A AUEEN

UNIVERSIDADE FEDERAL DE LAVRAS

MARCUS VINICIUS JULIACI ROCHA

PROPRIEDADES ESTRUTURAIS E TERMICAS
DO HIBRIDO ORGANICO/INORGANICO
PMMA-OXIDO DE FERRO: UM ESTUDO

TEORICO E EXPERIMENTAL

LAVRAS — MG
2013



MARCUS VINICIUS JULIACI ROCHA

PROPRIEDADES ESTRUTURAIS E TERMICAS DO HIBRIDO
ORGANICO/INORGANICO PMMA-OXIDO DE FERRO: UM ESTUDO
TEORICO E EXPERIMENTAL

Tese apresentada a Universidade
Federal de Lavras, como parte das
exigéncias do Programa de P0s-
graduacdo em Agroquimica, para a
obtencéo do titulo de Doutor.

Orientador

Dr. Teodorico de Castro Ramalho

LAVRAS - MG
2013



Ficha Catalogréfica Elaborada pela Coordenadoria dé’rodutos e
Servicos da Biblioteca Universitaria da UFLA

Rocha, Marcus Vinicius Juliaci.

Propriedades estruturais e térmicas do hibrid
organico/inorganico PMMA-6xido de ferro : um estudérico e
experimental / Marcus Vinicius Juliaci Rocha. — tas/: UFLA,
2013.

104 p. :il.

Tese (doutorado) — Universidadderal de Lavras, 2013.
Orientador: Teodorico de Cafemnalho.
Bibliografia.

1. Metais hibridos. 2. DFT. BINMA-6xido de ferro. I.
Universidade Federal de Lavras. Il. Titulo.

CDD - 668.423




MARCUS VINICIUS JULIACI ROCHA

PROPRIEDADES ESTRUTURAIS E TERMICAS DO HIBRIDO
ORGANICO/INORGANICO PMMA-OXIDO DE FERRO: UM ESTUDO
TEORICO E EXPERIMENTAL

Tese apresentada a Universidade
Federal de Lavras, como parte das
exigéncias do Programa de Pos-
graduacdo em Agroquimica, para a
obtencéo do titulo de Doutor.

APROVADA em 30 de Julho de 2013.

Dr. Cléber Paulo Andrada Anconi UFLA

Dr. Julio Ricardo Sambrano nesp/Bauru

Dra. Kétia Julia de Almeida UFU

Dr. Mércio César Pereira UFVJIM/Tedfilo Otoni
Dr. Matheus Puggina de Freitas LAF

Dr. Teodorico de Castro Ramalho
Orientador

LAVRAS - MG
2013



AGRADECIMENTOS

Inicialmente a Deus, que me guiou e tornou-me peraeate para chegar
a este momento.

A Universidade Federal de Lavras e ao Departam#@t@uimica, pela
disponibilizacdo da infraestrutura.

A Capes, pelo suporte financeiro durante o dodtra pela bolsa-
sanduiche concedida (Processo 8884-11-0).

Aos meus pais, Flavio e Rosemere, aos meus irridissga e Flavio Jr,
por tudo que me ensinaram nesses anos. Tudo @mgwdéshoje, devo a vocés!

Ao Prof. Teodorico de Castro Ramalho, pela origAdae, sobretudo,
pela amizade construida e paciéncia nos momerftosisli

Aos Profs. Matthias Bickelhaupt e Célia Fonseceer@ da Vrije
Universiteit em Amsterdam, pelo suporte computaadian contribui¢cdes, que
tornaram este trabalho ainda mais compBanmk u wel!

Ao Prof. Gérson, da UFRJ, pela concessao do Labsarale Impacto de
Fotons e Elétrons, para os estudos de dessorg&a ®rontribuicbes ao longo
do periodo.

A equipe do Laboratério de Nanotecnologia do @emacional de
Pesquisa em Materiais, em Campinas, pelo uso doo#tiépio de Forca
Atbmica.

Ao meu calouro e amigo, Hudson, pela cesséo dérimgirima para a
realizacdo do trabalho e discussofes, e, principabnpela amizade ao longo
desses anos.

Aos amigos do Laboratério de Quimica Computaciopelo carinho e
pelos momentos inesqueciveis na “Era do Gelo”. brag a todos!

E a todos os outros amigos(as) e companheirogfses) de alguma
forma, ajudaram-me nessa caminhada. Um grandecdbrag



RESUMO GERAL

A constante busca por novos materiais hibridos cmmesigam ter
desempenho e propriedades otimizadas em relacdoseass componentes,
separadamente, € um desafio na ciéncia dos mat@idoli(metilmetacrilato) é
um polimero muito estudado para a obtencdo de nbilmsdos organico-
inorganicos em razéo de suas propriedades térmialta resisténcia mecanica,
além de possuir vérias aplicacfes ja conhecidasombinacdo com oOxidos
inorganicos e as possiveis modificacfes na prefarppdem tornar essas
propriedades ainda mais evidentes, sugerindo natledades sendo, portanto,
um campo altamente exploravel. A unido teoria-érpanto é fundamental para
a compreensao da informacdo molecular que envalveuglancas estruturais e
também processos de fragmentacdo, quando submetidesndi¢cbes de
mudancas de temperatura ou a exposicdo de radiafgisa e alta energia.
Assim, este trabalho vem contribuir com informacbaseadas nesta jungéo
teoria-experimento, no estudo do hibrido PMMA-6xidie ferro. Pelos
resultados, alguns fatores importantes que ajudarplicar como os materiais
hibridos a base de PMMA e 6xido de ferro sdo relsmpara a ciéncia dos
materiais.

Palavras-chave: Materiais hibridos. PMMA-6xido derrd. Ciéncia dos
materiais. Teoria-experimento



GENERAL ABSTRACT

The constant research for new hybrid materials ¢hatbe optimized in
their properties and performance in relation tdhbmimponents is a challenge in
the materials science. Poly (methyl methacrylate)aipolymer extensively
studied to obtain new hybrid organic-inorganic mate due to their high
thermal and mechanical resistance and severalcagiphs for this process are
known. The combination with inorganic oxides andgble changes on this
preparation may develop more and different proggrsuggesting new practices
and therefore a highly exploitable field. The unithveory and experiment is
essential to understand all the molecular inforomatihat involves structural
changes and also the process of their fragmentatian exposed to different
conditions of temperature or exposure to intend@ti@an and high energy, it is
shown variations. Thus, this work contribute is dzthgon information that
combines theory-experiment in the study of hybridMA-iron oxide. The
results indicate some important factors that helpexplain how the hybrid
materials based on PMMA and iron oxide are int@rgdor materials science.

Keywords: Hybrid materials. PMMA-iron oxide. Matals science. Theory-
experiment.
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PRIMEIRA PARTE

1 INTRODUGAO GERAL

As mais recentes tecnologias requerem materiais cmmbinacdo de
propriedades que ndo sdo encontradas nos matesiaigncionais. Materiais
hibridos organico-inorganicos sao preparados paighmacao de componentes
organicos e inorganicos e constituem uma alteragtara a producdo de novos
materiais multifuncionais, com uma larga faixa gécacdes (JOSE; PRADO,
2005). Normalmente, as caracteristicas desejadasad encontradas em um
Unico constituinte e a combinacdo adequada dos @oempes tem levado a
formacdo de materiais que apresentam propriedaateplementares, que nao
sdo encontradas em uma Unica substancia.

A combinacao da estabilidade termoquimica de Oxidagyanicos com
a flexibilidade e processabilidade dos materiaidingicos resultam em
propriedades mecanicas, térmicas e Opticas queugrosyvdrias aplicacfes
comerciais, desde aparelhos eletrbnicos, 6tica ténifta de biosensores,
liberacdo controlada de medicamentos, catdlise cadap conversdo e
armazenamento de energia. Os tipos de aplicac@ndem das propriedades e
funcionalidade dos materiais hibridos, que sé&o roht@dos pela sua
composi¢do quimica, bem como parametros estrutenaisrfolégicos (FAHMI
et al., 2009). Essas propriedades ndo dependemasagis propriedades das
fases individuais dos componentes, mas tambémadmt&racdo, morfologia do
polimero e propriedades interfaciais com o outmmponente (ZULFIKAR et
al., 2007).

O Poli(metilmetacrilato) (PMMA) é um polimero comarias

propriedades mecéanicas, que o torna um dos maidag®s na obtencdo de
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novos materiais hibridos organico-inorganicos. é&atrto, sua habilidade para
interagir com oxidos inorganicos ainda pode setarestudada.

Os estudos tedricos permitem compreender todaamatao molecular
gue envolve as mudancas estruturais e também osgsas de fragmentacéo
guando submetidos a condi¢cdes de mudancas de tomaeou a exposicdo de
radiacdo intensa e alta energia.

Objetivou-se primordialmente neste trabalho obtarmaterial hibrido
organico-inorganico e avaliar, utilizando célculdedricos e técnicas

experimentais, suas propriedades estruturais écsm
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2 MATERIAIS HIBRIDOS

2.1 Breve historico e definicao

Por 500 milhdes de anos, a natureza produziu raeercom
propriedades e caracteristicas marcantes, comouessgo encontrados em
carapacas de crustaceos ou de conchas de moludeasseos ou dentes tecidos
em vertebrados. Outra caracteristica marcante tdeeza é a sua capacidade de
combinar em escala nano biocomponentes organicasginicos, permitindo a
formacdo de “materiais naturais inteligentes” coifierdntes propriedades ou
funcbes (SANCHEZ et al., 2005).

O homem, desde a antiguidade, teve o desafio dkigramateriais que
combinassem propriedades de compostos organicasrganicos. Podem-se
citar, como exemplos, as tintas egipcias ou asntes8 pré-histdricas
(SANCHEZ et al., 2005). Desde entdo, o desenvolrtmee novos materiais a
partir de atomos ou moléculas tem influenciadoefodnte a nossa vida. Muito
recentemente, duas grandes areas de investigag@&formaram a visdo da
guimica de moléculas, bem como as ciéncias dos riaiatea quimica
supramolecular, iniciada em 1980, que se preocapaa estudo da interagcédo
entre as moléculas; e a nanotecnologia, na décadh98l0, que envolve a
pesquisa e o desenvolvimento da tecnologia em nawbmétrico (1-999 nm)
(DESCALZO et al., 2006).

Um dos mais antigos materiais constituidos de comies organicos e
inorganicos provém da industria de tintas, na geahdicionavam pigmentos
inorganicos em misturas orgéanicas, embora, nessaagm termo“hibrido
orgéanico-inorganico”ainda nao fosse mencionado. Esse termo comegou a se
usado muito recentemente, nos Ultimos 20 anos, @allsenvolvimento dos
silicatos organicamente modificados (ORMOSILS) (HOBRADO, 2005).
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Os materiais hibridos orgéanico-inorganicos podemdgnominados de
nanocompositos, nos quais a fase organica é adgdstipor polimeros e a fase
inorgénica pode ser composta por uma extensa eaeede materiais, tais como
nanoparticulas metalicas, nanoparticulas de O6xid@sotubos ou argilas
(KILIARIS; PAPASPYRIDES, 2010; HUSSAIN et al., 2006)

Nos nanocompdésitos, assim como nos demais hibrafgdnico-
inorganicos, as fases encontram-se dispersas eral mholecular ou
nanomeétrico, enquanto nos microcompdsitos ou coigsdsonvencionais, as
cargas inorgéanicas séo dispersas em escala micicamésso significa que, nos
compaositos convencionais, as fases sao imisci@ARYALHO, 2012).

Em comparagédo com compdsitos convencionais, oglbfbdestacam-se
por apresentarem melhores propriedades térmicas@nicas, empregando uma
gquantidade significativamente menor de carga imicgd CASERI, 2007).

2.2 Classificacao

A nanoestrutura e o grau de organizacdo de um imlateibrido
dependem da natureza quimica de seus componers&Em,Aoi proposta uma
classificacdo baseada na natureza das liga¢cOesiorae interagdo entre a fase
organica e inorganica (SANCHEZ et al., 2011):

Classe |=> corresponde a sistemas em que as duas fase®isgam
por meio de ligacdes de hidrogénio, interacdes ate der Waals ou ligacdes
ibnicas (Figura 1a).

Classe Il os componentes organicos e inorganicos sao ligddos

forma covalente ou idnico-covalente (Figura 1b).
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Figura 1 Representacédo de classes de materiaiddsiba) Classe I; b) Classe Il
(BEMVENUTTI et al., 2009).

Ainda de acordo com Benvenutti et al. (2009) e Banet al. (2011),
podem-se subdividir os hibridos de classe Il ens tipbs distintos: i) aqueles
formados a partir de precursores do componentenmm@éjue apresentem
apenas um ponto de polimerizacdo, que resultarauemhibrido com o
componente organico preso a matriz inorganica madgendente, conforme
representado na Figura 2, em que R representapm gnganico; ii) hibridos
formados a partir de precursores do componentenim@#@ue contenham dois
ou mais pontos de polimerizacdo. Nesse caso, @hibesultante apresenta o

componente organico preso a rede inorganica, fatmpontes.

1 ' PR
a o R b SO DS
Ay O— .. S g
HO_§ OH Lo~ R 5’ Ny _OH \si/OH
: o—Si—C "
e P Y T
HO 0—3i “si\ Si—0 ~§i—-0
~
0o o o o ‘om HO R Y PH
N/ NS Ssi=CH N
R-""Si 0,--31" HO | R; o
bn | R .
SN
_d “om

Figura 2 Representacdo de tipos de hibridos des€lhisa) pendente; b) em
ponte (BENVENUTTI et al., 2009).

Um exemplo de hibrido de Classe | é a combinagdopdi (2-
hidroxietilmetacrilato) (PHEMA) com silica (SiPou tetraetiloxisilano (TEOS)
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proposto por Huang, Chin e Yang (2005). A estrutdeasilica / PHEMA
consistiu de nanossilica uniformemente disperstase PHEMA com ligac6es
de hidrogénio intermoleculares. A estrutura do TH®SEMA era semelhante
a uma rede semi-interpenetrada com cadeias de PHiigjddas por uma rede
nanossilica através de ligacdes de hidrogénio mtartramoleculares. Ja um
exemplo de hibrido Classe Il é a combinacéo de (ptilenotereftalato), mais
conhecido como PET e silica (S)Qoroposto por Ji et al. (2009). O PET fica

preso a rede de silica, formando pontes com ligacealentes.

2.3 Propriedades

As propriedades dos nanocompdsitos dependem famtensa sua
composi¢do, do tamanho das particulas, da inteiatgdacial etc. A interacao
entre 0 polimero e o componente inorganico (quemntdp do procedimento de
sintese) afeta fortemente as propriedades mecarti&amicas e outras dos
nanocompositos. As superficies internas (interfacg® fundamentais para
determinar as propriedades dos materiais, uma wEz & nhanoparticulas
possuem alta area superficial. Essa elevada @&eapkrficie e a proporcéo
entre o volume significa que, para o transporte nilesma particula, os
nanocompoésitos terdo um papel muito maior na amerfacial que os
microcompositos. Essa area interfacial leva a umacdb de volume
significativo de polimero em torno da particulag guafetado pela superficie das
particulas e tem propriedades diferentes dos padsrguros. Uma vez que essa
zona de interacdo é muito mais extensa nos nan@swoP do que nos
microcompositos, pode ter impacto significativo reobs propriedades (ZOU;
WU; CHEN, 2008).



20

2.3.1 Propriedades Opticas

A diferenca das propriedades Opticas entre os iaitdribridos e seus
elementos constitutivos depende largamente da eratuguimica de cada
componente, bem como da forma como os dois ou cm@misponentes se
interagem uns com o0s outros. A interacdo entre oosmges depende
fortemente de caracteristicas como interface, tamaforma e estrutura. No
caso extremo de pouca ou nenhuma interacdo entreomwponentes, as
propriedades Gpticas dos compostos devem ser égputiesa uma simples soma
das propriedades opticas dos componentes indigdNas casos em que a
interacdo entre os componentes € forte, as praulesd Opticas do material
podem se diferir substancialmente da simples soam mtopriedades dos
componentes individuais. Por exemplo, absorcao ies@m de novas bandas
podem aparecer no espectro de absorcdo e emiss@mdmateriais hibridos,
em comparacdo com os componentes individuais (LANG, 2009).

Para moléculas organicas conjugadas, incluindaneotis conjugados
com ligacdo estendida, o espacamento entre ossndeienergia HOMO e
LUMO é pequena; por isso, eles absorvem a luzelisBeus niveis de energia
sdo muitas vezes proximos de semicondutores inma@grOs polimeros
conjugados se comportam como organicos semicoradu{MEDEIROS et al.,
2012). Isso torna mais provavel a mistura dos sdusis de energia, e sua
interacdo é forte, resultando em significativa rfica¢do das propriedades
Opticas dos materiais hibridos, em comparacdoeus @mponentes isolados e
essas mudancas dependem dos detalhes de seuslaigairgia com relagéo ao
outro (HOLDER; TESSLER; ROGACH, 2008).

Além de suas propriedades eletrbnicas, as proplésdanorfolégicas
dos materiais hibridos sado importantes na detegade suas propriedades e
funcionalidades (HOLDER; TESSLER; ROGACH, 2008)Ffura 3 apresenta
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uma ilustracdo de um sistema simples de dois coemes, em que cada
componente é cristalino. Naturalmente, a maioria amteriais hibridos tem
composi¢cBes mais complexas. Na Figura 3, a esquerdardem entre as
nanoparticulas ndo tem longo alcance, ao passmgu@ura a direita, tem. Os
dois sistemas podem apresentar propriedades ddsrdevido a sua diferenca
na estrutura (LI; ZHANG, 2009).

Figura 3. Esquema representando dois sistemaslddbi® sistema da esquerda
forma um agregado, enquanto o da direita, um s#sterganizado.
(Extraido de LI; ZHANG, 2009).

2.3.2 Propriedades Mecénicas

A indlstria tem um forte interesse no desenvolvimede novos
revestimentos para aplicacfes, pois pequenas dadat de materiais hibridos
podem render novas propriedades melhoradas, a usto cmenor. O
desempenho mecanico é de importancia primordial pastabilidade no tempo
(SANCHEZ et al., 2005).

Um dos principais requisitos na obtencdo de um nahtéibrido
organico-inorganico é otimizar o equilibrio entrfo;a / rigidez e a tenacidade,
tanto quanto possivel. Portanto, é normalmente sséce caracterizar as

propriedades mecanicas dos nanocompositos a partdiferentes pontos de
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vista. Varios critérios, incluindo a resisténciaracao, resisténcia ao impacto,
resisténcia a flexdo, dureza, tenacidade a fratussim por diante, tém sido
utilizados para avaliar os nanocompdésitos (LACIIet2006).

Sanchez et al. (2005) e Zou, Wu e Shen (2008) eaplialguns dos
principais parametros utilizados para medir as fiedpdes mecénicas em um

material hibrido:

1) O ensaio de tracdo é o método mais usado paramasalipropriedades
mecénicas dos nanocompdsitos obtidos, as resatfactracdo e ao
alongamento na ruptura sdo os principais paramestglados. Além
disso, o teste de impacto amplamente utilizado pa@racterizacdo das

propriedades mecanicas.

2) Dureza refere-se as propriedades de um materiadquele é resistente
a varios tipos de mudancas na sua forma, quando;a € aplicada. E
fundamental para muitas aplicacbes e é um impertgairametro
mecanico em materiais. Existem trés principaisstige dureza: dureza
ao risco (resisténcia a fratura ou deformacdo dewidl atrito de um
objeto pontiagudo), dureza ao recorte (resistéaaaformacao devido
ao impacto de um objeto pontiagudo), e dureza hotee(resisténcia

gquando um objeto cai a uma certa altura).

3) Tenacidade a fratura é uma propriedade pela quatiesereve a
capacidade de um material que contém uma rachaduraesistir a
fratura. E também uma das mais importantes proguiesidos materiais.
O pardmetro chamado de fator de intensidade dédedsisado para

determinar a tenacidade a fratura da maioria dasrias.
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Para caracterizar o impacto das nanoparticulas prapriedades
mecénicas de compadsitos poliméricos, podem-seattitrés diferentes técnicas
de testes mecanicos: testes de tracdo, DMA (anddisginamica mecénica), e
técnicas de nanoindentacdo. Cada técnica detelmnmadulo da elasticidade
para a amostra, bem como outras propriedades Bspgeqgbara cada técnica.
Nanoindentagdo € particularmente Util para avasmmpropriedades da regido
interfacial entre as nanoparticulas e arredoress uez que por meio dessa
técnica verificam-se mudancas nas propriedades apggrem em escala
nanométrica nos nanocompositos. Medi¢cdes de DMApodetectar o impacto
da presenca de nanoparticulas nos processos mriemaecundario de relaxacdo
das cadeias poliméricas nas suas imediacdes (CIPRARCOB;
TANNENBAUM, 2006).

2.3.3 Propriedades Térmicas

As propriedades térmicas nos materiais mudam dedacoom a
temperatura (WANG; WU; LI, 2010) e, por consequén@ estabilidade se
define como a capacidade do material em manter mogsiedades, durante o
processamento térmico, o mais proximo possivelids saracteristicas iniciais.

Geralmente, a incorporacdo de particulas inorgénieen escala
nanomeétrica na matriz polimérica pode melhorartabdiglade térmica, agindo
como um isolante térmico e de transporte de masesapeodutos volateis
gerados durante um processo de decomposicdo (QAN 2013). Além disso,
particulas inorganicas em escala nanométrica, yemglo, a silica, € muito
eficaz na reducdo do coeficiente de expanséo térméc matriz polimérica
(ZOU; WU; CHEN, 2008).

Fendmenos quimicos também podem ajudar a entengescesso de

estabilidade térmica dos materiais, tais como &uletdo do polimero, a
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recombinacéo e o sequestro de radicais. Tantécalegtdo quanto a restricdo de
mobilidade das cadeias poliméricas podem causeca@nbinacdo dos radicais
formados, o que retarda a degradacao do polimero.

A hipotese de sequestro de radicais, comumente attwrderadical
trapping argumenta que a fase inorganica pode recebaprmdétios radicais
formados durante a despolimerizagdo. Se esse msatanmealmente ocorre,
pode-se esperar a reducdo do metal de transigioesae que ainda néo foi

descrito na literatura.

2.4. Aplicagbes

Materiais hibridos organico-inorganicos podem st&cilmente
preparados e modificados com a grande variedadecamebinacdes dos
componentes disponiveis, conferindo diferentesribui¢des as propriedades
do material resultante, o que possibilita modifies; nas propriedades
mecanicas, controle da porosidade e ajuste no dmalaidrofilico/hidrofébico
(SANCHEZ et al.,, 2011). Essa grande versatilidadssociada as suas
propriedades épticas, estabilidade quimica e temmcanicas, fazem com que
esses materiais se apresentem com um grande potemcdiferentes aplicagbes
(JOSE; PRADO, 2005).

2.4.1 Aplicacdes Opticas

O interesse em hibridos orgéanico-inorganicos conaiernais para
Optica e fotdnica comegou h& mais de 25 anos eledestdo, tem havido um
crescimento continuo e forte. A grande versatilkdad processamento oferece
uma ampla gama de possibilidades de concepc¢éo wgiaigsob medida em

termos de estrutura, textura, funcionalidade, pedpdes e forma. A partir do
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primeiro material hibrido com propriedades funcienépticas obtido por
incorporacdo de um corante organico em uma madrigilica, a pesquisa no
campo evoluiu rapidamente em direcéo a sistemas soéisticados, tais como
multifuncionais e/ou materiais multicomponentes, eemoescala e hibridos
automontados e dispositivos para optica integradeBEAU; INNOCENZI,
2011). No entanto, a demanda atual, sempre crespanh 0os dados de banda
larga, estd superando o desempenho de produtonées em muitas
aplicacdes, tais como nas telecomunicacdes, ordmanda de trafego vem
aumentando constantemente e, portanto, a tecnalegi@ansmissao requer que
a banda larga exceda o que a rede comporta hagseN®ntexto, a fabricagéo
de baixo custo de dispositivos oOpticos integrad®g Que utilizam materiais
hibridos organico-inorganicos tem recebido atergg@ecente nos Ultimos anos
(FERREIRA; ANDRE; CARLOS, 2010).

Materiais fotorrefrativos (PR) sdo de grande irgeeepara as suas
potenciais aplicacBes no armazenamento 6ptico desdgrocessamento de
imagens programaveis e de interligacdo. Em paaticeles tém atraido muita
atencdo para a fabricacdo de exposicdes hologsafz&feito fotorrefrativo se
baseia-se em uma combinacdo de efeitos foto-comdute eletro-épticos
(INNOCENZI; LEBEAU, 2005).

2.4.2 Sensores quimicos

Desde o aparecimento dos polimeros condutores, aisl geralmente,
polimeros conjugados, como uma nova classe de imiatde engenharia, uma
vasta gama de aplicagcfes tem surgido nas maisds/éreas do conhecimento.
Os sensores que usam polimeros conjugados podefarsenentas de baixo
custo na qualificacdo ou quantificacdo de um gram@l@ero de substancias

guimicas e biol6gicas em aplicacBes que variamedestbntrole da qualidade
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de alimentos e bebidas em industrias farmacéutaagsjiagnéstico clinico e
deteccdo de armas quimicas e biolégicas (MEDEIRODSI.g2012a). Além
disso, esses sensores podem diminuir custos epmtem relacdo a maioria dos
métodos convencionais usados para as finalidadesa amencionadas e, em
muitas circunstancias, podem ajudar nos métodakicivaais de controle de
gualidade, fornecendo seguranca para aplicacbeguzas h4 manipulacdo de
substancias perigosas (KHODAGHOLY; MALLIARAS; OWEN&)12).

Os agregados desordenados do 4cido 10,12 pentamisad PCDA)
poderiam se adsorver na superficie de nanopadialda silica em solucéo
aquosa. As moléculas desordenadas de PCDA em dgegéoram
transformadas em um arranjo ordenado com a ajudaindemodelo de
nanoparticulas de silica (Figura 4). Apés a irrgélia com luz UV, o
nanocompdsito polidiacetiieno / silica ficou azdllma variedade de
perturbacfes no ambiente, tais como temperaturae pld moléculas anfifilicas,
poderia resultar em wuma mudanca colorimétrica danoc@mpdsito
polidiacetileno / silica de azul para vermelho. @tenial pode ter algumas
aplicacdes interessantes, em especial, um nova@akesensor quimico (SU,
2006).
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Figura 4. Esquema da polimerizagdo do diacetileab kiz ultravioleta.
(Extraido de SU, 2006).
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2.4.3 Biomateriais

Materiais que podem substituir tecidos vivos, denfo apropriada, sao
denominados biomateriais e devem apresentar pdapigs fisicas e bioldgicas
compativeis com esses tecidos hospedeiros, de medtimular uma resposta
adequada (TOSKAS et al, 2013). Tais propriedadesacterizam a
biocompatibilidade.

Poologasundarampillai et al. (2010) sintetizaram oavo material
hibrido baseado em poli(acigeglutamico) e silica. Pelos resultados, infere-se
gue a formagdo de ligacdes covalentes entre as fagénica e inorgéanica, o
que impossibilitou sua dissolugcdo, aumentando stéesia mecanica. Com
isso, ele foi proposto como um material com potngso em enxertos 6sseos
por ter flexibilidade suficiente. Os autores refataue os materiais usados hoje
para tal finalidade, como cerdmicas, sdo fragers paatar defeitos Gsseos
resultantes de traumas ou doencas.

Atualmente, os materiais hibridos também sdo ajdEana area
farmacéutica, em especial os baseados em argilmigneou materiais
bioinspirados, devido a sua toxicidade baixa ownalém de uma alta area
superficial e capacidade de sorcdo consideravéddlcom uma solubilidade
em pH &cido, os torna atraentes na liberacdo dadaode farmacos (RUIZ-
HITZKY et al., 2010; CHEN et al., 2013).

A liberacgdo controlada de farmacos é necessarifparecer, em niveis
terapéuticos, agentes farmacologicamente ativas pdocal da acdo e manté-
los relativamente constantes durante o tratamewitando superdosagem ou
subdosagem. Para o propdésito, diferentes soélicdwganicos tém sido propostos
como agentes transportadores da droga, atuandap#as como portadores,

mas também como protetores (NAAHIDI et al., 2013).
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Soundrapandian, Sa e Datta (2009) relataram a témpma do uso
desses materiais na liberagédo controlada de fasnaaegeneracdo de 0ssos.
Materiais como ceramica ou vidro, ou mesmo polimdimdegradaveis, sédo
usados para tal fim. De acordo com 0s pesquisadoresaterial selecionado
para o transporte da droga no osso devera seiiadeapresentar caracteristicas
de liberagdo, ser mecanicamente e biologicamentepaiivel com o tecido
O6sseo local e, provavelmente, bioativos, biorrealdsesis e osteocondutor
/osteoindutor.

Nanocompdésitos de poli(metil metacrilato) com silioram testados na
liberacdo de aspirina (LIN et al., 2007). Pelosulteslos, infere-se que a
interface entre as matrizes polimérica e inorgateca significativa influéncia
na liberacéo controlada da aspirina. A taxa dediffim do fArmaco aumentou de
acordo com o aumento da quantidade de silica geeaermaterial.

Um outro estudo envolvendo o poli(metil metacrijata liberagéo
controlada de farmacos, que investigou a influémltiacampo magnético na
liberacdo do isotiocianato de fluoresceina, utilizomagnetita e nanoparticulas
de cobalto como a parte inorganica. Pelos resagtadrificou-se que ndo houve
influéncia do campo na liberacdo e que o mateoah cnagnetita apresentou
taxas de liberacdo do isotiocianato de fluoresceiares do que o material
contendo cobalto (URBINA et al., 2008).

Um outro foco do estudo de biomateriais vem dasdest de Kawashita,
Kawamura e Li (2010), que utilizaram hibridos bdeseem PMMA e magnetita
na substituicdo de tecidos ésseos no fémur, filbulero e na tibia afetados por
células cancerigenas.
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2.5 PMMA

O Polimetiimetacrilato (PMMA) é um polimero terntgtico com
superficie de brilho intenso e alta transparénéiiim disso, possui uma
extraordinaria resisténcia a fotodegradacao oxidatiotavel estabilidade a luz

solar e resistente ao intemperismo.

O O

n

Figura 5 llustracdo de um mondmero do PMMA.

E classificado como um material rigido mas male&Sah resisténcia a
tracdo, compressao e flexdo, contudo, o tornafati® para uso em diversas
aplicacdes. Também € resistente ao risco quanddousan revestimentos
especiais. Além disso, possui resisténcia a hidrgtanto em meio acido quanto
basico. E resistente a muitos reagentes inorggnitdsocarbonetos alifaticos,
solventes nao polares (GROSS et al., 2007).

Isoladamente, o PMMA néo possui boas resisténgiasida e mecanica.
Entretanto, ao combinar com 0Oxidos de silicio @anto, essa deficiéncia &
contornada. Hibridos entre PMMA e Si@ram sintetizadodn situ com
sucesso, com altissimas estabilidades térmica @miwac(ZULFIKAR et al.,
2007; KATSIKIS et al., 2007; ZHENG et al., 2010).

O PMMA encontra aplicacdes em reposi¢cbes de vithotes intra-

oculares, proteses dentarias (GAUTAM et al., 20&2gnergia solar (EL
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BASHIR, 2012). Importante, o MMA é copolimerizadont outros metacrilatos
e acrilatos para melhorar a resisténcia ao impaétotemperatura e
fotoestabilidade.

O PMMA tem sido usado em ortopédicos desde 194@esfeito do
desenvolvimento e popularidade de novos biomaserim PMMA ¢é
recentemente popular. Embora seus componentesobasifam 0S mesmos,
pequenas mudancgas ho meio criam variacdes em syadedades. O PMMA
pode servir como um agente de liberagédo contradedantibiéticos e pode ser

eliminado sem qualquer dano ao organismo (JAEBLZIND).
2.6 Maghemita

A estrutura da maghemitg-Fe0;) € muito similar & da magnetita
(estrutura clbica espinélio); porém a principabmifica é a presenca de*Fe
como o Unico cation na estrutura. Cada célula mait@dbica) contém uma
média de 32 jons %) 21,33 jons F& e 2,66 vacancias, sendo os cations est&o
distribuidos em 8 sitios tetraédricos e 16 octaédri As vacéncias estdo
localizadas nos sitios octaédricos (KARUNAKARAN; NSEHILVELAN,
2006; OLIVEIRA; FABRIS; PEREIRA, 2013). Portantojreaghemita pode ser
considerada uma magnetita deficiente de Fe(ll) ffamula (Fg")a[Fesos" [
gi3ls, €M qud:| representa vacancias e A e B sitio®thicms e octaédricos,
respectivamente (CORNELL; SCHWERTMANN, 2003).

A maghemita € um 6xido ferrimagnético a temperatumbiente e suas
propriedades magnéticas dependem do tamanho deufsste dos efeitos de
superficie. Particulas maiores que 10 nm sao mageéta temperatura
ambiente, enquanto particulas menores sdo superagmaticas (OLIVEIRA;
FABRIS; PEREIRA, 2013).
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Maghemita exibe ordenacéo ferrimagnética com utaaenperatura de
Néel (aproximadamente 950 K), que, juntamente cembsixo custo, levou a
sua ampla aplicacdo como pigmento magnético embeieds desde a década
de 1940 (DRONSKOWSKI, 2001). Nanoparticulas de reagta sdo também
utilizadas em biomedicina, porque elas sao bioctivgia e ndo tdxicas para 0s
seres humanos, ao passo que o seu magnetismoearmianipulacdo remota
em campos externos (PANKHURST et al., 2003).

2.7 Hibridos PMMA-6xido de ferro

Hibridos baseados em PMMA e 6xidos de ferro véniserstudados
nos ultimos anos, especialmente com magnetita enenaith, em razdo das
propriedades magnéticas de ambos. A seguir, umee bbevisdo sobre alguns
estudos ja realizados.

Os primeiros estudos sao reportados entre 2008& 20m as tentativas
de Ninjbadgar, Yamamoto e Fukuda (2004) e BaneReeker (2006) de
transferir uma particularidade de nanoparticulamegnetita e maghemita para
matrizes poliméricas: o0 superparamagnetismo, quanmtbnoparticulas
apresentam magnetizacdo apds exposicdo a um cargeetico. De acordo
com esses estudos, sO seria garantida essa pegfiedm polimeros
modificados se houvesse uma maxima dispersao de dgiferro na superficie.
Posteriormente, o PMMA foi considerado um bom agedispersante das
nanoparticulas de magnetita (KIRCHBERG et al., 2012

Geralmente, o processo de formacdo do hibrido eavbEs etapas
continuas. Primeiro, os aditivos em nanoescala p&dtratados com
modificadores adequados de superficie, como pangiexileno, acido oleico
ou CDS (clorometil-feniletil-dimetilclorosilano); egundo, os aditivos

modificados sé@o dispersos no(s) monémero(s); eeitercpolimerizagdo em
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massa ou solugdo (NINJBADGAR; YAMAMOTO; FUKUDA, 280
NINJBADGAR; YAMAMOTO, TAKANO, 2005; AHMAD; AGNIHOTRY,
2007; ZOU; WU; CHEN, 2008; KIRCHBERG et al., 201Bste processo é
chamado de polimeriza¢dn situ. Um esquema a seguir, adaptado de Park,
Hong e Choi (2009), ilustra as etapas de uma pdlegioin situ na formacao

de um hibrido PMMA-magnetita. O 6xido foi modificadom &acido oleico,

para, posteriormente, o0 monémero correspondengaggonado ao PMMA.
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Figura 6. Rota sintética para a obtencdo do hibpddmetil metacrilato) /
magnetita (Adaptado de PARK; HONG; CHOI, 2009)

No caso da maghemita, a primeira etapa consiatiteacdo de enxerto,

em que o CDS foi utilizado, e que em seguida, aurstay etapa foi a
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polimerizacdo por meio de uma polimerizacao radicalomo mostra a figura

abaixo.

Figura 7. Rota sintética para a obtencdo do hibpoddmetil metacrilato) /
maghemita (Adaptado de NINJBADGAR; YAMAMOTO; FUKUDA
2004)

Recentemente, a vertebroplastia percutanea, enumgueimento 6sseo
feito a partir de polimetilmetacrilato (PMMA) é @pdo em vértebras de
pacientes com céncer 0sseo, tem sido usada comaoum tratamento de
fracturas de vértebras por compressao, causadasnpores 0sseos metastaticos
gue, muitas vezes, diminuem a resisténcia Ossealtaedo em fraturas por
compressdo e dores insuportaveis. Esse tratamesiia o periodo de repouso
no leito e, na maioria casos, 0s pacientes podetaratentro de poucos dias
(TANCIONI et al., 2011).

Kawashita, Kawamura e Li (2010) e Li et al. (200g)izaram hibridos
baseados em PMMA e magnetita na substituicio deotedsseos no fémur,
fibula, tmero e na tibia afetados por células aégeras. Os resultados indicam
gue esse material pode ser utilizado para a hipgigeem tumores &ésseos
devido a sua alta resisténcia mecénica, especitdreemvértebras.

Atualmente ja ha estudos com 0 mesmo material,difarencas na fase
inorganica; por exemplo, dopagem de cério na magngtara avaliacdo de
efeitos magnéticos (PADALIA; JOHRI; ZAIDI, 2012).

Embora varios trabalhos ja estejam sendo desedeslviom o objetivo

de esclarecer as propriedades de hibridos & baégidles de ferro, ainda h&



34

muitas questdes em aberto. Modificagbes na prefi@adem ser realizadas no
intuito de entender melhor o processo de formacgamaterial na interface entre
as duas fases. No presente estudo propde-se aguné@palo hibrido, partindo do
agente TMSM [3-(trimetoxisilil) propil metacrilatog, assim, verificar se o
silicio ajuda a reforcar a estrutura do material dgtrimento do carbono, no
acido oleico, ou de mesmo precursores formadosopwos silicatos, como o
CDS utilizado em hibridos com maghemita. Desta fgmtilizamos agentes que
ja possuem o mondmero do PMMA, tornando a roteétiat mais simples.
Além disso, € interessante ter conhecimento doegeacde estabilizacdo desse
material hibrido quando exposto a um feixe de @hétrou fenbmenos de
dessorcao, pois biomateriais hibridos sdo estmlitig com irradiacdo magnética

antes de sua aplicacdo em seres vivos (URSINA, édl3).

3 ASPECTOS TECNICOS

Com o avanco e sofisticacdo da informatica nogmoki anos, as
informacfes sdo cada vez mais rapidamente pro@ssadcom o auxilio de
novas ferramentas e metodologias computacionaigltagos mais precisos vém
sendo obtidos na tentativa de simular uma variedadparametros quimicos e
correlatos. Uma das grandes vantagens dos métodymitacionais é seu baixo
custo, comparativamente a métodos experimentaiss Bz que evitam
repeticdo de analises e reacdes, além de gastoscegentes e materiais, visto
que simulagbes podem ser feitas para otimizar epm®nder processos,
reacles, interacdes intra e intermoleculares etcaphcacdo de métodos
computacionais para solucionar problemas quimicisnde-se as areas nas
quais a quimica desempenha um importante papetodiu indireto.

Desse modo, a inser¢cdo da quimica computacionatam@rio de

desenvolvimento de materiais podera proporcionagrande salto quantitativo
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e qualitativo na pesquisa cientifica e no desemvamto tecnoldgico de
produtos voltados ao agronegdécio. A busca por nte@sologias aplicadas a
minimiza¢do dos impactos ambientais gerados p#bo geodutivo, associada ao
desenvolvimento cientifico e tecnoldgico, e a bysmanovos materiais naturais
gue possuam atividade biologica estende-se diretenaes diversas areas. Esse
tipo de pesquisa é necessariamente multidisciplinbarigando o grupo de
pesquisa a ampliar o panorama dos seus conhecsndantduindo as mais
diversas areas da ciéncia (RAMALHO; CUNHA; CAETANZDO7).

3.1 Teoria do Funcional de Densidade

A Teoria do Funcional de Densidade (DFT) tornou+sas ultimas
décadas, um importante método para o estudo ddeateletronica de sélidos
e moléculas. Problemas que eram tratados por ngtdninitio Hartree-Fock
ou pos-Hartree-Fock sdo, agora, tratados pela DRElie possibilita, em alguns
casos, maior concordancia com os dados experirsaisgioniveis (CRAMER;
TRUHLAR, 2009).

O método DFT apresenta a vantagem de ser relathtamapido, com
uma precisdo similar a outros métodos convenciodaismaior demanda
computacional. Isso se deve ao fato de que, usamdinsidade eletrdnica, a
integral para repulsdo de Coulomb necessita derfemente sobre a densidade
eletrdnica, que é uma funcéo tridimensional, coricel que N é o nimero de
funcdes de bases. J4 os métodak initio escalam acima de ‘N
(KIRKPATRICK; GELATT; VECCI, 1983). Comparado aosétndos HF e
semiempiricos, os métodos baseados na DFT apresesaatagem, que é a
inclusdo implicita da correlacéo eletrdnica no wél¢FERREIRA, 2011).

As vantagens citadas anteriormente sdo as priscipaponsaveis pela

emersdo da aproximagdo DFT como um método computdcitangivel e
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versatil. Nesse sentido, a DFT é empregada conssoige obtencdo de dados
termodindmicos, estruturas moleculares, campos adlead e frequéncias,
estruturas de estados de transi¢cdo, espectroadupidoleta, EPR (ressonancia
paramagnética eletrbnica), fotoeletrbnica e NMRsqp@éncia magnética
nuclear), bem como na determinacdo de barreirastidacdo, momentos de
dipolos e outras propriedades eletrbnicas (FUKW9811 JORGENSEN;
TIRADO-RIVES, 1984; LEE; YANG; PARR, 1988; BECKE933; DUARTE;
ROCHA, 2007).

DFT tem suas raizes na teoria estatistica dos &tqmmoposta por
Thomas e Fermi, em que a energia cinética e aiardggCoulomb dos elétrons
eram expressas somente pela densidade (THOMAS, FERMI, 1928). O
método DFT é baseado, entdo, na funcdo densidagebdabilidade eletronica
ou funcdo densidade eletrbnica, comumente chamaaglesmente de
densidade eletrbnica ou densidade de carga, ddsigpar p(x,y,z). Um
funcional de densidade é, entdo, usado para obémeria para a densidade
eletrbnica, e a minimizacdo desse funcional levaergergia do estado
fundamental do sistema multieletrénico. Cabe remsglie um funcional é uma
funcdo de uma funcado que, neste caso, é a denstitdinica. Um funcional
exato de densidade ndo é conhecido. Ha uma gawufifedentes funcionais que
podem apresentar vantagens e desvantagens nac#@lesdé um sistema
(FERREIRA, 2011).

O teorema da existéncia de Hohenberg e Kohn (19®4|a que existe

um unico funcional, tal que:

E[IO( r)] = Eelec (Eq. 1)

em que ke € a energia eletrbnica exata. Além disso, demmisstirque a

densidade do elétron obedece ao teorema variacional
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A fim de resolver a energia pelo método DFT, Kolshan propuseram

gue o funcional tem a forma, de acordo com a equaca

EaN=TLAn] +V.[ @ 9] +VI. &) +E[.0)]

(Eq.2)
Em que o termo da energia potencial de atrac8em@bétron Ve, €

nuclei

Z
Vel A1 =2 | R

j
r=r,|

]

Vee € a energia potencial de repulséo elétron-eléttata pela equacéo 4:

Vo) =2 [[ APy g,
2% -1 (Ea. 4
1 2
e B o funcional de correlacéo e troca, em que € genate escrito como uma
soma de dois componentes, um componente de trogacede correlacdo. Eles
sdo usualmente escritos em termos de uma energiadedsidade e,
(BACHRACH, 2007; KOCH; HOUTHAUSEN, 2002).

E.lo(N=EJaAN] +E[AN] =
= [ p(n)eLp(nldr + [ ar)e] Ar)ldr

(Eq. 5)

A energia de troca e correlacdo é definida como funtional de
densidade eletrbnica, e inclui todos os termos classicos. A correlacao
eletrbnica introduz o termo de troca referente aetacdo entre elétrons de
mesmo spin e a diferenca entre a energia cinétiataee a do sistema de
elétrons que nado se interagem. Esse funcional éajona a DFT diferencial,
comparativamente aos métoddsinitio (DUARTE; ROCHA, 2007).
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Vérias formulagbes foram realizadas, dando origems diversos
funcionais utilizados, divididos em trés grupos:

a) Métodos de densidade loc#& funcional de densidade é equivalente a

de um gas de elétrons uniforme e é constante esotedpaco. O termo
de correlacao-troca é obtido por uma integral efo tbespaco:

E,clol = jp( N Ex(AN)A &g g

em que&,. € a energia de correlagdo e troca na fungdo duddele de

um gas de elétrons uniforme (TRSIC; PINTO, 2009).

b) Métodos dos Gradientes Corrigidos ou nédo locéisfuncional de

densidade depende do gradiente da densidade emadompdnto e ndo
do seu valor. Normalmente, sdo separados em coiglis de troca e
de correlagdo. Como exemplo de contribuicdo deafrbé o funcional
de Becke (BECKE, 1993), e como exemplo de conigémide
correlacdo, hi o funcional de Lee, Yang e Par — IIMPE; YANG,;
PARR, 1988).

c) Métodos HibridosIncorporam o termo de troca do método HF. Desse

modo, o termo de correlacdo-troca é a soma do telencorrelacdo
obtido pelo método de densidade local, com o tedmdroca, obtido
através dos orbitais de Kohn-Shan escritos em folendeterminante de
Slater (BERNINI, 2008; TRSIC; PINTO, 2009).

3.2 O programa ADF

O programa Amsterdam Density Functional (ADF) esté@ndo
desenvolvido desde os anos setenta, naquela épanada HFS, por Hartree-
Fock-Slater, com o propdsito explicito de expl@awvantagens computacionais

do método DFT. Com posteriores (e ainda em curd@des e melhorias,
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através da pesquisa de grupos em Quimica Tedéridandterdam e Calgary, o
ADF evoluiu para um pacote de estado da arte pasgusa em quimica
quéntica (SETH; ZIEGLER, 2012; WOLTERS; BICKELHAUPT2012;
POATER et al., 2012; WOLTERS; BICKELHAUPT, 2013;JEETRA et al.,
2013; PARAGI et al., 2013). O ADF suporta uma anyalaedade de funcionais
de troca correlacdo (XC) e incorpora os efeittetivésticos com o formalismo
ZORA, na abordagem escalar ou com os termos deospita incluidos.
Conjuntos de base sdo construidos com fung¢Besaigrbito tipo Slater.
Gradientes de energia e derivadas de segunda goadécnlado analiticamente)
permitem célculos de minimos de energia, estadosadsicdo, caminhos de
reacao, e frequéncias harménicas com intensidadesgifio do infravermelho.
Efeitos de solvatacdo e ambiente do campo elépadem ser levados em
consideracado e propriedades moleculares, incluiledtbocamentos quimicos de
RMN, ESR e varias propriedades de resposta utdizanteoria do funcional de
densidade dependente do tempo (TDDFT): energiasexaéacdo, (hiper)
polarizabilidades dependentes da frequencia, iiltatss Raman e coeficientes
de dispersdo podem ser calculados. A precisdo manércontrolada por um
esquema de integracdo numérica flexivel para dagédal de integrais. QM /
MM e técnicas de escalonamento linear estdo digpisnpara o tratamento de
sistemas muito grandes, enquanto paralelizagderacaglexecucdo em sistemas
multi-CPU (TE VELDE et al., 2001).
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4 OBJETIVOS

Com base no exposto, objetivou-se neste trabalhobter um hibrido
poli(metilmetacrilato) o6xido de ferro, partindo den novo precursor e avaliar
suas propriedades estruturais e térmicas. 2) Rietsmn também avaliar os
efeitos da radiacdo na superficie deste hibridegsiigando os processos de
dessorcao idbnica, mediante a utilizacdo de técresperimentais e métodos
computacionais para investigar o mecanismo de feagggdo molecular do
hibrido em questao.

No intuito de alcancar os objetivos propostos &sibalho esta dividido
em duas partes: na primeira verifica-se uma aberdageral sobre o tema e
estudos ja descritos na literatura; na segundao skrscritos os resultados deste
trabalho com base nos artigos submetidos. A sirtese caracterizagdo do
hibrido fazem parte no artigo 1, bem como suasrigd@des térmicas foram
sondadas por andlise termogravimétrica; ja no skguantigo, o foco foi nos
estudos de fragmentagdo molecular por técnicags®od;do idnica estimulada
por elétrons (sigla ESID em inglés). Nesse sentidogtodologias
computacionais também foram aplicadas no entendimdo mecanismo de

fragmentacao molecular.
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ABSTRACT

Poly(methyl methacrylate) (PMMA)k-FeO; nanocomposites were
prepared by grafting 3-(trimethoxy-silyl) propylethacrylate over magnetite
nanoparticle surface, followed by methyl methadgyleadical polymerization.
There were employed 0.1, 0.5 and 2.5 wt% magneditmparticles, resulting in
three different hybrid materials. The results il that the nanocomposites
consisted of a homogeneous PMMA matrix in which nedige particles with a
bimodal size distribution are embedded. The exgstasf the covalent bonding
between silane monomers and atoms on the mageatfi@ce are shown. AFM
images showed a clear increase in surface rougHoesscreasing magnetite
content. The thermal stability of PMMA nanocompesits higher than that of
pure PMMA and increase with magnetite content.

INTRODUCTION

Since old ages, the possibility of combining praiesr of organic and
inorganic components for materials design has @édathe attention of the
humanity[1]. In fact, organic/inorganic composite aterials have been
extensively studied for a long time. These matgniakult from the combination
of an organic phase (usually polymers) and an srtiggphase (glass, ceramics).
An advantage of the hybrid materials is its cayaaftcombining the properties
of inorganic materials (such as rigidity, therm#hhbility) and those of the
organic polymer (e.g., flexibility, dielectric, dility, processability) [2].

It is worth mentioning that the properties of hgbrmaterials are a
consequence of a synergetic effect related toritimate coexistence of both
phases, thus not only being the sum of individuadtibutions of both phases
[1]. Because of this, a simple classification aas8ll and Class Il hybrids is
based on the nature of the interface between bladisgs. Class | hybrids are
composites where both organic inorganic componargsinter-embedded and
only van der Waals, hydrogen or ionic bonds providbesion to the whole
structure. In Class Il materials, both phasesiaked by strong chemical bond,
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such as covalent or iono-covalent bonds [3-4].

The synthesis of organic-inorganic hybrid materigismposed of
magnetic nano moieties embedded in polymer matiigssgained increasing
attention. Furthermore, the synthesis of bioconyatinagnetic materials is also
of interest for biomedical applications such as metig drug targeting,
hyperthermia anticancer strategy, and enzyme imimation [5-7].

An interesting class of polymers is Poly(methyl haetrylate) (PMMA).
PMMA is an important member of the family of polygic and methacrylic
esters and is classified as a hard and rigid bitticbmaterial. Its tensile,
compressive and flexural strengths are howeversfaatory for many
applications. PMMA exhibits a number of desirableoperties, including
exceptional optical clarity, good weather resistariigh strength and excellent
dimensional stability. Scratch resistance is alsmdgand can be further
improved by using special coatings or by the additbf suitable fillers [8-9].
However, at high temperatures, the possibilitieapylication of these materials
are limited because of their poor thermal stability fact, the addition of an
inorganic phase to a polymer can improve its théstebility thus leading to
important applications to biology. Furthermore, thddition of an inorganic
phase to a polymer matrix can modify the featufab®thermal decomposition
process [10-12].

This work aims at developing PMMA-magliienhybrid, characterizing
their structure, morphology and thermal propettigsising several experimental
techniques.
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EXPERIMENTAL

Preparation of PMMA-y-Fe,0s films

Maghemite {-Fe,03) nanoparticles were obtained by the coprecipitatio
method. Firstly, 60 mL of Feghcid solution (HCI1 M) was mixed with 20 mL
of N&SQO; 1 M. A basic solution (51 mL of N}dH + 870 mL) was added and
then the mixture was kept stirring during 30 misut€he resulting precipitate
was filtered and washed until pH = 7. Finally thaid was dried during 24
hours at 50°C.

The nanoparticles were grafted with  3-(trimethdlyl)s
propylmethacrylate (Aldrich) (TMSM) by dispersing0® mg of dried
nanoparticles in 2L of NaOH 0.1 M solution during 3 hours in an uoand
bath. A solution of 1 mL of TMSM and 2 mL of tetgsaofuran (THF, Aldrich)
was mixed with the nanoparticles dispersion anpt ke a ultrasound bath
during 24 hours at 55°C.The nanoparticles wereettimes washed in toluene
(Aldrich) and recuperated by centrifugation (7008uging 30 min), then dried
during 24 hours at 50°C.

Finally, the grafted nanoparticles were dispetsgdltrasound during 4
hours in 2 mL of THF and mixed with 2.0 mL of methgthacrylate (Aldrich)
(MMA), 2 mL of THF and 5 mg of BPO. This mixture sahen kept in
ultrasound during 2 hours. The polymerization of MMas carried out during

n™ sheets and

12 hours at 70°C. The nanocomposite was depositediefio
dried under air atmosphere and room temperatuiagi@d hours. The resulting

non-supported films were dried during 12 hoursQ&C7
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Hybrid film characterization

The nanoparticle surface area was determined byad$orption
employing a Quanta chrome Instrument, the sam@ies d) were degassed at
130 °C for 24 h (p < 0.133 Pa). The crystalliniprameter was determined at
room temperature by employing a Philips PW X-rajfragctometer using
monochromatic Cu Keradiation § = 1.540 A).

The nanostructure of the non-supported hybrid<ilvas characterized
by FTIR and SAXS. FTIR measurements were performedflttenuated Total
Reflexion (ATR) mode thus obtaining vibrational altion spectra over a
spectral range of 4000-400 ¢(Spectrum 2000 Perkin Elmer). SAXS
measurements of samples of PMMA-maghemite with 0.5, and 2.5% of
maghemite mass (labeled as A, B and C, respeclivedye carried out at the
D11A beam line at the Brazilian National Synchrattaght Laboratory (LNLS,
Campinas). The wavelength of the incident X-Raynbeasi=1.765 A. The X-
ray beam was monochromatized by using a bent silicgstal monochromator
and collimated by a set of slits defining a pinehaeometry. The SAXS
intensity was recorded by using a 2D MAR-165 X-gegector. The modulus of
the scattering vector (g=tA) sin6, 20 being the scattering angle) ranged from
0.064 to 1.45 nmh All SAXS measurements were performed at room
temperature. The SAXS intensity produced by a poadisample of silver be
headed was measured under the same geometricalti@omdin order to
precisely determine the sample-to-detector distdhe498.3cm), the incident
beam position at the detection plane and the existef an eventual tilting of
the 2D detector surface. Transmission and darkentircorrections were
performed. The isotropic scattering intensity cerni@)) were determined by
averaging the 2D detector counting rates correspgrio all pixels at same

values.
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The morphology and the thermal properties of thdistd materials were
determined by AFM and TG, respectively. AFM meaments were performed
using a Nanoscope llla (Digital/Vecco, United Stutéhe topology and phase
images were obtained in the tapping mode usin@®ilevers. A sample area of
1x1 mnf was scanned. The measurements were performed aitder room
temperature at a humidity of 40-45%.TG analyseswarried out using a TGA
Q-500 (TA instruments) from 30°C up to 600°C, &ieating rate of 10°C miin

under synthetic air atmosphere.

RESULTS AND DISCUSSION

Structural characterization

We have firstly verified the nature of the iron de$ nanoparticles
embedded in the polymeric PMMA matrix. X-ray diffteon (XRD) patterns
indicated that the there is a mixture of two irotides nanoparticles: hematite
and maghemite. According with (Figure 1).The spec#furface area of the
nanoparticles determined by BET isotherms was 17@¢mThe surface areas
previously reported in the literature for his kiofdnanoparticles are between 50
and 300 rfg™.[13-15]
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Intensity/lO3 Counts
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Figure 1 X-ray diffraction pattern PMMA-Fe&,0s.

It can be seen for which diagnostic reflectiongeswond to planes (311)
and (220) for maghemite, and (104) correspondimdhémnatite. It is according
to JCPDS file #04-0755 and previous study [16]. @ppearance of one plane of
hematite indicates that the magnetite was compleigidized. However the
majority phase is maghemite, quantitatively 70% Inesgite and 30% hematite
was estimated. Due to this, we considered only maife in our discussion.
Interestingly, the planes (311) and (220) is alswesponding to magnetite, but
the parameter of its cubic lattice was obtainedviiee a=8,33A. This value
corresponding to a maghemite phase. The crystalites () have been
evaluated by the Scherrer equation (eq. 1):

_ kA
- [ cosf Q)
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k is a shape constant, equal to 0.9 assuming tleatcnystallites are
spherical,A is the wavelength of the X-rays source used (in experiment,
1,5406,&), andp and 6 are FWHM (full-width at half-maximum) and peak
positions, in radians respectively. The resultspaesented in Table 1.

Table 1. Crystallite size determined by XRD.

Sample d (311) (nm)
Neat maghemite 13
Grafted maghemite 12

According to Table 1, the crystallite size of tharticles after grafting
process decreased in comparison of maghemite Iheateals that the sizes of
maghemite nanoparticles can be well controlled hes dispersion action of
TMSM, which can well control the growth of magheenitucleus, not allowed
the aggregation of the particles.

The chemical modification of the maghemite extersatface was
followed by FTIR spectroscopy, Figure 2 displays Sl spectra corresponding
to pristine maghemite and TMSM-grafted maghemitbe TTMSM spectra
exhibit typical bands in our case the most remdekhbing located at 1078 ¢in
which corresponds to the Si-O vibration. This baftér the grafting process is
splitted and shifted to 1112 and 1129 cnthis effect been attributed to the
formation of condensed silicon species [17]. Ais Bhown in Figure 2, we have
explained these bands as being produced by theensation of alcoxy silyil
and superficial iron sites. Another evidence of thentioned grafting reaction
are the C=0 and C=C bands, which can be observeohddified maghemite,
even after the washing with toluene, that has mtdit the presence of TMSM.

FTIR data also indicate the presence of covalentling between silane

monomer and atoms on the maghemite surface. Astemud fact, the band
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observed at 1100chs expected for monomeric functional groups andSie©-

Fe covalent bonds. Figure 3 shows a model of PMMaginemite structure.

v(C=C) 5cH.-0)

3

70
60
<
=~ 504
o
=
1 v(E=0) 5(C-H)
30
TMSM v(Si-O-Fe)
20- Fe3O .

—— Grafted Magnetite
T T T T T
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 2FTIR spectra of TMSM, maghemite and grafted magbkemi

The results of SAXS measurements displayed in Ei@uallowed us to
investigate the structure of the studied materglss nanometric level. After
proper subtraction of parasitic scattering fronsslresidual air and detector
noise, the SAXS intensity curves corresponding anatomposites containing
0.1, 0.5 and 2.5 w% of maghemite and by a neat PMidifple were corrected
for the effects due to different sample thicknesseml different X-ray
attenuations.
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SAXS intensity (arb. units)

10" 10

Figure 3Experimental SAXS intensity (symbols) correspondimgnaghemite-
PMMA nanocomposites containing (a) 0.1, (b) 0.5 &)d2.5 %y -
Fe0Os; weight contents. The solid lines are the Beaucageleled
SAXS curves that best fit to the experimental rissul

In order to model the SAXS results correspondinBMMA-maghemite
composites with different maghemite contents, apkntwo-electron density
model was applied. This model assumes that the coamgosites can be
described as a dilute set of homogeneous and tiystamaghemite
nanoparticles embedded in an also homogeneous PMid&ix. Since the
PMMA sample exhibits a weak but not vanishing SAKnsity, the first step
of our data treatment was to subtract this contidbufrom the total SAXS
intensity produced by the nanocomposites. The teglbtted in Figure 3 were
three normalized SAXS curves corresponding to Q.5 and 2.5 w% of

maghemite contents, labeled A, B and C, respegtivel



61

A gualitative analysis of the SAXS curves displayedigure3 suggests
that the maghemite particles embedded in the PMM#rim exhibits a two-
mode size distribution. Small maghemite nanopa&dic¢kize mode 1) produce a
SAXS intensity that is the predominant componenhigh g, for g>0.2nm,
while relatively large maghemite particles (sizedmd) yield the scattering
intensity with a strong increasing trend toward Igwalues that is apparent
below g=0.2nril. We have thus modeled the SAXS curves by applying
Beaucage equation [18], the sizes of the maghgpaiticles being described by
a bimodal size distribution.

Taking into account that the experimental scattgiintensity curves
below g=0.2nm exhibit an increase toward low q with an ever petype
dependence without any saturation effect, we haneladed that the scattering
intensity produced by the large particles (levet@) be well fitted - within our
experimental g-range - by using only the Porod gugtic part of this
contribution to the scattering intensity. We hagsigned the main contribution
to SAXS intensity at low g (q<0.2rihto the presence of maghemite clusters or
aggregates that coexist with the smaller individmegghemite nanoparticles.
Under these assumptions Beaucage equation [19jeamitten as

I(q) = AeRI" + Bl{[erf @R/ 61/2)]3} . Py R

q q- @)

where R is the Guinier average of the radius of gyratidntte maghemite
nanopatrticles (size level 1); Bnd B are the Porod exponents corresponding to
the fine (level 1) and coarse (level 2) sets ofopanticles, respectively ,.Bs
proportional to the interface area between magteemanoparticles (level 1)
and PMMA matrix and A and A are fitting parameters which contain
information about the relative contribution to SAX8m the particles belonging

to both modes of particle sizes. The exponentiatofain the last term of
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equation 2 is a cut-off function proposed by Begect suppress the effect of
the Porod term associated to the large partide= (level 1) on the weak
asymptotic SAXS intensity at high g related to shaall particles (size level 2).
Together with the experimental SAXS results, Figliaso displays the
SAXS curves modeled by equation 2 that best fith® experimental curves
(solid lines). We can notice in Figure 4 a very gagreement between the
SAXS intensity associated to the proposed modelthadexperimental SAXS

curves. From the different parameters of the nemleturves we have

determined (i) the asymptotic values [o|1(q)q4]q*°°, which is proportional to
the total area of the interface S between the nmagbenanoparticles (level 1)
and the polymer matrix, and (ii) the integralseiprocal space of the scattering
intensity corresponding to the size level 1, whiproportional to total volume
V of the individual maghemite nanoparticles. Theiface area/volume ratio of
the phase composed of small maghemite nanoparti§iés was determined
from [20]:

s_ [1@aT, .

v Q ®3)
The relevant structure parameters derived by applgiguations 2 and 3 to our
SAXS results are reported in Table 2.

The results reported in Table 2 indicate the preserfismall maghemite

nanoparticles with a Guinier average of the radiugyration close to 5.0 nm for
all samples with different maghemite contents. &iotihat in Guinier average
large particles are weighted more than small omeassthis average is some
what biased toward higher, Ralues. Under the assumption of spherical shaped
nanopatrticles, the Guinier average of nanoparteditus would be 6.6 nm circa

(Rz\/%Ri).
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The results reported in Table 2 indicate that #Hrees B and C contain
5 and 25 times, respectively, the amount of magteemass of sample A, while
the nanoparticle volumes V derived from SAXS famples A and B are 4.6
and 12.2 times, respectively, the same volume ampde A. Thus this result
indicates that the fraction of clustered magheniitereases for increasing
maghemite content. The interface area per unit regBiits an increase with
maghemite content with respect to sample 1 by fadiot and 25.9 for samples
2 and 3, respectively. The quotient/A,, which depends on the shape of the
nanoparticles, exhibits a moderate increase foeasing maghemite content.

Finally, the Porod exponents corresponding to tharse maghemite
clusters (size level 2) lie between 2.51 and 2@5He different samples. This
suggests a clustering process involving some ofnthghemite nanoparticles
yielding rather large clusters with fractal struetuln order to confirm this
statement, additional SAXS measurements extendingut lower scattering
angles (i. e. below q=0.06 fiare required.

Table 2. Structural parameters related to isolataghemite nanopatrticles (size
level 1) and maghemite clusters (size level 2)vdd from Beaucage analysis.
In the fitting procedure the exponent Was fixed equal to 4. The V, S/V and
S/M parameters refer to the volume, (interface)&tesal nanoparticle volume)
and (interface area)/(sample mass), respectivelgorresponding to the
maghemite nanoparticles (size level 1). For detengi the (S/M) ratio, the
densities of the PMMA matrix and maghemite nandetgswere taken equal to
1.18 g/cm and 5.15g/cr respectively.

Sample yFe,0; R Q Y [I(qq’] SV SM AJB P

Ww%)  (hm) (au) (au.) (nm (m%g)
q — 00 1
A 0.1 5.1 1.21 1.0 0.31 0.805 16 132 251
B 0.5 5.3 559 46 1.60 0.899 87 119 2.85
C 2.5 4.8 1475 122 4.00 0.852 414 105 2.60
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Morphology characterization

It is known that the adhesion between two materialsstrongly
influenced by the chemical composition and alsothey morphology of their
external surfaces. In this study we have charaetérthe morphology of the
external surfaces of the studied samples by usiaghitomic Force Microscopy
(AFM) technique. Figure 4 displays the topologiealtures of the surface of the
studied PMMA-based materials with different maghembntents.

We can visually notice in Fig. 4 the presence ghificant differences
in the surface topology of samples with differenaghemite contents. A
gquantitative analysis of the AFM images yielded thheghness parameters Ra of
all the studied samples. The results reported IvieTa indicate that the surface
roughness strongly increases for increasing magkeoointent, from Ra=6.34
nm for pure PMMA up to 28.77 nm for PMMA containi@db% maghemite.

Table 3 Surface roughness parameter derived froM a&ta.

Sample Ra (nm)
PMMA pure 6.338
PMMA-y-F&030.1wt% (A) 8.447
PMMA-y-Fe03 0.5wt% (B) 10.304

PMMA-y-F&03 2.5wt% (C) 28.775




65

= c

Figure 43D AFM images of the PMMA-Fe,0s hybrid containing (a) 0,1%, (b)
0,5%, (c) 2,5weight %-Fe&0s.
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Thermal properties of PMMA-maghemite hybrid

The thermal decomposition of PMMA takes placelireé steps, these
steps being well resolved under inert atmosphere,usually being overlapped
under air atmosphere. The first step occurs bet@86r260C, and is attributed
to a decomposition effect starting at the heademdhchain segments. The
second step happens between 260°37and is related to initial unzipping
starting at unsaturated polymer end chains. Thel tind last step - between
370-500C - corresponds to random scissions of polymerainsh[21,22].

Figure 6 displays the clcurves of the pristine PMMA polymer and
PMMA-maghemite nanocomposites. Table 4 reportdehgerature associated
to 10% and 50% of weight lossg Tand Ty 5, respectively; and the difference of
temperatures between those of nanocomposites @tth@rPMMA, named as
ATp1andATys.

As it can be seen in Fig. 5 the first decompositatep (S1) occurs
between 130-210°C. The differential dTG curveskigs lines) do not exhibit
significant differences between the curve of pnistPMMA and those of the
different nanocomposites. This feature indicatedt the presence afFFe0O;
nanoparticles does not essentially affect the yomagp process initiated at the
head-to-head segments. This step responds toHhaasthie 10 % of the total
weight loss. Quantitative results related to thépsare reported in Table Tthe
To.1, temperature corresponding to 10% of weight lssslightly affected by the
presence of nanoparticles and no stabilizationceffeccur. The first step of
weight loss of the PMMA-Fe,0; 2.5% nanocomposite, stabilizes at 7% weight
loss, at the same temperature range as the others.

We can also notice in Fig. 6 that the second &ird decomposition
steps of PMMA and their different nanocompositesrtap, thus here after both

will be considered as a single step. The maximegrabation rate of pristine
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PMMA occurs at 27%C, while for increasing maghemite loading this maxm
shifts toward increasing temperatures, from T=86fdr y-Fe,0; 0.1 weight %
up to 372C fory -Fe0; 2.5 weight %.

On the other hand, the differential curves shosvdashed lines in Fig. 6
indicate that the starting temperature of the sg@a®tomposition step is shifted
to higher values for increasing-e,0; loading, while the end of this step is only
slightly affected byy-Fe,0O; content. This implies that the increasing amount o
maghemite nanoparticles retards the beginningetitizipping. However after
this process has started the stopping effect caufeby the nanoparticles is
independent of their content at least within tHet0.2.5% range.

Iron ions are believed to act as radical trappihgyeans that the iron
atoms are able to accept the unpaired electron fharadical polymer chain
thus stopping or retarding the unzipping [23,24h&D proposed mechanism for
polymer stabilization argues that the particles eah as a diffusion barrier,

hindering the inlet and outlet oxygen gases [22@5,

Table 4 Parameters derived from TG analysis. Temperature of 10% weight
loss. Tos. Temperature of 50% weight 10sATy.= To1 (N@anocomposite)gh
(PMMA). ATy 5= Tos (nanocomposite) o (PMMA).

Sample T:  Tos ATor ATos 2“stepmax. Residue
°C) (°C) temperature (°C) (%)

PMMA 233 295 279 <1.0

PMMA-yFeO;

0.1 Wt% (A) 226 344 7 49 360 <05

PMMA-yF&0,

0.5 Wt% (B) 224 346 -9 51 366 <05

PMMA-yFe,0;

2.5 wt% (C) 227 363 -6 68 372 <0.5

*Temperature of 7% weight loss
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Figure 5Thermogravimetric analysis of pure PMMA and PMMAtlwdifferent
maghemite contents

CONCLUSIONS

PMMA-maghemite hybrid hanocomposites were succtggitepared.
Our SAXS analysis is consistent with a structuralded for PMMA-maghemite
hybrids consisting of a homogeneous PMMA matrix which maghemite
particles with a bimodal size distribution are edded. The fine structure of
the hybrid consists of isolated maghemite nanoalystith a Guinier average
radius of gyration close to 5.0 nm, while the ceassructure is composed of
clusters or aggregates of maghemite nanocrysthibigrg the typical features

of a fractal structure. The effect of clusteringamgregation of the individual
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maghemite nanocrystals is more pronounced in sampth higher maghemite
content.

On the other hand, our results indicate the extsteri covalent bonding
between silane monomers and atoms on the magheunitace. In addition
AFM images showed a clear increase in surface meggh for increasing
maghemite content. The thermal stability of PMMAnaeomposites is higher
than that of pure PMMA. It demonstrated that maghemanoparticles play a
role beyond that of a diffusion barrier.

In this work we have studied PMMA-maghemite hybrius several
experimental techniques. We expect that the resiiltsis study will be useful
for the design of new hybrid materials based onyrpers containing pure

maghemite nanocrystals.
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ABSTRACT

Poly(methylmetacrilate)-maghemite (PMMAFe03) hybrid material
was studied by the electron stimulated ion desompiE SID) techniques coupled
with time-of-flight mass spectrometry (TOF-MS) atidoretical investigation
about its fragmentation. Moreover, atomic force nmscopy was utilized to
characterize the morphology before and after iaesorption. ESID results
indicated differences of pattern fragmentation €bfferent compositions of
hybrid material in comparison with neat PMMA. Thetical studies suggest that
kinetics effects can take place in the fragmentafioocess anelectrostatic
contributions were important in the stabilizationRMMA on maghemite after
the grafting process.

INTRODUCTION

Organic-Inorganic hybrid materials have attractedsiderable interest
because they usually combine some properties frmirtorganic and organic
components [1].

In general, polymethylmethacrylate (PMMA) is chosdor the
preparation of organic-inorganic nanocomposites tets properties such
exceptional optical clarity, high strength, andedlant dimensional stability [2].
Despite the importance of these methacrylate-bas®gmer films for the
understanding of the processes involved in optitattuments and solar energy
collector housings based on organic-inorganic fiims, photofragmentation
studies are still rare. This outlook is aggravaigdibsence of studies involving
the interaction of this kind of material with ratiitm as well as charged particles
[3-5]. This landscape raises the intriguing questid what the influence of the
inorganic phase on the physical-chemistry propeiiethe hybrid materials is.
It should be kept in mind, however, that a deepedeustanding of this
phenomenon requires an interplay of both experiaierind theoretical
evaluation of the degradation mechanism as well iragestigation of

thermodynamic and kinetic parameters.



74

In this context, Mass spectrometry techniques @nded efficiently to
characterize materials at the molecular level. #&ut,f nass spectrometry
applications to polymer science and engineeringe haereased dramatically
since the invention of soft ionization methodsparticular matrix-assisted laser
desorption ionization, MALDI [6-7], electrosprayniaation, ESI [8] and TOF-
MS [9-11], which have enabled the formation of gasse molecular ions from
most classes of synthetic polymers. For confidéntciiral assignments, the
fragmentation mechanisms of polymer ions must lmerstood, as they provide
guidelines on how to deduce the desired informafimm the fragments
observed.

Electron stimulated ion desorption techniques (BSiEe well known
techniques based on the production of fragmentsit{pe and negative), due to
the impact of photons or electrons of known enesgya solid surface. The
energy transfer process for both techniques ocsalsly through electronic
transitions [12]. This technique can provide impaottinformation regarding the
fragmentation processes of different polymers [4B-1t is believed that the
main process that governs the ionic desorptiorsetimeaterials when exposed to
high-energy radiation is the Auger process, whieim de described in a
simplified form as a relaxation process due toeketation (Auger Resonant) or
ionization (Auger Normal) of an electron from thmneér layer. After the Auger
electron emission, the formation of holes in thdéemee orbitals leading to
fragmentation and desorption of positive ions oscudue to coulombic
repulsion between the holes formed (coulombic esiply, giving rise to the
mechanism known as ASID ("Auger Stimulated lon Dpgon™) [15].

In general, the studies about electron and photderactions with
polymers (or hybrid materials) are fundamental talarstand the degradation
mechanism by radiation. In this line, in the préseork we investigated the

fragmentation of PMMA-maghemite material by ion&sdrption and theoretical
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calculations to correlate the intensity of desorliedyments and maghemite
concentration as well as to improve the discussibout the effect of the

inorganic part on the fragmentation process ohjiwid materials.

EXPERIMENTAL

Preparation of PMMA~-Fe,0; films

Maghemite nanoparticles were obtained by the cgutatton method.
Firstly, 60 mL of Fe acid solution (HCI 1 M) was mixed with 20 mL of
Na,SO;1 M. A basic solution (51 mL of N}¥DH + 870 mL) was added and then
the mixture was kept stirring during 30 minuteseTsulting precipitate was
filtered and washed until pH = 7. Finally the solids dried during 24 hours at
50°C.

The nanoparticles were grafted with  3-(trimethdlyl)s
propylmethacrylate (Aldrich) (TMSM) by dispersing0® mg of dried
nanopatrticles in 2L of NaOH 0.1 M solution during 3 hours in an utoand
bath. A solution of 1 mL of TMSM and 2 mL of tetgsatmofuran (THF, Aldrich)
was mixed with the nanoparticle dispersion and kejgt ultrasound bath for 24
hours at 55°C. The nanoparticles were washed thress in toluene (Aldrich)
and recuperated by centrifugation (7000 g duringn86), then dried for 24
hours at 50°C.

Finally, the grafted nanoparticles were dispetsgdltrasound during 4
hours in 2 mL of THF and mixed with 2.015 mL of mmg@methacrylate
(Aldrich) (MMA), 2 mL of THF and 5 mg of BPO. Thimixture was then kept
in ultrasound for 2 hours. The polymerization of MMvas carried out for 12

hours at 70°C. The nanocomposite was depositedefiorif sheets and dried
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under air atmosphere and room temperature durirtgpR4ds. The resulting non-

supported films were dried for 12 hours at 70°C.

Characterization of morphology

The morphology was characterized by Atomic Forcécréscopy
(AFM). AFM measurements were performed using a Neope llla
(Digital/Vecco, United States) at Brazilian Syndhoo Light Laboratory. The
topography and phase images were obtained in {y@inga mode using Si-
cantilevers. A sample area of 1x 1 fmwas scanned. The measurements were

performed under air at room temperature at a hiynadi40-45%.

lonic desorption studies

The experimental system was based on time-of-figass spectrometry
(TOF-MS) in the fragmentation study on a solid skmjirough an electron
bundle interaction. Its main components are: 1Juuat chamber; 2) electrons
beam with variable energy from 0.1 keV to 2 keV; s&dmple handler; 4)
quadrupole mass spectrometer (Stanford Researcten$ys RGA 200) for
residual gas monitoring. The TOFMS employed in present work was
developed in Laboratory of Photons and Electronsalch at Federal University
of Rio de Janeiro and has been described in adsgivhere [16].

All the samples were inserted within vacuum chamiéh a final
pressure of 7.5xIbtorr. The samples were attached to an aluminunpstip
which was mounted onto a X-Y-Z sample manipulaftie electron gun energy
was 1.2 keV and the fragments were been definedrdiog previous
experimental studies [16]. Time of sample expositiwas 10 minutes from

beginning of irradiation.



77

Computational Details

All calculations were carried out with DFT usingettAmsterdam
Density Functional (ADF 2012.01) program [17]. Thmerformance for
computing the geometries were done for the BLYPsitierfiunctional [18]. The
molecular orbitals (MOs) were expanded in a largeontracted set of Slater-
type orbitals (STOs) containing diffuse functioi&2P, which is of triple:
quality and was augmented with two sets of poléionafunctions: 2p and 3d on

hydrogen, 3d and 4f on carbon, silicon and oxygen.

RESULTS AND DISCUSSION

The PMMAry-Fe,0O3 material has been characterized in previous
studies [19] (and see chapter 1). The main goathef current work is to
investigate the fragmentation mechanism of PMiH&keOs under ionic

desorption.

lonic desorption studies

A positive ion desorption spectrum of neat PMMAJuoed by 1.2 keV,
is shown in Figure 1. Pressure variance is relatethe amount of fragments
formed during the irradiation. In other words, #raount of fragments formed is
proportional to the pressure inside the chambérth&lanalyses were conducted
at 1.2 keV, enough energy to stimulate the carlsoant the oxygen 1s electrons
core. The 200 u.m.a. mass limit was determinedm&stioned previously, all
the fragment sets were based on previous studias, which the
poly(methylmetacrilate) mass spectra were obtaiméth the propose of

reaching a fragmentation pattern. Then, analysishef hybrid material was
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undertaken to check the influence of maghemitehenpolymer fragmentation

as well.
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According to the data reported for the neat PMMAg(Fe 1), a
tendency is observed towards the formation of loglerrular weight fragments
such as, CH, CH;", COH (and / or GHs') and CHC®. Furthermore, we can
also observe the formation of other ionic species lsigher molecular weight,
such as COCH (and / or GHs"), COCH" and CQCH,". Species H were
discarded for a more detailed analysis of othecispedue to the high intensity
found in comparison with most of fragments. lonipeces with largest
mass/charge ratio equal to 60 are formed in ndddigamounts. This may
indicate that fragmentation is initiated by the ttrp of minor species at the
ends of the polymer chain. Probably, the formatbfragments corresponding
to the methyl methacrylate monomer takes placextmagting high potential, or

increasing exposure time to the electron beam gun.
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It has been supposed that the main process gowgeigrindesorption in
these materials exposed to high energy photorieig\tiger process, which can
be described in a simplified form as a relaxatioocpss following ionization or
excitation of a core electron. For example, onesintess mechanism for the GH
ion production is believed to be scission of theCBs bond through O 1s
excitation. That is, the most efficient productioh CH;" observed for the
transition of O 1s(OCK-> ¢*(O—CHj), while the efficient production of COH
is observed for the O1s(OCH3) o*(C—OCH;) transition [20].

It is important to mention that also the O-CQOg¥nd scissions at the
O 1s edge are accelerated at the oxygen excitdtiento the similar chemical
environment around the C-O bond. This agrees wittesother studies [21-22],
because according to their experiments, the yidlthe CH" ion was also
enhanced in the same excitation energy region,estigg that secondary bond
scission from COCH ion occurs and CO and GHons are produced.

The fragmentation patterns indicated that the lolybraterial there is not
a difference between the relative amounts of fragmaith the increased
concentration of maghemite in each sample (Figinoes 2 to 7). Table 1 shows
the strength of fragment loss during the time gbasure to the fast electron

beam.
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Table 1.
Intensities of some ion fragments in ionic desomtprocess for neat PMMA

and PMMA grafted with maghemite.

TOF Sample Probable ionic fragments
(s)
20 CH" COH/CHs" C,H,/CO" CO," CO.CHs'
Neat PMMA  0.18 0.19 1.53 0.53 0.016
PMMA-MN 0.15 0.17 1.53 0.48 0.011
0.1%

PMMA-MN 0.15 0.18 1.48 0.48 0.011
0.5%

PMMA-MN 0.21 0.025 1.49 0.52 0.002
2.5%
40
Neat PMMA  0.18 0.19 151 0.52 0.016
PMMA-MN 0.54 0.72 1.71 0.68 0.021
0.1%

PMMA-MN 0.50 0.72 2.54 0.89 0.025
0.5%

PMMA-MN  0.56 0.075 1.61 0.68  0.006
2.5%

60
Neat PMMA  0.23 0.28 1.7 0.92  0.027
PMMA-MN 0.28 0.35 1.68 0.7 0.028

0.1%
PMMA-MN 0.28 0.35 1.81 0.7 0.031
0.5%

PMMA-MN  0.26 0.032 1.62 0.71 0.004
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2.5%
100

Neat PMMA  0.25 0.27 1.68 0.90 0.022

PMMA-MN  0.17 0.18 1.65 0.7 0.021
0.1%

PMMA-MN  0.18 0.19 1.49 0.48 0.025
0.5%

PMMA-MN  0.18 0.021 1.49 0.54 0.004
2.5%

From Table 1, we analyzed the influence of maghemit fragment-loss
during the ionic desorption. There is no significdifference between the pure
polymer and the polymer grafted with maghemite myirihe first 20 seconds.
From our experimental data, 2.5% of maghemite mrediuncreased fragments
related to peaks 48, /CO" in relation to others. However, from 40 seconds
there is a jump in the intensity for the €lLOH/C,Hs", C,H,/CO" and CQ"
fragments in the modified sample with maghemite (Sigures 2-7). That might
be because of modification occurred with the polynderring the hybrid
formation process. The same happens after 1 mioutediation, when the
intensities decrease a little. Generally, when tlamoparticles surfaces are
modified by polymers, several intermolecular iatdions or weak hydrogen
bonding may take place between organic and inocgatmises, especially when
the polymer has carbonyl groups, or a carboxylyairdixyl group in its chain. A
previous study [23] indicated that the polymer raarticles can be strongly
influenced by hydrogen bonding. This may help explahy the intensities of

the fragments do not increase or decrease lineadytime.
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In contrast, the signal intensity from 100 secorfdds more steeply,
especially in the larger sample containing maghemiintent. This observation
leads to the conclusion that the maghemite, afteg lexposure to the electron
beam gun, can help in the stability of the matefiale decline is most evident

when the fragments have oxygen in their structure.

Fragmentation mechanism for the PMM#&e0;. a theoretical and

experimental discussion

It was mentioned previously that the electron bgamenergy is enough
to excite electron cores of C, Si, O and H atonmzofding to the fragmentation
pattern the production of low molecular weight frEnts is predominant. In
order to shed more light on the experimental resatfragmentation pathway
from PMMA-maghemite hybrid material (Figure 8) wasposed. Therefore, in
order to rationalize experimental data as wellhesftagmentation mechanism,
we carried out theoretical calculations involvinmetic and thermodynamic
parameters with the Amsterdam Density Functiond)FA software [17]. The
energy is calculated as the difference betweerstime (s) of the fragment (s)
formed plus energy of the fragmented polymer aretgynof the polymer before
fragmentation. We consider the oligomer with 2 sirof the polymer matrix
from TMSM. Figure 8 shows the energies in eachwajhproposed.

A deeper analysis of the fragmentation patternsntpaiut three
pathways: CH (A), CO,CHs" (B) or COH (C) loss. All pathways were based
on dissociation caused by the excitation of théoaayl oxygen 1s core. The
Paths A and B are divided into four steps, whefsth B contains three steps.
Other fragments formed from different molecular rreagements after the
excitation of the carbonyl oxygen can occur duefrigmentation of the

intermediates previously generated by paths A, BCofThe large fragment
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proportion of His due to the rearrangement of fragments formeah umpact
of photons and dissociation species. We focused onlfragments of higher
molecular weight for which high intensity was dééecby mass spectrometry.
After leaving the carbonyl group, from electron swp the remaining
hydrocarbon groups as well as loss gfl£ species in the oligomer may occur.
Since ethylene is a neutral molecule, Tilborg et [a#] reported that the
ethylene excitation can form chemical intermediasegh as HC-CH, due to
photon absorption by a double chemical bond. Adogtd, this fragment gains

reasonable stability for detection in a mass spewter.
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This rearrangement can occur in three ways and ftbis step,
converges in one direction, resulting in (4). THiganer in (4) can undergo
further rearrangement due to the excitation of @ards edge and a new
dissociation occurs, where we have the;CKC,H3)" and (GHs)* loss (Figure
9).

+ +

2 ch<§\/0H2

H.C

3 H

C
H
]
]

Fig. 9 Probable rearrangement by excitation of carboadbe.

Also, the ionic desorption yields for GHreflect the processes: i) the
break-up of the transient ethylidene configurafibiC—CHs)" or ii) the rupture
of the O-CH chemical bond due to excitation of oxygen 1s edge.

The detection of CO from molecular or fragment iossally indicates
the presence of carbonyl groups. In some casegijstepl rearrangements are
necessary to “cut” the CO moiety out of the presursn.

After the hydrocarbon loss, the PMMA monomer igagied and the
dissociation restarts from (5). From (5), it isided into two steps. For (D), CO
and COH loss and (E) C® and GH,4" loss.

The energy, from a thermodynamics perspective, tfer products
formation from reactants is reported in Figure Boge data put in evidence that
the fragment Ckf in Path A has a lesser dissociation enerfy)(than other

pathways. Surprisingly, the pathway C has showmédrigenergy dissociation
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despite the bond scission energy to excite O 1HPE o*(O—CHs) to be less
than C 1s (C-C-O) o*(C-C-0), determinate experimentally [22].

It is well-known, from Takahashi’s work [22], thabst of the potential
energy surfaces corresponding to C—C single borestiractive, while at least
one of the potential energy surfaces for the C—@dhe repulsive, leading to an
accelerated C-O bond scission. Thus, the repulsotential is expected to
contribute to the site-specific chemical reactioltofving core excitation.

From our experimental findings (Figures 1 - 7), thiensity order of
fragment loss would be: COB CH;"™> CO,CHs'. The energy formation for the
CO,CHs" ion would be higher than the others, however stadility order from
theoretical calculations found was COB CO,CH;" > CH;". This means that
the CH" fragments would be the most intense according ésntbdynamics
prediction. We can therefore notice that thereasangood agreement between
theory and ionic desorption experiments for ourariat

Theoretical calculations about the activation step the CH' (A),
CO,CH;" (B) and COH (C) losses were carried out to evaluate the kinetic
parameters for the fragmentation mechanism. Thaesitran states were
characterized by one imaginary frequency. Actudilgm Figure 10, we can
clearly observe a smaller activation barrier asgedi to generate COHand
CH;" in opposition to ionic species GCH;". The activation energyAE”)
values for COH loss was 23.05 kcal.mblless than CH loss. In comparison
with CO,CHs' loss, the difference ofE” values is 597.59 and 620.64 kcal.ihol
respectively.
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Fig. 10Activation barrier calculated for ion fragments.

In this line, we observed a good agreement betileeimtensities from
ionic desorption experiments and theoretical atitvaenergy barriers. Keeping
this in mind, the kinetics control can take placdhe fragmentation process of
PMMA-Maghemite.

Morphology comparison

It is known that the irradiation by fast electra@stsongly influences the
morphology of external surfaces. In this curremigrawe have characterized the
morphology of the external surfaces of the studiachples before and after the
ion desorption (Figure 11) by using the Atomic Fomlicroscopy (AFM)

technique.
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10 ym

Fig. 11 Atomic Force Microscopy images before and aftellCE8ocess.

From Figure 11, we can notice differences on theéeri@ surface as
well as surface height indications. Differencescolor indicate height, high
regions are dark/light. Large grooves are produgethe surface independent of
the amount of maghemite material; however theraashomogeneity in the

surface, indicating that there may be regions leils damage upon impact.

Influence of the maghemite content in physical-dt&nproperties

Maghemite can restrict the conformational flexililof the polymer,
thus, the degradation of the polymefFe0; system is slower. We believe that
the nanoscale structure of the polymer-maghemiteposite plays an important
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role for the fragmentation of this material. Actyalthe resultant chain
conformation from the polymer strongly depends twm PMMA grafting points
on the maghemite surface. From our IR result, étéar that the incorporation of
the maghemite significantly modifies the carboniyration from 1720 cm to
1710 cm' (Figure 12) amplifying and decreasing the intgnsit the peak.
Furthermore our theoretical findings put in evidenthat the most stable

scenario for the hybrid system is PMMAFe,0; 2.5% nanocomposite.
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Fig. 12IR spectrum carbonyl region.

Subramanian and coworkers [25] have predicted thefefgnce
conformations of PMMA using molecular simulatiochaiques. It is known the
correlation between physical properties and thendbed constitution can help to
elucidate the polymer chain flexibility. In thisné, the study concluded that
angle bending, van der Waals and electrostaticribotibns were important in

the stabilization of PMMA. As a result, these cimitions can help improve the
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stabilization when the graft with maghemite nanoposites occurs. An
alternative is that in the fragmentation processdoyc desorptionthe amount
of Fe can modulate its ability to stabilize polysédue to its paramagnetic state.
Because iron can receive electrons from decayingravéstals and that the
mechanism stabilization would be similar to thaglains the thermal stability.
Chandrasiri and coworkers [26] named this phenomesaadical trapping.

Furthermore the experimental and theoretical daggest the formation
of brush-like structures. This conclusion agreedl wédth previous studies
developed by Alexander [27]. In fact, propertiesd apolymeric chain
conformations are significantly influenced by sphtaccommodation of the
polymer in the hybrid materials [28]. A polymer raolle within a brush
structure is quite different from a regular struetisuch as an entangled coil. In
a brush-like structure, the movement of the polymetains can be reduced due
to proximity with its neighboring chains, increagisignificantly, thus, the
probability of molecular interactions between chkaiihis scenario can affect
intramolecular reactions, chain folding as wellpgeducing extra stability for
the ionic desorption. This effect is not so prommthat the earlier stage, which
is before the brush-like structure.

In this context, both processes i) ion trapping)oformation of “brush”
structures could, in principle, take place to dizdithe polymer in the hybrid
material. Furtheremore, our findings suggestat although highly energetic
electrons may excite both valence and inner-shetigsses, the observed energy
dependence for the larger fragments seems to faedmportance of inner-shell
process excitations in the ionic desorption of PMMA
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To our knowledge, this is the first time that elentistimulated ionic
desorption (ESID) results on PMMAFe,0; induced by a pulsed electron beam
at the energy of 1.2 keV using the time-of-flighthteique for ion analysis was
employed to study the impact of maghemite concBatreon the degradation
mechanism of hybrid materials.

CONCLUSIONS

The electron stimulated ion desorption techniqu8IlE coupled with
time-of-flight mass spectrometer (TOF-MS) has beemployed to PMMAy-
Fe0; hybrid materials in order to investigate the iefiae of the inorganic part
on the fragmentation process of the hybrid matgerial

Inner-shell ionization processes followed by Audecay seem to play a
major role in the ionic desorption of PMMA as inéddy electron impact. The
fragmentation patterns indicated that, after thst f60 seconds, there is a
significant difference between the relative amounfs fragment with the
increased concentration of maghemite in each sawiptbe hybrid material,
however in comparison with neat PMMA, some fragmestiown variations
during the ionic desorption over time. Our theaaticalculations demonstrated
that the kinetics effects can take place in thgrfrantation process of PMM#-
FeOs in opposition to the thermodynamics effects.

The structure of the polymer-maghemite composiggplan important
role for the fragmentation and electrostatic cdmiions or intermolecular
interactions are important in the stabilization R¥IMA after grafting with
maghemite. In additiorAtomic Force Microscopy results show that therads
homogeneity in the surface, indicating modificati@fter electron impacts.

In this work we have studied PMM#pFe,0; hybrids by combining
spectrometry technique and theoretical procedWesexpect that the results of
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this study will be useful for understanding the aiption process in hybrid

materials based on polymers containing neat magbharanocrystals.

Acknowledgments

We thank the Brazilian agencies FAPEMIG, CAPES, anPq for
funding this work. We also thank the help providgcthe staff of the Scanning
Probe Microscopy Laboratory in Brazilian Nanotedbgy National Laboratory
of the National Center for Research in Energy arade¥als (Campinas, Brazil)
and staff of Photons and Electrons Impact LaboyatadFE) at Federal
University of Rio de Janeiro for supporting of ESHdudies. Finally, we
acknowledge the fellowships and scholarships peavidy CNPq and CAPES
(N° 8884-11-0).

REFERENCES

[1] S. Li, J. Qin, A. Fornara, M. Toprak, M. Muharath D.K. Kim, Nanotech.
20 (2009) 185607.

[2] J. Zheng, R. Zhu, Z. He, G. Cheng, H. WangYKo, J. Appl. Poly. Sci. 115
(2010) 1975.

[3] K. Mase, E. Kobayashi, A. Nambu, T. Kakiuchi,, akahashi, K.
Tabayashi, J. Ohshita, S. Hashimoto, M. Tanaka\l&jaoka, Surf. Sci. 607
(2013) 174.

[4] D.P.P. Andrade, H.M. Boechat-Roberty, S. Pglife.F. da Silveira, M.L.M.
Rocco, Surf. Sci. 603 (2009) 3301.

[5] H. Kizaki, Y. Matsumoto, H. Ban, K. Morishit&.l. Wada, K. Tanaka, Surf.
Sci. 601 ( 2007) 3956.

[6] M. Karas, F. Hillenkamp, Anal. Chem. 60 (1922099.



101

[7] K. Tanaka, H. Waki, Y. Ido, S. Akita, Y. Yoslad T. Yoshida, Rapid
Commum. Mass. Spectrom. 2 (1988) 151.

[8] J.B. Fenn, M. Mann, C.K. Meng, S.F. Wong, C\Mhitehouse, Science. 246
(1989) 64.

[9] G. Cerveau, R.J. Corriu, J. Dabosi, C. Fischmelstpeytre, R. Combarieu,
Rapid Commun. Mass Spectrom. 13 (1999) 2183.

[10] K. Q. Ngo, P. Philipp, Y. Jin, S. E. Morris,.Nhtein, J. Kieffer, T. Wirtz,
Surf. Interface Anal. 43 (2011) 88.

[11]J.R. Santa Rita, B.G.A.L. Borges, B. Beck, Yar@a-Basabe, L.S. Roman,
M.L.M. Rocco, J. Braz. Chem. Soc. 24 (2013) 615.

[12] T.E. Madey, Vacuum. 37 (1987) 31.

[13] C. ArantesM.L.M. Rocco, A.G. B. da Cruz, A.M. Rocco, Quim. \&o 31
(2008) 61.

[14] M.L.M. Rocco, D.E. Weibel, L.S. Roman, L. Micaror$urf. Sci. 560
(2004) 45.

[15] M.L.M. Rocco, D.E. Weibel, F.C. Pontes, R.Rint®, G.S. Faraudo,
G.G.B. de Souza, Polym. Degrad. Stab. 80 (2003) 263

[16] M. L.M. Rocco, F.C. Pontes, G.S. Faraudo, G.G.B.al&&D.E. Weibel,
R.R PinhoQuim. Nova. 27 (2004) 160.

[17] E.J. Baerends, T. Ziegler, J. Autschbach, B&shBord, A. Bérces, F.M.
Bickelhaupt, C. Bo, P.M. Boerrigter, L. Cavallo,F>.Chong, L. Deng, R.M.
Dickson, D.E. Ellis, M. van Faassen, L. Fan, T.kscker, C. Fonseca Guerra,
A. Ghysels, A. Giammona, S.J.A. van Gisbergen, AG#&tz, J.A. Groeneveld,
0O.V. Gritsenko, M. Grining, S. Gusarov, F.E. Harfs van den Hoek, C.R.
Jacob, H. Jacobsen, L. Jensen, J.W. Kaminski, &.Kessel, F. Kootstra, A.
Kovalenko, M.V. Krykunov, E. van Lenthe, D.A. McQoack, A. Michalak, M.
Mitoraj, J. Neugebauer, V.P. Nicu, L. NoodlemarPMOsinga, S. Patchkovskii,
P.H.T. Philipsen, D. Post, C.C. Pye, W. RavendkRhdriguez, P. Ros, P.R.T.
Schipper, G. Schreckenbach, J.S. Seldenthuis, i, 345. Snijders, M. Sola,
M. Swart, D. Swerhone, G. te Velde, P. VernooijsVersluis, L. Visscher, O.
Visser, F. Wang, T.A. Wesolowski, E.M. van Wezenhée Wiesenekker, S.K.



102

Wolff, T.K. Woo, A.L. Yakovlev. ADF2012, SCM, Thestical Chemistry,
Vrije Universiteit, Amsterdam, The Netherlands.

[18] C. Lee, W. Yang and R. G. Parr, Phys. Rev.B.(3988) 785.

[19] B. J. Park, M. K. Hong, H. J. Choi, ColloidIipm. Sci. 287 (2009) 501.

[20] K. Fuijii, D. Taga, Y. Nakashima, S. Waki, S. ®ardar, Y. Yasui, S. Wada,
T. Sekitani, K. Tanaka, Nucl. Instrum. Methods PHss., Sect. A. 467 (2001),
15009.

[21] K. Fuijii, H. Tomimoto, K. Isshiki, M. Tooyamal,. Sekitani, K.Tanaka,
Jpn. J. Appl. Phys. 38 (1999) 321.

[22] O. Takahashi, K. Tabayashi, S. Wada, R. SufiiTanaka, M. Odelius, L.
G. M. Pettersson, J. Chem. Phys. 124 (2006) 124901.

[23] S. Mallakpour, M. Dinnari, J. Reinf. Plast. i@pos. 32 (2013) 4.

[24] J. van Tilborg, T. K. Allison, T. W. Wright, MP. Hertlein, R. W. Falcone,
Y. liu, H. Merdji, A. Belkacem, J. Phys. B: At. MoDpt. Phys. 42 (2009)
081002.

[25] V. Subramanian, P. S. Asirvatham, R. Balakrah T. Ramasami, Chem.
Phys. Lett. 342 (2001) 603.

[26] J. A. Chandrasiri, D. E. Roberts, C. A. Wilkieolym. Degrad. Stab. 45
(1994) 97.

[27] S. Alexander, J. Phys. 38 (1977) 977.

[28] K. Chen, M. A. Susner, S. Vyazovkin, Macronizt. (2005) 690.



103

CONCLUSOES FINAIS

No século XXI, a nanociéncia sera um dos camposirgueontribuir
para um elevado nivel do conhecimento cientificodesenvolvimento
tecnolégico. Nesse sentido, os materiais hibrid@groco-inorganicos irdo
desempenhar um papel importante no desenvolvindntmateriais avancados
funcionais. Portanto, a expectativa de expansata dgsa do conhecimento é
ilimitada, devido as infinitas possibilidades dentina¢gbes dos componentes.

Neste trabalho, objetivou-se preparar o hibrido PMMxido de ferro
com a insercdo de alcoxisilano na interface entfase organica e a fase
inorganica. As caracteriza¢cfes por difracdo e bapatnto de raios-X indicaram
uma matriz de PMMA homogénea, em que as particidasido de ferro foram
incorporadas, cuja fase majoritaria encontradarfaghemita. A existéncia de
ligacBes covalentes entre o grupo silano com and@dale oxigénio presentes na
superficie da maghemita foram confirmadas por eéspmDpia na regidao do
infravermelho. As imagens detalhadas de microscasa forca atdbmica
indicaram aumento da rugosidade com o aumento aatigade de maghemita.
Além disso, a matriz polimérica modificada com nmmgha aumenta a
estabilidade térmica, com base nas analises degearimetria.

A despeito da aglomeracdo de nanoparticulas de emaghna matriz
polimérica, foram estudados efeitos da fragmentggiodessorcdo ibnica. A
maghemita altera a superficie do material, resttteam diferentes padrbes de
fragmentacao, em funcdo da quantidade de maghenesante. Fragmentos de
massa abaixo de 50 u.m.a. foram formados em maguastidades, sendo
confirmados através de célculos tedricos.

Neste trabalho, as propriedades estruturais edasndio hibrido PMMA-
maghemita foram estudadas combinando varias técnégoerimentais e

procedimentos tedéricos. Espera-se que os resul@dekte estudo sejam Uteis
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para a concepgdo de novos materiais hibridos adeagelimeros quem contém

nanocristais de maghemita.



