed to subtract the thermal effect
of the radiation. The method consisted of 1 min without irradiation for temperature
stabilization, followed by 1 min irradiation and finally 0.50 min without irradiation. The
light intensity used was 21 mW/cm? (total light intensity measured with a pan filled with
carbon black).

Larger rectangular specimens (40 mm x 10 mm x 1.5 mm) were prepared using a
suitable mould. The samples were irradiated in an ultraviolet oven Dymax ECE 2000 UV-
curing flood system (UV-intensity of 105 mW/cm?, 365 nm) for a period of 30 s on each
face, waiting for 5 min in between to control the temperature of the sample.

The curing kinetics of the following thermal thiol-epoxy reaction was analyzed by
differential scanning calorimetry (DSC) in a Mettler DSC-821e apparatus calibrated using
an indium standard (heat flow calibration) and an indium-lead-zinc standard
(temperature calibration). Samples of ca. 10 mg weight were analyzed under N>
atmosphere (100 mL/min flow rate). Dynamic curing was studied at a heating rate of 10
°C/min from 30 to 300 °C, and isothermal experiments were carried out at 120 °C.

The glass transition temperatures (Tgs) of the samples after irradiation were
determined by a dynamic DSC scan at 20 °C/min from -50 °C to 50 °C. The Tgs of the
final thermosets were determined after two consecutive heating dynamic scans at 20
°C/min starting at -50 °C in a Mettler DSC-822e device to delete the thermal history. The
Tg value was taken as the middle point in the heat capacity step of the glass transition.

The unreacted mixtures were stored in an oven at controlled temperature of 35 °C
for latency tests. The viscosity of the mixtures was measured at different storage times
in a TA Instruments ARG2 rheometer equipped with disposable parallel plates. A sample
gap of 0.4 mm was exactly set with an accuracy of 0.001 mm. A shear rate of 100 s was
applied at 35 °C after 5 min of temperature stabilization. A maximum of 2 min was
needed to measure a steady value of viscosity. The values were corrected for non-
uniform stresses in the parallel plates. The remaining enthalpy after storage was
evaluated by DSC and compared with the enthalpy of a fresh prepared sample to
determine the degree of curing occurred during storage.
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A Bruker Vertex 70 FTIR spectrometer equipped with an attenuated total reflection
accessory (ATR) (Golden Gate, Specac Ltd. Teknokroma) which is temperature controlled
(heated single-reflection diamond ATR crystal) equipped with a liquid nitrogen-cooled
mercury-cadmium-telluride (MCT) detector was used to register the FTIR spectra of
uncured samples, after 1 min of UV irradiation and on fully cured samples. The spectra
were registered in the wave number range between 4000 and 600 cm™ with a
resolution of 4 cm™ and averaged over 100 scans. UV-curing was performed using a
Hamamatsu Lightning cure LC5 (Hg-Xe lamp) with one beam conveniently adapted to
the ATR accessory. A wire-wound rod was used to set a sample thickness of 50 pum.
OPUS software was used for the analysis of the spectra. The spectra were corrected for
the dependence of the penetration depth on the wavelength and normalized with
respect to the absorbance of C=C and C=0 peaks between 1900 and 1560 cm
(neglecting the contribution of the overlapping tiny signal associated with the allyl
group). The normalized thiol band at 2570 cm™ was integrated and the thiol conversions
after the photocuring and after thermal curing were determined as:

A

Xyy =1- Al,]OV (2)
A'final

Xfinal =1- /];L,T;a (3)

where A’uvy, A'finat and A’o are the normalized area of thiol band after photocuring and
thermal curing and at the beginning of the curing, respectively.

The thermal stability of cured samples was determined by thermogravimetric
analysis (TGA), using a Mettler-Toledo TGA/DSC 1 stare system. All experiments were
performed under inert atmosphere (N2 at 50 mL/min). Pieces of the cured samples with
an approximate mass of 10 mg were degraded between 30 and 600 °C at a heating rate
of 10 K/min.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyzer. The samples were photocured as described before
and then isothermally cured in a mould at 120 °C for 1h with a postcuring at 150 °C for 1
h. Three point bending clamp was used on the prismatic rectangular samples (10 x 7.4 x
1.6 mm?3) that were analyzed first of all at 5 °C/min to delete the thermal history and
then at 2 °C/min from 30 to 120 °C at a frequency of 1 Hz with and oscillation amplitude
of 10 pum. Young modulus was determined by the stress/strain test, under the same
clamp and geometry testing conditions, at 30 °C using a force ramp of 1 N min? and
upper force limit of 18 N.
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Results and discussion

Calorimetric study of the curing process

An important issue concerning dual-curing processes with a photo-activated first
stage and a thermally activated second stage is that the photocuring conditions and the
combination of catalysts needs to be optimized in order to prevent the occurrence of
any thermal reaction (in this case thiol-epoxy or epoxy homopolymerization) during the
first photocuring step. While this may not be of importance when small samples are
studied under well-controlled temperature conditions in a DSC, photocuring of thicker
samples such as those prepared for further thermal and mechanical analysis needs to be
carried out carefully, that is, using the minimum possible amount of photoinitiator and
adjusting the exposure time and intensity so as to avoid an excessive temperature
increase (due to the exothermicity of the thiol-ene reaction and the thermal effect of
the UV light) leading to premature activation of the latent catalysts used for the second
stage. Therefore, the suitable proportion of DMPA as photoinitiator was determined.
The photocalorimetric study of formulations containing 0.1 or 1 phr of DMPA in
different thiol-ene/thiol-epoxy formulations produced no relevant difference, possibly
due to the opposing effects of increased photoinitiator in reaction rate and penetration
depth. Thus, and in order to prevent undesired excessive exothermicity effects, the
amount of DMPA was fixed at 0.1 phr for all the studied formulations.

After that, the optimization of the catalyst in the thermal step was carried out
using two formulations containing 50% of allyl (TAIC) and 50% of epoxy (DGEBA)
compounds (from now 50%A-50%E) with stoichiometric amounts of tetrathiol (PETMP)
and 1 phr of different base precursor (LC-80 or PDU-250).

To test whether the thermal thiol-epoxy reaction started during photocuring we
determined the remaining heat of the formulation 50%A-50%E after irradiation in the
UV chamber, and compared it with that of non-irradiated formulation. The dynamic DSC
thermograms of the irradiated and non-irradiated samples are represented in Figure 1.

In agreement with a previous study,'” some relevant differences were observed
depending on the type of latent catalyst used. From the analysis of the non-irradiated
samples, it is seen that LC-80 is clearly more active because of the lower curing
temperature in comparison with PDU-250. However, this is also a disadvantage since
the exotherm of the irradiated sample with LC-80 is entirely different from that of the
initial mixture. This puts in evidence that the latent catalyst is unintentionally activated
during the photoirradiation stage, leading to an overlapping of both processes. Possibly
there is a too high temperature increase during the photocuring due to the
exothermicity of the reaction or the thermal effect of the UV light leading to partial
melting of the encapsulating polymer and early release of the imidazole catalyst. A
temperature of 78 °C could be measured by pirometry in thiol-ene processes initiated by
DMPAZ which indicates that the thiol-ene process is quite exothermic. In the case of the
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formulation with PDU-250, reaction enthalpy remains almost unchanged on comparing
the exotherms before and after being exposed to photoirradiation, which indicates that
the catalyst is not released due to its higher activation temperature, so that the epoxy-
thiol reaction is not initiated during the first photocuring stage. Thus, PDU-250 has been
selected as latent curing agent to further studies. It was not observed a significant
influence of the catalyst on the Tg of the cured material, in both cases producing a value
around 60 °C.

—-— 50A%-50E% (LC-80)

1.6 1 UV-50A%-50E% (LC-80)
14 1 ----  50A%-50E%(PDU-250)
’ I ——— UV-50A%-50E%(PDU-250)

0.8

W/g

0.6
0.4
0.2
0.0 -

-0.2 4
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80 100 120 140 160 180 200
Temperature (°C)

Figure 1. DSC thermograms corresponding to the 50%A-50%E before and after UV-irradiation for
formulations containing 1 phr of PDU-250 or LC-80

Another point to be optimized is the curing rate of the second thermal process.
Although initially 1 phr of PDU-250 catalyst in reference to the global mixture was used,
it was put in evidence that the quantity of PDU-250 required was different depending
on the formulation. In a previous paper, we found an optimum value of 2 phr (in
reference to the amount of DGEBA) for a DGEBA-thiol mixture in order to reduce curing
time and temperature,’ although it was observed that a smaller amount such as 0.5 phr
would also lead to complete curing but in a longer curing process. In the dual-curable
formulations, the presence of a primary network originated after the photocuring stage
and the dilution of the remaining epoxy and thiol groups depending on the formulation
composition requires to find out the adequate proportion of amine precursor to be
added to the formulation to promote complete and quick curing but, at the same time,
ensuring enough stability in the intermediate stage. Different tests were done changing
the proportion of PDU-250 in reference to the global mixture in non-irradiated samples.
The most suitable proportions are the ones detailed in Table 1. The ratio PDU-
250/DGEBA in the 75A%/25E% sample is quite high but lower proportions of catalyst led
to a lower reaction heat than expected and the curing began at such high temperature
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that epoxides might homopolymerize. The sample 50A%/50E% was the one that cured
completely in the adequate range of temperatures with less catalyst.

In order to further understand the evolution of both processes and the possible
overlapping among them, we first determined the reaction enthalpy of the mixtures
without photoirradiation by DSC in order to evaluate the heat evolved in the thermal
process without any influence of the photopolymerization stage. Figure 2 shows the
thermograms of curing of the initial non-irradiated mixtures with the compositions
detailed in Table 1.

11 4
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Figure 2. Dynamic DSC thermograms at 10 °C/min of non-irradiated thiol-ene/thiol-epoxy
mixtures with different proportions of epoxy and allyl compounds

In the curves we can see how the curing reaction is accelerated on increasing the
thiol-epoxy proportion within the system. The composition of the formulation also
influences the onset temperature of the reaction. It is important to note that although
the formulation 75%A-25E% contains a higher proportion of PDU-250, the curing starts
at higher temperature, above 140 °C because of the significant dilution of epoxy groups
in the mixture, resulting in lower initiation and propagation rates. In Table 1 the
enthalpies determined are collected in the first column. Although the enthalpy per gram
changes in the different formulations, the value by epoxy equivalent ranges between
105-126 kl/eq, since the only process is the thiol-epoxy reaction. In a previous study we
determined a reaction enthalpy between 120-128 ki/eq in pure thiol-epoxy
formulations.'” From the values of the table it seems that the increase of the proportion
of TAIC in the formulation apparently reduces the conversion of epoxide, although there
might also be some error associated with the measurement of the reaction heat in a
smaller exotherm (i.e. baseline determination).
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Table 1. Calorimetric data for the reaction of the mixtures studied

Initial mixture 1st stage 2nd stage

Sample PDU-250* AHP AH® AHY AH® Tgf AHs AHM Tg
(phr) (/g) (k/eq) | (/g) (kifeq) (°C) | (/g) (ki/eq) (°Q)

Neat 100A% - 243 50 65 - - 65
75A%/25E% 2.5 86.2 105.0 229 64 24 94.0 114.5 63
50A%/50E% 1 1822 1121 165 68 0 185.6 114.2 61
25A%/75E% 2 3029 126.0 83 70 -19  301.0 125.2 60
Neat 100E% 2 409.7 124.8 - - - 406.5 123.8 57

Parts of PDU-250 per hundred parts of the global mixture

Enthalpy evolved by gram of curing of the initial mixture (without photocuring)

Enthalpy by equivalent epoxy of curing of the initial mixture (without photocuring)

Enthalpy evolved by gram of sample in an isothermal photocuring scan at 35 °C

Enthalpy by equivalent of allyl group in an isothermal photocuring scan at 35 °C

Glass transition temperature of the material after completion of the thiol-ene reaction
Enthalpy evolved by gram of sample in dynamic thermal curing process after photoirradiation
Enthalpy evolved by epoxy equivalent in dynamic thermal curing process after photoirradiation
Glass transition temperature of the material after photo and thermal curing

mT@m P oo T

The first stage of the dual curing, corresponding to the thiol-ene reaction, was
studied by photocalorimetry. In the exotherms in Figure 3 we can appreciate that on
increasing the content of allyl compound in the formulation the photocuring occurs
faster. However, the reaction rate of the mixture with 100% thiol-ene (Neat 100A%) and
the area below the exotherm (i.e. the reaction heat) is comparable to that of the 75A%-
25E% formulation. In terms of reaction heat per amount of reacted allyl group, the
reaction heat might be even lower taking into account the higher concentration of
reactive allyl groups. The reason for this unexpected effect is unclear but the lower
reaction heat may be caused by vitrification of the material at room temperature, as will
be discussed below.

Table 1 shows the values of the heat released during the photocuring reaction
measured by photocalorimetry at a controlled temperature of 35 °C. Upon decreasing
the proportion of the allyl component in the formulation, the heat released during
photocuring decreases but, in terms of the heat released by allyl equivalent they are
similar, regardless of the proportion of the thiol-ene reaction, between 64-70 kl/eq. The
only exception is the lower value obtained for the neat 100A%, because of the before
mentioned vitrification of the sample. The Tg values of the material at the intermediate
stage were measured by DSC for the materials previously photocured in a curing
chamber. In the case of the Neat 100A% formulation, it was determined after a second
DSC run because of the release of some remaining heat during the first DSC scan
(devitrification process). Indeed, Table 1 shows that the Tg of the completely cured neat
allyl formulation is 65 °C while, in contrast, all the other formulations have a Tg in the
intermediate stage below photocuring temperature, decreasing with increasing
proportion of the epoxy component, because of the lower crosslinking density and the
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presence of significant soluble fraction containing unreacted DGEBA and thiol
monomers with a plasticizing effect.
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Figure 3. DSC thermograms corresponding to the photocuring stage at 35 °C of the mixtures thiol-
ene/thiol-epoxy with different proportions

After studying both processes separately, the sequential dual-curing process was
studied in order to confirm that no overlapping between both processes occurred. In
Table 1 the values of the heat evolved in the thermal process in previously irradiated
samples are detailed in the 2nd stage column. No relevant differences could be
observed between the measured heat and that corresponding to non-irradiated
samples, indicating that epoxy-thiol reaction did not take place and therefore there is no
overlapping between both stages. This confirms the dual character of the curing
obtained by using a latent amine precursor.

Study of the reactive processes by FTIR

Although the results of DSC analysis indicated that the dual curing process could
take place in a controlled and sequential way, with no overlapping between processes, it
did not provide evidence that other side reactions such as the epoxy
homopolymerization did not occur. Cariosca et al.?®> determined that
homopolymerization could take place to a measurable extent by monitoring the thiol
band by FTIR. In the present study, we have followed a similar approach and we have
irradiated the samples directly on the ATR/FTIR device with a UV lamp and then we
performed the analysis of fully cured samples. The study was conducted qualitatively
and quantitatively. Qualitative results are shown in the spectra of Figures 4 and 5 for
two different formulations, 75A%-25E% and Neat 100A% respectively.
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Figure 4. FTIR region corresponding to S-H st. for the formulation with 75 % of thiol-ene of the
initial mixture, after irradiation and after complete curing

In the case of the formulation 75A%-25E%, Figure 4 shows that the band about
2570 cm? assigned to SH stretching decreases after UV irradiation and finally disappears
when the material is thermally cured. This result is in line with the expected reaction
mechanism for both stages, first the thiol-ene reaction and second the thiol-epoxy
reaction. Given that no unreacted thiol group was detected, and the fact that the
amount of thiol is stoichiometric with respect to allyl and epoxy groups, the occurrence
of epoxy homopolymerization can be ruled out. In contrast, in the spectrum of the
photocured neat thiol-ene formulation (Figure 5) the absorption of S-H st does not
disappear completely, which indicates that the process has not been fully reacted due to
the vitrification, as discussed above and in agreement with the lower heat released per
allyl group (see Table 1).

Table 2 shows the results of the quantitative analysis. All calculations were done
using equations 2 and 3 detailed in the experimental part. In the case of the neat 100%
thiol-ene sample, the thiol conversion after the photocuring process is about 0.71,
because of vitrification. This is in excellent agreement with the measured heat of 50
kJ/mol, in comparison with the 64-70 kJ/mol for complete reaction of allyl groups in the
other formulations. After heating, this material devitrifies so that the thiol-ene reaction
can resume and proceed up to almost complete conversion, reaching a final value of
0.93. Some topological restrictions may be operative, leading to incomplete cure, but it
must be acknowledged there may be some experimental error in its determination
because the thiol peak is very small. For the formulations with different contributions of
thiol-ene and thiol-epoxy reaction, the thiol conversion after the photocuring process is
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in good agreement with the expected reaction of thiol groups in the first curing stage by
thiol-ene reaction, taking into account the composition and experimental error in the
integration of such small peaks. At the end of the curing process, after heating the
samples to promote epoxy-thiol reaction, no thiol was detected. Therefore it can be
assumed that the system reacted quantitatively to full conversion of thiol, allyl and
epoxy groups so that no homopolymerization could be detected. This is in contrast with
previous works reporting a certain amount of epoxy homopolymerization that the
authors attributed to the reduced mobility of the thiol groups in the intermediate
material.?® It was attempted to obtain further ascertainment of the above hypothesis on
the curing mechanism by analysing the epoxy signal at 915 cm™, but the overlapping of
other signals appearing during curing at the region around 900 cm™ made it difficult to
compare the epoxy and thiol conversions in the second curing stage in quantitative
terms, to verify there is a one to one reaction. However, it has been recently shown that
epoxy homopolymerization should not take place while there is remaining thiol, because
the presence of remaining thiol groups promotes fast formation of thiolate anion to the
detriment of epoxy homopolymerization.'® Therefore it is quite safe to assume that
epoxy homopolymerization does not take place in stoichiometric formulations such as
the ones studied in this work.

0.005

Neat 100A % initial mixture

---- Neat 100A% after UV

0.004 |

0.003 |

Absorbance

0.002 -

0.001 —

0.000 T T T T T T T
2500 2520 2540 2560 2580 2600 2620 2640
-1.
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Figure 5. FTIR region corresponding to S-H st. for the formulation with 100 % of thiol-ene of the
initial mixture and after irradiation

Table 2. Quantitative analysis of the SH absorption band of the initial mixtures and materials after

each curing stage

Sample Ao A'wy Afinal Xuv Xrinal
Neat 100A% 0.101 0.029 0.007 0.71 0.93
75A%/25E% 0.137 0.040 0 0.71 1
50A%/50E% 0.159 0.081 0 0.49 1

25A%/75E% 0.244 0.181 0 0.26 1
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Storage stability of the formulations without irradiation

Curing formulations that show no activity under normal conditions but show
activity by external stimulation can be considered latent.?° Latency is an important
concept in terms of storage stability and the possibility of preparing one-pot
formulations. The latency of pure thiol-epoxy formulations with different proportions of
amine precursors was previously studied in our research team and the period of save
storage determined, but the addition of thiol-ene and DMPA could affect the results.'”:?
The latency studies were done by calorimetry (determining the residual heat) and by
rheometry (measuring the viscosity changes). The data obtained are collected in Table 3.

Table 3. Viscosity and residual heat values of the initial mixtures and after one day of storage at
35 °C for the different formulations studied

Sample n? n® OHC AHY
(Pa.s) (Pa.s) ()/g) ()/eq)

Neat 100A% 1.7 7.6

75A%/25E% 0.5 e 82 83

50A%/50E% 0.5 e 193 194

25A%/75E% 0.5 13 320 323

Neat 100E% 0.5 0.6 408 410

Viscosity of the initial mixture

Viscosity of the initial mixture after one day of storage

Remaining heat of the initial mixture determined by DSC in a dynamic scan
Remaining heat after one day of storage determined by DSC in a dynamic scan
The viscosity could not be measured because of gelation

® o0 oW

In the table it is shown that the viscosity increases with only one day of storage,
making it impossible its measurement in formulations with high thiol-allyl proportion.
However, it remains practically unchanged in the case of neat epoxy-thiol formulation.
After two days of storage the viscosity of any sample with allyl compound could not be
measured. If we look to the difference in heat evolved after one day of storage,
corresponding to the epoxy-thiol reaction, there is no difference for all the formulations
prepared, giving very similar values to those shown in Table 1. This clearly indicates that
whereas the second stage may keep its latent characteristics during this period the first
photochemical stage has a low latency and that the reaction starts even without the
application of any light source. This study indicates that it is not possible to prepare one
pot-formulations with this curing system, but they could be stored for several days at
room temperature without adding the catalysts, since uncatalyzed formulations keep
good processability. It should be commented that PDU-250 is advantageous in
comparison with other amine catalysts, such as those used by other authors in similar

curing systems.?>
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Stability of the materials after the photoirradiation stage

To test the stability of the intermediate materials with the storage time, it was
necessary to track the remaining heat by DSC after irradiation, since rheological
measurements were not possible due to thiol-ene crosslinking after the first stage. To
do this, we proceeded to irradiate all the mixtures in the UV chamber. The resulting
samples were stored at room temperature and then the remaining enthalpy was
periodically measured. In this way, the advancement of the epoxy-thiol process could be
evaluated. It should be pointed out, for comparison purposes, that mixtures of
DGEBA/thiol containing 2 phr of PDU-250 (in reference to DGEBA) showed a latency of
only 2 days at 35 °C.22 The results obtained for the present formulations are represented

in Figure 6.
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Figure 6. Plot of remaining enthalpy of curing against storage time for the materials obtained from
different formulations

The plot shows the influence of the proportion of thiol-ene system in the stability
of the intermediate material. For the 25A%-75E% formulation, with lower amount of
thiol-ene, there is a significant decrease in remaining heat after the second day of
storage because of the activation of the thiol-epoxy reaction. After six days of storage
the process stops (reaching a conversion of 89%), possibly due to the vitrification. The
other two formulations behave in a different manner, showing a longer stability. The
sample 50A%-50%E is completely stable up one week and then the reaction begins and
reaches a conversion of 18% after 11 days. After three weeks, the epoxy conversion is
81%. The formulation 75A%-25%E with less epoxy-thiol proportion shows a higher
stability. After one week of storage, a conversion of 11% could be measured. Epoxy-thiol
reaction proceeds further but at a slow rate, so that after three weeks the epoxy
conversion is only 51%. In general, the lower the proportion of epoxide in the
formulation, the longer the storage time of the intermediate material. This reflects the
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effect of the primary thiol-ene network formed in the photoirradiation stage in the
immobilization of the thiol-epoxy reactive groups. According to these results, the dual
system proposed could be of interest for assembling devices, for flip chip processes, for
perimeter sealing and especially for automated in line assemblies, but it shall not apply
to uses that require a long transport or long time between both curing stages. However,
the curing system proposed keeps the characteristics of the intermediate material much
longer than those previously described.?> 2%

Characterization of the materials

The materials obtained after dual curing were transparent but coloured because of
the thermal treatment (Figure 7).

Figure 7. Photographs of the materials obtained

There are few differences in the transparency due to the good compatibility
between thiol-ene and thiol-epoxy structures by the covalent bonding between them in
the network.

The thermosets obtained from the different formulations were studied by TGA to
evaluate their thermal stability. The materials were photocured and then thermally
cured at 120 °C for 1h with a post-curing at 150 °C for 1h. Figure 8 shows the derivative
curves registered in inert atmosphere. Other relevant degradation parameters, the
onset temperature of degradation (Ts%, temperature at which a mass loss of 5 % is
observed) and degradation peak temperature, are presented in Table 4.
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Figure 8. DTG curves under N; at 10 K/min of the materials obtained

The curves show unimodal/bimodal shapes, with an overlapping between two
processes, indicating a complex degradation profile. Unlike other epoxy systems
combining two curing processes, such as epoxy-amine/epoxy homopolymerization® or
dual-curing combining aza-Michael and radical homopolymerization of acrylates,3! it is
not possible to assign these processes to the individual contribution of each one of the
networks being formed in the dual-curing process. This may be explained by the fact
that the thiol is present in both networks so that the thermal stability of the materials
are intermediate between both. In fact, as a general trend, it can be observed that the
whole degradation peak is shifted at lower temperatures with increasing proportion of
epoxide in the formulation. The shoulder at higher temperatures remains in the same
position and decreases in intensity with increasing epoxy content, but is present already
in the neat thiol-epoxy formulation. The global stability trend is also observed in Table 4.
The thermal stability of all materials is remarkable in any case (Ts% above 330 °C) but
both the T5% and the peak degradation temperature decrease with increasing epoxy in
the formulation. It should be considered the different structure of the monomers that
leads to a higher crosslinking density for thiol-ene network due the compact structure of
TAIC.

The thermomechanical characteristics of the materials were tested by DMTA.
Figure 9 shows the tan & curves for the thermosets and the relevant parameters are
collected in Table 4.

As we can see, the curves are unimodal and quite narrow indicating the
homogeneity of the samples. The maximum of tan & is shifted to higher temperatures
on increasing the proportion of allyl compound in the formulation as the result of the
higher functionality and stiffness of its structure in comparison with DGEBA. The values
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obtained follow the same trend as those obtained by DSC, which are collected in Table
1. Similarly, in a previous work, we were able to increase the Tgs of thiol-epoxy
thermosets by substituting bisphenol A epoxide by triglycidyl isocyanurate due the
stiffness and higher functionality of this compound.?’

Table 4. Thermal data of the cured materials obtained from different formulations

Notation Tsy® Tmax® Ttans® Ed Ee
(°c) (°c) (°c) (MPa) (MPa)
Neat 100A% 372 388 74 30.0 1177.0
75A%/25E% 350 386 73 24.8 1122.0
50A%/50E% 348 373 72 223 1029.0
25A%/75E% 338 367 68 15.1 933.6
Neat 100E% 330 359 62 11.4 920.9

Temperature of 5% of weight loss in N2 atmosphere

Temperature of the maximum rate of degradation in N, atmosphere
Temperature of maximum of tan § determined by DMTA

Storage modulus in the rubbery state determined at tan & + 50 °C
Young’s modulus at 30 °C
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Figure 9. Plot of tan & against temperature of the different materials prepared

The Young modulus of the material at 30 °C shows an increase in stiffness on
increasing the proportion of allyl compound in the formulation. This could be expected
taking into account the increase in Tg with the increase in the more rigid allyl
component, so that the measurement of the Young modulus is less affected by the slow
relaxation of the network, given the proximity of the measurement temperature and
the Tg of all the materials. There is also a noticeable increase in the moduli in the
rubbery state on increasing the proportion of allyl that could be expected taking into
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account the increase in crosslinking density given the higher functionality obtained
when the allyl component is used instead of DGEBA.

As it has been demonstrated in this study, the structure and proportion of
comonomers can be varied to tailor the characteristics of the dual-cured materials in
both the intermediate stage and at the end of the curing process, although the flexible
structure of the commercially available thiol compounds is the main limitation of these
processes to reach materials with a higher Tg and mechanical characteristics.

Conclusions

A new dual curing procedure based in the combination of UV-induced thiol-ene
and thermal thiol-epoxy click reactions has been stablished by the use of a latent amine
precursor that can catalyze the thermal process. The application of this procedure
makes it possible to obtain tailored intermediate and final materials by just changing the
formulation composition, and to store them for a certain period of time in the
intermediate state before the final application and completion of the curing process.

From the DSC analysis of different TAIC/DGEBA formulations with the
stoichiometric amount of tetrathiol using LC-80 or PDU-250 as latent catalysts it was
possible to determine that PDU-250 was a more suitable catalyst to suppress the
overlapping between photo and thermal processes as it was more resistant to the
possible temperature overshot occurring during the first photocuring stage. The amount
of PDU-250 was adjusted to reach complete curing in all formulations. FTIR confirmed
that homopolymerization of epoxides did not occur.

The materials in the intermediate stage, after photoirradiation, showed higher
storage stability on increasing the proportion of allyl compound in the formulation. The
new dual curing system could be applied to assemble devices, in flip chip processes, in
perimeter sealing and especially in automated in line assemblies.

The increasing presence of the allyl compound in the formulation increased the Tg
in the intermediate stage due to the higher extent of cure and also that of the final
material due to the increase in crosslinking density and the lower mobility of the
resulting network.

Thermosetting materials exhibited good transparency and thermal stability, with
an increase in the initial degradation temperature with the amount of TAIC in the
formulation. The moduli of these materials were also affected by the ratio of this
compound in agreement with its more rigid structure and the increase in Tg.
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Novel thermal curing ofcycloaliphatic resins by thiol-epoxy
clickprocesswithseveral multifunctional thiols

Abstract

Novelthermosetswere prepared by the base-catalyzed reaction between a
cycloaliphatic resin (ECC) and different thiol crosslinkers. 4-(N,N-dimethyl-
aminopyridine) (DMAP) was used asbase catalyst for the thiol-epoxy reaction. A
commercial tetrathiol (PETMP) and three different thiols synthesized by us, 6SH-SQ,
3SH-EU and 3SH-ISO, were tested.6SH-SQ and 3SH-EU were prepared from vinyl or allyl
compounds from renewable resources such as squalene and eugenol,respectively. The
thiol 3SH-ISO was prepared starting from commercially available triallyl isocyanurate.
The kinetic study of the mixtures was performed by DSC. Stoichiometric
ECC/thiol/DMAP formulations were cured at 120°C for 1h, at 150°C for 1h and post
cured for 30 min at 200°C. The materials were characterized by FTIR, TGA and DMTA.
The results revealed that the materials obtained fromthe synthesizedthiols had higher
thermal stability and glass transition temperatures than those obtained fromthe
commercial PETMP. In addition, all the materials obtained exhibited very good
transparency. This study proves the ability of multifunctional thiols to crosslink
cycloaliphatic epoxy resins, leading to more flexible materials than those obtained by
cationic homopolymerization of ECC or base-catalyzed ECC-anhydride copolymerization.

Keywords:Cycloaliphaticepoxides, thiol-epoxy, click, thermosets,eugenol, squalene.
Introduction

There is no doubt that click reactions are highly interesting tools in the organic
chemistrysynthetic world. The philosophy of the click chemistry is based on generating
new substances starting from small units, by highly controlled reactions, clean and
energy saving processes without the formation of by-products or organic volatiles,
emulating nature.??® The thiol-epoxy reaction is a good example among the great
variety of click reactions.* Its mechanism is based on the nucleophilic attack to the less
substituted carbon on the epoxy ring by a thiolate anion.>®

In recent years,thiol-epoxy reaction has been applied in the curing of epoxy resins,
specifically for diglycidyl ether of bisphenol A (DGEBA),obtaining materials with good
thermal properties and high transparency.’Although DGEBAresins arethe most widely
used for various applications, cycloaliphatic epoxy resins present some advantages that
make them more adequate in the field of the electrical and electronic industry. Among
their most notable features, excellent weathering, inherently low viscosity, low
dielectric loss and high electrical resistivity are of utmost importance for the fabrication
of electronic devices. Because of their high resistance to yellowing by ultra-violet light
absorption, they are also useful in applications like light emitting diodes. Wang’s group
synthesized and characterized a great variety of cycloaliphatic epoxy resins with
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different structure adequate for several special applications,®® among them for optical
materials,®electronics'tor fire retardancy,’? but nowadays the most widely used in
industrial applications is 3,4-epoxycyclohexyl-3',4’-epoxycyclohexanecarboxylate (ECC).

Cycloaliphatic epoxy resins aremore reactive than DGEBA in front of cationic curing
agents and therefore these resins are usually homopolymerized via cationic ring-
opening in thermal or photoinitiated conditions.'®>**Cycloaliphatic epoxy resins are not
reactive bynucleophilic attack of amines because of the high topological hindrance of
the epoxy in the cycloaliphatic ring. However, they can be cured by anhydrides through
ring-opening copolymerization mechanism.*>'®*Homopolymerized and anhydride-cured
cycloaliphatic epoxy resins are usually brittle materials because of the compactand rigid
nature of the network structure and the inherent rigidity of the network chains.
Therefore, it is quite interesting to modify the network by curing with other
stoichiometric hardeners or copolymerization with flexible comonomers, leading to a
more open and flexible network structures and with higher versatility in mechanical and
thermomechanical behavior.’

The use of thiols as crosslinking agents in thiol-ene, thiol-epoxy or thiol-acrylate
materials!®® is a good strategy to obtain materials with a flexible network structure and
lower crosslinking density than homopolymerized thermosets, with a subsequent
increase in toughness or impact resistance. By selecting the structure and functionality
of the thiol, Tg and modulusof the cured materials can be adequately tailored.?°The
curing of ECC by thiol-epoxy click reaction has been little explored, being the only report
in the literature the investigation of Sangermano et al.?!They prepared hybrid
nanocomposites using a combination of thiol-epoxy and sol-gel processes. As starting
formulations, they used different mixtures of commercial trithiol and a photolatent
tertiary amine, ECC, tetraethoxysilane (TEOS) and 3-mercaptopropyl trimethoxysilane
(MPTS). They obtained organic/inorganic hybrid materials with a potential interest in
optical applications. However, such systems are only adequate for thin layers, because
of the limitations of photoirradiation technologies.

Thiols from renewable sources are very attractive because they are a good
alternative to prepare thermosets from non-petroleum basedderivatives. Among
natural products, terpenes show a high functionality in a quite compact structure and
therefore they are good candidates for thermosetting materials. Acosta Ortizet
al.?reported the preparation of a hexathiol derivative of squalene prepared through a
thiol-ene reaction preceded by hydrolysis. It has, in principle, a flexible aliphatic
structure but, given its high functionality and the low molecular weight of each reactive
unit, once the material is crosslinked, the presence of internal branching points and the
short distance between crosslinking points would lead to rigid materials with a high Tg.
Following the same synthetic procedure, two new trithiols with rigid core were also
synthesized. One of them, is derived from eugenol, which is also a natural product, and
the other is derived from commercially available triallylisocyanurate (see Scheme 1).
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In this paper we describe the curing of a cycloaliphatic epoxy resin(ECC) with the
threethiols synthesized and we also include the widely used and commercially available
tetrafunctional thiolPETMP, with a highly flexible structure. The kinetics of the curing
process has been analyzed by calorimetry. The crosslinked materials obtained were
characterized by thermogravimetry and thermomechanicalanalysis.

o
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Scheme 1. Chemical structures of the epoxy resin and the thiols studied
Experimental part
Materials

3,4-Epoxycyclohexyl-3’,4’-epoxycyclohexanecarboxylate  (ECC), eugenol (EU),
squalene  (SQ), triallyl isocyanurate (TAIC), pentaerytritol tetrakis (3-
mercaptopropionate) (PETMP), thioacetic acid (TAA), allyl bromide, 2,2-dimethoxy-2-
phenylacetophenone (DMPA), 4-(N,N-dimethylamino)pyridine (DMAP), 1-
methylimidazole (1-MlI) and 2-methylimidazole (2-Ml) were purchased from Sigma-
Aldrich and were used without further purification.The latent amine precursor was LC-
80 (encapsulated imidazole) and was received from AC Catalysts. Inorganic salts and
bases were purchased from Scharlab. Methanol from Carlo Erba has been used as
received. N,N-dimethylformamide (DMF) from VWRwas dried by standard procedures.
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Preparation of starting products

»  Synthesis of thiol from squalene (6SH-SQ)
The product was obtained following a two-step procedure previously reported.??

Photochemical thiol-ene reaction (6STA-SQ)

A mixture of 5 g (12.2 mmol) of SQ,11.1 g (146 mmol) of TAA and 0.062 g (0.24
mmol) of DMPA were photoirradiated with a UV lamp at 356nm for 30 min. The product
was dissolved in CHClz and extracted with a 10% NaOH solution and then washed with
water and dried over anhydrous MgSOs. The solvent was removed on a rotary
evaporator. A clear viscous liquid was obtained with87%yield.!H NMR (CDCls, § in
ppm),3.3 broad (CH-S, 6H), 2.3 s (CH3-CO-, 18H), 1.1-2.0broad (-CH2- and —CH-, 26H)
and0.8-0.9 broad (CH3-, 24H). FT-IR (ATR): 2960, 2925, 1680, 1450, 1380, 1365, 1110,
1140, 950, 752 and 620 cm™.

Hydrolysis of 65TA-SQ (6SH-SQ)

9 g(10.4 mmol) of the 6STA-SQ were put in a round-bottomed flask with 60 mL of
methanol and 1.8 g (45 mmol) of pulverized NaOH and vigorously stirred for 5.5h at
reflux temperature and inert atmosphere. The solution was allowed to cool and the
solvent was removed. The product obtained was dissolved in water and acidified with
0.1 M HClI solution and then extracted with CHCIs. The organic phase was washed with
distilled water and dried over anhydrous MgSOa4. After solvent evaporation the
purification of 6SH-SQ was carried out by silica gel column chromatography using
hexane/ethyl acetate 8/2 mixture as eluent. The purified product was a pale yellow
viscous liquid with a 71% yield.'H NMR (CDCls, § in ppm), 2.60 broad (-CH-S-, 6H), 1.10-
1.95 unresolved broad signals (-CH2-,-CH- and -SH, 32H) and0.8-1.05broad (CHs-, 24H).
FT-IR (ATR): 2955, 2923, 2570, 1450, 1378, 1350 and 752 cm™. Spectra are fully
coincident to those reported in the literature.?

»  Synthesis of thiol from triallyl isocyanurate (3SH-1SO)

Photochemical thiol-ene reaction (3STA-1SO)

A mixture of 6 g (24.1 mmol) of triallyl isocyanurate (TAIC) and 21.98g (288.7
mmol) of TAA were photoirradiated with a UV lamp at 356 nm for 1h adding0.1286 g
(0.5 mmol) of DMPA as photoinitiator. The product was dissolved in CHClz and extracted
with a saturated NaOH solution and then washed with water and dried over anhydrous
MgS0a4. The solvent was removed on a rotary evaporator and the product obtained was
a white solid with 96 % yield. (m.p. 77 °C). *H NMR (CDCl3,6 in ppm):3.90 t (-CH2-N-, 6H),
2.87 t(-CH>-S-, 6H), 2.30 s(CH3-CO-, 9H) and1.90 q (-CH»-CH2-CH>-, 6H). 3C NMR (CDCls, 6
in ppm):200 (CO-S), 149 (-N-CO-N-), 42 (-N-CHz-), 30 (CH3CO-S-),27 (-CH2-S-) and 25 (-
CH2-CH2-CH2-). FT-IR (ATR):2800, 2780, 1660, 1458, 1424, 1140, 960, 810, 776 and 620

cm™,
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Hydrolysis of 3STA-ISO (3SH-1SO)

11.92g (25 mmol) of STA-ISO was put into a round bottomed flask equipped with a
magnetic stirrer with120 mL of methanol and 2.15 g (53.8 mmol) of pulverized NaOH.
The solutionwas maintained for 5.5h at reflux temperature under inert atmosphere and
then allowed to cool down and the solvent was removed. The solid obtained was
dissolved in water and acidified with 0.1 M HCI solution. Then, it was extracted with
CHClsand the organic phase was washed with distilled water several times and dried
over anhydrous MgSQ0a. The thiol 3SH-ISO obtained after the solvent evaporation was a
colourless viscous liquid, 95% yield. *H NMR (CDCls, & in ppm):4.05 t (-CH2-N-, 6H), 2.60
(-CH2-S, 6H), 1.95 q (-CH2-CH2-CH»-, 6H) and1.60 t (-SH, 3H). 3C NMR (CDCls, & in
ppm):149.5 (-N-CO-N), 42.0 (CH2-N), 32.5 (CH2-SH) and21 (-CH2-CH2-CH2-).FT-IR
(ATR):2800, 2778, 2570, 1675, 1456, 1420 and 772 cm™.

»  Synthesis of thiol from eugenol (3SH-EU)
The trithiol of eugenol was prepared from eugenol by a five-step synthetic
procedure.

Preparation of triallyl eugenol (3A-EU)
Triallyl eugenol was prepared following a previously reported procedure.?®

Synthesis of 1-allyl-4-allyloxy-3-methoxybenzene (2A-EU)

16.4 g of eugenol (100 mmol) and 4.40 g of pulverized NaOH (110 mmol) were
dissolved in 120 mL of dry DMF in a 500 mLthree necked round bottomedflask under
inert atmosphere. The mixture was stirred for 10 min and then allyl bromide (13.30 g,
110 mmol) was added dropwise over 1 h at 40°C, once the addition was finished the
solution was maintained at 40°C for 3 h and then half an hour at 70°C.The solvent was
eliminated in the rotavap and the oil was dissolved in CHCls and filtered to eliminate the
precipitate of inorganic salts. The organic phase was washed twice with distilled water,
dried over anhydrous MgSOasand the solvent eliminated to obtain 96% yield of 2A-EU as
a yellowish oil.'H NMR (CDCls, & in ppm):6.7 d(Ar, 1H), 6.6m (Ar, 2H), 6.1 m(-CH=,1H),
5.9 m(-CH=,1H), 5.3 dd (CH2=, 1H), 5.2 dd (CH2=, 1H), 5.0 m (CH»=, 2H), 4.50d (-CH»-O-,
2H), 3.8s (CH3-0-, 3H) and 3.3 d(-CHz-Ar, 2H).13C NMR (CDCls, § in ppm):149.2 (Ar), 146.2
(Ar), 137.8 (-CH=CH.),133.7 (-CH=CH2),133.0 (Ar), 120.2 (Ar), 118.0 (=CH.), 115.8 (=CH>),
113.5 (Ar), 112.0 (Ar), 70.0 (-CH2-0O), 56.0 (CH3-O-) and 40.0 (-CH2-). FT-IR (ATR):3070,
3015, 2970, 2830, 1680, 1630,1592, 1505, 1460, 1423, 1250, 1225, 1145, 1023, 997,
910, 850, 803 and 749 cm™.

Pyrolysis of 1-allyl-4-allyloxy-3-methoxybenzene (r2A-EU)

In a glass tube provided with a gas outlet 19.48 g (95.5 mmol) of 2A-EUwere stirred
at 200 °C for 3 h to obtain a 98% vyield of a yellowish oil.'H NMR (CDCls, & in ppm):6.59s
(Ar, 2H), 5.91 m (-CH=, 2H), 5.6s (-OH, 1H), 5.1m (CHz2=, 4H), 3.9s (CHs-O-, 3H), 3.4 dd (-
CH2-Ar, 2H) and 3.3 dd (-CH2-Ar, 2H). 3C NMR (CDCls, & in ppm):146.4 (Ar), 141.6 (Ar),
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138.0 (-CH=CH,)136.8 (-CH=CH,, 131.1 (Ar), 125.5 (Ar), 122.0 (Ar), 115.5 (=CH,), 115.4
(=CH), 108.9 (Ar), 56.0 (CH3-O-), 40.0 (-CH2-) and 34.0 (-CHz-). FT-IR (ATR) 3540, 3075,
3012, 2970, 2900, 2845, 1630, 1605, 1442, 1498, 1293, 1227, 1205, 1146, 1070, 993,
910, 848 and 750 cm™.

Synthesis of 1,3-diallyl-4-allyloxy-5-methoxybenzene (3A-EU)

19.14 g of the previously obtainedr2A-EU (94 mmol), 4.13 g (103 mmol)of
pulverized NaOH and 120 mL of DMF were placed in a three necked round bottomed
flask under inert atmosphere. The mixture was stirred for 10 min and then allyl bromide
(12.49 g, 105 mmol) was added dropwise over 1 h at 40°C.Once theaddition was
completed the mixture was kept at 40°C for 3 h and then half an hour at 70°C. The
reaction product was treated with distilled water to dissolve the NaBr formed and
extracted with chloroform. The organic phase was washed twice with distilled water,
dried with anhydrous MgSOasand concentrated on a rotary evaporator to obtain 97%
yield of 3A-EU as a yellowish oil.'H NMR (CDCls, § in ppm):6.7 s (Ar, 2H), 6.05 m (-CH=,
1H), 5.90 m (-CH=, 2H), 5.34 dd (CH2=, 1H), 5.19 dd(CH2=, 1H), 5.15-5.0m (CH»=, 4H),
4.46 d (-CH2-0O-, 2H), 3.87 s (CH3-O-, 3H), 3.38d (-CH2-Ar, 2H), 3.31d (-CH2-Ar, 2H). 13C
NMR (CDCls, & in ppm):152.6 (Ar), 144.1 (Ar), 137.5 (-CH=CH2), 137.3 (-CH=CH2), 135.7
(Ar), 134.5 (Ar), 133.7 (-CH=CH2), 121.7 (Ar), 117.0 (=CH), 115.8 (=CH), 115.5 (=CH,),
110.5 (Ar), 73.7 (-CH2-0O-), 55.7 (CH3-0O-), 40.1 (-CH2-) and 34.3 (-CH2-). FT-IR (ATR) 3072,
3018, 2901, 2825, 1637, 1583, 1510, 1451, 1418, 1256, 1230, 1141, 1026, 986, 907, 804
and752 cm™.

Photochemical thiol-ene reaction (3STA-EU)

A mixture of 5 g (20.5 mmol) of triallyl eugenol derivative (3A-EU), 22.2 g (291.6
mmol) of TAA and 0.1290 g (0.50 mmol) of DMPA were photoirradiated with a UV lamp
at 356 nm for 1h. The product obtained was dissolved in CHCIs and extracted with a
saturated NaOH solution and then washed with water and dried over anhydrous MgSQa.
The solvent was removed on a rotary evaporator. The product obtained was a viscous
liquid with 96% yield.'H NMR (CDCls, & in ppm): 6.52s and 6.50 s (Ar, 2H), 3.91t (-CH»-O-,
2H), 3.80 s (CH3-0-, 3H), 3.10 (-CH2-S-, 2H), 2.85 m (-CH2-Ar, 4H), 2.56 m (-CH2-S-, 4H),
2.31s (CH3-CO-S-, 9H), 1.99 m (-CH2-CH2-CH»-O-, 2H), 1.8m (-CH»-CH2-CH2-Ar, 4H). 13C
NMR (CDCls, 6 in ppm): 195.7,195.6and195.5 (3C, -CO-S-), 152.3 (Ar), 143.9 (Ar), 136.6
(Ar), 134.5 (Ar), 121.4 (Ar), 110.3 (Ar), 70.0 (-O-CH2-), 55.5 (CHs-O-), 34.5 and 31.0(-CH2-
Ar) and 30.5, 30.3 and 30.2 (3C, CH3CO-S-), 29.1, 28.7and 28.4 (3C, CH2-S-), and 25.8 (3C,
CH2-CH2-CH2-).FT-IR (ATR): 2930, 2825, 1680, 1587, 1505, 1460, 1424, 1355, 1260, 1232,
1135, 1010, 950, 800 and 607 cm™.

Hydrolysis of 3STA-EU(3SH-EU)

9.31 g (19.7 mmol) of 3STA-EU were added to 100 mL of methanol in a flask
equipped with magnetic stirrer.1.70 g (42.5 mmol) of pulverized NaOH were added and
the mixture heated at reflux temperature under inert atmosphere for 5.5 h. The solution
was allowed to cool down and the solvent was removed. The product obtained was
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dissolved in water and acidified with 0.1 M HCI solution and then extracted with CHCls.
The organic phase was washed with distilled water and then dried over anhydrous
MgS0a. The product obtained was a pale-yellow viscous liquid.84% yield.'H NMR (CDCls,
6 in ppm): 6.56 s (Ar, 2H), 3.98t (-CH2-O-, 2H), 3.82s (CH3-0-, 3H), 2.77 q (-CH2-S-, 2H),
2.61m (-CH2-S-, 4H), 2.51 g (-CH2-Ar, 4H), 2.1m (-CH2-CH2-CH2-O-, 2H), 1.85 m (-CH2-CH2-
CH2-Ar, 4H), 1.5 t (-SH, 1H), 1.35t (-SH, 1H) and 1.33 t (-SH, 1H). 3C NMR (CDCls, & in
ppm): 152.2 (Ar), 143.9 (Ar), 136.7 (Ar), 134.6 (Ar), 121.5 (Ar), 110.2 (Ar), 70.3 (-O-CH2-),
55.5(CHs-0-), 35.3 (—CH2-Ar), 34.6, 34.3 and 34.0 (3C, -CH2-SH), 28.5 (-CH2-Ar), 24.1, 23.8
and 21.2 (3C, CH2-CH2-CH»-). FT-IR (ATR), 2930, 2825, 2580, 1587, 1503, 1460, 1430,
1260, 1230, 1150, 1090, 1010, 950 and 830 cm™.

Preparation of the curing mixtures

The mixtures were prepared by mixing stoichiometric amounts ofepoxide/SH
groups (1:1) of ECC with thedifferent thiols. It should be taken into account that the
functionality of ECC is two and the functionality of the thiols are 6 for SQ-6H, 4 for
PETMP, and 3 for both 3SH-ISO and 3SH-EU in this reactive process. In catalyzed
formulations, 2phr of basic catalyst (parts of catalyst for hundred parts of epoxy resin)
was added after homogenization of ECC/thiol mixture with a spatula. Formulations were
prepared using four different catalysts in order to test their reactivity and choose the
most suitable one for thethermal curing process.

Characterization techniques

IH NMR and 3C NMR spectra were registered in a Varian Gemini 400
spectrometer. CDCls was used as the solvent. For internal calibration the solvent signal
corresponding to CDCls was used:8 (*H) = 7.26 ppm, & (3C) = 77.16 ppm.

A Jasco FTIR spectrometer equipment (resolution of 4 cm™) with an attenuated-
total-reflectance accessory with a diamond crystal (Golden Gate heated single-reflection
diamond ATR, Specac-Teknokroma). All the measurements were performed at room
temperature. IR was used to follow the formation of thiol band at 2570 cm™ and the
evolution of the curing process of the different formulations. In this case, the spectra
were collect before and after thermal process.

ADSC instrument (Mettler DSC-821e) differential scanning calorimeter (DSC)
Mettler DSC-821e calibrated using an indium standard (heat flow calibration) and an
indium-lead-zinc standard (temperature calibration) was used to determine the
evolution and kinetics of the curing process. Samples of ca. 10 mg were analyzed under
non-isothermal conditions under a constant N2 atmosphere with a gas flow of
100mL/min. The non-isothermal studies were performed in the temperature range of 30
to 240°C, with a heating rate of 2, 5, 10 and 15°C min.

Values of Tg of the final thermosets were determined after two consecutive
heating dynamic scans at 20°C/min starting at -20°C in a Mettler DSC-822e device to
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delete the thermal history. The Tg value was taken as the middle point in the heat
capacity step of the glass transition.

The degree of conversion by DSC was calculated as follows:

Ahgyn

[

where Ahris the heat released up to a temperature T or up to a time t, obtained by
integration of the calorimetric signal up to this temperature or time, and Ahdgyn is the
total reaction heat associated with the complete conversion of all reactive groups.

The linear integral isoconversional, model-free method of Kissinger-Akahira-
Sunose (KAS) was used for the determination of the activation energy based on the non-
isothermal curing curves?*

Wheref is the heating rate, T the temperature, E the activation energy, A the pre-
exponential factor, R the gas constant, and g(x) the integral conversion function. For
each conversion degree, the representation of In(f3/T?) versus 1/T produces a straight
line and makes it possible to determine E and In[AR/g(x)E] from the slope and the
intercept without knowing the kinetic model.

Assuming that the approximation given by Egn (2)is valid, we can determine the
kinetic model that best describes the curing process by rearranging Eqn (2)as

g(x) (AR E
“l(Tz)—l"(ﬂ.—E)‘ﬁ (3)

which is the basis for the composite integral method for the determination of the kinetic
model.”The plot of In (g(a)-S/T?) against -1/R-T for all the heating rates should yield a
perfectly straight line, with a slope E equivalent to the isoconversional activation energy
if the kinetic model g(x) is right. Given that the curing of epoxy-thiol reactions can be
satisfactory modelled using autocatalytic kinetic models,6°we have fitted the
experimental data to autocatalytic kinetic models with n+m=2, where n and m are the
non-catalytic and catalytic orders of reaction respectively. Details of the model fitting
methodology used can be found elsewhere.?’

The thermal stability of cured samples was evaluated by thermogravimetric
analysis (TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were
performed under inert atmosphere (N2 at 100 mL/min). Pieces of the cured samples
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with an approximate mass of 8 mg were degraded between 30 and 600 °C at a heating
rate of 10 K/min.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyzer. The samples were prepared as described before.
Three point bending clamp was used on the prismatic rectangular samples (15 x 7.9 x
1.5 mm?3). The curing schedule applied to cure the samples was 1 h at 120°C, 1 h at 150
°C and a final post curing at 200°C for 30 min. The sample was first heated at 5 K/min
from 30 to 180°C to erase the thermal history and then analyzed at 3 K/min from 30 to
180°C at a frequency of 1 Hz with and oscillation amplitude of 10 um. Young modulus
was determined by a stress/strain test, under the same clamp and geometry testing
conditions, at 30°C using a force ramp of 3N min™* and upper force limit 18 N.

Results and discussion

Synthesis of thiolsfrom vinylic compounds

The synthesis of the various thiols was carried out following a two-step procedure
from the vinyl compounds as reported for squalene derivatives.?? The first synthetic step
consists in a photochemical thiol-ene click reaction of thioacetic acid to the
multifunctional-ene compound in the presence of a radical photoinitiator. The thiol-ene
reaction is not inhibited by oxygen, which constitutes a great advantage in technological
applications. The radical formed by the photo-cleavage of the photoinitiator abstracts a
hydrogen atom from thioacetic acid, generating a thiyl radical that is added toa reactive
double bond of the vinyl compound creating a carbon radical. The carbon radical
abstracts a hydrogen from a thiol group, generating a new thiyl radical.5This alternating
mechanism, cycling between thiyl addition to the double bond and chain-transfer
leading to a new thiyl radical, results in the consumption of thiol and -ene groups at the
same rate. If stoichiometric thiol-ene mixtures are used, complete reaction of thiol and -
ene groups is achieved.The second step in the thiol synthesis is the hydrolysis reaction
of the corresponding thioacetate by treatment with a methanolic solution of NaOH at
reflux temperature, followed by acidification with diluted HCI. This synthetic
procedure,previously described for the preparation of the thiol derived from squalene
(65H-5Q),%? has been successfully applied in the present study for the synthesis of 3SH-
EU and 3SH-ISO from the corresponding triallyl derivatives, being the yields notably
high. The two-step synthetic process is represented for the eugenol derivative in
Scheme 2.

Structural characterization of the thiols synthesized and their synthetic intermediates

The FTIR characterization of the products prepared renders as the most typical
absorptions a strong band at 1700 cm™ of carbonyl stretching in the intermediate
thioacetates and a weak band at 2560 cm™, assigned to the SH absorption in all the
thiols prepared. The structure of the products prepared was confirmed by 'H NMR
spectroscopy.
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Scheme 2.Two-step synthetic procedure for the transformation of triallyl eugenol (3A-EU) to the
trithiol of eugenol (3SH-EU)

TheH NMR spectra of squalene derivatives were compared to those previously
published, showing a complete agreement.??The complex structure of this compound
that includes a great number of stereoisomers make the structural characterization by
this technique difficult but the appearance of acetate peaks in the intermediate
materials and the complete elimination by saponification are valuable indicators to
confirm that the synthetic process has occurred as expected.

The trithiol derived from triallyl isocyanurate (3SH-ISO) has not been reported in
the literature up to now. The structure of this compound and of the intermediate
thioacetate was determined by their *H NMR spectra, which are shown in Figure 1.The
spectra present few signals according to the third order symmetry axis.

In the spectrum of 3STA-ISO the most characteristic signal is the peak at 2.31 ppm
corresponding to the methyl protons of the thioacetate group that appears as a singlet,
which has disappeared completely in the spectrum of the 3SH-ISO. It is worth to note
that signals corresponding to vinyl protons cannot be observed in the spectrum of 3STA-
ISO, which confirms that the photoinduced thioacetic addition to triallyl isocyanurate
was complete. Signals a and b at about 3.95 and 1.9 ppm, practically remain unchanged
in both spectra. However, the signal corresponding to the methylene protons c, which
appears as a triplet at 2.87 ppm in the acetate shifts to 2.55 ppm after hydrolysis and
shows a more splitted peak because of the coupling with the proton of the thiol that
appears as a triplet at 1.55 ppm in the thiol spectrum. ** C NMR spectrum of 3SH-ISO is
included as Figure A in the supporting information.

Figure 2 shows the spectra of the eugenol derivatives. As in the previous case, the
thiol-ene process is complete since no vinylic protons appear in the 3STA-EU spectrum.
As before, the formation of the thiol was confirmed by the disappearance of the peak at
2.34 ppm, corresponding to the methyl protons from the thioacetate groups. However,
the eugenol derivative has no symmetry and therefore more signals appear, making the
assignment more difficult.
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Figure 1. 'H NMR spectrum of the trithioacetate (3STA-ISO) and trithiol (3SH-ISO) derived from
triallyl isocyanurate registered in CDCl3
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Figure 2.1H NMR spectrum of the trithioacetate (3STA-EU) and trithiol (3SH-EU) derived from
eugenol registered in CDCl3
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In a similar way to what happens in the TAIC derivatives, the presence of thiol
leads to a higher splitting of the methylene protons attached to this group. The three
signals due to the thiol protons appear as triplets below 1.5 ppm, two of them partially
overlapped by the similarity of the electronic surroundings.

13C-NMR spectrum was also registered and it is included as Figure B in the
supporting information.

Study of the curing process

The reaction of thiolates with epoxides follows a nucleophylic SN2 mechanism with
a well-defined stereochemical control. Thiols require an amine as basic catalyst to
increase the nucleophilic character of thiols by the formation of thiolates.67:%°
However, the use of bases like trimethylamine in thiol-DGEBA reactions leads to a too
short pot-life that makes difficult the application.?® For that reason the use of latent
basic catalyst is recommended.7

With the aim of selecting the best basic catalyst to perform the thermal curing of
ECC, different amineslike 1-Ml, 2MI, DMAP and LC-80 were tested. All of them are
tertiary amines, being LC-80 an encapsulated imidazole. The DSC thermograms
corresponding to thermal curing of ECC/PETMPstoichiometric formulations with 2 phr of
each catalyst are shown inFigure 3.

* ECC/PETMP/1-MI

— — = ECC/PETMP/2-MI
ECC/PETMP/DMAP
— - - —- ECC/PETMP/LC-80

e Riaaa.
o FOS e

T T T
50 100 150 200 250

Temperature (°C)

Figure 3. DSC thermograms corresponding to the dynamic curing at 10°C/min of the mixtures
cycloaliphatic resin/PETMP with a proportion of 2 phr of the different catalysts

It can be observed in the figure that the formulation catalyzed by LC-80 begins to
cure at relatively lower temperature and finishes at about 200°C showing a low curing
rate and a broad curing temperature range. On the other hand,the curing with DMAP
starts around 100°C, with a very fast curingreaction that finishes at about 140 °C in a
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narrow temperature range. 1-Ml shows an intermediate activity and 2-Ml is the one
that is activated at a highest temperature.

In previous studies on the curing of DGEBA resins with thiols we used 2 phr of LC-
80 as the catalyst and its latent character was demonstrated.7 However, according to
our experience, different catalysts can be used and the most adequate depends on the
composition of the formulation.?® We also reported7-3that the curing of mixtures of
DGEBA and PETMP or TTMP (trimethylolpropane tris-(3-mercaptopropionate)) with
smaller amounts of catalysts such as 1-Ml and LC-80 took place at lower temperatures.
It is well-known that primary amines are not able to cure cycloaliphatic epoxy resins,3!
so it could be expected that the curing of ECC with thiol crosslinkers would be more
difficult but, as seen in Figure 3, it takes place within an acceptable temperature
range.Given that the curing with DMAP is activated within the same temperature range
as the curing with latent catalyst LC-80, and that the curing takes place within a
narrower temperature range, it is suggested that DMAP is the most suitable catalyst for
this systems.

The effect of the different catalyst was also analyzed for the different formulations
prepared from the synthesized thiol crosslinkers. Figure 4 shows, as an example, that
the activity of the different catalysts in formulations using 6SH-SQ as thiol crosslinking
agent follows the same trend as with PETMP. In the case of 3SH-ISO and 3SH-EU (see
Figures C and D in the supporting information), similar results were obtained and DMAP
was the most active catalyst, with an activation temperature close to that of LC-80.
Therefore, DMAP was selected as the most suitable catalyst and used for further studies

in this work.
- - - - - ECC/6SH-SQ[1-MI
14 — — = ECC/6SH-SQ/2-MI
1 ECC/6SH-SQ/DMAP
12 + —-- — - ECC/6SH-SQ/LC-80
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Figure 4. DSC thermograms corresponding to the dynamic curing at 10°C/min of ECC/6SH-SQ
stoichiometric mixtures with 2 phr of the different catalysts
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Figure 5 collects the calorimetric curves for the curing of ECC with the four thiols
selected using 2 phr of DMAP as the catalyst. It is known®that the structure and the
chemical environment of the thiol group has a very strong influence on its pKa and the
nucleophilicity of the thiolate anion. Thus, it could be expected that 6SH-SQ was less
reactive than PETMP due to the lower nucleophilicity of the thiolate anion. It can be
seen that the less reactive thiol crosslinker, with a highest activation temperature, is the
one derived from triallylisocyanurate.

20 ECC/65H-SQ/DMAP

18 | * =+ - ECC/PETMP/DMAP
§ = - = ECC/3SH-ISO/DMAP

16 5 —-- = ECC/3SH-EU/DMAP

- : : ; ‘
50 100 150 200 250
Temperature (°C)

Figure5. DSC thermograms corresponding to the dynamic curing at 10°C/min of the mixtures
cycloaliphatic resin with different thiols using a proportion of DMAP as catalyst

Table 1shows the values of enthalpy released and the temperatures of the
maximum of the calorimetric peaks for the curing of the mixtures with different thiols
and DMAP as the catalyst. As we can see, the heat released by epoxy equivalent is
higher than 100 kJ/eq in all the mixtures with the thiols synthesized and a little a higher
for the commercial PETMP. In DGEBA/PETMP formulations catalyzed by LC-80
enthalpies of 127 klJ/eq were measured during curing.The curing of ECC with PETMP
releases a comparable amount of heat, but the other thiol crosslinkers lead to lower
enthalpy released per epoxy equivalent. On one hand, there are experimental
uncertainties associated with the baseline determination and integration of the curing
peaks, especially those extending to higher temperatures, where side degradation
reactions might also occur. On the other hand, it may be hypothesized that PETMP leads
to somewhat higher conversion than the other thiols, due to its more flexible structure.
For instance, one could expect some topological hindrance leading to incomplete cure in
6SH-SQ, because of its small molecular size and high functionality. It might be argued
likewise in the case of 3SH-ISO and 3SH-EU, with a rigid core structure and flexible but
short arms.
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Table 1. Calorimetric data and kinetic parameters obtained for the curing of formulations with
different thiols containing 2 phr of DMAP

Formulation Ah? Ah? Trnax EaP In A® kizo-ct (da/dt)os?
(I/g) (kJ/eq) (°C) (kJ/mol) (min-t) (mint) (min?)

ECC/6SH-SQ 473.1 108.1 145 65.8 20.3 1.98 0.50
ECC/ PETMP 511.8 131.0 127 61.0 19.1 2.45 0.61
ECC/3SH-ISO 435.9 107.0 163 65.9 20.0 1.39 0.35
ECC/3SH-EU 430.2 107.7 134 68.6 21.2 2.15 0.54

a. Curing enthalpy measured in a DSC scan at 10°C/min

b. Kinetic parameters obtained by model-fitting using an autocatalytic model with n+m=2

c. Values of rate constant at 130°C using the Arrhenius equation and the parameters E and In A

d. Values of reaction rate at 130°C obtained using the equation rate do/dt=k-f(a)=k-(1-a)"*™ at 50%

conversion

However, FTIR-ATR analysis of the cured samples showed that the curing was
quantitative. Figure 6 shows, as an example, the most significant regions of the spectra
before and after curing of the formulation cured with 3SH-ISO. The initial spectrum
shows the typical absorptions of S-H st. at 2570 cm™ and the band at 795 cm™
corresponding to the cycloaliphatic epoxy ring. Both absorptions have disappeared
completely in the spectrum of the cured material, confirming that the curing was
complete. In addition, a new broad absorption at 3500 cm™ appears because of the
formation of the B-hydroxy thioether group in the network structure.

0.05+

0.04 o ECC/3SH-TAIC/DMAP -Initial mixture
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Figure 6. FTIR spectra of a mixture ECC/3SH-ISO catalyzed by 2 phr of DMAP before and after
curing

The kinetics of the curing of the different formulations wasstudied by DSC. From

calorimetric curves performed at different heating rates and applying the

isoconversional methodology we could determine the activation energy of these curing
processes. Figure 7 shows the evolution of activation energy during the curing process.
No great differences among them are observed and the values are more or less constant
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during all the curing process indicating that the reaction mechanism is the same during
the whole curingand no epoxy homopolymerization occurs, as expected for
stoichiometric thiol-epoxy formulations.3®33 The apparent activation energy during
curing of thiol-epoxy formulations depends largely on the type and proportion of
catalyst7 and in consequence on the underlying curing mechanism.?3%33Therefore,
comparison with other systems is difficult, but the values are in general agreement with
previous reports.7-3°

80 4
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ECC/65H-SQ/DMAP

Activation energy (kJ mol™)
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== * =" " ECC/3SH-ISO/DMAP
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Figure 7. Activation energy vs degree of conversion of the cycloaliphatic resin with different thiols
using a proportion of DMAP as catalyst

Given that the isoconversional activation energy is constant, it is possible to model
the curing kinetics using a kinetic model with a single rate constant. Given that the
curing kinetics of thiol-epoxy formulations with tertiary amines has an autocatalytic
behaviour?®3%33 we selected an autocatalytic kinetic model type n+m=2to fit our
experimental results. The kinetic valuesof the curing of the formulations with different
thiolsare collected in Table 1. The kinetic constant and reaction rate at 130°C of the
curing process was significantly affected by the reactivity of the thiol employed. The
results obtained show that PETMP was the most reactive, followed by 3SH-EU and 6SH-
SQ. The less reactivethiol was 3SH-ISO which needed higher temperature to be
initiated.These results agree with the trend in reactivity shown in Figure 5.

Characterization of the thermosets

The thermosets obtained by curing the four formulations with the different thiols
were thermally characterized by DSC, TGA and DMTA. The formulations were cured with
the following schedule:1 h at 120°C, 1 h at 150°C and a post-curing of half hour at 200
°C. The materials obtained were transparent as previously reported in thiol-epoxy
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materials7 and the colour depended on the thiol used in the curing. Figure 8shows the
corresponding photographs.

Figure8.Photographs of the thermosets obtained from different ECC/thiol formulations catalyzed
by 2 phr of DMAP: A) 6SH-5Q; B) PETMP; C) 3SH-ISO and D) 3SH-EU

Table 2 collects the main data obtained from the thermal characterization. The Tg
determined by DSC is correlated with the structural characteristics of the thiol. PETMP,
with a functionality of 4 but quite a flexible structure, leads to a Tg of 53°C. In spite of
the different epoxy used, this value compares well with that obtained for DGEBA-PETMP
materials.?° Trifunctional thiol crosslinkers with a rigid core, 3SH-ISO and 3SH-EU, lead to
materials with comparable Tgs of 69 and 70°C, which are significantly higher than those
that can be obtained using a flexible trifunctional crosslinker such as TTMP.7 The
squalene derivative,6SH-SQ, with an aliphatic structure but higher functionality, leads to
the material with the highest Tg, of 116°C. This can be explained by the densely
crosslinked structure, with internal branching points in the thiol crosslinker structure
and very short distance between crosslinks.

Table 2. Thermal and dynamic mechanical data of the materials obtained from obtained from
cycloaliphatic resin with different thiols using a proportion of DMAP as catalyst

Formulation T Tso® Tmax Teans? Ee Ef
(°c) (°Q) (°c) (°Q) (MPa) (MPa)
ECC/6SH-SQ 116 322 341 135 2231 15.8
ECC/PETMP 53 268 336 80 2048 8.0
ECC/3SH-ISO 70 327 377 91 2070 7.6
ECC/3SH-EU 69 294 367 88 2043 6.8

Glass transition temperature determined by DSC at 10°C/min from -20 to 250 °C
Temperature of 5% of weight loss in N2 atmosphere

Temperature of the maximum rate of degradation in N, atmosphere
Temperature of maximum of tan § determined by DMTA

Young’s modulus at 30 °C

Storage modulus in the rubbery state at T =T tan & + 50 °C

"o oo T

Figure 9plots the loss factor tan dagainst temperature for the four thermosets
prepared, determined by DMTA. The tan 6 peak temperature shows the same trend as
the Tgs measured by DSC (see Table 2), but the values are higher due to the effect of the
frequency on the arelaxation. The tan & curves show a narrow unimodal shape,
indicating that the materials are homogeneous. The curve corresponding to the thiol
6SH-SQ is the one with the highest tan dpeak temperature and the lowest intensity. This
is in agreement with a densely crosslinked network structure, having internal branching
points within the structure of the thiol crosslinker with very short arm distance.In
contrast, the lowest tan S6peak temperature is obtained with PETMP, given its more
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flexible structure in spite of its higher functionality, in comparison with 3SH-ISO and
3SH-EU.The differences between the materials obtained with 3SH-ISO and 3SH-EU are
not relevant, because of their similar structure.

164 ECC/6SH-SQ/DMAP
] e ECC/PETMP/DMAP
S
1.4 Lo — - — " ECC/3SH-ISO/DMAP
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Figure9. Plot of tan & against temperature for the different materials prepared

Theevolution of storage moduli measured with DMTA is shown in Figure 10. The
drop in storage modulus during the mechanical relaxation of the network structure
follows the same trend as the calorimetric Tgs and tan 6 peak temperature, as expected
(see Table 2). The material obtained with 6SH-SQ has the highest value of storage
modulus in the rubbery state, owing to the higher functionality of the crosslinking agent
and the more densely crosslinked network structure.3*Accordingly,PETMP leads to a

somewhat higher relaxed modulus than 3SH-ISO and 3SH-EU because of its higher
functionality.
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Figure 10. Plot of storage modulus against temperature for the different materials prepared
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The thermal stability of the thermosets was studied by TGA under inert
atmosphere. Figure 11 shows the derivative of the degradation curves. As we can see,
the degradation of the material with PETMP starts earlier and shows two clear steps,
while the other ones degrade in a single step. The presence of ester groups in PETMP,
which are absent in the other thiol crosslinkers, may explain the lower degradation
temperature and the multi-step degradation process. The most relevant degradation
parameters are summarized also in Table 2. The material showing the lowest initial
degradation was the thermoset obtained from PETMP because of the existence of a
higher proportion of ester groups in the network structure that can degrade much more
easily. The highest thermal stability was obtained with 3SH-ISO, because of the presence
of the isocyanurate moiety.
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Figure 11. DTG curves under N, at 10 K/min of the thermosets obtained from ECC and the
different thiols and 2 phr of DMAP as catalyst

To summarize, it has been seen that the structure of the thiol crosslinking agent
has a very strong influence on the thermomechanical properties of the thermosets
prepared from cycloaliphatic epoxy resins, making it possible meet a wide range of
application requirements. In particular, the network structure of thiol-crosslinked ECC
thermosets is less densely crosslinked than other ECC thermosets based on epoxy
homopolymerization or epoxy-anhydride copolymerization, making it possible to adapt
them to less-demanding situations from the thermal and mechanical point of view. The
greater flexibility of these networks should lead to an improvement in the impact
resistance in comparison to homopolymerized cycloaliphatic epoxy thermosets.

Conclusions

Multifunctional thiols can be easily prepared from vinyl monomers by
photochemical thiol-ene reaction with thioacetic acid followed by saponification of the
acetyl thioesters formed. By this synthetic way, new trithiols derived from eugenol and
triallyl isocyanurate and the hexathiol from squalene were obtained with good yields.
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Thermosets based on cycloaliphatic epoxy resin ECC crosslinked with a
commercially available thiol crosslinker PETMP and the other synthesized thiols (6SH-
SQ, 3SH-ISO, 3SH-EU) have been prepared using 4-(N,N-dimethylamino)pyridine as
catalyst. The reactivity order in the curing process of the thiols tested followed the
trend: PETMP>3SH-EU>6SH-SQ>3SH-ISO. Complete reaction of thiol and epoxy groups
was confirmed by FTIR spectroscopy.

The obtained materials have lower Tg and storage moduli in the rubbery state than
homopolymerized cycloaliphatic epoxy thermosets, derived from ECC, because of their
lower crosslinking density and higher flexibility of the network structure, making it
possible to adapt ECC thermosets to less demanding applications from the thermal point
of view. The structure of the thiol crosslinker had a strong influence on the thermal-
mechanical properties of the resulting materials. The squalene derivative 6SH-SQ led to
the highest Tg, and moduli in the rubbery state due to its higher functionality and the
presence of internal branching points and short arm distances. However, the trithiols
derived from eugenol and triallyl isocyanurate present Tgs and moduli similar to PETMP
derived materials in spite of their different functionality and structure. The synthesized
thiol crosslinkers led to more stable thermosets than that obtained with PETMP,
because of the presence of thermally labile ester groups in the latter.
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Figure C. DSC thermograms corresponding to the dynamic curing at 10°C/min of ECC/3SH-ISO
stoichiometric mixtures with 2 phr of the different catalysts
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New bio-based materials obtained by thiol-ene/thiol-epoxy
dual curing procedures from eugenol derivatives

Abstract

Novel bio-based and dual-curable thermosets were prepared from eugenol
derivatives. The curing sequence combined two click reactions, a photoinduced radical
thiol-ene reaction followed by a thermally activated thiol-epoxy reaction. Eugenol was
transformed into a triallyl (3A-EU) and a diallyl glycidyl derivative (2AG-EU) with high
yields, and they were used as starting monomers in order to study the thiol-ene reaction
and the dual-curing process, respectively. Three different thiol crosslinkers were tested,
one commercially available tetrathiol derived from pentaerithrytol (PETMP) and two
other that were also synthesized: a trithiol derived from eugenol (3SH-EU) and a hexathiol
derived from squalene (6SH-SQ).

FTIR and DSC were used to monitor both curing stages and analyze the obtained
materials. The results evidenced the occurrence of side reactions that led to incomplete
thiol-ene reaction. The dual-curable materials showed higher Tgs than the materials
obtained by a simple thiol-ene process and presented higher mechanical and
thermomechanical performance.

Keywords: Green chemistry, bio-based, eugenol, dual curing, click reaction, thermosets.
Introduction

Green chemistry is synonymous of health and environmental sustainability. Green
chemistry explores new ways of preparing chemical substances or materials in more
environment-friendly conditions from renewable resources. This concept includes the
reduction or elimination of dangerous substances in the design, manufacture, and use of
chemical products.?3 This is the reason behind the increasing demand for novel synthetic
polymers made from components derived from renewable sources that has appeared in
the recent years.*® The use of natural components allows to reduce the dependence on

fossil resources and implies a positive economic impact.®78210

There are several biomass resources that have been proposed to prepare new

16,17 jtaconic acid,*®

biobased materials as rosin,*'#13 fatty acids,** gallic acid,® tannins,
lignin,*® vanillin,?° cardanol,?* succinic acid'® and furan derivatives.?*?* Eugenol (4-allyl-2-
methoxyphenol), obtained from the essential oil of clove tree, is highly attractive as
feedstock for development of new materials, since it is a phenolic compound that can be
further modified to reach the convenient functionality and a rigid structure.?*% This
aromatic compound is used in the pharmaceutical industry and therapeutic medicine
because it has properties of reduction on blood sugar, triglyceride and cholesterol
levels.?® In addition, it can act as antioxidant agent preventing typical processes of

oxidation of lipids in the first stages of inflammatory processes working as captor agent
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of free radicals.?” According to that, eugenol derivatives can be a good alternative to get
monomeric compounds without toxicological issues.

Recently, many researchers opted for the use of eugenol to prepare new biobased
materials. Donovan et al.?® prepared adhesives by thiol-ene reactions from an eugenol
derivative as vinylic compound and pentaerithritol triallylether and PETMP as thiols.
Increasing the concentration of eugenol derivative in the thiol-ene network resulted in
improved adhesion on a variety of substrates, including glass, aluminium, steel and
marble. In another study, Yoshimura et al.?® prepared new materials by thiol-ene
reactions from a triallyl derivative of eugenol. This compound was prepared by allylation
of eugenol, followed by a Claisen reaction, and further allylation of the phenol formed.
Three different thiols were used to crosslink but the materials obtained did not reach Tg
values higher than 10 °C and therefore their applicability was quite limited.

Green engineering is another concept strongly related to green chemistry. It focuses
on the optimization of processes and systems to maximize mass, energy, space, and time
efficiency. Renewable rather than depleting material and energy inputs are other
concepts included in the green engineering principles.®

Dual curing procedures have been proposed for clean and efficient processing,
which facilitates manufacturing and assembling, reducing the waste production. Dual
curing methodologies consist in a first stage of curing leading to a stable intermediate
material, which upon application of a second stimulus, undergoes further reaction and
crosslinking to achieve the ultimate properties.

In a previous study, we developed a completely sequential dual curing procedure
based in a first photochemically induced thiol-ene reaction followed by a thermal thiol-
epoxy reaction, using commercially available diglycidylether of bisphenol A (DGEBA),
triallylisocyanurate  (TAIC) and pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP).3! This procedure allowed us to obtain materials with tailored intermediate and
final properties by just changing the formulation composition, and to store them for a
certain time in the intermediate state before the final application and completion of the
curing process. Due to the toxicological issues of DGEBA and TAIC, the substitution of
these monomers by other bio-based derived from a renewable feedstock such as eugenol
could contribute to obtain safer thermosetting materials from more sustainable
procedures.

Considering both green chemistry and engineering concepts, in the present study
the preparation of new sustainable materials from eugenol by thiol-ene or the
combination of thiol-ene and thiol-epoxy click reactions will be tackled. The strategy of
using dual curing by combination of thiol-ene and thiol-epoxy is aimed at increasing the
Tg of the final materials, whereas at the same time improvements in the processability
could be reached. As starting monomers we have prepared different compounds derived
from eugenol with a functionality of three, being the functional groups allyl or epoxide.
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As thiol monomers we selected three different compounds derived from renewable
resources: commercially available PETMP, derived from pentaerythritol that can be
obtained from biosynthetic procedures 32 and two thiols synthesized from squalene 3*and
eugenol, by a clean methodology consisting in the thiol-ene addition of thioacetic acid
and further saponification. From the combination of the different monomers shown in
Scheme 1, we have prepared new bio-based materials with different characteristics that
have been evaluated.

As far as we know, the work reported in the present paper is the first one addressing
the preparation of renewable thermosets from bio-based compounds using an efficient
environmentally friendly dual click curing methodology.

N N

OCH3

2AG-EU

N

CH3

SH
3SH-EU

SH
0 0
HS/\)ko o)k/\SH
0

PETMP 0

SH SH SH

SH SH SH

Scheme 1. Chemical structures of the allyl and epoxy eugenol derivatives and the thiols
selected as monomers

Experimental part
Materials

Eugenol (EU), allyl bromide, thioacetic acid (TAA), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), pentaerythritol tetrakis (3-mercaptopropionate) (PETMP),
squalene (SQ), 1-methylimidazole (1-Ml), Irgacure 184 (1-hydroxycyclohexyl phenyl
ketone), benzyl triethylammonium chloride (TEBAC) and epichlorohydrin (EPC) were
purchased from Sigma-Aldrich and were used without further purification. Irgacure 819
(phenylbis (2,4,6-trimethylbenzoyl)phosphine oxide) was supplied by BASF. Inorganic
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salts and bases were purchased from Scharlab. Methanol (Carlo Erba) has been used as
received. N,N-dimethylformamide (DMF) from VWR was dried by standard procedures.

Preparation of starting products

»  Synthesis of the triallyl compound from eugenol (3A-EU)

Triallyl eugenol was prepared following a previously reported procedure.? The
synthesis includes the allylation of eugenol in basic medium to obtain O-allyl eugenol (2A-
EU) and then a Claisen rearrangement on heating to obtain 6-allyleugenol (r2A-UE). This
product was allylated and the triallyl eugenol (3A-EU) was obtained (see supporting
information).H NMR (CDCls, & in ppm): 6.7 s (Ar, 2H), 6.05 m (-CH=,1H), 5.90 m (-CH=,
2H), 5.34 dd (CH2=, 1H), 5.19 dd (CH2=, 1H), 5.15-5.0 m (CHz=, 4H), 4.46 d (-CH2-O-, 2H),
3.87 s (CH3-0O-, 3H), 3.38 d (-CH2-Ar, 2H), 3.31 d (-CH2-Ar, 2H) (see Figure A in supporting
information).*3C NMR (CDCls, 6 in ppm): 152.6, 144.1, 137.5, 137.3, 135.7, 134.5, 133.7,
121.7,117.0,115.8,115.5,110.5, 73.7, 55.7, 40.1 and 34.3. FT-IR (ATR): 3072, 3018, 2901,
2825, 1637, 1583, 1510, 1451, 1418, 1256, 1230, 1141, 1026, 986, 907, 804 and 752

cm™,

»  Synthesis of diallylglycidyl derivative of eugenol (2AG-EU)

10.49 g (51.4 mmol) of r2A-EU, 30.76 g (332.4 mmol) of epichlorohydrin and 0.84 g
(3 mmol) of benzyltriethylammonium chloride (TEBAC) were stirred in a 250 mL flask at
100 °C for one hour. The mixture was cooled down to 30 °C and then 30 mL of an aqueous
solution of 20% NaOH and 0.84 gr of TEBAC were added and maintained under stirring for
90 min. Once finished 20 mL of ethyl acetate was added to the mixture for dilution. The
phases were separated and the organic layer was washed twice with water and dried with
magnesium sulphate. The solvent and excess epichlorohydrin were eliminated in a rotary
evaporator at 60 °C. The product obtained, with 97% vyield, was purified by silica-gel
chromatography using hexane/ethyl acetate 7/3. The product is a pale yellow liquid. *H
NMR (CDCls, & in ppm): 6.6 s (Ar, 2H), 5.95 m (-CH=, 2H), 5.06 m (CH2=, 4H), 4.15 dd
(-CH2-0-, 1H), 3.93 dd (-CH2-0O-, 1H), 3.83 s (CHs-O-, 3H), 3.42 d (-CH2-Ar, 1H), 3.33 m (CH
epoxy ring, 1H), 3.28 d (-CH-Ar, 1H), 2.85 dd and 2.68 dd (CH: epoxy ring, 2H). 3C NMR
(CDCls, & in ppm): 152.2, 143.8, 137.3, 137.2, 135.8, 133.5, 121.8, 115.7, 115.4, 110.6,
73.6, 55.5, 50.5, 44.4, 39.9 and 34.0. FT-IR (ATR): 3072, 3050, 3018, 2901, 2825, 1583,
1451, 1418, 1256, 1230, 1141, 1110, 1026, 986, 915, 907, 804 and 752 cm™™.

» Synthesis of the trithiol derivative of eugenol (3SH-EU)

Photochemical thiol-ene reaction (3STA-EU)

A mixture of 5 g (20.5 mmol) of triallyl eugenol derivative (3A-EU), 22.2 g (291.6
mmol) of TAA and 0.1290 g (0.50 mmol) of DMPA were photoirradiated with a UV lamp
at 356 nm for 1 h. The product obtained was dissolved in CHCI3 and extracted with a
saturated NaOH solution and then washed with water and dried over anhydrous MgSQa.
The solvent was removed on a rotary evaporator. The product obtained was a viscous
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liquid with 96% yield. 1H NMR (CDCls, 6 in ppm): 6.52 s and 6.50 s (Ar, 2H), 3.91 t
(-CH2-0O-, 2H), 3.80 s (CHs-O-, 3H), 3.10 (-CH2-S-, 2H), 2.85 m (-CHz-Ar, 4H), 2.56 m (-CH»-
S-, 4H), 2.31 s (CH3-CO-S-, 9H), 1.99 m (-CH2-CH2-CH2-0O-, 2H), 1.8 m (-CH2-CH2-CH2-Ar, 4H).
13C NMR (CDCls, § in ppm): 195.7, 195.6, 195.5, 152.3, 143.9, 136.6, 134.5, 121.4, 110.3,
70.0, 55.5, 34.5, 31.0, 30.5, 30.3, 30.2, 29.1, 28.7, 28.4 and 25.8. FT-IR (ATR): 2930, 2825,
1680, 1587, 1505, 1460, 1424, 1355, 1260, 1232, 1135, 1010, 950, 800 and 607 cm™™.

Hydrolysis of 3STA-EU (3SH-EU)

9.31 g (19.7 mmol) of 3STA-EU were added to 100 mL of methanol in a flask
equipped with magnetic stirrer. 1.70 g (42.5 mmol) of pulverized NaOH were added and
the mixture was heated to reflux temperature under inert atmosphere for 5.5 h. The
solution was allowed to cool down and the solvent was removed. The product obtained
was dissolved in water and acidified with 0.1 M HCI solution and then extracted with
CHCls. The organic phase was washed with distilled water and then dried over anhydrous
MgSOQa4. The product obtained was a pale-yellow viscous liquid. 84% yield. *H NMR (CDCls,
6 in ppm): 6.56 s (Ar, 2H), 3.98 t (-CH2-O-, 2H), 3.82 s (CHs-0O, 3H), 2.77 q (-CH2-S-, 2H),
2.61 m (-CH2-S-, 4H), 2.51 q (-CH2-Ar, 4H), 2.1 m (-CH2-CH2-CH2-O-, 2H), 1.85 m
(-CH2-CH2-CH2-Ar, 4H), 1.5 t (-SH, 1H), 1.35 t (-SH, 1H) and 1.33 t (-SH, 1H). (Figure B in
supporting information). 3C NMR (CDCls, § in ppm): 152.2, 143.9, 136.7, 134.6, 121.5,
110.2,70.3,55.5, 35.3, 34.6, 34.3, 34.0, 28.5, 24.1, 23.8 and 21.2. FT-IR (ATR): 2930, 2825,
2580, 1587, 1503, 1460, 1430, 1260, 1230, 1150, 1090, 1010, 950 and 830 cm™.

» Synthesis of the hexathiol derived from squalene (6SH-SQ)

The product was obtained following a two-step procedure previously reported,3
which includes a thiol-ene photochemical reaction of squalene with thioacetic acid
followed by a saponification of the thioester groups (see supporting information).

Preparation of the curing mixtures

Two different types of formulations were prepared. Thiol-ene formulations named
as 3A-EU/thiol and dual formulations named as 2AG-EU/thiol. The mixtures were
prepared by mixing with a spatula stoichiometric amounts of allyl/SH and allyl-epoxy/SH
groups until reaching homogenous mixtures.

Four different thiol-ene formulations were prepared from 3A-EU as allyl monomer
and three different thiols: PETMP, 3SH-EU, 6SH-SQ and PETMP/3SH-EU in equimolecular
proportion. The photochemical reaction was catalyzed by adding a 0.2 or 4% of a mixture
of Irgacure 184 and Irgacure 819 in weight ratio 3:1 in some drops of acetone to obtain a
homogenous mixture. Then, acetone was eliminated in a vacuum oven for 30 minutes.

Four different dual formulations were prepared similarly from 2AG-EU with three
thiols: PETMP, 3SH-EU, 6SH-SQ and an equimolecular thiol mixture PETMP/3SH-EU. The
formulations contained a 0.2 or 4% of a mixture of Irgacure 184 and Irgacure 819 in weight
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ratio 3:1 to activate thiol-ene reaction and 1 phr (part per hundred of total mixture) of 1-
Ml as a basic catalyst for the activation of thiol-epoxy thermal process.

Characterization techniques

'H and 3C NMR spectra were registered in a Varian Gemini 400 spectrometer. CDCls
was used as the solvent. For internal calibration the solvent signal corresponding to CDCl3
was used: 6 (*H) = 7.26 ppm, & (13C) = 77.16 ppm.

Samples of the different compositions were photocured at 35 °C, in a Mettler DSC-
821e calorimeter appropriately modified with a Hamamatsu Lightning cure LC5 (Hg—Xe
lamp) with two beams, one for the sample side and the other for the reference side. 5 mg
samples were cured in open aluminium pans in nitrogen atmosphere. Two scans were
performed on each sample, the second one needed to subtract the thermal effect of the
radiation. The method consisted of 1 min without irradiation for temperature
stabilization, followed by 12 min irradiation and finally 0.50 min without irradiation. The
light intensity used was 35.6 mW/cm?, measured at 365 nm using a radiometer.

Studies of the thermal reaction were performed by differential scanning calorimetry
(DSC) in a Mettler DSC-821e apparatus. For dynamic studies a flow of N2 at 100 mL/min
was used and the weight of the samples for the analysis was 10 mg. The calorimeter was
calibrated using an indium standard (heat flow calibration) and an indium-lead-zinc
standard (temperature calibration). The studies were performed in the temperature
range of 30-250 °C, with a heating rate of 10 K/min.

The glass transition temperatures (Tgs) of the samples after irradiation were
determined in dynamic scans at 20 °C/min from -100 °C to 100 °C. The Tgs of the final
thermosets were determined after two consecutive dynamic scans at 20 °C/min starting
at -100 °C in a Mettler DSC-822e device to delete the thermal history. The Tg value was
taken as the middle point in the heat capacity step of the glass transition.

A Bruker Vertex 70 FTIR spectrometer equipped with an attenuated total reflection
accessory (ATR) (Golden Gate, Specac Ltd. Teknokroma) which is temperature controlled
(heated single-reflection diamond ATR crystal) equipped with a liquid nitrogen-cooled
mercury-cadmium-telluride (MCT) detector was used to register the FTIR spectra of the
mixtures during UV irradiation and fully cured samples. The spectra were registered in
the wave number range between 4000 and 600 cm™ with a resolution of 4 cm™ and
averaged over 20 scans. UV-curing was performed using a Hamamatsu Lightning cure LC5
(Hg-Xe lamp) with one beam conveniently adapted to the ATR accessory. A wire-wound
rod was used to set a sample thickness of 50 um. OPUS software was used for the analysis
of the spectra. The spectra were corrected for the dependence of the penetration depth
on the wavelength and normalized with respect to the absorbance of C=C aromatic peaks
at 1587 cm™ (neglecting the contribution of the overlapping tiny signal associated with
the allyl group). The normalized thiol band at 2576 cm™ and the allyl band at 1639 cm
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were integrated and the thiol and allyl conversions after the photocuring (Xuw) and after
thermal curing (Xinar) were

A’UV
Xy =1— 1
w=1-7 M
A's
_ final
Xfinal =1- A, (2)

Where A’uy, A’finarand Ao are the normalized area of thiol or allyl bands after photocuring
and thermal curing and at the beginning of the curing, respectively.

The thermal stability of the cured samples was studied by thermogravimetric
analysis (TGA), using a Mettler TGA/SDTA 851e thermobalance. All the experiments were
performed under inert atmosphere (N2 at 100 mL/min). Pieces of the cured samples with
an approximate mass of 8 mg were degraded between 30 and 600 °C at a heating rate of
10 K/min.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyser. Cured rectangular samples (40 mm x 7.7 mm x 1.6 mm)
from the different formulations based on 3A-EU were obtained in silicon moulds
irradiated in an ultraviolet chamber (320-390 nm), DymaxECE 2000 UV model systems.
The samples were irradiated with an intensity of 105 mW/cm? for a period of 60 seconds
each face 14 times, waiting 60 s minimum between irradiations, to control the
temperature of the sample. The dual cured samples with the selected formulations based
on 2AG-EU were photocured as described before and then isothermally cured without
mould at 120 °C for 1 h with a post curing at 150 °C for 30 min. Three point bending clamp
was used on the prismatic rectangular samples. The apparatus operated dynamically at 5
K/min from 30 to 150 °C to delete the thermal history and then dynamically at 3 K/min
from -20 to 120°C at a frequency of 1 Hz with and oscillation amplitude of 10 um. Young's
modulus was determined under flexural conditions at 30 °C, with the same clamp and
geometry samples, applying a force ramp at constant load rate of 3 N/min, from 0.001 N
to 18 N. Three samples of each material were analyzed and the results were averaged.
Stress strain at break tests were performed with the film-tension clamp in force controlled
mode. Dogbone samples were used at a force rate of 1 N/min and the averaged values of
at least three different samples were reported.

Microindentation hardness was measured with a Wilson Wolpert 401 MAV device
following the ASTM E384-16 standard procedure. For each material 10 determinations
were made with a confidence level of 95%. The Vickers hardness number (HV) was
calculated from the following equation:
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_1.8544-F (3)

HV e

Where, F is the load applied to the indenter in kg f and d is the arithmetic mean of the
length of the two diagonals of the surface area of the indentation measured after load
removal in mm.

Results and discussion

Synthesis and characterization of monomers

The synthetic procedure applied to the preparation of eugenol derivatives used as
monomers in the present study is depicted in Scheme 2.

This synthetic procedure is based on the preparation of the diallyl derivative (r2A-
EU), previously reported by Yoshimura et al.?® They described that the allylation of the
phenol group of eugenol followed by a Claisen rearrangement allows the preparation of
the diallyl compound r2A-EU, from which the triallyl (3A-EU) or the glycidyl derivative
(2AG-EU) can be, alternatively obtained. This glycidylic compound has not been previously
described but the synthesis is quite conventional and based in the reaction of phenols
with epichlorohydrin in excess in the presence of a quaternary ammonium salt. The triallyl
derivative was converted into the trithiol (3SH-EU) following the synthetic procedure
consisting in a photochemical thiol-ene addition of thioacetic acid and further
saponification with a base, as previously reported.3*

oH o//«\\;f? \\ OoH
CH3 CH3 CH3
N A
Br
- s _
NaOH
EU 2A-EU r2A-EU

3SH-EU
2AG-EU

SH |

Scheme 2. Synthetic procedure used in the preparation of the triallyl derivative (3A-EU), the
glycidyl derivative (2AG-EU) and the trithiol (3SH-EU) from eugenol
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The synthesized compounds did not required further purification with the exception
of 2AG-EU, which was purified by column chromatography. The characterization of the
previously reported compounds was performed by *H and 3C NMR spectroscopy and they
perfectly agree with those previously published and confirmed their high purity (see
spectra in supporting information).

Figure 1 and 2 show the H and 3C NMR spectra of 2AG-EU with the corresponding
assignments. As we can see, and in spite of the complexity due to the lack of symmetry,
the 'H NMR spectrum of 2AG-EU shows the typical pattern expected for both allyl groups,
partially overlapped among them, and the five signals expected for the five unequivalent
protons of glycidyl group. Aromatic protons and methoxy group appear as singlets. The
13C NMR spectrum of this compound also shows its high purity and confirms the expected
structure of the compound. The assignments have been performed on the basis of similar
compounds previously reported.?*?°

16
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Figure 1. 'H NMR spectrum of the 2AG-EU in CDCl3
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Figure 2. 13C NMR spectrum of the 2AG-EU in CDCl3

In the FTIR spectra the most typical signals could be observed, as for 2A-EU and r2A-
Eu, the vinyl stretching signals at 1637 and 1630 cm™! respectively and the absorptions at
1637 cm for vinyl and 907 cm™ for epoxy groups for the compound 2AG-EU. The
spectrum of the thiol 3SH-EU shows a weak band at 2570 cm™ corresponding to the S-H
stretching.

In addition to eugenol derivatives, a biobased thiol derived from squalene (6SH-SQ)
was synthesized following a reported procedure.®? Its characterization was done by *H
NMR and FTIR spectroscopy, which were coincident with the reported data. The structure
of 6SH-SQ, although aliphatic and therefore quite flexible, allowed to reach high Tgs in
thiol-epoxy formulations because of the six thiol reactive groups per molecule, as it was
proved in the curing of cycloaliphatic resins.3* According to that, it has been selected in
the present study to help to increase the Tgs of the thermosets prepared.

Preparation and characterization of materials based on 3A-EU by thiol-ene reaction

First of all, we studied the preparation of thermosets by thiol-ene reaction triggered
by photoirradiation and in the presence of a radical photoinitiator. This was already done
by Yoshimura et al.?° using 3A-EU, but using in our case, different thiols as comonomers.
First, we tried DMPA as radical initiator, since it catalysed thiol-ene reactions even in low
proportion (0.1 phr).3! However, in the case of eugenol derivatives this reaction did not
occur even when proportions of 3 phr of DMPA were added to the formulation. Thus, we
tried with a 0.2% wt% of a mixture of Irgacure 184/Irgacure 819 in 3:1 weight ratio as
used by Yoshimura.?®

Photocalorimetric studies were done to see the evolution of the curing process.
Figure 3 shows the exothermic curing curves for the various formulations studied.
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Figure 3. DSC thermograms corresponding to the photocuring at 30 °C of the mixtures of 3A-EU
with different thiols

As we can see in the photocalorimetric curves, the reaction seems to proceed quite
well for all the mixtures with the exception of the formulation prepared from 6SH-SQ.
However, on increasing the proportion of photoinitiator in this formulation up to 4%wt
the heat evolved increased, but it does not reach the maximum observed in the other
formulations. This seems to indicate a lower reactivity of this thiol that can be explained
by its structure with a high functionality and thiols attached to methine carbons.

In the mixture of PETMP/3SH-EU as thiol, the system appears to be more reactive
than formulations with each one of the thiols (PETMP or 3SH-EU) separately. The shape
of these curves made the evaluation of heat quite unreliable but values around 50 kJ/thiol
eq could be calculated. In a previous study we could determine similar enthalpies for
thiol-ene process.3!

Although calorimetric studies give valuable insight to the curing process, the
evolution of the reactions contributing to the curing must be evaluated from the point of
view of the chemical transformations. Thus, the evolution of the most significant bands
of the monomers was followed by FTIR spectroscopy during irradiation of a film of the
sample on the ATR. Thiol groups evolution was monitored by the band at 2576 cm™
corresponding to S-H st and the reduction of allyl groups by the band at 1639 cm
attributable to C=C st. As reference band we selected the absorption at 1587 cm™ of the
aromatic ring. Table 1 shows the final conversion of allyl and thiol groups reached in the
cured material.
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Table 1. Conversions of the reactive species after thiol-ene process calculated by FTIR/ATR

Sample Photoinitiator Allyl conversion Thiol conversion
(wt%) (%) (%)
3A-EU/3SH-EU 0.2 71 100
3A-EU/PETMP 0.2 60 67
3A-EU/PETMP/3SH-EU 0.2 65 87
3A-EU/6SH-SQ 4 54 55

It should be commented that if the reaction was complete and occurred by an only
thiol-ene process, the conversion of allyl and thiol groups should approach both to 100%.
However, the values in Table 1 evidence the lower reactivity of 6SH-SQ, with parallel
conversions of thiol and allyl eugenol during the photoirradiation, but reaching only
partial conversion, even when a high amount of photoinitiator was added to the
formulation. The mixture 3A-EU/PETMP does not react completely either, but the
conversion of thiol and allyl moieties are quite similar. In contrast, the use of 3SH-EU as
thiol crosslinker leads to a surprising difference in conversions of thiol and allyl moieties.
In the case of the 3A-EU/3SH-EU mixture, the thiol disappears completely but allyl is
converted in only 71%. A similar behaviour is observed in the case of the 3A-
EU/PETMP/3SH-EU mixture, although the difference between thiol and allyl conversion is
not as high and there are still thiol groups remaining. Several authors reported on the
limitations of thiol-ene processes due to the possibility of thiol-thiol coupling and carbon-
carbon radical coupling.3® The thiol-thiol coupling should be the responsible of the thiol
exhaustion when 3SH-EU is selected. The run out of thiol leads to the prompt termination
in the crosslinking process. Yoshimura et al.?® also reported there was a different
evolution of allyl and thiol groups, leading to remaining unreacted allyl, when 3A-EU was
cured with thiols of different structure, and they attributed the difference to thiol-thiol
coupling reactions. It seems that the structure of eugenol monomers could also make
difficult the quantitative thiol-ene reaction. Given that thiol-ene reactions involve the
formation of radical intermediates, it can be hypothesized that these unexpected results
can be related to the possible formation and stabilization of radical species in the
methylene carbon of the allyl group directly attached to the aromatic ring by resonance
as represented in Scheme 3. The formation of such species would contribute to the slow
and incomplete thiol-ene reaction, leading to the presence of unreacted allyl or -ene
groups.

R = \ R R R

OCH3 OCHj, OCH3 OCHg

Scheme 3. Stabilization of eugenol radical species by resonance

Different samples were obtained from the various formulations by irradiation in a
UV chamber during the adequate time to reach the ultimate properties. However, the
amount of photoinitiator was raised to 4%wt in all the formulations to get the maximum
curing degree, because of the size of the samples made difficult reaching the complete
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and homogenous curing and lower amounts of initiator led to sticky samples. The results
of the thermal analysis of the cured samples are collected in Table 2.

Table 2. Thermal data of the materials obtained by thiol-ene reaction

Sample Tso? Tmax® Res.c T T tans © Ef E®
(°C) (°C) (%) (°C) (°C) (MPa) (MPa)
3A-EU/3SH-EU 249 386 16 1 14 2.7 6.7
3A-EU/PETMP 237 369 16 9 18 6.7 239
3A-EU/PETMP/3SH-EU 241 373 16 8 16 3.7 18.2
3A-EU/6SH-SQ 252 356 3 14 30 2.2 20.6

Temperature of 5% of weight loss in N2 atmosphere.

Temperature of the maximum rate of degradation in N, atmosphere
Residue after thermal degradation in N2 atmosphere

Glass transition temperature determined by DSC

Temperature of maximum of tan § determined by DMTA

Storage modulus in the rubbery state determined at tan § + 50°C
Young’s modulus at 30 °C under flexural conditions

™m0 o0 T

As we can see, the results from TGA analysis do not show large differences between
the different materials but the presence of ester groups in the PETMP structure slightly
decreases the temperature of initial degradation.

By DSC and DMTA the Tg of these materials was determined. The maximum value
reached was 14 °C (by DSC) or 30 °C (by DMTA) for the material obtained from the
squalene thiol derivative, because of its high functionality, although the reaction was not
complete. The Tgs of the other materials were lower than the one obtained from 6SH-SQ
material. Yoshimura et al.?° reached a maximum Tg value of 9.1 °C for the material
obtained from PETMP as the thiol which is coincident with the value reached by us. The
moduli measured reflect not only the degree of curing achieved but also the structure of
the thiol used and therefore the rationalization of the values measured is not an easy
task. The Young’s moduli were measured at 30 °C and the low values agree with their
rubbery state, according to the low Tgs of these materials. Moreover, from the values of
the table we can conclude that the use of 3SH-EU is highly detrimental for the quality of
the thiol-ene cured formulations and only improves when a mixture of 3SH-EU and PETMP
was used as crosslinker agent.

The results obtained lead to the conclusion that the applicability of the materials
derived from 3A-EU by thiol-ene curing is quite limited because of their low
thermomechanical characteristics. The structure and functionality of the thiol crosslinker
usually have a significant influence on the thermal-mechanical properties of the
materials, but the tailoring of the properties of these materials is negatively affected by
the incomplete reaction and the occurrence of undesired side-reactions that occurs in a
greater extent in eugenol monomers, according to the results reported by Yoshimura.?®
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Preparation and characterization of the materials derived from 2AG-EU by thiol-ene/thiol-

epoxy dual curing process

To improve the performance of eugenol-derived materials we proposed the
combination of thiol-ene with thiol-epoxy reactions, following a dual curing procedure.
Once studied the thiol-ene stage and characterized the materials obtained from 3A-EU,
the study of this dual curing process was attempted starting from 2AG-EU formulations
with 3SH-EU, PETMP, 6SH-EU and the mixture of PETMP and 3SH-EU. In addition to the
photoinitiator, a base must be included in the formulation to catalyse the thermal thiol-
epoxy reaction. In the present study 1-Ml was selected as the base.3®

Sequential thiol-ene/thiol-epoxy dual curing systems were developed in our group
for formulations of DGEBA/TAIC/PETMP.3! Thiol epoxy reaction requires an amine to
convert the thiol groups into thiolates, which are more nucleophilic and able to attack
epoxy rings, forming networks through thioether bonds. The use of latent amine
precursors allowed the second step to be triggered at will. This fact opens the possibility
of irradiating the initial formulation to complete the thiol-ene reaction obtaining an
intermediate material able to be stored, manipulated or transformed safely. On heating
this material at the required temperature the second reaction can be activated and the
material can be further crosslink until it achieves the ultimate network structure and
properties. However, dual systems are in general quite complex and the structure of the
monomers has an enormous influence in the reactivity and can lead to a partial
overlapping between processes or even limit the conversion in one of the steps.
Therefore, it is necessary to adjust the curing conditions for each reactive system.?’

The implementation of a new dual curing process requires a previous study to find
out the right proportion of initiator or catalyst, the reaction times required and the best
reaction conditions to get the maximum degree of curing in each stage. After that, it is
important to determine if both processes overlap in the conditions selected.

Figure 4 shows the calorimetric curves of the thermal stage in irradiated and non-
irradiated samples.

In clean sequential dual curing processes irradiation should not affect the second
thermal process. As we can see in the figure, in the present case the initial irradiation step
has a notable influence on the second thermal stage, both in the shape of the curve and
especially in the heat evolved, reported in Table 3 for all the formulations studied. In that
table, the enthalpies released during the first photochemical step and during the second
thermal thiol-epoxy stage are given separately. In addition, the enthalpies released by
thermal curing of non-irradiated mixtures (initial mixture) are also given. The values of
enthalpy are expressed by gram and by reactive equivalent (allyl groups in the
photochemical step and epoxides in the thermal). The Tgs of the materials in the
intermediate stage and after curing completion are also detailed.
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The difference between the reaction enthalpy in the epoxy-thiol thermal reaction in
previously irradiated and virgin formulations gives information about the overlapping
among photochemical and thermal processes. In the case of completely controlled
sequential curing, both enthalpies must be similar.3' However, from the values of the
table we can see that the heat released in the second curing stage, after irradiation, is
lower in all the formulations than that of the non-irradiated mixtures. This result can be
related to the occurrence of two different undesired processes during photoirradiation:
a) thiol-epoxy reaction can start because of the increased temperature caused by the
thiol-ene process and b) the remaining amount of thiol groups can be lower than expected
due to thiol-thiol coupling, as previously detected in the curing of 3A-EU formulations.
The difference between enthalpies in irradiated and non-irradiated samples is minimal
for 2AG-EU/PETMP formulations (89% of conversion in epoxide during the second step)
and maximal for 3SH-EU formulations (29 and 58% of conversion in epoxide during the
thermal step for 3SH-EU and PETMP/3SH-EU, respectively). In the case of 6SH-SQ mixture,
a 64% of the epoxide conversion occurs during the thermal process.

2AG-EU/PETMP 144
Initial mixture

After irradiation 2AG-EU/3SH-EU
Initial mixture
After irradiation

04 T T T T T T al 06 T T T T T T 1
80 100 120 140 160 180 200 220 80 100 120 140 160 180 200 220
Temperature (°C) Temperature (°C)
in] . " 4
2 2AG-EU/6SH-SQ 08 2AG-EU/PETMP/3SH-EU
o] lnma.I mnfture Initial mixture
= = - After irradiation 06 - ~ - After irradiation

T . T T T T T T T T T T T 1
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Figure 4. Calorimetric curves of irradiated and non-irradiated 2AG-EU formulations with the thiols
tested
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Table 3. Reaction enthalpies and Tgs of the different formulations determined by DSC

Initial mixture 1t stage 2" stage
Sample Ah? AhP Ahe Ahd Tg® Ahf Dhe Tg"
(/g) (ki/eq) (/g)  (kifeq) (°Q) | (g) (ki/feq) (°C)
2AG-EU/3SH-EU 197.1 121.9 154.0 30.0 - 57.3 354 -
2AG-EU/PETMP 192.4 124.1 138.0 28.2 -12 1710 110.8 36
2AG-EU/PETMP/3SH-EU 184.8 117.4 183.9 36.9 -6 106.9 68.0 28
2AG-EU/6SH-SQ 203.6 123.2 86.5 24.8 1 129.0 78.6 57

Enthalpy released per gram on heating the initial mixture

Enthalpy released per epoxy equivalent on heating the initial mixture

Enthalpy released per gram during the irradiation of the mixture

Enthalpy released per allyl equivalent during the irradiation of the mixture

Glass transition temperature of the intermediate material

Enthalpy released per gram of previously irradiated samples during the thermal step

Enthalpy released per epoxy equivalent of previously irradiated samples during the thermal step
Glass transition temperature of the final cured material

SmroapoTw

To investigate the evolution of the different reactive groups during the
photochemical stage, FTIR spectra were taken during irradiation. Table 4 shows the
conversion of allyl and thiol groups and the values of the theoretical conversion of thiol
have been added to the table, since thiol groups also participates in the thermal thiol-
epoxy process and therefore should be in excess in reference to the ally groups. The
measured conversion in allyl groups has been included in these calculations for every
mixture. The evaluation of epoxide, although very interesting to determine the real
conversion of epoxy groups in this step, was not possible because the overlapping of the
907 cm band of the oxirane ring with other absorptions in this zone.

Table 4. Conversion of allyl and thiol groups in the photochemical stage of the dual curing of 2AG-
EU formulations calculated by FTIR spectroscopy

Sample Allyl conversion Thiol conversion Theoretical thiol
(%) (%) conversion (%)
2AG-EU/3SH-EU 99 100 66
2AG-EU/PETMP 76 53 51
2AG-EU/PETMP/3SH-EU 99 76 66
2AG-EU/6SH-SQ 93 64 62

As we can see in the table, allyl groups disappear completely during photoirradiation
when 3SH-EU is in the formulation, but in both cases, thiol reacts much more than the
theoretically calculated, confirming that undesired thiol-thiol coupling takes place. This
reaction leads to the exhaustion of thiol in the 2AG-EU/3SH-EU mixture, which implies
that the second thermal thiol-epoxy process will not occur. However, some enthalpy is
released in this process (see Table 3) which can be related to the homopolymerization of
epoxide by the 1-Ml acting as a thermal anionic initiator.3®

The conversion of allyl groups in the 2AG-EU/PETMP formulation is quite low, but
the conversion of thiol barely exceed the theoretical one and confirms that PETMP has
not the tendency to thiol-thiol coupling as observed previously by us.3! In addition, the
enthalpy released in the thermal step is quite high (see Table 3) and only slightly lower
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that the obtained from the non-irradiated samples. Thus, the curing of this mixture is the
more controlled and could be considered as a sequential dual curing, although some allyl
groups might not react completely because of the special features of the eugenol
structure.

Finally, 6SH-SQ seems to have the best structure to reach a practically quantitative
conversion in thiol-ene process when the proportion of thiol is higher than the
stoichiometric, because of the thiol excess required to react with epoxide in the second
step. It must be remembered that the 3A-EU/6SH-SQ formulation reached an only 54-
55% of conversion in stoichiometric thiol-ene formulations previously studied. However,
the enthalpy released in the thermal stage by epoxy equivalent is lower than expected
(78.6 ki/ee that corresponds to a 64% of epoxy reaction). Both results suggest the
existence of topological restrictions in 6SH-SQ due to the high functionality of its structure
that prevents completion of the reaction.

As expected, the Tgs of the intermediate materials are low (see Table 3), but the
highest value corresponds to the material cured with the squalene derivative, because of
its high functionality. On comparing the Tgs of the cured materials derived from 2AG-EU
with the corresponding materials prepared from 3A-EU we can see a notable increase by
the occurrence of the second thermal process that leads to a tighter network structure.
In case of 6SH-SQ cured materials an increase in more than 50 °C are achieved by the
contribution of the epoxy thermal step that leads to a final Tg of 57 °C that impart rigid
characteristics to this material at room temperature. The Tgs of the materials prepared in
the present study were higher than others reported in the literature for eugenol

derivatives.?® 2

The materials prepared were characterized by TGA and DMTA and the main data
obtained are collected in Table 5. The material prepared from 2AG-EU/3SH-EU
formulation has not been included in this characterization because of the non-
comparable structure of the network, coming from different unexpected reactions taken
place.

Table 5. Thermal data of the materials obtained after dual curing process from 2AG-EU

Sample Tss? Trmax® Residuec Teans® E:* Ef
(°c) (°c) (%) (°c) (MPa) (MPa)
2AG-EU/PETMP 329 364 19 52 10.1 184.7
2AG-EU/PETMP/3SH-EU 317 372 17 41 3.7 44.2
2AG-EU/6SH-SQ 298 366 4 76 10.2 935.7

Temperature of 5% of weight loss in N> atmosphere

Temperature of the maximum rate of degradation in N2 atmosphere
Residue after thermal degradation in N2 atmosphere

Temperature of maximum of tan § determined by DMTA

Storage modulus in the rubbery state determined at tan § + 50 °C
Young’s modulus at 30 ° C under flexural conditions

SO oo T W
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TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES

The dual cured materials show higher temperature of initial degradation, but similar
temperature of the maximum rate of weight loss and char yield in comparison with the
materials obtained by thiol-ene photochemical curing from 3A-EU (see Table 2). This is
related to the more densely crosslinked structure of the dual thermosets and the absence
of uncrosslinked fraction, leading to a delay in the apparent start of the degradation
process.

Figure 5 shows the storage modulus and tan & variations against temperature for
the materials prepared obtained by the DMTA technique. The plots of tan & are unimodal
according to the homogeneity of these materials because of the participation of thiol
structures in both reactive processes that hinders phase separation of the two types of
network structures. The tan & maximum shifts to higher temperature for the squalene-
derived material because of the tight network formed. Similarly, the decrease in storage
modulus associated with the network relaxation takes place at higher temperature than
the other materials. The values of relaxed modulus are similar for the materials obtained
from 6SH-SQ and PETMP, in spite of having very different structures. This may be caused
by the different final conversion of the cured materials and the coexistence of side-
reactions producing a network structure different from the one expected. It is noticeable
the low thermomechanical characteristics of the material containing 3SH-EU structures.

0.7 4 — = = 2AG-EU/PETMP

" T 2AG-EU/PETMP/3SH-EU
2A-G-EU/6SH-5Q

06+

05+

04

Tan &

03+

024

Temperature (°C)

= = = 2AG-EU/PETMP

""" JAG-EU/PETMP/3SH-EU

1000 24-G-EU/65H-5Q

100

Storage modulus (MPa)

Temperature (°C)

Figure 5. Plots of tan 6 and storage modulus against temperature for the various materials
prepared
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Young’s moduli, determined at 30 °C (see Table 5), show notable differences on
comparing the three materials, being the more rigid the thermoset obtained from 6SH-
sQ.

The comparison of the thermomechanical data of the materials obtained from 2A-
EU and 3A-EU (Tables 5 and 2, respectively) allows to see the valuable contribution of the
thiol-epoxy reaction in the enhancement of the characteristics of the cured materials.
Although from the point of view of the structure, thiol-ene and thiol-epoxy processes
should lead to similar thermomechanical properties, the undesired side-reactions of thiol-
ene process and incomplete conversion in these eugenol monomers justify the observed
differences.

Dogbone samples of dual cured materials were prepared to perform stress-strain at
break tests in DMTA at 30 °C. Table 6 shows the values obtained, together with the values
of microindentation hardness measured from the prismatic samples prepared for DMTA
studies.

From the mechanical point of view, it can be confirmed that the material derived
from 6SH-SQ shows the highest stress at break, stiffness and microindentation hardness
because of the multifunctionality and smaller size of the structure between thiol groups,
leading to stiffer materials and a higher crosslinking density. The worst mechanical
performance in the same terms (stress at break, stiffness and microindentation hardness)
was obtained for the material prepared from the PETMP/3SH-EU formulation, which also
presents higher ductility because of the smaller difference between Tg and measurement
temperature (room temperature).

Table 6. Mechanical data of the materials obtained by dual curing by stress-strain at break and
microindentation hardness testing. Coefficients of variation less than 8% for stress, strain and
tensile modulus, and less than 5% for microindentation hardness

Sample Strain at Stress at Tensile elastic Microindentation
break break modulus @ hardness ®

(%) (MPa) (MPa) (HV)

2AG-EU/PETMP 20.5 11.7 315.9 7.6
2AG-EU /PETMP/3SH-EU 27.5 13.8 152.2 2.0
2AG-EU /6SH-SQ 3.7 39.1 1814.9 11.0

a. The tensile elastic modulus was determined as the slope of the curve at the initial and proportional part of
the curve

b. Indentation test load of 10 g for 2AG-EU /PETMP/3SH-EU and 50 g for the others

Conclusions

The monomer 2AG-EU, derived from eugenol, has been synthesized by a three-step
procedure that includes a first allylation of eugenol, a Claisen rearrangement a glycidation
of the phenol obtained with epichlorohydrin in basic medium. The other eugenol
derivatives, 3A-EU, with three allyl groups in the structure, and 3SH-EU, with three thiol
groups were successfully prepared according to previous descriptions.
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The photoinduced thiol-ene polymerization of 3A-EU with three different thiols was
studied by photocalorimetry and FTIR spectroscopy. The curing was incomplete in all
cases by the low reactivity of thiol and eugenol allyl derivatives, and in some cases,
undesired side-reactions took place, leading to materials with low Tg and poor
thermomechanical performance.

The curing of the allyl-glycidyl eugenol derivative, 2AG-EU, with different thiols by
means of a combination of photoinduced thiol-ene and thermally-activated thiol-epoxy
polymerization reactions was studied. Calorimetric and spectroscopic measurements
showed, however, that the dual-curing procedure applied in this work did not have a
clean sequential character, since the first thiol-ene process did not reach completion and
photochemical and thermal process partially overlapped. This was rationalized in terms
of the structure of the eugenol derivatives, which had a negative effect on the
photochemical thiol-ene processes.

The dual-cured materials obtained from the eugenol derivative 2AG-EU had
enhanced thermal and mechanical properties in comparison with those obtained from
3A-EU. A Tg of 57 °C (by DSC) and 76 °C (by DMTA) could be obtained for the material
obtained from the combination of 2AG-EU with a hexathiol derived from squalene (6SH-
SQ). This material also had higher stiffness, microindentation hardness and tensile
strength values. In contrast, dual-cured materials obtained from the combination of 2AG-
EU with the trithiol derived from eugenol, 3SH-EU, had a very low thermal and mechanical
performance.

The contribution of thermal thiol-epoxy reactions to thiol-ene cured eugenol
materials improves thermal and thermomechanical characteristics of the thermosets in
comparison to purely photocrosslinked materials.
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Supporting information
» Synthesis of the triallyl compound from eugenol (3A-EU)

Synthesis of 1-allyl-4-allyloxy-3-methoxybenzene (2A-EU)

16.4 g of eugenol (100 mmol) and 4.40 g of pulverized NaOH (110 mmol) were
dissolved in 120 mL of dry DMF in a 500 mL three necked round bottomed flask under
inert atmosphere. The mixture was stirred for 10 min and then allyl bromide (13.30 g, 110
mmol) was added dropwise over 1 h at 40 °C, once the addition was finished the solution
was maintained at 40 °C for 3 h and then half an hour at 70 °C. The solvent was eliminated
in the rotavap and the oil was dissolved in CHCls and filtered to eliminate the precipitate
of inorganic salts. The organic phase was washed twice with distilled water, dried over
anhydrous MgS0s and the solvent eliminated to obtain 96% yield of 2A-EU as a yellowish
oil. TH NMR (CDCls, § in ppm): 6.7 d (Ar, 1H), 6.6 m (Ar, 2H), 6.1 m (-CH=,1H), 5.9 m
(-CH=,1H), 5.3 dd (CH2=, 1H), 5.2 dd (CH2=, 1H), 5.0 m (CH2=, 2H), 4.50 d (-CH2-O-, 2H), 3.8
s (CHs-0O-, 3H) and 3.3 d (-CHa2-Ar, 2H). 3C NMR (CDCls, & in ppm): 149.2 (Ar), 146.2 (Ar),
137.8 (-CH=CHz2), 133.7 (-CH=CH2), 133.0 (Ar), 120.2 (Ar), 118.0 (=CHz), 115.8 (=CH>), 113.5
(Ar), 112.0 (Ar), 70.0 (-CH2-0), 56.0 (CHs-O-) and 40.0 (-CHz-). FT-IR (ATR): 3070, 3015,
2970, 2830, 1680, 1630, 1592, 1505, 1460, 1423, 1250, 1225, 1145, 1023, 997, 910, 850,
803 and 749 cm™™,

Pyrolysis of 1-allyl-4-allyloxy-3-methoxybenzene (r2A-EU)

In a glass tube provided with a gas outlet 19.48 g (95.5 mmol) of 2A-EU were stirred
at 200 °C for 3 h to obtain a 98% yield of a yellowish oil. *H NMR (CDCls, & in ppm): 6.59 s
(Ar, 2H), 5.91 m (-CH=, 2H), 5.6 s (-OH, 1H), 5.1 m (CH2=, 4H), 3.9 s (CH3-0O-, 3H), 3.4 dd
(-CH2-Ar, 2H) and 3.3 dd (-CH2-Ar, 2H). 3C NMR (CDCls, 6 in ppm): 146.4 (Ar), 141.6 (Ar),
138.0 (-CH=CH2) 136.8 (-CH=CH, 131.1 (Ar), 125.5 (Ar), 122.0 (Ar), 115.5 (=CH), 115.4
(=CH), 108.9 (Ar), 56.0 (CHs-O-), 40.0 (-CH2-) and 34.0 (-CH>-). FT-IR (ATR) 3540, 3075,
3012, 2970, 2900, 2845, 1630, 1605, 1442, 1498, 1293, 1227, 1205, 1146, 1070, 993, 910,
848 and 750 cm™,

Synthesis of 1,3-diallyl-4-allyloxy-5-methoxybenzene (3A-EU)

19.14 g of the previously obtained r2A-EU (94 mmol), 4.13 g (103 mmol) of
pulverized NaOH and 120 mL of DMF were placed in a three necked round bottomed flask
under inert atmosphere. The mixture was stirred for 10 min and then allyl bromide (12.49
g, 105 mmol) was added dropwise over 1 h at 40 °C. Once the addition was completed
the mixture was kept at 40 °C for 3 h and then half an hour at 70 °C. The reaction product
was treated with distilled water to dissolve the NaBr formed and extracted with
chloroform. The organic phase was washed twice with distilled water, dried with
anhydrous MgS04 and concentrated on a rotary evaporator to obtain 97% yield of 3A-EU
as a yellowish oil. H NMR (CDCls, & in ppm): 6.7 s (Ar, 2H), 6.05 m (-CH=, 1H), 5.90 m
(-CH=, 2H), 5.34 dd (CH2=, 1H), 5.19 dd (CH:=, 1H), 5.15-5.0 m (CH:=, 4H), 4.46 d
(-CH2-0-, 2H), 3.87 s (CH3-O-, 3H), 3.38 d (-CHz-Ar, 2H), 3.31 d (-CH2-Ar, 2H). *C NMR
(CDCls, & in ppm): 152.6 (Ar), 144.1 (Ar), 137.5 (-CH=CH2), 137.3 (-CH=CH), 135.7 (Ar),
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134.5 (Ar), 133.7 (-CH=CHa), 121.7 (Ar), 117.0 (=CH,), 115.8 (=CHa), 115.5 (=CH.), 110.5
(Ar), 73.7 (-CH2-0-), 55.7 (CH3-0-), 40.1 (-CH»-) and 34.3 (-CHz-). FT-IR (ATR) 3072, 3018,
2901, 2825, 1637, 1583, 1510, 1451, 1418, 1256, 1230, 1141, 1026, 986, 907, 804 and 752
cm™.

» Synthesis of the hexathiol derived from squalene (6SH-SQ)

Photochemical thiol-ene reaction (6STA-SQ)

A mixture of 5 g (12.2 mmol) of SQ, 11.1 g (146 mmol) of TAA and 0.062 g (0.24
mmol) of DMPA were photoirradiated with a UV lamp at 356 nm for 30 min. The product
was dissolved in CHCIz and extracted with a 10% NaOH solution and then washed with
water and dried over anhydrous MgSOa4. The solvent was removed on a rotary evaporator.
A clear viscous liquid was obtained with 87% yield. *H NMR (CDCls, 6 in ppm), 3.3 broad
(CH-S, 6H), 2.3 s (CH3-CO-, 18H), 1.1-2.0 broad (-CH2- and —CH-, 26H) and 0.8-0.9 broad
(CHs-, 24H). FT-IR (ATR): 2960, 2925, 1680, 1450, 1380, 1365, 1110, 1140, 950, 752 and
620 cm™.

Hydrolysis of 65TA-SQ (6SH-SQ)

9 g (10.4 mmol) of the 6STA-SQ were put in a round-bottomed flask with 60 mL of
methanol and 1.8 g (45 mmol) of pulverized NaOH and vigorously stirred for 5.5 h at reflux
temperature and inert atmosphere. The solution was allowed to cool and the solvent was
removed. The product obtained was dissolved in water and acidified with 0.1 M HCI
solution and then extracted with CHCls. The organic phase was washed with distilled
water and dried over anhydrous MgSOa. After solvent evaporation the purification of 6SH-
SQ was carried out by silica gel column chromatography using hexane/ethyl acetate 8/2
mixture as eluent. The purified product was a pale yellow viscous liquid with a 71% yield.
'H NMR (CDCls, 6 in ppm), 2.60 broad (-CH-S-, 6H), 1.10-1.95 unresolved broad signals (-
CH2-, -CH- and -SH, 32H) and 0.8-1.05 broad (CHs-, 24H). FT-IR (ATR): 2955, 2923, 2570,
1450, 1378, 1350 and 752 cm™. Spectra are fully coincident to those reported in the
literature.??
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Figure A. ™H NMR spectrum of the triallyl (3A-EU) derived from eugenol registered in CDCl;
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Figure B. TH NMR spectrum of the trithiol (3SH-EU) derived from eugenol registered in CDCl;
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Progress in Organic Coatings, enviado

Preparation of new biobased materials from a
triglycidyl eugenol derivative through thiol-epoxy
click reaction

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Silvia De la Flor,
Angels Serra
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Preparation of new biobased materials from a triglycidyl
eugenol derivative through thiol-epoxy click reaction

Abstract

A new triglycidyl eugenol derivative (3EPO-EU) was synthesized and characterized
by spectroscopic techniques, and used as starting monomer in the preparation of novel
bio-based thiol-epoxy thermosets. As thiols, commercially available tetrathiol derived
from pentaerythritol (PETMP), a trithiol derived from eugenol (3SH-EU) and the
hexathiol derived from squalene (6SH-SQ) were used in the presence of 4-(N,N-
dimethylamino)pyridine as the basic catalyst. A flexible diglycidyl ether derived from
hexanediol (2EPO-HEX) was also introduced in order to enhance conversion in
formulations containing 6SH-SQ. The evolution of the curing was monitored by
differential scanning calorimetry. The materials obtained are rigid at room temperature
and showed Tgs up to 103 °C. The thermal stability, thermomechanical and mechanical
properties were evaluated and discussed in terms of the structural characteristics of the
resulting materials.

Keywords: Biopolymers, crosslinking, renewable resources, thermosets, structure-
property relation.

Introduction

Epoxy thermosets have been extensively used due to their great number of
advantages ranging from excellent thermal resistance, mechanical performance and
chemical and environmental stability, among others.*?

The most popular starting compound in the production of industrial epoxy resins is
bisphenol A which is used in the preparation of coatings, adhesives, encapsulants, etc.>*
However, excessive exposure to this compound causes serious damage to health and a
lot of research is currently done to find out more convenient alternatives.>®

Nowadays, there is a great demand for products from renewable sources with the
aim of reducing dependence on petrochemical compounds and finding safer
alternatives to existing ones. In the last years, many investigations have been focused in
the development of greener materials prepared from sustainable, friendly resources
with safe behaviour from the point of view of health and environment.”#%1° |n this
respect, many studies have been performed in the preparation of epoxy thermosets
from renewable sources with different structure,'*!2'314 but many of them from
vegetable oils.1>16:17,18

Vegetable oils, although produced in huge quantities, cheap and easy to be
transformed into pure epoxydated starting materials, have the drawback of their long
aliphatic chains that leads to an excessive flexibility and too low Tg of the crosslinked
materials, which limits their technological application.’®° For this reason, more rigid
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structures such as phenols approaching the bisphenol A molecule could be interesting as
a green alternative to prepare epoxy thermosets with improved characteristics.?

Eugenol (4-allyl-2-methoxyphenol) is a simple and aromatic compound, which is
the main component (80-90%) of clove oil, the essential oil extracted of the clove plant
(Eugenia caryophyllata). It has two functional groups, OH and allyl that can be further
modified to form epoxy compounds with the adequate functionality and for this reason,
it seems very attractive as starting material for the preparation of epoxy thermosets.
This phenolic compound is a yellowish liquid-oil with its most important application in
the medical field because it has great properties as analgesic, antibiotic, antiseptic, anti-
oxidant, etc.?222324 |t has also been used in perfumery and in manufacturing stabilizers
and antioxidants for the plastics industry. As a better advantage, it should be noted that
it can be used in foods at low concentrations and therefore is safe as starting material
for the preparation of green thermosets.?*

Several authors reported on the preparation of epoxy thermosets starting from
eugenol based structures. Wang et al.?® prepared a new epoxy material with a bio-based
content of 70.2%wt from an eugenol derivative cured by 4,4’-diamino diphenyl
methane. The new material had a Tg of 114 °C, 40 °C lower than the DGEBA based
material. Nevertheless, the new epoxy-eugenol material had higher Young’s modulus
and hardness than DGEBA thermoset.

In another study,?”

eugenol was transformed into a diepoxyde and cured with
methyl tetrahydrophthalic anhydride or with an anhydride derived from rosine (MPA) in
the presence of an imidazole as the catalyst. The use of MPA as anhydride allowed to
reach Tgs of 155 °C and the cured resins exhibited comparable performance to their

petrochemical counterparts.

A highly stiff epoxy thermoset derived from eugenol with a triazine core structure
and three epoxy groups per molecule was described in the literature.?® This eugenol
derivative was cured by using 3,3’-diamino diphenylsulfone. Compared with DGEBA
materials cured under the same conditions, the new eugenol-based material led to
improved thermomechanical properties (33 °C higher in Tg, 39% higher in Young’s
modulus and 55% improvement in hardness).

In a previous study of our group we put into evidence that thiol-epoxy reaction is
highly advantageous in front of thiol-ene processes to obtain crosslinked materials from
eugenol derivatives.?® Yoshimura et al. proposed the preparation of networks from
triallyl eugenol by thiol-ene processes but the maximum Tgs reached for the materials
were not higher than 9.1 °C.” On substituting an allyl by a glycidyl group we increased
the Tg in more than 25 °C by the higher efficiency of the thiol-epoxy process compared
to the thiol-ene.

The present study proposes the preparation of a new eugenol epoxy compound
with three glycidyl groups with a compact structure (3EPO-EU), which will later be cured
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by a thiol-epoxy click reaction. According to our experience in thiol-epoxy curing
systems a high functionality and rigid structures are needed to reach good
thermomechanical characteristics.3® As the thiol curing agent, we synthesized an
eugenol derivative (3SH-EU) and we also prepared the hexathiol derived from squalene
(6SH-SQ) previously reported.3! We also selected as thiol the commercially available
tetrathiol derived from renewable pentaerythritol (PETMP).2° Scheme 1 represents the
structure of the starting monomers used in this study.

O/\<)]
CH3
(0] (0]
éil\\//o\\///\\///\\//A\
v
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3EPO-EU 2EPO-HEX
O
SH SH SH

aH SH SH
6SH-sQ
NS
(0]
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/\)I\ )J\/\ "

" X, i
HS\/\H/O o\"/\/SH 3SH-EU

0 (o]

PETMP SH

Scheme 1. Chemical structures of the monomers selected

Through thiol-epoxy curing process, fully bio-based epoxy thermosets with
different characteristics have been obtained. It should be mentioned that, depending on
the basic catalyst used, the latent character of thiol-epoxy curing allows the
formulations to be maintained at room temperature during storage.3? This fact, together
with the easy control of the polymerization reaction, enhances the green character of
this type of materials, due to the lower amount of waste material produced.

For the epoxidation of the compound derived from eugenol we followed the
concept of green chemistry3*3* and the epoxy compound was synthesized using the
oxone methodology3>3%37 instead of epoxidation by peracid (MCPBA),*® because the
former offers many advantages. Oxone is cheaper than MCPBA and the separation and
purification processes are much easier and employs non-toxic organic compounds.
MCPBA is non-stoichiometric and acts preferentially in chlorinated solvents. In addition,
the thiols were also synthesized by a clean methodology, consisting in the
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photoinitiated thiol-ene click addition of thioacetic acid to olefins in the absence of any
solvent and further saponification by base.3!

The study of the thermal curing of different thiol-epoxy formulations was
performed by calorimetry and the materials prepared were characterized by
thermogravimetry, thermomechanical analysis and mechanical tests. To improve the
curing of some formulations and reach their complete curing, the addition of a linear
renewable diglycidyl compound derived from 1,6-hexanediol (2EPO-HEX) was tested.
This compound acts as flexible chain extender when the compactness of the monomers
derived from eugenol and squalene limits the complete reaction that is caused by
topological restrictions.

Experimental part
Materials

Eugenol (EU), allyl bromide, thioacetic acid (TAA), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), 4-(N,N-dimethylamino)pyridine (DMAP), pentaerytritol
tetrakis (3-mercaptopropionate) (PETMP), squalene (SQ) and oxone (potassium
peroxomonosulphate) were purchased from Sigma-Aldrich and were used without
further purification. 1,6-hexanediol diglycidylether (2EPO-HEX from EPOTEC RD 107
Aditya Birla Chemicals, Thailand) was used as received. Benzyl triethyl ammonium
chloride (TEBAC) was purchased from Alfa Aesar. Inorganic salts and bases were
purchased from Scharlab. Methanol from Carlo Erba was used as received. Acetone,
ethyl acetate and N,N-dimethylformamide (DMF) from VWR were purified by standard
procedures.

Preparation of starting products

»  Synthesis of the diallyl and triallyl derivatives from eugenol (2A-EU, r2A-EU and
3A-EU)

Diallyl and triallyl eugenol were prepared following a previously reported
procedure.” The synthesis includes the allylation of eugenol in basic medium to obtain
O-allyl eugenol (2A-EU) and then a Claisen rearrangement on heating to obtain 6-
allyleugenol (r2A-UE). This product was allylated and the triallyl eugenol (3A-EU) was
obtained (see Scheme 2). The spectra of these compounds were coincident with those
reported.

> Synthesis of triepoxy derivative from eugenol (3EPO-EU)

In a 1000 mL three necked flask equipped with magnetic stirrer, thermometer and
addition funnel, 1 g (4.1 mmol) of 3A-EU was dissolved into 120 mL of acetone and 100
mL of ethyl acetate. To this mixture, 0.2 g (0.8 mmol) of TEBAC, 43.0 g (511.8 mmol) of
NaHCOs and 60 mL of water were added. The flask was cooled at 5 °C and then 56.7 g of
oxone (equivalent to 93.0 mmol of KHSOs) dissolved in 190 mL of H20 were added
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dropwise over 3 h at 5 °C under vigorous stirring. The mixture was kept at room
temperature for 48 h. The organic layer was separated and washed with a solution of
20%wt NaCl in water. After drying with Mg2S0s, the solvent was eliminated at vacuum
and the residue purified by silica gel chromatography (n-hexane/ethyl acetate (4:6), as
eluent). The product 3EPO-EU was a viscous yellow liquid, 50% yield. 1H NMR (CDCls, &
in ppm), 6.72 m (Ar, 2H), 4.24 and 3.90 m (-CH2-O-, 2H), 3.84 s (CH3-0O-, 3H), 3.34 m (CH
of glycidyl ether, 1H), 3.18 and 3.4 m (CH of glycidyl groups attached to phenyl, 2H),
2.93-2.77 m (-CHz- of oxirane rings, 6H) and 2.76, 2.68, 2.58 and 2.56 four dd (-CH»- of
glycidyl groups directly attached to Ph, 4H) (see Figure 1).23C NMR (CDCls, 6 in ppm):
32.6 (-CH»-), 38.2 (-CH2-), 44.1 (-CH2- oxirane), 46.5 (-CH»- oxirane), 46.8 (-CH»- oxirane),
50.3 (-CH- oxirane), 51.6 (-CH- oxirane), 52.1 (-CH- oxirane), 55.4 (-OCHs), 73.5 (-CH2-0-),
111.4 (C-3), 122.4 (C-5), 130.6 (C-6), 133.0 (C-4), 144.2 (C-1) and 152.0 (C-2) (see Figure
2). FT-IR (ATR): 3050, 2996, 2918, 2847, 1589, 1489, 1464, 1430, 1403, 1336, 1290,
1010, 968, 908, 831, 804, 754 cm*

> Synthesis of trithiol compound from triallyl eugenol (3SH-EU)

The synthesis was performed as previously reported by us.?® The synthetic
procedure starts from triallyleugenol (3A-EU) that was irradiated with thioacetic acid
(TAA) in the presence of DMPA. The thioacetate was saponified with a methanol
solution of NaOH.

»  Synthesis of hexathiol from squalene (65SH-SQ)

The product was prepared following a two-step procedure previously reported,
based on the photochemical thiol-ene of thioacetate on squalene in the presence of
DMPA and saponification with methanolic NaOH.3!

Preparation of the curing mixtures

Different formulations of the triepoxy derived from eugenol (3EPO-EU) with
several thiols as PETMP, 3SH-EU and 6SH-SQ were prepared. The homogeneous
mixtures were obtained by mixing with a spatula stoichiometric amounts of epoxy/SH
groups (1:1), and adding 2 phr (2 parts per hundred of epoxy) of DMAP as basic catalyst.
The formulations prepared were named as 3EPO-EU/PETMP, 3EPO-EU/3SH-EU and
3EPO-EU/6SH-SQ. A fourth mixture was prepared named as 3EPO-EU/6SH-SQ/2EPO-HEX
which consist of a mixture of 80 %wt of 3EPO-EU and 20 %wt of 1,6-hexanediol
diglycidyl ether (2EPO-HEX) with the stoichiometric amount of 6SH-SQ and 2 phr of
DMAP. An equivalent formulation with 3SH-EU instead of 6SH-SQ, named as 3EPO-
EU/3SH-EU/2EPO-HEX, was also tested but later discarded by its low properties.

Characterization techniques

IH NMR and 3C NMR spectra were registered in a Varian Gemini 400
spectrometer. CDCls was used as the solvent. For internal calibration the solvent signal
corresponding to CDCls was used: & (*H) = 7.26 ppm, & (13C) = 77.16 ppm.
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The study of the curing was performed by differential scanning calorimetry (DSC) in
a Mettler DSC-821e calorimeter calibrated using an indium standard (heat flow
calibration) and an indium-lead-zinc standard (temperature calibration). For dynamic
studies, a flow of N2 at 100mL/min was used and the weight of the samples for the
analysis was 10 mg. The studies were performed in the temperature range of 30-250 °C,
with a heating rate of 10 K/min.

The glass transition temperatures (Tgs) of the sample once cured were determined
in dynamic scans at 20 °C/min from -20 °C to 100 °C. The Tgs of the final thermosets
were evaluated after two consecutive heating dynamic scans at 20 °C/min starting at -20
°Cin a Mettler DSC-822e device to delete the thermal history. The Tg value was taken as
the middle point in the heat capacity step of the glass transition.

The thermal stability of cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were performed
under inert atmosphere (N2 at 100 mL/min). Pieces of the cured samples with an
approximate mass of 8 mg were degraded between 30 and 600 °C at a heating rate of
10 K/min.

A Jasco FTIR spectrometer equipment (resolution of 4 cm™) with an attenuated-
total-reflectance accessory with a diamond crystal (Golden Gate heated single-reflection
diamond ATR, Specac-Teknokroma). All the measurements were performed at room
temperature. IR was used to follow the diminution of thiol band at 2570 cm™ and the
evolution of the curing process of the different formulations. In this case, the spectra
were collect before and after thermal process.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyzer. The samples were isothermally cured in a mould at 80
°C for 1 h with a post curing at 120 °C for 30 min with the exception of 3EPO-EU/6SH-SQ
and 3EPO-EU/6SH-SQ/2EPO-HEX which was cured at 100 °C for 1 h with a post curing at
140 °C for 1 h. Three point bending clamp was used on the prismatic rectangular
samples (30 x 6.5 x 1.5 mm3). The apparatus operated dynamically at 5 K/min from 30
to 170 °C for deleting the thermal history and then at 3 K/min from 30 to 170 °C at a
frequency of 1 Hz with and oscillation amplitude of 10 um.

Young’s modulus was determined under flexural conditions at 30 °C, with the same
clamp and geometry samples, applying a force ramp at constant load rate of 3 N/min,
from 0.001 N to 18 N. Three samples of each material were analyzed and the results
were averaged. Stress-strain at break tests were performed with the film-tension clamp
in force controlled mode. Dogbone samples were used at a force rate of 1 N/min and
the averaged value of at least three different samples were reported.

Microindentation hardness was measured with a Wilson Wolpert 401 MAV device
following the ASTM E384-16 standard procedure. For each material at least 10
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determinations were made with a confidence level of 95%. The Vickers hardness
number (HV) was calculated from the following equation:
1.8544 - F
V=—F

Where, F is the load applied to the indenter in kgf (0.025 kgf) and d is the arithmetic
mean of the length of the two diagonals of the surface area of the indentation
measured after load removal in mm.

Results and discussion

Synthesis and characterization of the starting monomers

The synthesis of the triepoxy derivative of eugenol was addressed by different
synthetic procedures, all of them starting from diallyl phenol (r2A-EU), which was
synthesized following a previous paper,” as represented in Scheme 2. The first step
consists in the allylation of eugenol and the second is a pericyclic Claisen rearrangement
at 2002C with practically quantitative yields. These products showed a high purity by
NMR spectroscopy and no further purification was required.

The first synthetic methodology selected for the preparation of the triglycidyl
derivative from r2A-EU was the one inspired in the synthesis of eugenol epoxy resins
proposed by Qin et al.?” These authors started from eugenol, which was acetylated, and
then the allyl group epoxidated with m-chloroperbenzoic. The product obtained was
finally reacted with epichlorohydrin in the presence of NaOH and the substitution of
acetyl group by glycidyl was accomplished with about 60% vyield. Although both
synthetic steps, epoxidation and glycidation, were well-established procedures, the
application of this methodology to the dially derivative (r2A-EU) did not produced the
desired 3EPO-EU, but a complex mixture of compounds. The presence of a glycidyl
group in ortho position to the phenol group, which is the only difference in comparison
to the synthesis proposed by Qin,?” could be the responsible of the unexpected side-
reactions. Since NaOH catalyses the reaction of the acetate with EPC, the alkoxides
formed could attack intramolecularly the epoxy in this ortho position or even could lead
to oligomeric products by intermolecular attack. As an alternative, we proposed another
general synthetic pathway, which is represented in Scheme 2.

This procedure goes through the formation of the triallyl derivative of eugenol,
following the methodology proposed by Yoshimura et al.” This methodology allowed the
preparation of 3A-EU with excellent yield and purity. *H and 3C NMR spectra of the di-
and triallylic compounds prepared were coincident with those reported in the
literature’

The last step in the synthetic procedure was the epoxidation of 3A-EU. The first
epoxidation methodology attempted was the classical epoxidation with peracid
(MCPBA). The application of this method did not produce the triepoxy compound in
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good yield but only in small quantity, although a great excess of peracid (9:1 mol/mol)
was added and the reaction time was extended for as long as 10 days. In view of these
results, the oxone method3>3® was tested. This method can be considered as more
environmentally friendly than epoxidation with MCPBA, especially when it was
performed in a two-phase system (ethyl acetate/water) using benzyl triethyl ammonium
chloride as the phase transfer catalyst (PTC). In these conditions acetone and the
formed dimethyldioxirane, which is the true epoxidation agent, are more soluble in the
organic phase, which contains the triallyl eugenol derivative, and this method was
described to lead to the highest yield of epoxy compound.3 By this methodology, we
obtained the pure triglycidyl derivative of eugenol (3EPO-EU) in a 50% of yield after
purification by column chromatography.

‘ o NF ‘
NaOH

3EPO-EU 3A-EU

P |

CH3 CH3

HS' o

NaOH/MeOH

3SH-EU 3STA-EU

Scheme 2. Synthetic pathway for the synthesis of the triglycidyl derivative of eugenol (3EPO-EU)
and trithiol (3SH-EU)

Aouf et al.>® prepared a tetraglycidyl derivative of gallic acid by allylation and
further epoxidation. They also proved the advantages of using the oxone method in
front of the epoxidation with m-chloroperbenzoic acid, since a great proportion of
peracid was required to get an only moderate yield of the desired epoxy compound. The
epoxidated eugenol derivative prepared was characterized by NMR spectroscopy and
Figure 1 presents its *H NMR spectrum.
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Figure 1.H NMR spectrum of 3EPO-EU in CDCl3

As we can see, the spectrum is rather complex because of the presence of three
different glycidyl groups, two of them directly attached to the aromatic ring, but with
different electronic environments and the other, more deshielded because of its
attachment to the oxygen atom. Each glycidyl group presents five unequivalent protons
due to the presence of the asymmetric carbon that leads to the methylene protons to
be diastereotopic among them. Therefore, five different signals are expected for each
glycidyl group with a complex coupling pattern. The integration of the signals and the
chemical shifts support the structure for 3EPO-EU. Moreover, the purity of the product
is put in evidence.

Figure 2 shows the 3C NMR spectrum of the epoxy derivative with the
corresponding assignments, which were mainly done by comparison with similar
structures.” The spectrum also shows a great number of signals, because of the total
absence of symmetry.

The triallyl derivative of eugenol (3A-EU) was also the starting material for the
synthesis of the trithiol derived from eugenol (3SH-EU), which was prepared by a two-
step synthetic procedure as represented in Scheme 2. This consist in a first
photochemical thiol-ene reaction followed by the saponification of the thioester
formed. This compound was described in a previous publication.?® The viscous liquid
product was obtained with high yield and purity and its structure confirmed by
spectroscopic measurements. The hexathiol derived from squalene (6SH-SQ) was
prepared by the same synthetic methodology (thiol-ene/saponification) as reported
before.312°
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Figure 2. 13C NMR spectrum of

Calorimetric study of the curing process

85

3EPO-EU in CDCl3

Calorimetric studies were performed to see the evolution of the curing process for

the different mixtures studied. In a first study, stoichiometric mixtures of 3EPO-EU with
three thiols (PETMP, 3SH-EU and 6SH-SQ) and 2 phr of DMAP were cured at 10 °C/min in

the calorimeter. The resulting curves are collected

W‘g'1

in Figure 3.
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As we can see, the mixture containing PETMP begins to react at lower
temperatures, indicating its higher reactivity, whereas the thiol derived from squalene is
the one that reacts at the highest temperature. The main data obtained from the
calorimetric study are collected in Table 1.

Tablel. Calorimetric data of the mixture epoxy with thiols using a proportion of DMAP as catalyst

Sample AH? (J/g) AHP (k)/ee) Tge (°C)
3EPO-EU/ PETMP 518.7 115.0 60
3EPO/3SH-EU 439.9 94.1 70
3EPO/6SH-SQ 333.7 69.9 103
3EPO/3SH-EU/2EPO-HEX 443.8 96.6 47
3EPO/6SH-SQ/2EPO-HEX 430.0 90.0 87

Enthalpy evolved by gram of sample in a dynamic curing
Enthalpy by equivalent epoxy of sample in a dynamic curing
c. Glass transition temperature of the material after thermal curing

oo

The degree of curing achieved for the formulation is mainly related to the enthalpy
released by epoxy equivalent. From these values, it is inferred that 6SH-SQ reacts only
partially, since the enthalpy released is about 70 kl/ee, much less than the one obtained
from the curing of 3EPO-EU/PETMP formulations. Also in the case of using 3SH-EU as
the thiol, the enthalpy evolved was a little lower than expected. According to that, we
investigated if a higher degree of curing could be achieved, by adding a linear flexible
diepoxy compound to the formulation to reduce steric and topological restrictions in the
network formation. 1,6-Hexanediol diglycidylether (2EPO-HEX) was selected as reactive
diluent, since this compound is a derivative of adipic acid, which is a natural product. A
20%wt of 2EPO-HEX and an 80% of 3EPO-EU were mixed and the stoichiometric amount
of the selected thiol was added. The curves for 3EPO-EU/3SH-EU/2EPO-HEX and 3EPO-
EU/6SH-SQ/2EPO-HEX are also included in Figure 3 and the main data collected in Table
1. As we can see, the curing exotherms are slightly shifted to lower temperatures by
adding 2EPO-HEX to the formulation and the reaction occurs more quickly. The curing
enthalpies increased but only a little in case of mixtures with 3SH-EU.

To confirm that the curing process has been completed, FTIR-ATR spectra were
registered. Figure 4 shows, as an example, the most significant regions of the spectra
before and after curing of the formulation cured with 3SH-EU.

The initial spectrum shows the typical absorptions of S-H st. at 2570 cm™ and the
band at 908 and 831 cm™ corresponding to the epoxy ring. Both absorptions have
disappeared completely in the spectrum of the cured material, whereas a new broad
absorption at 3500 cm™ appears due to the formation of the B-hydroxy thioether group
in the network structure. The small size of the thiol absorption and the partial
overlapping of epoxide band with others in the region make difficult the monitoring of
the evolution of the curing process.
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Figure 4. FTIR spectra of a mixture 3EPO-EU/3SH-EU catalyzed by 2 phr of DMAP before
and after curing

Characterization of the materials

The Tg of the materials after dynamic curing were determined by DSC and the
values are included in Table 1. We can comment that although the 3EPO-EU/6SH-SQ
mixture was not completely reacted, the Tg of the material obtained is higher than 100
°C due to the multifunctionality of the thiol and is also much higher than the materials
obtained from PETMP and 3SH-EU as the thiols. In a previous study on the curing of
cycloaliphatic epoxy resins with several thiols, a Tg of 116 °C was reached when using
6SH-SQ as the thiol, which was also much higher than in similar materials prepared from
PETMP or 3SH-EU. Despite of the flexible aliphatic structure of the squalene derivative,
the high functionality and short distance between reactive groups leads to materials
with a tightly crosslinked network structure.

We can also observe that the addition of 2EPO-HEX to the reactive mixture reduces
notably the Tg and therefore, an increase in its proportion in the formulation, although
possibly beneficial from the point of view of the degree of curing attained, is
detrimental for this characteristic. The low Tg of the material derived from 3EPO-
EU/3SH-EU/2EPO-HEX led us to discard this material for the following characterization
studies.

In a previous study,?® triallyl eugenol (3A-EU) was photocured through thiol-ene
reaction with the same thiols selected in the present study and the Tgs of the materials
obtained were very low, between 1 and 14 °C. In the same study, the combination of
thiol-ene and thiol-epoxy reaction of the diallyl glycidyl eugenol with the same tiols
allowed to increase the Tgs up to 28-57 °C, which was attributed to the better behavior
of thiol-epoxy processes. In the present study, in which the thiol-ene reaction has been
changed to thiol-epoxy, higher Tgs have been reached, confirming that thiol-ene
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processes in eugenol derivatives had not the expected click characteristics than thiol-
epoxy reaction has. Thiol-ene is accompanied by side-reactions like radical-radical
coupling that limits the achievement of high crosslinking densities.

The materials prepared were characterized by thermogravimetry to investigate
their stability at high temperatures. Figure 5 shows the weight loss curves against
temperature in inert atmosphere and Table 2 collects the main data obtained from
these studies.
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Figure 5. TGA curves under N, atmosphere at 10 K/min of the materials obtained from
triglycidyl eugenol with different formulations
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Table 2. Thermal and thermomechanical data of the materials obtained from the different
formulations selected

Sample Tso? Tmax® Residue® Teans? Es° Ef
(°C) (°C) (%) (°C) (MPa) (MPa)
3EPO-EU/PETMP 295 322 20 76 235 1014
3EPO-EU/3SH-EU 320 366 22 86 25.4 1526
3EPO-EU/6SH-SQ 299 353 2 108 28.5 1619
3EPO-EU/6SH-SQ/2EPO-HEX 295 355 2 98 18.6 1187

Temperature of 5% of weight loss in N2 atmosphere

Temperature of the maximum rate of degradation in N, atmosphere
Yield chart after degradation in N2 atmosphere

Temperature of maximum of tan § determined by DMTA

Storage modulus in the rubbery state determined at tan & + 50 °C
Young’s modulus at 30 °C under flexural conditions

™o oo oW

From the values of temperatures of initial weight loss (5%) and the temperature of
maximum degradation rate, we can see that the material with a lower thermal stability
is the one obtained from PETMP, probably due to the presence of ester groups that can
break by pyrolytic B-elimination processes. It has been reported that ester groups
begins to degrade at temperatures above 250 °C but weight loss is influenced by the
global network structure.?® According to that, the degradation curve and specially the
derivative curve of this material show a more complex degradation pattern. The
material obtained from 3EPO-EU/3SH-EU formulation presents the highest initial
degradation temperature and seems to have the simplest degradation mechanism. This
can be explained because of its aromatic character. In contrast, in the previously studied
thiol-ene formulations,?® the use of 3SH-EU as thiol led to materials with the worst
characteristics. Its eugenol-derived structure can justify the occurrence of side-reactions
in the thiol-ene crosslinking, limiting the effectiveness of the process and preventing the
formation of highly dense crosslinked structures.

The thermomechanical characteristics of the thermosets prepared were studied by
DMTA and Table 2 collects the most significant data extracted. The temperature of the
maximum of the relaxation shows values according to the Tg determined by DSC but a
little higher, as expected from this technique. Figure 6 shows the tan § evolution against
temperature. The materials obtained from PETMP and 3SH-EU show high and quite
narrow curves, which are an indication of homogeneous materials, with the relaxation
taking place at moderate temperatures. The materials prepared from 6SH-SQ show a
broader relaxation curve at higher temperature evidencing the formation of a more
heterogeneous network structure, typical of more densely crosslinked materials. This
difference can be explained by the multifunctionality of the hexathiol and the difficulty
of all groups to react. The relaxation of the network occurs at lower temperature and in
a narrower range on adding 2EPO-HEX to the formulation, due to the flexibilizing effect
of 2EPO-HEX, as expected.
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Figure 6. Plot of tan 6 against temperature for the different materials prepared

The dependence of the storage modulus against temperature is represented in
Figure 7 for all the materials and the main values are listed in Table 2.
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Figure 7. Plot of storage modulus against temperature for the different materials prepared

From the values of the table, we can see that the Young’s moduli of the materials
at 30 °C, determined under flexural conditions, are higher when the thiol with the
highest functionality (6SH-SQ) was used, although quite similar to the value of the
material prepared from the thiol with aromatic structure (3SH-EU). The addition of the
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flexible diglycidyl compound to the formulation with 6SH-SQ leads to a reduction in the
modulus, as expected. The moduli in the rubbery region also present similar tendencies,
but it decreases notably on adding the linear diglycidyl ether to the formulation.

Dogbone samples of the different materials were prepared and studied with the
tension clamp in the DMTA to obtain the stress-strain relationships. Table 3 shows the
values obtained by this technique together with the values of microindentation
hardness measured.

Table 3. Mechanical data of the materials obtained by dual curing by stress-strain at break and
microindentation hardness testing. Coefficients of variation less than 8% for stress and strain, and
less than 5% for microindentation hardness

Sample Strain at break Stress at break Microindentation hardness?®
(%) (MPa) (HV)
3EPO-EU/PETMP 3.0 27.2 12.8
3EPO-EU/3SH-EU 2.2 30.1 14.1
3EPO-EU/6SH-SQ 23 50.4 20.3
3EPO-EU/6SH-SQ/2EPO-HEX 4.1 48.5 18.4

a. Coefficient of variation less than 8% for3EPO-EU/6SH-SQ/2EPO-HEX

Results from microindentation hardness are in accordance with the tensile
behaviour and their results presented in Table 3. From the values of the table, we can
state that the material obtained from 6SH-SQ alone shows low strain at break and the
highest stress at break and elastic stiffness, due to the multifunctionality of the thiol and
to the smaller size of the structural unit between crosslinks. In addition, the value of
microindentation hardness in this material is higher than that determined for the
materials obtained from other thiols. The addition of the reactive diluent to the
formulation slightly reduces the stress at break but reduces the elastic stiffness and
clearly enhances the strain at break, due to the flexibility introduced by the 2EPO-HEX
structure, making it a more ductile material. May seem quite unexpected the slight
decrease in microindentation hardness on adding this modifier, but this result is in
accordance with the similar yield behaviour of both materials. It is also worth noting
that microindentation hardness values for the sample 3EPO-EU/6SH-SQ/2EPO-HEX were
more difficult to obtain due to their higher ductile nature, hence the higher deviation in
the results. A partial plastic deformation occurred in some parts of the indentation
mark, which allowed some elastic recovery to take place along the sides, causing the
face of the mark to curve inwards and form a star-shaped indentation. However, as the
elastic recovery in the direction of the diagonals is very small (because of intense stress
concentration) the measurement of diagonal lengths gives valid hardness values but
with greater deviation.

Finally, the material prepared from PETMP shows the lower mechanical
performance of all the thermosets prepared in terms of stress at break and Young's
modulus (see Table 2). Because this product is commercially available, the material
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obtained could have broad application where the mechanical requirements were not so
high.

The materials prepared from 3EPO-EU by the thiol-epoxy crosslinking process
shows better mechanical performance than similar materials obtained by thiol-ene or
dual thiol-ene/thiol-epoxy processes.?® This confirms the goodness of the thermal thiol-
epoxy reaction in front of the radical thiol-ene process, when applied to eugenol
derivatives.

Conclusions

A triepoxy compound derived from eugenol has been obtained by a four step
procedure that included allylation, Claisen rearrangement and epoxidation by oxone.
The structure and purity of this compound was confirmed by 'H and 3C NMR
spectroscopy.

The curing of this compound was performed by thiol-epoxy click reaction using
three different thiols derived from renewable resources in the presence of a base as
catalyst. When the hexathiol derived from squalene was used, an uncomplete reaction
was detected. The addition of a reactive diluent as 1,6-hexanediol diglycidylether
allowed a higher curing degree to be attained because of the reduction of steric and
topological constrains.

The thermosets obtained showed Tg values higher than room temperature, and
the maximum value was reached in case of the material obtained from the squalene
thiol derivative, with a Tg higher than 100 °C. This material also displayed a good
mechanical performance, with the highest Young’s modulus and stress at break. The
addition of the diglycidylic flexible derivative, 2EP-HEX, reduced the Tg value and the
Young modulus, but does not affect much to the stress at break and microhardness.

The thermomechanical data displayed by the thermosets prepared confirms the
goodness of the thiol-epoxy process in the preparation of thermosets from eugenol and
the possibility of preparation of fully bio-based thermosets with good characteristics.
These characteristics also show the adequacy of the triglycidyl eugenol derivative as
epoxy monomer for the preparation of biobased thermosets. The adequate selection of
the structure of thiols and epoxy monomers allows preparing biobased materials with
tuned properties.
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CAPITULO 9

Bis-eugenol based thermosets prepared
by thiol-click chemistry

Dailyn Guzman, Silvia De la Flor, Xavier Fernandez-Francos, Xavier
Ramis, Angels Serra
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Bis-eugenol based thermosets prepared by thiol-click
chemistry

Abstract

Thiol-ene photocuring and thiol-epoxy thermal curing have been applied to
prepare new thermosets from renewable materials. As monomers, a tetrallyl and a
tetraepoxy derivative of bis-eugenol were prepared by dimerization of eugenol,
allylation and further epoxidation. These compounds were reacted with a commercially
available tetrathiol, PETMP, and a synthesized hexathiol obtained from squalene in
photoinitiated and thermal conditions. The reaction process was studied by calorimetry,
and the materials obtained were characterized by thermogravimetry,
thermomechanical studies and mechanical testing. Thiol-epoxy materials showed a
better mechanical performance than thiol-ene photocured thermosets. These last
materials showed a lower Tg and had elastomeric characteristics, whereas the thiol-
epoxy thermosets reached much higher Tg, higher Young’s moduli, strain-stress
properties and microindentation hardness.

Keywords: Green chemistry, bis-eugenol, click reaction, thiol-epoxy, thiol-ene.
Introduction

The declining oil reserves, global warming, and littering problems threat the future
of polymeric materials. Moreover, the amount of plastics produced during the first
decade of our century is almost as large as the amount produced throughout the entire
last century. For all these reasons, we need to transform the petrochemical era into a
new era of green technology with new polymeric materials derived from renewable
resources that fulfil all the requirements of the petrochemical counterparts.*

Within the polymeric materials, thermosets find a broad use in the field of
adhesives, coatings, encapsulants, etc., being the group of epoxy resins one of the most
appreciated for high demanding applications, especially when high thermal and
chemical stability are required.? Most of these epoxy thermosets derive from bisphenol
A (BPA) that is a substance, which can act as chemical oestrogen and therefore presents
serious toxicity issues.> Moreover, BPA is obtained from fossil resources and therefore
its substitution by other environmentally friendly bisphenol alternatives is one of the
most approached challenges in recent times from the academic and industrial sides in
this field.*®

Amongst renewable starting materials, vegetable natural oils have been widely
used to prepare thermosetting materials. This is because of they are cheap, they
present double bonds that can be epoxidated and they have no toxicological nor
environmental issues. However, their flexible aliphatic structure limit their range of
application since the materials obtained usually present too low Tgs and their reactivity
is quite different from the observed for glycidylic epoxides.®’®
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Some authors reported on the use of renewable alternatives to plant oils for
obtaining thermosets, this is the case of vainillin,® itaconic acid,'® cardanol,'! furan
derivatives!? or sugars'® between natural starting substances. From them, different
materials with good mechanical performances were obtained because of the more rigid
structure of the network formed. Therefore, the proper selection of the monomer
structure is of special interest to reach the desired characteristics.

Eugenol (EU, 4-allyl-2-methoxyphenol), the main component (80-90%) of clove oil
is usually obtained by steam distillation or Soxhlet extraction from leaves, buds and
stems of clove trees.!* Eugenol has pharmaceutical applications, since it can act as
antimicrobial, analgesic, antioxidant, anti-inflammatory, antispasmodic, antigenotoxic,
anticarcinogenic and antidepressant.’>!%7 |n dentistry, it is applied in combination with
zinc oxide, to form a polymerized cement used for surgical dressings, temporary fillings,
pulp capping agents and cavity liners.’® It is also used as flavor and fragrance in
cosmetics and food industry.'® Eugenol was classified as “generally recognized as safe
(GRAS)” by the US Food and Drug Administration.?° However, several adverse effects,
when used at high concentrations, have been reported specially when enters in contact
with the skin.®

Structurally, eugenol is an aromatic compound with two functional groups, phenol
and allyl that can be further modified to prepare a great variety of derivatives.?! Some
researchers have selected several eugenol-based compounds for preparing three-
dimensional structures. An epoxy derivative of eugenol was crosslinked by an anhydride
derived from rosin and the thermosets prepared have similar reactivity, dynamic
mechanical properties and thermal stability than commercial materials.?2 Wan et al.”
prepared a new epoxy material with a bio-based content of 70.2%wt from an eugenol
derivative cured by 4,4’-diamino diphenyl methane. The new material had a Tg of 114
°C, 40 °C lower than the DGEBA based material. Nevertheless, the new epoxy-eugenol
thermoset had higher Young’s modulus and hardness than the petrochemical
analogous. In another study, highly stiff epoxy thermosets derived from eugenol with a
triazine core structure and three epoxy groups per molecule was prepared and then
cured by using 3,3’-diamino diphenylsulfone.?* In comparison with DGEBA thermosets
cured under the same conditions, the new eugenol based material led to improved
thermomechanical properties (33 °C in Tg, 39% in Young’s modulus and 55%
enhancement in hardness).

In addition to the transformation of eugenol to epoxy monomers, the presence of
allyl groups and phenol opens the possibility of using eugenol derivatives as monomers
in the preparation of three-dimensional structures by thiol-ene processes. Yoshimura et
al.?> prepared triallyl eugenol, which was crosslinked by a photochemical thiol-ene
process leading to adhesives with a limited Tg of 9.1 °C. This result was explained by the
occurrence of side-reactions during the thiol-ene process, such as thiol-thiol coupling
that hinders the complete reaction to occur. In a previous work of our group, we could
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prove that the substitution of an allyl group of triallyleugenol by a glycidyl group allowed
to increase the Tg value and enhanced the mechanical performance in reference to the
thiol-ene material.?®

The possibility of dimerization of eugenol?’ opens the possibility to prepare
phenols that approach the structure of the bisphenol A molecule.?® From bis-eugenol
derivatives, thermosets with higher thermomechanical performance could be prepared
as green alternative to petrochemical materials, following two different methodologies:
a) photoinitiated thiol-ene and b) thermal thiol-epoxy curing processes. This is because
of bis-eugenol can be allylated to get tetrallyl bis-eugenol (4A-BEU)?® and subsequently
allyl groups can be transformed into glycidylic groups by epoxidation to obtain a tetra-
glycidyl bis-eugenol (4EPO-BEU). In the present work, both tetrafunctional compounds
have been prepared and then crosslinked with thiols of different structural
characteristics to get three-dimensional network structures. As the thiols, we selected
pentaerytritol tetrakis (3-mercaptopropionate) (PETMP) and the hexathiol derived from
squalene (SQ), both compounds with the possibility to be obtained from renewable
resources. All the starting materials are represented in Scheme 1.

The curing procedure has been monitored by calorimetry (DSC) and infrared
spectroscopy (FTIR) to find out the best reaction conditions. The fully bio-based
thermosets obtained have been characterized by thermogravimetry, thermomechanical
analysis and mechanical tests.

SH SH SH

6SH-sQ
Scheme 1. Chemical structures of the starting compounds
Experimental part
Materials

Eugenol (EU), allyl bromide, thioacetic acid (TAA), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), 4-(N,N-dimethylamino)pyridine (DMAP),
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1-methylimidazole (1-MI), pentaerytritol tetrakis (3-mercaptopropionate) (PETMP),
squalene (SQ) and oxone (potassium peroxomonosulphate) were purchased from
Sigma-Aldrich and were used without further purification. Potassium hexa ferricyanide,
ammonium hydroxide and inorganic salts from Scharlab were used as received. Benzyl
triethyl ammonium chloride (TEBAC) was purchased from Alfa Aesar. Methanol,
acetone, ethyl acetate and N,N-dimethylformamide (DMF) from VWR were purified by
standard procedures.

Preparation of starting products

»  Synthesis of bis-eugenol (BEU)

The synthesis of bis-eugenol was based on a previous reported procedure.?’ In a
500 mL flask, 10.5 g (64 mmol) of eugenol were dissolved in a mixture of 100 mL of
acetone and 50 mL of water and then 70 mL of NH4OH at 25% were added under
magnetic stirring. The mixture was maintained for 10 min while a green-yellow colour
appeared. To this mixture a saturated aqueous solution of K3[Fe(CN)e] (21.1 g, 64 mmol)
was added dropwise during 5 h. When finished, 70 mL of NH4OH at 25% were added to
keep the alkalinity of the reaction medium and the mixture was kept on stirring
overnight. The solution was neutralized by adding diluted HCl at room temperature and
a solid precipitated which was filtered, washed three times with distilled water and then
dried in the vacuum oven at 60 °C. The product was purified by column chromatography
using a mixture of ethyl acetate/hexane (40/60). (m.p. 104 °C by DSC) (yield 98%). H
NMR (CDCls, & in ppm): 3.33 (d, 4H, J=6.5 Hz, -CH»-), 3.79 (s, 6H, -OCHs), 4.96-5.18 (m,
4H, =CH3), 6.14 (m, 2H, =CH-) and 6.69-6.75 (m, 4H, aromatic). 3C NMR (CDCls, § in
ppm): 40.0 (-CHz-), 56.0 (-OCHs), 110.8 (C-6), 115.6 (=CH2), 123.3 (C-2), 124.7 (C-3),
131.8 (C-1), 137.8 (=CH-), 141.2 (C-4) and 147.4 (C-5).

»  Synthesis of tetrallyl derivative of bis-eugenol (4A-BEU)

The synthesis of tetrallyl biseugenol was based on a previous reported
procedure.?® In a 100 mL three necked flask equipped with magnetic stirrer,
thermometer and addition funnel, 5.71 g (17.5 mmol) of BEU and 1.54 g (38.5 mmol) of
NaOH were dissolved into 50 mL of DMF. The solution was stirred for 10 min and 4.67 g
(38.5 mol) of allyl bromide was added drop by drop during 1 h at 40 °C. The mixture was
maintained at 40 °C for 3 h and at 70 °C for 30 min. Distilled water was added to dissolve
the NaBr formed and then the organic product was extracted with chloroform. The
organic layer was washed twice with water and then dried over MgS0Oa. The product was
concentrated in the rotavap and then dried at high vacuum. The product obtained was a
brown coloured oil in a 94% of yield. *H NMR (CDCls, & in ppm): 3.3 (d, 4H, J=6.5 Hz, -
CH2-), 3.87 (s, 6H, -OCHs), 4.29 (d, 4H, J=6.3 Hz, -CH2-0O-), 4.99-5.12 (m, 8H, =CH2), 5.75-
5.85 (m, 2H, =CH-), 5.92-6.02 (m, 2H, =CH-), 6.71 (d, 2H, J=2 Hz, aromatic) and 6.75 (d,
2H, J=2 Hz, aromatic). 3C NMR (CDCls, & in ppm): 39.8 (-CH>-), 55.6 (-OCH3), 73.7 (-CHz-
0-), 111.5 (C-3), 115.6 (=CH2), 116.4 (=CH.), 123.2 (C-5), 132.5 (C-4), 134.4 (=CH-), 134.7
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(=CH-), 137.2 (C-6), 143.8 (C-1) and 152.4 (C-2). FTIR-ATR: 3076, 3000, 2976, 2837, 1680,
1638, 1580, 1484, 1460, 1417, 1355, 1267, 1218, 1142, 1100, 1047, 988, 912, 844, 814,
748 and 722 cm™. (Spectra are collected in supporting information).

»  Synthesis of tetraglycidyl derivative of bis-eugenol (4EPO-BEU)

In a three necked 1000 mL flask equipped with magnetic stirrer and addition
funnel, 1 g of 4A-BEU (2.5 mmol) was dissolved in 100 mL of ethyl acetate and 100 mL of
acetone. Then, a solution of 34.14 g of NaHCOs (0.41 mol) and 0.12 g (0.53 mmol) of
benzyl triethyl ammonium chloride in 70 mL of water was added. The mixture was
cooled down at 5-8 °C under vigorous stirring and a solution of oxone (45 g, 73.8 mmol)
in 150 mL of water was added drop by drop during 2 h, approximately. The mixture was
kept at room temperature under stirring for 3 days. Once finished, the phases were
separated and the organic layer washed twice with water. After drying over MgS04, the
solvent was evaporated in the rotavap. The product was purified by column
chromatography using as eluent ethyl acetate/hexane mixture (60/40). A viscous yellow
liquid was obtained with a yield of 86 %. *H NMR (CDCls, § in ppm), 6.81-6.77 m (Ar, 4H),
3.95 and 3.92 m (-CH2-O-, 4H), 3.89 s (CH3-0-, 6H), 3.16 m (CH of glycidyl ether, 2H), 3.04
m (CH of glycidyl groups attached to Ph, 2H), 2.81-2.55 m (-CHz- of oxirane rings, 8H)
and 2.4 m (-CHz- of glycidyl groups directly attached to Ph, 4H).23C NMR (CDCls, & in
ppm): 38.1 (-CH2-), 44.0 (-CH2- oxirane), 46.4 (-CH2- oxirane), 50.1 (CH- oxirane), 52.0
(CH- oxirane), 55.5 (-OCH3), 73.5 (-CH2-O-), 112.2 (C-3), 123.1 (C-5), 132.0 (C-4), 132.4
(C-6), 1-43.9 (C-1) and 152.0 (C-2). FTIR-ATR: 3052, 2996, 2935, 2841, 1719, 1581, 1484,
1460, 1417, 1359, 1255, 1220, 1146, 1096, 1046, 1011, 965, 909, 833 and 732 cm™.

»  2.2.4. Synthesis of hexathiol from squalene (65SH-5Q)

The product was obtained following a two-step procedure previously reported,
based on the photochemical thiol-ene of thioacetate on squalene in the presence of
DMPA and saponification with methanolic NaOH (shown in supporting information).3°

Preparation of the curing mixtures

Two different types of formulations were prepared. Thiol-ene formulations named
as 4A-BEU/thiol and thiol-epoxy formulations named as 4EPO-BEU/thiol. The mixtures
were prepared by mixing with a spatula stoichiometric amounts of allyl/SH and
epoxy/SH groups, respectively, until reaching homogenous mixtures.

Two different thiol-ene formulations were prepared from 4A-BEU as allyl monomer
and two different thiols: PETMP and 6SH-SQ in equimolecular proportion. The
photochemical reaction was catalyzed by adding a 4% of a mixture of Irgacure 184 and
Irgacure 819 in weight ratio 3:1 in some drops of acetone to obtain a homogeneous
mixture. Then, acetone was eliminated at vacuum for 30 minutes. These formulations
were named as 4A-BEU/PETMP y 4A-BEU/6SH-SQ.
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Two different thiol-epoxy formulations were prepared from tetraepoxy (4EPO-
BEU) with the same thiols, PETMP and 6SH-SQ. The homogeneous mixtures were
obtained by mixing with a spatula stoichiometric amounts of epoxy/SH groups (1:1), and
adding 2 phr (2 parts per hundred of epoxy) of 1-MI as basic catalyst. These
formulations were named as 4EPO-BEU/PETMP y 4EPO-BEU/6SH-SQ.

Characterization techniques

IH NMR and 3C NMR spectra were registered in a Varian Gemini 400
spectrometer. CDCls was used as the solvent. For internal calibration the solvent signal
corresponding to CDCls was used: & (*H) = 7.26 ppm, & (13C) = 77.16 ppm.

Samples of the different compositions were photocured at 30 °C, in a Mettler DSC-
821e calorimeter appropriately modified with a Hamamatsu Lightning cure LC5 (Hg—Xe
lamp) with two beams, one for the sample side and the other for the reference side. 5
mg samples were cured in open aluminium pans in nitrogen atmosphere. Two scans
were performed on each sample to subtract the thermal effect of the radiation. The
method used was 2 min to stabilize the temperature, 10 min irradiation and 2 min at
rest. The intensity of light used was 15 mW/cm?.

The study of the thermal curing was performed by differential scanning calorimetry
(DSC) in a Mettler DSC-821e apparatus. For dynamic studies, a flow of N2 at 100 mL/min
was used and the weight of the samples for the analysis was 10 mg. The calorimeter was
calibrated using an indium standard (heat flow calibration) and an indium-lead-zinc
standard (temperature calibration). The studies were performed in the temperature
range of 30-250 °C, with a heating rate of 10 K/min.

The glass transition temperatures (Tgs) of the samples after irradiation were
determined in dynamic scans at 20 °C/min from -20 °C to 150 °C. The Tgs of the final
thermosets were determined after two consecutive heating dynamic scans at 20 °C/min
starting at -20 °C in a Mettler DSC-822e device to delete the thermal history. The Tg
value was taken as the middle point in the heat capacity step of the glass transition.

A Bruker Vertex 70 FTIR spectrometer equipped with an attenuated total reflection
accessory (ATR) (Golden Gate, Specac Ltd. Teknokroma) which is temperature controlled
(heated single-reflection diamond ATR crystal) equipped with a liquid nitrogen-cooled
mercury-cadmium-telluride (MCT) detector was used to register the FTIR spectra of the
mixtures during UV irradiation and fully cured samples. The spectra were registered in
the wave number range between 4000 and 600 cm™ with a resolution of 4 cm™ and
averaged over 20 scans. UV-curing was performed using a Hamamatsu Lightning cure
LC5 (Hg-Xe lamp) with one beam conveniently adapted to the ATR accessory. A wire-
wound rod was used to set a sample thickness of 50 um. OPUS software was used for
the analysis of the spectra. The spectra were corrected for the dependence of the
penetration depth on the wavelength and normalized with respect to the absorbance of
C=C aromatic peaks at 1587 cm™ (neglecting the contribution of the overlapping tiny
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signal associated with the allyl group). The normalized thiol band at 2576 cm™® and the
allyl band at 1639 cm™ were integrated and the thiol and allyl conversions after the
photocuring (Xuv) and after thermal curing (Xfinar) were determined as:

A,UV
Xyy =1— Ay (1)
final
X inal — 1 7
finat A (2)

Where A’uvy, A%ina and Ao are the normalized area of thiol or allyl bands after
photocuring and thermal curing and at the beginning of the curing, respectively.

A Jasco FTIR spectrometer equipment (resolution of 4 cm™) with an attenuated-
total-reflectance accessory with a diamond crystal (Golden Gate heated single-reflection
diamond ATR, Specac-Teknokroma). All the measurements were performed at room
temperature. IR was used to follow the disappearance of thiol band at 2570 cm™ and
the evolution of the curing process of the different formulations. In this case, the
spectra were collect before and after thermal process.

The thermal stability of cured samples was studied by thermogravimetric analysis
(TGA), using a Mettler TGA/SDTA 851e thermobalance. All experiments were conducted
under inert atmosphere (N2 at 100 mL/min). Pieces of the cured samples with an
approximate mass of 8 mg were degraded between 30 and 600 °C at a heating rate of
10 K/min.

Dynamic mechanical thermal analyses (DMTA) were carried out with a TA
Instruments DMA Q800 analyzer. The preparation of rectangular samples (40 mm x 6.7
mm x 1.6 mm) of the thiol-ene formulations was done by putting the mixtures in silicone
moulds, which were photoirradiated in an ultraviolet camera (320-390 nm), DymaxECE
2000 UV model systems. The samples were irradiated with an intensity of 105 mW/cm?
for a period of 60 seconds each face 14 times, waiting for 60 seconds min between
irradiations, to c ontrol the temperature of the sample. The thiol-epoxy cured samples
from the selected formulations based on 4EPO-BEU were isothermally cured in a mould
at 90 °C for 1 h with a post curing at 130 °C for 30 min for 4EPO-BEU/PETMP and 110 °C
for 1 h and 140 °C with a post curing at 160 °C for half hour for 4EPO-BEU/6SH-SQ.
Three point bending clamp was used on the prismatic rectangular samples. The
apparatus operated dynamically at 5 K/min from 30 to 190 °C for deleting the thermal
history and then at 3 K/min from 30 to 190 °C at a frequency of 1 Hz with and oscillation
amplitude of 10 um.

Young’s modulus was determined under flexural conditions at 30 °C, with the same
clamp and geometry samples, applying a force ramp at constant load rate of 3 N/min,
from 0.001 N to 18 N. Three samples of each material were analyzed and the results
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were averaged. Stress strain at break tests were performed with the film-tension clamp
in force controlled mode. Dog-bone samples were used at a force rate of 1 N/min and
the mean value of at least three different samples were reported.

Microindentation hardness was measured with a Wilson Wolpert 401 MAV device
following the ASTM E384-16 standard procedure. For each material 10 determinations
were made with a confidence level of 95%. The Vickers microindentation hardness
number (HV) was calculated from the following equation:

_ 1.8544 - F (3)

HV 7

where, F is the load applied to the indenter in kgf and d is the arithmetic mean of the
length of the two diagonals of the surface area of the indentation measured after load
removal in mm.

Results and discussion

Synthesis and characterization of monomers

In the present study, we firstly prepared bis-eugenol (BEU) by a previously
published procedure,?” which is based on the oxidative coupling of eugenol produced by
the redox ferricyanide-ferrocyanide system. It should be commented that apart from
the chemical synthesis, a biological synthesis for BEU using Kalopanax pictus callus
culture has been published, which leads to a pure product without any side-reaction.3!
Although advantageous, the biological synthesis falls out of our field of expertise and

consequently the classical oxidative coupling of EU has been selected to prepare BEU.

The synthesis of the tetra allyl derivative of bis-eugenol was addressed by the
procedure depicted in Scheme 2 that consists in the reaction of BEU with allyl bromide.
The same compound was obtained by Neda et al.?® in DMSO solution, but in our case
DMF was selected as the reaction solvent and a higher yield was obtained. The structure
and purity of the products were determined by NMR spectroscopy. The H NMR
spectrum is similar to the one reported in the Neda’s publication. The 'H and *C NMR
spectra of 4A-BEU are collected in the supporting information.

From the tetra allyl derivative the corresponding tetra epoxy compound (4EPO-
BEU) was prepared. The methodology for the epoxidation of the allyl derived from the
bis-eugenol, was based on the use of oxone in a biphasic system acetyl acetate/water.3?
The oxone method was chosen instead of epoxidation with m-chloroperbenzoic acid,

because of its better environmental character.??
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4EPO-BEU

Scheme 2. Synthetic procedure to access the starting monomers

The epoxidation with oxone requires the use of acetone, since it allows the
formation of dioxirane, which is the true epoxidation agent. Applying this method, we
obtained the pure tetra epoxy derivative of eugenol (4EPO-BEU) in a 86% of yield after
purification by column chromatography.

The epoxidated bis-eugenol derivative prepared was characterized by NMR
spectroscopy. Figure 1 and 2 present their 'H NMR and 3C NMR spectra with the
corresponding assignments.

13, 1b, 43, 4b

Hs {—1—1

6a, 6b

20 63 6 65 68 635 4] | 40 39 38 37 36 35 4 33 22 a4 3 23 28 27 26 a5 24 13
3 (ppm)

Figure 1. 'H NMR spectrum of 4EPO-BEU in CDCl;

Figure 1 shows a complex spectrum due to the presence of four glycidyl groups,
two of them directly linked to the aromatic ring, and two others, which appear more
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deshielded due to their attachment to oxygen. Each glycidyl group has five non-
equivalent protons due to the presence of the asymmetric carbon that leads to the
methylene protons to be diastereotopic to each other. Thus, five different signals are
expected for each glycidyl group with a complex coupling pattern. The integration of
signals and chemical shifts support the structure for 4EPO-BEU.

4EPO-BEU

10

155 150 145 140 135 130 125 120 115 110 105 100 95 96 85 EO 7S 70 65 60 S5 S0 45 40 35

0 {ppm)
Figure 2. 13C NMR spectrum of 4EPO-BEU in CDCl3

Figure 2 shows the 3C NMR spectrum of the epoxy derivative with the
corresponding assignments, which were performed by comparison with the spectrum of
the allylic starting product, and the chemical shifts of a previously synthesized glycidylic
compound.3

The characterization of compounds derived from bis-eugenol by FTIR spectroscopy
showed some characteristic absorptions corresponding to their chemical structures.
Among the most relevant bands for the 4A-BEU, the vinyl stretching signal at 1638 cm’?
can be observed, and for 4EPO-BEU, the absorptions at 909 and 833 cm™ confirms the
presence of the epoxy group.

The hexathiol derived from squalene (6SH-SQ) was synthesized by a two-step
synthetic procedure, which consist in a first photochemical thiol-ene reaction followed
by the saponification of thioester formed. The viscous liquid product was obtained with
high yield and purity and its structure confirmed by spectroscopic measurements.3°

Preparation of materials based on 4A-BEU by thiol-ene reaction

The compound 4A-BEU was used as starting monomer in the preparation of
thermosets by thiol-ene reaction using a 3:1 mixture of Irgacure 184/Irgacure 819
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photoinitiators, following a similar study carried out by Yoshimura et al.?> using a triallyl

derivative of eugenol.

The curing process of the thiol-ene formulations was followed by photoDSC and
infrared spectroscopy. Figure 3 shows the exothermic curves corresponding to the
photocuring of the formulations studied.

B o
4 . ° ° ° * 4A-BEU/PETMP
5 | _ — "~ " 4A-BEU/6SH-SQ
4 4 . :
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Figure 3. DSC thermograms corresponding to the photocuring at 30 °C of the mixtures of 4A-BEU
with both thiols

In the photoDSC plots it can be seen how the formulation 4A-BEU/ PETMP seems
to be cured much faster than the formulation prepared with 6SH-SQ. This may be due to
the different reactivity of primary and secondary thiol groups and to the fact that the
hexathiol generates some topological problems that prevent the reaction from occur
properly. The shape of the curves does not allow an exact measurement of the reaction
heat involved in this thiol-ene reaction. However, Table 1 shows the approximate heat
evolved and the Tgs of the resulting materials.

Table 1. Photocalorimetric and conversion data, obtained by FTIR spectroscopy of the
curing of both formulations with 4% of the photoinitiator

Formulation Ah? AhP Tg® Allyl conversion® Thiol conversion ¢
(V/g) (ki/eq) (°C) (%) (%)
4A-BEU/PETMP 170 39.4 39 0.96 1.00
4A-BEU/6SH-SQ 118 25.1 38 0.81 0.81

Enthalpy released per gram on irradiating the initial mixture

Enthalpy released per epoxy equivalent on irradiating the initial mixture
Glass transition temperature of the final cured material

Conversion of both reactive groups determined by FTIR-ATR

oo oo



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

Table 1 reveals that the heat evolved in the photocuring of both formulations is a
little lower than the reported by us in previous studies for thiol-ene processes, which
were of about 50 kJ/eq.® In the case of the 6SH-SQ formulation, the enthalpy released
per reactive group is lower than in the formulation with the tetrathiol. This indicates
that the reaction does not proceed completely, probably due to the above mentioned
topological restrictions produced by its multifunctionality and compact structure. A
similar behaviour was reported in other curing systems in which 6SH-SQ was involved.2®
The Tg for the material obtained from 4A-BEU/PETMP formulations is similar than that
of 4A-BEU/6SH-SQ, which confirms the incomplete reaction of the squalene
formulation, taking into account the higher functionality of 6SH-SQ.

The thiol-ene reaction was also studied by FTIR spectroscopy in order to evaluate
the real chemical transformation that is carried out during the curing process. The
evolution of the most significant bands of the starting monomers was followed by FTIR
spectroscopy during irradiation of a film of the sample in the ATR. The evolution of the
thiol groups was monitored by the band at 2570 cm™ corresponding to S-H st and the
decrease of the allyl groups by the band at 1638 cm™ of the C=C st. As the reference
band, we used the typical of the aromatic ring at 1580-1600 cm™. The conversion was
calculated as explained in the experimental part. Table 1 shows the final conversion
reached of allyl and thiol groups in the cured material. As we can see, in the
photochemical reaction of 4A-BEU/PETMP mixtures, allyl and thiol groups are consumed
quasi completely in a similar way. The slightly lower ally conversion reached can be
rationalized by the existence of thiol-thiol coupling, in short extension, during thiol-ene
reaction, as reported by some authors.3® Yoshimura et al.?> prepared materials from
triallyl eugenol and tetrathiol (PETMP) by the same procedure and obtained a material
with a Tg of 9.1 °C and very poor thermomechanical properties, similarly to that
described by us.?® They attribute the low curing degree achieved to undesired parallel
reactions such as thiol-thiol coupling, which leads to a reduction of the crosslinking
densities. Moreover, eugenol derivatives seem to present additional problems when
used in photochemical reactions. Its chemical structure, with two allyl groups directly
connected to an aromatic ring allows to stabilize radical species by means of resonance,
reducing the reactivity of these allyl groups.

Table 1 also shows that for the 4A-BEU/6SH-SQ formulation allyl and thiol groups
are consumed in a parallel way, but reaching a low conversion of 81%. Thus, thiol-thiol
coupling seems not to proceed but the thiol-ene reaction can be limited by the lower
reactivity and topological restrictions of squalene derivative, according to the lower
enthalpy evolved during photocuring.

Preparation of the materials derived from 4EPO-BEU by thiol-epoxy curing

In previous studies based in eugenol derivatives, we proved the greatest suitability
of thermal thiol-epoxy click processes in front of the photochemical thiol-ene reaction
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to obtain thermosets with good thermomechanical characteristics.?® Moreover, the
tetrafunctionality of 4EPO-BEU allows us to hope to achieve improved performances.

The thiol-epoxy curing was studied by calorimetry to evaluate the evolution of the
process with both thiols and to find out the most adequate amine to initiate the curing
and the reaction temperatures range. In previous studies we used both 1-MIl and DMAP
as base, being both adequate depending on the substrates used.?63%3>37 The

calorimetric curves obtained for the curing process of the different formulations are
represented in Figure 4.

As it can be seen in Figure 4, PTEMP show the highest reactivity and the curing is
produced at lower temperatures and with a high curing rate. Differently, the
formulation with 6SH-SQ reacts much slower, showing a very broad and bimodal curve

that accounts for a lower reactivity, similarly as observed before for the photochemical
thiol-ene curing.

In reference to the basic catalysts, DMAP is more effective than 1-MI, with both
thiols and initiate the curing at lower temperature. Taking into account that we aim a
certain stability of the initial mixture, in order to apply it safely, we selected 1-Ml as the
catalyst. It should be also commented that 1-Ml, which is liquid, is advantageous in front

of the solid DMAP, to prepare homogeneous mixtures from the 4EPO-BEU based
formulations, which are quite viscous.
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Figure 4. Calorimetric curves of the initial mixture 4EPO-BEU formulations with the thiols
tested with 2 phr of the different catalysts

To improve the curing process in the 4EPO-6SH-SQ formulations it was necessary
to increase the amount of 1-Ml so that the curing process could be carried out in a
higher extent. Figure 5 shows the effect of the increasing amount of catalyst on the
curing exotherms for the 4EPO-BEU/6SH-SQ formulation.
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Figure 5. Calorimetric curves of the 4EPO-BEU/6SH-SQ formulations catalyzed by different
proportions of 1-Ml

As can be seen in the figure, the amount of 1-Ml markedly affects the curing
process. As the amount of catalyst in the system increases, the presence of two
polymerization processes becomes clearer. In the formulation with 8 phr of catalyst a
bimodal curve with a maximum at about 110 °C and a second peak, more intense, at 145
°C are easily observable. The first process can be attributed to the thiol-epoxy reaction,
whereas the second peak, which perfectly matches with the resin homopolymerization,
also represented in Figure 5, can be attributed to this process. The occurrence of epoxy
homopolymerization in stoichiometric epoxy/thiol mixtures account for a low reactivity
of 6SH-SQ with topological restrictions that limits the thiol-epoxy reaction and therefore
some epoxy groups remain unreacted. These groups are able to homopolymerize by an
anionic ring-opening mechanism, initiated by 1-Ml, as occurred in non-stoichiometric
thiol-epoxy formulations.38

In the figure we can also see that on increasing the amount of catalyst the area
under the exotherm is enhanced. In Table 2 the enthalpies evolved for all formulations
are collected. Although on adding a higher proportion of 1-Ml to the formulation the
heat released by epoxy equivalent clearly increases, even with 8 phr of catalyst this
value does not reach the one measured for 4EPO-BEU/PETMP formulations catalyzed by
2 phr of catalyst. The increase of the heat released on increasing the catalyst proportion
is due to the occurrence of the homopolymerization process. However, the
homopolymerization of 4EPO-BEU did not rend the expected enthalpy per epoxy
equivalent, which for DGEBA anionic homopolymerization was about 76 kl/eq.?® This
could be explained by the rigidity and the multifunctionality of BEU epoxy derivative.
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The measured curing enthalpy in PETMP formulations, 126 kl/eq, suggests that the
reaction is complete, according to previously reported values.*°

Table 2. Reaction enthalpies and Tgs of the different formulations with 2 phr of the 1-Ml
determined by DSC

Formulation 1-mi Ah? AhP Tg*
(phr) (/g) (ki/eq) (°C)

4EPO-BEU/PETMP 2 532 126.7 70
4EPO-BEU/6SH-SQ 2 187 42.0 47
4EPO-BEU/6SH-SQ 4 223 50.3 53
4EPO-BEU/6SH-SQ 8 378 86.2 57
4EPO-BEU 8 579 68.0 91

a. Enthalpy released per gram on heating the initial mixture
b. Enthalpy released per epoxy equivalent on heating the initial mixture
c. Glass transition temperature of the final cured material

Table 2 collects the Tgs of the cured materials. Although PETMP introduces
flexibility to the network structure, the rigidity of biseugenol core allows to reach a quite
high Tg value. In a previous work,* we determined the Tg of the material obtained from
DGEBA/PETMP formulations, which resulted to be 55 °C. Thus, from this point of view,
biseugenol derived epoxy monomer can be a perfect bio-based substitute for DGEBA
resins. As expected, the increase in the proportion of 1-Ml in the formulation leads to
increase the Tg of the materials obtained, due to the homopolymerization that takes
place. Although not fully reacted, the thermoset obtained by the only
homopolymerization of 4EPO-BEU reached the highest Tg vale.

To confirm that the curing process has been completed in 4EPO-BEU/PETMP
formulations, FTIR spectra were recorded before and after curing on the ATR device.
Figure 6 shows the most significant regions of the spectra.
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Figure 6. FTIR spectra of a mixture 4EPO-BEU/PETMP catalyzed by 2 phr of 1-MI before and
after curing
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The initial spectrum shows the typical absorptions of S-H st. at 2570 cm™ and the
band at 908 and 835 cm™ corresponding to the epoxy ring. These absorptions have
disappeared completely in the spectrum of the cured material, whereas a new broad
absorption at 3454 cm™ appears because of the formation of the B-hydroxy thioether
groups in the network structure. The small intensity of the thiol absorption and the
overlapping of epoxide band with others in the region make difficult the monitoring of
the evolution of the curing process.

Characterization of materials based on 4A-BEU and 4EPO-BEU monomers

The materials prepared by thiol-ene and thiol-epoxy were characterized by
different techniques to determine their thermal and mechanical characteristics.

The range of stability at high temperatures of the thermosets prepared was
determined by thermogravimetry. Figure 7 shows the derivatives of weight loss curves
against temperature in inert atmosphere and Table 3 collects the most significant data
obtained by this technique.
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Figure 7. DTG curves under N; at 10 K/min of the materials obtained from bis-eugenol
derivatives with different formulations.

First of all, we can see that the thermosets prepared from PETMP show a more
complex degradation mechanism, regardless of the type of curing performed, since
curves with a bimodal shape can be clearly observed, with a first and faster degradative
process followed by a defined shoulder at temperatures above 400 °C. In contrast, the
6SH-SQ containing materials show well-defined degradation curves that begin at lower
temperatures than those previously commented. The higher complexity of degradation
of the PETMP thermosets has been observed in similar materials obtained from 3EPO-
EU.
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Table 3. Thermal data of the materials obtained after curing processes from bis-eugenol

derivatives
Sample Tso? Trmax® Residue® Ttans Es* Ef
(°) (°Q) (%) (K9] (MPa) (MPa)
4A-BEU/PETMP 327 372 27 64 244 758
4A-BEU/6SH-SQ 248 365 9 46 7.2 133
4EPO-BEU/PETMP 311 347 26 83 26.0 1385
4EPO-BEU/6SH-SQ 295 345 8 140 47.0 1606
a. Temperature of 5% of weight loss in N> atmosphere
b. Temperature of the maximum rate of degradation in N> atmosphere
c. Residue after thermal degradation in N2 atmosphere
d. Glass transition temperature determined by DMTA
e. Storage modulus in the rubbery state determined at 6 + 50 °C
f.  Young’s modulus at 30 °C under flexural conditions

The values in the table show that the thermosets prepared from 6SH-SQ begin
their degradation at lower temperatures than PETMP containing materials and lead to a
lower proportion of char when heated at 600 °C. However, the highest difference in T5%
between materials obtained from both thiols is observable in the thiol-ene materials, in
which the degree of curing achieved by the use of 6SH-SQ is much less than that of
PETMP. The temperature of the maximum rate of degradation depends more on the
curing procedure than on the thiol structure, being Tmax higher for the photocured
materials. Although structurally both type of materials are quite similar, thiol-ene
thermosets have thioether bonds, whereas thiol-epoxy networks present B-hydroxy
thioether units, which can contribute to produce different degradation patterns.

Table 3 collects the most typical thermomechanical data obtained for the materials
prepared by thiol-ene and thiol-epoxy processes. Between both photocured materials,
4A-BEU/6SH-SQ shows the lowest performance, as expected from the low reactivity
observed in the photocuring process. The material obtained from 4A-BEU/PETMP
formulation shows better thermomechanical characteristics and even higher than
previously reported materials obtained by photocuring of triallyl eugenol.?® In this
previous work, we reported that the photocured materials obtained from mixtures of
triallyl eugenol (3A-EU) with PETMP and 6SH-SQ, the best thermomechanical
characteristics were reached when 6SH-SQ was the thiol selected, thanks to its
multifunctionality that leads to a tighter network. The different behaviour in 4A-BEU
materials can be rationalized on the basis of the high rigidity and voluminous structure
of the bis-eugenol core with a functionality of four that exacerbates the topological
restrictions of the densely functionalized squalene hexathiol, leading to lower thiol-ene
conversion that reduces the crosslinking density.

On comparing the data of the thermally cured epoxy-thiol materials, it can be
stated that the sample 4EPO-BEU/6SH-SQ presents the best thermomechanical
properties. Since we have demonstrated that the thiol-epoxy reaction could not be
adequately carried out in this formulation due to topological restrictions, the
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enhancements in the final properties should be attributed to the contribution of the
network formed by homopolymerization, which is tighter, leading to higher values of
tan & temperature and Young's modulus. However. on comparing the thermomechanical
data obtained for 4EPO-BEU/PETMP and DGEBA/PETMP thermosets*® we can confirm

that the bis-eugenol derivative is a good alternative for replacing the oil-derived DGEBA
resin.

In addition to the values obtained from thermomechanical tests it is interesting to
inspect the a relaxation curves of the materials prepared. Figure 8 shows the curves in
two different graphics, to clearly visualize the different shapes for each material.

* = = * 4A-BEU/PETMP
— - — 4A-BEU/6SH-SQ
055 — = 4EPO-BEU/PETMP 2 phr (1-MI)
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Figure 8. Plots of tan 6 against temperature for the various materials prepared
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Whereas the shape of the curve of 4EPO-BEU/PETMP sample is unimodal and
narrow, the materials obtained by photopolymerization are broader and slightly split.
This agrees with the concurrence of side-reactions in the thiol-ene process and to the
uncomplete curing achieved as has been demonstrated in the photocuring study, both
facts leading to heterogeneous materials. It is worth to note, the broad and bimodal
shape of the tan & curve obtained for 4EPO-BEU/6SHSQ (right plot). The height of the
curve, much lower than the others, indicates a high crosslinking density and low
damping characteristics. Moreover, the material is heterogeneous as reflected in the
broadness and complexity of the curve, which confirms the coexistence of two different
network structures in the material, one thiol-epoxy and another of polyether. The thiol-
epoxy network presents an a relaxation at approximately 60 °C whereas the tight
polyether structure increases the Tg of the material, which reaches a value of 140 °C.

The values of Young’s modulus and the storage modulus in the rubbery state collected
in Table 3 reflect the network characteristics. Thus, the more rigid material is the one
obtained from squalene in thermal conditions, because of the polyether formation. On
the other hand, squalene leads to the softer and less crosslinked material in photocuring
conditions, because of the lower reactivity of 6SH-SQ and the coexistence of undesired
side-reactions. Thus, for bis-eugenol structures, thermal thiol-epoxy processes are more
effective than photochemical thiol-ene reactions to get materials with better
mechanical performance. This observation agrees well with the results obtained in
simple eugenol derivatives?® and confirms that the eugenol structure is not adequate for
radical type thiol-ene reactions.

The strain-stress and microindentation hardness testing were performed on dog-
bone samples to evaluate the mechanical characteristics of the materials prepared.
Table 4 collects the main data extracted from these tests.

Table 4. Mechanical data of the materials obtained by stress-strain and
microindentation hardness testing. Coefficients of variation less than 8% for stress,
strain and tensile modulus, and less than 5% for microindentation hardness.

Sample Strain at break Stress at break Microindentation hardness?®
(%) (MPa) (HV)
4A-BEU/PETMP 8.8 6.6 9.8
4A-BEU/6SH-SQ 8.5 5.4 6.3
4EPO-BEU/PETMP 2.3 23.2 115
4EPO-BEU/6SH-SQ 1.6 29.9 14-20

a. Indentation test load of 25 g for all formulations

As can be seen, the materials obtained by photochemical curing have poor tensile
strength and high elongation at break, showing an elastomeric behaviour. In the case of
thermosets obtained by thermal curing, a significant increase in tensile strength and a
decrease in the elongation of the materials were observed. These materials exhibited
higher hardness values than the materials derived from the allyl derivative of bis-
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eugenol. As in the case of simple eugenol derivatives,?® the thermoset prepared from
4EPO-BEU/6SH-SQ presented the best mechanical performance, due to the contribution
of the homopolymerization to generate a more resistant material.

For the material from squalene hexathiol, different values of hardness were
measured, due to the inhomogeneous character of the material. Values between 14 and
20 could be found, being 20 the most predominant in the material.

Conclusions

Two different tetrafunctional compounds, 4A-BEU and 4EPO-BEU, were prepared
from bis-eugenol, previously obtained by dimerization of eugenol as starting renewable
material. The synthetic procedure consisted in an allylation reaction and further
epoxidation using oxone to obtain the epoxy derivative.

The tetraallyl derivative of bis-eugenol, 4A-BEU, was used as the monomer in the
thiol-ene reaction using two thiols of different functionalities, PETMP and 6SH-SQ, the
last one derived from squalene. It was observed that the mixtures presented incomplete
curing reactions and possible side-reactions that limits the degree of curing achieved.
PETMP showed a better reactivity in these systems than 6SH-SQ due to topological
problems.

The tetraepoxy derivative of bis-eugenol, 4EPO-BEU, was the monomer in the
thiol-epoxy reaction using the same thiols selected for the photocuring, catalyzed by
1-methylimidazole as the base. We could prove that the curing with PETMP was
complete, but when 6SH-SQ was selected as the thiol, the degree of curing achieved
was limited. On increasing the proportion of base, homopolymerization of epoxide at
high temperature also occurred. This was attributed to the topological restrictions of
squalene thiol to react because of its multifunctionality and compact structure.

The materials prepared from the thiol-epoxy curing had better thermal and
mechanical characteristics than the materials obtained by photochemical thiol-ene
reaction, but the squalene derived thermoset has an heterogeneous network due to the
different processes occurring during curing.

The use of bis-eugenol derivatives as renewable starting material for the
preparation of thermosets has been demonstrated advantageous in front of eugenol
derivatives, especially in thermomechanical characteristics.

The bis-eugenol tetraepoxy derivative is a good alternative for replacing the oil-
derived DGEBA resin according to their thermomechanical characteristics.
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CAPITULO 10

Conclusiones
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La utilizacion de tioles reactivos mediante reacciones click, tiol-eno y tiol-epoxi, ha
resultado ser una estrategia adecuada para la obtencién de nuevos termoestables
duales y no duales, basados en mondmeros comerciales o bien de origen natural,
como el eugenol y el escualeno.

El empleo de catalizadores latentes precursores de aminas terciarias, inactivos a baja
temperatura y activos a alta temperatura, ha permitido obtener mezclas tiol/epoxi
con una elevada estabilidad durante su almacenamiento a temperatura ambiente.
Los termoestables obtenidos empleando estos sistemas cataliticos han presentado
una excelente estabilidad térmica y alta transparencia.

La incorporacién de triglicidil isocianurato a sistemas latentes tiol-epoxi, junto con el
aumento de la funcionalidad del tiol utilizado, ejercen un efecto cooperativo
beneficioso, observandose un aumento significativo de las propiedades térmicas y
mecanicas finales de los termoestables obtenidos, respecto a sistemas equivalentes
donde no se ha realizado esta incorporacion.

La utilizacién de precursores latentes de aminas terciarias en cantidades adecuadas
ha permitido establecer una nueva metodologia para la preparacién de
termoestables duales secuenciales por medio de una primera etapa de curado tiol-
eno fotoactivada y una segunda tiol-epoxi activada térmicamente. Los materiales
obtenidos son estables al final de la primera etapa de curado y las propiedades al
final de ambas etapas de curado pueden moldearse modificando la cantidad relativa
entre mondmeros vinilicos y epoxidicos.

Se han sintetizado nuevos tioles multifuncionales, algunos de ellos derivados de
fuentes renovables como el eugenol y el escualeno, mediante reaccién tiol-eno
fotoinducida del correspondiente compuesto vinilico con acido tioacético seguida de
la saponificacion del acetil tioester formado y se ha comprobado la bondad del
método para diferentes substratos sin grupos saponificables.

Los tioles empleados en las reacciones de curado click presentaron diferentes
reactividades. El PETMP resultd ser el mas reactivo en todas las reacciones tiol-click,
ya sean térmicas o fotoquimicas. Sin embargo, su estructura flexible conlleva a
materiales con menor Tg que los obtenidos mediante el empleo de otros tioles
estudiados. El tiol derivado del eugenol, 3SH-EU, es muy efectivo para ser empleado
en reacciones tiol-epoxi, pero no es aconsejable su empleo en procesos de
fotocurado. El hexatiol derivado del escualeno, es apto para ser empleado en
cualquier tipo de reaccion tiol-click, aunque genera problemas topoldgicos debido a
su estructura quimica y alta multifuncionalidad, los termoestables obtenidos
mediante 6SH-SQ presentan muy buenas propiedades fisicas y mecanicas.

Se ha establecido un nuevo método de curado térmico de resinas epoxi
cicloalifaticas con tioles en presencia de una base, obteniéndose termoestables
altamente entrecruzados. Los materiales obtenidos presentan propiedades que
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12.

dependen de la rigidez y funcionalidad del tiol utilizado, siendo el material
preparado con el derivado hexafuncional del escualeno el que presenta mayor valor
de temperatura de transicion vitrea y médulo de Young.

La estructura quimica del eugenol, altamente versatil, ha permitido la sintesis de sus
derivados tritiol, trialil, dialil glicidil y triglicidil, mediante procedimientos sintéticos
bien establecidos. El camino sintético incluye alilacidn, transposicion de Claisen y en
el caso de los glicidil derivados, epoxidacion mediante oxona, que es un
procedimiento que sigue los principios de quimica verde, y que ha demostrado ser
ventajoso respecto a la epoxidacién con peracido.

El derivado trialilico del eugenol ha sido curado mediante un procedimiento
fotoiniciado tiol-eno con diferentes tioles. Las reacciones de acoplamiento tiol-tiol
asi como la estabilizacidn por resonancia de las especies radicalarias de eugenol no
permiten que la reaccidn tiol-eno tenga lugar de forma completa, corroborando asi
algunos resultados descritos en la literatura para sistemas similares.

El derivado dialil glicidil del eugenol ha podido ser curado mediante una metodologia
tipo click dual, con un tiol comercial o tioles procedentes de fuentes renovables,
consistente en una primera etapa tiol-eno fotoinducida seguida de una segunda
etapa tiol-epoxi térmica. La presencia de grupos glicidilicos, que reaccionan en la
segunda etapa térmica, ha permitido obtener unos materiales finales con mayor
dureza y resistencia a la rotura que los obtenidos en una sola etapa de curado tiol-
eno.

El triepoxido sintetizado se ha utilizado para la preparacion de termoestables
mediante curado tiol-epoxi, catalizado por una base, con diferentes tioles de origen
natural. La adecuada seleccion de los tioles y mondmeros epoxi permite preparar
materiales con unas propiedades finales hechas a medida, aunque Ia
multifuncionalidad del hexatiol derivado del escualeno ha requerido la adicién de un
diepdxido lineal flexible, para reducir las restricciones topoldgicas producidas y
alcanzar un curado completo. Los materiales obtenidos a partir del triepoxido del
eugenol presentaron propiedades térmicas y mecdnicas muy superiores a materiales
equivalentes preparados a partir de los derivados trialil y dialil glicidil eugenol. En
consecuencia, la sustitucion total de los grupos alilo por grupos epodxido en el
eugenol aporta importantes ventajas en la preparacion de esta familia de
termoestables.

El bis-eugenol, sintetizado mediante la dimerizaciéon del eugenol ha sido utilizado
como compuesto de partida para obtener los respectivos mondmeros alilicos y
glicidilicos tetrafuncionales mediante procedimientos analogos a los anteriormente
citados. Al igual que en el caso de los derivados sencillos del eugenol, se prepararon
materiales por entrecruzamiento con diferentes tioles mediante procedimientos
click tiol-eno fotoiniciados, o click tiol-epoxi térmicos. Los materiales obtenido
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13.

14.

mediante procedimiento de curado térmico tiol-epoxi mostraron mejores cualidades
térmicas y mecdnicas. Los materiales obtenidos a partir de bis-eugenol presentaron
mejores propiedades térmicas y mecanicas que los derivados del eugenol sencillo,
debido a su estructura rigida y su mayor funcionalidad.

De manera general, los resultados expuestos en este trabajo abren una nueva via de
curado dual para obtencion de materiales termoestables hechos a medida y que
permiten su uso en metodologias de fabricacién avanzadas. La utilizacién de
precursores de amina latente permite la preparacién de formulaciones estables, con
excelente procesabilidad que pueden originar un material intermedio, manipulable
aunque estable, que mediante una segunda etapa térmica lleva al material final con
las caracteristicas requeridas, aunque es necesaria una optimizacién de las
condiciones de reaccion.

La segunda aportacion del trabajo ha sido la utilizaciéon de los principios de la
quimica e ingenieria verde en la preparacién de nuevos materiales termoestables.
Este proceder abarca tanto la preparacién de monémeros de origen natural, como la
utilizacién de la quimica click en la sintesis de estos mondémeros y en el curado de los
mismos.
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CAPITULO 1 1

Apéndices




UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

Lista de abreviaturas

1-mi 1-metilimidazol
2-MI 2-metilimidazol
2AG-EU Dialilglicidil derivado del eugenol

2EPO-HEX  Diglicidiléter del 1,6-hexanodiol
3A-EU Trialil derivado del eugenol

3EPO-EU Triglicidil derivado del eugenol

3SH-EU Tritiol derivado del eugenol
3SH-I1SO Tritiol derivado del trialilisocianurato
4A-BEU Tetraalil derivado del bis-eugenol

4EPO-BEU  Tetraglicidilderivado del bis-eugenol

6SH-SQ Hexatiol derivado del escualeno

%wt Porcentaje en peso

o Grado de conversion

é Desplazamiento quimico (ppm)

£ Coeficiente de absorbitividad

In*1 Viscosidad compleja

ACp Capacidad calorifica

Ah: Calor liberado

Ahyes Calor liberado en el barrido de post-curado

Ahtotal Valor de referencia del calor liberado en un curado completo
A Absorbancia o factor pre-exponencial

At Absorbancia normalizada a un tiempo t

A° Absorbancia normalizada inicial

A’uv Absorbancia normalizada después del fotocurado

A final Absorbancia normalizada después del curado térmico
BDMA N, N-bencildimetilamina

BEU Bis-eugenol

C Concentracién
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DGEBA Diglicidiléter del bisfenol A

DMAP 4-(N,N-dimetilamino)piridina

DMF N,N-Dimetilformamida

DMPA 2,2-dimetoxi-2-fenilacetofenona

DMTA Andlisis térmico dinamomecanico

DGT Derivada de la curva termogravimétrica

DSC Calorimetria diferencial de barrido

E Energia de activacién o médulo de Young

ECC 3',4’-epoxiciclohexanocarboxilato de 3,4-epoxiciclohexilo
EPC Epiclorhidrina

eq Equivalente

E: Médulo relajado

EU Eugenol

FT-IR Espectroscopia de infrarrojo con transformada de Fourier

Irgacure 184 1-hidroxiciclohexilfenilcetona

Irgacure 819 Oxido de fenil bis(2,4,6-trimetilbenzoil) fosfina

LC-80 Imidazol encapsulado

phr Partes por cien de resina o mezcla reactiva

Pl Fotoiniciador

PETMP Pentaeritritol tetrakis (3-mercaptopropionato)

PDU-250 N,N-dimetil-N’-fenilurea

R Constante de los gases

RMN Resonancia magnética nuclear

sQ Escualeno

T Temperatura

t Tiempo

Ts% Temperatura correspondiente a la pérdida de masa del 5%

Tmax Temperatura correspondiente a la maxima velocidad de pérdida de masa

TAA Acido tioacético
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TAIC Trialilisocianurato

TEBAC  Cloruro de benciltrietilamonio

Tg Temperatura de transicion vitrea

TGA Andlisis termogravimétrico

TGIC Triglicidilisocianurato

TTMP Trimetilolpropano tris(3-mercaptopropionato)
T™MS Tetrametilsilano

uv Ultravioleta



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

Lista de publicaciones

Articulos de |a tesis

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Angels Serra. New
catalysts for diglycidyl ether of bisphenol A curing based on thiol-epoxy click reaction.
European Polymer Journal 2014, 59, 377-386.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Angels Serra.
Enhancement in the glass transition temperature in latent thiol-epoxy click cured
thermosets. Polymers 2015, 7, 680-694.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Angels Serra. Preparation
of click thiol-ene/thiol-epoxy thermosets by controlled photo/thermal dual curing
sequence. RSC Advances 2015, 5, 101623-101633.

Dailyn Guzman, Blai Mateu, Xavier Fernandez-Francos, Xavier Ramis, Angels Serra.
Novel thermal curing of cycloaliphatic resins by thiol-epoxy click process with several
multifunctional thiols. Polymer International 2017, DOI 10.1002/pi.5336.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Silvia De la Flor, Angels
Serra. New bio-based materials obtained by thiol-ene/thiol-epoxy dual curing click
procedures from eugenol derivates. European Polymer Journal 2017, in press.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Silvia De la Flor, Angels
Serra. Preparation of new biobased materials from a triglycidyl eugenol derivative
through thiol-epoxy click reaction Progress in Organic Coatings 2017, Enviado.

Dailyn Guzman, Silvia De la Flor, Xavier Fernandez-Francos, Xavier Ramis, Angels
Serra. Bis-Eugenol Based-Thermosets Prepared by Thiol Chemistry. En preparacion.

Articulos en colaboracién

Alberto Belmonte, Dailyn Guzman, Xavier Fernandez-Francos, Silvia De la Flor. Effect
of the network structure and programming temperature on the shape-memory response
of thiol-epoxy “click” systems. Polymers 2015, 7, 2146-2164.

Oleksandra Korychenska, Dailyn Guzman, Angels Serra, Xavier Ramis, Juozas V.
Grazulevicius. Fluorescent thiol-epoxy thermosets obtained from diglycidylether of
bisphenol A and carbazole based diepoxy monomer. Reactive and Functional Polymers
2017, 116, 107-113.



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses

Comunicaciones a congresos

Dailyn Guzman, Angels Serra, Xavier Fernandez-Francos, Xavier Ramis. Nuevo
sistema latente para el curado de resinas epoxi con tioles. Xlll Reunién del Grupo
Especializado de Polimeros (GEP) de la RSEQ y RSEF, Girona (Espafia) 2014. Oral.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Angels Serra Increase in
the glass transition temperature of thermosets obtained by DGEBA/thiol click reactions.
European Polymer Federation Congress 2015, Dresden (Alemania). Pdster.

Alberto Belmonte, Dailyn Guzmdn, Xavier Fernandez-Francos, Silvia De La Flor.
Thiol-epoxy thermosets with enhanced shape-memory performance. European Polymer
Federation Congress 2015, Dresden (Alemania). Oral.

Angels Serra, Xavier Ramis, Cristina Acebo, Dailyn Guzman, Alberto Belmonte,
Xavier Fernandez-Francos, Silvia De la Flor. Nuevos termoestables obtenidos mediante
procesos duales basados en reacciones tipo “click” con tioles. XIV Reunién del Grupo
Especializado de Polimeros. Real Sociedad Espafiola de Fisica y Quimica, Burgos (Espafia)
2016. Oral.

Xavier Fernandez Francos, Ali Osman Konuray, Dailyn Guzman, Alberto Belmonte,
Silvia De La Flor, Angels Serra, Xavier Ramis. Sequential dual-curing processes based on
thiol-click reactions. MACRO 2016. 46" World Polymer Congress, Istanbul (Turquia). Oral.

Dailyn Guzman, Blai Mateu, Xavier Fernandez-Francos, Xavier Ramis, Angels Serra.
New thermosets from cycloaliphatic epoxy resin by thiol-epoxy click reaction. IXth ECNP
International Conference on Nanostructured Polymers and Nanocomposites. Roma
(Italia). 2016. Poster.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Angels Serra. New fully
biobased materials from eugenol derivatives obtained by thiol-epoxy click reaction. APME
2017 Advanced Polymers via Macromolecular Engineering. Ghent (Belgium), 2017.
Péster.

Dailyn Guzman, Xavier Ramis, Xavier Fernandez-Francos, Silvia De la Flor, Angels
Serra. New bio-based materials obtained by thiol-ene/thiol-epoxy dual curing click
procedures from eugenol derivates. European Polymer Federation Congress 2017, Lyon
(Francia). Péster.



UNIVERSITAT ROVIRA I VIRGILI

NUEVOS PROCESOS DE CURADO CLICK CON TIOLES Y SU APLICACION A LA PREPARACION DE MATERIALES
BASADOS EN EUGENOL

Dailyn Guzman Meneses





