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Resumen

Cuando una determinada aplicacidon exige que el material presente las
mejores propiedades mecanicas, térmicas y quimicas, se hace necesario
el uso de redes de termoestables. Entre las cadenas de estos polimeros
se establecen enlaces covalentes que aseguran mejores caracteristicas
mecdanicas y térmicas en comparacién con los termoplasticos. Sin
embargo, terminada su vida (til, aparece el problema de su imposibilidad
de reciclado, acabando como residuos en un vertedero, siendo incinerados

0 esparcidos en el medio ambiente.

Una solucion son las redes covalentes adaptables (CANs, por sus siglas
en inglés). Estructuralmente estos materiales son como los termoestables,
con enlaces covalentes formando una red tridimensional, sin embargo,
ante un estimulo (normalmente temperatura o radiacién electromagnética)
algunos enlaces covalentes en la red experimentan una reaccion de
intercambio, momento en el que el material alcanza un estado fluido en el
que puede ser reprocesado o reciclado, ademés de otorgarle otras

propiedades avanzadas como la autorreparacion.

Uno de los enlaces dinamicos mas estudiados son los uretanos, presentes
en las redes de poliuretanos (PU), uno de los polimeros mas producido a
escala mundial, para ser usados como elastémeros, adhesivos, espumas
y revestimientos. El método de preparacion mas frecuente es la reaccion
entre isocianatos y alcoholes polifuncionales, reaccién que ocurre a la vez
de otras paralelas que generan subproductos como alofanatos, ureas o
biurets, los cuales tienen un gran efecto en la homogeneidad del material
y en sus propiedades. Ademas, afectan a la cinética de la reaccion de

intercambio.

Analogos a los PUs, pero preparados a partir de tioles en lugar de
alcoholes, existen los politiouretanos (PTUs). Mucho menos estudiados
que sus analogos oxigenados, estos materiales presentan propiedades
similares a los poliuretanos debido a la presencia de enlaces de hidrégeno

en ambos polimeros, pero con algunas ventajas. Por ejemplo, la reaccion
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entre el tiol y el isocianato es una reaccion considerada de tipo “click”,
dando redes mucho mas homogéneas y sin la formacién de otros grupos
funcionales. Ademas, la cinética de intercambio de los grupos tiouretanos
(transtiocarbamoilacion) es mejor debido a una mayor capacidad como
grupo saliente del atomo de azufre respecto al del oxigeno. Otras ventajas
son las excelentes propiedades Opticas que le otorgan el elevado
contenido de azufre y una mayor biocompatibilidad, por lo que pueden ser

empleados en aplicaciones 6pticas y biomédicas.

En base a lo anteriormente expuesto, el objetivo de esta tesis es la
preparacién y caracterizacion de redes covalentes adaptables de
politiouretanos mas sostenibles, y con mejores propiedades mecanicas y

vitriméricas que las existentes en la literatura.

La reaccion entre el tiol y el isocianato puede ser catalizada por via acida
0 basica. El curado por via basica es muy rapido, dificultando el manejo de
la formulacion y la preparacion de los materiales, por lo que se requiere
trabajar a concentraciones muy pequefias de catalizador, dificultando
alcanzar un alto grado de entrecruzamiento. Otra alternativa es el empleo
de bases generadas térmicamente, como son las sales de tetrafenilborato
de amonio, que generan aminas. Sin embargo, los catalizadores acidos,
especialmente el dilaurato de dibutilestafio (DBTDL), son los mas

empleados por el mayor control que permiten.

Una de las limitaciones del DBTDL como catalizador es su actividad a
temperatura ambiente, limitando el tiempo de vida medio de las
formulaciones. En el capitulo 11l se ha sustituido este catalizador acido por
el isopropil metanosulfonato. Este precursor, a temperaturas superiores a
140 °C, experimenta una B-eliminacién en la que se libera el &cido
metanosulfonico, que actia como catalizador 4cido de Brgnsted. De esta
manera, la reaccion de curado no comienza hasta la liberacion del

catalizador, permaneciendo sin curar a temperatura ambiente.

Otra desventaja del uso del DBTDL es la toxicidad cada vez mas conocida

del estafio (I1V), por lo que esta siendo objeto de una legislacién cada vez
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mas restrictiva. Por ello, en el capitulo IV proponemos el uso de los triflatos
de lantanido como alternativa mas sostenible a este compuesto. Estas
sales presentan una toxicidad similar a sales de metales alcalinos, ademas
de una elevada actividad catalitica debido al efecto electron atrayente de
los aniones triflato. También presentan una buena resistencia al aire, a la

humedad y a los disolventes préticos.

Los materiales preparados con triflatos de lantanido y el precursor del &cido
de Brgnsted como catalizador, se han reciclado mecénicamente con
temperatura y presion y las propiedades mecanicas del material reciclado
se han comparado con las del material original. En ambos casos la pérdida

de propiedades mecanicas ha sido minima.

Con la finalidad de mejorar la sostenibilidad de los monémeros empleados
para la preparacion de estas redes, en el capitulo V se han sintetizado,
mediante reaccion tiol-eno, a partir de escualeno y limoneno, productos
derivados de la biomasa, tioles hexa y difuncionales. Ademas, se han
empleado mezclas de estos tioles como sustitutos de tioles derivados de
fuentes fésiles en la preparacion de politiouretanos observandose una
mejora en la relajacion de los materiales al aumentar la proporcién del ditiol
del limoneno. Estos materiales presentaban una buena capacidad de

autorreparacion.

Por altimo, en el capitulo VI se ha preparado un composite empleando una
matriz polimérica de politiouretano y como relleno un oligdbmero de
silsesquioxano (POSS) con tioles como grupos reactivos. En este tipo de
combinaciones se busca un efecto sinérgico entre la matriz polimérica y el
relleno inorganico mejorandose las propiedades mecéanicas con la adicion
del POSS. Una limitaciébn de los composites es lograr una correcta
dispersion, que se ha conseguido por la interacciéon covalente matriz-
relleno, obteniéndose muestras transparentes y por tanto reforzadas a
nivel nanométrico. Se ha estudiado la relajacion de estos materiales

viendose una reduccion de los tiempos de relajacion al aumentar la
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proporcién de POSS, debido a la incorporacién de una segunda reaccion

de intercambio: el intercambio siloxano.

Como conclusion, se ha avanzado en la sostenibilidad de estos materiales
con la incorporacién de monémeros renovables y el empleo de una familia
de catalizadores més sostenibles y menos toxicos y que otorgan mejores
propiedades vitriméricas al material. También se ha avanzado en la
busqueda de la estabilidad de las formulaciones, al emplear un precursor
térmico de &cido y se han obtenido mejores propiedades mecanicas en su
uso como matriz de composites, a la vez que se facilitaba su
reformabilidad.
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Listado de abreviaturas

A Factor pre-exponencial

ATR Reflexién total atenuada

au Unidades arbitrarias

BG Generador térmico de base

CAN Redes covalentes adaptables

cm Centimetro

CPMAS Rotaciéon de angulo magico de polarizacién cruzada
DBTDL Dilaurato de dibutilestafio

DBU 1,8-diazabiciclo[5.4.0Jundec-7-eno

DMA Andlisis dinamico mecéanico

DSC Calorimetria diferencial de barrido

E Moédulo de Young

Ea Energia de activacion

E’ Mdédulo de almacenamiento

E” Modulo de pérdida

E’q Modulo de almacenamiento vitreo

E’r Médulo de almacenamiento del polimero gomoso
FTIR Espectroscopia infrarroja por transformada de Fourier
FWHM Anchura a mitad de altura

g Gramo

HDI Diisocianato de hexametileno

Hz Herzio

IPDI Diisocianato de isoforona

J Flujo de calor por unidad de éarea (joule)

K Grados Kelvin

kdJ Kilojulio

LM Limoneno

LM-S2 Ditiol del limoneno

Ln Lantanido

mg Miligramos
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min Minuto

mL Mililitro

mm Milimetro

mmol Milimol

MPa Megapascales

MPTMS 3-mercaptopropilo de trimetoxisilano

NCO Isocianato

NIPTU Politiouretano libre de isocianato

NMR Resonancia magnética nuclear

OTf Triflato

phr Partes por cien partes

POSS Silsesquioxano

ppm parte por millén

PTU Politiouretano

PU Poliuretano

R Constante universal de los gases

r Coeficiente de correlacion

S Segundos

SEM Microscopia electronica de barrido

SH Tiol

SQ Escualeno

SQ-S6 Hexatiol del escualeno

S3 Tris(3-mercaptopropionato) de trimetilolpropano
S4 Tetrakis(3-mercaptopropionato) de pentaeritritol
t Tiempo

T Temperatura

Too% Temperatura para la pérdida del 2 % de la masa inicial
Ts% Temperatura para la pérdida del 5 % de la masa inicial
Tg Temperatura de transicion vitrea

Tmax Temperatura del maximo

Ttans Temperatura del maximo del pico de la tand

Ty Temperatura de congelacién topolégica
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TGA Analisis termogravimétrico

°C Grados centigrados

o Tension

Oo Tension inicial

Ob Tensién a la rotura

n Viscosidad

T Tiempo de relajacién

™ Tiempo de relajacion caracteristico (c/00 = 0,37)

AH Entalpia del proceso de curado
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El concepto de “polimero” (del griego, “muchas partes”) engloba al conjunto
de moléculas de elevado peso molecular y en cuya estructura se repite un
mismo patrén, conocido como unidad repetitiva y que procede de uno o
varios monémeros, moléculas de bajo peso molecular que se enlazan entre

e

si.
I-1. Clasificacion de polimeros

En la naturaleza podemos encontrar polimeros con importantes funciones
vitales y de una gran variedad, entre la que destacan tres grandes grupos:
polisacaridos (repeticiones de monosacaridos, con funcion estructural y
energética), proteinas (repeticiones de aminoécidos, con gran niumero de
funciones entre las que destaca la estructural, la enzimatica y la
reguladora) y acidos nucleicos (repeticiones de nucleétidos, e involucrados

en la transmision de la informacién genética y en la sintesis de proteinas).

Estos ultimos también son conocidos como biopolimeros y contrastan con
los polimeros sintéticos producidos por el ser humano, y cominmente
denominados “plasticos”. El primero de ellos fue la baquelita (a partir de
fenol y formaldehido), sintetizado por Leo Hendrik Baekeland en 1907 [1].
A estos le siguieron el Nylon, el poliestireno, el polietileno, etc., polimeros

que se producen a gran escala y que tienen un gran uso en nuestros dias.

Antes del descubrimiento de la baquelita, se venia trabajando con los
polimeros seminaturales o semisintéticos. El primero de ellos fue
descubierto por Charles Goodyear en 1839, al vulcanizar con azufre el
latex (segregado por varias especies de plantas) para producir caucho [2].
También se modificaron quimicamente otros polimeros naturales, como la
celulosa, para obtener el acetato o el nitrato de celulosa que tuvieron
aplicaciones en material fotogréfico, cintas magnéticas, explosivos,
adhesivos, pinturas, barnices, fibras y como materiales de objetos mas
especificos como barajas, monturas de gafas o pelotas de ping-pong, entre

otros.
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Ademas de segun su origen, los polimeros pueden ser clasificados segin
diversos criterios como la composicién y variedad de sus monémeros, su
estructura y orden estructural o el mecanismo de la reaccion de
polimerizacion. Sin embargo, el criterio mas extendido es su respuesta ante
la temperatura, clasificacion directamente relacionada con las fuerzas que

se establecen entre sus cadenas.

Cuando se calienta un material polimérico, éste puede mostrar dos
comportamientos distintos como se representa en la Figura I-1. En
termoplasticos (como poliésteres, polietileno, poliestireno, policloruro de
vinilo, polietilentereftlalato, entre otros), en los que entre las cadenas se
establecen fuerzas intermoleculares (como fuerzas de dispersion de Van
de Waals y enlaces por puente de hidrégeno), alcanzada cierta
temperatura la energia es suficiente como para romper estas fuerzas,
adquiriendo el material caracteristicas de fluido, que permite que pueda ser
inyectado, ser conformado e incluso reciclado. A més temperatura el
material degrada, teniendo lugar la ruptura de enlaces covalentes con la
consiguiente pérdida de propiedades.

En termoestables (como resinas epoxi, fenol-formaldehido, urea-
formaldehido, poliuretanos, melaminas, entre otros), esas fuerzas
intermoleculares son enlaces covalentes. La existencia de éstos explica su
mejor rendimiento mecanico y térmico en comparacién con los
termoplasticos, y también que a pesar de la temperatura nunca lleguen a
alcanzar este estado fluido. Cuando la energia es la suficiente como para

romper estos enlaces, el material degrada directamente.

A medio camino entre estos dos grupos, estan las redes covalentes
adaptables (CANSs), en la que se establecen entre las cadenas enlaces
covalentes como en los termoestables (presentando un buen rendimiento
mecanico y térmico), pero ante un estimulo (temperatura o radiacién
principalmente), estos enlaces adquieren naturaleza dinamica. Por tanto,
puede plantearse su reciclado, ademas de otorgar al material propiedades

avanzadas como memoria de forma, autorreparacion y autosoldado.
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POLIMEROS %

[ SEGUN SU RESPUESTA AL CALOR }

TERMOPLASTICOS TERMOESTABLES

INTERACCIONES v RECICLABLES ENLACES + RENDIMIENTO TERN!ICO
nNO % RENDIMIENTO TERMICO COVALENTES + RENDIMIENTO MECANICO
COVALENTES s RENDIMIENTO MECANICO §¢_ RECICLABLES

REDES COVALENTES ADAPTABLES

ENLACES + RENDIMIENTO TERMICO
COVALENTES + RENDIMIENTO MECANICO
DINAMICOS  RECICLABLES

Figura I-1. Clasificacion de los materiales poliméricos en funcion a su

respuesta al calor

I-2. Reciclado de polimeros

El descubrimiento de la baquelita en 1907 y su posterior éxito, llevaron a
muchas empresas a invertir en la investigacion de nuevos materiales
poliméricos. Esta inversion vio sus resultados en la década de los 30,
década en la que se descubrieron el caucho sintético (1930, DuPont), el
Nylon (1933, DuPont), el Teflon® (1938, DuPont), el poliestireno (1938,

Dow) y el polietileno (1939, Imperial Chemical Industries).

La Segunda Guerra Mundial (1939-1945) llevé a una mayor inversion en
estos materiales sintéticos, especialmente para reducir la dependencia de
materiales naturales. Acabada la guerra, en la década de los 50, Karl
Ziegler y Giulio Natta desarrollaron unos catalizadores estereospecificos
basados en metales de transicién para la polimerizacion de olefinas a
presiéon atmosférica y a escala industrial (por lo que serian galardonados
con el Premio Nobel de Quimica en 1963). A partir de este momento, la
producciéon mundial de polimeros comenzé un continuo crecimiento que

sigue en nuestros dias como puede verse en la Figura 1-2.
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Figura I-2. Produccion mundial de polimeros de 1950 a 2021.

En 1950, segun la Organizacién para la Cooperacion y el Desarrollo
Econdmicos (OCDE) [3], la produccién mundial de polimeros era de 1.5 Mt.
En 2019, esa produccién alcanz6 los 390,7 Mt, de las que 353 Mt (77 % de
lo producido) acabaron como residuos. De esos residuos, tan solo 33 Mt
fueron recicladas (9 % de los residuos), mientras que 67 Mt fueron
incineradas (19 %), 174 Mt acabaron en el vertedero (49 %), y el resto
acabaron en el medio (79 Mt, 23 %) tal y como se representa en la Figura
I-3. Las predicciones para dentro de una década (2033) elevan el reciclado
al 13 % de los residuos de polimeros, lo cual implica una mejora, pero, aun
asi, se seguiria sin dar una segunda vida al 87 % de los polimeros

desechados.

Ademads, la industria de los polimeros es la responsable del 3,4 % de las
emisiones anuales de gases de efecto invernadero; y la mayor parte de
ellos (99,5 %) se produce a partir de combustibles fésiles, un recurso no

renovable, contaminante y estratégico.

Para hacer frente a los problemas ocasionados por los residuos
poliméricos (y en general cualquier otro tipo de residuo solido), la estrategia

a seguir es conocida como la Iniciativa de las 3R, propuesta por el primer
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ministro japonés Koizumi en una reunién del G8 en el afio 2004. Esta
estrategia se basa en reducir la cantidad de residuos, reutilizar los residuos
generados y reciclarlos para darles otra vida. Cuando esto no sea posible,
se propone su incineracién para obtener energia, con el correcto

almacenamiento de los residuos de esta incineracion [4].

Figura I-3. Gestion de residuos poliméricos en 2019.

I-2.1. Reciclado de los termoplasticos

Como se ha comentado, los polimeros termoplasticos al calentarse
alcanzan un estado fluido en el que, mediante una inyectora, extrusora o
sopladora, y las adecuadas condiciones de procesado, pueden ser
mecanicamente reciclados para una segunda vida, convirtiéndose en

polimeros secundarios.

Los polimeros secundarios tienden a presentar peores propiedades que
los primarios, debido a degradaciones y a contaminaciones (cruzada, de
aditivos o impurezas). Para evitarlo se puede afiadir en el estado fluido

aditivos, minerales, fibras u otros polimeros [5].

Otra estrategia de reciclado es el reciclaje quimico, el cual consiste en una
despolimerizacién del residuo usando disolventes, temperatura, presién o

catalizadores [6]. Algunos de las técnicas mas empleadas son la solvdlisis,
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la hidrdlisis (acida, alcalina o neutra), la alcohdlisis, la amindlisis, la
glicolisis y la metandlisis [7]. Los monémeros pueden ser empleados como

combustibles o para producir otros polimeros [8,9].

Dentro del reciclaje quimico se considera también la pirdlisis, que consiste
en calentar el residuo a altas temperaturas, durante largos tiempo y en
ausencia de aire. De este proceso se obtienen sdlidos (materiales
carbonosos para composites), liquido (aceite para calderas, hornos,
generadores, bombas agricolas) y gases (bien una mezcla para obtener
energia o bien usando catalizadores para obtener hidrdgeno, mondéxido de
carbono, diéxido de carbono o metano) [10,11]. El problema es la elevada
cantidad de energia que se necesita para mantener la temperatura de
pirélisis durante el tiempo necesario, resultando finalmente un proceso

poco rentable.
I-2.2. Reciclado de los termoestables

El 7,1 % de la produccion mundial de polimeros en 2022 es de
termoestables (dato que no incluye a los poliuretanos) [12], materiales que
no alcanzan ese estado fluido como los termoplasticos, si no que
directamente se degradan al calentar a elevadas temperaturas [13]. Esto
complica mucho el reciclado mecéanico, siendo la Unica opcién su uso como
cargas en termoplasticos. Sin embargo, existen cargas de precio mucho

més competitivo, como carbonatos o silicatos [8,14].

Se ha trabajado con otras técnicas diferentes a la de los termoplasticos,
tales como la interconexién de superficie [15], la adicion de termoplasticos

en la interfase [16] o la interdifusion de defectos de red [17] sin éxitos.

Mayor éxito ha tenido el uso de fluidos supercriticos [18], el uso de
microrganismos [19], o el uso de radiacion microondas [20]. Sin embargo,
se tratan de técnicas de reciclaje dificiles y costosas a la hora de llevarlas

a mayores escalas.

La pirdlisis, al igual que en termoplasticos, sigue siendo una alternativa

para obtener materiales de relleno para composites, aceite, energia y
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gases de interés sintético; pero de nuevo su baja rentabilidad limita su

aplicaciéon a gran escala [21].
I-3. Redes covalentes adaptables (CANs)

Las redes covalentes adaptables (CANs) son una clase de materiales
poliméricos con una respuesta al calentamiento entre los termoplasticos y
los termoestables. Entre sus cadenas se establecen enlaces covalentes
que, al recibir un estimulo (cambio en la temperatura, radiaciéon, cambios
en pH ...), adquieren naturaleza dinamica, alcanzando un estado fluido.
Por eso estos materiales presentan un buen rendimiento mecanico y
térmico como los termoestables, y a la vez la capacidad de ser reciclados

como los termoplasticos.

La reaccidon de intercambio que inicia el estimulo puede seguir dos

mecanismos: disociativo o asociativo, tal y como se ilustra en la siguiente

m DISOCIATIVO

figura. (Figura 1-4).

» Y
ASOCIATIVO

B

Figura I-4. Mecanismos de las redes covalentes adaptables.

El mecanismo disociativo ocurre mediante dos equilibrios, cada uno
totalmente desplazado hacia sentidos opuestos. En el primero, el grupo
funcional del enlace covalente se rompe tras el estimulo, dando un estado
intermedio con los grupos funcionales iniciales libres que, en un segundo
equilibrio vuelven a unirse entre si. Podria verse una analogia con lo que

ocurre en el mecanismo Sn1 en la sustitucién nucledfila, en el que en un



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD
Federico errero Ruiz

INTRODUCCION Y OBJETIVOS

primer térmico tiene lugar la salida del grupo saliente, formando un
intermedio, para después volver a formarse un enlace con el nuevo
nucledfilo atacante. Las redes covalentes adaptables disociativas fueron
descubiertas por Tobolsky en 1946 en polisulfuros [22] cuando se vio que
el caucho vulcanizado podia ser reconformado, pero no se le dio la

importancia que deberia.

Algunos ejemplos de mecanismos disociativos son: adiciones de Diels-
Alder [23], éster boronico [24], alcoxiaminas reversibles [25], y tiol-ino
reversibles [26]. También se ha descrito este mecanismo en reacciones de
intercambio de polihidroxiuretanos [27] y poliimidas [28]. En un mecanismo
disociativo se produce una disminucion del nimero de enlaces en la red
durante el intercambio, y por tanto una reduccion del grado de
entrecruzamiento que lleva, en muchos casos, a una reduccion notable de

la viscosidad o del mddulo de almacenamiento.

El mecanismo asociativo ocurre en un equilibrio, sin pasar por un estado
intermedio como en el disociativo, sino que los enlaces se rompen y se
forman a la vez. La analogia en este caso podria encontrarse en el
mecanismo Sn2 de la sustitucion nucledfila, en la que el ataque del
nucledfilo expulsa de forma concertada el grupo saliente. Las redes
covalentes adaptables asociativas fueron descritas por primera vez en
2011 por Leibler y otros, en materiales preparados a partir de diglicidil éter
de bisfenol A (DGEBA) y acidos grasos diy tricarboxilicos Los grupos éster
experimentaban una reaccion de intercambio, catalizada por acetato de
zinc, dando materiales reproducibles e insolubles, sin cambio en el grado
de entrecruzamiento (Esquema I-1) [29]. Estos materiales recibieron el
nombre de vitrimeros por su comportamiento reolégico similar al vidrio
cuando funde. Debido al mecanismo adoptado, los intercambios quimicos
no producen una disminucion del grado de entrecruzamiento, por lo que la
viscosidad no disminuye de forma brusca, sino que su variaciéon con la

temperatura sigue una evolucion tipo Arrhenius.

10
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Esquema I-1. Reaccion de intercambio via transesterificacion entre redes

hidroxi-éster, primer sistema vitrimérico reportado por Leibler en 2011.

I-3.1. Diferencias reoldgicas entre ambos mecanismos

Como hemos destacado, en los materiales que siguen un mecanismo
asociativo, la densidad de entrecruzamiento se mantiene constante, no
ocurriendo lo mismo en los materiales disociativos, en los que se produce

un descenso en dicha densidad con el estimulo [30,31].

La densidad de entrecruzamiento teérica de un material compresible puede
ser calculada haciendo uso de la Ecuacion I-1, donde d es la densidad de
entrecruzamiento por unidad de volumen en mol/m3, E’; es el médulo de
almacenamiento en la fase gomosa, que viene expresado en MPa, R es la
constante universal de los gases, y Ty es la temperatura de transicion vitrea
[32,33].

_ Ery Iy
d= 3R, 40) (Ecuacion I-1)

11
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Para materiales no compresibles (coeficiente de Poisson en torno a 0,5),
se hace uso de la Ecuacién I-2, donde M. es el peso molecular promedio
entre puntos de entrecruzamiento, v es el coeficiente de Poisson, p es la
densidad, R es la constante universal de los gases y E es el médulo de

almacenamiento en el estado gomoso (por encima de la Tg) [34,35].

Mc = M (Ecuacion 1-2)
ET

Muy relacionado con el concepto de densidad de entrecruzamiento esta el
de punto de gelificacién, referido al tiempo en el cual (a una misma
temperatura, que ha de ser superior a la temperatura de transicion vitrea)
la densidad de entrecruzamiento se hace lo suficientemente grande como
para formar una estructura de peso molecular infinito. Pasado este punto
ocurre un brusco aumento de la viscosidad, perdiendo el material la
capacidad para fluir (y, por tanto, de ser procesado) y respondiendo de una
manera mas elastica que viscosa [36].

El descenso de la densidad de entrecruzamiento que experimentan las
redes covalentes adaptables disociativas cuando reciben el estimulo (por
ejemplo, cuando llegan a alta temperatura), lleva a estos materiales a ser
solubles en el disolvente adecuado. Cuando cesa el estimulo, la densidad
de entrecruzamiento del material aumenta considerablemente,
recuperando el material su insolubilidad. Esto no ocurre en los asociativos,
que debido a que no experimentan el brusco descenso de viscosidad de
los disociativos, presentan mayor resistencia a la fluencia bajo tensién
mecanica constante (o resistencia al creep) y nunca llegan a solubilizarse
[34].

Por otra parte, como en el mecanismo asociativo la ruptura y formacion de
enlaces ocurre en un solo paso, la variacion de entalpia (AH) es cercana a
cero, y por ello el equilibrio entre ambas zonas es muy poco dependiente
de la temperatura. No ocurre asi en el mecanismo disociativo, en el que la
variacion de entalpia es mayor, haciendo que la constante de equilibrio (y

por tanto la densidad de entrecruzamiento) sea funcién de la temperatura.

12
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En este tipo de materiales se deben definir dos temperaturas de transicion.
La primera, la temperatura de transicion vitrea (Tg), presente en todos los
materiales poliméricos, y que es la temperatura a la cual el material pasa
del estado vitreo al estado gomoso. Se determina comidnmente usando
analisis dinAmico mecéanico (DMA) o bien calorimetria diferencial de barrido
(DSC). La segunda es la temperatura de congelaciéon topoldgica (Tv),
temperatura a la cual el material pasa de un estado viscoelastico sélido a
otro viscoelastico liquido, fluyendo. Se considera que esa transicidn ocurre
cuando la viscosidad es de 10'2 Pa.s. La Tv se suele determinar empleando
un ensayo de dilatometria o un ensayo de relajacién, bien con un reémetro
0 con un analizador dindmico mecanico [37]. Sin embargo, se ha de tener
en cuenta que si el procedimiento implica la aplicacion de una fuerza
externa, puede afectar a la energia de activacion, produciendo un
desplazamiento de la Tv real [38,39], por lo que no existe método de

determinar la Tv en condiciones estaticas.

Ambas temperaturas son independientes, pudiéndose dar dos casos que
se representan en la Figura I-5. En el caso de que Tq < Ty, el material pasa
un estado rigido a uno viscoelastico sélido, y luego a otro viscoelastico
liquido, tal y como se representa en la Figura I-5A. Por encima de la Ty la
viscosidad desciende con la temperatura siguiendo un modelo de
Arrhenius regido por la Ecuacion I-3, donde k es la constante de velocidad,
A es el factor preexponencial, E; es la energia de activacion, R es la
constante universal de los gases y T es la temperatura.
—Eq
k = A - erT (Ecuacion I-3)

En 2017, Guan y col. publicaron por primera vez el caso opuesto, Tg > Ty,
en redes de silil éter [35]. En este caso, por debajo de la Tg no ocurre
ninguna reaccion de intercambio, pudiéndose considerar la red como fija.
Sobrepasada la Ty, la viscosidad desciende durante un pequefio intervalo
de temperatura siguiendo el modelo de Williams-Landel-Ferry [40], para
proseguir descendiendo siguiendo el modelo de Arrhenius. Este

comportamiento reoldgico se ilustra en la Figura 1-5B.
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La adicién de un catalizador puede reducir en algunos casos la Ty, al
reducir la energia de activacion, al igual que aumentar la cantidad de

catalizador [37].

5
=
A
—
o

(A) ! (8)

Arrhenius

log(n)
log(n)

o ————————————— ]

Temperatura Temperatura

Figura I-5. Relacion entre la viscosidad y la temperatura cuando: (A) Ty > Tg,
(B) Tg > Tv.

La asociacién entre el tipo de reaccion y el tipo de mecanismo es una
simplificacién que en algunos casos no refleja la realidad experimental. A
veces el tipo de mecanismo seguido depende de otros factores diferentes
al tipo de grupos involucrados. Por ejemplo, en poliuretanos, el mecanismo
predominante es el disociativo [41], salvo en presencia de grupos hidroxilos
libres [27] y con el uso de algunos catalizadores [42]. También puede
ocurrir que el mecanismo sea indistinguible mediante el estudio reoldgico,
lo cual es frecuente cuando la constante de formacién es mucho mayor a
la constante de ruptura, tanto que la proporcion de enlaces disociados es
pequefa. Es por ello que la variacién de la viscosidad con la temperatura
sigue una relacién de Arrhenius, pudiéndose definir estos materiales como

pseudovitrimeros, cuyo término inglés es vitrimer-like [34].
I-3.2. Estimulos

En ausencia de un estimulo, las redes covalentes adaptables tienen un
comportamiento de termoestable, sin posibilidad de ser reciclados y sin las

propiedades avanzadas que aportan los enlaces dinamicos.
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El estimulo mas empleado es la temperatura, debido a su influencia en la
cinética y en el equilibrio termodinamico. Sin embargo, la exposicién del
material a altas temperaturas (o temperaturas moderadas por largo tiempo)
puede provocar la degradacion térmica de este, o también activar
reacciones secundarias indeseables. Ademas del calentamiento
convencional, se pueden considerar otras maneras de estimular
térmicamente el material como el calentamiento por efecto Joule [43] o por

efecto fototérmico [44].

Mucho mas controlable y selectivo es el empleo de radiacion
electromagnética como estimulo, que también puede complementar al
estimulo térmico [45]. La radiacion puede activar alguna de las reacciones
en las que se basan estos materiales, como las ciclaciones fotoinducidas
de tipo [2+2] y [2+4] [46,47], en las que la longitud de onda para la ciclacion
y para la ruptura de enlaces es distinta (por ejemplo, para el antraceno, la
dimerizacion ocurre a 360 nmy la ruptura de enlaces a 250 nm) [48]. Otras
reacciones que pueden activarse fotoquimicamente son aquellas en las
que intervienen radicales, tales como alil sulfuros [49], disulfuros [50] y
dimetacrilatos [51]. El grupo de Bowman también ha descrito un tercer tipo
de red covalente adaptable fotoactivada: los sistemas tiol-tioéster. En
estos, el estimulo permite el paso de una red rigida a una fluida, todo ello
a temperatura ambiente y permitiendo unos resultados mas sofisticados en
impresion 3D estereolitografica, ademas de su uso en dispositivos dpticos
[52].

En iminas [53] y acilhidrazonas [54] también se ha descrito el efecto del pH
como estimulo, especialmente en hidrogeles autorreparables (Esquema |-
2), factor que también tiene influencia en otras reacciones como la

formacioén de ésteres, amidas y de ésteres bordnicos [55].

Sin ser tan extendidos, se han empleado como estimulo en hidrogeles
vapores de disolventes organicos para membranas porosas entrecruzadas
electroestaticamente. Estas han respondido ante vapores de diferentes

disolventes organicos miscibles en agua, y también a vapores procedente
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de muestras de perfume o aceites vegetales [56]. También se han

preparado redes entrecruzadas de poliiminas capaces de ser recicladas

tan solo con el uso de aire humedo [57].

@ Pj \N/n\’(\/\)‘\./"\
o \T‘;\ o \r;\ alto pH | J

bajo pH °

" fm
N NH,
H,N/ N
H
o

Esquema I-2. Efecto del pH como estimulo en redes covalentes adaptables de

acilhidrazonas.

I-3.3. Enlaces dinamicos

I-3.3.1. Interacciones no covalentes

Las redes covalentes adaptables requieren a veces de estimulos intensos
que las hace incompatibles con la aplicacion que se les quiere dar. La
incorporacion a la red de interacciones no covalentes puede ser una
solucién a ese problema, debido a que sus energias de activacion oscilan
entre 0.5 y 40 kJ/mol, mucho menores que la de las interacciones
covalentes [58]. Se han preparado materiales supramoleculares con
capacidad de autorreparacion basados en el apilamiento -1 entre
unidades de pirenilo ricas en electrones y unidades de diimida deficientes
electrénicamente con una buena recuperacion de las propiedades
mecanicas tras cinco ciclos consecutivos [59]. Los enlaces por puente de
hidrégeno se han empleado también para enlazar redes de poliuretanos
con 6xido de grafeno, basandose en parejas de enlaces de hidrégeno que
se establecen en la interfase [60]. También se han empleado las
interacciones catidon- 1 entre grupos indol y cationes de litio para la
preparacion de poli(bisindoliimaleimida) con aplicaciones en las baterias
de litio [61].
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Estas interacciones, concretamente las host-guest entre B-ciclodextrinas
modificadas y poli(N-isopropilacrilamida), se han empleado en el desarrollo
de hidrogeles con propiedades de autocurado y baja citoxicidad. La adicién
de nanotubos de carbono otorgd conductividad al material y pudo ser
empleado en aplicaciones biomédicas como deteccion de impulsos
nerviosos [62]. Se han preparado también hidrogeles con aplicaciones en
impresion fotolitografica a partir de interacciones metal-ligando entre el

zirconio (V) y acido poliacrilico [63].

La combinacién de ambas busca un efecto sinérgico: las excelentes
propiedades dinamicas de las no covalentes, y las excelentes propiedades

mecanicas de las covalentes.
1-3.3.2. Intercambio por reaccion de Diels-Alder

Esta reaccidon fue descrita por primera vez en 1928 por Otto Diels y su
estudiante de doctorado Kurt Alder (por la que recibieron el Premio Nobel
de Quimica en 1950) [64]. A parte de aplicaciones en Sintesis Organica,
se ha empleado con otros fines, como aplicaciones en los campos de la
medicina, en el de la electrénica, y en la fabricacién de polimeros para

recubrimientos, composites, pinturas, barnices, y adhesivos.

A diferencia de otras cicloadiciones, que normalmente son reacciones
irreversibles, la reaccién de Diels-Alder, que es de tipo [4 + 2] entre un
dieno y un diendfilo, es de naturaleza reversible, mayoritariamente por via
térmica. En el esquema siguiente se representa el mecanismo de esta

reaccion.

Los efectos electrénicos de los sustituyentes de dienos y diendfilos tienen
una enorme influencia en esta reaccién. Por norma general, grupos
dadores de electrones en dienos y grupos aceptores de electrones en
diendfilos suelen llevar a cinéticas mas favorables. Esta es la conocida
como “Diels-Alder normal” [65]. En otros casos, los grupos aceptores en
dienos y los aceptores en diendfilos han dado lugar a cicloadiciones mas

rapidas, llamadas “Diels-Alder inversa” [66]. Conviene no confundir la
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“Diels-Alder inversa” con la “retro Diels-Alder”, que es la reaccion inversa

a la Diels-Alder, o sea, la ruptura del ciclo para liberar dieno y diendfilo.

= A
4

dieno diendfilo

Esquema I-3. Mecanismo de la reaccion de Diels Alder.

Algunos de los dienos mas estudiados son: el 1,3-ciclopentadieno, el
furano y el antraceno [67,68] y de entre los diendfilos destacan las
maleimidas [69]. Como tendencia se estan incorporando cada vez mas
materiales derivados de la biomasa como el &cido sérbico, &cido mucénico,
mirceno, farneseno, y el eugenol y cardanol modificados, como dienos, y
el anhidrido maleico, acido acrilico, acido itacénico y acido citracénico,
como diendfilos [70].

De esta reaccién se obtienen dos diastereoisémeros: el isémero endo
(producto cinético, se forma primero) y el exo (producto termodinamico, se

forma a temperatura mayor).

En la preparacion de redes covalentes adaptables, la combinacion
furano/maleimida ha sido ampliamente estudiada debido al buen
comportamiento del material resultante, tanto en lo que respecta al
rendimiento mecanico y térmico, como en lo que respecta a propiedades
avanzadas, especialmente reciclado y autorreparacion. En el Esquema I-4

pueden verse los isémeros que se obtienen.

R [0} o] (e}
e — 2 B
L/D + ] N gy ‘/_;\NR' + L =0
= ( 0 NR'
(.} Exo Endo

Esquema I-4. Reaccion de Diels-Alder entre un derivado de furano y otro de

maleimida, mostrando los dos diastereoisémeros que pueden formarse.
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En 2002, Chen y col. publicaron por primera vez materiales para
recubrimientos basados en furano y maleimida [71], con propiedades
autorreparables sin necesidad de catalizador y con una elevada
transparencia. En estos materiales a 120 °C un 30 % de los enlaces se
habian desconectado, pero volvieron a conectarse al enfriar. SE comprobd
gue el proceso era completamente reversible sin necesitar la adicion de
catalizador, mondmero adicional o tratamiento de la superficie del
recubrimiento fracturado. Desde entonces se han descrito materiales con
este aducto y epoxi [72], poliuretanos [73], polibutadieno [74], poliésteres
[75], poliureas [76], polisiloxanos [77], cauchos [78], composites con
grafeno [79] y otros materiales hibridos [80]. De estas combinaciones, se
ha estudiado especialmente su capacidad de autorreparacion,
consiguiendo entrecruzamientos reversibles y con un control de la reaccion

sencillo.

Otras cicloadiciones reversibles menos conocidas, como las del antraceno
[4 + 4] [81,82], se emplean para ajustar la temperatura a la aplicacion
deseada, ya que son fotoquimicas, como puede observarse en el Esquema
I-5. Por ejemplo, el intervalo de temperatura en aplicaciones médicas no
puede superar los 50 °C, mientras que en aplicaciones industriales puede
superar los 200 °C y en este (ltimo caso las cicloadiciones de Diels-Alder

no presentan problemas.

A > 300 nm .'i

—_—
—I_ i —

A <300 nm "

calor

Esquema I-5. Ciclacion [4+4] por via fotoquimica del antraceno y

retrociclacion, por via fotoquimica o térmica.
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1-3.3.3. Intercambio de disulfuros y analogos

Su activacion en condiciones suaves, su rapida velocidad, su facil control
(por acidificacion u oxidacién) [83] y su energia de disociacién (en torno a
60 kcal/mol) [84], han hecho de la reaccion de intercambio de disulfuro una

de las méas empleadas en redes covalentes adaptables.

Los disulfuros se pueden preparar facilmente por acoplamiento de grupos
tioles, una oxidacién ampliamente estudiada por las implicaciones que

tiene en el estudio de enzimas y otras proteinas [85].

La reaccion de intercambio puede tener lugar por dos mecanismos
diferentes que se recogen en el Esquema 1.6, dependiendo de la presencia
0 no de tioles libres: a) una reaccion de tipo Sn2 en la que un tiol
desprotonado (tiolato) ataca como nucledfilo a un azufre del enlace
disulfuro dando una nueva pareja tiolato-disulfuro, o b) una metatesis
espontanea o estimulada entre dos enlaces disulfuro. El primer mecanismo
se favorece en medio basico dado que facilita la formacién del tiolato y
también con agentes reductores selectivos [86] y mezclas de disolventes
[87]. El segundo puede ser estimulado con altas presiones [88],
ultrasonidos [89], radiacién electromagnética [90], molienda [91] o un

catalizador [92].

S R1 @ Rz — W S R2 + @/R1
@ N Y N S

R
S. R o SU R SR
(b) R1/S\S/R2 + Rs/ \S/ 4 ‘_R1/ \S/ + Rs/ S

Esquema I-6. Reaccioén del intercambio disulfuro: (a) disulfuro- tiol (b)
disulfuro-disulfuro.
La primera aplicacién de esta reaccion en redes covalentes adaptables fue
descrita por el grupo de Tobolsky en los afios 60, describiendo estas

propiedades en cauchos vulcanizados [93].

También se ha trabajado incorporando enlaces disulfuro a matrices de

vinilogos de poliuretanos [94] y a resinas epoxi [95], buscando un efecto
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sinérgico que permitiera obtener un material con las propiedades del
material original, y la reprocesabilidad, reparabilidad y reciclabilidad que
aportan los disulfuros. La incorporacion de disulfuros en vinilogos de
poliuretanos supuso una significativa reduccion de la energia de activacién
(de 94 a 51 kJ/mol) y una elevada eficiencia de autorreparacion, sin pérdida
de sus propiedades mecanicas. En redes de epoxi el efecto observado ha
sido una mejora de las propiedades mecanicas y térmicas tras un total de
cinco ciclos de reciclado mecanico, debido a la homogenizacién del
material inducida mecéanicamente, con un aumento de la resistencia a la

traccion del 900 %.

Al encontrarse dentro del mismo grupo de la tabla periédica, el azufre y el
selenio presentan un comportamiento parecido. La energia del enlace S-S
es 240 kd/mol y la del enlace Se-Se es 172 kJ/mol, haciendo que estos
Ultimos seas enlaces covalentes dindmicos mas sensibles [96]. Por este
motivo, los materiales con enlaces diseleniuro tienen buenas propiedades
vitriméricas [97]. Sin embargo, a pesar de requerir condiciones mas
suaves, siguen necesitando de un estimulo externo.

No es el caso de los ditelururos, con una energia de enlace Te-Te de 126
kJ/mol, cuyo intercambio se da sin estimulo, incluso en condiciones de
oscuridad y a temperatura ambiente [98]. Se ha descrito la preparacion de
poliuretanos con enlaces Te-Te y excelentes propiedades de

autorreparacion [99].
I-3.3.4. Metatesis de olefinas

El descubrimiento de Karl Ziegler y Giulio Natta sobre el efecto favorecedor
de las sales de algunos metales de transicion en la polimerizacion de
olefinas en condiciones de temperatura y presion bastante suaves fue un
punto de inflexién en la historia de la Ciencia de Polimeros, y por ello
ganaron el Premio Nobel de Quimica en 1963. Estos catalizadores de
Ziegler-Natta no solo llevan a la polimerizacion de olefinas de gran interés

industrial, si no también favorecen una reaccion de intercambio entre
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dobles enlaces llamada metatesis de olefinas, de gran interés sintético,

[100] Este proceso de metatesis puede observarse en el Esquema I-7.

R R
R1/\/R2 + Ra/\/R"_.. R1/\\/ i Ra/\/ z
Esquema I-7. Reaccion de metatesis de olefinas.

El mecanismo mas aceptado para esta reaccion de metatesis es el
mecanismo propuesto por Yves Chauvin, basado en una secuencia de
cicloadiciones/cicloreversiones de tipo [2+2] entre alquenos, carbenos
metalicos e intermedios de metalociclobutano [101].

Por otra parte, el desarrollo de nuevos catalizadores basados en rutenio,
wolframio, tantalo, molibdeno o titanio, manejables en condiciones menos
restrictivas, activos para una mayor variedad de olefinas y menos costosos
ha centrado la investigacion sobre esta reaccién en las Ultimas décadas.
Destacan las contribuciones de Richard Schrock y Robert Grubbs quienes,
junto a Chauvin, recibieron el Premio Nobel de Quimica en 2015 por sus

estudios sobre los catalizadores de metatesis.

En 2012, Luy col. incorporaron por primera vez la metatesis de olefinas en
redes covalentes adaptables, obteniendo materiales maleables [102]. Una
de las probleméticas de los vitrimeros basados en metatesis de olefinas es
que esta reaccion es activa a temperatura ambiente, debido a la alta
actividad catalitica del catalizador. Se vienen estudiando catalizadores
latentes que necesiten un estimulo para formar la especie activa, y asi
poder evitar el indeseable fendmeno del creep a la temperatura de servicio
[103].

I-3.3.5. Intercambio siloxanos vy silil éteres

El enlace silil éter se posiciona como un candidato interesante para el
disefio de redes covalentes adaptables vitriméricas debido a su elevada
estabilidad quimica y térmica, asi como su facil accesibilidad y gran
aplicabilidad. Se trata de un enlace entre los dos elementos mas

abundantes en la Tierra, el O y el Si, por lo que se encuentra muy presente
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en la naturaleza. Ademas es, desde un punto de vista termodinamico, un

enlace fuerte con una energia de disociacion de 535 kJ/mol [104].

El grupo silil éter presenta una excelente estabilidad frente a la temperatura
y a la oxidacién, en comparacion con otros enlaces dinamicos. Por ejemplo,
los ésteres bordnicos tienden a la deboronacién [105] y los disulfuros a
formar otros productos de oxidacién del azufre [106]. Su mayor limitacion
es la presencia de grupos hidroxilo libres que, a altas temperaturas, pueden
producir reacciones paralelas como la deshidratacion u otras reacciones
indeseables con el resto de la estructura del polimero, como la liberacién
de dialquilsilanol. Por otra parte, los grupos siloxano presentan una mayor

resistencia quimica que los silil éter.

La reaccion de intercambio en enlaces Si-O fue descrita por primera vez
en 1954. Osthoff y col. sometieron a tensibn muestras de
polidimetilsiloxano (PDMS), midiendo posteriormente su relajacion [107].
El resultado fue que las muestras con catalizadores acidos y basicos
relajaban, mientras que las que no tenian catalizador, no lograban hacerlo,
lo cual era indicativo de que un proceso quimico jugaba un papel en la
relajacion. En la presente década, el intercambio siloxano (especialmente
en medio basico) se ha aplicado en vitrimeros [108] y otros materiales con
capacidad de autorreparacion [109]. Este intercambio se representa en el

Esquema I-8.

Para que ocurra el intercambio silil éter es necesaria la presencia de
hidroxilos libres los cuales, a su vez, limitan las aplicaciones de estos
materiales a altas temperaturas. Sin embargo, en 2019, Tretbar y col.
publicaron un segundo mecanismo para este intercambio, que involucra
una metatesis catalizada por acido y que, por tanto, no necesita de
hidroxilos libres, aumentando considerablemente la resistencia de los
materiales a la temperatura [112]. Los mecanismos de intercambio se

recogen en los apartados b y c del siguiente esquema.
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Si
R1/\0/ | \O/\R2 R1/\O/ | \0/\R4
(c) | - |
_Si Si
R3/\0 | O/\R4 R3/\O/ ||\0/\R2

Esquema I-8. Reaccion del: (a) Intercambio siloxano (b) Intercambio silil éter-

hidroxilo (c) metatesis de silil éter.

|-3.3.6. Transesterficacion

El grupo de Ludwik Liebler en 2011 describio la posibilidad de reprocesado
de termoestables conteniendo grupos éster, a los que llamo vitrimeros. Los
grupos intercambiables en la estructura polimérica que permitian el cambio
de forma eran grupos éster y la reaccion responsable la transesterificacion,
conocida desde hacia numerosas décadas [29]. Este proceso reactivo se
representa en el Esquema I-9 y es un proceso asociativo, sin pérdida de

enlaces durante la transformacion.

o o
_— R
R,  + R - )J\ Ry  + 2
R1)j\o/ OH R; 0/ OH

Esquema I-9. Reaccion de transesterificacion.

En estos primeros vitrimeros, se empleé diglicidil éter de bisfenol A
(DGEBA) y una mezcla de &cido grasos di y tricarboxilicos como
monomeros, siendo el acetato de zinc el catalizador utilizado. Cuando un
epoxido reacciona con un acido, el grupo formado es un B-hidroxiester, que
presenta un intercambio mas favorable que los grupos ésteres sencillos.

Mas adelante, el acetato de zinc ha ido siendo sustituido por
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triazabiciclodeceno (TBD), trifenilfosfina, octoato de estafio (ll), 1-
metilimidazol y 2-metilimidazol, en busca de una transesterficacién mas
rapida de estos materiales obtenidos por reacciones de epoxi-acido o
epoxi-anhidrido, que son los dos tipos de vitrimeros mas estudiados, pero
sus relajaciones siguen siendo demasiado lentas. Aun asi, se han
propuesto formulaciones de este tipo para obtener materiales con
aplicaciones en automocion, energia y medicina [36,110]. La
transesterificacion continla siendo la reaccion de intercambio mas
empleada en vitrimeros, por la gran variedad de mondémeros posibles, sus
faciles modificaciones y la posibilidad de obtenerlos de fuentes renovables
[111].

La concentracion del catalizador tiene un gran efecto en la relajacion y en
el reprocesado de los materiales, pero sobre todo en si el material tiene
caracteristicas vitriméricas o no. El grupo de Liebler demostr6 que en
materiales epoxi-anhidrido (con una proporcién final 1:1 de grupos
éster/hidroxilo), con una concentracion 0.1 % de acetato de zinc no se
observaban propiedades vitriméricas, pero si con una concentracion
superior al 5 % [112].

Sin embargo, el uso de catalizadores externos puede acarrear problemas
de corrosion, toxicidad y envejecimiento en los materiales [113], ademas
de catalizar reacciones secundarias de aceleracién cuando estos
materiales son reprocesados, ya que se necesitan temperaturas por
encima de los 150 °C y pueden provocar problemas de heterogeneidad si
la carga del catalizador supera la solubilidad de éste en la formulacién
[114]. La transesterificacion no requiere de catalizador para tener lugar,
pero si para llegar a velocidades de relajacion que permitan aplicar de

manera practica los materiales [115].

Como alternativa a los problemas de usar un catalizador afiadido, que
puede experimentar exudado durante el proceso, se han planteado dos
alternativas para activar esta reaccion: el de un catalizador interno y el de

participacion de grupo vecino (NGP). La diferencia entre ambos
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mecanismos es sutil, por lo que Guerre y col. [116] sugieren dos ejemplos
para diferenciarlos. Como ejemplo de catalizador interno propone un
trabajo de Altunay col. [117] en el que aminas con actividad catalitica para
la transesterificacion se enlazaron covalentemente a la red polimérica del
material. Como ejemplo de participacién de grupo vecino propone un
trabajo de Han y col. [118], en el que se emplean mondmeros ricos en
hidroxilos (como glicol o epoéxidos hiperramificados), los cuales crean un
entorno mas polar para estabilizar las especies idnicas intermedias y con
ellas el estado de transicion de la reaccion. Conviene destacar que la
estrategia de participacién de grupo vecino fue incorporada en vitrimeros
por primera vez en 2015, por Guan y colaboradores, en dioxaborolanos
[24].

1-3.3.7. Intercambio de ésteres bordnicos y metéatesis dioxaborolanos

La reaccion entre acidos borénicos y alcoholes ha sido estudiada por el
facil control de su reversibilidad modificando el pH y la concentracién de
etanol del medio [119,120]. El enlace B-O presenta una elevada energia
de disociacion (519 kJ/mol) y su reaccién de intercambio puede controlarse
desde ser practicamente nula hasta adquirir velocidades muy répidas
empleando la estrategia de participacion de grupos vecinos [121]. Por el
contrario, los materiales con boro suelen ser sensibles a la humedad,
disolventes proticos, disoluciones acuosas acidas y basicas fuertes y
oxidantes como el aire, dando un fenédmeno conocido como deboronacion
[122].

Estos enlaces han sido empleados en la preparacion de covalent organic
frameworks (COFs) [123], polimeros supramoleculares [124], materiales
autorreparables [24] y en redes covalentes adaptables. También se han
utilizado las boroxinas, producto de la condensacion de los acidos boricos
[125].

La primera aplicacién de esta reaccion en polimeros dindmicos fue
estudiada por Cromwell y col. en 2015 [24]. Al igual que en el caso de los

silil éteres, la reaccion se creia que solo podia darse en presencia de

26



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD

Federico Guerre homRidisz »
INTRODUCCION Y OBJETIVOS

hidroxilos libres, sin embargo, en 2017 Roéttger y col. describieron la
metatesis de dioxaborolanos [126]. Esta reaccién no necesita catalizador
ni temperaturas elevadas (60 °C) y la ausencia de hidroxilos libres impide
reacciones paralelas, otorgando resistencia térmica al material. En el
Esquema 1-10 se representan los intercambios en presencia de hidroxilos

libres (a) y por metatesis (b).
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Esquema I-10. Reaccion del: (a) Intercambio éster borénico-dioles (b)
Metatesis de dioxaborolanos.

1-3.3.8. Transaminacién de amidas y uretanos vinilogos

En busca de una reaccién de intercambio analoga a la transesterificacion,
se han estudiado otros derivados de &cido carboxilico como son las
amidas. La formacion de este grupo funcional estd méas favorecida
termodindmicamente que la formacién del éster, facilitandose la
preparacion de materiales de poliamida, a la vez que se dificulta su
descomposicién e hidrdlisis. Sin embargo, las amidas son menos reactivas
gue los ésteres, precisando de catalizadores para que ocurra el
intercambio (transamidacién), que son sensibles en muchos casos al aire

y a la humedad, e incompatibles con otros grupos funcionales.

En 2022, Pettazzoni y col. prepararon materiales vitriméricos basados en

amidas y aminas libres (Esquema I-11), cuyo intercambio venia catalizado
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por el &cido bdrico, poco téxico y sostenible, con buena estabilidad térmica

incluso por encima de los 300 °C) mostrando buena reprocesabilidad [127].

o o
H R, H Ry
N (LN
R N// R N//

H | H
H H

Esquema I-11. Reaccion de transamidacion entre amidas y aminas.

Mucho mas estudiado ha sido el uso de uretanos vinilogos, sintetizados a
partir de ésteres de acetoacetato en presencia de aminas. El
comportamiento dindmico de este grupo en moléculas de bajo peso
molecular fue demostrado en 1977 [128], no siendo hasta 2015 cuando se
emplearon en redes covalentes adaptables por el grupo de Du Prez. En
este primer trabajo, se prepararon uretanos vinilogos por reaccién entre
ésteres de acetoacetato en presencia de un exceso de amina y sin
catalizador. Por encima de 100 °C experimentaban esta transaminacion,
llegando a cortos tiempos de relajacion (85 segundos a 170 °C) y pudiendo
ser reciclados mecanicamente sin pérdida de sus propiedades. La reaccion

de intercambio puede verse en el Esquema I-12.
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Esquema I-12. Reaccién de transaminacion entre uretanos vinilogos y aminas.

Aunque no es necesario un catalizador para que ocurra la reaccion de
intercambio, ésta se puede acelerar por via acida y basica, tal y como
demostraron Denissen y col. al comparar el efecto del p-TsOH, DBTDL y
TBD respecto a esos mismos materiales sin catalizador. Se establecieron
tres mecanismos: mediante un intermedio de iminio en medio acido protico,
mediante adicién de Michael en medio basico y por activacion del carbonilo

en medio acido aprético [129].
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Una de las limitaciones de estos materiales es la formacién de agua en la
condensacion entre el éster de acetoacetato y la amina, pudiendo este
subproducto dar problemas de formacion de burbujas en el material o de
reacciones paralelas. Por ello se ha propuesto otro método de preparacion
de uretanos vinilogos reemplazando los ésteres de acetoacetato por
ésteres de alquino, reaccion en la cual no se produce agua. Ademas, la
mayor reactividad de los ésteres de alquino permite emplear aminas menos
reactivas que en la preparaciéon por policondensacion no podian ser
utilizadas [130].

1-3.3.9. Transcarbamoilacion

Los poliuretanos o policarbamatos (PUs o PURSs) son uno de los polimeros
mas empleados a nivel mundial, con una produccién anual que representa

el 5.5 % de la produccion mundial de polimeros en 2022 [12].

El método mas empleado, descubierto en 1937 por Otto Bayer [131], se
basa en la reaccién entre un poliisocianato y un poliol, en presencia de un

catalizador o activacion mediante luz ultravioleta [132] (Esquema I-13).

N X
4;9 R c§§ T T
—_— N\\W/,o\\%/,o\\”/,w\\R1
NN s I 4
Esquema I-13. Método usualmente empleado para la preparacion de

poliuretanos.

Esta reaccion puede llevar a diferentes subproductos como isocianuratos,
alofanatos, ureas y biurets, que pueden afectar las caracteristicas del
material y que vienen representados en el Esquema [-14.

Ademas de la aparicion de estos grupos no deseados, la toxicidad de los
isocianatos y una legislacion cada vez mas restrictiva con ellos, han
obligado a buscar alternativas de poliuretanos obtenidos a partir de otros
monomeros (non-isocyanate polyurethanes, NIPUs). Estos fueron
descritos por vez primera en 1957 por Elizabeth Dyer y Harvey Scoot,

preparandose a partir de poliaminas y carbonatos ciclicos [133], tal y como
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se representa en el Esquema I-15. Como puede verse, mediante esta via

se obtienen hidroxiuretanos.
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Esquema I-14. Producto y subproductos de la adiciéon de un alcohol a un

isocianato.
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Esquema I-15. Obtencién de NIPUs por policondensacion de aminas y
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carbonatos ciclicos.

El estudio de los poliuretanos como redes poliméricas dinamicas empezé
en 2015, con el trabajo de Fortman y col. [27], si bien la relajacion de
poliuretanos con hidroxilos libres habia aparecido ya descrita en 1956
[134]. Fortman emple6 polihidroxiuretanos (PHU, poliuretanos con
hidroxilos libres) preparados por reaccién de carbonatos ciclicos y aminas.
El resultado, tras un largo reciclado mecénico, fue una recuperacion de
parte del rendimiento mecanico del material, pero no una recuperacion

total.
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En presencia de hidroxilos, predomina el mecanismo asociativo, mientras
que en ausencia de hidroxilos y DBTDL, predomina el disociativo. Este
mecanismo disociativo fue sugerido por Zheng y col. en 2016, preparando
materiales con una cantidad controlada de hidroxilos libres, y observando
gue la relajacién era independiente de esta variable [135]. Este mecanismo
lleva a una mayor recuperacion del rendimiento mecanico [136]. El DBTDL
también puede ser introducido en la red de espumas de poliuretanos por
impregnacion, otorgandole reprocesabilidad [137]. Los mecanismos

asociativo y disociativo vienen representados en el Esquema I-16.

H H

N o _w p|1 o
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Esquema I-16. Reaccidn de la: (a) Transcarbamoilacién iniciada por hidroxilos

(b)

(asociativo) (b) Transcarbamoilacion catalizada por DBTDL (disociativo).

Debido a la existencia de enlaces por puente de hidrégeno, el entorno
quimico en el cual se encuentra el grupo uretano tiene una gran influencia
en la cinética de la reaccion de intercambio. En este contexto, en busca de
intercambio mé&s rapido y sin los problemas de los compuestos
organometalicos de estafio (IV) como el DBTDL (t6xicos y sometidos a una
legislacion cada vez mas restrictiva por ello [138]), las estrategias de
catalisis interna y de la participacion de grupo vecino se han posicionado
como una alternativa interesante. Se ha estudiado el efecto catalitico de
una amina terciaria en posicion {3 al nitrégeno del uretano en materiales sin
catalizadores libres [27] y también en posicién B al atomo de oxigeno de
este grupo [139]. También se ha estudiado el efecto catalitico interno de
oximas incorporadas, obteniéndose energias de activacion de tan solo 28
kJ/mol, y pudiendo reciclar el material en condiciones suaves (a 120 °C,
en 30 minutos) [140]. Se ha visto, que la incorporacion de benzoxazinas en

la red no tiene efecto catalitico directo, pero si los grupos fenoles libres tras
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su polimerizacién por apertura de anillo. De esta manera Wen y col han
podido reciclar poliuretanos a temperaturas mas bajas y tiempos cortos (a
130 °C en 10 minutos) [141].

También se ha probado el efecto de incorporar otras reacciones de
intercambio mas activas, y se han descrito poliuretanos que incluyen en el
proceso de relajacion el intercambio de ureas, la transesterificacion, el
intercambio de iminas, el intercambio de disulfuros y el de ésteres
borénicos [142]. Sin embargo, con esta Ultima estrategia no siempre se ha
conseguido un efecto sinérgico favorable. Por ejemplo, Lee y col.
prepararon una base de Schiff con grupos imina y disulfuro en su
estructura, a partir de cistamina y vainillina, para ser empleados en la
preparacién de poliuretanos vitriméricos. Los tiempos de relajacion y las
energias de activacion en este caso fueron muy similares a los de los
materiales preparados a partir de bases de Schiff con imina y sin disulfuro,
y con disulfuro y sin imina, las cuales habian sido empleadas como control
[143].

I-4. Politiouretanos

Los poliuretanos o politiocarbamatos (PTUs) son los anélogos de los

poliuretanos con azufre.
I-4.1. Preparacion

La preparacion habitual de estos materiales se hace mediante un
mecanismo de policondensacion. En polimeros lineales la
policondensacion da una gran dispersion de pesos moleculares,
llegandose a valores altos de peso molecular sélo cuando la conversion es
practicamente completa. Sin embargo, la policondensacién da materiales

bastante homogéneos cuando se trata de redes de PTU.

El método de preparacion mas empleado de politiouretanos es la
policondensacion de tioles con isocianatos tal y como se representa en el

Esquema I-17.
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Esquema I-17. Preparacion de politiouretanos por policondensacion de tioles e

isocianatos.

Dependiendo de la funcionalidad del tiol y del isocianato se pueden

presentarlos siguientes casos:

a) Un monotiol y un monoisocianato darian una molécula discreta, al igual
que un monotiol y un diisocianato o un ditiol y un monoisocianato.

b) Un ditiol y un diisocianato darian un polimero lineal termoplastico.

¢) Funcionalidades mayores darian un termoestable, y dependiendo de la

cantidad de catalizador, una red covalente adaptable.

El tipo de catalizador usado, acido o basico lleva a mecanismos de
reaccion algo distintos. Los catalizadores basicos activan el tiol formando
el tiolato, que ataca nucleofilicamente al carbono electréfilo del isocianato.
Por otra parte, los acidos de Lewis se coordinan con los pares de
electrones libres del oxigeno o el nitrdgeno de isocianato, activandolos y
pudiendo ser atacados por nucleéfilos mas débiles como el tiol neutro tal y

como puede verse en el Esquema |-18 [144].
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Esquema I-18. Mecanismos propuestos para la formacién de politiouretanos

catalizada por base (a) y por acidos de Lewis (b).

Como bases se han descrito el uso de aminas terciarias como el terc-
butéxido de potasio (tBuOK), trietilamina (TEA) o amidinas como 1,8-
diazabiciclo[5.4.0Jundec-7-eno (DBU) o 1,5-diazabiciclo[4.3.0]non-5-eno
(DBN) [145,146]. Sin embargo, por la facilidad de formacion del tiolato y su
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elevada nucleofilia, la reacciéon una vez empezada es excesivamente
rapida y dificil de controlar. Para controlar la reacciéon se opta por dos
estrategias, o bien reducir la cantidad de catalizador [145], lo cual puede
llevar a una conversién baja de la reaccién, o bien el uso de bases
liberadas tras un estimulo (normalmente calor o luz). Se ha descrito el uso
de sales de acido fenilglioxilico con diversas bases como ciclohexilamina,
piperidina, DBU, DBN vy 1,1,3,3-tetrametilguanidina (TMG), las cuales

descomponen fotoquimicamente, liberando las aminas [147].

También se han usado sales de tetrafenilborato de 1-metilimidazol (1MI),
4-(dimetilamino)piridina (DMAP), DBU, DBN vy triazabiciclodeceno (TBD),
las cuales térmica y fotoquimicamente liberan la base [148]. Otra opcion es
el uso de bases encapsuladas, como el LC-80, que libera 1-MI al ser
calentada [149].

La via acida predomina debido a su mayor facilidad de control, aunque da
redes menos homogéneas que la basica. Como acido destaca el dilaurato
de dibutilestafio (DBTDL) [154-156], sin embargo, su uso se esta

reduciendo debido a los efectos toxicos del estafio (1V) [138].

El uso de isocianatos conlleva serios problemas ambientales y de
sostenibilidad. Para empezar, su método de preparacion industrial se basa
en la fosgenacion de aminas con fosgeno (un gas toxico que se ha llegado
a emplear como arma quimica), produciendo cloruro de hidrogeno [153].
Ademads, los grupos isocianato son muy sensibles a la humedad, y de por
si, tdxicos para los seres humanos y el medio ambiente [154]. Es por ello
gue se estan buscando métodos sintéticos de politiouretanos libres de

isocianatos.

La alternativa mas prometedora es la policondensacion de aminas con
cicloditiocarbonatos, dando polimercaptotiouretanos libres de isocianatos
(NIPTUs) [155]. Los cicloditiocarbonatos pueden sintetizarse facilmente
tratando grupos epoxi con disulfuro de carbono, en condiciones suaves si
se afiaden haluros metalicos como catalizadores (principalmente bromuro

de litio) [156]. La reaccién entre el ciclo y las aminas también se da en
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condiciones suaves, tal y como describieron Endo y col. [157]. Los grupos
tioles libres pueden autoxidarse, tal y como se puede apreciar en el
Esquema I-19, aumentando el entrecruzamiento de la red y mejorando las
propiedades quimicas y mecéanicas del material. Esta autoxidacion puede
verse favorecida por un acoplamiento via radical iniciado por el 2,2-
azobisisobutilnitrilo  (AIBN) [158]. Como principal problema de la
preparacién de NIPTUs es la purificacién del cicloditiocarbonato y la
formacién de los enlaces disulfuro que dificultan obtener una estructura

bien definida.
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Esquema 1-19. Preparacion de polimercaptotiouretanos por policondensacién

de una amina con un cicloditiocarbonato.

Para obtener estructuras bien definidas, libres de uniones disulfuro, se ha
propuesto un tercer método de preparacion de politiouretanos, basado en
la copolimerizacion de la 2-metilaziridina y sulfuro de carbonilo, un método
que no requiere de catalizador y que se da a temperatura ambiente e
incluso a 1 atm de presion [159] (Esquema |-20). El sulfuro de carbonilo es
un gas contaminante procedente de volcanes y de la industria, y su empleo
como comonémero para obtener polimeros con azufre es la principal
estrategia de revalorizacion [160]. Por el método de polimerizacion
utilizado, los materiales preparados por este método presentan como
subproductos ciclos que, junto a los heterodtomos, permiten una
coordinacién selectiva de cationes de metales pesados, especialmente
plomo, que son liberados al calentarse por encima de 200 °C, lo que

también provoca la despolimerizacion del material [161]. Es preciso
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comentar que este método sintético presenta muy poca versatilidad, ya que

solo pueden obtenerse etilen tiouretanos.

H
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o—c—s + |>— — ey
"

Esquema 1-20. Preparacion de politiouretanos por copolimerizacién de sulfuro

de carbonilo y 2-metilaziridina.

Por ultimo, se ha descrito un cuarto mecanismo para la preparacion de
politiouretanos, basado en la apertura de anillo de un derivado del
aminoacido L-serina, que se recoge en el Esquema I-21. Al ser la L-serina
un aminoé&cido Gpticamente activo, el polimero obtenido también presenta
actividad 6ptica. La L-serina se convierte en una 1,3-oxazolidina-2-tiona
que puede polimerizarse catiébnicamente con triflato de metilo por el
mecanismo de apertura de anillo [179]. Se han obtenido politiouretanos con
actividad Optica (rotacién especifica -223,3 °) y peso molecular controlado

(peso molecular promedio de 13.300 Da) [162].

S
M
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o
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Esquema I-21. Sintesis de politiouretanos con actividad éptica a partir del

aminoacido L-serina.
I-4.2. Aplicaciones

Los politiouretanos han sido utilizados como catalizadores sélidos con
caracteristicas acidas [163]. Esta preparacion involucra dos pasos: la
preparacion del PTU con exceso de grupos tioles, y la oxidacién de éstos
a grupos sulfénicos, como se observa en el Esquema I-22. El resultado fue

un material que presentaba mayor acidez que los catalizadores éacido-
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sélidos mas frecuentes (Nafién y Amberlite-15), y que fue empleado en la
acetilacién de alcoholes con anhidrido acético y la sintesis de bases de
Schiff a partir de compuestos carbonilicos y aminas, todo ello sin
disolvente, en tiempos cortos y a temperatura ambiente, obteniendo
elevados rendimientos. También fue recuperado y reutilizado en cinco

ciclos, manteniendo sus buenas caracteristicas.

" NGO HS SH HO4S SOH
\_sz HS HOgS
5 o SH > SOH
g Mo
HS SH 'SOgH
— SH HO55 SOH  °
SH

Esquema 1-22. Ruta sintética de la preparacion de un catalizador sélido acido

basado en politiouretanos.

Los PTUs también se han utilizado en aplicaciones biomédicas,
especialmente odontolégicas [164-168]. Se ha descrito que la
incorporacion de oligdbmeros de politiouretano a matrices de metacrilato
aumenta la resistencia al impacto [169,170], algo que se requiere en este
tipo de materiales, sometidos al movimiento y fuerzas de mordida. También
aumenta el grado de conversion, debido al retraso de la gelificacion y
vitrificacion originada por el exceso de grupos tiol [171]. Este aumento en
la conversion lleva a una menor citotoxicidad [172] y a una menor absorcion
de agua y solubilidad [173,174]. Sin embargo, estos oligdmeros aumentan

la viscosidad del material, dificultando su manejabilidad [175].

Una de las limitaciones del uso de polimeros organicos en aplicaciones
Opticas es su bajo indice de refraccién (n < 1,6) y elevada pérdida Optica
debido a la absorcién infrarroja de los enlaces carbono-carbono y carbono-
hidrégeno [176]. La incorporacion de azufre es una de las estrategias
empleadas para aumentar este indice de refraccion, por lo que los
politiouretanos son buenos candidatos para ser usados en este tipo de
aplicaciones, ya que presentan un alto indice de refraccion (1,6 <n < 1,8)

y una elevada transparencia [177]. Jiay col. han estudiado las propiedades
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Opticas de redes de politiouretanos preparados a partir de diferentes
mondémeros comerciales, destacando la combinacion  3-bis((2-
mercaptoetil)tio-1-propanotiol (GST)/2,4-toluen diisocianato (XDI) con un
indice de refraccion de 1,6559 [178].

Por sus propiedades Opticas, su insolubilidad en agua y su rendimiento
térmico y mecanico, los politiouretanos han sido descritos como matrices
poliméricas para nanocomposites opticos, empleados en filtros, lentes,
reflectores, guias oOpticas, adhesivos épticos y films antirreflejantes [179].
En estos composites, el tamafio de los dominios inorganicos es un factor
importante, debiendo tener un diametro inferior a una décima de la longitud
de onda de la luz visible (400-800 nm) para evitar la dispersion de Rayleigh
y obtener materiales transparentes. Otro factor a tener en cuenta es la
cristalinidad de los dominios inorgénicos, ya que los dominios amorfos
originan indices de refraccibn mas bajos. Finalmente, deben existir
interacciones entre la matriz y los dominios inorganicos. Como dominios
inorgénicos se han probado TiO2 [180], ZrO2 [181], ZnS [182], PbS [183], y
silsesquioxanos (POSS) [184]. En esos composites se ha obtenido indices
de refraccion entre 1,6 y 1,8, destacando el PbS con indices superiores a
2. Ademas, los dominios pueden aportar otras propiedades al material,

como, por ejemplo, resistencia a la corrosion en el caso del TiO2.

También se encuentran publicaciones sobre composites de politiouretanos
con otras finalidades distintas, por ejemplo, composites con nanoparticulas
de CdS para la produccion fotocatalitica de hidrégeno a partir de un alcohol
[185], con fibras de carbono para mejorar las propiedades mecanicas [125],
con nanotubos de carbono para mejorar la conductividad térmica [186], con
nanoparticulas de fosfaceno, para aumentar la retardancia de llama [187],
0 nanoparticulas de ZnO para reducir la adhesién de microorganismos
[188]. También se han sintetizado nanoparticulas de politiouretanos para
ser dispersadas en diferentes matrices, con aplicaciones de cromatografia

y cristales fotonicos [189].
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I-4.3. Politiouretanos vitriméricos

La primera publicaciéon en la que se describe la reaccion entre tioles e
isocianatos para dar grupos tiouretanos data de 1961 [190], pero la primera
aplicacion de esta reaccién en redes covalentes adaptables no fue
publicada hasta 2019, por el grupo del profesor Torkelson [145]. En este
trabajo probé el caracter dual (asociativo/disociativo) de la reaccion,
ademas de reprocesar materiales de diversas estequiometrias sin perder

propiedades mecénicas y recuperar tioles tras solvolisis con metanol.

La reaccién de intercambio en la que se basa este comportamiento, la
trans-tiocarbamoilacién, fue demostrada practicamente de forma
simultdnea por nuestro grupo [152]. Se prepararon dos compuestos
modelo con grupos tiouretano a partir de monotioles y monoisocianatos
sencillos y comerciales, y se calentaron en solucién en presencia de
DBTDL. La mezcla resultante fue analizada por cromatografia de gases
acoplada a un espectrometro de masas, observdndose la aparicion de
cuatro picos que correspondian a los dos tiouretanos originales y a los dos
productos esperados del intercambio (Figura I-6). Esta reaccién tenia lugar
sin la presencia de grupos tiol libres y en un principio se creyé que
transcurria por un mecanismo asociativo, puesto que no pudieron

detectarse productos de disociacion.

En ese mismo afio, el grupo de Bowman publicé un estudio mecanistico
méas detallado, demostrando un mecanismo asociativo ante bases
mediante el ataque del tiolato al carbono del carbonilo y regeneracion del
tiouretano y el tiolato [146] y un mecanismo disociativo ante nucledfilos,
con el ataque de éstos al carbono carbonilico y regeneracion del tiolato y
el isocianato, tal y como viene recogido en el Esquema I-23. En el articulo
re recoge también la preparacién de diversos materiales y su reciclado

mecanico con buenos resultados.

También se ha estudiado la combinacién de redes de politiouretanos y de
poliuretanos, con aplicaciones en autorreparacion [191]. Debido a la

naturaleza del azufre como ligando, se han incorporado cationes de
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metales de transicion, como el cobre para obtener mejores propiedades

vitriméricas por la interaccién no covalente metal-ligando [192].
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Figura I-6. Demostracion de la reaccion de trans-tiocarbamoilacion,

mediante cromatografia de gases con compuestos modelo.

Por otra parte, no solo el catalizador sino su concentracién afecta de forma
significativa el proceso de relajacién. En nuestro grupo, se estudié el efecto
de la concentracibn de DBTDL en las propiedades vitriméricas de
politiouretanos pudiéndose constatar la notable aceleracion de la relajacion
con el aumento de la concentracion. Asi, al cuadriplicar la concentracion
de DBTDL en la muestra el 1037 pas6 de 126 a 20 minutos en ensayos a
180 °C [152]. Un efecto similar pudo ser observado al utilizar
tetrafenilboratos de amonio, reduciéndose el 10.37 de 1,3 minutos con 0,05
% en moles de la sal del DBU a 0,5 minutos a 0,10 % molar, también a 180
°C. Por otra parte, se estudio el efecto de la basicidad de la amina en los
tiempos de relajacion de los materiales, mostrando tiempos més bajos para
la sal del DBU (1,3 minutos, pKa = 13,5) y los més altos en la del 1Ml
(superior a 1 hora, pKa = 11,9). También se puso de manifiesto el efecto
positivo del anién tetrafenilborato, al comparar la relajaciéon del material

preparado con 1Ml y con la sal del 1Ml [148].

40



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD

Federico Guerre homRidis »
INTRODUCCION Y OBJETIVOS

O R, == _ R,
s SH
(a) ®f\
B B o
)
D) j<@\
. R R — o
R R —_—— ~ —_—
SN s 'f ?
! :
R;
SH/ m
B gY

Nu

(b) e - N~ Nu - |
| | ®
H H +
_Nco
Nu R
SH
\R1
SH
Ry~

Esquema I-23. Mecanismo de la trans-tiocarbamoilacion: (a) asociativo, ante

una base fuerte (b) disociativo, ante un nucledfilo fuerte.

I-5. Aplicaciones de los vitrimeros
I-5.1. Reciclado y reprocesado

La gran ventaja de los vitrimeros sobre los termoestables es la capacidad
de ser reciclados. Al ser calentados por encima de su temperatura de
transicion vitrea (Tg) 0 en algunos casos por encima de la Ty (si ésta es
mayor) las reacciones de intercambio se activan, cambiando la topologia
de las redes sin variar el grado de entrecruzamiento. En esta situacion el
material se comporta como un fluido, permitiendo cambiar su forma al igual
gue los termoplasticos. Al enfriar, conserva la nueva forma dada y

mayoritariamente conserva sus propiedades mecanicas.

En el reciclado mecanico se emplea ademas de temperatura, presion
(Figura I-7). La presion no solo aumenta la superficie de contacto entre los
trozos de material a reciclar, si no que se ha visto que también tiene un

efecto positivo sobre algunas reacciones de intercambio, como la
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transesterficacion [193]. Sin embargo, el tiempo de prensado no tiene
efecto sobre las propiedades mecanicas, tal y como demostraron Hubbard
y col. En este trabajo también estudiaron el papel de la concentracion de
catalizador en las propiedades del material reciclado y comprobaron que
mayores concentraciones aumentan la reciclabilidad y reprocesabilidad del
material. EI aumento del también llevd a una reduccion del grado de
entrecruzamiento, manifestado en una reduccion de la temperatura de
congelacion topoldgica, Tv, que fue atribuido a reacciones de degradacion
gue no fueron detectadas en muestras sin catalizador [194]. Sin embargo,
en nuestro grupo de trabajo, el aumento de DBTDL redujo el tiempo de
relajacion de la tensidn, y del valor de Ty, pero mantuvo inalterada la Ttan s
concluyendo que el material no sufria degradacién durante el reciclaje
[156].

TEMPERATURA

- >
PRESION

Figura I-7. Representacion del efecto de la temperatura y presion en el
reciclado de materiales vitriméricos. Trozos de material, al ser calentados hasta
el estado fluido, forman una Unica pieza. En el proceso debe haber una pérdida

minima de las propiedades mecanicas del material inicial.

I-5.2. Autorreparacion y autosoldado

Defectos de fabricacion, un mal uso o un esfuerzo prolongado o ciclico
pueden causar pequefios dafios en el material muchas veces
incompatibles con su aplicacion. Los materiales con capacidad de
autorreparacion (en inglés, self-healing) son aquellos que sin intervencion
mecanica pueden reparar estos pequefios dafios, aumentando

considerablemente su vida Uutil.
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Los materiales autorreparables, relacionados conceptualmente con los
materiales autosoldables, empezaron a desarrollarse en la década de los
50 del siglo pasado. Cuando lo que se une son dos partes de un mismo
material, hablamos de materiales autorreparables (self-healing) vy
autosoldables (self-welding). La diferencia entre ambas es que en
materiales autorreparables se busca reparar pequefios defectos de
fabricacion del material o derivados de su uso como, por ejemplo, ciclos de
fatiga, mientras que en autosoldables la superficie a unir es mayor. En
ambos casos se busca que el material resultado conserve la mayor parte

de las propiedades mecanicas del material original.

Detras del fenébmeno de la autorreparacién (igualmente del autosoldado)
puede haber elementos fisicos, como la difusién entre cadenas,
morfologias de fases separadas, efectos de memoria de forma o efectos
de nanoparticulas superparamagnéticas. Sin embargo, ambos pueden ser
fruto también de un fendbmeno quimico, como la formacién de enlaces
covalentes, de radicales libres o la presencia de enlaces dinamicos.

Asimismo, es posible la combinacién de ambos tipos de fenémenos [195].

Ademds, estos materiales pueden clasificarse segun si la reparacion
requiere de un agente externo (extrinseco) o viene producida desde la
propia estructura del material (intrinseco), activada por un estimulo
externo. Segun si necesita un estimulo externo o no, también pueden

clasificarse en autbnomos y no auténomos [196].

Las redes covalentes adaptables pueden comportarse como materiales
autorreparables basados en un fendmeno quimico, intrinsecos y no
auténomos, al requerir de estimulo externo. La reaccion del Diels-Alder ha
sido una de las més estudiadas, por su facilidad de control térmico [197].
Se han estudiado sistemas furano-maleimida, antraceno-maleimida,
fulveno-acido dicloromaleico, cianoolefina-acido dicloromaleico y otros
basados en ciclopentadieno [198]. Ya en la primera aplicacion de la
reaccion de Diels-Alder en materiales poliméricos, en 2002, se estudiaban

las propiedades de autorreparacion de un sistema furano-maleimida que
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mostraba una conexién del 30 % a 120 °C, y una posterior desconexion

casi total.

También se han estudiado materiales autorreparables basados en otras
reacciones, como, por ejemplo, el intercambio de disulfuros. Se ha
demostrado que materiales de polidimetilsiloxano (PDMS) con enlaces
disulfuro incorporados eran capaces de autorrepararse en un amplio
intervalo de temperaturas (de - 40 a 25 °C), en disoluciones salinas y de
acido y bases fuertes. La eficiencia méaxima se logro a temperatura

ambiente: 93 % tras 10 minutos [199].
I-5.3. Adhesién

Los adhesivos son una gran familia de materiales con aplicaciones en
todos los campos tecnoldgicos. Entre ellos se pueden citar las resinas
epoxi, adhesivos anaerébicos, acrilicos, poliuretanos y resinas de alta
temperatura como fendlicas, siliconas y bismaleimidas. Dentro de esta
familia, los vitrimeros empiezan a tener un papel cada vez mas destacado
gracias a tener una maxima superficie de contacto debido a su naturaleza
fluida previa al curado, enlazarse covalentemente a la superficie y ofrecer
una adhesioén reversible. Este efecto se representa en la Figura 1-8. El
poder adhesivo es directamente proporcional a la concentracion de
enlaces dindmicos, su energia de enlace y su cinética. Como ejemplo, en
nuestro grupo hemos estudiado formulaciones de DGEBA — anhidrido,
catalizado por bases organicas (TBD y 1MI), y con anhidrido glutarico y
glicerol como agentes de curado, como adhesivo en uniones de un mismo
y distintos materiales. Estas uniones mostraron una resistencia similar a la
de formulaciones adhesivas comerciales; ademas de ser reversibles: las
uniones fueron despegadas y pegadas, volviendo a mostrar una gran

eficiencia de adhesién [200].
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4

Figura I-8. Representacion del efecto adhesivo en vitrimeros.

|-5.4. Memoria de forma

Se definen como polimeros con memoria de forma (SMPs) aquellos
polimeros capaces de mantener una forma temporal hasta que reciben un
estimulo externo, como la temperatura, la radiacion [201-204], la presion
[205], disolventes o humedad [206], cambios de pH [207], campos
eléctricos [208] o magnéticos [209], momento en el cual recuperan su
forma original. Se trata de un tipo de los llamados polimeros inteligentes,
aquellos capaces de responder (no solo mecanicamente) a un estimulo. La
memoria de forma no es una propiedad intrinseca del material, si no una

combinacion de tres factores: estructura, morfologia y tratamiento térmico.

Ademads de por el tipo de estimulo al que responden, se pueden clasificar
segun la naturaleza de la transicién en irreversibles para la fabricacion de
tubos y embalajes termocontraibles, bisagras autodesplegables y
utensilios de cirugia [210] o reversibles (dos pasos) [211]. Estos ultimos, a
su vez, pueden clasificarse segun puedan memorizar una (con aplicacion
en polimeros semicristalinos [212] y de cristal liquido [213]) o varias formas
temporales, los cuales abren la puerta a aplicaciones avanzadas muy
diversas en ambitos como la robética [214], la cirugia [215] o la ingenieria
aeroespacial [216]. Los vitrimeros son una interesante linea de
investigacion en la busqueda de nuevos y mejores polimeros con memoria
de forma [156, 215-218].
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Para explicar este efecto hace falta recurrir al modelo teérico de la
termoviscosidad. A temperatura ambiente, las cadenas poliméricas se
encuentran desordenadas, en un estado de entropia méaxima. Al aumentar
la temperatura (T > Tg), aumenta la movilidad de estas cadenas vy, si en
este momento, aplicamos una fuerza, estas cadenas van a ordenarse
segun el sentido de esta fuerza y su entropia va a disminuir. Si al enfriar (T
< Tg4) mantenemos esta fuerza aplicada, la movilidad de las cadenas
disminuird sin poder volver al estado de maxima entropia inicial,
almacenando tensiébn como energia potencial. El estimulo aporta le
energia para liberar esa tension almacenada, produciendo el movimiento

del material, como se representa en la Figura I-9 [221].

4 Calentamiento Enfriamiento Estimulo
: : —
T>Te T<Tg

Figura 1-9. Representacion del efecto de memoria de forma en una red

polimérica.

Uno de los primeros casos publicados de memoria de forma fue el de un
material de polietileno sometido a varios ciclos de enfriamiento-
calentamiento, y que respondia con movimiento ante la irradiaciéon con
rayos gamma [222], aunque no fue hasta mitad de los afios 80 cuando

empezaron a ser investigados en profundidad.

A diferencia de las aleaciones con memoria de forma (SMASs), los SMPs
permiten mayor deformacién y recuperacion, ademas de ser mas sencillos
de fabricar y mas biocompatibles [203]. También tienen algunos
inconvenientes, especialmente relacionado con su baja conductividad
térmica y eléctrica cuando se realiza un calentamiento por efecto Joule, lo

cual minimiza la respuesta deseada.
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La introduccién de enlaces dinamicos permite, ademas de poder reciclar el
material resultante, conferir al material geometrias mas complejas y
variadas sin necesidad de un tratamiento térmico muy complejo [223]. El
efecto de memoria de forma en politiouretanos puede observarse en la

Figura I-10 junto con los cambios vitriméricos.
Permanente Temporal Recuperacién

Tprog = 802C T2 80°C

| _— —_—

TsTe T=180°C
40 min

Terog = 802C T2 80°C

—_—

T>Tv l A=2300G
40 min

Terog = 802C T2 80°C
s ) pr— . e SR

- . [ A

Figura 1-10. Efecto de memoria de forma y cambios vitriméricos en redes de
politiouretano [152].

I-5.5. Impresion 3D

Las impresoras 3D pueden clasificarse en estereolitograficas (en las que
un laser recorre la superficie del material, curandolo o no) y de inyeccién
(en las que el material se vierte sobre un sustrato, y se cura
fotogquimicamente). Sin embargo, el uso exclusivo de resinas fotoquimicas
es una gran limitacién, por lo que se ha desarrollado un tercer tipo que
permite también el curado térmico, las impresoras 3D de extrusion, en las
que la resina (que en ese caso debe ser especialmente viscosa) es
aplicada de manera controlada por un inyector, y después es curada (foto
0 térmicamente) [224]. Cuando ademas el polimero empleado es
inteligente, bien por tener memoria de forma o por reaccionar de forma no

mecdnica al estimulo, hablamos de impresién 4D.

La impresion 3D es una potente herramienta para la fabricacion de piezas
de pequefia escala e impresas con gran precision. Por su rendimiento

mecanico y térmico, se prefieren los termoestables a los termoplasticos
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para ciertas aplicaciones. Sin embargo, estos materiales no pueden ser
reciclados y cuanto mayor es la popularidad de esta técnica, mas necesaria
es la sustitucion de los termoestables por vitrimeros [217, 221-229]. Se
han empleado diversos vitrimeros en impresion 3D, demostrando una
excelente reciclabilidad, como resinas epoxi [224] o poliureas [226]. A
modo de ejemplo, citar un sistema mas complejo, acrilato-epoxi
entrecruzado con acido glutarico y catalizado por acetilacetonato de zinc y
por 1-metilimidazol como catalizadores. La base fue mas eficiente en la
preparacion del material, pero la sal lo fue en la relajacién vitrimérica. Para
combinar ambos efectos, se ensay6 una mezcla de ambos catalizadores,
confirmandose el efecto sinérgico esperado. Los materiales, tras su
impresion, fueron reciclados mecéanicamente, sin pérdida considerable de

sus propiedades mecanicas [233].
I-5.6. Composites

Los composites, también conocidos como materiales compuestos, son
formulaciones de dos o més materiales no compatibles que tienen unas
propiedades superiores a la de sus componentes por separado. En los
composites el material de relleno (fase no continua) se encuentra
embebido en una matriz (fase continua). Los materiales con mas de una
fase de continua se denominan hibridos. Ambas fases pueden ser
organicas, minerales o metdlicas, lo que, sumado a diferentes cargas,
morfologias y métodos de preparacion, da lugar a infinitas combinaciones.
La principal limitacion de estos materiales es su heterogeneidad y los

problemas de dispersion de las fases [234].

En el campo de los composites destacan los de matrices poliméricas
(PMCs) debido a las ventajas que presentan respecto al resto de matrices:
bajo coste, facilidad de produccién, gran rigidez mecéanica y resistencia, y
capacidad para soportar un amplio intervalo de carga de relleno. Estas
ventajas han permitido su uso en una gran variedad de aplicaciones
avanzadas, como en aeronautica, armamentistica, biomedicina y

almacenamiento/disipacion de energia. También presentan algunas
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desventajas, como su sensibilidad a la radiacion y a la humedad, y una
temperatura maxima de servicio [235]. Algunos ejemplos de matrices
poliméricas son: acrilonitrilo butadieno estireno (ABS) [236], poliésteres
[237], poliamidas [238], resinas epoxi [239], poli(etilentereftalato) (PET)
[240], resinas fendlicas [241], poliuretanos [242] y acido polilactico (PLA)
[243].

A medida que aumenta el uso de los composites, se evidencia mas el
problema de su reciclado, dificultado por la separacion del relleno de la
matriz. El reciclaje de composites se puede hacer por via mecanica,
térmica (pirdlisis, por microondas o por lecho fluidizado) o quimica
(solvdélisis a baja temperatura o con fluidos supercriticos) [244]. Si, ademas,
la matriz polimérica no alcanza un estado fluido cuando se somete a
calentamiento, si no que directamente degrada, el reciclado se complica
aln mas. Este es el caso de los composites de matrices termoestables,
con excelentes propiedades mecénicas y térmicas, pero imposibles de
reciclar. Sustituyendo estos termoestables por vitrimeros conseguiremos
facilitar el reciclado de estos materiales.

En los composites con matrices vitriméricas, la matriz es una red polimérica
con una concentracioén suficiente de enlaces dinamicos y de catalizador,
cuando éste sea necesario. Entre las matrices mas empleadas estan las
resinas epoxi basadas en diferentes enlaces dinamicos [245]. Como
rellenos se han probado diversos alotropos de carbono, como fibras de
carbono, nanotubos de carbono, grafeno. También carbono amorfo, fibras

de vidrio, celulosa, silica, silsesquioxanos y arcillas [246].

A diferencia de las fibras de vidrio, las fibras de carbono (CFRPSs) tienen
un precio mas elevado, limitandose su uso a aplicaciones avanzadas. El
primer composite vitrimérico con fibra de carbono fue descrito en 2021 por
Azcune y col., al preparar composites de fibras de carbono embebidas en
diglicidil éter de bisfenol A (DGEBA) curado con 4-aminofenil disulfuro, con
propiedades mecanicas similares al material sin relleno, menor resistencia

térmica y propiedades de memoria de forma [247].
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El principal atractivo de los nanotubos de carbono (CNTs) es que su
particular estructura les confiere buena conductividad eléctrica y térmica,
pudiendo emplearse en aplicaciones energéticas y electronicas. La
tendencia a aglomerarse dificulta su dispersién en una matriz, aun asi, se
han descrito diferentes tipos de composites, siendo el primero el descrito
por Yang y col. en 2014 [248]. Se afiadieron nanotubos de carbono como
relleno de un matriz preparada a partir de DGEBA y acido adipico. Se
demostré que el efecto termoeléctrico de éstos era lo suficientemente
significativo como para activar la reaccion de transesterificacion,
permitiendo la autorreparacion y la autosoldadura de los composites al ser

irradiados.

Las aplicaciones del grafeno son similares a las de los nanotubos de
carbono, pero la preparacion de composites es todavia mas complicada,
debido a su agregacion y dificultad de orientacion de las ldminas. En 2019,
Cheny col. prensaron en caliente un composite de grafeno en resina epoxi
con un catalizador para la transesterificacion, logrando una correcta
orientacién de las laminas de grafeno debido al efecto del volumen
excluido. Estos composites fueron reciclados y autorreparados sin perder

rendimiento mecanico [249].

Los politiouretanos también han sido empleados como matrices
poliméricas en la preparacion de composites, usando nanofibras de
carbono como relleno. En estos casos el material mantenia las
propiedades mecénicas y 6pticas del material sin relleno, y presentaban
una buena capacidad de ser reciclados en condiciones suaves, ademas de

tener caracteristicas de memoria de forma [125,250].

Los PTUs también se han empleado como relleno, especialmente en
materiales odontoldgicos por su biocompatibilidad. La adicién de pequefias
cantidades de politiouretanos a resinas dentales, puede llevar a reducir en
un 50-60 % el estrés derivado de la gelificacion y de la vitrificacién, y a

duplicar la tenacidad. La concentracion de oligdbmeros influye en las
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propiedades mecanicas, pero también aumenta su viscosidad, dificultando

la aplicacién de estas resinas [166].
I-6. Objetivos
I-6.1. Planteamiento del problema

Existen aplicaciones para los cuales el excelente rendimiento térmico y
mecanico de los polimeros termoestables es fundamental. Sin embargo,
adolecen de un principal problema: la falta de reciclabilidad de estos
materiales a diferencia de los termoplasticos. Por ello, terminada su vida
util, los termoestables acaban como residuos en un vertedero, en el medio

ambiente o son incinerados.

Los vitrimeros se presentan como una solucién a este problema, al
presentar unas propiedades similares a los termoestables, pero con la
capacidad de poder ser reciclados (ademas de otras propiedades
avanzadas). Desde su descubrimiento en 2011, su interés ha ido
aumentando, tal y como se observa en el ndmero de resultados que

aparecen en Google Scholar (Figura I-11).

2000

Dy

O o ¢ 1500

00 g

f_zo—'lOOO

oo

3(95500 I

mEm 0_____-.I

e — N M S N O N 0 OO N
I T = T = T = B = B IR N I\
O O O O O O O O O O O O
N NN N NN A NN Q&

Figura I-11. Numero de resultados en Google Scholar del término de busqueda

“vitrimer” por afo.

En 2019, el grupo de Torkelson publicé por primera vez vitrimeros con
estructura de politiouretano, al mismo tiempo que nuestro grupo obtuvo los
primeros resultados positivos en este campo, muchos de ellos con
temperaturas de transicion vitrea mayores. Estos materiales son facilmente
preparados por reaccién entre politioles y poliisocianatos, en presencia de
un catalizador acido o basico, que a su vez cataliza la reaccion de

transtiocarbamoilacion en la que se fundamenta su comportamiento
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vitrimérico. Los poliisocianatos son compuestos ampliamente estudiados y
comercialmente disponibles, gracias a su aplicacién como mondémero de

los poliuretanos.

Los politiouretanos presentan algunas ventajas sobre los poliuretanos,
como propiedades similares y una mayor homogeneidad, debido a la
ausencia de reacciones paralelas y subproductos como alofanatos, grupos
biuret, etc. También presentan una cinética de intercambio mas rapida,
mejores propiedades Opticas y una mayor biocompatibilidad. En
contrapartida, cabe tener en cuenta los problemas de estabilidad de
formulaciones, debido a la mayor reactividad de los tioles en comparacion
a la de los alcoholes, y el olor desagradable de los tioles utilizados en su
fabricacion. Desde el descubrimiento de sus propiedades vitriméricas en
2019, la investigacion en este ambito ha ido creciendo, denotéandose en el
aumento del nimero de publicaciones sobre ellos. La primera tesis sobre
estos materiales fue defendida en nuestro grupo en 2021, siendo la

presentada aqui una continuacién de ella.
I-6.2. Objetivos de la tesis

El principal objetivo de esta tesis doctoral es el disefio, preparacion y
caracterizacion de redes de politiouretanos con propiedades vitriméricas,
incidiendo particularmente en el estudio de nuevos catalizadores. La tesis
también se focaliza en la buasqueda de materiales mas sostenibles, asi
como su posible uso en propiedades avanzadas. Para ello, el estudio se

ha dividido en cuatro partes:

e Capitulo Ill. Uso de un precursor de acido (isopropil
metanosulfonato) para un mayor control de la estabilidad de las
formulaciones y mayor control del curado.

o Estudio del efecto de los monémeros en el proceso de curado.

o Estudio del efecto de la concentracion de precursor en el proceso
de curado.

o Estudio del efecto de los monémeros y de la concentracion del

precursor en las caracteristicas de los materiales.
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o Estudio del comportamiento vitrimérico de los materiales.

o Estudio de la reciclabilidad mecénica de los materiales.

e Capitulo IV. Uso de triflatos de tierras raras como catalizadores
acidos mas sostenibles y menos toxicos.

o Estudio del efecto del catién en el proceso de curado y en los
materiales.

o Estudio del efecto de los monémeros en el proceso de curado y en
las caracteristicas de los materiales.

o Estudio del efecto de la concentracion de catalizador en las
caracteristicas de los materiales.

o Estudio del comportamiento vitrimeérico de los materiales.

Estudio de la reciclabilidad mecénica de los materiales.

e Capitulo V. Obtencién de politiouretanos partiendo de politioles
preparados a partir de fuentes renovables (limoneno y escualeno).

o Sintesis de los tioles renovables mediante reaccion tiol-eno.

o Estudio del efecto de la funcionalidad del tiol.

o Estudio del efecto del tipo de catalizador (4cido y bésico).

o Estudio del comportamiento vitrimeérico de los materiales.

o Estudio de la capacidad de autorreparacion de los materiales.

e Capitulo VI. Preparacion de composites con oligémeros de
silsesquioxanos (POSS) enlazados covalentemente a la matriz
polimérica de politiouretano.

o Sintesis y caracterizacion de los oligdmeros, con diferentes
morfologias.

o Estudio del efecto de la adicion del oligébmero a la matriz.

o Estudio del efecto de la morfologia del oligémero.

o Estudio del comportamiento vitrimérico de los materiales.
Observaciones para el lector
Esta tesis doctoral estd presentada como una recopilacion de los cuatro

articulos cientificos publicados durante estos afios de doctorado.
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II-1. Calorimetria diferencial de barrido (DSC)

En esta técnica se estudia el flujo de calor que experimenta una muestra
cuando es calentada con un gradiente de temperatura controlado, usando
una referencia para calcular dicho flujo. Se obtiene informacién cuantitativa
y cualitativa de todos aquellos procesos que involucran procesos

exotérmicos, endotérmicos o bien cambios en la capacidad calorifica.

Durante el proceso de formacién de la red entrecruzada, proceso también
conocido como curado, la formacion de estos nuevos enlaces libera
energia, observandose un pico exotérmico (Figura II-1A). La presencia de
varios picos exotérmicos, bien definidos o bien solapados puede implicar
la presencia de un curado en dos pasos, o bien heterogeneidad a la hora

de preparar la formulacién.

Durante el proceso de degradacion del material, la ruptura de los enlaces
necesita energia, observandose a alta temperatura picos endotérmicos,
por norma general abruptos y mal definidos, al tratarse la degradacion
térmica de un proceso complejo que implica varios pasos (Figura 1I-1B).
Otros procesos endotérmicos tales como los puntos de fusién o de
ebullicién, pueden ser determinados con bastante precisiébn empleando

esta técnica (Figura lI-1C).

La variacion de entalpia de estos procesos (AH) esta relacionada con el
area bajo la curva del pico o de los picos evaluados e integrados. Es por
ello necesario conocer con la maxima precision posible la cantidad de

muestra que esta siendo analizada.

Durante la transicion vitrea, se mide la diferencia de capacidad calorifica
(ACp) entre ambas fases (Figura II-1D). Esta diferencia puede ser muy
pronunciada o poco, observdndose en todos los casos un salto.
Aumentando el gradiente de temperatura es posible observar mejor este
salto. Hemos tomado como valor de la Tg, el valor del punto de inflexion

en la curva de variacién de la capacidad calorifica.
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Figura lI-1. Analisis por DSC de materiales poliméricos: (A) Calor desprendido
en funcién de la temperatura durante el proceso de curado, (B) calor absorbido
en funcion de la temperatura durante el proceso de degradacién y (C) calor
absorbido durante el proceso de cambio de estado de agregacion, y (D)
variacién de la capacidad calorifica en funcién de la temperatura durante una
transicion vitrea.

En esta tesis los experimentos realizados con esta técnica fueron
realizados usando un equipo Mettler Toledo DSC-3* como el mostrado en
la Figura 1I-2. Se introdujeron muestras de alrededor de 5-10 mg en una
capsula de aluminio cubierta (pinchada para liquidos) y analizada en

atmésfera de nitrégeno.

A) (®)

Figura I1-2. (A) Equipo DSC-3+ (Mettler Toledo) (B) Detalle del horno.
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1I-2. Analisis termogravimétrico (TGA)

En esta técnica se estudia la variacién de masa de la muestra cuando se
calienta con un gradiente de temperatura determinado (TGA dinamico) o a
una temperatura determinada (TGA isotermo), y bajo una atmésfera
determinada: inerte (nitrégeno o argén), oxidante (oxigeno o aire sintético)

o reductora (hidrégeno o metano).

Desde el punto de vista instrumental, consta de una termobalanza de gran
precisién, en la cual se sitla la muestra en una capsula tarada, que se

encuentra dentro de un horno por el que fluye el gas seleccionado.

Esta técnica aporta informacion muy variada: cantidad de humedad o
disolvente del material, estudios de degradacién (nimero de etapas,
cinéticas de degradacion y temperaturas), tiempo de resistencia de la
muestra a una temperatura fijada y determinacién de la cantidad orgénica
e inorganica de la muestra (residuos). Se suele complementar la curva de
pérdida de masa en funcién de la temperatura con la primera derivada de
esta, en la que se observan mas facilmente los procesos de pérdida de

masa de la muestra. (Figura 11-3)

En esta tesis los experimentos realizados por esta técnica fueron
realizados usando un equipo Mettler Toledo TGA 2 como el mostrado en
la Figura 1l-4. Se introdujeron muestras de alrededor de 10-25 mg de peso
en una cpsula de alimina sin cubrir y analizada en atmésfera de nitr6geno

0 aire sintético.

(A) (B)

Remaining weight
(%)

Weight loss derivative
(1/2c)

Temperature Temperature

Figura 1I-3. Analisis por TGA de materiales poliméricos: (A) Pérdida de masa
en funcion de la temperatura durante el proceso de degradacion y (B) la

primera derivada de esa funcion.
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(A) (B)

Figura ll-4. (A) Equipo TGA 2 (Mettler Toledo) (B) Detalle del horno.

II-3. Resonancia magnética nuclear (RMN)

En esta técnica se somete a la muestra a un campo magnético externo.
Este campo magnético provoca en algunos 4tomos o ndcleos (aquellos de
momento magnético distinto de cero) un desdoblamiento en dos diferentes
niveles energéticos y se provoca esta transicion electronica mediante una
radiofrecuencia. La respuesta de estos nicleos a esta transicion se registra
y se amplifica, obteniéndose asi un espectro de resonancia magnética

nuclear.

Los diferentes entornos quimicos de cada uno de los tipos de atomos que
se analizan provocan perturbaciones en la nube electronica que los rodea,
llamadas desapantallamiento y definiéndose para mejor interpretacion de
los resultados el concepto de desplazamiento quimico (0), Ecuacion 1l-1,

siendo el tetrametilsilano (TMS) la referencia mas empleada.

5 = Umuestra—Ureferencia

-10°® (Ecuacion II-1)

Ureferencia

En esta tesis se han empleado resonancia magnética nuclear de tres tipos
de ndcleo: 1H, 13C y 2°Si. Para disolver las muestras se emplean disolventes

deuterados, siendo el cloroformo deuterado (CDCls) el mas usado.
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La resonancia magnética nuclear de protén se caracteriza por la elevada
abundancia isotépica del H (99,985 %) y sensibilidad del nlcleo,
presentando un rango de desplazamiento quimico de 0 a 12
mayoritariamente. Debido a la elevada abundancia y sensibilidad se
requiere menos muestra, y el area bajo la curva (integral) aporta
informacion del ndmero relativo de protones de cada sefial. Ademas,
permite determinar el nUmero de protones mas proximos, ya que estos
pueden provocar desdoblamiento de sefiales. La poca abundancia del 3C
(1,1 %) y del 2°Si (4,67 %) y menor sensibilidad limita la informacién
aportada, ya que se suele irradiar la zona de absorcién del protén, con lo
gue el espectro de 13C deja de ser cuantitativo, debido al efecto NOE y las
sefiales correspondientes a cada uno de los carbonos aparecen como

sefales Unicas.

En esta tesis los espectros de protdn, carbono y silicio en fase liquida
fueron realizados en un espectrometro Varian VNMR-S400, y los espectros
de silicio en fase sélida fueron realizados en un espectrémetro Bruker

Advance llI (Figura 1I-5).

(A) (B)

Figura II-5. (A) Equipo Varian VNMR-S400 (B) Equipo Bruker Advance Il

81



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD
Federico errero Ruiz

METODOS EXPERIMENTALES

II-4. Espectroscopia infrarroja de transformada de Fourier (FT-IR)

La radiacién infrarroja, cuando incide en la muestra, interacciona con las
moléculas que la forman, absorbiendo parte de esa energia para provocar
cambios en los estados vibracionales de las moléculas, obteniéndose un
espectro de absorcién (absorbancia) o de transmisiéon (transmitancia),
segln se detecte la energia que absorbe la muestra o la que no. El
espectro debe ser procesado mediante transformada de Fourier para

obtener los espectros con los que normalmente se trabaja (Figura 11-6).

Cada enlace covalente absorbe radiacion de una determinada longitud de
onda (aunque se suele trabajar con su inversa, el nimero de onda),
aportando informacion cualitativa sobre su estructura. También se puede
obtener informacién cuantitativa aplicando el principio de la ley de Lambert-
Beer que relaciona directamente la intensidad del pico con la concentracién
de ese tipo de enlace. Registrando un espectro cada cierto tiempo, se
puede observar la desaparicién de los picos correspondientes a enlaces
que se estan rompiendo y la aparicion de los picos de enlaces que se estan
formando. Se puede usar como referencia el pico de un enlace que
permanezca sin variacion durante la reaccion para hacer estudios
cinéticos, y aplicar la Ecuacién 1I-2 para calcular la conversién. La muestra
se puede calentar de manera controlada mediante un ATR con control de

temperatura.

Conversion (%) = 100 - (1 — —enlacevariable y (Ecyaci6n |1-2)

Venlace referencia

(A) (B)

Absorbance
Transmittance

Wavenumber Wavenumber

Figura lI-6. Espectro de infrarrojo de transformada de Fourier en modo

absorbancia (A) y en transmitancia (B).
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En esta tesis los experimentos realizados mediante esta técnica fueron
hechos usando un equipo Jasco FT/IR 6700 como el mostrado en la Figura
II-7, con una resolucion de 4 cm? y en modo de absorbancia. El
espectrofotdbmetro esta equipado con un accesorio Specac Golden Gate
ATR Tecknokroma para el analisis de soélidos, que permite un

calentamiento controlado.

(A) (B)

Figura II-7. (A) Equipo Jasco FT/IR 6700 (B) Detalle del accesorio Specac
Golden Gate ATR Tecknokroma.

II-5. Espectroscopia Raman

Cuando los fotones de una radiacion laser (monocroméatica, misma longitud
de onda) inciden sobre la materia, la gran mayoria de ellos la atraviesan.
Sin embargo, una pequefia fraccion son dispersados, o sea, la energia del
fotén incidente provoca que la molécula pase a un estado energético
excitado, y para volver al estado energético fundamental se libera energia

emitiendo un foton. Pueden darse dos casos (Figura 11-8):

¢ Que la energia del fotobn emitido coincida con la del foton incidente.
En este caso hablamos de dispersion elastica o de Rayleigh;

e Que la energia del fotdbn emitido no coincida con la del fotén
incidente, o sea, haya una pérdida de energia. En este caso
hablamos de dispersion inelastica o de Raman. Si el fotén emitido
tiene menor energia que el incidente, la molécula vuelve a un

estado fundamental mas energético que el original (Raman
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Stokes). Si el fotén emitido tiene mayor energia que el incidente,
la molécula vuelve a un estado fundamental menos energético que

el original (Raman anti-Stokes).

ESTADO
EXCITADO
ESTADO
——@ &o—]
Raman anti-Stokes Rayleigh Raman Stokes
hVincigente < NVemitido WWincigente = NVemitiao MVincicente > NVemitido
|
|
|
A A\
/\ |
1
Wavenumber

Figura lI-8. Representacion esquematica de las diferentes dispersiones que

ocurren entre la radiacién y la materia, y espectro de Raman.

La dispersion Raman es un efecto débil, conocido como el “efecto de un
fotén en diez millones” debido a la proporcion de fotones de la radiacion
laser que son dispersados. Ademas, por la ley de distribucion de las
energias de Maxwell-Boltzman, la mayor parte de las moléculas se
encuentran en su estado energético fundamental mas bajo a temperatura
ambiente, siendo la dispersibn Raman Stoke mucho mas intensa que la
anti-Stoke, optandose por trabajar solo con la primera.

La frecuencia esté relacionada con el tipo de enlace, y la intensidad con el
namero de estos. La frecuencia a la que aparecen los diferentes enlaces

es independiente de la frecuencia de la radiacion laser incidente. Por ello
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en el eje de abscisas se representa la diferencia entre la frecuencia Raman

y la incidente, normalizada respecto a la velocidad de la luz.

En esta tesis los experimentos realizados mediante esta técnica fueron
hechos usando un equipo Raman Renishaw InVia como el mostrado en la

Figura 11-9 y con una resolucion de 1 cm-.

Figura 11-9. Equipo Raman Renishaw InVia.

II-6. Analisis dindmico mecéanico (DMA)

En esta técnica se somete a la muestra a distintas fuerzas y
desplazamientos, que se analizan junto a otros factores como la
temperatura, el tiempo o la frecuencia para conocer sus propiedades

viscoelasticas.
11-6.1. Ensayo de tension oscilatorio

En este tipo de ensayo, se aplica una tension oscilante al material (en
inglés stress, o), la cual provoca una deformacién (en inglés strain, €). La
tension oscilante aplicada en funcién del tiempo, o(t), es una funcién de
tipo sinusoidal, al igual que la funcién €(t) que se genera como respuesta.
Dependiendo de las propiedades viscoelasticas del material analizado,

estas dos funciones se encontraran en fase o desfasadas (Figura [1-10):
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e En materiales elasticos, ambas funciones estarian en fase, siendo
el angulo de desfase () de 0 radianes;

e En materiales totalmente viscosos, ambas funciones estarian
desfasadas, con un angulo de desfase de /2 radianes;

e En materiales viscoelasticos, ambas funciones estarian

desfasadas con un angulo de desfase entre 0 y 11/2 radianes.

&=0 d=m2 0<d<m2

/

(A) (B) (©)
t t t

Figura 11-10. Tension (azul) y deformacion (rojo) en funcién del tiempo segun
se trate de: (a) un material elastico, (b) un material totalmente viscoso o (¢) un

material viscoelastico.

En el régimen viscoelastico, se pueden definir dos tipos de modulos: el
moédulo de almacenamiento o médulo elastico (E’, Ecuacion II-3) y el
moédulo de pérdida o médulo viscoso (E”, Ecuacion 11-4). El primero esta
relacionado con la capacidad del material para almacenar energia,
mientras que el segundo tiene relacion con la capacidad del material para
disipar energia. La tangente del dngulo de desfase (Ecuacién II-5) tiene
relacién con la relacion de energia perdida por el material debido a su

naturaleza viscosa.

E' = 2. cos & (Ecuacion I1-3)

E" = 2. sen & (Ecuacion I1-4)
tan 6 = % (Ecuacion 11-5)

En la Figura II-11 se muestra un tipico ensayo de DMA de un material

viscoelastico. En la curva de tan & aparece un pico debido a la transicion
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del estado vitreo al gomoso. La anchura a mitad de altura (FWHM, por sus
siglas en inglés) del pico de esta transicion, es un indicativo de la
homogeneidad del material analizado, siendo este parametro menor
cuanto mas homogéneo sea el material. La temperatura del méaximo del
pico de la curva de la tan & puede considerarse la temperatura de transicion
vitrea del material, y asi se ha considerado en esta tesis. Sin embargo,
pueden emplearse otros criterios, como la temperatura del comienzo del
descenso de la curva del médulo de almacenamiento (T4F) o la
temperatura del maximo del pico de la curva del médulo de pérdida (T4F).
Ninguno de los tres criterios debe coincidir, y siempre debe indicarse qué

método se ha empleado en su determinacion.

E’ « T
g “\ J Tan &

T - Tﬂ Storage Modulus (E’)
Loss Modulus (E”)

Temperature

Figura 11-11. Evolucién de la tan 6, médulo de almacenamiento y médulo de
pérdida en funcién se la temperatura, a una frecuencia fijada en un

experimento DMA de estrés oscilatorio.

En la curva del médulo de almacenamiento se observan bien definidas
dos mesetas: una antes de la transicion vitrea, correspondiente al estado
vitreo (E’g, por “glassy”), y otra después correspondiente al estado
gomoso (E’r, por “rubbery”). Este ultimo valor esta relacionado con la
densidad de entrecruzamiento y sigue la relacion mostrada en la
Ecuacioén 1I-6, segun la teoria de elasticidad gomosa, donde R es la
constante universal de los gases, T es la temperatura a la que el médulo

gomoso fue determinado y vr es la densidad de entrecruzamiento.
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vy = 2= (Ecuacion I-6)
11-6.2. Ensayo de fluencia (creep) y relajacion

Los ensayos de fluencia (en inglés creep) se basan en aplicar al material
una tension fija (no oscilante), provocando una deformacién constante que
es registrada en funcién del tiempo. Se suele complementar estudiando
cémo evoluciona la deformacion del material una vez finalizado el esfuerzo
correspondiente al proceso de recuperacién sin carga 0 recuperacion
viscoelastica. Los ensayos de relajacién se basan en la idea inversa:
aplicar al material una deformacion fija, siendo la tension necesaria para
mantenerla la variable registrada en funcion del tiempo, que puede
decrecer segun avanza el tiempo dependiendo de su comportamiento. En

ambos ensayos se trabaja a diferentes temperaturas constantes.

Los materiales poliméricos termoestables son incapaces de fluir o su
fluencia es muy limitada debido a los enlaces covalentes entre sus
cadenas. Estos enlaces, al ser sometidos a una tension fija constante en
el tiempo, comienzan a deformarse hasta que esta deformacién alcanza un
maximo a grandes tiempos de ensayo. No ocurre esto en los materiales
termoplasticos, capaces de fluir gracias a sus fuerzas intermoleculares

débiles entre cadenas, y de continuar deformandose hasta rotura.

Cuando la tension cesa, el comportamiento también es diferente. En los
termoestables la deformacion vuelve a cero tras un largo tiempo de ensayo,
mientras que en los termoplasticos siempre permanece una deformacion

residual.

En materiales con redes covalentes adaptables el comportamiento durante
el ensayo de fluencia o creep dependera de la temperatura. A temperaturas
bajas, su comportamiento sera similar al de un termoestable, debido a los
enlaces covalentes que presenta y que aln no han experimentado
suficiente estimulo para intercambiarse. A temperaturas alta, su

comportamiento sera similar al de los termoplasticos (Figura I1-12).
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Figura 11-12. Comportamiento de (a) un termoplastico, (b) un termoestable y (c)
una red covalente adaptable ante un ensayo de fluencia o creep y posterior

recuperacion.

Esta diferencia de comportamiento segun el tipo de material también se
observa en los ensayos de relajaciéon de tensiones. En los materiales
termoplasticos la curva de deformacion frente al tiempo decae a cero a
largos tiempos de ensayo: para mantener una deformacion constante, el
equipo cada vez necesita aplicar menor tension. En los termoestables la
curva decae hasta un valor finito, en el que la tensibn necesaria para
mantener esa deformacion constante se hace también constante. De
nuevo, en redes covalentes adaptables el comportamiento dependera de
la temperatura: a bajas temperaturas se comportara como un termoestable

y, a altas, como un termoplastico (Figura II-13).

(A) (B) € =z
/)] "
¢ 2 2
K K 3
%) n 5
t t t

Figura 11-13. Comportamiento de (a) un termoplastico, (b) un termoestable y (c)
una red covalente adaptable ante un ensayo de relajacion.

El tiempo de relajacién (t*), definido como el tiempo necesario para que la
tension alcance un 37 % (1/e) del valor de la tensién inicial a una

determinada temperatura, es un dato normalmente utilizado para comparar
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la caracterizacion del comportamiento vitrimérico de distintos materiales.
El tiempo de relajaciébn esta relacionado con la viscosidad segun la
ecuacion de Maxwell (Ecuacion 11-7), donde n es la viscosidad, E/ el

madulo de almacenamiento gomoso y t el tiempo de relajacion:
n = E/ -t (Ecuacién lI-7)

Al realizar un ensayo de relajacion de tensiones en un material vitrimérico
a diferentes temperaturas (superiores a su Tg) y representar los tiempos de
relajacién obtenidos frente a las temperaturas de ensayo, se observa que
ambas variables siguen una relacion de Arrhenius, (Figura 11-14), pudiendo
ser definida con la Ecuacién II-8, y linealizada con la Ecuacién 11-9. En
estas t es el tiempo de relajacion, to es el tiempo de relajacion a
temperatura infinita, Ea es la energia de activacion del proceso de
intercambio de enlaces, R es la constante universal de los gasesy T es la

temperatura:

Ea
T = T, erT (Ecuacion II-8)

Int = Int, + i—j (Ecuacion 11-9)

(A) (B)

Int

T 1T

Figura 11-14. (A) Representacion del tiempo de relajacion respecto a la
temperatura, mostrando una relacion de Arrhenius (B) Representacion del
logaritmo del tiempo de relajacion respecto a la inversa de la temperatura,

mostrando una relacioén lineal.

Es posible calcular la energia de activacion (Ea) a partir de la pendiente de
la ecuacion de la recta. También es posible calcular la temperatura de

congelacion topolégica (Tv), empleando la ecuacion de la recta obtenida
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(Ecuacién 11-9). Para ello se define la temperatura de congelacion
topologica como la temperatura a la cual se alcanza una viscosidad (n) de
1012 Pa-s (transicién de liquido a sélido). Se sustituye esta viscosidad en
la ecuacion 1I-7, para obtener el tiempo de relajacion correspondiente (t),
y con la ecuacion de la recta, se obtiene la temperatura para ese tiempo

de relajacion.

Cuando se realiza un ensayo de fluencia o creep a diferentes temperaturas,
se puede obtener la relacién entre la viscosidad y la temperatura. Para ello
se calcula la pendiente de la parte lineal de la deformacién de cada
temperatura (de/dt), calculandose la viscosidad (1) con la Ecuacién 11-10.
Representando el logaritmo de la viscosidad en funcion del cociente entre
la temperatura de transicién vitrea del material (Tg) y la temperatura de

cada viscosidad, se obtiene el diagrama de fragilidad de Angell.
o =n - (Ecuacion II-10)

12

10 Epoxi

Ln(n)
»

2 Silica
Poliestireno

05 06 07 08 09 1
TJT

Figura 11-15. Representacién del logaritmo de la viscosidad en funcién al
cociente entre la temperatura de transicion vitrea y la temperatura, en
materiales epoxi vitrimericos y poliestireno (termoplastico), con la silica de

referencia.

Tomando de referencia la relacion entre la viscosidad y la temperatura
relativa del vidrio (silica-SiO2), observamos un diferente comportamiento

entre redes covalentes adaptables asociativas (vitrimeros) y disociativas,
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observado en la Figura 11-15. De hecho, el concepto “vitrimero” hace

relacién a su similar comportamiento a la silica vitrea.
11-6.3. Ensayos de dilatometria

Los ensayos de dilatometria se basan en determinar dilataciones y
contracciones del material a medida que este es calentado a un gradiente
de temperatura controlado. En este tipo de ensayo la tension aplicada es
la minima para evitar el pandeo de la muestra (practicamente nula si las

dimensiones de la muestra son las adecuadas).

Los cambios que experimentan el material con el calentamiento tendran un
efecto en la evolucién de esta variacion de volumen especifico, pudiéndose
determinar en redes covalentes adaptables la temperatura de transicion

vitrea (Tg) y la temperatura de congelacion topologica (Tv) (Figura II-16).

STRAIN

Figura 11-16. Representacion de la deformacion en funcién de la temperatura
en un material polimérico de redes covalentes adaptables.

En esta tesis, para ensayos de tension oscilatorios, de fluencia o creep, de
relajacion de tensiones y dilatometria, se ha empleado un equipo de
andlisis dinamico mecanico DMA Q800 (TA Instruments) equipado con una

mordaza de tension (Figura 11-17).
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(B)

Figura 11-17. (A) Equipo DMA Q800 (TA Instruments) (B) Detalle de la mordaza

de tension.

II-7. Ensayos de traccién

Los ensayos de traccion se basan en someter al material a una fuerza
uniaxial controlada hasta la ruptura del mismo mientras se registra la
respuesta en desplazamiento de la muestra que, dependiendo del material,
suele presentar diferentes formas. Las curvas de los materiales ensayados
en esta tesis presentan una forma similar a la de la Figura 11-18. Para pasar
de fuerza y desplazamiento a tensién y deformacion, la tensién y
deformacion se calculan segun la Ecuacion 1l-11, en la que o es la tension

en la zona elastica, E es el médulo de Young y € es la deformacion unitaria.

o = E ¢ (Ecuacion 1I-11)

STRESS

STRAIN Emax
Figura 11-18. Curva tipica de tension en funcion de la deformacion en un
ensayo de traccion.
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Los valores de deformacion y de tension en el punto de ruptura son la
deformacion a ruptura (emax) y la tension a ruptura (omax). EI médulo elastico

(E) se calcula como la pendiente de la parte linea de la curva.

Debido a la gran influencia de la geometria de la muestra en los resultados
obtenidos, existen geometrias estandarizadas para procedimientos
estandarizados, como la norma ASTM D638 (para propiedades de traccion
de polimeros), presentando la muestra forma de “haltera” (tipo IV en Figura
11-19).

p———— 33—y
__\.\ | -
T I . W
e o e — e — ™ o
|
‘9,7 |

Figura 11-19. Detalles de la geometria de la muestra (en mm) para la probeta

tipo IV seguin la norma ASTMD638 para obtener las propiedades de traccion de

polimeros.

En esta tesis, para ensayos de traccion se ha empleado un equipo de
andlisis universal electromecanico AGS-X (Shimadzu) (Figura 11-20), con
una célula de carga de 1000 N y empleando un desplazamiento de carro

de 5 mm/min.

Figura 11-20. (A) Equipo Shimadzu AGS-X (B) Detalle de la las mordazas.
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11-8. Técnicas microscoOpicas

Las técnicas microscOpicas permiten observar los materiales a una escala
que no puede alcanzar el ojo humano, aportando informacion sobre
propiedades microscopicas que pueden llegar a tener una manifestacién

en la escala macro.

Se pueden clasificar en dos grandes grupos, segun se base en la
interaccién de un tipo de particula u otra con la materia: microscopia 6ptica
(en la que se emplean fotones) y electrénica (en la que se emplean
electrones). Los electrones, al disponer de una longitud de onda menor que

los fotones, permiten una resolucion y amplificacion mayor.

Dentro de la microscopia dptica, existen diversas técnicas segun la longitud
de onda de los fotones: ultravioleta, visible, infrarroja o de fluorescencia.
Més avanzada es la microscopia O6ptica confocal, basada en la
fluorescencia y con un colimador que permite obtener mejores imagenes.
La amplificacion maxima de la microscopia 6ptica es de 1500 aumentos, y

una resolucion limite de 200 nm.

Mayores amplificaciones y resoluciones limites se consiguen con la
microscopia electrénica, existiendo dos principales modos de trabajar
segun el grosor de la muestra. Muestras delgadas (hasta 100 nm de
grosor) permiten la microscopia electrénica de transmisiéon (TEM), en la
que se analizan los fotones que atraviesan la muestra. Las muestras
gruesas requieren de la microscopia electrénica de barrido (SEM), en la
gue el haz de fotones va recorriendo toda la muestra y se analizan los
fotones reflectados. La TEM permite mayores amplificaciones (hasta 50
millones de aumentos) y resoluciones limites mas bajas (hasta 0,05 nm)
gue la SEM (hasta 2 millones de aumentos y hasta 0,5 nm de resolucion

limite).

Para evitar la interaccion de los electrones con las moléculas de aire,
ambas técnicas trabajan en condiciones de alto vacio, lo cual no es posible

para muestras himedas. Ademas, en SEM se requiere que la muestra sea
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conductora, en caso contrario, es necesario un metalizado previo. Para
poder trabajar con muestras hiumedas, gasificadas o no conductoras sin
necesitar de metalizar se ha desarrollado la microscopia electrénica de
barrido ambiental (ESEM). Otros tipos de microscopia electrénica son la
de transmisién con barrido (STEM), de efecto tinel (STM) y de fuerzas
atémicas (AFM).

En esta tesis se ha empleado microscopia 6ptica y electronica. En el
capitulo 1l se emple6 la microscopia 6ptica (Digital Microscope Leica
DMS1000) para observa la propiedad de autorreparacion del material, tras
realizarle una brecha y aplicarle temperatura. En el capitulo V se emple6
la microscopia electronica de barrido ambiental o ESEM (FEI Quanta 600
environmental scanning electron microscopy) para analizar la superficie del
material tras su ruptura, y analizar su ductilidad. Ambos equipos se

muestran en la Figura 11-21.

(A)

Figura II-21. (A) Microscopio 6ptico Digital Microscope Leica DMS1000 (B)
Microscopio ESEM FEI Quanta 600.
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11-9. Prensa

En los ensayos dinAmico mecanicos (DMA) y en los de traccidn, el espesor
de la muestra es una variable importante. Debido a ligeras inclinaciones en
el horno donde se curan las formulaciones, o debido a las fuerzas de
adhesion de la formulacion con la superficie donde esta siendo curada (las
cuales generan un menisco), no siempre es facil conseguir un espesor
homogéneo. Para lograrlo, se somete a la muestra de espesor irregular a
presion y calentamiento dentro de un molde de aluminio, obteniéndose tras
este proceso un espesor mucho mas homogéneo. Aplicar presion y
temperatura también es necesario a la hora de realizar un reciclado
mecénico de los materiales. Para ello se ha empleado una prensa
hidraulica manual Specac GS15011 conectada a una unidad de

temperatura (Figura 11-22).

Figura 11-22. Prensa Specac GS15011.
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Abstract

In this work, a novel acidic catalyst, isopropyl methane sulfonate, has been
tested for the preparation of a series of poly(thiourethane) thermosets
(PTU)s. The advantage of this compound is that in addition to being free of
metals, by heating at temperatures above 100 °C, it releases methane
sulfonic acid, which is the true catalyst allowing to maintain the formulation
liquid at room temperature for a longer time than when using the more
common dibutyltin dilaurate (DBTDL) catalyst. The materials obtained were
characterized by thermogravimetry and thermomechanical analysis, which
allow determining higher initial degradation temperatures than using
tetraphenyl borate amidinium salts as basic organic catalysts. The PTUs
prepared with this catalyst show good vitrimeric-like characteristics, with

faster relaxation on increasing the amount of catalyst. The materials could
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be recycled without losing their chemical structure and mechanical

performance.

I1l-1. Introduction

In today's world, so scarce in resources and with serious environmental
problems, the recycling of thermosetting materials is one of the challenges
that must be addressed to find out a solution in a short time.>2 On the other
hand, the use of highly toxic metal catalysts to obtain this type of materials
is another of the environmental and health issues to be solved. Moreover,
production wastes due to the poor stability of the formulations before their
application have a negative impact not only on the economic costs but also
contribute to the environmental problems that arise from the lack of
recyclability of thermosetting materials. It should be commented that when
their service life is over, most of the thermosets are landfilled or
incinerated.34 The present paper aims to contribute to solving all these

three issues.

The recycling and reshaping of thermosets have been tackled by adding
reversible functional groups in the network structure so that at high
temperatures above Ty, the network acquires some mobility due to the
exchange between reactive groups. Under these conditions, the material
can be manipulated to be able to be repaired® or change its shape to be

reused.5”

The incorporation of dynamic covalent bonds in the network structure
allows obtaining recyclable and reusable materials while maintaining their
mechanical performance at the service temperature, which characterizes
thermosetting materials.® These materials have been named globally as
covalent adaptable networks (CANs) and a high number of covalent
groups, which define the material characteristics, have been selected for
such applications like esters,® imines,® urethanes,’* vinylogous
urethanes,!? disulfides,'® boronic esters4 and triazolium salts,'> among

others.
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In previous studies of our group, we investigated the preparation,
reprocessability, and recyclability of poly(thiourethanes) (PTUs), which are
the sulfur analogs of poly(urethanes) (PUs). The applications of PUs are
very broad, representing nearly 5 % of total polymer production.® In
contrast, poly(thiourethanes) have not been largely studied, although they
have good physical and mechanical characteristics and better optical
properties. In addition, they are more biocompatibleand it has been
described that their formation does not lead to by-products as allophanate,
according to the click nature of thiol-isocyanate reactions.171819 Ag it is
reported, the preparation of PTUs can take place by two different
mechanisms, according to the acid or basic characteristics of the catalyst,

which are shown in Scheme IlI-1:

a) Basic catalyst

K—\ o
NR © 0=C=N-R —
Ro—SH — 2 R,—s 1 I o R,—SH °

R;—S—C—N—R; — 3 R,—S—C—NH—R; + R,—S

b) Acid catalyst
0=Cc=N-R, MS—R: No cosr, HS—R A
/ \N/ Sn R;—S—C—NH—R,
\ // SR,
\S/ _
N 1

OOCR'

Scheme llI-1. Mechanism of thiourethane formation catalyzed by a) basic and b)
acid species.

As bases, trimethylamine?® or amidine compounds as 1,5-
diazabicyclo[4.3.0]Jnon-5-ene (DBN) or 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU)?t have been used. The reaction is usually too fast, making the
manipulation of the formulation difficult because of the short pot life. To
solve this limitation, we proposed the use of latent systems that liberate the
corresponding base on heating.?2 These compounds are amidinium salts
derived from tetraphenyl boric acid and different tertiary amines, which
release the base only when heated above 100 °C, which allows safe
storage and application and temporal control of the curing process.

Moreover, the use of these salts is advantageous in comparison to the use
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of free amines since it allows a substantial increase in the proportion of
amine in the material, which helps to accelerate the relaxation of the

network structure, facilitating the recyclability of PTUs.23

As an acid catalyst, the most extensively used is dibutyltin dilaurate
(DBTDL).2425 This Lewis acid starts the reaction even at room temperature,
which is also a disadvantage for storing the formulations before their
application. In addition, the EU has classified this compound as toxic for
reproduction and suspected to be mutagenic.?6 Bronsted acids, as methane
sulfonic, acetic, trifluoroacetic, and triflic acids have been tested.?” The
combination of methane sulfonic acid, as Bronsted acid, with nucleophilic
phosphines was also reported by Bowman’s group who observed induction
times up to 20 min without affecting the final conversion reached.?” Thus,
to reach a fully temporal control in the production of PTU thermosets

avoiding the use of metals, it is necessary to look for other acidic catalysts.

In the present study, we propose the use of isopropyl methane sulfonate
(IMS) as a source of methane sulfonic acid.?® This ester compound can
experiment a B-elimination process that leads to the loss of propylene at
temperatures higher than 100 °C, with the formation of the methane sulfonic
acid, which catalyzes the reaction of isocyanate and thiol. As monomers,
we selected 1,6 hexamethylene diisocyanate (HDI) and isophorone
diisocyanate (IPDI) as isocyanate sources, and trimethylolpropane tris(3-
mercapto propionate) (S3) and pentaerythritol tetrakis(3-mercapto
propionate) (S4) as the thiols. Scheme IlI-2 shows the structure of these

compounds.

HaC,

—c NCO
0mGaN NGO HiG
NCO

HDI HaC
IPDI
o o o )
HS/\)LO:><:OJ\/\SH HS/\)kO oJ\/‘sn
Hs\/\loro CHs HS\/IO: :0\{(\/5”
S3 sS4

Scheme llI-2. Structure of the monomers used in the poly(thiourethane)
synthesis.
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Since the poly(thiourethane)s behave as vitrimer-like polymers in the
presence of DBTDL or tetraphenylborate amidinium salts, and their
proportion influences the relaxation time, in the present study, we will
characterize the materials prepared with the new acidic catalyst from the
thermomechanical point of view. We will also compare them with their
analogous prepared using DBTDL as the catalyst. The vitrimeric-like
behavior was attributed to the trans-thiocarbamoylation process of
thiourethane groups, which at high temperature revert to isocyanate and
thiol groups that immediately react. This quick reaction allows maintaining
practically the same number of crosslinking points and consequently
reducing the viscosity progressively on increasing the temperature
following an Arrhenius behavior.23:2%:30 Torkelson’s group reported the
vitrimeric-like behavior by studying the solvolysis of PTUs with alcohols,
allowing to recover of monomeric thiols.3! Similarly, Bowman et al.
proposed the depolymerization of networked poly(thiourethane)s to lead
to liquid oligomers which can be further re-crosslinked without any loss of

performance.32

I11-2. Experimental part
I11-2.1. Materials

Trimethylolpropane tris(3-mercapto propionate) (S3), pentaerythritol
tetrakis(3-mercapto propionate) (S4), and hexamethylene diisocyanate
(HDI) from Sigma Aldrich were used without previous purification.
Isophorone diisocyanate (IPDI) and isopropyl methane sulfonate (IMS)from

Acros Organics were used as received.
I11-2.2. Preparation of the formulations

Thiols (S3 or S4) and diisocyanates (HDI or IPDI) were mixed in
stoichiometric proportions: 1 mol of thiol group per mol of isocyanate group.

The amount of catalyst was calculated as grams of catalysts per hundred
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grams of thiol (phr). The mixtures were manually stirred until complete

homogenization.
111-2.3. Sample preparation

The formulations prepared were placed on Petri dished covered with
adhesive Teflon to avoid sticking to the glass, and they were heated at 140
°C for 15 min. Then, the materials were removed from the mold and the
curing processes were completed in a hot-press at 180 °C for 45 min under
a pressure of 15 MPa. The cured sample were cut while heating to obtain

rectangular specimens of about 20 x 5 x 0.5 mm.
I11-2.4. Calorimetry study

A differential scanning calorimeter (DSC) Mettler DSC-3*, calibrated using
an indium standard (heat flow calibration), and an indium-lead-zinc
standard (temperature calibration) was used to analyze the curing
evolution. Samples of approximately 5-10 mg were tested in aluminum
pans with a pierced lid in an inert atmosphere (N2) with a gas flow of 50
cm?/min. The dynamic studies were performed in a temperature range of
0-250 °C with a heating rate of 10 °C/min.

The enthalpy (AH) released while curing the mixtures was calculated by
integration of the calorimetric signal using a straight baseline with the help
of the STARe software. The glass-transition temperature (Tgy) of the cured
materials was determined by heating a small piece between 0 to 250 °C at
20 °C/min. Temperatures were calculated with the help of the STARe

software.
111-2.5. Thermal stability

The thermal stability of the cured samples was evaluated by
thermogravimetric analysis (TGA), using a Mettler Toledo TGA2 STAR
System thermobalance. All experiments were performed under an inert

atmosphere (N2 at a flow of 50 cm3/min). Pieces of cured samples of 10-15
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mg were degraded between 30 and 600 °C, with a heating rate of 10

°C/min.
11I-2.6. Infrared spectroscopy

Fourier-transform infrared (FTIR) spectra were recorded with a
spectrometer Jasco FT/IR 6700, in absorbance mode, with a resolution of
4 cm™, in the wavelength range from 650 to 4000 cm™ and with 32 scans
of each spectrum. The instrument is equipped with an attenuated total
reflection accessory with thermal control (Golden Gate Heated Single

Reflection Diamond-ATR Specac-Teknokroma).
111-2.7. Raman spectroscopy

Raman spectra were recorded with a spectrometer Raman Renishaw InVia,
with a resolution of 1 cm? in the spectral range from 400 to 3100 cm-1. The
device is equipped with a Linkam heating plate accessory that allows to

record the spectra from room temperature to 200 °C.
111-2.8. Thermomechanical properties

The viscoelastic and thermomechanical properties were evaluated with a
DMA Q800 analyzer from TA Instruments, using a film tension clamp.
Cured samples were die-cut in rectangular specimens of dimensions about
20 x 5 x 0.5 mm3.The evolution of tan & and dynamic modulus with the
temperature was analyzed. The samples were tested at a heating rate of 2

°C/min from -25 to 100 °C, with a frequency of 1 Hz and 0.1 % of strain.
I11-2.9. Stress-relaxation tests

Tensile stress relaxation tests were conducted using samples with the
dimensions previously defined. The samples were equilibrated at 155 °C
and left at this temperature for 5 min. Then, a constant strain of 1.5 % (to
ensure the materials were within the linear range) was applied, and the
consequent stress level was measured as a function of time for 90 minutes.
After releasing the stress, the temperature was progressively increased 5

°C, and the process was repeated until a final temperature of 190 °C was
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reached. Relaxation stress g(tf) was normalized to the initial stress (g,), and
the relaxation time (1) was determined as the time necessary to relax
0.370%.

With the relaxation times obtained at each temperature, the activation
energy values (E,) and the pre-exponential constant (A) were calculated by

where Tis the time needed to attain a given stress-relaxation value (0.370),
A is the pre-exponential factor, and R is the gas constant. From the
Arrhenius relation, the temperature of topology freezing (T,) was obtained
as the temperature at which the material reaches a viscosity of 1012 Pa-s.
Using Maxwell’s relation and E’ determined from DMA (assuming E’ is
relatively invariant in the rubbery state), r* was determined for each
material. The Arrhenius relationship was then extrapolated to the

corresponding value of 7*to determine the T, for each sample.
111-2.10. Recycling

The cured materials were cut into small pieces and hot-pressed at 15 MPa
into an aluminum mold at 180 °C for 90 min. Original and recycled samples
were die-cut in dog-bone shapes from the film obtained and tested in the
tensile mode in a Shimadzu AGS-X universal testing machine with a 1000
N load cell at 10 mm/min at room temperature. Three samples of each

material were tested, and the values obtained were averaged.

111-3. Results and discussion
111-3.1. Study of the curing process

In technological applications, curing catalysts showing a certain degree of
latency are of great importance, as the prepared formulations can be

maintained in their initial state for a while, enough to allow the manufacture

108



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD

Federico Guerre GomRiding ”
PRECURSOR DE ACIDO

of pieces or the complete coating of surfaces during the working time.
Therefore, the use of such catalysts as curing agents has great economic
and environmental effects, as they help reduce the waste of useless
formulations. Thus, we propose the use of isopropyl methane sulfonate
(IMS) as a catalyst to substitute dibutyltin dilaurate (DBTDL) in the
preparation of poly(thiourethane) thermosets since DBTDL starts the
reaction instantaneously when added to the reactive mixture reducing the

pot-life.

The curing of the thiol/isocyanate formulations that contained 1phr of IMS
was studied by calorimetry (DSC). Figure 1 shows the calorimetric curves
for all the combinations of monomers. Table IlI-1 collects the main data

extracted by this technique.

As we can see from the curves, the heat release begins at temperatures
above 100 °C. When the reaction starts, it is quite fast, especially in the
mixtures containing HDI as the diisocyanate monomer. This seems to
confirm a certain latent character of this acid precursor, which upon
reaching the required temperature for the B-elimination process, abruptly
releases propylene and leaves methane sulfonic acid in the reactive
mixture, acting as a catalyst and enhancing the electrophilic character of
the isocyanate carbonyl group. The different reactivity of both isocyanate
groups and the rigidity of the cycloaliphatic ring in the IPDI broadens the

calorimetric curve, which extends to higher temperatures.

——S53 + HDI
83 + IPDI

1 ——s4+HDI
——54 + IPDI

Heat flow (mW, exo)
' )

T T T T T T T T
25 50 75 100 125 130 178 200 225 250
Temperature (°C)

Figure llI-1. Calorimetric curves of the dynamic curing of the different formulations
prepared with 1 phr of IMS at 10 °C/min.
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Table IlI-1. Main calorimetric data extracted from DSC studies of the curing of the
formulations studied.

Monomers Proportion of Tmax? AHP TgC
catalyst (phr) (°C) (kJ/eq) (°C)

S3 + HDI 1 181 56 29
S3 + HDI 4 170 57 30
S3 + HDI 10 164 57 30
S3 + IPDI 1 197 66 106
S3 + IPDI 4 184 67 106
S3 + IPDI 10 178 67 106
S4 + HDI 1 179 65 56
S4 + HDI 4 168 66 56
S4 + HDI 10 163 66 57
S4 + |PDI 1 193 56 124
S4 + IPDI 4 181 57 124
S4 + IPDI 10 175 57 126

a. Temperature of the maximum of the exotherm
b. Enthalpy released in the thiol-isocyanate reaction by equivalent of
isocyanate

c. Glass transition temperature of the cured material
From the data in Table Ill-1, it can be seen that the enthalpy evolved is of
56 to 67 kJ per isocyanate equivalent, slightly lower than the enthalpy
obtained by using 1-imidazolium tetraphenylborate salt, as the base latent
catalyst,22 or DBTDL.30 This could be explained because the acid formation
by the B-elimination process is an endothermic process overlapped with the

curing exotherm.

To know the effect of the catalyst proportion on the curing process, mixtures
of HDI and IPDI with S3 and S4 with different proportions of acid precursor
were prepared. The main calorimetric data are also collected in Table IlI-1,
and Figure 111-2 represents the curves for the formulations obtained with

HDI and S3 as an example.

The increase of the proportion of catalyst in the curing evolution mainly
affects the reaction rate, and the exothermal curve is higher and thinner on
increasing the amount of catalyst. At the same time, the temperature of the
maximum of the exotherm shifts to a lower temperature. However, the
enthalpy evolved is similar, which indicates that the curing process reaches
the same extent. Thus, the use of this acid allows for an increase in the

amount of catalyst, without compromising the stability of the formulation
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before application. This could be advantageous in terms of stress relaxation
rate without losing the ability to manipulate the formulation for quite a long
time once it has been prepared compared to formulations catalyzed by
DBTDL.

Heat flow (mW, exo)

T T T T T T T T
25 50 5 100 125 150 175 200 225 250

Temperature (°C)

Figure llI-2. Calorimetric curves of the dynamic curing of formulations prepared
with stoichiometric proportions of S3 and HDI with different proportions of

isopropyl methane sulfonate at 10 °C/min.

The glass-transition temperature (Tg) of the materials after isothermal
curing does not show any variation in increasing the amount of acid
precursor. Samples with cyclic isocyanate (IPDI) present higher glass-
transition temperatures, related to the lower mobility of the network
structure, than samples obtained from the linear isocyanate (HDI).
Moreover, samples containing tetrathiol (S4) have a higher T4 value than
the ones obtained from S3 due to the higher crosslinking degree achieved.
Consequently, samples obtained from a stoichiometric formulation of S4
and IPDI presented the highest Tgs, ranging from 29 to 126 °C on changing

the monomer’s structure.

FTIR spectra were recorded to confirm that the curing process had been
completed. In Figure IlI-3, the spectra of the HDI + S3 with 1 phr of the acid

precursor before and after curing are overlapped.

As we can see, the stretching band at 2250 cm? of the isocyanate has

completely disappeared in the spectrum of the cured material, whereas new
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N-H and N-CO-S stretching absorptions appear at 3350 and 1655 cm-,
respectively, and the N-H bending at 1515 cm. This indicates the full
conversion of isocyanate in thiourethane groups. The thiol band at 2580
cm?, due to its weakness, cannot be barely observed. The ester absorption
at 1730 cm? of the thiol monomer remains constant and has been

previously used as a reference band in kinetic studies by this technique.??

Several mixtures were stored for 30 days in a chamber at 20 °C to
investigate if the use of IMS as a catalyst leads to a latent character of the
curing system. We investigated by FTIR the evolution of the isocyanate
bands and their apparent fluidity. The formulations remain liquid to be
applied for more than 20 days, but the isocyanate band started to decrease
slightly after 24 h. HDI formulations showed higher reactivity than those with
IPDI, which were liquid for more than 30 days. The presence of S3 in the

formulation increased the reactivity compared to S4.

| —— Before curing
—— After curing
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Figure 111-3. FTIR spectra of the stoichiometric HDI with S3 with 1 phr of isopropyl
methane sulfonate before and after curing.

111-3.2. Thermal stability

Thermal stability of the prepared poly(thiourethane) thermosets was
evaluated by thermogravimetry. The primary data obtained are presented
in Table 11I-2, and in Figure IlI-4, the derivative of the weight loss curves of

all the samples prepared with 1 phr of the catalyst are shown.
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As shown in Figure llI-4, the degradation mechanism is quite complex, with
three different steps for all the materials studied. However, the shape of the
curves is similar to that obtained by using DBTDL as the catalyst.?® This
indicates that the degradation mechanism does not change. Looking at the
values presented in Table 11l-2, we can observe that the initial degradation
temperature decreases on increasing the proportion of catalyst, but this
effect is practically negligible. The initial degradation temperature, a
parameter of utmost importance for mechanical recycling, is 10 °C higher
in the case of the material S3 + IPDI than when using DBTDL as the
catalyst®® and much higher than similar materials prepared with
tetraphenylborate salts as latent base catalysts.?® This constitutes an
advantage when using IMS in terms of the recycling capability of the final
thermoset. As expected, the main difference in thermal stability depends on
the network structure. IPDI materials start the degradation at higher
temperatures than those with HDI, and the higher crosslinking reached by

S4 enhances the thermal stability in front of S3.
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Figure llI-4. DTG curves of the materials prepared from the different monomers
with 1 phr of isopropyl methane sulfonate registered in N2 atmosphere at 10

°C/min.
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Table 11I-2. Thermogravimetric data of all the materials prepared in N2 atmosphere

Monomers Proportion Ta%? Ts0? Trmax® Char

of catalyst (°C) (°C) (°C) Yield®
(phr) (%)
S3 + HDI 1 248 272 297/332/456 2.6
S3 + HDI 4 247 269 300/333/457 2.6
S3 + HDI 10 244 268 303/338/458 3.0
S3 + IPDI 1 268 283 302/326/433 2.3
S3 + IPDI 4 266 282 303/328/433 25
S3 + IPDI 10 265 282 305/331/434 2.6
S4 + HDI 1 247 269 293/330/455 34
S4 + HDI 4 245 269 295/333/456 3.6
S4 + HDI 10 245 267 297/334/455 3.7
S4 + IPDI 1 273 286 297/326/456 3.2
S4 + IPDI 4 272 284 298/328/456 34
S4 + IPDI 10 270 284 300/329/456 3.6

a. Temperatures of initial degradation (2 and 5% of weight loss)
b. Temperatures of the maximum degradation rates of the three steps
c. Remaining weight percentage at 600 °C

On increasing the proportion of catalyst, the temperatures of maximum
degradation rates of the three steps do not change significantly. However,
the first and second steps are slightly shifted to higher temperatures on
increasing the amount of catalyst.

We investigated by FTIR the residue after degradation at 220 °C for 24
hours. The spectra before and after degradation are represented in Figure
1-5.

In the spectrum of the degraded material, the absorption of the carbonyl
group of the thiourethane moiety at 1730 cm has disappeared, appearing
new bands typical of secondary amides at 3300 cm* (N-H st.), 1650 cm™
(C=0 st., amide 1), 1515 cm* (N-H bending, amide Il) and 1235 cm (C-N
symmetric vibration, amide 111).33 In any case, isocyanate groups were
detected. This is in contrast with the results reported by Rogulska et al.®*
They determined that the gases that evolved during degradation were
formed by carbonyl sulfide, isocyanate, and carbon dioxide. According to
that, their proposed mechanism led to the formation of amine residues and

not amides, as we have clearly identified.
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Figure IlI-5. FTIR spectra of the material obtained from a stoichiometric HDI/S3
formulation with 1 phr of IMS before and after degradation at 220 °C for 24 hours.

111-3.3. Thermomechanical characterization

The materials prepared with 1 phr of IMS were characterized by DMA to
determine their thermomechanical behavior. To know if there is an effect of
the catalyst proportion, a sample obtained from HDI and S3 with 10 phr of
the acid precursor was also investigated. In Figure 11I-6, the tan & curves
and storage moduli of the materials prepared with 1 phr of IMS are plotted.

The main values extracted are presented in Table I11-3.

The shape of the tan é curves shows the high homogeneity of the network
structure in all the PTUs, thanks to the click nature of the thiol isocyanate
reaction with this catalyst. The values of FWHM of the curves are similar to
those obtained using DBTDL or imidazolium tetraphenylborate as the
catalysts.?? This value increases slightly with the functionality of the thiol
and the proportion of catalyst. However, the maximum of the tan 6 curves
appears at lower temperatures when using IMS as the catalyst instead of
DBTDL. IPDI, because of its more rigid structure, leads to materials with
higher Tiwns, reaching 141 °C when S4 was used as the comonomer. The

use of high proportions of IMS does not affect this value.

115



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD

Federico e

PRECURSOR DE ACIDO

Storage moduli in the rubbery and glassy states are slightly higher for IPDI-
derived materials and increase with the functionality of thiol, as expected.
Higher proportions of IMS barely increase both moduli. When comparing
the values obtained with those previously reported using a basic
organocatalyst,?235 we can state that when using IMS they are slightly lower
in the rubbery state, which accounts for a more open network, but slightly
higher, with a slightly higher crosslinking density, than when using

DBTDL.30
er #0000
—=— 53 + HDI 1 phr —=—53 + HDI
. ——53 + IPDI 1 phr —— 53+ IPDI
- —=— 54 + HDI 1 phr —— 5+ HDI
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Figure 11I-6. Evolution of tan & (left) and storage moduli (right) with temperature of
the different poly(thiourethane)s prepared with 1 phr of isopropyl methane
sulfonate.

Table 111-3. Main data obtained from DMA analysis of selected materials.

Monomers | Proportion | Ttans® | FWHMP? | Egiassy® | Erubbery® Erub,
of catalyst | (°C) (°C) (MPa) (MPa) theor
(phr) (MPa)
S3 + HDI 1 49 9.6 2209 6 7
S3 + IPDI 1 118 13.3 2697 14 8
S4 + HDI 1 70 12.0 2512 11 12
S4 + |PDI 1 141 15.5 2948 19 13
S3 + HDI 10 48 10.5 2338 9 7

a. Temperature of the maximum of the tan d peak.

b. Full width at half maximum of the tan & peak.
c. Storage modulus determined Ttans -30°C and at Ttans +30 °C
d. Theoretical rubbery storage modulus determined using the ideal rubber elastic
equation and the so-called phantom model.38:37
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The rubbery moduli of the HDI-formulations agree reasonably well with the
theoretical ones, whereas theoretical modulus of [PDI-containing
formulations is underestimated, possibly due to low mobility of IPDI. In any
case, experimental and theoretical modules for each isocyanate are
proportional to the branch numbers at the cross-link point, higher for S4

formulations
111-3.4. Vitrimeric characterization

In previous papers of our group, we reported that trans-thiocarbamoylation
reaction could proceed in networked poly(thiourethane)s at elevated
temperatures in the presence of acidic?®3° and basic catalysts,?® and the
higher the proportion of catalyst, the quicker the relaxation process at the
proper temperature. We demonstrated that this type of materials has a
vitrimeric-like behavior with the dissociation of the thiourethane group to
isocyanate and thiol and a very fast reforming that leads to a diminution of
the viscosity on heating that follows an Arrhenius type evolution. The fact
that the material could be solubilized in DMSO but not in dichlorobenzene
evidenced the dissociative character of the thiourethane exchange.3®
However, we couldn’t detect the formation of isocyanate groups by the
appearance of the absorption at 2250 cm in the FTIR spectrum recorded
at 180 °C or the appearance of the band at 2600 cm-!, attributable to the
thiol group thiols in the Raman spectrum at the same temperature. This
indicates that although the exchange reaction is dissociative, the coupling
reaction is extremely fast, and the dissociated fragments cannot be
detected.

We performed DMA experiments to investigate the effect of the monomer
structures of the different PTUs prepared and the ability of the acidic
catalyst present in the material on the stress relaxation behavior. The
temperatures selected were well above the T4to allow some movement of

the network structure to perform the exchange process.

Figure 11I-7 shows the dependence of the relaxation process on the network

structure and the effect of a higher proportion of IMS.
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Figure 111-7. Normalized stress relaxation behavior at 185 °C for all the PTUs
prepared with 1 phr of IMS and for HDI/S3 material with 10 phr of catalyst.

As we can see in Figure lll-7, there is an apparent reduction of the
relaxation time when 10 phr of acid catalyst is in the material because of
the increase in the exchange reaction rate, similar to that observed in PTUs
catalyzed by DBTDL.?® The addition of 10 phr of IMS to the formulation
leads to a final methane sulfonic acid content in the material of 7 phr after
the elimination of propylene on curing. The more flexible and open network
in HDI/S3 materials (see black curve) leads to the lowest relaxation time of
all the materials with the same amount of catalyst. The increase of the
crosslinking density produced by substituting S3 with S4 in the formulation
and/or HDI with IPDI (black and red curves for HDI systems and blue and

green curves for IPDI systems) increases the relaxation times.

Table 11I-4 presents the times needed to reach the point at which the stress
decreases to 1/e (37%) of its initial value (T0.37) at the tested temperatures,
in this case, 180 and 185 °C. The increase from 1 to 10 in the catalyst
proportion reduces this value to half. However, this value is higher than
previously studied acids??20 or bases.?3 It was reported that at 180 °C the
formulation with S3 + HDI has a To.37 of 126 min with 1 phr of DBTDL, but
only 20 min with 4 phr.2° Thus, we need a proportion of isopropyl methane

sulfonate higher than 10 phr to reach a similar relaxation rate. On the other
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hand, the use of tetraphenyl borates of amidine salts, such as DBN, DBU,
and TBD, allows reaching this relaxation time in less than 2 min at the same
temperature. However, the initial degradation temperature is around 210
°C, which limits the recycling to be performed at temperatures not higher
than 130 °C.

Table IlI-4. Main data extracted from stress relaxation experiments.

Monomers | Proportion | Tos7? | Toar® Ea° InA r2 T8
of catalyst | (min) | (min) | (kJ/mol) (°C)
(phr)

S3 + HDI 1 48.2 38.0 247 57.0 | 0.9959 | 157

S3 + IPDI 1 69.2 57.5 257 59.5 | 0.9995 | 164

S4 + HDI 1 141.2 | 85.2 272 63.0 | 0.9967 | 167

S4 + IPDI 1 - 99.8 280 65.0 | 0.9984 | 171
S3 + HDI 10 28.2 16.7 149 32.3 | 0.9919 | 135

a. Time to reach to.37 at 180 °C.

b. Time to reach 10.37 at 185 °C.

c. Activation energy of the exchange process

d. Topology freezing temperature calculated as defined in Section 11.6.2.

It must be noted that 180 °C was not enough to achieve the 63% of
relaxation of the stresses for the S4 + IPDI sample with 1 phr of catalyst, so
a minimum temperature of 185 °C must be used to reach this value,
although it takes about 100 min. This longer time is due to the higher
crosslinking density introduced by the use of S4, together with the rigidity

of the IPDI structure.

Stress-relaxation tests were performed at different temperatures to further
characterize the vitrimeric-like behavior of the materials. Figure 111-8 shows
the relaxation curves for the HDI + S3 formulation with 10 phr of catalyst as
an example. As is expected, the higher the temperature, the shorter the

time to relax the stress.
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Figure 111-8. Normalized stress relaxation plot as a function of time at several
temperatures from 180 to 200 °C during 120 min of sample S3 + HDI with 10 phr
of IMS.

Vitrimer-like materials, although dissociative from the mechanistic point of
view, present a decrease of viscosity with the temperature following
Arrhenius’ law, like inorganic silica. From the times to reach a relaxation
stress 0/00=37% at each tested temperature and using an Arrhenius-type
equation, we determined the activation energy (Ea.) of the rearrangement
process for the materials prepared. The values obtained are presented in
Table IlI-4, while Figure 111-9 shows the Arrhenius plots. It should be noticed
that the activation energy values calculated are quite high compared to
those obtained for DBTDL materials (from 102 to 72 kJ/mol, for 1% to 4%
phr of catalyst).2® As occurred for DBTDL PTUs, on increasing the amount
of catalyst, the activation energy is reduced. In the case of IMS, this

decrease is notable and goes from 247 to 149 kJ/mol.

When comparing the materials prepared with the same proportion of
catalyst, it can be observed that the activation energy (and InA) increases
more noticeably when changing S3 by S4 with the same monomer (around
10% of increase) than when changing HDI by IPDI with the same thiol (with

only an increase of around 4%).

From the Arrhenius equation derived from these plots, we could determine
the topology freezing transition temperature (T,), defined as the

temperature at which the material reaches a viscosity of 1012 Pa-s. As we
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can see in Table 4, these temperatures are similar for all the materials with
the same amount of catalyst and around 20 °C lower when the catalyst
proportion is 10 phr. The T,s obtained for DBTDL catalyzed PTUs were
lower, between 132 and 96 °C, for 1 and 4 phr of DBTDL.?°

9.5 = S3+ HDI 1phr
¢ S3+IPDI1phr
S04 4 S4+HDI1phr
v 5S4+ |PDI 1phr
859 & 83+ HDI10phr
. 80
2
E 754
7.04 A _*
65 e
54 - .
o A
60 o~ —*
55 ¥

T T T T T T T T T Ll
211 212 213 214 215 216 217 218 219 220 221 222
1000/T (1/K)

Figure 111-9. Arrhenius plot of relaxation times against temperature for all the
materials prepared.

I11-3.5. Recycling

To test the recyclability of the prepared PTUs we selected the S3 + IPDI
sample due to its higher Tg4 that warranty a reliable mechanical behavior at
room temperature. To prepare the recycled material we cut the sample S3
+ IPDI (with 10 phr of catalyst) into small pieces and placed them on an
aluminum mold and then it was hot-pressed at 15 MPa and 170 °C for 90
min. This temperature is suitable for recycling, as isothermal TGA results
proved that at this temperature during 100 min, less than 1 % in weight was
lost. The process was repeated several times, and the FTIR spectra of the
samples were recorded after each process. Figure 1lI-10 shows the

overlapped FTIR spectra.

As shown in Figure 11I-10, the spectra are practically superimposable
without significant variations even after the third recycling process. The tan

O curves for the original and recycled material were registered, and as can
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be seen in Figure lll-11, they are very similar, which confirm the good

recyclability of these materials.

—— Original
—— Recycling 1
71 ——Recycling 2
—— Recycling 3
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Figure 11I-10. FTIR spectra of the original material obtained from S3 + IPDI
formulation with 10 phr of catalyst and after three consecutive recycling

processes.
1.8
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Figure 11I-11. Evolution of tan & with temperature of the original and recycled S3 +

IPDI sample with 1 phr of isopropyl methane sulfonate.

The films obtained after recycling were die-cut in dog-bone shapes and they
were tested in tensile in a universal testing machine. The stress-strain
behavior of the virgin materials was registered and compared with the
recycled ones. The stress-strain behavior of one selected sample (from the
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three done) is presented in Figure IlI-12 and the parameters extracted are
presented in Table IlI-5.

30

2 - - -Stress-Strain Original

—— Stress-Strain Recycled

N
S

Stress (MPa)
"
&

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
Strain (%)

Figure 1l1-12. Stress-strain behavior of the original material obtained from S3 +

IPDI formulation with 10 phr of catalyst and after a recycling processes.

Table 11I-5. Main data extracted from tensile test at break for original and recycled

samples.
Material Stress at break Strain at break Tensile modulus
(MPa) (%) (MPa)
Original 240+3 1.5+0.6 1779 £ 95
Recycled 2165 1.2+0.9 1850 + 110

As we can see from the values of the table all the materials behave quite
similar before and after being recycled. The stiffness is more or less the
same and the strength is slightly lower in the recycled sample due to the
extremely harsh conditions of the recycling process. Nevertheless, it is
important to highlight that a thorough study determining the optimal
combination of time, pressure, and temperature for the recycling process is

needed to ensure these materials' high capability for recyclability.
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I1I-4. Conclusions

A new acidic organocatalyst, isopropyl methane sulfonate, has been tested
for the preparation of poly(thiourethane) networks. This compound, when
heated to temperatures above 100 °C, releases the corresponding acid,
which is the true catalyst. This allows the prepared formulations to be kept
in the proper viscosity range for a much longer time than when using
DBTDL as a catalyst. This behavior allows for increasing its proportion up
to high content, which is convenient to accelerate the relaxation process of
PTUs vitrimer-like materials.

The PTUs prepared with this catalyst show glass transition temperatures
that mainly depend on the monomer’s structure and not on the proportion
of catalyst. However, these temperatures are slightly lower than the ones
obtained from previously reported PTUs obtained by using DBTDL. From
the width of the tan & curve, it is inferred that the materials were highly
homogeneous because of the click nature of the thiol-isocyanate reaction.

No side reactions could be detected by FTIR spectroscopy.

The initial degradation temperatures of the materials prepared are slightly
higher than similar reported materials prepared with DBTDL and much
higher than the ones prepared with tetraphenyl borate amidinium salts,
which constitutes an advantage when using this organocatalyst in terms of
the recycling capability of the thermosets.

The materials present a vitrimeric-like behavior with an Arrhenius-type
decrease of the viscosity with temperature, with activation energies higher
than when using DBTDL. This value decreases by increasing the amount
of catalyst. Consequently, the times needed to relax are shortened when
the proportion of catalyst in the material increases. The time needed to
achieve the stress relaxation mainly increases with the crosslinking density

and slightly with the rigidity of the monomer structure.

FTIR spectra, thermomechanical analysis and mechanical results of the
original and recycled samples demonstrated that the material can be

recycled maintaining their chemical structure and mechanical performance.
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Abstract

Covalent adaptable networks (CANs) are new polymeric materials with the
mechanical properties of thermosets and the possibility of being recycled
like thermoplastics. Poly(thiourethane) networks have demonstrated
vitrimeric-like behavior at high temperatures due to the trans-
thiocarbamoylation process, which can be accelerated by Lewis acids and
bases. In this study, we report the use of lanthanide triflates (La, Sm, Dy,
Er, and Yb) as Lewis acid catalysts, a greener alternative to other metallic
catalysts as dibutyltin dilaurate (DBTDL) widely used in poly(urethane) and
poly(thiourethane) networks. Moreover, they are not as reactive as DBTDL,

and the curing mixture can be manipulated for a longer time at room
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temperature. As  monomers, trimethylolpropane tris(3-mercapto
propionate) (S3), hexamethylene diisocyanate (HDI), and isophorone
diisocyanate (IPDI) have been used. We have demonstrated that the
materials prepared with lanthanum triflate present the lowest relaxation
times than those prepared with others lanthanide triflates or DBTDL.
Calorimetry (DSC) and infrared spectroscopy (FTIR) were applied to study
the curing process. The materials obtained were fully characterized by

thermogravimetric analysis (TGA) and thermomechanical tests (DMA).

IV-1. Introduction

The first report on applying lanthanide triflates as Lewis acids in organic
synthesis appeared in 1987, in which triflates of different metals were tested
in the reaction between amines and nitriles.! The main advantages of these
catalysts over other Lewis acids are their commercial availability, their low
toxicity,? their tolerance to air, moisture, and protic solvents (such as water,
alcohols, and carboxylic acids),? and their ease of handling and recycling.
Lanthanide ions have low electronegativity and strong oxophilicity, and the
effect of triflate anion, with an electron-drawing capacity, increases their
Lewis acidity. Moreover, the Lewis acidity and the coordination ability can
be modulated by changing the lanthanide metal. Thus, these Lewis acids
are very advantageous as they possess higher activity and less corrosive

behavior compared with Brgnsted acids.

It has been shown that lanthanide triflates are one of the best catalysts for
ing-opening polymerization.>%7 By this mechanism, our group reported
many years ago their use in the curing of epoxy resins,®® and in the
copolymerization of epoxy resins with lactones.'®  Other exciting
applications have been their use as catalysts in C-C bond-forming
reactions: aldol, Michael, allylation, Diels-Alder, Friedel-Craft, and
glycosylation.?? Also, they can be used as precursors of chiral catalysts in

asymmetric synthesis.'2 In this work, we have explored their ability to cure
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isocyanates with thiols and their effect on the relaxation of the

poly(thiourethane) (PTUs) networks obtained to reach a good recyclability.

Poly(thiourethane)s, also named poly(thiocarbamate)s, are the sulfur
analogs of polyurethanes (PUs), one of the most produced polymers today
(5 % of the total polymer production).'* They present some advantages in
front of PUs since they are more flexible, feasible,51¢ biocompatible, and
have better optical properties with high transparency.'” Moreover, PTUs do
not present side-reactions as PU does, such as allophanate and the
formation of urea groups.'® However, PTUs are less studied than PUs,
because they are formed from thiols instead of alcohols, which have a
higher cost and unpleasant odor. However, after curing, the materials
obtained do not have to have a bad smell. The reaction between
multifunctional thiols and multifunctional isocyanate monomers to form PTU
networks can be catalyzed under basic conditions (nucleophilic activation)

or acidic conditions (electrophilic activation).

As basic catalysts triethylamine (TEA), 4-(N,N-dimethylamino)pyridine
(DMAP), 1,4-diazabicyclo[2.2.2]octane (DABCO),'° 1,1,3,3-tetramethyl
guanidine (TMG),?® 1,5-diazabicyclo[4.3.0lnon-5-ene (DBN) and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU)%:22 have been tested. The low pKa
of thiol groups favors their deprotonation and the nucleophilic activation
with base catalyst, giving a swift attack to the isocyanate carbon. As this
reaction is too fast for some technological purposes, the use of latent
organic bases has been proposed, among them 1-methylimidazole (1-Ml),
DBU, DBN, and DMAP tetraphenylborate salts.?®

The use of acid catalysts in PTU preparation is limited to dibutyltin dilaurate
(DBTDL), although it has extended use. 17242526 However, there is a
tendency to avoid organic tin compounds due to tin toxicity since it is a
reproductive toxicant and a suspected mutagenic agent.2” Another problem
associated with DBTDL is that it starts the reaction even at room

temperature, giving formulations with a short pot-life.

133



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD
Federico GueisselomRidinz

In a previous paper, the use of isopropyl methanesulfonate (IMS) as a
source of methane sulfonic acid was studied.2® This compound, when
heated at temperatures above 100 °C, releases the corresponding acid,
which is the true catalyst. Thus, IMS allows easier manipulation of the

prepared formulation during a prolonged period.

In the present work, we proposed the study of the catalytical activity of
several lanthanide triflates (La, Sm, Dy, Er, and Yb derivatives) in the
preparation of poly(thiourethane) networks in comparison to DBTDL. The
thiol-isocyanate reaction has click characteristics using a basic catalyst,23
29 put in the case of an acidic catalyst, this nature is not as clear due to the
possibility of side reactions. As starting monomers we selected
trimethylolpropane tris(3-mercapto propionate) (S3), hexamethylene
diisocyanate (HDI), and isophorone diisocyanate (IPDI), whose structures

are depicted in Scheme IV-1.

The occurrence of side reactions will be explored by monitoring the curing
by calorimetry (DSC), and FTIR spectroscopy, and the materials prepared

will be characterized by thermal analysis.

A~~~ _NCO HS o] o} SH
oCN _\_< >_F
HDI o} o
NCO % o
o
NCO
IPDI s3

Scheme IV-1. Structure of the starting monomers.

In the last years, our group has deeply studied the vitrimeric characteristics
of poly(thiourethane) networks in the presence of acid?62® and basic
catalysts.® Their vitrimeric features are due to the trans-thiocarbamoylation
process that is accelerated by these catalysts. In the present study, we
have studied the effect of the lanthanide triflates on the relaxation behavior

of these materials by thermomechanical tests (DMA) to look for a greener
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and more effective catalyst for the reshaping and recycling of these types

of materials.
IV-2. Experimental part
IV-2.1. Materials

Trimethylolpropane tris(3-mercapto propionate) (S3), hexamethylene
diisocyanate (HDI), dibutyl tin dilaurate (DBTDL), La(OTf)s, Sm(OTf)s,
Dy(OTf)s, Er(OTf)s, and Yb(OTf)s from Sigma Aldrich have been used as
received. Isophorone diisocyanate (IPDI) was purchased from Acros

Organics. Acetone from Scharlab was purified by distillation and dried.
IV-2.2. Preparation of the formulations

S3 and HDI or IPDI were mixed in stoichiometric proportions: 2 mol of trithiol
for 3 mol of diisocyanate. The amount of catalyst was calculated in molar
percentage of the corresponding catalyst by 100 mol of thiol. First, the
selected lanthanide triflate and diisocyanate were manually stirred and
dissolved with the necessary amount of dry acetone. Then, the acetone
was eliminated under reduced pressure at room temperature, S3 was
added, and the mixture was manually stirred until complete
homogenization. The formulations and materials have been named
according to the following nomenclature “HDI or IPDI + lanthanide+

concentration”.
IV-2.3. Preparation of the materials

The materials were prepared using a Petri dish covered with an adhesive
Teflon sheet. The prepared formulation was spread on the Teflon surface,
and placed in an oven at 80 °C (1 day), at 120 °C and 140 °C (1 h at each
temperature) and 2 h at 160 °C. After curing, samples were demolded while
still hot.
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IV-2.4. Calorimetric study

A differential scanning calorimeter (DSC) Mettler DSC-3* calibrated using
an indium standard (heat flow calibration), and an indium-lead-zinc
standard (temperature calibration) was used to analyze the curing

evolution.

Mixture quantities of approximately 5-10 mg were tested in aluminum pans
with a pierced lid in an inert atmosphere (N2) with a gas flow of 50 cm3/min.
The dynamic studies were performed in a temperature range of 0 to 250 °C
with a heating rate of 10 °C/min. The glass-transition temperatures (Tgys) of
the cured materials were determined by heating a small piece of cured
material between 0 to 250 °C at 20 °C/min. Enthalpies and glass transition
temperatures were calculated with the help of the STARe software.

IV-2.5. Thermal stability

The thermal stability of the cured samples was evaluated by
thermogravimetric analysis (TGA) using a Mettler Toledo TGA2
thermobalance. All experiments were performed under an inert atmosphere
(N2 at a flow of 50 cm3/min). Pieces of 10-15 mg of cured samples were
degraded between 30 and 600 °C, with a heating rate of 10 °C/min.

IV-2.6. Infrared spectra

Fourier-transform infrared (FTIR) spectra were recorded with a
spectrometer Jasco FTIR 6700, in absorbance mode, with a resolution of 4
cm™, in the wavelength range from 650 to 4000 cm™, and with 32 scans of
each spectrum. The instrument is equipped with an attenuated total
reflection accessory (ATR) Specac Golden Gate, with controlled
temperature. This equipment has also been used in a kinetic mode,
registering spectra every 30 seconds at a fixed temperature (80 and 140
°C) to get conversion-time graphs.
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IV-2.7. Viscoelastic and thermo-mechanical properties

The viscoelastic and thermomechanical properties were evaluated using a
DMA Q800 analyzed from TA Instruments using a film tension clamp. Cured

samples were die-cut in rectangular areas of about 20 mm x 5 mm.

The evolution of tan & and storage modulus with the temperature was
investigated at a heating rate of 2 °C/min from -25 to 175 °C, at 1 Hz and
0.1 % strain.

Tensile stress relaxation tests were conducted using samples with the
dimensions previously defined. The samples were equilibrated at 165 °C
and left at this temperature for 5 min. Then, a constant strain of 1.5 % was
applied (to ensure the materials were within the linear range), and the
consequent stress level was measured as a function of time for 90 minutes.
Then, the temperature was increased 5 °C, and the process was repeated
until we reached the final temperature of 185 °C. Relaxation stress o(t) was
normalized to the initial stress (o0,), and the relaxation time (1) was

determined as the time necessary to relax 0.370,.

With the relaxation times obtained at each temperature, the activation
energy values (E,) and the pre-exponential constant (A) were calculated by

using an Arrhenius-type equation:
In() = 2% _ 4
n(t) = 7y

where Tis the time needed to attain a given stress-relaxation value (0.370,),

R is the gas constant, and T the absolute temperature.

The topology freezing temperature (Ty), the temperature at which the
material reaches a viscosity of 102 Pa-s, was obtained from the Arrhenius
equation. Using Maxwell’s relation and E’ determined from DMA (assuming
E’ is relatively invariant in the rubbery state), r* was determined for each
sample. The Arrhenius relationship was then extrapolated to the

corresponding value of r*to determine T, for each sample.
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IV-2.8. Tensile tests

Tensile strength tests were performed in dog-bone Type V samples at room
temperature, using an electromechanical universal testing machine UTS
Shimadzu AGS-X (Shimadzu Co., Kyoto, Japan) with a 1000 N load cell at
5 mm/min according to ASTM D638-14 standard. Three samples of each

material were tested, and the average results are presented.
IV-2.9. Recycling

The recycled samples were obtained by cutting the crosslinked polymer in
small pieces and hot-pressing at 15 MPa into an aluminum mold, at 190 °C
for 3 h. Recycled samples were die-cut in dog-bone shapes from the new
film obtained and were tested by DMA (to obtain the thermomechanical
properties) and Universal Test Machine (to obtain the tensile strength). By

FTIR the permanence of the chemical structure was confirmed.
IV-3. Results and discussion
IV-3.1. Calorimetric study of the curing

The catalytical activity of lanthanide triflates in the reaction between S3 and
the different diisocyanates (HDI and IPDI) was investigated by DSC, and
the obtained curves for HDI formulations are shown in Figure 1. The most
significant data extracted from DSC tests are collected in Table 1.
Stoichiometric formulations of comonomers were used to reach the highest
crosslinking density. The different catalysts were added in the percentage
of mol of the catalyst to mol of thiol, to compare their catalytical activities

without the effect of their different molecular weights.

In Figure IV-1, we can observe different shapes of the DSC curves of the
curing process of HDI samples, depending on the catalyst. In formulations
with lanthanide triflates, the curves present two more or less defined peaks.
The first one is at about 80 °C and the second is at a much higher
temperature depending on the lanthanide selected. The presence of these

two peaks indicates that two different chemical processes occur. In
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contrast, the formulation containing DBTDL as the catalyst shows only one

peak, indicating a more straightforward curing process.

As we can see, the enthalpy released in the first peak increases as the
lanthanide triflate goes from Yb to La, following the left direction in the
periodic table. Thus, the reactive process associated with this peak occurs

predominantly in the lanthanum salt and less in the case of ytterbium.

Whereas the temperature of the first peak practically does not change with
the catalyst, the maximum temperature of the second peak depends on the
lanthanide triflate employed, as seen in Table IV-1. Thus, this process
occurs at a higher temperature as the lanthanide used goes to the right in
the lanthanide series. However, not much influence is observed on the
enthalpy released in the second peak by varying the lanthanide salt. It is
well known that Yb is the cation with a higher Lewis acidity due to its small
ionic radium.*3! From this point of view, the curing process would be
expected to occur at lower temperatures when the ytterbium catalyst was
used, which was not observed. The contrary behavior could be related to
the coordination ability, which decreases going from La to Yb salts.3?
However, the coordination ability is somewhat complex and depends on the
ligand, therefore, it is not easy to predict. If the coordination ability plays an
important role, this could also be related to the appearance of the exotherm

at about 80 °C, more significant for lanthanum-catalyzed formulations.

When HDI was replaced by IPDI (Figure 1V-2), the peaks came out wider
due to the different reactivity of the two isocyanate groups, which did not
happen with the HDI, and the two peaks did not go come out well-defined.
In these formulations, the peak at a lower temperature can be observed
only in samples with La and Sm triflates. The main exotherm appears at a
higher temperature than in HDI formulations, which can be explained by the
minor reactivity of IPDI, which is more rigid than HDI. The differences
observed in the calorimetric curves of the curing process with both

isocyanates could be related to differences in the coordination ability of the
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lanthanide to the isocyanate group. The higher steric hindrance of the

isocyanates in the IPDI could difficult this coordination.

We determined the glass transition temperatures of all the materials
prepared by DSC. As shown in Table IV-1, the highest Ty was obtained
when using DBTDL as the catalyst. From the lanthanide triflates tested, the
Tgs decrease from La to Yb for both diisocyanates. The higher rigidity of the
IPDI monomer leads to higher Ty values for these materials as expected.
All these observations could be an indication that lanthanum cation, with a
bigger size, coordinates much better than ytterbium, and increases both Tys

and reactivity.

——HDILa 1% ——HDI Sm 1% ——HDI Dy 1%
——HDI Er 1% ——HDI Yb 1% ——HDI DBTDL 1%

Heat flow (mW, exo)

et pW

bttt a4ttt

2‘5 5‘0 ?|5 1‘00 11"5 I;D 1?‘5 2[‘}0 2'."5
Temperature (°C)
Figure IV-1. DSC curves for the curing of S3-HDI formulations catalyzed by the
different lanthanide triflates tested and DBTDL.

——IPDILa 1% —— IPDI Sm 1% ——IPDI Dy 1%
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Figure IV-2. DSC curves for the curing of S3-IPDI formulations catalyzed by the
different 1 % molar of lanthanide triflates and DBTDL.
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Table IV-1. Temperature of the maximum of the 2" exotherm and glass transition
temperature for all the formulations studied containing 1 % molar of catalyst.

HDI IPDI
Catalyst Tmax Tg Tmax Tg
o) o) 49 (°C)
La(OTf)s 146 32 192 100
Sm(OTf)s 162 29 194 96
Dy(OTf)s 183 27 199 94
Er(OTf)s 191 25 200 91
Yb(OTf)3 201 25 210 90
DBTDL 155 36 185 109

IV-3.2. Study of the chemical reactions involved in the curing process

We monitored the curing process of the different formulations prepared by
Fourier-transform infrared spectroscopy (FTIR-ATR) to determine the
reactions during curing. Firstly, we compared the FTIR spectra of the HDI
initial formulation catalyzed by La(OTf)s and the cured material. As shown
in Figure IV-3, the new peaks formed confirm the only appearance of the
thiourethane groups expected (bands at 3400 and 1650 cm™) and the
disappearance of the isocyanate band at 2250 cm*. Thiol absorption is very
weak, but it can be only perceived at 2570 cmtin the spectrum of the initial
formulation. The spectrum of the cured sample does not show any

difference from the one obtained when DBTDL was used as the catalyst.

104 ——HDi La 1 % before curing
———HDi La 1 % after curing

084
06 NCO (st) —

04+

Absorbance (au)

CH (st)
0.2 4
NH (st)

0.0+

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (1/cm)

Figure IV-3. FTIR spectra of the sample HDI La 1 % before and after curing.
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The kinetic study of the curing process using lanthanum and ytterbium
triflates was performed by ATR-FTIR at two different temperatures, 80 and
140 °C, which are the temperatures at which both curing exotherms appear,
to see the differences among both formulations. The conversion was
calculated using the area of the NCO stretching peak at 2250 cm! taking
the area of the carbonyl ester band of the thiol structure as the reference
by the following equation:
Ao (NCO) A (NCO)

% CONVERSION (NCO) :% . 100
Ao (C=0)

where Ao is the initial area of the corresponding peak and A is the area at
each temperature. The absorbances were normalized with that of the ester
group of S3 at 1730 cm-. Figure V-4 shows the conversion evolution for
HDI and IPDI formulations.
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Figure IV-4. Kinetic profiles of HDI and IPDI formulations with 1 % of

lanthanum and ytterbium triflates as the catalyst at two different temperatures.

In the first part of the conversion plot, we can see that the isocyanate
disappearance is much faster when La(OTf)s is the catalyst, especially in
HDI formulations. However, Yb(OTf)s induces a slower reaction and does
not generate significant differences between HDI and IPDI formulations.
Thus, the use of lanthanum leads to a notable consumption of the

isocyanate groups at 80 °C, where the first exothermic peak appeared in
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the DSC curves. Once the temperature increases to 140 °C, the
disappearance of the isocyanate occurs very fast in all formulations,

indicating that the formation of thiourethane functions is complete.

Analyzing in more detail the evolution of the FTIR bands along the curing
process, we could detect the formation of a band at 1680 cmt when curing
at 80 °C that is being displaced to lower wavenumber (1650 cm) on
increasing the temperature up to 140 °C, as it can be observed in Figure
IV-5.

The band at 1680 cm-* could be assigned to the stretching of the carbonyl
group of isocyanurates, formed by trimerization as represented in Scheme
IV-2.

o
R )L R
\N N/
3 R—NCO )\ /K
[¢] l‘l o]
R

Scheme IV-2. Formation of isocyanurates from the isocyanate monomers.
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Figure IV-5. FTIR-ATR curves of the curing of HDI La 1 % formulation at several

temperatures.

In a previous work of our group, we could see that on curing epoxy
isocyanate formulations with lanthanide triflates as the catalyst,
isocyanurates were also formed.33 Thus, it seems that the coordination of
the lanthanum cation, the biggest one, to the isocyanate favors the
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trimerization that takes place at moderate temperatures of 80 °C, where the
first exothermic peak of the DSC appears. The reversion takes place by
increasing the temperature, and the isocyanate released reacts with thiols
to form the corresponding thiourethane group. On reducing the size of the
lanthanide cation, the coordination ability is reduced, and the formation of
the isocyanurates seems to be less favored, as proved by FTIR and DSC
studies. When DBTDL was used as catalyst, no peak at 1680 cm!
appeared, but only the expected thiourethane carbonyl st. band at 1650

cmi,
IV-3.3. Evaluation of the thermal stability

The thermal stability of the poly(thiourethane) thermosets prepared was
evaluated by thermogravimetry, and the main data extracted are collected
in Table IV-2. Figure IV-6 shows the plots of the weight loss and their
derivatives of all the samples prepared with 1 % of each catalyst. The
evaluation of the thermal stability of the materials is of great importance to

avoid the degradation of the materials in the recycling process.

From the initial degradation temperatures, we can confirm that the materials
can stand the usual temperatures at which the recycling process is
performed (< 200 °C). No significant differences are observed among the
materials prepared with lanthanide triflates, although there is a slight trend.
While lanthanum salt leads to degradation at a lower temperature, when Yb
triflate is used, the degradation starts at higher temperatures. The materials
obtained with DBTDL begin their degradation at comparable temperatures,

although slightly higher.

The DTG curves of the materials containing lanthanide triflates as the
catalyst show three main degradation peaks, similar to those of the
materials with DBTDL, although somewhat displaced according to the
different catalyst efficiency for the degradation processes. The first step is
attributed in the literature to the reversion of thiourethane to isocyanate and
thiol.3+ 35 36 The second process is associated with the B-elimination of the

ester group, and the third process is due to the complete degradation of the
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network. Thus, it seems that there are no mechanistic differences among

the materials with the lanthanide salts.

Table IV-2. Thermogravimetric data of all the materials prepared and
degraded in N2 atmosphere.

Sample T2 Tmax? Char Yield®

(°C) °C) (%)

HDI La 1% 256 281/322/400 4.0
HDI Sm 1% 260 280/321/396 4.2
HDI Dy 1% 265 279/321/392 4.4
HDI Er 1% 267 278/320/387 4.6
HDI Yb 1% 267 276/320/386 4.8
HDI DBTDL 1% 268 306/344/452 4.9
IPDI La 1% 265 285/329/393 4.5
IPDI Sm 1% 269 283/327/390 4.6
IPDI Dy 1% 271 281/327/385 4.7
IPDI Er 1% 271 277/327/378 4.9
IPDI Yb 1% 271 277/325/376 51
IPDI DBTDL 1% 288 288/328/420 5.2

a. Temperatures of initial degradation (5% of weight loss)
b. Temperatures of the maximum degradation rates of the three steps
c. Remaining weight percentage at 600 °C
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Figure IV-6. TGA and DTG curves of the samples with HDI (A) and IPDI (B) with
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the different catalysts, recorded at 10 °C/min in the N2 atmosphere.
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3.4. Thermomechanical characterization

The materials prepared with lanthanum and ytterbium triflates were
characterized by DMA to evaluate the thermomechanical properties and to
compare them to the same systems but using DBTDL as the catalyst.
Figure 7 shows the evolution of tan & and storage moduli with temperature
for HDI and IPDI materials. The main data extracted are collected in Table
IV-3.

——HDI La 1% — IPDI La 1% —— HDI Yb 1%
——IPDI'Yb 1% ——HDI DBTDL 1% —— IPDI DBTDL 1%

20 (A)

(B)

tan s
=

Storage medulus (MPa)

054

-? 0 2‘5 5'[) 7 |[')0 |55 1;0 175 -25 6 2‘5 5‘0 7'5 160 155 L:)D 175
Temperature (°C) Temperature (°C)
Figure IV-7. Dependence of tan & (A) and storage moduli (B) with the temperature

of the different poly(thiourethane)s prepared by using 1 % of different catalysts.

As shown in Figure IV-7, the main difference is due to the diisocyanate
structure (being HDI the more flexible, and IPDI the one with a higher
rigidity).  However, the catalyst used has some influence on the
thermomechanical behavior. The use of DBTDL leads to the highest tan &
temperature, and the ytterbium salt leads to the lowest. It is also worth
pointing out that all the materials show unimodal curves, although DBTDL
presents the thinnest one (smaller FWMH), indicating a more
homogeneous structure in the materials obtained with this catalyst, which
is usually related to the inexistence of side reactions, as we saw in our

previous studies.36

Storage moduli in the rubbery and glassy state are slightly higher for IPDI
derived materials due to the higher rigidity of this structure. There are no
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significant differences in the rigidity of the materials when using lanthanide
triflates or DBTDL as catalysts.

Table IV-3. Main data extracted from DMA analysis of several materials prepared.

Sample Twans® | FWHMP | Egiassy® | Erubbery?

(°C) (°C) (MPa) | (MPa)
HDI La 1% 42 11.5 2500 8.0
IPDI La 1% 113 13.1 2699 10.9
HDI Yb 1% 32 16.0 2283 7.1
IPDI Yb 1% 106 17.9 2540 10.1
HDI DBTDL 1% 57 10.3 2083 6.4
IPDI DBTDL 1% 132 12.5 2496 9.9
HDI La 0.5% 43 10.8 2401 7.3
HDI La 2% 41 12.4 2584 9.3

a. Temperature of the maximum of the tan & peak.
b. Full width at half maximum of the tan & peak.

c. Storage modulus obtained at Ttans - 30 °C.

d. Storage modulus determined at Ttans +30 °C.

Since the amount of catalyst affects significantly the rate of relaxation
phenomena, we studied the influence of the proportion of lanthanum triflate
in the thermomechanical characteristics of these materials. As we selected
1 % mol of catalyst to thiol for the whole study, we reduced this proportion
up to 0.5% and increased it to 2%. Their thermomechanical characteristics
are presented in Table IV-3. Whereas the maximum of the tan & is similar
for all the samples, increasing the amount of catalyst slightly increases the
broadness of the curves and the storage moduli in the rubbery and glassy

states, being these variations not significant.
3.5. Vitrimeric characterization

In previous papers of our group, we reported that trans-thiocarbamoylation
reaction could proceed at elevated temperatures in the presence of acidic
and basic catalysts. The higher the proportion of catalyst, the quicker the
relaxation process at the proper temperature. We demonstrated that this

type of material had a vitrimeric-like behavior with the dissociation of the
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thiourethane group to isocyanate and thiol and a very fast reforming that
led to a diminution of the viscosity on heating that follows an Arrhenius type

evolution.26.30.36

To investigate the effect of the monomer structure of the different PTUs
prepared and the ability of the acidic catalyst present in the material on the
stress relaxation behavior, we have performed several stress relaxation
experiments by DMA. We selected lanthanum and ytterbium triflates
because they are the most different, and we included DBTDL as the
reference in the study. The temperatures selected were well above the Tq
to allow a certain movement of the network structure to perform the
exchange process. Figure IV-8 shows the stress relaxation curves
registered at 180 °C, and the main data extracted from this study are

presented in Table I1V-4.

Table IV-4. Main data extracted from stress relaxation experiments.

Sample Tosr” B In-A r2 T
(min) (kJ/mol) (min) (°C)

HDI La 1% 3.5 131 29.5 0.9991 115
IPDI La 1% 55.5 137 30.7 0.9990 119
HDI Yb 1% 55 125 24.7 0.9933 139
IPDI Yb 1% 88.5 126 25.2 0.9999 146
HDI DBTDL 1% 24 117 26.2 0.9949 135
IPDI DBTDL 1% 78 121 27.9 0.9961 139
HDI La 0.5% 10.7 155 27.0 0.9976 122
HDI La 2% 15 126 36.6 0.9990 113

a. Time to reach a value of o/00= 0.370, at 180 °C
b. Activation energy of the exchange process
c. Topology freezing temperature

As we can see, the materials obtained from HDI prepared with the
lanthanum salt are the ones that relax faster, followed by the ytterbium
triflate. The complete relaxation of HDI materials was reached in less than
40 min when using 1 % of the lanthanum salt as the catalyst (70 min with

ytterbium), whereas when using DBTDL or IPDI structure, the materials
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needed more than 90 min to relax the stress completely. The differences
are not as noticeable when using IPDI as the monomer, but lanthanum

triflate also leads to faster relaxation.

—=—HDILa1%
——IPDILa1%
——HDIYb1%
——IPDI Yb1%
—*+—HDIDBTDL 1 %
—+—IPDIDBTDL 1 %

ol =037

aola

Time (min)

Figure 1V-8. Normalized stress relaxation curves at 180 °C for some PTUs
prepared with 1 % of catalyst.

Compared to DBTDL, lanthanum salt leads to the best results in the
relaxation of stress and, as discussed before, in the kinetics of curing,
presenting similar thermomechanical characteristics. This behavior can be
attributed to the size of the lanthanum cation that leads to the best

conjunction of Lewis acidity and coordination capacity.

We also investigated how changing the amount of lanthanum triflate affects
the relaxation ability. The reduction to 0.5 % increases the time to reach
To.s7 to 10.7 min, whereas on increasing the proportion up to 2 %, this time
was reduced to 1.5 min. 1% of La(OTf)sis less than 3 phr (parts per hundred
of thiol), whereas 4 phr of DBTDL were needed in previous work to reach a
To.37 of 20 min.?® The values of To37 are of the same magnitude as those
reported using basic organocatalysts (tetraphenylborate salts of amidine
compounds such as DBN, DBU, and TBD).3® The advantage of the
lanthanum salt when catalyzing the relaxation of PTUs is that it is
commercially available, allows the storage and manipulation of the

formulations for several time (in contrast to DBTDL and other non-latent
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basic catalysts), and the materials obtained are more stable at higher
temperatures than the ones obtained with organocatalysts, which begins to

degrade at temperatures around 210 °C.

To calculate the kinetic parameters of the stress relaxation phenomena
using the new catalyst, we performed stress-relaxation experiments at
different temperatures for each type of material. As shown in Figure V-9,
for the sample HDI with 2% of La(OTf)s, there is a clear dependence of the

relaxation time on the temperature.

1.0

——165°C
——170°C
——175°C
——180°C
——185°C
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m’cu =037

0441

024 4

0.0 4 e e
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Figure IV-9. Normalized stress relaxation curves as a function of time at several
temperatures from 165 to 185 °C during 90 min for the sample HDI La 2 %.

From the values of tos7 at each temperature, the Arrhenius plots were
constructed for all the systems studied. Figure 1V-10 presents the evolution
of these values against the inverse of the temperature. The activation

energies and the adjusting parameters are included in Table IV-4.

The fact that the evolution of the viscosity of the materials with lanthanide
triflates with time follows an Arrhenius evolution helps us to assert that the
PTUs prepared to have a vitrimer-like behavior as reported previously since
these catalysts are very effective in the reaction of isocyanates with thiols
but also in the decomposition of thiourethanes to isocyanate and thiols.3°
Although the activation energies calculated for the lanthanum salt are

higher than those for ytterbium and DBTDL, the higher values of the pre-
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exponential factor leads to a fastest relaxation. On increasing the proportion
of the lanthanum salt in the mixture, the activation energy decreases, as
observed previously for DBTDL.2¢
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Figure 1V-10. Arrhenius plot of relaxation times against inverse temperature for
the materials with different catalysts, obtained from relaxation experiments.

The different Tvs (topology freezing transition temperatures), the
temperature at which the materials reach a viscosity of 102 Pa-s, were
calculated from the Arrhenius plot, and the values were also included in
Table 4. The calculated Tvs for each material are above Twn 5. Therefore,
the Twn 5 has to be overpassed to reach the reorganization of the network.
It has to be commented that although the correlation in the Arrhenius plots
is excellent, little errors in the activation energies produce significant
deviations in the relaxation times and, consequently, in the Tv calculated.
The lanthanum salt leads to the lowest Ty for materials derived from HDI

and PDI, and the increase in its proportion reduces this temperature.
3.6. Recycling

To confirm the recyclability of the materials prepared we selected the IPDI
La 1%. The material was cut into small pieces and hot-pressed at 15 MPa
in an aluminum mold at 190 °C for 3 h, since this temperature combines a

fast relaxation process with the thermal stability tested by TGA and
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confirmed in isothermal conditions at this temperature. Figure IV-11 shows

the good appearance and transparency of the material after recycling.

15 MPa
190 °C
3h
UNIVERSITAT _
'ROVIRA i VIRGILL
ORIGINAL RECYCLED

Figure IV-11. Photographs of the original and recycled IPDI La 1 % sample
showing the high transparency of the recycled material.

The recycled material was examined by FTIR spectroscopy and compared
with the virgin one. Figure 1V-12 shows the FTIR spectra where we can see

that the chemical structure remains unchanged after the recycling process.

1004 ——IPDILa 1 % original
——IPDI La 1 % recycling D
0,75
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Figure IV-12. FTIR spectra of the IPDI 1 % La virgin material and after the
recycling process.

The recycled material was also tested by DMA to assess the
thermomechanical properties of the recycled material. Figure IV-13 shows
the evolution of the storage moduli and tan & with temperature, where no

significant differences can be appreciated, confirming these materials’ good

recyclability.
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Figure IV-13. Plots of tan 8 and storage moduli evolution with temperature of the
original IPDI 1 % La and after the recycling process.

We also performed tensile test to the original and recycled sample to
compare their stress-strain behavior. To do that, samples were die-cut in
dog-bone shapes and tested in the UTS Shimadzu AGS-X. Three samples
were tested and the average results are presented in Table 1V-5.

Table IV-5. Main data extracted from tensile test at break for original and recycled

sample.
) Tensile
Stress at break | Strain at break
Sample Modulus
(MPa) (%)
(MPa)

IPDI La 1%-original 28.815.4 1.24+0.3 2083+16
IPDI La 1%-recycled 24.245.8 1.21+0.8 1927457

As we can see from the mechanical parameters extracted from the tensile
tests, sample IPDI with 1% of La(OTf)s behaves quite similarly before and
after being recycled. The stiffness is more or less the same and the strength
is slightly lower in the recycled sample, due to the extremely harsh
conditions of the recycling process. These tests conditions also affect to the

statistical dispersion of the results in the recycled samples, being slightly
higher.
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IV-4. Conclusions

Lanthanide triflates can be used as Lewis acid catalysts in the preparation
of crosslinked poly(thiourethane)s as well as catalysts in the vitrimeric
relaxation of these materials. The different size, coordination ability, and

Lewis acidity of the lanthanide cations lead to gradual differences.

The curing process consists of two distinct reactions: the first, at moderate
temperatures, is the formation of isocyanurate rings by isocyanate
trimerization, which occurs to a greater extent as the size of the lanthanide
cation increases. The second process, the formation of thiourethane
groups, occurs at higher temperatures ranging from lanthanum to
ytterbium. In the final materials, there are no remaining isocyanurates but

only thiourethane groups.

The Tgs of PTU networks decrease from lanthanum to ytterbium and are
slightly lower than those obtained with DBTDL as the catalyst.

Two isocyanates, HDI and IPDI, were selected as starting compounds that
reacted with a trithiol, S3. HDI showed a greater reactivity than IPDI, but
the last led to higher Tgs of the final material due to its rigid structure.

Materials prepared with lanthanum salt begin to degrade at temperatures
slightly lower than those obtained with DBTDL but are sufficiently stable to

be recycled at temperatures below 200 °C.

The use of DBTDL as the catalyst leads to the highest tan & temperature,
and among lanthanide triflates, the ytterbium salt leads to the lowest. The
use of lanthanide triflates leads to materials with slightly higher storage
moduli, especially for the lanthanum catalyst. On increasing the proportion
of lanthanum triflate in the material, tan & temperature remains unchanged

with bare changes in their rigidity.

Lanthanum salt leads to the best results in the relaxation of stress, and
even ytterbium triflate leads to faster relaxations than DBTDL. On

increasing the proportion of lanthanum triflate in the formulation, the rate of
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relaxation improves noticeably. The rigidity of IPDI, in contrast to the

flexibility of HDI, slow down the relaxation process.

The evolution of the viscosity of the materials with lanthanide triflates
against time at high temperature follows an Arrhenius evolution and helps
to assert that the PTUs prepared with lanthanide triflates have a vitrimer-
like behavior. Lanthanum salt leads to the lowest topology freezing
transition temperature, which decreases by increasing the amount of

catalyst.

The materials can be recycled without differences in their structure, and the
thermomechanical and mechanical properties remain unchanged after the
recycling processes, with only slight differences due to statistical

dispersion.
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Abstract

A series of poly(thiourethanes) (PTUs) from biobased monomers have
been synthesized. Limonene and squalene were transformed into
polyfunctional thiols by thiol-ene reaction with thioacetic acid and further
saponification. They were then reacted in different proportions with
hexamethylene diisocyanate (HDI) in the presence of a catalyst to prepare
bio-based poly(thiourethane) vitrimer-like materials. The different
functionalities of squalene and limonene thiols (six and two, respectively)
allow for changing the characteristics of the final material by only varying
their relative proportions in the reactive mixture. The proportions of thiol and

isocyanate groups were stoichiometric in all the formulations tested. An
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acidic and a basic catalyst were tested in the preparation of the networked
polymers. As the acidic catalyst, we selected dibutyltin dilaurate (DBTDL),
and as the basic catalyst, a tetraphenylborate salt of 1,8-
diazabicyclo(5.4.0)undec-7-ene (BGDBU), which has the advantage of only
releasing the base at high temperatures. The materials obtained were
characterized by thermogravimetry and thermomechanical analysis. The
vitrimeric-like behavior was evaluated, and we could see that higher
proportions of the limonene derivative in the formulations led to faster stress
relaxation of the material. The use of the base catalyst led to a much shorter
relaxation time. The materials obtained demonstrated good self-healing

efficiency.
V-1. Introduction

On our planet, which is scarce in natural resources and whose population
growth has aggravated, the depletion of fossil reserves is one of the main
concerns. This, added to the harmful effects caused by their extraction,
processing, and use, as well as to environmental legislation that responds
to a society that is increasingly aware of it, has led to the search for more

renewable and sustainable sources of organic compounds.

In this search, biomass is essential as a renewable source with a neutral
carbon balance. One of the industries most dependent on fossil fuels is the
polymer industry. For this reason, polymers derived from biomass are being
widely developed. Among the different kinds of biomass, vegetable oils,
carbohydrates, lignin, terpenes, and terpenoids [1,2] stand out. In the case
of terpenes, their structural diversity and the presence of double bonds with
different reactivities have made them building blocks with great potential in

biopolymer production [3].

Another environmental concern our present civilization face is the
elimination or recycling of thermosets. Although indispensable because of
their outstanding mechanical and thermal characteristics, they lack
degradability and, therefore, permanently fill landfills, constituting an

enormous problem. To solve this issue, the inclusion of reversible groups
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in the network structure has been proposed. These materials are called
covalent adaptable networks (CANS) or vitrimers and were proposed for the
first time by Leibler’s group [4].

This new type of polymeric materials has been gaining attention thanks to
its thermosetting characteristics but with the capability of being reshaped,
reprocessed, and recycled. These re-processable polymer networks are
cross-linked polymers with sufficient dynamic bonds for network
reconfiguration under appropriate  conditions. The topological
rearrangement can be triggered by the application of stress above a specific
temperature (called Topological Freezing Temperature, Tv) and usually in
the presence of a catalyst, leading to a relaxed stress state where the
material is completely malleable at adequately high temperature but having

a “vitrified” cross-linked topology at sufficiently low temperature [5].

The distinctive feature of associative CANs is the constant crosslinking
density during the exchange reactions, implying no loss of material integrity.
On the contrary, they exhibit a gradual decrease in viscosity when
increasing temperature that follows the Arrhenius law for high temperature.
This characteristic makes them very attractive from a technological point of
view since it enables them to be processed over a wide range of
temperatures, recycled, reshaped, self-healed, and self-welded, with

potential use in the industrial field as lenses, coatings, adhesives, etc.

An outstanding contribution to sustainability in the thermosets field can be
implemented using bio-based monomers to prepare covalent adaptable
networks. By combining both strategies, we can effectively move toward a
green chemistry model and a circular economy that would contribute to
reaching the most significant challenge humankind has faced: net-zero
carbon emission. There are some contributions to this topic recently
reviewed by Avéroux et al [6].

Our group has deeply studied the vitrimer-like characteristics of
poly(thiourethane) (PTU) networks [7—12]. These materials have excellent

optical properties and can easily be reshaped and recycled [13,14]. They
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are prepared through a click-type reaction of isocyanate monomers with
thiol compounds in the presence of acid or basic catalysts. Although the
use of isocyanates is not recommended due to their preparation from
phosgene and their toxicity, there is no safer alternative in the preparation
of PTUs as it occurs in their oxygen analogs, poly(urethane)s.
Poly(urethane)s were firstly prepared by polycondensation of isocyanates
and alcohols, but nowadays, there is a greener alternative based on cyclic
carbonates [15]. The non-isocyanate polyurethanes (NIPUs) are prepared
by the attack of nucleophilic amines on cyclic carbonates. A parallel
procedure, based on the aminolysis of cyclodithiocarbonates led to the
NIPTUs, with poly(mercapto thiourethane/polyether structures, with an
interchanged position of O and S in comparison to conventional

poly(thiourethanes) [16].

In the last decade, thiols from renewable sources have been employed in
the preparation of biopolymers instead of petroleum-based thiols. The most
used is cysteine, which is a semi-essential amino acid [17]. However, there
are only a few, and it is more common to synthesize them from natural

resources by several thiolation methods.

Isosorbide was converted into the corresponding dithiol by reaction with 3-
mercaptopropionic acid, and then, it was photopolymerized by a thiol-ene

procedure with neat tung or hazelnut oils [18].

Another procedure used to obtain thiols from renewable resources was the
thiol-ene photochemical reaction of ene-compounds with thioacetic acid,
followed by the saponification of the thioester formed. Acosta et al. [19]
reported the preparation of hexathiolated squalene using this synthetic
approximation. This squalene derivative (SQ6SH) was added to vinyl ether,
acryl, and allyl monomers, which photochemically reacted by ene-
homopolymerization and thiol-ene reaction. The same compound was
polymerized with acrylated epoxidized soybean oil by Grauzeliene et al. [20]
and with cycloaliphatic resins by Guzman et al [21]. The presence of double

bonds in limonene and B-pinene allowed their transformation into dithiols,
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which were polycondensed by Firdaus et al. [22] Poly(thiourethane)
thermosetting coatings were prepared from polyfunctional bio-based thiols
obtained by thiol-ene reaction of sucrose soya ester and limonene and

several commercially available isocyanate trimers [23].

Limonene is naturally produced by a wide variety of plants, mainly citrus,
despite the fact that it can also be obtained from the isomerization of
pinene. It is a chiral molecule, with the (R)-enantiomer being the most
abundant in nature, and its primary use is in the flavor and fragrance
industry [2]. Squalene is naturally synthesized in plants, animals, bacteria,
algae, and fungi as a precursor for synthesizing sterols, hormones, and
vitamins. It can be extracted from the liver oil of sharks and from plants,
with amaranth having the highest concentration of this triterpene. Olives are
also a good source. Moreover, microorganisms have great potential to
become the preferred source for squalene production by optimizing
fermentation and using metabolic engineering. Its primary use is in the
pharmaceutic industry due to its properties as an anticancer, antioxidant,
detoxifier, skin hydrating, drug carrier, and emollients [22].

In the present work, a mixture of thiols derived from terpenes (squalene and
limonene), prepared according to the procedure reported by Acosta et al.
[19], has been reacted with hexamethylene diisocyanate (HDI). A typical
acidic catalyst (dibutyltin dilaurate, DBTDL) has been used. As a greener
catalytic alternative, a precursor of the basic catalyst, the tetraphenyl borate
salt of 1,8-diazabiciclo [5.4.0] undec-7-ene (BGDBU), which was proposed
by us in a previous study, has also been tested [9], and the resulting
networked poly(thiourethanes) have been characterized and compared.
Both catalysts enhance the trans-thiocarbamoylation reaction, which is

responsible for the vitrimeric-like behavior.

The materials obtained were characterized by thermogravimetry and
thermomechanical analysis. The vitrimeric-like behavior was evaluated,
and we could see that higher proportions of the limonene derivative in the

formulations leads to faster stress relaxation of the material. The use of the
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base catalyst led to a much shorter relaxation time. The materials obtained
demonstrated good self-healing efficiency. In the present work, we have
compared the materials with the different thiol compositions using DBTDL
and BGDBU as catalysts to know the differences in the material’s

characteristics and their relaxation behavior.
V-2. Materials and methods
V-2.1. Materials

(R)-(+)-limonene (LM), hexamethylene diisocyanate (HDI), dibutyltin
dilaurate (DBTDL), and sodium tetraphenylborate (NaBPh4) were obtained
from Sigma Aldrich (Saint Louis, MO, USA). Squalene (SQ) and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) were obtained from Alfa Aesar
(Thermo Fisher, Kandel, Germany). Thioacetic acid (TAA) and 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were obtained from Acros
Organics (Thermo Fisher Scientific, Geel, Belgium). Anhydrous magnesium
sulfate (MgSO4) was obtained from (Thermo Fisher Scientific, Geel,
Belgium). Sodium hydroxide (NaOH), hydrochloric acid (HCI), chloroform
(CHCIs), and methanol (MeOH) were obtained from Scharlab (Barcelona,
Spain). All products were used as received. BGDBU, which is a base
generator, was synthesized from DBU and sodium tetraphenyl borate

according to a reported methodology [24].
V-2.2. Synthesis of renewable thiols

Renewable thiols (SQ-S6 and LM-S2) were prepared by a two-step
procedure according to the reported methodology [19]. The synthetic
procedure started with the corresponding terpene (SQ or LM) that was
irradiated at 356 nm with an excess of thioacetic acid (TAA) in the presence
of DMPA. The corresponding thioacetate was saponified with a methanol
solution of NaOH. Then, the organic phase was washed twice with distilled
water and dried with MgSOa4. The organic solvent was eliminated under
vacuum. Yields were 94% (SQ-S6) and 90% (LM-S2). The products were
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characterized by 1H-NMR spectroscopy, and compared with those
described [19,22].

V-2.3. Preparation of the materials

Several formulations were prepared by mixing stoichiometric amounts of
hexa-methylene diisocyanate and the mixture of both thiols. Three different
mixtures of thiols (SQ-S6 and LM-S2) were used (25/75, 50/50 and 75/25).
Two different catalysts were tested with all formulations: an acidic catalyst,
dibutyltin dilaurate (DBTDL), and a basic latent catalyst, 1,8-
diazabicyclo(5.4.0)undec-7-ene tetraphenylborate (BGDBU). The amount
of catalyst was 4% mol by mol of HDI in both cases. The nomenclature
adopted for formulations and samples was SQLM XXYY Z, where XX was
the weight percentage of SQ-S6 in reference to the total amount of thiol,
YY was the percentage of LM-S2, and Z was the type of catalyst: acid or

base. The composition of the formulations is shown in Table V-1.

Table V-1. Composition and nomenclature of the formulations.

Sample HDI SQ-S6 LM-S2 Catalyst

) (9) (@) (9)
SQLM 2575 ACID 1.27 0.39 1.16 0.19
SQLM 5050 ACID 1.27 0.77 0.77 0.19
SQLM 7525 ACID 1.27 1.16 0.39 0.19
SQLM 2575 BASE 1.29 0.39 1.18 0.14
SQLM 5050 BASE 1.29 0.78 0.78 0.14
SQLM 7525 BASE 1.29 1.18 0.39 0.14

The formulations were prepared by mixing the components at 80 °C and
placing them on Petri dishes covered with adhesive Teflon to avoid sticking
to the glass. The mixtures were then heated at 140 °C for 30 min. Then, the
flexible materials were removed from the mold, and the curing process was
completed in a hot press at 190 °C for 90 min under a pressure of 15 MPa.
The cured samples were cut with heat to obtain rectangular specimens of
about 20 x 5 x 0.5 mm.
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V-2.4. Characterization techniques

IH NMR spectra were recorded on a Varian VNMR-S400 NMR
spectrometer (Varian, Lake Forest, CA, USA), using CDCls as the solvent.
All chemical shifts are given in parts per million (ppm) on the & scale, using
the signal of undeuterated solvent as an internal standard (*H NMR: CDClz
= 7.26 ppm).

A spectrometer FT/IR 6700 (Jasco, Hachioji, Tokyo, Japan), equipped with
a Golden Gate ATR accessory (Specac Tecknokroma, Barcelona, Spain),
was used to record FTIR spectra. An interval from 650 to 4000 cm~! was
explored with a resolution of 4 cm™2, and 32 scans were performed for each

spectrum. All spectra were recorded at room temperature.

Raman spectra were recorded with a Raman Renishaw InVia spectrometer
(Gloucestershire, UK), with a resolution of 1 cm~ in the spectral range from
400 to 3100 cm™2. The device was equipped with a heating plate accessory
(Linkam, Salfords, UK), allowing the recording of spectra from room

temperature to 200 °C.

A TGA 2 STAR System thermobalance (Mettler, Columbus, OH, USA) was
used to evaluate the thermal stability of the materials. The experiments
were performed under nitrogen (flow 50 mL/min). Samples of 10-15 mg of
cured materials were degraded between 30 and 700 °C at a heating rate of
10 °C/min.

A DMA Q800 analyzer from (TA Instruments, New Castle, DE, USA)
equipped with a film tension clamp, was employed to determine the
viscoelastic and thermomechanical properties of the materials. The
variation of tan & and storage modulus on changing the temperature was
investigated in the virgin materials and after several stress relaxations tests.
The specimens were tested at a heating rate of 3 °C/min from 0 to 200 °C,
with a frequency of 1 Hz and 0.05% strain. Tensile stress relaxation tests
were performed with the same film tension clamp, tracking samples with

the same dimensions previously defined. The samples were equilibrated at
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175 °C and maintained at this temperature for 5 min. After that, a constant
strain of 1.5% (which ensures the materials are in the linear range) was
applied, and the stress level was measured during 20 min (for acid-
catalyzed samples) and 5 min (for basic-catalyzed samples). Finally, the
temperature was increased by 5 °C, and the process was iteratively
repeated until the final temperature of 195 °C. The relaxation stress o(t)
was normalized by the initial stress 0o. The relaxation time 1 was taken as

the time needed to relax the 0.370o.

The activation energies of the relaxation processes, Ea, were calculated
using an Arrhenius-type equation, which takes the relaxation times

obtained at each temperature:
In(z) = == —Ind (1)
n() = ——lIn

where T is the time needed to reach a given stress-relaxation value (0.3700),
A is the pre-exponential factor, and R is the gas constant. The topology
freezing temperature (Tv) was obtained from the Arrhenius relation. Ty is
the temperature at which the material reaches a viscosity of 1012 Pa-s. By
applying Maxwell’s relation and E’ obtained from DMA measurements
(assuming that E’ is relatively invariant in the rubbery state), ™ was
determined for each sample. The Arrhenius relationship was extrapolated

to the corresponding value of 1 to determine Ty for each material.

Creep and recovery properties were studied in tension with the DMA Q800
analyzer (TA Instruments, New Castle, DE, USA) using the film tension
clamp. The SQLM 2575 ACID specimen was stretched under a stress of
0.1 MPa at 180 °C for 30 min. Then, the stress was immediately released,
and the specimen was left to recover for 30 min. For comparative purposes
between the rubbery and the vitrimeric state, the specimen was tested

under the same creep conditions at 100 °C (slightly above Ty).

To determine the viscosity at each temperature needed to represent the
Angell Fragility Plot, a series of creep experiments were performed on films,

taking temperatures between 145 and 195 °C, with an increase of 5 °C in
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each test. To perform the essays, the selected temperature was maintained
for 3 min, and a stress level of 0.1 MPa was applied for 30 min. The viscosity
n (Pa-s) was obtained from the creep curves, taking into account the linear
part of the variation of the strain and fitting it with linear regression. The
strain rate € was obtained from the slope of the linear fit. The viscosity n

was calculated according to the following equation:
o
n=;
and represented against T¢/T, obtaining the Angell fragility plot.

Self-healing tests were made by scratching the specimens with a doctor
blade. Then, they were maintained in an oven at 190 °C for a certain period
of time and were inspected from time to time to monitor the evolution of the
scratch by taking photographs using a Digital Microscope Leica DMS1000
(Wetzler, Germany).

V-3. Results and discussion
V-3.1. Preparation of the materials

Firstly, thiols derived from squalene (SQ) and limonene (LM) were prepared
using a photoinitiated thiol-ene reaction with thioacetic acid. This was
followed by saponification of the thioester formed with NaOH, as described
in the experimental section. The 'H NMR spectra of the thiols are
represented in Figures V-1 and V-2. As we can see, the spectra are quite
complex due to the presence of stereocisomers and a large number of
inequivalent protons in both molecules. However, the total absence of
vinylic protons indicates that the thiol-ene reaction was completed. The
spectra are similar to those previously reported for the squalene and

limonene derivatives [19,22].
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Figure V-1. *H-NMR spectrum of the hexathiol derived from squalene in CDCls.

aHs a+c+te+f+g+h+i+k

CDCl3

8 75 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 20 1.5 1.0 0.5 0
Chemical shift

Figure V-2. H-NMR spectrum of the dithiol derived from limonene in CDCls.

Once the bio-based thiols were obtained, thermosetting PTUs with different
characteristics were produced by keeping the selected reactive mixture in
the oven for the complete curing schedule, as explained in the experimental
section. The curing schedule was optimized to reach the highest T4 in each

material.
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Since limonene thiol (LM) has a functionality of two when reacting with
isocyanates and the functionality of HDI is two, some proportion of
hexathiolated squalene (SQ) is always required to obtain a tridimensional
networked structure. Therefore, three formulations with different
squalene/limonene thiol ratios have been studied. Because of its higher
functionality, the higher the proportion of SQ in the formulation, the higher
the crosslinking density. The high fragility of the material obtained from HDI
and SQ without LM prevented further study of the material with the highest
cross-linking density, and therefore, this formulation was not included in the
study. Scheme V-1 shows the structure of the monomers used in the

preparation of the materials and the catalysts.

OCN\/\/\/\
'NCO
HDI
Bs o m
)Y\W\%/
SH SH SH
sQ
CH; Q
o
)I\ ) o CHalCHz3CHs N
H;ClaHC o ‘ B
(o} H
HiC DBTDL

BGDBU

Scheme V-1. Structure of the starting monomers and catalysts.

It is known that the reaction between isocyanates and thiols requires a
catalyst. The most used are DBTDL [13] or a tertiary amine, such as
trimethylamine or DBU [25]. Scheme V-2 depicts the reported mechanisms

of poly(thiourethane) formation in both basic and acidic conditions.

Whereas the use of amines transforms the thiol into thiolate, enhancing its
nucleophilicity, the use of the tin compound increases the electrophilicity of

the carbonyl group. It was reported that the isocyanate-thiol reaction
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initiated by a base has a click character, which assures that no secondary

reactions occur.

Basic catalyst
" T ;
3 © O0=C=N-R, o R,—SH
Re—SH —> Ry—S" — > R,—S—C—NZR, —  » R,—S—C—NH—R, + Ry—S"
Acid catalyst
0=C=N—R;, HS—R; \Sn/ /CO-SR2 HS—R, \Sn/ +
VAR Vs N R;—S—C—NH—R;
* \ SR,
Nsi’ R
2N !

OOCR'

Scheme V-2. Proposed mechanism for the preparation of thiourethane groups in
basic and acid conditions.

To accelerate the stress relaxation process, the amount of catalyst in the
material can be increased, but this leads to a dramatic increase in the curing
rate when using a base, which makes it difficult to prepare reliable samples.
For this reason, we have used a tetraphenyl borate salt (BGDBU) that, at a
specific temperature, releases DBU, which acts as the basic catalyst [9,26].
This type of amidinium salt is an organocatalysts and presents latency since
the curing does not start at room temperature but at temperatures higher
than 100 °C. This fact allows preparing highly homogeneous PTUs in a
straightforward procedure, with good temporal control of the curing
process. The use of this organocatalyst does not requires any solvents.
Because of the polar character of the solid BGDBU, its solubility in the
reactive mixture is limited, and therefore a 4% mol by mol of HDI has been
used, although we know that the higher the proportion of amine in the final
material, the higher the relaxation rate [10]. The preparation of the materials

was performed as explained in the experimental part.
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V-3.2. Thermogravimetric characterization of the materials

The thermal stability of the materials was evaluated by thermogravimetry.
Figure V-3 shows the weight loss curves and their first derivatives for all the

materials prepared. The most interesting data are collected in Table V-2.
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Figure V-3. TGA and DTG curves of the materials prepared with acidic (a,b) and
basic catalysts (c,d).

Table V-2. Main thermal data obtained from TGA tests in nitrogen atmosphere.

. Ts%? Residue P Tpeak1© Tpeak2 ©

Material C) (%) °C) °C)
SQLM 2575 ACID 258 2.00 308 360
SQLM 5050 ACID 264 1.63 308 363
SQLM 7525 ACID 268 1.13 306 365
SQLM 2575 BASE 248 1.16 308 356
SQLM 5050 BASE 251 1.04 308 359
SQLM 7525 BASE 252 0.70 301 365

@ Temperature of 5% of weight loss
b Char residue at 700 °C
¢ Temperature of the maximum rate of degradation of two main steps.
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In this table, we can see that the samples obtained with DBTDL are slightly
more resistant to temperature than those obtained with the basic catalyst,
but the differences are not significant. The composition of the material
affects stability, as expected, since the higher the proportion of SQ in the
formulation, the higher the initial degradation temperature due to the higher
cross-linking density. There is also a slight influence of the composition in
the final residue, which slightly increases with the cross-linking density. It is
essential to highlight that the initial temperature of degradation is critical in
the recycling process, as these materials can be safely reshaped at

temperatures below 200 °C.

As shown in the DTG curves, the degradation occurs in two main steps for
all materials without any difference when DBTDL or BGDBU were used as
the catalysts. The derivative curves show that the higher the proportion of
limonene moieties in the sample, the faster the first degradation step due
to its lower functionality. In contrast, when the amount of the squalene
derivative increases in the sample, the second degradation mechanism
becomes faster, indicating the participation of the squalene net-work units
in this process. Both peaks can be related to the reversion of thiourethane
groups with the formation of isocyanates and thiols. However, they can also
include the p-elimination of the ester groups in the remaining
polythiourethane structures. The weak peak at higher temperatures
corresponds to the breakage of the remaining bonds [9]. The character of

the catalyst does not influence the degradation mechanism.
V-3.3. Thermodynamic characterization of the materials

Dynamic mechanical thermal analysis (DMTA) has been performed to
evaluate the thermomechanical properties of the materials prepared and
the influence of the proportion of both renewable thiols and the nature of
the catalyst. The tan & curves of all materials prepared are shown in Figure
V-4, and the main data extracted from the DMA analysis are collected in
Table V-3.
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Figure V- 4. Evolution of tan & and storage modulus with the temperature of the

different materials prepared with acid (a,b) and basic catalysts (c,d).

Table V-3. Main data obtained from DMTA analysis of the materials prepared.

. Ttans @ FWHM b E’glassy © E’rubber d
Material °C) Q) (ls/IPay) (MPa;
SQLM 2575 ACID 86 16 1761 2
SQLM 5050 ACID 95 17 1817 5
SQLM 7525 ACID 107 18 1843 15
SQLM 2575 BASE 91 15 1802 3
SQLM 5050 BASE 101 16 1877 9
SQLM 7525 BASE 107 19 1893 17

@ Temperature at the maximum of the tan & peak at 1 Hz.

b Full width at half maximum of the tan & peak.

¢ Glassy storage modulus determined by DMTA at Tg -50 °C.

d Rubbery storage modulus determined by DMTA at Tg + 50 °C.

As can be foreseen, increasing the proportion of the thiol of squalene in the
formulation results in a higher temperature of the maximum of tan & due to
the tighter network structure. Similarly, the moduli increase in the glassy
and rubbery states. Although the limonene thiol has a functionality of two
and therefore does not contribute to increasing the cross-linking density like
squalene does, its rigid structure does not lead to a significant reduction in

the tan d temperature when its proportion in the formulation is high. The
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increase in squalene derivative also increases the width of the tan & curve,
which reduces the homogeneity of the network structure and the damping
capability. The use of the basic catalyst leads, in general, to a slightly higher
tan & temperature and moduli, but the differences are not significant.

If we compare these PTU samples to others previously developed by our
research group, the present materials possess higher values of Ttans than
the previous ones in which HDI was cross-linked with S4 with a base
generator (Ttans = 77 °C) or with DBTDL (Ttans = 75 °C) [9].

V-3.4. Study of the relaxation process

In previous studies, our group demonstrated the vitrimer-like characteristics
of poly(thiourethane) networks [7,8,10-12]. The interchange reaction
responsible for the vitrimer-like behavior is the transthiocarbamoylation
reaction. This mechanism involves the decomposition of thiourethane
group to isocyanate and thiol, which instantly react to form thiourethane
groups again. Thus, it is a dissociative mechanism but with a relaxation
behavior typical of vitrimers involving an Arrhenius-type decrease in
viscosity as if the degree of cross-linking remained unchanged. Therefore,

PTUs can be qualified as vitrimeric-like materials.

To determine the relaxation rate of these materials and analyze the effect
of the proportion of both thiols and the kind of catalyst, DMTA stress
relaxation tests at different temperatures from 175 to 195 °C were
performed. Figure V-5 shows the normalized stress relaxation curves of the

prepared materials at 180 °C.

As observed in Figure V-5, the materials with the lowest ratio of squalene
(SQLM 2575) experience the fastest relaxation. Moreover, the materials
prepared with a basic catalyst relax much faster than those prepared with
DBTDL, as previously demonstrated [14]. The use of tetraphenylborate
amidinium salts such as BGDBU allows for an increase in the amount of
catalytic base without premature curing and reaching a faster relaxation. It
has been demonstrated that the salt is even more efficient in the relaxation

process than the free base [11]. This has been attributed to the presence
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of tetraphenyl boronic acid released during the activation of the base that
acts as an additional catalyst. The values of the time to reach a relaxed
stress state of /00 = 0.37 (to.37) for all the materials are collected in Table
V-4,

——SQLM 2575 ACID ——SQLM 2575 BASE
—— SQLM 5050 ACID ——SQLM 5050 BASE
——S5QLM 7525 ACID 08 ——SQLM 7525 BASE

06 4

oo
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0.0 . T T - T oo
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Figure V-5. Normalized stress relaxation plots as a function of time for the
different materials prepared with DBTDL (left) and with BGDBU (right) at 180 °C.

Table V-4. Main data extracted from relaxation-stress experiments.

. Toar? Ea InA Ty b

Material (s) (ka/mol) (s) r2 °C)
SQLM 2575 ACID 165 118 26.4 0.9801 104
SQLM 5050 ACID 342 138 30.7 0.9833 120
SQLM 7525 ACID 2232 144 31.4 0.9996 140
SQLM 2575 BASE 10 105 21.7 0.9675 108
SQLM 5050 BASE 36 117 234 0.9573 132
SQLM 7525 BASE 190 127 24.8 0.9529 150

aTime to reach a value relative of /oo = 0.37 at 180 °C

b Topology freezing temperature

As seen in Table V-4, increasing the amount of squalene derivative in the
mixture increases the tosz with both catalysts. Moreover, materials
containing BGDBU have shorter times than those catalyzed by DBTDL. In
this table, it can be seen that the time to reach a to.37is as short as 10 s for
the SQLM 2575 sample catalyzed by BGDBU. This time of 10 s is the lowest
time reached in all of our studies based on PTUs. Moreover, the material
with the same monomer composition catalyzed by DBTDL also shows
faster relaxation than previous materials catalyzed by this catalyst [7]. This

is due to the higher proportion of catalysts in the present formulations. The
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salt BGDBU has limited solubility in the formulation due to its crystalline
character. The studied formulations in the present study allow the
solubilization of a higher amount of DGDBU; therefore, relaxation is more
accelerated. Another fact that must be considered is the proportion of
thiourethane groups in the network structure. In the present case, the
proportion is higher than in previous materials prepared with
trimethylolpropane tris(3-mercapto propionate) (S3) or tetrakis(3-
mercaptopropionate) (S4). S3 and S4 have a higher thiol equivalent,
leading to a lower proportion of reversible groups. Thus, the higher
relaxation rate of the prepared materials, and their high vitreous transition
temperatures, constitute an advantage of using the synthesized bio-based
thiols.From the relaxation stress tests performed at different temperatures
between 175 °C and 195 °C, the times to reach a relaxed stress state of
0/00 = 0.37 (to.37) can be extracted, plotted versus 1000/T and fitted to the
Arrhenius relationship (Equation 1). From the Arrhenius equation and the
relaxation times needed to attain a viscosity of 1012 Pa-s, Tv (the topology
freezing transition temperature) can also be calculated for each material.
The main parameters of the Arrhenius equation are presented in Table V-
4, as well as their corresponding Tv. Figure V-6 presents, as an example,
the variation of the relaxation of stresses on changing the temperature for
the sample SQLM 2575 catalyzed by DBTDL. A similar tendency was
observed in all the materials, with the relaxation time being lower at higher

temperatures, as expected.

Figure V-7 presents the Arrhenius plots deduced from the stress-relaxation
tests for all the samples. As observed in the figure, the values obtained fit
perfectly with an Arrhenius-like behavior, which confirms the previously
reported vitrimer-like characteristics [7,10]. The activation energies
calculated from the Arrhenius lines’ slope range from 105 to 144 kJ/mol,
with higher values when DBTDL is the catalyst (see Table V-4). As can be
seen in Table V-4, for all the materials, the Tvs are higher than the
corresponding Tgs, which implies that the materials have to surpass both

temperatures, not only the Ty, to be reshapable. The Tvs determined for the
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materials with both catalysts are similar, being slightly lower when DBTDL
is used. Moreover, the higher the proportion of squalene, the higher the Tv.
The Tys calculated for the present materials are higher than those reported
before [7,10], which were prepared from HDI and S3, and this can be

attributed to the higher cross-linking density of the present ones.
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Figure V-6. Normalized stress relaxation plots as a function of time at various
temperatures from 175 to 195 °C for the sample SQLM 2575 catalyzed by DBTDL.
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Figure V-7. Arrhenius plot of relaxation times against temperature for all the
materials prepared, measured from the stress relaxation experiments.
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A series of creep experiments were performed to construct the Angell
fragility plot. Figure V-8 shows this plot for the samples catalyzed by
BGDBU.

log(n) Pa-s

W SQLM 2575 BASE
# SQLM 5050 BASE
A SQLM 7525 BASE
—Silica

[A4 075 o8 0.85 09 095 1

TJ/T

Figure V-8. Angell fragility plot of the logarithm of the viscosity as a function of the
inverse temper-ature, scaled to Tq for the different materials catalyzed by BGDBU.
For comparative purposes, the black continuous line, which is the relation for

silica, has been included [27].

The fragility plot accounts for how rapidly the dynamics of a material slow
down when cooled toward the topology freezing transition temperature (Tv).
Angell pro-posed the definition of fragility [27], which characterizes the
viscosity slope against temperature. Among glass-forming liquids, silica has
low fragility; therefore, it is considered a “strong glass former”. As seen in
the figure, the viscosity dependence against temperature for our materials
follows an Arrhenius law, as occurs in silica. Therefore, the PTUs prepared
are “strong glass formers” compared to thermoplastics and dissociative

CANSs, which are “fragile liquids”.

From these plots, it can be deduced the activation energy and the Ty for all
the samples (results are presented in Table V-5). It can be appreciated in
Table V-5 that both parameters, the activation energies and the topology
freezing transition temperatures, are similar to those obtained from the
relaxation tests and follow the same tendency, the highest activation energy

and the highest Ty are obtained in the sample with the highest proportion of
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squalene. The table also presents fragility indexes, which are de-fined as
the rate of viscosity drop at Tg and deduced from the Angell Fragility Plots.

Table V-5. Main data extracted from creep experiments of the materials catalyzed

by BGDBU.
. Ea 5 T2 Fragility Index °
Material (k/mol) r (°C) (m)
SQLM 2575 BASE 97 0.9675 143 13.9
SQLM 5050 BASE 111 0.9573 154 15.5
SQLM 7525 BASE 135 0.9529 160 18.6

@ Topology freezing temperature obtained from creep tests.
b The Fragility index for Silica is 16.5.

The materials, after relaxation, were examined by FTIR-ATR and Raman
spectroscopies to confirm that no structural effects had occurred after
heating the sample to 195 °C. Although the reversible reaction mechanism
behind the relaxation process was determined to be dissociative, we could
not detect the presence of isocyanate or thiol in the spectra, since the
coupling reaction of isocyanate and thiol in these conditions is extremely
fast. Figure V-9 shows the FTIR spectra of the material before and after the

relaxation process.

1004 — Before relaxation
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Absorbance (au)

™ T : T v T T T u
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Figure V-9. FTIR-ATR spectra of the sample SQLM 2575 catalyzed by DBTDL

before and after the relaxation process.
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As observed in the figure, the chemical structure of the material after
relaxation process in DMTA is maintained unaltered, with the main peak of
the C=0 of thiourethane groups at 1670 cm™'. No isocyanate absorption at
2250 cm™ has been formed. By Raman spectroscopy, we could not detect
the -SH absorption around 2600 cm™2, which, in this spectroscopy, appears
as a strong band, whereas in the FTIR it is difficult to see due to its weak
intensity. No differences could be observed between acid- and base-

catalyzed samples.
V-3.5. Self-healing behavior

Due to the presence of thiourethane groups, which are able to establish
hydrogen bonding and to rearrange by trans thiocarbamoylation reaction, it
could be foreseen that the materials reported in this work can be self-healed
effectively at an adequate temperature. Both covalent and non-covalent
bonds will break during the damage event, but both can be formed again
by different mechanisms. Usually, only one of these covalent or non-
covalent mechanisms is involved; therefore, the concurrence of both can
act in a cooperative way. Temperature will be, in this case, the external
trigger [28]. The double dynamic repairing mechanism was firstly proposed
by Lehn and colleagues based on the rearrangement of bis-acylhydrazones
(reversible covalent links) and hydrogen bonding interactions (non-covalent
linkages) [29]. Figure V-10 shows some optical microscope images of the

samples captured during the self-healing process.

....................................................

.................

....................................

10 mm, o 10mm 3 10 mm

t=0min t=15min t =30 min

Figure V-10. Optical microscope images of the thermal self-healing process at
190 °C at different times for sample SQLM 2575 BASE.

185



UNIVERSITAT ROVIRA I VIRGILI
POLITIOURETANOS TERMOESTABLES VITRIMERICOS CON PROPIEDADES MEJORADAS DE RECICLABILIDAD

Federico errero Ruiz
TIOLES RENOVABLES

As can be seen, the scratch disappeared in only 30 min, which confirms the
good ability of this material (it corresponds to the sample that relaxed faster)
to be self-healed in a short time. Itis important to highlight that the chemistry
involved in the preparation of these materials is more simple than other
typical self-healing sys-tems involving Diels-Alder adducts [30] or S-S
disulfide exchange [31].

To demonstrate that the hydrogen bonding between thiourethane groups
can be involved in the self-healing process, FTIR spectra of the sample
SQLM 2575 BASE have been recorded at 30 °C and 190 °C. As seen in
Figure V-11, the temperature change significantly affects the FTIR bands
related to the hydrogen bonds. On increasing the temperature, the
stretching bands of N-H and C=0 bonds displace to higher wavenumber,
indicating the breakage of these non-covalent interactions [32]. This
process is fully reversible. Thus, these bonds’ breakage and subsequent

formation can help the material to self-heal in a cooperative way.

—30°C —30°C
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Figure V-11. FTIR-ATR spectra of the sample SQLM 2575 BASE expanded in the
regions of N-H (a) and C=0 (b) vibrations at 30 and 190 °C temperatures.

V-4. Conclusions

A series of biobased polythiourethanes with vitrimer-like characteristics has
been prepared from hexamethylene diisocyanate and two renewable thiols
derived from squalene and limonene, which were previously synthesized.
Different proportions of both thiols: 25/75, 50/50, and 75/25 were tested.
The catalyst BGDBU, a salt that releases the base upon heating, and

DBTDL, as a Lewis acid, were used.
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The materials obtained had Tgs between 86 and 107 °C, which increased
with an increase in the amount of the squalene derivative in the formulation
due to the tighter network structure.

The thermal stability of these materials allows their safe manipulation up to
temperatures higher than 200 °C.

The fastest relaxation was observed for the materials with the lowest ratio
of squalene thiol. Moreover, the materials prepared with a basic catalyst
relax much faster than those prepared with DBTDL. Thus, a relaxation time
(r0.37) as short as 10 s was determined for the SQLM 2575 sample catalyzed
by BGDBU. The relaxation process is based on the trans
thiocarbamoylation process, which was previously reported. This process
leads to vitrimer-like characteristics in the relaxation of the materials since
it follows an Arrhenius-type dependence of the relaxation time on the

temperature.

The topology freezing temperatures (Tvs) are higher than the Tgs, which
implies that the materials have to exceed both temperatures to be

reshaped.

The self-healing test demonstrates that the sample SQLM 2575 BASE can
be completely healed after 30 min at 190 °C. This can be attributed to the
presence of exchangeable thiourethane covalent bonds and hydrogen

bond interactions in the net-work structure.
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Abstract

Organic-inorganic hybrid materials combine the advantages of both
phases: hardness and strength of inorganic phase and elasticity and
toughness of the organic matrix. In the present study, we have prepared
nanocomposites with a poly(thiourethane) polymeric matrix and
silsesquioxane-type structures, with thiols as reactive groups (POSS-A or
POSS-B, synthesized in different pressure conditions), looking for a
covalent interaction between both phases, and good dispersion. Due to the

click behavior of the reaction between the isocyanate and the thiol groups,
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highly homogeneous materials are obtained. Both monomers, catalyst
(dibutyltin dilaurate, DBTDL), and the POSS precursor (3-mercaptopropyl
trimethoxysilane, MPTMS), are commercially available, which present the
advantage of being industrially scalable. The incorporation of POSS leads
to an increase in glassy and rubbery storage moduli and the temperature
of the maximum of tan & curve. The vitrimeric behavior of the poly(thio-
urethanes) improved with the POSS incorporation, getting lower relaxation
times. With a higher proportion of closed cages, POSS-B leads to the most
significant improvements. All the materials prepared showed high
transparency and the fracture of POSS modified materials indicates an

improved toughness.
VI-1. Introduction

In this century, the need to recycle thermosets residues to improve the
sustainability of our planet has led a large number of researchers to develop
new materials with these capabilities. As early as 1946, Tobolsky et al.?
reported an unexpected behavior of some types of cross-linked polymers
when changing the temperature, which allows these materials to maintain
their mechanical and thermal performance but acquire the processability of
thermoplastics. These materials, whose topology can be changed by
thermally activated reversible chemical processes, are nowadays known as
covalent adaptable networks (CANs), 22 being vitrimers included in the
CANs group. These reversible re-actions allow the reprocessing and
recycling of cross-linked polymers and can exhibit other characteristics as

self-healing or self-welding properties.*

Among the thermosets that can be included in the group of CANSs,
poly(urethane)s have been deeply studied.>% Polyurethanes (PUs) are of
great economic importance since they are one of the most consumed
thermosets (around 5 % of polymers total production in the world) with
applications such as coatings, adhesives, foams, and elastomers.”2 Their
thiol analogous, poly(thiourethane)s or poly(thiocarbamate)s (PTUs), can

present several advantages over them. For example, they can be prepared
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by a click-reaction between isocyanates and thiols, with high conversions
and without by-products as allophanates, formed during PU preparation,
creating homogeneous networks.® In addition, poly(thiourethane)s are
biocompatible and have excellent optical properties.'%!1 Recently, we have
developed poly(thiourethane) materials with vitrimer-like properties and
demonstrated their easiness of recycling and reshaping.?14 CANs based
on PTUs have also been reported by other research teams in low T4 cross-

linked materials.15:16

Hybrid organic—inorganic materials were introduced as one of the strategies
to improve mechanical properties and obtain new high-performance
polymeric materials. Hybrid materials present a synergism that meets the
advantages of both organic and inorganic phases: hardness and strength
of inorganic phase, and elasticity and toughness of the organic matrix.1”
There are two different ways of preparing this type of material. The first one
is through the sol-gel process, which allows the in-situ formation of the
inorganic phase by the so-called bottom-up approach.®20 The second
system is the addition of nano blocks to the matrix or the initial formulation,
21 also known as the top-down approach. Inorganic nanoscale building
blocks include graphene, nanotubes, layered silicates, metal nanopatrticles,
etc., among which silica structures and silsesquioxanes (POSS) are viewed
as one of the most exciting nanofillers.?? If nano blocks have reactive
groups, they can become covalently linked to the polymeric matrix, which
helps to improve the dispersion of these structures and increase the
interphase interaction, improving some characteristics of the nano-
composites, especially their mechanical performance. Because of the
nanoscale dimensions of POSS and several silica structures, the light
scattering of homogeneous materials can be avoided, and the optical
transparent nanocomposite materials are suitable for optical applications.
The addition of nano blocks to reactive formulations is much easier than the
in-situ sol-gel process since in the latter, small amounts of water are needed
to perform the reaction, and alcohol molecules are always formed, which

sometimes leads to the appearance of bubbles in the thermoset. In addition,
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hydrolyzable monomers like isocyanates can lead to undesirable side

reactions if water is added to the initial formulation.

In the present study, we have investigated the effect of reinforcing
poly(thiourethane) CANs with thiol-functionalized silica nanostructures. The
aim is to achieve a good dispersion of the inorganic structures in the
polymeric matrix while improving thermomechanical characteristics.
Therefore, thiol-isocyanate formulations with increasing amounts of thiol
terminated inorganic SiO2 structures have been cured, and the curing
process has been followed by calorimetric and FTIR studies. The
formulations are formed by hexamethylene diisocyanate (HDI), the thiol-
functionalized silica nanostructure (named POSS), and trimethylolpropane
tris(3-mercapto propionate) (S3) in stoichiometric isocyanate/thiol ratio,
using dibutyltin dilaurate (DBTDL) as the catalyst. We have synthesized two
different nanosilica structures by condensation of 3-mercaptopropyl
trimethoxysilane (MPTMS) in acetone/acidic water solutions at atmospheric
pressure (POSS-A) and under autogenic pressure (POSS-B). Both
oligomeric silica structures have thiols as reactive groups, but the use of
pressure favors the formation of a higher proportion of POSS cages, and

therefore, the silica reinforcements have different morphology.

Various articles describe the behavior of silica-reinforced elastomeric
CANs. Legrand et al.2® reported the effect of reactive and non- reactive
silica nanoparticles in epoxy composites. They observed an increased
modulus in the glassy and rubbery state but a slowdown in stress
relaxation. Surface exchangeable bonds speed up the relaxation of
composites compared to nonfunctionalized filler and allow better dispersion
in the matrix. Barabanova et al.?* demonstrated that silica nanoparticles
enhance the welding ability of epoxy-anhydride vitrimers and increase the
topology freezing temperatures. Yang et al.?> added epoxy functionalized
POSS to an epoxy-acid formulation. The vitrimeric composites improved
their mechanical characteristics compared with the virgin material and were
easily recycled. However, they relaxed the stress more slowly. Torkelson

and co.?® reported elastomeric reprocessable poly(hydroxyurethane)
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composites. Whereas when non- reactive silica nanoparticles are used, the
material is able to recover its cross-link density completely after a
reprocessing step. Contrarily, functionalized nanoparticles with groups that
can participate in dynamic chemistries lead to losses in mechanical
properties associated with the cross-link density at working temperatures,
along with faster rates and lower apparent activation energies of stress
relaxation at higher temperatures. Elastomeric vitrimers with mechanical
robustness, malleability, and recyclability were described by Guo et al. 7
based on the effect of surface silanol moieties. Silica played the role of
reinforcement and cross-linker to endow the networks with chemical and
mechanical robustness. Moreover, these permanent networks can reshuffle
the topological structure upon temperature-induced trans-oxyalkylation

reactions in the elastomer-silica interphase.

As far as we know, the present study is the first to address the role of two
different oligomeric silica structures, with more or less content in POSS
boxes, as nandfillers in the vitrimeric-like behavior of poly(thiourethane)s
with high Tg and excellent characteristics as thermosetting materials. The
nanocomposites obtained on varying the proportion of both types of thiol-
functionalized silica nanofillers have been characterized from the thermal
and mechanical point of view and the relaxation behavior studied by

thermomechanical analysis.
VI-2. Experimental part
VI-2.1. Materials

3-Mercaptopropyl trimethoxysilane (MPTMS) from Alfa Aesar. Tri-
methylolpropane tris(3-mercapto propionate) (S3), hexamethylene
diisocyanate (HDI), and dibutyltin dilaurate (DBTDL) from Sigma-Aldrich.
Hydrochloric acid, acetone, and chloroform from Scharlab. All the products

were used as received.
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VI-2.2. Preparation of the octathiol silsesquioxane (POSS)
VI-2.2.1 At atmospheric pressure (POSS-A)

Octathiol silsesquioxane (POSS-SH) was prepared according to a
reported methodology.?® 13.4 g (68 mmol) of MPTMS precursor and 100
mL of acetone were placed in a flask equipped with reflux and a magnetic
stirrer. Then, 17.3 mL of concentrated hydrochloric acid and 21 mL of
deionized water were added. The molar ratio HCI:MPTMS was 3:1. After
48 h at reflux, a white solid was formed. The solid was washed with cold
acetone several times and dried at 60 °C overnight. The resulting product
was a white powder with a 92 % of yield. This white powder was ground
and sieved through a 0.05 mm sieve.

VI-2.2.2. At autogenic pressure (POSS-B)

The same mixture as in Section 2.2.1 was reacted in a 150 mL autoclave
reactor, and after 48 h at 90 °C, an orange solution was formed. This
solution was added to cold deionized water, forming a yellowish precipitate.
The precipitate was separated by centrifugation (2000 rpm for 10 min).
Then, it was solved again in acetone, dried using anhydrous magnesium
sulfate, filtered, and the solvent was eliminated using reduced pressure.

The product was an orange oil with a 36 % of yield.
VI-2.3. Preparation of the formulations

Formulations were prepared by mixing stoichiometric amounts of
isocyanate and thiol groups, and the amount of POSS was calculated in
percentage in weight over the mass of S3. Firstly, POSS and S3 are mixed,
and then HDI is added and stirred. Finally, the corresponding amount of
DBTDL is added. Due to the catalyst’s reactivity, even at room temperature,
formulations cannot be stored for a long time and were always maintained
at cold. The composition of the formulations tested is detailed in Table VI-
1. To 1.58 g (9.4 mmol) of HDI 0.025 g (0.04 mmol) of DBTDL were added

in all formulations.
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Table VI-1. Composition of the formulations studied in gram and the weight
percentage.

Formulation S3 POSS HDI DBTDL

g % g % g % g %
0POSS 2.50 | 60.90 | 0.00 0 158 | 38.49 | 0.025 | 0.61
5POSS 238 | 5798 | 0.12 | 292 | 1.58 | 38.49 | 0.025 | 0.61
10POSS 2.27 | 55.30 | 0.23 | 5.60 | 1.58 | 38.49 | 0.025 | 0.61
15P0OSS 2.17 | 52.86 | 0.33 | 8.04 | 1.58 | 38.49 | 0.025 | 0.61

VI-2.4. Sample preparation

The samples were prepared by pouring the formulations on Petri dishes
covered with adhesive Teflon to avoid sticking to the glass. The
formulations were heated at 140 °C for 30 min to obtain a flexible material
able to be removed from the mold, and fully cured in a hot- press at 170 °C
for 60 min under a pressure of 15 MPa. The cured samples were die-cut to

obtain rectangular specimens of 20 x 5 x 0.5 mm3.
VI-2.5. Characterization techniques

Solid-state 2°Si NMR spectra (?°Si CPMAS-NMR) were recorded at 25 °C
for the synthesized POSS A and B on a Bruker Advance Ill 400MHz at a
frequency of 79.5 MHz on a ceramic probe CP/MAS of 4 mm. NMR spectra
were obtained with 40000 scans using the following parameters: rotor spin
rate 10000 Hz, recycling time 5 s, contact time 2.0 ms, and acquisition time
43 ms. Exponential apodization with a line broadening 30 Hz, FT and
manual phasing, and baseline correction was used when processing the

data.

The thermal stability of the cured samples was evaluated by
thermogravimetric analysis (TGA), using a Mettler TGA 2 STAR System
thermo-balance. All experiments were performed under synthetic air (flow
50 mL/min). Pieces of 10-15 mg cured samples were degraded between
30 and 600 °C at a heating rate of 10 °C/min.
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FTIR spectra were recorded with a spectrometer Jasco FT/IR 6700, with a
resolution of 4 cm-, in an interval from 650 to 4000 cm-1, and 32 scans of
each spectrum. The spectrometer was equipped with an accessory Specac
Golden Gate ATR Tecknokroma. All spectra were registered at room

temperature.

The viscoelastic and thermomechanical properties were evaluated with a
DMA Q800 analyzer from TA Instruments and using a film tension clamp.
The dependence of tan & and storage modulus on the temperature was
investigated in the initial materials and after several stress relaxations
experiments. The samples were tested at a heating rate of 2 °C/min from -
25 to 125 °C, with a frequency of 1 Hz and 0.1 % of strain. Tensile stress
relaxation tests were conducted using a film tension clamp on samples with
the same dimensions as previously defined. The samples were equilibrated
at 165 °C and left at this temperature for 5 min. Then, a constant strain of
1.5 % (to ensure the materials are within the linear range) was applied, and
the consequent stress level was measured as a function of time for 90 min.
Then, the temperature was increased to 5 °C, and the process was
repeated until a final temperature of 195 °C was reached. Relaxation stress
o(t) was normalized by the initial stress (0o), and the relaxation time (1) was

determined as the time necessary to relax 0.37-0o.

With the relaxation times obtained at each temperature, the activation

energy values, Ea, were calculated using an Arrhenius-type equation:

In(1) = %— InA (1)

Where tis the time needed to attain a stress-relaxation value (0.3700), A is
a pre-exponential factor, and R is the gas constant. The temperature of
topology freezing (Tv) was obtained from the Arrhenius relation as the
temperature at which the material reaches a viscosity of 1012 Pa-s. Using
Maxwell’s relation and E’ determined from DMA (assuming E’ is relatively

invariant in the rubbery state), t* was determined for each sample. The
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Arrhenius relationship was then extrapolated to the corresponding value of

T" to determine Tv for each sample.

Environmental scanning electron microscopy (ESEM) was used to examine
the surfaces of the broken materials prepared. A Quanta 600 environmental
scanning electron microscopy (FEI Company, Hillsboro, OR, USA) allows
collecting micrographs at 10-20 kV and low vacuum mode without the need

to coat the samples.

VI-3. Results and discussion

VI-3.1. Preparation and characterization of thiol-functionalized silica

nanostructures

Several authors reported the addition of POSS (silsesquioxane) structures
as nanoblocks to reinforce thermosets.?® POSS is a three-dimensional
nanostructure with the generic formula {RSiOs:2}n, Where R is an organic
moiety. The most extended use of POSS in thermosets has been reported
in epoxy materials. In that case, POSS has been functionalized with
epoxy,3® amine,® and hydroxyl groups,®? and the thermosets obtained
presented improved toughness, stiffness, thermal stability, and flame
retardancy. In addition, polyimide,3® phenolic resins,®* and poly
(urethane)s®>36 have been modified by these structures to improve thermal

and mechanical characteristics, among others.

In the present work, we have synthesized oligomeric structures containing
POSS cages with thiol groups that are reactive in front of isocyanates
producing thiourethane bonds. Thus, the thiol-reactive groups in the POSS
structures not only contribute to the miscibility in the organic phase but also
lead to crosslinking points due to the high functionality of the POSS
structure (eight for perfect POSS cages). The idealized structure for the
thiol-functionalized POSS synthesized in this work is depicted in Scheme
VI-1.
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Scheme VI-1. Idealized structure of the cages of the octathiol
functionalized POSS synthesized.

The preparation of POSS derivatives can be summarized in a two-step
process: the first one is the hydrolysis of a trialkoxysilane, forming silanols,
followed by their condensation, which eliminates water. Some factors that
must be controlled are the solvent, catalyst, precursor, dilution, time, and
temperature.3” Forming perfectly closed POSS cages is not an easy task
and usually coexists with other partially closed structures or even randomly
ordered.38

The synthesis of the two different mercaptopropyl POSS (POSS-A and
POSS-B) was performed according to the procedure previously reported 28
and explained in section VI.2.2. To improve the formation of POSS cages,
POSS-B was synthesized in an autoclave which allows reaching a higher
temperature and pressure, which predictably leads to a higher hydrolysis

proportion of alkoxysilane groups and a better condensation of the silanols.

The characterization of POSS structures is usually performed by 2°Si-
CPMAS NMR spectroscopy. As the MPTMPS precursor has three

hydrolyzable groups, different signals attributable to

Tnstructures can be expected (To, T1, T2, and Ts) for trisilanols to completely
condensed silicon structures. As a general trend, the signals appear at
higher chemical shifts on increasing the condensation degree (from To to

Ts). This is because cubic cage-like structures reduce the valence angles
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of Si atoms, and the density of positive charge is reduced. In linear
structures or bigger cages, the internal tension is less, and consequently,
the signal would be high field shifted. The spectra in Figure VI-1 show the
presence, for POSS-A and POSS-B samples, of two partially overlapped
peaks that correspond to two different chemical environments of the silicon

atoms in POSS structures.
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Figure VI-1. 2°Si-CPMAS NMR spectra of the two POSS-A (black) and POSS-B
(red) synthesized.

According to the values reported in the literature, we assigned the signals
at -67 ppm to Ts that correspond to [Si(OSi)z:R] and the signals at -58 ppm
to T2 that correspond to [Si(OSi)2R(OH)].183% The broadness of both peaks
with a partial splitting accounts for a not well-defined oligomeric structure.
Although this type of spectra is not quantitative, it is evident in the spectra
the differences in both POSS samples prepared by the two different
procedures that, in any case, lead to a completely closed structure. The
material obtained at autogenic pressure (POSS-B) presents a higher area
ratio Ts/T2 than POSS-A obtained at atmospheric pressure, indicating a
more closed structure for POSS-B. In none of the spectra, it was possible
to observe signals at chemical shifts in the T1 and To region, so it can be
concluded that the degree of condensation reached has been relatively
high.

FTIR spectra can also provide information about the structure of the POSS
materials prepared. In Figure VI-2, the FTIR spectra region show some

differences in the absorption bands at 1100 cm? (stretching of Si-O-Si in
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the cage structure) and at around 1010 cm- (stretching of the Si-O-Si bond

of silica network), being the former more intense in POSS-B.4°
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Figure VI-2. FTIR spectra of the different thiol-functionalized POSS
synthesized.

In the spectrum of POSS-B (autogenic pressure), the relative intensity of
the Si-O-Si band is higher than in the case of POSS-A (atmospheric
pressure). Therefore, by this technique, a higher proportion of cage POSS
structures can be confirmed in POSS-B than in POSS-A, as it was observed
by 2°Si-CPMAS NMR spectroscopy.

VI-3.2. Study of the curing process

The curing process of the formulations with the highest amount of both
POSS synthesized was followed by differential scanning calorimetry (DSC)
and compared with the evolution of the neat formulation. Calorimetric
curves are shown in Figure VI-3, and the most relevant data are presented
in Table VI-2. As we can see, the incorporation of POSS delays the curing
process, increasing the temperature at which the curve reaches the
maximum. This effect is more pronounced in the case of formulation
containing POSS-A. It is also observed a reduction of the enthalpy released

in the curing process, indicating that the degree of curing achieved is
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slightly lower for POSS-B formulations and even more for POSS-A
formulations. This is because of the uncomplete condensation of the POSS
cages that leads to an increase in the equivalent weight of thiols and,
consequently, to a slight stoichiometric imbalance. However, with the
values of enthalpy achieved, it is confirmed that the covalent union between
the inorganic phase and the polymeric matrix has taken place, favoring the
interphase interactions and helping the dispersion of the inorganic filler in
the PTU matrix.

——O0POSS
——15POSS-A
——15P0OSS-B

0.5 4

0.0 4

Heat flow (mW, exo)

-0.5

T T T T T T T T T T
-25 0 25 50 75 100 125 150 175 200 225 250

Temperature (°C)

Figure VI-3: Calorimetric curves of neat and filled formulations with a 15 %
of POSS added.

Table VI-2. Main calorimetric data of the curing process of neat and

modified formulations.

Formulation Tmax® AHP AH°
(°C) (J/9) (kJ/eq)

Neat 131 353 76

15POSS-A 154 307 67

15POSS-B 164 330 72

a. Temperature of the maximum of the curing exothermic curve
b. Enthalpy released on curing by a gram of formulation

c. Enthalpy released on curing by an equivalent of isocyanate or thiol
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After the curing process, the FTIR-ATR spectra of cured samples of all
three formulations were registered to confirm that the complete curing was
reached. The spectra of these samples are shown in Figure VI-4. In the
spectra, it is possible to observe that the absorption band of isocyanate
stretching at 2250 cm has disappeared completely, whereas the
absorption bands of thiourethane stretching at 1650 cm' and N-H
stretching at 3330 cm™® have been formed. From this technique, no
differences are observed among neat and modified formulations,
confirming that a fully cured material is obtained and that the differences
observed by calorimetric studies are too small to be considered. The main
differences observed are related to the O-Si-O region with peaks at 1030

and 1100 cm! due to the presence of POSS in the filled materials.
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Figure VI-4. FTIR spectra of the neat cured material and the nhanocomposites

with the maximum amount of POSS added.

VI-3.3. Thermal characterization of the nanocomposites

The thermal stability of the materials prepared was evaluated by
thermogravimetry. Figure VI-5 shows the first derivative of the weight loss

and the most interesting data are presented in Table VI-3.
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Figure VI-5. DTG curves of neat cured material and the nanocomposites with

the maximum amount of POSS added.

Table VI-3. Main data obtained from TGA evaluation of the neat material and of

the nanocomposites prepared in air atmosphere.

Sample Tso? ResidueP Tpeak © Tpeak2® Tpeaks®
(°C) (%) °C) °C) (°C)
OPOSS 283 21 301 327 443
5POSS-A 271 3.8 294 310 454
5P0OSS-B 282 3.3 301 330 447
10POSS-A 255 5.2 285 310 455
10POSS-B 279 4.8 302 329 454
15POSS-A 247 6.2 279 308 456
15P0OSS-B 276 5.7 301 330 456

a. Temperature of 5% of weight loss.
b. Char residue at 600 °C.
c. Temperature of the maximum rate of degradation of three main steps.

As shown in Figure VI-5, the degradation occurs in three steps, as
previously reported by us 3 for PTUs with different chemical structures. The
addition of POSS to the formulation does not change the degradation
mechanism, and the three peaks (more or less overlapped) are still present.

The first peak can be attributed to the thiourethane group decomposition
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and the second peak to the b-elimination process of the ester groups in the
S3 structure, being the peak at the highest temperature produced by the
complete degradation of the network. From the table values, we can see
that on increasing the proportion of POSS in the material the initial weight
loss starts at a lower temperature. This behavior is more evident in POSS-
A due to the presence of terminal groups in the more open silica network.
As expected, the char yield at 600 °C determined in the air atmosphere

increases with the amount of silicon in the material.
VI-3.4. Morphological properties

The samples' transparency was observed to analyze the dispersion of both
POSS structures in the polymeric matrix. Figure VI-6 presents the
photograph of the neat material and with the highest POSS proportions

confirming a proper dispersion.

0POSS 15POSS-A 15POSS-B

Figure VI-6. Photographs of the neat material and with the highest proportion of
POSS-A and POSS-B.

To analyze the effect of the addition of POSS in the microstructure, the
fracture surface of the neat, 15% POSS A, and 15% POSS B were
evaluated after being broken in liquid nitrogen. Figure VI-7 presents the
SEM images taken at 800 magnifications. It can be observed that the neat
sample presents a smooth and uniform surface with few signs of roughness
typical of a brittle fracture. Contrarily, the fracture surfaces of both POSS

nanocomposites show significant increases in roughness with numerous
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fracture paths and river-line crack propagation lines distributed uniformly,
indicating a more ductile behavior. This surface morphology implies that, in
POSS materials, higher energy should be consumed for the progress of the

cracks, thus presenting higher toughness.

Figure VI-7. SEM micrographs of the fracture surfaces of the neat sample and

with the highest proportions of POSS tested at 800 magnifications.
VI-3.5. Thermomechanical properties of the nanocomposites

Thermomechanical analysis (DMA) has been performed to evaluate the
materials prepared and the influence of the POSS proportion in their
thermomechanical properties. The tan & curves of all the materials prepared
are shown in Figure VI-8 and the primary data extracted from the DMA

analysis are collected in Table VI-4.

20 20
—0POSS ——0POSS
~——5POSS-A ——5P0OSS-B
= 10POSS-A ——10POSS-B

—— 15POSS-A 15 ——15P0OSS-B
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25 o 25 50 il 100 125 25 o 25 50 ™ 100 126
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Figure VI-8. Evolution of tan d with the temperature of the neat material and

nanocomposites prepared.

Looking at the tan © plots of the neat sample and the nanocomposites
prepared with increasing amounts of POSS, it can be observed that the tan
0 peaks shift to higher temperatures when rising the proportion of POSS in
the material increasing around 20 °C for the highest proportion of POSS
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added and due to the higher crosslinking density achieved. At the same
time, the curves become broader and lower, leading to lower values of tan
0 and higher values of FWHM, indicating a less homogeneous material with
lower damping properties. It is evident that the presence of POSS in the
material reduces the mobility of the polymer chains, due to the covalent
bonding of the POSS, with a high functionality, to the matrix. This effect is
more evident in POSS-A samples, probably due to the more heterogeneous
structure of this POSS.

Table VI-4. Primary data obtained from DMA analysis of the neat material and of

all the nanocomposites prepared.

Sample Ttans 2 FWHM®P E’glassy® E’rubbery®
(°C) (°C) (MPa) (MPa)

0OPOSS 55 11 2087 10
5POSS-A 59 13 2120 17
5POSS-B 58 13 2195 15
10POSS-A 64 16 2203 23
10POSS-B 67 14 2380 18
15POSS-A 72 26 2295 28
15POSS-B 73 16 2637 23

Temperature at the maximum of the tan & peak at 1 Hz.

Full width at half maximum of the tan & peak.

Glassy storage modulus determined by DMA at Tg - 50 °C.
Rubbery storage modulus determined by DMA at Ty + 50 °C.

aoow

Concerning the values for the storage modulus presented in Table VI-4, the
incorporation of POSS positively affects the stiffness of the materials,
increasing both the glassy and rubbery moduli. This increase in stiffness is
also due to the increase in the crosslinking density, due to the covalent
incorporation of the POSS (with functionality of eight) into the matrix. In

general, POSS-B affects more positively due to its more closed structure.

To determine the vitrimeric-like characteristics and to analyze the effect of
the proportion of POSS in these nanocomposites, the relaxation behavior

was evaluated by DMA stress relaxation tests at different temperatures
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from 170 °C to 190 °C during 90 min. Figure VI-9 shows the normalized

stress relaxation of the prepared materials at 180 °C.

As observed in Figure VI-9, the incorporation of POSS to the network
positively affects the relaxation time, reducing it. Moreover, POSS-B has a
more significant effect on the relaxation phenomena than POSS-A. The
same tendency was observed in all the temperatures tested. As
demonstrated by our research team, the relaxation of PTUs is due to the
trans-thiocarbamoylation reaction between thiourethane bonds.121314 This
mechanism goes through the decomposition of thiourethanes to isocyanate
and thiol, which instantaneously react to form again the thiourethane group.
Therefore, the mechanism is dissociative, but with a relaxation behavior
typical of vitrimers involving an Arrhenius-type decrease in viscosity as if
the degree of crosslinking remained unchanged. These materials with

those characteristics can be qualified as vitrimeric-like.

—a—0POSS
—e—5P0OSS-B
—a— 10POSS-B
—v— 15POSS-B

—=—0POSS
—=—5POSS-A
—a— 10POSS-A os 8
—v— 15POSS-A %

o/o,=0.37

o/o,=0.37

. - . T v T T T
0 20 %0 80 80 [ 20 40 60 80

Time (min) Time (min)

Figure VI-9. Normalized stress relaxation plots as a function of time for the
different samples obtained with POSS-A (left) and POSS-B (right) at 180 °C.

It has been described in that an increase in the rubbery modulus reduces
the relaxation time because of the decreased ability of reactive groups to
diffuse within a higher crosslinked network. 4* However, in the present
study, the addition of POSS shortens the relaxation times while producing
a significant increase in the rubbery modulus. Silyl ether metathesis has
been reported as a mechanism of network relaxation catalyzed by Brénsted
or Lewis acids.*?2 More recently 43, POSS nanocomposites obtained from

polyethylene have been prepared, and it was demonstrated that these
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thermoplastics could be converted into vitrimers through the introduction of
POSS structures and further crosslinking by silyl ether metathesis
catalyzed by zinc triflate. Moreover, by measures of refractive index and
dielectric properties the structural change on heating poly(silsesquioxane)
films has been proved.®® Thus, in our work, incorporating silsesquioxane
structures can provide a second mechanism of relaxation that can
potentiate the trans-thiocarbamoylation mechanism of the thiourethane

groups in the organic matrix shortening the times needed for relaxation.

In previous studies, other research teams have also incorporated two
different types of covalent dynamic crosslinking mechanisms 4 such as
transesterification and disulfide metathesis #° and transcarbamoylation and
disulfide metathesis.*® They observed a significant acceleration of the
stress relaxation and a decrease in the temperature at which the vitrimer
starts to be malleable compared to a similar network with only one

exchange mechanism.

From the relaxation stress tests performed at different temperatures
between 165 °C and 195 °C, the time to reach a relaxed stress state of o/
0o = 0.37 (10.37) can be extracted, plotted versus 1/T, and fitted to the
Arrhenius relationship (Eq. 1). From the Arrhenius equation and the
relaxation time needed to attain a viscosity of 1012 Pa-s, Tv is also
calculated for each material. The main parameters from the Arrhenius
equation are presented in Table VI-1 as well as Tv and To.37 at 180°C for

each material.

As we can see, there is a noticeable decrease in the to.37 values on adding
increasing proportions of POSS, leading to the addition of POSS-B to
shorter times than POSS-A. The addition of 15 % of POSS-B leads to a
relaxation rate around ten times faster than in the case of the neat
poly(thiourethane) matrix. It should be considered that the amount of
thiourethane bonds in our system is the same despite the composition.
However, the activation energies increase on adding POSS to the
formulation, although POSS-B rends lower values than POSS-A. The
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activation energy in chemical exchange reactions indicates the sensitivity
of the reaction rate (relaxation times) to temperature. High Eas implies that
the material relaxes faster when increasing the temperature slightly. Thus,
the presence of POSS raises the sensitivity of these nano compounds to
temperature variations in the relaxation phenomena, increasing this
dependence with increasing the proportion of the inorganic structure in the
material. Moreover, faster relaxations can be achieved by a proper

combination of low Ea and high InA, as in POSS B nanocomposites.

Table VI-5. Main data from DMA analysis of the neat material and of the

nanocomposites prepared.

Sample TO'_37a B InA r2 ™
(min) (kJd/mol) °C)

0POSS 51 137 28.3 0.995 140
5P0OSS-A 44 162 35.1 0.997 149
5POSS-B 17 159 35.2 0.997 139
10POSS-A 37 181 40.6 0.990 151
10POSS-B 10 179 41.1 0.993 142
15P0OSS-A 29 187 42,5 0.993 150
15P0OSS-B 5 192 44.9 0.997 141

a. Time to reach a value relative relaxed stress of o/ 0o = 0.37 at 180 °C.
b. Topology freezing temperature.

It is important to highlight that in the literature there are no references on
the effect of the inorganic network structures in the relaxation process, but
it seems evident from the results that the higher proportion of cages in

POSS-B favors this relaxation phenomenon.

Regarding the topology freezing temperature (Tv), it can be deduced that
increasing the proportion of POSS barely affects this parameter in any
POSS structure. However, POSS B presents slightly lower Ty values than
POSS A, probably due to its more closed structure, leading to lower moduli

and, consequently, lower relaxation times, as explained before 3°. In all the
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POSS samples, Ty is well above Tgq, ensuring excellent creep resistance

over a wide temperature range, especially at service (room) temperature.

To confirm that the network structure remains unaltered after the relaxation
process, we performed a thermomechanical analysis to compare their tan
0 evolution with temperature. Figure VI-10 presents these comparisons for
the neat sample and the higher proportion of both POSS after a relaxation
test at 180 °C.
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15
125
5 1.00
ors
0%
02
000 - - T A T
25 o 2 50 5 100 125
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200 200
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1.75 4 —— After first relaxation 15POSS-A 1754 —— After first relaxation 15P0OSS-B
1.50 4 1.50
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Temperature (°C)
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Figure VI-10. Comparison of tan & evolution with temperature before and after a
relaxation process at 180 °C for the neat material and with the higher proportion of
both POSS.

To reaffirm that no changes in the chemical network structure have
occurred during the relaxation phenomenon, FTIR spectra were recorded
before and after a relaxation test at 180 °C. Figure VI-11 compares both
spectra for the materials with the highest proportion of POSS-A and POSS-
B. As we can see, there are no differences when comparing these spectra,

confirming that the chemical structure of the network remains unaltered.
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Figure VI-11. FTIR spectra for the neat material and the material after relaxation
at 180 °C.

From these tests we can assure that the nanocomposite materials can be
reprocessed without important damage of the network structure and that
the presence of silsesquioxanes facilitates this process, shortening the time

needed.
VI-4. Conclusions

In the present study, hybrid organic—inorganic poly(thiourethane)
nanocomposites were prepared from a mixture of a commercial trithiol,
different proportions of octathiol functionalized POSS, and hexamethylene
diisocyanate. Two POSS derivatives were firstly synthesized by a sol—gel
process performed at different conditions: at normal pressure (POSS-A),
and in an autogenic autoclave (POSS-B). 2°Si NMR spectra showed that
POSS-B had a higher proportion of closed octahedral cages. The materials
prepared showed good transparency, confirming the excellent dispersion
of the inorganic structures in the polymeric matrix. The presence of POSS
in the material led to an increase in the thermomechanical parameters (Tg
and storage moduli), although the addition of POSS-A increases the
heterogeneity of the material, broadening the tan & curve. The SEM images
of fracture surfaces demonstrated that the addition of POSS makes these

nanocomposites more ductile, increasing their toughness.

The addition of POSS leads to a significantly faster relaxation, especially

with a higher proportion of POSS-B, raising the sensitivity to temperature
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variations in the relaxation phenomena. Contrarily, increasing the
proportion of POSS barely affects the topology freezing temperature in any
POSS structure, being Ty, in all the cases, well above Tg, ensuring excellent
creep resistance over a wide temperature range, especially at service
(room) temperature. Comparing the thermo-mechanical and FTIR
characteristics before and after a relaxation process at 180 -C, it has been
confirmed that the chemical and network structures remain unaltered.
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Conclusiones

1. Se ensay6 el metanosulfonato de isopropilo como precursor térmico del
acido metanosulfénico. Las formulaciones preparadas presentaban una
mayor estabilidad a temperatura ambiente que las preparadas con DBTDL.
La temperatura de transicion vitrea de los politiouretanos preparados
resultd ser independiente de la cantidad de catalizador. Los ensayos de
relajacion permitieron concluir que los materiales presentaban un
comportamiento  pseudovitrimérico con una relacion viscosidad-
temperatura tipo Arrhenius. El tiempo de relajacion disminuyé al aumentar
la proporcion de catalizador afiadido a la formulacion y aumenté con la
densidad de entrecruzamiento de la red. Los materiales preparados
pudieron ser reciclados sin cambios apreciables en su estructura y

conservando sus propiedades mecénicas.

2. Se demostré la capacidad de los triflatos de lantanido como
catalizadores acidos de Lewis en la preparacion de politiouretanos y en la
relajacion vitrimérica de estos. El tamafio del catidn, su acidez de Lewis y
su capacidad de coordinacién originaron diferencias significativas en la
estructura de los materiales. Se pudieron observar por calorimetria dos
procesos diferentes: una primera trimerizacion de los isocianatos para dar
isocianuratos y la formacién de los grupos tiouretanos a temperaturas mas
elevadas. La extension en la que se producia la primera reaccion estaba
directamente relacionada con el tamafio del catién. Las temperaturas de
transicion vitrea de los materiales obtenidos con triflatos de lantanido
resultaron ser menores, que al utilizar DBTDL como catalizador, sin

embargo, el mddulo en el estado gomoso era mayor.

3. Al utilizar dos diferentes disocianatos comerciales, HDI e IPDI, pudo
comprobarse la mayor reactividad del HDI, aunque el material final
presentaba temperaturas de transicion vitrea menores que las obtenidas

con IPDI, como era de esperar de su estructura mas flexible.

4. La utilizacion de triflatos de lantanido llevé a tiempos de relajacion

menores que los observados en materiales catalizados por DBTDL, dando
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tiempos menores la sal de lantano que la de iterbio. Al aumentar la cantidad
de catalizador disminuyo el tiempo de relajacion. Estos materiales pudieron

ser reciclados sin pérdida de sus propiedades mecanicas.

5. Se prepararon materiales a partir de tioles bio-basados, derivados del
escualeno y el limoneno, obtenidos por reaccion tiol-eno con &cido
tioacético, seguida de saponificacion. La variacion en las proporciones de
ambos tioles en formulaciones con HDI permitié modular las caracteristicas
de los materiales, utilizando DBTDL vy el tetrafenil borato de DBU, como
catalizadores acido y basico, respectivamente. Al aumentar la proporcion
de escualeno aumenté la Tq4 y el médulo en el estado gomoso, debido al
mayor grado de entrecruzamiento. Los materiales resultaron térmicamente
estables hasta los 200 °C.

6. La catdlisis basica en los materiales biobasados proporciond una
relajacion mas rapida. El aumento de la cantidad del tiol derivado de
limoneno en el material permitio acelerar la relajacion, pudiéndose alcanzar
relajaciones (To.37) de solo 10 segundos a 180 °C en la muestra con 25%
del tiol del escualeno y 75 % del derivado de limoneno. Ademas, estos

materiales mostraron una alta capacidad de autorreparacion.

7. Se prepararon materiales hibridos orgénicos-inorganicos a partir de
politiouretanos como matriz organica y silsesquioxanos funcionalizados
con tioles (POSS), como relleno inorgénico, utilizando DBTDL como

catalizador.

8. La preparacion de los POSS fue realizada mediante un proceso sol-gel
en condiciones diferentes de presion: atmosférica (POSS-A) y autogénica
(POSS-B). El estudio por RMN de Si-29 mostr6 una estructura mas
cerrada en el caso del POSS-B. Los materiales obtenidos al afiadir los
POSS fueron transparentes, demostrando una correcta dispersion del

refuerzo en la matriz a nivel nanométrico.
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9. La adicién de POSS provocé un aumento de la Ty, del moédulo de
almacenamiento y de la ductilidad y tenacidad del material. La adicién de
POSS-A llevé a una mayor heterogeneidad del material que el POSS B,

con picos de la tan & mas anchos.

10. Los nanocomposites obtenidos relajaron mas rapidamente que en el
caso de los materiales organicos no modificados, siendo especialmente
notable en el caso de materiales con POSS B. Tras la relajacién no se
observé ningdn cambio estructural ni de sus caracteristicas

termomecanicas.

11. En conclusiébn, hemos obtenidos materiales vitriméricos de
politiouretanos mas sostenibles y con mejores propiedades mecanicas y
vitriméricas, que pueden ser reciclados sin pérdida significante de

propiedades y con propiedades autorreparantes.
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Objetivos futuros

La preparacién de redes mixtas poli(tiouretano-isocianurato) no se ha
descrito anteriormente. Se propone la preparacién de estas redes a partir
de un producto comercial, el Desmodur ® N3300, un trimero (o
isocianurato) del diisocianato de hexametileno (HDI) y como tiol el 1,6-
hexanoditiol (Figura VII-1). Como catalizadores se proponen el dilaurato de
dibutilestafio (DBTDL), el triflato de lantano y el generador térmico del 1,8-
diazabiciclo [5.4.0] undec-7-eno (DBU).
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Desmodur N3300 1,6-hexanoditiol

Figura VII-1. Mon6meros propuestos para la preparacion de redes

poli(tiouretano-isocianurato)

Al analizar calorimétricamente el proceso de curado de formulaciones
estequiométricas de ambos mondémeros, con los tres catalizadores
propuestos en una misma concentracion (0,5 % en moles respecto a los
grupos tiouretanos teéricos), se observan diferencias en los perfiles de sus
curvas (Figura VII-2.a). Al aumentar la concentracion de catalizador en la
muestra de triflato de lantano, se observa la aparicion de un segundo pico,
a 80 °C, que corresponderia a la formacion de grupos isocianurato como
se describe en el capitulo IV (Figura VII-2.b).

Se ha demostrado que estos materiales son buenos vitrimeros, al decrecer
su viscosidad respecto a la temperatura siguiendo un modelo de Arrhenius
(Figura VII-3) y al presentar buenos tiempos de relajacion (Tabla VII-1) A
misma cantidad de catalizador, se observa una cinética mas favorable con

el catalizador basico que con los acidos, pero también una gran diferente
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entre el tiempo del material con DBTDL en comparacién con el del material
con La(OTf)s, del orden de diez.
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Figura VII-2. Curvas calorimétricas del curado dindmico de (a) formulaciones
con diferentes catalizadores en la misma concentracion y (b) formulaciones de
triflato de lantano a diferentes concentraciones, a 10 °C/min.

Tabla VII-1. Tiempos de relajacion de los materiales a 180 °C, obtenidos
mediante ensayos de relajacion de tensiones.
Muestra DBTDL | DBTDL | La(OTf)s | La(OTf); | BGDBU | BGDBU
0,5 % 1% 0,5 % 1% 0,25 % 0,5 %
Tos7(min) a 31,9 10,8 3,0 14 3,4 11
180 °C

& DBTDLO5% ® DBTDL1%
91 & La(0T),05% @ La(OTn, 1% 4
4 BGDBUO025% @ BGDBUOS% I

In< (s)
o
)

T T T T
216 218 220 222 224 226 228 230 232
1000/T (1/K)

Figura VII-3. Ajuste de Arrhenius de los tiempos de relajacion frente a la
temperatura de las muestras preparadas, medidos por ensayos de relajacion

de tensiones.
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Como objetivos futuros, se proponen:

e Estudiar el efecto de otro lantanido en el proceso de curado y en
las propiedades del material, concretamente el iterbio, al ser el
lantanido con propiedades electronicas, de acidez y de
coordinacién mas diferentes a las del lantano. También estudiar el
efecto del pKa y la nucleofilia de la base organica que libera el
precursor térmico de base; por ejemplo, empleando la sal de
tetrafenilborato del 1-metilimidazol (BG1MI).

e Analizar mediante espectroscopia Raman la existencia de grupos
tiol libres que pudieran confirma la existencia de grupos
isocianurato no abiertos en el material final. En caso afirmativo,
estudiar el efecto de diferentes defectos estequiométricos de

equivalentes de tioles en las propiedades del material.

e Explicar la gran diferencia en las cinéticas de los procesos de
relajacion de tensiones entre las muestras con DBTDL y con
La(OTf)a.

e Realizar el reciclaje mecanico de las muestras, y determinar las
propiedades mecénicas de los materiales, tras varios ciclos de

reciclado.

e Confirmar las propiedades de autorreparacion de los materiales,

tras aplicacion de calor y una presién minima.
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