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Fabrication and Characterization of the Physical Properties of Nanocellular Polymers: the
Transition from the Micro to the Nanoscale.
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S1. Introduccion

La Ciencia de Materiales, definida como la rama de la ciencia encargada de investigar la
relacion entre la estructura y las propiedades de los materiales, permite por un lado
desarrollar materiales con propiedades exclusivas, o bien mejorar las propiedades o rutas de
produccién de materiales de uso comun. De esta manera se consigue ampliar el rango de
aplicacion o incluso se da lugar a aplicaciones completamente nuevas para dichos materiales.
Conviene matizar que es la ingenieria de materiales, quien basandose en la relacidn
estructura-propiedades-produccidn-aplicaciones, disefia o proyecta la estructura de un
material para conseguir un conjunto predeterminado de propiedades. A veces es dificil definir
una frontera entre ambos conceptos pues existe una zona de uso comun. Lo que si es evidente
es que ambos deben caminar unidos de forma obligada.

Los avances obtenidos en otras ramas de la ciencia y la tecnologia requieren de nuevos o
mejorados materiales para poder llevar a cabo dichos avances. Por estos motivos la Ciencia de
Materiales es una de las principales areas de interés tanto de organismos publicos de
investigacion como de centros de investigacién privados.

De hecho, la Unidn Europea (UE) establecié en diciembre de 2013 los objetivos de
investigacion del programa “Horizonte 2020” (Horizonte 2020, el programa de Investigacion e
Innovacion de la UE para el periodo 2014-2020) [1], entre los que se encuentran multiples
objetivos centrados en la Ciencia de Materiales. Horizonte 2020 tiene un fuerte enfoque en el
desarrollo de las capacidades industriales europeas en lo que se conoce como Key Enabling
Technologies (KETs). Esta parte del programa cubre diferentes areas de investigacion como la
nanotecnologia, los materiales avanzados, la fabricacidon y el procesamiento avanzado, y la
biotecnologia. En particular, dentro de esos objetivos una de las prioridades de la UE es la
“Produccion y control de materiales nanoporosos”.

La presente tesis titulada “Fabricacion y caracterizacion de las propiedades fisicas de
polimeros nanocelulares: transicion de la escala micro a la escala nanométrica” se encuadra
por tanto dentro de este campo de investigacidn prioritario, en la actualidad y el futuro, para
la UE.

De manera general los materiales celulares poliméricos se pueden definir como una estructura
de dos fases en la cual la fase gaseosa procedente de un agente espumante, ya sea fisico o
guimico, se ha dispersado a lo largo de una matriz polimérica sélida [2].

Aungue en algunas ocasiones se hace referencia a los materiales celulares como espumas, es
necesario aclarar que una espuma es un tipo especifico de material celular que se ha generado
por expansion de un material en estado liquido. A lo largo de la tesis se utilizardn
indistintamente el término de material celular y el de espuma, pero hay que tener claro que
cuando se habla de espuma nos estamos refiriendo a material celular.

Los materiales celulares pueden ser clasificados atendiendo a distintos criterios. El primero de
ellos hace referencia al tipo de estructura celular y a la conectividad de las celdas. Asi, es
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posible encontrar materiales celulares de Celda Abierta (Figura 0.1 izquierda) donde el gas
puede circular libremente entre las celdillas ya que éstas estan interconectadas, o materiales
de Celda Cerrada (Figura 0.1 derecha), en los cuales el gas esta ocluido en el interior de las
mismas. Habitualmente es facil encontrar materiales con una estructura intermedia: una
fraccion de la estructura celular estd formado por una estructura de celda abierta mientras
que otra fracciéon de la estructura celular esta formado por una estructura de celda cerrada [2].

Figura 0.1. Izquierda) material celular de celda abierta, Derecha) material celular de celda
cerrada

Otra clasificacion de los materiales celulares se puede realizar atendiendo a su densidad. Este
pardmetro determina fuertemente las propiedades finales del material, y en consecuencia sus
aplicaciones [2, 3].

Cuando se habla de la densidad de un material celular es comun hacerlo refiriéndose a su
Densidad Relativa (pretiva), que es la relacion entre la densidad del material celular (paterior
ceular) Y 12 del correspondiente material sélido (0sgi00) [2, 3]:

p __ Pmaterial celular
relativa —
Psélido (0-1)

De acuerdo a su densidad relativa, los materiales celulares se pueden clasificar en tres grupos:

e Materiales celulares de baja densidad: densidades relativas por debajo de 0.3.
e Materiales celulares de media densidad: densidades relativas entre 0.3 y 0.6.
e Materiales celulares de alta densidad: densidades relativas mayores de 0.6.

La produccion de material celulares tiene como finalidad mejorar las propiedades de
materiales conocidos, o bien incrementar el rango de sus potenciales aplicaciones [2]. Ademas
de ofrecer una reduccién de la densidad del material de partida (obteniendo asi piezas mas
ligeras para unas mismas dimensiones/aplicacion), los materiales celulares pueden presentar
mejores propiedades que los materiales sélidos en diferentes areas/aplicaciones, como por
ejemplo mejor capacidad como aislantes térmicos, mejor absorcidn de impacto, absorcion
acustica, etc.

Sin embargo los materiales celulares no son una invencidon del ser humano, sino que la
naturaleza ha utilizado ampliamente esta aproximacién durante la evolucion de la vida en la
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Tierra. La madera, el corcho, los corales, las esponjas marinas o los huesos de distintas
especies de vertebrados (Figura 0.2, izquierda) son algunos de los ejemplos mas
representativos [4].

Figura 0.2. Estructura porosa de un hueso humano (izquierda) y estructura porosa de un
polimero nanocelular (derecha)

Pero reproducir estas estructuras vivas por medios artificiales dista mucho de ser simple.
Actualmente es posible fabricar materiales celulares a partir de multiples materiales de
partida. Estos materiales artificiales abarcan desde la simple repeticion de una celda unidad en
el caso de los paneles tipo abeja (usados como nucleos en paneles sandwich para aplicaciones
estructurales) hasta materiales celulares tridimensionales estructuradas estocasticamente a
partir de liquidos, polimeros, metales, cerdmicas, etc. [3, 5-8]. Estos materiales pueden
presentar propiedades mejoradas y densidades relativas bajas que les permiten encontrar
aplicacién en embalajes, industria aerondautica, industria del automdévil [9], aislamiento
térmico [10] y acustico [11], asi como en procesos de catalisis debido a su elevada area
superficial [12].

La produccion de materiales celulares ha experimentado una progresion significativa con el
desarrollo de la Nanotecnologia. Este concepto fue introducido por primera vez por el premio
Nobel de Fisica Richard P. Feynman en 1959, asi como por otros investigadores como Norio
Taguchi quien propuso el término “nano-tecnologia”. Gracias a la manipulacion de la materia a
escala atdmica, molecular, o supramolecular empezé una nueva era en el campo de la Ciencia
de Materiales.

De hecho, algunas de las actuales vias de investigacion de mayor relevancia en espumas
poliméricas son la adicion de nanoparticulas a la matriz polimérica (con el fin de modificar el
proceso de espumado o para mejorar/modificar la estructura y propiedades del material
celular) y la fabricaciéon de materiales celulares poliméricas cuyo tamafo de poro se encuentre
en el rango nanométrico (en torno a 200 nm, siendo 1 nm = 10° m) (polimeros nanocelulares).
Debido al creciente interés en este campo, este trabajo de investigacidn se ha centrado en la
produccién y caracterizacion de polimeros nanocelulares. La Figura 0.2 (derecha) muestra la
estructura tipica de uno de los polimeros nanocelulares producidos en esta investigacion en el
gue se puede observar que el tamafio de celda esta por debajo de la micra.

Desde el punto de vista de sus potenciales propiedades estos materiales nanocelulares son
muy prometedores ya que ademas de las esperadas mejoras en las propiedades mecanicas
frente a los materiales celulares convencionales y microcelulares, habria que sumar la
reduccion de la conductividad térmica debido a la baja contribucién del término de conduccién
a través de la fase gaseosa (efecto Knudsen) [13], y la transparencia de estos productos cuando
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se fabrican a partir de materiales amorfos y cuando los tamafios de celda estan por debajo de
los 50 nm [14]. Ademds, las dimensiones del tamafio de poro y del espesor de pared en el
rango nanométrico pueden dar lugar en estos materiales a la apariciéon de nuevos efectos o
comportamientos no esperados. Sin embargo, a dia de hoy existen pocos trabajos que
demuestren estos aspectos. La principal limitacidon para la caracterizacién de las distintas
propiedades fisicas de los polimeros nanocelulares es la produccién de muestras
suficientemente grandes o con geometrias apropiadas para ser sometidas a protocolos
estandar de analisis.

La fabricacién de polimeros nanoporosos a partir de films poliméricos es bien conocida, ya sea
mediante el empleo de nanoestructuras (técnicas de transferencia de patrones [15-18]) o
mediante la degradacién o disolucién selectiva de bloques [15, 17-24]. Por otra parte, la
bibliografia muestra que hasta el momento no ha sido posible obtener materiales
nanocelulares mediante el empleo de técnicas de espumado empleando un agente de
espumado quimico.

Por otro lado, el proceso de espumado por disoluciéon de gas a altas presiones (tipicamente N,
o CO,) es quizas menos conocido [18, 25-27], pero es una técnica versatil, eficaz, barata y
medioambientalmente sostenible, especialmente si se utiliza CO, (el cual presenta una
excelente capacidad de difusién en el estado supercritico (por encima de 31° Cy 7.3 MPa)) y
con el potencial de producir polimeros nanocelulares con dimensiones macroscépicas.

El proceso de espumado mediante disolucidén de gas consta de tres etapas (Figura 0.3):

= Etapa I: saturacion del polimero bajo presion.

= Etapa Il: desorcion del gas tras liberar la presidn.

= Etapa lll: espumado a una temperatura superior o cercana a la temperatura de
transicion vitrea efectiva del polimero plastificado (Tg.) con el agente espumante.

heuestra Muestrs
Sobresaturada Espurmada

Mukst@ no
Saturada
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Figura 0.3. Esquema del proceso de disolucién de gas para el caso especifico del solid state
foaming

Si la nucleacion y crecimiento de las celdas se produce durante la liberacién de la presion el
proceso es calificado como un proceso de espumado en una etapa [26, 28] (también llamado
batch foaming), para lo cual la temperatura del polimero durante el proceso de liberacion de la
presion deberd ser préxima o superior a su T,.. En este caso, las etapas Il y Ill son
indistinguibles pues suceden simultdneamente.

Por el contrario, si durante la liberacién de la presidn el polimero se encuentra en estado
vitreo serd necesario llevar a cabo el proceso de espumado, en el que se produce el
crecimiento celular calentando la muestra polimérica saturada de gas a un temperatura
cercana o superior a su T, En este caso el proceso de espumado se llevara a cabo en dos
etapas (Etapa Il y Etapa Ill) [29]. El proceso completo constituido por estas tres etapas es
conocido como solid state foaming. La descripcidn que se utiliza en esta secciéon es valida para
polimeros amorfos.

La obtencién de polimeros nanocelulares mediante el proceso de espumado por disolucién de
gas requiere alcanzar una densidad de nucleacidon de celdas muy elevada (Ny,, nimero de
nuicleos por cm® de la muestra sin espumar), tipicamente con valores del orden de 10'*-10%
nlcleos/cm?>. Para ello, existen diversas aproximaciones que permiten incrementar la densidad
de nucleacién como se muestra en la Figura 0.4.

Espumade por diselucion de gas CO,
Parametros de proceso Particulas  Copolimeros de blogque
Incrementor Incremsentor welocidod Agenke: de Agenktes de
prazlén dasprasurlzaclin nuelaseién nucl=asien
o~ R T e ™ - -
E E = E E 2 e .
- - - _;_ - ™
.- e -, e - e ™™
- e -
s - - - il
- - - - "B T g e e
- - - o . - N y
i o a __h..' i = s i "'--'.- Homs o s i "'-tl-.'t . L T
Y o o & ¥ ooa g s Godm e . o W A L .
E - . . . : HELH . L] u Bl -
LB B 4 o = 1 . nooe W @ o P n -
“:'r.-‘: - ”':‘ : = '-un :'*J oo™ L:.':l-r; :.-'l‘-.'- Y
. = - i = T l.__"" rm e g .\"' DR iz
Mucleacisn hamogénea Huxleaclén heberoginea

Figura 0.4. Métodos para incrementar la densidad de nucleacién en los procesos de espumado
por disolucion de gas

En materiales que presentan un mecanismo de nucleacion homogénea la densidad de
nucleacion estad controlada por los parametros de proceso de espumado, principalmente la
presion de saturacién y la velocidad de liberacidn de la presién [26, 30, 31].
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Mientras que en los materiales que presentan un mecanismo de nucleaciéon heterogénea es
posible incrementar la tasa de nucleacién mediante: a) la adicién de particulas (talco, éxido de
titanio, caolin, nanosilicas, etc.) siempre y cuando dichas particulas estén bien dispersadas en
la matriz polimérica y tengan un tamafio apropiado (del mismo orden o superior al radio critico
de nucleacion del sistema polimero/gas) [32]; b) mediante el uso de copolimeros de bloque
(de tipo A-B o A-B-A, siendo A y B diferentes cadenas poliméricas) [33]. Estos copolimeros
permiten la formacién de nanoestructuras en la matriz polimérica, pudiendo actuar como
puntos de nucleaciéon para las celdas. Ademas, si alguno de los bloques del copolimero
presenta una mayor afinidad por el CO, que el otro, las nanoestructuras conformadas por ese
bloque podran almacenar mas gas para inducir la nucleacién y el crecimiento de las celdas
[32].

En este campo de investigacién los mejores resultados obtenidos mediante el empleo de la
variacién de presién fueron logrados por J. Pinto et al. [34] a partir de muestras de PMMA
(poli(metil metacrilato)). En este trabajo se lograron tasas de nucleacién cercanas a 10%
nutcleos/cm® y tamafios de celda en torno a 90 nm para una presion de saturacién de 30 MPa.
De forma similar S. Costeux et al. [35] lograron tasas de nucleacién cercanas a 5-10%
nutcleos/cm? para una presidn de saturacién de 33 MPa y utilizando como polimero el PMMA-
co-EA (poli(metil metacrilato)-co-etil acrilato). Los tamafios de celda obtenidos en este caso
estaban por debajo de los 100 nm y las porosidades logradas rondaban el 60 %. En el caso del
uso de copolimeros de bloque, los mejores resultados obtenidos fueron logrados por
Yokoyama et al. [36] y Yokoyama y Sugiyama [37], que obtuvieron densidades de nucleacién
cercanas a los 10 nucleos/cm? y tamafios de celda en torno a 15-30 nm en films de PS-b-
PFMA (poliestireno-b-poli(perfluorooctyl etilmetacrilato)) y PS-b-PFS (poliestireno-b-
poly(perfluorooctyl propiloxi estireno)). En ambos casos los bloques fluorados presentaban
una mayor afinidad por el CO, que la matriz de poliestireno

S2. Marco de la Tesis

Este trabajo forma parte de las investigaciones en materiales celulares dirigidas por el profesor
Miguel Angel Rodriguez-Pérez en el Laboratorio CellMat del Departamento de Fisica de la
Materia Condensada de la Universidad de Valladolid.

El Laboratorio CellMat se cred en 1999 en la Universidad de Valladolid tras la defensa de la
primera tesis doctoral dentro de una linea de trabajo sobre propiedades térmicas y mecanicas
de espumas de poliolefinas llevada a cabo por Miguel Angel Rodriguez Pérez y dirigida por el
profesor José Antonio de Saja Saez [38]. A partir de entonces, bajo la direccion del profesor
Miguel Angel Rodriguez Pérez y del profesor José Antonio de Saja Saez, se han desarrollado
veintidds tesis doctorales [39-55] y se han publicado mds de 150 articulos en revistas
internacionales en el ambito de los materiales celulares. En la actualidad CellMat mantiene
cinco lineas de investigacién principales: polimeros microcelulares y nanocelulares [56-59],
nanocomposites celulares [60-63], polimeros celulares a partir de biopldsticos [64-66],
espumas metalicas [67-70], y desarrollo de nuevas técnicas experimentales y dispositivos para
el estudio de los mecanismos de espumado [71-74].
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Dentro del campo de los polimeros microcelulares y nanocelulares, en el afio 2014 se presento
en el laboratorio CellMat la primera tesis doctoral centrada en el campo de los materiales
nanocelulares [51]. Esta tesis se enfocé fundamentalmente en la produccién y en los
mecanismos de espumado de polimeros nanocelulares obtenidos a partir de mezclas de
poli(metil metacrilato) (PMMA) y MAM (copolimero de bloque compuesto por un bloque de
PMMA, un bloque de PBA (poli(butil acrilato)) y otro bloque de PMMA). Ademas se empezaron
a estudiar algunas de las propiedades fisicas de estos sistemas: conductividad térmica,
temperatura de transicion vitrea y médulo de Young, encontrandose ciertas diferencias con las
propiedades de los materiales microcelulares (materiales con tamarnos de celda mayores de 10
um y densidades de celda en torno a 10° celdas/cm?).

Asi pues, una vez establecidos y conocidos los mecanismos dominantes en la produccion y
espumado de estos materiales, la presente investigacion se centra en el analisis detallado de
las distintas propiedades fisicas de los polimeros nanocelulares y su comparacién con las
polimeros celulares convencionales y los microcelulares. De esta forma se presenta un estudio
exhaustivo que va a arrojar luz sobre la validez de las hipdtesis ampliamente extendidas sobre
las diversas propiedades y ventajas esperadas de los nuevos materiales nanocelulares frente a
los existentes actualmente.

S3. Objetivos

Tradicionalmente existen cuatro areas principales de interés en el estudio de un nuevo
material celular: su ruta de produccidn, su estructura celular, sus propiedades y sus
potenciales aplicaciones. Estos aspectos estan fuertemente interrelacionados, tal y como
muestra el tetraedro de la Figura 0.5.
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Figura 0.5. Tetraedro de la ciencia de los materiales y sus inter-relaciones para los materiales
celulares

Basandonos en este concepto, el objetivo de este trabajo ha sido estudiar de forma
sistematica los cambios en las propiedades fisicas entre los polimeros micro y nanocelulares.
Con este propdsito el proceso de produccidn tuvo que ser optimizado para obtener polimeros
micro y nanocelulares con densidades relativas similares asi como con dimensiones vy
geometrias apropiadas para su posterior caracterizacién. El sistema empleado para ello fueron
polimeros celulares basados en PMMA (poli(metil metacrilato)) y mezclas de PMMA/MAM.
Como ya se ha mencionado, este sistema fue estudiado con anterioridad en lo referente a
mecanismos de produccién y espumado, de manera que este estudio se ha centrado en la
realizacion de un estudio sistematico de las propiedades fisicas de los polimeros nanocelulares
en comparacion con los polimeros microcelulares y en la comprensidn de las diferencias claves
teniendo en cuenta las diferencias estructurales entre los materiales.

Asi, los tres principales objetivos técnicos de este trabajo pueden resumirse como sigue:

1. Solventar las limitaciones existentes para producir polimeros micro y nanocelulares
con dimensiones y geometrias apropiadas asi como densidades relativas similares para
realizar una caracterizaciéon de las propiedades fisicas usando métodos estandar
(“Produccién”).

2. Proporcionar una mejor compresion de los mecanismos involucrados en la aparicidn
de las distintas propiedades fisicas de los sistemas nanocelulares (“Estructura <>
Propiedades”).

3. Estudiar si existe una transicién en las propiedades de estos materiales cuando el
tamafio de celda pasa del rango microcelular al rango nanocelular y determinar la
validez de las hipétesis efectuadas al respecto en los ultimos afnos..

Asimismo se han definido objetivos parciales dentro de los objetivos principales de cara a
definir precisamente el enfoque y la extensién de cada uno de ellos.

Desde el punto de vista de la técnica de produccién queremos obtener polimeros
nanocelulares con los siguientes requisitos:

= Los materiales de partida deben ser facilmente accesibles y preferiblemente ser
polimeros comerciales.

= Las mezclas sélidas polimero/copolimero deben presentar nanoestructuracion
mediante auto organizacion.

= Deben obtenerse muestras con un tamafio suficientemente grande y geometrias
apropiadas que permitan su posterior caracterizacion mediante protocolos estandar.
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= Deben obtenerse muestras con densidades relativas similares y que presenten una
reduccion significativa de la densidad (en torno al 50 % en comparacidn con el material
solido), no afectando el grado de reduccion de densidad a la presencia de estructuras
celulares micro o nanométricas.

= La ruta de produccion debe ser escalable industrialmente, evitando requerimientos
como velocidades de despresurizacidon extremadamente altas, elevadas presiones de
saturacion, bajas temperaturas de saturacién (por debajo de temperatura ambiente),
etc.

Desde el punto de vista cientifico, hemos centrado parte de nuestra investigacién en los
mecanismos subyacentes que dan lugar a la aparicién de fendmenos o mecanismos no
esperados. En particular nos hemos preguntado:

= ¢lareduccion del tamafio de celda al rango nanométrico produce un confinamiento de
las macromoléculas poliméricas?

= ¢Qué influencia tiene el confinamiento de la fase gaseosa en las propiedades fisicas?

= iComo influye la tortuosidad en las propiedades fisicas cuando cambiamos de la escala
de tamafios celulares micrométricos a la escala de tamafios celulares nanométricos?

Y finalmente, desde el punto de vista del analisis de la esperada mejora de las propiedades
fisicas de los polimeros nanocelulares respecto a las microcelulares, nos hemos centrado en:

= Conductividad térmica: se espera que la conductividad térmica de la fase gaseosa de
los polimeros nanocelulares sea menor que la de los polimeros microcelulares debido
al efecto Knudsen [75].

= Propiedades mecanicas: en los polimeros microcelulares se ha descrito
tradicionalmente una mejora de sus propiedades mecdnicas con la reduccidn del
tamanfio de celda en comparacidn con los polimeros celulares convencionales [76]. Se
espera por tanto que los polimeros nanocelulares presenten mejores propiedades
mecanicas que los polimeros microcelulares.

= Propiedades dieléctricas: se espera que el comportamiento dieléctrico de los
polimeros nanocelulares sea diferente al de las microcelulares debido al
confinamiento de la fase sélida y gaseosa.

= Propiedades acusticas: se espera que el comportamiento acustico de los polimeros
nanocelulares difiera del de las microcelulares debido al cambio estructural de las unas
con respecto a las otras.
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S4. Estructura de la Tesis

El trabajo de investigacidn presentado en esta tesis se presenta para optar al grado de Doctor
con mencidn Internacional. Por este motivo el cuerpo principal de la tesis esta redactado en
inglés.

Ademas esta tesis esta escrita como compendio de publicaciones. Incluyendo seis articulos
enviados a revistas internacionales (cuatro ya publicados y dos de ellos pendientes de ser
aceptados). Asi mismo se han incluido algunos resultados no publicados para proporcionar una
mejor comprension del trabajo y para alcanzar los objetivos previamente definidos. La Tabla O-
1 muestra los articulos incluidos en la tesis, indicando en qué capitulo se encuentran.

Otras publicaciones en revistas con proceso de revisién por pares, contribuciones a congresos
internacionales (relativas a la tesis u otros campos de investigacién), estancias de investigacién
en otras instituciones, y la participaciéon en proyectos de investigacion durante los ultimos
cuatro afios se muestran en las tablas 0-2, 0-3, 0-4, 0-5 y 0-6, respectivamente.

La tesis esta dividida en siete capitulos, incluyendo la siguiente informacion:

La introduccion describe el estado del arte referente a las distintas propiedades fisicas de los
polimeros nanocelulares poliméricas, comparandolo a su vez con otros materiales
nanocelulares no poliméricos. En dicha introduccion también se describen brevemente los
distintos métodos de fabricacidn de los polimeros nanocelulares, los pardmetros que pueden
verse afectados por el cambio de escala, y las potenciales aplicaciones que estos polimeros
celulares pueden tener en un futuro cercano.

El capitulo 1 describe los materiales de partida usados en esta investigacion, PMMA y MAM, y
las rutas de produccién de las mezclas de PMMA/MAM vy de los polimeros microcelulares y
nanocelulares. Se describen las técnicas de caracterizacion y las estructuras celulares
obtenidas.

El capitulo 2 pone de manifiesto un interesante efecto que puede aparecer como consecuencia
de la reduccion del tamaiio de poro al rango nanométrico y del aumento de la densidad
celular. En este capitulo se demuestra cémo la reduccién del espesor de la pared de las celdas
confina las cadenas poliméricas dentro de las paredes celulares conduciendo a una reduccion
de la movilidad de las macromoléculas poliméricas (efecto de confinamiento) dando lugar a
efectos macroscépicos cuantificables.

El capitulo 3 estudia la conductividad térmica de los polimeros nanocelulares en comparacion
con la de los polimeros microcelulares. En este caso se demuestra cémo el confinamiento de
las fases constituyentes de la espuma (gas y solido) permite reducir notablemente la
conductividad térmica del sistema.

El capitulo 4 realiza un estudio comparativo de las propiedades mecanicas entre polimeros
microcelulares y nanocelulares de PMMA de densidades relativas similares. En este apartado
se demuestra que los polimeros nanocelulares presentan un médulo de Young, una resistencia
al impacto y una dureza shore superior a la de los polimeros microcelulares.
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En el capitulo 5 se estudian las propiedades dieléctricas de polimeros micro y nanocelulares de
PMMA, encontrando una clara transicidon en dichas propiedades. Se muestra una evoluciéon
desde un comportamiento capacitivo a una combinacién de un comportamiento capacitivo y
resistivo cuando el tamafio de celda pasa del rango micro al nanométrico.

El capitulo 6 analiza las propiedades acusticas de polimeros de PMMA nanocelulares
comparadas con las propiedades acusticas de polimeros microcelulares de PMMA de
densidades relativas similares. Ademas se realiza un estudio comparativo de los distintos
modelos tedricos que podrian utilizarse para modelizar los resultados obtenidos.

El ultimo capitulo recoge las principales conclusiones de este trabajo, e incluye sugerencias
para la continuacion de esta linea de investigacién en el futuro. Asimismo, se incluye una
discusién general sobre el efecto que cada uno de los parametros (confinamiento de las fases
sélida y gaseosa, tortuosidad, etc.) tiene sobre las propiedades de los polimeros nanocelulares.

Con el animo de proporcionar una mejor compresién de la estructura de la tesis y las
relaciones entre los distintos capitulos se ha incluido el esquema de la Figura 0.6.
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Figura 0.6. Esquema de la estructura de la tesis
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Tabla 0-1. Publicaciones en revistas internacionales incluidas en la tesis

Publicaciones enviadas a revistas internacionales Capitulo

B. Notario, J. Pinto, E. Solérzano, J. A. de Saja, M. Dumon, M. A. Rodriguez-

Pérez

Experimental Validation of the Knudsen Effect in Nanocellular Polymeric I
Foams

Polymer 56, 57-67 (2015) Invited Article

J. Pinto, B. Notario, R. Verdejo, M. Dumon, S. Costeux, M. A. Rodriguez-
Pérez

Molecular Confinement of Solid and Gaseous Phases of Self-Standing
Nanoporous Polymers Inducing Enhanced and Unexpected Physical
Properties

The Journal of Physical Chemistry Letters (2016) Enviado

B. Notario, J. Pinto, R. Verdejo, M. A. Rodriguez-Pérez

Dielectric Behavior of Porous PMMA: from the Micrometer to the
Nanometer Scale

Polymer (2015) Enviado

Tabla 0-2. Otras publicaciones en revistas internacionales

Otras publicaciones enviadas a revistas internacionales

B. Notario, J. Pinto, E. Solérzano, J. Escudero, J. Martin-de Ledn, D. Velasco, M. A.
Rodriguez-Pérez

In-Situ Optical Analysis of Structural Changes in Polylactic Acid (PLA) during the Gas
Dissolution Process

Defect and Diffusion Forum 353, 131-136 (2014)
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Tabla 0-3. Contribuciones en congresos internacionales relativas a la tesis

Contribuciones en congresos internacionales relativas a la tesis

B. Notario, J. Pinto, E. Soldrzano, J. Escudero, J. Martin-de Ledn, D. Velasco, M. A.
Rodriguez-Pérez

Analysis of Structural Changes in Amorphous Polymers during the Gas Dissolution
Process

Oral. DSL 2013, Madrid (Espafia) (2013)

S. Perez-Tamarit, B. Notario, E. Solorzano, M. A. Rodriguez-Pérez

Cell Size Determination by means of Light Scattering Methodologies in Micro and
Nanoporous Foams

Oral. 7" European School on Molecular Nanoscience (ESMolNa), Gandia (Espafia) (2014)

B. Notario, J. Pinto, M. A. Rodriguez-Pérez

The Influence of Reducing the Cell Size to the Nanoscale on the Physical Properties of
Polymeric Nanocellular Foams

Oral. International Conference on Composite Materials, Copenhage (Dinamarca) (2015)
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Tabla 0-4. Otras comunicaciones en congresos internacionales

Otras comunicaciones en congresos internacionales

B. Notario, C. Jiménez, J. Escudero, M. A. Rodriguez-Pérez, M. Klaus

Seguimiento In-Situ de la Exfoliacién de Nanoarcillas mediante ED-XRD durante el
Espumado de Materiales Termoplasticos

Oral. Xlll Escuela Nacional de Materiales Moleculares, El Escorial, Madrid (Espafia) (2012)

B. Notario, J. Escudero, M. A. Rodriguez-Pérez

In-Situ Study of the Foaming Process of Polyethylene Reinforced with Nanoclays
Poster. International Conference on Foams and Foams Technology, FOAMS 2012,
Barcelona (Espana) (2012)

B. Notario, J. Escudero, M. A. Rodriguez-Pérez, C. Jiménez, M. Klaus

Characterization by Synchrotron Radiation of the Foaming Process of Polyethylene
Reinforced with Nanoclays: Analysis of the Exfoliation induced by Foaming Phenomenon
Poster. International Conference on Foams and Foams Technology, FOAMS 2014, Nueva
Jersey (USA) (2014) Best Poster Award

C. Jimenez, M. Paeplow, Ch. Fella, A. Balles, W. Wiest, B. Notario, S. Zabler, F. Garcia-
Moreno

Possibilities for In-Situ Imaging of Metallic and Polymeric Foams using Laboratory Liquid
Metal Jet and Microfocus X-Ray Sources

Poster. Metfoam 2015, Barcelona (Espaiia) (2015)

E. Laguna-Gutiérrez, B. Notario, J. Pinto, M. A. Rodriguez-Pérez

Preparing Students of Scientific and Technical Degrees for their Future Professional
Careers

Virtual. 7" International Conference on Education and New Learning Technologies
(EDULEARN15), Barcelona (Espaiia) (2015)
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Tabla 0-5. Estancias en otros centros de investigacién

Estancias en otros centros de investigacion

Dos meses en el Helmholtz-Zentrum Berlin (HZB) de Berlin (Alemania) en 2011
Objetivo: Estudio comparativo del espumado de metales y polimeros mediante técnicas
in-situ
Tres meses en el Microcellular Plastics Laboratory (Mechanical Engineering Department)
de la Universidad de Washington (EEUU) en 2015
Objetivo: Fabricacion de polimeros nanocelulares basados en PMMA mediante el
método de disolucién de gas a bajas temperaturas de saturacion. Estudio de la
conductividad térmica de espumas microcelulares de PEI, PC y ABS.

Tabla 0-6. Participacién en otros proyectos de investigacion financiados en los ultimos 4 afos

Research funded projects

Ministerio de Ciencia e Innovacion (Plan Nacional de Materiales). MAT2012-34901
Junta de Castillay Leén. VA035U13
Ministerio de Ciencia e Innovacion (Programa Impacto). IPT-2011-0725-310000
Junta de Castilla y Leon. VA174A12-2
Ministerio de Ciencia e Innovacion (Plan Nacional de Materiales). MAT209-14001-C02-01
FP7 Comisidn Europea. NANCORE 214148
Agencia Espacial Europea. UGFOAM 14308/00/NL/SH
ABN PIPE SYSTEMS SLU. FINANCIACION PRIVADA
Dow Chemical. FINANCIACION PRIVADA
Tolsa S.A. FINANCIACION PRIVADA
FERRO SPAIN. FINANCIACION PRIVADA

S5. Principales Resultados

A continuacién se van a introducir las principales conclusiones obtenidas en este trabajo de
investigacion:

= EIPMMA y las mezclas de PMMA/MAM han mostrado ser excelentes materiales para
la produccidon de materiales poliméricos nanocelulares de densidades medias, siendo
estos materiales de partida comerciales de fécil acceso.

= Se han obtenido polimeros nanocelulares a partir de muestras sélidas de varios
milimetros de espesor, por medio del proceso de espumado por disolucion de CO, y
usando condiciones de proceso accesibles. Por ejemplo no se han utilizado presiones
superiores a 30 MPa ni temperaturas de saturacion superiores a 23 C.

= Se han obtenido de manera controlada polimeros microcelulares y nanocelulares con
densidades relativas similares (en torno a 0.5) y dimensiones macroscépicas y
geometrias apropiadas para poder realizar una caracterizacién de las propiedades
fisicas usando técnicas estandar. El tipo de polimero celular final (micro o nanocellular)




puede elegirse ajustando la presidn de saturacion y las condiciones de espumado
(tiempo y temperatura).

Se han encontrado nuevos efectos o comportamientos no esperados debidos al
confinamiento de los elementos constituyentes de la espuma en el rango
nanométrico, entre los que cabe destacar: un aumento de la temperatura de
transiciéon vitrea, una disminucion de la conductividad térmica de la fase sdlida y un
aumento de la rigidez de la matriz polimérica.

Se ha encontrado una reduccién clara de la conductividad térmica de la fase gaseosa
en polimeros celulares basadas en PMMA para tamafios de celda por debajo de la
micra, validdndose experimentalmente por primera vez la aparicidn del efecto
Knudsen en materiales celulares poliméricos.

Se ha encontrado una clara transicidon entre los polimeros microcelulares vy
nanocelulares de PMMA en cuanto a las propiedades mecanicas a altas deformaciones
(impacto Charpy). A bajas deformaciones, existe una clara mejora de la dureza shore y
del mdédulo de Young de los polimeros nanocelulares frente a los microcelulares. Sin
embargo, la deformacién a rotura y el esfuerzo de fluencia de los polimeros
nanocelulares es inferior a los microcelulares.

Se ha encontrado una clara transicion en el comportamiento dieléctrico entre
polimeros microcelulares y nanocelulares de PMMA, pasando de un comportamiento
capacitivo (en el caso de los polimeros microcelulares) a una combinaciéon de
comportamiento capacitivo y resistivo (en el caso de los polimeros nanocelulares). Asi
mismo, se muestra una importante reduccién de la constante dieléctrica de los
polimeros nanocelulares con respecto al sdélido, y la existencia de un efecto de
confinamiento de las cadenas poliméricas en el dominio de la temperatura (desde -20
hasta 110 2C) cuando nos movemos al rango nanométrico.

Se ha encontrado un comportamiento acustico diferente, tanto en absorcion como en
transmisién, entre los polimeros microcelulares y nanocelulares. El diferente
mecanismo de propagacion de la onda en la escala micro y nanométrica (el cual esta
determinado por el confinamiento tanto de la fase sélida como de la gaseosa) podria
ser la razdn de estas diferencias.
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0. Introduction

0.1Introduction

Materials Science is an interdisciplinary field which deals with the investigation of the
relationship between the structure and properties of the materials. This field allows, on the
one hand, developing materials with unique properties, or improving the properties or
production routes of known materials. This fact expands the range of application of these
materials or even leads to completely new applications. It should be clarified that it is the
materials engineering, who based on the structure-property-production-applications
relationship, designs or projects the structure of a material to achieve a predetermined set of
properties. Sometimes it is difficult to define a border between the two concepts because both
present a common area. What is clear is that both must walk together to achieve the goal.

Advances on other scientific fields and development of new technological devices usually
require new or tailored materials with specific properties. Owing to this duality, Materials
Science is one of the main fields of interest of both public and private research organizations.

Indeed, the European Union (EU) established in December 2013 the research objectives of the
program “Horizon 2020” (Horizon 2020, the EU Research and Innovation program for the
period 2014-2020 [1]), in which multiple objectives are focused on Materials Science. Horizon
2020 has a strong focus on developing European industrial capabilities in Key Enabling
Technologies (KETs). This part of the program covers different research areas such as
nanotechnologies, advanced materials, advanced manufacturing and processing, and
biotechnology. In particular, within these goals, a priority of the EU is the “Manufacturing and
control of nanoporous materials”.

The present thesis entitled “Fabrication and characterization of the physical properties of
nanocellular polymers: the transition from the micro to the nanoscale” is part of this priority
research field for the EU present and next period.

Generally speaking, polymeric cellular materials can be defined as a two-phase system in
which a gas phase from a blowing agent, either physical or chemical, is dispersed throughout a
solid polymeric matrix.

Although sometimes cellular materials are referred as foams it is necessary to clarify that a
foam is a specific type of cellular material that has been produced by the expansion of a
material in liquid state. Throughout the thesis the term of cellular material and foam will be
used independently, but it must be clear that when we talk about foams we are referring to
cellular materials.

Cellular materials can be classified attending to different criteria. A first classification can be
made referring to the cellular structure and the connectivity of the cells: the structure can be
open or closed, i.e. the gas volume forms a continuous phase (Open Cell structure, Figure 0.1
left) or a discontinuous phase (Closed Cell structure, Figure 0.1 right). Normally, it is easy to
find materials with an intermediate structure: a fraction of the cellular structure is formed by
open cells while other fraction of the cellular structure is formed by closed cells [2].



http://ec.europa.eu/programmes/horizon2020/node/1306
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Figure 0.1. Left) open cell cellular polymer, Right) closed cell cellular polymer

Other classification of cellular materials can be made attending to their density, which highly
determines the final properties, and consequently the final applications [2, 3]. In foamed
materials it is usual to employ the parameter Relative Density (pieitive)) Which is the
relationship between the cellular polymer density (pceiuiar poiymer) @and the solid material density

(pso/id) [2: 3] :

o _ Pcellular polymer
relative —
Psolid (0'1)

According to their relative density, cellular materials can be classified in three different groups:

e Low density cellular materials: relative densities lower than 0.3.
e Medium density cellular materials: relative densities between 0.3 and 0.6.
e High density cellular materials: relative densities higher than 0.6.

Cellular polymer production aims to improve the properties of known materials, or to increase
the range of their potential applications [2]. Besides offering a reduced density of the starting
material (and then obtaining lighter pieces for the same size/application), cellular materials
may present better properties than solid materials in different areas/applications, such as
better insulating capacity, better impact resistance, sound absorption, etc.

However cellular materials are not a man invention, nature has widely used this approach in
the evolution of life on the Earth. Wood, cork, corals, marine sponges, or bones of different
species of vertebrates (Figure 0.2, left) are some of the best examples [4].

Figure 0.2. Porous structure of a human bone (left) and porous structure of a nanocellular
polymer (right)
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However, reproducing living structures by artificial means is never simple. Nowadays, cellular
materials can be manufactured from multiple starting materials. These man-made materials
cover from a simple unit cell repetition in the case of honeycombs (used as core in sandwich
panels for structural applications) to three-dimensional stochastically structured cellular
polymers made from liquids, polymers, metals, ceramics, etc. [3, 5-8]. These materials have
applications in packaging, aeronautic industry, automotive industry [9], thermal [10] and
acoustic insulation [11], as well as in filtration and catalysis processes due to their structure
and high specific surface area [12, 13].

The production of cellular polymers has experienced a significant progression with the
development of Nanotechnology. This concept was firstly introduced by the Nobel Prize in
Physics Richard P. Feynman in 1959 and by other scientists like Norio Taniguchi, who
introduced the term “nano-technology”. With the manipulation of matter at an atomic,
molecular, or supramolecular scale began a new era for Materials Science.

Indeed, some of the current frontiers in cellular polymers research are the addition of
nanoparticles (to modify the foaming process or to enhance/modify the structure and
properties of the cellular polymer) and the production of cellular polymers with cell sizes in the
nanometric range (around 200 nm, being 1 nm = 10 m) (nanocellular polymers). As in the 80s
it was proposed to move from cell sizes on the order of 300 microns to cell sizes below 50
microns (microcellular polymers, i.e., materials with cell sizes higher than 10 um and cell
densities around 10° ceIIs/cma), nowadays, the next step is to reduce cell sizes below the
micron (Figure 0.3), obtaining cell densities of the order of 10"-10" cells / cm?. Due to the
enormous interest of the field of nanocellular materials, this research work has been focused
on the production and characterization of nanocellular polymers. Figure 0.2 (right) shows the
typical structure of one of the nanocellular polymers produced in this investigation. This
material has cell sizes below 1 um.

T
1000 ym

CONVENTIONAL MICROCELLULAR NANOCELLULAR
CELLULAR MATERIAL MATERIAL MATERIAL
Cell Size = 300 um Cell Size <10 um | Cell Size < 500 nm

Figure 0.3. Successive reductions in the cell size from conventional to nanocellular materials.

The three materials, manufactured in our laboratory, have the same relative density (around

0.5). The scale used in the image of the nanocellular polymer is different due to the very small
cell size of this material.

Along this thesis the terminology nanoporous materials or nanocellular materials will be used
independently to refer to the same concept (nanocellular foams). Some of the articles
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published covering issues not only concerning cellular polymers (such as the physical
properties of nanoporous materials or the molecular confinement in self-standing nanoporous
materials) the nanoporous terminology will be used due to its more general character.
However, in general, the term nanocellular will be employed with more frequency.

From the point of view of their potential properties, nanocellular materials are very promising
since it is expected that these materials will have better mechanical properties than those of
conventional cellular or microcellular materials. In addition, the cell size reduction will permit
significant reduction of the thermal conductivity due to the decrease of the heat conduction
transfer (Knudsen effect) [14]. Furthermore, it is expected that nanocellular polymers
produced from amorphous polymers with a well-defined cellular structure with cell sizes under
the wavelength of the visible radiation could keep, up to some extent, the transparent
character of the former solid [15]. Finally, with these new materials it could be possible to
achieve non-expected modifications in other properties or some new effects could appear due
to the dimension of the cell size and cell walls in the nanometer range. Nevertheless, although
it is commonly accepted that nanocellular polymers will exhibit an enhancement of the
aforementioned properties with respect to microcellular and conventional cellular polymers,
there is little evidence about this. The main limitation to characterize the different physical
properties of nanocellular polymers is the production of samples with appropriate dimensions
and geometries to be subjected to standard protocols.

The production of nanoporous polymers from polymer films is well known, either by using
nanostructures (pattern transfer techniques [16-19]) or by selective dissolution or degradation
of blocks [16, 18-25]. On the other hand, literature shows that it has not been possible to
achieve nanocellular materials by means of foaming techniques using chemical blowing agents.

On the other side, gas dissolution foaming at high pressures (typically N, or CO,) is perhaps less
known, but it is a versatile, efficient, inexpensive, and environmentally sustainable technique,
especially if CO, is used (which exhibits excellent diffusion in the supercritical state (above 31°
Cand 7.3 MPa)).

Gas dissolution foaming process consists of the following steps (Figure 0.4):

——
(o)}
| —
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Supersaturated
Sample

Figure 0.4. Gas dissolution foaming process scheme for the specific case of solid state foaming

- Stage |. Saturation Stage: a polymer is introduced into a pressure vessel under a
controlled gas pressure and temperature. During this stage the gas diffuses into the
polymer, occupying the gas molecules the free space between the polymer chains [26,
27]. This stage usually ends when the polymer sample is completely saturated (i.e. it
reaches the maximum amount of gas that can absorb at the pressure and temperature
used).

- Stage Il. Desorption Stage: gas pressure is released, and the sample enters into a
supersaturated sate. The polymer starts to release the excess of gas, either by
diffusion to the outside or by the formation of discontinuities/voids inside the matrix.
These voids will act as nuclei for the cells formation [28, 29].

- Stage lll. Foaming Stage: when the saturated sample reaches a temperature over or
close to its glass transition temperature (T,) the nuclei previously formed can grow
into cells (this description is valid for amorphous polymers). Cell growing is promoted
by the pressure difference between the gas inside the sample and the external
pressure. As a consequence of the increment of the cell size the sample presents a
macroscopic expansion and, consequently, a density reduction. Final cell size is
controlled by the magnitude of the pressure inside the sample, and the viscoelastic
properties of the polymeric matrix at the foaming temperature (depending on these
properties the polymer will show more or less opposition to the cell grown). Other
factor that can influence the final cell size is the phenomena of coalescence, whereby
several cells can collapse into one single cell [30].

Furthermore the plasticization effect of the CO, on amorphous polymers decreases the
effective value of the glass transition temperature (Tg.s) [31-33] and this effect also
plays an important role on the sample density. The relationships between this
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effective glass transition temperature and the temperature of the saturation stage
allows differentiating two main gas types of processes.

On one hand, when the saturation temperature is higher than the effective glass
transition temperature of the polymer (i.e. the polymer is in the rubbery state at the
end of the saturation stage) the foaming occurs during the pressure release, being the
foaming triggered by the pressure difference. This process is called one-step or batch
foaming [34, 35]. In this foaming process the desorption stage disappears, then, after
the pressure release the cell nucleation and growth processes take place immediately
one after another.

On the other hand, at saturation temperatures lower than the effective glass transition
temperature of the polymer (i.e. the polymer is in the glassy state at the end of the
saturation stage) the foaming process is triggered in a second stage by heating the
sample over its Ty This process is usually called two-step or solid state foaming [36].

Development of nanocellular polymers by gas dissolution foaming requires reaching very high
cell nucleation densities (N, number of nuclei/cells per cubic centimeter of the unfoamed
material) and nearly negligible coalescence.

Coalescence can be avoided, or reduced to a low level, by an appropriate selection of the
polymer matrix and of the foaming temperature in comparison with the effective glass
transition temperature.

Regarding to high cell nucleation densities, there are several approaches to promote the cells
nucleation up to the desired levels (typically higher than 10**-10" nuclei/cm?) depending on
the nucleation mechanisms involved (Figure 0.5).

-
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Figure 0.5. Methods to enhance the cell nucleation in gas dissolution foaming processes

In homogeneous materials (i.e. systems with a homogeneous nucleation) there are two
approaches to promote the nucleation by varying two key processing parameters, mainly the

——
[00]
| —



Introduction

saturation pressure and the pressure drop rate [28, 35, 37]. Saturation pressure controls the
amount of gas molecules dissolved into the polymer sample, being directly related to the CO,
uptake. Increasing the amount of gas molecules into the polymer will enhance the probability
of aggregation between molecules to produce a nucleus/bubble, and consequently, the
nucleation density. Therefore, a higher nucleation density can be promoted by increasing the
saturation pressure.

In the case of the pressure drop rate, higher pressure drop rates during the pressure release
produces higher thermodynamic instability (reducing the activation energy needed to nucleate
a bubble), and therefore a higher probability of nuclei formation [29].

Heterogeneous materials (i.e. systems in which a heterogeneous nucleation takes place) offer
other two main approaches to increase the nucleation independently of the processing
parameters.

On the one side, addition of particles to the polymer (such as talc, tituanium oxide, kaolin,
nanosilica, and other nanoparticles) can increase the nucleation ratio. Particles should be well
dispersed to increase the potential nucleation sites (the number of particles per unit volume
should be of the same order, or higher, than the desired nucleation density). Also, size of the
individual particles is a main issue; they should present a size of the same order of magnitude,
or higher, than the critical nucleation radius of the polymer-CO, system (nucleation radius
around tens of nanometers, depending on the system) [38].

On the other side, additional nucleation sites or interfaces to promote nucleation can be
generated by using heterogeneous polymer/polymer or polymer/block copolymer blends
(either A-B diblock or A-B-A tricblock copolymers) [39]. Well-chosen block or random
copolymers are readily miscible with their corresponding homopolymer, and can lead to the
formation of nanostructures. Low contents of copolymer (< 15wt.%) can self-assemble into a
large number of spherical micelles (up to 10"-10" micelles/cm?) that can act as nucleation
sites. In addition, the use of CO,-philic blocks can increase the effectiveness of these
nanostructures as nucleating agents, becoming CO, reservoirs.

The main difficulty of foaming processes to produce nanocellular structures resides in the
thermodynamics of the polymer-gas systems. Formation of nanometric cells leads to a huge
increment of the interfacial (surface) area and the interfacial (surface) free energy. In addition,
the nucleation mechanisms of the cells are governed by thermodynamics. In gas dissolution
foaming processes the abrupt modification of the process parameters (pressure or
temperature) reduces the gas solubility into the polymer, inducing gas phase segregation and a
new disposal of the gas into cells that will tend to reduce the free energy of the foaming
systems [29]. After the nucleation process, each nucleus should overcome an energy barrier to
become into a cell (Gibbs free energy barrier). This energy barrier on homogeneous polymers
depends on the surface tension of the polymer matrix in the presence of CO, and the pressure
difference between the bubble and the bulk (related to the CO, concentration); whereas in
heterogeneous polymers the dispersed particles or phases can provide potential nucleation
sites with lower energy barrier than the surrounding polymeric matrix [40].
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In this field of research, some of the best results obtained using the variation of the saturation
pressure (homogeneous nucleation) were accomplished by J. Pinto et al. [41] from PMMA
(poly(methyl methacrylate) samples. In this work nucleation rates close to 10* nuclei/cm?® and
cell sizes around 90 nm were achieved for a saturation pressure of 30 MPa. Similarly, S.
Costeux et al. [42] managed nucleation rates close to 5-10" nuclei/cm® for a saturation
pressure of 33 MPa, using PMMA-co-EA (poly(methyl methacrylate-co-ethyl acrylate)) as
polymeric precursor. In this case cell sizes were below 100 nm and the porosities achieved
were around 60 %. Regarding to the use of block copolymers (heterogeneous nucleation), the
best results obtained were achieved by Yokoyama et al. [43] and Yokoyama and Sugiyama [44].
They obtained nucleation rates close to 10* nuclei/cm?® and cell sizes about 15 — 30 nm in films
of PS-b-PFMA (polystyrene-block-poly(perfluorooctylethyl methacrylate)) and PS-b-PFS
(polystyrene-block-poly(perfluorooctylpropyloxy)styrene). In both cases the fluorinated blocks
had a greater affinity for CO, than the polystyrene matrix.

This introducing chapter (Chapter 0) is divided into five sections. First is a description of the
scientific framework where this work was carried out. Secondly, an overall view of the state of
the art on nanocellular polymers is provided. Then, the scope and objectives are described.
Also, an explanation about the body of the manuscript, its organization and a global schematic
view of the investigation are included. Finally, the main novelties and contributions of this
work to the field of nanocellular polymers field are enumerated.

0.2 Framework of this Thesis

This investigation is part of the research focused on cellular materials leaded by Prof. Dr.
Miguel Angel Rodriguez Pérez at CellMat Laboratory in the Condensed Matter Physics
Department of the University of Valladolid.

CellMat laboratory was founded in 1999 at University of Valladolid after a PhD thesis focused
on thermal and mechanical properties of polyolefin foams defended by Miguel Angel
Rodriguez-Pérez and supervised by Prof. Dr. José Antonio de Saja Sdez [45]. Thenceforth,
under the direction of Prof. Dr. Miguel Angel Rodriguez Pérez and Prof. Dr. José Antonio de
Saja twenty two PhD thesis [46-62] and about 150 journal papers have been published on
cellular materials. Research activity of CellMat began with the study of the structure-property
relationships of cellular polymers based on polyolefins [63-77]. After a few years the research
topics were extended to the production of cellular polymers both by chemical and physical
blowing agents. In 2002 a new research line in metal foams was introduced [51, 52]. Finally, in
the last years significant efforts have been done in the development of non-conventional
characterization techniques and experimental devices, with the aim to provide a better
understanding of the mechanisms taking place during the foaming process.

Nowadays CellMat sustain five main research lines: microcellular and nanocellular polymers
[78-81], cellular nanocomposites [82-85], bioplastic foams [86-88], metallic foams [89-92], and
development of new experimental techniques and devices [93-96].

10
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Within the field of microcellular and nanocellular polymers, in 2014 it was defended the first
PhD thesis in CellMat laboratory. This thesis, focused on the field of nanocellular materials
[58], mainly studied the production and identification of the foaming mechanisms of
nanocellular polymers obtained from blends of poly(methyl methacrylate) (PMMA) and
poly(methyl methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacrylate) (MAM).
Furthermore, this work mentioned some preliminary evidence about potential differences on
some physical properties of these systems, such as thermal conductivity, glass transition
temperature, and Young’s modulus in comparison with microcellular polymers.

Then, once the dominant mechanisms in the production and foaming of these materials were
established and well-known, the present research was focused on a detailed analysis of the
different physical properties of nanocellular polymers and their comparison with those of
conventional and microcellular polymers. Thus, this thesis presents a detailed study that will
shed light on the validity of the widespread assumptions about the improved properties and
expected benefits of nanocellular polymers against the existing porous materials.

Therefore, due to the great interest that this kind of materials have generated, it is not
surprising that multinational companies like Dow Chemical, BASF, and Sabic, or leading
laboratories such as Osaka University (Prof. Ohshima), the University of Washington
(Prof.Kumar) or our laboratory at the University of Valladolid (CellMat) have begun to work
seriously in this field.

0.3 Summary of the State of the Art

In the present section prior knowledge of the key physical properties of nanocellular polymers
is presented and compared with the results found in other nanocellular materials. Moreover,
the main production methods leading to these nanoporous materials are described briefly, and
some specific characteristics of these materials like the consequences of the confinement of
the constituent phases of the cellular polymer are also analyzed. Finally, the potential
applications they could cover in the future are illustrated as well.

The explanations of these topics are covered in the first journal article enclosed in this thesis.
This comprehensive review was published in Progress in Materials Science 78-79 (2016) with
the title “Nanoporous Polymeric Materials: a New Class of Materials with Enhanced
Properties”.

11
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selvanees vne step lurther with the develagement ol synthedic poraus macerials, Thesever, the Pl
polyenenic pareas ol rials Oy pically colled “polymeric fooms™, swhers ims bave pore sicss karger
han 200 prng peesente o viagorn deiss back: Lhe viechanical praperties ol the laom e much ivlenoe
L e o Che lae ey solic meen ko sonall denaly recluciions, Moroporons polyimers, chonclh izl oy
pores stz ant The onder of 1 i, waers developed al Lhe assachese iy Teshitole of Techoobsgy OA1T; in
the ecrly 18805 |65 in order Lo acddiess this disecvontege. Sce e diacavery, imicroponny poly
s wilh high relilive densiiies (v pomsiliest and Their correspimdivg echonloges have heen
urder continuaus devskpiees These malemials show aignibzant anprovenents: lor instanze, (hey
cxhubil highor Charpy inmgpact sirenunh. tonghoess fatigue Lz, and cheroal stacilive end kewer thermel
conductivity thao unfeamed plastics and much bewer nxechapice] propertics thao comentional fozis
[O=12] These excellent propertics alow chese macerials o cover a sigoificant numbey of appliceticns
breause it is possible to reduce the depsity of a giveo pelymer wich Jitde decrease in their meghanical
propertics while simultaneoush inpreving oder feanoes.
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Similar or even gregter bnprovernents than those ebuaized when (T breoled micopereus e
are expeced Lo be achioved for the next seacration of nenuparous polymers,

Jo pacticular, chese oovel mawdeals willh pore sizes belew 200 ooy cenld have belier mnechenical
propecics than mivoeporews [ams [ 3] and theroal cenductivitios well below tese of the best tber-
mal insulatoes corrently oo U markel [12], Furdwernore. il is expecied that tbe condinemen: ol Lhe
copstiluent phases of sy piatedzls [pelynier and sas pheses] at the naarsecale will 2ubaree sevecal
properties invelved in transport phencmena, such as radiation-mamey INeracrion, 233 storage, sens-
inE properties, and more. This cpens the door te a sipnificant ramber of applications sach a5 super
thenmal insulatien, scructural applications, dielectric and aptical applicarions, filcering, sensing, and
catabysis.

Howewer, it has not been uncil recent vears when rechnclogical development has allewed materials
with these features 2¢ be manufactured in adequats quantities ov wich apprepriate ditnensions to
thorourhly study their properdes or to become actual candidates for industrial applications. ‘thus,
only recently bas it beer pessible to scarc verifying che expected preperties of these materials
expenimentally.

1o this review, the firsc reliable expevimente] rasults eztained jn panoporous polyineric materials
are gollected and compared either with the developed theoretical medels or witk dhe properties of
otber nancporeus materials (necallic and ceramic cha: share some fearures with chewn, mainly the
dimezosions of cheir elewments o the paposcale, In this way, the valicity of the predictions and the
expected propertiss, such as the mechanical, theymal, dielecoic eprcal, Gltration, and scnsing prop-
ertics, are discussed in derail. Furthermore, nen-predicted bekaviees or new offects that have been
found experimentally witk these matedizals because of che confinement of the consticucn: pbases
are also emabyzod Likbewise, the key methods Jeading to these paroporons pelyoicrs [besed en the
use o sahrenrs, thevmal degradatien, e gas dizzclution foxmmg rechnigque, ecc. are descrihaed hrietly
in order to pravide 3 more cerprebansve undestanding of chese rracaals. n adcitian, the potential
applications they could cover in che future hecanze of these enhanced prcperhies are hriefly
merticnes.

1.2 rabrication process

‘The fabricazicn of nancporoas pobymeric materials requires dhe use of specific procedures that
avercome che diffic.dries assaciated with che production of separaced phases at the nancscale. Several
approaches have bDeen developed over the past years in order oo achieve polyneric stractures wich
pores on che sanoscale | 15]0 melecwlar ivnprincing, micreemulsion cempladng, phase sepayadon cech-
nigues, selective remaval of one of the blacks in naposzructured black near copolymers, foaming, etc. 4
scheme of che diffevent fabrication precesses char exist nowadavs is shown in Hg. 1, together wich
some trapswission electron microscopy DIEN] and scanning electvon micrescopy [SEM) images of
napopareus palvmeric matenals ctained wich scme of these techniques.

Regarcing phass ssperelion Leolkeidues, phase separction oo 52 padhoced duneg polyrienization
arl traas-linking i dilferent ways: 17 by The adicion ol o nar-soleent Lo o pelymersolven s mixtione
e sion techimspes” | 22,275 127 by Chanmcal weduchon e, The polyimer @ahice s perddarnnes e a
msnom e non=salvent mixtue the polymenzotice el depdeces che maramern, and insaiululiny
Incuces) |24, and 230 ey thenme b inducCion phese separatser (TIPS) 25 2680 For the Leter, these dil-
fererc mechemsms can he disthieguishet: spnodal decompasthce shaquid=hgud phaze seporetone |,
physical gelatice, crgztathizatese 3elid=-hguis phase sepaacian), o comhinahions of these.

Fermnstances thin flms 2with 2 Huckness aroued S0 min; o palyiyrens and pedy Z-anylpynidine)
wWith co-certieunse marphakezes were manufacoured by La er el [ 1E] a2ed on phase 2eparation
immersion rechniques. Theze films presented pare 512¢2 of tens of rancneters nd served a5 tem-
phares far thin paneporc.as membranes. Anacher example of che anmeszion echnigae can be found
i the work of Walhemm ef 2l 2% They produced nanoparous PNNA AEms with @ thickeess lawer
than 130 nm by expozing che mihal Al of 'S and FAMA oo a selective solvent [cyclohexane] that
diszcheed the I'Y. The obtained fims presented pore sizes lewer chan 100 aim and 2 surface widh high
aptical transimission,
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Fig. 1. Diferent fabrication processes for the production of nanoporous polymens materils along with some TEM and SEM
images of the nanoporows polymers obtained with the different techniques, TEM and SEM images have been included with
pernsssion from Refs, [16-21]

In the case of imprinting or templating approaches |28 29, the templates induce a spectal structure
by specific Interactions with the growing polymer matrix {Le., electrostatic Interactions, hydragen
bonding, or pattern recognition), The highest target of a template system s the direct replication of
a self-organized structure into a permanent {(polymeric) material. Nevertheless, this process is compli-
cated because of changes of the mixing thermodynamics throughout polymerization,

One type of templating approach is so-called molecular imprinting. This technique 1s used to create
polymer matrices with pores structured on a molecular scale and is based on the system used by
enzymes for substrate recognition. The synthesis is carried out by copolymerization of functional
and cross-linking monomers in the presence of a molecular template (imprint molecule) and addi-
tional solvents, After polymerization, the template molecules are eliminated from the matrix under
certain conditions, leaving behind a cavity complementary in size and shape to the imprinting
molecules,
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Soother templatoe ceckadque is colleidal impaoting. In this case, a colloidal covstzl is used @ a
teanpli e toge e with precursors, s hich engbles eeplicatio: ef the crvsizl inorpekoloss fllinesd by
sawvHling sned polymsrization of (he precariors, &ller polynoerizaion, the gk = i o] by
extran ion, dissuhation ar calcinalion, resulling in g paroas, nrcdere! polymer.

Fxamples aof ach malecalor amd collimdal imprinting < he fomd iv the lileratane | 1730 13
For instane, molecular inepriniing was msed by Chesorg oL al. | 32] 1o ceestle a miethoes lor the syr
thesis of a cestesterooz-speaiiic polymer. The porons polwner obtained was found 1o Jnteract
spreilicelly wilh estesierooe wilh Fanctional @ siereechemical ocanaey sinilar (o anilicial nti-
Iexlits o1 MI2nes

The celloichal imprinning method was asel by Park sl convirkers | 17] o provhaes pomus polyor-
“thane (P msanbranes Jwith o Chickvess of ahont 10 pns) by using polystyrenes (PS) breacs as e
plates The Fhing nhline:! presentes. pors sizss Grom 0.2 0000 pon e a porsi y araond 7830

Perbups coen ol The miasb coammupmn selfC arganiasd lanpl:livg lechniguoes ore the neicrsnulsion amd
Dlock copolymes Fechnigues,

Mliciuenulsions cie measLopieally  Pamogenames, apustlly bsolipic bae-phaese mislures of
e e hguess, which use srlacints 1o peovide o tharmadynamicatly snible icimshaciue,
The exacz nature o tHhs micmstracture depends an the arganizacion of the zurtectaet flm 2epating
the water and ol deanaies, which oypicatly have dimensions of 10=-500 nin. du Fresne von Hekengsche
ecal suxlied the palvcondensadon behavicr of melamine rernaldehyde (0AF] resing under acidic pely-
merization conditicns within 2 bicontinuous macrcen.ilsion composed of an cil phaze, 2 water phase,
and an sl 2-TRDYY type nonicnic susfactant [15). They were able to achieve gels vath porosicies
berwveen 0 and 85 veld and pore sizes between b5 and 20U no.

However, the tlock copelymers used for chis purpese comprise & szable bleck and a secrficial bleck,
zzh that the marpholGgy pravides 2 matng of the stahle marenal with te B ule matenal a5 the dis-
persed phase Upon o thermal treazment <o chemical attack wich znlvents the unscable hiock is
removed, leaving porves where the size and shape are dictaed by the iestaal copolymer morghclogy
[1Y.24,25%

tultiblock and aiblock copalyiners, composed of vigid, semi-rigid, and fexible pobamide matices
with eicher polypropdene oxide) or pely/medvd methacrylate) as the thermalby Jabile coblocks, were
preparad by Hedrick and cowarkers [“u]. They produced nanoporous pobymevic films of 10 pum thick-
ness based on flexible pobdmide with pore sizes on the order of ons of nanomarars.

1he aferementioned rechnigues are geocrally resoicted to the fabdcation of thio films and roquire
the wse of ongaaic solvents that kave to be subsequendy remeved

One pregnising wecboiv ue waed ve evercone thesy drawbacks is Jie sas dissoludgon foanbe process
and in panicolar high-poessuane of supereotical 005 pgas dissolution Juognung, wheee CO, s used s @
physical blewang ssent |74 7715 This gas is one ol the Bes oplims for his Lppe of process becans:
ol i wxeellsn diusion characisrisiies in the sopeneriiive] s aie sl b eelatively ik cancditions o
el his sate (3090 vl TEINPa! Torthermone, carhon dioxicle a6 o goeem salvent he can e
rerenvid wikhieel residue or the prochacann of ong pollatant coanperaned (4541

to its mosr gencral fonm, the equipmaon: vsed in the gas dissoludon feamiog techoique consists of a
bigh pressuee vessel equipped wich an sccorace pressurs punp centroller, wwhich: is comtrolled auts-
mavcally coonzitaio the tenperatore @l pressure ae g desinesd values, The usual gas dissoluion
loemzing process (calles Che two-slem or safin=stae femims peocess |50 bas three staves 14200 sas s#l-
nration nl the polviner senmple addee s pas prossore g tenperaiam, pas desorpliim: during and
after Hhe pressure pedease [o raarn pressare arid anperatunre ! fieaning aof the seneple Cal @ tene-
peralan over or aronn: e gl transilion canpeniore (7,0 afl the plastizizal amomboos poelynmer or
aromnce She el lemperotare (7,07 81 Ll polyner iy seen anystalline ), Neseribieless, iF the polysmers
speciven i i Hhe ra by stale apon sataraticon wich CG, Foanm expansicar will sauoar dinng the pres-
sre relmase, ancd Lhe ceaorplion stege will disapgrear. T Lhis case Lee provesimne is called aaoe-sier o
hetee foandag | 58,573,

Bevelapment of narap sl s Ay inens Ty 238 Sizsolunon e ing requines very gk poae nacle-
aoon densthes 1Ay, numher af puckeicells per cabic centimeter ¢f the untormed marersal) and
reduced coalescence of the growing pores.




Introduction

Ch i Sutanio ot af Sveess e Afetiried Soenie 2579 20VRIS1-T0

Conalesesres can b avoided, ne mainiaived withont signifvevt inlluence, by Ll approgamiae selee
on al’e polymer metis avc i laamivyg lemperaiore vear e elleciive glass iransilion Ismperalurs ol
sreaephons polvines or the mell emnperdore Sl e ceystolline polysners.

Tn owler o incrsose cell macleation Lo e cesinsd levels (iypally Bighsr than 109 10 nuclei;
o), arverel appeoaches bive hesn develope) depending on e oo lsation mescharsisns invalved,
With bomogenaous materidls jie, aystens wich o bomogensaus nuclaationg, e o s
sppresches o peeanowe oucleations iocreasing Jue saturaGon pressurs of increasing Ui pressurs Coop
rale [ 2,26,24-48], For instaree Finle @ al [47] wepe sble o prodduce vanoperows polyiinethyl
methaerylats) (PAMAAL materials sl eelative densivizs ol arnxl ©0 anl pone sizes helwes S0
el TO0 nm e inceessing (b saonration pressure The sanse approach was used B Willer @0 4l |20
who provinee: nanoparows polye hermiz = {PTI ams with pore sizes beowseny 30 aeel 1255 s aned
redaiive dsnsiliss frenn 07 1o DAR Tlewever, Janani aned Tamili [45] desdgned @ specilie high-
pressnre spsiem capatle of predacing anoinslavtavemmes pressre melesse Carmal 300 MPais" and
quenched the sample Sae aller e presaare release in oeter 1D pressree he pore siocbre nducsd
hy Ve pressore relesse Dsing Chis syst=e, thee mmanofachre:d nonoprmans PS wich pone sizes helwesn
SOM aen amel 1o ame relalive densicies of alxee G5

TFeLerogremenus materic s Ue, syalens in which helesogensoons nuclesationacoans) oll@r onnther Isa
nnziv cpproeshies g ansreaae Hhe vackslion sale: e additam ol parcicss fmainly maeaparicles” o e
polyanen natvix 20.45-52 o the mse Gl ok capolymers | 475756 Urbancey k and cowarkers |52
woclal nanaloys Dioelbmonlonice NIMT D (o polysterene-ao-acry lamibeile) (SANT D ahiain porous
mlenials with pore sees heahwesn the sanometoc and i@ sceles oF seturation pressaes up
10 10 WPA, Thew Pyl thiat the selsiniom ol AT allevedd @ descrease in Lhe auerape pore sizas (e values
near 1 40w s Pekaw 300 emy, bur acthe sacie cime the relaove densthy of the Atz system ncreased
froen 0,27 10 UGS, Coxenx antl cossarleers | Z0] sl either silice nanoparticles ior POSS 10 zervlic aned
sty renic polymsrs, ahlaivivg manoporons polvnies with ar coensge pore sicsal © 00 ne, o relalive den-
sily ol 0015, anel pore densilios sxeeesing 10'% prreson e, Tavever, the slavk cnpolymet approach wis
e ployed by Fintnelal | 47| taproduce vanoporaas polyamers wicl pocssin the rang= ol 800 200 nmand
redative crmnailies heowsen 0.4 and D06 wsing blends oF PRIWE and o Lriblock copalymer (polylmethyl
melhacrylol=i-hisck - polyg alyl aurylie-black  pedyimaeihyl  metbonrehibe;,  WARL. Sunilarky,
Vokoyarn «L al |54] procuces nenopoinus la wilh very Figh poee densities (e, 10" poeson L
prowe sizes celwern 10 ond 30 e, and o reletive denaaly of .5 Gom moneliths of palyatyrene-clock-p
oyt perluoraooegley st haciyleted [PS-h-FI4A )L

13 kxpected celiviai souctie

A feratled discussion about the expecred chavacrevistics of the porcas soucture of nanoporous
polymers i presseied o Lhia sechion i erder woprovide 3 celler uisdessiacding of The inlluence of
nannporous Mcpholagies on several progerties thel will he dacazsed e Thus, cthe evelution o
the pote size, pore density (8, poresiom’ of porous mazenal), pore wall fuckness, and tormaasily of
NANOPHIOUS PRIVess 15 stidies, Likewize, the emerging side eflects due o the reductnn of the pore
size o the pancaneter cale age s analyzec.

The twa fandamental characraristecs of nancporaas macenals are the verare pore size and cha vel-
ative densicy. These owa parameters are correlated by che pore densicy, ic is passible to represent the
dhree mamticudes on a relative density-pove size mag [Fig. 2. In this ples, daza obtained from sowne of
the most represencacne wicrks cbrained up o date have teen induded, and lines of censtant pere den-
sity have been represented accesdine oo E. (10 [B]:

bl oL

\ E
v ndl,

where @35 13 the average pore size in 30, a0 gu [ 2w = 24 0.} represents the relative density, where 3,
is the density of the nanaporcus mazerial and p. is the densioy of the solid phase.

Fig. 2 illustrates the wide range of densizies and pore sizes covered by Lifferent nanoporous
pobameric svscems. dewadays, the main limitacicn is the difficuley of reacking perons materials with
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Fig, 2. Mair eV norierk s T elasiva deasing. swvrage poae size and o mievadce deasingal nznapans < edynecs 3ohlied
wrhvances pelyroer svsherra SEV images hivoe nooe ircluded 13 pamiasian fram Yelovama etal, |24] Osubaesil 50,
Narera etal. 6], Casxe ezal [A0GE5D], Kranse ez al dE| Feo ez al |G, aod Hands A Thacg B,

mediam to low densities and pore sizes belovs 50 nm. To achieve these requirertents, kigher pore den-
sities arcund 16 poresicm’™) are needed. Depending on the fabricaticn process, these pove densities
can be achieved in different ways. For instance, in the case of imprinting oy templating appreaches, the
pove densiny is determnined by the pattern density of the porous strucoure whereas, io the case of
feaming, these pore densities can be achieved wich sufficiently bigh pore nucleadon deosities {3,

rumbser of pers nuclei per cubic centimerer of the solid precwrsor) which <an be calculazed weing
couation [8]:

f 3

My = 2
Pl

In additscn, depensing ¢ the requireimenrcs of the inal applicanaon, the choice of the production

roure is important, because na individual rechnigue is capale of covening the entire spectrum of pore
stzes and densities [652).

EL
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Fige 3 Twrewa hicaeds oCa minoporeess TRTAN Do = 055 pote siee s 11 e CenD soal a canoponas TRIMA (e = 055 pane
sige = W00 e} gl

The veduction of the pore size m the nanometer range involves the confinement of the gastous
phass snto rnnmeel ric voids As o ronsequence, o reduction of (e thermal conductiviey of e gaseous
phase is sxpecied, berause His assumed that these nonagoroas materials will pressar the well known
Knudsen etfecr (G354 Thes ellecr implies thar, when pare size 318 cenpaable or smaller than the
miean free parh al the gas, the maiecnles of the Later eallide more aften awith the molecales lanning
the surrounding solitd past than among them, Thus, the energy transler thimogh the gas minleroales is
reduced,

Furthermete other phenamema may appean becaose of the confinemenst of the gaseous pluse o e
nanoscale, as suggested by Pinto eral. [55). They shaveed that nanopores can act as capacitors that can
coneilte o slectrical conduction by dielectoe breakdow non by ather processes related 2 the Knud-
sen dithusian regime vel unidentilied,

‘The reducrion of the pore size frem the miccemerer to the aanometer range and the Increase in
pore density also lead o a reducron in the thickness of the pore walls. An example of this sedaction
s shown graphically in Py 5 in which the pare wall thickness af a perous PRNA is reduced fram
1.5 i to 45 am whea the pore size switches from the mucroscale (Fig 2 left) w the nanoscale
[Fig. 3 rightL

An estimaton of the expectad pore wall chickness of both open- and clesed-pore porous materials
can be performed by considering the Gibsan and Ashby equations [1]. A tetrakaidecahedral pore is
assumed because of its siilanty to a spherical one. Givien this assumption, the expression of the pare
viall thackncess far an open-pore systern is @iven by the reladon:
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where ¢ represents the pore wall thickoess and Tehwe edge Tength, For Cwe case ol a dosed-pore sysie,
the relation is given hy;

{0
RS FAT

[t 35 weell known that the odge Jengeh can be relaed to the average pore size through the following
cquation |1

@ — Bl (3

where 8 s a constant that relaces the average pore size & of the polyhedron given its edge length & In
the casc of a tetrakawdecahedral pore, B takes a value of 2.828.

Pore wall thickness values abtained for both open- and closed-pore polyineric systems are repre-
sented in Fiz. 4 as a function of the pore size for different relative densitics. The pore wall thickness
decreases lincasly with pore size, reaching values in the case of open-pore matenais of below
25nm when the pore size 15 arcund 100 nm. This cffect is cven more pronounces for closed-cell
maccrials.

his reduction tn che pore wall thickness confines the polymer chains within the pore walls, lead-
ing to a reduction in the mobtlity of the polymeric macremalecules. 'L his effect, knowa as che canfine-
ment effect, was fuse derecred by Reglere Rusz et al. [G5] in PMMA-based nanoparos marerials
{average pore size around 200 am) by means of differential scanning calerimerny (DSC. They observed
an increase af 11°C of rhe glass transition temperature of nanoporaus PRMA-based foams with
respecs 1o the hulk palymer.

Thes result was alsa detected later in nanoporeus PEL [average pore size berween 30 and 120 nim;]
by Miler aned cowenrkess [ 13] They alsa studied the thecmal behaviar of paroes PEL by DS, ahraining
an increase in the glass transition temperatuse in the aanoporaas system af 5 °C compasred 1o the solid
material, I addition, Notazio en al. |G7] showsd this ellect in nanpporans PRIMVA Lwerage pore size
between 200 and 300 ) both by DSC and by dyoamic mechanical analysis DRAYL In this study,
the smnnporaus sysiens presentend o glass ransition temperature 7 °C higher than that ol Bogl the
microporaus material and the solid matrix, This phenomenon was coufinmest by Pinto and coworkers
IS5 i PMMA Dasedd Toams by means ol Ramnan specirascopy, They observerl that the differencss
T betyern relative intensities ave associated with e bindering of the vibrational modes, proviog
the existence ol o conlinement ellect ol the palymersic toaciommlecniss,

Ax a consenuence ol thy confinenent of polymeric macromaelecoles invery Uon pore walls, unes-
pected modifications of different properties or nevr cffects could appear,

Finally, the redoction in the size of e vonstituent phases (both solid and gas phases) w the
nanemeter range could also modify the architecture of the porous system leading to an increase in
the tactuosity of the solid and gas phases (see Fig, 50 Tortuosity, delined as the ratio betwern the dis-
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tance of any real pach and che shectese distance benween nwo peirts, is 3 paramezer of exoamely high
importance for mareral trenspors preperdes through the solid phase [thermal and electrical conduc-
mvitics) in open- &nd clescd-pore merpholegics &s well as for the flews or wraospert of substances
through the sezcous plhase in open-pore merphologics (¢.g, Oltration processcs)

Although cheee are 3o dheoretical models tas ersue for chis expecled incoease by tortuosity i en
b derred Gon: die dwone of Fraclals As alecady said Sy the mackeosedicizn Mavdeibroe /G50 the
measured lengch of a stretch of ceastline depends on the scale of the measurement. Empirical evi-
dence suzgeses that the smaller the increnzenc of the measarement, the leneer che mezasured leneth
becomas. ‘Lhis effect was expevimentally c-sersed =y Ma et al. [vY] who showed howr che increase
in torcuesity of the current pack affecred the induced eddy currents in micveperons Cu and Fe.

som< evidence of this pberomenon has alse bzen ofsersed in nanoporous FMMA-based foams
[14]. Hovever, Notarie ot al [14] suggesoed chat the enbancemerns in che thermal insulation feund
with ranoperous FMMA conldd be gttabuced both e dhe confinement of the gescous pbese and o a
reduction io (e thennal condocivioe of the polvioer inacnx. which is related (o anincreese io the Lor-
wesity of the selid phase of che perons merphelogy, This Debevior was condirmed by Fiote el
coworkers |65 by measudng the GC skeoorical cosis vicy of vaneporows FMRA Thair resulls revealed
cleer evitiener ol he inereased omoesily in the ransidon (rean the merescale 1o the nancescals

Theretore 3 rechaciion in e poes s e v naneaneler seale legds ohe cordinsanent of Doy le
solic! phise anil The gaseoas phise as well as o neexdificaiions of the porone arehilsciure, A q ronse
fuernse, unes e mmudiBzatinons of diffsrsel properiies or new pheaomena cauks appear, swhich
canlel expliin sonne ol the resalls foomd lor dilTerent properiiss Dhae will he csomssed in ke Tlollasing
secliana, Tor wach praperty analy gl Hhe meain Dlreoretizal moceds developesd T descrilbxe Cral properniy
ere esplained liess, ol then the vair aspeairent: ] resnlly pablished ap o oo e discuasel

2. Mechanical properiies

The mapa wnnwchack ol comventimeal pedymer i is Creir loae inechanical pedfonsanos Yiceo
porasts malerials, charactenas) by pore sices ol aromnd one vicron, were developed oo BT e the
1980 taacledress This problen, Since Their discavery, ooacheellord Bas Deen noade o siudy Lle nechan -
il heluavian of Chese sy=lems. Resulls Fave slawn ial ioia opoimus ealeials @xhibil improved tean-
stle ] impoch praperties aver conveniindl s in syatems such as palycarborace (FC |70,
polyethersultons (PESE and polyphenylsalions (PPSE) |71, pelyechylens terephthalece (PET; |9,
2nt pobvieyl chionced'VE) | 72). Far instance, the enstle strength of microporaus PET increases with
2decrexz2 in pore 217¢ [9]. Likewise, Young's madualas m compression and the elaztic collapse szrength
of nicrocellular FESE and U'ISE were higher than dhe theoretically predicred value ot hugh relative cen-
sities [71]. These behavicrs are becter than expected, because the mechanical properties of pobamens
foams usually depend on che square of the relathse density. This dependence bebween density and the
phoesical proagenies al'a pocons malenal s el establishet and s given by Ure Citsan cnd Ashiby e
Lon |l

. e a b
e =L I, | = b
’ W,

According 6 Cthis equatian, the propedy of 2 poreas mareril 174 13 equal 1o the prapeity of e
same material that 1z XXX solic 121 mulnplied by the relative densicy (.0 o the power of K. 0
and i are oo parameters thar can he detesmined expenimentally. € usually takes values around 1
for most physical preperties and povous marerials, whereas 7 normally rakes values becween 1 2nd
2 [in the case of mecharical properzies, n asually takes a value around 21 and depends on che porous
structure. By usine this equation, it i passible to analyze the imprevemenc in different physical prop-
ermies of porous materials due ro the veduction in pore size; in faze, for some of the micrecellular sys-
remss previously menticned and for some pregerties. the value of n was clearky Jovser chao 2. tn the
folloving discussion, we will use chis equacion and the values of i thar can be obtained when this
couarion is used to fit experimenral data re compare che results cbrainzd by different auchers.
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Sowe miwreporeus pelwiners presen belter niweckanival properies then corventional enes. it is
expected that & fusther reduction in che pore size nancperows polymeric marerials) will enhance
che mechanical prcperties of parous polyimers.

several cheored<al studies have medeled some of the expected improvements in these ranoperous
materials [ 2= ], most of then: focused en mezallic and ceramic systens in which experimental date
wers availatle. Jhese theovedcal models led ro eicher a scalior law o adjusr the Gibson and Ashby
eguations ¢ systems with pores in the nanameter regime cr a nevs model chac reproduces the behav-
ior of thase neve] sysrams. All these medels are focused on sizuerions with low strein raves.

Forinstance. Hedge et al [ 4] developed a sceling equation thar predicts the vield steeoeth of low-
densioy L0 < 03] open-cel] nanepovous gold (kg 050k

o~ ~1tEy | ,’,‘J"’- 1y -
o =00 +i-L ) ;_‘I’l (7

where Ciz g Eltiny ceellicivn., 5, s the 5wk navenal yicld sieensgt)i & s the Hall-Fewch-tvpe ceclli-
aent 78] For the dheeretive] wiek] strensth of (he percsas melad i e cemime of 10om o 1 pon
and Lis the average (hickoess ol the stras,

Accapding o Fis rowaidon, e Enger e average hickeess ol the sinus s, Lthe gresier the yicld
sirsrgh (see Fig 60 Thoes, al the pavowealy, the vield sireg 1 s govemes] by he s ol Dhickuess i
seclitiom 1o the pelative densi v A gl agremmen. bebween e brareticgl el and he experizien-
Lal cata Tor b manoprmons galil spstent were ablzives when w had @ valoe of 1.5,

The same el ssas ahssrsed by Fan and Fang | 7= wha obiimsd e same sealivg law as T, |7
sl saggestecl snnther ove loe sanoporaus gobe o wilth refacive consilies gresies Lhan 900 1 his
case, he proposs] spalion was

s L_' - k. L_1'.'\| ) f&\l‘ ; :/l . I_,&..j‘.,-u.‘-.' [8|
= R S i

‘They ok expenimental data on 2old fromn dhe literaciure and showed that the experimencal resul:s
weere consiscent with che developed medel when i had avalae of 1.5.

‘the effect of the struz thickness on the vield strength of nanopcraus feans seems o be evidenc;
nevertheless, the underlyving mechanisms are still sot well understood. Currentdy, there are several
exglanacions for this effect in nancporcus metals [¥%,74]. 2] the dislecadons ave depleted from: the
small sample volumes, and defermarion is Limited by dislecadon souvce activation; (b} the disleca-
rions jnrere<t and pile up, and high dislocation densities are required te explain the high stresses;
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{crthere is an Impastant reduction in e numzer of defecrs; and (d) suiface seresses 1n nano strues can
significantly atlect rher elastic prapesties. This Last aspect has been studied i maore detail in sevesal
studies, Hoveever, mone studies are peeded in order o mimlerstaogd these oIects amd (o extrapolaie
e 1o polyimeric sysiems,

The influence of surface effects on the elastic anodulus awd on e yield streag t ol open- pore nano-
porous materials was analyzed by Xia and coworkers | 73] by using the theory of surface clasticity,
They assumed a stuall aspect ratio betveeen the length (1) and thickness of the struts (1) (see Fig 7)

With this consideration, they observed chat, when the average thickness (¢ of the struts in a porous
material was reduced to values below 2 o surface stresses and surface elasticity influenced Soth the
clastic modulus and the yicld strengeh of nanoporous macerials, slightly increasing their values. 1his
result was confirmed in the particular case of nanoporous gold {see Fig, £), For this reason, they pro-
poscd that these two parameters be considered to understand the mechanical behavior of nanoparous
systems.

Simularly, Zhang ot al. studied the effece of surface energy on the vield strength of nanoporous
materials as a function of pore size [76]. They feund that the surface energy has an impartant effect
on the overall yield strength of nancperous macerials because of the increased surface area to bulk vol-
ume ratia. They obsenved that the effect of the swiface energy on the yield steangeh is significant far
pote sizes Jower than 10 nm, bat this influence is nat so clear when the pore size i greater than is
value. This result was confirmed i the pasticular case of nanaparous aluminum.
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Firally, Duan ec al. (77| developed a checredca]l model o Semenstraze dhac nanachannel-array
materials wich cylindrical naropores can te made stiffer than theiy non-porous parent materials by
manipulanng the pove surface elasacity. They showed dhar these matenals will have high berdine
shiffness and strenech and suzgesced twie possible ways (valid for hath epen- and closed-pore mace-
rizls) oo achieve chis: (11 by chemical madincarion of the pore surface and {27 vy chassing 1 parenc
mateial with a srealler 1'Giszon vacie. These rezults were verifed for e caze of ar Aluminu/m maon.

Torehates theoreical el =g seemis Lo aprse an b improvenseal ol corlgin properliss fsuch g the
yield strengih or b zending siilfeess) with the reduction in Che poee sies o b ranmneler range:
never heless, (here is & lack of heomeical stwdies specilBoally developed lor nanoporons polsers,
Al Jougly Uy inecharicsl charactenzale: of naveporons polyoeric malerials is 4 reoen. isooe, many
other exprerineoal studies have bren peclorned Jo dillerel panoporus sysi@ns, 1mainly nanuporess
melzls and ceramics. v hicly will by discussad belov Sriely lor the purpese of cepipanison,

It bes bren shewn thas panvporous gold beeonws as resisant s solid gold. exhibitinge vicld
strengab values siouler o chen of the budle iy =2 1) Cespile Seine & ligbly poreus melerials [perasucs
biglher then 702 7V o-21) Fanleoners Weissmuller e al [£7] denmonstrated that the vield sireneth is
higher when che swrut thickness is soualler. Thess resulzs are consistent with these expecred theorel-
icalle [/ 2 747, However, the clastic modulus of nanoperous meld and that ef nanoporcus aluwming AN
presents & similacvalue (o= 1.2 goo= 0301827 oralower value [n > 2.0, pa = 0.7 82 24] dhan Jac of
e former solic, respecavely.

MNanGparous gold 2eems m have 3 tracture bebavicr diccated by the steur thickness |81, aldhaagh
X3 e al. [ 82] fours chat che ulbinate fenzike soess of nanaparass 2old hims 13 very s2nsthive 1o the
pgsence of detects i the 2ample. In che case of law-density nenoporaus alimnina, the hacmuee tongh-
ness was compan e o chat af the salicd (B4,

Frerally, the Farcness af low=tensity nanopoiaus gl ivg was sbacied by Xia el a2l 80 wha
shuvsed Thal navagos s almmisa @xhibnced o Bardesss Three Lanes lowen Theo Dl aluvervesd in balk
alunnine.

Tt ereral inproven B i nennporous systeans (el leask i some melals and ennmics] anes sl
exathlis bl ot Themedically omd experiment: ly. The bebaviar ol navaporpos palymers canral be
inferrest Iroan the ehavioe ol mebals or other nneeri:bs, and Theretibne sseeral allemnpls hiooe heer
nncke 1 werily the especed improvemsets in he mecharvical properies of ranoporons polynseric
mileriala.

MNever hedess, one ol Lhe limilations ol the mschaical ssiing o ravopornns galynens malenalsis
e peveclucctions of sulTicienily large sinmples hitl can b snblgscled 1o siavlan! i=s prohenls. Far o his
resaent, il Bas ney heen ootk recently that ceclnological develepanen bas alleavst the mannfasiore of
sarples in atequate quantivies or with appropria: @ diinensions (o thomughly study these properiiss,

In order to beteer compare and usnderszand che vesales ¢zained o dace, the meckanical properties
will bee chivicled bile thos: stadie: al kag strain ra s @1 thos= oblained @ Lish strain rales.

For Jow strain races, Niller and Kumar (12 observed an increase of the scrain and scress at breck fin
rensicr ) of polyetherimide (PR nanoporcus faams (averaze pore size between 20 and 120 am) vath
respect to thege of microporcas feams (average pore size hehween 2 and 4 pin; for several densicies
L0~ LS, A4S or LYE) As 3 divece consequence of the increases staam ar reak, che toughness of
nanaporcus PHEwas simficantly anpraves compares m chac of the micropora.as fam § by a factor
of 2= 0 chis case, chey atfirmed chat the corfinemen: effect cannor explam the iccreased toughness,
or malecular matulicy of the naecperous tensile samples, because in fxct the data suggesr che nppasite.

Sharudin aed Ohshine [BS] al2e teund @ shght warease v the stiess af break and ioaghness e
palypropylengatyrens-i-ethylens-hutene-o-soyrens (PRSERS, nanapermus polvimens wilh deesiies
wverage pore see anund 250 ne swealare e those ol unlosimed macenasls; hivever, The sxam ak
hireak was siwlar Lo rak ol [he salid sample.

On the corlrary, Nowario =L ol (67 praduced smecraparons and vanoporagas polymelhy e heny-
lates (FRARASS iy ol anmilor densstios (o, = 057 aed loand o redaction o L shess amnd sl al
hrsak (in lensiom; af nenoporos foaess Cpore size hebweesen 200 and 300 oo vin commparison witl [hase
ol Ll vricropimaus foams rpose size sebwern 7 and 17 g As o direct resoll o Che redneed son al
brzak the toughness of the nancperons foams was also simificantly lower than that of micreporeus
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PMMA Lhe confinement of the polvmer chains wathin the pore walls tegether with the loawver stress
supported by the pore walls of the nanoporous foams could be the reasen for the carly breakdown
of the nanoporous MMNMA

According to the tensile tests of Killer and Kumar [13], the pore size bad no influence on the
Young's modulus of nanoporous PEl compared to microporous PEI in the clastic regime: novertheless,
the yicld strength was slightly reduced.

The opposite trend was found in nanoporaus FYMA by Notario and coworkers |67, who showed
an clastic modulus 11% better than that of microporous foams but a significant reduction of around
GOR ol the yield strength, This enhoncement in the elastic nuxiolus was conbimmerd by dynamic
mechanical analys:is (DAL Anciuprovement of approximately 37% ol the #lastic uodulus (neasored
at room temperatore) of nanoporons PMMA compared ta thar of microporous PMMA was again
ahiserved,

Iowever, Sharndin amt Ghehima [875] nbservest an incrrased yield stress am? a similar Young's
madulus in nanoporaus PPISERS Blends comparesd to the solid material

The yield strength results of manoporaas PED and PRAA are the opposite of those predicisd then
retically By Fanand Fang |74 and by Hoddge ancd covearkers |775], Thee reason may lie in fwe Gt that
these madels have been develaged Tor sanoporons metals and therelone are not applicable (o poly-
mers, since the detommation mechanisis in s type of mategial are very ditfesent,

An analysis of the mechanical behavior ar high serain rates of bath the salld and the microporaus
and nanoporaas palymeric foams was performed in twoa differear systems: PELand PMMA 1357 L PE
nanapozaus polymers were tested according w the falling dart procedere, wihile PRMA sanigles were
analyzed accordiag to the Charpy tmpace tests. Iadependently of the technique used and the system
wnder study, the resules sheaw a significant tncrease (n the Impact resistance of nanoporous palymers
in comparisen to microporous oncs (sa2e g Y1 The :mprovement found between microgareus and
nanoporous FMMA was about 25% for a relative density of G5, while the solid material exhizites a
behaveor similar ro that of the microposous foams. Nanoparcus PEI foams ahways presentad a higher
value than microporous and solid FEL For instance. for a given relatwe densicy of 0,90, nanoporous P'EI
presented a 600% increase over that of the microporous material and a 60% increase compared to solid
PEL.

‘these significant increascs (n the impact resistance of nanoporcus polymeric materials with
respect to microporous ones bave been attabuted to the reduction in the pore size. Ic 2s well knovan
that voids in a porous matenial act as stress concentrators, reducing the toaxial tension in front of the
crack tip 166-887, Recently. several rescarch groups have studied the possitle reduction of the stress
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Fig. 10. Shore tardness normahzed by the relatve density for 5o micruporeas and nanoparcas PMMA |05,

concentration when the pore size is reduced: however, no conclusive results in the relation between
Dupact resistance e’ pore size were [ound, which is probably becanse ol the simall pore zanges ana-
Ivzed (7085-89 Nevertheless, in the works of Miller and Komar | %) and Notario et al, |67], the
materials span the micrometer and nanometer range (2 much larger range of pore sizes), demonstrat-
ing a significant ellern,

Finally. the shore hardness of nanoporons and microporons PMRA foams was also studied by
Notaso et al [A7 ], Again, a significant improvement obabioot 135 in the shore handness of nanaporaas
loams compared ta that of microporons foams was ahtained (Fig, 10), This significant impravement
was attributed (o the presence of the nanopomus stzucture (with a more uniform porous strecture
anch pore sizes in the nanometer songed and perhaps o the modilieation ol the features of the palymer
malrix owing 1o the obserees? conlinement ol the suacmomuolerniss on the aoometric scale,

I conclusion, i has bren dempnsicates thal nanoporens polyiess preseal several enhaneed
mechanival propecties comparsd with micmpomuos mateials 10 has e demnonstrated foar the
mechanical behavior at high strain rares and the shave hardness of nanopoious polymers are signifi
vantly enhanced than those ol tath micraparis and solid mareale

Tlonwerwer, The resills ol the mechanical respanise at low strain rales [in tension) were inconehesive,
Nanoperous PELas well as nanopoiaus PPYSERS blends presented an inceeased stress ar break, steain ar
breadk, and taughmess wit i respect 1o anouapazaas mtesials, while manaparoes PRMA exhibate:d the
opposite behavior. In general, the nanoporous systems had a yield screageh similar te that of the
mictorellular systens, excepl in the case of PMMA, inowhich it was doamatically reduced. The imedu-
lus ol elasieity alsa presented conizadicrosy tehavior: aanoporaas FAMA exhilited a highes value
than microporaus svstems, wheress nanoparous 'El shawed the opposite behaviar. However, all
nanoparous pelymers had a Young's madiclos salue Iower than the solid,

A possible alreration of the fundamental properties of the base polymer due to the confinement of
the polymer chains within the pare walls, o due ta the stretching of the palymer chains induced dur-
ing the manufactaring pracess (90, could be the cause af the differtent 2ehaviors obtained. Neverthe
less, more studies with different pelymesic matrices are needed ro undesstand, confizrm or discard the
contradictory tensiie results that have been obtained up to naw.

“hus, according to the weorks carried out ta date, it can b2 concluded that nancgorous palymeric
racerials exhibit some mechanical properties superior ta microparous materials at the same porosity,
but it sceims that the densicy, the nature of the confined materzal, and the mosphology of the porous
structure will alse determine whether the mechanical properties of nanoporous syscems will exceed
those of the microporous matesial or che solid.
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Noreover, the correlation beiween the experimental reselts on the yield strength of metals ancd
Peedytness witls the comresponding theoretical madels s wockearn, aed it s necessany (o develop mane
sprecihie maxdals Tor palyimers,

3. Thermal conductivity

[n secent years, there has been increasing interest in the dowelopment of efficient materials for
thermal insulation applications Accarcding e the project “Foergy Bificiency Trerds in Buildings in the
E&, dweelling houses represeat aronnd 25% of the total energy consumption of vestern countries,
where spae lirating repaesents mone o S0 ol this energy. I high elTiceacie i boasehold beating
were veached, then il wonld Be passible 1o achieve both @ronomic savings and reductions in €O,
“rnissinns

Parnis polymieric marerials with high porasities could lead 1o high-eiiciency themmal insularms
Becarss ol the gost insulation capacity of the gaseaus phass, which Tas o much Tower conductivity
than the palymer matvix. The evaluacion of the thermal conduccivicy of parous materials from the con-
ductvity data of the two camponent ghases and the structure of the material is an interesting subject
Hhat Tras been apgroacied By dilferenl acthos (9794 )0 Tna poraas onateial, it is assconed tat there
are four different centributions to the total thermal conductivity (4, (Eq. <4

PRSP NI SRS S X 19}

wheie 4, regresents the condection taough the gas phase, 256 the conduction along the pore walls
and strurs of the solid materlal, 2, represents the canvection wichin the pores, and i 1s the thermal
radiation germ.

In order to analyze the influence of the reduction In the pore size from the micrometer to the
nanameter range an the thermal conductivity, it should be nated that comvection plays a minor rale
in closcd-pore materials with pore sizes below 4 mm in diameter [U5] and in open-pore systems with
pare sizes less than 2 mm [96] fand chercfore wall be negligible in closed and open micro- and nano-
parous polymers!. Likewise, the tnfluence of the radiation term is well known tn conventional and
microporous macerials, and this term is negligible for porous marcrials with relative densitics over
02 |91 . However, the conventional models used to cvaluate the radiation mechanism in porcus poly-
mars assumes that the wavelength of the infrared radiation is smaller than the pore size, but this pre-
sumption is incorsect in nanoporous pelymers [97], Lo overceme these difficultios, recent theorctical
studics carricd out in nanoporous maccrials have shown that the contribution of the raciation moch-
anism can be neglected even at low densities | 95|
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Therelore it s expeced dhal the chaoee feean Lhe nzcroseals o the nanoscale eady alfects e cop-
ducion trough the was aod selid phases. Existing weorelival and experinental sadies on this subject
arz diseossed o be folloviog paragrephs.

i assnem=t Lha nanopurans polymeric naterials will legd o a deereass in e thennal condaae-
1ol ol e saseoas phase oe ke soecallesd Kvvdsen o) [63,64 ) This elTecr implies (bt 1]
molerules ol the gas vollichs more ofien sath the malecules fnming the surrunxling solid) part than
with cther gas molzcules when pere size is comparatle or smaller chan the mean free pach of the
ras. Thus, the encrey transfor throuek the gas meolecules is decreased

I1hen, the offective thormal conductidey of the gas in aiv-tlled porcus structures cao be descrited
by che Knondseor eguation:

2 R
& — D)

' L ﬁ:‘ f-;."'!r'j: .:‘

wlere A0 the thermal condue iy of free 3ie {0,026 W o K an roons temperature | 85 & paraneies
el talees dnie arcooml The Beeree iransler Beoween gas inalecules and the Benilivg solid struciore
ol 2 e gic), Los the mran free padh ol the s moleenles (3 == TR0 @1 roone empen:inne
avel <Ay the averag» pore diansier

Aveording o Tep. 007 G sigeifizans vedpetion in 4% is nhlained wihen pore siee decndases beloss a
micron pae Tig, 15 Tharelone or poraus malerials wilh pore sizes in b manommesr regime, a reduac
tien i che cenduction through the gas phase should be expected. Purthenmees, tekiog advantags of
T beneliy, ol e prssibile o vecoe e Hhenmal condsclivity ellecively aver e long i

The expected reduction in e dhernial wenducavity of Lhe ras phese bas Zeco widele swudies from a
theoretical point of view (G214 For Dastancy, Houbesh and Fekala (291 studizd U neducion of U
Lhertnzl conduaivily ol epen-pors DENURLTONS orgenic and inerwanis asrogels | poee s Selwer 0
#1280 o) throngh the analysis o 1 three main cesnponents of theroal conductivily Jconduetion in
e sediel 2o gas phases sned radiationt & Senilivan rsdoetion (aromd 302 i he thennal conduae-
1ty o he geoenns phase wis oblains when the pore sice deereased Fooen S%mn e 1900 e
Qv 5o offeel woies idenilion as the main laciar responsitle lor (s recduction: Thes rclizlion 1erm
wits angslyzed nsivg the clissical dilhaion sppmsimation, bl sxpednmeseial valnes al e @xiineinn
sielficient were intradhucsd. 175ivg Lhis enndel, ey ablizived o gaod agreeniarel heoaveen experime il
avel thexnelical Chermal conductivity ey, shossing thal Ll vadiainn wenn intheseoes the inerall
el conductivily lor relative densilies st then 001

The diverse heal Lionslee mechanisne s e a poaos polysierene wiath pore sizes hoth al Che viceaoni-
e Cpone size anomnd T g and nenoeeler fiwen pore sizes useal: 250 oo aed 1GGmm 1 acale werse
davalyzed thawelically hy Forsat and cowmkers TO0 They cliaerved theo, the lineer Che pore size,
e lvwrer the Thenmel conducieily hecause ol e Keixlaen elfecl.

A thecrecel study §oazed on the Knudse=n sqaaonnsz; of e coupled heal Coanzten by Conduction
el raddiztion: i one-dim@esons] multi-plase islia was deveboped by Frerkl ¢ al, S3| This mn el
wirs e 1o nnedersiand b intempley of condurtion ave radialion on e dero- and nennseales, &
PS lanm, wilh pare sizes ranging (e 10 mm o 1o, open-poes oo bology sl melative donsilies
aronned 001 was nsed s an exarmple, They ohserved Ckal Ehe Bavese Tharmad sim o biviiy swas solioved
by retducing Hle pare size o The nanorniel sy rang= (hecause of Ve Knodsen effect ) and Chal the o
bation af (e vadiation termman o density vanoporasas maleriz s can he veglscisl which s conlrary
To the vesadis of Thalxesh and Pekals 530

Togsther wich L Knudsen eflecl, whick implisa o confivement ol LR gaasons phase nside b
powesy, ol her rnschanisios celated o e condaczion Thraugh L polyme mabx olao e o i jus-
Haly The sedhim ticwr i Che Thenmal conducavity e e canomeles regime, T Hhes cass, The cont nesoent
ol Lhe matrix hinder s the energy Tanaten uaugbt il hecaase af o malified phonon acatenng vechin-
e b sdician, the ecrease i the tartuosicy deson ed in Sechion 123 210 cantobuales To the veduac-
tecer i b2z transter deciuse of the corduction o fhe scdid phase a konger distenae o tanzeun the
erermy will alza result i increxied phonon scattering L Several works have stadiec thiz reduchar
the schid-phaze thermal conductialy frare 3 thearecical point of vievs.
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For instance, Sundarram and L: [1U7) used Anite 2lement analysis (FEA) and molecular dynamics
{0 to study the thermal behavier of open-pare polymers (in particular, FMyA and Pz, A reduction
in the thermal concucciviey when the pore size was decreased from 1 mm to 1 am was predicted and
was mainly artr:buced to the phonen scateering effect in the solid polymer matrix. Furthermare, two
unusual resules were alsa reparted Ia this paper: firse. they stated that the Knudsen effect has Lecle
televance, Second, a decrease in the gaseous phase contrieion when the pore size is reducad fram
S0 m 1o 10 wm was also pradicred for a constant densiry. These prediceions do nar march the
wel! Xnawn Knazdsen equations and are also comtrary ta somw experimental results Tound in poreas
polyethviene JPE) [ 14), Therefnre, it can be expacred rhar the contribation af the phanon seaffering
e Tarison is lower than the one assumesd in this study,

The decrease in the phonon mean-free path, which arises trom increased phonon scattering at the
pore surfaces, was used By Lev et al, | 1021w fustily the reduction of two orders of miagnitude in the
thermal conductivity of open nanoporous Si(average pore size beoween 0.5 and 3 nm] with respect to
the bulic In this case, the Knudsen effect was not considered, because they ondy modeled the thermal
conductivity along the solid phasc. Furthermare, their MD approach (deoveloped for an arrangement of
nanemeter-sized cylindrical pores) clearly showed that the thermal cenductivity of nanoporous Si
deocreases as a funcaon of pore size.

Using Maate Carlo simulations, Bera and cowarkers [103] observed how the thesmal conductivity
of open nanoparous Sk nanoporous Ge, and nanoporous SiGe alloys decreases significantly when the
pore size is lawer than 100 am. Agaln, this behavior was juseified oy the increased phonan scatrering
e hasisms wil oot considesing the Knudsen elfect, because they only mindeled the theonal condue
rivary of ehe solid matrix

Finally, Tsud @1 ol | 104 proposesd a sesal-paralle] hybod madel 1o study the anisoliopis Bebavim
ol the thenmal conductivity ol vlose pore naneparons silica s as o lonction of pomsity dranging
lrom 21% 1o 64%) for a constant pore size ot specilied in the article), Using this madel, they were
able to consider the inhomoegencitics of the nanopore distribution {preferably oriented in the horizon-
tal plane), and their thermal conductivity results were similar to those provided by the Gibson and
Ashby model [105]. Furthermere, because of the high thermal conductivigy of Sich, (1.4 W/im K) and
the low-micrange porosity {20-60%). the contribudon of the gas phase was very small regardless of
the pora s1ze. For this reason, it was impasstble to asscss whether censidering the Knudsen effect will
modify the resules.

10°
% Asrogels [9]
Bulk i * PS[100]
B ol s e - s = PEI[101]
T 0 e B Ll e L At e e e e e e ]| WD)
v 3 = a = Si[103)
< A A Ge[103]
-E. 103 : A
= : 2
T ] A
o i - 1%
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:
10" x ™8
Rep &
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10’ ey . Ml L o 3
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Fag A2 Relatonsls poictweavn s ma oot ity dividad Ty i eelerine sty and the panc €00 Tan il em Saigasons
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Therefore, thearetical medels dzvelopzd for both nancperows polymeric marenals and other nano-
perous systems agree that a reducdion io the pore size implies & decrease ix the thaymal conductivity
{sgor Fig 120 by this Ggure, the ermal conducrivity of nanoporcus materials was divided by chedr rel-
glive depsicy iz ocder w0 anglvze the infloces of the pers size indepeadanty of the densios Further-
moee, the thermel conducuivile of & wpkeal cheeoal Josulates, mgidl projectesd PU, aod the theenzal
cendastivity of tepcal sensicenduciors, Bulle 53 @ Ge wers inclod sl [y comparison purposss, Nano-
perods thermal insulaccrs are much bemer than conventional ones {projecred 1'0}, and the chermal
cenductivity of naroporous semiconductess is lower than that of the soli. 1he confinemerr of the
gas molzcules wickin peres or a possible aleration of the phonen scamering oechanisms in the matrix
arc the mechanisms wnderlving this phonomenoos This expecced reduction in the thermal conduwstiv-
ity Las been proviewsly expermentally dononsireted b: acropels (62,0 00- 08", perons inetals (109
and perons coranucs [110] (these werlks will B discussed belows [y ooanpanison). Honwever, be ther-
el cogdnetivity of pebmnede fodins is € oecey issue Zecanse of the techoica) dilicadiies founed s the
pronction of nanopoeeus polnners wilh slequate densilies, pore sices, an exierng dinsensons o
slhne the characlenzativn: of their propenies as o Fermal dnsulacors For LRis reason, experimen al
wsarrles an Hhis lopic one s searee These warks ars deseribad in he fllinving peregrapls

A ckar mbuencosd olthe pore st o be gaseoas oorduslivity ol arsogels sl b onaveerige pore sz
hebween T ol S0 frelaciions ol op 1 3830 00 the gas phase (67 ]] de 1o Je Kendsen el@c wes
vhservess hy Lol ol |63 ] and by P oo coeonkens |06 The tharnal coaclustavity ol These apen-
s walenals wos reasued lom vacienn Lo ambnenl pressure By i ol o lanaenc hal-wae
e winch lext to sxtraordainaoly Tow thennal caondctialy valmes (D15 W K e & sehanive den-
sty or L0
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Using the same precedure, Reichenauer ot al "0 measured o Jemal copfuctivize of epen-
pore fuincd. silica, silica axd carbon aeeesels, solid glass spberes. and FU @ams. Pore sizes of dese
saanples raogad from abooe C00no wo 1 mm, Again a clesr redwetive: of tbe theonal conduetivity
feromned 38% when Lhe pore size is redwesd Joean 1 LCO e 85un) due o Lbe Koudsen @ffecl wes
detecied, n this <asy, the nazaporons svstenis wder soody were now polbonedc nacensls,

Thennal conduclivity of vp-pore papoporons Bi Bbas [pore sizes Jrom 5 (o 12 mn) wes expen-
mentally detennined by Song et al. [10Y] by a diffevential 3~ methad. Narogerous Bi exhibiced an
order of magnizude reducdon in thermal conductivinr comparved ta that of the solid, probabhy because
of & reducticn in the pheron mean free padh. 1he Knudsen effect was not considered in this case,
because the theomal condactivity of the pasecus phase was ne: taken inte acceant.

Firally, the thenmal conductvty of oper-pore zirconia ceramics with peore sizes belew 100 nm wes
élso characerized by Nai=Adi ecal. '1100 1hey peinted cur thar the poves should be as small as pes-
sitle to reduce the thermal conductivity throueh the gas phase, &s Koudsen effect predicts, and thus to
échieve a thermally insulating marerial.

1o general, thermal insulation baprovements in nenceperons systems (&t lzast in non-polyvmeric
materials: sce Fir, 127 are well established both theorctically and experimentally. buch cffort have
been made i recenc vears o demensteare this expected mprovement in wanoporcus polymers &5
wiell, Hoveever, elchouel: there are pateots |20 2,004] and amicles [20,62,215] in which i 35 preposed
o ale advaotage of this expeoced reduction o the (heemal conductivite o dgte there is endy oe
experimenttal validauion of his effect bevawse of the technical ditGioutive associated witl the produc-
tion of nenvporous polviners,

Nolario gnd coemorlers | 14] prodhueed & wide s2o of FE- and PR A-based polwnens fams with
upe-pure Nuorphekyass, poee sizes rerging Fon: 90 on: By 100 wm, and melaiive densilies Jrom 2012
o 0.6, and characrerized their thermal conducavicy (see Fiz. 23], They demenstrared thaticis possitle
co reduce the chevmal conductivity of pelhymeric foamns “ecause of 1) a reduccion of the gasecus con-
ductivioy due to the Knudsen effect, and there i geed agreement between experimental data and che-
oretical predicticns accesdine e the Knudsen equation; and tb) a reduction of the chermal
conductivity thyougk: the selic pbase because of an incremenr ¢f che tortuesity of the porous strucoure
ard/or a cenfinemant effect in the polvmenc matrix, which can be velated to & different phonon scat-
rering mechanismn,

As a conclusico, theoretical models develeped teck fer ranoperaus pekimers and for other raoo-
porcus macerials {acrozels and metals) predic: a reduction of the tharmal conductivity wheo the pore
size is Telow & micron ‘Lhe confinement of boch the sasceus phase (Knudsen eftect amnd the sclid
phase [difercot pbonco scamering mechanisnsiinereased tornosice) are the phenonens wrderlving
this effect.

Exprrimencal results, both in pelyners and other materials Jseeosels, nelals, and cerendcs ), vedly
this expeoed reduction by the dyronal conductivity, The tee theoretical arraniens mendoocd sbeve
gre usedd 1o jusily Jiis deceease io the chermi) conducuivine

The puntber of weeks in panepcerons polymers 1o dace Las seen Bmiled; bowever the Kondsen
effect depends caly on che merphelegy of the porcus structare and is independent of the solid matrice
‘Therefore, ic can De staced that there is sufficient evidence to confinn its presence e a wide range of
nanoporous materak, such as polviners, aevogels, metals, and ceramics. However, the analysis of the
radiacion tenm is still scarce. and there exist contradictory results on the weight of this contribution &
& functicn of the dewnsity and cell size in nanoporcus polymers.

4. Diclectric properties

1he continucns mindaturization in the micreelectreonics indusoee (fearure size below ©00 om) bas
lzd o the producdon of low-diclectric-constant (&) materials te mitigars inteyconnect resistance—
capacitence [RC) delays, coess-tallz noise, and power dissipations According to the Seoonal Lochineiomy
Rovidinep for Stmizanductars (RNTES) published o 1997 o Califonda, UsA [116] matedels with diclec-
trics vonstants around ©.0-2.0 were required in che year 2000 Jamd are cwrrendy Seine porsaed’, and
meterials witl: k= L0 were demanted io g vear 2012 w oveccoane these drawbacks, lo atdition.
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These aatezials shoeld have goad thermal and chemical stabiliey, Inws mnistare uprake, high mecian
ival resistance, and high dielectoie breakdown lields These reauirements bave nol been achieved yei
in fhe miciosirctionics indastry,

Lmplementation ol low & materials Tor (00 o teCelogy generation requires the developimens ol
neve materials and tecmalngies, P 04 shows how the use of loav-& materials will decrease the inter-
connect telays with respect 1o ronventional materials nsed inomsereelectronics such as aleminum ALY
and silicon diaxide {Si03), However, this methadolopgy will only cover the needs tor the closest tech-
nological pencrations. Technology generations beyond 100 nm will demand eicher new systems or
neve appmaches o interconnects,

This demand for low-k materials bas stimulated great efforts to explore the applicability of porous
malenals, especially parous polymeric systems, ta replace silicon dioxide (530, ¥ = 3.5) as the inter-
level diclectnic. The Jowr diclectric constant of the polymer (k<3 [117] together with that of air
(k=17 make these perous polvmeric systems promising candidates as low-k svstems.

[n this case, nanoporous materials are in demand because of the reduced dimensions of developing
devices, where the pores must be smatler than the thickness of the film {preferably an order of mag-
nitude lower |70 8] However, it is not expected that these materials will show new effects due to the
presence of porosity. ndeed, one of the objectives of this roview is to analyze whether there is any real
influence of pore size on the diclectric behavior of these nanoporous systems,

The equarion that describes the diclectric constant k. of a owo-phasc system is the so-called Lich-
torecker mixing rule [1149):

K=k =V + kY, in
where k, and &, are the dizlectne constants of the solid and gaseous paascs, respectively, V, 15 the vel-

ume fraction of voids (i.c.. the poresity), and & is a parameter that determines che type of rule of mix-

tures. If @ = —1, then che serial mixing rule can be vsed (which represents a fower lioit of the diclectric
censtant):
Lo (1 —V5) Wy

S L (2}

When & = 1. the paralie] mixing rule fan upper it of the dielectric constane) s mven as:
k= kil = V) = K Ve (13}
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nanopurocs polyinde (i = 2790 togeUrer wi e scow experZnental esults | 120

In the case where 2 — 0, an intermediate form betyween the scrial and parallc] forms (logarithmic
mixture rule) is found:

logk, = (1 =V, lopk, =¥, lugk, 14)

Accarding to these expressiens. increased porosity leads co a reductian in the dielectric constant
isee Fig 15, in which experimental results obrained by Krause er al. [120] in polyimide Alms are
included. These experimental values show an intermediate behavior berween the wpper and laower
s, Newvestheless, this increased porosity also tencts toreduce the mechanical resistance of Hhie sys-
tem. For this reason, contrel over pore size, shape, and distibution is impartant to obtain the appio-
priate merhanical  properties (o withstam!  the atorementionsd  requiresnents {close pone
o phologies are prefened in texms of teir mechanical hehavieor ).

This expected redoction in the diviectne constant of nanaporou s systems has been experimentally
demonstrated both in polymeric materials and in other systems, such as silica | 121-127 1 or organosil-
icates | 124-129] The results concerning the latter will be described brielly below for comparison veith
the results obtained in polymeric materials.

Nanoporous silica films (also known as acropels or xerogels) have been intensively developed in
recent years. These materials exhibit high thermal stability. small pore sizes, and diclectric constants
that can be tatlored from 1 to 4 [121-123]; nevertheless, a surface treatment and film aging must be
applicd to minimize their moisture absorption. For instance, Baskaran ct al. | 222] synthesized closed-
pore nanoporaus silica films {thickness between 0.9 and 1.2 mm) weth dielectsic constants ranging
from 1.8 ter 2,5 aned pose sizes less than 5 oo Do panticalar, they obtained o mateial with o dielectnic
constant of 2.2 Jower than that of the solid, k= 4} that had a stable dielectric response with time a
porasity around 555 a goo texture, awl acceptable mschamical propestives (re = 2 lor the Young™s miod
wius v, densaty curve (B (6L Furthermore an aging treatment was applied e reduce the mpisture
lewe?,

Qrganasilicates aze alsa proonising materials for low & dielectnes becaose of e inbinsic
hydrophobic behavior andd the high thermal stability of the solid matrix | 124-729], Yang and cowork-
ers 1241251 produced poly{methyl silscsquioxane (MSQ) nanoporous organosilicate films {thick-
nesses of 03-08 pm) with pore sizes between 2 and Gnme porosities from 308 to S50%, and &
valucs from 2 to 1.5 {lower values chan that of the solid, &, = 2.8). This closcd-pore organosilicate
cxhibited good thermal stability. acceptable mechanical strength (m=2 for the Young's medulus.
and n = 3 for the hardness of the system wath a porosity of 0.3 and a high electrical breakdowa feld
{(>1.5Mvcm) simdlarly, closed pore nanoporous polylmechylsilsesquioxane] films with a fAnal
thickness arocund 1 wm were prepared by Nguyea ec al. [126]. These organesilicate films prasented
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Fip 1 Tops Uisbete voos,ant valoes chianed o differse . naceperugs systoes Dnth pepeen: and nenopoismsoi as g
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&n average pore size of 2U nm, poresities ranging frcim 1985 to 202, dielectac constants from 2.0 to 2.1
1a reduction cround T 0% and 242, respectively, with respect o the solid), a thermal staihcy aroaung
250, and a hich dieleczric breakderrn (2-3 MV om).

Experimental results obrained in nen-polymeric nanoporous mazenals <learly showed a reduced
divlecoie constars in comgparnso: with Jo fonaer solid, wid values clese to these required by e
INTES iv the wear 2000 {rspecially i 1he case ol sreanasilicates il porositivs higder  han 0,27 s
Fig 1A). Flergever, further staddiss are vesded 1 verily ssh ber hese materials ame poiseiiel cindi
clates T b inonnicraelecirorics Jsee Tl 15

ranaporaus palyimers have smesged 1 recent years 0a pocenhiel low ko marenals o use i e
development of advanced integrated <wcuzs ‘The low dielectric conscant of che polbymer matvix
1k 2) compared ro the inerranic aleerratives, comether wich the loveer manfacturing coscs and case
of processine. make these materizls premising candidazes. Nevertheless, their major drawbaclk com-
paresd o inocsanic maceneals is their low thennal stazibioe, These materials muost withsiend the Jazh
temperatures gasoviaie wilh the processes usesd (0 ceposic melal ones and gnneal desices, Thoogh
o wiche voriely ol polymers hives Been aoalyzed for omse in mmicrndec nmmics devices only some af Llens
meel e sliingenl rexpuitemenl =

Polymdeas (P ave s rvorec meceniel because of therr gk thennal sramihicy, e shees2 cogincient
alf hrenmal axpavsion, low sl constant, Figh resislivicy, amd high dieleoiric oneakeiavn
[1207120-225]). For instance, Lee et al. [130] mapaged to develop a nancporcus It Alms i thickness:
200 am ) wich pore sizes from 10 o640 nm, 3 parosity areind 2%, a3 dielectnc constant of 225
ta requccion of 2 1% widh respect o che solid). Thes2 clesed-pore Jwath some incercennections 1 1Y filns
exhibited a high thermnal scabiling [»200C <L), and acceptable mecbanical behavior [in = 2 for the Young
modulus).
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the different panoperous Fl films {thickness around 200 am) were preduced by Krause and
coworkers [1.20]. These nancperows Glms exhibited perosides ranming from 124 to %, & values from
2410 19, respectively [lower values chan chac of the solid, &, = 2,79, and peres with a closed morghol-
oy and an average size from 2U re 5C nin. Lo chis case, the thermal ztability of nanoporcus 11 was
higherchan 250 <C, and che mechanical response was impreved i = 1.4 for che Youngs med.alus] with
respect oo the results choained v Lee ez al. [12U].

Carter @l al | 132] also prochacsd closed -poes vanopaorons PLhes with an average thickness e |
in &l e, an average pore size arceny! 10 van, @ poresi Ly srooned 20%, and a dielecirio sonstant of 227
U lewser value then Chat ol the salk, ve = 2560 The merhanical hehavior o hese Fhns swwas meesur |,
arel @ waloe of > 2 was oblzine: for b elastic inodolos, These nanaepaross PEns shaarbed ninis-
(e, altheush Fass thiany Lhe sehicd ditl, #ad exhibioed @ bigh thennal stebility (=100C,

Similerdy Mehdiponc-Alae and Sram | 135 develeped panoporons FI Bbs Dthe thickress svas 1ol
specilied] in o article) wild: pores exhizitng a duea merphology, pore sizes belvees: 30 sod 7000,
purosivies raxgiog oo 3% 1o 1235 aml diclecric constant values loom 2.52 10 242 e values were
Jower dian that of the solid, &, = 20060, These [bus presented very geod mechaydcal propertios
iz = 1 Jor the vizld strengndy) bul lower thermil stebility valwes (=250 C) than the cues in previons
warks.

U end coworkers [13¢] developed Plizilica nanccompesize nancgorouns Glms wich (hicknesses
berween 00 and 200 pon. Lhis clesed-pers system exlabited pore sizes renging from 20 e S0nm,
porosivies from U.1 to U420 and Jower diclecoric censtancs than ther of the solid (from 2.5-2.b for
the perous filtn to 3.5 for the bullk: systeml lo this case the thermal and mechaoical prepemies were
nol atudied.

Ocher potential candidate for incer]laver dielecovic agplicaricos ave flucropolvmers (157 1533 . Lhese
mialerials are charac et by good cherncel stability and iy The lsest dielecin consbanls amang
e Balk polyeers Gooosd 2,470 Nowever, Lhea i deseeback s Lheie sosatficient thenmal stabilily
low antegralion procedures, and hoatheomone Lhere are corcerns cbonl oo azid avalution during
Proeesaing and s reachions wilh e vells emplayest, Fuosbal | 137 ] maneged L averoones The praf:
leene o thermal stebilily s praducs closed poee nonoporaas polyipenialluornsiynenet (FES] filmes
wichoa chermal soaslioy ol around W0 O These vanaporeoas lihvs exhibite:d a Clackness af abaoal |
2o av averege s om 30 i S0 pomisilies ravgng Froan 15 10 40%, aml b veloes froan 1.3
in 1 &, vespectively fa e don ol abont 202 wit b resgrect 1o the bnlk]

& goz chemvical resistanes o cammon organic solvents simeh g @rabydrofran (T am
chlorulorm was achieved v Fu and ooworkers | 138] by producing erosslinbed vanoparons thae-
ropulvanier filens waith & thickness ol areund 24 pny, This cliee] pore system ball pores Selbwern

D oA IS0 N, a paeragily arns. 305, il & diclec Tk constan. of 18 fa ket value Lhao thel of
the bulk, €, = 2.2%, The diclectric constants oblgived witl: Dooropebyners in this sowly aod m the
previons one were bnver Lsao thos: aclozved iy pelymide and aee wichin: Lhe range d@naoded by
the NTRS.

Aoother variewy of nenoporcus polymers that bave boeun prepesed as Jow & oigcerials is pelvayd
atheri I'AE). 1his class of pelymers prezentz arcrachive properties such s excellent chemucal resiscance,
high chermal stabiline and 2oad mechamer] properhies. Far instance, Xu and covrckars | 159 obtames
hydrophaluc clozed-pare nanoporéas PAE £1ms Hinckness. 480 nin wich @ porosity of 402, pere s1zes
QGRS 5 m, & electng Sonstant expual m 1.4 13 reduchar Gf 3525 wath respect oo che sohid), and a
thenmal stambisy higher than 0 =C

Anciher crea of @igmhcant mtgrest b sy slssagquinzanes (PSSO anc, e parhicular, matenls
Based on poly; vielhylsilsesouioxene’ (PRISSG L The synilesia ol hess ratenialy can opee the Qoo
e cerily wilhe impoved properiies, sapecially atenals with o cisleclin caatants. Fus
inatance, senoporaus PRISSC o wathea Pl trickoess o0 the rangs ol @00 1 e wers synihe-
stz by Rovel ol | DR These lilos prsaenie o porastly frenm 3% 10 2830 a pore siee lasver than 7o,
and o dedecrie comatan ) ol 22 1 the inaterial will a pacssily of Z5% 0 lovest vailue Chae 1hal ol The
salich s, = 2237 Howvsver, the mechenical properiies ol Gl nonoporans Tlilnes st e impeoved, sinoe
the molados o elasticiiy el the hardness decneased s landsly svith porosity (=24, o both the
elastic voxdokbes and 1he hanlvess),
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Fnally, palybenzoxazines [POZZ) are also o aovel oaterial for s inmicroelectronies, This geiymer
is a newly developed high-perffornance thenmosar that presents low moisture uptake and o same
cases exhibirs o glass rransaiion remperature moch ighes than care temperature, Se el al | 140] pre
pared closed-pare nanaporeus PBZZ flms (thickness berweesn 00125 and G.75 mm) with a porosity
ranging from 5 ra 25%; & iram 3 o L3S, respectively (lawer values than that of the salid, &, == 3.6);
pore sizes aronnd S0 nmg and a ecmal stabiting amond 340 °C,

Therefore, as expecred thearerically, nanoporous palymers reduce the dielecrric constant of the
larmer solid by the introduction of a gas phase into the polymer marris, Some of them (oo
ropolymers, polyaryl ethers, polvimides. and polyhenzoxazines sith porosites higher than G.2)
manage o achieve the dislectiic canstant values demanded by the NTRS 1o be implanted in inte
2raten] cireuils [see Fig, 16), Lilkewise, as shown in Bz 17, in principle, the pore size las ne inllo
ance an the dielectzic constant of nanoporous materals, and the porasity is primarily responsizle
fur the reduction in this panuneten {see Figs 15 and 160 However, the existence, o3 [ulure
appearance, of side effects due te the reduction of pare size to the nancscale cannaot be com-
pletely neglected, since some evadence of a possible modification of the capacity and conduction
MECTANSING 0 manaporaas palyimess has Been lonns when the pore size newves oo e snicion-
eter te the nanometer range [65).

Hawieyez, properies such as mistare uprake, chemical srabiling, and dielectric breakdawn musr be
studled, and orther propesties such as the mechanical bebaviar and thermal resiscance need to be
improved, so thar the develapment af thesa polymeric systems hecames a reality [see Tatle 11

The key to achieving fow dielectric canstant values invalves increasing the porosity, wiich, given
the size of the system {and therefore the slze of the pores ta be formes ), implies excraardinarity hgh
cell densities. This Fact, as it was mentioned at the beginning of this review {see the Expected Cellalar
Snucture sectian), Is currently one of the main goals for aanoporous materslals.

Furthermore, it has been demanstrated thar pare size does nat seem to pravide an additienal
advantage ta nanoporaus systems; this is only o sequirement impasexd by the ditemsions ol te
devices to be developed Fusther studies ave seeded with matenals both at the micrometer and
nanameter ranges [and thes with thicker systems ) to confism whether these may be 3 positive or neg-
arive Influence of the pare size on the dielectric properties of the pareus matenal

Thus, new nanaparous ow-k dielectric marersals (hath polymeric and non-palymeric) are acxively
being pursued. Low diclectric constanes have been achieved, especially with materials with a porosity
higher than 20, However. because of the strict requirements demanded, they have not vet been
implemenred in the field of micreelecrranics, since the requirements demanaed an the year 2008 have
not been reached yer.
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Ng 17, nelectrc coosant values af toe Soams normaiized by the disacric comstant of the schd and divided by toe melaave
denszy varsus pore s:xe for diferent nacodcmus matenals [ 118.20,122,024 126,120,122 735,137 140
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Fig. 18, Scluwenne of e poagice nembeaos Teatares st Influenoe perfonmane,

5. Filtration and membranes

In recent years, the use of membranes developed using nanoporous materials and in particular
naneporous polymers has geeatly inceeased in fields such as pas storage, Lissue engineening, and water
trcatment, among ochers. The unicuc propertics exhibited by nanoporcus materials such as a large
specific surface to velume radio. a high inncr surface arca, or exclusive size sieving and shape sclectiv-
ity. arc some of the reasons that have led the industry and researchers to further develop these
materials.

The successful design and application of a nanoporeus membranc for a specific application depends
on diverse criical membrane propertics (see Fig. 181 First, the production of memBranes with a speci-
fic pare size and a narcow pore size diseribution will allow precise contral over maleculas sieving. Sec-
ond, membranes with a high Brunauer-Emmete-teller (BED) surface arca will allow the sterage of
larger amaunts of gas. Third, many applications sequired a low fow resistance o allow a high flug,
wirich leads to high-poresity and low-thickness membranes. Fousth, an apprepriate mechanical resis-
tanee, as well as goad thennal and chenical stability in different envitomnents, is coucial lor long-
tenn applications. Finally, for e vive devices, good blocompatizility and good resistance against bia-
lonling are pasential o avoid snimcnological response and loss ef lndionalily, respectively.

Seweral theoretical models For gas storage, gas penneation, o lgquad flow across porons membranes
have bren developed aver Plwe years 1o stody their bebavioe Thase has Been a resargence ininlenest in
hydrogen storage as a fuel owing to a decreased reliance on oil and to the potential need for a reduc
tion inair poliotion, Floavever, helore changing fram petrolenm o hydmgen, it is necesany to deveiop
a suitable hydrogen storage merhanismm that accomplishes the US Department of Enerey (DOE) tar-
gots: gravimetric goals (ner useful energy,max system mass) of G we% in the year 2010 and 9we
in the year 2015 and volumetric goals (net nschul energy/max system wolume) of 15 KW h(L in
2010 and 27 KW hil in 2015 141 . Thus, several theoreacal medels have boen developed in order
to fetermine the main parameters that are going to govern the behavior of the system

}or instance. Cabria and coworkers | 142] developed a quantum-mcchanical and thermedynamical
theoretical madel to determine the optimal pore size for hydrogen storage in ¢arbon nancporous
matcrials, in which the porosity and membrane thickness are mot taken into account. This model,
developed for the storage of hydragen In slitpores. predicts that a material with a pare width equal
to or Larger than 5.6 A can reach the DOE reals for the year 2010 for applications at low temperatures
37 X1 and at any pressure. For applications at 300 K and at lease 10 MM, the width of the pore should
be aliaat 6 A& This mndel was cormborated varh experimental data presented in rhe literature tay
carbon-tased marerals, which showed a good agreement between the thearetical predicrion and
the @xperimental values.

Similarly, Bénard et al, 143 studied the physisarption of hydregen on activated cartbon (AC) nana-
porons strectares witl slitgpores (pore width vazsyng loom 0.8 10 2 mnd by means ol the Ona Kondo
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adsorption isotherm model | 144 in which the porosity and membrane thickness are neglected, The-
oretical Tesules showed that AC shitpores with a width higher than 1 nm shoys a maximum absorption
around 7 wt.% at 77 K and 4 MFa {a valuc higher than that required by the [FOE in 20703

In the ¢ase of gas diffusion, the Xnudsen number (e, the ratio betweeen the mean free path and the
pore diameter {i,/4"} 1 will determine the mechanism of gas pormeation [145), [f the pores are in the
range of 5-20 A, the gases will be separated by molecular sicwng (see Fig. 12, surface diffusien). 1ais
type of transport is camplex and includes beth diffusion in e gas phase and diffusion of adsorbed
species on the surface of the pores.

If the mzan free pach of the gas is comparable with the pore diameter {Knudsen number around 1},
transport is the reselt of collisions beoween the pore walis and the difusing gas molecules {Knudsen
dilluesion | 145 147, Fig 190 The gas T ol a menbrane in the Knodsen reginme is given hy

¥ Pe-B) I 8RT -
J="—7F -0.334%,_7:"9‘ (153

vehere Jis the gas flex through a membrane with a pere diameter @ and a chickaess [ under a pressure
difference (1 - i%), Vs the parosity, & is the gas constant, 1 is the temperature, Mg, is the molecular
veeight of the gas, and = is the tortuosity in the gas phase (as defined previously in Section 1.1).
However, when the mean free path of the molecules is much smaller than the pore size {a small
Koudaen mmber ), transpart is the resolt of randam collisions betwesa them, Tn this situation, gases
permeats the membrane by comvertive Hove (see Dig 19), as described by Poisenille's law | 147];

g = Yo P = PPy — P
T 32y I.RT

wrhere 7 is the viscosity of the gas and [, + 2] is a term that takes into account the expansion of the
zas when it moves wnder a pressure gradient.

For instance, che low pressure transpart of gascs such as Hy. He, Ns, and Ar, among others, was
madeled by Bhatia [ 14%] in nanoporeus membranes threugh an oscillater theary develaped for cylia-
dsical pares {pore diamerers from Q.5 ra 2.5 nm, corvesponding 12 Knudsen diffusion ranspart With

116G

Porous membranes

> (). O' % /Cnnw:diveﬂmv

//{ / Knudsen diffusion

0%, L
e
Molacular sieving
- (surface difusion)
Oo5 /

Fig, 19, DINMeraoy o henian Tar permsatan al gases ooz pancass mehranes alaoond o 145,
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this model, 1t was demonstrates that the Knudsen approximnation sepresents o apper bound in ¢y
dillusivity of gases, However, they shinved thal, as 1he pore size incveases, The conductance (delimed
i terins ol the diffusivity, as shiaven on ey axis of Fig, 200 0f gases inereases, since fhe gas soolecuales
have more space m pass tirongh e membrane (see Ty 20), which redoces the minlerndar sieving, In
Fiz, 20000 o sharg s aroiod 9.4 nonis observerl. This eflect is known as the levitation effect
anel s discusserd elsewhens | 149 150, Furthermnre, o gomd correlation was nblaines when the model
was applied 1o permeability literatare data frem a zealite membrane with o porosity of around 21%
and o pore dareter lowves than T oo, Tooedition, the anadel provides an expression lon the oz oosity,
showing that it can increase or decrease with the uniformicy of the gore size distributon as well as
wilh the lemperatus e, becanse gases preferentially dew tirough e conducting pares, Thus, @ this
apglication, torransily Soes nol depenl exclusively an sirectural paraneters,

However, a good conelanon becween the expenmental Ziffusivities of gases [He, Nj, 0w, and Ar}
and the Knudsen difasion equation was abained 2y Phillip eral. | 757 ] in nanagarans PS membianes
with a porosity of 26%, cylindrical nanopores werth an average diameter of 17 no, and 3 membrane
thickness of O3 pum. They alse showed thar the diffusien coeficlents calculated from classical Xineric
theary averestimates the diffusivity values expected by 75

In che case of liquid flows through a nanoporaus membrane. different cheoretical mocels have been
developed w analyze the howd transpoedt accarding o different pore geometsies. In general, most of
the models describe the membranes as a series of cylindrical capillany pores of diamecer @, The liquid
flow theough a pore with chis geometry 1s given by the Hagen-'olseuille’s equation [145] as follows:

. V& _
Yo a47)

where Al'is the pressure difference through rhe pore, 15 the liques viscosity, and | s the pore length,

Another Jmportant parameter that must be taken tnto accounc in Liguid transport is the diffusivicy.
Ingeneral, in a poseus membrane, the effective diffusion coefficlant Uy, 1 related to the diffusion coef-
ficient in free solution &, as followes [152]:

Dy %ﬂ 18

where § is 3 conserictivity facter char accounts for che canstricted transport paths caused by the small
pores and takes values = 1, whereas + |15 the torteasicy In che gas phase and takes values =1,

Lhe diffusion permeas:licy of different sclutes {antibiotics. proteins, and saveral Siomolecules)
across gyroid nancporcus 1,2-polybutadiene {1,2-PB) membranes was studied by Lt et al. [155] using
Eq. {181 These membranes, which presented pore sizes avcund 10 am. porosities around 4%, and
membrane thicknesses of 20 pm, exhibited different diffusion rates depending on the solute {fram
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107 in the casc of glucose to 107" in the case of qytochrome C. Furthermere, the constrictivity factor
vias calculated from the exparimencal results obtainad for D,y according o kq. (18], showing that,
apart fram size excluslon, there are other facross that strongly affect the diffusien of molecules
rarough nanoporous membranes such as solure-selute and saluce-membrane interactions (electro-
sratie, hydrapiaattic, charge cransfer, o hyaragen handing interactionsy
Arliga and voworkers 1534 reviewed the Dasic mechanisins underlving liguid tansport in nanaegaor

ous membranes with cybodrical sanopores 1o bionwedical applications, I this cose, two dillerent
expressions were proposed for the elfective diffusion coefliciemt of vigid molecules:

Dy _ {1-3 (i)
Do 014 24%) ;

Dpﬂ 3 ! d';‘ =f d': 1,’3 r“'&s\ BT T
={1-3) {"2'10'?*2'097‘0'9"7J 20

wihere &, represents the solute ciameeer. Eq. (12) '1557 15 nermally used when the molecules have te
pass through very tiny pases, while kq. (20) [156] 1s more commonly used and gives accurate resules
wilien 1,00 < 0.4,

Finally, the warer ransport through nanoporaas PS membranes was analyzed by Philliperal. [157]
hy means of the Tagen-Poisenille's lave. These membranes possessed a pomsity ol 265, nanopones
wati o cylindrical pore suorpholagy wid an average pore diameter ol 17 am, el o thickoess ol
0.3 um, This system shoveed that the ow of water in the nanopores was consistent with the
Haren-Foiscuille’s equation

Therefore, theoretical models developad for both nanoporous polymeric matenals and other nano-
porous syseems soom ¢o describe the gas storage or fluid transport {boch gas and liguid} of solutes
through nancparous membranes accurately. Furthermore, all of them scem to agree that a reduction
in the pore size implies an increase either in the gas storage capacity or in molfacular sisving These
expected improvements have been experimentally demonstrated both in pelymeric materials and
In nrher systems such as carbon, silicen, and alumina. The results conrerneng rhe larter will be
tesciibed Dirietly belows for camparison with fhe resalis ostained with polymenric matesials,

Gas starage Jin particular hydimgen storage] in parous marerials such as zealites, carbon malersials,
dixl metal-organic frameworks 2MCFs) has been widely studied [ 157,155, Mowis and coworkers
| 157 compared the hydrogen adsorption capacity of tilferent manoparons systems such as zeolites,
NOFs, and carbon materials using literature data (see Fig 21), showing that the higher the BET surface
arca, the higher the amount of H, adserbed. (he same resule was obtained by thomas [158], wae
found that the porosity and the BET surface arca have the most influcace on che maximum hydrogan

.
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uptakes of ol parcuss maienals, Theretore, il one coula b very high smfoce arsts and hagh poraa-
12y sienaltanesasly, o sigeiticar iy increased charphion would oocur. Likewiae, iz 21 ilustes that
the only matenals thel cre able ieoreach the requauements demeeded by che RO m 2010 a@ The
NOFs.

Merrbrane-hased 232 2eparation curtently neaGives 1Nnovacive nanaporcas menbrang sysmeins
zich a3 carhans | 15S=1R1[, albkays | 1E2), carlionmathica [ 167, 2zechces | 164,165, anc civaniline teio-
wrels [166] For instanee Park anad Lew [IG7] stoclies] the perneahility ol severs| sases [, e €O,
0Oz, Ny = throngh & vanoporos certhangsilice smembrene {ickeese: 25200 s pomsily and pore
Sizr ye specifiend, shesang imprsed G2z and OG0Ty selerciiviny (aroun: 2 35wl 55 nespoee-
tively ! with respeel (o polymesic e branes avs an paproved CoM14) Mg sebsoiiviny amuorned G795
low carban: msinsranes, Inadldition, The Oy /Wy selertivioy was alse 1.7 dinms higher tha hal obiai=]
byShitlel: andMley | 53] ina vanoparos © neanhrane | porosily: 205 ickness: 807 jon: pors sice
D07 nen. Dillerences in porosit e, enenbrans thickness, and pore size souled be e ressans ander-
lying (his phiennnsron

Nannporaus menchranes loe Hguid trnspornt or lillration heve breen alsa ensnnlaciore:d from a silde
vans yafemeierials [1E7 2 alommina | 1ER 1T slicon |72 S0 | 173 silica |74 carhon | 1G] vanm
prrans cryshillive avmigels | GG eie Thormarvn el al [ 171 nhserees Chat dhe Hine rals o ethannl in
mrvaparines loeming membranes ineesiset] hotl widh larger pore disanet =as and wich thinoeer sensples
Tossever, Hie superinr adsarplive hebavior of sulky dyess D00 Gmes higher in e est casst companesd
tcornrereial AC was loarva by Ten o ivsnrkers TG i nevoparons carthon snencbross. The high
prre vohmues vl Che Tagh anfice areas counld e dhe rsaons onderlying Lhis innprovense),

Thua, gas starags aedd anlole avspal  mlancene=r ! (hrough none polyneric menopomos mem
branes ars well escabilisbes alh renretically and sxpermerecally. Althaugh the alarseentinsed por
ous matedsls present geed properties for imembrancs in general. the sase of manuacouring, the
supericr fexibilicy O geod biccempatibilice @l the taiored thermel, mechanical, and chemical
prepenics wilde different syodeds approaches niaks naooporeus polvners excellery macerials Jor
Olication,

Io the cese of udropen adserption the maoer drawbacks of perons pelyners are the redaively
resticted, nwnber of svpuetic siraiesies o gchieve pobpners wich bigh surfacs accas (21000 m=)i)
and the difficuliy @ achizve peres widt Szes idealls Bbowwer 1:an 2 3ms However, news sysiens such
as pelvoers of intdosic micreperasity (FIMsT (rigd inaveeanolzowles thal funi paeoperons eogenic
niaterials becense of theic ingbilive 1 pacle space 2(cientle | 75]0 [176=179), hypereosshiole=] poly-
mers 1301321 amorphone conjugaled micropecoas polypners (COMPs) [ 182, and polyinen coceys-
telbine forens | 184 bave @mprseed v overcenne Lhese problen:s For iostance, MoReown el @, | 176]
andd laver Bl and coworkers |17 desveloped dilferent PIVMs svstems witl: poee widibs Zelwern
06 @z 0.7 mn e densicy and ymembrane thickness wers pol sprecilivd’, These systeans exhibited
BET surlace areqs around 105007 (i b bes case] and 1. oprabes op o 18wz &1 77 K and
Phar, ot up o 27w Z a0 77K @il 18 bar. Similar values wsere achised by Ghanem el al |78
who prepare] a iripivesie-hased FIN pohaner membrare witl pore widihs aroanced 0.6 (1The
porcsiny and memtyane thickness were not specifed). Jhis material presentzed a EET value arcund
165 o' iz and Ho uptakes up 7o Led wts at /7 Kand 1bararup te 2.7 wits az v Kand 10 7ar.

Ihe H. sterage capacity of hypercrosslinked I'S nenoporous membranes with pore widrhs arcund
4 om were analyzed by Germaio et al. [150] iche perasity and mewmbrane thickness were not speci-
fied). Ln this case, BE) suface areas up to 1200m%)s and H. uptakes up to 1.3 wes ar /7K and
1 bar were obrained. 1hese resalts are consistant »ith those obtained by Lee et &l "ix1] in byper-
crosslinked narcpovous 1S {2 broad pore size width distribution centered arouns U om), which
showed BEL surface arcas around 1404 0)g end He upzakes up to 23wt &t 77 K and 1 bar or up
to 25wt e vy Kand U bar, In both cases the values reacked were lower than in the caze of nano-
porcus LIbis,

Alchoueh these results are premising, there are fower studies on nancporeus membranss than on
the bost cerbop-based materials (soe Fie, 22). However, the He sorprion capacity nmesswred for chese
pareparons polvmers &t © bar iscomparatle wich that reperted foe AC and MOFEs of cquivelent surface
arcas and sioilar pore velumes. Jhus . i the BET values conld be inceezgsed, then the H, capacities could
b sinilar.
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Lelymcric memsranes have tradittenally had limieed application to gas and liquid transport
because of the wide distribution of pare sizes achieved, which leads to a broad molecular weight
cut off. However, the jon track ctching technique and, more recently. the block copolymer approach
|1£5] have allowed the manufacture of nanoporous polymeric membrancs with narmew pore size dis-
tributions and highar pere densites.

The gas and licuid transport of polydicvclopentadiene nanoporous membirancs with a porosity of
40%, a pore size arcund 14 nm. and a membrane thickness of 100 um wias studicd by Phillip ot al.
|1£6]. 1ae cffective diffusion coefficiencs obtained varied according o the gas employed: for instance,
it was 0.0184 coo'is for H, o 00047 cm?)s for Ar These resules were in good agrecment with those
prodicted by Knudsen diffusion These membrancs presented a more precise molecular weicht cut
ofF (MWD for Jicuid transport af dextrans than phase inversion membranes. Nevertheless, the water
flux values obtained at 30 kPai1 - 107 m*)m? 5} vecre smaller than the typical flux values of commer-
vial phase inversion smembranes thetween 3 10 and 4 107% m i ). Howveever, this vaater flux was
greater than that achicved in the same conditions by the same avthor [ 187 vsing a nanoporous FS
membrane (water fAux = 0.67 - 107" m?/m* s) with a porosity of 27%, a pore size around 24 um, and
A thickness of 4 wn, The differeaces in porosity and pore size could be the reasons for this dillerence,

COy iffusivity through 50-pm-thick syadiotactic PS (5-PS] lilms (porosity = 7%; pore size == 1 nm)
wiars stodied Dy Milano aned Soerea | RS L who alstasnesd diflisivity walues amuomd 1072 omd s,

The ligquatl transpart across mancporous S memnbranes Bas bevn widely andiyzed in several works
[TET R 181 For instance, Yang and cownrkers |1 88] createrd 2 S nanoporous membrane with
sybindrical pores (dinmeters araam! 13 nm], o parosity arcnndd 209, and o membrane chickness ol
100 iy This systemn, which was supparted ana polysoilone (PSIT) membzane, showed alizahigh
selecrivicy and fux o the sepasation of vireses =212 10 % m?im? 5, avalue 10 Gmes higher than that
obtaamed with a PCmembrane). Later, goad dimensiomal stability uncer gl pressures acd excellen
salvent resistance was alse regorted for the same tvpe of nanogarcus memranes fer virus Altvacon
[180].

A novel approachiusing lash freezing was developed by Swntse @ral 192 o praduce nannpainns
polvimer (1S, 'C, pohyviny| chliornide (1VE), etc.) nanafiber networks with pore diameters sanglng from
12 ro 21 am {the porosity was anly specified for the 'S system and was equal ta 5E5), These aanopot-
cus polymers were able te separare toluene from aquecus solutions a few tens of ppm in cencentra-
tion anc could alsa adsor: a signtficant quanticy of tecrahydrofuran from agueous solution. However,
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the mechanical stabilicy of these porous systems was poor compared to that of the solid (i = 3 for the
young modulus of the IS system).

Ocher nanoporous polymenc systems such as pelyimide [193), polvethylene | 194], ar pelycarbon-
at2 (I’C) 11957 have also been investigaced. Smulcac and coworkers [195] developed a nanoporous
track-ctcaed I'C mambrane (pore size: 30-100 nm: porosity: 0.47%; membrane thickaess: 6-10 wm?
which showed higher wates fluxes {measured at 0.8 bar) as the pore size increased: 25010 “m'f
m* s for a pore ize of 100 nm and 42 - 1077 m*/m” 5 for a pore size of 30 nm. Furthermore, they alsa
demanstrated har the MWCO of Naz80, salt was highers ia the memBranes with lower pose sizes {a
difference up to 80054 for a feed concentration of 2 mM).

In canclusion, thearetical moZels for gas starage and solute transport {both gas and liquid) are well
established barh in polymends and aen-palymens nanapnraas membranes. A1 mndels agres thar a
reduction tn pore size leads to enhanced storage and filtracon capacities.

According o rhe results, the amount of gas stored, in particular of Ha, in nanoporaus polymers i far
from values obtained with porous carbon-basec systems. However, (F it 1s passible ra increase the BET
specific surface arex af polymere materials by oprimizing the current pradection pracesses or devel-
oping navy ones, it will be passible ro achieve higher values of hydrogen uptake. Ihis opens a new Line
of research inta the use of polvmers as gas storage devices.

Fig. 27 illustrates o camparisan of the narmalized warer flux and gas sepazation values ebtained
weth polymere and non-palymerlc nanoporaus membranes (not all resules of che articles mentioned
in this review ae included, since many of them do not give a porosity value), 1 both cases, (e vaiues
obtalnes have been divided sy the membrane chickness and by che relache densioy in order to asserve
only the influence af the gare size on solute transpore. With the exceptzon of some cases, solute trans
port Lboth gas and Brpsic ) nrreases as pore size imereases, indepensdent ol e matecial asedd. Thas, the
technical requirements of each application will detenmine shat type of material {polymeric ar not) is
st approgniate T this sitwation, e mechaneal, thenmad, amd chemical reistances will play an
Impartant rale.

Therelare, acoording o e tieoretival amd sxpemmental sesolls, sanoporens polyiners counld
achieve filtration and gas storage performances similar ta those of non-pelymeric materals as long
as Hhey exhibin snilar strcstusal paramelens: parmily, pose size, o narow pore size distibution, a
legh BET specilie surlace area, ele, Even though they have nol yer seached thinse vields, nanoporoas
polymers present other sdvantages (ease of manafacturing, superion lexibility, good biccompatibility,
aied Eailored thermal, mechanicad, and chemical progerties), Turthemoie, recently, nanopomus poly
meric raterialy with acceplable stzoetures So Knodsen oomBer gronnd T for Knodsen dillusion?) hawve
begun o he develapernd by physical pracesses (The gas dissolution laaming process |GO]L Howeyer,
tore waork is needes 1 abitain liner porous stroctures and @ carry ool experimental measurements
to conlizoy their applicability.
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G. Other pruperlies [sensors and uplical and multGfunctional inalerdals)

Apart lrann all The algrsmenticned leclmes of movaparaas polyoers, theee albier proprerses ol
amerging interzse, such as sonsing or eptical properzics. and uses of thesc materials és multifunctional
mtacenals

‘there are two main serscr applications for which nanoporous mrarerials kave been studied: che sza-
bilization of crzanes {Sioseosors) aod humnidite dececdon Chumidice scosors),

I thes [eld oof Binsensors, the stzhilization of 2 apmes i cracial For e develomnen of nyore reli-
afthe avelviizal devices Several stahilizann apprescehes fuse af additives | 90| sovelent Ixnsding o
solid materiola | 187, ar enacpeent in diffeen ! solid matrvicss 153 1 have hesn develapesd o s
purpcae, and all of Zherm are hasexdt on ncreczing he n@cihy of the enzyime by redacing irs cendency
ta cpen out. Recently, theoretical studies [19Y] have surgested that this zendensy to unfald can alse be
avoided by introducing the enmane vithin very small pores. In chis case, the uofolded configurations
of e enzyow ere e thermedvnamicelly favered, Accordiog to theoreticel oosults, The meaxiniuo £23-
bilication ol mnzynees accurs with pores with @ spherical morphology wwhose size is 2-0 nes the
sianeler ol the oviginal enzyvme Corsiierivyg thal the diamecer ol sieh o prolsin is aboal 10 nny, i
L be demaratiled el nanoporous malerials ove o perlecd B0 his applicacion,

Thiz theorericel appraach has beer expenmentally demcnstyamad i fon-polymenc nInaperous
macerials Jmainly carbon matevials); however, because of the novelry of pelymer-based mazenals,
there s o lack of ghedez speciically on polyimens ot thearetical aed expenmentad). Inany tlae,
res.lcs concening nancporsas carbons will be briefly sammarezed ¢ eve an idea of the tmizial results
that have bzen cbrained to date.

tor instance. Sedmopoulow and coworlcers [ 2007 were éble to deereass the leaching rate of the pre-
190 m-ACRE (2.5 @] VLS gimes Jower chan b free @samne For AC and siliva Beads, respretivedy ] and
iverease The operatinnal stahilicy ol e resalling sevsar by wsing hoen illerent navsqorses Syshemes:
acaivalex] tarhons fpone sizes 100100 00 Phickossss 007 g porosiop: vl specifivld il ponws sil-
1Ca heass | pore didmeres: T mg. The lewer pore diameser of the 2ilca heads cauls Juztity the higher
performance cbrained. Cther authors such 23 Gavalas and Chaniotakis 201 202) and Seoircpoule.d
cral [203] smudied the effect of intreducing a mediator [fullerenss, diethylamincethyl-dextran, and
carbon papotubes’ iom A RANCPOrcUS CACSCN NALTX (POTONS SLICLUNS PACANGILCTS Were 1o spraied
i eletail ) e mprover e capeainy iy aimnsobilize enzenoes Celoease lactale oxin gae, qaml perosid>, e
all s Ll s ol omexliator ledd toan snlanast encvive stabilizlion cipacily

Thus, sxperimantal resalls on vanoporaos cehon e lenals are e agresment with fhearebicel -
ciczions, showing That the u2e of n2noperous marerals may be very useful for the developmen: of
bicsenscrs. Howewver, further thearetical and experimental studies are needed, parcicalasly for poly-
ens, W shaw whether Che=g maroparcns sysiemn: are suilible o the developirent ol Hosansons,

The wee of hurnidity sepsors for meisonee decection is widespread io applicaticos sucl: as incteore-
legical service food processing, aiy conditiening ov electronics precessine. Curenzly, mese tvpical sen-
sers kave veryirg resistivity and capacioy values with water adsorpdon. Nencporcus marenals.
vharacenzed By a sl surface-grea-to-vakane relio, are a prontsing bomidicy seosor, since ey
s aecaraiedy elect mesastanee avdior cepaalanes chavges mwing Inowaier adsormpann insice the
manapores. Furlhernuae, ranopormus makeials allowe e oplinizalion ol the o stee asconding 1o
the zpecinc workie g cerdinions Jem peraiure and relzbive humiciny, i Grales s Geraie the mexom
perfesmance of che s2nsay. kor this purpese, the opamun: pore s1ze diameer can be calculaed usng
Kelvin's velation 20

Ay

= Aogirr

(21

’

where PrP, represent s e relative hunicily, vois Th waler surlace 1=esion, 236 the aniversal gas oon
lant, T s The tecparature in K, and ¥ois the volume Gl el

For mstance. Yarghese and coworkers |205 studied the effect of pere 512e on the responsa of &
nancporcus aluming sensor pore size: 13-15 nm; perosity and chickness: ner specified) te humidicy.

‘Lhey esservad chat, as the pore size mereased, the bumidicy raoee over which the seosors bad bick
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sensitivity decreased [soe He, 240, Fe 24 shows that cthe huwmidity range fer e perons materia] with
a pore size of 12.6 om renged from 207 to Y07 RH. whoress this range was reduced e bs=7 5% KH [or
the naneporeus mealerials with pere sizes mreater then 284 oo,

Thus, ‘bz theeredical basis ondedyig Che use of panoporons naterials as honddicy sepsors Las
been voablished, ough the nomber of zoretiva) werks 35 sl lny, sepeciglly for polvineric sue-
teans Alibooely the sensory chiaracterization: «f nanoporeus pobanenc inglerials is & recenl vopic, Liere
are other experimenzal warks relared to the use of different nanoparous syscents based on ceramics,
which will be discussed belows briefly for comparison.

1he uze cf pancgerous ceramics & humidiny senscrs has Teer studied extensively in recent years
[2Ub=-22%] because of their bick thermal capacity to witbstand thermal fluctuaticns as well as their
high capacity to cperate under harsh eovironoenrs. Nirea and Hayakawa [2Uu] develeped a resistive
DENCEONOUS coramic sersor [fonmula MgOr0.- 110, ) with & poresiny berweon 2202 and 4% & pore size
renging frem 10 to 20nm, ad a thickness of 200 jnu 1hese seosors exhibited 2 seositivioy aromnd
D22 MONF relative humidity (RH) with a high lneer cosponse for the ©-202 RH range. I addition,
L differenot nanoporous capacitive seosers, polysiico: aod siicon carbide, were prodoced 5 Cea-
nolly 2o al [207], with thicknesses of 0.4 aod 0.5 po. respeoively ohe pecosily and pore size e
nol specifisd i the articled, In Jis suwdy. tbe opaneliz! sersilivay capaciov was Lishes for Lbe naxe-
purans palysilicm: syst#n (0,02 50% KH: than Joe the SIC spsien: (000702 RHI i thes 10-80% BH v
Diflerenees in the pore size @l porosi v conld B the reasons wmlerlving this sllect,

In seaerel, Che axpeeirnental resulls in pavoperons spsems (1 least an ceransics indive s goned
moishare seasing capacily wich b redhneinn aof the pore sz o the nanme s er seels A1 ougl 1 lere
are several werks showing this effecs in ceramic svstems, to date there bas been only one experimen-
tal weorde reliz sl 1 b seesing hehavior of vanoparoms polymers becanse ol e vavelie of the use nrf
narcporous marcrials, and particularly of ranoporcus pelymers, as senscrs

Yang o &l [ 210] desiencd varons types of rosistive nancporeus polymer humidivy scnsors such as
polvcarbonate fpere sizes 200 nm; thickness 10 jum; perosior: not spegificd), cellulose acetace [pore
szer 200 om: cickiess: 125 n: porosice: 66%), ad nyloo {pore size; 100 ;s thicloesss 1710 ang;
poresioe 552 A bighly licear respense over @ raoge of 40-100% KH with a sensitviy acswnl
20 GOUE RH was oblgine, (ur vaneporowe cellnlose acelee and adon svstems, The respeose of PC
wis alse limzar for Lhe saane renge of baonidity. boe Jse sepsiviviie valoe oblgined seas losser @0 armm
4 5 CC0E RH 145 viines EBwwer than thal ob o amed for b ather porone polyners anale o) Tiffere
puresicies, | hicknesses, and Tydreophobicily valses could e he reasons for (s dillemnes Thagseer,
averin e worst case, The sensitivioy valnes ohizives ] were beller Han thase aRizived by Wi sl
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Flngakaws [206] using & ranGparons ceramis jthiee ordens of magnizude morve 2ensthivel Ihe higher

rarasily ol vanmparoes palyrmers caull be Le sxplanation lor this dillerencos,

Therefone, nonopirans polyners sern ioexhibic helier buvidity deosciinn capacioe Hham mmepeor
aus ceramics Nevertheless, the nonber of Theorsical and sxperinmenial warks oar @il ber polyemeric or
rosr pobyrenic malermals i sl livicedh, Thas, further soncies one vesded v onder e delenmine
whe by ranoporony sysiEn are aclually appeopricie e mniaiane sensom.

Tas. hut wol ks denporcavt, ore vanoporaus coerestalline polymers, which seen o be gooxd ceon
itk lor sensing =lamients in gravimelric sensors, These materals san delec nrgmic conepomumds or
I malecnlar mass substavess presenc in gosenns avd licqrid smvirenanients. Foe instanees Pillin = al.

211 aborvesdd e | oo Thick s PS Tilmos [porasily: 7% pore sives v specilised ) simowork os graviened
ric senwors lov The detection of chilorafomn in boch vapor e lgoi! phises.

In the ficld of optics. the demand fee materials wich a low refraccive index 7] Eas promoted geeas
cfforts to study the applicability of perows materials as waveguwides 2122127, Fabry-lPerot floors
A1A-210, Brags raflecters [210 207 and antireflection coadngs [ 218 . Porous marerdzls can possess
avery lew value of iz because of the incroducsion of air, which has a cefractive index of n =1, In this
case paroperons materiaks are in demand because of the reduced dimenisions of nanufactured
devices. where the pores must be much smaller thao che chickness of the filnw. Hewsever nolike diclec-
aics i which i wse of nanoporous materials is determined exclasively by the dimonsiens of the
device, naneperons macerdals for optics provide another adventage: if the pere size is much soaller
“kan the vavelensth of light. then Jight scattoring from o peces is reduced 2120 Using this theoret-
ice] essumptiorn. it Las been speculated thar nanoperous matenals produwced from amorphous poly-
mers with & well-defioed pore sorucowre and pers sizes less chan che wavelength of visible radiation
ceuld be rargparen

Iherefore, understanding the offects of perosity, pore size and shape @ pere size distribution on
ke opical propertics ofnaneperous svstens is crucial for bectar devics performance. For this purgese.
ruereus offective medium theeries bave Seon develeped, All of them tecar beterogenceus maedia &8
Lamnosencons media with some effecdve properics. The mest como: imedels nsed o calcolace the
clfective index of cefaction are sumuarized i Fable 2, although variations of them cao alse be found
o che liveracure ' 220220 1Al the modsls mentioned censider oply the porosice as a scrucurel param-
eter of the fcam, regardless of ocher impareant paramecers 5.1¢h 23 pore 2ize, shape, and pare dizznbu-
zion. Likewizz, soine of these indels have heen uged to anabyre che refrachive index chaugh they were
ok neceszanily Seveloped for rhis purpnse | e, the MOT maxdel vwaz developed to cilculate the elecoric
remurcricy). Thus, althaugh che nuinber of existing madels 1s high, 113 nor clear which model is the
PIGSE 2CCUIAre In 2 21ven 3icarion.

In arder oo clanfy 2ome of che aferemantionad prehiems, Braun and Pilen [ 225 solved numenically
zhe owa-dimenzional Maiwell's equazicns in non-atsoing naneparous dun films widh diffevent mar-
phologies for transverse electric :T'k) absarhing eleccromagmetic waves. The effacc of che Al chickness
(L LHE 23130 pore size (&) (e 250000, pove shope (Fig. 25000, pore disteibuzion ke 2500 and
povosiny thiz 25 d) on the effechive index of refraction was studied i decil. it was found that, helow
a certamn crigcal Al thickness, the effecove index of refraztion depends on the pore 2ize and shape,
porasiny, and pore distribution. However, heyens rhig antical thickness, effeccive medium appraaches
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are valic, ol Hhe elfective ixdex of relraction depends nnly snke porasily and The ivdes ol e neclion
ol ecch of e constiluenl phaaes Gaalicd and gas) Dsee Fig 25 Tram (o] tod )]

Sienlarly, Novics aned Pikon [ 227 ] carrid ol avalher shady Lo ivipaove aved Detier avlerstond the
Lhenrelwal veadels given in Toble 20 The index ol relachion of neenapoiues libns with differsel non
plokogies lae naoally ncieen! Laiaverse magnelic (TR amd hensvense elechoic (TR s anbiryg ele-
LevagieLic waves was telenmined by numenscally sobving the Deo-dimensicnal MMaseell: equaliors
Thew fonsud that, for unifonn pere distribogoos and sphedcal peres, the effecive index of melrection
(or TE and TR swaves is dDrlependenl of Bedhy poee stz and filen thickoness or 1< @ < 10nm anl &y
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@ = 3000 This resulc is i gond agreement wich the work of Bexun and Filen [226], since the regime
they considered 132 ahave the anhical nlm thickness 2iven aboves In this 2icaaonn, dhe T nameric:
date agres well with the pavallel madel, whereas the T numerice| daty 2re Conisent wirh the VAT
theory. I the case af & randam pare dizihwtion and dirfecent pore shapses, of was faund chat T waves
cre ctependent of LR porGaz imonphialogy and can he appropretely descobead by the VAT mndel jthis
resull e conssslen ! wall predections iom B and Pilon 226 L Flawsever, fon T weves, The index o4
refraction depends on the poresicy. poee distdbudon, @0 pore shape,

Therefore, theoeetical models developed Jor dapoporeus macenels io sereral [aod thos velid (oo
both pulymeric and non-pelyoeric sestens) are well estaslished. altbongh s application limits of
cach medel have ooc vet een well defined AU of them agree chac che enhencaneot of the effzaive
opuizal propenics (e, the achiovement of a lewer value of the effective index ef refracdien;) of a nano-
porcus material is mainly decermined by che porosity for film thicknesses above 3 cor@in crivicel
value; bowever, fer Glm chicknesses Selew this value, the imprevement in the eptical propertics is
glso derermined by the pere size and shage and gore distvibuton [22].

Although the modificaticn. of the index of refracticn by varying the morghelogy of the porous sys-
ten: is & recent topi< in the deld of naucporous pebymers, there are ocher expevimentz] works relazed
to the use of different naroporous systems, such as 'L, [2U8] GaN [£:2], Si0s [218], and siliccn
[£13.215-217%, which will be discussed belew briefly for companson.

silicon-mased muldlayer perous svstems bave been widely used in the manufecture of anti-
veflecdon coctines |218], waveruides |213]. Brara reflectors [215-217, and Fabn/-leret devices
[215]. Deprh variatiens in parosity are created 26 obrain regicas with differenc refracave indices char
wllow laming o (b opacal progertios of the systens. Tar instenee Zhang and coworlises (213 cdovel
oped an anareflection coating by rreans of a owa-layer reflacove index gradient. For this purpase, they
uar a Siz armigel vanopoeous hn (pore sics: no apecilisd; Thickvess: 220 nm; pomsily: 1ol spei.
fiend as the hinverelractive-index layer om = 1G] amld @ Tis filen as (he high-refraciive-irg ox laver
(1= LA%Y This and-relleclive coating provided an aversge rellsclanse <25 in the ssaveleg b rangs
froen 1000 o 2000 nen, which cepresents a eedocion of 70 awith cespect 1o the salid systen.

Olher apphiceliens ol vanoperons G in oplics can be found o che work ol Lee and Kang | 225]
These pesearchers wers able to joprove Ui ellciencs (ozasure) onder 100 000 an® sbanlated Gebt !
ol 3 dye-sesitieed] selar codl (DSSC Jirough U incorpecativo ol @ pexoperons TiC, (i [ pore sice:
10 oin: Wdckness: 4 uny; poresicy: oo specified . The efficizocy value oblaine! was o lioies higher
than that of 3 commercial DSSC also based ez 190, T cense of this iinprovement lics in Lthe lower
reflecdve Fresnsd Joss for inddent Jight at its cuter sucface. which allewed more Lishe to reach he
active Jawver.

Anccher stugdy was that camvied out by Vajpeyi et al. [224], wlho cbrained & considerable photelu-
minsscepce (FL) incensity imprevement at /5 Ki2 3 times higher than as-grevwn GaN flms) in a nano-
porcus LaN Olm with cvlindrical gores (pore size: =80 nm; thickoess: 400 poresity: nct
specified]l ‘they c=served that che higher the pore kengtk, the higher the FL inzersity was. 1his system
cculd be used as an jncermediace layer for high-brghtoess lighe emitting devices.

Thoss, wx petinental resally ohtamed v nae-polyimens naeapaonmss valenals shased ar i pravesd
vplizal response syitd sespect o Hhe solid ar co Lhe ntleriols conrendy or by nrkets This improve
menl iy iv genent governsd by the porosioy and nol hy e pare stze. Allomg b This apparent enlance
menl has been well demonstroted iv none polymesic systens, shiadies ar ranagoeos polyrners aresall
N,

Chivel al [ 290] inorosoces a novel el e (o pracducs highly anliredleoive caatings hy nisans of
nannpomus ek oopalyner Cpolystvrene-ddockopolyf - vinplpyricine:' (PS-H-PAVE! ol pulystiyrene.
diwck-polviarrylic avic ) (FSAPAAT snultilzyer films These lihes, with a pore sies arny: mn
#l A lilne L hickoess that vaviedd fronn 2% o 104 v, presenisd anind=x of eelraciion L hal wis simmgly
inlluencesd By b poeesily Drsleacoive ivcexe Iema LT3 o L2225 porasily: feenn G572 1027 8% respre-
tivelu s For the Tilnes swith a thickoess gronndd 190 30, & hish antirellsclive capeciie with lighl  rans-
missions aromud 995 a1 540 om was Towxl,

Soaularly, Biller and coworlers [ 231 desigmed a new medhedelosn [aneeus-bases. process) o
produce polvlalvlamie Jydrochlonic: ipolylscrvlic acitl) {PAHPAA) anti-oelective nanoporeas G
witl: reversibly erasatle porosite. These Glods, with a thickyess ransing Goo S0 (0 130 nm, & pore sie:
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PG Al & relvactive dndex ron 1 15 000 S5 0althangh be artiele noeniinns Hhal H1as Gac o varisd
wilh Lhe pornsly, L valoe wis nnd specifiend |, exFitmied @ ligh iransmission =38% a1 5a0 mn. a valoe
T.7% higher Fan thal ol uvirealed glosa.

Yakoyanu el al | Sa] and laler Liand cownrkes s [ 272 caluulaiedd Hhe porsicy of sevesal oy
polvstyrene-b-palyt pealuaiooctylsthy L methacrylare [ PS-PERISY Dl (thickesss: 1 o 3080 nm
|27352), powre aazer T E="ED ning G metadrements of che index of redraczion. Jdimg the Larentz-lorenc
sequalion | 237 Yokaya: ¢bal |54] obiined pornsiiies celsese 1635 g SO forinlives of relraction
renging rom L4 1o 2T Cheeer vahioes Dlon tha of Lle solid, wo= 0 50], mespecbively, sshereas 1 and
monenrkers | 2702 achiewed parasilies helween 12 and 24% ool indices ol ieluciian sanging lionm
TAZ 1 137 Laken Baven volues Than Hhel ol he solic, ae = 7500 respactively, Slhoagh (he weodeny
ohaerved 1n RoLh studigs was the same The ngher the paissity, the leser e index of rehiacion
15, the maxgmum vedaczicn Geoamed 1 rhe index of retrachian 10 each case waz different. The reazan
for this difference resides in the presence of a dense laver that covered the films develcpec by
Yokevama ec al. [54).

Finally, Rizzo et al |23 and Cuerra and cowerkers [L52] found that s-1'S Alms {thick-
ness = 2U i pore size =: 1 oos; porosity: %) exhibited chiral optical responses beth in the infrared
and in the UV-visible regions, opaning the opporturdcy o chiove s-1'S-based Glos with runabls chical
oplical properties,

Thus, nayeporoas pelbvners seen: @ present enhanced epicgl belavier comparesd o the selid
which ismainly geverosd by B pomsity el e spsein gned nne by be pore size, Hosseser, he v ber
ol stoelies 35 s b limsices! o obiain defimiiive conchesions.,

1he uze of & pelymeric sysvem or not will depend on the rechnicgl specificaticns of cach applica-
P Flonvewer, lunther soadies or e mechonical, henmal or chemnive ] resistinaes ol hoth polyimeric
a1dl poo-pelymeric niacenals are needed o verily whecber dhese svseeans are potenbal candidates Jor
nsE in o ics,

Areonling (o experimental avd hearstizal mesaliso the pore e has oo lineses on the opcies ol
navopoeines i lerials for Gilnn Ficknesses aeowe o citical waboe v privaipls; the porasily is primarily
resporwihbe for (b fopraverient al this progerty an ks sication, Gely 1o filon Urickoesaes ek This
soibal velue does the pare sice pley ar imparbae ol T s poassible Lial, e L silualicen, light scal-
tening Brown pores will have more inlence, and, comesuently, The fansgerency of sncaphous fano-
porGus polyiness could he vexched

Finally, although icis very useful ta have matenals wizh specific improved propernes t mechanical,
thernal, dielectric, eptical. ecc. ), the curvent zrend in designed materials inplies the achievemen: of 3
macerial chat cembines a ser of well-defined and enhanced propesties. Fer instance, Harbuzava and
coworkers [235] proposed lanchanice-based nanoperows mercl-organic frameworks (Ln-MCFs) as a
mearerial witk interesting muldfuncdona propertics suck as luminescance, maenetsm, hydrophosic-
itv, and bieh thermal stability (3o specific daca are provaded for e collular scructuee or for the prop-
erlivs menlivied )l Howewer nayeporons silea acropels Glnw {ohicknesses belween 2 @nd 112 mn)
wilh pornsiizs leher than 755 (pore Su- ool spevifisd! bave glve been propesed by Hrobes): and
I'oco (276 as multifunctional materials because of the excellent optical, acousd<al, thermal and elec-
tronic prepertios exhibited T this system and demorstrated elsowhare [257 238 Kecantly, Notario
and coworkers [140s] bave demensoaced thar FMMA-based nanoporcus materzls (pore size:
<200 um; pecasiny: =002 exhibit impreved (iennal argd nechenical preperides &2 well as promisior
vieleciric Cunpoblishes] work) ased Giliracon [G0] pooperties,

Therelors, venopomns nglerizls ame pranisivyg camlizaies Broose in nnlliknctional susiens
Alhaugh stmdies m ok polymsric and noo-polymreric systems are il seares,  he lirs) resnlis
sblainel Fave cresitend high expesialionrs.

7. Conclusiony
In zhis reniew, the influence of the reduczion in pore size ©o the ranomezer ranee ci the key phys-

ical properties of porcus polvimeric materials tmecbanical properties, chermal properties, etc.) are
desavibed and apabyzed in derail.




Introduction

137 A Necesdn or 2L S Povp o4 O daeerons Srlear P8 70 (AN 03-030

17 widz expecred thar che redlucnion ie rhe pare size o the nannscale together with che modifhic tian
ot the porcus drchitecture would praduce a sernes of improvements in severdl physical properties of
these nevel marerials vmechanical, thermal, digdectric, ¢poical, senzing, Alerazion, eic). However, i
has heen found chat che confinemenc of che constituen: phases 1235 and solid] in the nanemerer vanze
ako kads ro unexpected modifications or effects.

12 has beent demonsaared that nanoporous polymeric inaterials exhibit supenar tnechanical behav-
1w al high <hrain rales asd saperior shore hardvess compaered wathe adl miciopanoas and sulicd -
thals, However, The stlies aon tbe mschacice | rezponse oL low shiaie reles were inoonclusive

A poszihle altextion of the tundam ental praperhies of the base polvimer dug 1o the cerhingment of
the palymes chamns watiin che parewalls, o due oG the stretchung of the polyeer Chainsg induced dur-
g the manutacrunin g process, coild he the ve2ace (o the ditferert tensile hehaviciz ablamed i dir-
ferenc papers. Nevertheless, further studies with different palvmenic manices are neeced 16
understans, confirm or discard the contradictony tensile results choined.

Thernal conductiary measuvements in nancporcus polymers have shoven a reduction of the ther-
mal conductivioy when the pore size was belew one micron. The conapement of boch the gasecas
phase (the Knudsen effect] and the solid phase idifferent phenon scatcering mechanisms and
increased tortwosicy) are the phenomena wederlying chis effecc. 1o date, studies on nancporcus poly-
mers are still scavce; nevercheless, the Knudsen effzce depends only on the merpholery of the porcus
sructure and is independons of the selid mawmix. Jhus iccan be stated thac there is sufficiont evidence
to cenfinn its presence and petential advantagss in nanopereus pobaneric marecials.

Noew Jow-k nancpereus polymers, with a Jower Siclecoic constent (ian the solic, have boen
aclivved by the intmeduchon of gir Dxo e polviner melTic

floreover il vas denersiraled chatl the pore size does 1ol provide q eddiviong] sdvaoiae 1o -
k nanoperous systems; chis was only a requirement impased by the dimensions of the devices e be
developed. Mevertheless, che existence or future zppearance of side effeces due to the reduction of
pore size to the pancscale cannot te completely discarded.

tiltration and membrane studies showed that a reducticn io pore size leads to enban<ed srorage
and Gltradon cepacitics. It was demenswered ther nanoporcus polymears could yeech fileration and
fras steyags perfonmances similar o these of non-pelymeric mererials as lone as chey exhibic similar
structiral PAaranicocrs: perosity, pore size, nareowy pere size distrization. kigh BEL spacific surface arce.
e Aldwugh panoperons pelwnedc materials were oo the most cenventional maserials in this Geld.
Lhey presented olber advantages feese of manufaciunog. supecice Dexibility. good bivcwnpatibility.
andd tailered thernzal, nieclaniva). @l chensical propertizs) cha male: Jean inglerials of simuiican
i erest,

Nenmomus polvmers @lso have & promisig fooans in 2mersing lields sach as sensing and oplics
Nenoperons 1a #mials have proven very uselnl or the deeslopmesnt of Binssesors, sinee they presen
the 2dency nl e cpanes o unfald AlToug b (here cneno arlicles relaied ynanaporeyas polynoers the
gounl vesulis ohraiveal with vanopomos carbon-hasel inaleialy ssggest Hhal polymer spsoems vy
alvor e vaee i This applcatiom. Dar berons nanapoross polymers car also e miploys=d as horidity
sensors, because they can accurately detect resistance andor capacitence varatives due to warer
adsorpion jnsice the papopores. itizl resules demnonsiraced. Jhat panoporons peboneds materials
exbibived a beotey humidivy detection capacily than napeporeus cerenues, Nevenlizless., the nuntber
of articles is st Jinsiced, and dhos Jurther studies are rouaced Dy order 1o derermine s b e 1ano-
PRTHNS POlYMIBTS are APPTORMALY 3% SUISOFS,

Nenmaomus polyners preseal enbanesd optical Bebavior i e, a nshiesd ind e of melvection) com-
pared o e seslic s el s enainly govermed] by the porasiy of the sesisane T swas desnonsieatesd 1l
the pores sies bats, in prnciple, se ivtheseae on he aplics of nanaporas walerals (oe B thicknesses
ahoe s eritical virlue, avel the porosily is privvarily respansible or the improsvernen v this properly in
this sitmacion, Only o Bl thicknesaes heloys This crilical value dises O pone sies play andimporian.
rodes 10 iy posssibule Voot dae Pl siloarbion e light sceliening foom The poess will play o key role in e
light fransmiasion thraugh the libnes, and conssguently Lamnsparenc vanoporacas poleees Gilms conld
b praeduced Do aeaeplons polvinees.,

Furthennore, nonspoious polysners G poonnising candidates o vae o multiueclicral ayshenma.
Althaugh the naiher of studies 13 sl low, the izl rezilts obtamned bave lec oo gk expecralion.
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The alorsentiomned resalis oblsinst with nonopormas polymsess are consisient with Thase
nhleanes i athber non-polymesic nanoporons systeny and wilh the theorstical prediclions develop=|
up to oo, However, Lhe ditferent matsices employet {polyimes against metsl) make that the resulls
found tee mechanical properties not comparaile Likewise, most of the theoretical madels develnped
ta souddy the mechanical Rehavior of nanoporous matenals have heen te@sted on Non-poalymernc sys-
rems, and the develepment of more spedfic madels for polymers 1s necessary.

Thereloee, acvording o these resulls, signilicant progress has beey macde in s years in e devel.
vpmen! of vanoporous polymeric malerials Their improved Chermal, mechanical, dielectric, opticl,
lillvation, secd sensing properties, amoang others, make thess materials promising camdidaies loe opplic
calions such as thermal meulation, cushioning, packaging, electronics, and litration. Flosyever, signif-
icant technizal challenges remain in the pradusction of nanoporous polymers with adequate densities,
pore sizes, and extemal dimensions that allow B characresization of thedr properties and their pro-
ductian as a scalable industrial pracass. In additan, a hetter understanding of the structure-propercy
relatonships for these materials is needed. Fortunately, nanoporous material production is becoming
an area of increased interest for both academia and mdustry, leading o further progress toviards this
targec.
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0.4 Objectives

Traditionally, there are four main areas on the study of a new cellular material: its production
route, cellular structure, properties, and potential applications. These topics are strongly
interrelated, as the materials tetrahedron of Figure 0.6 shows.
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Figure 0.6. Tetrahedron of research areas and their relationships for foamed materials

Based on this concept, the goal of this work has been to study systematically the transition of
the physical properties between microcellular and nanocellular polymers. For this purpose the
production processes were optimized to obtain both micro and nanocellular polymers with
similar relative densities and with appropriate dimensions and geometries for their further
characterization. The precursor systems used for this purpose are PMMA and blends of
PMMA/MAM. These systems has been previously studied regarding the production and
foaming mechanisms, therefore this study has been focused on the performing of a systematic
study of the physical properties of nanocellular polymers in comparison with microcellular
ones and in understanding the key differences taking into account the structural differences
between the materials.

Then, the three main scientific and technical objectives are as follows:

1. To solve the existing limitation of producing micro and nanocellular polymers with
appropriate dimensions, geometries, and similar densities to perform a
characterization of the physical properties using standard procedures (“Production”).

2. To provide a better understanding of the mechanisms involved in the improvements of
several physical properties of nanocellular systems (“Structure <> Properties”).
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3. To study whether there is a transition in the properties of these materials when cell
size goes from the microcellular to the nanocellular range, and to determine the
validity of the assumptions made in that respect in recent years..

Likewise, some partial objectives have been defined inside each of the main objectives to
define precisely the scope and extent of each of them.

From the production and technical point of view, we aim at obtaining nanocellular polymers
with the following requisites:

= Raw polymers should be easily accessible, and preferably being commercial polymers.

= Solid blends of PMMA/MAM should show a self-assembly nanostructuration.

= Foamed samples with micro and nanocellular structures should have appropriate
dimensions and geometries enabling further characterization using standard protocols.

= Foamed samples should be obtained with similar relative densities, showing a
significant reduction of the density (around 50 % in comparison with the solid
material). Furthermore, the degree of density reduction should not depend on the
presence of micro or nano cellular structures.

=  Production route should be industrially scalable, avoiding requirements as extremely
high pressures, high pressure drop rates, low saturation temperatures (below room
temperature), etc.

From the scientific point of view, we have focused a key part of our research on the underlying
mechanisms that lead to physical properties modification or to the occurrence of unexpected
phenomena. In particular we wonder:

= Does the reduction of the cell size to the nanometer range produce a confinement of
the polymer macromolecules?

= What influence does the confinement of the gaseous phase have in the physical
properties?

= How does tortuosity influence on the physical properties when the size of both solid
and gaseous phase change from sizes in the microscale to sizes in the nanoscale?

And finally, from the point of view of the analysis of the expected improvements of the
physical properties of nanocellular polymers as compared to microcellular ones, the work has
been focused on:
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= Thermal conductivity: it is expected a significant decrease of the thermal conductivity
of the gaseous phase when pore size falls in the nanometric range due to an effect
known as Knudsen Effect [97] (see section 0.3 Summary of the State of the Art).

= Mechanical properties: traditionally microcellular polymers have exhibited improved
mechanical properties as compared with conventional foams due to the reduction of
cell size [98]. Therefore, it is expected that a further reduction of the cell size
(nanocellular polymers) will lead to enhance mechanical properties in comparison with
microcellular ones.

= Dielectric properties: it is expected that the dielectric behavior of nanocellular
polymers will be different in comparison with that of microcellular ones due to the
confinement of the solid and gas phases.

= Acoustic properties: it is expected that the acoustic behavior of nanocellular polymers
differs from microcellular ones owing to the structural change of one with respect to
the other.

0.5 Structure of this Thesis

The research presented on this thesis is presented to obtain the degree of Doctor in Philosophy
(Ph.D.) with an International Mention. For this reason the main body of the thesis is written in
English.

Moreover, this thesis is written as a compendium of publications. Six regular papers sent to
international journals (four of them already published and two of them under revision).
Likewise some unpublished results have been included in several chapters in order to provide
a better understanding of the work and cover the objectives previously defined (see section
0.4 Objectives). Table 0-1 summarizes the papers included in this thesis, with their enclosing
chapter in the right column.

Other peer-reviewed publications, contributions to international conferences (related to the
thesis and to other topics), research stages in other institutions, and participation in research
projects during the last four years are summarized in tables 0-2, 0-3, 0-4, 0-5, and 0-6,
respectively.

The manuscript is divided into seven chapters including the following information:

The introduction describes the state of the art concerning the different physical properties of
nanocellular polymers, comparing it with other non-polymeric nanocellular materials. In this
introduction the different production techniques of nanocellular polymers, the parameters
that can be affected by the change of scale, and the potential applications that these cellular
polymers can have in the near future are also briefly described.

Chapter 1 describes the raw polymers used in this research, PMMA and MAM, and the
production route of PMMA/MAM solid blends as well as the production route of microcellular
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and nanocellular polymers. The characterization techniques used are described and the
cellular structure of the foams produced is included.

Chapter 2 shows the new effects that appear as a consequence of the reduction of the cell size
to the nanometer range and the increase of cell density. This chapter demonstrates the
confinement of both the solid and gaseous phases of nanoporous PMMA-based materials.
Regarding to the solid phase, this effect implies conformational changes and immobilization of
the PMMA chains, which results in an increment of 112 C of the glass transition temperature.
Related to the confinement of the gaseous phase, an unexpected capacitor-like behavior
appears in polymeric nanopores due to the appearance of a Maxwell Wagner Sillars (MWS)
phenomenon. Finally this paper also illustrates an increase of the tortuosity of the porous
architecture when the cell size goes from the micro to the nanometer scale.

Chapter 3 studies the thermal conductivity of nanocellular polymers in comparison with that of
microcellular ones. In this case, it is demonstrated how the confinement of the constituent
phases of the foam (gas and solid) allow reducing the overall thermal conductivity even for
medium density samples.

Chapter 4 carries out a comparative study of the mechanical properties between microcellular
and nanocellular polymers with similar relative densities. In this section, it is demonstrated
that nanocellular polymers exhibit higher Young’s modulus, impact resistance, and shore
hardness than microcellular polymers.

Chapter 5 studies the dielectric properties of both micro and nanocellular PMMA, showing an
evident transition from a capacitive to a combination of a resistive and a capacitive behavior
when cell size shift from the micro to the nanoscale.

Chapter 6 analyzes the acoustic properties of PMMA nanocellular polymers in comparison with
that of microcellular PMMA foams with similar relative densities. Moreover, a comparative
study of the different theoretical models that could be used to understand the results is
presented.

Last chapter collects the main conclusions of this work, and includes several research topics for
future research. Furthermore, it also includes a general discussion of the influence that each of
the parameters (confinement of the solid and gaseous phases, tortuosity, etc.) have on
nanocellular polymers properties.

To provide a better understanding of the thesis structure a schematic view can be found in
Figure 0.7.
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Table 0-1. Publications in international journals included in this dissertation; the PhD is main
author or main participant

Publications submitted to international journals Chapter

B. Notario, J. Pinto, E. Solérzano, J. A. de Saja, M. Dumon, M. A. Rodriguez-

Pérez

Experimental Validation of the Knudsen Effect in Nanocellular Polymeric 1
Foams

Polymer 56, 57-67 (2015) Invited Article

J. Pinto, B. Notario, R. Verdejo, M. Dumon, S. Costeux, M. A. Rodriguez-
Pérez

Molecular Confinement of Solid and Gaseous Phases of Self-Standing
Nanoporous Polymers Inducing Enhanced and Unexpected Physical
Properties

The Journal of Physical Chemistry Letters (2016) Submitted

B. Notario, J. Pinto, R. Verdejo, M. A. Rodriguez-Pérez

Dielectric Behavior of Porous PMMA: from the Micrometer to the
Nanometer Scale

Polymer (2015) Submitted

Table 0-2. Other publications in international journals; the PhD is main author or co-author

Other publications submitted to international journals

B. Notario, J. Pinto, E. Soldrzano, J. Escudero, J. Martin-de Ledn, D. Velasco, M. A.
Rodriguez-Pérez

In-Situ Optical Analysis of Structural Changes in Polylactic Acid (PLA) during the Gas
Dissolution Process

Defect and Diffusion Forum 353, 131-136 (2014)
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Table 0-3. Communications in international conferences related to the thesis work

Communications presented in international conferences related to the thesis

B. Notario, J. Pinto, E. Soldrzano, J. Escudero, J. Martin-de Ledn, D. Velasco, M. A.
Rodriguez-Pérez

Analysis of Structural Changes in Amorphous Polymers during the Gas Dissolution
Process

Oral. DSL 2013, Madrid (Spain) (2013)

S. Perez-Tamarit, B. Notario, E. Solorzano, M. A. Rodriguez-Pérez

Cell Size Determination by means of Light Scattering Methodologies in Micro and
Nanoporous Foams

Oral. 7" European School on Molecular Nanoscience (ESMolNa), Gandia (Spain) (2014)

B. Notario, J. Pinto, M. A. Rodriguez-Pérez

The Influence of Reducing the Cell Size to the Nanoscale on the Physical Properties of
Polymeric Nanocellular Foams

Oral. International Conference on Composite Materials, Copenhagen (Denmark) (2015)
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Table 0-4. Other communications in international conferences

Other communications presented in international conferences

B. Notario, C. Jiménez, J. Escudero, M. A. Rodriguez-Pérez, M. Klaus

Seguimiento In-Situ de la Exfoliacién de Nanoarcillas mediante ED-XRD durante el
Espumado de Materiales Termoplasticos

Oral. XIll Escuela Nacional de Materiales Moleculares, El Escorial, Madrid (Spain) (2012)

B. Notario, J. Escudero, M. A. Rodriguez-Pérez

In-Situ Study of the Foaming Process of Polyethylene Reinforced with Nanoclays
Poster. International Conference on Foams and Foams Technology, FOAMS 2012,
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Table 0-5. Stages in other research institutions

Stages in other research institutions

Two months in the Helmholtz-Zentrum Berlin (HZB) of Berlin (Germany) in 2011
Topic: Comparative study of polymer and metal foaming by in-sity techniques

Table 0-6. Participation to other research funded projects in the course of the 4 years

Research funded projects

Ministerio de Ciencia e Innovacion (National Materials Plan). MAT2012-34901

Ministerio de Ciencia e Innovacion (Impact Program). IPT-2011-0725-310000

Ministerio de Ciencia e Innovacion (National Materials Plan). MAT209-14001-C02-01

| European Spatial Agency. UGFOAM 14308/00/NL/SH I
| Dow Chemical. PRIVATE FUNDED I

| FERRO SPAIN. PRIVATE FUNDED |

0.6 Main Results

To conclude this introduction the main results obtained in this research work are summarized:

= The initial precursor materials for the production of nanocellular polymers are
commercial, easily accessible, and well defined polymers.

= Nanocellular polymers (with relative densities around 0.5 and cell sizes in the range of
200 nm and several millimeters thick) have been obtained using processing
parameters that do not use extreme conditions. For instance saturation pressures
above 30 MPa and temperatures above 23 2C have not been used.

= Microcellular and nanocellular polymers with similar densities (around 0.5) were
obtained in a controlled manner, with macroscopic dimensions and appropriate
geometries to conduct a proper characterization of the physical properties using
standard techniques. The desired final cellular polymer (micro or nanocellular) can be
obtained by adjusting the saturation pressure and the foaming conditions
(temperature and time).
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= New effects or non-expected behaviors have been found due to the confinement of
the constituent elements of the cellular polymer in the nanometer regime such as: an
increment of the glass transition temperature, a reduction of the thermal conductivity
of the solid phase, an increase of the stiffness of the polymer matrix, an increase of the
loss permittivity at low frequencies (MWS phenomenon), etc.

= A clear reduction of the thermal conductivity of the gaseous phase has been found in
PMMA based foams for cell sizes below the micron, validating experimentally for the
first time the Knudsen effect on cellular polymeric materials.

= A clear improvement in some mechanical properties at high strain rates (Charpy
impact), and low strain rates (shore hardness, and Young’s modulus) has been found.
On the contrary, for several specific characteristics also measured at low strain rates
(the strain at break and the yield strength) the nanocellular polymers present lower
properties.

= An evident transition from a capacitive to a combination of a resistive and a capacitive
behavior has been detected when cell size shift from the micro to the nanoscale. A
strong reduction of the dielectric constant of nanocellular PMMA as compare to the
solid was found. Furthermore, it was demonstrated that the confinement effect of the
polymeric macromolecules is stable in the temperature domain (from -20 2C to 110
oC).

= A different acoustic behavior, both in absorption and transmission, has been detected
between microcellular and nanocellular polymers. Experimental differences may be
explained by the different wave propagation mechanism in the micro and nanoscale,
which is influenced by the confinement of both the gas and solid phases.
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Chapter I. Materials and Foams Production

In this chapter the characteristics of the polymers employed, the production routes used, and
the characterization techniques employed are presented.

First, the main characteristics of PMMA and MAM, and the features of PMMA/ MAM blends
are described.

Secondly, the production route of microcellular and nanocellular PMMA cellular polymers is
explained. These cellular polymers were produced by gas dissolution foaming at different
saturation pressures. This chapter includes a selection of SEM micrographs of the PMMA
cellular structures, analyzing general aspects of the cellular structure such as the cell size and
the homogeneity of the cellular structure. Furthermore, representative SEM micrographs of
PMMA/MAM cellular polymers have been also included.

Finally, the different experimental techniques used to characterize the cellular structure of the
cellular polymers and the properties of foamed and solid samples are summarized. Each
publication describes the specific experimental procedures employed, however, in this chapter
a brief explanation is provided to have a general view of the characterizing methods used. In
particular, the experimental methods that are not conventional have been described in more
detail.

1.1 Materials

This research was carried out using PMMA and MAM as raw materials, both polymers are
optically transparent, and were kindly supplied by Arkema Company (France) in the form of
pellets.

1.1.1 Poly(methyl methacrylate) (PMMA)

PMMA is an amorphous polymer, whose chemical formula is shown in Figure 1.1.

cil,

-[CH,-C]-

Figure I.1. Chemical formula of PMMA

The particular PMMA used in our study (Plexiglas® V825 from Arkema Company (France)) is a
pure homopolymer (without impact modifier), with a density (p) of 1.18 g/cm?, glass transition
temperature (T,) about 112° C, melt flow rate (at 230 2C/3.8 kg) of 3.7 g/10 min, and the
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following characteristics M,, = 83000 g/mol, M, = 43000 g/mol, I, = 1.9 (where M,, is the weight
average molecular weight, M, is the number average molecular weight, and I, =M,,/M,, is the
polydispersity index. Molar mass values are related to polystyrene standards).

1.1.2 Poly(methyl methacrylate)/ Poly(methyl methacrylate)-co-poly(butyl acrylate)-co-
poly(methyl methacrylate) (MAM) blends

MAM copolymers are a family of “ABA” block copolymers synthesized by controlled radical
polymerization with a DEPN (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)
nitroxide) [1, 2]. They have a rather high dispersity index (/, around 1.9 to 2.2), and average
molar masses 65000 < M, < 90000 g/mol. Depending upon the “grade”, the number average
molar mass M, of the middle Poly(Butyl Acrylate) (PBA) block is ranging from 20000 to 27000
g/mol with a low dispersity /, < 1.2. Chemical formula of PBA homopolymer is shown in Figure
1.2. T, of PBA homopolymer is around -45° C.

rﬁvﬁm Iy

Dj.ﬂ

Figure I.2. Chemical formula of PBA

The particular MAM in our study, 36 wt.% PBA, has the following characteristics: p = 1.08
g/cm®, M, = 180000 g/mol, M,"*" = 85000 g/mol, thus 1,"*" = 2, and M,”"**** = 27000
g/mol (molar mass values are related to polystyrene standards).

1.1.3 Production of PMMA/MAM Blends

Blends of PMMA/MAM with different MAM amounts (from 5 to 75 wt.%) were produced by
extrusion using a Scamex CE02 single screw extruder (IUT Bordeaux 1, France). The extruder
had a diameter of 45 mm and a length/diameter ratio (L/D) of 28.

Both materials, PMMA and MAM, were dried in vacuum (680 mm Hg) at 80° C during 4 h prior
to the extrusion. Then, they were introduced in the extruder at the appropriate proportions,
and processed with a temperature profile from 165 to 225° C and a screw speed of 60 rpm.
Pellets from each blend were obtained using a continuous cutting machine operating at the
end of the extrusion line.

PMMA/MAM blends generated following this procedure were transparent and
macroscopically homogeneous.

Main characteristics (density and glass transition temperature) of these PMMA/MAM blends
are shown in Table I-1. It should be noticed that in our DSC experiments, carried out with a
DSC 862 (Mettler) at 10° C/min and N, flow of 60 ml/min, temperature range was from 20 to
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160° C; and therefore the T, of the PBA (around -45° C) was not detected. Thus only the T,
(midpoint) of the PMMA phase (that includes the homopolymer PMMA and the part of PMMA
phase in the copolymer) was measured.

Table I-1. Density and glass transition temperature (T,) of the pellets of PMMA/MAM blends.

PMMA/MAM wt.% Density / g/cm®
95/5 1.18 115
90/10 1.17 115
50/50 1.16 108
25/75 1.14 104

1.1.4 Solid Samples Production Route

Solid samples of neat PMMA and PMMA/MAM blends were produced by compression molding
(PMMA) or by injection molding (PMMA/MAM blends) (Figure 1.3). In both cases, pellets, both
of the raw materials and blends, were first dried in the same conditions as those used before
the extrusion process.

In the case of injection molded samples (PMMA/MAM blends), dried pellets were injected into
bulk pieces (50 x 15 x 3 mm?) using a small scale injection molding machine (DSM Xplore).
Process parameters were set at 240° C for the melt temperature, 60° C for the mold
temperature, and 1 MPa for the injection pressure during 8 seconds.

With respect to compression molded samples (PMMA samples); dried pellets were molded
into precursors of 155 mm x 75 mm and 4 mm in thickness using a two-hot plates press. The
temperature of the press was fixed at 250 2C. The material was first molten without pressure
for 9 minutes, then it was compacted under a constant pressure of 2.18 MPa for another
minute and finally it was cooled down under the same pressure. Then, these molded
precursors were cut at the desired dimensions (depending on the test to be performed).

Pieces obtained (following one process or another) were optically transparent, both for raw
materials and blends, and with no presence of air bubbles inside the parts (Figure 1.3).
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Figure 1.3.Top: Injection molding machine together with an injection molded sample of a
PMMA /MAM (95/5) blend. Bottom: Two-hot plates press along with a compression molded
sample of neat PMMA.

.2 Foams Production Route

Cellular polymers from neat PMMA and PMMA/MAM blends with different MAM amounts
(from 5 to 75 wt.%) were produced by gas dissolution foaming using CO, as physical blowing
agent.

PMMA/MAM cellular polymers were manufactured in a previous study in collaboration with
the University of Bordeaux [3], and characterized in detail in this work; whereas neat PMMA
cellular polymers have been produced and characterized entirely in this thesis.

To produce the PMMA cellular polymers, a high pressure vessel provided by Parr Instrument
Company (model PARR 4681), with a capacity of 1 liter, and capable of operating at a
maximum temperature of 350° C and a maximum pressure of 41 MPa (Figure |.4) was
employed. The reactor is equipped with an accurate pressure pump controller (model SFT-10)
provided by Supercritical Fluid Technologies Inc., and it is controlled automatically to keep the
pressure at the desired values (Figure 1.4). The vessel is equipped with a clamp heater of 1200
watts, and its temperature is controlled via a CAL 3300 temperature controller. The
temperature and pressure were monitored in the course of the process. This vessel was used
to produce both microcellular and nanocellular neat PMMA cellular polymers. The production
route employed to obtain them is detailed below.
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Figure I.4. Parr Instrument Company high pressure vessel (left) and Supercritical Fluid
Technologies pressure pump (right).

1.2.1 Microcellular and Nanocellular PMMA Foams Production Route

Prior to this thesis, it was observed that cell size of PMMA presents a strong dependence with
saturation pressure (Figure 1.5). In fact, it was possible to obtain both micro and nanocellular
polymers using the same raw material [4]. However, the final density of the foams was also
related to the cell size and/ or to the saturation pressure (Figure |.5), and therefore
microcellular and nanocellular polymers with comparable densities were not obtained.

3500 - 0.70
! - Cel Size
—a— Relathve Ders:
3000+ A ——— 055
!
2500 -
'g | 0£0 D
~§' 2000 §
. | 055
o ,
= 15004 g
0 i ]
] - 040
1000 e
]
5004 -0.48
!
0= 040

Saturation Pressure (MPa)

Figure I.5. Variation of the cell size and relative density with the saturation pressure for neat
PMMA [4].

According to these results, in this investigation it was decided to work at room temperature
during the saturation stage and used four different pressures to obtain two different sets of
microcellular polymers (using 13 and 15 MPa as saturation pressures) and two different sets of
nanocellular ones (using 31 and 32 MPa). All samples were saturated during 20 h to assure
equilibrium dissolution of CO, in the polymer. After the saturation process, the pressure inside
the vessel was released. During the desorption step, the samples temperature decrease to
values clearly below room temperature (adiabatic depressurization), so when samples are
removed from the pressure vessel they are cooled and solid [5]. Unlike previous studies, a step
of controlled foaming is introduced in order to control the final density of the samples (see
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Figure 1.6 in which the controlled foaming step is represented by green arrows). The
introduction of this controlled step allows achieving the desired density for the foams (Figure
I.6. The density of the cellular polymers without the foaming step (represented by black
squares) is reduced up to the desired values (orange squares) after the foaming process).
Foaming of the samples was carried out in a thermostatic water bath at temperatures
between 25 and 60 2C and times between 40 seconds and 5 minutes (Table 1-2). Low
temperatures were used to produce the cellular polymers saturated at high pressures and high
temperatures were used to produce the cellular polymers saturated at low pressure. The
elapsed time between the pressure release and introduce the sample in the water bath
(desorption time) was of three and 30 seconds, remaining the samples cooled and in a solid
state during this time. It should be noticed that the temperatures used in the foaming step
were lower than the glass transition temperature of PMMA (section 1.1 Poly(methyl
methacrylate) (PMMA)), because of the low values of the effective glass transition
temperature of PMMA plasticized with CO, [6, 7].

As it can be observed in Figure 1.6, nanocellular polymers without foaming showed a density
value close to the density of microcellular polymers with controlled foaming. But these
nanocellular polymers present a thicker solid skin that makes difficult to obtain homogeneous
samples with appropriate dimensions for their characterization. For this reason, a controlled
foaming step was also applied to nanocellular samples obtaining specimens more appropriate
for their characterization.
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Figure |.6. Variation of the relative density and cell size of the cellular polymers with or without
the introduction of the controlled foaming step. Black squares represent the density of the
cellular polymers without the foaming step, whereas the orange squares represent the final

density of the cellular materials achieved after carrying out the controlled foaming step.
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Table I-2. Foaming parameters together with the final relative density achieved of the cellular
polymers after performing the controlled foaming step

Name Saturation Foaming Foaming Relative
Pressure (MPa) Temperature(°C) Time (s) Density
PMMA solid - - - 1
Micro 1 PMMA foam 13 60 40 0.52
Micro 2 PMMA foam 15 60 45 0.49
Nano 1 PMMA foam 31 25 300 0.43
Nano 2 PMMA foam 32 25 300 0.42

Then by controlling the saturation pressure and the foaming temperature it is possible to
obtain samples with comparable densities in the microcellular and nanocellular range (Table I-
2). As a result, differences between density values of micro and nanocellular polymers are
significantly reduced, obtaining in all cases cellular polymers in a range of relative densities
between 0.4 and 0.5. This fact has allowed us to perform an accurate comparative study of the
transition of the physical properties from the micrometer to the nanometer scale at almost
constant relative density.

Prior to the study of the physical properties, removing of the solid dense skin as well as a detail
characterization of the cellular structure of the samples produced following this route was
carried out.

A main characteristic of the cellular materials produced by solid state foaming is the presence
of a foamed core and an outer solid skin (Figure 1.7). This structure appears due to the changes
in the gas concentration profile inside the polymer sample during the desorption step, and the
existence of a minimum gas concentration needed to trigger the homogeneous cell nucleation
[ref. 12 Pinto]. In our study, the average thickness of this skin was study by means of X-ray
radiography (section 1.3.2 X- Ray Radiography) and varied from 0.4 mm in the case of
microcellular PMMA up to 0.1 mm in the case of nanocellular PMMA. With the aim of
obtaining homogeneous samples and of avoiding an influence of the solid skin in the study of
the physical properties, dense skin of PMMA foamed samples were polished using a polishing
machine (model LaboPO12-LaboForce3, Struers) equipped with a silicon carbide grinding
paper (P 180). After polishing, samples had an average thickness of around 5 mm.

SOLID
DENSE SKIN

mm

Figure I.7. Radioscopy image of a PMMA sample used in the study of the thermal conductivity
(Chapter Ill). The arrow points to the darker area of the X-ray image, which corresponds to the
solid dense skin produced as a consequence of the solid state foaming process.




The average cell size in the different planes of the sample as well as the homogeneity and
other important parameters of the cellular structure (cell nucleation density, anisotropy ratio,
asymmetry coefficient, and standard deviation) were analyzed (see Chapter IV, Section
“Towards a New Generation of Polymeric Foams: PMMA Nanocellular Foams with Enhanced
Physical Properties”). In this section a scheme of the planes of the samples studied (Figure 1.8)
and representative SEM micrographs of the microcellular and nanocellular polymers are
shown; providing an overview of the different structures obtained. Figure 1.9 shows the SEM
images in the ZY plane whereas Figure 1.10 illustrates the SEM micrographs in the ZX plane.

Figure 1.8. Scheme of the planes analyzed in the cellular structure, where Z is the compression
molding direction during the production of the solid precursors and also the thickness
direction of the cellular polymers

Figure 1.9. SEM micrographs of the cellular structure of a) Micro 1 PMMA foam (top left), b)
Micro 2 PMMA foam (top right), c) Nano 1 PMMA foam (bottom left), and d) Nano 2 PMMA
foam (bottom right) in the ZY plane.
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Figure 1.10. SEM micrographs of the cellular structure of a) Micro 1 PMMA foam (top left), b)
Micro 2 PMMA foam (top right), c) Nano 1 PMMA foam (bottom left), and d) Nano 2 PMMA
foam (bottom right) in the ZX plane.

As it can be observed there are clearly two groups of cellular polymers: microcellular (top
micrographs of both Figure 1.9 and Figure 1.10) and nanocellular (bottom micrographs of both
Figure 1.9 and Figure 1.10) PMMA foams. All of them present closed cell morphologies,
homogeneous cell size distributions, and a reduction of the cell size (Table I-3) when the
saturation pressure is increased (i.e. Micro 2 with respect to Micro 1, and Nano 2 with respect
to Nano 1). These parameters will be studied in more detail in Chapter IV as it was mentioned
before.

Table I-3. Cell size results for the microcellular (denoted as Micro 1 and Micro 2) and
nanocellular (denoted as Nano 1 and Nano 2) PMMA cellular polymers

Plane Cell Size (nm) Relative Saturation
Name

Density Pressure (MPa)
Micro 1 zZY 11880 0.52 13
0.49 15
0.43 31
0.42 32

PMMA cellular polymers produced following this route were used to characterize the possible
transition between microcellular and nanocellular polymers in the mechanical (Chapter V) and
acoustic (Chapter VI) properties.




1.2.2 PMMA/MAM Foams

As it was mentioned in section “I.2 Foams Production Route”, PMMA/MAM foams were
produced previously [8] in collaboration with the University of Bordeaux and used in this work
to characterize some of their physical properties.

These samples were saturated at different pressures (from 20 to 30 MPa), and at different
temperatures (from 0 to 702 C) during 24 h to assure the complete dissolution of CO, in the
polymer.

In this section, some representative SEM micrographs of the samples analyzed are shown to
show of the different structures obtained. Figure 1.11 shows a scheme of the planes analyzed,
whereas Figure 1.12 illustrates some representative SEM micrographs of the different
PMMA/MAM blends employed in this work (left: SEM images of the V plane; right: SEM images
of the H plane).

=3

Ijast oo direslian

Figure .11. Location and nomenclature of SEM samples taken from foamed samples. The
injection direction used during the production of the solid precursors is showed.

PMMA/MAM (95/5)
V Plane H Plane
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PMMA/MAM (90/10)
V Plane H Plane

V Plane H Plane

Figure 1.12. SEM micrographs of the cellular structure of the PMMA/MAM cellular polymers
used in this work. Left) SEM images belonging to the V plane. Right) SEM images belonging to
the H plane. All these cellular materials were foamed at room temperature and at different
saturation pressures: 95/5: 30 MPa; 90/10: 30 MPa; 50/50: 20 MPa; and 25/75: 30 MPa

As it can be observed, the higher the MAM amount, the higher the open cell content is [9]. It
was found that in general the cellular structure of the selected PMMA/MAM blends present
good homogeneity and in general negligible anisotropy, with the exception of 90/10
PMMA/MAM cellular polymers which exhibited an anisotropic cellular structure. A more
detailed characterization of these cellular structures can be found elsewhere [8] and in
Chapters Il and V of this thesis.
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These PMMA/MAM cellular polymers will be employed to analyze the existence of possible
confinement effects due to the reduction of the cell size to the nanometer range (Chapter Il),
and the transition between microcellular and nanocellular polymers in the thermal
conductivity (Chapter Ill) as well as in the dielectric behavior (Chapter V).

1.3 Experimental Techniques

Several standard and well-known experimental techniques were used to characterize the
cellular structure of the foams and the properties of foamed and solid samples. Table 1-4 lists
them in order to provide a general view of the characterizing methods used as well as the
purpose of each one. Although each publication describes them later, in this chapter further
explanations about experimental techniques that have not been conventionally used to
characterize this type of materials (DC electrical resistivity, X-ray radiography, and thermal
conductivity under vacuum conditions) are provided.

Table I-4. Experimental techniques employed in this work, purpose of their use, and chapter in
which they are used.

Experimental technique 7 Purpose 7 Chapter

Archimedes densimetry Obtain the foam density 1-11-1V-V-VI

Characterize the average cell
size, cell size distribution, cell
nucleation density (Ny), and 1-111-1V-V-VI
anisotropy ratio of the
samples manufactured

Cell structure characterization assisted
by software (image analysis)

Measure the differences of
CO, uptake gravimetric measurement CO, uptake as a function of
saturation pressure

Measure differences in the
DC electrical response
between microcellular and
nanocellular polymers

DC electrical resistivity
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Exclude of the

X-ray radiography characterizations those IHI-1V-VI
samples presenting internal

defects or inhomogeneities

Dynamic mechanical analysis (DMA) Analyze the viscoelastic
. . 1\
(Bending test) behavior of foamed samples

Characterize the mechanical
response at high strain rates
of both solid and foamed
samples

Charpy impact testing

Characterize the acoustic
Impedance tube behavior of microcellular and Vi
nanocellular foamed samples

1.3.1 DC Electrical Resistivity

Resistivity measurements of solid and microcellular and nanocellular polymers were
determined by means of a Keithley Resistivity Adapter model 6105. The DC is a standard
technique for electrical properties characterization [10].

1.3.1.1 Introduction to the DC Electrical Resistivity

The basic principle of the DC electrical resistivity is that when a voltage is applied across a
polymeric material, the current that flows through it depends upon the number of electrons
that crosses the cross-section per unit time. This number of electrons crossing the cross-
section is a function of the free electrons available in the polymer. However, for
heterogeneous materials such as cellular materials, the current through the material not only
depends on the number of free electrons in it, but also depends on the length of the path that
an electron has to travel to reach from the lower potential end to the higher potential end of
the material (i.e. depends on the tortuosity of the path. The higher the tortuosity of the path,
the higher the length of the path is, and therefore the difficult to reach the higher potential
end rises).
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Then, as the measurement of the DC electrical resistivity provides information on the
resistivity of the material, it would be possible to establish qualitative relations between the
measured resistivity and the tortuosity of the cellular structure.

1.3.1.2 Experimental Procedure

The CellMat DC device is composed by the DC electrodes, a voltage source (power supply), an

ammeter, and a multimeter (Figure 1.13).

DC Electrodes

Figure 1.13. Experimental set-up to perform DC electrical measurements (left). Detail of the DC
electrodes (right)

Samples preparation and measurements were carried out following the next steps:

19 Samples were polished using a polishing machine (mod. LaboPol2-LaboForce3,
Struers) equipped with a silicon carbide grinding paper (P 180) to assure an
appropriate contact with the electrode faces and to remove the outer solid or
densified skin (if any). After polishing, samples had an average thickness of about 5
mm.

22 Solid and polished foamed samples were machined using a precision cutting
machine (Mod. 1000 from IsoMet). The test pieces were prepared to be approximately
10 x 10 mm? and 1 mm in thickness.

32 Samples were dried during 4 h at 502 C.

42 Samples were stored at controlled temperature and humidity (232 C and 50 %
humidity) during at least 3 days before the measurements.

52 Samples were measured 4 times at +500 V, -500 V, +500 V, and -500 V. Time of
electrification was 60 seconds, and the time of discharge before making a
measurement with reversed voltage was 4 minutes.

62 Resistivity (R, ohms-cm) of foamed and solid samples was calculated using the
following expression:
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R = (1-1)

Where A and t are the area and thickness of the sample respectively, V the voltage
applied, and I the current intensity measured.

1.3.2 X-Ray Radiography

Study of the presence of structural defects or inhomogeneities on polymeric cellular materials
can provide valuable information about the reduction of the expected properties of these
materials (e.g. structural defects can reduce the mechanical properties of a cellular material
providing starting points for a mechanical failure).

The presence of these internal defects or density inhomogeneities is usually studied by
destructive methods. Internal defects can be detected by cutting the sample to reveal the
internal structure, and the homogeneity of the sample is studied by measuring the density of
several samples extracted from different areas of the studied foam.

An alternative to these destructive methods is the X-ray radiography technique (or X-ray
radioscopy technique if the study also has time resolution). This technique allows studying the
internal structure and density distribution of the samples preserving their integrity. Application
of this non-destructive technique to the study of microcellular and nanocellular materials has
been widely employ throughout this thesis. Figure 1.14 shows examples of how this technique
is able to detect defects in the produced samples. Only those samples that were free from
defects or inhomogeneities visible through X-rays (pixel size = 50 um) were selected for further
studies.

.

Figure 1.14. X-ray radiographs of some of the produced foams. Detection of internal defects

(identified with red circles) on polymeric foams by X-ray radiography




Basic fundamentals of this technique and a description of the experimental device used on this
research are summarized in the following subsections.

1.3.2.1 X-Ray Imaging Fundamentals

The typical energy of X-rays photons ranges from 100 eV up to 20 MeV (i.e. from 10 to 10™
m) (see Figure 1.15). Therefore this penetrating radiation seems to be appropriate for obtaining
structural information of matter since the distance between atoms is 10° m approximately.
The penetration power of X-rays is rather high and thus it allows for transmission imaging.
However, for imaging purposes the useful energies are 5 — 150 KeV. Too soft X-rays do not
penetrate deeply enough and too hard X-rays simply are not absorbed leading to poor
contrast.

Woaavelenglh
1 pma 100 nm 10 nm 1lnm 100 pm 10 pm 1 pm 100 fm
Viaible Ultraviolet Soft X-rays Hard X-rays Gamma
T T T T T T T
1ew 10 W 100 =W 1 ke’ 10 keW¥ 100 ket 1 MeV 10 MeiV
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Figure 1.15. Electromagnetic spectrum of energies and wavelengths

1.3.2.2 Matter Beam Interaction

X-rays interact with matter in a number of different ways that can be used for imaging:
electron photoemission, elastic and inelastic scattering fluorescence, etc. (see Figure 1.16).
Hence, X-ray detection techniques can be classified based on the particle-matter interaction
that is used to form the image. Conventional X-ray imaging relies on transmission
measurement that is determined by object beam absorption. Photoelectric absorption and
inelastic scattering are mainly contributing to absorption. Elastic scattering is also contributing
to absorption although it is more related to macroscopic refraction effect.
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Figure I.16. X-ray and matter interaction producing elastic and inelastic phenomena as a result

The physical fundamentals of radiation absorption are based on the Beer-Lambert equation
shown in Equation I-2. This expression predicts the attenuation of incident monochromatic (it
is usually not true in this simple form for polychromatic beams) X-ray radiation by an
exponential function of the linear absorption coefficient (u), the element concentration (c) and
the thickness (t). Additionally, it is possible to estimate an effective linear attenuation
coefficient, pg if several elements are contained in the irradiated material and for
polychromatic beam, as shown in Eq. I-3. Finally, it is sometimes used more conveniently mass
attenuation coefficient by defining p,=pes/c.

I = [je ket (1-2)

[ = [ye Herret (I-3)

The attenuation coefficient, u, also varies with incident radiation wavelengths and energy. It is
also important to note that a relationship of the captured intensity (non-absorbed by the
material) and the density (p) can be established. In the specific case of monochromatic beam
and pure element, the attenuation coefficient can be further extended and related to atomic
number, Z. High atomic weight (Z) materials such as metals will stop X-ray radiation
immediately (either by absorbing, reflecting or dispersing it), whereas materials with light
molecular weight made for instance from carbon and hydrogen (polymers) will let almost all
light to pass.

1.3.2.3 Microfocus X-Ray System at CellMat

The X-ray imaging device used in this work has been recently built in CellMat. It is a valuable
tool able to obtain information about polymer foaming processes. Both the X-ray tube and the
flat panel detector needed careful selection since polymers present low X-rays absorption
coefficient and foaming is a process evolving rapidly. In this sense low energies of the emitted
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X-rays are suitable for imaging polymers although detectors are not conceived for low
energies. The high sensitivity of the detector response is thus of extreme importance.
Moreover, dimensions of cellular structure are in the order of microns and therefore high
resolution is also relevant, thus needed small spot focus size and small pixel size in the
detector.

System configuration:

X-ray tube and flat panel detector are settled on in front of each other inside a X-ray shielded
lead cabinet, as seen in Figure 1.17. In principle, it is possible to position them at any distance,
SDD, but in general optimum distances are in the range of 0.3 to 1.2 m As the beam is cone-
spread the more distant the less radiation the FP-detector receives, which, in principle, is
positive for its lifetime but reduces image quality since different artifacts effects increase with
distance. In this particular device, the box dimensions limit this distance and it was chosen at
580 mm, becoming a compromise distance for all the involved factors. The objects to be
imaged can be placed at any position in between the detector and the source. The fact of
having diverging (cone-beam) X-ray beam allows for object magnification. Magnification factor
(M) is a function of the object to source distance (OSD) compared to the total distance from
the source to the detector (SDD). Thus magnification is defined as indicated in Eq. I-4.

Flat panel
.detector

Microloous Syuem to

X-Ray source

Figure 1.17. Magnification scheme obtained thanks to cone-beam geometry

SDD

~s0D (+4)

1.3.2.4 Acquisition of Radiographs

Acquisition of the X-ray radiographs of cellular polymers requires samples with a
homogeneous thickness. Appropriate samples from PMMA and PMMA/MAM foams were
obtained using a precision saw (mod. 1000, Isomet) with a thickness of about 4 mm.

X-ray radiographies from these samples were taken using the following parameters: V = 45 KV,
I =150 pA, and t = 1500 ms (V and | are the voltage and current intensity of the X-ray source,
and t is the exposition time of the detector used to take the image). Moreover, a background
and brigthfield images were taken with the same parameters (the background is taken with
the X-ray source off, while the brigthfield is taken without sample and with the X-ray source
on) to be used in the correction of the images.
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1.3.3 Thermal Conductivity: Transient Plane Source (TPS)

Thermal conductivity of microcellular and nanocellular polymers was measured by the
Transient Plane Source (TPS) technique using a thermal conductivimeter mod. HDMD
(Hotdisk). The TPS is a standard technique for thermal properties characterization of different
materials (metals, ceramics, polymers, liquids, etc.) [11].

1.3.3.1 Introduction to the TPS Method

Measurement of thermal conductivity by means of the TPS method has been demonstrated
elsewhere [12-17]. The basic principle of this method relies on a plane element which acts
both as temperature sensor and heat source. This element consists of an electrically
conducting pattern of thin nickel foil (10 um) spiral-shaped, embedded in an insulation layer
usually made of Kapton (70 um thick). The TPS element is located between two samples with
both sensor faces in contact with the two surfaces as Figure 1.18 depicts. Two samples of
similar characteristics and appropriate surfaces to ensure good contact with the sensor are
required for this purpose.

Sampdee |

Sumple 2

Figure 1.18. Experimental set-up to perform TPS measurements and sensor shape

This method offers some advantages in comparison with other standard methods, such as fast
and easy experiments, wide ranges of measurement temperatures (50 K < T < 1000 K) and
thermal conductivities accessible (from 0.01 to 500 W/m-K), measurement can be carried out
at atmospheric pressure or under vacuum conditions, marginal effort needed in sample
preparation, flexibility in sample size and the possibility to perform local or bulk measurements
only changing the sensor diameter.

It is important to remark that this is a contact method, so special care has to be taken to
minimize thermal contact resistance. The good heat transition through two different materials
is mainly associated to contact pressure and surface roughness [18, 19].

Moreover, the TPS equipment is able to compensate the heat capacity of the sensor and other
thermal delays of the heat flow by introducing a time correction. Nevertheless, it is necessary
to suppress the first 20-30 points of each measurement (of a total of 200 points of the heating
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curve) to eliminate the heat capacity of the sensor that cannot be fully compensated by the
time correction [14, 15, 20].

Finally, to avoid residual temperature drifts on the samples, it is necessary to fix a time spam
between individual experiments on each specimen.

1.3.3.2 Experimental Procedure

The CellMat TPS device is composed by the TPS sensor, TPS controller unit associated to a
computer, a vacuum chamber, a rotary vacuum pump (Edwards, mod. RV3 A65201903), and a
vacuum sensor (BOC Edwards, mod. WRG-S) (Figure 1.19).

Vacuum Vavuurs
tisabyy chambar

Computar HotDisk Vacuum
Comrol Unit pump

TPE scnsor

Figure 1.19. General view of the CellMat TPS device (up). Detail of the TPS sensor inside the
vacuum chamber (down)

Samples preparation and measurement were carried out following the next steps:

19 Samples were studied by X-ray radiography to exclude those cellular polymers
presenting defects or inhomogeneities that could be an important source of inaccuracy
in the thermal conductivity measurements.

22 Samples were polished using a polishing machine (mod. LaboPol2-LaboForce3,
Struers) equipped with a silicon carbide grinding paper (P 180) to assure an
appropriate contact with the sensor faces and to remove the outer solid or densified
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skin. After polishing, samples had an average thickness about 5 mm and dimensions of
25 mm x 25 mm.

32 Samples were dried during 4 h at 502 C.

42 Samples were stored at controlled temperature and humidity (232 C and 50 %
humidity) during at least 3 days before the measurements.

52 Samples were placed in the experimental set-up, inside the vacuum chamber, with a
constant applied pressure between the two pieces, using a TPS sensor of radius 3.189
mm. After samples placement the vacuum chamber was closed.

62 Samples and experimental set-up were allowed to reach an equilibrium
temperature (23 2C) (experiments were carried out in an environment with controlled
temperature) before the beginning of the measurements (typically 30 minutes).

72 Measurement parameters (power and time) were adjusted to ensure accurate
results. Typical parameters to measure PMMA-based foams are about 0.006 watts and
55 seconds.

82 Samples were measured five times at atmospheric pressure. Time span to avoid
temperature drift was fixed on 5 minutes. The conductivity of the sample was taken as
the average value of these five measurements.

92 After the measurement under atmospheric pressure the rotary vacuum pump was
activated.

102 After reaching the desired vacuum conditions (5-10% mbar approximately),
samples and experimental set-up were allowed again to reach an equilibrium
temperature before the beginning of the measurements (typically during 60 minutes).

112 Measurement parameters (power and time) were adjusted to ensure accurate
results. It should be noticed that measurement parameters usually change between
atmospheric pressure and vacuum conditions. Parameters used at atmospheric
pressure can damage the sample and the sensor due to the lower heat dissipation
under vacuum conditions. In general, measurements under vacuum conditions require
lower power and higher measuring time (e.g., atmospheric pressure: w = 0.006 watts
and t =55 s; vacuum: w = 0.005 watts and t = 60 s).

129 Samples were measured twelve times at vacuum conditions. Time spam between
consecutive experiments to avoid temperature drift was fixed on 60 minutes. Also
these measurements performed during 12 hours allowed detecting if an evolution of
the thermal conductivity occurs (due to a slow and progressive extraction of the gas
inside the cellular polymer). The thermal conductivity of the sample in these conditions
was taken as the average value of these twelve measurements.

132 Thermal conductivities of the samples, both measured at atmospheric pressure
and under vacuum conditions, were calculated using the software provided with the
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TPS device. Calculations were made selecting the “Standard Analysis” and neglecting
the first 25 measured points to eliminate the effect of the heat capacity of the sensor.

149 Taking into account the average cell size and density of the measured foams, their
total thermal conductivity (A;) is the addition of two contributions: the thermal
conductivity through the solid (A;) and gaseous (A,) phases (more details can be found
in Chapter lll). Measurements carried out at atmospheric pressure allow obtaining A;
whereas measurements under vacuum conditions provide A, (assuming that the gas
inside the voids of the cellular polymer is completely extracted); therefore, A, can be
calculated from the previous values, obtaining by this way a complete characterization
of the thermal conductivity of these foams (total conductivity (A;) and contributions of
the solid (A;) and gas phase (4,)).
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Fabrication and Characterization of the Physical Properties of Nanocellular Polymers: the
Transition from the Micro to the Nanoscale.

CONFINEMENT EFFECT

Belén Notario Collado
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ABSTRACT

In this work it is provided the first evidence of the polymer chains confinement within
self-standing pore walls of nanoporous materials based on poly(methyl methacrylate)
(PMMA). T his was made possible by producing a series of porous samples with a wide
range of pore sizes between 90 nm and 3 =m using processes combining CO2 sorption,
selective block copolymer swelling or homogeneous physical foaming. Mobility
restrictions of the PMMA chains in the porous samples with pore size below 200 nm
was consistently demonstrated with several experimental techniques, including
differential scanning calorimetry, Raman spectroscopy, and broadband dielectric
spectroscopy. In addition, several scale-reduction phenomena related to the constitutive
elements of the porous materials, both in the polymeric and gaseous phases, and to the
porous architecture are identified. T he significance of these phenomena on macroscopic
electrical conductivity and permittivity of the nanoporous materials is demonstrated,
and the presented observations support previous explanations of improved mechanical

properties and thermal insulation of this type of nano-materials.
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Nanoporous polymers are of great scientific and technological importance. Their
tunable chemistry, high surface area, and improved mechanical properties offer
promising new applications in catalysis, filtration," hydrogen storage,® gas transport,
while their superior thermal properties are suited for applications as high performance
thermal insulators in building trade, aeronautics, or even space launch>* Several
strategies have been developed for the production of these novel materials, often taking
advantage of polymer blends or block copolymers self-assembly followed by swelling
or removal of a dispersed nanometric phase.”’ In recent years, the use of physical
blowing agents (e.g. CO,) to induce the nucleation of pores inside homogeneous
polymers with high chemical affinity for the blowing agent has gained popularity as this
provides a pathway to exploit the unique properties of nanostructured porous polymers
in advanced materials for large scale applications.®*"> Here, we have employed both
strategies to demonstrate that features in the nanometric architecture prevail in

controlling the final properties over the procedure to develop the nanoporosity.

The nanometric architecture, defined by the presence of nanopores with sizes below
100 nm, provides polymeric materials with a high surface area, in which the
confinement of a gaseous phase leads to a drastic reduction of thermal conductivity (i.e.
the K nudsen effect already demonstrated in aerogels and porous ceramics),’ as recently
shown experimentally in bulk nanoporous materials (thick nanocellular foams) phase”
separated poly(methyl methacrylate) (PMMA )-based systems.' Some indirect evidence
of changes in the polymer phase behavior within these nanoporous materials were
found, along with an enhancement of several mechanical properties compared to
microcellular foams.™ Such improvements were explained by a possible confinement of

the polymer chains into pore walls with nanometric dimensions below 60 nm, by
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analogy to thin films.'® Y et no experimental evidence exists of a relation between a
hypothetical polymer chains confinement in the nanometric polymer matrix and
macroscopic physical properties of bulk nanoporous polymers (i.e. self-standing
samples with significant thickness of about or over 1 mm, or thousands of times thicker
than the size of the pores within), in particular when materials have a closed porous
structure. To provide such experimental evidence of the confinement and scale-related
effects, we first need to produce a series of bulk porous materials with various degrees
of confinement, which is achieved by inducing porosity into homogeneous and
nanostructured polymer matrices based on PMMA using CO, as physical blowing

agent.

Scanning electron microscopy (SEM) (Figure 1) shows the distinct porous
architecture of neat PMMA and of nanostructured blends of 90 wt.% PMMA and 10
wt.% poly(methyl methacrylate)-co-poly(butyl acrylate)-co-poly(methyl methacrylate)
(MAM). CO; can induce porous structures in neat PMMA with increasing pore density
and decreasing average pore sizes from 3 1 m to 90 nm by modifying the saturation
pressure during the production process (T able 1). In contrast, the same procedure with
the 90/10 PMMA/MAM blend consistently leads to porous structures with pore sizes
below 200 nm, due to the controlled swelling of the poly(butyl acrylate) dispersed
domains," 7 which results in rather constant pore densities that match the initial number
density of dispersed domains. Details of the processing parameters and main
characteristics of the porous structures obtained can be found in Table 1 and
elsewhere."” The thickness of the pore walls ( ) decreases with the decrease of the pore
size, reaching values between 20 and 65 nm for nanoporous samples with pore sizes

below 200 nm (T able 1).

——
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Figure 1. SEM micrographs of a) microporous neat PMMA produced at 10 MPa, b)
nanoporous neat PMMA produced at 30 MPa, ¢) nanoporous 90/10 PMMA/MAM

produced at 10 MPa, and d) nanoporous 90/10 PMMA/MAM produced at 25 MPa.

To make progress toward understanding the confinement effects of nanoporous
structures on amorphous thermoplastics polymer chains (e.g. PS and PMMA),
differential scanning calorimetry (DSC) and Raman spectroscopy measurements were
carried out. Previous studies demonstrated that chain confinement modified the glass
transition temperature (T) of the polymer, that can be either higher or lower than that of
the bulk polymer,'®"? depending on the interfacial interactions between the polymer and
the surrounding material (e.g. supporting substrate or nanoporous glass or alumina
containers...), surface mobility effects,® and other mechanisms yet to be identified.”

Raman spectroscopy is a valuable technique to detect conformational changes of
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polymer chains induced by confinement.?? T he nanoporous walls are considered as self-
standing confined materials (i.e. not supported by a substrate or in a container) and
therefore, are free of interfacial constraints as opposed to model systems previously

studied®>?*

(see Supporting Information).

Figure 2.a shows the T, increment between the bulk porous materials and solid
polymer (3T = Tg"- T%) for various wall thicknesses. A gradual increase of T is
measured as the wall thickness decreases below 100 nm (i.e. nanoporous region), in
contrast with the microporous region in which T, remains constant and equal to that of
bulk dense PMMA. This effect is a direct consequence of PMMA chain confinement in
thin pore walls. T he thickness corresponding to the transition between the two regions is
set around 100-150 nm. A previous study has suggested the appearance of such
confinement effect on thin films with thickness below six times the radius of gyration
(<r®>) of the polymer chains.” Here, the confinement region occurs at higher
thicknesses than the suggested by Kraus et al. that corresponds to about 50 nm
(<r® puma = 7.97 nm, see Supporting Information). It can be argued that such increase
is due to the dynamic nature of the process used to make the materials, involving
swelling by CO, and biaxial stresses during pore expansion. Effect of biaxial stretching
of PMMA chains on T, of the pore walls can be discarded according to literature.?®
However, CO, sorption can increase the radius of gyration of PMMA chains, thus
inducing a local stretching of the molecules,?’ thereby raising the thickness boundary at
which the confinement is first observed. It should be noted that CO, sorption effects
alone cannot explain the increase in T, as several microporous PMMA samples made at
high pressures experienced higher CO, uptakes than nanoporous 90/10 PMMA/MAM

made at lower pressure (T able 1), and yet do not show a T increment. T herefore, our
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experiments demonstrate that the T increase in nanoporous materials is directly related

to polymer chains confinement (restriction of the molecular dynamics) in pore walls

thinner than 100 nm.
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Figure 2. a) Increment of the Ty of porous neat PMMA and 90/10 PMMA/MAM
samples due to the reduction of the pore wall thickness ( ); b) Evolution of the DC
electrical resistivity of porous neat PMMA and 90/10 PMMA/MAM samples as a

function of the pore wall thickness ( ), and compared to the resistivity of the solid

PMMA and 90/10 PMMA/MAM samples.

Table 1. Processing parameters, CO, uptake, porous structure characteristics, and
Raman spectra relative intensities of the neat PMMA and 90/10 PMMA/MAM solid
and porous samples. Wave number of the Raman studied peaks are indicated as

subscripts (Y nnnn, Where nnnn is the wavelength in cm).
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The analysis of the Raman relative intensities of the pendant groups provides further
evidences of the molecular chain conformational modifications (T able 1, details of the
studied peaks and example of Raman spectra can be found in the Supporting
Information). Extending the previous discussion, Raman analyses should account for
both confinement effect inside the pore walls and the aforementioned influence of CO,
exposure on the polymer chains conformation. We note that nanoporous 90/10
PMMA/MAM with comparable pore wall thicknesses but CO, uptakes ranging from
24.9 to 30.6 wt.% present comparable values of the relative Raman intensities (T able
1). Thus, effects of CO, uptake are negligible. Furthermore, the evolution of Raman
relative peak intensities on neat PMMA porous samples indicates that ratios are rather
constant for pore wall thicknesses above 100 nm (T able 1), but gradually increase by 10
to 20% as pore wall thicknesses fall below 100 nm.

According to the selected relative intensities (see Supplementary Information), such
an increase is expected to relate to a vibrational mode hindrance of the larger pendant
groups (e.g. here CHs). This is consistent with conformational changes due to polymer
chains confinement in pore walls with thickness below about 100 nm, in good

agreement with the T results.

Such conformational changes of polymer chains can provide an explanation for the
mechanical properties enhancement found in bulk nanoporous PMMA materials,’ in
the same way as the confinement of the gaseous phase provides the main explanation of
the enhancement of the thermal insulation of these materials.'* However, the reduction
of the size of the constituent elements could modify the architecture of the porous
material leading to modifications of their macroscopic properties. Such possibility was

suggested as the result of the observed decrease of the solid phase contribution to the

——
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thermal conductivity, which was ascribed to an expected increase of the tortuosity of the
porous architecture.'® With the aim of validating this hypothesis, the DC electrical
resistivity of the samples was measured, as an increase of the solid phase tortuosity

should also increase the electrical resistivity of the porous material.

Figure 2.b shows the evolution of the DC electrical resistivity as a function of the
pore wall thickness. An unexpected behavior is found: the resistivity of the microporous
samples corresponds to the resistivity of the solid samples, but for pore wall thickness
between 150 and 100 nm the resistivity rises about two orders of magnitude, and then
decreases to the initial values of the solid and microporous samples. Comparison
between Figure 2.a and 2.b indicates that the evolution of the electrical conductivity is
not directly related to the confinement effect of the solid PMMA phase. The sharp
increment of the resistivity corresponds to a transition between micro and nanoporous
materials (pore wall thickness from 150 to 100 nm, corresponding to pore sizes from 1.5
I m to 700 nm). This increment of the DC electrical resistivity due to the reduction of
the pore size (e.g. transition micro to nano porous materials) can be explained by the
increase in tortuosity of the porous architecture, also observed in previous results on
microporous materials,”® and the reduction of the thermal conductivity in this kind of
samples.'* However, this hypothesis alone cannot explain the later progressive decrease
in DC electrical resistivity when the pore size is decreased in the nanoporous domain.
This points to an additional phenomenon that takes place in the nanoporous domain and

overlaps with the increment of tortuosity.

Figure 3.a shows the dielectric constant ( ) and the dielectric loss ( ™) at room

temperature of neat PMMA solid and porous samples determined by broadband
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dielectric spectroscopy over the frequency range from 102 to 10° Hz. As expected, the
dielectric constant decreases as the result of the increased free volume and the presence
of entrapped air within the micro and nanopores. The solid and microporous samples
present a dielectric relaxation, associated with local relaxation processes in amorphous
polymers. T his local relaxation is independent of the presence of the porous architecture
and, hence, its relaxation time is the same in both the solid and the microporous
materials. However, its intensity is drastically affected and decreases upon reduction of
the pore size, disappearing for nanoporous materials. This intensity reduction and
disappearance could be related to a progressive immobilization of the dipoles and
polymer chains. Further evidence towards this argument is the decrease of the
normalized dielectric strength as a function of the pore wall thickness (Figure 3.b). The
dielectric strength (V) provides information on the contribution of the orientational
polarization towards the dielectric permittivity, i.e. it provides information on the
capacity of the dipoles to orient themselves, and is proportional to the density of dipoles
involved in the relaxation process. Hence, the decrease of V with wall thickness is
ascribed to a progressive reduction of the number of free dipoles able to rotate, due to
confined configuration of the nanoporous system. A similar dependency of the V with

films thicknesses was reported by Napolitano et al. for thin films.?
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Figure 3. a) Dielectric constant ( ~, solid symbols) and dielectric loss ( ™, open
symbols) as a function of frequency at room temperature (23t C). b) Normalized

dielectric strength (V /V %% as a function of the pore wall thickness ( ).

Furthermore, nanoporous sample presents an abrupt increase of the loss permittivity

at low frequencies, due to the presence of a conductivity component and an interfacial
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polarization phenomena, or Maxwell Wagner Sillars (MWS). MWS arises in
heterogeneous materials, such as composites or blends, and is related to the
accumulation of charges at the interfaces. MWS is very weak in all microporous
samples but it sharply rises in the nanoporous sample due to a combined effect of

—o

conductivity and MWS, visible as a change in the slope o at low frequencies. This
conductivity could be the result of a possible capacitor-like behavior of opposing cell
walls in nanopores presenting this accumulation of superficial charges. A classical
explanation of this contribution of nanopores to the conductivity is the dielectric
breakdown of the gas inside the capacitor-like nanopores due to the voltages employed
in the characterization and the extremely small distances between the pore walls
(between 90 and 200 nm in the samples that present this behavior). However, as
previously demonstrated, the gas inside the nanopores presents a Knudsen diffusion
regime due to the confi nement,™ instead of classical Fickian diffusion. Therefore the
assumption of a conventional dielectric breakdown could be inaccurate, making further
studies necessary to identify the conductive mechanism through the capacitor-like
nanopores. At high frequencies, where MWS does not take place, the sole mechanismis
the influence of the porous architecture (i.e. tortuosity), which is responsible for the
resistivity increment between micro and nanoporous samples (see Supplementary
Information). In summary, dielectric strength measurements demonstrate the polymer
chains immobilization in the nanoporous materials. Moreover, the peculiar behavior of
the electrical permittivity of PMMA -based nanoporous samples can be explained by the
superposition of two phenomena: (1) a conductive mechanism through the confined
gaseous phase of the nanopores detectable at low frequencies/DC, resulting in a

reduction of the overall resistivity of the porous material proportional to the reduction of

the pore size in the nanometer range; and (2) an increase in electrical resistivity of the
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solid phase due to the increase of the tortuosity when the pore size is decreased

independently of current frequency (i.e. modification of porous architecture).

In conclusion, we demonstrate the presence of a confinement effect both in solid and
gaseous phases of bulk nanoporous PMMA-based materials, produced by a CO;
sorption and selective swelling or foaming process. In the solid phase, this effect
implies conformational changes and immobilization of the PMMA chains, which have
been detected by Raman and Dielectric spectroscopy. As a consequence, the glass
transition temperature of these materials presents an increase of up to 11 C in
nanoporous samples with pore sizes about 90 nm. As far as we know, this is the first
demonstration of the confinement effect on self-standing three-dimensional porous
polymeric samples with thickness of about 3 mm and porous structures with constitutive
elements below 200 nm, the results being independent of the pores generation
mechanism (e.g. swelling of pre-existing self-assembled nanodomains or homogeneous
pore nucleation in single phase PMMA). This confinement could be one of the key
reasons explaining the improved mechanical properties of these materials previously
observed. Moreover, we demonstrate the effect of a reduction of the scale of constituent
elements (from micro to nano) on the tortuosity of the porous architecture, which in turn
has a significant impact on macroscopic physical properties as their electric and thermal
conductivity. Finally, we observe an unexpected capacitor-like behavior in polymeric
nanopores due to the appearance of a MWS phenomenon related to the confinement of
the gaseous phase, with a significant influence on the electrical conductivity of these
materials. This offers the potential for the development of unique sensors with very high
surface area based on nanoporous polymeric materials and higher electrical conductivity

than the pristine solid polymer.
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E xperimental Methods

Fabrication of PMMA-based nanoporous polymers: Neat poly(methyl methacrylate)
(PMMA) and a triblock copolymer poly(methyl methacrylate)-co-poly(butyl acrylate)-
co- poly(methyl methacrylate) (MAM), both gently provided by Altuglas-Arkema
Company (France), were employed for the production of bulk solid samples (50 x 15 x
3 mn) with PMMA/MAM contents in weight of 100/0 and 90/10. PMMA/MAM
blends present a self-assembled nanostructure that acts as a pattern in the production of
the porous structure.’ Bulk porous polymeric structures with pore sizes in the
micrometric and nanometric range for neat PMMA, and only in the nanometric range
for PMMA/MAM blends were obtained respectively by conventional gas dissolution
foaming and selective swelling of the soft phase, using CO; as physical blowing agent
at room temperature and pressures between 10 and 30 MPa (Table 1, more details about
the production of the porous polymers and photographs of the solid and porous bulk
samples can be found in the Supporting Information)."”

Characterization of solid and nanoporous PMMA-based materials: solid and porous
polymers were analyzed by differential scanning calorimetry (DSC, Mod. 862 Mettler),
Raman spectroscopy (He-Ne Horiba JY Induram Laser (633 nm), Kaiser Raman OSI
head MKII, and K aiser spectrometer OSI HoloSpec), DC electrical resistivity (Keithley
6105 Resistivity Adapter), and broadband dielectric spectroscopy (BDS, Alpha high-
resolution dielectric analyzer). Porous polymers were studied by scanning electron
microscope (SEM, model Quanta 200FEG, FEI) to measure the pore size, pore density,
and polymer wall thickness. More details about the characterization procedures can be

found in the Supporting Information.
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Supporting Information

Samples Production R oute

Polymer blends of PMMA containing 10 wt.% of MAM were produced as follows.
Both materials, PMMA and MAM, were dried in vacuum (680 mm Hg), at 80 éC during
4 h before processing. Mixing and extrusion were carried out using a Scamex CE02
single-screw extruder (L/D = 28, d = 45 mm), with a temperature profile from 165 to
225 éC at a screw speed of 60 rpm in the desired proportions. Pellets were produced
using a continuous cutting machine operating at the end of the line at a constant speed

of 240 rpm.

In a second step, neat PMMA and 90/10 PMMA/MAM were injected into pieces 50 B
15 mm? with 3 mm thickness, using a small scale injection molding machine developed
by DSM Xplore. The working temperature was fixed at 240 éC, whereas mold
temperature was set at 60 éC. The injection pressure was fixed at 1 MPa. All samples
were transparent and showed a good surface appearance as well as a good injection

behavior, without air bubbles inside the parts (Figure S1).

Foaming experiments were carried out in a high pressure vessel provided by TOP
Industry (France), with a capacity of 300 cn and capable of operating at maximum
temperature of 250 éC and maximum pressure of 40 MPa. T he reactor is equipped with
an accurate pressure pump controller provided by Teledyne ISCO, and controlled
automatically to keep the temperature and pressure at the desired values. The CO;
vessel temperature and pressure were monitored in the course of the process. Thus a
collection of experiments was performed in a modified solid state foaming process. The
usual solid state foaming process with amorphous polymers has three stages: the

saturation (under fixed gas pressure and temperature), gas desorption during and after

——
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the pressure release (to room pressure and temperature), and foaming of the sample (at a
temperature over or around the T of the plasticized polymer). However, the actual glass
transition temperature of PMMA-CO, systems can reach values close to room
temperature, even below room temperature in some particular conditions, so in this
work the desorption (at room temperature) and foaming stages (also performed at room

temperature) are not clearly separated.

In previous works it was stablished that the production of the porous structure in neat
PMMA samples is obtained by a conventional gas nucleation and foaming process,
whereas PMMA/MAM blends present a selective swelling of the soft phase (poly(butyl

acrylate)) confined by the surrounding PMMA matrix.!"

In this study, samples were saturated at different pressures, from 10 to 30 MPa, and at
room temperature during 24 h to assure the complete dissolution of CO; in the polymer.
After this saturation process, foaming was triggered by releasing the pressure inside the
vessel at a pressure drop rate between 10 and 30 MPa/min and carried out at room

temperature, obtaining bulk white porous samples (Figure S1).

10 mim
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Figure S1. Photographs of the PMMA -based transparent solid injected samples and the

white porous samples.

Characterization Procedures
1. Differential Scanning Calorimetry

Characteristic thermal properties of solid and foamed blends were determined by means
of a Mettler DSC862 differential scanning calorimeter previously calibrated with
Indium. Weight of the samples was around 5 mg. Samples were heated from 20 {C to
160 1C at a heating rate of 10 1C/min in a nitrogen atmosphere. The glass transition

temperature (Tg) was taken at the midpoint of the first heat flow-temperature curve.

Usually the determination of the T, is performed in a second heating cycle, after a
previous heating cycle to erase the thermal history of the material; and this procedure
has been employed in the study of the confinement of polymers inside nanoporous
glass.”) However, in the present study the T, of the nanoporous materials was measured
in the first heating scan, because in the second heating ramp the T was modified due to
the collapse of the nanoporous structure at temperatures over its T, (as self-standing

nanoporous materials, they do not have a supporting structure which keeps the
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confinement of the polymer phase at temperatures over the confined polymer Tg).
However, it can be assumed small or negligible differences between the thermal history
of the different porous samples produced in this work, as the processing temperature

and time have been the same for all of them.

2. Raman Spectroscopy

Raman spectra were recorded using the Kaiser OSI HoloS pec instrument. T he excitation
energy for Raman emission was produced by a Horiba JY Induram laser, using laser
excitation at 633 nm He-Ne, and laser powers of 8 mW at the sample. T he spectra were
measured over the wave number range between 0 and 3800 cm’', with a spectral

resolution of 5 cm’”.

The incident laser beam was focused on the surface of the sample with a diameter of 40
microns through an optical system Kaiser Raman OSI head MK1I coupled to a Nikon 50

X microscope objective of long focal length.

The Raman spectrum of PMMA has been extensively investigated and correlations
between internal vibrational modes and observed bands have been published.”® This
spectrum is also valid for the blends of PMMA and MAM since the main chemical
groups of these blends are those of PMMA. Moreover, a previous work about the
interaction between CO, and the PMMA chains demonstrated that the relative
intensities of vibrational modes are modified by the CO,™: therefore, it is not possible
to compare the relative intensities of solid PMMA samples (without interaction with

CO,) and foamed PMMA samples (after interaction with CO,). The assignment of the

Raman spectrum peaks is shown in Table S2.

——
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Table S2. Poly(methyl methacrylate) Raman spectra and their assignments (vs = very
strong; s = strong; m = medium; w = weak; vw = very weak; % denotes the symmetric

stretching mode; 4 denotes asymmetric stretching mode)

Wave number of the
Raman peaks reported Assignments
previously (cm’)#4
537w (C-C-C)
604 s QC-CO0), £(C-C-0)
736 vw QC-C) skeletal mode
812vs £(C-0-C)
833 vw 4CHy)
968 ms XCH3 rock
991 ms O-CHs rock
1234w L C-0), 4C-C00)
1276 vw L C-0), 4C-C00)
1452 ms a(C-H) of -CH3
1490 w (CH)

——
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1736 mw QC=0) of (C-COO0)

2849 vw Combination band involving O-CH3

2920 vw Combination band involving O-CH3 and €
(CH)

2954 m £(C-H) of O-CH3, 8(CHy)

3002 m Overtone involving O-CH3

The observed spectrum can be split in two parts. The first one belongs to the C-H
vibration, including the intense bands at 2954, and 1452 cm’, and some weak features,
as those observable at 2920, 2849, and 3002 cm’. The other part is related to the C-
COOCHs group (pendant group), including the strong peak at 812 cm’, which is
associated to the vibration mode % (C-O-C). In addition, the peak at 3002 cm’ s

attributed to the overtone involving O-CHs.
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Figure S2. Raman spectra of porous PMMA and identification of peaks selected for the

study

The analysis of the Raman spectra was carried out by analyzing the evolution of four
relative intensities between six peaks corresponding to vibrational modes of the pendant
groups. The peaks selected in this study corresponds to 812, 968, 1452, 1736, and 2954
cm’ (Figure S2). Relative intensities under study were selected according to the
following criteria: for each pair of peaks the intensity of the peak of the pendant group
or vibrational mode that needs less volume is divided by the intensity of the peak of the
pendant group or vibrational mode expected that needs more volume in the vibration.
Pendant groups or vibrational modes that need more volume will be more sensible to
the confinement (as they are going to be constrained first and before the others needing

less volume), and therefore it can be expected that the studied ratios will be sensitive to
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the chain conformational changes, increasing when the volume than the chain can

occupy is reduced. The intensity ratios under study were Y gi2/Y oss , Y g12/Y 1452,

Y 1736/Y 1452, and Y 2954/Y 1457.

For instance, in the case of the relative intensity Y g12/Y o3, the CH3 group occupies
more volume than the C-O-C group. Likewise, more volume is required to carry out the
rock vibration than to perform the stretching one. Thus, in the nanometer scale, where
movements are limited due to the reduction of pore walls thickness, the ratio between
the intensity of the C-O-C group is higher than the intensity of the CH3 group should

increase in the nanometer scale than in the micrometer scale.

3. DC Electrical Resistivity

Resistivity measurements of solid and foamed polymers were determined using a

K eithley Resistivity A dapter model 6105 according to ASTM D257-99.7

Samples were first dried, and then conditioned at controlled temperature and humidity
(23 +C and 50% humidity) at least three days before being measured in order to avoid
discrepancies in the measurements due to differences in temperature or humidity
between the different samples. Then, samples were measured four times at +500 V, -
500 V, + 500 V, -500 V. Time of electrification was 60 seconds, and the time of

discharge before making a measurement with reversed voltage was 4 minutes.

Resistivity (R) was calculated using Equation S1.

a0 51

{if
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Where A and t are the area and thickness of the sample respectively, V the voltage

applied, and I the current intensity measured.

Graphical representation of the DC electrical resistivity results was done normalizing
the resistivity values by the relative density of the porous materials, to remove the effect

of the relative density on these measurements.

4. Broadband Dielectric Spectroscopy

Broadband dielectric spectroscopy (BDS) provides information on the molecular
dynamics and conductivity processes. The molecular fluctuations of the dipoles in the
polymer chains result in relaxation phenomena, which are observed as peaks in the
dielectric loss with characteristic relaxation times and shapes. Meanwhile, conductivity
phenomena are observed as an increase of the dielectric loss with decreasing

frequency.'®

T hese measurements were performed on an ALPHA high-resolution dielectric analyzer.
Square-shaped samples were held in the dielectric cell between two parallel gold-plated
electrodes. The thickness of the samples (around 1000 1 m) was taken as the distance

between the electrodes and determined using a micrometer gauge.

The dielectric response of each sample was assessed by measuring the complex capacity
TAEERAS MBS (EMERDver a frequency range window of 107 to 10° Hz at 23 1C.
The amplitude of the alternating current (ac) electric signal applied to the samples was 1

V.

——
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Electrical resistivity results were analyzing by normalizing by the relative density of the

porous materials, to remove the effect of the relative density on these measurements.

Dielectric strength (V) was obtained by adjusting the experimental results obtained at

23t C to the equation of Havriliak-Negami.

2.5x10° 3
13 —F=90/d=30 nm
E‘ 2.0x10 3 F=70/d=105nm
> ] ——|F =3290/¢@=308 nm
B 1551053 —— Solid PMMA

- ]
> :
> 10x10°
"; d
©
(D)
[a'd

5.0x10®

2x10°° 4x10°
Frequency [HZ]
Figure S3. Resistivity of most representative neat PMMA porous and solid samples

measured in the low frequency range.

Resistivity measurements at medium-high frequencies (Figure S3) show that
microporous materials present a similar behavior as DC measurements (Figure 2.b),
with resistivity values near to the solid PMMA results; on the contrary, nanoporous
materials do not show the same behavior as DC measurements, increasing their
resistivity when the pore size decreases, as can be expected assuming a rising tortuosity
related to the decrease of the pore size. However, the picture changes substantially at

low frequencies (Figure S3). Resistivity differences between solid PMMA and porous

( =5 )
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samples with pore size about or over the micron remain practically constant; but the
resistivity of nanoporous samples is decreased proportionally to the reduction of the
frequency, reaching values near the resistivity of both solid and microporous PMMA.
This effect can be related to the presence of the MWS phenomenon in nanoporous
samples, explaining the behavior found in DC measurements where both effects, rising
tortuosity and MWS, can take place in porous samples with pore sizes below the

micron.

5. Porous Structure

Pore size and polymer pore wall thickness of porous polymers were analyzed by means
of a scanning electron microscope (SEM, model Quanta 200FEG, FEI). Samples were
freeze-fractured in liquid nitrogen to assure that the microstructure or nanostructure
remained intact. The fractured surface was sputter-coated with gold using a sputter

coater (model SCD 005, Balzers Union).

Pore sizes were determined using an specific image processing software™® based on
Image) /FI 1'%, This software provides the average pore size, pore density, and the pore

size distribution, among other relevant structural parameters.

Polymer pore wall thickness was determined by measuring the thickness of the pore
wall directly in the SEM micrograph with the help of the software ImageJ /FIJ I. Several

measurements were performed on each sample and the average value was calculated.

SEM micrographs of the samples under studio can be found in Figure 1 and Figure S4.

——
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Figure S4. SEM micrographs of a) Neat PMMA produced at 15 MPa, b) Neat PMMA
produced at 20 MPa, c¢) Neat PMMA produced at 25 MPa, d) 90/10 PMMA/MAM

produced at 15 MPa, and e) 90/10 PMMA/MAM produced at 20 MPa.
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E stimation of the C onfinement E ffect Boundary and R adius of Gyration of PMMA

Some studies about the confinement effect on the chain conformation relate the
appearance of this effect with the characteristics of the polymer chains under study. In
particular, Kraus et al.l'"" determined, both experimentally and by modelling, that the
confinement effect on thin films appears when the films thickness reaches a value below
six times the radius of gyration of the polymer chains. As the pore walls can be
considered two-dimensional structures similar to thin films, we have estimated the pore
wall thickness values where confinement effect should be noticed, using that
relationship between the radius of gyration and the confinement effect, and determining
the radius of gyration with the equation proposed for PMMA by Kirste et al.l'3

(Equation S3).

S ERRIE L% Ve [S3]

Where M,, is the average molecular weight of the PMMA chains (M,""™* = 83000
g/mol). It is obtained a value of 7.97 nm for the radius of gyration of our PMMA, and
therefore the expected thickness boundary for the confinement effect should be about 47

nm.

Interfacial effects on molecular confinement of polymer chains

In several works!™>'® dealing with polymers as thin films or within silica nanopores
(which are the confining systems), a complex competition occurs between several
conflicting phenomena that interfere with the analysis: restricted chains dynamics,

disentanglement, surface chemistry and nature of confining system, adsorption at

——
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surfaces, topology of the confinement system, or even small changes in composition
brought by a miscible polymer-"pollution_ (acting as a plasticizer). The resulting
dominant effect is often an increase in T (when thickness or pore diameter decreases),

but also sometimes, T has been observed to decrease.
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L7 B Fidae of il § Pidyeacy 55 (5} 5T
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= Arrrelphaiic
[ Praddie Yacuim
{330 mbar)

TPS ymror

Harmetic Chardee
Fig. 1 fwhemn viess o D e g neetuadsiigy 4 TP w0 soeerneas s e

vacuuh conditaoss (a1 5« 107 mbar approxisatey, e kaver
than the valio®s used b e eranere | V], iooonder oo
eramme the gas desorption Eom cells and cancel the pasecss phase
ondribatisn | 1l petvidis the thermal conducthvdy of the wample
wathout che contnisston of the geseous phase. Under these Iwo
ormditines, the radistion term remaess oomstant, becaase this term
is iy corrrodlad by the vilue of the e earincties oo M nl
which depends on structeral parameters of the foam |364; then
fore, the gas desarpisan frerm oefls does oot affect &

Therge maeasremens have been carried out wiih 3 TS sessor of
radiua 31849 mon as follows: first of all, simples were placed in the
experimenlal sty (g JL inside the secunm chamber, wilh a
constant pressune befween the bwo ploces. Them, i vanasm
chamber was desed Samples and expesimental set-up were
allowerd ba peach an equilibeium Temporatan: befors the beginning
of the measurements {pormally dwring 20 min] A% atmosphenc
pressure, sampey were measired five times wath a time span of
5 min in order to a0kl (emperanse drift. Typical power {W] and
iotal mesurement me (1) employed were aboui 00 W amd
bt 55 %, iespectively. After 1he Swakaieiner iiide: amos pheic
jpressure, the Vaomm pump was aciivated. Once the desired wac-
vum conditons were reached, sammgles and experimental wet-ap
werE alleed again 10 reach @ equiliiriom emperanie bifse
ithe beginning of the meassremenss (rypically during 60 man}
Miagurvmmeiiy under vaowrm comeStions werne Laken duning 12 B
wigh 2 rime gpam af | h dwee 1o the lower beag deoparss, Mea-
SUrEments parameters [ power and time | were slighily adpaed due
i Bl Dot Bt fckipuiiosy ey vaome CondEians. |1 1 e,
& power abaol DUDDS W oand a tme aboot 60 5 wene used I was
aszmred 1hat the diffusion of the o was completed when seeeral
COTRFCRIN A PR TE TN, el & ornilasd valie

The difference betveeen the two sets of mMeswemens {under
atrisphesic pressure and under vacuum comddions | prosides. the
coriliirios of e gaseous phase 4 b 5 therma conduceivey
according to Eg. 0L

A Resuhs and disoussion
A1 Chomordmron of de sid ssmpies

The mam characteristics of the solid precunon have been
summaarsesd n fable L From the characeesizanton of the thres
different FMRAMAM solid Blends, it = otserved that there are pot
Impamant Aifferences binwoen them {neiber compansd 1o the near
PMMA solidl This was an espected result becase the mam
companent i each blend is the PMMA (ke oetance a blend with
IEX of near PMBA and TET of MAM wibieck Copolymer i
composed by BSE of PAMMA and only 13% of PRA |poly{batyl acry-
Lans i) Thervrlme, il i possibile iooompare the thei mal conductivity
of fsams produced from different bends wahour a significant

——

wifluemce of 1he commpeaishion, PE s6fd prevusson were preyvsshy
charaerized cleswhere |56]

12 Chavoceerizerion of foamed marerials

122 Crifolor strocture

Representaive Images of ihe cellulas siructune can be obsenved
m P 3 The amabyses of the structure allows daringuishing foes
grenips al faams is oar material; nanaceeiar PRMAMAM apen
ool fnames {the top jeft L microoeSslar PABAMAM open ool foams
[t right). manoceliolar PMSAMAM closed cell foams: (bobinm
b, aed FE foams {Bormodm right].

A% v can be obsereed the sanwe of the ool openings is diffesent
depenging an the syt = e cise ol runocellulas the PRV
MAME Enams [top Jeft], the gas phase ks completsly Interconnectod,
whereses in the s of both microcellufar PE aod PAVIMATRIAM
Feaumia, the open coll charsier is ghen Iy Ihe peeisice o daine
Bsodess i1 e cell wails [inp and bogen right

PRMA-baned Bure preserd open or closed cell merpbotopies
depending an the PRA conteal [40] This Bsama of PRIMA oo
im0 and 75 wa. % of MAM. 35 well 2, near MAM foams ane
apen ool materialy under the conditiern of prevare and Beeper-
anare ar which they Bave been manstacoured [see Fa 3, 1op right
and left]. Meswever, this does not ocoar with neat PRMA foams
derith with Eadms ol FRIIA containing 5 and 10 wi T ol MAM
witich are choeed oefl celiular materials {see Fiz 1, bobiom left] |40

O the oeher hand, PE foames are sho opes coll materisls (see
Fig 1, Baisari dight} deie 2o 1he nasslichuring prooeas whnch alloss
pbiaining 100% opew cell foams.

e of main objecie of e work is the vabdabon of the
Eniidlsen efFecn, in widch e cellule sERtiire v a imsain ke, Fod
this reason, a detalled anabrss of the cellular structure hae been
cariied cmfl = hene samples Hhal weere selecied for the stindy [see §-
Ray Amaiyes secton). Average cell size together wath average
anispiropy. sasymmetry oeffident. and the @wtandard devirtion
divided by the average oall size ane summarized in Tae 2,

It is phserved that PMMA-based Soama, both micrecetlular and
panocelluler. are almost isolropic (anmsdrogy ratie cose & 11
whereat PE fnaims present anisadnogsy |anisoloogy rack higher than
L

Thee raltin Bebansrm e slamland deviation of the oell gige di-
tritsstion and e seerage cell sie ha been 2iso anabned This
parameter provides informacion abowt the homogenesy of the
cellular stramice. The residis obadngd show that B enicro-
cellubar and mancceBalar Soams preses very homogensous cellula
sirucheees [SD# < 0.5), beang the foams in the micrometer range
slightly mare homaogeneous {both Tor TAMMA-Based fnaims and S
PE foams

Finally, the aaymmerny coeffioent provides inlormation an the
ahape of the distrivastinn. For o paifposes this magninede provides




/ DAL

B Maamas oy & | Pedpewr 56 (005 ST (3]

PR L SE g e il e el bl et o et e kel PVBBA RN b ool o (g el L redcvinedle? PR oo o8 Soai | g gL et ulan PRIBLA

W clomed el Fan Jbotiorn ieft) and reicropibila PR e rphi L

walialle informra i sl e presence, of ol ol & b-maodad cell
siee distnbution. Presesce of a bi-modal cell sive distmbution mold
imeidliice dilfiouleis b the evalsaion of e Keesen elfoot, & i
woidd be diffioul to sate 3 well -defined vados of the average ool
wiel b b relared warh ghe medasieal e rmal canductsdiy of The
gaseous phase, When ithe walue of the ssymenetry coefficient 15
close or higher than ane, & bi-madal vell siee Sairistinn i Lakey
place. i chis sudy, this only ocours wilh twe PE samples, whereas
in the rest of the cases, the shagse of the dut risation iy moee-rmodal
Tt may AHMculoes dess oo b-madal cell size disoribitoes cas bhe
expeaied i the anahvss ol the results, a5 the cely samples with be-
modal diaritestinn present coll gires Clearky B the mecramelric
range.

Thasfiefisiar, coiai” gl i Easd pecess allines bt nasooe il
and mucrocel lular foams wich a high homegeneity o chis cellular
siructmre. being suitable Ffor a study that reqaeres 3 sgnificant -
curacy a5 th ome that 5 peesented in che Sollowing sectioss.

013
= g T nm
a4 8 & T nm
! s Lbrenr FE [ * 700 mrr) -

e i Pl [ 5 P00 A
gid e
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0,05 T T u u T T
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A 4 Belnuras ey e thermesl codEmeey anad e rliohe derets Te
wrETEl A R PR, Rasnd TaaTa
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722 Relmimihip bevveeen thermal coudsecnbeny snd ool sioe

In this section, a compacisan between the themmual condoctrety
B harwion ol microcs | lalar e narescdl ular Tosm s carmied oul The
experimental ressts for ihe thermal conductrnty of microce] lular
arad manoorBulin PWAA MMATMAM, anl MAM Toeme aie
included i Fiz 4 as 2 funcoicn of the relative densiy, Some resuls
Traern AARE B Lakein fram o presious pedicibes |55 ] have o
been Encluded | Tabic 31 I should be nogiced that these faams were
produced using different pressure drog rates; all of them lower
Hitan thadse useil b chis wark

Two different irends cam be found = these resafes, allowesg
dilfereniiating besvween PMMA-Bated foams with el Sizes over
andd below TOO nm Then, € seems that the cell siee could present a
reliwand wfiueicd on the thermad conductniry of FRINVIA-Brisd
Inamre when the average ool siee 5 redeced below the mmicros

In order o analyeze the possitde influerce of the cell site inde-
pemsdently ol the density of the fodms, the themmal condoctivicy of

024
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the  manodellular  fama divded B ik eelitber  denanty
(i = Moy ki) has been plotied as & hmonion of the cell size
{Fig. &k

The resmlrs shivey a strong relationship beoween the thesmmal
conductrnty and the orll dre, Ths tremd could be airibulied o
efferms assoriared swith 3 reduction of e Serenshinm of che eke-
ey ororsdi bud g Ehe solid phdrse or B gaseouy phase. Beganding
e modificaions of the solid phase, there may be modilcations of
the polymer progeerhies as well oz a forfucssty inoresse. Meanwhile,
in thee gas phase the Knudsen effect could ke place, It s impanisg
1o tade inio acomen that for the relatiee devaaties of fsanm with cell
sizes Delow TOO s, larger thas 035 {see Fig 4), the radiation
ronizibubon can be neglected ||| e canret justéy the oteerved
rend beracen the thiimsal condidericy and the ool e [Hg 5]

In the following seotions we will actempt o define and g
which mechanisms are respongihle ol this redicriod in the thesmaal
ronductinity & a funceion of the cell sie,

223 Validarion of ihe Koedsen efflao

In ontder o idenllfy The sechanisms mobved b e reductioe of
the thenmal condeciivity with cell sizz, the behawior of the
cuntyibutza of the gas phase was studiod, accortling b the pro-
cedare explained moihe experimenal part. As & was previossly
explaoed he pooedure was caomied oo anly in some selecled
sarnpdes.

Some of these samples with high structural and cellula ho-
mogEnEEy preseed cheged ol . Far these
materials & was sxpocted thal extracting the gas from the oolls
coiild B diMiceln, The meeults oonfirmed the expectations and
therefore. it veas pob poesble o determme the contnbation of the
gas i o closed nunoceThilan Faims [Pom the S et
atmosphenic pressure and under vaomen coodmions [or these
wEmgles the obrained valies ol the thermsal condactivity wiene
practcally ibe same on both conditoss {Taxde 13}

O the congrary, (5 seloctod fnare with open cell marephologres
o allow s quamifying ehe coniributon of the gas phase. These
Toarms seached & copsant waboe of their thermal condectivity alber
B0 mim under vacuum conditions, being sable during the wiole
measurement process (during 13 hl

Freon che measured values of the thermal conductivicy of the
Inarmed samples ot gimosphene presare (4] and weder wacuum

oo
Euikid of
& ]
iuﬂh
-|-I'“
a4
LLEAE . Tharca o Fredicson
J o PREAELAE OC B Reaciy
0 PR et
000 " desrogais Cuis $10]
oW W W o oW A w
Cal Size (mm)

P & FTRecy ol thet e e o et [ Taevan) ausafim Ry i) e ool i
S e et o (i et i) g s e vl Jrodm e Kovad b o,
B e e ]
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(Al § Takle 3 it veas goasible to caliulate the gay thermal comdan-
vy (L] using Eq (2]

Thee ahtained reades are shown m g © oo Fungtson of e ool
=ze, together with the values predicted by the Knmdsen effect
eruatiem for Ehe same tanpe of coll swes (Egpe | 1] i (3]

The enperimencal resuls fiom open coll polymeric Toams
[PRIMATAM O foams and PE ferm) oe consistent with the
thesertical predicrian of the Knodeen efferr. showing (he same
frened than previos resulls oblained in serogeh 110] By &)
Therefare, vee Jomnd thar the Knudsen effern ks place on poly-
meric Joumes, and s ibat thes elfect is independent of the sur-
mounding solid material and depentds only on the confinemem of
the gaseous phaes.

The results obiained for the micracelular padyeriyiens |FE)
samples allew ws testarg the validicy and scouracy of the developed
miechodology, A eapected, the results shaw that apes o6l PE Tnams
with large cell sizes {larger tham 700 muorons] do mot present
Ernidsen efffect. being the comtrimation of thew gaseous pluse the
expected value of the condactivity of the air withoss confinement.
Thetn, the methodoleygy proposed in Ehis dudy seems o owark
purnperly i polymeric Sxams, allawing guantifying the contribirion
of the gas phaae o the thermal comdmctivity in open oell foams,

124 Modelng of the thermal comducmity

Chicer i Buas By demonstzabad ar e Knudses eflect is oo of
the mechanisms thar rduce the thermal condsctiviny of mano-
cellulie podymens foames we will By do podel the thermal behavior
of thiese matenals in ander o determine |f thene ae oches mecha-
misms invedved I the reduction of the thermal conductiby of
manoirllar foams.

s a starting poant wee introduce 1bhe Ashby model, hased on
Clicksmuans rheoreticall assumtions, which cansidees har the
thermal conduct by, due b condection meshasssms. s prven e

dy =g dg = LT~ V) + My )

witere 4y and Agare the conducerities of che solid and gas phases.
respectiviey f is an eliciency factor {sonesural Desor | wich Lakey
imto account the somuous shape of the czll walls and which eeges
Ertveren 113 el Land ¥y repreastnis the vabume leacthon of woids,
Far MAS microceialar foams I 1S dmown thar the model s che
experimerial results withig < 1 [241
mmlnmmwmmmﬂrﬂnﬂlnﬁﬂmmﬂ,lm
Enudsen equatsoss [Ege, () and [ 1]] are combined with the Ashby
o] {Eig. 197} oo provide an equation able to predice the ibermal
condactivity of nanocellular fosys (Eg. (100

KoV
1+ ®

Fiz 7a. b shows the evpenmental waloes of the thesmal oon-
dapctivity or parnoccielar foams as a femchion of the relative density.
hmumijPMn:nm in e
Fgures, assuming & constant srocthoral fector snd dilferent ol
shites (Fiy. 7aL o by modifying both the sonscrural Gicver and the cell
e aocording bo the experimental results [1g 7hl

Ir 5 Foind that the Knudsen effecs by isell cannot exgilain the
mducton of the thermal conductmaty of these foaems (Fig Vak
Bring hivessany o modily progrosicly the sictaral Facor a5 @
furction of the ool sare i obtain an acouraie fsing betacen
exgarrimerdal results ard thessetical predictions (Fig. Thi Thos, it
sepms that the cell siee reduction aiso indaces changes in the
ek ribuion of the solid phase, cither By an increase of the backy-
osiey or by a modification of ibe polymer properties due o 3
paasible canfinement effect |10,

R M {1
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Th previeas analysisjmodeling i correct for the reladive den-
sitzes urder study and also for lape densiiies, because as i wae
previonidly mentionn] the selflaton conBribotinn iv negligible =
this demsity range | ! and comvenien i always negliphie for the
el skres undder study. Howeever, @ w wanl o extend the modeling
te lorever dessities radiation coald play an importass role and bas b
be cormactered.

The radlacics term can by calowlared b microdeilubar Toam
using Hue Williams seed Aldss model | 1], Thes model ghves sooepe-
Al valuies of the tieimul palastion term by cosridering the miss
characteristis of cellulsr struotuce. the thickness of the cellukar
ifaterial, and the optical jropertics al the solid sateiial, The moadel
{5 hased on & refanion term prechoied as Tollmwac

q:"'—m mj

1+ (§)(£-1)

whemn ¢ is the Seefan-Boltzman constant. T the temperatere, [ the
el thickness [in oo case L= 5 mim ] & the ol slre, and Ty b
the net fraction radzant energy senit forward by 2 wlid membrane of
thickness L. Thin Fractss enengy iy grees by

(T=r [iE—rd (10
"M=m\T=m" -z } (1)

where r 15 the fraction of incdent epergy reflected by each
paa—snlid interlxe, This quanity is relited i il fefactive mdes
ol the polid mairis win o ciee this valise Wi w = 1507 inthe |/
raddation range of BOG—J000 nem |57]] by

T =

Jllr—1

d == | [1%])

And the thickness of the solid membrane can be calosiaied by
Rel [10t

L= (0= il # 35T [n4j

where [, 1= the masa fraction i the s&rets [we have consklered &
walig of [ = 033 fs microcellula foamal snd pog 5 1he selativee
density of the foam.

Fially, 1he doffcent 1 the fration of eaergy Tananineg
through the solid membrase of Suckoess L, (ool wall thickness ],
which s gheen Ine

Ll B L L] L) L1l
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whese a & the alrarpriss cosMosent of e el marsix (in doi
shudy, 2 average valoe od @ = 02868 cm ! imthe I radiation range
Al 00— MHWE i veis codmbdened |57

In it case of manocelslar foams the corwemional model o
caloulage the radistion berms are i princpie noi suitsble, Models
for the cadoularss of the mdianion term an polymenc fsams weally
armame that the weevelength of the infrared radaston 13 kwer than
thee ool sl of thee Saam, bur ko nanoceliular g this Jecumpran
I3 not correct. Some recend theoretcal results predicied  that che
radiation Berm comld presenl an isssgnifivant conirilniios on
nanoceilular foams even ot low densities (55| Following these
Fhroreteal predictoes we will assurme as 4 firsl apprrosimaten thal
the madsanon tesm of ranocediolar foams can be neglecied svem at
lowe densites, hnweyer this should be comstered 38 0 approsi-
marhois bevaise & Far 3% we kit (hend 10 oo expiiimental evi-
dence of this, Therefore, the predictions for nanocellular foams will
jitwude a honwedt boundd ol the il canductiving.

Using the compleie moded [Asbby © KEmeden © Radiabon
[enkimater] iy eaicrooelhlar Fodsv dnd neglectsd b panoorliukar
foams)L the comiribution (in pecoemage) of each heat transfer
mwchanivms e the iolal thermal conductivily s svaluaed as &
femcmian of the relative densxy [Fig 8] kor reg different casess 2
*M%LA -hased Foarm im the micrometer range {oell see 100 masom)
[Fig 6 helt) and 3 PRPOAA-hased Toam in the nandemerer rangs (el
sie 100 mm) (Fig B nghil

Fiam thi olitsined prisie it i obherned tha radiackn e ca
be neglected o microcelular FMMA-based foams wah relaove
kit inver o, Al it Coulid Be cagectind 1hat the ealistion Ieim
will be also pegligitde In medium and Bigh densivies nanooeihslar
famy duer §0 the strong nflussce af the relaibvwe density on this
erm. Them, as It was mencianed for mednsn and high
densnity foams the redecgion of e thermal comductrvtiy o only doe
s a4 Seenliinarien of che Knudsen efeo anl 4 mebSeirss ol the
rontrbution of the solid matme

Acouracy of the propasad medels can be groved by oomaitss
‘with the experisrental resubs of the thermal conductivity of the
samples studioed in this ek [P 50 The structurad Tctor g used for
these calculibions has beep selenied aocording to the previoms re-
sutts. brimg 1 foc microceliular Ssams, 04 for the Fams with a oell
Hlnr bervwods 300 and 00 ren. (35 Tor Ehoks loaes with a o#ll size
betweeen 200 and 300 nrey, and 008 for foams wish a cefl size lewer
Fluir (Y firs (g0 Tahle 3]

Pz & shows a good sgreement betweeen theometical predictions
imdl egmriinental prindti foe both microoelllar and pansor{lular
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pasmes pass w8 rareeccimler PSS, burm (ogie )

fuarms. in addition. theer are nel ampaitesd dilfeenoe im the
thermal behavior of open coll or clesed oell foams [both repoe-
saeribedd inh g 0 el tnid B thee enodel . S, the Kmidsen oflnct amid
the modification of the oid matta conmnbsstion due 10 the
panadetiular stiacBune see b b independent on The mmedplology
of the cell amd oedy depends on the average ool size.

Prally, a comparison of the expecied shermmal conductenty

Trom e models for three dilferent cases:
microcefular foam {100 meorons] and fwe nanooeliular fosms [ 100
and 19 ny | Is shadam in Fig 1k The reistive densiny
range showm in # iz 100 from 000 to 008  corresponds fo e range of
foarms st i MhiE wek ax well a8 oo b pange ol deisities
comrmondy usesd @ thermal insulation apphcrions.

A very deng fediaction in e fhivsa) coladactialy & low
densities {py = 10% usual density of polymenc foams vsed ther-
dmal intulatisn) i Found Defween micracellular (100 pin] amd
pansoriidar fsams | 300 nm or 10 nml The values can be pedeced
(it & peltier ddiraty off (OS] Fros arournd 0L.002 Wi K o o]
D07 'Wim K bor materials wich cell sines of 100 mom, and wovalies a5
wimmall s Q0K Wim K for cell siees off 10 nrm it xhenld e poboed
that this i an optimiscc sstimatos as the rasianen prm has been
pegherted for manoceBwlar foams and, therefore, the thermal coe-
ductiviry weoukd be higher than the predicred valees fior ow gensity

a1z

2,91 4
2,10 4
0,58 - i
.50 +
.97 -

0,26 -

Thermal Genductivity [Vimi)
"
[ ]

| w Micoesiul Founs |
& Mproosiul Foams
= Theorescsl Poediction|

04 T T — —
a1 8z 03 oa ] BE a7

Fajaties Densty
Fig W Jaspas| e biveirm e Tewedica] i ] o el ichals

0,58

nasocelluler Esams. However, svon s il the gadisiom
e ol fow densiny nanocellular lowms tkes values equal i those
al fitigroerBalar fodsn it can be expected & educion begher han
&I

Theeit, it 18 confirmed that jnesoce llulas Ssarms buve 4 gresd po-
Ential in Emelaion applicaions. Hosever, i0should be notoed ehag
ihe production of a foam by gas dissohmion foaming with thoae
[E TS [y =0 05 and # o 100 nm | would require 3 muoch higher
el mucleation: dessity (Mo = 36 = W' nudeijom®) than those
ot sned up o date (3234538 401

4 Conchisions

In this wark, it his been demanerated for the Bse dme the
presence of the Kmpdsen +ffect in polyeneric foaem A clear Erans-
s hetweren e Ehiermal of mrdorceThilar sd nano-
celalir polymenic foane hay been found, snd the phenomena
behisad ehis beturdor have e idem e,

O ibe one handl it b been developed aod tesied an expen
mienal rocedune (Bt allows quantifying (he contrastion of the
gasevus phase io the total thermmal conductsvity for nanoceliualar
opei coll Baams, Then, by s methodology and using hanoceThila
{Danss with open cell structure and relnive dessies between 035
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aff gl T PRIMA i prisints & gliss iransifon Temperaime
(Tl of 115 =6 amed a density (p) of 1080 kgim®,

FMPAES peellers wiere Arsr drocd o vaouum (630 mom Hg ) at 3000
dhuring 4 h bofisee pioceisg, Thers, ey weie compiesann mohded
it precersors of T35 mm « 5 erem amsd 4 mem in thickness using a
mves-hot plaes prose The femperanese of the press wis ked ar
RED G, Tha inaterisl vwos Hirsl moBsn withoul geoisare S 9 min,
then it wa compacted under a constang peessure of 2.8 hars far
another miouee and Anady 8 was oodlid dows under the same
pressee. Transparent smples obtained showed a pood surface
appearance with no presence of alr babbles Inside the pares. Finally,
thisse mukded prevursals were oof ar the desined  dimension
(depending on the best to be performed and weed later for foaming.

Foaming sxperiments were taried ot b & high pressure vessel
(i PARE 4681 | pioaidid by Pasi Indtpumenl Siniigans, witl a
cappcity ol | Land capable of operating at o maximen temperanee
of 350 °C and J mundosan presosre of 45 MPa. The rescior B
equipped with an accurate pressime pump conbroller |mode 8-
10) prossided By Supercritical Fd Techewologies [nc. dod 0 1
cosraled atomatically o keep Ihe pressan o The disioed valoes.
e vessel is equipped with 2 clamp heater of 1200 W, ad it
Emgeraiae s contmlled wia 3 CAL 3300 iemperaisre omroder,
That Oy vesswl lemperatuine and poessune weee maniomd s this
comre of the process, Therefore, 3 collection of expenments wene
perfonmed using the so-called salid stase foaming process 172.34],
The= proceys with smorphoes polymers hay Baree stages: the
sabaraticm [under Aoed gas prrssure and temperature L. desonpion
(o ewisune dind fempeiatude), and Saming of e tample (4t a
lemperalare over ar near the effective 1 of the polyme ),

Prior b2 Ehibs Wk, It was absenved thal ool size of FMPES pre-
wriils o slroneg depeidence with satoration preswe, in el i was
poemible to obtam both meoo and nanoceBudar feams wsng the
Eame rawy marerial | 300 Hawaeser, che final derdaey of (e s wias
alun pelatid a0 Phe cell sz andior o ghe wimation jiessuane [ 10
and therefoere microoeilular and sanccellular foams with cormpa-
e dlessiraeh Waorne ol obdatined

dcgmmding bo these previsus resully, in this stady iF veas decidegd
0 WOl Ji Iein emperabore during the ssurailon sage and ar
Tor dlifferesss pressures 10 olitas reg dferent micecelular s
Gt 17 amed £S5 MPa) and twea different ranocelludar ores (ot 37 and
T2 MPaL All saergpdes were samaated Swing 20 hoio ssseee equl-
Iiuin dissohition of COk in the polimer, Aller the sibaration
process, the presure inside che vessel was relkeaed Dunng the
desorpiion fiep, the samphes emperaune decrease ro valies cleary
bl moam bermperasture Cadiabane depressurmatan L w when

. ol LT
ik 1]
i B
- ;‘
3 e
1800
3 mi
100 5
- &m
] D

Salurakon Presus (MPE)

Mg 1. Virgees of tw celdl wm oo ey sl i wiewan premory for meae
R | T

——
 —

asgdies and feretded Toom Flie poessing vesss | iy e cosded and
solid | 55|, Unlike previcss shadies, in this sne g step of contrafied
foaming s mareduced In order o comrod (he Bnal densicy of e
sargplics. Foarmsing of T samyrlis was carvaed oot i a thermostaic
wealer bath at temperatures between 25 and B0 °C and fimes be
raen 40 8 and 5 min The cemperatiines i wions kaser T tu
glavs Iramitiss temperabme af PRMMA Bocsese e oTictive gliss
rarairns enpEratue of plhasticized FREA wach OOy e reach
vallies NEar Mam emperarure |33] or sven below mam Empea-
bare o some particolar condsions | 54|

23 Sngles prepaniion

Frétdld Toamid samipikes were polished esing 4 polshing ma-
chine (impdel LaboPCH2-Labobance b S egueppaed with & ali-
ton carbide ginding pager |F 550 toobtain Semoge neous =irfaces
sl o reseose the ooter solid of derce skin of the samples | 161
Agter pofishing. samples had s verage theckness of amond & men

Then sodd and polished mamples were machined in dillerem
wveays accoiding 16 the el o b perfoermed. Thes, DA sanjls
|ty =lid amed foamed samples) were prepared using 2 preceion
fuiring machine Mod. 000 from 150Mer The esi peces wene
preparied ko B spproinietely 2 mm in Chickress 7 mes mowidiy,
wmed 25 mm in lengib,

Teesile and Ergact (bhath sald and amed samples)
weene prepared acrordsy b LINE-EN B0 2858 107 “Mastics. Prep-
araticom of test specdesens by machining™. In particular, fensfe
sausplies watne Craated acconding mo Type 184 [UNE-EN 50 527-2
| 50 {1 mample specificabions,

Finadly, it shoald be noilced cha wolld and Toamed P48
samplin were sered atsnmralled Iemperature asd umidiy (230
sl SFE hurmidity] st besst chree days before being messured in
order oo seokd discrepaacies in the measurements due to difer-
e in D rabne o Tuamislny Betwiedn the @dTerent samples,

21 Charchenmatisn raclpar

231 Densky

Foamed and sdid sample Sensites were denrmened by wanr-
displacement method based on Archimedes’ prmciple, using the
densiy determination kit for an AT2S1 Metler-Todads balance. A2
lrasl Ehiee miavurenweil weid carresd oul for easch sempls
produced.

A3 K-ray ansbymy

The determmation o the mechancal propertes of cellular
materials roguiies very hoingeniis Bsamid samples withos
intermal defects thd could be an smportant soeroe of ineoosncy in
the messureme nis. Thes, the frst step in this sswdy was the =
Intion ol approgriate winpled by using e Xeay saliogrgly
bechnipee [ 73], wath the aim of exchsbeg those samples presenting
defieces or Inhomogencities withaur damage for the samples.

P whwween X-ray radicggraplo of a Ssamed sample wigh intermal
defects or sbamogeneities {red amows] [op) aed a bomogeneous

{ oo |

All the foams produced veere chamcienized by means of ihis
technige:, ol only these sammpdes withow defects were finaly
chusen Ba b analyeed with e ichnigues exgliined Siles @ this
seTHiom

213 Crfluhir sty

Cellular =recture of feamed samples was anaiyred by reans of
scaaniogy ebecinoey micrescopy |enodel S B0, oo}, Samples wene
[revee-feactumed in Hquid pibmogen e assum Bat the ncrng nacsum
ar nasosinetee remained miact The fraceeed surbace was
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i I K-rap radvscnpy mge oF § Soomn wenn ol celer ool area (g
el hpspmrrm foem | brrore| witlewd et dedects, (o narprviieny of @
e be ok’ i Lhi Tigare Lepend, e reait o relerrod be dhee sl sk of
P ikl |

wputrer-coated with gobd ieing & wpatter coater (imnde 500 005,
Balzers Unionk Cell sees were determined using a geecific image
processng wofteare [40] based om ImagefFI| |41}, This sofvware
ooy thet cell side distrilsrion, e awesage oell 2o8, the Slan-
dargl deviation ol e ool s dtrbation, the ol anisotogy ralo
distrinuion, the averge cell adsoiropy ragk, the oell denshy R,
(eumbir of celk per Cubk Centimeser of the Foam) and the ool
i keatitm densiby My | by of oell puces per osbic centimeter of
the sl precwrsor] thae can be cakculated Bom N, acoording b
Equacioa (27 j42):

Y
Ny =M 2

where g Is the dessiny of the solid material and jy & e Gensity of
the faari.

234 Mechanical bebavor

isooelasiic beferitor of foamed samples baih &t roome lemper
abuie asmd b 4 fanctaon of e ralure win anadpend sy a dy-
namic erechanical analyzer eoodel [04A 7 froen Perkin Elmer: The
experiments were performed in a theee -point Sending configura
o vl i & Frequency of 1 4z and a dynaimdc siress of 3 W' &Fa for
frarms and of 1107 ks fr dhe solige, & state stress of 1.2 times the
valee of the dynamic siresy was applisd in all the comsducted (ems.
Measuremesns a5 & farction of (Em@eTamre were carred o ar &
ok o 3 Cferien Troom - 20000 350 50 Ther grmel of gdinperatun wia
maintained constant during 3 min besore starting the ssperiment
In arder o dssure an coulibrsem Emperanine.

Plechamcal properies in feraon of lowe slowes coles weoe
determined weing. usbersal desting machine  Insiron model
5 5MMIRE0A5. A bearx three specimens wene iemed for cach kind of
wairigle, all ol thasrn o oo B mperabune, Tisadle el wen canidd
DU Ak @ siran rabe of V% mm min according {o UNE-EN 150 527,13
|3E].

A5 | ot for impact toming {Chaspy, o, Temile) Frank
was used in order o deiermine the meechanical behavior ab high
viraln rates. AL leasi theee speciomens were wsed for each mmple, a8
of ehemt carried ot 3t controled bumidiny and pemperane: ad
perfored accordng to LINE-EN 1806 170-8 |43

Shore bandpess T was measued by mears of & Barelss dopom
eoei kel UTE AL leaal thiee specimens wind ased Jor cach
wangple, all of thein caried oul o contmibd humsdsey sod tem-
peratere and performed according to UNE-EN 150 BLE [&1)

5 Eesulis and discusiisn

In onder o acheve similar densicies and porosECes among
sames with cells in the micoeneter and RanoEemer [@age, ad
lirs dearky distngures the effect of coll woe, Baming parsmeters
were Bnehy jioned By enodifying ihe sacuraion pressure. ihe oel
nucleiion density [Mg) & varied, o commequntly the fng
averaper opl| saee aind the linal expasgion digree iy vaned [wee g
of seation Moserial and Foam Prodarnos), On i other hand. by

——
 —

afdjusting the Joaming semsperaure, i 5 possivle ne vary the final
exgansi degree [Le (e poroshy) wirssur mich laeger oell siae
warisbons {lcae the volume of (ke cell v propodicoal o Hwe
oute of g% rade |assummeg spherical ceEbs )L

Tt 1 misremarizes the faming condicioss sogecher winh
donsiy Fmulis i Ehe salul, the micrecolhdar asd vhe panogellulas
Foams. An 2 result of the smltancous contral of My and the degree
of expansion, differences berween dessity (] valuss of micra-
cellular and nanoeetluler Bans s sigsficanty redoosd, obtassny
m all the cases foams in a range of porosity (V] betwsen 05 and (&
This facx alkoves s g0 pesform the aoourmie comparcve stady thas
il b e plaingd i i neRl ecticom

A large number of samples were manofaciured for each sed of
penoessing paramesters. obiaining an excelleni reproducibiliy be
mweeil them, For this reason, Trom now on foe each ser of daiples
the mean vabees ogetier with Fhe standasd devistioos obtamed for
Eact: propermy will be displaged. As i can be obeerved e (o e
graphs, the averall repradichiley of the cxperimens was shosfl-
canify mood

Fromm nowe an. samjes saburated ai 13 MPa will be denoied as
Pellicro 1) sammples srmarabed a 15 MPa wdll be denmted a8 Miora 2,
wamples dabwiabiod o 50 MRS il b devaliegd ds Maiin 1, and sain-
pes siurabed at 12 MPa will be denoed as Nano 2

LI, {ekulsr sty

The: main poal of Chiks veork & oo chearly distimpsish e #ffecr ol
cell widir an B meechuniced Behavanr of FRMMA Toams.. Fod this
reasoe, A deiaded anabyss of the cellobr siruciore hes been carned
il In chose sampies that weee selecied for The study (e & oy
Al iicijaal

Cellular wtructure of fomed saevples s aealeed n Fan
diferent plares! F¥ plane and &7 plane (see Fg 3).

Hipise ittt SEM lidtwgis of M fidesined TERTN o T
diferent plinescan be observed in g 4 2 plane| and in g 5 (&%
planel The amalysis of the simcture alkaws distingushing ran
growps of foams! edorocellular op part of Figs 4 and 5) and
et i | b la e { bt g of Figs, & and 5 PRIMA Bsanmes, &1 of iBem
presenil cloged call morphokgies due o the condiions of pressure
and rempesacure at which they bave been masufacmred [32]. In
addinn a neduction of the oell sioe related 1o Uhe increase of e
saturation pressure (Micmo 2 with respect to Micre & and Nano 2
sl resgect b Mana 1718 Jlso ohsened.

Ciiarlsien of U cell aiee af thesd aims i shirasd an Fo B
Alorg with the decrease in ihe aversge cefl size (rom Vg, Da—d ] &
I adsn ohserved chat ceB slze disivistion beonmes mone sarmow in
ehi cark o Ranacellular fnams.

Hher parameters of the coffulae snecture such os the average
cell size, oefl nucleation densiny [Ne), Jverage anisoinogy sath
anymimolry conMicient, and e stardand diviation divided by
aveiage ofl| sice dre sasemanaed in Labile 3,

Regarting b average oell size, the revo differene scales inwhich
we afe wicking cn be cealy distogubted [micnineter and

Take 1
Fraammng el il den by ressth ol Baimed a sdnl sarphs
Hame Sriprrtam  foarmrg fasming  pigfom’] ¥
i Ereniliic el
] (5%
Ml el - - - LIE L |
M | 'VEY faem 17 L] A (] EL]
Wcre 2 PRREA B (5 L] 4 D&Y [ L]
e | P K 3l » 00 Bai @57
Kama 2 Pl fun 12 = o D Sk
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Ry L Sowbra viee of the plaoes e ol sfure o0 The sn s esins mbiing
ebrecting anad the ke ginames o @ bom

nanometer rangel Moreswer [or each scale tweo different ses of
samples with differese ol slzes were obained.

From ool pucdeation dansity dags (Ml a differdnce of e orders
of magnineds tehween Sams mfhe micn aod nameser range =
Foarad, Thiess Fr-palns are 0 good agreement with those obeainss by
Finbc et o | 10wl prodsced polymer Tams Enem seal 1'RMA,
iy in the mictomeber and nanometer scee. Their microoe lefar
Fams presend 4 el reschearkan densiry ansund W0 eslision’,
wrhiroas e nanocoBslar Toded present a ool oockestios dismaty
of 10" cellsjom’.

It Is otseerved char PWIEIA Foames, microcellilar ad nanocefslarn,
ane almed isolnopec [ansasrapy faio closs to 1) although mano-
cellular foams are slightly orkented mthe £ doechion

The standand deviation of che cell sxe distnbution divided by
the average coll size hus Boei ks analyecd. This pardsedes peo-
wides informaton about the emogenetty of the cellular srecture.
The resals obtalined confrm that baeh microcellaiar and rano
ellinlar Toams preswent Bsmogenrous oellulas simetunes (50
# < (%], being more homogesemes for fosms in the sanoemeter
TaTEEE.

Faalky the asmmmery coellicient provdes inkmstion oo the
whape of the distrbgton, In our case, thi magniude promardes
significast information aboet the presence, or ned of a bl-moda
el sime disrimation, Préseece ol & n-ptodal oell sare oo et e
ool mitmduce &Sonities in the svabution of the mechanics!
respeHisE, a5 Chare woild nob b g veell-Aelinsd value of fhe WEngE
| &kEe 1n relane oo Uhe S e mecBanical hehaise 145] When
thewabss of the asymmetry coefficient @& chee or higher than one, it
imipkes that there i5-2 bi-mod al cell ize distrbation. In dhis soudy.

Fig- 4 8 reicogr phe o e ocfelor sirecers of & Moo | FAVS b jfep el
I} Where T PRI, B Thop mg ki L v Base T PRI, P | bt ioon Gl ared o § Barc 2
PR, dum | riads wpai] L e JT flise

~—~
Y
| S—

Fig- 1 S mroamuphs o e cofistir streviore of &) Micre | FAMA. bsare (bop bef L
brj Vs T PV oy (bopa g i ] Wi 1 PR, Vs b iy b L ] ol | Wi
PRARLA, S | beonam mghi] s e B8 plan

this does not take plce &= any case, thas, (b shape of the disiri
barbony 5 mono-modal [3ee Fg G 5, mo difosices due o bi
mvixdal ol wize Scfrdmilmny e be sgpecied in e analyyis of
the resalrs,

Therefore, our produciaon Teule @Bows obealning nanscelular
arnd migrece lelar Sanme with 4 high Boinogensity i thair collsdar
aruciune, being sdegeaie for the stydy peeseniesd in the ilkaeing
BTN,

3.2 Wrroekeenr bebavior

P T &

Ihe wvisoeelsate behavior of sobd and lbamesd Prenas wa
audied on thes: mmples. Fg 7 Busimaces the emperamsne
depipadence of fan & of bath sofd apl misneceBedar amd pann-
cellular foams The facior mo & = very senshive o the sbuctural
changes ol the macerials. and can be cadoslated fromothe raio of the
ks mindhules b the Slnrage moduls (8 masnd by Deds,

The ran 4 plot sheyws ooe main peak at amoundd 120 °C chat coe-
respands 1o an s -relariion [£5) The maminem of the @ relaation
tu darmally asnciated wirl ghe glass wransifion Wesgoratine of the
matermal | Tel [F i3 obsereed that by redocing the average cell sice the
i 4 peak values of the FRRAA mairix shifis o begher temmpera
tures. The nanocefule Bxagm prosent Ty 7 00 Dighes Chan that of
both the microcebutar foans and the wlid mairix [see lable 1)
Thiese resuies 208 in pood agreement with previoe siudies i wick
il glass dransinion Demperaluee was meaised by dilfenennia
scanning cabprimetry (1580 |22 L This el s normally stizibaied
1o a prssibde confining effecr [22.47] Gue to (e average cell size
rduction and the Inmeae of ool Sensing that Bads o a e ool
wal thickness, An merease of he gliss Eranms@iom femperabes
immplies a higher erorgy reeded 5o activaie the moleoular mobilicy.
gince in sy cell wall tdcimess of ranocellilar foaas &
e B2 B0 nmy A seeea thai the confinement of the poliomer
chains can b raking place. bodenng ihe axivation of koog-Rege
TR T ET e et

In additian, in Hg. 7 of 1= abo obaerved that the redocison of the
cell size dn the nanometer range increases che meensity of the oo
Apak from 14 1o 170 seaims tha oace ehe mokerilie motin R
beem activaled, these omes are more imleese = the panmoe flar
mabersil iham m the micrecellular one

Fimalily, Fig. & s a aooen of the sesperamine dependence of
ket o Bsthy mierocrBular angd nasociiuler Barme The s O gl
chanws one peak o aroond 15 “C, which has been ideniified in the
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Birrabwre as @ d-melaaiinn sssnsuied wiih a rodsbonal msomensm
ofl Che pendant cmer growe |46 ). Table 3 shows the walues ol this 7
reliation measured 5 ooy emperanere. The resuls show tha
Fhe eanedellubar S exhibit @ tan Jd higher Chan that of bath the
mocmoethiar foams and the solnd meserial, 3o it might be thoughs
that rhe palymer me eoafes, despile their conlinement, @e capahle
of arbpealing cerlas dnergy ateoyplion mecBanisie Dapically
asseoised with shor-range molecslar motions Then it is as if the
comfimement =lfec alows ceran kecal energy dissipation mecha
s being mane elfective.

I geperal. microellubir and manocelhdar fosm exhibe an
unspecied behavior compared b previoss sessles obtained on
mmpkes of PMMA reinforosd with sanoparmicles whers i@ was
fomprrel Hal the fomi & geaki sl ennily s ediioed ded was sballied In
fogher values |d0-50]

Table T
ol by womas e et for e rmceacy Baker {dooiand s Voors 1 aed Moo 2| el
matsir Buker Sdowabial i Blaiao T arad Hana 2 PVIMA Prasn

Fare Mow Celizar W o Ereagy etin ArermrEny Mandend
P i feedson | (EGEEF e K pedfoeni - deviesee

eIl R
Min IV TiEE 110t s e ns?
Memol OF 11Em et 1m ] 47
Mo} T T Sa i um L] LET]
T 1 TR AT im D 41
Kans | TV mE g8 A" L 1]
Hape1 TH w0 4R 13m o e
Knr 2. B FITUE 1 L WL BT s
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Fig 9 shaws che warlation with emperoee of the Sonage
misdils divided by the sqoare of the relaciee deasing S mecn-
celbdar and passiviiar foams, The shorage sadubus connecs
with the elastic modidus of the matersaks (£]

In 4l the empennee ange weder sudy, che madulus of the
e Thdar Foame w higer B that of ghe micrsselhian ones
The behmaor of the sofd srevieriad hos ot been inclded in Fg ©
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because the DVEA wark 100 able 10 acourately measune if Sue s
high Yommg's meosdehe of abopt 1100 MPs (acoording o the walue
prosided by che suppllen)

A wage prengd o i found when e ssarage modulus s neasaned
& roam temperanee [Vable 41 According o these resulis, an
Improsemment of arousd 37X of Me sporage ewdilus af the nano-
celllar Foams with respect to the microcelhilar oses 1= foand,

Hewwewer, nanoceialar foae present anisseropic oels son-
gabedl dlong the fhickasss direction {see Colsiar Srecrsre gdinn
It is knmown that ihe anisstropy of che oofis has a great influence
on the Yousg's modilis Foams with anisotropic cells present
enhanced values of £ in the direcion of the loeg axi= ol the
el oo the conerary, vakses of E mweasured in a directiom
perpaencdicular v b long sxis of the el dee shgaiScanty nwer
Ehan expecied | 2.

In ceder to clearly diEinguish the effect of ol size Fom the
el of the ssssniropy on the mesils oltained, a8 quanigaihe
sralysis of the possible infloenice of the anisoeropy oo the Yoong's
ndiilus was periemed.

In this vk determinabon of I by D84 was carmed out in a
directhn parallel oo the long amls of the cells b othis caee, the
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influence of the ankoiropy ratio for dosed cell foams is given by
Het |2]:

|+ [1R7

B = ER+ Bl -fy

(3

wihere Eg fepressnrs te Young's modilis of 3o anisormop: fam, £
i3 Ehe modules of the same e il # = sokmopic, § s e anisctopy
ey, el [ bsthie miass Trad fod i e senaes | & B been oonsldesred
avilue ol i — 0 ¥1]

The values oidained lor B are summartzed in Table &, b weboch ik
his been cofeadened a5 anisotrogy i an averages vales of the
mristropy i Ehe S and ZX direction 1t iy observed ghal eves iFihe
[oames veere isotropic. the differenaces found bebeseen mcrocelstar
sl panoos | lilar foams will B msncained

Therefora, tue significass screase found inthe storage moduhes
of the sanocelula Bams with respec io che microceilul ar ones Lo
I agtribnsied b3 the preserioe of the sanecellular sErctire, wills
mare unifoms celhilar sreciure, ool Sizes 0 e nanamser rnge.
anad porbaps the sedificarion of e propermies of the solid maris
tue to the confinement indn =uch nanomene Seension.

17 Teamib ey

An anakpsiy of Bhe mechanica ledindor al low sirain rates of
bogh soild aod fovwned PRIMA Is carried out in chis secion. The
RIpss—slTaln cunes obased in the Tenike cxpeisnenns e pre-
semied in Py 10 In additon, Tdie & summarees the mas tesaile
paramsers the aerage Young's moduli sirss at beeak, rain ai
break, dnd tougphiess vabees,

Protubly. one of the most interesisng results is ihe effect of cell
size on the sman ar break Micrecelialar foams iled an meses
strins aroend W03 {2 vakse chlose be the sobdl, whereas
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nanocelular Sxanms Gaibed bng befone (30 misin seiains asound 2 351
The glass transition temperstune s (Vg 1 Wacoebeie Sehomoe
wertaon] show an imoreass of 7 °C by the temperatune of ranooellula
Eaains in commganson with bath the seonoeilular fosss and the
wolid mabnx. The confimement of the polymer chass wichin the cell
wialki, assnclated with the increse found in e T, will resill in an
sncrease of the righlity of the polymer matris ﬁlu fact, bogether
with the lower stress suppored by the ool walls of nanocellular
Faams [with a thickaess value signifivasly levers gha that of the
microcelialar anas; Irom appracimacely 15 em in the case of the
mikcrrceTislar Maes 1o amind 60 mo in Che case of che manooe] lular
gees ), causes an early breakdown of the nanocefubar foams

Az a direct resulr of the reduction sirain at broak, the aeount al
energy abisth (ecasghness] belore leactioe b sgoificamly ke in
rmanooeilule fosm than in microcellular omes. The soeeghness iy
calculasd & the anca wnder the sEress-srrain Curve SimZarky, the
whtmate fensile strength of nenocelkdar foans (e valoe 3105
alzo koweer than that of microoellular cees {mean valoe 165

Faaally, 1l Vomsig's madabe alstainad By Uhi Brsile 0815 wis
dwitded by the simare of the pelative denaity o study the influence
of the cefl stze THg. 11]. This representation has bees carried our in
oetler #n hetier compare the trend of the modobes of ol e ic by found
oy DY bebweeen microcelefar and namocellular feams with the
Fiewults aliaingd in Chie e e tesr Acoaidieg 10 0 el een
m g 11, namocelhdar foene exhibit a skghtly Bgher Youngs
ccdiliis v lue chan e mderocel lular oanes | T et of FEX]

Mmsertheless, the anissfropy presentesd o tanecelluler Foams
may be influescing these resalks. & already mentioned in
Vhroekian Aefisasi sotion digending o whethis thi i
mment v persemed in oa gane perpeiadioalar or parallel o the
ol Epsacion of e lnng axis of the osl, the value obealned of E can be
hagher ar loveer tian the expectid [ 2], bn eeder o dilfenentisie the
effect of cell size from the effect of the anisobmopy oo the Young™s
recafialiss Teouls, 4 S ITMe analysis ased on Gileomn and Ashiy
micdels 1 carmed oat

In eensile e, Voung's modulis wee S=termined inadirecion
g adicalis 1o dhe leag-axm ol (e cells {camples we i dntched
im the X direction (see iz 110 in chis sitsation, the influence of the
anisotrog ratio for ciosed ol Toams is ghes by Rl (21
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wehem agmm £y represents the Young's modulua of an ancokmpic
foam. & & the moodulus of the same [oam @ it 15 somopi, R 15 e
anisaopy rabi, and [ s e sss Sectiog in the ik | P hidin
considered 2 valpe of f; = 0331

Tailike 7 gheotas thie values abbalned Mar £ I 15 obsensed than sven
if foams were isotropic, the ecomease = the Yousg's moabelus of
peinooellular foams with respeot 1o microce Dular ones will remas
S 13 retlustion af the cell siee e e nanomder ringe enhesced
the modidus of #lesticity, confirming the pesulis Seend by D848

34, bmpact ressmoos

In e sechion a comrguarzan between the mechanical behavaor
at high smain rages of both the sobd and the micracelldar and
ranocel lulasr foams is carried o, The reswits corresponding b the
IEpact resistanoe 1E5s (FIE 12} show thar thepe is a dearwransition
e values bersaeen micrscelular and nassscelhilie fose,
wehereas the sobd matenad presents g behavor ssmlar o micre-
cellular foams.

This significant increases of aloud Z5% in Ehae impack pedistangs af
ranocellulie fomme with respect b ricrocefisiar ones coukd e
peniduce pillier by e reduction of the cell e or by the sligh
amstropy presenbed on nanoceliolgr Tngeres (see Celilor Snnmre
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presem higher values than mocrocetiulas foams in the # direchon
ared lrwer valuds in 18e Y dirermion. Hovwever, manseellular foaints
presend 4 higher hardness in bolh deections thars the enéa ncemen
of chedr hardness should be related o their panooelllar siruciune
and et to thelr anismnogy.

Furthenpnre, if the rating of the value obtained in £ directon
airid che walie obibained ot ¥ dirsction are calculased | Tabie S i
cai e ot rerd 1l dispine Tuiog smile anisstiopies (eg. Micm
1 and Bano 11 memcelular foams exhited ver rafio: in oo
peison wirs mancceliubar ones This fao suggeses that m sanc
celllar foams and sl pecsibk onentiad Fesfioesen
mechamsmy that s taking place i= the confinemeni effect of the
patyereer chains. These polymer chains are oriented malsdy in che
lanta o 1 andaapy (Sdinermion Ches e peinfonee ment i that
direction could be sigreScandly higher than in the perpendicular
ane (¥ derection], 4% the eeuses showen

Meerefune, agdin, (B inprovement s5own in the shan: hadness
of naocelpar foares with mapect fo moorooeflular oees can be
atiribined bothe presence of the nasocelkaar sirucnee, wirh mare
ussifiorm cofhdar s, el s ot anomeer ange, sl
persage dhe modilication of the propesties of the =olid maine dos
o che cunfinemeni inve such nanometnc dimensions.

4, Conclsbomy

In this papser, micrecelhdar and nanodelleles PRAMY wamphes
weiith cosmparabde desmstles and macmscopic dime nsions, adaestable
rodiffereat standard measurement devices, hawe been produced Ty
U wolicl slate foanting process. The devslapment of these samples
waith tunabde size aesd simidar depsities bas ffowesd the =tudy of the
rransition from the micrs o e nans scabe of diferent mechanical
g gies in PRIMA polamer Samms,

First of af, 3 deteled charactermatson of the celsdar seracmire has
besen carried o The resuhs shawed thar oo production process is
bl b reerva D b e roce Tl and nasoeeBular S wigh very
homopeneous celkaar strucoeees, and with a high repreducdbilin:

Sepondly I has been demonstrared Bt paneocliular ams
prnerd prweral snlanohd phasdcal proge ey o comgpartai with

——
 —

microcellular foams due the presesce of che nanocellular structure
walils e wifim cefular serucrure, cell sizes I the nanoesoic
ramge, aor persas the medification of the properties of the solid
mairix due in the confinement oo such naEmomeric Smensiones.

On one 68, the glas ransiion femperanine of Mams in che
manameler range iy increased by ¥ OO0 wakh respect #o boik the
mcrooellular Beames and the soled magres (associaed with 2
confining eMem of the polymer chains)]. This o could allovs
snparckey the Bemperature rame of applicafion Also the mndaius
of elasticry of ranocellular foams b5 ggnibcantly increaed. boing
this teredency Foured borh by DA and by tensle nests, Monsoes,
the mechanal bedunaor ab high sheain sdes a8 vweell as the dbore
tard ness of rancoe| ular foase are ceardy incressed in comparson
it microce lhear aims, achieving improvements of 25% and 155
prapectively,

On the conerang it was found i the paechanical resporese at low
sErais paces thas the soran o Raluee s che imghnes: wene worsl
it the case of nanocelhalar fosnes dee tethe increased ngidity ofthe
polymer matrix and che redocton of ke cell wall thickness.

Then, it has been exgerimentally confinmed that this new clas
ol polymerc [nams, o nasoceletar foams, preseni o geneeal
enhanced physical propemies in compartsss with microcellular
covei donal polymerk foams. In addRion, i@ shoubf be noticed
Ehewe rewlts Rave been obtained with samples preduced by an
mdusiriay scalable process. Themdore some of the poiemial ben-
efits of nanscelulir Faams in compariss wilh micootilula ones
i lechnoksgical sectore such as constricton, cwhioning sl
packaging have been demorstraied,
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